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This report is published to elicit comments, and suggestions, for adopting
or revising the material which the Government will incorporate into an
official MIL Standard and Handbook. As it stands, the material is preliminary
and occasionally controversial, does not in all cases represent the views of
the Government or a particular Government organization, and should not be used
for procurement. This report does not reflect our work in progress on flying
qualities requirements for large airplanes, direct force controllers or STOL
aircraft.
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SECTION - INTRODUCTION

1. SCOPE OF THE REPORT

"MIL-F-8785C, Military Specification - Flying Qualities of Piloted

Airplanes, has been reformatted into a MIL Standard and a supporting MIL

Handbook. This report is a draft of the proposed MIL Standard, which

has been developed by Systems Technology, Inc., with the McDonnell Air-

craft Company acting ina consulting role. It is presented to industry

and the United States armed forces for comments and proposed revisions.

The responsibility for the legal MIL Standard and Handbook rests within

the armed forces. This draft will be considered and form the basis for

revisions, industry and government comments and a tr-service review in

the process of developing the MIL Standard and Handbook. Suggest-

ed values and background information are contained in this volume.

MIL-F-8785C and the backup documents to both it and its predecessor,

MIL-F-8785B, were reviewed extensively. Much of the material contained

therein is still considered to be valid and relevant and has been

retained in this document.,
4\

2. CONCEPT OF NIL STANDARD AND HANDBOOK

The MIL Standard is a skeleton document consisting of incomplete

requirements in verbal form which are to be completed by the procuring

activity using numerical criteria from the MIL Handbook. A custom MIL

Standard will be developed for each new aircraft procurement or major

modification of an existing aircraft, as follows:

1) Identify mission requirements.

2) Break down requirements into piloting tasks.

3) For each paragraph in the MIL Standard, select
the most appropriate handling quality criterion
from the MIL Handbook and insert into the Stand-
ard.



The procedure results in a customized handling quality specification for

each new aircraft or modification of an existing aircraft. The purpose

of this revised format is to facilitate tailoring a detailed handling

quality specification to the particular mission requirements of the air-

craft being acquired.

3. ORGANIZATION OF NIL HANDBOOK

The MIL Standard and Handbook criteria are presented in terms of

aircraft response axes, which represents a significant change from MIL-

F-8785C where the criteria were presented in terms of modes. This

change is to better accommodate highly augmented airplanes, a primary

objective of the contract to develop the new MIL Standard and Handbook.

Also, allowance is made for responses in each axis to "primary,"

"secondary," and "other" controllers; and the manufacturer is free to

select which controls are primary in each axis. For example, in the

Advanced Medium STOL Transport (AMST) program, Douglas selected throt-

tles as the primary flight path controller whereas Boeing selected pitch

attitude.

Utilizing the above format results in some requirements for which

there are, at this time, no criteria sufficiently developed to be in-

cluded in the specification. In such cases a skeleton paragraph is

given in the MIL Standard and the reasons for such a requirement are

included in the MIL Handbook.

Many readers will want to locate corresponding paragraphs for MIL-F-

8785C and the MIL Standard and Handbook. Tables I and 2 are given to

simplify such correlations. Table 1 cross-references the MIL Standard

to MIL-F-8785C, and Table 2 relates 8785C to the Standard. The corres-

ponding MIL-F-8785C paragraphs are also referenced in each MIL Handbook

item.

Paragraph numbers are always identical between the MIL Standard and

MIL Handbook.

"Quality Assurance" was presented as Section 4 in MIL-F-8785C. We

felt that inasmuch as quality assurance contains the acceptable methods

2



TABLE 1. NUMERICAL CROSS-INDEX FROM MIL STANDARD TO MTL-F-8785C

MIL STANDARD RELATED MIL-F-8785C NIL STANDARD RELATED MIL-F-8785C

PARAGRAPH PARAGRAPH PARAGRAPH PARAGRAPH

1.1 1.I 3.2.8.1 3.2.3.1

1.2 1.2 3.2.8.2 3.2.3.2
1.3 1.3,1.3.1, 3.1.1 3.2.8.3 3.2.3.3
1.4 1.4 3.2.8.4 3.2.3.4

1.5.1 3.1.7 3.2.8.5 3.4.10

1.5.2 3.1.8, 3.1.8.1, 3.1.8.2, 3.2.9.1 3.2.2.2, 3.2.2.2.1

3.1.8.3, 3.1.8.4 3.2.9.2 3.2.2.3.1, 3.2.2.3.2

1.5.3 3.1.9 3.2.9.3 3.2.1.1.2
1.6.1 3.1.6.1, 4.2 3.2.9.4.1 3.2.2.2.2

1.6.2 3.1.6.2 3.2.9.4.2 3.2.2.3.2
1.6.3 3.1.6.2.1 3.2.9.5 3.5.2.1
1.7 1.5 3.2.9.6 3.5.2.2
2 2.1. 6.8 3.2.9.7.1 3.2.3.3.2
3.1.1 3.1.2 3.2.9.7.2 3.2.3.4.1

3.1.2 3.1.3 3.2.9.7.3 3.2.3.5, 3.2.3.6, 3.6.1.2
3.1.3 3.1.4 3.2.9.7.4 3.2.3.7
3.1.4 3.1.5 3.2.9.7.5 (Reserved]
3.1.5.1 3.1.10.1, 3.8.3, 3.8.3.1 3.2.9.7.6 3.5.5.2
3.1.5.2 3.1.10.1. 3.8.3, 3.8.3.1 3.2.9.7.7 3.5.6.2
3.1.5.3 3.1.10.3.3 3.2.9.8 3.6.1
3 1.5.4 3.1.10.3.1 3.2.9.8.1 3.6.1.2

3.1.6 4.1.1.1 3.2.9.8.2 13.6.1.3
3.1.6.1 3.1.10.2, 3.2.9.8.3 3.6.1.4

3.1.6.2 3. 1.10.2.1 3.2.10.1 3.2.3.3.2
3.1.7 3.4.1 3.2.10.2 3.2.2.2, 3.2.2.2.2
3.1.7.1 3.4.1.1 3.2.10.3 3.5.2.3
3.1.7.2 3.4.1.2 3.3.1.1 New
3.1.8 3.1.11 3.3.1.2 3.2.1.3

3.1.9 3.1.12 3.3.1.2.1 New
3.1.10.1 4.1, 4.1.2, 4.1.3 3.3.2 3.6.2

3.1.10.2 4.1, 4.2.1, 4.2.2, 4.3.1, 3.3.3.1 3.4.6, 3.4.7, 3.4.8
4.3.2 3.3.3.2 i 3.4.9

3.2.1.1 I 3.2.1.2, 3.2.2.1, 3.3.4.1 New

3.2.2.1.1, 3.2.2.1.2, 3.3.4.2 New

3.5.3 3.3.5 !3.5.2.1

3.2.1.2 New i 3.3.6 New

3.2.1.3 w 1 3.4.1 3.2.1.1
3.2.2.1 -3.4.1.1 3.2.1.1.1
3.2.2.2 3.2.2.3 3.4.2 New
3.2.3 i 3.2.2.1.3 3.4.3 New
3.2.4 1 New 3.4.4 3.4.6, 3.4.7, 3.4.8, 3.4.9
3.2.5 i3.6.2 3.4.5 }3.5.2.1

+4

3.2.6 (No Requirement] 3.4.6 New
3.2.7.1 363 3.5.1.1.1 3.3.1.2
3.2.7.2 3.4.8, 3.4.9, 3.5.5.1 3.5.1.1.2 2.3.1.3
3.2.7.3 3.5.6, 3.5.6.1 3.5.1.1.3 3.3.1.4
3.2.7.4 3.4.6 3.5.1.1.4 3.3.2.2.1

3.2.7.5 i 3.4.7 3.5.1.1.5 3.5.3
3.2.7.6 3.4.5 3.5.1.2 New

3



I

TABLE 1. (Concluded)

YIL STANDARD RELATED MIL-F-8785C MIL STANDARD RELATED HIL-F-8785C
PARAGRAPH PARAGRAPH PARAGRAPH PARAGRAPH

3.5.2 3.3.3 3.6.5.1 3.3.7.1, 3.3.7.2,
3.5.3 3.3.1.1 3.3.7.2.1, 3.3.7.2.2,

3.5.4 3.3.4.4 3.3.7.3
3.5.5 New 3.6.5.2 3.3.9.5

3.5.6 3.3.6, 3.3.6.2, 3.3.6.3, 3.6.5.3 3.3.5.1.1
3.3.6.3.1,3.3.6.3.2 3.6.5.4 3.4.6, 3.3.4.1.2

3.5.7 3.3.7 3.6.5.5 3.4.10

3.5.8.1 3.3.9.3 3.6.6 3.3.5
3.5.8.2 3.4.8, 3.4.9, 3.5.5.1 3.6.6.1 3.3.6, 3.3.6.1

3.5.8.3 3.5.6, 3.5.6.1 3.6.6.2.1 3.3.?.5
3.5.8.4 3.4.6 3.6.6.2.2 3.3.2.6

3.5.8.5 3.4.7 3:6:6:2:3 3.3.5.1
3.5.9.1 3.3.4, 3.3.4.1, 3.3.4.1.1, 3:6:6:2:4 3.3.7

3.3,4.1.2, 3.3.4.2 3.6.6.2.5 3.3.5.1.1

3.5.9.2 3.3.6.3.2 3.6.6.2.6 3.3.8

3.5.9.3 3.3.7.1, 3.3.7.2, 3.3.7.3, 3.6.6.2.7 3.3.5.2
3.3.9 3.6.6.2.8 3.3.9.1, 3.3.9.2

3.5.9.4 3.3.9.2 3.6.6.2.9 3.5.5.2
3.5.9.5 3.3.8 3.6.6.2.10 3.5.6.2
3.5.9.6 3.4.6, 3.3.4.1.2 3.7.1 3.4.11
3.5.9.7 3.3 9.5 3.8.1 3.4.3

3.5.9.8 3.4.10 3.8.2 3.4.4
3.5.10.1 1 3.3.4.5 3.8.3 3.4.4.1
3.5.10.2 3.3.4.3 3.8.4 3.4.2

3.5.10.3 3.3.4.1.3 3.8.4.1 3.4.1.1

3.5.10.4 3.5.2.1 3.8.4.2 3.4.2.1
3.5.10.5 3.5.2.2 3.8.4.2.1 3.4.2.1.1, 3.4.2.1.1.1,

3 5.10.6.1 3.3.2.6 3.4.2.1.1.2

3.5.10.6.2 3.3.8 3.8.4.2.2 3.4.2.1.2
3.5.10.6.3 3.3.7 3.8.4.2.3 3.4.2.1.3
3.5.10.6.4 3.3.7.1 3.8.4.2.4 3.4.2.1.3.1
3.5.10.6.5 3.3.9.2, 3.3.9.4 3.8.4.3 3.4.2.2

3.5.10.6.6 3.5.6.2 3.8.4.3.1 3.4.2.2.1
3.6.1.1.1 3.3.1.1 3.8.4.3.2 3.4.2.2.2

3.6.1.1.2 3.3.6, 3.3.6.1 3.9.1 3.8

3.6.1.2 New 3.9.2 3.7.1, 3.7.2, 3.7.3, 3.7.4

3.6.1.2.1 3.4.11 3.9.3 3.7.5

3.6.2.1.1 3.3.2.4, 3.3.2.4.1 3.9.4 3.8.3.2
3.6.2.1.2 New 4.1 6.1
3.6.2.2 3..3.3 4.2 6.2
3.6.2.3 3.3.1.1 4.2.1 6.2.1

3.6.3. 3.3.7 4.2.2 6.2.2

3.6.4.1 3.3.9, 3.3.9.1, 3.3.9.2, 4.2.3 6.2.3

3.3.9.3, 3.3.9.4 4.2.4 6.2.4
3.6.4.2 3.4.8, 3.4.9, 3.5.5.1 4.2.5 6.2.5
3.1.6.4.3 3.5.6, 3.5.6.1 4.2.6 6.2.6
3.6.4.4 3.4.6 4.2.7 6.2.7
3.6.4.5 3.4.7 4.2.8 6.2.8
3.6.5 3.3.5 4.3 6.4

4.4 6.5

4.5 6.6

4



TABLE 2. NUMERICAL CROSS-INDEX FROM MIL-F-8785C TO MIL STANDARD

CORRESPONDING MIL
MIL-F-8785C MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOK
PARAGRAPH PARAGRAPHS

1.1 Scope 1.1

1.2 Application 1.2

1.3 Classification of Airplanes 1.3

1.3.1 Land- or Carrier-Based Designation 1.3

1.4 Flight Phase Categories 1.4

1.5 Levels of Flying Qualities 1.7

2.1 Issues of Documents 2.0

3.1.1 Operational Missions 1.3

3.1.2 Loadings 3.1.1

3.1.3 Moments and Products of Inertia 3.1.2

3.1.4 External Stores 3.1.3

3.1.5 Configurations 3.1.4

3.1.6 State of the Airplane 1.6

3.1.6.1 Airplane Normal States 1.6.1

3.1.6.2 Airplane Failure States 1.6.2

3.1.6.2.1 Airplane Special Failure States 1.6.3

3.1.7 Operational Flight Envelopes 1.5.1

3.1.8 Service Flight Envelopes 1.5.2

3.1.8.1 Maximum Service Speed 1.5.2

3.1.8.2 Minimum Service Speed 1.5.2

3.1.8.3 Maximum Service Altitude 1.5.2

3.1.8.4 M uService Load Factors 1.5.2

3.1.9 Permissible Flight Envelopes 1.5.3

3.1.10 Application of Levels 3.1.5. 3.1.6

3.1.10.1 Requirements for Airplane Normal States 3.1.5.1. 3.1.5.2

3.1.10.2 Requirements for Airplane Failure States 3.1.6., 3.1.6.1

3.1.10.2.1 Requirements for Specific Failures 3.1.6, 3.1.6.2

3.1.10.3.1 Ground Operation and Terminal Flight Phases 3.1.5.4

3.1.10.3.2 When Levels Are Not Specified No Corresponding

Requirement

3.1.10.3.3 Flight Outside the Service Flight Envelope 3.1.5.3

3.1.11 Interpretation of Subjective Requirements 3.1.8

3.1.12 Interpretation of Quantitative Requirements 3.1.9, 3.2.1.1

3.2.1.1 Longitudinal Static Stability 3.4.1

3.2.1.1.1 Relaxation in Tranaonic Flight 3.4.1.1

3.2.1.1.2 Pitch Control Force Variations During Rapid 3.2.9.3

Speed Changes

3.2.1.2 Phugoid Stability 3.2.1.1

3.2.1.3 Flight-Path Stability 3.3.1.2

3.2.2.1 Short-Period Response 3.2.1.1, 3.9

5



TABLE 2 (Continued)

CORRESPONDING NIL
MIL-F-8785C MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOK
PARAGRAPH PARAGRAPHS

3.2.2.1.1 Short-Period Frequency and Acceleration Sensi- 3.2.1.1
tivity

3.2.2.1.2 Short-Period Damping 3.2.1.1

3.2.2.1.3 Residual Oscillations 3.2.3

3.2.2.2 Control Feel and Stability in Maneuvering 3.2.9.1, 3.2.10.2
Flight at Constant Speed

3.2.2.2.1 Control Forces in Maneuvering Flight 3.2.9.1

3.2.2.2.2 Coqtrol Motions in Maneuvering Flight 3.2.9.4.1, 3.2.10.2

3.2.2.3 Longitudinal Pilot-Induced Oscillations 3.2.2.1, 3.2.2.2

3.2.2.3.1 Dynamic Control Forces in Maneuvering Flight 3.2.9.2

3.2.2.3.2 Control Feel 3.2.9.2. 3.2.9.4.2

3.2.3.1 Longitudinal Control in Unaccelerated Flight 3.2.8.1

3.2.3.2 Longitudinal Control in Maneuvering Flight 3.2.8.2

3.2.3.3 Longitudinal Control in Takeoff 3.2.8.3

3.2.3.3.1 Longitudinal Control in Catapult Takeoff No Corresponding
Requirement

3.2.3.3.2 Longitudinal Control Force and Travel in 3.2.9.7.1, 3.2.10.1
Takeoff

3.2.3.4 Longitudinal Control in Landing 3.2.8.4

3.2.3.4.1 Longitudinal Control Forcea in Landing 3.2.9.7.2

3.2.3.5 Longitudinal Control Forces in Dives 3.2.9.7.3

Service Flight Envelope

3.2.3.6 Longitudinal Control Forces in Dives 3.2.9.7.3
Permissible Flight Envelope

3.2.3.7 Longitudinal Control in Sideslips 3.2.9.7.4

3.3.1.1 Lateral-Directional Oscillations (Dutch Roll) 3.5.3, 3.6.11. 1., 3.6.2.3

3.3.1.2 Roll Mode 3.5.1.1.1

3.3.1.3 Spiral Stability 3.5.1.1.2

3.3.1.4 Coupled Roll-Spiral Oscillation 3.5.1.1.3

3.3.2 Lateral-Directional Dynamic Response No Corresponding

Characteristics Paragraphs

3.3.2.1 Lateral-Directional Response to Atmospheric 3.9
Disturbances

3.3.2.2 Roll Rate Oscillations Mo Corresponding Require-
ment (See 3.5.1.1.4)

3.3.2.2.1 Additional Roll Rate Requirement for 3.5.1.1.4

Small Inputs

3.3.2.3 Hank Angle Oscillations No Corresponding Require-

ment (See 3.5.1.1.4)

3.3.2.4 Sideslip Excursions 3.6.2.1.1

3.3.2.4.1 Additional Sideslip Requirement for Small 3.6.2.1.1

Inputs

3.3.2.5 Control of Sideslip in Rolls 3.6.6.2.1

3.3.2.6 Turn Coordination 3.5.10.6.1, 3.6.6.2.2

6



TABLE 2 (Continued)

MIL-F-8785C T CORRESPONDING IL

PARAGRAPH MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOKPARARAPHPARAGRAPHS

3.3.3 Pilot-Induced Oscillationa 3.5.2. 3.6.2.2

3.3.4 Roll Control Effectiveness 3.5.9.1

3.3.4.1 Roll Performance for Class IV Airplanes 3.5.9.1

3.3.4.1.1 Roll Performance in Flight Phase CO 3.5.9.1

3.3.4.1.2 Roll Performance in Flight Phase GA 3.5.9.1, 3.5.9.6, 3.6.5.4

3.3.4.1.3 Roll Response 1 3.5.10.3

3.3.4.2 Roll Performance for Class III Airplanes 3.5.9.1

3.3.4.3 Roll Control Forces 3.5.10.2

3.3.4.4 Linearity of Roll Response 3.5.4

3.3.4.5 Wheel Control Throw 3.5.10.1

3.3.5 Directional Control Characteristics 3.6.5, 3.6.6

3.3.5.1 Directional Control with Speed Change 3.6.6.2.3

3.3.5.1.1 Directional Control with Asymmetric Loading 3.6.5.3, 3.6.6.2.5

3.3.5.2 Directional Control in Wave-Off (Go-around) 3.6.6.2.7

3.3.6 Lateral-Directional Characteristics in 3.5.6, 3.6.1.1.2, 3.6.6.1

Steady Sideslips

3.3.6.1 Yawing Moments in Steady Sideslips 3.6.1.1.2, 3.6.6.1

3.3.6.2 Side Forces in Steady Sideslips 3.5.6

3.3.6.3 Rolling Moments in Steady Sideslips I 3.5.6

3.3.6.3.1 Exception for Wave-Off (Go-around) 3.5.6

3.3.6.3.2 Positive Effective Dihedral Limit 3.5.6, 3.5.9.2

3.3.7 Lateral-Directional Control in Crosswlnds 3.5.7, 3.5.10.6.3, 3.6.3.
3.6.6.2.4

3.3.7.1 Final Approach in Crosswinds 3.5.9.3, 3.5.10.6.4,
3.6.5.1

3.3.7.2 1 Takeoff Run and Landing Rollout in Crosswinds 3.5.9.3, 3.6.5.1

3.3.7.2.1 Cold- and Wet-Weather Operation 3.6.5.1

3.3.7.2.2 I Carrier-Based Airplanes 3.6.5.1

3.3.7.3 Taxiing Wind Speed Limits 3.5.9.3, 3.6.5.1

3.3.8 Lateral-Directional Control in Dives 3.5.9.5, 3.5.10.6.2,
3.6.6.2.6

3.3.9 Lateral-Directional Control with Asymmetric 3.5.9.3, 3.6.4.1
Thrust

3.3.9.1 Thrust Loss During Takeoff Run 3.5.9.4, 3.5.10.6.5,
3.6.4.1, 3.6.6.2.8

3.3.9.2 Thrust Loss After Takeoff 3.5.9.4, 3.5.10.6.5.
3.6.4.1, 3.6.6.2.8

3.3.9.3 Transient EffectR 3.5.8.1, 3.6.4.1

3.3.9.4 Asymmetric Thrust-Yaw Controls Free ... 0.6.5. 3.6.4.1

3.3.9.5 Two Engines Inoperative 3.6.5.2

3.4.1 Dangerous Flight Conditions 3.1.7

3.4.1.1 Warning and Indication 3.1.7.1, 3.8.4.1

7



TABLE 2 (Continued)

MIL-F-8785C CORRESPONDING MIL

PARAGRAPH MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOK
PARAGRAPHS

3.4.1.2 Devices for Indication, Warning, Prevention, 3.1.7.2
Recovery

3.4.2 Flight at High Angle of Attack 3.8.4

3.4.2.1 Stalls 3.8.4.2

3.4.2.1.1 Stall Approach 3.8.4.2.1

3.4.2.1.1.1 Warning Speed for Stalls at I g Normal to 3.8.4.2.1
the Flight Path

3.4.2.1.1.2 Warning Range for Accelerated Stalls 3.8.4.2.1

3.4.2.1.2 Stall Characteristics 3.8.4.2.2

3.4.2.1.3 Stall Prevention and Recovery 3.8.4.2.3

3.4.2.1.3.1 One-Engine-Out Stalls 3.8.4.2.4
3.4.2.2 Post-Stall Gyrations and Spins 3.8.4.3
3.4.2.2.1 Departure from Controlled Flight 3.8.4.3.1

3.4.2.2.2 Recovery from Post-Stall Gyrations and Spins 3.8.4.3.2

3.4.3 Cross-Axis Coupling in Roll Maneuver 3.8.1

3.4.4 Control Harmony 3.8.2

3.4.4.1 Control Force Coordination 3.8.3

3.4.5 Buffet 3.2.7.6

3.4.6 Release of Stores 3.2.7.4, 3.3.3.1, 3.4.3,
3.5.8.4, 3.5.9.6, 3.6.4.4,
3.6.5.4

3.4.7 Effects of Armament Delivery and Special 3.2.7.5. 3.3.3.1, 3.4.3.
Equipment 3.5.8.5, 3.6.4.5

3.4.8 Transients Following Failures 3.2.7.2, 3.3.3.2, 3.5.8.2,
3.6.4.2

3.4.9 Failures 3.2.7.2, 3.3.3.2, 3.5.8.2,
3.6.4.2

3.4.10 Control Margin 3.2.8.5, 3.5.9.8. 3.6.5.5

3.4.11 Direct Force Controls 3.6.1.2.1, 3.7.1

3.5.1 General Characteristics No Corresponding Paragraph

3.5.2 Mechanical Characteristics No Corresponding Paragraph

3.5.2.1 Control Centering and Breakout Forces 3.2.9.5, 3.3.5, 3.4.5,
3.5.10.4

3.5.2.2 Cockpit Control Free Play 3.2.9.6. 3.5.10.5

3.5.2.3 Rate of Control Displacement 3.2.10.3

3.5.2.4 Adjustable Controls No Corresponding Require-
ment

3.5.3 Dynamic Characteristics 3.2.1.1. 3.5.1.1.5

3.5.3.1 Damping No Corresponding Require,
ment

3.5.4 Augmentation Systems No Corresponding Require-

ment

3.5.5 Failures No Corresponding Require-

ment (See 3.2.7.2.
3.5.8.2. 3.6.4.2)
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TABLE 2 (Continued)

CORRESPONDING MILMIL-F-8785c MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOK
PARAGRAPH PARAGRAPHS

3.5.5.1 Failure Transients 3.2.7.2, 3.5.8.2, 3.6.4.2

3.5.5.2 Trim Changles Due to Failures 3.2.9.7.6, 3.6.6.2.9

3.5.6 Transfer to Alternate Control Modes 3.2.7.3, 3.5.8.3, 3.6.4.3

3.5.6.1 Transfer Transients 3.2.7.3, 3.5.8.3, 3.6.4.3

3.5.6.2 Trim Changes 3.2.9.7.7, 3.5.10.6.6,
3.6.6.2.10

3.6.1 Trim System 3.2.9.8

3.6.1.1 Trim for Asymmetric Thrust No Corresponding Require-
ment

3.6.1.2 Rate of Trim Operation 3.2.9.7.3, 3.2.9.8.1

3.6.1.3 Stalling of Trim Systems 3.2.9.8.2

3.6.1.4 Trim System Irreversibility 3.2.9.8.3

3.6.2 Speed and Flight Path Control Devices 3.2.5, 3.3.2

3.6.3 Transients and Trim Changes No Corresponding Require-

ment (See 3.2.7.1)

3.6.3.1 Pitch Trim Changes No Corresponding Require-
ment

3.6.4 Auxiliary Dive Recovery Devices No Corresponding Require-

ment (See 3.2.5)

3.7.1 Form of the Disturbance Models 3.9.2

3.7.1.1 Turbulence Model (von Karman Form) 3.9.2

3.7.1.2 Turbulence Model (Dryden Form) 3.9.2

3.7.1.3 Discrete Gust Model I 3.9.2

3.7.2 Medium/High-Altitude Model 3.9.2

3.7.2.1 Turbulence Scale Lengths 3.9.2

3.7.2.2 Turbulence Intensities 3.9.2

3.7.2.3 Gust Intensities 3.9.2

3.7.2.4 Gust Magnitudes 3.9.2

3.7.3 Low-Altitude Disturbance Models 3.9.2

3.7.3.1 Wind Speeds 3.9.2

3.7.3.2 Wind Shear 3.9..*

3.7.3.3 Vector Shear 3.9.2

3.7.3.4 Turbulence 3.9.2

3.7.3.5 Gusts 3.9.2

3.7.4 Carrier-Lnding Disturbance Model 3.9.2

3.7.4. 1 Free-Air Turbulence Components 3.9.2

3.7.4.2 Steady Component of Carrier Airwake 3.9. 2

3.7.4.3 Periodic Component of Carrier Airwake 3.9.2

3.7.4.4 Random Component of Carrier Airwake 3.9.2

3.7.5 Application of the Disturbance Model 3.9.3

In Analysis

3.8 Requirements for Use of the Disturbance Models 3.9.1

3.8.1 Use of Disturbance Models 3.9.1

9



TABLE 2 (Concluded)

HIL-F-8785C CORRESPONDING MILPARAGRAPH MIL-F-8785C PARAGRAPH TITLE STANDARD AND HANDBOOK
PARAGRAPHPARAGRAPHS

3.8.2 Qualitative Degrees of Suitability 3.9.1

3.8.3 Effects of Atmospheric Disturbances 3.1.5.1, 3.1.5.2

3.8.3.1 Requirements for Airplane Normal States 3.1.5.1, 3. 1.5.2

3.8.3.2 Requirements for Airplane Failure States 3.9.4

4.1 Compliance Demonstration 3.1.10.1, 3.1.10.2

4.1.1.1 Effects of Failure States 3.1.6

4.1. 1.2 Effects of Atmospheric Disturbances 1.7, 3.9.1. 3.9.4

4.1.1.3 Computational Assumptions 3.1.6.1

4.1.2 Simulation 3.1.10.1

4.1.3 Flight Test Demonstration 3.1.10.1

4.2 Airplane States 1,6.1

4.2.1 Weights and Moments of Inertia 3.1.10.2

4.2.2 Center-of-Gravity Positions 3.1.10.2

4.2.3 Thrust Settings I No Corresponding Require-

ment

4.3.1 Altitudes 3.1.10.2

4.3.2 Special Conditions 3.1.10.2

4.4 Tests at Specialized Facilities No Corresponding Require-
men t

6.1 Intended Use 4.1

6.2 Definitions 4.2

6.2.1 General 4.2.1

6.2.2 Speeds 4.2.2

6.2.3 Thrust and Power 4.2.3

6.2.4 Control Parameters 4.2.4

6.2.5 Longitudinal Parameters 4.2.5

6.2.6 Lateral-Directional Parameters 4.2.6

6.2.7 i Atmospheric Disturbance Parameters 4.2.7

6.2.8 Terms Used in High Angle of Attack Requirements 4.2.8

6.3 Interpretation of Fs/n Limits of Table V 3.2.9.1

6.4 Gain Scheduling 4.3

6.5 Engine Considerations 4.4

6.6 I Effects of Aeroelasticity, Control, Equipment 4.5
and Structural Dynamics

6.7 Application of Levels 1.7

6.7.1 Level Definitions 1.7

6.8 Related Documents 2.0

6.9 Marginal Indicia No Corresponding Paragraph
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for demonstrating compliance with the requirement, it belongs in the

Requirements section along with all other pertinent definitions, i.e.,

allowable Levels, Failure States, configurations, etc.

4. LEVELS OF FLYING QUALITIES

Two definitions of flying qualities which are related but not

exactly equivalent are given in the Handbook - the definitions from

MIL-F-8785C and the Cooper-Harper scale. The Cooper-Harper scale is

included as an alternative to account for the fact that all existing

quantitative boundaries are based on fairing the 3-1/2 (= Level 1) and

6-1/2 (- Level 2) ratings. It therefore seems reasonable to use the

same scale when establishing flying quality levels by flight or simula-

tor demonstrations. Additionally, use of the Cooper-Harper scale forces

a definition of the specific flying quality task elements for each mis-

sion. The existing MIL-F-8785C adjectival definitions of Levels has been

retained as an alternative. These definitions can be applied inter-

changeably at the discretion of the procuring activity. However, use of

the Cooper-Harper scale is strongly encouraged because it will result

in:

* More rigorous task definitions by the testing
activity.

0 A data base generated for each new aircraft which
is usable to develop new, and refine existing,
criteria.

* More meaningul comments in defense of the rat-
ings.

5. ATMOSPHERIC DISTURBANCES

It is well known that atmospheric disturbances play a major role in

distinguishing between good and bad flying qualities. We have attempted

to account for this by developing a standardized model of "Moderate"

turbulence to be used when demonstrating compliance via simulation.

This model consists of a specific rms random gust component, a set of

critical wind shears, and steady crosswinds for landing. It is a

11



relatively simple model that is specifically oriented toward exposing

handling quality deficiencies. Detailed information is given for

mechanizing the model on a digital computer.

A new scale is proposed for identifying allowable degradations in

handling qualities in specifically defined atmospheric disturbances.

Finally, a scale is also given as a guideline to allow test pilots to

specify the magnitude of turbulence encountered in flight.

6. REVISED AND NEW CRITERIA

The scope of this effort did not allow a significant amount of cri-

teria development. In fact, the guidelines were to utilize only exist-

ing criteria in the literature with minor refinements as required. It

was clearly necessary to carefully pick and choose what areas deserved

the most attention. It was decided to concentrate on development of

criteria that would be specifically applicable to highly augmented air-

craft, reflected in part by the results of an informal industry survey

taken at the 1981 AIAA Atmospheric Flight Mechanics Conference. This

survey indicated unanimous agreement that one of the major weaknesses of

MIL-F-8785C is that many of the requirements are not easily applied to

highly augmented aircraft.

The following paragraphs include significant revisions to the MIL-F-

8785C requirements that appear in the Standard and Handbook either in.

terms of new criteria, revised criteria, or simply the addition of guid-

ance for application.

MIL Standard
Paragraph Title

3.1.5 Allowable Levels for Aircraft Normal States

3.1.6 Allowable Levels for Aircraft Failure States

3.2.1 Pitch Attitude Response to Pitch Controller

3.2.2 Pilot-Induced Pitch Oscillations

3.2.9.4 Control Force Versus Control Deflection

3.5.1 Roll Response to Roll Controller

3.6.1.2 Yaw Axis Bandwidth Requirements

3.6.2. Yaw Response to Roll Controller

12
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r!
3.7.1 Bandwidth Requirement for Lateral Translation

3.8.4 Flight at High Angle of Attack

3.9 Handling Quality Requirements in Atmospheric
Disturbances

3.9.1 Allowable Flying Quality Degradations in
Atmospheric Disturbances

3.9.2 Definition of Atmospheric Disturbance Form

3.9.3 Application of Disturbance Models in Analyses

7. LOWER-ORDER EQUIVALENT SYSTEM PITTING PROGRAM

The use of lower-order equivalent systems in the MIL Handbook

requires a computer program to fit the lower-order form to the higher-

order system. In fact, Paragraph 3.2.1.1 refers to such a program as

appearing in "Appendix A." The program being referred to was written at

the McDonnell Aircraft Company in St. Louis and also exists in-house at

AFWAL/FIGC and NADC. While it was originally intended to include a

listing of this program in Appendix A, further consideration deemed this

to be impractical, primarily due to the problems associated with com-

patibility of software on various computers. As an alternative, we have

elected to provide a reasonably detailed description of the basic algor-

ithms required to perform fitting of lower-order equivalent systems.

8. EXAPLE NIL STANDARD

An example MIL Standard for a representative airplane appears in

Appendix B. This Standard consists of the proposed MIL Standard of

Volume I, with the blanks filled in using recommended Handbook require-

ments. It is not meant to represent a procurement document for any

existing or proposed airplane, but is included to illustrate the proce-

dures involved in applying the MIL Standard and Handbook concept.

13
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SHCTION 1

1. SCOPE AND OPERATIONAL OBJECTIVES

DISCUSSION

This section of the specification has been used to define a general

framework that permits tailoring each requirement according to:

1) The kind of aircraft (Mission Class)

2) The job to be done (Flight Phase and Envelope)

3) How well the job must be done (State and Level)

The framework then comprises these paragraphs:

1.1 Scope

1.2 Application

1.3 Classification of Aircraft (Mission)

1.4 Flight Phase Categories

1.5 Flight Envelopes

1.6 Aircraft States

1.7 Levels of Flying Qualities

In the following paragraphs each of these elements is defined and dis-

cussed.

14
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1.1 SCOPE

A. REUELKMENT

1.1 Scope. This specification contains the requirements for the
flying and ground handling qualities of a U.S. military aircraft. It is
intended to assure flying qualities for adequate mission performance and
flight safety regardless of the design implementation or flight control
system augmentation.

B. RELATED MIL-F-8785C REQUIREMNT

1.1

C. DISCUSSION

The scope is essentially unchanged from that of MIL-F-8785C. The

requirements are not aimed at unconventional aircraft such as helicop-

ters, V/STOL, or re-entry vehicles, but many of the requirements may be

found to apply reasonably well to those aircraft in specific instances.

Separate flying qualities specifications are being prepared for these

vehicles. The emphasis is now to be on the complete aircraft, including

flight control system augmentation.

K1
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1.2 APPLICATION

A. REQ IRDK(EN

1.2 Application. The flying qualities of the aircraft proposed or
contracted for shall be in accordance with this specification. The
requirements are written in terms of the axis of vehicle motion and
include all aspects of control for that axis, as well as vehicle re-
sponses to other inputs, e.g., turbulence, store release, etc. This
approach therefore includes requirements for other (i.e., secondary)
methods of control for a given axis (DLC, speed brakes, etc.). The
requirements apply, as stated, to the combination of airframe and
related subsystems. This includes stability augmentation and flight
control systems (automatic and/or manual), when provided.

B. RELATED NIL-F-8785C REQUIRRZKNT

1.2

C. DISCUSSION

The flying qualities of the proposed or contrarted aircraft shall be

in accordance with the provisions of the MIL Standard. The requirements

apply as stated to the combination of airframe and related subsystems.

Stability augmentation and control augmentation are specifically to be

included when provided in the aircraft. The change here pertains to the

way in which the requirements are now written, i.e., by axis as opposed

to the flight controls.

Additional or alternative requirements imposed by the procuring

activity are contained in the Standard.

16



1.3 AIRCRAFT CLASSIFICATION AND OPERATIONAL MISSIONS

A. iRnjIRimiT

1.3 Aircraft Classification and Operational Missions. For the pur-
pose of this Standard, the aircraft specified in this requirement is to
accomplish the following missions: _ The aircraft thus
specified will be a Class aircraft.

B. RELATED MIL-F-8785C RE(QUIROlUXrS

1.3, 1.3.1, 3.).I

C. DISCUSS ION/APPLICAT ION

1. Mission

Unfortunately, the word "mission" is used in several contexts not

only in this specification, but throughout the writings pertinent to

acquiring a new weapon system. In the broadest sense, "operational

missions" applies to classifying the aircraft as fighter, bomber, recon-

naissance, etc., or as in "accomplishing the mission" of bombing, straf-

ing, etc. In 1.3 the object is to introduce to the designer in general

terms the function of the vehicle he is to design. It should be suffi-

cient for the procuring activity to refer to those paragraphs of the

Handbook to define the overall performance requirements, the operational

requirements, employment and deployment requirements.

The operational missions considered should not be based on just the

design mission profiles. However, such profiles serve as a starting

point, for determining variations that might normally be expected in

service encompassing ranges of useful load, flight time, combat speed

and altitude, in-flight refueling, etc., to define the entire spectrum

of intended operational use. "Operational missions" include training

missions.

The intended use of an aircraft must be known bef,6re the required

configurations, loadings, and the Operational Flight 'Envelopes can be

defined, and the design of the aircraft to meet the requirements of this

17



specification can be undertaken. If additional missions are foreseen at

the time the detail specification is prepared, it is the responsibil~tv

of the procuring activity to define the operational requirements to

include these missions. Examples of missions or capabilities that have

been added later are in-flight refueling (tanker or receiver), aerial

pickup and delivery, low-altitude penetration and weapon delivery, and

ground attack for an air-superiority fighter or vice versa.

The foregoing discussion serves to emphasize the importance of the

intended use of the aircraft and the impact this has on the configura-

tions, loadings, and Operational Flight Envelopes for which the aircraft

is to be designed. Once the intended uses or operational missions are

defined, a Flight Phase analysis of each mission must be conducted.

With the Flight Phases established, the configurations and loading

states which will exist during each Phase can be defined.

2. Aircraft Classification and Operational Missions

a. Classification of Aircraft

An aircraft is placed in one of the following Classes:

Class I: Small light aircraft such as:

Light utility
Primary trainer

Light observation

Class II: Medium weight, low-to-medium maneuverability
aircraft such as:

Heavy utility/search and rescue
Light or medium transport/cargo/tanker
Early warning/electronic counteraeasures/

airborne command, control, or communica-
tions relay

Antisubmarine
Assault transport
Reconnaissance
Tactical bomber
Heavy attack
Trainer for Class II

18



Class III: Large, heavy, low-to-medium maneuverability
aircraft such as:

Heavy transport/cargo/tanker
Heavy bomber
Patrol/early warning/electronic counter-

measures/airborne command, control, or
communications relay

Trainer for Class III

Class IV: High-maneuverability aircraft such as:
Fighter-interceptor
Attack
Tactical reconnaissance
Observation
Trainer for Class IV

The procuring activity will assign an aircraft to one of these Classes,

and the Handbook requirements for that Class are meant to apply. When

no Class is specified in the requirement, the requirement is meant to

apply to all Classes. When operational missions so dictate, an aircraft

of one Class should be required by the procuring activity to meet

selected requirements ordinarily specified for aircraft of another

Class.

The letter -L following a Class designation identifies an aircraft

as land-based; carrier-based aircraft are similarly identified by -C.

When no such differentiation is made in a requirement, the requirement

is meant to apply to both land-based and carrier-based aircraft.

The classification scheme simplifies mission definition. Basically,

the four Classes are related qualitatively to maximum design gross

weight and symmetrical flight limit load factor at the basic flight

design gross weight, as shown in Figure 1.

The presentation of Figure 1 makes it obvious that highly maneuver-

able aircraft such as fighter and attack types, together with certain

trainer and observation craft, should be designed for high limit load

factor. These vehicles tend to group in the weight range from 5000 to

100,000 lb. There are a few small, lightweight trainers and observation

aircraft which are also designed for fairly high load factors, which

could be in either Class I or Class IV. Classification of these air-

craft should be on the basis of more detailed information about the

19
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intended use; or, alternatively, the detail specification should be com-

posed of requirements selected from those stated for both of these

Classes in the MIL Handbook. Figure 1 also illustrates that all other

aircraft are required to be designed for a limit load factor of less

than 4 g, and that current aircraft span the weight range from 1000 to

almost 1,000,000 lb. In addition, there may be significant differences

in the way each vehicle responds to atmospheric turbulence or wind

shear. Another factor of possible significance is the location of the

pilot in the vehicle relative to the center of gravity and the extremi-

ties of the vehicle. The location of the pilot in the vehicle affects

the motions and riding qualities. If the effect of each of these

factors on handling or flying qualities were fully understood and a

sufficient data base existed, then the quantitative requirements could

be stated as mathematical or empirical functions of the significant

factors, and there would be no need for any classification breakdown to

accommodate these effects in the specification requirements.

It should also be recognized that as vehicles become larger, prac-

tical design considerations may dictate compromises between the degree

of maneuverability and the values of flying qualities parameters that

are desirable and what can be accepted, through relaxation of opera-

tional requirements or through modification of operational procedures or

techniques.

How best to handle the factors discussed above is not completely

clear at this time. Ideally the requirements should be expressed as

mathematical functions of the significant factors. The current state of

knowledge and the experimental data available do not permit this, so it

is necessary to make the relatively arbitrary Class definition. Further

research into possible scaling parameters, simulation study, and opera-

tional experience is required in this area.
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1.4 FLIGHT PHASE CATEGORIES

A. RJQUIRf

1.4 Flight Phase Categories. To accomplish the mission
requirements the following general Flight Phase categories are involved:

• Special Flight Phases to be considered
are:

B. RMATED IL-F-8785C RE](QIRD(]Il

1.4

C. DISCUSSION/APPLICATION

Experience with airplane operations indicates that certain Flight

Phases require more stringent values of flying qualities parameters than

do others (e.g., air-to-air combat requires more dutch roll damping than

does cruising flight). Also, a given mission Flight Phase will gener-

ally have an Aircraft Normal State associated with it (e.g., flaps and

gear down for landing approach and up for cruising flight). In many

instances, therefore, the flying qualities specification should state

requirements as a function of mission Flight Phase. This degree of

breakdown gives the designer additional guidance in optimizing his

design so that each Aircraft State has adequate flying qualities for the

tasks to be performed while the aircraft is in that State.

In flight and simulator evaluations, pilots generally rate a set of

flying qualities on suitability for a given mission segment like one of

these Flight Phases. The pilots assign an overall rating, based on

ability, or effort required, to perform certain appropriate tasks such

as precision tracking of a target or a glide slope, trimming and making

heading changes at constant altitude; and of flight in turbulence.

These considerations have led naturally to identifying flying qualities

requirements in terms of the three Flight Phase categories given below:
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Nonterminal Flight Phases:

Category A: Those nonterminal Flight Phases that require rapid
maneuvering, precision tracking, or precise flight-path
control. Included in this Category are:

a. Air-to-air combat (CO) f. In-flight refuelingI(receiver) (R)

b. Ground attack 
(GA)

g. Terrain following (TF)

c. Weapon delivery/
launch (WD) h. Antisubmarine search

(AS)
d. Aerial recovery (AR)

i. Close formation flying
e. Reconnaissance (RC) (FF)

Category B: Those nonterminal Flight Phases that are normally
accomplished using gradual maneuvers and without pre-
cision tracking, although accurate flight-path control
may be required. Included in this Category are:

a. Climb (CL) e. Descent (D)

b. Cruise (CR) f. Emergency descent (ED)

c. Loiter (LO) g. Emergency deceleration
(DE)

d. In-flight refueling
(tanker) (RT) h. Aerial delivery (AD)

Terminal Flight Phases:

Category C: Terminal Flight Phases are normally accomplished using
gradual maneuvers and usually require accurate flight-
path control. Included in this Category are:

a. Takeoff (TO) d. Wave-off/go-around
(WO)

b. Catapult takeoff (CT)
e. Landing (L)

c. Approach (PA)

When necessary, recategorization or addition of Flight Phases or deline-

ation of requirements for special situations, e.g., zoom climbs, will be

specified by the procuring activity.

These Flight Phases shall be considered in the context of the total

mission so that there will be no gap between successive Phases of any
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flight and so that transition will be smooth. In certain cases,

requirements are directed at specific Flight Phases identified in the

requirement. When no Flight Phase or Category is stated in a require-

ment, that requirement is meant to apply to all three Categories.

For the most part, the Flight Phase titles are descriptive enough to

facilitate picking those applicable to a given design. The Formation

Flying (FF) Flight Phase is intended to be used, if desired, where there

is no other requirement for rapid maneuvering, precision tracking, or

precise flight-path control in up-and-away flight. An example might be

a Class I trainer for which the procuring activity desires Category A

flying qualities (note the current use of the T-37, T-28, etc.).

The similarity of tasks in many Flight Phases, plus the limited

amount of evaluation data on specific Flight Phases, has led to grouping

the Phases into three Categories. First, the possible Flight Phases

were divided into two groups on the basis of terminal and nonterminal

operation. Then nonterminal flight was further divided into two groups

based primarily on the degree of maneuverability and/or precision of

control required. The requirements of Section 3 are generally stated in

terms of these three Flight Phase Categories. However, a number of the

requirements are directed at specific Flight Phases; those requirements

apply only to the specific Flight Phase stated.

Not all of these Flight Phases apply to a given aircraft. Those

that are appropriate to design operational missions and emergencies will

be chosen for each design. The list cannot be exhaustive because new

mission requirements continue to be generated. Thus the procuring

activity may delete some Phases and add others. Responsibility for

choosing applicable Flight Phases has been defined contractually in the

Standard, i.e., the procuring activity should have prepared the initial

listing of Flight Phases. The contractor is therefore made contrac-

tually responsible for assuring that this listing is inclusive and

exhaustive (for the stated primary and alternate missions), and for sug-

gesting necessary additions so that the intent of the Flight Phase con-

cept will be accomplished (i.e., there will be no gap between successive

phases of every flight, and transition between phases of each flight
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will be smooth). It is the procuring activity's responsibility either

to agree with the contractor's suggestions or to recategorize the Flight

Phases.

In certain cases, both flying qualities requirements and aircraft

capabilities may be less than one would ordinarily expect. An example

is a zoom climb -- a dynamic maneuver in which qualities such as speed

stability and natural frequency cannot be measured in flight, and the

effectiveness of aerodynamic controls is necessarily low at low dynamic

pressure. Lacking enough data to formulate general requirements for

these cases, it is left for the procuring activity to provide specific

requirements as specific mission needs dictate.

25
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1.5 FLIGHT ENVELOPES

DISCUSSION

Three envelopes are to be defined. One, the Operational Envelope,

is set down by the procuring activity (in Paragraph 1.3) for primary and

alternate missions, including maneuverability over the speed-altitude

range, and represents the minimum requirements. At this stage the

Flight Phases will also be known (from Paragraph 1.4). In response to

these and other requirements the contractor can then design the aircraft

and:

* Further define the Operational Flight Envelope for each
Flight Phase, based on the associated Aircraft Normal
States,

* Construct the larger Service Flight Envelope for the Air-
craft Normal State associated with each Flight Phase, and

* Similarly construct portions of the Permissible Flight
Envelope boundaries, beyond which operation is not
allowed.

Each Envelope must include the flight condition(s) related to any per-

tinent performance guarantees.

The envelopes are described by the specification of a two-dimen-

sional (speed and load factor) figure representing the conditions

where the requirements apply. An example that defines terms for the

Operational and Service Envelopes is shown in Figure 1. The load fac-

tor, n, denotes maneuverability without regard to thrust available,

i.e., the flying qualities specification places no requirements on load-

factor capability in constant-speed level flight. These Envelopes are

defined at various altitudes corresponding to the Flight Phases; thus

they could be considered to be three-dimensional. The aircraft flying

qudlities in all three Envelopes will always be "acceptable," or better.

Some Flight Phases of the same Category will involve the same, or

very similar, Aircraft Normal States; so one set of Flight Envelopes

may represent several Flight Phases. Each Flight Phase will involve a
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n(+) AND n(-) (SERVICE FLIGHT ENVELOPE)

Figure 1 (1.5). Definition of Flight Envelope Terms

range of loadings. Generally it will be convenient to represent this

variation by superimposing boundaries for the discrete loadings of Para-

graph 3.1. 1, or possibly by bands denoting extremes. If different

external store complements affect the Envelope boundaries significantly,

it may be necessary for the contractor Lo construct several sets of

Envelopes for each Flight Phase, each set representing a family of

stores. A manageably small total number of Envelopes should result. It

is apparent that the Flight Envelopes must and can be refined, as the

design is further analyzed and defined, by agreement between the con-

tractor and the procuring activity.

Flight tests will be conducted to evaluate the aircraft against

requirements in known (a priori) Flight Envelopes. Generally, flight

tests will cover the Service Flight Envelope, with specific tests

(stalls, dives, etc.) to the Permissible limits. The same test proce-

dures usually apply in both Service and Operational Envelopes; only the

numerical requirements and qualitative levels differ. If, for example,
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speed and altitude are within the Operational Flight Envelope but normal

load factor is between the Operational and Service Flight Envelope boun-

daries, the requirements for the Service Flight Envelope apply. Ideal-

ly, the flight test program should also lead to definition of Flight

Envelopes depicting Level 1 and Level 2 boundaries. These Level boun-

daries should aid the using commands in tactical employment, even long

after the procurement contract has been closed out.

Separate Flight Envelopes are not normally required for Aircraft

Failure States. It is rational to consider most failures throughout the

Flight Envelopes associated with Aircraft Normal States. There may be

exceptions (such as a wing sweep failure that necessitates a wings-aft

landing, or a flap failure that requires a higher landing speed) that

are peculiar to a specific design. In such cases the procuring activity

may have to accept some smaller Flight Envelopes for specific Failure

States, making sure that these Envelopes are large enough for safe

Level 2 or Level 3 operation.

It should also be noted that the boundaries of these envelopes

should not be set by ability to meet the flying qualities require-

ments. The flying qualities requirement should be met within the bound-

aries which normally are set by other factors unless specific deviations

are granted. The only exception is control power, which may set some

boundaries if the requirements on the Operational Flight Envelope are

still met. The rationale for each type of Envelope is presented below

in the discussion of each subparagraph.
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1.5.1 Operational Flight Envelopes

A. REQUIREMENT

1.5.1 Operational Flight Envelopes. The Operational Flight Enve-
lopes define the boundaries in terms of speed, altitude and load factor
within which the aircraft must be capable of operating in order to
accomplish the missions of Paragraph 1.3. Envelopes for each applicable
Flight Phase are as follows: . In the absence of the above,
the contractor shall use the representative conditions of Table I of the
Handbook for the applicable Flight Phases.

B. RELATED MIL-F-8785C REQUIREMNT

3.1.7

C. DISCUSSION/APPLICATION

Operational Flight Envelopes are regions in speed-altitude-load

factor space where it is necessary for an aircraft, in the configuration

and loading associated with a given Flight Phase, to have very good fly-

ing qualities, as opposed, for example, to regions where it is only

necessary to insure that the aircraft can be controlled without undue

concentration. The required size of the Operational Flight Envelopes

for a particular aircraft has been given in Paragraph 1.3; however, this

can further be delineated by using Table 1 for each flight phase cate-

gory. Additional boundaries will be provided by the contractor.

In defining the speed-altitude-load factor combinations to be encom-

passed, the following factors should be considered:

a) The Operational Flight Envelope for a given Flight
Phase should initially be considered to be as large a
portion of the associated Service Flight Envelope as
possible, to permit the greatest freedom of use of
the aircraft.

b) The detail specification should be as specific as
possible about the speed and altitude ranges over
which stated load-factor capabilities are required.
Obviously, limit load factor cannot be attained at a
lift-limited combat ceiling; but normally it would be
insufficient at a lower altitude to have nL capabil-
ity at only one speed.
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TABLE 1 (1.5.1)

OPERATIONAL FLIGHT ENVELOPE

FLIGHT AIRSPEED ALTITUDE LOAD FACTOR

PHASE Vo (M i) V (M ) ho  ho no . no
CATEGORY FLIGHT PHASE °max in max mimn max

AIR-TO-AIR COMBAr (CO) 1.4 Vs  V4AT MSL Combat -1.0 n L
Ceiling

GROUND ATTACK (GA) 1.3 VS V MRT MSL Medium -1.0 n

WEAPON DELIVERY/LAUNCH V VNAT MSL Combat .5
(D)range Ceiling

A AERIAL RECOVERY (AR) 1.2 V V RT MSL Combat .S nLV IT Ceiling

R MSL CombatRECONNAISSANCE (RC) 1.3 VS MAT Ceiling

IN-FLIGHT REFUEL (RECEIVER) 1.2 VS V MSL .5 2,0

(RU) MRT Combat
Ceiling

TLRRAIN FOLLOWING (TF) Vrange  VMAT NSL 10,000 ft. .0 3.5

ANTISUBMARINE SEARCH (AS) 1.2 VS VMRT MSL Medium 0 2.0

CLOSE FORMATION FLYING(FF1 1.4 Vs  V MSL Ceiag n

S MAT CeilingL

CLIMB (CL) .85 VR/C 1.3 VR/C MSL Cruising .5 2.0
Ceiling

CRUISE (CR) V V NRT MSL Cruising .S 2.0
range Ceiling

LOITER (LO) .85 Ven d  1-3 Ven d  MSL Cruising .5 2.0

Ceiling

CruisingR IN-FIGHT REFUEL (TANKER) 1.4 V VMAT 4SL Criing .5 2.0
(1N1ITREELV____ Ceiling
DESCENT (V 1.4 d VMAT  MSL Cruising .S 2.

D (Ceiling
EMERGENCY DESCENT (ED) 1.4 VS  Vma x  MSL Cruising S 2.0

Ceiling

EMERGENCY DECELERATION 1.4 VS  V x MSL Cruising .5 2.0

(DE) SCeiling

AFRIAL DELIVERY (AD) 1.2 VS  200 kt MSL 10,000 ft 0 2.0

TAKEOFF (TO) Minimum Normal V MSL 10,000 ft. .5 2.0
Takeoff Speed m

CATAPULT TAKEOFF (CT) Minimum Catapult V MSL - .5 nL
End Airspeed min

-30 kt

C APPROACH (PA) Minimm Normal V MSL 10,000 ft. .S 2.0

Approach Speed *a'

WAVE-OFF/GO-AROUND (WD) Ninima Normal V MSL l0,OOOft. ,S 2.0

Approach Speed max

LANDING (L) Minimum Normal Vmm MSL 10,OO ft .5 2.0
Landing Speed

Appropriate to the operational mission.
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c) The Operational Flight Envelopes should encompass the
flight conditions at which all appropriate perfor-
mance guarantees will be demonstrated.

d) In setting the minimum approach speed, Vo  (PA),
care should be taken to allow sufficient stmall mar-

gin. Commonly, 1.2 V. has been used for military
land-based aircraft and 1.15 V. for carrier-based
aircraft. FAR Part 25 (Reference 118) specifies
1.3 Vs for landing-distance calculations; while Part
23 (Reference 161) specifies approach at 1.5 V. for
these calculations when required.

e) If design tradeoffs indicate that significant penal-
ties (in terms of performance, cost, system complex-
ity, or reliability) are required to provide Level 1
flying qualities in the large Envelopes of Items a-d,
above, consideration should be given to restricting
the Operational Flight Envelope toward the minimum
consistent with the requirements of the Flight Phase
of the operational mission under consideration.
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1.5.2 Service Flight Envelopes

A. REQUIREMENT

1.5.2 Service Flight Envelopes. For each Aircraft Normal State the
contractor shall establish, subject to the approval of the procuring
activity, Service Flight Envelopes showing combinations of speed, alti-
tude, and normal acceleration derived from aircraft limits as distin-
guished from mission requirements. For each applicable Flight Phase and
Aircraft Normal State, the boundaries of the Service Flight Envelopes
can be coincident with or lie outside the corresponding Operational
boundaries. The boundaries of the Service Flight Envelopes shall be
based on considerations discussed in the Handbook.

B. RELATED MIL-F-8785C REQUIREMENT

3.1.8, 3.1.8.1, 3.1.8.2, 3.1.8.3, 3.1.8.4

C. DISCUSSION

The Service Flight Envelope encompasses the Operational Flight Enve-

lopes for the same Flight Phase and Aircraft Normal State. Its larger

volume denotes the extent of flight conditions that can be encountered

without fear of exceeding aircraft limitations (safe margins should be

determined by simulation and flight test). At least Level 2 handling

qualities are required for normal operation. This allows a pilot to

accomplish the mission Flight Phase associated with the Aircraft Normal

State although mission effectiveness or pilot workload, or both, may

suffer somewhat.

This Envelope is also intended to insure that any deterioration of

handling qualities will be gradual as flight progresses beyond the

limits of the Operational Flight Envelope. This serves two purposes.

It provides some degree of mission effectiveness for possible unforeseen

alternate uses of the aircraft, and it also allows for possible inadver-

tent flight outside the Operational Flight Envelope.

The boundaries of the Service Flight Envelopes shall be based on the

speed, altitude, and load factor considerations discussed below.
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I- Maximum Service Speed

The maximum service speed, Vmax or Mmax, for each altitude is the

lowest of:

a) The maximum speed at which a safe margin exists from
any potentially dangerous flight condition.

b) A speed which is a safe margin below the speed at
which intolerable buffet or structural vibration is
encountered.

Vmax need be no greater than that for which recovery is possible at
the corresponding altitude and dive angle, with a 2000 ft margin above
Mean Sea Level. In setting the maximum service speed, the designer need
not consider speed-altitude combinations that can only be reached in an

attitude that would not permit recovery to level flight with a nominal
2000 foot clearance above sea level while remaining within the Service

Flight Envelope.

2. Minimum Service Speed

The minimum service speed, Vmin or Mmin, for each altitude is the

highest of:

a) 1.1 Vs

b) Vs + 10 knots equivalent airspeed

c) The speed below which full aircraft-nose-up pitch
control power and trim are insufficient to maintain
straight, steady flight.

d) The lowest speed at which level flight can be main-
tained with MRT.

e) A speed limited by reduced visibility or an extreme
pitch attitude that would result in the tail or aft
fuselage contacting the ground.

For engine failure during takeoff, the Standard requires control at
speeds down to Vmin(TO); but requirements for engine-out climb capabil-

ity are left to performance specifications.
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3. Maximum Service Altitude

The maximum service altitude, hmax, for a given speed is the maximum

altitude at which a rate of climb of 100 feet per minute can be main-

tained in unaccelerated flight with maximum augmented thrust (MAT).

4. Service Load Factors

Maximum and minimum service load factors, n(+) [n(-)], shall be

established as a function of speed for several significant altitudes.

The maximum [minimum] service load factor, when trimmed for I g flight

at a particular speed and altitude, is the lowest [highest] algebrai-

cally of:

a) The positive [negative] structural limit load factor.

b) The steady load factor corresponding to the minimum
allowable stall warning angle of attack (3.8.4.2).

c) The steady load factor at which the pitch control is
in the full aircraft-nose-up [nose-down] position.

d) A safe margin below [above] the load factor at which
intolerable buffet or structural vibration is encoun-
tered.
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1.5.3 Permissible Flight Envelopes

A. REQUIREKKNT

1.5.3 Permissible Flight Envelopes. The contractor shall define
Permissible Flight Envelopes which encompass all regions in which opera-
tion of the aircraft is both allowable and possible, and which the air-
craft is capable of safely encountering. These Envelopes define bound-
aries in terms of speed, altitude, and load factor.

B. RIATED MIL-F-8785C RRQUIR.f3IUT

3.1.9

C. DISCUSSION

Basically, the Permissible Flight Envelope is designed such that,

from all points within it, It shall be possible to readily and safety

return to the Service Flight Envelope without exceptional pilot skill or

technique, regardless of component or system failures. The requirements

on stall, spin, and dive characteristics, on dive recovery devices, and

on approach to dangerous flight conditions shall also apply.

In this regard, the maximum permissible speed in dives or level

flight, and the minimum permissible speed in level flight, can and must

be defined for pilots' information. Additionally, some minimum airspeed

may need to be defined for zooms, to assure recoverability. For maneu-

vers such as spins, no minimum permissible speed is normally stated; one

accepts the low airspeed attained in the maneuver, satisfactory recovery

being the only criterion.

To specify these considerations the contractor must, as a minimum,

define the boundaries given below.

1. Maximum Permissible Speed

The maximum permissible speed for each altitude shall be the lowest

of:
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a) Limit speed based on structural considerations.

b) Limit speed based on engine considerations.

c) The speed at which intolerable buffet or structural
vibration is encountered.

Maximum permissible speed need be no greater than that for which

recovery is possible at the corresponding altitude and dive angle, with

a 2000 ft margin above Mean Sea Level. To allow for inadvertent excur-

sions beyond placard speed, some margin should be provided between the

maximum permissible speed and the high-speed boundaries of the Opera-

tional and Service Flight Envelopes. Such a margin is not specified

because no satisfactory general requirement could be formulated. How-

ever, for specific designs, the procuring activity should consider 1.1

VH (commonly used for structural specification) or the upset require-

ments of FAR Part 25 (Reference 118) and Advisory Circular AC 25.253-1A

(Reference 162).

2. Minimum Permissible Speed

For aircraft where maximum lift determines minimum speed, the mini-

mum permissible speed in 1 g flight is Vs as defined in 6.2.2. For some

aircraft, considerations other than maximum lift determine the minimum

permissible speed in I g flight [e.g., ability to perform altitude cor-

rections, excessive sinking speed, ability to execute a waveoff (go-

around), etc.]. In such cases, an arbitrary angle-of-attack limit, or

similar minimum speed and maximum load factor limits, shall be estab-

lished for the Permissible Flight Envelope, subject to the approval of

the procuring activity. This defined minimum permissible speed shall be

used as VS in all applicable requirements, and no requirements will

apply below this speed.
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1.6 STATE OF THE AIRCRAFT

DISCUSSION

The State of the aircraft is defined by the selected configuration

together with the functional status of each of the aircraft components

or systems, throttle setting, weight, moments of inertia, center-of-

gravity position, and external store complement. The trim setting and

the positions of the pitch, roll, and yaw controls are not included in

the definition of Aircraft State since they are often specified in the

requirements.
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1.6.1 Aircraft Normal States

A. REQUIREMENT

1.6.1 Aircraft Normal States. The contractor shall define and
tabulate all pertinent items to describe the Aircraft Normal States (no
component or system failure) associated with each of the applicable
Flight Phases. This tabulation shall be in the format of Table 1 and
shall use the nomenclature specified in 4.2. Certain items, such as
weight, moments of inertia, center-of-gravity position, wing sweep, or
thrust setting may vary continuously over a range of values during a
Flight Phase. The contractor shall replace this continuous variation by
a limited number of values of the parameter in question which will be
treated as specific States, and which include the most critical values
and the extremes encountered during the Flight Phase in question.

B. RELATED NIL-F-8785C REQUIREKM S

3.1.6.1, 4.2

C. DISCUSSION

These paragraphs introduce the Aircraft State terminology for use

in the requirements. The contractor is required to define the Air-

craft Normal States for each applicable Flight Phase, in the format of

Table 1. If the position of any particular design feature can affect

flying qualities independently of the items in Table 1, its position

should be tabulated as well. Initially, variable parameters should be

presented in discrete steps smali enough to allow accurate interpolation

to find the most critical values or combinations for each requirement;

then those critical cases should be added. As discussed under 3.1.1

through 3.1.3, center-of-gravity positions that can be attained only

with prohibited, failed, or malfunctioning fuel sequencing need not be

considered for Aircraft Normal States.
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1.6.2 Aircraft Failure States

A. REQUIREMNT

1.6.2 Aircraft Failure States. The contractor shall define and
tabulate all Aircraft Failure States, which consist of Aircraft Normal
States modified by one or more malfunctions in aircraft components or
systems; for example, a discrepancy between a selected configuration and
an actual configuration. Those malfunctions that result in center-of-
gravity positions outside the center-of-gravity envelope defined in
3.1.1 shall be included. Each mode of failure shall be considered.
Failures occurring in any Flight Phase shall be considered in all subse-
quent Flight Phases.

B. RELATED [IL-F-8785C REQUIREMENT

3.1.6.2

C. DISCUSSION

A low level of confidence in the calculation of failure probabili-

ties emerged from the flying qualities community during the development

of the F-16. This confidence is based upon the method rather than the

aircraft in question. It appears, in fact, that the SPOs generally

allow a deviation from this requirement. The more practical approach,

which appears to be in general use, is to define specific failures for

each configuration and to consider the level of flying qualities which

the aircraft degrades to when these failures occur. Such an approach

has been referred to as "generic failure design." That is, no matter

what happens, flying qualities must remain within some specific level as

defined by the procuring activity.

There is more to determining Failure States than just considering

each component failure in turn. Two other types of effects must be con-

sidered. First, failure of one component in a certain mode may itself

induce other failures in the system, so failure propagation must be

investigated. Second, one event may cause loss of more than one part of

the system.
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1.6.3 Aircraft Special Failure States

A. REQUIRKMMT

1.6.3 Aircraft Special Failure States. Certain components, sys-
tems, or combinations thereof may have extremely remote probabilities of
failure during a given flight. These failure probabilities may, in
turn, be very difficult to predict with any degree of accuracy. Special
Failure States of this type need not be considered in complying with the

requirements of Section 3 if justification for considering them as
Special Failure States is submitted by the contractor and approved by
the procuring activity.

B. RELATED MIL-F-8785C REQUIREMENT

3.1.6.2.1

C. DISCUSSION

In most cases, a considerable amount of engineering judgment will

influence the procuring activity's decision to allow or disallow a pro-

posed Aircraft Special Failure State. Probabilities that are extremely

remote are exceptionally difficult to predict accurately. Judgments

will weigh consequences against feasibility of improvement or alterna-

tives, and against projected ability to keep high standards throughout

design, qualification, production, use, and maintenance. Meeting other

pertinent requirements -- MIL-F-9490, MIL-A-8860, etc. - should be con-

sidered, as should experience with similar items. Generally, Special

Failure States should be brought to the attention of those concerned

with flight safety.

Several categories of Special Failure States can be distinguished.

Certain items might be approved more or less categorically:

0 Control-stick fracture.

* Basic airframe or control-surface structural failure.

* Dual mechanical failures in general.

Regardless of the degree of redundancy, there remains a finite probabil-

ity that all redundant paths will fail. A point of diminishing returns
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will be reached, beyond which the gains of additional channels are not

worth the associated penalties:

* Complete failure of hydraulic or electrical, etc.,
systems.

* Complete or critical partial failure of stability
augmentation that has been accepted as necessary to
meet Level 3.

Some items might be excepted if special requirements are met. For exam-

ple, some limited control should remain after failure of all engines,

provided by accumulators or an auxiliary power source as appropriate.

Note that the required approval of Aircraft Special Failure States,

in conjunction with certain requirements that must be met regardless of

component or equipment status, can be used as desired to require a level

of stability for the basic airframe, limit use of stick pushers to alle-

viate pitch-up, disallow rudder-pedal shakers for stall warning, rule

out fly-by-wire control systems, require an auxiliary power source,

force consideration of vulnerability, etc. The procuring activity

should state those considerations they wish to impose, as completely as

they can, at the outset; but it is evident that many decisions must be

made subjectively and many will be influenced by the specific design.
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1.7 LEVELS OF FLYING QUALITIES

A. uiQiiUIir

1.7 Levels of Flying Qualities. The acceptability of the handl-
ing characteristics of an aircraft are quantified herein in terms of
"Levels" that are defined as . Where possible, the require-
ments of Section 3 are stated in terms of three limiting values of one
or more flying quality parameters. Each value, or combination of
values, represents a minimum condition necessary to meet one of the
three "Levels" of acceptability.

In some cases sufficient simulation or flight test data do not exist
to allow the specification of numerical values of a flying quality para-
meter. In such cases it is not possible to explicitly define the lower
boundary of each Level. These cases are handled by stating the required
"Level" of flying qualities for specified piloting tasks, which require
compliance by demonstration in flight or via piloted simulation.

It is expected that flying qualities will degrade with increasing
atmospheric disturbances and/or Aircraft Failure States. To account for
this, the Levels will be adjusted as a function of turbulence magnitude
and failures. These adjustments to the definition of flying quality
Levels are to be used for those requirements where numerical values are
not specifically stated. The adjusted Level definitions should not be
construed as a recommendation to degrade flying qualities with increas-
ing values of atmospheric disturbances.

The requirements for aircraft Levels as a function of flight enve-
lopes and failure states are presented in Paragraph 3.1.5. The effect
of atmospheric disturbances on Levels is given in Paragraphs 3.9.1 and
3.9.4.

B. REITKD NIL-F-8785C REQUIRE14ENT

1.5

C. DISCUSSION

Where possible, the requirements of Section 3 have been stated in

terms of three values of the stability or control parameter being speci-

fied. Each value is a minimum condition to meet one of three Levels of

acceptability related to the ability to complete the operational mis-

sions for which the aircraft is designed. The levels are:
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Level 1 Flying qualities clearly adequate for the mission
Flight Phase. Aircraft is satisfactory without
improvement.

Level 2 Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot workload or
degradation in mission effectiveness, or both,
exists. Aircraft deficiencies warrant improvement.

Level 3 Flying qualities such that the aircraft can be con-
trolled safely, but pilot workload is excessive or
mission effectiveness is inadequate, or both. Cate-
gory A Flight Phases can be terminated safely, and
Category B and C Flight Phases can be completed.
Aircraft deficiencies require improvement.

In actual practice, the flying quality boundaries above were obtained by

fairing lines of constant Cooper-Harper pilot rating. Hence it was

necessary to define equivalent definitions between the Cooper-Harper

scale shown in Figure 1 and the level definitions. Typically, a Cooper-

Harper pilot rating of 1 to 3-1/2 defines Level 1, a Cooper-Harper rat-

ing between 3-1/2 and 6-1/2 defines Level 2, and a Cooper-Harper rating

between 6-1/2 and 8 defines Level 3.

Utilization of the Cooper-Harper Pilot Rating Scale as the levels of

flying qualities has the added benefit of more precise definitions which

are related to pilot workload and task as well as making the pilot rat-

ing correlations consistent with the Level 1, 2, and 3 criterion bound-

aries in the flying quality standard. Hence the procuring activity is

encouraged to utilize this method. It should be noted that the two

definitions can be used in a single standard. However, this seems a

likely source of confusion.
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SECTION 2

2. APPLICABLE DOCUMENTS

A. RXQUIREHENT

2. APPLICABLE DOCUMENTS. The following specifications and stan-
dards, of the issue in effect on the date of invitation for bids or
request for proposal, form a part of this specification to the extent
specified herein. Copies of specifications and standards required by
contractors in connection with specific procurement functions should be
obtained from the procuring activity or as directed by the contracting
officer.

Specifications:

Standards:

B. RELATED 1IL-F-8785C REQUIREMENTS

2., 2.1, 6.8

C. DISCUSSION

Note the phase "to the extent specified herein." Only those docu-

ments specifically referred Lo in filling out the blanks in the require-

ments are to be listed here. Recommended documents are listed below.

1. Recomended Documents

Specifications

MIL-A-8861 Airplane Strength and Rigidity - Flight Loads

MIL-D-8708 Demonstration Requirments for Airplanes

MIL-F-9490 Flight Control Systems - Design, Installation
and Test of, Piloted Aircraft, General Specifi-

cation for

MIL-C-18244 Control and Stabilization Systems, Automatic,
Piloted Aircraft, General Specification for

HIL-F-18372 Flight Control Systems, Design, Installation and
Test of, Aircraft (General Specification for)
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MIL-F-83300 Flying Qualities of Piloted V/STOL Aircraft

MIL-S-83691 Stall/Post-Stall/Spin Flight Test Demonstration
Requirements for Airplanes

MIL-W-25140 Weight and Balance Control Data (for Airplanes

and Rotorcraft)

Standard

MIL-STD-756 Reliability Prediction

2. Related Documents

Specifications

MIL-C-5011 Charts; Standard Aircraft Characteristics and
Performance, Piloted Airccaft

MIL-M-7700 Manual, Flight

MIL-A-8860 Airplane Strength and Rigidity - General Speci-
fication for

MIL-A-88Yl Airplane Strength and Rigidity Flight and Ground
Operations Test

MIL-G-38478 General Requirements for Angle-of-Attack-Based
Systems

Standard

MIL-STD-882 Systems Safety Program for Systems and Associ-
ated Subsystems and Equipment: Requirement for

Publications

AFSC Design Hand'ooks:
DH 1-0 Gencral
DH 2-0 Aeronautical Systems

AFFDL Technical Report:
TR 69-72 Background Information and User Guide for MIL-

F-8785B, Military Specification -- Flying
Qualities of Piloted Airplanes, August 1969

AFWAL Technical Report:
TR-81-3109 Background Information and User Guide for MIL-

F-8785C, Military Specification -- Flying
Qualities of Piloted Airplanes, July 1982
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SECTION 3

3. REQUIREMENTS

3.1 GENERAL REQUIREMENTS

3.1.1 Loadings

A. REAON FOR REQUIREMENT

The loading of an aircraft is determined by what is in (internal

loading) and attached to (external loading) the aircraft. The parame-

ters that define different characteristics of the loading are weight,

center-of-gravity position, and moments and products of inertia. Exter-

nal stores affect all these parameters and also affect aerodynamic coef-

ficients. Since aircraft characteristics vary with loading, limits must

be defined and the loadings known at conditions for demonstration of

compliance.

B. RELATED MIL-F-8785C REQUIREMENT

3.1.2

C. STATEIENT OF REQUIREMENT

3.1.1 Loadings. The envelope of center of gravity and weight for
each flight phase shall be specified by the contractor. In addition,
the contractor shall specify the maximum c.g. excursion attainable
through failure in systems or components for each flight phase.

D. RATIONALE BIND REQUIRENT

The requirements apply under all loading conditions associated with

an aircraft's operational missions. Since there are an infinite number

of possible internal and external loadings, each requirement generally

is only examined at the critical loading(s) with respect to the require-

ment.
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Only permissible center-of-gravity positions need be considered

for Aircraft Normal States. Fuel sequencing, transfer failures or mal-

performance, and mismanagement that might move the center of gravity

outside the established limits are expressly to be considered as Air-

craft Failure Stetes. The worst possible cases that are not approved

Special Failure States (1.6.3) must be examined.

Since the requirements apply over the full range of service load-

ings, effects of fuel slosh and shifting should be taken into account in

design. Balance, controllability, and airframe and structure dynamic

characteristics may be affected. For example, takeoff acceleration has

been known to shift the e.g. embarrassingly far aft. Aircraft attitude

may also have an effect. Other factors to consider are fuel sequencing,

in-flight refueling if applicable, and all arrangements of variable,

disposable and removable items required for each operational mission.

The procuring activity may elect to specify a growth margin in e.g.

travel to allow for uncertainties in weight distribution, stability

level and other design factors, and for possible future variations in

operational loading and use. Peculiarities of configuration or possible

alternative mission tasks may lead to the specification of additional

loadings.

E. GUIDANCE FOR APPLICATION

Once the specific loadings are defined, application of this require-

ment is straightforward.

F. DEMONSTRATION OF COMPLIANCE

The procuring activity will check the material submitted for com-

pleteness. Eventually, weight and balance measurements will be made to

confirm the estimates. The requirements apply to the actual flight

weights and centers of gravity.

G. SUPPORTING DATA

None.
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H. LESSONS LEARNED

Lateral asymmetries due to fuel loading can have important effects

on trim, stall/post-stall characteristics, etc. Fuel system design has

been known to promote such asymmetry, for example, at prolonged small

sideslip in cruising flight.
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3.1.2 Moments and Products of Inertia

A. REASON FOR REQUIREMENT

Inertial characteristics of the aircraft affects its flying quali-

ties, so the contractor must define the inertias for all expected load-

ings.

B. RELATED HIL-F-8785C REQUIREMENT

3.1.3

C. STATEMENT OF REQUIREMENT

3.1.2 Moments and Products of Inertia. The contractor shall define
the moments and products of inertia of the aircraft associated with all
loadings of 3.1.1. The requirements of this specification shall apply
for all moments and products of inertia so defined.

D. RATIONALE BEHIND REQUIREMENT

The need for such a requirement should be self-evident.

E. GUIDANCE FOR APPLICATION

In any preliminary design of an aircraft, inertias must be estimated

in order to determine the dynamic flying qualities; there should not be

any difficulty in meeting this requirement.

F. DEMONSTRATION OF REQUIREMENT

The procuring activity may, at its discretion, wish to review the

methods used in estimating or measuring the inertial characteristics

specified. If deemed necessary, checks of estimates can be made by

ground tests (e.g., forced oscillations using equipment such as that at

the Air Force Flight Test Center) or parameter estimation from flight

test data.
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C. SUPPORTING D&TA

None .

H. LESSONS T.ZARED

None.
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3.1.3 External Stores

A. REASON FOR REQUEENT

Once the procuring activity has specified the stores to be consid-

ered, the contractor must assure that evaluation of the aircraft with

these store combinations covers all operational flight conditions.

B. RELATED MIL-F-8785C REQUIREMENT

3.1.4

C. STATEMENT OF REQUIREMENT

3.1.3 External Stores. The external stores and store combinations
to be considered are as follows: • The require-
ments of this Standard shall apply to these store conditions. The
effects of external stores on the weight, moments of inertia, center-of-
gravity position, and aerodynamic characteristics of the aircraft shall
be considered for each mission Flight Phase. When the stores contain
expendable loads, the requirements of this Standard apply throughout the
range of store loadings.

D. RATIONALE BEHIND REQUIREMENT

Specification of stores and stores combinations affects the overall

ability of the aircraft to meet its mission requirements.

E. GUIDANCE FOR APPLICATION

In determining the range of store loadings to be specified in the

contract, the procuring activity should consider such factors as store

mixes, possible points of attachment, and asymmetries - initial, after

each pass, and the result of failure to release. The contractor may

find it necessary to propose limitations on store loading to avoid

excessive design penalties. Since such limitations are restrictive

operationally, the procuring activity may be reluctant to approve them.

The designer should attempt to assure that there are no restrictions

on store placement on the aircraft within the range of design stores.
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However, it is recognized that occasionally this goal will be impracti-

cable on some designs. It may be impossible to avoid exceeding aircraft

limits, or excessive design penalties may be incurred. Then, insofar as

considerations such as standardized stores permit, it should be made

physically impossible to violate necessary store loading restrictions.

If this too should not be practicable, the contractor should submit both

an analysis of the effects on flying qualities of violating the restric-

tions and an estimate of the likelihood that the restrictions will be

exceeded.

Stores can have mass, inertial and aerodynamic effects, typically

decreasing both longitudinal and directional aerodynamic stability,

increasing moments of inertia and the roll-mode time constant, and in-

creasing susceptibility to departure from controlled flight and the dif-

ficulty of recovery. The available control power limits the amounts of

inertia increase and instability that can be tolerated. Store separa-

tion is a prime concern.

F. DE(ONSTRATION OF COKPLIANCE

The wording of the requirement makes compliance straightforward.

Often the large number of possible stores combinations will, from a

practical standpoint, limit flight demonstration to a few cases. A

careful analysis before flight testing will assure that the most criti-

cal combinations (from a flying qualities perspective) are being evalu-

ated.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

High-angle-of-attack testing conducted on the F-15 (Reference 251)

shows a degradation in flying qualities and departure resistance with

external stores. Stores tests with the F-16 (Reference 252) show

similar results, and serve to illustrate the importance of defining a
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comprehensive set of conditions for investigating stores effects. For

example, during ground taxi of the F-16, "The pilot noticed a leaning or

tip-over sensation especially during light weight taxi with a strong

crosswind, tight turns, or with asymmetric store loadings."

5
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3.1.4 Configurations

A. REASON FOR REQUIREMENT

This requirement is intended to assure that all expected aircraft

configurations are considered, and that the conditions for compliance

are sufficiently called out.

B. RELATED MIL-F-8785C REQUIREMENT

3.1.5

C. STATEMENT OF REQUIREMENT

3.1.4 Configurations. The requirements of this specification shall
apply for all configurations required or encountered in the applicable
Flight Phases of Section 1.4. A configuration is defined by the posi-
tions and adjustments of the various selectors and controls available to
the crew except for pitch, roll, yaw, throttle and trim controls. Exam-
ples are: the flap control setting and the yaw damper ON or OFF. The
selected configurations to be examined must consist of those required
for performance and mission accomplishment. Additional configurations
to be investigated are defined as follows: _ Con-
trol positions which activate stability augmentation necessary to meet
the requirements of this standard are considered to be always ON unless
otherwise specified.

D. RATIONALE BEHIND REQUIREMENT

All aircraft configurations either necessary or likely to be encoun-

tered must be evaluated.

K. GUZDANCE FOR APPLICATION

The designer must define the configuration or configurations which

his aircraft will have during each Flight Phase. This includes the set-

tings of such controls as flaps, speed brakes, landing gear, wing sweep,

high lift devices, and wing incidence that are related uniquely to each

aircraft design. The requirement specifies that the configurations to

be examined shall be those required for performance and mission accomp-

lishment. The position of yaw, roll, pitch, trim controls and the
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thrust setting are not included in the definition of configuration since

the positions of these controls are usually either specified in the

individual requirements or determined by the specified flight condi-

tions.

The requirements are stated for Flight Phases, rather than for

aircraft configurations. The flying qualities should generally be a

function of the job to be done rather than of the configuration of the

aircraft. Special considerations or features may require investigation

of additional configurations.

F. DIOSThATION OF O(KPLUAICE

This is defined by the requirement itself, and by any specific

requirements from the procuring activity.

G. SUPPORTING DATA

None.

U. LESSORS LEAlUED

None.
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3.1.5 Allowable Levels for Aircraft Normal States

3.1.5.1 Within Operational Flight Envelopes

3.1.5.2 Within Service Flight Envelopes

3.1.5.3 Within Permissible Flight Envelopes

3.1.5.4 For ground operation

A. REASON FOR REQUIRMENTS

Levels of flying qualities as indicated in 1.7 are employed to spe-

cify the minimum allowable handling qualities for an aircraft operating

in a normal, i.e., unfailed state.

Considered as a group, this set of requirements specifies the flying

qualities Levels to be attained in all areas of operations with and

without turbulence.

B. RELATED KIL-F-8785C REQUIRNMENTS

3.1.10, 3.1.10.1, 3.1.10.3.1, 3.1.10.3.3, 3.8.3, 3.8.3.1

C. STATME OF REKQIRMWEETS AND RECOMENDED LEVELS

3.1.5 Al.owable Levels for Aircraft Normal States

3.1.5.1 Within Operational Flight Envelopes. The minimum required
flying qualities for the Aircraft Normal State within the Operational
Flight Envelope will be Level . To account for degradation in
handling qualities due to atmospheric disturbances the requirements will
be adjusted as a function of disturbance magnitude according to the
requirements of Paragraph 3.9.1.

3.1.5.2 Within Service Flight Envelopes. The minimum required fly-
ing qualities for the Aircraft Normal State within the Service Flight
Envelope but outside the Operational Flight Envelope will be Level

3.1.5.3 Within Permissible Flight Envelopes. From all points
in the Permissible Flight Envelopes and outside the Service Flight Enve-
lope, it shall be possible readily and safely to return to the Ser-
vice Flight Envelope without exceptional pilot skill or technique. The
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requirements on flight at high angle of attack, dive characteristics,
dive recovery devices and dangerous flight conditions shall also apply.

3.1.5.4 For ground operation. Some requirements pertaining to
taxiing involve operation outside the Operational, Service, and Permis-
sible Flight Envelopes, as at Vs or on the ground. When requirements
are stated at conditions such as these, the Levels shall be applied as
if the conditions were in the Operational Flight Envelope.

Recommended levels: The recommended levels are given in Table 1.

TABLE 1 (3.1.5)

RECOMMENDED LEVELS FOR AIRCRAFT NORMAL STATES

WITHIN OPERATION WITHIN SERVICE
FLIGHT ENVELOPE FLIGHT ENVELOPE

Level I Level 2

D. RATIONALE BEHIND REQUIREMENTS

These requirement. are taken directly from MIL-F-8785C with a minor

addition referencin hie allowable degradations due to atmospheric dis-

turbances as given in Paragraph 3.9.1. These Normal States represent

the usual modes of piloted flight. The rationale is discussed under

1.5.2 and 1.5.3.

E. GUIDANCE FOR APPLICATION

Aircraft Normal States include both all-up operation and degrada-

tions/failures that are sufficiently probable to be considered Normal.

See 3.1.6.1 for guidance on the latter.

F. DEMONSTRATION OF COMPLIANCE

Does not apply.
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C. SUPPORTING DATA

None

H. LESSONS LEARNED

None.
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3.1.6 Allowable Levels for Aircraft Failure States

DISCUSSION

Higher performance of aircraft has led to ever-expanding Flight

Envelopes, increased control system complexity, and the necessity to

face the problem of equipment failures in a realistic manner. The

specification of Levels corresponding to failure states is directed at

the achievement of adequate flying qualities without imposing undue

requirements that could lead to unwarranted system complexity or

decreased flight safety. For example, an airplane with two separate

pitch controllers is safer from the standpoint of controller jam but the

probability of such a failure is higher. Without actually requiring a

good-handling basic airframe, the MIL Standard requires:

* High probability of good flying qualities where the air-

craft is expected to be used.

* Acceptable flying qualities in reasonably likely, yet
infrequently expected, conditions.

* A floor to assure, to the greatest extent possible, at
least a flyable aircraft no matter what failures occur.

* A process to assure that all the ramifications of reliance
on powered controls, stability augmentation, etc., receiveproper attention.

Two options are presented to allow the procuring agency to quantita-

tively specify the allowable degradation in flying qualities due to

failure states. The first option is unchanged from MIL-F-8785C. It

involves the following failure probability calculations:

1) Identify those Aircraft Failure States which have a signi-
ficant effect on flying qualities (3.1.6.2).

2) Calculate the probability of encountering various Aircraft
Failure States, per flight.

3) Determine the degree of flying qualities degradation asso-
ciated with each Aircraft Failure State.
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4) Compute the total probability of encountering Level 2 and
3 flying qualities in the Operational Flight Envelope.
This total will be the sum of the probability of each
failure if the failures are statistically independent.

The second option assumes that certain failures and/or combinations

of failures will occur regardless of their probability (which is not

calculated). As in Option 1, the degraded flying qualities for each

selected Failure State are then evaluated. This approach is referred to
as Generic Failure Analysis. The generic failure analysis (Option 2) is
provided to allow a formal Handbook requirement that reflects current

industry practice. The procuring activity may in fact require proba-

bility calculations for certain axes and/or system components and a

generic failure analysis for others. The generic failure analysis

therefore encompasses the requirements for specific failures of MIL-F-

8785C (3.1.10.2.1), Reference 4.
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3.1.6.1 Probability Calculations

A. U&SON 7CR R JIlEQUMD

This requirement is included to provide a sound analytical method

for accounting for the effects of failures.

B. RMATKD NIL---8785C iR3EIRfIT

3.1.10.2

C. STATMMEI OF RIERUMMWE AND ECWHOMIDED VALUES

3.1.6.1 Probability Calculation. When Aircraft Failure States
exist (1.6.2), a degradation in flying qualities is permitted only if
the probability of encountering a lower Level than specified in Para.
3.1.5 is sufficiently small. The contractor shall determine, based on
the most accurate available data, the probability of occurrence of each
Aircraft Failure State per flight hour within the Operational and Ser-
vice Flight Envelopes. Each specific failure is assumed to be present
at whichever point in the Flight Envelope being considered is most crit-
ical (in the flying qualities sense). From these Failure State proba-
bilities and effects, the contractor shall determine the overall proba-
bility, per flight hour, that one or more flying qualities are degraded
to Level 2 because of one or more failures. The contractor shall also
determine the probability that one or more flying qualities are degraded
to Level 3. These probabilities shall be less than the values shown in
Table 1.

TABLE 1 (3.1.6.1)

LEVELS FOR AIRCRAFT FAILURE STATES

PROBABILITY OF WITHIN OPERATIONAL WITHIN SERVICE
ENCOUNTERING FLIGHT ENVELOPE FLIGHT ENVELOPE

Level 2 after failure < per flight hr

Level 3 after failure < per flight hr < per flight hr

Recommended Levels are given in Table 2.
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I
TABLE 2 (3.1.6.1)

RECOMMENDED LEVELS FOR AIRCRAFT FAILURE STATES

PROBABILITY OF WITHIN OPERATIONAL WITHIN SERVICE
ENCOUNTERING FLIGHT ENVELOPE FLIGHT ENVELOPE

Level 2 after failure < 2.5 x 10-3

per flight hr

Level 3 after failure < 2.5 x 10- 5  < 2.5 x 10-3

per flight hr per flight hr

D. RATIONAL BERIND REQUIREMENT

The similar MIL-F-8785C (Reference 4) requirement specified failure

probabilities as a function of number of flights, rather than flight

hours. As discussed in "Supporting Data," a typical flight time of four

hours was used for the 8785C numbers. The Table 2 recommended proba-

bilities are now a function of flight hour, simply dividing the 8785C

numbers by 4. This assures that the requirements are constant with

operational mission time, where in the past the requirements were easier

to meet for aircraft with very short operational flight times and harder

to meet for aircraft with very long flights.

Limited degradation of flying qualities (e.g., Level 1 to Level 2)

is acceptable if the combined probability of such degradation is

small. If the probability is high, then no degradation beyond the Level

required for Normal States is acceptable after the failure occurs.

Another way of stating this is that in the Operational Envelope the pro-

bability of encountering Level 2 any time at all on a given four-hour

flight should not, for example, according to the Table 2 recommenda-

tions, exceed 10-2, and the probability of encountering Level 3 on any

portion of the flight should not exceed 10- 4  Somewhat reduced

requirements should also be imposed for flight within the Service Flight
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Envelope, for both Normal and Failure States. Outside the Service

Flight Envelope, most of the requirements of the MIL Standard do not

apply. There is, however, a qualitative requirement to be able to

return to the Service Flight Envelope after a failure (i.e., Para.

3.1.5.3).

E. GUIDANE FOR APPLICATION

The discussions that follow are taken from Reference 11.

Implementation of the Level concept involves both reliability analy-

ses (to predict failure probabilities) and failure effect analyses (to

insure compliance with requirements). Both types of analyses are in

direct accord with, and in the spirit of, MIL-STD-756A (reliability pre-

diction) and MIL-S-38130A (safety engineering). These related speci-

fications are, in turn, mandatory for use by all Departments and Agen-

cies of the Department of Defense. Implementation of the flying quali-

ties specification is, for the most part, a union of the work required

by these related specifications with normal stability and control analy-

sis.

Failure States influence the aircraft configurations. and even the

mission Flight Phases, to be considered. All failures that could have

occurred previously must be examined, as well as all failures which

might occur during the Flight Phase being analyzed. For example,

failure of the wings to sweep forward during descent would require con-

sideration of a wings-aft landing that otherwise would never be encoun-

tered. There are failures that would always result in an aborted

mission, even in a war emergency. The pertinent Flight Phases after

such failures would be those required to complete the aborted (rather

then the planned) mission. For example, failure of the flaps to retract

after takeoff might mean a landing with flaps at the takeoff setting,

with certain unexpended external stores; but supersonic cruise would be

impossible. If the mission might be either continued or aborted, both

contingencies need to be considered.
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There are some special requirements pertaining to failure of the

engines and the flight control system. For these special requirements

the pertinent failure is assumed to occur (with a probability of 1),

with other failures considered at their own probabilities. For all

other requirements, the actual probabilities of engine and flight con-

trol system failure are to be accounted for in the same manner as for

other failures.

Note that specific Special Failure States (1.6.3) may be approved;

these Failure States need not be considered in determining the proba-

bility of encountering degradation to Level 3. This allows each catas-

trophic failure possibility to be considered on its own. Requiring

approval for each Special Failure State gives the procuring activity an

opportunity to examine all the pertinent survivability and vulnerability

aspects of each design. Survivability and vulnerability are important

considerations, but it has not yet been possible to relate any specific

flying qualities requirements to them.

A typical approach (but not the only one) for the system contractor

is outlined below.

1. Initial Design

The basic airframe is designed for a Level 1 "target" in respect to

most flying qualities in the Operational Flight Envelope. It may quick-

ly become apparent that some design penalties would be inordinate (per-

haps to provide sufficient aerodynamic damping of the short period and

dutch roll modes at high altitude); in those cases the basic airframe

"target" would be shifted to Level 2. In other cases it may be rela-

tively painless to extend some Level 1 flying qualities over the wider

range of the Service Flight Envelope. Generally the design will result

in Level I flying qualities in some regions and, perhaps, Level 2 or

Level 3 in others. Augmentation of one form or another (aerodynamic

c onfiguration changes, response feedback, control feedforward, signal

shaping, etc.) would be incorporated to bring flying qualities up to

Level 1 in the Operational Flight Envelope and to Level 2 in the Service

Flight Envelope.
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2. Initial Rvaluation

The reliability and failure mode analyses are next performed to

evaluate the nominal system design evolved above. All aircraft subsys-

tem failures that affect flying qualities are considered. Failure rate

data for these analyses may be those specified in the related specifica-

tions, other data with supporting substantiation and approval as neces-

sary, or specific values provided by the procuring agency. Prediction

methods used will be in accordance with related specifications. The

results of this evaluation will provide: a) a detailed outline of

design points that sre critical from a flying qualities/flight safety

standpoint; b) quantitative predictions of the probability of encounter-

ing Level 2 in a single flight within the Operational Flight Envelope,

Level 3 in the Operational Envelope, and Level 3 in the Service Enve-

lope; and c) recommended airframe/equipment changes to improve flying

qualities or increase subsystem reliability to meet the specification

requirements. It should be noted that the flying qualities/flight

safety requirements are concerned with failure mode effects, while other

specifications provide reliability requirements per se (all failures

regardless of failure effects). In the event of a conflict, the most

stringent requirement should apply.

3. le-Evaluation

As the system design progresses, the initial evaluation is revised

at intervals. This process continues throughout the design phase, with

review by the procuring activity at times consonant with other reviewer

activity.

The results of the analyses of vehicle flying qualities/flight

safety may be used directly to: a) establish flight test points that

are critical and should be emphasized in the flight test program;

b) establish pilot training requirements for the most probable, and

critical, flight conditions; and c) provide guidance and requirements

for other subsystem designs.
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F. DMOUMRATIOI OF COMMUIAECI

The failure modes and effects analysis will highlight items which

need to be checked by piloted simulation and flight test - although

safety considerations may limit flight test. Further, compliance is

demonstrated on the basis of the probability calculations and checked as

accumulated flight experience permits. All of the assumptions, such as

independence of failure modes, etc., should be firmly established and

mutually agreed upon by the contractor and SPO. The combined effects of

turbulence and failures should also be considered. It is recommended

that the boundaries given in Fig. 1 serve as guidelines for these com-

bined effects.
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The combined effects of failures and turbulence should be validated

in a manned simulation. Multiple-axis failures should also be simu-

lated, especially where the flying quality parameters result in pilot

ratings near the applicable Level lower limits.

Proof of compliance is, for the most part, analytical in nature as

far as probabilities of failure are concerned. However, some failure

rate data on the actual flight equipment may become available during

final design phases and during flight test, and any data from these or

other test programs should be used to further demonstrate compliance.

Stability and control data of the usual type (e.g., predictions, wind

tunnel, flight test) will also be used to demonstrate compliance.

Finally, the results of all analyses and tests will be subject to normal

procedures of procuring agency approval.

G. SUPPORTING DATA

The numerical values in Table 1 should reflect specific requirements

for a given weapon system. The procuring activity engineer should, as a

matter of course, confer with both the using command representative and

the reliability engineers to assure that the probabilities associated

with the Levels are consistent with the overall design goals. However,

the recommended values of Table 2 are reasonable, based on experience

with past aircraft. To illustrate this, the following table presents

actual control system failure information for several piloted aircraft:

Mean Time Between

Reference System Malfunctions (MTBM)

29 F-101B 86 hours

29 F-104 300 hours

29 F-105D (Flight Control 14 hours
plus Electronics)

29 E-IB 185 hours

30 B-58 20 hours

Unfortunately the flying qualities effects of the reported failures are

not given along with the above data. Reference 31 indicates, however,

that the mean time between "critical" failures is about five times the

MTBM. If "critical" failures are ones that degrade one or more flying
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qualities to Level 2, then for a typical average flight time of four

hours:

P(Level 2) Probability of encountering Level 2 flying
qualities during a single flight

I - e- 4/
[5 ( Tr M ) l

._ 4
5(MTBM)

This yields:

System P(Level 2)

F-IO0B 0.0093

F-104 0.0027

F-105D 0.057

E-IB 0.0043

B-58 0.040

These data indicate that all systems, with the exceptions of the

F-105D (where electronic components represented in the data might not

degrade flying qualities upon failure) and the B-58, meet the require-

ment for P(Level 2) < 10- 2 (or one out of a hundred flights). Numbers

of roughly the same magnitude have been used for both American (Refer-

ence 32) and Anglo-French (Reference 33) supersonic transport design.

A more significant analysis was conducted on the F-4 by the former

Air Force Flight Dynamics Laboratory (Reference 239). The level of

degradation used in this report was based on whether or not the failure

resulted in an abort. Failures without abort were considered degraded

to Level 2, and those which caused an abort were considered degraded to

Level 3. The results showed that the F-4 handling qualities, in an

average 2.57 hour flight, will be degraded to Level 2 on an average, of

0.043/flight, and to Level 3 a maximum of 0.0021/flight (21 x 10-4).

70

---- --- - - - -- --



A similar comparison can be made between accident loss rates and the

requirement for P(Level 3) < 2.5 x 10- 5 /flight hour. It should be

emphasized that Level 3 as defined In Para. 1.7 and In the requirements

represents a safe aircraft to fly. However, due to a lack of knowledge

in some instances, especially when many flying qualities are degraded at

once, the Level 3 boundaries are, while not necessary totally safe, at

least "safety related." Reference 34 indicates the following aircraft

accident loss rates during 1967. Also shown is the probability of air-

craft loss, per 4-hour flight, for an assumed exponential loss distribu-

tion.

1967 Loss Rate Probability of Loss

Aircraft (Losses/100.000 Hr) During 4-Hour Flight

F-1O1 15 6 x 10 - 4 .

F-104 23 9.2 x 10- 4

F-105 17 6.8 x 10-4

F-106 10 4 x 10 - 4

F-4 14.1 5.64 x 10 - 4

F-102 9 3.6 x 10 - 4

F-100 10 4 x 10 - 4

Avg 14 Avg 5.6 x 10
-4

If Level 3 represented a safety problem, which it conservatively does

not, then the allowable 10- 4 probability of encounter per 4-hour flight

would account for about 1/4 to 1/9 of the total probability of aircraft

loss. That is, flying-qualities-oriented losses would represent about

1/4 to 1/9 of all losses. Other losses could be due to engine failures,

etc. Based on experience therefore, the recommended, Table 2 value is

reasonable.

As a final note, Reference 35 indicates an Army aircraft accident

rate of 22.2/100,000 hours which is very close to the previously cited

experience with a number of Air Force aircraft.
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H. LESSONS IARUED

The following excerpts were taken from written comments made by ASD

regarding lessons learned utilizing Para. 3.1.10 of MIL-F-8785B.

F-16: Levels were applied to failures without

calculating probabilities; assumed that
if a failure could occur, it would even-
tually (i.e., generic failure analyses)

F-15, F-16, F-105: Low confidence in failure probability
calculations; better to consider indivi-
dual failures (i.e., generic failure
analyses)

B-I/AMST: See ASD TR-78-13 (Reference 36) for
approach to failure states taken on B-I

and AMST. Probability analysis was
used. B-I experience with a 10-hour
mission indicated that the pro~ability
of encountering Level 3 of 10- /flight

[as required in 8785B] was extremely

difficult and was not met.

F-15, A-1O: Very hard to determine realistic proba-
bilities; recommend defining special

failure states from past experience
(i.e., generic failure analyses)

A-10: Only specific failures were investigated
(i.e., generic failure analyses); most
of front section of spec not really
used.

F-5E: Flight outside the Operational Flight
Envelope should not be considered abnor-
mal; Para. 3.1.10.2 of MIL-F-8785B
deleted as useless.
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3.1.6.2 Generic Failure Analysis

A. REASON rM 3WmJ13MRff

In accordance with the foregoing "lessons learned," this paragraph

has been included to provide a way to specify the allowable degradation

in handling qualities due to failures without making detailed proba-

bility calculations.

B. RDIATED MIL-F--8785C REjiIRMUxT

3.1.10.2.1

C. STAkTZ W oR 3 EWKE~

3.1.6.2 Generic Failure Analysis. The allowable Flying Quality
Levels for each of the Failure States in Paragraph 1.6.2 are defined as
follows:

D. RATIONALE BEHIND REQUIR(ENT

This approach assumes that a given component, or series of compo-

nents, will fail. Furthermore, it is assumed the failures will occur in

the most critical flight condition; for example, a yaw damper failure at

the maximum service ceiling in turbulence. Based on the comments made

by users of MIL-F-8785B (see "Lessons Learned" in Para. 3.1.6.1), this

approach is a reflection of the way things are sometimes being done.

E. GUIDAECE FOR APPLICATION

The selection of failures to be considered is based on preliminary

estimates of handling quality degradations. For example, the loss of

one to three channels of a quad-redundant SCAS may have no effect. Con-

versely, the failure of a single-channel limited authority damper would

warrant a complete analysis and/or simulation to determine the resulting

degradation in flying qualities.

Because the selection of failure modes is highly dependent on the

details of the design, close coordination between the contractor and the
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procuring activity will be required when identifying failure modes to be

analyzed. Indeed, this is currently standard practice.

F. DIOShTION OF COMPLIANCE

In most cases, demonstration of cc liance will consist of showing

that the flying qualities parameters in question fall within the pre-

scribed boundaries for specified Levels. Where such boundaries are

not available, either ground-based or in-flight simulation will be

required. Failures in more chan one axis that cause the specified fly-

ing quality parameters to fall near the lower boundaries should also be

simulated. Finally, the combined effects of failures and turbulence

should be investigated utilizing a piloted simulation.

C. SUPPORTING DATA

None.

H. LESSONS LEARNED

This approach has been utilized on the F-15, F-16, A-10, and F-5E

with reasonable success.

74



3.1.7 Dangerous Flight Conditions

3.1.7.1 Warning and indication

3.1.7.2 Devices for indication, warningt prevention, recovery

A. REASON FOR EWIuMWN

Approach to any dangerous flight condition must be clearly indi-

cated to the pilot with sufficient margin (time, control power, etc.) to

avoid loss of control. That, together with limiting the frequency of

encounter, is the essence of flight safety as it involves flying quali-

ties.

B. RELATED NIL-F-8785C RBQUIR3IENTS

3.4.1, 3.4.1.1, 3.4.1.2

C. STATMW O REJIRD(ENTS

3.1.7 Dangerous Flight Conditions. Dangerous conditions may exist
where the aircraft should not be flown. When approaching these flight
conditions, it shall be possible by clearly discernible means for the
pilot to recognize the impending dangers and take preventive action.

3.1.7.1 Warning and indication. Warning and indication of
approach to a dangerous condition shall be clear and unambiguous. For
example, a pilot must be able to distinguish readily among stall warning
(which requires pitching down or increasing speed), Mach buffet (which
may indicate a need to decrease speed), and normal aircraft vibration
(which indicates no need for pilot action).

3.1.7.2 Devices for indication, warning. prevention. recovery. It

is intended that dangerous flight conditions be eliminated and the
requirements of this specification met by appropriate aerodynamic design
and mass distribution, rather than through incorporation of a special
device or devices. As a minimum, these devices shall perform their
function whenever needed but shall not limit flight within the Opera-
tional Flight Envelope. Neither normal nor inadvertent operation of
such devices shall create a hazard to the aircraft. For Levels 1 and 2,
nuisance operation shall not be possible. Functional failure of the
devices shall be indicated to the pilot.
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D. NATIONALE BEHlD lEQUIRIfMETS

Paragraph 3.1.7 (and its subparagraphs) were deemed necessary to

insure that the pilot is properly warned when approaching dangerous

flight conditions, particularly near the extremes of the flight enve-

lopes. The need for warning may not become apparent until late in the

development program (or after it), and each such device will generally

have to be tailored to a specific set of conditions. These requirements

clearly apply to stall warning and prevention devices, as well as to

other types.

Paragraph 3.1.7.1 is designed to discourage prevention devices that

create more problems than they solve.

E. GUIDANCE FM APPLICATION

Application of these requirements, in principle, is straightfor-

ward; difficulties may arise only when deciding if a flight condition is

"dangerous.

F. DDONSURATION OF CCMPLIANCE

Ground testing will be necessary to assure that functional failure

of any warning devices is indicated to the pilot. Ultimately, flight

testing will be required (see, for example, MIL-S-83691).

G. SUPPORTING DATA

None.

B. LESSONS LEARNED

None.

76



3.1.8 Interpretation of Subjective Requirements

A. REASOE FOCR RQIRfMW

This statement is included to clarify the authority of the procur-

ing activity in determining compliance with subjective requirements.

B. RKIATED KIL-F-8785C REQU]IRM(ENT

3.1.11

C. STATEMENT O REWiIRKErr

3.1.8 Interpretation of Subjective Requirements. In several
instances throughout the specification subjective terms, such as objec-
tionable flight characteristics, realistic time delay, normal pilot
technique and excessive loss of altitude or buildup of speed, have been
employed where insufficient information exists to establish absolute
quantitative criteria. Final determination of compliance with require-
ments so worded will be made by the procuring activity.

D. RATIONAIE BEHIND REtQJIRM

While subjective requirements permit wide latitude for the contract

or in the early stages, the focus in the flying qualities specifications

has been, and will continue to be, on quantifying all requirements for

which sufficient data exists. The procuring activity should always have

final power in accepting compliance with subjective requirements.

E. (OIDANE FOR APPLICATION

No discussion is necessary.

F. DEMONSTRATION OF COMPLIANE

The procuring activity will rely heavily upon comments by evalua-

tion pilots in determining compliance with subjective requirements.

I
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C.SUWORT]G DATA

None.

H. ISSO IZAUID

None.
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3.1.9 Interpretation of Quantitative Requirements

A. RUISO FM R WUMIMIT

Equivalent system approximations to aircraft response characteris-

tics are allowed for comparison with the quantitative requirements.

B. RELATED MIL-F-8785C REQ DaWr

3.1.12

C. STATENT OF REQUIR3Wr

3.1.9 Interpretation of Quantitative Requirements. The numerical
requirements of this specification generally are stated in terms of a
linear mathematical description of the aircraft. Certain factors, for
example flight control system nonlinearities and higher-order character-
istics or aerodynamic nonlinearities, can cause the aircraft response to
differ significantly from that of the linear model. The contractor
shall determine equivalent classical systems which have responses most
closely matching those of the actual aircraft. Then those numerical
requirements of Section 3 which are stated in terms of linear system
parameters (such as frequency, damping ratio and modal phase angles)
apply to the parameters of that equivalent system rather than to any
particular modes of the actual higher-order system. The adequacy of the
response match between equivalent and actual aircraft shall be agreed
upon by the contractor and the procuring activity.

D. R&TIONAL BEHIND REQJIREfENT

This requirement was implemented in MIL-F-8785C in acknowledgment

of the increasing complexity of aircraft control systems. The BIUG for

that document, Reference 122, discusses the rationale behind this

requirement very succinctly, as follows.

In the past, both operational experience and flying qualities

research were largely limited to aircraft which behaved in the classical

manner: response to control and disturbance inputs characterized by

transfer functions of familiar form. The effects of additional dynamics

introduced through the flight control system were recognized at the
time MIL-F-8785B was written, but limited knowledge prevented adequate

treatment. Still, aircraft design developments continue to emphasize
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equalization to "improve" aircraft response. In Reference 80, Staple-

ford discusses both good and bad possibilities. Certainly one would

expect that failure to consider one or more dynamic modes in the fre-

quency range of pilot control would give erroneous results. Prime

examples include the F-14 (Reference 164) and the YF-17 (Reference 165)

designs. The F-14's stability augmentation system was designed to

increase the low short-period frequency. At one stage it did that well

in landing approach, but it also introduced higher-order dynamics which

resulted in an overall "effective short-period frequency" little changed

from augmentation-off. In a flight evaluation of predicted YF-17 char-

acteristics using the AFWAL-Calspan NT-33 Variable Stability Airplane,

pilots rated the short-period response poor to bad. (The equivalent

system approach may not have been used to improve the response.) How-

ever, it is pertinent that a configuration intended to have good flying

qualities got "good" pilot ratings in flight only after the flight con-

trol system compensation had been simplified.

Boothe, et al. (Reference 160) suggest several simple mechaniza-

tions that augment stability without increasing the order of the system

response. However, prefilters, forward-loop compensation, crossfeeds,

etc., are legitimate design tools that are being used on many current

aircraft and indeed seem to be the norm. These artifacts do increase

system order and we need to be able to account for their effects in the

requirements. Thus, with modern flight control and stability augmenta-

tion systems, there is considerable confusion regarding the "proper"

selection of modal parameters such as short-period frequency and damp-

ing. Correlation of Level I flying qualities with characteristics of

the bare airframe is certainly not valid for augmented aircraft in

general. Stability and control augmentation frequently introduce addi-

tional dynamics in the frequency range of pilot control, thereby invali-

dating any interpretation of the requirements in terms of particular

roots of a transfer function. Although these fallacies have been

poin~ed out many times, misinterpretations continue. The feeling is not

uncommon that some requirements just do not apply. To clarify applica-

tion of the requirements to flying qualities in general this paragraph,

3.1.9, has been added.
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In reality, we are only interested in pilots' opinions as to

whether the actual aircraft dynamics enable the appropriate tasks to be

performed well enough with acceptable workload. We now require, there-

fore, that the active dynamics be approximated by the responses of

transfer functions of classical form. The appropriate parameters of

this equivalent transfer function must meet the modal requirements of

the specification. This so-called "equivalent system" approach allows

continued use of the familiar test data base for a broad range of

mechanizations. It has been advocated strongly by Hodgkinson and others

(References 80, 81, 85, 86).

F. GUIDANCK FOR APFLICATION

The preceding discussion should not be taken to imply that there is

little problem with applying the specification requirements to equiva-

lent system parameters. For configurations which exhibit conventional-

appearing dynamics, application is indeed straightforward. It also

appears to be true at present that pilots are most comfortable with

response dynamics that are "natural," i.e., like the classical modes.

Certainly, additional prominent modes result in a more complicated

dynamic response. As we consider configurations with dynamics that

depart more and more from the classical order or form, then more and

more judgment will be required in defining the appropriate equivalent

system parameters and assessing compliance with the requirements.

Hodgkinson has suggested that flying qualities will be poor if no

equivalent system can be found to give a "good" fit to the actual

response. Succenn of the equivalent system approach in applying or

defining the Level 2 and 3 boundaries is not definite at this time.

There are also questions which remain to be answered. Is the equivalent

system solution unique? (Not universally, it seems.) Can the equiva-

lent system parameters be juggled until compliance is indicated? (In

limited observations, some tendency toward equivalent results from dif-

ferent techniques has been noted.) Are requirements necessary for

either the amount or the quality of the mismatch? (To date this has not

been a major problem.) In spite of the qualifying remarks and the above
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questions, this approach is a way to apply known requirements to

advanced configurations with high-order dynamic responses. We preserve

the validated data base of MIL-F-8785B and the experience in its use.

At the same time the equivalent systems are to be defined by matching an

appropriate aircraft response to pilot control input. We therefore

focus attention on the quality of the actual overall response perceived

by the pilot, rather than imply consideration of a dominant mode as may

be inferred (however incorrectly) from MIL-F-8785B. We also believe

that the use of the equivalent system approach is responsive to the

needs of designers. Failure of an equivalent system parameter to meet

the requirement then indicates the characteristic of the system (e.g.,

damping, delay or lag, etc.) that must be improved. We acknowledge that

the use of equivalent systems is not a magic solution to good flying

qualities; however, properly used it is a good tool for designing or

evaluating advanced configurations which are becoming indiscriminately

complex.

F. DEOIRSTUATION OF CMPLIANCE

In order to demonstrate compliance with the modal requirements of

MIL-F-8785C, equivalent systems must first be defined to approximate the

actual aircraft dynamics whether predicted analytically or obtained from

flight test. Considerations for specific axes are discussed elsewhere

following the appropriate requirement. In general, however, it is

necessary to add a term representing a time delay to the "classical

form" of the transfer functions. This term allows a closer match of the

higher-frequency content of most advanced systems considered to date.

The time delay has been correlated with pilot opinion ratings and has

yielded new requirements.

The requirement as written is intended to allow the contractor to

use any reasonable method of determining the equivalent aircraft sys-

tems. However, the procuring activity may require some other method for

final compliance demonstration.
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G. SUPPORTIIG DATA

None.

No izssoin LZARUKD

None.
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3.1.10 Quality Assurance

3.1.10.1 Compliance demonstration

A. RKASOE FO UJIUMOfOMTS

These requirements are included to indicate acceptable methods for

demonstrating compliance with the handling qualities criteria in the MIL

Standard.

B. RELATED MIL-F-8785C RKQUiEiaUTS

4.1, 4.1.2, 4.1.3

C. STATMDIU OF R EqEIfMIS

3.1.10.1 Compliance demonstration. Compliance with the quantita-
tive requirements of Section 3 shall be demonstrated through analysis.
In addition, compliance with many of the requirements will be demon-
strated by simulation, flight test, or both. The methods for demon-
strating compliance shall be established by agreement between the pro-
curing activity and the contractor. Representative flight conditions,
configurations, external store complements, loadings, etc., shall be
determined for detailed investigations in order to restrict the number
of design and test conditions. The selected design points must be suf-
ficient to allow accurate extrapolation to the other conditions at which
the requirements apply.

a) Analysis. The analytical methods, procedures, assumptions,
etc., applied shall be made available to the procuring activity. In
some instances (e.g., control power) compliance may be demonstrated par-
tially or wholly by analysis when the analytical model is validated with
flight test data and approved by the procuring activity. In other
instances (e.g., control in turbulence) analysis will provide informa-
tion on specific test conditions requiring simulation, flight test, or
both.

b) Simulation. The danger, extent or difficulty of flight testing
may dictate simulation rather than flight test to evaluate some condi-
tions and events, such as the influence of Severe disturbances, events
close to the ground (except 3.2.8.4 shall be demonstrated in flight),
combined Failure States and disturbances, etc. In addition, by agree-
ment with the procuring activity, piloted simulation shall be performed
before first flight of a new aircraft design in order to demonstrate the
suitability of the handling qualities, and also to demonstrate compli-
ance with qualitative requirements in atmospheric disturbances. Where
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simulation is the ultimate method of demonstrating compliance for a
requirement, the simulation model shall be validated with flight test
data .

c) Flight test. The required flight tests will be defined by oper-

ational, technical, and safety considerations as decided jointly by the

procuring activity, the test agency, the contractor, and other involved
agencies using results from 3.1.1.la and 3.1.10.1b. It is expected

that flight test demonstration of the requirements in calm air and
selected requirements in at least Moderate turbulence will be accomp-
lished to insure that flying quality degradations are not excessive.

D. RATIOEAIL BEHIND aEQJLMWS

An attempt has been made to provide direction as to the analyses,

simulations, and fight tests that should normally be done. In addition,

since it is required to demonstrate compliance with all the quantitative

requirements analytically at some stage of the design, explicit direc-

tion is also given as to which items will not normally apply to flight

test. It is expected that the methods of determining compliance for any

particular aircraft will be defined by the procuring activity.

The paragraph on simulation has been included to provide some gui-

dance on the use of piloted simulation for compliance demonstration

rather than engineering development. Specifically, piloted simulation

is required before first flight of a new design. Reference 165, for

instance, documents the benefits of in-flight simulation before first

flight. In addition, it is suggested that piloted simulation could be

the primary means of demonstrating compliance with certain requirements.

The last sentence of 3.1.10.1(c) is intended to indicate that in a

normal flight test program considerable effort should be expended to

insure that some encounters with real atmospheric disturbances are

accomplished. A chase aircraft, parameter identification or just the

available weather information (with some assumptions) would be used to

give estimates of probable disturbance intensities. These encounters

may then afford the opportunity to check the qualitative requirements

informally.
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9. GUIDA CE FOR APPLICATION

The procuring activity, the test agency, and the contractor will

jointly agree on which tests are hazardous and what analyses, simula-

tions, and buldup maneuvers are needed to assure safety.

In order to call for flight testing in Severe disturbances, the

procuring activity and other involved agencies should specify at the

outset of a design what is expected. For example, design for a terrain-

following mission might require acceptable ride and flying qualities

over specified terrain in specified turbulence. While neither that

terrain nor that turbulence may be encountered in flight test, the

actual terrain may be known or measured and the actual turbulence

deduced from flight records by parameter identification techniques or

more subjectively from Table 3 (4.3). That would furnish direct evi-

dence of acceptability, while serving to validate the analysis and simu-

lation that use the specified turbulence.

At the 1978 AFFDL flying qualities workshop (Reference 163), anxiety

was expressed over requirements for which flight testing to demonstrate

compliance would be extremely difficult or time-consuming. Requirements

related to atmospheric disturbances were of particular concern. How-

ever, neither past practice, nor present procedures, nor foreseeable

future demands show such difficulty. Flight testing has always been a

most pragmatic occupation. That certainly holds with flying qualities.

The following discussion attempts to show what reasonably can be

expected.

Currently flight test costs are up, flying hours are down, and

emphasis has shifted from engineering evaluation to investigation of

conditions approximating operational use. In this climate we must seek

optimized flight test techniques to extract the greatest quantity of

most-needed flying qualities data in the available flight test time.

There is no hope of a flight handling evaluation of the type and scope

of AFFTC's Phase IV evaluations of former years. This change is not all

bad.

To a large extent the traditional techniques are being supplanted by

parameter identification from dynamic flight records. As AFFTC has
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shown, using appropriate control inputs, data can be accumulated quickly

over a large flight envelope for reduction by computer to transfer func-

tions or stability derivatives. Twisdale (Reference 112) describes a

means of extracting such data from air combat tracking related to the

manner in which fighter aircraft are intended to be used. From accu-

rate, well-documented results the aircraft designer's stability and con-

trol predictions can be corrected to obtain a validated analytical

model. Thoroughness of documentation is as critically essential as

accuracy. Where those flight tests do not themselves generate the

values of many motion parameters needed to determine compliance, an

engineer can use the validated model to investigate any aspect of speci-

fication compliance at will. With this procedure, however, there are

many more chances for error along the way. For meaningful results a

good deal of coordination is necessary among all those involved in

design, testing, evaluation, and procurement.

F. DEMONSTRATION OF COMPLIANCE

Experience has shown that it is sometimes possible to have a Level I

aircraft that does not meet certain quantitative requirements. This in

fact is an expected occurrence for certain criteria where the supporting

data are sparse or nonexistent (for example, stick force gradients with

normal acceleration or displacement). In such cases the manufacturers

should request an exception. Allowance of such exceptions should be

made on the basis of demonstration by flight test or piloted simulation.

The scenarios utilized to conduct such demonstrations should involve the

actual piloting tasks for the appropriate missions and mission phases.

Additionally, the critical disturbance environment should be defined.

For example, if attitude response characteristics in landing are in

question, the task should involve precision touchdowns from an offset

maneuver to insure that the pilots are forced to close a tight attitude

loop. Such aggressive tracking has been shown to expose handling

quality deficiencies that are completely unrecognizable for nonprecision

tasks. Also, precision landings should be required in moderate turbu-

lence. If a simulation is used, the critical wind shears defined in
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Paragraph 3.9 should be employed. A minimum of three evaluation pilots

is required to establish the level of flying qualities. Where pilot

ratings are taken it is recommended that strict adherence to the Cooper-

Harper scale be maintained and that all ratings be Justified by support-

ing commentary.

G. SUPPORTING DATA

Not applicable.

B. LESSONS LEARNED

Controversy over the level of handling qualities of an aircraft for

a specific task is generally a result of poorly structured test proce-

dures or informal evaluation techniques. An example is the F-16 in the

landing configuration. Many pilot ratings and commentaries, particu-

larly from pilots experienced in the aircraft, indicate that the F-16 is

Level I for landing. Full Scale Development Test and Evaluation at

AFFTC, on the other hand, indicated that "F-16 flying qualities in the

PA configuration should be improved to reduce pilot workload during the

landing task" (Reference 125). The aircraft has Level 2 values of time

delay (see Paragraph 3.2.1.1) and marginal equivalent values of short-

period frequency in the landing configuration. Full Scale Development

F-16s also employed an isometric sidestick which was in the Level 2/3

region of the test data shown in Paragraph 3.2.9.4. Upon closer inves-

tigation one finds that the Level I ratings apply to landing in non-

critical conditions. When queried, most F-16 pilots agree that the air-

craft must be landed basically open loop for the last 50 ft. Attempts

to make last minute corrections frequently result in pilot-induced

oscillations or pitch bobbling as a minimum. The lesson to be learned

is that compliance by demonstration requires a very carefully planned

experiment. It is of utmost importance that the task be well defined

and that the pilots be forced into an aggressive tracking situation. In

general, the task must be as demanding as any likely to be encountered

in operational use. Atmospheric disturbances should be included as a

marginal Level I aircraft will often degrade to a solid Level 2 in

moderate turbulence.
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3.1.10.2 Design and test conditions

A. REASON FOR REQUIRENENT

In order to facilitate analysis, design, and testing, a comprehen-

sive list of critical flight conditions is presented.

B. RELAMD NIL-F-8785C REQUIREMENTS

4.1, 4.2.1, 4.2.2, 4.3.1, 4.3.2

C. STATEMENT OF REQUIREMENT

3.1.10.2 Design and test conditions. Table 1 specifies general
guidelines, but the peculiarities of the specific aircraft design may
require additional or alternate test conditions.

a) Terms specified in Table 1 such as "heaviest weight" and
"greatest moment of inertia" mean the heaviest and great-

est consistent with 3.1.1 and 3.1.2. When a critical
center-of-gravity position is identified, the aircraft
weight and associated moments of inertia shall correspond
to the most adverse service loading in which that critical
center-of-gravity position is obtained.

b) Terms specified in Table I such as "most forward c.g." and
"most aft c.g." mean the most forward or most aft consis-
tent with 3.1.1. When a critical weight or moment of
inertia is identified, the center-of-gravity position

shall correspond to the most adverse service loading in
which that critical weight or moment of inertia is ob-
tained.

c) For terminal Flight Phases, it will normally suffice to
examine the selected Aircraft States at only one altitude
below 10,000 feet (low altitude). For nonterminal Flight
Phases, it will normally suffice to examine the selected
Aircraft States at one altitude below 10,000 feet or at

the lowest operational altitude (low altitude), the maxi-

mum operational altitude (ho  ), and one intermediate
altitude. When the maximum ofifational altitude is above

40,000 feet or when stability or control characteristics
vary rapidly with altitude, more intermediate altitudes
than specified in Table I shall be investigated. When the
Service Flight Envelope extends far above or below the
Operational Flight Envelope, the service altitude extremes
must be considered.
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TABLE 1 (3.1.10.2) DESIGN AND TEST CONDITION GUIDELINES

REQUIREMENT TITLE CRITICAL LOAD ALIITUBE SPEED FLIGHT

ha~d~dUAIING FACTOR PHASE
I qI

Section 3.2 HANULING QUALITY REQUIRE-
SMENTIS FUR PITCH AXIS

3.2.1 Response to Pitch Most forward c.9. t 1.0 homin' medium, min to Vax .,CR.RT,PA

Controller and most aft C.g. homax LCr

3.2.2 Pilot-Induced Oscilla- Minimu pernls-
tions slble to raxrmm

permissible

3.2.3 Residual Oscillations 1.0 Vo0in to Von *,PA

3.2.7.2 Response to failures All 0o0in and honx Vnn to Vr
4 x  

I --

3.2.7.3 Response to conFigura- 1.0 ho mediaum. I I
tion or control node i oma
chinge o

3.2.7.4 Response to stores no(-) to Vomin to Vomax CO.GA,WU,
release n

o
(-) D a

3.2.7.5 Response to armament *.RT

deli very r
3.2.7.6 Response to buffet

3.2.8.1 Control power in Most forward c.g. 1.0 Vmin to Vma
x

unaccelerated flight

3.2.8.2 Control power in Most forward c.g. t As required 0i n to Vomax CO,GAAR.
maneuvering flight TF.CR,PA

3.2.8.3 Control power for Most forward c.g. 1.0 Low As required TO
takeoff (nose-wheel), st

aft c.g. (tail-wheel
aircraftj

3.2.8.4 Control power for Most forward c.g. 1.0 Low V(1) or L
landing I geometr limit

3.2.8.5 Control power for .. All homn, .dlum All
other conditions I Od .

3.2.9.1 Steady-state control Most forward c.g. t n(-( to Vmin to Vma
x  

*.T.CRPA

force per g and most aft c.g.§ n() L:CT

T.2.9,2 ransient control force Most aft c.9. § I 1.0
per g

3.2.9.3 Control force variations As required WOmn to V Oa, CO.GA.OE
durin9 rapid speed I and transonic
c hargesI

3.2.9.4.1 Control force vs. Most forward c.g. t no(-) to Vmtn to W.A. .RT,CR,PA,
deflection -- steady- no(n) L,CT

state gradient I
3.2.9.4.2 ITra nsiet control force Most aft c.g. §P 1.0 --

vs. deflection

3.2.9.5 Control centering and -- n
0
(-) to hoin and ii

0  
I

breakojt forces no(+) 0

3.Z.9.6 Free play
3.2.9.7.1 Force limnits -- takeoff Most forward c.g. As required Low 0 to Anan(TU) TOCT

and most aft c.. 1

t Combined witn heaviest weight. § Combined with lightest weight.

All applicable Category A Flight Phases. -- No genera) guidance can be provided.

"As required" -- flight conditions are specified in requirement or are determined by nature of test maneuver.
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TABLE 1 (3.1.10.2). (Continued)

REQUIREMENT 1 CRITICAL LOAD FLIGHT
"UTET LOADING FACTOR ALTITUDE SPEEDPS

3.2.9.7.2 Force limits -- landing Most for.ad c.9. 1.0 Lo. Vs(L
) 
or L

geometric limit

3.2.9.;.3 Force limits -dives: Most forward c.g. T As required 2000 ft MSL Vinin to Vm D,EO,CO.

SFE and most aft c.g. § IIto 
8
max CR.GA

PFE I As required VMAT to inavXimum
permissible

3.Z.9.7.4 Force limits .- 1.0 heron
, 
medium, 

0
min to V CO.CRPA.L

sidesl Ips 
i ho.

3.2.9.7.6 Force limits .- All ho
n  

d Vnin to Vand --
fai lures I Eo

3.2.9.7.7 Force limits -- con- [ I i.o homn, medium,
figuraton or control

mode charge• hwoia

3.2.9.8 Trim systems Most forward c.g.
and most aft c.g.

3.2.9.8.1 Trim systems -- rate - As required As required O,ED.CO,
of operation I oA

3.2.9.8.2 Trio systens -- stall- Most forward c.g. t As required 8 Start of dive D.Eu.CO,
ing of trim systems recovery to CR

3.2.9.8.3 Trim systems --. 1.0 MS Ohna 
n

t Va
x  -irreversibility 1L to 'nun Vmin to Vmav

3.2.10.1 Control displacements -- Most forward c.g. As required Low 0 to Vmao(TO) TO,CT

takeoff and most aft c.g.

3.2.10.2 Control displacements -- n '(-) to hom nedum in to m ,RT.C.PA.
maneuvering n(*) 'L.CT

3.2.10.3 Control displacements .. no(-) to n and honiv
gust regulation no(,)

SECTION 3.3 HANDLING QUALITY REUI.URE-

MENTS FOR VERTICAL FLIGHT
PATH AXIS

3.3.1.2.1 Response to attitude -- 1.0 hom medium, V,0n and PA

change -- steady-state homan 00,01 - 5 ktresponse on

SECTION 3.4 HANDLING QUALITY REQUIRE-
MkNTS FOR LONGITuDINAL

3.4.1 Response to Attitude Most aft c.g. 1.0 1) heo, nedium , Viin to 
0

ma. CO RRFFCR
Chingesho

00  LO iTAI I
Category C

3.4.1.1 Rel atnion in transonicI Transonic 0

SnOB )N 3.5 hANOLING YJALITY RELQUIRE-

MENr FUR l ULL AXIS

3.5.1 Roll esponse to Roll 1.0 and ho * nmediun, Vin to Vnav .CLCR LO.Control ler no( hohm RTEAL

t Cunined with heaviest eight. 5 Co-ined with lightest weight.

All applicable Category A Flight Phases. -- No general guidance can be provided.

"As re- uired" .- Iligt conditions are specified in requirement or are deternined by nature of test maneuver.
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TABLE 1 (3.1.10.2). (Continued)

REQUIREMENT TITLE CRITICAL LOADA FLIGHT
NUMER L LOADING FACrOR ALITUDE SPEED PHASE

3.5.2 Pilot-Induced Oscilla- Minimum perais- HSL to hl. Vmn to Vijx
tions sible to inaximum

permnissilble

3.5.4 Linearity of Roll 6reatest rolling ,As required (not ho i., medium, CU,GA,TFCL.

Response to oll Con- inertia above 0.BnL) ho~x CRO.CT

troller ninet f C

3.5.6 Roll Response to Yaw Lightest Weight 1.0 CUCR.PA.L

Controll r

3.5.7 Roll Control for Takeoff Low As required Tawl.TO.L
and Landing in Crosswinds Al t

3.58.1 Response to asynmetric Lightest weight 0 All tmi n to vfaw CO,ATF,CL,
thrust CR,TU,CT

3.5.8.2 Response to failures A.All honin and homax

3.5.8.3 Response to configura- -. 1.0 homn , 
mediu0* Vmi

n 
to Vn--

tion or control mode 
i h o mt

x

change 

I

3.5.8.4 Response to stores no(-) to Vcmin to VoiaU Cl,GAWDAD

release n-(.)

3.5.8.5 Response to armanent I *,lT
delivery , f

3.5.9.1 Control power - response Greatest and soallest As required hom, medium As required
to roll control inputs I rolling nownnts of (not above Ml oinax

inertia 0. nL)

3.5.9.2 Control power - steady Llghtest weight 1.0 CU.CRPA.L
Sidesl ip

3.5.9.3 Control power cross- j -" j As required LoW As required TD.LPA
winds

3.5.9.4 Control power - engine Lightest Weight . DOmin own to Vnin(Td( TDCT
failures

3.5.9.5 Control power -. d .. As required 2000 ft MSL VMAT to V ia D.E
and pullouts to hman

3.5.9.6 Control power - stores -" ino(-)O h in hniedium, Vomin to Voxa0 CO.GA.WD,AD
release no-)~a x

3.5.9.7 Control power - two Lightest weight 1.0 hO,
, 

niedium, Vraoe (I and
h enines ivoperatle, 2 eng nes out)

3.5.4.6 Control power for other -- All All
conditions

3.5.10.1 wheel control displace- Greatest roiling A required i Vmi
n 
to Vm

x  
CU,GAARTF.

ments munet of inertia (not mbooe C1,6AL

3.5.10.1e Forces to achieve Greatest and S-ndlest I
re4ulired roll rates roiling !,)vnts of

3.5.ld.3 Sensitivity S alIlest rolling ,,
nvntof inertid

3.5.10.4 Brea out and centering -" no(- )( to h and h 
0
iln tO 

0
m --

forces n Oin.m)n

t Coviooned with heavlest weight. g Combined with lightest weight.

Al! applicable Category A Flight Phases. -- No general guidance can be provided.

"As required" -- flight conditions are specified in requirenent or are deternined by nature of test maneuver.
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TABLE 1 (3.1.10.2). (Continued)

REDOI REE I CRITICAL LOAD FL I Gi

NUMER LOADING FACTOR PHASE

3.S. 10.$ Free play -o(- to homin and hom, Vmt to Ioa
.

no(.) ma

3.5.10.6.1 Force limits - steady As required %in' medium, Vm in CU.CRLOPA

turns 
omax

3.5.10.6.2 Force limits - dives 2000 ft MSL to VMAT to Void U,ED

and pullouts h

3.5.10.6.3 Force limits - cross- 1.0 Low As required TO.L

winds I
3.5.10.6.4 Force limits steady Vmi

n to Vma
x

sideslips; I i

3.5.10.6.5 Force limits - engine Lightest weight homin , 
medium Vmin(TU) to Ck.TiT,CT

failures after takeoff 1.4qmon t

SECTION 3.6 mANULIIG QUALITY REQUIRE-,
MENTS FOR YAW AXIS

3.6.1.1.1 Equivalent systems Greatest rolling 1.0 and no(.) in ' hCR'RTPL

requirement - transient moment of inertia ' htmax nlnrespos ... A

3.6.1.1.2 Equivent systems Lightest weight 1.0 
0  
n O

requirement - steady-
state responseI

3.6.2.1 Yaw response to roll Greatest yawing and i ,CRPA,L
controller - coordina- rolling moments of

tin in turn entry and inertia
evit

3.6.2.2 Pilot-induced oscilia- Minimun permissi- I MSL to h,,,
lions tle to nainun

permissible

3.6.3 Yaw Control for Takeoff 1.0 Low As required r TULTani

and Landing in Cross-

3.6.4.1 iesponse to aynmetric Lightest weight 1.0 n to Vmax(TU )  
TUCT

thrust I [o0I All , Vin to Vmax  CU,GA.TF,CR

36O43nin medium 1.4Vinin CR

3.6.4.2 Response to failures Ai Al Vi
n  --

3.6.4.3 Response to configuration' "'. 1.0 h Own toedium, Vmln to Vmax

or cntrol o de change 
n,,,,. on d

3.6.4. ns to stores no
( ) 

to V CO,tiA,wU,AD
release no(,) itno i

3.6.4.5 Response to armament "" i .RT

3.6.5.1 Control poner - takeoff, - As reqlired Low 0 to A nax(T) PA,TU,LTasi

ltdig Vrndg (I~ and

3.6.5.2 Control poner - t o Lig test weig t 1.0 hOn nn e,,u, , 
0
range (1 n ,,._

engines Inoperative U 2 engines Out)

All applicable Category A Flight Pha-es. No general guidance can be provded.

'As required" - fliqht conditions are specified in requirenent or are deternined by natu-e of test maneer.
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TABLE 1 (3.1.10.2). (Concluded)

REQUIREMENT T CRITICAL LUAD ALTITUDE SPEFLIGHT
NUME F LOADING FACTUR PHASE

3.6.5.3 Control p-aer - asym. 1.0 -I- lO medium. Ymi
n 
to Vma

x  
CO,GA.CR,D.

metric loading homox PA.L

3a, Axis Cootrol Forces no Cno ,CAPAL

3.6.6.1 Force linearity Lightest weight 1.0 CO,CRPA,L

3.6.6.2.1 Force limits - rolling Greatest rolling As required CVGA,AR,TF.
maneuvers moment of inertia CR.PA.L

3.6.6.2.2 Force limits - steady [ Vm CO,CR.LO,PA
Sturns 

in

3.6.6.2.3 Force limits - speed 1 .0 oCUGACRD
changes I ( 1 i Vmin to Vmax  

,GR,

changes PA.L

3.6.6..4 .Force limits cross- 1.0 0jLow As required TU,L
winds

3.6.6.2.5 Force limits - asym- ho in medium., to a--
metric loading homax t A

3.6.6.d.6 Force limits - dines As required ZOOG ft MSL to AlVoT to V. 0 .5and pullouts I mMAT

3.6.6.2.7 Force limits - go. Lightest aeight 1.0 Lo A mt(PA) or WO

arounds I landing speed

3.6.6..8 Force limitS-asymetric h nn 0 to Vmax(TO) TO.CT

3.6.6.2., Force limits - failures i All i and h0  0010 to --

3.6.0.2. iO Force limt configura- . Omn. medium. I
ion or control mode h....gs ax °m

SECTIuIN 3.8 0 HANOLING QJALITY REQUIRE-
MEWTS FOR COM60ifi AXES

3.8.1 Cross-Axis Coupling in 0 to hdmtn , 
medium. 

V
min to Vma x  

Cd.GAARTF
Roll Maneuvers .8 % o ft

3.8.2 Crosstalk Bet .... Fitch no(-) to I
and Roll Controllers no( )

3.8.3 Control Harmony See MIL-S-8369! or 1IL.-D-6i8, whichever is applicable for flight demonstration.

More severe conditions generally will be investigated by analysis and model testing.

of Attack

All applicable Category A Flight PhaSes. -- No general guidance can be orovded.

"As required" flight conditions are soecified in requirement or are determined by nature of test maneuver.
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d) In addition to the flight conditions indicated in Table 1,
speed-altitude combinations that result in the following
shall all be investigated, where applicable:

* Maximum normal acceleration response per degree of
controller deflection.

Maximum normal acceleration response per pound of con-
trol force.

* Highest dynamic pressure and highest Mach number.

D. RATIONALE BEHIND REQUIRWENT

Table 1 was presented in MIL-F-8785C as a guideline for design and

testing. The format has been revised to be consistent with the current

Standard.

E. GUIDANCE FO APPLICATION

The procuring activity should, in accordance with the compliance

demonstration requirements of 3.1.10.1, define those tests and condi-

tions necessary for analysis, simulation, and flight test.

F. DOWNOSTUTION OF $.)IPLI1AEW

The contractor will be expected to investigate all conditions speci-

fically on contract. In addition, areas that might be considered criti-

cal but that were not specified should be included. Exceptions (e.g.,

cases where the contractor feels flight testing is not necessary) must

be well supported by valid analysis.

G. SUPPORTING DATA

None.

H. LESSONS LEAiNED

None.
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3.2 HANDLING QUALITY REQUIREMENTS FOR PITCH AXIS

3.2.1 Pitch Attitude Response to Pitch Controller

DISCUSSION

Two alternative criteria are presented for this requirement.

The first criterion (Para. 3.2.1.1) consists of the basic boundaries

previously defined in MIL-F-8785C for classical unaugmented airplanes.

The criterion is extended to include augmented airplanes via the use of

lower-order equivalent systems. An optional set of boundaries is pre-

sented to allow the use of I/T0 2 in lieu of n/ if desired.

The second criterion (Pars. 3.2.1.2) is oriented toward highly aug-

mented aircraft as well as aircraft with unconventional flight modes

generated with direct force controls (DFC). This criterion is based on

the pilot's ability to do tight closed-loop tracking and is termed the

bandwidth criterion. It is recommended that this criterion be utilized

when the mismatch between the lower-order equivalent and higher-order

systems is large, or when the pitch axis augmentation results in non-

classical responses, e.g., for attitude command systems. Guidelines for

deciding when this is a problem are given in "Rationale Behind Require-

ment" under 3.2.1.1.
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3.2.1.1 Pitch axis lower-order equivalent systems requirements

A. REASON FOR THIS REQUIREMNT

Pitch control of conventional aircraft is a vital element of flying

qualities, both as a primary control axis (for example, in pointing the

aircraft during gunnery) and as an indirect way of controlling the air-

craft flight path (for example, in glide path control in landing).

The use of lower-order equivalent systems allows an interpretation

of the responses of the most complex vehicles in familiar terms utilized

to characterize the response of classical aircraft. This requirement

incorporates many of the MIL-F-8785C phugoid and short-period mode para-

meters and sets detailed guidelines on application of equivalent systems

parameters.

B. RELATED MIL-F-8785C REQUIREMENTS

3.1.12, 3.2.1.2, 3.2.2.1, 3.2.2.1.1, 3.2.2.1.2, 3.5.3.

C. STATEMW OF REQUIREMENT AND RECOMMNDED VALUES

3.2.1.1 Pitch axis lower-order equivalent systems requirements.
The equivalent parameters describing the responses of pitch rate and
normal load factor (at the center of rotation) to a pitch control force
input shall have the following characteristics:

Recommended Values

1. Short term response - For the equivalent pitch rate and

normal load factor transfer function defined below,
recommended requirements on the equivalent parameters are
given in the following table.

_[s + (I/T8 2 )]e) e
Fs s2 + spp s + r2

Fs s2 + 2;spusp s + Wsp
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Notes:

a) The equivalent systems are to be obtained from simul-
taneous matching of the O/F s and nz/F s higher order
system responses over a frequency range of approxi-
mately 0.1 to 10 rad/sec.

b) nz is normal acceleration as measured at the aircraft
center of rotation.

2. Long term response

e [ s+ (1I/To1)]

Fs s 2 + 2 p pS + W 2

Note: While a lower order equivalent system match could
be used, the parameter ;p is the only one specified and it
can be generally calculated directly from a time response.

PARAMETER svs. n/a wspT 2 vs

Cp Table I Table I

Wp No Requirement No Requirement

sp Table 2 Figure 2

Wsp Figure 1 Figure 2

n/a Figure 1

I/Tel At least greater At least greater
than Zero than Zero

I/T02 Figure 2

Tee$ Ten Table 3 Table 3
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100

NOTE: THE BOUNDARIES FOR VALUES OF / - - --

OUTSIDE THE RANGE SHOW ARE DEFINED - --

BY STRAIGHT-LINE EXTENSIONS. - - -- (wP'

_______ 

10.0

10

(rad/sec) _____ __

1.0or

1.0 10 100
n/a (g/rad)

a) Category A Flight Phases

Figure 1 (3.2.1.1). Requirements for Short-Term Pitch
Response to Pitch Controller (w 5p vs. n/ct)
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....NOTE: THE BOUNDARIES FOR VAWUES OF 7/

.... OUTSIDE THE RANGE SHOWN ARE DEFINED
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44c............. ........... _ -4 ................ (n/)
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3.6
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(rod/sec)

01.0

0.03
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...... Figure 1.... 3...1. Continued..
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100

NOTE: THE BOUNDARIES FOR VALUES OF n /oL. GREATER
THAN 100 ARE DEFINED BY STRAIGHT-LINE EXTENSIONS.2
THE LEVEL 3 BOUNDARY FOR n/oct LESS THAN 1.0 IS 2~s

ALSO DEFINED BY A STRAIGHT-LIKE EXTENSION. /I

_______ ______ ___10. 0

_______- - - - ______ ____- - 3.6

(rod/sec) -0 0.036_ -
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TABLE 1 (3.2.1. 1)

EQUIVALENT PHUGOID DAMPING RATIO LIMITS

Level I p at least 0.04

Level 2 at least 0

Level 3 T2 at least 55 sec (T2 - -0.693/ pwp)
and [4pI < 1.0

TABLE 2 (3.2.1.1)

EQUIVALENT SHORT-PERIOD DAMPING RATIO LIMITS

CATEGORY A AND C CATEGORY B

LEVEL FLIGHT PHASES FLIGHT PHASES

MINIMUM MAXIMUM MINIMUM MAXIMUM

1 0.35 1.30 0.30 2.00

2 0.25 2.00 0.20 2.00

3 T 2 > 6 sec* 20 >)6se* --

*In the presence of one or more other Level 3
flying qualities, sp shall be at least 0.05
unless flight safety is otherwise demonstrated
to the satisfaction of the procuring activity.
T2 applies to the value of an unstable first-
order short-period root

TABLE 3 (3.2.1.1)

LIMITS ON AIRCRAFT RESPONSE DELAY, t e

LEVEL ALLOWABLE DELAY (sec)

1 0.10

2 0.20

3 0.25

Te is the greater of Tee or Ten
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D. RATIONALE BEMIND RRwDnXTrS

The use of lower-order equivalent systems allows us to retain bound-

aries generated from classical airplane data, i.e., MIL-F-8785C, Refer-

ence 4. More specifically, requirements for pitch axis control have set

boundaries on the classical modal parameters, Cp, tp1 , I/T8 2, sp and

Wap, in

0 M6(1/Te1)(I/Te2 )
R [p; Wpjftsp; '"spI

This expression is a linearized, reduced-order model of the actual

aircraft response. It assumes any higher-order terms due to structural

and flight control effects are sufficiently separated from I/T0 1,

I/T8 2, ,p and wsp to allow order reduction by restricting the frequency

range of analysis. In most cases the phugoid and short period modes are

sufficiently separated that further order reduction is possible as fol-

lows:

-M6/Ma(1/T81 ) M6 (1/T6 2)
and ( 2)

R p; WP) (Rsp; °sp)

Phugoid Short
Phugoid

These expressions are universally recognized as pitch models of phugoid

and short-period dynamics, respectively, within appropriate respective

frequency ranges.

The advent of high-order feedback control systems has required spe-

cification of flying qualities parameters for systems of, for example,

twentieth order or more. The additional modes in many cases are no

longer well separated in frequency from I/Tg1 , 1/T0 2, wp, and usp In

fact, there are commonly a number of high-order system characteristic
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roots in the short-period frequency range. While no specific guidance

is offered, the phugoid and short period are generally separated by at

least a factor of 10. The assumption of a widely separated phugoid and

short period mode breaks down at low values of static stability (i.e.,

M & 0) such as for aircraft with extreme aft center of gravity loca-

tions and on most STOL configurations. When the phugoid and short

period are no longer identifiable as widely separated modes, the short

term response cannot be characterized as second order in nature. Inas-

much as the data utilized to generate the LOES parameter boundaries were

representative of classical second order short- term responses, these

boundaries (Figures I and 2) are not valid for the higher-order short

term responses under consideration (i.e. Wsp not >> wp). It is recom-

mended that the bandwidth criterion be utilized for these cases

(Para. 3.2.1.2).

One approach to reducing the order of these systems for specifica-

tion compliance was to choose a suitable short-period pair of roots from

the high-order array. This was done either by picking "dominant roots"

(the most suitable pair) or by "root tracking" (identifying the locus of

aircraft short-period roots as the various feedback gains were intro-

duced). There has been considerable experience in recent years to

indicate that these approaches will lead to unsatisfactory handling

qualities. A clear responsibility of the MIL Standard is therefore to

discourage this particular type of order reduction. Considerable

research has been devoted to order reduction by matching frequency

responses to obtain low-order equivalent systems. Since this approach

has the advantage of including the effects of adjacent modes, is easily

related to previous specifications, and identifies important equivalent

delay effects, it is included in the specification.

1. Phugoid Requirements

These are taken directly from Reference 4. No phugoid research data

have been generated since that earlier specification. Modern flight

control systems commonly do not exhibit an identifiable phugoid.

The pitch response is a suitable response for identifying the phu-

goid, since pitch residue is normally high in the phugoid mode (when it
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is not, because of stability and control augmentation, the phugoid
requirements are greatly exceeded). Very frequently an accurate esti-
mate of the phugoid can be obtained from a narrow frequency range which

excludes the short period.

2. Short-Tem Pitch Response Requirements
Using map vs. rn/

For conventional aircraft, without direct lift control, the piloting

task can be viewed as an inner- and outer-loop, single-controller task
as indicated in Figure 3. This figure points out that I/T8 2 plays a
role in the short-term attitude dynamics and also defines the short-term
flight path (or load factor) response. The boundaries in Figure I are
based on a combination of load factor response and the quickness of the

pitch attitude response to a control input, i.e., ws2/(n/). Some

interpretations of this parameter are given below.

PILOT AIRFRAME

1Fs Fee8l ' Ma(I/T I/Te-oe
aTY nd e([~1 9

Actuators T Pej(Ir 2

,F~

e ABU/Te 2 )ere

F (O)l[ewej

Fsj e,-ee eW

where

(a) (sa)

Figure 3 (3.2.1.1). Pilot Control of Pitch
Attitude and Flight Path
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a. Control Anticipation Parameter (CAP)

Bihrle in Reference 113 defines the Control Anticipation Parameter

(CAP) as

2

CAP S -Anzss v(1/
/To2)

where (V/g) (1/T0 2 ) can be approximated by n/a for aircraft with neg-

ligible control system dynamics and tail lift effect, as is common.

Because of the time lapse in reaching the steady state, a pilot needs an

earlier indication of the response to control inputs -- and the initial

and final responses must be neither too sensitive nor too insensitive to

commanded flight-path change.

b. Frequency Response Interpretation

Equivalently, in the frequency domain the high-frequency gain of

pitch acceleration (thought to be important in fine tracking tasks) is

given by MFs* and the steady-state gain of normal load factor (thought

to be important in gross, or outer-loop, tasks) by MFsn/a)/wsp. Hence,

their ratio is CAP (see Figure 4).

c. MIL-F-8785B BIUG Interpretation

A closely related analysis in Reference 11 arrives at (Fs/n)MFs

equal to w2p/(n/a) where MF is the initial pitch acceleration per

pound. This can be seen in the asymptotic nz/F s frequency response of

Figure 4.

d. Static Stability Interpretation

Because n/ and 2 p/(n/a) is widely recognized as

being related to static margin, dCm/dCL . In fact,

a : CLaqS
a W

and C~ Sff CL-(,a ~ - q)

W2p I y + pVSCmq
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S+ IT )
+2 CS96wSP 2

S S 2  S 8 0

(VI)S --P-8
Wsp OIsp

T 2

f'I MFn/a MF, l/Q
FS ld S2 +2 SpWSps s- O sp

nz-- 0 dB

W SPp

A- MFS 2S(log sCO/e) CAP - = n /aw MF, ni / /a

w2

Figure 4 (3.2.1.1). Definition of CAP From Frequency
Response Asymptotes

Therefore, neglecting Cmq,

w2  Cma- W
n/a CL

SYam k2
y

where yam is the static margin in the same units as E (i.e., yam is the

absolute distance of the neutral point ahead of the c.g.), and is the

pitch radius of gyration (with Cmq considered, it is common to speak of

"maneuver margin" rather than "static margin.")

For many aircraft, ky is about 17 percent of the aircraft length L,

so wp/(n/a) 1100 (y sm/ 2 ).
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For the F-4 aircraft, using the values of 64 ft for its length and

16 ft for F, the specified Level I value of 0.28 for 2p/(n/a) reduces

to a stick-fixed static margin requirement of 5 percent. Thus this

requirement is comparable to the earlier static margin requirement in

U.S. Air Force Specification 1815B/Navy Specification SR-119B (Reference

57).

3. Short-Term Pitch Response Requirement
Using spT02 vs. p

As was mentioned previously, the short-period frequency requirement

of 8785C was based upon the premise that the normal acceleration

response to attitude changes is a primary factor affecting the pilot's

perception of the minimum allowable (sp [i.e., limits re placed on

2p /(n/a)]. The physical interpretation of the so-called "Control

Anticipation Parameter" [CAP = wp/(n/a)] assumes that the dominant con-

cern for a pilot pitch control input is normal acceleration response.

It is, of course, also true that the pitch attitude response to pitch

control inputs is of paramount importance. Whether the appropriate cor-

relating parameter is n/a or 1/T6 2 is a moot point in that data that

are correlatable with I/T0 2 will generally also correlate with n/m.

This issue was studied in Reference 114, where it was observed that

the product w5pT02 provided a slightly better correlation than CAP.

Physically, wspTe 2 represents the separation in phase between path air-

craft responses in path and pitch attitude. Thus wspTe 2, in combination

with sp, also defines the shape of the attitude frequency response,

with "desirable values" yielding a K/s shape in the frequency range of

primary interest (see Reference 114).

A useful criterion, therefore, is the product wspTe 2, based on the

separation in frequency between I/T02 and wsp* If these two are close

in frequency, the aircraft responses in attitude and flight path to ele-

vator deflection occur almost simultaneously, resulting in abrupt heave

responses to the pitch controller. This produces pilot comments such as

"trim hard to find" and "pilot effort produces oscillations."
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4. Use of Lower-Order Equivalent Systems

Both of the above requirements involve classical flying quality par-

ameters. The concept of lower-order equivalent systems allows us to

retain equivalents of these parameters for highly augmented aircraft.

The rationale utilized in the Handbook is that these equivalent parame-

ters can be compared with well established boundaries set by classical

airplane data. This concept was originally developed more than ten

years ago and was first reported in Reference 80. It has been refined

considerably since that time (for example, see References 81-89). A key

issue during the development of the lower-order equivalent system (LOES)

approach was whether to fix or free 1/T9 2 during the fitting process.

When I/T8 2 is allowed to be free it can take on very large (or

small) values. If the physical significance of 1/T8 2 were related

purely to attitude control it would be appropriate to utilize the freed

value of I/T0 2 when making comparisons with the criterion boundaries.

However, there is considerable evidence to indicate that the role of

I/T9 2 in the correlations of classical airplanes is more related to the

lag from the response in attitude to the response in path. If this is

indeed the case, the wsp vs. n/a boundaries are to be physically inter-

preted as a specification on attitude (sp) as well as path control

(n/a). The appropriate value of 1/T8 2 to plot on the criterion would

then be the fixed (real) one. With a single control surface (e.g., no

DLC) no augmentation can change the dynamic relationship of pitch to

heave motion.

An example of the differences between the effective parameter values

with I/T8 2 fixed and free is illustrated in Table 4 (taken from Refer-

ence 83 fits of the Reference 12 data). From this table it can be seen

that substantial differences in all the effective parameters exist be-

tween the l/T62 fixed and free fits. Hence the dilemma is not a trivial

one.
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TABLE 4 (3.2.1.1)

EXAMPLES OF VARIATIONS IN LOES PARAMETERS WITH
I/Te 2 FIXED AND FREE

CONFIGU- l/Te We _e Te

RATION FIXED FREE FIXED FREE FIXED FREE FIXED FREE

1A 1.25 0.43 3.14 2.54 0.39 0.65 0 0.020

1G 1.25 176. 0.78 1.55 0.74 1.07 0.185 0.043

2H 1.25 4.08 2.55 3.80 0.80 0.52 0.126 0.098

4D 1.25 5.25 3.47 4.61 0.58 0.23 0.169 0.111

In general, for a single controller the proper relationship between

attitude and flight path will always be maintained if the following two

transfer functions are matched simultaneously.,

K(s + 1/T 2)e ee

F - S2 + 2ws + (1)

n K 2 e-Ten
s

Fs  s2 + 2Css +2 (2)
spsp sp

where n; refers to the normal acceleration at the instantaneous center

of rotation (at Xcr - Z 6 e/M6e the initial nz response to a step control

input is zero. It is assumed that measurements of ; and nz are in

level, symmetrical flight, so that E q). Conventional subscripts on

the equivalent dynamics are retained for consistency.

*This discussion assumes that the phugoid mode is well-separated in

frequency from the short-period mode, as is normally the case.
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This conclusion was reached as a result of lengthy discussions

centered on whether I/T9 2 should be fixed or free during the fit-

ting process. Proponents of holding I/T62 fixed argued that

n/a in the specification is centered about path control. Hold-

ing I/T62 fixed at the value determined from the lift curve slope

[I/T6 2 & = (PSUo/m)(CL. - CD)] preserves the known path to attitude

relationship, i.e.,

Y = I
S T 2 s + 1

Those in favor of allowing I/T6 2 to be free noted that it tends to "gal-

lop" to large values for aircraft with known deficiencies, thereby

revealing the existence of a problem. For example, a current high-

performance fighter is known to be rated "excessively sluggish" (Level

2) in the power approach flight condition. Figure 5 shows the charac-

teristics with I/T0 2 fixed and free. For I/T 6 2 fixed, the sluggish

response is manifested as excessive effective time delay (0.15 sec)

whereas for I/T6 2 free the deficiency is manifested as an n/a which

falls on the lower specification boundary. Finally, utilizing the

I/T6 2-free fit to wsp, but plotting the fixed value of n/a, actually

predicts an airplane with excessive abruptness (plots above the upper

limit in Figure 5). In this case, as in most such instances, either

method predicts the same Level of flying qualities, but the causes mani-

fest very differently.

It should be noted that a "perfect fit" using both the attitude and

flight path transfer functions will always (for a single pitch control-

ler) yield the fixed value of I/T02 . However, if there are lags, such

as a stick prefilter, introduced at frequencies in the middle of the

fitting region, the fit may be marginal: the lower-order equivalent

system (LOES) of the 6/Fs transfer function is a first over second

order, whereas the dominant modes of the higher order system turn out to

be a first over third order system.

The problem can be approached in two ways: 1) we can ignore the

mismatch and use the LOES model in Eqs. I and 2; or 2) we can utilize

LOES modes more appropriate to the controlled element rather than being
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Figure 5 (3.2.1.1). Effect of Fitting with 1/Te2 Fixed
and Free, Category C Requirements

constrained to a first over second order. For example, aircraft with

stick prefilters are better approximated by a first over third order, as

noted above. The problem with the second alternative is that our data

base is for classical unaugmented airplane data. The consequence of the

first alternative is that the fitting routine could come up with parame-

ter values which are not physically meaningful. The consensus was to

accept the mismatch (Alternative No. 1), rather than attempt to expand

the criterion.
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5. Level 3

A first-order divergence (T2 = 6 sec) is allowed for the Level 3

pitch attitude dynamics. This is consistent with the Level 3 static

stability requirement in Paragraph 3.4.1.

The 6-second limit on instability was derived from in-flight and

ground-based simulator studies which have documented the degree of

instability that is safely flyable. Reference 181, for example, indi-

cated a Level 2 boundary with T2 (based on the unstable aperiodic root)

of 2.5 seconds in "light" turbulence and 4.25 seconds in "moderate" tur-

bulence. Pilot ratings were fairly constant at 5 to 6 until the time to

double amplitude was reduced below 6 seconds, when significant deterior-

ation began.

E. GUIDANCE FOR APPLICATION

I. Alternate Requirements

Two alternate requirements have been included for specifying pitch

control through the use of classical parameters or their equivalents,

i.e., wsp vs. n/a (Figure 1) and wspTe 2 vs. sP (Figure 2). For the

ranges of T02 normally encountered in either augmented or unaugmented

aircraft, these requirements are identical.

2. Equivalent Systems

The equivalent lower-order parameters for this section may be

obtained by any means mutually agreeable to the procuring agency and

contractor. The equivalent system matching routine documented in Appen-

dix A is provided as guidance to indicate the expected level of sophis-

tication in the matching procedure.
-TS

Ko( I/Te2)e e,

Fs [(sp; Wsp]

nz' Knz en

Fs [Rsp; wsp]
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This representation is not intended to place any restrictions on the

form of the match. For instance, the denominator modes may be composed

of two first-order roots rather than an oscillatory pair. In this case,

the snort-period roots are:

(I/Tspl)(I/Tsp 2 ) spsp p -

The parameters of the above equations should be obtained by matching the

high-order pitch response and the normal load factor response from wI

to w 2 , with the frequencies defined as follows:

W1 Normally 0.1 rad/sec

w 2 Normally 10 rad/sec, but not less than a priori
estimates of wsp or I/T62 .

A priori estimates can be based on early analytical studies, wind-

tunnel results, or extrapolations from experience with similar configu-

rations. The purpose is to assure that the dynamics of the equivalent

airframe are adequately defined, without requiring unusually low- or

high-frequency end points in the match.

In using reduced-order models in a MIL Standard the question of

allowable mismatch is important. There is currently insufficient data

to place definitive requirements on mismatch between the HOS and LOES.

It should be noted, however, that the question of mismatch is inherent

in any n-dimensional representation of an m-dimensional response, when

n < m.

Mismatch is defined as:

M - E(AG)
2 + K(t4)

2

= Z(GHoS - GLOS) 2 + KZ(OHOS - LOS )2

where

G is the amplitude in dB

0 is the phase in radians
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(AG)2 and (AO)2 are calculated at discrete frequencies between wl and w2
evenly spaced on a logarithmic scale and may be compared with the enve-

lopes in Figure 6.

A brief NT-33 landing approach simulation tackled the question of

mismatch (References 82 and 91). High-order systems and simulations of

their low-order equivalents were flown. The experiment indicated that

very large mismatches proved unnoticeable to pilots (a sum-of-squares

mismatch around 200 in the frequency range of 3.1 < w < 10 rad/sec com-

pared to the previous arbitrary values of 10).

Reference 83 offers a theory to explain the large mismatches. By

examining pilot rating differences between pairs of configurations in

previous NT-33 data (References 5 and 12), frequency response envelopes

were derived. Each pair of configurations consisted of an unaugmented,

low-order airplane response and a high-order system formed by adding

terms to the low-order response; Figure 6 shows the envelopes that were

derived. Some guidance is available from these envelopes, which are an

approximate measure of "maximum unnoticeable added dynamics." * As would

be expected, the pilots were most sensitive to changes in the dynamics

in the region of crossover (1-4 rad/sec). Mismatches between the HOS

and LOES in excess of the values shown in the Figure 6 envelopes would

be cause to suspect that the equivalent parameters may not accurately

predict pilot opinion. In such cases it is recommended that the band-

width criterion of Pars. 3.2.1.2 also be checked.

Additional comments on the use of lower-order equivalent systems may

be found in References 92 and 158.

The influence of mid-frequency added dynamics on LOES was discussed

in Reference 158, where it was shown that a series of (possibly unreal-

istic) lead/lag combinations evaluated in the Neal-Smith in-flight

*The basic aircraft dynamics were modified via equalization net-
works. Modifications that resulted in 1 pilot rating change were
defined as "maximum unnoticeable added dynamics."
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simulation (Reference 12) produces LOES parameters which are not neces-

sarily equivalent to their classical counterparts. Of the 51 configura-

tions flown in the Neal-Smith program, 41 were either unaugmented or

included only lags (first- or second-order). The flying qualities of

about two-thirds of these are correctly predicted by the requirements.

The remaining ten configurations had combination lead/lag dynamics, and

only five of these are predicted accurately. For the five that failed,

the equivalent dynamics (ce, We, Te) predicted Level I flying qualities

but they were rated Level 2 by the pilots. Table 5 lists the dynamics

of the HOS and LOES for these configurations.

Review of Table 5 reveals some interesting similarities in the low-

order equivalent systems. With the exception of Configuration IC, all

have Ce < 0.5 (though still greater than 0.35). Three have Te - 0. All

but IC have a first-order lag near the short-period frequency; IC has a

first-order lead near wsp"

TABLE 5 (3.2.1.1). LEAD/LAG CONFIGURATIONS WITH LEVEL I LOES
AND LEVEL 2 PILOT RATINGS

PILOT
HOS LOES RATINGS

CONF. - . ...... .

I/T6 2  sp (asp I/TI I/T 2  w 3  ;e We T e M W

IA 1.25 0.69 12.2 0.5 2.0 63. 0.39 3.14 0 6,4 5

IC 1.25 0.69 2.2 2.0 5.0 16. 0.67 3.02 0.079 3.5,5 4

2A 1.25 0.70 4.9 2.0 5.0 63. 0.46 5.96 0 4.5 4

2B 1.25 0.7014.9 2.0 5.0 16. 0.42 5.67 0.059 6,6 4,5

7A 2.5 0.7917.3 3.3 8.0 63. 0.44 8.23 0 4,5 2

NOTES: I. HOS from Neal-Smith (Reference 12); LOES from MCAIR
(Reference 83)

2. Equivalent dynamics are Level 1 using MIL-F-8785C
limits.
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Figures 7 and 8 more clearly show the effects of the added lead/lag

combinations on these configurations. In Figure 7 the Bode amplitude

asymptotes of the basic vehicle dynamics (1/T8 2, wsp) of Configura-

tions 1, 2, and 7 are sketched, and the added dynamics are shown in

broken lines. The first-order lead, in all cases, rotates the amplitude

ratio counterclockwise by 20 dB/decade at frequencies above the lead

frequency, while the first-order lag (near wp) serves to rotate the

amplitude ratio back. The net effect is an apparent "hump" around Wsp,

characterized in the LOES match by a low "equivalent" damping ratio

(Table 5). This occurs because the lower order form has no other way to

match a "hump" in the amplitude plot.

Similar effects are seen in the phase angle, Figure 8: the "humps"

appear as phase lead (since, for the basic configurations, te = 0). In

fact, Figure 8 shows that an LOES match over the frequency range of

0.1-10 rad/sec would produce Te < 0 (if negative time delays were

allowed) for Configurations 1A, 2A, and 7A. The small positive Te for

Configurations IC and 2B results from the relatively low-frequency

second-order lag (w3 ) for these cases, 16 rad/sec as opposed to

63 rad/sec.

There are two potential methods for dealing with lead/lag systems

like those of Table 5; unfortunately, neither is physically very appeal-

ing. And in each, there is an underlying question as to the universal-

ity of the equivalent systems approach.

a) Redefine Limits on Ce

As will be shown in "Supporting Data," a redefinition of the damping

ratio limits of MIL-F-8785C would improve correlations for the Neal-

Smith configurations. That is, if Cemin for Level I were increased from

0.35 to 0.50, four configurations in Table 5 would fit the requirements

(ignoring Configuration IC, for which none of this discussion is appli-

cable).

A change in the damping ratio requirements would mean that either:

a) we restrict unaugmented vehicles as well; this is not appealing
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since 1sPmin is very well-supported by flight test data for classical

aircraft; or b) we specify two sets of requirements -- one for unaug-

mented aircraft, and one for augmented aircraft. The latter is espe-

cially unattractive, since this is tacit admission that 4e is not

equivalent to Csp, and that "equivalent systems" is a misnomer. Addi-

tionally, it presents the problem of defining an augmented vs. unaug-

mented aircraft; e.g., should addition of a simple high-frequency stick

filter (whose only major effect is to increase Te, Figure 9) suddenly

mean that the aircraft must meet a more stringent damping requirement?

In fact, the problem with Confiburations IA, 2A, 2B and 7A is directly

traceable from pilot commentary to overabruptness and apparently has

nothing to do with damping ratio at all. Looking at the frequency

response plots in Figure 7, the "hump" at high frequency would indeed be

expected to lead to an abrupt response. However, the low-order form has

no provision for a hump in the amplitude without a correspondingly

low rsp" It seems unlikely that a flight control system designer would

ever suggest equalization that would produce such humps in the frequency

response. If for some unforeseen reason this should occur in the real

(not simulated) world, it is suggested that the bandwidth criterion be

utilized. Four of the five configurations of Table 5 fit the bandwidth

requirement [see Figure 8 (3.2.1.2)].

b. Redefine Te

As mentioned above, three of the four lOw-;e violators of Table 5

also have Te = 0. As Figure 8 suggests, a better LOES fit is obtained

for these three cases if Te is allowed to be less than zero. Specifi-

cally, negative time delays can be found in an LOES match to be as fol-

lows:

* Configuration IA - 'e - -0.004 sec

* Configuration 2A - Te = -0.008 sec

* Configuration 7A -- Te - -0.014 sec
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Figure 9 (3.2.1.1). Effect of First- and Second-Order Lags
on Equivalent Time Delay and Pilot Rating: LAHOS

Configurations (Reference 5)

The problem, clearly, is in interpreting the significance of nega-

tive time delay, or time lead. Physically, it might be considered to

represent a HOS which is too abrupt (i.e., if T < 0, the system responds

to an input T seconds before the input is made or has finite magnitude

at zero time) more or less in keeping with the above-noted pilot commen-

tary.

3. Phugoid Dynamics

The long-term or phugoid mode is usually easily identifiable as a

low-frequency lightly damped oscillation. When this is the case, it is
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reasonable to measure the damping ratio directly from the pitch rate or

airspeed time response to a pulse pitch control input and utilize the

result to check for compliance with Table 1. Equivalent system matches

over the low frequency range will not be necessary in these cases.

Additionally if the phugoid mode is suppressed by the flight control

system to the point where it cannot be identified, the requirements of

Table I are satisfied.

For compliance with Level 3, the time to double amplitude must be

obtained utilizing the perturbation values of pitch attitude (or air-

speed) away from trim.

F. DEMOSUATION OF COKPLIANCE

As the design progresses, analysis, simulation, and finally flight

test will be appropriate demonstration means.

1. Analysis

Construction of frequency responses for matching is conveniently

performed by linearizing the high-order system for all possible input

amplitudes, and matching the frequency response using the computer pro-

gram of Appendix A. The linearized high-order model is almost always

available because it is used in the design process. If it is not and,

for example, a flight control element is to be changed on an existing

system, and relinearization is not feasible, then fast Fourier analysis

of a nonlinear simulation model of the system works well (as discussed

below).

2. Simulation

Fast Fourier analysis of real-time or non-real-time simulations of

the aircraft is best performed using responses to a stick force input

with wide frequency content.

3. Flight Test

References 84, 93, 94, and 115 describe fast Fourier reduction of

flight data. Reference 93 describes AFFTC experience with the method.
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Reference 94 discusses use of an electronically generated frequency

sweep which worked adequately, and Reference 84 shows that FFT can work

adequately even when the test condition is theoretically least suited to

the method. Reference 115 shows a pilot-generated frequency sweep that

worked very wll. A typical frequency sweep and the resulting Bode plot

(for a direct side force control configuration from Ref. 115) are shown

in Figures 10 and 11, respectively. The instrumentation required to

obtain these data was minimal, consisting of a yaw rate gyro and a pedal

position transducer.

4. Piloting Aspects of Flight Test for Augmented Aircraft

Reference 84 discusses the piloting aspects of flight test for aug-

mented aircraft, from which the following is extracted:

Figure [12] illustrates a landing time history of a configura-
tion with 0.17 seconds actual delay in the longitudinal
command path. The landing is reasonably routine. Figure [13]

shows the same configuration, with the same pilot, on a dif-
ferent landing. A pilot induced oscillation, with virtual
loss of control, is evident. As discussed by Smith [Refer-
ence 91], a high rate of descent had developed which forced
the pilot to control the aircraft more urgently .... The pilot
awarded a rating of 5 presumably on the basis that the air-
craft had been landed routinely, with some deficiencies, on

two occasions, and control was almost lost on one landing due
to one of those momentary aberrations which afflict pilots for

reasons unknown.

The pilot in question proved himself during the simulation to
be adaptable to widely different dynamics, whereas the main

evaluation pilot in the same program, for example, registered
a more consistently progressive deterioration in rating as the

dynamic flying qualities parameters of the aircraft were de-
graded. The two pilots, though both highly skilled, therefore
demonstrated a contrast in piloting technique. This contrast
is significant because both adaptability and consistency are

qualities which are needed, and therefore commonly exhibited,
by many development test pilots. The adaptive technique, how-

ever, presents more of a challenge to the flying qualities
engineer. He must pay particular attention to pilot briefing
and to choice of piloting task.

Pilot Briefing - Augmented dynamics possess potential problems

which might not appear unless the pilot adheres to the proper-
ly chosen demanding task. Therefore, the briefing should
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encourage the pilot to tackle the task aggressively but real-
istically. If the pilot is not aware of Smith's discussion of
flying qualities "cliffs," the briefing should include it
[Reference 5]. The classic cliff example is the peculiarity
of lags in augmented dynamics, which can produce excellent
flying qualities in loosely defined tasks, but pilot-induced
oscillations in tightly-defined tasks. Therefore, the pilot
should be encouraged to demand much of the airplane.

Piloting Task - A demanding but realistic task must be flown
to expose potential flying qualities problems. An offset pre-
cision touchdown has proved very suitable for exploring longi-
tudinal landing dynamics, for example. However, this is not
necessarily the critical task for lateral dynamics. Task
selection is difficult because pilot's perceptions of diffi-
culty are sometimes misleading: the approach is commonly con-
sidered more difficult than flare and touchdown, for example,
whereas the touchdown phase can clearly be critical [Refer-
ence 5] .... There is an obvious need for operational realism in
tasks, though there is some evidence that deliberately unreal-
istic tasks such as handling qualities during tracking (HQDT),
might conveniently predict...difficulties in other more real-
istic tasks [Reference 112].

G. SUPPORTING DATA

The data base consists of airplanes with classical flying qualities

as well as highly augmented airplanes which are treated in this section

by reduction to lower-order equivalent systems. The supporting data for

classical airplanes and highly augmented airplanes are presented sepa-

rately in the following two subsections.

1. Supporting Data - Classical Airplanes

Most of the available data are for Category A Flight Phases only. A

small amount of Category C data is available, while data for Category B

are extremely sparse. There is a considerable amount of existing data

which do rcot support the boundaries in Figures 1 and 2 (see Reference

11). However, a close review of the data reveals that most of the scat-

ter was due to secondary effects. For example, in some cases the stick

force per g (Fs/n) was outside the Level I limits. In other cases

the tests were performed with an extremely low load factor limit

(nz  2.0 g), or with the short-period frequency near a wing structural
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mode. There is evidence in the references that in these cases the

extraneous factors may be influencing pilot ratings.

A careful review of References 9, 10, 22, 26, 28, and 95-102 was

undertaken to cull out inappropriate data. Those reports which were

complete enough to allow a thorough analysis of the test conditions and

results were reviewed in detail. Others were considered to raise too

many questions to be analyzed with confidence. (This is not meant to

imply that some of the reports are invalid, but that they were not com-

plete enough to gain sufficient insight into the causes for expected or

unexpected pilot ratings.)

In particular, valid and usable reports were those which contained

at least the following: 1) characteristics of short-period mode(s);

2) description of aircraft actuators, feel system, etc.; 3) description

of maneuvers; 4) flight conditions; 5) pilot opinion rating scales used;

and 6) pilot comments or discussion of pilot comments. The last factor

especially reduced the number of reports retained for analysis. Pilots'

descriptions of motions, responses, flight conditions, and control

forces were considered essential to justify any pilot ratings which were

inconsistent with other test data or with expectations.

References 22, 26, 95, 97, 100 and 101, all rather old, did not con-

tain sufficient pilot commentary, if any, to be useful in the above

rontext. In addition, high Mach number data in Reference 96 were not

used because pilots considered the attitude display of the aircraft (an

XB-70) to be inadequate when operating at high speeds. Low-n/ tests of

Reference 9 (n/a - 16.9 g/rad) were subject to a buffet-onset load fac-

tor limit of nz - 2 g -- low for evaluating a fighter-type aircraft. It

was also noted in Reference 9 (page 41) that:

Airplane sensitivity was more erratic k id diffi-
cult to control when the structural modes of the air-
plane were excited. The primary structural mode
excited was wing bending, which occurred at frequen-
cies between 17 and 21 rad/sec (2.7 to 3.3 cps).
These bending frequencies were observed in the oscil-
lograph record of a wing tip mounted accelerometer
and are a function of the fuel remaining in the tip
tanks. Both pilots commented on the varying degree of
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structural excitation that occurred when the airplane
undamped frequencies varied from approximately 8 to
11.5 rad/sec (approximately half the structural fre-
quencies). The erratic nature of the pilot ratings
and pilot-selected stick forces in this region are
also understandable. The pilots were obviously cor-
recting and interpreting sensivity due to structural
factors as well as the inherent airplane sensitivity.

Based on this evidence all data of References 9, 13, and 102 (which are

T-33-based experiments) with wsp > 8 rad/sec were deleted. Ratings data

from Reference 99 (taken in a B-26, simulating a fighter configuration)

showed greater scatter and overall better (lower) ratings than any of

the other reports. This led to an evaluation of the reference, and to

the conclusion that the tasks of Reference 99 were not sufficiently

demanding to provide a good basis for evaluation of closed-loop handling

qualities. Hence the data were not used.

In summary, References 9, 28, and 102 provided good short-period

data for Category A; Reference 96 contained the only Category B data;

References 10 and 98 contained Category C information.

a. Category A

1) Wsp vs. n/a Criterion

Figure 14 shows the short-period frequency boundaries for the Cate-

gory A Flight Phases. The applicable data (with Level I Fs/n) from

References 9, 28, and 102 are compared with the boundaries. These data

represent 52 separate wsp - n/n combinations flown and rated by six

pilots. Eight configurations which fell within the Level 1 boundaries

were rated Level 2 or worse. The boundaries correctly predicted pilot

ratings about 80 percent of the time - an adequate success rate given

the variability of flight tests and pilot ratings. Note that most of

the violations occur at large n/n (as at high speed).

The data in Figure 14 represent those cases for which sp and Fs/n

were within the present Level I boundaries. Therefore, the ratings

shown can be assumed to be due solely to short-period frequency and n/n

influences. For some experiments it could be argued that even Level 2

F /n should be plotted, since the pilots were allowed to select the
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optimum value. We have taken a somewhat conservative approach by elimi-

nating these data. Our reasoning was that Levels 2 and 3 are boundaries

for an off-nominal or failed state, and that pilots will not have a

chance to optimize Fs/n after a failure. It should be noted thaL Level

2 values of Fs/n are usually selected by pilots to account for a basic

flying quality deficiency. For example, a pilot would desire a very low

F./n after a failure which results in a statically unstable airframe,

requiring pulse-like control inputs.

Short-period damping boundaries are shown in Figure 15. Since this

criterion presents rsp as an independent parameter, it has been plotted

directly against pilot rating. The other variables (wsp, n/a, and

F s/n) are Level 1 values. The resulting data (48 individual ratings)

show definite trends in correlation with the boundaries. However,
several points for which damping is good ( sp - 0.67-0.74) are rated

Level 2 to 3. The low-damping data from Reference 9 suggest that the

cp lower limits could be reduced. Seven ratings are worse (higher in

value) than predicted, all occurring within the Level I bo~undaries; only

one is better than predicted.

Any possible interdependence between ;sp and ws2/(n/a) can be taken

into account by replotting the criterion boundaries on a grid of sp

vs. Ap/(n/a) as in Figure 16.

The authors of the 8785B BIUG (Reference 11) also noticed that

lower limits were too restrictive; however, they decided that since

most evaluations had been conducted in minimal turbulence the data-

supported limits would not account for effects of turbulence. Thus, the

limits of 8785B (Reference 13) were chosen, somewhat higher.

The upper w.p/(n/a) limits of 8785C (Reference 4) are difficult to

confirm based on the Figure 16 plot because the high-frequency (wsp > 8

rad/sec) data have been removed from the data base, as noted above.

Some of the data may be usable, however, since the structural bending

mode was reported to be most pronounced at low speed with a high fuel

load. For this Handbook all high-frequency data have been removed; and

time did not permit further review of the low-fuel and high-speed cases
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for possible suitability. Thus, a better analysis of the CAP upper

boundaries could perhaps be accomplished using any such valid data as

may exist in References 9, 28, and 102. In the meantime, the upper

boundary on wp/(n/a) has been retained.

2) wspTe 2 vs. Csp Criterion

Figure 17 shows the data used to support the requirements based on

WspTe2 and Csp" The damping limits are not supported by the pilot rat-

ings but are consistent with those shown in the previous discussion.

The absolute lower limits on wsp utilized in the wsp vs. n/a criterion

have been retained in the wspTe2 vs. ;sp requirement for the lack of any

better data. They are presented in a table in Figure 2a.

More work needs to be done to define the upper limits on wspTe2 for

Category A.

b. Category B

1) wsp vs. n/a Criterion

Applicable pilot ratings from Reference 96 (XB-70) are compared with

the wsp limits in Figure 18 and with the sp boundaries in Figure 19.

The data do not conflict with the boundaries, but there are not enough

data to judge the appropriateness of the criteria.

2) wspT 2 vs. p Criterion

Since there are insufficient data to propose boundaries, the Cate-

gory B limits have been made compatible with the Category A and C

limits, so wspTe2 - 1.0 for Level 1 and wspT02 = 0.58 for Level 2. Fig-

ure 20 illustrates the criterion, and compares the Reference 96 data.

c. Category C

1) Wsp vs. n/a Criterion

The Category C flight test data of References 10 and 98 (B-367-80

and T-33, respectively) are compared with the short-period frequency

requirements in Figure 21 and damping requirements in Figure 22.
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The frequency data fit the boundaries very veil, with a success rate

of about 81 percent. This is comparable to the 80 percent for the Cate-

gory A data, but there are far fever Category C ratings, over a much

smaller range of n/ct. Damping predictions are worse, 73 percent -

identical to that for Category A. The data support reduction in the

minimum spfor all levels, similar to those suggested by the Category A

data. However, as for the Category A datd, these tests were conducted

in minimal turbulence, so the MIL-F-8785C damping ratio limits have been

retained.•

2) wspTe 2 vs. C Criterion

Preliminary, straight-line boundaries of wspTe2 and s are shown
in Figure 23 (solid lines). The data fit these limits with a confidence

level of about 82 percent, so the boundaries seem to work well. An even
better fit is given by the dashed lines in Figure 23, which correlate
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7

with more than 90 percent of the ratings. Note that these latter bound-

aries tend to eliminate combinations of low damping and low frequency.

We have therefore elected to set the criterion boundaries based on the

dashed lines in Figure 23. The minimum levels of wsp (independent of

WspT0 2) have been taken directly from the wsp vs. n/a criterion and are

presented in a table in Figure 2c. The minimum levels of I/T0 2 are

based on the n/a limits in Figure Ic by assuming an approach speed of

135 kt and noting that l/T0 2 L (g/V)(n/a).

2. Supporting Data - Augmented Airplanes

Feedbacks, crossfeeds, and feedforwards utilized for modification of

aircraft response characteristics frequently result in higher-order non-

classical control input transfer functions. At present there is no uni-

versally accepted method to evaluate higher-order system (HOS) effects

on flying qualities. The first attempt to account for HOS effects in a

specification (MIL-F-8785C, Reference 4) was the insertion of the word

"equivalent" for classical short-period damping and frequency require-

ments, as well as addition of a maximum phase lag on the nzpilot /Fs fre-

quency response and inclusion of an allowable response time delay. Ref-

erence 80 analyzed a configuration whose flight control system shifted

the short-period mode to a new location which was within Level 1. How-

ever, a low-order match to the high-order response indicated a sluggish

system with an effective frequency well below the high-order root, which

in fact was identical to the unaugmented short-period mode.

The variable-stability NT-33 results of DiFranco (Reference 103) and

Neal and Smith (Reference 12) also clearly show that identifying a

single mode from a high-order response is unsuitable.

In this section, HOS and LOES will be examined and compared with the

specification boundaries of Figure 1. The sources of the HOS data are

two Calspan research efforts, by Neal and Smith (Reference 12) for Cate-

gory A flight phases and by Smith (Reference 5) for Category C.
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a. Neal-Smith Data (Reference 12)

The in-flight NT-33 experiments conducted by Neal and Smith repre-

sent a first look at generic variations typical of highly augmented

aircraft. For evaluation of HOS characteristics and criteria, 51

separate FCS/short-period configurations were flown on the USAF/Calspan

NT-33. Of these, some require qualifications: tests conducted at

250 kt (n/a 6 18.5) were limited to a load factor of 2.5 g, due to

buffet onset; Neal and Smith reported that the pilots did not fly these

tests as aggressively as they did the high-speed (350 kt) tests.

Figure 24 shows the equivalent dynamics of the 51 Neal-Smith config-

urations (from Reference 83) and corresponding Cooper-Harper ratings.

The frequency and damping ratio limits have been cross-plotted to facil-

itate presentation of the data. Figure 24a includes actual pilot rat-

ings for each pilot; for those cases which have Te < 0.1 (Level 1),

correlation is quite good. There is clearly a relationship between

Te and PR (Figure 24b), though the Te limits appear to be too lenient

since many of the configurations which are predicted to have Level 1

csp and wsp have higher (poorer) ratings than predicted by T e alone. In

Figure 24b only the mean pilot rating and standard deviation have been

plotted, to reduce the number of data points.

A point-by-point comparison of the LOES data in Figure 24 shows that

the flying qualities Levels are accurately predicted for about two-

thirds of the configurations. (This requires some liberal interpreta-

tion; e.g., if a PR change of one-half rating would improve correlation,

the configuration is assumed to fit the criterion. Such a PR variation

is well within the range of normal ratings variations.) This correla-

tion rate is not outstanding, but is close to that found for flying

qualities data in general (for example, the data used in Reference 11 to

define the sp and wsp boundaries of MIL-F-8785B). Several Level 2

rated configurations lie well within the Level I boundaries. However,

the four configurations with ;e a 0.4 indicate that if the damping

ratio lower limits were increased correlation would improve (see

"Guidance for Application"). This is in contradiction with the results
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of the previous section, where a decreased Csp limit would improve

correlation for classical aircraft.

Not surprisingly, the w5pT0 2 criterion does not correlate the Refer-

ence 12 data any better (Figure 25). Correlation would be improved if
the minimum damping for Level 1 were increased to 0.5 and if WspT 2

were increased to a value around 1.85. Both changes would be incompat-

ible with the data base for classical unaugmented aircraft. The incon-

sistency between the unaugmented and augmented airplane data base needs

to be further studied to determine if it is a fundamental characteristic

of equivalent systems (see "Guidance for Application" for specific exam-

ples). Until such analyses can be conducted, we have elected to utilize

the original MIL-F-8785C boundaries which are based on classical air-

plane data. However, for the purposes of guidance, according to the

data the equivalent frequency and damping for Level I augmented air-

planes should meet the following criteria for Category A flight condi-

tions.

2

WspTe2  ) 1.85 or 3.6 > ! > 0.37
sp 02n/cl

sp ), 0.50

b. LAHOS Data (Reference 5)

A systematic evaluation comparable to the Neal-Smith study was con-

ducted for HOS effects in landing approach (Category C). The Landing

Approach Higher Order System (LAHOS) study (Reference 5) provides a good

set of data for comparing LOES with Category C requirements.

2
Figure 26a compares LOES matches with wsp/(n/a), and the LAHOS data

are plotted against the allowable time delay (Te) requirements in Fig-

ure 26b. The LAHOS data correlate well with the boundaries. In fact,

the flying qualities of about 85 percent of the LAHOS configurations are

accurately predicted. The only area of poor correlation in Figure 26

involves those configurations which should have Level 1 flying quali-

ties, but are rated by the pilots as Level 2. This may be in part a
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function of the fidelity of the tests and the realism of the tasks: a

combination of instrument and visual approaches through touchdown and

landing, or with intentional go-around maneuvers. Most of the classical

data upon which the short-period requirements are based (see Refer-

ence 11) were generated for approach and go-around tasks only, seldom

including actual landing, which is normally the most critical area. The

LAHOS data may therefore be more representative of flying qualities in

the terminal phases of flight. Reference 5 discusses this at some

length.

One shortcoming of LAHOS is that the equivalent systems do not cover

a wide range of Csp and wsp (Figure 26a); these are Level 2 or worse for

only nine of the 46 configurations. LAHOS is primarily an exercise of

the re limits (Figure 26b). (This is not a shortcoming of the LOES

approach, but an artifact of the range of HOS evaluated in the LAHOS

program).

Not surprisingly, wspTe2 vs. ;sp is very similar (Figure 27). As

with the Category A data (Neal-Smith), considerable improvement in the

correlations would be possible by increasing the limit to 0.50 and

WspTe 2 to 1.85. There is one data point to suggest a possible increase

inw spTe 2 to 2.2.

3. Large Airplanes (Classes II and III)

There have been frequent suggestions by manufacturers of large air-

craft that the Level I lower requirements on wsp vs. n/a should be

lowered in the landing approach. Calspan, in Reference 104, did not

recommend this relaxation because data in the BIUG, Reference 11, and in

Calspan's proposal to modify MIL-F-8785B, Reference 59, substantiate the

original boundary quite well. Informal discussions with pilots of large

aircraft indicate that current large airplanes possess generally com-

fortable baudwidth for routine use. However, when the task difficulty

is increased due to weather conditions, for example, hard landings and

go-arounds are common. In view of the very demanding landing conditions

being imposed on large military aircraft such as the YC-14, YC-15, and

C-X, relaxation of the requirement seems imprudent until more substan-

tiating data become available.
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4. Level 3

An aperiodic divergence with a time to double amplitude of 6 sec is

allowed for Level 3 flying qualities. Substantiation for the require-

ment was given in Reference 122. The essence of that discussion is

repeated below.

In response to a pulse control input, stable aircraft reach new

steady values of a, h and V; unstable aircraft have the same initial

response, then diverge, as illustrated by Figure 28 (from Reference

178). For a supersonic transport design, impulse responses are shown

for various degrees of static instability as Cm(a) was varied. Also

shown is the response of a configuration having much more static insta-

bility, with time to double amplitude reduced by a pitch damper. Evalu-

ation pilots rated both of these configurations unacceptable, but termed

the latter's characteristics insidious. From Reference 179, commenting

on an F9F-2 airplane with static instability ameliorated by a pitch

damper to give about 6 seconds to double amplitude:

The rate of divergence of the airspeed was
scarcely noticeable to the pilots in normal fly-
ing. However, this degree of instability might
be objectionable for flight operations where
accurate control of airspeed is required.

From Reference 95, pilot tolerance of aperiodic instability is much

greater than of oscillatory instability (Figure 29). In that variable-

stability YF-86D evaluation, an aperiodic divergence was not considered

safe with less than 1 sec to double amplitude: "there was a dangerous

situation in that a short distraction of the pilot's attention could

allow the unstable vehicle to diverge to the point that it was difficult

to recover." For statically stable configurations "the unacceptable

boundary is close to the zero damping boundary over most of the fre-

quency range...in the very low-frequency and very high-frequency ranges

a small amount of positive damping is required to remain within the

acceptable region." Commenting on this different tolerance, Taylor and

Day (Reference 182) state:
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Figure 29. (3.2.1.1). Contours of Constant Pilot Opinion in
Statically Unstable Region; Constant Stick-to-Stabilizer

Gearing (Reference 95)

At the higher frequencies, the technique for
controlling the motion was not learned as
quickly.... Controlling the pure divergence in
the region of a static instability was more
natural and less tiring than controlling the
oscillatory airplane motions, inasmuch as the
pilot need only to counteract the angle-of-attack
divergence without leading the motion to sta-
bilize the aircraft.

The unchanged phugoid requirement, T 2 > 55 seconds for Le',el 3,

still limits the low-frequency tolerable oscillatory instability (the a,

q, and n z feedbacks used in these variable-stability airplanes would not

suppress the phugoid mode in the region of low short-period frequency
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and damping). Higher-frequency oscillatory instabilities are unlikely,

requiring considerable negative aerodynamic damping; the limit of

6 seconds to double amplitude would fit the Level 3 boundary of Refer-

ence 95 for 0 4 w < 6 rad/sec.

For aperiodic instability, Reference 180 shows that the boundary of

acceptability "for emergency condition" (Cooper 6.5) was insensitive to

the value of lift-curve slope, or 1/Te 2 or n/a, for positive lift-curve

slopes. This boundary value was 2 seconds to double amplitude.

Reference 181 demonstrates that at least at low speeds, the "short-

period" approximation can give a grossly incorrect value of T 2. The T2

obtained from the angle-of-attack trace matched the theoretical value

well when Cma was actually linear. References 178 and 181 both elabor-

ate on the range of values for time to double amplitude obtained by

different means: calculation from three-degree-of-freedom equations

and various simplifications, measurement from a, 0 or V responses.

Ma nonlinearities gave different results for nose-up and nose-down per-

turbations; of course the worst direction would govern, for all reason-

able magnitudes. Most of the evaluations gave some consideration to

turbulence. The Reference 181 baseline configuration had a Level 2

value of dy/dV, but zero values were included in the evaluation -- with

a little improvement in rating, but less noticeable in turbulence. The

evaluations considered both visual and instrument flight.

On the basis of all .ie considerations, 6 seconds to double ampli-

tude seems a reasonable, safe limit. Operators may be well advised to

give pilots of potentially unstable airplanes some flight simulator

experience with such instability. It should be noted that pitch atti-

tude and airspeed will double in amplitude (with respect to their trim

values) at approximately the same rate since ; gB. Hence the allow-

able divergence in attitude is the same as airspeed response to attitude

(Para. 3.4.1).

It is desirable, though impractical at this time, to make the allow-

able instability a function of time. Clearly an instability in cruise,

where it might be hours before a runway is available, could be very tir-

ing to the pilot.
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H. LESSONS LEARNED

Three major lessons have emerged from recent work on equivalent sys-

tems:

1) There are sufficient parameters in the equivalent system
models to allow correlation with flying qualities problems
of the very high-order systems which have so far been
designed for operational aircraft.

2) Of these equivalent parameters, large equivalent delays
are highly correlated with pilot-induced oscillation ten-
dencies.

3) Succumbing to the temptation to add complexity to the
flight control system can easily degrade, rather than
improve, the handling qualities.

The second lesson, though evident in the in-flight simulation data of

DiFranco, Neal and Smith, and LAHOS (References 103, 12, and 5 respec-

tively) has also been learned the hard way. The Tornado experience

described by Gibson in Reference 105 was discussed in Reference 106 as

follows:

[The Tornado description] is a rare example of a type of paper
that should be encouraged. In this paper the airplane
designer admits that his airplane, equipped though it is with
a full authority fly-by-wire flight control system, turned out
to have serious flying qualities problems that required solu-
tions. The example is rare not because problems occurred, but
because the designer was willing to report on the experience.
In fact, similar problems (pitch PIO in landing caused by con-
trol system phase shift and roll PlO caused by high roll con-
trol gain) have been expeLenced in highly augmented aircraft
designed in the USA such as the YF-17, YF-16, F-18, and Space
Shuttle.

In the Tornado example, the problem was related to excessive pitch

command gains and high-frequency filters (i.e., large Te). Richards

and Pilcher (Reference 107) give a frank discussion of PIOs (lateral in

this case) encountered when the demanding task of shipboard landing was

first evaluated with an early F-18 version containing excessive equiva-

lent delay.
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An important lesson learned from both the Tornado and F-18 experi-

ence is that the pilot-induced oscillations due to equivalent delay, or

phase shift, though pronounced, can be very isolated. Lateral PIOs

occurred in two of the 49 carrier landings performed with the F-18.

Considerable flight experience had been accumulated on the Tornado be-

fore the hard landing reported by Gibson.

Differences between ground-based simulation and in-flight character-

istics appear inherent in experience with the above aircraft. Presum-

ably all these aircraft were simulated on ground equipment during the

design, and their problems only appeared later in flight. The differ-

ences, seen in the early results of DiFranco (Reference 103) and Parrag

(Reference 108) have also been the subject of some recent study. Fig-

ure 30 illustrates some differences between pilot ratings for various

equivalent delays in various simulations. The figure is from Reference

84, which summarizes the lessons learned:

Pilot rating degradation due to equivalent delays is often far
more serious in flight than on a ground-based simulator....
Most of the data show a threshold in pilot rating degradation

due to delay followed by a fairly linear increase in the rat-
ing.

The Navion in-flight results References 109, 1101 form both
extremes of the data, i.e., producing the most immediate deg-

radation due to delay (for lateral dynamics) and also the
least ultimate degradation (for longitudinal dynamics).

The MCAIR ground-based data are similar to the F-8 low stress
landings of Berry, et al. [Reference 111]. The F-8 high
stress landing data closely approach the NT-33 longitudinal
landing data [References 5, 91] and the NT-33 lateral landing
data (References 82, 91]. A general trend of rating versus
delay can be inferred .... However, there is much to be learned
about lags and equivalent delay effects.

In the "Supporting Data" section an example of the value of equiva-

lent systems was shown for an augmented airplane. A more recent appli-

cation of LOES provides even stronger support. An emergency backup

control system, for the USAF AFTI/F-16 power approach and landing, was

designed with a pitch rate feedback to the horizontal tail. Figure 31

illustrates the control system, and shows the elWe transfer function for
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Figure 30 (3.2.1.1). Comparison of Equivalenlt Delay
Effects in Pitch or Roll Rate Response to Stick

Force for Different Simulations (from
Reference 84)
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Figure 31 (3.2.1.1). AFII/F-16 Independent Back-Up Pitch Rate
Feedback Block Diagram
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the unaugmented AFTI/F-16 in the power approach (129 kt, 13.2 deg a).

The feedback is intended to stabilize the short-period, which consists

of two first-order modes for the basic airplane. As Figure 32 shows,

the augmented airplane has two well-damped second-order modes, and the
"short-period" mode (resulting from the coupled pitch rate lag and

1/Tsp 2) is well within Level 1 limits for damping ratio and frequency.

However, when this system was simulated and flown on the USAF/

Calspan NT-33, it received Cooper-Harper pilot ratings of 8 and 9, and

was considered extremely sluggish with very heavy control forces.

An equivalent system match of the 6/Fs transfer function (aee

Figure 33) clearly shows why the airplane was Level 3: equivalent

"sp M 0.685 rad/sec (with n/a - 3.9) is on the boundary between Levels 2

and 3 on Figure Ic; and Te - 0.186 is Level 2 by Table 3. What appeared

to be an adequate augmentation (Figure 31) results in an airplane that

is not much better

h: A - G, N'. (-392)(136)[333,2281 + 2.08 K,(0)(0 3 2 )(.58 8 )(1.07)(4.6)

(0)(3.2)

S(0141 .85. 901.89, 2.551
(0)(3.2)

2.

1-

TLAG TLEAD

-2. -2. I -1. I II
- % , To To, TS ,

Figure 32 (3.2.1.1). AFTI/F-16 q + 6 e Feedback (IBU)
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(deg)

Figure 33 (3.2.1.1). APTI/F-16 0 + FS for IBU
(q + 6 e Closed)

than the basic P-16. Note that the equivalent short period is lover

than either w, or w2 in Figure 32 - an illustration of the fact that it

is incorrect to pick a "dominant root" to plot on the Figure 1 bound-

aries.

Poasible Modifiatons to CAP

As noted by Maschoff (Reference 268), the control anticipation para-

meter must be redefined for aircraft with effective time delay since

g(0) - 0 in this case. Following DiFranco (Reference 9), Bischoff

defines, on the basis of a unit step stick force Input, a more general

control anticipation parameter, CAP', as
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n - ZaxHOS (24)
flizS

where the maximum pitch acceleration, ;maxHOS , will occur sometime after

the force input as shown in Figure 34. CAP' is further extended to the

short period lower order equivalent system model by defining

CAP' weeS (25)e - n/a:e ( 6 LOES )t- e

where the first factor in parentheses is defined from the LOES pars-

meters. This factor alone does not give a good approximation to

CAP' because the short period LOES model will not generally be accu-

rate in the high frequency :egion which largely determines the initial

pitch acceleration history. Thus the second factor is required where

/ (aLOES) tie - A6 (from the LOES model) and MaxHos is determined numeri-

cally from the HOS response (such as in Figure 34).

C.O

e Mox
.5 HOS

0

0 I 2 3 4 5 6
Time (sec)

Figure 34 (3.2.1.1). Pitch Acceleration Response to a
Unit Step Force Input
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I

Reference 268 accounts for time delay explicitly by defining flying

qualities Levels in the CAP' - T plane, as shown in Figures 35 and 36.

The boundaries shown for each flying quality Level were defined by cor-

relations of data from DiFranco (Ref. 9), Neal and Smith (Ref. 12), and

the LAHOS study (Ref. 5). These boundaries do seem to correlate the

data slightly better than is achieved using the present requirement

based on CAP (compare Figures 24 and 26). However, the CAP; parameter

is subject to all the limitations for equivalent systems noted under

"Guidance for Application" in this section. Hence most of the points

that do not correlate with CAP or wspT02 will also be missed by CAP;,

and are missed by CAP'. The bandwidth specification of Para. 3.2.1.2

appears to do a somewhat better job than CAP'.
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3.2.1.2 Pitch axis bandwidth requirements

A REASON FOR RIEIUNI1I

A measure of the handling qualities of an aircraft is its stability

margin when operated in a closed-loop compensatory tracking task. The

maximum frequency at which such closed-loop tracking can take place

without threatening stability is referred to as "bandwidth" (wBW). It

follows that air,-raft capable of operating at a large value of bandwidth

will have superior performance when regulating against disturbances. A

bandwidth criterion is especially useful for highly augmented aircraft

where the response characteristics are non-classical in form (i.e., have

large mismatch in equivalent system fits). Although not restricted to

such cases, this requirement should be utilized when the mismatch be-

tween the lower-order and higher-order systems excee 7 the values

defined in Figure 6 (3.2.1.1). No assumption of pilot dynamics is

necessary in applying this requirement, since any such assumption would

simply shift the boundaries.

B. RELATID KIL-F-8785C RZQ(JMENT

None.

C. STATEMEE OF REUtIK AND RCONMED VALUES

3.2.1.2 Pitch axis bandwidth requirements. The bandwidth of the
open-loop pitch attitade response to pitch controller shall have the
following characteristics:

Recommended limits for the pitch attitude bandwidth are given as a

function of the parameter Tp (defined ia "Rationale Behind Requirement")

in Figure 1 for Categories A and C. No recommendations for Category B

are made at this time.

In addition, any long-period mode (corresponding to the classical

phugoid) should meet the equivalent phugoid requirements of 3.2.1.1.
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Figure 1 (3.2.1.2). Bandwidth Requirements
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3. I&TIONL BEHMED RBEMUJIIfT

The concept of using bandwidth is not new. A recent utilization of

bandwidth was in the Neal-Smith criterion (see Reference 12). This cri-

terion consists of an empirical plot of the closed-loop pitch attitude

resonance 16/ c max vs. pilot equalization for a piloted closure

designed to achieve a specified bandw'.dth. Experience with this cri-

terion has shown that the results can be sensitive to the selected value

of closed-loop bandwidth. The criterion developed herein utilizes the

maximum value of bandwidth achievable without threatening stability,

thereby removing the necessity for selecting a value for wBW a pri •

Another criterion utilizig bandwidth was suggested in Pr-

ence 141. This criterion also selected a fixed value of ban, Ath

(I rad/sec for power approach). It utilized the phase margin, 4
slope of the phase curve, d /dw, at the selected bandwidth freque as

correlating parameters. Again, experience has shown that the fixed

value of bandwidth limited application of the criterion.

Most, if not all, familiar handling quality metrics are, in fact,

related to bandwidth. However, these metrics tend to apply for classi-

cal aircraft which can be characterized by lower-order systems. For

example, the short-term pitch response of a classical aircraft is well

represented by the familiar short-period approximation

0 MFes (s + I/T8 2)()

Fes s(s2 + 2 spispS + w p)

It is easily shown for this (and similar) transfer function(s) that the

quality of closed-loop error regulation depends on the pilot's ability

to increase the short-period root (Nsp) without driving it into the

right half (unstable) plane. As illustrated by the generic sketches in

Figure 2 for an idealized pilot supplying only pure delay, aircraft with

low short-period damping (;sp), frequency (wsp), or both, tend to become

unstable at low values of frequency (compare Figures 2a and 2b). The
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Idealized Short Period
Pilot Airframe Dynamics

Fes MFes(S +T82 )e

s (s2 + 2 5 sp 6sp S + p

jW jW

iw C., "'W / sw I

T1 S T92

a) Low s. and wo b) Large s and ws,

Figure 2 (3.2.1.2). Simplified Pilot Vehicle Closure
for Pitch Control

aircraft of Figure 2 is represented as a simple short-period vehicle to

simplify the example; for real highly augmented aircraft, many more

roots are involved.

Consider the bandwidth frequency as occurring at some (for now)

arbitrary margin below the frequency of instability (see boxes on root

locus in Figure 2). It can be seen from Vigure 2 that u)BW depends

uniquely on wsp' 5 sp, I/Te 2, and 
T e . Hence, these familiar flying qual-

ity metrics are, in fact, a measure of bandwidth. Again we make the

point that bandwidth is not a new idea.

The present impetus for using wBW as a criterion evolved from

attempts to develop a flying quality specification for aircraft utiliz-

ing unconventional response modes with direct force controls (wings-

level turns, pitch pointing, etc.) (Reference 115). The infinite
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variety of responses that could occur due to coupling within and between

axes made it necessary to retreat to a more fundamental metric, which

turned out to be bandwidth. Strictly speaking, bandwidth in pitch

involves e/ec, a closed-loop describing function of pilot/vehicle

response. Here, however, there is no assumption about a pilot model,

and "bandwidth" is specified in terms of the aircraft-alone gain and

phase margins.

The bandwidth as defined for handling quality criterion purposes is

the frequency at which the phase margin is 45 deg or the gain margin is

6 dB, whichever frequency is lower (Figure 3). Referring to Figure 2,

this describes the pilot's ability to double his gain or to add a time

delay or phase lag without causing an instability. In order to apply

this definition, one first determines the frequency for neutral stabil-

ity from the phase portion of the Bode plot ( 180 ). The next step is

Bandwidth is the lesser of two frequencies WBWphass and wswn

Gin rncrgin

IFesd _

WeWgai n

w(rad/sec)-- ,

-

-200-
(deg)O

Figure 3 (3.2.1.2). Definition of Bandwidth Frequency, wBW
From Open Loop Frequency Response
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to note the frequency at which the phase margin is 45 deg (w135 ). This

is the bandwidth frequency as defined by phase, wg phase. Finally, note

the amplitude corresponding to Wi 80 and add 6 dB. Find the frequency

at which this value occurs on t' amplitude curve; call it wBWgain*

The bandwidth, wBW, is the lesser of wBWphas e  and BW gain* If

wBW -= 1Wgai, the system is said to be gain-margin limited; that is,

the aircraft is driven to neutral stability when the pilot increases his

gain by 6 dB (a factor of 2). Gain-margin-limited aircraft may have a

great deal of phase margin, *M' but increasing the gain slightly causes

H to decrease rapidly. Such systems are characterized by frequency

response amplitude plots that are flat, combined with phase plots that

roll off rapidly, such as shown in Figure 3.

Several sets of data were correlated with bandwidth using the above

definition. A typical result is shown in Figure 4 utilizing the data

from Reference 12. While there is a definite pilot rating trend with

WBW, the scatter for bandwidths between 2 and 6 rad/sec does not allow a

Sym Config

0 2

0 3
0 4

5 Single reliOe if
0 5 e ot ShotM

A 6

03 E

S4 to
a .

CL

~5 C>-

o0

0 2 4 6 8 10 12 14 16 18 20 22

Bondwidth,waw (rod/sec)

Figure 4 (3.2.1.2). Comparison of Neal-Smith Data (Ref. 12)
With Bandwidth (Mean Ratings)
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quantitative definition of flying quality levels. A detailed analysis

of the pilot/vehicle closure characteristics was made for Configura-

tions ID and 21. This was done to determine why these two configura-

tions with nearly equal wBw would have such a large difference in pilot

ratings (4 and 8 respectively). The detailed pilot/vehicle closures are

shown in Figures 5a and 5b. The value of bandwidth is seen to be about

the same for both cases. However, if the pilot were to track very

aggressively by further increasing his gain (to operate at frequencies

above wBW), Configuration iD would only be unstable for very high pilot

gains, whereas 21 would rapidly become unstable (compare the root loci

in Figures 5a and 5b). This behavior is predictable from the phase

curves. In particular, Configuration iD has a phase curve that rolls

off very gradually at large values of frequency, whereas the phase for

21 drops off rapidly as the frequency is increased above wBW. It is not

surprising that this case (21) received a poor pilot rating (PR - 8)

considering that attempts at aggressive tracking result in a closed-loop

divergence. Hence, we have evidence that the ability of the pilot to

attain good closed-loop regulation without threatening stability depends

not only on

1) The value of bandwidth, BW1'

but also on

2) The shape of the phase curve at frequencies above

WBW-

rapid rolloffs in phase are well represented by a pure time delay,

e- JWT. Accordingly, both of the key factors noted above will be

accounted for by plotting pilot rating data on a grid of WBW vs. T.

This is done for the Reference 12 data (which were plotted versus 4BW

alone in Figure 4) as shown in Figure 6. The scatter is seen to be con-

siderably reduced and the data are reasonably well separated into Level

1, 2, and 3 regions. The values of T used in this plot were obtained

from lower-order equivalent system fits of the higher-order system

171



Config. ID: (0.25) j

Fes~~~ ~ ~ ~ (0 9B22.[.77

Remains stable
for large values
of pilot gain

0*0

w~r w(rad /sec) 1i.oo

FsdB

Fes

(deg)

'Figure ';a (3.2.1.2). Level 1/2 System of Neal-Smith (iD):
wW= 2.7 rad/sec, Mean PR = 4.1

172



w3 iw

Config.21 - (.25) a,
Fes (0)2) [.70,4.91 [75,16]
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Figure 5b (3.2.1.2). Level 3 System of Neal-Smith (21);
wBW 2.5, Mean PR = 8.0
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Figure 6 (3.2.1.2). Correlation of Pilot Ratings with
wBW and Te (Ref. 12 Data)

4*transfer funictions (Reference 83). The lover-order equivalent system

form was:

Fs 92 + 2 ;e"wes e 2

The zero IT e2 was fixed at the aircraft value (see discussion in

3.2.1.1). But this criterion is intended to avoid the need for an

equivalent system match, so a workable and much simpler approach is to

note that the change in phase due to a time delay is a linear function

of frequency, i.e., to rw. To the extent that the rollof f in phase

beyond -180 deg can be attributed to T e in Eq. 2, we can est-mate TFe in

the vicinity of some frequency w, (and associated phase *)from:

'Fp 01 + 1800(3

-~ .. 3W (3)-- . - - - - -~



where "1 is some frequency greater than the frequency for neutral sta-

bility and the symbol Tp represents the estimate of Te- Correlations

between T e and Tp for the combined References 12 and 5 data resulted in

a correlation coefficient of 0.96. Thus, there is very good evidence

that T p can be used in place of Te in Figure 6, as will be shown in

"Supporting Data."

E. GUIDANCE FOR APPLICATION

WBW and Tp are easily obtained when the frequency responses are

available. However, the frequency responses themselves must be obtained

from analysis, simulation or flight test data -- as in the case of the

Reference 115 flight test of Direct Force Control modes. In that pro-

gram it was found that excellent frequency responses could be obtained

by Fast Fourier Transforming flight test data. In particular, pilot-

generated frequency sweeps worked very well. A typical frequency sweep

and the resulting Bode plot are shown in Figures 10 (3.2.1.1) and 11

(3.2.1.1), respectively. The instrumentation required to obtain this

data was minimal, consisting of a yaw rate gyro and a pedal position

transducer. Nonetheless, the data must be manipulated (via a Fast

Fourier Transform computer program), which is in a sense less desirable

than reading parameters off a time response.

Responses that are gain-margin-limited tend to have shelf-like amp-

litude plots as shown in Figure 7. With such systems a small increase

in pilot gain results in a large change in crossover frequency and a

corresponding rapid decrease in phase margin. The decrease in phase

margin becomes critical for attitude control when Tp is moderately large

(of order 0. 1 to 0.2). The two configurations shown in Figure 7 are

taken from the Reference 5 experiment. Applying the previously dis-

cussed definition of bandwidth, we find that both Configurations 5-6 and

w, was taken as twice the neutral stability frequency, i.e.,

WI 2w 18 0. Hence,

T - ( 2 18° + 1800)/(57.3 x 2w1 80 )
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Figure 7 (3.2.1.2). Large flifference In T~andwirith Due to Shelf
in Amplitude Plot Combined with Moderate Values of

T p (configurations of Reference 5)
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5-7 are gain-margin-limited. Both configurations suffer from the same

deficiency, i.e., moderate values of Te combined with a shelf-like amp-

litude curve that results in a very rapid decrease in phase margin with

small changes in pilot gain. However, the 6 dB limit selected to

define wBWgain does not "catch" Configuration 5-6. While this configu-

ration is correctly predicted to be Level 2 (PR - 6) on the basis of TpV

the value of wBW is in the Level 1 region. Had a slightly higher value

of gain margin been picked to define wBWP the bandwidths for Configura-

tions 5-6 and 5-7 would be approximately equal. However, because of

the nature of shelf-like frequency responses, there will always be a

case which can "fool" the criterion. An experienced handling qualities

engineer would immediately recognize the shelf-like shape and moderate

Tp as a significant deficiency. However, the purpose of a criterion is

to eliminate such judgment calls. Nonetheless, it is not expected that

this idiosyncrasy will result in problems with correlating or predicting

pilot rating data inasmuch as moderate (Level 2) values of Tp are

required to get misleading values of wBW (i.e., rapid phase rolloff in a

frequency region where the amplitude curve is flat must occur to get the

effect shown in Figure 7).

F. D MONSTRATION OF COMPLIANCE

The values of Tp and wBW required to demonstrate compliance with the

Figure 1 boundaries are obtained from open-loop frequency responses of

pitch attitude such as those shown in Figures 3, 5, and 7. These plots

may be obtained from analyses (Figure 5) or from Fourier-transformed

flight test or simulator data such as was shown in Figure 10 (3.2.1.1).

The Air Force Flight Test Center (AFFTC) has had considerable success in

Fourier transforming flight test data taken during operational tasks (as

opposed to specially tailored frequency sweeps). This saves flight test

time and allows configuration identification at the flight condition to

be utilized operationally.

If significant nonlinearities are present in the system, the open-

loop frequency response will depend on the size of the input used in the

identification process. When such nonlinearities are suspected, several
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frequency sweeps should be accomplished with different input magnitudes.

Data taken during operational tasks will implicitly account for non-

linear effects if technically good data can be obtained.

C. SUPPORTING DATA

The data from Neal-Smith (Reference 12) are compared with the band-

width Category A requirements in Figure 8. These results are reasonably

encouraging, though there are a number of Level 2 ratings at high values

of bandwidth. The abbreviated pilot comments (taken from References 12

and 160) indicate that abruptness and oversensitivity become a problem

when wBW is large. This was especially true of the Reference 160 pilot

ratings (given in parentheses in Figure 8). A possible boundary on WBW

is shown in Figure 8 to account for this problem. This boundary is

.25
Sym. Config.

Cooper-Harper Pilot Ratings I
sB-0 2

0 3
.20 ass to 0 4

LEVEL j 6
7578.5 990s7 8

.15 -, 0 13
rs ) a Pilot Ratings:

(s0 - Pilot M 0 Pilot W

.
:  

, 5,6 5.5
.I0 , C 5 }7,7(?,5) LEVEL 2

72J' 0 4 4 6.,4' Possible Upper Boundary to
35 4 4 0 Account For Excessive Abruptness

.05- 252 (7.61l 3.,4E O 4 C
.o "" 5 5 9,., A 5^, ,/ LEVEL I

2 4 "AIVt
35 3 1,2.54(:57 7,5.5(2,2,7 Ot-To Rspon.sin Ifl tioIy" "If Anthinn," T nAsso si..

6 4 5 25 4.5e 3- Al.t 54.5.5 ,, .A0  ".0 0 \ 5.n ,s., ,.. .
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0 2 4 6 8 10 12 14 20

Bandwidth, w (rod/see)

Figure 8 (3.2.1.2). Correlation of Pilot Ratings with wBW and p
for Neal-Smith Data (Category A) (Data from Reference 12,

Ratings in Parentheses from Reference 160)
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considered tentative because the issue of overresponsiveness is not com-

pletely understood at this time. A broader data base is felt to be

necessary to verify the results concerning an upper limit on w, so

this is indicated by a broken line on Figure 1.

The evaluetion maneuvers performed in the Neal-Smith study included

a pitch-bar tracking test but did not have an actual air-to-air tracking

task, and there is some suggestion of acceptance of abruptness when

tracking a target aircraft. For example, Configuration 13 in the Refer-

ence 12 experiments was rated 7 and 5.5 due to "excessive sensitivity."

However, in a follow-on experiment (Reference 160) with a target air-

craft, Configuration 13 was rated a 2 on two separate evaluations. At

first glance this would seem to be an idiosyncrasy of different pilots

in a different experiment. However, the target aircraft was removed

during a repeat experiment and the rating went from 2 back up to 7

(see 0 in Figure 8).

The data correlations in Figure 8 represent up-and-away flight and

are appropriate for generating boundaries for Category A. Data for

Category C (approach and landing) may be found in Reference 5. These

data are correlated with wBW and Tp in Figure 9. The upper boundary on

WBW for Level 1 is considered tentative for the reasons discussed above.

Tte bandwidth criterion was developed for highly augmented air-

planes, and the data shown in its support have been for high-order sys-

tems. Figures 10 and 11 compare bandwidths of classical (unaugmented)

airplanes with pilot ratings obtained in flight simulations. For Refer-

ences 9, 28, 101, and 102, the test vehicle was the USAF/Calspan T-33,

for which Tp V 0.07 sec (due to actuation and feel systems); T p for the

Reference 98 data, a Boeing 367-80, is not known but is assumed to be

about the same.

The classical-airplane data agree rather well with the Level 2 and 3

boundaries, but for both Categories A and C the Level I boundary of Fig-

ure I appears too stringent. (For example, in Category A flight, Figure

Ia does not allow Tip greater than about 0.06 sec for Level 1; therefore

all the Figure 9 data (for Tp 0.07) should be rated Level 2 or worse.
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The data, however, tend to support a Level 1 boundary at -= 4 rad/

sec, as shown by the dashed line. No rating worse than 4-1/2 was given

for WBW > 4.] The reasons for this disagreement have not been resolved,

though the tasks used for evaluation, as discussed in 3.2.1.1, may not

have been tight enough to promote pilot objections to response abrupt-

ness or to excessive time delays.

No supporting data are available at this time to establish Cate-

gory B boundaries.

Somewhat unstable configurations, with no bandwidth at all, can be

flown quite safely (see discussion of Level 3 requirements in "Support-

ing Data" for Para. 3.2.1.1). Therefore this bandwidth criterion is not

sensitive to statically unstable aircraft, and 3.2.1.1 should be

applied.

H. LESSONS LEARNED

In its application to direct force control modes, Reference 115, the

bandwidth criterion was found to work in areas where conventional cri-

teria are inappropriate. This is discussed in more detail in Para.

3.6.1.2, "Yaw axis bandwidth requirements."
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3.2.2 Pilot-Induced Pitch Oscillations

DISCUSSION

Two alternative requirements are presented for this paragraph. The

first, a new criterion based upon the PIO studies of Reference 235, is

given in Paragraph 3.2.2.1. It is the first specification attempt at

quantifying PIO proneness. The second requirement (Paragraph 3.2.2.2)

is a qualitative statement prohibiting PIO tendencies, taken intact from

MIL-F-8785C. It may be most useful for the procuring activity to spe-

cify adherence to the quantitative requirement of 3.2.2.1 during pre-

liminary analysis and design, and to apply the qualitative statement in

3.2.2.2 during simulation and flight testing.
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3.2.2.1 Pilot-induced pitch oscillations due to phase lag

A. &SoFU IRQU IURN

The purpose of this requirement is to insure that aggressive track-

Ing behavior will not result in instabilities of the closed-loop pilot/

aircraft system.

B. RELATED NIL-'-87.TC RK1IRZQUTI

None.

C. STATMIMIW MV R(WUMu ANr hID RC IDEMD VALUES

3.2.2.1 Pilot-induced pitch oscillations due to phase la. The
total phase angle by which normal acceleration measured at the pilot's
location lags the pilot's pitch control force input at a criterion fre-
quency, wR, must be less than

Recommended value: The specified phase angle should be less

than 180-14.3 wR in degrees where wR is in radian/second. The cri-

terion frequency wR is defined to be any frequency within the range

I <wR <. 10 rad/sec at which lightly damped (resonant) oscillations in

pitch attitude can result from turbulence inputs or from piloting con-

trol of the aircraft when used in the intended operational manner. This

requirement should be waived at the discretion of the procuring activity

for those flight conditions for which the ratio of normal acceleration

measured at the pilot's location to pitch rate, evaluated at the cri-

terion frequency, is less than 0.012 g/deg/sec.

D. RATIONALE BEHIND RI(QJUIIN

We are currently in somewhat of a quandary regarding a specific

requirement for PIO. It would, in fact, seem that the equivalent sys-

tems and bandwidth requirements (3.2.1.1, 3.2.1.2) as well as the tran-

sient Fs/n criterion (3.2.9.2) were specifically formulated to insure

that piloted closed-loop tracking in the pitch axis would be satis-

factory. Hence, this requirement seems redundant. However, it is
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included in this draft version of the proposed MIL Handbook for industry

review and comment.

The following discussion of the proposed criterion, originally pre-

sented in Reference 235, is taken from Reference 122.

The PIO theory of Reference 235 postulates that if the pitch loop is

resonant at frequency wR, then the pilot may at some time (which cannot

necessarily be predicted) attempt to control normal acceleration azp to

the exclusion or near exclusion of 0. According to Reference 235, a PIO

may occur when the normal-acceleration response nz(jw)/nze(jw) (the sub-

script e denotes the error sensed by the pilot) is "subjectively pre-

dictable": concentrated about some resonant frequency within the

pilot's bandwidth of control, with a magnitude there above a threshold

value. This situation may arise during pitch target tracking or as a

result of the pitching response to a large, abrupt control input, fail-

ure transient or gust. A pilot attempting to control normal accelera-

tion at that frequency will incite a PIO if no phase margin exists

there; that is, if the phase angle of the nz(jw)/nze (jw) transfer func-

tion is more negative than -180 deg at the resonant frequency. Using a

pure 0.25 sec time delay plus gain to model the pilot, the stated phase

requirement for the airplane is evolved. Violation of the phase cri-

terion implies that if the pilot switches to azp control, the accelera-

tion loop will be dynamically unstable and a PIO will be initiated.

This paragraph provides the flight control system engineer with a quan-

titative criterion for minimum required dynamic performance of feel and

control systems. The amplitude criterion of this paragraph is proposed

as a quantitative guide for preliminary identification in the design

process (airframe or flight control system) of those flight conditions

for which longitudinal PIO is probably not a realistic possibility. A

combined threshold is postulated of maximum acceptable rms pitch rate in

tracking and minimum az consciously felt by the pilot. More data should

be collected from in-flight simulation to establish the validity of this

response ratio; the number selected, 0.012 g/deg/sec, conforms to past

cases of longitudinal PIO (Reference 235). The frequency wR is, in dis-

guise, a closed-loop, pilot/vehicle parameter. Fortunately it is also a
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very physical parameter (pitch loop resonant frequency) that is readily

understood and accepted. No method is given in the proposed specifica-

tion for its selection; methods for doing so are contained in Reference

235. The frequency wR can be readily identified from flight test.

The existence of a significant resonance in closed-loop pitch atti-

tude control indicates that the pilot has closed the loop with very

little phase or gain margin. It is difficult to conceive how such

closures would occur on aircraft that meet the Level I equivalent system

or bandwidth boundaries (Paragraphs 3.2.1.1 and 3.2.1.2, respectively).

Z. GUIDANCE FOR APPLICATION

It would probably be an easy matter for SP0 engineers to ascertain

compliance with this paragraph without relying on pilot/vehicle analysis

methods. For example, wR and the specified phase lag can easily be

obtained from simulator or in-flight time histories. Nonetheless, ana-

lytical estimates can, and should, be made by the airframe manufacturer

as part of the design evolution.

F. DEIMONSTRATION OF COMPLIANCE

The user should refer to Chapters IV, V, and VI of Reference 235

when applying this requirement.

G. SUPPORTING DATA

Reference 235 illustrated several examples of PlO-prone aircraft.

One example is similar to the YF-17 as simulated on the USAF/Calspan

variable stability T-33. The e and az transfer functions are given as
azp

follows

0 Ke(2)(2.3)[.44, 11.]
F--5  

=  (0)[.89, 1.98][.7, 4.0)(5) ()

(I/T) + [s + (I/T)]; , I + [s 2 + 24ws + 2
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a z = Kaz (2)(2.3).08, 5.04j[.44, 11]

Fs  (.9)(5.)[.89, 1.98] [.7, 4] (2)

The following discussion is quoted from Reference 235.

Figure 1 is a Bode plot of the airplane's pitch attitude dynamics

O/Fs(Jw). If we assume that the crossover frequency will lie between

2-4 rad/sec, then it is clear that the aircraft dynamics are roughly of

the form X¢s2 in this region. As a rule, dynamics of this sort will

lead to lightly damped closed-loop oscillations and degraded pilot

opinion ratings. An inspection of the data base of Reference 238 and a

modicum of iteration suggest that a reasonable model for pilot dynamics

in pitch tracking would be

Y p(jw) - Kp(2.5Jw + 1)e
-*385jw

A Bode plot of the open-loop system dynamics YOL - Yp(6/F.) is also

shown in Figure I. Figure I indicates that the absolute maximum cross-

over frequency with this Yp (jw) is 3.3 rad/sec. Accordingly, w c - 2.9

was selected and is assumed to be consistent with what would be measured

in actual flight; this yields a small phase margin (about 16 deg).

Obviously, even small increases in pilot gain will rapidly degrade sys-

tem stability. This result appears to be consistent with the evaluation

pilots' comments about the poor pitch handling qualities of this config-

uration in flight tests (Reference 165).

The corresponding closed-loop dynamics 6/6c = YCL are shown in Fig-

ure I for wc - 2.9. Obviously, the closed-loop system is extremely

resonant at this condition. It is evident by inspection that the

resonant peak of 8/8c will dominate the azp power spectrum. The corre-

sponding damping ratio for this mode is approximately 0.03. Thus, by

the simplified criterion for subjective predictability, it must be con-

cluded that PIO cannot be ruled out on the basis of pitch control han-

dling qualities. The resonance frequency wR = 3.0 rad/sec for the given

Yp(jw). More pilot lead and higher gain would increase OR somewhat.
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Figure 1 (3.2.2.1). YF-17 Pitch Attitude Dynamics
(from Reference 235)

By the assessment rules of Reference 235, the analysis must now pro-

ceed to an investigation of stability of the azp + F loop when the

pilot's gain is adjusted to make wc - wR. The total azp P + system

phase (0) versus frequency is plotted in Figure 2 in accordance with the

rules of the PIO theory. The pilot time delay was assumed to be

0.25 seconds. At w - 3.0 we see that * - -205 deg, 180 + 0 - -25 deg

(the system phase margin), and we see that the acceleration closed loop

is unstable. Thus, longitudinal PIO can be initiated provided that the

pilot attempts to control azp
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Figure 2 (3.2.2.1). YF-17 Acceleration Control System

Dynamics (from Reference 235)

The ratio Iaz /e(3.Ojfl - 0.031 g/deg/sec. Thus, by present theory
zp

we would be justified in concluding that PlO would be likely with this

airplane and control system.

The actual normal acceleration dynamics simulated with the NT-33A

yield Iazp /(3.0j)l- 0.0213 g/deg/sec. This is about twice the cri-

terion value of 0.012; on that basis it can be concluded that errors in

the simulation of azp motion amplitude were probably of no consequence.

The PIO frequency and amplitude obtained with the NT-33A simulation

are unpublished. It is known from informal communication between the

writer of Reference 235 and Calspan staff members that the PIO frequency

occurred at approximately 1/2 cps. It may therefore be concluded that

this analysis (and, as a consequence, the present theory) is supported

by the flight test results.
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R. LESSONS LARNED

The example given in the "Supporting Data" showed that the criterion

successfully predicted a PIO. But what if we checked the pitch dynamics

against the equivalent systems or bandwidth criteria of Paragraphs

3.2.1.1 and 3.2.1.2? A lower-order equivalent system was not run for

the Equation 1 dynamics. However, defining the short-period damping as

0.89 (as is done in Reference 235) may not be appropriate considering

the significant number of higher-order modes that exist. The bandwidth

criterion can be checked directly from Figure I (6/F.) with the follow-

ing results:

WBW & 1.3 rad/sec

T f 0.16 sec

Plotting these values on Figure 1 (3.2.1.2) shows that the aircraft is

very close to the Level 3 region of the flying qualities boundary.

Hence, the conclusion that the aircraft is PIO prone is not surprising.

In fact, the resonant peak in JYCL I of Figure I is a direct consequence

of the above values of wBW and Tp. Nonetheless, it may be desirable to

retain the criteria to emphasize the notion that ap may well be a key

parameter for identifying PIO-prone aircraft. Also it may be possible

for a configuration to pass the lower-order equivalent system or band-

width criterion and be caught by the PIO criterion.
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3.2.2.2 Pilot-induced pitch oscillations - qualitative requirement

A. REASON FOR iEiUIREWm

There should be no tendercy toward closed-loop oscillations. Any

such tendency will destroy mission effectiveness and likely will be

dangerous. This paragraph is simply a qualitative statement to cover

the obvious undesirability of PIO tendencies. This requirement is con-

sidered as an alternative to 3.2.2.1.

B. REIATED MIL-F-8785C RE( lIRMU

3.2.2.3

C. STATEKENT OF RE(UIREUT

3.2.2.2 Pilot-induced pitch oscillations -- qualitative require-
ment. There shall be no tendency for pilot-induced oscillations, that
is, sustained or uncontrollable oscillations resulting from the efforts
of the pilot to control the aircraft. The pitch attitude response
dynamics of the airframe plus control system shall not change abruptly
with the motion amplitudes of pitch, pitch rate or normal acceleration
unless it can be shown that this will not result in a pilot-induced
oscillation.

D. RATIONALK BEHIND REQJIR3ENT

The qualitative requirement of MIL-F-8785C is retained in view of

uncertainties in the state of the art of flight control system design.

This paragraph is a tacit recognition of the complexity of the PIO prob-

lem and an admission that no detailed specification is, at this time, a

guarantee against building a PIO-prone airframe/flight-control-system

combination. The requirement precludes PIO, PIO tendeneies or general

handling qualities deficiencies resulting from amplitude-dependent

changes in aircraft dynamic response to pilot control inputs. These

effects can be of mechanical origin, e.g., bobweights coupled with

static friction, or due to saturation of elements within the automatic

control system. PIO has occurred in the T-38A, A-4D, and YF-12 due to

such abrupt changes.
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. GXIMEE FOR APPLICATION

This paragraph should be used to supplant the more quantitative, but

preliminary, requirement of 3.2.2.1 when piloted simulation or flight

testing are to be conducted.

F. DUONSTATION OF CaMPLIANCE

Pilot comments during flight testing will be the primary source of

compliance demonstration. P1O tendency is most liable to appear in the

most demanding tasks.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

A very good summary report on PI0s is given in Reference 225. The

following paragraphs from that reference discuss the causes of PIOs:

There are several ways of looking at the causes of a PIO.
One is to catalog all the PIO situations ever recorded,
including all the necessary subsystem details, etc., and then
to say that each combination of vehicle and subsystems when
combined with the pilot was the cause of a PIO. Another way
is to note that certain system phenomena, such as stick-force-
to-control-deflection hysteresis, often lead to PIO when other
conditions are right and can thus cause PIO. A third way, and
one which seems to transcend the difficulties of the previous
two, is to say that certain inherent human physical limita-
tions are the basic cause for any P1O. This is not to degrade
the human pilot's role but, instead, to emphasize it, because
it is unlikely that any black-box could be devised which is as
clever and effective in coping with unmanageable controlled
elements as a skilled pilot. Were it not for the pilot's ver-
satile gain adaptability, many flight conditions would be
unstable. But there is a limit to the rapidity with which the
human can adapt, and this can sometimes lead to a PIO.

When referred to the pilot, then, the basic causes of P1O
seem to fall into the following categories:
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I. Incomplete pilot equalization

a. Incomplete training

b. Inappropriate transfer of adaptation (i.e.,

carryover of improper techniques from

another aircraft)

2. Excessive demands on pilot adaptation

a. Required gain, lead, or lag lie outside the
range of normal capabilities

b. Rate of adaptation is too slow to preclude
oscillation

c. Inadequate capability to cope with system

nonlinearities

3. Limb-manipulator coupling

a. Impedance of neuromuscular system (including

limb) on control stick or pedals changes

feel system dynamics

b. Motion-induced limb force feedback (e.g.,
arm becomes a bobweight)

Table I, from Reference 225, lists some known PIO cases and their

causes for then-current (early 1960s) aircraft. The causes are equally

relevant for modern aircraft, and the lessons learned from the cases

listed are valuable in preventing PIOs. The reader is referred to

Reference 225 for additional information on PIOs.
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3.2.3 Residual Pitch Oscillations

A. REASON FOR RQUJIR RIT

The primary purpose of the requirement is to prevent limit cycles in

the control system or structural oscillations that might compromise tac-

tical effectiveness, cause pilot discomfort, etc.

B. RELATED KIL-F-8785C qIRiEmENT

3.2.2.1.3

C. STATEMENT OF RE(QJIRDM(EIW

3.2.3 Residual Pitch Oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the aircraft. For Levels 1
and 2, oscillations in normal acceleration at the pilot's station grea-
ter than ±0.02 g will be considered excessive for any Flight Phase.
These requirements shall apply with the pitch control fixed and with it
free.

D. RATIONALE BEHIND RSQUIR3(ENT

This requirement may be considered a relaxation of the requirement

in 3.2.1 for positive damping at all magnitudes of oscillation. Its

intent is to recognize thresholds below which damping is immaterial.

E. GUIDANCE FOR APPLICATION

None required.

1. DEMOIThATION OF %CWIPLIhUCE

Measurements of normal acceleration at pilot's station should be
made in the course of test flight to meet the other flying quality

requirements.
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C. SUPPORTING DATA

None.

H. LESSONS LEARNED

Allowable normal acceleration oscillations have been decreased to

±0.02 g from the ±0.05 g of MIL-F-8785C. This is based on flight test

experience with the B-i (Reference 253), which encountered limit cycle

oscillations during aerial refueling, subsonic and supersonic cruise. A

primary contributor was identified to be mechanical hysteresis in The

pitch system. According to Reference 253, "Flying qualities were ini-

tially undesirable due to this limit cycle." Normal acceleration tran-

sients in cruise :were about ±0.05 - 0.12 g, as Figure 1 shows. The

limit cycle was eliminated by installation of a mechanical shaker

(dither) vibrating at 20 Hz.
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Figure 1 (3.2.3). Effect of Dither on B-1 Limit
Cycle Oscillations (from Reference 253)
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3.2.4 Vertical Acceleration at Pilot Station

A. REASON PX RJQUIRf

The level of vertical acceleration response at the pilot station to

the pitch controller should not be objectionably large or of a confusing

nature in terms of the pilot's perception of pitch rate response to a

pitch controller input.

B. RELATED NIL-F-8785C uEJIR.3K

None.

C. STATUMWI OF izQUIiMW

3.2.4 Vertical Acceleration at Pilot Station. Vertical accelera-
tion at the pilot station due to pitch control inputs shall have the
following characteristics:

D. RATIONALE BEHIND RgE(JIRIMNT

This is a new requirement whose need is apparent, though insuffi-

cient information exists to formulate recommended criteria. Unusual

pilot locations can adversely affect handling qualities. A prominent

example is the Space Shuttle, where confusing acceleration cues played a

part in pilot-induced oscillations encountered during approach and land-

ing tests (Reference 241).

E. GUIDANCE FOR APPLICATION

F. DEKONSTtATION OF CXEPLIAUCE

G. SUPPORTING DATA

H. LESSONS LEARNED

There is not enough information available for these areas at this

time.
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3.2.5 Pitch Axis Response to Secondary Controllers

A. REASON FOR RIQ(UIUW

Operation of controllers intended for flight path or speed control

should not cause objectionable pitch response characteristics.

B. RLATED IIL-1-8785C REQUIREMENT

3.6.2

C. STATEMENT OF REQUIRMKNT

3.2.5 Pitch Axis Response to Secondary Controllers. The pitch
attitude response to a rapid change in secondary cockpit flight control
(throttle, DLC, etc.) shall not exceed the following: •

D. RATIONALE BEHIND RE(QJIRMCENT

This requirement is intended to prevent objectionable coupling be-

tween controllers designated for the regulation of airspeed or flight

path and pitch attitude. It is recognized that some coupling in the

right direction might actually be favorable. For example, a slight

nose-up response to an increase in throttle would improve the short-term

flight path response for STOL aircraft operating on the back side of the

power-required curve.

There is currently insufficient data to write a quantitative re-

quirement.

E. GUIDANCE FOR APPLICATION

F. DEMONSTATION OF CCHPLIAICE

G. SUPPORTING DATA

H. LESSONS LEARNED

Discussions for these areas should be added as data become avail-

able.
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3.2.6 (Reserved]

3.2.7 Pitch Axis Response to Other Inputs

3.2.7.1 Pitch axis response to auxiliary controls

A. REASON FOR RElJIROM'r

This requirement places a limit on the allowable pitch excursions

due to operation of auxiliary controls.

B. RELATED MIL--8785C RE(UIRW INT

3.6.3

C. STATEfENT (W REQIaEMEr

3.2.7.1 Pitch axis response to auxiliary controls. The maximum
allowable pitch response to any auxiliary control shall not exceed

D. NATIONALS BMlND ILQUIR(BW'

There is a limit to the amount of pitch excursions a pilot is will-

ing to accept when operating auxiliary controls. In this case, "aux-

iliary" refers to controls used for relatively open-loop operations.

This includes landing gear extension/retraction, thrust reversers,

flaps, etc. - devices which would primarily cause long-term trim

changes. There is not enough information available at this time to
recommend limits. However, such limits may be written in terms of the
control activity required to counter the disturbance or as an open-loop

response with controls free.

B. GUIDANCE FOL APPLICATION

F. DIONSURATION OF CXIMLIAMCK

G. SUPPORTING DATA

R. LESS=0 LEARMED

No information is available at this time.
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3.2.7.2 Pitch axis response to failures

A. U&SOE FOR iiQU DMu T

Even though an aircraft may be flyable in a failed condition, the

transient between the normal and failed state could result in further

flying quality degradation.

B. RELATED KIL-F-8785C REQJIlUETS

3.4.8, 3.4.9, 3.5.5.1

C. STATMUT OF REEJME=r AND RCONNENDED VALUES

3.2.7.2 Pitch axis response to failures

a) Closed-Loop: The pitch attitude motions following sudden
aircraft system or component failures shall be such that
dangerous conditions can be avoided by pilot corrective
action. A time delay of at least sec between the
failure and initiation of pilot corrective action shall be
incorporated when determining compliance. No single fail-
ure of any component or system shall result in Level 3
pitch-axis flying qualities; Special Failure States
(1.6.3) are excepted. The crew member concerned shall be
provided with immediate and easily interpreted indications
whenever failures occur that require or limit any flight
crew action or decision.

b) Open-Loop: With controls free, the aircraft motions due
to partial or complete failure of the augmentation system
shall not exceed the following limits: _ for
at least seconds following the failure.

Recommended values for the above requirements are as follows:

a) Minimum time delay: I second.

b) Transient motions (within first 2 seconds following fail-
ure):

Levels I and 2 (after failure): ±0.5 g incremental normal
acceleration at the pilot's station, except that neither
stall angle of attack nor structural limits shall be
exceeded. In addition, for Category A, vertical excur-
sions of 5 feet.
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Level 3 (after failure): No dangerous attitude or struc-
tural limit is reached, and no dangerous alteration of the
flight path results from which recovery is impossible.

D. R&TIONILK BMIND UglIt ZKJ r

Part a) of the requirement is taken directly from Paragraphs 3.4.8

and 3.4.9 of MIL-F-8785C except that a minimum value for time delay is

called out in place of stating that a "realistic time delay" shall be

incorporated. A recommended minimum value of 1 second is consistent

with Para. 3.3.9.3 in MIL-F-9490D. The FAA is more conservative with

hardover failures of autopilot servos, requiring 3 seconds before pilot

takeover is assumed. This time delay should include an interval between

the occurrence of the failure and the occurrence of a cue such as

acceleration, rate, or sound that will definitely indicate to the pilot

that a failure has occurred, plus an additional interval which repre-

sents the time required for the pilot to diagnose the situation and

initiate corrective action.

Part b) places quantitative limits on the attitude motions. These

limits were taken from Paragraph 3.5.5.1 of MIL-F-8785C. Although the

intent of the requirement is to insure "that dangerous flying qualities

never result," there may be some benefit to a noticeable transient after

a failure, or after transfer to an alternate control mode in order to

alert the pilot to the change. That possibility is left to the designer

without explicit direction to minimize transients.

The revision to MIL-F-8785C followed the recommendations of Refer-

ence 234. In particular, the authors noted that the allowable transient

levels of MIL-F-8785B were consistent with failure probability consider-

ations but not with flying qualities considerations. Level 2 had a

lower probability of occurrence than Level 1 and was permitted to have

larger transient responses; however, Level 2 is a poorer handling quali-

ties state and cannot as readily accept the larger responses. It was

felt that the values in MIL-F-8785C were representative of transients

which could be handled with Level I flying qualities. Conversely, the

low allowable transients of MIL-F-8785B were conducive to soft failures
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which could lead to catastrophic situations if undetected by the pilot.

This comnent applied to the B-58, in particular, and led General

Dynamics/Ft. Worth to suggest a minimum allowable transient (according

to Reference 234). This has not been incorporated into the Handbook,

but should be a consideration in the design process.

Z. MOUSUATION OF CMMFIAUCI

Worst-case flight conditions should be identified and tested. It is

expected that hardover failures occurring at Vmax and low altitude

(maximum dynamic pressure) will be most critical in terms of exceeding

the specified limits. As a minimum, Failure States (1.6.2) or Special

Failure States (1.6.3) must be tested. This must include engine fail-

ures.

P. SUPPORTING DATA

None available.

G. LJSSONS LEARN

As noted above, General Dynamics/Ft. Worth suggested a minimum

allowable transient to cue the pilot that a failure has occurred. This

was based on experience with the B-58.
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3.2.7.3 Pitch axis response to configuration or control mode change

A. REASON FOR REQUIREMENT

Pitch transients due to intentional mode switching must not be

excessive.

B. RELATED MIL-F-8785C REQUIREMENTS

3.5.6, 3.5.6.1.

C. STATEMENT OF REQUIREMENTS AND RECOMMENDED VALUES

3.2.7.3 Pitch axis response to configuration or control mode
change. The transient motions and trim changes resulting from the
intentional engagement or disengagement of any portion of the primary
flight control system by the pilot shall be such that dangerous flying
qualities never result. With controls free, the motion transients
resulting from these situations shall not exceed the following limits
for at least seconds following the transfer:
These requirements apply only for Aircraft Normal States (1.6.1).

Recommended values: Transient motions (within first 2 sec

following transfer):

Within the Operational Flight Envelope: ±0.05 g normal accel-

eration at the pilot's station.

Within the Service Flight Envelope: ±0.05 g at the pilot's
station.

D. RATIONALE BEHIND REQUIREMENT

Since the intent of a flight control system is to improve the air-

craft response characteristics - whether measured by improved flying

qualities or by increased mission effectiveness - any system which can

be chosen by the pilot should not cause noticeable transient motions.

There has been some speculation as to whether a small transient motion

is or is not desirable. The argument for an intentional transient is

that inadvertent pilot switching of autopilot modes is less likely if

accompanied by a noticeable transient motion. MIL-F-8785B allowed
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0.05 g normal acceleration. This was increased to 0.10 g in MIL-F-8785C

in an apparent effort to encourage designers to allow some noticeable

transient (see Reference 122). In the Background Information and User

Guide for 8785C (Reference 122) an accident was cited wherein the pilot

inadvertently bumped off the altitude hold mode (which automatically

disengaged when a small force was applied to the control column). The

flight recorder showed a 0.04 g transient which went unnoticed by the

crew, who were deeply involved in trying to lower a malfunctioning

landing gear. However, it is our contention that the undesirable

features of transient motions due to mode switching are significant.

Furthermore, a distracted crew would probably not notice a transient

considerably larger than 0.04 g, especially if there is any turbulence

at all. Therefore, we are recommending that the maximum allowable

transient of 0.05 g used in MIL-F-8785B be utilized in standards

developed from this Handbook.

G. GUIDANCE FOR APPLICATION
1

No specific guidance is offered except that tests should be con-

ducted at the most critical flight conditions.

F. DEMONSTRATION OF COMPLIANCE

Critical conditions will usually be the corners of the expected

operational envelopes (e.g., a SAS for power approach should be switched

at the highest and lowest expected airspeeds, at low altitudes).

Limited analytical and ground-based simulation may be used to supplement

actual flight testing, especially in the early stages of development.

But flight testing is ultimately required.

G. SUPPORTING DATA

None.

V. LESSONS LEARNED

None.
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3.2.7.4 Pitch aHis response to stores release

A. BEASON FOR REQUIREME

This requirement is included to insure that stores release will not

have an adverse effect on flying qualities.

B. REIATED KIL-F-8785C RQUTXIfIBT

3.4.6

C. STATDEKNT OF REi iIRMr

3.2.7.4 Pitch axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels 1 and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally per-
missible.

D. RATIOELA BEHIND THE REQUIIEWY

This paragraph is unchanged from MIL-F-8785C. It is a necessary

catch-all requirement. Because of the variety of possibilities, it must

be left qualitative.

E. GUIDANCE FOR APPLICATION

Evaluation of %his criterion should occur as a natural part of oper-

ational flight testing.

F. DIXOISTRATION OF COMPLIANCE

Operational flight test will be necessary for final demonstration.
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C. SUPPORTING DATA

None available.

He LESSONS LEARNED

None available.
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3.2.7.5 Pitch axis response to armament delivery

A. RKSON FOR RKEIIUmT

This requirement is included to insure that armament delivery will

not have an adverse effect on flying qualities that could impair mission

effectiveness.

B. RELATED MIL-F-8785C RKQUIRiENT

3.4.7

C. STAT ! 3 OF REUJIRUI

3.2.7.5 Pitch axis response to armament delivery. Operation of
movable parts such as bomb bay doors, cargo doors, armament pods,
refueling devices, and rescue equipment, or firing of weapons, release
of bombs, or delivery or pickup of cargo shall not cause buffet, trim
changes, or other characteristics which impair the tactical effective-
ness of the aircraft under any pertinent flight conditions. These
requirements shall be met for Levels I and 2.

D. RATIONALE BEHIND THE REqtIRMIFN

This paragraph has remained unchanged in .IL-F-8785C and in the MIL

Standard. The slight difference in tone between 3.2.7.5 and 3.2.7.4 is

the result of design and operational experience.

E. WIVANEE FOR APPLICATION

This requirement is similar to 3.2.7.4.

F. DEMONSATION OF CIPLIABCE

Operational flight test should be required.
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9. SUPPORTING DATA

Nonle available.

B. LESSON LEARNED

None available.
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3.2.7.6 Buffet

A. REASON FOR REQUIRMENT

The intent of this requirement is to prevent the occurrence of

objectionable levels of buffet in the course of operational flight.

B. RELATED MIL-F-8785C RE(QIRMEW

3.4.5

C. STATHEEN OF REQUIREMENT

3.2.7.6 Buffet. Within the boundaries of the Operational Flight
Envelope, there shall be no objectionable buffet which might detract

from the effectiveness of the aircraft in executing its intended mis-
s ions.•

D. RATIONALE BEHIND REQUIREMENT

It is not entirely clear whether this response occurs in heave or

pitch, or both. It has been included here since buffet usually repre-

sents a pitch controller cue to the pilot. A requirement on buffet must

be qualitative because of the varied sources of, and pilot opinions on,

buffeting. For a fighter pilot, buffet may be defined (Reference 236)

as "a vibration which is perceptible to the pilot to a degree that

intrudes into his concentration on his manoeuvring task and may inter-

fere with the precision of his control." In this regard, the cause of

the buffeting is unimportant.

E. GUIDAJNE FOR APPLICATION

Clearly, in those cases where buffet is a signal to the pilot of

approach to a dangerous flight condition (3.1.7.1), some buffet is

desirable. Reference 236 contains a concise discussion on buffet and

offers some guidelines on the acceptability of various buffet levels:

To the fighter pilot %to knows his aircraft, buffet onset
is a valuable source of information in moments of intense
activity when he is not able to refer to his flight instru-
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ments. Of the many different buffet level criteria to be
found...the following is a summary which smooths out the vari-
ations. The "g" values quoted are (maximum excursions about
trim:]

Onset ±.035 to .1 gz perception depends on workload/

normal g

Light t.1 to .2 gz definitely perceptible

Moderate ±.2 to .6 gz annoying

Severe k.6 to 1.0 gz intolerable for more than a few
seconds

Provided that there are no other effects such as loss of
full control or random aircraft motions, light buffet usually
had no adverse effect on manoeuvring, either coarsely or pre-
cisely. !he average fighter pilot is so used to flying in
this region that he may not even comment on it at the lower
amplitudes. He will however feel annoyance and frustration
when the buffet characteristics reach the level where his
ability to track his target is affected; other effects on his
performance may result from the arm mass feedback to the stick
and his ability to see the target or his cockpit controls and
instruments. At the intolerable level the motion becomes
physically punishing, and full control is not possible as a
result of the effect of the buffet on the pilot himself.

The significance of buffet in air combat depends upon the
task. If flight in buffet gives a performance improvement
then pilots will use this region during the tactical phase of
combat. Tracking will also take place at quite high buffet
levels, even with guns; but when the low frequency, high amp-
litude "bouncing" buffet occurs then there is no further
advantage to be gained from operating in this region.

F. DIKONSUATION OF CMIPLIANCE

Flight testing at elevated angles of attack and load factors will

reveal any buffeting tendencies. A windup turn maneuver while tracking

a target can be especially useful in identifying buffet regions. In

flight, buffet intensity rise can be measured with a wingtip accelero-

meter. Figure 1 (from Reference 237) illustrates methods of determining

the region of buffet intensity rise from (a) normalized rms values of

wingtip normal acceleration, and (b) estimations based on time history

data.
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Figure 1 (3.2.7.6). Buffet Intensity Rise Determination

(from Reference 237)
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Go SUhlPlTzwG DATA

None.

no LESSOM IARNED

None.
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3.2.8 Pitch Axis Control Power

3.2.8. 1 Pitch axis control power in unaccelerated fliht

A. REASON FR RJIRNIUKW

This requirement is intended to insure that the pilot can maintain

equilibrium flight throughout the flight envelope.

B. EIATED NIL-F-8785C REQUIRMW

3.2.3.1.

C. STAT Wrr OF REQUIR3UMT

3.2.8. 1 Pitch axis control power in unaccelerated flight. In
steady 1 g flight at all service altitudes, the attainment of all speeds
between VS and Vma x shall not be limited by the effectiveness of the
longitudinal control or controls.

D. RATIONALE BEHIND THIS RK(QIRMffT

Controllability at speeds down to the I g stall speed is generally

deemed necessary for safety of maneuvering aircraft such as the military

use. Vmax, the high-speed boundary of the Service Flight Envelope, must

be at least Vomax ; beyond that, it may be set by the contractor - who

then must deliver on his promise.

E. GUIDANCE FOR APPLICATION

It is important to explore all corners of the flight envelope. For

example, adequate pitch axis control during high-speed dives can be

critical due to combined aeroelastic and Mach number effects.

F. DW[ONSTRATION OF OCMPLIANCE

Operational flight test will reveal any deficiencies in pitch con-

trol power.
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6. SUPPORTING DATA

None required.

H. LKSSONS LZARNED

None.
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3.2.8.2 Pitch axis control power in maneuvering flight

A. REASON FOR REQUIRAMT

This requirement is included to insure that the pitch axis control-

ler is sufficiently powerful to produce an adequate range of load

factors for maneuvering.

B. RELATED MIL-F-8785C REQUIREMENT

3.2.3.2.

C. SATEGN OF REQUIREMENT AND RECOMMENDED VAUKS

3.2.8.2 Pitch axis control power in maneuvering flight. Within
the Operational Flight Envelope, it shall be possible to develop, by
use of the pitch control alone, the following range of load factors:

_ This maneuvering capability is required at constant
altitude at the I g trim speed and, with trim and throttle settings not
changed by the crew, over a range about the trim speed the lesser of *15
percent or *50 kt equivalent airspeed (except where limited by the
boundaries of the Operational Flight Envelope).

Recommended range of load factors:

Levels 1 and 2: no(-) to no(+)

Level 3i n = 0.5 g to the lower of:

a) no(+)

b) n = 2.0 for no(+) 4 3 g

0.5 [no (+) + 1] for n0 (+) > 3 g

D. RATIONALE BEHIND REQUIREMENT

The requirements for control effectiveness over a t15 percent range

about the trim speed assure that excessive amounts of pitch-surface-

fixed static stability or instability will not limit maneuver capability

unduly, for any possible mechanization of the trim system. Where pitch

control authority limits normal-acceleration capability, the requirement

at off-trim speeds often will be the designing consideration for pitch

control effectiveness.
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Z, GUIDANCE FOR APPLICATION

This requirement is restricted in application to the Operational

Flight Envelope with relaxed requirements for infrequent Failure States.

Outside the Operational Flight Envelope, whatever falls out of the

design is now acceptable, as long as the other control requirements are

met. The Level 3 requirement assures modest nose-down and nose-up con-

trol capability for stabilization as well as for altering equilibrium

and maneuvering.

F. DEMONSTRAION OF CONPLIANCE

Operational flight test should be required.

G. SUPPORTING DATA

None required.

H. LESSONS LEARNED

None available.
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3.2.8.3 Pitch axis control power in takeoff

A. 3*So FOR IRQUERIMKT

This requirement is intended to regulate against aircraft that

exhibit no apparent pitch response to commands during the takeoff roll

until the flying speed is reached (Vmin). These aircraft tend to "pop

off," resulting in overrotation and a necessity for immediate control

reversal to avoid stall.

B. RELATED NIL-F-8785C REQUIREMENT

3.2.3.3.

C. STATD=MT OF REQUIREMNT AND ECOMMED VALUES

3.2.8.3 Pitch axib control power in takeoff. The effectiveness of
the pitch control shall not restrict the takeoff performance of the air-
craft. Satisfactory takeoffs shall not be dependent upon use of the
trim controller during takeoff or on complicated control manipulation by
the pilot. It shall be possible to obtain and maintain the following
attitudes during the takeoff roll.

The recommended attitudes are as follows:

0 For nosewheel aircraft it should be possible to
obtain at 0.9 Vmin the pitch attitude that will
result in a liftoff at Vmin.

0 For tailwheel aircraft it should be possible to main-
tain any pitch attitude up to that for a level thrust
line at 0.5 VS for Class I aircraft and at VS for
Classes II, Ill, and IV.

These requirements should be met on hard surface runways. In the event

that the aircraft has a mission requirement for operation from unpre-

pared fields, these requirements should be specified to be met on such

fields.
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D. RATIONALE REI REQUIRSHRUT

This requirement is based on operational experience which has shown

that the ability to control pitch attitude to achieve the proper atti-

tude for liftoff before Vmi n 's necessary for acceptable flying quali-

ties.

K. GUIDANCE FOR APPLICATION

This requirement is more important for single-engine aircraft or any

multi-engine aircraft which have VMCA equal to or less than Vmin . For

multi-engine aircraft where VMCA > Vmin, the requirement could be

relaxed to 0.9 VMCA.

F. DEMONSTRATION OF COMPLIANCE

The ability to comply with this requirement should be obvious during

operational flight test. Special emphasis should be placed on short-

field takeoffs at the maximum forward center-of-gravity limit.

The requirement for takeoff from unprepared fields is included on

the basis of a rational analysis. All aircraft will have to operate

from hard-surface runways, and therefore hard surfaces were used as the

basic requirement. An increased coefficient of friction, however, such

as occurs with unprepared fields, increases the elevator effectiveness

required for nose-wheel aircraft but decreases the effectiveness

required of tail-wheel aircraft, as can be seen from the sketches in

Figure 1.

Assume first that the tails of both aircraft are adequately sized to

achieve the takeoff attitude on a hard-surfaced runway (low U). Then on

a soft runway (higher p), the increased rolling friction force gives a

nose-down pitching moment about the aircraft c.g. which helps lift a

tail wheel but hinders lifting a nose wheel. Nose-wheel lift-off speed

will increase monotonically with increasing v, approaching the speed for

takeoff in the ground attitude. But tail-wheel lift-off speed will

decrease with increasing p until just the application of takeoff thrust

will rotate the aircraft at zero speed. Then a different technique

would be required.
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Figure 1 (3.2.8.3). Dynamics of Takeoffs for Tailwheel
vs. Nosewbeel Aircraft
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C. SUPPORTING DATA

None required.

3. LESSONS LEARNED.

Single-engine propeller-driven airplanes with a T-tail have been

deficient in terms of nosewheel rotation prior to liftoff. As a result,

pilot acceptance is very poor. Takeoff performance over an obstacle has

been demonstrated to be considerably worse in one T-tail aircraft than

in an identical aircraft with a conventional horizontal tail. This has

been attributed to delayed liftoff due to inability to rotate to the

takeoff attitude prior to Vmin* The root cause of the problem lies in

the fact that the horizontal tail is out of the propeller wake. Multi-

engine airplanes which are not normally lifted off until VMCA (which is

usually above Vmin) do not have as strong a requirement for nose rota-

tion at 0.9 Vmin . As an indication, multi-engine airplanes with T-tails

have generally been found to be acceptable to pilots.

The requirement is important for turbojet aircraft where relatively

large pitch attitudes are required for liftoff.
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3.2.8.4 Pitch axis control power in landing

A. REASON FOR REQUIREME

This requirement insures that the aircraft can be pitched up suffi-

ciently, in ground effect, to achieve the guaranteed minimum landing

speed. It also insures that the nosewheel or tailwheel can be gently

lowered to the ground during landing rollout.

B. RELATED MIL-F-8785C REQUIRRMT

3.2.3.4.

C. STATEMENT OF REQUIRMENT

3.2.8.4 Pitch axis control power in landing. The pitch control

shall be sufficiently effective in the landing Flight Phase in close
proximity to the ground so that

It is recommended that the following requirements be placed on pitch

control during landing flare and rollout with the aircraft trimmed for

the minimum recommended approach speed not to exceed 1.3 Vs(L):

0 The geometry limited touchdown attitude can be
achieved at touchdown.

* The guaranteed minimum landing speed [V mn(L)] can be

achieved when flaring from shallow (y -30) and

steep (y -6o) approaches.

* The nosewheel can be gently lowered to the ground at
speeds down to 0.9 Vmin (L).

0 Fur tailwheel aircraft, the tailwheel can be gently
lowered to the ground at 0.5 Vmin(L) for Class I and

0.75 Vmin(L) for Classes II, III, and IV.

D. RATIONALE BEHIND REQUIREMENT

This requirement is to insure adequate pitch control during flare

and rollout in ground effect. Elevator effectiveness can be severely

degraded in ground effect due to a decrease in downwash caused by

presence of the ground plane.
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A shallow approach is specified to eliminate the possibility of per-

forming most of the flare out of ground effect. Steep approaches a:e

also required as they tend to result in firmer touchdowns, making it

difficult to keep the nosewheel from slamming to the ground (at forward

c.g. flight conditions).

E. GUITBCKK FOR APPLICATION

No particular guidance is deemed required except to note that the

maximum forward c.g. (regardless of weight) defines the critical flight

condition.

F. DKKOWS7TATION OF CKPLIAUCE

Demonstration of compliance should be concentrated at the extreme

forward c.g. loadings.

G. SUPPORTING DATA

None required.

N. LKSSONS LEARNSD

The Mitsubishi MU-2 (a twin-engine turboprop) is well known for a

rapid pitchover immediately at touchdown. Service difficulties with

flight instruments and avionics are felt to be a result of the resulting

high shock environment.
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3.2.8.5 Pitch axis control power for other conditions

A. REASON FOR UIERi r

This catch-all specification is intended to assure adequate pitch

control power in any situation not already covered in the Standard.

B. RELATED NIL-F-8785C REizUIKRENr

3.4.10

C. STATIEENT OF REQJIRRMT

3.2.8.5 Pitch axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for all maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

D. RATIONALE BEHIND REQUIREMENT

The other paragraphs falling under 3.2.8, as well as 3.8.4 and

3.8.5, cover all normal, anticipated situations for pitch control power.

This paragraph is added to cover any unusual or unspecified conditions

that might be encountered in flight. Hinge moments affect actuator

rate, and can even limit control deflection. And they are hard to esti-

mate accurately. Without careful attention in design, these limitations

can result in unwanted feedback to the cockpit controls. Control prob-

lems are compounded on a surface used in more than one axis, e.g., col-

lective stabilizer for pitch, differential stabilizer for roll. At the

high dynamic pressure responsible for high hinge moments, aeroelasticity

may be a factor.
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E. GUIDANCE FOR APPLICATION

Due to its broad generality the requirement should be applied for

all phases of analysis, simulation, and flight test. Excessive stabil-

ity, as well as excessive instability of the basic airframe, is of con-

cern with respect to available control authority and rate.

F. DEMONSTRATION OF COMPLIANCE

Conditions which the procuring activity considers too dangerous to

investigate in flight should be investigated by analysis, model testing

and simulation as appropriate. For example, aircraft not required to be

designed structurally for spinning should not be spun, but models of

them might profitably be spun in free flight or a spin tunnel; certainly

wind-tunnel studies should investigate deep stall characteristics,

whether or not flight demonstration will proceed past a full stall. The

scope of analysis, simulation and testing needs careful consideration at

the outset of a program. Then the design must be monitored for possible

additional troubles with controllability, and any necessary changes made

in the demonstrating program.

It is not the intent of this requirement to add unreasonably to the

risk of a flight test program. It is the intent to assure that danger-

ous conditions are found before the aircraft gets into operational use.

G. SUPPORTING DATA

None required.

H. LESSONS LEARNED

None required.
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3.2.9 Pitch Axis Control Forces

DISCUSSION

This section contains the control force gradients and limits to be

applied to the pitch controller. As a word of introduction, several

points must be made which are applicable to all the force requirements

of this section:

* In general, the force requirements of MIL-F-8785C
are unchanged. This is due in part to lack of
good, valid test data to justify changes, even if
anecdotal information should suggest such a change
is warranted.

* The requirements should be considered to be strin-
gently applicable to male pilots only. There is
almost no available data for setting requirements
for female pilots; a limited amount of data,
reviewed below, suggests considerably lower limits
would be needed. This of course presents a
dilemma in setting limits for aircraft expected to
be routinely operated by both male and female
pilots.

* Maximum forces specified appear in most cases to
be quite large for weaker male pilots for continu-
ous operation.

* Effects of stick (or wheel) geometry and position
on maximum force capabilities are not explicitly
covered in any of the requirements, though it is
obvious that control location will affect maximuw
attainable forces. This can be seen in the dis-
cussion that follows.

In a review of past research, Lockenour (Reference 6) discussed the

effect of stick location on push and pull capabilities (Figure 1), and

the effect of upper arm angle on push and pull strength for the 5th and

95th percentile male (Figure 2). The data shown in these figures are

from Reference 256 for male Air Force personnel in the sitting position.

As described in Reference 6 these data show that:
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Figure 2 (3.2.9). Effect of Upper Arm Angle on Pull and Push Strength
for the 5th and 95th Percentile Male (Reference 256)

...one s maximum force capability is not symmetric
left and right and varies by about a factor of two for
forward and aft stick positions .... pull and push
strength differ significantly and...the 5th and 95th
percentile male strengths differ by as much as a fac-
tor of three .... Certainly a given stick force at the
grip will feel heavier to the pilot for aft stick
positions. Also one must be very careful in correlat-
ing the acceptability of stick forces for various air-
craft to include the effect of stick location and
maximum stick deflection. For instance, the F-5A
stick deflection is greater than that of the A-7D by
more than a factor of 2. This places the stick in a
different location in the cockpit for maximum deflec-
tion.

A more recent study, Reference 257, presents a comparison between

male and female strength characteristics for operating an aircraft con-

trol stick. Table I summarizes the percentiles for maximum forces

exerted by 61 men and 61 women on an aircraft control stick during a

4 second static exertion with the right hand only. The 5th percentile

values of men and women from these tests are also shown in Figure I for

comparison.
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TABLE 1 (3.2.9). MAXIMUM FORCES EXERTED ON AIRCRAFT CONTROL
STICK (LBS) BY MEN AND WOMEN (REFERENCE 257'

MEN WOMEN
CONTROL

STICK PERCENTILE PERCENTILE
DIRECT ION

5th 50th 95th 5th 50th 95th

Stick Forward 93 123 165 46 87 109
(Push)

Stick Back 64 85 106 48 52 64
(Pull)

It can be seen that the strength capabilities of men are greater

than that of women: i.e., the 95th percentile woman has approximately

the same performance as the 5th percentile man. As Reference 257

observes, the force limits in this Handbook "may not be consistent with

the capabilities of pilots."

Figure 3 shows data from Reference 256 illustrating the effect of

wheel angle on maximum push and pull capability for the 5th percentile

male. The data are again for male Air Force personnel, using the right

arm only; the wheel grips are 18 inches above the Seat Reference Point

(SRP) and 15 inches apart. Figure 3a shows the various wheel angles and

positions from the SRP. The greatest push and pull capability occurs at

the furthest position of the wheel where the pilots' entire arm is used.

This can be seen in Figure 3b where the push capability at 23-1/4 inches

from the SRP is approximately twice that obtained when the control wheel

is at it3 closest at 10-3/4 inchee from the SRP. Similarly the maximum

pull capability varies almost by a factor of 2 in Figure 3c depending on

the control wheel angle and position.

It must be stressed that these are maximum forces in single appli-

cations; clearly, continuous operation (such as would be expected in

meeting any of the force requirements in the MIL Standard) would produce

much lower maximum forces. In a discussion of some general principles
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Figure 3 (3.2.9). Effect of Arm Position and Wheel Angle on
Maximum Push and Pull Capability by the Right Arm for

the 5th Percentile Male (Reference 256)
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of control design, and one- vs. two-handed operations, Reference 256

states that:

For controls requiring single applications of force,
or short periods of continuous force, a reasonable
maximum resistance is half of the operator's greatest
strength. For controls operated continuously, or for
long periods, resistances should be much lower...
Controls requiring large forces should be operated
with two hands (which, for most controls, about
doubles the amount of force that can be applied)
depending on the control type and location and on the
kind and direction of movement as follows:

When two hands are used on a stick .... located
along the body midline, pull is generally almost
doubled. Push is doubled near the body but is only
slightly stronger at distances away from the body....

When two hands are used on stick .... controls
located on either side of the body midline, at or
beyond the shoulder, pull is approximately doubled,
push is not greatly increased except at close dis-
tances...
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3.2.9.1 Pitch axis control forces - steady-state control force per g

A. REASON FOR REQUIREMENTS

These requirements relate to the classical "stick-free" static

maneuvering stability (stick force per g, Fs/n) at approximately con-

stant speed. The basic premise is that Fs/n represents a necessary tac-

tile cue for elevated values of load factor. Low values of Fs/n result

in excessive sensitivity with a tendency toward exceeding the airplane

structural limits. High values lead to pilot fatigue during maneuvering.

B. RELATED MIL-F-8785C REQUIREMENTS

3.2.2.2, 3.2.2.2.1

C. STATEMENT OF REQUIREMENTS AND RECOMMENDED VALUES

3.2.9.1 Pitch axis control forces -- steady-state control force
per g.

a) Control Feel and Stability in Maneuvering Flight at Con-
stant Speed. In steady turning flight and in pullups and
pushovers at constant speed, for Levels 1 and 2 there
shall be no tendency for the aircraft pitch attitude or
angle of attack to diverge aperiodically with controls
fixed or with controls free. For the above conditions,
the incremental control force required to maintain a

change in normal load factor and pitch rate shall be in
the same sense (aft - more positive, forward - more nega-
tive) as those required to initiate the change. These
requirements apply for all local gradients throughout the
range of service load factors defined in 1.5.2.

b) Control Forces in Maneuvering Flight. At constant speed
in steady turning flight, pullups and pushovers, the
variations in pitch controller force with steady-state
normal acceleration shall have no objectionable non-
linearities within the following load factor ranges:

CLASS MIN. MAX.

1, It & III 0.5 0.5[no(+) + 1] or 3

IV 0 Lesser of Class I, II,

and III maximums
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Outside this range, a departure from linearity result-
ing in a local gradient which differs from the average
gradient for the maneuver by more than 50 percent is
considered excessive, except that larger increases in
force gradient are permissible at load factors grea-
ter than 0.85 nL .  The local force gradients shall be:

• In addition, Fs/n should be near the

Level 1 upper boundaries of these gradients for combina-
tions of high frequency and low damping. The term gra-
dient does not include that portion of the force versus n
curve within the breakout force.

For side stick controllers, the contractor shall show that
the control force gradients will produce suitable flying
qualities.

Recommended limits are given in Table 1.

D. RATIONhLK BEHIND RiXQUIRDIUTS

The requirements for control forces in maneuvering flight are

unchanged from MIL-F-8785C.

It was decided that the major differences in the desired maneuver-

ing forces between fighter aircraft and transports are due to the type

of controller, in addition to aircraft Class. The effects of aircraft

class (really a grouping of types of missions) seem to be adequately

described by limit load factor, through the K/(nL - 1) formulas of

MIL-F-8785C. In addition, however, there are several arguments for hav-

ing different maneuvering forces for centerstick and wheel controllers.

For example, the lower limits on maneuvering forces must be higher with

a wheel control because the pilot's arm is usually unsupported; whereas

the pilot has very good vernier control with a centerstick even with

light forces because his forearm is partially supported on his thigh.

In any case, pilots seem to agree that they cannot maintain the preci-

sion of control with a wheel that they can with a stick, and that the

maneuvering control forces should be higher for the wheel.

There is some evidence (References 3 and 24) that Fs/n at very low

n/a can or should be higher than at high n/a. This is possibly due to a

gradual change from concern with load factor and structural protection

at high n/a to concern with control of pitch attitude alone at low n/a.
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TABLE 1 (3.2.9.1). PITCH MANEUVERING FORCE GRADIENT LIMITS

a) Center Stick Controllers

LEVEL MAXIMUM GRADIENT MINIMUM GRADIENT(Fs/n) max' lb/g (F/n) min' lb/g

240/(n/a) The greater of

1 but not more than 28.0 21/(nL - 1)

nor less than 56/(nL-1) * and 3.0

360/(n/a) The greater of

2 but not more than 42.5 18/(n L - 1)

nor less than 85 /(nL-l) and 3.0

3 56.0 The greater of

12/(nL - 1)
and 2.0

•For nL < 3, (Fs/n)max is 28.0 for Level 1, 42.5 for Level 2.

b) Wheel Controllers

LEVEL MAXIMUM GRADIENT MINIMUM GRADIENT(Fs/n) max, Ib/g (Fs/n) min' Ib/g

500/(n/a) The greater of

1 but not more than 120.0 35/(nL - 1)

nor less than 120/(nL-l) and 6.0

775/(n/a) The greater of

2 but not more than 182.0 3 0/(nL - )

nor less than 182 /(nL-l) and 6.0

3 240.0 5.0
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Specification of forces in the form of limits on F./a at low n/% can be

accomplished by making the Fs/n limits vary inversely with n/a, as can

be seen from the following constant-speed relation:

Fs. F. n

On the basis of these considerations, the upper limits on Fs/n were

expressed in the form K/(n/a) at low n/a and K/(nL - 1) at high n/a,

with separate requirements for stick and wheel controllers. On the

basis of long experience with unpowered-control airplanes, which tend to

have Fs/n invariant with airspeed, the lower boundaries do not vary with

n/Cl.

However, there is some question as to the significance of the

References 3 and 24 tests. These references are discussed in detail

under "Supporting Data."

E. GUIDANCE FOR APPLICATION

To illustrate the use of the gradient limits of Table 1, Figures 1

and 2 show possible boundaries for two representative aircraft. Fig-

ure 1 is for a centerstick controller with nL - 7.0; Figure 2 is for a

wheel controller with nL - 3.0. Similar plots may be constructed for

any aircraft using the Table I formulas. However, such plots, while

representing the Table 1 suggested limits, do not convey the entire pic-

ture, as illustrated by the following considerations.

Effects of stick/wheel position on acceptability of Fs/n are not

covered by these requirements. But it seems intuitively obvious that

there must be an interrelationship of force and deflection gradients

with control location. See the discussion for 3.2.9 for more informa-

tion on this subject.

Another item for consideration is the allowance in Table I for con-

siderably higher values of Fs/n when n/ is low. The data found to both

support and refute the change in dependence from nL to n/ is discussed

in detail under "Supporting Data." However, in terms of applying the
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requirement at low speed this question is really academic. When operat-

ing in low-speed, high-angle-of-attack flight, the limiting factor may

be not the gradient but merely the maximum stick force at CLmax. For

example, Figure 3 (from Reference 7) illustrates the variation of F./n

with airspeed for the OV-10A aircraft. This variation is due to the

effects of the elevator spring tab. The gradients shown are well within

the Level 1 requirements of Table 1. However, as airspeed decreases,

maximum attainable load factor (n) also decreases. So the apparently

large and rapid change in Fs/n actually results in fairly constant maxi-

mum stick force at stall (Figure 4). Therefore, while the high-speed

criterion for specifying Fs/n is structural protection (nL), at low

speeds normal load factor will produce stall before nL is exceeded. It

follows that the incremental force between the trimmed airspeed and

stall (or at the boundary of the operational flight envelope) becomes

the important factor at speeds below "maneuvering speed" (VA). Maneu-

vering speed is, of course, defined when stall occurs at the limit load

factor (see Figure 3).

A more basic consideration relative to Table I is the complete

absence of a force gradient specification for sidestick controllers,

reflecting in part the limited data base. However, References 8 and 166

based on a series of flight tests conducted by students of the USAF Test

Pilot School at the Air Force Flight Test Center, Edwards AFB, give some

insight into preferred gradients. These data are plotted in Figure 5

and are based on an air-to-air tracking task. The test aircraft was the

USAF/Calspan variable stability T-33 with a T-38A utilized as the tar-

get. The pilot ratings shown are the average over three pilots, all

with fighter experience. An approximate Level 1 boundary is suggested

in Figure 5. En general, the Fs/n range is comparable to that of Table

1, i.e., 2-14 lb/g. The relatively weak frequency dependence may also

exist for centerstick controllers, although there are no data to support

this.

Note that the Fs/n gradients in Figure 5 are the initial values;

the mechanization was such that the slope at larger deflections was half

the initial slope. The :eakout forces were 1/2 lb. Reference 8 sug-

gests that the sidestick neutral position
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... be oriented so that in wings-level unaccelerated flight
the pilot need never move his wrist further aft than 5-70
forward of vertical to command maximum permissible load
factor ....

Available data would tend to support a neutral position of
100 to 170 forward of vertical and 80 to 120 left (in-
board) of vertical .... A pilot adjustable armrest is abso-
lutely mandatory, and its design can influence pilot
acceptability as much as any other parameter.

F. DEKONSTRATION OF COMPLIAUNCE

The following discussion is concerned with the flight testing

aspects of determining control force characteristics. However, at the

discretion of the procuring activity, a valid moving-base piloted simu-

lation may be used in proof-of-concept ctages.

There are several methods for obtaining the required control force

data. The best method to use depends primarily on the speed range under

consideration. A major factor in determining the appropriate method for

a given speed range is that load factor control gradients are defined

for constant speed. The method selected must therefore result in zero

or small speed changes with n, or at least include a means for eliminat-

ing the effects of any speed changes. At speeds where characteristics

vary significantly with Mach number, "speed" should be interpreted as

"Mach No" since that then is the primary pilot reference.

One method is to use a series of alternating symmetric pullups

and pushovers, sequenced so as to minimize the airspeed and altitude

changes. The control is held fixed after each input until the short-

term motion becomes steady state, and measurements are taken at a near-

level attitude. An alternate version of this method is to stabilize

the airplane holding various amounts of out-of-trim control force in

straight flight, then suddenly release the control and measure the

resulting normal acceleration increment.

Another method is to perform a series of stabilized tur-s after

trimming the aircraft in level flight. The load factor can be changed

by changlng the bank angle, and the airspeed held constant by using a
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different rate of descent for each load factor. The throttle and trim

controller should be left at their trim settings throughout the maneuver

to minimize the possibilty of introducing extraneous pitching moments.

The gradients obtained in this manner will not be quite as linear as

with the symmetric pullup method because of the difference in pitch rate

between pullups and turns (see, e.g., Reference 2). But, with the pos-

sible exception of a more stable slope near 1 g in the turns, the dif-

ferences are generally small enough to be within the measurement errors.

A third method that is sometimes used involves a windup turn.

After trimming in level flight, a turn of a certain number of g's is

initiated, and the speed is allowed to decrease slowly as the g-level

and altitude are held constant. The test is then repeated at several

other g-levels until the complete range is covered. In this way, con-

trol gradient data can be obtained rapidly for several speeds. Again,

the trimmer and throttle should be left at the trim settings and the

rate of change of airspeed controlled by changing the rate of descent.

The major disadvantage of this method is that it is less accurate be-

cause more careful pilot technique is required.

In general, the symmetric pullup method will work well at high

speeds, but the airspeed changes will be excessive if the method is used

at low speeds. On the other hand, the turn methods work well at low

speeds, but can cause excessive altitude changes at high speeds. Also,

it is impossible to obtain data for n less than 1.0 using turn methods.

G. SUPPORTING DATA

The data base for verifying control force requirements is sparse,

and limited entirely to Class IV airplanes. The most thorough data sets

are derived from USAF/Calspan T-33 flight tests in which pilots chose

optimum values of Fs/n for varying short-period characteristics. How-

ever, the useful information is basically a byproduct, since the intent

of these tests was the study of short-period frequency and damping. So,

while specific conditions can be found for which sp and w sp fell within

Level I boundaries, they were not held constant, and subsequent pilot

ratings could reflect an interrelationship of sp' wsp, and F /n. In
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addition, control force breakout may not have been within the Level I

limits of MIL-F-8785C for the tests; breakout is not documented in any

of the supporting references except in Reference 12, where it is

reported to be zero.

References 9 and 10 contain data used in Reference 11 to support

the Fs/n limits of MIL-F-8785B. More recent tests (References 5 and 12)

add to the data base for centerstick controllers. Reference 13 provides

some insight into requirements for wheel-type controllers.

Figure 6 compares values of "optimum" Fs/n from Reference 9 with

the requirements of Table 1. In this test program gradients were

selected before performing evaluation tasks, and were held constant

throughout each evaluation. The external parameters ( Wsp, sp, '/Te2,

Te) are all within Level I limits, but may vary widely. While there is

considerable scatter, pilot ratings increase (degrade) as Fs/n in-

creases. However, a much lower (Fs/n)max ( 6.5 for Level 1) than the

specification upper limit is indicated.

2 Cf Y oCAL AF
3 Pilot Pilot

0 C0 C n/a' 304

60 4. 0 Cf na 6 .5

-j 0
S5. 0 '

C
-6 E' 0

7 0 00

9-

I0 ... . . . . . .

0 2 4 6 8 10 12 14 16

Stick Force Grodient, Fs/n (b/g)

Figure 6 (3.2.9.1). Comparison of Optimum Fsln with Limits of
Table I (Reference 9, Category A; nL = 7
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Data from Reference 10 (for "front-side" and "bottom" operations

only) are shown in Figure 7. A much higher range of Fs/n was chosen for

these (Category C) tests - again, by the pilots at the start of each

evaluation. These data were used as aupport for the adoption of n/0s-

dependence on (F /n)Mx in Reference 11. However, the goal of the

experiments was again to investigate short-period dynamics and not Fs/n

influences, so there is no single "constant" in the data. In addition,

the task consisted of an instrument landing approach until 2 miles

from the runway; visual approach to the threshold; and wave-off at

25-100 ft. There is evidence (e.g., Reference 5) that requiring a full

approach through landing (wheels on runway) can produce quite different

results than with a waveoff and go-around. This may be the reason that,

of the 18 data points on Figure 7, only three have PR > 4 - generally

less scatter than one might expect. (This will become clear when the

Reference 5 data are introduced.)

The objective of the flight test program of Reference 12 was also

an analysis of effects of short-period variations (in this case, through

addition of higher-order lead/lag networks). Again, choice of "optimum"

Fs/n was up to the pilots, and was specified before the rest of the

evaluation task was performed. The data of Figure 8 are for only those

configurations where ;et we, 1/TEe, and Te are Level 1, based upon equi-

valent system matches and requirements. The data support the lower

limits, but again suggest a smaller upper limit. Generally, the pilot

ratings are Level 2 for Fs/n > 6 lb/g.

The LAHOS program of Reference 5 consisted of the most stringent

set of tasks flown. Pilots were required to: a) fly an instrument

approach to within 200 ft of the runway, followed by a visual landing;

b) fly two visual landings with an intentional offset on close final;

and c) land precisely at a marked location on the runway. These are

clearly tight tasks requiring aggressive control actions by the evalua-

tion pilots. A key difference between the Reference 5 program and that

of Reference 10 was pilot selection of F /n: initial selection was made

at the start of a run, but the gradient could be changed at any time

during the run at the pilot's request. The range of F /n chosen by the
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pilots (Figure 9) is similar to that of Figure 7. (As before, only

those data for which ;e' we, l/Toe and Te are Level I are shown.)

The pilot rating data of Figures 6, 7, 8, and 9 are compiled in

Figure 10. (For clarity, the ratings have been averaged over I lb/g

"slices" of Fs/n, to reduce the number of points shown. Standard devia-

tions are also indicated.) Very few "optimum" gradients less than

3 lb/g were chosen. The gradients chosen tend to coalesce around

3-7 lb/g -- except those for References 5 and 10, which are for Cate-

gory C operations. As discussed in "Guidance for Application," the real

issue at very low n/a may not be Fs/n anyway, but (Fs)max at stall.

At this point the only conclusion to be drawn from Figure 10 is

that there is a definite preference for low stick force gradients, be-

tween about 3 and 4 lb/g in Class IV airplanes. In addition, the over-

all range of selected gradients is small (except as noted above for

References 5 and 10), 4-12 lb/g. This of course could be a function of

other factors, such as short-period frequency and damping or stick dis-

placement or location.

The wheel-controller data, from Reference 28, are shown in Fig-

ure 11. Both fixed and pilot-selected gradients were tested on the

USAF/Calspan T-33, but there appear to be no rating differences. While

the data are sparse, they indicate mild support for the Table 1 upper

limit for Level 1. Within the Level 1 limits, 20 points out of 27 are

rated 3-1/2 or better; outside the upper limit, 5 out of 6 have ratings

greater than 3-1/2.

Two other data sources, References 3 and 24, were studied briefly

for any additional information on an n/a-dependence. Reference 3 is a

fixed-base simulator study utilizing a sidestick (modeled after the

X-15 sidestick) with nonlinear deflection characteristics. The tasks

generally were low-demand (including pilot-initiated disturbances) or

required flying through rough air. It is felt that pilot preference in

a fixed-base simulator may not reflect the real-world situation where

the pilot is more conscious of the potential of overstressing the air-

plane.
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Reference 24 involved simulation of the C-5A with a B-26 in-flight

* /simulator. Wheel travel was considered by the three evaluation pilots

to be excessive. As a result, pilot ratings for both the unaugmented

* I and augmented vehicle were poor, as summarized in the following conclu-

sion:

On the basis of the three-pilot sample as a whole, there
is little conclusive evidence as to the relative desir-
ability of the two stick forces per g evaluated..
•.Pilot A most clearly indicated the desirability of the
higher value (158 lb/g), particularly in the unaugmented
case. Pilot B felt that this value was a bit high, but
acceptable; Pilot C preferred the low value of 106 lb/g.

The bottom line of this discussion is: the supportive data neces-

sary to fully validate a set of requirements for Fs/n do not seem to

exist. It is felt that the requirements of Table 1, which are unchanged

from MIL-F-8785C and little changed from MIL-F-8785B, will serve as a

preliminary guide for coiatroller design since nothing better is avail-

able. Ult.imately a set of criteria might be devised in which displace-

ments, gradients, and locations of the controllers are all interdepen-

dent -- as they must be in real life.
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R. LESSONS LEARNED

Much of the available information on existing vehicles suggests

that the lower limits of Fs/n for wheel controllers may be too high. A

number of aircraft fail to meet the requirements; for some that do,

extended operations lead to pilot fatigue. For example, Figure 12 (from

Reference 14) summarizes elevator control force gradient characteristics

for the C-5A, C-141A, YC-141B, and the L-1011 for Category B at forward

and aft center of gravity conditions. This summary shows that the

L-1011 complies with the maximum and minimum control force gradient

requirements but that the C-5A and C-141A/YC-141B do not. The C-5A at

forward c.g. compares favorably with the Level 1 maximum values; how-

ever, the gradients at aft c.g. fall below the Level I and Level 2

boundaries. The C-141A/YC-141B data slightly exceed the Level I maximum

limit at forward c.g. Pilot comments for the C-141A/YC-141B support the

maximum boundary. However, C-5A comments do not support the aft c.g.

minimum boundary. The minimum boundary for Level 1 requirements appears

to be too high in this instance.

Results from simulation and flight tests of different stick force

gradients on the B-i bomber (Reference 15) are summarized in Table 2.

The pertinent findings were: 1) that a minimum Fs/n of 7-8 lb/g for

Level I was acceptable for an airplane with nL - 3 g [where, by Table 1,

(Fs/n)i a 10.5 lb/g] ; and b) that Fs/n as low as 17 lb/g was too high

for terrain-following flight, based upon pilot fatigue. The conclusions

suggest that acceptable values of Fs/n are task-dependent (or time-

dependent), though a relaxed lower limit alone might suffice. The

acceptability of both minimum and maximum value of Fs/n may be directly

related to workload: e.g., high gradients may be undesirable if the

pilot is required by the task to divert his attention or to track

tightly in the presence of atmospheric disturbances. Low gradients in

an emergency situation may lead to overcontrol.
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C-5A

CATGOY0 SYMBOL GROSS WEIGHT

LVL30 700,000 LBS
a 550,000 LBSLEVEL 2 0 480,000 LBS

100 LEVEL 1

50 0 ,LEVELI

LEVEL 2 PILOT COMMENTS DO NOT

10 SUPPORT LEVEL 2

5 -LEVEL 3

.0 j
1.0 10 100

C-141A & YC-141B

CATEGORY B SYMBOL ALTITUDE
S500

LEVL30 10,000OFT
z a 35,000 FT

LEVEL 2
~ 10 EVE 1PILOT COMMENTS SUPPORT

50

LEVEL I X

LEVEL 2
0
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0EE LSDCMOSATCG~OPEN SYMBOLS FORWARD C.G.

S1.0 J.pum
1.0 10 100

n/a - gA

L10 11
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500-1., 1-1SYMBOL ALTITUDE

LEVEL 3 .. 240 LB/g 0 20,OOOFT

10 .. LEVEL 2 182/n L-1 35,000 FT

L 3
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LLL

.010 100
n/a - 9sA

Figure 12 (3.2.9.1). Elevator Control Force Gradients for Transport
Aircraft (from Reference 14)
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TABLE 2 (3.2.9.1)

B-I EXPERIENCE WITH STICK FORCE GRADIENTS

(From Reference 15)

Consolidated pilot comments - based on flight simulator
tests

* 21 lb/g Level I minimum is too high for 2 g air-
craft.

* 7-8 lb/g Level I minimum is good design guide for
3 g aircraft.

* 3 lb/g minimum should be maintained for failure
modes

B-i terrain following flight pilot comments

* 17 lb/g too high based on fatigue:

- Meets nL = 3 requirements

- Below nL = 2 requirements

* Over rugged terrain - 10 minutes is tiring

* Composite terrain - 2 pilots sharing task

- Short task - 30 minutes

- Medium task - 1 hour

- Long task - 2 hours

Many Clas& I (general aviation) aircraft tend to fall around and

below the minimum Fs/n requirements. Figure 13 compares various air-

craft in landing configurations (gear and flaps extended) with the

wheel-controller requirements of Table I. The data were obtained from

References 16 and 254. Fs/n limits are drawn for nL = 3.8 (Federal

Aviation Regulations requirements for Normal category operations) and

nL = 2.0 (the limit specified for most of the aircraft in landing con-

figuration). With the single exception of the Cessna 177, none of the

aircraft of Figure 13 meet the nL = 2.0 (Fs/n)min requirement at aft

c.g. The seven-aircraft study of Reference 16 resulted in a range of

19 e Fs/n 45 lb/g for acceptable gradients for Normal category
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140 Note: FORWARD C.G,

nt = 2.0 Implies flaps are fully extended
nt.= 3.8 Implies flops retracted AFT CG. I

120 ////'///////////[/////// LEVEL I

nL=2.0

100-

8o-

S80LEVEL I

nL :3.8
o" T CESSNA
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i 0 60-

/T CESSNA

40 CESSNA T I"SATISFACTORY" 182

210 1 I(RE F. 16) LEVEL I
//////// L I77 .n L = 2.0

ITCESSNA
AERO I 15" GRUMMAN MOONEY

0--COMMANDER 0 . PIPER I M20K
20 (MID C.G.) PA 28"140 AAI
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///////////////// ////"n L =3.8
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0 - 1 1 1 I I
50 60 70 80 90 100
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Figure 13 (3.2.9.1). Comparison of F s/n for Various Class T
Aircraft in Landing Approach (Category C) with

Limits of Table I
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operations (see Figure 13). No information is available on what was

considered unsatisfactory, though 5 lb/g was considered to be too

light: "these low gradients allowed the limit load factor to be at-

tained too easily."
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3.2.9.2 Pitch axis control forces - transient control force per g

A. REASON FOR 1XQUIREKEW

This requirement accounts for the possibility that stick force per g

for high-frequency inputs may be reduced considerably below the steady-

state limits set in Para. 3.2.9.1. Such reduced values of Fs/n may lead

to pilot-induced oscillations. This requirement is intended to prevent

such an occurrence.

B. RELATED MIL-F-8785C REQUIREMENTS

3.2.2.3.1, 3.2.2.3.2.

C. STATMEN OF REQUIREMENT AND RECOM DED VALUES

3.2.9.2 Pitch axis control forces -- transient control force per g.
The buildup of control forces during maneuver entry must not lag the
buildup of normal acceleration at the pilot's location. In addition,
the frequency response of normal acceleration at the pilot station to
pitch control force input shall have the following characteristics:

The following values are recommended:

MINIMUM Fs/n AT ANY FREQUENCY
GREATER THAN I RAD/SEC

(Units are lb/g)

Level 1 Level 2 Level 3

One-handed controllers 14 12 8

30 2- 1 17

Two-handed controllers 30 25 17
nL - nL - nL -
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D. RATIONALE BIEMEID lE(MI(IMR]IL

Bobweights tend to alter the phasing between the pilot's force

inputs to the stick and the resulting stick motion. For an aircraft

which obtains all of its Fe/n (steady-state) from a bobweight, for

instance, the stick can be moved with essentially zero force to initiate

a rapid pull-up. As the n response develops, the bobweight then tries

to pull the stick back to neutral, thus requiring that the pilot add

increasing forces to hold the control input. This means that the stick

position leads the control force by a considerable amount at moderately

high frequencies. If, in addition, the damping of the control system

itself is low, the pilot will feel the stick constantly slapping against

his hand during rapid maneuvering. Requirements have thus been set on

controls-free damping in terms of dynamic Fs/n and feel system phasing.

The requirements concerning sp, Cap, and Fs/n will normally be

sufficient to insure adequate maneuvering characteristics. In certain

situations, however, these requirements alone will not insure against

pilot-induced oscillations. Consider, for example, an aircraft that

meets the Level 2 requirements on sp, Csp, and Fs/n for Category A

Flight Phases. If both sp and Fs/n are near the lower limits, the

aircraft can have pilot-induced oscillation (PIO) tendencies serious

enough to make it unacceptable. The requirements listed above are

designed to prevent this situation, by setting an upper limit on the

frequency-response amplitude of n(s)/Fs(s) [expressed as a lower limit

on FY(s)/n(s)]. This has the effect of increasing the minimum Fs/n

requirements of 3.2.9.1 for low values of sp (stick-free), as can be

seen by examination of Figure 1. The dip in amplitude corresponds to

the short-period resonance; and the size of the dip, expressed as the

ratio (Fs/n)/(Fs/n)min, is a unique function of sp (stick-free) (assum-

ing that the control-system natural frequency is appreciably higher

than wap). This functional relationship is shown in Figure 2. From

this figure it can be seen that Fs/n must increase rapidly with decreas-

ing values of stick-free 4sp in order to maintain a given value of

(Fs/n)min *
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Figure 1 (3.2.9.2). Illustration of Resonance Dip inFnn Due to Lowm

SS

o D t0

10SikFe hotPro

E L

" ° 0

Stick-Free Short-Period Damping Ratio

Figure 2 (3.2.9.2). The Ratio (Fs/n)/(Fs/n)min vs. sp
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It should be understood that if the control system natural frequency

is not appreciably higher than wsp (stick-free), the frequency response

Fs(s)/n(s) will not be entirely second-order in the region of (Fs/fn)min*

If the control system damping is not very high, as is usually the case,

the resonance dip can be accentuated by the control system mode, as can

be seen from Figure 3. In this situation, an equivalent rsp (stick-

free) can be obtained from Figure 2 by measurement of (Fs/n)/(Fs/n) ,*

That value may not be the same as obtained by fitting a lower-order sys-

tem to the actual frequency response. For this requirement the actual

(F8/n) m n should be used.

Specified in 100/

Para. 3.2.9.1 Short-Period

log - ( F _ /

Short-Period
Plus Control
System OU p W c(s

log W

Figure 3 (3.2.9.2) Sketch of Effect of Control
System on Resonant Dip

E. GUIDAUR FOR APPLICATION

The requirements stated above are intended to inhibit development of

longitudinal PIOs. However, to the extent that (Fs/n)min is defined by

p the requirement is redundant; i.e., Figure 2 is defined by Fs/n and

sp when the control system natural frequency w a is well above the

short-period frequency w"p. Using the Figure 2 relationship between Csp

and (Fs/n)/(Fs/n)min, the Level 1, 2, and 3 boundaries of (Fs/U)min

have been superimposed on the Fs/n and sp requirements from Paragraphs

256

--- - - -- - - - - - - --



7f

3.2.1.1 and 3.2.9.1 for a 7 g airplane. The shaded areas in Figure 4

indicate regions where the (Fs/n) requirement is not redundant. It is

noteworthy that dynamic Fs/n is not a consideration for Level 1 but has

increasing influence for Levels 2 and 3, respectively. Lightly damped

control system or structural modes that occur near the short-period

frequency will of course increase the influence of the (Fs/n) m n re-

quirement, i.e., the (Fs/n)min boundaries in Figure 4 will have a ten-

dency to shift to the right.

100 -

80--

60L--- -
0n/a =30.4
0 n/a = 61.5

. N. .Plain-CAL Pilot

40- - . . . .. Flogged- AF Pilot

N, 7/3 PR/Pior

20

0

85/ LEVEL I
8./ 7/ 7/3S 3/2 ~/2 55/25~'

Equivalent Damping RatiO, sp

Figure 4 (3.2. 9.2). Comparison of (Fs/n) 1i Boundaries

with (Fs/n)s and spfor Cases Where Wsp << Wcs

555

(Reference 9)
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The T-33 test program of Reference 9 involved pilot assessments of

various short-period configurations in Category A Flight Phases. The

pilots were allowed to select optimum Fs/n values before evaluating each

configuration. These data are plotted on Figure 4, which shows there

was some preference for increasing Fs/n as sp decreased. [These

data are discussed in more detail below under "Supporting Data."]

The (Fs/n)min boundaries plotted in Figure 4 tend to correlate this

rating behavior.

F. DEMONSTRATION OF CPl0IANCE

Testing is required with the aircraft configured for most aft c.g.,

since this is the condition for lowest Fs/n. For meaningful analysis or

simulation, the linear approximation of the flight control system and

airplane must be accurate. In the end, however, PIO tendencies need to

be evaluated in flight. Ground-based simulator evaluations may be of

little value. To obtain flight data, it will be necessary for the pilot

to pump the stick sinusoidally at various frequencies. Several tech-

niques have been employed to aid the pilot in this task. One method is

described in Reference 17, where the pilot visually follows an oscillat-

ing spot on the instrument panel. In other studies, oscillating aural

tones have been fed to the pilot through earphones.

If the frequencies desired are not too high or too low, pilots can

do an amazingly good job of moving the stick sinusoidally with no aids

whatsoever. In addition, if the damping ratio is not too high, the

pilot can find the resonant dip in the F./n versus frequency curve

fairly accurately, by pumping at the frequency that gires the most air-

plane response for the least effort.

G. SUPPORTING DATA

Little is available in the way of supporting data. The Calspan

flight test programs using the variable-stability T-33 provide the only

significant data base. Those tests in which pilots chose "optimum" Fs/n

for the short-period configurations under consideration allow some

insight into the applicability of Para. 3.2.9.2.
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Figure 4 shows data from Reference 9. Only those cases for which

Ssp is Level 1 are plotted. The controller characteristics such as

breakout and friction are also Level 1. Low-speed data from the refer-

ence are not included because a 2 g nL buffet limit may have influenced

pilot ratings. The ratings given in Figure 4 are based on assessments

of P10 tendencies and include both the handling qualities ratings (PR,

from the CAL 10 point scale) and PIO ratings (PIOR, from Figure 5). The

PIO ratings are closely correlated with the Cooper-Harper pilot ratings,

as one would expect, since the PlO scale Is worded in terms of closed-

loop pilot control.

NUMERICAL

DESCRIPTION RATING

NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE I
MOTIONS

UNDESIRABLE MOTIONS TEND TO OCCUR WHEN 2
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED
OR ELIMINATED BY PILOT TECHNIQUE.

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT 3
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT ONLY AT SACRIFICE TO TASK PER-
FORMANCE OR THROUGH CONSIDERABLE PILOT
ATTENTION AND EFFORT.

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 4
ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL.
PILOT MUST REDUCE GAIN OR ABANDON TASK TO
RECOVER.

DIVERGENT OSCILLATIONS TEND TO DEVELOP WHEN 5
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL PILOTMUST OPEN LOOP BY RELEASING
OR FREEZING THE STICK.

DISTURBANCE OR NORMAL PILOT CONTROL MAY 6
CAUSE DIVERGENT OSCILLATION. PILOT MUST OPEN
CONTROL LOOP BY RELEASING OR FREEZING THE
STICK.

Figure 5 (3.2.9.2). PIO Tendency Rating Scale
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As Figure 4 indicates, there is a preference for high Fs/n when rp

is low. This is not surprising, since very large gradients would tend

to inhibit pilot overcontrol and reduce the tendency to PIO. However,

from the small amount of data at low Csp in Figure 4 it is difficult to

conclude that the Fs/n requirement of Para. 3.2.9.2 is necessary. There

is no clear degradation in ratings at low sp as Fs/n is reduced, nor is

there data at low rsp and low Fs/n to show that the pilot would consider

this condition to be worse.

Figure 6 supports the conclusions from Figure 4, i.e., there is a

preference for large gradients at low dampinkg but little to support the
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..... .. . . .. - ~ /.5(' " -- -- - - - _ _ _ _ _ _
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Figure 6 (3.2.9.2). T-33 Data from Reference 12
(Equivalent wsp, T e are Level 1)
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need for the dynamic Fs/n requirement. These data, from the tests of

Neal and Smith (Reference 12), include those configurations for which

both equivalent wsp and Te were Level I in value. The pilot ratings are

based on the Cooper-Harper scale, and the PIO ratings on the scale of

Figure 5. Thus, the basis for this requirement remains theoretical with

the additional thought that it may catch PIO tendencies in some higher-

order systems that might otherwise escape detection until extensive

flight experience has accumulated.

H. LESSONS LEARNED

The data used in Reference 11 are reexamined here. Figures 7 and 8

are reproduced from Reference 11.

Figure 7 is a good illustration of lessons learned regarding the

need for control system modification. In each case the airplane with

the original control system exhibited strong PIO tendencies in the

high-speed, low-altitude flight regime. A modified control system was

tried in each airplane, which significantly improved the situation.

The majority of the points in Figure 7 are for the A4D-2 (Reference 18).

The T-38A and F-4C data are from flight test (References 19 and 20,

respectively). With the exception of the T-38A, there are no pilot

ratings or detailed pilot comments available. It is only known that the

shaded points of Figure 7 are associated with strong PIO tendencies.

The solid line for (Fs/n) min - 1.4 lb/g divides the data very nicely.

Some additional data on PIO tendencies are presented in Figure 8,

taken from Reference 21. The points are again rather crudely divided

into those cases that exhibited PIO tendencies and those that did not.

Since little is known about the severity of the PIO problems associated

with these airplanes, Figure 8 is used only to establish trends. As can

be seen from the figure, a line of constant (Fs/n)mi n also fits these

data very well.

The lines of constant (Fs/n)mi n in Figures 7 and 8 were obtained

from Figure 4. Note, however, that while the (Fs/n)mi n lines fit the

data, so do lines for 4sp - 0.15 and Fs/n 3.0. And, as was stated
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earlier, many PIO tendencies are characteristically due to low sp

Therefore the data of Figures 7 and 8 do not reveal any requirement for

a (Fs/n)min specification. Such a requirement would be supported by

obtaining test data in the shaded regions of Figure 4 or by introducing

lightly damped modes that influence the equivalent spv i.e., which make

Ce < C sp"

2
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3.2.9.3 Pitch axis control forces -- control force variations during
rapid speed changes

A. REASON FOR REQIROET

This is intended to prevent unduly large pitch control force

gradients with speed, requiring excessive trimming or high steady

control force.

B. RELATED MIL-F-8785C RE(QUIRDIENT

3.2.1.1.2.

C. STATEW OF REQJIRODWT

3.2.9.3 Pitch axis control forces -- control force variations
during rapid speed changes. When the aircraft is accelerated and
decelerated rapidly through the operational speed range and through the
transonic speed range by the most critical combination of changes in
power, actuation of deceleration devices, steep turns and pullups, the
magnitude and rate of the associated trim change shall not be so great
as to cause difficulty in maintaining the desired load factor by normal
pilot techniques.

D. RATIONALE BEHIND REQ(IRDINTU

There are two kinds of problems for which this requirement is pri-

marily intended. First, aircraft can have stick force and position

gradients with speed which are so stable that considerable pilot effort

is required during rapid speed-change maneuvers. Second, in the tran-

sonic region the local gradients may change so rapidly with Mach number

that it is difficult for the pilot to maintain the desired pitch atti-

tude or normal acceleration during rapid speed changes.

If the c.g. is allowed to be farther aft at supersonic speeds than

at subsonic speeds, an adequate rate of c.g. shift should be provided

for rapid transonic deceleration.
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K. GUIDACE FOR APPLICATION

Application of the requirement should be straightforward, except

that its wording is sufficiently general that it becomes a purely sub-

jective specification. There is no better way to apply it than simply

performing acceleration and deceleration maneuvers typical of extreme

task demands, including emergency decelerations, and asking the pilot

about difficulties.

F. DEMONSTRATION OF CWPLIANCE

Early analysis can determine transonic pitching and control forces

to maintain I g flight as well as normal acceleration with fixed con-

trols.

Flight or simulator testing, covering the operational speed range

(and the transonic speed range, if applicable), utilizing maneuvers men-

tioned in Para. 3.2.9.1 should be conducted.

G. SUPPORTING DATA

No supporting data are available for this requirement.

H. LESSONS LEARNED

The requirement is the result of operational experience with early

supersonic airplanes. Although difficulties were experienced, enough

data have never been collected for more than a qualitative requirement.
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3.2.9.4 Pitch axis control forces -- control force vs. control

deflection

3.2.9.4.1 Steady-state control force/deflection gradient

A. RE&M O RZQ JIRRKMXw

Both control force and control deflection provide pilot cues. This

requirement is intended to assure consonance between the two and ade-

quate control deflection cues where only control force is specified.

B. RELATED MIL-F-8785C RECUIRME

3.2.2.2.2.

C. ST&TWIET OF REQUIROUT AND RECO DD VALUES

3.2. 9.4.1 Steady-state control force/deflection gradient. The
average gradient of pitch-control force per unit of pitch-control
deflection at constant speed shall be within the following range:

RECOMMENDED ALLOWABLE VALUES (FOR
CATEGORY A FLIGHT PHASES)

MINIMUM MAXIMUM

Wheel and centerstick 5 lb/in. No data
controllers

Sidestick controllers 1 lb/in. 2.5 lb/in.

D. RATIONLE BEHIND RE(hIR]UNT

Paragraphs 3.2.9.1 and 3.2.9.2 set limits on allowable values of

pitch control force. This requirement extends the force requirement to

set limits on controller deflections required to attain a given force.

The "Supporting Data" show evidence of a need for such a requirement,

and intuitive logic indicates that some interrelationship exists between
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control forces, deflections, and positions [see also 3.2.9.1, Control

force per g].

E. GUIDANCE FOR APPLICATION

Limited flight test data show strong support for a lower limit on
F S S (indeed, Reference 22 suggests that Fs/6 s should be 25 lb/in, or

higher for centerstick controllers). The specific limits are directly

related to F s/n and control location (see 3.2.9.1). However, they are

not well defined at this time.

Some guidance for designing sidestick controllers may be gained from

Figure I (reproduced with minor changes from Reference 23). A sidestick

evaluation performed by the USAF Test Pilot School, Edwards AFB, using

the variable-stability T-33 (with Level 1 short-period characteristics)

produced a series of ratings and comments for varying Fs/n and Fs/ 6
s .

The lateral force deflection characteristics were varied as shown in

Table 1 to maintain control harmony for the air-to-air evaluations

(consisting of 2 g bank-to-bank and 3.5 g wind-up turns). If the pilot

comments indicated that control harmony detracted from the rating given,

variations in control harmony were evaluated.

With the exception of the light Fs/n and large Fs/6 s (Configurations

1 and 2), there is not a substantial variation in pilot ratings over the

test matrix.

In general, pilots preferred increased control stick motion with

decreased control force gradients and decreased control stick motion

with increased control force gradients. Control configurations 13, 14,

and 15 of Figure 1 yielded the best results, both in pilot ratings and

comments. Pilots indicated that control motions were noticeably large

but not uncomfortable. These configurations were on the edge of the

test matrix; thus, the extent of this favorable region was not deter-

mined and additional testing is warranted.

Configurations 4 and 7 were found to be good, but slightly inferior

to Configurations 13, 14, and 15. Pilot comments indicated that the

stick forces for Configuration 4 were tiring and uncomfortable. Though
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TABLE 1 (3.2.9.4.1). CATEGORY A CONTROL CONFIGURATION FOR
T-33 SIDESTICK EVALUATIONS (REFERENCE 23)

LONGITUDINAL LATERAL
CONFIGURATION Fe /n 6es/Fes Fa/P 6as/Fas

NUMBER es (deg / b) (deg/lb)

I Very light .2 Very light .3

2 Light .2 Very light .3

3 Medium .2 Medium .3

4 Heavy .2 Heavy .3

5 Very light .5 Very light .77

6 Light .5 Light .77

7 Medium .5 Medium .77

8 Heavy .5 Heavy .77

9 Very light .7 Very light 1.08

10 Light .7 Light 1.08

11 Medium .7 Medium 1.08

12 Heavy .7 Heavy 1.08

13 Very light .91 Very light 1.43

14 Light .91 Light 1.43

15 Medium .91 Medium 1.43

16 Heavy .91 Heavy 1.43

the boundaries were not completely determined, these comments imply that

even heavier force gradients would be unacceptable.

Configurations I and 2 were rated the poorest. They were character-

ized by longitudinal and lateral oversensitivity.

All of the remaining control configurations indicate that with

medium control stick motion the control force gradient selected had

essentially no effect on pilot ratings. However, pilot comments show a

trend from oversensitivity to sluggishness as the control force gradient

increased from very light to heavy.

The effect of breakout force on pilot ratings was investigated by

increasing the breakout force from 1/2 lb to 1 lb for control Configura-

tions 7 and 11. For Configuration 7 the average pilot ratings increased
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from 3.8 to 5, whereas for Configuration 11 the ratings remained essen-

tially unchanged. Pilot comments indicated that the effect of increas-

ing breakout was to increase the pitch sensitivity in an unfavorable

way.

Recent USAF Test Pilot School experiments with the T-33 sidearm con-

troller varied the force/deflection gradient Fs/6 and short-period fre-

quency, W sp. The stick force per g (Fs/n) was 7 or 8 lb/g for the high

Wsp and 5 lb/g for the lower values of wsp in accordance with earlier

results [see Figure 7 (3.2.9.1)] as shown in Table 2. A summary of

average pilot ratings (3 pilots) and commentary is given in Figure 2 for

the gross acquisition task and in Figure 3 for the fine tracking maneu-

ver.

The poor pilot ratings for the low short-period frequency cases,

-sp = 1.6 rad/sec, are expected based on Para. 3.2.1.1. However, the

ratings for the lower values of F/ s are worse than for Level 2, indi-

cating that failure modes should be a consideration when contemplating

light force/deflectior gradients.

For w in the Level 1 region (ws > 2.55), larger values of Fs/6 s

(i.e., approaching a "force stick") result in rapidly degraded pilot

dopinion in the fine tracking task (see Figure 3).

The "optimum!' value of F./6 is seen to be about 1.7 Ib/deg until

)sp 
• 5 rad/sec, at which time the data indicate that decreasing F./6 is

desirable (see Figure 2).

F. DMONSEATION OF OCXPLIANCE

Flight testing performed to demonstrate compliance with 3.2.9.1,

"Control force per g," should include measurements of 6 sn. For discus-

sion of flight test techniques, see 3.2.9.1.

G. SUPPORTING DATA

There is little or no recent data available for analysis. The fol-

lowing discussion is taken directly from Reference 11, with a few words

added at the end. Data for sidestick controllers was introduced under

"Guidance for Application."
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TABLE 2 (3.2.9.4.1). EXPERIMENTAL TEST POINTS USED IN SIDEARM
CONTROLLER EVALUATIONS

PHASE I; AIR-TO-AIR TEST POINTS

(13,000 FT MSL, 300 KIAS)

LONGITUDINAL LONGITUDINAL LATERAL
CONFIGURATION 'DsP FORCE/DEFLECTION FORCE/RESPONSE FORCE/DEFLECTION

(rad/sec) (ib/deg) (lb/g) (ib/deg)

A (Baseline) 5.6 1.7 8 1.8

B 5.6 3.3 8 1 1.8

C 5.6 1.1 8 1.8

D 2.6 3.3 5 .95

E 2.6 1.7 5 .95

F 2.6 1.1 5 .95

G 1.8 3.3 5 .95

H 1.8 1.7 5 .95

I 1.8 1.1 5 .95

PHASE II; AIR-TO-AIR TEST POINTS

(13,000 FT MSL, 300 KIAS)

1 LONGITUDINAL LONGITUDINAL LATERAL
CONFIGURATION Wsp FORCE/DEFLECTION FORCE/RESPONSE 'FORCE/DEFLECTION

(rad/sec) (ib/deg) (lb/C) (Ib/deg)

A 5.6 1.7 8 1.8

B 5 3.3 I 7 1 1.8

C 5 1.7 7 1.8

D 5 1.1 7 1.8

E 3.5 3.3 5 1.8

F 3.5 1.7 5 1.8

G 3.5 1.1 i 5 1.8

H 2.6 1.7 5 .95
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The flying qualities investigations of References 22, 24-28 all

included variations of control position per g as well as control force

per g. References 24 and 25 deal with the landing approach flight

phase, while all the others are for Category A Flight Phases.

Both References 24 and 25 indicate unfavorable pilot comments when

the control motions required to maneuver the airplane become too

large. Since these investigations were specific simulations of some

C-5A configurations, the short-period natural frequency was below the

minimum Level I limit for Category C Flight Phases. When the short-

period frequency is low, the pilots tend to overdrive the airplane with

large pulse-like inputs to speed up the response. Therefore the pilots

might not have disliked the control motion gradients as much if the

short-period response had been faster. Because of the uncertainties

caused by the low short-period frequencies, and because of the limited

amount of data, no attempt was made to place quantitative limits on

control motion gradients for Category C Flight Phases.

Working under the assumption that there are lower limits on Fs/I s

(upper limits on 6,/F.), the Level I and Level 2 boundaries were ini-

tially drawn as a best fit to the data of Figure 4. There are not

sufficient data to define a Level 3 limit. Although the only data
plotted were those having Level I values of Fs/n, there are poorly rated

configurations from References 22 and 26 which lie inside the Level 1

Fs /6 boundary.

Because of strong objections from the manufacturers, the Level I

and 2 limits shown in Figure 12 were reduced to 5 lb/in. Examples of
"good" operational airplanes were produced with indicated gradients as

low as 5 lb/in. The requirement for a force/deflection gradient of at

least 5 lb/in. has been retained as a recommended lower limit from

Paragraph 3.2.2.2.2 of MIL-F-8785C. This number seems to have origin-

ated more from a rule of thumb based on experience than from hard

data. Hence more experimental data are deemed highly desirable.
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Figure 4 (3.2.9.4.1). Control Force Per Control Displacement
Category A Flight Phases - Centerstick (from Reference 11)

H. LESSONS LEARNED

The F-16 employs an essentially fixed sidearm controller (F,/6

which clearly would not meet the requirements of this section. F-16

pilots seem to have adapted to the essentially fixed sidestick. How-

ever, before accepting such a controller as being Level 1, it should be

noted that these pilots had no alternative but to adapt. The T-33 sub-

ject pilots (Figure 1) did not feel that extreme force gradients were

desirable when given the opportunity to compare with gradients across

the spectrum.
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3.2.9.4.2 Transient conteol force vs. deflection

A. REASON POR AR(IRMT

Experience has shown that a strong tendency for PIO exists when con-

trol deflection leads control force. This requirement is included to

eliminate this problem.

B. RKLATED MIL-F-8785C REQUIREMENT

3.2.2.3.2.

C. STATMDENT OF RIQUUJEKKKT

3.2.9.4.2 Transient control force vs. deflection The deflection of
the pilot's control must not lead the control force throughout the fre-
quency range of pilot control inputs. In addition, the peak pitch
control forces developed during abrupt maneuvers shall not be objection-
ably light.

D. RATIONAL BEHIND RE( MMI3ENT

The minimum values specified for Fs/n in Paragraph s.2.9.2 and sp

in Paragraph 3.2.1.1 are not sufficient to prevent the occurrence of a

PIO. In fact, there are documented cases of PlO-prone aircraft with

Level 1 values of (Fs/n)min and ( SP)min * The feel system, which

allowed 6. to lead Fs, was found to be responsible for these PIOs. The

details of these cases provide valuable design guidance and are dis-

cussed in some length in the "Lessons Learned" subsection.

E. GUIDANCE FOR APPLICATION

Given some very basic instrumentation, it is a simple matter to

obtain the phase relationship between control force and control position

via a pilot-generated frequency sweep at each selected flight condition.

*A control position potentiometer and strain gauge to measure

control force are required.
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The phase relationship between control position and control force can be

obtained from the frequency sweep data via a Fast Fourier Transform com-

puter program. As a general rule the frequency range of interest will

be between 0.5 and 10 rad/sec.

Qualitatively, pilot comments relating to control forces which are

initially too light even though (Fs/n)min and sp are Level 1 provide a

clue to the fact that this requirement is being violated.

F. DEMONSTRATION OF COMPLIANCE

Demonstrating compliance with this requirement requires a quantita-

tive determination of the phase relationship between control deflection

and force. However, if the control forces clearly lead control deflec-

tion based upon pilot comments from simulation and/or flight test, the

requirement should be considered as having been satisfied. It should be

emphasized that due to actual control system effects such as friction,

hysteresis, etc., ground-based simulation may not be adequate and there-

fore flight test results are highly desirable.

G. SUPPORTING DATA

The supporting data for this requirement are based on experience

where PIOs occurred. Accordingly, the background material for this

requirement is presented in the "Lessons Learned" subsection.

H. LESSONS LEARNED

An excellent treatise by Peter Neal on the historical development

and analytic aspects of this requirement is given in References 11 and

183. Basically, the requirement stems from and reflects experience with

production bobweight-augmented elevator control systems. Such systems

have the virtue of keeping F s/n relatively constant, i.e., presenting

large changes with attitude and loading (c.g.). Early versions, involv-

ing manual control, featured elevators with near 100 percent aerodynamic

balance. Later versions featured full-power hydraulics with artificial

(springs and/or bellows) feel systems. More recently, nz feedback
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directly to the servo valve rather than to the control stick has given a

response feel system without contributing phase shift between control

force and control deflection. References 11 and 183 provide a feedback-

control-analysis basis for studying the problems and fixes associated

with bobweights in the specific context of PIO. Similar, earlier

efforts by others are referenced; however, even earlier work on

bobweight effects in unpowered elevator control systems, of NACA and RAE

origin, is not cited. The main emphasis is to explain, by virtue of

analysis, the particular problems encountered by a succession of example

airplanes, i.e., P-63A (Reference 135), A4D-2 (Reference 18), T-39A

(References 19, 140) and F-4 (Reference 20).

Pertinent conclusions reached by Neal (Reference 183) are:

1) The use of a control-system bobweight without considera-
tion of its effects on the airplane's dynamics can lead to
serious PTO problems.

2) Potential P1O problems due to a bobweight can be minimized
by increasing the sensitivity of the bobweight to pitch
acceleration, using the following criterion:

wib  M 115 + Icr
where:

ib = distance (in feet) of equivalent point-mass
bobweight ahead

bobweight stick force due to unit e
of c.g. = g bobweight stick force due to unit nz

Icr - distance in (feet) of elevator center of rotation
ahead

of c-g. = (Z 6 e/M 6 e)

3) When the previous criterion is satisfied, the contribution
of the bobweight to stick force per g may still be limited
by the fact that the closed-loop feel-system roots can be
driven unstable. This problem can usually be improved by
the use of a viscous stick damper.

4) The final control-system design should be checked against
other longitudinal requirements. Such checks may in fact
show the undesirability of using viscous stick damping
because of associated lags in response to stick inputs.
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3.2.9.5 Pitch axis control forces - control centering and breakout
forces

A. REASON FOR REgrWIB.MKT

Controls should have clearly defined neutral positions and should

always tend to return to neutral when released by the pilot. In addi-

tion, some effort should be necessary to deflect a control out of its

neutral position. These in combination serve as the major initial pilot

cues of control motion.

B. RELATED MIL-F-8785C RK(UIR1ENETS

3.5.2.1

C. STATEKKNT OF RK(QJIRKKNT AND RECOMMENDED VALUES

3.2.9.5 Pitch axis control forces - control centering and breakout

forces. Longitudinal controls should exhibit positive centering in

flight at any normal trim setting. Although absolute centering is not
required, the combined effects of centering, breakout force, stability
and force gradient shall not produce objectionable flight characteris-
tics, such as poor precision-tracking ability, or permit large depar-
tures from trim conditions with controls free. Breakout forces, includ-
ing friction, preload, etc., shall be within the following limits:

. These values refer to the cockpit control force

required to start movement of the control surface.

TABLE 1 (3.2.9.5). RECOMMENDED PITCH AXIS BREAKOUT FORCES (LB)

CLASSES I, II-C, IV CLASSES II-L, III
CONTROL

MINIMUM MAXIMUM MINIMUM MAXIMUM

Centerstick 1/2 3 1/2 5

Wheel 1/2 4 1/2 7

Sidestick 1/2 1 1/2 [

Values for Levels I and 2 (Upper Limits Doubled for Level 3)
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D. RATIONALE BEHIND REQUIRENT

A discernible neutral point (or trim or equilibrium point) should

always be provided in manual pitch, roll, or yaw controllers. That is,

if the pilot chooses to release a control it should return to a neutral

or trim state. If no cues are provided, the pilot will be forced to

manually search for such a trim condition. This can lead to poor maneu-

vering control or, in the extreme, to pilot-induced oscillations. The

sidestick breakout forces are based on recommendations of Reference 23.

E. GUIDANCE FOR APPLICATION

While this paragraph does not specify absolute centering, the ten-

dency for positive centering should always be detectable. With absolute

centering a cockpit control will always return exactly to its trim posi-

tion when released. Positive centering is a tendency to return; upon

release, the control will move toward the trim position but friction may

prevent absolute centering.

Several studies (References 45 and 126) have substantiated the upper

limits on breakout forces in Table 1. Design for the lower values is

recommended, since operation with large breakout forces could contribute

to pilot fatigue.

F. DEMONSTRATION OF CONFLIANCE

Measurement of breakout forces on the ground will ordinarily suffice

in lieu of actual flight measurement, provided that qualitative agree-

ment between ground measurement and flight observation can be estab-

lished.

G. SUPPORTING DATA

None available.

H. LESSONS LEARNED

None.
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3.2.9.6 Pitch axis control forces - free play

A. REASON FOR RB(UIRUSHT

While some small amount of free play may be desirable to reduce sen-

sitivity to inadvertent control motions, the hysteresis resulting from

combined free play and friction will create generally deleterious phase

lags. Free play by itself (threshold) has no associated phase lag but

rather its quasilinear describing function is a reduced gain.

B. RVLATUD NIL-F-8785C REQUIROMT

3.5.2.2

C. ST&TDIEN OF RSQUIRDIKN

3.2.9.6 Pitch axis control forces - free play. The free play (and
possible associated hysteresis) in the longitudinal controller shall not
result in objectionable flight characteristics, especially for small
amplitude inputs. Hysteresis and free play should be within the follow-
ing boundaries:

D. RATIONA BEHIND REQIRENT

The requirement is designed to prevent unacceptable dead zones in

the pitch controller. In normal operations, and especially in high-

demand tasks such as turbulence penetration or air combat, free play can

contribute to overcontrol and rapid pilot fatigue; associated possible

hysteresis can contribute to reduced damping and possible limit cycle

operation.

No numerical values have yet been found that appear generally ade-

quate. The allowable free play would seem to be a function of control-

deflection sensitivity (angular acceleration per inch or degree of

movement) and possibly control-force sensitivity; also of the friction

level and resulting hysteresis loop. As of this writing the Air Force

has the McDonnell Aircraft Company under contract to obtain more defini-

tive data on controllers.
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K. GUIDANCE FOR APPLICATION

This requirement is not intended to eliminate all free play (or

associated hysteresis). Free play is sometimes designed into a con-

troller to provide a dead zone, and some amount of basic free play is

inherent without special measures, e.g., the use of preload.

F. DIONSTRATION OF COMPLIANCE

Evaluation of free play (and hysteresis) in flight should be made

over the operational load factor and airspeed ranges, at the minimum and

maximum operational altitudes, and especially at high speeds, where

required control surface deflections are small.

G. SUPPORTING DATA

None available.

H. LESSONS LEARNED

None available.
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3.2.9.7 Pitch axis control force limits

3.2.9.7.1 Pitch axis control force limits - takeoff

A. REASON FOR RXQU RIEKKT

Limits on maximum push and pull forces required for takeoff should

be lower than those allowed for other operations, i.e., by the Fs/n

values of 3.2.9.1. This is to assure that the pitch control input for

takeoff will not be abrupt or require two-handed operation.

B. RELATED MIL-F-8785C REQUIRIENT

3.2.3.3.2

C. STATDIET OF REQUIROMT AND RECOMMDKD VALUES

3.2.9.7.1 Pitch axis control force limits - takeoff. With the
trim setting optional but fixed, the pitch-control forces required
during all types of takeoffs for which the aircraft is designed, in-
cluding short-field takeoffs and assisted takeoffs such as catapult or
rocket-augmented, shall be within the following limits:

RECOMMENDED VALUES FOR AIRCRAFT WITH
CENTERSTICK OR WHEEL CONTROLLERS

Nose-wheel and bicycle-gear airplanes

Classes I, IV-C: 20 pounds pull to 10 pounds push

Classes II-C, IV-L: 30 pounds pull to 10 pounds push

Classes II-L, III: 50 pounds pull to 20 pounds push

Tail-wheel airplanes

Classes I, II-C, IV: 20 pounds push to 10 pounds pull

Classes II-L, III: 35 pounds push to 15 pounds pull

For sidestick controllers the force should not be objectionable to the

pilot. The term takeoff includes the ground run, rotation, and liftoff,

the ensuing acceleration to Vm x (TO), and the transient caused by
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assist cessation. Takeoff encompasses operation in both the presence

and absence of ground effect. Takeoff power should be maintained until

Vmax (TO) is reached, with the landing gear and high-lift devices

retracted in the normal manner at speeds from Vomin (TO) to Vmax (TO).

D. R*XIOEALK B U IlD 3EMMWNr

The force limits for this paragraph are intended to insure adequate

control force characteristics at takeoff. It is obvious that pitch

forces in takeoff should not place unreasonable demands on the pilot,

either in the form of large pull forces (requiring two-handed operation

and possibly causing abrupt responses) or large push forces (resulting

in unnatural motions). The limits are strictest for small, highly

maneuverable (Class I) aircraft and relaxed for large (Class III)

aircraft. For tailwheel airplanes the push forces required to raise the

tail may be larger than pull forces. At this time there is insufficient

data to suggest limits for sidestick controllers, but it is clear that

acceptable values will be quite small when compared to limits on the

centerstick.

B. GUIDANCE FOR APPLICATION

The force limits are specified as absolute requirements. Therefore,

for centerstick and wheel controllers, longitudinal control forces on

takeoff must at all times be within the specified limits; for sidestick

controllers, in the absence of definitive guidance, the forces must not

be objectionable to the pilot.

F. DEMOSTRATION OF COMPLIANCE

The final proof of compliance will be flight testing. Such testing

will include not only normal takeoffs, but any takeoffs which may be

peculiar to the airplane mission requirements. Tests should be con-

ducted at the conditions for most forward and most aft center-of-gravity

positions, and will cover the velocity range from 0 to Vmax (TO).
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Analysis and simulation may be used for early guidance, but these

will be only as good as the initial estimates of elevator control power

and airplane performance characteristics.

C. SUPPORTING DATA

There are no known systematic flight tests of these requirements.

H. LZSSONS I.UED

As with supporting data, little information can be found for exist-

ing flight vehicles. Reference 126, a validation of MIL-F-8785B using a

Class III-L airplane (P-3B), indicates pilot support for the limits for

Class III, nosewheel-equipped airplanes.
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3.2.9.7.2 pitch axis control force limits - landing

A. REASON FOR REQUIREMENT

The forces required in landing should always be natural (i.e., pull

for flare) and should be small enough to allow one-handed operation

without placing excessive demands on the pilot.

B. RELATED MIL-F-8785C REQUIREMENT

3.2.3.4.1

C. STATEMENT OF REQUIREMENT AND RECOMMENDED VALUES

3.2.9.7.2 Pitch axis control force limits -- landing. The pitch
control forces for landing shall be less than for the
recommended approach speed and fixed trim settings. This applies in
both presence and absence of ground effect.

RECOMMENDED VALUES FOR CENTERSTICK

OR WHEEL CONTROLLERS

Classes I, II-C, IV: 35 pounds pull

Classes II-L, I1: 50 pounds pull

For sidestick controllers the forces should not be objectionable to the

pilot.

D. RATIONALE BEHIND REQUIREMENT

The limits for aircraft with centerstick or wheel controllers are

intended to prevent unreasonable demands on the pilot at landing, where

one-handed operation is almost mandatory.

Trimmed flight prior to landing must be done in approach, after

extension of gear/flaps, etc., but before landing flare. The recommen-

dations explicitly include landing conditions in and out of ground

(taken to include carrier deck, sea, etc.) effect.
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These force limits are more restrictive than the FAA Part 25

(Reference 118) requirement of 75 lbs and Part 23 (Reference 161) of

60 lbs for stick or 75 lbs for wheel controllers. However, operational

experience shows support for lower limits for continuous maneuvering.

R. GUIDANCE FOR APPLICATION

The suggested force limits for centerstick and wheel controllers are

absolute requirements, independent of flying quality levels or failure

states. As such they serve as simple pass-fail criteria. The procuring

activity may choose, however, to apply flying quality Level require-

ments. For sidestick controllers the limits must be assessed qualita-

tively.

F. DEMONSTRATION OF COMPLIANCE

Ultimately, compliance must be proven through flight test. Analysis

and simulation are subject to the accuracy of aerodynamic estimates in

ground effect. The flight test should encompass approach (or that part

of preparation for landing that involves gear/flap extensions, power

adjustment, and pitch trim) over velocities from 1.3 Vs, at the most

forward center of gravity position. Both power-on and -off landings, if

applicable, should be performed, to assure that power setting does not

adversely affect the force characteristics.

G. SUPPORTING DATA

There are no existing data for use in evaluating this requirement.

H. LESSONS LEARNED

A lack of commentary on the recommended limits suggests that their

implementation is acceptable.
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3.2.9.7.3 Pitch axis control force limits - dives

A. RKASON FOR REQUIREMENTS

As a frequently used but peculiar flight operation, the dive is

subject to separate force limit requirements.

B. RELATED MIL-F-8785C REQUIREMENTS

3.2.3.5, 3.2.3.6, 3.6.1.2

C. STATEMENT OF REQUIREMENT AND RECOMMENDED VALUES

3.2.9.7.3 Pitch axis control force limits -- dives.

Service Flight Envelope. With the aircraft trimmed for level flight
at speeds throughout the Service Flight Envelope, the control forces in
dives to all attainable speeds within the Service Flight Envelope shall
not exceed (a) . In similar dives, but with use of trim following
the dive entry, it shall be possible with normal piloting techniques to
maintain the forces within the following limits: (b)

Permissible Flight Envelope. With the aircraft trimmed for level
flight at VMAT but with use of trim optional in the dive, it shall be
possible to maintain the pitch control force within the following limits
in dives to all attainable speeds within the Permissible Flight Enve-
lope: (c) . The force required for recovery from these dives shall
not exceed: (d) . Trim and deceleration devices, etc., may be used
to assist in recovery if no unusual pilot technique is required.

Note: Letters in blanks correspond to recommended values in
Table 1.
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TABLE 1 (3.2.9.7.3)

RECOMMENDED FORCE LIMITS FOR DIVES AND
RECOVERY FROM DIVES

FORCE (ib)
REQUIREMENT CONTROLLER FRE(b

NUMBER PUSH PULL

(a) Centerstick 50 10
Sidestick * *

Wheel 75 15

(b) Centerstick 10 10
Sidestick * *

Wheel 20** 20**

(c) Centerstick 50 35
Sidestick * *

Wheel 50 35

(d) Centerstick 120 120
Sidestick * *

Wheel 120 120

*Limits for sidestick controllers have not been

established. However, the forces must be accept-
able to the pilot.

*Two-handed operation. In event that operation

of the trim system requires removal of one hand

the force limits should be as for centerstick.

D. RATIOMALE BEHIND REQUIREMENT

Push and pull force limits must be stated to assure that demands on

the pilot are not unreasonable. Since dives may be performed throughout

both the Service and Permissible Flight Envelopes, separate requirements

are given for each. Operation of manual trim systems implies that the

dive is a sustained (rather than momentiry) maneuver, so the trim should

be effective in substantially reducing pitch forces.

288



I. GUIDANCE FOR APPLICATION

Since the force limits are absolute, application of the requirements

consists of verifying that the aircraft falls within the force limits

stated for the Flight Envelope under consideration.

F. DDB2ESTRATION OF COMPLIANCE

Compliance must ultimately be proven through flight test. Analysis

may be used for initial verification. The tests and analyses should be

conducted over the following range of aircraft and flight conditions: a

center of gravity range from most forward (combined with heaviest air-

craft weight) to most aft (combined with lightest aircraft weight); for

the Service Flight Envelope altitudes from 2000 ft above MSL to the

maximum service altitude, for the range of minimum to maximum service

speeds; for the Permissible Flight Envelopes altitudes as required by

the procuring activity or the ranges of the Permissible Flight Envelope,

over the speed range from V1AT to the maximum permissible.

G. SUPPORTIN DATA

There is no known set of data with which to verify these require-

ments.

H. LESSONS LEARNED

The limited dive testing of Reference 126, using a Class III

airplane (P-3B), supports the one-handed wheel push force limit of

50 pounds.
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3.2.9.7.4 Pitch axis control force limits - sideslips

A. REASONS FOR REQUIRRMT

There are two primary reasons for having requirements for maximum

longitudinal forces in sideslips: to insure that small amounts of

sideslip inadvertently developed during normal operations do not result

in large or possibly dangerous angle-of-attack changes; and to limit the

longitudinal corrections required when the pilot intentionally changes

the sideslip angle, as in a crosswind landing.

B. RELATED MIL-F-8785C REQUIREENT

3.2.3.7

C. STATKM T OF REQUIREKNT AND RECOMKDED VALUES

3.2.9.7.4 Pitch axis control force limits - sideslips. With the
aircraft trimmed for straight, level flight with zero sideslip, the
pitch-control force required to maintain constant speed in steady side-
slips with up to _ pounds of pedal force in either direction, or in
sideslips as specified in the Operational Flight Envelope, shall not
exceed the pitch-control force that would result in a 1 g change in
normal acceleration. In no case, however, shall the pitch-control force
exceed: _ If a variation of pitch-control force with
sideslip does exist, it is preferred that increasing pull force
accompany increasing sideslip, and that the magnitude and direction of
the force change be similar for right and left sideslips. For Level 3
there shall be no uncontrollable pitching motions associated with the
sideslips discussed above.

RECOMMENDED VALUES
(For pedal force of 50 pounds or less)

Centerstick controllers: 1O pounds pull to 3 pounds push

Sidestick controllers: Acceptable to the pilot

Wheel controllers: 15 pounds pull to 10 pounds push
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D. IRATIONALE BEHIND REQUIREET

Any pitching moments due to sideslip - whether intentional or unin-

tentional - should not require heavy compensation by the pilot. This

keeps pilot workload in crosswinds (or in failures, such as one-engine-

out operation on multi-engine airplanes) to a minimum.

E. GUIDANCE FOR APPLICATION

For operations at Level I or 2 conditions, the limits are straight-

forward: either the requirements are met or they are not. The Level 3

requirement stipulates that pitching motions due to sideslip shall not

further aggravate a Level 3 aircraft into an uncontrollable state.

Uncontrollable is used here to indicate a divergent pitch response and

should not be interpreted to mean a mild uncommanded buffet or oscilla-

tion.

F. DEMONSTRATION OF COMPLIANCE

A flight test program is essential, especially given the difficulty

in analytically defining aircraft characteristics in asymmetric flight.

The program should encompass the extremes of the operational altitude

range and the service flight speed range. The Level 3 requirement may

be difficult to verify in practice, except in those cases where external

failure conditions (e.g., one engine out) would create the Level 3

state. Such conditions, if required, should be specified in the Opera-

tional Flight Envelope by the procuring activity.

G. SUPPORTING DATA

The existence of systematic data is not known at this time.

H. LESSONS LEARNED

Reference 126, using a Class III aircraft (P-3B), showed support for

the pull limit of 15 pounds for wheel controllers.
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3.2.9.7.5 [Reserved]

3.2.9.7.6 Pitch axis control force limits - failures

A. REASON FOR REQUIREMENT

Augmentation system failures should not cause abrupt or severe

changes in the trim state of the aircraft. The ability to retain

reasonable control is measured in terms of demands on the pilot to

maintain trim conditions.

B. RELATED MIL-F-8785C REQUIR ENT

3.5.5.2

C. STATEMENT OF REQUIREMENT AND RECOMNF]DED VALUES

3.2.9.7.6 Pitch axis control force limits - failures. The change
in longitudinal control force required to maintain trim pitch attitude
following complete or partial failure of the augmentation system shall
not exceed the following limits:

It is recommended that for at least 5 seconds following the failure

the change in pitch force not exceed 20 pounds.

D. RATIONALE BEHIND REQUIREMENT

The purpose of a requirement in this area is to insure that the

short-term response of the aircraft to an augmentation system failure

does not get out of hand before the pilot can react. The requirements

of 3.2.7.2 describe allowable transient responses. However, it is felt

to be necessary to also have limits on the control forces required to

minimize these responses.

E. GUIDANCE FOR APPLICATION

Testing of failure modes - in flight or simulation - should always

include consideration of demands on the pilot to manually retrim. The

emphasis for applying this requirement, however, is in verifying that
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the requirements of 3.2.7.2, "Pitch axis response to failures," are met;
i.e., test data for verification with this requirement can be obtained

at the same time.

F. DMONSTRATION OF COMPLIANCE

Testing required by 3.2.7.2 should be designed so that the control

force requirements are also evaluated.

G. SUPPORTING DATA

At this time no supporting data are available.

H. LESSONS LEARNED

None.
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3.2.9.7.7 Pitch axis control force limits - configuration or control

mode change

A. REAMSO 101 EQ(JIRflM

Intentional engagement or disengagement of any portion of the flight

control system should never result in unusual or unreasonable demands on

the pilot to retain control.

B. RELATED NIL-F-8785C RERQUIR40T

3.5.6.2

C. STATEMET OF REQUIREMENT AND RECOMMENDED VALUES

3.2.9.7.7 Pitch axis control force limits - configuration or
control mode change. The control force changes resulting from the
intentional engagement or disengagement of any portion of the primary
flight control system by the pilot shall not exceed the following
limits:

It is recommended that for at least 5 seconds following the mode

change the change in pitch force not exceed 20 pounds.

D. RATIONALE BEHIND REQUIREMENT

Trim transients following intentional pilot actions with the flight

control system should obviously be small.

Since this requirement deals with intentional modification of the

flight control system, it is implied that no failures have occurred.

Failures are covered explicitly by 3.2.9.7.6.

E. GUIDANCE FOR APPLICATION

Proper application of this requirement may be performed by careful

design of the aircraft augmentation systems. Mode switching should

assure that the new mode :hosen does not have any large transients in

initialization.
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F. DDISTRATION OF COMPLIANCE

This requirement is effectively a subset of 3.2.7.3. Simulation,

analysis, or flight test demonstrations for that paragraph should

include force response tests.

G. SUPPORTING DATA

At this time no supporting data are available.

H. LESSONS LEARNED

None.

2
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3.2.9.8 Pitch axis trim systems

A. REASON FOR REQUIRDIT

A requirement is necessary that specifies the characteristics of the

pitch trim in reducing control forces, in operational flight and in

event of trim system failures. This paragraph is included to insure

satisfactory trim system operation.

B. RELATED MIL-F-8785C REQUIRM

3.6.1

C. STATIDN]T OF REQUIREMNT AND RECO(NRIDKD VALUES

3.2.9.8 Pitch axis trim systems. In straight flight, throughout
the Operational Flight Envelope the trimming system shall be capable of
reducing the steady-state control forces to _ The fail-

ures to be considered in applying Level 2 and 3 requirements shall
include trim sticking and runaway in either direction. It is permis-
sible to meet Level 2 and 3 requirements by providing the pilot with
alternate trim mechanisms or override capability.

RECOMMENDED FORCE LIMITS

Level 1 or 2: Zero
Level 3: No greater than 20 pounds,

push or pull

D. RATIONALE BEHIND REQUIREMENT

The purpose of a trim system is to reduce steady-state forces on

cockpit controls, preferably to zero. By placing the requirements on

steady-state forces we have implicitly allowed transient forces to

exceed the limits in this paragraph. This is consistent with the normal

usage of trim controls wherein transient forces are handled with the

primary cockpit controllers with trim utilized to remove steady-state

forces.
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K. GUIDANCE FOR APPLICATION

In normal operations, this requirement is very straightforward. If

a pitch trim is provided, it must be effective. However, the more

powerful a trim, the more catastrophic a trim failure can be. The dif-

ficulty in designing a trim system will be in assuring that extreme

failures (trim hardover, sticking, etc.) are capable of being overcome

by the pilot. Hence override or alternate trim mechanisms (e.g., dual

trim systems) are of prime importance.

F. DEMONSTRATION OF COMPLIANCE

Trim capability must be shown through flight testing, at conditions

covering the range of operational flight. The flight conditions should

be devised to exercise the envelope of trim authority, e.g., low alti-

tude and high speed (high dynamic pressure), and high altitude and low

speed (low dynamic pressure) at most forward and most aft c.g. Failure

operations at these conditions may be impractical; therefore, compliance

with the failure requirement may be demonstrated by intentionally mis-

trimming the aircraft and recovering from the mistrim, or by simulation.

G. SUPPORTING DATA

None.

K. LESSONS LEARNED

None available.
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3.2.9.8.1 Pitch axis trim systems - rate of operation

A. WEASON POR REQUI T

Trimming devices must be capable of operating rapidly enough to be

of value to the pilot (especially in maneuvers which involve large sus-

tained pitch-control inputs), but not so rapidly that their operations

produce abrupt aircraft motions.

B. RELATED MIL-F-8785C REQUIREMENT

3.6.1.2

C. STATEMENT OF REQUIREMENT

3.2.9.8.1 Pitch axis trim systems -- rate of operation. Trim
devices shall operate rapidly enough to enable t'.a pilot to maintain low
control forces under changing conditions normally encountered in ser-
vice, yet not so rapidly as to cause oversensitivity or trim precision
difficulties under any conditions.

D. RATIONALE BEHIND REQUIREMENTS

If a trim system is to function as desired, i.e., relieve steady-

state pitch control forces, it must operate rapidly. Slow trim rates

will: a) fatigue the pilot; and b) not be helpful since trim conditions

may change more quickly. However, rapid trim motion could cause abrupt

attitude changes and oversensitivity - making it impossible in practice

to achieve desired trim.

E. GUIDANCE FOR APPLICATION

It may be difficult to specify a trim rate which will be applicable

for all mission phases of the aircraft. It is more likely that the pro-

curing agency will simply require that the trim operation rate not be

objectionable, and that the contractor will use past experience as a

guide. In any case, acceptability of the trim system will be a function

of the operational missions to be flown, and of the untrimmed control

forces. Specific missions should be considered individually in this
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light; in MIL-F-8785C this requirement included specific force limits

that may be obtained in dives and during rapid speed changes, using

trimming devices to decrease the forces.

F. DNISTAUTIOE OF COMPLIANCE

At the discretion of the procuring activity, compliance may be

proven through static ground testing of the trim system. However, if it

is felt that the trim operation might be influenced by flight variables

(e.g., dynamic pressure, electrical or hydraulic system load), flight

testing is mandatory. Obviously, demonstration of the force require-

ments of 3.2.9.7 will involve trim operation, so it will be easy to

demonstrate compliance with this requirement.

The conditions to be tested should include, as a minimum: a) dives

and ground attack maneuvers required in normal service operation and

b) level-flight accelerations at maximum augmented thrust from 250 kts

or VR/C, whichever is less, to Vmax at any altitude when the aircraft is

trimmed for level flight prior to initiation of the maneuver.

SUPPORTING DATA

None.

H. LESSONS LMARKED

None.
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3.2.9.8.2 Pitch axis trim systems - stalling of trim systems

A. REASON FOR REQUIREMENT

Large control hinge moments are characteristic of flight in the

transonic speed regime. It is therefore possible that the trim system

would become ineffective. In addition, aircraft using an adjustable

stabilizer for pitch trim are susceptible to stalling of the trim actua-

tor under certain mistrim conditions. That is, if sufficient mistrim

exists, it is possible for resulting aerodynamic loads to exceed the

drive capability of the stabilizer actuator.

B. RELATED HIL-F-8785C REQUIREMNT

3.6.1.3

C. STATKENT OF REQUIREMENT

3.2.9.8.2 Pitch axis trim systems - stalling of trim systems.
Stalling of a trim system due to aerodynamic loads during maneuvers
shall not result in an unsafe condition. Specifically, the longitudinal
trim system shall be capable of operating during the dive recoveries of
3.2.9.7.3 at any attainable permissible n, at any possible position of
the trimming device.

D. RATIONALE BEHIND REQUIREMENT

The basic rationale behind this requirement is obvious. Not so

obvious is the effect of mistrimming. The following discussion, taken

from Reference 173, describes the problem.

Mistrimming will occur in the event of a trim runaway, although a

runaway is an unlikely possibility. Mistrim is more probable if trim-

ming is attempted in severe turbulence. Proper trim is normally estab-

lished by trimming to a zero stick force reference. In the rapidly

changing conditions of severe turbulence, no stable stick force refer-

ence is available and trimming attempts are likely to result in mistrim.

Once mistrim exists, some of the elevator's pitching moment contri-

bution must go to oppose the pitching moment developed by the mistrimmed
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stabilizer. This will have several adverse effects. First, some of the

available elevator capability goes to oppose the mistrimmed stabilizer

and less is left to counter any adverse gust-induced pitching motions.

Second, elevator forces will be increased and may complicate recovery

from a high-speed dive. Third, and perhaps most significant, whenever

the elevator opposes the stabilizer, the aerodynamic load on the sta-

bilizer may reach a level that is impossible for the trim actuator to

overcome.

If, for example, nose-down trim is used to counter the airplane's

pitch-up response to a vertical downdraft, the airplane will pitch down

more sharply when the draft reverses in direction. Elevator will be

used to counter the pitch-down motion, and the resulting aerodynamic

load may be sufficient to stall the stabilizer actuator. As speed

increases, the adverse effects increase, and the elevator may have

insufficient effect to counter the nose-down forces of the draft and the

mistrimmed stabilizer. It is obvious that tuck effects may also compli-

cate the picture, and it is significant that tuck effects cannot be

countered by a Mach trim system that is unable to move the stabilizer.

E. GUIDANCE FOR APPLICATION

In addition to high-speed dives, the effect of mistrim should be

considered when utilizing an adjustable stabilizer for pitch trim.

F. DUOSTRATION OF COMPLIANCE

Demonstrating compliance is a matter of placing the aircraft in a

dive at the maximum permissible speed and checking operation of the

pitch trim system. However, it is clear that full nose-down mistrim

should be accounted for in these dives. For example, a Boeing 720 with

full nose-down trim at the dive entry will encounter stalling of the

pitch trim drive in the dive if the pilot is manually attempting to pull

out. Judgment will have to be applied to decide if the mission require-

ments should allow this type of abuse. See "Lessons Learned" for more

discussion of this.
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G. SUPPORTING DATA

None.

R. LESSONS LEARNED

A United Airlines Boeing 720B encountered stalling of the pitch

trim actuator during a turbulence upset over O'Neill, Nebraska, on

12 July 1963 (Reference 255). The aircraft was passing through

39,000 ft in a climb to 41,000 ft in IMC conditions when severe turbu-

lence was encountered. A large downdraft was encountered and the

aircraft pitch attitude increased to +60 deg! This occurred despite

application of full forward stick. The gust then reversed to a large

updraft, putting the aircraft into a severe dive with an estimated

flight path angle of about negative 35 deg. The pitch trim control was

reported by the crew to be "frozen" in the dive. Recovery was made with

power (pullout at 14,000 ft) and pitch trim control was restored.

Two other turbulence upsets occurred with commercial jet transports

(another Boeing 720B and a DC-8) where the wreckage of both aircraft

showed the trim actuator in the full nose-down position. The frequency

of such turbulence upset accidents has been reduced drastically in

recent years by pilot training to fly loose attitude control and to

essentially ignore large airspeed excursions in severe turbulence. How-

ever, the possibility of entering a dive with full nose-down mistrim

should be considered in the design process.
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3.2.9.8.3 Pitch axis trim systems - irreversibility

A. RuASOR FOR uEiQUaMOr

Pilot workload increases significantly if the pitch trim system

drifts or changes position. This requirement is intended to preclude

such undesirable characteristics.

B. RELATEDMIL-F-8785C REQUIRMUNT

3.6.1.4

C. STATEENT OF REQUIREMENT

3.2.9.8.3 Pitch axis trim systems - irreversibility. All trimming
devices shall maintain a given setting indefinitely unless changed by
the pilot, or by a special automatic interconnect (such as to the land-
ing flaps), or by the operation of an augmentation device. If an auto-
matic interconnect or augmentation device is used in conjunction with a
trim device, provision shall be made to ensure the accurate return of
the device to its initial trim position on removal of each interconnect
or augmentation command.

D. RATIONALE BEHIND REQUIREMENT

The bottom line for a trim device is: it must make the pilot's life

easier. Unintentional changes in trim position will serve to complicate

his job. This requirement allows for trim scheduling or interconnecting

with other control devices, but it specifically disallows float or

drift. In addition it assures that removal of the interconnect or

scheduling does not leave it locked in an undesirable position.

E. GUIDANCE FOR APPLICATION

Application of this requirement is simple, i.e., design the trim

device with a mechanical linkage that will move only when directed.

303

- -. -



F. DUISTRATION OF OOMPI.IANC

While flight testing must be conducted, there are no special maneu-

vers required to prove compliance. The flight test maneuvers flown for

the requirements of 3.2.9 in general will be sufficient. Of especial

importance are sustained maneuvers at n # 1, e.g., dives and dive

recoveries, pull-ups, wind-up turns, with the cockpit trim setting fixed

throughout.

G. SUPPORTING DATA

None available or required.

H. LIESSONS MARKED

None available.

3
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3. Po

3.2.10 Pitch Axis Control Displacements

3.2. 10.1 Pitch axis control displacements - takeoff

A. RMSON FOR REUCRUMT

This requirement insures that there is reserve pitch control power

during takeoff to allow regulation against gusts or pilot abuses.

B. RELATED NIL-F-8785C RE(QIRRUXT

3.2.3.3.2

C. STATMUDT OF REQUIRJUMT AND RECOMMENDED VALUES

3.2.10.1 Pitch axis control displacements - takeoff. With the

trim setting optional but fixed, the pitch-control travel during
all types of takeoffs for which the aircraft is designed shall not
exceed percent of the total travel, stop-to-stop. Here the term
takeoff includes ground run, rotation and liftoff, the ensuing
acceleration to Vmax (TO), and the transient caused by assist cessa-
tion. Takeoff power shall be maintained until Vmax (TO) is reached,
with the landing gear and high-lift devices retracted in the normal
manner at speeds from Vomin (TO) to Vmax (TO).

The recommended maximum pitch control displacement is 75 percent of

total travel for all controller types.

D. RATIONALE BEHIND REQUIREMENT

This requirement is intended to insure that under no condition will

it be necessary to use full control to meet the operational takeoff

performance requirements. The obvious motivation for this is to provide

adequate control margin during takeoff for regulation against atmos-

pheric disturbances or pilot abuses. It should be noted that the use of

full nose-up pitch control during the early phases of the takeoff roll

is usually necessary to raise the nosewheel on soft fields.

R. GMIDANCE FOR ALICATION

No particular guidance is felt to be necessary.
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F. DIOEMSTRATION OF COMPLIANCE

Because of the well-recognized problems in modeling aerodynamics in

ground effect, simulation results may not be adequate for comrliaice

with this requirement. Flight testing performed to demonstrate

compliance with 3.2.9.7.1 should include measurement of control

displacements.

G. SUPPORTING DATA

None available.

H. LESSONS LEARNE

None available.
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3.2.10.2 Pitch axis control displacements - maneuvering

A. REASON FOR REXQIRmRUT

There is evidence that stick deflection characteristics, while

secondary to force characteristics, are still important to the pilot

when maneuvering.

B. RELATED NIL-F-8785C RE(UIREINTS

3.2.2.2, 3.2.2.2.2

C. STATEENT OF REJQUIRDT

3.2.10.2 Pitch axis control displacements -- maneuverin. For all
types of pitch controllers, the control motions in maneuvering flight
shall not be so large or so small as to be objectionable. In steady
turning flight and in pullups at constant speed, the incremental control
deflection required to maintain a change in normal load factor and pitch
rate shall be in the same sense (aft - more positive, forward - more
negative) as those required to initiate the change.

D. RATIONALE BEHIND REQUIREMENT

For maneuvering flight it is necessary that control motions and

displacements be comfortable and natural to the pilot. In this regard

the above requirements are intended to assure that control motion and

airplane motion are in harmony. Controller force/deflection character-

istics are specified in Paragraph 3.2.9.4.

E. GUIDANCE FOR APPLICATION

Proper design of the pitch control power (3.2.8) and forces (3.2.9)

for maneuvering should result in the above requirements being met. How-

ever, these requirements function as final tests of the adequacy of the

controller specified by 3.2.8 and 3.2.9.
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F. DDIOESTRATIOW OF COMPLIaNCK

Flight testing should provide proof of compliance with these re-

quirements, at conditions with most forward and most aft c.g., over the

load factor range of the Service Flight Envelope. The subjective

requirement for control motions to be "not objectionable" may also be

interpreted as "not cause a degradation in Flying Quality Level," e.g.,

control motions alone should not degrade a Level 1 airplane to Level 2,

etc.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

The isometric sidearm controller used in the YF-16 and F-16 was

unacceptable to many pilots (see References 124 and 125). Their primary

objection was the lack of tactile cues as to when the controller was at

its limit. A small amount of motion was incorporated into the control-

ler that has been adopted.
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3.2. 10.3 Pitch axis control displacements - gust regulation

A. REASON FO1 RZQUIRMNT

Control authority (measured in this section by displacement and sur-

face deflection rates) must be sufficient for the aircraft to perform

all required tasks in the Operational Flight Envelope in the presence of

atmospheric disturbances.

B. RELATED NIL--8785C REQUIREMENT

3.5.2.3

C. STATEMENT OF REQUIREET

3.2.10.3 Pitch axis control displacements - gust regulation. The

ability of the aircraft to perform operational maneuvers required of it
shall not be limited in the atmospheric disturbances defined

in 3.9 by control displacement or control surface deflection rates. For
powered or boosted controls, the effect of engine speed and the duty
cycle of both primary and secondary control together with the pilot
control techniques shall be included when establishing compliance with
this requirement.

Recommended disturbance level: Moderate

D. RATIONALE BEHIND REQUIREMENT

Atmospheric disturbances in the form of gusts should not result in

limitations in maneuvering in the Operational Flight Envelope. In terms

of displacements this means that no limitations should be imposed due

solely to control travel. Since ability to counter gusts includes sur-

face rate characteristics, an explicit requirement is stated for deflec-

tion rates.

The last statement was included to point out that auxiliary hydrau-

lic devices may use up significant portions of the available hydraulic

power during critical phases of the mission. For example, actuation of

landing gear, flaps, slats, etc., during the landing approach when the

engines are operating at relatively low power settings could drain
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enough hydraulic power to make it difficult for the pilot to make a safe

approach, especially in turbulence. In other flight conditions with

less auxiliary demand or higher engine thrust, however, that same

hydraulic system might be more than adequate. Also, at high dynamic

pressure, high hinge moments may limit control surface rate and

deflection.

In precision control tasks such as the landing approach and forma-

tion flying it has been observed that the pilot sometimes resorts to

elevator stick pumping to achieve better precision (see References 113,

120, and 121). This technique is likely to be used when the short-

period frequency is less than the minimum specified or if the phugoid is

unstable.

While specific disturbances are listed, the evaluation remains some-

what qualitative.

The "required operational maneuvers" are commensurate with the

particular level of flying qualities under consideration. The maneuvers

required in Level 3 operation, for example, will normally be less pre-

cise and more gradual than for Level I and 2 operation. In some cases

this may result in lower demands on control authority and rates for

Level 3 operation. Note, however, that when the handling characteris-

tics of the airplane are near the Level 3 limits, increased control

activity may occur, even though the maneuvers are more gradual.

E. GUIDANCE FOR APPLICATION

Control system design should naturally include consideration of gust

effects. For thorough design, the turbulence models of 3.9 should be

applied. By this point in the design process the pitch control gearing,

surface effectiveness, etc., would probably be well defined, and appli-

cation of this requirement would be straightforward.

F. DDIOSTRATIOI OF OPLIANCE

It is clearly impractical to demand flight testing to demonstrate

compliance with this requirement. Instead, at the discretion of the
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procuring activity, compliance may be shown through analysis of gust

response characteristics using either an analytical model or a piloted

simulation, involving the gust models of 3.9. Such analysis must

include not only the normal operational maneuvers involving pitch

controls, but also the critical maneuvers (especially for hydraulic

actuation systems) which may limit the responsiveness of the pitch

control surface. As mentioned in Paragraph D, these might include

extension of landing gear and high-lift devices on landing approach,

etc.

A modicum of common sense is required in the application of this

requirement. The specific levels of atmospheric disturbance to be

applied are not specified. Yet Paragraph 3.9 contains turbulence up to

the thunderstorm level. We do not normally require operational

maneuvering in thunderstorm turbulence. It would seem reasonable to

require operational maneuvering in turbulence intensities up to

"moderate." For turbulence intensities greater than moderate it seems

reasonable to require sufficient maneuver capability for loose attitude

control.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.3 HANDLING QUALITY REQUIREMENTS FOR VERTICAL FLIGHT PATH AXIS

3.3.1 Vertical Axis Response to Attitude Change

3.3.1.1 Vertical axis response to attitude change - transient
response

A. REASON FOR REQUIREMENT

This requirement is included to provide a separate and independent

criterion for flight path response to pitch attitude changes. Two cri-

teria are necessary: one for conventional aircraft where pitch attitude

is the primary means for flight path control; the second for STOL air-

craft where pitch attitude plays a secondary role in path control and/or

is used to control speed.

B. RELATED NIL-F-8785C REQUIREMENT

None.

C. STATEMENT OF REQUIREBNT

3.3.1.1 Vertical axis response to attitude change - transient
response.

a) The short-term flight path response to attitude
changes shall have the following characteristics:

b) If a designated controller other than attitude is

the primary means of controlling flight path, the
flight path response to an attitude change can be

degraded to the following:

c) In all cases the pitch attitude response must

lead the flight path angle by
and must have a magnitude equal to or greater
than the flight path angle.

Recommended values: Insufficient data available.
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D. RATIOMUL RM REQUIREMEN

1. Frontaide Operation

Aircraft operating on the front side of the power-required curve

utilize pitch attitude to control flight path. In fact, the primary

motivation for the limits set in 3.2.1 is to provide the required inner

loop which will allow aggressive precision outer-loop (path) tracking

characteristics. A block diagram depicting the pilot/vehicle loop

structure for this situation is shown in Figure 3 (3.2.1.1). As shown

in that block diagram, the short-term flight path response is related

kinematically to the aircraft pitch attitude change by

Y I
e T 2 s +1

The long-term response is related to dy/dV, which of course depends on

where the operating point is on the power-required curve (see Para.

3.3.1.2).

The equivalent system requirements for pitch attitude control (see

Para. 3.2.1.1) involve 1/Te 2 directly (wspTe2 limits) or indirectly [Wsp

vs. n/a where n/u 4 (Uo/g)(1/T 2 )] . Hence these requirements appear to

involve pitch and path control in a single criterion. However, because

the experimental data used to develop correlations for the criteria do

not contain independent variation of speed and I/T0 2 (basically all

NT-33 data), it is not possible to determine whether the boundaries do

indeed account for path as well as pitch. The lack of availability of

such data also makes it impossible to establish a quantitative require-

ment for this paragraph. However, for design guidance, lI/T 2 should be

at least greater than the values specified in Figure 2 (3.2.1.1) for

Category C.

The bandwidth criterion (3.2.1.2) clearly is a specification on

attitude control only and therefore requires a separate specification on

short-term path response, i.e., minimum value of I/T0 2. Again the

values specified in Figure 2 (3.2.1.1) provide reasonable guidance for
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Category C. These limiting values are repeated in Table 1 for refer-

ence. The values of (1/TO2)min in Table I are simply the lover bound-

aries on n/a from Figure 1 (3.2.1.1) at an approach speed of 135 kt.

Generally speaking, 1/T0 2 is large enough to be of no concern f or CTOL

aircraft in the Category A and B flight phases, and hence no data are

available to establish lover limits.

TABLE 1 (3.3.1.1)

GUIDANCE FOR LOWER LIMIT ON I/T2

LEVEL CLASS (1/T e2)min

I, II-C, IV 0.38
1

II-L, III 0.29

I, II-C, IV 0.24
2

II-L, III 0.14

2. Backside Operation

An aircraft operating well on the back side of the power-required

curve (dy/dV positive) must rely on thrust or thrust vectoring for path

control. Such STOL aircraft usually have sufficiently fast engine

response characteristics (or some type of blended DLC) that allow preci-

sion flight path tracking with the throttles (or other designated flight

path controller). The control of pitch attitude becomes much less

critical and hence some relaxation in the Level I limits should be

allowed. One objective of the currently ongoing STOL amendment work

will be to provide an estimate of the allowable relaxation in the atti-

tude criterion as a function of the quality of the short-term flight

path response to throttle (or designated flight path controller).

3. Attitude/Path Consonance

Experience has shown that the path response bandwidth should be well

separated from the pitch response bandwidth. Evidence to support this

314

- t



result is given in the analysis and flight test results obtained by

DFVLR (using an HFB-320 in-flight simulator) and reported in Refer-

ence 269. These results indicate that an appropriate criterion para-

meter would be the phase angle between path and attitude at the short-

period frequency, i.e.,

*(Y/e) IWjWzj

Noting that ,(y/e)l.sp - tan- w spT 2' the criterion on wspTe2 (Para.

3.2.1.1) can be easily converted to *(y /6)l sp with the results shown

in Table 2. The advantage of using *(y/6)Ijwsp is that it does not

require a LOES fit to identify wsp and T02 when the bandwidth criterion

is utilized. It should be recognized that the values in Table 2 are all

based on the same NT-33 flight test data as the LOES boundaries in

3.2.1.1. Until more data can be obtained to indicate pilot rating

trends and I/T 9 2 is varied at constant wsp, it is felt that Table 2

should be kept in the category of guidance.

Handbook items E through H have been left blank until more data can

be obtained to upgrade the recommendation to a requirement.

TABLE 2 (3.3.1.1)

CONVERSION OF (spT( 2 TO A PHASE ANGLE CRITERION

CATEGORY LEVEL (MAXIMUM ALLOWABLE
L (sPT2)min /(deg)

A 1 1.6 -58
2 1.0 -45

1 1.0 -45
2 0.58 -30

1 1.3 -52
2 0.75 -37
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K. GUIDANCE POR APPLICATION

F. DMOESTRATION OF COMPLIANCK

G. SUPPORTING DATA

H. LESSONS LKARNID

Not enough information is available for discussion in these areas.
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3.3.1.2 Vertical axis response to attitude change - steady-state
response

A. REASON FO RIKJfUMIMT

The accepted piloting technique for conventional aircraft is to

adjust flight path with pitch attitude. This requirement is included to

insure that the long-term flight path response to pitch attitude changes

is acceptable to the pilot.

B. REIATND NIL-F-8785C EQUIRR fIT

3.2.1.3

C. STATDIUT OF 1 IRZKT MD UKCOHTMIDZD VALUES

3.3.1.2 Vertical axis response to attitude change - steady-state
response. For aircraft without a designated secondary flight path con-
trol the steady-state path response to attitude inputs shall be as fol-
lows: _

Recommended values: Flight-path stability is defined in terms of

flight-path-angle change where the airspeed is changed by the use of
pitch control only (throttle setting not changed by the crew). For the

landing approach Flight Phase, the curve of flight-path angle versus

true airspeed shall have a local slope at Vomin that is negative or less

positive than:

a. Level 1: 0.06 degrees/knot'

b. Level 2: 0.15 degrees/knot

c. Level 3: 0.24 degrees/knot

The thrust setting shall be that required for the normal approach glide

path at Vomin. The slope of the curve of flight-path angle versus air-

speed at 5 knots slower than Vomin shall not be more than 0.05 degrees
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per knot more positive than the slope at Vomin' as illustrated by the

sketch below.

+ (Vo% in-S) V omi n

I I V (TAS), KT

REGION OF REGION OF
D E IPOSITIVE NEGATIVEDIFFERENCE IN SLOPES SLOPES

SLOPES NOT 
TO

EXCEED .05 DEG/KT

D. Rh TIMOAL BMIND UQUIflM

Discussions for this section, as well as the "Supporting Data" sec-

tion, are taken from the MIL-F-8785B BIUG, Reference 11.

Operation on the "backside" of the drag curve in the landing ap-

proach leads to problems in airspeed and flight-path control. Refer-

ences 150, 151, 152, and 153 show that airspeed behavior, when elevator

is used to control attitude and altitude, is characterized by a first-

order root that becomes unstable at speeds below minimum drag speed.

This closed-loop instability, even when the open-loop (unattended air-

plane) phugoid motion is stable, is caused by an "unstable" zero in the

h/6 e airplane transfer function. Specifically, Reference 150 uses

closed-loop analyses to show the importance of the factor 1/Th1 as

an indicator of closed-loop system stability and throttle activity

required. A useful measure of the quantity 1/Thl is needed.

Working from the altitude-to-elevator transfer function, Refer-

ence 10 shows that I/Thl is closely approximated by the ratio D/C, where V
D and C are defined implicitly as follows:
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h~s) =As 3 + Bs 2 + CS + D

6e(S) (9)(82 3 ++S + s 2,sp spS + W2p)

The additional assumption that C is approximately equal to

[V(Z6ew ,- M6eZ)]

is generally valid, so that:

1 . D
ThI  V(Z6eMW - M6e w

The climb-angle-to-elevator transfer function is as follows:

Y Ihs) As 3 +B 2 C+. I_ h(s) _ IAs + BS2 + Cs + D

6e(S) V 6e(S) V (s2 + 2 p 5 + w)(s2 + 24spWspS + sp)

Applying the limit value theorem, for a step 6e (6e /S) the slope of the

steady-state y versus 6e curve is equal to the value of this transfer

function when s approaches zero, so that:

.41- - LY. Ia I D
dde 6e(s) ss wztop

In a similar manner, the slope of the steady-state u versus 6e curve is

obtained:

du u(s) = _ g(Z6eMw - M6eZw)

d6e 6e(s)r 2S w2p
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Therefore, the slope of the steady-state y versus u curve for elevator

inputs is

jd dy/d 6e 1 D

du " du/d 6e - g V[Z6eMw - M6eZw

Using the expression for I/Thl, we finally obtain

._1 - 1
du g Th1

The dy/du limits, therefore, set limits on 1/Thl.

The limit on dy/du at 5 knots slower than Vomin was added to assure

that the airplane remains tractable at commonly encountered off-nominal

speeds.

For design purposes, dY/du can be estimated from the dimensional

stability derivatives as follows:

Al 1 JXu- Xw _.9 Zu - (Z6e/M6e IM u '  X6e t MwZu - MuZw I

du g u V-[Zw - (z6e/M6e)u - M6[ -zw +  [Z~e/M6 i]
or

i (Xw _.& u (6eMeuj Xe[ iP
du g 1c - /Te2  M6 [ /T 2 ]

For M. and X6e small, the following approximation is valid except for

very-short-tailed airplanes:

du g u _Xw- ul

du 9Vz

*The earlier Reference 233 contains a similar approximate analysis

of l/Thi.
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It is possible to violate this requirement by operating well on the back

side of the power-required curve (dy/du >> 0) and still have a Level I

airplane as long as some other means of controlling flight path is pro-

vided (usually power). Naturally the "secondary flight path controller"

must have acceptable characteristics. For example, if thrust is desig-

nated as the flight path controller, good flight path response to

changes in thrust (Y/6T)ss must be assured. Although there are no

quantitative data to support this, it seems logical that progressively

degraded y/8 can be compensated with incremental improvements

in (Y/6T)ss. Examples of aircraft that have poor (y/O)ss character-

istics but are acceptable because flight path control is augmented with

thrust are the de Havilland Twin Otter, the DHC-7, and many carrier-

based fighters (e.g., Reference 150). Requirements on y/6T are speci-

fied in 3.3.2 based on STOL aircraft research.

E. GUIDANCE FOR APPLICATION

Since backside operation (defined when dy/du > 0) is most critical

during landing approach, this requirement is oriented toward that Flight

Phase. It is also troublesome for takeoff, cruise, and high-altitude

maneuvering, but it will probably not be as critical as for the landing

approach, and there are virtually no data to define numerical limits for

these Flight Phases.

In the event the aircraft is operated with a continuous flight path

controller (e.g. DLC on the YC-15), which serves to (hopefully) improve

the flight path response, this requirement would not be applied. The

reader should instead consult 3.3.1.2.1, "Relaxation for aircraft with

designated flight path controller."

V. DUMSTATIO OF COPLIAMCK

The climb-angle-versus-airspeed data used to demonstrate compliance

can be obtained during the stabilized-airspeed tests for static sta-

bility at low airspeeds.

321



By the nature of the way in which the climb-angle-versue-airepeed

criterion was developed, the climb angle to be measured is the climb

angle relative to the air, not the ground. This fact is mentioned for

the benefit of flight-test engineers contemplating use of Doppler radar

or ground-based tracking equipment to obtain the data. If such methods

are used, the wind must be calm, or at least constant and accurately

measured.

The most straightforward method is probably to use a well-calibrated

airspeed indicator and an accurate measure of vertical speed, such as a

radar altimeter. The climb angle is then equal to

sin' jVertical speedIIn True airspeed

Still air is necessary in any case, to minimize data scatter.

Because of thrust effects it has been found necessary to keep altitude

excursions small (less than 1000 ft) to get an acceptably accurate curve

of flight path angle versus speed. The trim flight-path angle can have

a marked effect on the results; the range of glide slopes expected in

the operational and training mission should be tested.

G. SUPPORTING DATA

The I/Th, data used to set numerical limits on dy/du are given in

References 120, 154-157.

It is apparent from Figures 1-3 (frjL Reference 120) that pilot

ratings of l/Th, are dependent on the value of Cp. For Level 1, 3.2.1.1

requires p > 0.04; greater damping might result from autothrottle or

similar augmentation. Therefore the positive p data of Figure 1 were

used to establish the Level I requirement for l/Thl or dy/dV. (The data

from Figures 2-4 are obviously too conservative for Level 1. The con-

figurations for Figure 2 had wsp marginally close to the lower Level 1

boundary; while those for Figure 4 were downrated because of the pitch

response to horizontal gusts caused by Mu.) For Levels 2 and 3, the

zero-p data seem appropriate:
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Figure Level 2 Level 3

I I/Thl > -0.08 I/Th I -0.12

2 I/Thl 0 -0.05 i/Thl > -0.08

From Figure 3, with near-zero Cp:

Level 2 Level 3

I/Thl > -0.05 I/Thl > -0.12

From Figure 4, with high Cp but in turbulence:

Level 2 Level 3

I/Thl > -0.05 I/Thl > -0.12

Combinations of Level 2 or 3 values of i/Thl with low Cp, wsp, or both

appear worse than cases with high Cp and wsp" With these considerations

in mind, I/Thl - -0.02 was chosen for the Level I boundary, -0.05 for

Level 2, and -0.08 for Level 3. These values of I/Thl correspond to the

dy/dV values specified: multiply I/Thl by -(57.3)(1.689)/(32.2) = -3.

The ground simulator experiment of Reference 155 altered i/Th by

changing Xw and X6 , and also considered the influences of thrust-line

inclination and thrust-line offset on the flying qualities. There are

very limited data for thrust-line offset, and the decision was made to

assume that designers will take reasonable steps to keep the offset as

small as possible. The data for zero thrust-line offset are presented

in Figure 5 for different values of thrust-line inclination. The data

do seem to indicate that some thrust-line inclination is desirable, but

the variations in rating due to inclination are well within the scatter

of the data considered as a whole.

The data from ground simulator experiments of References 154 and 157

are presented in Figure 6. It should be mentioned that only the data

for the highest static margin in Reference 154 are presented because the

lower static margins result in values of wsp that are too low for

Level I.
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The data from the in-flight experiment of Reference 156 are pre-

sented in Figure 7. There are several factors that influence interpre-

tation of this data. First, the pilot rating scale used is a modified

version of the Cooper scale and is rather difficult to interpret.

Second, the "speed stability" was changed by altering 3T/aV as well as

3T/M, which means that unstable values of "speed stability" were accom-

panied by negative values of phugoid damping. Since the "speed sta-

bility" was altered in this experiment by using engine thrust, the pilot

could use the engine noise as an airspeed cue. The final (and probably

most significant) factor is that most of the approaches were flown VFR,

with a ground controller supplying continuous flight-path information by

radio using a theodolite. Reference 156 states that this type of tech-

nique resulted in very tight control of flight path. A few approaches

were made using precision-approach radar; these were much more difficult

for the pilot to successfully accomplish. The relationship between the

speed stability" parameter I/T2 of Figure 7 and l/Thl is as follows:

l/Thl - 0.693 (l/T 2 )

A comparison of the requirements derived from Figures 1 through 4

and the data from Figures 5 through 7 is presented below.

1/Thl for

Level 1 Level 2 Level 3

Requirement of 3.3.1.2.1 -0.02 -0.05 -0.08

Figure 5 (Reference 155) -0.035 -0.084 -0.107

Figure 6 (Reference 157) -0.020 to -0.035 -0.095 -1.121

Figure 6 (Reference 154) -0.010 - -

Figure 7 (Reference 156, +0.010 -0.190 -0.360

no thrust lag)

Figure 7 (Reference 156, +0.017 -0.060 -0.125
thrust lag)
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The primary problem with Figure 7 seems to be that the majority of the

data points are for VFR approaches with unusually good flight-path

information available to the pilot (see Reference 156).

R. LESSONS LEARNED

There have been numerous aircraft that have been judged as unaccept-

able because of backside characteristics. The most recent of these is

the F-16, which has notable deficiencies (Reference 125) in the landing

approach flight condition. These deficiencies were specifically attri-

buted to "flight path instabilities." dy/dV at the approach angle of

attack (13 deg) was 0.15 (Level 2). It was also noted that pitch atti-

tude control was imprecise, which compounded the problem.
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3.3.1.2.1 Relaxation for aircraft with designated flight path
controller

A. REASON FOR REQUIREMENT

This requirement represents a relaxation to 3.3.1.2 for aircraft

equipped with a specific flight path controller. Such a relaxation is

warranted since the primary control of long-term flight path can be

accomplished with some control other than pitch attitude.

A. RELATED KIL-F-8785C REQUIREMENT

3.6.2

C. STATEMENT OF REQUIREMENT

3.3.1.2.1 Relaxation for aircraft with designated flight path con-

troller. For aircraft with a designated secondary flight path control
the required flight path response to attitude changes is

D. RATIONALE BEHIND REQUIREMENT

For most conventional aircraft this requirement is not applicable.

For such aircraft as STOLs, where primary control of flight path is not

with pitch attitude, a relaxation of 3.3.1.2 (i.e., operation well on

the back side) should be allowed. A STOL amendment, currently under

development, will address requirements such as this.

E. GUIDANCE FOR APPLICATION

F. DEMONSTRATION OF COMPLIANCE

G. SUPPORTING DATA

H. LESSONS LEARNED

No information is available at this time.
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3.3.2 Vertical Axis Response to Designated Flight Path Controller

3.3.2.1 Vertical axis response to designated flight path control-
ler - transient response

3.3.2.2 Vertical axis response to designated flight path control-

ler - steady-state response

A. RESON FOR RQUIE RS

These requirements are intended to be the primary flight path con-

trol criteria for STOL aircraft. These aircraft operate well on the

back side of the power-required curve and therefore use a designated

controller other than pitch attitude (such as throttle) to control

flight path.

B. RELATED MIL-F-8785C REQUIREMENT

3.6.2

C. STATM4ENT OF REQUIREMENTS

3.3.2.1 Vertical axis response to designated flight path control-
ler - transient response. When used as a primary controller the

short-term flight path response to designated flight path controller

inputs shall have the following characteristics:

3.3.2.2 Vertical axis response to designated flight path control-

ler - steady-state response. At all flight conditions the flight path

controller will produce flight path motions in the same direction as the

applied control and which are of the same sign as the steady-state
values.

D. RATIONALE BEHIND REQUIREMENTS

There is a large body of data for STOL flight path control with

thrust and DLC devices. These data will be incorporated into these

paragraphs during development of the STOL amendment.
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1. GUIDANCE FIL1 APPLICATION

F. DiH0STIMION OF COKILIANCK

G. SUPPORTING DATA

H. LESSONS LEARNED

None.
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3.3.3 Vertical Axis Response to Other Inputs

3.3.3.1 Vertical axis response to auxiliary controls, stores
release, and armament delivery

3.3.3.2 Vertical axis response to failures

A. REASON FOR RQUMK NTS

Changes in the flight path to infrequent but anticipated inputs must

not be objectionable to the pilot.

B. RELATED NIL-F-8785C REQUIRMWS

3.4.6, 3.4.7, 3.4.8, 3.4.9

C. STA TEENT OF REQUIRDKENTS

3.3.3 Vertical Axis Response to Other Inputs

3.3.3.1 Vertical axis response to auxiliary controls. stores

release, and armament. There shall be no objectionable transients in
flight path response due to the use of other auxiliary controls, or

stores or armament release.

3.3.3.2 Vertical axis response to failures. No single failure of
any component or system shall result in objectionable flying qualities.

D. RATIONALE BEHIND REQUIREMENTS

Requirements are needed in the vertical axis that correspond to

similar statements in the other axes. Ultimately a more thorough set of

requirements should be developed.

E. GUIDANCE FOR APPLICATION

F. DEM0STRATION OF COPLIANCE

G. SUPPORTING DATA

H. LESSONS LEARNED

Supportive discussions for these areas should be developed as more

information becomes available.
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3.3.4 Flight Path Control Power

3.3.4.1 Control power for designated primary flight path controller

3.3.4.2 Control power for designated secondary flight path control-
ler

3.3.5 Flight Path Controller Characteristics

A. REASON FOR RKU _7IRlfES

This set of requirements defines the effectiveness and cockpit char-

acteristics of the designated flight path controller. They are oriented

toward STOL aircraft.

B. RELATED KIL-F-8785C REQUIREMENTS

3.5.2.1

C. STATE T OF REQUIREMENTS

3.3.4 Flight Path Control Power

3.3.4.1 Control power for designated primary flight path control-

ler. If a separate control is provided for direct lift or flight path
it shall be capable of producing the following changes in flight path

following full actuation of the controller. This
shall be accomplished with pitch attitude held fixed and the speed
trimmed for

3.3.4.2 Control power for designated secondary flight path control-
ler. The secondary controlle- shall be sufficient to produce the fol-
lowing changes in flight path:

3.3.5 Flight Path Controller Characteristics. The breakout, cen-
tering, and force gradient characteristics of the designated flight path
controller shall be within the following limits:

Breakout: ± lb

Centering: ± %

Force gradient:
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D. RATIONALE BEHIND REQUIR ENTS

These requirements are grouped together because of their similar

purposes, and because there is not enough data to recommend values for

them. A STOL amendment for the MIL Standard will provide guidance.

E. GUIDANCE FOR APPLICATION

F. DEMONSTRATION OF COMPLIANCE

G. SUPPORTING DATA

H. LESSONS LEARNED

No information is available at this time.
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3.4 HANDLING QUALITY REQUIREMENTS FOR LONGITUDINAL (SPEED) AXIS

3.4.1 Speed Response to Attitude Changes

A. REASON FOR REQUIREMENT

This requirement is intended to insure that the aircraft will not

diverge in attitude and speed during intermittent periods of unattended

pilot operation.

B. RELATED NIL-F-8785C REQUIREMENT

3.2.1.1

C. STATEMENT OF REQUIREMENT

3.4.1 Speed Response to Attitude Changes.

a. The correlation between airspeed and pitch atti-
tude shall be as follows:

b. For Levels 1 and 2 there shall be no tendency for
the airspeed to diverge aperiodically when the
aircraft pitch attitude is disturbed from trim by
any means. This requirement shall be considered
satisfied if the gradient of pitch control force
with airspeed is negative. Demonstration of posi-
tive phugoid damping in Paragraph 3.2.1 shall also
be accepted as evidence of compliance.

c. For Level 3, the airspeed divergence characteris-
tics must be within the following limits:

Recommendation for Requirement a:

Transient Response. For rapid attitude changes
the short-term airspeed change should be in the
same direction as the final value.

Steady State Response. For a fixed positive
change in attitude from trim, airspeed should not
increase. This applies over a speed range of *15
percent about trim or ±50 kt, whichever is less.
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Recommendation for Requirement c:

It is recommended that the time for airspeed to
double amplitude following a pitch attitude dis-
turbance from trim be not less than 6 seconds.
Additionally, airspeed divergences should not be

allowed in the presence of one or more other
Level 3 flying qualities unless the flight safety
of that combination of characteristics can be
demonstrated.

D. RATIONALE BEHIND RE(UIRMN

This requirement insures positive static stability for Levels 1

and 2 and limits the amount of negative static stability for Level 3.

It also requires that the airspeed track the pitch attitude in the

conventional way (decreasing airspeed decreases with increasing pitch

attitude) both in the long- and short-term response.

Static stability means that restoring pitching moments are generated

when the airspeed is disturbed from trim. Airspeed is easily measured

inasmuch as it is always available as a cockpit display. Furthermore,

in most circumstances airspeed is more meaningful to most pilots than

angle of attack.

From a piloting standpoint, pitch attitude is the primary longitu-

dinal control variable. Pilots quickly learn that good control of pitch

attitude leads to good control of airspeed and flight path. Hence it

would seem possible that the desire for angle-of-attack stability is

more related to pitch attitude than airspeed. Evidence to support this

point of view can be found in good pilot acceptance of rate command/

attitude hold augmentation, which has zero static stability in the

classical sense (airspeed stability). In fact, for all but the most

unconventional aircraft, this requirement is redundant with the require-

ments on pitch attitude in Paragraph 3.2.1. It is retained in this

standard primarily to insure accept-ible airspeed response character-

istics for augmented aircraft that may have unconventional airspeed

responses to changes in pitch attitude.

337



9. GMIDAN FOR APPLICATION

Aircraft that meet the equivalent phugoid and short-period require-

ments of Paragraph 3.2.1.1 should automatically meet the requirements of

this section because of the inherent relationships between pitch atti-

tude and airspeed. However, aircraft with some form of direct force

control (such as DLC or autothrottles) may modify the classical

attitude/airspeed relationship significantly. For example, a tight

autothrottle loop will result in essentially zero airspeed change with

changes in pitch attitude. In some flight conditions it is conceivable

that the autothrottle could result in increasing airspeed with increas-

ing pitch attitude. Such undesirable characteristics would be dis-

allowed by this requirement.

F. DEMONSTRATION OF COMPLIANCK

This requirement will be considered satisfied if the gradient of

pitch control force with airspeed is negative, i.e., the aircraft will

return to its trim angle of attack after a disturbance. There seems no

reason to require a stable pitch control displacement gradient with

airspeed inasmuch as a stable force gradient assures a convergent air-

speed response. Moreover, insisting on a stable control position

gradient results in significant restriction in the aft c.g. limit, which

of course limits aircraft utility. Downsprings and bobweights are

utilized to augment the stick force gradient when the stick position

gradient is zero on many successful aircraft, although overdoing that

can induce a dynamic instability.

It is well recognized that the stick force gradient with airspeed is

an important flying quality metric. Unfortunately, there seems to be no

general agreement on what constitutes the lower boundary. Hence we

require only that the gradient be less than zero.

A succinct description of measurement techniques for compliance with

this requirement appeared as Appendix IVA of Reference 11. It is appro-

priate to reprint that description here.
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The obvious method for determining the stick force gradient is to

first trim the aircraft and then use the pitch attitude control alone to

change and restabilize airspeed, leaving the throttle and trimmer con-

trols at their trim settings. The altitude, of course, will vary

constantly during this test; but careful programming of the test

sequence can keep the altitude within reasonable bounds, for subsonic

speeds at least. At low speed this test gives an excellent indication

of phugoid stiffness or any divergent roots, though it is time consum-

ing. But at higher speeds, larger altitude changes are encountered

during the runs. Then the lack of any unique relation between altitude

and speed can cause difficulty, because compressibility effects are

functions of both h and V. For example, gross differences in apparent

"stability" are common transonically between results of airspeed varia-

tion at constant Mach number and results of Mach variation at constant

airspeed. Neither of these latter two tests gives the desired result,

which is an indication of long-term stability.

The acceleration-deceleration method is a popular method because it

is the quickest. After trimming, the aircraft is decelerated to the

specified lower limit of the speed range by reducing power and holding

altitude constant with the elevator. The aircraft is next accelerated

to the maximum specified speed and then decelerated to the trim speed.

All this is done at constant altitude. The method is fast, and provides

an almost infinite number of data points, because data can be recorded

continuously during the maneuver. One practical problem, however, is

that unless the pilot changes power slowly and moves the elevator

smoothly so that normal acceleration is held very close to 1.0, the data

will include unwanted contributions from 6e/n (constant speed).

At low speeds, the control force versus airspeed gradients obtained

from the above two methods will be essentially equal. At high speeds,

the gradients will differ by a factor that depends on altitude and air-

speed. The difference is primarily due to the fact that large altitude

changes accompany small airspeed changes during high-speed flight at

constant throttle. This means that air density and the speed of sound

will vary appreciably during static stability tests using the stabilized
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method, but not during acceleration-deceleration tests. It is not

obvious which type of test most accurately measures "static stability."

It is obvious, however, that the stabilized method is very time consum-

ing and exhibits poor repeatability for high-speed flight conditions.

For this reason, the acceleration-deceleration method is generally

preferable for testing at high speeds.

A possible source of error, which can accompany the acceleration-

deceleration tests, should be mentioned. This error is often present

because the tests are usually conducted using off-trim throttle set-

tings. The pitching moment and vertical force changes with speed at an

off-trim throttle setting may be significantly different from those

obtained at the trim throttle setting. Unless the engine thrust and

slipstream effects due to changing throttle and airspeed are known

before the test, it is obvious that the control force and position data

must be obtained with the throttles at their trim settings.

In view of the above discussion, the following techniques are recom-

mended as a reasonable compromise between accuracy and practicality. At

low speeds where the altitude changes associated with constant-throttle

airspeed changes are small and where operation near the stall speed is

required, the constant-power stabilized-airspeed method works very

nicely. At high speeds (say M > 0.4) where the altitude excursions

associated with the stabilized-airspeed method become larger, economy

considerations dictate that some form of the acceleration-deceleration

method be employed. To insure that the results of the test give a

reasonable indication of throttle-fixed stability, the following proce-

dure should be used. After trimming the aircraft, reduce throttle and

allow the airplane to decelerate at constant altitude to the low end of

the desired speed range, taking no data. When the desired speed is

reached, advance the throttle to the trim setting and hold normal accel-

eration as close to 1.0 g as is possible without use of abrupt control

movements. The reverse procedure should be used for speeds above

the trim speed. Data should only be taken during the acceleration and
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deceleration runs where the throttle is at the trim setting. For

climbing or descending Flight Phases, other appropriate throttle

settings should be used; but the acceleration-deceleration runs are

still to be conducted in level flight.

In testing for compliance, if the control gradients obtained for a

number of trim points are stable over the specified speed range, rela-

tively few additional trim points will be needed. If an unstable region

is found far from the trim point, however, the test should be repeated

with the aircraft trimmed closer to the unstable region; the airplane

may or may not be stable within the specified speed range about the new

trim point.

Aircraft having certain types of SAS, such as rate-command/attitude-

hold or maneuver-command systems, will have zero stick force gradients

with airspeed. For these aircraft, the flight tests conducted to

satisfy the phugoid stability requirements of Paragraph 3.2.1.1 should

be utilized to show compliance with this paragraph.

G. SUPPORTING DATA

The data supporting this requirement are the same as the data

supporting the phugoid requirement in Paragraph 3.2.1.1.

H. LESSONS LEARNED

The requirement for a convergent airspeed response for acceptable

flying qualities is well recognized. Recent experience in testing

modified control laws on the F-16 have shown that some level of speed

stability is necessary in the approach flight condition. The

augmentation insures good attitude stability with or without angle of

attack feedback. However, pilots indicated that the speed cue (provided

The combined effect of thrust ant acceleration can be seen by com-
paring acceleration and deceleration data, but for showing specification
compliance only the data for the trim throttle setting are pertinent.
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by the angle of attack feedback) was necessary to avoid inadvertent

stalls near the ground.

The allowance of a divergent airspeed response for Level 3 is based

on ground-based and in-flight simulation studies related to the Boeing

SST, the B-i, and other configurations that have shown the apparent

feasibility even of instrument landing with instabilities as great as

6 seconds to double amplitude.
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3.4.1.1 Speed response to attitude changes - relaxation in tran-
sonic flight

A. REASOK FOR RZIUEIRU

Aircraft naturally exhibit local instabilities in the transonic

region. Considering that operation in this region is almost always

transient in nature, it seems reasonable to allow limited levels of

static instability.

B. RELATED KIL-F-8785C RZQUMENT

3.2.1.1.1

C. STATIMT OF REQUIJRO T MD RECOM DED VALUES

3.4.1.1 Speed response to attitude changes - relaxation in tran-
sonic flight. The requirements of 3.4.1 may be relaxed in the transonic
speed range as follows:

Recommended values (provided any divergent aircraft motions with

speed are gradual and not objectionable to the pilot):

a. Levels 1 and 2: For centerstick controllers, no
local force gradient should be more unstable than
3 pounds per 0.01 M nor should the force change
exceed 10 pounds in the unstable direction. The
corresponding limits for wheel controllers are
5 pounds per 0.01 M and 15 pounds, respectively.

b. Level 3: For centerstick controllers, no local
force gradient should be more unstable than
6 pounds per 0.01 M nor should the force ever
exceed 20 pounds in the unstable direction. The
correspondings limits for wheel controllers are
10 pounds per 0.01 M and 30 pounds, respectively.

This relaxation should not be applied to Level I
for any Flight Phase which requires prolonged
transonic operation.
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D. RATIONALE RTIND RKQUIMET

The extent of the region that may be considered transonic has been

left unspecified because of the difficulty in stating a definition that

can be applied with generality. It is not the intent to define the

transonic region as that where a relaxation is necessary; such a defini-

tion would leave essentially no requirement for stability. For aircraft

that do not have supercritical wings, the lower end of the transonic

region might be taken as the drag-rise Mach number. The upper bound

might be the Mach number at which the lift and drag approach the

classical (M2 cos2 A - 1)-1/2 variation with freestream Mach number,

where A is the sweepback angle. In any case the relaxation is not meant

to apply at any flight condition at which an operational mission

requires prolonged oppration.

E. GUIDANCE FOR APPLICATION

Since phugoid oscillations involve speed charges, all speeds at

which operational missions might require prolonged flight should be

reasonably far removed from the region of transonic trim changes.

Otherwise, normally encountered disturbances would cause divergence.

A statement should be included in the detailed system definition for

each procurement delineating if the relaxation is to be applied and for

which Flight Phases.

F. DEMONSTRATION OF COMPLIANCE

See discussion for 3.4.1.

G. SUPPORTING DATA

None required.

H. LESSONS LEARNED

None required.
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3.4.2 Speed Response to Speed Controller

3.4.2.1 Speed response to speed controller - transient response

3.4.2.2 Speed response to speed controller - steady-state response

3.4.3 Speed Axis Response to Other Inputs

3.4.4 Speed Axis Control Power

3.4.5 Speed Axis Controller Characteristics

A. REASON FOR REQUIREMENTS

These requirements delineate responses in the speed axis, both to

the designated speed controller and to other inputs. They are oriented

toward STOL aircraft.

B. REIATED MIL-F-8785C REQUIREMENTS

3.4.6, 3.4.7, 3.4.8, 3.4.9, 3.5.2.1

C. STATEMENT OF REQUIREMENTS

3.4.2 Speed Response to Speed Controller

3.4.2.1 Speed response to speed controller - transient response.
The short-term airspeed response to the designated speed controller

shall have the following characteristics:

3.4.2.2 Speed response to speed controller -- steady-state re-
sponse. The steady-state airspeed response to a step change of the
designated speed controller shall have the following characteristics:

3.4.3 Speed Axis Response to Other Inputs. There shall be no air-
speed responses due to use of other controls, stores or armament
release, configuration changes, or failures of any system or subsystem
that result in objectionable flying qualities.

3.4.4 Speed Axis Control Power. The speed controller shall be cap-
able of providing the following range of speeds throughout the Opera-
tional Flight Envelope:
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3.4.5 Speed Axis Controller Characteristics.

a) Breakout forces shall not exceed

b) Friction shall be adjustable from lb to lb.

c) Displacements shall be sufficient to provide from idle
to full thrust and shall not be so large or so small
as to be objectionable. The average control gradient
shall not be less than _ _ _

D. RATIONALE BEHIND REQUIREMENTS

This block of requirements covers a large percentage of the speed

axis requirements. They have been presented as a set here because,

while there is clear justification for all of them, there is not enough

data collected to date to discuss any of them in detall. The require-

ments are oriented toward STOL aircraft such as the YC-14, which had a

separate speed controller. It is expected that some information in this

area will be uncovered during work on the STOL amendment.

E. GUIDANCE FOR APPLICATION

F. DEMONSTRATION OF COMPLIANCE

G. SUPPORTING DATA

H. LESSONS LEARNED

The YC-14 experience should be investigated for lessons learned in

this area. Especially relevant would be the speed control characteris-

tics of the Coanda flaps in wind shear.
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3.5 HANDLING QUALITY REQUIREMENTS FOR ROLL AXIS

3.5.1 Roll Response to Roll Controller

3.5.1.1 Roll axis lower-order equivalent system requirements

3.5.1.1.1 Roll mode

A. REASON FOR REQUIREMENT

This requirement is directed at precision of control in the roll

axis. For aircraft that exhibit classical spiral (large spiral time

constant) and dutch roll (low 1,/81) characteristics, the equivalent

roll mode time constant (TR) describes the airplane roll damping. For

airplanes with a roll rate response that is not easily approximated by a

first order, an alternative specification such as bandwidth may be in

order.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.1.2

C. STATEMEN OF REQUIREMENT AND RECOMMENDED VALUES

3.5.1.1.1 Roll mode. The equivalent roll mode time constant, TR,
shall be no great'r than the following:

Recommended values: For the equivalent roll rate transfer function

defined as follows, the maximum equivalent roll mode time constant, TR,

is given in Table 1:
-te S

p K p ()[i ,wb]e p 
(

Fas i/Tsd I d/Ta 4d- wd(

The equivalent system should be fit to the higher-order system using

algorithms similar to those specified in Appendix A, over the frequency

range from 0.1 rad/sec to 10.0 rad/sec.

347



TABLE 1 (3.5.1.1.1)

RECOMMENDED MAXIMUM ROLL-MODE TIME CONSTANT (Seconds)

FLIGHT LEVEL
PHASE CLASS

CATEGORY 1 23

A I, IV 1.0 1.4
II,111 1.4 3.0

B All 1.4 3.0 10

C I, il-C, IV 1.0 11.4

1 II-L, Il 1.4 3.0

If the roll response is classical in nature (i.e., defined by the

spiral, dutch roll, and roll modes), conventional techniques may be

utilized to determine TR (see, for example, Reference 11, Appendix VB).

D. RATIONALE BEHIND REQUIREMENT

There are considerable data to show that pilot rating is a function

of roll damping, for example Figure 1 (from Reference 37). Roll damp-

ing is generally expressed in terms of the first-order roll mode time

constant, TR, of the roll rate response following a step rolling moment

input Therefore, a direct requirement on TR has been specified.

E. GUIDANCE FOR APPLICATION

The considerable advances made in modeling higher-order aircraft

responses with equivaient systems have, largely, been only for the pitch

axis. Similar work is clearly necessary in the roll and yaw axes. It

is expected that application of this requirement will involve some sort

of reduced-order matching, whether it be by frequency (Appendix A) or

time (Reference 11) domain techniques. At -his time inadequate informa-

tion exists to supply significant guidance for applying equivalent

systems to meet this requirement.

Limits for the other parameters in the p/Fas transfer function,

Equation 1, are given in other paragraphs in this Handbook.
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Flo DEMONSTRATION OF COMPLIANCE

Compliance is easily demonstrated through flight testing at the

minimum and maximum specified operational altitudes, over the range of

service speed, with the airplane configured for maximum rolling moment

of inertia.

The roll rate response to a step roll control input for airplanes

with conventional response is usually made up of three distinct modes:

the roll mode, the spiral mode, and the dutch roll mode. If linearity

is assumed, the principle of superposition applies. Then any point on

the roll rate trace at any given time must be the sum of these three
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modes at that time. Therefore, if the three modes can be identified on

the roll rate trace, it is possible to extract the roll mode time con-

stant, TR-

The P/Fas response function, given in Equation 1, can be transformed

to the time domain. Assuming ep is small, the roll rate time history

following a step roll control input is given by:

' -stet " ie - t/Ts + Kie -r/TR + Kde- dwdt cos [wd/1 - ;t + p]6a Istep

For a normal airplane, the roll mode, characterized by the first-

order time constant, TR, takes on the following form following a step

aileron input:

o-
KR KRe / T R

0 TR

Methods of extracting values of TR from flight test data are given in

Reference 11.

G. SUPPORTING DATA

The MIL-F-8785B BIUG (Reference 11) contained a concise description

of data available for development and support of the recommended values

of Table 1. The following discussion is primarily taken from Refer-

ence 11.
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1. Level 1 Requlreets

The starting point for specification of the criteria was the recom-

mendation pertaining to roll mode time constant given in References 37

and 38. Both references report on extensive surveys of roll flying

qualities and so were directly applicable to this effort. Reference 38

proposes a maximum TR = 1.3 seconds for Class IV airplanes and

TR - 1.5 seconds for all other classes (Figure 2). From theoretical

considerations and from analysis, Reference 37 concluded that, "The

maximum value of TR considered satisfactory is about 1.3 to 1.5; and

there is no strong evidence in existing data or theory for allowing this

value to increase with airplane size or mission." While there is still

no strong evidence to indicate that the requirements can be relaxed,

several reports on in-flight evaluations (References 16, 44, and 46)

indicate that, for Class I and IV airplanes performing precision tasks,

even lower values of TR are required to obtain satisfactory flying

qualities.

Reference 44 (Figures 3, 4, and 5) shows that maximum satisfactory

TR for fighter aircraft for a carrier approach is approximately

1 second. Reference 46 (Figure 6) shows that with a TR - 1.3 seconds,

the best pilot rating obtained was 5 and in conclusion stated, "Because

of the roll control difficulties the pilot experienced with the long

roll mode time constant configuration, it was concluded that a roll mode

time constant of 1.3 seconds or greater is unsatisfactory for a fighte:

mission." One prominent manufacturer of fighter aircraft stated that

fighter aircraft should have a TR = 0.6 to 0.8 seconds. Reference 16

indicates, from consideration of time required to reach maximum roll

rate, that Class I and small Class II aircraft require reasonably short

roll mode time constants as well.
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The data of Reference 38 (Figures 7 through 11) have been widely

referenced and interpreted, as for example in References 37 and 45. It

should be noted, however, that the in-flight evaluations in Reference 38

were all for TR less than 0.8 seconds (Figure 10) and any conclusions

about roll mode time constants longer than 0.8 seconds would be based on

the ground simulation data only. In general, the in-flight ratings of

Reference 38 were worse than for the single-degree-of-freedom ground

simulation ratings (Figure 11). This indicates that the presented one-

degree-of-freedom data (Figure 9) may be a little optimistic. This

difference in pilot ratings was discussed in Reference 38:

The principal argument is that the pilots' opinion of
roll performance was adversely influenced by the cou-
pling between the modes of motion which exist to some
degree in all airplanes, but which for airplane D and
for the low speed range of airplane F (see Figure 10]
were excessive, and which the single-degree-of-freedom
analysis used herein obviously does not take into ac-
count. However, for airplane F, as the speed was in-
creased the rolling motions approached those described
by a single-degree-of-freedom system and correspond-
ingly the actual pilot rating approached the predicted
rating. Secondary factors which may have contributed
to the above trend, wherein the actual rating was
greater than the predicted, were objectionable control
system dynamics and control system forces which may
have been present.

So the simulator data (Figures 7 and 8) may be considered to represent

"ideal" aircraft.

Since, in general, a knee occurs in most of the data at approxi-

mately TR - 1 second (Figure 1), and since TR - 1 second is at least

consistent with all pertinent data, this value of TR has been selected

as the recommended Level I limit for Class I, II-C, and IV airplanes for

Flight Phase Category C, and for Class I and IV airplanes for Flight

Phase Category A.

For Class I and IV airplanes performing Flight Phase Category B

tasks, and for Class II-L and III airplanes performing all tasks, avail-

able data support a maximum value of TR 1.3 to 1.5 seconds; an average

value of TR - 1.4 seconds was selected. Ground simulator data in Refer-

ence 43 tend to support this value for large aircraft (cross-hatched
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Rating with Those Predicted from Flight Simulator

Boundaries (from Reference 38)

curves in Figure 1); and in-flight data in Reference 39 for small Class

II airplanes, Flight Phase Category B (Figure 12), support a TR at least

greater than 1.2 seconds.

An additional consideration that is demonstrated by much of the

data, for example References 44 and 49, is that the required TR is, to a

degree, determined by the value of Lo or 10/01d. The in-flight data of

Reference 44 (Figures 4 and 5) show this dependence directly. In the

opinion of the author of Reference 49, the main reason for the differ-

ences between the data of Reference 49 and the data to which it is

compared (see Figure 13) is that the Reference 49 ground simulator data

were based on a much larger value of 1"I'8 d response ratio. In addi-

tion, the lack of an adequate flight path display for the simulated

high-speed condition (M - 1.2) of Reference 49 may have contributed.

The pilot ratings of both the Reference 49 and 44 data are degraded

because of the response to atmospheric disturbances. This phenomenon is

discussed in the substantiation for the paragraph covering the response

to atmospheric disturbances.
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2. Level 2 Requirements

References 37 and 45 do not make recommendations that pertain to

Level 2 criteria as they did for Level 1. However, using available

pilot rating data, it is possible to select values of TR that are con-

sistent with available data.

Examination of Figure I (from Reference 37), which summarizes data

from References 38 and 43, shows that for a change in pilot rating from

3-1/2 to 5 or 5-1/2, TR goes from approximately 1.3 to 3 seconds. Thus,

even though the Reference 38 data are based on a fighter mission, the

data do indicate the gradient of pilot rating with TR over the above

noted ranges. Reference 46 indicates, from in-flight evaluations, that

for fighter aircraft performing precision and maneuvering tasks, the

pilot ratings degraded to marginally acceptable for TR values of 1.3 to

1.6 seconds. For large airplanes, Reference 47 suggests TR values of

2.3 seconds for the satisfactory level, and 6 seconds for the acceptable

level; however, these levels are probably associated with somewhat

poorer flying qualities than are Cooper-Harper Levels 1 and 2. The

Level 2 recommendations were selected from these considerations

3. Level 3 Requirement

A Level 3 value of TR = 10 seconds is relatively arbitrary but is

based on data of Reference 49 (Figure 13) for fighter aircraft. While

the selected value of TR cannot be vigorously defended, it does legis-

late against unstable roll modes while permitting effective accelera-

tion-like responses to control inputs such as can be obtained on

wingless vehicles.

H. LESSONS LEARNED

A comprehensive series of flight tests was recently conducted on the

USAF/Calspan variable stability NT-33 to investigate the effect of

higher-order system dynamics on lateral handling qualities ("LATHOS'" for

lateral high-order systems, Reference 258). The effect of roll mode

time constant obtained in LATHOS is given in Figure 14. Values of TR
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Figure 14 (3.5.1.1.1). Effect of Roll Mode -- LATHOS
(Reference 258), Category A

existing Level I boundary were tested. However, the data for 1/TR grea-

ter than 1 supports the current boundary (TR 4 1.0 sec) up to a value of

I/TR L 3 (TR = 0.33). For 1/TR greater than 3 the pilot ratings show a

consistent degradation, a trend that is not included in the current

requirement. The pilot comments for these cases center about excessive

lateral abruptness and roll ratcheting. These results are supported by

the fact that some modern airplanes equipped with high-gain command

augmentation systems (CAS) have short TR and also experience excessive

lateral sensitivity which has been described as roll ratcheting. CAS

characteristics which may alleviate roll ratcheting are discussed at

length in Para. 3.5.10.3. The following will examine only the effects

of low values of TR.
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Several examples of ratcheting are shown in Figures 10, 12, and 13

of Para. 3.5.10.3. The phenomenon is characterized by near-limit-cycle

oscillations at frequencies between 2 and 3 -ycles per second (12 and

18 rad/sec), well above the frequency of pilot control in the roll axis.

The apparent dominant factor in ratcheting is excessive control gain

(i.e., stick sensitivity) at these high frequencies. It has been sug-

gested (Reference 266) that the root cause of ratcheting is related to

pilot closed-loop response to lateral acceleration cues: with a reason-

able pilot lag, a closed-loop instability can exist when TR is too

short.

Another possible explanation for ratcheting is physiological in

nature. That is, since the mass combination of pilot hand/arm and con-

trol stick are subjected to abrupt lateral accelerations, the effect

would be that of a "bobweight" which would feed b- .k to the aircraft.

This phenomenon has been related to longitudinal pilot-induced oscilla-

tions (Reference 225). Experiments conducted at the Air Force Aerospace

Medical Research Laboratory (AMRL) investigated pilot control perfor-

mance while experiencing sinusoidal lateral vibrations (Reference 267).

A simple roll-bar-tracking maneuver with a well-behaved controlled ele-

ment was utilized. Figure 15 compares results of this experiment with

an analytical model for stick deflection response to lateral accelera-

tions. Pilot closed-loop tracking was at around 5 rad/sec, while an

oscillatory arm/stick "bobweight" mode occurred at about 2 cycles per

second (12 rad/sec) - near the frequencies of the observed ratcheting

oscillations in the LATHOS experiment.

Several solutions to the problem of excessive sensitivity have been

found. These are discussed in conjunction with the roll sensitivity

discussion in Para. 3.5.10.3. Those solutions are to: 1) decrease the

stick sensitivity around neutral; 2) minimize the augmented aircraft

value of 1/TR; and 3) add a low-frequency stick prefilter with a break

frequency of at least 10 1/sec.

Reduction of stick sensitivity for CAS-equipped aircraft is rela-

tively straightforward. Use of nonlinear gradients (p/Fas) on LATHOS

reduced the sensitivity only slightly but improved pilot ratings from 7
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Figure 15 (3.5.11.1). Comparison of Models and Data for
Closed-Loop Stick Deflection Responses Under

Lateral Vibration (Reference 267)

to 4 [see Figures 14 (35.10.3) and 15 (3.5.10.3)]. It is clear that
low sensitivity around neutral is essential for acceptable flying quali-

ties.

Prefilters in the forward path were found to alleviate ratcheting on

both LATHOS and the YA-7D DIGITAC (Reference 265). The time constants

of the filters were well into the range of pilot crossover (/T F around
3 rad/sec), and their effect as observed by the pilot was to smooth air-

craft response (i.e., increase TR). However, this should not be con-

sidered as a practical fix to the problem of sensitivity, since the atr-

craft response to outside disturbances might still be unacceptably

abrupt. More importantly, prefilters can add considerable equivalent

time delay to the system. In the longitudinal axis, a first-order lag

of 3 rad/sac adds about 0.1t sec to overall T e [see Figure 9a (3.2,.1.1)].

For the T-33 /LATHOS experiment, where basic T e due to actuators was
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small (0.028 sec), this was not significant. But on a highly augmented

aircraft where structural filters, sensor filters, digital time delay,

etc., may already contribute considerable lag, a prefilter could make

the aircraft totally unacceptable due to excessive time delay. The

effect of time delay on pilot rating was considerable in the LATHOS

experiment as shown in Figure 1 (3.5.1.1.5).

In summary, a large value of I/TR appears to result in excessive

gain at high frequencies (see Figure 16) which seems to be the root

cause of roll ratcheting. This can be alleviated to some extent by

reducirng the stick gain for small inputs, i.e., most high-frequency

control activity occurs with low magnitude (see Figure 2 (3.5.10.3)].

However, resisting the temptation to overaugment l/TR seems to be the

best overall solution. Even then, some nonlinear stick shaping will

most likely be required (see Figure 2 (3.5.10.3)].

2 = L FT , 1deg/sec(- S) S Fo s R I 1 lb

Cooper-Harper Pilot Rating (LATHOS 3 )

( --,. (3)
" :'GS SS 

%2.22

N -. % (5)
TR \ \.

\ %%6.67\ \

\ \

Figure 16 (3.5.1.1.1). Effect of I/TR on High
Frequency Gain
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3.5.1.1.2 Spiral stability

A. REASON FOR REQUIREMENT

The requirements on spiral stability are aimed primarily at insuring

that the airplane will not diverge too rapidly in bank from a wings-

level condition during periods of pilot inattention.

B. RELATED NIL-F-8785C REQUIREMENT

3.3.1.3

C. STATEMEDIT OF REQUIREMENT AND RECOMMENDED VALUES

3.5.1.1.2 Spiral stability. The combined effects of spiral sta-

bility, flight-control-system characteristics and rolling moment change
with speed shall be such that the bank angle response shall have the
following characteristics: following a disturbance in bank
of up to 20 degrees. This requirement shall be met with the airplane
trimmed for wings-level, zero-yaw-rate flight with the cockpit controls
free.

TABLE 1 (3.5.1.1.2)

SPIRAL STABILITY - RECOMMENDED MINIMUM
TIME TO DOUBLE AMPLITUDE

FLIGHT PHASE LEVEL 1 LEVEL 2 LEVEL 3
CATEGORY

A and C 12 sec 8 sec 4 sec

B 20 sec 8 sec 4 sec

D. RATIONALE BEHIND REQUIREMENT

The spiral mode, characterized by slow rolling and yawing responses

to a roll disturbance, is generally not a problem for the pilot during

fully attended operations (air combat, landing, etc.). However, spiral

divergence during low-gain tasks can be a nuisance and even a dangercus

condition if the divergence is too rapid. A limit on time to double
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amplitude for the spiral mode is necessary for safety during such opera-

tions. There is as yet no clear need for, or definition of, a limit on

positive spiral stability (discussed in "Supporting Data"). Indeed, a

coupled roll-spiral mode (3.5.1.1.3) is sometimes desirable.

E. GUIDANCE FOR APPLICATION

Because of the low frequency of the spiral mode its effects are

easily masked by residual rolling moments, e.g., due to asymmetric

loadings or control system friction. Additionally, if tests are con-

ducted with the pitch control free, the resulting phugoid oscillation

may alter the rate of spiral divergence. Values of equivalent spiral

time constant can be obtained from the equivalent system fit of the

p/Fas response, described in Para. 3.5.1.1.1 for the roll mode.

F. DEONSTRATION OF COMPLIANCE

Bearing in mind that friction and asymmetric loadings must be

accounted for, no special flight test techniques are required.

G. SUPPORTING DATA

Reference 45 recommended retention of the existing T2 > 20 seconds

requirement and also proposed a requirement, TI/ 2 ) 10 seconds, on the

degree of positive spiral stability permitted. The recommended 'low-

able instability of Table 1 is similar, in that for Flight Phase Cate-

gory B (analogous to the cruise configuration) the time to double ampli-

tude is T2 ) 20 seconds. But for Flight Phase Categories A and C, where

the pilot is generally closing a tight attitude loop, a less stringent

value of T2 ) 12 seconds was selected.

Grouping Category C Flight Phases with Category A Flight Phases is

based on the consideration that during Category A and C Flight Phases

the pilot is in more continuous control of the airplane than in Cate-

gory B Flight Phase and is therefore less concerned about long-term

attitude characteristics. This point was demonstrated in the TIFS

Phase I landing approach experiments reported in Reference 50. Spiral
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roots with time to double of 9.6 sec were hardly noticed and a case with

time to double of 6.4 sec, although noted, was not considered reason for

downgrading the evaluation. Based on these data together with the

extensive data in References 51 and 52, it is recommended that the

Level 2 limit on T2 be 8 sec. Even this limit is a conservative inter-

pretation of the data in Reference 51, which could be used to support a

value of T2 -6 sec for Level 2. The gradient of pilot rating with

time to double is steep, however, and a conservative interpretation is

believed justified.

The data of Reference 53 (Figure 1) tend to suggest, however, that a

higher value of T2 might be justified for Level 2.

For Level 3, a value of T2 ) 4 seconds was selected as a compromise

between what is flyable and what is controllable if the pilot cannot

CRUISE CONDITION, SPEED 195 KT IAS, ALTITUDE 10,000 FT (APPROX)

TOLERABLE

SATISFACTORY INTOLERABLE

PI LOT H 0 001o

GRATI NGS
0 EXCELLENT

F 0 00 0 0 () SATSFACTORY
I 1( TOLERAbLE

E 0 Q *1 0 0 INTOLERABLE

C0 0; (1Ic, o o@r 0

a90 0 6 0

AO 0
_ _ _ _ _ _ _I

I/T,,, I/SEC.2 .1 0 .1 .2 .3 .4 I/T 2  II/.EC

Tin SEC 5 10 ) c- 20 10 5 4 3 25 T2 SEC

Figure 1 (3.5.1.1.2). Limits of Satisfactory and Tolerable
Rates of Spiral Divergence (from Reference 53)
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devote full attention to flying the aircraft. This subject was dis-

cussed, as follows, in Reference 53:

The minimum tolerable time to double amplitude of the spiral
divergence was very much longer than the minimum allowed
by the existing handling qualities specifications (Refer-
ence [57). It is believed that the concept of the spiral
divergence being unimportant to the pilot, because it is slow
enough to be controlled, had led to considerable confusion on
the subject. It is true that the pilot can control an air-
plane with a very rapid divergence (say, time to double
amplitude of 2 or 4 seconds) when he has nothing to do but fly
the airplane. Therefore, tests made with a rapid divergence
where the pilot devoted full attention to flying, or made
under conditions such as a landing approach, where the pilot

necessarily devotes nearly all of his time to flying the air-
plane, will. show that the minimum tolerable time to double
amplitude is very low. However, there are many circumstances
where the pilot does not, and indeed, cannot devote all of his
attention to flying the airplane. He must read maps, work
navigation problems, consult radio facilities handbooks, or
route manuals, tune radios, and carry on various other acti-
vities. It is impossible for him to handle these tasks effec-
tively if, every time he diverts his attention, the airplane
starts spiralling off. It is perfectly reasonable, then, for
pilots to find an airplane with a rapid spiral divergence
perfectly flyable yet absolutely intolerable.

In Reference 45, a limit of TI/ 2 > 10 seconds on the degree of

spiral stability was recommended primarily from consideration of Refer-

ences 54 and 55. Reference 54 stated that "the maximum desired spiral

stability appears to be a time to half amplitude of 10 seconds" and,

based on closed-loop analysis, Reference 55 suggested that TI/2 less

than approximately 7 to 14 seconds would generally cause a degradation

of pilot opinion. If the experimental in-flight data of Reference 53

(Figure 1) and Reference 54 (Figure 2) are examined, however, it can be

seen that good pilot ratings are obtained for T1/2 1 10 seconds and that

the flying qualities do not begin to degrade appreciably until T1/2 0 5

seconds.

Although there are some data that indicate there should be some

limit on the degree of positive spiral stability, other data show that

strong positive spiral stability can be beneficial. For example, in the

program described in Reference 56, a wings-leveling device was installed
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Pilot Opinion Versus Spiral Damping
(from Reference 54)

in an aircraft that resulted in an effective highly convergent spiral.

Although some pilots commented on the high forces required to hold the

airplane in a turn, the flying qualities were considered to be quite

acceptable and, in some respects, definitely preferable to neutral

spiral stability.

For these reasons, it was decided to not recommend a requirement on

positive Ts or T1/2 at this time, but more direct requirements on other

factors associated with convergent spirals; that is, aileron forces in

turns and roll maneuverability effectively limit Tl/2.

It should be noted that the spiral requirements include the effect

of lateral trim change with speed as well as the constant-speed spiral

stability characteristics, since this is more representative of what the

pilot sees than are constant-speed stability effects alone.

H. LESSONS LEANED

This requirement is well established and uo specific discussion is

necessary.
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3.5.1.1.3 Coupled roll-spiral oscillation

A. RMASON FOR REQUIREMENT

Existence of a coupled roll-spiral oscillation (also called a

"lateral phugoid") results in poor bank angle control and excessive

lateral stability for maneuvering. This requirement disallows the exis-

tence of a coupled roll-spiral mode for all but very benign maneuvering

flight conditions.

B. RELATED KIM-F-8785C REQUIRMW

3.3.1.4

C. STATEMiT OF REQUUMR T AD RECONKDIDED VALUES

3.5.1.1.3 Coupled roll-spiral oscillation. A coupled roll-spiral
node will be permitted provided it has the following characteristics:

TABLE 1 (3.5.1.1.3)

RECOMMENDED MAXIMUM VALUES FOR ROLL-SPIRAL DAMPING

COEFFICIENT, ;RS'RS

CATEGORY CATEGORIES
LEVEL A B AND C**

1 *0.5

2 * 0.3

3 * 0.15
*The aircraft shall not exhibit a coupled roll-

spiral mode in Category A Flight Phases.

*The aircraft shall not exhibit a coupled roll-
spiral oscillation in Category C Flight Phases
requiring rapid turning maneuvers such as short
approaches.
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in an aircraft that resulted in an effective highly convergent spiral.

Although some pilots commented on the high forces required to hold the

airplane in a turn, the flying qualities were considered to be quite

acceptable and, in some respects, definitely preferable to neutral

spiral stability.

For these reasons, it was decided to not recommend a requirement on

positive T. or T1/2 at this time, but more direct requirements on other

factors associated with convergent spirals; that is, aileron forces in

turns and roll maneuverability effectively limit T,/2.

It should be noted that the spiral requirements include the effect

of lateral trim change with speed as well as the constant-speed spiral

stability characteristics, since this is more representative of what the

pilot sees than are constant-speed stability effects alone.

H. LESSOES LEARNED

This requirement is well established and no specific discussion is

necessary.
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3.5.1.1.3 Coupled roll-spiral oscillation

A. REASO" FOR RI(JREWAT

Existence of a coupled roll-spiral oscillation (also called a

"lateral phugoid") results in poor bank angle control and excessive

lateral stability for maneuvering. This requirement disallows the exis-

tence of a coupled roll-spiral mode for all but very benign maneuvering

flight conditions.

B. RELATED NIL-F-8785C REQUIRJ E

3.3.1.4

C. STATE=T OF REQUIIREKENT AND RECONNUDED VALUES

3.5.1.1.3 Coupled roll-spiral oscillation. A coupled roll-spiral

mode will be permitted provided it has the following characteristics:

TABLE 1 (3.5.1.1.3)

RECOMMENDED MAXIMUM VALUES FOR ROLL-SPIRAL DAMPING
COEFFICIENT, CRSO)RS

CATEGORY CATEGORIES
LEVEL A B AND C

1 *0.5

2 *0.3

3 * 0.15

*The aircraft shall not exhibit a coupled roll-

spiral mode in Category A Flight Phases.
*The aircraft shall not exhibit a coupled roll-

spiral oscillation in Category C Flight Phases
requiring rapid turning maneuvers such as short
approaches.
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D. RATIONALE IHIND lRJElU3I

The primary objections to a coupled roll-spiral mode are the lack of

roll control effectiveness and high steady forces in turning flight (see

Reference 59, page 138). Roll spiral coupling can arise from unusual

values of La, L , N , and N , or from augmetation where bank angle

feedback is employed (see Reference 66). Experience with bank angle

command systems has shown that in order to obtain reasonable control

sensitivities, the control authority must be very low. One source of

the experience was a V/STOL control system blending study conducted on a

moving-base simulator (Reference 259). In that study it was clear that

while a bank angle command system was desirable in hover, it was also

desirable to switch to a rate command system at very low airspeeds. As

with the Reference 59 comments, the pilots found that the lack of roll

control authority and high steady forces in the turns were unacceptable.

In cases where the coupled roll spiral results from unusually large

values of La, N'/L', and N', a low L' may result in controllability

problems. This was the case for the M2-F2 lifting body (Reference 61).

The values in Table 1 were taken directly from MIL-F-8785C.

E. GUIDANCE FOR APPLICATION

Existence of a coupled roll-spiral mode should be allowed only

during those flight conditions which do not require rapid bank angle

maneuvering. Most control wheel steering (CWS) modes use roll rate

command augmentation and hence do not have a coupled roll-spiral mode.

However, it is conceivable that a bank angle command CWS mode would be

proposed. In the event that a deviation from the requirement is

requested, the flight tasks would be those involving rapid bank angle

maneuvering.
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Y. DD4STlTION OF COPLIAN C

Flight testing through the operational speed and altitude envelopes

should reveal any potential problems. Analysis based upon wind tunnel

estimates can predict potential areas where a lateral phugoid might

exist; flight testing should be concentrated in these regions.

We do not expect any problem in the determination of equivalent

system parameters for comparison with this requirement. Starting from

the complete lateral and directional transfer functions, it is straight-

forward to identify that the roll and spiral modes are coupled. That is,

the two usual first-order terms in the denominator are combined into a

second-order mode that identifies the roll-spiral damping.

G. SUPPORTING DATA

References 48, 49, and 60 contain results of simulations involving

coupled roll-spiral modes. In all cases the longitudinal characteris-

tics of the baseline vehicle were rated Level I by the evaluation

pilots. In addition, all lateral phugoid cases were characteristic of

lifting-body-type vehicles: large effective dihedral, low roll damping,

and positive yaw acceleration due to roll rate.

The data of Reference 48 are for an in-flight simulation of a

reentry vehicle using the USAF/Calspan variable-stability T-33. Fig-

ures 1, 2, and 3 present results of the simulation utilizing spiral

descent and landing approach (Figure 1) and up-and-away flight (Fig-

ures 2 and 3) maneuvers. Four pilots evaluated the configurations,

and inter-pilot variations in ratings were small for most cases. Fig-

ure 1 shows that in smooth air and slight proverse yaw due to ailerons,

C(w/wd)2 - 1.344, a lateral phugoid is acceptable but unsatisfactory

(ratings are based on the 10-point CAL scale). Ratings degrade quickly

in turbulence, and as (w /wd)2 becomes much less than or greater than

1.0. Figure 3 shows poor ratings for all configurations; this may be

due to the large value of 8/8Id (8.58). However, in general, in light

or less turbulence and with low yaw due to ailerons, a lateral phugoid

mode is not shown to be objectionable (note that for Figures 2 and 3, ;d
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D. RATIONALE BEHIND RE(QUIMOT

The primary objections to a coupled roll-spiral mode are the lack of

roll control effectiveness and high steady forces in turning flight (see

Reference 59, page 138). Roll spiral coupling can arise from unusual

values of LB, L N' and N, or from augmentation where bank angle

feedback is employed (see Reference 66). Experience with bank angle

command systems has shown that in order to obtain reasonable control

sensitivities, the control authority must be very low. One source of

the experience was a V/STOL control system blending study conducted on a

moving-base simulator (Reference 259). In that study it was clear that

while a bank angle command system was desirable in hover, it was also

desirable to switch to a rate command system at very low airspeeds. As

with the Reference 59 comments, the pilots found that the lack of roll

control authority and high steady forces in the turns were unacceptable.

In cases where the coupled roll spiral results from unusually large

values of Lo, N'/L', and N', a low L may result in controllability

problems. This was the case for the M2-F2 lifting body (Reference 61).

The values in Table 1 were taken directly from MIL-F-8785C.

E. GUIDANCE FOR APPLICATION

Existence of a coupled roll-spiral mode should be allowed only

during those flight conditions which do not require rapid bank angle

maneuvering. Most control wheel steering (CWS) modes use roll rate

command augmentation and hence do not have a coupled roll-spiral mode.

However, it is conceivable that a bank angle command CWS mode would be

proposed. In the event that a deviation from the requirement is

requested, the flight tasks would be those involving rapid bank angle

maneuvering.
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F. DiOSTMION OF OOMPLIAMMK

Flight testing through the operational speed and altitude envelopes

should reveal any potential problems. Analysis based upon wind tunnel

estimates can predict potential areas where a lateral phugoid might

exist; flight testing should be concentrated in these regions.

We do not expect any problem in the determination of equivalent

system parameters for comparison with this requirement. Starting from

the complete lateral and directional transfer functions, it is straight-

forward to identify that the roll and spiral modes are coupled. That is,

the two usual first-order terms in the denominator are combined into a

second-order mode that identifies the roll-spiral damping.

G. SUPPORTING DATA

References 48, 49, and 60 contain results of simulations involving

coupled roll-spiral modes. In all cases the longitudinal characteris-

tics of the baseline vehicle were rated Level I by the evaluation

pilots. In addition, all lateral phugoid cases were characteristic of

lifting-body-type vehicles: large effective dihedral, low roll damping,

and positive yaw acceleration due to roll rate.

The data of Reference 48 are for an in-flight simulation of a

reentry vehicle using the USAF/Calspan variable-stability T-33. Fig-

ures 1, 2, and 3 present results of the simulation utilizing spiral

descent and landing approach (Figure 1) and up-and-away flight (Fig-

ures 2 and 3) maneuvers. Four pilot. evaluated the configurations,

and inter-pilot variations in ratings were small for most cases. Fig-

ure I shows that in smooth air and slight proverse yaw due to ailerons,

(w*/wd)2 - 1.344, a lateral phugoid is acceptable but unsatisfactory

(ratings are based on the 10-point CAL scale). Ratings degrade quickly

in turbulence, and as (w /wd)2 becomes much less than or greater than

1.0. Figure 3 shows poor ratings for all configurations; this may be

due to the large value of I*/Bid (8.58). However, in general, in light

or less turbulence and with low yaw due to ailerons, a lateral phugoid

mode is not shown to be objectionable (note that for Figures 2 and 3, d

372



............. CA L RA TING- • .................. ... ....... :

Co0fIGUI*TION 1-0.1-.14'

O SMOOTN AlI TO LIGNT TURBULNCI[ 2 . . . W.1
NOORATE TURIULENCE %, 0.Ip

: 4049 5.2 .

* * I-D . . . I-E 0 i

i i iI-F'

S .6 I1 .-E

.. .... : .. ........... .

.. ........................ .. -. .

9 I-F'

2 .; 1.31 ; 4.01

0,00 0.0% a a.'$ 0.00 0.Q i2A

,6 0.,0. 0.3 0.2

- , 0 O. 06S O. 580r

0.238 1.0 1.34 4I. 071 liad /

Figure 1 (3.5.1.1.3). Composite Pilot Ratings for
Spiral Descent cf Simulated Reentry Vehicle

(from Reference 48)

373



. • CAL RAT ING ' ............... ........

: 2

.... ..... . . .. ..... . . . . .. ... .

: . . 3

.. ...... ....... ..

....... ... .... ... ... ....... ......... ......... .. .... .. i . .

CouI;geImaTi 3N-0,3-1.,-I

9

I&I 5.22

'I /61 2.6?

-.06 -,0 -. 0% 02 0 0.02 0.0

0.2 .I
0.2 -. 121 00. 0/ 

'
A

0.3220.2

Figure 2 (3.5.1.1.3). Composite Pilot Ratings for Up-a-id-Away
Flight; Moderate IO/Bd (from Reference 48)

CAL RATING I ......

S. . .... ..... . . ... .... . 2 ....

3 .......

CONFI • • . ..TIOS ..1. 0.6 F

:7 *

€O* F '41TlO -0 0 S - *q- 
e

-. 03 -32 ~~.01 .0 .0 0

0.9 0~.0.00 00
-01~0 -1 -Oo6O O 0.042

.I 0 .A O . j

-.O*S 0 0.2 O.S16

0.03 .0 2.7II 5.617

Figure 3 (3.5.1.1.3). Composite Pilot Ratings for Up-and-Away

Flight; Large 10/01d (from Reference 48)

374



ij Level 2 in value) for the tasks conpidered to be low-demand (Category

B) in nature.

The ground simulation of Reference 60 involved cruise and low-speed

conditions, including several ILS approaches. These also, with the

exception of the ILS approaches, are Category-B-type maneuvers. How-

ever, the approach ratings were reported to correlate with the low-speed

(general all-around flying) ratings, so these could be considered to be

Category C data. Results are shown in Figure 4. The boundaries of

Table 1 are shown for comparison. In general, though the dutch roll

characteristics ( d' lwd' /Bd) and adverse aileron yaw [(yw/wd) 2] are

varied, the data show definite trends with ;RS and wRS. They are also

in agreement with the in-flight data of Figures 1-3, but they do not

show strong support for the Table 1 boundaries. The following minimum

values of the product CRSwRS would be more appropriate:

Level 1: ;RSwRS - 0.5

Level 2: RSWRS = 0.07

Level 3: ;rSwRS = 0.0

Quantitatively, correlation with the boundaries would jump from about

i5 percent to almost 80 percent. However, the lack of any pilot coidmn-

tary or of detailed descriptions of the piloting tasks, somewhat

reduces the credibility of the data. In addition, Reference 49 has data

which disagrees entirely with both Reference 60 and Reference 48.

The ground simulation of Refereace 49 shows a much more pessimistic

view of the lateral phugoid (Figure 5). Even the best of the configura-

tions was rated no better than 5 (CAL scale), and almost all were unfly-

able (PR of 10). In this simulation both open- and closed-loop pilot

tasks were included. The closed-loop maneuvers covered climbing,

diving, and level turns and both slow and rapid entries into 30 deg and

60 deg banks. Both smooth and simulated rough air were used. The open-

loop task required that the pilots copy a standard IFR clearance.
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It is not clear why the data of Reference 49 differ so dramatically

from both the ground simulation of Reference 60 and the flight data of

Reference 48.* It is possible that the high ratio of J/BId (ranging

from 6.1 to 26.5) caused the degradation; from Reference 49,

The most obvious conclusion is that the complex roll-
spiral mode configurations that were investigated
repreaent poor to very bad tactical airplanes, pri-
marily because of the lack of roll damping and the
resultant "rolly" characteristics.

However, Reference 48 also contains some high I/Id cases (Figure 3),

and for (Wa/wd)2 near I the average rating was 5 (CRSwRS = 0.057). The

details of the simulated turbulence used in Reference 49 are not known;

but it is possible that this had a major effect on the ratings (see

Figure 1 and Reference 58).

H. IESSONS LEARNED

Experience with the M2-F2 lifting body (Reference 61) shows support

for a strict requirement on the lateral phugoid, and illustrates the

insidious nature of the lateral phugoid mode. Figure 6 shows the varia-

tion in IRS and uRS for the unaugmented and augmented M2-F2. lIn the

actual vehicle, a second-order washout mode occurs, through p and r

feedbacks, but it is near in frequency and damping to the lateral

phugoid. Low-frequency washout zeros effectively cancel one of the

modes so that the vehicle essentially behaves like a claasical coupled

roll-spiral configuration.) In gliding landing tests of the M2-F2,

energy management required flight at negative angle. of attack. On

numerous flights the M2-F2 entered divergent lateral-directional oscil-

lations which were stopped only by pulling back to positive angles of

attack. The analysis of Reference 61 showed these oscillations to be

due to the coupled roll-spiral mode. Time histories in Reference 61

aI
The data of Relference 49 using real roll and spiral modes are

also in disagreement with other such data, see Figure 16 of Paragraph
3.5.1.1.1, "Roll mode."
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suggest that the M2-F2 became uncontrollable at a - -2 deg; this

coincides (Figure 6) with ;RSw1 S- 0. Addition of a center fin (the

M2-F3) improved primarily the yawing characteristics of the vehicle. As

Figure 6 shows, even at large negative angles of attack the M2-F3

lateral phugoid mode is still stable (in fact, the roll and spiral modes

are uncoupled -- ; > I - until a - 2 deg). Flight tests of the M2-F3

(SAS ON) supported the prediction of good lateral flying qualities at

negative angles of attack.

W(RS(rad/sec)

M2-F2

{S (SASFON)

1 I I I I I-1.0 -.5 0 .5 1.0 1.5 20

rigure 6 (3.5.1.1.3). Couple' Roll-Spiral Mode
Characteristics for M2-F2 and M2-F3

Lifting Bodies (from

Reference 61)
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3.5.1.1.4 Roll rate oscillations

A. REASON FOR RE (JI IT

This requirement is directed at precision of control of airplanes

with moderate to high [ I/Bid response ratios combined with marginally

low dutch roll damping.

B. RELATED MIL-F-8785C REQUIRINKNT

3.3.2.2.1

C. STATUIZUT OF RZQ(TJI.LMTS AND RECONKMDED VALUES

3.5.1.1.4 Roll rate oscillations. The value of the parameter

Posc/pav following a yaw-control-free step roll command shall be within
the following limits: _ This requirement applies for step
roll commands up to the magnitude that causes a 60 degree bank angle
change in l.7Td seconds.

Configurations that meet the appropriate Category A dutch roll damp-
ing requirement (Paragraph 3.6.1.1) should be considered to meet this
reqiirement as long as w/Wd is within the following limits:

Recommended limits for the parameter Posc/Pav are specified by

Figure 1.

D. RATIONALE BEHIM REQUIREMENT

This requirement was developed to regulate against unacceptable

handling qualities due to large roll-sideslip coupling [W/81d combined

with a low dutch roll damping ratio ;d" Such aircraft exhibit a ten-

dency to develop oscillations in roll rate both open and closed loop.

This characteristic clearly interferes with the pilot's precision of

control and should be kept to an absolute minimum for all but the most

undemanding tasks.

The existence of roll rate oscillations is directly traceable to the

relative locations of the w, and Wd zeros in the P/Fas transfer func-

tion:
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- LFasS(8 2 + 2 ee~ + w 2)e-Teps(1

Fas (a + 1/T5)(s + 1/TR) [S
2 + 2 dd + 2]

When the complex roots cancel (w~ =Wd and =, - d the roll rate

response is not contaminated by sideslip excursions in the dutch toll

mode. When they do not cancel, the dutch roll contamination occurs

primarily in the yaw axis if 1"I~d is low (say less than 1.5) or

primafilty in the roll axis when ''8 1 d is large. As mentioned above,

the Posc/Pav parameter is directed at cases where Wa/ld is quite large

and d is low- Note that for all Category A operations the required

Level 1 value of 4d in Paragraph 3.6.1.1 effectively eliminates the need

for this requirement. In the 141L-F-8785 specification series, approach

and landing were considered to be low-gain, loose tracking tasks. How-

ever, experience has shown that this is not the case.. Pence, the

Posc/Pav requirement is limited to cruise and some non-precision takeoff
Flight Phases for all practical purposes.

0

.6

.5 
-C A E G O I E -8 o_ -1 0 1 2 0 -
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An extensive description of the derivation of Posc/Pav and *0 is

given in Reference 11. Because of the decreased role of these parame-

ters in the current requirements we have chosen to provide only enough

background to utilize the Figure 1 boundaries. Posc/Pav is a measure of

the oscillatory component of roll rate to the average component of roll

rate rollowing a rudder-pedals-free step lateral control input. Exam-

ples of measurements of Posc/Pav are given under "Guidance for Applica-

tion." The parameter *0 is shown In Reference 11 to be a measure of the

relative location of the dutch roll pole and w zero (Equation 1). It

defines the phasing of the dutch roll component of the sideslip response

following a step lateral control input, i.e.,

a - Cde - d d t cos (wd /1- C2 t + (2)Fasd

This is illustrated graphically in the sketch below (from Reference 11).

Fas

IV

POSI TI VE NEGATIVE

%
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The parameters Posc/Pav and *8 have been used to specify the cri-

terion as a function of Flight Phase Category and Level (Figure I). It

should be noted that Figure I has two *0 scales, one for positive

dihedral (p leads 8 by 45 deg to 225 deg) and the other for negative

dihedral (p leads B by 225 deg through 360 deg to 45 deg). Dihedral

is defined by the parameter 4p/, since dihedral as currently used

in flying qualities work seems to be an ambiguous and ill-defined

parameter. In this context, "positive dihedral" normally means nega-

tive Lo + YvLr - Lo. Note that

La + (Ixz/Ix)N

1 - C~,~~

It should also be noted that the value, or even the sign, of L; cannot

always be determined from steady rudder-pedal-induced sideslips. Not

only are product of inertia effects absent in steady sideslips, but also

the control deflections are affected by control cross-coupling deriva-

tives. On the other hand, 4 p/0 generally is a good discriminator of

the sign of dihedral.

Since *0 (the phase angle in a cosine representation of the dutch

roll component of sideslip, negative for a lag) is a rather abstract

parameter, it is well to consider its physical implications and signifi-

cance to the pilotino of an airplane. Very simply, *a can be considered

as an indicator of those airplane closed-loop stability characteristics

that are related to the lateral-directicnal coupling derivatives. From

Figure I it can be seen that the ratio of roll rate oscillation to

steady-state roll rate can be much greater for some values of 0 than

for others. Specifically, the specified values of Posc/Pav for 00 > *0

> -900 are far more stringent than for -1800 > -2700. There are at

least two reasons why this is so:

a) Differences in closed-loop stability.

b) Differences in average roll rate.
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From the root locus analysis in Figure 2a it can be shown that when

the zero of the P/Sas transfer function lies in the lower quadrant with

respect to the dutch roll pole (-1800 > -2700), the closed-loop

damping increases when the pilot closes a bank angle error to aileron

loop. Conversely, it can be shown that when the zero lies in the upper

quadrant with respect to the dutch roll pole (00 > > -90o), the

closed-loop damping decreases when the pilot applies aileron inputs

proportional to bank angle error (Figure 2b). In this case a pilot's

tolerance of Posc/Pav tends to decrease. Finally, when ;d becomes large

the effect of the pole-zero location Is diminished (Figure 2c), i.e.,

the variation in damping due to w,1/d effect is small relative to the

augmented damping. The connection between pole/zero location and the

Posc/Pav boundaries is shown in Figure 3, where the Level 1 and Level 2

boundaries in Figure 1 are mapped into w zero locations for several

values of wd and Cd" Note that when td meets the Level I requirement

(d ). 3.19) the acceptable region for w is very large in the region to

the left of and below wd" However, there is always a low tolerance for

W > ad because the closed-loop damping decreases. There is still a

relatively tight limit on w > Wd for a rd of 0.25. This of course

reflects the decrease in damping that occurs (note that rd 0.25 is not

much greater than the Level I limit of 0.19, see Figure 2c). An impor-

tant aspect of the Posc/Pav requirement is that it implicitly accounts

for the allowable increase in the region of allowable w as d and wd

increase.

An alternative method of specifying roll rate oscillations, recom-

mended by Calspan (Reference 59), was considered. The proposed revision

would involve extracting the effect of the spiral mode, Ts, from the

roll rate response. This would get rid of the present significant

effect Ts  can have on Posc/Pav , as shown in Figure 4. A new

parameter, Posc/Pl, would be used, where the hat (^) represents the

spiral-less roll rate response. Then Posc/Pl - (P1 + P3 - 2p2)/2p1"

Reference 59 also recommended that the parameter be replaced with *p,

i.e., mtasure p from the roll rate response.
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Aircraft DynamicsPilot

(s+I/Ts)(s +I/TR)(s +2dwds +wd])

jW W jw

W,

-0" I _ -a. I

a) Low d; Zero Below Pole b) Low Cd; Zero Above Pole

Wjd

TR TS

c) Moderate 4d; Zero Above Pole

Figure 2 (3.5.1.1.4). Effect of Relative Pole/Zero Location
On Piloted Control of Bank Angle
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Data comparisons with the Reference 59 Posc/Pl vs. *p and Posc/pav

vs. *0 do not justify any change at this time. For example, the

Category A data of Reference 46 show only a 40 percent correlation with

the Reference 59 limits, and 61 percent correlation with Figure 1; the

Category C data of Reference 69 have exactly the same correlation with

both criteria, 72 percent. Overall, only about half the data used in

Reference 59 to support Posc/P1 vs. +B agree with the proposed

requirement. This was not felt to be sufficient to justify a change.

E. GUIDANCE FOR APPLICATION

This requirement is intended to define areas of acceptable pole-zero

locations for the /Fas transfer function. Review of the derivation and

data base for the requirement has resulted in a number of guidelines and

qualifications to be considered before using the requirement.

0 The roll, spiral and dutch roll mode requirements
(3.5.1.1.1, 3.5.1.1.2, and 3.6.1.1) should first

be met. If T. is very small, the requirement may

result in misleading values of Posc/Pav (see,
e.g., Figure 4).

0 For airplanes with very small La amd very large

L; (Reference 50), P/Old can be between 180 deg

and 270 deg. As shown in Reference 11, this con-
dition is not adequately included in the approxi-
mations used to define *a. This leaves sorae
doubt as to the significance of Posc/pav for such
data.

* If It/1Id is small (generally less than about
1 5), PsC/pav will be small and the requirement

may not add any new information.

* The requirement is of most value when ;d is near
the Level 1 boundary (0.1-0.2).

*The test results of Reference 50 are not included in this report
since the simulated airplane had Level 2 pitch characteristics which
could have influenced pilot ratings. However, the peculiar problems
encountered in measuring p/B are still of interest.
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7. DO STRhIION OF OOKPLIANCS

Flight testing to demonstrate compliance with this requirement may,

at the request of the procuring activity, be limited to those flight

conditions where the roll or dutch roll characteristics are marginally

acceptable (i.e., on the boundary between Levels 1 and 2). In any case,

consideration should be given to testing at the maximum operational

altitude, over the range of service speeds.

The parameters posc/pav and *aare defined in Section 6.2.6.

G. SUPPORTING DATA

The most complete set of Category A supporting data (Figures 5 and

6), from flight tests of Reference 46 using the variable-stability T-33,

show conflicting results. The data of Figure 5, for moderate I /OId
ratios, agree quite well with the boundaries. Likewise, the Figure 6

.~OC'V6. 1 2.1.0 3.1. 03. 6
0.7................-.7.

..... I If 0.06 TO 0.0 . ...

01I. Z 7.4: T, 0.38

0.6

PILOt RTIMS BASED

N 0 CIL RATING SCALE
POSC 0.4

0.33

0.W2

0 60-10 .2

0 .11 -60 0 -140 -200 -24 0 -20 320 -350

10o (DEG) 0 LEADS A By %S' TO 22SQ (POSITIVE DIHEDRAL)

Figure 5 (3.5.1.1.4). Flight Phase Category A Data,
Moderate 10/01d (from Reference 46)
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Figure 6 (3.5.1.1.4). Flight Phase Category A Data,
Large and Small J4Iajd (from Reference 46)

high-i*/8 Id points correlate, but all these data are rated Level 2 or 3,

including the single point that falls in the Level I region. (Note that

the dutch roll damping requirements (3.6.1.1) account for these large

"I / d cases already, predicting them to be worse than Level 3.) How-

ever, the cases for low '1/8 1 d (1.5) in Figure 6 show extremely poor

correlation. The reasons for this have not been resolved, though pilot

comments indicate that the pilot was sensitive to the amounte of adverse

aileron yaw included in many of the low '"I /d cases. But even when

there was no adverse aileron yaw the ratings were still generally very

poor.

The Category B data (Figures 7 and 8) show good correlation, but

there are really only about ten data points with which to evaluate the

Levels 2 and 3 regions (that is, data for which Posc/Pav is large).

Likewise, the Category C Levels 2 and 3 boundary (Figure 9) is not well

defined by the data.
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Similar data (Reference 69) show support for the requirements

(Figure 10). Again, this is Category C data, though the test programs

of References 44 and 69 were for approach and waveoff only and hence did

not include landing. Pilot ratings might be slightly worse if landings

had been required. In their favor, however, both tests did include

artificial turbulence (and, for Reference 69, simulated crosswinds)

which would be expected to increase pilot workload.

The thorough test matrix of Reference 69 produced an abundance of

data with which to draw some guidance for applying Posc/Pav (given in

"Guidance for Application"):

* Paragraph 3.5.1.1.4 need not be applied if 1 /Bld
is small (from Figure 10, 1"I'd 4 1.5 generally
produces good ratings and low po/p av; though
the ratings of Figure 6 for 1.5 are
poor, Posc/Pav is low).
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* The criterion is most useful when either rd' wd

4odd, or TR is near the Level 1/2 limits. For
example, there are 21 cases in Figure 10 with

d - 0.3 (where the Level I limit is 0.08), only
one of which is predicted to be significantly
worse than Level 1. Actually, five of the 21 are
rated worse than Level 1, but only one is worse
than PR - 4 (Posc/Pav = 4.2, *a - -180 deg,
PR - 8).

Since almost no data exist on strong roll-sideslip coupling with

negative dihedral, it was necessary to specify the negative-dihedral

requirement through analogy with the positive-dihedral requirements

previously described. Reference 70 did provide some data, however,

which are presented in Figure 11 for comparison with the roll rate

oscillation rrquirement. The program of Reference 70 investigated

lateral-directional instabilities relating to the X-15. In the course

1.0 s_ _ _ __ I 4. 2 f2 0  '920

95.5 S5

0 0. 1 2.0

.8 ~0 0.3 2.0 4 _ /

6 0.1 1.0 '
. -- L 0 3 1 .0. 

. . . - . ..

Unf lagged - TR = 04
Posc 6 - lot'ged-T =10LEVEL __Po- . FO ge- 10/81 = 3.0 --

/ LEVEL 2 , 4 5 -

P, Open- I@/
3 1d 3

.5- Half-Solid - 10/01d =025/Y--- __-_______

Solid - 10/0 Id 1-.5 a

4 - Note: T, . -- . / . - ..

3 - ---
3. - "4

.2 4 O0 2 -
6 200 - 24L-80-V0 L6

23555 25 0 ?L- V

*3 4

/(e )p leads by 45
° to 22 5'

Figure 10 (3.51.1.4). Category C Data (Approach and

Wave-Off) ; Cooper-Harper 
Pilot Ratings

(from Reference 69)
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Figure 11 (3.5.1.1.4). Positive and Negative Dihedral
Data of Reference 70

of this investigation, configurations were simulated either in flight or

in a fixed-base simulator, or in both, that had:

a) Positive dihedral, proverse yaw due to aileron.

b) Positive dihedral, adverse yaw due to aileron.

c) Negative dihedral, proverse yaw due to aileron.

d) Negative dihedral, adverse yaw due to aileron.

These configurations, which all had very light dutch roll damping

and large 1"I~d response ratios, are plotted in Figure 11. The parame-

ters posc/Pav' *B, and 4p/0 were obtained from time histories of

the responses to step aileron inputs. Configuration a, which falls

well outside the Level 2 boundary of Figure 11, was uncontrollable:
fattempts by the pilot to control the oscillation resulted in excursions

of increasing magnitude for both sideslip angle and the roll rate."
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Configuration b, which also falls well outside the Level 2 boundary

of Figure 11, was unacceptable because of the oscillatory response.

"However, it is significant that the pilot was able to control the air-

craft, and, in fact, damp the oscillations when they occurred using only

normal ailercn control movements."

Configuration c, which falls in the "good" area of Figure 11, was

controllable and "it was found that attempts to control the roll angle

in a normal manner also helped to reduce the excursions of the sideslip

angle."

Configuration d, which falls in an area of marginal acceptability on

Figure 11, was uncontrollable because of pilot-induced oscillations.

Thus, with the possible exception of Configuration d, the pilot

comments pertaining to the configurations were compatible with those

expected from their roll-sideslip coupling characteristics as indicated

by Figure 11. Although Configuration d was rated worse than would be

expected from the measured roll-sideslip coupling characteristics, the

fact that the point fell in the region of Figure 11 where the amount of

allowable roll rate oscillation changes rapidly with *0 would indicate

that the flying qualities of the configuration are sensitive to small

changes in *S. For example, if *0 were only 30 degrees greater (or if

the peaks on the time histories presented differed by only 0.2 seconds

from those of the configuration flown), the roll-sideslip coupling char-

acteristics as indicated by Figure 11 could be completely compatible

with the pilot comments.

H. LESSONS LEARD

As the following table reflects, correspondence with users of MIL-F-

8785B and -8785C shows that the requirements for roll rate and bank

angle oscillations (Paragraphs 3.3.2.2, 3.3.2.2.1, and 3.3.2.3 of those

specifications) have been generally ignored for current airplanes. This

is in part the reason for deleting the requirements for roll rate oscil-

lations and bank angle oscillations, 3.3.2.2 and 3.3.2.3 of MIL-F-8785C,

and retaining only the single criterion, Posc/Pav •  (Paragraph numbers

in the table refer to MIL-F-8785B.)
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ASD COMMENTS ON MIL-F-8785B PARA. 3.3.2,
LATERAL-DIRECTIONAL DYNAMIC RESPONSE CHARACTEISTICS

F-16: Paragraphs 3.3.2.1, 3.3.2.2, 3.3.2.2.1, and
3.3.2.3 were deleted in F-16 spec. These
requirements were assessed to be based on a
questionable data base and have histori-
cally been difficult to verify from flight
test data.

F-15, F-26, C-141: Paragraphs 3.3.2.2.1 (p0  /p ) and 3.3.2.3

a s av) should not be a problem if
3..1 ( d) is set at sufficient value;

these paragraphs add little to evaluation
of F-15

AMST, B-i: Paragraph 3.3.2.2 values seem too low based
on DC-10 and B-I data; paragraphs 3.3.2.2.1
and 3.3.2.3 are redundant and only 3.3.2.3
should be retained.

Paragraph 3.3.2.2 of MIL-F-8785C set limits on roll at the first

minimum following the first peak in response to a step roll control

input. No data have been found that show this to give results different

from Posc/pav In fact, they are directly related, since (from Refer-

ence 11),

The numerical values of the roll rates specified in 3.3.2.2
were transformed from the values of Posc/pa for "adverse yaw"
in 3.3.2.2.1. Thus, the requirements of 3.3.2.2 and 3.3.2.2.1
are essentially identical for airplanes with "adverse yaw."
However, the requirement of 3.3.2.2 is far more lenient thau
the requirement of 3.3.2.2.1 for airplanes with "proverse yaw."

Likewise, a requirement based on 4osc/#av and a (3.3.2.3 of MIL-F-

8785C) would be expected to give results similar to Posc/Pav • For these

reasons, only the posc/Pav requirement of MIL-F-8785C has been retained.
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3.5.1.1.5 Time delay

A. REASON FOR REQ(IRMUKNT

This requirement is intended tc ir3ure that the combined delay

contributions of prefilters, SAS, servos, etc., do not degrade roll

control.

B. RKATED NIL-F-8785C REQUIR4KHT

3.5.3.

C. STATDIDIT OF REQUIREMENT AND RECOMENDED VALUES

3.5.1.1.5 Time delay. The value of the equivalent time delay, Te
shall be no greater than the following:. P

Recommended values of Te p, defined in 3.5.1.1.1, are given in

Table 1.

TABLE 1 (3.5.1.1.5)

RECOMMENDED ALLOWABLE EQUIVALENT DELAY

ALLOWABLE DELAY

(sec)

1 0.10

2 0.20

3 0.25

D. RATIONALE BEHIND REQUIREMNT

Based upon extensive research into the effect of time delays in the

pitch axis, the important contribution of delays is well known. This

requirement extends to the roll axis Te limits imposed on the pitch axis

in Para. 3.2.1.1. For lack of substantive data, the limits remain

unchanged from MIL-F-8785C. As data become available, these limits

should be evaluated and adjusted if necessary.
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Z. GUIDANCE VO1 APPLICATION

Paragraph 3.5.1.1.1, which sets roll mode limits, discusses the use

of equivalent system matching of the roll rate response to roll

controller to extract T, TR, and Tep. That section should be consulted

for more information.

F. D]IOMSTRATION OF COMPLIANCE

Appropriate values of Tep will require equivalent system matching,

as discussed above.

G. SUPPORTING DATA

Little in the way of hard data is available. However, the effect of

equivalent time delay was found to be significant in the longitudinal

axis (see 3.2.1.1). This result is seen to extend to the lateral axis

based upon the LATHOS study of Reference 258 (Figure 1). In fact, for

the demanding task used in the LATHOS program (air-to-air refueling and

bank angle tracking on the HUD), any time delay above the basic NT-33

value resulted in Level 2 ratings. Hence there is some evidence, though

not enough to support a change in the requirement, that effective time

delay may be more critical in the lateral than in the longitudinal' axis.

H. LESSONS LEARNED

None available.
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Note: A re represents the additional time delay
above the basic NT-33 control system
value of approximately .05 sec

Figure 1 (3.5.1.1.5). Effect of Time Delay,
LATHOS Data (Reference 258)
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3.5.2 Pilot-Induced Roll Oscillations

A. RENASO FOR REQIRSMENT

This is simply a statement to expressly forbid neutral or unstable

closed-loop oscillations in roll. The need for such a requirement is

self-evident.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.3

C. STATMEUNT OF REQUIRMOENT

3.5.2 Pilot-Induced Roll Oscillations. There shall be no tendency

for sustained or uncontrollable roll oscillations resulting from efforts
of the pilot to control the airplane.

D. RATIONALE BEHIND REQUIREMENT

There is an obvious need for some requirement to prevent the devel-

opment of pilot-induced oscillations (PIOs). Due to the lack of a

reliable quantitative measure, the requirement is written in terms of

subjective evaluations. It is of course hoped that meeting the (other)

quantitative requirements of this standard will prevent a lateral PIO.

R. GUIDANCE FOR APPLICATION

This requirement should apply to all flight conditions and tasks,

and to all Levels, since zero or negative closed-loop damping is to be

avoided under any flight condition or failure state.

F. DEMOhSTRATION OF COMPLIANCE

The existence of a PIO tendency is difficult to assess. Therefore,

no specific flight conditions or tasks are recommended, though a high-

stress task such as approach and landing with a lateral offset, or

terrain following may reveal PIO proneness.
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G. SUPPORTING DATA

None.

H. LESSONS LEARNED

See 3.2.2.2 for discussion of applicable considerations and data, in

that case directed at longitudinal PIOs in general. The occurrence of

lateral PIOs has been less frequeit, but there are one or two known

cases and causes. For example, the M2-F2 lifting body (Reference 61)

encountered several divergent PIOs during flight testing. The primary

cause was found to be the coupled roll subsidence/spiral mode (see

Lessons Learned for Para. 3.5.1.1.3).

A second cause of observed lateral PIO tendencies is the w,/wd > 1

effect noted and explained in Figure 2b (3.5.1.1.4) and also in Refer-

ence 225. Another less prevalent cause is associated with control-

surface rate saturation. In this case the pilot tries to apply lateral

control at a rate greater than the maximum surface rate, thereby getting

out of phase. The quantitative aspects of such rate-limiting are given

in the appendix of Reference 225 and involve gain and phase decrements

that are functions of the ratio of commanded to saturation rate.

PIOs on recent aircraft have been related to roll responses which

are both too low (F-18) and too high (YF-16). These cases are discussed

in Paras. 3.5.9.1 and 3.5.10.3.
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3.5.3 Residual Roll Oscillations

A. REASON FO QMrtimir

This requirement is intended to prevent limit cycles in the control

system or structural oscillations which might interfere with mission

performance.

B. RELATID NIL-F-8785C REQJTEA3ANT

3.3.1.1

C. ST&T3IUUT Or RE(UIRNffT

3.5.3 Residual Roll Oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the airplane.

D. RATIONA&, BEHIND REQUIRZKfUT

The roll-axis requirements of 3.5.1 and 3.5.2 should prevent open-

loop (aerodynamically induced) and closed-loop (pilot-induced) oscil-

lations. This requirements sets limits on oscillations from other

sources. Its intent is to recognize thresholds below which the pilot

would be insensitive to roll oscillations.

E. GIDANCE FOR APPLICATION

None required.

F. DEKONSTRATION OF COMPLIANCE

Flight testing for other roll-axis requirements should reveal any

problems with residual oscillations.

G. SUPPORTING DATA

None.

R. LESSONS LERUNED

None.
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3.5.4 Linearity of Roll Response to Roll Controller

A. REASON FOR1 EQIRNIT

Nonlinear responses to control inputs can result in poor handling

qualities. This requirement is intended to disallow levels of nonlinear

response that interfere with precision control of bank angle.

B. RELE HIL-F-8785C RKQUIRIJMT

3.3.4.4

C. STATE OF REQUIREMENT

3.5.4 Linearity of Roll Response to Roll Controller. There shall
be no objectionable nonlinearities in the variation of rolling response
with roll control deflection or force. Sensitivity or sluggishness in
response to small control deflections or force shall be avoided.

D. RATIONALE BUIlD REQUIREMENT

The requirement is directed at precision of control. Objectionable

nonlinearities can be those due to excessive friction, detents, non-

linear force gradients, nonlinear Cn(6as), or CL(Sas), spoiler lag, etc.

X. GIDAECE OR APPLICATION

It has not been possible to specify values for tolerable levels of

nonlinearities, so relian:e must be placed on qualitative pilot evalua-

tions.

F. DIOESTRATIOX OF COMPLIANCE

Tests using 1/4, 1/2, 3/4, and full aileron are commonly used to

demonstrate compliance. Such tests can also be used to help determine k

for use in 3.6.2.1.
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C. SUPPORTING DATA

None.

1. LESSONS LZRED

Experience with roll command augmentation systems, in which roll

rate response is made directly proportional to stick force, shows that

some degree of nonlinearity is necessary. This is discussed in Para-

graph 3.5.10.3. As the treatise there would suggest, "linearity" is not

the best word to use, since "no objectionable nonlinearities" implies

that a linear zoll rate response to stick input (p/Fas or p/6as) is

desirable. Figure 2 (3.5.10.3) should be consulted for additional

guidance.
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3.5.5 Lateral Acceleration at Pilot Station

A. RA O R01 REQIRMWET

In cases where the pilot location is well forward of the center of

gravity or well above the roll axis, coordinated turns (0 - 0) are

accompanied by large lateral accelerations at the cockpit. This

requirements is included to limit such accelerations to acceptable

levels.

B. RELATED ML-F-8785C REQUIRMINT

None.

C. STATENT OF RE(QIRfENT AND RECOMMDED VALUES

3.5.5 Lateral Acceleration at Pilot Station. The ratio of maximum

lateral acceleration at the pilot station to maximum roll rate shall not
exceed for the first 2-1/2 seconds following a step roll con-
trol input.

Recommended values:

n ypilctmax /pmax

Level (S/dep/sec)

1 0.012

2 0.035

3 0.058

D. RATIONALE BHIND REQIRUENT

Concern over lateral acceleration is primarily due to ride qualities

although in some cases aircraft control can be affected due to arm/

bobweight effects.

A criterion based on the ratio nyp lotmax /Pmax includes in it the

recognition that pilot acceptance of high accelerations is a function of

aircraft rolling performance. Such a criterion was proposed by Chalk in
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Reference 104 for large aircraft, and the recommended values are based

on flight results vith the Total In-Flight Simulator (TIFS) (see

"Supporting Data"). Some refinement of the limits may be necessary for

Class I, II, and IV aircraft.

E. GUIDANCE FOR APPLICATION

Due to the tentative nature of this requirement, it should be

applied primarily as a guideline until more data can be obtained.

F. DEONSTRATION OF COMPLIANCE

Both large and small step roll control inputs should be used, and

nYpilotmax and Pmax measured within the first 2.5 sec of application of

the control.

G. SUPPORTING DATA

The criterion was derived in Reference 104 as a proposed flying

qualities requirement for Supersonic Cruise Research (SCR) aircraft.

Figure 1 shows TIFS data compared with Cooper-Harper pilot ratings.

Correlation is quite good, though more data should be gathered, espe-

cially for other Classes of aircraft.

H. LESSONS LEAND

Pilots of some large aircraft, and of fighters at very high angles

of attack, have complained of excessive lateral accelerations at the

cockpit. When dealing with aircraft where the cockpit location is

either well forward of the center of gravity or well above the roll

axis, designing the rudder augmentor to coordinate the turns (B - 0) can

produce unacceptable lateral accelerations at the pilot stations.
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NOTES: 1. Flagged points are configurations specifically downgraded by
Pilot A due to poor Dutch roll damping - not lateral acceleration.

2. The lines indicate degradation in pilot rating to be expected
because of ride qualities for an airplane with otherwise satis-
factory flying qualities parameters.

17igure 1 (3.5.5). Lateral Acceleration Criterion Versus
Pilot Rating from Reference 104
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3.5.6 Roll Response to Yaw Controller

A. RZABOEFOR RBUIR KlUfT

This requirement is included to insure that the bank angle and roll

control in straight, steady sideslips is conventional, in accordance

with pilot experience.

B. RELTED KIL-F-8785C EQUIREtITS

3.3.6, 3.3.6.2, 3.3.6.3, 3.3.6.3.1, 3.3.6.3.2

C. STATEMNT OF REQIRENT

3.5.6 Roll response to yaw controller. The following requirements
are expressed in terms of characteristics in yaw-control-induced steady,
zero-yaw-rate sideslips with the airplane trimmed for wings-level
straight flight, at sideslip angles up to those produced or limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection,

except that for single-propeller-driven airplanes during waveoff
(go-around), yaw-control-pedal deflection in the direction opposite to
that required for wings-level straight flight need not be considered
beyond the deflection for a 10 degree change in sideslip from the wings-
level straight flight condition. At these sideslip angles the following
shall apply:

a) A decrease in right bank angle shall not accompany an
increase in right sideslip, and a decrease in left bank
angle shall not accompany an increase in left sideslip.
Zero roll control force or deflection is acceptable,
whereas

b) A right roll-control deflection and/or force shall not
accompany left sideslips. and a left roll-control deflec-

tion and/or force shall not accompany right sideslips.
For Levels I and 2, the variation of roll-control deflec-
tion and force with sideslip angle shall be essentially
linear. This requirement may, if necessary, be excepted
for waveoff (go-around) if task performance is not
impaired and no more than 50 percent of roll-control power
available to the pilot, and no more than 10 pounds of
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roll-control force are required in a direction opposite to
that specified herein. In addition, for Levels 1 and 2
positive effective dihedral (right roll control for right
sideslip and left roll control for left sideslip) shall
never be so great that more than 75 percent of roll-
control power available to the pilot, and no more than
10 pounds of roll-stick force or 20 pounds of roll-wheel
force, are required for sideslip angles that might be
experienced in service employment.

D. RAlTIONALE BEHIND REQUIREMET

While there is some evidence that pilots do not object to zero bank

in straight sideslips, opposite bank seems to be disconcerting. There-

fore, (a) requires only that bank angle does not change adversely with

sideslip.

Requirement (b) is simply the "stick-free" version of (a); i.e.,

it is in terms of roll-control force to hold zero bank angle in side-

slips. The relaxation of (b) for waveoff (go-around) has been found

both necessary on occasion and tolerable. In this exception, allowable

roll-control force is not made a function of the type of controller,

since one-handed operation must be assumed for the waveoff or go-around

maneuver. The phrase "available to the pilot" is used to take into

account the fact that control surface position can be determined by both

the pilot and the stability augmentation system. The pilot must be able

both to maneuver and to cope with disturbances, so a control margin is

provided.

Finally, (b) specifies allowable control power necessary for the

sideslips and allowable roll-control forces as a function of type of

controller. Since this relates directly to aircraft usage, that is, the

size of sideslip that "might be experienced in service employment," and

since this is a very strong function of aircraft type, the requirement

is tied to normal operational usage. A margin of control power must be

left for the pilot to cope with disturbances.
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G. GUIDANCE FO APPLIC&TIO

This requirement is intended to preclude negative effective dihe-

dral. It also places limits on roll control forces and displacements

when the dihedral is large. It is not desirable to use rudder-to-

aileron crossfeeds to meet this requirement inasmuch as such mech-

anizations augment Larp and not La as desired.

F. DNMISTRATIOE OF COMPLIANCE

A series of steady sideslips, as specified, should be performed over

the operating envelope of the airplane.

G. SUPPORT IG DATA

In reviewing this requirement (for MIL-F-8785B), consideration was

given to putting some lower limit on dihedral effect since data such as

those presented in Reference 44 [see Figure 4 (3.5.1.1.1)] indicate that

zero or low L is undesirable. Reference 44 indicates that the zero-L8

configurations were down-rated because the pilots were forced to use

rudder pedals to damp the dutch roll oscillations. Fighter pilots, in

particular, desired some dihedral to enable them to damp the dutch roll

using ailerons alone. On the other hand, pilots evaluating a prototype

assault transport (YC-15) with zero effective dihedral liked it, com-

menting on the uncoupled yaw response to rudder.

H. LESSONS LEARNED

None.

4
4.
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3.5.7 Roll Axis Control for Takeoff and Landing in Crosswinds

A. REASON FOR THIS REQJIREMNE

This paragraph assures good roll-axis flying qualities in crosswind

takeoffs and landings and specifies the limiting crosswinds to be

applied in various other roll control power and force requirements.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.7

C. STATENT OF REQUIREMENT AND RKCONHENDED VALUES

3.5.7 Roll Axis Control for Takeoff and Landing in Crosswinds. It

shall be possible to take off and land with normal pilot skill and tech-
nique in 90 deg crosswinds from either side of velocities up to kt.

Recommended values:

TABLE 1 (3.5.7)

RECOMMENDED MINIMUM CROSSWIND VELOCITY REQUIREMENTS

LEVEL CLASS CROSSWIND

I and 2 I 20 kt

II, III, and IV 30 kt

Water-based

airplanes 
20 kt

One-half the
3 All values for

Levels I & 2

D. RATIONALE BEHIND 3ZQUIRENEM

This requirement was taken directly from MIL-F-8785C. An attempt to

specify pilot workload in terms of the Level definitions in Para. 3.9.1

was found to be too complex and hence was deleted from the draft report.
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E. GUIDANICE FOI APPLICATION

The crosswind specified herein will affect not only this paragraph,

but also the roll power (3.5.9.3) and force (3.5.10.6.3) requirements,

all of which should be reviewed at the same time. In addition, the

identical requirement for the yaw axis (3.6.3) should be considered,

where it will be seen that the same crosswind velocities are specified.

F. IDIONSTRATION OF OMPLIANCE

Since flight testing in steady, 90 degree crosswinds of the speci-

fied velocity may be unacceptably hazardous for Level 2 and 3 opera-

tions, takeoffs and landings may be performed in some crosswinds less

than (but close to) the required velocity. Additional slow flight may

then be conducted at a safe (but low) altitude.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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V
3.5.8 Roll Axis Response to Other Inputs

3.5.8.1 Roll axis response to asymmetric thrust

A. BASON FOR REQUIREMENT

The need for this subjective requirement, for those airplanes for

which it is applicable, is obvious.

B. RELATED MIL-F-8785B REQUIREMENT

3.3.9.3

C. STATEMENT OF REQUIREMENT AND RECOMENDED VALUES

3.5.8.1 Roll axis response to asymmetric thrust. The airplane
motions following sudden asymmetric loss of thrust shall be such that
dangerous conditions can be avoided by pilot corrective action. A real-
istic time delay of at least second shall be considered.

Recommended time delay: I second.

D. RATIONALE BEHIND REQUIREMENT

This requirement is written qualitatively due to lack of real test

data for specifying a quantitative limit. This is considered to be the

best approach at this time in light of the many variables that would

have to be considered in specifying a strictly quantitative requirement.

E. GUIDANCE FOR APPLICATION

Of primary importance in applying this requirement is choice of the

most critical flight conditions. From a safety-of-flight standpoint,
the most sensitive condition should be at VMC, the minimum control

speed. The following excerpt from FAR Part 25 (Reference 118, 25.149)

serves as a reasonable guideline for designing for VMC:
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[(b)] VHC is the calibrated airspeed, at which,
when the critical engine is suddenly made
inoperative, it is possible to recover control of
the airplane with that engine still inoperative,
and maintain straight flight either with zero yaw

or, at the option of the applicant, with an angle
of bank of not more than 5 degrees.
[(c) V4 Nmay not exceed 1.2 V8 with - I

(1) maximum available takeoff power or thrust on
the engines;

(2) The most unfavorable center of gravity;
(3) The airplane trimmed for takeoff;
(4) The maximum sea level takeoff weight (or any

lesser weight necessary to show VMC);
(5) The airplane in the most critical takeoff

configuration existing along the flight path after

the airplane becomes airborne, except with the
landing gear retracted; and

(6) The airplane airborne and the ground effect
negligible [; and

[(7) If applicable, the propeller of the

inoperative engine-
[(i) Windmilling;

((ii) In the most probable position for the
specific design of the propeller control; or

[(iii) Feathered, if the airplane has an
automatic feathering device....]

In specifying "realistic" time delay, the user should consider the

following:

This time delay should include an interval between
the occurrence of the failure and the occurrence of a

cue such as acceleration, rate, displacement, or
sound that will definitely indicate to the pilot that

a failure has occurred, plus an additional intervaJ
which represents the time required for the pilot to

diagnose the situation and initiate corrective
action.

This was how the time delay was defined in MIL-F-8785C. Depending upon

expected initial pilot alertness and tightness of control, the magni-

tude, timing and unambiguity of pilot cues, and the type and variety of

pilot action required, one second might be quite unrealistically short.
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F. DEONSTRATION OF CONPLIANCE

Simulated engine failure conditions must be performed in flight,

covering at least the critical conditions specified by either the pro-

curing activity or the contractor, and covering the range of service

speed and altitude.

G. SUPPORTING DAI

None.

H. LESSONS LEARNED

None.
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I
3.5.8.2 Roll axis response to failures

A. REASON FOR RXQUII ElNNT

Adequate protection for failure transients and severity of failed

conditions must be provided in the roll axis.

B. RELATED MIL-F-8785C REQUIREN TS

3.4.8, 3.4.9, 3.5.5.1

C. STATIHUT OF REQUIRENET AND RECOQEED VALUES

3.5.8.2 Roll axis response to failures.

a) Closed-Loop: The aircraft motions following sudden air-
craft system or component failures shall be such that
dangerous conditions can be avoided by pilot corrective
action. A time delay of at least sec between the
failure and initiation of pilot corrective action shall be
incorporated when determining compliance. No single
failure of any component or system shall result in Level 3
flying qualities; Special Failures States (1.6.3) are
excepted. The crew member concerned shall be provided
with immediate and easily interpreted indications whenever
failures occur that require or limit any flight crew
action or decision.

b) Open-Loop: With controls free, the aircraft mtions due
to partial or complete failure of the augmentation system
shall not exceed the following limits:
for at least seconde following the failure.

Recommended values:

a) Minimum time delay: 1 second.

b) Transient motions (within first 2 seconds followind
failure):

Levels 1 and 2 (after failure): J0.5 g incremental
lateral acceleration at the pilot's station and k10 deg
per second roll rate, except that neither stall angle of

attack nor structural limits shall be exceeded. In addi-

tion, for Category A, ±2 deg bank angle.

Level 3 (after failure): No dangerous attitude or struc-

tural limit is reached, and no dangerous alteration of the

flight path results from which recovery is impossible.
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D. RATIONALE BEHIND REQUIREMENT

The rationale behind and need for this qualitative requirement

should be self-evident. Similar requirements are found in the pitch and

yaw axes (3.2.7.2 and 3.6.4.2, respectively).

E. GUIDANCE FOR APPLICATION

Guidance for Application for Para. 3.5.8.1 should be consulted for

information on defining a "realistic" time delay.

A pilot, especially if he is not alert for failures, may not detect

a failure or adapt immediately. In some cases hiR consequent inability

to adapt can result in a pilot/airframe closed-loop instability, even if

the airplane itself remains stable (Reference 119). Allowance for this

phenomenon should be made in deciding the suitabiiity of any required

pilot corrective action. The required failure indications depend on

operational rules. Consistent maintenance and checkout capability and

rules should be established. The flight control system specification

should also be consulted, as should flight safety, maintenance, and

reliability requirements.

F. DMONSTRATION OF CMPLIANCE

Guidelines for demonstrating compliance with this requirement are

difficult to specify; any failures specified under 3.1.6.2, "Generic

failure analysis," should be evaluated in flight testing at the appro-

priate flight conditions.

G. SUPPORTING DATA

None.

R. LESSONS LEARNED

None.
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3.5.8.3 Roll axis response to configuration or control mode change

A. REASO FOR 3h DUaMT

Roll transients due to intentional mode switching must not be

excessive.

B. RLATM EL-F-8785C UEJIULgTS

3.5.6, 3.5.6.1.

C. STATUT 0* REQUEUINTS AND RICMWUDED VLUBS

3.5.8.3 Roll axis response to configuration or control mode
change. The transient motions and trim changes resulting from the
intentional engagement or disengagement of any portion of the primary
flight control system by the pilot shall be such that dangerous flying
qualities never result. With controls free, the motion transients
resulting from these situations shall not exceed the following limits
for at least seconds following the transfer:
These requirements apply only for Aircraft Normal States.

Recommended values for transient motions (within first 2 sec

following transfer):

Within the Operational Flight Envelope: t3 deg/sec roll

Within the Service Flight Envelope: t5 deg/sec roll

D. RATIOhALE BEHIND UJIRUfT I
Since the intent of a flight control system is to improve the air-

craft response characteristics - whether measured by improved flying

qualities or by increased mission effectiveness - any system which can

be chosen by the pilot should not cause noticeable trensient motions.

There has been some speculation as to whether a small transient motion

is or is not desirable. The argument for an intentional transient is

that inadvertent pilot switching of autopilot modes is less likely if

accompanied by a noticeable transient motion.
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C. GUEDA3CI 10R APPLICATION

No specific guidance is offered except that tests should be con-

ducted at the most critical flight conditions. Similar requirements for

pitch (3.2.7.3) and yaw (3.6.4.3) should be considered concurrently.

F. D0MSTRATION OF COUPLIANCE

Flight testing at the corners of the expected operational envelopes

for any control systems must be performed (e.g., a SAS for power ap-

proach must be switched at the highest and lowest expected airspeeds, at

low altitudes). Limited analytical and ground-based simulation may be

used to supplement actual flight testing, especially in the early stages

of development. But flight testing is ultimately required.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.8.4 Roll axis response to stores release

A. REASON FOR RQ(JIREKNT

This requirement is included to insure that stores release will not

have an adverse effect on flying qualities.

B. RELATED KIL-F-8785C RQUIRKIENT

3.4.6

C. STATWWlm OF REQUIEMENT

3.5.8.4 Roll axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels I and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally
permissible.

D. RATIONALE BEHIND THE REQUIRIENT

This paragraph is unchanged from MIL-F-8785C. It is a necessary

catch-all requirement. Because of the variety of possibilities, it must

be left qualitative. Similar pitch- and yaw-axis requirements have been

specified (3.2.7.4, 3.6.4.4).

R. GUIDANCE FOR APPLICATION

Evaluation of this criterion should occur as a natural part of

operational flight testing. It is not subtle and requires no special

analysis or interpretation.

F. DIONSTRATION OF COFLIANCE

Operational flight test will be necessary for final demonstration.
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a. SUPPOlflDG DATA

None available.

R. LESSONS LEANE

None available.

J

421



3.5.8.5 Roll axis response to armament delivery

A. REAON PO UXIUMDiKNT

This requirement is included to insure that armament delivery will

not have an adverse effect on flying qualities that could impair mission

effectiveness.

B. RELATED KIL-F-8785C REQUIREMENT

3.4.7

C. STATUMDT OF RXQIJIRW IT

3.5.8.5 Roll axis response to armament delivery. Operation of
moveable parts such as bomb bay doors, cargo doors, armament pods,
refueling devices, and rescue equipment, or firing of weapons, release
of bombs, or delivery or pickup of cargo shall not cause buffet, trim
changes, or other characteristics which impair the tactical effective-
ness of the airplane under any pertinent flight conditions. These
requirements shall be met for Levels I and 2.

D. RATIONALE BEHIND THE REQUIREMENT

This paragraph has remained unchanged in MIL-F-8785C and in the MIL

Standard.

E. GUIDANCE FOR APPLICATION

This requirement is similar to 3.5.8.4.

F. DEMONSTRATION OF COMPLIANCE

Operational flight test should be required.

422



G. SUfOITI G DATA

None available.

a. LESSONS LEAN

None available.
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I

3.5.9 Roll Axis Control Power

3.5.9.1 Roll axis control power - response to roll control inputs

A. REASON FOR REQJIlEMMI

Roll power is specified in terms of bank angle change in a given

time.

B. Rm.ATDI MM-F-8785C RQUIRDOKTS

3.3.4, 3.3.4.1, 3.3.4.1.1, 3.3.4.1.2, 3.3.4.2

C. STATMKT OF REQLIRXMKNT hND REKOMMED VALUES

3.5.9.1 Roll axis control power - response to roll control inputs.
The response to full roll control input shall have the following charac-
teristics: •

The following paragraphs indicate the recommended requirements.

1. Class I and II Airplanes

Roll performance in terms of a bank angle change in a given time,

Ott is specified in Table 1 for Class I and Class II airplanes. For

Flight Phase TO, the time required to bank may be increased proportional

to the ratio of the rolling moment of inertia at takeoff to the largest

rolling moment of inertia at landing, for weights up to the maximum

authorized landing weight.
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TABLE 1 (3.5.9.1)

ROLL PERFORMANCE FOR CLASS I AND II AIRPLANES

Time to Achieve the Following Bank Angle Change (Seconds)

CLASS LEVEL CATEGORY A CATEGORY B CATEGORY C

60 deg 45 deg 60 deg 45 deg 30 deg 25 deg

1 1.3 1.7 1.3
I 2 1.7 2.5 1.8
I 3 2.6 3.4 2.6

II-L 1 1.4 1.9 1.8
II-L 2 1.9 2.8 2.5 I

II-L 3 2.8 3.8 3.6

II-C 1 1.4 1.9 1.0
II-C 2 1.9 2.8 1.5
II-C 3 2.8 3.8 2.0

2. Class III Airplanes

Roll performance in terms of Ot for Class III airplanes is specified

in Table 2 over the following ranges of airspeeds:

Speed Range Airspeed Ran e

Symbol For Level I For Levels 2 and 3

L Vomin ( V < 1.8 Vmin  Vmin < V < 1.8 Vmin

M 1.8 Vmin a < V < 0.7 Vmax b l 8 Vmin V< 0.7 Vmx

H 0.70. < V <0.7H . Va x Vmax Vma x - V max

a Or Vomin, whichever is greater b Or Vomax, whichever is less
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TABLE 2 (3.5.9.1)

CLASS III ROLL PERFORMANCE

Time to Achieve 30 deg Bank Angle Change (Seconds)

LEVEL SPEED CATEGORY A CATEGORY B CATEGORY C
RANGE

L 1.8 2.3 2.5
1 M 1.5 2.0 2.5

H 2.0 2.3 2.5

L 2.4 3.9 4.0
2 M 2.0 3.3 4.0

H 2.5 3.9 4.0

3 ALL 3.0 5.0 6.0

3. Class IV Airplanes

Roll performance for Class IV airplanes is specified over the fol-

lowing ranges of airspeeds:

Speed Equivalent Airspeed Range
Range
Symbol For Level 1 For Levels 2 and 3

VL V V<Vmin + 20 KTS V n <V<Vi+ 20 KTS
V0min mi-mnfV<Vi

0Vmn +20KTSa _< V < 1.4Vi Vmin + 20 KTS < V < 1.4

H 1.4V V<O07Vmax b 1.4 VVom<n V < 0.7 Vma x

H 0.7 Vma x b< V<Vomax 0.7 Vma x < Vma

a Or Vomin, whichever is greater b Or Vomax, whichever is less
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Roll performance in terms of for Class IV airplanes is specified

in Table 3. Roll performance for Class IV airplanes in Flight Phase CO

is specified in Table 4 in terms of t for 360 deg rolls initiated

at 1 g, and in Table 5 tor rolls initiated at load factors between

0.8 no(-) and 0.8 no(+). These requirements take precedence over

Table 3. The roll performance requirements for Class Ilf airplanes in

Flight Phase GA with large complements of external stores may be relaxed

from those specified in Table 3, subject to approval by the procuring

activity. For any external loading specified in the contract, however,

the roll performance shall be not less than that in Table: 6, where the

roll performance is specified in terms of t for rolls initiated at load

factors between 0.8 no(-) and 0.8 no(+). For any asymmetric loading

specified in the contract, roll control power shall be sufficient to

hold the wings level at the maximum load factors specified in 3.2.8.2

with adequate control margin.

TABLE 3 (3.5.9.1)

ROLL PERFORMANCE FOR CLASS IV AIRPLANES

Time to Achieve the Following Bank Angle Change (Seconde)

SPEED CATEGORY A CATEGORY B CATEGORY C
RANGE 30 deg 50 deg 90 deg 90 deg 30 deg

L 1.1 2.0 1.1
L 1.1 1.7 1.1
M 1.3 1.7 1.1

H 1.1 1.7 1.1

'L 1.6 2.8 1.3
L 1.5 2.5 1.3M 1.7 2.5 1.3

H 1.3 2.5 1.3

'L 2.6 3.7 2.0
L 2.0 3.4 2.0
M 2.6 3.4 2.0
H 2.6 3.4 2.0
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TABLE 4 (3.5.9.1)

FLIGHT PHASE CO ROLL PERFORMANCE IN 360 DEG ROLLS

Time to Achieve the Following Bank Angle Change (Seconds)

SPEED 3LEVEL RANGE 30 deg 1 90 deg 180 deg 360 deg

VL 1.0
L I 1.4 2.3 4.1
M 1.0 1.6 2.8

H I 1.4 2.3 4.1

VL 1.6 I
L 1.3
M 1.3 2.0 3.4
H i 1.7 2.6 4.4

VL 2.5 1
3 L 2.0 1

M 1.7 3.0
HI 2.1

TABLE 5 (3.5.9.1)

FLIGHT PHASE CO ROLL PERFORMANCE

Time to Achieve the Following Bank Angle Change (Seconds)

SPEED 3
LEVEL RANGE 30 deg 50 deg 90 deg 180 deg

VL 1.0
L 1.1

M 1.1 2.2
H 1.0

_ _ 1.6
L 1.3

M 1.4 2.8
H 1.4

VL 2.5

L 2.0
M 1.7 3.4
H 1.7
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TABLE 6 (3.5.9.1)

FLIGHT PHASE GA ROLL PERFORMANCE

Time to Achieve the Following Bank Angle Change (Seconds)

LEVEL 30 deg 50 deg 90 deg 180 deg

VL 1.5
L 1.7 I
M 1 1.7 3.0
H 1.5

VL 2.8
L 2.2

2 L 2.4 4.2

H 2.4

-77 4.4
3 L 3.8

M 3.4 6.0
H 3.4

D. RATIONALE BEHIND REQUIREMENT

The tables, definitions, and wording of this requirement are colla-

tions of the various roll control effectiveness sections of MIL-F-8785C.

1. Class IV Requirements

For Class IV airplanes the Operational and Service Flight Envelopes

have been divided into speed ranges with different requirements for the

different speeds. This change reflects lessons learned that the roll

requirements were too stringent at the extremes of the envelope. In

general, the revision retains the MIL-F-8785B roll requirements in the

speed range "M", with a relaxation in the other speed ranges for the

Category A Flight Phases.

The initial proposals for the speed ranges were defined using ASD

expe: ence with the F-15 and F-16. At the 1978 Flying Qualities Sympo-

sium the authors of MIL-F-8785C presented a modified definition of the

speed range (Reference 163). The suggested modification - to have the
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four speed ranges as a function of load factor - was incorrect. The

intent is to require a certain roll performance at all load factors in

an "operationally useful" speed range, as sketched. The problem then

becomes one of defining the required speeds in a general way.

nH

For the final version of MIL-F-8785C, which has been retained in the

Standard, we returned to the definitions proposed in Reference 223. We

believe that these represent the requirement for superior roll perfor-

mance at combat flight conditions. The procuring activity should retain

that philosophy in developing a system specification. It may be that

these definitions still do not cover all cases. It is emphasized that

the proposed speed ranges should be tailored to the specific applica-

tion. The intent is to provide sufficient roll maneuverability to do

the task at the normal speeds for that task, with a relaxation permitted

for speeds at which less maneuverability is normally required. A task

requirement would then take precedence over the requirements in this

section. In line with these speed ranges, the bank angle changes are

compatible with the speed at which the roll performance will be demon-

strated.

Relaxations in roll performance at low speed are concessions to the

difficulty of doing better without adding excessive structural weight,

actuator size, etc. We do this reluctantly, and some misgivings remain.

The results of a recent air combat simulation (Reference 224) show the

single outstanding factor influencing convergence and kill was high roll

performance. This was a fixed-base simulation, however, and the results

must be balanced against feedback that pilots may not be able to use

such roll rates at extreme flight conditions.
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2. CMas III Requirements

Class III roll requirements have also been redefined in terms of

three speed ranges. The basic requirements for Levels 2 and 3 were

relaxed somewhat in MIL-F-8785C from MIL-F-8785B:

Category B, Level 2: 30 deg in 3.3 sec, instead of 3.0

Category B, Level 3: 30 deg in 5.0 sec, instead of 4.0

Category C, Level 2: 30 deg in 4.0 sec, instead of 3.2

Category C, Level 3: 30 deg in 6.0 sec, instead of 4.0

Reference 59 concluded from a "review of roll control used in vari-

ous experiments... [that] the roll control authority requirements...for

Category C Flight Phases are excessive for airplanes that do not have

high sensitivity to crosswind and turbulence. Data clearly indicate

that there is an interaction between the roll control authority and the

amount of roll damping and roll sensitivity to side velocity." The data

were primarily for Class II and III airplanes.

Roll performance of the C-5A is shown in Figure ! (see "Lessons

Learned"). As can be seen, the airplane does not meet the specifica-

tion; however, "the roll acceleration available was considered satisfac-

tory by the Joint Test Team on the basis of the offset landing maneuver,

which was considered a practical test of lateral-directional maneuvera-

bility." In cruise, also, the airplane was considered acceptable.

Reference 36, on the other hand, retained the MIL-F-8785B requirements

for application to a production AMST, where the critical design case was

to balance the rolling moment at stall with one engine failed. Thus,

although there is some justification for relaxing the Class III roll

requirements, that must be done considering the aircraft mission and

potential operation.
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Figure 1 (3.5.9.1). C-5A Flight Test Data
(From Reference 127)
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E. GQIMAEE NOM APPLICATION

Of major importance in designing and producing an acceptable air-

plane is the definition of the roll axis used in compliance.

The roll axis is not specified exactly in these requirements. Its

desired orientarion varies with the pilot's intent: turns (or

straightening out) to modify the flight path, barrel rolls to slow down,

aileron rolls to start split S's, .... The most frequent, usually most

important, use is the first-named, for turn entry or exit. With respect

to the direction of flight, a roll axis tilted up corresponds to adverse

yaw (nose lagging the turn entry) in stability axes; while a nose-down

tilt indicates proverse yaw. Rolling about any axis other than the

flight path will generate sideslip, thus exciting dutch roll motion or

even departure from controlled flight at high angle of attack. Other

studies have shown that a major contributor to departure is the pa term

in the side-force equation:

y - mVo ( 8 + r- pa)

and pa o is of course zero in stability axes.

However, the cockpit is higher above a flight-path-aligned roll axis

at high angles of attack. The result is spurious responses to roll con-

trol inputs: lateral acceleration as in the C-5A, F-15, etc.; visual

slewing, e.g., of a runway threshold, found troublesome for the YF-16.

These effects invclve the kinematic relationships:

A yp Voo + X p + hp

Vp VoB + xpr + hpp

Also, rolling about the flight path at high angle of attack creates a

flywheel effect producing an incremental pitching moment of p21xz.

All things considered, generally it appears best to generate and

measure the roll motion in stability axes, examining the results care-

fully at high angle of attack, where the difference between body end

433

4I "



stability axes is greatest. In order to achieve the needed roll perfor-

mance it may be necessary to accept some uncomfortable lateral accelera-

tions. However, these accelerations should not exceed the limits

established in Para. 3.5.5.

F. DODNSTRATION OF cX3PLIANCK

For rolls from banked flight, the initial condition shall be coor-

dinated, that is, zero lateral acceleration. The requirements apply to

roll commands to the right and to the left, initiated both from steady

bank angles and from wings-level flight except as otherwise stated.

Inputs shall be abrupt, with time measured from the initiation of con-

trol force application. The pitch control shall be fixed throughout the

maneuver. Yaw control pedals shall remain free for Class IV airplanes

for Level 1, and for all carrier-based airplanes in Category C Flight

Phases for Levels I and 2; but otherwise, yaw control pedals may be used

to reduce sideslip that retards roll rate (not to produce sideslip that

augments roll rate) if such control inputs are simple, easily coordi-

nated with roll control inputs and consistent with piloting techniques

tor the airplane class and mission.

G. SUPPORTING DATA

Little in the way of supporting data has been generated since publi-

cation of the BIUG for MIL-F-8785B (Reference 11) in 1969. The changes

made to 8785C (Reference 4) - specification of speed ranges for bank

angle requirements -- are discussed in "Rationale Behind Requirement."

For this Handbook and this important requirement, the focus will be on

flight test experience with modern airplanes - i.e., on lessons

learned.

M. LESSONS LEARNED

Considerable flight test data and pilot commentary are available on

a large number of modern airplanes. These will be shown to be extremely

valuable in supporting the roll power requirements. However, for most

of the data to be presented it is difficult to assure that all other
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lateral-directional characteristics (e.g., Cd' wd, TR, Ts, A/k) were

Level 1, so qualitative evaluations may be somewhat biased by these

other effects. Also, the operational speed ranges for Class III and IV

airplanes are not always known, so it is necessary to compare the data

only generally with the specific performance requirements. In some

instances, data are given as specified in MIL-F-8785B - times for a

certain bank angle change; in others it may be given as required by MIL-

F-8785 - bank angle change in one second.

Class III Airplanes

Reference 126 contains limited substantiation of the Class III,

Category A and C requirements. For the P-3B airplane,

at speeds above about 240 KEAS, it was possible to achieve
an attitude change of 30 degrees in about 1.5 seconds.
Discussions with qualified P-3B pilots revealed that at
speeds near and above 240 KEAS the aircraft had excellent
roll maneuvering capability (aileron displacement is
reduce but forces are still a bother). These comments are
considered adequate to act as substantiation of the Level
I requirement for Category A Flight Phases .... In Flight
Phase PA at 125 KEAS full wheel deflection (112 0 ) produces
a 30 degree bank angle change in 2.6 seconds. This roll
response was evaluated as acceptable but unpleasant. Part
of the unpleasant aspect of this response is coupled with
high lateral control forces and large lateral control dis-
placements, assigned a Cooper Rating 3. The 30 degree
bank angle change in 2.6 seconds is considered to be the
minimum acceptable roll performance for Level 1 flying
qualities and thus substantiates the Level I boundary of
the specification (30 degree change in 2.5 seconds).

However, for a larger Class III airplane, the C-5A (Reference 127),

comparison with the performance requirements is poor, as Figure I shows.

Similar data for the C-141A, YC-141B, and L-1011 are given in Figure 2,

from Reference 14. From Reference 14, "Although neither the C-5A nor

the C-141A/YC-141B comply with the rolling performance requirements,

qualitative pilot comments indicate that both airplanes have acceptable

rolling performance in the cruise configuration." In the landing con-

figuration, for the C-5A (Reference 127),
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Figure 2 (3.5.9.1). Roll Performance for Class III
Airplanes (From Reference 14)
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... the roll acceleration available was considered satis-
factory by the Joint Test Team on the basis of the offset
landing maneuver, which was considered a practical test
of lateral directional maneuver ability. The offset land-
ing maneuver consists of approaching the runway with a
200 foot lateral misalignment on a 3 degree glideslope.
At an altitude of 200 feet, the airplane is aligned with
the runway centerline prior to touchdown.

Acceptability of low roll performance may be a function of the

amount of lateral acceleration felt by the pilot, i.e., as the acceler-

ation due to rapid roll control inputs increases, pilot acceptance of

the roll response decreases. For the C-5A, from Reference 127,

In order to meet the Level 1 requirements, the lateral
control system would have to be improved to attain a
higher bank angle change in the first second of roll. On
an aircraft with a very large rolling moment of inertia,
this would be difficult to accomplish. Increasing the
initial roll response of the C-5A would further aggravate

the very noticeable side kick, or lateral acceleration
component, in the cockpit and troop compartment that is
experienced during full abrupt control input. The side
kick occurs since the cockpit and troop compartment are
located considerably above the principal roll axis of the
airplane.

The flight program of Reference 128 investigated roll requirements

in cruise (Category B) for transport aircraft. A NASA Lockheed Jetstar

was equipped with a model-following simulation to produce pure rolling

response to ailerons, i.e.,

= L6aTR
6a  TRS + I

The evaluation consisted of various rolling and turning maneuvers,

including rapid rolls to 30 deg bank angle. Cooper-Harper ratings for

three pilots are compared in Figure 3 with times to bank 30 deg. Only

those cases for which TR is Level I are shown. These data support the

Levels I and 2 roll requirements extremely well, and suggest that the

Level 3 requirement could be relaxed from 5 sec to at least 8 sec or

greater. They also show that a lower limit exists at somewhat less than

one second due to high roll sensitivity.
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It must be pointed out that since the Jetstar is considerably

smaller, and of different design than the C-5A, the test pilots of

Reference 128 would not have been subjected to the large lateral accel-

erations discussed above. It seems clear, however, that there is some

need for a method of relaxing the roll requirements when the Level 1

limits result in objectionable accelerations at the pilot's station.

Pilot ratings for a CV-990 (Reference 129) in Category B and C

flight support the Level I boundaries of Table 2, as shown in Figure 4.

2. Class IV Airplanes

Data for the F-4 (Reference 130) are given in Figures 5, 6, and 7.

Times to bank for these figures were not actial test values, but were

calculated from known roll characteristics for various F-4 aircraft.

Therefore, there is some inherent inaccuracy in the values of t

plotted. Figure 5 compares pilot ratings and t with the Category B

Altitude, m (ft) M or Vi, knots Flaps, deg Gear
o 10,668 (35,000) 0.6 to 0.86 0 up Category B
o 6.096 (70, 000) 0.4 to 0.85 0 Up (speed ryBge L Table 2
0 8,534 (28. 000) 0.7 0 Up (speedr g C T
, 3,962 (13,000) 195 0 Up Category I
A 3,962 (13, 000) 195 U Down
A 3, 962 (13, 000) 120 to 195 27 Down
A 3.962 (13,000) 120 to 175 50 Down

2 0
LEVEL /

0 -A

4 0 1 0 A

6 LEVEL 2

0

01 2 3 5
130, sec

Figure 4 (3.5.9.1). Time to Bank 300 for CV-990
(Reference 129)
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Test data: Actual pilot ratings
o Level 1

40 (II Level 2

0 Level 3
(Y Failure data

Based on full aileron step at t = U.1 sec.

Specification Worse-Than- Level 3

Specification Level 3
(speed range L,M,H)

3.0

Specification Level 2

(speed range L,M,H)

Time-To-Bank

900 (sec)

Specification Level 1 C O
(s p ee d ra ng e L ,M ,H ) 

t O

1.0

0

01
0 .5 1.0

Mach Number

Figure 5. (3.5.9.1). F-4 Roll Control Fffectiveness, Time-
To-Bank 90', CR Configuration (From Reference 130)
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Test data: Actual pilot ratings

3.0 0 Level I
(0 Level 2
0 Level 3

0 ( Failure data
Based on full aileron step at t 0. 1 sec.

2.5 -I

Specification
Worse-Than
Level 3

2.0 / / $ // /1 /

Specification
Time-To-Bank Level 3

300 (sec) 15 -_

Specific tion ll C O

1.0 r

Specification
Level 1

0.5

0 1 1
100 120 140 160 180 200 220

Trim Speed (kt)

Figure 6 (3.5.9.1). F-4 Roll Control Effectiveness; Time-
To-Bank 300, PA Configuration (From Reference 130)
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requirements of Table 3 (for all speed ranges except VL). While the

data are sparse, it at least appears that the Level I requirement of

90 deg in 1.7 sec is not too stringent. For Category C flight (Fig-

ure 6), it is suggested that the limits may be too severe. Reference

130 recommends that "For Class IV-L and -C aircraft, the Level I minimum

time to bank to 300 should be relaxed to 1.3 seconds and the lower

Level 3 boundary should be relaxed to 300 in 2.8 seconds." Of course,

the impact of the Figure 6 data is mitigated by recognizing the possible

inaccuracies involved in computing Ot, without actual test data.

In Figure 7 the boundaries drawn for times to bank 90 deg and

360 deg are for the most stringent requirements of Table 4, i.e., for

Speed Range M. The data tend to support the Level I limits, but suggest

that the Level 2 limits could be relaxed considerably.

F-5E data (Figure 8, from Reference 6) for Flight Phase CO at

elevated load factors do not agree well with the Level I limits of

Table 5. The F-SE meets the requirement only in the High Speed Range.

NOTE. FILLED SYMBOLS INDICATE MIL SPEC L MITATION FOR LEVEL 1.

OPEN SYMBOLS ARE F-SE ROLL PERFORMANCE

1.8

MIL. SPEC. SP-ED RANGE

1.6-R

LU VL 900 ROLL

50- ROL-L

P" 300 ROLL0.4

0 r
0 0.4 0.8 1.2

MACH NUMBER

Figure 8 (3.5.9.1). F-5 E Roll Performance at 0.8 nL,
Configuration CO (from Reference 6)
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Reference 6 describes the roll performance as "very satisfactory in

operational use," and according to Reference 131, "the F-5 has exhibited

favorable roll performance in air combat situations where both the rud-

der and ailerons were used at low speed and at high angles of attack."

Flight test data for the F-14A in power approach are shown in Fig-

ure 9, from Reference 132. Roll performance in terms of bank angle

change in one second suggests that the F-14A would meet the Table 3,

Category C requirement of 30 deg in 1.1 sec at low angles of attack, and

fail to meet it at high angles of attack. Reference 132 states that

"Lateral control effectiveness in the PA configurations was adequate to

perform the bank angle changes required during approach."

The F-15C (Reference 133) meets the Category A Level 1 requirement

of 90 deg in 1.3 sec (Speed Range M), as Figure 10 shows. Unfortun-

ately, we do not have any pilot ratings or comments relating speci-

fically to F-15 roll performance.

Reference 134 documents performance and handling qualities testing

of a Navy F/A-18A airplane. This test airplane included various control

system modifications over the prototype F/A-18A to correct deficiencies

in the airplane's roll response. Results of I g, 360 deg rolls in

cruise configuration are shown in Figures 11 and 12. At moderate alti-

tudes and at low speeds, the F/A-18A roll performance is quite good.

However, for combinations of low altitude and high speed, the airplane

is seen to be extremely sluggish. Steady-state roll rates as low as

50 deg/sec were encountered at 5000 ft altitude. From Reference 134,

In that portion of the flight envelope where the time to
900 is less than or equal to I sec, the fleet pilot will
be able to rapidly and efficiently maneuver the airplane
to track an aggressive target as well as perform rapid
evasive maneuvers required during air-to-air and air-to-
ground tactical maneuvers .... The excessive time to roll to
900 at low to medium altitude, high q flight conditions
will preclude the pilot's ability to effectively perform
the air-to-air and air-to-ground missions.

The difference in times to bank for left versus right rolls (see Figures

11 and 12) was due to a lateral trim offset in the F/A-18A tested: "The

large positive [control stick] deflection required for 1-g level flight
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Figure 9 (3.5.9.1). F-14A Rolling Performance in
Configuration PA; DLC on (From Reference 132)
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CAS-ON Notes:
PRCA-AUTO • Fairings were taken from AFFTC-TR-76-48

0.8 to 1.0 Mach Number and represent rF-15A flight test results

Dynamic Pressure < 400 psf 9 Shaded symbols denote power approach
configuration obtained from bank-to-bank
rolls of 90 deg to -90 deg

PROV 10

Sybol DirectionSmo of Roll

Ei

= 0 0 Right A

5c Left____ ___

ADV 10-

300

- 250 -__ __

Et 200
E0

E .150

100

) -3

U

U 0
2

0G 1

Eo0
10

- "10 -5 0 5 10 15
Angle of Attack (deg)

Figure 10 (3.5.9.1). F-15C Aileron Roll Characteristics
(From Reference 133)
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2.5 - _ _ _ _ _ _ _ _ _ _ _

LR IAltitude 5,000 FT LEVEL/ SPEED

0 U 5,OO0ft / 7,500 (TABLE 4)

2.0 * 7,500 ft 3/H

2 0 0 10,000 ft 001
A! A 15,000 f t 1,

A20,000 ft ;44Z 2/H; 3/M

Conf iguration CR _ __

1- 5 -Fighter Escort Loading 0/

0
20,00 FTM

0

C 1.0 ft A__I__M

.5

0 V .6 .8 1.0 1.2 1.4
Mach Number

Figure 11 (3.5.9.1). Time to Roll 900 Versus Mach
for ~IA-18A (Reference 134)
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R ALTITUDE

7 E 5,000 FT -__

S 7,500 FT 5,000 FT

O@ 10,000 FT4
AA 15,000 FT

C3 6 0$* 20,000_!FT -
CONFIGURATION: CR 1,0

LU FIGHTER ESCORT LOADING

cc SEED
____________________LEVELNG

___ ___ __ ___10-000 /AG

Cr (TABLE 4)

2/H

4 - -_________I/L ,H

15,000

Nv 
2 /M

A/
3 0 20,000 FT0 I/M

2

0.4 0.6 0.B 1.0 1.2 1.4

MACH NUMBER

Figure 12 (3.5.9.1). Time to Roll 3600 Versus Mach for
F/A-18A (From Reference 134)
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significantly reduced the amount of control deflection change available

to command a right roll as opposed to a left roll." While Figure 11

shows Level I roll performance at low airspeeds, fine, precise control

was found to be sluggish: "the pilot was unable to perform the fine

tracking task at 200 KCAS/2 g [15,000 ft altitude] (HQR - 7) .... The

sluggish lateral response characteristics...rapidly led to an out-of-

phase condition and resultant nondivergent lateral PIO." It should be

noted, however, that there may have been other problems resulting from

TR (3.5.1.1.1) or Te (3.5.1.1.5).

F/A-18A roll performance in PA (landing and takeoff) configurations

is seen to be marginally Level I (Figure 13) below 180 kt, i.e., the

responses are very close to the required 30 deg in 1.1 sec.

MODEL F/A 18 A AIRPLANE

CONFIGURATION: PA AND PA /.

FIGHTER ESCORT LOADING

ALTITUDE: 5000 FT L R
O0 LAND
E- 0 TAKEOFF

50

40
0
z
0

0
z 30 o -

LawL
zM
(xW

200

z

z

co

10

120 140 160 180 200

CALIBRATED AIRSPEED. KCAS

Figure 13 (3.5.9.1). Roll Performance Characteristics in
Configuration PA (from Reference 134)
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3.5.9.2 Roll axis control power in steady sideslips

A. RMSOI FOR RE(qIUMENT

This requirement assures adequate roll power for operation in side-

slips, with some additional control margin to correct for turbulence,

etc.

B. RELATED MIL-F-8785C REUJIRM

3.3.6.3.2

C. STATEDENT OF REQUIRE ENT AND RECOMENDED VALUE

3.5.9.2 Roll axis control power in steady sideslips. For Levels 1
and 2, positive effective dihedral (right roll control for right side-
slip and left roll control for left sideslip) shall never be so great
that more than percent of roll control power available to the pilot
is required for sideslips which might be encountered in service deploy--
ment.

Recommended value: no more then 75 percent of roll power should be

required.

D. RATIONALE BEHIND REQUIRENENT

Some limit on positive effective dihedral is necessary; this re-

quirement places such a limit and assures sufficient roll power to

counteract the dihedral effect.

E. GUIDANCE FOR APPLICATION

No discussion necessary.

F. DEONSTRATION OF COMPLIANCE

Analysis should reveal any large dihedral effect. If it is antici-

pated to be a limiting factor on roll control power, flight testing

should be performed. However, if diheJral effect is shown through
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analysis to be minimal, analytical compliance should be sufficient,

though qualitative flight testing should be performed for final verifi-

cation in any case.

G. SUPRIMIG DATA.

None.

I. LISSOS LAM

None.
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V

3.5.9.3 Roll axis control power in crosswinds

A. REASON FOR REIQUIREHENT

Roll control power available beyond that required for flight in

steady sideslip or steady crosswinds must be adequate for maneuvering

and countering atmospheric disturbances.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.7.1, 3.3.7.2, 3.3.7.3, 3.3.9

C. STATEMENT OF REQUIREMENT AND RECOMMENDED VALUES

3.5.9.3 Roll axis control power in crosswinds.

a) It shall be possible to taxi at any angle to a kt wind.

b) Roll control power, in conjunction with other normal means of
control, shall be adequate to maintain a straight path during
the takeoff run, or landing rollout, in crosswinds up to those
specified in 3.5.7.

c) Roll control power shall be adequate to maintain wings level
with up to - deg of sideslip in the power approach. For
Level 1 this shall require not more than - percent of the
control power available to the pilot.

d) Following sudden asymmetric loss of thrust from any factor, the
airplane shall be safely controllable in roll in the crosswinds
of 3.5.7 from the unfavorable direction.

Recommended values:

Wind speeds for taxi:

Class I airplanes: 35 kt

Class II, III, and IV airplanes: 45 kt

For sideslip angles of 10 deg in the power approach, not more than

75 percent of available control power should be required.
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D. RATIONALE BEHIND RIE(QIOIEXT

The conditions under which it must be possible to taxi have been

specified since there is generally no point in being able to take off or

land in a given crosswind if the aircraft cannot be taxied. The wind

speeds specified are a compromise between what is desired and what is

reasonable to require.

Additionally, ability to counter rolling moments in sideslips or in

crosswinds is essential for safe takeoffs and landings.

E. GUIDANCE FOR APPLICATION

Paragraphs 3.5.10.6.3 and 3.5.10.6.4 cover similar requirements in

terms of roll control forces, and 3.6.5.1 covers yaw control power in

these conditions. All should be considered as a group with consistent

requirements throughout.

F. D NOSTRATION OF COMPLIANCE

For requirement (a), ground taxi in winds that are at least close in

magnitude to those required should be performed. Choice of wind speed

conditions should account for variability and gustiness.

For discussion of requirements (b) and (c), the reader is referred

to 3.5.10.6.3.

For requirement (d), as for all requirements on asymmetric thrust

(and on crosswinds), the most critical operation is takeoff and land-

ing. Crosswind landings performed to demonstrate compliance with 3.5.7

must include simulated asymmetric thrust, with the crosswind blowing in

the most unfavorable direction [i.e., from the direction of the "good"

engi e(s)]. Operation with an engine failure will in most aircraft be

Level 2, which implies a pilot rating of 6-1/2 in a 10 kt crosswind. It

is clear that the subjective nature of this requirement ("safely con-

trollable") allows considerable leeway in its application. Asymmetric

loss of thrust may be caused by many factors including engine failure,

inlet unstart, propeller failure or propeller-drive failure.
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G. SUPPORTING DATA

None .

H. LESSONS LEARNED

None.
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3.5.9.4 Roll axis control power for engine failure

A. REASON WOR REQUIRWNT

This requirement is included to establish roll control power re-

quirements to handle an engine failure during takeoff.

B. RELATED MIL-F-8785C REQUIRENT

3.3.9.2

C. STATEMENT OF REQUIREMENT AND R8COW1ENDED VALUES

3.5.9.4 Roll axis control power for engine failure. During the

takeoff run it shall be possible to maintain roll control of the air-
craft, following a sudden loss of thrust from the most critical propul-
sive source. This requirement shall apply from a minimum speed of
Vmin(TO) to a maximum speed of Vmax(TO).

The roll control required shall not exceed _ percent of the
available roll control power. This assumes takeoff thrust is maintained
on the operative engines with trim at normal setting for symmetric
thrust. The aircraft may be banked up to 5 deg away from the inopera-

tive engine.

Recommended values: Roll power required should be not more than

75 percent of available.

D. RATIONALE BEHIND REQUIREMENT

A control power margin is desired for any necessary maneuvering and

for countering atmospheric disturbances.

Z. GUIDANCE FOR APPLICATION

The requirements of 3.5.10.6.5, 3.6.4.1, and 3.6.6.2.8 should be

applied in conjunction with this paragraph.

455

- - - --.



7. DfIMSTRATIOM OF COMPLIANCE

See discussion under 3.6.4.1.

C. SUPPORTIDW DATA

None.

H. LESSONS LEARNED

None.
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3.5.9.5 Roll axis control power in dives and pullouts

A. REASON FOR REQIRENT

Roll control power must be adequate to perform any dive maneuvers

specified.

B. RELATE MIL-F-8785C RE~QIRMN

3.3.8

C. STAT7IENT OF lULIRiWINT

3.5.9.5 Roll axis control power in dives and pullouts. Roll con-
trol power shall be adequate to maintain wings level without retrimming,
throughout the dives and pullouts of 3.2.9.7.3.

D. RATIONALE BEHIND REQUIREMENT

Since Paragraph 3.2.9.7.3 defines the pitch force limits for dives

and pullouts, this requirement simply assures that roll power is not the

limiting factor in performing the dives required to meet mission objec-

tives.

E. GUIDANCE FOR APPLICATION

The qualitative nature of this requirement makes it straightforward

to apply.

F. DDOMSTRATION OF COMPLIANCE

See discussion under 3.2.9.7.3.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.9.6 Roll axis control power for stores release

A. REASON FOR REQUIRENT

This requirement is included to insure that intentional release of

stores does not result in limitations in roll control power.

3. RELATED MIL-F-8785C REQUIRM

3.4.6, 3.3.4.1.2

C. STAIEW OF REQUIREENT

3.5.9.6 Roll axis control power for stores release. Roll control

power shall be adequate to regain wings level, without retrimming, fol-
lowing intentional release of any stores, to the maximum load factors
specified in 3.2.8.2 with adequate control margin.

D. RATIONALE BEHIND REQUIREMENT

This is effectively a new requirement, though it is based on the

general requirement of 8785C (Reference 4) that stores release "shall

not result in objectionable flight characteristics." This has been

translated as requiring sufficient roll power to regain wings-level

conditions following any stores release.

K. GUIDANCE FOR APPLICATION

This requirement is closely related to the roll and yaw axis

responses to stores release, 3.5.8.4 and 3.6.4.4, and to the similar yaw

axis requirement, 3.6.5.4. All these paragraphs should be considered in

combination for application.

F. DHIONSTRATION OF COMPLIANCE

Flight testing must be conducted with the stores configurations

specified in 3.1.3, over the applicable range of flight conditions.
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0.SUPPORT= DATA

None.

H.LESSONS LEuNID

None.



3.5.9.7 Roll axis control power for two engines inoperative

A. REASON FOR REQUIREMENT

This paragraph states the need for roll control power in event of

failure of more than one engine on multi-engine airplanes.

B. RELATED NIM-F-878.5C REQUIREKENT

3.3.9.5

C. STATENENT OF REQUIR0NT

3.5.9.7 Roll axis control power for two engines inoperative. At

the one-engine-out speed for maximum range with any engine initially
failed, upon failure of the most critical remaining engine the roll
control power shell be adequate to stop the transient motion and
thereafter to maintain straight flight from that speed to the speed for
maximum range with both engines failed. In addition, it shall be pos-
sible to effect a safe recovery at any service speed above Vo . (CL)
following sudden simultaneous failure of the two critical engine~n

D. RATIONALE BEHIND REQUIRENENT

The rationale for this requirement is self evident; it is taken

essentially intact from MlL-F-8785C.

E. GUIDANCE FOR APPLICATION

The specialized nature of the requirement, as well as the general,

qualitative terms in which it is worded, makes it straightforward to

apply.

F. DDIONSTRATION OF REQUIREMENT

Flight testing at altitudes covering the operational envelope will

be at conditions stated by the requirements, i.e., airspeeds will be

either speed for maximum range with one engine out or representative

speeds above Vomin (CL).
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G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.9.8 Roll axis control power for other conditions

A. RRASON FOR RE Q4IRE1NT

This catch-all specification is intended to assure adequate roll

control power in any situation not already covered in the Standard.

B. RELATED IL-F-8785C REQUIRDENT

3.4.10

C. STATDIENT OF RXQUIREmNT

3.5.9.8 Roll axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for all maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

D. RATIONALE BEHIND REQUIREMENT

The other paragraphs under 3.5.9 cover all normal, anticipated

situations for roll control power. This paragraph is added to cover any

unusual or unspecified conditions that might be encountered in flight.

For further discussion on this requirement, see its equivalent in the

pitch axis, 3.2.8.5.

E. GUIDANCE FOR APPLICATION

Due to its broad generality the requirement should be applied for

all phases of analysis, simulation, and flight test. Excessive

stability, as well as excessive instability, of the basic airframe is of

concern with respect to available control authority and rate.
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. DIOMSTRATIOU OF QOPLIANCE

See 3.2.8.5.

G. SUPPORTIM DTA

None.

H. LESSONS LEARNED

None.
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3.5.10 Roll Axis Control Forces and Displacements

DISCUSSION

The requirements of this section cover broad areas for forces and

displacements of roll controllers. Many of the paragraphs (most speci-

fically, the force limits of 3.5.10.6) set absolute upper limits on

allowable control forces in various maneuvers. As with the pitch axis

forces of 3.2.9, there is some concern as to whether the limits are

reasonable for continuous maneuvering, and whether they are attainable

by female pilots. While any substantiating data is scarce, there is

some available dealing with maximum forces for single-application tasks

(References 256, 257). The purpose of this discussion is to briefly

review these data. Since there are many variables involved in develop-

ing adequate controller characteristics, no attempt has been made to set

any new requirements based upon this information; it is intended only as

information.

Figure I shows the effect of arm/stick geometry on maximum applied

force to the left and to the right for the 5th percentile male, and

Figure 2 shows the effect of upper arm angle on maximum applied force to

the left and to the right for the 5th and 95th percentile male. The

data in these illustrations are from Reference 256. Single test points

from a more recent study by McDaniel (Reference 257) are shown. on

Figure 1 as a comparison between male and female strength characteris-

tics for operating an aircraft control stick. Figures lb and Ic show

that the maximum applied force to the left and to the right (depending

on arm/stick geometry) varies and is not symmetric. The difference in

strength characteristics between men and women (single points from

Reference 257) shown in Figures lb and Ic is almost a factor of two.

There is also a large difference in the forces attained by the men in

the two tests (e.g., in Figure lb the Reference 256 data show about 8 lb

at the same location where the Reference 257 tests show 35 lb). The

reason for this difference is not known.

The 5th, 50th, and 95th percentiles of maximum forces exerted on an

aircraft control stick by 61 men and 61 women (from Reference 257) are

summarized in Table 1.

464



8 41/2  0 4%. 8

t I I " \ ., -- I 3

1 ,.,1 0 3

-151A

-1 2'/z

7 7- ,-'-, \ Z Ref. 257, Maximum Strength
/ I adwmn

.4.. Capability,(5th percentile,men

0 W 9and 
women)

*1 /

Seat Reference
Point

o) Physical Layout for Stick Force Tests of Reference 256
(stick 13 "1 inches above seat Reference point)

Inches Forward
of SRP

-25
-11 14 .20 1g Is .12

35(men) 22(men)

Ref. 257 - . "20 Ref. 257
.16 9 \_ 17(women) .22 -22 M.%- 14(women) 14

-20 24 -24 *25 20 .13

*23 -22 *31 -16

I0
-24 "31 30 *26 -26 .34 .31 23 .15 -12

8 4 0 4 8 8 4 0 4 8
LEFT Stick Position(in.) RIGHT LEFT Stick Position (in.) RIGHT

b) Maximum Force to the Left (Ib) c) Maximum Force to the Right (Ib)

Figure 1 (3.5.10). Effect ef Arm/Stick Geometry on Maximum Applied
Force to the Left and to the Right hy the Right
Arm for the 5th Percentile Male (Reference 256)
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Applied Force to the Left and to the Right for the

5th and 95th Percentile Male
(from Reference 256)

TABLE 1 (3.5.10)

MAXIMUM FORCES EXERTED ON AIRCRAFT CONTROL STICK (LB)
BY 61 MEN AND 61 WOMEN (REF. 257)

MEN WOMEN

CONTROL
STICK PERCENTILE PERCENTILE

DIRECTION

5th 50th 95th 5th 50th 95th

Stick left 35 52 74 17 26 35

Stick right 22 35 43 14 19 18

/
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Figure 3 illustrates the effect of arm position and wheel angle on

maximum applied force to the left and to the right for the 5th percen-

tile male.

Reference 256 discusses one- vs. two-handed operation of controls

and some general principles of control design; for example:

...Controls requiring large forces should be operated with two

hands (which, for most controls, about doubles the amount of
force that can be applied) depending on control type and loca-
tion and on the kind and direLtion of movement as follows:

a. When two hands are used on wheel controls, rotational
forces are effectively doubled in most cases.

b. When two hands are used on stick or lever controls
located along the body midline...push right or left is in-
creased about 50%.

c. When two hands are used on stick or lever controls
located on either side of the body midline, at or beyond the
shoulder..., pull right on controls located to the left is
slightly better with two hands than with only the right hand,
and push right on controls located to the right is slightly
better with two hands than with only the left hand .... For con-
trols requiring single applications of force or short periods
of continuous force, a reasonable maximum resistance is half
of the operator's greatest strength. For controls operated
continuously, or for long periods, resistances should be much
lower.
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Figure 3 (3.5.10). Effect of Arm Position and Wheel Angle
on Maximum Applied Force to the Left and to the Right

for the 5th Percentile Male (Reference 256)
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3.5.10.1 Wheel control displacements

A. REASON FOR REQUIREMENT

This requirement is intended to place limits on the allowable con-

trol wheel angular displacement used to attain maximum rolling perfor-

mance in Paragraph 3.5.9.

B. RELATED MIL-F-8785C REQUIREMENT AND RECOMMENDED VALUES

3.3.4.5

C. STATEMENT OF REQUIREMENT AND RECOMMENDED VALUES

3.5.10.1 Wheel control displacements. For airplanes with wheel
controllers, the wheel throw necessary to meet the roll performance
requirements specified in 3.5.9 shall not exceed degrees in either

direction.

Recommended wheel displacement: 60 deg. For completely mechanical

systems the requirement may be relaxed to 110 deg.

D. RATIONALE BEHIND REQUIREMENT

An upper limit on allowable wheel throw assures that unreasonable

demands will not be made on the pilot. If the throw is too small, of

course, the airplane can be overly sensitive to small inputs; however,

from a comfort (and safety) standpoint, maximum throw is more crucial.

The small throw of 60 deg is attainable in normal, one-handed operation

without undue physical effort.

A wheel throw of 110 deg for completely mechanical systems has been

specified in deference to the design problem posed by such systems.

E. GUIDANCE FOR APPLICATION

None required.
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F. DMONSTRATION OF COPLINCK

The tests required for compliance with applicable portions of 3.5.9

should include measurement of wheel control throw.

G. SUPPORTING DATA

As data from Reference 116 indicate (Figure 1), to maintain a desir-

able roll response sensitivity i., terms of roll performance per degree

of wheel deflection, the smalier the wheel throw, the lower the required

roll performance. (This is valid providing roll effectiveness is equal

to or greater than the specified roll effectiveness requirements.)

Reference 117 makes recommendations concerning the amount of wheel

throw for one-handed operation, and, although the comments pertain to

VTOL vehicles, the recommendation may well be of general applicabil-

ity. The Reference 117 recommendation is that for one-handed operation

the wheel throw should not exceed 60 deg in each direction.

i
H. LESSONS LEARNED

None.

- - - - - iNFLI'GIT GROUND- Wf -BASED aWeff -

0 ....... 50\- "-. -,, .- A, ...... 75". -

A 
90

-C A .

0 1 2 3 4 5 6 7 8 ' 10
BANK ANGLE IN TIE FIRST SECOND, imax (DEGREES)

Figure 1 (3.5.10.1). Variation of Pilot Rating with Bank Angle
in the First Second for Four Values of Effective Angle

(from Reference 116)
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3.5.10.2 Roll axis control forces to achieve required roll rates

A. REAMO FOR RULIUNT

This paragraph limits the forces reqaired to obtain the specified

roll performance.

B. RELATD MIL-F-8785C REQUIRRUNT

3.3.4.3

C. ST&T W OF RE JIRET AND UGCOM MED VALUES

3.5.10.2 Roll axis control forces to achieve required roll rates.
The roll control force required to obtain the rolling performance speci-
fied in 3.5.9.1 shall be neither greater than nor less
than

TABLE 1 (3.5.10.2)

RECOMMENDED MAXIMUM ROLL CONTROL FORCE

MAXIMUM FORCE (Pounds)
FLIGHT PHASELEVEL CLASS CATEGORY CENTERSTICK WHEEL SIDESTICK*

I, II-C, IV A, B 20 40
C 20 20

II-L, III A, B 25 50
C 25 25

I, II-C, IV A, B 30 60
C 20 20

II-L, III A, B 30 60
C 30 30

3 All All 35 70

*No forces are recommended for sidestick controllers at this

time. However, forces should not be so large or so small as
to be objectionable to the pilot.
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Recommended minimum roll control force for all controllers is the

sum of the breakout force plus:

Level 1: One-fourth the values in Table 1

Level 2: One-eighth the values in Table I

Level 3: Zero

D. RATIONALE BEHIND REQUIREMENT

In combination with the roll control power requirements of 3.5.9.1,

this paragraph specifies control force gradients for good flying quali-

ties. The maximum and minimum forces are unchanged from MIL-F-8785C.

E. GUIDANCE FOR APPLICATION

For airplanes with centerstick controllers, 3.5.10.3 should be

applied along with this requirement.

F. DEMONSTRATION OF COKPLIANCE

In performing the maneuvers required by 3.5.9.1, the minimum and

maximum forces necessary to meet the 3.5.9.1 requirements must be found.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5. 10.3 Roll axis control sensitivity

A. IMBOI FOR U IUM T

The roll response to roll control force inputs, expressed in terms

of roll sensitivity, is specified for stick-controlled Class IV air-

planes.

B. RELATED KIL-F-8785C RE(QUIREMNT

3.3.4.1.3

C. STATM41MT OF REQUIRIKE AND RECIKNDED VALUES

3.5.10.3 Roll axis control sensitivity. The roll control force
gradient for stick-controlled Class IV airplanes shall have the follow-
ing characteristics: . In case of conflict between the
requirements of 3.5.10.3 and 3.5.10.2, the requirements of 3.5.10.3
shall govern.

Recommended values are given in Table 1.

TABLE 1 (3.5.10.3)

RECOMMENDED MAXIMUM ROLL CONTROL SENSITIVITY

FLIGHT PHASE MAXIMUM SENSITIVITY

CATEGORY (deg in I sec)/lb

A 15.

C 7.5

A 25.
2

C 12.5
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D. RATIONALE BEEIND REQJIREMENT

The roll power requirements of 3.5.9.1, in combination with the roll

forces of 3.5.10.2, effectively specify roll control sensitivity except

for aircraft with stick shaping networks such as discussed in "Guidance

for Application." This paragraph is intended to place an absolute, firm

upper limit on gradients for Class IV airplanes to prevent excessive

sensitivity, which can easily result in a lateral PIO.

E. GUIDANCE FOR APPLICATION

Acceptable roll performance and force characteristics should result

in easily meeting the conditions of this requirement. Effects of non-

linear force deflection characteristics should be considered for this

requirement, e.g.: it is possible to design a control system which

easily meets the limits specified for large inputs, but which produces

unacceptably high local sensitivity for small inputs. Special consider-

ations are required for roll command augmentation systems to circumvent

this problem. These take the form of nonlinear stick shaping, stick

filters, and minimizing the lateral augmentor gains. There has been

insufficient analysis of the data to write a quantitative criterion at

this time. However, the following paragraphs present considerable

guidance for roll CAS systems.

1. Roll Command Augmentation Systems

The elements of a command augmentation system (CAS)* are shown in

Figure 1. A roll rate CAS utilizes an effective feedforward so that

pilot control inputs are compared directly to actual roll response.

Such CASs, as they are used today, can be limited in authority with

parallel direct links (e.g., the F-14, F-15, F-18, and B-I), or full-

authority with high command gains (e.g., the F-16). The latter are the

more interesting from a handling qualities standpoint, though examples

of both types will be reviewed here.

*In the past CAS has also been referred to as control, rather than

command augmentation systems. These terms are identical.
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Figure 1 (3.5.10.3) Block Diagram Representation of Full-
Authority Roll Rate Command Augmentation Systems

Flight test and operational experiences with Class IV airplanes with

high-authority roll CAS have been very promising (References 123-125,

263-265): responses to command inputs are sharp and rapid; precision

controllability is excellent; hands-off operation is improved. However,

some distinct problems have arisen as well: oversensitivity to small

control inputs; overcontrol with large inputs; pilot-induced oscilla-

tions; and the phenomenon known as "roll ratcheting." The causes of and

cures for these shortcomings will be discussed.

a. Gradient Shaping

Experience with roll rate CAS has shown that a key element fcr

acceptable handling qualities is the gradient between commanded roll

rate and stick force, Pc/Fas (see Figure 1). High-gain, high-authority

systems have had problems with extreme sensitivity for small inputs and

inadequate roll performance with large inputs. The cure has been to

decrease Pc/Fas for small inputs via a nonlinear stick shaping network,

while allowing a high gradient for larger inputs. The resulting para-

bolic pc/Fas shaping appears as shown in Figure 2. Experience with a

limited number of CAS systems has shown that command networks which fall
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Figure 2 (3.5.10.3). Range of Acceptable Nonlinear Roll Command
Shaping Networks Based on Flight Tests (Class IV Aircraft,

Flight Phase Category A, Right Roll)

within the range shown in Figure 2 will have acceptable response proper-

ties, as long as the requirements and recommendations in Para. 3.5.1.1.1

are satisfied. Figure 2 also reflects the range of actual maximum roll

rates achieved for these command ne-works. In general, the commanded

roll rates were obtained for small inputs (on the order of 1/2 stick or

less), but larger force inputs generally did not produce the commanded

rates. This is a result of intentional design requirements, i.e., if

the aircraft can achieve larger roll rates than commanded with full con-

trol input, it may "hunt" the commanded rate by overshooting initially.
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Such an overshoot and possible oscillations about the commanded roll

rate could be uncomfortable to the pilot.

In almost all high-performance augmented airplanes some amount of

yaw damping is provided. This has the effect of enhancing roll perfor-

mance by minimizing undesirable yawing motions. While yaw dampers are

important to the aircraft to be discussed here, their effects on han-

dling qualities and performance will be considered to be separate from

the roll CAS systems under consideration.

b. Roll Responses for Conventional Aircraft

It is interesting to consider the reasons for the parabolic command

gradient shaping shown in Figure 2. Fighter aircraft with conventional,

fully powered hydraulic servos but without CAS (for instance, 1950s-

generation fighters) generally have linear stick-to-surface linkages,

i.e., 6a response to Fas is linear (above breakout). This is sketched

in Figure 3a. However, wind tunnel and flight tests of these aircraft

show that aileron effectiveness is nonlinear with deflection; large

deflections produce an incrementally larger rolling moment than do small

deflections. This can be viewed as a nonlinear deflection/response

characteristic, sketched in Figure 3b. The result of these force/

deflection and deflection/response characteristics is a parabolic

force/response curve, shovn in Figure 3c. As an example, Figure 4 shows

8,(deg) P(deg/sec) p(deg/sec)

Breakout

FosO(b) 8o(deg) Fas(ib)

P 8 P P

a) Force /Oeflection Gradient blDeflec/ion /Response cI Resultant P/fs
Chraocteristics Chorac teristics

Figure 3 (3.5.10.3). Roll Rate Response for
Conventional Aircraft
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the Pmax/Fas curves for three aircraft, taken from flight or wind

tunnel/flight test results. Two of the three lie within the Pc/Fas

gradient range identified in Figure 2 as acceptable for CAS systems.

Parabolic pc/Fas networks, therefore, artifically supply to the pilot

what aircratt without CAS have naturally.

c. Roll CAS Gradients

Evolution of the F-16 CAS shaping network is a valuable lesson.

Figure 5 illustrates the history of the CAS design (in which, it must be

remembered, the unique characteristics of the near-isometric sidestick

controller undoubtedly played a significant role). Simulations of the

YF-16 (Reference 124) prior to first flight produced a very steep Pc/Fas

300

200- , '/ /
o ACHIEVED

_r too- /

, / /'/ / /'/'/

0)

"o "100

0 1__ ii

0 10 20
Lateral Stick Force, Fas(Ib)

Figure 4 (3.5.10.3). Comparison of Pmax/Fas for Several Conven-
tional Class IV Aircraft with CAS Curves of Figure 2
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Figure 5 (3.5.10.3). Evolution of the F-16 CAS Shaping Network

YF-16 takeoffs and landings in the USAF/Calspan variable-stability NT-33

resulted in a decrease in the initial gradient by a factor of two. Dur-

ing a high-speed taxi test, a divergent lateral pilot-irnduced oscilla-

tion (PIO) was encountered on the prototype YF-16 after the aircraft

inadvertently became airborne (Figure 6). The pilot, committed to fly,

was then able to "back off" on his control gain, and the PIO stopped,
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after which a normal landing was made. This PIO was directly traceable

to excessive stick sensitivity around zero, and after the flight (dubbed

"Flight 0") the stick sensitivity was reduced further and the PIO ten-

dency disappeared. The final F-16A/B (fixed-stick) (Reference 125)

network was reduced even more (see Figure 5). With the latest F-16

variable roll prefilter (Reference 252), it has been possible to

increase the CAS gradient somewhat.

The roll performance of the YF-16, shown in Table 2 and Figure 7, is

comparable with present generation USAF fighter aircraft and is seen to

be very good in comparison to the roll control power requirements of

Tables 3 (3.5.9.1) and 4 (3.5.9.1). The final YF-16 roll command gra-

dient of Reference 124 (Figure 5) produced acceptable response for

small, precision stick inputs, though pilot comments indicate that

excessive sensitivity, "when encountered, was usually related to the

small-amplitude, high-frequency inputs associated with the closed-loop,

high-gain tasks of formation, refueling, tracking, and landing."

TABLE 2 (3.5.10.3)

YF-16 ROLL PERFORMANCE CHARACTERISTICS

[From Reference 124]

q Vc Hc as Pmax T 90  T360  
6aavg 6rmax

(psf) (KCAS) (ft) (deg) (deg/sec) (sec) (sec) (deg) (deg)

70 135 0.45 36K 14 -155 1.60 3.55 +17 +12

270 300 0.79 30K 5 +187 1.15 2.65 I -10 - 2

1140 650 1.58 30K 2 -168 1.25 2.90 +10 -4
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Figure 7 (3.5.10.3). YF-16 Rolling Performance Cruise

Lonfiguration; Reference 124

482



F-16 roll performance in 360 deg rolls for the CR (cruise) configu-

ration (Figure 8) compares quite well with the Table 4 (3.5.9.1)

requirements. The F-16 was Level 2-3 for most of the low-speed range in

Power Approach (Figure 9). According to Reference 125, "the pilots were

pleased with the F-16A/B CR configuration roll performance. PA configu-

ration roll performance was acceptable." Hence, the nonlinear stick

shaping was reasonably successful in achieving acceptable large ampli-

tude rolling performance without excessively compromising the small

amplitude precision tracking characteristics.

d. Roll Ratcheting

As mentioned earlier, concerns from the piloting point of view for

roll CAS systems have been described variously as oversensitivity to

small inputs, overcontrol or sluggishness for large inputs, and "roll

ratcheting." All of these can create pilot-induced oscillations (PIOs),

and, as we shall see, ratcheting is the hardest to identify, isolate,

and correct. The other problems can be solved by relatively simple

means.

Roll ratcheting has been reported as occurring on most CAS-equipped

aircraft, including the F-4 SFCS (Reference 123), YF-16 (Reference 124),

F-16 (Reference 125), and A-7D DIGITAC (Reference 265). It was also

experienced during the Calspan Lateral High-Order System (LATHOS) pro-

gram of Reference 258. All of these aircraft will be discussed in

detail in the following paragraphs.

An example of roll ratcheting encountered on the DIGITAC (Reference

265) is shown in Figure 10. The ratchet was encountered during a series

of bank-to-bank maneuvers. The oscillations exhibit limit cycles at a

frequency of about 18 rad/sec. The roll CAS is presented in Figure 11;

ratcheting was experienced with Pc/Fas Curve 1 in Figure 11. The fact

that roll ratcheting occurred for this case is evidence that stick shap-

ing is not a cure for this problem. The reason is that the stick sen-

sitivity is reduced only around zero, allowing ratcheting to occur when

the lateral stick is non-zero, such as in Figure 10. Figure 11 and

Table 3 document several of the CAS networks f .i on the DIGITAC in
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Figure 10 (3.5.10.3). Roll Ratchet During Banking Maneuvers
(DIGITAC, Reference 265) h = 20,000 ft, M =0.75
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TABLE 3 (3.5.10.3)

DESCRIPTIONS OF YA-7D DIGITAC CAS NETWORKS

ERROR GAIN PREFILTER LAG

CAS* K I/TF TYPICAL PILOT COMMENTSeF
(deg/deg/sec) (rad/sec)

1 1.0 10 Much too sensitive to sharp
inputs (PR - 7); ratcheting
(see Figure 10)

2 0.5 10 Eliminated high sensitivity;
steady-state response too low

3 1.0 3 Filter reduced sharp inputs,
although not enough (PR - 7)

4 0.375 3 Lateral PIO tendency in fine
tracking (includes 0.75 lb
breakout)

5 0.375 3 Best all-around response

•See Figure 11.

developing an optimum CAS. This is an excellent review of all the ele-
ments of a CAS, since several gradients, prefilter lags, and error gains

were evaluated.

The CAS which produced the Figure 10 ratcheting had a prefilter lag

at 10 rad/sec and an error gain Ke - 1.0 (Table 3). As Table 3 re-

flects, CAS System 2 involved only a reduction by one-half in Ke and

eliminated the roll sensitivity. However, with the sensitivity reduced,

the pilots were then aware that the steady-state roll response was much

too low. With Ke - 1.0 and the prefilter lag reduced from 10 to

3 rad/sec (CAS 3), the roll sensitivity was reduced, although not

enough. It was clear from CASs 1-3 that: a) the roll response for

large inputs was too low; b) a reduction in the prefilter lag helped

reduce sharp inputs; c) a reduction in the error gain eliminated

ratcheting. Therefore, CAS 4 was evaluated. This involved a new Pc/Fas

gradient (Figure 11), including a 0.75 lb breakout, and lower TF and Ke
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(Table 3). It also produced a mild PIO tendency during air-to-air

tracking, probably due to the breakout.* Finally, a slightly more sensi-

tive gradient with no breakout (Curve 5) was found to be best for all-

around response.

Another example of roll ratcheting, experienced on the YF-16 (Refer-

ence 124), is given in Figure 12a. The pilot was attempting a steady

roll with less than full control input. The ratcheting is seen to be a

lightly damped oscillation at a frequency of about 12 rad/sec. As the

second roll on Figure 12 shows, the pilot was later able to perform a

roll without encountering ratcheting. According to Reference 124,

"Full-authority rolls did not involve the oscillation."

The roll ratcheting experienced on the YF-4E SFCS (Reference 123)

was of a somewhat different character than that of the YF-16 or DIGITAC,

as it occurred primarily during fine maneuvering rather than during

large-input rolls. A representative time history is not available, but

Reference 123 describes "an oversensitive roll response which was uni-

versally objectionable to the pilots. It tended to manifest itself in

uncomfortably high roll accelerations during rolling maneuvering and

roll 'ratcheting' or jerkiness around neutral, particularly during tasks

involving precise control." One pilot commented in Reference 123 that

the ratcheting "becomes less noticeable during up and away flight. How-

ever, this problem is definitely noticeable while performing a close

task such as formation or air to air tracking."

The final example of roll ratcheting we will examine occurred during

flight evaluations on the USAF/Calspan variable-stability NT-33. An

investigation of lateral flying qualities of highly augmented fighter

aircraft (dubbed LATHOS for Lateral High-Order System, Reference 258)

represents an excellent data base for detailed discussion on many of the

handling quality concerns for modern aircraft.

While the LATHOS tests were not intended to investigate the handling

qualities of command augmentation systems per se, mechanization of the

lateral control effectiveness was such that it may be considered a CAS.

That is, the NT-33 variable-stability system was devised to command a
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certain ratio of steady-state roll rate to stick force (psa/Fas) -- a

pseudo-CAS network. Additionally, the roll rate response was devised

with a neutral spiral (T. L"-) and w,/d Z I. Thus the lateral-

directional response was effetively first order in combination with a

variable prefilter and a time delay to account for actuator lags, i.e.,

TFLFa e-.0289P * as

Fas (s + I/TR)(S + 1/TF)

For the configurations with ratcheting, TR - 0.15 sec. Figure 13 illus-

trates the ratcheting from a HUD tracking task. (The very high fre-

quency oscillations at 50-60 rad/sec are aileron "buzz," resulting from

an instability in the NT-33 variable-stability system. In some in-

stances the pilots complained about the "buzz." It is not known whether

this "buzz" was common to all the TR - 0.15 sec cases, or whether it

influenced pilot ratings for these cases.) The ratcheting is best seen

in the and Fas traces, at a frequency of about 16 rad/sec.

Figure 14 compares the pss/Fas gradients flown on LATHOS in Category

A tasks (air-to-air tracking, HUD tracking, and aerial refueling) with

the acceptable range from Figure 2. No breakout or friction forces were

mechanized. Several values of prefilter lag, TF, were used with Con-

figurations 5-2 and 5-3. Figure 15 shows the influence of prefilter

time constant on pilot ratings.

For Configuration 5-2 (Pss/Fas = 10), the roll response for small

inputs lies well above the acceptable range in Figure 14, while the

response for large inputs falls below the range of acceptable gradients.

The pilot comments for Configuration 5-2 are consistent with this obser-

vation. Typical comments were: "Took off pretty smartly initially, but

felt heavy for final response .... Not predictable for fine tasks ....

Quick, sharp, ratcheting." Pilot ratings for this case were Level 3

(PR - 7, 7). These ratings and comments were for TF = 0.025 sec. How-

ever, increasing TF did little to improve the ratings (see Figure 15)

because of the inadequate response. Pilot comments reflect this:

"Gross acquisition sluggish...Sensitivity low...Took a lot of force."
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Figure 14 (3.5.10.3). Roll Gradients for LATHOS Configurations 5-2
and 5-3 (TR = 0.15 sec) Compared with Acceptable Range

from Figure 2
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Figure 15 (3.5.10.3). Influence of Prefilter Lag on Pilot Ratings
(Reference 258). TR =0.15 sec
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For Configuration 5-3 (pas/Fas - 18, Figure 14) the final response

is improved, but the small-control-input response is much too sensitive.

Pilot comments for the 40 rad/sec filter case (TF - 0.025, Figure 15)

reflect this: "Gross acquisition - no problem. Fine tracking was

characterized by jerkiness .... Had the perception that the stick was mov-

ing in my hand." Prefilters of 3.33-10 rad/sec (TF - 0.10 and 0.3,

Figure 15) produced Level 1 pilot ratings, a trend like that fouaid on

DIGITAC. With TF - 1.0, however, a PR of 7 was given; this was "Smooth

but sluggish .... Wouldn't response to aggressive inputs."

Finally, two nonlinear gradients (5-3N2 and 5-3N3, Figure 14) had

the effect of reducing the sensitivity for small inputs while still pro-

viding good power for large inputs. For 5-3N2, a pilot rating of 4-1/2

was given due to "Beginning of ratcheting -- not strong .... Jerky even

with small inputs." For 5-3N3, a PR of 4 was similarly given because

"Initial response [was] too abrupt .... Adequate final roll rate for large

inputs ."

The LATHOS results are very similar to those for DIGITAC, i.e.,

ratcheting was reduced by addition of a roll prefilter around 3 rad/sec.

However, as discussed in Section 3.2.1.1, stick prefilters are a major

contributor to overall effective time delay, Te . For example, Figure 9a

(3.2.1.1) shows that a 3 rad/sec prefilter contributes about 0.1 second

to the overall time delay in the longitudinal axis. For sophisticated

aircraft control systems, with structural filters, sensor filters, etc.,

included, a prefilter as low as 3 rad/sec could cause an unacceptably

large delay. The prefilter should not be looked on as a final solution.

e. Guidance for Acceptable Sensitivity

The following guidelines are offered to obtain adequate roll control

power for large control inputs without incurring excessive abruptness

and/or roll ratcheting for small inputs, as well as excessive time delay

and hence lateral PIO tendencies.

* Utilize nonlinear lateral stick shaping in the

region specified in Figure 2.
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* Avoid excessively large values of l/TR by mini-
mizing the gain on the roll rate feedback. Fig-
ure 14 (3.5.1.1.1) suggests 1/TR < 4.

* Stick filters will eliminate roll ratcheting.

However, the break frequency should be carefully
evaluated in terms of time delay [see Figure 1
(3.5.1.1.5)].

1. Program of Reference 46 (Flight Phase Category A)

In this in-flight lateral-directional flying qualities program for a

typical fighter mission the pilots were allowed to select the sensi-

tivity of the aileron control. The resulting "optimum" sensitivities

are presented in Figure 16. (The spring rate was Fas/Sas = 3.81 lb/in.)

Only "optimum" sensitivities are shown because most configurations were

Level 2 or worse in dutch roll or roll mode characteristics. Many of

the points shown in Figure 16 are associated with poor pilot ratings.

Hence there is a tacit assumption that the optimum roll sensitivity is

the same for Level I and 2 values of wd and rd.

2. Program of Reference 38 (Flight Phase Category A)

In this program, which utilized a rolling simulator and several

fighter aircraft, a parametric variation of L6a
6amax R

to determine lateral control requirements for fighter aircraft perform-

ing fighter missions. As such, the results of this program should be

directly comparable to the results of the program of Reference 46. The

Reference 38 data are plotted along with the Reference 46 data in Fig-

ure 16. Optimum values and the values corresponding to Level I and

Level 2 flying qualities are also shown. The spring rate, Fas/6as, was

2 lb/in. It can be seer from Figure 16 that the data points of constant

pilot rating lie approximately along lines of constant fi (bank angle

in one second). This suggests that, at least for Class IV aircraft

performing fighter missions, roll response sensitivity can be best

expressed in terms of *1/Fas (bank angle in I second per pound). It can

further be seen that the data points from Reference 14 for Level I roll

response sensitivity lie along a curve of 01/Fas - 15 deg/lb; for
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Figure 16 (3.5.10.3). Flight Phase Category A -
Force Sensitivity

Level 2 flying qualities, i/Fas -25 deg/ib. Both sets of data indi-

cate that for optimum roll response sensitivity *i/as should be between
10 and 20 deg/b. A possible exception is indicated by the low-TR data
of Reference 46, where somewhat lower optimum roll response sensitivi-

ties were selected by the pilots.

Figure 17 shows actual data from the tests of Reference 38. The
pilot ratings from the moving-base simulation (Figure 17b) clearly sup-

port the gradient limits of Table 1. Differences between the fixed and
rolling simulator results are presumably due to the additional accelera-

tions sensed by the pilots in the rolling simulator. These results
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Figure 17 (3.5.10.3). Pilot Ratings from Reference 38
(Category A Flight Phase)
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indicate that compliance with this requirement should involve a moving-

base simulator as a minimum.

3. Program of Reference 44 (Flight Phase Category C)

In order to compare the fighter-airplane data for up-and-away flight

with data for the landing approach, consider the in-flight data of

Reference 44 shown in Figure 18. From comparison of Figures 16 and 18

it can be seen that the optimum roll response sensitivity, maximum

satisfactory roll response sensitivity (Level 1), and maximum acceptable

roll response sensitivity (Level 2), in terms of rolling accelerations

per force for the landing approach, are about half that for respective

levels of flying qualities for Flight Phase Category A. This is

reflected in Table I.

H. LESSONS LEARNED

Some flight test data are available for several current aircraft.

These are compared with the Table I boundaries below.

The F-5 roll gradients in both Category A and C flight fall well

within the Level I limits, as Figure 19 (from Reference 131) shows.

Similarly, gradients for the F-18A in Category A (Figure 20) and C (Fig-

ure 21) flight phases are within the Level I limits.

As discussed in "Guidance for Application," airplanes with high

gain, high authority roll augmentation systems require a parabolic stick

shaping network. Such a network makes it possible to maintain the

required sensitivity for small stick deflections without giving up roll-

ing performance for large stick deflections. The F-18 has a parabolic

stick shaping network and the data shown in Figures 20 and 21 represent

sensitivities for small stick deflections such as used for precision

tracking.
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Configuration Altitude(ft) Symbol
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Note: Flogged symbol indicates Cat. C
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Figure 19 (3.5.10.3). Roll Response Per Pound for F-5
(From Reference 131)
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L R ALTITUDE

CONFIGURATION: CR 5,000FT
FIGHTER ESCORT LOADING ,500 FT~ - 7,500 FT
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Figure 20 (3.5.10.3). Roll Response Per Pound Versus Mach

for F-18A (Flight Test Data from Reference 134)
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CONFIGURATION: PA L R
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Figure 21 (3.5.10.3). Roll Sensitivity Characteristics in
Configuration PA for F-18A (Flight Test Data

from Reference 134)
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3.5.10.4 Roll axis control forces - control centering and breakout
forces

A. RIAM 11Oe nUEJMM

This requirement is included to insure that the centering and break-

out characteristics of the roll controller are acceptable to the pilot.

B. RI.AT NIL-F-8785C R.JM UTf

3.5.2.1

C. STATMDIT OF RItIRMM AND iEODD VLUIRS

3.5.10.4 Roll axis control forces - control centering and breakout
forces. Lateral controls should exhibit positive centering in flight at
any normal trim conditions.

The combined effects of centering, breakout force, damping, and
force gradient shall not produce objectionable flight characteristics.

Breakout forces, including friction, preload, etc., shall be within
the following limits:

Recommended breakout force limits are given in Table 1.

TABLE 1 (3.5.10.4)

RECOMMENDED ALLOWABLE BREAKOUT FORCES (lb)

CLASSES I, II-C, IV CLASSES II-L, III
LEVEL CONTROL

MINIMUM MAXIMUM MINIMUM MAXIMUM

Sidestick 1/2 1
1 and 2 Centerstick 1/2 2 1/2 4

Wheel 1/2 3 1/2 6

Sidestick 1/2 4
3 Centerstick 1/2 4 1/2 8

Wheel 1/2 6 1/2 12
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D. RATIOEALI BEHIND REQUIREMNT

A discernible neutral point (or trim or equilibrium point) should

always be provided in manual pitch, roll, or yaw controllers. That is,

if the pilot chooses to release a control it should return to a neutral

or trim state. If no cues are provided the pilot will be forced to

manually search for such a trim condition. This can lead to poor maneu-

vering control, or, in the extreme, to pilot-induced oscillations.

The sidestick breakout forces in Table I are based upon recommenda-

tions of Reference 23.

9. GUIDANCE FOR APPLICATION

While this paragraph does not require absolute centering, the ten-

dency for positive centering should always be detectable. With absolute

centering, a cockpit control will always return exactly to its trim

position when released. Positive centering is a tendency to return:

upon release, the control will move toward the trim position but fric-

tion may prevent absolute centering.

F. DDIMNSTRATION OF COMPLIANCE

Measurement of breakout forces on the ground will ordinarily suffice

in lieu of actual flight measurement, provided that qualitative agree-

ment between ground measurement and flight observation can be estab-

lished.

G. SUPPORTING DATA

None available.

H. LESSONS LEARNED

No information available at this time.
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3.5.10.5 Roll axis control forces - free play

A. REASON FOR REQUIREMENT

While some amount of free play may be desirable to prevent oversen-

sitivity to unintended control motions, the free play should not create

an objectionably large dead zone.

B. RELATED MIL-F-8785C REQUIREMENT

3.5.2.2

C. STATEMENT OF REQUIREMENT

3.5.10.5 Roll axis control forces - free play. The free play in
the lateral controller shall not result in objectionable flight charac-
teristics, especially for small amplitude inputs. Free play should be
within the following boundaries:

D. RATIONALE BEHIND REQUIREENT

The requirement prevents design of large dead zones in the roll

controller. In normal operations, and especially in high-demand times

such as turbulence penetration or air combat, free play can contribute

to overcontrol and rapid pilot fatigue.

No numerical value has yet been found that appears generally ade-

quate. The allowable free play would seem to be a function of control-

deflection sensitivity (angular acceleration per inch or degree of move-

ment) and possibly control-force sensitivity as well.

E. GUIDANCE FOR APPLICAtTION

This requirement is not intended to eliminate all free play. Free

play is often designed into a controller.

F. DEMONSTRATION OF COMPLIANCE

Measurement of free play in flight should be made over the opera-

tional load factor and airspeed ranges at the minimum and maximum opera-

tional altitudes.
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G. SUPPORTING DATA

None available.

R. LESSONS LEARNED

None available.
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3.5.10.6 Roll axis control force limits

3.5.10.6.1 Roll axis control force limits - steady turns

A. REASO PO1 3ZQJIlRNMET

This requirement is included to limit the pilot effort required to

perform coordinated turns.

B. RLATED KIL-F-8785C REQUUMM

3.3.2.6

C. STALTERNT OF 13qffU3IT AND RDOOIMMDI VALUES

3.5.10.6.1 Roll axis control force limits - steady turns. It
shall be possible to maintain steady turns with the airplane trimmed for
wings-level straight flight in either direction with the yaw controls
free at the following combinations of bank angle and roll controller
force characteristics:

The recommended values constitute Levels I and 2.

Airplane Bank
Class Angle (deg)

I and II 45

III 30

IV 60

Maximum roll control forces:

Centerstick controller: 5 lb

Wheel controller: 10 lb

D. RATIONALE BUHID REQ(MJI NT

This requirement, in combination with Paragraph 3.6.6.2.2, limits

the allowable control forces in steady turns. The objective of the

requirement is to insure that only modest roll control forces are
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required when rudder pedals are not used. The steepness of the turn is

a function of airplane Class, to correspond with normal operational use.

G. GUIDANCE FOR APPLICATION

This requirement applies to Levels I and 2 only, since it is ex-

pected that Level 3 operations would not involve steady, large-bank-

angle turns.

F. DDOWSTRATION OF COMPLIANCE

Flight testing at the specified bank angle, at maximum operational

altitude and minimum operational velocity, generally presents the most

potential for large yawing moments and large effective dihedral.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.10.6.2 Roll axis control force limits - dives and pullouts

A. REASON FOR REQUIREMENT

This requirement is included to limit the forces necessary to main-

tain roll attitude during dives and pullouts.

Z. RELATED MIL-F-8785C REQUIREMENT

3.3.8

C. STATEMENT OF REQUIREMENT AND RECOMMENDED VALUES

3.5.10.6.2 Roll axis control force limits - dives and pullouts.
Roll control forces shall not exceed lb in dives and pullouts to the
maximum speeds specified in the Service Flight Envelope.

Recommended values:

Propulsion Maximum Roll
Type Control Force (lb)

Propeller 20

Other 10

D. RATIONALE BEHIND REQUIREMENT

As with similar requirements in the yaw axis, this paragraph distin-

guishes between propeller-driven and all other airplanes because of the

normal crossflow effects due to turning propellers.

E. GUIDANCE FOR APPLICATION

The applicability of this requirement is dependent upon specifica-

tion of dives by the procuring activity.
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F. DDOE1STiATION OF COMPLIANCE

If dives are specified as normal operations, flight testing must

cover the flight conditions for such dives. Otherwise, some amount of

dive and pullout testing should be performed.

C. SUPPORTING DATA

None.

R. LESSONS LEARNID

None.
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3.5.10.6.3 Roll axis control force limits - crosswinds

A. REASON FOR THIS REQUIEHMENT

This requirement is included to assure that roll control forces in

crosswind takeoffs and landings are not unreasonably large.

Z. RELATED HIL-F--8785C REQUIREMENT

3.3.7

C. STATE1ET OF REQUIREMENT AND RECOMMENDED VALUES

3.5.10.6.3 Roll axis control force limits - crosswinds. It shall
be possible to take off and land in the crosswinds specified in 3.5.9.3
without exceeding the following roll control forces:

It is recommended that, as a maximum, roll control forces should be

no greater than those specified by 3.5.10.2.

D. RATIONALE BEHIND REQUIREMENT

As it is written, this is simply a method of insuring that crosswind

operations do not require more roll control force than normal rolling

maneuvers, i.e., that the limiting factor on roll forces will never be

wings-level flight in crosswinds.

E. GUIDANCE FOR APPLICATION

None required.

F. DEMONSTRATION OF COMPLIANCE

From a safety aspect, actual takeoffs and landings in crosswinds may

be impractical for Level 2 operation. However, actual takeoffs and

landings need to be made in crosswinds up to the specified values in

order to demonstrate compliance in Level I operation. At the Air Force

Flight Test Center, for one place, there should be little difficulty in

finding appropriate crosswinds for a flight-test buildup.
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G. SUPPOlTING UAT&

None.

I. LEKSSONS LEARNED

None.
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3.5.10.6.4 Roll axis control force limits - steady sideslips

A. RasoM ol UqUIRZWT

This requirement is included to insure that the amount of roll con-

trol force necessary to achieve a reasonable steady sideslip condition

is never tiring for the pilot.

B. RELATED NIL-F-8785C RQUIREET

3.3.7.1

C. STATEENT OF REIJ IREI AND RECOMMEND VALUES

3.5.10.6.4 Roll axis control force limits - steady sideslips. In

final approach the roll control forces shall not exceed lb when in a
straight, steady sideslip of _ deg.

Maximum recommended control forces:

Level 1: 10 lb

Levels 2 and 3: 20 lb

Sideslip specified should be same as for Paragraph 3.6.5.1.

D. RATIONALE BEHIND REQUIREMENT

This requirement augments the yaw control power requirement of Para-

graph 3.6.5.1 to assure that coordinating roll forces in sideslips are

reasonable.

I. GUIDANCE FOR APPLICATION

None required.

F. DIMONST I ION OF COMPLIANCE

See discussion under Paragraph 3.6.5.1.
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G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.10.6.5 Roll axis control force limits engine failures after

takeoff

A. REASON FOR REUIREMENT

This paragraph is intended to prevent excessive roll control forces

to counter the effects of engine failure after takeoff.

B. RELATED MIL-F-8785C REQUIRKKNT

3.3.9.2, 3.3.9.4

C. STATEMENT OF REQUIREMENT AND RECOM4ENDED VALUES

3.5.10.6.5 Roll axis control force limits - engine failures after
takeoff. Following a thrust loss from the most critical factor after
takeoff the roll control forces shall not exceed lb, with takeoff
thrust maintained on the operative engines and trim at the normal set-
tings for takeoff with symmetric thrust. Automatic devices that nor-
mally operate in the event of a thrust failure may be used, and the
airplane may be banked up to 5 degrees away from the inoperative engine.

Recommended values: The roll control force limits should be those

specified by Paragraph 3.5.10.2. With yaw controls free, forces should

be the Level 2 upper limits specified in 3.5.10.2 for Levels I and 2,

and the Level 3 upper limits for Level 3.

D. RATIONALE BEHIND REQUIREMENT

As with other roll force limits, this requirement is intended to

assure that compensation for engine failure is not the limiting control

force requirement.

E. GUIDANCE FOR APPLICATION

This requirement is a direct extension of the yaw control force

requirement of Paragraph 3.6.4.1.

515

.~~ ~ ~ . .



F. DIOSTRATIOE OF COMPLIANCE

Roll control forces should be measured while demonstrating compli-

ance with the applicable portion of Paragraph 3.6.4. 1.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.5.10.6.6 Roll axis control force limits - configuration or control
mode change

A. REAM FOR REQUIXMINT

Intentional engagement or disengagement of any portion of the flight

control system should never result in unusual or unreasonable demands on

the pilot to retain control.

B. RELATED HIL-F-8785C REQUIRMUNT

3.5.6.2

C. STATNIENT OF RlEQIlEUT AND RECOMIEENED VALUES

3.5.10.6.6 Roll axis control force limits - configuration or

control mode change. The control force changes resulting from the
intentional engagement or disengagement of any portion of the primary
flight control system by the pilot shall not exceed the following
limits:

It is recommended that for at least 5 seconds following the mode

change the change in roll force not exceed 10 pounds.

D. RATIONALE BEHIND RE(QJIRD(EN

Trim transients following intentional pilot actions with the flight

control system should obviously be small.

Since this requirement deals with intentional modification of the

flight control system, it is implied that no failures have occurred.

Failures are covered explicitly by 3.5.10.6.5.

E. GUIDANCE FOR APPLICATION

Proper application of this requirement may be performed by careful

design of the airplane augmentation systems. Mode switching should

assure that the new mode chosen does not have any large transients in

initialization.
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F. DDEMSTRATION OF COPMIAI

This requirement is effectively a subset of 3.5.8.3. Simulation,

analysis, or flight test demonstrations for that paragraph should

include force response tests.

G. SUPPORTING DATA

At this time no supporting data are available.

H. LESSONS LARNED

None.
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3.6 HANDLING QUALITY REQUIREMENTS FOR YAW AXIS

3.6.1 Yaw Axis Response to Yaw Controller

3.6.1.1 Yaw axis lower-order equivalent system requirements

3.6.1.1.1 Dynamic response

A. REASON FOR REQUIREMENT

This requirement assures that any lateral-directional oscillatory

(dutch roll) response to yaw controller is sufficiently stable and well

damped.

B. RELATED MIL-F-8785C REQUIREMET

3.3.1.1

C. STATENT OF REQUIREMENT AND RECOMIENDED VALUES

3.6.1.1.1 Dynamic response. The equivalent parameters describing
the response of sideslip to a yaw control input shall have the following
characteristics: . The requirements shall be met

in trimmed and in maneuvering flight with cockpit controls fixed and
with them free, in oscillations of any magnitude that might be experi-
enced in operational use. If the oscillation is nonlinear with ampli-
tude, the requirement shall apply to each cycle of the oscillation. In

calm air residual oscillations may be tolerated only if the amplitude is
sufficiently small that the motions are not objectionable and do not
impair mission performance.

Recommended minimum dutch roll frequency and damping are given in

Table 1. The parameters should be found by matching the higher-order

sideslip response to yaw control input to the following lower-order

form, over the frequency range from 0.1 rad/sec to 10 rad/sec:

B K e eBs

Frp Is2 + 2 dWdS +

The algorithms described in Appendix A should be used for the fitting

process. No limits are set on TeB at this time.
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When wal#OId is greater than 20 (rad/sec) 2 the minimum CdWd should

be increased above the Cdwd minimums listed in Table 1 by:

Level 1: Awdd - 0.014( wdW0I1d - 20)

Level 2: Udwd - 0.009( dJ-/B~d 20)

Level 3: A~dwd = 0.005(wdI*I/d - 20)

with wd in rad/sec.

TABLE 1 (3.6.1.1.1)

RECOMMENDED MINIMUM DUTCH ROLL FREQUENCY AND DAMPING

FLIGHT Min Cdwd Min wdLEVEL PHASE CLASS Min d
CATEGORY (rad/sec) (rad/sec)

A (CO and GA) IV 0.4 0.4 1.0

A I, IV 0.19 0.35 1.0
II, III 0.19 0.35 0.4

I B All 0.08 0.15 0.4
C IV 0.08 0.15 1.0

IV

II-L, III 0.08 0.10 0.4

2 All All 0.02 0.05 0.4

3 All All 0 - 0.4

*The governing damping requirement is that yielding

the larger value of 4d' except that a d of 0.7 is the
maximum required for Class III.

520



3. Eem~aLk mm ttmmT

Allowable dutch roll oscillatory characteristics are specified in

term of minimm values of Cd* 6)d, and Cdd; the latter is also a func-

tion of 10/01d when #/Oisd is very large. From examination of support-

in data it was apparent that over a wide range of frequencies and

1#/01d response ratios, lines of constant damping ratio (Cd) fit the

data quite well. In determining the minimum frequency (ad) boundaries,

it was found that the more closely the low-frequency data were examined,

the more difficult it became to assess the importance of low dutch roll

frequency per ae. Not surprisingly, there is support for raising the

minimum acceptable value of Cd when wd is low, e.&., Cd and td are not

independent. This is reflected by specifying a minimum for the total

damping (Cdwd).

The total damping has also been made a function of the product
2
wd#/Old. While the data to support this are sparse, there is a clear

need to account for possible turbulence effects on aircraft with high

dutch roll frequencies and high I*/B d'

Limits on TeB have not been specified. It is expected that T.B in

not as critical as delays in the pitch and roll axes, since the pilot

does not normally perform high-gain precision tracking of sideslip with

the yaw control. Time delay has been shown to be especially important

only when aggressive closed-loop tracking is inherent to the flying

task.

K. GUXDANCE FOR APPLIC&TIOE

While not specifically stated in the requirement, it is intended

that equivalent values of Cd and wd be used for augmented airplanes.

Inasmuch as there has been little work done to develop lower-order equi-

valent syste-m for the dutch roll response, guidance on this area is

limited. For most airplanes an appropriate lower-order equivalent

system for sideslip response to a rudder input is simplyt

.rp 2 + 2Cd " 2 +
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Hence, for cases where Teo is small, simple measurements from a time

response of sideslip to rudder kick will frequently be sufficient. Cow-

plications arise when If/Old is large and a significant portion of the

dutch roll response occurs in roll. This is currently covered by the

empirically developed formulas for AdWd. The expressions indicate that

an incremental increase in the required total damping (&~dwd) is neces-

sary when w
2

dif/Old > 20.

F. DMMSTRATIOK OF COMPLIANCE

Compliance must be demonstrated through flight testing at the mini-

mum and maximum specified operational altitudes, over the range of

service speeds, with the airplane configured for maximum yawing monent

of inertia. In most cases a simple rudder pulse or doublet is suffi-

cient to excite the dutch roll mode. Classical time response measures

should be sufficient to extract ;d and wd from the sideslip time his-

tories.

G. SUPPORTING DATA

Because of the fundamental nature of this requirement there is a

reasonably large data base wherein Cd' wd, and If/BId have been varied

in a systematic manner. However, a review of this data base reveals

that the minimum 1 d for Class IV Category A (CO and GA) (1d > 0.4) Is

not supported. This is a result of the fact that stability augmentation

has allowed the realization of much larger values of id than were pre-

viously possible. Given the option to fly with larger values of Cd'

pilots have found significant improvements in tracking performance, both

air-to-air (CO) and air-to-ground (GA) - hence the recommendation from

the AFFTC to set 4d at 0.4 for these tasks. (Unfortunately, we have not

received documentation, in the form of pilot ratings, from AFFTC.)

It should also be recognized that recent years have seen a large

increase in the emphasis on aggressive pilot behavior in flight test

experience. This would also have the effect of increasing the minimum

levels of d which were quite low. It is expected that future experi-

ments will show a need for increasing tdmin for other aircraft Classes

and Flight Phase Categories.
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The supporting data that currently exist will be reviewed for each

Flight Phase Category in the following paragraphs.

1. Categories A and B

Since most of the available flight test reports involve either open-

loop bank angle maneuvers or landing approach tasks, there is very

little data for substantiating Category A requirzments. As a result,

much of the data presented here may be more applicable to Category B

Flight Phases. The data will be compared with the limits in Table I for

both Flight Phases.

Reference 71 contains some of the pilot ratings that were used to

formulate the Category B limit on d in MIL-F-8785B. As shown in

Figure 1, the correlation is not very strong. The tasks were essen-

tially open-loop: abrupt 45 to 60 deg bank-angle coordinated turn

2-

3-0

4

6 C0 Pilot A Reference 71
Flig Pilot B FIht Test Te = 0.33

CA 7- Pilot C LEVEL I Ts
0 Filled- Simulator iw_,2

8; 0.8' (-'--jS 1.2
Flog-Side-Stick Controller Wd

9

10 .1 d

Figure 1 (3.6.1.1.1). Effect of 4d on Pilot Ratings for
In-Flight and Fixed-Base Simulations of Reference 71;
wd = 1.78 - 1.90 rad/sec (Category B Flight Condition)
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eattes; abrupt aileron reversals with coordinated rudder; and rudder-

Lized and -free 360 deg bank angle rolls. All that can really be con-

cluded is that for lad - 1.9 rad/sec, a 1d of 0.10 is on the boundary

between Level I and Level 2. The data are included here only because

they were used in the MIL-F-8785B BIUG (Reference 11) to support the

dutch roll requirements.

Equally ambiguous data, obtained from Reference 72, are presented in

Figure 2 (reproduced from Reference 11). The flight test program of

Reference 72, performed in an F4U-5 airplane, included both Category A

and B type tasks: release from a steady sideslip; entry into and

recovery from a 45 deg banked turn and a standard rate turn (in simu-

lated instrument flight); and "tracking of any available target in

approximately level flight." Therefore, Figure 2 includes the Level 1

boundaries for both Category A and B Flight Phases from Table 1. It is

clear that the ratings given support the Category B boundary quite well,

but do not show support for the Category A boundary. But, again, this

is probably more a consequence of the test maneuvers than of the boun-

daries.

Fixed-base simulator data from Reference 73 (Figure 3, reproduced

from Reference 11) are again more supportive of the Category B boun-

daries. Tasks included entry to and exit from a standard rate turn;

abrupt directional kicks and releases; ±60 and ±90 deg rolls; and abrupt

rolls at elevated load factors (3-4 g). (Not surprisingly, the latter

maneuvers added little to the pilots' evaluations, since the tests were

conducted in a fixed-base simulator.)

Figure 4 shows data from the fixed-base simulations of Reference 74.

Based upon the reentry mission simulated, and upon the specific maneu-

vers performed, the data shcvild be considered applicable to the Category

B Flight Phases. As stated in Reference 74, "The overall mission was

described as the re-entry, descent and landing of a re-entry vehicle.

In particular, each pilot was told that this mission did not require

high maneuverability but did require fairly precise control of atti-

tude." Tasks included straight flight, turning fight with shallow and

steeply banked turns of up to 60 deg bank angle, and trackirg of roll

and sideslip random inputs and minimizing pitch disturbances.
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Figure 3 (3.6.1.1.1). Dutch Roll Data (From Reference 73)
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It is not clear from Reference 74 if the pitch disturbances occurred

simultaneously with the lateral-directional random inputs, but it Is

possible that this could have affected pilot ratings.

The data of Figure 4a fit the Table I criteria quite well if the

Level I limits are taken for Category A, and Class IV aircraft.

Reference 74 provides data for evaluating the additional damping

requirements of Table 1. A ACdd is specified when the product 2| /Old

is greater than 20 (rad/sec)2. The effects of this on the boundaries

can be seen by cumparing rtgures 4a through 4d for increasing values of
2wdl#/Bd. The data of Figures 4b, 4c and 4d correlate well with the

boundaries drawn. It should be noted, however, that the high 2[l/Old

data correlate just as well with the basic boundaries of Figure 4a.

More data would be desirable to validate this requirement.

Data from Reference 48 for fixed-base and in-flight simulations

using the USAF/Calspan T-33 are presented in Figures 5 and 6. Only

those configurations for which the pitch, roll, and spiral characteris-

tics were Level 1, and for which (W /wd)2 was between about 0.8 and 0.12

are plotted. [Multiple ratings in Figures 5 and 6 are in some cases due

to differing values of (w#/wd)2; in general, the best ratings shown for

any data point are for (w#/Wd)2 & 1.0.] The tasks of Reference 48 are

clearly Category B, i.e., a reentry vehicle flown in straight flight and

turning flight with shallow (*30 deg bank angle) and medium (*60 deg)

banked turns, and rolling turns of up to 180 deg bank. Additionally,

the maneuvers were performed while a random noise signal was fed to the

elevator, aileron and rudder actuators. These noise effects caused

pilot rating degradations of 0 to 1-1/2 rating points. The data of
2

Figure 5 (for low values of the parameter %IW/BId) support the Category
2B Level 1 damping boundary. Data for large values of wdIO/BId are shown

in somewhat different form (Figure 6). Only one configuration [the

in-flight simulation with 2d 0.17 rad/sec, -d /8Id 29.4 (rad/

sec)21 shows support for increasing the damping requirements as
2wdl#/O1d increases. All other data fit the basic requirement (Cdwd >

0.15 rad/sec for Level 1).
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Figure 5 (3.6.1.1.1). Dutch Roll Data (From Reference 48;
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Figure 6 (3.6.1.1.1). Dutch Roll Data (From Reference 48; High

w2 WOW
d /BJd)

Flight-test data of Reference 39, again simulating entry vehicles

(and using the same maneuvers as for Reference 48), are presented in

Figures 7 and 8. Figure 7 includes all applicable data from Refer-

ence 39 (i.e., those data for which ;.p. wsps T., and TR are Level 1,

and (w/d)2 11. The low pilot ratings for cases with low ud2 /Bd

may be due to variations in other parameters (e.g., roll control effec-

tiveness) rather than to dutch roll characteristics. Most of the data

2in Figure 7 fit the boundaries (drawn for low wdIO/Old) quite well. The

2high wdI / Id data are reproduced in Figure 8 (excluding the cases that

are Level 2/3 based on the boundaries of Figure 7). The points that lie
22

at wdIa/Bld > 79 (rad/sec)2 indicate support for the Table 1 "dwd

2requirements. However, two points at 4dwd " 0.4-0.5 and wd/8ld - 53-

54 (PR - 3) suggest that the boundaries may need refinement.

Applicable data points from the in-flight simulation of Reference 46

are shown in Figure 9. The maneuvers included straight and turning
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Figure 9 (3.6.1.1.1). Dutch Roll Data From In-Flight
Simulation of Reference 46

flight, as well as a bank angle command tracking task and flight with

artificial disturbances. Many of the points that lie in the Level 2-to-

3 region on Figure 9 do not support the boundaries.

Summarizing the Category A/B data presented, there appears to be a
2

definite trend of increased rating with increasing wI¢/0Id. However,

the dwd 0.15 points show a scarcity of good data for Category A

Flight Phases, especially at low values of wd" While the Level 2

and 3 boundaries are reasonably well supported by pilot ratings, some
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contradictions exist concerning the value of the supplemental Ad d  j

requirement for WdIf/Old > 20 (rad/sec)2. Some in-flight and fixed-base

simulation data strongly support it, while other data strongly refute

it. (The origins of this requirement will be discussed shortly, after

analysis of available Category C data.)

2. Category C

The most complete set of data available for Category C Flight Phases

comes from Reference 76. The flight test program utilized a variable-

stability F-86E with seven evaluation pilots. Details of the task are

unknown; though the test flight conditions were 10,000 ft altitude at

170 KEAS, Reference 76 states that "Ratings were given for the landing-

approach condition only." Ratings were based on controls-fixed charac-

teristics, and handling qualities in smooth and simulated rough air.

The rough air "corresponded to pilot A's impression of moderate to heavy

turbulence." Aileron yaw (N6 as) was optimized by the pilots for each

condition. Data are presented in Reference 76 in terms of oscillation

period and time and cycles to half (or double) amplitude. These have

been converted to equivalent dutch roll damping ratio and frequency for

presentation in Figures 10 and 11. The spiral and roll modes, however,

are not known, and may have influenced the values of I/T1/2 and I/C1/2

reported in Reference 76. The subscript "equiv" is added to d and wd

in Figures 10 and 11 to indicate that the equivalent value may include

spiral and roll mode effects.

The low wd dat.s of Reference 76 are plotted in Figure 10 and are

seen to correlate with the Table 1 boundaries quite well. The few data

points with large 16/01d generally show a degradation in pilot rating.
2However, the high-wd data (Figure 11), for which the parameter wdl/Bd

is large, do not show this degradation. In fact, these data strongly

support the basic damping requirements of Table 1.

Power approach tests conducted with the Princeton variable stabilty

Navion (Reference 68) also show limited support for the Category C

requirements, Figure 12.
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Figure 12 (3.6.1.1.1). Dutch Roll Data from In-Flight
Simulation of Reference 68 (Navion; Pilot Ratings

Shown for Optimum Values of L )
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In the flight program of Reference 69, the USAF/Calspan T-33 was

flown as a medium-weight Class II airplane. Cooper-Harper ratings for

N6as 0 (Figure 13) support the boundaries for d, though the Level 2

limit could possibly be relaxed; but there are no data for wd < 1.0 rad/

sec, and the few low-frequency points suggest that, for Level 1,

Wdmin - 1.0 rad/sec might be more appropriate. But there is too little

data to justify an increase in wdmin from 0.4 to 1.0 rad/sec for

Class II-L airplanes. These data show a dramatic effect of turbulence

on pilot rating (see * in Figure 13). This could be evidence of the

fact that turbulence is a dominant factor in setting limits on Cd"

Future experiments should concentrate on this area. Additionally, any

compliance demonstration should include moderate turbulence.

The Category C frequency and damping ratio boundaries for Class III

airplanes are supported by moving-base simuator data from Reference 77

(Figure 14). Evaluation tasks consisted of turn entries and recoveries,

roll reversals, sideslips, and dutch roll oscillations; instrument

approaches; and instrument approaches with lateral offsets. Similar

tests were flown on a variable-stability B-367-80 transport (including

landing). While detailed data are not reported in Reference 77 for the

flight tests, pilot ratings for a similar range of d' Wd, and (w,/wd)
2

show general agreement with the simulator data (Figure 15). A major

difference is the apparent insensitivity to (w,/wd)2 in flight tests.

From the preceding review of available Category C data, it is clear

that there is a lack of good, solid data; that few tests include touch-

down and landing as a task; but that, as for Categories A and B, there

is some mild support for the boundaries as they exist. If the Table 1

limits are to be refined or developed to be consistent and valid, much

more testing is necessary.

3. Effect of wdl#/61d

The criterion first proposed in Reference 62, in which the value of

dwd required to maintain a given pilot rating is made a function of

w2I*/8Id (Figure 16), has been retained in the lateral-directional
2

oscillatory requirements of Table 1. It can be seen that wI*/B d is
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Figure 13 (3.6.1.1.1). Dutch Roll Data from In-Flight
Simulation of Class II-L Airplanes in Landing

Approach (T-33; Reference 69)
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analogous to 1$/Cd" The data upon which the curve of Figure 16 is

based are from Reference 78 and are presented in Figures 17 and 18.

Due in part to the lack of agreement between more recent test data
2

and the wdlO I*/0 d requirements, the basis for these requirements will be

reviewed here. The AqdWd requirements of Table 1 were determined from

rudder kicks, and the dutch roll requirement specifies a yaw disturbance

input; but the bulk of existing test data presented in support of the

Table 1 requirements comes from closed-loop tasks. Host of these data

do not show very strong support for the A~dwd requirement (e.g.,

Figures 6, 8, 9, 10, and 11). In fact, for the more than 100 data
2

points shown in Figures 4 through 11 with wdlf/Old > 20, correlation

with either the basic ;dwd or additional A~dwd requirement is almost

identical - about 60 percent. The big difference is that of the pilot

ratings that do not correlate, 50 percent are better than the basic

requirement and 80 percent better than the ACdwd requirement. (That is,

either criterion will generally predict flying qualities at the same

confidence level, but the 6dd requirement is - obviously - the more

conservative.)

It has long been recognized that pilot acceptance of dutch roll

oscillations is influenced by lf/old, and it is for this reason that the

Ar-dwd requirements have been retained. However, the inconsistency of

the supporting data should serve as a reminder that this is far from the

best method of dealing with aircraft with large If/old ratios. But so

far nothing better has been suggested.

H. LESSONS LEARNED

Figure 19 illustrates the range of dutch roll damping and frequency

found on some existing airplanes (Reference 79). Airplanes include the

B-52, B-58, B-70, C-130, C-141, C-5A, F-104, F-105, F-4D, A-7D, F-ill,

Boeing 707-300, 720B, 727, and an SST design. The symbols shown are for

several different flight conditions.

Characteristics for the Lockheed C-5A, C-141A, YC-141B, and L-l01l

(Reference 14) are plotted in Figure 20 for the Category B Flight Phase
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with yaw damper inoperative. The L-1O11 meets the minimum requirements

for Level 2 operation, while the C-SA, C-141A, and YC-141B all fail the

Level 2 damping requirements. Reference 14 discusses these results for

the C-141A and C-5A:

An evaluation of the C-141A dutch-roll recovery techniques
with the yaw damper inoperative was conducted by the Air
Force Flight Test Center in February 1977. Results of the
tests ["C-141A Dutch Roll Recovery," AFFTC Technical Letter
Report, by Picha and Klein] show Harper-Cooper rating values
ranging from 2.0 to 5.0, using aileron only for recovery,
which is the recommended Flight Handbook procedure. Over
100 dutch-roll maneuvers were accomplished during the evalu-
ation, which consisted of regaining control of the aircraft
and returning to a wings-level attitude from bank angles as
high as *45 degrees. It should also be noted that evaluat-
ing pilots do not rate operation of the C-5A with the sta-
bility augmentation system off below (worse than] the
suggested Level 2 guidelines (6.5 Harper-Cooper rating
scale). These data strongly indicate that the Level 2 mini-
mum Cdwd requirement of 0.05 rad/sec is too stringent.

Comments by SPOs on the application of dutch roll requirements show

the opposite trend: minimum allowable values of d have been increased

for some current airplanes. Concern also was raised over applicability

of the dutch roll requirements to augmented aircraft. The following

table summarizes these comments for specific airplanes:

F-16: Parameters in this section are not easily

applied to highly augmented aircraft.

F-15, F-16, C-141: 4d was increased to 0.30 for Category A.

AMST, B-i: Values for td were increased on AMST for
Level I Category B and C (0.08 to 0.20)
and Levels 2 and 3 (0.02 to 0.08); the
minimum values of wd were also increased;
a requirement that addresses higher dyna-
mic modes that are present with augmenta-
tion needs to be defined.
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3.6.1.1.2 Steady-state response

A. REASON POR RXQJIREI4WT

This requirement is intended to provide static directional stability

for reasonable sideslip angles.

B. RKLAZD KIL-F-8785C RlEQIREIENTs

3.3.6, 3.3.6.1

C. STATKMKNT OF RECIEKEN AND RICONKENDED VALUES

3.6.1.1.2 Steady-state response. The long-term response to yaw-
control-pedal deflections shall have the following characteristics:

This requirement applies to yaw-control-induced steady, zero-yaw-
rate sideslips with the airplane trimmed for wings-level straight
flight, at sideslip angles up to those produced or limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection,

except that for single-propeller-driven airplanes during waveoff
(go-around), yaw-control-pedal deflection in the direction opposite to
that required for wings-level straight flight need not be considered
beyond the deflection for a 10 deg change in sideslip from the wings-
level straight flight condition.

Right yaw-control-pedal force shall produce left sideslips and left
yaw-control-pedal force shall produce right sideslips. For Levels I
and 2 the following requirements shall apply. The variation of sideslip
angle with yaw-control-pedal force shall be essentially linear for side-
slip angles between - degrees and _ degrees. For larger sideslip
angles, an increase in yaw-control-pedal force shall always be required
for an increase in sideslip.

Recommended sideslip angle range is +15 deg to -15 deg.
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D. RhATIOELS BEHIND REQUIRMI

This requirement regulates against the classical rudder lock problem

wherein a lightening in pedal force occurs at large sideslip angles (see

Reference 2). Controls-free static directional stability for small

sideslip angles is required in Paragraph 3.6.1.1.1 by specifying wd

greater than zero. However, there is no provision in that paragraph for

large- stability.

E. GUIDANCE FOR APPLICATION

The recommended requirements are very straightforward in interpreta-

tion and application. It is sensible to insure static stability over

the range of sideslips that might be attained in normal operation and

that the yaw controls operate in a "normal" manner. A requirement ,for

positive rudder deflection gradients with 0 both provides a cue to the

pilot of increasing sideslip and prevents conditions of rudder lock

(see, e.g., Reference 2).

F. DEMONSTRATION OF COMLIANCE

Flight testing at trimmed steady sideslips must be performed with

the airplane configured for most aft center of gravity. Test conditions

should cover the service speed range at the minimum, intermediate, and

maximum operational altitudes.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.1.2 Yaw axis bandwidth requirements

3.6.1.2.1 Bandwidth requirements for u.ugs-level turn mode

A. REASON FOR RZUIRRMT

This requirement is included to specify the response characteristics

of aircraft utilizing direct force control (DFC) in the wings-level turn

mode. This mode allows changes in heading to occur at zero bank angle

and is sometimes referred to as the "AA" mode (see, for example, Refer-

ence 229). A sketch of the airplane motions and a summary of the useful

features of this mode are given below (from Reference 229):

V -.. *OIRECTIONAL FLIGHT PATH CONTROL
" AT ZERO SIDESLIP ANGLE

i • SINGLE VS MULT I AXIS F LIG HT G UICKE R LINE.UP ON GROUND

iPATH CORRECTIONS TARGETS

•OUICK & PRECISE IQ* TO 200 HEADING •SIMPL IFIEO TRACKING OF MOVING
CHANGES GROUND ITARGETS

B. RRUAIM KIL-F-8785C R19QUIRM

3.4.11

C. STAT]MWg OF REQUI]UM]WI AND REC7 OOMDE) VALUES

3.6.1.2.1 Bandwidth requirements for wings-level turn mode.

a) Dynamic response to direct force control (DFC) input.
The bandwidth of the open-loop response of heading or
lateral flight path angle to the DFC control input
shall be greater than for Flight Phase .
Turns shall occur at approximately zero sideslip angle
and zero bank angle when using the DFC controller.

b) Steady-state response to direct force control input.
Maximum DFC control inputs shall produce at least .
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c) Direct force control forces and deflections. Use of
the primary DFC control shall not require use of
another control manipulator to meet the above dynamic
response requirement. The controller characteristics
shall meet the following requirements:

d) Pilot acceleration. Abrupt, large DFC inputs shall
not produce pilot head or arm motions which interfere
with task performance. Pilot restraints shall not
obstruct his normal field of view nor interfere with
manipulation of any cockpit control required for task
performance.

Recommended values (Part a): The recommended values of required

bandwidth depend on the piloting task associated with certain missions

and mission phases as shown in Table 1.

TABLE 1 (3.6.1.2.1)

RECOMMENDED BANDWIDTH LIMITS FOR
WINGS-LEVEL TURN MODE

REQUIRED BANDWIDTH
TASK (rad/sec)

LEVEL I LEVEL 2

Tracking (Cat. A) 1.25 0.60

Air-to-air gunnery
Strafing
Dive bombing

Path Deviation (Cat. C) 0.30 0.12

Formation

Air-to-air refueling

Approach

The parameters subject to the bandwidth limitation in Table 1 are given

in Table 2.
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TABLE 2 (3.6.1.2.1)

AIRCRAFT PARAMETERS SUBJECT TO BANDWIDTH LIMITATION
FOR WINGS-LEVEL TURN MODE

TASK CONTROL VARIABLE

Air-to-air tracking Heading angle if sideslip is not an

important factor for weapon release

Lateral path angle if sideslip must
be small for weapon release

Air-to-air tracking

Pointing tasks Heading angle
Strafing

Flight path tasks Lateral path angle, or lateral velo-
Dive bombing city

Recommended values (Part b):

Air-to-air: *2.5 g lateral

Air-to-ground: *1.0 g lateral

Cat. C tasks: ±0.5 g lateral

Recommended values (Part c): When the rudder pedals are to be used

as the direct force controller, the requirements of 3.6.6 may be used as

a guide. If a special-purpose controller such as a thumb switch or

lever is to be used, acceptable characteristics should be determined in

flight test.

D. RATIONALE BEHIND REQUIRKNT

The bandwidth criterion used in this requirement makes the funda-

mental assumption that the primary factor in the pilot's evaluation of a

DFC mode is his ability to exert tight control to minimize errors and

thereby achieve improved closed-loop tracking performance. The cri-

terion originated from an old and well-accepted idea - namely, that a

measure of the handling qualities of an airplane is its response charac-

teristics when operated in a closed-loop compensatory tracking task.
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The "bandwidth" (wBW) is a measure of the maximum frequency at which

such closed-loop tracking can take place without threatening stabil-

ity. It follows that airplanes capable of operating at a large value of

bandwidth will have superior performance. An implicit characteristic of

the requirement is that inter-axis coupling or contamination, regardless

of type or source, affects the pilot opinion only insofar as it affects

the bandwidth. This is a highly desirable feature because the very

large varieties of coupling that can occur would make it virtually

impossible to classify and set limits on each type.

The bandwidth criterion was also used to set limits on pitch atti-

tude dynamics in Paragraph 3.2.1.2.

For additional background on the use of bandwidth as a criterion for

direct force control (DFC) modes the reader is referred to References

115, 230, and 231.

9. GUIDANCE FOR APPLICATION

1. Definition of Bandwdith

The bandwidth frequency, 'BW, to be used in Table 1 is defined from

the open-loop frequency response plot of heading or lateral flight path

angle to cockpit direct force control input (i.e., */FDFC or A/FDFC).

Specifically, it is the frequency at which either the phase margin is

45 deg or the gain margin is 6 dB, whichever is lower (Figure 1). In

order to apply this definition, first determine the frequency for neu-

tral stability from the phase portion of the Bode plot (M 80 ). The next

step is to note the frequency at which the phase margin is 45 deg. This

is the bandwidth frequency defined by phase, wBWphase* Finally, note

the amplitude corresponding to w 18 0 and subtract 6 dB. The frequency at

which this value occurs on the amplitude curve is wBWgai n ' The band-

width, BW, is the lesser of wBWphase and wBWgain* If WBW wBWphase ,

the system is said to be phase-margin limited. On the other hand,

if wBW - wBWga n , the system is gain-margin limited; that is, the air-

craft is driven to neutral stability when the pilot increases his gain

by 6 dB (a factor of 2). Gain-margin-limited aircraft may have a great
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Bandwidth is the lesser of two frequencies wswph.s. and wBWgaln

IS~dBGain margin

OBWgainI

w(rad/sec) -~

0-
WJBWP aSS

(deg)

2 0 - /- 8 0- _ _ _ -

Figure 1 (3.6.1.2.1). Definition of Bandwidth Frequency
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deal of phase margin, M, but increasing the gain slightly causes #M to

decrease rapidly. Such systems are characterized by frequency response

amplitude plots that are flat, combined with phase plots that roll off

rapidly, such as shown in Figure 1.

2. Control Sensitivity

Some guidance regarding DFC control sensitivity may be found in the

Reference 115 flight tests of the wings-level turn mode. The in-flight

simulator was set up so that DFC control sensitivity could be varied.

The pilots were asked to vary the control sensitivity of each new con-

figuration to determine the optimum value, thereby eliminating it as a

variable in the problem. It was found that the pilot ratings were not

dependent on small variations in control sensitivity for either un-

coupled or adversely coupled configurations.

The acceptability of configurations with large values of favorable

yaw or roll coupling tended to be significantly more dependent on con-

trol sensitivity. This is shown by comparing Figure 3 for high favor-

able yaw coupling and Figure 4 for very high favorable roll coupling

with Figure 2 for low coupling. It is interesting to note that the

nominal value of control sensitivity used for the latter case

(0.008 g/lb) was found to be unacceptably high for the favorable

coupling cases. The scatter in the data shown in Figure 4 is primarily

due to pilot MP. In order to help explain why MP's ratings are higher

than those of the other pilots, his comments have been annotated near

the appropriate data points in Figure 4. It is clear that his poor

ratings are based on his fundamental objection to utilizing roll

coupling to improve tracking bandwidth, although his comments for the

lowest sensitivity case indicate that adequate performance could be

obtained in this mode. One interpretation is that pilot MP's rating of

5 was given to discourage intentional design of proverse roll coupling

to improve tracking bandwidth. Hence, even though large values of

favorable roll coupling may be inferred as acceptable to produce Level 1

flying qualities, the designer is cautioned against using such coupling

to overcome an inherently low bandwidth. This is especially pertinent
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Figure 2 (3.6.1.2.1). Effect of DFC Manipulator Sensitivity
Configuration WLT1 (Very Low Coupling)

(Frorm Reference 115)
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Figure 3 (3.6.1.2.1). Effect of DFC Manipulator Sensitivity :

Configuration WLT5 (High Favorable Yaw Coupling)
(From Reference 115)
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8

7Over sensitivity of roll axis,

pilotS head thrown back
6 and forth

While acceptable performance was
,. possible, a great deal of compensation

' 6- was needed because of abruptness

at donot feel this is an ideal use of the
5 -wings level turn mode

0
a. 00

00K

3 I MPI

2

0 .005 .01

Pedal Sensitivity (glib)

Figure 4 (3.6.1.2.1). Effect of DFC Manipulator Sensitivity
Configuration WLTI2 (Very High Favorable Roll Coupling)

(from Reference 115)

for configurations where the pilot was farther from the roll axis (than

in the Navion) and therefore subject to more roll-induced lateral accel-

F. DMONSTRATION OF COMLIANCE

A discussion of Fast Fourier Transform procedures that can be used

to generate frequency response (Bode) plots from flight test or simu-

lator data is given in "Demonstration of Compliance" for Para. 3.2.1.1.

Once the Bode plots of heading or lateral flight path angle to DFC input

are obtained it is a simple matter to determine the bandwidth as shown
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Part (d) can only be determined in flight test, since the necessary

combination of visual and lateral acceleration cues cannot be obtained

in a ground-based simulator.

G. SUPPORTING DATA

The variable-stability flight test experiment of Reference 115 pro-

vides supporting data, for both limiting values of bandwidth and valid-

ity of bandwidth as a criterion for DFC modes.

The Cooper-Harper pilot ratings from the Reference 115 experiment

are plotted versus heading bandwidth in Figure 5 for the air-to-air

tracking task using the wings-level turn mode. The open symbols in

Figure 5 indicate that variations in heading bandwidth were achieved via

yaw coupling. That is, the crossfeed gain from DFC control (pedal) to

the rudder was increased above its nominal value to achieve favorable

yaw coupling and reduced below its nominal value to achieve unfavorable

yaw coupling. The closed symbols in Figure 5 indicate that the heading

10-

Pilot used lateral Closed- Roll coupling 0
stick extensively _________________

8-

~WLT 11

4)4
6 LEVEL 2 WLT1

WI.TT 1

O. WLT 14,

LEVEL I 0o/,OC
8 WLT I WLT 2 WLT 5

4.10

O0I IA,
00 .5 1.0 1.5

Heading Bandwidth, w4(rod/sec)

Figure 5 (3.6.1.2.1). Correlation of Pilot Ratings with Heading
Bandwidth; Wings-Level Turn Mode; Air-to-Air Tracking Task
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bandwidth was varied via changes in roll coupling, i.e., the DFC control

to aileron gain. To the pilot, favorable yaw coupling appears as a

tendency for the nose to abruptly move in the direction of the commanded

turn, whereas unfavorable yaw coupling appears as a tendency for the

nose initially to swing away from the commanded turn. When flying a

configuration with favorable roll coupling, the pilot will observe a

tendency for the aircraft to roll in the direction of the commanded

wings-level turn, thereby improving the basic response characteristics

(provided roll is not too large). Finally, adverse roll coupling

appears to the pilot as a tendency f or the aircraft to bank away from

the commanded wings-level turn. The validity of bandwidth as a cri-

terion for DFC is supported by the following observations from Figure 5:

" The pilot rating for Configurations WLT4 and
WLT15 (adverse yaw coupling) are approximately
the same as the pilot rating for Configuration
WLTI3 (adverse roll coupling). As can be seen
from Figure 5, all of these configurations have
approximately the same heading bandwidth of
between 0.7 and 0.8 rad/sec.

* Configuration WLT3 (slight adverse yaw coupling)
has approximately the same pilot rating as Con-
figuration WLT14 (slight adverse roll coupling).
The bandwidths of these configurations are both
approximately 1.1 rad/sec.

* Configurations WLTI0 and WLTI2 have significant
favorable roll coupling and correspondingly high
values of heading bandwidth. Configuration WLT5
also has a large value of heading bandwidth
(4.1 rad/sec) by virtue of its highly proverse
yaw coupling. Figure 5 indicates that these
configurations are all rated approximately the
same.

The above examples provide strong evidence to indicate that satis-

factory wings-level turn flying qualities depend primarily on the

ability of the pilot to increase his tracking bandwidth to some estab-

lished level by tightening up on the controls.

The variable-stability aircraft was the Princeton University Navion,

which has an operational speed of 105 kt. This resulted in lateral

accelerations that were a factor of 5 lower than would occur at typical
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air combat speeds. However, recent AFAMRL centrifuge data (Reference

240) indicates that pilots can track in a lateral acceleration environ-

ment of 2.5 g when properly constrained. Inasmuch as the Navion was

limited to 0.5 g, it appears that the air-to-air tasks in Reference 115

represent the upper limit of pilot tolerance to lateral accelerations.

The rating data in Figure 5 indicate that even the best wings-level

turn configurations barely meet the classical definition of Level I fly-

ing qualities (e.g., Cooper-Harper pilot rating equal to or better than

3-1/2). However, when one considers that the task involves tracking a

target undergoing large and rapid bank angle reversals, it is difficult

to conceive of any configuration that would correspond to the adjectival

descriptions of a pilot rating of 3 (i.e., "minimal pilot compensation

required for desired performance"). The pilot commentary in Reference

115 indicates that the WLTI configuration had very acceptable flying

qualities and that the desired performance in tracking was "easily"

attained (but apparently involved more than "minimal compensation").

Hence, the inability to attain average pilot ratings better than 3 is

felt to be attributable not to the configuration but rather to the

difficulty of the task involved. Pilot ratings of 2 for the wings-level

turn mode were obtained in Reference 232. The tracking task in that

case was a ground target that performed a discrete step change in posi-

tion, a significantly less demanding task than the air-to-air tracking

utilized in Reference 115.

The use of secondary controls was allowed in Reference 115. That

is, the pilots were specifically instructed to utilize the centerstick

to improve tracking if such control techniques seemed warranted. This

was done for consistency with the real-world situation where pilots

might well use the wings-level turn mode for fine tuning and the basic

aircraft controls for gross maneuvering. Such control usage was found

to conform to the pilot-centered requirements for separation of con-

trols, i.e., only one control can be utilized at the primary closed-loop

frequency, with all other controls limited to performing trimming-like

functions. In the Reference 115 experiments, the pilots utilized the

centerstick any time it appeared as if the target bank angle was
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excessively large to the point where the DFC side force generators were

approaching their limit. Such low-frequency secondary control usage was

found to be entirely acceptable. However, attempts to utilize the

secondary control to improve the tracking bandwidth of the primary DFC

control were unsuccessful.

The bandwidth requirements stats o4 for the path deviation task

(Cat. C in Table 1) are based on the lateral translation mode results

given in Reference 115, as well as heading control results obtained for

conventional aircraft in previous programs. An example of such results

is shown in Figure 6, taken from Reference 146. Figure 6 indicates that

most points below a heading bandwidth of 0.3 rad/sec are Level 2 or

worse. For lack of any better data, the Level 2 boundary was defined

(from Figure 6) as 0.12 rad/sec.

I/T Z 0

.o ._ I/T = 4 sec Closure Criteria

10- 1.0 rod/sec 0 c Loop
0) : d 1. 0
I. = 0.25 0 6dB,45deg

9C WcO > l.5rad/sec

C I 0.2 ' 'Loop

o Id 6dB, 45deg
PR0 Subject B, flogged symbols

7 0t o" 05 Subject C, unflogged symbols"/ L)'"'-N .... LEVEL2 'w t
0 t

6 00 ,
6-OD 08,

5 a
0 ) 0 El 0

LEVEL I

z 0

0 .2 .3 .4 .5 .6 .7 .8 .9
Heading Bandwidth,wc( rod/sec)

Figure 6 (3.6.1.2.1). Correlation of Pilot Ratings with Heading
Bandwidth for Conventional Aircraft; ILS Approach Task
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Part (b) of the requirement relates to the turn rate or lateral

acceleration necessary to accomplish the desired task. Reference 230

indicated that *1 lateral g was sufficient for air-to-ground and Refer-

ence 115 indicated that *2.5 lateral g would be required for air combat

maneuvering. Obviously, some form of lateral pilot restraint will be

required. As mentioned previously, recent results from the AFAMRL

centrifuge (Reference 240) have indicated that a restrained pilot can

track up to about ±2.5 lateral g.

H. LESSONS LEARND

The F-16 CCV utilized a wings-level turn mode (Reference 229) with

considerable success. Pilots found the mode particularly useful for

air-to-ground missions. The aircraft was capable of approximately

0.8 g, and at least one pilot reported that this would not be excessive

providing adequate lateral pilot restraints could be provided. Two DFC

controllers were tried: the conventional rudder pedals and a CCV thumb

button. The rudder pedals were the favored controller (see Refer-

ence 231).
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3.6.2 Yaw Axis Response to Roll Controller

3.6.2.1 Coordination in turn entry and exit

3.6.2.1.1 Coordination in turn entry and exit - requirement 1

A. REASON FOR RZ4 UhM

This requirement is intended to insure that the yaw control needed

to coordinate turns is not objectionable to the pilot. It uses the

value of sideslip angle that accompanies roll control inputs as the

measure of acceptance. An alternate requirement is presented that

places limits directly on the rudder pedal required for turn coordina-

tion (3.6.2.1.2).

B. RELATED KIL-F-8785C REQUIRKDENTS

3.3.2.4, 3.3.2.4.1

C. STATEMINT OF RUtQYIRKMENT AND RECOMMENDED VALUES

3.6.2.1.1 Coordination in turn entry and exit - requirement 1.

The sideslip excursions to step roll control inputs with yaw control
free shall meet the following criterion:

Recommended values:

a. The amount of sideslip following a yaw-control-free (small
input) step roll control command should be within the
limits as shown in Figure 1 for Levels I and 2. This
requirement should apply for step roll control commands up

to the magnitude that causes a 60 degree bank angle change
with Td or 2 seconds, whichever is longer.

b. Following a yaw-control-free (large input) step roll con-
trol command, the ratio of the sideslip increment, AO, to

the parameter k (4.2.6) should be less than the values
specified herein. The roll command should be held fixed
until the bank angle has changed at least 90 degrees.
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I

FLIGHT PHASE ADVERSE SIDESLIP PROVERSE SIDESLIP
LEVEL CATEGORY (RIGHT ROLL COMMAND (LEFT ROLL COMMAND

CAUSES RIGHT SIDESLIP) CAUSES RIGHT SIDESLIP)

I A 6 degrees 2 degrees

B and C 10 degrees 3 degrees

2 All 15 degrees 4 degrees

lL I , J / / i ,/ ALL FLIGHT PHASE , "

I t | i ! CATEGOIRIE S I .

12 LEVEL 2

S'LEVEL

-. o - -. -12. -ItO -200 -,o -280 -320 -3-0

Figure 1 (3.6.2.1.1). Sideslip Excursion Limitations

D. RhTIOAIUZ BEHIND REqUIBMENT

This requirement was first introduced in MIL-F-8785B. The following

discussion is reprinted from the BIUG for that document (Reference 11).

The primary source of data from which the sideslip requirement

evolved is the low I*/BId (a 1.5) configurations of Reference 46

(Figure 2). The pilot comments associated with these configurations

indicated that the pilots' difficulties were almost exclusively asso-

ciated with sideslip, rather than with bank angle tracking as was the

case for larger 10/01d (- 6) configurations.
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Figure 2 (3.6.2.1.1). Pilot Ratings and Optimum Aileron
Sensitivity (Low 10/1 d, Medium T R) (Reference 46)
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Analysis of the data revealed that the amount of sideslip that a

pilot will accept or tolerate is a strong function of the phase angle of

the dutch roll component of sideslip. When the phase angle is such that

0 is primarily adverse, the pilot can tolerate quite a bit of side-

slip. On the other hand, when the phasing is such that 0 is primarily

proverse, the pilot can only tolerate a small amount of sideslip because

of difficulty of coordination.

There is more to coordination, however, than whether the sideslip is

adverse or proverse; the source and phasing of the disturbing yawing

moment also significantly affect the coordination problem. If the

yawing moment is caused by aileron and is in the adverse sense, then in

order to coordinate the pilot must phase either right rudder with right

aileron or left rudder with left aileron. Since pilots find this tech-

nique natural they can generally coordinate well even if the yawing

moment is large. If, on the other hand, the yawing moment is in the

proverse sense or is caused by roll rate, coordination is far more

difficult. For proverse yaw due to aileron the pilot must cross

control; and for either adverse or proverse yaw due to roll rate,

required rudder inputs must be proportional to roll rate. Pilots find

these techniques unnatural and difficult to perform. Since yawing

moments may also be introduced by yaw rate, it can be seen that

depending on the magnitude and sense of the various yawing moments,

coordination may be either easy or extremely difficult. If coordination

is sufficiently difficult that pilots cannot be expected to coordinate

routinely, the flying qualities requirements must restrict rudder-

pedals-free unwanted motions to a size acceptable to pilots.

Analysis further revealed that it was not so much the absolute

magnitude of the sideslip that bothered the pilot, but rather the maxi-

mum change occurring in sideslip. The latter was a better measure of

the amount of coordination required. Thus, the data from this program

were plotted in Figure 3 as the maximum change in sideslip occurring

during a rudder-pedals-fixed rolling maneuver, A$, versus the phase

angle of the dutch roll component of the sideslip, 4i" (Note that the

dutch roll damping ratio is Level 2 for the data of Figure 3.)
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amplitude of the sideslip generated. Both the sense and the amplitude

affect the coordination problem.

It was observed from examination of the low ''/B'd data plotted on
Figure 3 that the break points in curves of iso-pilot ratings occurred
at almost exactly the same values of Bas for the mderate i*/BId con-
figurations (see the discussion of Paragraph 3.5.1.1.4), even though the
degradation of flying qualities was due to sideslip problems with the
low J*/81d configurations and to bank angle problems with the moderate
'*/ 81 d configurations. Since the break points were so close, and since
the figures describe different manifestations of the same phenomena, the
break points were made identical for both the low '*/81d configurations
(A8 versus )and moderate i*/BId configurations (oc/av versus *).

The sideslip excursions criteria were thus presented in the form
shown in the sketch on the following page.
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As with the Posc'Pav requirement, it can be seen from this sketch

that the specified value of A8 varies significantly with *0. This

difference is almost totally due to the differences in ability to

coordinate during turn entries and exits. Since *a is a direct

indicator of the difficulty a pilot will experience in coordinating

a turn entry, variation of AO with *0 is to be expected. For

-180 deg < < -260 deg, coordination may be effected, that is, right

rudder pedal for right rolls. Thus, even if large sideslip excursions

occur in rudder-pedal-free rolls (the condition under which the A$ tests

are conducted), when coordinating in the normal manner sideslip oscilla-

tions can be readily minimized. As * varies from -270 deg to -360 deg,

coordination becomes increasingly difficult, and in the range -360 deg 4

( 90 deg cross controlling is required to effect coordination. Since

pilots do not normally cross control and, if they must, have great dif-

ficulty in doing so, for -360 deg 4 * 4 -90 deg, oscillations in side-

slip either go unchecked or are amplified by the pilot's efforts to

coordinate with rudder pedals.

The parameter "k" relates the amount of allowable sideslips to the

roll performance requirements. Through this tie to roll performance

requirements, the effect of Class and some of the effects of Flight

Phase and Level are taken into consideration.
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Z. GUIDAICK FOR APPLICATION

While A18 is relatively straightforward, the parameter k is a func-

tion of Flight Phase, airplane Class, speed range, and actual roll

performance. In addition, questions arise about the influence of the

yaw controller, since the roll performance requirements of 3.5.9.1 allow

use of yaw controls in some instances. Therefore, AO is a measure of

yaw-control-f ree response, and k is a measure of roll response with

combined roll and yaw controls.

Because the required #t values of 3.5.9.1 are different for

Levels 1, 2, and 3, use of k (tcommand/ltrequirement) has in the past

involved separate values of t i t for comparison with the

Level 1 boundary and with the Level 2 boundary of AB/k. The supporting

data for this requirement do not show a need for such special treatment:

the proper value of Otrequirement to use is that specified in 3.5.9.1,

and the proper value of *tcommand will be the value obtained by per-

forming the tests required by 3.5.9.1. For example, if a prototype

Class IV airplane in Flight Phase CO and Speed Range M is required to

have Level I roll performance, otrem 90 deg in 1 sec, and this
requirement

is the value used for k, no matter what *tcomand is. Clearly, since

k = *tcomman /ltrequirement' a poor roll performance (i.e., large

ftcommand) will increase A$/k.

As a result, the "correct" way to compute k is with the commanded

and required ot values obtained from 3.5.9.1. The resulting A$/k,

whether Level I or not, is then compared to the requirements of

3.6.2.1.1. As shown in "Supporting Data" and "Lessons Learned," this is

a perfectly adequate way to define the parameters.

The need for a requirement limiting yaw response to roll controller

is a result of dutch roll excitation for airplanes with low to moderate

1"/8d" If 1 01d is large, the dutch roll will be most noticeable in

roll rate, and Posc/Pav is the important criterion (see 3.5.1, "Roll

Response to Roll Controller."). In general, the available data suggest

that A/k is not as useful as Posc/Pav when lo/old > 3.5-5.0 (see "Sup-

porting Data").
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Finally, some of the shortcomings discussed for Posc/Pav in 3.5.1

are relevant here as well: for example, if the spiral mode is diver-

gent, the AO response will be heavily influenced by Ts. Similarly, for

very low dutch roll frequencies, the step roll control inputs must be

very small (see Reference 59).

F. DEMSTRATIO OF COMPLIANCE

The flight testing to obtain AB and #tcommand should cover the range

of operational altitudes and service speeds. At the least, testing

should be performed at the flight conditions corresponding to those of

3.5.1.

G. SUPPOITING DATA

As was discussed in "Rationale Behind Requirement," the data of

Reference 46 were the basis for developing the sideslip excursion

requirements of MIL-F-8785B. Figure 3 shows the data as presented in

Reference 11; in Figure 4, these data are compared directly to the A/k

versus *0 requirements of Figure 1.

The configurations of Reference 143 that meet Level I dutch roll

mode and Posc/Pav requirements are illustrated in Figure 5. The Cooper-

Harper pilot ratings generally agree with the Level I and 2 boun-

daries. Note that the high 1"I'd (m 5.0) data correlate well with the

boundaries. However, it is generally true that larger values of 10/01d

result in small A$/k, and any roll-yaw coupling i'roblems would more

likely show up only on the Posc/Pav requirements of 3.5.1.

*The values of Vt in Figures 3 and 4 do not agree for all data

points. The * and g8 /k of Figure 4 were taken from Reference 59, as
was much of the data used in the following figures. No attempt has been
made to account for the differences in *0, or to decide which is the
"correct" set of data. The more recent data (Figure 4) result in a
slightly poorer correlation with the boundaries than the earlier data
(Figure 3) which were used to define the boundaries in the first place.
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Figure 6 compares relevant Category B data of Reference 39 with the

boundaries of Figure 1. Again, only those data for which Ts, TR, Cd'

Wd' and Posc/Pav are all Level 1 are shown. The low-If/Old of Figure 6a

were used in the MIL-F-8785B BIUG (Reference 11) to develop the Cate-

gory B boundaries. Figure 6b shows high-If/8Id data; clearly, when

f/old is large, sideslip excursions are not a problem.

Category C data from Reference 44 (also utilized in the 8785B BIUG

to define the Category C limits) are given in Figure 7. The few data

points above the Level 1 boundary do not show very good correlation.

Figure 8 shows data from Reference 69, and again correlation is

poor: configurations in the Level 2 to 3 regions received Cooper-Harper

ratings of 2, 2.5, and 3.

In summary, the supporting data for AB/k versus *8 appear to show a

need for such a criterion for Category A Flight Phases; however, for

Categories B and C, other lateral-directional requirements serve well to

define acceptable flying qualities. For If/old above some nominal

value (- 5.0), As/k adds little to the specification of flying quali-

ties, and Posc/Pav is the important parameter.

As with the roll rate oscillation requirements of 3.5.1.1.4, the

sideslip requirements of Figure 1 are applicable for small inputs only.

In order to be able to test for large control inputs, an additional but

more lenient requirement has been specified. In this way the more

comprehensive requirement of Figure 1 on sideslip limitations can be

incorporated without losing the ability to flight test for compliance

with large control inputs.

H. LESSONS LEARNED

Comparisons of operational aircraft with the sideslip excursion

requirements can be obtained from four AFFDL-sponsored validation

reports, References 126, 127, 130, ard 131, as summarized in the

following paragraphs.
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1. P-33 (Class II)

Reference 126 discusses the characteristics of the P-3B and corre-

lation with the large-input sideslip excursion requirements:

In PA, the adverse yaw observed ranged between about 12 de-
grees at 120 KEAS to a minimum of 3 degrees at about 170 KEAS
[k 0 1.0]. The pilot commentary indicated Level 1 flying
qualities were associated with these results .... The results
are felt to substantiate the Level 1 requirement of the
specification for Category C Flight Phases.

The (Category A] results .... revealed that the adverse yaw
characteristics of the aircraft failed to meet the Level 1 re-
quirements of the current specification between 130 KEAS (40/k
- 250) and 190 KEAS (AO/k = 60). In addition, the aircraft
failed to meet the current Level 1 requirement in Flight

Phase AS between 140 KEAS CA8/k - 130) and about 180 KEAS
S/k - 60) while meeting the Level 1 requirement up to

360 KEAS (A8/k - 20 ) .... The comments which were received
indicate that pilots would normally go ahead and coordinate
the turn with pedal and would not be annoyed at the pedal
coordination requirement.

2. C-5A (Class 11I)

Figure 9 shows C-5A flight test results compared with the large-

input requirements. According to Reference 127,

The sideslip excursions are not considered undesirable.
Hence, the uniform applicability of the requirements to all

classes oe aircraft is questioned.... The requirement to hold
the aileron command fixed until the bank angle has changed at
least 90 degrees is unnecessary for Class III aircraft. The
aileron command should be held long enough to establish the
parameters, ftcommand and AB....

Additional data for the C-141A, YC-141B, and C-5A are shown in

Figure 10, from Reference 14. As described there,

Pilot rating data obtained during the YC-141B flight test pro-
gram show a value of 2 (Harper-Cooper Rating Scale) with

augmentation operative and 4 with the augmentation inopera-
tive. These data indicate that the handling characteristics
correspond to Level 1 conditions even though the data fall
outside Level 1 requirements at the lower airspeeds.
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It should be noted that the L-1011 nearly ccnplies with roll

performance requirements, but the sideslip excursions created

as a result, as shown herein, exceed allowable limits
[Figure 10]. The L-1011 sideslip excursions have not prompted

any objectionable comments from flight test or airline pilots.

3. F-4 (Class IV)

Flight test data for the F-4H-1 are shown in Figure 11, from Refer-

ence 130:

The Category A data [Figure lla]...provide good validation of

the Level 1 adverse and proverse boundaries with the exception
of two test points in which the roll command has induced pro-
verse sideslip. These two points were rated Level I but fall
outside the Level I proverse boundary. Available data do not
permit evaluation of the Level 2 boundaries.

The PA data - Category C -- [with 5 deg ARI authority,
Figure 1ib] did not correlate as well. These data were given

a blanket rating of Level 2, however a significant number of
test points met the specification Level 1 requirements. Each
of these had relatively high roll performance resulting in a
higher k and a correspondingly higher allowable 8. Adverse

sideslip was in the low range compared to the other data.

The data of [Figure l1b] -- in which the PA configuration

lateral-directional characteristics were modified by increas-
ing ARI rudder authority to ±150 -- provide inconclusive
results. From the pilot comment, an estimated Level I was
given to all the data. However, approximately half of the

data are Level 2 according to the requirement.

When the PA configuration data...are combined as shown in
Figure [1Ib], there is some indication that the Level 1
adverse boundary may be a function of airspeed.

4. F-5A (Class IV)

Test data for the F-5A are compared to the small-input requirements

in Figure 12a, and the large-input requirements in Figure 12b, from

Reference 131. The F-5A is seen to comply with the limits, though no

pilot rating information is given.
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Flight test data: Actual pilot ratings
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Figure 11 (3.6.2.1.1). Sideslip Excursions for F-4H-1 Airplane

(from Reference 130)
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5. Possible Revision

Calspan proposed a revision to the requirement in Reference 59. The

new handling quality parameters proposed there are:

1 VT l&BIt<1.2Td
wd .9 - versus *impulse

The above noted trend with airspeed is seen to be included in the re-

quirement.

Data comparisons with the Reference 59 parameters show insufficient

justification for adopting them. For example, using the data of Refer-

ence 46 (Category A), correlations are almost identical for the Calspan

revision and for AO/k vs. *a (48 percent vs. 46 percent). Likewise, the

Reference 69 data (Category C) show no real improvement (70 percent vs.

66 percent). Some parameters similar to those above may be in order,

but further work is necessary.
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3.6.2.1.2 Coordination in turn entry and exit - requirement 2

A. REASON FOR REQUIREMENT

This requirement is offered as an alternative to AO/k versus It

is stated directly in terms of the required magnitude and shaping of

rudder pedal inputs to coordinate turns. Hence it should be used when

analytical guidance is a primary factor. Straightforward application

requires that the aircraft sideslip response to aileron and rudder

transfer functions be available.

B. RELhT KIL-F-8785C REQUIRM

None.

C. STATWE T OF RXQUEJ N AND RECOMMENDED VALUES

3.6.2.1.2 Coordination in turn entry and exit - requirement 2.
The yaw control characteristics required to maintain zero sideslip for
roll control inputs shall meet the following criterion:

Recommended values: The yaw control crossfeed required to maintain

zero sideslip should be within the limits shown in Figure 1 for Levels 1

and 2. In addition, for values of the ratio of yawing to rolling accel-

erations due to roll controller, N6  /L6as , less than 0.07, the

crossfeed parameter 6rp must be within the limits of Table I.

TABLE 1 (3.6.2.1.2)

LIMITS ON 6- (3) FOR IN6  /L 6  < 0.07

LEVEL ADVERSE YAW PROVERSE YAW

1 -0.39 0.11

2 -1.15 0.78
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Figure 1 (3.6.2.1.2). Crossfeed Parameter Boundaries

D. RhTIO"ALK JEHIND R3QUIVIEI[T

The ability to make precise changes in aircraft heading is a key

factor in pilot evaluation of lateral-directional handling qualities.

Assuiing other good qualities (e.g., adequate roll response, yaw

frequency/damping, etc.), deficiencies in heading control, which can

nevertheless exist, are directly traceable to excitation of the dutch

roll mode due to roll-yaw cross-coupling effects. It is a commonly

accepted piloting technique to reduce these excursions by appropriate

use of the aileron and rudder, usually referred to as "coordinating the

turn." The problem is that existing criteria for heading control (AB/k,
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or References 59, 144, 145) are based on aileron-only parameters, and

the effects of rudder control are only indirectly apparent as they may

have influenced individual pilot ratings. The fact that these criteria

are not satisfactory is shown in Reference 146, where several configura-

tions that violated boundaries based on aileron-only parameters were

given good to excellent pilot ratings. The approach taken here is that

for an otherwise acceptable airplane the aileron-rudder shaping neces-

sary to coordinate the turn is a dominant factor in pilot evaluation of

heading control. In this regard it is important to recognize that

heading control is basically an outer loop and cannot be satisfactory if

the inner bank angle loop is unsatisfactory. Table 2 contains a set of

requirements intended to serve as a checklist for good roll control.

1. Analysis and Basic Concept

In general, coordinated flight implies minimum yaw coupling due to

roll entries and exits which can be quantified in many ways, e.g.:

1) zero sideslip angle (0 - 0); 2) zero lateral acceleration at the

c.g.; 3) turn rate consistent with bank angle and speed (r = g*/Uo); and

4) zero lateral acceleration at the cockpit (ball in the middle).

Conditions I through 3 are equivalent when the side forces due to

lateral stick, Y 6 as , and rudder pedal. 6rp , are very small, which is

usually the case. The fourth turn coordination criterion is complicated

by pilot location effects which, however, appear to be mainly associated

with ride qualities and not with heading control itself (Reference 146).

Based on these considerations it appears that sideslip angle is an

appropriate indicator of turn coordination. * Accordingly, the following

*It has been suggested that pilots are taught to center the ball in

turns and therefore a would be the more correct parameter. However,
the real objective is To keep sideslip near zero so that the nose of the
aircraft tracks bank angle. In fact, when turn coordination is criti-
cal, such as on the AV-8 Harrier, a yaw string is used to display B to
the pilot. Also, glider pilots use a yaw string because turn coordina-
tion is a critical factor in these aircraft. Therefore, we feel that B
and not ay is the appropriate parameter. For most aircraft the dif-

ference between ay and B is very small.
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TABLE 2 (3.6.2.1.2). GROUND RULES FOR APPLICATION OF
RATING DATA TO HEADING CONTROL CRITERIA

1) TR meets requirements of Para. 3.5.1.1.1

2) wd meets requirements of Para. 3.6.1.1

3) Cd meets requirements of Para. 3.6.1.1

4) i/a < 1.5 when turbulence is a factor and
IN as L6  I > 0.03

5) Meets Lo vs. wd boundaries when N6 as/L asI 1 0.03
(Figure 2)

6) Meets Level 2 Posc/Pav (Para. 3.5.1.1.4)

Cd = .4

2

3 Cd d .15/

Note: Acceptable region lies
inside the boundaries

-10 -20 -30 -40

L ( Isec2 )

Figure 2 (3.6.2.1.2). Pilot Rating Boundaries for Acceptable
Roll Control in Turbulence with Na as/A& as-  < 0.03

(from Reference 68)
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formulation undertakes to identify the parameters that govern the

aileron-rudder shaping required to maintain coordinated flight as

defined by zero sideslip angle (0 - 0).

With an aileron-rudder crossfeed, YCF the rudder, by definition, is

given by

6 rp = YCF6 as (1)

where 6rp is the rudder pedal deflection at the cockpit; and 6as is

the lateral stick (or wheel) deflection at the pilot's grip. For the

assumed ideal (zero sideslip) coordination

a 
86!-M6 0 (2)8 A YCF A as

See Reference 66 for the definitions of N6 and N6 . Therefore, theas rp"

ideal crossfeed is:

6rp  N6as
'CF - - (3)6as N6rp

For augmented airplanes these numerators are high order and cannot be

generalized. However, as was shown in Reference 87, aircraft with

complex augmentation systems represented by higher-order systems (HOS)

tend to respond to pilot inputs in a fashion similar to conventional

unaugmented aircraft or low-order systems (LOS). In fact, experience

with longitudinal pitch dynamics (see 3.2.1.1) has shown that a HOS

which cannot be fit to a LOS form is generally unsatisfactory to the

human pilot.

Based on the approximate factors for conventional airplanes obtained

from Reference 66, the appropriate LOS form for YCF is:

[as[I + A (g/Uo)][s + (1/T
YCF rp[S + Arp(g/Uo)][s + (1/T rp)][ a (N; rp/Y% rp)]
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where

Lr - (L' /N6,)Nr
A - L- L /N6,)[N - (g/Uo)]

I/TB - Lp + (Lif/N'i)[N; - (g/UO)]

and i - as (aileron stick) or rp (rudder pedal). For the frequency

range of interest, i.e., excluding both low and high frequencies

(At(g/Uo ) << s << NS rp Y6rp
0

YCF . as [a + /T )](5
N' , [a + I/T rp)]

To provide a meaningful reference for the control cross-coupling term,

N6as, in Equation 5, it is expressed as the ratio of yawing to rolling

acceleration, N L
scearatly , Nas /6as* Also, since the rudder sensitivity can be
separately optimized and does not usually represent a basic airframe

limitation, it is appropriate to remove it from consideration. Accord-

ingly, the resulting LOS representation of the crossfeed, YCF' is given

as

N~P N6 N6a N46 ass+ lIT8a)

YCF = kF . r a * a (6)
" L6  N- L6as[s + (l/T rp)]

as as 6rp a

Equation 6 indicates that the aileron-to-rudder shaping required to

maintain coordinated flight (8 - 0) is directly related to the separa-

tion between the aileron (wheel or stick) and rudder (pedal) sideslip

zeros.

As a basis for direct correlation with pilot opinion, a "rudder

shaping parameter," ji, is arbitrarily defined as the separation be-

tween 1/T rp and I/Toas and normalized by 1/T8 rp i.e.,

*All derivatives are in the stability axis system.
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(I/To) - (I/TBr)

,/T rp

which simplifies to

(Torp /Tas - (7)

The frequency response characteristics of YCF, Equation 6, as a function

of the sign of v are shown in Figure 3 in terms of literal expressions

for the Bode asymptotes. These asymptotes indicate that the magnitude

of the coordinating rudder is a function of N6 as/La s  at all frequen-

cies and that the shaping of the rudder response is determined by 1j.

These parameters are summarized in terms of their analytical and pilot-

centered functions in Table 3.

The parameters N6 as/L 6,as and i are a natural choice for correlation

of heading control pilot rating data since they completely define the

aileron-to-rudder crossfeed necessary for turn coordination. Such an

ideal crossfeed is difficult to isolate with simple flight test proce-

dures, but is nevertheless considered a viable correlation concept

because the Military Standard permits analysis methods to demonstrate

specification compliance.

TABLE 3 (3.6.2.1.2)

PARAMETERS DEFINING THE LOS REPRESENTATION
OF THE AILERON-RUDDER CROSSFEED

ANALYTICAL
PARAMETER PILOT-CENTERED FUNCTION

FUNCTION

Defiges shape Determines complexity of rudder
of YCF activity necessary for ideally

coordinated turns. Also defines
phasing of heading response when
rudder is not used.

N6 as/L 6as  Defines magni- Determines magnitude or rudder
tude of YCF required and/or high-frequency

yawing induced by aileron inputs.

*Note that N' /L s is simply o/ o for a 6as input.

as as5
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Figure 3 (3.6.2.1.2). Asymptotes of Aileron-Rudder Croesfeed.
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Since the rudder sequencing with aileron inputs is the key issi.e,

it was decided to use a LOS form in the time domain. The rudder shaping

was deriveu by using a unity high-frequency gain for the Equation 6

form, and the ideal definition of p (Equation 7), the rudder time

history required to coordinate a unit step wheel or stick input, is:

6rp(t) - I + P(l - et rP) (8)

Note that 6S (t) refers to the rudder pedal motion (thereby including

effects of rudder gearing and accounting for the SAS). Solving Equa-

tion 8 for the rudder shaping parameter, P:

6rp(t) - 1
- e- t/T Orp  (9)

- -t

The value of t is properly set by the lower limit on the frequency range

of interest for piloted heading control. The simulation experiments of

Reference 147 indicated that a minimum heading crossover of about

1/3 rad/sec was necessary for desirable handling qualities. Therefore,

a corresponding time of 3 sec was selected as being most pertinent to a

pilot-centered characterization of crossfeed properties. Recognizing

further (Equation 4) that T p  -1/L' is approximately equal to the

roll mode time constant, TR, and that the latter must generally be less

than 1.0 to 1.4 sec for acceptabie roll control (3.5.1.1.1) sets the

following limits on the exponential in Eq. 9.

-3/T R

TR 4 1.0 * e R 0.049

1.4 ** 0.117

•For small, light, or highly maneuverable airplanes.

*For medium to heavy weight, low to medium maneuverability air-

planes.
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Accordingly, Equation 9 reduces within a maximum error of 5-10 percent,

depending on airplane class, to

6 - 6r.(3) - 1 (10)

This simple relationship was used to compute u for the pilot rating

correlations shown under "Supporting Data." It should also be noted

that, since the high-frequency gain is set to unity, the normalized

rudder parameter, 6 r(3), may be calculated from YCF (Equation 3)

or YCF (Equation 6).

However, before this simple formula can be applied it is necessary

to avoid the high-frequency responses that occur due to pairs of roots

that frequently occur with complex SAS installations having associated

higher-order 8 numerators. For example, a simple washed out yaw rate

feedback and a first-order lagged aileron/rudder crossfeed results in

seventh-order 8 numerators of unaugmented airplanes. Most of the zeros

of these polynomials occur at very high frequency, having negligible

effect on the dynamics near the pilot's crossover frequency, and there-

fore should not be accounted for in the shaping function P. The stan-

dard procedure utilized to compute the values of P was to eliminate all

roots of the 8 parameters above values of 6 rad/sec in pairs, i.e.,

keeping their order relative to each other the same (e.g., a third over

fourth order would be reduced to a second over third order, etc.).

Roots above 6 rad/sec which do not occur in pairs are left unmodified.

The point of deleting the high-frequency root pairs is just to find the

rudder/aileron crossfeed ratio that the pilot should apply.

The following example illustrates a typical computation of P and

the effect of removing the high-frequency roots from Equation 2. The

aileron/rudder crossfeed for one of the Reference 148 configurations

used in the pilot rating correlations is given as:

6r - .19(s - .102)(s - .922)(s + 605.2) (12)
6as (s - .057)(s + 5.6)(s + 109.9)
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As discussed above, all roots above 6 rad/sec are removed in pairs and

the high-frequency gain (0.19) is set to unity, resulting in the follow-

ing equation:

, (s - .102)(s - .922)
6as (s - .057)(s + 5.6)

The rudder time responses to a unit wheel input for Equations 12 and 13

are plotted in Figure 4. Removal of the high-frequency roots is seen to

replace the initial rapid rudder reversal with a unity initial condi-

tion. These responses are essentially equivalent to the pilot who sees

the necessity to use immediate rudder with aileron inputs (which must be

removed 1/2 sec later). The value of p corresponding to this response

is 6r(3) - 1 - -1.17.

Figure 5 presents typical coordinating (8 = 0) rudder time histories

for step aileron inputs on a grid of p versus N6 as/L 6 as Moving verti-as as

cally on this grid changes the shape (P) of the crossfeed, YCF, keeping

the initial value (high-frequency gain) constant. Moving horizontally

produces a change in the crossfeed gain (N~a/L 6 a) at all frequencies

1.0 Equation II

Equation 12

C .5.2
~t (sac)

0.5 1.0 1.5 2.0 2.5 3.0 :3.5

0 I

-1.0

Figure 4 (3.6.2.1.2). Effect of Removing High-Frequency
Roots from 8 Numerators
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for Zero Sideslip
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without changing the shape. Note that this is consistent with Table 2

and Figure 3, where it is shown that p dictates the required aileron-to-

rudder shaping and N6as defines the magnitude of the gain for all times

(and frequencies). The basic shapes of the time histories in Figure 4

are indicative of the fundamental assumption that the rudder time his-

tory can be fit by the Equation 6 form. The basic implication of this

form is that, after an initial input proportional to the aileron stick

step, the rudder response is essentially monotonic in the frequency

range of interest.

A physical interpretation relating the cross-coupling derivatives

Nas and N' with the rudder shaping parameter, p, is given in Table 4.

TABLE 4 (3.6.2.1.2)

PHYSICAL INTERPRETATION OF u

VALUE OF
RUDDER ROLL-YAW CROSS-COUPLING
SHAPING CHARACTERISTICS
PARAMETER

N; and N' are additive, indicating that the
P > 0 cross-coupling effects increase with time afteran aileron input.

N' = g/Uo, indicating that all roll-yaw cross-
U 0 coupling is due to N8 • The aileron-rudder

crossfeed is thereforlSa pure gain.

N6  and N' are opposing. Initial cross-coupling
inafuced by N6  is reduced by N' as the roll rate

as-1 < P < 0 builds up. Exact cancellation takes place when
U - -1, resulting in a zero rudder requirement
for steady rolling.

Low-frequency and high-frequency cross-coupling
effects are of opposite sign, indicating a need

S<< -1 for complex rudder reversals for coordination.
If rudder not used, the nose will appear to
oscillate during turn entry and exit.
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2. Physical Interpretation

The iso-opinion lines in Figure 1 indicate that some values of the

rudder shaping parameter, U, are more desirable than others in that they

are less sensitive to an increase in aileron yaw. The following obser-

vations help to explain this trend in terms of pilot-centered considera-

tions:

1) Moderately high proverse (positive) N 6  is acceptable in
the region where 1A & -1. Physically, %~is corresponds to
a sudden initial heading response in the direction of turn
followed by decreasing rudder requirements. (Required
steady-state rudder is zero when i - -1, see Figure 4).
It is felt that the pilots are accepting the initial pro-
verse yaw as a heading lead and are not attempting to use
cross-control rudder.

2) The allowable values of proverse NS decrease rapidly as
u becomes greater than -1. Physicali this corresponds to

an increase in the requirement for low-frequency cross-
control rudder activity (see Figure 4), which is highly
objectionable.

3) The pilot ratings are ' less sensitive to the required
rudder shaping when N6  is negative (adverse yaw).
Recall that adverse yaw aIs consistent with conventional

piloting technique (rudder with the turn to augment roll
into the turn).

3. Ia/L s Near Zero

Control cross-coupling effects are obviously not a factor when

INa s 6 as I is small. This may occur when the basic control cross-

coupling is negligible or with augmentation systems that result in ideal

crossfeed, YCF' having denominators of higher-order dynamics than numer-

ators (e.g., the augmented N6  is zero). For N6 asL 6 as identically

zero, the required aileron-rudder crossfeed takes the Bode asymptote

form shown in Figure 6 for unaugmented conventional airplanes. The

rudder magnitude required to coordinate mid-frequency and high-frequency

aileron (wheel) inputs is seen to be dependent on the roll cross-

coupling, g/Uo - Np, whereas low-frequency rudder requirements are

dependent on Nr . The required rudder shaping has the characteristics of
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Figure 6 (3.6.2.1.2). Required Crossfeed for N 6  - 0

a rate system (ramp 6 rp to step 6as input) at low and high frequency.

Accordingly, aileron-rudder shaping per se is not the essence of the

problem, which reduces instead to concern with the general magnitude of

the required rudder crossfeed.

From Figure 6 it is seen that g/Uo - N provides a good measure

of such magnitude; and, in fact, correlation of pilot rating data (for

INa/L6asI < 0.03) with g/Uo - N is quite good. However, difficulties

associated with estimating an effective gAJo - N for augmented air-

frames presents practical problems which make this parameter somewhat

unattractive. Also, for configurations with 1TrBa s close to 1/TB rp, the

effects due to N' (see Figure 6) can be important. A more general

approach is to compute a time history based on a unit step aileron input

into YCF" Physically, this represents the required rudder magnitude for

coordination of a unit step aileron control input, that is (from Equa-

tion 5):

rp CF~a 0 r (14)
N6as
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Utilizing the same response time considerations as in the computation

of i, % p(3) is suggested as the correlating parameter when IN6  /LS, Ias a
is small or when the denominator of YCF is of higher order than the

numerator. The question of what specifically constitutes a "small"

value of N6 as/L 6as has proven to be somewhat difficult to quantify.

Reasonably good correlations were found by plotting the N6as/Las < 0.03

pilot ratings versus 6 rp(3 ) as shown in Figure 7. More recent experi-

ence in utilizing the P parameter has revealed that N AL 6  < 0.076as as
results in better correlations. When Na/L6 is between 0.03 and6as as
0.07, both Figure 1 and Table I should be checked and the most conserva-

tive result utilized.

In summary, 6r (3) is calculated by obtaining the response of a unit

step input into the transfer function YCF (Equation 3) at t - 3 sec.

This result is multiplied by N6 /L~as to give S' (3).r as p ()

SyM DataSource

0 Ref.146 .2 10 Shaded Points Wd 
: 1.003 Ref)46 .2

M Ref.146 4 Open Points 1.0 < Wd :5 2.0

Ret.149 .1 S Flogged Points wd > 2.0
in Ref.68 .1-.2 8a:
M Ref.68 .4
O Ref.I .24-37
, Ref.69 ,-.2
Lt Ref.69 .34

Extrapolation = Level 2 -1.15 W
-,-

SIII I I I

-08 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8
(Adverse Yowl (Proverse Yaw)

Figure 7 (3.6.2.1.2). Pilot Rating Correlations When IN6 a/L6as

Is Small a
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4. Complex Rudder Sbaping

As discussed earlier, reasonable fits of the HOS to the LOS form

implicit in Equation 10 presume that the aileron-to-rudder shaping is at

least monotonic in the region of piloted control. This assumes that

if the required rudder coordination to a step aileron input is non-

monotonic in the region of control, pilot opinion will be poor. Since

we have been unable to find any configurations that have such a non-

monotonic shape, and that have been tested for pilot opinion of heading

control, it is not possible to quantify the mismatch effects at this

time.

Z. GUIDANCE PO APPLICATION

Clearly, the character of the requirement is such that application

can only be through analysis, necessitating a good analytical model of

the airplane, and especially of the 0 numerators of the augmented

aircraft. With these, application of the criterion is straightforward.

The rules for application of this criterion are summarized as

follows:

1) If IN6as /L6as < 0.03, skip to Step 6.

2) Formulate YCF by taking the ratio of the 0/6as and the
0/6 transfer functions. For augmented airplanes the
tran fer functions must include the effects of augmenta-
tion:

YCF - 6as 6rp) aug

3) Remove all roots greater than 6 rad/sec in pairs, keeping
the order of YCF constant. Roots above 6 rad/sec that do
not occur in pairs are left unmodified. Set the high-
frequency gain of YCF equal to unity (as in Equation 13).

4) Calculate 6 rp(3) from the time response of YCF (as modi-

fied by Step 2) to a unit step input, i.e., 6 rp(3) -

-1{(1/s)YcF(S)} evaluated at t - 3 sec.

5) Calculate P as: P - 6rp(3) - I and plot on Figure I.
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6) If N6 a/L6a I < 0.07, calculate the normalized rudder
required, 6 6( 3 ), as follows:

- Calculate the magnitude of the time response of YCF
(from Step 2) to a unit step input at t - 3 sec.

- Multiply the result by N6 /Laa , i.e.,

L6 as

Compare 6'p(3) with Table 1.

7) If 0.03 <j IN6 as/L s < 0.07, utilize the most

conservative result from Steps 5 and 6.

8) If the configuration does not meet the requirements, see
Figure 4 to determine expected piloting problems.

F. DDEWSTRATIOI OF COMPLIANCE

An analytical model of the aircraft and all relevant control augmen-

tation systems must be supplied by the contractor. Transfer functions

are needed of sideslip responses to roll and yaw control inputs. The

procuring activity may specify flight conditions for compliance demon-

stration.

G. SUPPORTIM DATA

A summary of the data sources considered is given in Table 5. Each

of the data points found to be applicable to heading control (i.e.,

met the groundrules) is plotted and faired on a logarithmic grid of

N6 as/L 6 s versus P in Figure 8. Only in-flight and moving-base simula-

tor data were considered. With the exception of one or two points the

data from all the sources in Table 5 correlate quite nicely with the

criterion (Figure 8). If anything, the criterion is conservative in

that the few points that do not fit are rated better than the other data

in the same region.

It is significant that the pilot rating correlations are not depen-

dent on the type of aircraft and in fact are shown to be valid for

vehicles ranging from light aircraft to fighter, STOL, and Space Shuttle
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TABLE 5 (3.6.2.1.2). SUMMARY OF CURRENT DATA

TOTAL NUMBER OF
TYPE OF AIRCRAFT DESCRIPTION OF REFER- TOF POINTS

SIMULATED SIMULATOR ENCE DATA O MEETINGDATA POINTS RUDLE

Executive jet Variable stability 69 84 16
and military T-33
Class II

STOL Variable stability 145 109 30
helicopter

General aviation Variable stability 149 26 6
(light aircraft) Navion

Jet fighter- Variable stability 68 36 22
carrier approach Navion

Space Shuttle 6 DOF moving-base 146 52 52
vehicle with Redifon dis-

play (NASA Ames
FSAA)

STOL 3 DOF moving-base 1144 8 7
(NASA Ames S-16)

configurations. This result indicates that good heading control charac-

teristics are dependent on a fundamental aspect of piloting technique

(aileron-rudder coordination) and that such factors as aircraft size,

weight, approach speed, etc., can be neglected for all practical pur-

poses. It is felt that the invariance of ratings with aircraft configu-

ration is related to the pilot's ability to adapt to different situa-

tions and to rate accordingly. Finally, the excellent correlations of

pilot ratings with the aileron-rudder crossfeed characteristics indicate

that the required rudder coordination is indeed a dominant factor in

pilot evaluation of heading control.

The rudder shaping parameter is attractive as a heading control

criterion because the handling quality boundaries are easily interpreted

in terms of pilot-centered considerations. Its shortcoming is centered

about determining parameter values from simulation or flight test.
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A review of the data sources for Figure 8 indicates that the re-

quirement as devised is applicable primarily to low-speed flight, and

especially to Category C (approach and landing) Flight Phases. Further

work is necessary in this area to determine any refinements for the

other Categories. However, since low-speed flight with a high-gain

lateral task defines the most extreme condition for control coordina-

tion, the requirement of Figure 1 covers the worst cases.

a. LKSSOES LK&1E3

Figure 9 (from Reference 227) compares the rudder shaping parameter

for several aircraft with the Figure 1 requirements. Available pilot

rating data for the F-ill with and without adverse yaw compensator (AYC)

suppurt the boundaries. The pilot ratings are from Reference 228, where

it is stated that "the F-111B without the adverse yaw compensator lies

in an unacceptable region .... [The] rudder sequencing criteria...for the

F-I1B with and without AYC...are in agreement with the actual ratings

it received."
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Figure 9 (3.6.2.1.2). Required Aileron-Ruddevr Sequencing
for Several Operational Aircraft, SAS/CAS On

(from Reference 227)
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3.6.2.2 Pilot-induced yaw oscillations

A. RWSON FOR REQUIREMENT

This is simply a statement to expressly forbid neutral or unstable

closed-loop oscillations in roll. The need f or such a requirement is

self-evident.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.3

C. STATEMENT OF REQUIREMENT

3.6.2.2 Pilot-induced yaw oscillations. There shall be no tendency
for sustained or uncontrollable yaw oscillations resulting from efforts
of the pilot to control the aircraft.

D. RATIONALE BEHIND REQUIREMENT

Due to the lack of a reliable quantitative measure, the requirement

is written in terms of subjective evaluations. It is of course hoped

that meeting the (other) quantitative requirements of this standard will

prevent a lateral PIO. This requirement is identical to the roll-axis

requirement of 3.5.2.

Z. GUIDANCE FOR APPLICATION

This requirement should apply to all flight conditions and tasks,

and to all Levels, since zero or negative closed-loop damping is to be

avoided under any flight condition or failure state.

F. DMONSTRATION OF COMPLIANCE

The existence of a PIO tendency is difficult to assess. Therefore,

no specific flight conditions or tasks are recommended, though a high-

stress task such as approach and landing with a lateral offset, terrain

following, or in-flight refueling (receiver) may reveal PIO proneness.
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G. SUPPORTING DATA

None.

I. LESSONS LEARNED

The pitch-axis PIO requirement, 3.2.2.2, contains some discussion on

the cases and causes of PIOs.
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3.6.2.3 Residual yaw oscillations

A. REASON FOR REQUIREMENT

This requirement is intended to prevent limit cycles in the control

system or structural oscillations which might interfere with mission

performance.

I. RELATED MIL-F-8785C REQUIREMENT

3.3.1.1

C. STATEMENT OF REQUIREMENT

3.6.2.3 Residual yaw oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the aircraft.

D. RATIONALE BEHIND REQUIREMENT

The yaw axis requirements of 3.6.1 and 3.6.2.2 should prevent open-

loop (aerodynamically induced) and closed-loop (pilot-induced) oscilla-

tions. This requirement sets limits on oscillations from other sources.

K. GUIDANCE FOR APPLICATION

None required.

F. DEMONSTRATION OF COMPLIANCE

Flight testing for other yaw axis requirements should reveal any

problems with residual oscillations.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.3 Yaw Axis Control for Takeoff and Landing in Crosswinds

A. oUAo o NFOR I (IMT

This paragraph assures good yaw-axis flying qualities in crosswind

takeoffs and landings and specifies the limiting crosswinds to be

applied in various other yaw control power and force requirements.

B. RELT KIL-F-8785C u MM

3.3.7

C. STATUIUT OF RE(JIU AND RBCIUEDED VALUES

3.6.3 Yaw Axis Control for Takeoff and Landing in Crosswinds. It
shall be possible to take off and land with normal pilot skill and
technique in 90 deg crosswinds from either side of velocities up
to •

Recommended values are given in Table 1.
1

TABLE 1 (3.6.3.1)

RECOMMENDED MINIMUM CROSSWIND VELOCITY REQUIREMENTS

LEVEL CLASS CROSSWIND

I and 2 I 20 kt

II, III, and IV 30 kt

Water-based 20 kt
airplanes

One half the

3 All values for
Levels 1 and 2
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D. RATIONALE BEHIND RUM3I

This requirement was taken directly from MIL-F-8785C. An attempt to

specify pilot workload in terms of the Level definitions in Para. 3.9.1

was found to be too complex and was therefore deleted from the draft

report.

E. GIDACE FM APPLICATION

The crosswind specified herein will affect not only this paragraph,

but also the yaw control power (3.6.5.2) and force (3.6.6.2.4) require-

ments, all of which should be reviewed at the same time. In addition,

the identical requirement for the roll axis (3.5.7) should be con-

sidered, where it will be seen that the same crosswind velocities are

recommended.

F. MfONSURATION OF CmM.IIANCE

Since flight testing in steady, 90 degree crosswinds of the speci-

fied velocity may be unacceptably hazardous for Level 2 and 3 opera-

tions, takeoffs and landings may be performed in some crosswinds less

than (but close to) the required velocity. Additional slow flight may

then be conducted at a safe (but low) altitude.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.4 Yaw Axis Response to Other Inputs

3.6.4.1 Yaw axis response to asymmetric thrust

A. REALSON Io IRUMUrKT

The transient and steady-state effects of asymmetric thrust are

limited to compensatable amounts.

B. RUL M NIL-D-8785C RKWIMIMRS

3.3.9, 3.3.9.1, 3.3.9.2, 3.3.9.3, 3.3.9.4

C. STATUIUT OF REWIRNUT AND RUCONMDiD VALUES

3.6.4.1 Yaw axis response to asymmetric thrust. It shall be pos-
sible for the pilot to maintain directional control of the aircraft
following a loss of thrust from the most critical propulsive source.

a) Takeoff: During takeoff it shall be possible to maintain
a straight path without deviations of more than ft.
For the continued takeoff, the requirement shall be met
when thrust is lost at speeds from the refusal speed
(based on the shortest runway from which the airplane is
designed to operate) to the maximum takeoff speed, with
takeoff thrust maintained on the operative engine(s),
using only controls not dependent upon friction against
the takeoff surface or upon release of the pitch, roll,
yaw or throttle controls. For the aborted takeoff, the
requirement shall be met at all speeds below the maximum
takeoff speed; however, additional controls such as nose-
wheel steering and differential braking may be used.
Automatic devices that normally operate in the event of a
thrust failure may be used in either case.

b) After takeoff: After takeoff it shall be possible
without a change in selected configuration to achieve
straight flight following sudden asymmetric loss of
thrust from the most critical factor at speeds from V-n
(TO) to Vmax (TO), and thereafter to maintain straignt
flight throughout the climbout. Automatic devices that
normally operate in the event of a thrust failure may be
used, and the airplane may be banked up to 5 degrees away
from the inoperative engine.
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c) Takeoff and landina In crosswinds: The aircraft shall be
safely controllable in the crossvinds of 3.6.3 from the
unfavorable direction.

d) In-fliaht: The airplane motions following sudden asym-
metric loss of thrust shall be such that dangerous condi-
tions can be avoided by pilot corrective action. A
realistic time delay of at least second shall be
incorporated. In addition, the static directional sta-
bility shall be such that at all speeds above _,, with
asymmetric loss of thrust from the most critical factor
while the other engine(s) develop normal rated thrust,
the airplane with yaw control pedals free may be balanced
directionally in steady straight flight. The trim set-
tings shall be those required for wings-level straight
flight prior to the failure.

Recommended values:

Maximum path deviation during takeoff: 30 ft

Minimum time delay: 1 second

Minimum speed, yaw controls free: 1.4 Vmin

D. RATIONIUL BEHIND REQUIREIKET

This requirement consists of portions of several paragraphs from

MIL-F-8785C. It assures directional control by the pilot under adverse

conditions (i.e., crosswinds), and insures a match between upsetting

yawing moments due to asymmetric thrust and restoring moments from

static directional stability. The requirement for adequate control of

the ground path insures that, following loss of thrust during the take-

off run, the pilot can either safely abort or safely continue the

takeoff. Similarly, the requirement insures that following thrust loss

after takeoff the pilot can safely continue climb-out. The intent is

that Vmin (TO) normally should be set by other considerations and ade-

quate control provided down to that speed.
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. GUIDACE O APPLICATIO

Generally, all the possible consequences of propulsion system

failures must be considered. For example, inlet unstart may cause a

disturbance in all axes. Another kind of failure is represented by

damage to other parts of the airplane caused by thrown turbine blades:

for example, hydraulic lines should be routed (or enough armor used) so

that thrown engine, fan, or propeller parts cannot sever all hydraulic

systems needed for flight control.

F. DDMSTATION OF COMPLIANCK

Since each statement of this requirement specifies the applicable

regime (except the general requirement for pilot control and static

stability, which extends over the operational altitude range), testing

must cover the applicable conditions. For operations after takeoff, the

testing may be performed at some safe (but still low) altitude.

G. SUPPORTING DATA

None.

R. LESSONS LZAXu

None.
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3.6.4.2 Yaw axis response to failures

A. REIasoON R RQUIRMM

This requirement limits the severity of failures on controllability

in the yaw axis.

B. RLAh KnM--8785C REIUIRaMES

3.4.8. 3.4.9, 3.5.5.1

C. STATD]T OF RIQU(IR3(ENT AND RCMKUNDED VALUES

3.6.4.2. Yaw axis response to failures. The yawing motions follow-
ing sudden airplane system or component failures shall be such that
dangerous conditions can be alroided by pilot corrective action. A real-
istic time delay between the failure and initiation of pilot corrective
action shall be incorporated when determining compliance. No single
failure of any component or system shall result in dangerous or intoler-
able flying qualities; Special Failure States (1.6.3) are excepted. The
crew member concerned shall be provided with immediate and easily inter-
preted indications whenever failures occur that require or limit any
flight crew action or decision. With controls free, the yawing motions
due to failures shall not exceed

Recommended values: It is recommended that the yaw excursions not
exceed the following limits for at least 2 seconds following the

failure:

Levels I and 2 ±0.5 g incremental lateral acceleration at
(after failure) the pilot's station, except that structural

limits shall not be exceeded. In addition,
for Category A, lateral excursions of 5 ft.

Level 3 No dangerous attitude or structural limit is
(after failure) reached, and no dangerous alteration of the

flight path results from which recovery is
impossible.
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D. RNATIELE D N ImMMET

This paragraph is primarily qualitative in nature because of the

number of unknowns that might affect a failed condition. The severity

of transients due to the failure must be small enough to allow the pilot

to regain control; and, having done so, to operate at least adequately

to terminate the mission (this is implied by requiring Level 3 or better

flying qualities following any single failure).

R. GUIDANCE FOR APPLICATION

Clearly, application of this requirement is contingent on the speci-

fication of those failures considered to be most critical.

The time delay should include an interval between the occurrence of

the failure and the occurrence of a cue such as acceleration, rate,

displacement, or sound that will definitely indicate to the pilot that a

failure has occurred, plus an additional interval that represents the

time required for the pilot to diagnose the situation and initiate
J

corrective action.

F. DMUOSTRATION OF COMPLIANCR

Flight testing the failures specified in 1.6.3 will involve those

conditions most critical for such failures. Therefore, it is expected

that simulation may be required to demonstrate compliance. Adequate

motion cues should be available to simulate the acceleratior, environment

with one-to-one fidelity for at least 2 seconds following the failure.

G. SUPPORTING DATA

None.

H. LESSONS LEAR

None.
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3.6.4.3 Yaw axis response to configuration or control mode change

A. REASON VOR REQUIREMENT

Pitch transients due to intentional mode switching must not be

excessive.

Z. RMLATED IL-F-8785CT

3.5.6, 3.5.6.1.

C. STATEMENT OF REQUIREMENTS AND RECOMMENDED VALUES

3.6.4.3 Yaw axis response to configuration or control mode change.
The transient motions and trim changes resulting from the intentional
engagement or disengagement of any portion of the primary flight
control system by the pilot shall be such that dangerous flying
qualities never result. With controls free, the transients resulting
from these situations shall not exceed the following limits for at
least seconds following the transfer:
These requirements apply only for Aircraft Normal States, within the
Service Flight Envelope.

Recommended Transient motions (within first 2 sec following trans-

fer): The lesser of ±5 degrees sideslip and the structural limit.

D. RATIONALE BEHIND REQUIREMENT

Since the intent of a flight control system is to improve the air-

craft response characteristics - whether measured by improved flying

qualities or by increased mission effectiveness - any system which can

be chosen by the pilot should not cause noticeable transient motions.

Z. GUIDANE FOR APPLICATION

No specific guidance is offered except that tests should be con-

ducted at the most critical flight conditions.
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Flight testing at the corners of the expected operational envelopes

for any control system must be performed (e.g., a SAS for power ap-

proach must be switched at the highest and lowest expected airspeeds, at

low altitudes). Limited analytical and ground-based simulation may be

used to supplement actual flight testing, especially in the early stages

of development. But flight testing is ultimately required.

G. SUPPORTIG DATA

None.

a. LESSONS LEARNU

None.
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3.6.4.4 Yaw axis response to stores release

A. R1 SOM FOR U( RHDNT

This requirement is included to insure that stores release will not

have an adverse effect on flying qualities.

B. REL&TE MIL-F-8785C Ri ITREDT

3.4.6

C. STATIKMT OF REQIRfZT

3.6.4.4 Yaw axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels 1 and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally
permissible.

D. RATIONMAL BEHIND ItE RI(UJRKIJfDT

This paragraph is unchanged from MIL-F-8785C. It is a necessary

catch-all requirement. Because of the variety of possibilities, it must

be left qualitative. Similar pitch- and roll-axis requirements have

been specified (3.2.7.4, 3.5.8.4).

E. GUIDANCE POR APPLICATION

Evaluation of this criterion should occur as a natural part of

operational flight testing. It is not subtle and requires no special

analysis or interpretation.

F. DDONSTRATION OF COPLIANCE

Operational flight test will be necessary for final demonstration.
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C. SUPPOrTIN DATA

None available.

R. LESSONS LEARNED

None available.

6
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3.6.4.5 Yaw axis response to armament delivery

A. RASON F REQUIRNE

This requirement is included to insure that armament delivery will

not have an adverse effect on flying qualities that could impair mission

effectiveness.

B. RELATED MIL-F-8785C R(QUIREEM

3.4.7

C. STATEMENT OF REQUIRENENT

3.6.4.5 Yaw axis response to armament delivery. Operation of mov-
able parts such as bomb bay doors, cargo doors, armament pods, refueling

devices, and rescue equipment, or firing of weapons, release of bombs,
or delivery or pickup of cargo shall not cause buffet, trim changes, or
other characteristics which impair the tactical effectiveness of the
aircraft under any pertinent flight conditions. These requirements
shall be met for Levels I and 2.

D. RATIONALE BEHIND THE REQUIRENENT

This paragraph has remained unchanged in MIL-F-8785C and in the MIL

Standard.

K. GUIDANCE FOR APPLICATION

This requirement is similar to 3.6.4.4.

F. DEMONSTRATION OF COMPLIANCE

Operational flight test should be required.
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C. SUPPORTING DATA

None available.

H. LESSONS LEARNED

None available.
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3.6.5 Yaw Axis Control Power

A. REASON FOR THIS REQUIREMENT

This qualitative requirement is based on the fundamental necessity

to establish equilibrium in the yaw axis in the presence of distur-

bances. Specific requirements are given in Paragraphs 3.6.5.1 through

3.6.5.3.

B. RELATED MIL-F-8785C REQUIREMENT

3.3.5

C. STATEMENT OF REQUIREMENT

3.6.5 Yaw Axis Control Power. Directional stability and control
characteristics shall enable the pilot to balance yawing moments and

control yaw and sideslip.

D. RATIONALE BEHIND REQUIREMENT

The yaw controller must always be sufficiently powerful to overcome

any anticipated yawing moment. This requirement allows for directional

stability (i.e., Cna) to augment the control power (i.e., Cn6 rp

K. GUIDANCE FOR APPLICATION

The requirement should be applied during all phases of development.

F. DEMONSTRATION OF COMPLIANCE

Flight testing will be required, emphasizing steady sideslips at all

conditions.

C. SUPPORTING DATA

None.

H. 1ESSONS LEARNED

None.
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3.6.5.1 Yaw axis control power for takeoff, landing, and taxi

A. REASON FOR REQUIREMENT

This paragraph defines yaw control power for operations on or near

the ground, especially in crosswinds.

B. RELATED NIL-F-8785C REQUIRMENTS

3.3.7.1, 3.3.7.2, 3.3.7.2.1, 3.3.7.2.2, 3.3.7.3

C. STATEMENT OF REQUIREMENT AND RECOWKNDED VALUES

3.6.5.1 Yaw axis control power for takeoff. landing. and taxi.

a) It shall be possible to taxi on a dry surface at any
angle to a kt wind.

b) In taxi on wet, snow-packed, or icy runways, directional
control shall be maintained by use of aerodynamic con-
trols alone at all airspeeds above kt. For very
slippery runways, the requirement need not apply for
crosswind components at which the force tending to blow
the airplane off the runway exceeds the opposing tire-
runway frictional force with the tires supporting all of
the airplane's weight.

c) In the takeoff run, landing rollout, and taxi, yaw con-
trol power shall be adequate to maintain a straight path
on the ground or other landing surface. This applies to
calm air and in crosswinds up to the values specified in
3.6.3, on wet runways for all aircraft, and on snow-
packed and icy runways for aircraft intended to operate
under such conditions.

d) Yaw axis control power shall be adequate to develop
- deg of sideslip in the power approach.

e) All carrier-based airplanes shall be capable of maintain-
ing a straight path on the ground without the use of
wheel brakes, at airspeeds of 30 knots and above, during
takeoffs and landings in a 90-degree crosswind of at
least 0.1 Vs(L).
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Recommended values:

Wind speeds for taxi:

Class I airplanes: 35 kt

Class II, III, and IV airplanes: 45 kt

Minimum sideslip in power approach: 10 deg

Minimum controllable taxi speeds:

Class IV 50 kt

Others 30 kt

D. RATIONALEBEHIND EQIR NT

Since the major definitions of yaw control power in operations near

the ground are concerned with sideslip generation or compensation for

crosswinds, this paragraph incorporates the relevant MIL-F-8785C

requirements into one paragraph.

E. GUIDANCE FOR APPLICATION

Application of this requirement as stated is straightforward;

however, some caution should be exercised in applying the crosswinds

specified in 3.6.3, since actual crosswinds normally include unsteady

gusts, and designing to just meet this requirement might not leave a

margin of safety in real crosswind operations.

F. DEMONSTRATION OF CMPLIANCE

As with all requirements on control power, it is desirable to show

compliance through actual testing. However, as with all crosswind

requirements, this can be difficult. Operations in some level of cross-

winds that falls within the maximum specified in 3.6.3 should provide

some indication of trends. Careful analysis to extrapolate these

results to the limits of this paragraph may be accepted in lieu of

further testing.
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G. SUPPORTIM DAT=

None.

R. LESSONS LEE

None.
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3.6.5.2 Yaw axis control power for two engines inoperative

A. RE SON FOR RgqEJIRUDT

This paragraph states the need for yaw control power in event of

failure of more than one engine or. multi-engine airplanes.

S. R.ATUD IL-F-8785C sqUQiiUmIT

3.3.9.5

C. STATMONT OF 3EJREQMET

3.6.5.2 Yaw axis control power for two engines inoperative. At the

one-engine-out speed for maximum range with any engine initially failed,
upon failure of the most critical remaining engine the yaw control power
shall be adequate to stop the transient motion and thereafter to main-
tain straight flight from that speed to the speed for maximum range with
both engines failed. In addition, it shall be possible to effect a safe
recovery at any service speed above V . (CL) following sudden simul-
taneous failure of the two critical engides.

D. RATIONALE BEHIND EEUIRMfN

The rationale for this requirement is self evident; it is taken

essentially intact from MIL-F-8785C.

E. GUIDANCE FOR APPLICATION

The specialized nature of the requirement, as well as the general,

qualitative terms in which it is worded, makes it straightforward to

apply.

F. DMgONSTRAMON OF REQUIRSOMT

Flight testing at altitudes covering the operational envelope will

be at conditions stated by the requirements, i.e., airspeeds will be

either speed for maximum range with one engine out or representative

speeds above Vomin (CL).
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G. SUPPORTING DATA

None.

ff. LESSONS LEARNED

None.
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3.6.5.3 Yaw axis control power with asymmetric loadinR

A. REASON FOR RB(JUIRNT

This requirement assures adequate yaw control power to compensate

for any specified condition of asymmetric loading.

B. RELATED NIL-F-8785C REQUIRZIUNT

3.3.5. 1. 1

C. STATE11ENT OF R(U IRMONT

3.6.5.3 Yaw axis control power with asymmetric loadinE. When ini-
tially trimmed directionally with each asymmetric loading specified in
Paragraph 3.1.1 at any speed in the Operational Flight Envelope, yaw
control power shall be sufficient to maintain a straight flight path.

D. RATIONALE BEHIND REQUIR ONT

It is common sense that specified (i.e., anticipated) conditions of

asymmetric loading should not cause control power problems.

E. GUIDANCE FOR APPLICATION

This requirement is intended to be applied in conjunction with

3.6.6.2.5, yaw axis control force limits with asymmetric loading.

F. DEMOSTRATION OF 0O3NPLIANCE

See 3.6.6.2.5.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.5.4 Yaw axis control power for stores release

A. REASON FOR REQJIREIT

This requirement is included to insure that intentional release of

stores does not result in limitations in roll control power.

B. R LATU MIL-F-8785C REQUIRM

3.4.6, 3.3.4.1.2

C. STATMW OF KQUIRM NT

3.6.5.4 Yaw axis control power for stores release. Yaw control
power shall be adequate to regain straight flight, without retrimming,
fallowing intentional release of any stores to the maximum load factors
specified in 3.2.8.2 with adequate control margin.

D. RATIONALE BEHIND REQUIRWNT

This is effectively a new requirement, though it is based on the

general requirement of 8785C that stores release "shall not result in

objectionable flight characteristics." This has been translated as

requiring sufficient yaw power to regain straight flight with any stores

loading.

E. GUIDANCE FOR APPLICATION

This requirement is closely related to the roll and yaw axis

responses to stores release, 3.5.8.4 and 3.6.4.4, and to the similar

roll axis requirement, 3.5.9.6. All these paragraphs should be

considered in combination for application.

F. DWOWSTRATION OF COMPLIANCE

Flight testing of the stores configurations specified in 3.1.3, over

the applicable range of flight conditions, must be conducted.
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Go SUPPORTING DATA

None.

R. LESSONS LEARNED

None.
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3.6.5.5 Yaw axis control power for other conditions

A. REASON FOR REQUIIXIENT

This catch-all specification is intended to assure adequate yaw

control power in any situation not already covered in the Standard.

B. RELATED KIL-F-8785C REQUIREIENT

3.4.10

C. STATEMENT OF kHEQIRMUT

3.6.5.5 Yaw axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for all maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

D. RATIONALE BEIN REQUIREMENT

The other paragraphs falling under 3.6.5 cover all normal, antici-

pated situations for yaw control power. This paragraph is added to

cover any unusual or unspecified conditions that might be encountered in

flight.

K. GUIDANCE FOR APPLICATION

Due to its broad generality the requirement should be applied for

all phases of analysis, simulation, and flight test. Excessive sta-

bility, as well as excessive instability, of the basic airframe is of

concern with respect to available control authority and rate.
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F- DZNOWSTlOM OF COWLTAc

See the similar pitch-axis requirement, 3.2.8.5.

G. SUPPOTING DATA

None.

R- LESSONS LEARNED

None.
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3.6.6 Yaw Axis Control Forces

A. REASON 1O REQUIREMENT

This requirement is included as a direct carryover from MIL-F-8785C,

where it served as a qualitative criterion on rudder sensitivity. It

also was offered as a "catchall" requirement to insure that balancing

moments can be achieved in the yaw axis.

B. RE.ATED MIL-F-8785C REQUIREMENT

3.3.5

C. STATRMENT OF REQUIREMENT

3.6.6 Yaw Axis Control Forces. Sensitivity to yaw control pedal
forces shall be sufficiently high that directional control and force
requirements can be met and satisfactory coordination can be achieved
without unduly high control forces, yet sufficiently low that occasional
improperly coordinated control inputs will not cause a degradation in
flying qualities Level.

j

D. RATIONALE BEHIND REQUIREMENT

A quantitative requirement for yaw control force/position gradients

is not included in the Standard, since there are little data for defin-

ing such a requirement. Instead, this requirement qualitatively limits

the range of acceptable force gradients. Subparagraphs in this section

place limitations on maximum allowable gradients and forces.

E. GUIDANCE FOR APPLICATION

From the basic nature of this requirement it is clear that it should

be easily met by proper control design in the early stages of develop-

ment.
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F. DDNCKSTRATION OF COMPLIANE(

In general, flight testing for compliance with any of the yaw axis

requirements should reveal any problems with meeting this requirement.

Special attention should be given when testing for compliance with the

maximum force requirements that follow, since these can be considered

subsets of this general statement.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.1 Yaw axis control force linearLty

A. REAsM UM QUJIRuKENT

For reasonable sideslip angles, the forces required from the pilot

should be of a normal sense, and linear with sideslip.

B. RiLATS MIL.-F-8785C REQIRKKKENTS

3.3.6, 3.3.6.1

C. STATM T OF REQUEUMM AND RBECM DZD VALUES

3.6.6.1 Yaw axis control force linearity. The following require-
ments are expressed in terms of characteristics in yaw-control-induced
steady, zero-yaw-rate sideslips with the airplane trimmed for wings-
level straight flight, at sideslip angles up to those produced or
limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection,

except that for single-propeller-driven airplanes during waveoff (go-
around), yaw-control-pedal deflection in the direction opposite to that
required for wings-level straight flight need not be considered beyond
the deflection for a 10-degree change in sideslip from the wings-level
straight flight condition.

Right yaw-control-pedal force shall produce left sideslips and left
yaw-control-pedal force shall produce right sideslips. For Levels I
and 2 the following requirements shall apply. The variation of sideslip
angle with yaw-control-pedal force shall be essentially linear for side-
slip angles between _ degrees and degrees. Although a lightening
of pedal force is acceptable for sideslip angles outside this range, the
pedal force shall never reduce to zero.

Recommended sideslip angle range is +10 deg to -10 deg.
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D. RATIONALE BEHIND UQI(mIRUU

Paragraph 3.6.1.1.2, the steady-state requirement for yaw response

to yaw controller, specifies yaw pedal deflection characteristics. This

requirement augments that paragraph by similarly defining the force

characteristics.

1. GMIDANCE FOI APPLIC&TION

The applicable sideslips and sideslip range for this requirement

adequately cover conditions expected in operational flight. The re-

quirement is straightforward in wording, and should be so in application

as well.

F. DEONSTRATION OF COMMFIANCI

Flight testing at trimmed steady sideslips should be performed with

the airplane configured for most aft center of gravity. Test conditions

should cover the service speed range at the minimum, intermediate, and

maximum operational altitudes.

G. SUPPORTING DATA

None.

B. LESSONS LEARNED

None.
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3.6.6.2 Yaw axis control force limits

3.6.6.2.1 Yaw axis control force limits in rolling maneuvers

A. 31ASo FOR Ro QIRlINENT

This paragraph is aimed at insuring that full coordination can be

achieved during rapid turn entries and exits as well as during steady

rolls with reasonable rudder-pedal forces.

B. RKLATED MIL-F-8785C REQUIRMW

3.3.2.5

C. STATE OF REQUIRKNT AND RECOM1ENDED VALUES

3.6.6.2.1 Yaw axis control force limits in rolling maneuvers. In
the maneuvers described in 3.5.9, directional-control effectiveness
shall be adequate to maintain zero sideslip with pedal force not greater

than lb.

Recommended values:

Flight Phase Maximum Pedal

Class Category Level Force, lb

IV A 1 50
All 2-3 100

All others All All 100

D. RATIONALE RHUND REQUIRERM

Yaw control forces required for the rolling maneuvers of 3.5.9

should be at reasonably low levels.

K. GUIDANCE FOR APPLICATION

If the yaw control forces required to coordinate the rolls specified

in 3.5.9 seem excessive to the pilot, this requirement can be utilized

to define an upper limit.

635

-S.t
I



F. DMITRhTION Of COMPLIANCE

Yaw pedal forces should be recorded during testing for compliance

with 3.5.9. No specific maneuvers are required for this paragraph.

G. SUPPORTMN DATA

None.

U. LESSONS LEARNED

None.f
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3.6.6.2.2 Yaw axis control force limits in steady turns

A. REASOE FOR RKq1IRZ=T

The objective of this requirement is to insure that only modest yaw

pedal forces are required when performing coordinated turns.

B. RELATE KIL-F-8785C REQUIl3IT

3.3.2.6

C. STAT ET OF REIUIRRHT AND RECOEMM D VALUES

3.6.6.2.2 Yaw axis control force limits in steady turns. It shall
be possible to maintain steady coordinated turns in either direction,
using _ deg of bank with a pedal force not exceeding _ lb, with the
airplane trimmed for wings-level straight flight. These requiremer..s
constitute Levels 1 and 2.

Recommended values:

Airplane Bank Angle Maximum Pedal
Class- (deq) Force (lb)

I, II 45 40

III 30 40

IV 60 40

D. RATIONALE BEHID REQUUMJ OT

The maximum allowable pedal forces should be relatively small for

banked turns, where the application of such forces will be sustained for

some time. The forces specified herein are upper limits and good design

practice would dictate considerably lower forces.

E. GUIDANCE FOR APPLIC&TION

This requirement applies to Levels 1 and 2 only, since it is ex-

pected that Level 3 operations would not involve steady, large-bank-

angle turns.
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F. DCESURAION OF CMPLIhCE

Flight testing at the specified bank angle, at the minimum opera-

tional velocity, presents the most potential for large yawing moments.

G. SUPPORTING DATA

None.

U. LESSONS LEARND

None.

6
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3.6.6.2.3 Yaw axis control force limits during speed changes

A. REA OR 1 3UEUNKrET

This paragraph is included to insure that speed effects on yawing

moment do not require unreasonably large yaw pedal forces to maintain

trim.

B. RELATE NIL---8785C RSg1IRZNT

3.3.5.1

C. STATEUT OF nQJUENENT AND R COSIIDED VALUES

3.6.6.2.3 Yaw axis control force limits during speed changes. When
initially trimmed directionally with symmetric power, the trim change
with speed shall be such that wings-level straight flight can be main-
tained over a speed range of t30 percent of the trim speed or ±100 kt
equivalent airspeed, whichever is less (except where limited by boun-
daries of the Service Flight Envelope) with yaw-control-pedal forces not
greater than lb without retrimming.

Recommended values:

Maximum Pedal
Propulsion Type Level Force (lb)

Propeller I and 2 100
3 180

All others 1 and 2 40
3 180

D. R ONOALK BEHIND RE(QUIREMNT

The maximum allowable forces are divided by type of propulsion. The

large forces associated with sidewash and asymmetric blade loading

result in a relaxation of the requirement for propellers.

Z. GIDANCE IM1 APPLICATION

None required.
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F. DICESTRATION OF COMPLIANCE

Acceleration/deceleration runs must be performed to cover the speed

range specified by this requirement. Testing should be accomplished in

all operational configurations.

G. SUPPORTING DATA

None.

M. LESSONS LEARNED

None,
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3.6.6.2.4 Yaw axis control force limits in crosswinds

A. REASON FOR REQUIREMENT

This requirement is included to provide limits on the yaw pedal

forces required for crosswind takeoffs and landings.

B. RELATED NIL-F-87S85C WIRSNTRT

3.3.7

C. STATIWT OF REQUIREMENT AND REC(]IENDED VALUES

3.6.6.2.4 Yaw axis control force limits in crosswinds. It shall be

possible to take off and land in the crosswinds specified in 3.6.3
without exceeding the following yaw control forces: •

Recommended values:

Maximum Pedal
Level Force (lb)

- 100

2 and 3 180

D. RATIONALE BEHIND REQUIR11N r

The allowable maximum pedal forces for crosswind operations are

somewhat high, but this is a result of the fact that such operations are

generally of very short duration.

E. GUIMCE FOR APPLICATION

Paragraph 3.6.3, "Yaw axis control for takeoff and landing in

crosswinds," specifies the crosswind component to be applied for this

requirement. Obviously the emphasis in this requirement is to limit the

effort required of the pilot. The recommended limits are taken directly

from MIL-F-8785C. However, they are felt to be quite high for continu-

ous maneuvering, and in fact may be excessive for female pilots. It is
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recommended that the procuring activity consider lower limits on new

aircraft. Reference 257 shows that of 61 men and 61 women tested in a

short-duration (4 second) force test, almost all could exert 180 lb to

rudder pedals. However, continuous maneuvering would likely be

difficult for male or female pilots.

F. DRIESTRATION OF OOKPLIhNCR

Compliance should be demonstrated by performing takeoffs and land-

ings in the actual crosswinds stated in 3.6.3. The use of simulation is

not recommended because of the difficulty in developing an accurate

model of the landing gear dynamics.

G. SUPPOITIM DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.2.5 Yaw axis control force limits with asymmetric loading

A. R RAON FOI RE(UIRZ0IT

This requirement is included to insure that conditions of asymmetric

loading do not result in excessive yaw pedal force demands on the pilot.

B. RELATED KIL-F--8785C REE(UIRIE0NT

3.3.5.1.1

C. STATINT OF RE(1JIRU1DT AND RECC EMiDED VALUES

3.6.6.2.5 Yaw axis control force limits with asymmetric ding.

When initially trimmed directionally with each asymmetric loadiL -eci-
fied in Paragraph 3.1.1 at any speed in the Operational Flight I lope,
it shall be possible to maintain a straight flight path throuj the
Operational Flight Envelope with yaw-control-pedal forces not cer
than l lb without retrimming.

Recommended values,:

Maximum Pedal
Level Force (lb)

I and 2 100

3 180

D. RATIONALE BEHIND RK(UIRONT

Asymmetric external loading, whether a result of normal or unusual

delivery or dropping of loads, should not place unrealistically large

demands on the pilot.

E. GUIDANCE FOR APPLICATION

If conditions of asymmetric loading are expected to be regularly

encountered, the procuring activity may want to reduce the yaw control

force limits. The recommended limits have been taken from MIL-F-8785C

and 180 lb seems unreasonably high (see Para. 3.6.6.2.4).
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F. DEMONSTRATION OF COMPLIANCE

Flight testing with the aircraft configured as specified in 3. 1. 1

should be conducted throughout the Operational Envelope.

G. SUPPORTIN DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.2.6 Yaw axis control force limits in dives and pullouts

A. REASON YOR REQUIIR=

This requirement is included to place limits on the yaw pedal force

required to perform dives that will be required by the specified mis-

sion.

B. RELATED KIL-.F-8785C RE~QIBmLIRT

3.3.8

C. STATRUNT OF REQUIRMJIRTS &ND RECOMKIED VALUES

3.6.6.2.6 Yaw axis control force limits in dives and pullouts.
Throughout the dives and pullouts of 3.2.9.7.3, yaw-control-pedal forces
shall not exceed lb in dives and pullouts to the maximum speeds
specified in the Service Flight Envelope.

Recommended values:

Propulsion Maximum Pedal

Tyve Force (lb)

Propeller 180

Other 50

D. RATIONALE BEHIND REQUIRUKNT

As for Paragraph 3.6.6.2.3, "Yaw axis control force limits during

speed changes," the maximum pedal forces are much larger for propeller-

driven aircraft.

E. GUIDANCE FOR APPLICATION

It is evident that this requirement is most valuable only if dives

are specified by the procuring activity, or expected in normal service.

Otherwise, the more stringent requirements of Paragraph 3.6.6.2.3 should
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easily assure that this paragraph is met. As with earlier requirements,

the recommended limits seem unreasonably high for female pilots (see

Para. 3.6.6.2.4).

F. DEMOESTRATION OF COMPLIANCE

If dives are specified as normal operations, flight testing must

cover the range of such dives. Otherwise, some amount of dive and

pullout testing should be performed.

G. SUPPORTING DATA

None.

H. LESSONS LEARNRD

None.
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3.6.6.2.7 Yaw axis control force limits for go-around

A. REASON OR RXQUIRDMET

The possibility of large, transient yaw pedal force requirements on

initiation of go-arounds necessitates a limit.

B. RELATED MIL-F-8785C REQUDMUl T

3.3.5.2

C. STATEIET OF REQUIREMENT AND RECO KUDED VALUES

3.6.6.2.7 Yaw axis control force limits for Ao-around. The
response to thrust, configuration and airspeed change shall be such that
the pilot can maintain straight flight during go-around initiated at
speeds down to VS (PA) with yaw-control-pedal forces not exceeding

lb when trimmed at Vo  (PA). The preceding requirements apply for
Levels 1 and 2. The Leve-Bn3 requirement is to maintain straight flight
in these conditions with yaw-control-pedal forces not exceeding lb.
Bank angles up to 5 deg are permitted for all Levels.

Recommended values:
Maximum Pedal

Levels 1 and 2 Force (lb)

For propeller-driven Class IV,
and all propeller-driven
carrier-based aircraft . . . . . . . . . 100

All others . .............. . 40

Level 3

All . . . . . . . . . . . . . . . . . . . 180

D. RATIONALE BEHIND REQIR3DIET

Pedal forces tend to be very high during a go-around due to the

large change in configuration that occurs between the approach and go-

around. The requirement values were taken directly from MIL-F-8785C.
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3. GUIDANCEI FOR APPLIC&TION

This very important requirement should be applied for all airplanes,

at various weights and loadings, to assure that go-arounds will not

overtax the pilot. The limits recommended for propeller-driven aircraft

may be excessive for extended operations (see Para. 3.6.6.2.4 and Refer-

ence 257) and are retained here only because they appeared in MIL-F-

8785C. They should be lowered if appropriate data can be made avail-

able.

F. DENOESTUTION OF COMPLIANCE

Go-arounds may be simulated at a safe (but low) altitude, covering

the speed range specified.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.2.8 Yaw axis control force limits for asymmetric thrust during
takeoff

A. ULAsIO FO Ro EIRNW

This requirement is included to insure that the loss of one or more

engines on a multi-engine aircraft on takeoff does not place unreason-

ably large force demands on the pilot.

B. RKLAKDM IL-F-8785C RIQUIRKNUTS

3.3.9.1, 3.3.9.2

C. STATMM OF REQUIREMENT AND RKCOMMENDED VALUES

3.6.6.2.8 Yaw axis control force limits for asymmetric thrust
during takeoff.

a) During the takeoff ground run it shall be possible to
achieve and maintain a straight path on the takeoff
surface without a deviation of more than ft from
the path originally intended, with yaw-control forces
not exceeding _ lb.

b) For the continued takeoff it shall be possible, with-
out a change in selected configuration, to achieve
straight flight following sudden asymmetric loss of
thrust from the most critical propulsive source at
speeds from Vm:n (TO) to Vmax (TO), and thereafter to
maintain straight flight throughout the climbout with-
out exceeding a maximum yaw control pedal force of

lb.

c) For the aborted takeoff the requirements above shall
be met at all speeds below the maximum takeoff speed;
however, additional controls such as nosewheel steer-
ing and differential braking may be used. Automatic
devices that normally operate in the event of a thrust
failure may be used in either case.

Recommended values:

Maximum path deviation: 30 ft

Maximum yaw pedal forces: 180 lb
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3. RMTIKLK hM D KQ MMJ r

This requirement is a compilation of two paragraphs of MIL-F-8785C,

to cover ground run and continued or aborted takeoffs. The objective of

the requirement is to insure that, following loss of thrust during the

takeoff run, the pilot can either safely abort or safely continue the

takeoff and climbout without loss of directional control.

Z. GUIDANCE FOR APPLICATION

As with all the yaw control force limits, this one seems excessive

(see Para. 3.6.6.2.4). This requirement seems particularly important

because of the obvious safety implications. While no effort has been

made to produce hard data, FAR Part 23 limits prolonged yaw control

forces to 120 lb. This seems like a useful interim value until better

data can be obtained.

F. DIONSTRATION OF COPLIANCK

With the airplane configured at its lightest weight, simulated

engine-out takeoffs must be performed in the conditions specified by the

requirement. Simulation is not recommended for the ground roll portion

of this requirement because of the known problems with developing an

accurate landing gear model.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.2.9 Yaw axis control force limits with failures

A. REASON FR REQUIRT

This requirement is included to place limits on the maximum force to

counter yaw trim change after a failure of any portion of the primary

flight control system.

B. RELATKD KIL-F-8785C RSQIRUMNT

3.5.5.2

C. STATRMT OF REQUIRE11NT AND REC0M0IDED VALUES

3.6.6.2.9 Yaw axis control force limits with failures. The change
in yaw control force required to maintain constant heading following a
failure shall not exceed lb for at least 5 seconds following the
failure.

Recommended value:

Maximum yaw control force: 50 lb

D. EATIONALE BHIND REQUIREMENT

It is necessary to have limits on the control forces required to

hold heading following flight control system failures. It seems

reasonable to state a time limit during which this requirement applies.

Two seconds generally should be time enough for the pilot to detect a

significant transient and react, and it should be possible to retrim

after 5 seconds.

2. GUIDANCE OR APPLICATION

The requirement will apply for all failures specified in 3.1.6.
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F. DDIMISTRATIOE OF C0K1LIANCS

Flight testing must encompass the most critical areas for specified

failures unless safety considerations prohibit such testing, in which

case simulation should be sufficient to demonstrate compliance (in

flight) .

G. SUPPORTINM DATA

None.

H. LESSONS LEARNED

None.
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3.6.6.2.10 Yaw axis control force limits - configuration or control
mode change

A. REASON 101 3EQUEUMM

This requirement is included to provide limits on the transient yaw

pedal forces necessary following a transfer to alternate control modes.

B. RELATD MIL-F-8785C UEJIRRIKNT

3.5.6.2

C. STATZMT OF EQUIRZKhT AMD RECONEDI VALUE

3.6.6.2.10 Yaw axis control force limits - configuration or
control mode chanse. The change in yaw control force required to
maintain zero sideslip following intentional engagement or disengagement
of any portion of the primary flight control system by the pilot shall
not exceed the following limits: _ These requirements

apply only for Aircraft Normal States.

It is recommended that for at least 5 seconds following the mode

change the change in yaw control force not exceed 10 lb above basic

controller breakout force.

D. RATIOMALE BEHIND REQUIRUIKT

The transfer to an alternate control mode should occur with a negli-

gible transient. The recommended value of 10 lb above breakout is a

result of a reduction from the 50 lb used in Paragraph 3.5.6.2 of MIL-F-

8785C, which seems unreasonably large. While there are no hard data

upon which to base this number, it is given as a recommended value only

to show that a significant transient when transferring control modes is

not acceptable.
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Z. GUADIC FOR APPLIC&TION

This requirement has been of minimal importance in the past; how-

ever, with development of direct force control augmentation (for

example, Paragraph 3.6.1.2), the impact of this requirement will

increase.

o0 DEiOTRATI OF COMNLIANCE

Demonstration will involve mode switching at representative alti-

tudes throughout the Operational Flight Envelope, focusing on those

areas of airspeed, altitude, and task that would produce the largest

transients between the two modes involved.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.7 HANDLING QUALITY REQUIREMENTS FOR LATERAL FLIGHT PATH AXIS

3.7.1 Bandwidth Requirement for Lateral Translation

A. REAWN FOR 3EI(QIREKENT

This requirement is included to specify the response characteristics

of aircraft that utilize direct force control (DFC) in the lateral

translation mode. This mode allows changes in lateral position to occur

at zero bank angle and without any change in heading. It is sometimes

referred to as the "02 mode." A sketch of the airplane motions, with a

summary of useful features of this mode, is given below (taken from
Reference 229).

Refe enc 229) LATERAL VELOCITY CONTROL AT
CONSTANT YAW ATTITUDE

IDEAL FOR SMALL *USEFUL FOR AIR-TO. -NATURAL CONTROL FOR
LATERAL POSITION GROUND TRACKING CROSSWIND DRIFT AND
CORRECTIONS CORRECTIONS GROUND TARGET MOTION

B. RElATO MIL-F-8785C RIEB(QUI

3.4.11

C. STATMIDT OF RE(UIRDOXT

3.7.1 Bandwidth Requirement for Lateral Translation.

a) Dynamic response to direct force control input.
The bandwidth of the open-loop response of
lateral position to lateral translation control
input shall be greater than for Flight
Phase . Lateral translations shall occur at
essentially zero bank angle and zero change in
heading.
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b) Steady-state response to lateral translation con-
trol input. Maximum force control input shall
produce at least degrees of sideslip.

c) Lateral translation control forces and deflec-
tions. Use of the primary lateral translation
control shall not require use of another control
manipulator to meet Requirement a). The control-
ler characteristics shall meet the following
requirements:

d) Pilot accelerations. Abrupt, large control
inputs shall not produce pilot head or arm
motions which interfere with task performance.
Pilot restraints shall not obstruct the crew's

normal field of view nor interfere with manipula-
tion of any cockpit control required for task
performance.

Recommended values (Part a): There are no data of sufficient

quality upon which to set a lower limit on lateral position bandwidth.

Until the required data become available, the following qualitative

requirement should be applied: Lateral translation response to control

inputs shall be acceptable to the crew in performing the mission tasks.

Recommended values (Part b): It is recommended that it should be

possible to generate at least 4 deg of sideslip at the flight conditions

where lateral translation is to be utilized.

Recommended values (Part c): If conventional cockpit controls are

to be used as the DFC controller, the requirements for these controls

provides some guidance, i.e., Paragraph 3.6.6 for rudder pedals and

3.5.10 for stick.

D. RATIOl"LK BEHIND REQUIREI

The rationale for using a bandwidth criterion for DFC modes is given

in the discussion in Paragraph 3.6.1.2.1.

E. GUIDANCE FOR APPLICATION

Procedures to be followed in applying the bandwidth criterion are

given in "Guidance for Application" and "Demonstration of Compliance"

for Paragraph 3.6.1.2.1.
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F. DOUSTRATION OF COMPLIANCE

Because of the scarcity of data upon which to base a limiting value

of bandwidth for this mode, there are no firm values recommended. Until

better data are obtained the final compliance with this requirement

should be based on flight test. In fact, the data generated during such

tests should be utilized to upgradc the requirements.

G. SUPPORTING DATA

The only supporting data available are the F-16 CCV (Reference 229)

and two configurations flight tested in Reference 115. The Ref er-

ence 115 data are shown below in Table 1. Unfortunately, the control

sensitivities were not optimized, which tended to obscure the results.

Hence it was not possible to define specific limits on bandwidth for the

lateral translation mode. However, the results are presented here to

provide some insight.

TABLE 1 (3.7.1)

SUMMARY OF COOPER-HARPER PILOT RATINGS FOR LATERAL

TRANSLATION MODE (REFERENCE 115)

CONFIGU- BANDWIDTH FORMATION AIR TO AIR

RATION (rad/sec) MP WN RH KO MP WN RH KO

LT1 1.5 2.5 2.5 - 3 6 4 5 4

LTIY 4.0 5 - -- 3.5 - 5 2.5 2.5

Configuration LT1Y was developed to test the bandwidth hypothesis by

increasing the inherent bandwidth of Configuration LT1 via favorable yaw

coupling. Unfortunately, the control sensitivities were not systema-

tically varied for the LT1Y configuration. A review of the pilot

comments indicated that the primary deficiency of the LTY mode was the

jerky or abrupt nature of heading changes to CCV control inputs. Such

comments are typical for aircraft with excessive control sensitivity,
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and the evaluation of Configuration LTY cannot be confidently ascribed

to its dynamics or compared directly with Configuration LTI. The

scatter in pilot ratings for LTY in Table I is probably a measure of

the degree to which each pilot objected to excessive control sensi-

tivity.

The F-16 CCV lateral translation mode was simply a decoupling of

axes so that pure translation resulted from DFC inputs. From Refer-

ence 115 (page 13) the lateral velocity response for a perfectly

decoupled aircraft is

.i Y6SF
6DFC s - Yv

It follows that the basic response of the lateral translation (82) mode

is limited by the inverse time constant Yv' which tends to be a small

number, on the order of 0.2 to 0.3, for contemporary aircraft (0.25 for

the F-16). Physically this means that even with perfect decoupling the

lateral translation mode could require a special piloting technique due

to a tendency for the aircraft to continue drifting laterally upon

release of the CCV control. An example of this is quoted below from

Reference 229 (CCV Flight No. 38-F16):

A technique not previously evaluated using lateral trans-
lation involves reversing the command before the original
side velocity had coasted to a stop, thereby providing
increased deceleration to expedite the stop. This method

of operation substantially improved the usefulness of the

82 mode. In previous evaluations of this mode the side
velocity was allowed to coast to a stop after the applied
command was removed.

The above pilot commentary indicates that the basic DFC response was

unacceptably slow (low Yv), but that a special piloting technique could

be utilized to make the mode acceptable, that is, effectively generating

lead to augment Yv" It follows logically that a more successful lateral

translation mcde could be developed by augmenting Yv via feedback of

sideslip to the direct side force controller. This of course has impli-

cations on the frequency response characteristics of the servo drive as

well as the authority required for the direct side force control.
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A Yv of 0.25 results in a lateral position bandwidth of about 0.3.

The above commentary indicates that this value of bandwidth corresponds

more to Level 2 than to Level I flying qualities. Hence, the minimum

acceptable bandwidth (for the formation flying task) lies somewhere

between 0.3 rad/sec and 1.5 rad/sec (see Table 1).

H. LESSONS LEARNED

The above noted F-16 CCV experience indicates that, in addition to

decoupling, the lateral translation mode requires a 8 or feedback to

augment Yv and thereby obtain the crisp response required to make this

mode useful.
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3.8 HANDLING QUALITY REQUIREMENTS FOR COMBINED AXES

3.8.1 Cross-Axis Coupling in Roll Maneuvers

A. REAM OR REQUIRIM

Cross-coupling of pitch and yaw motions - both aerodynamic and

inertial - is common for modern airplanes. The ensuing motions can be

violent in nature and can lead to prolonged loss of control.

B. RU.ATED .IL-F-8785 RKQUJIMUT

3.4.3

C. STATfIT OF RE(QJIRMNT AND RECONIDED VALUES

3.8.1 Cross-Axis Coupling in Roll Maneuvers. In yaw-control-free,
pitch-control-fixed, maximum-performance rolls through _ deg, entered
from straight flight or from turns, pushovers, or pullups ranging from
0 g to 0.8 nL, the resulting yaw or pitch motions and sideslip or angle
of attack changes shall neither exceed structural limits nor cause other
dangerous flight conditions such as uncontrollable motions or roll auto-
rotation.

During combat-type maneuvers involving rolls through angles up to
360 degrees and rolls which are checked at a given bank angle, the
yawing and pitching shall not be so severe as to impair the tactical
effectiveness of the maneuver. These requirements define Level 1 and 2
operation. For Class II and III airplanes, these requirements apply in
rolls through 120 degrees and rolls which are checked at a given bank
angle.

Recommended values:

Recommended
Airplane Class Roll Angle (de)

I and IV 360

II and III 120
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D. RATIONALE BEHIND REQUIRERT

The dynamics of the pitch and yaw coupling associated with rapid

rolls are complex and nonlinear. In general, the dynamics involve

interactions among the airplane inertia properties, aerodynamic proper-

ties, and the kinematics of the rolling motion. Because of the com-

plexities involved, no attempt has been made to explain the mechanism of

the various types of pitch-roll-yaw coupling. Instead, the reader is

referred to References 167-171.

It should be noted that inertial pitch/roll coupling may set the

pitch control power requirements on the aircraft. This is especially

true for Class IV airplanes where very high roll rates are common or

where reduced static stability is employed in the longitudinal axis,

such as the F-16.

E. GUIDANCE FOR APPLICATION

It may be necessary to perform maneuvers with control combinations

other than those specified to determine coupling problems, especially if

the roll controller alone does not meet the control power requirements

of 3.5.9.1. Such maneuvering is likely to occur during air combat

evaluations with Class IV airplanes, as discussed in "Lessons Learned."

F. DDMONSTRATION OF COMPLIANCE

The nonlinear, violent manner :f cross-axis coupling makes flight

testing almost mandatory. However, ground simulation can give some

insight into potential problem areas in the flight regime.

C. SUPPORTING DATA

None.
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K. LESSONS LEARNED

During prototype evaluation of the YF-16 Lightweight Fighter,

coupled loss of control was encountered on two separate occasions.

According to Reference 124, "Lateral performance at low dynamic pressure

was sufficiently high that roll and yaw rates could be generated which

produced a nose-up pitching moment that could not be controlled by full

trailing-edge-down elevator."

Reference 124 concludes:

The most significant conclusion and recommendation con-
cerning the handling qualities of the YF-16 deal with
coupling: A potential for loss of control due to inertial
pitch/roll coupling was predicted after the completion of
stabilator saturation tests conducted during the High
Angle of Attack test phase. The potential was later inad-
vertently demonstrated during the air combat maneuvering
evaluation. The single spin of the flight test program
was also coupling-related. Considering the production
potential of the design, it is significant that: (1) two
coupled departures were experienced during the prototype
program, and (2) both occurred during controlled evalua-
tions flown by highly qualified and experienced pilots.
The deficiency represents a serious hazard to the safe
operational use of the aircraft. The YF-16"s potential
for inertial pitch/roll-coupled departures should be
eliminated even though its occurrence is associated with
the outer portions of the useful flight envelope. The
flexibility afforded by the electronic flight control
system should be fully explored as an alternative to more
complicated and costly means of correcting the defi-
ciency. A reduction in the roll rate available to the
pilot at high angles of attack should be considered.
External aerodynamic configuration changes should be made
to eliminate the potential for inertial pitch/roll
coupling only if the deficiency cannot be corrected by
modification of the flight control computer.

It should be noted that the so-called "stability axis" yaw damper

(in which body centerline axis r - pa is fed back to the rudder) reduces

sideslip in high-angle-of-attack maneuvering but increases roll rate.

This results in increases in the pr and p2 inertia coupling terms in the

pitch axis, e.g.,
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Iz x pr + I (r 2 
- p 2 ) + M

~y lY ly

and therefore aggravates pitch coupling. Use of such a yaw damper

requires a compromise between allowable sideslip and inertia coupling.

663



3.8.2 Crosstalk Between Pitch and Roll Controllers

A. RUIAO R 10Q1UYIRMKr

Force and displacement requirements for pitch and roll controllers

are separately specified elsewhere, but their operation in combination

can cause problems if these characteristics are incompatible.

B. RZATSD MIL-F-8785C REQURI W

3.4.4

C. STATMUT OF RfQUIRMfNT

3.8.2 Crosstalk Between Pitch and Roll Controllers. The pitch- and
roll-control force and displacement sensitivities and breakout forces
shall be compatible so that intentional inputs to one control axis will
not cause inadvertent inputs to the other.

D. RATIONALE BEHIND REQURMUT

Control harmony has several aspects. One problem is that the pitch

and roll control forces must be in the proper ratio for gross unsymme-

trical maneuvers, to enhance proper coordination of the maneuver.

Another problem is that unless the pitch and roll control sensitivities

and breakout forces are properly matched, intentional inputs to one con-

trol can result in inadvertent inputs to the other. For example, many

heavy airplanes with unboosted controls have had aileron forces that

were much too high with respect to the elevator forces. As a result, it

was difficult to control pitch attitude accurately when rolling rapidly

into a turn. In addition, for Class IV highly maneuverable aircraft it

is often difficult to pull the centerstick straight back due to arm and

manipulator geometry and the lack of appropriate arm support. If

lateral forces are low compared to longitudinal forces, some inadvertent

lateral input is inevitable. The intent of this requirement is to pre-

vent these situations.
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Z. GUIDANCE FOR APPLICATION

No discussion necessary.

V. DIMONSTRAION OF COKPLIACZ

Compliance with this requirement will be shown through the course of

normal simulation or flight testing, where pilot comments should reveal

any potential deficiencies.

G. SUPPORTING DATA

None.

H. LESSONS LEANED

This requirement may be of increasing significance with continued

development of sidestick controllers. The force stick of the YF-16 was

especially susceptible to longitudinal/lateral interactions ("cross-

talk"), as described in Reference 124:

...lateral versus longitudinal stick force crossplots and
other quantitative data indicated that the YF-16's prototype

force controller was susceptible to crosstalk during both

classical evaluation and mission-oriented tasks. The pilots
did not identify crosstalk as operationally significant,
possibly because they subconsciously reacted to aircraft

motion and modified their force inputs accordingly. Further
development of the force controller should reflect that the

stick's rotational orientation may not be optimum when aligned
parallel with the longitudinal and lateral axes of the air-
craft. Preliminary quantitative data analysis suggests that
the stick should be rotated clockwise (as seen from above) up
to approximately fifteen degrees.

Later operational experience with the F-16 indicates that crosstalk

is indeed a noticeable problem. For example, left banks are commonly

observed during the pitch rotation for takeoff and landing. The F-16

movable sidestick employs a 12 deg clockwise rotation that essentially

eliminates crosstalk in takeoff and landing.
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3.8.3 Control Harmony

A. REASON FOR REQUIRT

Normal maneuvering involving all three controllers can be taxing if

any one controller requires especially large force inputs.

B. R.&ETD M3IL-F-8785C REQUIRt fIT

3.4.4.1

C. STATEMT OF REQUIREJDT AND RECOSH3IDED VALUES

3.8.3 Control Harmony. The following control force levels are
considered to be limiting values compatible with the pilot's capability
to apply simultaneous forces:

Recommended limits,:

Control Type Pitch Roll Yaw

Sidestick 20 lb 15 lb

Centerstick 50 lb 25 lb

Wheel 75 lb 40 lb (two-handed tasks)
25 lb (one-handed tasks)

Pedal 175 lb

D. RATIONALE BEHIND REQUIRMT

The cockpit control forces required to perform maneuvers which are

normal for the airplane should have magnitudes which are related to the

pilot's capability to produce such forces in combination. The pilot

cannot apply forces simultaneously to all three controls that are as

large as those forces that can be applied to one control at a time.

The 40 pounds allowed for wheel forces is a carryover from MIL-F-

8785C. It is based on the use of two hands, a rare occurrence in most

flying tasks since one hand is on the throttle(s) during maneuvering.

The sidestick forces are based upon both the F-16 movable stick maximum
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forces (Reference 125) and results of the USAF Tesc Pilot Scaool evalua-

tions (Reference 23). The forces chosen are 75-90 percent of the maxi-

mum forces used.

K. GUIDANCE FOR APPLICATION

The key to applying this requirement is in definition of "normal"

maneuvers. Such maneuvers should be specified by tho missions defined

for the aircraft.

F. DEMONSTRATION Of COMPLIANCE

In performing such maneuvers as dives, steady turns, and stalls,

maximum forces should not exceed the combined forces specified herein.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

None.
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3.8.4 Flight at High Angle of Attack

A. REASON POR (UqIRoM T

Requirements on approach to stall, stalls, departures, and subse-

quent motions all apply for high-angle-of-attack (AOA) flight. This

statement defines the purpose of the high-AOA requirements.

B. REL&T NIL-F-8785C RE'IRUIDST8

3.4.2

C. STATMM OF RE(QJ UNT

3.8.4 Flight at High Angle of Attack. The requirements of 3.8.4
through 3.8.4.3.2 concern stall warning, stalls, departures from con-
trolled flight, post-stall gyrations, spins, recoveries, and related
characteristics. They apply at speeds and angles of attack which in
general are outside the Service Flight Envelope. They are intended to
assure safety and the absence of mission limitations due to high-angle-
of-attack characteristics.

D. RATIONALE BEHIND (EIIREI EN

There have been few changes to the MIL-F-8785C high-AOA requirements

for the MIL Standard. As outlined in Reference 122, Interim Amendment 1

(USAF) completely revised the MIL-F-8785B requirements at high angle of

attack, coordinated with the Air Force Flight Test Center's concurrent

new stall/post-stall/spin demonstration requirements, MIL-S-83691.

These changes were the result of reawakened interest in the area, occa-

sioned by numerous aircraft losses. A large number of aircraft inci-

dents have been attributed to loss of control at high angle of attack,

and it was conjectured that many losses in Vietnam combat (with no

evidence to determine a cause) might well be due to the same cause.

Whereas previous requirements had concentrated on demonstration of

acceptable stall and spin characteristics, the new requirements empha-

size prevention of loss of control (departure) as well. All airplanes

are covered with flight demonstration maneuvers and control abuse appro-

priate to the Class and mission. The requirements in this regime of
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nonlinearities remain largely qualitative. Amendment 2 changed many of

Amendment 1's quantitative requirements related to test and evaluation

techniques to qualitative statements, and MIL-F-8785C made no further

changes in high-AOA requirements.

The stall and spin requirements that follow are related by their

occurrence at high angles of attack. Therefore, this requirement is

retained to serve as an overview of characteristics and problems with

high-AOA flight. The discussions presented in "Lessons Learned" sum-

marize recent insights and information on high-AOA flight, applicable in

general to any of the stall/spin requirements.

E. GUIDANCE FOR APPLICATION

In applying the high-AOA requirements, it is worth considering that

the term "high angle of attack" carries different connotations for

different people. For example, 15 deg a may be considered high for a

light single-engine Class I airplane, while pilots of highly maneuver-

able Class IV fighters might consider anything under 30 deg to be low

angle of attack. Therefore, it is important to define just what one

means.

Based upon the requirements of this section, high AOA is considered

to be at and above the AOA for stall warning (3.8.4.2.1). This avoids

need for or specification of a firm number for high AOA.

F. DONSTRATION OF COMPLIANCE

Not applicable.

G. SUPPORTING DATA

Not applicable.

H. LESSONS LEARNED

A recent survey of 33 aircraft manufacturers, research and test

agencies, and operational commands and squadrons (Reference 177) pro-

vides considerable information on "mission phases or tasks involving
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high-AOA flight, past or present flying quality problems, stall/

departure/spin encounter, future desires, etc." While information was

sought on all Classes of airplane, most of the concern on high-AOA

flight dealt with departure/spin resistance for Class IV, highly maneu-

verable airplanes. Concern of operational pilots covered "inadequate

cues, flight control system limiters which obviously remove the pilot

from control, and adequate control power."

A major consensus derived from the Reference 177 survey is that, for

Class IV airplanes,

...high-AOA maneuvering in combat, although spectacular or
glamorous, is not a primary tactic. It is definitely a
subordinate area but one which should not limit the use of
the aircraft. High AOA is equated with high energy loss,
slowing velocity, and becoming an easy target for the
opponent's gun or missile. It is much more desirable to
maintain high specific energy by avoiding hard maneuver-
ing. High-AOA combat generally results from pitting
aircraft of similar performance and maneuvering capabili-
ties against one another. If the opponents have dissimi-
lar performance capabilities the fight generally will not
last long enough to degenerate to high AOA. Thus most
high-AOA flight results from air combat maneuver (ACM)
training against the same type of aircraft. It generally
involves gun fighting, and new weapon systems coming into
the inventory are counted on to reduce gun fighting.

Thus, considering that high-AOA maneuvering is subordinate
to the primary mission but should not limit the aircraft
usefulness, the major expressed concern involved depar-
ture/spin resistance, flight cues, and the role of the
flight control system.

Most Class I airplanes are designed to meet FAA regulations (Refer-

ence 161) and adapted for military operations, so that high-AOA flight

is looked at differently for their usage. Similarly, due to the very

large inertias of Class III airplanes in all axes, high-AOA departure or

large uncommanded motion is rarely enccuntered. The major concern for

departures and spins (3.8.4.3) is therefore Class IV airplanes.

Table 1 (from Reference 177) summarizes pilot opinions on the high-

AOA characteristics of several modern Class IV airplanes. In terms of

design philosophy for high-AOA characteristics, Reference 177 concludes
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that there are three separate schools of thought: aerodynamic dominance

(e.g., the F-5), balanced aerodynamics and flight control system (F-15),

and flight control system dominance (F-16). The military using agencies

"expressed views advocating specification- and design-restraint .... High-

AOA flying quality specification requirements should not dictate air-

craft configuration, flight control system complexity, or even overly

compromise primary mission performance."

It is as a result of these views, in combination, that the high-AOA

requirements are essentially unchanged from MIL-F-8785C, except to make

their wording more in the spirit of the MIL Standard.
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3.8.4.1 Warning cues

A. MUSON FOR NQUIRZNUT

There is a constant need for clear, unambiguous cues to warn the

pilot of potential stall, departure, and spin conditions in high-angle-

of-attack flight.

B. RKLAD MIL-F-8785C RKQUIRMKMNT

3.4.1.1

C. STATDUKNT OF RSQUUIMNT

3.8.4.1 Warning cues. Warning or indication of approach to stall,
loss of aircraft control, and incipient spin shall be clear and unam-
biguous.

D. RATIONAL BERIMD REQUIREMNT

This statement is essentially identical to 3.1.7.1, "Warning and

indication" for dangerous flight conditions. Its addition here is based

upon three observations: 1) the requirement of 3.1.7.1 is intended for

any dangerous flight condition, not specifically high-AOA flight;

2) there may be some instances (e.g., air combat maneuvering) for which

high-AOA flight would not be considered "dangerous"; and 3) warning cues

provided on many recent airplanes for high-AOA flight are considered

inadequate (see "Guidance for Application" and "Lessons Learned").

E. GUIDAN(C FOR APPLICATION

Providing a consistent, useful warning cue to the pilot continues to

be a problem, A survey of pilots of Class IV airplanes (Reference 177)

showed this is to be the case. Table 1 (3.8.4) lists the available

high-angle-of-attack cues for various fighter airplanes. Reference 177

summarizes:
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Lack of adequate high-AOA maneuvering/stall non-visual
(e.g., tactile) cues ranked very high on the pilots' prob-
lem list. Such cues are a primary source of information
when attention is directed away from the instruments - as
is generally the situation surrounding stall encounter.
Cues are equally important in air combat to establish
maximum and/or optimum maneuver conditions. It appears
that very few aircraft have adequate non-visual cues. In
particular, single-crew aircraft require a separation of
information channels which might be compared with the need
for frequency separation in highly augmented aircraft with
uncoupled modes of control. That is, artificial devices
such as stick or rudder pedal shakers can be (and are)
masked by buffet; aural tones can be (and are) masked by
radio communications or missile arming and lock-on tones.
The preferred cues are buffet itself and possibly the most
consistent and desirable tactile cues - stick force and
position. These were stressed over and over by the opera-
tional pilots.

The key cues which provide positive indication of

changing aircraft AOA or energy state are:

* Stick force (per knot or g)

0 Stick position

0 Buffet level

0 Uncommanded aircraft motion

* Artificial warning devices

It must be emphasized here that the intent of this requirement, like

all the high-AOA requirements, is not to force an artificial limit on

the airplane. The Reference 177 survey of using agencies concludes

that:

Prevention of dangerous flight conditions via maneuver
limiters drew strong objections from a large segment of
the military community. Such devices are viewed as
double-edged swords; they inflexibly protect the aircraft
(and crew) from inexperienced or inept piloting at the
cost of an (arbitrary) imposed safety margin. In so doing
they become a pilot equalizer and make aircraft maneuver-
ing performance predictable to the enemy. Finally, pro-
tective limit requirements generally vary with aircraft
loading (external or internal) and therefore to be effec-
tive entail considerable complexity.
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F. DDONSTRATION OF COMPLIANCE

Due to the complex nature of high-angle-of-attack flight, final

compliance with this requirement will necessitate flight testing. If

artificial warning cues are utilized, verification may include ground

simulation.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

Pilot comments on the cues available in several fighter airplanes

are summarized in Table 1 (3.8.4). Additional information on the F/A-

18A at high angles of attack (Reference 245) shows that it has inade-

quate buffet and natural stick force cues, though an a feedback in the

CAS provides a good artificial stick force cue. A warning tone is also

employed.

Artificial warnings have proven to be inadequate on many airplanes.

Reference 177 discusses the F/FB-ill in particular:

It was designed to have (and does have) the very best
flying and ride qualities throughout its operational
flight envelope. It is described as the Cadillac of mili-
tary aircraft. This is accomplished largely through the
incorporation of:

* High-gain/authority command augmentation systems

0 Maneuver enhancement devices (automatic configura-
tion changes)

* Automatic series trim

As a result, the flying qualities pertaining to stick
force, stick position, and aircraft motion remain essen-
tially invariant until stall or departure occurs. There
is little buffet and even this does not change appreciably
with AOA. Thus, the aircraft suddenly falls off a
"cliff." Three artificial cues - a stick shaker, a horn,

and panel lights - are provided which activate at 14 deg
AOA, well below the departure AOA of 20-21 deg. However,

these have met with little success in preventing stalls
and loss of control. A control system modification is now
being retrofitted which will restore the needed stick
force/position cues.
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3.8.4.2 Stalls

A. RUSON FOR IRQUIRUMET

This introductory statement specifies the conditions to be consid-

ered in applying the stall requirements of 3.8.4.2.1, 3.8.4.2.2,

3.8.4.2.3, and 3.8.4.2.4.

B. UILAT MIL-F-8785C 3EQUIRR T

3.4.2.1

C. STATEMENT OF RBQUIRZ(ENT

3.8.4.2 Stalls. The stall requirements apply for all Aircraft
Normal States in straight unaccelerated flight and in turns and pullups
with attainable normal accelerations up to nL. Specifically, the
Aircraft Normal States to be evaluated are: . Also,
the requirements apply to Aircraft Failure States that affect stall
characteristics.

D. RATIONALE BEHIND RKIRKNT

The subparagraphs that fall under this statement contain qualitative

and quantitative requirements pertaining to the stall. As Reference 122

concludes, stall classically corresponds to maximum lift coefficient,

that is, CLa - 0; but other accepted indicators of stall or maximum

usable lift are uncommanded motion in pitch, roll or yaw, and intoler-

able buffeting. Consonant with deletion of specific rules for estab-

lishing the Permissible Flight Envelope, MIL-F-8785C deleted mention

that VS and aS may be set by conditions other than aerodynamic flow

separation. Although the contractor may set the low-speed bound of the

Permissible Flight Envelope arbitrarily, there is no need to state that

here. (Regardless of the boundary location, we would expect full stalls

to be demonstrated if attainable.) Note that according to 3.8.4.1, the

contractor must provide adequate warning or indication of approach to

stalls.
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A fixed-base simulator investigation of high-angle-of-attack charac-

teristics (Reference 170) suggests that the definition of stall should

be modified:

[Previous specifications have defined] stall to be based
on CL ; abrupt uncontrollable pitching, rolling, or yawing;
or inT~erable buffet. The results of our piloted simulation
indicate that any abrupt aperiodic rolling or yawing motion
which occurs without being preceded by noticeable "g-break" is
considered [by the evaluation pilots] to be a departure, not a
stall, and results in severely downgraded flying qualities.
Thus, abrupt roll or yaw motion should be deleted as an allow-
able definition of stall and should not occur prior to stall.
If such characteristics cannot be achieved with the airframe
alone, then the flight control system should prevent reaching
the AOA at which the abrupt rolling or yawing motion is ob-
tained.

E. GUIDANCE FOR APPLICATION

The configuration, throttle settings, and trirL settings of 4.2.2 may

be specified for investigation.

F. DIMOSTRATION OF OMPLIANCE

Due to the extremely nonlinear nature of stalls and stall warnings,

the procuring activity should consider simulation or flight testing in

lieu of analysis for demonstrating compliance (see, e.g., Reference

170).

C. SUPPORTING DATA

None.

H. LESSONS LEARNED

The definitions of stall (Paragraphs 4.2.2 and 4.2.5) include occur-

rence of "uncommanded pitching, rolling, or yawing." This also is a

characteristic of (undesirable) departure. The difference between the

two generally involves energy state. The higher the energy state, the

more rapid the uncommanded motion. If uncommanded pitch, roll, or yaw

defines both stall and departure, then some rate of motion boundary
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should be established to distinguish between the two. At present there

is insufficient information to define such a boundary.

Results of the piloted simulation of Reference 170 indicate that

"any abrupt aperiodic rolling or yawing motion which occurs without

being preceded by noticeable 'g-break' is considered to be a departure,

not a stall, and results in severely downgraded flying qualities. Thus,

abrupt roll or yaw motion should be deleted as an allowable definition

of stall and should not occur prior to stall." This could be especially

critical in accelerated flight, where it is possible to pull rapidly

through any stall warning or g-break, and into a depature.
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3.8.4.2.1 Stall approach

A. REASON FOR I(U~IRUMWT

Approach to stall should always be clearly indicated to the pilot

with sufficient margin (airspeed or angle of attack) to recover from the

incipient stall.

B. ULEATZD -IL-F-8785C RKqMWMTS

3.4.2.1.1, 3.4.2.1.1.1, 3.4.2.1.1.2

C. STATEMET OF REQ(IRM4ENTS AND RECOMENDED VALUES

3.8.4.2.1 Stall approach.

a) The onset of warning of stall approach (3.8.4.1) shall
occur within the following speed range for 1 g stalls:

, and within the following range (or percentage) of
lift for accelerated stalls: , but not within
the Operational Flight Envelope.

b) An increase in intensity of the warning with further in-
crease in angle of attack shall be sufficiently marked to
be noted by the pilot. The warning shall continue until
the angle of attack is reduced to a value less than that
for warning onset. Prior to the stall, uncommanded
oscillations shall not result in flying qualities less
than Level

c) At all angles of attack up to the stall, the cockpit con-
trols shall remain effective in their normal sense, and
small control inputs shall not result in departure from
controlled flight.
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Recommended warning ranges:

I g Stalls:

Minimum Speed Maximum Speed
Flight Phase for Onset for Onset

Approach Higher of 1.05VS or Higher of 1.10V S or
VS + 5 knots VS + 10 knots

All other Higher of 1.05VS or Higher of 1.15V S or
VS + 5 knots VS + 15 knots

Accelerated Stalls:

Minimum Lift Maximum Lift
Flight Phase at Onset at Onset

Approach 82% CL stall 90% CL stall

All other 75% CL stall 90% CL stall

For Part b) of the requirement it is recommended that Level 2 flying

qualities be required.

D. RATIONALE BEHIND REQUIREMENT

The MIL-F-8785C paragraphs combined in this requirement are largely

unchanged. The largest modification has been in the wording of warning

for stall approach. Where (a) refers to the new, all-encompassing

warning requirement (3.8.4.1), MIL-F-8785C specified that "The stall

approach shall be accompanied by an easily perceptible warning consist-

ing of shaking of the cockpit controls, buffeting or shaking of the

airplane, or a combination of both." Removal of this phrase is consis-

tent with both the new warning cue requirement and the MIL Standard

format of minimal wording in the Standard.

The stall approach requirement of MIL-F-8785 (3.4.2.1.1) explicitly

forbade onset of stall warning within the Operational Flight Envelope.

However, for Class III aircraft in particular, most stalls are encoun-

tered during high altitude cruise, in-flight refueling, or in the land-

ing pattern where the Operational and Service Flight Envelope boundaries
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tend to coalesce. Thus stall warning onset within the Operational

Flight Envelope may be desirable and should not be legislated against.

The warning range for accelerated stalls would, ideally, be mission

dependent (e.g., air-to-ground versus air-to-air), considering the aver-

age altitude available for recovery, the rapidity of speed bleedoff for

the vehicle/weapon configuration, and departure susceptibility/severity

characteristics. There is insufficient data available to establish such

mission-dependent criteria, so the requirements of MIL-F-8785C have been

retained.

E. GUIDANCE FOR APPLICATION

A requirement limiting "uncommanded oscillations" is clearly quite

arbitrary: one pilot may prefer no uncommanded motion associated with

approach to stall, while another might consider such motion a "necessary

evil" and find oscillations acceptable. The results of the piloted

simulation of Reference 170 suggested that a noticeable "g-break" indi-

cated stall while any aperiodic uncommanded motion (in any axis) of

greater than 20 deg/sec signified departure.

F. DEWNSTRATION OF COMPLIANCE

Because of the nonlinear and unpredictable nature of high-angle-of-

attack aerodynamics, demonstration of compliance should be accomplished

in fight test.

G. SUPPORTING DATA

None.

H. LESSONS LEARNED

See Reference 170.
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3.8.4.2.2 Stall characteristics

A. REASON FOR REQUUIU T

In order for an airplane to be controllable in a developed stall,

uncommanded angular excursions should be reasonably small and, in the

case of pitch excursions, in a direction that will enhance controlla-

bility. If these conditions cannot be met, the aircraft is considered

to have departed from controlled flight.

B. RELATED IIL-F-8785C DZQUIENMT

3.4.2.1.2

C. STAT TlNK OF REQUIRENT AND RECOIKDRD VALUES

3.8.4.2.2 Stall characteristics. The following apply for all
stalls, including stalls entered abruptly:

a) In the unaccelerated stalls of 3.8.4.2.1, the aircraft
shall not exhibit rolling, yawing, or downward pitching
at the stall which cannot be controlled to stay within

deg.

b) It is desired that no pitchup tendencies occur in unaccel-
erated or accelerated stalls. However, in unaccelerated
stalls, mild nose-up pitch may be acceptable if no pitch
control force reversal occurs and if no dangerous, unre-
coverable or objectionable flight conditions result. In
accelerated stalls, mild nose-up tendency may be accept-
able if the operational effectiveness of the airplane is
not compromised and the airplane has adequate stall
warning, pitch control effectiveness is such that it is
possible to stop the pitchup promptly and reduce the angle
of attack, and at no point during the stall, stall ap-
proach or recovery does any portion of the airplane exceed
structural limit loads.

Recommended values: Recommended angular excursion limits are 20 deg

for Classes I, II and III, or 30 deg for Class IV airplanes.
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D. NATIONAL BIHIND RE(ZIR

The 20 deg or 30 deg limits are on the amount of attitude change at

stall. Any such change should be in a normal direction.

E. GUIDANCE FOR APPLICATION

There is no mention of angular rates which may be more important to

the pilot at stall. The transients due to failure of the primary flight

control system (3.2.7.2, 3.5.8.2, 3.6.4.2) are recommended to be less

than *0.5 g laterally or longitudinally and *10 deg/sec roll rate within

2 seconds. A similar constraint could be defined for unaccelerated

stalls.

F. DCE=STRTION OF COMPLIANCE

As with all the stall requirements, flight testing will be neces-

sary.

G. SUPPORTING DAT

None.

H. LESSONS LEARND

References 168 and 170 point out that cases exist in which a pilot's

attempts at stabilization do not help, but actually induce

instability. For example, with the A-7, aerodynamic coupling between

longitudinal and lateral-directional motions while sideslipping is shown

to be the cause of departure from controlled flight. While sideslip is

not specifically mentioned in these requirements, it probably should be;

some sideslip is common, even unavoidable at high angles of attack.

Airplanes rarely have a decent zero-sideslip reference.

This requirement legislates against pitchup tendencies, but not

against pitch down. For large (Class III) airplanes, nose-down pitching

is undesirable, according to Reference 177, because of:
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*..the very large inertias involved and the excessive
altitude loss which is incurred before recovery. The
regions where stall is most usually encountered may also
be important, e.g., pitch down due to stall at cruise
ceiling could lead to Mach overspeed while pitch down in
the landing pattern could easily lead to a nonrecoverable
dive. The preferred recovery sequence is to set the air-
craft nose on the horizon, add full power, and wait for
the aircraft to regain flying speed. The preferred metric
is the "dwell" time between recovery initiation and re-
gaining of flight speed. Altitude lost due to settling is
less than that due to a diving recovery.

This is consistent with the training procedures used for civil

transport aircraft. For example, Reference 246 describes the stall

series used in 747 training and recurrent checks:

...a Vref (final approach) speed is computed for the land-
ing weight and a "bug" positioned next to this number on
the airspeed gauge. The first stall is made clean with
wings level, the next in a 20-degree bank with 10 degrees
of flaps, and the third straight ahead with the gear down
and landing flaps (30 degrees). In each exercise the
engines remain spun up but at low thrust settings. These
configurations approximate those seen in near-airport
maneuvering.

The recovery from each is the same: at buffet or
stick shaker, apply go-around thrust, lower the nose to
five degrees above the horizon and level the wings. When
properly executed, the 747 will resume normal flight with
little or no loss of altitude. Rough handling ensures a
secondary buffet or shaker, or both, and substantial
altitude loss.
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3.8.4.2.3 Stall prevention and recovery

A. REASON FOR REQUIRENMENT

Pitch control power at the start of the stall warning (see 3.8.4.1)

must be sufficient to prevent the stall without excessive pilot effort;

recovery after stalling should likewise be possible with moderate

effort.

B. RELATED MIL-F-8785C REQUhIR0NT

3.4.2.1.3

C. STATMENDT OF REQUIREMENT AND RECOMMENDED VALUES

3.8.4.2.3 Stall prevention and recovery.

a) It shall be possible to prevent the stall by moderate use
of the pitch control alone at the onset of the stall
warning.

b) It shall be possible to recover from a stall by simple use
of the pitch, roll, and yaw controls with cockpit control
forces not to exceed, and to regain level flight
without excessive loss of altitude or buildup of speed.
Throttles shall remain fixed until an angle of attack
below the stall has been regained unless compliance would
result in exceeding engine operating limitations.

c) In the straight flight stalls of 3.8.4.2, with the air-
craft trimmed at an airspeed not greater than 1.4 %s,
pitch control power shall be sufficient to recover from
any attainable angle of attack.

Recommended value: It is recommended that the control force limits

of 3.8.3, "Control Harmony," be applied.

D. RATIONALE BEHIND REQUIREMENT

Prevention of and recovery from the stall must always be simple for

the pilot. MIL-F-8785C included the requirement that throttles remain

fixed until "speed has begun to increase." This has been removed in

recognition of the method of stall recovery used for both light trainer
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(Class I) airplanes and heavy (Class III) airpleDes: release back

pressure on the wheel, lower the nose to the horizon, and add power --

whether airspeed has begun to increase or not . As long as the wing is

unstalled, the addition of power will aid in flying out of the stall

with minimal altitude loss.

E. GUIDANCE FOR APPLICATION

None.

F. DD ISTRATION OF COMPLIANCE

Part b) will almost assuredly require some flight testing; for

Part a), simulation may be sufficient provided the aircraft aerodynamics

are well modeled up to the stall.

C. SUPPORTINC DATA

None.

H. LESSONS LEARNED

A potential criterion for specifying stall recovery requirements for

Class III airplanes is "dwell time" (Reference 177). As mentioned in

3.8.4.2.2, "dwell time" is the time between occurrence of the stall and

recovery of flying speed. This is in accordance with the standard

practice for stall recovery: keeping the nose at the horizon and adding

thrust, rather than letting the nose fall through the horizon before

thrust is applied.

Reference 247 shows that for three Class III airplanes (S-3A,

L-1011, and C-5A) maximum nose-down pitch acceleration at the stall was

less than or equal to 0.08 rad/sec 2 for 90 percent of the stalls. It

therefore suggests that a pitch recovery criterion could be that the

pitch control produce ; > 0.8 rad/sec 2 at stall.

During stall testing of the F-16A/B with aft c.g. loadings, an

upright deep stall was encountered, requiring a spin parachute for

recovery. Figure I shows a time history of a deep stall. Analysis of
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Figure 1 (3.8.4.2.3). Time History of Unrecoverable Deep Stall
Encountered by F-16B (Reference 248)
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the F-16 flight control system suggests that the deep stall condition

may have been aggravated by an anti-spin SAS (Figure 2) which is

activated at a > 29 deg, combined with a longitudinal stick gain to

remove the pilot from the loop. Figure I shows the point at which the

anti-spin SAS became active (t 1 10 sec). A lateral limit cycle

oscillation developed, possibly caused by the anti-spin SAS, and cross-

axis coupling caused the aircraft to pitch to still higher AOA and

subsequent deep stall.

4 80 = 8F + 8 HT

a

P +I + S

ay

Figure 2 (3.8.4.2.3). Anti-Spin SAS for F-16B
(a > 29 deg)

Recovery from this deep stall [which might arguably be defined as a

post-stall gyration (3.8.4.3.2)], without a spin chute, required a

manual pitch override (HPO) in the longitudinal SAS (Reference 248):

•..a manual pitch override system was installed in the
test aircraft to allow pilot control of the stabilator
in a deep stall condition (upright or inverted) and
thus allow the aircraft to be "rocked out" of the deep
stall .... This pitch override system required the pilot to
hold a toggle switch, located on the left console, in the
OVRD position during usage. The switch was spring loaded
to the NORM position. When selected, the pitch override
(a) eliminated the negative g limiter to allow TED stabil-
ator control and (b) for AOA greater than or equal to
29 degrees, eliminated the AOA limiting and pitch inte-
grator functions to allow trailing edge up (TEU) stabila-
tor control.

689



An MPO switch is now included in production aircraft, but, according

to Reference 248, its operational utility is questionable:

The MPO was an effective upright deep stall recovery
device when utilized properly .... However, the ability of
the operational pilot to properly and readily adapt to
the usage of the MPO remains a concern. During flight
tests with pilots who were extremely familiar with the
deep stall environment, as many as four total cycles of
the stick were required before an effective cycle was
achieved. The primary difficulty encountered involved
improper phasing with existing pitch oscillations. Proper
phasing became much more difficult when severe roll oscil-
lations existed. The rolling tendency (to as much as
90 degrees bank angle) masked the pitching motion of the
aircraft.

Such phasing between stick and airplane motion could be considered a

violation of the wording of this requirement; i.e., this is not a

"simple" use of the pitch control.
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3.8.4.2.4 One-engine-out stalls

A. REASON FOR XQUIREMEI

Some multi-engine airplanes exhibit violent, unacceptable rolling or

yawing tendencies in engine-out stalls.

A. MAD IL-F-8785C REQUIR r

3.4.2.1.3.1

C. STATEENT OF REQUWIM

3.8.4.2.4 One-engine-out stalls. On multi-engine aircraft it shall
be possible to recover safely from stalls with the critical engine inop-
erative. Thrust on the remaining engines will be at:

Thrust values or ranges should be provided by the procuring activity

(see "Guidance for Application").

D. RATIONALE WEIND RQJIREN

Loss of an engine in low-speed flight will often lead to a stall,

especially in a critical Flight Phase such as takeoff. The large yawing

and rolling moments produced by an engine-out situation can then induce

a spin if recovery from the stall is not immediate.

3. UIDANc FOR APPLICATION

For best application of this requirement the procuring activity may

choose to specify the Flight Phases and thrust settings for testing.

MIL-F-8785C included the following table:

Flight Phase Thrust

TO Takeoff

CL Normal climb

PA Normal approach

WO Waveoff
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FAR Part 25 (Reference 118) requires that recovery be possible "with the

remaining engines at up to 75 percent of maximum continuous power, or up

to the power at which the wings can be held level with the use of maxi-

mum control travel, whichever is less." FAR Part 23 (Reference 161) is

more severe in that it has the additional requirement that the airplane

not display any undue spinning tendency during the single engine stall

demonstration.

Throttling back on the operating engines during stall recovery is

allowable.

F. DIMOSTRATION OF COMPLIANCE

Flight testing will be necessary.

G. SUPPORTING D3ATA

None.

H. LESSONS LEARNED

There is some evidence that stalls with one engine inoperative and

the other(s) at high power have led to departures and, in some cases, an

out-of-control condition due to a flat spin. This has occurred on con-

temporary fighter aircraft as well as on light twin engine aircraft,

usually as a result of delayed recovery controls. Because of the

inherent critical nature of this demonstration, it ts recommended that

auxiliary spin recovery devices be installed during tIe tests.
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3.8.4.3 Departures and Spins

A. EASO M RI (MMIUnT

The conditions for consideration of departure and recovery from

post-stall gyrations and spine are delineated.

B. RELATKD )IL-F-8785C RQUIREfT

3.4.2.2

C. STATIURIT (W tEQUIREMNT

3.8.4.3 Departures and Spins. The post-stall gyration and spin
requirements apply to all modes of motion that can be entered from
upsets, decelerations, and extreme maneuvers appropriate to the Class
and Flight Phase Category. The requirements hold for all Aircraft
Normal States and for all states of stability and control augmentation
systems, except approved Special Failure States. Store release shall
not be allowed during loss of control, spin or gyration, recovery, or
subsequent dive pullout. Automatic disengagement of augmentation
systems, however, is permissible if it is necessary and does not prevent
meeting any other requirements; re-engagement shall be possible in
flight following recovery. Specific flight conditions to be evaluated
are:

D. RATIONALE BEHIND REc IREKENT

Similar to the introductory requirement for stalls (3.8.4.2), the

conditions to be considered are specified for departures and spins.

Several lines of the MIL-F-8785C counterpart dealing with specific test

conditions have been removed to encourage more mission- and Flight

Phase-oriented requirements. If the user prefers, the more general NIL-

F-8785C conditions may be specified (see "Guidance for Application").

E. cIDANEI IR APPLICATION

MIL-F-8785C included the following as guidelines for t-ting:

Entries from inverted flight shall be included for Class I
and Class IV airplanes. Entry angles of attack and side-
slip up to maximum control capability and under dynamic
flight conditions are to be included, except as limited by
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structural considerations. For all Class and Flight Phase
Categories, thrust settings up to and including MAT shall
be Included, with and without one critical engine inopera-
tive at entry.

Rather then tabulate explicit conditions to be investigated, the procur-

ing activity may choose to simply require compliance with these guide-

lines. However, Reference 177 takes exception to the last sentence

above:

The one-engine-ino ,trative requirement should not be a
universal requirement. It may be a legitimate requirement
for large multi-engine aircraft but not for twin-engine
fighters where asymmetric thrust moments can exceed
available control moments. Inadvertent loss of one engine
during departures in the F-14 invariably leads to a non-
recoverable flat spin.

F. IMfONSTATION OF COKIPLIANCE

If spin testing is required for complying with 3.8.4.3.1 and

3.8.4.3.2, the contractor must follow the guidelines of this

requirement. If actual demonstration is not required, some flight

testing and some analysis may still be necessary (see 3.8.4.3.2 and

discussion).

G. SUPFORTNG DATA

None.

H. ISSONS LEARNED

See discussions on the deep stall characteristics of the F-16

("Lessons Learned," 3.8.4.2.3) concerning the augmentation system modi-

fications used for recovery.
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3.8.4.3.1 Departure from controlled fliaht

A. HMuEM IRE u1RiuMr

Departure resistance is a prime concern for highly maneuverable air-

craft operating in high-angle-of-attack flight. So far it has been

difficult to arrive at an agreed-upon method of predicting departure

susceptibility.

B. UMATE KIL-F-8785C 3R3(MEf

3.4.2.2.1

C. STATZUMEr OF ,R3EMMIMUf

3.8.4.3.1 Departure from controlled flight. The aircraft shall be
resistant to departure from controlled flight, post-stall gyrations and
spins. Adequate warning of approach to departure (3.8.4.1) shall be
provided. The airplane shall exhibit no wicommanded motion which cannot
be arrested promptly by simple application of pilot control.

D. RATIONALE BEI D uqjUI uREM

The definitions of departure susceptibility and resistance from MIL-

S-87691A are pertinent here:

Extremely susceptible to departure: departure from
controlled flight will generally occur with the
normal application of pitch control alone or with
small roll and yaw control inputs.

Susceptible to departure: departure from controlled
flight will generally occur with the application or
brief misapplication of pitch and roll and yaw con-
trols that may be anticipated in operational use.

Resistant to departure: departure from controlled
flight will only occur with a large and reasonably
sustained misapplication of pitch and roll and yaw
controls.

Extemely resistant to departure: departure from
controlled flight can only occur after an abrupt and
inordinately sustained application of gross, abnor-
mal, pro-departure controls.
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MIL-F-8785C required the airplane to be extremely resistant; this

has been reduced to resistant. In the words of Reference 177, "The

requirement of 'extremely resistant to departure' can be expected to

dictate aircraft configuration or flight control system complexity, or

both -- precisely what the using commands warn against. Their prefer-

ence is that the aircraft be departure/spin resistant." See also

"Lessons Learned," 3.8.4. Easing this requirement also allows for those

(admittedly rare) occasions when pilots of Class IV airplanes want to

use departure as a last-ditch evasive maneuver during air combat. The

major difference, reflected in the definitions above, is in requiring
"reasonably sustained application of ... controls" and "inordinately

sustained application of gross, abnormal, pro-departure controls" for

producing a departure. This difference should not be important except

during air-to-air combat.

A requirement for a departure warning (see 3.8.4.1) reflects pilots'

concerns. According to Reference 177,

Warning is needed which is separate and distinct from
stall warning. Margins (maximum and minimum) between
warning onset and actual departure should be dependent
upon pitch control power (how rapidly the aircraft can
transit the warning region), departure severity, spin
susceptibility, and aircraft mission.

Several quantitative requirements were suggested in Reference 170.

While there is insufficient support for incorporating them as such, they

may be very useful for guidance in early analysis. Detailed discussion

of this reference is given in "Supporting Data." A fixed-base piloted

simulation of an F-4J found that:

...pilot perception of lateral-directional departure

suscegtibility is related to one zero of the numera-
tor N1 [6stk is lateral stick, comanding ailerons
and sJflers] becoming negative. Root magnitudes
more negative than -0.5 rad/sec were consistently
rated as departure-susceptible, while those less
negative (or positive) are rated as departure-
resistant. This criterion reflects a closed-loop
divergence rate limit related to the pilot's theshold
for uncommanded uotion or ability to cope. As such
it is a pilot-centered criterion which should be
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applicable for any flight situation, although it has
been identified in a low-Mach-number, fixed-base
simulation. It is consistent with the empirically
established airframe-alone departure/spin criterion
boundaries of Weissman [Reference 175] and ectends
applicability of that criterion (Lateral Control
Divergence Parameter, LCDP] to highly augmented
airframe cases. It is also consistent with previous
in-flight simulation of maximum controllable aperi-
odic divergence rates. Finally, it serves as both a
design guide and a flying quality specification item.

The Lateral Control Divergence Parameter is defined, in stability

axes, as

LCDP - Cno - C£6a CIO

a

Generally, LCDP should be greater than about -0.001. For the unaug-

mented airframe, according to Reference 170,

A value of 1/T, - -0.5 corresponds for the airframe
tested to an elfective LCDP of -0.001 and thus is
consistent with and supports the empirically derived
LCDP departure boundary developed by Weissman.

And, finally, a recommendation that no aperiodic uncommanded motion

exceed 20 deg/sec was made in Reference 170, "based on a rough average

of the simulation pilots' commentary as to their definitions of

departure."

E. GUIDANCE FOR APPLICATION

This qualitative requirement is subject to the usual interpretation

problems. There is a need for some limit between what is labeled a

"stall" or a "departure."

F. DEMONSTATION OF COMPLIANCE

Flight testing is almost a necessity since it is difficult to define

an accurate aerodynamic model for post-stall flight. If simulation is

allowed, the procuring activity may prefer fixed-base over moving-base

to avoid problems with confusing or unrealistic motions that might

influence pilots' perceptions.
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G. SUPPORTING DATA

Recent research contracts sponsored by the Air Force have generated

information into the causes of departures and spins. Some of these are

discussed in Reference 176; examples of resulting reports include Refer-

ences 168, 170, 175, and 177.

In the fixed-base piloted simulation of Reference 170, various

maneuvers (bank-to-bank and windup turns, and pullups) were performed

with and without a target aircraft. The simulated aircraft was based

upon an F-4J, and aerodynamic parameters were varied to assess the

effects of these parameters on handling qualities. Evaluationa of

departure susceptibility or resistance (based upon the MIL-F-83691A

definitions, see "Rationale Behind Requirement") were different for the

two pilots.

In closed-loop pilot/vehicle analysis it was found that flying

techniques at high angles of attack were quite different for the two

pilots. However, a correlating factor was found to be the value of one

zero of the roll attitude numerator 14 stk, where 6stk simply indicates

that lateral stick controls a combination of ailerons and rolling spoil-

ers (of the six aerodynamic configurations evaluated, two included

lateral augmentation with a stick-to-rudder interconnect as well). At

high angles of attack and in asymmetric flight, Reference 170 shows that

extreme adverse aileron yaw or lateral-longitudinal coupling can produce

an unstable zero in the Ntstk numerator. (This zero may be first-order,

or second-order if < 1), while the vehicle dynamics (i.e, p, p,

ap' lsps / / ITs, d' and Wd) may all be acceptable. Thus, the

vehicle controls-free is stable, but pilot attempts to control roll

attitude can produce a closed-loop instability, as shown in the sketch

below:
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Results of the Reference 170 simulation found strong correlation

between the value of I/T01 at departure and pilot evaluations of depar-

ture susceptibility, Figure 1.

For classical aircraft with no lateral-longitudinal coupling, the

square of the estk frequency term, w [or (1/T#I)(l/T W] is approxi-

mated (Reference 66) by:

I2

No - La ~a ~

L6a

CC., a % Sb

- no C'6--- Iz

LCDP, which is defined by the bracketed expression above, is simply a
2

non-dimensional approximation for wi . In the Reference 170 evaluation,

I/T.I of -0.5 corresponded to LCD? of -0.001.

i. LZSSOCS LEAREMD

None.
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Figure 1 (3.8.4.3.1). Departure Susceptibility Rating
Versus Lateral Closed-Loop Divergence Potential

(from Reference 170)
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3.8.4.3.2 Recovery from post-stall gyrations and spins

A. REASON FOR iQUIRMENT

Recovery from post-stall gyrations and spins must be possible and

prompt, with simple control application.

B. REIATED NIL-F-8785C REQUIREMN

3.4.2.2.2

C. STATMW OF REQIRMW AD RECOIMIKUED VALUES

3.8.4.3.2 Recovery from post-stall gyrations and spins. For
aircraft that, according to MIL-A-8861, must be structurally designed
for spinning:

a) The proper recovery technique(s) must be readily
ascertained by the pilot, and simple and easy to apply
under the motions encountered.

b) A single technique shall provide prompt recovery from
all post-stall gyrations and incipient spins, without
requiring the pilot to determine the direction of
motion and without tendency to develop a spin. The
same technique used to recover from post-stall gyra-
tions and incipient spins, or at least a compatible
one, is also desired for spin recovery. For all modes
of spin that can occur, these recoveries shall be
attainable within:

c) Avoidance of a spin reversal or an adverse mode change
shall not depend upon precise pilot control timing or
deflection. It is desired that all aircraft be
readily recoverable from all attainable attitudes and
motions. The post-stall characteristics of those
aircraft not required to comply with requirements of
this paragraph shall be determined by analysis and
model test.

d) Safe and consistent recovery and pullouts shall
be accomplished without exceeding the following
forces: P and without exceeding struc-

tural limitations.
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Recommended values: Recovery should be specified in terms of allow-

able altitude loss or number of turns, measured from the initiation of

recovery action:

Turns for Altitude

Class Fliaht Phase Recovery Loss*

I Category A, B 1-1/2 1000 ft
I PA 1 800 ft

Other classes PA 1 1000 ft
Other classes Category A, B 2 5000 ft

*Not including dive pullout.

For conditions that require control actions in more than one axis it

is recommended that the forces specified by Para. 3.8.3, Control Har-

mony, be applied.

D. RATIONALE BEHIND REQUIREMENT

Reference 122 described the evolution of the Mil-F-8785 require-

ments:

Prior to Amendment 1 to MIL-F-8785B there had been no gen-

eral requirements on post-stall gyrations, as distinguished
from spins. MIL-F-8785B had only a reference to the then-
current spin demonstration requirements of the Air Force
(MIL-S-25015) and the Navy (MIL-D-8708). For airplanes to
be spun, MIL-S-25015 required ready recovery from incipient
and fully developed (5-turn) spins -- 1-turn spins for
landing, 2 turns inverted. MIL-F-8785B Amendment 1 kept the
MIL-S-25015 numbers of turns for spin recovery and added
more bounds on altitude loss during recovery. The Class I
requirements are similar to those of FAR Part 23 for the
Aerobatic Category. Amendment 2 deleted all altitude
bounds, on the premise that wing loading and drag are set by
other considerations, leaving only turns for recovery to
determine altitude loss, and that these bounds on turns for
recovery could not reasonably be reduced further. Amendment
2 also deleted a number of Amendment l's "specifics" on
departure techniques, as well as an Amendment 1 requirement
for the start of recovery to be apparent within 3 seconds
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or one spin turn. Those specificatfon features indicated
desirable tests and characteristics, but added considerable
detail in areas where design capability is lacking. That
material is felt to be more pertinent to a flight demonstra-
tion specification such as HIL-6-83691.

Changes from MIL-F-8785C reflect real-world approaches to spin

recovery. The specification of recovery in terms of altitude loss is a

return to Amendment I of MIL-F-8785B, based upon what the pilot really

is concerned about. For example, the piloted simulation of Reference

170 included an airplane model that would not spin, but showed a

... low-frequency wallowing that masks departure. At the
same time, the wallowing does not generate sufficiently
rapid motion to excite inertia cross-coupling and PSG. All
pilots tended to continue fighting to maintain control well
past full stall, incurring excessive altitude loss. How-
ever, if controls were released at any time the aircraft
would immediately go into a nose-low spiral and recover by
itself.

The high-AOA characteristics were otherwise considered quite good, but

the excessive loss of altitude was unacceptable: "pilot commentary

indicated the overall departure ratings were heavily influenced by alti-

tude loss and mission phase."

Reference 177 also shows preference for an altitude-based metric:

Altitude loss per turn can vary drastically with different
spin modes (e.g., steep versus flat), and a given vehicle
may exhibit more than one spin mode. The allowable altitude
loss, which is highly mission-related (e.g., air-to-ground
versus air-to-air), appears to be a more appropriate recov-
ery metric than turns for recovery.

Ideally the altitude-loss requirement would also be a function of

altitude above the ground, since a PSG at (say) 80,000 ft would not be

as critical as one at 2000 ft above the ground.

E. GUIIDCE McR APPLICATION

This requirement is intended for airplanes that must be designed to

withstand the forces of post-still gyrations and spins, based upon MIL-

A-8861.
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F. DCOUS7RATIOI OF COUMPLIANCE

The procuring activity may choose to require flight testing for some

airplanes (especially Classes I and IV). Analysis and spin-model

testing may augment these flight tests or, for other aircraft, take

their place.

G. SUPPORTING DATA

None.

H. LESSONS LERED

The F-4 series of airplanes serve as excellent examples of what is

good and bad with this requirement. Reference 130 summarizes a wide

body of experience in spin testing of the F-4. The airplane was pre-

dicted by model tests to have steep erect and inverted oscillatory modes

as well as a flat spin mode. Reference 130 quotes flight-test reports

concerning spin testing. For the F-4B,

A typical spin was initiated by applying pro-spin
controls at the stall which resulted in the airplane yawing

in the direction away from the applied aileron. After the
initial yaw the airplane would pitch nose-down to about 600
to 800 at the 1/4 turn position followed by an increase in
yaw rate. After 1/2 turn in yaw the airplane would pitch up
to near level and in some cases 100 to 200 ANU, depending
upon the energy conditions at entry. The yaw rate was
usually at a minimum when the pitch attitude (and angle of
attack) was at a maximum. The airplane was concurrently

oscillating 0600 in roll with no apparent relationship to
pitch or yaw. The motions were extremely oscillatory for
the first 2 to 3 turns. After 3 to 4 turns steady-state
conditions were approached and although the oscillations
remained, the amplitude and period became constant .... Pro-
spin controls were held for up to 4-1/2 turns. The

characteristics of the spin were similar for both left and
right spins; however, each spin was different in some aspect
from the others even under apparently identical entry
conditions.

Standard recovery from incipient and developed spins was consistent

and effective in all but flat spins. It also failed to meet the recov-

ery requirement, since the pilot had to determine the direction of

motion:
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The recovery technique used after one turn in the
incipient stage and in the fully developed sp',, was full aft
stick, full rudder against the spin, and full aileron with
the spin. This technique would generally affect recovery in
1/2 to 1-1/2 turns .... The primary visual cue that recovery
had been effected was the cessation of yaw. As the yaw rate
stopped the controls had to be neutralized rapidly to pre-
vent a reversal. The time at which controls were neutral-
ized was critical. If controls were neutralized before the
yaw rate ceased, the airplane would accelerate back into the
spin..., and if they were not neutralized within the one
second after the yaw rate stopped, the spin direction would
reverse...in most cases, the recovery was indistinct because
of residual oscillations, particularly in roll. Even though
the yawing had been arrested and the angle of attack was
below stall the aircraft would roll up to 5400 in the same
direction as the terminated spin. The residual oscillationswere easily mistaken for a continuation of the spin.

A flat spin led to loss of the airplane (Figure 1). The airplane

was stalled with throttles idle and pro-spin controls. It entered a

post-stall gyration, but did not progress to an incipient spin. "After

15 seconds the pilot attempted to terminate the post-stall gyration by

netralizing the rudder and aileron and by placing the stick forward of

neutral," control motions in keeping with the requirement that the

recovery not be dependent on determination of the direction of motion.

However, according to Reference 130,

A left yaw rate developed, and the airplane entered a
left incipient spin. After 1-2 turns the oscillations
diminished and the flat spin mode became apparent. Anti-
spin controls were applied but had no significant effect on
the spin characteristics. The drag chute was deployed at
33,000 ft, but again it streamed, did not blossom, and had
no effect on the spin. At 27,000 ft the emergency spin
recovery chute was deployed, but it also streamed. As a
last resort the flight controls were cycled in an attempt to
induce oscillations in the spin motions and/or to change the
wake characteristics between the airplane and the spin
chute. The only apparent effect of the control cycling was
an increase in yaw rate to above 1000/sec.

These results serve to emphasize the importance of approaching spin

testing with great care. More recent airplanes support the need to make

this requirement very flexible.
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Figure 1 (3.8.4.3.2). Left Flat Spin, F-4B

(from Reference 130)

Recovery from the F-16 deep stall ("Lessons Learned," 3.8.4.2.3)

required both a manual pitch SAS override switch and proper application

of longitudinal stick to "rock" the airplan2- out of the stall -- an

action which required the pilot to determine the direction of motion,

albeit in pitch and not yaw.

High-angle-of-attack testing of the F-18 (Reference 245) has

uncovered spin modes not unlike those of the F-4:

* A low yaw rate spit, was identified using asym-
metric thrust to force the entry. It was char-

acterized by yaw rates between 200 and 400/
second, an angle of attack between 500 and 600 ,

a steep nose-low attitude, and fairly smooth
pitch and roll rates.

* An oscillatory intermediate mode with yaw rates
between 500 and 800 /second and an angle of
attack between 600 and 800.
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A smooth flat mode at 900 to 140 0 /second yaw
rate with an angle of attack between 800 and
850.

The latter two modes were entered by defeating the Control
Augmentation System (CAS) and removing all feedback control
limiting .

During these tests, 150 entries were attempted with over
100 resultant spins. Since the low mode could be entered
with CAS on, a manual CAS defeat switch was installed to
allow pilot access to maximum control authority for recov-
ery. Using this switch and lateral stick into the spin, a
single recovery technique was identified for all three spin
modes .

The "low mode" spin is not unlike the F-16's deep stall, and recovery

with a CAS defeat switch is similar. Again, recovery from all three

spin modes required determination of the direction of motion to apply

lateral stick into the spin.
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3.9 HANDLING QJALITY REQUIRMENTS IN ATMOSPHERIC DISTURBANCES

3.9.1 Allowable Handling Qualities Degradations in Atmospheric
Disturbance

A. RZASON F(X RE(UIREKIW

This requirement is included to provide a rational means for

specifying the allowable degradation in handling qualities in the

presence of increasing atmospheric disturbances. It is especially

important to stress applicability in atmospheric disturbances because

most flight testing is done in calm air. There is considerable evidence

that atmospheric disturbances can expose handling qualities cliffs which

are not apparent in calm air (for example, see Reference 222).

B. RELATED KIL-F-8785C REQJIRNIENT

3.8

C. STATlR Wr OF REQU/IKLEET AND R OI[IMDED VALUES

3.9.1 Allowable Handling Qualities Degradations in Atmospheric
Disturbances. Level _ flying qualities are required for atmospheric
disturbance levels up to and including and
wind shears of magnitude

1. Recoendations for Flying Quality levels

The required flying quality Levels are to be adjusted according to

Table I or Table 2, depending on the definition selected in Paragraph

1.7 (i.e., pilot ratings or adjectival phrases).

2. Definitions of Noderate, Severe,
and Iktreme Turbulence

a. Flight Test

Wherever possible, the atmospheric disturbances that existed during

the flight test should be measured and applied to Tables I and 2

according to the definitions in Table 3.
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The definitions in Table 3 are suggested for establishing distur-

bance magnitudes encountered in flight test when quantitative measure-

ments cannot be made.

b. Simulation

Light, moderate, and severe turbulence levels are defined quantita-

tively in terms of rms horizontal gust (au ) in Table 4. It is not

necessary or even desirable to vary the gust magnitude as a function of

position or altitude when complying via simulation. The recommended

windshears are given as follows:

Decreasing Headwind: gymax not to exceed 3.4 ft/sec
2

Decreasing Tailwind: gymin not to exceed 1.7 ft/sec
2

Vector Shear: 9 deg/sec; Vw = 20 kt

Duration of All Shears: At least 10 sec

where ymax is the maximum power climb angle in the configuration used at

wind shear initiation. Tmin is the flight path angle for flight idle in

the configuration used at wind shear initiation.

TABLE 4 (3.9.1)

ATMOSPHERIC DISTURBANCE DEFINITIONS FOR

SIMULATION AND FLIGHT TEST

MAGNITUDE ug

(ft/sec)

Light 0-3

Moderate 5

Severe 10

Extreme 24
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Finally, the following steady crosswind components corresponding to

"light," "moderate," and "severe" disturbances are recommended:

Qualitative Atmospheric Steady Crosswind
Disturbance Level (kt)

Light 0-10

Moderate 11-30

Severe 31-45

These crosswinds should exist at touchdown. When complying ia piloted

simulation, the wind values may be invariant with time, position, or

altitude. In flight test it is only necessary that the crosswind

component specified exist at altitudes high enough to require the pilot

to establish a definite crosswind correction prior to touchdown.

D. RATIOE&IZ BEHIND RS(QUIRtM]Zr

The intent of this requirement is to insure that atmospheric turbu-

lence is accounted for in a reasonable way. The adjustments in Level

definitions are presented in terms of adjectival phrases and Cooper-

Harper pilot ratings to be consistent with the definitions in Paragraph

1.7. The definitions that use pilot ratings allow a more fine-grained

distinction. This has been utilized to define a more appropriate degra-

dation in flying qualities with turbulence. For example, the Level I

definition in Moderate turbulence is 5-1/2 (as opposed to 6-1/2). The

rationale for this is summarized as follows:

0 Adequate performance should be obtainable with
considerable compensation; extensive compensation
is felt to be excessive for flight in moderate
turbulence (see Figure I).

0 During a several-year simulation effort to
develop STOL airworthiness criteria for the FAA
the evaluation pilots generally agreed that 5-1/2
represented adequate safety for normal opera-
tion (the standard o used in that simulation
was 4.5 ft/sec).

A Cooper-Harper rating of 7-1/2 was assigned to "severe" turbulence

for Level 1 (see Table 1). This choice was based on the rationale that

according to Table 3 control is momentarily lost in severe turbulence.
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ADEQUACY FOR SELECTED TASK OR AIRCRAFT DEMANDS ON THE PILOT PILOT
REQUIRED OPERATION* CHARACTERISTICS IN SELECTED TASK OR REQUIRED OPERATION* RATING

Excellent Pilot compensation not a factor for
Highly desirable desired performance
Good Pilot compensation not a factor for
Negligible deficiencies desired performance

Fair - Some mildly Minimal pilot compensation required for
unpleasant deficiencies desired performance

Yes . _

Minor but annoying Desired performance requires moderate
deficiencies pilot compensation

It No Deficiencies Moderately objectionable Adequate performance requires I5]iampro t imrent deficiencies considerable pilot compensation

Very objectionable but Adequate performance requires extensive
tolerable deficiencies pilot compensation

[e Adequate performance not attainable with
Major deficiencies maimu tolerable pilot compensation. 7

peaormnce No Dficincie Controllability not in questioncierformac o Dfcece

rrequie Considerable pilot compensation is requiredattainable with a tolerable i rqieMajor deficiencies for con8o
pilot workload? improvement Maodfcenisfr nol

Major defi.enieS Intense pilot compensation is required toi ' ' ; ' j : 
Ma j o r d e fi c ie nc ie s  

retain control9

Is N Improvement Control will be lost during some portion of 10
controllable

'  
mandatory Major deficiencies required operation

Pilot decisions C et,nn o equir n opeaion noe$ desuvatOn oI iht ph.- andtor
Coooee-Huarpnr Ret NASA TND-553 Sunpvtsubphase accompanymv Covitions

Figure 1 (3,9.1), Handling Qualities Rating Scale
Used to Define Handling Quality Levels

This seems consistent with a pilot rating of 7-1/2 (Figure 1), which is

between "controllability not in question" and "considerable pilot com-

pensation required for control." This latter distinction also seems

appropriate for Level 2 flying qualities in "moderate" atmospheric

dsiturbance (Table 1).

In some cases the expected motions due to turbulence are suffi-

ciently extreme that pilot ratings are not appropriate. In these cases

statements relating to survivability are used in both Tables 1 and 2.

Rationale for choosing the magnitudes of wind shear which are

included in the definition of Moderate atmospheric disturbance is

discussed in Paragraph 3.9.2.

The concept of accounting for degradations in flying qualities in a

flying qualities specification was introduced in Reference 163 and
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discussed at some length in the flying quality workshops held in 1978

and 1979 at the USAF Flight Dynamics Laboratory (References 260 and

261). A primary objection has been that it is impractical to measure

turbulence in flight test. An example where such measurements were suc-

cessfully made is given by Reference 262. Since it is not always possi-

ble to make such measurements, we have electcd to allow an alternate,

more qualitative estimate according to the Table 3 descriptors. The

weakness in such an approach lies in the obvious fact that the descrip-

tors in Table 3 describe the aircraft response which in fact depends to

a varying extent on the handling qualities that we are trying to deter-

mine. However, for all but direct force control augmentors, the des-

criptors of aircraft path response are a reasonable clue as to the

approximate magnitude of atmospheric disturbances. It would seem,

therefore, that there are a sufficient number of quantitative descrip-

tors to allow test pilots to define the turbulence environment.

In simulation, the details of the disturbance environment are known

exactly. The values of aug corresponding to "light," "medium," and
"severe" turbulence are based on qualitative experience as reported in

Reference 122. The plot in Figure 2 (taken from Reference 122) shows

the relationship between the qualitative definitiong and the probability

of equaling or exceeding a given level of ug.

E. GUIDANCE FOR APPLICATION

Experience has shown that the atmospheric disturbance environment

which we have labeled as "Moderate" is sufficient to force the pilot

into the aggressive control activity that generally exposes handling

deficiencies when they exist. Hence, it is recommended that the major

effort be spent investigating the "Moderate" disturbance level. Simi-

larly, during flight test there is no compelling reason to seek out

mountain waves or thunderstorms to comply with the "Severe" and

"Extreme" requirements stated in this requirement. Of course, if the

mission specifically dictates flight in severe disturbances a signifi-

cant portion of the time, these conditions should be duly accounted for

in the specification compliance.
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There may be aerodynamic and flight control system nonlinearities

that are affected by very large disturbances. Such effects should be

investigated in manned simulation with the severe and extreme magnitudes

of atmospheric disturbances specified in Table 4.

C. SUPPRTING DATA

Does not apply.

H. LESSONS LEAUNED

No specific examples are felt to be necessary since it is well known

that flying qualities are strongly affected by atmospheric disturbances.
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3.9.2 Definition of Atmospheric Disturbance Model Form

A. REASON FOIL REJI.E(ENr

This requirement is included to provide a turbulence model to be

utilized when, by agreement with the procuring activity, demonstration

of compliance is to be performed via simulation.

B. RELATED IL-F-8785C RE (J IRE1T

3.7.1, 3.7.2, 3.7.3, 3.7.4

C. STAkTiE OF REQURRIENMT

3.9.2 Definition of Atmospheric Disturbance Model Form. When com-
pliance via demonstration is to be carried out using piloted simulation,
an atmospheric disturbance model appropriate to the piloting task shall
be included. As a minimum, the atmospheric disturbance model shall
consist of

1. Recomended Random Wind Component

The recommended standard random wind component consists of the basic

Dryden spectral fo-n for each of the translational and rotary components

considered necessary. These spectral forms are:

Ug (a) = ag 2 L u  1
1 + (Lug)2

OVg ( a ) = 2g 1. + (LvR)2
I + 4(L,)2 12

w-- " °2 L 1+12 )2

wg [ + 4(1,Q)212
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Pg (P g)2pgWI + (L p

#qgQ ~ g +ow
S+ [(4b/r) ]2 8'g

#r Q2 T2 v 9(a)g 1 + [(3b/n)Q] 2  g

where

CO

2 _ Ox (Q) dQ
0

a W n/V

b - wing span

The primary determinant of turbulence intensity is aUg and the

values to be used for evaluation of flying qualities are given in

Table 4 (3.9.1). The relationships between translational intensities

and scale lengths are:

- -.

Lu 2.v 2- w

For the p-gust the intensity and scale length are associated with the

w-gust by:

1. 9Opg = / Wg

and
AT Z

P 2.6
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Some lengths are set according to altitude by the following relation-

ships:

Lu  Lv Lw - hl for h ) 1750 ft

Lu Lv 1
for h. < h < h

L - h -

1 o
for h < ho ft

Lw W ho

where h is the center of gravity height above ground, ho = 10 ft, and

h 1750 ft.

A summary of the recommended digital filter implementation is given

in Table I.

2. Recomended Wind Shear Component

The recommended standard wind shear is represented by a constant

time rate of change of wind speed and direction.

For t 1 to,

Ug = Vo cos o ,Vg - Vo sin *o

for t ) tfq

ug - Vf cos f Vg - Vf sin *f

and, for the duration of the shear, t. < t < tf

Cog *0v t -to (Vf COS *'f -V 0 Cos )0
t- to
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and
tovg vo sin *o + tf to (Vf Sin *f - vo sin o

where

Vo - Initial wind velocity

*0 Initial wind angle

Vf - Final wind velocity

*f Final wind angle

to M Time shear is initiated

tf - Time shear is terminated

The maximum wind shear magnitude is set according to the incremental

flight path change capability of the aircraft up to a limit, i.e.,

Vf - 0 - gAy < 3.4 ft/sec2

tf - to

The shear duration should be at least 10 sec and the shear should ter-

minate at an altitude of 50 ft for landing simulations. The mean wind

at altitude should be set so the wind at touchdown is zero. Ay in the

up direction is established at maximum climb power and in the down

direction at flight idle. Generally speaking the wind shear magnitude

should not be required to exceed 3.4 ft/sec 2 . At least four critical

wind shear cases are considered:

* Decreasing headwind

* Decreasing tailwind

• Decreasing crosswind

* Headwind to tailwind (constant wind speed)

The standard wind shear component is accompanied by one half the stan-

dard level of turbulence, i.e., aug - 2.5 ft/sec.

3. Recommended Mean Wind

The capability for simulating a mean wind from any direction should

be included. The wind should be parallel to the earth's surface.

722

-. +



4. DiLscrete Gut Mdel

The discrete gust model may be used for any of the three gust-

velocity components and, by derivation, any of the three angular

components.

The discrete gust has the "1 - cosine" shape given by:

v -0 , x<O

Vol - I - Cos 0amx d

v - V , x > dm

V
(f t/sec)

1I

dm
Distance ,x 1)

The discrete gust above may be used singly or in multiples in order to

assess airplane response to, or pilot control of, large disturbances.

Step function or linear ramp gusts may also be used.

D. RATIONAL BEHIND REQJIREKOT

The philosophy being applied is based upon two fundamental premises:

a) keep the modeling form simple; and b) use parameters that have direct

relationships to aircraft dynamics or flying qualities. This requires a

rational approach to the tradeoff between engineering convenience and

physical correctness in disturbance models.

The evaluation of the effects of atmospheric disturbances on air-

plane flying qualities has been approached in a diverse number of

ways. The large volume of literature is evidence of this. It is far

too easy to become bogged down in the ill-defined tradeoffs between
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Dryden and von Karman disturbance forms, the need for non-Gaussian or

non-stationary characteristics, the debate over how and when to model

wind shear effects, or whether shorter disturbance scale lengths are

more realistic than longer ones. Airplane designers and simulator

researchers continually face such questions, and while they may find

answers suitable for one situation, the same questions can and do

reappear on subsequent occasions.

It is appropriate first to define what is meant by flying qualities,

in order to keep the discussion in perspective. One accepted definition

is "those airplane characteristics which govern the ease or precision

with which the pilot can accomplish the mission." Further, flying

qualities are often "measured" by subjective pilot opinion according to

the Cooper-Harper rating scale wherein it is stated that flying quali-

ties are tied to accomplishing a specific task. Due consideration of

environmental conditions is, in turn, implied. An airplane can have

characteristics that make the task of landing relatively easy in calm

air. The same task becomes very demanding in strong disturbance, even

though the airplane characteristics may not have changed.

For the purposes of the handling qualities Standard, an engineering

model of atmospheric disturbances is required. This engineering model

may be considered as the simplest or minimum acceptable model that

correctly identifies the primary parameters of particular interest.

This is in contrast to the objectives of basic research into meteoro-

logical phenomena or the physics of atmospheric dynamics.

The approach taken herein is to define a basic utility model that

can be applied to most handling quality evaluations. This model is

defined in detail under "Guidance for Application." For some applica-

tions, the procuring activity may want to designate a specialized

model. For example, if a high-fidelity model is required to reproduce

very high-frequency effects, the von Karman model would be appropri-

ate. A table of alternative disturbance models is given in "Guidance

for Application."
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The basic utility model presented herein represents a major simpli-

fication from past flying qualities specifications. It consists of a

random turbulence component and a constant gradient wind shear. The

random component is modeled using the Dryden form because it is easy to

mechanize and is valid over the frequency spectrum of interest for

handling qualities evaluations. It is notable that most serious

handling quality investigations have utilized the Dryden form. It was

decided to recommend that the primary emphasis be placed on a single

value of oug on the basis of experience with a large number of piloted

simulator handling quality investigations. This experience showed that

a aug of 4.5 to 5 ft/sec is large enough to expose handling deficien-

cies. A review of many handling quality investigations revealed that

nearly all of the simulation runs involving atmospheric disturbance were

made with a au in the vicinity of 4.5 to 5 ft/sec.

It is a recognized fact that the large .amplitude, low frequency

component of the disturbance model plays a dominant role in separating

good and bad handling qualities. The problem with a random disturbance

model is that the large wind shears occur at the critical point on only

a few runs, resulting in discrepancies in pilot ratings and comments.

A discrete wind shear model is defined to insure that all pilots

will experience the critical input. When discrete shears are used,

the aug is decreased to 2.5 ft/sec to avoid cases in which a large shear

component of the random model adds to the discrete shear to give an

unreasonably large total wind shear.

The wind shear model allows for a constant gradient of wind magni-

tude and direction. A great number of combinations of wind shear can be

derived from such a model. However, only four limiting cases are

recommended for compliance: decreasing headwind, tailwind, and sidewind

shears, as well as a constant magnitude shear with changing azimuth.

Finally, the independent variable in the shear model is time. This

is done to insure that the shear is independent of aircraft trajectory,

the objective being run-to-run correspondence rather than verisimili-

tude. This is done with the knowledge that any shear occurring as a

function of position or altitude in the real world can be reproduced as

a function of time.
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K. GQIVAECZ IC APPLICATION

The use of wind shear in handltug quality evaluations is primarily

to provide a disturbance that forces aggressive closed-loop pilot

behavior. It is felt to be unnecessary to simulate vertical shears

since the horizontal shear disturb- the aircraft both in airspeed and

flight path. For specialized applications, such as the carrier landing

burble, a vertical shear should be included.

For most cases, application of this requirement is straightforward.

However, for some cases a more complex special-purpose model may be

required -- for example, carrier landing.

The remainder of this section is oriented towards providing guidance

for selecting alternate disturbance models. The discussion is taken

from Reference 184.

1. Dvaluating Atmospheric Disturbance Model Needs

Atmospheric modeling needs vary greatly with the specific applica-

tion -- even for a single given aircraft and flight condition. Some

analysis procedures require only a simple one-dimensional turbulence

model (e.g., Dryden) and a single gust component. At the other extreme,

elaborate simulations can involve a fully defined two-dimensional, non-

stationary turbulence field along with a spatially or time-varying mean

wind field (i.e., wind shear). It is be the role of the Handling Quali-

ties Handbook to offer guidance in evaluating such needs and selecting

appropriate disturbance model options among the variety of modeling

choices an, identifying the appropriate method of demonstrating compli-

ance.

Some ways of viewing the modeling needs of a user include:

* How disturbance components enter the airframe
force and moment equations.

* Inner/outer loop structure hierarchy for mis-
sion/aircraft centered features.

The need for determinism versus randomness in the
flying qualities application.

Consider briefly how each of these could be approached.

726



Table 2 illustrates how various atmospheric disturbance components

might enter a set of linearized force and moment equations. Based on

our knowledge of the various stability derivatives and respective Suott

component intensities, we can estimate the relative effect of various

gust terms in order to judge:

" Axis cross coupling (e.g., longitudinal and
lateral-directional forces and moments are likely
to be fairly well decoupled).

" Translational motion (e.g., force equations are
mainly affected by gust velocity components
alone).

* Rotational motion (e.g., moment equations are
affected by gust velocity, time derivative, and
gradient components).

The loop structure hierarchy in mission/aircraft-centered features

provides us with another way of judging atmospheric disturbance model

needs. Figure 1 shows a spectral comparison of mission/aircraft-

centered features against atmospheric disturbance features. Although

the spectral boundaries of each feature are admittedly more ill-defined

TABLE 2 (3.9.2)

LINEARIZED GUST DERIVATIVE TERMS IN AIRFRAME DYNAMICS

( T q 9 -g (-rl 9g)(r2g) (Pg)

T e m u w u v v 9 wTe 
rm U W U -- --£ g .& -- -- & & -Equation g g g ~ax ax g ay ax ay ay

Z:x -xu -x I -X

rM -Mu -Mw  -M Mq -Mv

tM -M N{M

ELv  Lr -Lp

EN -Nv -N r  -Np
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Figure 1 (3.9.2). Comparative Approximate Frequency Regimes
of Mission/Aircraft-Centered and Atmospheric

Disturbance Features

than shown, we can nevertheless illustrate a point. That is, any

mission/aircraft features that are to be analyzed require the signifi-

cant atmospheric disturbance features acting w :'hin the same spectral

range. Conversely, atmospheric disturbance features much outside that

spectral range are superfluous. Taking the argument to the extreme,

navigation considerations are not likely to involve the microscale or

*The microscale of turbulence is an indication of the distance of

time separation over which gusts remain highly correlated, i.e., the
inertial subrange (Reference 190). Von Karman turbulence involves a
non-zero microscale; Dryden is zero.
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even integral scale range of turbulence. Likewise, short-term

stability augmentation system or flexibility effects would not require

inclusion of mean wind or wind shear features.

Continuing in a similar vein, the results obtained from exciting an

airplane by atmospheric disturbances depend greatly upon how the air-

plane is being operated, i.e., what the pilot is doing. The gust

response can vary dramatically between hands-off operation and tight

pilot regulation of attitudes and flight path. Frequently the effects

of wind shear are evaluated by measurement of the flight path excursion

for a controls-fixed penetration of the shear. The phugoid is, of

course, the dominant response mode in this case, and the result is a

large-amplitude, undamped, roller-coaster-like flight path oscilla-

tion. But pilots do not characteristically operate hands-off in a wind

shear environment. Rather, aircraft attitude is likely to be very well

regulated by the pilot, hence the flight path and airspeed modes would

be exponentially decaying according to heave and speed damping stability

derivatives (Zw and Xu, respectively, Reference 185). These two cases

lead to vastly different conclusions regarding performance and identifi-

cation of critical flying qualities parameters.

We need also to consider how determinism and randomness affect our

choice of atmospheric disturbance models. Strict reliance upon a wholly

random gust model for a small-sample, short-term task evaluation is both

impractical and improper. As investigators and evaluators, we desire to

control disturbances well enough so that critical conditions and events

can be staged, especially in the case of manned simulation. This

demands a fair degree of model determinism. On the other hand, pilot

surprise and sensitivity to variation call for a degree of randomness.

Therefore a compromise must be reached. This is an area that deserves

to be addressed in a systematic way, but sometimes solutions must be

based more upon experience than clear rationale.

*The integral scale of turbulence is equal to the area under the

normalized autocorrelation function and much larger than the microscale.
Correct measurement of the integral scale depends upon stationarity
(Reference 191).
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2. Atmospheric Disturbance Fleatures

In general, variations in properties can be viewed In terms of their

engineering convenience versus their physical correctness. For example,

the well-known von Karman turbulence form yields more correct spectral

characteristics, but it is not so easily realized computationally as the

more approximate Dryden form. The same kind of tradeoff between con-

venience and correctness is a dominant theme in several other respects

as we shall discuss below.

a. Determinism Versus Randomness

Atmospheric disturbance models can be separated according to their

degree of determinism or randomness. While characteristics such as mean

wind and wind shear are normally handled on a deterministic basis,

turbulence is usually modeled as a randomly occurring phenomenon.

Nevertheless, wind velocity or wind shear can be just as well described

in strictly probabilistic terms; and turbulence, conversely, can be

described in wholly deterministic terms (as composed of summed sinu-

soidal gusts). In addition, random and deterministic models are often

combined to suit the needs of a particular application. Deterministic

features are usually quantified directly using analytical functions or

tables (e.g., mean wind speed and direction or wind shear gradients with

respect to time or space). Random components, on the other hand, invoke

random-variable sources having their own particular statistical

properties of probability distribution and correlation. Appropriate

partitioning of model determinism versus randomness figures greatly in

the success of any given application, as we shall discuss shortly.

b. Probability Distribution

The probability distribution of gusts describes their range of

amplitudes and frequeicy of occurrence. These can be quantified in

terms of probability density, cumulative probability distribution, or a

varying number of central moments (mean, variance, skewness, kurtosis,

etc.). While the Gaussian distribution is mathematically convenient,
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several turbulence models having more realistic non-Gaussian distribu-

tions have been developed in order to address the characteristics of

patchiness* and intermittency. But the usefulness of these model

features depends upon whether the specific application can accommodate a

characteristic such as patchiness on a probabilistic basis. If the

scenario involves a limited duration time frame and a limited number of

sample rums (e.g., as in a manned simulation), then a more deterministic

treatment of patchiness might be required. For example, Reference 187

describes a direct modulation of turbulence intensity to obtain a patchy

gust field. This, in turn, could permit the return to the more con-

venient Gaussian distribution for random gust components without undue

sacrifice in correctness.

c. Correlation

Correlation is the measure of the predictability of a gust component

at some future time or point in space based on the knowledge of a cur-

rent gust. Since the modeling of a random process such as turbulence

consists of developing techniques for emulating the behavior of that

process in time, it can be seen that correct duplication of the corre-

lation can be important. There are at least two ways of presenting

correlation information, in the time or space domain (correlation

functions) or in the frequency domain (spectral density functions).

The correlation function can be converted to the frequency domain

via a Fourier transformation resulting in the power spectral density

function. A frequency-domain representation is often useful because it

permits comparison of the aircraft's spectral features with the spectral

content of the disturbance. It is thereby possible to judge the degree

*Patchiness is frequently considered as corresponding to a pro-

portionately higher rate of occurrence of very large magnitude gusts
than found in a Gaussian distribution and is reflected by the higher-
order even central moments (4th, 6th, etc.) (Reference 186).

**Intermittency is he counterpart to patchiness when applied to gust

velocity differences over a given time or space interval (Reference
187).
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to which the turbulence will affect the aircraft's motion, as described

in Reference 188. A time- or spatial-domain correlation function can be

useful when generating gusts from multiple point sources (Reference

189).

The two most common ways of describing gust correlation are the

Dryden and von Karman power spectral density forms as in MIL-F-8785C.

And, as mentioned earlier, the significant aspect of a choice between

the two lies in the engineering convenience versus the physical cor-

rectness. However, the correctness advantage of the von Karman form is

not an issue unless the significant spectral content is centered in the

microscale range about one decade or more above the integral scale break

frequency.

d. Dimensionality of Gust Field

A gust field can be described using various orders of dimensional-

ity. The simplest is a one-dimensional-field model that involves just

the three orthogonal velocity components taken at a single point

(usually the aircraft center of gravity). The Taylor hypothesis

(frozen field) can be applied, however, in order to approximate gust

gradients with respect to the x-axis of the aircraft without increasing

dimensionality. A two-dimensional field model used to define a gust

field in the aircraft x-y plane can be modified for the size of the

aircraft relative to gust scales. (A large aircraft relative to the

gust scale attenuates gust gradient spectral power at high frequen-

cies.) A two-dimensional field can lead to greatly increased mathe-

matical complexity over a one-dimensional field (Reference 193) but some

turbulence models simply define one-dimensional uniform velocity compo-

nents and then add two-dimensional forms for gust gradients that contain

aircraft size effects (Reference 189). A third dimension can be into-

duced in the form of an altitude-dependent wind shear (e.g., References

194 and 195).

*The Taylor hypothesis (Reference 192) assumes a gust field frozen

in space such that time and space dependencies along the relative wind
are directly related by the airspeed.
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e. Stationarity

A random gust is stationary if, for a collection of gust samples,

the corresponding probability and correlation properties describe any

additional gust sample that may be taken. Thus stationarity implies an

atmospheric disturbance having an invariant mean, variance, and correla-

tion length (or time) along the flight path. There is no restriction on

whether the probability distribution is Gaussian or not.

An alternative means of introducing patchiness or intermittency is

to create a non-stationary turbulence field through direct modulation of

intensity (Reference 196). Thus the basic noise source can remain

Gaussian.

3. Practical Implenentation Considerations

The application of spheric disturbance models can involve a

number of practical implementation problems -- many associated with

digital computer programming. One role of this Handbook is to assist in

answering some of the common implementation questions and to point out

pitfalls frequently encountered. Some examples include:

* Digital implementation of continuous spectral

forms.

* Correct scaling of random noise sources.

* Evaluation of need for gradient components.

* Implementation of gust gradients, gust time
derivatives, and gust transport lags.

Table 3 illustrates some of the practical implementation matters.

4. A Survey of kisting Nbdels

The objective in defining an atmospheric disturbance model is to

examine how various models make the tradeoff between convenience and

correctness and to search for strengths or deficiencies that could be

important to a flying qualities investigator.
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TABLE 3 (3.9.2)

EXAMP~LES OF PRACTICAL IMPLEM4ENTAL MATTERS

T.rlvonntaiisn Item Handbook recha4 Comments

tiettal inplemnta- Spectral form: This mtter can be pr-
t ton of cdntinuouos ,21- ticulaely coniusine h%-

tier?,m -C as snectral forr~s ate
s: firs,- uu I~ + (L A)wit.. a sumber of

are edsfrm macre realization: .8ays - on-Ided or two-
(applicable a. or sided. S. terms of spatial
ps) user . C, at + C 2 01 or temporal ofrequency. or

whereIsa terms of angular or cy-
clical frequency. Fur-

either exp(-aT) (U-transform) t hermsore, hi t a noise In

I : the continuous domain most
, or i-aT (Euler integration) be converted to random

2-aT .-bars tn the discrete
or (TustSn transform) domain.

and C, W
where nt is a nojeally distributed random numvber
with vari ance

Determinat of Criterion. -gs can be an important
p-tnat Ipor tance distrbance component In

p-gust to significant relative to w-gust If: t he rollcasiS, especially
If effective dihedral Is

IcaI> IaI Small.

or IL PILvI

where b Is span and a gust stale length

Determinatimon of Holley-Bryson model: If the p-gust component Is
p-8us intnsity considered Im~portant,on

2.15 wuIt determine the min-
a ~ - - - sity In orde r to Implement
P0  /ET 7E the filter. A specific,

eaw -.. sy-to-opt au o
IIIL-r-8y83C: intensit is0ut eldomfa

read ily avial. Also
0.9th vb: arlilab-lus model

e - 0.9,5 f .rm allhave different
ps ways of' expressing model

parameters.

Anapronimate intensity averaged over several
mode:

Fealin.ation o .vo Boeing higher order lintr filter forms: An approximation to the
'uvnlh pectra Increased correlation In

"it: the microscale range of
(a.. the von furmanspeta

form can be realized with
feon- and thi rd-order

v plnetaio would.1ins-
it .. 1 v)s?7t ove, finite difference

L L)equations of corresp~onding
1sou )(.-i.2 1)( "11.l !) nrder. Correct spectral

L Lcontent above NOW (V/L)
S71 radiecad order variation based un Phetvg rad/sec would require
forns: matchlng von xarman

spectra with even higher
v B.21 1order filters.
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Table 4 lists some of the models that have been surveyed mid that

offer some potential in flying qualities applications. For each table

entry a few summary remarks are given along with a list of basic refer-

ences.

C. SUMIORTIG DATA

Previous flying quality specifications have suggested atmospheric

disturbance models designed to represent a high degree of fidelity with

the real world. As we gain more experience with handling qualities

evaluations via piloted simulation, it has become apparent that only a

few key features are important for our objectives in order to separate

good and bad handling qualities. In fact, the complexity that is

required to emulate real-world atmospheric disturbance often clouds the

issue. For example, such items as boundary layer effects, patchiness,

correlation of turbulence with steady wind velocity and terrain, and

detailed wind shear characteristics associated with frontal activity can

consume an inordinate amount of effort. To alleviate this problem we
have recommended a simplified disturbance model to be used for the

majority of cases. This model retains all the essential features found

to be useful in many piloted simulator handling quality investigations

using complex disturbance models.

The Dryden form has been chosen because it is simple to mechanize as

opposed to the von Karmn form that must be approximated to become

realizable. Th main feature of the Dryden and von Karman spectral forms

plotted in Figure 2 is that both spectral forms concentrate the power in

a region near the breakpoint. In this region a slightly better match

could be obiained by simply decreasing the Dryden au by about 8 per-
ug

cent. If, on the other hand, the frequency range of interest were

higher, then the two spectral forms would be matched by sliding them

laterally, i.e., adjusting the effective scale lengths.

We can conclude from the above that if our spectral range of

interest, e.g., the airplane frequency response in the interval be-

tween I/Te and 1/TO2, is in fact centered about the gust filter break
frequency, then there is no major distinction between the two spectral
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TABLE 4 (3.9.2)

A SURVEY OF ATMOSPHERIC DISTURBANCE MODELS

Model Key Features Sources

Dryden turbulence A convenient spectral form based on an exponential autocorrelation
function for the axial component. 197

von Karman turbu- A spectral form for which the autocorrelation function includes a
lence finite microscale, thus the relative proportion of spectral power at 191, 198, 199

high frequencies exceeds that of the Dryden.

Ornstein-Uhlenbeck A spectral form with first-order longitudinal and transverse compo- 196
turbulence nents.

Etkin one dimen- The local turbulent velocity field is approximated by a truncated 1. 193, 200
sional turbulence Taylor series which yields uniform and gradient components. High
power spectra frequency spectral components eliminated on the basis of aircraft

size. Based on Dryden form but gradient spectra are non-realizable
unless simplified.

Versine gust A discrete gust waveform. 4

Lappe low-altitude Experimentally-obtained data of vertical gust spectra, mean wind 201
turbulence model speed, and lapse rate were used to develop a low-level turbulence

model. The turbulence spectra ate presented for different types of

terrain, height, and meteorological conditions.

Multiple point A two-dimensional gust field generated from two or more noise sources
source *%rbulence ha,,4n presc-lbed c3rrelation functions and located spanwise or 189, 202, 203

legthaise on the vehicle.

Holley-Bryson A matrix differential equation formulation of uniform and gradient
random turbulence components including aircraft size effects. Filter equation coef- 189
shaping filters ficients determined from leapt square fit to multi-point-source-

derived correlation functions.

University of Non-Gaussian model using modified Bessel functions to simulate the
Washington non- patchy characteristic of real-world turbulence. Spectral properties 186, 204

Gaussian are Dryden and include gust gradients.
atmospheric tur-
bulence model

Delft University Non-Gaussian model similar in form to the University of Washington 187
of Technology non- model but uses the Hilbert transform to model intermittency as well as
Gaussian structure patchiness. Includes University of Washington model features extended
of the simulated to approximate transverse turbulence velocities and gradients.
turbulent environ-
ment

Royal Aeronautical Non-Gaussian turbulence model with a variable probability distribution 205, 206, 207
Establishment function and a novel digital filtering technique to simulate intermit-
model of non- tency. Spectral form approximately von Karman.
Gaussian turbu-
lence

The Netherlands Similar to the Royal Aeronautical Estab lishment model but extended to 208, 209
National Aerospace include patchiness and gust gradient components and transverse ve-
Laboratory model locities.
of non-Ca issian
turbulence

University of Models patchiness by randomizing gust variance and integral scale 210
Virginia turbu- length of basic Dryden turbulence.
lence model
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TABLE 4 (3.9.2). (Concluded)

Model Key Features Sources

Indian Institute Nonstationary turbulence is obtained over finite time-windows by modu-
of Science non- lating a Gaussian process with either a deterministic or random pro- 196
stationary turbu- cess. The result is patchy-like turbulence similar to the University
lence model of Washington model - except the time-varying statistics of the tur-

bulence are presented for tte deterministic modulating functions.

FAA wind shear Three-dimensional wind profiles for several weather system types in-
models cludng fronts, thunderstorms, and boundary layer. The profiles are 194, 211

available in table form.

STI wind shear Time and space domain models of mean wind and wind shear - ramp wave
model forms - are combined with MIL-F-8785C Dryden turbulence to obtain the 195, 214

total atmospheric disturbance. The magnitudes of the mean wind and

wind shear are evaluated in terms of the aircraft's acceleration ca-
pabilities.

Sinclair frontal A generic model of frontal surface wind shear derived from a reduced-
surface wind shear order form of Navier-Stokes equations. Relatively simnle to use and 213, 214
model can match the overall characteristics of measured wind shears.

MIL-F-8785B atmos- Intensities and scale lengths are functions of altitude and use either
pheric disturbance Dryden or von Karman spectral forms or a versine discrete gust. Also 11
model spectral descriptions of rotary gusts.

MIL-F-8785C atmos- Same as 8785B with the addition of a logarithmic planetary boundary
pheric disturbance layer wind, a vector shear, and a Nave arrier airwake itdel. 4

model

ESDU atmospheric Rather general but contains comprehensive descriptive data for turbu-

turbulence lence intensity, spectra, and probability density

Boeing atmospheric A comprehensive model of atmospheric disturbances that includes mean 217, 218

disturbance model wind, wind shear, and random turbulence. Turbulence is Gaussian and
uses filters that closely approximate the von Karman spectral form.
Mean wind and turbulence intensity are functions of meteorological
parameters.

Wasicko carrier Includes mean wind profile, effect of ship motion, and turbulence. 219
airwake model

Nave ship airwake Includes free air turbulence filters plus steady, periodic, and random 221
model components of airwake which are functions of time and space.

Vought airwake Combined random and deterministic wind components for free air and 220
model for DD-963 ship airwake regions. Based on wind tunnel flow measurements.
class ships

STI Wake vortex A two-dimensional model of the flow-field due to the wake vortex of an 200

encounter model aircraft is presented. The parameters of the flow-field model are
weight, size, and speed of the vortex-generating aircraft, and dis-
tance and orientation of the vortex-encountering aircraft. Strip
theory is used to model the aerodynamics of the vortex-encountering
aircraft.
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Notes:
* Area under curves for a given frequency bond

corresponds to spectral power in that frequency band
* Total area under either curve is 4343 if unit on

abscissa is taken as one decade

e Spatial frequency, 11 related to temporal frequency,
w by airspeed, V or L i w/V

0 *(,) is power spectral density
* Lu is scale length

Von Kormon
.3-

02 .2
ug

.1

.o I I0

.1 1 10
Lun (rad)

Figure 2 (3.9.2). Comparison of Horizontal Gust Power
Spectral Density for Dryden and von Karman

Forms Multiplied by Frequency

forms. Clearly, the Dryden form is the more attractive because of its

convenience.

The variation of scale length with altitude has been taken directly

from MIL-F-8785B. The scale length implemented in MIL-F-8785C for the

low-altitude band resulted in a 700 ft altitude band where no scale

length was defined. That is, the MIL-F-8785C low-altitude model only

goes up to 1000 ft and the mid- to high-altitude model begins at

1750 ft. The choice was between lowering the mid- to high-altitude

region to 1000 ft (and lowering IU from 1750 to 1000 ft) or reverting to

the 8785B model. Inasmuch as most researchers are still using the

"B version" and the effect of scale length is not great (see Refer-

ence 188), it was decided to specify the earlier version (8785B).

Finally, the discrete wind shear magnitude prescribed in the model

is based on aircraft performance. The basic rationale is that the
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handling qualities should be adequate to allow the pilot to operate up

to the limit of performance (see, for example, Reference 195). In order

to hold constant airspeed n a wind shear the aircraft inertial speed

must be changed at the same rate as the changing wind, i.e., Vi - v."

The maximum acceleration capability of an airplane is not always well

known. However, it can be obtained from performance charts by noting

that mg(ymax - yo) is the change in weight component along the flight

path which corresponds to a thrust increase to the maximum availa'

where ymax is the maximum-power angle of climb at the reference spe, in

the configuration being investigated (for example, gear down and lan .,

flap3 for power approach); 7o is the trim flight path angle. Then,

Vmax = g(Ymx Y o)

An upper limit on Vw of 3.4 ft/sec (Ay = 6 deg) has been specified to

avoid requiring excessive shear for high-performance fighters where Ymax

may be extreme.

H. JZSSOW LZARNED

Experience has shown that aircraft with severe handling quality

deficiencies can receive Level 1 pilot ratings in calm air. Addition of

atmospheric disturbances to the problem forces the pilot to use aggres-

sive control activity that tends to expose handling qualities deficien-

cies. One problem with using a random disturbances model is that the

large low-frequency gusts (wind shears) occur in an unpredictable

fashion. In the Reference 222 experiment one evaluation pilot received

several large shears just prior to touchdown and rated the configuration

a 7. Two other pilots only saw the large inputs several miles from

touchdown and rated the same configuration between 3 and 4-1/2. The

discrete shear model is included to resolve this problem.

A random noise source (white noise) is required to mechanize the

equations in Table 1. This source should be checked to insure adequate

power at low frequencies. Experience with some simulations has shown
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that the noise source was deficient at low frequency. As mentioned

above, it is the low-frequency component of the atmospheric disturbance

that is important for handling qualities investigations.

Finally, when using the more complex models it seems nearly impos-

sible to formulate a program without an error involving a factor of 2

or w. The lesson here is to measure the statistics of the output of the

disturbance model before starting piloted evaluations.
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3.9.3 Application of Disturbance Models in Analyses

A. REASON FOR REQUIRKMET

This requirement is included to provide guidance for incorporation

of the disturbance models into a simulation program.

B. RELATED NIL-F-8785C RKQUIREIINT

3.7.5

C. STATEKMT OF REQUIRMN

3.9.3 Application of disturbance models in analyses. The gust and
turbulence velocities shall be applied to the aircraft equations of
motion through the aerodynamic terms only, and the direct effect on the
aerodynamic sensors shall be included when such sensors are part of the
airplane augmentation system. Application of the disturbance model
depends on the range of frequencies of concern in the analyses of the
airframe. When structural modes are significant, the exact distribution
of turbulence velocities should be considered. For this purpose, it is
acceptable to consider u and v as being one-dimensional, a function of
both x and y, for the eviluatiog of aerodynamic forces and moments.

When structural modes are not significant, airframe rigid-body
responses may be evaluated by considering uniform gust or turbulence
immersion along with linear gradients of the disturbance velocities.
The uniform immersion is accounted for by u , v , and w defined at the

airplane center of gravity. The angular AloAties du to turbulence
are equivalent in effect to airplane angular velocities. Approximations
for these angular velocities are defined (precise only at very low fre-
quencies) as follows:

rw 3w - v
-&g - qg - x PK " 3y 1x

The spectra of the angular velocity disturbances due to turbulence are
given in Paragraph 3.9.2.

For altitudes below 175 ft, the turbulence velocity components u
v , and w are to be taken along axes correspondiug to u5 aligned alofg
tJe relative mean wind vector and wg vertical.
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3. RATIOMIX BZEEDD R WEW?

This requirement is included to insure proper implementation of the

disturbance model. It is included si-naly as a reminder of a fey key

points and is not intended to be a comprehensive guide. It is believed

that the level of competence of the majority of users is such that

further guidance is not necessary.

E. GUIDANCE FOR APPLICATION

Does not apply.

F. IMONSTRATION OF CMNPLIAENK

None required.

G. SUPPORTING DATA

Does not apply.

H. LESSONS LEARNED

None required.
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3.9.4 Requirements for Aircraft Failure States in Atmospheric Dis-
turbances

A. REASON FOR RIQIRMIENT

This requirement is intended to insure that certain failures when

combined with operations in atmospheric disturbances do not result in

unacceptable degradations in flying qualities.

B. MLATED MIL-F-8785C REQUIREKENT

3.8.3.2

C. STATENENT OF REQUIREMENT AND RECOMMENDED VALUES

3.9.4 Requirements for Aircraft Failure States in Atmospheric Dis-

turbances. When Aircraft Failure States exist (3.1.6), a degradation in
flying qualities is permitted only if the probability of encountering a
lower Level than specified in 3.9.1 is sufficiently small. At intervals
established by the procuring activity, the contractor shall determine,
based on the most accurate available data, the probability of occurrence
of each Aircraft Failure State per flight and the effect of that Failure
State on the flying qualities within the Operational and Service Flight
Envelopes. These determinations shall be based on MIL-STD-756 except

that:

a) All aircraft components and systems are assumed to be
operating for a time period, per flight, equal to the
longest operational mission time to be considered by the
contractor in designing the aircraft, and

b) Each specific failure is assumed to be present at which-
ever point in the Flight Envelope being considered is most
critical (in the flying qualities sense).

From these Failure State probabilities and effects, the contractor shall
determine the overall probability, per flight, that one or more flying
qualities are degraded to Level 2 because of one or more failures. The
contractor shall also determine the probability that one or more flying
qualities are degraded to Level 3.

Table I specifies the recommended requirements as functions of the

probability of encountering the degradation in flying qualities. An

alternate requirement could be Figure 1 (3.1.6.1) at the discretion of

the procuring activity.
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TABLE 1 (3.9.4)

LEVELS FOR AIRCRAFT FAILURE STATES

ATMOSPHRIC FAILURE STATE I* FAILURE STATE II**
DISTURBANCES

Light Level 2 Level 3

Moderate Level 2 Recoverable*** or
better

Severe to Recoverable or No requirement
Extreme better

*For flight in the Operational Flight Envelope:

Probability of encountering degraded levels of flying
qualities due to failure(s) < 2.5 x 10- /flight hr

**For flight in the Operational Flight Envelope:

Probability of encountering degraded legels of flying
qualities due to failure(s) < 2.5 x 10- /flight hr

for flight in the Service Flight Envelope:
Probability of encountering degraded lejels of flying
qualities due to failure(s) < 2.5 x 10- /flight hr

***Recoverable is defined as: control can be maintained

long enough to fly out of a disturbance.

3.9.4 Requirements for Aircraft Failure States in Atmospheric Dis-
turbances [Alternate Requirementl. Failure States shall be evaluated in
moderate levels of atmospheric disturbance.

a) A Level 2 aircraft shall not degrade below Level 3
in the presence of failures and moderate atmos-
pheric disturbances.

b) A Level 3 aircraft shall have flying qualities in
the presence of failures and moderate atmospheric
disturbances such that control can be maintained
long enough to fly out of the disturbance.
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D. RATIONAI DZIND RKQUIRRKRNT

The requirements for Light disturances are the same as in Table 1

(3.1.6.1). In Moderate disturbances, very low probability failures

(P < 10- 4 ) are only required to be recoverable. Under the assumption

that Severe to Extreme disturbances are very seldom encountered, a

failure occurring with P < 10-2 is only required to be recoverable in

that environment. The basic reasoning is that we do not want to make

unreasonable demands on the manufacturers by placing excessive require-

ments on very low probability events (i.e., turbulence plus a critical

failure).

There were a number of comments during the review cycle of this

report that this requirement is based on numbers which may not be sub-

stantiated. An alternative requirement was therefore included which

does not depend on the calculation of failure probabilities.

E. GUIDANCK FOR APPLICATION

An alternative to Table 1 (3.9.2) is given in Paragraph 3.1.6.1 as

Figure 1 (3.1.6.1). The two are consistent if we associate Light,

Moderate, and Severe disturbances with probabilities of approximately

iu- 1 , 10- 3 , and 10- 5 . The use of Figure 1 (3.1.6.1) allows a more fine-

grained interpolation than Table 1 (3.9.2). However, such interpolation

is not justified by any hard data.

F. D NOSTRATION OF COMPLIANCE

Experience with MIL-F-8785B and -8785C has shown that it is some-

times not practical to calculate probabilities of failures. This is

accounted for in Para. 3.1.6.2 (Generic failure analysis) and the alter-

nate requirement in this section. Such an approach assumes that a given

component or series of components will fail with a -probability of one.

When this approach is being utilized, the effects of turbulence should

be accounted for when making determination of the flying qualities in

the failed state. If Level 3 flying qualities are predicted for
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turbulence levels that are equal to or less than Moderate, a probability

analysis should be required to insure that the likelihood of such

failures is indeed remote.

G. SUFPOTING DTA

None available.

H. LESSONS LEARNKD

None available.
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ScIO. 4

4. NOTES

4.1 INTENDED USE

This specification contains the handling qualities requirements for

piloted aircraft and forms one of the bases for determination by the

procuring activity of aircraft acceptability. The specification con-

sists of requirements in terms of criteria for use in stability and

control calculations, analysis of wind tunnel test results, simulator

evaluations, flight testing, etc. The requirements should be met as far

as possible by providing an inherently good basic airframe. Cost, per-

formance, reliability, maintenance, etc. tradeoffs are necessary in

determining the proper balance between basic airframe characteristics

and augmented dynamic response characteristics. The contractor should

advise the procuring activity of any significant design penalties which

may result from meeting any particular requirement.
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II

4.2 DEFINITIONS

Terms and symbols used throughout this specification are defined as

follows.

4.2.1 General

S Wing area

s Laplace operator

q Dynamic pressure

MSL Mean Sea Level

T2  Time to double amplitude; T2 = -.693/Cw for oscil-
lations, T2 - .693T for first-order divergences

rTime delay

Aircraft Normal The nomenclature and format of Table 1 (1.6.1) shall
States be used in defining the Aircraft Normal States

Service ceiling Altitude at a given airspeed at which the rate of
climb is 100 ft/min at stated weight and engine
thrust

Combat ceiling Altitude at a given airspeed at which rate of climb
is 500 ft/mmn at stated weight and engine thrust

Cruising ceiling Altitude at a given airspeed at which rate of climb
is 300 ft/min at NRT at stated weight

hmax Maximum service altitude (defined in 1.5.2)

homax  Maximum operational altitude (1.5.1)

homin Minimum operational altitude (1.5.1)

c.g. Airplane center of gravity
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4.2.2 Speeds

Equivalent True airspeed multiplied by vro, where o is the ratio
airspeed, EAS of free-stream density at the given altitude to

standard sea-level air density

Calibrated Airspeed-indicator reading corrected for position
airspeed, CAS and instrument error but not for compressibility

Refusal speed The maximum speed to which the aircraft can accel-
erate and then stop in the available runway length

M Mach number

V Airspeed along the flight path (where appropriate, V
may be replaced by M in this specification)

Vs  Stall speed (equivalent airspeed), at Ig normal to
the flight path, defined as the highest of:

a. Speed for steady straight flight at CT , the
first local maximum of the curve of lift coeffi-
cient (L/qS) vs. angle of attack which occurs as
CL is increased from zero

b. speed at which uncommanded pitching, rolling or
yawing occurs (3.8.4.2)

c. speed at which intolerable buffet or structural
vibration is encountered
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Conditions for determining VS.

The aircraft shall be initially trimmed at
approximately 1.2 VS with the following set-
tings, after which the trim and throttle set-
tings shall be held constant:

FLIGHT PHASE THRUST SETTINGS TRIM SETTING

Climb (CL) Normal climb For straight flight

Descent (D) Normal descent For straight flight

Emergency descent (ED) Idle For straight flight

Emergency deceleration (DE) Idle For straight flight

Takeoff (TO) Takeoff Recommended takeoff
setting

Approach (PA) Normal approach For normal approach

Wave-off/Go-around (WO) Takeoff For normal approach

Landing (L) Idle For normal approach

All other TLF at 1.2 VS  For straight flight

*Either on all engines or on remaining engines with critical

engine inoperative, whichever yields the higher value of Vs.

In flight test, it is necessary to reduce speed
very slowly (typically 1/2 knot per second or
less) to minimize dynamic lift effects. The
load factor will generally not be exactly Ig
when stall occurs; when this is the case, VS is
defined as follows:

I. VVS = i--

where V and nf are the measured values at stall,
nf being the load factor normal to the flight
path.
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V (X), V n(X), short-hand notation for the speeds VS, V

max(X) V for a given configuration, weight, center-o?!-gravity position, and external store combina-
tion associated with Flight Phase X. For

example, the designation Vmax(TO) is used in
3.2.9.7.1 to emphasize that the speed intended
(for the weight, center of gravity, and external
store combination under consideration) is Vmax
for the configuration associated with the take-
off Flight Phase. This is necessary to avoid
confusion, since the configuration and Flight

Phase change from takeoff to climb during the
mane uver.•

Vtria Trim speed

Vend Speed for maximum endurance

VL/D Speed for maximum lift-to-drag ratio

VR/C Speed for maximum rate of climb

Vrange Speed for maximum range in zero wind conditions

VNRT High speed, level flight, normal rated thrust

VMRT High speed, level flight, military rated thrust

VMAT High speed, level flight, maximum augmented
thrust

Vma x: Maximum service speed (defined in 1.5.2)

Vmin Minimum service speed (defined in 1.5.2)

Vomax Maximum operational speed (1.5.1)
Vomin Minimum operational speed (1.5.1)

VG Gust penetration speed

VMCA Minimum controllable airspeed (VMc)

VMCG Minimum controllable ground speed
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4.2.3 Thrust and Power

Thrust and power For propeller-driven aircraft, the word "thrust"
shall be replaced by the word "power" throughout
the specification

TLF Thrust for level flight

NRT Normal rated thrust, which is the maximum thrust
at which the engine can be operated continuously

MRT Military rated thrust, which is the maximum
thrust at which the engine can be operated for a
specified period

MAT Maximum augmented thrust: maximum thrust, aug-
mented by all means available for the Flight
Phase

Takeoff thrust Maximum thrust available for takeoff

752



I

4.2.4 Control Parameters

Pitch, roll, The stick or wheel and pedals manipulated by the
yaw controls pilot to produce pitching, rolling and yawing

moments respectively; the cockpit controls

Pitch control Component of appliea force, exerted by the pilot
force, F. the cockpit control, in or parallel to the plane

of symmetry, acting at the center of the stick
grip or wheel in a direction perpendicular to a
line between the center of the stick grip and
the stick or control column pivot

Roll control For a stick control, the component of control
force, Fas force exerted by the pilot in a plane perpendi-

cular to the plane of symmetry, acting at the
center of the stick grip in a direction perpen-
dicular to a line between the center of the
stick grip and the stick pivot. For a wheel
control, the total moment applied by the pilot
about the wheel axis in the plane of the wheel,
divided by the average radius from the wheel
pivot to the pilot's grip

Yaw-control pedal Difference of push-force components of forces
force, Frp exerted by the pilot on the yaw-control pedals,lying in planes parallel to the plane of symme-

try, measured perpendicular to the pedals at the
normal point of application of the pilot's
instep on the respective yaw-control pedals

Direct normal A device producing direct normal force for the
force control primary purpose of controlling the flight path

of the aircraft. Direct normal force control is
the descriptive title given to the concept of
directly modulating the normal force on an air-
plane by changing its lifting capabilities at a
constant angle of attack and constant airspeed
or by controlling the normal force component of
such items as jet exhausts, propellers, and fans

Control power Effectiveness of control surfaces in applying
forces or moments to an aircraft. For example,
50 percent of available roll control power is
50 percent of the maximum rolling moment that is
available to the pilot with allowable roll con-
trol force
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4.2.5 Lonkitudinal Parameters

1/Te Low-frequency pitch attitude zero

I/T8 2  High-frequency pitch attitude zero

CSP Damping ratio of the short-period oscillation

WSP Undamped natural frequency of the short-period
oscillation

Damping ratio of the phugoid oscillation

W p Undamped natural frequency of the phugoid oscil-
lation

wBW Bandwidth frequency (3.2.1.2)

n Normal acceleration or normal load factor,
measured at the c.g.

n; Normal acceleration measured at the instantane-
ous center of rotation for pitch control inputs

nL Symmetrical flight limit load factor for a given
Aircraft Normal State, based on structural con-
sid era tions

nmax, nmin Maximum and minimum service load factors

n(+), n(-) For a given altitude, the upper and lower boun-
daries of n in the V-n diagrams depicting the
Service Flight Envelope (1.5)

nOmax ,' nomin Maximum and minimum operational load factors

no(+), no(-) For given altitude, the upper and lower boun-
daries of n in the V-n diagrams depicting the
Operational Flight Envelope (1.5)

a Angle of attack; the angle in the plane of sym-
metry between the fuselage reference line and
the tangent to the flight path at the airplane
center of gravity
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as The stall angle of attack at constant speed for
the configuration, weight, center of gravity
position and external-store combination associ-
ated with a given Aircraft Normal State; defined
as the lowest of the following:

a. Angle of attack for the highest steady load
factor, normal to the flight path, that can
be attained at a given speed or Mach number

b. Angle of attack, for a given speed or Mach
number, at which uncommanded pitching,
rolling or yawing occurs (3.8.4.2)

c. Angle of attack, for a given speed or Mach
number, at which intolerable buffeting is
encountered.

CLstall Lift coefficient at as defined above.

n/a The steady-state normal acceleration change per
unit change in angle of attack for an incre-
mental pitch control deflection at constant
speed (airspeed and Mach number)

Fs/n Gradient of steady-state pitch control force

versus n at constant speed (3.2.9.1)

y Climb angle, positive for climbing flight

Y - sin -' (vertical speed/true airspeed)

9 Pitch attitude, the angle between the x-axis and
the horizontal

L Aerodynamic lift plus thrust component normal to
the flight path
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4.2.6 Lateral-Directional Parameters

6as Displacement of the roll control stick or wheel
along its path

6rp Displacement of the yaw control pedal

TR First-order spiral mode time constant, positive
for stable mode

Ts  First-order roll mode time constant, positive
for stable mode

W Undamped natural frequency of numerator quad-
ratic of */Fas transfer function

Damping ratio of numerator quadratic of f/6as
transfer function

wd Undamped natural frequency of the dutch roll
oscillation

;d Damping ratio of the dutch roll oscillation

Td Damped period of the dutch roll,

Td =

wRS Undamped natural frequency of a coupled roll-
spiral oscillation

RS Damping ratio of a coupled roll-spiral oscilla-
tion

Bank angle measured in the y-z plane, between
the y-axis and the horizontal

Bank angle change in time t, in response to

control deflection of the form given in 3.5.9

p Roll rate about the x-axis

6rp(3) Yaw-to-roll crossfeed parameter (3.6.2.1.2)
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Posc/pav A measure of the ratio of the oscillatory compo-
nent of roll rate to the average component of
roll rate following a yaw-control-free step roll
control command:

d 0.2: Pl + P3 - 2P2

Pay PI + P3 + 2P2

d > 0.2: Posc - PI - P2

Pay PI + P2

where P 1 ' P 2 , and P 3 are roll rates at the

first, second and third peaks, respectively.
(Figures 1 and 2).

*osc/ av A measure of the ratio of the oscillatory compo-
nent of bank angle to the average component of
bank angle following a pedals-free impulse
aileron control command:

d 0.2: osc *1 + 03- 202

,*av 01 + 03 + 202

*osc 01-

d > 0.2: °av 01 @ + 02

where 01, 02, 03 are bank angles at the first,
second and third peaks, respectively.

Sideslip angle at the center of gravity, angle
between undisturbed flow and plane of symmetry;
positive, or right sideslip corresponds to inci-
dent flow approaching from the right side of the
plane of symmetry

Maximum change in sideslip occurring within 2
seconds or one half-period of the dutch roll,
whichever is greater, for a step roll-control

command (Figures 1 and 2).

k Ratio of "command roll performance" to "appli-
cable roll performance requirement" of 3.5.9.1,
where:

a. "Applicable roll performance requirement",

(0t)requirement, is determined from 3.5.9.1
for the Class and Flight Phase Category
under consideration
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b. "Commanded roll performance", (t) d
is the bank angle attained in thV'~ffla-ed
time for a given step roll command with yaw
conLrol pedals employed as specified in
3.5.9.1

k - t )command
threquirement

tao Time for the dutch roll oscillation in the side-
slip response to reach the nth local maximum for

a right step (,r pulse coll-control command, or
the nth local minimum for a left command. In
the event a step control input cannot be accom-
plished, the control shall be moved as abruptly
as practical and, for purposes of this defini-
tion, time shall be measured from the instant
the cockpit control deflection passes through
half the amplitude of the commanded value. For
pulse inputs, time shall be measured from a
point halfway through the duration of the pulse

Phase angle expressed as a lag for a cosine
representation of the dutch roll oscillation in
sideslip, where

360
0 - - tno + (n - 1) 360 (degrees)

Td ~

with n as in t n above

p/O Phase angle between roll rate and sideslip in
the free dutch roll oscillation. Angle is posi-
tive when p leads 8 by an angle between 0 and
180 deg

W/ 81d At any instant, the ratio of amplitudes of the
bank-angle and sideslip-angle envelopes in the
dutch roll mode

Examples showing measurement of roll-sideslip coupling parameters

are shown on Figure 1 for right rolls and Figure 2 for left rolls.

Since several oscillations of the dutch roll are required to measure

these parameters, and since for proper identification large roll rates

and bank angle changes must generally be avoided, step roll control

inputs should be small. It should be noted that since *0 is the phase

angle of the dutch roll component of sideslip, care must be taken to
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select a peak far enough downstream that the position of the peak is not

influenced by the roll mode. In practice, peaks occurring one or two

roll mode time constants after the aileron input will be relatively

undistorted. Care must also be taken when there is ramping of the side-

slip trace, since ramping will displace the position of a peak of the

trace from the corresponding peak of the dutch roll component. In

practice, the peaks of the dutch roll component of sideslip are located

by first drawing a line through the ramping portion of the sideslip

trace and then noting the times at which the vertical distance between

the line and the sideslip trace is the greatest. (See sketch on follow-

ing page for Case (a) of Figures I and 2).
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Since the first local maximum Of the dutch roll component of the side-

slip response occurs at t -2.95 seconds,

410 W -36 t no + (n -1) 360 - -360 (2.95) - -303 degrees

Level I flying qualities of a Class IV aircraft in the approach are

under examination; so the roll performance requirement from Table 1

(3.5.9. 1) upon which the parameter 'T' in the sideslip excursion

requirement [Figure 1 (3.6.2.1.1)] is based, iF Ot - 30 degrees in 1

second with rudder pedals free (as in the rolls of 3,5.9.1). From the

definitions, "k" for this condition is,

k ( 0 0command

k " ' lrequirement

Therefore from Figures I and 2:

Case (a), k - 9-1/30 - 0. 30 Case (c), k - 6.8/30 - 0. 23

Case (b), k - 8-1/30 - 0.27 Case (d), k - 6.0/30 - 0.20
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4.2.7 Atmospheric Disturbances Parameters

al Spatial (reduced) frequency (radians per foot)

W Temporal frequency (radians per second), where
W -$V

t Time (seconds)

Ug Translational disturbance velocity along the x-axis,
positive forward (feet per second)

V 9 Translational disturbance velocity along the y-axis,
positive to pilot's right (feet per second)

w9 Translational disturbance velocity along the z-axis,
positive down (feet per second)

Note: Random u , v, wg have Gaussian (normal)
dis tribu ;onsg

a, RMS Root-mean-square disturbance intensity, where

02 f 0(Q) d -f ¢(w)dw
0 0

a Root-mean-square intensity of U8R i

Ov  Root-mean-square intensity of vE

ow  Root-mean-square intensity of w

Lu  Scale for u. (feet)

SScale for vg (feet)

Lw  Scale for w. (feet)

0 ug (A) Spectrum for ug, where ug(0) = VOug(M

Cvg(fl) Spectrum for vg, where 0Vg(9) - V4vg( )

0Wg (Q) Spectrum for wg, where W () - V(w)

vm  Generalized discrete gust intensity, positive along
the positive axes, m - x, y, z (feet per second)

Pg Rotary disturbance velocity about the x-axis

qg 9Rotary disturbance velocity about the y-axis
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rg Rotary disturbance velocity about the z-axis

Pg Spec trm for p9

q9 ~ Spectrum for q

0 r. Spectrum for r
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4.2.8 Terms Used in High Anale of Attack Requirements

Post-stall The flight regime involving angles of attack
greater than nominal stall angles of attack.
The aircraft characteristics in the post-
stall regime may consist of three more or
less distinct consecutive types of aircraft
motion following departure from controlled
flight: post-stall gyration, incipient spin,
and developed spin.

Post-stall gyration (PSG) Uncontrolled motions about one or more air-
plane axis following departure from con-
trolled flight. While this type of aircraft
motion involves angles of attack higher than
stall angle, lower angles may be encountered
intermittently in the course of the motion.

Spin That part of the post-stall aircraft motton
which is characterized by a sustained yaw
rotation. The spin may be erect or inverted,
flat (high angle of attack) or steep (low but
still stalled angle of attack) and the rotary
motions may have oscillations in pitch, roll
and yaw superimposed on them. The incipient
spin is the initial, transient phase of the
motion during which it is not possible to
identify the spin mode, usually followed by
the developed spin, the phase during which it
is possible to identify the spin mode.
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4.3 GAIN SCHEDULING

Changes of mechanical gearings and stability augmentation gains in

the primary flight control system are sometimes accomplished by schedul-

ing the changes as a function of the settings of secondary control

devices, such as flaps or wing sweep. This practice is generally

acceptable, but gearings and gains normally should not be scheduled as a

function of trim control settings since pilots do not always keep air-

planes in trim.

4.4 ENGINE CONSIDERATIONS

Secondary effects of engine operation may have an important bearing

on flying qualities and should not be overlooked in design. These con-

siderations are: the influence of engine gyroscopic moments on airframe

dynamic motions; the effects of engine operation (including flameout and

intentional shutdown) on characteristics of flight at high angle of

attack (3.8.4); and the reduction at low rpm of engine-derived power for

operating the flight control system.

4.5 EFFECTS OF AEROELASTICITY, CONTROL EQUIPMENT
AND STRUCTURAL DYNAMICS

Since aeroelasticity, control equipment and structural dynamics may

exert an important influence on the aircraft flying qualities, such

effects should not be overlooked in calculations or analyses directed

toward investigation of compliance with the requirements of this speci-

fication.
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AP NDIX A

DETERMINING EQUIVALENT SYSTUS

Many flight control mechanizations are complex, and their mathemati-

cal models are of high order. All the requirements for modal parameters

require matching the high-order response with a low-order equivalent.

The modal requirements then apply for all realizable input magnitudes at

all operating points within the appropriate flight envelope. There are

many procedures in the literature for extracting reduced-order realiza-

tions of dynamic models. These methods have high-order dynamic models

as their input, and low-order equivalent models as their output. For

uniformity this appendix defines the essential components of the proce-

dure. However, the particular method used is left to the choice of the

individual contractor. Methods which have been used by various investi-

gators include:

0 Matching frequency responses of high-order,
linearized transfer functions

* Matching frequency responses extracted from
flight time histories using a fast Fourier
algorithm

0 Matching frequency responses generated by stick
cycling in flight

* Using a maximum likelihood technique to match
flight time history data

The mets d shall adjust all the parameters in the equivalent system,

with the exception of certain numerator parameters in single-response

matching. This exception shall apply only if approved by the procuring

activity. The method shall produce the minimum possible value of the

weighted sum of the squares of the frequency response differences in

magnitude and phase angle between the equivalent low-order system (LOS)

and the input high-order system (HOS) at n discrete frequencies, i.e.:

20 Wn
20 [(gainHOS - gainLos) 2 + 0.02(phaseHoS - phaseLos) 2 ]

W7
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where

gain is in dB

phase is in degrees

w denotes the input frequency

n is the number of discrete frequencies

When analytical data are used, the frequencies (at least ten per decade)

shall be equi-spaced on the log scale. When experimental data are used,

the low-order system shall be matched as closely as possible to the da-a

at the experimental frequencies.

The weighting between gain and phase is such that 1 dB of gain mis-

match and 7 degrees of phase mismatch have equal significance in the

total mismatch function. In practice the results will be very insensi-

tive to this weighting. For example, a value of 0.0i745 (which appears

to be a degrees-to-radians correction factor but actually is not) has

been reported in the literature. This will not produce materially dif-

ferent results than 0.02. Experience with one matching program is

reproduced in the following excerpt from a McDonnell paper in Journal

R.Ae.S., February 1976:

The nomimal value of W [weighting] in the cost functi gn
was 0.01745. Some runs were made with W = (0.01745) ,
so that equal weight could be assigned to gain (dB) and
phase (radians) mismatches. This produced matches which
were qualitatively judged to weight gain too heavily,
and using 0.01745 instead produced matches which were a
good balance between gain and phase for Neal and Smith's
configurations. In fact, the parameter values were
fairly insensitive to weighting coefficient choice, as
indicated in Lhe following table, which illustrates the
effects of W changes for configuration 2-H.

W T sp tsp La Kq

(0.01745)2 0.092 3.89 0.50 4.67 3.37

0.01745 0.095 3.95 0.51 4.67 3.44

0.05 0.104 3.75 0.54 3.71 3.88

0.1 0.110 3.70 0.56 3.34 4.13

768



The factor 20/n does not affect the equivalent parameters. It is

included as a convenience to allow the mismatch function value to be

compared with similarly defined mismatches in the literature.

When different responses are matched simultaneously (for example,

roll rate to stick force and sideslip to rudder), each response shall

have equal significance. However, note that the minimum value of the

total mismatch function will usually occur with numerically unequal gain

and phase mismatches and unequal mismatches for different responses.

When the modal parameters are common to the two responses, they

shall be constrained to be identical. For example, the dutch roll mode

shall have the same damping and frequency in the roll and sideslip

responses. This requirement may be waived by the procuring activity for

vehicles with flight control systems which utilize more than the conven-

tional number of independent force and moment producers.

In the main body of the Handbook, mismatch envelopes are shown as a

guide to determining whether a mismatch is allowable. The envelopes are

defined as functions of the Laplace variable, s, as follows:

Upper Gain Envelope;

3.16s2 + 31.61s + 22.79
s2 + 27.14s + 1.84

Lower Gain Envelope;

0.095s2 + 9.92s + 2.15

s2 + 11.6s + 4.95

Upper Phase Envelope;

68.89s2 + 1100.12s - 275.22 eO.006s

s2 + 39.94s + 9.99

Lower Phase Envelope;

475.32s 2 + 184100s + 29460 e_0.0072s
s2 + 11.66s + 0.039
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These envelopes are to be used only after the matching process has

been performed. Normally, mismatches will be far smaller than those the

envelopes allow.

Components of Computer Program

The basic components of an equivalent systems computer program which

is currently used by the U.S. Government are shown in the following sim-

plified flow chart (Figure 1). The broken lines enclose three separate

subroutines which are briefly described below.

Input - The Input section establishes the high-order response and

the initial guesses for its low-order system. It accounts for elements

that are held constant (e.g., the short-period pitch numerator root,

I/T02 ). If two systems are matched simultaneously, the objective vector

would consist of two frequency responses and the search vector of two

sets of transfer function coefficients. In addition the Input section

also sets the frequency range, number of frequencies, and number of

iterations.

Search - The Search section manipulates the search vector to make

its frequency response approximate the objective vector. It is made up

of four subsections: a search algorithm containing a minimization

strategy, a cost function, a frequency response calculator, and a set of

convergence criteria. The search algorithm is a general-purpose, multi-

variable optimization routine which will attempt to minimize any cost

function by varying a search vector. A modified Rosenbrock search rou-

tine is used in the example program although a wide variety of possible

methods exists. Figure 2 is a flow chart of the Rosenbrock routine

used. A more detailed description is in Optimization - Theory and

Practice by G.S.G. Beveridge and R. S. Schechter. The cost or mismatch

function, described previously in this appendix, is a scalar sum of the

squares of gain and phase differences between the low- and high-order

frequency responses. The cost function subsection requires the fre-

quency response of the current low-order system in order to calculate

the mismatch. The convergence criteria determine whether an optimum

match has been found. In the example program, convergence is considered
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I INITIAL GUESS HIGH ORDER INPUT

FOR LOW ORDER FREQUENCY
P PARAMETERS RESPONSE I

STORE HIGH I I
ORDER RESPONSE

... .. . .. -I ICALCULATE I

SII -COST(MISMATCH)I771117 FUNCTION SAC

MET SEARCH

?I

O OCOMPUTE
SLOW ORDER I I FREQUENCY I
PARAMETERS RESPONSE

ACCORDING TO OF LOW ORDER
MINIMIZATION SYSTEM ISTRATEGY IL -  -

OUTPUTFOR EXAMPLE
OPTIMUM EQUIVALE)NT SORUE OUTPUT

Figure 1 (Appendix A). Simplified Flow Chart for Equivalent
System Computer Program

771

-_7



0 0
10

u x

0

u w
z u

x
000

0 - . . 3:
0 w . w

0 z
m m

0 x o 00

w u o to

.02 w
0 4 w

0 N
2 z 14

3c
z

1w

z z 
0o w 4

cc z

.40. it
o

xw 4

w 4 m 0 U)
w , X . 4 io :, w

0 wo x u 3c
z <

w ow
w

0. w z Z 440 w
2 ww w ,

w z Z
w-.25 0,

w-
w z

toz
w z z 0

0 z 0 w z w $4
00' z 0

$4
z a 0 z

1 0

>

z z x a w
z 40 0

z

x
z
0--

8
0

w 01

00, x

z z 0 w
2 z 5 t:0 0 9 D ccz 10

-E 2 -Z u_- C14

z 0 y y 0 2 c 0 .1. 24 08w , - 0 tw 0
m 3c 14
SO x D w

1 2 'o z z
I Z Z M 4 m 0

z I -Z 0Z- Iz 00, 41 0
0 2 o Z u

0.0

a w I

z 0

772



optimum when the search vector changes by less than 0.001 percent

between iterations.

Output - This section presents the results of the Search section to

the user. The final optimum low-order system, the mismatch, and fre-

quency responses of the high- and low-order systems are primary outputs.

The preceding example was intended to show how equivalent systems

can be calculated, not how they must be. Although the example is based

on an actual working program, the number of possible, equally good pro-

grams is limited only by the number and creativity of prospective users.
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APPIDIX B

AN EXAMPLE NIL STANDARD

INTRODUCTION

It is recognized that the "cookbook" format of the MIL Standard rep-

resents a significant change from the generalized layout of MIL-F-8785C.

In addition, users of the Standard and Handbook are confronted with a

reorganization of the requirements into an axis-by-axis breakdown.

Familiarity with both of these changes will come with time. In order to

assist the user in interpreting and applying the MIL Standard, an exam-

ple Standard has been assembled. In most cases, fill-ins for the blanks

in the Standard were straightforward. Where additional guidance is

needed, or where amplification on application of requi-ements is neces-

sary, we have added discussions, set off in brackets ([]). Where alter-

native requirements exist, the MIL-F-8785C requirement has been used to

clarify the connection between the old and new formats.

Some requirements from the Standard are not applicable to the exam-

ple aircraft specified and are not included here. Inasmuch as the

Standard sections are numbered to be consistent with the Handbook to

facilitate cross-referencing the numbering is not consecutive. All

tables and figures included herein are numbered sequentially to avoid

any potential confusion (e.g., there is only one Table I in this

appendix). Corresponding tables and figures can be found in the Hand-

book by consulting the sections in which they occur in this appendix.

The aircraft specified in this generic Standard is intended to be a

single-seat lightweight (20,000-1b) highly maneuverable supersonic

fighter/attack (Class IV) aircraft designed to operate from tactical

airfields. It would be considered to represent an F-5- or F-16-type

aircraft, though no such comparison is intended. This class of aircraft

was chosen simply as an illustrative example, and should not be con-

strued to reflect on the applicability of the Standard and Handbook for

any actual aircraft, or aircraft of any other Class.
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1. SCOPE AND OPERATIONAL OBJECTIVES

1.1 Scope. This specification contains the requirements for the
flying and ground handling qualities of a U.S. military aircraft. It is
intended to assure flying qualities for adequate mission performance and
flight safety regardless of the design implementation or flight control
system augmentation.

1.2 Application. The flying qualities of the aircraft proposed or
contracted for shall be in accordance with this specification. The
requirements are written in terms of the axis of vehicle motion and
include all aspects of control for that axis, as well as vehicle re-
sponses to other inputs, e.g., turbulence, store release, etc. This
approach therefore includes requirements for other (i.e., secondary)
methods of control for a given axis (DLC, speed brakes, etc.). The
requirements apply, as stated, to the combination of airframe and
related subsystems. This includes stability augmentation and flight
control systems (automatic and/or manual), when provided.

1.3 Aircraft Classification and Operational Missions. For the pur-
pose of this Standard, the aircraft specified in this requirement is to
accomplish the following missions: [In a complete procurement Standard,
the full range of expected mission profiles would be summarized here.
For illustrative purposes we shall choose a single mission which will
exercise all elements of the Flight Phases (1.4) and Operational Flight
Envelope (1.5.1). The speed, load factor, and weight ranges would be
consistent with Table 1 (1.5.1) of the Handbook. The mission chosen
consists of the following sequences: Takeoff, Climb, Cruise, Air-to-Air
Combat, In-Flight Refueling (Receiver), Cruise, Descent, Approach, and
Landing. Additional allowance is made for Go-Arounds if necessary].
The aircraft thus specified will be a Class IV-L aircraft.

1.4 Flight Phase Categories. To accomplish the mission

requirements the following general Flight Phase categories are involved:

Flight Phase Category

Takeoff (TO) C
Climb (CL) B
Cruise (CR) B
Air-to-Air Combat (CO) A
In-Flight Refueling

(Receiver) (RR) A

Cruise (CR) B
Descent (D) B
Approach (PA) C
Go-Around (WO) C
Landing (L), including tactical C
landings on a short, narrow, or
bomb-cratered runway
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1.5 Flight Envelopes

1.5.1 Operational Flight Envelopes. The Operational Flight Enve-
lopes define the boundaries in terms of speed, altitude and load factor
within which the aircraft must be capable of operating in order to
accomplish the missions of Paragraph 1.3. The contractor shall use the
representative conditions of Table 1 (1.5.1) of the Handbook for the
applicable Flight Phases.

1.5.2 Service Flight Envelopes. For each Aircraft Normal State the
contractor shall establish, subject to the approval of the procuring
activity, Service Flight Envelopes showing combinations of speed, alti-
tude, and normal acceleration derived from aircraft limits as distin-
guished from mission requirements. For each applicable Flight Phase and
Aircraft Normal State, the boundaries of the Service Flight Envelopes
can be coincident with or lie outside the corresponding Operational
boundaries. The boundaries of the Service Flight Envelopes shall be
based on considerations discussed in the Handbook.

1.5.3 Permissible Flight Envelopes. The contractor shall define
Permissible Flight Envelopes which encompass all regions in which opera-
tion of the aircraft is both allowable and possible, and which the air-
craft is capable of safely encountering. These Envelopes define bound-
aries in terms of speed, altitude, and load factor.

1.6 State of the Aircraft

1.6.1 Aircraft Normal States. The contractor shall define and
tabulate all pertinent items to describe the Aircraft Normal States (no
component or system failure) associated with each of the applicable
Flight Phases. This tabulation shall be in the format of Table 1 and
shall use the nomenclature specified in 4.2. Certain items, such as
weight, moments of inertia, center-of-gravity position, wing sweep, or
thrust setting may vary continuously over a range of values during a
Flight Phase. The contractor shall replace this continuous variation by
a limited number of values of the parameter in question which will be
treated as specific States, and which include the most critical values
and the extremes encountered during the Flight Phase in question.

1.6.2 Aircraft Failure States. The contractor shall define and
tabulate all Aircraft Failure States, which consist of Aircraft Normal
States modified by one or more malfunctions in aircraft components or
systems; for example, a discrepancy between a selected configuration and
an actual configuration. Those malfunctions that result in center-of-
gravity positions outside the center-of-gravity envelope defined in
3.1.1 shall be included. Each mode of failure shall be considered.
Failures occurring in any Flight Phase shall be considered in all subse-
quent Flight Phases.
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1.6.3 Aircraft Special Failure States. Certain components, sys-
tems, or combinations thereof may have extremely remote probability of
failure during a given flight. These failure probabilities may, in
turn, be very difficult to predict with any degree of accuracy. Special
Failure States of this type need not be considered in complying with the
requirements of Section 3 if justification for considering them as
Special Failure States is submitted by the contractor and approved by
the procuring activity.

1.7 Levels of Flying Qualities. The acceptability of the handl-
ing characteristics of an aircraft are quantified herein in terms of
"Levels" that are defined as follows:

Level 1 Flying qualities clearly adequate for the mission
Flight Phase. Aircraft is satisfactory without
improvement.

Level 2 Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot workload or
degradation in mission effectiveness, or both,
exists. Aircraft deficiencies warrant improvement.

Level 3 Flying qualities such that the aircraft can be con-
trolled safely, but pilot workload is excessive or
mission effectiveness is inadequate, or both. Cate-
gory A Flight Phases can be terminated safely, and
Category B and C Flight Phases can be completed.
Aircraft deficiencies require improvement.

Where possible, the requirements of Section 3 are stated in terms of
three limiting values of one or more flying quality parameters. Each
value, or combination of values, represents a minimum condition neces-
sary to meet one of the three "Levels" of acceptability.

In some cases sufficient simulation or flight test data do not exist
to allow the specification of numerical values of a flying quality para-
meter. In such cases it is not possible to explicitly define the lower
boundary of each Level. These cases are handled by stating the required
"Level" of flying qualities for specified piloting tasks, which require
compliance by demonstration in flight or via piloted simulation.

It is expected that flying qualities will degrade with increasing
atmospheric disturbances and/or Aircraft Failure States. To account for
this, the Levels will be adjusted as a function of turbulence magnitude
and failures. These adjustments to the definition of flying quality
Levels are to be used for those requirements where numerical values are
not specifically stated. The adjusted Level definitions should not be
construed as a recommendation to degrade flying qualities with increas-
ing values of atmospheric disturbances.

The requirements for aircraft Levels as a function of flight enve-
lopes and failure states are presented in Paragraph 3.1.5. The effect
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of atmospheric disturbances on Levels is given in Paragraphs 3.9.1 and
3.9.4.

2. APPLICABLE DOCUMENTS. The following specifications and stan-
dards, of the issue in effect on the date of invitation for bids or
request for proposal, form a part of this specification to the extent
specified herein. Copies of specifications and standards required by
contractors in connection with specific procurement functions should be
obtained from the procuring activity or as directed by the contracting
officer.

Specifications

MIL-A-8861 Airplane Strength and Rigidity - Flight Loads

MIL-D-8708 Demonstration Requirements for Airplanes

MIL-F-9490 Flight Control Systems - Design, Installation
and Test of, Piloted Aircraft, General Specifi-
cation for

MIL-C-18244 Control and Stabilization Systems, Automatic,
Piloted Aircraft, General Specification for

MIL-F-18372 Flight Control Systems, Design, Installation and
Test of, Aircraft (General Specification for)

MIL-S-83691 Stall/Post-Stall/Spin Flight Test Demonstration
Requirements for Airplanes

MIL-W-25140 Weight and Balance Control Data (for Airplanes
and Rotorcraft)

Standard

MIL-STD-756 Reliability Prediction

Related Documents

Specifications

MIL-C-5011 Charts; Standard Aircraft Characteristics and
Performance, Piloted Aircraft

MIL-M-7700 Manual, Flight

MIL-A-8860 Airplane Strength and Rigidity - General Speci-
fication for

MIL-A-8871 Airplane Strength and Rigidity Flight and Ground
Operations Test

MIL-G-38478 General Requirements for Angle-of-Attack-Based
Systems
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Standard

MIL-STD-882 Systems Safety Program for Systems and Associ-
ated Subsystems and Equipment: Requirement for

Publica dons

AFSC Design Handbooks:
DH 1-0 General
DH 2-0 Aeronautical Systems

AFFDL Technical Report:
TR 69-72 Background Information and User Guide for MIL-

F-8785B, Military Specification - Flying
Qualities of Piloted Airplanes, August 1969

AFWAL Technical Report:
TR 81-3109 Background Information and User Guide for MIL-

F-8785C, Military Specification - Flying
Qualities of Piloted Airplanes, July 1982

3. REQUIREMENTS

3.1 GENERAL REQUIREMENTS

3.1.1 Loadings. The envelope of center of gravity and weight for
each flight phase shall be specified by the contractor. In addition,
the contractor shall specify the maximum c.g. excursion attainable
through failure in systems or components for each flight phase.

3.1.2 Moments and Products of Inertia. The contractor shall define
the moments and products of inertia of the aircraft associated with all
loadings of 3.1.1. The requirements of this specification shall apply
for all moments and products of inertia so defined.

3.1.3 External Stores. The external stores and store combinations
to be considered are as follows: 0, 1, or 2 air-to-air wingtip missiles.
The requirements of this Standard shall apply to these store conditions.
The effects of external stores on the weight, moments of inertia, center
of gravity position, and aerodynamic characteristics of the aircraft
shall be considered for each mission Flight Phase.. When the stores con-
tain expendable loads, the requirements of this Standard apply through-
out the range of store loadings.

3.1.4 Configurations. The requirements of this specification shall
apply for all configurations required or encountered in the applicable
Flight Phases of Section 1.4. A configuration is defined by the posi-
tions and adjustments of the various selectors and controls available to
the crew except for pitch, roll, yaw, throttle and trim controls. Exam-
ples are: the flap control setting and the yaw damper ON or OFF. The

780

- __ ___ ___ ___ ~ ''f



selected configurations to be examined must consist of those required
for performance and mission accomplishment. Control positions which
activate stability augmentation necessary to meet the requirements of
this standard are considered to be always on unless otherwise specified.

3.1.5 Allowable Levels for Aircraft Normal States

3.1.5.1 Within Operational Flight Envelopes. The minimum required
flying qualities for the Aircraft Normal State within the Operational
Flight Envelope will be Level 1. To account for degradation in handling
qualities due to atmospheric disturbances the requirements will be
adjusted as a function of disturbance magnitude according to the
requirements of Paragraph 3.9.1.

3.1.5.2 Within Service Flight Envelopes. The minimum required fly-
ing qualities for the Aircraft Normal State within the Service Flight
Envelope but outside the Operational Flight Envelope will be Level 2.

3.1.5.3 Within Permissible Flight Envelopes. From all points
in the Permissible Flight Envelopes and outside the Service Flight Enve-
lope, it shall be possible readily and safely to return to the Ser-

vice Flight Envelope without exceptional pilot skill or technique. The
requirements on flight at high angle of attack, dive characteristics,
dive recovery devices and dangerous flight conditions shall also apply.

3.1.5.4 For ground operation. Some requirements pertaining to
taxiing involve operation outside the Operational, Service, and Permis-
sible Flight Envelopes, as at V or on the ground. When requirements
are stated at conditions such as these, the Levels shall be applied as
if the conditions were in the Operational Flight Envelope.

3.1.6 Allowable Levels for Aircraft Failure States

3.1.6.1 Probability Calculation. When Aircraft Failure States
exist (1.6.2), a degradation in flying qualities is permitted only if
the probability of encountering a lower Level than specified in Para.
3.1.5 is sufficiently small. The contractor shall determine, based on
the most accurate available data, the probability of occurrence of each
Aircraft Failure State per flight hour within the Operational and Ser-
vice Flight Envelopes. Each specific failure is assumed to be present
at whichever point in the Flight Envelope being considered is most crit-
ical (in the flying qualities sense). From these Failure State proba-
bilities and effects, the contractor shall determine the overall proba-
bility, per flight hour, that one or more flying qualities are degraded
to Level 2 because of one or more failures. The contractor shall also
determine the probability that one or more flying qualities are degraded
to Level 3. These probabilities shall be less than the values shown in
Table 2.
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TABLE 2 (Appendix B)

ALLOWABLE LEVELS FOR AIRCRAFT FAILURE STATES

PROBABILITY OF WITHIN OPERATIONAL WITHIN SERVICE
ENCOUNTERING FLIGHT ENVELOPE FLIGHT ENVELOPE

Level 2 after failure < 2.5 x 10- 3

per flight hr

Level 3 after failure < 2.5 x 10- 5  < 2.5 x 10- 3

per flight hr per flight hr

3.1.7 Dangerous Flight Conditions. Dangerous conditions may exist
where the aircraft should not be flown. When approaching these flight
conditions, it shall be possible by clearly discernible means for the
pilot to recognize the impending dangers and take preventive action.

3.1.7.1 Warning and indication. Warning and indication of approach
to a dangerous condition shall be clear and unambiguous. For example, a
pilot must be able to distinguish readily among stall warning (which
requires pitching down or increasing speed), Mach buffet (which may
indicate a need to decrease speed), and normal aircraft vibration (which
indicates no need for pilot action).

3.1.7.2 Devices for indication, warning, prevention, recovery. It
is intended that dangerous flight conditions be eliminated and the
requirements of this specification met by appropriate aerodynamic design
and mass distribution, rather than through incorporation of a special
device or devices. As a minimum, these devices shall perform their
function whenever needed but shall not limit flight within the Opera-
tional Flight Envelope. Neither normal nor inadvertent operation of
such devices shall create a hazard to the aircraft. For Levels 1 and 2,
nuisance operation shall not be possible. Functional failure of the
devices shall be indicated to the pilot.

3.1.8 Interpretation of Subjective Requirements. In several
instances throughout the specification subjective terms, such as objec-
tionable flight characteristics, realistic time delay, normal pilot
technique and excessive loss of altitude or buildup of speed, have been
employed where insufficient information exists to establish absolute
quantitative criteria. Final determination of compliance with require-
ments so worded will be made by the procuring activity.

3.1.9 Interpretation of Quantitative Requirements. The numerical
requirements of this specification generally are stated in terms of a
linear mathematical description of the aircraft. Certain factors, for
example flight control system nonlinearities and higher-order character-
istics or aerodynamic nonlinearities, can cause the aircraft response to
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difter significantly from that of the linear model. The contractor
shall determine equivalent classical systems which have responses most
closely matching those of the actual aircraft. Then those numerical
requirements of Section 3 which are stated in terms of linear system
parameters (such as frequency, damping ratio and modal phase angles)
apply to the parameters of that equivalent system rather than to any
particular modes of the actual higher-order system. The adequacy of the
response match between equivalent and actual aircraft shall be agreed
upon by the contractor and the procuring activity.

3.1.10 Quality Assurance

3.1.10.1 Compliance demonstration. Compliance with the quantita-
tive requirements of Section 3 shall be demonstrated through analysis.
In addition, compliance with many of the requirements will be demon-
strated by simulation, flight test, or both. The methods for demon-
strating compliance shall be established by agreement between the pro-
curing activity and the contractor. Representative flight conditions,
configurations, external store complements, loadings, etc., shall be
determined for detailed investigations in order to restrict the number
of design and test conditions. The selected design points must be suf-
ficient to allow accurate extrapolation to the other conditions at which
the requirements apply.

a) Analysis. The analytical methods, procedures, assumptions,
etc., applied shall be made available to the procuring activity. In
some instances (e.g., control power) compliance may be demonstrated par-
tially or wholly by analysis when the analytical model is validated with
flight test data and approved by the procuring activity. In other
instances (e.g., control in turbulence) analysis will provide informa-
tion on specific test conditions requiring simulation, flight test, or
both.

b) Simulation. The danger, extent or difficulty of flight testing
may dictate simulation rather than flight test to evaluate some condi-
tions and events, such as the influence of Severe disturbances, events
close to the ground (except 3.2.8.4 shall be demonstrated in flight),
combined Failure States and disturbances, etc. In addition, by agree-
ment with the procuring activity, piloted simulation shall be performed
before first flight of a new aircraft design in order to demonstrate the
suitability of the handling qualities, and also to demonstrate compli-
ance with qualitative requirements in atmospheric disturbances. Where
simulation is the ultimate method of demonstrating compliance for a
requirement, the simulation model shall be validated with flight test
data.

c) Flight test. The required flight tests will be defined by oper-
ational, technical, and safety considerations as decided jointly by the
procuring activity, the test agency, the contractor, and other involved
agencies using results from 3.1.10.1a and 3.1.10.1b. It is expected
that flight test demonstration of the requirements in calm air and
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selected requirements in at least Moderate turbulence will be accomp-
lished to insure that flying quality degradations are not excessive.

3.1.10.2 Design and test conditions. Table 3 specifies general
guidelines, but the peculiarities of the specific aircraft design may
require additional or alternate test conditions.

a) Terms specified in Table 3 such as "heaviest weight" and
"greatest moment of inertia" mean the heaviest and great-
est consistent with 3.1.1 and 3.1.2. When a critical
center-of-gravity position is identified, the aircraft
weight and associated moments of inertia shall correspond
to the most adverse service loading in which that critical
center-of-gravity position is obtained.

b) Terms specified in Table 3 such as "most forward c.g." and
"most aft c.g." mean the most forward or most aft consis-
tent with 3.1.1. When a critical weight or moment of
inertia is identified, the center-of-gravity position
shall correspond to the most adverse service loading in
which that critical weight or moment of inertia is ob-
tained.

c) For terminal Flight Phases, it will normally suffice to
examine the selected Aircraft States at only one altitude

below 10,000 feet (low altitude). For nonterminal Flight
Phases, it will normally suffice to examine the selected
Aircraft States at one altitude below 10,000 feet or at
the lowest operational altitude (low altitude), the maxi-
mum operational altitude (homx ), and one intermediate
altitude. When the maximum operational altitude is above
40,000 feet or when stability or control characteristics
vary rapidly with altitude, more intermediate altitudes
than specified in Table 3 shall be investigated. When the
Service Flight Envelope extends far above or below the
Operational Flight Envelope, the service-altitude extremes
must be considered.
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TABLE 3 (Appendix B). DESIGN AND TEST CONDITION GUIDELINES

RlEQUIRlEMENIT TCL CITICAL LOAD ALIUESEDFLIGHT
NiiPU TITL LRAIG FACTOR PHASUE SEE

Section 3.2 HNUJLING QUALITY REQUIRE-
" ENTS FURl PITCH AIS

3.2.1 Response to Pitch Most forward c.g. t 1.0 h isin medium. Vein to Vs&. ..CR.IT.PA
Controller and most aft c.g. h hmax L :CT

3.2.2 P"lot-Induced OSCilla. - Minimum peralo.
tions sible to maximum

3.2.3 Residual Oscillations 1.0 Vo into Vomw -,PA

3.2.Z. Response to failures All homin and ho,, Vain to Vi..o-

3.2.7.3 Response to configura- 1.0 '00 1 n, hmedium.
tin or control nodeho,
chingema

3.2.1.4 Response to stores no(-) to V tomi 
0

0 max CGwD,
release no(-) AD

3.2.7.5 Response to armament .R
deli very

3.2.7.6 Response to buffet

3.2.8.1 Control power in Most forward c.g. 1.0 Vain to Yea.
unaccelerated flight

3.2.8.2 Control power in Most forward c.g. t As required Vmnto V mx CO.GAAR,
maneuvering flight TF .CR.PA

3.2.8.3 Control power for Most forward c.g. 1.0 Lo.. As required TO
takeoff (nose-twheel). most

aft c~q. (tail-wheel
aircraf t)

3.2.8.4 Control power for Most forward c.g. 1.0 L.:. Vs (L ) or L
landing geometric limit

3.Z.8.5 Control power for .. All i All
otner conditions i

3.2.9.1 Steady-state control Most forward c.g. t n(.) to Vain to Vmax -.RT.CRPA
force per g And Mst aft c .g. S (. L.CT

3.2.9.2 Transient control force Most aft c.g. 1.0
per g

3.2.9.3 Con trol force variations -- As required V to VCO,GA.OE
during rapid speed fln ma

charges and transonic

3.2.9.4.1 Control force en. Most forward c.g. f no(-) to 
9
fifn to 

9
AMe *.OT.CR.PA,

deflect ion -_ steady- n()LC
state gradient

3.2.9.4.2 Transient control force Most aft c.g. 1.0
vn. deflection LC

3.2.9.5 Control centering and M-n,(-) to no I and howx
breakout forces n

3.2.9.6 Free playI 11

3.2.9.7.1 Force Iilts .. takeoff Most forward c.g. As required Low 0 to VmanCTO) TO.CT

and most aft c.g.

tCombined witsi heaviest weight. §Combined wits ligntest weight.

All applicable Category A Flight Phases. N- o general guidance can be provided.

'A% reguired" -fligot conditions are specified In requirement or are deteraiised by natufe of test maneuver.
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TABLE 3 (Continued)

REuIE~~ TTL OAI ADO FLIGHT
RQIEET TTECRITICAL LA ALIUDE SPEEDPHS

3.2.9.7.2 Force limits -- landing Most forward c.g. 1.0 Low V (L) or L
geomeric limit

3.2.9.1.3 Force limits -- dives: Most forward c.g. t As requirlid 20D0 ft MSL Vmi. to Vid D.EDCO,
SFE and most aft c. g. §to luauRG

PFE IAs required VMAT to maimum
I permissible

3.2.9.1.4 Force limits - 1.0 hoin. medium, Vmin to V.4. CO.CR.PA.L
sidesl ips ma

3.2.9.7.6 Force limits - All h0m and 
T
min to V --

failures Ion

3.2.9.7.1 Force limits -- con- 1.0 
1
'o,10. mdium.

figuration or control h

mode charge 
m

3.2.9.8 Trim systems Most forward t.g.

and most aft c.g.

3.2.9.8.1 Trim systems -- rate -- As required As required 0.EO.CO.
of operation IGA

3.2.9.8.2 Trim systems -- stall- Most forward t.g. t As required Start or dine D.ED.CO.
ing of trim systems recovery to CR

9
mao

3.2.9.8.3 trim systems -- 1.0 MSI. to ha. Vmin to Von0
irreversibi lity

3.2.10.1 Control displacements .- Moot fornurd c~g As required Low 0 to Vmau(TO) TO.CT
takeoff and most aft C:19.

3.2.10.2 Control displacements -- In(-) to homin mediom. Vmin to Vono -,RT.til.PA.
mn vering 0 (u hom~x L.CT

3.2.10.3 Control displacements . .n()t 0  n
gust regulation n()t o n oa

SECTION 3.3 HANDLING QUJALITY REQIRE-I
MENTS FOR VERTICAL. FLIGHT
PATHN AXIS

3.3.1.2.1 Response to attitude -- 1.0 h~1 m edum 9 and PA

respne -- steady-state n.mim , omi 5k

SECTION 3.4 HANDLING QUALITY REQUIRE-
MENTS FOil LONGITUOIiIAL
AXIS

3.4.1 Response to Attitude Most aft c.g. 1.0 ho nlmeiu. en to V. C0RF.C
Changes L.TA

ho~ii~ h~.,0 Category C

3.4.1.1 Relaxation in transonic I ITransonic CO
fII I gilt

SECTION 3.5 HANDLING QUALITY REQUIRE-
MENfTS FORH ROLL AXIS

3.5.1 Roll Response to Roll -. 1.0 and h~ 1 o medium, Vein to VaNX *.CL.CR.L(;.
Controller no(+) Oma RT.OE.I'A.L

tCombined with heaviest weight. §Combined with lightest weight.

.All applicable Category A Flight Phases. .. No general guidance cam be provided.

'As required" - flight conditions are Specified In requirement or are determined by nature of test maneuver.
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TABLE 3 (Continued)

CEIREMEN TITLE ITICAL LOAD ALTITUDE SPEED FLHST

3.S.2 Pilot-Induced Oscilla- M inimum pearis- MSL to h.a, ¥ain to 
t
rm

tions9 sible to maximum
permissible

3.S.4 Linearity of Roll Greatest rolling As required (not ho,,. medium, CU.GA.TF.CL.
Response to Roll Con- momnt of Inertia above 0."L) homux CR,TO.CT
troller

3.S.6 Roll Response to Yaw Lightest weight 1.0 CUCR.PA.L
Controller

3.S.7 Nall Control for Takeoff -- Low As required TaxiTO.L
and Lending In Crostwinds

3.S.8.1 Response to asymetric Lightest weight 1.0 All Vml n to Vmak COGATF.CL,
thrust CRTO,CT

3.S.8.2 Response to fallures All hoin and h o0 aK  --

3..8.3 Response to configura- 1.0 h nW medium, Vm n 10 Vax --
tion or control mode* homax
change

3.S.8.4 Response to stores no(-) to I In to v0  CO.GA.WOAO
release no(+) oin o s

3.1.8.$ Response to armanent |,RT
delivery I t

3.5.9.1 Control power - response Greatest and smallest As required hOmn', medium, As required
to roll control inputs rolling moments of (not above homax

inertia 0.8 nL)

3.S.9.2 Control power - steady Lightest weight 1.0 C0,CR.PAL
sideslips I

3.1.9.3 Control power - cross- -- As required Low As required TO,L,PA
winds

3.1.9.4 Control powr - engine Lightest weight 1.0 homn Down to Vmin(TU) oU.CT

failures

3.5.9.5 Control power - dive% -- As required 2000 ft MSL VMAT to Vmax EO

and pullouts to hmax

3.S.9.6 Control power * stores -- no(-) to hom.nedium, Vomin to Vomax CO.GA,WD,AD
release no(.) hornax

3.5.9.7 Control power - two Lightest weight 1.0 homi mediun, Vrane (1 dnd --
engines inoperative homax 2 englnes out)

3.5.9.8 Control power for other -- All All --
conditions

3.5.10.1 Wheel control displace- Greatest rolling As required Vmin to Vmax CO.GA,ARTF,
mests moment of inertia (not above CR.(iA,L

O.SnL)

3.1. 10.2 Forces to achieve Greatest and smallest
required roll rates rolling nonents of

inertia

3.S.10.3 Sensitivity Smallest rolling I
mnent of inertia

3.5.10.4 Breakout and centering no(-) to hnin and homan geln to max --
forces no(*)

I Cobined with heaviest weight. § Comhined with lightest weight.
All applicable Category A Flight Phases. -- No general guidance can be provided.

'As required" *- flight coviditions are specified in requirement or are determined by nature of test maneuver.
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TABLE 3 (Continued)

REQUIRE CITICAL LOA FLIGHT

CRITICATITLE ALTITUDE SPEED

HuNNER LOADING FACTOR PHAE

3.5. 10'S Free play -- n(-) to hon and hon x  Vein to VI x --

3.5.10.6.1 Force limits - steady As required homin. medium. Vomin CUCRLOPA
turns hom x

3.5.10.6.2 Force limits - dives 2000 ft MSL to VMAT to Vma D.ED
and pullouts Imax

3.5.10.6.3 Force limits - cross- 1.0 Low As required TOL

winds I
3.5.10.6.4 Force limits - steady Vm

t
in to VmaxsideslipsIII

sidsi ps e. VmiolTO) to CR,TOCT
3.5.10.6.5 Force limits - engine Lightest weight hO nmediunm , Vin o

failures after takeoff homax .

SECTION 3.6 IMANULING QUALITY REQUIRE-
sNTS FOR YAW AXIS

3.6.1.1.1 Equi-.lent systems Greatest rolling 1.0 and no(+) hnln medium, Vrin to Vmax CR,RTPA,L
requiiment - transient moment of inertia Omax
response

3.6.1.1.2 Equivalent systems Lightest weight 1.0 CU,CRrA,L
requirenent - steady-
state response

3.6.2.1 Yaw response to roll Greatest yawing and ICR.PA.L
controller - coordina- rolling moments of
tion in turn entry and inertia
exit

3.6.2.2 Pilot-induced oscilla- Minimum permissi. ASL to hm-
tions ble to maximum

permissible

3.6.3 Yaw Control for Takeoff 1.0 Low As required 1O,LTaxi
and Landing in Cross-
winds

3.6.4.1 Response to asymmetric Lightest weight 1.0 
5
min 0 to Vmax(TU) TU.CT

thrust

4 All Vmin to Vwx COGA.TF.CR
I CL,TO,CT

hOm medium, 1.4Vmin CRI I inh Ome
x

3.6.4.2 Response to failures -- All I Vmin to Vm x  --

3.6.4.3 Response to configuration -- 1.0 homin, medium Vmin to Vmax
or control mode change hoax

3.6.4.4 Response to stores1 no(-) to Vo in to Vow CO,GAWOAD
release no (-) V

3.6.4.5 Response to armament -- IRT
delivery I 1RY

3.6.5.1 Control power - takeoff. -" As required Low 0 to Ua,(TO) PATUoLTaxi
landing, and taxi

3.6.5.2 Control power - two Lightest weight 1.0 hIomin edism, rag"e (1 and
engines Inoperative omax 2 engines Ou)

All applicable Category 6 Flight Phases. -- No general guidance can be provided.

*As required* - flight conditions are specified in requirement or are determined by nature of test maneuver.
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TABLE 3 (Concluded)

REQUIREMENT TITLE CRITICAL LOAP AlT'IuoE SPEED FLIGHT
NUMER LOAD NG FACTOR PHASE

3.6.S.3 Control power - asym- - 1.0 4on mediom . wain to max  COGA.CR,,
metric loading On PAL

3.6.6 Yaw Axis Control Forces n0(-) to *.CR.PA.L

3.6.6.1 Force linearity Lightest weight 1.0 COCR.PA.L

3.6.6.2.1 Force Iillts - rolling Greatest rolling As required CU.GAAR.TF,
maneuvers moment of inertia CR.PAL

3.6.6.2.2 Force limits - steady "- I Vo COCRL0,PA

3.6.6.2.3 Force limits - speed 1.0 V i. to Wmax  CO.GA.CR,D,
changes I PA.L

3.4.6.2.4 Force limits - cross- .- 1.0 Low As required TO.L
winds

3.6.6.2.5 Force limits - asym- h homt, medium, to -.
metric loading ho

0
man min ax

3.6.6.Z.6 Force limits -dives As required 2000 ft MSL to V4AT to "max  0,t0
and pullouts max

3.6.6.2.7 force limits -go- Lightest weight 1.0 Low Vi5 (PA) or WO
arounds landing speed

3.6.6.2.8 Force limits-asymetric h mIn 0 to Vmax(TO)  TO.CT
thrust1

3.6.6.2.9 Force limits - failures -- All ho.,n and homax ¥min to Vmax -

em iu.3.6.6.2.10 Force limits -configura- 
|  

1.0 hom nf'dlixu.h
tios or control mode oachanges

SECTIuN 3.8 iANOLIiG QUALITY REQUIRIE-

3.8.1 Cross-Axis Coupling In - 0 to 11Omin medium. Vi n to VMax  CO,GA.AR,TF
Roll Maneuvers 0.

8
nL ma

3.8.2 Crosstalk Between Pitch no(-) to
and Roll Controllers no(-)

3.8.3 Control Harmony See MIL--8361 or NIL-D-8708. whichever is applicable for flight demonstration.
More severe conditions generally will be investigated by analysis and model testing.

3.8.4 Flight at High Angle
of Attach k

All applicable Category A Flight Phases. -- No general guidance can be provided.

'As required" flight conditions are specified In requirement or are determined by nature of test maneuver.
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3.2 HANDLING QUALITY REQUIREMENTS FOR PITCH AXIS

3.2.1 Pitch Attitude Response to Pitch Controller

3.2.1.1 Pitch axis equivalent systems requirements. The equivalent
parameters describing the responses of pitch rate and normal load factor
(at the center of rotation) to a pitch control force input shall have
the characteristics specified by Table 4.

1) Short term response

K8 [s + (1/Te2 )]ee8

- 2
Fs 52 + 2cspwps + p

n Kne ~~n

a8  + 2 c5 pWpB + 2%

Notes:

a) The equivalent systems are to be obtained
from simultaneous matching of the /F5 and
n'/F s higher order system responses over a
frequency range of approximately 0.1 to
10 rad/sec.

b) nj is normal acceleration as measured at the
aircraft center of rotation.

2. Long term response

- K[s + (I/Toe)]

Fs s 2 + 2prps + W

Note: While a lower order equivalent system
match could be used, the parameter p is the only
one specified and it can be generalfy calculated
directly from a time response.

Mismatch in terms of amplitude and phase angle for the short-term pitch
rate response shall be compared with the envelopes of Figure I for Cate-
gory A and C Flight Phases. For any cases that fall outside these
envelopes the requirements of 3.2.1.2 shall apply.
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TABLE 4 (Appendix B)
LOCATIONS OF REQUIREMENTS FOR PITCH RESPONSE

TO PITCH CONTROLLER

PARAMETER wsp vs. n/a

Cp Table 5

No Requirement

;sp Table 6

Wap Figure 2

n/a Figure 2
I/To, At least greater

than Zero

1/T 02

"ree, "en Table 7

TABLE 5 (Appendix B)
EQUIVALENT PHUGOID DAMPING RATIO LIMITS

Level I at least 0.04

Level 2 p at least 0
p

Level 3 T2 at least 55 sec (T2 = -0.693/ p )

and tpj < 1.0

792

^No



TABLE 6 (Appendix B)
EQUIVALENT SHORT-PERIOD DAMPING RATIO LIMITS

CATEGORY A AND C CATEGORY B

LEVEL FLIGHT PHASES FLIGHT PHASES

MINIMUM MAXIMUM MINIMUM MAXIMUM

1 0.35 1.30 0.30 2.00

2 0.25 2.00 0.20 2.00

3 T2 , 6 sec T2 o 6 sec --

*In the presence of one or more other Level 3

flying qualities, 4,p shall be at least 0.05
unless flight safety is otherwise demonstrated
to the satisfaction of the procuring activity.
T2 applies to the value of an unstable first-
order short-period root

TABLE 7 (Appendix B)
LIMITS ON AIRCRAFT RESPONSE DELAY, Te

LEVEL ALLOWABLE DELAY (sec)

1 0.10

2 0.20

3 0.25

Te is the greater of Tee or Ten
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3.2.1.2 Pitch axis bandwidth requirements. For any equivalent
system of 3.2.1.1 with mismatch outside the envelopes of Figure 1, the
bandwidth of the open-loop p4 tch attitude response to pitch controller
shall meet the requirements of Figure 3.

3.2.2 Pilot-induced pitch oscillations - qualitative requirement.
There shall be no tendency for pilot-induced oscillations, that is, sus-
tained or uncontrollable oscillations resulting from the efforts of the
pilot to control the aircraft. The pitch attitude response dynamics of
the airframe plus control system shall not change abruptly with the
motion amplitudes of pitch, pitch rate or normal acceleration unless it
can be shown that this will not result in a pilot-induced oscillation.

3.2.3 Residual Pitch Oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the aircraft. For Levels I
and 2, oscillations in normal acceleration at the pilot's station grea-
ter than *0.02 g will be considered excessive for any Flight Phase.
These requirements shall apply with the pitch control fixed and with it
free.

3.2.4 Vertical Acceleration at Pilot Station. Vertical accelera-
tion at the pilot station due to pitch control inputs shall not be
objectionable to the pilot.

3.2.5 Pitch Axis Response to Secondary Controllers. The pitch
attitude response to a rapid change in secondary cockpit flight control
(throttle, DLC, etc.) shall not be objectionable to the pilot.

3.2.6 [Reserved]

3.2.7 Pitch Axis Response to Other Inputs

3.2.7.1 Pitch axis response to auxiliary controls. The pitch
response to any auxiliary control shall not be objectionable to the
pilot.

3.2.7.2 Pitch axis response to failures

a) Closed-Loop: The pitch attitude motions following sudden

aircraft system or component failures shall be such that
dangerous conditions can be avoided by pilot corrective
action. A time delay of at least I sec between the
failure and initiation of pilot corrective action shall be
incorporated when determining compliance. No single fail-
ure of any component or system shall result in Level 3
pitch-axis flying qualities; Special Failure States
(1.6.3) are excepted. The crew member concerned shall be
provided with immediate and easily interpreted indications
whenever failures occur that require or limit any flight
crew action or decision.
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b) Open-Loop: With controls free, the aircraft motions due
to partial or complete failure of the augmentation system
shall not exceed the following limits for at least
2 seconds following the failure:

Levels I and 2 (after failure): *0.5 g incremental normal
acceleration at the pilot's station, except that neither
stall angle of attack nor structural limits shall be
exceeded. In addition, for Category A, vertical excur-
sions of 5 feet.

Level 3 (after failure): No dangerous attitude or struc-
tural limit is reached, and no dangerous alteration of the
flight path results from which recovery is impossible.

3.2.7.3 Pitch axis response to configuration or control mode
change. The transient motions and trim changes resulting from the
intentional engagement or disengagement of any portion of the primary
flight control system by the pilot shall be such that dangerous flying
qualities never result. With controls free, the motion transients
resulting from these situations shall not exceed the following limits
for at least 2 seconds following the transfer: *0.05 g normal accelera-
tion at the pilot's station. These requirements apply only for Aircraft
Normal States (1.6.1).

3.2.7.4 Pitch axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels I and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally per-
missible.

3.2.7.5 Pitch axis response to armament delivery. Operation of
movable parts or firing of weapons shall not cause buffet, trim changes,
or other characteristics which impair the tactical effectiveness of the
aircraft under any pertinent flight conditions. These requirements
shall be met for Levels I and 2.

3.2.7.6 Buffet. Within the boundaries of the Operational Flight
Envelope, there shall be no objectionable buffet which might detract
from the effectiveness of the aircraft in executing its intended mis-
sions.

3.2.8 Pitch Axis Control Power

3.2.8.1 Pitch axis control power in unaccelerated flight. In
steady I g flight at all service altitudes, the attainment of all speeds
between VS and Vma shall not be limited by the effectiveness of the
longitudinal controf or controls.
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3.2.8.2 Pitch axis control power in maneuvering flight. Within
the Operational Flight Envelope, it shall be possible to develop, by
use of the pitch control alone, the following range of load factors:

Levels I and 2: n (-) to no(+)
0 0

Level 3: n - 0.5 g to the lower of:

a) n (+)

b) n - 2.0 for n0 (+) 4 3 g

0.5 [n0(+) + 11 for n0(+) > 3 g

This maneuvering capability is required at constant altitude at the 1 g
trim speed and, with trim and throttle settings not changed by the crew,
over a range about the trim speed the lesser of *15 percent or *50 kt
equivalent airspeed (except where limited by the boundaries of the Oper-
ational Flight Envelope).

3.2.8.3 Pitch axis control power in takeoff. The effecti-eness of
the pitch control shall not restrict the takeoff performance of the air-
craft. Satisfactory takeoffs shall not be dependent upon use of the
trimmer control during takeoff or on complicated control manipulation by
the pilot. It shall be possible to obtain and maintain the following
attitude during the takeoff roll:

0 The pitch attitude at 0.9 Vmin that will result
in a liftoff at Vmin*

These requirements shall be met on hard surface runways and on debris-
strewn or shell-damaged runways.

[This requirement regulates against tailwheel airplanes].

3.2.8.4 Pitch axis control power in landing, The pitch control
shall be sufficiently effective in the landing Flight Phase in close
proximity to the ground so that during landing flare and rollout with
the aircraft trimmed for the minimum recommended approach speed not to
exceed 1.3 Vs(L):

* The geometry limited touchdown attitude can be achieved at
touchdown.

* The guaranteed minimum landing speed [V mn(L)] can be
achieved when flaring from shallow (y - -30) and steep

(y - -60) approaches.

* The nosewheel can be gently lowered to the ground at
speeds down to 0.9 Vmin(L).
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3.2.8.5 Pitch axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for all maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

3.2.9 Pitch Axis Control Forces

3.2.9.1 Pitch axis control forces - steady-state control force
perg.

a) Control Feel and Stability in Maneuvering Flight at Con-
stant Speed. In steady turning flight and in pullups and
pushovers at constant speed, for Levels 1 and 2 there
shall be no tendency for the aircraft pitch attitude or
angle of attack to diverge aperiodically with controls
fixed or with controls free. For the above conditions,
the incremental control force required to maintain a
change in normal load factor and pitch rate shall be in
the same sense (aft - more positive, forward - more nega-
tive) as those required to initiate the change. These
requirements apply for all local gradients throughout the
range of service load factors defined in 1.5.2.

b) Control Forces in Maneuvering Flight. At constant speed
in steady turning flight, pullups and pushovers, the vari-
ations in pitch controller force with steady-state normal
acceleration shall have no objectionable nonlinearities
within the following load factor ranges:

CLASS MIN. MAX.

I, II & III 0.5 0.5[n (+) + 1] or 3

IV 0 Whichever is less

Outside this range, a departure from linearity result-
ing in a local gradient which differs from the average
gradient for the maneuver by more than 50 percent is
considered excessive, except that larger increases in
force gradient are permissible at load factors grea-
ter than 0.85 nL. The local force gradients shall be
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within the limits of Table 8 for centerstick controllers.
In addition, F8 /n should be near the Level I upper bound-
aries of these gradients for combinations of high fre-
quency and low damping. The term gradient does not
include that portion of the force versus n curve within
the breakout force.

For side stick controllers, the contractor shall show that
the control force gradients will produce suitable flying
qualities.

TABLE 8 (Appendix B). PITCH MANEUVERING FORCE GRADIENT
LIMITS - CENTER STICK CONTROLLERS

MAXIMUM GRADIENT MINIMUM GRADIENT
LEVEL (Fs/n)max, lb/g (Fs/n)min, lb/g

240/(n/a) The greater of
1 but not more than 28.0 2 1/(nL - 1)

nor less than 56/(nL - ) and 3.0

360/(n/i) The greater of
2 but not more than 42.5 18/(nL - 1)

nor less than 85/(nL - 1) and 3.0

The greater of

3 56.0 12 /(nL - 1)
and 2.0

*For nL < 3, (Fs/n)max is 28.0 for Level 1, 42.5 for Level 2.

3.2.9.2 Pitch axis control forces - transient control force per g.
The buildup of control force during the maneuver entry must not lag the
buildup of normal acceleration at te pilot's location. In addition,
the frequency response of normal acceleration at the pilot station to
pitch control force input shall be greater than the following for all
frequencies greater than 1.0 rad/sec. Units are pounds per g.

Level I Level 2 Level 3

14 12 8
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3.2.9.3 Pitch axis control forces - control force variations dur-
ing rapid speed changes. When the aircraft is accelerated and decel-
erated rapidly through the operational speed range and through the
transonic speed range by the most critical combination of changes in
power, actuation of deceleration devices, steep turns and pullups, the
magnitude and rate of the associated trim change shall not be so great
as to cause difficulty in maintaining the desired load factor by normal

pilot techniques.

3.2.9.4 Pitch axis control forces - control force vs. control
deflection

3.2.9.4.1 Steady-state control force/deflection gradient. The
average gradient of pitch-control force per unit of pitch-control
deflection at constant speed shall be within the following range for
Category A Flight Phases.

7 _MNIMUM MAXIMUM

Centerstick controllers 5 lb/in. No data

Sidestick controllers 1 lb/in. 2.5 lb/in.

For other Flight Phases, the gradient shall not be so large
or so small as to be objectionable.

3.2.9.4.2 Transient control force vs. deflection The deflection of
the pilot's control must not lead the control force throughout the fre-
quency range of pilot control inputs. In addition, the peak pitch con-
trol forces developed during abrupt maneuvers shall not be objectionably
light.

3.2.9.5 Pitch axis control forces - control centering and breakout

forces. Longitudinal controls should exhibit positive centering in
flight at any normal trim setting. Although absolute centering is not
required, the combined effects of centering, breakout force, stability
and force gradient shall not produce objectionable flight characteris-
tics, such as poor precision-tracking ability, or permit large depar-
tures from trim conditions with controls free. Breakout forces, includ-
ing friction, preload, etc., shall be within the limits of Table 9.
These values refer to the cockpit control force required to start move-
ment of the control surface.
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TABLE 9 (Appendix B). PITCH AXIS BREAKOUT FORCES (LB)

CLASSES I, II-C, IV CLASSES II-L, III
CONTROL

MINIMUM MAXIMUM MINIMUM MAXIMUM

Centerstick 1/2 3 1/2 5

Sidestick 1/2 1 1/2 1

Values for Levels I and 2 (Upper Limits Doubled for Level 3)

3.2.9.6 Pitch axis control forces - free play. The free play (and

possible associated hysteresis) in the longitudinal controller shall not
result in objectionable flight characteristics, especially for small
amplitude inputs.

3.2.9.7 Pitch axis control force limits

3.2.9.7.1 Pitch axis control force limits - takeoff. With the
trim setting optional but fixed, the pitch-control forces required dur-
ing all types of takeoffs for which the aircraft is designed, including
short-field takeoffs, shall be within the following limits: for center-
stick controllers, 30 pounds pull to 10 pounds push; for sidestick con-
trollers the force shall not be objectionable to the pilot. The term
takeoff includes the ground run, rotation, and liftoff, and the ensuing
acceleration to Vmax (TO). Takeoff encompasses operation in both the
presence and absence of ground effect. Takeoff power should be main-
tained until V (TO) is reached, with the landing gear and high-lift
devices retracteT in the normal manner at speeds from Vomin

(TO). mm(TO) to Vmax
(TO).

3.2.9.7.2 Pitch axis control force limits - landing. The pitch
control forces for landing shall be less than 35 pounds pull for center-
stick controllers for the recommended approach speed and fixed trim
settings. For sidestick controllers the forces shall not be objection-
able to the pilot. This applies in both presence and absence of ground
effect.

3.2.9.7.3 Pitch axis control force limits - dives

Service Flight Envelope. With the aircraft trimmed for level flight
at speeds throughout the Service Flight Envelope, the control forces in
dives to all attainable speeds within the Service Flight Envelope shall
not exceed (a) . In similar dives, but with use of trim following
the dive entry, it shall be possible with normal piloting techniques to
maintain the forces within the following limits: (b)
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Permissible Flight Envelope. With the aircraft trimmed for level
flight at V MT but with use if trim optional in the dive, it shall be
possible to maintain the pitch control force within the following limits
in dives to all attainable speede within the Permissible Flight Enve-
lope: (c). The force required for recovery from these dives shall
not exceed: d). Trim and deceleration devices, etc., may be used
to assist in recovery if no unusual pilot technique is required.

Note: Letters in blanks correspond to values in Table 10.

TABLE 10 (Appendix B)
FORCE LIMITS FOR DIVES AND RECOVERY FROM DIVES

FORCE (lb)
REQUIREMENT CONTROLLER

NUMBER PUSH PULL

(a) Centerstick 50 10
Sidestick * *

(b) Centerstick 10 10
Sidestick * *

(c) Centerstick 50 35
Sidestick * *

(d) Centerstick 120 120

Sidestick * *

•Limits for sidestick controllers have not been

established. However, the forces must be accept-
able to the pilot.

3.2.9.7.4 Pitch axis control force limits - sideslips. With the
aircraft trimmed for straight, level flight with zero sideslip, the
pitch-control force required to maintain constant speed in steady side-
slips with up to 50 pounds of pedal force in either direction, or in
sideslips as specified in the Operational Flight Envelope, shall not
exceed the pitch-control force that would result. in a I g change in
normal acceleration. In no case, however, shall the pitch-control force
exceed 10 pounds pull or 3 pounds push for centerstick controllers. For
sidestick controllers the forces must be acceptable to the pilot. If a
variation of pitch-control force with sideslip does exist, it is pre-
ferred that increasing pull force accompany increasing sideslip, and
that the magnitude and direction of the force change be similar for
right and left sideslips. For Level 3 there shall be no uncontrollable
pitching motions associated with the sideslips discussed above.
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3.2.9.7.5 [Reserved]

3.2.9.7.6 Pitch axis control force limits - failures. The change
in longitudinal control force required to maintain trim pitch attitude
following complete or partial failure of the augmentation system shall
not exceed 20 pounds for at least 5 seconds following the failure.

3.2.9.7.7 Pitch axis control force limits - configuration or con-
trol mode change. The control force changes resulting from the inten-
tional engagement or disengagement of any portion of the primary flight
control system by the pilot shall not exceed 20 pounds for at least
5 seconds following the mode change.

3.2.9.8 Pitch axis trim systems. In straight flight, throughout
the Operational Flight Envelope the trimming system shall be capable of
reducing the steady-state control forces to zero for Level 1 or 2, and
no greater than 20 pounds (push or pull) for Level 3. The failures to
be considered in applying Level 2 and 3 requirements shall include trim
sticking and runaway in either direction. It is permissible to meet
Level 2 and 3 requirements by providing the pilot with alternate trim
mechanisms or override capability.

3.2.9.8.1 Pitch axis trim systems - rate of operation. Trim
devices shall operate rapidly enough to enable the pilot to maintain low
control forces under changing conditions normally encountered in ser-
vice, yet not so rapidly as to cause oversensitivity or trim precision
difficulties under any conditions.

3.2.9.8.2 Pitch axis trim systems - stalling of trim systems.
Stalling of a trim system due to aerodynamic loads during maneuvers
shall not result in an unsafe condition. Specifically, the longitudinal
trim system shall be capable of operating during the dive recoveries of
3.2.9.7.3 at any attainable permissible n, at any possible position of
the trimming device.

3.2.9.8.3 Pitch axis trim systems - irreversibility. All trim-
ming devices shall maintain a given setting indefinitely unless changed
by the pilot, or by a special automatic interconnect (such as to the
landing flaps), or by the operation of an augmentation device. If an
automatic interconnect or augmentation device is used in conjunction
with a trim device, provision shall be made to ensure the accurate
return of the device to its initial trim position on removal of each
interconnect or augmentation command.

3.2.10 Pitch Axis Control Displacements

3.2.10.1 Pitch axis control displacements - takeoff. With the
trim setting optional but fixed, the pitch-control travel during
all types of takeoffs for which the aircraft is designed shall not
exceed 75 percent of the total travel, stop-to-stop. Here the term
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takeoff includes ground run, rotation and liftoff, and the ensuing
acceleration to Vmax (TO). Takeoff power shall be maintained until Vma-
(TO) is reached, with the landing gear and high-lift devices retracted
in the normal manner at speeds from Vomdn (TO) to Vmax (TO).

3.2.10.2 Pitch axis control displacements - maneuvering. For all
types of pitch controllers, the control motions in maneuvering flight
shall not be so large or so small as to be objectionable. In steady
turning flight and in pullups at constant speed, the incremental control
deflection required to maintain a change in normal load factor and pitch
rate shall be in the same sense (aft - more positive, forward - more
negative) as those required to initiate the change.

3.2.10.3 Pitch axis control displacements - gust regulation. The
ability of the aircraft to perform operational maneuvers required of it
shall not be limited in the Moderate atmospheric disturbances defined in
3.9 by control displacement or control surface deflection rates. For
powered or boosted controls, the effect of engine speed and the duty
cycle of both primary and secondary control together with the pilot con-
trol techniques shall be included when establishing compliance with this
requirement.

3.3 HANDLING QUALITY REQUIREMENTS FOR VERTICAL FLIGHT PATH AXIS

3.3.1 Vertical Axis Response to Attitude Change

3.3.1.1 Vertical axis response to attitude change - transient
response. The short-term flight path response to attitude changes shall
be acceptable to the pilot.

3.3.1.2 Vertical axis response to attitude change - steady-state
response. The steady-state path response to attitude inputs shall be as
follows. For the landing approach Flight Phase, the curve of flight-
path angle versus true airspeed shall have a local slope at Vomin that
is negative or less positive than:

a. Level 1: 0.06 degrees/knot

b. Level 2: 0.15 degrees/knot

c. Level 3: 0.24 degrees/knot

The thrust setting shall be that required for the normal approach glide
path at Vo in' The slope of the curve of flight-path angle versus air-speed at ?knots slower than Vo, min shall not be more than 0.05 degrees

per knot more positive than the slope at Vomin' as illustrated by the
sketch on the following page.
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[The specific wording of this requirement makes it clear that a STOL
flight path control is disallowed - i.e., the 3y/3V values are not con-
sistent with an aircraft operating well on the backside of the power
curve to the point where the primary flight path controller would be
power].

3.3.3 Vertical Axis Response to Other Inputs

3.3.3.1 Vertical axis response to auxiliary controls, stores
release, and armament. There shall be no objectionable transients in
flight path response due to the use of other auxiliary controls, or
stores or armament release.

3.3.3.2 Vertical axis response to failures. No single failure of
any component or system shall result in objectionable flying qualities.

3.4 HANDLING QUALITY REQUIREMENTS FOR LONGITUDINAL (SPEED) AXIS

3.4.1 Speed Response to Attitude Changes

a. The correlation between airspeed -id pitch attitude
shall be as follows:

0 Transient Response. For rapid attitude
changes the short-term airspeed change shall
be in the same direction as the final value.
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0 Steady State Response. For a fixed positive
change in attitude from trim, airspeed shall
not increase. This applies over a speed
range of *15 percent about trim or *50 kt,
whichever is less.

b. For Levels 1 and 2 there shall be no tendency for the
airspeed to diverge aperiodically when the aircraft
pitch attitude is disturbed from trim by any means.
This requirement shall be considered satisfied if the
gradient of pitch control force with airspeed is nega-
tive. Demonstration of positive phugoid damping in
Paragraph 3.2.1 shall also be accepted as evidence of

compliance.

c. For Level 3, the airspeed divergence characteristics

must be within the following limits: the time for air-
speed to double amplitude following a pitch attitude
disturbance from trim shall not be less than 6 sec-
onds. Additionally, airspeed divergences shall not be

allowed in the presence of one or more other Level 3
flying qualities unless the flight safety of that com-
bination of characteristics can be demonstrated.

3.4.1.1 Speed response to attitude changes - relaxation in tran-
sonic flight. The requirements of 3.4.1 may be relaxed in the transonic
speed range as follows (provided any divergent aircraft motions with
speed are gradual and not objectionable to the pilot):

a. Levels I and 2: For centerstick controllers, no
local force gradient shall be more unstable than
3 pounds per 0.01 M nor shall the force change
exceed 10 pounds in the unstable direction.

b. Level 3: For centerstick controllers, no local
force gradient shall be more unstable than
6 pounds per 0.01 H nor shall the force ever

exceed 20 pounds in the unstable direction.

For sidestick controllers any local gradient shall be acceptable to the

pilot. This relaxation shall not apply to Level I for any Flight Phase
which requires prolonged transonic operation.
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3.5 HANDLING QUALITY REQUIREMENTS FOR ROLL AXIS

3.5.1 Roll Response to Roll Controller

3.5.1.1 Roll axis equivalent system requirements

3.5.1.1.1 Roll mode. The equivalent roll mode time constant, TR,
shall be no greater than the following:

FLIGHT LEVEL
PHASE

CATEGORY 1 2 3

A & C 1.0 1.4

B 1.4 3.0 1.0

The lower order equivalent roll rate transfer function is defined as
follows:

p = Kp(O) [, w e Teps

Fas T/rs1)I/TR) Jd ]

The equivalent system is to be obtained from matching of the higher
order system response over a frequency range of approximately 0.1 to
10 rad/sec.

3.5.1.1.2 Spiral stability. The combined effects of spiral stabil-
ity, flight-control-system characteristics and rolling moment change
with speed shall be such that the banK angle response shall have the
following characteristics following a disturbance in bank of up to 20
degrees. This requirement shall be met with the airplane trimmed for
wings-level, zero-yaw-rate flight with the cockpit controls free.

MINIMUM TIME TO DOUBLE AMPLITUDE

FLIGHT PHASE LEVEL I LEVEL 2 LEVEL 3

CATEGORY

A and C 12 sec 8 sec 4 sec

B 20 sec 8 sec 4 sec
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The spiral mode may be determined from the equivalent system match
of 3.5.1.1.1 or from time histories taken from flight test.

3.5.1.1.3 Coupled roll-spiral oscillation. A coupled roll-spiral
mode will be permitted provided it has the following characteristics:

MAXIMUM VALUES FOR ROLL-SPIRAL DAMPING
COEFFICIENT, CRSCiRS

CATEGORY CATEGORI
LEVEL A B AND C

0,5

2 0.3

3 0.15

The aircraft shall not exhibit a coupled roll-
spiral mode in Category A Flight Phases.

**The aircraft shall not exhibit a coupled roll-

spiral oscillation in Category C Flight Phases
requiring rapid turning maneuvers such as short
approaches.

3.5.1.1.4 Roll rate oscillations. The value of the parameter
p /p following a yaw-control-free step roll command shall be within
t~elimits of Figure 4. This requirement applies for step roll commands
up to the magnitude that caases a 60 degree bank angle change in 1.7Td
seconds.

3.5.1.1.5 Time delay. The value of the equivalent time delay, Te_ ,
determined in the equivalent system match of 3.5.1.1.1, shall be
greater than the following:

LEVEL ALLOWABLE DELAY

(sec)

1 0.10

2 0.20

3 0.25

3.5.2 Pilot-Induced Roll Oscillations. There shall be no tendency
for sustained or uncontrollable roll oscillations resulting from efforts
of the pilot to control the airplane.
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Figure 4 (Appendix B). Roll Rate Oscillation Limitations

3.5.3 Residual Roll Oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the airplane.

3.5.4 Linearity of Roll Response to Roll Controller. There shall
be no objectionable nonlinearities in the variation of rolling response
with roll control deflection or force. Sensitivity or sluggishness in
response to small control deflections or force shall be avoided.

3.5.5 Lateral Acceleration at Pilot Station. The ratio of maximum
lateral acceleration at the pilot station to maximum roll rate shall not
exceed the following for the first 2-1/2 seconds following a step roll

control input.

nYpilotmax /Pmax

Level (g/deg/sec)

1 0.012

2 0.035

3 0.058
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3.5.6 Roll response to yaw controller. The following requirements
are expressed in terms of characteristics in yaw-control-induced steady,
zero-yaw-rate sideslips with the airplane trimmed for wings-level
straight flight, at sideslip angles up to those produced or limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection.

At these sideslip angles the following shall apply:

a) A decrease in right bank angle shall not accompany an

increase in right sideslip, and a decrease in left bank
angle shall not accompany an increase in left sideslip.
Zero roll control force or deflection is acceptable,
whereas

h) A right roll-control deflection and/or force shall not
accompany left sideslips, and a left roll-control deflec-
tion and/or force shall not accompany right sideslips.
For Levels I and 2, the variation of roll-control deflec-
tion and force with sideslip angle shall be essentially
linear. This requirement may, if necessary, be excepted
for waveoff (go-around) if task performance is not
impaired and no more than 50 percent of roll-control power
available to the pilot, and no more than 10 pounds of
roll-control force are required in a direction opposite to
that specified herein. In addition, for Levels I and 2
positive effective dihedral (right roll control for right
sideslip and left roll control for left sideslip) shall
never be so great that more than 75 percent of roll-
control power available to the pilot, and no more than
10 pounds of roll-stick force are required for sideslip
angles that might be experienced in service employment.

3.5.7 Roll axis control for takeoff and landing in crosswinds. It
shall be possible to take off and land with normal pilot skill and tech-
nique in 90 deg crosswinds from either side of velocities up to 30 kt
for Levels I and 2, and 15 kt for Level 3.

3.5.8 Roll Axis Response to Other Inputs

3.5.8.1 Roll axis response to asymmetric thrust. The airplane
motions following sudden asymmetric loss of thrust shall be such that
dangerous conditions can be avoided by pilot corrective action. A real-
istic time delay of at least I second shall be considered.
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3.5.8.2 Roll axis response to failures.

a) Closed-Loop: The aircraft motions following sudden air-
craft system or component failures shall be such that
dangerous conditions can be avoided by pilot corrective
action. A time delay of at least 1 sec between the fail-
ure and initiation of pilot corrective action shall be
incorporated when determining compliance. No single fail-
ure of any component or system shall result in Level 3
flying qualities; Special Failures States (1.6.3) are
excepted. The crew member concerned shall be provided
with immediate and easily interpreted indications whenever
failures occur that require or limit any flight crew
action or decision.

b) Open-Loop: With controls free, the aircraft motions due
to partial or complete failure of the augmentation system
shall not exceed the following limits for at least
2 seconds following the failure:

* Levels I and 2 (after failure): *0.5 g incre-
mental lateral acceleration at the pilot's sta-
tion and *10 deg per second roll rate, except
that neither stall angle of attack nor structural
limits shall be exceeded. In addition, for Cate-
gory A, *2 deg bank angle.

* Level 3 (after failure): No dangerous attitude
or structural limit is reached, and no dangerous
alteration of the flight path results from which
recovery is impossible.

3.5.8.3 Roll axis response to configuration or control mode change.
The transient motions and trim changes resulting from the intentional
engagement or disengagement of any portion of the primary flight control
system by the pilot shall be such that dangerous flying qualities never
result. With controls free, the motion transients resulting from these
situations shall not exceed the following limits for at least 2 seconds
following the transfer: *3 deg/sec roll within the Operational Flight
Envelope, or *5 deg/sec roll within the Service Flight Envelope. These
requirements apply only for Aircraft Normal States.

3.5.8.4 Roll axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels 1 and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally per-
missible.
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3.5.8.5 Roll axis response to armament delivery. Operation of

moveable parts or firing of weapons shall not cause buffet, trim
changes, or other characteristics which impair the tactical effective-
ness of the airplane under any pertinent flight conditions. These
requirements shall be met for Levels I and 2.

3.5.9 Roll Axis Control Power

3.5.9.1 Roll axis control power - response to roll control inputs.
The response to full roll control input shall have the following charac-
teristics. Over the equivalent airspeed ranges listed below, roll per-
formance is specified in Table 11. In addition, roll performance for
Flight Phase CO is specified in Table 12 for 360 deg rolls initiated at
1 g, and in Table 13 for rolls initiated at load factors between
0.8 n (-) and 0.8 n (+). These requirements take precedence over
Table ol.

Speed Equivalent Airspeed Range
Range
Symbol For Level I For Levels 2 and 3

VL Vomin < V < Vm n + 20 KTS Vmin 4 V 4 Vmin + 20 KTS

Vmin + 20 KTSa 4 V < 1.4 Vmin Vmin + 20 KTS < V < 1.4 Vmin

M 1.4 Vomin V < 0.7 Vmax b 1.4 Vmin < V < 0.7 Vmax

H 0.7 VV Omax 0.7 Vmax e V < Vmax

a Or VO min, whichever is greater b Or Vo max whichever is less

3.5.9.2 Roll axis control power in steady sideslips. For Levels I
and 2, positive effective dihedral (right roll control for right side-
slip and left roll control for left sideslip) shall never be so great
that more than 75 percent of roll control power available to the pilot
is required for sideslips which might be encountered in service deploy-
ment.
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TABLE 11 (Appendix B)
ROLL PERFORMANCE

Time to Achieve the Following Bank Angle Change (Seconds)

CATEGORY A CATEGORY 8 CATEGORY C
LVLSPEED CTGR

RANGE 30 deg 50 deg 90 deg 90 deg 30 deg

VL 1.1 2.0 1.1
egL .1 1.7 1.1

M 1.3 1.7 1.1
H 1.1 1.7 1.1

VL 1.6 2.8 1.3
L 1.5 2.5 1.32 M 1.7 2.5 13
H 1.3 2.5 1.3

V 2.6 3.7 2.0
L 2.0 3.4 2.0
L 2.6 3.4 2.0
H 2.6 3.4 2.0

TABLE 12 (Appendix B)
FLIGHT PHASE CO ROLL PERFORMANCE IN 360 DEG ROLLS

Time to Achieve the Following Bank Angle Change (Seconds)

LEVEL SPEED 30 deg 90 deg 180 deg 360 deg
RANGE

VL 1.0
L 1.4 2.3 4.1
H 1.0 1.6 2.8

H 1.4 2.3 4.1

VL 1.6
L 1.3
M 1.3 2.0 3.4
H 1.7 2.6 4.4

VL I 2.5
L 2.0
M 1.7 3.0
H 2.1 I
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TABLE 13 (Appendix B)
FLIGHT PHASE CO ROLL PERFORMANCE

Time to Achieve the Following Bank Angle Change (Seconds)

LEVEL SPEED 30 deg 50 deg 90 deg 180 deg
RANGE

VL 1.0
L 1.1
M 1.1 2.2
H 1.0

VL 1.6

2 L 1.3
M 1.4 2.8
H 1.4

VL 2.5
L 2.0
M 1.7 3.4
H 1.7

3.5.9.3 Roll axis control power in crosswinds.

a) It shall be possible to taxi at any angle to a 45 kt wind.

b) Roll control power, in conjunction with other normal means of
control, shall be adequate to maintain a straight path during
the takeoff run, or landing rollout, in crosswinds up to those
specified in 3.5.7.

c) Roll control power shall be adequate to maintain wings level
with up to 10 deg of sideslip in the power approach. For
Level I this shall require not more than 75 percent of the con-
trol power available to the pilot.

d) Following sudden asymmetric loss of thrust from any factor, the
airplane shall be safely controllable in roll in the crosswinds
of 3.5.7 from the unfavorable direction.

3.5.9.4 Roll axis control power for engine failure. During the
takeoff run it shall be possible to maintain roll control of the air-
craft, following a sudden loss of thrust from the most critical propul-
sive source. This requirement shall apply from a minimum speed of
Vmin(TO) to a maximum speed of Vmax(TO)-

The roll control required shall not exceed 75 percent of the avail-
able roll control power. This assumes takeoff thrust is maintained on
the operative engine for multi-engine aircraft, with trim at normal
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setting for symmetric thrust. The aircraft may be banked up to 5 deg
away from the inoperative engine. [The wording of this paragraph
implies that the aircraft may be either single- or twin-engine].

3.5.9.5 Roll axis control power in dives and pullouts. Roll con-
trol power shall be adequate to maintain wings level without retrimming,
throughout the dives and pullouts of 3.2.9.7.3.

3.5.9.6 Roll axis control power for stores release. Roll control
power shall be adequate to regain wings level, without retrimming, fol-
lowing intentional release of any stores, to the maximum load factors
specified in 3.2.8.2 with adequate control margin.

3.5.9.8 Roll axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for all maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

3.5.10 Roll Axis Control Forces and Displacements

3.5.10.2 Roll axis control forces to achieve required roll rates.
The roll control force required to obtain the rolling performance speci-
fied in 3.5.9.1 shall be neither less than the minimum nor greater than
the maximum listed below for centerstick controllers. For sidestick
controllers, forces shall not be so large or so small as to be objec-
tionable to the pilot.

FORCE (Ibs)

LEVEL MINIMUM MAXIMUM

1 5 20

2 4 30

2 (Cat C) 2-1/2 20

3 0 35

Above breakout force.
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3.5.10.3 Roll axis control sensitivity. The roll control force
gradient shall have the following characteristics. In case of conflict
between the requirements of 3.5.10.3 and 3.5.10.2, the requirements of
3.5.10.3 shall govern.

FLIGHT PHASE MAXIMUM SENSITIVITYLEVEL CATEGORY (deg in 1 sec)/lb

A 15.
1

C 7.5

A 25.
2

C 12.5

3.5.10.4 Roll axis control forces - control centering and breakout
forces. Lateral controls should exhibit positive centering in flight at
any normal trim conditions.

The combined effects of centering, breakout force, damping, and
force gradient shall not produce objectionable flight characteristics.

Breakout forces, including friction, preload, etc., shall be within
the following limits: for Levels 1 and 2, 1/2 lb to 2 lb (1 lb for side-
stick controllers); for Level 3, 1/2 lb to 4 lb.

3.5.10.5 Roll axis control forces - free play. The free play in
the lateral controller shall not result in objectionable flight charac-
teristics, especially for small amplitude inputs.

3.5.10.6 Roll axis control force limits

3.5.10.6.1 Roll axis control force limits - steady turns. It
shall be possible to maintain steady turns with the airplane trimmed for
wings-level straight flight in either direction with the yaw controls
free at the following combinations of bank angle and roll controller
force characteristics: 60 deg and 5 lb.

3.5.10.6.2 Roll axis control force limits - dives and pullouts.
Roll control forces shall not exceed 10 lb in dives and pullouts to the
maximum speeds specified in the Service Flight Envelope.

3.5.10.6.3 Roll axis control force limits - crosswinds. It shall
be possible to take off and land in the crosswinds specified in 3.5.9.3
without exceeding the roll control forces specified by 3.5.10.2.
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3.5.10.6.4 Roll axis control force limits - steady sideslips. In
final approach the roll control forces shall not exceed 10 lb for
Level I or 20 lb for Level 2 when in a straight, steady sideslip of
10 deg.

3.5.10.6.5 Roll axis control force limits - engine failures after
takeoff. Following a thrust loss from the most critical factor after
takeoff the roll control forces shall not exceed those specified by
Paragraph 3.5.10.2. With yaw controls free, forces shall be the Level 2
upper limits specified in 3.5.10.2 for Levels 1 and 2, and the Level 3
upper limits for Level 3. These requirements apply with takeoff thrust
maintained on the operative engine for multi-engine aircraft and trim at
the normal settings for takeoff with symmetric thrust. Automatic
devices that normally operate in the event of a thrust failure may be
used, and the airplane may be banked up to 5 degrees away from the
inoperative engine.

3.5.10.6.6 Roll axis control force limits - configuration or con-
trol mode change. The control force changes resulting from the inten-
tional engagement or disengagement of any portion of the primary flight
control system by the pilot shall not exceed 10 lb for at least 5 sec
following the mode change.

3.6 HANDLING QUALITY REQUIREMENTS FOR YAW AXIS

3.6.1 Yaw Axis Response to Yaw Controller

3.6.1.1 Yaw axis equivalent system requirements

3.6.1.1.1 Dynamic response. The equivalent parameters describing
the response of sideslip to a yaw control input shall have the charac-
teristics specified in Table 14. The requirements shall be met in
trimmed and in maneuvering flight with cockpit controls fixed and with
them free, in oscillations of any magnitude that might be experienced in
operational use. If the oscillation is nonlinear with amplitude, the
requirement shall apply to each cycle of the oscillation. In calm air
residual oscillations may be tolerated only if the amplitude is suffi-
ciently small that the motions are not objectionable and do not impair
mission performance.

The parameters shall be found by matching the higher-order sideslip
response to yaw control input to the following lower-order form, over
the frequency range from 0.1 rad/sec to 10 rad/sec:

KoRe- Tee as

F r p [s 2  + 2 d (%s + w2
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TABLE 14 (Appendix B). MINIMUM DUTCH ROLL FREQUENCY AND DAMPING

FLIGHT M Min d% Min & d
LEVEL PHASE Min d

CATEGORY (rad/sec) (rad/sec)

A (CO) 0.4 0.4 1.0

A 0.19 0.35 1.0

1 B 0.08 0.15 0.4

C 0.08 0.15 1.0

2 All 0.02 0.05 0.4

3 All 0-- 0.4

*The governing damping requirement is that yielding

the larger value of d.

22
When 2I*/lId is greater than 20 (rad/sec)2 , the minimum cd(j1 shall

be increased above the Cdwd minimums listed in Table 14 by:

Level 1: Ad = 0.014(2w 0/0Id - 20)

Level 2: Udwd = 0.009(wId/BId- 20)

Level 3: A~dwd = 0.005(wd /8ld - 20)

with wd in rad/sec.

3.6.1.1.2 Steady-state response. The long-term response to yaw-
control-pedal deflections shall have the following characteristics:

Right yaw-control-pedal force shall produce left sideslips and left
yaw-control-pedal force shall produce right sideslips. For Levels 1 and
2 the following requirements sh&ll apply. The variation of sideslip
angle with yaw-control-pedal force shall be essentially linear for side-
slip angles between +15 degrees and -15 degrees. For larger sideslip
angles, an increase In yaw-control-pedal force shall always be required
for an increase in sideslip.

This requirement applies to yaw-control-induced steady, zero-yaw-
rate sideslips with the airplane trimmed for wings-level straight
flight, at sideslip angles up to those produced or limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection.
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3.6.2 Yaw Axis Response to Roll Controller

3.6.2.1 Coordination in turn entry and exit. The sideslip excur-
sions to step roll control inputs with yaw control free shall meet the
following critera:

a. The amount of sideslip following a yaw-control-free (small
input) step roll control command shall be within the
limits as shown in Figure 5 for Levels I and 2. This
requirement shall apply for step roll control commands up
to the magnitude that causes a 60 degree bank angle change
with Td or 2 seconds, whichever is longer.

b. Following a yaw-control-free (large input) step roll con-
trol command, the ratio of the sideslip increment, AB, to
the parameter k shall be less than the values specified
below. The roll command shall be held fixed until the
bank angle has changed at least 90 degrees.

ADVERSE SIDESLIP PROVERSE SIDESLIP
LEVEL CATEGORY (RIGHT ROLL COMMAND (LEFT ROLL COMMAND

CAUSES RIGHT SIDESLIP) CAUSES RIGHT SIDESLIP)

A 6 degrees 2 degrees
B and C 10 degrees 3 degrees

2 All 15 degrees 4 degrees

1L

A , ALFLIGHT PHASE

12H LEVEL 2

"_ CATEGORY A/////.'/////////x///// /- -I LEVEL i1 .

0 -10 -O -120 -_60 -200 -2,O -260 -320 -360

Figure 5 (Appendix B). Sideslip Excursion Limitations
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3.6.2.2 Pilot-induced yaw oscillations. There shall be no tendency
for sustained or uncontrollable yaw oscillations resulting from efforts
of the pilot to control the aircraft.

3.6.2.3 Residual yaw oscillations. Any sustained residual oscilla-
tions in calm air shall not interfere with the pilot's ability to per-
form the tasks required in service use of the aircraft.

3.6.3.1 Yaw Axis Control for Takeoff and Landing in Crosswinds. It
shall be possible to take off and land with normal pilot skill and tech-
nique in 90 deg crosswinds from either side of velocities up to 30 kt
for Levels I and 2 or 15 kt for Level 3.

3.6.4 Yaw Axis Response to Other Inputs

3.6.4.1 Yaw axis response to asymmetric thrust. For multi-engine
aircraft, it shall be possible for the pilot to maintain directional
control of the aircraft following a loss of thrust from the most criti-
cal propulsive source.

a) Takeoff: During takeoff it shall be possible to maintain
a straight path without deviations of more than 30 ft.
For the continued takeoff, the requirement shall be met
when thrust is lost at speeds from the refusal speed

(based on the shortest runway from which the airplane is
designed to operate) to the maximum takeoff speed, with
takeoff thrust maintained on the operative engine, using
only controls not dependent upon friction against the
takeoff surface or upon release of the pitch, roll, yaw
or throttle co Aols. For the aborted takeoff, the
requirement sh. be met at all speeds below the maximum
takeoff speed; however, additional controls such as nose-
wheel steering and differential braking may be used.
Automatic devices that normally operate in the event of a
thrust failure may be used in either case.

b) After takeoff: After takeoff it shall be possible
without a change in selected configuration to achieve
straight flight following sudden asymmetric loss of
thrust from the most critical factor at speeds from Vmin
(TO) to Vmax (TO), and thereafter to maintain straight
flight throughout the climbout. Automatic devices that
normally operate in the event of a thrust failure may be
used, and the airplane may be banked up to 5 degrees away
from the inoperative engine.

c) Takeoff and landing in crosswinds: The aircraft shall be
safely controllable In the crosswinds of 3.6.3 from the
unfavorable direction.
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d) In-flight: The airplane motions following sudden asym-
metric loss of thrust shall be such that dangerous condi-
tions can be avoided oy pilot corrective action. A
realistic time delay of at least 1 second shall be incor-
porated. In addition, the static directional stability
shall be such that at all speeds above 1.4 V i with
asymmetric loss of thrust from the most critical 'actor
while the other engine develop normal rated thrust, the
airplane with yaw control pedals free may be balanced
directionally in steady straight flight. The trim set-
tings shall be those required for wings-level straight
flight prior to the failure.

[Note that this paragraph is intended only for multi-engine aircraft.
It does not, however, prevent the contractor from designing the candi-
date aircraft with only a single engine.]

3.6.4.2 Yaw axis response to failure3. The yawing motions follow-
ing sudden airplane system or component failures shall be such that
dangerous conditions can be avoided by pilot corrective action. A real-
istic time delay between the failure and initiation of pilot corrective
action shall be incorporated when determining compliance. No single
failure of any component or system shall result in dangerous or intoler-
able flying qualities; Special Failure States (1.6.3) are excepted. The
crew member concerned shall be provided with immediate and easily inter-
preted indications whenever failures occur that require or limit any
flight crew action or decision. With controls free, the yawing motions
due to failures shall not exceed the following limits for at least
2 seconds following the failure:

* Levels I and 2 *0.5 g incremental lateral acceleration
(after failure) at the pilot's station, except that

structural limits shall not be ex-
ceeded. In addition, for Category A,
lateral excursions of 5 ft.

* Level 3 N dangerous attitude or structural
(after failure) limit is reached, and no dangerous

alteration of the flight path results
from which recovery is imp-ssible.

3.6.4.3 Yaw axis response to configuration or control mode change.
The transient motions and trim changes resulting from the intentional
engagement or disengagement of any portion of the primary flight con-
trol syRtem by the pilot shall be such that dangerous flying qualities
never result. With controls free, the transients resulting from these
situations shall not exceed the following iimits for at least 2 seconds
following the transfer: the lesser of *5 deg sideslip and the struc-
tural limit. These requirements apply only for Aircraft Normal States,
within the Service Fligh; Envelope.
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3.6.4.4 Yaw axis response to stores release. The intentional
release of any stores shall not result in objectionable flight charac-
teristics for Levels 1 and 2. However, the intentional release of
stores shall never result in dangerous or intolerable flight character-
istics. This requirement applies for all flight conditions and store
loadings at which normal or emergency store release is structurally per-
missible.

3.6.4.5 Yaw axis response to armament delivery. Operation of mov-
able parts or firing of weapons shall not cause buffet, trim changes, or
other characteristics which impair the tactical effectiveness of the
aircraft under any pertinent flight conditions. These requirements
shall be met for Levels I and 2.

3.6.5 Yaw Axis Control Power. Directional stability and control
characteristics shall enable the pilot to balance yawing moments and
control yaw and sideslip.

3.6.5.1 Yaw axis control power for takeoff, landing, and taxi.

a) It shall be possible to taxi on a dry surface at any angle
to a 45 kt wind.

b) In taxi on wet, snow-packed, or icy runways, directional
control shall be maintained by use of aerodynamic controls
alone at all airspeeds above 50 kt. For very slippery
runways, the requirement need not apply for crosswind com-
ponents at which the force tending to blow the airplane
off the runway exceeds the opposing tire-runway frictional
force with the tires supporting all of the airplane's
weight.

c) In the takeoff run, landing rollout, and taxi, yaw control
power shall be adequate to maintain a straight path on the
ground or other landing surface. This applies to calm air
and in crosswinds up to the values specified in 3.6.3, on
wet runways for all aircraft, and on snow-packed and icy
runways for aircraft intended to operate under such condi-
tions.

d) Yaw axis control power shall be adequate to develop 10 deg
of sideslip in the power approach.

3.6.5.3 Yaw axis control power with asymmetric loading. When ini-
tially trimmed directionally with each asymmetric loading specified in
Paragraph 3.1.1 at any speed in the Operational Flight Envelope, yaw
control power shall be sufficient to maintain a straight flight path.

3.6.5.4 Yaw axis control power for stores release. Yaw control
power shall be adequate to regain straight flight, without retrimming,
following intentional release of any stores to the maximum load factors
specified in 3.2.8.2 with adequate control margin.
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3.6.5.5 Yaw axis control power for other conditions. Control
authority, rate and hinge moment capability shall be sufficient to
assure safety throughout the combined range of all attainable angles of
attack (both positive and negative) and sideslip. This requirement
applies to the prevention of loss of control and to recovery from any
situation for a'l1 maneuvering, including pertinent effects of factors
such as regions of control-surface-fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmetric stores, stall/
post-stall/spin characteristics, atmospheric disturbances and Aircraft
Failure States (maneuvering flight appropriate to the Failure State is
to be included). Consideration shall be taken of the degrees of effec-
tiveness and certainty of operation of limiters, c.g. control malfunc-
tion or mismanagement, and transients from failures in the propulsion,
flight control and other relevant systems.

3.6.6 Yaw Axis Control Forces. Sensitivity to yaw control pedal
forces shall be sufficiently high that directional control and force
requirements can be met and satisfactory coordination can be achieved
without unduly high control forces, yet sufficiently low that occasional
improperly coordinated control inputs will not cause a degradation in
flying qualities Level.

3.6.6.1 Yaw axis control force linearity. The following require-
ments are expressed in terms of characteristics in yaw-control-induced
steady, zero-yaw-rate sideslips with the airplane trimmed for wings-
level straight flight, at sideslip angles up to those produced or
limited by:

a) Full yaw-control-pedal deflection, or

b) 250 pounds of yaw-control-pedal force, or

c) Maximum roll control or surface deflection.

Right yaw-control-pedal force shall produce left sideslips and left
yaw-control-pedal force shall produce right sideslips. For Levels 1
and 2 the following requirements shall apply. The variation of sideslip
angle with yaw-control-pedal force shall be essentially linear for side-
slip angles between +10 degrees and -10 degrees. Although a lightening
of pedal force is acceptable for sideslip angles outside this range, the
pedal force shall never reduce to zero.

3.6.6.2 Yaw axis control force limits

3.6.6.2.1 Yaw axis control force limits in rolling maneuvers. In
the maneuvers described in 3.5.9, directional-control effectiveness
shall be adequate to maintain zero sideslip with pedal force not greater
than 50 lb in Flight Phase Category A, Level 1, and 100 lb for all other
combinations of Flight Phase Category and Level.
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3.6.6.2.2 Yaw axis control force limits in steady turns. It shall
be possible to maintain steady coordinated turns in either direction,
using 60 deg of bank with a pedal force not exceeding 40 lb, with the
airplane trimmed for wings-level straight flight. These requirements
constitute Levels 1 and 2.

3.6.6.2.3 Yaw axis control force limits during speed changes. When
initially trimmed directionally with symmetric power, the trim change
with speed shall be such that wings-level straight flight can be main-
tained over a speed range of *30 percent of the trim speed or *100 kt
equivalent airspeed, whichever is less (except where limited by boun-
daries of the Service Flight Envelope) with yaw-control-pedal forces not
greater than 40 lb for Levels 1 and 2, or 180 lb for Level 3, without
retrimming.

3.6.6.2.4 Yaw axis control force limits in crosswinds. It shall be
possible to take off and land in the crosswinds specified in 3.6.3 with-
out exceeding the following yaw control forces: 100 lb for Level I and
180 lb for Levels 2 and 3.

3.6.6.2.5 Yaw axis control force limits with asymmetric loading.
When initially trimmed directionally with each asymmetric loading speci-
fied in Paragraph 3.1.1 at any speed in the Operational Flight Envelope,
it shall be possible to maintain a straight flight path throughout the
Operational Flight Envelope with yaw-control-pedal forces not greater
than 100 lb for Levels I and 2 or 180 lb for Level 3 without retrimming.

3.6.6.2.6 Yaw axis control force limits in dives and pullouts.
Throughout the dives and pullouts of 3.2.9.7.3, yaw-control-pedal forces
shall not exceed 50 lb in dives and pullouts to the maximum speeds
specified in the Service Flight Envelope.

3.6.6.2.7 Yaw axis control force limits for go-around. The
response to thrust, configuration and airspeed change shall be such that
the pilot can maintain straight flight during go-around initiated at
speeds down to VS (PA) with yaw-control-pedal forces not exceeding 40 lb
when trimmed at Voi (PA). The preceding requirements apply for Levels
I and 2. The Le Y 3 requirement is to maintain straight flight in
these conditions with yaw-control-pedal forces not exceeding 180 lb.
Bank angles up to 5 deg are permitted for all Levels.

3.6.6.2.8 Yaw axis control force limits for asymmetric thrust dur-
ing takeoff. For multi-engine aircraft the following requirements
apply.

a) During the takeoff ground run it shall be possible to
achieve and maintain a straight path on the takeoff
surface without a deviation of more than 30 ft from
the path originally intended, with yaw-control forces
not exceeding 180 lb.
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b) For the continued takeoff it shall be possible, with-
out a change In selected configuration, to achieve
straight flight following sudden asymetric loss of
thrust from the most critical propulsive source at
speeds from Vmin (TO) to Vm-x (TO), and thereafter to
maintain straight flight throughout the climbout with-
out exceeding a maximum yaw control pedal force of
180 lb.

c) For the aborted takeoff the requirements above shall
be met at all speeds below the maximum takeoff speed;
however, additional controls such as nosewheel steer-
ing and differential braking may be used. Automatic
devices that normally operate in the event of a thrust
failure may be used in either case.

3.6.6.2.9 Yaw axis control force limits with failures. The change
in yaw control force required to maintain constant heading following a
failure shall not exceed 50 lb for at least 5 seconds following the
failure.

3.6.6.2.10 Yaw axis control force limits - configuration or con-
trol mode change. The change in yaw control force required to maintain
zero sideslip following intentional engagement or disengagement of any
portion of the primary flight control system by the pilot shall not
exceed 10 lb above basic controller breakout force for at least 5 sec-
onds following the mode change. These requirements apply only for Air-
craft Normal States.

3.8 HANDLING QUALITY REQUIREMENTS FOR COMBINED AXES

3.8.1 Cross-Axis Coupling in Roll Maneuvers. In yaw-control-free,
pitch-control-fixed, maximum-performance rolls through 360 deg, entered
from straight flight or from turns, pushovers, or pullups ranging from
0 g to 0.8 nL, the resulting yaw or pitch motions and sideslip or angle
of attack changes shall neither exceeO structural limits nor cause other
dangerous flight conditions such as uncontrollable motions or roll auto-
rotation.

During combat-type maneuvers involving rolls through angles up to
360 degrees and rolls which are checked at a given bank angle, the yaw-
ing and pitching shall not be so severe as to impair the tactical effec-
tiveness of the maneuver. These requirements define Level 1 and 2
operation.

3.8.2 Crosstalk Between Pitch and Roll Controllers. The pitch- and
roll-control force and displacement sensitivities and breakout forces
shall be compatible so that intentional inputs to one control axis will
not cause inadvertent inputs to the other.
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3.8.3 Control Harmony. The following control force levels are con-
sidered to be limiting values compatible with the pilot's capability to
apply simultaneous forces.

Control Type Pitch Roll Yaw

Sidestick 20 lb 15 lb

Centerstick 50 lb 25 lb

Pedal 175 lb

3.8.4 Flight at High Angle of Attack. The requirements of 3.8.4
through 3.8.4.3.2 concern stall warning, stalls, departures from con-
trolled flight, post-stall gyrations, spins, recoveries, and related
characteristics. They apply at speeds and angles of attack which in
general are outside the Service Flight Envelope. They are intended to
assure safety and the absence of mission limitations due to high-angle-
of-attack characteristics.

3.8.4.1 Warning cues. Warning or indication of approach to stall,
loss of aircraft control, and incipient spin shall be clear and unamb.g-
UOUs.

3.8.4.2 Stalls. The stall requirements apply for all Aircraft
Normal States in straight unaccelerated flight and in turns and pullups
with attainable normal accelerations up to nL. Specifically, the Air-
craft Normal States to be evaluated are those associated with the con-
figurations, throttle settings and trim settings of 4.2.2. Also, the
requirements apply to Aircraft Failure States that affect stall charac-
teristics.

3.8.4.2.1 Stall approach

a) The onset of warning of stall approach (3.8.4.1) shall
occur within the following speed range for I g stalls, and
within the following range (or percentage) of lift for
accelerated stalls, but not within the Operational Flight
Envelope.

1 g Stalls:

Minimum Speed Maximum Speed
Flight Phase for Onset for Onset

Approach Higher of 1.05VS or Higher of I.IOVS or
Vs + 5 knots VS + 10 knots

All other Higher of 1.05VS or Higher of 1.15VS or
VS + 5 knots VS + 15 knots
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Accelerated Stalls:

Minimum Lift Maximum Lift
Flight.Phase at Onset at Onset

Approach 82% CL stall 90% CL stall

All other 75% CL stall 90% CL stall

b) An increase in intensity of the warning with further in-
crease in angle of attack shall be sufficiently marked to
be aoted by the pilot. The warning shall continue until
the angle of attack is reduced to a value less than that
for warning onset. Prior to the stall, uncommanded oscil-
lations shall not result in flying qualities less than
Level 2.

c) At all angles of attack up to the stall, the cockpit con-
trols shall remain effective in their normal sense, and
small control inputs shall not resuIL in departure from
controlled flight.

3.8.4.2.2 Stall characteristics. The following apply for all
stalls, including stalls entered abruptly:

4
a) In the unaccelerated stalls of 3.8.4.2.1, the aircraft

shall not exhibit rolling, yawing, or downward pitching
at the stall which cannot be controlled to stay within
30 deg.

b) It is desired that no pitchup tendencies occur in unaccel-

erated or accelerated stalls. However, in unaccelerated
stalls, mild nose-up pitch may be acceptable if no pitch
control force reversal occurs and if no dangerous, unre-
coverable or objectionable flight conditions result. In
accelerated stalls, mild nose-up tendency may be accept-
able if the operational effectiveness of the airplane is
not compromised and the airplane has adequate stall warn-
ing, pitch control effectiveness is such that it is possi-
ble to stop the pitchup promptly and reduce the angle of
attack, and at no point during the stall, stall approach
or recovery does any portion of the airplane exceed struc-
tural limit loads.

3.8.4.2.3 Stall prevention and recovery.

a) It shall be possible to prevent the stall by moderate use
of the pitch control alone at the onset of the stall warn-
ing.
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b) It shall be possible to recover from a stall by simple use
of the pitch, roll, and yaw controls with cockpit control
forces not to exceed those specified in 3.8.3, and to
regain level flight without excessive loss of altitude or
buildup of speed. Throttles shall remain fixed until an
angle of attack below the stall has been regained unless
compliance would result in exceeding engine operating
limitations.

c) In the straight flight stalls of 3.8.4.2, with the air-
craft trimmed at an airspeed not greater than 1.4 V
pitch control power shall be sufficient to recover from
any attainable angle of attack.

3.8.4.2.4 One-engine-out stalls. On multi-engine aircraft it shall
be possible to recover safely from stalls with the critical engine inop-
erative. Thrust on the remaining engine will be as specified below.

Flight Phase Thrust

TO Takeoff

CL Normal climb

PA Normal approach

WO Go-Around

3.8.4.3 Departures and Spins. The post-stall gyration and spin
requirements apply to all modes of motion that can be entered from
upsets, decelerations, and extreme maneuvers appropriate to the Class
and Flight Phase Category. The requirements hold for all Aircraft
Normal States and for all states of stability and control augmentation
systems, except approved Special Failure States. Store release shall
not be allowed during loss of control, spin or gyration, recovery, or
subsequent dive pullout. Automatic disengagement of augmentation
systems, however, is permissible if it is necessary and does not prevent
meeting any other requirements; re-engagement shall be possible in
flight following recovery. Specific flight conditions to be evaluated
shall include entries from inverted flight. Entry angles of attack and
sideslip up to maximum control capability and under dynamic flight con-
ditions are to be included, except as limited by structural considera-
tions. For all Flight Phase Categories, thrust settings up to and
including MAT shall be included, with and without one critical engine
inoperative at entry.

3.8.4.3.1 Departure from crntrolled flight. The aircraft shall be
resistant to departure from coitrolled flight, post-stall gyrations and
spins. Adequate warning of approach to departure (3.8.4.1) shall be
provided. The airplane shall exhibit no uncommanded motion which cannot
be arrested promptly by simple application of pilot control.
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3.8.4.3.2 Recovery from post-stall gyrations and spins. For air-
craft that, according to MIL-A-8861, must be structurally designed for
spinning:

a) The proper recovery technique(s) mus. be readily
ascertained by the pilot, and simple and easy to apply
under the motions encountered.

b) A single technique shall provide prompt recovery from
all post-stall gyrations and incipient spins, without
requiring the pilot to determine the direction of
motion and without tendency to develop a spin. The
same technique used to recover from post-stall gyra-
tions and incipient spins, or at least a compatible
one, is also desired for spin recovery. For all modes
of spin that can occur, these recoveries shall be
attainable within the following number of turns for
recovery or altitude loss, whichever is less, measured
from the initiation of recovery action:

Turns for Altitude
Flight Phase Recovery Loss*

PA 1 1000 ft

Category A, B 2 5000 ft

Not including dive pullout.

c) Avoidance of a spin reversal or an adverse mode change
shall not depend upon precise pilot control timing or
deflection. It is desired that all aircraft be
readily recoverable from all attainable attitudes and
motions. The post-stall characteristics of those air-
craft not required to comply with requirements of this
paragraph shall be determined by analysis and model
test.

d) Safe and consistent recovery and pullouts shall be
accomplished without exceeding the forces specified in
3.8.3, and without exceeding structural limitations.

3.9 HANDLING QUALITY REQUIREMENTS IN ATMOSPHERIC DISTURBANCES

3.9.1 Allowable Handling Qualities Degradations in Atmospheric Dis-
turbances. Level I flying qualities as defined by Table 15 are required

for atmospheric disturbance levels up to and including moderate, as
defined in Table 16.
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TABLE 16 (Appendix B)

ATMOSPHERIC DISTURBANCE DEFINITIONS FOR
SIMULATION AND FLIGHT TEST

9I
0Ug

MAGNITUDE (ft/sec)

Light 0-3

Moderate 5

Severe 10

Extreme 24

The windshears corresponding to moderate turbulence are given as
follows:

Decreasing Headwind: gymax not to exceed 3.4 ft/sec
2

Decreasing Tailwind: gymin not to exceed 1.7 ft/sec2

Vector Shear: 9 deg/sec; Vw - 20 kt

Duration of All Shears: At least 10 sec

where ymax is the maximum power climb angle in the configuration used at
wind shear initiation. Imin is the flight path angle for flight idle in
the configuration existing at wind shear initiation.

The following steady crosswind components corresponding to "light,"
"moderate," and "severe" disturbances are specified:

Qualitative Atmospheric Steady Crosswind
Disturbance Level (kt)

Light 0-10

Moderate 11-30

Severe 31-45

These crosswinds shall exist on short approach and at touchdown. When
complying via piloted simulation, the wind values may be invariant with
time, position, or altitude.
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3.9.2 Definition of Atmospheric Disturbance Model Form. When com-
pliance via demonstration is to be carried out using piloted simulation,
an atmospheric disturbance model appropriate to the piloting task shall
be included. As a minimum, the atmospheric disturbance model shall con-
sist of the elements outlined in the following paragraphs.

1. Random Vind Component

The standard random wind component consists of the basic Dryden
spectral form for each of the translational and rotary components con-
sidered necessary. These spectral forms are:

-6 2 2L.u I_ _

2 LI1 + 12(LyQ)
2

*)Vg) = - [1 + 4(LvS))212

2 1, 1 + 12(Lwt)
2

og(Q) cog V [1 + 4(Lwa)212

S g) 2 2LP I____0  ,Pg w I + {Lp )2

*qg (i) = 1 + [(4b/,)n] 2  wg~a)

g2

Org (Q) I 1 + [(3b/w)i] 2 #Vg (a)
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where

= fx(Q) dQ
0

= W/V

b = wing span

The primary determinant of turbulence intensity is ou  and the
values to be used for evaluation of flying qualities are given in
Table 17. The relationships between translational intensities and scale
lengths are:

LU 2Lv  2Lw

For the p-gust the intensity and scale length are associated with the
w-gust by:

1.90Pg = iiyg

and Uw1
L wp= 2.6

Scale lengths are set according to altitude by the following relation-
ships:

Lu = Lv  = Lw = hi  for h > 1750 ft

Lu  = Lv  = 3,'g12h

I
for ho < h < hi

Lw M h
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Lu  - Lv 3 3- -h°

for h < ho ft

Lw  - ho

where h is the center of gravity height above ground, ho - 10 ft, and
hl - 1750 ft.

2. Wind Shear Component

The standard wind shear is represented by a constant time rate of
change of wind speed and direction.

For t 4 to$

ug - Vo cos 0  , vg - Vo sin *0

for t ), tf,

ug " Vf cos *f , vg = Vf sin *f

and, for the duration of the shear, to < t < tf

t - to
Ug W Vo cos *0 + tf - to (Vf cos *f - Vo cos *o)

and

vg M V0 sin *0 + ~tot (Vf sin *f - V0 sin*)t- to

where
Vo - Initial wind velocity

*0 - Initial wind angle

Vf - Final wind velocity

+f - Final wind angle

to - Time shear is initiated

tf - Time shear is terminated
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The maximum wind shear magnitude is set according to the incremental
flight path change capability of the aircraft up to a limit, i.e.,

Vf - Vo
tf - to . gAy < 3.4 ft/sec2
tf - to

The shear duration shall be at least 10 sec and the shear shall termin-
ate at an altitude of 50 ft for landing simulations. The mean wind at
altitude shall be set so the wind at touchdown is zero. Ay in the up
direction is established at maximum climb power and in the down direc-
tion t flight idle. The wind shear magnitude shall not exceed 3.4
ft/sec . At least four critical wind shear cases are considered:

" Decreasing headwind

" Decreasing tailwind

* Decreasing crosswind

* Headwind to tailwind (constant wind speed)

The standard wind shear component is accompanied by the light level of
random turbulence, i.e., oUg 3.0 ft/sec.

3. Mean Wind

The capability for simulating a mean wind from any direction shall
be included. The wind shall be parallel to the earth's surface.

4. Discrete Cust Model

The discrete gust model may be used for any of the three gust-
velocity components and, by derivation, any of the three angular com-
ponents.

The discrete gust has the "1 - cosine" shape given by:

v -0 , x<0

VM
V- (I cos M 0 x 4dm

v v m  x > dm
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dm

Distance,x (ft)

The discrete gust above may be used singly or in multiples in order to
assess airplane response to, or pilot control of, large disturbances.
Step function or linear ramp gusts may also be used.

3.9.3 Application of disturbance models in analyses. The gust and
turbulence velocities shall be applied to the airplane equations of
motion through the aerodynamic terms only, and the direct effect on the
aerodynamic sensors shall be included when such sensors are part of the
airplane augmentation system. Application of the disturbance model
depends on the range of frequencies of concern in the analyses of the
airframe. When structural modes are significant, the exact distribution
of turbulence velocities should be considered. For this purpose, it is
acceptable to consider u and v as being one-dimensional, a function of
both x and y, for the eviluatio§ of aerodynamic forces and moments.

When structural modes are not significant, airframe rigid-body
responses may be evaluated by considering uniform gust or turbulence
immersion along with linear gradients of the disturbance velocities.
The uniform immersion is accounted for by u , v , and w defined at the
airplane center of gravity. The angular iloties dd% to turbulence
are equivalent in effect to airplane angular velocities. Approximations

for these angular velocities are defined (precise only at very low fre-
quencies) as follows:

aw aw
-& - qg ax Pg a y r. x

The spectra of the angular velocity disturbances due to turbulence are
given in Paragraph 3.9.2.

For altitudes below 175 ft, the turbulence velocity components u
v , and w are to be taken along axes corresponding to u aligned along
tfe relatIve mean wind vector and wg vertical.

3.9.4 Requirements for Aircraft Failure States in Atmospheric Dis-
turbances. When Aircraft Failure States exist (3.1.6), a degradation in
flying qualities is permitted only if the probability of encountering
Level 2 or 3 in turbulence is sufficiently small. At intervals estab-
lished by the procuring activity, the contractor shall determine, based
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on the most accurate available data, the probability of occurrence of
each Aircraft Failure State per flight and the effect of that Failure
State on the flying qualities within the Operational and Service Flight
Envelopes. These determinations shall be based on MIL-STD-756 except
that:

a) All airplane components and systems are assumed to be
operating for a time period, per flight, equal to the
longest operational mission time to be considered by the
contractor in designing the airplane, and

b) Each specific failure is assumed to be present at which-

ever point in the Flight Envelope being considered is most
critical (in the flying qualities sense).

From these Failure State probabilities and effects, the contractor shall

determine the overall probability, per flight, that one or more flying
qualities are degraded to Level 2 because of one or more failures. The
contractor shall also determine the probability that one or more flying
qualities are degraded to Level 3. Table 17 specifies the requirements
as functions of the probability of encountering the degradation in fly-
ing qualities.

TABLE 17 (Appendix B)

LEVELS FOR AIRCRAFT FAILURE STATES

ATMOSPHERIC FAILURE STATE I* FAILURE STATE II**
DISTURBANCES

Light Level 2 Level 3

Moderate Level 2 Recoverable or

better

Severe to Recoverable or No requirement

Extreme better

For flight in the Operational Flight Envelope:
Probability of encountering degraded levels of flying
qualities due to failure(s) < 2.5 x 10- /flight hr

For flight in the Operational Flight Envelope:
Probability of encountering degraded legels-of flying

qualities due to failure(s) < 2.5 x 10- /flight hr
for flight in the Service Flight Envelope:
Probability of encountering degraded levels of flying

qualities due to failure(s) < 2.5 x 10- /flight hr

***Recoverable is defined as: control can be maintained

long enough to fly out of a disturbance.
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4. NOTES

The contractor shall refer to all applicable areas of Sections 4.1
through 4.5 of the MIL Handbook.

841

m -



1. Etkin, Bernard, Dynamics of Flight. New York, Wiley, 1959.

2. Perkins, Courtland D., and Robert E. Hage, Airplane Performance

Stability and Control. New York, Wiley, 1949.

3. Chalk, Charles R., Fixed-Base Simulator Investigation of the
Effects of L. and True Spead on Pilot Opinion of Longitudinal

Flying Qualities. ASD-TDR-63-399, Nov. 1963.

4. Military Specification, Flying Qualities of Piloted Airplanes, MIL-
F-8785C, Nov. 1980.

5. Smith, Rogers E., Effects of Control System Dynamics on Fighter
Approach and Landingt Lonititudinal Flyingq Qualities (Volume I),
AFFDL-TR-78-122, Mar. 1978.

6. Lockenour, Jerry, "Northrop Review of MIL-F-8785B Proposed Revi-
sion," Proceedingts of AFFDL Flying Qualities Symposium Held at
Wright State University 12-15 September 1978, AFFDL-TR-78-171,
Dec. 1978, pp. 260-283.

7. Cichy, Daniel R., "An Approach to Simplify the Specification of
Low-Speed Maneuvering Pitch Control Force," Proceedings of
AFFDL Flying Qualities Symposium Held at Wright State Univer-
sity 12-15 September 1978, AFFDL-TR-78-171, Dec. 1978, pp. 300-
312.

8. Military Specification. Flyingq Qualities of Piloted Airplanes, MIL-
F-8785(ASG), Sept. 1954.

9. DiFranco,. Dante A., Flight Investigation of Longitudinal Short
Period Frequency Requirements and PI0 Tendencies, AFFDL-TR-66-
163, June 1967.

10. Chalk, Charles R., Flight Evaluation of Various Short Period Dyna-
mics at Four Drag -Configurations for the Landing-Approach Task,
FDL-TDR-64-60, Oct. 1964.

11. Chalk, C. R., T. P. Neal, T. M. Harris, et al., Backitround Informa-
tion and User Guide for MIL-F-8785B(ASG). "Military Specifica-
tion - Flyingt Qualities of Piloted Airplanes", AFFDL-TR-69-72,
Aug. 1969.

12. Neal, T. Peter, and Rogers E. Smith, An In-Fligtht Investigation To
Develop Control System Desig Criteria for Figthter Airplanes,
AFFDL-TR-70-74, Vol. I, Dec. 1970.

842



13. Military Specification, Flying Qualities of Piloted Airplanes, NIL-
F-8785B(ASC), Aug. 1969.

14. Withers, C. C., "Evaluation of Selected Class III Requirements of
MIL-F-8785B(ASG), -Flying Qualities of Piloted Airplanes',"
Proceedings of AFFDL Flying Qualities Symposium Held at Wright
State University 12-15 September 1978, AFFDL-TR-78-171, Dec.
1978, pp. 25-44.

15. Campbell, J. E., "B-1 Experience Related to MIL-F-8785B and Pro-
posed Revisions," Proceedings of AFFDL Flying Qualities Sympo-
sium Held at Wright State University 12-15 September 1978,
APFDL-TR-78-171, Dec. 1978, pp. 284-299.

16. Barber, Marvin R., Charles K. Jones, Thomas R. Sisk, and Fred W.
Haise, An Evaluation of the Handling Qualities of Seven Gen-
eral-Aviation Aircraft, NASA TN D-3726, Nov. 1966.

17. Klung, H. A., Jr., Frequency Response Method of Determining Air-
craft Longitudinal Short-Period Stability and Control System
Characteristics in Flight, FTC-TR-66-24, Aug. 1966.

18. Terrill, W. H., J. G. Wong, and L. R. Springer, Investigation of
Pilot-Induced Longitudinal Oscillation in the Douglas Model
A4D-2 Airplane, Douglas Aircraft Co., Rept. L-25452, 15 May
1959.

19. Hirsch, Darrell, "Investigation and Elimination of PIO Tendencies
In the Northrop T-38A," SAE Paper, New York, July 1964.

20. Keith, L. A., R. R. Richard, and G. J. Marrett, Evaluation of
Longitudinal Control Feel System Modifications Proposed for
USAF F/RF-4 Aircraft, FTC-TR-67-19, Dec. 1968.

21. A'Harrah, R. C., and R. F. Siewert, "Pilot-Induced Instability,"
presented at AGARD Stability and Control Meeting, Cambridge,
England, Sept. 1966.

22. Harper, Robert P., Jr., Flight Evaluations of Various Longitudinal
Handling Qualities in a Variable-Stability Jet Fighter, WADC
TR-55-299, July 1955.

23. Black, G. Thomas, and David J. Moorhouse, Flight Qualities Design
Requirements for Sidestick Controllers. AFFDL-TR-79-3126, Oct.
1979.

24. Rhoads, Donald W., In-Flight Simulation and Pilot Evaluation of Se-
lected Landina Aporoach Handling Oualities of a Large Logistics
Transport Airplane, AFFDL-TR-67-51, July 1967.

843

l
0

-i k



25. Newell, Fred D., Michael L. E. Parrag, and Gifford Bull, Simulated
Landing Approaches of an Unaugmented C-SA Confisuration. AFFDL-
TR-65-210, Dec. 1965.

26. Chalk, Charles R., Additional Flight Evaluations of Various Longi-
tudinal Handling Qualities in a Variable-Stability Jet Fighter,
WADC 11-57-719, Part II, July 1958.

27. Harper, Robert P., Jr., Flight Evaluations in Variable-Stability
Airplanes of Elevator Control Motion Gradients for High-Speed
Bombers, WADC TR-56-258, Nov. 1956.

28. Hall, G. Warren, In-Flight Investigation of Longitudinal Short-
Period Handling Characteristics of Wheel-Controlled Airplanes,
AFFDL-TR-68-91, Aug. 1968.

29. Bureau of Naval Weapons Failure Rate Data Handbook, prepared by
U.S. Naval Ordnance Laboratory, Corona, Calif. (updated peri-
odically).

30. Ad Hoe Committee Report on B-58 Controllability in Flight, Wright
Air Development Division, Wright-Patterson AFB, Ohio, 2 Apr.-
10 May 1960.

31. Anderson, Ronald 0., A Second Analysis of B-58 Flight Control
System Reliability, Flight Control Laboratory, Wright-Patterson
AFB, Ohio, 6 Nov. 1962.

32. Tentative Airworthiness Objectives and Standards for Supersonic
Transport Design Proposals, Flight Standards Service, FAA,

15 Aug. 1963.

33. Supersonic Transport Aeroplane Flying Qualities, TSS Standard 5,
Anglo-French SST Specifications, 22 May 1964.

34. General Dynamics Report FZM-12-2652, 9 Dec. 1968.

35. "Industry Observer," Aviation Week and Space Tech. 1 Apr. 1968,
p. 13.

36. Gerken, Gary, USAF Flyina Qualities Requirements for a STOL Trans-
p ASD-TR-78-13, May 1979.

37. Ashkenas, I. L., A Study of Conventional Airplane Handling Quali-
ties Requirements. Part I: Roll Handling Qualities, AFFDL-TR-
65-138, Nov. 1965.

38. Creer, Brent Y., John D. Stewart, Robert B. Merrick, and Fred J.
Drinkwater III, A Pilot Opinion Study of Lateral Control Re-
quirements for Fighter-Type Aircraft, NASA Memo 1-29-59A, Mar.
1959.

844

* Mt



39. Harper, R. P., In-flight Simulation of the Lateral-Directional
Handling Qalities of Entry Vehicles, WADD-TR-61-147, Nov.
1961.

40. Durand, T. S., and H. R. Jex, Handling Qualities in Sinitle-Loop
Roll Tracking Tasks: -Theory and Simulator Experiments- ASD-
TI3R-62-5O7, Nov. 1962.

41. Rolls, Lo So, and F. Jo Drinkwater, A Flight -Determination of the
Attitude Control Power and Damping Requirements for a Visual
Hovering Task In the Variable Stability and Control X-14&
Research Vehicle. NASA TN D-1328, May 1962.

42. Faye, A. E., Jr., Attitude Control Requirements for Hovering Con-
trol Throuah the Use of a Piloted Flight Simulator, NASA TN D-
792, Apr. 1961.

43o White, Maurice D., Richard F. Vomaske, Walter E. McNeill, and
George E. Cooper, A Preliminary Study of Handlingt-Qualities
Requirements of Supersonic Transports in-Higth-Speed Cruising
Flight Using Piloted Simiulators, NASA TN D-1888, May 1963.

44. Seckel, E., Go E. Miller, and W. B. Nixon, Lateral-Directional
Flyinst Qualities for Power Approach, Princeton Univ. Report
727, Sept. 1966.

45o Mazza, C. J., William Becker, et al., Proposal for a Revised Mili-
tary Specification. "Flying Qualities of Piloted Airplanes"
(NIL-F-8785ASG) with Substantiating Text NADC-ED-6282, 22 July
1963.

46. Meeker, Jo I., and Go Wo Hall, In-Flight Evaluation of Lateral-
Directional Handling -Qualities for the Fighter Mission. AFFDL-
TR-67-98, Oct. 1967.

47. Bisgood, P. L., A Review of Recent Handling Qualities Resear 'ch. and
Its Application to the Handling Problems of Larie Aircraft.
Part I: Observations o2n Handling Problems and Their Study.
Part II: Lateral-Directional Handling, RAE Aero 2688, June
1964.

48. Meeker, J. I., Evaluation of Lateral-Directional Handling Qualities
of Piloted Re-Entry Vehicles Utilizins Fixed-Base and In-Fli-ght
Evaluations, NASA CR-778, May 1967.

49. Newell, F. D., Ground Simulator Evaluations of -Coupled Roll-Spiral
Mode Effects on Aircraft Handling Qualities, AFFDL-TR-65-39,
Mar. 1965.

845



50. Wasserman, R., F. F. Eckhart, and H. J. Ledder, In-Flight Investi-
gation of an Unaugmented Class III Airplane in the Landing
Approach Task. Phase I: Lateral-Directional Study, AFFDL-TR-
71-164, Vol. I, Jan. 1972.

51. Hall, G. W., An In-Flight Investigation of Lateral-Directional
Dynamics for Cruising Flight, FAA-ADS-69-13, Dec. 1969.

52. Doetsch, K. H., et al., A Flight Investigation of Lateral-
Directional Handling Qualities for V/STOL Aircraft in Low Speed
Maneuvering Flight, NRC of Canada, Rept. LTR-FR-12, 15 Aug.
1969.

53. Bull, G., A Flight Investigation of Acceptable Roll to Yaw Ratio of
the Dutch Roll and Acceptable Spiral Divergence, Cornell Aero.
Lab., TB-574-F-6, Feb. 1952.

54. Rhoads, D. W., Flight Evaluations of the Effect of Variable Spiral
Damping in a JTB-26B Airplane, Cornell Aero. Lab., TB-1094-F-l,
Oct. 1957.

55. Ashkenas, I. L., and D. T. McRuer, The Determination of Lateral
Handling Quality Requirements from Airframe-Human Pilot System
Studies, WADC TR 59-135, June 1959.

56. Eckhart, F. F., G. W. Hall, and P. A. Martino, Flight Evaluation of
a Stabilit; Augmentation System for Light Airplanes Cornell
Aero. Lab., IH-2154-F-l, Nov. 1966.

57. Flying Qualities of Piloted Airplanes, Navy BuAer Specification
SR-119B and USAF Specification C-1815B, 1 June 1948.

58. Stapleford, Robert L., and J. Alfred Tennant, "Lateral-Phugoid Mode
Effects on Airplane Handling Qualities," Analysis of Several
Handling Quality Topics Pertinent to Advanced Manned Aircraft,
AFFDL-TR-67-2., June 1967.

59. Chalk, C. R., D. A. DiFranco, J. V. Lebacqz, and T. P. Neal, Revi-
sions to MIL-F-8785B(ASG) Proposed by Cornell Aeronautical
Laboratory Under Contract F33615-71-C-1254, AFFDL-TR-72-41,
Apr. 1973.

60. Grantham, W. D., F. L. Moore, P. L. Deal, and J. M. Patton, Jr.,
Simulator Study of Coupled Roll-Spiral Mode Effects on Lateral-
Directional Handling Qualities NASA TN D-5466, Mar. 1970.

61. Kempel, R. W., Analysis of a Coupled Roll-Spiral-Mode Pilot-
Induced Oscillation Experienced with the M2-F2 Lifting Body,
NASA TN D-6496, Sept. 1971.

846

,.fr



62. Ashkenas, I. L., A Study of Conventional Airplane Handling Quali-
ties Requirements. Part II: Lateral-Directional Oscillatory
Handlina Qualities, AFFDL-TR-65-138, Nov. 1965.

63. Quigley, H. C., R. F. Vomaske, and R. C. Innis, "Lateral-Direc-
tional Augmentation Criteria for Jet Swept-Wing Transport
Airplanes Operating at STOL Airspeeds," Conference on V/STOL
and STOL Aircraft, NASA SP-116, Apr. 1966.

64. McNeill, W. E., and R. C. Innis, "The Effect of Yaw Coupling in
Turning Maneuvers of Large Transport Aircraft," Conference on
Aircraft Operating Problems. NASA SP-83, May 1965.

65. Anderson, S. B., H. C. Quigley, and R. C. Innis, "Some Performance
and Handling-Qualities Considerations for Operation of STOL
Aircraft," Conference on Aircraft Operating Problems, NASA SP-
83, May 1965.

66. McRuer, Duane, Irving Ashkenas, and Dunstan Graham, Aircraft Dyna-
mics and Automatic Control. Princeton University Press, 1973.

67. Woodcock, R. J., and D. E. Drake, Estimation of Flying Qualities of
Piloted Airplanes, AFFDL-TR-65-218, Apr. 1966.

68. Seckel, E., J. A. Franklin, and G. E. Miller, Lateral-Directional
Flying Qualities for Power Approach: Influence of Dutch Roll
Frequency Princeton University, Rept. 797, Sept. 1967.

69. Hall, G. W., and E. M. Boothe, An In-Flight Investigation of
Lateral-Directional Dynamics for the Landing Approach. AFFDL-
TR-70-145, Oct. 1971.

70. Caporali, R. L., J. P. Lamers, and J. R. Totten, A Study of Pilot-
Induced Lateral-Directional Instabilities. Princeton Univer-
sity, Aeron. Engr. Rept. 604, May 1962.

71. Vomaske, Richard F., Melvin Sadoff, and Fred J. Drinkwater III, The
Effect of Lateral-Directional Control Coupling on Pilot Control
of an Airplane as Determined in Flight and in a Fixed-Base
Flight Simulator. NASA TN D-1141, Nov. 1961.

72. Graham, D., and C. James, A Flight Investigation of Minimum Accept-
able Lateral Dynamic Stability, Cornell Aero. Lab., Rept. TB-
574-F-3, 30 Apr. 1950.

73. Crone, R. M., and R. C. A'Harrah, "Development of Lateral-Direc-
tional Flying Qualities Criteria for Supersonic Vehicles, Based
on a Stationary Flight Simulator Study," IAS Paper 60-18, Jan.
1960.

847

- -- -- - - - -*-~-



74. Kidd, E. A., and R. P. Harper, Fixed-lase and In-Flight Simulations
of LonRitudinal and Lateral-Directional Handling Qualities for
Piloted Re-Entry Vehicles, ASD-TDR-61-362, Feb. 1964.

75. Smith, E. H., and D. A. DiFranco, In-Fliht Evaluation of Certain
Lateral-Directional Handling Oualities of High-Performance
Aircraft- AFFDL-TR-65-97, Dec. 1965.

76. McNeill, Walter E., and Richard F. Vomaske, A Flight Investigation
to Determine the Lateral Oscillatory Damping Acceptable for an
Airplane in the Landing Approach, NASA Memo 12-10-58A, Feb.
1959.

77. McNeill, W. E., and R. C. Innis, A Simulator and Flight Study of
Yaw Coupling n Turning Maneuvers of Large Transport Aircraft,
NASA TN D-3910, May 1967.

78. Moore, N. B., Artificial Stability Flight Tests of the XF-88A Air-
plane, WADC-TR-52-298, July 1954.

79. Carlson, John W., and Richard K. Wilson, "Flying Qualities Criteria
Problems and Some Proposed Solutions," presented at AGARD
Stability and Control Meeting, Cambridge, England, Sept. 1966
(also AFFDL FDCC 7M 66-8).

80. Stapleford, Robert L., Duane T. McRuer, Roger H. Hoh, et al., Out-
smartinig MIL-F-8785B(ASG). the Military Flying Qualities Speci-
fication Systes Technology, Inc., TR-190-1, Aug. 1971.

81. Hodgkinson, J., and W. J. LaManna, "Equivalent System Appraoches to
Handling Qualities Analysis and Design Problems of Augmented
Aircraft," AIAA Paper 77-1122, presented at AIAA Atmospheric
Flight Mechanics Conference, Hollywood, FL, 8-10 Aug. 1977.

82. Hodgkinson, J., and K. A. Johnston, "Initial Results of an Inflight
Simulation of Augmented Dynamics in Fighter Approach and Land-
ing," AIAA Paper 79-1783, presented at AIAA Guidance and Con-
trol Conference, Boulder, CO, 6-8 Aug. 1979.

83. Wood, J. R., and J. Hodgkinson, Definition of Acceptable Levels of
Mismatch for Equivalent Systems of Augented Aircraft, MDC
Rept. A6792, 19 Dec. 1980.

84. Hodgkinson, J., and R. C. Snyder, "Flight Evaluation of Augmented
Fighter Aircraft," AIAA Paper 80-1611-CP, presented at AIM 7th
Atmospheric Flight Mechanics Conference, Danvers, MA, 11-13
Aug. 1980.

85. Shafer, M. F., "Low Order Equivalent Models of Highly Augmented
Aircraft Determined from Flight Data Using Maximum Likelihood
Estimation," AIAA Paper 80-1627-CP, presented at 7th Atmo-
spheric Flight Mechanics Conference, Danvers, MA, 11-13 Aug.
1980.

848

- - -:~--~z N



86. Hodgkinson, J., R. L. Berger, and R. L. Bear, "Analysis of High
Order Aircraft/Flight Control System Dynamics Using an Equiva-
lent System Approach," presented at 7th Annual Pittsburgh
Conference on Modeling and Simulation, 26-27 Apr. 1976.

87. Hodgkinson, J., W. J. LaManna, and J. L. Heyde, "Handling Qualities
of Aircraft with Stability and Control Augmentation Systems -

A Fundamental Approach," J. R. As. S., Feb. 1976.

88. Hodgkinson, J., "Equivalent Syqtems Approach for Flying Qualities
Specification," presented at SAE Aerospace Control and Guidance
Systems Committee Meeting, Denver, CO, 7-9 Mar. 1979.

89. Johnston, K. A., and J. Hodgkinson, Flying Qualities Analysis of an
In-Flight Simulation of High Order Control System Effects on
Fighter Aircraft Approach and Landing MDC Rept. A5596, 22 Dec.
1978.

90. A'Harrah, R. C., and J. L. Lockenour, "Approach Flying Qualities--
Another Chapter," AIAA Paper 69-895, Aug. 1969.

91. Smith, R. E., Equivalent System Verification and Evaluation of Aug-
mentation Effects on Fighter Approach and Landing Flying Quali-
ties, Calspan Rept. 6241-F-3, Aug. 1979.

92. A'Harrah, R. C., J. Hodgkinson, and W. J. LaManna, "Are Today's
Specifications Appropriate for Tomorrow's Airplanes?" Proc. of
AGARD Flight Mechanics Panel Symposium on Stability and Con-
trol AGARD CP-260, Sept. 1978.

93. Twisdale, T. R., and T. A. Ashurst, Jr., System Identification from
Tracking (SIFT). a New Technique for Handling Qualities Test
and Evaluation (Initial Report). AFFTC-TR-77-27, Nov. 1977.

94. Eulrich, B. J., and E. D. Rynaski, "Identification of Flexible Air-
craft from Flight Data," AIAA Paper 80-1633, Aug. 1980.

95. McFadden, Norman M., Richard F. Vomaske, and Donovan R. Heinle,
Flight Investitation Using Variable-Stability Airplanes of
Minimum Stability Requirements for High-Speed, High-Altitude
Vehicles, NASA TN D-779, Apr. 1961.

96. Powers, Bruce G., A Review of Transport Handling-Qualities Criteria
In Terms of -Preliminary XV-7B FlInht Experience, NASA TK
X-1584, May 1968.

97. Eldridge, W., A Simulator and Flight Evaluation of the Longitudinal
and Lateral Control Requirements -of the C-5A for the Landing
Approach Task, Boeing Co., D6-10725, 18 May 1965.

849



98. Determination of Flight Characteristics of Supersonic Transports
During the Landing Approach with a Large Jet Transport In-
Flixht Simulator, NASA TN D-3971, June 1967.

99. Kidd, E. A., and G. Bull, Handling Qualities Requirements as Influ-
enced by Pilot Evaluation Time and Sample Size, Cornell Aero.
Lab., TB-1444-F-1, Feb. 1963.

100. Newell, F. D., and G. Campbell, Flight Evaluations of Variable
Short Period and Phugoid Characteristics in a B-26 WADC-TR-54-
594, Dec. 1954.

101. Eney, J. A., Comparative Flight Evaluation of Longitudinal Handling
Qualities in Carrier Approach, Princeton University, Rept. 777,
May 1966.

102. Newell, F. D., and R. Wasserman, In-Flight Investigation of the
Effect on PIO of Control System Nonlinearities. Pitch Accelera-
tion and Normal Acceleration Bobweights AFFDL-TR-69-3, May
1969.

103. DiFranco, D., In-Flight Investigation of the Effects of Higher
Order Control System Dynamics on Longitudinal Flying Qualities,
AFFDL-TR-68-90, Aug. 1968.

104. Chalk, C. R., Calspan Recommendations for SCR Flying Qualities
Design Criteria, NASA CR-159236, Apr. 1980.

105. Gibson, J. C., "Handling Qualities and the Fly-by-Wire Aeroplane,"
Proceedings of AGARD Flight Mechanics Symposium on Stability
and Control, AGARD CP-260, Sept. 1978.

106. Chalk, C. R., Technical Evaluation Report on the Flight Mechanics
Panel Symposium on Stability and Control, AGARD AR-134, Jan.
1979.

107. Richards D., and C. D. Pilcher, "F/A-18A Initial Sea Trials," SETP
Cockpit Apr./May/June 1980.

108. Parrag, M. L., Pilot Evaluations in a Ground Simulator of the

Effects of Elevator Control System Dynamics in Fighter Air-
craft, AFFDL-TR-67-19, Sept. 1967.

109. Stengel, R. F., and G. E. Miller, "Pilot Opinions of Sampling
Effects in Lateral-Directional Control," presented at 16th
Annual Conference on Manual Control, Cambridge, MA, May 1980.

110. Stengel, R. F., and G. E. Miller, "Flight Tests of a Microprocessor
Control System," AIAA Paper 79-1962, Oct. 1979.

850



111. Berry, D. T., B. G. Powers, K. J. Szalai, and R. J. Wilson, "A
Summary of an In-Flight Evaluation of Control System Pure Time
Delays During Landing Using the F-8 DFBW Airplane," AIAA Paper
80-1626-CP, presented at Atmospheric Flight Mechanics Con-
ference, Danvers, MA, 11-13 Aug. 1980.

112. Twisdale, T. R., and D. L. Franklin, Tracking Test Techniques for
Handling Qualities Evaluation, AFFTC-TD-75-1, May 1975.

113. Bihrle, W., Jr., A Handling Qualities Theory for Precise Flight-
Path Control, AFFDL-TR-65-198, June 1966.

114. Ashkenas, I. L., "Summary and Interpretation of Recent Longitudinal
Flying Qualities Results," AIAA Paper 69-898, Aug. 1969.

115. Hoh, R. H., T. T. Myers, I. L. Ashkenas, R. F. Ringland, and S. J.
Craig, Development of Handling Quality Criteria for Aircraft
with Independent Control of Six Degrees of Freedom, AFWAL-TR-
81-3027, Apr. 1981.

116. Condit, Philip M., Laddie G. Kimbrel, and Robert G. Root, In-Flight
and Ground-Based Simulation of Handling Qualities of Very Large
Airplanes in Landing Approach, NASA CR-635, Oct. 1966.

117. Recommendations for V/STOL Handling Qualities, NATO Advisory Group
for Aeronautical Research and Developmnt, Report 508A, Oct.
1964.

118. Airworthiness Standards: Transport Category Airplanes, FAA
Part 25, June 1974 (through Change 15, 14 Oct. 1980).

119. Sadoff, Melvin, A Study of a Pilot's Ability to Control During
Simulated Augmentation System Failures, NASA TND-1552, Nov.
1962.

120. Chalk, Charles, Flight Evaluation of Various Phugoid Dynamics and

1/Th, Values for the Landing Approach Task, AFFDL-TR-66-2, Feb.

1966.

121. Higgins, H. C., A Note on Longitudinal Control Response, Boeing
Report D6-10732 T/N, June 1965.

122. Moorhouse, David J., and Robert J. Woodcock, Background Information
and User Guide for MIL-F-8785C Military Specification --

Flying Qualities of Piloted Airplanes, AFWAL-TR-81-3109, July
1982.

123. Majoros, Robert L., Air Force Evaluation of the Fly-by-Wire Portion
of the Survivable Flight Control System Advanced Development
Program, FTC-TR-73-32, Aug. 1973.

851

,



124. Eggers, James A., and William F. Bryant Jr., Flying Qualities
Evaluation of the YF-16 Prototype Lightweight Fightero AFFTC-
TR-75-15, July 1975.

125. Pape, James A., and Michael P. Garland, F-16A/B Flying Qualities
Full-Scale Development Test and Evaluation, AFFTC-TR-79-10,
Sept. 1979.

126. Richards, R. B., D. L. Green, and J. C. Rennie, Validation of the
Flying Qualities Requirements of MIL-F-8785B(ASG) Using the
P-3B Airplane, AFFDL-TR-72-141, Nov. 1973.

127. Silvers, Charles L., and Clifton C. Withers, Evaluation of the
Flying Qualities Requirements of MIL-F-8785B(ASG) Using the
C-5A Airplane, AFFDL-TR-75-3, Mar. 1975.

128. Holleman, Euclid C., Flight Investigation of the Roll Requirements
for Transport Airplanes In Cruising Flight, NASA TN D-5957,
Sept. 1970.

129. Holleman, Euclid C., and Glena B. Gilyard, In-Flight Pilot Evalua-
tions of the Flying Qualities of a Four-Engine Jet Transport,
NASA TN D-6811, May 1972.

130. Brady, C. C., and J. Hodgkinson, Validation of the Flying Qualities
Requirements of MIL-F-008785A(USAF) AFFDL-TR-70-155, Jan.

1971.

131. Kandalaft, R. N., Validation of the Flying Qualities Requirements
of MIL-F-8785B(A G), AFFDL-TR-71-134, Sept. 1971.

132. Humphrey, X. J., First Interim Report. Flying Qualities Technical
Evaluation of the F-14A Airplane, Navy Report No. SA-C7R-75,
Nov. 1975, (CONFIDENTIAL, declassified 31 December 1981).

133. Shaner, Keith L., and Barham, Robert W., F-15C Flyin Qualities Air
Force Development Test and Evaluation. AFFTC-TR-80-23, Nov.
1980.

134. Copeland, W., K. Grubbs, B. Kneeland, and C. Senn, Navy Evaluation -

of the F/A-18A Airplane With Roll Rate Improvements Incorpor-
ated- Navy Report No. SA-14R-81, Mar. 1981.

135. Johnson, Harold I., Flight Investigation to Improve the Dynamic
Longitudinal Stability and Control-Feel Characteristics of the
P-63A-1 Airplane with Closely Balanced Experimental Elevators,
NACA Memo Report L6E20, July 1946.

136. Phillips, W. H., An Investigation of Additional Requirements for
Satisfactory Elevator Control Characteristics, NACA TN 1060,
June 1946.

852

- - - -



137. Jones, R. T., and H. Greenberg, Effect of Hinge-Moment Parameters
on Elevator Stick Forces in Rapid Maneuvers NACA Report 798,
Nov. 1944.

138. Greenberg, H., and L. Sternfield, A Theoretical Investigation of
Longitudinal Stability of Airplanes with Free Controls Includ-
ini Effect of Friction in Control System, NACA Report 791,
1944.

139. Jones, R. T., and D. Cohen, An Analysis of the Stability of an
Airplane with Free Controls NACA Report 709, 1941

140. Finberg, Floyd, Report of the T-38 FLight Control System PIO Review
Board USAF ASD, Feb. 1963.

141. Ashkenas, Irving L., Roger H. Hoh, and Samuel J. Craig, Recommended
Revisions to Selected Portions of MIL-F-8785B(ASG) and
Background Data AFFDL-TR-73-76, Aug. 1973.

142. Hoh, Roger H., and Irving L. Ashkenas, "Handling Quality Criterion
for Heading Control," J. Aircraft, Vol. 14, No. 2, Feb. 1977,
pp. 142-150.

143. Boothe, Edward M., and Michael L. Parrag, Evaluation of Lateral-
Directional Handling Qualities and Roll-Sideslip Coupling of
Fighter Class Airplanes. AFFDL-TR-72-36, May 1972.

144. Drake, Douglas E., Robert A. Berg, Gary L. Teper, and W. Allen
Shirley, A Flight Simulator Study of STOL Transport Lateral
Control Characteristics, FAA-RD-70-61, Sept. 1970.

145. Hoh, R. H., and H. R. Jex, Effect of Sideslip on Precise Lateral
Tracking, Systems Technology, Inc., WP-189-3, Nov. 1969.

146. Stapleford, Robert L., Richard H. Klein, and Roger H. Hoh, Handling
qualities Criteria for the Space Shuttle Orbiter During the
Terminal Phase of Flight, NASA CR-2017, Apr. 1972.

147. Stapleford, Robert L., Donald E. Johnston, Gary L. Teper, and David
H. Weir, Development of Satisfactory Lateral-Directional
Handling Qualities in the Landing Approach, NASA CR-239, July
1965.

148. Doetsch, K.-H., Jr., D. G. Gould, and D. M. McGregor, A Flight
Investigation of Lateral-Directional Handling Qualities for
V/STOL Aircraft in Low Speed Maneuvering Flight, AFFDL-TR-69-
41, Mar. 1970.

149. Ellis, David R., Flving Qualities of Small General Aviation Air-
planes. Part 2: The Influence of Roll Control Sensitivity.
Roll Damping. Dutch-Roll Excitation. and Spiral Stability, FAA-
RD-70-65, Part 2, Apr. 1970.

853



150. Cromvell, C. H., and I. L. Ashkenas, A Systems Analysis of Longi-
tudinal Piloted Control in Carrier Approach, Systems Tech-
nology, Inc., TR-24-1, June 1962.

151. Lean, D., and R. Eaton, The Influence of Drag Characteristics on
the Choice of Landing Approach Speeds, AGARD Report 122, 1957.

152. Neumark, S., Problems of Longitudinal Stability Below Minimum Drag
Speed, and Theory of Stability Under Constraint, RAE, Aero.
2504, 1953.

153. Spence, A., and D. Lean, Some Low-Speed Problems of High-Speed
Aircraft, AGARD Report 357, 1961.

154. Bray, Richard S., A Piloted Simulator Study of Longitudinal
Handling Qualities of Supersonic Transports in the Landing
Maneuver, NASA TN D-2251, Apr. 1964.

155. Ashkenas, I. L. and T. Durand, "Simulator and Analytical Studies of
Fundamental Longitudinal Control Problems in Carrier Approach,"

presented at AIAA Simulation for Aerospace Flight Conference,
Aug. 1963.

156. Staples, K. J., Flight Measurements of the Influence of Speed
Stability on the Landing Approach, AGARD Report 420, 1963.

157. Klein, R. H., R. B. Archer, and D. W. Lew, Supersonic Transport
Handling Characteristics During Approach and Landing Flight
Regimes, USAF AFFDL-TR-65-227, Dec. 1965.

158. Mitchell, David G., and Roger H. Hoh, "Low-Order Approaches to
High-Order Systems: Problems and Promises," J. Guidance,
Control, and Dynamics, Vol. 5, No. 5, Sept.-Oct. 1982,
pp. 482-489.

159. Hoh, Roger H., David G. Mitchell, and John Hodgkinson, "Bandwidth
-- A Criterion for Highly Augmented Airplanes," AIAA Paper
81-1890, Aug. 1981.

160. Boothe, Edward M., Robert T. N. Chen, and Charles R. Chalk, A Two-
Phase Investigation of Longitudinal Flying Qualities for
Fighters, AFFDL-TR-74-9, Apr. 1974.

161. Airworthiness Standards: Normal, Utility, and Acrobatic Category
Airplanes, FAR Part 23, FAA, June 1974 (Through Change 15,
Effective 8 Dec. 1980).

162. High-Speed Characteristics, FAA Advisory Circular AC25.253-1A,
24 Nov. 1965 (Change 1A, 27 Dec. 1976).

854

.... i



163. Moorhouse, David J., Robert J. Woodcock, and Timothy P. Sweeney,
"Discussion and Status of the Proposed Revision (1978) to
MIL-F-8785B," Proceedinas of AFFDL Flying Qualities Symposium
Held at Wright State University 12-15 September 1978, AFFDL-
TR-78-171, Dec. 1978.

164. A'Harrah, R. C., "Flight Simulation - A Significant Aid in Air-
craft Design," in Stability and Control. AGARD CP-119, Apr.
1972.

165. Hall, G. W., and R. P. Harper, "In-Flight Simulation of the Light-
weight Fighters," AIA Paper 75-985, Aug. 1975.

166. Caravello, Christopher, Randall G. Joslin, Giuseppe Fristachi,
Charles R. Bisbee, Steven S. Weatherspoon, and Steven G.
Henrich, Limited Flight Evaluation of Acceptable Sidestick
Lonxitudinal Deflection Gradients as a Function of Aircraft
Longitudinal Dynamics, Air Force Test Pilot School, Dec. 1979.

167. Stall/Post-Stall/Spin Symposium, Proceedings of conference spon-
sored by ASD/AFFDL at Wright-Patterson AFB, Ohio, 15-17 Dec.
1971.

168. Johnston, Donald E., Irving L. Ashkenas, and Jeffrey R. Hogge,
Investigation of Flying Qualities of Military Aircraft at High
Angles of Attack. Vol. I: Technical Results AFFDL-TR-74-61,
June 1974.

169. Bihrle, W., Jr., and B. Barnhart, Design Charts and Boundaries for
Identifying Departure Resistant Fighter Configurations- NADC-
76154-30, July 1978.

170. Johnston, Donald E., David G. Mitchell, and Thomas T. Myers,
Investigation of High-Angle-of-Attack Maneuver-Limiting
Factors, Part I: Analysis and Simulation AFWAL-TR-80-3141,
Part I, Dec. 1980.

171. Mitchell, David G., and Donald E. Johnston, Investigation of High-
Angle-of-Attack Maneuver-Limiting Factors. Part II: Piloted
Simulation Assessment of Bihrle Departure CriteriaF AFWAL-TR-
80-3141, Part I, Dec. 1980.

172. Schaufele, Richard J., and Roger S. Shevell, "Aerodynamic Design
Features of the DC-9", AIAA Paper 65-738, Nov. 1965.

173. Soderlind, Paul A., "Jet Transport Operation in Turbulence," AIAA
Paper 64-353, July 1964.

174. Sharp, Patrick S., and Collet E. McElroy, Background Information
and User Guide for MIL-S-83691 FTC-TD-73-2, Mar. 1974.

855

i .

: "%



175. Weissman, Robert, Criteria for Predicting Spin Susceptibility of
Fixhter-Type Aircraft, ASD-TR-72-48, June 1972.

176. Hellman, Gary K., and Robert B. Crombie, "High Angle of Attack
Flying Qualities and Departure Criteria Development," Proceed-
inas of AFFDL Flying Qualities Symposium Held at Wright State
University 12-15 September 1978, AFFDL-R-78-171, Dec. 1978.

177. Johnston, D. E., and R. K. Heffley, Investigation of Hith AOA Fly-
ing Qualities and Design Guides, AFWAL-TR-81-3108, Dec. 1981.

178. Snyder, C. T., E. B. Fry, et al., Motion Simulator Study of Loni-
tudinal Stability Requirements for Large Delta Wing Transport
Airplanes During Approach and Landing with Stability Augmenta-
tion Systems Failed, NASA IM X-62,200, Dec. 1972.

179. Russell, Walter R., S. A. Sjoberg, and William L. Alford, Flight
Investigations of Automatic Stabilization of an Airplane Having
Static Lonaitudinal Instability, NASA TN D-173, Dec. 1959.

180. Brissenden, Roy F., William L. Alford, and Donald L. Mallick,
Flight Investigation of Pilot's Ability to Control an Airplane
Having Positive and Negative Static Longitudinal Stability
Coupled with Various Effective Lift-Curve Slopes, NASA TN
D-211, Feb. 1960.

181. Wasserman, Richard, and John F. Mitchell, In-Flight Simulation of
Minimum Longitudinal Stability for Large Delta-Wing Transports
In Landing Approach and Touchdown. Vol. I: Technical Results,
AFFDL-TR-72-143, Feb. 1973.

182. Taylor, Lawrence W., and Richard E. Day, Flight Controllability
Limits and Related Human Transfer Functions as Determined From
Simulator and Flight Tests, NASA TN D-746, May 1961.

183. Neal, T. Peter, "Influence of Bobweights on Pilot-Induced Oscilla-
tions," J. Aircraft Sept. 1971.

184. Heffley, R. K., W. F. Jewell, R. H. Hoh, and D. J. Moorhouse,
"Atmospheric Disturbance Models and Requirements for the Flying
Qualities Military Standard and Handbook," AIAA Paper 81-0302,
Jan. 1981.

185. Lehman, John M., Robert K. Heffley, and Warren F. Clement, Simula-
tion and Analysis of Wind Shear Hazard, FAA-RD-78-7, Dec. 1977.

186. Reeves, P. M., G. S. Campbell, V. M. Ganzer, and R. G. Joppa,
Development and Application of a Non-Gaussian Atmospheric
Turbulence Model for Use in Flight Simulators, NASA CR-2451,
Sept. 1974.

856

LI ...........



187. van de Moeskijk, G. A. J., Non-Gaussian Structure of the Simulated
Turbulent Environemtn in Piloted Fliaht Simulation, Delft Uni-
versity of Technology, Department of Aerospace Engineering,
Memorandum M-304, Apr. 1978.

188. Heffley, Robert K., "A Study of Key Features of Random Atmospheric
Disturbance Models for the Approach Flight Phase," AIAA-77-
1145, Aug. 1977.

189. Holley, William E., and Arthur E. Bryson, Jr., Wind Modelina and
Lateral Aircraft Control for Automatic Landing. Stanford Uni-
versity, Department of Aeronautics and Astronautics, SUDAAR No.
489, Jan. 1975

190. Lumley, John L., and Hans A. Panofsky, The Structure of Atmospheric
Turbulence_ Interecience Publishers, Inc., Nev York, 1964.

191. Houbolt, John C., "Atmospheric Turbulence," AIAA J., Vol. 11,
No. 4, Apr. 1973, pp. 421-437.

192. Lappe, U. Oscar, and Ben Davidson, "On the Range of Validity of
Taylor's Hypothesis and the Kilmogoroff Spectral Law," J.
Atmos. Sciences, Vol. 20, Nov. 1963.

193. Etkin, B., Theory of the Flight of Airplanes in Isotropic Turbu-
lence - Review and Extension, AGARD Report 372, Apr. 1961.

194. Foy, W. H., and W. B. Gartner, Piloted Flight Simulation Study of
Low-Level Wind Shear. Phase 4, FAA-RD-79-84, Mar. 1979.

195. Hoh, Roger H., and Wayne F. Jewell, Investigation of the Vulnera-
bility of Powered Lift STOLs to Wind Shear, NASA CR-152064,
Oct. 1976.

196. Gaonkar, G. H., "Review of Nonstationary Gust-Responses of Flight
Vehicles," AIM 80-0703, July 1980.

197. Dryden, Hugh L., "A Review of the Statistical Theory of Turbu-
lence," in Turbulence - Classic Papers on Statistical Theory.
S. K. Friedlander and Leonard Topper, eds., New York, Inter-
science Publishers, Inc., 1961.

198. Houbolt, John C., Roy Steiner, and Kermit G. Pratt, Dynamic
Response of Airplanes to Atmospheric Turbulence Includina
Flijht Data on Input and Response NASA 11 R-199, June 1964.

199. von Karman, Theodore, "Progress in the Statistical Theory of
Turbulence," in Turbulence - Classic Papers on Statistical
Theory, S. K. Firedlander and Leonard Topper, eds., New York,
Interscience Publishers, Inc., 1961.

857



200. Etkin, B., "A Theory of the Response of Airplanes to Random Atmos-
pheric Turbulence," J. Aero/Space Sciences. July 1959, pp. 409-
420.

201. Lappe, U. Oscar, "Low-Altitude Turbulence Model for Estimating Gust

Loads on Aircraft," J. Aircraft- Vol. 3, No. 1, Jan.-Feb. 1966.

202. Etkin, B., "The Turbulent Wind and Its Effect on Flight," AIAA-
80-1836, Aug. 1980.

203. Skelton, Grant B., Investigation of the Effects of Gusts on V/STOL
Craft in Transition and Hover, AFFDL-TR-68-85, Oct. 1968.

204. Reeves, Paul M., A Non-Gaussian Turbulence Simulation AFFDL-TR-69-
67, Nov. 1969.

205. Tomlinson, B. N., Developments in the Simulation of Atmospheric
Turbulence, Royal Aircraft Establishment, Technical Memoranduw
FS 46, Sept. 1975.

206. Jones, J. G., "Modelling of Gusts and Wind Shear for Aircraft
Assessment and Certification," Royal Aircraft Establishment,
Paper prepared for CAARC Symposium on Operational Problems,
India, Oct. 1976.

207. Jewell, Wayne F., and Robert K. Heffley, A Study of Key Features of
the RAE Atmospheric Turbulence Model NASA CR-152194, Oct.
1978.

208. Jansen, C. J., A Digital Turbulence Model for the NLR Moving-BasE
Flightsimulator. Part I, National Aerospace Laboratory, NL
Memorandum VS-77-024, U, Aug. 1977.

209. Jansen, C. J., A Digital Turbulence Model for the WLR Moving-Bas
Flightsimulator. Part II, National Aerospace Laboratory, NIJ
Memorandum VS-77-025 U, Aug. 1977.

210. Jacobson, Ira D., and Dinesh S. Joshi, "Investigation of the
Influence of Simulated Turbulence on Handling Qualities," J.
Aircraft, Vol. 14, No. 3, Mar. 1977, pp. 272-275.

211. Frost, Walter, and Dennis W. Camp, Wind Shear Modeling for Aircraft
Hazard Definition, FAA-RD-77-36, Mar. 1977.

212. Heffley, Robert K., and Wayne F. Jewell, Study of a Safety Margil
System for Powered-Lift STOL Aircraft, NASA CR-152139, Ma3
1978.

213. Jewell, Wayne F., Warren F. Clement, Thomas C. West, and S. R. I
Sinclair, Powered-Lift Aircraft Handling Qualities in the
Presence of Naturally-Occurring and Computer-Generated Atmos-
pheric Disturbances, FAA-RD-79-59, May 1979.

858



214. Sinclair, S. R. M., and T. C. West, "Handling Qualities of a
Simulated STOL Aircraft in Natural and Computer-Generated
Turbulence and Shear," Piloted Aircraft Environment Simulation
Techniques. AGARD-CP-249, Oct. 1978.

215. Characteristics of Atmosheric Turbulence Near the Ground. Part
II: Single Point Data for Strona Winds (Neutral Atmosphere),
ESDU Item No. 74031, Oct. 1974.

216. Characteristics of Atmospheric Turbulence Near the Ground. Part
III: Variations in Space and Time for Strong Winds (Neutral
Atmosphere), ESDU Item No. 75001, July 1975.

217. Schaeffer, Dwight R., "Wind Models for Flight Simulator Certifica-
tion of Landing and Approach Guidance and Control Systems,"
Proceedings of the First Annual Meteorological and Environ-
mental Inputs to Aviation Systems Workshop, Mar. 1977, pp. 188-
274.

218. Barr, Neal M., Dagfinn Gangsaas, and Dwight R. Schaeffer, Wind
Models for Flight Simulator Certification of Landing and
Approach Guidance and Control Systems FAA-RD-74-206, Dec.
1974.

219. Durand, Tulvlo S., Carrier Landing Analyses, Systems Technology,
Inc., Technical Report No. 137-2, Feb. 1967.

220. Fortenbaugh, R. L., Mathematical Models for the Aircraft Opera-
tional Environment of DD-963 Class Ships, Vought Corporation
Report No. 2-55800/8R-3500, Sept. 1978.

221. Nave, Ronald L., Development and Analysis of a CVA and a 1052 Class
Fast Frigate Air Wake Model, NADC-78182-60, Sept. 1978.

222. Hoh, Roger H., Samuel J. Craig, and Irving L. Ashkenas, Identifi-
cation of Minimum Acceptable Characteristics for Manual STOL
Flight Path Control, FAA-RD-75-123, June 1976.

223. "Proposals for Revising MIL-F-8785B, 'Flying Qualities of Piloted
Airplanes'". AFFDL-FGC Working Paper, Feb. 1978.

224. Mitchell, A. R., et al., Simulation Analysis: Unorthodox Control
Force Fighter Aircraft. Vol. II: Detailed Summary, AFWAL-TR-
80-3060, Apr. 1980.

225. Ashkenas, Irving L., Henry R. Jex, and Duane T. McRuer, Pilot
Induced Oscillations: Their Cause and Analysis, NORAIR Report
No. NOR-64-143, June 1964.

859



226. Hall, G. W., and N. C. Weingarten, An In Flight Investigation of
the Influence of Flying Qualities on Precision Weapons
Delivery- AFFDL-TR-72-120, July 1973.

227. Ringland, R. F., and D. E. Johnston, Analytical Assessment of the
F-18A Flying Qualities During Carrier Approach Systems Tech-
nology, Inc., TR-1090-1, Sept. 1977.

228. Johnston, Donald E., and Samuel J. Craig, Analytical Assessment of
the F-14 Aircraft Control and Handling Characteristics, Systems
Technology, Inc., TR-199-1, Feb. 1972.

229. Watson, John H., and Jack D. McAllister, "Direct-Force Flight-Path
Control - the New Way to Fly," AIAA Paper 77-1119, Aug. 1977.

230. Brulle, Robert V., William A. Moran, and Richard G. Marsh, Direct
Side Force Control Criteria for Dive Bombing. Vol. I: Summary.
Vol. II: Analysis and Results, AFFDL-TR-76-78, Sept. 1976.

231. McAllister, J. D., et al., Fighter CCV Phase IV Report, Vol. II:
Flight Test Data Evaluation. Vol. III: Test Phase Data Sum-
mary, Parts 1 and 2, AFFDL-TR-78-9, Feb. 1978.

232. Sammonds, R. I., and J. W. Bunnell, Jr., "Handling Qualities
Criteria for Wing-Level-Turn Maneuvering During an Air to
Ground Delivery," AIAA 80-1628-CP, Aug. 1980.

233. Ashkenas, Irving L., and Duane T. McRuer, Approximate Airframe
Transfer Functions and Application to Single Sensor Control
Systems, WADC TR 58-82, June 1958.

234. Craig, Samuel J., and Irving L. Ashkenas, Background Data and
Recommended Revisions for MIL-F-8785B(ASG), "Military Specifi-
cation - Flying Qualities of Piloted Airplanes," Systems
Technology, Inc., TR-189-1, Mar. 1971.

235. Smith, Ralph H., A Theory for Longitudinal Short-Period Pilot
Induced Oscillations, AFFDL-TR-77-57, June 1977.

236. Hamilton, B. I. L., "The Operational Problems Encountered During
Precise Maneuvering and Tracking," The Effects of Buffeting and
Other Transonic Phenomena on Maneuvering Combat Aircraft,
AGARD-AR-82, July 1975.

237. Friend, Edward L., and Glenn M. Sakamoto, Flight Comparison of the
Transonic Agility of the F-liA Airplane and the F-Ill Super-

critical Wing Airplane, NASA TP-1368, Dec. 1978.

238. McRuer, Duane, Dunstan Graham, Ezra Krendel, and William Kreisner,
Jr., Human Pilot Dynamics in Compensatory Systems - Theory,
Medals, and Experiments with Controlled Element and Forcing
Function Variations, AFFDL-TR-65-15, July 1965.

860



239. Ullman, Lt., T. Claanducci, and Lt. Linck, Validation of the Han-
dlina Qualities -Degradation Probabilities of MIL-F-00878& Us-
ing F-4C Air Force Manual 66-1 Maintenance Data, AFFDL FGC-714-
71-7, Aug. 1971.

240. Van Patten, Robert E., Investigation of the Effects of 14, and g.
on AFTI/F-16 Control Inputs, Restraints and Trackfnx Perfor-
mance Interim USAF AMRL Technical Report. Aug. 1981.

241. Teper, Gary L., Richard J. DiMarco, Irving L. Ashkenas, and
Roger H. Hoh, Analyses of Shuttle Orbiter Approach and Landing
Conditions, NASA CR-163108, July 1981.

242. Hofmann, Lee Gregor, Iishor V. Shah, and Dunstan Graham, Analysis
of Limited Authority Manual Control Systems, AFFDL-TR-71-6,
July 1971 .

243. Graham, Dunstan, and Duane McRuer, Analysis of Non-Linear Control
Systems. 1'w York, Wiley, 1961.

244. Graham, Dunstan and Lee Gregor Hofmann, Investigations of De-
scribina Function Technique. AFFDL-TR-65-137, Feb. 1966.

245. Behel, I. M., and W. B. McNamara, "F/A-18A High Angle of Attack/
Spin Testing," 25th International Report to the Aerospace Pro-
fession, Society of Experimental Test Pilots, Sept. 1981.

246. Morgan, Len, "Out for a Spin," Flying Feb. 1982, pp. 46-48.

247. Urie, David M., "L-1011 Active Controls Design Philosophy and
Experience," prenented to AGARD Flight Mechanics Panel Sympo-
sium on Stability and Control, Ottawa, Canada, Sept. 1978.

248. Wilson, Donald B., and Robert C. Ettinger, F-16A/B High Angle of
Attack Evaluation, AFFTC-TR-79-18, Oct. 1979.

249. Lewis, J. C., and M. J. Humphrey, F-14A Navy Phase I Fliaht
Evaluation of Asymmetric Thrust/External Stores Flying Quali-
ties, NATC-SA-43R-81, Aug. 1981.

250. Brinks, W. H., "F-18 Development Tests," Cockpit Society of
Experimental Test Pilots, Oct./Nov./Dec. 1981.

251. Wilson, Donald B., and Charles A. Winters, F-15A Approach-to-
Stall/Stall/Post-Stall Evaluation, AFFTC-TR-75-32, Jan. 1976.

252. Garland, Michael P., Michael K. Nelson, and Richard C. Patterson,
F-16 Flving Qualities with External Stores, AFFTC-TR-80-29,
Feb. 1981.

861

-. dP~.4R w



253. Ross, Jerry L., Page G. McGirr, and Otto J. Waniczek, Jr., Flying
Qualities and FlightControl System Evaluation of the B-i Stra-
tegic Bomber, AFFTC-TR-79-2, May 1979.

254. Ellis, David R., A Study of Lightplane Stall Avoidance and Sup-
pression, FAA-RD-77-25, Feb. 1977.

255. Johnston, Donald E., Richard H. Klein, and Roger H. Hoh, Manual and
Automatic Flight Control During Severe Turbulence Penetration
NASA CR-2677, Apr. 1976.

256. Morgan, Clifford T., Jesse S. Cook, Alphonse Chapanis, and Max W.
Lund, eds., Human Engineering Guide to Equipment Design,
McGraw-Hill, New York, 1963.

257. McDaniel, Joe W., Male and Female Strength Capabilities for Operat-
ing Aircraft Controls, AFAMRL-TR-81-39, Mar. 1981.

258. Monagan, Stephen J., Rogers E. Smith, and Randall E. Bailey,
Lateral Flying Qualities of Highly Augmented Fighter Aircraft,
AFWAL-TR-81-3171, Vols. I and II, June 1982.

259. Hoh, Roger H., and Irving L. Ashkenas, Development of VTOL Flying

Qualities Criteria for Low Speed and Hover, NADC-77052-30, Dec.
1979.

260. Black, G. Thomas, David J. Moorhouse, and Robert J. Woodcock, Pro-
ceedings of AFFDL Flying Qualities Symposium Held at Wright
State University 12-15 September 1978, AFFDL-TR-78-171, Dec.
1978.

261. Crombie, R. B., and D. J. Moorhouse, Flying Qualities Design Sym-
posium Criteria: Proceedings of AFFDL Flying Qualities Sympo-
sium Held at Wright-Patterson Air Force Base in October 1979,
AFWAL-TR-80-3067, May 1980.

262. Loschke, Paul C., Marvin R. Barber, Einar K. Enevoldson, and
Thomas C. McMurtry, Flight Investigation of Advanced Control
Systems and Displays or a General Aviation Airplane, NASA
TN D-7703, June 1974.

263. Carleton, David L., Richard E. Lawyer, and Cecil W. Powell, Devel-
opment and Evaluation of the TWeaD II Flight Control Augmenta-
tion System, FTC-TD-72-1, Nov. 1972.

264. Gobert, Don 0., and William T. Twinting, A-7D Stability and Control
Military Preliminary Evaluations (Phase 1A and IB), AFFTC
SD-69-5, Apr. 1969.

862

low



265. Damman, Lawrence, Robert Kennington, Paul Kirsten, Ronald Grabe,

and Patrick Long, Flight Test Development and Evaluation of a

Multimode Digital Flight Control System Implemented in an A-7D
(DIGITAC), AFFTC-TR-76-15, June 1976.

266. Chalk, C. R., "The Ideal Controlled Element for Real Airplanes Is

Not K/s," Calspan FRM No. 554, Aug. 1981.

267. Allen, R. Wade, Henry R. Jex, and Raymond E. Magdaleno, Manual Con-
trol Performance and Dynamic Response During Sinusoidal Vibra-

tion, AMRL-TR-73-78, Oct. 1973.

268. Bischoff, D. E., The Control Anticipation Parameter for Augmented
Aircraft, NADC-81186-60, May 1981.

269. Hanke, D., K. Wilhelm, and H.-H. Lange, "Handling Qualities Aspects

of CTOL Aircraft with Advanced Flight Controls," presented at

AGARD Flight Mechanics Panel Symposium on Criteria for Handling
Qualities of Military Aircraft, Forth Worth, TX, Apr. 1982.

8 63 *U.S. GOVERNMENT PRINTING OFFICE: 193-6594ON3005

of""


