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FOREWORD 

This report was prepared for the United States Air Force by The Boeing 
Company, Seattle, Washington In partial fulfillment of Contract F33615-71-C-1757, 
Project No. 643A.  It Is one of eight related documents covering the results of 
Investigations of vectored-thrust and jet-flap powered lift technology, under 
the STOL Tactical Aircraft Investigation (STAI) Program sponsored by the Air 
Force Systems Command, Wright-Patterson Air Force Base, Ohio. The relation of 
this report to the others of this series Is Indicated below: 

AFFDL TR-73-19 STOL TACTICAL AIRCRAFT INVESTIGATION 

Vol I Configuration Definition: 
Medium STOL Transport with 
Vectored Thrust/Mechanical Flaps 

Vol II 
Part I 

Aerodynamic Technology: 
Design Compendium, 
Vectored Thrust/Mechanical Flaps 

Vol II 
Part II 

A Lifting Line Analysis Method 
for Jet-Flapped Wings 

Vol III Takeoff and Landing Performance 
Ground Rules for Powered Lift 
STOL Transport Aircraft 

Vol IV Analysis of Wind Tunnel Data: 
Vectored Thrust/Mechanical 
Flaps and Internally Blo\-n 
Jet Flaps 

Vol V Flight Control Technology: System 
Part I Analysis and Trade Studies for a 

Medium STOL Transport with Vectored 
Thrust and Mechanical Flaps 

THIS 
REPORT 

Vol V 
Part II 

Flight Control Technology:    Piloted 
Simulation of a Medium STOL Transport 
with Vectored Thrust/Mechanical Flaps 

Vol VI Air Cushion Landing System Study 

The work reported here was performed in the period 8 June 1971 through 
8 December 1972 by the Sensors, Guidance, and Control Staff of the Research 
and Engineering Division and by the Tactical Airlift Program, Aeronautical 
and Information Systems Division, both of the Aerospace Group, The Boeing 
Company. Mr. Franklyn J. Davenport served as Program Manager. 
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Mr. Kenneth J. Crandall was principal investigator.  The control law devel- 

opement and analysis was done by W.E. Gerken, D,J. Maund, and J.H. Vincent. The 
moment producer and control mechanization analysis were accomplished with the 
support of Harold S. Lewis, Myles L. Holmdahl, and William C. Brockway. 

The Air Force Project Engineer for this investigation was Mr. Garland S. Gates, 
Air Force Flight Dynamics Laboratory (PTA), Wright-Patterson Air Force Base, Ohio. 

The main body of this report was released within The Boeing Company as 
Document D180-14412-1, and submitted to the USAF in December 1972. 

This technical report has been reviewed and approved. 

E.  J.   Cross Jr.,  Lt.   Col.,  USAF 
Chief, Prototype Division 
Air Force Flight Dynamics Laboratory 
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ABSTRACT 

A program of flight control technology applicable to an Advance Medium STOL 
Transport (AMST) airplane equipped with a vectored-thrust powered lift system has 
been conducted. Low "q" moment producers were evaluated. Mathematical models 
(control laws) of control systems suitable for the STOL landing approach were 
defined.  The affect of control system mechanization complexity on performance, 
weight, cost, safety, design risk, and vulnerability to small arms fire was eval- 
uated. A candidate control system was selected and its performance was validated 
using a piloted moving base simulation. 

While this study specifically concerned control technology for airplanes 
equipped with the vectored thrust form of powered lift, the results are considered 
to have direct application to airplanes with other forms of powered lift, such 
as internally blown jet flaps and upper surface blown flaps. 
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2 
Earth Gravitational Attraction ^ Ft./Sec. 

Altitude ^ Ft. 

Altitude Rate - Ft./Sec. 

Barometric Altitude Rate ^ Ft./Sec. 

2 
Body Axis Roll Inertia ^ Slug-Ft. 

2 
Body Axis Product of Inertia ^ Slug-Ft. 

2 
Body Axis Pitch Inertia ^ Slug-Ft. 

2 
Body Axis Yaw Inertia ^ Slug-Ft. 

Represents a Feedback Gain where the (a) 
Subscript is the Sensed Variable and the (b) 
Subscript Is the Appropriate Moment Producer 

Represents a Pilot Feed Forward Gain where the 
Subscript Represents the Controlled Variable 
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LIST OF SYMBOLS   (continued") 

Represents a Feedback Gain Where  the 
Subscript  is the Sensed Variable 

Lateral Control Power Coefficient 

Turbulence Characteristic Length of  Subscripted 
Variable ^ Ft. 

Mechanical Signal Path Including Feel System 

Pitching Moment ^ Ft.-Lbs.   or Mach Number 

Partial Derivative of M with Respect to the 
Subscripted Variable 

Mass ^ Slugs or Nozzle Air Mass Flow Rate 
^  Slugs/Sec. 

Number of Points Where a 9 mm Round can Cause 
Loss of Control 

Number of Points Where a 9 mm Round can Cause 
Level  2 Operation 

Number of Points Where a 9 mm Round can Cause 
Level 3 Operation 

Incremental Load Factor ^ gs 

Power Distribution Complexity Rating 

Electric Mode Hydraulic Pressure ^    Lbs./In. 

Figure of Merit for the Probability of 
Excessive Pilot Workload 

Failure Effects Cooper-Harper Pilot Rating 

Power Generation Complexity Rating 

Handling Quality Cooper-Harper Pilot Rating 

Figure of Merit for the Probability of Loss of 
Control 

Overall Performance Rating 

Figure of Merit for the Probability of 
Structural Damage 

Tracking Task Performance Data or Total 
Pressure % Lbs./Ft. 
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LIST OF SYMBOLS   (continued) 

Roll Accel 
Otherwise 

leration (Body 
) ^ Deg./Sec. 

Axis Unless Noted 

s 

psla 

^ P/B 

Q 

PB 

Q() 

QEW 

^LC 

^SD 

Qf 
m 

Q 

q 

qc 

RF 

R 

ik 

W 

Roll Rate  (Stability Axis) ^ Deg./Sec. 

2 
Lbs./In.     (Absolute) 

Phase Angle Between Roll Rate and Sideslip for 
Dutch Roll Oscillations ^ Deg. 

Body Axis Pitch Rate ^ Deg. 

Roll Rate (Body Axis) ^ Deg./SGc. 

Failure Probability for the Subscripted 
Variable 

Computed Failure Probability for Excessive 
Pilot Workload 

Computed Failure Probability for Loss of 
Control 

Computed Failure Probability for Structural 
Damage 

Probability of Failure Mode 

2 
Pitch Acceleration (Body Axis) 'v Deg./Sec. 

2 
Dynamic pressure ^ Lbs./Ft. 

2 
Impact Pressure ^ Lbs/Ft. 

Relative Rating Factor 

Vulnerability Factor 

Yaw Acceleration (Body Axis Unless Noted 
Otherwise) ^ Deg./Sec.2 

Yaw Rate (Stability Axis) ^ Deg./Sec. 

Surface Actuator 

Surface Area Influenced by the Control 
Element between Semi-Spans i and k 

Safety Rating 

2 
Wing Area ^ Ft. 

Laplace Operator 

xxi-M 
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LIST OF SYMBOLS  (continued) 

T_ Gross Thrust n' Lbs. 

T Lead Time Constant ^ Sec, 

r,. Yaw Rate   (Body Axis) ^ Deg./Sec. 
D 

T„.0a Time to Reach 9C Percent of Steady State 
ss Normal Acceleration Following a Column Step 

^ Se^. 

ss 
T  ^ Time to Reach 90 Percent of Steady State Pitch 
" " Attitude Rate Following a Column Step ^ Sec. 

Airspeed Pertubation ^ Ft./Sec. 

uair Relative Velocity Component Along  the x  \xis 
^ Ft./Sec. 

u Gust Velocity Component Along the x Axis 
8 > Ft./Sec. 

2 
u Acceleration along x Axis ^ Ft./Sec. 

V Airspeed Error ^ Ft./Sec. 
h 

V_ Ground Speed - Ft./Sec. 

V Nozzle Ideal Air Flow Velocity ^ Ft./Sec. 

V Landing Approach Reference Airspeed ^ Ft./Sec. 

V Stall Airspeed ^ Knots 

V True Airspeed ^ Ft./Sec. 

V ? Roll Rate from Sideslip Coupling Transfer 
Function or Airspeed to Flight Path Coupling 
Transfer Function 

V Sideslip from Roll Rate Coupling Transfer 
Function or Flight Path to Airspeed Coupling 
Transfer Function 

v Gust Velocity Component Along the y Axis 
g ^    Ft./Sec. 

w Vertical Speed Perturbation ^ Ft./Sec. 

2 
w Acceleration along z Axis ^ Ft./Sec. 

W Gust Velocity Component Along the z Axis 
8 ^ Ft./Sec. 

xxiv 
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LIST OF SYMBOLS   (contimed) 

X External Force Component Along x Axis 
^ Lbs. 

Xn Partial Derivative of X with Respect to the 
Subscripted Parameter 

2 
x Acceleration Along the x Axis ^ Tt./Sec. 

pe 

MAX 

SAS 

aP 

Pilot Pitch Attitude Describing Function 

2 
y Acceleration Along the y Axis ^ Ft./Sec. 

Z External Force Component Along z Axis ^ Lbs. 

Z,. Partial Derivative of ?.  with Respect to the 
Subscripted Parameter 

2 z Acceleration Alonf, the z Axis '- Ft./Sec. 

* Angle of Attack Relativ^ to x Axis ^ Radians 

ß Sideslip Angle - 

ß Gust Sideslip Component  Deg. 

Maximum Excursion of Sideslip Following a 
Rudder Step % Deg. 

g Sideslip Rate % Deg./Sec. 

Computed Sideslip Rate ^ Deg./Sec. 

Y Flight Path Angle Perturbation ~ Deg. 

Y Flight Path Angle Rate ^ Deg./Sec. 

6. Aileron Deflection ^ Deg. 

6 Elevator and DLC Input ^ Deg. c 

6 ,                 Column Deflection ^ Inches 
col 

(L Direct Lift Control Deflection ^ Deg. 

6 Elevator Deflection ^ Deg. 
e 6 

£ Vector Angle Deflection ^ Deg. 

Vector Lever Angle ^ Deg. 

XXV 
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STH 

Aß 

AC, 

LIST OF SYMBOLS   (continued) 

Rudder Pedal Deflection "* Inches 

Rudder Deflection 'v Deg. 

Spoiler Deflection ^ Deg. 

Throttle Lever Deflection ^ Deg. 

Aileron and Spoiler Input ^ Deg. 

Wheel Displacement ^ Deg. 

The Maximuci Change in Sideslip Following an 
Abrupt Roll Control Pulse ^ Deg. 

Incremental Rolling Moment Coefficient 

AY 

AY 

AFr 

AFI 

AL 

AM 

A0 

MAX 

SS 

MAX 

Aess 

AS 
x 

ASy 

AV. 
MAX 

AV 
SS 

AW 

Maximum Excursion of Flight Path Following a 
Vector Step ^ Deg. 

Steady State Flight Path Change Following a 
Column Pulse ^ Deg. 

Incremental Drag Force ^ Lbs. 

Incremental Lift Force ^ Lbs. 

Incremental Lift Force ^ Lbs. 

Resonant Peak ^ Decibels 

Maximum Excursion of Pitch Attitude Following 
a Vector Step 'v» Deg. 

Steady State Pitch Attitude Change Following 
a Column Pulse ^ Deg. 

Longitudinal Touchdown Dispersion ^ Ft. 

Lateral Touchdown Dispersion ■v Ft. 

Maximum Excursion of Airspeed Following a 
Column Pulse ^ Ft./Sec. 

Steady State Excursion of Airspeed Following a 
Vector Step ^ Ft./Sec. 

Total Incremental Weight ^    Lbs. 

xxvi 
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CG.S. 

eLOC 

eVT 

C 

e 

ÖREF 

0 

öss 

MAX e 

A 

o 

a() 

T() 

*( ) (n) 

\H 

B T-3 sees. 

♦ SS 

* 

LIST OF SYMBOLS   (continued) 

Glldeslope error <%/dots [=  .35° of  e        ] 
G.S. 

Locolizer error ^dote    [=  .5° of  e      1 
LOG 

Airspeed errors ft./sec. 

Damping ratio of subscripted variable 

Pitch attitude perturbatlon/vdeg. 

Pitch attitude command ^deg. 

Reference pitch/vdeg. 

Pitch attitude rate/vdeg./sec. 

Steady state pitch attitude rate excursion 
following a column step«/deg./sec. 

Maximum pitch attitude rate excursion 
following a column step~deg./sec. 

Wing taper ratio 

Thrust vector anglesdeg. 

RMS value of subscripted variable 

Time constant of subscripted variable^sec. 

Spiral mode time constant-usec. 

Turbulence power epectral density of subscripted 
variable*/ ft.2/sec. 

Bank angle^deg. 

Bank angle at the first peak following an 
abrupt roll control pulse/\/deg. 

Ratio of the magnitude of ^(s) to the magnitude of 
3(s)  evaluated at  the Dutch roll pole location. 

Ratio of bank angle to sideslip three seconds after 
the initiation of a rudder pedal step. 

Steady state value of bank angle rate resulting from 
a wheel step/vdeg./sec. 

Airplane heading/^deg. 

xxvil 
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LIST OF SYMBOLS (continued) 

Phase angle of the Dutch roll oscillation In 
sideslip. -~ deg. 

Spatial frequency/v radians/ft. 

Undamped natural frequency of subscripted 
variable -vradians/sec. 

SUBSCRIPTS 

BW 

D 

PH 

R 

SP 

SPIR 

Bandwidth 

Dutch roll mode 

Phugoid mode 

Roll subsidence mode 

Short period mode or spoiler 

Spiral mode 

xxvlli 
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SECTION I 

INTRODUCTION 

1.1 Background 

The U.S. Air Force has determined the requirement to modern- 
ize its Tactical Airlift capability.  The Tactical Airlift Technology 
Advanced Development Program (TAT-ADP) was established as a first step 
in meeting this requirement, contributing to the technology base for 
development of an Advanced Medium STOL Transport (AMST). 

The AMST must be capable of handling substantial payloads and 
using airfields considerably shorter than those required by large 
tactical transports now in the Air Force inventory.  If this short-field 
requirement is to be met without unduly compromising aircraft speed, 
economy, and ride quality, an advanced-technology powered-lift concept 
will be required. 

The STOL Tactical Aircraft Investigation (STAI) is a major 
part of the TAT-ADP, and comprises studies of the aerodynamics and 
ilight control technology of powered lift systems under consideration 
for use on the AMST.  Under the STAI, The Boeing Company was awarded 
Contract No. F33615-71-C-1757 by the USAF Flight Dynamics Laboratory to 
conduct investigations of the technology of the vectored-thrust powered 
lift concept.  These investigations included: 

(1) Aerodynamic analysis and wind tunnel testing. 

(2) Configuration studies. 

(3) Control system design, analysis, and simulation. 

The control system technology work was of as much importance 
as the first two items because powered lift STOL flight introduces 
several problems absent (or not severe) in conventional (CTOL) aircraft 
and operations. 

1.2 The STOL Control Problem 

Short landings demand low speed approaches.  Low speed 
implies a low dynamic pressure (q), so the effectiveness of ordinary 
aerodynamic control surfaces is reduced. Yet the moments of inertia of 
the airplane are similar in magnitude to the CTOL case. Furthermore, 
the relatively lar^e engines typical of STOL designs imply larger 
eugine-out control forces than for CTOL.  The economical solution to 
the problem of more moment at less q, by providing the right combination 
of high-lift technology control surfaces and increased control surface 
areas, properly integrated into the overall airplane design, requires 
careful analysis. 
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Low speed also implies that gusts, wind shears, and cross 
winds will be a larger fraction of total airplane velocity than for the 
CTOL case.  Consequently, the perturbations in angle of attack or side- 
slip due to turbulence, as well as the crab angle in a cross wind 
approach, will also be greater. 

Moreover, at the high lift coefficients of STOL flight, 
aerodynamic cross coupling between axes is usually more severe, tending 
to degrade the flying qualities of the unaugmented airplane. 

Nevertheless, short field landing performance demands minimum 
dispersion of the touchdown point, implying that better flying qualities 
than those acceptable for CTOL will be required, permitting more precise 
control despite the more severe design conditions. The need was clear, 
therefore, to investigate the design of control laws and mechanization 
concepts that would provide stability and control augmentation to a new 
degree of capability. 

1.3 Technical Approach 

Three closely related programs were therefore undertaken to 
deal with the problems stated above: 

(1) A moment producer tradeoff study.  Candidate moment producers were 
compared by a numerical scoring system accounting for effectiveness, 
weight, complexity, and cost. 

(2) A study of control laws and control system mechanization.  Control 
laws were developed and compared analytically and in piloted 
simulation.  The mechanization of the selected control law was then 
actually designed. 

(3) Development and operation of a piloted simulation of a vectored 
thrust STOL transport.  Both fixed base and moving base simulations 
were used in selecting control laws and validating the mechaniza- 
tion of the one selected. 

1.4 Document Organization 

This document (Volume V, Parti ) covers the first two of the 
programs discussed above.  The third program, development and operation 
of a piloted simulation, is treated in Volume V, Part 2. 

Section II summarizes the analysis and results presented more 
completely later.  Section III states in detail the analysis procedures 
used in the moment producer study and in the control law and mechaniza- 
tion studies.  Section IV describes the specific control laws and control 
mechanizations.  Section V presents and compares the results of the 
evaluations of the various candidate moment producers and control laws. 
Section VI presents the conclusions and recommendations. Appendix I 
tabulates the complete moment producer analysis data. Appendix II defines 
the linear vehicle derivatives used in the control law analysis. Appen- 
dix HI presents the complete control mechanization analysis data. 
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SECTION II 

SUMMARY 

2.1 Scope 

A study of  the control  technology for a vectored thrust STOL 
transport has been made.     Moment producers  suitable  for flight at  low 
dynamic pressure were evaluated,  control laws  suitable for precision 
STOL approach and  landing were developed,  and several  techniques of 
control system mechanization were  investigated. 

The major emphasis was placed on  the  landing approach  task 
using a  reference  approach speed of  75 knots.     However,   the mechanized 
control system studies  provide  for operation over  the  full  flight 
envelope. 

2.2 Control System Development 

The STOL control system must incorporate moment producing 
devices capable of controlling the vehicle at low speeds and these 
devices must receive the proper intelligence to produce precise flight 
path control.  Once the proper intelligence (control law) is defined, 
the means of physically realizing the. system can be determined. 

The control system development determined the characteristics 
of the candidate moment producers and defined several control laws 
compatible with the following mechanization concepts: 

o Mechanical Control Systems 

o Stability Augmentation Systems 

o Control Augmentation Systems 

o Fly-by-Wire with Mechanical Reversion Systems 

o Fly-by-Wire Systems 

The systems were synthesized and analyzed usin(» off-line 
digital analysis techniques and real time piloted simulation. 

2.3 Results 

Several moment producers, for each axis of control, satisfied 
the control power criteria.  In general, the aerodynamic controls pro- 
vided better performance than the propulsive candidates. This was 
especially true with regard to control capability with an engine 
failed.  Best performance in the lateral and directional axes was 
obtained with either a double hinged surface or blown surface using 
engine bleed as the air source. The use of a double slotted elevator 
rated best for the pitch axis, being slightly better than a blown 
elevator. 
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Control laws were developed that provided good performance 
(i.e., Cooper-Harper ratings of 2 to 3) for STOL landing tasks that 
included IFR glideslope and locallzer tracking using "raw" glldeslope 
and locallzer data.  This performance was achieved by providing a 
longitudinal system that approximately decoupled speed response from 
flight path response.  This reduced the pilot work load even though 
portions of the approach were flown on the "back side" of the thrust 
required curve. The lateral/directional control systems corrected for 
an inherent spiral divergence and provided good turn coordination. 
Although all the proposed lateral stability augmentation systems 
satisfied the military specification lateral handlin'; quality response 
criteria, only those systems exhibiting excellent turn coordination 
characteristics were acceptable to the pilots.  (See Volume V, Part II, 
Section 4.2.3.) 

The comparative ratings of the control augmented, the fly-by- 
wire with reversion, and the fly-by-wire mechanized systems were very 
close.  The control augmented system had a slight edge and was selected 
for validation on the moving base piloted simulation. 

A major Ingredient for the successful development of control 
systems for this STOL vehicle was the ability to separate flight path 
and speed control functions in the longitudinal axis. This required 
modulation of the propulsive lift vector to control speed while flight 
path was controlled by DLC and elevator control.  Similarly, the 
lateral/direction. 1 system must exhibit a high degree of turn coordina- 
tion to be acceptable. The "decoupled" control analysis technique 
discussed herein provides a superior method for defining control 
systems with acceptable turn coordination. 

2.4      Applicable to Other Powered Lift Concepts 

The control technology developed in this program is applicable, 
with obvious minor adaptations, to the other powered lift concepts which 
have been considered for the AMST airplane. 

In particular, this work has contributed directly to The Boeing 
Company's progress to date on the AMST prototype.  That airplane uses 
the upper surface blowing (USB) form of the jet flap for powered lift. 
The longitudinal control scheme for STOL flight with USB employs the USB 
flap angle to control speed and the elevator to control flight path angle. 
The USB flap angle control Is, In that application, precisely analogous 
to the thrust vector angle control for the vectored thrust/mechanical 
flap airplane studied In this report. 
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SECTION  III 

CONTROL SYSTEM SYNTHESIS TECHNIQUES 

GENERAL 

The control technology study for the STAI program was divided 
into three separate areas.  These were: 

(1) Comparative evaluation of moment producers suitable for low 
dynamic pressure (q) operations. 

(2) Definition of control laws to provide precise flight path control 
in the landing approach modes. 

(3) Mechanization of these control laws, recognizing the limitations 
of mechanical and electronic hardware. 

The analysis techniques used in these studies, the constraints 
used in the analyses, and the scope of each study are defined below. 

3.1      Moment Producer Study 

The purpose of the moment producer study was to evaluate 
candidate moment producers for their ability to provide adequate low q 
control power while simultaneously considering the impact on weight, 
complexity, and cost. The moment producers considered were those appli- 
cable to an airplane equipped with mechanical flaps plus powered lift in 
the form of vectored thrust. 

3.1.1     Candidate Moment Producers 

The moment producer candidates considered in this study are 
enumerated in Table I.  They include conventional aerodynamic, high lift 
aerodynamic, blown aerodynamic, and thrust reaction control devices. 

The aerodynamic moment producer candidates are shown sche- 
matically in Figures 1 through 4 and the thrust vector modulation and 
reaction devices are shown in Figure 5. The aerodynamic characteristics 
are shown in detail in Tables XXI through XXV of Appendix I and are 
summarized in Table II.  The thrust reaction devices used the bleed air 
available from the engines for thrust generation.  Also, thrust modula- 
tion and thrust vector angle modulation of the main engines were 
considered. The engine bleed mass flow rate allowed approximately 
1110 pounds of thrust to be generated in a bleed-air type reaction 
control. The comparative performance of the final candidates is dis- 
cussed in the Moment Producer Trade Study, Section 5.1.  The analysis 
procedure and techniques used to provide a measure of comparative 
performance, are described in the following sections. 
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TABLE I - SUMMARY OF MOMENT PRODUCER CANDIDATES 

Moment Producer Type Moment Producer Candidates 

Conventional Aerodynamic Single hinge trailing edge surface 

Double hinge trailing edge surface 

Panel spoilers 

Drooped trailing edge surface 

Slab horizontal tail 

Slab horizontal tall plus geared 
elevator 

Blown Aerodynamic Chordwise blown trailing edge surface 

Spanwise blown trailing edge surface 

High Lift Aerodynamic Double slotted elevator 

Double and triple slotted flaperons 

Vented Spoilers 

Slot deflector spoilers 

Thrust Reaction Devices Main engine differential 
modulation 

Main Engine differential 
vector angle modulation 

Reaction nozzles using engine bleed 
air 

"Bleed and burn" reaction nozzles 

3.1.2 Moment Producer Analysis Procedure 

The analysis of the moment producers was done in two phases. 
In the first phase the general group of candidates was defined. Their 
relative performance was evaluated using two dimensional (section) aero- 
dynamic lift and drag data (aerodynamic candidates) or by estimating the 
reaction thrust capabilities (propulsive elements). The penalties 
associated with the implementation of these candidates as a part of an 
aircraft control system were also identified and compared. These initial 
implementation penalties Included "cross-axis" induced acceleration 
coupling, reduction of engine thrust efficiency, incremental weight penalty, 
and projected complexity. 
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Conventional 
(Single Hinge) 

Double Hinge 

Blown 

Figure 1:    Trailing Edge Moment Producers - Used for Ailerons, Rudder, and Elevators 

c b^ 
J 

Slab Tail and 
Geared Elevator 

Double Slot 

Figure 2:   Special Trailing Edge Surface Moment Producers 
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i../x/ 

Panel Spoilers Plug Spoilers 

-—^^ 

Vented Spoilers /Double Slotted Spoilers 

figure 3:        Lift-Destructive Lateral Control Moment Producers 

Double Slotted Flaperon Triple Slotted Flaperon 

Figure 4:    Special Lateral Control Moment Producers 
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(A)    Dual Sniveling Nozzle (B)    Rotating Valve Cascade Vectoring Device 

Translating Sleeve • 

Fixed Cascade (Reverse Only) 

Blocker 
|jfc.. Doors 

Variable Angle Cascade (Reverse or Vectoring) 

Vector Ramp 
Area Match Panel 

(C) Three-Ring Nozzle (D) Segmented Hood Nozzle 

Thrust Vector Angle Modulation Devices 

Engine 
Bleed 
Air 

Control 
Vavle n. Nozzle ^\ Thrust 

Engine 
Bleed 
Air 

Fuel 

Combustion 
Controller ri Nozzle       >' Nozzle       > Thrust 

(A) Engine Bleed Reaction 
Controller 

(B) Engine Bleed and Burn 
Reaction Controller 

Reaction Control Candidate 

Figure 5. Thrust Vector Modulation Devices and Reaction Control Candidates 
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TABLE II 
SUMMARY DEFINITION OF AERODYNAMIC MOMENT PRODUCER CANDIDATES 

Control 
Candidate Descri ption (l) Section Properties 

Seg. C 
yMAX 

Surface CL
MAX 

CD
MAX Axis Type % Chord RAI Deflect 

DIRECTIONAL Single Hinge 
Rudder 

35 0 0 30 1.54 .107 

Double Hinge 35 50% 0 30/30 2.45 .142 
Rudder 
Blown Single 35 0 .059 60 3.26 .293 
Hinge 

LATERAL Single Hinge 
Aileron 

25 0 0 30 1.17 .060 

Double Hinge 25 50% 0 30/30 1.85 .080 
Aileron 
Drooped Single 25 0 0 30 .895 .077 
Hinge 
Chordwise Blown 25 0 .070 60 2.80 .140 
Aileron 
Chordwise Blown 25 0 .097 30 1.21 -.023 
50 deg Drooped 
Aileron 
Double Slotted 30 50% 0 40/20, .785 .019 
Flaperon 10/10 
Triple Slotted 30 50% 0 40/20, .900 .007 
Flp^eron 10/10 
Panel Spoiler® 15 0 0 60 .891 .103 
Vented Spoilerß 15 0 0 60 1.004 .130 
Spoiler Slot (2) 15 0 0 60 1.33 .201 
Deflector 

LONGITUDINAL Single Hinge 
Elevator 

35 0 0 30 1.47 .107 

Double Hinge 35 50% 0 30/30 2.35 .142 
Elevator 
Double Slotted 35 50% 0 40/30 3.43 .143 
Elevator 
Blown Single 35 0 .0665 60 3.10 .34 
Hinge 
Slab Tail 100 0 0 16 1.23 .04 
Slab + Geared 100 35% 0 13/30 1.98 .157 
Elevator 

(T)       See Appendix I    for detaile d des :riptioi i of chord ratio s and 
surface deflection. 

(2)  Detailed aerodynamic ch aracterl sties interpc slated from Tabl e XXIII 
data. 
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In the second phase the most promising candidates identified 
in phase one were examined considering the impact of projected control 
power criteria,   the effect of limited spanwise extent, and the relative 
cost of each candidate.    Those candidates Incapable of providing adequate 
control power for "engine-out" operation were excluded. 

The moment producers were analyzed in the context of a "study" 
airplane.     This was the STAI "Baseline Configuration" designed early in 
the program,  and described in detail  in the appendix to Ref.  1.    The 
applicable mass and geometric properties are given in Tables III and IV. 

3.1.2.1        Analysis of Moment Producer Control Power and Control Coupling 

The maximum rotational acceleration,   in the controlled axis, was 
used as the measure of control power.     Rotational and translational accel- 
erations,   in axes other than the desired axis, were used as a measure of 
the "control coupling" or "cross-axis" coupling. 

The control capability of aerodynamic elements was computed by 
determining the change of force on the surface area associated with the 
control elements   (see Figure 6).    These force variations were based on 
the following assumptions: 

(1) The surface involved was at  zero angle of attack. 

(2) The aerodynamic surfaces were deflected to maximum displacement. 

(3) The applicable control force area was computed in accordance with 
Figure 8. 

(4) Section lift and drag coefficients were used in the initial evalua- 
tion of control capability  (see Table II). 

(5) The control capability per foot  of  span,  computed during Phase  I, 
used a dynamic pressure of 27.4 lbs/sq ft  (90 knots EAS).    Later 
performance studies indicated  that a lower approach speed was 
appropriate;  therefore,  the control power for candidate systems 
was computed at 21.6 lbs/sq ft   (80 knots EAS). 

The lift and drag forces were used  to compute angular accelera- 
tions in each degree of freedom by the following equations: 

FL = CL 
q   S 

2D ik 
=    27.4 CT 

'2D ik (1) 

F^ = c^    q S
.M   ■   27-4 cn    s^ 

D        D2D ik D2D     ik 
(2) 

where i and k define the semi-span boundaries of  the effective area S 
ik 

or 

FL = -FZ 

FL=    FY 
FD = -FX 

(longitudinal and lateral axis) 

(directional axis) 

(all axes) 

11 
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TABLE III 

GEOMETRIC AND MASS  PROPERTIES - STUDY AIRPLANE 

Geometric Properties Mass Properties 

WING 

Span 105.83 ft Ixx       1.19 x 106 slug-ft2 

Area 1400.0 ft2 lyy       1.44 x 106 slug-ft2 

Aspect Ratio 8.0 Izz       2.58 x 106 slug-ft2 

VERTICAL TAIL 

Span 16.05 ft M        4068.32 slugs 

Area 

Aspect Ratio 

260.0 

1.0 

ft2 

Engine Properties 

HORIZONTAL TAIL Gross Thrust (Sea Level)  21,400 lbs. 

Span 36.5 ft Net Thrust (Sea Level)    19,200 lbs. 

Area 332.6 ft2 Bleed Air - (3 Engines)   36.4 lbs/sec 

Aspect Ratio 4.0 (? 980° and 29 psia. 

TABLE IV 

MOMENT PRODUCER EFFECTIVE LEVER ARMS  -  STUDY AIRPLANE 

Surface or 
Moment Producer 

LEVER ARM (FEET FROM CG.) 

X y z 

All Vertical 
Tail Surfaces 

-55.4 0 15.8 

All Horizontal 
Tail Surfaces 

51.7 (Low) 
62.4 (Tee) 

0 
0 

7.7 (Low) 
24.2 (Tee) 

All Wing Mounted 
Elements 

Varies with 
location on 
wing 

Varies with 
location on 
wing 

6.0 

Engines 
Inboard 5.2 15.8 - 1.5 

Outboard 2.6 26.8 - 1.5 

Reaction Jets 
Longitudinal 60.0 0 0 

Lateral 0 51.4 0 

Directional 60.0 0 0 

.MMlWHIMttMMiiMHlMÜi 
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Surface Area 
Influenced by the 
Control Element Between 
Semi-Spans I and k 

ISikl 
\ 

Figure 6 : Aerodynamic Lift and Drag Forces Representation $ c.g. 

f eg. 

,a (Thrust Vector Angle) 

FQ    (Thrust Magnitude) 

\' 

Figure 7 : Engine Thrust and Force Representation 

Where 

Sik '2M ti +iX=il (Vj + yk)l [Vj - vkl 
(i+Xj b 

See Appendix I for Derivation 

Figure 8:        Control Influenced Surface Area 

13 
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The rotational accelerations are then: 

t-iF'-L~ZF'-z 

n = Urn - z Fx -y  (7) 
Izz 

Q = IfisÄ zJLE*   x  (8) 
lyy 

Since the effective lever arms and control influenced surface 
area is a function of wing location for wing mounted control elements, 
data was obtained for several locations with each candidate. The effect 
of wing location is thoroughly examined in Appendix I. 

In addition to the rotational accelerations the impact of lift 
and drag on the translation accelerations were computed using the follow- 
ing equations: 

0   a JL£s_ (10) 
m 

When a rotational acceleration demand results in axial accelera- 
tion (U) or a normal acceleration (W), this "coupled" response was assumed 
undesirable since it would require pilot compensation. The evaluation of 
acceleration capability of thrust modulation and thrust vector techniques 
utilized the force versus vector angle plots of Figure 9 to compute 
applicable F and F force components. 

The general nozzle equation below was used to compute the 
reaction thrust of the reaction thrust candidates. 

1A 
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r*/f. 

0-120° 

-16° 

D Eyeball 
e Three Bearing 
A Rotating Cascade, |A. a = 45°, 0 = 45°). (B.O = 0°-^ = 90°) 
O Dual Swivel 
X Rotating Valve 
0 Effective Vector Angle 
a Nozzle Angle 
^ Blade Angle 

Figure 9: Thrust Vector Functions 
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F = Cv m VID (11) 

where: F = Reaction force 

C = Velocity coefficient 

m = Nozzle air mass  flow 

V = Nozzle air flow velocity 

The reaction elements were  installed  to obtain maximum 
rotational acceleration about  a specific axis.     The reaction force,  which 
was aligned with  either the x,  y,  or  z axis,  was  substituted into appro- 
priate  equations  to obtain the rotational  or  translation accelerations. 

Phase  1 

The control power,   control  coupling,  and accelerations were 
computed  for  each  candidate  element.     The accelerations were then normal- 
ized by- dividing  by the control element  span or  the reaction thrust.     This 
normalized magnitude was used  to compare the relative performance of  alter- 
nate candidates  installed at  identical  locations or to compare the relative 
performance of  a common element  located at  alternate positions.     The  complete 
data computed during this phase of  the study are recorded  in Tables XXVI 
through XXIX of Appendix I. 

Phase  2 

All candidates appeared to have the ability to provide adequate 
control power to overcome the engine-out moment and satisfy Level 3 control 
requirements except for those systems using differential thrust modulation 
or differential thrust vector modulation.  Since the loss of an engine on 
landing approach requires that the remaining engines be advanced to full 
thrust to maintain a constant level of powered lift, the resultant moment 
increases the magnitude of aircraft upset.  Powered lift would have to be 
reduced significantly to simply achieve a moment balance. This excessive 
loss of powered lift was not considered satisfactory for a vectored thrust 
high lift flap airplane. Therefore, these candidates ^are not considered 
during the second phase of the moment producer study. 

The second phase of the moment producer study considered the 
integration of potential candidates into an airplane control system. 
Since the mechanical flap/vectored thrust airplane requires a large portion 
of the trailing edge surface for high lift devices, the following rules were 
established governing the integration of lateral control elements of the 
wing: 

(1) All trailing edge control surfaces would be located outboard of 80% 
of the wing semi-span. 

(2) Aileron and spoiler control elements would not overlap. 

(3) No control surface was located in the outboard 3% of the wing span 
because of insufficient structural support. 

16 
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The ideal "two-dimensional" control power capabilities of 
aerodynamic candidates are not realized because of  the finite span.    The 
three dimensional factors applicable to  the study airplane were developed 
using Datcom methods and are given in Table V. 

TABLE V 

THREE DIMENSIONAL AERODYNAMIC FACTORS  - STUDY AIRPLANE 

Control Surface Three Dimensional Factors 

KCL CL3D KCD3D 

Vertical Tail .40 .14 (ACT 
L2D 

max 

)2 

Horizontal Tail 

elevators .668 1.0 

slab surface .860 1.3 

slab plus gear elevator 1.0 1.5 

Ailerons/Flaperons .80 1.0 

Spoilers .755 .755 

Denoting a generalized two-dimensional  control acceleration 
by  (A2D),   the generalized three-dimensional  control  capability can be 
represented as: 

(12) 

(13) 
.3D LL3D 

(A. )  for terms derived using C 

A3D =   (KCD3D) (A„n)  for  terms derived using C 

where A„    =   (A/..)* (available span) 

and      A/f    was   the control power data obtained  in phase 1. 

The candidate system control power  is computed using  this equation.     Con- 
trol coupling  is  similarly computed.     This  three-dimensional correction 
completes the evaluation of control power and control coupling. 

3.1.2.2        Analysis of Moment Producer Weight 

The control  system weight was  computed by comparing the 
proposed moment  producer system to  those on existing aircraft using 
statistical analysis methods.    Included in the incremental weight for 
each candidate was the structural weight associated with the surface or 
reaction nozzle,   the weight of its control system,   (i.e., actuation plus 
mechanical  reaction linkages),  and  the incremental weight of the pneu- 
matic system when applicable.     It was assumed  that  double hinge surfaces 
other than flaperons would have both segments mass balanced. 

17 
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A consistent statistical method was used throughout a class of 
moment producers in order to avoid introducing differences due to method. 
A cross check with an alternate statistical method for each class was 
employed  frequently.     For example,   the weight of the surface control system 
for a conventional rudder was established by a statistical equation using 
the area of the rudder as the correlation parameter.    This weight was con- 
firmed by another method using gross weight,  body length, wing span and 
tail arm as the correlation parameters.     Since statistical data did not 
exist for weighing the thrust modulation systems,   they were weighed by 
estimating the weight of individual elements. 

During the phase one moment producer analyses,  the incre- 
mental weight was  normalized per foot  of  span or per  thousand pounds  of 
thrust in the same manner as the element control power.    This provided 
a common basis  for comparing the relative merits of like systems. 

During phase two,  the incremental weight for the available 
span was  computed and divided by the available control power to deter- 
mine the weight  required to obtain a specific acceleration capability 
(i.e., pounds/rad/sec2).    Thus; 

AW 
rad/sec2 

AW candidate  Where: 

A candidate 

AW is total incre- 
mental weight and 
A is applicable 
control power 

(14) 

3.1.2.3 Analysis  of Moment Producer  Complexity 

To provide  a rational basis  for  the  analysis of moment 
producer complexity,   three major areas associated with moment producer 
systems were identified.    These three areas are power generation, power 
distribution,   and force conversion.    These three items were assigned 
maximum numerical values of three,   two,  and  five respectively.     The 
computed value  for complexity was  then: 

C    = PG + PD + FC 
x 

(15) 

where PG  is  a power generation complexity rating   (value 0-3) 

PD  is a power distribution complexity rating  (value 0-2) 

FC is a force conversion complexity rating  (value 0-5) 

To provide a uniform method of evaluating these three major areas,   they 
were divided into equally weighted "sub-items".    These were: 

(1)      Power generation 

(a)     Quantity and type of components required for conversion of 
prime mover force to a power source compatible with moment 
generator elements.    Are conversion units standard or new 
design? 

18 
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(b) Special power source controls (speed regulation, pressure 
regulation, pneumatic pressure controls) 

(c) Spatial integration with prime mover 

(d) Ease of maintenance 

(2) Power distribution 

(a) Quantity and type of components required for power trans- 
mission.  Has design been proven in operation? 

(b) Flexibility of transmission routing 

(c) Ease of completing interface with actuation system 

(d) Spatial integration with structure and other systems 

(e) Ease of maintenance. 

(3) Force conversion 

(a) Quantity and type of actuation  (or force generation) units. 
Are there requirements for special functions   ( eg; force 
limiting,   displacement limiting,   or is  retention of the 
moment  producer required if power  is  lost)   ? 

(b) Ease of integrating various actuation units with signal path 

(c) Spatial integration with structure and other systems 

(d) Complexity or  structure to complete  load path   (hinge and 
reaction links,  flap tracks, or inter-element gearing) 

(e) Ease of maintenance. 

To provide consistency in the evaluation,  a standard for 
comparison was defined with median rank.    This standard was an aileron 
powered by a single hydraulic actuator mounted at  the aileron.    The 
rating for this unit was: 

Power Generation 1.6 

Power Distribution .8 

Force Conversion 2.4 

Total 4.8 
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The second phase moment producer analysis used complexity 
numbers divided by control power to compare relative performance.     Thus, 
the normalized complexity was 

x x candidate 
 —: = T  (i6) 
rad/secz A candidate 

The  complexity for blended lateral  systems,  where a portion 
of the  total  span employed some elements more complex than others,  was 
computed by pro-rating the combined complexity  to  reflect  the pro- 
portions  contributed by each element: 

C x system 

An   C      + A. C      +  •   •   •  A    C 
1    x,         2    x„                      n    x ,     v 1 2 n (17) 

A.  + A0 + •   •   •  + A 
12 n 

3.1.2.4 Analysis  of Moment Producer Cost 

The  cost  of  control candidates was analyzed in a manner 
similar to that used  for weights.     The elements  of  the proposed 
mechanizations were broken down and compared to  similar elements in 
existing airplanes.     This analysis included cost  per pound for structure, 
incremental  cost  for  element control actuation,   incremental costs  for 
the pneumatic  system when applicable,   and  incremental costs for APU's 
when used as  a pneumatic air source.     Where statistical data did not 
exist,  as  in  the  case of the  thrust vectoring systems,  proposed 
mechanizations were defined and incremental  costs were estimated 
element by element. 

The cost data was generated only in the second phase of the 
moment producer study. As in the case with weight and complexity, the 
cost was noririlized  for a given control power capability as follows: 

Cost _     Cost system 
rad/sec2 A system ^    ' 

3.1.2.5 Comparative Analysis of Moment Producer Parameters 

A "figure-of-merit" was established  to  compare the dis- 
similar parameters  used in the  trade  study.     This  figure-of-merit 
established a value of 1 for "most" merit and 10 for "least" merit in 
a specific category.    Weighting factors were assigned by the evaluator 
to reflect the relative importance of each parameter.    Control power and 
coupling between axes, being the most significant  factors, were 
assigned weighting factors  (W's)  of one.     The weighting factors for the 
remaining parameters were incremental weight   (.6),   complexity  (.4), 
and cost   (.3) . 
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Some parameters, such as cost, weight, or complexity, must 
have a low rating to reflect "merit". For these quantities the follow- 
ing equation was used to compute the figure-of-merlt: 

9P + P   - 10 P . nqx 
p  _  max min Uy; 
m      P   - P 4 max   min 

When a large value represented "merit", as in control power, 
the following equation was used in the computation of merit. 

10 P   - P ^ - 9P 
_  _     max   min  
m      P   - P . (20) 

max   min 

where P is the parameter being evaluated and P   - P , reflect the 
r .,     • i_ -i  t •      .i   i      max   min range of the variable being considered. 

The computation of the merit figure for control coupling 
required special consideration. The coupling of some axes was so large 
that the total control capability of the coupled axis was required to 
balance the Induced moment. In other cases, the coupling was nearly 
insignificant. A formula was devised to assign a value of ten when the 
cancellation of induced moment required the full capability of the 
coupled axis, as follows: 

F      =10 m 
B candidate       I   A maximum demand _  _  (21) 

|_A candidate J   L B maximum capabilityJ 

Finally,   overall rating  factors  for  each candidate were 
computed by 

h    =    EWFm (22) 

3.2 Control  Law Synthesis 

Both "classical" root locus and frequency response methods, 
and "modern" decoupling  techniques were used  to  develop  control  laws 
providing good handling qualities in the critical  landing approach 
flight condition.     The development process was necessarily an iterative 
one,  in which concepts designed by the various techniques were further 
tested by piloted simulation, modified,  and retested. 

In the sections to follow, analysis procedures are defined 
in detail and illustrated by examples drawn from the actual design and 
analysis effort. 

3.2.1 Synthesis of Multlloop Control Systems by Root Locus Method 

The discussion  that follows is organized in two parts: 
(1)    a general outline of the root locus technique,  and   (2)  a detailed 
application of the root locus method to the development of a lateral- 
directional augmentation control law. 
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Each output variable of an interacting multi-variable plant 
responds in general to all system inputs or disturbances. It is possible 
to relate each output to each input or disturbance by a transfer 
function (a ratio of two polynominals of the Laplace operators 
common denominator exists for all such transfer functions, and is called 
the system characteristic equation. The loci of roots of the character- 
istic equation determine stability. The form of the individual transfer 
functions defines the response of each output to each input or dis- 
turbance. These concepts were applied as follows: 

(1) A quantity was selected for feedback for which a sensor is avail- 
able and which has potential for modifying an undesirable system 
characteristic, and the characteristic equation derived. 

(2) A root locus plot was made. The trajectory of the characteristic 
roots enabled the selection of a trial gain setting. 

(3) Using a gain setting obtained from Step (2), time histories were 
computed for significant output-input pairs to determine the 
interaction effects. These time histories and their associated 
transfer functions sho -^d whether this feedback closure is 
aiding convergence of the control system design toward the 
desired overall performance specifications. 

(4) If the closure looked promising, the system was considered a 
candidate for further loop closures. 

An acceptable final closed-loop control system generally required 
iteration of the feedback closures and gains to reach the desired 
specifications. 

The details of application of this synthesis technique to a 
multivariable control system depends on the specific form of the system 
and the nature of the specifications. The remainder of this section 
gives an example of the derivation of a control law for the lateral- 
directional axes to illustrate those details. 

In the unaugmented airplane, the pilot controlled aileron 
and spoiler deflections with the wheel and the rudder by the rudder 
pedals. This example of control law derivation made use of the follow- 
ing feedback quantities:  (1) yaw rate, (2) roll rate, and (3) computed 
sideslip rate. The computed sideslip rate used yaw rate, roll attitude, 
and airspeed. 

Several feedback closures were sequentially made to improve 
the excessive spiral divergence and poor turn coordination characteristics 
of the unaugmented airplane.  First, yaw rate was fed back to ailem^q 
and spoilers to neutralize the spiral mode.  Next, computed si^slip rate 
was fed back in an attempt to improve turn coordination. This closure 
improved turn coordination but exceeded the dutch roll mode damping in 
terms of the a priori design objective. By lagging the computed sideslip 
rate, turn coordination was improved while keeping the dutch roll damping 
at the desired value.  Then roll rate was fed back to ailerons and 
spoilers to correct the sluggish roll rate response that resulted from 
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the previous closure.     The control law development ended with a 
derivation of a wheel-to-rudder cross-feed compensation to further 
improve  turn coordination.     The detailed control law development follows. 

Consider the unaugmented bank angle to wheel  transfer 
function, which generally  takes  the form of: 

4- (s2/"20+ yy+12 
(Tsafl)   (TRs+l)(s2/(i)2 + 2cD/a)Dsfl) 

(23) 

where 

'D 

J0 

= spiral mode time  constant   (sec), 

= roll subsidence mode  time constant  (sec), 

= dutch roll damping rat^.o 

= dutch roll undamped natural frequency (radians/sec.) 

C.-,    =    roll zeros damping ratio 

roll zeros undamped natural frequency  (radians/sec.) 

In order that the augmented airplane satisfy the flying 
quality requirements of military specifications MIL-F-83300 and 
MIL-F-8785B,  the following design objectives were established: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

The spiral mode should be neutralized (T >30 seconds) 

The roll time constant should be less than 1.4 seconds 
(T <1.4 seconds) 

K 

The roll zeros should be near the dutch roll poles 
U0 > ?D and ^ wT 

The dutch roll poles should be fairly well damped 

The dutch roll undamped natural frequency should be larger 
than one radian per second (OJ > 1) 

Turn coordination should be acceptable (|Aß/j, |<.3 ...Aßand 
0 are defined in MIL-F-83300) Vl 

The roll rate to wheel ratio should be approximately 
.3 degree per second per degree. 
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For the unaugmented AMST in its landing configuration, the 
spiral mode is excessively divergent (T = 7.5 sees.); the dutch roll 
mode has low damping (? = ,184); and the turn coordination is poor 
(|A3/-< I = .58). Figure 10 illustrates these characteristics in detail 

0, 
in terms of the bank angle to wheel transfer function and the transient 
responses to wheel and pedal inputs. 

The initial loop closure was yaw rate fed back to the ailerons 
and spoilers, in an attempt to move the spiral pole closer to the origin 
of the complex plane.  (See Figure 11). For a gain of 1.35 deg/ 
(deg./sec), the spiral root is very nearly neutralized (T = 1.4xl03 

seconds). The resultant system has low dutch roll damping 
(Cn = .139) and exhibits poor turn coordination ([Aß/^ | =  .57). Figure 

12 shows the effect of feeding back a computed sideslip rate to the 
rudder in addition to the yaw rate feedback. From the root locus, it 
is seen that the ß eAO ->6  feedback damps the dutch roll mode 

substantially. With the ß gain set at 1.5 deg. / (deg/sec.) , the wheel 
input time responses exhibit better turn coordination than was seen 
for the r±6., 5  gain = -1.35 system. At this point of the synthesis, 

the design goal of u >!  radian/sec. is still not met.  Increasing the $ 

gain would increase co but would over damp the dutch roll mode. The 

Figure 12 root locus shows the angle of departure for the dutch roll 
pole trajectory to be approximately 180 degrees. Figure 13 shows that 
if the computed sideslip rate is fed back through a 0.8 second first 
order lag filter the angle of departure is changed to 145 degrees. This 
leads to a larger u but does not change dutch roll damping significantly. 

Roll irate can now be fed back to the ailerons and spoilers to increase 
roll rate response (decrease the roll subsidence time constant). 
Figure 14 shows the effect of closing the roll rate feedback loop when 
r*6A, 5  gain = 1.35, ß ^ 5 gain = -3.0, and T« = 0.8 second. Most 

design goals have now been satisfied, but the last design iteration has 
produced a system that still lacks turn coordination ([Aß/0-l3 .41). A 

vrtieel to rudder crossfeed was next implemented.  (The method used for 
implementation is described in Ref. 2  , but is repeated in this 
section for completeness.)  Assuming linear equations of motion in still 
air, total sideslip produced in a turn is, by super-position, equal 
to the sum of sideslip resulting from both wheel and pedal inputs. 
Expressed in equation form: 

i-e- e<sW- 6/Vs> • Vs' + 6/Ws' ■ Ws> (24) 

By definition, when the turn is coordinated, ß   , = 0.  Hence the J total 
required pedal input for a coordinated turn commanded through the 
wheel is: 
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WS>   =  -       ß/6W(s)-   [ß/6PED(S)]        "^   6W(S) C25) 

or 

ÖPED(S)   =    GCF(S)*6W(8) C26) 

where 

CCF(S,  -    -       «V*)  .   ^S^sJ C27) 

A straight line Bode plot is shown in Figure 15 for G (w). Also shown 
CF 

in the plot is a first order lag approximation to G (u). Using this 
Lr 

lag, the turn coordination is brought within the bounds of the design 
objective (lAß/- |a .17). The desired roll rate to wheel input sensi- 

tivity is now set by adding a feedforward gain of 1.5 deg./deg. from the 
wheel to the roll command which completes the design. Responses and a 
block diagram of the final control law are shown in Figure 15. 

3.2.2    Multiloop Synthesis by the Frequency Response Method 

This section describes an application of the frequency response 
analysis technique using a pilot describing function in the synthesis of a 
longitudinal control system. Therefore, the first task of this synthesis 
was determination of the pilot loop closures and control compensation re- 
quired for precise control of the unaugmented airplane. The control law 
structure was then formed by substituting augmentation loops for those parts 
of the "pilot" loop closure dealing with suppression of unwanted motion. 
Rate feedback paths were mechanized to eliminate any requirement on the 
pilot's part for lead compensation. This substitution is based on the 
assumption that pilot ratings are best when a pilot can achieve good 
closed loop dynamics with pure gain control (i.e., 6col    "^rror^ •  ^e 

primary advantage to this design technique is that it allows an Integrated 
analysis of the pilot/augmented airframe combination as a closed loop 
control system. Tradeoffs between control system gains and control sensi- 
tivity, closed loop stability and bandwidth were easily assessed by using 
this approach. 

System analysis techniques which use pilot describing 
functions have been widely used (e.g., Refs. 3 through 6) for the 
synthesis and evaluation of pilot-alrframe control systems. The pilot 
describing function, its details, and the validity of its application 
have been discussed at great length in the literature (i.e., Refs. 
3 and 7 ).  Only the basic concept is repeated here. 

The application example given in this section is the 
synthesis of a control law for the longitudinal modes. The describing 
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function  for  the pilot's  "Inner control loop"  for  the pitch axis  is 

-TS , 

V    =KPn
e       (TLS + 1) (28) 0 0 

Where 

Y        =    pilot pitch attitude describing function 
0 

IC,      =    pilot gain 
0 

T    =    effective  transport lag  (used   .2 sec.) 

T      =    lead  time  constant 
Li 

For  the  linear analysis,   the effective  transport  lag   (e      ) 
is approximated by a second order Fade'  approximation of the form: 

e"Ts     =     T2S2  -  4  TS  + 8 
T
2

S
2
 + 4 TS + 8 (29) 

The variation in closed loop attitude dvnamics due to "pilot" 
gain and lead compensation is presented in Figure 16. The closed loop 
dynamics are described in terms of frequency response parameters 
(bandwidth and resonant peak) and time responses.  The bandwidth, 
u , is significant because it is a measure of the speed of response of 
DW 

a given system and its ability to follow the input signal. An increase 
in bandwidth implies an improvement in system response. A system should 
be responsive and reach the desired steady-state value rapidly, but it 
should not be oscillatory. The damping characteristics of a system may 
be evaluated by the height of the resonant peak, AM. The effects of 
w  and AM on the attitude response are illustrated by the time responses, 
These data show that increasing pilot gain produces a faster response 
and that lead compensation is required to stabilize the faster response. 
Satisfactory attitude control dynamics (i.e., w >1.5 rad/sec. 
AM<2db) are obtained by setting K^    = .4 ln/deg and T . = .5 sec.  Thus, 

0 -.2s 
the pilot-describing function used for the inner loop is Y  = .4e 

0 

(.5s + 1). 

Single path control of pitch attitude  does not provide satis- 
factory control of  flight path angle because of  excessive  coupling 
between airspeed and pitch attitude.     Figure  17  shows the effect of 
having the pilot control airspeed error in addition to pitch attitude 
error.     Frequency and  time responses,  which relate  flight path angle 
and airspeed  to commanded pitch attitude,   0  ,     are used  to illustrate 

the influence of the velocity error-vector   deflection  (V -»-(Sa )  closure. 
h       r 
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The reduction in low frequency coupling between V and 0C due to this 
control loop is apparent.    The y/Qc  frequency and time responses show 
the  improvement  in flight path control resulting from controlling air- 
speed. 

These control loops do not completely eliminate the coupling 
between airspeed and pitch attitude.    A retrimming loop, which has the 
"pilot" commanding vector angle in proportion to commanded changes in 
pitch attitude,  is required  in addition to the speed error   (Vg-HSap) 
loop  to decouple airspeed from pitch attitude and flight  path angle. 
Figure  18 shows  the benefits  of this  retrimming loop.     The  flight path 
to pitch attitude response   (y/Qc)  remains satisfactory while the 
undesired speed response  (V/0C)   is reduced significantly.     These 
characteristics are evident  in  the frequency response, where the speed 
to nitch attitude  low frequency coupling has been reduced by approximately 
10 db,  and in the time response. 

Figure 19 depicts  the dynamic properties of a longitudinal 
control system which has been synthesized from the pilot  loop closures 
just described.    The decoupling gains for this control system  (Kv-,   and 

Ky )  are identical to those   (Kpv and KpVfl) used by the "paper pilot." 

The pitch rate feedback replaces his lead compensation.     Thus,   the pilot 
-.2s 

closure is  reduced  to Yp    =   .4e   '     .     Because this  control  system 
reduces  the pilot's loop closures to a single,  straight gain loop,  a 
sizeable reduction in pilot workload can be expected. 

3.2.3 Decoupled Control  Synthesis 

The "decoupling"  approach to control system synthesis  com- 
bines  the classical methods with  the more modern state variable  tech- 
niques.     Prior to defining the   feedback loops  from root-loci,   the 
system is transformed into "V-Canonical form."    This transformation 
explicitly determines internal  coupling between outputs and shows how 
they may be cancelled.     "Classical" design procedures may then be 
applied to optimize the response of  the various outputs one at a time. 
The following advantages result: 

(1) Equivalent performance  to a classical system is usually possible 
with reduced feedback gains. 

(2) The interaction of sequential feedback closures prevalent in 
classical multiloop  feedback design is eliminated. 

(3) Only one pass  through  the  design process  is needed  to obtain 
predetermined augmented  characteristics,  if the system is linear. 
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3.2.3.1   Longitudinal Modes 

The response of the unaugmented airplane to longitudinal 
control inputs shows that in the landing/approach condition there is 
strong coupling between airspeed, attitude, and flight path changes 
(Figure 20). Therefore, if the pilot wishes to control either airspeed 
or pitch attitude alone he is required to manipulate at least two 
control inputs. The decoupled approach to control system design isolates 
selected responses froru particular pilot Inputs thereby reducing pilot 
workload, and, ideally, increasing control accuracy. 

As an initial application of the decoupling technique to the 
TAI longitudinal axis, it was postulated that the pilot would prefer his 
primary control Inputs to provide independent control of airspeed and 
flight path angle. Having selected the airplane responses to be de- 
coupled, the next problem was to determine the most appropriate blend 
of force/moment producers.  The available controls were elevator, 
thrust magnitude, thrust angle, and direct lift control (DLC) through 
symmetric spoiler operation.  If each control input provided non-zero 
pitching moment and lift and drag forces, it would be possible theo- 
retically to use any three control inputs to give the desired result. 
However, a simpler and lower gain configuration results if the controls 
are chosen so that each controller provides a maximum of force or 
moment in the favorable axis and a minimum of coupling in the unfavorable 
axis. For example, the elevator provides considerable lift by changing 
angle-of-attack, and relatively little drag. Similarly, if the thrust 
vector is at 72 degrees to the body axis in trimmed flight (nominal 
landing/approach condition) , then small changes in thrust vector angle 

provide large axial force changes and relatively small normal force changes. 

To determine the decoupling transfer functions for a given 
configuration, the system is first put in a V-Canonical form as shown in 
Figure 21. In this form, airspeed perturbations ( u) affect flight 
path angle ( y) through the transfer functions: 

y - {v2l){Fi2)(u) (30) 

and the coupling from y to u is: 

u- (MC^OW (31) 

Thus one method to provide control of airspeed without affecting y  is 
to cancel the internal coupling (V21.F22) by the feedback of u to 62 
through the transfer function (-V21). Similarly, 62-*  u couplirg can 
theoretically be removed by feedback of y  through (-V]^). 
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Consider  the following Laplace-transformed,  small- 
perturbation,  stablllty-axls,  longitudinal equations of motion: 

 i \ h-H 1  
0      I       '   '   ~  l"'      'öl      o 

-  + - +-7.>'i> " + - 
-M«  I       0   r"**! 57-3 I -/>;,  l-M, 

0      I       0   I      0    I     0    I      /|       0 
—-f—h- + --I-- + — 

u 

w 

e 

6, 

(32) 

J     L 

where u = airspeed  (ft/sec) 
Y =  flight path angle  (degs) 
w = vertical velocity  (normal  to X-Y stability axis plane)   (ft/sec) 
0 = pitch attitude   (degs) 

$1,   &2 ~  control inputs  (to be determined) 

These equation may be written as: 

['HflH"] (33) 

where A and B are matrices, p Is a 4-dlmensional output vector, and x 
Is a 2-dimenslonal Input vector. 

le.,       ,_ 
I      I      la 

3-xH|  o i-Xwijfr 
 1- --4 h- - 

A = 
0 

-z 

I 57.3 
'IT"1 /     .4^- i  -/ 

l5(/ ^ STT I 
 h-- + ---l-->- 

i        r^* l irr 
~Mu   I    0     \-Mw   \-M^S 

45 

ß = 

-x«. " -^ 

I 
0      j     0 

(34) 
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Consider  the  following Laplace-transformed,   small- 
perturbation,   stability-axis,  longitudinal  equations  of motion: 

I    ' I fP I-/   I 

u 

u -^.S'-^i-^ 
- + - 4- - + i? V -'+ - 
..I i "Ate* I ^JL, 

^ 

Ö     !      o  I      0    I    0   I     I    \      o 

- + -+- +- + - + — 
0      \       0 \       0 o   \    0 I 

w 

e 

6, 

(32) 

where u = airspeed   (ft/sec) 
Y = flight path angle   (degs) 
w = vertical velocity  (normal  to X-Y  stability  axis plane)   (ft/sec) 
0 = pitch attitude   (degs) 

&l,   &2 = control inputs   (to be determined) 

These equation may be written as: 

A I a] -I- = rv 
L      I     J     y L   J (33) 

where A and B are matrices, p is a 4-dimensional output vector,  and x 
is a 2-dimensional input vector. 

A' 

I I 
3-Xm    0    i-X, 

: -1 - v^jtf 

^   I    0     l-A7„   U^* 

45 

B = 

I 

I 
0      ,     0 

-- + -- (34) 

 J 
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p = 

a 

w 

e J 

X  = (35) 

Equation (33)       is now partitioned  to separate the decoupled 
output variables  (u, ^ )  from the remaining outputs: 

V 

\A, I A2ö] T =[o] 
where, 

/», = 

s - Xul    0 
- + - 

o   I    , 
- + - 

-Zu,   I    0 

— + - 

(36) 

-x. 

\    Ag 6  ~ 

^  ' 57.3 
=Ll. (f, \-Ht H--+- + 

S'-3l-z
Jl
|-^ 

(37) 

Y   = 
u 

• 
« 

Z 

*  1 X 

w 

e 
(38) 

46 

■ ■ -    -■- 
i ■      i,MMMMM^^^<,MMMa^MM,M(MMa,MMMMtMiaMMM ■MMHMMMMM« 



^mpi^OTOT 

The required decoupling tranfer functions (-V]^» -V21) may 
now be written as the ratio of polynominals in "s" (Laplace transform 
variable) 

US) &I.S) 

If -V;L2» "^21 are to be stable and realizable, the roots of 
A must be in the "left-half-plane" and the order of Nj^ and N21 must not 
be greater than the order of A.  Considering first the problem of 
stability, Reference 8     shows that, 

A   =  let [^ö]     = 

* 

0 fi| -/  l  0 

-^-r^+ -'4- ^ 
57.3     -^7        .- 

(39) 

Rewriting A as  a polynomial in   s gives: 

4 = 

+ iL3  Z?(XjJA7S/-^X6i)]+   \-Mw(*(,ZirZi,*i,)   (4, 

+ z„ (xss A7S/ - ^ x«,) + (-t - xw;(zSi M^ -Mjj 2j/)J 
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The stability of  A as  a  function of various  control inputs can be 
computed after  introducing numerical values  for the aerodynamic    deriva- 
tives at  the  landing/approach condition.     Thus: 

A - 0.00787 s* [Xit Z8i -Zit X5/ ]  + S [.ÖOfV/ faZsr^i) 

~*0279( hz"*r"*t X«f)]
+ f0029 (X^Zi( "^ *i)     «V 

Table VI  shows  the  roots  of A for several possible  control configura- 
tions.     It  can be  seen that  of  the controls  considered,  only thrust 
angle plus a blend of  DLC   (5j)LC)  and elevator  show stable poles in 
the  feedback  transfer  function.    Note  that  the poles  are unchanged when 
the same  two controllers  are used to control  either of  the decoupled 
outputs.    A comparison of  the A polynomial  for  6a with high and low 
gain DLC plus  elevator  inputs,   (<5DLCL or  ÖDLCTT)   shows  that  the poles  are 
complex in both  cases but with a larger damping ratio when high gain 
DLC is used.     Therefore,   the initial computation of the  transfer func- 
tions  (-V12» ~v2l) was done for control inputs Öa,   <5DLC   . 

TABLE VI 
POLES OF DECOUPLING TRANSFER FUNCTIONS FOR VARIOUS CONTROL  INPUTS 

Speed Controller Flight Path Controller       Decoupling Feedback 
(^l) (6 ) Denominator       (A) 

S Elevator   (Ö  ^ 5.41xl0"6rs+22) (s-85.1) In 6 

^a <5e -9.92xl0~5(s+3.46)(s-2.63) 

0TH 
5 -5 

DLCL 4.28x10     (s-K75)(s-9.61) 
[K DLC/6e=0.31 degs/deg] 

50 6DLCL 6.15xl0"5(3^33+13. 76) 

'Wr <5_.. _/.   oo..i/-v~5 UDLC 
L TH -4.28x10     (sHi75)(s-9.61) 

6DLC
L 6O -6.15xl0~5(sH:33+i3.76) 

5(5 WJJ 2.23xl0"4(s^36+il.91) 
[K6DLC/6 =-62 deg/deg] 
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The general form obtained for (-V^» -V21) when Inputs 6a 
and <SQLC„ are assumed is: 

(42) 

.Vlj. a*- - tüULhuLtiüi ±Aü ■. (in-oewo 

Since the numerator is of higher order than the denominator, these 
transfer functions are unrealizable. The assumption was therefore made 
that the low frequency characteristics of the decoupling would be most 
beneficial to the pilot, and the transfer functions were simplified by 
equating coefficients as follows: 

-Vij .   -y'^U^Cjs.diJ     s + (43) 
J        s* + en s + fij l*        lJ 

i.e.,      AUM    &-      and        fy. ^ [c.,.  - ^ . ,,., J (44) 

For example, if 6a is used  to control airspeed,  and «SOLCH 
t;o control Yi 

the values obtained for Aij ,   Bij  are: 

Y1 s   Ate   +B,eS     *(-3.0   -¥.HS)    Deg./Deg. (45) 

i^iSH-Azt    +B2IS    »(.0V+.3VS)        Deg./FPS (46) 
U 

After computing the feedback  gains    to provide low fre- 
quency decoupling,   the closed-loop stability was next evaluated.    If 
thrust vector angle were used to control flight path, with elevator and 
DLC controlling airspeed,   the closed-loop stability would have been 
unacceptable.    Decoupling was  obtained by cancellation of a right-half- 
plane pole and zero in which the instability implied by the pole was 
unacceptable.     Small variations in system parameters would move the 
unstable pole away from the  zero,   thereby requiring additional stabili- 
zation from the pilot.    With  6a controlling airspeed and 6DLCH con- 
trolling flight path, pole-zero cancellation again occurs  in the right- 
half-plane, but sufficiently close to the origin to be only a minor 
problem. 
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r    „    -.off?& +ii,z3)U.o)s +(z,o)£\ [ß- .0^] 
^DLCu        [5 - -OO/Q [SÄ +Z0Q3K'77)S + (.77)^15 - .013} 

(47) 

jDeg./Deg. 

_fcL _   ~. /ftf [Sa ^ ZUI)(.79)S + (79)*] Cs + .0055]    FPS 
So-   ~   [S - .^0/6] [5« + £f.83X'.77;5 +7^)^ -.023] 

/Deg. 
(48) 

After decoupling,   functions of y may be  fed back  to  (S^LQ    and functions 
of u fed back to 6a without  adversely affecting  the decoupling.    Thus 
as  the  final stage  of  the decoupling synthesis,  Y is   fed back  to <5DLCU 
and    u fed back to  6a  to provide pilot  control  commands proportional 
to  flight path rate and  airspeed.    After feedback of j and    u the 
closed-loop transfer functions are approximately: 

J!      «      - .QV Ls+Z.sl lsb'ZU3)(z.0)S + fe 0)jl    degs./sec.//,^ 
9Dl£H   * \S + .8] [5* + Z(.80(l.^S + (l.VJ*] deg 

FK (50) 
a   «   -0.2      ft./sec..  V- - /« (Et^L     7(s+.s) 

(r S+.2V        deg. a ^ 5+25. 

Since the computed feedback gains from airspeed to 6])LC 

appeared sufficiently low to be insignificant (See Equation 46), 
the system was further simplified by setting A21 = B21 = 0. The block 
diagram and transient responses for this system, with and without A21, 
B21, are shown in Figure 22. 

Decoupled systems which provide independent control of air- 
speed and pitch attitude were developed using the method previously 
outlined for the (y, u) systems. The most significant difference be- 
tween the (y, u) and the (0, u) synthesis was that a stable A poly- 
nominal was obtainable in the latter case when thrust angle (6a) and 
elevator (6e) were assumed as control inputs; i.e., direct lift was 
necessary for A stability in the case of the (y, u) systems but not 
for the (0, u) systems.  Block diagrams and transient responses for 
(0, u) decoupled systems with and without DLC are shown in Figures 23 
and 24. 
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3.2.3.2 Lateral Directional Modes 

As discussed In Section 3.2.1, the unaugmented airplane had 
'■'■:■ v   lateral/directional handling qualities. Since the unaugmented 

d-.c.;;1i roll and roll time  constant characteristics were considered adequate 
■.. :■ lixtial lateral/dii .»ctional decoupling studies concentrated on improv- 
;;-.•; turn coordination and spiral stability. A "coordinated turn" implies 
the ability to roll the airplane without sideslipping. This is achieved 
in a decoupled system V providing roll attitude ((}>) from the wheel with- 
out sideslip (B) and conversely, sideslip from the rudder pedals without 
roll attitude. Although the airplane response to wheel commands is 
conventional, the response to rudder pedal commands is contrary to most 
pilot's experience.  This pedal response permits large decrab maneuvers 
with minimum roll conplinq which is desirable for the landing case.  Both 
Reference 9 and Rci'c."t;i v 23 indicate that the lack of bank angle response 
to pedal input is -^r c-jectionable and the hypothesis assumed for the 
initial decoapliiv 3' >/elopment was that once the pilots became used to 
the lack of dihedral effect they would find the response preferable. 

Development of the lateral/directional decoupling systems 
used the same general method discussed for the longitudinal decoupling, 
as follows: 

(1) The equations of motion were transformed to the principle axes 
to eliminate the product of inertia term (Ixz)•  "Cross-coupling" 
inter-ties were introduced between the rudder and the lateral 
control surfaces to balance the aerodynamic control coupling 
(C^/6ß). Similar inter-ties between the lateral controls and 
the rudder serve to balance the lateral to directional coupling 
(C£/6A and C£/6SP). 

(2) Yaw rate (r) was fed back to the lateral controls and the rudder 
to give neutral spiral stability and the required dutch roll 
damping. 

(3) The system was put into V-Canonical form (Figure 25) and the feed- 
back decoupling transfer functions -V]^- and -V21 calculated. 

(4) Sideslip was fed back to the rudder to give the required dutch 
roll frequency, and roll rate fed back to the lateral controls to 
establish the roll time constant.  Note that since the system was 
decoupled to give roll from wheel and sideslip from pedals, 
feeding back roll rate to lateral controls and yaw rate to the 
rudder did not reintroduce coupling. 

(5) Since sideslip is not commonly available as a feedback variable, 
the sideslip feedbacks were replaced by equivalent side accelera- 
tion (Ay) feedbacks. 

(6) The control surface "cross-coupling" Inter-ties Introduced mathe- 
matically in step (1) were redefined physically in terms of inter- 
ties from wheel to rudder and from pedal to ailerons and spoilers. 

A system was thus synthesized, having neutral spiral stability, turn 
coordination, and with specified dutch roll characteristics and 
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roll time constant, without the iterative process common to 
classical multiloop design techniques.  Figure 26 depicts the 
characteristics of a typical control law developed by this tech- 
nique. 

3.3       Analysis of Mechanized Control Laws 

Once the control mechanization characteristics were estab- 
lished, the trade study parameters (i.e., safety, performance, com- 
plexity, weight, cost, design risk, and vulnerability) were numerically 
represented using the techniques discussed in this section. 

3.3.1     Safety Analysis 

This section will deal with the analysis methods used in the 
determination of control system safety. The complete safety computation 
results are given in Appendix III. 

The system safety was computed separately for longitudinal 
and lateral/directional systems.  This is consistent with major separa- 
tion of axes throughout the control law design, and reduced the number 
of systems that had to be considered since the best longitudinal and 
lateral/directional systems were combined after the individual analysis 
of each major axis. 

There were three major Issues of concern: 

(1) The probability of loss of control capability. (I.e., the Inability 
to accomplish a safe CTOL landing.) 

(2) The probability of control system fallurep inducing aircraft 
structural damage. 

(3) The probability of encountering excessive pilot workload, con- 
sidered in this study to be Level 3 operation during the STOL 
landing approach. 

The Q method of reliability calculation of Reference 10 
was used.  In this computational method the probability of failure of a 
system is the sum of the probabilities of all major failure modes. 
This method is shown graphically in Figure 27. The failure modes are 
separated Into two major classes.  Failure modes where failure of any 
one of a series of components will cause system failure, comprise the 
first class.  The probability of this failure mode is the sum of the 
probability of failure of each component. When multiple components must 
fall to cause system failure (i.e., components are used in a parallel 
fashion where any path provides success), the probability of the failure 
modes Is the product of the component failures probabilities.  This 
shows how the use of redundancy (i.e., parallel success paths) Improves 
system safety. 

This Q analysis method is applied to other evaluations beside 
system failure by replacing the failure modes causing system failure with 
failure modes appropriate to the specific evaluatlon(l.e.,the probability 
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Computation of Failure Probability by "Q" Method    \£> 

Identify Minimum Combinations of Component Failures 
Causing System Failure. These are the Failure Modes. 

No 

Failure Mode is Caused 
by Failure. ->f Components 
A and B and Cand  

Qfm ' QAXQBXQCX •• 

Examples: 

Success Path No. 1 

Input 

i-   A 

Output 

Probability of Failure Mode 

Qfm = QA + QB + Qc + • 

Probability of System Failure 

%*.   -    ^Qfm 

Success Path No. 2 

Input- 

A - C 

B — D 

-Output 

Success 
Path 

Minimum Combinations 
of Component Failures Qfm Qsys 

No. 1 
AandB 

C 

QA  X QB 

Qc 

QA X QB 
+ 

Qc 

No. 2 

AandB 

CandD 

BandC 

QA  X QB 

Qc  x QD 

QB   X QC 

QA  X QB 
+ 

Qc  x QD 

QB   x Qc 

£> From AFf :DLTR-70-135 

Figure 27:   Computation of Failure Probability By "Q" Method 
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of structural damage or  the probability of excessive pilot workload). 

in addition to analyzing  the probability of failure occurance, 
the severity of  the  failure must be  considered.     The consequences of  the 
first  two  failure  conditions are catastrophic,  whereas excessive pilot 
workload would generally not result  in loss of aircraft.    Therefore the 
failure probability data is combined  in  the  following manner  to obtain an 
overall safety rating. 

SR=.5(PLC) + .fiPso) •*''(?**) (51) 

where: PLQ is a merit figure for the probability of loss of control, 
PSD is a merit figure for the probability of structural damage, and 
PEW is a merit figure for the probability of excessive pilot workload. 

The values for the figures of merit were obtained using the 
procedure of section 3.1.2.5, where the following probabilities levels 
were used to establish the rating of 1 through 10: 

(1) QLC  <     / x 10 

QLC =    I * 10 

(2) Qso <    I * 10. 

10 

-9 

■/S 

QSD -    I * 10 

(3; Qtvt<    1*10 

w 

-5 

Qi M I x 10 

PLC'f.O 

Plc '10.0 

Psb'1'0 

Pso- 10.0 

Peu'l-O 

Peu/ '10.0 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

The Q's are the computed failure probabilities.  Linear variation of the 

P s was used for Q values above minimum for that category. 

The task is thus reduced to identifying the specific failure 
modes applicable to a given mechanization and the calculating of the 
probability of these failure modes.  Since several mechanization cate- 
gories use common major system elements, this task was simplified by 
evaluating the failure probability of the major elements and combining 
them as appropriate for each specific mechanization. This procedure is 
discussed in Appendix III. 

3.3.2 Analysis  of Control System Performance 

The analysis of  control system performance was based on data 
obtained  from piloted  simulation studies.     This  data was of  two kinds: 
First,  Cooper-Harper pilot  ratings provided a subjective evaluation of 
the  control  system performance.     These  ratings were obtained  for special 
handling quality evaluation tasks,   for  an instrument  flight task in 
turbulence,  and  for  control performance  considering the  effects of en- 
gine and  control  system failures.     During the  instrument  tracking task. 
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a second category of data was collected.  This consisted of pilot 
controller RMS va.'ues, tracking error RMS values, and touchdown ac- 
curacy data.  This second set of data provided quantitative indication 
of pilot workload, capability for precise tracking, and the ability 
to achieve accurate and repeatable touchdown performance. 

A blend of the qualitative tracking performance data and the 
Cooper-Harper ratings was selected for the evaluation of control system 
performance, weighted as follows: 

PRa 5PT+  .25PHQ+  .25 Pj (58) 

In this equation, PT = Tracking performance rating factor 
P^Q = Handling quality rating factor (Cooper-Harper 

Ratings) 

and P = Failure effect (Cooper-Harper Rating) 
Details of computations of these quantities are discussed in Appendix III. 

3.3.3 Complexity Analysis 

To provide a quantitative basis for assessing relative com- 
plexity, a surface actuator using mechanical feedback and a mechanical 
control valve was used as a baseline element and given the complexity 
rating of 1.  All of the other elements used in the system, bellcranks, 
cables, mechanical voters, clutches, jack screws, electronic voters, 
rate gyros, servo amplifiers, and etc. were then rated relative to 
this baseline system.  The complexity of a given configuration then was 
obtained by summing up the element complexity for all of the components 
of the total system.  This provided a means of eliminating a bias that 
would tend to work against either a mechanical or an electrical mechani- 
zation.  The specific complexity values of each component are included 
in the Appendix III, Tables XLI and XLII.  The relative ranking of the 
system complexities is included in the machanization trade study of 
Section 5.2. 

3.3.4 Weight and Cost Evaluation 

Both the weight and cost evaluation of the control systems 
relied heavily on statistacal data obtained from current Boeing air- 
craft.  The schematics of the control systems provided an insight into 
the correlation of the proposed control systems and present Boeing 
aircraft of the 727/737 class. The actuation and mechanical paths were 
costed and weighed in relationship to these existing aircraft.  The 
cost of the electronic systems required additional effort since the 
fly-by-wire techniques are not presently used in the existing production 
aircraft.  For those components that are used in existing aircraft 
(e.g., rate gyros, attitude gyros, accelerometers, etc.) costs were 
obtained and used in the cost estimates of the electronic systems. For 
the electronic voters and other complicated systems, such as the strap 
down inertial sensors, cost and weight estimates were obtained from 
research groups that are evaluating these systems for future air- 
craft. These weights and costs were then summed up and are included 
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in the summary trade study charts of Section 5.2.  For those items 
where the costs were broken out individually, such as rate gyros, 
attitude gyros, and INS, the costs were included in a summary data 

sheet of Appendix III (Table XLII). The costs of major portions 
of the mechanical control system were predicted by statistical methods. 
Incremental costs were not broken out for the elements of those major 
subsystems.  The control system costs and weights include the following 
major elements: 

o    Moment producer actuation systems 

o    Composite mechanical control system (signal path) 

o    Composite electronic control system (signal path) 

o    Incremental factors for alternate moment producers (i.e., 
blown versus double hinge control surfaces) 

o    Pneumatic system for blown surfaces. 

3.3.5     Design Risk 

The evaluation of design risk assigns a discrete value re- 
flecting the degree of technical and/or production experience that 
exists for projected system mechanizations.  Values of zero to five 
were assigned to the major system elements as follows: 

Design Risk Value 

0 

Criteria 

System elements where  extensive  technical and 
production capabilities exist. 

System elements  that have undergone  extensive 
prototype evaluation and  have  been utilized in 
a limited number of production  aircraft. 

System elements  similar  to  item 2 but which have 
been evaluated only on  test  aircraft. 

System elements which have been evaluated in 
flight  test but which lack extensive prototype 
development and have not  been  used  in produc- 
tion aircraft. 

System elements which have been evaluated  in 
flight  test programs where  the  difference  in 
aircraft size or minimum operating speed re- 
sults  in uncertainty relative  to  the application 
for   the AMST. 

System elements which have  been evaluated  in 
laboratory and/or  scaled wind  tunnel  tests but 
do not have  flight  test  data available to 
verify performance. 
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The design risk values assigned to each major system element   (e.g., 
electronic signal path,   actuation,  or moment producer  system)  are 
summed  to obtain a  total system design risk. 

3.3.6 Control System Vulnerability Analysis 

The vulnerability analysis  considered  the  susceptibility 
of  the proposed control systems  to be disabled  or significantly de- 
graded by a  single  9 mm projectile.     The  loss  of control capability, 
for any single  airplane  axis was  the  criterion used  to  indicate  that 
the system was  disabled.     In addition those  "hostile-fire" induced 
failures causing  control degradation to Level 2  and Level 3 were 
identified. 

The  failure modes used  in  the  control  law safety analysis 
were used to  determine  the impact of  the  loss of  specific control 
elements.     The vulnerability analysis  then identified  for each con- 
dition   (i.e.,   loss  of  control.  Level  2,   and Level  3 operation),   the 
number of places where a 9 mm hit would cause  the  specific degraded 
response. 

Since the failure conditions were not of equal severity, 
the data was weighted. The vulnerability factor was therefore com- 
puted by: 

/?„   = J.O NLC     + .H h/L3  +  .INLt (59) 

where NLC  NL3,   and NL2 are the number of points where a 9 mm round 
can cause loss  of  control.  Level 3 operation,  or  Level  2 operation 
respectively. 
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SECTION  IV 

CONTROL  SYSTEM CHARACTERISTICS 

4.1 General 

The control  system characteristics are divided  into 
control law and control mechanization categories.     The control 
law characteristics describe the aircraft response variations in 
STOL approaches for  the alternate control  laws studied.     In 
addition,   the high speed  characteristics and  the landing transition 
requirements are discussed.     The control mechanization defines  the 
physical characteristics  of  the  systems required  to   implement  the 
control laws. 

4.2 Control Law Characteristics 

4.2.1     Control Law Comparative Data 

One of the objectives of the STAI was to define which control 
characteristics are most beneficial in providing good flying qualities 
and performance during the landing phase of a STOL mission. Accordingly, 
a list of potentially significant control parameters was established as 
a design guide for control law development. The list included data 
required for verifying compliance with military specifications and addi- 
tional data applicable to the STOL landing task.  By developing control 
laws in which the design parameters are systematically varied,_ the sig- 
nificant characteristics could then be isolated and optimized. Char- 
acteristics considered to have potential significance are indicated in 
the control system summary sheets. Tables VII and VIII. These data show 
the airplane response to control inputs in the landing/approach condition 
with the pilot out of the feedback control loop.  System characteristics 
are shown for airplanes defined by two different sets of aerodynamic data. 
"Data Set 1" was used for preliminary selection of control laws, and was 
based on estimated derivatives.  "Data Set 2" was based on derivatives 
confirmed by STAI wind tunnel test results, and was used for final con- 
trol law selection.  The data and equations of motion used for control 
law development, are given in Appendix II. 

4.2.1.1    Longitudinal Control Systems 

System characteristics in Table VII are listed under four 
subheadings; stability, coupling effects, maneuver characteristics, and 
system sensitivity.  The stability column lists the roots of the char- 
acteristic equation, which can be resolved into complex pairs of "short 
period" and "phugoid" roots for the unaugmented systems only.  The intent 
of this column was to confirm compliance with Paragraph 3.2.2 of MIL 
Spec. MIL-F-83300, which requires that for level 1 flying qualities, all 
roots be stable and the second-order pair of roots primarily determining 
the short term response be in a specific region of the S-plane. Most of 
the augmented systems did not have a short term response dominated by a 
second order pair of roots.  The remaining requirement (that the roots 
be stable) can be easily checked by the listed stability data. 
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Parameters under "Coupling Effects" provide a measure of the 
cross-control inputs required of the pilot if he wishes to isolate air- 
speed perturbations from pitch attitude or flight path changes. Both 
attitude and flight path coupling are given since particular control sys- 
tems attempted to minimize excursions in one variable at the expense of 
the other. Parameters A^ax/ess andiV^A^g give the ratio of the maxi- 
mum speed excursion to the steady state attitude or flight path change 
induced by a control column pulse. A two-second duration was assumed 
for the pulse input and the maximum change of airspeed was defined as 
that occurring prior to the stabilization of pitch attitude and flight 
path. This restriction avoids penalizing a system which has an extremely 
slow speed divergence, not observable when under pilot control, but which 
would indicate misleadingly large velocity errors.  The last two columns 
listed under coupling effects, A6max/AVss, Aymax/AVgg, show the maximum 
attitude and flight path changes induced when the pilot commands a speed 
change by rotating the thrust vector angle (^a,,) • Again, attitude or 
flight path changes occurring after the speed change has stabilized are 
neglected since they would not affect the pilot's evaluation of the air- 
plane's transient flying qualities. 

The column headed "Maneuver Characteristics" provides a 
measure of the response of pitch rate and normal acceleration to column 
conunands, and airspeed to thrust vector angle inputs. Parameters 
T90%6  • T90%a-n ♦ an^ T90%V  ^ve  t:^e t:^me required to reach 90 per- 
cent of steady state pitch rife, normal acceleration, and airspeed. 
6  /9  indicates the overshoot on commanded pitch rate. Military 
Specification MIL-F-83300 does not define requirements on any of these 
parameters. However, AGARD Report No. 577 (Reference 11) suggests a 
maximum value for 6   /6ss 0^ 1-15.  Bisgood (Reference 12) indicates 
that T9o%a   should not exceed 3 seconds for acceptable flying 
qualities. ss 

The final column shows the sensitivity of the controls in 
terms of pitch rate and normal acceleration developed by a column com- 
mand, and the airspeed change available from thrust vector rotation. 
With the exception of requiring that the value of pitch control force 
gradient with normal acceleration (F /a ) never be less than 3 pounds 
per g, MIL-F-83300 does not place specific requirements on these 
parameters. 

Block diagrams of each longitudinal control system studied 
are shown in Figures 28 through 38. Three basic types of systems were 
considered: 

(1) Systems without feedback controls 
(2) Systems with pitch attitude feedback 
(3) Systems with flight path angle feedback 

64 

Ml ..^-^-^.-a^-'' iinifi- ■----'-■ ■-^-^-■"■"■■■-'-^-    -----    — 1 M 1 1 -^ 



mmt^mK^—^* mimnmymmiim^ ■■^■—■'■■'■ 'MI-1.IHI" 

System Number 
Data 
Set 

X 

MP01 No.1 (S2 + 2 (.263)(.Ü987)S + (.0987)2][S2 + 2 (.804)(./91)S 

i 
-3.26    1 

MP02 No.1 SameasMP01-1 

MP03 No.1 SameasMPOI-l -3.36    | 

SP01 No.2 (S + .Ü21)(S + .070)[S2 + 2 (.96)1.86) S + (.86)2 ] -1.59 
1 

SP02A No.2 (S + .OOIBH S + .958) [S2 + 2 (.93)(.53)S + (.53)2 ] -.o| 

SP03 No.1 (S + .002)(S + .15){S + .522)(S+ 1.39) -.06 1 

SP04 No.2 S (S + 3.3) CS2 + 2 (.9)(.45) S + (.45)2 ] 
r 

-.24 

SP05 No.2 S (S + .094)(S + 2.67) ( S2 + 2 (.85)(,69)S + (.69)2 ] -.,4l 

DPÜ2 No.1 S (S + .379) [ S2 + 2 (.942) (.606)5 + (606)2 ] -.05 

DP03 No.1 (S + .003)(S+1.31) lS2 + 2(.909)(.421)S + (.421)2 ] -.06 

DP05 No.1 S(S+.243)(S + .764) [ S2 + 2 (.826)(1.43)S + (1.43)2 ] 
1 

-.10  ! 

DP07 No.1 (S + .003)(S + .278) ( S2 + 2 (.759)(.854)S + (.854)2 ] .04    1 
1 . 

AP01 No.1 S (S + .243) [ S2 + 2 (.805)(.735)S + (.735)2 ] -.08    | 

AP02 No.1 S(S + .243)(S + .764) [ S2 + 2 (.826)(1.43)S + (1.43)2 ) -.10 , 

*See Paragraph 2.7 of Reference 24. 

a 
mm 

:- 
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Table VII:   Control System Synthesis Data Sheet-Longitudinal 

/aeg/sec\  i      /Lbs \ 
V inch     /I      \   q   / (deg) 

-3.26 

-3.36 

-5.85 

-Ö.73 

.01 .16 1.1 3.1 1,18 9.4 2.5 26 

.01 .16 1.3 2.9 1.14 9.4 2.3 28 

-1.5 

-1.5 

-3.36 -5.73 .16 .05 1.3 2.9 1.14 20.3 2.3 28 -5.8 

-1.59 -3.10 -.04 .15 1.5 2.9 1.00 15.0 2.1 33 -2.0 

-.20 -.26 -.03 .11 1.2 4.1 5.6 2.0 28 -0.7 

.06 

-.24 

-.07 

-.28 

.02 .19 1.0 5.0 1.10 

-.02 .11 0.7 3.9 1.06 

15.6 

5.5 

1.6 34 

1.6 33 

-1,9 

-0.6 

-.14 

-.05 

.18 

-.06 

■.01 .04 0.8 3,7 1,06 2.6 1,6 

.04 .18 1.3 4.4 1.13 8.1 2.4 

34 

22 

-0.9 

-1.0 

.06 -.07 .03 .16 1.0 4.8 1.14 6.7 1,9 27 -0.8 

-.10 

.04 

.08 

.11 

.04 

.09 

.08 

-.05 

.11 0.8 3.8 1.24 9.6 1.4 

.13 1.2 3.1 1.16 8.6 1.6 

-.27 -.02 1.1 4.0 1.19 9.7 2.3 

33 

33 

22 

-0.9 

-0.7 

-0.9 

.10 -.11 .27 -.01 0.8 3.8 1.24 9.7 1.4 33 -0.9 
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(1) Systems Without Feedback Controls (MPOl*. MP02, MP03, Figure 28) 

As shown in Table VII and Figure 20, the short period and phugoid 
motions of the unaugmented systems are closely coupled. According 
to Reference 12, handling di fficulties can arise if the ratio of 

the short period and phugoid frequencies -— is less than 20. 
PH 

In the landing approach condition the STAI airplane has a value 8, 
indicating potential problems. 

System MPOl is a basic system in which the pilot can primarily 
control flight path by the elevator and speed by the thrust vector 
angle. 

System MP02 is similar to MPOl except that elevator commands also 
provide direct lift control (DLC) via symmetrical spoiler 
deflections. 

System MP03 adds an interconnect from thrust vector angle to 
elevator and DLC. As can be seen in Table VII this reduces the 
flight path excursions when changing airspeed, at the expense of 
increased attitude perturbations. 

(2) Systems Which Include Pitch Attitude Feedback (SP01, SP02A, SP03, 
SP04, SP05, CP21, DP02, DP03) 

Unless otherwise specified, these systems provide pitch attitude 
control from the column without airspeed excursions, and airspeed 
from the thrust vector angle controller without inducing pitch 
attitude changes. Pitch attitude rate is proportional to control 
column force. 

System SP01 (Figure 29) is a basic feedback system using only 
pitch rate feedback to the elevator and DLC. The augmentation 
does not explicitly minimize speed excursions during pitch maneu- 
vers, although some improvement over the unaugmented systems is 
evident from Table VII. 

*System identification code: 

1. First Letter 
M - Mechanical 
S - Stability Augmented 
C - Control Augmented 
F - Fly by Wire 
D - Decoupled 
A - Attitude Hold Feature Included 

2. Second Letter 
P - Longitudinal 
R - Lateral/Directional 

3. Numbers are arbitrarily assigned, 
4. Final letters (if present): 

A - Modification 
R - Mechanical Revision 
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System SP02A (Figure 30) enables pitch maneuvers to be performed 
with minimum speed excursions. This Is obtained by the feedback 
of attitude changes and airspeed error to the thrust angle con- 
troller. As can be seen in Table VII, the speed feedback provides 
a faster rise time on airspeed response than SP01 at the expense 
of reduced speed sensitivity. Compensation for loss of lift in a 
banked turn is obtained by feeding back the absolute value of roll 
attitude to the direct lift controller.  A simplified system with- 
out the lift compensator was tested and labelled SP02. Systems 
AP03 and AP07 are basically the same as SP02A but Include pitch 
attitude hold circuits that are activated in the absence of pilot 
column Inputs. A control augmented version of SP02A, labelled 
CP21 and shown in Figure 30, was tested on the NASA Ames moving 
base simulator during the system validation phase of the study. 

System SP03 is a similar system to SP02 but with an alternate speed- 
decoupllng-from-column network. As shown in Figure 31, the speed 
decoupling is obtained by feeding back both attitude and attitude 
rate to the thrust angle controller. This enables pitch decoupling 
during airspeed changes comparable to that of SP02 without the 
requirement of airspeed feedback. 

(3) 

System DP02 decouples attitude from thrust angle system by feeding 
back airspeed and longitudinal acceleration to the column input, 
and is otherwise like SP03 except for the airspeed feedback to <5r. 
In addition, the pitch rate feedback to column signal of SP03 is 
removed, ^resulting in a slightly more oscillatory system. The value 

of 9>iAX^eSS is still within the design goal of 1.15, however. 

Systems SP04 and SP05 (Figure 32) are variants of System SP02A but 
with higher gain pitch rate feedbacks and column gearing. As shown 
in Table VII, this increases the pitch rate response but at the 
expense of normal acceleration response. 

System DP03 (Figure 33) is basically similar to SP03 except that 
direct lift control is removed. As shown in Figure 34, this 
results in a slower initial flight path response. 

Systems with Flight Path Angle Feedback (DP05, DP05A, DP05B, DP07, 
AP01, AP02, AP05) 

These systems provided flight path angle rate proportional to column 
deflections with minimum airspeed changes, and airspeed proportional 
to thrust angle commands with little effect on flight path angle. 
Direct lift control is Included in each system since it was not 
possible to realize the decoupling feedbacks required when DLC was 
not used. 

DP05 (Figure 35) is the basic flight path angle system, utilizing 
alrspeed-from-column decoupling by the feedback of flight path 
and flight path rate to the thrust angle controller. Flight path 
angle is not decoupled from airspeed changes although flight path 
changes are reduced by adding flight path rate damping feedback 
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Deg/Sec 

Deg/Sec 

a4 

aa 

0.2 

0.1 

ao 

0 

7 

System DP03, Kx » ftDLC/5 

2 4 6 
Time'*'Seconds 

8 10 

■""*•»■ •*>  —. 1 <^i» «^ «■■ 

/ 
/ 
/ / 

~~ 

/ 
/ 

System SP03, K* 
1             l ÖDLC/8B 

\ / 

Y 
= a62 

4 6 8 10 
Time'*'Seconds 

Deg/Sec 
7 

System DP07.K6DLC/ö 
1.5 

2 4 6 8 
Time ^Seconds 

5 Column ■ 0.2" Step 

10 

Figure 34:      Effect of Direct Lift Control on Response to Column Step 
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to the column. DP05A and DP05B Include a lift compensator for 
banked turns. DP05B uses airspeed to compute flight path and 
flight path rate whereas all other flight path systems use ground- 
speed in the flight path and flight path rate calculations. 

System AP02 is similar to DP05 except that flight path perturba- 
tions are decoupled from airspeed commands by feeding back air- 
speed error and longitudinal acceleration to the elevator and DLC. 
As shown in Table VII, This lowers |AY  A V  | but increases 
IM „„/AV„J, compared with DP05.        SB max ss' 

System DP07 (Figure 36) provides faster flight path response to 
column than DP05 by increasing the direct lift gain. This can be 
seen from the value of T90%an in Table VII and is further illus- 
trated in Figures 23, 24, and 37 which shows they and 0 response 
of systems DP03, SP03, DP07. 

System AP01 (Figure 38) augments the damping of Y from column by 
providing a flight hold mode instead of using y feedback as in 
DP05.  Since the hold mode is disconnected when the column is out 
of detent, the transient response to column commands is similar 
to D0P5. However, the Ay  /AV  ratio is improved for AP01 at 
the expense of degraded A9  /A* max 

4.2.1.2        Lateral-Directional Systems 

ss 

Characteristics of all  lateral/directional stability augmenta- 
tion systems evaluated are shown in Table VIII.    This summary data was 
selected to check compliance with the flying quality requirements of 
MIL-F-83300 and to tabulate additional data considered useful  in system 
selection.     Characteristic roots of  each system are listed in Table VIII 
under  the heading "Stability".     (MR0821 is the only control system show- 
ing MIL SPEC stability noncompllance.)    The parameters listed under 
"Coupling Effects" in Table VIII are defined in MIL-F-83300  (dihedral 
effect is an exception).    The nonresonant nature (minimal dutch roll 
response) of most of these control systems made the MIL-F-83300 time 
response evaluations cf 4p/ß, ^ß,  and  U/^ld difficult if not impossible 
to apply.    Therefore, alternate techniques are now described.     To deter- 
mine   |(J)/3|d;  (l)(s)/g(s) was evaluated at either dutch roll pole location 
(s = ?D WQ * jcüD /l - CD^) •    This results in a ratio of two complex 
numbers which yields  l^/glj.    The parameter 2^p/3 can be Hetermined from 
the ratio p(s)/$(s) evaluated at either dutch roll pole location.    When 
the phase angle of the denominator  complex number is subtraced from the 
phase angle of the numerator complex number, 2ip/ß is the result.    These 
definitions of  [(ji/ßld and 2$.p/ß were obtained from Appendix V G of 
Reference 23.    ij)g was computed from an equation listed in "Airplane 
Flying Qualities Specification Revision",  an article in Reference 13. 
This equation uses the angle between the dutch roll pole and  the p/6w 
zero plus the dutch roll pole damping ratio to compute tya.    Requirements 
on these parameters ensure that sideslip and roll oscillations are not 
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System Number Data 
Set r/s 

1 
(sees) (sees) 

MR0821 No.2 0.9 0.2 1.1 -7.5 [D> - 

SR0721 No.1 0.7 0.2 0.8 406 

SR10 No.1 Ö.7 0.7 1.1 1100 

SR11 No.1 0.5 0.2 1.1 440 

SR20 No.2 0.9 0.6 1.1 -185 

SR21 No.2 1.5 0.4 0.3 177 

FR20,CR20 No.2 1.5 0.4 0.3 177 

DR141 No.1 1.0 0.4 1.0 62 

DR142 No.1 1.0 0.4 0.5 630 

FR21,CR21 No.2 1.0 0.4 0.5 630 

[£>»  Does Not Meet (MIL-F-83300) Level 2 Flying Quality Criterion 
But Meets Level 3 

(]£>  Does Not Meet (MlL-F-8331 
for   |A£ 

01 
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Table VIII: Control System Synthesis Data Sheet - Lateral/Directional 

Coupling Effects 

Turn 
Coordination 
(Response to 

5 W Pulse) 

I ^  
\ 
\ 

Aß      \ 
01 \ 

 ^  
\ Dihedral 
\ Effect 

\    (Response to   \    (Response to 
^8 R Step) \6W Pulse) 

"'^ ^ ^ 

\ 

A^ 

01 

\ 

0 \ \ 

t 
\ 

^ 

^\WN
N {%__ 

3 sees 

hE> 
t 

Divergent 

0.58 0.337 [|>> |   -149° 184° -0,41 0.140 1.0 -13.1 

» 0.32 0.246 -70c 192° -0.54 0.066 1.3 - 7.4 

o.:2 0.320 '   -142' 163° -0.47 0.103 1.8 -19,0 

0.34 0.269 [2>> -64c 166° -0.85 0.034 0.6 6.4 

0,26 

0.18 

0.118 -73c 127c -0.56 

0.081 .133° 124° •0.56 

0.046 0.3 

0.3 

6,6 

6,6 

0,03 0,002 -48c 55c -0,05 0,015 1.3 - 9.8 

0,06 0,002 I    -40° 50° -0,03 0,7 9,8 

0.06 0,005         !    -85° 
■  

57 o   I -0,03 0.3 9,8 

(MIL-F-83300) Level 1 Flying Quality Criterion 

d 
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excessive during roll maneuvers.    The coupling between rudder  inputs and 
roll attitude is indicated by the parameter W ty^y   the ratio of roll 
attitude to sideslip measured three seconds after a step rudder input. 
Three seconds was chosen as the measurement time since this approximates 
the time delay between initiating a typical decrab maneuver and touch- 
down.     It is  therefore a measure of lateral control  Input required  to 
keep wings level during Jecrab.    Table VIII also shows the system 
sensitivity in terms of  the steady state roll rate available from wheel 
and maximum sideslip available from rudder pedal.    The usefulness of 
these parameters is discussed in Section 4, Part II of  this volume. 

Block diagrams of each lateral/directional control system 
evaluated are shown in Figures 39 through 47.     System types included 
the basic unaugmented  airplane,  augmentation using roll and yaw rates 
only,  and more complex systems using roll and yaw attitude and lateral 
acceleration feedbacks.     A brief description of each system is given in 
the following: 

System Number      Characteristirs 

MR0821 No stability augmentation.     Control wheel ("Sw«) provides 
(Figure 39) roll control through ailerons and spoilers, rudder pedals 

(6 PED)   operate the rudder only.    The system has exces- 
sive spiral instability with a time-to-double-bank-angle 
of 5.2  seconds.     This meets  the MIL-F-83300 Level  3 
flying quality requirement of greater than 4 seconds-to- 
double,  but exceeds the Level 2  requirement of greater 
than 12 seconds to double amplitude. 

SR11 Meets  Level 1 spiral stability  requirements by feedback 
(Figure 39) of yaw rate to 6w, and improved  turn coordination by 

feeding back roll rate to A The  required  r->5       gain 
is obtained by root  locus  studies.     The necessary 

w 

PA gain is obtained from the  simultaneous  solution 

of  the  side force and yawing moment equations with 
3=3=0.     (See Reference  14  for details.)    This  system 
meets Level 1 turn coordination requirements. 

SR0721 Provides MIL-F-83300 Level 1 spiral stability and 
(Figure 40) improved roll rate response by the feedback of yaw rate 

and roll rate to 5   .     Turn coordination is aided by a 
w 

crossfeed from control wheel to rudder.    This system 
barely exceeds the MIL-F-83300 Level 1 criterion for the 

ratio IA&MJII 
^'d- 
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System Number      Characteristics 

SR10 Provides Level 1 spiral stability by the feedback of yaw 
(Figure 41) rate  to 6   .    Turn coordination Is Improved by the feed- 

back of a computed sideslip rate  (&SAS)  to rudder and a 
crossfeed of 6    to rudder.     The resultant turn coordina- 

tion parameters me^t Level 1 criteria.    The required 
r»-6    and £L.,M.fi.T>     ealns are obtained from root locus 

studies.    The crossfeed gain Is obtained as a low fre- 
quency approximation to the required crossfeed transfer 
function. 

SR20 This control law is conceptually the same as SR10.     The 
(Figure 42) SR20 gains are different  than  the SR10 gains because the 

control derivatives were  updated from Aero data set //I 
to data set //2  (See Appendix  II). The Level 1 criterion 

for the   I-T—MTL ratio Is exceeded slightly. 
Pi       P d 

SR21 Provides spiral stability by the feedback of yaw rate to 
(Figure 43) 6   .     Turn coordination is improved by the feedback of a w 

filtered approximation to sideslip rate to rudder and by 
a crossfeed from control wheel to rudder.    The feedback 
of roll rate to 
wheel Inputs. 

6    Increases  the roll rate response to 

CR20,  FR20 The significant difference between SR21 and these  two 
(Figure 44) control laws is the use of a closer approximation to 

the required 6W to rudder crossfeed transfer function. 
CR20 is mechanized as a control augmentation system and 
FR20 is mechanized as a f ly-by-wlre system, (See 
Paragraph 3.2.1 for a detailed development of this 
control law and Paragraph 4.3.2 for mechanization 
details.) 

AR20 This  is  the CR20 system with a heading hold loop 
(Figure 44) activated in the absence of pilot Inputs and a roll 

attitude hold loop which maintains roll altitude in a 
banked  turn. 

DR141 A decoupled system providing roll rate proportional to 
(Figure 45) wheel deflection without sideslip,  and sideslip propor- 

tional to rudder pedal deflection without roll.    The 
system is neutrally stable with dutch roll  frequency 
and damping at 1 rad/sec and 0.4 respectively,  and a 
roll time constant of 1 second.     Development of the 
decoupled systems is discussed In Paragraph 3.2.3. 

DR142,   CR21, 
FR21 
(Figures 46 
and 47) 

Similar to system DR141 except  that the roll time con- 
stant Is reduced to 0.5 seconds.     CR21, FR21 are alter- 
native mechanization of the basic DR142 system. 
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System Number      Char, cterlstics 

AR142,  AR21 System DR142 with a heading hold loop activated in the 
(Figure 46) absence of pilot inputs and a roll attitude hold loop 

which maintains roll attitude in a banked turn.     The 
systems differ only in the logic used to activate the 
hold circuits,   (i.e., heading hold is disconnected when 
bank angle exceeds  10° for AR142 and 3°  for AR21;  roll 
attitude hold is not activated until the bank angle is 
greater than 15°  for AR142,  and 10°  for AR21.)     Dynamic 
response characteristics are not included in Table VIII 
since they are identical to DR142 for pilot inputs. 

4.2.2 High Speed Characteristics 

Although the emphasis  of  this  study was on handling  qualities 
in the  landing approach condition,   stability was also checked at higher 
speeds   to determine the requirements  for  stability augmentation  through- 
out the flight profile.    Flight conditions evaluated are shown on the 
mission profile of Figure 48.    These were:    20,000 feet altitude at 
M =  . 78   (maximum q):   40,000  feet at M =  .64   (low q at maximum altitude); 
and sea level,  V = 169 knots   (V = 1.2 Vs,   flaps up).     Since these flight 
conditions were at the extremes of the flight profile,  it is probable 
that if handling quality requirements are satisfied at these conditions, 
the requirements will be satisfied  throughout the profile. 

4.2.2.1 Longitudinal Stability 

Figures 49 and 5Ü compare the short period and phugoid 
characteristics of the unaugmented airplane with the Level 1 handling 
quality requirements of Military Specification F-8785B. As shown. 
Level 1 requirements are met at each flight condition.  Thus the sta- 
bility augmentation system developed for landing approach is not 
required for flaps-up flight. 

4.2.2.2 Lateral/Directional Stability 

Stability augmentation requirements at  the extremes  of  the 
flight  profile were determined by  comparing the system characteristic 
roots with the "Level 1" handling quality requirements defined  in 
Military Specification MIL-F-8785B.     These requirements and the  system 
roots are plotted in Figure 51.    As shown,  all requirements are met by 
the unaugmented airplane at each  flight condition,  with the exception 
of low dutch roll damping at Flight Condition 3a.   (H = 40,000 feet, 
M =  ,64).     By including a yaw damper consisting of yaw rate  (r)   fed 
back to the rudder (&,)  through a washout circuit, 

ia = JL*^    (äs*.     ) (60) 
r s+ 0.2        v efeg./sec. I 

the Level 1 requirements are satisfied at all conditions. Loss of the 
yaw damper would then degrade handling qualities to Level II only at the 
high altitude, low dynamic pressure, flight conditions. 
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Figure 48:     Speed - Altitude Envelope 
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Figure 50 :      Short Period and Phugoid Damping Ratios at Flight Profile Extremes 
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4.2.3    Augmentation Requirements During Transition to Landing 
Approach 

4.2.3.1 Longitudinal Axis 

As airspeed is reduced from the "clean" cruise condition, 
the STOL configuration can be reached by first lowering flaps and 
deploying spoilers and then finally rotating the thrust vector while 
increasing thrust.  The proposed longitudinal CAS for landing (System 
CP21) uses pitch rate feedback to the elevator/spoilers and attitude/ 
airspeed feedbacks to the thrust vector angle. Thus if a longitudinal 
augmentation is required prior to rotating the thrust vector, the simplest 
system would be to use pitch rate feedback only and add the thrust vector 
commands after thrust rotation. 

Figures 52 and 53 show the short period and phugoid charac- 
teristics, augmentation on and augmentation off as airspeed is reduced. 
The augmentation consists of pitch rate feedback to the elevator and spoilers 

(K.   =0.6 deg/deg/sec, K.    = 0.3? deg/deg/sec) and is assumed to 
öe/0 fSP/Q 

be switched on when flap deployment is initiaced at V = 169 knots. 
Flaps are fully deployed at V = 93 knots at which point the thrust 
vector is rotated to reach the landing approach condition. It can be 
seen from Figures 52 and 53 that MIL-8785B and MIL-83300 Level 1 require- 
ments are met augmentation on and augmentation off as airspeed is reduced 
from 265 knots to 93 knots. 

4.2.3.2 Lateral/Directional Stability 

As shown in Section 5.2, lateral/directional control systems 
FR20 and FR21 were selected as the best lateral/directional systems 
evaluated. Transition from low speed, flaps up flight to the landing/ 
approach condition was therefore studied for both control laws. A 
feasible procedure for transition to landing is shown in Figure 54, 
which compares the characteristic roots with MIL-F-8785B and MIL-F-83300 
Level 1 requirements.  Both landing augmentation systems are assumed to 
be switched on when flap deployment is initiated at V = 1.2 Vgj^L 

(169 knots). Before the landing augmentation system is switched on, the 
yaw damper must be in operation. Alternatively, Level 1 requirements 
are also met at this flight condition without the yaw damper as shown 
in Figure 51.  Flight conditions 2b and 3b of Figure 54 show lateral/ 
directional stability at V = 1.2 VSTALL = 93 knots with flaps fully 
extended, but with the thrust vector along the x-axis (a = 0 degrees). 
The normal landing approach configuration with V = 75 knots and 
a = 70 degrees is shown as flight conditions 2c and 3c.  The data of 
Figure 54 assumes that the feedback gains of the lateral/directional 
systems are inversely proportional to the dynamic pressure. For 
example, when the landing augmentation system is switched on at V = 
169 knots, the feedback gains are q (75 knots) -  0.2 of their value at 

q (169 knots) 

75 knots.  As shown in Figure 54, Level 1 requirements are met by both 
augmentation systems throughout the transition. 
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1 
4.2.4 Response to Atmospheric Turbulence 

Atmospheric turbulence affected th0 longitudinal and lateral/ 
directional control laws in different manners.    For the former case, the 
turbulence-induced variations  in the pitch attitude display caused the 
pilots to resort to flight path display data for inner  loop closures. 
The turbulence-induced lateral accelerations proved undesirable for an 
otherwise superior lateral/directional system. 

4.2.4.1        Longitudinal Turbulence 

During the piloted simulation studies  it was  determined  that 
the airplane response to atmospheric turbulence affected  the pilot's 
ability to achieve precise flight path control and resulted in altered 
piloting techniques.    To gain insight into this phenomenon, both axial 
and vertical gust turbulence were evaluated.    For the landing/approach 
case considered,  the gust models used were: 

(61) 

Head Wing Gusts 

L 
g 

= a* z —r rr [/ ..a)* 

Vertical Gusts 

^ = <rj- 
3(LW'Jt)Z] 

O-w'-n-)1]1 (62) 

where 

a       =    R.M.S.   level of Clear Air Turbulence at 300  ft.   altitude 

a      =    12 ft/sec i 
u 

a      =    6.7 ft/sec w 

L      =    970 ft. 
U 

L       =    300 ft. w 

Data was obtained for the unaugmented airplane,  decoupled 
(0,   u)  and  (Y,  u) systems defined in Figures 22,  23,  24,  and 37 respec- 
tively.    As indicated in Figure 35, a flight path angle hold loop 
was added  to a basic  (y, u)   system.    The hold loop is discon- 
nected when the pilot  is  commanding  flight path rate and  holds  the  cur- 
rent flight path when the pilot releases the stick.    In addition the 
(y,   U)   system with the lowest DLC gain was evaluated both with and with- 
out  the u to Sp DLC        feedback decoupling,  to check the benefit of  this 
feedback in turbulence. 

Table  IX summarizes  the results of  turbulence  effects.     The 
data shows that: 
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1. The (Yt u)   systems reduce flight path gust sensitivity at the 
expense of pitch attitude excursions, and vice versa for the 
(e,u) systems. 

2. Deleting the u-*-6e    ,   ÖSP feedback gains in a  (Y.  u)  system produces a 
large percentage increase in flight path sensitivity to gusts. 

3. A flight path hold outer loop, at the gain levels considered, does 
not significantly reduce system response to turbulence. 

4.2.4.2        Lateral Turbulence 

System gust sensitivities were obtained by computing the 
response to the Dryden continuous random gust model defined in MIL-F- 
8785B.    For the landing approach case considered,  a crosswind gust model 
with the following characteristics was assumed: 

SvjW =   <r/ W [7 ^v .^j z C63) 

where: 

a    = R.M.S.   level of Clear Air Turbulence at 300 ft.  altitude 

Cy = 12 ft/sec 

Lv = 970 ft. 

The fixed base simulation studies of control law DR142 Indi- 
cated that the excellent turn coordination and precise control capabili- 
ties of this system made it superior to the othv.r candidates.    However, 
after evaluating the mechanized version of DR142  (CR21)   on the NASA Ames 
Moving Base Simulator,  it was discovered that CR21 was noticeably more 
sensitive to turbulence than was the alternative CR20 system.    An addi- 
tional decoupled system  (DR172) was therefore developed which was similar 
to DR142 but with the dutch roll damping ratio Increased from    SD

=
 0-4 

to   $0= 0.7.    Transient responses and block diagrams of  the decoupled 
systems are shown in Figures 26,  55, and 56.    A comparison of the turbu- 
lence response oH the decoupled systems plus system CR20 is given In 
the following paragraph. 

Since adverse pilot comments regarding system DR142 were 
concerned with turbulence sensitivity, the r.m.s.   lateral acceleration 
at the pilot station (A ) was computed for clear air turbulence 
levels of random gusts.    A plot of the power spectral density of A p _ 
showed that a large percentage of the gust energy was concentrated 
around the dutch roll frequency of 1 rad/sec.    Therefore the effect of 
including a notch filter on the feedback of lateral acceleration to both 
the rudder and roll controls was evaluated.    The transfer function of 
tb" filter considered was: 
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A „ 
yFlltered = S + 2 (.1) S + 1 

Ay S2 + 2 (.7) S + 1 
(64) 

When included in system DR142, this filter provided a significant reduc- 
tion in acceleration at the pilot station, as shown in Table X, without 
affecting the response to pilot control inputs. The same filter was 
also beneficial in System DR172, but to a lesser extent since the reson- 
ant peak of gust energy at the dutch roll frequency was lower because of 
increased dutch roll damping. 

4.3      Control Mechanization 

4.3.1 General Considerations 

Control laws are linearized conceptual definitions of the 
control and feedback signals required to provide adequate flight path 
control at low speed. In the mechanization study the effects of control 
device nonlinearities, redundancy requirements for safe and reliable 
operation, and sensor characteristics were included. 

The following mechanization concepts were investigated: 

(1) Mechanical Control System (MCS) 

(2) Stability Augmentation System (SAS) 

(3) Control Augmentation System (CAS) 

(4) Fly-By-Wire with Mechanical Reversion System (FBW + Rev.) 

(5) Fly-By-Wire System (FBW) 

These mechanization concepts are shown schematically in 
Figure 57. 

Automated flight path control systems can be integrated with 
any of the last four mechanizations and were not considered a separate 
mechanization category. The weight, cost, and complexity of the auto- 
matic path feature differs with the specific mechanization and will be 
identified incrementally. 

4.3.2 Synthesis Procedure 

The synthesis of control system mechanization deals with the 
physical properties of the elements for a prospective implementation of 
a control law.    In this,  it greatly differs from the control law syn- 
thesis which was concerned with the mathematical representation of the 
system elements. 

The control mechanization analysis consisted of  the identi- 
fication of  those factors critical to satisfactory performance  (e.g. 
signal path nonlinearities,  dynamic characteristics and sensor 
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TABLE X:    LATERAL/DIRECTIONAL SYSTEM RESPONSE 

TO RANDOM TURBULENCE 

SYSTEM A FILTER 
y 

RESPONSE TO SIDEGUST, 
VGUST = 12 FT/SEC, R.M.S. 

RMS A 
7(PILOT STATION) 

[Ft/Sec2] 

DR142 

DR141 

DR172 

DR142 

DR172 

FR20 

None 

None 

None 

S2 + 2 (.1) S + 1 

S2 + 2 (.7) S + 1 

S2 + 2 (.1) S + 1 

S2 + 2 (.7) S + 1 

None 

6.3 

6.2 

4.6 

3.8 

3.4 

3.0 

NOTE: The airplane/augmentation system does not include a pilot. 
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A)     Mechanical Control System (MCS) 

fip 5D. 

s 

M, SA 

0MP 
Airplane Motion 

B)     Stability Augmentation (SAS) 

M, SA 

JMP 
Airplane Motion 

'FB 

C)     Control Augmentation (CAS) 

M, 
XM 

SA 
'MP 

Airplane Motion 

^ 

D)      Fly-By-Wire (FBW) 

"CE 
—•« <g^ SA 

5MP 
Airplane Motion 

'FB '1 

E)      Fly-By-Wire With Mechanical Reversion (FBW + Rev.) 

6D 
M 

Rev 

\iL 
SA 

'MP 
Airplane 
Motion 

'FB 

Mi     =  Mechanical signal path including feel system       c = Computation plus conversion to signals 
G,     =  Electrical feedback path compatible with surface actuator 

G?    =  Electrical feed forward path SA=  Surface actuator 
MP =   Moment Producer 

Figured?:   Control Mechanization Description 
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characteristics). Those factors that have a major impact on safety, 
weight, cost, and complexity were identified. The required sensors, 
unique control elements, and redundancy levels were specified for those 
control laws that offered the best performance. Finally, the elements 
were Integrated into candidate systems. 

4.3.2.1   Mechanization Design Criteria and Objectives 

The initial step in the mechanization study was to identify 
the critical mechanization areas and to establish uniform criteria that 
could be applied to all mechanization categories. The following criteria 
were established as mandatory requirements: 

(1) Actuation systems shall incorporate means of controlling failures 
induced transients consistent with structural limitations. 

(2) Mechanization shall be designed to preclude inadvertent structural 
damage for normal pilot demands. 

(3) The signal path and control actuation elements shall be mechanized 
to preclude a catastrophic single point failure and must satisfy 
the criteria relating to loss of axis control. Alternate paths 
may be considered if they allow safe CTOL landing or the success- 
ful completion of a STOL landing if failure occurs below the 
minimum decision altitude. 

(4) Failure modes must conform to the following restrictions: 

(a) Failure during a STOL operation must permit either safe 
completion of the landing or safe transition to CTOL 
capabilities. 

(b) The probability of Level 3 STOL operation shall be less 
than 1 x ID-4 per flight. 

(c) No single point failure resulting in loss of control shall 
exist for either normal failure modes or small arms 
vulnerability. 

The following design objectives were also established as 
goals to be sought for the mechanized systems. 

(1) Piloting techniques learned for CTOL operation should be appli- 
cable for STOL operation to minimize pilot retraining. 

(2) Speed should be controlled by a throttle-like lever (levers) where aft 
motion of the lever would reduce the airplane speed and forward 
motion of the lever would increase it. 

(3) Advances in the state of the art should not be required for sen- 
sors or for the integration of mechanical or electrical signal 
paths. 
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(4) Failures in the thrust vector control actuation system should 
result in passive behavior.     I.e.,  in the event of a failure the 
vector nozzle would remain fixed at its last commanded position. 

(5) Control of the engine thrust level should be done by conventional 
throttle levers, control cables,  and engine control devices. 

(6) Failure modes precluding safe CTOL landing capability should have 
a probability less than 10~9 per flight. 

4.3.2.2 Initial Definition of Mechanized Control Laws 

The identification of  those mechanization constraints that 
impact system performance,  cost,  and weight Involves consideration of 
projected failure effects,  the determination of allowable signal non- 
linearities,  and the establishment of special control system character- 
istics necessary for mission performance.    During the control law defi- 
nition phase the following major control system characteristics  for  the 
STOL  landing approach task were identified: 

(1) The aircraft speed in the STOL approach was controlled by modu- 
lating the thrust vector angle. 

(2) Direct Lift Control  (DLC)   improved  flight path response. 

(3) Augmented airplane characteristics were required to achieve Level 
1  response in both the longitudinal and the lateral/directional 
degrees-of-freedom. 

(4) Lateral conirol sensitivity requires special attention because of 
the larger rate of heading change for a given bank angle. 

(5) The lateral-to-longitudinal  coupling was very noticeable.     Bank 
angles  in excess of approximately ten degrees resulted in 
noticeable changes to flight path. 

Each of these characteristics presented unique mechanization 
problems.     In addition,  the problems cited in the design criteria section 
had to be  solved.     Specifically,   these problems affected the design of 
the mechanical and electrical signal paths,  the surface actuators, and 
selection of aircraft sensors. 

The total mechanization task was very complex.    Therefore the 
problem was separated into four tasks.    The first three dealt with 
specific design problems regarding signal path mechanization, surface 
actuation mechanization, and sensor selection.    Next,  the job of  inte- 
grating the elements from the first  three tasks into a composite system 
was undertaken.    At this time the different requirements for landing 
approach,   transition, and high speed flight were integrated to provide 
a system satisfactory for the entire flight regime. 
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Signal Path Mechanization 

The signal path consists of feedforward elements  (for pilot 
controlled signals),   feedback elements  (for sensed response signals), 
and the elements necessary to convert these signals into a format com- 
patible with the surface actuation system.     Thus  the signal path may 
include mechanical,  hydraulic, and electrical componerts.    The linear 
analysis and piloted simulation studies showed that feedforward signal 
paths in themselves are not adequate to control the spiral instability 
and flight path/speed coupling characteristics of  the study airplane. 
The feedback signals required for satisfactory characteristics are 
difficult to  sense and mechanize using only mechanical  components, and 
would result in a system of questionable reliability.    Therefore the 
mechanical-only signal path implementation was limited to that which 
would provide adequate CTOL flying qualities.     The  improvement of  flying 
qualities by stability augmentation,  control augmentation, or fly-by-wire 
techniques was done using analogue electronic components  for the feed- 
back paths.    The reliability and performance of these are well known and 
the techniques for implementing them have been proven in operation. 

For the definition of the signal path characteristics neces- 
sary for control system validation using piloted simulation,  the follow- 
ing assumptions were made: 

(1) The mechanical signal path lost motion was represented by a single 
hysteresis block by combining the effects of  friction,  cable com- 
pliance,  and mechanical back lash as shown in Figure 58. 

(2) The electrical path hysteresis was  insignificant. 

(3) The dynamic response,  for those elements having high hand pass 
characteristics compared to the augmentation or basic airplane dynamics, 
was considered unimportant to system definition.     In this category 
were the dynamics of the rate gyros,  the accelerometers, and the 
electrohydraulic servos that are the interface between electronic 
and mechanical systems. 

Solution of  the lateral control sensitivity and the lateral- 
to-longitudinal  coupling  problems discussed above required new designs 
for the mechanization validation studies. 

During the conceptual phase of the control law study the 
aileron displacement was varied linearly with lateral control demand. 
The spoiler displacement versus lateral demand utilized a two-segment 
nonlinearity to correct for the aerodynamic nonlinearity of the rolling 
moment to spoiler deflection.    The resulting rolling moment coefficient 
(AC£)  is shown  in Figure  59.    The initial high slope  (high gain)  of  the 
conceptual phase AC^/lateral demand cui'.e was caused by the displacement 
doubling effect of differential spoiler operation in conjunction with a 
DLC bias.    This high gain region caused objectionable lateral control 
sensitivity.    Figure 59 also shows that this problem was corrected during 
the mechanization phase by improving the linearity of the spoiler lateral 
control in the presence of simultaneous DLC operation.    This was done by 
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Figure 58: Mechanical System Lost Motion 
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Figure 59:   Lateral Control Rolling Moment Coefficient 
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revising the lateral control gearing and adding a spoiler gain changer 
to alter spoiler gain when used with DLC. The lateral control system 
gearing characteristics for both the conceptual and mechanized control 
law studies are shown in Figure 60. This figure also shows the sche- 
matic of the gain changer used to control spoiler gain during differen- 
tial operation. 

It can be seen in Figure 60 that two aileron gearing gradients 
were used for the mechanized lateral systems. At low speed the aileron 
is fully deployed for a twenty percent lateral demand while a fifty per- 
cent demand is required for the same deflection at high speed. This 
gain change was done by: 

(1) Removing the electrical feedforward portion of the signal path in 
control augmented systems, or 

(2) Incorporating a mechanical gain changer driven by flap position 
for mechanical systems, or 

(3) Reducing the gain of the feedforward portion of the signal path 
for fly-by-wire systems. 

The electrical spoiler signal path incorporated a dead-zone 
that delayed the use of these elements until twenty percent of the lateral 
control was demanded. This reduced the lift loss resulting from spoiler 
deployment. The electrically controlled spoilers utilized the two-segment 
gain curve to improve linearity. This can be accomplished with electronic 
summing amplifiers. 

The lateral-to-longitudinal coupling problem was corrected by 
a cross feed from bank angle into the spoiler direct lift control. This 
partially compensated for the loss of lift due to bank angle. The incre- 
mental load factor as a function of bank angle is shown in the following 
equations (angle of attack, flight path, and speed are assumed constant): 

AL = L (1 - cos 0) * mg (1 - cos 0) 

Ag=—=g(l- cos 0) and 
m 

An = —* = (1 - cos 0) = verslne 0 
g 

(65) 

(66) 

(67) 

To determine possible compensation techniques, cos 0 is 
replaced by the first two terms of the series: 

cos 
02    04 

0 = 1-^T + Tr + where 0 is in radians. (68) 
21 4! 

thus: 

~ 0 
An = y- where 0 is in radians. (69) 

In the range of interest (i.e., bank angles up to 30 degrees), this term 
approximates the ideal verslne correction. A simpler correction uses 
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(c)   Differential Spoiler Gain Changer for DLC Operation 

Figure 60:    Lateral Control Gearing 
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uses the absolute value of bank angle for correction.     Noting that  .lg 
acceleration is available from the direct lift control,   two proposed 
corrections were defined: 

or 

An^.Oie^/^p)^ 

An2=     .2     CAn/asP)|^| 

C70) 

(71) 

where 

An/6      = .01/degree 
sp and   ((i    is in degrees (72) 

The lift losses with and without compensation are shown in 
Figure 61. Although the 0^ compensation provides a better correction 
than the |0| compensation, the latter was chosen because it did not 
saturate the DLC, it maintained lift within two percent at bank angles 
up to twenty degrees. 

Automated Flight Path Control 

The incorporation of automatic path modes can be accomplished 
with minimal impact for FBW, FBW with reversion, and CAS systems. These 
systems have the necessary pilot demand transducers and electrically 
controlled surface actuators. The system modifications required for 
automatic flight path modes are the addition of: 

(1) A "synchronizing" integrator for each path mode 
desired (e.g., pitch attitude or flight path, bank angle hold, 
and heading hold). 

(2) The synchronizer control logic. 

(3) A pitch trim "off-load" system. 

The mechanizations of the automatic path modes considered during the 
simulation study are shown in Figure 62. 

Surface Actuation Mechanization 

The surface actuation system uses fully powered irreversable 
actuators. 1972 state of the art technology was used throughout. The 
SAS and CAS actuation systems utilized limited authority series servos. 
This actuation approach has been proven in both single channel and 
redundant channel applications. 

The actuation system for the fly-by-wlre and fly-by-wire with 
mechanical reversion utilized 1972 technology servos, but applied it in 
a new manner. A typical "parallel" type servo actuator was used: The 
normal mode is controlled by an electro-hydraulic control loop. A 
mechanically positioned control valve, connected in parallel with the 
servo valve (see Figures 63 and 64) is normally held in the "null" or 
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Figure 61:   Incremental Lift Loss Due to Bank Angle 
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centered position by the force voting cam.  In the usual "parallel" 
servo application, the output ' ^tion of the electrically controlled 
actuator "back-drives" the c J . system to provide the pilot with a surface 
motion cue. When the feel iyt _ein force exceeds the "detent" force level 
of the voting cam, the mechanical valve moves to counteract the servo 
valve thus stopping actuator motion.  For the proposed fly-by-wire 
actuation system, the override force is provided by a compliant voting 
link that interconnects two or more actuators. Once the output positions 
of the interconnected actuators vary by more than a fixed magnitude, the 
force generated by the voting link will override the voting cam and oppose 
further surface motion. Failures are monitored by the difference in 
sensed surface position or by the deflection of the mechanical control 
valve.  Electronic voters were used in generating commands to each actua- 
tor to reduce the output misalignment due to channel-to-channel tracking 
errors. 

The dual tandem actuators used on the inboard elevator panels 
require additional explanation. Only one servo valve was used for each 
elevator actuator. Thus, in the normal mode, only one of the dual 
actuator segments can be directly controlled by the electrical loop. The 
remaining segment is held in a bypass mode until a failure has been 
detected and the electric mode hydraulic pressure (Pg) is removed. At 
this time both segments of the actuator revert to a "slave" condition and 
are driven through the voting link by the remaining operational electric 
command servo. 

For fly-by-wire with mechanical reversion, the centering springs 
on the voting links are replaced by a reversion link that connects the 
voting links to the mechanical path. This reversion link would be similar 
to that used in the Air Force Survivable Flight Control Program (Ref. 15 ) 
and would disconnect the mechanical path during normal mode operation. 

Thrust Vector Actuation 

In the thrust vector actuation systems, shown in Figure 65, 
hydraulic servo motors, shafts, gear boxes, and power hinges were 
selected to move the deflector segments and the vector ramp area match 
panel (see Figure 5). The drive path is irreversible so the vector angle 
will remain at its last commanded position when drive capability is lost 
because of hydraulic power or signal failures. Friction drums restrain 
the mechanical path to maintain a fixed demand until altered by the pilot. 

Stabilizer Angle Actuation 

The stabilizer displacement is controlled both by pilot demands 
and by the "auto-trim off-load" system shown in Figure 62. A stabilizer 
trim actuation using a position servo system was investigated. This type 
of actuation system has the following advantages over the normal inte- 
grating servo actuation system: 
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(1) The position servos used in the actuation system provide a backup 
to the trim jack screw brake system.  If the trim Jack screw 
brakes fail, the position servos will provide a hard point and 
prevent the stabilizer from moving. 

(2) Automatic monitoring systems can be easily implemented to prevent 
stabilizer runaway in the event one of the servo systems fails. 
This ability to detect and prevent trim runaways eliminates the 
need for the control column brake used in the existing trim 
systems. 

(3) Dual redundancy is provided for the cockpit electrical trim 
system. 

This actuator system is detailed in Figure 66. One contact 
on the pilot and co-pilot trim switches provides the input to the trim 
integrators while the other contact on the trim switches is used to 
enable integrator operation. Thus, trim cannot be accomplished unless 
both trim switch contacts are operating. Each of the two integrators 
feeds a separate electric servo actuator which drives a wormgear and 
differential gear box to provide an output to the stabilizer actuator. 
The mechanical override clutch provides a means for pilot input via the 
mechanical trim path. 

The output of the two integrators is monitored to assure 
sufficient synchronization. These integrators should be able to track 
within A0. A monitor is provided that compares the output of each servo 
actuator with the output of the differential gear box. When this magni- 
tude exceeds a preset value (e.g., +2° of surface command) the servo 
actuator will be disabled. The output of the differential gear box is 
compared with the integrator demand so that a runaway servo loop will be 
opposed by the remaining servo loop. These feedback loops reduce the 
transient caused by any servo actuator runaway to one half the monitor 
limit. Thus the +2° limit will limit the stabilizer transient to +1°. 
Operational capability can be maintained at one half the normal trim 
rate even though one electric servo actuator has failed. The worm gear 
that connects the servo actuator to the differential gear box acts as 
an irreversable mechanical link and allows the motion from the other 
servo actuator to drive the stabilizer trim system. 

Sensor Selection 

In the conceptual control law analysis, idealized airplane 
response rates, ground speed, flight path, and sideslip rate were used 
in the feedback systems. During the mechanization phase these signals 
were derived using sensors representative of those available for existing 
aircraft.  Several of the desired signals could not be measured directly 
and were computed by blending other signals to obtain an approximation 
of the desired response. For example, the determination of flight path 
angle, flight path angle rate, and sideslip rate utilized approximation 
techniques. The approximation equations for these signals are shown 
below: 
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Inertlal reference flight path angle: 

YT = sin"1  (^-) =  &-)   (57.3) 
(Deg) VG VG 

True airspeed reference flight path angle; 

(73) 

( = sin"1 &-)  =  (^-)   (57.3) 
(Deg) VT VT 

(74) 

Inertial reference flight path angle rates  (by taking the time differential 
of^Y): 

• ^      ,i7   1        *    " 
Y =    ^ [-h VG - VG Z] (75) 

I(Deg/Sec) VG 

Since -h V_  is small, 

(Deg/Sec) 
= -57.3 Z/V (76) 

and true airspeed reference flight path angle rate (YT derivation analogous 
to YT derivation) : 

(Deg/Sec) 
= -57.3 Z/V (77) 

The sideslip rate approximation used in the development of lateral systems 
was 

SAS V^ ^ (78) 

Another signal that was derived from the blend of two signals 
was the altitude rate signal. The limited band pass of air data altitude 
rate sensors requires that a complementary filter be used to obtain an 
altitude rate signal with adequate band pass.  This complementary filter 
uses a blend of barometric altitude rate and vertical acceleration to 
obtain a high band pass signal, given by 

h = \ aro 
- ZT 

T + 1 
s 

(79) 

where 

bandpass h baro 
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The specific sensors used in this study are listed in Table XI which 
states the idealized aircraft response parameter, the sensed aircraft 
response parameter, and the device used to measure the aircraft response. 
Off-the-shelf sensors are proposed in all control systems except those 
using flight path angle (y) and flight path angle rate (y) feedback 
signals. The computation of y  and y  can be accomplished in an "inertial- 
space" reference frame or relative to the air mass. The first requires 
the computation of ground speed (inertlal reference) while the latter 
uses airspeed (V^) . It was found in piloted simulation that ground 
speed was required to achieve acceptable touchdown dispersion. Therefore 
a "strapped-down" inertlal sensor was selected to compute this term. 

TABLE XI 

FLIGHT CONTROL SENSORS 

Idealized Sensed 
Design Aircraft Sensor 
Parameter Response 

9 9 Two axis vertical gyro or INS 

0 0 Two axis vertical gyro or INS 

* ^ Gyro Compass or INS 

rs rB Rate gyro 

Ps PB Rate gyro 

• 
e Q Rate gyro 

VT Ps and PT Total and static pressure transducers 
plus partial air data computer. 

• 

baro 
Ps and PT Same as for V 

Z Z INS - accelerometer 

VG Z, X, and Y INS - computed 

• 
ß v« Two axis vertical gyro plus rate gyro 

y ^B Accelerometer 
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Control System Integration 

The definition of candidate system mechanization   was required 
to determine the appropriate simulation model    and to allow evaluation 
of system safety, weight,  cost, complexity, design risks, and vulnerability. 
The establishment of an acceptable redundancy level was an iterative process 
where the safety of a proposed system redundancy was evaluated and the 
redundancy adjusted when inadequate safety was found. 

The definition of a control mechanization must satisfy several 
requirements.    It must indicate the functional and dynamic relationship of 
the various elements and It must provide a physical representation of the 
mechanization.    In general,  the physical and functional relationships of 
electrical elements are easily visualized by block diagram techniques. 
This is not always possible with mechanical systems, where a pictorial 
representation most often provides better insight into the physical 
properties of a proposed system. 

The general characteristics of mechanical control systems can 
easily be visualized by referring to thrust vector angle control system 
(Figure 67).    This shows the following features that are common to the 
mechanical elements of all MCS, SAS and CAS systems: 

(1) Dual pilot/co-pllot controllers 

(2) Dual mechanical signal paths connected with a single "cross-tie" 
detent. (For the lateral system, the cable from each inter-tied 
aft quadrant goes to one wing only.) 

(3) Feel (or friction) elements located in close proximity to surface 
actuation.  (Except for the lateral system, which uses a central 
feel system.) 

(4) The use of cables, quadrants, push rods, and bellcranks to transmit 
pilot demands. 

The design of the mechanical systems was conventional with the 
exception of the "cross-tie" detent which allows isolation of each 
mechanical path In the event that one mechanical path "jams". This 
detent was designed to exhibit a "shear-out" characteristic, where there 
is an initial force to override a "jam" and then a residual force 
approaching zero.  For the MCS, SAS and CAS control mechanizations, the 
longitudinal and lateral feel systems incorporated a pneumatic/hydraulic 
feel computer using dynamic pressure (q) as the control variable. This 
feel unit provides a variable force gradient for normal operation and 
reverts lo a simple spring/cam "fixed feel" system upon failure of the 
hydraulic system. Dual feel units are used where one unit is associated 
with each Independent path. 

The feel units for the directional axis and for all axes with 
FBW or FBW + Reversion mechanization used dual spring/cam "fixed feel" 
units. The FBW + Rev. mechanization use a single cable system with a 
declutch mechanism to isolate the FBW voting actuators during normal 
operation. 
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In the functional block diagrams (Figures 68 through 79), only 
the redundancy,  lost-motion,  and the reversion aspects of the mechanical 
systems are depicted.    These functional diagrams concentrate on system 
redundancy and the interface between electrical and mechanical systems. 
This allows the determination of failure modes as they apply to specific 
mechanizations. 

In Figure 68 the longitudinal CAS mechanization (CP21)  is shown. 
The salient features of this system are: 

(1) A triple redundant electronic system for fall-operational capability. 

(2) Series summed surface actuation with redundan- control surfaces. 

(3) Dual mechanical signal path for cruise and STOL reversion control. 

The cruise control Is accomplished with control techniques equiva- 
lent to existing transport aircraft.     (I.e., the throttles and elevators 
provide speed and attitude control.)    As the aircraft transitions to the 
STOL mode,  the speed brakes are employed to provide additional drag and in 
so doing provide the spoiler bias needed for DLC operation.    The pilot 
presets the thrust level with the throttle controls and controls speed 
during the landing approach with the vector angle lever.    The pilot 
activates the landing approach control mode after the deployment of flaps, 
and the speed hold mode when the approach speed has been obtained.    The 
transition control is the same for all control axes and all mechanizations. 

The major changes between control system candidates are In the 
mechanization details.    Thus,   the FBW +Reversion system (SP02R)  and the 
FBW system (SF02A) are based upon the same control law as CP21.    However, 
the mechanizations differ in the following areas: 

(1) Normal control is FBW.    The command/response characteristics inherent 
in the fly-by-wire feedbacks plus the gain changing provisions assure 
good feel characteristics over the complete range of dynamic pressures 
with a simple spring/cam feel unit. 

(2) The actuation system is capable of 100 percent authority for both 
electrical and mechanical signals, yet failure transients are limited 
to an acceptable level. 

(3) A single mechanical path provides for reversion control  (SP02R only). 

Both the FBW and FBW +Reversion systems use gain schedules to 
control "normal mode" feel characteristics.    These gain schedule devices 
can be mechanized in either of  two methods shown in Figure 70.    The first 
method, using a servo driven potentiometer, reflects the technology used 
in existing autopilots.    The improvement in Integrated circuit reliability 
make the second option, using an electronic divider, a viable candidate. 
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The FBW mechanization (SP02A,  Figure 71) differs from the FBW + 
Revision by the addition of a fourth electrical signal path and the dele- 
tion of the mechanical reversion path.    This electronic redundancy was 
required because the electrical system comprises the only signal path. 

The mechanization diagrams for the lateral/directional mechaniza- 
tion are shown in Figures 72 through 76.    The same general variations 
between the mechanization categories  (i.e., CAS, FBW and FBW + Revision) 
are apparent in the lateral/directional axes.    The use of blended aileron 
and spoiler surfaces for lateral control plus the general use of electrical 
spoiler servos requires additional examination of the mechanization impact 
on the lateral actuation system.    In Figure 77,  it will be noted that 
the SAS and CAS mechanization use a series servo to convert electrical 
Inputs to mechanical displacements compatible with the aileron and outboard 
spoiler actuators.    The remaining spoilers are controlled by electrical 
servos.     For the FBW + Reversion system  (see Figure 78),   the voting 
type servos are utilized to be compatible with both the normal mode 
electrical signals and the reversion mode mechanical control.    These same 
actuators are used with the FBW mechanization to achieve the transient 
limiting characteristics required with a 100 percent authority servo system. 

In all of the above cases,  a single conceptual control law has 
been mechanized in varying degrees of complexity.    The major Impact of 
mechanizing an alternate control law relates to specific sensors and the 
gains used in the electrical signal paths.     This is most easily seen by 
comparing the FBW + Reversion mechanization of conceptual control laws 
FR20R and FR21R shown In Figures 76 and 79. 

The preceedlng subsections have considered the specific details 
of the mechanized control laws that were evaluated in the control system 
trade study.    Using these details as the configuration baseline,  the 
analysis methodology was used to determine quantitative values for safety, 
cost,  weight,  complexity, design risk,  and vulnerability. 
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SECTION V 

TRADE STUDIES 

As part of the STAI two trade studies relating to control systems 
were performed.    These were the evaluation of low "q" moment producers and the 
evaluation of mechanizations of potential STOL control systems.    The end 
product of these trade studies was the selection of a control system for 
validation using a moving base piloted simulator. 

5.1 Moment Producer Trade Study 

Moment producers were first evaluated for their ability to 
generate rotational accelerations at low q's.    Potential mechanizations 
of these producers were then postulated and the complexity, weight, and 
cost were estimated.    The results are presented In Tables XII through XVI. 

The first row of Tables XII and XIII Identifies the candidate's 
ability to provide rotational acceleration In the desired axis of control. 
The second through fourth rows reflect the Incremental weight,  complexity, 
and cost associated with postulated candidate implementation.    The 
computed data for the weight,  cost^ and complexity of each control element 
was normalized by its ability to develop rotational acceleration.    Thus, 
the basic weight, cost; and complexity data are given in units of pounds/ 
radian/sec2, dollars/radian/sec^, and complexity/radlan/sec^.    The remain- 
ing rows contain the appropriate "control" or "cross-axis" coupling data. 

The data in these tables   (XII through XVI)  are presented in two 
forms.     The first number represents weighted flgures-of-merlt   (see Section 
3.1.2.5)  for each parameter.     The weighting factors are  Identified at the 
left of  the table.    Directly below these numbers,  enclosed in parentheses, 
are the computed "row-data"  for  each parameter.    The "row-data" have not 
been weighted or "normalized" by a figure-of-merit. 

Those systems using blown control surfaces were evaluated by two 
methods.    Initially It was assumed that sufficient bleed air would be 
available from the engines to provide the necessary blowing for any single 
candidate control surface.    The appropriate data for this assumption are 
identified as "engine bleed" blown systems.    When multiple surface blowing 
is contemplated or engine bleed is not adequate, an auxiliary air source 
is required.    In the alternate analysis of the blown control elements, an 
auxiliary power unit (APU) was Included In the postulated system.    The 
data for this alternative is identified as "APU" blown systems. 

It has been previously noted that a mechanical flap/vectored 
thrust airplane requires the reservation of a large portion of the wing 
trailing edge for high-lift flaps.    Therefore,  the performance of lateral 
control candidates has been separated Into three groups.    In Table XII, 
those candidates that can be mounted outboard of the flaps are identified 
and their relative performance is compared.    Although spoilers and flaperons 
were investigated in this outboard region, they were not as effective as 
the ailerons.    When the blown ailerons are drooped to maintain high-lift 
capability,  the control power drops drastically. 
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TABLE XIII 

MOMENT PRODUCER TRADE STUDY SUMMARY - 
LATERAL CONTROL CANDIDATES COMPATIBLE WITH "HIGH-LIFT" MECHANICAL FLAPS 
 1 

TRADE 
STUDY 

PARAMETERS 

WEIGHTING 
FACTOR 

SPOILERS FLAPERONS 

Slot 
Deflector 

Vented Panel 
Triple 
Slot 

Double 
Slot 

• 
P 

A W/P 

Cx/P 

Coat/? 

U/P 

W/P 

R/P 

Q/P 

1.0 

.6 

.4 

.3 

1.0 

1.0 

1.0 

1.0 

1.00 
(.636) 

.60 
(2812) 

.4 
(5.68) 

.54 
(64.4) 

.81 
(1.35) 

11.53 
(11.65) 

.29 
(.0065) 

.58 
(.0313) 

4.82 
(.479) 

.68 
(2960) 

.75 
(7.76) 

.30 
(52.2) 

.69 
(1.15) 

11.50 
(11.62) 

.17 
(.0039) 

.62 
(.0335) 

9.49 
(.289) 

1.49 
(4414) 

2.19 
(12.16) 

1.76 
(63.7) 

.62 
(1.04) 

11.56 
(11.68) 

.33 
(.0074) 

.88 
(.0467) 

9.10 
(.303) 

5.80 
(12,205) 

3.78 
(17.02) 

3.00 
(189) 

.05 
(.09) 

11.34 
(11.45)* 

1.59 
(.0357) 

0 
(0) 

10.00 
(.266) 

6.0 
(12,563) 

4.0 
(17.69) 

2.77 
(177) 

.17 
(.28) 

11.24 
(11.35)* 

1.14 
(.0257) 

0 
(0) 

Rating 
Factor 

15.75 19.53 28.32 34.66 35.32 

Rank 1 2 3 4 5 

*The lift/roll penalty for flaperons reflects the reduction In operating 
CLMAX caused by not deploying the flaps to the normal "hlgh-llft" operating 
point. 
 — 
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In Table XIII, those roll moment producers that can be used con- 
currently with high-lift flaps are shown. For these candidates It is seen 
that all spoilers out perform the flaperons. The best spoiler is a slot 
deflector which is the most complicated design.  The least effective is the 
panel spoiler which is the simplest design.  It should be noted, however, 
that when a panel spoiler is used with a flap incorporating Fowler action, 
the panel spoiler acts as a vented spoiler following Fowler motion. 

Further explanation is required for the control power and appli- 
cation of the flaperons shown in thi« table. At large deflections, flaps 
tend to Increase drag more rapidly thin they increase lift. Thus, the 
flaperons used in this study were deflected to an intermediate displacement. 
The roll control was obtained by differential displacements of the flaperons 
about this intermediate point.  Since both flaps were never simultaneously 
deflected to their maximum lift point, some lift capability of the wing 
was lost.  A larger wing would be required to obtain the same total lift 
capability that could be obtained by full symmetrical flap development. 
To indicate the penalty associated with this loss of lift capability, a 
lift-to-roll acceleration coupling term was identified that reflected the 
incremental loss of lift for partial versus full flap deflection. 

Table XIV gives the evaluation of lateral control systems which 
are full span spoilers or flaperons or partial span spoilers blended with 
ailerons. The use of blown high-lift ailerons plus high performance 
spoilers provided the two best systems. Next came the system using double 
hinge ailerons and slot deflector spoilers, followed by slot deflector 
spoilers only. The all-wing flaperon provides the least control capability. 
Thrust modulating devices were not included in this summary table since 
they were incapable of providing adequate roll control power for engine 
failures. 

It should be noted at this point that the effectiveness of control 
elements for generating roll acceleration are dependent on the wing taper 
ratio as well as w'ng location.  For wings with taper ratios larger than 
four-'.enths, the most effective wing location is near the wing tip. AS 

the taper ratio is reduced, the point of maximum effectiveness moves 
inboatd. Thus, the percent of total roll power provided by tip mounted 
elements varies with wing taper ratio.  [Note:  The relative performance 
of each alternate candidate shown in Tables XII and XIII would remain the 
same for all wing taper ratios. However, the absolute control capability 
would be changed.] 

Table XV compares the performance of the candidate directional 
moment producer systems. Here the best performance was obtained using a 
double hiru'^i rudder with increased surface area. This included an incre- 
mental weif, it and cost increase associated with the surface area increase. 
All Jther candidates wre compared with the smaller surface area that was 
piopoded for the study airplane. The blown rudder system using engine 
M-sei gave a second best rating and the blown system with auxiliary power 
rated fourth. The vectoring systems using vector angle modulation were 
not included because they could not provide adequate directional control 
in the event of engine failure. 
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TABLE XV 

MOMENT PRODUCER TRADE STUDY SUMMARY - 
DIRECTIONAL CONTROL ELEMENTS 

I          TRADE 
STUDY 

PARAMETER 

WEIGHTING 
FACTOR 

!                  RUDDERS                   | 

I     BLOWN i  DOUBLE HINGED 
CONVEN- 
TIONAL 

Engine 
Bleed 

APU 
Bleed 

Increased 
Surface 
Area 

1 Baseline 

Surface 
|  Area 

| R 

| AW/R 

Cx/R 

| Cost/R 

I          •      • 
U/R 

W/R 

P/R 

• . * 
Q/R 

1.0 

.6 

.4 

.3 

1.0 

1.0 

1.0 

1.0 

1.00 
(.158) 

1.56 
(129.7) 

3.30 
(63.29) 

.30 
(290.6) 

.17 
(1.24) 

0 
(0) 

1.40 
(.608) 

.83 
(.203) 

i 1.00 
(.158) 

6.00 
(207.2) 

4.00 
(68.35) 

3.00 
(1012.6) 

.17 
(1.24) 

0 

(0) 

1.40 
(.608) 

.83 
(.203) 

2.43 
(.145) 

2.15 
(140.0) 

.40 
(42.40) 

.57 
(363.0) 

.10 
(.68) 

0 
(0) 

1.71 
(.745) 

.31 
(.076) 

5.53 
(.117) 

.60 
(113.0) 

1.40 
(49.57) 

.50 
(344.3) 

.10 
(.68) 

0 
(0) 

1.42 
(.615) 

.26 
(.064) 

10.00 
(.076) 

1.41  ! 
(127.1) 

3.83 
(67.10) 

.45 
(331.6) 

.12 

o 
(0) 

1.36 
(.592) 

•11 
(.026) 

i Rating 
| Factor 

8.56 16.40 7.67    j 9.81 17.28 | 

Rank 2 4 1 3 5 
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Table XVI compares the moment producing capability of the 
longitudinal moment producer systems.  The double slotted elevator and 
the blown (engine bleed) elevator ratings were very close.  If an 
auxiliary air bleed source was required, the rating of the blown elevator 
dropped drastically. T-tall double hinged elevators ranked third among 
longitudinal moment producers. The difference between T-tail and low- 
tall Installation for moment producers is also shown in this table. The 
Increased weight and cost of the geared flying T-tail elevator system 
resulted in this system being rated fourth. 

This moment producer trade study provides a means of determ- 
ing the relative ability of moment producers to satisfy the low q control 
capability.  The basic computed data (follows figure-of-merlt data in 
parentheses) has been included to allow a future user to assign alternate 
weighting factors to change the rating emphasis to suit his needs. 

The user is cautioned that low q control power capability alone 
does not provide pn adequate basis to select a specific moment producer. 
The unique intfuration considerations, which vary application to applica- 
tion, must be evaluated. Among these are: 

(1) Linearity and resolution at low and high q. 

(2) Simultaneous satisfaction of low and high q control requirements. 

(3) The ability to achieve high frequency response with the candidates 
system. 

(4) The design risks associated with relatively unproven concepts. 

5.2     Control Mechanization Trade Study 

Each candid-.te control system had many attributes. It was the 
purpose of the control trade study to isolate and use the important attri- 
butes as evaluation parameters in the comparison of control systems for the 
following general mechanization categories: 

(1) Mechanical Control System (MCS) 

(2) Stability Augmentation System (SAS) 

(3) Control Augmentation System (CAS) 

(4) Fly-by-Wlre with Mechanical Revision (FBW + Rev,) 

(5) Fly-by-Wire (FBW) 

The specific parameters that have been selected for this evaluation are 
performance,  safety,  cost, weight,  complexity, design risk, and vulnerability. 
Section 3.3 discussed the analytical technique used to assign a quantitative 
value to each of  these parameters.    Section 4.3 discussed the 
specific mechanization details for each mechanization category. 
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The same flgure-of-merit analysis technique used in the moment 
producer trade study has been used in the analysis of the control system 
relative performance. This process provides a common quantitative base 
so that weighting factors, indicating relative importance for each parameter, 
can be used in the summation of a composite rating factor. The tabular 
data in this section reflect the weighted flgures-of-merit for each parameter, 
the composite rating factors, and the relative rank of each candidate. 

In several instances only one candidate has been selected for 
analysis in a specific mechanization category. This happened whenever per- 
formance capability was the only differentiating characteristic between 
the various potential mechanizations Investigated. Thus, early piloted 
simulation studies Indicated that MP02 provided better performance than 
MP01 or MP03. The characteristics of these and other alternate mechaniza- 
tions are shown in Table VII of Section 4.2. 

The separation of longitudinal from lateral/directional control 
candidates reduced the total selection task since only the best candidate 
in each mechanization category was combined to obtain the final candidate 
control systems. The evaluation of the longitudinal candidates is discussed 
first. 

The tabulated values for the longitudinal control system trade 
study parameters are contained in Table XVII.  From this data, it is seen 
that the SP02R (FBW + RevJ system has the best rating (i.e., lowest cumula- 
tive rating factor).  The differences between this system and the second 
system, SP02A (FBW), were improved safety, lower complexity, and less design 
risk. The major factor causing the CP21 (CAS) system to be ranked third 
was higher weight and complexity. The MCS safety rating of 10 was due to 
the fact that this mechanization can only provide Level 3 flying qualities 
even when no failures occur: 

Table XVIII contains the relative performance data for the 
lateral/directional control candidates.  In contrast to the longitudinal 
axis, the lateral/directional FBW (FR20) mechanization rates better than 
the FBW + Rev.    (FR20R) mechanization.  The low rating for the FR20R 
system is caused by the retention of a large degree of mechanical control 
in the lateral axis, adversely affecting cost, weight, and complexity. 
The control augmented CR20 system rated third behind the two FBW systems. 
As in the longitudinal axis, the increased weight and complexity of the 
control augmented system more than  offset advantages in safety, cost and 
design risk.* 

*The data in these tables reflect a particular set of moment producers. 
The computational data in Appendix III show the impact of alternate lateral 
moment producers. 
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The following general conclusions summarize the tables: 

(1) Poor performance and safety of purely mechanical control systems 
preclude their selection for STOL vehicles. 

(2) FBW systems possess a definite weight advantage over SAS and CAS 
systems. 

(3) Difficulty attendant to the combination of mechanical and electrical 
signal paths make SAS and CAS systems more complex than FBW systems. 

5.3     Final Control System Selection 

The best candidates for longitudinal and lateral/directional 
control systems were identified and then combined to examine the best 
candidate systems for each mechanization category.  These candidates arc: 

(1) Mechanical Control System - MCS (MP02/MR0821) 

(2) Stability Augmentation System - SAS (SP03/SR21) 

(3) Control Augmentation System - CAS (CP21/CR20) 

(4) Fly-by-Wire with Mechanical Reversion - FBW + Rev. (SPO2R/FR20R) 

(5) Fly-by-Wire - FBW (SPO2A/FR20) 

The individual axis performance, cost, weight, complexity, design 
risk, and vulnerability data was summed to obtain the system analysis data. 
The system safety data had to be recomputed because some failure modes 
that disabled one axis of control are in reality common to several axes. 

The weighted figure-of-merit data are shown in Table XIX. The 
control augmented system (CP21/CR20) rated above the fly-by-wire with 
reversion system (SP02R/FR20R). This result was initially surprising since 
the composite fly-by-wire system (SP02A, FR20) ranks third whereas an 
averaging of the individual axis ratings would have lead to the conclusion 
chat the fly-by-wlre system would be first. However, the design risk and 
safety scores of these mechanizations were poor. The fly-by-wire system's 
probability of encountering Level 3 (1.23 x 10"^ versus the target of 
1.0 x 10"^) and the probability of encountering loss of control (1.11 x 10"' 
versus target of 1.0 x 10"^) were larger than the remaining, mechanizations. 
The differences between the various parameter rating of the first two 
systems were approximately offsetting, with the CAS ratings better for 
cost, design risk, and safety while the FBW + Rev. ratings were better for 
weight, complexity and vulnerability. 

The fact that the MCS was ranked better than the SAS was due to 
the cost, weight, complexity, and design risk of the SAS.  This indicates 
the need to exercise engineering judgment in addition to the numerical 
comparison. The MCS is not adequate for the mission, whereas the SAS 
provides a minimum of Level 2 capability. 
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The nearly identical ratings of the first three systems also 
requires engineering judgment to determine which system is to be selected 
for validation by piloted simulation. For this study, the control aug- 
mented system (CP21, CR20) was selected because the failure modes of the 
control augmented system cause larger aircraft "upsets" than the other two 
mechanizations. Since the same basic control law was embodied in all three 
mechanizations, a successful validation of the CAS was sufficient to vali- 
date all three mechanizations. Prior to validation, the selected control 
systems were investigated using linear analysis to determine the sensitivity 
to airplane parameter variations. 

The landing approach flight condition at which control system 
comparisons were made assumed a center of gravity at 0.32c and an airspeed 
of 75 knots. To determine the sensitivity of the selected longitudinal 
CAS, System CP21, the stability was checked at fore and aft e.g. (0.20c; 
0.405) and at airspeeds of 65 and 85 knots. 

Military Specification MIL-F-83300 defines short period flying 
quality requirements in terms of "the second order pair of roots that 
primarily determine the short-term response of angle-of-attack following 
an abrupt pitch control input". As shown in Table XX, which lists the 
angle of attack to column displacement transfer function for speed and 
e.g. variation, the predominant poles include a root close to the origin 
of the s-plane.  Therefore, compliance with the specification was checked 
by fitting the time response of an equivalent second-order pair of roots 
to the system time response rather than by using the poles directly. These 
data are plotted in Figure 80 which includes the Level 1 flying quality 
requirement from MIL-F-83300. As can be seen. Level 1 requirements are 
met throughout the e.g. and airspeed range considered. 

Insight into the lateral/directional control system sensitivity 
was obtained by plotting the locus of the system roots for the aircraft 
parameter variations noted above. Root locations are compared in 
Figure 81 with Level 1 flying quality requirements of Military Specification 
MIL-F-83300. Control system gains were assumed to be fixed as airspeed 
and e.g. varied. It is seen that Level 1 requirements were met throughout 
the airspeed and e.g. range considered. 
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TABLE XX 

ANGLE-OF-ATTACK RESPONSE OF SYSTEM SP02 

Center of 
j    Gravity 

Airspeed j            Angle-of-Attack/Column Position    Transfer Function 

(% c) (Knots) Degs/inch 

20 75 -.033(8-8.7)[s2+2r.91)(.22)S+(.22)2] 
(S+.038)(S+.31)rsi+2(.77)(1.14)S+(l.U)2]                   I 

30 75 -.033(S-8^)i:s2+2(.91)(.22)S+(.22)2D 

(S+. 028) (S+. 36) [s2+2 (. 87) (.98)S+(.98)2 ] 

40 75 -.033(S-8.1)[s2+2(.90)(.22)S+(.22)2]                            1 

(S+.014)(S+1.10)[S2+2(.93)(.51)S+(.51)2J 

30 65 -.027(S-7.5)[s2+2(.90)(.24)S+(.24)2]                            \ 

(S+.044)(S+.48)[s2+2(.81)(.79)S+(.79)2] 

30 85 -.038(S-9.4)[S2+2(.91)(.21)S+(.21)2J                            ! 

(S+.025)(S+-30)[S2+2(.88)(1.16)S+1.162]                      1 
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Note 
Airspeed Variation = 65 * 85 Knots, CP21 CAS 

-o  CG Variation = 0.2c + 0.40 c, CP21 CAS 

wSp 
(Rad/Sec) 

a;sp= .15n/a-7 

(Level ^.M\L-F■B3300y 

1 2 

2?wSp|Sec'1) 

Figure 80:   Sensitivity of System CP21 to Airspeed and 
Center of Gravity Variations 
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Figure 81: Sensitivity of Systems CR20, FR21 to Airspeed and Center of Gravity Variations 
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SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Concl'isions 

The control technique developed in this study, based on modula- 
tion of thrust vector angle to control speed and on modulation of elevator 
In conjunction with direct lift control to control flight path, can provide 
excellent flying qualities despite the problems of low dynamic pressure 
and severe aerodynamic cross coupling Inherent in ':he high performance STOL 
flight condition. No special piloting technique is required for the STOL 
landing task, as would have been the case if vector angle were not modulated. 
Furthermore, this control technique can be applied to airplanes using 
powered lift concepts other than Vectored Thrust/Mechanical Flaps. 

In particular, the Boeing AMST Prototype airplane will be 
equipped with Upper Surface Blowing (USB) flaps to provide powered lift 
and augmented aerodynamic lift.  This airplane can use a very similar con- 
trol concept, in which the USB flap angle is modulated (like the thrust 
vector angle in the system studied in this report) to control speed. 

6.1.1 Moment Producer Study 

Aerodynamic moment producers compatible with the high-lift 
requirements of the STOL mission are sufficient,  and out perform the 
propulsive candidates.    This is because: 

(1) Engine bleed air can be used more effectively to develop control 
moments by augmenting the aerodynamic lift by BLC than by directing 
the air flow through a reaction nozzle. 

(2) Differential engine thrust modulation or differential vector angle 
modulation prove unsatisfactory when engine-out control and  sustained 
propulsive lift are required  simultaneously. 

In this study,  the roll control power was designed to provide 
the capability of rolling 30 degrees ir  1.8 seconds as required by military 
specification.    This resulted in a difficult mechanization task to provide 
a roll sensitivity acceptable to the pilots. 

(1) The rate of change in airplane heading,  for a given bank angle,  is 
Inversely proportional to airspeed.    Bank angles below 20 degrees 
satisfied heading rate requirements for all maneuvers Including 
lateral offsets prior to touchdown.     If there is no other factor 
dictating a large roll power requirement  (i.e.,  engine out trim plus 
minimum maneuver),  the requirement for 30 degrees in 1.8 seconds 
would not seem justified. 

(2) The use of certain control systems greatly reduces the magnitude of 
aircraft "upset" caused by atmospheric disturbances or system failures. 
Thus,  the control power needed  to correct an upset is reduced. 
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The moment producers were rated considering control power, 
weight,  cost,  complexity,  and undesired "coupled-response."    The specific 
comparative ratings are shown in sub-section 5.1. 

6.1.2 Control Law Development 

Satisfactory control laws were defined for both longitudinal 
and lateral/directional control.    This study indicated: 

(1) In the longitudinal case,   speed control must be decoupled from flight 
path control.    As for lateral/directional control,  turn coordination 
must exist concurrentlv with good  "de-crab" characteristics. 

(2) Compliance with MIL-F-83300 requirements does not guarantee satis- 
factory handling qualities.    This was evident in the lateral/direct- 
tlonal axes where satisfactory systems required turn coordination 
characteristics superior  to MIL-F-83300 requirements.     (See Paragraph 
4.2.3 of Volume V, Part II.) 

(3) The design philosophy used herein is superior for  the definition of 
control systems.    In this philosophy: 

(a) The airplane characteristics were established based upon a 
configuration developed for maximum STOL performance and, 

(b) Control laws were defined using suitable feedback techniques 
to achieve the desired control system/aircraft response 
characteristics. 

This philosophy led directly into  the mechanization phase,  since 
the required feedback paths were defined at the same time as accept- 
able aircraft response characteristics.    This contrasts with the 
other commonly used philosophy where the aircraft characteristics 
are analytically modified one at a time until a satisfactory 
response is obtained.    It is then necessary to determine how feed- 
back techniques can be employed to obtain aircraft characteristics 
equivalent to those achieved by arbitrary parameter modification. 
This  is extremely difficult when multiple feedback loops are used. 

(A)    The STOL airplane requires substantial augmentation in the longitudinal 
and lateral/directional control axes. 

6.1.3 Control System Mechanization 

The comparative analysis of section 5.3 shows that three different 
mechanization techniques provide approximately the same rated performance. 
The control augmented system (CAS)  exhibited a superior safety rating, 
good cost and design risk characteristics, and inferior weight and com- 
plexity ratings.    The fly-by-wire with reversion (FBW + Rev)   system 
exhibited good safety characteristics with intermediate cost, weight, 
complexity,   and design risk ratings.    The fly-by-wire  (FBW)   system had 
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Inferior safety, cost, and design risk rating while exhibiting the best 
complexity and weight characteritics. Since safety is extremely impor- 
tant,   either the CAS or the FWB + Rev.   systems were considered preferable. 

The definitions of control  system mechanizations,  depicted  in 
Figure 57,  were based upon current industry and Air Force practice which 
combines the definition of control law and mechanization techniques  into 
a single descriptive phrase.    The task of  this study was somewhat ambiguous 
because of  these  combined definitions. 

This  ambiguity could  be eliminated  from future studies  if   the 
control law techniques were completely separated from the control mechani- 
zation techniques.    This separation can be accomplished by independent 

finltions of  these two characteristics.     Control law techniques could be: 
1)  stability augmentation;  2)  control augmentation;  3)  response command;  and 
4)  automatic.    These control law techniques consider only the sensed vari- 
ables required  to define the control process and do not include mechaniza- 
tion techniques which couüd be:     1)   electromechanical with continuous 
"series" or "parallel" summation;   2)   electromechanical with single or 
redundant standby systems  (this Includes normally Isolated mechanical 
paths);  and 3)   fly-by-wire.    The electrom3chanical Integration can occur 
prior  to the control surface  (signal path summation)  or can utilize separate 
control  surfaces   (aerodynamic  summation). 

6.2 Recommendations 

Additional study is required  in the following three areas: 

(1) Lateral/Directional systems were acceptable to the pilots even though 
they did not satisfy the heading response requirements of six degrees 
in one second.     (See Paragraph 3.3.10.1  of MIL-F-83300.)     It  is pos- 
sible  that  the specification requirement may be overly stringent. 

(2) The turn coordination requirements   (Paragraphs 3.3.8 through 3.3.8.4) 
of MIL-F-83300 may require alteration to assure satisfactory handling 
qualities for  the lateral/directional systems.    As an example,   the 
specification allows an [Aß^il   ratio of   .8 to 1.65 for varying values 
of sideslip phase angle ijjg.    All control systems in this study with 
pilot ratings of three or less had  |Aß/(j)]J   ratios of  .3 or  less. 
(See Paragraph 4.2.3 of Volume V,  Part II.) 

(3)    The Air Force can provide a key role in establishing separate defini- 
tions for control law techniques and control mechanization techniques, 
These definitions could be used by all contractors.    Such Industry 
standardization would improve the Air Force's ability to compare 
control systems proposrd by different potential suppliers. 
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APPENDIX  I 
MOMENT PRODUCER BACKGROUND DATA 

1.1 Purpose 

This appendix contains the background data used to analyze 
potential moment producer capabilities. Also Included herein are the 
computed data for the purpose of comparing moment producer relative 
rating. A brief discussion of the data is Included to provide further 
insight in the analysis processes used in this study. 

1.2      Aerodynamic Characteristics of Moment Producer Candidates 

The complete aerodynamic definition of the candidate moment 
producers are shown in Tables XXI through XXV. This data was obtained 
from several sources which are identified in the following paragraph. 

For the rudder, aileron, flaperon, and horizontal tall ele- 
ments, two-dimensional unblown estimates of control surface lift 
coefficient were based on the CL from Section 4.1.1.2 of Reference 16 
and control effectiveness from Reference 17 . Two-dimensional drag 
estimates and hinge moments were obtained from Reference 16 (Sections 
6.1.7 and 6.1.3). Blown control surface data (CL and Cy) were obtained 
from Reference 18. Potential flow estimates using data from Reference 19 

were used to predict hinge moments for blown control surfaces at 
deflections greater than 30°.  Spoiler lift coefficients were obtained 
from Reference 16 (Section 6.1.1.1) for a panel spoiler with wing flaps 
undeflected. A "flap effect" correction factor was obtained from 
Reference 20. Correction factors for the plug, vented spoiler, and 
spoiler-slot-deflector were obtained from Reference 21 and hinge 
moments from References 20 and 21. 

Definition of chord ratios and aileron droop angles are 
shown in Figures 82 and 83 . The definition of the flaperon droop and 
control angles are shown In Figure 84. 

I .3       Initial Computation of Moment Producer Relative Control 
Power Capability 

The relative performance capability of the aerodynamic 
candidates was derived using the two-dimension infinite span character- 
istics (i.e., aerodynamic section properties) defined In Section 1.2 
above. The effective control area used in computing the net aero- 
dynamic force was computed by dividing the total control surface area 
into incremental areas proportional to control element span and spanwise 
location.  In Figure 8 the major geometric characteristics are identi- 
fied. The equation for computing effective area is derived below. 
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Chord Plane, C 

Figure 82:   Specification of Chord Ratios 

Example of % chord specification of multi-segment control 
surface.    The ratio shown in column 2  (Tables XXI through XXV)   reflects 
the % chord of the main control segment and a factor depicting the aft 
control segment as a % of  the main control segment.    These factors are 
computed as shown below: 

% CHORD 

SEGMENT RATIO 

=    A/C x 100 

=    B/A x  100 

Ref Plane 

(81) 

(82) 

16 Aft 
-•-j (Control) 

Figure 83: Specification of Multi-Segment Contro and Droop Deflections 
for Ailerons, Elevators, and Rudders 

Example of  the specification of surface control and droop 
deflections.     (Columns 3 and  4 of TablesXXI   through   XXV.) 

Droop 
(Aileron only) 

(6MaiVoop> 

Control 
(Aileron 
elevator, or 
rudder) 
/6Main„    ,    A / Control! 

This specification is a ratio depicting the deflec- 
tion of  the front segment relative to a reference 
plane. 

This specification is a ratio depicting the deflec- 
tion of   the front control element segment relative 
to  the droop or reference plane (i.e., no droop) and 
the deflection of the aft segment relative to the 
front segment  (shown in dashed lines). 

6Aft Control 

L 
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Wing Ref Plane 

6 Main 

6 Aft 

Droop 

Figure 84:   Specification of Flaperon Control and Droop Deflections 

This is the "neutral" position of the flaperon and Is 
specified as a ratio of the main segment deflection relative 
to the wing reference plane and the deflection of the aft 
segment relative to the main segment. 

6DR00P = 
6MAIN 
6AFT 

where a specification of 20/20 represents 

Flaperon in droop:  6MAIN = 20° relative to reference plane 
(Neutral) position  6AFT = 20° relative to 6MAIN 

Control - This specifies the position of the main and aft segments for 
both extremes of the control deflections. The first ratio 
reflects the maximum deflection of the main segment relative 
to the wing reference plane and the aft segment deflection 
relative to the main segment. The second ratio reflects the 
minimum deflection of the main segment relative to the wing 
reference plane and the aft segment deflection relative to 
the main segment. 

CONTROL = 
6MAIN 
6AFT 

MAX 6MAIN 
6AFT 

MIN 

where a specification of 40/20, 10/10 represents 

(83) 

(84) 

Flaperon in down 
control position: 6MAIN = 40° 

6AFT = 20° 
relative to ref. plane 
relative to 6MAIN 

Flaperon in up 
control position: 6MAIN = 

6AFT = 
10° relative to ref. plane 
10° relative to 6MAIN 
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w 
c  + c 

2 .[ R 2 
T].[b/2]or CF 

(CR - cT) 
CR "  Cb/2)    yi 

2S 
w 

b(l + A) 

(85) 

(86) 

(87) 

Letting K. -yi/(b/2)and substituting for CR and C_ 

2S 
w 

b(i + x)   f1 + (A-1)Ki] 

Ci + Ck 

(88) 

Since Sik = [ ].[yi - yj  substituting for y^  y^,  C^,  Ck    (89) 

S 

we find    Sik    =  iTj-nö3*1 (^_1.[1+Ü^I(K.+K 2 (Ki + Kk)]   ^i-V (90) 

The applicable aerodynamic force is then: 

F      = öS C (aero)   4 ik (section property) 

where the C,  ^, . is CT  or C    as applicable.  (91) (section property)    L      D      rr r r  '     max    max 

These aerodynamic forces were used with the general equa- 
tions of Faction 3.1.2.1 to determine control capability. During the 
phase one moment producer study, the aerodynamic control capability was 
normalized per foot of span. The control capability of the candidates, 
normalized as noted above, are shown in Tables XXVI and XXVII. These 
tables indicate the relative control power capabilities for each 
candidate and also indicate the magnitude of control or "cross-axis" 
coupling. 

The reaction control candidates considered the use of power- 
plant thrust and vector modulation plus the use of engine bleed 
reaction jets. The applicable powerplant forces were obtained from 
Figure 9 for varying thrust magnitude and vector angle. The control 
power of these elements was normalized by the applied engine thrust. 
Table XXVIII shows the control capability for thrust vector angle 
variations and Table XXIX shows the control capability for variations 
of thrust magnitude. Several vectoring schemes restricted the maximum 
excursion of the vector angle which limited the usefulness of these 
vectoring systems. 

1.4 Computation of Implementation Penalty Factors 

The weight and complexity of alterr te moment producers 
varies considerably. The values of weight and complexity were computed 
as described in Sections 3.1.2.2 and 3.1.2.3. The Incremental and 
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composite weights are shown  in Tables XXX and XXXI  to provide  insight 
into  the division of  the  incremental weight between structure and  the 
control/actuation elements.     Also  the  incremental complexity  factors 
(PG,   PD,  and FC)  and  the  total complexity value  (Cx)   are also  shown 
in  these tables. 

1.5 Computation of  Parametric Values For Moment Producer 
Comparative Rating 

The phase one moment producer data presented  in Sections  1.2 
through 1.4 provided  a means of  comparing  the relative performance of 
the  individual candidates.     During  the  second phase,   the finite  span 
effects were  included  in  the computation of aerodynamic candidate control 
power.     At  this  time,   the approach speed was projected  to be eighty knots 
rather   than the ninety knots originally projected.     Therefore,   the 
control  capability shown in  the  final  study phase reflects control power 
at  eighty knots. 

During this  final phase,   the costs of  the various  systems 
were computed.     The statistical cost procedures were based upon  the 
control system structural weight,  weight of  the pneumatic systems  for 
blown  surfaces,   and a  lump  sum estimation for actuation components. 
These  cost increments are shown  in Table XXXII.    The actuation costs 
assume  that: 

(1) The surfaces are controlled by mechanica]  displacements  represent- 
ing  the desired response. 

(2) Each spoiler panel uses an individual actuator and each aileron 
is controlled by a "dual"  actuator. 

These assumptions represent  the conventional means  of 
implementing surface actuation. 

The moment producer system comparisons,   tabulated herein, 
used  the airplane mass and geometric  properties of Tables III  and  IV, 
the lateral control axis constraint restricting the use of trailing 
edge control devices  (except where these were integrated with the flap 
function), an eighty knot speed,  and finite span effects to derive 
the basic moment producer parameter data.    All the comparative data, 
except control power,  were divided by  the control power derived  from 
the applicable moment producer candidate.    This provides a common basis 
for  the comparison of  these parameters   (e.g.,  pounds/rad.  sec   , 
cost/rad.   sec   ,  and complexity/rad.   sec^). 

The data in Tables XXXIII   through XXXVI   include the com- 
parative data  in the dimensional  form and  the unweighted "figure-of- 
merit"  values derived from  the dimensional data using equations 19 
and     20        The lateral control  elements and control  systems are  shown 
in Tables XXXIII  and XXXIV  respectively.    The lateral  elements  in Table 
XXXIII  have been separated  into   two categories for  evaluating   the 
specific figure of merits.     These were:   1)  control  elements compatible 
with high-lift  flaps and  2)   elements  installed outboard of  the high 
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Table XXX: Implementation Penalty Factors 

CANDIDATE 
MOMENT 
PRODUCER 

b,WBT 

(D 

* 
a 

(D 
f 

® 
A* Strut AWC«nt. AW/f 'c ••D F« c« 

f f 

AILERON 
12 TOITT 1.36 

30.0 
34.2 
26.0 

?i.ö_ DOUBLE HINGE 1.0 M 2.4 4J 
4J 17 .0176 0.00 

JL1.0 
02.1_ 1.1 0.0 2.4 

22 •I"! _ JOL 11.3_ _il.L_ 1.6 0.7 2.0 4.0 
BLOWN 
CONVENTIONAL 12 .0264 0.36 23.0 06.0 n.o U 1.0 4.3 0.1 

17 .0206 0.00 
11.04 
0.36 

23.0 40.2 1M 3J 1.0 4.3 0.1 
22 .0200 23.0 40.4 03.4 3.0 1.0 3.0 0.7 

CONVENTIONAL 12 .0110 23.0 20.1 51.1 1.6 0.0 U 41 
17 .0110 0.00 23.0 20.0 43.0 1.0 0.0 1.0 41 
22 .0111 

.0132 
Tl.04 23.0^ _   HI   , 

07.4 
_JO.0_ 1.6 0.7 ii 4.1 

BLOWN 12 jkm 230 00.4 11 1.0 4J 0.4 
DROOP 30» 17 .0132 0.00 23.0 60.4 _Z3-4_ Si 1.1 4J 1.3 

22 
12 

.0133 11.04 _23.t„ 41.3 _M.1_ 31 1.0 4.1 oi 
BLOWN .0114 0.36 23.0 07.4 -JJ-4_ U 1.0 4J 0.3 
DROOPSO" 17 .0114 0.00 23.0 H.« _ö.4_ U 1.0 4.6 ii 

22 .0116 11.04 23.0 41.3 LÖ-L U 1.0 4.1 0J 
UNBLOWN 12 .0004 0.36 23.0 2O.0 -K-L 1.6 to M 4i 
DROOP 30° 17 .0005 0.00 _23.r^ 

23.0 
21.7 44.7 1.6 0J 2.1 4J 

22 .0006 11.04 17.4 r«-!-. 1.6 0J ti i4 
FLAPERON 

TRIPLE SLOTTED 
00 

.0004 13.23 30.!__^ 10.0 Ji.6   i 1.7 1.4 4.1 71 

.0071 13.23 
13.23 

J0.|_ 22.7 JfL IT.7 1.4 4.1 11 
36 '.0041 J|.|__ 2|.L_ 

10.2 
_Jl.«_ 1.7 M 44 7.J 

DOUBLE SLOTTED OS ^.0074 13.23 
13.23 

31.0     i 61.1 1.7 1.3 3i M 
00 .0002 31.0 22.0 jjiJ 1.7 1.3 3J it 
36 .0036 .IML, 31.0 26.0 160.0 1.7 1.1 10 M 

«OILER            _. 
SLOT DEFLECTOR 06 .0376 6.20 13.1 16.4 -i0.1 1.0 ii U M 

06 .0370 10.60 13.7    J .   163 20J 1J_j 1.0 3.3 6J 
06 .0330 10.60 13.7 1S.4 JIL MJ   i 1.0 3.4 ~iJ~ 
46 .0266 10-60 13.7 16.6 2iJ 1.0 0J 3.3 6J 

VENTED 06 .0202 6.20 _J.l 14.0 23.6 1.0 1.0 2.7 6.3 
06 .0205 10.60 01 14.0 _S4_ 1.0 1.0 2.7 6.3 
06 .0266 10.50 Jt 14.0 234 1.0 0.0 2J 1.1 
46 •102 

•0100. 
•OIM _ 
.0162 

10.50 
6.20 

JO.« 
10.60 

Jl 
u 
0.0 

14.7 
1I.L 
13.0 

_23.l_ 
lOL 

rro 0J 2J 6i 
PANEL 06 1.0 1.0 2J 4J 

06 20.6 1.0 1.0 2.3 4.0 
06 0.0 13.0 20.6 1.0 0.0 2.4 4J 
46 .0114 10-60 U 1J.7 _10.l_ 1.0 0J 2.4 4.0 

0   ♦ 

•T 

® : 

SPAN FOR AERODYNAMIC UNITS OR 1,000 LB FOR THRUST UNITS 

AILERON SPAN (Xb/2) 

FLAPERONS AND SPOILERS ELEMENT TIP LOCATION (PERCENT h/2) 

IS PRIME CONTROL POWER PER FOOT OR PER 1,000 LO OF THRUST 

AW/f   - AW^ *   AWCDntf0) 

 f        -1  
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TABLE XXXII 

MOMENT PRODUCER COST INCREMENTS 

Control Surface 
CD 

^"struct.* ($///    ) pneu. 
Number of 
Actuators 

$/Actuator 

AILERONS: 

Double Hinge 40.00   4 1800 
Blown Undrooped Q 34.00 20.00 4 1500 
Single Hinge 
(Conventional) 

34.00   4 1500 

FLAPERON: 

Triple Slotted 45.00   4 2000 
Double Slotted 42.00   4 2000 

SPOILERS: 

Slot Deflector 67.00   16  0 
20  ® 

900 

Vented 58.00 ___ 16  ® 
20 Qy 

700 

Panel 39.00 ___ 16  ® 
20  (5) 

700 

RUDDER: 

Blown (D 43.00 20.00 3 1500 
Double Hinge 51.00   3 1500 
Single Hinge 
(Conventional) 

43.00   3 1500 

HORIZONTAL TAIL: (3) 

ELEVATORS 

Double Slotted 45.00 000 4 1500 
41.00 000 4 1500 

Blown  (2) 37.00 20.00 4 1500 
34.00 20.00 4 1500 

Double Hinge 44.00   4 1800 
40.00   4 1800 

Conventional 37.00   4 1500 
34.00 *.«._ 4 1500 

Slab Tail 41.00   4 2000 
37.00   4 2000 

Slab Plus 48.00   4 2500 
Geared Elevator 43.00   4 2500 

(^ The dollar per structural weight included ins itallation of control 
linkages and miscellaneous parts. 

(2) For APU blown surface systems the weight was adjusted for different 
duct routing and $112,000 was added for APU. 

Q)    Two entries are shown for the horizontal tai] .. The first entry applies 
to tee tall installations and the second to '. .ow tail insta llatlons. 

CO Partial span spoilers integrated with aileror 1 (8 panels pe r wing). 
(5)    Full span spoilers (10 panels per wing). 
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lift flaps.  Table XXXV records the comparative data for the directional 
system. Table XXXVI shows the comparative data for the longitudinal 
elements installed in tee or low horizontal tail configuration. 

1.6      Extension of Moment Producer Study to Other Than Baseline 
Airplanes 

The potential user of the moment producer trade study data 
may wish to consider the effect of changing airplane geometry. 

The relative performance data for the horizontal tail and 
vertical tail candidates are easily extrapolated to other airplanes with 
different geometric characteristics. The relative aerodynamic perform- 
ance, for each candidate using a fixed area vertical or horizontal tail 
surface with different geometric characteristics, will be the same as 
it was for the baseline airplane. The absolute values of control power 
must recognize the effects of geometric variations. 

The wing mounted lateral control elements are affected by 
other parameters that must be included in the evaluation of these systems. 
From the equation for the surface area influenced by the lateral control 
element developed in Appendix I, it is seen that the wing taper ratio, 
the element span length, and the location of the element along the wing 
span are very significant in the determination of the lateral control 
element control power.  The following equation indicates the method of 
converting the section lift characteristics, of Tables XXI through y^t 

to an incremental control coefficient. 

AC.  = K-CT      where K„ is shown on Figures 85 through 88.  (92) 

2D       max2D 

The coefficient method of expressing roll power permits easy 
inclusion of changes in wing area, inertial properties, and dynamic 
pressure. The value of K3 for this equation has been plotted on Figures 
85 through 88 for various element spans and for various wing taper 
ratios. The AC|9ndoes not include the three-dimensional aerodynamic 

flow characterisuics.  Therefore, Figure 4.1.3.2-41 of reference 16 
(DATCOM) must be used to compute the appropriate 3-D correction factor. 

Wings with taper ratios less than four-tenths have a reduced 
effectiveness for control elements mounted near the tip of the wing. 
(See Figures 85-88.) 

This method of extending the control data from this study to 
other airplanes is demonstrated in Figure 89 where lateral control power 
is computed for several Boeing airplanes using high lift flap systems. 
The ACo      , value was obtained using the Cr   data shown in Table 

"'computed max 
XXII through XXIV.  Vented spoiler lift characteristics were used to 
represent the panel spoiler characteristics when used with fowler flaps. 
The ACß test in this figure used data obtained from wind tunnel and 
early flight tests to represent the best estimate of actual capability 
of these airplanes.  In general, the control power indicated by this 
computation process is higher than the control power measured from wind 
tunnels and actual flight data. 
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A least squares fit of the computed versus actual data 
Indicates that the following equation best approximates the actual data, 

AC, = -.0012 + .96AC 
test computed 

(93) 

A significant discrepancy appeared in two data points. These 
points were for the 737 and the 747 spoilers with flaps extended. In 
Investigation of the flaps up versus flaps down AC£ characteristics of 
these airplanes has indicated a departure from the factor assumed for 
this study.  The ratios of the actual flaps down to the flaps up roll 
control power (points A and C) were plotted for these two airplanes in 
Figure 90 and is compared with the value used in this study (point B) . 
When the actual K factor (point A or C) is used in lieu of that indi- 
cated by point B, the new AC^    t- H in Fi8ure 89 are represented by 

points C and A for the 747 and 737 respectively.  These are seen 
to be an improved estimate of control power. 

Therefore, although this estimation technique proposed here- 
in gives a reasonable approximation of roll control power, confidence 
in the spoiler/flap factors used in the computation of the lateral 
control power must be established from wind tunnel testing. 
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Figure 85: Roll Control Factor K3 for 10% and 20% Element Semi-Span 
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Figure 86: Rolf Control Factor K3 for 30% Element Semi-Span 
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Figure 87: Roll Control Factor K3 for 40% Element Semi-Span 
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APPENDIX  II 

LINEAR EQUATIONS OF MOTION AND AERODYNAMIC DATA 

This appendix contains  the  equations  of motion used  In   the 
synthesis of  longitudinal and lateral/directional control systems.     The 
equations of motion are shown in matrix form with Figure 91    represent- 
ing  the  longitudinal equations and Figure  92    representing  the  lateral/ 
directional  equations. 

The aerodynamic data,  used  in  the  initial phase of   the 
control  system analysis,  is identified as  data  set #1 and was based 
upon early MST wind   tunnel studies.     Data  set #2,  used  in  the final 
control  low analysis phase.  Included wind   tunnel  data obtained during 
the STAI  study.     In addition to the  two landing approach data sets, 
data  are  shown  for  the high speed  and   transition  flight phases  of  the 
STAI  airplane. 
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APPENDIX III 

CONTROL MECHANIZATION BACKGROUND DATA 

111.1 Purpose 

This appendix contains the derived data used in the compar- 
ison of mechanized control systems.    Also included in  this appendix are 
additional details relative to specific parameter evaluations which 
provide further insight into the analytical process used in the study. 
Thus,  this appendix supplements the analytical technique portion of 
sub-section 3.3 by providing computation examples. 

111.2 Control System Performance Evaluation 

In the discussion of sub-section 3.3.2,   it was noted  that 
the piloted simulation data was used to derive an overall performance 
rating where: 

PR  =   •25PH.Q+-25PF+  •50PT «'A) 

It is seen that the final performance rating is dependent 
approximately 25% on the normal state handling quality data (P  ), 25% 
on the failure data state handling quality (Pp), and 50% on 

the IFR tracking performance data (PT) if these values (Pfl n. ^F and Pj) 
are approximately the same magnitude. Thus, the total performance rat- 
ing has roughly 50% of the value obtained from the subjective pilot 
evaluation (Cooper-Harper rating) and 50% from the evaluation of 
observed system performance (e.g.: rms pilot activity and path errors). 
This satisfied the objective of having the system performance balanced 
between the subjective Cooper-Harper pilot rating- and the quantitative 
data gathered during the pilot tracking task. 

The raw data plus the cumulative factors PJJ Q , Pp, P^, and 

PR are shown in Tables XXXIX »nd XL. The following discussion relates 
to the computation of these factors. 

The handling quality portion of this rating factor uses the 
average of the individual overall handling quality evaluations for that 
particular control system.  The best method of using pilot rating data 
is not obvious.  Each pilot has provided a rating based upon his simu- 
lator experience and handling qualities expectations.  This has resulted 
in a range of values for each mechanization model. Arguments can be 
made for using the extremes of the ratings, the median of the rating, 
or other methods of combining the ratings to best represent the com- 
posite pilot rating.  For this study, where a single numerical value 
was ..eeded to compare various control systems and where most control 
systems were only flown by two different pilots, it was decided that an 
average of these ratings best served this end. It is noted that the 
average is Intended to provide a measure of comparative performance and 
does not represent the best guess at a "system pilot rating". 
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For the longitudinal systems, the handling qualities were 
evaluated using four specific tasks:  (1) attitude control at constant 
speed, (2) flight path control while maintaining constant speed, 
(3) speed control while holding constant flight path, and (4) incremental 
changes In altitude while maintaining constant speed. Lateral/direc- 
tional handling qualities evaluated the pilot's ability to make precise 
large and small heading changes in level flight. Also, decrab and "S" 
turn maneuvers were performed during the landing approach. Both the 
decrab and "S" turns began as a perturbation to the IFR tracking task 
when the airplane broke out of clouds at an altitude less than 200 feet. 
The perturbation consisted of an Initial crosswind or a localizer off- 
set of 100 feet. 

The baseline pilot rating for failure states was accomplished 
by allowing the pilot to fly the IFR tracking task three times without 
failures.  The IFR tracking task was then repeated several times with a 
single failure introduced during each flight. After having flown the 
airplane without failures and the airplane with failures, the pilot was asked 
to comment on how he would rate the airplane in light of the failures 
that he had encountered.  The pilot was Informed ahead of time that a 
satisfactory termination of the failure event was to continue to a 
landing or to set up a "go-around" or "wave-off" pattern. 

All of the proposed mechanizations incorporate failure mon- 
itoring provisions for electrical element failure modes. This monitor- 
ing function was represented in the simulator by Incorporating pro- 
visions to remove the transient (hardover) aspect of the failure after 
a pre-set time interval.  The signal path gain was reduced simultaneously 
with the removal of the transient failure command. For electrical 
signal path failures a 2-second time Interval was used during the 
evaluation of the control failures. Initially the surface actuation 
hardover failure modes, that could be traced to mechanical element 
failures, were corrected after a 3-second time period that simulated 
pilot initiated deactivatlon of the surface actuator. During the final 
validation using the Ames Moving Base Simulator, "mechanical" hardover 
failures were left in for the remaining portion of the flight. Since 
all such failures resulted in a satisfactory landing, it is considered 
unnecessary to remove these failures. The most difficult piloting task 
encountered during the failure analysis was associated with engine-out 
failures, and for most systems these could be easily controlled. The 
control systems most difficult to handle during failure studies were 
those using simple SAS or mechanical only control paths. 

Time did not permit all systems to be tested for failure 
effects. Therefore, control systems that were characteristic of a 
specific mechanization technique were evaluated and the resultant pilot 
rating was Judged typical for all control systems in that category. 
Special notes in Tables XXXIX and XL identify where this was done. 

The IFR performance data consisted of pilot workload, pilot 
tracking error, and pilot touchdown performance data. To obtain a 
composite rating (P^) from this data, the following procedure was used: 
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(1) The glide slope or localizer tracking capability and  the touchdown 
dispersion data was  considered to be the most significant.    These 
were assigned a weighting factor of 2.0. 

(2) The pilot column and wheel activity were considered the most 
important pilot workload factors and were assigned a weighting 
factor of 1.0.    The thrust vector incremental changes and the 
rudder pedal changes were rated lower since these controllers were 
only intermittently used by the pilots.    A weighting factor of 
.15 was assigned to these variables. 

(3) The speed error for the longitudinal task was considered of a 
lower priority than the glide slope tracking task and was assigned 
a weighting factor of 0.5. 

To provide a common base for  this weighting process,  the 
figure-of-merit technique discussed in sub-section 3.1.2.5 was utilized 
to obtain a value of 1 to 10 for each parameter. 

The composite performance rating (Px) was obtained from the 
weighted figure-of-merit parameters using the following expressions 

Longitudinal Systems 

PT =  .18  [1.0  (6Col) + .15   (6ap)  + .5   (e^) + 2.0  (e^) + 2.0  (Asx) ]   (95) 

Lateral Systems 

PT =  .19   [1.0  (6W)  + .15   (6pED)   + 2.0   (e^) + 2.0  (A^) ] (96) 

where the values in parentheses indicate in the figure-of-merit values 
for the specific parameter. 

III. 3 Safety Analysis 

The safety analysis for the candidate control systems 
involved three major areas of concern. 

(1) The loss of control capability defined as the inability to 
accomplish a safe CTOL landing. 

(2) The probability of control system failures inducing aircraft 
structural damage. 

(3) The probability of encountering excessive pilot workload, con- 
sidered in this study to be Level 3, during the STOL landing 
approach. 
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Before the general failure modes can be Identified for loss 
of system control, structural damage, or excessive pilot workload, the 
underlying analysis assumptions must be identified. 

(1)  Loss of System Control 

(a) Three hydraulic systems are used throughout this analysis. 

(b) Four electrical power systems are used with FBW systems; 
three electrical systems were used with all other control 
mechanizations. 

(c) For those feel systems using two mechanical feel units 
(i.e., springs and cams only), dual feel system failures 
result in a jammed mechanical path. 

(2) 

(d) Loss of pitch control or loss of thrust control will result 
in the inability to control the airplane in the longitudinal 
degrees of freedom. The pitch control of the airplane 
would be inadequate for CTOL landing if three of the four 
elevator panels are inoperative. Likewise, the thrust 
control would be inadequate after the loss of thrust control 
for three engines. 

[Note: Failures of the engine and engine controller are 
not included in this study and are considered as part of 
the special failure category assigned to engine failures.] 

(e) Control of the thrust vector is not required for safe CTOL 
landing.  If a thrust vector becomes inoperative at other 
than the cruise angle, reduction of the thrust level of 
that engine will allow a safe CTOL landing. 

(f) Both the lateral and directional control paths must be 
maintained to assure adequate lateral/directional control. 

(g) The plane can be landed safely, CTOL, if either the normal 
rudder path or the rudder trim path is available. 

(h)  The lateral/directional control is adequate if one-third of 
the directional or roll control capability is maintained. 

STOL Level 3 Faiure Modes 

The determination of the failure modes that would result in 
Level 3 STOL operation were established by data obtained during 
the control law analysis and the fixed base piloted simulation. 

(a)  Longitudinal system response without feedback resulted in 
Level 3 operation due to the "aerodynamic/powered lift" 
coupled effects. 
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(b) Lateral/directional system operation without feedback 
resulted In Level 3 operation because of turn coordination 
and spiral divergence problems. 

(c) Failures in fly-by-wire  systems that reduce  the forward 
path gain by a half result in Level 3 operation. 

(d) Systems relying on mechanical feel units incorporating 
dynamic pressure compensation revert to Level 3 operation 
if the compensation portion of  the feel system falls. 

(e) Surface actuation failures causing Level 3 operation are: 

o      two of the four elevator surfaces are lost,  or 

o      two of the three rudder surfaces are lost, or 

o      two groups of  spoilers on one wing are  lost,  or one 
group of spoilers plus one aileron are lost. 

(3)       Probability of  Structural Damage 

(a) The actuators are sized  for torque saturation versus hinge 
moment variation with dynamic pressure such  that: 

o      The rudder can stand one hardover panel with full 
hydraulic pressure supplied to the actuator or three 
hardover panels with reduced hydraulic pressure 
supplied to all actuators. 

o      The horizontal tall can stand two elevator panels 
hardover with full hydraulic pressure supplied to the 
actuators. 

o      The lateral control can stand momentary full lateral 
demand at maximum speed without structural damage. 

(b) The limited average force voting characteristic of the  FBW 
actuators will limit the failed surface transient to 
approximately +5°. 

(c) The probability that  the pilot will exert excessive forces 
and override the safety features of feel computers could 
not be determined and are not Included in this study. 

(d) The active signal path failures are determined to be: 

o      Cable breakage causes a hardover command,  due to the 
cable preload,   for mechanical system with a single 
control cable. 
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o  The hardover failure mode probabilities of electrically 
computed signals and electro-hydraulic servo systems 
are a fixed percentage of the total probability of those 
elements. 

o Mechanical actuation systems had two hardover failure 
modes (i.e., loss of mechanical feedback or jamming of 
the actuator control valve). 

(e)  Failures of the thrust vectoring or thrust magnitude systems 
did not cause structural damage. 

The probability of component failures  were   obtained from 
studies for the SST redundant control system, the failure analysis of 
the 747 auto-land, and other reliability data gathered from Boeing com- 
mercial airplane experience.  This data is recorded in Tables XLI 
through XLII. 

C.3.1     Computation of the Probability of Loss of Control 

Based upon the assumptions detailed above and referring to 
Figure 5 7 for the relationship of the major control system elements, 
generalized failure modes can be Identified for each mechanization 
category. 

To simplify the computation of these failure probabilities 
for varying mechanizations, the common elements between the various 
mechanizations are identified. This technique is best shown by an 
example where the failure probabilities for longitudinal MCS, SAS, CAS, 
FBW, and FBW + Rev. systems are computed.  Therefore, the following sub- 
sections will define the general failure modes and will include specific 
descriptions of the applicable longitudinal failure modes. 

(1) (MCS) - Any failure that would disable the signal processing 
capability of block (M^) or any failure in block (SA) that would 
reduce the control authority below that defined in assumption 
Id above will cause system failure. 

(2) (SAS or CAS) - Since stability augmentation is not required for 
safe CTOL flight, the failure modes of these systems are the same 
as the mechanical system. 

(3) (FBW) - In this system it is assumed that only the feed forvard 
signals through the block (G2) and the computer block (C) are 
required to provide adequate CTOL operation. Therefore, those 
failures that would disable the (G2) or (C) blocks, or any fail- 
ures in the (SA) block that result in inadequate control power 
will cause system failure. 

(4) (FBW + Rev.) - In this system, two success paths are available for 
the signal commands. Either the normal path, (G2) and (C), or the 
reversion path, (M-^) including the reversion transfer element, will allow the 
proper signal transmission.  Therefore, loss of control would 
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TABLE XL1 

COMPONENT FAILURE PROBABILITY 

AND COMPONENT COMPLEXITY 

COMPONENT OR SUBSYSTEM 
FAILURE MODE SYMBOL 

FAILURE 
PROB. 

8 HR.   FLT. 
(X IQ-5) 

FAILURE 
PROB, 

SOURCE COMPLEXITY 
UNIT 
COST 

Actuator  Elements 
Juiaed Actuator 
Actuator Control Valve 
Excessive Leakage 
Loss Mechanical Peed 

Back 
Total Actuator Failure 
Dual Hyd.  Actuator 

Failure 
Electro-Hyd.   Servo 

Valve 
Servo Amplifier 
Actuator Jmm * 

Leakage 
Position Transducer -f 

Signal 
Path Electronics 
Electro-Hyd.  Actuator 

Failure 
Single Voted Actuator 
Dual Voted Actuator 
Integrated Actuator 

Package   (IAP) 
Mechanical Elenents 

Mechanical Detent 
Mechanical Coluan 
Quadrant 
Control Cable 
Control Pulley 
Mech.  Feel Unit 

Otaputed Feel Unit 

Trim Jack Screw 
Voting Link 
Mechanical Lock-Out 
Hydraulic  Source 
Pneuaatic  Sensor 
Pneumatic Regulator 

Stiff see Elements 
Single Hinged 
Doable Hinged 

Act. 
^C.V. 

Ttech f.b. 

£>CU 
T)PCU 

^ECS 

JVPCU 
TJVPCU 

„Detent 

Q
QCol 

Jcable 

c 
Feel 

VL" 0V.L. 

^Lock-Out 

.Sensor 
VReg. 

^Surf.   S.H. 
QSurf.   D.H. 

m    Reference   (22) 
Qy    Estimated - Insufficient failure 

to  compute 
(D     Boeing reliability group 

.57 
1.1 

15.0 
.8 

17.5 
1.7 

64.0 

34.0 
15.6 

7.0 
121.0 

880.0 

8.0 
.8 

8.2 
.24 
.10 

32.0 

320.0 

73.0 
9.0 

17.0 
670.0 
640.0 
240.0 

.57 
11.4 

® 

® 

1.0 
2.0 

1.2 

2.2 
4.4 

.05 

.30 

.10 

.05 

.05 

.10 

2.00 

.20 
1.0 
1.5 

0}     747 Auto-land study 
®     SST Data 

(6)     See Text  for detailed  failure mode 
equations. 
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TABLE XLII 

COMPONENT FAILURE PROBABILITY 

AND COMPONENT COMPLEXITY 

FAILURE 
PROB. FAILURE 

COMPONENT OR SUBSYSTEM 8 HR.   FLT. 
(X 10"b) 

PROB. UNIT 
FAILURE MODE SYMBOL SOURCE COMPLEXITY COST 

Electronic Elements 
J-Force 
gElec. 

Force Transducer* 40.0 CD .25 $  1,200 
Electronic Voter 30.0 vD .20 3,600 

(Quad.) Vote 
Comp. Flight Control 230.0 ® .50 6,000 

Computer 

WAlr 

Electronic Monitor 5.4 (2) .20   
Electrical Power 58.0 CD .80 _ _ _ 
Air Data Computer 2600.0 0 .70 12,000 

Data 
JfAttit. 
uns. 

2 Axis Attitude Gyro 1100.0 @ 2.00 3,990 
Inertial Navigation 1200.0 w 4.00 35,000 

Sys. 
Multiplier/Divider 

!:Accel. 
^Solenoid 

52.0 @ .05 _ — 
Rate Gyro 460.0 ?D .50 1,395 
Accelerometer 150.0 m .50 975 
Solenoid Value 10.0 © .05 _ — 
Trim Switch _ _ _ 16.0 © .05 _ _ _ 
Electric Trim Motor 

Plus Control Relay 16.0 © .20 

*      Includes  signal path elements 

@     747 auto-land study 

(2)    SST data 

(5)    Estimated 

0    Boeing reliability gi ■oup 

224 

. . .,..■..., .... .v .-...-^-^■^■■.■^^. .. I im^M——aMMMMi—yg l^^ul^mmmtllimtim^^ ■■MMIMH J 



require  the failure of both the normal path,   (G2)  or (C), and the 
reversion mechanical path,   (M^)  or the reversion transfer element. 
The surface actuation failure modes are  the same as existed in 
fly-by-wire system. 

For the longitudinal example,  the specific failure modes and 
the resulting failure mode equations are detailed below.    The definition 
of failure probability for each subscripted Q variable is shown in 
Tables XLI and XLII. 

(1)      MCS,  SAS,  or CAS - The following specific failure modes are 
identified for these systems: 

(a) Signal path failures - loss of dual mechanical pitch signal 
path or loss of three engine control paths.    These failures 
include column,  throttle lever, cable,  quadrant, cross-tie 
detent,   feel system,  and etc. 

(b) Actuation failures - loss of two single unit elevator 
actuators plus a dual elevator actuator,  or loss of two dual 
elevator actuators plus a single unit elevator actuator,  or 
loss of three of four elevator surfaces,  or loss of three 
hydraulic systems will reduce the actuation capability 
below an acceptable level. 

In the "Q" notation these are expressed as: 

LC    ^signal path elevator..       ^signal path throttle.. 

"act.  elevator^ 
where subscript LC stands for loss of control 

(98) 

0 =  CO )    + 20     (0 ) + 0 (99) 
^signal path elevator      vv3 x3     Metent        xfeel pitch 

Q    =   (Q     ,     + 2Q       ,    + Q    u1    + 8Q     ^     ) ^3 xol. xquad.       xable        ^pulley (100) 

feel pitch       ' comp. feel + V.)<:Q' Mech .   feeP   ]     (101) 

Qsignal path throttle^ 3  [Qcolumn+ 2Qquad.+ Qcable+6Qpulley1     (102) 

2 2 
Qact.   elevator^ 2(QPCU)     ^DPClP + 2(QDPCU)     ^PCU) 

+ 4 «surf. D.H.)3 
(104) 

(2)  FBW + Rev. - The following specific failure modes are identified 
for this system. 

(a)  Signal path failures - loss of both electrical and mechan- 
ical signal paths. The electrical signal path is lost when 
the force sensors or the computer paths are lost. The 
mechanical path is lost when the mechanical elements or 
reversion clutch are disabled, 
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(b)  Actuation failures - all of the general actuation failure 
modes for the mechanical system apply to fly-by-wlre voting 
actuators. In the computation of the actuator failure 
probabilities, the unique characteristics of the voting 
actuators must be considered. The voting links Introduce 
an additional failure mode where the jamming of both 
elevator voting links disables complete elevator control. 

In the "Q" notation, these are expressed as: 

\c "  ^signal path elevator  ^signal path throttle      (104) 
+ Qact. elevator2 
where: 

signal path elevator.  ^elev. elec.   elev. mech.     *•  ' 

Q ,    ,   = 2 (Q.   )2 + 3 [ 2(Q ,     , ) + Q    ]2 (106) elev. elec.     ^force elec. vote    comp. 

Q i      u = (Q i )2 + 2Q  J + Q ui + 8Q ii      (107) elev. mech.    col.     quad.   cable    pulley 
+ ^lock-out 

Q   ,       , ,     , ,      =  (same as mechanical system) (108) 
signal path throttle. ] v      ' 

Vt.   elevator2 = 2(QvPCU)2   ^DVPCl^  + 2
<VPCU

)2
  ^VPC^    (109) 

+ (Qv.L. + Qdetent)2 + 4  (Q
Surf.  D.H.)3 

VCU = Qelec.  vote + QC.V.  + Qact.  +  (QECS)   ^ECS + VlJdlO) 
+ 0hyd. 

QDVPCU =  Qelec.  vote + 2(Qc.V.+ Qact.i  +  (QECS)   (QECS + ^.L.5      (HI) 
+ (Qhyd.>2 

(3)  FBW - The following specific failure modes are identified for the 
fly-by-wlre mechanization. 

(a) Signal path failures - loss of capability through the 
redundant voted longitudinal path or loss of three single 
thread throttle paths constitute a catastrophic signal 
path failure. 

(b) Actuation failures - the actuation failure modes are 
Identical with the FBW + Rev. actuation system. 

The new equations for the signal path failures are: 

signal path elevator.    command r  compute 
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"co^and * 2«detent' «col.) + 2 «f„rce)2 «col.' + «force'4 

+ ^f (113, 

Q   4
=^[Qi    ..+Q   ä+Q   ]3       (114) compute      elec. vote   compute   pwr. V-LJ--»/ 

The computed values for the control system failure probabil- 
ities are shown in Tables XLIII through XLV. 

C.3.2     Computation of the Probability of Excessive Pilot Workload 

The probability of excessive pilot workload is equivalent to 
Level 3 operation for STOL flight tasks. The following general failure 
modes are identified for each control mechanization category. 

(1) (MCS) - This system cannot provide better than Level 3 operation 
since stability augmenting feedbacks are not available. 

(2) (SAS or CAS) - The Level 3 failure modes in these systems are 
loss of two of the three feedback paths incorporated in block (G^) . 
In addition, those failures, in the computation block (C) and the 
actuation block (SA) that preclude the transmittance of feedback 
signals or result in inadequate control power, will result in 
Level 3 operation. 

(3) (FBW and FBW + Rev.) - The failure modes for the mechanization 
categories are the same as for SAS and CAS except different 
redundancy levels are used and the impact of the electronic voters 
must be evaluated. 

The specific failure modes are shown below for the longitud- 
inal example. For this discussion, the longitudinal systems are based 
upon a common control law. These systems are CP21, SP02R, and SP02A. 

(1) MCS - It is mentioned above that the probability of Level 3 
operation (Qgy = 1). 

(2) SAS or CAS - The failure modes are related to loss of feedback, 
loss of computed electrical signals, including the electric 
command servos (ECS) conversion to mechanical signals, and loss 
of surface actuation. 

(a) Feel system failure - loss of both feel computers is assumed 
to result in Level 3. 

(b) Feedback path failures - since the feedback paths are 
electrically voted, loss of two paths are required to cause 
loss of the feedback function. 

(c) Electrical signal failures - three independent signal paths 
are available where two must be lost to cause Level 3 
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Table XLIII: Longitudinal Control Mechanization Data 
|                             onmoi 

COST 
El 

WICHT 
US. 

COWLEI- 
ITt 

DESICH 
EISE 

VULMIE- 
AitLin 

t                                   «««",                                              1 
1    Control 

AxU MOM 
STSTIM 
DUMM SUIPACI TYPE 

1       PAIUffiE PIOIAIILITT UTIEC 
WEIGHTED 

»E       j 
OLC 

<«o-10) 
In V5 

(110 ') 'u '" 
rw 

UMltWlul NMHUI »02 Thruat 

Voctor 

Stabillut 

Eotlna 
Thruat 

Eztarnal 
Daflactor 

TVTE 

niM 

Throttla 

«0 

> 
10 

31tl 

22S 

120 

43.25 

(.2 

7.5« 

- 

2.1 

.« 
1.2 

Sub- A 75 
TotelW 

353« 39.41 4.1 

BI«v«tor Doubl* 
Hlnta 

Total 

100 

17S 

1134 

4«70 

24.«5 

«4.06 

.1 

4.9 I.M 1.02 

1.0 
lUo' I.M 1.0 Uio' ia9 

SAS sro3 Sub-/^ 
Totalvi l" 3S«7 «4.«« 4.1 

Elnator Double 
Hinse 

177 113« 25.«5 .1 

EUc- 
roolca 

M.t 10« «.IS 

Total ni.4 4011 97.3« 4.9 4.1« 29 7.7 4;«« 3.5! 7.70 4.«2 

CAS e»2i sub- A 
TotelW, 1» 35«7 «4.«« 4.1 

Elavator Double 
Ringt 

177 UM 25.15 .1 

Elac- 
tronlca 

74.5 US 7.23 

Totel 326. S 4(23 97.74 4.9 (.«6 1.02 5.53 I.M x.m 5.53 5.3« 

TVt + 
Rev. 

sro». Sub- J 
Totel^i l'

5 35«7 60.66 4.1 

SrOAR, Elavator Double 
Hln(e 

202 1U3S 21.» .1 

SPOit Elac- 
troolca 

74.5 118 7.23 0 

Total 351.5 4720 93.15 4.9 4.«« 29 7.7 4.16 3.53 7.70 4.62 

DPO», 
TotalVi I" 3S«7 «4.«« 4.1 

oron Elavator 

Elac- 
tronlra 

Double 
Hln(e 

202 

155.2 

1035 

310 

21.5« 

«.32 

.1 

0 

Totel 432.2 4912 92.94 4.9 4.1« 29 7.2 4.H 3.55 7.20 4.57        j 

nu SP02A, 
Total^ 1" 35«7 64.6« 4.1 

SPO«, Elavator Double 
Hint« 

1S3 955 11.75 .« 

SPOS Elac- 
tronlca 

1M.3 1«2 11.57 0 

Totel 393.3 4«(4 94.91 4.9 «.47 29 7.«l «.47 3.5! 7.«3 S.42 

DP05, Sub-fJ 
TotelW 1" 35«7 «4.«« 4.1 

DP07 Elavator 

Ilac- 
eronlca 

Double 
Hinge 

113 

21« 

955 

3S4 

11.75 

12.«« 

1 

0 

Total 474 417« M.07 •10 4.« «.47 29 7.11 «.41 3.5! 7.3 5.37       ; 

E)   iubtot«! laclu^M thrwt vactoc, stablll»« trla, ud m$iit» tbrottl«. 

m   Lialtad to 10.0 
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operation.    Since ECS units are Involved, the loss of two 
hydraulic sources will result In loss of this  function. 

(d)      Actuation failures - the loss of any two surfaces will 
result In Level 3 operation. 

The failure mode equations are therefore: 

QEW = ^3 + Qelec.  path + ^3 + (Qcomp.   feel + Vd/     C115) 

where: 

Qfb3 = 3 [ Qalr data + ^attlt. + ^rate + Vr.1' C116) 

Qelec. path = 2 ((Wce)2 + 3 [ H%lec.  vote
) + ^compj2 + 2(QECS)2 ^7) 

Qact, = %c/ +  (QDPCU)2 + 2 (QPCU) (QDPCU) + (Qhyd.)2  C118) 

(3)  FBW + Rev. - The failure modes are similar to the CAS mechaniza- 
tion since similar redundancies are employed. 

(a) Feedback path failures - Identical to CAS system. 

(b) Electrical signal failures - similar to CAS except ECS 
function Is Inherent In fly-by-wlre actuators and Is not 
part of the electrical signal path. 

(c) Actuation failure - the loss of any two surface controls 
will result In Level 3 operation. In addition, the jamming 
of either servo voting link will result in Level 3 operation. 

The Level 3 ffJlure mode equations are: 

QEW = ^3 + Qelec.3 + Qact. vote3 (119) 

where: Q..  is same as CAS. fb3 

Qelec..3 = 
2((Wce)2 + 3 [ 2((W. vote) + W^      (12(» 

Qact. vote3 = (QVPCU)2 + (QDVPCU)2 + 2(<W (%VPCU)    C121) 

+ 2(Vd.)2 + 2(VL. ^^deten^ 
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(4)  FBW - The feedback and actuation failure modes are Identical 
to FBW + Rev. The Increase In computation redundancy changes the 
signal path probability. 

Electrical signal failures - the four channels of electronics 
will transmit a satisfactory signal until three channels are lost. 
Loss of three signal paths results In loss of control. Therefore 
there Is no unique signal path failure causing Level 3 operation. 

The Level 3 failure probability is then: 

QEW = Qfb. + Q act. vote. (122) 

where Qfbo and Qact. votei are defined above. 

111,3.3   Computation of Probability of Structural Damage 

The proposed configurations have been designed considering 
projected failures and failure effects. Therefore, the failures that 
can cause structural damage are minimized. The general failure modes 
for each mechanization category are listed below followed by the equa- 
tions for specific examples in each mechanization category. 

(1) (MCS) - Loss of the pitch feel system, part of block (M-^), or 
failures to the surface actuation, block (SA), causing three con- 
current elevator surface hardovers will result in structural 
damage.  Three concurrent rudder hardovers plus the failure of a 
pressure regulation device on any rudder will result in structural 
damage. 

(2) (SAC or CAS) - The same mechanical failures noted for the (MCS) 
me.h nization apply to these systems. When a rudder pressure 
regulator falls concurrent with the failure of two electric 
rudder command signals or two electro-hydraulic servos plus their 
fallurfj monitoring system, structural damage will result. 

(3) (FBW or FBW + Rev.) - The actuation voting characteristics of 
these systems alter the failure modes. The following rudder 
failure modes, occurring together with the failure of a pressure 
regulating device on any rudder, will exceed structural limits. 

(a) Hardover failure of three rudder servos, or 

(b) Hardover failure of three voted commands, or 

(c) Hardover failure of two voters plus a failure of their 
monitor system. 

The elevator failure modes are the same as the rudder except that 
the simultaneous pressure regulator failure is not applicable. 
The "feel" is Inherent in the command/response characteristic of 
these systems so loss (i.e., jamming) of the feel system will not 
cause structural problems. 
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Due to the limited number of failure modes causing structural 
damage,  the following examples are not limited to the longitudinal axis 
but  include all failure conditions. 

The probability of "active" or "hardover"  failures of elec- 
trical components is assumed to be nine-tenths the total  failure proba- 
bility of that component.     The exception to this rule is  for electronic 
voters where special design effort reduces this factor to five-tenths. 

(1)       MCS - Actuator hardovers are caused by mechanical element  failures 
only. 

^SD        pitch feel      ^act.   rudder     ^act elevator (123) 

where 

Qpitch feel = 2   [   (Qcomp.   feel + %yd/   (Qmech.   feel)   ^ (124) 

Qact. rudder = 3 ^ (Qmech. f .b. + ^.V.^ ]  [ Qreg. + Qsolenoid 

+ Q      i sensor ] 

Qact. elev. !:s 4 f ( Qmech. f.b. + ^.V.^ ] 

(125) 

(126) 

(2)  SAS or CAS - The actuator failures for the rudder can be caused 
by mechanical failures on two simultaneous electrical command 
failures because of the authority of the rudder series servos. 

SD   pitch feel   act. elevator  ^act. rudder + elec. 

the first two terms are same as for the MCS system above. 

Q ,   JA      j.    -, = .9 (3) (Q    )2 (Q  ) + 3 [ .9   (128) act. rudder + elec. comp    Tnon 

^ECS mech. f.b. ^C.V. 

[ Q   + Q i  ^ + Q      1 reg   solenoid  ^sensor 

(3)  FBW + Rev. - Because the fly-by-wire actuators incorporate a 
voting function, a majority of the commands must fail plus addi- 
tional safety features such as the voter monitors or the rudder 
hydraulic pressure reducers before structural damage will result. 
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^SD = QS.D. elec.  Q act. vote elev. + ^act. vote rudder ^129^ 

QS.D. elec=  [}(3) (Qcomp.>
2 \on.)] ("0) 

Qact. vote elev. =4 [-9 QECS]
3 [Q mon.] (131) 

Q act. vote rudder = 9 [-9 QECS]2 ^ ^][Qreg. + Q solenoid + 

3 r (132) Q sensor] + [.9 QECS]  [Q mon.] 

(4)  FBW - This system is the same as the FBW + Rev except for the 
additional redundancy in the electrical path. 

Q=Q^T.1     +Q ,+Q 33        (133) SD   S.D. elec,    act. vote elev.   act vote rudder 

where Q        ..   and Q ,  ,    ,,  are defined above, act vote elev.     act vote rudder 

VD. elec,  = 4 C-9 (Qcomp)3 ((W » +  ^9   ^aora/   ((W)] ^ 
4 

III.3.4 Tabulation of  Safety Analysis Data 

The individual failure probabilities plus the ranked and 
weighted safety data is  recorded  in Tables C-V through C-VII.     Sub- 
section 3.3.1 defines the ranking and weighting procedure used to 
compute the safety rating; 

SR =  .5  (PLC) + .4   (PSD)  +.1  (PEW) (135) 

The weighting factors were established as an indication of the severity 
of the safety parameter. 

The individual failure probabilities QT _ (}__, and Q_t1 are 

converted to a figure-of-merit value between 1 and 10 which are 
identified as PT „ Pcri and P,,,, respectively. 

III.4     Computation of Control System Complexity 

The system complexity had to consider both mechanical and 
electrical elements in an unbiased manner. This was accomplished by 
comparing the complexity of the system components to a fixed reference 
(i.e., a single hydraulic surface actuator with mechanical control). 
The relative complexity of the components are recorded with the failure 
probability data in Tables XLI and XLII. 

The system complexity is determined by taking the summation 
of the complexity of individual system components. These complexity 
summations are included as a part of the general mechanization data in 
Tables XLIII through XLV. 
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III. 5 Weight and Cost Data 

Both the weight and cost data rely upon statistical data 
obtained from previous aircraft programs.    This is especially true of 
that data reflecting the mechanical elements (e.g.,  controllers,  cables, 
quadrants,  hydraulic installations, surface actuations,  and surface 
attachments).    The electronic systems were not always representative 
of systems that have been employed on existing aircraft,   therefore the 
cost and weight of these systems were computed independently.    The 
component  costs for the major electrical system components are shown in 
Table XLII.     The installed cost was computed as follows: 

n 
Costinstalled = 1*35 2 component cost (136) 

where the 35% factor represents  installation costs. 

The cost and weight of the "mechanical" and "electrical" 
sub-systems are shown along with total system cost and weight  in Tables 
XLIII through XLV. 

III.6 Design Risk 

Sub-section 3.3.5 defined the separation of design risk 
evaluation into discrete values of zero to five. In this study the 
factors that had a non-zero design risk are shown in the following 
table. 

TABLE XLVI 

ELEMENT DESIGN RISK 

Control System Element Design Risk   j 

1     Triple Channel Voted Electronics 

Mechanical Reversion Lock-Out 

Quad. Channel Voted Electronics 

Blown Aerodynamic Control Surface 

"Strap-Down" INS Plus Triple Electronics 

"Strap-Down" INS Plus Quad.  Electronics 

Thrust Vector Control Combined with 
Integrated Thrust Reverser 

1              j 

1 

2 

3 

3 

A 

5 
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The individual design risk assignments, as they apply to the 

candidate mechanizations, are shown for the "mechanical" and "electrical" 
sub-systems in Tables XLIII through XLV. 

III. 7 Vulnerability Assessment 

The vulnerability assessment considered the number of points 
in the control system where a single 9 mm armor piercing round could 
cause loss of control, Level 3 performance, or Level 2 performance.    As 
defined  in sub-section 3.3.6,   the vulnerability rating was  computed 
using  the following equation: 

1^ = 1.0 N      + .4 N      + N      where  the subscripted factors  are for    (137) 

loss  of  control  (LC),  Level  3   (L-) ,  and  Level 2  (L2)   respectively.     The 
weighting  factor  indicates a  level of  severity.    A single round did not 
result  in loss of control for the mechanizations  that were considered. 
Therefore  the rating became. 

^ =  .4 N,     +  .1 N, (138) 

The projected number of bellcranks,  pulleys,  cables,  and 
quadrants for each system are defined in Table C-IX.    From these factors, 
recognizing the hydraulic and component redundancy,  the number of points 
resulting  in Level 2 and Level  3 performance were Identified,  weighted, 
and recorded in Tables XLIII  through XLV.     Each hydraulic distribution 
system was considered as a single failure point in this evaluation. 
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TABLE     XLVII 

QUANTITY OF MECHANICAL CONTROL ELEMENTS 

Paired 
Mech. Pulleys Bell Cranks 

Sub-System Type Quadrants & Idlers & Push Rods 

Elevator MGS, SAS, CAS 4 14 13 

FBW + Rev. 2 7 10 

Rudder MCS, SAS, CAS 4 14 18 

FBW + Rev. 2 7 11 

Lateral MCS, SAS, CAS 8 14 20 

FBW + Rev. 6 10 26 

Thrust Vector MCS, SAS, CAS, 
FBW + Rev. 

4 14 38 

Throttle MCS, SAS, CAS, 
FBW + Rev. 

8 10 36 
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