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This report was prepared for the Prototype Division of the Air. Force
Flight Dynamics Laboratory by the Los Angeles Aircraft Division, Rockwell
International. The work was performed as part of the STOL tactical aircraft
investigation program under USAF contract F33615-71-C-1760, project 643A0020.
Daniel E, Fraga, AFFDL/PTA, was the Air Force program manager, and Sarland S,
Oates, Jr., AFFDL/PTA, was the Air Force technical manager. Marshall H. Roe
was the program manager for Rockwell,

This investigation was conducted during the period from 10 .June 1971
through 9 December 1972. This final report is published in six volumes
and was originally published as Rockwell report NA-72-868, This report
was submitted for approval on 9 December 1972, '

This technical report has been reviewed and is approved.

Efrfzigig::hru>ﬂnr§§l
E. J. Cross, Jr.

Lt Col, USAR
Chief, Prototype Division
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Toog
- meet MST requirements, trade data on perfomance and canfiguration pequirement

The basic objective of the work reported hercin was to provide a broader )
technology base to support the development of a medium STOL Transport (MST) airplane,

This work was limited to the application of the extemally blown flap (EBF) pownred
1lif* concept. . : :

The technology of ERF STOL aircraft ' as been investigated through analytical
studies, wind tunnel testing, flight simu, ator testing, and design trade studies.
The results obtained include devolopment of methods, for the estimation of the
“aerodynamic charactoristics of an EBF configuration, STOL performance estimation .
mothods, safety margins for takeoff and landing, wind tunnel investigation of tha
effects of varying URF system geometyy parmmoters, woenfiguration definition to

variations, flight control syatem mechanization trade data, handling qulities char- |
acteristics; piloting procedures, and effocts of applying an air cushion landing
system to the MST,

From an overall assessmont of study r;ce.zults, It is cancluded that the EBF con-

cept prevides a practical means of obtaining STOL performuce for an MST with rela-
tively lew risk, ‘ '
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The basic objective of the iork reported herein was to provide a broader
technology base to support the development of u medium Si0l Yransport MS1)
airplane. This work was limited to the application of the erternally hicwn
{lap (EBF) powered 1lift concept. ‘

The technology of EBF ‘STOL aircraft has b sen dnventio aatal rhreugh
analytival studies, wind tunnel testing, flight etmniu+nr testing, and design
rrﬂde scudies, The results obtained include development of metlo.ds for the

Lmation of the aerodynamic characteristics of an EBF foufxguA tvon STOL

~fcrmance estimation methods, safety margins for takeoff and jax'ing, wind
:nnnel investigation of the effects of varying EBF system geomeﬂa; Jaraneters,
conl'iguration definition to meet MST requirements, trade data on pesfomance
ant configuration requirement variations, flight control system mechanization
trade wata, bandling qualities characteristics, piloting procedures, and
effcies of applying an air cushion landing system to the MST.

Irom an overall.assessment of study results, it is concluded that the
ERF concept provides a practical means of obtaining SIOL performance for an
MST w.th relatively low risk. Some improvement in EBF performance couid be
achiered with further development - primarily wind tunne! testing., Further
work should be done on optimization of flight contrels, definition of {lying
qualities requxrementu, and development of piloting procedures. Considerable
work must be done in the area of structural design criteria velative to the
effects of engine exhaunt impingement on. the wing and flap structure.

This report is arranged in gix volumes:

Volume 1 = Configuration Definition

Volume I1 Design Compendium

Volume 111

Porformance Mothods and Takeof ! and landing Bules

-

Volume 1V Anglysis of Wind Tunnel Daty

Valume V Flight Contrel‘?é@hnnlagy

CPart 0 Lnutrel System Mochanization Trade Studies
S Pary 11~ Simulation: Studies/Flight Contral Syster Uit

Pnrf IIY - Stability and Control Deriarive Agourany
= Requiremonts and Effects af - gnnntatign Systet % L
Vol V1 ~« Air Cushion Land;ng System Trade Study

v




This document, volume V-III, reports, analyzes, and summarizes the
results of an aerodynamic coefficient variation study in terms of coefficient
variation effects on aircraft handling qualities. The study defines the
flight control systems requirements, identifies those coefficients to which
the flight control systems are sensitive, the coefficient ranges, and provides
a basis for determining coefficient accuracy prediction requirements in
terms of conventional handling qualities requirements.

iv




TAHLE OF -CONTENTS ©

Section

I INTRODUCT IO

11 DISCUSSION

Flying Glalities Requirements

Selection of Baseline Flight Condition
Selection of Coefficient Variation Ranges .
'iechmcal Approach

(73 P4 RV SR

Six-Degree of-Freedom Digital Simulation

Program . 5
Three-Degree-of-Freedom Linear Matrices 9
Analytical Approaches for Definition of '

Augmentation Systems _ 9

Root Locus Method _ ' 9
Method of Stabilizing Spiral Mode
Time Constant : 9

termination of Augmentation Through
Simultaneous Solution of Aerodynamic
Coefficients - 13

Definition of Terms Applicable to Coefficient
- Prediction Accuracy Requirements and F light
Control System Sensitivity v 13

Flying Qualities Parameter (P) S 13
Minimmn Ylying, Gualities Performance '
Level P g\ : .13
Baseline Valud (8L} : 15
Tlying Qualities Design Mar gin fAP) 15
General Aerodynamic Coefficient. ) 5
Aerodynamic Coof{icient Desiyn ‘,‘ug,;r ur
Gain Margin (). o B
- Sensitivity (BENS) i : 1
© Predictien Accuracy (PA). A e

s Fequirw Prﬁdiction Aceuracy (RPA)

- Cpeificient l’x‘eémnor -:,&i:c:umc} sequi ranments R

Required Prediction At:wrsc:y Congee i
Dasign Margin Concept 17




&
e
&
&,
e
s

H
23
fe
2
19
i€
3
13
H
i
5

Section:

mre

SIUDY RESULTS

it Lateral-Directional -Pérameter‘,;,;\fariation_,-nata .
= (Unaugmented and Augmented) '

Rolling Moment Coefficients
Yawing Moment Coefficients
Side Force Coefficients
Time History Data

Longitudinal Parameter Variation Data
(Unaugmented and Augmented) e

Axial Force Coefficients
Normal Porce Coefficients.
Pitching Moment Coefficients

Analysis of Aircraft Capability to Aduave
- Stall Angle of Attack fram Trim

Coefficient Accuracy Requirements - Unaugmented
Adrcraft -

Lateral-Directional Ax1s
Longitudinal Axis

- Coefficient Accuracy Requirements - Baseline
Augmented Aircraft .

Lateral -Directional
Longitudinal

SIMMARY AND RECOMMENDATIONS

APPENDIX T - NMERICAL EXAMPLE FOR STABILIZING SPIRAL
MODE TIME ¢ ONSTANT

APPENDIX 11 - EXAMPLE OF SIMULTANEQUS SOLUTTION OF
AERGDYNAMIC COEFFICIENT METHOD

WEM)IX 111 - TRANSFER FUNCTIONS FOR PARAMETER VARIATION
ANALYSIS

AFPENDIX IV « ANALYSIS PIR I' REASING YAW AND ROLL OONTROL
EFFECT IVENESS WITH CONTROL BLENDING TEOHNIQUES

APPENDIX V - ANALYSIS OF ATRCRAFT CAPABILITY 10 TRIM

Page

19 -

19
20
36
49
60
61
65
73
84

101

103
103
108
113

113
123

131

136

137

139

164
176

183




TP
R

Figure

C IO U &N =

e - o — — [ — | g
~ (43 [Z2] - (70 ~o — o

18

“LIST OF ILLUSTRATIONS

Baseline Roll Augmentatmn System

Baseline Yaw Augmentation System
Basgline Longitudinal Axis Control and Augmentation System

'Six DOF Digital Simulation Program Flow Diagram

Three DOF Lateral-Directional Matrix -
Three DOF Longitudinal Matrix

- Three DOF Body Axis Lateral-Directionsl }:qudnons

Three DOF Body Axis Longitudinal Equations

Definition of Prediction Accuracy and FCS Sensitivity
Terms

Effect of Rolling Moment Coefficient Variation on ;.al
Mode Time Constant } : :

Effect of Rolling Moment Coefficient Variatior - I{all
Time Constant o

‘Effect of Rolling Moment Coefficient Variatim-on Dutch

Roll Natural Frequency A
Effect of Rolling Moment Coefficient Variatior on
Dutch Roll Lamping : ’
Lffe§t of Rolling Moment Coefficient Variation on
ang -
Lffgr.t of Rollmg Moment Coefficient Variation on
LR '

' Lffe\.t of Rollmg Moment Coefficient Variation on

30 :
Effect of Rolling Moment Coefficient Variation on
fAs/fl x t8/81g
Effect of Ro‘lmg ‘icxment Coefnuent Variation on

1S pax/dy!
Effect of Rollm,g Moment Coeffu.xem Variatmn on

Poge/Bav

' Rell and Yaw Control Syatems with Wheel Coupling into

Yauw
Roll Control and Augwntats@n System for L. Variation
Yaw Control and Augmentation System for 1 s Variation
Roll Control mnd Augmentation System for L, Variation
Effect of Yawing Mament Coefficient Variation on Spiral
Miade Time Constant
Effect of Yawing Moment Coefficient lariatmn on wwoll
Time lonstant :

Effect of Yawing Momeat Ucefficient Variation on Dutch . -

ftoll Natural Frequency ‘

Effect of Yawing Mopent Cosfficient Varistion on Dutch
Roll Dasping

Effect of Yawing Moment Coefficient Variation on .

W PAdy »

Effect of Yawifig Moment Coefficient Variation on Pi

Vil

St
Lol

.l

LI

Pl
£

(3

e g3

E7)
]

L7
o

o

3
B
.
%
B
B
I
%
=

i

T Nt PR
Lot el e 0

rra i, Y

I
i
-3

2
iz
%
=
#
3
2
&
2]
Ex)




30
31

32
33

35

37
- 38

- 39

43
44
45
46

47
48
49
50
51
52
53

- 34

36 -

40
4

42

54 .

- LIST OF ILLUSTRATIONS. --Cont.

Effect of Yawing Moment Coefficient Variation on t3g .

'gEffect of Yawing Moment Coefficient Variation on

lag/el x |8/8 1g
Effect of Yaw1ng Moment Coefficient Variation on

/91

hffect a¥ Yawing Moment Coefficient Variation on
Posc/Pay .

Effect of Side Force Coefficient Variation on Spiral
Mode Time .Constant

Effect of Side Force Coefficient Variation on Roll
Time Constant

Effect of Side Force Coefficient Variation on Dutch

~ Roll Natural Frequency

Effect of Side Force Coefficient Variation on Dutch
Roll Damping ,

Effect of Side Force Coefficient Variation on

w g/g) nd ’

Effect of Side Force Coefficient Variation on ¢+

Effect of Side Force Coefficient Variation on t3Q

- Effect of Side Force Coerficient Variation on

| A8/81 | x |8/314
Effect of Side Force Coefficient Variation on

Lffe % of Slde Force Coefficient Variation on
fosc/Bay

Short Period Dynamics for Axial Force Coefficient
Variations

Effect of Axial Force Coefficient Variation on Short

- Period Natural ¥requency

Effect of Axial ¢orce Coefficient Variation on Short
Period Damping
:ffect of Axial Force Coefficient Variation on Phugoid
Natural rrequency

Efizct of Axial Force Ccefficient Variation on Phugoid

Danping
Effect of Xy Variation on Longitudinal Roots in the
S-Plane for the Unaugmented Aircraft

Longitudinal Axis Control and Augmentation &ystem for

-5 Xy Case
Pffect of Xec Variation on The Longitudinal Roots in
the S-Plane for the Unaugmented Aircraft

 Longitudinal Axis Control ana Augmentation System for

-5 X Case

Short Perlod Dynamics for Normal Force Coefficient
Variations

Effect of Normal Force Coefficient Variation on Short
Period Natural Frequency

viii

44

45
46
47
56
51
52
53

54
55
56

57
58
59
66
67
68

70

- P e o A8 R R L
- . o - it s S S SRR
e i AT ot e A T s T e ey e SRR SRR Z

s s e




Figure
55
56
57
58
59
60
61
62
63
64
65
66

68
69
70
71 |
72
73
74
75

76

LIST OF ILLUSTRATIONS - ‘Cont.

Effect of Normal Force Coefficient Variation on Short
Period Damping

Effect of Normal Force Coefficient Varlatlon on Phugoid
Natural Frequency

Effect of Normal Ferce Coe:flc,lent Variation on Phugoid
Damping

Effect of Zy Variation on the Longitudinal Roots in the
S-Plane for the Unaugmented Aircraft

"Effect of Zg Variation on the Longitudinal Roots in the

S-Plane for the Unaugmented Aircraft

Short Period Dynamics of Pitching Moment Coefficient
Variations

Effect of Pitching Moment Coefficient Variation on Short
Period Natural Frequency

Effect of Pitching Moment Coefficient Variation on
Short Period Damping

Effect of Pitching Moment Coefficient Variation on
Phugoid Natural Frequency

Effect of Pitching Moment Coefficient Variation cn
Phygcid Damping

Effect of M, Variation on the Longitudinal Rocts in the
S-Plane For the Unaugmented Aircraft

Longitudinal Axis Control and Augmentation System for
-10 My and -10 Mg Cases

Effect of Mg Varlatlon on Longitudinal Roots in the
S-Plane for the Unaugmented Aircraft

Longitudinal Axis Control and Augnentation bystem for
Mx = -4.0 Case

Longitudinal Axis Control and Augmentdtlon System for
-5 Mg Case

Effect of M& Variation on Longitudinal Roots m the
S-Plane for the Unaugmented Aircraft

LEffect of M, Variation on Longitudinal Roots in the
$-Plane for the Unaugmented Aircraft

Longitudinal Axis Control and Augmentation gybtem for
Zero Mge Lase

Sumary of Significant Parameters on Unaugmented Lateral
Directional Flying Qualities

Summary of Longitudinal Coefficient Vanatmns an
Unaugmented Flying Qualities

Baselme lateral-Directional Augmentation Effects on

nefficient Sensitivities for the Spiral Mode Time

Constant

Baseline Lateral-Directional Augmentation Effects on
Coefficient Sensitivities for the Roll Time
(Constant

79
80

81
82

33
85

37
38

91
92
94
95
90
97

08

99

109

114

118

ny




T

s o ey R PR AR

TRTRRR s ey

Figure
77

78

80
81

Iv-2

RN Jg kA Lo e Tleat o

Wk B 5 g mama g a7y A8 P R BT TR A SRR TY YR AR BT YR 1

LIST OF ILLUSTRATIONS - Cont.

Baseline Lateral-Directional Augmentation Effects on
Coefficient Sensitivities for the Dutch Roll
Natural Frequency

Baseline Lateral-Directional Augmentation Effects on
Coefficient Sensitivities for the Dutch Roll
Damping

Baseline Pitch Augmentatlon Effects on Ccefficient
Sensitivities for Phugoid Damping

Baseline Pitch Augmentation Effects on Coefficient
Sensitivitiss for Ghort Feriod Frequencies

~ Baseline Pitch Augmentation Effects on Coe£f1c1ent

Sensitivities for Short Period Damping

~ Upen Loop Mechanical Coupling from Yaw Control

Command to Aileron
tEffect of Varying Ky, on Headlng Change in 1.0 Second
Raseline Roll Cont*o?

Loupllng
Effect of Varying Ky on Heading Angle with Pedal

Step Input- Basellng Augmentation On :
Effect of Vaiying kxp on Bank Angle with Pedal Step

Input-Baseline Augmentation On
Effect of Varying Kxj on Aileron DLeflection with Pedal

Step Input-Baseline Augmentation On
Effect of Varying Kxf on Rudder Deflectinn with Pedal

Step Input- Bacellng Augmentation On
Evaluation of Rudder Step Inputs with 100 Percent Wheel

Step Input for 5 lp Case-No Augmentation
Evaluation of Rudder Step Inputs with 100 Percent Wheel

Step Input for 1/5 Lgy Case-No Augmentation
Roll and Yaw Control Systems with Wheel Coupling 1nto

Yaw
Evaluation of Mx Variation on Aircraft Capability to

Trim with Horizontal Stabilizer
Evaluation of Mg, Variation on Alrcraft Capability to

Trim with Horizontal Stabilizen

- Evaluation of Zx Variation on Aircruft Capability to

Trim with Horizontal Stabilize:

" Evaluation of Mg Variation on Aircraft Capability to

Trim with Full Horizontal Stabilizer and Varying
Elevator :

Augmentation System witn Pedal

Page

129

BB LA it st o L,




R TR e R S R R R
LIST OF TABLES
Table No. Title
I Baseline Lateral-Directional Coefficient Values 4 :
I © Baseline Longitudinal Coefficient Values 4 1
£ III Range of Coefficient Values for Parameter Variation ~7 ;
i Study E
v Lateral-Directional Parameter Variation Data Sy 'lology 20 {
\Y Basic Aircraft Lateral- Dlrectlonal Coefficient Varia- :
tion Responses : 62 ;
VI Augmented Aircraft Lateral-Directional Coefficient ;
: Variation Responses 63 ?
§ VII Summary of Longitudinal Coefficient Variation Resnonses ;
£ Unaugmented and Augmented 64 ;
. VIII Definition of Plotting Symbols in Presentation of
B Longitudinal Coefficient Variation Data 61
7 IX Effect of Longitudinal Coefficient Variation on Air-
) craft Capability to Achieve Stall Angle of Attack from
Trim 102
X Unaugmented Lateral-Directional Sensitivities and Design ,
Margins 104
X1 Unaugmented Aircraft Lateral - Directional Coefficients’
in Order to Importance to Flying Qualities Para-
meters 106
XII Unaugmented Lateral-Directional Coef{icients for
Definition of Accuracy Requirements Versus Flying _
Qualities Parameters 107
X111 Uneugmented Longitudinal Sensitivities and D851gn
- Margins 110
XIV . Longitudinal Coefficients in Order of Importance for
Unaugment~d Configuration on Flying Qualities
. Farareters 11
v Unaugnented Longitudinal Coefficients for hefinition of :
Accuracy Requirements Versus Flying Qualities
. Parameters ' 1i2
XV1 ~Ba.eline Augmenied Lateral-Directional Sensitivities and
: Design Jdar~ins. 115
" XVII Summary ni Lateral-Directional Augmentation Gains 116
XVIiI Corfficients in Qvder of Importance for Baseline Aug-
mentod Aircraft Responses or flying (Qualities
Paremcters 1%
XIX Baseline Augmented Laieral-Direccional Coefficients for
Definiti~ of Accuracy Requirements Versus Flying
ualities Paramoters 1
X Baseline Augranted Longitudinal Sensitivirtic. and Devio
. Margins :
XX1 Sumayy of Longitudinal Augmentu: iva Gains
V-1 definition of Coefficient Notation 3 Used in viw b 1idi
(77
V-1 ugéglzai piﬁgr B Ly and My Variation on Aircraft o7
Capabi 1 127
- t 4 A
V-111 Smmga mi‘zt 5 hg Xang i0i on Aixcran Capability 177
xi




DIMENSION

ft.

ft.
ft./sec.2
slugsoft?
slugseft?
slugseft
slugseft
ft.

ft.
(sec.)"
(sec.)"
(sec.)"
(sec.)”
(sec.)"
slugs
1b.eft.

[SS S E SR g )

\rad. fft.esec.)

(sec.)-?
(sec.)‘l

(se )71
(sec.)’2
(sec.)-2
g

g
(sec.

)"
(sec.)”
(sec.)"”
(ssc.)~"2
(sec.)'2
rad./sec,
rad./sec.?
rad./sec,
rad./sec.?

™ =

- 1b./ft.2

rad./sec.

ft.
1b.
sec.

ft./sec.
ft./sec.
ft./sec.
ft./sec.

radzlsec.2

LIST OF SYMBOLS
- DEFINITION

Wing span '

Wing mean aerodynamic cord

Acceleration due to gravity

Body X-axis moment of inertia

Body Y-axis moment of inertia

Body "Z-axis moment of inertia

Cross moment of inertia about body X:Z axis

Horizontal stabilizer arm distance

Vertical tail amm distance

Angular roll acceleration per unit roll rate

Angular roll acceleration per unit yaw rate

Angular roll acceleration per unit sideslip

Angular roll acceleration per unit aileron

Angular roll acceleration per unit rudder

Total mass of aircraft

Total pitching moment

Angular pitch acceleration per unit velocity
change

Angular pitch acceleration per unit angle of
attack change

Angular pitch acceleration per unit angle of
attack rate -

Angular pitch acceleration per unit pitch rate

Angular pitch acceleration per unit §H change

Angular pitch acceleration per unit &e change

Lateral load factor.

Normal load factor

Angular yaw acceleration per unit roll rate

Angular yaw acceleration per unit yaw rate

Angular yaw acceleration per unit sideslip

/ngular yaw acceleration per unit aileron

Angular yaw acceleration per unit rudder

Roll rate .

Roll angular acceleration

~Pitch rate

Pitch angular acceleration

Dynamic. pressure

Yaw rate
Yaw angular acceleration
Wing area

“Thrust per engine

Time to reach 30 degrees bank angle following
full roll control command

Initial true velocity.

Body x-axis velocity component

Body y-axis velocity component

Body z-axis velocity component

xii




...

4 e et i e B MR A LR R
bR A H R R S ORI RS 4

BOEEE Fagr e é
[

S S T G LD NN Py USRI

DIMENSION

1b.

1b.
-inches
inches
deg.
(sec.)" -1

ft./sec.?
ft./sec.?
(sec.)"1

(sec.)“1

1b.
(sec.)"1

ft./sec.2
ft./sec.2
ft./sec.2
rad.
rad./sec.
deg.

rad.

rad.

%

rad.
deg.
rad.
rad.

rad,
sec.
sec.
rad.
rad,
deg.

rad./sec.

rad./sec.
rad./sec.

LIST OF SYMBOLS - Cont.
DEFINITION

Weight of aircraft

Total axial force

Pitch control command (colum)

Yaw control command (pedal)

Roll control command (wheel)

Axial acceleration coeff. per unit change in
velocity

Axial acceleration coeff. per unit change in a

Axial acceleration coeff. per unit change in &y

Lateral acceleration normalized to velocity
per wmit &

Lateral acceleration normalized to velocity
per wnit yaw rate

Lateral accelerztion normalized to velocity
per unit rudder

Total normal force

Normal acceleration coeff. per unit change in
velocity : . )

Normal acceleration coeff. per unit change in a

Normal acceleration coeff. per unit change in §y

Normal acceleration coeff. per unit change in &g

Angle of attack

Rate of angle of attack

Stall angle of attack

Sideslip angle

Glideslppe angle

Aileron deflection (units in per cent of full
deflection)

Elevator deflection

Flap deflection

Horizontal stabilizer deflec*ion

Rudde~ deflection

Dutck roil damping

Phugoid mode damping

Short period mode damping

Pitch attitude angle

Roll time constant

Spiral mode time constant

Bank angle

Heading angle

Heading change at 1.0 second fbllowlng full
yaw control command

Dutch roil natural frequency

Phugoid mode natural frequency

Short period mode natural frequency

xiil




e AT SRR, TR

R e T et

SGE

3 &

— -
>

.

o=z
[of e

CEN

" respect to approprlate flying qualities parameters

LIST OF ABBREVIATIONS

Deslgn margin of aerodynmc coefficients with respect to
appropriate flying qualities parameters :

Data not available

Flight control system

Flying qualities

Coefficient design margins are outside the parameter ranges
investigated

Minimum flying qualities requirements

Not applicable

Number of times appeaiing

Order of importance

Sensitivity of aerodynauuc coefficients variations with

Bl

Solhed A

Trailing edge
Trailing edge up

7
]
%
3
H
%

\
i




ST R

DEFINITION OF MATRIX AERODYNAMIC CGEFFICIENTS

iSh b _gSb b
e gy M o e

s . _aSb b v _g5 b
L= BE2 Coby Ny Oy %= 5 <

I)l 1 I 2V my 2Y " Ir 3
- ¥5b - a. 350 o - 3
8T 7L Y v 5 Cog Ve™ v OV
- Sb
. §5b LN
L§a T, C(‘ga N5, T, M
aSb _33b 55
et o 238 23S -
My = v I C%V “v” ;:’j*v CLv Xy * 3.,,"9‘ LDy
3S¢€ . N @S
Mo ® ;:'E;‘ Coma Za” my Xe =~ my CDQ
Ma - ‘?..:Eé':': .(::’.. (:\%.
y ¥ %
GL6 8 r
f’L* = é}i; SV n!%
il D D
Ms Iy CMSH 25" my CLJH Xgw® *%V CD&»
SC Fal - ‘S LL
Mg, 33ﬁ;~k;)ﬁ£z 2ee=" 5y ‘e

YV
(The reverse of th.1a puge 15 blank)




L, P

5% ot

oo e t s g st by it S o SR
UREENR 2 A S A SR e W RO

AR St SRR TRt Sy

Section I
INTRODUCTION

There -are many reasons for conducting a parameter variation analysis.

For the aerodynamicist it can be used as an aid in determining the accuracy

with which an aerodynamic derivative must be defined, or in the desiga
phase, it can be used to determine what effect configuration changes may
have on the handling qualities of the aircraft. For the flight control
engineer it can be used as an aid in designing augmentation systems by
understanding how each aerodynamic derivative affects the flying qua-
lities, and what sort of augmentation is required to provide satisfactory
response characteristics with changes in thk aerodynamic derivatives.

The purpose of this study included all of these to a greater or
lesser degree. In particular; the objectives of this study were:
(1) The identification of coefficients to which the flight contrcl sys-
tem design is sensitive and their ranges, (2) provision of a basis for
determining coefficient accuracy prediction requirements in terms of the
flying quaiities requirements of Reference (1) and (3) definition of
allowable limits on coefficient accuracy prediction requirements if
possible. These objectives were to consider any flying qualities
requirements deemed necessary to provide adequate piloted handling
qualities. The requirements of Reference (1) and. wherc applicable,
Reference (2) were given primary consideration.

This study was undertaken for an externally blown flap MST aircraft
operating in the STOL flight regime. Variation ranges for the individual
stability and control derivatives were selected to cover a spectrum broad
enough to encompass typical variations encounteved in the basepoint
vehicle and other similar designs, They were also selected to assure
that sufficient variation existed teo achieve the stated study objectives..
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3 . - ' Section II  

DISCUSZTON -

FLYING QUALITIES REQUIREMENTS

The Level 1 flying qualities requiterents adhered to in this re-
port are those found in Reference (1). .n the presentation of the data,
Level 1 requirements are indicated for the fully cugmented.configuration
and Levels 2 or 3 where applicable for the wnaugmented lateral-directional
axis, In the longitudinal axis data, Jevel | requirements are used
exclusively for presentation of augmented and Levels 2 IFR and 3 for
g ' the unaugmented coefficient variation Jata.

SELECTION OF BASELINE FLIGHT CONDITION

The baseline flight condition selected for the parameter variation
study is a heavy weight, full thrust takeoff at an ‘ntermediate STOL-

. ' operation flap setting of 46 degrees. Selection of this conditicvi as a
baseline for parameter variations was based on stability censiderations.
§ At low speeds and low flap angles, the unaugmented vehicle exhibits a
slight longitudinal static instability (positive M¢g ). As flap angles
are increased, longitudinal stability increases but dutch-roll damping
decreases to the point of being slightly unstable at a flap setting of
65 degrees.. In order to select a baseline condition representative of
both these extremes the 46-degree flap setting case was selected at the
lower end of the STOL speed regime. The low end of the STOL speed regime
was utilized since this represents an area in which the phugoid mode is
neutrally damped.

For the lateral-directional study, initial trim was taken &..
velocity of 120 feet/second, angle of attack of 5.03 degrees, glide<lope
angle of 9.42 degrees, and initial horizontal stabilizer deflection of
-4.78 degrees. .

For the longitudinal coefficient analysis, steady-state values for
velocity, angle of attuck, glideslope angle, and horizontal stabilizer
deflection following a nose down coiumn step input from trim were used in
computing longitudinal coefficients, The choice of steady state values
over initial trim values was found necessary to pemit correlation between
time history data from the o DOF digital simulation program with the
3 NOF lipear longitudingl matrix. Difficulty in achieving corvelation
with trim data resulted from the slight longitudinal static instability
which exists at the trim condition selected.

Raseline lateral-directionul and longitudinal coefficient values
are shown in Tables I and I respectively. All aerodynamic coefficient
vaiues are for a "ody axis system,
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TABLE I AP

BASELINE LATERAL-DIRECTIONAL COEFFICIENT VALJES

v - o | Lp  =-0.6554378 Np

E Ly = 0.997%63 . N, = -0.2321458
. Lz =-0.742025 Ng = 0.328146 .
Lsa = 0.2030133 Ns, = 0.000183151

Lsy = 0.488395 - N, = -0.554542 .

(v/g)¥g =-0.3615

(V/g)Y, = 0.089609

(v/g) Y5, = 0.23295

© 0.07033949

TABLE I

RASELINE LONGITUDINAL COEFFICisNT VALUES

0.0006487

1

V. s -0,002188 My

a o.0.4752 Vg = -0.0182

#

“8H . .p,0B115 My -0.31105
“8e = .0,088456 My = -0.63008
Xy =~ -0.03287 My ® -1.20682
Xa = 5.891 oo ® -1.3154
Xy = -1,8316
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fff'roll y8y, and picch augméntation “and ‘control systems are shown in

. Basellne augmentat‘on for,both the lateral-directjonal and longi-
tudinal ‘modes were defined by root locus. techniques. Block dlagrams for

Figures l-through 3. With these systems and the baseline aircraft all

" Level 1 longitudinal requirsments were satisfied, Only one lateral-

" directional requirement was not satisfied witi the baseline augmentation
‘operative. Both tne basic and augmented ~ivcraft were incapable of achiev-
" ing a heading angle change of 6 degrees within one second following a

full: yaw control- command as requlred in Xeference (1).

‘Throughout. the fOIIOW1ng report, level 1. requirements on yaw control
power, ¥+, are considered presently unattainable except in terms o1
5 rudder size, and as ‘a result;:the baseline flight condition

increase
used in this study, either augmented or:iunsugmented, does not meet this
requirement.  However, as a result of this study a mechanization concept
has evolved for the augmented vehicle which appears to offer a partial
solution to meeting *his requirement op the basis of the analysis con-
ducted thus far. This concept is more tully discussed in Appendix IV.

'SELECTION'OF COEFFICIENT VARIATION RANGES

Gross ranges were selected in both the lateral-directional and
longitudinal parameter variation analyses to permit identification of
coefficients to which the FCO is sensitive and to identify critical
parameters in the STOL flight regime. Wherever practical, both po:itive
and negative coefricient values were investigated. Gross changes fur
each. parameter are shown-in Table III.

TECHNICAL APPROACH

The following is a description of the methods used in this study to
accanulate desired data and define satislactory aivcrait control systems.

- SIX-DEGREE-ui -FREEDOM DIGITAL SIMULATION PROGRAM

In order to obtain time history daia a 6 DOF digital simulation pro-
gram was used. A flow ulagram describing this program is shown in
Figure 4, A computer printout of this program can be fuund in Reference
{3}). Time history data from the -5 LOF program enabled measurement of

t30, ¥t Pose/Dw, )ﬁp/’@cl?‘]@!ﬂm, and gapabillty of the aircraft to

achieve stall angle of attack rrom trim. The 6 DOF program was :1so used
to verify the 3 DOF linear matrix results for small perturbationu fronm
trim, and to extract the dimensionalized lateral-directional and
longitudinal aeradynamic derivatives for the haseline flight condition.

s i T Akl




Figure 1. Baseline Roll Control and Augmentation System
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TABLE 111

RANGE OF. COEFFICIENT VALUES FOR PARMETER VARIATION STUDY

CQOEFFICIENT

LOWER LIMIT

BASELINE

UPPER LIMIT

-3.2770
0.1993
-3.710
0.001803
21,4652 -
.0.3517
-1.1605
0.06562
-0.0005496
-2.7725
-2.768
-300. 540
" -51.325
-55.944
-0, 3287
-29.455
-9,158
-0.006487
-4,0
-1,5598
o6, 3008
-6.034
5,577
-1,810
0.9466

-0.6554
0.9967
-0.7420
0.009013
0.4884
0.07034
0.2321
0.3281
0.0061832
-0.5545
-0.2768
60.108
10. 265
11.1888
-0, 03287
5.851
-1.8316
0.0n06487
-0.0182

T 1

-0.31195

-0.,630068
-1,2068
=1,3154
-0.3615

+ £ 2330

LA

-0,1311
4.9835
. 2,226
" 0.0451 .
2.442
0.3517
~0.04642
S1.6405 .
~ 0.000916
-0.1109
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Figure 4,

6 DOF Digital Simulation Program Flow Diagram




THREE-DEGREE-OF-FREEDOM LINEAR MATRICES

Two 3 DOF linear matrices were developed for computing lateral-
usirettional and longitudinal basic and augmented aircraft transfer
functions. The small angle approximations utilized for these matrices
were defined for low speed flight and give excellent correlation with
small perturbation angles. Correlation of the 6 DOF digital siimmlation
program with the 3 DOF lateral-directional matrix was shown for the
damped dutch roll frequency, damping ratio, roll time constant and
spiral mode time constart, and with the 3 DOF longitudinal matrix for
damped phugoid ficquency, phugoid damping, and short period time constant.

Data obtained from the two 3 DOF linear matrices were W msp,
Wne, Bp, T Tos Wny B, {sps andulpfuha. Both matrices were
also utilized in defining augmentation systems for the parameter varia-
tion study. The 3 DOF lateral-directional matrix is shown in Figure 5
and the 3 DOF lsngitudinal matrix in Figure 6. The 3 DOF lateral-
directional and longitudinal force and moment equations are shown in
Figures 7 and R.

ANALYTICAL A’ PROACHES FOR DEFINITION OF AUGMENTATION SYSTEMS
Root Locus Method

Root locus methods were used in defining both the lateral-directional
and longitudinal baseline augmentation systems. '

For coefficient variations with the augmented aircraft, the root
locus method was especially useful in the longitudinal mode analvsis where
augmentation involved only one control surface. In the lateral-directional
mode where two contrel surfaces are augmented, the rudder and the
ailerons, root locus techniques become time consuming and when applicable
a more practical approach was synthesized. Complete analysis of this mode
using root loci techniques is much more difficult to conduct than the
longitudinal mode because of the inter-axis coupling between the roll and
yaw augmentation systems. In general, a number of different methods
for defining augmentaiion systems were pursued in the lateral-directional
parameter variation analysis.

Method of Stabilizing Spiral Mode Time Constant

Genevally, it is desirable to have a spiral mode time constant that
is very large (1/T3 >~0.0). If we m*bitrar?ly set 1/Ty to zero, then the
denominator of the lateral-directional transfer function takes the form:
s (s +1/T) (s2 +(255Wnq)s + Wne). We note hore that the term 1/Ts
is zero. This fact can be utilired along with the linear 3 DOF lateral-
directional matrix to obtain an equation that can be solved for a feed-
back gain that will make 1/’7‘5 approximately zero. An appropriate gain
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A= SeXy
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]
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Figure b, 3 DOF Longitudinal Matrix With Augmentation
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Figure 7. 3 DOF Body Axis Lateral-Directional Equations
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Figure 8, 3 DOF Body Axis Longitudinal Equétions
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equation can be established by taking the determinant of the constant
terms for the augmented version of Figure 5, and setting it equal to zero.

A numerical example of this technique is glven in Appendix I of this
report.

Determination of Augmentation Through S1multaneous Solution of Aerodynamic
Coefficients

Once a baseline augmentation system has been defined, a simpler
method of determining a satisfactory augmentation system than root locus

analysis is through simultaneous solution of aerodynamic coefficients.

In essence, this method utilizes the fact that baseline augmentation pro-
vides satisfactory responses for the baseline aircraft. Whenever a yaw-
ing moment or r0111ng moment coefficient is varied, compensation is pro-
vided by adding augmentation to both the roll and yaw augmentation systems
so that the dynamic response to varied coefficientswith augmentation is
effectively the same as the baseline. A numerical example of this
technique is given in Appendix II of this report.

DEFINITION OF TERMS APPLICABLE TO COEFFICIENT PPEDICTION ACCURACY REQUIRE-

* MENTS AND FLIGHT CONTROL SYSTEM SENSITIVITY

In order to realize study results sufficiently general to permit
comparison of these data with those of other flight conditions and even
other STOL configurations, the data were plotted in & normalized manner
with respect to the aerodynamic coefficients. Additionally, a number of
terms were defined in relation to the plotted data which permit identifica-
tion of design guides for coefficient prediction techniques and defini-
tion of coefficient and FCS censitivities. These temms.are identified

" for the general case in Figure §.

Flying Qualities Parameter (P)

Any of the flying qualltles parameters analyzed in this study,
such as T g, 1/T5s Bsp» Wnds dosc/ B ete.

Minimun Flying Qualities Performance Level P(mijg)

This parameter can be either level 1, 3, or 3 of Reference (1) and
is expressed in the same units as the fly,ng qualitios parameter being
analyzed, It can also be selected as a desired design goal, including
but not limited to the requirements of Reference (1).

Baseline Value (BL)

Used as a subscript this refers to the baseline suguented or unaug-
mented value of either the flying qualities parameter or an aerodynamic
coefficient.
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Flying Qualities Design Margin (AP)

The baseline flying qualities parameter (Ppp) minus the minimm
flying qualities requirement (P divided by Pp;. Tt defines the
position of the baseline configuration level witg. respect to an
appropriate H.Q. requirement.

General Aerodynamic Coefficient ( '*1)’ :

This can be any dimensionalized force or moment aerodynamic
coefficient such as Mg» My, Zes Ly, Ng, Y§r, etc.

Aerodynamic Coefficient Design Margin or Gain Margin (DMC)

This parameter is the baseline coefficient value minus the coefficient
value at which the flying qualities (P) meets the minimum flying
qualities requirement (MHQ) divided by the baseline coefficient. It
defines the direction of variation occurring in a given coefficient and
represents the margin of the baseline coefficient above or below a given
MHQ requirement. In an augmentation loop this parameter becomes a func-
tion of some gain or gain combination. In this case it is referred to
as a gain margin. '

Sensitivity (SENS)

This parameter defines the rate of change of the nomalized H.Q.
parameter under study with respect to the normalized baseline ccefficient
being varied. The sign indicates the direction of the .sensitivity about
the baseline point. Typically it represents the average slope of a
"+50 percent coefficient variation about the baseline value.

Predictiun Accuracy (PA)

This parameter represents the actual aerodynamic coefficient pre-
diction accuracy and varies with the methods utilized for predicting
coefficient values as well as the type of coefficient, The guideline
presented here permits defining a coefficient value which yields a design
margin (IMC) equal to PA and minimizes over or under design while still -
assuring that the minimui performunce level will be met.

Required Prediction Accuracy (RPA)

This parameter as shown in Figure 9 represents a linearized predicted
accuracy required to meet the desired MiQ.
4

For a given baseline airplane configuration setting the RPA equal to the
PA for a given coefficient provides assurance that minimun handling
qualities parameters will be satisfied.




COEFFICIENT PREDICTION ACCURACY REQUIREMENTS

Examination of the generalized case shown in Figure 9 indigates that
coefficient prediction accuracy requirements expressed in terms of E.Q. -
requirements depend not only on the sensitivity of H.Q. parameters to
coefficient values but also on the predicted H.Q. parameter value for
the baseline case in relation to the minimum performance level desired.

Thus it follows, that over or under design in terms of H.Q. parameters
can be minimized if realistic guidelines can be determined which assure
desired flying qualities performance levels and take into account
coefficient prediction accuracies. The guidelines presented here provide
this assurance. : ‘

As the data of Figure 9 indicated, a linear relationship can be
defined which closely approximates the effect on flying qualities para-
meters due to variations in aerodynamic coefficients. For the general
case shown this can be expressed by: "

AP Jfﬁ[}im? = £ SENSy 274—37‘7:‘-3-'-1 =t SENS,,(RPA)

This equation defines the flying qualities design margin in terms
of its sensitivity and the predicted accuracy of the coefficient. The
sign associated with the right hand side of this equation is taken as
positive if the aerodynamic coefficient is positive. For negative
coefficients thc sign is negative. As is typical of linear representa-
tions for non-linear functions, this equation yields the most accurate
results for small increments about a basepoint, It also provides very
good results for parameter variations of 100 percent or more if the .
sensitivities utiiized for these computations are obtained directly from

-the data contained ‘in this report at the predicted accuracy.

The flexibility of this relation suggests two pessible approaches for
relating coefficient prediction accuracies to flying qualities, These
are described below, g

Required Prediction Accuracy Concept

For the general case in which the prediction accuracy requirements
are to be defined, this equation is used in the following form. In this
form the sensitivity, the baseline parameter value, snd the minimun
flying qualities requrement are used to define coefficient accuracies
which must he achieved to satisfy the flying qualities requirement,

10
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For the specific case, such as that of finding the prediction accuracy
requirement for Nz and Lp in terms of Jas/@)| and Ty respectively, this
equation becomes, , -

-_ .1 (A,Q@g) ;B_L:(A/B/ ¢')MHQ
RPANS® SENSy,  (48/®)),

e

SigiE

b

A

RPA. = = (Te)a (Trmne
Lp SENSi o (TRlsv

Expressed in this form, the required prediction accuracy can be
determined for the more critical coefficients and flying qualities.
These are compared with anticipated coefficient prediction accuracies to
determine areas where the minimum flying qualities may not be achieved.
A situation of this type could éccur if the baseline were selected so
that this equation yields an accuracy requirement of 20 percent but the
anticipated prediction accuracy of the technique used to derive the
coefficient of interest is only 50 percent. ’

o Rty

This guideline is most useful for refining a given configuration
from its baseline value.

':j
¢
4
2
H
3

Design Margin Concept A i ' g

A more direct approach and one which should certainly prove more
useful in defining other but similar baseline STOL configurations is
obtained by solving for the required design margin.

AP=SENS\Q[ PA ]

St et S

Expressed in this manner the equation defines the flying qualities
design margin which should be maintained to satisfy a given coeffirient _
prediction accuracy. The independent variables of this eguaticm are the
sensitivity of the flying qualities parameter to this coefficient and ;
the actual prediction accuracy. Since coefficient prediction accuracies
very with the methods used in their prediction and the type of coefficient,
initial baseline coefficients (or augmentation systems) can be defined
which yield flying quality margins adequate to assure satisfactory
operation, For u.» specific cases of Ng and Lp this approach yields
equations in the following form, where PANg and 1’5\1,;, are anticipated

17
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This approach is most useful in defining design niargins for flying.
. qualities parameters which should be maintained for the more critical:”
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Section III
STUDY ‘RESULTS

All of the major aerodynamlc coefficients were varied in the six-
degree -of -freedom MST modeir. This section identifies the results of
these parameter variations in’terms of their effects on flying qua-
“lities requirements, control systems sensitivities, and coefficient
prediction accuracy requirements.

To facilitate use of these data by the reader interested in only a
limited number of coefficients, the data are grouped in terms c¢f their ~.
equations. For- instance, to find the effect of variations in Z« one N
would go to the Longitudinal Parameter Variation Data Section. This
section discusses axial force, normal force and pitching moment
coefficients. The results for variations in Z will be found in the
subsection ‘entitled Nonnal Force Coefficients.

" LATERAL-DIRECTTONAL PARAMETER VARIATION DATA

The maximum and minimum coefficient range selections in the follow-
ing data represent gross changes.. These were selected to permit investiga-
t:on of two separate and distinct areas. The first, that of determining
flight control system sensitivity, and the second, to assist in establish-
ing coefficient accuracy prediction requirements. In terms of coefficient
variation magnitudes these two areas at times vary significancly, and as
a result, the gross variation ranges selected are based on the chivctive
requiring the largest coefficient variation. '

In plotting the lateral-directional response of the aircratt, au
additional response requirement other than those specified in keference
(1) was analyzed. Experience has shown that “%VDhaa previously speci-
fied in Reference (2) is a useful design guide in predicting ths
oscillatory behavior of the dutch roll response following a voll coatrol
command

In plotting the sptral mode time constant response, vy was plotted
to avoid the necessity of plotting infinite values for ‘Y&
The reason that 1/rs was plotted rather than Tz {time to double
amplitude) as defined in Reference 1, is that 1/ms wus avidlable
directly from the 3 DOF transfer functions. Because of the Large
number of data points taken during this study it was more Con -
venient to convert the requirements on T, into requirvements for
'1/7s and plot the values for 1/7rs. The fime to double amplitwde
is related to the spiral mode time constant by the relation T,
= rs In 2,%. Definitions of the symbols used in plottlng the
lateral-directional parameter variation data are shown in-Table lv.
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TABLE IV

Latei‘al-Di-rectiqnal Paramé:ter Variation Data Symbology
O Basic A/C, Baseliné, Lp, Np |

Basic A/C, Ly, Nr, Yy

Basic A/C, Lg, Nb,.Yé )

Basic A/C, Lg,, N§,

Basic A/C, L&;, Nér, Yér

¢ v & O 0

Augrented A/C, Baseline, Ly, Np | |

j'-B— Augmented A/C, Ly, Np, Y
-~ Augmented A/C, Lg, Ng, Yg
~¢ Augmented A/C, Lga, N§a

ROLLING MOMENT COEFFICIENTS

e e v
s A e DB i F

- The effects of variation of the rolling moment coefficients are
plotted in Figures 10 through 16 for Tg, Tp.Wnd,  d) MWhon, , Yt, and
t30. The effects o€ vanat:on in th rollmg moment coefficients on
|8Bmar/y |x\®/p\y | |ABmav/y | and s are shown in Figures 17 ;
through 19. In ail cases, both the basic aircraft and augmented aircraft . '
responses are plotted. If baseline augmentation is insufficient to pro- ,

- vide Level 1 response characteristics, revised augmentation res

nses
are plotted instead, ®/Xw transfer functions for the basic, Egselme
augmonted, and revised augmented aircraft are given in Appendix III f»:

-all rolling moment coeffxcmnt variatmns analyzed,

Lp; Baseline Valup = -0.655

Variation in Lp, the roll damping term, indicates primary influence
of the coefficient upon the dutch roll damping, roli time constant, and
roll control cffectiveness. Increasing negativ ‘f values of Lp tend to
increase %, whereas, small values may cause 24 to go unstable, Al-

though- large values of Lp improve dutch roll damping and roll tim¢ constant
_responses, they tend to reduce roil cont.rol effectwencss. Values of lp
greater than 3.65 times the baseline value fail to meet Level 1 require-
ments on t3g for the unaugnented aircraft. Values of Lp less than 0.25
times the baseline have an unstable dutch roll damping, and values less

than 0.65 times the baseline fail Level 1 requtmnts oil the roll time
constant. _
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With baseline augmentation operative the smallest value of Lp
analyzed, 0.2 times the baseline value, satisfied all Level 1 response
requirements, With augmentation on and a gross change of Z.0 times the

baseline Lp, the response failed to meet Level 1 requirements on the spiral

mode time constant and roll control effectiveness. To satisfy Level 1
requirements on the spiral mode time constant only a simple adjustment
on the yaw rate feedback gain in the roll mupmentation was required. To
improve roll control effectiveness with a large roll damping term, a
wheel coupling into yaw augmentation mechanization similar to the rudder
coupling into roll analyzed for the baseline case was investigated. A
detailed analysis of this augmentation technique is given in Appendix TV.
Results indicate that no augmentation can be defined which will increase
roll control power sufficiently to meet Level 1 requirements for tszg

for the 5 Lp case, although significant improvement over the unaugmented
aircraft response is realizable. With a value of Lp 4.3 times the
baseline value, Level 1 tzy requirements were satisfied with the revised
mecHanization. Revised roll and yaw augmentation mechanizations for
large values of Lp are siiown in Figure 20. :

Lr; Baseline Value = 0.997

Variations in Lr indicate a strong influence of this coefficient on
the spiral mode time constant. Increasing pesitive values of Lr have a
destabilizing effect on 7’5, whereas, increasing negative values tend to
stabilize the spiral mode. For positive values of Lr, the coefficient

has very little effect on the dutch roll damping, but for large negative
~values of Lr the dutch roll damping becomes unstable. For the basic

aircraft, these datu indicate that increasing negative values of Lr
greater than -1.0 times the baseline value have unstable dutch roll
damping.

Saseline augmentaticn proved to he sufficient for both large positive

and negative values of Lr in achieving satisfactory spiral mode time
constants. In bhoth :ases oniy a minor adjustment in the yaw rate feed-
back gain in the roll augmentation was required. A simpie method of
computing this gain to stabilize Ts is shown in Appendix I. With pro-
per augmentation all attainable Level 1 requirements were sarisfied

for the variations of Lr studied.

L ; Baseline Value = -0,74¢

Variation in ig , the effective dihedral derivative, indicates a
strong influsnce of the coefficient on the spiral mode, dutch ;oil
dawping, and roll time constant. Increasing negative values of Lg huve
a siabilizing effect on the spival mode and destabilizing effect on the
dutch roll damping. torversely, decreasing negative and increasing
positive values of La  have a stabilizing effect on the dutch roll
dapping, an adverse or increasing etfect on yoll time constant, and de-
gtahilizing effect on the spiral mode,
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With baseline -augmentation operating, all Leg variations analyzed
indicated stable dutch roll damping, however, with large negative values
of Le , dutch roll damping is small, and unsatisfactory P01/ py
characteristics necessitated additional augmentation analysis. For large.
positive values of Lg , the spiral mode fails tc meet Level 1 require-
ments. In defining revised augmentation for both the largest negative
value, 5.0 times the baseline value, and the largest positive, -3.0 times
the baseline value, the simultaneous solution of aerodynamic coefficients
method was utilized. ‘

Revised sugmentation systems for the roll and yaw axes are shown in
Figures 21 and Z2Z with sideslip angle feedbacks. In both cases, it is
expected that the B feedback loops defined by this methed can be replaced
by more conventional ny feedback loops if necessary. With revised aug-
mentation all attainable Level 1 requirements were satisfied.

Lga; Baseline Value = 0.00901

For variations in Lg,, only the roll control effectiveness and(0f40nd
of the unaugmented aircra%t are affected. For values of Lg§; less than
0.58 times the baseline value, roll effectiveness is insufficient to

meet Level 1 requirements for tzg. For none ot tiie values of 'l&y

studied did @y, exceed the design guides.

With baseline augmentation operating, the spiral mode time constant
for both the largest and smallest values of L&, studied were unsatis-
factory. Since the affectiveness of roll augmentation is lavgely depen-
dent on the magnitude of Lga, only minor adjustments were hecessary to
‘the roll augmentation feedback gains to provide satisliuactory lateral-
directional roots to compensate for increased or decreased values of
I§a. In order to increase roll control effectiveness, the same type of
roll and yaw augmentation mechanization as used in the 5 lp case was -
investigated. With the wheel coupling into yaw augmentation mechaniza-
tion, a minimum value of L§y that is 0.4 times the baseline value can be
accommodated to meet the Level 1 requirement on t3g when 100 percent of
available rudder is utilized to augment aileron control., A detailed
apalysis of this problem is fouad in Appendix V.

18y Daseline Value = 0.48¢

For the basic airvcraft, veriations in-L§y only affect the yaw con-
trol effectiveness and“%%ku. Decreasing values of Liy tend to increase
yaw control effectiveness and values less than -2.1 times the baseline
value satisfy Level 1 requirements or $r. _ :

With baseline augmentation operative, the larges? negative value of
L&y, -3.0 times the baseline value, did not allow achievieg a satisfactory
spiral mode time constant. The large positive value of L§r preveated
meeting design guides on‘dﬂﬂdn‘ . Satisfactory responses were achieved




>

T S , uotjerxep ¥ 103
SR F wolsAs uorirzucwSny pue _
. : Y PUB [oljuc) {io
9. " 1¢ 2Ty

T | (Cawy) § ———s] Iy -

S o (235), — o wy + |

avy /"

Awwm vﬁ_ —pf %9 |

9756 .
Q - 0 )
(3) eQ = ._owm : 0Z+S |q - B
A, _ + | oz 99°t Tﬁwwﬁ A,







by incorporating a rudder feedback into the roll augmentation,as shown
in Figure 23 to compensate for the increase or decrease of Lgp. This
augmentation ‘system was determined by the simultaneous sclution of
aerodynamic cdefficient method.. : '

YAWING MOMENT COEFFICIENTS

The effects of variation of the yawing moment coefficients are -
plotted in Figures 24 through 30 for Ts, TR @Wna, Bd, Démng, Pt, and
tzg. The effects of variation in the yawing moment coefficients on

\ BB max osc
_‘Aﬁmax/ .{x t ¢/B\d 8 ‘ P /‘bi\ ] and ¥ a/¢;w

are shown in Figures 31 through 33. 1In all cases both the basic and
augmented aircraft responses are plotted. If baseline augmentation is
insufficient to provide Level 1 response characteristics, revised aug-
mentation .responses are plotted instead. '

Transfer functions for the basic, baseline augmented, and revised aug-
mented aircraft are given in Appendix III for all yawing moment coef-
ficiont variations analyzed.

Ny ; baseline value = 0.0703

Variation in N, through the range of values studied indicated very
little influence of the coefficient on lateral-directional dynamics, i.e.
frequency and damping. Although Np is generally fairly important for
conventional aircraft for dutch roll damping considerations, very little
change in %4 was noticed for this flight condition. The effect of
large positive variation in yawing moment due to roll rate resulted in
rather large values of ‘Oﬂﬂﬂhd and a moderate increase in the spiral mode
time constant. :Large positive values of tend to move the ?/3“
numerator zero and denominator pole such that the “*Qédnu ratio is greater
than 1.1. This occurs fcr values of Np greater than 3.5 times the base-
line value. In terms of handling qualities, values of “’¢/ZJnd greater
than 1.1 are undesirable in that they result in reduced lateral-direction-
al damping with increasing pilot or augmentation loop gains. The large
positive values of Np also resulted in reducing spiral mode stability.

With baseline augmentation operating, all positive values of Np
achieved satisfactory responses for all attainable level 1 requirements.
For the largest negative value of Np studied, -5.0 times the baseline
value, a minor adjustment in the yaw rate feedback gain in roll augmenta-
‘tion was required to satisfy level 1 requirements on the spiral mode time
B constant. For the five times unaugmented Np case, baseline augmentation

36

SR b



sxaapeara s

- e

uoretIep “97 103 w3sAS uotjeusuSny pue [oXIUC) TION ‘g7 SanStd

Aat e o

0Z + S

“93s 4
4 —l
GV A
*33s ed -
232) 4 | Y,
e +S
) ¢ - ot

($14

9971

e (°930) X

62¢

)
~13

(~avy)’e

31




x

’

a3
ERRLY SUTEY T

.-

L3
N

sl
H

i

3

e

i',,

'

(R SETYS 1wt

~au§una-‘1m.¢4. <

?E"'

“t

S LAt T8
'

-LEVEL 3

.
i
FENRER S
F
H T
S SO N
T w
B : 1
B G
- b +
A i 3
R 4 L3
i i . L. .
e e i
3 T ) S
. » i
PR T

riation on Spiral

Coofficient Va

awing Moment

\t

ffect of

k

igure 4,

2.
3

I

Mode Time Constant

38




[OT—

..dwu. S

LEVEL 1

AUGMENTED AIRCRAFT

i
itk

it O BASIC AIRCRAFT

{ ©

1
1.

b

1/5X BASELINE

b aitee L Lo

PPy

Effect of Yawing Moment Coeffi

cient Variation on Roll

onstant

Timo

Figure 25,




BASEL INE

175X

Roll Natural Frequency
%)

Figure 26, Effoct of Yawing Moment Coefficient Variation on Dutch




I :
- .

OIS S

3

et IR |

oot

3
!
4
¥
3

RS

s
i

o5)

LEVEL 1 (W, < 0

o ey
LT iapee

o e f ue

41

Roll Damping

Effect of Yawing Moment Coefficient Variation on Dutch

e 27.

Fig

it A TS




TTAIAT U KUy sty vt .

7,y

i

2.
-1
S 4
v
e

1/5X BASEL INE

3

Tared

I3Ees

+

[peey

fol e

Sl

-1

RS

-DESIGN GUIDE

e 1t et
4302 e
81 Tty

B LTl b

e A i AT 2o
¢

Yaw

£

ffoct ©

E

igure 28,

¥

ing Moment Coefficient Variation Qn ‘“d“nd

b2




sy

ST e 37 244 PRS- At SN
5 3 PIaE Saptt co i
? a2 -+
< oa fube Veegon v peai
N aged 3 2P o -
1s. =1
) b
>y ooy MIRTS TEES
. ] 2. PRRY SRRTE 359 >
- R IR I e N
et T - 303 Suute IR T . .
b- -
-3 - ool wesd o4 bamcw
Soeiate heavr rogms pepent FhoTR-SIIM
<. - s s -
g o
3 i yess IOBR8 Dty
}PYs 1o o Pt
~ 3 o b
1 fS3s 33 -4 s 33 o "
2 SERSS 134 e + LanpeloT
-l - - - naad

T - Py eafoec ot >on)

o ¥es: vie ”

o

o
b
[-4
- (3
L -4
<C ——
ac L4
" (& ]
2 FETYS &3 P N = P 2
3= BINW NN 5 - Fee s fererser PP IR S T
% SIS 5 : R Sl < [ ﬂ.ﬂf. &
* e~ = s 2 B sien m bR 13 T
54 1SeeT S i3 Ay SpEn iy g T2 Bl e = TR T
e ey e Sl X L he
e t.m PO o4rend - i o K- 5 G o ..,ro-..: ' 1
; b3 mbes: e e 4 Thaes
vos Fyoe e3 35 Tt 33
SORDS Peane 1 I M AUH s sprey g s ik
o | Bilhe npad shliides. T Tl s o) Q jhie e Ple toems R
= YT Trrye saeas B3 Tevt peps Eri s
>y $u ogee iyl N ihedpe 3 o et
tn fiav e 35%s you 3 3 b wﬂx,»
3] SSREe STPR pER e 2t Tt rorer SR TRt S 1 =t by
o

175X BASEL INE

43

Effect of Yawing Moment Coefficient Variation on ¥,

Db GO, 3 4asiir Sy

P el s s ma
SUTRLTTARIL LRl TT

Epes

b~ 3

pigure 29,




IR

b

1/5% BASELINE

Figure 30, Effect of Yawing Moiment Coefficient Variation on ty




g

]

b e i B

i

BT A TAY S e

LN e e

E?

sy,

e TRy

Plg/ ¢ | X|Lg /gfv| O UOTIBTIBA JUSTITFFO0) JUSWON SUTMER jo ey C1e 2314

A

s33wsaa - I

RG] R YA

D SR

B R R g T

. Sres
: 133

1
e

R

114
i

Y

35

2 N 811

+

i

4

o Py

o Rt iie:

i
v andea |

o Am sl

o

Y 1

Pt £1540 o)

Y s

[T

py™

.

Py TRT wped

B

VH34IV g3l

PR Iadbs Wihet Yo rie Sor il Ll

LE

W2

]
i - R4 p

nve 3

13

LIV¥IYIY JISVE O =3

o
o




TP o TR AR

SNSRI

{T¢ /gv| uo uoTIETIRA JUSIOTIFOO) JUSWON FUTMEA FO 10953 7€ wafTy

| _ sizwsze - Ip S
042~ _

H B bR SRt bedry
N —
. ] -
: ¢
i 00 3
{
3 . .
1 )
. i
1
H o
¢ s
<
—
ey
Lo i G nanBanaages
L s R R e e % g g
13RI aeere gauet ] rrpy 1t Snsads
fpriet it B30 fuaench
o AR A g
R
33y
gret =

i
!

Dy, NNy oy

(1% BT fet Pz
S ITTS I IR D A

FEYEIRTS STRb IR e T
- I3 Stk LEALF b
AT 1AL LEPIR SRAYE Ve 1058
o o PLITTS Do
pf o e yoie o B i S
IRt LTy
e OTTETRS2 il pree

teode e i)
: A Dgabues

Soufe
Y P RNGH ai
4T
-y

e AN A ATy s e R o+ o it A Sy

T
“ 133s .
2t S B
1:a1
{
3 :
: & Eiieh
: e S TR LT (e
: ST B LIt
R omr e serkil i
PRSs T weete reres e PeEs

AL wIT S T2

WINY-#>-

PR

P A 1y

s il ednan el




13.0 '
12.0 ' - _ ‘
11.0 : ;
10.0
9.0 _ g 5N
8.0
7.0

T 1/57Ng

0.5

O -5N
SP

0.4

O BASIC AIRCRAFT
© AUGHENTED AlRCRAFT

. . T
Sl e o ey T e S
ST SOk

it

0.3

.
e

SERT

/5 Ng

0.2

i A AR S

O T

O -l -8 -120 -160 -200 -240 ~280 320 -360 ]
»’ffm DEGREES ' o

¢
Figure 33, Effoct of Yawing Morent Coofficient Variation ﬂn;—-_‘:’sc
ave

iy R

. e di. s [ T e A e s A s e S S i,
R R N N a0 A S ] 2 e B R R T L A NN AR e S
S PR R s S i 2t X

T S IR R R 3500 1 A LA




T 0
A A

repositioned the P/g, zero and poles to a point where increasing pilot
loop and/or augmentation gain results in increased lateral-directional
damping. With proper augmentation, all attainable level 1 requirements
were satisfied for variations in Np. ‘ :

Ny : baseline value =-0,232

Variations in Nr, the yaw damping term, indicates a strong influence
of the term on the spiral mode time constant and “’G‘/wnd for the basic
aircraft. Large negative values of Ny induce undesirable large stable
values for 1/75 and undesirable values for “J&/w.,,, . Small values of
Nr induce undesirable large unstable values for 1/7% and no adverse : K
effect on “é/u,y :

With baselire augmentation operating, the small value of Ny studied
failed to meet sgiral mode time constant requirements and the large value
failed to meet Posc/¢ av. In both cases a minor gain adjustment in the
roll augmentation feedback gains was required to satisfy all attainable
Level 1 requirements. ' '

Ng : baseline value = 0.328

Variations in Ng indicate a strong influence of this coefficient on -
the spiral mode time constant, dutch roll frequency, “¢/wa, , and Jdutch
roll damping., Increasing the value of Ng from that of the baseline
increases the dutch roll frequency and has a destabilizing effect on the
spiral mode time constant, Increasing N has very little effect on the
dutch roll damping and “¢/w.y . Decreasing values of Ng from that of
the baseline lowers the dutch roll f{requency, stabilizes the spiral mode
time constant, and reduces dutch roll damping Jriving it unstable. . For
values of Na less than 6.6 times the baseline value, spiral mode time
vonstanty satisfy level 1 requirements for the hasic airveraft, For values

~of Ng less than 0.4 times the baseline value dutch roll damping becomes

unstable. '

For both large and small values of 1y, baseline augmentation was in-
sufficiont to provide satisfactory level 1 characteristics, For the 9.2
times ivp case it was necessary to increase dutch rell danping to satisty
besifp,, requirements. This was accomplished by changing the yaw augmen-
tation gains. For the 5.0 times the baseline valus case, the unsatisfac-
tory spiral divergonce mode was improved by changing the yaw vate feedback
gain in the roll augmentation system, With proper augmentation, both the
igh and low values of Ny studied satisfied all attainable. level 1 hand-
ling qualities requirements.
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Néz : baseline values = 0.000183_

PR

Variation in Ng, indicaved very little effect of the coefficient on
lateral-directional response characteristics with baseline augmentation
off or on. For the largest positive value of Nga analyzed, baseline
augmentation was sufficient to satisfy all attainable level 1 response
requirements. For the largest negative value of N§y analyzed, the -3.0
times the baseline value case, a minor adjustment in the yaw rate feedback
gain in the roll augmentation was necessitated in order to achieve level
1 requirements for the spiral mode time constant.

Ngr : baseline value =-0.555

Variation in Ngy, the yawing moment due to rudder, influences mainly
- the aircraft heading change in one second or, yaw control effectiveness.
Values of Ngy greater than 1.3 times the baseline value satisfy level 1
requirements for WY¢. Variation in N§y does not affect any other handling
quality response for the basic aircraft.

With baseline augmentation operating, the smallest value of N§, studied,

0.2 times the baseline value, satisfied all level 1 requirements except
for insufficient yaw control power. The largest valuec of Ngy studield,

- 5.0 times the baseline value, satisfied all level 1 requirements inclucing
that for Uy with only a minor adjustment in the yaw rate feedback gai
in the roll augmentation system to satisfy spiral mode times constant
requirements. The augmented spiral mode time constant for the 0.2 N&y
case is slightly stable as seen in Figure 24. This effect is an inusrect
vesult of the reduced yaw rate generated with the smaller rudder effec-
tiveness coupling inte the Ly term. The effoct of Ly on the spiral mode
time constant was noted in the previous section,
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SIDE FORCE QDEFFICIENTS

The sffects of variation of the side force coefficlients are plotted i
Figures 34 thrm_xgh 40 for “Ts, ’rﬂpwnda‘sdp m/wggd.qﬁ;' and t30. The
effects of variation in the side force coerficients on

AL 78N

and Posc/Pav are shown in Figures 41 through 43, In all cases, both
the basic and augmented aircraft rosponses are plotted. If basel.iwe
augmentation is insufficient to provide level 1 response characteristics,
revised augmontation responses are plotted instead, ®/X, transfer
functions for the basic, baseline augmented, and revised augmented air:
craft ave given in Appendix Iif for all side force coefficient variations
analyszed. ;
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V/g 'Yg, : baseline value = -0.36

Variation in Yp , the side force damping coefficient, indicates -
primary influence of the coefficient on the dutch roll damping and Posc/Pav -
responses for the basic aircraft. Increasing values of Ys improve both
dutch roll and Posc/Pay characteristics. -

Baseline augmentation proved insufficient to satisfy all attainable
level 1 requirements for both the largest value of Ys analyzed, 5.0 times
the baseline, and the smallest value of Y analyzed, 0.2 times the baseline
value. For the largest value of Yg only a minor adjustment in the yaw rate
feedback gain into roll augmentation was required to satisfy spiral mode
time constant requirements. For the smallest value of Ys-, it was neces-
sary to adjust yaw augmentation gains in order to achieve satisfactory

Posc/Pay responses. With revised augmentation all values of Ys studied
satisfied all attainable level 1 requirements. '

_V_/‘&Y_gl : baseline value = 0.233

Variation in Yg, has very little effect on lateral-directional dynamics

* for the basic aircraft. However, with augmentation operating it has a

large effect on the aircraft's dynamic response with yaw augmentation on.
Increasing values of Y§y, increase the amount of sideslip generated with
yaw augmentation. For the largest value of Y§, analyzed, 5.0 times the

baseline value, adjustments to the yaw augmentation- gains were necessary

- because the high sensitivity of the baseline gains drove the system

unstable. For the smallest value of Ygpanalyzed, 0.2 times the baseline

value, baseline augmentation was sufficient to provide satisfactory
responses. _ : ‘

V/g Y. ¢ baseline value = 0,090

Variations in this coefficient from 0.2 times to 5.0 timos the base-
line valug with the unaugmented velicle had very little effect on 1/75,
'T;;.Un"‘:d, '-*)&/a) n and Yy, These data are shown in Figures 34 through
39, As a result, no additional data for variations in this coofficient
were analyzed with either the unaugmonted or augmented cases.

TIME HISTORY DATA

Time history cathode-ray tube plots (CRT) for the lateral-directional
parameter variations are documented in Reference 3. These data were
generated using the digital simulation program described in Section II
of this volume. Timo historios genorated in this fashion were used to

&




establish certain handling qualities parameters documented herein.

The parameters ohtzined fram these time histories include t3p,
$osc/dy |08 max/&,|, and!|*F4\x 1%6lq- In addition, these time histories
were used to correlate 3 DOF Matrix solution flying qualities parameters
such as frequency, damping, and time constants with those of the 6 DOF
time histories.

L P AL ol oT
o er,wqﬂdt%,‘fl:%%m%ef it

The time histories required to satisfy requirements in Reference 1
include those for unaugmented aircraft wheel step inputs and both unaug- i
mented and augmented wheel bapulse inputs. :

R

The time response to pedal step inputs (¥¢) and those for augmented
wheel step inputs (t30) were also obtained using the 6 DOF digital ‘
simulation program. The data obtained for these parameters were read
directly from computer print out tabulations and no CRT plots were gene-

' rated. Because of their bulk, and the large number of data runs, these
data have not been published in any document. The results of this analysis,
however, are tabulated in the colum for Y and t3p of Tables V and VI,

e A 2 et g

A description of the form in which the aerodynamic derivatives are used
in the 6 DOF digital simulation program is given in Reference 4. The
aerodynamic derivatives for the MST are given in Volume V-II,

_' LONGITUDINAL FARMETER VARIATION DATA

As in the case of the lateral-directional coefficient variations the
maximun and minimun longitudinal coefficient » ; were selected to
satisfy the requirements of the stated s* ' .tives.

" A tabular listmg, of the flying qualities parameters for each coef-
ficient value is presented in Table VII and include both unsugmented and
augnented configurations. The results of the analysis of these data are
presented in the following pages. Table VIII defines the pletting svmbols
used in the presentation of the following longitudinal coefficient dJuta.

TABLE VII1 - DEFINITION OF PLOTTING SRMBOLS IN PRESINTATION
OF LONGITUDLXAL COEFFICIINT VARIATIGH DATA

O Unaugmented baseline case -© Daseline augmentod

0 Unauymented My, Xy, &y copfficient variation
© thaugrented My, Xz, Zo & Revised augmented

¢ Unaugmented Ma coeificient variation
b Unasugmented My :

& Unaugmented HEyy, Ml
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AXIAL FORCE COEFFICIENTS

" Conformance of the aerodynamic coefficient variation study results with
the short period requirements of Reference 1 are summarized in Figure 44.
The data of this figure have been nomilized to the level 1 limits in each
axis and show the effect of parameter variations on the level 1 requirements
for &Jnsp and'ﬁsp.

These data show that in all cases, including the baseline configuration,
the level 1 requirements were met with the baseline and/or revised augmented
configurations. Only results of the final augmentation configurations are
shown. : '

‘The data also show that in the case of the unaugmented configuration
the level 1 requirements were met in the 5 X« case. In al. other cases
including the baseline unagumented configuration, these requirements were
not met in terms of the minimum short period frequency.

Figures 45 through 48 show the effect of axial force coefficient
variations on “ng,, %5, @np, and %, for the unaugmented, baseline
augmented, and revised augmented aircraft. The effect of individual
coefficient variations on phugoid as well -as short period dynamics is dis-
cussed in greater detail below. , -

Xy : baseline Value_=—0.0329'

Variation of Xy indicates primary influence of the coefficient on the
phugoid damping. Increasing negative values of Xy tend to increase 31n1
while positive values of Xy tend tu lower \5ph and drive it unstable. -
Figure 48 shows the effect of Xy variation on 5ph for the basic aircraft,
and Figure 49 shows the effect of Xy variation on the phugoid mode roots
in tre s-plane. :

With baseline augmentation operating, the largest negative value of Xy
investigated, 10 times the baseline value, had very satisfactory short
period and phugoid mode responses. For the largest positive value of Xy
investigated, -5 times the baseline value, baseline augmentation was in-
capable of stabilizing the unstable phugoid mode of the basic aircraft.

In order to stabilize the phugoid mode an attitude-hold was introduced
into the pitch augmentation system. The revised pitch augmentation for
this case is showr in Figure 50. With proper feedback gains determined
through root locus techniques, satisfactory longitudinal responses were
obtained. Transfer functions for 8/X. are given in Appendix III for the
basic, baseline augmented, and revised augmented aircraft.
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X« ¢ baseline value = £, 891

Variation of X« indicates only a slight effect of the coefficient on
the basic aircraft. However, due to the marginglly stable damping of the
phugoid mode for the baselme aircraft, large negative values of X, may
drive the phugoid damping unstable. The effect of varying X4 in the s-
plane is shown in Figure 51 and indicates that variations in this coef-
ficient result in negligible changes in Wnp.

With baseline augmentation operating, the largest negative value of X
studied, -5 times the baseline value, indicated an unstable phugoid mode.
In order to stabilize the phugoid mode, an attitude-hold loop consisting
of a pitch attitude angle feedback was introduced into the pitch augmen-

tation system. The revised pitch augmentation system is shown in Figure 52.

With augmentation gains determined by root locus techniques, satisfactory
short period and phugoid modes were attained. For the largest positive
value of X studied, 5 times the baseline value, baseline augmentation was
sufficient to provide satisfactory short period and phugoid mode responses.
Transfer functions for &/Xc are given in Appendix III for the basic,
baseline augmented, and revised augmented aircraft for all variations of
Lo studied.

X8y : Dbaseline value = -1.83

Variation in X&y has very little influence on lcngitudinal dynamic
characteristics for both augmented and unaugmented configurations. As a
result, both the unaugnented and baseline augmented aircraft provide
satisfactory level 1 response characteristics for all values of X§ |
studied. The smallest value of X &} studied was zero, the largest value
was 5 times the baseline value, Transfer functions for 8/x. for the
baseline augmented aircraft are given in Appendix III for all values of
X&y investigated,

NORMAL FORCE COEFFICILNTS .

The effect of coefficient variations for both augmented and unaugmen-
ted configurations on the short period requirements of Reference 1 are
summarized in Figure 53. The data presented in this figure have been
normalized to the ninimun frequency and damping ratio requirements of .
this document.

The level 1 requirements were met in all cases with baseline augmen-

tation. The effect of augmentation on variations in individual parameters
is discussed in greater detail below,

13
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For the unaugmented configuration the short period data of Figure 53
also show that the 5 Ze case met the requirements of level 1. For all
other coefficient values, including those of the baseline vehicle, the
minimm frequency requirement could not be met.

Figure 54 through 57 show the effect of normal force coefficient
variations on Wpg , 'Ssp , and Unp for the unaugmented, baseline augmented,
and revised augmenged aircraft. The effect of individual parameter
‘variations on the augmented and unaugmented baseline vehicle is discussed
in detail below. - '

Zy : baseline value = -0,277

Variation of Zy indicates a strong influence of the coefficient on

the phugoid frequency. Increasing negative values of Zy increases phugoid
frequency with a large increase in phugoid damping. Very small values of
Zy can result in slightly unstable phugoid damping. Figure 56 shows the
effect of varying Zy on the phugoid frequency for the basic aircraft.
Figure 58 shows the effect of varying Zy oa the basic aircraft longitudinal
roots in the s-plane. These data shew that variations in Zy affect fre-

- quency and damping of the phugoid rvoots and also the damping of the
short period roots,

With baseline augmentation operating, both the largest and smallest
values of Iy invesvigated showed satisfactory short period and phugoid
mode responses. Transfer functions for @/X: are given in Appendix III
for both the basic and baseline augmented aircraft. :

ioc ¢ baseline value = -60.1

o s}\:ariatioril ogf i i‘ggﬁcatm{im%? inflmtjl;ce of t}ixiilsfcoefficientl.is on
e short period mode with a ¢ offect on the phugo quency, _In-
creasing ‘nepgativa values of Zse increase the short pgriod %mgv for the

bosic aircraft. Figure 59 shows the effect of I, variation in the s-plane
for the basic aircraft short period and phugoid mode roots. R

With baseline augmentation operating, both the largest and smallest
values of I« investigated had satisfactory short period and phugoid mode
roots. Transfer functions for @/y. are given in Appondix 111 for the
basic and baseline augmented aircraft. '

HTE baseline value » -10.3

Variation in 281 indicates very little effect of the cootficient on
longitudinal dynamics for both the basic and augnented aireraft. 1t dJdoes, -
however, affect the trim characteristics of the aircraft. With baseline
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- augmentation operating, both the smallest value of Z§y investigated, zero,
and the largest value, 5 times the baseline value, had satisfactory short
period and phugoid mode responses. Transfer functions for 8/X_  are given
in Appendix III for all values of 2§} investigated with the bz?seline aug-
mented aircraft.

Lo+ baseline value = -11.2

As would be expected, variations in 2§, do not affect dynamic response
characteristics of the basic aircraft. This results from the fact that
this term does not appear in the denominator of the longitudinal transfer
functions. lowever, with augmentation, it does appear in the denominator
terms and its effect is observed on the short period response of the air-
craft., Making 2§, more negative reduces short period frequency and
- damping, but does not materially influence the phugoid mode roots. These
results can be observed by an examination of the data in Table VII. With
baseline augmentation operating, both the smaliest value of Zg, investi-
gated, zero, and the largest, 5 times the baseline value, had a\_ccptahle
longitudinal dynamic responses. Transfer functions of ©/x. for the
baseline aircraft are identified in Appendix IIT for all values of 2§,
investigated.

PITCHING MOMINT COEFFICIENTS

A sumary of the effect of coefficient variation on the short period
frequency and damping requirements of Reference 1 is presented in Figure
60, As in the case of the axial and normal force coefficients these data
are plotted in a nomalized manner and take into account the variations
in level 1 requirements occurring with variations in “Jﬂ: and (f‘_&
for a given coctficient value. P 5%

With either baseline augmentation and/or revised augmentation con-
figurations, ali of the level requirements were met., The Jata of this
figure show the results of the final augmentation configurations utilized,

Level 1 short period vequirements were met with the unaugmented con-
figuration for 10 My, 10 Mg, and 220 M., cases. In some cases the response
for these coefficiont values did not meet level 1 requirements for other
areas, these are discussed in detail below. For all othar coefficient
values including those of the baseline configuration either the minimgm
short period frequency and/or damping ratio coull not be mot,

Figures 61 t}nough 64 show the effect of pitching moment coefficient

Variation on Wy, ;.,. u.,np, and 3,, for the unaugrented, baseline
augmented and rev 'Ywd augmenwd alreraft.
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Mv-: baseline value = 0.00065

Significant variations in the basic aircraft longitudinal dynamics were

~ observed with variations in this coefficient. Increasing values of My

increase both short period and phugoid mode natural frequencies, and
drive the phugoid damping unstable for the basic aircraft. Decreasing
positive values of My indicate a strong effect of the coefficient on the
phugoid damping with reductions in both short period and phugoid mode
natural frequencies. Increasing negative values of My variation on the
phugoid mode natural frequency and damping are shown in Figures 63 and 64
for the basic and augmented aircraft. The effect of My variation on the
short pericd and phugoid modes in the s-plane are summarized in Figure 65.

With baseline augmentation operating, the largest positive value of My
investigated, 10 times the baseline value, demonstrated satisfactory
longitudinal response characteristics. The largest negative value of My
investigated, -10 times the baseline value, had an unstable real phugoid
mode root. By means of root locus techniques, an angle of attack feed-
back and an increased pitch rate feedback gain were added to the pitch
augmentation system in order to provide satisfactory longitudinal responses.
Figure 66 shows the mechanization of the revised pitch augmentation system
for this case. Transfer functions for €/¥c are givex in Appendix III
for the basic, baseline augmented, and revised augmented aircraft.

M« : baseline value = -0,0182

Variation in M« , the static stability coefficient, indicates primary
influence of the parameter on the short period mode and a significant
influence on the stability of the phugoid mode for the basic aircraft.
Increasing negative values of M cause the two real short period mode
roots of the baseline case to merge and become a complex pair. Increasiiy
negative values cf M4 may also cause the phugoid mode to go unstable. fThis
occurred for values of negative M, greater than 5.3 times the baselire
value. Increasing positive values of M, cause the two resl siiort period
mede roots to separate and eventually drives one of them unstable,

With baseline augmentation operating, both the largest pesitive value
of M investigated, -10 times the baseline value, and the largest negative
value of My, the My= -4.0 case, had unstable pliugoid modes. For the
large positive value of M, an angle of attack feedback was added to the
pitch augmentation system as shown in Figure 66, This mechanization
effectively permitted changing the siyn of the unstable M, tem to one
which was statically stable with augmentation on. For the large negative
value of My an attitude-hold loop utilizing incremental changes in pitch

90
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attitude was added to pitch augmentation as shown in Figure 68. Both the
largest positive and negative values of My investigated had satisfactory
short period and phugoid mode responses with revised augmentation.

The effect of M variation on the longitudinal responses are shown for

_the basic aircraft in Figure 67 for the s-plane. Transfer functions for

©/Xc for the basic, baseline augmented, and revised augmented aircraft
are given in Appendix III for all the variations of Mg investigated.

Mge: baseline value = -0,312

Variation in My indicates primary influence of the coefficient on the
short period mode with a significant effect on the stability of the phugoid
mode. Increasing positive values of Mg tend to merge the two real short
period roots making them complex. Large positive values may drive both the
short period and phugoid mode damping unstable,

With baseline augmentation operating, the largest negative value of M
investigated, 5 times the baseline value, had satisfactory short period
and yhugoid mode responses. The largest positive value of My investigated
required a larger pitch rate feedhack gain in the pitch augmentation system
and the elimination of the nommal acceleration feedback of the baseiine
system. With the revised pitch augmentation system shown in Figure 69
satisfactory short period and phugoid mode responses were attained,

Figure 70 shows the effect of My variation for the basic aircraft in
the s-plane. Transfer functions for €/x. for the vasic, baseline augmen-
ted, and revised augmented aircraft are given in Appendix TII for all values
of My investigated.

Mg @ baseline value = -0,63

.

Both the snort period and phugoid mode responses of the basic aircraft
weve affected by variations in this coefficient. Increasing negative
values of the pitch damping term tend tn wncrease the short period fre-
quency, decreasc che nhuyuid frecucacy, and increase the phugoid damping.

With baseline au,.entation ope.aving, both the smallest value of M,
investigated, zevo, and the largest value of My, 10 ti-ns the baseline
value, satisfied sho.t period. and phugoid mode 10quirevents, Figures 03
through €4 show the effect of Mg variation on the phujpoid naturs! fre-
quency an¢ damping for both the basic and augmented -aircraft. Figure 71
shows the effect of Mg varietion on both the short peried andd phugoid
modes for the basic aircraft in the s-plane. T.ransfer functions for ©/Xc
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.are given in Appendlx ‘IT for both the basic and baseline augmented air-.
craft for all variations of Mq studied.

M§e  baseline value = -1,32

Variation of M§e for the basic alrcraft indi cates a strong influence
of this coefficient on the steady-state pitch-attitude angle, & , following
a colum step input. M§e variation does not affact either the sho
period or phugoid modes for the basic aircraft. " ,

With baseline augmentation operating, the magnitude of M§e has a large
influence on the effectiveness of the pitch augmentaticn. The zero Mg,
case naturally nullified the effect of the pitch augmentation. Figure 61
through 64 indicate that the minimum M §e which wikl satisfy dynamic
respense requirements at this trim condition is. 0.2 .timés the baseline
value. In order to provide satisfactory level 1 short pericd frequency
for the zero M§e it was necessary to augment the horizental stabilizer.
Baseline augmentation was sufficient to provide satisfactory’ ‘longitudinal
responses for the largest value of Mg, investigated, 5 times the baseline
value, Equivalent augmentation through the horiv.ntal stabilizer was
sufficient to provide satisfactory results for t.ic zero M§e case. Trans-
fer fuactions for ©/y. are given in Appendix III for the baseline augmen-
‘ted and revised augmented aircraft for all values of M§ e studied. Figure
72 shows the revised pitch augmentatmn system used for the zero H&"
case.

Mgt : baseline value = -1,21:

Variation in Ms H indicates a strong influence of this coefficient
on steady-state values for the pitch attitude changs in 1 second and.
horizontal stabilizer:trim., Variation of Mgy, does not affect the basic
aircraft short period or phugeid modes, ‘

With baseline auguentation operating both the suailest value of Mgy
studied, zeto, and the largest value of M &y studied, 5 times the hascline
value, had satisfactory shoert period and phugoid mode vesponses.. Since
baseline augmentation is coupled only to the clevator no variation ip
baseline augmented dynamics would be expected for the zero Mgy case,
however, the baseling vehicle trim system is counled to the horizontael
stab’ Lizer and, as'a rosult, the zero Mgy case roquires redefipition of

the trim c:ontrol system. Trim studies for this c.g. pesition have indicated
“that scebilizor trim pcmtwnb vary {rom zero to seven degrees. These duta
‘would indicate tha. the minimm MEy necossary to sanxsfy the trln ve-
quirements is approximately 0.33 timos the baseline value at the aft ¢.g
position-investigated, Forward c.g. positions would roquire considerably

99
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more. - Transfer functions for ©/x. -for the baseline augmented aircraft
are given in Appendix IIT for all variatinns of Mgy studied.

 ANALYSIS OF AIRCRAFT -CAPABILI’I'Y~ TO ACHIEVE STALL ANGLE OF ATTACK FROM TRIM

The maximum angle of attack used in e following analysis was conmputed
from the equation:

L'rg-r N-(,-g Mfg‘-
_ : + (,..._5 Koo
I C Toe /xeo Tee

The above coefficients are defined in:Reference 4. At the baseline trim
flight condition, &y, was computed to-be approximately 21.0 degrees.

In analyzing the aircraft's capability to reach stall angle of attack
from trim, the 6 DUF digital simulation program was used. The program
computes initial trim angle of attack,glide slope angle, pitch attitude
angle, and hori~ontal stabilizer position. Input initial conditions were
a veiocity of 1 1.0 ft/sec. a flap deflection of 46.0 degrees, weight of
160,000 1bs., .:.1 full thrust per engine.

The coefficients varied with respect to aircraft capability to achieve
X max were Mg, Mg, M, M§H, Mga, 5y, and Zge. Increments of -5.38,
-1.29, and -1.83 were added to the baseline values of Mg, My, and Mee
_ respectively to determine the sensitivity of the coefficients on *stall
6 . capability. Mge, 2511, and Z§, were each independently made zero to
¢ . 4 determine their effect on &, and Mg was multiplied by a constant

2 0.28 to determine its effect. In all cases where the aircraft was capable

«f trimming, the required stall angle of attack was achieved.

It is worth noting that severul cases were run in which an initial trim
was not achieved hecause of coefficicnt magnitudes selected. These in-
cluded M values of -2.36 and -3.54 and a value of Mgy = 0. Of these
cases, . stall m;g,,e of attack was achieved with full col:mn input for the
Mec ® -2.30 and Mgy = 0 cases. Stall angle of attuck was not achieved
for the -3.54 case, In the case of M &y = 0 the aircraft could not trim
because this system is mechanized through the horizontal stabilizer, as a
result, an initial out of trim pitching acceleration of -0.088  rad./sec.®
was measured from time histories. liven with this amount of initial nose
down accleration the aircraft achieved stall angle of attack when full
glovator was applied through the column. The results of thes~ analysis
ia terms of stall angle of attack are shown in Table IX.

The vaiues of -2.36 and -3.54 for M, were initially selected as
being typical values which result in complex short period roots awd are
thus pessible values which might be encountered in a given aircraft design,
For the baseline configuration the high :,nffnﬂ;s resulting fram these
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magnitudes of Mg in combination with the baseline Mgy resulted in fail-
ure to achieve an intitial trim. A brief 2 degree-of-freedam analytical . i
study has been conducted to determine the maximum stable value os Me
capable of being trimmed with the baseline Mgy and, if needed, the use ' ‘o
of partial slevator to augment the trim provided by the horizontal stabili-

zer. These data are presented in Appendix V.

The data of Appendix V show that for the baseline aircraft a maximum
stable Mec of -1.8 «an be trimmed by using full horizontal stabilizer.
When elevator is used to augment the horizontal stabilizer, i.e., elevator
is added after the hor:zontal has been trimmed to full travel, an Mg =
-2.9 can be trimmed using 503 of available elevator. This study also
shows the effect of variations in Z,, and M g | on trim requirements.

s b

COCFFICIENT ACCURACY REQUIREMENTS - UNAUGMENTED AIRCRAFT

To determine coefficient accuracy requirements for the basic air-
craft in each axis, two parameters were measured from thu parameter A
variation data plots previocusly presented. The paruwieters ieasured fiom -
these plots included the sensitivity (SENS) and the a~rvodynamic
coefficient design margin (IMC) ¢“ each parameter with respect to the
nomalized baseline value and the . propriate perfermance level.

ATERAL-DIRECTIONAL AXES

For the lateral-directional axes, the design marsins ‘n each cage
were measured from applicable Terminal Flight Phase Category U require-
ments of Reference (1). In most cases thesv were selected as the level
3 requirement since the unaugmented configuration represents a failure
state configuration and thus can be considered to have dearaded |
pecformance. Only in the case of the control surface effectiveness and
~ides.ip excursion parameters were level 1 requirements recaiped for the
~uemertation failure mode configuration. These margins are defined in
1ak.- X for each of the coefficients analyzed. They represcat the design
md. 'ins shich were designed into the baseline configurition. These are
gro essed in multiples of the baseline value with respect to the indizat..
~ederence Jovels.  These data indicate that where the sppropria’ e
Sguliement levels are ‘wt, the desigh margins are generally in excess of

ety b LS




R SES et e

R,
Y

RS

2T

5
I

e

LU SR SR

 (zerewmred 3°H

Pa3BDTPUT SYI 1D33JE 30U Op IWSTITFFAID STYL UT SUOLIPIIEA SIIEITPUI) FTVDITAAY ION YN
INTRA RTLISEG UT ISEAXINT -
aMneA JUTTISEQ UT SSETAIDUY -

weyl 1MqEAH <

ISUCTIETARIQY  pUE  STOgAS

{1 [943]) psimnbsl 1243 souemiojaad 3 A108231r) UNMIUTH Y1 193T 10U S0P IIDIYA porvoedrren) 7,

-133oueted SIYI 30 SWII UT WANGUTW B I2 ST JUT[ISEY Ty
b w¥N 0°0 s 720°0- 00 00 o 0 W 00 v o¢ ek
00T~ < 5.T°0- 4 92z0-| o00t- < 15°0- W 0°0 L 0°0 201~ < €200+ 00T- - ST0"0+ 00I- « Tty 0+ 00%- < $L0°0- 00E- < LT0°0- 9
: 00 005+ < TI00- 005+ < 0 005+ « 0 005+ < 8LO"0« w 00 0
0°0 WN 0°0 50° T+ .. 4 w [} W 0 w G0 W 00 tox
001~ < 00 SST°0- Te 00 00§- < £10°0- 00 00§- < L10'0+ ¥ [ VN n VN 00 5] 6°0 Fox
00t- Sy°0- 8L°9- 09~ L 00S+ < 0°0 ¥£0°0- S¢- 29170+ GOI- <«  8E£0+ s8- 9 1+ Qv+ 9§ T+ 00S+ - $Z70°0+ BN
00S+ < §.0°0+ $OT°0+} 00T+ 19°p+ g0gs < 0°0 8.0°0- 00T- - 35070+ 00S+ - ¥$0°G- 001- - 0870+ 0g- L671- 005+ «  200°0+ I
00S- < SLT°0- 9£°0-| 001~ < 9S00+ 005+ « $10°0- 220°0- 00T- < 690°0+ 00S+ . 65070~ 001- . LLI°0+ J0T+ - Z1°0+ 00S+ < 27070+ d
N 0°0 N 0°0 . ot 00 N 0°¢C w 00 W g0 i 070 ke !
001~ < 00 : 00T- <  Y§2°0+ s§- S€°0- 00 ~ 180°0- Wi, 00 W 0°0 L4 0°0 L 54 o¢ Eop
00T- < Z90°- ' £02°0+ 09~ LoLe ¥~ 0°0 220°0+ © 9%0°0e Te 220°0% 005+ ~  Z£°I- sz- 81°1- 00%- £1°0- =1
001- < [g0°+ b 8.0°0-§ 001- - 80°1- ‘0. ¢+ 1§6°0- St0°0+ “T100- 601- . Z01°0« 00§~ «  §9T°0« 0z 3 0og - 0°0- 1
001~ < 80"+ e ¥$°0-] -00l- <  L°0- *59Z+  801°0« z 00 001- « - 001- « ££0°0+ GOT- - G0°Te ge- €9-0- 001~ - S%°0- &

e (apin3
(1 113T) [§ 7 $0] (z 13A371) ) (v gy {1 71371 uBtsap) (g T (s 1141} € T\IY (€ 12\:371)
2418 SNAS|{ WD 4  USNHS | OO % -SN3S 0 %SNS OWT 4 oW 3 SNIS p l Y *SNES oG 3 sxas | oxam s SIS 3 oIS
14 Arg . T 5 5
Yeagy ey - of, ' Pom / Do e v x ooty 3303

TVNOIIDFIIA-TVIEIVI CHINGWDVNN X TIdVL

1

10k




ks

one baseline unit over the minimum requirement and in many cases they are
five baseline units away from the minimum reference level. The sign
associated with each design margin indicates the direction in which the
baseline coeffi ient must vary to réach the reference level. A minus

DMC indicates a change in coefficient value toward zero and a plus IMC
indicates a change in coefficient value away from zero is necessary to
reach the reference level. Where requirement levels are not met, ¢

and |®P/%,| x1%pl, , the design margins are not defined. The design mar-
gins closest to the minimum reference levels appear for the 1/7g
parameter. These include the margins for Lp, Lr, La, Ny, and N .

These margins are on the order of 20 to 50 percent of the Level 3 reference.

A NS A e

The sensitivities for each coefficient are also shown in Table X.
These were measured over a +50 percent range of the baseline coefficient
value. They are normalized to both the coefficient value and ‘the baseline
H.Q. parameter value. '

Table XI identifies the coefficients in the order of their relative
sensitivities on each parameter. These results indicate that Np
contributes the greatest sensitivity to seven of the ten flying
qualities parameters listed. It exerts the prime influence on the
basepoint values of

: w I ¢ _
To, b Wag, “Yomy |BPransp s\ %1y, 94, caa [ABmerg |
The next most important coefficients in the.order of sensitivity magni-
tudes are Lg , Ngr, Lp, and Lgy. These coefficients are the prime
influence on Poscfpe, , Yo, Mo, and t3g respectivelgl.' Of the coefficients
second in order of importance, Lp influences. |3fmav/p|\w (®/4ly ,
t3g, and Y., while Ly and Nr each provide sensitivities second in
order of importance in two flying qualities parameters. These are TR
and ¥4 for Lp » and 1/7 g and Posgf  for Ny.

Analysis of the relative sensitivities in this table for each
coefficient show that in some cases significant percentages occur for
coefficients as low as sixth in order of importance and in other cases
the relative sensitivities decrease more rapidly as order of importance
decreases. This implies that comparing sensitivity .data by this method,
i.e., order of importance, would not significantly reduce the amount of
coefficient accuracy requirements which must be determined. However,
comparing the relative sensitivities for each flying qualities para-.
meter indicates some coefficient accuracies for individual H.Q. parameters
are not significant in terms of the other coefficient sensitivities
involved. More specifically, these coefficient variation data indicate
that accuracy requirements with relative sensitivities less than 0.25 are
not significant in temms of their effect on individual flying qualities
parameters. The coefficients for which accuracy requirements should be
defined on this hasis are listed in Table XII. This table shows the
coefficients for which accuracy requirements shculd be established in
terms of each flying qualities parameter., The method of establishing

the requirements for these coefficients is discussed in Section II.
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TABLE XII

UNAUGMENTED LATERAL-DIRECTIONAL COEFFICIENTS FOR DEFINITION OF
ACCURACY REQUIREMENTS VERSUS FLYING QUALITIES PARAMETERS

H.Q.
PARAMETERS

AERODYNAMIC COEFFICIENTS

l/TS

&d

Lp, Lg

NB’ NI" LI‘9 LB’ Lp

NB’ Lg, Lp, Nr, YB

NB: Ly

NB) Lp, Ly

Nsp

'Léas Lp

Lg, Ng, Yg, N;

| NB) Léaa Lpr Npp YB’ Ld

Ng, Yg, Np
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. Coefficients having sensitivities which significantly influence the
various flying qualities are summarized in Figure 73. This figure
also.shows that the baseline unaugmented contiguration either meets or
exceeds the minimum H.Q. requirement specified for augmentation failure
mode operation in all cases except yaw control effectiveness and the
sideslip excursion requirement

EEUATICATEE

For some paramete.'s, such as, frequency, damping and roll time constant,
Level 1 requirements are met and exceeded by a comfortable margin.

LONGITUDINAL AXIS

For this axis the design margins shown in Table XIII were measured
from the Level 3 and Level 2 IFR requirements of Reference (1). The
unaugmented “%gp did not meet the Level 2 IFR requirement and therefore
%?ese are not defined. In most cases the coefficient design margins for

sp and $, are outside the coefficient parameter variation ranges
investigated and the symbol LDM indicates that the coefficient design
margin is greater than the percentage range of the individual coefficient
being investigated,

This table also shows the sensitivities which were measured over a
+50 percent range about the baseline value, In many cases these
sensitivities are quite small and, as a result, do not significantly

influence coefficient prediction accuracy requirements for a given
flying qualities parameter.

The importance of the individual coefficients on each flying
quality parameter is swmmarized in Table XIV. This table lists the
sensitivities relative to the maximum (R.S.) for each parameter and
identifies the number of times each coefficient appears in each order of
importance. These data show that My, and Z, have the most signifi-
cant sensitivities with respect to these flying qualiiies parameters.
Other coefficients having relatively large sensitivities are M&, Zy,
and Xy. These data reflect the fact that for the baseline condition
investigated M , usually the dominant term in &agp, is numerically
quite small, and as a result comes out a poor sixth in tewms of order of
importance.

The coefficients for which accuracy requirements or design margin
requirements should be determined are listed in Table XV. These represent
coefficients whose relative sensitivities in terms of each flying

" qualities parameter are equal to or greater than 0.1. The methods for

establishing accuracy and/or design requirements is defined in Section
I1.
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Table XIII

UNAUGMENTED LONGITUDINAL SFNSITIVITIES AND DESIGN MARGINS

. {Coefficient Zsp _ ip “ngp enp

SENS  ¥MC SENS  $IMC SENS $IMC SENS

: Level ZIFR Level 3 Level 2IFR

Xy -0.000039 LM 1.62 LIM 0.00054 * . [ -0.0032

3 X« |-0.0014 LIM 0.53 LIM 0.0014 *] - 0.0124

Xeg | 0.0 - LM | 0.0 M | 0.0 ! 0.0
2y 0.086 LIM 2.18 JIM -0.081 *]1 1 0,135
oo -0.178 LIM +0.154 LM 0.540 - %] -0.068

-0,508

Zai 0.0 LIM 0.0 M | 0.0 ] 0.0
Zsg 0.0 LM 0.0 LM | €.0 JI 0.0
My -0.295 LM -5.2 LM n,230 *] 0.264
Mo -0.039 LDM -0.202 LM 0.0445 * 0.0126
M'a 0.255 -120 0.340 LIM | -0.0510 *1 0.0489
Mg 0.041 LM 5.2 LM 0.278 2] -0.382
Msy 0.0 LM 0.0 LIM 0.0 C%] 0.0
Mse 0.0 LIM 0.0 LIM 0.0 - * "~} 0.0

*1 Unaugmented Baseline aircraft fails minimum Wngp requirement.

LIM These coefficient design margins are outside the parameter ranges
investigated. .




TABLE XIV

LONGITUDINAL COEFFICIENTS IN 0RDER OF IMPORTANCE FOR UNAUGMENTED
- CONFIGURATION ON FLYING QUALITIES PARAMETERS

ek A RS ISP, AR IR &;&T

Flying Qualities Mr | Mo | Mg Mq Ly Z. Xy Xe
R.S. | .42 .08]-.10] .51]-15] 1
“sp |
0.0.1. 3 6 5 2 4 1
R.S. 1. | +.13]-.86 | -.14{ -.29 | +.60
;sp . :
0.0.1. 1 6 2 5 4 3
R.S. -.69{ -.03]-.131 1 }-.35}+.18 -.03
wnp . .
0.0.1. 2 6 5 1 3 4 6
R.S. -1. | +.04+.07 1 | +.421-.10 {+.31 1+,10
® |
0.0.1. 1 6 5 1 2 4 3 4
Order of Importance Numbey of Times Appearing
(0.0.1.) '
lst 2 2 1
2nd 1 1 1 1
Ird 1 1 1
ath 2| 2 1
5th 3 1
6th ! 4 1

R.5. Relative Sensitavity.
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TABLE XV

UNAUGMENTED LONGITUDINAL COEFFICIENTS FOR DEFINITION
OF ACCURACY REQUIREMENTS VERSUS FLYING QUALITIES PARAMETERS

H. Q.
PARAMETERS AERODYNAMIC  COEFFICIENTS
® ng oy Mg My, 2y, M
p
Cs‘p ’ Mvs M&’~Zx’ ZVqu’Ma:
“’np_ b’h, Mv» ZV: z¢, M;
Cp MQnMVQ ZV9XV;X¢’ Zu
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The coefficients with relative sensitivities greater than 0.1 are
summarized in Figure 74 for, ,@, ., % and Bsp. The minimum re-
quirements are shown for Wp., and ¥ gp. That for the phugoid damping
Level 3 occurs at %p = -0.795 and has not been shown. All of the
minimum longitudinal “flying qualities requirements-in this figure are
expressed in terms of the baseline frequencies. No requirement for
phugoid frequency is applicable. Since the phugoid roots are all com-
plex, the only Levei 3 requirement which applies is that for phugoid

damping.

It is noted, that the coefficients shown a: being most influential
on these flying qualitjes are not necessarily those normally dominant
in the conventional flight regime. Nor, has the present study been
sufficiently exhaustive to assure that these terms predominate the STOL
flight regime and all possible c.g. positions. They are however repre-
sentative of the trim condition at which this study was conducted and
represent the effect of coefficient variations about that peint.

" COEFFICIENT ACCURACY REQUIREMENTS - BASELINE AUGMENTED AIRCRAFT

In determining coefficient accuracy requirements for the baseline
augmented aircraft,. coefficient gain margins (DMC) were determined for
each of the coefficients with respect to either sensitive lateral-
directional or longitudinal flying qualities.  The DMC were determined
for each of the lateral-directional and longitudinal coefficients with
respect to Level 1 requirements. In addition, the coefficient’
sensitivities (SENS) were also defined in each axis for the haseline
augmented vehicle. o

LATERAL -DIRECTIONAL

The data analysis for the baseline augmentation system utilized a
three-step procedure for each coefficient value investigated. This proce-
dure involved a matrix computation for TR, lirg, B4, Wpd and®pfuyg for
a given aerodynamic coefficient value. I[f the Level 1 requirements were
met for each of these parumeters, pulse and/or step time histories were
r.1. tn uitablish such parameters as dosc/Pay » t30, QVt,XAﬁﬁMvQ.\x\@é|J ,
and oy e b, o ‘ :

The order in which step or impulse time histories were run varied with
the type of coefficient being investigated, If at wy time during this
analysis procedure. appropriate level requirements were not met, the
augmentation system was redefined in terms of either a gain change or
configuration revision and the analytical process was repeated. No
additional data were run in terms of time histories for augmentation con-
figurations not meeting Level 1 requirements. The data rnn in this
manner for the baseline augmented configuration ave presented in Table
XVI. The sensitivities and gain marging in this table are for the
control systoms of Figures 1 and 2. The gains for the baseline contigura-
tion are shown in Table XVII,
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Figure 74, Summary oi Longitudinal Coefficient Variations
on Unaugmented Flying Qualities.
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TABLE XVII

SUMMARY OF LATERAL-DIRECTIONAL AUGMENTATION GAINS

Coefficient Kpa |Ky- Kny Krh |Kg. I KBy Kep Kpy
Units Sec__ |Sec [Rad/g | Sec |Nondim Nnnéi;; Nondim | Sec
Baseline 0.85 (3.5 }1.75 0.80
5 Lp -1.98 3.5 [1.75 0.80 0.0895
1/5 Lp Same as baseline case ;
5 Ly 0.85 13.5 |1.75 5.4
1/5 Ly 1.60 {3.5 |1.77 }0.0
-3 Ly 0.85 (3.5 [1.75 |-3.45 ‘
5Lg 0.85 3.5 [1.75 0.80 {-3.384 | 0.10685
1/5 Lg 0.85 3.5 11.75 1.2
-3 Lg 0.85 3.5 {1.75 0.80 | 3.384 | -0.10585
S Lsa 0.17 3.5 11.75 0.16
1/5 Lgg 0.8 3.5 {1.75 3.5 :
S Ler 0.85 (3.5 }1.75 0.80 -0.946
1/5 Ly 0.85 (3.5 |1.75 1.0
-3 Lay 0.85 3.5 }1.75 0,80 0.946
5 Np Same as baseline case
1/5 Np Same as baseline case
-5 Np 0.85 ]3.5 |1.75 |1.2
SNr 2.9 3.5 }1.75 0,0
1/5 Nr~ 10.85 3.5 [1.75 1.1
5 Ng 0.85 3.5 (1,75 1.5
1/5 Ng 0.85 13.07 |1.83 0.8
5 Ngg Same as baseline case
1/5 Nga Same as baseline cas:.
~3 Néa 0,85 3.5 |1.75 1.0
S Nap N8 3.5 [1.7% 1.0
1/5 Ngp Same #3 baseline case
5 Ys 0.85 3.5 |1.75 1.0
1/5 vg D.85 11,12 11.89 . 10.80
5 Yap 0,85 [0.70 {0.35 0.2
1/5 Yary Same as Laseline cas:
L " e
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To the extent of the data available, Table XVI shows the
sensitivities and coefficient gain margins for each of the flying
qualities parameters. The sensitivities indicated are those for a 50
percent excursion about the baseline value for each coefficient. IT the
IMC was violated at any time during the range of coefficient values

“investigated these are also shown. In many cases the augmented

sensitivities are quite small and, as a result, the gain margin was not
encountered over the range of the coefficient values investigated.

This table also summarizes the limitations of the baseline augmenta-
tion system. For each coefficient it identifies the multiple for which
the MAQ was not met, it identifies the flying qualities parameter not
meeting the requirement and summarizes the changes accomplished to meet
the MQ by identifying whether a simple gain change was necessary or
whether ru.2firition of the augmen~ition system was required. The figures
on which the fir+i vessi s 37 anuz. ritation systems meeting all Level 1
requirersnts gve also identitied.

Figures /5 through 78 show the effect of baseline augmentation on the
sensitivity (SENS) of TR, i/fg, B4 and @ g for each of the lateral-
directional coefficients. In all cases, the flying qualities sensitivity
is increased with augmentation on for the control surface coefficients,
Léa, L&y, Ngzs N§p, and ¥g.. This result is to be expected since these
coefficients do not affect the denominator roots of the unaugmented lateral
transfer function.

In comparing the flying qualities sensitivities of the uraugmented
to the augmented aircraft, the addition of augmentation reduces %3
sensitivity for all the®coefficients except for the control surface
coefficients, With respect to Tr, 1/75, andWpy, sensitivities are in-
Creased substantially for Yg with augmentation operative. The rolling
and yawing moment coefficients sensitivities for T, l/7g andwp, may
increase or decrease thus affecting the order of importance of rt!ﬁe
coefficients with respect to flying gqualities sensitivity. Table XVIII
suncnarizes the order of importance of the lateral-directional coefficients
on TR, 1/7g, %4 andWpy for the baseline augmented aircraft.

Additional results shown in these figures indicate that some other
significant changes in the onder of importance >f the coefficients on
flying qualities are realized by the addition of baseline augmentation.
The largest changes in sensitivity occur fev Ly and Np with respect to
1/7s, Yp with respect to®Wyy, and Na, Lp, and L, with respe- Lo by,
Table XIX summarizes the important coefficients with cespect . TR,
1/’7'59““& and '$d- )

Twenty-two of the twenty-nine cases stuwdied for the lateral-direc:
tional parameter variation required augmontation analysis due to the
failure of baseline augmentation of achieving satisfactory flying quality
responses. Of the 22 cases, fourteen only reguired minor adjustments to
the baseline roll augmentation system gains to satisfy spiral mode time
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. ‘TABLE XVIII
L COEFFICIENTS IN ORDER OF IMPORTANCE FOR BASELINE AUGMENTED AIRCRAFT RESPUONSE
; Fl)fing YB‘ Y‘r H.:p L-r ng LJa L"r Nr Nﬂ Naa NJr
Qualities
TR R.S. (-0.41 1.0 0.39 -0.80 0.54
0.0.1.] 4 1 5 2 3
14_ R.S. 0.17] 0.03 0.08 1.0 |-0.39|-0.69{-0.84 | -0.56]0.28]-0.14 0.17
s 0,0.1I.} 8 11 (10 {1 5 3 2 4 6 7 8
¢d R,S 0.781 0.3010.31;0.48 {-0.84 0.54 1.0
0.1.}13 7 6 5 2 4 1
Wy R.S. 1.0 {-0.46 0.338} 0.26}-0.27} 0.22} -0.26]0.55 -0.34
0.0.I1.11 3 5 7 -6 9 8 2 4
TABLE XIX

BASELINE AUGMENTED LATERAL-DIRECTIONAL COEFFICIENTS
FOR DEFINITION OF ACCURACY REQUIREMENTS VERSUS
FLYING QUALITIES PARAMETERS

gf\},gf\,\ufrerzs AERODYNAMIC CORFFICIENTS
™ Lp, Lar, N1, Yg , Lg

1/7y Lr, Léy, Laa, v, la, g

¢y Ny Lp, Yg, g, Lr, Lp, Yer

wnd Yﬁ» “Iﬂv de‘: NJ['- Lr, LJa: Lﬂ» Nx‘-




constant requirements. Of the eight remaining cases, three required
‘adjuscments to the yaw augmentation system gains in order to improve dutch
roll damping characteristics. For the largest value of Lgsz studied, it
was necessary to lower the roll augmentation gains to compensate for the
increased effectiveness of the ailerons. The four remaining cases,

upper and lower limit Ls and Lgy cases, were augmented by the simultaneous
solution of aerodynamic coefficient method. In both cases additional
feedbacks were added to the later:l-directional baseline augmentation

system. A summary of the revised lateral-direct:icnal gains is given in
Table XVII.

LONGITUDINAL

The data presented in this section are those for the control and
augmentation system defined in Figure 3.

The sensitivities and gain margins for the longitudinal coefficient
variations are presented in Table XX. Cases where the coefficient gain
margins referenced to Level 1 requirements are so large that they were
not violated over the variation ranges are indicated as LDM.

s 2 These data show that the augmentation system is most sensitive to
. coefficient changes which significantly affect the phugoid damping. The
second greatest control system sensitivity results from coefficient
variations affecting short period frequency.

In general, taseline augmentation proved to be very successful in
augmenting the al craft with variations in the longitudinal coefficients.
In several cases where unstable phugoid roots were present for the basic
aircraft, baseline augmentation was unable to provide satisfactory longi-
tudinal response characteristics. However, with the addition of an
Ty, attitude-hold loop to the pitch augmentation system, these cases were

: satisfactorily augmented. For a small value of Mge, results indicate
that it may become necessary to add augmentation to the horizontal
stabilizers due to the decreased pitching moment capability of the eleva-

tors, A summary of the longitudinal parameter variation gains is given
E in Table XXI.

The change in coefficient sensitivities resulting from the addition
.of baseline augmentation is shown in Figures 79 through 81. In general
these data show that baseline augmentation significantly reduces velocity
and rotational moment and force coefficient sensitivities over those for
the unaugmented vehicle and increases moment and normal force elevator
effectiveness coefficient sensitivities.

The effect of baseline augmentation on coefficient sensitivities
: : for the phugoid damping is sumnarized in Figure 79. Significant reduc-
' 3 tions in sensitivities for 2y, l«, My and My are achieved. The
sensitivities for Xuy and Mge ave increased. The most important
coefficients in influencing 5p are Xy, X~ and Mg .
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TASLE XXI

| SUMMARY OF LONGITUDINAL AUGMENTATICN GAINS

R RN ST AN TS LA TN RS VT T

T ST SR

SECE 59

ici « KXot t
Coefficient | Kq Kn, K Ko Kq .
Units Inch-Sec. | Rad-In. Inches | Inches | Inc-Sec.| Rad-In.

B : £
Baseline: 38.0 4.0 NA NA NA NA
-5 Xy 15.0 0.0 10.0 12.6 NA NA
10 Xy Same as baseline case
-5 Xe 40.0 | 0.0 NA 3.0 NA NA
5§ X« Same as baseline case '
Zero Xsy Same as baseline case
5 Xsy Same as baseline case
Zero Zy Same as baseline case
100 Zy Same as baseline case
Zero Z. Same as baseline case
5 Z, . Same as baseline case
Zero Zg, Same as baseline case
5 Zgo - ‘Same as baseline case
Zero lsy Same as baseline rase
S ZsH Same as baseline case
-10 My 150.0 6.0 | 50.0 NA NA NA
10 i, Same as baseline case -
-5 Mg 100,06 | 0.0 | MA NA NA NA
5 Ms Same as baseline case
-10 M. 40.0 l 0.0 4.0 NA NA NA
200 Mq 0.0 0.0 NA 5.0 NA NA
Zero Mg Same as baseline case
10 Same as baseline case NA NA
Zoro Mgq 0.0 0.0 | A NA 51.78 | 5.45
S Maa Same as baseline case NA NA
Zero Mgy Same as baseline case NA NA
5 Mey Same as bascline case . NA NA
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Similar results are observed for the short pericd frequency as shown
in Figure 80. For this flying qualities parameter 'hz addition of
baseline augmentation reduces all moment and force cosf{ficient sensitivities
to +0.01 except for My and Mse. The sensitivity for M, is decreased 50
percent to 0,13 and that for Mge is increased to 0.5. Tnis effective
increase in the sensitivity of Mgs makes this the most significant
coefficient in influencing short period frequency. Mg is next in
importance in influencing ¥nsp.

In terms of coefficient sensitivities affecting short period damping,
Figure 81, the baseline augmeni:tion system reduces all axial and noimal
‘force and moment coefficient sensitivities by factors in excess of 1l
of their unaugmented values except for Mg Particularly significan}
decreases in sensitivities occur for Zy, Z« , My, M, and Mix. For short
period damping the addition of baseline augmentation reduces all moment
and force coefficient sensitivities tc less than +0.01 except for Mge
which is increased to ~0.23. The minus sign associated with the sensi-
tivity for Mge indicates that a prediction error in this coefficient
which results in an increase in the baseline value of Mge would reduce
the augmented ¥sp and conversely a coefficient prediction error result-
ing in a reduction in the baseline valu. of Mge would increase the augment-
ed ¥, Tre most important coefficient in influencinug short period
damplgg is Mge.
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Section 1V
SUMMARY AND RECCMMENDATIONS

R e o G S

BASELINE VEHICLE CHARACTERISTICS

In the lateral-directional axes the unaugmented baseline vehicle
exhibits marginally stable dutch roll damping, low frequency, excellernt
roll response in terms of time constant and control effectiveness,
slightly unstable spiral mode roots, low rudder effectiveness and slight-
ly high sideslip excursion characteristics. The unaugmented baseline
vehicle was shown to either meet or exceed the minimum flying qualities
requirement specified for augmentation failure mode operation in all cases
except yaw control effectiveness and 'A§ A

P, d \ _ i
The baselinc augmentation for this vehicle was designed around these unaug-
mented characteristics to either meet or exceed Level 1 requirements. This

objective was achieved in all cases except that for rudder control effec-
tiveness. :

&

In terms of the Level 1 requirement of Reference (1) the rudder
effectiveness is approximately 30 percent low. As a result of analysis
conducted for this study it has been shown that a control sy.tum, either
unaugmented and/or augmented, can be designed to include control biending
techniques to increase rudder effectiveness. However, the increase 1
rudder effectiveness which can be gained in this manner is considerab.v
short of the 30 pevcent required., While the scope of this analysis was not
sufficiently broad to define the actual increment which can be achieved,
it is estimated that any increased rudder effectiveness achieved in this
manner would be on the ordes of 10 percent over that designed intn the
baseline vehicle.

The unaugmented longitudinal axis of the baseline vehicle exhibits
‘real short period roots and almost neutral phugoid damping, Because of an
IFR requirement in the terminal {light phase, the unaugmented longitudinal

short period handling qualities of this vehicle were referenced to

Level 2 IFR. In the case of the short period frequency this requirement
is not met for the haseline configuration, as a result, a fail operational
longitudinal augmentation system would be a requirement, The haseline
augmentation system was designed to increase short period frequency ard
veduce damping. With respect to the phugoid roots, augmentation reduces
frequency and increases damping. In all flying qualities areas investi-
gated baseline augmentation meets or exceeds all Level 1 requivements,

In terms of augmentation systems, these study results have shown
that in order to meet terminal flight phase reqqirements of Referente (1)
the pitch and yaw augmentation systems must be fail opevational. This

Preceding page blank 131
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requirement would assure adequate aircraft flying qualities with respect
to the sidesiip excursion requirements and those for short period fre-
quency. The study has also shown that the required increase in rudder
effectiveness cannot be achieved solely by control blending and that addi-
tional rudder effectiveness must be designed into the baseline configura-
tion.

Ao e el

COEFFICIENT PREDICTION ACCURACY GUIDELINE

A guidelire v1s established to assess coefficient prediction accuracy
requirements for any specific baseline aircraft. This guideline requires
apriori knowledge of handling qualities parameter values for the vehicle
being analyzed, as well as, knowledge of the sensitivity of the handling
qualities parameter to a given coefficient as defined in this report.

This coefficient prediction accuracy (PA) guideline appears most useful in
refining a given baseline configuration. It is expressed in terms of
parameter sensitivity, SENS, and the non-dimensionalized deviation of the
handling qualities parameter from the minimum allowed, or minimum desired,
_value of the parameter. In equation form predictic’ accuracy is:

1 B fwe) AP
SENS» | Ry SENSy

k. -

RPA =

Assuming the accuracy of predicting a given force or moment coefficient
is known, then the above equation can be turned around to solve for the
maximum allowed deviation of the particular flying qualities parameter
frum the specification or desired value of the parameter, AP. This value
then becomes the design objective or quideline, and as such, incorporates
a correction to the minimum flying qualities requirement which account
for realistic and achlievable coefticient prediction accuracies based on
the method in whilh these Laeffxuxents are derived.

Most studies previously conducted to determine accuracy requirement
guidelines consider only the sensitivities of flying qualities pava-
meters to certain ceoefficients, The guideline prescnted in this atudy
also considers the baseline vebicle flying qualities in relation to
desired performance level. The pertormance levels designed to can be
those specified by the applicable military specification or some othes
flying qualities design limit to which the designer is working,

The above type of yuideline is a linearized nonlinear function and as
a result, giveﬁ enly approximate vesults. The inaccuracies of this type
of approach can be minimized by measuring the sensitivities over the
accuracy range of interest. In this study all sensitivities discussed
are measured over a <50 percent band. For most coefficients this results
in very small errors when accuracy requirements within thiz band are
being iavest.gated. The data contalnad in this report permit other
measurements for sensitivities over a range of several hundred percent
in moSt cases.
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PREDICTION ACCURACY REQUIREMENTS

For the unaugmented vehicle there are ten lateral-directional
coefficients with relative sensitivities greater than 0.25; these require
consideration of prediction accuracy. These areLa, lp, Lr, L§a, Ly,
Na, Nps Nr, N§r, and Ye . In the longitudinal mode there are six, My,
Mg, Mg, Zv, Ls and Xy. The importance of the accuracy requirement for
each of these coefficients varies with the flying qualities parameter
being assessed. :

In the lateral-directional axes the most stringent coefficient
accuracy requirements for the NR MST are imposed by the Ts, (¢, tz; and
(5§%1x{%;fd requirements. The accuracy requirements for the
coefficients affecting rs and 130 were defined, the minimum :flying
qualities for the unaugmented vehicle were not met for ¢¢ andlgyg x
and as a result these accuracy requirements could not be @
established. For the baseline unaugmented vehicle no lateral-directional
prediction accuracy requirements less than 20 percent are indicated
{for those coeflicients whose accuracy requirements were established.

In the longitudinal mode all coefficient accuracy requirements for the
baseline unaugmented vehicle were in excess of 1G0 percent except for
coefficients influencing wngp- The accuracy requirements for this para-
meter were not determined since the approprizte performance level was
net achieved.

2
7

The additicn of baseline augmentation in botu the lateral-directional
and longitudinal axes reduces the prediction accuracy requirements of
mest coefficients with respect to their unaugmented values except the
control effectiveness terms Mg, l6a and Ngr, and the cross coupling
terms Lgr, NSa, Ysr. The sensitivities, and as a result, the prediction
accuracy requirements of these coefficients are generally increased
by augmentation. While the addition of baseline augmentation effective-
ly reduces the prediction accuracy requirements of most coefficients, it
does necessitate consideration of a greater number of coefficients in
terms of prediction accuracy requirements. The coefficients with relative
sensitivities larger than 0.25 for the augmented lateral-directional
axis are Lp, Lr, La, L8a, lir, Np, Ny, Ng, Nga, Nér, Ys and Yg§r. For
the augmented longitudinal mode these are My, Mg, M&, Mge, Zoc, Xv and X« .

In addition to decreasing the prediction accuracy requirements of
most rotary and velocity related coefficients, augmentation also results
in a corresponding increase in the performance level which can be achieved.
As a result,. the augmented coefficient design margin, DMC, no longer
represents an accuracy reauirement, more significantly it represents a
gain level or margin in the case of coefficients which are inside a closed
aerodynamic loop. In the case of control effectiveness coefficients these
are open loop and the DMC associated with these terms for the augmented
configuration do represent coefficient prediction accuracy requirements.
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FLIGHT CONTROL SYSTEM SENSITIVITY

5
2

These study results indicate that the augmented flight control system
designs are generally insensitive to variations in aerodynamic coefficients
which are independent of force or control moment generation. In both the
lateral-directional and longitudinal axes large coefficient excursions were
required in all cases before major control system configuration revisions were
needed. The inherent function of the baseline augmentation system design is the
reduction of linear and angular velocity force and moment aerodynamic coef-
ficient sensitivities (uncontrolled variables) to values less than those for
the control effectiveness sensitivities (controlled variables) thus providing
a method of adjusting a large variety of handling qualities parameters to a
desired performance level.

P

For the baseline augmentation systems the greatest sensitivity
encountered was in relation to coefficient variations affecting the spiral
mode time constant in the lateral-directional axes and those affecting
phugoid damping in the longitudinal axis.

For all cuefficient variations the flight control system sensitivity
proved to be a function of both coefficient variation sensitivity and
augmentation gain margin. The coefficients with the largest relative
sensitivities were not nicessarily those which required augmentation gain
changes, In some cases gain changes were required for coefficient varia-
tions with lesser sensitivities simply because the baseline gain margins
were smaller.

In the lateral-directional axes, these were Lr, Lg, L8a, Nr and Ngp.
Variations in these coefficients from 5 to 50 percent resulted in the need
for augmentation gain redefinition. All other coefficient variations
were in excess of +50 percent before a gain change was required. Very large
excursions for several coefficients resulted in the need for revision
of augmentation loops as well as gain changes. In the lateral-directional
axes these included 5 Lp, -3Lg, 1/5 L§a, S Lsr, 1/5 Ngy and Nérpp,. The
5 I, and 1/5 Lsg cases required revision of the augmentation loops to
meég the tzg requirement. The -3 L a case required addition of a beta
feedback into roll to satisfy the fosc/fav requirement, The 5 L§r resulted

-in the necessity of destabilizing the spiral mode. The 1/5 N§r and baseline

Ngr cases require improvement (aircrait redesign) to meet the requirement
for ¥¢. In all other cases either baselire augmentation or minor changes
in gains associated with baseline augmentation pyovided satisfactory
response characteristics.

In the iongitudinal axis the greatest FCS sensitivity resulted from
variations in Xy, Xo and Mge. The FCS sensitivity to variations in all
other coefficients was in excess of +100 percent. For very large co-
efficient excursions in several cases augmentation loop rovision as well
as gain changes were necessary. These included -5 Xy, -5 Xg, and 200 Me .
For each of these cases the need for revisicn resulted from phugoid mode
damping requirement.
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RECOMMENDATIONS

As a result of this study, several areas for further investigation
are suggested for STOL flying qualities definition or improvement.

1.

b,

Study results have shown that highly damped spiral mode roots

- are undesirable in that they result in bank angle bleed-off after

a wheel command. It is suggested that appropriate analyses be
conducted to establish a maximum stability limit on this
flying qualities parameter. In determining this limit, the
fosc/Pay limits should be considered since the data.analysis
of this study indicates that a correlation exists.

The prediction accuracy guideline defined in this study should
be incorporated into existing aerodynamic coefficient prediction
computer programs. Utilizing this guideline during the initial
design phases will tend to minimize under or over design and thus
facilitate configuration definition.

Validate the sensitivities of this report by calculations based
on ancther baseline aircraft. If significant differences exist
identify the performance and/or configuration changes which
result in these differences and develop coefficient sensitivity
spectra.

Develop a generalized method of augmenting STOL aircraft to
further reduce flight cuntrol system sensitivity to variations in
aerodynamic coefficients affecting spiral mode time constant and
the phugoid mode damping ratio. Ome solution for desensitizing
these areas would be the development of appropriate gain sche-
dules which permit a known coefficient tolerance band throughout
the operational flight regime. Another perhaps more effective
way would be to actack the problem of desensitizing the critical
ceefficients by defining augmentation loops and/or gains for
achieving this purpose., A study needs to be conducted which
will examine both these approaches to determine which yields

the best results, Some work along these lines has been conduc.cd
in this study. Appendix I contains an equation which would prove
useful in defining a gain schedule for the spiral mode damper,

Approximate equations for applicable flying qualities parameters
sgould be defined in terms of aerodynamic coefficients. These
equations should be based on STOL characteristics and provide
reasonable accuracy. In a number of cases during this study the
approximate equations of Reference (5) were compared with 3 or

6 DOF matrix solutions. In general, these comparisons resulted
in such poor correlation that.no significant conclusions could
be drawn. ' ‘

Evaluate appropriate STOL coefficient prediction techniques against

wind tunnel and/or flight test data to define realistic and achiev-
able prediction accuracies possible for given coefficients.
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APPENDIX 1
NUMERICAL EXAMPLE FOR STABILIZING SPIRAL MODE TIME CONSTANT

Using the method outlined in Section II of this réport, an equation i
solving for Ky, the yaw rate feedback gain in the roll augmentation sys- i
tem, can be derived which makes 1/75 equal to zero. :

. 1) (N2)- (N3) (N4)-N5
Kyph = (Kpa) (sin 6) +‘_GV9%§6 %foD%§N NS (AI-1)

The variables used in the above equation are defined below.

NL = Ly (sin 8)-Ly (AL-2)
N2 = -Ng + Kny () [(N,@) (Y5 r)-(Noy) (Y8 3] - (AI-3)
NB = Np (sin 8) -Nr ‘ (AI-4)
g - v '

M= Lg Ky ) [(g) () - Wep) ()] A1)
NS = kny () () [(Lg) Mor)-(Ley) (ig)] (AI-6)
DL = (N) (Lsa) - (Noa) (Lg) (AL-7)
02 = Ky () (18 (o) (Yor) - () (o) (o) *

(1) (Loa) (Nor)-(Yp) (Now) (Lop)] (AI-8)

As a numerical example of equation (AI-1), the values of the baseline
flight condition can be substituted into equations (AI-2) through (AI-8).
Using the baseline values for Kpg and Kny augnmentation gains, initial trim
velocity for V and the trim pitch attituile angle for 6, a value of Ky) is
computed to be 1.05. This value compares favorably with the baseline
value of 0.8 as detemmined by root locus techniques. With the present
baseline value of Kyh of 0.8, 1/75 is measured to be 0.0298 which meets
Level 1 requirements, If Kpj is increased to 1.05 it is expected that
1/7 would be very close to zero.
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APPENDIX I1 j
EXAMPLE OF SIMULTANEOUS SOLUTION
OF AERODYNAMIC COEFFICIENT METHOD

In utilizing the simultaneous solution of aerodynamic coefficient
method for determining necessary augmentation feedbacks and gains,
consider the 3 DOF rolling moment and yawing moment equations. The method
demonstrated here.is simplified in that the side force equation is not
included in the analysis. Deleting this equation gives approximate
results which in many cases proved sufficient.

fia > 1
U]

LB+ Up) P+ L) T (Lo 8a* (Lor) 6y (AIL-1)

.
i

(N B + (Np) P+ (%) T+ (Nog) da + Nor) 8y (AT1-2) -

This approach assumes that only variations in either rolling moment
or yawing moment coefficients are going to be examined and that the new
augmentation will not have a large effect on the side force equation.
When side force coefficient variations such as Yg, Yr and Y§, were analyzed
the side force equation was included in the analysis.

For the baseline augmentation system, simplified equations for §
and 8y can be written by ignoring control system actuator lags but taﬁing
into account any low frequency shaping designed into these systems.

8y = 95.6 [(Kpa) p+ (Kri) r] . (AIT-3)
8y = (Kny) ny +

) T . (AlI-4)
35 + 1

Now consider the case where a variation in the value of Lg - is analyzed.
Denoting the new value of Lg as (Lg + ALg) and assuming the baseline
~augmentation loops with B feedbacks in both the roll and yaw augmentation,

to compensate for the change in Lg , the aileron and rudder deflections
can be written.

ba' = 95.6 [Uga) p+ (k) r] v (Kg)B (AL1-5)
5r' = (Kny) ny + SS{ CORRNCSY I (AIT-6)
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Substituting equations (AII-5), (A.il-6), and (AII-7) into equations
(AII-1) and (AII-2), and then set these two new equations equal to equa-
tions (AII-1) and (AII-2) respectively, the_following relations result.

(Lg+d1gB + () p + () * + Lsa 82 + (@)B] + Lor [8r + (kgr)B]-
(Lg)B+ (tp) p + (Ly) ¥ + (Lga) Ba + (Lgyr) Or (AII-8)

| (Ng)B+ (M) p + () T+ Nsa _[aa + (KB)B] + Nor [ﬁr * USBr)ﬁ] =
(N9B. + (Np) p + (Ny) T+ (Naa) 8a + (Nor) 8r (AII-9)

Cancelling terms, equation (AII-8) and (AII-9) reduce to equations in
terms of B alone.

ALg)B + (Lsa) (Kg)B + (Lér) (Kgr)B =0 (AII-10)
(Nsa) (g)B '+ (Nor) (Kgr)B =0 ‘ (AI1-11)

From these equations, values for both K and Kgy can be defined. This
method was used in augmenting both the E variation cases, as well as
numerous other coefficient variations in the lateral-directional axes.
Once an augmentation system with satisfactory handling qualities ras been
defined for the baseline configuration, this method produces augmentation
gain values comparable to those obtained by root loci analysis. '
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APPENDIX III
TRANSFER FUNCTIONS FOR PARAMETER VARIATION ANALYSIS

The following are the unaugmented and augmented transfer functions
for the longitudinal and lateral-directional modes as computed from the
two 3 DOF matrices. For the longitudinal mode,8/X; transfer functions
were computed for the basic aircraft, the baseline augmented aircraft,

~and parameter variations where augmentation redefinition was required.

For the lateral-directional mode, §/X,, transfer functions were computed
for.thg basic aircraft, the baseline augmented aircraft, and parameter
variations where augmentation redefinition was required.

These data were utilized in the study for determining frequency,
damping, time constants, augmentation loop gains and shaping require-
ments for both the longitudinal and lateral-directional axes. These
results are discussed in Section III,

The 3 DOF unaugmented lateral-directional transfer functions start
on page 140. Those for the augmented aircraft with baseline augmentation

_start on page 145. The revised lateral-directional augmentation

polynomials start on page 149.

Transfer functions for the unaugmented 3 DOF longitudinal axis start
on page 152, Those for baseline augmentation are on page 159 and the
data for revised augmentation appears on page 163.
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3 DOF UNAUGMENTED AIRCRAFT LATERAL-DIRECTICNAL : S
. TRANSFER FUNCTIONS FOR COEFFICIENT VARIATION ANALYSIS » o

BASELINE CASE:
A 3.21(5+0,180+j0. 5618)
[, =  (©-0.1356) (5+0.8581) (5+0.0774%i0. 677) (S+10) (5+20)
(Y
5x Lp:
6 3,21(S+0.1864+j0. 5608)
/X T (5-0.08325)(5+3.289) (5+0.1887+j0.6156) (S+10)(S+#20)
1/5x Lp:
¢/ _ 3,21(5+0.1787+30.5619)
X
“ (S-0.198) (S+0.5426) (S-0.004257+j0.6266) (S+10)(S+20) -
ZERp Lp
¢/ 3.21(S+0. 17341;0 5620)
Xo = (S5-0.232) (5+0.4735) (5-0.0204¢30. 5974) (5+10) (s+20)
; 5x Lr:
| 0 3,21 (5+0.2190¢0, 5546)
X .
¢ (S-0.6284) (5+0.9525) (S+0.04521%j0.8326)(S+10) (S+20)
1/5¢ Lr:
¢ 3,21(5+0.1722+30,5629)
/g ™. T[5%0.0572) (5+0.8126) (5+0.04996470.6255) (S+10) (5+20)
ZERP Lr
°/ . 3,21(5+0.1702+30,5631)
Xu

(540.1208) (5+0.7967) (5+0.037723j0.614) (5+10) (5+20)
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-5xNp:

/%,

SyNr:

/%y

1/5xNr:

ZERO Nr:

3.21(S+0. 2138+50 557}

(s-0. 2276) (5+0.8013) “(s+0. 1114¢j0. 4529) (5+10) (5+20)

3.21(5+0.1732+30.5267)

(5-0.1274) (5+0.8667) (S+0.0771£j0.7143) (S+10) (S+20)

3.21(5+0.1716+70.5629)

(8-0.1256) (5+0.8686) (S+0.0772+30.7232) (8+10)(S+20)

3,21(5+0.1293+j0.5669)

(5-0.09857) (S+0.910) (5+0.093471j0.9141) (S+10) (S+20)

3.21(5+0.6270+30. 038)

(5+0.8337230. 1116) (5+0. 0842*j0 4313) (S+10) (S+20)

3.21(S5+0.0906+30,5678

(S-0.2248) (S+0.8597)(5+0., 02535tj0 6903) (S+10) (S+20)

5,21(5+0.06826+30.5671)

| (5-0.2478) (5+0.860) (S+0.01270+37,69005) (S+10) (3+20)

3.21(S+0,180¢i1. 2445)

(5-0.3143) (5+0.8409) (5+0.1753tj1.330) (S+10) (S+20)

3,21 (S0, 18”2 0.2625

(500.1545) (5+0.870) (S-0. 07357¢30. 4683) (5+10) (5+20)

ALS

P T e B 0

T RN )



" 3,21 (S+0.180+10.610)
_ (5+0.155) (S+1.179) (S-0,228%50.380) (S+10) (5+20)

¢ 3.21(S+0.180470. 5516)
/%, (5-0.2556) (5+0.771) (5+0.181¢30.6700) (S+10) (S+20)

-3xLR:
¢ - 3,21(S+2,180430.5089)
/x, (S-0.5912) (8+0.4792) (S+0.4947+j0.8182) (S+10) (S+20)
Sx Ls, '
¢ - 15.91(5+0.1719+30.555)
Xa (S-0.1356) (S+0.8581) (S+0.0774+j0.6774) (S+10) (S+20)
1/5xL§a
¢ - 0.668(5+0.2184+j 0.5911)
/Xy (5-0.1356) (S+0.8581) (5+0.0774+j0.6774) (S+10) (S+20)
ZERO Lgg

0.033(5+1.1484§0,5173)

¢ . i
(5-0,1356) (5+0.8581) (o+0 0774¢30.6774) (S+10) (S*ZO)

3,21(5+0,180+10.5618)

¢ .
(8-0.1356) (5+0. 8581) (5¢0.0774¢30,6774) (S+10) (8+20)

/x,
1/5xLgyt
¢ 3,21(5+0,180¢0, 5618)
x, (5-0.1356) (S+0.8581) (5+0.0774%j0.6773) (E10) (+20)
-3xLsr
6 . | 3,21(5+0.180¢10. 5618)
/% (s-0.1356) (5+0.8581) (5+0.0774+30.06778) (S+10) (5920
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ZERD N8:
} 6 _ 3.21(5+0,180410.08525) g
; /% (6+0.2717) (5+0.8744) (S5-0.1344+]0.4448) (S+10) (5+20) L
t 5x Nog! ;
; ¢ 3.34(5+0.21844§0.5911) :
| /%o (5-0.1356) (5+0.8581) (S+0.0774+30.6774) (3+10) (5+20) :
f 1/5 Ng,: | i
: e 3,18(5+0. 1719430, 5551) :
; /4y (5-0.1356) (5+0.8581) (5+0.0774%)0.6774) (5+10) (5+20) i
’ -3xN5a:
e 3.08(5+0.1383+10. 5249)
e (5-0.1356) (5+0.8581) (5+0.0774+30.6774) (5+10) (5+20)
5)( N‘SI‘:
¢ L | 3.21(5+0.18040. 5618)
Jx, T(5-0.1356) (5%0.8581) (5+0.0774:j0.6774) (5+10) (5+20)
e | 3.21(5+0.180#10, 5618)
Ix, (5-0.1356) (5+0.8581) (5+0.0774¢j0.6774) (5°10) (5+20)
3 Yr: | |
¢ . 3.21(5+0.180+§0,5327)
/v, T TB-G-1411) (5+0.8€19) (5+0.07822)0.6628) (5+10) (5+20)
1/5x Yr: |
o . 3,21 (5+0,180#]0.5674)
/%y

T5-0.1336) (5+0.8573) (5+0.07725¢30.6804) (5+10) (S+20)
ZERD Yr: |

¢ ‘ 3,21 (S+0,180¢#0. 5688) ,
/%y (5-0.1333) (5+0.8572) (5+0.07721+30.681) (5+10) (5+20)
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/%y

1/5x Yg:

/%,

ZERO YB:

/X4

Sx Ydr:

/Xw

/%,

3.21(S+0.3738+j0.5570)

(8-0.1177) (S+0.9196) (S5+0.2315+j0.668) (S+10) (S+20)

3.21(S+0.1412+70.5546)

(5-0.14025) (S+0.8490) (S+0.04546+j0.6726) (S+10) (S+20)

3.21(5+0.1315+70.5524)

- (S-0.1415) (S+0.8469) (S+0.03745+j0.6710) (5+10) (S+20)

3.21(5+0.180+70.5618)

(8-0.1356) (S+0.8581) (S+0.0774+j0.6774) (S+10) (S+20)

3.21(S+0.180+0. 5618)

(5-0.1356) (5+0.8581) (S+0.0774+j0.6774) (S+10)‘(S+20)
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3 DOF AUJGMENTED AIRCRAFT LATERAL-DIRECTIONAL
TRANSFER FUNCTIONS (BASELINE AUGMENTATION)

BASELINE CASE:

s 3.27(S+1.8507) (S+3.9920) (S+0. 3870470, 3187) :
/%, (5-0.0298) (5+1.523¢]0.3150) (5+4.267) (5+8.007) (5+0. 42634} 0.4758) (S+20) ;
SxLp: é
o _ 3,21 (S+1.878) (5+3.980) (S+0. 3857+ 0. 3165) f
/x, (5-0.0489) (5+3.151) (5+2.016) (5+0. 440423 0.340) (5+5. 532) (5+8. 309) (5+20) 3
1/5xLp: ' ‘ vg
. 3.21(S+1.845) (S+3.994) (S+0. 387240.3191) ‘
/x,  (5-0-0171) (S*1.647) (S+1.015) (5+0. 3375+30.5643) (+4. 208) (5+9. 065) (5+20)
ZERO Lp:
¢ 3.21(S+1.844) (S+3.995) (S+0. 3873410, 3192)
/x, (5-0.01227) (5+1.679) (5+0.9218) (5+0.2962% 0. 580) (5+4.196) (5+9. 080} (5+20)
SxLr:
’ 3.21($+2.022) (5+3.913) (5+0.3795+] 0, 3062) .
/x, T5-0.4075) (541, 310) (S+0.4247) (5+0. 84122 1. 237) (5+4. 612) (53, 04G) (3+20)
1/5yLrs ‘ |
. 3,21(S+1.818) (S+4. 006) ($+0. 388610, 3214)

/X;- (5+0.0743) (5+1.823) (S+1.600) (5+0,2913+310.5194) (S+4.155) (5+8.986) ($+20)

ZERO Lr: -

s . ___3,21{5+1,808) (5+4.010) (S+0.389040.3221) _ o
/x, (800.0977)(501.978)(Sv1.543)(S¢0.2637tj0:5315%t§332Y%é)fs;§.983)(S*zﬁ}

5xL8:
s 3.21(S+1.79) (5+4.0) (5+0.411210,324)

/Na‘ (S*.O48)CS¢2;09) {5+1.53) (5+0.12 ¢ j0.96) (5+4.22) (5¢9.0) (5+20)




S5xLg:

¢ 3,21 (S+1.86) (S+4.0) (S+0.382+j .318)

/%y (5-.087) (5+1.40+j0.40) (S+4.28) (S+9.0) (5+0.57¢j0.13) (S+20)
-3xL8:

6 _ 3.12 (S+1,90) (S+3.98) (S+0.364+0.313)

/X (S-0.40) (S+1.37) (S+0.40) (S+1.36+j0.98) (5+4.31) (5+9.0) (5+20)
stsal

o _ ' 15.91 (S+1.804) (S+4.026) (S+0.3854+j0.3211)

/%, (5+0.095) (S+1.73) (S+5.242j4.41) (S+4.2) (S+0.312+30.430) (5+20)
1/5xLg " '

¢ 0.668 (S*2.1) (5+3.8) (S+0.39£j0.31)

/xm (5-0. 1144)(% 533) (S+0.7204) (+0.4384+30.6215) (S+4.256) (S+9.803) (5+20)
ZERD Ly

¢ 0.033 (S+3.86+33.0) (5+0.42+j0.22)

/x(;= (5-0.15) (S+1.61) (S+0.62) (S+0.40:j0.65) (S+4.25) (5+9.98) (S+20}

Sr

» 3,21 (5+2.15) (5+3.71) (5+0.381+j0.31)

/%, (5+0.038) (S+1.28) (5+0.24) (S+0.57+51.13) (5+5.59) (5+8.86)(5+20)
1/5XL6r

¢ 3,21 (5+1,8) (5+4.0) (5+0,39+40.32)

/%, (b'o 038) (5*2 19) (S+1.50) (S+0. 358+30.4845) (6+3.76) (5+9, 0)(5*20)
«3xLgy: ‘ |

¢ 3,21 (5+1,61)(5+4.21)(5+0.3942i0,32%)

, /x:‘ (S-0.067) (5+1.37)(S+3.15¢11.83) (5+0.21+30.49) (S+9.1} (5+20)
SxNNp:

d o ‘ 3.21 (502.0) (5+3.5) (5+0, 38240, 31)
/%, (5-0.021) (5+2. 25) (5+1. 1) (3+0. 332] ¢ .8) (5+9.0) (5°20)
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o _ » 3.21 (S-1,82)(S+4.0) (S+0.39+j0.32)
Ty~ (5-0.0%1)(S*1.50%30.44) (5+0.44%30. 47) (5+4.51) (5+9.0) (5+20)

K
’E‘."
oA

3

6 " . 3.1 (S+1.81) (S+4.0) (S+0.39+j0.,32)
/%y > - 0570.031)(S#1.49+50.46) (5+0.45¢30.47) (5+4.32) (5+9.0) (5+20)

~

¢ _ 3.21 (5+3.42+31.19)(S+0.33tj0.23)
(5+0.124) (S5+3.41%30.99) (S+1.67) (5+0.24+0.41) (S+9.0) (5+20)

BRI wf: A
a7

3,21 (S+1.49) (S+4.13) (S+0.41+§0.36)
/v~ T6-0.06)(5°1.35¢50.16) (S+4. 38) (5+0.49%}0. 54) (5+9.0) (5+20)

-

o _ 3.21 (S*1.40) (S+4.17) (5+0.41210.37)
(5-0.078) (5+1. 36) (5+1. 19) (5+0. 5105+ 0. 5649) (S+4.40) (5+9.00) (5+20)

- b 3,21 (S5+0.48)(S+4.12) (S+1.0¢§1.1)
1 /x,  TE0.12)(5°1.62) (5+0.52) (5+0.98] 1. 34) (5+4.35) (649.0) (5+20)

¢ _ 3.21(5+2.068) (S+3.957) (S+0,2955+0.2847)
/Xy (S-0.00018) (S+1.67+30.32) (S+4.25) (5+0.27+30.50) (5+9.0) (5+20)

. 6 _ 3.21(5+2,12) (5+3,95) (S+0.2741,0.27)
' /xg ~ (5+0.008) (S+1. 70¢30,32) (S+4. 24)(3+0. 24¢j0.50) ($+9.) (5+20)

3 ¢ 3.34(S+2.1) (S+3.8) (S+0.39¢30.31)
- ' /x,~  (50.020) (5+1.56£10.47) (S+4, 27) (5+0. 43¢} 0.46) (5+8.9) (5+20)

17
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3.18(S+1.8) (5+4.0) (S+0.38+j0.32)

(8-0.032) (S+1.52+30.27) (S+4.27) (S+0.43+j0.48) (5+9.0) (5+20)

3.08(S+1.62) (S+4.15) (S+0.378+10.33)

(5-0.039) (S+1.64) (5+1.34) (S+0.42+30.50) (S+4.25) (5+9.1) (5+20)

3.21(5+3.0+35.2) (S+0.32+30.27)

'(S~0.049)(S+2.961j5.44)(8+1.60)(S+0.30¢j0.42)(8+9.0) (5+20)

3. 21(S+0.46) (S+5. 56) (S+0.30+j 0. 54)

(5+0.0058) (S+1.55) (S+0.32) (S+0.25+j0.72) (S+5.80) (S+8.97) (5+20)

3. 21(S+0.32) (S+4.62) (S+1.03+j1.89)

(5-0.058) (5+1.74) (S+0.35) (5+0.89+j1,92) (S+4.72) (S+9.0) (S5+20)

3. 21(5+2.49) (S+3.74) (S+0.15530. 26)

(5-0.0013) (S+1.82+j0.36) (S+4.14) (S+0,14+30.40) (S+9.0) (S+20)

3.21(S+2.66) (S+3.64) (S+0.11+§0.23)

(6+0.012) (5+1.87tj0.35) (S+4.10(S+0.09+j0.37) (S+9.0) (S+20)

(5-0.058+30,27) (5+1.63) (S~9.46) (5-0.23+j0.16) (5+9.0) (S+20)

3,21(5+0.63) (5+8,30) (5+0.44+70.45)

(S-0.027) (5+1.59) (S+0.67) (S+0.41£j0.63) (5+8.35) (S+9.0) (S+20)

148



i £ KSR T SIS SO T A SRt L e TSI

3 DOF AUGMENTED AIRCRAFT LATERAL-DIRECTIONAL
TRANSFER FUNCTION (REVISED AUGMENTATION)
5Lp: Kpa=-1.98, Kr = 3,5, Kny = 1.75, Krh = 0.8, Kpr = 0.0895

6 _ 3.21(S+1.88) (S+3.98) (S+0.39+30.32)
/X, (5-0.031) (S+1.45¢j0.21) (S+0.42+30.46) (5+4.17) (5+12.0) (5+20)

SLry Kpa= 0.85, Kr = 3.5, Kny = 1.75, Kth = 5.4

6 _ 3.21(S+2.02) (S+3.91) (S+0.38+30.31)
/x, (5-0.010) (S+3.55) (S+2.27) (S+1.63) (5+0.37+30.43) (5+8.5) (6+20)

1/5 Lr: Kpa = 1.60, Kr = 3.5, kny = 1.77, Krh = 0.0

6 _ 3.21(5+1.86) (S+3.91) (S+0.39+§0.32)
/%, (5-0.03) (5+1.87+j0.55) (S+4.58) (S+0.45%30. 41) (5+8.0) (5+20)

-3 Lr:  Kpa = 0,85, Ir = 3.5, kny = 1.75, Krh = -3.45

o 3.21(S+1.69) (S+4.06) (S+0.4030.33)
/% (5-0.00025) (5+1.35¢]0.25) (S+4.58) (S+0.42%10. 55 (5+8.5) (5+20)

> Lg: Kpa = 0.85, Kr = 3.5, Kny = 1.75, Krh =0.8, Kg = 3.384, Kg, = 0.10685

o . 3.21(S+1.94) (S+3.96) (S+0.36+j0.32)
Ix,  (5-0.028)(S*1. +30.38)(S+4.78) (S+0.47230.46) (5+9.0) (5+20)

1/5 Lg: Kpa =0.85, Kr = 3.5, Kny = 1.75, Krh = 1.2

¢ L 3.21(S+1.87) (S+3.98) (S+0.38+0.,32)
Iy, (§-0.077) (5+1,46%50.36) (5+4.28) (5+0.49%5 0. 23) (5+9. 0KS+20)

-3Lg: Kpa = 0.85, Kr = 3.5, Kuy = 1.75, Krh = 0.8, Kg = 3.384, Kg, = 0.10685

" 3.21(S+1.76) (5+4.03) (S+0. 42+30.32)
/X (5-0.032) (5+1.58¥30.24) (S+4.25) (5+0,39+]0.49) (5+9.0) (5+20)

5 Léa:A Kpa = 0,17, Kr = 3,5, Kny = 1.75, Krh = 0,16

¢ - 15.9(5+1.80) (5+4.03) (5+0.39+30.32)
/Xy (5-0.032) (5+1.52+30.27) (5+4.27)(5+0.43+30.48) (5+9.00(5+20

1hg
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1/5 Lg,: Kpa = 0.85, Kr = 3.5, Kny = 1.75, Krh = 3.5

6 0.67(S+2.10KS+3.81) (S+0.39+10.31)
/%, (S-0.019) (S+1.77,(S+0.92) (5+4.12) (S+0.32+30.55) (S+9.7) (S+20)

5 Lge: Kpa = 0.85, Kr = 3.5, Kny - 1.75, Krh = 0.8, Ksy = -0.946

s L 3.21(S+2.15) (5+3.71) (5+0.38+0.31)
/xo | T6-0.931) (S+1.54) (5+2.49+31.08) (5+0.39¢30.45) (S+9. 9(S+20)

1/5 Lsp: Xpa = 0.85, Kr = 3.5, Kny = 1.75, Krh = 1.0

6 _ 3.21(S+1.80) (S+4.04) (S+0.39£70. 32
/Xe (5-0.016) (5+2.36) (5*1.48) (5+9.0) (S+0. 3323 0.49) (5+20)

-3 Lgp: Kpa = 0.85, Kr = 3.5, Kny = 1,75, Krh = 0.8, Ksp = 0.946

6 _ 3,21(S+1.61) (S+4.22) (S+0. 39¢j0.33)
/% (5-0.029) (S+1.21%j0.19) (S+6.91¢3 0. 56) (5+0.46¢30.53) (5+20)

5 Nr: Kpa = 2.0, Kr = 3.5, Kny = 1,75, Krh = 0.0

6 3.21(S+3.42+§1.19) (S+0. 33+§0.23)
/%, (5+0.007) (5+2.64+31.38) (5+4,97) (5+0. 35+30. 29) (5+7.1) {5+20)

1/5 Nr: Kpa = 0.85, Kr = 3.5, Kny = 1,75, Krh = 1.1

6 3.21(S+1.49) (S+4.14) (S+0.41+30, 36)
/%y (5-0.029) (5+1.42¢30.16) (S+3.32) (S+0, 4343 0. 53) (5+9.0) (5+20)

5 Ng: Kap = (.85, Kr = 3.5, Kny = 1,75, Krh = 1.5 '

¢ ] 3.21(5+0. 48) (5+4.12) (S+1.0%§1.06) _
/x, ~ T(6%0.015) (5+1.61)(5+0.32) (S+1.03¢31.17) (5+4.22) (5+8.NS+20)

1/5 Ng:  Kpa = 0.85. Kr = 3.07, Kny = 1.83, Krh = 0.»

¢ ' 3,21(S+1.72) (S+4.03) (5+0.34+70.30)
/Xy (8-0.02)(S+1.53+j0.27) (5+4.25) (5+0.32+30.52) (S+9.0) (5+20)

-3 Ns,: Kpa = 0,85, Kr = 3.5, Kny = 1.75, Krh = 1.0

¢ . 3, 08(S+1. 63) (§+4.15) (5+0. 3840, 33)
Ix, = Te-0.0T7) (5H1.65) (5+1.41) (5+4. 24) (5+0. 39410, 50) (5+0. 1) (5+20)
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5 Ng,: Kpa = 0.55, Kr = 3.5, kny = 1.75, Keh = 1.0

L 2 3,21(5+2.99) (S+5.24) (S+0.32+70.27)
/Xu (S-0.028) (S+2.97+j5.45) (S+1.60) (S+0.29+j0.43) (5+9.1) (5+20)

5 Yg: Kpa = 0.85, Kr = 3.5, Kny = 1.75,.Krh = 1.0

6 3,21 (S+0.32) (5+4,62] (S+1.03¢1.38)
/x,  (5-0.031) (5+1.75) (5+0.35) (5+0.90¢31.90) (S+2.0) (5+4. 70) (5+8.0) (5+20)

1/5 Yg: Kpa = 0.85, Kr = 1.12; Kny = 1.89, Krh = 0.8

6 . 3,21(S+0,63) (S+4.96) (S+0.32¢j0.42)
/X  (5-0.001)(S+1.58) (5+0.63) (S+5.0) (5+0.26%30.56) (5+9.0) (5+20)

5 Ys,: kpa = 0.85, Kr = 0,70, Kny = 0.35, Krh = 0.80

' 3.21(5+0. 45) (S+5.58) (S+0.29+j0. 54)
/%,  S-0.018)(3+1.61)(S+0.46) (S+0.24+)0.64) (5+5.6) (5+9.0) (5+20)

-5 Np: Kpa = 0.85, Kr = 3.5, Kny = 1.75, Krh = 1.2

¢ 3,21(S+1,64) (S+4.08) (S+0.40+30. 34)
Xy (5-0.0016) (S*1.52+30.63) (5+0.47+j0.48) (5+4.4) (5+8.9) (5+20)
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BASELINE:

/xc

10 Xv:

7 Xc

/xc

ZERO Xv:

/xc

3 DOF UNAUGMENTED AIRCRAFT LONGITUDINAL
TRANSFER FUNCTIONS FOR COEFFICIENT VARIATION ANALYSIS

38.98 (S+0.06246) (S+0.47195)

A o e AN, S AN AT PR,

(5+0.26503) (S+1.1808) (S+0.009876+j0.1902) (S+10) (5+20)

38.98(5+0.4147+30,0176)

(5+0.27136) (S+1.1885) (5+0.1503+j0.10786) (S+10) (S+20)

38.98(S+0.1994) (5+0.4661)

(5+0.2661) (S+1.1837) (S+0.07344+j0.1738) (5+10) (S+20)

38.98(5+0.02879) (5+0.4729)

$+J.2649) (S+1.1802) (S-0.006114+30.1908) (S+10) (5+20)

38. 98 (S-0.00475) (S+0.4736)

(S+0.2647) (S+1,1796) (S-0,02213+j0.18998) (S+10) (S+20)

38.98(5-0,13808) (5+0.47588)

(§+0.2643) (S+1.1775) (5-0.08642+j0.1723) (S+10) (5+20)

38.98(S+0. 27234j0. 09411)

($+0.2675) (5+1,145) (S+0. 0316&j0 1974) (5+10) (S+20)

38,98 (5+0,09755) (6+0.4394)

(5+0.2 656)(5‘1 1721) (S+0.01521¢30. 1922)(5*10)(5*20)




-2 Xe:

/Xc

=5 Xe:

/Xe

/X¢

38.98(5+0,04686) (S+0.4863)

(5+0.2648) (S+1.185) (5+0.007233+30.1892) (S+10) (S+20)

38. 98 (S+0. 03221) (S+0.4996)

(5+0.2645) (S+1,1894) (S+0.004605¢30.18806) (S+10) (5+20)

35.98(5+0.01835) (S+0. 5122)

(5+0.2642) (S+1.194) (5+0.001992+30.1868) (S+10) (5+20)

38.98(5+0.005162) (S+0.5241)

(S+0.2640)(S+1.1978)(S-0.000607tj0.l857)(S+10)(S+20)

38.98(S-0. 01955) (S+0. 5463)

(5+0.2635) (S5+1.2061) (S-0.005763+30.1833) (S+10 (S+20)

38.98(5-0.08428) (S+0.6033)

(5+0.2622) (S+1,230) (5-0.02091+30,1750) (S+10) (S+20)

38,99 (S+0. U6415) (5+0.4736)

(5+0.2650) (S+1.1808) (5+0,009876+30.1902) (5+10) (S+20)

38,97 (5+0. 06204) (5+0.4715)

(S+0.2650) (S+1.808) (S+0.009876+j0,1902) (5+10) (5+20)

38.95(5+0.059906) (S+0,4695)

(5+0.2650) (S5+1.808) (5+0.0098762j0.1902) (5+10) (5+0)




B oty ek

100 Zv:

/Xc

10 Zv:

/Xc

/Xc

ZERO Zv:

/Xc

38.98(S+1.0444+70.4906)

(5+0,04724) (S+2.1778) (8+0. 3597+j1.1002) (S+20) (S+10)

38.98(S+0, 3379+j0.1835)

(5+0.07831) (S+1. 3093)(S+0 1062+345998)(S+20)(S+10)

38.98(S+0.2144) (S+0.3828)

(S+0.1156) (S+1.2424) (S+0.08366+j0.3281) (S+20) (5+10)

38,98 (5+0. 03366) (S+0. $8505)

(5+0.31896) (S+1.1637) (S-0.0160+j0.1640) (S+20) (S+10)

38.98(5+0. 006396) (S+0.4966)

(5+0.3691) (S+1.1457) (8-0.03951+j0.1387) (5+20) (5+10)

38.98(5+0.03594) (5+4.8535)

(S+0.6262) (S+5.1081) (S-0.002192+j0.1771) (5+20) (5+10)

38.98 (S+0. 03862) (S+2. 4314)

(5+0. 5756) (5+2. 7655) (S-0. 0001296230, 1782) (5+20) (5+10)

38.98(5+0,04693) (8+0.9714)

(S+0 4249)(5*1 5044) (5+0.005036%0. 182?)(5*30)(3*10)

38,98(5+0,02526¢30.1128)

(5+0,03208) (5¢0.9741) (8-0.007182¢j0,2164) (5+20) (S+10)
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0 38,98 (S+0.1743) (S+0.4322) i
‘ /X (5+0.4992) (5+1.7158) (S-0.3747¢j1.0206) (5+20) (S+10)
10 Mv:
o 38,98 (S+0.071706) (5+0.4693)
/Xe (3*0 3038) (S+1. 2615) (S-0.09982+30.4370) (S+20) (S+10)
S Mv:
o . 38.98 (5+0. 06656) (5+0. 4708)
/Xc ~ (5+0.3607) (S+1.2186) (S-0. 05686270.3385) (5+20) (s+1o)
2 Mv:
o 38,98 (S+0.06348) (S+0.4717)
fXc ~ (S+0.3042) (S+1.1906) (S-0.01461%30. 2430) (5+20) (S+10)
ZERO Mv
o . 38,98 (5+0.06144) ($+0.4722)
/Xc ~ (5+0.05418) (S+1.1708) (5+0.1205¢30.07159) (5+20K5+10)
-2 Mv:
o _38.98(S+0.05941) (S+0.4728)
/Xc ~  5-0.1698) (5+1.150) (5+0. 2427+30,1957) (5+20) (5+10)
-5 Mv:
o 35.,98(S*0.05637) (5+0.4737)
/Xc ~ T8-0.2757) (5+1,1165) (S+0 3124¢30,2503) (5+20) (5+10)
-10 Mv:
o o _38,98($+0,05132) (5+0.4751) |
e~ T870.3827) (541, 0533) (5+0. 3975210, 2095) (5+20) (5+10)
<100 Mv:
° . 38.98(S-0.03493) (5+0.4958)

X (S-1.0088) (5+0.5527) (5+0.9608+30,9423) (520) (S+10)




219,78 Me«;

M= = -4.0)
38,98 (5+0,1314+}0. 09455)

(5+0.7358¢31.9378) (S-0.002978+3j0.2567 (S+20) (S+10)

38,98 (S+0. 06388) (S+0. 4594)

(5+0.5610) (5+0.9155) (G-0.005477+30.2094) (S+20) (S+10)

38.98 (S+0. 06308) (S+0. 4664)

(5+0.3757) (5+1.0889) (5+0.0005170+30.,1998) (5+20) (S+10)

38.98(5+0.06231) (§+0.4733)

(5+0.2379) (S+1.2009) (S+0 01339+30.1877) (S+20) (S+10)

38.98(5+0.06216) (S+0.4747)

(S+0.2101)(S+1.2202)(S+0.01764t50.1851)(S*ZO)(S+10)

38.98 (5+0.06156) (S+0.4803)

(S+0. 085897 (5+1.2005) (5+0.04459%30.1821) (5+20) (3+10)

38,98 (5+0. 06084} (5+0.4872)

{S-0.03504) (S+1,3674) (S+0.06661+30.2095) (S+20) (5+10)

38.9R(5+0.06182) (5+0.5212)

e -3

/Xc

10 Me:

- o .
4 Ixe
.'1§ 5 M
o
4 /Xc -
% ZERO Me:
o _
/Xc

. -Ma:

e - ¢

/Xc

5 M=

O -

/Xc

-IO_M«:

e .ﬂ

/Xc

5 M;:

0 E <3

[Xc
ZERO Ma:

e bk

/Xc

Bro-cT]

'(540.08701)(S+2~58d7)(S*0.0IQQIQJU.2238)(S+20)(S*IO)

_ 38.98(5+0.06263) ($+0.4609)
(55675775770 1004) (5-0. G00BG00F]0. 1312‘2"“‘, EENIET)
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o _ 38.98(5+0. 06313) (5+0. 4303)
/Xc = TG+D.1582+30.5908) (S-0.04835+30,1674) (5+20) ($+10) g
-5 Me: 1
o 38. 98 (S+0. 06248) (S+0,4118)
/X~ (5-0.09615+30.5321) (5-0.1055¢] 0. 1664) (5+20) (5+10)
10 Mq: :
o 38.98(5+0. 06246) (S+0. 4720) - :
/X T TG0 4330) (5+6.6366) (5*0. 0333923 0. 05326) (5+20) (5+10)
5 Mg: - |
o _ 38. 98 (5+0. 06246) (S+0.4720)
/Xc T T5+0.4035) (5+3.5127) (5+0. 03489+3 0. 08243) (3+20) (5+10)
2 Mg:
o _ 38.98(5+0.06246) (S+0.4720)
/X = TG0.3282) (5+1.7083) (5+0.03155+3 0. 1389) (5+20) (5+10)
1/2 Mg: |
o . 38.98(5+0.06246) ($+0.4720)
/Xe ™ TG+0.2208) (5+0.9719) (5-0.02557+]0.2240) (5+20.) (5+10)
ZERO Mg: |
0o 38,98 (540, 06246) (5+0. 4720)
/Xe ™ TG+0.2003)(5+0.8174) (5-0. 09112+] 0. 2471) (5+20) (5+10)
S Mée s
0 130,80 (6+0.06176) (3+C. 4654)

fXe " T5+0.2650) (551, 1808) (5+0, 009876+50.1902) (S+20) (5+10)
ZERD Mg :

o . 16,02(5+0.00383) (§#0.4858)
M~ 5%0.2650) (5+1.1608) (5+0.009676% 0., 1902) (5+20) (5+10)
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5 MaH:

o 106. 36 (S+0. 06183) (S+0. 4660)
/X~ T8+0.2650) (S+1.1808) (S+0.009876+30.1902) (S+20) (5+10)

ZERO M‘SH:

o _ 22,13(S+0.06320) (5+0.4791)
JXc  (5+0.2650) (S+1.1808) (S+0.009876+]0.1902) (5+20) (S+10)
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3 DOF AUGMENTED AIRCRAFT LONGITUDINAL
TRANSFER FUNCTIONS (BASELINE AUGMENTATION) -

BASELINE:
0 38,98 (5+0.06266) (S+0.4705)

/Xc - (5+5.0905+j1.7179) (5+0.01707+30.07619) (5+20) (S5+0.6452)

-5 Xv: Unstable phugoid

o 38.98(5-0.1384) (S+0.4749)
/Xe (5+5. 0905+71.7179) (5-0.07309) (S-0. 08546) (5+20) (<. 6413)
10 Xv: '
o 38.98 (5+0.41406+70.02888) 3
/e (S+5.0006231.7180) (5+0.01964) (S+0.2953) (§+29) (5+0.650-9)
5 'X«: | |
0 38,98 (5+0.2717210,09595)

/Xc ~ (5+5.0008+31.7168) (5+0.07663+] 0.03524) (35209 (5+0.5356)
-5 X«: Unstable phugoid
2] 38.98(5-0.08444) (5+0,6022)

/%~ TS+5.0001%31. 7195] (5-0. 04578430, 04932) (5+20) (5+0.7567)
ZERO  Xgy: | |

N 38.97(S+0,062038) ($+0.4715)
/i~ TBv5.0505%31.7179) (5+0.01707450.07610) (5920

3 Ry . |
9 38,99 (5#0. 06519) (360.4663)

f5_4{');6452‘.)

e

N [S*S 0905*)1 71 795(5*0 01: J7+30.067619) (5+20) (5+0, 6852) '

ERD 2
| 38,98 (5+0.03366) (5¢0.4852)

0k (So 5,0040¢j1.7204) (5+40.0162020.07 289) (S+20} (3+0. 6’49) '
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100 2Zv:

/Xc

ZERD Z«:

/Xc
S Zs:

o -y
/Xc

ZERO Zae:

e ]
.04

5 Zge:

0
/Xc

CZERO Zgy:

)
/X

5 ) 25*{:

/X
10 Mv:

g
10 My

e

38,98 (S+i:. = §0.6150)

(S+4. 033147 1.4689) (S+0. G+ 228430, 1268) (5+20) (5+4.1885)

38.98(5+0.024606+70,1130)

(S+5.1591+j1.8512) (5+0.002244+30.08729) (S+20) (5+0.06395)

38.98 (5+0.03864) (S+2.4304)

(S+3.49144j1. 8222)(S+0 01669+30.07376) (5+20) (S+5. 7396)

39.45(5+0.06244) (S+0.4522)

(505.4014tj0.?0217)(S¢0.017051j0.07613)(S+20)(S+0.§Z87)

37.05(5+0.06353) (S+0.5624)

(5+3.8442+33. 3225)(5*0 01718+30.075406) (S+20) (S+0. 7171)

39.33(5+0.062295) (5+0.4807)

(5+5.0805231.7179) (5+0.01707430.07619) (5+20) (S+0.6452)

37,57 (5+0.06418) (5+0. 4334)

(5+5,0605¢31.7179) (5+0.01707+30,07619) (S+20) (S+0. 6452)

_38.98(5+0,07199) (5+0.4675)

{5+5, 006321, 7182) (5+0, 01809230, 2361) (5+20) (5+0. 6307)
Unstable phugoid
38, 98(3&»0 05145) (5¢0.4/40)

(5+5. 082821, 7162)(8'0 2315) (50, 215 %) (5+20) (5+0.6683)
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e = -4.0 :

/Xc -
ZERO Mg:

6 - ™
/Xc

10 Mq:

O E—1
/Xc

ZERO Mg :

O =
/Xc

5 Mge:

G ==
/Xc

ZERO Mgy:

/Xc

38.98 (S+0.06206) (S+0. 5196)

(5+5.810+j2.4988) (S+0.04339+j0.07226) (S+20) (S+0. 3995),

38.98(5+0.06370) (S+0.4105)

(5+1.470+j1.090) (S-0.01337+j0.07348) (S+20) (S+6.0782)

38.98(5+0.06103) (5+0.4858)

(S+5.1225+j1.7422) (S+0.07364) (S-0.01915) (S+20) (S+0.5609)
Unstable phugoid - .

38.98 (5+0.1308+0.09545)

(5+3.0339+31.2398) (S-0.01165+j0.,2336) (S+2U) (S+4.08044)

38,98 (5+0.06266) (S+0.4705)

S+ 4+j0.2736) (S+0.01471+30.08387) (S+20) (5+0.6902)

38,98 (S+0,06256) (S+0.4705)

(S+7.9676+74.3643) (5+0.02477+j0.04363) (5+20) (S+0.5465)
Lngp is too small

16.02(S+0.036355) (S+0.5229)

(5+0. Z818) (S+1. 1363) (5+0. 01274230.1936) (S+20) (5+9.4169)

130.80(S+0.06219) (S+0.4475)

(5+5.0662+39.4888) (S+0.01053+j0.03573) (S+20)(5+0.7071)

22.13(S+0.06377) (S+0.4530)

(S+5.0905+31.7179) (5+0.01707+j0.07619) (5+20) (5+0.6452)
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5 MGH:

o _ 106. 36 (S+0. 06173) (S+0.4864)
/Xc  (5+5.0005+j1.7179) (S+0.01707+30.07619) (S+20 (S+0. 6452)
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3 DOF AUGMENTED AIRCRAFT LONGITUDINAL
TRANSFER FUNCTIONS (REVISED AUGMENTATION)

-5 Xv: K« = 10.0, Ko = 12.6, Kq = 15.0

<) 38.98(5-0.1367) (S+0.4746)

=

/Xc  (S+1.0693+j0.7863) (S+0. 01688+ 0. 08283) (S+3.0966) (S+20)
-5 X«: Ko = 3.0, Kq= 40.0

c 38.98(5-0.08428) (S+0.6033)

JXc ~ (5+8.4685+71.3227) (5+0. 00098533 0.02949) (5+20) (5+0.5116)

-10 Mv: Ke = 50,0, Kq = 150.0

e _ - 38.98(5+0.07285) (S+0.4%19)
/Xc (S+5.3074+j8.0011) (5+0.003225+30.1648) (5+20) (S+0.8444)
-5 Ms: Kg= 100, K, = 0.0
o _ 38.98 (S+0.06348) (S+0.4118)

/Xc (5+4.4870%35.8303) (5+0. 01164+ 0. 0580) (S+20) (5+0.5095)
10 Me: K== 4.0, Kq = 40.0

) - 38,98(S5+0.06162) (5+0.4865)

/Xc ~ (5+8.4802+31.3623) (S+0.03196+]0,09327) (S+20) (S+0.4414)
Mc = -4,0 : Ko = 5.0

v ' 38,98(5+0.1314+j0.09455)

/Xc - (5+0.7118+j2.0066) (S+0,005883+j0.2520) (S+10) (S+20)
ZERO Mg, : Fquivalent augmentation through horizontal stabilizer

0 38.98(5+0.06424) (5+0.4422)

/Xc - (S+5.0926%31.,7170) (S+0.01749+30.0760) (S+0.6463) (S+20)
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APPENDIX IV
ANALYSIS FOR INCREASING YAW AND ROLL CONTROL EFFECTIVENESS
WITH CONTROL BLENDING TECHNIQUES

The data contained in this report indicate that there are several
situations where yaw or roll control power capability is insufficient to
meet Level 1 requirements on Y, or tzy as per Reference 1. In an effort
to increase control power, a preliminary analysis of control blending
techniques was conducted for each of these situations.

BASELINE AIRCRAFT

The most significant lack of sufficient control power is the yaw con-
trol effectiveness for-the baseline case. As data from Section IIT indi-
cate, the most straight forward method of satisfying this requirement is
to increase N§r by 30 percent. However, it is possible to achieve an
increase in yaw control power through contrcl blending techniques.

The technique used in increasing yaw control power was to use a’
mechanical interconnect from the yaw controller (pedal) to the roll
control surfaces. Figure IV-1 shows the primary yaw and roll flight control
systems for this mechanization. Figure IV-2 shows the effect on Y. by
varying the magnitude and direction of the ailerons as commanded by this
system. Results indicate that negative aileron deflections are required
to increase yaw control in a negative (nose left) heading command.
For this open loop system a 60-percent negative aileron command is re-
quired to meet Level 1 requirements on ¥t with no surface rate limiting.

In analyzing the baseline augmentation system with control blending,
the mechanization shown in Figure IV-3 was used. In this mechaniza-
tion pedal position is electrically fed through a one-second washout
into roll augmentation. While the use of a washout in this case would
in general produce adverse steady state handling qualities and would
probably not be included in the final configuration, its use here was
intended to simplify the preliminary analysis. The washout circuit was
added to avoid the need to trim roll for steady state pedal or yaw trim
inputs and avoid redefinition of augmentation dynamic loop gains. Using
this yaw cortrol system with the baseline augmentation operating, Figure
IV-4 shows the increased heading change capability of the aircraft with
50 percent and 100 percent rudder coupling as compared to no rudder
coupling, Figure IV-5 shows the bank angles generated for each of the
rudder- coupling gains. As this figure indicates, larger than normal
bank angles can be generated by this method which require more roll
trim than for the uncoupled case. Figures IV-6 and IV-7 show the result-
ing 2ileron and rudder deflections.

In the above analysis it is to he noted that surface rate limitations
were eliminated. With no surface ratc limitation the baseline augmented
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7.0
LEVEL |
6.0
5.0
O NO PEDAL COUPLING
4,0}——0 50% PEDAL COUPLING
J ~DEG, O 100% PEDAL COUPLING
3.0
2.0
1.0
000 0°5 i '00

TIME ~ SEC

Figure IV-4, Effect of Varying Kx'p on Heading Angle with Pedal Step Input -
Baseline Augmentation On
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0.0

O 50% PEDAL COUPLING
- O 100% PEDAL COUPLING
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TIME ~ SEC

Figure IV-6, Effect of Varying Kxbom Aileron Deflection with Pedal Step Input -

Baseline Augmentation On
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Figure IV-7. Effect of Varying Kx;) on Rudder Deflection with Pedal Step Input -
Baseline Augmentation On
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aircraft with no aileron coupling produced a heading change of 4.49

degrees in 1.0 second. With a rudder surface rate limit of 50 deg/sec.

Only a 3.25-degree heading change was produced in 1.0 second. If a
coggérable degradation in heading change is assumed for the open loop
mechanical system, Figure.IV-2 indicates that more than 100 percent ailerons
would be required to meet Level 1 standards.

5Lp ANALYSIS

The first attempt on augmenting the 5 times Lp case was to redefine
gains in the augmentation system through the simultaneocus solution of
coefficients method. However, this technique only allowed the augmented
‘value for t3p to be approximately the same as the unaugmented value
which was already unacceptable by Level 1 standards. No further improve-
ment through the roll augmentation system couid be achieved since the

- wheel step was already commanding full aileron. To improve the roll capa-
bility of the aircraft with a large roll damping term it was then decided
to introduce a wheel coupling inuto the yaw augmentation system similar
to the pedal coupling into rol” used in the analysis to increase rudder
effectiveness for the baséline case.

As the unaugmented results of Figure IV-8 irdicate, only negative
rudder deflections significantly reduce t3p response over that of the
unaugmented case. This effect is indicated by the 3 DOF rolling moment
equation ‘

- +

. ) - + +*
P=lp.PeL. .T+Lg.B *Lg .8+ Lgy-8r (AIV-1)

where the sign associated with each coefficient is shown above its respec-
tive coefficient. Since a positive rudder induces negative yaw rate (r)
and positive sideslip (f8), equation (AIV-1) shows that although rudder
increases p through the lg, term, the adverse yaw rate and sideslip
induced tend to reduce p. For the coefficient values studied, p can

only be increased by a negative rudder deflection. It is important to
note that for some other rolling moment coefficient values this mechaniza-
tion could he reversed requiring a positive rudder to increase p depend-
ing on the relative.magnitudes of Ly . 7, Lg .8 , and Ly . By ‘

For the five times Lp casé the mechanization as shown in Figure 20

of Section IIl was used. This system commands full negative rudder

when a full wheel input is applied. Although this method is incapable
“of meeting tyy Level 1 standards for this large value of Lp, considerable
improvement over the unaugmented aircraft is realizabie, Various values
of Lp were then investigated with this mechanization to define a maximum
Lp at which level 1 requirements can be met with augmentation on,a maxi-
mum value of 4.3 times Lp was thus determined.
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1/5 Lﬁa Case « No Augmentation
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0.2 Laa ANALYSIS

For small values of Lg,, the roll effectiveness of the ailerons is
- reduced to such a point that they cannot produce sufficient rolling
moment to meet Level 1 t3g requirements. As Figure IV-9 indicat-s a
negative rudder deflection can significantly reduce tzg for the 0.2
times Lg, case, however, this low value of Ljg cannot meet Level 1 t3g
requirements. It is important to note here that both Figures IV-8 and
IV-9 represent the unaugmented response of the aircraft with a mechanical

wheel coupling system.

_ Figure IV-10 shows the roll and yaw control and augmentation systems
used for the augmcanted Lgg analysis. To maintain ailerons at full
deflection a simulated command augmentation loop was used to override

the roll augmentation feedback during wheel inputs. This system was

then used to define a minimum Lg, with which Level 1 t3g requirements

can be met for the augmented aircraft. With this technique of increasing
* roll conirol power a minimum acceptable value of 0.4 times Lgjwas
detarmined. '
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Figure IV-10. Roll and Yaw Control Systems w/Wheo!l Coupling into

Tuw
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APPENDIX V | | o
ANALYSIS OF AIRCRAFT CAPABILITY TO TRIM

Using the pitching moment and nomal force equations from the 6 DOF
digital simulation program, an equation can be derived which will define
approximate limits on Z,, Z8H, M, and Mgy with which the aircraft can be
trimmed with horizontal stab111zers alone, Using the notation of the 6
DOF digital program with coefficients defined in Table V-I, the normal
force and pitching moment equation at trim reduce to:

WeosOy | NzoT 4+ (NZAT 1 + (NZDHTY6u, @1
Toe |
0 = MOT + (MAT) &r + (MOWT) fuy (AV-2)

If it is assumed that cos 6y ~ 1.0 then the two equations can be solvcd
simultaneously for OHr and XT.

W
_ ~MOT (NZAT) - MAT(F ~ MLoT)
T TNZAT(MBATY - MAT (NZDHT)

(AV-3)

o’ = MbHT(““" - NZOT)+ MOT (NZDUT) '
= (AV-4)
N;AT(MbHﬂ MAT (DT )

Substitutinrg in the coefficient valugs for the baseline trim case a

6}{1 of -4.72 degrees snd a®r of 6,07 degrees are obtained as compared
to trim values of -4,78 degrees and 5.03 degrees obtained from the 6 DOF
digital program with a @1 of 14.45 degrees,

Table V-1I summarizes the results of varying NIAT, NZDHI MAT, and
MDHT in Equation AV-3. Figures V-1 through V-3 show the graphical results
- of this analysis.

Figures v-1 shows that the maximum stable M« which can be trinmed
with full horizontal stabilizer deflection is. -1.8. FRigure V-3 shows
that values of Z,, less than -0.5 require rapidly increasing values of
34T up to a maaimum of 30.8 degrees for z, = 0. In order to trim this
case additional trim through the elevator would be required. Such
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"TABLE V-1
DEFINITION OF COEFFICIENT NOTATION AS USED IN THE 6 DOF DIGITAL PROGRAM
ToT 7“T0T] Tpaé Tpe
2 | MAT = | —— Ma = MAT Iog = = —— NZIAT
NZgT PTPG]MO g [Tpe € a=Q . * ly “ m A
10Ty PmTOT ' TpeC : Tpe
NZAT = = -"_Q = L = - ._pn_
[NTpe MAT e MSH iy MDHT  Z8y —— NZDHT
N m
NZDHT = [.T_OIQH] MDHT = _EQH]
Tpe _Tpe C
N ‘m
NZDET = [JEEQ% MDET = _—3933%
Tpe [ Tpe €
TABLE V-11I

SUMMARY OF Z8H, MSH, Za , AND Ma VARIATION ON AIRCRAFT
CAPABILITY TO TRIM WITH HORIZONTAL STABILIZER ALONE

NZDHT | Zsy 8}{T la SHT MDHT Ms 5HT Ma 5H-L~ ,
or (Deg.) (Deg.) or (Deg.) (Leg.)
NZAT MAT

0 0 -4.8 0 30.8 .0 7 2.5
1.0 -4.8 -4.7 -4.83 -1,6 5.0 85  -0.8
3.0 -14.5 -4.7 0.0 0 -510. -5.1
5.0 -24.1 -4.65) -24.1 -4.3 1.0} -0.17 -28.2

10.0 -48.3 -4.7 5.0 -0.85 -6.0f 5 -10.6
20.0 -96.5 -4.9 0,01 -1.7 -3.0 -18.2
25.0 -120,7 -4.9 0.0l -3.4 ~1.5 -46 .4

TABLE V-111

SUMMARY OF Mg AND Mgy VARIATION ON AIRCRAFT (APABILITY
TO TRIM WITH FULL HORIZONTAL STABILIZER AND VARYING AMMUNTS OF ELEVAICH

MAT Ma Bep (Deg.) | MIMT Mgy Bu- (eg.)
—_—
211,75 -2.0 -1.46 1,173 -0.2 -0.8
~17,595 -3.0 -15.8 -G, B8 0.15 -1.05
-23.46 -4,0 -42.33 -0.59 -0.1 -2.48
-0.29 -0.08 -3,34
0.0 0.0 4,16
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Evaluation of Ma Variation on Aircraft Capability to
Trim with Horizontal Stabilizer,
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Figure V-2, Evaluation of Mg
Trim with Horizontal Stabiliz L.
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additional trim would amount to approximately 9 degrees of elevator since
this is roughly 10 t more effective than the horizontal stabilizer.
The effect or reducing M8y is presented in Figure V-2, and shows that for
the baseline flight condition the minimum M§y which will provide
acceptable trim is 0.25 times the-baseline value.

If coefficient variations become excsssively large to warrant some
additional trim capability from the elevators these trims can be added
to the pitching moment and normal force equations.

W C_:f’ 8+ . NZOT+REAV)Y + (N?.DH'ﬂéu-ﬁ(N%DEﬂég‘ (AV-5)
pe
L 3 0 = MOT +(MAT)*7 +(MDHT)Sue+ (MDETN S0y (av-6)

If it is assumed 5H’r is equal to full surface deflection then MDHT and
MAT can be varied to detemmine limits on these.coefficients with addi-
tional elevator trim, Solving for &e€T and & 7 the following equations
S are obtained:

S S et R A

T R p

S 2 ~NZAT(MoOT+ MDHT S )~ MAT (#é‘{ NROT-NZDMWTY 8“1’
-

AV-7
NZAT (MDET) — MAT(NZDET) (W=7

W ;
oty = MOET (5, - NEOT- NZDHT Sur)s NEDET (MOTY MOMTEWD) 1y o5
NZAT (MDET) - MAT(NZDET)

Table V-I1II summarizes the results of varying Mgy and MAT in equa-
tion AV-7. Figure V-4 shows the results for Me graphically., These
data show that using 50 percent of available elevator control power would
pemit trimming the baseline asircraft with an Me = -2.8.
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Figure V-4, Evaluation of My Variation on Aircraft Capability to Trim
with Full Horizontal Stabilizer and Varying Elevator,
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