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ABSTRACT E
)
B4
The compatibility between maneuver load control, relaxed static sta- § ;
bility, and flying qualities requirements is investigated in this report. Three f;
steps were involved in the investigation: 3;%
g
1. An analysis was made of control surface combinations and E
their efiectiveness for maneuver load control when used with
an airplane having shortened tail length and reduced tail K]
surface area. K
2. Control system configurations were synthesized that minimize v;;
a weighted measure of change in drag,; wing root bending q
moment, control surface activity and response error between B
a Level 1 flying qualities model and the actual T-33 airplane. %
iR 3. A direct optimization of the tail length, tail area and control &
surface deflections required to obtain a compatible com- 4
. promise of the CCV objectives was performed. ]

o200

The results show that reductions in maneuver drag and wing root
bending moment can be achieved if sufficient controllability is available to
generate the required forces and moments and at the same time to artificially
compensate for the lack of inherent stability of the vehicle.

,.m‘.m

& oo

P
A S P ¢ s

4

A L

Y e o f SOl AN TeASARAHAZEAE SRR

ol Z

ales

iii

r

(T,
3 - L s s

Aol SR Lt 5§ A 3 A AT AT T s . A .
23 &g Fat, ”!an&“iﬂ%iﬁm“c"ﬂ'{;’;&“w Lalar 2 e i 2 T YR L. e

i e s '
4 N A S AR



IV
v P R RN

TABLE OF CONTENTS :

Section Page

I INTRODUCTION., . . v v ¢ & o o o o o & o « « 1}
1.1 Background. . . . . . . ¢ o o ¢ 0 . .

1.2 Approach and Organization. . . . . . . . . . ¢

E
i
:
3
g

II ANALYSIS OF RELAXED STATIC STABILITY AND
MANEUVER LOAD CONTROL SURFACE REQUIREMENTS . 4

o
[
y
[r.
3
23
p{.
4
E
A
4
3
%
B
3
d
4
e

2.1 Introduction. . . . « . . . o0 0 . . . . 4
3 2.2 Derivation of T-33 Equations of Motion . . . . . 4
wi 2.3 Derivation of an Ideal Flying Qualities Model . . , 15
2.4 Derivation of Surface Deflections Required to Match
the Model Response . . . . + +« + « « « + o 19
2.5 Results of theStudy . . . . . . . . . . . . 21
9 Il THE SYNTHESIS PROBLEM. . . . . . . . . . . . 21
} , - : 3.1 Introduction. . . . .+ + « ¢ ¢ ¢ . . . . 27
A 3.2  LongitudinalResults. . . . . . . . . . . . 30
1 . 3.3  Lateral-DirectionalResults . . . . . . . . . 39
19
A IV DIRECT OPTIMIZATION. . . . . « . « . . . . . 44
- 4,1  Introduction. . . . . . . .« . . . . . . . 44
b 4,2 Static Trim Optimization . . . . . . . . . . 44
; ‘ 4.3 Dynamic Optimization . . . . . . . . . . . 47
= 44 Resulte . . . + 4 « « 4 . 4 4+ . « . . .5l

\4 CONTROL SYSTEM MECHANIZATION . . . « . .« . . 55
5.1 Intreduction. . . , . . . . .+ + . . . . . 55
5.2 CCV Bare Airframe Stability Derivatives. . . . . 56
5.3 Control (Feedforward) Augmentation . . . . . . 59
5.4 Weight Considerations . . . . ., . . . . . . 60

E R AR b A Gty gy,

cY Rk

Preceding page blank

,
L&i:msmﬂé‘% e B by N B V31 K e L L A S BRI 2 e e P ot B e s AP o L Y R AR i s P Yo R B T A e S S A SIS e

B e e o e

|
¥
s
4

L s Sk Ea aiN




EASRE T Fa v v, LT ORI R S R TR Ty T TR Yo e v+ 5 edel b e s T

G -

AT TR

oy

Section Page

T R

v CONCLUSIONS AND RFCOMMENDATIONS. . . . . . . 61

6.1 Conclusions. - « o ¢ « o o o o o . . 61

6.2 Recomniendations . . . + ¢ ¢ o+ o« o o« o« o 62

APPENDIX I - 1LiNEAR OPTIMALCONTROL. . . . . . . . . 65

2

A RS R A TS

APPENDIX Ji - CONJUGATE GRADIENT COMPUTER PROGRAM., . 73

REFEREN ::‘-;{': ) . . L] . . . L] L] . . . L} L] [ . . . . 85

‘l‘b'!"“"ﬁ)‘:;{ﬁg "5 ;Ew«,fw‘;\’.

sl

Ry

SRR A VL S E Mt b 1t 4

AT U PV Bt A8 AR SR

3
B
A > w - N . . -~ 5
& Y M A AT, 2k sl A i ST AR a1 6 A AT IS T D)



LRSS WA D BN W, TRRA DT SY RTINS et B A BRI KT WAL PO Pon e T Ao r R e 0 WY QAN e AR B A

7
VIS
c A L Ty s et aomons n o e e imm—— e e e e

LIST OF ILLUSTRATIONS

TN )

Ll

Figure

NI N P b b S A S hm»j-mmg

Tail Area and Length Ratios . . . . . .

T A2

et

vii

figeines
Fagoss

1 Root Locus of CCV - T-33 Short Period :?oles Vs,

T N N T T T s s A e A ® s it (0% T S

2 Wing Lift Distributions for ¢ , §; , & . + .« .+ .
. 3 Wing Root Bending Moment Contribution Vs,
Wing Station [ ] - L] L] . L] ] L L] L] . L[] L]
4 Short Period Frequeucy Requirem ?nts -
Category A Flight Phages . . « . . . « . .
5 , ~ransient Response of Low 1' and High Lift
Level l MOdels at Fc-lo * L] . . . . [ . .
6 Model Following System . .+ .« .+ + 4+« o« o .
7 Effect of Tail Length and Size on Drag During
4 g Puliup ] L] . . L] * L] * [ ] L] L] L] L] .
8 Effect of Tail L.eagth and Size on Wing Root Bending
. Moment During4 gPulluyp., . . . . .+ .« . .
; 9 Effect of Tail Length and Size on Maximum Surface
% Deilections Required for 4 g Pulluyp, . . . . .
* 10 Cominand Input Mechanization . . . . . . .
%
11 Response of Control Configured Vehicle and
¢ Flying QualitiesModel . . . . . . . . . .
g 12 Comparison of Response With Two Different
Input Designs . . . . .« .+ « « « ¢« + o
! 13 Feedforward or Command Augmentatio: . . . .

X RTOARSE T IDRR G MR 31 AR AR GQRT A o S el H R R Y

PO Y s T P IO

11
12

13

17

18
21

22

23

24
33

34

38
59

1
S A S s A s EB B R N R NI S ST £ BT B Gt OO S o RO Carrate s o R s A P A A £ M 2Rt L o A S rn s s mvaa@ﬁﬂﬁ

¢




e e o IR T R S F T T T e Y
T AR F el s YR AT T AP R DA TR Y v gt trp w e v g w
. T > R TN R r oy ST TR I KAl peo VTR A SRR EX A o
R T RPNy T R TR R AR TN > %,

-

S

LIST OF TABLES

AR

Table

o
i

M

Page

ot

A7 s
3+%4

ERPI i I AL

II Variations in Flying Qualities Parameters as a
Function of K, and £, .

Cra

o
R

. . L] . . . . . .

IIL Stability Derivatives and Other Characteristics of

Two Level 1Models . . +« ¢ ¢« &+ o ¢ o o o @ 16

v - 4 g Pullup wuhmghn?/x Model. . . . . . . . 25

v Comparison of CCV Performance for 4 g Pulluyp . . 35

VI Comparison of CCV Dynamics for 4 g Pullup. . . . 36

VII Results of Lateral-Directional Study . . . . . . 42

VIII Summary of Trim Optimization Results . . . . . 46

IX Selected Results of the Conjugate Gradient Method. . 53

X Attainable Feedback Gains. . . . . . « .+ .« . 54

R oo il e A e AN
S A R NI ;‘-,v,m.\smm.a;%zym;m;:m;wmm,:;u;mmﬁ.wf GG o e SN S e

T (T I WA LA LY

viii

bl




BORROEIR LI TR SR et 35 Al LA SRR TR e 8 0 2R A IR AR A CUS U SR nr iR T S T SRR B TR WO A B R LN SR

R,

¥
- s
S SR WA 2 g gt - A e . . N _ 3
¢ i
; f:
L £
; ¢
: LIST OF SYMBOLS 3
; 4
@ AR - b*/5 - wing aspect ratic §
X
b - reference wing span, ft f:}g
i b” - horizontal tail span, ft ,{z
g < - mean aerodynamic wing chord, {t ?ﬁ
; i
Eé EH - horizontal tail chord, ft i
| q - gravitational constant, 32.17 ft/sec? %
: n - altitude, ft z
‘Z;y - moment of inertia about y-body axis, slug-ft® ¥
3
K, f&w— - tail area ratio é
A Skr.gs %
K, - Aueev _tann length ratio %
“1-358 %
Kp - proportional constant which relates drag to the square 5
of lift in a parabolic drag polar 3
4, - distance from < to ££ , tail length, ft %
4 < 2
m - W/g - aircraft mass, slugs i
Mg - wing root bending moment coefficient, ft/lb g
5
7;} - normal acceleration, g's ﬁ
%
w0 - roll rate, rad/sec :%
; k
. - 2/ . 2 3
g - pV*/2 _ dynamic pressure, lb/ft b
g - pitch rate, rad/sec ?
t-
, - yaw rate, rad/sec 5
S - reference wing area, ft?
S” - horizontal tail area, ft
AV - perturbation velocity along x axis, ft/sec
- Y, - total velocity of airplane, ft/sec
§ W - aircraft weight, 1b

ix

Py

T T 4 A s T g e e T L S _ —_



& O

CCVv
MLC
RF

WRBM

VAT P &7 eeteiomy Ty F AT it EXRRESTNG T oSS (0L At ALY SRR Y IS

angle of attack, rad
angle of sideslip, rad
aileron deflection, rad
elevator deflection, rad

inboard direct lift flap deflection, rad

outboard direct lift flap (collectively operated ailerons)

deilection, rad

rudder deflection, rad
Dutch roll damping ratio
phugoid damping ratio

short-period damping ratio

- y/b - wing station

pitch angle, rad

Lagrange multipliers used for constraints in
performance indices

air density, slug/ft3

roll mode time constant, sec

spiral mode time constant, sec

bank angle, rad

Dutch roll undamped natural frequency, rad/sec

phugoid undamped natural frequency, rad/sec

short-period undamped natural frequency, rad/sec
ABBREVIATIONS

contro!l configured vehicle

maneuver load control

response feedback

wing root bending moment

x

Vi PN AP SRR

%)

o
™

3P

N W T R e

B S AT 5 PN E S v e e S A R

e

o

k>
&
R




R T

RPN

SECTION 1

INTRODUCTION
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1.1 BACKGROUND
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The research documented in this report investigates the feasibility
L of implementation of severa} fundamental Controlled Configured Vehicle (CCV)
k- concepts. The tail length and area of a typical Air Forcs inventory airplane
e (the T-33) were decreased to reduce the static stability and additional,
j active, wing-mounted control surfaces were used to provide a measure of

control of the wing lift distribution. Control system design concepts were

o then used to evaluate the effectiveness of the maneuver load control concepts
o and to produce flight control system designs that can take advantage of the
additional controllability of the vehicle and at the same time provide for
adequate flying qualities. There is very little doubt that the geometry and

P A e N 3
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the controllability of present day vehicles can be significantly improved as
‘ soon as fly-by-wire and control augmentation are fully accepted as integral
i parts of a flight control system.
5 Once feedback and command augmentation are fully accepted, then
1y the full potential of the use of feedback can be and should be investigated and
2 developed, for this knowledge can have a significant impact on the fundamen-
E tal design of the airframe. For instance, inherent longitudinal or directional
2 stability need not be built into the airframe if sufficient control surface
effectiveness and power exist so that stability can be maintained by feedback.
This is generally an easy requirement. A more difficult requirement is
R that, in addition to stability, the vehicle must satisfy flying qualities require-

. ments. The research documented in this report places special emphasis
. on the flying qualities of the augmented airplane.

R ARy a2

The importance of the use of active controllers in addition to the
conventional moment producing devices, i.e., elevator, rudder and aileron,
has been amply demonstrated. Operational and experimental aircraft now
are using or investigating the proper use of active X-force control devices
(auto-throttie systems), Z-force control (direct lift flaps or spoilers) and
: even Y-force control (side force surfaces, differential throttle or differen-
: tial drag devices). With this acceptance of additional force and moment
i ' generating devices, it becomes important to investigate their use in the
attainment of many desirable objectives of airplane design, such as control
of the wing lift distribution (to reduce the critical wing root bending moment),
: . structural mode control, ride qualities improvement, gust alleviation, and
certainly, the dominant factor in all flight control system design, the flying
qualities, The research documented in this report emphasizes the use of
active surfaces such as a direct lift flap and collectively acting ailerons in
addition to the elevator, to produce good flying qualities in addition to
reduced wing root bending moment and minimum drag, both statically (in
trim) and dynamically, during maneuvering flight.
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In this report, the T-33 airplane was used as the object of the study.
A fairly modest CCV treatment was applied to the vehicle: the tail length ‘
and size were assumed variable; the flap and ailerons, in addition to the !
elevator, were assumed to be actively controlled as force and moment
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generating devices. The object was generally to determine the tail length,
size and surface motion: that would satisfy the generally conflicting require-
ments of minimum change in wing root bending moment, minimum maneuver
drag and minimum deviation from Level 1 flying qualities. Much more could
have been, and eventually should be, done. The usefulness of additional force
and moment devices, such as canard surfaces, spoilers, actively controlled
thrust, sectioned flap and sectioned ailerons could have been included in the
investigation, They were not included for three reasons:
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TR

1, It was felt that the configuration selected would demonstrate i
the feasibility, Feasibility rather than final design was con- :
sidered to be the major objective of the program. 5
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In this area, which represents a fairly radical departure
from conventional design and development, careful,
measured advances should be made,
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Time and money for an extensive investigation were not
available, and in fact should not have been made available
at so preliminary a stage.
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A second area in which the study was restricted was the area of more
extensive geometrical changes in the airframe or the characteristics of the
airframe. The tail area and length of the T-33 were considered changeable;
these changes affected the stability derivatives of the airplane. The effects
of other geometrical parameters were not investigated but eventually they
should be considered in the CCV context.

AT AR RN L R SR Nt Tl A ety AR T

TS
e

yaRnl

T

Therefore, the study was restricted to feasibility rather than a
thorough investigation of the potential of CCV concepts. Yet the results are
both promising and gratifying. The wing root bending moment can be
reduced; the drag can be controlled, and the T-33 airplane can be made to
have Level 1 flying qualities with a shorter and smaller tail. Therefore, :
from the CCV point of view, the T-33 is overdesigned; weight, drag and .
structural loads can be reduced by using a feedback augmented flight control
system. Since the demands of performance right now result in dynamically
less well behaved airframes requiring augmentation to bring their dynamic
behavior up to acceptability, this report takes the attitude that stability
should not impose strong constraints on the geometry of the bare airframe.
Feedback augmented flight control systems should provide the required sta-
bility. The research documented in this report shows how advanced flight
control system design techniques can be used to realize many of the CCV
concepts.

1.2 APPROACH AND ORGANIZATION
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The systematic study of relaxed static stability, maneuver load con-
trol and attainment of good flying qualities was performed in four major
steps:

ViR

frree

b
ey "
AL A A s L e S A € M Ve SR d Wk SRRt

g

e
. ‘.’
»
4
&

Taieay me e Wt

i
[
f

P T R




il WWM AT ES TNy 2 8 30 s T R T . . .
4 E ARG ANl £ g AR Al AN e N VT R ) 2503 S0 oyt TR NIRRT N e ate s o IS RQBITNG S m [ A R R L SN
2

[
IE

R h P B

RIS et

T R Ty

1, The tail size and length were varied and combinations of
elevator motion, inboard flap and collectively acting ailerons
were used to force the vehicle to fly "exactly" as a flying
qualities model. For different combinations of surface usage,
the changes in drag, wing root bending moment and measures

AR A

s
L

S of control surface effort were obtained as the vehicle maneu-
4 vered through a 4 g pullup "exactly" as the flying qualities

B model. These calculations verified the level of utility of

3 using the additional surfaces. This research is described in
3 Section II.

b

2, A feedback flight control system was then designed to minimize
a weighted measure of incremental wing root bending moment,
incremental drag, error in dynamical response between the
actual aircraft and the flying gualities model, and control

3 activity, Familiar linear optimal control techniques were

used to obtain the solutions. The effect of variations of the

weighting of the different elements in the performance index

: was investigated to some extent. The purpose was to verify

that the different weighting could be successfully "juggled"

SRR SHUCHE LR L

brctng

e

o

-
SRS

et
it

3 rather than obtaining a final, or "abhout-to-be-mechanized" 4
! design. Section III of the report describes this phase of the g.f
study. ;5
¢ ¥
% ] 3, A direct parameter minimization of the performance index 5
E | was tried. The purpose was to try to directly obtain values of &
 § tail length, size and control deflections that would minimize 4
8 a weighted measure of incremental wing root bending moraent, 'ﬁ;}
: incremental drag and minimum deviation from Level 1 flyng :’
K | qualities behavior during a 4 g pullup. This effort is detailed b
g L _in Section IV of the report. ¢
& 2
5 4. Based upon the more than twenty years of experience with z:
e | feedback fly-by-wire systems at the Cornell Aeronautical K
kK Laboratory, maximum attainable feedback gains for the present 4
b £ state of the art of flight control system design were estimated, %
2 : Checks were made to assure that the feedback designs defined ;%
E in Section III of the report appeared feasible, é
4 '{5
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SECTION II
ANALYSIS OF RELAXED STATIC STABILITY AND

MANEUVER LOAD CONTROL SURFACE REQUIREMENTS

2,1 INTRODUCTION

The first logical step in the alteration of an existing airplane to
achieve the objectives of a Control Configured Vehicle is the determination
of the effects of varying the tail length and area on the stability of the vehicle
and the ability of ‘he chosen force and moment generating devices to maneu-
ver the airplane properly, If the aerodynamic characteristics of the air-
frame do not inherently provide the proper forces and moments, then the

RS B b R R R SR L S S A e B it BT Rt ey e e

surfaces must be dynamically moved in a way to compensate for the loss in
? aerodynamically generated forces and moments. The analysis of geometry
. changes and surface adequacy was accomplished in the following manner;
=
1. The equations of motion of the T-33 airplane as a function
of tail length and area were developed.
‘- 2, The equations of motion of two Level 1 aircraft mathematical :
4 models were derived from MIL-F-8785(B). B
3. The changes in drag and wing root bending moment were 3
> developed as a function of tail length, tail area, and B
3 elevator, flap and collectively acting aileron deflections., A
“ 4. Combinations of these three surfaces were then deflected 3
o in a way that forced the T-33 to respond to a 4 g pullup
command as the flying qualities model would respond. ;%
kS 5, Evaluations were then made of the effectiveness and §
: usefulness of the surfaces in reducing maneuver drag, ]
wing 100t bending moment and relative surface deflection. K
'j 2.2 DERIVATION OF T-33 EQUATIONS OF MOTION §
| Equations of Motion and Dimensional Data g
%
: A
The longitudinal equations of motion for the T-33 airplane used as the #
3 example in this CCV study are as follows: f’j
3 AV = -9 zs({ze cp}Avc 18)+Cs, 18:]+Cp |5.] ;
5 2-99-—117Cp * +Cp e [ +Cp 5
§ m [V 2" 2 5 Ty Ol g Ry ) :
fo, are 5} 5.} :
*olCy, 0y 500, 2} +K,{GLse .} (1) :
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6= — (—- a,,,ee + EZGM“ @+ a”’avAW C,,,wx + G,,,ieie + G”’:‘-é: 48,”’;5;) (3)

For some of the calculations the following linearized drag equation
was used:
gs

. 2
U= -90- ~ ({Vocgt* apAV}AV*va“ + GDSeJe + G%Z &+ C’D:; 50) (4)
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Two flight conditions with different values of 7, /z were investigated,
though most of the work was performed with the first flight condition (FC-1).
However, the methods used would app.ly to the second as well,

§
3
K/
,?

FC-1 FC-2
v, 641 ft/sec 414 ft/sec
: h 10, 000 £t 20, 000 ft
7] 360 1b/ft® 108 1b/ft?
W 12,000 1b 15,000 1b '
1, 20,700 slug-ft? 22,000 slug-ft*
The dimensional data common to both flight conditions for the CCV-
T-33 are:
wing:  area, S = 234,8 ft*
span, b =37.51t
chord, £ =6.721t
taper ratio = ,355
sweepback of
quarter cord, Aa/;. =5,0°
AR =6,
airfoil section = NACA 651-213. a=,5

R T L I R AN O e > 3 T S R DR L Y.



with the following characteristics:

area, each side S5 = 15,32 ft?
chord, Z;‘. = 1,8 {t
wing station: 0 ft - 8.5 ft

4
5:!
:

collectively to a longitudinal stick command. These outboard
direct lift flaps aave the following characteristics:

: area, each side S, =8,75 frt

i chord, 55‘. = 1,17 ft
wing station: 8.5 ft - 16,0 {t
« Horizontal tail: area, Sy = 43.5 ft?
E span, b, = 15,58 {t

:9 Chord’ E” = 3. 12 ft

4 taper ratio = .32

3 R =5,6
; horizontal tail length (£ & 52), 8, = 15.9 £t
horizontal tail volume,v” =£S“_% = ,438

3 3¢ - elevator

3 area, each side S;, =8.7 ft?

,* chord, Ege =.71ft

§ vertical tail;

i area, Sy =22.61ft

, vertical tail length (—% to %L),l,, = 16,1 ft
; vertical tail volume V, =%z.’éz. = . 041

: 6

(;

3

"I
-
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5" - It has been assumed during the course of this study that the inboard
flap can readily be changed into an active control device, requiring
a change from the present split flap arrangement to a simple flap

30 - It has also been assumed that the T-33 ailerons can be made to act
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Stability Derivatives of the Basic CCV - T-33

¢ E All of the nondimensional stability derivatives, except the J; and g,
A control derivatives, for the basic T-33 were obtained from Reference 1. :
3 %-"J The control derivatives for the inboard and outboard flaps, §; and §, , 3
sk were estimated from Air Force Datcom methods (Reference Z) usmg the !
1 dimensional data above. These stability derivatives are presented in :
A Table I. ::
i TABLE I §
s T-33 STABILITY AND CONTROL DERIVATIVES ‘T‘i
Parameter FC-1 FC-2 Parameter FC-1 FC-2 i@
; Cp, 0.019 0.019 ¢, 0.15 0.15 %
3 o, 0.117 0. 106 ly, 6,50 5.90 3
: Coys | 0.0111 0.0111 Cus, 0.362 0. 343 g
» 25, 0.0176 0.0173 l, 1, 64 1. 64 éj
3 ; b
1 Conyg.; 0.0408 0. 0408 2, 1.065 1,065 f
fo ¥ . % fs
ap‘.‘, 0.0703 0.0703 Com, -0.010 -0.009 3
E: | Couie 0.0192 0.0192 Lo, -0.690  -0.590
] Coy, 0.0384 0.0384 Cmg, -3.30 -3.10
' Kv 0- 06 00 06 Gm, -7: 50 ’60 90
2 Co, 0.019 0.031 Cmg -0.94 -0.90
-8 e
‘i th 0. 142 Ol 59 Gm;l "00 524 ’00 524
12 B /]
‘} 1 Copy 0.00 0.00 c’"’o -0.199 -0.199 ¢
9 Cm,, 0.00 0.00 ny et 45,00 10. 00 ;
4 )
3 Stability Derivatives in Terms of K, and &, §
Kf The horizontal tail area and tail length of the T-33 were altered to :5
A1 investigate the various CCV configurations. The following parameters are 3
3 functions of the tail size; j
‘;‘ CDO e"w g
avolsel am“ %;
Q £
e
E a’”’e K
7
.\

o e T e RN L A AL M o s S e e

¥
'3
3
"
%
¢
2
o
oy i sy

PR SR T s
XD o TR e BT ey

N PR T T T % YO




R T T S ﬂiﬁi&mﬁﬁwwmﬁﬁrm:%ﬂﬂtic‘?&i‘”)ﬁwmWM%W#E@W%WEMW&W&%WNM%I@e""“"’""“‘m*"’"""“""’"5:’3"«‘%

- o

Expressions for these parameters were developed in terms of the horizontal

tail area ratio and tail length ratio of the particular CCV configuration under
study #nd the basic T-33 values, where:

K = S“ccv

Nl » tail area ratio (5)
Huasic 7-33
Ly
KL = T__af_v__ » tail area ratio (6)
Haaswe 7-33

1S
%
3.
.
o

; . s st e N
sy R S ¢ DA TR S T O B i e R s RN B

Methods from Reference 2 were used to estimate the tail contributions

7 to the above derivatives. It was assumed that the dynamic pressure ratio
; at the tail was 1.0 as the horizontal tail is more than five feet above the wing
g and should be out of the wake of the wing. However, some of the derivatives
’5 ; were a function of the downwash at the tail which was estimated from
7. Datcom methods as:
2 a2¢€ to -4 e
s 1 —a-_' = 484 \HL) (Datcom SeCQ 4. 40 1) é
e © 3
‘{ ‘ The expressions for the parameters influenced by the tail size are listed é
e below with the corresponding Datcom sections which were used in their %’%
2 derivation: ;
i :
g Parameter Datcom Section FC-1 FC-2

= ! Co, 4.15 0177 +.0013 K, LOITT+.0013 K, s
| just used area ol K oMK, 3
B : D’Iid and length ratio A A %
3 e, multiples .362 k) 343 Ky g
3 e of basic §, %
. Gm,c derivatives =94 K K, 30 Ky K, §
G, 4,5.1.1 6.0+[968-468(, [k, s454[8r9- 42500 4K, 2
¥ #
& - = o _ ~4 b
) Cm, 4.5.2.1 as-foas-nf)dk b, 8 lz.oa 101(K,,) ]/(4/4 2
v 4
Comg 7.4.4.2 196-5.2¢ K5 (K, | 165 -4.75 Ky (K,)* §
: Cn, 7.4.1.2 3.35- 1085 Ky (K. ) 295-985k,(k,)?

3
b |
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E Characteristics of the T-33 as a Function of K, and K] 5
‘ ] The short period characteristics of the T-33 were calculated for ;
ke various K, and K, values, {o see what the bare airframe characteristics E
.t were without augmentation, The tail ratios, K, and K, , were varied ;
b together and kept at identical values., A simultaneous reduction in both tail e
* i‘ length and tail size, with corresponding reduction in elevator area, could be
3 g considered to be a fairly severe loss of stability as well as control capability g
s of the airplane. However, it was felt that the loss in control effectiveness 5
e ‘é and control power could be maintained with an all-movable horizontal surface. 3£
5 ! In addition, it was found that the net effect of inboard flap deflections and §§
b ! outboard flap deflections would generally be in a direction that supplements 3
E the pitching moment capability of the elevator during pullup maneuvers. The 3
i best valuess of K, and K, investigated separately are, of course, an important %E
i CCV concept, but for this study, the simultaneous variation of these param- é
- i eters vividly demonstrated the problems and design principles. At these ;
£ values of interest they both had approximately the same effect on the moment g
! derivatives which directly affect the short period mode. 3
. The short period frequency and damping and »,/w for these configura- ‘%
g tions were estimated by the following approximations (Reference 3); %
Dep = M, ZyMy g
= g
X ¢ (Mg +Mg + Z,,) 3
: spP 2w ¥
f: sp 2
I‘ :“
i no__ % :
E T T fwr i
E « 9 :
. The change in mass and moment of inertia, I,, , for the CCV configuration f
E: with K4 and ¥, of .5 from the normal T-33 were estimated at a negative g
2 three percent and negative ten percent respectively. It is assumed that these 2
3 vary approximately linearly for intermediate values. %
E: The short period characteristics and 7 /x for the various configura- 3:’
tions are listed in Table Il and shown in Figure 1. 3
4 §
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TABLE 1I
VARIATIONS IN FLYING QUALITIES PARAME TERS j

3 AS A FUNCTION OF K, AND K, %
> W
. FC-1 I FC-2 %
3 l : i ! } 4
2 Kas K wg wred fseo %50 Bl . @Dsp~red frec Ysp 7y [ %
1.0 4.627  .4155 45,07 2.215 .3167 9.96 2
4 3
{ .875  3.420 .4538 45.19 1. 605 . 3473 9.85 &
.75 1.810  .6932 44,66 . 7062 . 6207 9.73 2
- real roots: ’Z
L . 725 1.325 ,9087 44,57 -. 1855 -. 6813 9.71 :
real roots: B
3 .70 -.1247 -2.183  44.47 . 2350 -1.033 9. 69
,:: ?‘:ﬁ
3 625  1.192  -3.232  44.19 .8291 -1.522 9.63 g
- z
4 0 2.36  -4.05 43.19 1. 382 -1.934 9.52 %
3 3
] ;
; Derivation of Wing Root Bending Moment and Drag During Maneuvers é
&3 B
;7 To determine the wing root bending moment (WRBM) developed in 2 %
2 maneuver it is first necessary to calculate the spanwise lift distribution over a
: the wing and then find the equivalent force and moment arm to which this g
s distribution is equivalent, (It was assumed that the lift distribution for the i
! wing due to angle of atiack and the incremental lift distributions due to fiap ;“;3
3 deflections are linear with « , §;, and J, and are simply additive with no %
2 interference effects between countrol surfaces. This restricts the validity E
4 of the solutions to the linear range of C,, {[ef< 15°) and |§| £ 25°. This is 4
2 a simplification that was felt to be justifiable for the depth of investigation
y: considered in this study.)

E: The shapes of the lift distribution curves due to « , J; , and §, were

bl

estimated from methods in Reference 2 (Datcom Section 6.1.5.1). These

are shown in Figure 2. The area under each curve can be treated as the total
lift increment due to a particular « , &; , or §, deflection, respectively. The R
spanwise lift distribution times span position is shown in Figure 3. The area 3
under each curve is equivalent to the incremental WRBM due to a particular
€, & , cr §, deflection. When the areas under the curves in the second set
are divided by the areas in the first set, the result is the moment arm, or the
position at which an equivalient force will produce the same WRBM as the lift
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The above procedure was carried out on the accompanying figures
with a planimeter with the following results:

Lift distribution Lift area Lift x span Equivalent
due to: Fosition area WRBM arm
(WRBM)
’ « .418 . 173 .414b = 6,62 ft
4 5 .244 .0788 .323b = 5. 16 ft
4 5 .159 .0874 .548b = 8,77 ft
g The incremental WRBM derivatives for each wing are given below. The

moment arm associated with Mg and Mz, are the same because the lift at
= 0 has the same distribution as the hft atae # 0.

MBa (zero angle of attack) =({- CLO ] S) x (6.62 ft)
Mg, =(4¢,3S) * (6.62 f1)

PR Y RN SN AT S Y T

Ms;, -(iaé, 3Ss) x (5.16 ft)

: M”‘a =(% c,’ gs) » (8.77 ft)
FC-1 FC-2

3 My, 41,970 ft-lb 12, 590 ft-1b
M,‘ 1, 460, 500 ft-1b/rad 397, 860 ft-1b/rad

9 M, . 357, 650 ft-1b/rad 107, 300 ft-1b/rad
3 Mb‘ 394, 750 ft-1b/rad 118, 420 ft-1b/rad

4l ‘
K °

E: The increment in WRBM developed in a maneuver is then written as

; AWREBM = =Mp, (m-amm)ff., & + Mg 6‘ (7
¥ The incremental drag developed during a maneuver is defined by the

following nonlinear equation:

5 ADrag = 35S [C, e ’54 +C,, ]S I+C'D ]5,}

thpfeynre, sre, s }z (8)

p: @+ i +

3 P L& ¢ 45, °J (rom induced drag on wing)

2

+ K {0 S, } i
3 P "53 €J ltrom Induced drag on herizental tuil) ;,}
r 14 3
e 3
K :
e £
- )
?.
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A In some instances it was necessary to use a linear drag equation to simplify %

v the calculations; z

M 2

¥ 4

B~ D 23 . i:
. ADrag £35s (Gvse O+ Cop 5+ Cpg 3 + Cp ) (9) 2
=
: 3
: 2.3 DERIVATION OF AN IDEAL FLYING QUALITIES MODEL §
3 Good {lying qualities, as defined in MIL-F-8785B, is one of the major H
g objectives of this study. Flight control system designs will be derived that z
s will augment the airplane in such a way that the augmented vehicle response ¢
will be identical to or a close approximation to a model having "ideal" §
- flying qualities. In this section, the equations of motion of the ideal model, 3
4 as applied to this particular airframe, the geometrically altered T-33, j’::‘
i are derived, i
‘i From MIL-F-§785B (Reference 4), an excellent Level 1 longitudinal "%
flying qualities airplane would possess the following short period charac- g
3 teristics: %
Ry z H
Py (‘JSP 3
: y =/ Sep =07 i
E 7y /% (10) 2
3 i
k Two models were developed: one for an airplane with a normal lift slope, g
; 01,“,, % 21 rad-1 (low li{t model); and one for an exceptionally high lift air- :
plane, ¢,, s 4% rad” (high lift model). The drag polar, velecity derivatives, g
3 and control derivatives were assumed to be the same as the normal T-33. ¥
3 There are then only four derivatives that need to be found: E
X
8 2y s My, My, My :
E
It was first assumed that My = 2 Mz for this is true for the basic g
F T-33 and is a very good approximation for many other aircraft, Then the ¥
H following equations can be written; 3
A : 2 E
e Op = 2M,, 2,0 - M, (1) I
& %
‘.' { %, = - (~3M¢.’_: . Z & _)_ §
; % 5P Za)sp ( lZ) 2;
b z gs . ;
'i = - 13 z.‘
. o e, (13) :
] £
A n @ 3
| 2+ --*z (14)
3 o g 4 ﬁ
x| i
;, i Tg
| 15

i 3
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r
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From the relations a);:; = n,,/& and ¥%5p =.7 for an ideal Level 1 short-
period model and the above equations, all of the derivatives of the ideal
flying qualities model can be evaluated. Speed stability was not investigated
in this study. However, the phugoid roots of the models, which are approxi-
mately those of the T-33, were evaluated and were also Level 1.

TABLE II1
STABILITY DERIVATIVES AND OTHER CHARACTERISTICS
OF TWO LEVEL 1 MODELS

Low Lift Model High Lift Model

Flight
Condition FC-1 FC-2 FC-1 FC-2
Ce, » 1/rad 6.28 6. 28 14. 32 14.32
mf o glrad 44.12 10. 60 100.7 24.2
asp , rad/sec 6.64 3.26 10.03 4,92
%o .7 .7 .7 .7
2, ,secl -2.214 -.8237 -5.045 -1.878
My ,sec? -33,661 -8.549 -70. 42 -17.93
M, ,sec'irad'l -4.723 -2.490 -6.00 -3.34
My ,sec -2.362 -1.245 -3.00 1,67
@ph » rad/sec .06 . 10 .06 .09
% L 11 .04 L 12 .04

The above models are labeied on Figure 4 along with the unaug-
mented CCV - T-33 configurations. It shows how these configurations com-
pare to MIL-F-8785B short period frequency requirements for Category A
Flight Phases (air-to-air combat, weapon delivery, etc.). It can be seen
that the normal T-33 (K, = K, = 1) is close to an ideal model, while the
flying qualities deteriorate quickly as K, and K, are reduced below , 85,

Figure 5 shows digitally computed time histories of both the low lift
and high lift model responses. The primary effect of 7, /¢ can be seen in the
transient of the pitch rate response and in the steady state value of A« .
High n,/w means higher Z,, which shows up as a smaller overshoot in the
pitching rate response to a command elevator input.
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- NOTE: THE BOUNDARIES FOR VALUFS OF 7/ T T
: OUTSIDE THE RANGE SHOWN ARE DEFINED * 1% ()2
; "= BY STRAIGHT-LING EXTENSIONS. e A P

...-....-..:...-.\ . .,.

b,
. 10
1’ .

7

:

A W, ~
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RAD/SEC

o 10
<o 0875
o 075
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s S 070

& ¢ 1L LOW LIFT IDEAL FC-1
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3 | 1 iiipc2 . FCa

Loy i kil
1.0 10 100
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Figure 4 SHORT PERIOD FREQUENCY REQUIRCMENTS .-
CATEGORY A FLIGHT PHASLES
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2.4 DERIVATION OF SURFACE DEFLECTIONS REQUIRED TO MATCH
THE MODEL RESPONSE

LS

The flying qualities model defines the equations of motion of a Level 1
airplane. Evaluation of surfaces or other force and moment generating
devices is accomplished by obtaining the deflections required to force the
CCV - T-33 airplane with altered tail length and size to respond ''exactly" as
the flying qualities model responds. Three control surfaces; elevator,

. inboard flap and collectively acting ailerons were used in various combina-
' tions to force the altered airplane to respond as the model.

o AN LR S R LB F Sk £ 14N LG

AN T E R Lt IR XL 00903 0 82 wom TR0 NI R M T A R B € Lt e

! The flying qualities model represents three degrees of freedom of
motion; if fewer than three independent force and moment generating devices
are used for control, the response of the flying qualities model cannot be
exactly reproduced; only one state variable (and derivatives) per controller
can, in general, be made to respond as the flying qualities model would
respond. The calculations for the control motions are done in the following
way:

e

LI Ea A

The small perturbation equations of motion for an aircraft can be
written in the state-vector form

¥ = Fy+Gu (15)

S S AR S B 8 a1, Yy

SAMLFEN LR

where
% is a vector representation of the state variables of the
vehicle., For this aircraft, the state vector ¢” = [u)e, é,AV]
has been chosen.

Y
AREIEE VR,

& is a vector representing the control variables of the
vehicle; in this case the control vector elements are defined
from elevator deflection, §, , flap deflection,d; , and
collectively acting ailerons, §, . ¢’= [Se»sis 5°j

PO

TR
JRN

F is a square (4 x 4) matrix of dimensional stability derivatives
of the airplane. A coefficient of this matrix, when mul-
tiplied by a state variable and an appropriate inertia or mass,
represents a moment or force applied to the vehicle due to
the configuration of the vehicle.

s A Y

PN
SNLY RS TS E U A S RS T

sieai

G is a matrix of dimensional control derivatives of the vehicle,
A coefficient of this matrix, when multiplied by a control
surface deflection and an appropriate mass or inertia,
represents a force or moment applied to the aircraft by a
surface deflection.
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The equations of motion (15) are partitioned:
. | 1
%, Fiy Fiz L2 G,
._:._ -2 [ T, e ¢l & (16)
X, Fz, | F"22 ‘Mz Q;
|

2

%

e A AR S By

The partitioning is selected so that /; and G; are of the same p x p
dimension when p represents the number of independent controllers on the

PR A AR BRSPS e i

vehicle. The equations of motion of the flying qualities model are similarly
5 paxtitioned;
- % R 'F v, | |e
‘ ’m "' 1 2y Tm Tm £
v | T T iy B kS
: . m (17) £
o %20 Fatm : Fatm o Gz, :
o 3,
. where %, (¢) represents the motions or state variables of the flying qualities %
. model that we wish the aircraft to reproduce. %‘3
The control law is of the following form §
. ‘ | ult) =K, ¥, ) + K, %, ) - &5 2, (¢) (18) §
5
9 g Substituting Equation 18 into Equation 16 yields 53
Y A
‘ ' . / M ’f’
- ky = \FaGy by )%+ Frp %, 4G, &, %, * G2 K %2, (19) 4
3 Taking the Laplace transform of (19) and rearranging yields ;
E (Is 'Fzz) 2, (3) = (F;r -G, HJ) %,(s)+ (gz K Is+G, /{3) X2, (s) (20) g
3 “The substitution of the following gains %
g T -1, r :fg
“: K’ = (Gz Gz) Gz ,‘%g
3 T A\ 1aT 3
; Kz = "(Gz Gz) Gz F:n g
o 1l 21 !
4 Ky = (6.6,)7'6, E
. into Equation 20 yields )
,;,g
3 (Ts-Fp3) ¥ () =(I5"’Fzz)"‘z~ (s) (22) 3
20
¢3

o

3

3
2.
9
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and we have the desired result: namely that x,(¢) =%, (¥).

The system is shown in block diagram form in Figure 6 below.

£, (& %

t ) P2 ) -l K X, (¢) P
[ 4, (¢) | FLying 1 u(?) VEHICLE |2 L, %
% MODEL - k’z CONTROL éﬁ
(
| %
; Ks g
:
®

Figure 8 MODEL FOLLOWING SYSTEM

Although the computation to determine the control system deflections,

«(t) actually involves the definition of a control law, and incidentally a
control system design, the design is generally not a good one and would not
normally be mechanized. The feedback gains Ky can be destabilizing and
because the subset 2, (2) of the state vector is not required to be fed back,
the system design would be sensitive to poorly known or varying stability
derivatives. However, if the same number of controllers as degrees of
freedom of motion were available, then the model following design of Figure
6 is practical and any feedback, presumably the feedback that leads to a stable,
insensitive system, would form the basis for a model following flight control
system design.
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2.5 RESULTS OF THE STUDY

& a3y

(g3

A7
273 433

The curves of Figures 7, 8, and 9 and Table IV summarize the re-
sults of using the model-following technique to obtain the conirol suvrface
deflections required to perform a 4 g pullup which would be performed by an
airplane whose equations of motion were exactly the same as the low lift
flying qualities model at FC-1 of Table II. Figure 7 shows the change in drag
3 obtained by using only the elevator, the elevator and the flap, and finally the

: elevator plus collectively acting ailerons as a function of tail length and size
ratios, ¥, and k£, . The curve shows that the maneuver drag is reduced both
: by shortening the tail and reducing the tail size and by using both elevator and
K flap or ailerons to perform the maneuver. Drag can be reduced by a’.out
13% using two surfaces, and it can be reduced by approximately 8.5% by cut-
ting the tail length and size in half. A maximum reduction of 30% can be
obtained by cutting the tail length and size in half and using both elevator and
ailerons for maneuvering control. To do this, however, would not be prac-
tical, for as shcwn by Figure 9, the maximum control surface deflection of
the elevator would be tripled. Since the maximum elevator deflection of the
T-33 is limited to -25.0°, the 4 g pullup would represent the maximun at
2 FC-1l, thereby limiting the maneuvering capability of the airplane.
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Figure 8 EFFECT OF TAIL LENGTH AND SIZE ON WING ROOT
BENDING MOMENT DURING 4 g PULLUP
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The reduction in the maximum wing root bending moment by using
auxiliary surfaces is equally pronounced as compared to changes in drag.
Compared with the nominal size tail length and area, the wing root bending
‘ moment decreases by approximately 9.2% by the use of flap and elevator and by
} §9 approximately 15% by using elevator and collectively acting aileron, The
¢ : change in wing root bending meoment also decreases as the tail length and

area are reduced but the change, as shown in Figure 8, is not as dramatic
as the drag effect,

R o L R

These improvements in drag and moment changes cannot be obtained
without cost. The cost is obviously in the deflections of the control surface
required to perforin the maneuver, The maximum deflections of the eleva-

A tor, the flap and the ailerons are shown in Figure 9. As the tail area and

A length are cut in half, the elevator deflections required to perform the 4 g

ii pullup are tripled, with some decrease in maximum elevator required when

3 either the flaps or the ailerons are used. Because the elevator deflection is

v, reduced rather than increased, thc flaps and ailerons produce a beneficial

3 effect; they aid rather than fight the elevator in the generation of the response,

influence of the Flying Qualitizs Model

x The flying qualities model that dictated the shape of the response

E: during the 4 g pullup has a strong, probably the most important, effect on

5 the results, Table IV below summarizes a few of the more important

- results using the high 7/,,Az model, where 77'/04 = 100,7, as compared to tke

g lower (n}/o& = 44, 12) model of the previous analysis. Z
3 ¥
& TABLE IV %
4 g PULLUP WITH HIGH », /¢ MODEL
t Aircraft Surface A Drag H WRBM Max. Surface Deflec.{rad) &
e Cenfiguration Configuration (lb) (ft-1b) e S S0 ;
g 2
k. Base T-33 8¢ only 907 129, 100 ~. 229 -- .- 4
- Kok s 10 Be+3; 2900 139, 400 < 157 4,217 -- 3
3 A S5.+5;+3, (5;:53) 2740 158, 100 -.137  +.128 +.128 :
'* 5s + 85, 2490 184, 600 -.113 -- +.315 %
- 5, only 814 129, 100 -. 381 -- --
4 ek 08 Se+S; 2970 142, 300 -.361 +.228  --

E AT 5,45 +5, (5+5) 2800 163, 300 <. 278 +.132 4 .132

. 52+3, 2260 179, 900 -, 182 -~ +.315

| -
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By comparing the surface deflections required of the high and low
requirements (both models, high and low »/& , satisfy the flying qualities
requirements in MIL-F-8785B equally well) there is a significant difference.
For the low 7/¢ models of Figures 7, 8, and 9, the flap and aileron deflec-
tions were negative, which decreated the lift on the wing and sigrificantly
reduced the Wing Root Bending Moment. For the high lift model at FC-1
whose characteristics are tabulated in Table III, the »/x of the model was
significantly higher than that of the T-33, This means that the airplane
performs the 4 g pullup with less pitching motion than it normally would have.
In order to do this, the effective slope of the lift curve must be increased,
This requirement demanded a positive (downward) deflection of either the
flap or the collectively acting ailerons. An increase in wing lift produces an
increase in wing root bending moment as vividly demonstrated in Table IV.

If elevator alone is used to generate the required change in lift, a larger
maximum elevator deflection must be used to perform the 4 g pullup, for
1/Te, is larger in absolute value with the high »/& model. When two control
surfaces are used for maneuvering, both the angle of attack and the pitch

rate response of the model are exactly reproduced by the T-33, This demands
a different pitching-heaving behavior than is normally obtained in a T-33,
causes the positive flap and/or aileron deflections, and increases the wing
root bending moment. Thus it can be concluded that relaxed static stability
and maneuver load control are incompatible for high lift models,

LR Bt AR S N AN R R o RO AR S

A»b the ailerons and flaps are used, the deflection action requiiements
of the elevator are significantly reduced and the elevator deflections become
less strongly a function of tail length and size. This is to be expected be-
cause heaving (direct lift) requirements are predominant; pitching motions
are not as important in producing lift changes and therefore become a less
strong function of tail length and size,

A

The flying qualities then, have a very pronounced effect on the maneu-~
ver load alleviation requirements of a Control Configured Vehicle., The n/aa
requirements to be satisfied by the CCV should be as low as possible con-
sistent with available elevator power if wing trailing edge lift modulating sur-
faces are used. This will generally require negative (T.E. up) lifting control
surface deflections that will aid the elevator and at the same time redistribute
the lift on the wing in a desirable way to reduce the wing root bending moment.
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SECTION III

R 2

=t

THE SYNTHESIS PROBLEM

3.1 INTRODUCTION

. , N , 3
R A A IS T e e S

I A BN Rt Ta
SRR

In the previous section, the T-33 airplane was forced to respond as
the flying qualities model responds. The tail length and size were varied to
determine the effect of these parameters on the drag, wing root bending
moment and on the surface deflections. Several combinations of candidate
surface configuraticns inherent to the T-33 airplane that can be considered
for maneuvering were considered, These surfaces were the elevaior, the
flaps (assumed to be a simple flap capable of both positive and negative de-
flections), and collectively acting a2ilerons. Other surfaces, such as the
i addition of spoilers or canard surfaces were briefly considered then dis-

i carded, because it is felt that these additional force and moment generating
devices should not be added to the airframe unless the existing surfaces prove
incapable of doing the job.

AR

g,
P

v s

In the previous section, the approach taken was one of analysis,
Parameters were changed and the effects were noted. In this section the
) problem of synthesis is investigated. Since flying qualities requirements are
3 fairly broad and many different configurations will yield a Level 1 aircraft,
the requirement that the airplane respond exactly as the model is much too
5 stringent a requirement. More emphasis should be put on drag and wing root
bending moment reduction for this was felt to be actually more important than
: satisfying the ultimate in flying qualities.

To satisfy the conflicting requirements of minimum drag and wing root
bending moment, a performance index was formulated that included quadratic
measures of the error in dynamic behavior between the actual aircraft and the
flying qualities model, the maneuver drag, the change in wing root bending
moment and the control surface motions. The quadratic performance index

ST ARSI BN L ET N St g S 7 B L VRIS Tt TR G T RN ORI Y (s 3

s B O]
IR L S AT,

:’ is an indirect, rather than direct measure of the design objectives. The
£ modeling error, the drag and the wing root bending moments are minimized
i relative to each other in a way that produces a most useful kind of solution to A
Z the problem. The control motions are relatively smooth and well behaved and 3
E the control effort and maximum deflections are managed by the judicious &
% choice of weighting parameters in the performance index. The resulting K
g control law is linear for a linearized description of the airplane dynamics, &
i and these ¢ ntroi laws are of the type most likely to be actually mechanized ﬁ
on an aircraft. The parameters of the closed loop system will then yield é
s results that will indicate those stability derivatives, such as C;, and Cu, §
that a CCV aircraft might inherently possess. The performance index is of S
the general form é
. 00 %
‘ mm (23) ?Sjj
b 27 = [1-28]; + ol faweam |+ ] ] e .
? . 0 %Qj
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where L = matrix of dimensional stability derivatives of the flying
qualities model

AD = Ex + Hu = linearized expression for the change in drag

AWRBM = Mzt Nu

linearized expression for the change in wing root
bending moment

w

control deflections; ¢’ = [56, 919, ]

(-4

2

Iyl

The solution is constrained by the equations of motion of the T-33
airplane,

state vector of the airplane; a7 = [AV, 46, g, Aw}

y'Qy

n

TR DTS R eI TR R

L =Fu+Gu (24)

VG 0« A S,

where F and G are the matrices of dimensional stability and control deriva-
tives of the T-33 airplane given in Table 1.
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The solution to the problem posed above will yield the motions of the

L three control surfaces as a function of the state vector« = - £x that will

5 minimize the performance index. The matrices @ , V , 7 and R express
relative emphasis placed on the requiremeats to minimize model ifollowing
errors, drag changes, wing root bending moment changes and control motions.
These weighting parameters are adjusted relative to each other, the absolute
numbers are comparatively meaningless except in very simple cases.

SRR

e The problem of minimizing a quadratic performance index is a well
& established method of flight control system synthesis and literally hundreds
H of papers and reports have been written on the subject since the technique

was formulated and popularized by R. E. Kalman (Reference 7) and S.S. Chang
(Reference 8). Later reports, like Reference 9, established the relationships
that exist between the performance index form of solution (called linear
optimal control) and the more conventional control system synthesis tech-
niques, like root locus methods, Reference 9 gives many examples of real-
istic flight control applications and the theory is very briefly summarized.

7

. The solution to the linear optimal control problem yields the following con-
F: trol law which minimizes the performance index of Equation (23)

- u=-r'6"Px (25)
4

f, where P is the positive definite symmetric solution to the matrix Riccati

ks equation

0=PF+F’P ~ PGR™'G'P+q . (26)
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As shown in Appendix I this equation satisfies the general
Hamiltonian equations

% F -GRG" || « 2) = %,

A -@ -FT A 1(0) = 2, (27)

Ay

FIRPYN

that are necessary and sufficient for the solution of this problem. The
mathematics of this problem will not be discussed; however, a brief intro-
duction to one of the more important closed form solution techniques is given
in Appendix I. A few characteristics of the solution that will result when this
technique is applied are discussed below,

5
N

5 1. Guaranteed Stability - If the bare airframe is unstable, the
- choice of positive definite weighting matrices @ , V , T

b and R will always yield stable linear solutions tc linear

e problems. This does not mean that the resultant closed loop
4 system will necessarily be stable., If an error between a
model and the actual airplane is minimized, the closed loop

;%
A
L
o
q
oo
]

aircraft response can be unstable if the model is unstable,

4 but the error between the aircraft and the model will
approach zero asymptotically.

4 2, The solution will generally yield a closed loop system that

3 has a smooth and well behaved response in the state variables
(or errors) included in the performance index, These states
will generally respond more quickly than the open-loop
aircraft and exhibit little overshoot to an initial condition or
command input,

Vb ey

ey
SRt

3. The solutions as a function of the weighting matrices exhibit

: no surprises. A series of solutions, which require at most
b a few moments of digital computation time, quickly establishes
B the trends of the solutions as a function of the weighting
matrices. Engineering judgment based upon the knowledge

H of the limits, capabilities and flying qualities of the airframe
' is used to adjust the weighting matrices to rapidly arrive at

& acceptable solutions. The actual numerical vaiue associated
3 with the performance index is a very poor substitute for

b: knowledge of the airframe stability and control and flying
qualities requirements.
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3.2 LONGITUDINAL RESULTS

Problem Formulation

The performance index of Equation (23) was reformulated entirely
as a model problem, where zero change in drag and wing root bending moment

was included in the model formulation as an objective of the solution. The
; performance index becomes

27 = fT(&-L,z)TQ'(é~L, z)w"@a] dt

AN R SR Sl

R el

= fw[(Yx + Zu)TQ'(Yx + Za) + u’Ea] az

= /“[xr Y@V + 4TV QP60 TR Yy + MT(Z WZ+R )a] at

S A
%

I

rewthinn Tanty 2T

: where the relations between X, Y and Z and the original matrices F, G, L, f,;
e M; N, E, H, Q, R, T and V of Equation (23) are given below E
L g
‘ —E, -4y 0 fuo L33 fag =Ly ‘é
3 1=l 0 0 fee = L4e (28) 2
5 = ”ﬁ
,f Y - 0 0 0 e# gé
] o 0 0 s _| :
W

3 93, 9s2 P35 q; 0 0 0 7
e Y9 92 e Q - o % 00 (29) 3&
Z= hyy bz b3 v 0 3
0 ¢ (30) 3

; Lt_’ e Ty { | &
4 - - fg
0 0
R=|0 7, 0 (31) “
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Input Design

The linear optimal control problem described above to obtain the
minimum integral of drag change, wing root bending moment change and
minimum integral error squared during a transient or set of initial con-
ditions describes only the feedback or regulator part of the solution to the
problem. The input or command gains must also be defined. The problem
could have been formulated as a model following problem as sketched below:

Yeommand | gj}:f’,ﬁss Ym T + 7-33 z
1
MODEL < AIRPLANE
K
with a performance index
o9
7= [ (-1 + Ia0lirlawesm]; + ol ot (32)
0

but the regulator or closed loop part of the system is not influenced by the
model; the model is an uncontrollable part of the system and appears only in
the feedforward or command portion of the system. It was felt to be more
realistic in terms of an operational system to include the model in the perfor-
mance index as a restraint on the feedback or regulator part of the system
and separately compute the feedforward gains to yield a good quasi-steady
state match of the model, at a time Z = 2 seconds after the applied command.
At this time the short period had responded but there was no significant speed
change. This was felt to be realistic in terms of the majority of maneuvering
requirements of existing fighter aircraft,

Three control surfaces are used to control the three degrees of
freedom of motion of the vehicle so the problem can be exactly solved, The
command input gains are obtained by solving for the values of the control
vector u, in the following equation

31
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2,(t) = [F-cK]x,, (¢;)+ Gu,

(33)
@, = (Grg)-fgr{qzm (é‘-)-[F-GK]xm(t‘-)} (34)

where t; = 2 sec after the opplied pilot input.

This guarantees that the states of the augmented airplane have the
same values (g, « , V , 8 , ¢ ,&, V ) as the model 2 seconds after the
command input, The trajectory of the response between ¢ = 0 and ¢ = 2 sec
will be different and this difference will be a function of how closely the re-
quirements of minimum dynamic error between the model and the actual air-
craft were met compared to the other minimization requirements of the per-
formance index, An alternate way to consider the command part of the
system is to connect the stick only to the elevator, but this, as will be shown
later, produces a less desirable solution,

Example Solution

A fairly wide range of linear optimal control solutions was run to
investigate the feasibility of obtaining less drag and wing root bending mo-
ment during dynamic maneuvers. The important considerations were integral

of drag or absolute magnitude, and peak wing root bending moment, Additiona:

evaluations were based on maximum control deflections and control action,
(integral ot the square of the control deflections) as well as evaluations of the
time histories of the response of the system,

Solutions were easily obtained that yielded good results and could also
be mechanized without difficulty, An example is given by the performance
index

27 =/{”92-Lx//: I +fo’(AD)zf(AweBM)z+5ez+sf+ 5;,’}0’: (35)
0 3 7¢

This performance index weights each portion of the flying qualities
error, the drag changes and the wing root bending moment changes in the
same order of magnitude and is a very straightforward way to select the
weights in the performance index. The solution produces a feedback gain

matrix

(av) (46) (6 (0w)
9.9x10°% 9e6xwt -.25 -ro3 (8s,)
K= |-49x007¢ -g9x10*% 124 -196 (as;) (36)
4510  44x10* -2 388 | (45,
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which indicates that feedback from pitch rate and angle of attack changes to
the three control surfaces are the only significant feedback requirements.
The gains are quite reasonable and relatively easy to mechanize. The closed
loop system matrix becomes

-.01424 -32.17  +382x10"* 32.17
F-GK = 0 0 i 0
2837106t 1200210  -6.823 -26.59 (37)
-1569x 107 +619x107 9976 -109_|

The feedforward gains obtained from Equation (34) are shown in the
sketch below relative to the basic T-33, which requires an elevator deflection
of 8§, = - . 158 rad to obtain a quasi-static change in normal acceleration of
4 g at the flight condition under study, FC-1.

Se sricK

> 3,15 — - S¢6

g0 }—= 5,
% 50::

Figure 10 COMMAND INPUT MECHANIZATION

Figure 11 shows the responses of the flying qualities model and the optimal
system to a 4 g command input. The response of the augmented vehicle is
similar to that of the model and would most likely be considered to have
Level 1 flying qualities. The motions of the control surfaces, although ini-
tially abrupt because no actuator dynamics were included in the simulation,
are not considered excessive.

Table V shows the results of three different solutions with the basic
T-33 airplane while Table VI shows the feedforward, and feedback gains
and closed loop eigenvalues for the three systems. The tables show that the
maneuvering drag and the wing root bending moment can be reduced by a
reasonable amount through the reduction of the tail length and area, yet the
control system required to still give good Level 1 flying qualities is not
overly complex and can be mechanized without difficulty. The only potential
problem is that about 4 times as much elevator deflection is required to per-
form the 4 g pullup when the tail length and size are cut in half. This may
be solved by replacing the elevator with an all-movable horizontal surface.
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Figure 11 RESPONSE OF CONTROL CONFIGURED VEHICLE AND FLYING QUALITIES MODEL
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TABLE V

COMPARISON OF CCV PERFORMANCE FOR 4 g PULLUP

R N o R st

Golet Kkl ks Kpked
106

6
Q4 0 10 0 0

P R ey

Weighting < 3
Parameters v 0 10

AR K AT

T 0 1 1 10

: e _1nd
: (R 0 I 2 =% =10 1081
i s =10

Drag (Ib) 2200 2400 1870 1830
AWRBM,, , 147,000 112,500 127, 600 127, 200
§ -.0758  -,085 . 265 . 262

c—- . 059 -.078 -.075

~ . e

——— -. 147 .019 .017

4 - . 127 .403 .311
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TABLE VI

COMPARISON OF CCV DYNAMICS FOR 4 g PULLUP

Weighting

Parameters

Significant
Feedback

Gains

Feedforward

Gains

Short Period

Phugoid

Ky=k, <1

Ky=4 = .5

106

106

10

108

NN
It
—
(=]

oo 0

N
wil,X

10

1071

5,16
5/6
56
Bolot
8,/%
Sl

-.25
.12
-. 11
-1.03
-. 20

3.9

-1.03

"12.8

4.08

-.85
-.65
.59
-5.72
-2,61

1.06

Sec/%s

8; /8,
515,

3.15
-.844

-3.00
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Effect of Command Input Mechanization

The linear optimal control optimization study of this section produced
feedback gains but did not specify the command or feedforward gains and this
produces somewhat of a problem.

One obvious way to specify command gains is to design the flight con-
trol system as a model following system. A second way is to calculate the
feedforward interconnecting gains such that the resulting control effectiveness
matrix would be the same as that of the model. A third way would be to
command only the elevator, and altering the feedforward gain or the "gear
ratio" in such a way that the augmented aircraft maintains a quasi-static
4 g response to the same stick deflection as the basic T-33 airplane, A
fourth way of designing the command input portion of the system is given by
Equation (34), where the gains are calculated such that the augmented air-
craft response has the same state values as the model 2 seconds after the
command input is applied by the pilot.

In this section, a comparison is made of two command input designs,
command to the elevator alone and command to produce a state match at ¢ =
2 seconds., The feedback used was generated by the third solution to the
linear optimal control problem of Table V, in which the weighting param-
eters were ¢, = 103, ¢ = 10-2, R =10°I,

Comparisons of the responses of the systems are shown in Figure
12. The most significant difference between the two system responses is
in the control deflection time histories. The design that commanded only
the elevator input requires significantly larger peak and steady state contro!
deflections to obtain the 4 g pullup with significantly larger increase in drag
during the maneuver. The deflections required of the elevator comunand
system, however, are in the right direction, inboard flap down, cutboard
flap up, to produce significantly less wing root bending moment change
during the maneuver.

There are actually a near-infinite number of ways that the control
surfaces can be connected to the stick command input. At least four logical
ways are mentioned above, and each has its advantages and disadvantages,
Yet all ’ with the possible exception of the model following arrangement) can
be. consxc.iered to be solutions to the linear optimal control problem solved in
this section, for any initial set of control deflections can be thought of as a
set of initial conditions of the state vector, since the control law & = - Kx
directly relates the control deflections and the state vector.
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Since CCV concepts involve reduced tail lengths and size, using addi- .§

tional control surfaces to aid the resulting less effective elevator, the inputs, 5

i.e., the deflections of the various surfaces required to perform the maneuver; 371

are critical to the CCV design concept. These deflections along with the tail %

length and area ratios are directly considered and optimized to achieve the 2

desired objective of good model following with minimum change in drag and £

wing root bending moment. %

3.3 LATERAL-DIRECTIONAL RESULTS ;‘3

Introduction %

Although most of this study de:ls with a CCV for the longitudinal E
degrees of freedom of motion, it is desirable to check similar vertical tail ke

variations on the lateral-directional behavior of the airplane. A brief inves~ é

tigation was conducted similar to the linear optimal control solution for
longitudinal CCV described earlier in this section,

i

oy

by AR

25

The lateral-directional equations of motion are:
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As was done with the longitudinal modes, it is necessary to derive
relationships of the lateral-directional derivatives with the altered vertical
tail areas and lengths of the CCV and the normal T-33 derivatives,

The basic T-33 derivatives for thz following flight condition were
obtained from Reference 1

Vo = 805 ft/sec
23, 0CO ft
372 1b/ftd
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Using the basic derivatives and methods from Reference 5, the tail effects
on the lateral-directional derivatives were evaluated. The lateral-directional
equations of motion for the CCV - T-33 can then be written as:

b
i
¥
;;Zi\j
:
%
&
ﬂ SRR T :
3 8 —[134,‘.057(/(4)} .04 0 1. J& ;i
4 . g
& ¢ - 0 0 1 0 ¢ 4
P -[134+440)?] o0 -2.86 [83+.21(1)% (k)] P ¢
; ol [-[rer molgde)] 0 -oselePk)  -[204.07 (k,)(0,)] ”
: AR I L §
0 .052(k,) g
3 0 0 % ::E‘
(39) 4
b -2.4 372 (k,)? 5, 4
4 3
252 -706(K,)(K,) 3
“~ %
where now:; %
: :
4 K = Svecy K = Licey 5
9 A s ) g
Vaasic r-33 Yaasic r-33 &
and analogous to the longitudinal study, the rudder size was reduced at the Z
s same rate as the vertical tail, ¥
i Problem Formulation and Results g
. %
y Similarly to the longitudinal case, it is desired to calculate the re- ,?
sponse feedback gains necessary for the CCV to have aprroximately the %
&> - dynamic characteristics of an ideal mcdel with small control deflections. . li
3 The ideal model was chosen from Reference 6. The following are its equa- g
9 tions of motion and lateral-directional characteristics: Ei
3 :
E A -743 .04 0 -1 ﬁ—‘ I'— 0 o0 s
4 @ | 0 o 1 0 2 I s
E £ -10.0 0 -40 865 P -20 330 || 5, 40)
' 7 {587 0o .4 -.507 r 0 -313
4
,f 40
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) @ = 2,5 rad/sec
fE % =.25

i % = .25 sec

§ % = o

: 5

Fi ; #e =.9

The performance index included quadratic measures of the error on
the dynamic behavior between the CCV and the model, and the control sur-

face motions; o0
7= [ (I#-Lolg +lulg o
0

'3 M

N YR
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where both of the weighting matrices were set equal to identity matrices. A
b more comprehensive study should consider tail loads.
Seven CCV configurations with various values of K, and kK, were

evaluated. The results are listed in Table VII.

o2
DI NN

Evaluation of Results

. Aaw

All of the modal characteristics, though not identical to the "excellent"
model, are still Level 1 according to speciﬁcations in Reference 4. However,
there are other factors which show that there is a limit to the amount of
vertical tail reduction that is allowable.

0
OB N arwen v

> First of all, @ feedback gains much greater than 5. are not realizable,
so configuration 7 with a §, //3 of 8.9 is not realistic. Also the amount of

b+ rudder deflection to hold a constant sideslip may be a limiting factor, From
3 MIL-F-8785B, an airplane must be able to hold an approximate 15 degree

B sideslip in case of an extreme crosswind landing. The amount of control

H deflection necessary to trim each CCV configuration in a steady level 15

' B4

degree sideslip is also listed in the following table. Again, configuration 7
is unrealistic as it woula call for a 57 degree rudder deflection,

RNy

It can be seen from configurations 2 and 4, and 3 and 6 that the effects
of Ky and K, are almost identical and stability derivatives depend on the
value of the product {( K4 * &, ). The limiting value for the CCV - T-33 for
3 (Kq * &, ) is most likely 0,1, From the table it can be seen for this value
(configurations 3 and 6) the 3, /,6 gains are about 5,0 and the rudder deflection
to hold the maximum sideslip is approximately 20 degrees. Though the
unaugmented configuration 6 is statically and dynarnically unstable:
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TABLE VII

A R R AL

RESULTS OF LATERAL-DIRECTIONAL STUDY

Para. "Excel- Basic Augmented CCV Configurations
lent Unaug-
Model mented 1 2 3 4 5 6 7
(Ref.6) T-33
Kﬂ - - - 1.0 5. 001 1. '5 .2 41
KL - - - 1.0 lo 001 05 05 05 05
@y 2,5 2,2 2.45 2,41 1.90 2.41 2,28 1.87 1.50
%4 .25 .09 .167  .171 ,546 .184 .283 .555 773
Ze .25 .3 .250  .250 .248 ,250 .249 .249 .249
% 00 150. 685. 882, 138. 905, 430. 130. 66.4
%/8 .90 1.6 .92 .92 1.28 .92 .99 1.29 1.78
Response
Feedback
Gains
18 -- -- .356  .252 .167 .534 .325 ,202 159
WL -- -- 0 0 0 0 0 0 -.001
8alp -- -- -.051 -.053 -.053 -.051 -.053 -,053 -,054
Sar - - - "0008 ‘0005 o -'024 "0021 -.013 0003
. -- -- -.044  .964 5.800 .980 2.671 5.727 8.956
5,8 .- -- 0 .001 ,082 ,001 .012 .080 .201
Splp .- - .010  ,010 -,014 .013 .015 -.020 .03}
Spfr .- .- -.03y  -,100 -2.447 -,119 -.485 -2,385 -5,548
8, for
Steady 15° -- -12.4 -12,4 -9.7 9,3 -10.4 -10.3 29,6 -9.5
Sideslip
3,-for
Steady 15. - 0.93 0.93 905 "1908 9.3 -loo -20.2 -57.3
Sideslip

A3
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{the two real Dutch roll roots are -1.7 and +1.05 and
% = .34 sec, T, = - 11.4 sec)

with a simple feedback system, this configuration can be made to fly with
Level 1 handling qualities, Therefore a correspondirg and possibly neces-
sary reduction in vertical tail area and length is compatible with reductions
in the horizontal tail. Also with a smaller tail, the vertical tail loads will
be reduced, resulting in a possible reduction in structural stiffening and a

further weight saving.
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SECTION IV

DIRECT OPTIMIZATION
4.1 INTRODUCTION

In Section Il of this repo-t, several control surface configurations
were investigated in order to obtrin measures of change in drag, wing root
bending moment and surface deflection as the T-33 airplane, with altered
tail length and area, was forced to respond "exactly"” as the flying qualities
model would respond, This study revealed the effectiveness of surfaces
other than the elevator in aiding the elevator to perform the pullup maneuver.
Then, in Section IIlI, the control system was obtained that would minimize a
measure of the change in drag, wing root bending moment and error between
the actual aircraft and the model. Two values of tail length and area were
used to show the effect of this parameter on the resulting solutions hut no
direct effort was made to optimize tail length and area. It was also shown
that the input design has a great effect on the resulting system behavior.

In this section, the geometry-dependent characteristics are treated
directly., The objective is to determine optimum tail length, tail area and
surface deflections that would minimize the trim drag and wing root bending
moment and the change in drag, wing bending moment and the model-response
error for a 4 g pullup., The problem is open loop in the sense that no feed-
back will be directly obtained; instead, the geometrical parameters will be
optimized, and the control deflections required to minimize drag and wing
root bending moment in trim and in maneuvering flight will be treated.

It was felt that the dynamic optimization would provide the optimum
tail length and area and once these were obtained the deflections of the sur-
faces could be calculated to maintain minimum drag and wing root bending
moment in trim. Then the required command inputs obtained from the
dynamic opvimization would complete the design requirements. In actual
practice, the two parws, static and dynamic optimization were done separately
yet concurrently, so the static optimization did not use the values of &, and

K, obtained during the dynamic optimization part of the study. It would be

a relatively simple matter (o repeat the static optimization design for any
value of K; and K, .

4,2 STATIC TRIM OPTIMIZATION

Formulation of the Problem

It is desired to minimize drag and WRBM while trimming the CCV with
the elevator, inboard flap and outboard flap, The following functional, ¥ ,
is formed ccntaining a measure of drag, WRBM, and Lagrange multipliers
times the three longitudinal trim equations ( level, 1 g flight with constant
thrust and velocity):
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F = I(’ - (Drag) + K, (WRBM) + 4; (Trim Equations)

where  Drag = C&, 5 +C, 3, +Cp %
%, % . .
+ yp [(3404*8,_‘&. fe“az-s" + 04%50] + KP [GL:GSe]

|
*
&

RBM = My +Mg o +M.
wERBM 364' Bd + Bs‘:

Trim Eguations

thrust
z(.____:c +C, a+Cp S5 +Cp 8. +C 5)

weight
zz("_is— = a[“ + Gl,& « + GL‘.S‘- + Gl,% So + c“;e Se)
A (4

ﬂ-(o =l +C,0+l, 85+t0, 5 +C 5)
3 m. ¥ Cm m.% *Cm_ %
0 (-] ’”5" ‘ 50 5&

e e A e R I 21 Dy S o RS A 2 sy L T S R A o Y a3 P s S e A PR LT I ik r.’\!{s.\\a

(41)

(42)

(43)

{44)

(45)

(46)

Taking derivatives of /' with respect to the unknown variables and

setting them equal to zero, we obtain seven equations which can be solved
simultaneously for a unique solution for each set of weighting constants,

and kK, , on the drag and WRBM.

F -0k [z GO * 250y, Cu 5 + 2Ko Gy, Cup 8y + 25 Cs, %]

+ Hz Mxx + Z, GD“ + 1'2 G[u + ,1;5 Gm“
oF

2
_5; = 0 M [apo 58 +2Ky c“‘_‘ Se] 4'10' Gpsc +Zz04;e +Zsam‘%

9F'

95’ [ap 5 * 2Kp Gb; S *ZKD "'b G m +ZIJ,G,,; G, 80
+ ZKDG‘,‘ d,,&] + Kz MBJ‘, L4 2., 035“ * 113 G,,s‘: + 243 Com,

2 w0 =4[5 e2k0, 51 20

—_— a0 = 2 , + : .

95; 7 [ D, )y * D L% » > Ci,, G‘,‘%x ZKD CL’_‘ C“J; 3“

2F =0 = C, +GD 3;+Cp & +GD 8, +Cp " Lhrust

a2, %° KCH

45
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(47)

(48)

(49)

(50)

(31)
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: L w0 =0 +¢, & +0 8, +C, 6,+C, & = —maz (52) p
4 o, 4y * 45‘_ ¢ /,50 0 " kg %" iy S :
- oF C, 5 +C 5. +C (53)
: ! — = 3 Lo

| 7, o c”'a + d,,,sl:.s‘ + m& ) * m5e e 7, @

: The seven unknowns are: thetrim ¢, J; , §, , §, ; and the Lagrange

* multipliers 1, , 1,, and 45y . The values of the latter three parameters
have no significance as the equations of motion are just added to insure that
the aircraft is trimmed, Only the relative difference in the weighting

AL 2%

3

Wi EDTPIYLR  I EN T

constants, k¥, and kK, , is significant, and if both are increased by the same i
3 multiple, the resulting solution will be the same except that the %, will change K;
- by the same multiple. The actual values of k, and £, have nc meaning other 3
than they do cause different minimum drag and WRBM solutions to occur, f?;
Results and Evaluation ?
* ’ The only CCV - T-33 configuration investigated was the one with the f,i
3 normal T-33 tail size, K4 = K, = 1. Other configurations would involve ?E
4 similar results, The significant solutions obtained are summarized in the 4
'* following table; 4
3 3
3 TABLE VIII 2
9 SUMMARY OF TRIM OPTIMIZATION RESULTS g
; 5
H s s Tri 3 Trim
£ 4G % : e L Fug . WRLM ;
(rad) (rad) (rad) (rad) (1b)® (ft-1b) 5
, 10.x10"% 1. .168  -.426 2.069 -4.071 16,313 -580, 498
,‘ 5.x10-4 1. .020 ~.093 . 380 -.683 4,278 -52,575 é
y ;
3 4.4x10"4 1. .007 -.063 . 230 -. 381 3,218 -16, 312 2
3 4.x10'4 l. -.003 -.041 . 117 -. 154 2,499 18, 316 %
3 ex107f 1, -015  -.015  -.013 . 107 1,953 58, 221 i
3 P
.‘ 1.x10"4 1. -.079 .130 -,760 1.589 6,956 284,551 é
3 .1x10”4 1. -.110 .200 -L103  2.294 9,374 392, 622 ;
3 1, 1. -.113  ,207 -1.142 2,373 9, 645 404, 669 3
; trim with normal 5
5 T-33 (no § or -,001 -,010  --- - 1,723 40, 998 2
3, available) %
: 3
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It can be seen that the trim WRBM can be eliminated completely with
inboard and outboard wing flap deflections. However, this is done at the
expense of increased trim drag. In fact, it appears as though all of the trim
solutions with § and 5, develop more drag than the basic T-33 soluticn. Also
the trim flap deflections are relatively high for the reduced WRBM solution.
For example, the solution which results in an approximate 50% reduction
in WRBM (K, = 4,x10-4), requires almost 10 degrees of flap deflection. This
would severely limit the amount of flap deflection left for maneuvering, Each
3 CCV under study must be evaluated separately to determine, for its particular
: mission, whether the reduced trim WRBM and the resulting decreased
structural weight is worth the increased trim drag and control deflections.
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4.3 DYNAMIC OPTIMIZATION

Derivation of Necesgsary Conditions

S
S £l Nt

The longitudinal small perturbation equations of motion being con~
= sidered are:

=F(K)y +G(K)e , x(0)=0 €54)

= Ax + B
- (v, 6,9, ¢)"' - perturbed state vector

K v o 2

= (K, s K.)T - horizontal tail geometrical parameter

&

=(s,,%,8)7 - control perturbation vector

ql) = (2,9, a)” - measure of state at final time

It is desired to find a step perturbation in the control vector £ = £ and the

tail parameters X , such that during the maneuver, which transforms the

CCV from the initial state to some final state y (¢) at a prescribed final time,
t; , the motions of the airplane will be close to an ideal flying qualities

model and the drag and WRBM will be minimized. In the following discussions
we are concerned only with the drag and WRBM developed during the maneu~

ver so we will use just the linearized incremental expressions:
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ADrag = 8D =d|(K)z+d, (K)u (59)

E | AWRBM < Am = mTz + m] (56)
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where d, (k) = (0, 9, 0, §5¢, (¥))
d; (¥) ={§ SCD,G(E)’ éscpi‘, J 57501350)

m'r =(0’ 0,0, M”d)

r
mz -(0’ MBJ‘- ? Mg;o)

e

e

From the preceding discussions, the problem previously stated can
be recast in the following precise terms:

S 2Ei 2 ¥,

Find K and b such that the performance index

e -

2

] 7' < [{li-Lal «jonl? Jawesm]? | a2 (57)

0

. is minimized subject to the constraints:

3 2 =F(k)2+6(x)b

3 . zl)=0

.;‘ " T l.

: yl) = An(l) 48 = ¢ = [elk) > 9lt) , 4(2)] (58)

2 andL is the ideal handling qualities model. The weighting parameters @, ¢,

‘i 1, and ¢ and ¢ are given. K
d

The Conjugate Gradient Solution g

E For the conjugate gradient solution, we first introduce a Lagrange g‘

2 multiplier vector ¥ = (2, , 3,, 2, )7 and form a new performance index: g

' 3 }

i T=0"+22;4%@) 3

X é=1 5

3 ? g

k- ) )

. T The T T T T

5 = / {x [(F-L)Q(F-z,)m_,g; *imm, ]g&_ +zz7[(F-L)oa+m’,a; +tmm, ]g 197 :

'5 7l .7 r r] 2 2 ;

4 +, b [G Q3 +va,d, +tm,m, J_b + ‘z: A 4.2 () {59} 5
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The second large term above does not contain an integral sign be-
: cause all of the terms contained in it are constant for £€ (0, Z; ), Also in
) all of the above expressions, it is to be emphasized that F,6,A ,8,d,, and
d, are functions of ¥, and »,, »,, are independent of £.
We will require the gradients of J with respect to k¥, &, and 7,.
Vz,‘qT = y‘.z(t() ;4’ = 7,23 (60)
r 06 Qd
5y 2] +24 b [——oaw ’]
[ (’) 4 7= Lok oy * &
7'
+2/ [(F’-L)Q(F L)fmid timm, ]%dz'
¢
e ¥ _ r
k: ad, r ox r T
+2 / z [:9—- Q(F-L)»«v’—;/— 2 ]zdt +2 f [}7- (F-L)agrvd,d, +2m,m, ]éd?
4 r - o Loy
1 - 7
+2/ [— 9G+(F-L)" ]_bdz'
(61)

b 3
- [é b" (t;) zq‘J ..e.j [GTQG"”'dzngftszzr]‘é

E j‘w
. +2
: J o8

: [(F—L)TQ(’F-Lﬁv:d,dir* tm, mf] 247
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o ; o4

,: % +Z/?b:-[(F-L)QG-f V‘d’d:-ftm'mzr] bd?T

. o J

F ;
« + z/ F’L C+”‘ M T

' |Fuaee ot g vt g; o 2

;. 0

5

."v where b; = 9,, 8; , 3, (input steps)

.: 3 B =(§"§z )B,)

3 ] g = (10,07 g,=(0,1,0" e, =(0,0,1)7
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‘ Also required in the above expressions are the sensitivities: 9”/9&’ and 3”/9[;
3 which are the solution of;

d {ax) ot oF 26 )

3 —_— f——] = $— % ¢ o) =

' 4t \9k; 5% "o C T 2 EP2

; (63)
;B d [» v 3y

‘f — s F2— +Gej ,— (0)=0, G =

A at (6’6,') 2b; T Ib; 0)=0, (5, °2, ’-ga)

E The above expressions are reduced somewhat in the calculations because

3 many of the matrices contain many zero locations. The function dependence
§ of the stability derivatives were reduced to linear relations in k&, and £, .
. This gave the following matrices for the CCV - T-33 at Flight Condition 1:
B [(~.00062(K,)--01362  -32.17 0 -2.2154 (Ky)+ 7.9421

. 0 0 A 0

;¢ | o00rse(k,)(K,)-- 000062 0 -2743(k)k) 1191 -35.0883(k)(c,)+ 17.228
| L -.00057 0 1. -.1299 (ka) (K, )- 2.1691
L _ _

- | -3.978 (K, ) -15.8886 -8.6788

3 E 0 0 0

e L G =

4 -25.73¢ (K,) (k) -14.1077 - 5'2802

- - 1276 (Ky) ~.5782 -.3755

z ] -

. 6 0 0

| A= o 0 0 !

[-.000157 0 0 -2.1619-.1299 (K,)(K,)
[0 0 0

:’ B = 0 0 0

- | -.1276(K,)  -.5782  -.3755

) 0

= 0 1487.8 (K,)
E | d ()= . d,()=| 5942.3

z | 9061.2 +828.6(K, ) | 3245.9
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Letting the parameter vector be defined as:

-
P o=(KKes8, 085 80 8y, 2p, %)

Y m e,

the conjugate gradient algorithm can be written as follows:
A
(i) Guess an initial value for P and call this P,

AR G (S R T I R T T
apse mm wa

NS Bl 2NE 2 2B L 2597 TN ¢ I NI 0 F I ADIBR DM P BN AES L e S e 1A .-.-> e

RN A R & L 3 8 Py L IR NP

(ii Compute J and Vp .T(ﬁ,) using the previous expressions
and let ¢ =, 3(P))

{iii) Determine the constant multiplier ®; of the corrections g,
by a one dimensional search:

EARAE PN M e G2

vt
AR

”Z” J’(ﬁ‘- ~-&; a,-)

. . . A A
B (iv) Define the new parameter vector: P =P -o;a,

134 [

- (v) Evaluate the updated J and test to see if it has converged

) to 2 minimum value. If it has, a solution has been obtained.
If it has not converged, proceed to the next step

.

g (vi) Compute the gradient V, Il'( 5,;)
E and new corrections:
A 2
VP J(Pi )l/ .

. X
- 4 = VpI(B) 4 0y, 22
F 196 T(PI? ‘

(vii Repeat steps (iii) through (vii) until a minimum J has been
reached.

[RC ERFRIY

-
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4.4 RESULTS

.

oot R

Results of a few representative runs of the conjugate gradient program
are presented in Table IX, Two different initial value sets were run with
-arious weighting constants:
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The maneuver performed was a 4 g pullup in 2 seconds with ¢ (4) = 2 rad/sec,
& (%) = 0 rad/sec.

As can be seen in the table of results, the solutions are not too pro-
mising, The conjugate gradient method as forinulated here yields many
local minima. In fact, for each different set of initial guesses for &, , £, ,

e step » etc., 2 different solution for the minimum of the performance
‘'ndex, J, was obtained, Also the size of the control step inputs relative
to each other had a much more pronounced effect on the solution that was
obtained (the initial guess in each case was a §; = ,15 rad step) than to
changes in tail area or tail length, In many solutions the tail parameters
increased in size, For Set 2 all of the solutions remained with the smallest
tail and even though the conditions at 2 seconds were matched, the airplane
was still unstable, and was diverging rapidly at that time,

However, the conjugate gradient method may still be of some use,
One remedy to the non-uniqueness problem may L to use a fewer number of
unknown variables, By reducing the nurnber of control step inputs as vari-
bles, there would most likely be fewer local minimum.s and more importantly,
the solution would have to be reached by the changing of the tail parameters,

G & and k; rather than through the use of contvol deflections,

‘; More research in this area is necessary and perhaps a different

& minimization technique less prone to local minima should be investigated,
5 such as quasilinearization or Kalman filtering, A better choice of cost

function may also be found,
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TABLE X

ATTAINABLE FEEDBACK GAINS A

Variable Surface
| Other Wing
Elevator Fi.p Surface Rudder Aileron
. Ad
4 ‘ rad/rad 5 +5 4 --- +4 3
T 6 3
3 : rad/(rad/sed 43 +3 +2 --- +3 3

i 0
f rad/rad +5 +4 2 —-- .-

4
3.
A

"

rad/rad --- .—- -——— 3 +8

rad/{rad/sec) c-- .- - *2 +3

rad/rad - .- ——— - +4

_r
rad/(rad/sec) --- c—— -——- +3 _———
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SECTION V
CONTROL SYSTEM MECHANIZATION
5.1 INTRODUCTION

In previous sections, the need for adequate control power was stressed,
If the tail size were reduced, including the elevator size, it is fundamental
thatlarcer elevator surface deflections would be required to maneuver the
airplane. Flap and collectively acting ailerons help the elevator producr.e the
required pitching mc.aents but not to a completely compensating amount, so
there is a limit to the extent that the elevator size can be reduced. Control
surface power is a fundamental limitation associated with a CCV.

A second fundamental Jimitation associated with a CCV is the physical
limitation associated with feedback control mechanization. Sensor and
amplifier noise and structural flexibility limit the amount of feedback that
can be applied to an airplane, Table X summarizes some of the regulariy
attainable feedback gains that are used during flight investigations involving
the AF/CAL T-33 and AF /CAL C-131 (TIFS) airplanes. The gains listed in
the table are not necessarily the maximum that can be achieved; these gains
are regularly and easily obtained without special provision for sensor and
amplifier noise, servo bandwidth, structural dynamics and other corrupting
or limiting influences. The gain values represent day-to-day state of the
science and are conservatively estimated. If differences exist in the maxi-
mally allowed feedback among aircraft, the more conservative number is
always chosen, It is nevertheless iinportant to note that large differences
among individual aircraft do occur and these differences are due mainly to
variations in structural flexibility., Because a CCV may be highly flexible,
the gains listed below may even be too optimistic without specific structurat
mode control provisions, If feedback is provided to augment the fundamental,
rigid body dynamical behavior and the attainment of this feedback requires
extensive structural mode control, then the problems of reliability and air-
craft parameter identification ar- doubly critical. Advanced, accurate
methods of vehicle parameter identification are only now being developed
(Reference 1!) and it will likely be another decade or more before adequate
tools are available to identify the structural mode and flutter parameters of
an airplane, in addition to the rigid body stability derivatives.

Two general comments can be made, then, about maximally usable
feedbzck gains, First, as mentioned abcve, the smaller and more rigid the
airframe, the higher the attainable feedback gains, Second, the lowe - the
degree of the derivatives of the state variable used for feedback, the higher
the feedback gain that can be attained, This limitation is attributable as
much to the sensor characteristics as to the structural flexibility, Pitch
accelerometers generate more noise than pitch rate gyros which in turn tend
to be less noise-free than attitude gyros, Th.re are exceptions, particularly
when the good and bad features of angle of attack vanes and accelercmeters
arc evaluated in their ability to alter the short period natural frequency of
the airplane and compared to the noise output level of these sensors, but in
general, the state derivative rule holds.
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i As discussed in a previous section, the control system of the T-33 4
} CCYV airplane requires mainly pitch rate and angle of attack (or normal accel- 3
! eration) feedback in the longitudinal plane of motion with very little speed or ;
{ attitude augmentation, There is no reason to believe that other vehicles :‘j
' would be significantly different unless they possess highly objectionable speed %
: stability er phugoid characteristice, so the major effort was placed upon j
estimation of the pitch rate and angle of attack gains, with little emphasis on ¢ 4
attitude and none at all on velocity, Table X reflects this emphasis, ¢
? 5,2 CCV BARE AIRFRAME STABILITY DERIVATIVES
! Using the attainable feedback gains given in Table X, it is a rela-

tively straightforward computation to estimate the minimum dimensional
stability derivatives that must inherently be possessed by the bare airframe
of a Control Configured Vehicle, assuming that sufficient surface effective-
ness and power is available to augment the derivatives if they are found to
be acceptable,

S MO PO L AP . BT 2ATar e S BEA I,

The equations of motion of the bare airframe CCV and the flying
qualities model can be expressed as

% =Fa+Gu (64)

.

Yo = FopZp + Gy th gy {65)

The feedback control law is of the form
w=-Ke (66)

‘ so a fully augmented aircraft can be described by the equation
t=(F-GK)E + G« (67)

. If the augmented CCV is to fly as the flying qualities model flies,

; then

| Fm = F-GK (68)

ar-. the matrix of dimensional stability derivatives of the bare airframe are
ra :.cted to the range

= Fop Glzmax’ (69)

Fbare cey

i,
5 3 > ol 2 5 v e " . .
ﬁm w0 ALY KISt GOSN LAL o A3 Do TSI, AT Thome T ot £ A LA N i+ 2 eV IR M Y AT R e o £ B L

S L] £ O N P

v,



S ERR Gt

- I

PRV DN

PR

v dne v h

.o

If the matrix of stability derivatives of the niodel, Table 1II and the
matrix of gains {assuming three controllexs) were substituted into Equation
(66), the longitudinal requirements become:

e 70 M ] [ s s
0
-— 5

TSR T RN

R L RV P

0 0 f 0 0 O :
F =1 oo 0o -7085 -28.4 |* 9 4 23 ‘
bareccv | - ‘ - 51 952 I3 — 42 1z 44 :
-.00157 0 ! -2.22% Qg1 94 Yus l_ '
-~ ‘ —~
~CMU t—  -3217t5g, =49, £ 29, t54,+3g, 29, 57:55,15, t4g,
0 0 10 0 ;
=\ .0037 £~ 255y, £ 495, £ 2953 + 39,239, ¢ 29, -24239, 257y, 2 50y
~000157 2~ 259, t49,, % 29, 39, £ 39,, 24y, -2025£5Y, 149, % 94y

PRSP

T (70)

where the symbol — means that the gain is not considered and has been
shown to be negligible,

It becomes clear then, that surface effectiveness plays a very strong
role in the augmentation possible. If this aircraft possessed the surface
effectiveness of the elevator, flap and ailerons of the T-33, the CCV bare
airframe requirements become

AT

L geson

-32.17% 19/ £77.0 574 134
0 10 o
Fiere =
eev £ 196 -70851 130 -5.28 + 220 (71)
237 1287 -2225°+ 5

which could quickly lead one to the conclusion that the bare airframe stability
derivatives are meaningless to a CCV if augmentation is to be fully realized ;
and if the control surfaces have sufficient effectiveness to do the job.

If sufficient control effectiveness is not provided, then it will be dif-
ficult to realize CCV objectives. Consider, for instance, the T-33 airplane
with shortened tail and reduced horizontal tail surtace Ky = K, = 0,5, The
matrices of stability and control derivatives become: .
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[’-.01.39 32.17 0 6.834 -2.02 -16.8 -87
= 0 0 10 -
/:A;'&‘J 0 ’Gz,,lq..s = e 0 0
-.000028 0 505 8.456 -73 -1 53
-.000157 0 1.0 -2.202 -.06 -.58 -.38
(72)

If elevateor alonz is used for augmentation purposes the aircraft can
be augmented to the extent

e AR A

- s 3 i
2 RN S R

[ -.0139¢ — 32.172 10 £6.06 683 £ 10.1 |
E = 0 0 0] 0

x auq (73)
¢ -:000028 £ — $36.5 505 + 21.9 8456+ 3¢.5
| —.000157 £~ .30 102,18 ~2.202 + .30 |
3
If the matrix of Equation (73 is compared to that of the model, it
S

is seen that two very important terms in the matrix fg3 = M, + My and
fy6= My + My 2, , which are used to approximate short period damping
and a)sf, , are just barely attainable, If only elevator is used for augmen-
tation, then the stability derivatives cannot be independently altered. Once
a value of feedback gain is selected, each column of the F matrix is fixed,
or another way to express this constraint is that since the 1st, 3rd, and
4th rows of the F matrix contain the coefficients of a separate degree of

pxiisints
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3 freedom of motion of the vehicle,

: The flap and the aileron of the T-33 in this example can just barely
e be considered independent control devices, because they produce pitching
3 moments, Z and X forces almost, but not quite, proportional to each

{1 other, Therefore, normally the two surfaces would not be considered

3 efficient for dynamic augmentation purposesg, but they do provide a good
measure of controllability of the wing lift distribution and therefore wing

t root bending moment control,

58

%L-‘ B g S T ¢ TOI BIPRINAY 1r S2 WP I NI PR . TOR PR TR G S

f
%
E{:




i Ul S IRV e e s .

%r?

)

]

5

5.

i 5.3 CONTROL (FEEDFORWARD) AUGMENTATION
£

¢

Feedforward, or control augmentation is less restrictive than ieed-
back. If the Control Configured Vehicle does not exhibit the required con-
. trol effectiveness to produce good handling qualities, then other surfaces can
N be used to augment the vehicle.

The matrix of control effectiveness terms of the flying qualities
model is given by

‘30 98

0 (74)
m | -270

-.14

“ e

using just the elevator to produce the required control forces and moments.
The T-33 with reduced tail length and area but using the flap and ailerons is
given by

-2.02 ~15.8 -8.7

g _ 0 0 0 75
733y K, =8 -73 -14.1 -5.3 (75)
"'006 ’058 = 38

The effectiveness of the other surfaces, i.e., the flap and ailerons,
can be used to augment the elevator as shown in the following sketch:

e, Mechanicd/ Linkage 76:)-—, Elevator Deflechion
Ky

Electrical Command

w Flap Deflection

/(Z Electrical Commanrd

K L— - _w  Qollechve Aileron
3 lE/&G*"'dﬁ/ Commanr’ ve_“/ecﬁbo

Figure 13 FEEDFORWARD OR COMMAND AUGMENTATION
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The gains are computed from

1+ Z, [ - l—
Kz = GT‘SB. K‘,Z‘_ - ‘5 g,”

4% ] L L

e o R R A8 TP PO BN GE AT G L R o WL N £3 5 D wSm s T

“z0z  -i58 8T U R XY
. (76)
0 0 0 4]
4' =
: -73 141 -53 -270
; L__"aOé ":58 _136 —-’4‘ ;;
Z" :15
, ;
: or 5
k, =371, k;,=-0895, Ky =0.995 i:
¢ and the system can be mechanized without difficulty. 3
’ The investigations and results of this section have shown that sta- f
3 bility and flying qualities should have very little influence on the geometry of 3
3 a Control Configured Vehicle, If sufficient control power is available, the 3
vehicle can have almost any shape and stability augmentation, within the pre- i
3 sent state of the art, can alter the flying qualities to the desirable Level 1} g
behavior, 2
: ]
4 5.4  WEIGHT CONSIDERATIONS ;
The T-33 configuration with K4 = K, = .5 is about the maximum tail ,
reduction possible for the CCV to still have the ability to obtain a Level 1 ;
: airplane with a realizable feedback system. This corresponds to a change
g in static margin of about -15%. The entire aft section of the fuselage of the i
1 T-33, which includes the tail assembly and exhaust extension past the engine,
: is estimated by CAL personnel to weigh approximately 700 pounds. With 3
, the .5 K; and Kk} this can be reduced to 350 pounds, Further weight savings i
b from a lighter wing structure for reduced wing loads due to the ML.C system i
! of wing flaps is conservatively estimated at 150 pounds., This 500 pounds 3
: is 5% cf the normal T-33 dry weight. i
j This estimate, however does not take into account the weight of the 3
: reliable control system that would have to be added to the existing airplane
R, to allow the vehicle to fly with the geometrical configuration assumed in this :
§. report, Overall it is believed that the tota! weight reduction along with the ;
i reduced wing root bending moment and drag will significantly improve the 5
., performance or payload capacity of the T-33, ;;
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and further effort may modify some of the results but probably not significantly
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The purpose of the research reported in this document is to investi-
gate CCV design and control system concepts in a general way and to apply
these concepts to a T-33 airplane in as realistic a way as possible within the
limited scope of the program. The study accomplished this goal in a positive
sense and the following conclusions are drawn from the results, These con-
clusions are tentative; not all of the aspects of the problem we e considered

alter the fundamental principles. The major conclusions are summarized

below:

3.

Relaxed static stability, maneuver load control, and good
flying qualities can be made to be compatible if adequate
numbers of independent force/moment producing devices with
adequate effectiveness and power are provided.

Because the geometry and surface configurations are generally
fixed, the application of CCV concepts after the fact, i.e.,

on a presently existing airplane, will yield only limited
success., Control Configured Vehicle concepts, to be most
effective, should be incorporated into the preliminary design
stages of a new airplane.

The T-33 configuration with Ky = K, = .5 is about the
maximum reduction possible. This corresponds to a change
in static margin of abcut -15%. Total structural weight
reductions may amount to about 500 pounds or approximately
5% of the normal T-33 dry weight, This can be interpreted
to mean a 10% increase in fuel capacity,

Flying qualities have a significant effect on the control
system configuratica. Flying qualities are very flexibly

or broadly defined and can be selected to benefit the maneu-
ver load control objectives of the CCV., Flying qualities
requirements can be chosen to restrict or enhance the
application of maneuver load control,

The present state of the art of feedback control allows for
augmentation of an extremely wide variety of bare airframe
characteristics and therefore, geometrical shapes of the
airframes. Stability constraints, such as static margins,
have little or no importance if sufficient control effectiveness
and power are ~vailable to provide for good flying qualities
and maneuverability,
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6. A more comprehensive effort, considering many aspects
not included in this study would be necessary to optimize
the results, but feasibility has been demonstrated.

6.2 RECOMMENDATIONS

This study has only investigated a few CCV concepts: 1) reduced
static stability through reduced tail area and tail length, 2) maneuver load
control in a pullup through the addition of inboard and outboard direct lift
flaps on the wing, and 3) the constraint of flying qualities requirements.
The feasibility of this type of vehicle has been demonstrated. However, in
the early design of any new CCV, a more extensive study should be carried
out. With a precise knowledge of mission and performance criteria, more
specific candidate controllers should be investigated. Canards, ventral fins,
split wing flaps, and various wing positions should be evaluated to optimize
the design to achieve desired characteristics., Torsional wing bending
moments must be evaluated, as this may become a problem with the addi-
tional wing flaps.

The concepts of relaxed static stability and maneuver load control
represent evolutionary, rather than revolutionary advances in aircraft sta-
bility and flight control practice, Feedback to augment damping is already
in full operational use, so additional feedback and command augmentation to
improve static stability is only a step beyond present design procedures.
Wing surfaces designed to alter the magnitude and symmetry of the lift along
the wing have been in use for fifty years or more. The use of flaps, ailerons
or other wing surfaces to alter the lift distribution on the wing during either
trimmed or transient flight is als~ logical extension of present practices,
so maneuver load control is also . - iible.

Feasibility only has been demonstrated by the results presented in this
report. A more comprehensive study and simulation program is needed

before actual mechanization and flight testing could be undertaken. In general,

control surfaces are sized and located on aircraft only after extensive anal-
ysis and model testing has been done, To be most effective, CCV concepts
should be included in the preliminary design stage of an airplane. The
application of CCV concepts after the fact of the airplane design will likely
be not as effective and the modifications will probably be costly.

Flying qualities requirements will play an important role in the
establishment of CCV airframe designs and augmentation configurations. Two
flying qualities models were used in the present study. The flying qualities
parameter n/e. was shown to have a strong effect on the use of flap and ele-
vator surfaces to simuitaneously obtain lower wing root headings and good
flying qualities. In addition, relaxed static stability of the bare airframe will
require relatively large surface deflections and surface rates to artificially
produce the stability characteristics dem.nded by flying qualities, However,
flying qualities requirements are broad, and it appears possible to be able to

62

R R NI 2 e s

VX2 Ty e aas SARCAR AN ek R SER S B FVCLALTR BPTURARE O et s v s e

&
KAt 2 2 P AE NN %v)’?ﬁ

HSPRRARY-

)

gy

Ebr-. ORRY e T R T AT TOON TN R NPT - L LTV IR N VUYL CURNRE T N CF- SR W A ST I NG SR PYT S T S ANRPPNPRPRODAS OF 5 TN JOR] AL REUT) LY POV L IPIRNEMINT IS I /3 ZTYOIN, <L TN ICICIRNES SIPLIN PP R B2 W NI DRI NI IC W, 1§ S0t 575 PR



LSRR

EAREE S

e -4
G g daaion g Gty

Xl

3
4
=
3
~
b
Ve
E« 3§
Oy

XS
&
3

SO RALN A

j 2% i

S e PRGN A LA o SR IR RIN T en ST0ES o BANEINDE A NARRIIA D T R,

PRIV, g IR TN 7 T g o A - . - - - - "o e

satisfy both flying qualities requirements and make optimum use of CCV
concepts at the same time. The mutual overlap of these requirements should
be carefully defined.

[t would be very important to consider the effects of geometrical
alterations throughout the entire flight envelope of operation of the vehicle.
It is one thing to design a flight control system that will give good flying
qualities at a single flight condition but an entirely different matter to design
a simple system for the entire range of operation of the vehicle, The bare
airframe dynamics and the optimum flying qualities model changes as a
function of flight condition. Although all the elements that make up a Level 1
airplane are broad in range at one flight condition, a minimum coniplexity
control system that satisfies all elements for a Level 1 airplane at all flight

conditions represents a formidable challenge to the Control Configured
Vehicle designer,
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APPENDIX 1
LINEAR OPTIMAL CONTROL
The linear optimal control problem treated in SectionIII of this

report is a variation of the general problem using the performance index
[

T= Z/ ('x"'/-/"al-/y+ ar/?u)a’t
(I-1)
subject to the constraint of the differential equation. ~i motion
L = Fr + Gu (I-2)
y = He (1-3)
The solution to this proktlem requires that the Euler-Lagrange
equations be satisfied
2@ [ F -G [2@ 2(0) = %,
A@) -H'QH  -FT A 400) =1,
(1-4)

subject to the boundary conditions on the state vector X (0 ) = Xo and the
Lagrange multiplier 4 (0) = 4, . The basic problem is to determine the
boundary condition A (0) as a tounction of the state vector, thereby eliminating
the two-point boundary value aspects of the problem which will then yield

a closed form solution,

It has been shown by R. E. Kalman (Reference 7) and others that
A (0) and X (0) are related by the equation

A(0) = P (%) X (0) (1-5)

where P () is the positive definite symmetrical solution to the matrix
Riccati equation

0= PF+FP-PGRGP + HgH (1-6)

It has been shown (Reference 10, for instance) that the eigenvalues
of the Hamiltonian system of Equation I-4 consist of the eigenvalues of the
stable optimal closed-loop system with negative real parts A and the
eigenvalues of the unstable "'adjoint" system - A with positive real parts.

If we transfer Equation I-4 into the diagonal canonical form using a
linear transformation
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¢] T TR 3
[/‘ ) [Tu 'Gz] 3,,} (1-7)
we would have

R | I

3. L7 T,)|-Han F’ , T, 52]

[/\ o] [ 3,] [?J")] =[77, ‘,G]"[%(o)](x-&
0 -AlL 3, 3091 LT, T,] LA(o)

where /A is an 77 x7 diagonal matrix with (distinct) negative real parts.
The response can be then written

L]

o~

n

3, (1) eM oo 3, (0)
3. () Tl e* 7, (0
(I-9)
or
At -
R i
Alr) T, 7,0 Lo e™ily T,] LA
(I-10)
For the time being, write the inverse of the transformation as
MR M
T Tad LM N (I-11)
then
IR T T R
l” L, T i
A () u Tdlo M NI LA() 1-12)
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from which we can obtain

At At
Alt) = vj,eM/H 7;,eAtL)L(o) +T, e Mz(o)+ T e AN X (o) (1-13)

The optimal solution for #%(t), which is stable, cannot contain
terms in e - . Therefore, % (¢) and A (0) must be related by the

expression,

g Y RN A A

Ao) = -N'" Mz (0) (1-14)

P

Substituting this expression for A (0) in Equation I-13 yields

e = T, e (k-Lh M) £ (0) (-15)

S G A R e R RS e S A0k e A b 0 e R e e e s A RS R A R 63
SOV Fo RRET RO

From the identity
[0 P o | R I
7, TAlmnd T lu ol gl e Lo 1 -

We can obtain, among others, the following relationships

AN g O R TR e iy
SN T e 4t AL RN
B L YL Ty rpe— .

; M= -NT, T, (a) K= -LT, 7, (c)
- 1 -1 - -1 -1
_ Ne (T ® L= (B-T,7.77)7
: £ (I-17)
'( é Substituting these expressions for K, L , M , and N in Equation I-15 yieids
- = T

Comparing Equation I-5 and I-14 we find that the steady-state solution
to the Riccati Equation is given by

P(w) = -N'Mm (I-19)
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or, from a substitution in Equation I-19a we have

>

Ao T et P T R R RSP RPN VMR A S

-1
P(®) = T, 7, (1-20)
This result could have been shown in another way. From Equation I-8
we have
[K L}[ F -aﬁ"e’] [77, 172} [/\ o) ]
LM Nil-ded -F Jlr, T, o -A

(I-21)

Expanding the left-hand side of Equation I-21 yields

oL

KFT -LH'QHT, - KGRG'T, —LF'7;J

2

— e e mam—— — —

KFT, - LH'GHT, -,ege-f@'-gz -LF'T,
Fla-

MFT -NH'QHT -MGR™ &’ T, -NF'T, NH'QHT, - M@e"e’g “NF'T,

o ]
=lo A (I-22)

From the lower left-hand part of the partitioned matrix of Equation I-22
we have that

-1
MFT, - NHQHT - MGRGT, - NF'T, = 0

Substituting M = -NT, 7~ !, and post multiplying the entire equation by
+7, ‘1 and pre-multiplying by - M~! yields

T T74F+FIT T, T eR7E'T, T T H'eH =0 (I-23)

!N l 2/ u

If we compare Equation I-23 with the Riccati Equation

£ NI S R AL O R RS e AR ATATRAEES 278 N el IR s SRS A Tt

PF+Flp-PgR'e'P+ H'@H =0

P2y
0.3

(I-24)

St

we have the csaxme result as in Equation 1-20, namely that

- b . A
Plo) = T = (T,) .25

68

“
;{j
"
I N TR SN AIT L ?




N AR R STt UL 503 0 s bane 45 68 PR R TV R T T e ke R e —
X 2 s YR ARNET R SRR SR e aonke v 2 I RN TS VR P B R T R IR TR Tonds F TN Ty 0 Do JEHES TS SV T

A S TR Un Wi g e smsons o v e ot s o 3 ¥ < mome - oo

T

RN i

T

AR O Ss a

L2

A similar development involving the upper-right partitioned matrix
of Equation I-22, i.e., that

X

St L S

KFT - LH'QHT,- KeR™' T, -LF' T, =0 (1-26)

! post multiplying

Pl et D AV 12 a0 it st i Dionit 3
Rl e s LY t

will yield anotier result. Substituting K = 47, T,
-'—

: the entire equation by -L" and pre multiplying by + T, 1 yields 3
1 ;
L E - PR -1 Y T Yoy = B
TouTy F+ FgT, - T, T, GRIG' T, T, +HeH =0 (1-27) E
< > or 3
' P = T T . T T
r 4

: & Therefore, once we know the eigenvectors of the Hamiltonian system 3:3*
: k of Equation I-4 we can directly compute the optimal feedback control law. 3
g The technique shown in this section is independent of the order of the ;1
¢ system and the number of controllers of the dynamic system. Equations g
; I-18 and 1-20 show that the feedback gains and the regulator transient response

are directly related to the eigenvectors of the system. Those eigenvectors
are a function of the weighting matrices Q and R in the performance index,

.
T KIR R NTT DI RONA S

Example
3 i"
] Consider the two controller, second order system described by the ?G
equations %
a
, = + >
£, ! -3 kA o 1 U, 2

(I-29)

ALt

It is desired to find the optimal control law that will satisfy the performance
index
» w z
= hin 2 2 % 4
2V . /(q,¢,+qz¢z+r,a, 7, ) dt
(] (1-30)

where g, = g, = % = 7 <

N R R N O T e
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The Hamiltonian system for this example is

£, 0 -2 2 -1 0 X,

%, { -3 o0 - £,

A, ) 1 0 +2 | A,

A, o 1 2 +3] L (I-31)
whose characteristic polynomial is given by

AB)AGE) = (5%+ 5.555 + 5.89) (s*-5.56 s + 5.89)
= (8% 4us) (s*1.44)
(I-32)

The left half plane roots, i.e., the eigenvalues of the closed-loop
optimal system, are given by

S,. = ~L44, -4u5

and it is necessary to find the two eigenvectors of Equation I-31 associated
with these two eigenvalues

The eigenvector transformation is found to be

/ [ | ' i
_ A7 gy o o | | T TR
= -~ e e e e - o e = = - - o —— e~ -
369 L7 ) . . Tar | Tz

|
-27/ —.043 ' . < ]
(1-33)

where the two blank columns represent the eigenvectors associated with the

eigenvalues S3 ‘¢ +1.44, + 4, IS From Equation 1-25 , we have

?
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32 [ ;'JV'

271 - 098] . 467 -.954

+.200  +,163 |
(1-34)

+,153 . 255 |

which is a positive definite symetric matrix. The optimal control law

becomes
+.2992 +./53 A
w= -°7¢" Py = —[ ][']
+,153 +,256) |.¥2

and the closed-loop optimal regulator description is

L = (F-GK) %
[44,] f[z 2] [.m ./sa] [44,]
2] \Lt -sd 7 Luss 20 z,
[12, ] [-z.zqq 1. 843] r %,]
whose charactciistic polynomial is given by

A(s) = s*+ 5.555 + 5,61 (I-37)

as predicted by Equation I-32. The regulato: ¢ransient response is given by
Equation I-18.

= M,
x(t) = 7,077, %)
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which, for our example becomes
-1.44C

#, () - l][e 0 ][ 1 f}"[ﬂ,(@}

[%z(t)] - [.4&7 -9¢4 o ) L w7 994 2, (o)
415t

", 322 5*") 4,000 + 90 (7 e ), (0)

4.5t
4.115 )a{o)
(1-38)
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APPENDIX 1I
CONJUGATE GRADIENT COMPUTER PROGRAM

S P B

Tt

The flow chart and listing for the conjugate gradient program used in
Section IV of the report are given below.

INITIALIZE ITERATION
CONSTANTS AND SET
DEFAULT VALUES

READ INPUT

SET UP VARIABLES WHICH
ARE NOT FUNCTIONS

Al HOLAN R A S A

OF KA, KL i

1 g

@——————h‘ I CYCLE = I CYCLE + 1 %
’ /]

SET UP TERMS WHICH ARE
{————» FUNCTIONS OF KA, KL
FOR J CALCULATIONS

SET UP TERMS WHICH
ARE FUNCTIONS OF KA, KL
FOR WV J CALCULATIONS

)

INITIALIZE TERME
FOR TIME = 0

)
@Q———————| TIME = TIME + AT

PN N ri e L P SR G o ettt v AR Kl

INTEGRATE I'2R ONE TIME
POINT AND CALCULATE
NEW SENSITIVITIES:

%.ﬁ AT PRESENT
ak; 9b; TIME POINT

5 5
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:

INTEGRATE FOR ONE TIME
POINT AND CALCULATE
NEW STATE VECTOR:

X, AT PRESENT TIME POINT .

IN
LINEAR
SEARCH
LCOP?,

e — g

NO

CALCULATE:
4 DRAG
4 WRBM
AT PRESENT TIME POINT

'

INCREMENT |q
VALUE OF J

YES

INCREMENT
VALUES OF VJ

DOES
NO TIME = _

FINAL
TIME?

YES

FINAL SUM UP
OF J

LINEAR YES
SEARCH

LONP2

FINAT <M U
OF V.

é) continued .
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PRINT OUT FINAL VALUES
AND TIME HISTORIES

#2OLATE S

PRINT OUT VALUES
AT THIS ITERATIONM

DOES
I CYCLE
= N CYCLE?

YES

ST YA IAL R A L TR SRS E R D et Tt A A7 Kt B AL B

38

CALCULATE a, SET
"IN" LINEAR SEARCH LOOP

?

UPDATE PARAMETERS:
=r :a
£ =KA,KL, 8, ,3,,8.,4, .2

8%y My

Sk

37 NP S OO € 1. %7 2

&,
l‘&:.’%m’nﬁé&"r‘!&' ANHLL S Dl Sy AT N e L8 o 0 ot AL behd LIS ot L0210

!

HAS
REACHED
MINIMUM WITH

UPDATE
&

UPDATE PARAMETERS

FOR THIS ITERATION

pxol = ﬂ' B d"
(han)

SET "NOT IN" LINEAR

SEARCH LOOP

&
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INPUT

All input is read in NAMELIST iorm:

u(3)
/..(4x 4)

Q@)

XL(3)
TITLE

Z(«0)

[ 20)k,2(2)

0

Z(1)

Z(/“) * I(A

0

Z(17)ky - K,

u 2(20)

— -
0
0
2(23)+ Z(A)K,

2(6) K, - K, +2(6)

initial input steps of §,,9;, 3,
model F matrix

weighting matrix on states

initial values on 2, 5, 5

(any 80 characters)

constants for ¥, G, d,,d,,m,,m,

matrices:
-32.17 0 Z(3)K,+Z(4) ]

0 / 0
0 2()k, K, +Z(@8) Z2(9)K, k), +Z(10)
0 ! Z(2)K, -k, + Z(13)

Z(15) Z{16) ]

0 0
z(18) Z(19)
% (21) Z @2)

I [ 0 —1
265K, |
0
d,=| 7(26) m = m,=
0
| #e)
- Z(28)
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Z(29)

Z (30)
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DT = A ‘time increment

- NTP = number of time points
V = weight on drag
T = weight on WRBM
CA = initial constant for ; (defaulted to 1.)
REDUCE. = reduction multiple for &, update (defaulted to . 1)
LOOP = max number of loops in ¢ updates (defaulted to 10)
NCYCLE = max number of conjugate gradient iterations
(defaulted to 10)
XISToP = T convergence test: stops if
15,.,- 5| < |x75T0P - ;|
(defaulted to . 005)
IPRINT = to print intermediate interations set to 1
if not set to 0. (defaulted to 1)
KA = initial tail area ratio

KL = {initial tail length ratio

OUTPUT

The output form is:

( Title Date

Final values wanted for states: ¢,e, ®
Model 1 matrix

Q

A"

77

1
i
<
B
%2
%1‘
2

I

N
e A B WA T AL I A 0t ¢ b 3L bra v on LR P T AL ALY TR s 7Y N - B o At e v AR SIS A AT e w0 S LSRN 20 ot iy B R (T R

AL R0t e b et D H v 2% RIS £ AP ATE SR B AR 00D bl s el ket S Lz L,

eI ORI AR N el a?



T T T T B e B A R B S Y L B A R O 0 o S TR Y T U TS0 AP R WA 3T 2 SR, T I e, S T
3 :

e kb i) Y,

2oyt ewlh e YR i imie o L)

A e AR

-

e

R

TALAT AL
T

PN T 4

e 8

A WRBM

RN A
.

AL S e N

e A N R

Date
78

Wl agto I A 5

Ay AL

WRBM
fA DRAG
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matrix

Time, 4V ,0,49 ,2 , ODrag,
Drag

L 7R FUELPTEY)

Title
Icycle
Time histories cf:
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C CONJUGATE GRADIENT MFTHNN FNR CCV ,TD FIND TAIL AREA,LENGTH,AND CONSTANT
C CONTROL INPUTS DEsNILN0D FOR A 4G PULL UP
DIMENSTION X{4¢1) g XOUT(4¢51)oF (494) 9G(493)3U(3)L14e4)4CE3),0(4),
EXLA3) o TITLF(20) oFFOMI404) yFONM(4 43 ) 4GONM(3,3) ,NFFA{G04) 4 NFFLIGs4)
*DFGA{493)yNFGLI%493)eNGGAIL3)4DGCLI143)9N2(391)oM2{3,1),FMLIG,4),
E¥SRU493) yPHIL(494)4PHLI2{G94)42(40),TIME(S5]1) ,DFA(4,4),NFL(G,4),
* DGA(4s]1) 9 TM2M2(343) 3 TEMP1(444) s TEMP2(444) s TEMP3(4,4),FMLTO(& ;4)
*yDFATQ(444) oDFLTO(494) 9 SKA(Lg1) g SKL(41) yPHI2G{ 493 )y PHI2GU(Ge1),y
ENRAGISL) ¢WPBMISL) s XT [194) ¢ TEMPL(494) ¢SKAT(144),SKLT{144),SRT{3,4),
*A(R) sAPPFVIR) JULAST(3) o XLLAST(3) ,DELJIR)
REAL KA9KL oL ¢M14M2,KALAST KLLAST
RFAL*8 TNATE
NAMELIST/EINPUT/ULoCoRa XLy TITLE ZoDTyNTP oV 3 ToCARENDUCF L OPP,NCYCLF
*yXJSTOP L IPRINT o KA,KL
CALL CLEAR(CA,DELJIBY)
CA=1.
XJSTNe=,008
RENUCF=,1
LoopP=10 rom V2
INEL Y=L
IPRINT=]
. CALL DATF(TDATE)
2 1 REAN{S5,INPUT,END=9999)
. WRITE(6420)TITLE VYDATFL{CII)oT=143Y,((LIT9J)ed=1y8)9i=1464)
20 FURNAT(lHlOZXvZOAQQIOX ABo//92Xe ™ODFL Q0,ALPHA,AI PHA-NOT AT FINAL
ETIME AREZS "43F1T.6e/7¢2Xe*MONFL L MATPIX 1S:%9/,(4E16.6))
WRITF(H921) (Q(I)sI=1ea)gV,T
21 FORMAT(//42%X9%Q = 144F1T.64/92%XV = " 3F1Te69792Xe"'T = 9 ,Fl7.6)
. b 1sTgP=0
v B ICYCLF=0
C SEY UP VARTABLES WHICH ARF NOT FUNCTIONS OF KA,KL
Flle2)=~-232,17
Fl2,3)=1.
Fl4a,1)=21011)
. Flayrv=i,
: G(l.:.:l(l‘i)
Glle3)=2(16)
G{3,2)=2(18)
G(3,3)=2(19)
Gl4s2)=2(21)
Gla,3)=2(22)
N02(2+11=2(26)
N2(3,1)=2(27)
M1=Z(28)
DD1A=21{24)
NN2A=2{ 25}
M2{2s1)=2(29)
M2(3,1)=7(30)
DFA({L,11%2(2)
NFALL+4)=2(4)
DGA(1,1)=2(14)
DGA{4413=7(20)
0N 30 1=1,3
30 TEMPI(1,1)=M2U],1)%T
CALL MATMPY(M2,TEMP],TU2M2 43,192 439443)
35 ICYCLF=ICYCLF+]
36 CONTINUF
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C SET UP TERMS WHICH NFPENN ON KAsKL NFENFD FOR J CALCUHLATIONS
Flleyl)=2(1)¢2(2)%KA
Fllyad=2(3)4214)*KA
Fl3e1)=2(5)42{6)¢EKASKL
FI3,3)sZ2{T7)e7(B)I*KASKL
F(3:4)1=2(9)¢2(10)*KAXKL
Fla,4)=2(12)42(13)%KASKL
Gllel)=2{14)%KA
G(3,1)=2{1T7)eKAXKL
Glayl1)=2{20)%KA
N1=22123)+¢2(24)%KA
N2(1,11=2(25)%KA
CALL MATFXP(4 o NToFyPHIL oPHI2oTEMPLyTEMP2,;44940494944LT)
[F{LT.FO.0)GN TO 40
WRITF{Hh3TILT DT
37 FARMAT(IHO,3X, "MATFXP FATLEN, LT = *[2,% DT = *,FR.H)
38 WRITE(A439){IF(14J)eld=198)e1=1,4)
39 FORMAT{1HO 23X, 'F MATRIX',/,(4F16.6))
GO 10 1 .
40 NN 41 I=2,NTP
41 TIME(I)=TIMF(I-1)+07
CALL MATMPY(PHT2,GoPHI2G 490493940954, 4)
CALL MATMPY(PHI?GoU¢PHIZ2GU 3493914493 44)
CALL HATADD(FoLoFMLy49%0%940491)
C SET UP MATRICES WHICH DEPFND ON KAJKL o FOR J CALCULATIONS
00 45 1=1,3
5, 45 TEMPLI{1,1)=D2(1,41 )2V
CALL MATMPY(D2yTFMPL,TEMP243419393¢444)
5 CALL MATADD(TEMP2,TM2MD ,TEMP],343,4,29440)
NN 46 1=1,4
ND 46 J=143
46 TEMP2(J,10=GlTeJ0)¢0( 1)
CALL MATMPY(TFEMP2¢GyTEUP3 339443949494}
CALL MATANN(TEMPI,TEMNL 4GGDMe3 93 949%¢34N)
N0 47 1=1.4
NN 67 J=1,4

5 e Y

PR

S24 AL 2

WIITRTA R

: 47 FRLTQUTJ)I=FMLIS,i1%Q(J)
k. CALL MATMPY(FMLY ) FML FFNMy 44449995 44)
: FFIM{444)=FFPM{L 4) tVENL* 424 TEM] *4)

CALL MATMPY(FMLTQ¢GsFONM494493944456)
FOOM(4,1)sFGDMI 4,1 )eveEDIxn2(l,1)

FGOM(4 92 )1=FGNM{ G4 2)oVENT&N2(2, 1) ¢TEMEM2(2,1)
4 FGNM{ 643 )=FONM{4,3)+VENTEN213,1) +TEM]IEM2(3,])
g IF(IDELJ.FQ.N) GO TO 61
3 € SET UP MATRICES FNR DFLJ CALCULATIDNS
& NGAC3e Y 1=2(1T7) KL

DGL=2117,¢KA

NDFAE3,1)=2(6)%XL

NPFA{3,3)=2(R)*KL

: NEA{3,4)=2(10)*KL

Ly NFA{494)=2(13)¢KL
DFL{3,1)=716)%KA
NDEL{3+3)=2(R)*KA
NFLI{394)=2(10)*KA
DEL{4,6)=2(13)%KA
DN 50 1=1,4

60 TEvMP1(Y,1)=DCGA{T,1)20(1)
CALL MATMPY(TEMPL oGy DGHRAeLl 49 I0be40!)

$2 8 $un
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b

X

3

T B ’3
ik :
{ N0 51 1=1,3 E

3 51 DGGA(1,1)=DGGA(1,[)+V*DD2A*D2(1,1) ¥

: N0 52 1=1,3 4

Y 52 DGGL(1,T1=D0L*Q(3)%G(3,1) Z
00 53 1=1,4 g

. D0 53 J=l.4 3

: 53 DFATO(1,J)=DFALJ, 1)304J) 3

; CALL MATMPY({NFATQ FML 4 DFFA341434¢4:G44) §
DFFA(4,4)=DFFA(4,4)eVENNL AXD] ;

DO S4 [=3.4 :

N 5S4 J=1,4 ;

G4 DFLTQUJ1)=0FLLTE,J)%Q( )
CALL MATMPY(ODFLTQoFMLIDFFL 44943494054 494)
CALL MATMPY(DFATQWGyDFGAG 949300494 04)
CALL MATMPY(FMLTQyDGA,TFMPL g4 k9 lebe&94)
N0 §5 1=1,4
55 DFGA(I23)=OFGA(L,,1)¢TEMPL (1,1}
OFGA(44+1)1=DFGA(4+1)+VEDD1A%XN2{ 1,1} +VD1#DD2
NEGA(492)=DFGA{ 42 )+VEDN]A#02(2,41)
DFGA(4¢3)=DFGA(4,3)eVEDD1AN2:3, 1)
CALL MATMPY{DFLTQ¢GyNFGL 4404+ dcheasb)
NQ 66 t=1,4
6 DFGLITL)I=DFGLL{T,1)+FMLTOI(T,3)*DGL
60 CONTINUF
C INITIALIZE FOR TIME = 0O,
XJ=0.
0N 61 1=1,8
61 DELJ{1)=0.
nnN 62 1=1,4
] Xtlel)=n,
SKA(1,1)=0.
SKL({T,1)=0,
0N 6?72 J=1,3
62 SA(1,4)1=0,
SUMD=0.
SuvwW=9,
AN 100 TT=24NTP
IF{IDFLJLEQ.0) GO TO 79 ;
C CALCULATE SENSITIVITIES i
CALL MATMPY(DF AN, TFEMPl oL ebyleyb¢4) 5
N0 65 1=1,4
65 TEMPI(TI,1)=TFMPL(1,1)¢DRALT,10%0U(1)
CALL MATMPY(PHIZ2, TEMPL o TEMP2 9yhoh ol o L9l obh)
CALL MATUPY(PHIL sSKATEMPL b, 491 ,404,%)
C.LL -“ATADD(TEMPl'TEMP?_QSK"‘OQl"M‘"‘Q'O’
CALL MATMPY(NFL X, TEMPL 4949198044 4)
TEMP1(3,1)=TFMDL(3,]1)+NGL2U(L)
CALL MATMPY(PHIZ2yTEMPI s TEMP2:%9b ¢l e404,44)
CALL MATMPY(PHIL SKLoTEMPLyb9%yl944+444)
CALL YATADO(TEMPL 4TEMP2 ySKL &9l obebeh,N)
CALL MATMPY(PHILSByTEMPl o4 94930444446}
CALL MATANDITEMPL (PHIZ(,SBeb93964404,0)
CALL MATMPY(PHIL X TFMPLybobelobhohoé)
CALL MATADD(TFMPL,PHIZ2GU  Xebo 1084 y%94,0)
[FIINELJI.EQ.O) G TO 75
N 72 [=le4

2 XOUT(TIT)=X(T,1)
DRAGITT)I=D1X(4ye1)eN2{1,1)2U(1)eN2(2,108U(2)¢D2(3,1)*J(3)

61
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SUMN=SUMD+NRAG(IT)
WRABH(IT) :M1EX(4, 1 )4M2(2,1)2%U(2)+M2(3,1)%14(3)
SUMW=SUMW+¢WRAM{ [ T}

75 00 76 1=1,4

76 XT(ly1)=X{1,1)

INCREMENT J
CALL MATMPY(FFNM Xy TEMP Ly by lobrbe4)
CALL MATMPY(FGDMoUoTFMP2,4493914%9344)
nn 77 t=1,4

T? TEMPIiT,13=2.¢TFMP2(] 1)
CALL MATADD(TEMPI TFEMP] ¢y TEMPL o4y 1ol eb9440)
CALL MATMPY{XT,TEMPL TFMP Jylohelolsboll
XJ=XJ+TEMPI&DT
IFLIDFLJ.EQ.N) GO TO 97

C  INCREMENT DFLJ Reproduced from
0N 80 1=1,4 best available cop@
SKAT{141)=SKA{T,41)
SKLYE1,1)=SKL(T,1)
no 80 J=1,13
80 SAT(J,1)=8A(1,4)
CALL MATANDITEMO) ,TEMP2 4 TFMPI4byleb9b4944)
CALL MATMPY{SKAT ,TEMDT , TIMNJA,194elalsa,sl)
CALL MATMPY(SKLT ¢ TEMPI TEMNJL g 1o4elolgbyl)
CALL MATMPY(SAT,TEMP3,TFMP4,304e1939404)
CALL MATMPY(DNFFA X TFMO] (&4 o441 940404)
rALL MATMPY (NFCAL1, TFMP2,4,39149%03,6)
CALL MATADDITEMP ] ZTEVDP? TEMPI 4y 19bebe540)
CALL UATMPY(XT o TEMPY , TFUP 1 oa ol o lotyl}
DELJUAI=NELI(A) ¢+ (TEMDJALTEMD Y22 2NT
caLtL MATMPY (DFFL X o TrMP144444190,404)
CALL MATHMPY(NFGLy U TFMP2,443:1444344)
CALL “\TA')O‘TFMP!Q‘Fu"?'T"MP""'l"'"ﬂ"vn)
CALL MATMPY(XT,TFEMPY ,TFMP 1,441 019491)
DELJLS)I=NELI(S)I+(TEMNIL S TFMP )X, #N)Y
CALL MATMPY(XT FGNM, TFMPL,1es43010%44)
nn 8% I=1,3
RS DFLJ(SOY)=OELJ(SOI)*(TF“°6(101$0TFﬂPl‘!v")*?.*ﬂf
90 CONT INUF
100 CONTINUF
C FINAL SUM UP 0OF J
CALL MATHMPY(GADM U TFMPL,3,391934344)
XJ=XJ0TI"F(NT°)‘(U(I)‘ftM?l(lol)OU(?)‘TE""I(?vl,‘U(lltTFMPl(Wvl)‘
XAOD=VL(l)‘(!(3ol)-C(l)l°’20Xt(2)‘(X(4ol)-C(2)i“?
An0=(l(l!)‘Y(I'IDOX(3'1)*F(Qvﬁ)‘x(“ol)*0(401)'U(l)*%(ﬁo?)'”(’)'
2G(4,3)100(3)=-C(3) )% 1 3)
XJy=xJe+XANNSAND
IF{IDFLJLEQ.OY GO TO 19D
C  FINAL SUM UP OF DELY
DFLJILI=(X13,12-C{1})®*2
DELJI(2V=( {4y} )=C(2))*%2
NFLJIY = 7(1!)'Xllol)OX(Bol)*‘(ﬁy%)‘!(#ol)OG(Gpl)*”(l)*ﬁ(&.?)‘u(?)
$4G(46,3)5U13)-C(3)
DELJ(3)=NFLJ3*e?
XLleﬂ=ﬂ.
XALND=0,
00 1n5 1=1,2
X&ADD=XAAHDOZ.‘7X“F(NTD)‘U(I)OUGCA(I'll‘U'l)
108 XLADD=XL&DD+2.‘TI“F(NTP)‘U(l)‘ﬂﬁG!(l.l)‘Ul‘)

2

“ud

A 2,

Ty
e i

0 LN et o B 1 AN AT A e 2 e

vy AP B FE I SN S AP B2 s o St LAl @ RSN A AT

A e AT P T L e AT T A 24 IR A btk - St LAl g s EL Lty bl fe v T 1 e

82

D I R L T R R T L R e 2 T R T R . N



N Y e A o e 3t o

c

DELJIG)=DFLI(4) ¢ XAADDSXL (1) #5KAT3,1)%2,8(X{3,1)=-C(1})4XL {2)%
ESKA(G1)%2,%{X{4,1)-C(2))
DFLJIL4) =DELJL4)+XL(3)8(Z(LLI*SKA(L,1)#SKA(3yL)4F(494)2SKAl4y1)) 2
*2.%(NDELID
DELJIE4I=DFLI(GY+XL{3)*INFA(4 %) 8X {4y 11+DGA(4, L)%Y( 1)) %2, ¢NFL Y3
NELJIIS)=DELI(SI+XLANNEXL (L IRSKLI T4 10822 (X (3,1 0-ClL))}eXL ()%
ESKL{Gs1122,.%(X(4,1)-C(2)}
DELI(SI=DELIISI4XLIA)I L7 CULIRSKL (Lo L)ESKL (340 )¢F{4,4)%SKL(4,1) )%
*2.%NELJ3I
DELIISI=DELI(SI XL I3)RNFL {444 ) %X (4,1)%2,5NFLID
CALL MATMPY(GGNU U TEMP14343,1534344)
NN 110 1=1,3
110 DELJI(TI+SISDELICT+S5 142 ¢TIME(NTPISTEMPI(T, 1)
nO 118 I=1,3
P15 DFLICI+S)ISNELI(T4S)eXLIT1I.SBLI T I#2. (X (3, 1)-Cl1) )¢l (D) #SR{4, )%
*2.5{X{4c1)-C(2))
00 120 t=1,3
NELILTI#5)=0FLI0I+5)eXLIBI*(Z{T1) SR Lo 1) ¢SSR, I eF(4,4)%SR(4,]) +
$Gl4,1) 182 ,¢NELJI
120 CONTINUE
WRITF(6y125)TITLF,TDATF,ICYCLE, XY
125 FORMAT{1H192X 204" ¢ 10X5A84// 45Xy *TCYOLF=Y,1394X0%J= *4F13,64//)
IF(ICYCLELEQ.T) GO TIY 135

TEST FOR J CONVFRGENCF
IFLAASIXJILAST-XJ) JLFLARS{XJSTOP®XJLAST)) GO TN 140
IF(TICYCLF.GF.NCYCLF) GO TN 130
IFCIPRINT.EQ.L) GNP YO 136
60 TN 150
130 1STOP=1]

ITER=ICY( LE~1
WRITE(G, 131 TTER
131 FNAMAT(1HO.2Xs*'J FAILEN TO SATISFY CONVFSSENCE TEST AFTRER ', I3, 1
$TERATIONS. FINAL TIMF HISTORIES ARF:,//7)
G TO 145
135 ITFR=ICYCLE-
WRITE(G6,136)ITER
136 FORMAT(LHO 42X, *AFTFR ', 13, ITTERATICNS, TIME HISTORIFS APF:0,//)
GO TO 145
140 1STQP=1
IVER=TICYCLE-]
WRITF(S.141)ITFR

141 FORMAT(LHN,2X %) SATISFICD CONVERGENCE TEST AFTER *,13,% [TERA.INN
$S. FINAL TIMF HISTNRIFS ARF:*,//)

145 WRITF(A,146)

146 FIARMAT(IX *TIME® 3 TXe *NFLTA Vo lOX, *THFTA® , 13X, Q% , 13X, *ALPHA®,12Y,
SINDRAG? , 12X, "WRRM? , /)

WRITE(AW147) (TIMF(I)o(XOUT{IeT) 4J=196)4NRAGII)¢WRARM( 1) I=1,NTP)

147 FORMAT (1Y 4F6.2+hF1666)

WRITE(69148) SUMDZSUMWN KA KLy lULT) gl=143),(XL{T),1=1,73)

198 FORMAT(LHO,* INTEGRAL OF DRAG = Y,E12,64/¢" INTFGRAL OF WRAM = ¢,
*¥EL13,697/7" KA = ", F13,69/9' KL = *4E13.69//7¢' DF = V,E13.0474"
€01 = "4Fl13.he/7¢% DO = *,F13.6¢//7," LAMEDA = *,3F17.6)

WRITC(6,39) (F{lgd)ed=loa)sl=1,4)
IF(NCYCLELEQ.L) GO TN 1
IFLISTOP.FQ.1) GO TO 1

150 CNNT INUE

CONJUGATE GRADIENT UPDATF t NOP
ARN=R8/N
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AN=A
L .85 1=1,8
155 BN=BNeNELJ{] %2
IF{ICYCLE.EQ.1) GO TN 161
RETA=BN/AN
nn 160 $1=1,8
160 A{T1)=DFLJ{T)I+AFTASAPREV(])
Gh TN 145
161 NN 162 [=1,8
162 A(T1)=DELJLI)
c ONE ODIMFENSIONAL SEARCH LNOP FOR ALPHA
165 IDELJY=0
ALPHA=CA/SQRT(BN)
XJLAST=X)
KALAST=KA
KLLAST=KL
NN 168 1=1,8
168 APREV{I)=A(])
ND 169 1=1,3
; ULAST(T)=Ut )
149 XLLAST(I)=XL(1)
170 CONTINUF
NN 210 [LOOP=1,L00P

.
1
33
e

i
*

(ARCEALNIY Shes Seo-wli g rh L RER

175 KA=KALBST-ALPHA®A(4)

KL=KLLAST=ALPHA®A(S)

nn 180 f=1,3
: ULL)=ULAST(T)-ALPHA®A(S 4+,
180 XL{I)=XLLAST{I)~ALPHA®A(])
K WRITF{6,1P5) TLOOP,ALPHA
: 186 FORMAT(//7/7/742%,%IN ONE NIM, SEARPCH 1COP, 1LAOP = *,13," ALPHA = *,
3 *£13.6)
; N To 36
i 190 WRITE(64195) XJ

196 FORMAT(4Xs*J = *,F13,6)

- IF(ILONP.EQ.1) GO TD 200
3 1FI{¥J.GEXJLOGNPY GO TN 230
I 60 TG 206
3 200 [F(XJLAST.LT.N.}) GO TN 201
3 IF(XJLT.i.0000LsXJLAST) GO TO 205
9 GN T0 203
3 201 IF{XJ.LF..999999%XJLAST) GO TO 205
b 213 ALPHA=ALPHASRENUCE
3 IFLALPHALLTL1.E-20) GO TO 1
v GN TN 175
: 205 xJ4L0NP=xy
g ALPHA=ALPHAS?, ed from
3 210 CONTINUEF ﬁﬁ‘:{"ffaﬁ\ab\e copY-
5 215 KA=KALAST-ALPHA®A(4)
A KL=KLLAST-ALCHA®A(S)
3 NN 220 1=1,3
3 UtT3=ULAST(T1)I-ALPHASA(S+T)
3 220 XL{T)=XLLASTI ) ~ALPHARA(T)
3 60 TO 235
i 250 ALOHAS(ALPHA/2 . )3 {XJ=-4.2XJLODP ¢33 SXILASTI /(2.8 XJ~4 X JLONP+2, ,¢¥ JI A
g *ST)

Gh T 215
E 235 WRITE(64240) ALPHA
E 240 FORMAT(////+2X+'COMPLETFD NNE DIM, SEARCH LNIND, ALPHA = ¥,713,6)
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