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FOREWORD

This report presents in two volumes the results of work
'performed during the period of May 1970 to February 1972 by
Lockheed's Huntsville Research & Engineering Center while
under contract to the National Aeronautics and Space Administra-
tion for the Aero-Astrodynamics Laboratory of Marshall Space
Flight Center (MSFC), Contract NAS8-25578. |

The report documents the work performed on the "Applica-
tion of Optimal Techniques to Advanced Manned Missions,' namely
the Composite Shuttle Ascent Phase. Mr. J. M. Livingston of NASA -
MSFC, Aero-Astrodynamics Laboratory, S&E-AERO-DF, was the
MSFC Contracting Officer's Representative. Mr. C. L. Connor was
the project engineer at Loockheed. Major contributors were Dr. W.
Trautwein, who provided technical assistance, and Mr. A. Hansing,

who performed the hybrid programming.

The work reported in this Volume 1I is included as a detailed

source of information to supplement the results of Volume I.
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LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Appendix

LMSC-HREC D22554] -1I

CONTENTS

FOREWORD
SUMMARY AND INTRODUC TION

DETAILED DESCRIPTION OF LOCKHEED'S
HYBRID OPTIMIZER

A.l1 Basic Scheme

'A.2 Step-by-Step Optimization Procedure

DERIVATION OF THE 6-D PERTURBATION EOM
FOR THE COMPOSITE SHUTTLE LAUNCH PHASE

DERIVATION OF INTERFACE LOADING EQUATIONS
FOR THE COMPOSITE SHUTTLE LAUNCH PHASE

~ ANALOG WIRING DIAGRAMS

SC-4020 DIGITAL PLOTS OF THE MASS,
AERODYNAMIC AND TRAJECTORY DATA FOR
MDAC-20 SHUTTLE CONFIGURATION AND THE
TIME VARYING COEFFICIENTS GENERATED BY
THE SHUTTLE DATA REDUCTION PROGRAM

SC 4020 DIGITAL PLOTS OF RUNGE KUTTA
INTEGRATED SHUTTLE ASCENT TRAJECTORY
SHOWING ALL STATE VARIABLES AND INTER-
FACE LOADING FOR 0° HEADWIND aw, and 90°

SIDEWIND Bwa (MDAC CONFIG. 20) FOR CONSTANT
GAIN CONTROLLER '

SC 4020 PLOTS OF RUNGE KUTTA INTEGRATED
SHUTTLE ASCENT TRAJECTORY SHOWING ALL
STATE VARIABLES AND INTERFACE LOADING FOR
0° HEADWIND oy, AND 90° SIDEWIND By,

(MDAC-CONFIGURATION 20) FOR OPTIMAL

"CONTROLLER

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Page
iii

vii



LMSC-HREC D225541-1I

SUMMARY AND INTRODUCTION

The work reported in this Volume II is included as a detailed source

of information to supplement the results of Volume I.

Appendix A describes the hybrid optimization technique in detail. This
optimization technique is capabl'e‘:. of optimizing an n-dimensional adjusté.ble_
parameter vector, but a 1-dimensional vector is used as an example to éxplain
the procedﬁre. This allows an easier explanation as opposed to a multi-

dimensional case.

Appendix B describes the procedure used to derive the perturbation
equations of motion describing the 6-DOF Shuttle Ascent Phase. These equa-
tions were prngammed on the EAI 8800 analog computer to describe the
perturbations of the shuttle vehicle from a nominal zero-lift trajeétory due
to wind disturbances. Included are the control system equations, trim '

equations, and wind angle of attack equations.

Appendix C describes the procedure used to derive the equations of
motion describing the structural forces at all four attachment points between

the orbiter and booster.

Appendi}‘c D shows the analog wiring diagrams used in this study. In-
cluded are the rotational and translational perturbation EOM, interface
loading EOM, control system EOM, wind diéturbance generation and per-
formance criteria (J= PC). Manual switches provided.éapability for the '

wind disturbances to come from any direction relative to the trajectory plane.

Appendix E includes all raw data and the time-varying coefficients
generated by the raw data in SC 4020 plot form. Aerodynamic data were

referenced to the center of gravity, xcg’ measured from the gimbal point.
vii
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Appendix F shows the plots of all state variable responses during
shuttle ascent to a 0 deg headwind Ow A and a 90 deg sidewind Bw p for a

constant gain controller. These plots were obtained by a digital program

using Runge Kutta numerical integration fechniques.

Appendix G shows the plots of all state variable responses during

shuttle ascent to a 0 deg headwind Owa and a 90 deg sidewind Bwa for

the optimal gain controller obtained from the hybrid studies. The same

program used to obtain plots in Appendix F was used to generate these

plots,

viii
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Appendix A
DETAILED DESCRIPTION OF LOCKHEED'S HYBRID OPTIMIZER

The basic scheme and its operational features were described in gener"-
aiit_ies in Volume I of thils report. The purpose of this section of Volume II
is to f:fovide the reader with a more detailed description of the hybrid optimizer
and its application to the design of a specific optimal control system (Shuttle
Ascent). ' ' ’

A.1 BASIC SCHEME

The basic scheme of the hybrid optimizer program is a direct optimi-
zation method, whéreby only forward integrations of the dynamié equations are
performed. Figure A-1 shows a block diagram of the optimizer being applied ‘
to the design of a 3-axis attitude controller for the shuttle launch phase.
Complete 6-DOF shuttle dynamiés, engine actuator dynamics, control,lér :
loops and the performance index penalty function are simulated on the EAI
8800 analog computer. The optimizer is simulated on the EAI 8400 digital
,compﬁter." Figure A-1 is intended to orient the reader .toward a specific
application of the optimizer. The spécific’: ;abjeétive of this block diagram is
to compute optimal schedules for the 3-axis controller gains 20g, a1gs + - .' ,
a1¢] T which maximize the orbital insertion payload while 'desensitizing

vehicle performance to the possible occurrence of two disturbance winds.

- The operational features of the optimizer will now be described in
detail for a genéral_one -dimensional problem. Their application to the
specific problem of Fig; A -1 will then be dealt with in a chronological

manner.

A-1
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A.2 STEP-BY-STEP OPTIMIZATION PROCEDURE

Typically, the shuttle dyns.mics are simulated from 0 to 100 seconds;
i,e., from launch throﬁgh atmospheric ascent. Since shuttle pérformance is
affected most adversely during the region of maximum dynamic pressure,
this region is of primary interest. For example, if maximum dynamic pres-
sure occurs at 60 sec, it is only necessary to de51gn the opt1rnal controller
during the reg1on from 40 to 80 seconds typ1ca11y rather than the entire launch
period (0 to 100 sec).

The study proceeds in the following steps.

; . Step 1

The shuttle is launched (simulated in real time on analog) with all con-
troller gains held constant, ' A real -time str1p chart recorder records de -
sired state variables. ‘At flight time 40 sec, the real-time strip chart is
.stopped and the optimizer begins its assigned objective; i.e., optimize the
controller gains from 40 to 80 sec flight time through a series of fast-time
iterations and specified update real-time intervals. Figure A-2 shows this
Step 1. ’ B

° SteE 2

The next step the optimizer performs is to conduct a search of all possible
gam slope combinations for all gains to avoid any local minima which may
exist. A subroutine entitled '""GRID" is called to perform this ''grid search,"
This grid consists of all combinations of all gain slopes defined with finite -
limits and finess. At each grid point, the vehicle dynamics are integrated
for T sec (typically 20 sec) at 1000 times real time from the initial con-
ditions existing at 40 sec for Wind A, and then again for Wind B. For each
wind simulation, the performance index is computed. Digital logic maintains
in memory the worst performance at each grid point. When the entire grid

search is completed, the digital is able to identify the grid search coordinates
A-3
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Fig. A-2 - Typical Strip Chart Recordings of the Analog Simulation of 3-Axis
Controller for Shuttle Ascent. Shown are typical control gains
and a specific state variable integrated on the analog computer
from 0 to starting time of optimizer (40 sec).
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" at which the best performance of all the worst performances occurred.
This grid search coordinate is used to initialize the gradient search. Keep
“in mind, that the optimizer is conducting all grid search and gradient search
computations at 1000 times realv time. Figures A-3 and A-4 show the grid
search operation. The heavy lines of Fig. A-3 indicate the grid point coordi-
nates corresponding to the gam slope comblnatmns which give the best per-
formance for the "look-ahead" mterval 40 to 60 sec. The gradient search will
improve these slopes Flgure A-4is mcluded to illustrate a typical performance

function J(K) and how the grid search avoids possible local minimum points.

® Step 3

The objelctive of the gradient search is to refine these grid search
coordinates to locate the absolute minimum. The gradient search utilizes
this grid point minimum to begin its work. Digital logic has determined
which wind case (A or B) caused the worst performance of both winds. The
“wind causing the worst performa.nce is used to compute the initial gradient
.computatlon at J(Ki)A’ VJ(Ki)A since Owp Was the worst case. Flguxje‘
A -5 shows these gradient cornputetions. VJ(Ki)A is computed by a defined
perturbation of AK which is

VIK,), - E(K + 8 -k - 48 ] / AK
Experience had proven it unnecessary to. simulate both winds for the gradient
computation since the small perttirbations of AK had negiigible effects on |
vehicle performance. Techniques developed by Fletcher and Powell compute
K* based on the gradient at K;, (VJ(Kj )A) 'The vehicle performance is
evaluated at K for Winds A and B, and the worst case is used to compute

VJ(K )B in the same previous manner since awB is the worst case for K

The gradlent VJ(K ) is computed as before

VJ(K’;‘)B = [J(Kf‘ + 9—?)}3 - K - —2—)1;] / AK

A-5
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The gradient search continues by fitting a 3rd order polynomial between
VI(Kj), and VIK])g.

humerical techniques and is shown at K;,;. Performance at K;;| is evaluated

The minimum of this polynomial is determined by

for both winds A and B, Since Oy, is the worst case, the gradient VJ(KH_I)

is computed at Kin in the same manner; i.e.,

_ AK - _ &K
v;r(Ki“)A = E(KH:I +. 2.)A .J(KH_I. 5 )AJ/AK

Again, a new K:: is computed based on VJ(Ki and is shown in Fig. A-5

o +LA ,A
as K, Performance is again evaluated at K, for Oy 2nd wp * Since

'k

Uwg is the worst case, the gradients at K,” are computed and another

“3rd order polynomial is fitted between VI(K;, ), and VI(K{¥*)p.

The minimum of this cubic is determined as before to establish a new
(K1+1) The gradient search continues in this manner for a spec1f1ed number
of such flip-flop iterations until the absolute minimum J(K m) is found by the
gradient VJ(K m)% 0. The parameter vector (Kp,) which represents the optimal
controller gain slopes is transferred to the analog where the vehicle dynamics
are infegré.ted in real time from 40 to 45 sec, typically. This response is
shown in Fig. A-6. The 1n1t1a1 conditions for all state variables are now at
45 sec, and the digital logic returns to the grid search to begin again the
optimization cycle. This cycle is continued until the specified flight time of
80 sec, at which time all gain slopes are zeroed and the vehicle dynamics are
integrated in real time to completion of trajectory (100 sec). Figure A-7
shows the resulting gain slope schedules and correspond'mg response of O,
Flgure A-8 is included to show a typ1ca1 operat1on of the grid search and the
speed at which it operates.

A-9
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Appendix B

DERIVATION OF THE 6-D PERTURBATION EOM
FOR THE COMPOSITE SHUTTLE LAUNCH PHASE

The equations of motion are derived with respect to the figure below.
. Engine and surface deflections were defined as positive deflections causing

positive attitude changes,

B-1
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Assumgtibns
cag) I LI \iery small
. Xy yz , '
Xz IXZ IXZ
b.) T > T and T
p.4 z Y
c.) m,I 1,1 A | are constant 0 - 100 sec,

x'y' "z’ xz

: A A ‘ .
d.) ¢,¢ are very small angles
A A A A LA
P = ¢+ 6sing = ¢
AT AL A A A A A
Q = 0 cosycosd + Ysing = 6
A A A OA LA A
R = Ycosd - O cosysing = ¢
A ' A
e.) cosa = 1 cosf =
A
sing = a sing = g
A A
£f) X = U
A A AA
Y = VT Ug
A A _ AA
Z = W = Ua
g.) Equations of motion are derived with respect to the center of

gravity of the composite vehicle; i.e., the equations are body-

frame equations.
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2. Accelerations

b.)

d.)

_ 0
R
C x
. -—
R = U +w=xU = — :
' Toom . Earth - Z
where : . .
2N : .
R is acceleration of body frame
@ . is angular velocity of body frame
ﬁ is velocity vector of body frame
Since
A A
P 3]
RN A — A
w =1Q and U =}V
A A
R w
then
1 1 1 ’
- A A A A A AN AN AN AA AN
wxT =[P O Rl = OW-RV]-[PW-R0 +[PV-20]
AAA .
u v w
Therefore
A AA AN n
U+ QW - RV F_/m
A AA AN A
V+RU -PW]-= Fy/m
A AN AN A -
W+ PV -QU Fz/m
A A A L :
where [Fx’ Fy’ Fz] are total forces acting on vehicle.

Total forces are

A A : A A .
|—F F + F + F
x xaero x grav Xprop
0N N A VA
F = |F + F. + F
y yaero grav yprop
n A A N
F F + . F + F
| Tz | zaero z grav Zprop |
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which consist of summation of forces due to aerodynamics, gravity

and propulsion.

From Eq. (2-c), page B-3, and the assumptions, we have

ANNA

A A A A
ey [% U_BLP-Ua6+F/m
~ - A A AA A
2l 2 |0ad - UD + F /m
" A A AAA /\
z Ue - UB¢ + F /rn
L |
Also
£) .= L A_
’—6\ _.._XZ lll +£
, I I
X X
slel &
6 1= T
y
A N
A N .
L_— S Iz - _J

3. Separation into Perturbation and Nominal Equations

N A o
a.) X = X_+x 6 % ¢
Y B e, ¢,6, 11
Y = Yo +v 6 = 0 Le, ¢80 ¢O are sma
N AP
Z = Z +z U Ty
A 4 L £ F
R = R L=Lo+ Fx— xo+Fx
& 9 M F =F +F
a-ao+a M-Mo+ Y- yo y
A A
N =N + N F = F + F
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>

:S\e = 6e ;. elevon 6¢ = 6¢

A 4 : A

6r = 6r ; rudder 64‘ = 6¢

A ) A :

6a = 6a ; aileron 66 = 660 + 69

Separate Eq. (2-e) on page B-4 into perturbation and nominal componeunts.

b [X, + %] (U_+u)pd - (U +u)(a, +a)b + (F, +F,)/m]|
Y0+Y = |(U, +u)(o +a)g - (U, +w) ¢ +(FY0+Fy)/m
LZ° + Z; L_(Uc)'+u):9 - (U, +w)pg + (F,+ Fz)/@ ]

4. Gravitational Forces

a.) Assume initial positioh of shuttle on the launch pad and a 2, 3,1

rotation of the euler angles ¢, {y, 6.

X

A5
K

>



b.)

d.)

3>

xg

>

yg

>

L ng

Therefore

1

abé"fb
J

<
o

> >
!

-

N
oQ
L

>
x"fl
0

>
-«
o

0

hy>

N
110}

which reduces to

N
_41

¥
o0}

«
o

Thp mp>

N
)
L

—

-1
A

-y
0

1 0 0

A

0 1 ¢
0 -¢ 1
1 0 0

0o 1 ¢
0 -4 1]
[~ A
-mg cos®

[ =
—mg
= [ (81581, | o
| 0
(v 0 o ||t sb
A A A N
o c¢ s ||-s& cO
0o -s¢ cllo o

A A
- Since Y and ¢ are small, then

<>
o

A A A
$ mgcos® - ¢mgsind

A
L-$¢ mgcos/é - mgsinb

5
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Al

-S0

o

D>

C

which may be simplified by small angle approximation to




f.‘)

R

xg

Y&

>

| zg |

>
"

e

L

A

-mgcosb
A A A
‘ymgcosd - ¢mgsind

. A
-mg sin®
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| Separating into nominal and perturbation components

g-)

h.)

i)

+
Xgo

F +
Vg,

F_ +
| zg,

-
F
xg

F | =
Vg

Zg_‘

which is

-

L

~-mg cos(60+ 0)

¢ mg cos(eo+ 8) - ¢mg sin(eo+ 0)

-mg sin(60+ 0)

Separating and simplifying

= -
F

Xgo

—

-mg cos 60

= 0

L.

-mg sinGOJ

-

[~ .
(mg smeo)e
= | (mgcos8 )y - (mgsinb )¢

-(mg coseo) 0

-

:

F—mg cos® _cos® + mg sin@ sin®
¢y mg cose‘o cosf - Y mg sine0 sin® - ¢mgsind cosb
- ¢mgcos 6, sin®

-mg sineo cosO - mg cose'o sin@

Nominal

Pertﬁrbation

-
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By definition, the shuttle follows a commanded pitch schedule defined _
with reference to the local vertical. This pitch command is defined by
X v

e’ AX
Therefore,
A A
8 = -Xe + a
and
06 + 6 = -Xe+oco+a
thus

Nominal gravity terms are



k) { F

1)

Xgo

F
Ve,

¥

. - X,)
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-mg c<_)s(oco 0

0

L—mg sin(a0 - XG)_j

-
-mg cosa_ cos)(9 - mgsina  sinX,

0

b—mg sina cosXe + mgcosa_ szB_J

-mg cosXe - a mg sz9 .
Final
Nominal
Gravity
Equations

0

-a mgcos Xe + mg sinVXe

— . -

Perturbation Gravity Terms are

rF
Xg

F
yg

F
zg _|

F
Xg

F
yg

F
28 |

—

6 mg sin(oco - XO)

$ mg cos(ozo - XB) - ¢mg sin(ozo - Xe)

-6 mg cos(ao - Xe)

6 mgsina_ cosXe - Omg cosa sze

b mg cosq  cos Xe + ¢ mg sinozo si.nX9 - ¢mg sino | cos Xe
+ ¢mg cosa, sinXg

-6 mgcosa cosXe - 6 mgsina_ sin Xe

B

Y mgcosX9 + ya_ mg sinX9 - ¢ao rngcosX9 + ¢ mg sinX9

a mgcos Xe - O8mg sze

'-G mg cos Xe - 6a_mg sinXe

B-9.



n.)

b.)

which further reduces to

~

L

Fxg
F
yg

F
zg _|

-6 mgsinX,

= tpmgcosXe + qugsinXe

-6 mgcos Xe

Since 0 = a therefore

— ’ -

- _ .

B-10
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r—F — r— .. X —
xg ~amgsinig Final
= ; ‘Gravity
Fyg = |¥mgcosXqy + ¢ mg szB Perturbation
Equations
F -aa mgcos X :
Propulsion Forces
From the figure on page B-l,
A 7] B 7]
F - T
xp -t
A
F = {-T, 6 o where T, is total thrust
yP t oy ’ t |
A .
F T, 6
| ZP _] | "t 8]
thus
. - _ _
rFx 'Tt
XP, o
F =|-T : i h i
yP,, toéwo Nominal Thrust Equation
T, 6
| zp, _| B to 60_j



'>F

d.)

6.

a,)

b.)

. — "1

1 F
x_zp._i

and
F_.
xp

YP-

F
L ZP ]

ATt

t %9 7 ATt"S

+ AT, P

.= "o . 0 —

p

(o]

Since AT, is assumed zero; therefore,

...F -1
xp

F
yp

Aerodynamic Forces

——

A
F
xa

A
F
ya

A
F
za

. P

1-98C

— -
A - 95Cy

Separating into

B 1

an.
o]

Fya
2o

Lano _

B-11
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Perturbation Thrust Equations

Nominal Aerodynamic Forces
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" and
c.) Xa --qSCA(S 6C - qSCA5 ée'
1 c. ) e . Perturbation
F T lqSCc_ B + qSC_¢ - qSC_ U Aerodynamic
ya YB Yp Yr. Forces
-9qSC,, o
|~ za ] | Na -
7. Propulsion Moments
Orbiter
I L _ Xp 1]
Booster —_———- _..i__.. )
E S N S ol
[ A
b gz "
| i
N,
“B
_[‘ﬂ"’ r/\ ‘ A ] A A AA 7]
a.) o szly - pr z Ttéely + Tt6¢lz
B | =|F £ T - T 5.4
Pl Xp z zp'Xx t'z - "t%e'x
1/\\1 i"\‘ Y] f‘ ¥ '/1\' :5\ £ ? £
" p | “ypx xpy_| [Tt x T Tty
Separating
— — — -
b. L Ty b6 1
) Py 1:o 9%y
. Nominal
M =Ty £ - T, ég Propulsion
Po o'z to 0& Moments
N -T, £
_ P, L 1:o y -




and

-
L
P
M

P
N

| P_

T, Soly + Ty sy,

'Tto 66 E_x
- Tto 64111{

8. Aerodynamic Moments

a.)

b.)

2

LMSC-HREC D225541-1I

" Perturbation
Propulsion
Moments

£ ] [q S ¢ SbC,. B + qSbC, 5. sbc, &
2 q ZU 7 ¢ +q 155 q 16 a - A& 25 °r
P 2 6
ICI . Sc“ ' A = A - sTc A
2|l 7|4 2U (Cmq-{- cmd)e + ch_Cmaa + chCmo,- qQSc méeée
N se” $ - asbcy B+ asbe. A
La__ q ﬁ]: (Cnrr-' cné)q’ - 48 NBB tq Cn6 6y
. Separating
L, 0 |
© _ _ Nominal
M = |qScC a + gqScC Aerodynamic
20 a (o} . Moments
N 0
a
e 0-— b —
and
1 —§—b£c ¢ + qSbC, A+qSbC, & -qsbC, & |
a 2VO ﬂp ' EB laa a 261- r
SE—Z . - - Perturbation
'Ma = la 3% (Cpy, 1Cp.)8 +aSc Cm a - qSc Cn 6, Aerodynamic
) q a a 6e Moments
N s o ¢ )i - aSbCy B + gSbC
Ma | |%2v €n né“l"q NBB+q N, or ]

' B-13
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9.

a.)

10.

b.)

11.

a.)

LMSC-HREC D225541-11

Total Nominal Equations (Translation) .

— e p— — —

Totai Perturbation Equations (Translation)

— — —

% '-an09+[—a mgsinXy - qSCAa
. [of e

‘ | quotb - UOL]J + [L’J mgc‘osXe + ¢ mgsinXe' - Tto
+ gSC
i P

z ‘_er + [-ozmgco'sXe + Tto66 - qSCNan/m

Total Nominal Equations (Rotation)

.. ‘1 .
¢o (Tt 69 ly)/Ix
(o] (o]
6, | = (Ttolz - T, & g +qScC,_a + gScC )/ 1
. (o] o - [ 4 (o]
J (-T, 2)/1
_-q"o_ B to Yy z

B-14

.. 3 -V‘A" . —T
X, .Fxo/m [—-mgcosXe - a_mgsin Xy + Tto - q_SCA]/m
¥, = Fyo/m = | [T, o "‘o] /m
_Zo ] _on/m_ i [—ao @g cos XG +mg sin Xe + Ttaedf qSCL'o- qSCNaao] /m—

b¢ - qSCA6 6e]/m

Y

p+aSCy ¢- 'qSCYr LP]/m
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12, Total Perturbation Equations. (Rotation)

'[—" F_I : . quZCI
R XZ -
U+ (T, 4,865+ T, 6,8 + T, 4,6, + —5—E ¢
- I t,y°e t, bz t, ¢ ¢ 20
b.) | ¢ | o
+qShC, 8 + qSbC, &, - aSHC, ér)/lx
' B 6a ér
(-, & +ﬁ§€—2(c +E )é+‘ sccC
-l 0 2U m m- q m ¢
) o e} q a a
e | = : _ o
- chcm(s 5 /IY
e
’ qsp?
-T, 4.6, + =—— (C_ -C_ )¢ - qgSbC_ B
) t % $ 2U S n, nB ‘ ng
b Cewe i\
\ + qu‘ﬁa 6. /Iz
. J L r i
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13. Derivation of Angle of Attéck Eqﬁation

From the following figure

Vehicle
Centerline v
Local l Ref¢=t rence
Vertical - / Trajectory

— wind velocity with respect to earth

/ V. — nominal vehicle velocity along reference
/ . trajectory with respect to earth
/ VT — actual vehicle velocity with respect to earth
/ Vr — effective wind velocity acting on vehicle
/ -z — lateral vehicle drift from reference trajectory

Xy = commanded pitch angle from local vertical

a,, — wind angle of attack relative to reference
trajectory
a' — effective wind angle of attack relative to’

actual vehicle velocity.

B-16
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We have

] -1 é
C(w = Q + tan (7)
~ k' 2
Sty
Since
A= Xe
VT =V
|z| << V
Then
V. _cosA
o= 1:a.n"1
o‘w VT + Vw sin)
= tan 1 v cosxe
Vv + VW szé
therefore
o - tan—l VwcosXe R é
W VvV + Vw sze v
and
a = 6 + «
. W
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-14,.; Total Equations in- Time-Varying Coefficient Form for Analog Simulation

Translation

5&

1

-kée - k3a + kxc 6c +_kxe6e

-
t

kéqs + k;qu + k1‘5¢ + kYBB + kyaaa + kyrar + kb + ky¢

N:
i

k:0 -k 6. +k a+k & +k 6
6 10 Zo ze e zZC C

 B-18
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Rotations o
é = kgp¥* kygbo + kyyty+ kl¢6¢ + k ¢¢

+k
ww+k5ﬁ+k 6 +k26

+k :0+k &6 +k -6

0=k a+k
m6 me e mc ¢

ma m960
= kot * knd; ¢ +-knw¢+;knsa +k 5,

+k 6
nr r

Sideslip and Angle of Attack

a = 06 + aw + u'i-oz
B = -y + BW + uioy _
14, Trim Equations
kzaao-klé9 +k3+k -UXe-O
o o
T-AZC
k + k é + k - = 0
mao 0 me 60 m IY

These equations were solved simultaneously on an 1108 digital program
used to process the time-varying coefficients. Results were outputted in
plot form from the SC 4020 Plotter, giving a, and 69 as functions of flight

time. These curves were simulated on diode functmn generators on the analog.

'B-16
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15. Control Laws
8q
by
%
_6c
8¢
by
*a
where
Hols) = 573
Hy(s) = 27
Hylo) = 5975
i{c(S) = =2
H.(s) = g -3 3
Hr(s) = sz 3
Ha(s) = si 3

-

L]

n

a,,0 %+ a
%00

»

10

o

06 1

-kc Hc.(s)

.

prone

-kc Hc(s) _306 8 +’ _:9,1

prer

-k, Ha(s)

3]
2oy ¥ 2y
20p%.* 2144

a..0+a, 0

aqutL +‘ awq;

LMSC-HREC D225541 -1

- "w‘*]

I

]
1

- boqﬁ]

-ka _Ha(s) [ao;ﬁrb +~a1éq§j

B-20
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-

Appendix C

DERIVATION OF INTERFACE LOADING EQUATIONS
FOR THE COMPOSITE SHUTTLE LAUNCH PHASE

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Assumptions
Identical to Appendix B. 4 .00
~ Connections : T
Body 1
: T
®
~1] - x
Body 2
Body 1 = orbifer - :
i . Y
Body 2 = booster z
' cct = total CG of Body 1 + Body 2
. Total Forces
" _ . _-\.\ - + —
Ft = ma = ma + m,a
Total fdrces on Body 1 are
A ™ A A A - AN AA A ]
m, U (Fyy) +(F ) +(F) + (RV-QW)m, + (F )
AERO CG INTER g
A A A A AA AA A
m1V = |(F 1) + (F l) + (F 1) + (P_W—RU)m1 + (Fyl)
Y*AERO CG INTER g
Wl Ey e F eBy @D -Bhm ¢ E
m + : + + - m, +
LV Uelapro #ee #UINTER b el
C-1



where

A
(F_ .
XA ERO

.
(Fl .
Y AERO

AERO

LMSC-HREC D225541-11

= total aerodynamic forces actmg on Body 1 in’
" x-direction

= total aerodynamic forces acting on Body 1 in
y-direction '

= total aerodynamic forces acting on Body 1 in
z-direction

= total forces due to offset of CG, from CG

acting on Body 1 in x-direction

= total forces due to offset of CGi from CGt
acting on Body 1 in y-direction = - :
= total forces due to offset of CG, from CG;

"acting on Body 1 in z-direction

= total interface force from Body 2 acting on Body 1
in x-direction

= total interface force from Body 2 acting on ‘Body 1
in y~direction

= total interface force from Body 2 actmg on Body 1
in z-direction

= total force due to g'ravityvacfing on Body 1 in
x-direction '

= total force due to grav1ty acting on Body 1 in
y-direction ° '

= total force due to grav1ty actmg on Body 1 in
z-direction

interface forces from Eq. (2-a).

C-2

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

(. [0+ 8W-R9] - (F) (F. ) (F)
m + - - - \r P
1 x1 AERO xl cG .xl
[$+ RO - B - (£ ) By Lk
YlaAgro Ylce W
A AA . A A A
[W+ PV -Q0U] - (F,) - (F,) - (F,
AERO cc -
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where aerodynamic forces are

A ] . ‘ -]
c. <1 - -qvSCAY' ' '
: : 1
A - -
For | = _’qSCYBl_B
A A
_le—. :qSCL01 -.qS‘CNala_

ahd CG offset forces are

AT AT .7 A AT
d. |F ., | P AX RAY - QAZ

A A A A

F = -m, | Q|X|AY| = | PAZ - RAX|m

vyl 1 1

A A ' A A

F R AZ | QAX - PAY

L Zl_JCG L J L _ -
and gravity forces ére _

B B A ]
e. Fx1_1 -cosXe - sze _

A A AL A X
Fyl = q;(cosXe - asinXg) + ¢(sze- - acosXy)|m g
LFZl—g _s1nX9 - a'cos o |

- As before in Appendix A, separate into nominal and perturbation equations

with the following a.s-sumptions:

bo¥y =0 Y =0

e .. _ Y = 0

¢9,¢, = 0 AY
C-3
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' 'Thﬁs,' .

£ s LS ml[_xo * 8, Zo] "), oo T %A%
(F_,) = | -(F_,) - (F_,)
YUINTER | YU AERO vhg
(F_,) ‘ m[i-éx - (F_,) -6 AXm
| Tzl INTER - | 1L70 o o] ZIAERO o 1
where
T _ .o N d .
Xo = Uo cosa Xo = d_t'xo
L ' e _d s
o. Uo sina, Zp i Zo
6, = a - Xg from p. B-8
. _ _q_ .o _ _d_
% * & % %% = &% 4
and
g |(F,) 1 [-asca ]
: : AERO 1
(F ) = 0
YUAERO ,
(F _,) -qSC - qSCy «
L 2Vagrod LT THo, Ng ©J
h _(F ) ] _—cosX - a_sinX
' x1 0 o 0
g
(F_,) = 0 m. g
1 1
g
(le) sinXe - cJLocosXe
b g.‘- —
C-4
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Therefore, total nominal interface forces can be written as

|

(

(F

.

F

X

F

y

z

) 1

VINTER

N
INTER

1)

INTER -

my

my Zo

o b

'X+m
o

-m Y

1

-0

+ my gcosxe'+ m, ga, sin X,

- mj gsin Xy + my gozocosX'e

3. . Pevrturbation Interface Loads

(f

.4

y

_(le

1)
INTER

1
INTER

)
INTER -

where

AERO

'mli'{ +m

m

1

-q__SCy B

B

1

z-rnXO-m
170

-qSC a
Ng

Z 64+ m
o 1

m,y +m; XOKP - m, Zqu - (f

+m, AX Y - (fY

1

eoz - (f

- (fx

éo;}-(f

)
*l'AERO

v

6, Zz 0+ qSCAi + 86,AZ m,

X _%_ A .
O+qSCL01 +qSCNaao OolAXmlJ

+.6.AZm1-—I‘
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c.

Therefore, the total interface loads can be written as

d.

g ——

fxl

vyl

f
1
L=ty

_
«

(£,)

(f )

zl

f =

o

)
*IINTER
INTER

L “* INTER -

- —
mli& + m, Zo(-) + m, Goi + AZmlb +-m‘lgcosXea

- sinXe

-a cos Xe

LMSC-HREC D225541-11

‘PCO?XQ + ¢ smxe m, g

m§+mX ¢-m7Z 6+ qscyﬁg - m,AZ¢

: + mlAX'll;- m, gcosXe\b- m, gsi.nXetb

6 x+qSCyn a - my AXE
o 9 Na 1 |

_ml zZ - mlxoe - my

+mjgcosXga

4. Interface Moments

Since the composite shuttle is considered rigid, therefore

[ 4

D>

>

r—Ile-Ao _ L1 -
I ¥ T
x) 3
9
1
22!
N
1
LIzl !

Total torques acting on body 1 are equal to torques due to aerodynamics of

body 1 and torques from the interface points; therefore

C-6
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A ] ™ A A
b Ll (Ll) + (Ll) v
AERO INTER
A N A
M, | = | (M) + (M)
. “AERO ' INTER
A N N
N, ) + (N))
- - — AERO INTER -

LMSC-HREC D225541-11

Thus, substituting Eq. (4-b) into Eq. (4-a); and solving for interface moments,

- we have
() 1 (.3 $ - @
C. - -
VINTER %1 xzl UAERO
A " A
(M) = (1,86 - (3, ,
INTER y AERO
&) T R
| VmtErR | [P - VAERO

Again, sepa.ra_,i:e into nominal and perturbation components

[~ A 7] . .
d. | (L)) (L) + ()
INTER INTER INTER
A A
(M) = (M) +(m))
INTER INTER INTER
Ia)

Ny () + (@) |
— INTER — — T INTER INTER -
AERO AERO AERO

A A
(M) = {(M)) + (m,)
AERO AERO AERO
&) (N)) + ()
— AERO- - " AERO AERO-
C-7
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. L

1)
INTER

1) ’
INTE

1
INTER -

Therefore, from (4-c) .

Li1fo = L1 Vo - ()
1.0 - (M

y1% ~ 1)AERo

I. ¢ - (N

L_zl.kpo ( I)AERO

The nominal aero moments are

" AERO

LMSC-HREC D225541-11

NOMINAL

-
1 0
1 chCmOLlozo t aScCryy
1 0
—AERO '

Assume as before ‘Zo’ "Lo’ B, =0 an§ 8, = ag - Xe . The_rgfore,
— - — u
(L)) 0

INTER
(M) I, (6, -X,) - aScCpy_ o, - aScC
'INTER yl e ToT e B Moy
(Ny) 0
INTER - — -+
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5. Pér'turbation Moments

r— LX)
: leqS -

5 %IQ'

NESE

L

.. A
Ile¢ - (11)

(M)
AERO

A
(n))
AERO

AERO

A

LMSC-HREC D225541-11I

PERTURBATION

The perturbation aerodynamic moments for body 1 are

b.

Therefore, total perturbation moments are

0O
LY
—

8>
[u—

[ A

3>

AERO

INTER

—

0

= qSECma

qShb CnBB

a

Ix1¢ - Ile Y
= |1 .8 -qScC a
yl d Moy
C-9

PERTURBATION
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6. Resolution into Each Attachment Point

Interface Moments and Forces .
at cg ' F ‘ Rear Attachment
y - Point 3 .

Rear Attachment :
: Point 4 .
) : R'3
f Z
t cg I -

.Rear Attachment The attachment points
Point 2 / 2 are designed for forces
only in the direction shown.

(F. 1) 1 [= ]
a.
. x1 INTER 1x
A
= |R,_+ R TOTAL FORCES
(FYI)INTER Iy 4y
A
(F ) R, +R, + R
|zl INTER = |1z 2z 3z |
(L) 1 [ R, -0.R, +0,R, -2..R, |
b L -1 + -
VINTER CG 1y ~"272z " "33z~ "CG 4y
' TOTAL
(M) 4R, +2,(R, +R, )+ £.~R,
UINTER 171z T 4 "2z 3z CGlx MOMENTS
(1’\\1 ) 4, R L, R
B IINTER—* 171y 44y _

" LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Eliminating terms and solving for the forces Rlx’ oo 3z for 22_.= l3_
‘yields the total forces at each attachment point, ' ’
: o A
c 'Rlx = Fxl
A A
s W) Qo7 b
1z L+ e, Lty £, + 1,
A A
R 4Fn . N
ly L+e, 4t
‘"
R4y = Fyl' - Rly
A A A
g . feefyi  Fa R
2z 24, 2[2 2 2
R3p T Fup - Ryp - Ry o
A , , .
Since F y1’ Ll and N are nominally zero, the equatmns/\may be reduced

further. Separating 1nto components and removmg Fyl’ L1 and N1 ylelds

d. Rlx = fxl + Fxl -

N

. (B, + M) , 2, +F ) , (R,,)
1z ) I, ¥4, I TR,

_ N
R ) 14fy1 . n,
ly ST rg, tIAL,
Ryy = 151 - Ry

c-11
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R oo .1 feolyi U tFa) Ry,
2? | 2[2 VZIZ 2 2
R3z = le * .le B Rlz B RZz

7. Analog Simulation of Interface Loading Equations

a. Perturbation Forces

_ .. . . w - . N
fxl = ax + aZQ +az + a,0 b7a (N)
fYl = ay + by - a,p - ayb + b5¢ - a5¢+ b7d> (N)
le = ali - bze - a3x + c4av- bse (N)
where
a; = m = 377415 kg _
- ; - . _kg-m
a, = leo/57.3 = .(curjre on page E-30) Jog sec
ag = mléo/57.3 = (curve on page E-30) kg/sec
_ - kg-m
a, = AZm1/57.3- 4780(_), deg |
a; = mlgcosXe/57.3 = 49700 N/deg

; . _ _ kg-m
b, = leo/57'3 = (curve on page E-31) deg-sec

- - kg-m
b5 = mlAX/57.3 = 42200 deg
b, = -mlgsinXe/57.3 = -41400 N/deg
cy = qsCy + mlgcosxe/57.3 = (curve on page E-31) N/deg

C-12
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b. Perturbation Moments

I8 = d¢+dyy (N-m)
D - e 6+ (N )
m; = €0+ ey -m)
A oo N
n, = fltb (N-m)
where
3k .-mz
= = b —
d, 1x1/57.3 66.3 * 10 —g—deg
3 kg-m?
d, = -L_ /57.3 = -37.2 %10 tg-m
%2, deg
‘ 5 kg-m?
e. = I /57.3 = 1.04 % 10° =B
yl deg
e, = -9Sc Cp, = (curve on page E-32) _kg-_mT
(11 a dego-
g-sec
£ -1/5"13-1061=i=1065gﬁ |
1 - =077 , deg
c. Total Forces
Rix = gt Fy - (N)
R = (. +F ) + g.R._ + g. (M, +M.) (N
1z = 8liz + Fpp) + Ry, + g5lmy + My) (N)
R = g Y+ g (f.) | (N)
1y - 84" E5'ty1’
R4Y = le - RIY (N)

N
Roz = By * 8pfyy + gglfy ) + F ) + ggRy, (N)

R = f .  + F - R - R

"3z zl zl 1z 22 (N)

C-13
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where

and

£
ceg

x1

z]

LMSC-HREC D225541-11

114/(121 t1,) = 1.0

1cg/(1z1 +4,) = 0.152
1

-1.0/(;2l +4,) = -0.056 m”
1.0/(8, +2,) = +0.056 m”1
14/(1*1 +4,) = 1.0
-1.0/22, = -0.167 m-1
-zcg/zzz = -0.45
1/2 = 0.5
-1/2 = -0.5
0 m
3 m
3 From figure on page C-10
m for MDAC-20 shuttle configuration
17.8 m '
2.7 m

(curve on page E-32)
(curve on page E-33)

(curve on page E-33)

C-14
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Appendix D

ANALOG WIRING DIAGRAMS
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AERendix D
This appendix constitutes the wiring diagramsl of all equations, logic,

wind disturbances and time varying coefficient generation associated with
MDAC-20 Shuttle Configuration. Each page is identified explicitly.

. LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC -HREC D225541-11

suoljenby uoljeIsuel ], uclyeqiniIadg

' Juadsy 913Ny Ioj wexferq SurIrpm moamﬁw - 1-a°8tg

) S
Ny &)+
)

v =

C e
osel
O
oou?’ /
i x ol ,_,n_ni\m
) \V|‘ € /j .
o ) | ~ NS
005 syl )+
e &k _-n; ImA
00/ v+ M, T— \
,m.x 410 L ov ~
VPR
N e
— A!Y/
R
(mE)
IR e
N7, @)
NI
v818° ( -
(raiQp \*) ~
7 ) rkasl
A Al
Vﬂ (B owa)+ * — <
{Heyias)+
_ f%\
O : <
oood’ AQAXY, N
ullA
Nl
O 5 <
Q00;* /x.&zw ~
,\w.%xumav*. 9c v+ A
O
5T
oS ” A .x.u._.nv#
O—
ooof” »%ﬂ
N

D-2



suotjenby uorjejoy uworjeqinjriad

o Juadsy INyS Ioy werderq SBurary Soreuy - z-q - Sig
]
“ //.\ 2+
n ke o
9 \®Tx
[y ] \\./r \
D IIC =2 t-//
o 5y, \F)
2 ATy va
-4 () -
H ) ve\.ol./u\ mw\. v .
n.u ILbE" = *9Y )t ”
2 A )<
oosg" iof
.| S7p <P 7 /&\ %)
U.MW.Q.IAJ&
u < B e (%)
a e
: a e
z N e . —<
c oot 340 Q1 \||MIV+
M: 1 Ve QLY
.llQ. \/lllog Y+ ’ /\/ .
. o o%
aoor ©% 1y ar ¥ ] Aa_z'a.&mv + _k
N e RN
- .ﬁ%vf -3+ _/anl / D N
AR h
NS (o s <
voos d Py (o7 ¢v+
L3N
\
I
N g trwar) + — <
0500 : (#"warkoz)+ ~
) e
N4 fu.lmv.v o~
{on 3 £)
- <~
pea o (B
\ )
! ?dv'
O ~ _
rY) ,%W_v14~|\h»\— ﬁ%v ~
ﬂ VRN o
2000'1$ C ﬂ .Q\ V+ . - e
ooor 8 Tau (o) o
ey
Yhoh s e
= @Dl e
o 4
o -
N o P _/ 2 /\j
D f C ?HM.&V;. + L P
o000y { x.o»mq.q
~N p
(5] xo] #1440
N
‘C A N : b
osoc (24 asgor 4 Auyagiy002) + N
O—g<
3t
fPaaid € )¢ Alﬁ
o 7\ <
orz2: O oges \_/ A.mm.Y/
\_ "
- ‘
AN —O
\ oosL’ yd x
D— e e : <
. _ \ig v 13 (=5 %)+ I
~_ e
-~ ﬁmv+ -k o+ AWVt.\ N
[~
) s <
[ ~ 0w +
ovor | 1©F X a192)+ Awt.x.o&o\vf N
—_/ : —
[ . :
0oL’ nu.n..\ye&v‘ ( — moxY
iedy .

)



suotjenby wajysdg aouunoo uotjeqinizad
jJuadsy APNYg roy wexderq Surrtp Soreuy - ¢-q - Stg

fos |
]
oy
N
“u ~
N
a
Y VW | -
m 0ng? VA nai " -a&vf ™~
&
T ]
o N -
2 ariv1d G
b AT 0L
— ALY dTSEGTE G TTGRY
Hinnzy g =Ty
7-5:;“ I L3
—A-V‘M‘nv _ + =My
Pem 1| 2o N [ MaNEY | S FMS
Ped I rem o on | oo | B My
L y R EEELR
\\\_
ETN
] #@-
ATViky 46 376Ny »
, ’ ./ i . @t |./. . 4
S L79Y /,m  asdl n.U

Gk a) {
P
(G ™o,

D—

- 277 \_\\D @
g1
A 2_<v ,




EC D225541 -11

LMSC -HR

\

ma.oﬂ.dawm 01303y 2d€JING UOI}RqIN}Idd JUS08Y I[PNYS I03 weaderqg Suraipy Soreuv - p-a ‘81

V4 MN/U
ﬁo!v# \3vd,

LZ AN
CH)+ @ .

D-
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

/.2t

Am v.__Y, 2va




suoryenby SutpeoT 30BJIIUI .
quedsy 213INYS 103 wesdetq Sutatpy Soreuy - 5-d St

[

3 4 :

-

B, B

-
N D :
- :
" :
o) .
m = <
9e0I0L + o) ,.\ . \\ ‘
-~ - | 2s00¥y AP ) A () :

LFou)e (azw) i~ o

3 | ey

Qg '3
v m»o:« \
- uﬁ Y tv& "o ~* F B
. g v] oo E o) §
g vy | 1m .
. g v 19Mm

ek ed &‘...w» £381° %)-
20/ 2 N
R AaochlﬁJ.? Aw e v+ /.. y
B aty .
. o U S | A T ‘ o
)" (o A — :
a * [z d '
Y 0005 4 \fmnx.\. - —l( 0— /nwvw S :

0002 1\ '3 — xfo * ) ..eeoﬂ%r N
©

\ ¢

ar =< :
- ! v .
“fo\-t\+/ ’ Afe;a,, +

8 ‘e

g O . " e o w.c:..,wV+ m

(555)- . en L~ :
Via 2O/ Amb$v0 . f:u v

LI /AWM (L Pi

A.ml )

] Y ‘ ~_ -

8 10 ~( < el 3)-
As...wmﬂV- \_ .@ dot1 \_J Awnl\vu/ % -3 4 i®

"Gw)- N p ) :

I $3- )
LI Aﬂwvn Yy
A ..xv ~oE vﬁ
O { )
N Sseorm \_J s\4 0N
o (. 3
) .
OLbé’ ﬁv 192y A
A o). )
AaM»M-VZ o 488/ m v Amvl A

T k) .,Nnv&. . ‘ae0t R
(ot R . ﬁ.| ()4
m..S.J.. S ong: C i

%)
3 +9IR L
* ry, 1




ot8o01

LMSC-HREC D225541-II

: 9o®e3I19juT 3oreuY/183181( pue 83uaIOIIFe0)
Burdie) swry Ioy wesSerq Surriy Soreuy - 9-q-°Sig
i
40 s.
a3iSviN N
o 2 ,_
2
cese’ +
00Ll’+
~
'
@]
B T P . - 5 - = . -4 — - - .= . t -
racid :
bEL°
——
ms4d
\
QoQu’ -
cang .
3 El
[<X] o aiy ery)
A\mﬂm 1 osa [ S N RV
|
—~ 4 1
al 3 (<X
TreC | ool + L 1 =y -t o2
_.,_ MMdey _ m/mnv\. { .w.v. A\«;Uv | %44 [« @ zarﬁv,\ id ..ﬂﬂ
{- 4
—y
9210 w ).
910 (%3] (Tdwasva+ 1y T
\t\m va- 3 4 |
) ,?Quﬂ ——r—— - '
\ I*g Y. 2ad  [T7 ﬁ,riksa»lvw 44 [
\ S
L5 . Q18 v g
o A; 'W Vl/ Arl.lmlw$ EERY .I’I;.; w sl =+ 1
[ 92 4y, . | . e 3 -
AT R - T P
./ 2D »ad x INE IS wad ¥
l arep’ —
) ......:x.'l'll
{Mies.cS)+ Z. /w* —mr —
it =)t vae B ek
Ell 4
XL A
,/‘I*qﬂm * v4d [x+ .,,wwx..u‘_moﬂf v 2 e
P—} 4
Y — _E '
,xle DY ren Fhalt | L B
3 F
<L 13 i
?QWVA_' sad ] _/t-xmv¢ wad [x+]
| 3
s
\ E:T vagq [ ] ) vad [
£
2.0 B3N
\~ - P veay)t .
)3 M - = ]
Neaiy)s faore )+ 1
i) % : ( 241 |2~ WOy nld! %14 [x+
k«\ /ﬁkb\ ) FXTeald
TN,
.- oy L)
—...o.. WY g ! 1505
“v... -3 _ | L RS Y] ;
) P




LMSC-HREC D225541 -II

(r) uotydung xapur

9JUBWIOyIad 105 wexderq Surzry Soreuy - L-a-°81g

AR}
_ Vis| 81.-]iomEy,

Vie| @ - 3miy
vis] 81-tIm ¥
MSTILIMRIM |

\ | \ ~

N 2009’

o1
a7 ]
£

X221 NN
YINT) N

NS
(] (boy)

(1510-8]%% 189 5-




LMSC-HREC D22554] -1I

Appendix E

SC 4020 DIGITAL PLOTS OF THE MASS, AERODYNAMIC AND
TRAJECTORY DATA FOR MDAC-20 SHUTTLE CONFIGURATION
- AND THE TIME VARYING COEFFICIENTS GENERATED BY THE
SHUTTLE DATA REDUCTION PROGRAM
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' Appendix E

" The time varying coefficients for the 6D EOM of Appendix B for
MDAC-20 Shuttle thfiguration were computed with an IBM 7094 Digital
Computer Program for the raw mass, aerodynamic and trajectory data
' supplied by ‘MSFA“.C.-' This program is shown in Fig. E-1. Pages E-3
through E-14 show this raw data in SC 4020 plot form. Pages E-15 and
E~16 are included for data which are zero or constant. The time varying
coefficients are shown on pages E-17 through E-24 in SC 4020 plot form.
Some approximations were necessary as dictated by equipmeht shortages.
These approximations as simulated on the analog are straight line segments
between the points circled for diode function generation and 2nd order
polynomials as indicated. Page E-34 is included to show coefficients which

were zero or constant,

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Main Program

stores computed. data.

Reads in time base data, calls
the various subroutines and

Subroutine INTRD

Reads in mass, trajectory
and aerodynamic data,
interpolates data to desired
time base

Sub: outine WIND

Reads in wind data, inter-
polates wind data to
desired time base, com-
putes wind angles of
attack.

Subroutine CAL.

Calculates EOM co-
efficients as functions of
flight time. Solves trim
equations,

t
Subroutine WRITE
Writes EOM coefficients,

flight time.

wind angles of attack versus

T

Subroutine PLOT

Provides SC 4020 plots of
above data,

Fig.E-1 - Flow Chart of IBM 7094 Digital Data Program to
Calculate and Plot Shuttle EOM Coefficients
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Appendix F

SC 4020 DIGITAL PLOTS OF RUNGE KUTTA INTEGRATED
SHUTTLE ASCENT TRAJECTORY SHOWING ALL STATE
VARIABLES AND INTERFACE LOADING FOR 0°
HEADWIND o, , AND 90° SIDEWIND By, (MDAC

CONFIG. 20) FOR CONSTANT GAIN CO_NTROLLER

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225541-II

Appehdix F

A block diagram of the IBM 1108 Digital Program used to generate these
curves follows in Fig. F-1. The nomenclature on pages F-3 through F-7 are
ii_lcluded to identify the various plots. Response to 0° _headwin;i O A for
MDAC-20 Configuration is shown in pages F-8 through F-22.

Response to
'90° sidewind BWA is shown on pages F-23through F-39.

The constant gain controller consisted of agg = 1.5 and 2197 0.5 sec.

F-1
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Fortran Term

ALFAW

ALFA
ALFAT
BETAW
BETA
BETAT |
" DELP
DELT
DELTT

DELTTT

DELS
DELA
DELR
DELE
DELC
JPP
JP

J

ETA10

LMSC-HREC D225541-11

Definition

pitch plane component of wind disturbance,
all cases included in digital plots are Qwp *

perturi)ation anglé of attack

total angle of attack |

yaw plane component of wind disturba:née
sideslip ang;e

total sideslip angle

thrust vector roll gimbal angle

perturbation thrust vector pitch gimbalAa'ngle

total thrust vector pitch gimbal angle

total thrust vector gimbal angle of pitch and
roll ‘

thrust vector yaw gimbal é.ngle

aileron surface deflection anglé

rudder surface deflection angle

elevon surface deflection angle

canard surface deflection angle

stability integral component of J function
payload penalty component of J function
total penalty function

component of J function representing longitudi-
nal drift rate
- 9P, 5
ni0~ 3%

F-3
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"Fortran Term

ETA11l

ETAlZ2

ETA13

ETAl4

ETAIL5

ETAS8

ETA9

FXPI

-z

-M3

LMSC-HREC D225541-11

Definition

component of J function representing lateral
drift rate '

:Q-—P*.
11 5y Y

component of J function representing lateral
drift rate , g

Q_P ® z

M2 ~ 8z

component of J function representing longitudi-
nal drift ‘

5P
= = ¥k
M3 T ax ¥

component of J function representing lateral
drift

h. = 2P

M14 ~ 3y

component of J function representing lateral
drift ' ‘
P
_— ¥
M5 =~ 5z °
component of J function representing interface
loading ‘

' = 9P 4 AR.
ng = SR *AR; AR>0

- AR<5%10

F]
= 0 5
component of J function representing gimbal
deflection - '
P
= e X% .
N9 7 B, Abgy
O TT

Aée > 7

¢
=0 ; Dby < T

interface perturbation force in x direction on
body 1 (orbiter

Mg

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Fb:tran Term

FYPI ﬂ £
_ yPl
FZP1 f
P1'
XLP1 7
_ | by
XMP1 m
. P
XNP1 S
Py
RIX In
R1Y Ry,
R1Z R,
- 1Z
R4Y Ryy.
R2Z Rzz_
R3Z R3z
R R
DR "AR
DDTP Kby,

LMSC-HREC D225541-1I

Definition

interface perturbation force in y direction
on body 1 (orbiter) due to wind disturbance

interface perturbation force in z direction

- on body 1 (orbiter) due to wind disturbance

interface perturbation moment vector in
x direction on body 1 due to wind disturbance

interface perturbation moment vector in
y direction on body 1 due to wind disturbance

interface perturbation moment vector in .
z direction on body 1 due to wind disturbance

total force in x direction on attachment point 1

~ total force in y direction on attachment point 1
~total force in z direction on attachment point 1

total force in y direction on attachment pdint 4

total force in z direction on attachment point 2
total force in z direction on attachment point 3
total force affecting structure

= 2 2
3 = Q(RZz + R3z) + R4y

arbitrary limit of R for optimizer to maintain

A.R=R-5’=‘105

arbitrary limit of & for optimizer to
. . 6TT
maintain

Adgy = SorT " 7

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Fortran Term

BMX1
BMX2
AOT

ALT
KC
KE

AOS

AlS

- BOS

KR
AOP

AlP

RI1XP

R1ZP

R1YP

R4YP

LMSC-HREC D225541-11

Definition

total bending moment at station 1 used in
early studies

total bending moment at station 2 used in
early studies

pitch attitude position feedback controller
gain

pitch attitude rate feedback controller.gain

canard blending ratio feedback controller gain
elevon blending ratio feedback ‘controller gain
yaw attitude position feedback controller gain

yaw attitude rate feedback controller gain

" sideslip position feedback controller gain',.

rudder blending ratio feedback controller gain

roll attitude position feedback controller gain
roll attitude error feedback controller gain
aileron blending ratio feedback controller gain

perturbation force in x direction on attachment
point 1 .

perturbation force in z direction on attachment
peint 1 :

perturbation force in y direction on attachment
point 1

perturbation force in y direction on attachment
point 4

F-6
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Fortran Term _ o Definition

R2ZP ' RZ perturbation force in z direction on attachment
' Zp point 2
R3zZP R,, perturbation force in z direction on attachment
| P point 3 ,
RRP RRP total perturbation force affecting structure
2 2

RR=J(R +R, )2 +(R, )

P 2zp 3zp 4yp

R1XO ‘ R1 nominal force in x direction at attachment
x point 1
R1ZO Rlz nominal force in z direction at attachment
point 1
R1YO | R, nominal force in y direction at attachment
Yo point 1
R4YO R4 nominal force in y direction at attachment
| ‘ Yo - point 4 s T o
RRO RRo - total nominal force affecting structure
2 2
RRo = J(Rzz + R:,’z )+ (R4Y )»
o o o

F-7
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Appendix G

"SC 4020 PLOTS OF RUNGE KUTTA INTEGRATED SHUTTLE ASCENT
TRAJECTORY SHOWING ALL STATE VARIABLES AND INTERFACE
LOADING FOR 0° HEADWIND Awa AND 90° SIDEWIND Bwa

(MDAC-CONFIGURATION 20) FOR OPTIMAL CONTROLLER
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Appendix G

Response to headwind Awa for optirnal pitch controller is shown on
'pages G-2 through G-17. Response to sidewind Bwa for optimal yaw/roll
controller is shown on pages G-18 through G-36. '

G-1
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