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Section 1
GRAVITY-GRADIENT MOMENTUM DUMPING

1.1 ALTERNATE IMPLEMENTATIONS
Several control loops and control laws have been considered for dumping CMG
momentum by gravitational torques. The various methods analyzed, as well as their

relative merits, are discussed below.

1.1.1 Continuous

This method considers attitude deviation @ a continuous function of stored angular

momentum during each quarter of the dark side passage. The method is presented in

Ref. 1-1, the control loop shown in Fig. 1-1 and the control law matrix G in Table 1-3.
The feedback gains a, b, ¢, and d must have precise values for the method to perform
satisfactorily. A digital computer simulation showed that the attitude deviations re-
quired were quite large (as high as 30 deg) immediately after sunset. For these

reasons, this method is not recommended.
1.1.2 Discrete (Maximum and Minimum H Sampling)

This method is defined as one in which the vehicle attitude deviation & for each
quarter of each dark side passage is a discrete variable. This may be an advantage

for some experiments in that the vehicle attitude is constant over each quarter of the
dark side of the orbit.

Reference 1-2 describes a maximum and minimum H sampling form of the method in
which H is assumed to vary sinusoidally. This gives an approximation to a true
integration which would determine the average value of H for any kind of variation.

LOCKHEED MISSILES & SPACE COMPANY
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The method is not recommended because it would give a false indication of the average
for other than sinusoidal variations since it responds to maximum and minimum

values only.
1.1.3 Discrete (Averaged H Sampling)

If the angular momentum H is integrated over each orbit period and the integrator is
sampled and reset to zero at each sundown so as to obtain the true average angular
momentum for each orbit, then this value might be used. This implementation is
somewhat complex, however, requiring three digital integrators and three registers to

store the average value of H.
1.1.4 Discrete (H Sampling at Sunset)

If the angular momentum is sampled and held at each sunset as shown in Fig. 1-1, the
angular momentum may be dumped satisfactorily. ﬁz is sampled at each sundown at
which time H2 = H1 = HO since @ = 0 during the light side passage. The sampler
and zero-order hold consist of three registers reset once each orbit. A bias vector
ﬁb is added to the output of the hold to make all three components of the angular

momentum approach zero.

In terms of the notation of Ref. 1-2, Table 1-1, the differential equations for the

accumulation of angular momentum, assuming that the principal axes coincide with
the geometric axes (6 = 0) , are

ﬁi =1 for light side of orbit and

4 BG(H o FH) +T for dark side of orbit

1-2
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v

Choose a G such that

n>
2l

2w

One such G is given in Ref. 1-2, Eq. (1.7). Another is given in the following
section.

Define H as I—Il [@n + 1) 27] which is P_Il(t) at sundown of the nth orbit,

1(n)

n=20,1,2, ...
Then

A,  =M+D)'H,, +MIM+D"T-M T

1(n) 1(o)

— n _
+ M +17) ﬁb-ﬁb n=20,1,2,

where

al
>

=

&

For convergence of Hl(n)’ -2<a<0, -2<b<0, and -2 <c < 0. ﬁl(n)
then converges to
F‘Ul 7
= * Hyn
UZ
Hl(oo) = - —B— + Hb2
8)
3
1-4
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The components of ﬁl(oo) may be made equal to zero by setting

H = - Iﬁ
bl a

H - - 2
b2 )

H = - [_1_3.
b3 c

Of the several considered, this method is the easiest to implement, the easiest to
analyze, does not require an assumption as to the form of the disturbance torques, and

is stable. It is therefore recommended for the automatic mode of operation.

This method is also recommended for the manual backup mode because of its sim-

~ plicity. If it is used for both automatic and manual modes, the astronauts should

become accustomed to its operating characteristics and be better able to use it
manually.

1.2 DISCRETE IMPLEMENTATION DUMPING CONTROL LAWS

The purpose of this analysis is to derive general control laws similar in form to a.n

in Ref. 1-2. Several simplifying assumptions are relaxed and the appropriate control
laws are established.

Basically, we are interested in solutions to the following differential equation:
EF H0 + T d (1.1)
where h(et) is a switch governing the operation of the momentum dumping:

1, - , ino,)]
h(et) =3 1 - sgn (8in p + sin Gt)

1-5
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and
ﬁl = components of stored angular momentum in sun-referenced axes
et = true anomaly of the orbit
Q, = mean orbital rate
E = matrix derivable from the gravity gradient torque
F = control law
T 4 ° disturbance torques
—ﬁo = sampled components of stored angular momentum

Making the change of variable 7 = 2 9t , we obtain

- - ==
Hy = h(9)E, FHy+ 1 1.2)

where

=
[

1 —_
3 LE

1 —_
50 14
0o

=
il

The control law matrix F is to be chosen such that the solution of Eq. (1.2) over a
complete orbit is

ﬁo + secular disturbances (1.3)

>

jas)

i

i
o o @
o T ©
0 © o

1-6

LOCKHEED MISSILES & SPACE COMPANY




-

LMSC-A842319

1.2.1 Pitch and Roll in Arbitrary Axes

In order to proceed, the matrix E and the column vector U must be established. The

gravity gradient torques on a vehicle in circular orbit are given approximately by

— _ 2 A — A
T, = 39, R x T R) (1.4)

where R is the normalized radius vector and J, is the inertia matrix of the cluster

1
expressed in sun-referenced axes. As before,
J1 0o o
I, =0 Iy O (1.5)
0 o0 J3
is the inertia matrix in principal axes and
= = - 2
Jl=J2+(axJ2)+(axJ2)'+0(cy) (1.86)

is the matrix transformation from geometric axes (sub 1), to sun-referenced axes,
(sub 2), Here the three angles of a;, i=1, 2,3, are assumed small. However,
the principal axes of the cluster are assumed to be displaced from the geometric

axes by three angles of Vi i =1, 2,3, which are not necessarily small. Here

v is a rotation about x Vo is a rotation about the rotated Yo » and v, isa

2° 3
rotation about the twice rotated z,, axis. So, with
J2 = L Jp L 1.7)
1-7
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and

CyCq " €983 So
L = 0183 + sls2c3 0103 - slszs3 —slc2
_sls3 - 0132c3 8103 + 018283 c102_

where s, = sin v, and c. = cos V,
) ) ) )

the result of carrying out the computation specified by Eqs. (1.6) and (1.7) is

20K 4 05K51M Ky o KyrapRatagKytKy @ KtapK, -ogKatK, ]
= |- - - - - + +

) 1 ole 4+012K3+013K2+K5 2( a1K3+a3K5)+(K0 K2) al(K1+K2) oz2K5 a3K i K3
_ole5+a2Kl -a3K3+K 4 oy (K1+K2)—02K5+a3K 4+K3 2(0le3 —a2K 4)+(K1+K0)

where the following definitions are used:

2
KO (ch3 + J283

2 2\ 2 2 2 (2 2 2) (
(J133 * J2°3) S * <J1°3 + J253> C189 ~ C) T IgC

- 2

2\ 2 2
>°2+J352

K

]

DN
[e]
[N V]
|
n
[\
—

1~ ) 816189853

(.2 22_( 2 z>(zz_z)_ (2
(J153 * J2"3) cy = \J1C3 + Jo83) (8185 ~ C5) ~ Igis;C

-2J -Jd)s c s s
(1 2)112303

A
I

2 2 2 2\ 2 2
=84 [J183 + JgCg - (J1°3 + J2*”3) 8y - J3"2]

- Jz) cos 2 Vl 8,845Co

~
|

- (Jl
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2 2

Ky = Uy~ Jp)8,C985C4 - (J1°3 t Jg83 - J3) €182
K. = J, -J))c.c8,.C +(J02+J82-J>Ssc
5 = 1 7 )0 %8303 * (I G5 * Jg83 - Ig) 88,0,

Now the gravity gradient torque Tg must be computed; for this

R = (cos 6, sing, sin A, sin g cos ) 1.9)

and T =T + T g = controllable torque + disturbing torque.

This is a natural division since the terms containing ai i=1,2,3, in 31
[Eq. (1.8)] are grouped into Tc and the remaining terms contribute to T q° Thus,
by controlling the cluster attitude on the dark side of the orbit through the three (small)

angles a , control of the accrual of angular momentum can be established.

Then

T =290'E @l +T, =20 E.a+ 29 1 (1.10)

a straightforward computation utilizing Eqs. (1.8), (1. 9), and (1.4) yields the matrix
El and the vector @ . They are

-—(Kl +K,) K K, 2 -1 -] %3 0 0]
E. =30 B K K, -K +—3-Q'c'—2 4 -2 0 K, 0
1 4% 5 1 3 470 4
I K, K, Kz_ _—1 -2 ‘ﬂ _0 0 st
1-9
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where B is defined in Ref. 1-2 on page 1-3 and

[~ ]
(1—c,,.)szA 0 0
C = 0 sTcA 0
0 0 s,rsh
L -
where cB = cosB and SB = sinB
and
4y m, me
u = mz -CT m4 +ST m7
mg mg Mg
where the following definitions are used:
m =30 [k +K)Lls —Kc]
1~ 2% %™ 272 Bax T ™3
=34 [ 2 ]
my = 78 |~ Ky8y +K52 21
-3 _x 1 ]
mg = 79 |"K43 89 T K50
m, =3¢ K(1+c)+K ]
4 1% A 52 Soa
-84 [Lx 1 - 2]
ms = 29 |~ Ky Son - K+ )
m =§-Q K,s, - K c]
6 40 |T4a® 5\
-3 _ -
m, =79 |-k ¢ ]
=§Q -K,s, + K c]
Mg = 1% 2 S\ 3 %
1-10
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Thus, with El and u defined, we are in a position to determine the control law

matrix F . The control law matrix is to be determined such that

a 0 o0 h10 41rm1
AH1 = ~-10 b O h20 + 4;»'rm2 (1.11)
0 0 c h30 47rm3

is the solution of the matrix differential equation over a complete orbit.

In analogy to previous control laws given in Ref. 1-2, the most general form for the
control law F is

[0 0 0]
F=-2 1t £ ¢ 1.12)
390 1 2 73
_f4 f5 f6_
where
fi - \pi+ q'iss * riSc
SS = 8gn (sinT)
Sc = 8gn (cos T)

The P; » 9, T which comprise a set of 18 unknown functions of A and the Ki
(i=1,2,...,5)areto be determined. A complete solution for F in the following
form was computed. |

0 0 0o ]

= 4

F = -3—0 Py + 98 8, Py + g8, (1.13)
q4Ss Py * rSSc r6Sc _

LOCKHEED MISSILES & SPACE COMPANY
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However, the functions p, 9, and r are so lengthy and complicated that this

solution is not presented here.

Instead, various simplifications are introduced and the corresponding control laws
derived. First, all v i =1, 2, 3 are assumed zero; this corresponds to alignment
of the cluster principal axes with the geometric axes. Then

Ky =J,, K, = -3, +3;, Ky = -3, +J,, K =K, =K, =0
and
B 0 0 0 ]
F = 3—452— -8, g (1+s)s, Tox 525, (1.14)
(o] 1 1 1
_4;2 ¢S Te}s)T(z SoaSe 8—1(:{; 1+ S |
yielding
T 0 0 0 ]
G = - 25,8, %(1 +82)8, & 5,05, (1.15)
_% °\Ss - lb_e» 85S¢ - % (1 * ci)Sc_

This should be compared with Eq. (1.7) in Ref. 1-2; both are control laws for discrete

implementations but this one contains no constant terms.

1-12
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1.2.2 Yaw Along a Principal Axis

If a single large rotation 2] of the principal axes about the x

the definition

a =16k K, + K)

where, now

_ 2 2 _
K1 = J25;1+J301 J1
- 2 _ 2
Ky =dpey - Jdg38 +J)
K3 = Wy -Jg)sc
"the control law matrix is:
r 0 ’ 0
-aS 2 (1 + sz) - K8
Fo_4 | s Kol *8)) - Kg8pn bS
39, |8 s, - Kge,)) A
) / 2) .
aSg ~2K4(1 +8 ) -K; 8, bS
LS(KZCA + K3S)\) A

1.2.3 Arbitrary Intervals of Daylight and Darkness

LMSC-A842319

0

- 2K, (1 + ci)

+KySo,

2 - K_s

3 2\

cS
c

cS

5 axis is made and with

o

(1.16)

Throughout the previous analysis it has been' assumed that momentum dumping will
be performed during precisely one half of the orbit, i.e., on the dark side. A more

1-13
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realistic model would account for the asymmetrical light and dark sides of the orbit.

Consider the following sketch:

DARK SIDE <«4+——— SUN'S RAYS

TERMINATOR o

Typically, p = 15 deg. Thus the light side of the orbit would consist of - p < 9t <

m + p and the dark side from 7+ p < b <27 - p. With this asymmetry introduced,

the control law corresponding to Eq. (1.15) was derived. Defining

-“—"“—2"‘"“— =.__2___. = . _
Cl ~ 1 + cos 2p°’ Cz 2 -8sin2p’ Ao 2(sin 2p -1 + 2p)

-8,p s.,C, p
61 = €2 = AAA
Ao o
2
¢ - SXCAP c = CAP
3 A 4~ A
o o
we have
0 0 0 ]
- aC 1+ 8 i s.cC
= 1 A A A
G= |—78,8, bC,, BE 8, + 61_ cC, [ g S, t esjl (1.17)
aC1 - 87\07\ 1+ c?\
—z %5 bC, 8 Sc + & <Coy |- —5— S + €4 |

It is noted that Eq. (1.17) reduces to Eq. (1.15) when p = o .

1-14
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Similarly, the control law corresponding to Eq. (1.16) can be established. If addi-
tionally we define

2 2
- 8<2K237\ - K352A)p - S(Kzszx - 2K3°A)‘°
6 = A, 6y = A,
2 2
5 - 8(Ky55, * 2Ky8 )o 5 - 8 (2K ) + Ky95)P
2 A, 4 A,

the appropriate control law is:

0 0 0
-aC.S

_ bC C
F= ?‘s‘:—o W =% ,[2'(2(1 +a3)- Kg#on] S, + 61| = [" ?Ka(l +e}) - KZBZAISc *41 (1.18)
aC.§ bC cC
oua e Bl (N (R RPN PR "zl El R VRO E

Note again that Eq. (1.18) reduces to Eq. (1.16)if p=0.
1.3 SUNSET H SAMPLING SYSTEM SIMULATION

The vehicle will be required to maneuver through angles as large as 15 deg to make

use of the gravity-gradient momentum-dumping laws derived in subsection 1.2. The
derivation assumes the vehicle can follow four consecutive step commands with zero
error. Clearly, the control system will lag behind the momentum-dumping commands.
To demonstrate the sensitivity of the momentum dumping to these maneuver errors, the
discrete (H sampling at sunset) momentum-dumping control law was incorporated in

a simulation program. The simulation program showed that the vehicle will not follow the

1-15
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required step command changes without intolerably large errors. This result was
obtained with both the Langley attitude control law and the cross-product H feedback
attitude control law. It is concluded that while the momentum dumping law is practical,
the attitude control laws (which provide acceptable null attitude control) will require

modification to make vehicle maneuvers feasible.

These modifications would be the subject of further studies. The recommended studies
would consist of evaluating the following considerations: (1) filtering the step com-
mands to reduce the required gimbal angle rates, (2) inclusion of the cos ? division
in the commanded value of J\i to increase the loop gain at large values of 2 (cross-
product law) (3) modification of the Langley control law to agree with Eq. (5.6) of

Ref. 1-1, and (4) implementation of more complex control laws to eliminate or

minimize the cross-coupling which appears to restrict maneuvering capability.

1.4 REFERENCES

1-1. Lockheed Missiles & Space Company, Conceptual Design and Analysis of Control
System for Apollo Telescope Mount, by Dr. D.R. Ingwerson et al.,
LMSC-A842157, Sunnyvale, Calif., 17 Mar 1967

1-2, -———- , Final Report for ATM and Cluster System Analyses, Augmentation
Task Nos. 1 and 19, LMSC-A842251, 7 Jul 1967

1-3. -—-- , User's Manual: Apollo Telescope Mount Simulation (ATOMS),
by L.M. Reinkens and W.L. Wong, LMSC-A842251-1, Jun 1967
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Section 2

EXPERIMENT POINTING SYSTEM SIMULATION

LMSC-A842319

This section summarizes the simulation results for MSFC's version of the Experiment

Pointing System (EPS). The simulation, ATOMS, was extended to include (1) a more

elaborate sensor model, (2) constraints on the inner gimbal angles and inner and outer

gimbal angle rates, (3) the cross-product control law with H-vector feedback, and (4)

continuous and discrete momentum dumping control laws.

2.1 MATHEMATICAL MODEL

The following equations are consistent with the ATOMS user's manual (Ref. 2-1) and

have been implemented in ATOMS.

2.1.1 Cross-Product Attitude Control Law

r7'\1 -sin A,
5\2 ~ -cos }‘2
Ag 0
c'pl B -sin ¢, cos A
'¢2 sin ¢, sin A,
'¢>3 cos ¢4

Without H-vector feedback:

0
- sin )\2

- COS 7\3

cos ¢1

- sin ¢>2 cos }‘2

sin ¢3 sin A3

-COS A
0

~sin 7\3

sin ¢ 1 sin }‘1

cos ¢>2

- sin ¢3 cos A

LOCKHEED MISSILES & SPACE COMPANY
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€] Ty1 893 ¥ Top g ]
€| = Flz('Am) * DooWs

-1 °
€3] [ Pagten (A12/A22) * Tagwsg)|

With H-vector feedback:

-
Hoy - :112(1)
MAG
€ KS1 0 0 H2(2)
€, = 0 K82 0 H22 - HMAG
€g 0 0 K83 H. ()
Hog ~ H2
L MAG-
where
Hyp = T+ Ty 9y
Hyy = Ty ('Als) R
ﬁzs = T)gtan”t (‘;12/‘&22) * To3¥s
and
H2 (I) = stored total CMG angular momentum vector
Hyr AG = magnitude of the CMG angular momentum
7'\1 = outer gimbal rates
&bi = inner gimbal rates
Ai = outer gimbal angles
o = inner gimbal angles
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o

ij inertial position

wg = body (1) rates
Saturation:

4.54 deg/sec Xi > 4.54 deg/sec
Xi - | ii Xi =< 4.54 deg/sec
4.54 deg/sec ('pi > 4.54 deg/sec
¢ = (.Pi ¢, = 4.54 deg/sec

[ 70 deg, Zpi =0 ¢; > 70 deg

¢i - ¢i ¢i = 70 deg

- W3 ’W3' 5K3
o
K35g'nW3 [W3’ >K3
. W, |W,| <K,
B .
‘K4sgnW4 ]W4[ >K4
WV, Kii KoV Kig Ug
= +
W, 21 22| Va Ko5 Us
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v - vy [Vlf SKl
3
LKlsgnV1 ]Vlf >K1
v - v, [Vzl 5K2
4
sz sgan [Vzl > K2
where for position sensors:
: 1 ° 1
vV, = - — [CA] - =V
1 T 13 1 1
. 1 ° 1
v, = — [CA] -2
2 T 23 Ty 2
. for rate sensor:
U1 = U2
“'J'2=—w U, -2¢w U2+wiw4
1 il 1
Ug = Uy
{I'J=—w U, -2¢,w U+w2w
4 9 3 2 n, 4 n, 5
for torquer:
: 1
Wy = oW - Wy
3 3
. 1 1
W, = —W_, - —W
4 4 2 Ty 4
2-4
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U]

il

2.1.3 Continuous Momentum Dumping

0

-KM (1) sgn(sin2P)

KM (2) sgn(sin2P)

(F1) H2

A+
Ay, + CM (1)
-Ai5 + CM (2)

]

22

For either CMG control law, replace in CMG model

LOCKHEED MISSILES & SPACE COMPANY

saturation levels

EPS gimbal torques
gyro natural frequency
gyro damping ratio
position measurement

body 2 rate measurement

KM (3)sgn(cos2P)

/A
tan~! <A—12> + CM(3)

]

1

LMSC-A842319

0

KM (5) sgn(cos 2P)
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-

where

P = true anomaly measured from sunrise
KM (i) = input gains

H2 = current total stored angular momentum
CM

11y

momentum dump control signal

2.1.4 Discrete Momentum Dumping

0 0 0

i

F1 -KM (1) sgn (sin 2P) KM (3) sgn (cos 2P) KM (5) sgn(sin 2P)
KM (2) sgn(sin 2P) -KM (4) sgn (cos 2P) -KM(6) sgn (cos 2P)

H2 = sampled at sunset only

O
=
i

(F1) H2

Proceed as in continuous case

2.1.5 Initial Conditions

In order to investigate the MSFC cases, the data presented in Tables 2-1 and 2-2 were

used. The three cases were initialized with telescope offsets as follows:

Case1l: B = 2.5 arc sec
a =0
Case 2: o = B = 100 arc sec

Case 3: ¢ = 0
B =0

where o« and B are telescope gimbal angles.
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Table 2-1

INERTIA PROPERTIES, MASSES, AND HINGE LOCATIONS

Carrier:
Jyq = 819, 147 kg-m?
Jop = 4,412,603 kg-m2
Jgg = 4,383,947 kg-m?2
J g = -191,285 kg-m?2
J3 = 45,809 kg-m2
J23 = -15,172 kg-m2

Mass (M,): 52,026 kg

Hinge Vector:

H, = 106.3m

H, = 11.8m

H, = 237.1m

Spar:

Jyq = 954 kg-m?2

Jos = 2111 kg-m?
Jgg = 2309 kg-m?2
J_.=Jd,=4Jd..=10

45 46 56

Mass (Mg): 2000 kg

Hinge Vector:

LOCKHEED MISSILES & SPACE COMPANY
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Table 2-2

CONTROL DATA FOR MSFC CASES

Item Values

Control Moment Gyros

Inner Gimbal Orientation (Initial) 91 = 9y = @3 7 0

Outer Gimbal Orientation (Initial)
Angular Momentum

Control Gains

Gyro Natural Frequency

7\1 = 7\2 = ?x3 = 45 deg

HCMG = 2720 N-m-sec

w, (1) = w,(2) = 188.4 rad/sec

LOCKHEED MISSILES & SPACE COMPANY

Position Gains 1"11 = 66.6; I‘12 = F13 = 358 rad/sec
Rate Gains ]."21 = 212; 1"22 = F23 = 1140
Langley law without saturation is used.
Telescope
Position Sensor Saturation 'Kl | = ]Kz | = 0.00038 rad
Torquer Saturation ’K3 } = [K4 [ = 20.07 N-m
Position Gains K12 = K21 = 2,419,220 rad/sec
Rate Gains K14 = K25 = 208, 850
Flexure Pivot Constants K(fx = K% = 70 N-m/rad
Back EMF Constants Ca = C/3 =0
Position Time Constants T, = Tg = 0.016 sec
Torquer Time Constants g =Ty 0.003 sec
Gyro Damping Ratios £y =t = 0.707
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For case (3) the disturbance torque about carrier e, axis

1

T

A

Asindrt

Amplitude = 158,000 N-m

For these data, this vehicle was placed in a circular orbit at 463 km altitude in the

ecliptic plane at the vernal equinox. The carrier offsets are nulled.

2.2 RESULTS

The transient response of the ATM control system is presented in Figs. 2-1 through
2-3 for the three MSFC cases. The nomenclature associated with the automatic plots

is presented in Table 2-3.

The first MSFC case is depicted inFigs. 2-1a through 2-11. An initial offset (3) was
introduced on the telescope of 2.5 arc sec. It is of particular interest to observe the
Euler angle history of the telescope (TH 4, TH 5, TH 6) on Fig. 2-1i. From these
results it appears that system gains are sized to yield a highly damped system. There
is no overshoot and the 10- to 90-percent rise time is about 0.14 sec. Thus the swift-
ness of the response is quite high. The minor oscillations in this response are due to

the sensor characteristics.

The second MSFC case illustrates the response of the EPS to an initial offset of 100 arc
sec on boththe @ and B EPS gimbal axes. Since the EPS control system has a very
fast response, the method used in atoms to simulate the saturation of the EPS nonlinear
control elements is inadequate. As a result, the time-response characteristics pre-
sented in Figs. 2-2a through 2-21 do not illustrate any nonlinear control elements.
Figure 2-2i illustrates the EPS Euler angle history (TH 4, TH 5, TH 6) and shows a
highly damped system.

2-9
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For the MSFC case 3, a sinusoidal disturbance torque was introduced about the e;-axis
of the carrier. The corresponding transient response of the system is shown in Figs.
2-3a through 2-3l. Figure 2-3g illustrates torque history. TCA and TCB are the EPS
control torques about the @ and g gimbal axes. TP1, TP2, TP3 are the CMG control
torques combined with the sinusoidal disturbance torque. Since this disturbance torque
is applied only about the ej-axis of the vehicle it appears only on the TP1 time history,
combined with the applied CMG control torque along that axis.

The effect of this disturbance torque on the EPS is illustrated by the Euler angle
histories (Fig. 2-3i) of the telescope or EPS. In particular, the TH4 Euler angle
illustrates the major pointing error of the EPS. This error appears nearly as a ramp,
which may not be satisfactory for the EPS, although there is insufficient data to say

conclusively that it is an unstable condition.
2.3 REFERENCES

2.1 Lockheed Missiles & Space Co., User's Manual: Apollo Telescope Mount
Simulation (Atoms), LMSC-A842251-1, Sunnyvale, Calif., Jun 1967
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Label
TIME

w1, w2, W3

W4, W5, W6
Ql1, Q2, @3, Q4
ALPHA, BETA
ALPHAD, BETAD

LAMDA1, LAMDA2,
LAMDAS3

PHI1, PHI2, PHI3

TCA, TCB

TP1, TP2, TP3
TH1, TH2, TH3
THD1, THD2, THD3
TH4, TH5, TH6
THD4, THD5, THD6
H21, H22, H23

H2

PSI

LMSC-A842319

Table 2-3

LABELS USED IN PLOTS

Explanation
Time (sec)

Cartesian components of angular velocity for Body 1
(deg/sec)

Same as above for Body 2 (deg/sec)
Euler parameters for Body 1
Euler angles of Body 2 relative to Body 1 (deg)

Rates of Euler angles (deg/sec)

Outer gimbal angles for the three CMG's (deg)
Inner gimbal angles (deg)

Total torques applied to Body 2 (for S and B respectively)
(N-m)

Torques resulting from CMG control (N-m)

- Euler angles for roll, pitch, and yaw of Body 1 (deg)

Rates of above quantities (deg/sec)

Euler angles for roll, pitch, and yaw of Body 2 (deg)
Rates of above quantities (deg/sec)

Components of total CMG angular momentum (N-m-sec)
Magnitude of CMG angular momentum (N-m-sec)

True anomaly of orbit (deg)

2-11
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Section 3
VIBRATION STABILITY ANALYSIS

Vibration of the AAP Cluster introduces serious limitations on the speed of response
obtainable. The control system must not only produce satisfactory rigid-body motion,

it must at the same time avoid introducing unstable vibratory motion,

The modes of free vibration are of two distinct types: those in which the motion occurs
wholly within the x-y plane and those in which out-of-plane displacements occur. For
small angular displacements, the three-axis control problem can therefore be broken
into two separate problems. Motion within the x-y plane produces rotations only about
the z-axis so that control about the z-axis can be treated as a single-axis problem.

Out-of-plane motion, on the other hand, produces rotations about both the x and y axes

‘and consequently the analysis must include the effects of cross-coupling between these

two axes.
3.1 Z-AXIS CONTROL

The block diagram for z-axis control is shown in Fig. 3-1, where the vehicle dynamics
are composed of the rigid-body inertia plus the seven in-plane bending modes given in
Ref. 3.1. The natural frequencies of each mode are given in this reference; all were
assumed to have damping ratios of 0.01., The gain factor associated with the ith mode

is given by the expression

6 (2) 9] (b)

K
i M,

where ¢; (a) is the slope of the normalized mode function at the CMG location,

¢{ (b) is the slope at the sensor location, and Mi is the generalized mass for the ith

LOCKHEED MISSILES & SPACE COMPANY
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mode. These quantities are tabulated in the reference. In the analysis the CMG's
and sensors are all assumed to be mounted on the Rack at a point equivalent to node
15 (in the reference). It is apparent that the system performance will depend upon
the placement of the CMG's and sensors and that the total angular displacement shown
in Fig. 3-1 represents the displacement at the sensor. It is also apparent that the
disturbance torque shown in Fig. 3-1 represents a torque at the CMG location. In
general, disturbance torques must be added in through gain factors dependent upon
their points of application.

For the assumed CMG and sensor location, the vehicle dynamics can be represented
by the pole-zero locations shown in Fig, 3-2. Considering only rigid-body motion,
satisfactory control can be achieved by using a control torque proportional to position
plus rate. Figure 3-3 shows the open-loop frequency response using such a control
torque when the effects of the bending modes are included. To improve the low-

frequency response, the gain should be increased from the value indicated on the

- figure. The gain cannot be increased appreciably, however, without causing insta-

bility at a frequency near that of the lowest frequency bending mode (12 rad/sec).
This problem can be avoided by eliminating the rate gyro and adding a compensation
network that attenuates all the bending mode frequencies. This approach was used by
both Marshall and LMSC. The transfer function of the compensation network recom-~
mended by Marshall is

(1 + 8) (1 + 28)

' 2 _ . 2
[1+2(°'Ds+ 52“1+—(—2220é7 S + —5 ]

2 (2) (2.8)

The open-loop frequency response using this network is shown in Fig. 3-4.

The network used by LMSC is given by the transfer function

3-3
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The open-loop frequency response for this network is shown in Fig. 3-5.

The Marshall and LMSC networks produce comparable performance, each having a
bandwidth of about 1 rad/sec.

3.2 X AND Y AXIS CONTROL

Control about the x and y axes is considerably more difficult to analyze because of the
crosscoupling between the two axes. Both control loops contribute to the characteristic
equation. Withthe 11 modes of vibration and compensation networks of the form used for

the z-axis, a system having up to 36 poles results. The block diagram for this case

. is that shown in Fig. 3-6. Analogous to the case of z-axis control, the Kxi’ K . and

yi
Mi are obtained from the reference for the 11 out-of-plane modes of vibration. Trial

runs used the same control schemes for both the x and y axes as were used for the

z axis except that the gains were adjusted so that the ratio of gain to rigid body inertia
were the same as those for the z axis. Open-loop frequency responses were obtained
by opening the x-axis control loop while leaving the y-axis loop closed. Figure 3-7
shows the frequency response when using a position sensor plus rate gyro without any
other compensation network. It is apparent that this leads to an unstable system.
Figures 3-8 and 3-9 show the frequency responses using the Marshall and LMSC net-
works, respectively, with the rate gyros eliminated. The responses are similar
throughout the frequency range of interest and represent stable systems. For the gain
shown, the bandwidth is rather narrow and can be improved by increasing gain. Since
the shape of the x-axis open-loop response depends upon the y-axis gain, it is not
readily apparent what effect increasing both gains would have. If the y-axis gain is
left unchanged, then the figures show that increasing the x-axis gain by about 20 db
will improve the x-axis bandwidth. Adjustment of the y-axis gain would require further
study but it seems likely that it should be increased by the same factor. It is expected

that a bandwidth of about 1 rad/sec for each axis can be achieved.
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Section 4
MATHEMATICAL MODEL OF THE FLEXIBLE ATM CLUSTER

4.1 INTRODUCTION

The model derived in this section is an extensive generalization of the one previously
described in Section 6 of LMSC-A842157, dated 17 March 1967. While the equations
describing the telescope, the control moment gyros, and the corresponding control
laws retain the same form and are not repeated here, the total system of equations
within which these former equations are now to be coupled has been completely

revised to account for the flexible modes of attitude motion of the ATM cluster.

" The basic point of view adopted in the derivation of the present model is that the

flexible ATM cluster is not a homogeneous deformable continuum, but rather a net-
work of interconnected rigid bodies subjected to continuous rotational deflections about
these interconnections. The structural "topology'' of the cluster provides an excellent
physical motivation for this assumption, with the possible exception of the solar panels,
which may perhaps be better described as continuously deformable media. However,
from the point of view of a subsequent computer simulation program, the enormous
complexity of combining the partial differential equations of continuum mechanics with
the ordinary differential equations of rigid body mechanics seemed to preclude any
possibility of arriving at a numerically tractable scheme in terms of realistic com-
puter time. Indeed, such a mixed formulation requires, in general, that several
boundary value problems be solved between each pair of successive integration points
in the time domain. The assumption that the panels may also be treated as rigid
bodies bending about their attachment points therefore appeared as a very reasonable

compromise.

While it can be expected, on physical grounds, that the rotational bending about the

various idealized hinge-points will indeed be small, no such assumption was made in the
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derivation of the dynamical equations. The equations derived are complete and fully
nonlinear, the intention being that they constitute an exact formulation from which
subsequent linearizations may be made; to have proceeded with the standard
linearized normal-mode vibration analysis would be begging the question insofar as

determining the effects of nonlinear dynamical couplings is concerned.

As in the previous formulation given in LMSC-A842157, the Eulerian form of the
equations of motion was adopted rather than the Lagrangian form. In this way it

was possible to derive the dynamical equations without fixing a priori the number of
rigid bodies in the network decomposition of the ATM cluster, even though the specific
derivation given refers to a ten-body decomposition. At the same time, the total
number of degrees of freedom of the system may be increased or decreased by
decreasing or increasing (respectively) the number of corresponding 'locked-mode"
constraint torque equations. This is particularly useful in allowing one to adjust the
model easily to possible subsequent design changes, especially in view of the fact that
in the Eulerian formulation scalar components of torques and moments of forces are

" along body axes rather than along generalized axes corresponding to generalized

coordinates of a Lagrangian formulation.

The notation employed in this model is analogous to but more complex than the one
used in LMSC-A842157. Because ten bodies and nine hinge points will be involved,
it will be necessary to introduce doubly-indexed physical vectors and summation sets
in order to achieve a systematic and consistent derivation of the system equations.

This revised notation is defined in this section.
4.2 ASSUMPTIONS AND NOTATION

In an exact sense, the entire ATM vehicle can be represented as a continuously
deformable system with a very inhomogeneous distribution of bending characteristics.
That is to say, if we regard the ATM vehicle as a cluster of interconnected parts, the
flexibility across the interconnections is in general much greater than the intrinsic
flexibility of each component part. Consequently, it is physically realistic to con-
sider the system as a network of rigid bodies interconnected by elastic dissipative

joints or 'hinges". This network decomposition of the ATM vehicle into a system of
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interconnected rigid bodies can be made as large as necessary; for example, the
S-IVB, which in one sense represents one body of the system, could be broken down

dynamically into several interconnected rigid parts.

For the present mathematical model we have assumed a ten-body decomposition of
the ATM vehicle as shown in Fig. 4-1. The ten bodies are interconnected by nine
junction (nodal) points located as shown in Fig. 4-2. These nodes act as generalized
"hinges" about which relative rotational motion can occur between the corresponding
adjacent bodies. Of these nine junction points, only the one labeled 2 (i.e., the
geometric point at the intersection of the telescope's gimbal axes, providing these
gimbals do not bend) has a set of physical gimbals associated with it. The remaining
eight junctions are conceptual hinge-points, i.e., centers of relative rotation between
adjacent bodies. If large relative rotational motion were to be considered about any
of these conceptual hinges, any specific parametrization of this motion (e.g., in
terms of some set of Euler angles) would imply a definite sequence of single-axis

finite rotations in the presence of physically nonexistent gimbals. For small

~ motions, however, the commutativity of small-angle rotations guarantees consistency

between the actual physical process of rotational bending and whatever angle-
parameterization is chosen to describe it mathematically.

It is worth emphasis that, for the purpose of deriving the dynamical model, an exact
mathematical description of the relative rotational motions about the various hinges

is not needed; the complete mathematical formulation becomes necessary only for

the kinematical equations and for the component-scalarization of the vector dynamical
equations. It suffices to observe that for each such hinge about which the rotational
motion has less than three degrees of freedom there will arise equal and opposite
constraint torques on the adjacent bodies connected by that hinge. The occurrence

of such "locked-modes" of rotation (whose axes are the supports of the associated
constraint torques) can arise quite naturally when one chooses to approximate the
actual rotational bending taking place about a given hinge. If we consider, for
example, the possible attitude deflections of the CSM (body 9 in Fig. 4-1) relative

to the MDS (body 10) to which it is docked — the docking being described mathematically
by hinge 9 — it can be expected that the axial elastic restoring moment about the CSM's

long axis is much larger than the ones about transversal axes orthogonal to the
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long axis. It may be desirable, therefore, to disallow rotational motion about the
CSM's long axis and to consider only transversal motion across that axis. That is
to say, the rotational bending about hinge 9 would have only two degrees of freedom
and would give rise to a constraint torque about an axis identifiable with the CSM's
long axis for small deflections.

It is clear that approximations such as discussed above are useful primarily in
narrowing the dynamic range of natural frequencies that will occur in the digital
simulation program, but the decision to introduce them into the model must be based
on detailed tradeoff studies between the numerical tractability of the model on the one

hand and the ignorability of high-frequency dynamical effects on the other.

Referring now to Figs. 4-1 and 4-2 (and keeping in mind that an additional breakdown
into more bodies and hinges may be required for a subsequent analysis) we define

the following summation sets:

s ={1,2,3,4,5,6,7,8,9,10} set of (labels of) the ten bodies

Ay, Vs e lower case Greek letters, used as indices
denoting typical elements of S; e.g., A€S

J = {1,2,3,4,5,6,7,8,9} set of (labels of) the nine junction points or
hinges interconnecting the ten bodies.

joKy oot lower case Latin letters, used as indices,
denoting typical elements of J; e.g., j€d

Jd A (for each A€f) set of (labels of) those hinges on body A; e.g.,
I10 = {1,7,8,9}, Jg = {8}, etc.

S AL (for each Ae€S, jed }\) set of bodies connected to body A at hinge j,
'J possibly by a chain of intermediate bodies
k}\(,u) (for A = p) that particular hinge on body A which leads to

body u; thus, k. (p)ed
A A
S, . = S i i
Al }‘kx( 1) abbreviated notation for the connected set of

bodies attached to that hinge of body A which
leads to body u (includes body p as well as
others ''in that direction")
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Cpuv ={k |k, (r) # kv)} chain of bodies directly connecting body

R
R

For AeS and jeJ

AE

Ap

m,

m

8
>
g~

My Dy of =Y Hy € ;@H

W34
R Rl

==}

>
by

O

O Ot

>

>

> >

Ayj

]

to body v (body p and body v not included)

s-{a} abbreviated notation for residual sets whose
definitions, as indicated, are self-
S - {A}- s, u explanatory

A let

mass of body A

12,1 m, = total mass (the sum l? is understood to range over all veS)

Zv es. M, (total mass of bodies in set SMI previously defined)

Ap
inertia dyadic of body A about its center of mass
angular velocity vector of body A
external force on body A
external torque on body A
vector from an inertial origin to the center of mass of body A
vector from inertial origin to system's composite center of mass

interaction force on body A, transmitted through hinge j

torque on body A, transmitted through hinge j (due to springs,
dampers, and "gimbal' constraints, if any)

vector from center of mass of body A to hinge j
H u for any peS

A ALj
-1-5 = _ —1"
- z | > mm Ha.; D mm Hy,
jed, uesh,j p= A
(by above convention for H Ap )
D, + HA,j
(Thus D, 5 = D, , foranyues, )
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wll

A = (mD} Z, =A% Au)l (m,D,D, + zuﬂmqupru)

(1: identity dyadic)

A &, * X, = ¢,ade, =

*

Bl

m(Dp.ADAp - DNA . DMJ.]') forp = A

This completes the list of notation and definitions.

The physical interpretation of the various D vectors and the dyadic &* defined above

is quite straightforward. If for each jed 5 We augment the mass distribution of body A

by point masses X ,m, located at the hinges j respectively, we obtain a new

vV €S)
J
center of mass for the augmented body A. In Fig. 4-2, this new center of mass, which

we call barycenter, is denoted by a full black dot. Then in body A, ﬁ}\ is the vector
from the barycenter to the original center of mass, while ﬁx . is the vector from the

2

barycenter to hinge j, for jed \ (Equivalently, for pe S)\ i’ is the vector from

Ap
the barycenter to hinge j; these are different notations for the same vector, and in

D is quite

Fig. 4-2 the notation D}\,j is used. The symmetric notation H au’ Pau

i
i
i
i
i
i
i
i
useful, as seen in the definition of ﬁ}\, in allowing one to replace double sums by l
simple single sums.) Finally, &* is the inertia dyadic of the augmented body A about
its barycenter. From the definition of the barycentric vectors B)\ and EA;L , we have l
the identity
i
i
i
i
i
i
i
i
i

I
of

2 m D, 4.1)

oA
4.3 DYNAMICAL EQUATIONS (PRELIMINARY FORM)

Newton's and Euler's equations for body A are

- -H _ o
F, o+ z Fp; = mP), (4.2)

-

H
2 XF}\j 4.3)

il
>
€t
>
+
€4
>
X
L=l
€}
1}
=34
>
+
=14
as
+
js=}
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We shall use Newton's equations to eliminate the unknown hinge into action forces

-

FI;J. from the Euler equations

From the definition of the hinge vectors H we have

P, —Py = —Huv M zxecuv(qu -H ) Hvu
and hence
m(p, = p) = Z,.,m(P, - P,)
= I, lem)H znecwmv(H w ~ Hg) + mH

Renaming the summation index in the last term in brackets and using the definition

for 5” in the first term in brackets, the above becomes

- - - + - _ - -
p) mDH zvguzKGC“V mV(HK“ HKV) + zx*umKqu(4'4)

m(p, -
(P,
In the double sum appearing in Eq. (4.4), the maximal range for the inner summation
index « is the set R“ - T, where T is the collection of terminal bodies in S, i.e.,
bodies having only one hinge. On the other hand, for a fixed «, the corresponding
range of summation for v is the set R xy Which is empty whenever €T. Hence the
e

maximal range R, - T for the index k can be trivially augmented to R,, when we

K [
interchange the order of summation in the double sum of Eq. (4.4) (observe that
RKH =R, - qu andH , = HKH whenever veSK“)
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-

Z:v # L Kecuvmv(ny -Hy)

= 2K¢“2V€qumv(H - H

Z:K#“[(m— m - mK“)HW - zveRK _ SK“mVHKV]

= 2K¢#[(m-mK—mKM)HKM - EV:éKmvHxv + m"# kit

==}

- K::,u[(m m )H - ZV#KmVHKV]

= 2. ,lm- m)H + mD,_ ]

= K¢'u(mD'u ~ mKHK,u).

(4.5)

in which we have used again the definitions of the barycentric vectors D. Substituting

Eq. (4.5) into Eq. (4.4) and dividing both sides by m, we obtain

T -2 =D + 3 D
Py =P = D, k =uPiu
Next, by summing Newton's equations (4.2) (written for p instead of A) over all

pesS A we can isolate the hinge interaction force FH ot hinge j on body A:

Aj

-hH _ - _ _’;
XFy 2 (Fy - myp,)
HeSy g

- -1 - pg -
- > - -
z [FH m#(m vFv) m“(pu P )]
ueSA’j

since P = m~1 E:Fv by Newton's law. Thus the last term in the Euler (4. 3)

i.e., the moment of the interaction forces on body A, is given by
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-- -’H - 1 3}
z HA,J XFA = z HA“ X[F - m (m 12}: V) - m“(py'— p):l
JGJA pEA
= -> - + - x-b _ _ .
B, xF, an < F z m H, *(B, -7) .8
po=A BFEA

Now we substitute Eq. (4.6) into the last term of Eq. (4.8) and obtain

S mac BB - Sm, B m S 5,05, wo

o Z A prEA = A

The intermediate steps required to establish Eq. (4.9) are nontrivial and constitute the
main difficulty in the derivation of the dynamical equation. These steps are outlined
below; however, the reader who is primarily interested in the final equations of
motion may proceed directly to Eq. (4. 10).

The first step in substituting Eq. (4.6) into the last term of Eq. (4.8) leads to

- b L - -~

-2 .,mH, X(p -p)=-Z _.mH, x(@O

. (4.9a
BEAT WA M KEATUTA L ). (4.92)

" + Z o Dvu
The terms on the right corresponding to v = A are - Eu = muHAu p DM‘ and are
the desired first term on the right of Eq. (4. 9). For the remaining terms in
Eq. (4.9a) (corresponding to v # ), we eliminate ﬁ“ by use of identity (4.1)

and have left (denoting explicitly the summation ranges in terms of the residual
sets R)

z z m (d, xD) z z m, “xﬁw). (4. 9b)
HER, veR WeR, veR {7\}

Consider the second double sum in (4. 9b) in which the summation indices are
p and v. Clearly, the combined summation range of the ordered pair (u, v) will be
a subset of the cartesian product set Sx§. Furthermore, this combined range is
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symmetric in the sense that (u, v) is an element of it if and only if (v, u) is also
contained in it. By virtue of this symmetry, we interchange the indices p and v in
the summand (only) of the second double sum in (4. 9b). Rewriting then (4. 9b) in

factored form, we have

z z m, H,, XD, ) - z m,H,, xD,,) (4.9c)
BeR, | vER veRM-{A}

Now, from elementary set considerations, we have (using U to denote only disjoint

unions)
R =S UR ,, 4,
” A A (4.94d)
R” -{A} = [R, - (8- S,M)] u R#A, (4.9e)
- - ; whenever veSiM,
D'uv = DI.LA (4'9f)

lwhenever velR, - (S - S“A)],

and
whenever veR .,
wA

H)w = H)»,u (4.9g)

whenever ve (S - Sp)\) .

where, in Eq. (4.9f), we have used the fact that R, - (S - S,u)\) = SH}\ - {7\} .

Decomposing the (inner) summation sets in (4.9c) according to (4.9d) and

(4. 9¢), we see that the sums over veR pA cancel because of the replacement made
possible by Eq. (4.9g). Using next the replacement Eq. (4. 9f) in the remaining sums,
(4. 9¢) reduces to

2 z mvHAu - Z mVH)W X D,.M (4.9h)
HeR, ut-:S’M ve[RA—(S—S“}\)]

Finally, the second (inner) sum in (4.9h) can be written as the difference of a

sum over R)\ and a sum over S-S“A; in the latter sum, replacement (4.9g) is
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valid and a further breakdown into sums over S and over S# A will then allow
calcellation with the first (inner) sum in (4.9h). Recalling the definitions of the
barycentric vectors D (given at the end of the list of notation) and the fact that

i # A whenever pe RA’ we collect the sums remaining in (4.9h) and obtain

Z a2, jem ), + miy 1Dy b= 2, ((mD, + mil, ) xD

= B eaPau Pua

and this establishes Eq. (4.9) previously stated.

Returning to Eq. (4.9), we compute the first term on its right-hand side, using
identify (4. 1) and the definitions fo the barycentric vectors D and the dyadic
X < One obtains

el

- Z m H, xD, = - 2 m, B, x D, - mB, xD,
pEA LEA

- 45 .3
= @&y e

AT %

il

N W N

i
P

This last term has the same form as the left-hand side of the Euler equations

]

(4. 9i)

(4.10)

(4. 3) and suggests, therefore, the definition 3% = &, + X previously given.

A A A
Using this definition, we substitute Eq. (4. 10) into Eq. (4.9), Eq. (4.9) into Eq.

Eq. (4.8) into Eq. (4.3) and obtain the first form of the dynamical equation

el

x - o
A 9y T oW, X

el

* -t _-» -.H - L
A°wA_TA+zTAj+D7\XFA
A

jed

+ z By, * F, + mD,,)
B=2A
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where

=5 xD.+% x@ xD 4.11
w D w ('u #}\) ( b)

In the above, as in the starting equations, Eqgs. (4.2) and (4.3), it is clear that the
overdots denote time derivatives in an inertial frame. (Recall that @ Y is the same

whether the time derivative is w.r.t. an inertial frame or w.r.t. a frame fixed in
body A.)

4.4 GRAVITY-GRADIENT TORQUES AND MOMENTS OF GRAVITATIONAL FORCES
ON THE ATM

Because the ATM vehicle consists of ten interconnected rigid bodies, the gravitational
effects on its attitude come not only from the individual gravity-gradient torques
acting on each part separately but also from the hinge-moments of the gravitational
forces acting on each part. This situation arises because, for an arbitary deforma-
tion of the entire system, the so-called cancellation of gravitational pull by centrifugal
effects occurs only for the composite center of mass of the entire system. The
residual gravitational pull on each component part produces a moment comparable to

the classical gravity-gradient torque and therefore needs to be evaluated.

Let v be the Earth's gravitational constant as appears in the gravitational force
equation

daF% = - yp 2 pam
where
p = P/p is the "local vertical" unit vector.

Now we separate from the total external torque T ) on body A the gravitational part:

- _-.G —
T, = Ty+ T, ,

4-14
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where
~G " = A
Ty = 3v0%) (bx &, - p) (4.12)

is (to first order in the ratio of satellite dimensions to orbital radius p) the (differen-
tial) gravitational torque on body A, while T 7'\ is the sum of any other external torques
on body A.

Similarly, we separate from the total external force F A the gravitational part

- - "G -,
FA F)\ + FA
where
-.G -3 - -3 ;> I AA - -
Fa = vmap By - vmyp U E 4 (1-35p)(Fy - B (4.13)

is (to second order) the gravitational force on body A, while ¥ 7'\ is the sum of any

other external forces on body A.

On substituting Fg + -F.A for f}‘ in Eq (4. 11a), we obtain, by manipulations com-~

pletely parallel to the derivation of Eq (4.9)

- "G - "G : - = z
DAx FA + z D}\p,x F’L = - m,uHAy,X G. + m
[T A HEA

Qll

) (4.14)

where the linear operator G = ('y/'p3) (T - 3 pp) here replaces the operator d2/dt2
which previously appeared in Eq. (4.9). The first sum on the right reduces to

(3v/ p3) (px )=(A. p) and thus combines with :EA of Eq. (4.12) resulting in the gravity-
gradient attitude equations for body A:

il
*
4
N
€4

A BFD, = GYRY ExExp) - Ty > T
JGJA
(4.15)

- -' - -, 3 3. = _ aAa -
+ D,x Fy + Z Dmx [F“ + mDM + m(y/p”) (1 3pp).DM].
MEA
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4.5 COMPUTATION OF HINGE TORQUES AND FINAL FORM OF THE
DYNAMICAL EQUATIONS

Referring to Fig. 4-1 and to the discussion at the end of subsection 4.2 dealing with
assumptions of restricted rotational bending about a hinge, we could, for example,
in a first iteration of the analysis, assume that each solar panel has only one degree
of freedom relative to body 1, that body 9 and body 8 each have only two rotational
degrees of freedom relative to body 10, and so on, in a manner consistent with
specific information about the relative "stiffness” of the elastic behavior about

various axes at each hinge.

The maximum number of degrees of rotational freedom for the entire system is 30.
Let the actual number of degrees of freedom considered by n. Then n =30 - n is the
number of locked modes. Let 'ﬁi (i=1, 2, ..., n'"be a set of unit vectors "spanning"
this set of locked modes. That is, at a two degree of freedom hingepoint (mathemati-
_cally equivalent to a two-gimbal system) there wouldbe one 'ﬁi orthogonal to the two
gimbal axes, whereas at a single degree of freedom hinge (mathematically equivalent
to a single gimbal) there would be two vectors 'ﬁi orthogonal to the single gimbal's

axis and to each other. To account for the fact that a constraint torque shared by
two adjacent bodies is positive for one and negative for the other, we introduce the

numerical-valued symbol 6 Ai defined as follows:
0 if i;i is not defined for a hinge on body A
Gki = +1 if Tff): is a constraint torque on body A
-1 if Tff): is a constraint torque on a body adjacent to body A

where T(; is the projection of the appropriate constraint torque along 'ﬁi.
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In terms of the above, the hinge torque on body A can be written

- - n'
H = z SD C—
z Tai TN * z 8, ; T; P (4. 16)
jed A jed A i=1
where Ti? is the spring-and-damper torque on body A at hinge j.

We now substitute Eq. (4. 16) and (4. 11b) into Eq. (4. 15), making use of the identity

- - =

= -m(D

mDM‘L X (w# x D ‘ /LADA;L - D,U.X D)\,u. 1)"’0#

M)

Bl

A ‘ZSM (by definition; see list)

and obtain the equations of motion (recall that 33“\ is also written as 3}0\)

3, .3 =Ex+ z 8y ; TSD; (4.17)

where

- -D' - - - 3 = N -
+ E“#ADA#X [Fﬂ Tmoo, X (@)X D;M) + m(v/p”) (1 - 3pp)°DN-)\:l

By projecting the vector-dyadic equations (4.17) on the corresponding appro-

priately chosen orthonormal frame in body-A (see for example Fig 4-1), one obtains a
set of matrix-scalar equations of the form

- c
E@A#w# EA+ PAT s
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where

$, 518 the 3x 3 matrix of body-A components of 37\* ,

o')“ is the 3x 1 matrix of body-u components of 5” ,

(I’Ap, c’o# (for w # A) is the 3 x1matrix of body-A components of the vector
b D -D D, 15,
™m0, Drp = Ppa Pl 9y

P A is the 3xn' matrix whose i—th column consists of the body-A components

of 6);P; -
C . ' . . th . C
T~ is the nx1 matrix whose i-  element is Ti , and

E A is the 3X1 matrix of body~-A components of E A defined above in Eq. (4. 17).

The entire set of equations (4.18) for all the A€S, i.e. for A =1, 3, 2, ... 10 can

be written together in matrix form as

do= E+ PTC (4. 19)

where &, @, E, P, and T® are, respectively, 30x30, 30x1', 30x1, 30xn', and n'x1
matrices constructed in the obvious way from the matrix blocks appearing in Eq.
(4.18); recall that n' represents the number of locked modes, i.e. n' = 30 - n, where
n is the total number of degrees of freedom considered. As in the discussion pre-
viously given in LMSC-A842157 on pp. 6-13, 6- 14, we observe again that each con-
straint condition is equivalent to requiring that the relative angular velocity @ A )

[y
between two adjacent bodies A and u be orthogonal to the corresponding constraint

. - .
torque axis (or axes) p; , i.e.,

0 = 'ﬁi. (5)\ - 5“) or in matrix form O = Plw (4.20)

where ( )T denotes matrix transposition and where the 30 X1 matrix w is defined
similarly to the matrix w. Differentiating Eq. (4.20) we obtain

Pw = -Puw (4-21)
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By eliminating @ between Eqgs. (4.19) and (4.21), we can solve for T

C

T -®Te i eTe 1k + Plu) 4.22)

and substituting Eq. (4.22) back into Eq. (4. 19) we obtain
o = E - (P2 'py pTe " IE + Plw) (4.23)

Alternatively, we can adjoin Eq. (4.21) to Eq. (4. 19) to obtain the augmented matrix

system

= (4.2 )

We observe that the 30 X 30 matrix & is naturally partitioned into a10x10 symmetric

‘array of 3 X 3matrices <I>ML as shown in Eq. (4.18). Also, from the definition of the

dyadics g’i = 3}\ A it is clear that the diagonal elements of this partition, i.e. the
matrices ‘I))\ ) @ are made up of constants. For the off-diagonal elements in the par-
tition, i.e. the matrices q,?\l/«’ the entries will be time-varying. However, if one
assumes that the relative rotational deflections between the bodies are small, each
of the off-diagonal matrices <I>ML in the partition may be expressed as the sum of a
constant matrix and of a small time-varying matrix. For example, consider the
coupling matrix <I>18 between body 1 and body 8. Assume (see Fig. 4-1) that

e22 1 Y -B W e:l
623 = -y 1l o e2
€y i B -a 1 €g

represents the rotational deflection, given by small angles a(t), B(t), ¥(t), of body 8
relative to body 1. Now for the dyadic 318 we have
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x

= m(Dg;Dyg - Dgy + Dig )

Bl

18

- -

= mD18><(D81>< )

Changing from the -15}\ notation to the 57\ § notation used in Fig. 4-2, we have

b

D18 = Dl, 1 and D81 = D8, 8 and define:
- 1 2~ 3 -
Dy = Dy 481 * Py 1% * Dy 48
and similarly
-~ _ 1 - 2 - 3 -
Dg g = Dg g€99 * Dg g3 * Dg 8894

Then, corresponding to the dyadic;18 we have the matrix:

- - - - -
3 2 T 3 2
o -p’ pf 1 -y gl| o -Dys Dy’
3 1 3 1
m( D,y O =Dy v 1 -a}| Dgg O -Dgig [‘1’18]
1 .0 1 I
2 2
L-Dl’ 1 Di,1 L—B @ 1 ]|-Dgig Dgg O

The decomposition of the middle matrix as the sum of the identity plus a "small"

skew-symmetric matrix shows that @18 may be expressed as the sum of a constant

plus a small time-varying matrix. A similar result holds for the bordering matrices

P in Eq. (4.2 ) since their entries consist of direction cosines.

Hence, under the

assumption that all relative rotational deflections are small, the entire augmented

matrix on the left in Eq. (4.2 ) may be written as A(I + €), where A is a constant

matrix, €(t) is a small time-varying matrix and I is the identity matrix of proper

dimension. Its inverse can then be closely approximated by (I - € )A—l.
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Section 5
EXPERIMENT POINTING SYSTEM CABLING HYSTERESIS

Electrical cabling across the pivot axes of the vernier gimbal system adds to the
spring rates contributed by the flexure pivots. This effect can be overcome by
increasing the gain, and consequently the bandwidth, of the gimbal control loop. The
increase in bandwidth permits more noise from the sensors to be transmitted to the

spar, thus increasing the rms error.

In addition, there is a hysteresis in the torques induced by the cabling which results
from plasticity in the insulation and slippage between layers of cabling. Tests on

various configurations of cables have established the existence of this effect and its

‘nature. The effect can be described approximately by spring rates KW and K, and a

h
breakaway angle Gh. A typical contour of torque on the cable versus the relative

rotation between its ends is shown in Fig. 5-1.

Two conditions can exist. If em is the maximum excursion of the gimbals and if eh
is greater than O the breakaway condition cannot occur and the control behaves as
if a spring rate of magnitude (Kw + Kh) acts in parallel with the spring rate induced
by the flexure pivots. With eh less than om, breakaway is possible; both the cabling
spring rate and a shifting position of zero torque are present. For the former

condition, the undamped natural frequency W, must be made such that

J_E

wz > s s

o Kyt K+ KJo,
5-1
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-

Fig. 5-1 Cabling Torque Hysteresis Contours
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where
ES = permissible steady state error at maximum excursion
J s = moment of inertia of spar
Kf = spring rate of flexure pivots

For the latter condition,

2 > JsEs
0 (Kw * Kf) om * Kheh

w

From these results, it is concluded that hysteresis in the cabling does not degrade
accuracy; however, the design must be made on the basis of the total spring rate of
the cable K_ + Kh, and not on the basis of K_ alone.

\4 W
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Section 6
TOTAL ATM SIMULATOR

6.1 INTRODUCTION

The primary objective of this work is the definition of a Total ATM Simulator to be used
as a tool to evaluate and optimize man's operation in the total integrated ATM
control system and the onboard experiments. These spacecraft systems, and the astro-

nauts' interface with them, are fully described in subsection 6. 2.

It is critical to have an operational simulator on line as soon as possible so that a
systems evaluation can take place before the flight hardware is completely fabricated.
It was necessary then to survey facilities for both computer availability, the space and
support functions, and any simulation hardware which might be applicable. Such facil-

ities are outlined in subsection 6. 4.

6.2 MISSION ANALYSIS

ATM System consists of a carrier vehicle to which is attached a gimballed spar con-
taining optical equipment for performing various solar astronomy experiments from
orbit. The carrier may be either the ascent stage of the Lunar Module (LM) or this
vehicle docked by means of a multiple docking adapter (MDA) to an aggregation of
other flight modules, principally the Command and Service Modules (CSM) and the
S-IVB stage of the Saturn booster. This latter configuration is called the Cluster.
See Fig. 6-1.

The carrier attitude is controlled by three, double-gimballed, orthogonally mounted

control moment gyros (CMG's) and a valve/jet, mass expulsion, reaction control sys-
tem (RCS). The RCS is located on the LM and is used for basic control of the carrier.

LOCKHEED MISSILES & SPACE COMPANY
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Fig. 6-1 Cluster Configuration
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Operating within a deadband built into the jet reaction system is the secondary CMG
system which is designed to absorb cyclic disturbances and provide low residual rates.
The CMG's are located on the portion of the carrier designated as the Rack. Unloading
or dumping of the momentum of the CMG's and certain mission requirements, such as
stationkeeping and docking, are functions of the RCS. The momentum from cyclic and
noncyclic disturbances accumulated by the CMG's may also be dumped by attitude
maneuvers, which alter the gravitational torques acting on the vehicle. Gross vehicle
orientations in pitch and yaw are referenced to a sun line established by a coarse sun
sensor (CSS). The gross vehicle roll attitude is referenced to a Star Tracker (ST)
that is trained on the star Canopus. The carrier control system is also provided with
three, body-mounted, single-degree-of-freedom, rate integrating gyros for basic or
inner-loop reference. Rate damping of the carrier motion is also derived from these

gyros.

The Spar possesses its own attitude control system to permit the extremely fine point-
ing accuracy required by the telescope. In order that the Spar have maximum isolation
from disturbance torques, it is articulated with respect to the Rack attached to the LM.
The Spar is actuated by torque motors mounted between the gimbal system and the Rack.
Two of the gimbal axes (pitch and yaw) are hinged on flexure pivots. The third axis
(roll) is not controlled other than for being moved from one fixed orientation to another.
The Spar is locked within the Rack during initial attitude acquisition of the entire vehicle,
i.e., Cluster, CSM/LM/ATM, or free LM/ATM. When the entire vehicle has been
brought to the proper sun-Canopus orientation, and the Rack is in the automatic attitude
hold mode, the Spar-Rack locks of the mechanical cage are de-energized and fine point-
ing takes place. In the Spar's attitude control system, called either the Fine Pointing
System (FPS) or Experiment Pointing System (EPS), pitch and yaw deviations from the
sun line are sensed by a precision or fine sun sensor (FSS) capable of tracking the
center of the sun. This sensor has manually controllable optical wedges in its field of
view to permit offset pointing. Rate damping, on the pitch and yaw axes is provided by
two precision rate integrating gyros mounted on the Spar. No independent automatic

roll control system is provided to the Spar. Primary roll reference is obtained from
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the Canopus sensor on the Rack. However, the Spar does have a roll degree of freedom
within the Rack. Spar roll is controlled manually by the astronauts and referenced by

a i)recision roll angle pickoff between the Spar and Rack.

The overall ATM control system, showing all three torquing systems together with
their controls, is presented in the functional block diagram, Fig. 6-2. One channel of
the ATM/Carrier CMG Control Loop is shown in Fig. 6-3. Also, a schematic of one
channel of the ATM/Spar Flex Gimbal Control Loop is shown in Fig. 6-4.

6.2.1 ATM Control System

6.2.1.1 ATM Control System Operational Sequences and Mission or Task Descriptions

Carrier Vehicle Attitude. At first the Spar will be rigidly locked to a neutral position

within the Rack by means of a mechanical caging device. The mechanical cage will be
maintained until the Rack, i.e., the carrier vehicle, has been oriented to the desired
attitude, which consists of pointing roughly at the sun while maintaining a roll reference

using the Star Canopus.

Gross orientations are performed by using manual signal transmitters to torque the
three, uncaged, body-mounted, single-degree-of-freedom rate integrating gyros
provided for carrier attitude reference. Signals from the gyros are applied through
compensation and deadband circuits to the reaction jet valves and nozzles. The same
gyro signals are processed to generate CMG control signals. Since the CMG control
signals are applied directly to the CMG's while the reaction jet signals are passed
through a deadband circuit before being applied to the reaction jet valve drive ampli-
fiers, it is clear that the CMG's will act as a vernier moment generating system .
within the deadband of the RCS. When the CMG's are not capable of handling a parti-
cular disturbance, they will overload, that is, drive to their gimbal limits or drive to
an orientation where their spin axes are parallel. When this occurs, the RCS is called

into play.
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Initial sun acquisition consists of manually driving the vehicle roll axis to rough align-
ment with the sun line. When the vehicle roll axis has been brought sufficiently near
the sun line, the "sun presence detector" in the sun sensor will produce a signal used
to actuate the MAN-AUTO relay to automatic. Signals proportional to angular deviation
from the sun line, developed within the sun sensor, are then applied through the relay
to torque the uncaged, vehicle attitude, reference gyros. This procedure slaves the

pitch and yaw axes of the ATM carrier to the sun line.

During periods of occultation of the sun, the absence of a signal from the "sun presence
detector' releases the relay, and attitude reference reverts to the gyros alone. The
vehicle attitude reference gyros will hold the vehicle so that the sun, when next seen,

is within the field of view of the acquisition sun sensor. Thus, the sun will be auto-

matically reacquired each time the sun rises.

The proposed reference for roll about the sun line is a Canopus tracker mounted on the
Rack. Figure 6-5 shows the geometry of the ATM in orbit when the LM/ATM is
docked to the Cluster. The nominal flight mode is assumed to be one that keeps the
longitudinal axis (xz) of the Cluster in the orbit plane. This is required to minimize
large unidirectional torques, which would act with this axis out of the orbit plane. The
Cluster remains essentially fixed relative to the sun, with the CMG's absorbing and
releasing the cyclic angular momentum accrued from the gravity-gradient torques

acting in pitch.

The roll-sensing geometry of the ATM in orbit is shown in Fig. 6-6. To accommodate
the flight mode, the tracker must be gimballed through + 67 deg on one axis (the outer)
and + 15 deg on the other (the inner) to maintain a view of Canopus. The inclination of
the orbit, i, and the regression of the line of nodes relative to the ecliptic establish the
limits of travel of the outer gimbal angle . Similarly the earth's revolution about

the sun determine the limits of travel of the inner gimbal angle By

The angle @y is computed and used to bias the signal from one gimbal of the star

tracker. The difference between this gimbal angle and the computed o is used as
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the roll reference for the Cluster control system. Since @ varies with time, it must
be updated periodically. The frequency of updating and the accuracy of its computation
are not critical, however, since a slight deviation of the longitudinal axis from the orbit

plane is tolerable.

The roll angle of the Spar is referenced to the Rack by a precision angle pickoff, as is
the gimbal angle on the star tracker, which moves in the direction of o The differ-
ence between the angles gives a precise measure of the Spar's roll angle relative to
inertial space if only the time of the year is known. The precision of this measurement
is limited by the accuracy of the angle pickoffs on the Spar and tracker gimbal; these

pickoffs can conveniently be made less than 10 arc sec.

The line of sight to Canopus becomes occulted by the earth during a part of each orbit.

A Canopus presence detector removes the signal from the star tracker, leaving the
CMG's to maintain attitude on the basis of the roll-reference gyro, which is continuously
torqued to the required orientation by the signal from the star tracker when Canopus

is in view. To facilitate automatic reacquisition of Canopus after occultation, the
Canopus presence detector should also actuate a lock to cage the tracker gimbals

during the period of occultation.

The primary source of actuation of the carrier control system during ATM operation

is the three CMG's. The reaction jets may be used for momentum dumping and as
backup actuators if the CMG's fail. However, after the desired carrier vehicle orien-
tation has been achieved and during normal ATM operations, the RCS should be inactive.
When the LM/Rack is operated with the Cluster configuration oriented to point the Rack
to the sun, large aerodynamic and gravity-gradient torques cause angular momentum to
be accumulated by the CMG's. These are for the most part cyclic torques for which

the average change in angular momentum is zero. One component of the gravity-
gradient torque is not cyclic and certain deviations of the Cluster from a cylindrical
torque. Also, magnetic torques may exist whose average value is not zero. Consequently,
angular momentum is accumulated and must be dumped periodically. A method for

dumping the accumulated angular momentum using the gradient of the gravity field itself
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in conjunction with the CMG's has been carefully studied. The gravity-gradient
method can be implemented as either a manual or an automatic procedure and requires
only small changes from the nominal flight mode for momentum control. These may
be made when the spacecraft is on the dark side of the orbit and the ATM is not opera-
ting, or they may be made throughout the orbit with the Spar attitude control system

correcting for the pointing errors they produce.

ATM Spar Fine Pointing System. As previously mentioned, the Spar possesses its

own attitude control system to permit the extremely fine pointing accuracy required by
the telescope. Pitch and yaw deviations from the sun line are sensed by a precision
sun sensor capable of tracking the center of the sun. This sensor is provided with

manually controllable optical wedges in its field of view to permit offset pointing.

Recall that the Spar is locked within the Rack during initial attitude acquisition of the
entire vehicle. When it has been brought to the proper sun-Canopus orientation and the
Rack is in the automatic attitude hold mode, the Spar-Rack locks are de-energized and
fine pointing takes place. Signals from the precision sun sensor located on the Spar
are fed to torque amplifiers, which drive pitch and yaw gimbal torquers. Moments are
developed by the torquers, which are mounted on the gimbals holding the Spar to the
Rack. Thus, the Spar is pointed in a vernier manner by being torqued against the
inertia of the Rack. The resulting disturbances in the Rack are absorbed by the pre-
vicusly described CMG system. Rate damping is provided by two precision rate

integrating gyros mounted on the Spar.

Ultimate pointing is achieved by means of the manually controllable optical wedges.

The results are observed through a bore-sighted vidicon sun viewer.

Typical Control Procedures and Experiment Timelines. Typical control procedures

and events are itemized in Table 6-1 for the normal (non-occulted) operation and Table
6-2 describes a set of events for a perturbed (occulted) operation, for the ATM control
system mechanization shown in Fig. 6-2. The ATM/Carrier CMG control loop is
shown in Fig. 6-3.
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Table 6-2

PERTURBED ATM CONTROL SYSTEM SEQUENCE

Solar Occultation (FSS assumed to lose sun signal first and CSS second):

(1)
(2)

(3)
(4)
(5)

(°a)

(6)
(6a)

(7)

(72)

FSS Sun Sensor loses its input reference signal (sunlight).

FSS resets to Acquisition mode and Spar flex gimbal loops now operated in Rate
Control mode via rate gyros.

CSS loses its input reference signals in its pitch and yaw axes.
CSS Sun Presence Detector switches its relay to Inertial Hold mode.

Precision pitch and yaw gyro control loops are switched from the CSS sunline
and gyro caging feedback signal summing points to Inertial Hold mode.

Spar pitch and yaw servo control loop switched from FSS sunline reference and
rate gyro signal summing points to Cage mode.

Precision pitch and yaw gyros now operating in Attitude mode.

Spar pitch and yaw flex gimbal servos slaved to their respective gimbal attitude
pickoff signals.

Carrier pitch and yaw CMG control loops slaved to the precision pitch and yaw
gyro gimbals, respectively.

Spar pitch and yaw gimbals driven to their '"null" attitude angle.

Stellar Occultation:

(1)
(2)
(3)

(4)
®)
(6)

Star tracker (ST) loses its input reference signal (star light).
ST Star Presence Detector switches its relay to Inertial Hold mode.

Roll precision gyro control loop switched from Star Line and gyro caging feed-
back signal summing points to Inertial Hold mode.

Precision roll gyro now operating in Attitude mode.
ST gimbals now slaved to precision roll gyro gimbal.

Carrier roll CMG control loop slaved to precision roll gyro gimbal.
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The ATM Spar pitch and yaw fine pointing servomechanisms are attitude (position)
servos and are each rate damped by mechanization of rate (electrically caged) pre-

cision gyros. The basic control loop is shown in Fig. 6-4.

Detailed timeline studies of the procedures to be followed by the astronauts during the
first orbit and a subsequent representative experiment are given in Appendix A. The

timeline of the dark-side activities is also included.

6.2.1.2 ATM Control System Analyses

The conceptual design and analysis of the control system for the ATM are presented
in detail in Refs. 6-1 and 6-2. Only summaries of the major components are pre-
sented in this subsection. A brief discussion and rationale are given in a later section

to explain those concepts and problem areas not included.

Dynamics of the ATM System. The complete ATM system consists of two bodies,

the telescope and the carrier, and involves five interacting axes of control. To
evaluate in detail the stability and accuracy of the ATM control system and to have a
base upon which an overall ATM mission simulation can be made, the dynamics,
kinematics, and feedback control laws for the entire system must be represented in

a mathematical model. This model is derived in subsection 6 of Ref. 6-1 and includes
the coupled equations of motion for the two bodies, the effects of three double-

gimballed angular momentum vectors in one of the bodies, a description of gravita-

tional torques and their variation with respect to vehicle attitude and orbital parameters,

and a representation of a compliant structure connecting the two bodies. The notation
and definitions are given in Table 6-3. The attitude reference frames, a mathematical
flow chart (which contains the system's differential equation's of motion), and a sum-
mary of the torques acting on the system are given in Figs. 6-7, 6-8, and 6-9,

respectively. The three ATM torquing control systems are shown in Fig. 6-2.

CMG Dynamics and Control Laws. The dynamics of the CMG's were derived in

Section 50f Ref.6-1. It was convenient to adopt a vector and matrix notation to
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Table 6-3
NOTATION AND DEFINITIONS

center of mass of body 1,2 and composite center of mass

mass of body 1,2 R/R- ’E, {Locat Verticel)

total mass (Note: = includes masses of CMO's)

reduced mass

body-fixed hinge vector, from (al)',(cu)2 to hinge
angular velocity vector of body 1,2

inertia dyadic of body 1,2 about (), ,(0M),
inertia-type dyadics defined by (I: identity dyadic):
(a,b = 1,2) 8, = m((H R - R H,)

"reduced inertia” dyadic for body 1,2 defined by:

LI TRl PIl Rl ™
"hinge-interaction” inertia dyadics defined by:

2= -8, W &, =-0,,
reactive hinge force on body 1, transmitted through
the hinge

ceesaasensan®

resultant gravitational force on body 1,2

resultant of all other forces on body 1,2 (e.g., aero-
dynamic, solar radiation pressure, etc.)

{Center of Eorth)
reactive constraint torque on body 1, transmitted through

the hinge; because the relative rotational motion between
body 1 and 2 occurs through a two-axis gimbal, that motion
has only two degrees of freedom, vith the constraint torquc
axis along the common perpcndicular to the gimbal axcs

reactive hinge torque on body 1, exclusive of T‘, transmitted through the hinge and having componerits
along the gimbal axes (c.g. torques arising from flexure pivots, gisbal moters for spar contrel, ote,)

gravity gradient torque on body 1,2

resultant of all other torqucs on body 1,2

torque on body 1 produced by the Control Momcnt Gyros
magnitudes l!il, IF,], |R|of the radiuc vectors defined above
Zarth radius

gravitational acceleration at surface of thc Earth

mean orbital rate

orbit eccentricity

true anomaly

¢ wel/R - R (-6 (1+¢cos ot)’
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describe the CMG's even though not all the quantities involved are transformable vec-
tors. The vectors and matrices involved are defined in Table 6-4. The dynamics of
the CMG-actuated carrier can be described in terms of these quantities by a set of
vector equations with the restriction that the equations are generally valid only in a
reference frame fixed in the carrier. The angular momentum vecotrs as well as the
angular velocities of the CMG's and carrier are, of course, vectors and may be

transformed into any frame of reference.

The CMG's can be regarded as gimballed angular momentum vectors. Figure 6-10
illustrates the three vectors and the angles through which they rotate as a result of
gimballing. Figure 6-11 shows a single CMG and the torques which act upon it.

11 18
produced by a reaction to the constraint imposed by the bearings on the outer gimbal.

Two of the torques are produced by motors on the gimbal axes; the other, T

The equations of motion governing the CMG's and carrier are listed in Table 6-5.

They are based on the assumptions that the angular momentum of all three CMG's

are equal, that the carrier behaves as a rigid body, that the inertia of the Spar is
negligible, and that the characteristics of all six torque motors on the CMG gimbal
axes are the same. These equations may be represented by a vector block diagram,

as shown in Fig. 6-12. Each line of flow in the diagram represents three quantities,

and the blocks represent matrix transformations. Observe that the notation in these
figures has been changed from that in subsection 5, of Ref. 6-1 in order to conform
with the notation of subsection 6 of Ref. 6-1. The directions of the angular momentum
vectors of the CMG's relative to the axes of the carrier are to be controlled as functions

of errors, € derived from angle and rate sensors on the carrier.
The vector-matrix dynamic equation of motion for the carrier and CMG!'s is

K, ___ ... o
L (ACP +BCQr + @ xH = -Jo - @ x Jo. 6.0)
R (

Fo M
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Table 6-4
CMG NOTATION

T31
= <T12> = outer gimbal torques

inner gimbal torques

1l
G G
o =W
= W N
\/
I

M

=<>\2 = outer gimbal rates
A3
é)1

=< 62 = inner gimbal rates
%3

3 2

0 sin ?\1 cos )\2
=[ cos A 0 sin A
sin }\3 cos 7\1 0

1 - cos 7\1 tan qbl

sin >\3 tan ¢>3 1

- cos )\3 tan ¢>3 sin 7\1 tan ¢1

W

0 cos ¢, 0
0 0 cos qbz

<cos ¢>3 0 0
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Fig. 6-10 CMG Angular Momentum
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Fig. 6-11 CMG Torques
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Table 6-5
CMG DYNAMICS
Hl = H2 = H3
- — s -
T, = HyC(d+ AD)
-]
= _oqoas V—
TI = H3C (A + B'w)
’T‘=KTI+]_3TE=ﬁ+C)xﬁ=—3$—Bx35
H = H1 + H2 + H3
. —_—— __2
H = H,(-ACX+BC¢)
oxH = H3(-K(‘:’§'+ BC Aw
T. = _Ifl E. -K %\)
E RM E G
K
— T — °
T, = = (E; - K, &)
1 RM I G
Ty = -~Tptangy Tyy = -Tygtand, Tgg = -Tgytan Ay
where: - T = torque on vehicle due to CMG's
J = inertia tensor of vehicle
A, B = transposed matrices
—E = outer gimbal motor excitations
EI = inner gimbal motor excitations
KT = gimbal motor torque constant
KG = gimbal motor back EMF constant
RM ="' gimbal motor resistance
@ = vehicle angular rate

= derivative in body axes
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Fig. 6-12 CMG Dynamics (Vector Block Diagram)
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This equation is represented in the vector block diagram of Fig. 6-13. The matrices
P and Q transform the error signal into the voltages applied to drive the rate loops
on the outer and inner gimbal axes, respectively. These transformations are known
as the control law and cause the components of error to produce torques about the
appropriate vehicle axes. As discussed in subsection 5 of Ref. 6-1, this particular
control concept was chosen to remove the effects of nonlinearities in the gimbal
motors and bearings and to permit the angular rates of the gimbals to be controlled
directly. As suggested, this could be accomplished by placing a tachometer in each
gimbal axis and feeding the signal derived from it back through an amplifier around
the corresponding motors. With sufficiently high gain in the tachometer loops,

Fig. 6-12 reduces to that in Fig. 6-13. A further simplification could be achieved if
it is assumed the carrier deviates only a small amount from a reference attitude.
The error is derived by summing the angular displacement, as measured by the sun
and star sensors, with the angular rates, as measured by gyros mounted along
mutually perpendicular axes in the carrier. The closed feedback loop in the vector-

matrix block diagram for this condition is shown in Fig. 6-14.

Various control laws, that is, the selection of the matrices P and Q, are discussed
in subsection 5.2 of Ref. 6-1. In form, the simplest is the control law proposed by

P. Kurzhals of the Langley Research Center which uses the transformations
= = _ 1T =
P=-A and Q = 9 C.

Roll Axis Control of the ATM Carrier Vehicle. The implementation and analysis of
the roll axis control of the carrier vehicle is considered in subsection 5.5 of Ref.
6-1. A conceptual design of the control system is presented that accounts for normal
operation, operation during occultation, automatic reacquisition, and operation dur-

ing attitude perturbations.

The nominal flight mode of the Cluster during ATM operation is shown in Fig. 6-5
and was discussed in the preceding paragraphs. Figure 6-6 shows the geometry of
the sun and star references relative to the nominal flight. This geometry is expanded
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and shown in more detail in Figs. 6-15 and 6-16, which also contain the trigonometric

relations between the geometric parameters.

The spacecraft is assumed to be in a circular orbit which is inclined at » = 28.5 deg
to the equatorial plane and is at an altitude of 463 km. In this orbit, the location of
the descending node as measured from the vernal equinox T , i.e., the angle @ re-
gresses at a rate of 6.9 deg/day due to the earth's oblateness. This causes the nodes
between the orbit plane and the ecliptic to regress and the inclination between these

two planes to vary between 5 deg and 52 deg.

In Fig. 6-16, the direction of Canopus relative to the sun-referenced axes is shown.

It is produced by rotating the y axis about the positive direction of the z, axis
through the angle as and then the rotated Xy axis through the angle Bs' If the two~
axis star tracker is mounted on the Rack so that with its gimbal angles at zero the
outer gimbal axis lies along the z 9 axis and the inner gimbal axis along the X o axis.
Then, with the Cluster in its nominal attitude, the outer gimbal will be rotated through
the angle o and the inner gimbal through the angle BS when the star is being
tracked. Using the trigonometric relations accompanying Figs. 6~-15 and 6-16, the
values of o and BS can be computed in terms of invariant parameters and two

functions of time, ¢ and Q.

The variations of these are nearly uniform, 6 at the rate of 1 rev/yr and Q at the
rate of 6.9 deg/day. The excursions of BS are limited to the 15 deg that Canopus is
off the south celestial pole; those of o, may become as high as 67 deg — the angle to
Canopus plus the maximum inclination of the orbit plane from the ecliptic. Figure
6-17 shows the variations of the gimbal angles over a period of 1 yr. The time of
launch is selected to give the greatest variation in o, i.e., the most stringent
condition for roll control. At its maximum, a, varies by 4 deg/day. Therefore,
maintaining the X, axis within 1 deg of the nominal flight mode requires a computa-

tion of @  once every 12 hr.

The conditions under which Canopus is occulted are illustrated in Fig. 6-18. The

inner sphere represents the earth; the outer sphere is the locus of all possible
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SINB_ = COS(6-H) COSe p= 96.3 deg
COS(¥-o ) COSB, = SIN ¢ ¢=175.05 deg
TAN(¥-a) TAN @ = SIN(6-p) Y <52 deg

TAN $= TANY COS(o-9) ~15< B_ <15 deg

= ¥ SIN (o-
SIN A= SIN -6 ~-67< ozs<67 deg

Fig. 6-16 Star Tracking Geometry
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locations of a satellite in a circular orbit. The segment of the outer sphere subtended
by a cone directly opposite the line to Canopus is the locus of all points in orbit for
which Canopus is occulted. The sine of the half angle of the cone is re/R , which,
for an orbital altitude of 463 km, results in a cone half-angle of 84.2 deg. The frac-
tion of time F during which the star is occulted can also be determined. A plot of F
over a period of 1 yr is also shown in Fig. 6-17, along with variations in the angles of
the star tracker's gimbals.

A block diagram for one method of implementing control of the carrier's roll axis is
shown in Fig. 6~19. In normal operation, it is designed to control the spacecraft to
its normal flight mode. It has provision for a manual override for use during star
acquisition. When Canopus is occulted, the star tracker is switched out and roll is
referenced to a gyro. The star tracker and gyro are interconnected in such a way that
the tracker remains pointing at the star during occultation, even if the roll attitude is

perturbed for dumping stored angular momentum.

In this implementation the angles between the vernal equinox, the descending node, and
the sun line are determined initially and are set into a computer which calculates the
desired value of ozs » the outer gimbal angle. These inputs are updated periodically
as € and 6 vary. They are shown as manual inputs to the computer but, since the
variation of each is directly proportional to elapsed time, they may be driven from a
clock to perform the updating continuously. The computed o is compared with the
measured outer gimbal angle a . The difference constitutes an error signal which
actuates the CMG's to produce the appropriate torques to reduce it to zero, thereby
slaving the roll angle of the carrier to the computed value of o . The inner gimbal
of the star tracker is not shown in the diagram and is used only to keep the star in the
field of view. It may be driven either in an automatic tracking mode or be set at a

fixed value and periodically updated as a function of time.

Initial acquisition is accomplished by locking the pitch and yaw axes to the sun, setting
the tracker gimbals to the computed values of a and B and rolling the vehicle
under manual control until Canopus comes into the tracker's field. Release of the

manual control at that time causes the tracker to lock on and the control system to go
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Fig. 6-18 Star Occultation Geometry
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into its normal operating mode., Since the star tracker responds to the manual control
faster than the vehicle, it is possible to generate a rapid search pattern about any

attitude by manipulating the control back and forth.

Gravity Gradient Momentum Dumping. When the ATM is operated with the Cluster

configuration oriented to point at the sun, large aerodynamic and gravity gradient
torques exist on the configuration which cause angular momentum to be accumulated
by the CMG's. These are for the most part cyclic torques for which the average
stored momentum vanishes. One component of the gravity torque, however, is not
cyclic and certain small deviations of the Cluster from a cylindrical geometry can
result in unidirectional components of aerodynamic torque. In addition, magnetic

torques may exist whose average value is not zero.

‘The principles of a method for using gravity torques to dump momentum accumulated

in the CMG's were developed in Ref. 6-1. That analysis was extended in Ref, 6-2 for

the purpose of generating details of the design of such a system and evaluating its

performance. The system proposed can be implemented as an automatic adaptation
of the control system and requires only small deviations from the nominal flight mode
for momentum control. The method uses the CMG's to maneuver the vehicle during
periods of solar occultation, i.e., dark-side passage, in such a way that the gravita-
tional torques produced tend to reduce the accumulated angular momentum. The ele-
ments of an implementation of the method are shown in Fig. 6-20. The differential

equation governing the accrual of angular momentum is

° 2 —m=r — = =
H, - higpe, EF( -axnH, = T, = @

2
d 0o

Es (6.1)
The matrix fl , where Fl = F{@ -ax), represents the momentum control law to

be implemented. By using the parametric substitutions indicated in Table 6-6,

Eq. (6.1) was placed in a more tractable form. It becomes

ﬁ'l = U during sun-side passage
e 6. 2)
H'1 = BGH, + U during dark-side passage.
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orbital angular rate

stored angular momentum in sun-referenced axes
stored angular momentum in geometric axes
summation of external torques

controlled gravity gradient torques

disturbance torques

rotation of principal axes from sun-referenced axes
rotation of geometric axes from sun-referenced axes
deviation of principal axes from geometric axes
angle between sun line and orbit plane

true anomaly from terminator

momentum dumping law matrix

identity matrix

1/2 [1 - sgn (sin p + sin Bt)]

true anomaly at beginning of occultation

. 2
-2 sin Gtcos 2M sin 26t sin A -sin 29t cos A

-5in26, sin A 2(sin2 t9tcos2)\—cos2 &) sinzetsin 2\

™ol eo

sin26, cosA -sin0, sin 2\

Fig. 6-20 Gravity~Gradient Momentum Dumping
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Table 6-6
PARAMETER SUBSTITUTIONS

T = 20t
H) = dHl/d'r
. J2—J3 0 0
G=—2 - F
! 0 J3 J1 0 F1
0 0 Jl -J
_ ml(l-cosr)
- Td _
m = 550- = m,, sin 7
m, sin 7
390
= -T(JZ-J3)sin7\cos)t
390
= —-—4-—(J3—J1)cos A
390
= -4—(J1-J2) sin A
my
m3
-cos2A(1-cosT) sinAsinT -cosAsinT
= -sinAsinT —sinzk-(1+cosz7x)cos7' sinAcosA(l-cosT)
cosAsinT -sinAcosA(l-cosT) cosz7\+(1+sin27\)cosr
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An iterative approach to the solution of Eq. (6.2) gave, as a first iteration, the result

in Table 6-7 with the corresponding momentum control law shown in Table 6-8.

An alternate discrete mechanization was also presented in Ref. 6-2. It was based on
the assumption that the disturbing torques have cyclic components which vary, approxi-
mately sinusoidally; thus their average values can be determined by taking the average
of their maximum and minimum excursions. An implementafion based upon this
principle is shown in Fig. 6-21. Six registers are set at each sunrise to record the
components of stored angular momentum. Three of the registers are permitted to
increase as the corresponding component of momentum increases, but are not per-
mitted to decrease. The other three are allowed to decrease, but not to increase. At
sunset the inputs to the registers are disengaged. During the dark-side passage, the
sum of the average values of the vector components stored in the registers are held

and operated upon by a control law to maneuver the vehicle for momentum dumping.

.The discrete mechanization was also discussed in Ref. 6-2 with regard to manual im-
plementation — either as a backup mode or as the primary method of operation. During
the sun-side passage, the astronaut notes the maximum excursions of the components
of angular momentum as they are displayed on the control panel. A sliderule with
three sliding elements can be devised, the front side to accept A and the components
of ﬁo , and yield the four values of € - The value of €, can be taken as zero and
HO represents the averaged components of H2 as indicated in Fig., 6-21. H2 is re-

corded in the registers. The reverse side performs the same computations to give

four values of € Then at the sunset terminator, the 2100-hr and 2400-hr merid-
ians, and the 0300-hr meridian, the astronaut maneuvers the vehicle through the
indicated rotations € and 63 . The performance of this momentum dumping pro-

cedure will then be in accordance with the analysis given in Ref. 6-2.

The equipment required for the manual mode of momentum dumping would be the
aforementioned sliderule and an orbit clock, provided the components of stored angular
momentum are computed and displayed. Also A must be provided by either ground-

based communication or prior to flight by tabulated date carried aboard.
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ATM Spar Fine Pointing Control System. The Spar possesses its own attitude control

system to permit the extremely fine pointing accuracy required by the telescope. The
normal non-occulted operation of the fine pointing system was previously described
in subsection 6.2.1.1. The mechanization of the pitch and yaw control loops was

shown in Fig., 6-4,

The Apollo telescope is to be pointed at any location on the sun by the two-axis gimbal
system capable of removing several degrees of offset in the attitude of the carrier
vehicle. A third gimbal axis will cause the Spar, containing the optical equipment and
the pitch and yaw gimbals, to rotate through 90 deg in either direction from its central
position. This outermost gimbal is not controlled by a closed loop; it is to be used
only to orient the roll axis of the telescope at a fixed rotation relative to the carrier.
Rotation of the telescope about the line of sight must be maintained to within 10 arc
min during the interval in time in each orbit period that solar astronomy experiments
are conducted. This requirement is to be satisfied by controlling the roll of the car-
rier vehicle to this accuracy. The roll attitude is referenced to a star tracker on the
‘Rack which tracks the star Canopus. The analysis and conceptual design of the roll
reference control system and its proposed implementation were discussed in sub-

section 6.2.1. 2.

During periods of sun occultation, the Spar gimbal torquers are electrically caged,
with signals fed back from gimbal angle pickoffs to the corresponding torquer ampli-
fier. Hence, a fine pointing mode acquisition is required each time the sun rises.
This requirement presents no particular problem since the sun will be in the field of

view of the precision sun sensor although not on null.

6.2.2 Simulation Rationale

6.2.2.1 Simulation Philosophies. Due to the complexity of the overall integrated ATM
control system and its interaction with the two-body dynamics of the carrier vehicle
and telescope, a total simulation that could faithfully represent every element is
virtually impossible. One approach is to simplify the representation of the system in

order to fit within the limitations of the simulation software and hardware. The most
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obvious and crucial limitation being the size of the computers, either analog and/or
digital, which are available for the simulation. Rather than oversimplifying the repre-

sentation of the ATM system, two alternate approaches suggest themselves:

o Task-Oriented Breakdown

e Control System Mode Breakdown

Task-Oriented Breakdown. From an operator's (astronaut's) standpoint this is pos-

sibly the most realistic division of the overall mission. In this approach, the orbit
would be divided into sequential segments corresponding to a given task sequence or
group of task sequences. The terminal state of the system, that is controls and
dynamics, for one orbit segment would become the initial conditions for the next seg-
ment and so on through the overall mission. One obvious gross division of the orbit
would be into a dark-side passage and a sun-side passage segment. Further seg-
mentation of the sun-side passage could then be based on the tasks which specifically
require the astronaut in the control loop. These tasks, defined and evaluated in

Ref. 6-3, are as follows:

(1) Activation and alignment of the CMG's and experiment equipment
(2) Search and detection of solar activity, i.e., sunspots, flares, etc.
(3) Operation of the experiment equipment

(4) Manual dumping of the stored angular momentum in the CMG's

(5) Preparations for sunrise, e.g., sun-sensor activation

Observe that tasks (2) and (3) correspond to the sun-side passage and (4) and (5) to the
dark-side passage. However, part of task (1), the activation and alignment of the
CMG's and manual acquisition of roll reference of the carrier vehicle are activities
unique to the first orbit. This suggests that the first orbit should be treated as a
separate case, Possibly by means of relays in the software, the special requirements

of the first orbit could be incorporated into the overall system simulation as needed.

Control System Mode Breakdown. One of the major drawbacks of the task oriented

approach is the necessity in some of the task sequences for the simulation of several
control modes at one time, This would thus require considerable software since all
of the control system software would have to be held "on line" throughout the
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simulation. A study of the task sequences might, however, indicate that a group of
specific tasks are performed while only one control mode is in operation. The draw-
back of this approach is that the specific tasks as isolated for the simulation of the
given control mode might not be performed in the time sequence or in the midst of
other tasks as they would occur in actual orbit. Therefore, this approach is less
realistic to the astronaut. However, it has appeal from the standpoint of being able

to concentrate on evaluating and optimizing each of the various control modes.

The control system mode approach would also lend itself to a study of stabilization
and failure modes as was begun in Part II of Ref. 6-2. An initial summary of typical
mechanizations for failure mode operation is shown in Tables 6-9 and 6-10. They

indicate those alternates for which man-in-the-loop is required.

6.2.2.2 Control System Simulation.

System Equations. The overall ATM system, its dynamics and control, are presented

in detail in Refs. 6-1 and 6-2 and are summarized in Section 6. 2. 1. 2 of this report.
An overall flow diagram for the integrated ATM system is shown in Fig. 6-22.

Perturbations and/or Simulation Simplifications. Preliminary studies of various

aspects of the ATM System have been made on greatly simplified models in order to
establish general behavior and to make initial estimates of parameters. Among the

topics examined thus far have been:

In Ref. 6-1:

Gyro drift

Sun sensor noise
Mass center offset

Structural compliance

Errors due to carrier motion

o Bending modes on the AAP Cluster
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ATM STABILIZATION AND CONTROL SYSTEM FAILURE MODE
MECHANIZATION, RACK/CARRIER CMG CONTROL LOOP

functional Requirement

Function Mechanization

Expected
Performance

Primary | 1st Alternate | 2nd Alternate
Attitude Pointing Refer- | Coarse Bascline
ence (pitch and yaw) Sun
Sensor
Gyros in at- Reduced
titude mode
+ manual
torquing
Man-in-loop Low
Attitude Pointing Refer- | Star Baseline
ence (roll) Tracker
Gyros in at- Reduced
titude mode
+ manual
torquing
Man-in-loop Low
Rate Damping Gyrosin Baseline
rate
mode
|
Redundant Baseline ’
rate gyros :
Error rate Reduced f
circuits
|
Ervor Signal Condi- CCEA Baseline |
tioning, 'A.mpl'lflcat'lon CCEA re- Baseline
and Stabilization Cir-
cuitry, Torquing dundant
R oo
Signal Amplifier cireuitry
Man-in-loop Low
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Functional Requirement

Function Mechanization

IS

Exoe wed
Performance

Primary { 1st Alternate | 2nd Alternate '
|
Steering Control Law CCEA ' Bascune
Computer CCEA re- Bascline !
dundant
circuitry
Man-in-looy; Low
Carric. Torquing CMG Buscine
Redundant Bascline
CMG

Fai.ed>

|

*Low performance could be attained through LM gas jets or alternate jets.
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ATM STABILIZATION AND CONTROL SYSTEM FAILURE MODE

MECHANIZATION SPAR FLEX GIMBAL SERVO LOOP

Function Mechanization Exnceted
Functional Requirement Per f(l)rm'mcc
Primary |1st Alternate | 2nd Alternate ‘
Attitude Pointing Refer- | Fine Sun Basclince
ence (pitch and yaw) Sensor
Gyros in at- Reduced
titude mode
+ manual
torquing
Man-in-loop Low
Rate Damping Gyrosin Baseline
rate mode
Redundant Baseline
Rate Gyro
Error rate Reduced
circuits
Error Signal Condi- CCEA Bascline
tioning Amplification . 0
and Stabilization CCEA re- Bascline
L dundant
Circuitry ; .
circuitry
None Failed
Gimbal Torquing Torque Baseline
motor
Redundant Baseline
torque
motor
(active
None Failed
Gimbal Angle Meas- Gimbal |[None None Failed*
urement . pick-~off
*Caged mode only.
6-53

LOCKHEED MISSILES & SPACE COMPANY



o ureaferq mord PragAH 2g-9 314
(]
(AN}
<t
[e o}
<
n_v ANOYOL
) L soyu
2 0¥ STANNVHO
. - 4 9 | somvnza
L AW P M. MvEO Oﬂv . O<
- >
y4
| andyor <
DIND .
oY z
3 NOLLNTOSAY™
A . > JOUYA-H S
Q ' O
™ <
aNdY¥oL 1NOY0L “ll o
LNAIAVED 5 OUAD n
ALIAVED o
2 + < <
o 3 L— | YOLOAA-H el 0
o X @ W
v Y - L
ANVWINOD 0
L ——
ool SNOLLYN®X ANIT *JTd m
—— INIWOW < 550 WO IS
—— TOUYLNOD 0
gl DD AONAEIITT E
—~—— " —— JaNIILLV _m
q ATOIHAA >
g C
ANIT "ad" o)
——
ANDUOL TOYLNOD ssd -
FONIH _||Va LNIOd ANIJI T ONANE ITY
mwm,%mwm o AANLILLY
ATOIHAA
g0 STANNVHO
g
SOINVNAQ
¢ YOLVALOV
go Uvds ANVININODy « O
TV1IDId DOTVNV




LMSC-A842319

Along with these items, stability analyses have been conducted on the different control
loops. The values of the parameters used are given in Tables 6-11 and 6-12. Since
gross approximations were made to facilitate the ease with which these studies could
be made, more elaborate studies are in progress or may be required. Provisions for
the inclusion of any of the listed problem areas and other possible perturbations ought
to be anticipated in any overall simulation. However, these simplified analyses can
be of great value in making first approximations in the overall simulation. For ex-
ample, it was concluded in Ref. 6-2 that the bending mode zeros very nearly coincide
with their corresponding poles, indicating that the Cluster can be treated as essen-
tially a rigid body. The root loci show that there are no unstable bending modes for
in-plane motion. Likewise in Ref. 6-1, it was concluded that for the model chosen
control of the error induced by offset of the Spar center of mass from the hinge pivot
was realizable. Also for the same model that if the carrier does not deviate more
than 0.2 deg from its nominal attitude, the induced pointing error cannot exceed

1 arc sec. Based on these conclusions, it would seem that two reasonable first ap-
proximations for the overall simulation would be to assume the carrier and telescope

are each rigid bodies and to take the offset vector H_, as defined in Table 6-3 as

H
4’ 5’
Fig. 6-8 would be zero. If necessary, assumptions on the structural compliance at

2

identically zero. Thus, the components H and Hg in the equations shown in

the hinge pivot between carrier and telescope can also be made as was discussed in
subsection 6.4 of Ref, 6-1.

6.3 SIMULATION REQUIREMENTS
6.3.1 General Considerations

The total ATM Simulation is to fulfill the following general requirements:

e To function as a tool to establish and evaluate design concepts
e To integrate flight hardware and software, and verify closed loop operation
e To evaluate the crew station (cabin) function, experiment operation, and

vehicle control system with man-in-loop
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Table 6-11

INERTIA PROPERTIES, MASSES, AND HINGE LOCATIONS

CARRIER

)
J = 819,147 kg-m”~
11 9

Jd,, = 4,412,603 kg-—m

J,;.3 = 4,383,947 kg- m

le = -191,285 kg~ m

J13 = 45,809 kp,‘-m2

J2‘¥ = -15,172 kg-m

MASS (M): 52,026 kg

HINGE VECTOR:

H1 = 106.3 m

H, = 11.8m

H3 = 237.1m

SPAR

th4 = 954 kg~ m

J55 = 2111 kg- m

J66 = 2309 kg- m

I45 = 46 T Is6 = O

MASS (MS): 2000 kg

HINGE VECTOR:

H4=H5=HG-'-0
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Table 6-12
VALUES USED IN NUMERICAL ANALYSIS
Item Values
CONTROL MOMENT GYROS
Inner Gimbal Orientation (Initial) 0 = @, = @5 = 0
Outer Gimbal Orientation (Initial) )\1 = A, = )\.; = 45 deg
Angular Momentum HCMG = 2720 n-m-scc
Control Gains
dositi ins = N == - == 5 3¢ 5O
Position Gains T r., r. 358 rad/ sec
Rate Gains 1‘21 = I“22 : I‘23 = 1140
TELESCOPE
Position Sensor Saturation K 1 = IK,] = 0.000267 rudian
Torquer Saturation [K,}i = ‘K4| = 3.25 N-m
Position Gains Kl2 K21 = 12,200 radian/ sec
Rate Gains Ky = K, = 14800
I'lexure Pivot Constants Kf, = K§ = 17.0 N-m/ radian
Back EMF Constants C, = C[), = 2.72 N-m/ scc
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6.3.2 Simulation Philosophy

The total ATM Simulation must simulate the complete ATM vehicle dynamics, control
system experiments, and the man-machine interfaces. The simulation should be set
up to minimize the requirements for hardware; that is all possible subsystem simu-
lations should be set up in the system software. Software would include vehicle
dynamics, control systems, and experiments. By maximizing the use of software

in the simulation, flexibility is maintained; i.e., changes in system characteristics

and parameter perturbations may be easily inserted.

The man-machine interface must be of such a nature that the man's response and
characteristics are representative of those which would be obtained under actual
operating conditions. The interface must also have the same dynamic characteristics
as that used in the actual vehicle. It would be advisable to use modular concepts in
developing crew station hardware such that any system design changes are readily
accommodated. The basic simulation with the man-in-loop must be capable of
evaluating the system performance for the various modes of operation. Performance
measures such as system and operator response times and accuracy, as well as

classic control systems data such as phase plane plots, will be necessary.

Careful consideration should be given to the possibilities for automated data reduction
to provide rapid assessment of the effects of proposed systems change. This is of
particular importance in terms of the anticipated system development schedules and
the limited time and tight schedules typically followed by the astronauts whose ability
to operate the system will ultimately determine its adequacy.

6.3.3 Crew Station

The crew station for the total ATM Simulator must satisfy the man-machine interface

requirements and be reliable, easy to maintain, and simple to reconfigure.
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The interior section of the simulated cabin must provide an environment essentially
equivalent to the ATM cabin., The basic size and environment must be such that the

test subject will give realistic responses.

Areas of major concern are the displays and controls:

Meters
Switches

Image Displays
‘Hand Controller
Digital Displays

Indicator Lights

Environmental factors which will affect test subject response are:

Light Level
Acoustic Level

Temperature

Atmosphere Makeup

The meters must visually and dynamically be identical to the flight items; however,
flight items are not required and in fact may not be adequate for simulation purposes.
Meters should dynamically respond to simulated system disturbances in the same

manner as they would under actual conditions.

Switches should feel and operate in a realistic manner. All switches should be

properly labelled and positioned.
The hand controller must be mounted in the same relative position to the test subject
and have identical dynamic characteristics to the real system. Damping, dead zones,

and friction must be duplicated.

The image display must respond realistically to vehicle and pointing system maneu-

vers., The image must also reflect the spectrum being monitored. Spectrums being
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studied by the various experiments are white light, ultraviolet, extreme ultraviolet,
x-ray, and hydrogen-alpha. The sun image must be slowly time varying to simulate

the dynamic nature of the sun's thermal activity.

The cabin lighting must be at such a level that the test subject will be under actual
operational environment. Cabin illumination should vary with changes in vehicle

altitude due to the orientation of the windows with the sun.
6.3.4 Nature of Computations

The ATM vehicle dynamics, control systems, experiment simulation, and certain
interfacing between peripheral simulation equipment will be simulated on a hybrid
computer. The equations representing the vehicle dynamics and the control systems
are presented in subsection 6.2 of this report. These equations must be programmed
on a hybrid computer in a form that will allow real-time simulation. Additional soft-
" ware will be required to simulate instrument dynamics, and to form the logic inter-

face between the crew station and the simulation equipment.
6.3.5 Data Accumulation and Reduction

It is important to consider the method whereby data is accumulated, stored, read out
and reduced, when the simulator is first designed so that it is an integral part of the

system rather than the usual appendage. Data should be accumulated in a manner and
format compatible with computer data reduction techniques and also provide a number

of immediate real time readouts at the simulation control and monitoring console.

With the exception of analog plots, all quantitative measurements are a period, a
quantity figure or total, or a yes/no or go/no-go. These basic measurements are
easily manipulated, recoded, printed out, and analyzed in digital form.

In many instances, when analyzing control systems, phase plane plots are extremely

useful to abstract data from. Outputs from computer reduced data should be via the

typewriter or a digital printer.
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For certain applications, video tape recordings, either directly from the crew stating
pointing display or from a camera set up to observe the test subject in the cabin en-

vironment, are extremely useful.
6.3.6 System Requirements (Experiment)

The major ATM experiment place make many varied demands on the system. Each
experiment has its own requirements. The requirements may be categorized as
pointing requirements and operational requirements. These major divisions might be
subdivided as follows:

e DPointing Requirements
— Pointing Reference
— Pointing Accuracy
— Pointing Stability
— Jitter Rate
e Operational Requirements
— Offset
— Field of View
— Spatial Resolution

The major solar ATM experiments have been compiled and their requirements listed
in Table 6~13.

6.4 FACILITY, COMPUTER, AND EQUIPMENT SURVEY

6.4.1 General Considerations

A task requested by MSFC was to survey facilities in Huntsville and Sunnyvale which
had computer capabilities sufficient for a total ATM Simulator. To be provided in

conjunction with the facilities survey was a brief look at existing simulation equipment
at the same locations which might be applicable for a simulation of this type.
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6.4.2 Facility and Computer Survey

Three facilities were surveyed: Lockheed at Sunnyvale, Lockheed at Huntsville, and
NASA/MSFC. All three facilities currently have a hybrid computer capability.
Lockheed has its Alpha and Beta CDC~-Comcor installations at Sunnyvale and its

EAI 8900 installation at Huntsville., NASA-MSFC has an ASI 6050 and EAI 8900 in-
stallation at Huntsville. The following charts (Table 6-14) give a detailed summary
of the available computation equipment, the location, and availability thereof.

All facilities surveyed had adequate space, air conditioning, electrical power, and

man power to support the ATM Total Simulation. The simulation will require approxi-

mately 1, 000 sq ft of floor space adjacent to the computer area and special power,
lighting control, and acoustical control.

6.4.3 Simulation Equipment

The simulation equipment of particular interest is the type used for image generation,
As equipment of this type is usually expensive and requires a long lead time to ac-
quire, it seems highly desirable to acquire existing equipment if possible. What
equipment is available, if any, could well influence the design of the simulation hard-
ware for the Total ATM Simulator.

6.4.3.1 ATM Fine Pointing Simulator. The Biotechnology Department of Lockheed

Missiles & Space Company in Sunnyvale has designed, built, and put into operation

a simulator for the ATM fine-pointing task. This device was conceived of as an
engineering type simulator as opposed to a trainer or mission simulator. It incor-
porates all important parameters which can be easily varied rather than one fixed
configuration. With the exception of the hand controller (which is a LM Block I stick),

the controls and displays are functionally represented; actual flight hardware is not
used.
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LMSC-A842319

This simulator, which includes a crew station, image generation equipment, simulation
drive equipment, a simulation control and monitoring console, and an analog computer,
is fully described in LMSC Report No. A842326.

6.4.3.2 Simulation Equipment at MSFC. A survey was made of the available equip-
ment at the NASA/MSFC Astrionics Lab and the Computation Lab. Of the items
examined the following were most applicable:

Cockpit with a shrinking raster television display
Cockpit with a large projection screen display
Six-degree-of-freedom docking simulator
Alternating action slide projectors with a TV output
Three-axis flight table

A thorough study of these equipments indicated that none of the existing systems would
be suitable for direct application to the total ATM Simulation.

Various subsystem and component parts could be utilized in developing the required
simulation equipment, but this would require an extensive salvaging effort and it is
questionable if this would lead to a cost effective program.
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LARK NOT FILKER: LMSC-A842319

6.5 SIMULATOR CONCEPTUAL DESIGN
6.5.1 Description

The total ATM Simulator is to be used as a tool to evaluate and optimize mans' involve-
ment in the total integrated ATM pointing control system. The three basic torque
generating systems and their interactions to be simulated are the Reaction Control
System (RCS), the Control Moment Gyros (CMG's), and the Spar Torques. The appli-
cations of, and the pilot's interface with, these systems are fully described in
subsection 6. 2.

The simulator must include the controls and displays, visual cues, control and display
inter-reactions, and other such cues to the astronaut. These are utilized to perform
the pointing, scanning, and orientation tasks required for the on-board ATM solar ex-

periments, in addition to gross sun-Canopus acquisition, CMG momentum dumping,

and the gross altitude orientation with the RCS.

Computational capability is required to model the vehicle and pointing dynamics, atti-
tude control systems, and orbital parameters. Additional computations are also re-
quired to interface the simulation equipment dynamics with the simulated vehicle s

experiment and orbifal conditions.

Image generation equipment is required to supply the dynamic visual displays for

realistic solar experiment operation, Spar pointing, etc.

The design of all control stations, hardware requiring manual operation, and general

facility will be based on generally accepted human engineering practices in the aerospace
industry emphasizing safety.

6.5.2 Simulation Hardware
Due to the critical time scheduling involved, the final hardware design and image

generation techniques will be dependent on equipment availability at the time of
go-ahead.
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Both procurement time and cost make the use of flight hardware prohibitive. With

the exception of the hand controller, which might be one used for evaluation or be a
reject, the instruments, controls, and other displays would be commercially available
hardware items. Examples of such nonflight ‘hardware which present to the astronaut

the same visual and tactile inputs, are detailed in subsection 6. 5. 4.
This simulator is to be used as a design tool and therefore must be designed and fab-
ricated in a manner which permits easy modifications, not only to the panel instru-

ments, but also to the image generation equipment. See Fig. 6-23.

6.5.2.1 Simulation Control and Monitoring Console. This console will provide super-

visory control and monitoring for the simulation facility. Prime functions include
remote control of the computer, remote monitoring of the test subject, readouts of
only those crew station parameters relevant to the particular functions being evaluated,
simulation equipment and systems status, control function for associated equipment,

* real-time perturbation insertion, and the central communications link for the simula-

tion facility.

To provide the necessary flexibility for system development, the console will have a
patching and signal distribution network built in with the required interface electronics.
It will, therefore, be possible to display any one of the many parameter signals in the

simulation system.

All panels will be modular in concept for versatility and maintenance reasons. Hard-
ware will be chosen for reliability, availability, cost and will be organized using the

highest standards of human engineering practice.

Some of the major control functions are:

e Main power to switch on all simulation equipment
e Experiment start switch which initiates computer operation and cues the
pilot to begin the task

e Controls to present real time perturbations to the pilot

LOCKHEED MISSILES & SPACE COMPANY
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LMSC-A842319

e Switching to automatically alter computer configurations for various
phases of the experiment

e Control of data accumulation

Visual and instrument displays include:

e Two video displays to monitor the normal and magnified experiment
images

e Spar attitude instrumentation

e Instrumentation to monitor CMG disposition

e Video and instrument monitoring of test subject and crew station controls

to assist in acquiring "man-in-the-loop'" data

6.5.2.2 Image Generation Equipment. The equipment in this subsystem is shown in

Fig. 6-24. The design is intended to provide maximum flexibility of image format.
A remote-controlled slide projector may be used to present a variety of photographs
taken in different spectral bands, or a film strip projector for presentation of a dy-
namically changing target image. High image resolution will be obtained by using the

fewest possible number of electro-optical elements.

The projector subsystem, as previously mentioned, will be remotely controlled

through interface electronics with the computer.

Pitch and yaw motions will be generated by two-axis servo-driven optics. A more
detailed study is required to determine the desirability of two single axis versus

double gimballed control, and mirror versus prism optics.
The lens imaging and roll subsystem contains the collimating optics required for
imaging compatibility with zoom optics. Beam splitting is required for normal and

magnified image generation. Roll motions are obtained by a servo driven prism
device.
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Image magnification is obtained by a servo-driven zoom lens. Control signals for the
zoom and three axis servos originate in the computer as a function of the pointing con-

trol dynamics and simulation equipment computations.

The TV cameras and monitors are of wide bandwidth using 1029 line scan and capable
of high-image resolution. Although this is far in excess of the flight video equipment,
it is not significantly more expensive in a nonflight version. Initially, the operation

may require degradation to match the flight system, but after data and photos are re-
turned from the first AAP/ATM flight the higher resolution may be required to utilize

the images brought back for simulation in bands other than H «.

6.5.2.3 Simulation Drive Equipment. This equipment represents the power interface

between the control signals and related drive mechnisms. A large assortment of sig-
nal conditioning and power amplification electronics is required to provide the neces-
sary interfaces for system compatibility. The electronics will be packaged in modular
form and located with respect to associated equipment in such a way as to simplify the

system cabling and switching requirements.

Signal conditioning electronics will consist of a variety of ac and dc low-level modula-
tors, and demodulators for the conversion of crew station and computer control and

instrument signals to the proper form and level.
Power amplifiers are required for servo drive functions and relay control boxes will
simplify a number of control switching operations; the projection subsystem being

one example.

6.5.2.4 Cabling and Patching System. This system is often overlooked in the pre-

liminary stages of planning and results in a hardware system with a maze of wiring
and inadequate flexibility for system change.

The simulation may be broken down into four major equipment groups. The crew
station and simulation drive equipment located in one area, the computer in a second

area, and the simulation control console in a third; see Fig. 6-25. Patch panels at
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the crew station and simulation control and monitoring console facilitate the interchange

of experiment panels on a day-to-day basis if so desired.

A master patch panel, semiautomatic in nature and using digital processing, can be

programmed for a large number of possible interconnections. Due to the complexity
of system interface, this technique will allow rapid transition from one group of ex-

periments to the next.

A number of sizes of standard connectors will be used throughout for intermediate
equipment connections. This is consistent with the modular philosophy adopted for
the simulation. For example, by providing each experiment panel in the crew station
with a connector terminated cable, the panel may be rapidly replaced with another
without having to disturb the patch panel connections. Male-female connector pin
relationships will be standardized for all equipment to prevent confusion and insure

reliability.

6.5.2.5 Data Accumulation. The data accumulation and reduction equipment must be

considered in the initial design so that it is an integral part of the system. Data will
be accumulated in a manner and format compatible with the computer program and
language. This data will be stored for later off-line computer processing (data reduc-
tion). There will be sufficient data conversion capacity for some real-time data moni-

toring at the simulation control and monitoring console.

The simulation control console will contain both analog and digital displays for data
presentation in addition to a digital printer or computer control typewriter.

Both video and voice recording equipment will be utilized to monitor the performance
of the test subject. This equipment will be compatible with the other television equip-

ment used in the image generation hardware and will be remotely controlled at the
option of the test controller.

All data, whether analog or digital, represents a quantity, a period, or a yes/no.

When considered in conjunction with sequence, run number, time of day and other like
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information any parameter or group of functions may be presented or analyzed. When
considered as having to handle only three basic types of quantities, computerized or

automatic data reduction becomes a simple matter.

6.5.2.6 Simulation Facility Communication. A number of personnel necessary to run

the simulation and the physical separation of the groups of equipment require that a net-
work form of communications system be installed. Headsets (interchangeable with
handsets) will be used and the system will be capable of talk, listen, and talk-listen

operation. Three or four nets will probably be employed.

The system will incorporate capability for the simulation of ground/LM and LM/CM/

SIVB communications.

6.5.3 Software

© 6.5.3.1 General Considerations. The software portion of the total ATM Simulator

is divided into two general categories. The first is the simulation of the vehicle dy-
namics and the control systems. This includes such areas as CMG Control System,
Fine Pointing Control System, H-Vector Control law and vehicle dynamics including
gravity gradient and orbital parameters. The second category is that required to in-
terface the various pieces of simulation equipment with the computer and the crew
station. The software development program is centered around hybrid computation.
It is felt that to simulate a complex dynamic system of this nature and form the hard-

ware interface, a hybrid computer will be invaluable.

6.5.3.2 Hybrid Philosophy. The development of a hybrid simulation requires an

understanding of the basic limitations and advantages of both the digital and analog

computer. This discussion will be divided into two related topics:

e Division of the simulation

e Perturbations and changes
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The division of the problem between the analog and digital portions of the hybrid com-
puter is a critical point in the development of a hybrid simulation. This breakdown of
the simulation is a function of several variables and must be formed through tradeoffs.
Some general considerations for analog and digital tradeoffs are categorized below.

The analog computer should contain:

e High-frequency terms
e Closed loop equations such as transfer functions and control loops

e Variables requiring hardware interface

The digital computer should contain:

e Open-loop equations such as trajectories and coordinate system
transformations

Variables requiring high accuracy and repeatability

Complex logic and data storage

Multivariant function generation

Variables with a wide dynamic range requiring floating point arithmetic

The analog computer inherently performs specific functions better than the digital
computer when we are considering real time simulation. High-frequency modules can
ordinarily be handled better on the analog computer due to its continuous mode of op-
erations. Closed-loop transfer functions such as filter, control loops and servo
mechanisms are easily simulated on the analog side because of the continuous integra-
tion mode utilized by the analog. Interfacing with external hardware is easily accom-
plished on the analog computer. Analog signals may be scaled and used as direct
inputs to the simulation. Digital signals must be converted to analog, but they may be

handled by the analog on a continuous basis.

The digital computer compliments the analog by performing those functions which the
analog cannot readily handle. The open loop evaluations may be very accurately
handled on the digital computer since the digital system does not suffer from the drift
inherent to analog computations. The digital computer has the ability to be highly

accurate and repeatable when required. Complex data storage and the generation of
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complex functions through table lookup techniques and curve fitting are readily handied
on the digital computer with existing software. By the use of floating point arithmetic,
variables with a wide dynamic range may be accurately handled over several orders

of magnitude.

The methods of program modification can be applied on line in a real-time simulation.

The normal methods for inserting data into the digital computer such as cardreader,
typewriter, or magnetic tape unit are not fast enough for real time simulation or can-
not be used on lines during a simulation run. However, there are two DAC's with an
input from a hand turned pot or a thumbwheel dial with output transmitted through logic

lines to the digital computer.

The hand turned potentiometer can be used to change parameters in a continuous fashion

causing all values between the old number and the new number to be inserted while the

- change is occurring.

The thumbwheel dial can be used to insert data into the digital computer without using

analog hardware. All necessary hardware is contained on the EAI 8900 logic panel.

A decimal number can be hand set using a four-digit thumbwheel dial. Each digit
from the thumbwheel dial sets four flip-flops to represent the number in binary coded
decimal (BCD) form. The four-digit number requires 16 flip-flops for representation
in BCD. A 16-bit logic word is constructed using the state of the flip-flop outputs.
The digital computer inputs the logic word using the 16 logic lines available with the
hybrid interface hardware. The moment of input can be controlled by manually acti-
vating an interrupt signal to the digital computer. The name of the parameters can be

specified by assigning each one to a different interrupt line.

The BCD logic word in memory will be converted to binary and then to decimal form
using an assembly ldnguage subroutine.
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Analog methods for inserting changes include:

o Potentiometers
® Manual function switches

e Comparator relays
Analog constants can be changed using hand-turned potentiometers.

Configuration changes can be accomplished using manual switches and comparator

relays.

The comparator relays are used when switching conditions are predetermined. Manual
function switches are used when the configuration changes are made on-line during a

run.

Insertion of perturbations and changes will be easier to implement using the analog
" computer. However, the digital thumbwheel methods will have a slightly greater
accuracy.

6.5.3.3 Hybrid Breakdown of the Total ATM Simulation. The breakdown of the simu-

lation follows the criteria discussed in subsection 6.5.3.2. As previously stated,

tradeoffs are required for development of a real-time hybrid simulation. A dominating
factor is the amount and distribution of the computing equipment available. There may
often be cases where a tradeoff will be required to decide which module must go where

because there is not room for both. The computer software is divided into two distinct

areas:

e Vehicle controls and dynamics ~

e Hardware interface

The equations representing the simplified vehicle dynamics and controls are developed
in subsection 2 of this report. The hybrid break down of the controls and dynamics is
exhibited in Fig. 6-26. The breakdown is as follows:
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Digital
e Vehicle dynamics
e Moment equations
e Torque equations
Analog

CMG control equations

Fine pointing control equations
H-vector control law

CMG dynamics

Spar actuator dynamics

The moment equations and torque calculations were placed on the digital side of the

hybrid simulation because the inherent arithmetic accuracy. To avoid the drift that

would build up on the analog, the vehicle dynamics were placed on the digital computer.

The control equations, control law, and actuator dynamics (CMG and Spare) were
placed on the analog side of the simulation. This choice was made because of closed
loop nature of CMG and actuator dynamics and the possible frequency of control per-
turbations. It was also felt that external perturbations were more likely in the control
section.

The hardware interface software is that software required to interface the computer
with the crew station, control console, and simulation equipment as well as perform
logic functions required to allow simplification of the hardware. The interface soft-

ware will be distributed as required between the digital and analog computer.

A software module will be developed for the collection and off-line reduction of simu-
lation data.

6.5.3.4 Estimate of Hybrid Size. The complete simulation can be fitted onto an
EAI 8900 hybrid computer or its equivalent. An EAI 8900 consists of the following
equipment:
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Analog 8800

Pots - 290
Summers - 60
Integrator - 60
Multiplier - 48
DFGS - 10
Resolvers - 6

Digital 8400

32K memory core
Interface

32 DAC

32 ADC

The software modules for the simulation were estimated as follows:

Module Digital Core Analog Components
Vehicle dynamics 6K -—-
Moment equations 5K -—
Torque equations 12K -——
(Gyro, hinge, gravity gradient,
CMG, RCS)
On-line data acquisition 4K ---
Hybrid sepercronization routine 4K -—-
and executive routine
Control equations (CMG) - 25 Pots
12 Summers
7 Integrators
Fine pointing control -—- 12 Pots
6 Summers
4 Integrators
H-vector control law -—- 30 Pots

16 Summers
9 Integrators
25 Multipliers

6 Resolvers
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Module Digital Core Analog Components
CMG dynamics --- 30 Pots
6 Summers

6 Integrators
Spare dynamic --- 15 Pots
6 Summers
6 Integrators

The total equipment estimate indicates that a computer with approximately 32K core
and an analog complement consisting of at least:

120 Pots
46 Summers
35 Integrators
25 Multipliers

6 Resolvers

could be used for a first cut at the simulation. A complete analog equivalent to the
EAI 8800 is recommended in order to allow portions of the problem currently allo-

cated to be digital to be placed on the analog if required to obtain real time operation.

6.5.4 Simulated Cabin

6.5.4.1 General Considerations. The ATM control and display consoles are to be

installed in a simulated Lunar Module (LM) cabin. Requirements for the simulated
LM cabin configuration for the ATM mission are defined herein. This report is con-
cerned only with a preliminary description since the console designs are incomplete.
However, it will serve to inform interested parties of the general plan proposed by

the LMSC designers. All discussion herein is based upon the LM-4. Interior arrange-
ment shown in Grumman document LDW 340-54050 was the principal reference used

to identify affected areas of the LM. The drawing numbers used to designate the con-
sole assemblies are issued by Marshall Space Flight Center.
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6.5.4.2 Structure. The simulator cabin must appear to duplicate the ATM physical

environment which may affect the human operator.

The interior of the cabin must be enclosed with the same basic volume and dimensions
of the ATM cabin. The controls and displays must be simulated in detail (see Fig. 6-27)
since these are the items which most directly affect the test subjects performance.

The physical detail of the rest of the cabin is not required. Other cabin requirements
are: realistic lighting for complete mission, life support system so that suits may be

utilized, and cabin ventilation when life support system is not in use.

The external portion of the ATM simulator should be open to allow unrestricted access
to the equipment. The major requirement that the external portion of the simulator
must satisfy is that of maintainability. The design should at all times strive to allow
maximum access to the simulation equipment. There is no reason for the simulator

to externally resemble the ATM vehicle.

6.5.4.3 Controls and Displays. As stated in paragraph 6.5.4.2, the control and

display consoles of the ATM must be simulated in detail. The interface between the
test subject and the vehicle control system is the control and display console, there-
fore this console must look, feel, and dynamically respond the same as the system

being simulated.

While the controls and displays must on the surface be identical to those actually used
on the ATM, it is undesirable in certain cases to use the identical items. The major
criteria affecting the selection of components for the simulation are: Reliability, Cost,

Availability, Required Interface, and Authenticity of Simulation. Tradeoff studies are

required to determine if there are substitutes which are preferable to flight hardware.

LMSC performed a preliminary survey of the components required to build an ATM
Simulator (Document No. LMSC/HREC A784609).

Simulation Components. Charts follow that contain information concerning the use of

flight components for the first ATM simulator. The first simulator is considered as
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*MSFC Reference Designation
*»*MSFC Drawing No,

Fig. 6-27 ATM Control and Display Console Unit 709 (40M37800)
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being used for evaluation of the manned system. Comments on candidate hardware for

the simulator, vendors, cost and tradeoffs are offered for each component. Where

information is obviously omitted, it was not available at this time.

Three panels were chosen as representative examples; Naval Research Laboratory
Experiment Panel No. 709A606, Power Monitor Panel No. 709A605, and American

Science & Engineering Experiment Panel No, 709A503, Panel components are listed in
Tables 6-15 through 6-17,

Each subsystem is contained on a single panel, with a few exceptions. The panel

designator is shown by the subsystem name. Headings are used as follows:

Required Components - The most common name of the control or indicator

as used on the panel.

Designator - The designator as assigned by LMSC to the component. The

full designator would include that of the panel on which the component is
mounted, e.g., 709A60381; the full designator is used only when the compo-
nent is not on the primary panel for its subsystem.

Description - Brief information on essential distinctions of the component.

Function - A description of the component's function in the subsystem.

Part Number - The MSFC number (40 M XXXX) by which the flight component

may be ordered.

Weight - Weight of the component only, excluding any mounting hardware not
on the part drawing.

Continuous Power -~ Power dissipated by the part in normal operation inthe

panel, excluding EL lighting and transients. Picture taking shall be considered
a transient.

Flight Hardware Applicable - A simple yes or no to indicate whether the flight

component is considered satisfactory for the simulator. ''Later" is entered

if the flight component is expected to be available later than 1 December 1967.

Date Available - Best estimate of when first flight hardware will be available

from the vendor.
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e ROM Cost - Rough-order-of-magnitude unit cost of the flight component on

common components, e.g., switches, cost will be in the notes.

e Remarks - To clarify any significant information not in the format. Especially
significant are transient power, anticipated major change in the specified part,
or reference to a document or appendix giving special information on simula-

tor parts.

Information is presented concerning the advisability of using flight components for the
first simulator. The first simulator is considered as being used for evaluating the
manned system. Helpful comments on candidate hardware for the simulator, vendors,
prices, and tradeoffs are offered for each component. Rough-order-of-magnitude
(ROM) cost is repeated here from Section 2 to facilitate evaluation of components.

Where information is obviously omitted, it was not available when this report was printed.

Repetitive information on flight qualified components is referenced to the following
" notes:
Note 1: The dual vertical meter will be available in December 1967.

ROM cost is $6,000.

Note 2: The component indicator light will be available in October 1967.
ROM cost is unknown.

Note 3: The exposures remaining counter will be available after January 1968.
ROM cost is unknown.

Note 4: The rotary switches will be available in November 1967.
ROM cost is $2500.

Note 5: The flag indicators will be available in November 1967.
ROM cost is $900.

Note 6: The toggle switches will be available in November 1967.
ROM cost is $200.

Component Tradeoffs. The following rational was used for the choice of the components

for the simulated controls and displays.

e Counter Exposures Remaining - The flight model would be satisfactory for
the simulator, but will be available too late for the first simulator, since
the RFQ will not be released until about mid-August. The flight model will
probably be too costly; also ROM cost is unknown.
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The following is a reasonable substitute for the simulator:

Example: 709A603M6 Contact: Veeder-Root
Magnetic Counter Hartford, Conn.

ME 896130-001

They are available for about $200 each, but require mechanical (lever) reset pro-
cedure instead of electrical pushbutton. They will also lack the automatic "film

inhibit'" feature.

An alternate is:

Whittaker Contact: Roy A. Steckmesser
816 Esslinger Road, S.E.
Huntsville, Alabama 35801
Phone (205) 881-1750

This will have the film inhibit feature and electrical reset, but will be very large.
A.W. Haydon Company Contact: Arthur W. Bennett
232 N. Elm Street
Model K19502 Waterbury, Conn.
Phone (203) 756-4481

See the appendix for alternate vendors.

® Rotary Switch - Flight hardware models are quite expensive and should be

replaced by either quality models or some other which has the same "feel."
The strict hermetic seal of the flight hardware is a primary reason for its
high price. I a discarded flight model is found available, its life would
probably be long enough. Note that if a disassembled unsealed model is

purchased, it could be ordered in one configuration (four decks, all 12

positions) and internally modified electrically and mechanically as required.

Example: 709A603S34
ROM Cost: $2,500.00

e Flag Indicator - The indicator flag used for flight uses a very high im-

pedance input to power the wheel on which the flag is emblazoned. Since
extremely low holding power is less important for the simulator, a lower

impedance model would be satisfactory.
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Example: 703A603DS21
ROM Cost: $900.00

Local Rep: R.F. (Slim) Johansson
Kemp Instruments
Governors Drive
Huntsville, Alabama
Phone: 837-4304

Toggle Switch - The electrical circuit of the toggle switch to be used on the

simulator will be determined by the simulator requirements; therefore, it

will likely be different from the flight console requirements.

Example: 709A605S8
ROM Cost: $200.00

X-ray Scope - The X-ray scope (T09A603A3M5) assembly is a special AS&E-
supplied device. A non-qualified unit identical to the flight model should
prove satisfactory.

Intensity Modulation Assembly - This AS&E-supplied unit (709A603A4) may

be replaceable by a rotary switch and potentiometer with all the functions

done by computer instead of panel hardware.

Intensity Counter - The AS&E-supplied assembly (709A603A2) will probably
be replaced by a simple EL display unit driven by the computer.

Exposure Counter - This AS&E-supplied assembly (709A603A) will probably
be replaced by a simple EL display unit driven by the computer.

NRL A TV Cain - This potentiometer (709A602A3R1) should be replaced by
a nonqualified one.

PC Digital Display - The displays (709A60DS10-11, and -12) should be re-
placed by a simple EL digital display panel driven directly by the computer.
The flight hardware includes a BCD converter and is unsuitable due to cost.

Its sophistication is unnecessary for simulation.

Source: Lear Seigler
ROM Cost: $20,000
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6.5.5 Facility

The Total ATM Simulator will require an extensive facility. This facility will consist
of the necessary computer support equipment (air conditioning, acoustic screening,
and electric power) and the associated space required to set up the computer, crew
station, and the simulation equipment (image generation equipment, power interface,

simulation drive equipment).

The computation facility must be able to support adequate air conditioning, humidity

control, and power to maintain a hybrid computer with a digital compliment consisting
of a 32K core, tape driver, card reader, and other peripheral equipment. The hybrid
interface and an analog computer contain the following basic elements: 120 Integrator,

120 Summers, 500 Pots, 60 Multipliers, and 12 Resolvers.

In addition to being able to support the computer requirements, there must be adequate

facility adjoining the computer facility to contain and support the crew station, special

simulation equipment and the operating personnel. Approximately 1,000 sq ft of floor
space is required adjacent to the computer facility to handle the crew station, simula-
tion control console, and special simulation equipment. The facility should be divided
into three basic areas: crew station (simulated cabin) area, simulation control and
monitoring area, and the simulation equipment area. Each of these areas should be
light level and acoustically isolated. Each area should have individual light intensity
control. There should be a one-way glass partition between the simuiation control

and monitoring area and the crew station area.

Figure 6-28 shows a tentative configuration for the Total ATM Simulator facility.

6.6 RECOMMENDATIONS

6.6.1 Benefits of Simulation

The need for an ATM Simulator is verified by the ATM Fine Pointing Simulation Study
performed by LMSC. This study is reported in LMSC Report A-842326. In brief, the
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value of an ATM Simulation lies in the ability of the simulation operator and the
system designer to evaluate the system (man-in-loop). Also, it allows the astronauts
to operate the system and make recommendations during the design phase. In fact,

it may be that the astronauts will not accept the system till it has been proven during

simulation.

6.6.2 Schedule Requirements

For the ATM Simulation to be of value in the development phase, it must be opera-
tional before the hardware is procured. The simulation must obviously be operational
as soon as possible. The simulation should be set up as rapidly as possible in a
simplified manner and then expanded to encompass the required detail. The first cut
at a simplified simulation must be operational by late 1967. The complete simulation
must be ready by mid-1968. If these basic milestones are not met, the simulation

will not be able to evaluate or prove system feasibility in time to meet mission dead
lines.

6.6.3 Simulation Implementation

To implement the ATM Simulation and meet the required schedule, the organization
chosen must have:

ATM system experience
ATM pointing system background
Experience in man-in-loop simulation

Existing simulation equipment that will satisfy the first cut requirement

Hybrid computer that can be made available on a long-term basis
immediately

If these criteria are not met, the schedule delays will be such that the simulator will

not be available in time to serve a useful function and may thus jeopardize the Solar
ATM Mission. '
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Appendix A

TIME-LINES OF THE FIRST ORBIT, A REPRESENTATIVE EXPERIMENT
PROCEDURE, AND A SUMMARY OF DARK-SIDE ACTIVITIES
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