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TECHNICAL MEMORANDUM X-53834

STABILIZATION AND CONTROL OF THE APOLLO TELESCOPE MOUNT

INTRODUCTION

The Apollo Telescope Mount (ATM) is a manned solar observatory.
The broad objective of ATM experiments is to increase our knowledge of the
solar environment by observing it from a station above the major portion of
the earth's atmosphere. It is being developed for launch during the first
quarter of 197Z.

The ATM with its associated cluster (Figure 1) will be placed in
334 km (180 Nm) circular orbit at an orbital inclination relative to the earth's
equatorial plane of 35 degrees. A manned flight duration of 56 days is planned.
This is to be followed hy an unmanned storage mode in which a limited amount
of experimental data will continue to be gathered.
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The major objectives of the ATM are as follows:

1. To obtain specific data on the characteristics of the sun through
observation of various portions of its electromagnetic spectrum.

2. To obtain engineering data for aid in the design and establishment
of future manned solar and stellar observatories.

To meet the scientific objectives of the ATM mission, it was necessary
to develop an ATM pointing and control subsystem (PCS) which would meet the
high accuracy pointing requirements of the ATM experiments under both
external and internal disturbances such as gravity gradient, aerodynamic,
and on-board astronaut motion. It was also necessary to minimize the
expulsion of mass from the vehicle when taking scientific data to avoid contam-~
ination of the sensitive elements of the various ATM experiments. A third con-~
sideration was that of keeping the weight of the system to a minimum.

The developed PCS was dividea into two major pointing and control
subsystems, one to provide pointing and control of the cluster and the other to
provide fine pointing and control of the experiment spar. In compliance with
mission objectives, a momentum exchange device was chosen as the control
torque source for cluster control. The momentum exchange device selected
was the control moment gyro (CMG), and the subsystem using CMG's as
actuators was the "CMG control subsystem.'" The fine pointing and control
requirements of the spar resulted in the development of a control system using
flex-pivot gimbal bearings™ for control about two axes and an open loop roll
crank-around device to mieet positioning requirements about the third axis.
Dynamic control about the third axis is supplied by the CMG control subsystem.
The control system associated with fine pointing and control of the spar is
known as the experiment pointing and control subsystem (EPC).

SYSTEM REQUIREMENTS

The ATM/PCS is required to point an experiment spar to any spot on
or near the solar disc and, in the face of disturbance torques (Table I)

* A flex-pivot gimbal bearing is made of a pair of flat cross-leaf springs, is
welded to and supported by rotating sleeves, has no backlash, and provides
limited angular travel. '



encountered by the manned space station in its 334~km circular orbit, to main-
tain its required pointing accuracy and stability as illustrated in Table II* ,

TABLE I. MAJOR DISTURBANCE TORQUES

Disturbance Peak Torque
Torque (Nm) Frequency
Gravity gradient 8 Twice orbital period
Aerodynamic 2 Orbital period
Magnetic 0.16% Orbital period
Man motion 720 Predominantly
0.1to1l Hz

Venting and Not specified Variable
gas leakage
* Maximum average torque per orbit

TABLE II, POINTING ACCURACY AND STABILITY

Stability

System Pointing (For 15 min)
CMG roll +10 arc min . +7.5 arc min
CMG pitch
and yaw +4 arc min +£9 arc min
EPC roll | +10 arc min -—-
EPC pitch
and yaw +2.5 arc sec +2.5 arc sec

* For the PCS design requirements, roll is defined as the angular rotation about
the line of sight from the experiment package to the center of the sun, and pitch
and yaw are the small angular deviations of the experiment package with respect
to this line of sight.



These pointing requirements are illustrated in Figure 2 which portrays
the experiment package reference axis offset from the line of sight to the center
of the sun by the maximum offset angle gbo of 20 arc min (solar radius is
16 arc min) . At this offset angle and because of the =10 arc min uncertainty
of the roll angle ¢_, the commanded point in the plane of the solar disc will
lie anywhere along arc length LM which for small angles may be approximated
by € =13.5 arc sec. If in addition, the +2.5 arc sec uncertainty of pitch and
yaw is inciuded, the actual commanded reference point will lie anywhere within
region ABCD, which is the command point uncertainty (Figure 2). Since all
angles are small, area ABCD may be considered to be a rectangle with a width
of 5 arc sec (illustrated by ep) and a length of 12 arc sec (illustrated by ey)

at an offset angle cpo = 20 arc min.

The control system stability requirements around any actual reference
point are illustrated in Figure 3, where point A 1is considered as the actual
commanded reference point. Arc length, PQ , in the plane of the solar disc
is generated by the +7.5 arc min roll excursion during a 15-min time interval
with a 20 arc min offset from the center of the sun. It may be approximated by
an angle, qbV , of +2.5 arc sec. The inclusion of pitch and yaw uncertainty of

o

£2.5 arc sec generates the area EFGH, which is the locus of points for the
control of the experiment package reference axis around the commanded
reference point A . Since all angles are small, area EFGH may be approxi-
mated as a rectangle with a width of 5 arc sec (¢p) and a length of 10 arc

sec (q;y) , again assuming a 20 arc min offset angle. Since the center of

area EFGH can be any point within area ABCD, the command pointing uncer-
tainty may be combined with that for the control around an actual reference
point. This results in an overall experiment package pointing uncertainty
which may be approximated by a rectangle with a width of 10 arc sec and a
length of 22 arc sec as illustrated in Figure 3.

CMG CONTROL SUBSYSTEM

The CMG control subsystem is a momentum exchange control system.
The momentum exchange devices are three orthogonally-mounted double-
gimbaled CMG's (Figure 4); each has a stored momentum capability of 2700 ‘
Nms. ATM cluster (Figure 1) moments of inertia and mass data are presented .
in Table III.
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TABLE IIl. MOMENTS OF INERTIA The use of CMG's in the pointing
AND MASS OF ATM CLUSTER and control of a large manned space
station is new, and the problems asso-
I, = 0.8711 x 10%kg-m?| ciated with that type of system are
unique and were unsolved. Some of the
I, = 0.5497 x 107 kgem? problems encountered in the develop-
’ ment cf the CMG control subsystem
I3 = 0.5254 x 10" kg-m? include the following:
Mass = 0.5409 x 10°kg 1. An acceptable control law
: for use of the CMG's in control of the

ATM cluster.

2. A means for preventing the CMG's from '"falling into'" an undesirable
orientation such as that which would not allow the use of the CMG's to control



the spacecraft even though the CMG cluster was not in its saturated momentum
state.

3. A means of desaturating the CMG cluster periodically without the
use of a mass expulsion reaction control system (RCS). A uniethod was needed
to permit torques produced by an external force field such as gravity gradient
to be used to effect CMG momentum desaturation.

4. The optimal orientation of the vehicle to minimize external bias
torques which would tend to saturate the CMG cluster; i.e., the placemeni of
the minimum principal axis of inertia into the orbital plane.

Acceptable control laws for use of the CMG's in control of the ATM
cluster were .eveloped. A detailed derivation of these laws is given in
References 1, 2, and 3. The basic concepts considered in the development
of these control laws will be considered here. Figure 5 shows a schematic of
a single CMG.

- OUTER GIMBAL

" u INNER GIMBAL
Cuy SPACE = "AN * SPACE
Taniir Tuei: F2a(j) (i)
38(j),'3c(j)

(1) PIVOT

P “
A NN\
/ \
N/ .
| ’.\\‘

| = .((("

(3) PIVOT

hedn s had BASE "B(;)" SPACE

FIGURE 5. SCHEMATIC OF THE "j" CONTROL MOMENT GYRO



The CMG is a two-degree-of-freedom gyroscopic device used to generate
controlled moments on its mounting base. It consists of a constant speed wheel
held in a housing which is called the inner gimbal. The inner gimbal is coupled
to the outer gimbal through a pivot which is perpendicular to the wheel spin
vector. The outer gimbal is coupled to the base by the outer pivot. The two
pivets are driven by geared torquers.

The reaction moment of an ideal cluster of CMG's on the vehicle can be
expressed by equation (1) .

M. = -i}—IT—I- I-space = - Ty + @... X H (1)
Mpv = = & pace = a |y 7 v " v
where H is the total angular momentum of the CMG cluster as expressed

TV

in vehicle space and is the inertial angular velocity of the vehicle.

AY
Equation (1) can be simplified by expressing the individual momentum of each
CMG in inner gimbal space as shown in equation (2).

- A(}) — = - =
Mpy = - 2 at T wyag) X Bag) T oy ) -
= 'A-space '
(2)
With the assumption that (’T)?[V << c'JV A() and a constant wheel speed;
dHA(J)
i.e., I = 0 , equation (2) reduces to equation (3).
A-space

Mw

Mpy = (3)

VA(J) A(J)

Equation (3) may be expressed in matrix form [1] relatihg‘ the reaction
moment about the various vehicle axes to the torquer rate commands on the
individual CMG inner and outer gimbals, equation (4).
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The six CMG relative gimbal rates must be commanded, based upon
information derived from body-mounted attitude and rate sensors. Since these
sensors are aligned to the geometric body axes, they provide information
relative to these three axes only. This three-dimensional information must
now be routed or "steered'" to provide six commanded CMG gimbal rates which
would produce a reaction moment to optimally cancel any disturbance moment,
The law that governs this generation of a six-dimensional vector, based upon
three-axis information, is called the steering law, which is given in generalized
form by equation (5) .
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where MCXV is the commanded moment about the iXV vector based on

body-mounted sensor information. [Ts] is the steering law. éi () ¢ is the

commanded gimbal rate of the ith pivot of the jth CMG.

Assuming that éi and combining equations (4) and (5),

L= 6
(e 1(j)
we arrive at an expression that relates the commanded to the actual vehicle
torques as shown in equation (6).

Mpxy Mexy
Mpyv| = [AHT | Moyy (6)
_MRZV_ _Mczy_

To optimally control the CMG cluster, we require the matrix [A] [Ts]
to be an identity [A] [TS] = [I] ; this requires the steering law matrix to be

the inverse of the CMG cluster matrix [A]. However, since [A] is nota
square matrix, no inverse exists and any attempt to get an inverse results in
a steering law which exhibits no control for many CMG gimbal angle combina-
tions. This approach at formulating a steering law fails and another approach
must be sought.

A close inspection of equation (3) reveals that to nullify a disturbance
torque, the H-vector of each CMG must be made to swing into the direction of
the disturbance torque. Based on this consideration, a steering law (the cross
product steering law) can be postulated by equation (7).

w = i 7
“yaer = Bsnloagy X %rv (7
— i .th .
where WA (i) C’ is the commanded j  CMG momentum vector rate relative
i . K i tant. 1 i i pi
to vehicle spac::l K‘SL is a constant, {1 2A () is the unit vector along the spin
vector of the j  CMG. ETV is a vector based on vehicle body sensor infor-

mation and thus indicates the direction of the disturbance moment.
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Carrying out the necessary equation development [1] yields the CMG
cluster steering law and the desired relationship between the commanded
gimbal rates and disturbance moment information.

F N

% (1yc

% (2)C _
_ TVXV
5

1(sc|

= RoplTe! |2ryyy (8)

%3 (1) cr

. FTVZ V|
%(2)Ct

L‘Ss(g)c'

The steering law previously developed would fall far short of the goal
if used directly to control the CMG cluster; i.e., to have an invariant forward
gain with a minimization of cross-coupling torques.

| The "H-vector control law,' developed in Reference 2, is a closed
loop controller whick, when used with the cross-product steering law, provides
an almost optimal CMG cluster control law.

The H-vector control law scales the ETV vector to be a commanded

torque. The commanded torque vector is then electronically integrated and
compared to the angular momentum of the CMG cluster. The error momentum
vector is then nulled by driving the six CMG gimbals with the aid of the steer-
ing law.

A simplified diagram of the H~vector control law is shown in Figure 6.

Because of the nonuniqueness of the H-vector control law and its asso-
ciated cross-product steering law, the requisite CMG gimbal angles to produce
a given total momentum vector are not uniquely defined. If the required total
momentum vector is 1H , then the CMG cluster can attain an undesirable
orientation in which all three CMG spin vectors are colinear. This orientation

12
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has been called the "anti-parallel" case. The CMG cluster, when in the anti~
parallel orientation, exhibits zero gain along the axis of colinearity. Thus, if

a disturbance torque were applied along this axis, the CMG's would not be able
to compensate for it even though they are not saturated. This problem prompted
an investigation that resulted in the development of the "'isogonal distribution
and rotation laws." A brief description of these laws is now presented. Ref-
erence 3 treats this subject in detail.

For any given total angular momentum vector, it is desirable to place
the three individual spin vectors 'into an orientation in which each contributes
an equal component along the total vector. This constraint results in equal
angles between the individual vectors and the total. This distribution i called
an isogonal distribution and utilizes two of the remaining three degrees of
freedom of the CMG cluster (the H-vector control law utilizes three degrees
of freedom) . It can be shown that the remaining degree of freedon: is only a
rotation of the three individual momentum vectors about the total vector. This
last degre: of freedom is used to minimize the inner gimbal angies of the CMG's.

The isogonal distribution and rotation laws generate six commanded
bias rates for the six CMG gimbals. These bias rates are added to the
commanded rates as derived from the cross-product steering law.

Essentially, the bias rates can be considered as the sum of the two
rates; one from the distribution law 6, and the other from the rotation law

Di(j)
®Ri(j) ’

unsc = by T i (9
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reducing the cross-coupling torques.

In addition to eliminating the possibility of ''falling into'" the anti-parallel
case, the isogonal distribution and rotation law has also improved the perform-
ance of the CMG cluster by extending the bandwidth of the direct gain and by

This improvement is shown by inspecting

Figures 7 and 8 which show the direct and cross-coupling frequency response
of the CMG cluster with and without the distribution and rotation laws (for the

same total momentum) .

‘7\/ — T~ g MAGNITUDE
o MAGNITUDE ——_\&(WITH D&R LAW)
! (WITHOUT D8R LAW) XS
\
N,
-20 \\
PHASE 3
@ 30 ————— == f:(wwn D&R LAW) 0 <
© = ~
-40 . ﬁ’\
PHASE ! N
(WITHOUT D&R LAW) AN .
-50 N -z
D8R =DISTRIBUTION & ROTATION \
-60 A\§ X
70 W{(RAD/SEC) = .
ol 10 10 100 1000
FIGURE 7. H-VECTOR CONTROL LAW RESPONSE Mrx/Mcx
© _ MAGNITUDE
] (WITHOUT DBR LAW) -
1O e e e 1 +Z
-~~~
A §<\ ~ e \gMAGNITUDE
/ N (WITH DBR LAW)
} — ) \ \‘ l —~
z ° T \#PHASE °2
o _- \(WITH DBR LAW £
.4 ot \‘
© Pl <PHASE \} \
-7 (WITHOUT D8R LAW) \ ;
_SO // : L _n
-7 \ 2
pad \ \ \
€0 S NN
D8R =DISTRIBUTION & ROTATION \%—
-70 -r
W(RAD/SEC) N
-80 :
0.l 1.0 10 | 00 1000

14

FIGURE 8.

H-VECTOR CONTROL LAW RESPONSE Mrx/Mcz



Figure 9 shows an anti-parallel configuration and a possible orientation
with the aid of the distribution and rotation laws.

H
Ho
= —_— -
Hi < t!‘."ﬁ'
-+ ———| H < —p |H
____.___._’.
H -
3 H3
ANTI - PARALLEL CONDITION WITH DISTRIBUTION 8 ROTATION LAWS

FIGURE 9. H-VECTOR CONFIGURATION

The developed CMG control system including its numerous nonlinearities
was simulated on a large hybrid computer. The system operated in a satis-
factory manner for small initial conditions (0.1 tc 0.5 degree) and slowly vary-
ing external torques (gravity gradient, etc.). If, however, the initial CMG
orientation was highly nonisogonal or if two-CMG operation was considered,
it was found that oscillatory and, in some cases, unstable operation resulted.

This was remedied by adding a variable gain feedback term from the
"H" error signal to the input of the H integrator. A simplified diagram of
the system, as now designed, is shown in Figure 10.

To desaturate the CMG cluster, periodically, without the use of a
mass expulsion reaction control system, a method was developed utilizing
the earth's gravity-gradient force field to effect CMG momentum desaturation.
The method developed is described in detail in Reference 4. The basic concept
is best described with the aid of Figure i1 which depicts the per orbit momen-
tum build-up of the CMG cluster caused by gravity gradient and aerodynamic
torques. A careful inspection of this figure reveals that if periodic CMG
desaturation were not provided, the CMG cluster would be saturated for pro-
gressively larger portions of an orbit after the first orbit. The axis of satura-
tion would be roughly the vehicle X axis. This means that after complete
saturation, the CMG cluster could not compensate for a disturbance torque
about the axis of saturation. -

15
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An investigation of the causes of the predominant noncyclic torques
(i.e., gravity gradient and aerodynamic) reveals that with the given vehicle
configuration and mission requirements (i.e., point vehicle Z axis at radio-
metric center of sun every daylight period), it is not possible to eliminate the
noncyclic torques but it is possible to minimize them.

This problem of CMG momentum management was attacked in two
separate ways.

i. The noncyclic disturbance torques were minimized by finding an
optimal vehicle orientation while still meeting the requirement that vehicle
Z axis point to the center of the solar disk. This was accomplished by samp-
ling the vehicle momentum at a specified time during the daylight orbital period
and comparing it with the previous day's sample. The compared sample indi-
cated whether the bias momentum components about the various vehicle axes
were increasing or decreasing. This information was then translated into
appropriate angle position commands about the vehicle Z axis to ensure mini-
mization of bias momentum accumulation.

2. The saturation effects of the remaining noncyclic disturbance torques
were nullified by periodically producing controlled bias torques which would
tend to desaturate the CMG cluster. The controlled bias torques are produced
by employing rectified components of the gravity gradient torques encountered
during the night portion of the orbit to desaturate the CMG cluster. The recti-
fication of the gravity gradient torques is made possible by maneuvering the
vehicle about two axes during the night side of the orbit. The magnitude of the
maneuver angles is a function of the momentum accumulation during the day-
light portion of the orbit.

EPC CONTROL SUBSYSTEM

The EPC control system utilizes flex~pivot gimbal bearings for control
about two axes and an open-loop positioning device to meet positioning require-
ments about the third axis. The flex pivots allow approximately +2 degrees of
rotation of the X and Y axes while the roll positioning device allows for a
rotation of +120 degrees about the experiment package Z axis. A block diagram
of this system is shown in Figure 12.

While the EPC provides automatic control of the experiment package
X and Y axes, manual positioning of these two axes is provided for the purpose

18
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of offset pointing. Fine sun sensors (FSS) are used for sensing spar attitude
errors, with rate gyros sensing rates. The ATM control computer (ATMCC)
conditions the sensors' signals to provide rate plus displacement command
signals to the flex-pivot actuators (dc torgue motors).

The experiment package can be offset pointed in the X and Y axes over
a range of £20 arc min, with the eenter of the solar disk being the zero posi-
tion. The solar disk measures approximately 32 arc min from limb to limb.
Offset pointing is accomplished by posi)‘ioning an optical wedge located in each
of the FSS. The wedge is mounted in * :e path of the sunlight passing through
the FSS optics and can be rotated to refract the sunlight a fixed angle in a con-
trolled direction. The wedges are positioned by a drive mechanicm controlied
by the astronaut via the manual pointing controller. The wedge drive varies
from +135 arc sec/sec near zero offset positions to 76 arc sec/sec for wedge
positions near the 20 arc min sun offset position. A wedge offset produces an
FSS output error voltage that causes the spar to rotate about the appropriate
axis (X or Y) and point the FSS, and thereby the experiment package, iz a
direction that will drive the FSS output voltage to null. Stability is then auto-
matically maintained by the EPC. The experiments are aligned to the FSS.
The position of each FSS wedge is displayed on the PCS control and display
panel and corresponds to the experiment package offset position from the cen-
ter of the sun in the X or Y axis. The panel also contains television digplays
of the sun, as viewed through experiment telescopes, and experiment readout
displays to assist the astronaut in pointing the experiment package.
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The roll positioning mechanism (RPM) is used to rotate the spar about
the Z axis. The mechanism is commanded by the astronaut via the manual
pointing controller (rate switches) located on the control and display panel,
Spar roll rates of 7, 3.5, +0.7, and +0. 35 degrees per second can he
commanded. Once the spar is positioned, the RPM will hold the location until
a repositioning command is received. The astronaut repositions the spar in
accordance with experiment demand requirements. The spar roll position is
displayed on the control and display panel.

ATM PO INTING CAPABILITY

The ATM pointing and stability requirements listed in Table II were
developed us a result of the various individual ATM experiment pointing and
stability requirements. The ability of the ATM pointing and control system to
meet these requirements was established analytically by performing a detailed
error analysis of the system. This analysis is being continually updated as
additional input data become available. A Monte Carlo procedure was employed
for the determination of system position and rate output errors for various
model configurations of both the CMG control system and the EPC system { 5].
System dynamics were rvaluated on hybrid computer simulations of the system [6] .
The results of these studies are summarized in Tables IV and V. The numbers
not in parentheses are system requirements while those within the parentheses
represent the presently estimated 20 system capability.

TABLE IV. EPC CONTROL SYSTEM POINTING CAPABILITY 2¢

Stability for
System Axis Pointing Uncertainty 15 Min
EPC X +2.5 arc sec +2.5 arc sec
~(1.77 arc sec) (0.63 arc sec)
EPC Y +2.5 arc sec +2.5 arc sec
(1.77 arc sec) A (0.63 arc sec)
EPC Z +10 arc min CMG control
Roll reference (£7.0 arc min) system
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TABLE V, CMG CONTROL SYSTEM POQINTING CAPABILITY 2¢

, Stability for
System Axis Pointing Uncertainty 15 Min
CMG X +4 arc min +9 arc min
(£2.75 arc min) (£3.6 arc min)
CMG Y £4 arc min +9 arc min
(£2.75 arc min) (£5.7 arc min)
CMG Z +10 arc min +£7.5 arc min
(£0.624 arc min) (£5.0 arc min)

The main errors associated with the EPC systems' pitch and yaw
control were those caused by I'SS null accuracy (+1.4 arc sec) and FSS wedge
readout resolution (+1.25 arc sec). The effect of man-motion disturbances
was nearly negligible; the most significant being +0.2 arc sec position dis-
placement as a result of astronaut wall pushoff disturbance (Figure 13). The
main error source in experiment roll reference determination is due to RPM
readout and positioning errors which are on the order of +5 arc min (2¢).

The error sources associated with the CMG control system pointing
uncertainty are due mainly to an accumulation of various electronic gain null
offset and drift terms. The stability error source is the result of astronaut
wall pushoff disturbances.

CONCLUS IONS

Based upon high accuracy pointing requirements, an ATM pointing
and control system has been developed to meet experiment objectives. A
significant portion of the PCS is capable of manual operation. Astronaut
operation is thus available to perform various functions such as those which
require judgment to select scientific targets and to point experiments to these
targets. To keep the number of tasks required by the astronaut within reason,
many functions such as attitude pointing stability are performed using closed-
loop automatic control. However, because of the manual control capability
and television optics display system, the astronaut can manually improve some
of these functions such as offset pointing and experiment line-of-sight calibra-
tion. ‘

21



+50N 1

+—

o 0w
Fy,F — et
Ve [ 2 3 4 5 & 1 8 9 \_
(s)
=38CN +
+68Nm +
o N2
Tx T e S S
i 2 3 4 s & 1 8 9 \/
~68im T+ (s)
+720Nm T
o u e
T2.T i e T
20y i 2 3 a4 5 & 1 8 9 N\
(s)
-720Nm <+

FIGURE 13. ASTRONAUT WALL PUSHOFF DISTURBANCE

The system is unique in that it utilizes the energy source of its operat-
ing environment to effect the desired pointing and control requirements of the
space station. The electrical energy required to power the experiments and
the pointing and control system are supplied through onboard storage devices
via large solar panels. The principal disturbance torques are cyclic, and the
momentum storage and dissipation characteristics of the CMG's are ideally



suited to operation in this type of environment. The accumulation of momentum
by those noncyclic torques is compensated for by maneuvering the space station
during the night portion of the orbit against the gravity gradient field in such a
manner as to nullify the noncyclic bias torque effect.

The developed pointing and control systems meet the experiment point~
ing requiremerncs. The same type of system with improved electronics, sen-
sors, and some minor limitations on astronaut motion during observation
periods might achieve pointing accuracies on the order of 0.1 to 0.01 arc sec

[7].
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