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FOREWORD

This report is a technical summary of the progress made by the
Electrical Engineering Department, Auburn University, toward fulfill-
ment of Contract NAS8-20104 granted to Auburn Research Foundation,
Auburn, Alabama. This contract was awarded April 6, 1965, by the
George C. Marshall Space Flight Center, National Aeropautics and

Space Administration, Huntsville, Alabama.
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‘SUMMARY

The investigation of an Improved Attitude. Control System for an
orbiting space vehicle is presented in this report. A steering law
is developed which greatly reduces the cross—axis responses of the

system. The system stability is shown not to be adversely affected.
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LIST OF SYMBOLS

DEFINITION
General subscripts (range 1, 2, 3)

Bar above a letter indicates a vector
quantity

Cosine

Compensation networks for the inner and outer
gimbal velocity servos, respectively

Crossfeed compensation for the inner and

outer gimbal velocity serxvos, respectively
Magnitude of the momentum of the CMG's
Total momentum vector of the CMG's

Time integral of the attitude control systém
moment command

Error signal between ﬁ; and ﬁ&
Identity Matrix

= Jyp - Ng(l + Ng) Jyp

= -1 g; -

_ o2

= Ng Iy * Jp11 + Iy

= w2 2

= Ng JMR + JC33 + (JA33 -+ JD) Cos 51

HRCIVY!

= Polar moment of inmertia of the CMG wheel
about the 12A vector

. 2
+ JR)Sln 61

= Polar moment of inertia of the wheel about
an axis perpendicular to the 12A vector
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SYMBOL DEFINITION
J J J = Polar moment of inertia of the inmer
A1l ? - —
A227 "A33 gimbal exclusive of the whesl about the llA’
lZA l3A vectors, respectively.
Jeas Polar moment of inertia of the outer gimbal

about the TéC vector.

;MR = Polar moment of inertia of the torque
motor rotor about its rotatiomal axis

KSL Gain Constant
MR Reaction moment of the CMG's on the base of

the wvehicle

Ny - Gear ratio of the gimbal drives

s Laplace operator

S8 Sine

ITS] Steering Law

51(j) _ . Inner gimbal angle of the jth CMG

83(4) Outer gimbal angle of the jth CMG

él(j)’ é3(j) Time rate of éﬁange of angles 6l(j)’ G3(j)
EﬁA(j) Inner gimbal rate of the jth CMG with re-~

spect to vehicle space



I. INTRODUCTION

One of the primary objectives of the Apolloc Telescope Mount (ATM)
Mission is to increase the knowledge of the seolar environment. The
ATM is a manned solar observatory from which solar data may be ac;
quired and solar experiments performéd. With the ATM in earth orbit,
the experimenter is free to perform experiments in an essentiélly
atmosphere-free environment. The basic configuration includes an
Apollo service and command module, an S-IVB workshop, a multiple
docking adapter, and the ATM rack as shown in Figure 1.(1)

The desired experiment conditions necessitate highly accurate
pointing requirements. These pointing requirements must be maintained
by the conttrol system when the system is under the influence.of both
external and internal torques such as gravity gradient and aerodynamic
torques or astromaut motion.

For the pointing control subsystem, roll is defined as the angular
rotation about the line-of-sight from the ATﬁ rack to the center of
the sun with pitch and yaw being the small deviations of the ATM rack
with respect to this line of sight.

The Control Mcment Gyro (CMG) control system for the ATM rack was
chosen principally because of performance benefits with regard to the
effective compensation of cyelic disturbance torques such as gravity

gradient and aerodynamic torques and with regard to the dynamic
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characteristics of the system. A passive control systen (gravity
gradient, for example) would not, in general, have the required
accuracy and would not develop sufficient torques to meet the dynamic
performance requirements. Also during periods when the experiment
optics are exposed, use of the CMG pointing control subsystem pre-
vents possible optiecs contamination that couvld occur from the ex-
haust of a reaction jet control system. However, the reaction jet
control system of the Lunar Excursion Module could be utilized for

a coarse control system and could alsc be available for use in CMG
momentum desaturation.

The CMG is basically a gimbaled wheel rotating at a constant
speed which provides a constant angular momentum and is capable of
having a wvariable orientati;n with respect to the spacecraft, A
moment is imparted to the wvehicle by causing a change in the direction
of the constant momentum.

Two of the primary design requirements of the attitude control
system for the Apollo Telescope Mount are; (1) the minimization of
the cross-axis respomse and, (2) the maximization of the direct-axis

bandwidth.



II. DERIVATION OF REACTION MOMENT EQUATIONS

The CMG is a2 two degree of freedom gyroscopic device as shown
schematically in Figure 2. It consists of a2 constant speed wheel
held in a housing referréd to as the imner gimbal. The inner gimbal
is coupled to the outer gimbal by the pivot des%gnated as (1}. The
(1) pivot is perpendicular to the momentum vector of the wheel. The
pivot designated as (3) couples the outer gimbal to the base of the
CMG. The (3) pivot is perpendicular to the (1) pivot.

There are 3 spaces which will be used in the derivation of the
reaction moment equations of the CMG., These are shown in Figure 2 and
are

1. TInner gimbal gpace, A-space, designated by EiA’ iéA’ and iéA'

2, Outer gimbal space, C-space, designated by iiC’ iﬁc, and EéC'

3. Base space of the CMG, B-space, designated by=iiB, EEB and

Type

The CMG cluster showing the mounting planes and the positive
directions for the gimbal angles is shown in Figure 3. The reaction
moment of a cluster of ideal CMG's can be expressed in inertial space

as.

= dH ‘
M., = - &
RV n

I-space

where an ideal CMG is defined as having instantaneous control loops
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and no inertia reaction moments.

as

dHy —
- —+ Wyy X H
dt

v

Yry =
In A-space, the reaction moment may be expressed as:

3 dH
Moo=- ) A T xEH o+ H
Mpy = = I Uyp ¥ Hpay oy X
51 ar, At T T
The inertial velocity, Wry is nominally zero.
constant so that

dH
_.....é=0

th

This may be written, in wvehicle space,

The wheel speed is a

Thus, the expression for the reaction moment may be written zs:

— 3 - —
Yry T 7 J_El “va(s) * a)

The transformation matrix from A to C space is

Mo |t 0 O 1 |Mam
Hac(4) Ss1¢)  Ssi) | |Maah)
Byl 10 Ssie Cs1¢3) |Maa)

Bac9)

= [ )

H3a (3)

where C's and S's represent cosine and sine terms, respectively.

The transformation matrix from C to B space is

Be@)|  |%3@) “S53¢9) TG
Hase = |%s3(h) %3ay) 0 M
H3g (1) 0 0 1| |H3eq)

= [3B]

e

Fac ()

[P



The transformation from A to B space ig then:

H1B(3) Ha)

Hypeyy| = [B1 AT [Hoy 59

38.(3) ")
vhere
“5303) 53¢ 81.(4)
SR I E VO TE PR R
° 5619
Also,

fa@y T g Ry

With this relationship, the reaction moment applied by the jt

on its base may be expressed as:

Mr1B(3) ~583(9)°61(3)
Mpog(] = BG) | Ca3¢)8s1(3)
MR38.(3) o109)

From Figure 3, the relationship between

base space to vehicle gpace 1s as follows:

#1 CMG

Mexv 0 1 Mr1s
byv| = |1 0 Moon

Mooy 0 0 Mz3p

Ss3¢5)%81.(3)
~Cs3(1)%51(3)

C51(;1)

b ove

Cs11)%3G) | 1)
Cs1(3)883(3) 0

’ 53]

the reaction moment in



#2 cMG
Mexy 0 0 -1 Mpig
#3 CMG
Moy 1 0 0 Mg
Mpgy| = |0 0 “L| |Mmos
Mpgyl |0 1 0] |Mgsp|

From these relationships, the reaction moment of the cluster on the

vehicle may be determined as:

Mpxv = Mpow(1) ~ Mram(2) T MRir(3)
Mavy = Mpiscn) T MR2m(2) ~ MR3B(3)

Mpzy =Mp3p¢1y T ¥rip(2) + Mron(3)

Expanding and collecting terms, the relationship between the reaction

moments and the gimbal rates may be written as

Mpxy :
i i . . . ) .
Mogyl= 1A D811y S1¢2y 13 S3¢) $3(2) 3¢l

Mpry

where |[ JT denotes the transpose and [A] is given by

Cs3y®s1w) Cs1(2) Ss3(3)%s1(3) Cs1(1)%s3 (D) 0 Cs1(3)%63(3)
-553(1)551(1)  C83(2)581(2)  Cs1(3) Cs1¢1)%83(1) Cs1(2)583(2) 0
| Cs1a1) a3 1) “s3(3®61(3) 0 Cs1(2%3(2) %61(3)%83(3)
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The six CMG gimbal rates are commanded based on information
cbtained from body mounted sensors. This three-dimensional information
must then be used to provide the gimbal rates which provide the desired
reaction moment to counteract the disturbance moment. The transforma-
tion that gives this six-dimensional command vector from the three-
dimensional sensed information is called the steering law. In equation

form, this may be written as:

81 (e
é1(2)0
é MCXV
1(3)C
. = [Tgl 1Moy
S3(1)¢ y
é CZY
3(2)¢
| °303¢]

where [T.] is the steering law.



ITT. NORMAL MODE OF OPERATION

Cross=Product Steering Law

A careful examination of the expression for the reaction moment
reveals that compensation for a disturbance torque can be accomplished
by rotating the (MG wmomentum vector in the direction of the disturbance

torque. Based on this, a steering law of the following form can be

postulated:

“acie = R Taa)yE Coy

where aﬁA(j)C is the commanded jth CMG momentum vector rate relative

to vehicle space
KSL is a constant
iéA(j) is the unit vector along the spin vector of the jth CMG

a is a vector bhased on sensed information and indicates the
direction of the disturbance torque.

Reference [2] derives the expression between the commanded gimbal

rates and the commanded moment. This relationship dis

o e S S s ~C511) MCX;7
1(1)C §3(1)°81 (L) §3(1)781(1)
él(z)c ~C51(2) ~C83(2)361(2) 5$53(2)561.(2) Movy
5 - M
S @] | Ss3(3)%61(3) ~Cs1(3) Csz@ L | | Moz
] - - 0
S3(1)c —Ss3(1) Co3(1)
S302y¢ 0 ~853(2) -Cs3(2)
5 - 0 -3
RO €53(3) 33 |

i1



12

This steering law is referred to as the Cross—Product Steering Law.

If used directly for control of the CMG cluster, the Cross—Pro-
duct Steering Law would be an open-loop scheme, and as such, would be
unsatisfactory. A CMG cluster control law which provides closed-lcop
control of the cluster is developed in Reference [2]. This cluster
control law is referred to as the H-Vector cluster control law.
In this scheme, the moment command is integrated and compared with
the angular momentum of the vechicle. The Cross-Product Steering Law
then determines the six CMG gimbal angle rates required to drive the
momentum error vector to zero. A single-axis block diagram of a CMG
with the H-Vector control law is shown in Figure 4.

Figures 5, 6, 7, and 8 show, respectively, 2 momentum command
for the x-axis, the CMG response for the x-axis, the momentum due to
cross—coupling into the y-axis, and the momentum due to cross—coupling

into the z-axis.

CMG Direct-Axis Bandwidth

The bandwidth of the CMG is an important quantity. In order
to compensate adequately for disturbance torques, the bandwidth must
be sufficiently large. Amplitude-frequency characteristics of a CMG
are shown in Figure 9. The data for this curve was taken with the
outer gimbal at 0° and the inner gimbal at +45°. The input was a
sinusoidal signal to the inner gimbal rate loop. Because of the non—
linearities of the CMG, this does not represent a true frequency

response. The data represents the ratio of the peak input signal to
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the peak output signal. As shown in Figure 9, the bandwidth is approxi-

mately 2.5 Hz.

Cross-Axig Response

An ideal steering law would determine the requirements necessary
in order to exactly compensate for the disturbance torques. For
example, for a disturbance torque in the x-axis only, in the ideal
case, mo reaction torque would be generated on the y and z axes. How-
ever, the Cross-Product Steering Law is not ideal and does generate
reaction torques in other than the direct axis. Figures 10, 11, 12,
and 13 show the reaction torques in the y and z axes and the x and z
axes for a disturbance (initial condition in the x and y axes, respec—

tively).
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IV. CLAMPED MODE OF OPERATION

This section presen%s a different technigue for operation of the
control system of the ATM. \The technique conslsts essentially of
rigidly clamping the outer gimbals to the frame and using the inmer
gimbals for dynamic control during certain perioﬁs of the flight,
such'as.during the solar experiments. Prior to the the solar experi-
ments, the ouéer gimbals are oriented so as to satisfy some s?ecified
criterion. This criterion will be discussed in a later sectiom,

One of the significant advantages of the clamped mode of operation
is that during the experimental periods when the outer gimbals are
clamped, the imner to outer gimbal cross-coupling nonlinearities are
eliminated. In additiomn, this methed of operation results in a
significant bandwidth increase for the control system.

From [3], the simplified equatioﬁs for the dynamics of the inner

and outer gimbals of a CMG are:

= NgG161C - SJlmlclc - H Sinﬁlmlc2c + H CosélwlBSB
{H Cossl - Gcc(3))6l + (SJ33 + NgG3)63 = NgG363C
- H Cosé

1%c1c " 893%102c T STo%p3R

24
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Assuming an input signal for élc only, the transfer function from §

. lc
to 61 is

5, g6y (sJg3 + N.63)

Glc A
where

A= I(SJll + NgGl)(sJ33 + NgGB) + (HCosd, - Gee(l) (HCosdy - Gec(3)]

1

Optimal Steering Law

The equations for the reaction moment on the vehicle with the
gyros in the clamped mode of operation may be found from the equations
derived previously. With the outer gimbals clamped, the outer gimbal
rates 63(1), 63(2), and 63(3) are zero. The equations for the

reaction moments, in matrix form, are:

Mpy S81(1) C83(1) €8 (9) - 8813y S83¢py|  [d1a)
Meyy| = |~ S81¢1) S83(1) 581 (2) C83(2) 651(3) $1(2)
Mpoy Co1 (1) - 881 (2) S83¢p) 581(3) CS3(3)| [%1(3)

The relationship between the commanded moment and the commanded

gimbal rates is

81 (1)c Moxy
E1(2£] = 1741 Ec*zv
1(3)c c7V

Assuming that the actual gimbal rates are equal to the commanded gimbal

rates, the relationship between the commanded moment and the reaction

moment is:
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M M
RXY CXV
Upyy|= 181 [Tgl| Moy
Mooy

Mooy

where [A] is the matrix relating the reaction moments on the vehicle

to the CMG gimbal rates. In order to optimally control the CMG cluster,

it is necessary that the reaction moment be equal to the commanded

moment.

[A] IT ] = [1]

In equation form, this condition may be stated as:

The steering law ITS] that satisfies this condition is given by:

It 1 = IAT7,

where [ J]=! denotes the inverse. Assuming [TS] is of the form

[l =

the solution

T11

Ti9

Tis

To1

T22

To3

Iy

I39

T33

il

it

o Ll L Ll ol L = [l g Tt = e o T

I11
T
T31

T12 T13
Tny Tos| »
Ts2 Ts3

for the optimal steering law is:

[=Co1 oy Cd3¢ay Sd1(3) * 581(2) $83(2)583(3) 581(3)]

[C81¢9) Co1¢3) T S81¢2) C83¢2) 583(3) S81¢3)]

88501y 587¢1) C83¢3)y 881(3) *+ C81(1) C81(3))

Ics3(1) 861 (1) C8a(3) 551(3) + G811 533(3) 581(3)]

I_CGB(I) 861(1) 061(3) + 861(3) 561(1) 863(3) 361(3)]

I
[
I

%31y %8101y %12y B3

5831) %11y 88102y 5%3¢2) ~ %1¢1y S%1¢2) CO3(ny!

063(1) Sdl(l) 561(2) 563(2) - 061(1) C61(2)]

+ 88509y 8857y 08y ()]
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where

A =1ﬂxca3(l) 551(1) 561(2) 053(2) 053(3) 561(3))

~{88301y 881¢1) S61(2) S63(2) S83(3) S81(3))

Ty C1qay Cha T ©ra) i) B3y $833) Su(a)

T8, 19y $8302y O1(ay €831y S1q1y?

+(CS3<3) 861(3) 061(2) 863(1) 561(1)].

CMG Direct-Axis Bandwidth

As shown previously, the diresct-axis bandwidth of a CMG in normal
operation is approximately 2.5 Hz. Figure 14 shows the amplitude vs.
frequency characteristics of a (MG 1in normal operation and aiso for
a CMG in the clamped modé of operation [3]. The data for both curves
was taken with the inner gimbal gt +45° and with the outer gimbal at
0°. However, for the clamped mode of operation, the outer gimbal was
clamped to the frame. As in the previous case, the input was a sinu-
soidal signal to the inmer gimbal rate loop, and the data represents
the ratio of the peak output signal to the peak input signal. As can
be seen in the Figure, the bandwidth of the éMG is significantly in-
creased by clamping the outer gimbal to the frame. The bandwidth of

the CMG in the clamped mode of operation is approximately 5.9 Hz.

Cross—Axis Response

As stated previously, an ideal steering law would determine the

necessary requirements in order to compensate exactly for the distur—

bance torques. The Optimal Steering Law closely approaches the
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ideal situation as only small reaction moments are generated in other
than the direct axis. TFigures 15, 16, 17 and 18 show the reaction
torques in the y and z axes and the x and z axes for a disturbance

(initial condition in the x and y axes, respectively).
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V. STUDY RESULTS

Dynamic Response Characteristics

Results obtained from simulation studies of the AIM system in
order to determine the dynamic response characteristics of the various

system configurations are presented in this section.

Normal Mode, Cr?ss~Product Steering Law

There is one vehicle control loop for each of the three control
axes. A single-axis block diagram for one of the vehicle control loops
is shown in Figure 19, The vehicle control loop has a rate—plus-
position control law. As illustrated in Figure 19, the wvehicle control
" law output is processed and integrated in order to obtain the momentum
command for the immer loop. This command signal is compared to the
vehicle momentum and the error is used to generate the gimbal rates
required to provide the proper reaction moment on the vehicle.

Figures 20, 21, and 22 show the response of the x-axis of the
system, the y—-axis of the system, and the z-axis of the system due
to an initial condition in the x—axis, the v-axis, and the z-axis,

respectively.
Clamped Mode, Cross-Product Steering Law

This section presents the results obtained from simulation studies

of the gystem with the (MG's in the clamped mode. For each of the

34
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contrel axes, there is one vehicle contrel loop. A single-axis block
diagram for one of the vehicle control loops with the CMG's in the
clamped mode and using the Cross—-Product Steering Law is shown in‘
Figure 23. A rate-plus-position control law is used for each of the
vehicle control loops. As in the previous case with the CMG's in the
normal mode of operation, the vehicle control law output is processed
and integrated to obtain the momentum command foxr the inmer loop. This
momentum command is compared to the actual vehicle momentum and the
difference is used to provide the proper reaction moment on the vehicle.
Figures 24, 25, and 26 show the response of the x-axis, the y-
axis, and the z-~axis of the system due to an initial condition in the"

x—-axis, the y-axis, and the z-axis, respectively.

Clémped‘Mode, Optimal Steering Law

Rgsﬁlts are presented here which were obtained from simulation
studies of the ATM system using the Optimal Steering Law with the
CMG's in the clamped mode of operation. As in the previous system con-
figurations, there is one vehicle control loop'for each of the control
axes. The cluster control law used for this system configuration is a
Moment Control Law. A block diagram for one of the wvehicle control
loops with the CMG's in the clamped mode of operation and with the
Optimal Steering Law is shown in Figure 27. A rate-plugs-position
control law is used for each of the vehicle control loops. For this
system configuration, the wvehicle control law output is processed in
order to obtain the moment command for the inmer loop. This moment

command is compared to the actuzl moment and the error is used,
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together with the 0p£ima1 Steering Law, in order to provide the proper
reaction moment on the vehicle.

Figures 28, 29, and 30 show the respomse of the x—axis of the
system, the y-axis of the system, and the z-axis of the system due to
an initial condition in the xaxis, the y—ax%s, and the z-axis, re-

spectively.

System Comparison, Direct-Axis Response

As can be seen from Figures 20, 24, and 28, the response of the
system with the CMG's in the clamped mode is superior to that cf the
system with the CMG's in the normal. mode of operation. Also, the
regsponse of the system with the CMG's in the clamped mode using the
Optimal Steering Law is better than the system response with the
Cross-Product Steering Law.

Table 1 lists the rise time (trime for output to go from 0 to 90%
of final value), and the percent overshoot for each of the system

configurations.

Sysitem Comparison, Cross-Axis Response

Figures 10 through 13 and 15 through 18 show that the design
objective of minimizing the cross—axis response is virtually achieved
using the Optimal Steering Law with the system configuration having the

CMG's in the clamped mode of operation.

System Stability

This section presents the results of a study made in oxder to
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Optimal Steering Law Cross-Product Steering ILaw Cross-Product Steering law
Clamped Mode Clamped Mode Normal Mode

Rise Time h.2 Sec. . Lh.5 Sec. . 5.6 Sec.

% Overshoot 17.5% 282 32%

Table 1., HRise Time and Percent Overshoot for Various System
Configurations

Hxv= 2., Hyv.= 1., H‘z-V-: 0.

B1¢1) = S1(2) = %1(3) = 0. deg.
53(1) = =,05 deg., 63(2) = 2,56 deg., 53(3) = -87.} deg.

! Hxv = O.’ }%v = 2.’ }kv = 1.

8y(1) = =07.L deg., 83(py = =06 deg., b3(3y = 2.56 deg.

Table 2. Two Outer Gimbal Location Criterion Solutions
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determine the stability characteristics of the system with the CMG's

in the clémped mode of operation.

Normal Mode,Cross-Product Steering Law

In order to have a basis for comparison, a stability study was
performed on the system configuration with the Cross-Product Steering
Law with the CMG's in the normal mode of operation. The region of
stability for each axls was determined by finding the initial con-
dition for which the system response became unstable. The value of
initial conditicn for instability was found to be approximately .00275
rad. in the y-axis, and approximately .00125 rad. in the z-~axis. The
system was stable for initial conditions up to .003 rad. in the x—axis.

No iniital conditions larger than .003 rad. were investigated.

Clamped,ModeJCross~Prdduct Steering Law

The stability regions for the system configuration having the
Cross-Product Steering Law with the CMG's in the ;1amped mode were
determined from simulation studies. Results show that the system
becomes unstable with an initial condition of approximately .00275
rad. on the x~axis, with an initial condition of approximately .00175
rad. on the y-axis and with an initial condition of approximately

00125 rad, on the z-axis. -

ClampediMbdeJOPtimal Steering Law
As for the previous system configurations, the stability regions

for the system having the Optimal Steering Law with the CMG's in the
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clamped mode of operation were determined from simulation studies.
Results show that the system was stable with initial conditioms up to
.003 rad. on each axis. As stated previously, no initial conditions

larger than .003 rad. were investigated.

System Compatrison

From the results of the previous section, it can be seen that
stability is not compromised by using the CMG's in the clamped mode of
operation. The region of stability for the system comfiguration having
the Cross-Product Steering Law with the CMG's in the normal mode is
very similar to the region of stability for the system configuration
having the Cross-Product Steering Law with the gyro's in the clamped
mode. The region of stability for the system configuration having the
Optimal Steevring Law with the CMG's in the clamped mode is 1;rger than

for the two other system configurations investigated.

Location of the Quter Gimbals for Clamping

In order to clamp the outer gimbals at locations which provide
maximum utilization of the system's capabilities, it is necessary to
develop a criterion for use in selection of the locations at which
the outer gimbal angles will be clamped.

The criterion selected is one which provides the maximum dynamic
range, with regard to gimbal angle travel, for the inner>gimbals during

the clamped portion of the flight. However, for this criteriocn,
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there are possible momentum configurations for which this criterion
cannot be satisfied. WNo work has been done in determining the pro-
ﬂability that the momentum configuration would be such that the cri-
terion could not be satisfied. A computer program has been developed
which determines from a properly specified momentum configuration the
locations at which the outer éimbals should be clamped in order to
provide maximum dynamic range for the imner gimbals during the clamped
portion of the flight. Table 2 (page 49) gives the values for two
possible momentum configurations and the associated inmer and outer
gimbal locations which, for the given momentum configuratioms, satisfy

the previously discussed criteriom.

Saturation Characterigtics Study

This section of the report presents the results of a study made
in order to determine some of the dynamic characteristics of the system
with regard to saturation by applying a small biased torgque. An
example of such a torque would be a gravity gradient torque. The
results give an indication of the time that the system with the CMG's
in the clamped mode would operate with a small disturbance torque
before becoming saturated. Figures 31 and 32 show the plots of one of
the gimbal angles versus time for a step disturbance torque on the x-
axis. These plots are for the system configuration having the Cross—
Product Steering Law with the CMG's in the clamped mode and for the
gystem configuration having theAOPtimal Steering Law with the CMG's in

the clamped mode, respectively.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The results show that the bandwidth of the system is signifi-
cantly increased by clamping the outer gimbals to the frame. This is
exémplified by the amplitude-frequency characteristics in the frequency
domain and the response curves in the time domain. The cross-axis
response 1is greatly reduced by using the Optimal Steering Law with
the system configuration having the outer gimbals clamped to the
frame. The results show, therefore, that clamping the outer gimbals
to the frame does provide a feasible approach for improving signifi-
cantly the system characteristics. The clamping of the outer gimbals
to the frame is alsc shown not to have an adverse effect on the system
stability.

Additional studies should be made in order to provide a more
complete investigatidn of the clamped mode of operation. Some of
the areas which should be furither investigated are (1) criterioms
for selection of the location of the outer gimbals during the clamped
mode of operation, (2) the use of the H-vector contrel law for the
inner CMG loop in conjunction with the Optimal Steering Law, and (3)
the hardware requirements for implementation of the Optimal Steering

Law.
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PARAM (UTAFRF =,05 >8

PARAM DEL31P=, 7RS4 ,CEL37R=,T7854,NEL33R=,TR"4

PARAM INFRTX=R(AON0s, IMIRTY=5243000,, INERTI= 50900“94
IMCON PHIXIN=04y PHIYIN=0, 4 PHTZIN=0,

INCON PXDTIN=C4» PYDTIM=0,4FP70TIN=0,

MXCMDE = MXCMND - MRFX
MYCMDE = MYCMND - MRFY
MICMBE = M7CMND ~ MRF7
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TF{MTRXDLGFa0.) GO TC 2

L IF((MTRXD + CUTOFF) L1 Fe. (.} GN TOD 2

NTRXD = =CUTQFF
60 TC 2
2 CPANTINUE
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SIN(NELL3R )} AMYCMDE + (COS(DELI2RI*COS{NELIRRY + SIMINEL12R)%, 4,
COS{DELIZP IS TIN(DFL3IZR )+ STN(DELL2R) ) *M7CMDE) / (MTRXN * 2820, )
BPT120 = ((SIN(NEL31R)#*SIN(DELITR)®CCSIDEL3RPISXSIN(PELIRR) 4 40,
COS(NELTIR)FCOS(DELT R} )#MXCMAES (COSINKL 3171 =STINIDELL IR %00,
CAS(NEL33P Y ASIN(DELL22) + CNSIPELILR)*STN(NELIAR M0,
SINIDELI3B Y)Y #MYCMDE + (SIN(DEL3IRIXSTM{DELLIP }%SIN(LEL 230 1%, 4,
SIM{DELL3R) - COS(DEL3ILRI®SIN(DELTILIRI®COSINEL]2R) 1k, ,,
MZCMTE )/ (MTRXD%2820, )

ENT13C = ((SIN{NEI3IRIASINIDELIIR) %S IN(DELIRRY#STN(DFI 22P) —,,,
CNSIDELIIR}%STMINELL 2R }*CAS{DEL3ZR) ) *MXCNDE + (COSINEL IR %4400
SIM(DELLIR}%SIN{DFL12P }*SIN(LEL32R) 4 COS{DELITRISCCS(DELIZPY )%,
MYCMDE +{COS(DFL3IPY4SIN{PELTIR) *STNINELI2RVFCASIDELIZP) +e0e
SIM(DFL3IR)ASTN{DFLI IR} *COSIDELL2R) V#M7CMAE) / (MTRXD®PR 20, )

CNTL1G = 2.*=0DTLLC

M1 = DOTILE - S.%MITAT
MEINT = INTGRL{Q. M1)
PNT11R= 5, %M1 INT

DDT126 = 2.%0DTL2C ,
M2 = DDT12G - S *M?2TAT
M2INT = INTGRL{04,42)
COT12R= 5,%M2TNT

ENT126 = 2.#DDT130

M3 = DOT13G =~ 54%M3INT
MAINT = INTGRL(0a,M3)
CDT12R= 5.%M3INT

PEL11R= IMTGRL{047,DET1LIR)
DEL12P= INTGPL(0.0,0ET12R)
DEL13R= INTRRLI0.0,NFT13R)
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SIN(DFL320 )xSTN(DEL L3R ) *UDT12R} %2820,
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SIN(DEL12P}*DNT12R + CPS(DEL13R)*DNTIZPI*2820,
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APPENDIX B

Improved Attitude Control System Study Simulation Program, Cross-Product

Steering Law, Clamped Mode
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APPENDIX C

TImproved Attitude Control System Study Simulation Program, Cross-Product

Steering Law, Normal -Mode
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FARANM INERTX=8C69CC., INERTY=5243(CCC., INERTZ=5CSCC00.
INCCN FHIXINSC.PHIYIN=.0C25,PHIZIN=.0
INCCN FXCTIN=C.yPYETIN=C.,PZOTIN=C.

XCMANE = INTCGRLI(C.,TXC)

FYCMAL = INTGRL{G.»TYC)

FZCMNC = INTGRLUQL,TZC)

FXCMEL = LIMIT(-84€Ce»B46C. HXCMND)
FYCMCL = LINMIT(~84€C.,84€0.,4HYCMND)
FZICMEL = LIMITI{-84€C.984€0.4FZCMNEC)
FXCMCE = HXCMDL - hXVv

FYCNEE = +YCMODL - FYV

FZCVCE = HZICKMDL - K2V

FXCTEL = LIMIT{-14C.,140.++XCVMEE)}
FYCCEL = LIMIT(-14C.,14C.,RYCMCE)
FZCTEL = LINMIT(-14C.,140.,FZCVCE}

LCT11C= .COCEBCE#((-CGS(CEL3IR)I*SIN{(DELLIR)#HXCDEL)+...
(SIN(CEL2IR)*SIN(CEL11R)*HYCCEL)+ (-COS({CELIIR)» HIZICECEL})
CET12C=.CCOSECS=( (-CCS(DELL12R) #HXCDEL) ¥ (-CCS{DEL32R)*...
SINI{CELI2R)#FYCDEL)+(SIN(DELZ2R)*SIN(DELL2R)*HICDEL))
CET12C=.CCO0CEC8={ (SIN(EEL223R)*SIN{CEL13R)# HXCDEL)+...
{(-CTS{CEL13R)*FYCCEL)+(-COS(CEL33R)*SIN(CEL13R) *HZCDEL))
CCT21C=.CCOSB08=( {(~SIN(DEL31R)*hXCDEL) + (-CCS(CEL31IR)*HYCCEL))
CCT32C= COGEBO8%x((~-SIN(CEL3ZRY#HYCDEL)Y+ (-COS{DEL32R)*HZCDELY)
CCT223C=.C0G5€608{ (~CCS{DEL23R) *PXCOEL)£{-SIN{CEL33R)*+ZCDEL))

CCTI11R = COT11C
CCT12R = CDT12C
CCT12R = CBT13C
ECT2IR = COT21C
[CT22R = CDT32C
CCT?2R = CDT23C

CELIIR= INTCGRL{GW.CoCCTILIRY)
CEL1ZR= INTCGRLI{C.C,CLT12R)
LELI2R= INTGRL{Z.C,ECT13R)

CEL2IR = INTCGRL(.7854,EDT21R)
CEL32R = INTCRL({.7E54,CDT32R}
CEL22R = INTCRL{.7854,CBT22R)

Fxvy= 2EZC.#{COS(CEL21R)*COS(EELLIIR)-SIN(CELIZR)~vas
SINICELZ22RYI» CCS{CELI13RM)
FYV= 262C#{(-SIN(CEL31IR)L*CCS(DELLIR}+COS{DEL32R}*CCS{CEL12R)~...
SIN{CEL1I3R))
FIV= 2820 .#{~SIN{CELIIR)}-SIN{CEL32R}*#CCS{DEL1Z2R)+.%.
CCSICEL22RI*COS(CELLZR) Y
MRX = (CCSICEL21RI=SIN(DELIIR)}*CDT1IR + COUS{DEL1Z2R}*#LLCT12R -+
SINICELZ2R)I*SIN(CELI2R)*CDT12R}=2820,
NRY = (~SIN{CEL2IR)*SIN{CEL11R)=0DT11R £ CCS{CELZ22R) %44,
SIN(CELI2R)*CDT12R £ CCS{CELI3R)I*CDTL3R}*2820.,
‘MRZ = {CCS{CEL1IR)=*CCT11R ~- SIN(DEL32R)#SIN(DEL12R)*LCDT12R+4se
CCSI{CEL22R)#SIN(CELL13RI*CDT1I2R)}=2820.
CELYl= CELLIIR*57.29578
CEL12= CELL12R*57.,2G578
CEL13% [CEL13R*#57,26578
CLET11=CCTLIR*57.25578
CLET12=CCT1ZR*57,29578
CLCTI2=COT13R#57.,2G57¢
CEL31=CEL31R*57.2657¢&
CEL2Z2=CEL32R%57.25657¢
CEL23=CEL23R#57,2G57E
FYE = -FYV
FZIE = =F1V
TRXV==NMRX /IMNERTX
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TRYV==FRY /INERTY

TRZYs~-FRZ /INERTIZ
FRIXCT=INTGRL(PXETIN,TRXV)
FRIX = INTGRLAPHIXIN,PHIXDT?}
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Outer Gimbal Angle Criterion Solution Program

66



C

A
1

67
REAMK CATD 1€ NECEQSARY TN FENR THE DATA
PEAR(R,?2) HXV,UYV,HdT7Y
TE(HXVY N Qe s AN HY VG EN D a o ANDL F7V ENL0, Y N TO 100
R = ,0n01
WRTTE {4,711
WRITT {A,A)
WPTITF (A&) BYV,HVY,H7Y,R
NFELRIW = ,7R54

NFL3%W = ,7F54
NFL2AW = ,7P54
T = 1

NEL3) =N 21w

NEL 22=NF)| 370

NELAR=NF1 22

HMORT={OQ{NEL 22 ) =YY/ {RXV + STNINEL32WY)
DE 21 W=ATAM{HNNRT Y
UNM22={NS{RFLIWY=HTVY /{HYY 4+ SIN(NELITWIY
NEL 22k ATAN{HNNZDY

HNMR3 = (COCINRER Ty =HXY) / (H7V & SIN(DEL32W)) -
AFLT3=ATAM(HNA2 )

Hxvl = rOQ(RR{2TWY - STNM{NPL2R2WY
HYVED = rNS{rT132WY) = SIMIPFE31W)Y
MZVC = CNS{PSL32d) — STA(LEL32W)
TEST] = ARQ(HYY — HYVY()
TRECT? = ABS{HVYV — HYVYC)
TEST2 = ARS{M7Y — H7V()

TRETRSTI L Me R ANMD G TEST?, LELRLAND, TFRT2,LELRB) -0 TO 10

TF{T.EN,1000Y A0 TO A0 - ) .

I = 7T + 1

C,QTO"{

HRITE (6,47/)

WRTTE{F,2F )

WRTITE(A,2€6)

CNNT T NUIE

MEL ] =R7,2987RAENDFLATH

NELRZ2=RT,2PRET2RPELA72W

NFL2A=E7 2067040 R 12y

WHRITE {4,272)

WRITF({A,15) NELIT,DFL 32,0k 32

HXYC= {NS{Dff 21w}~ SIN{AF]22W)

HYVC= RSN 32w} - SIN{DEL21W)

HMZUC=DRS(IRE 220) — STN(DFRL22W)

UPITR[A,20)

WRTTI{6,21) UXVC JHYVO BV

~noTn g

EODMATI4FIN, 4)

CRRUMAT(/ /7,70 P THTHFE TMTITTIAL MNMENTIIM VALHFS -ARF)

FOPYATI//,18Y 7 HYXVI= 4y F10,4,10¥,7H Hyyl= ,F10.4,10%,7TH HIVI=

Gefty BXG TAHACTHRACY SPEC.= +FRLA)

TFORKMAT(THTY

FORWAT(/7/ 1Y ,THNFL 21= (FF, 4, AH NERRFEC, TOX,THNSL32= ,FR.4,88 N

JEESLICY, THNEL 3= ,ER, 4,84 NERREFS)

FREMAT( /7 ,20Y ,6THTHFSF ANCI RS NTYF THE FOLLOAWING MNMENTUM VALUE
EARSMAT(1RY 6 HXVs ,F10.4,10Y,6F HYV= ,Fl0,%,10%X,6H H7VY= ,F10,4
CRRMAT // 18X 2 ERTHF CALTCULATEN ANSGLEC ARE) . .
FOPMATL 2/, 40X ,&OHFATIEN Tr CONVERGE AFTEP 1000 TTFRATINMS)
EOSMATY S/ G0V (& (Y 8 Fosleododisions e dors sk sholeoobabe 2ol sl e ool s ool e ol e el e vede ook e )

S TND

ot


http:FIO.4,]OY,.6P
http:A?,FT.E..tf

