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1. THTRODUCTION

1.1 General - With the maturation of the space shuttle concept
of a reusable launch vehicle for earth orbital missions, two diver-
gent modes of operation have been defined. One mode involves the use
of the shuttle as a logistics vehicle placing free flying experiment
packages in orbit and replacing, Trepairing or servicing existing pack-
ages. In addition it will perform a crucial role as a manned experi-
ment base, remaining in earth orbit from 7 to 20 days Performing
various experiments with equipment mounted in the payload bay.

Current assessments of the experiments proposed for operation
ir low earth orbit in conjunction with a manned vehicle indicate
that nearly 45 percent of the payloads require pointing accuracy
greater than that afforded by the orbiter capability using the Reac-
ticn Control System (RCS) and 39 percent have requirements exceeding
the capabilities of the orbiter under the direct control of Control
Moment Gyroscopes (CMGs). One concept under study to meet these
higher accuracy pointing requirements is to mount the experiment
packages to a pallet structure which in turn ds attached to the or-
biter threugh a suspension system which isolates the pallet from the
disturbances arising in the orbiter which occur during periods of in-
strument operation.

The study described in this report involves the definition and
evaluation of a floated pallet control system utilizing CMG actuators
attached to the pallet and controlling it directly, affecting and
affected by the orbiter only through the suspension system,

1.2 Study Objectives - The objectives of the suspended pallet
pointing performance study were the fellowing:

d. Selectien of a CMG actuator and definition of a system con-
figuration that best satisfies the overall mission requirements.

b. Development of a detailed nonlinear model of the selected
CMG for amalog computer analysis of the actuator characteristies,

Cc. Definition of a vehicle control law translating vehicle dis-
turbance effects into a correcting torque command and a CMG con~
trol law to generate appropriate gimbal rate commands to generate
the commanded torque.

d. Development of a model of the rigid body dynamics of the pal-
let and orbiter connected through the suspension system.



e, Integration of all models into a hybrid simulation to be
used in the evaluation of the Pointing performance realizable
by the CMG-pallet—suspension~orbiter system.

All of the above objectives were met during the course of the study.

1.3 Relationship to Other Lfforts ~ The Bendix Corporation was
critically Involved with the Skylab program from its inception, per-
forming studies in the areas of communications, mission operations,
experiment integration, stabilization and control, human factors,
and test and reliability. Bendix also furnished the double gimbal
CMGs, double gimballed star tracker and the experiment pointing
electronics assembly (EPEA) which formed a critical part of the total
Skylab attitude and pointing control system (APCS) in addition to the
C&D console used ro operate and command virtually all systems aboard
Skylab. During the course of the Skylab program detailed studles
were made into the behavior of CMG systems and the software required
to satisfactorily control and manage such a system. Valuable expe-
rience and insight into the behavior and idiosyncracies of CMG sSys-—
tems was gained over the seven years that these studies were per-
Formed, and was directly applicable to the performance of the present
study.

Data generated during the course of the Research and Applica-
tions Module (RAM) study (May 1971~June 1972) din which Bendix was
a prime participant, provided valuable input to the present study
in the area of proposed experiment payloads for the shuttle vehicle
and the requirements placed upon that vehicle due to these payloads.
In addition the experience gained in the analysis and design of
candidate GMG control systems for RAM applications is directly
applicable to the present study,

The Astronomy Sortie Mission (ASM)} Definition study (December
1971-March 1973) in which Bendix was a prime participant, also pro~
vided valuable inputs to the present Study in the area of shuttle
vehicle requirements due to Proposed astronomy experimentation and
in the design of possible attitude control syetems which included
reaction centrol, CMG, and experiment isolation systems that could
be used to meet these requirements.

A "Study to Define Logic Associated With CMGs to Maneuver and
Stabilize an Orbiting Vehicle" was rerformed by Bendix (July 1972-
September 1973) defining a (MG system capable of controlling the
orbiter and developing the software required to manage and control
the system. The experience gained in the performance of this study
was directly applicable to the present study, Particularly in the
areas of CMG system selection and CMG control software,



The experience gained during the performance of the Preceeding
Programs formed the technological base for the present study from
which the preliminary deternmination of the floated pallet control
system was derived.

1.4 Method of Approach and Principal Assumptions - The approach
followed in thisg study throughout was to mako use of applicable results
and expertise obtained in previous programs. A Primary consideration
in the selection of the CMC actuator was the availability of developed
hardware in order to obtain a cost effective system. Required soft-
ware was derived from existing software packages and consisted only
of items required to support the pointing performance evaluation,

Evaluation of the Pointing accuracy was accomplished through
the use of a hybrid computer. The use of the hybrid machine was
indicated Primarily because of the selection of a digital CMG control
law but also because it enabled the simulation of the Primary A/D and
D/A interfaces between the dynamics of the vehicles and actuators and
the flight control System allowing some evaluation of the effects of
quantization in the performance evaluation.

The orbiter as defimed in mid-1974 along with pallet designs
of the latter part of 1974 were the vehicles for which the control
system was defined, Both the orbiter and pallet were modeled as
rigid bodies, For the purposes of this study such items as sensor
noise, frequency characteristics, biases and drifts were neglected.

1.5 BRasie Study Output and Significant Results - The results
and conclusions of the pointing performance study are listed belaw:

a. The CMG system is sized ro allow continuous pointing for-
one orbit under the worst case XIOP gravity gradient momentum
accumulations,

b. The CMG system selected consisted of four double gimbal
CMGs of the type used on the Skylab ATM, modified to allow
unlimited gimbal Ffreedom.

c. The vehicle control law used is a rate plus position plus
position integral formulation. The CMG control law used is

an optimal pseudo-inverse law giving decoupled vehicle control
while minimizing CMG gimbal rates,

d. A comprehensive model of the CMG actuater including internal
compliances, friction levels, dead zones and sexrve nonlineari-
ties was developed to evaluate actual characteristics of the
actuator,



1.6 Study Limitations - This study was geared to the determina~—
tien of a bound on the pointing aceuracy of the floated pallet con-
cept using a CMG control system, Although the pointing stability
achievable by the CMG system selected has been determined, the point-
ing performance that could ultimately be obtained would require a
more comprehensive simulation for its determination., This simulation
@ould include wvehiele flexibility, CMG vibration characteristics, and
adequate representation of disturbances of all types. A more accurate
determination of the pointing stability achievable by the CMG system
is desirable since it would have a very strong effect on the type
and complexity of the required experiment integration equipment and
pointing devices. This in turn can appreciably effeet the overall
cost of the shuttle experiment pProgram.

Alchough trade studies were performed to select a candidate CMQ
system configuration from several alternatives, they did not consti-
tute a major portiom of the study and hence were rop level in
nature. When the design of an actual CMG system for the pallet is
contemplated, considerably more effort weuld be required in trading
various candidate CMG system configurations in eorder to determine the
optimum configuration that would meet overall pallet/orbiter require~
ments in a cost effective manner. Mass characteristics should be up=
dated to reflect the present configurations. Additionally the latest
experiment payloads slated to fly in a sortie mode should be examined
in order to better ascertain and update the requirements placed upon
the vehicle by these experiments,

Finally, software required to implement the vehicle control 5ys~
tem was net considered beyond the point ef specifying basic control
laws., Software required to accomplish mementum mznagement in par-
ticular should be considered in the selection of a CMG actuator
cluster based on detailed mission requirements, since the momentum
stoxage capability essentially determines the number of actuaters,

By using knowledge of vehicle attitudes together with biasing of the
actuater mementum states, the pessibility egpists of aceemplishing
seme missions with fewer actuaters than specified here, allowing a
carresponding increase in payload weight.

1.7 sSuggested Additional Effert — The fellowing additional
investigations affecting the floated pallet contrel system are
sugoested:

a. Review the instruments and payload experiment combinations
whieh are candidates for the floated pallet to revise and up-
date mission requirements as they affect the total eontrel
loop.

1-4



b. TInvestigation of the pointing aeccuracy realizable when
flexible body dynamics, CMG vibratioen pPropagation and non-
ideal sensors are included in the analysis. This would affect
the design and Specification of instrument pointing devices
independent of the Primary centrol loop.

¢. Define candidate (MG control system coenfigurations including
sensoxs that could neet pallet mission requirements. Perform
indepth trade studies between the various CMC control system
configurations in erder to determine the mptimum\CMG configura-—
tien that will meet overall mission requirements in a cost
effective manner. These studles should include detailed hard-
ware trade-offs with respect to size, weight, power consumption,
reliability and cost as well as the impact various CMC configu—~
ratiens have on seftware complexity and overall software cost.
In addition candidate types of contrel logic (e.g., CMG gimbal
Tate centrel laws, singularity aveidance laws, etc.) required

te satisfactorily manage the MG contrel system should be eval-
uated from the standpoint of seftware complexity and required
computexr capacity for implementation as well as overall per-
formance. These software trades will be of key slgnificance

in determining whether a dedicated computer or the central or-
biter computer would be used te drive the chesen CMQ systen
configuration.




2. SUMMARY

The [loated pallet definition study consisted of three related
but separate studies. The first was an evaluation of alternate
peinting systems for erbiter experimental instrumentation, the re—
sults of which are presented in volume I of this final report, The
second was the pallet pointing performance study treated in this
volume IT. The third was a hardware tonceptual design study in-
cluding pallet suspension and retentien systems, experiment erection,
CMG mounting, etc., with results presented in volume ITT of this
report. TFigure 2-1 is a diagram of the logical flow of activity
during the performance of the pointing performance study.

The basic requirements under which this study was performed are
shown as bleck 0 on rhe diagram. The contract statement of work
defines all tasks and schedules. Imput data for the study in-
cluded baseline shuttle data, particularly paylead interface in-
formation required for pallet mounting and mass Preperties, Pallet
data included mass preperties, structural and dimensienal data and
typical experiment layeuts, The missioen requirements applicable to
this study included orbital parametetrs, vehicle attitudes and typical
experimental censtraints. The pointing requirements included stated
pointing accuracies, stability rates and associated parameters, con-
trol loep characteristics desired and some typical disturbance pPro-
files under which coentrol loep operation was te be investigated.
This material is discussed in sections 3 and 4 of this volume.

The pointing performance study was initiated with bleck 1, the
CMG Selectien Trade Studies. The basic missien requirements and ve—
hicle mass properties were translated inte CME system requirements
such as torque levels, momentum Storage, redundancy and actuator
bandwidths needed to meet the overall study requirements with results
given in section 5. Next, the industry was surveyed for availabie or
nearly available CMG actuaters which could meet the cluster require~
ments., The candidate CMGs were traded with respect to size, weight,
power, and cost on an actuator and cluster basis with both single
and double gimbal actuaters considered. Freom this survey, the CMG
actuator and cluster configuration to be used threughout the study
were defined. This pertion of the study is detailed in section 6
of this velume.

In parallel with the hardware studies presented in volume III
a control system study was performed and shown as blocks 2, 3, and
4. Initially a cemplex nonlinear CMG actuator model including in-
ternal compliances, frictiomal characteristics, deadbands, and shock-
mount characteristics was derived and programmed for analeg simula-
tion in order to evaluate the actuater dharaeteristies, in particular
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the frequency resgonse. At the same time the medel was simplified as
far as possible while Tetaining all significant nonlinearities, This
material is given in section 7. The contrel loop studies represented
by bleck 2 are Presented as section 8 of this report and included an-~
alytic studies to determine single axis loop stability, provisional
gain selections, compensation analysis and determination, and linear
error amalysis. The actual pointing performance study of bleck 3 was
initiated with the definitien of a three axis hybrid simulatien model
assuming rigid bedy dynamics for the shuttle and pallet, the pallet
suspensioen characteristics, the nonlinear shockmounted (MG modelg
derived earlier and the varieus contrel laws and cempensations as
outlined in sectien 8. Using this model, the pointing performance
that ecould be achieved with the selected CMC actuators was studied,
Including response to short peried (man~motion) and long peried (grav-
ity gradient) disturbance profiles with emphasis on the amplitude of
limit eycles incurred; the conditions of their occurence and their
variations as a function of CMG parameter variation. The tesults of
the peinting performance study are shown and discussed in sectien 10
of this velume. :



3. VEHICLE DESCRIPTION

3.1 Space Shuttle System Description - There are three main

components which comprise the Space Shuttle Flight System; the

(SEBs). The Space Shuttle Flighe System is shown in figure 3-1..

The SRBs and the orbiter main engines fire in parallel, providing
thrust for lift-off. The SRBs are jettisoned when the fuel is
exhausted, and the orbiter main engines centinue firing until the
vehicle reaches the desired suborbital conditiens where the external
tank is jettisoned. At this time the Orbital Maneuvering Subsystem
(OMS) is fired to place the orbiter in the desired orbit,

The orbiter pertion shown in figure 3-1 is a reusable vehicle
which delivers and retrieves Payloeads, cenducts orbital eperations,
and returns te a land base in a manner similar to that of an air-
eraft. Typical orbital missiens are designed to operate for a dura-
tion of up te 7 days, however, orbiter design will net pPreclude mis-
sion of up te 30 days being accomplished.

3.2 Orbiter/Pallet System - Payloads are carried by the orbiter
mthmeb@(ﬁ@m3{L %emﬂ%dmﬁfmtﬁsﬂ@yw
a fleated pallet which is connected te the orbiter through vibration
isolatoers. Both the pallet and erbiter segments are considered to
be rigid bedies. Figure 3-2 is an overall view of the orbiter/pallet
combined configuration,

Each iselater suspension point is assumed to exhibit linear
compliance, viscous damping and friction aleng each axis with ne
rotatienal effects or cross—-coupling. The design geal of the suspen~
sion is te have uncoupled rotational and translational iselation with
equal natural frequencies.,

Mass preperties of the orbiter/pallet configuration are given
in table 3-1. All center—of-mass locations are given referenced to
‘the Inertial (I) coordinate system, which has its erigin lecated at
the nese of the external tank, Figure 3~3 shows the location of
the erbiter with respect te the I coerdinate system. As shown, the
centerline of the payload bay is 400 inches above the inertial axis,
Figure 3-4 shows the relatienship of al] coordinate systems te the
Inertial (I) system.

3.2.1 Orbiter - Once the orbiter has reached the desired orbit,
attitude contrel is maintained by the Reaction Control System (RCS)
or by some control mechanism which has been placed in the peylead

bay. Through use of the RCS system, the orbiter is capable of
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Table 3-1. Orbiter/Pallet Vehicle Mass Properties

Mass = 82,394 kg

Ceﬁter—oanass wrt I Coordinate System °
(27.97,0.0027,9.54) T meters

. 2 PP
I_=1,010,359 kg-m I,==9,490.8 kg-n’
I =7,400,759 kg-m> I =266,419 kg-m2

yy.— s » - xz < ’ g-m
I =7,614,979 keg-m> I =-3,118 kg-m2
ZZ_ P 3 B~ yz s Ll g

BT AT I =214,220 kg-m?
X “zz yy

A _ _ 2
ML ST -1, =-6,604,620 kg-m

14 1 2
AL T Ly =6,390,400 kg-m

3=4
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achieving and maintaining any attitude to a certain degree of accu-
racy. If more accurate peinting is required for a particular pay-
lead, then pointing capability must be included within the payload,
this being the case for this Prarticular study. The methed chosean
to increase pointing capability for the present study is to contrel
the pointing of the pallet via use of the CMG cluster,

Mass properties for the orbiter are defined about the orbiter
(8) coordinate system and are given in table 3~-2. Figure 3-4 shows
the orbiter center-of-mass location with respect to the I system.

3.2.2 Pallet - Experiment equipment will be mounted on the
pallet, When performing experiments, it is undesirable to allow
disturbances caused by orbiter RCS firings. Therefore, the pallet
will be centrolled by the CMG cluster which provides pallet pointing
to within one sec. Since the orbiter will alse be controlled by
the CMGs via the isolators, the RCS deadband should not be exceeded
and ne firings should occur.

The pallet will consist of mechanically coupled segments and
the pallet attached to the orbiter through the iselators, There
will be a separate retention system which will support the pallet
during launch. Once in orbit, the retention system will be dis-~
engaged and the pallet will fleat on the isolators,

Figure 3~5 is a picterial diagram of the pallet. A detailed
description of the pallet aleng with a detailed analysis of suspen-
sion systems is given in volume ITI of this final report,

Mass properties for the pallet are defined in table 3-3 with
respect to the P system and the location of the pallet center-of-
mass is shown in figure 3-4,

3.3 CMG Control System - The CMGs are required te provide the
pointing contrel of the pallet and to abserb the momentum buildup
due te GG torque. The CMGs are mounted on the pallet through ise-
lators which provide a bandpass of 20 Hz with damping of 0,15. The
purpese of these iselators is to prevent high frequency disturbances
generated by the CMGs from reaching the pallet. Velume TII gives a
detailed discussion of the CMG meunting system, while the MG con~
trol system is discussed in other sections of this document.

3.4 Coordinate System Definition - ALL vehicle coordinate sys-
tems are defined neminally with the X axis directed to the rear of
the orbiter, the % axis pointing out of the payload bay and the Y
akis completing the right-handed systen.
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Table 3-2. Orbiter Mass Properties

Mass = 71,419 kg

Center-of-Mass wrt I Coordinate System
(28.26,0.005,9.46) T neters

2 2
J - - — -
Vxxs 985,683 kg~—m nys 8,135 kg=m
: 2 : 2
J . .=7,219,756 kg-m I =256,250 kg-m
Yys XZs
Jo2s779386,523 kgmm® 3 =4 067 kgom?
zzs ! ? yzs ?

Table 3-3. Pallet Mass Preperties

Mass = 10,975 kg

Center—of—Mass wrt I Coordinate System
(26.22,0.01,10.05) T mecers

I =21,293 kg-m> I =-991 kg-m2
J . =138,821 kg-m> 3 =-1,231 kg-n>
yyp T *TF xzp
2 2
J _ =135,426 kg-m J zp=903 kg~m

zzp y
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3.4.1 TInertial Pointing System (XI’YT’ZI) - This system is

based on the physical system by which all shuttle components are
defined. The origin of this coordinate system is fixed at the nose
of the disposable boost tank. All coordinats systems used in this
study are referenced te this system either directly or indirectly.
It is used in this study to define the inertially held attitude.
The XI axis is 10.16 m (400 in.) below the shuttle payload bay

centerline (figure 3-3) and the T system origin is 6.045 m (238
in.) ahead of the oérbiter nose.

3.4.2 Orbiter System (XS,YS,ZS) ~ This system origin is le-

cated at the orbiter center-of-mass. The origin of the system is
translated from the origin of the inertial system by the vecteor

-5
Pg- Equation 3-1 gives the rotational transformation from the I

eoordinate system to the S coordinate system through the angle 3..

8
1 b5, O,
[T l=1-6. 1 oy (3-1)
Sy —BSx 1

3.4.3 Pallet System (XP’YP’Zf) ~ The origin of the pallet

coordinate system is located at the center-of-mass of the pallet,
The pallet system is translated from the I coordinate system by

> .
the vector Pp+ The transformation from the I to the P coordinate

system is given by ecquation 3-2 through the angle gf.

[ _
1 @Pz _OPy
[PTI}Z‘ _ePz L er | (3-2)
ePy —an 1

3.4.4 P'-System ~ Since the CMGs will not be aligned with one
another, and the torque output frem the CMG/shockmount is defined
aleng the CMG base coordinate system, a set of transformations is
required te relate the individual terque outputs to the pallet (P)
coordinate system. A P' coordinate system is defined to make the
necessary transfermatioens. [ach of the P° systems is centered
at the center-ef~mass of one of the CMGs. The relationship be-

tween the pallet (P) and P' system is discussed further in seectien 6..
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3.4.5 CMG System = Identical C(MGs are used in the cluster.
The derivation of the (MG model is given in detail in section 7.
All coordinate systems associated with the CMG are defined in sec-
tion 7 and the torque output from the CMG/shockmount system is de—
fined in the P' ceordinate system,
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4. MISSION REQUIREMLNTS

In this sectien typical floated pallet missien requirements
are defined that influence the conceptual design of the CMG atti- -
tude contrel system., These requirements are utilized in succeeding
sections of this report to size and configure the CMG actuator
cluster and te accomplish the preliminary design of the control
system. The data discussed in this section is based in part on
requirements of the dedicated solar sortie and the combined astre-—
nomy missions projected for the floated pallet concept, The
balance of the infermatien is baseline data extracted from the
contract statement of work and sources related te the statement
of woerk.

4.1 Vehicle Orbit - For the purpeses of this study a cir-
cular orbit of 500 km (270 n.mi.) wiil be used, The erientatioen
of the orbit in space does not impact this study in any way.

4.2 Vehicle Attitudes - Both sortie mission payleads con-
sidered for the floated pallet require inertial or nearly inertial
attitudes whieh allow individual instruments te be directed toward
stellar targets or teward the sun. The -;ehicle attitudes considered
for this study are: 1) an imertial attitude with the composite
vehicle X axis perpendicular to the orbital plane (XPOP) and 2)
an inertial attitude with the X axis constrained to lie im the
erbital plane (XIOP).

The astronemy and solar physics payloads can be pointed and
stabilized using either of the above attitudes. These two inertjal
attitudes impact with the designs of the CMG attitude contrel and
experiment pointing systems in different ways. Fer an imertial
XPOP attitude, the vehicle's Y and Z axes are constrained te the
orbital plane thus redueing the spacecraft's rotational degreas=-of-
freedom from three to one. The vehicle can be rotated about enly
the X axis. In order to permit a hemispherical experiment coverage
capability at least one wide angle gimbal must be added te the ex—
perimental instrument to provide the second degrea~of-freedom re-
quired, -

For an imertial XIOP attitude, the vehicle's ¥ axis is econ-
strained te the orbital plame thus reducing the wehicle's rota-
tienal degrees-of-freedem from three te twe. The vehicle can be
rotated about the X axis and an axis normal te the erbital plane.
Because the vehicle still has twe rotational degrees—-of-freedom,
the experiment package can be pointed anywhere in the celestial
sphere hardmounted to the spacecraft, i.e., ne wide angle gimbal
is required. The coest of this additional retatienal degree-pf-
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tum steorage requirement Per orbit over that required by an XpPoP
attitude. This inerease momentum Sterage requirement significantly
impacts the size of the CMGC controi system; it canm be directly
related to additional CMGs required and more frequent CMG mementum
desaturation "dumps, " Depending on the experiment payload and its
peinting and stabilizatien requirenents, one L7 these twe inertial

4.3 Vehicle Maneuver Guidelines - For the purpose of this study
it has been specified that the CMG control system will net be required
for any gress vehicle maneuvers. Larger angle maneuvers will be '
accomplished (if Tequired) by the orbiter reaction contrel system,
Small angle maneuvers required for momentum desaturatien will, how-

ever, be performed with CMg system,

4.4 Pallet Pointing Requirements - The floated pallet under the
contrel ef the CMG system should provide a peinting accuracy of 1 sec,
Since all inst..:msnts will be pointed along the pallet Z axis or at
some specified orientation with resSpect to that axis, the pallet
pointing will be zvaluated by censidering the rotatienal displacement
ef the Z axis with respect te an arbitrary imertiagl direction. The
pointing error for any instrument offset from the Z axis can be de-
rived from the Z axis peinting errer.

4.5 Pallet Control Loaop Requirements — The design goal for the

pallet control loop is a System with a -3 db bandwidth of 2 Hz, The

pallet leoop consists of ideal sensers, the vehicle and CMG control
laws, the CMG actuator cluster and of course the pallet dynamics,



5. CMG SYSTEM REQUIREMENTS

CMG torque and mementum Sterage requirements are defined for
two shuttle peointing orientations, i.e., vehicle X axis perpen—
dicular te the erbital plane (XPOP) and vehicle X axis in the
orbital plane (XIOP). These requirements are based on the appre-
Priate gravity gradient disturbances with censideration given te
the effects of aerodynamics, internal motion, and venting dis-
turbance torques, Consideration ig alse given to the effects of
vehicle positioning misalignments, Prineipal axis misalignments,
and gravity gradient desaturation maneuvering on the torque and
menentum requirements.

5.1 Orbiter/Pallet Mass Properties - The orbiter sznd pallet
mass preperties to be used in this study are summarized in tables
3-2 and 3-3 of this volume. The mass properties are derined with
respect to axis systems shown in figure 3~4. Using the basic mass
properties of the two components, the center of mass of the shuttle/
pallet combination can be determined, then the inertia tensor of the
combinatien can be computed. The mass properties of the compesite
vehicle are given in table 3-1.

Since the products of irertia are small compared te the mo~
ments of inertia about the vehicle axis, the misalignment of the
principal axes can be estimated quite elesely by assuming that
the principal axis inertia tensor has the same values as the main
diagonal of the vehiclé axis irertia tensor and furtherx assuming
that a small angle rotation & ={e E__,E )T about the vehicle

P~ xXp* yp zp :
axes will define the transformation from vehicle to prineipal axis
coordinates.

Then, the ingrtia tensor in vehicle coordinates [Jv] ean be written

as.

[Jv_]= [VTP ;,diag{Ixx, Iyy, Izz }.[_pTv ]
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Performing the similarity transformation of the abeve and solving

for the cemponents of Eﬁ then gives:
I
=~ -2Z =0.014557 rad=0.834° (5-1)
X
=0,040338 rad=2.31° (5-2)

AT
¥
I
e =~ - =0,001485 rad=0.0851° (5-3)

The cemposite vehicle mass properties to be used in the MG sizing
can be taken directly from table 3~1 and equations 5-1, 5-2, and
5-3, and it should be stressed ‘that the angles of these equations
are defined as rotations abeut the vehicle axes.

5.2 Torque and Momentum Requirements — The disturbances
acting on the vehicle which can be censidered in the CMG slzing
include gravity gradient, aerodynamic, internal motion, and ve-
hicle venting terques, TFor the purpeses of this report vehicle
venting will not be considered due to lack of definition, In
addition, it sheould be noted that analyses of the Skylab missions
indicate that typical venting disturbauces do not significantly
affect the CMG torque requirements and are rarely a preblem in
momentum storage (reference 1), Prior studies of shuttle systems
(reference 2) indicate that peak aerodynamie terques are an order
of magnitude smaller than the peak gravity gradient torques for
XIOP attitudes and of a similar magnitude for XPOP attitudes,
Aerodynamic effects will thus be approximated by the appropriate
factors applied to the gravity gradient torques for each attitude,
Short peried internal mass motion disturbances will net affect the

cluster sizing, although they are considered in detail as they affect

vehiele pointing in subsequent analyses,

The gravity gradient torque acting on a vehicle is given by:

a a AT
vz x| -
T =3w?|aaar | (5~4)
eg ol %z 'y
a a Al
L Xy 2

5=2



Where the a_, 1=x,y,z are the components of the unit vecter along
the lecal vertical reselved inteo vehicle coerdinates, the AIi are

defined in table 3-1, and the preducts of inertia are ignored. 7
This is equivalent to stating the sizing will be performed in the
principal axis system. The basic sizing will be accomplished with
this assumption, then the effects of angular offsets with respect
to the basic attitudes will be developed te investigate the effect
of principal axis misalignments and pointing offsets. In all cases
the circular erbit of 500 lan will be used, for which the erbital
rate is:

m0=1.107x10_3 rad/sec (5-5)

Another significant centribution te torque and momentum steorage
requirements is wvehicle maneuvering. Although any gross vehicle
maneuvers will be accomplished without the use of the CMG system,
these maneuvers will be examined as te their effect on terque and
momentum requirements., A minimum desaturation period of ene-third
orbit will be considered with a small anglé desaturatien scheme
assumed.

5.2.1 X Axis Perpendicular to the Orbital Plane (XPOP) ~ The
XPOP orientation is advantageous in the sense of ninimizing torque
levels and accumulated momentum, hewever, te achieve full poidnting
capability the experimental Payload must have a wide angle degree
of freedom about one of the axes constrained to the orbital plane.

Referring te figure 5-1, it can be seen that for XPoP, the
components of the unit wvecter aleng the leocal vertical are:

= coswot (5~6)

=
s P B T T R A P s L Em e e

The correspending gravity gradient torque is obtained from equatilons

5~4 and 5-6 as:
TAI sin2w t|
: X o |

e 3 :
T = 5 w 6] (5-7)

2
1924 o

;
{
§
:
1
0 _ /
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From equation 5-7 it ig evident that the peak gravity gradient torque
oceurs fer sin Zmotéil, i.e, m0t=nW/4, n=1,3,5,7. Substituting the

numerical values for R and AIx gives the values of peak torques as

#0.4 n-m at these points fer the ideal XPOP attitude. The momentum
accunulatien as a functien of time is the time integral of equation
5-7:

AIx(l—Cﬂszwot)
i =324 0 (5-8)
gg 4 o
0

Examination of eaution 5-8 shows that the momentum accumulation as
a function of time is cyclic and therefore bounded, thus ideally neo
desaturation would be required. The peak momentum accumulation
eceurs for cosZmOtz-l, m0t=ﬂ/2 or 3w/2 at which peint the magnitude

of the accumulatioen is 355 n=m~sec.
The effect of offsets of the vehicle from the ideal attitude
can be determined by defining a small rotatien £y about each ve-

. hicle axis. The compoenents of the unit vector along the lecal
vertical become:

1 € ~€ a JE _cosw t-£ sinw £
z ¥ x 2 e Ty o
-~
r =|-g 1 £ a_|={ cosw t+e sinw t | (5-9)
o] z : X ¥ fo} X @
E - 1 a sinw t-& cosw t |
¥ b:3 z o) x o .

The gravity gradient torque including the offset rotatlons is thuys:

[ o ]

(l—cmsZwot)AIy

T
g8 &g

] AIzsianot J.

0
+*§’mzc 1 AT sin2w t (5-1)
2 ez mySihe o
fl+c@sZmot)AIzJ

e T

S

[
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For rotations Ex there is ne effect on the torque magnitude, merely
a shift of the values in the orbit by the angle €, 2§ can be seen

from figure 5-1 and verified from equation 5-10 with Ey=Ez=0' For
Y offsets (EX=EZ=0) the peak terques increase from the ideal wvalues
and shift in pairs from the quarter orbit points teward mot=w/2 and

3n/2, Figure 5-2 shows the torque magnitude history fer one orbit
for the ideal attitude and for Ey=1°, 2°, and 3°. For Ey=l° the

torque peaks oecur at 53.6°, 126.4°, 233.6°, and 306.4° with o
magnitude of 0.5 n-m. For 2° and 3° the terque peaks have coalesced
at 90° and 270° with magnitudes of 0.85 n-m and 1.27 n~m, respectively.
For Z offsets the results are similar with the peaks moving toward

the nwv poeints of the orbit. For Ez=l° the peaks ocecur at 36.1°,

143.9°, 216.1°, and 323.9° with a magnitude of .5 n-m and for 2°
and 3° the peaks ocecur at 0°, 180°, and 360° with magnitudes of
0.83 n-m and 1.24 n-m, respectively.

The momentum accumulatior can be found by taking the time
integral of equation 5-10:

AL sinZw t |} ' 0
x o .
> 0 = 3 3 oAt ; :
] V= - = -=w g AT (2w t-sin2w t
Hgg Hgg 5 W E 0 [~ % 28y y( otsin2u t)
0] i AIZ(1~COSZWQC) |
- -
0
3 .
3 _ ) -11
+gwe | AIy(l cos2w t) | (5-11)
AT (2w t+ecos2w t)
[ Tz o o™

For X offsets, the mementum remains cyclic and bounded with the
Same magritude as the ideal case with the mementum values shifted
€, in the orbit. For Y and Z offsets, hewever, a secular compe-

nent of momentum appears which dominates the cycliec mémentum for
a 1° offset about either axis. Although the momentum peaks at
met=m/2 and 37/2 for the ideal attitude, the addition of a Y or 2
offset ef 1° or greater shows enly loecal maxima or an infleetion
point moving from these positilons toward m0t=ﬂ with the peak mo-

mentum oeccurring at m0t=2ﬂ with this value representing the net
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accumulation per orbit as well. TFor Y offsets the pezk momentum
and momentum to be dumped per orbit is 1,200 n-m-sec per degree

offset. Tor Z offsets the cerresponding amount is 1,160 n-m-sec
per degree offset. For offsets about both Y and Z the momentum

accumulatien 1s the roet-sum-square of the per axis amounts.

Figure 5-3 is included to indicate the effect of the princi-
ple axis offsets on the momentum history if the vehicle geometrice
axes are used for XPOP. For no vffsets, the momentum histery is the
same as the Hy component of this figure, ' When the Prineipal angle

offsets of eautioens 5-1, 5-2, and 5-3 are included in the momentum
history, the Y axis momentum dominates due to the large Eyp. The

mementum magnitude H is a maximum for wet=2n as deseribed in the

previcus paragraph.

Frow informatien presented in reference 2, the peak aerody-
namic torque for XPOP attitudes is on the order of 1.4 n-m with
peak transient momentum due te aerodynamics being appreximately
1,000 n-m-sec. The net momentum accumulatioen per orbit is con-
siderably less than this amount.

5.2.2 X Axis in the Orbital Plane (XTOP) - The XIOP vehicle
orientation has the advantage of allowing instrument pointing any-
where in the celestial sphere without the need for gimballed pay-
loads with the attendant disadvantage of more severe torque levels
and momentum accumulation. With the vehicle X axis comstrained to
lie in the erbital plane, there always is a rovational degree of
freedom about that axis which will be defined as B, -m<p<w, the
angle by which the vehicle Y axis is retated out of the orbital
plane. The relation between the vehicle axes and the orbit is
shewn in figure 5-4. With reference to that figure it can be seen
that the coordinates of the unit vector aleng the local vertical
resolved inte vehicle coordinates is:

: ] | ] osw t
a |l 1 0 0 ,Coswot . cosw_
o~
r= la_f=]0 cosf  sinf sinwot = cosBsinwbt (5-12)
¥y . . :
a 0 =-sinf  cesB .0 —siuBsinth.
z . .
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Figure 5-3. XPoP Momentum History With Vehicle Axis Pointing



Iigure 5-4. XIOP Attitude Geometry
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If an offset gﬁ(sx,ey,ez)T exists betwesen ideal and actual vehicle

attitude the components of the local vertical unit vecter can be
written:

1 E - a Fa +E a - a
2 ¥ x X zV yz
r=|-& 1 £ 1a ={a - a+e a (5-13)
o z X ¥ ¥V Z X X 2
E -£ 1 a a +£ a - a
y x | 2] . 2 Y X x|

Subgtituting the components a, from equation 5-12 into equation 5-4

then yields the gravity gradient torques for the ideal XIOP atti-
tude. )

1l . '
> s::.n?.B(cmsZwot—l)AIx
T =242 AT sinBsinow t (5-14)
gg 2 o v o}
Al ecosfsin2w t
| z o

Substituting the appropriate numerical values for the differences
of inertia and the orbital rate then gives:

'o.lgasinzs-(eeszwot-l)

gg= —12.215in851n2w0t (n=m) {5-15)

11.SleosBsin2wot

Examination of equation 5-15 then indicates that the maximum gravity
T

gradient torque occurs for sin2mﬂt?i;, i.e., m0t= ;ﬁy n=1,3,5,7.
Further, the maximum torque about the vehicle Y axis oceurs with
lsinB|=1, B%i-g-with the value %ég=(0,jﬂ2.21,0)T. The maximum
torque about the Z axis eccurs for 1cosﬂ[=1, B=0,+m yielding at
torgque %ég=(0,0,iﬂl.81)T. The peak torque about the X'axis OCCUTS
for [sin28|=1, =+ I,+ 2T yiclding fgg?(iﬂ.l% ,48.63,48.35)T with

a magnitude of 12.01 n-m. The peak gravity gradient torque 1s thus
appreoximately 12 n-m for the ideal XIOP attitude.




The momentum histery as a function of time can be obtained
from the time integral of equation 5~15 as:

89.l7sin28(sin2w0t~2w0t)

iy

= 5,498sinf(cos2w t-1) {n-m~sec) (5-16)
12324 °© -

5,320cosB(l-0052w0t)

For one orbit (m0t=2ﬂ) the accumulated momentum is:

—~4T(89.17)sin2R ~1,120s5in28
ﬁé= 0 = 0 | (5-17)
6] 0

This is clearly maximized when |sin28|=1 which 1s the value of B
for which peak torgues develop about the X axis. With the prin-
cipal X axis im the orbital plane, the net meomentum accumulatioen
per orbit is approximately 1,120 n-m=sec.

For peak momentum, the Y and Z components of =squation 5-16
deminate and both peak when c952w0t=—1. Since the X compoenent
centains the secular term 2m0t, the peak momentum must oceur near

w0t= &l yvielding:

%
-31(89.17)s1n28]  [-840.4sin28
ﬁé= -2(5,498)sin@ | = |-10,996sin@ (5-18)

2(5,320) cosp 10, 640cosf

For peak X torque ]sin26|=l, yielding a peak momentum of
H =(4840.4,47776,47524)" with a magnitude of 10,820 n-m-sec. For

5-12
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peak ¥ torque,_]sinﬁl=l with ﬁb=(0,jﬁ@996,0)T and peak Z torque

oeeccurs for IcosBi=1 with ﬁb=(0,0,i}0640)T. Thus the peak mementum

stered in the CMG cluster is 10,996 n-m~sec, occuring for B=+

for which there is ne net acdcumulation about the X axis.

R
2

A typical

momentum histery for ene orbit is shewn in figure 5~5 for which
B=—1r/4.

%0

T

With any pointing offsets _g, the cempenents of equation 5-13
must be used in the torque equation 5-4 giving the gravity gradient
torques with an offset

- 2
=T 43w e
88 Bg o X

~a a AT
Xy ¥y

a a AT
X 2 z

5 -
(az—ay)AIx

.+3w25
oy

-

la a AT
Xy X

a —a

2 2
X z

-a_ a AT
Zz z

L,

AT
) y

|

+3m28
0 Z

LS
<

L, 2
-a
(ay

Substituting the appropriate values and adjusting the coefficients
for a per degree offset:

> ) 2
T =T +e -
8% g2 X
+e
¥y
+E
2

5-13

B . .
O.OGGQCGSZB(CQSZNBt—l)
-0.2130eosBsin2mot

: —.20615in851n2w0t

'r010069c05851n2mat

_—.l@3051n26(c032wot—l)

-
0.0069sinBsin2wot

' -+ 106451026 (cos2w_t-1)

"—.1064[(l+eos28)+{3—c0528)eos2m@t]

'*.1030{(1—caszs)+(3*coszs)coszmeta

=

—

(5=20)

(5-19)
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Performing the time integral of equation 5-20 to obtain the mo-
mentwn -histery:

3.112c0325(siu2m0t-2m0t)'
3% 4 5.95 1-cos2 |
gg_{gg Ex 95.95cesB(l-cos wot)

_92.84sin6(cos2w0t—l)

F3.llZcosB(l—cos2wot)

+€ -47.96[(1+c9528)2w0t+(3—c9528)sin2w0t]

‘46.4lsin28(2wot—5132w0t)

3.11251&3(1—cos2w°t)

+e 47.968in28(2w0t—sim2m0t) (5-21)

e T

—46.41{(1—@058)2w0t+(3+c0928)sin2w0t]

aand

To determine the effect on the dump requirement,'mot=2#:

|-39.10c0s28 | | 0 0
HO=f + ! 0 €+ ‘m602.8(l+30528)' £+ | 602.8sin28 e (5-22)
d d | X y z
f o 583.2s1n28 ~583.2(1-cos2)
[ - .

For [sin23]=l, which gives the maximum momentum te be dumped for
the dideal ease,-Hg=(112.5,jﬁ02.8,i583.2)T with 2 magnitude of

1,399 n~m-sec, for either Y or Z eoffsets, an increase in stored
momentum of 25 percemt per degree offset about the Y or Z axes.,
Considering an offset of 2.31° abeut Y and .085° about Z, that

is, maintaining the vehicle X axis in the orbital plane as opposed
te rthe principal X axis yields H,=(1120.5,1443.7,1396.8)T with a
magnitude of 2,301 n~m~sec to be "dumped per orbit.

LI.'1
=
Ls




In order to determine the effect on the peak momentum state
it is necessary te evaluate equation 5~21 for m0t=3ﬂ/2:

1 -29,33¢cos28 6.223cosB $.223sinpR
ﬁg=ﬁb+ 191.9cosB | & + | =452.1(l+cosB) e +| 452.1sin28 e, (5~23)
~185.7sinp 437.4sin28 ~437.4 (1-cosB) '
for Béiia corresponding to the peak momentum of the noneffset case:
+0 T _

for £ Hp=(869.7,7911,7655) R HP=11’043 n-m-sec {(5-24a)

€y =(844.8,8548,7524) T, - B =11,419 n-mesec  (5-24b)

et =(844.8,7776,9270)%, H =11,383 n-m-sec (5-24c)

Thus, there is an increase in peak momentum of 2.1 percent per degree
offset about X, 5.5 percent per degree offset about Y, and 5.2 percent
per degree offset about 2. Again considering the case of vehicle X
axis in the orbital Plane with a Y offset of 2.31° yields a peak mo=
mentum value of 12,194 n~m~sec, '

From data contained in reference 2, the peak aerodynamic terque
is semewhat less than 1.4 n-m for XIOP with the peak momentum being
approximately 950 n-m-sec.

5,2.,3 Maneuvering Requirements - While baseline information
indicates that gress vehicle maneuvers will not be performed with
the CMG system, it ig evident that momentum desaturation will Te-
guire vehicle marewvering under CMG contrel. The effects of this
maneuvering can be significant in three ways, i.e., 1) the torque
level reguired te accelerate and decelérate the vehicle as the man-—
euver is'established aud completed, 2) the momentum that must be
absorbed by the CMG system during the maneuver as required by con-
servation of angular mementum, and 3) the increase in gravity gradient
mementum accumulation during the maneuver. :

- Previous studies (reference 2) have shown that meomentum de~
saturatien can be accomplished by means of small angle maneuver
laws in which the maximum manéuver is ne greater than 10 degrees,
In general at least twe maneuvers will be required for XPOP de-
saturation and no more thna 4 fer XIOP desaturation with the sum
of all maneuver angles in either case probably not exceeding 20
degrees. For the 500 km orbit, the period is 5,676 seconds and
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pestulating a minimum desaturation peried of one-~third orbit or
1,892 seconds, ne more than 20 percent eof the desaturatioen period
or seme 378 seconds should be taken by the maneuvers. Thus a maxi-
mum desaturation maneuver rate wm=20/500=0.04 deg/sec seems =a

practical working wvalue. Referring te table 3-1 it can be seen
that the vehicle axis of largest inertia is Zv’ and all following

computatiens will be based on maneuvers about Zv as the worst case

in terms of terque requirements and momentum exchange.

Conservation of mementum requires that the sum of vehicle me-
mentum and CMG momentum must remain constant when no external torques
act en the system, which is nearly the case during a maneuver since
the gravity gradient torgue is quite small. During experiment point-
ing the vehicle rates are essentially zere, thus the vehicle angular
momentum is zero. When a maneuver occurs the CMG system must experi-
ence a change in mementum AH=-Jw where J is the mement of inertia
about the axis of rotation and w is the rotation rate in erder to
satisfy the conservation law. For mz=.04 deg/sec:

IAHZI=Izz[mz[=5,315 n-m-sec (5-25)

Te examine the terque requirement to perform the maneuvers an
ideal maneuver strategy censisting of an acceleration to achieve the
limiting maneuver rate, a coasting rotatien at the maximum rate and
a deceleration te zero rate with acceleration and deceleration times
equal will be u$ed. This is a time optimal strategy for equal teique
applicatiens on acceleration and deceleration. If the torgque level
of the CMG is defined to be T, the acceleration about the axis of
rotation is:

w=T/J (5-26)
The time required te accelerate to the maximum rate w  or decelerate
from w_ to rest is:
. “mn
ta=mm/w=me/T (5~27)
The angular meotion during aceceleration and deceleration is:
. 2 Jmi _ :
Aw=wat /2= 77 (5-28)

A total maneuver ¢ then will require an angular motien of -2A1)
~during the censtant rate period which will require a time:
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=928 ¥ Tm -
tb w M T (5-29)
m m
The total maneuver time is then:
" Jmm
B2t = S+ = (5-30)

If instantaneous acceleration is assumed, the maneuver time is simply
w/mm-thus the increase in time required te perform the maneuver con-

sidering a Ffinite torque application is:

bt=Juw /T (5-31)
Using the maximum rate of 0.04 deg/sec and Izz then gives:

At=5,315/T sec (5-32)

For an increase of maneuver time of 25 seconds (a 10 Percent Inerease
for a 10 degree maneuver) a toetgue ef 213 n-m ig required, while for
20 and 10 seconds the valuesg are 266 n~m and 532 n-m, respectively.

A minimum torque requirement Ffor maneuvering rhus would be 200 n-~m
with a value of 510 n—m being a practical~maximum.as larger values
decrease the tetal maneuver time only a small amount for even small
Maneuvers. :

The ameunt of gravity gradient torque and additional momentum
accumulation exerted or the vehicle during a maneuver can be bounded
by reference to the torque equatien 5~19 which isg a general terque
equation in terms of the components of the local vertical vector
LT i=x,y¥,2. Since the orbital pesitien changes enly SIightly during
a ‘mar.euver, the a; can be assumed constant and since they are compe-

nents of a unit vector; max{aiaj]=0.5, max{ai-a§}=l, i#j. The maxi-
mum torque thus arises from thé Ey term of equation 5~19 since AIy
is the largest inertia difference and in this term has a eoefficient

bound of unity. Thus the gravity gradient torque during a maneuver
is thus bounded_by: .

0.5AI i
X ]
T <36 ef ar | (5-3 j
ggm "oy | Ty i (5-33) :
0, SAT
Z

-

5-18



where ei=&yt and it is a strict inéquality since all three coef~

ficients cannet attain their maximums simultaneously. The cor-—
responding momentum beound is found from the time integral of equa-
tion 5-33:

et AT 5-34
€ v ( )

6.5AY
b4

For éy=wm:.04 deg/sec and a maneuver time of 250 seconds:

r0.069

=i

< 4,238 T  <4,70 n-m (5-35)
gEm | ggm
2.050 |

(8,542

==3

gan® | 5297 ‘ Hy o <588 n-m-sec (5-36)

256.3 |

5.3 Sumgg;zﬁof Torgue and Momentum Requirements - The results
of the previous sections are summarized in table 5-1, listing all
derived torque and momentum requirements, The overwhelming terque
requirement is that for desaturation maneuvering., A CMG cluster
capable of generating a minimum of 200 n-m of torque about any axis
is indicated with terque outputs up to some 540 a~m being helpful in
. reducing tetal maneuver times.

The XIOP attitude is clearly the worst with respect to momentum
storage requirements, The peak gravity gradient, aerodynamic, mo-
mentum exchange and maneuver gravity gradient requirements are 10,980,
950, 5,290, and 580 n-m=sec, respectively, for this case. Fach of
these wvalues represent a vector magnitude and even in the unlikely
case that all peaks would occur simultaneously, there is ne. chance
that the individual vectors would be celinear. Realistically the
total mementum storage requirement can thus be estimated by using
the reot-sum-square of the four values instead of the direct sum
resulting ia a minimum momentum storage requirement of 12,200 ne-m~
sec about any axis. It should. be noted that the largest cofitribution
to the mementuin requirement is that due te gravity gradient for which
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Table 5-1. Summary of Torque and Momentum Requirements

XIop X10P
Peak Gravity Cradient Terque 0.41 12.20 n~m
Increase per degree offset € 0.00 0.15 n-n
€ 0.15 Q.15 n=m
€ 0.15 0.15 n—m
Peak Aerodynamic Torque 1.506 1.50 n=m
Minimum Maneuver Torgue 200,00 200.00 n~m
GG Torque - 250 Second Maneuver 4.75 4.75 n-m
Peak Gravity Gradienr Momentum 353 1@, 980 n-m—-sec
Increase per degree offset €, 0 68 n-ni-see
Ey 854 434 n~m-sec
€ 813 467 n-m=sec
| Teak Aeredynamic Momentum 1,630 950 R=m-sec
" Momentum ixchange .04 deg/sec 5,296 5,290 n-m-sec
GG Momentum - 250 Second Maneuver 580 580 n-m-sec
Momentum Accumulation Per Orbit ] 1,125 n~m-sec
Increase per degree offset €. 0] ' 41 n-m-sec
Ey 1,216 270 n-m-see
€, 1,170 278 -m~sec
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the individual components of stored momentum are quite predictable.
Since this is the case the initial cluster momentum state can be
biased to reduce the magnitude of the peaks, thus easing the total
raquirement,

From the above analysis it appears that a CMG clusrer having a
momentum sterage capability of 12,200 n-m-sec and a minimum torque
capability of 200 n~m can meet the requirements of the orbiter/pal~
let vehicle both for gravity gradient stabilization during obzerva-
tion and maneuvering for mementum desaturation.

In general, torques and momenta can be minimized for either
case by plaeing the X principal axis either perpendicular te or in
the orbital plane, thus insuring some additional System capability
to meet any additiomal disturbance events. This could be accom-
plished quite easily for XPOP since the major misalignment is
about the vehicle Y axis and all experiment configurations show a
gimbal or hinge about that axis, thus a simple rotation of approx-
imately 2.3° about the vehicle Y axis will place the X principal
axis near the orbit normal and the experiment gimbal could compen~
sate for that directly. 1In the case of XIOP, the experiments can
be hardmounted with the vehicle Z axis being the pointed axis, how-
ever, a rotation about the vehicle Z axis could place the prineipal
X axis mear the orbital plane,
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6. CHMG CONFIGURATION STUDY

The CMG cluster requirements of the previous section based on
gravity gradient, aerodynamic and manned motion disturbances during
experiment pointing and desaturation maneuvering are:

Momentum: 12,200 n-m-sec in the vehicle YZ plane
Torque: 200 n-m about any control axis

In addition to these basic requirements a fail eperatienal,
fail safe redundancy requirement is assumed to insure mission
continuance for a single actuator failure. A second failure
would in all Iikelihood cause mission termination but would be
fail safe in the sense that the shuttle reaction control system
(RCS) would still be available for attitude control during de~
activation, deorbit, and reentry.

CMG actuatoers presently available or in late development
stages are surveyed and traded by type (double vs single gimbal),
size, weight, and bower requirements on an actuator and a cluster
basis. Consideration is given to beth nermal and failure modes
of operation with some qualitative vibrational aspects discussed.

6.1 CMG Types and Type Selection ~ The two types of CMGs
are the single gimbal CMG (SCMC) with one gimbal between the mo-
mentum wheel and the base and the double gimbal MG {DCMG) with
two gimbals between the momentum wheel and the base., A plctorial
representation of bhoth CMG types is shown in figure 6-1.

The 8CMG has only one rotatienal degree of freedom and the

cutput terque %;=aéxﬁ; is thus constrained to lie aleng the line
normal te both the gimbal axis and the wheel mementum vector ﬁw'
This is the SCMG output torque axis, and since 4t lies normal to
the gimbal axis there is RO cemponent of output torque about the
gimbal torquer axis. The SCMG output torque is thus limited only
by the radial load carrying capacity of the gimbal and momentum
wheel bearings. The gimbal torquers must only accelerate the
gimbal and since there are ne large reaction torques about the
gimbal axis, relatively large gimbal rates are possible., The
8CMG is thus a torque multiplier, i.e., small torques applied

-
about the gimbal axis te establish a gimbal rate mg can produce

large torques about the output axis. In broad terms the single
gimbal CMG is well suited te high torque applications, but has
‘a cohstrained momentum storage capability,

e o R
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The DCMG has two rotational degrees of freedom, one about
each of the two perpendicular gimbal axes, Motion of the two

gimbals can produce an effective gimbal rate 3# anywhere in the

plane normal to the wheel momentum ﬁ% thus the output torque

=

TD=mngw can lie anywhere in this Plare which can then be called
the DCMG output torque plane. However, the output terque always
has a component along ene of the gimbal axes, therefore it is
limited by torque capability of the gimbal torquers. Again in
broad terms, the double gimbal CMG is more suited te applications
with moderate torque requirements, but has a more flexible (i.e.,
optimum) momentum storage capability,

The momentum envelope of one CMG is the pPlane normal to the
gimbal axis and the envelope of an actuatror cluster is dependent
on the mounting configuration of the individual actuators. While
the basic cluster can be arranged to give a more or less regular
momentum envelope, a single CMC failure Strongly disterts the
envelope and causes some quite cemplex software proablems in de-
termining desaturation Strategies, e.g., a normal gravity gradient
desaturation which tends te decrease the stored momentum magnitude
could drive the cluster momentum vector inte the distorted en~
velope, thus causing saturatien even theugh decreasing the mouwentum
lead. Another severe problem with a SCMG cluster is the existence

i.e., no contrel terque is possible about the axls normal to the
plane. A total analytic solution for the location of these sur-
faces and general software for singularity aveidance does not
exist, and the normal Strategy is lecal avoidance of the surfaces
along with varying amounts of excess momentum storage capability
over the basic requirements,

The DCMG momentum envelope is spherical in the absence of
gimbal stops and even with limited gimbal rotatien the envelope
of a single actuator is a portion of a sphere. The envelope of
a DCMG cluster of any number of actuaters is thus alse spherical
and the failure of a single actuator while deereasing the envelope
size dees notr change its spherical character. Desaturation strat-
egles can thus be devised to decrease or contrel the stered momentum

when more than a single actuator is in use,



An examination ef the capabilities of currently available
actuators as tabulated in reference 3 indicates a maximum SCMG
actuator momentum storage capability ef 1,350 n-m-sec with units
up to 2,050 n-m~sec under study. Remaining within the available
or nearly available single gimbal actuators implies the need for
a cluster of at least 10 SCMGs, to meet the basic momentum storage
requirement of this applicatien (including a margin for singularity
avoidance). The attendant mechanical complexity of at least 10
devices with the attendant mounting and cennection problems along
with the singularity problem and failure mode saturation aveidance
indicates that the single gimbal CMG should not be eonsidered fur-
ther for the floated pallet application, and all further evalua—
tion will be comcerned with selectien of a double gimbal actuator
and specification of a cluster configuration utilizing DCMGs.

6.2 Survey of Double Gimbal CMGs - Examination of the speei-
ficatiens of currently or nearly available DCMC actuaters from ref-
erence 3 and infermal sourees sheows three devices which will be
considered for this application. Basic data for these actuaters
are shown in table 6-1. The Bendix MA-2300 DCMG is the actuater
used on the Skylab vehicle while the Sperry 4500 and Bendix MA-20060
are in the late development stage. Although the MA-2300 actuater
experienced spin bearing lubrication difficulties during the Skylab
missien, this problem has since been solved and the nodified device
remains the only double gimbal CME which is space qualified. In
additien the gimbal Stops on the MA-2300 have been removed.

6.3 (MG Cluster Definitioas - The basiec momentun storage
requirement of 12,200 n-m-sec defines the low limit of the actu-—
ator cluster and thus indicates that 4 Bendix MA-2300 or MA-2000
or 2 Sperry 4500 DCMGs are required. In order te meet the fail
operatienal concept, however, at least 3 CMGs are required since
three~axis centrel is not available with a single actuater, thus
3 of the Sperry actuatoers would be necessary. The total capa-
bilities and requirements of all four of the above mentioned
clusters are given in table 6-2, altheugh the 2 CMG cluster will
net be considered further due te the imability te provide "opera-
tional"” Failure mede protection.

6.4 CMG Actuator Recommendatiens — Referring again to¢ table
6-2, and censidering first the two Bendix clusters, it is immedi-
ately evident that in the noermal operating mede there is little
difference in the two systems in basie control capabilities and
weight., The MA-2300 cluster has a ‘higher power requirement in
steady state operation while the MA~2000 cluster shews higher
transient requirements although beth are moderate. The variable
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Table 6-1. Candidate Double Gimbal MG Actuators
BENDIX SPERRY BENDIX
MA-2300 4500 MA-2000
Stored Angular Mementum 3,120 -6,106 (d) 1,355 to 4,070 (f)
Peak Qutput Terque (n-m) 165 340 240
Wheel Rotation Rate (rpm) 9,080 6,521 (d) 3,950 to 11,850 (f)
Actuator Weight (kg) 190 (a) 295 (c) 205
Actuater Pimensions (m) 1x1.07x1 1.17%1,22%0.53 Ix1.07x%1
Gimbal. Freedeom * Unlimited Unlimited
Actuator Bandwidth (Hz) 4 to 10 15 5 to 18
Wheed Spinup Time (hr) 14 4 2.5
Power Requirements (watts)
Wheel Spin Centrel 80 535 te 102 (e) 50
Spinup Peak 170 450 400
Gimbal Terquers at Peak 170 500 300
Spin Bearing Heaﬁers (peak) 52 Unknown 52
Other (peak) 70 (b) Unknown Unknown
Spin Motor Type AC Brushless BC Brushless DC
? Terquer Type Brush type DC Brushless DC Brushless BC
_ Torquer/@imbaL_Drive Geared _ Direct Geared
: Status ' ' Spéee quaiified Development Develapmént
Available "off-
the-shelf"

Netes: a) Does net include inverter assembly weight of 23 kg,

b) Allocated to inverter assembly funections.

"e) Does not include external eontrol elect

d) Nominal! values (4 discrete speeds possible),
e) Larger value required at peak output torque.
f) Nominal values 2,700 n-m~see, 7,900 rpm.

*  Unlimited gimbal freedom in modified actuater.

ronics of unknewn weight,

2 required per cluster,
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Table 6-2. Candidate Actuator Clusters

4 BENDIX

4 BENDIX 3 SPERRY 2 SPERRY
HA-2300 MA-2000 4500 4500
Normal Operation
Momentum Storage Capacity (n-m-sec) 12,480 17,200 18,300 12,200
Peak Terque Oufput {n-m) 660 960 1,020 680
Cluster Weight (kg) 760 (b) 820 885 (c) 590 (c)
Power Required for Spin Control (watts) 320 200 165 110
Peak Power Required During Spinup (watts) 680 1,600 1,350 200
Toerquer Powéer Required at 10 tt-1b-sec (watts) (d) 15 16 25 (e) 25 {e)
Torquer Power Required at 150 ft-lb-sec (watts) {d) 215 255 330 (e) 330 (e)
Torquer Power Required at 400 ft-lb-seec (watts) (d} 560 690 875 (e) 875 (e)
Singie-Actuator Fajilure | | | | |
Momentum Sterage Capacity (n-m-sec) 9,360 12,200 12,200 6,100
Peak Torque Output {n-m) 495 720 680 340
Controel Law Modificationsg Réquired for Failure Minimal Minimal Moderate (g)

Novest  a) Run at 3,050 n-m-~sec each instead of nominal 2

» 700 n~m-szec.

b} Does not include 46 kg for 2 inverter assemblies.
e) Dees net include weight of external contrel electronies.

d) Estimated from peak values,

e) Includes increase in spin contrel power required.
f) Based en increase to 4,067 n-m-sec for remaining actuaters.,

g8) Three axis control impessible.
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momentum sterage feature of the MA-2000 actuator allows the cluster
sterage capability te be returned te 12,200 n-m-sec in case of a
single failure, however, this is not the overwhelming advantage it
appears to be since the gravity gradient momentum peaks which
dominate the transient mementum are highly predictable and the
cluster momentum state can be biased to provide the necessary mo-
mentum storage capability in the required direction. Thus, since
the actuator capabilities and requirements are quite similar and
the decreased mementum capability of the MA~2300 cluster in the
failure mode is not a serious problem, the MA-2300 cluster is to
be preferred to the MA~2G00 on the basis of the space qualifica-
tie and off-the-shelf availability of the actuaters.

Comparison of the cluster of four Bendix MA-2300 actuators and
that of three Sperry 4500 actuators shows that the Sperry cluster
has higher torque and momentum storage capabilities both in the
nermal and failure modes, however, as stated above the peak momentum
is predictable, thus the excess storage capability is net an over-
riding consideration. The Bendix cluster shews a higher steady
state power requirement with the Sperry showing higher transient
power needs, although both are nominal for this applicatien. “The
basic cluster weight is significantly less For the Bendix actuatoers
and sinee both CMGs under consideration require additienal elec-
tronic gear, the net weight advantage for the MA-2300 cluster should
exist even after adding the weights of the inverter and external
electronics assemblies. Anether factor te be considered in this
comparisen is the momentum wheel rotation rate of the actuaters
which defines the basic vibration frequencies arising from wheel
imbalance. As cam be seen from table 6-1, the Bendix actuatoer
wheel spins at over 9,000 rpm while the Sperry spin rate is avound
6,500 TEa, nearlr 30 percent slower. In general as the vibration
disturbance frequency increases, the effect on peinting accuracy
due to structural propagation of the vibration decreases. Another
factor to be considered, hewever, is the fact that although the
Sperry actuater has a lower vibration frequency, there is one less
rotating wheel in the cluster which could tend te compensate for
the lower rate. The effects of vibration must thus be left open
pending some study of the (MG cluster/pallet structure interaction
and the net effeet on pointing,

In summary, the comparison of the Bendix MA-2300 and Sperry
4500 clusters shows a slight weight and probable better vibratien
characteriztics for the Bendix cluster while the Sperry cluster
has somewhat lower power requirements. Sinee detailed cost in~-
formation is not available for the Sperry actuators, this facter
cannot he evaluated. Im the absence of any clear-cut disadvantages
for the MA-2300 actuator, this actuator is to be preferred due to
its availability and space qualification.,



6.5 CMG Cluster Configuration - With the selection of the
Pendix MA-2300 CMC (the nodified Skylab ATM actuator) for this
application, the next Preblem to be considered is the mounting
configuration of the four actuators required in the cluster. In
general, the meunting arrangement is not critical fer a double gim~
bal CMG with unlimited gimbal freedom and the purely hardware con-
straints of physical clearances, torque paths, ete., will be the
primary censideration in determining the actuator locations and
orientations. This aspect of the eonfiguration is treated in de-
tail in volume III of this final repert.

For the purpeses of implementing a simulation of the total
orbiter—pallet—suspension,dynamics with detailed shockmounted CMG
moedels, a cluster configuration was required Prior te completion
of the hardware studies. Since orientation is net a eritieal prob-
lem within the scope of the everall study, a representative con~
figuration was selected for use in the simulatien studies.

The simplest arrangement for any number of CMGs would be an
in-line configuration with the output axes ef all the actuators
aligned, leading also to a relative simple CMG control law (gimbal
steering law). However, placement in this orientation would require
that the initial conditiens on the gimbal angles would have to vary
in each actuator to avoid starting with all wheel mementum vectors
aligred (a singularity'condition, actually a saturation)., In order
te aveid this preoblem while retaining a simple configuration, a
Totated in-line cenfiguration was selected in which each CMG is
rotated by nw/2, n=0,1,2,3 about the base X axis as shown in fipg-
ure 6~2. This configuration is alse a werst case in the sense of
qualitative actuator bandwidth since operation will be near zers
gimbal angles fer all CMGas.

6.6 CMG Control Law - With the selection of an actuater clus-
ter configuration to be utilized in the simulation study of the
floated pallet, it is necessary teo derive a CMG comtrol law which
will generate a se:t of gimbal rate commands that will result in a
CMG cluster tergue output equal to the desired command torque. Feor
the purpeses of this study there is no requirement to include sin~
gularity aveidance logic and failure mode alterations to the hasic
CMG contrel law, hawever, these items could easily be added to the
law derived in this section.

The CMG contrel law te be used is a pseudo-inverse law which
is eptimized and decoupled and must be implemented digitally. The
eight CMG gimbal rate commands are conputed by minimizing the sum
of the squares of the commands with the constraint that the ideal
CMG output torque equals the command torque desired. The extremiza-
tion is carried out by the technique of Lagrange multipliers.






The pseudo-inverse steering law will be derived under the
assumptions that all wheel momenta are equal and that the pallet

is inertially held, i.e., all pallet rates are assumed zero.

With

reference te the recommended cluster confipuration, the CMG output
(P') axes are located with respect to the pallet (P) axes as shown
in figure 6-3. The transformations from the CMG output axes (P'j,
j=1,2,3,4) to the pallet coordinates (P) are:

-

10

[plpryd=0 1

o o
1 0
[pTpi,0=|0 0
[0 1
o

[PTP,3]= 0 -1

0o 0

.
1 0
[pTp,d=f0 o
0 -1

B :

o

(6-1)

(6=2)

(6-3)

(6-4)

For each actuater the transformations from cutput (P'j) te outer gim~
bal (C}) and outer gimbal to inner gimbal (Aj) coordinates are:

1 0
[AjTCj]— 6] umsélj
;0 -sinﬁlj

6-10

(6-5)

(6-6)



Figure 6-3.
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where the gimbal angle Gij refers to the ith gimbal (i=1 inner, i=3
outer) of the jth CMG (j=1,2,3,4).
With the assumption of small vehicle rates and ideal actuators,

the total angular rate applied to the wheel of the jth CMG is due to
the gimbal rates Glj and 63j’ explicitly:

-61j 0 Glj

- . »

mAj= 0 +{AjTCj] 0| = éajsinélj {6=7)
- 0 ] .-533.- -_(SBj cossﬁij-'l

In the imner gimbal spdce the wheel momencum L =(0,h,0)T and the

Aj
external torque applied to the wheel is the inertial derivative of
> ‘ .

HAj'
I s |
=9, .Cos50. .
e 3j 1j
1 L]
A 1 - 7+ . _
bt —HAj+mijHAj 3| 0
L Y

The individual CMG control torque is simply the negative of the
external terque acting on the wheel. Transforming te the MG
output space:

a 31 f . . h
| §3jcosélj- -61jsinéljsin63j+63jcosﬁljcosésj
TP'j=H[P'jTCjJLCjTAj] | 0 . =H | Gljsiqéljcosa3j+63jcosﬁljsin63j {6-8)
-8, . -3 .
1| i GlJcosélj )

The total control torque exerted on the pallet by the CMG cluster re=
solved inte pallet coordinates is then: '

4
:f':CP‘u Z [pTpe jﬁfrj ' (6-9)
i=1
o - Tl 3y (6-10)
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A - [ . [] T
h : = -
where 1 (611,612,613,614) (6~11)
3 88, ,5..,8. .8 (6-12)
3 31’ 327733734
~51n61151n631 -sin61251n632 -sin61331n633 -~sin-é'l4sin634
A ,
[Al= 51n611c05631 cosélz —sin613cos633 ~cos§l4 (6-13)
i —coséll 51n612c05632 c05613 -51n614c05634
I :
c03611c03531 cosél c05632 c05613c03633 c05614c05634
A . _ . ; :
[BI= 60561151n631 | 0 —60561351n633 0 (6-14)
i z -
[ 0] 00561251n632 ) cosﬁl4sin634

In order te derive the eontrel law ir is necessary te find the gimbal
rate commands 6 and 63_ 5uch that the control terque T is equal

to the command torque Té

This car be done by selecting a performance index P which is the sum
of the squares of the rate commands ;

while minimizing the generated command rates.

4
32 432 -
:E: 1icC 31c) 2(§ic 1c*05c g (6-15)

N{H

where the - indicates the vector dot Product (dinner product)., The
constraint is simply:

*bp-%é-@ (6~16)

The optimization is carried out by using the Lagrange multiplier
XQ(AI, 9,A ) Forming the Lagrangian adjeint equation using equa-
tions 6-14, 6-15, and 6-16: '

T
L—P—A-(TCP 1)
g].C §1c+33c 3c) A'.{H[AJ‘glcﬂi[-B]gBC 1) (6-17)
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3 3 9
To minimize L, the partial derivatives ; s L , and *% are sget

5%
a?ic 3350

to zero, resulting in 11 equations in the 11 unknowns (4&

1ic® *3ice
and 3Ai). The notation of the derivative of the scecalar funetion L

with respect to a vector is understood to be the vector whose ceom—
ponents are the derivatives of L with respect to the vector compenents,

> 8L AL 3L 3L T
i.e., for any «, —:;-(55—) Tar eres Eﬁf_) .
o 1 2 n

The derivatives are reasonably straightforward perhaps with the

exception of the form Ej——{i;[c]gic) where [C]=[A] for i=1 and [B]
aﬁic
fur i=3. Expanding:

§

Te1c18, =1 (c 128426

iC “1'“11%i1c

Ay (Chy840ct

t23(€318516%C52%1 2613381367345 140)

13533614 14¢)

°23%13¢%C24%14¢

&
&

[
(=0T
&
Crhae
Che

22712¢

&

[%ﬂf“n%ﬂﬁﬁs

3 t o | _ . .
: & [c18, )= I N B
5% |

icC ]C13A1+02312+C33A3

CrattCo Aty

where the superscript T indicates the transpesed matrix. Thus,
ﬁ%%—-=3iC—H[A]TX%o (6-18)
3%, .
3L,

=$$C+H{B]Ti&o (6-19)
333@

AL
L

= =13-H([a18, 1318, ~o0 (6-20)

614



Substituting 6-18 and 6-19 into 6=-20:
Trufatu(a) enoyurs
“H2{ fa] [A]T+[13} [B]T}"X (6~-21)
Defining: (c18ra11a1 %+ ) 1817 (6-22)

[G] is a 3x3 matrix and is symmetric by examinatien of equation 6-22,

further, since it is Square, equation 6-21 can be solved for X:
*= Lope 7 (6-23)
H c

Finally, substituting into equations 6-18 and 6-19 and rearranging:

1o glalT e (6-24)
§3C= %[B]T['G]-J':fé (6-25)

In summary, the CMG control law must be implemented digitally.
The gimbal angle state is required to form the matrices [A] and [B]
as defined in equations 6-13 and 6-14, respectively. The matrix [G]

is formed using equation 6-22. Then, given the command torque Té,

the gimbal rate commands are computed from equations 6-24 and 6-25.

It should be noted that the basic steering law presented in
this paragraph can easily be altered for changes in CMG mounting
arrangements. Once a cluster configuration has been defined, the
output to pallet transformatiens can be determined and these will
replace equations 6-1 through 6-4. These new transformations are
used in equation 6~9 to generate new forms of the matrices [A] and
[B] and the balance of the computation remains as given above.
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7. CONTROL MOMENT GYRO (CMG) MODEL

The CMG used in this study is the Skylab Apollo Telescope Mount
(ATM) CMG. The unique aspect of this study, when compared to pre-
viocus studies utilizing the ATM CMG model, is that the CMG is at-
tached to the floated pallet through shockmount isolators. In pre-
viocus studies associated with the ATM CMG, the CMG is considered to
be rigidly mounted to the vehicle. Also in previous studies vehicle
rates have been considered small when compared to MG gimbal rates,
therefore CMG base rates were assumed to he zero.

Since in the present study the base of the CMG is mounted on
springs, the base rates have values comparable to the gimbal rates,

The primary purpose of developing a CMC model for this study
—
1s te determine how the CME base rates (mb), caused by shockmount

dynamics, change the six-mass CMG dynamic model.

7.1 Compliances = All structures of the CMG are considered
te be rigid with the exception of the gear train compliance and
the compliance between the inner gimbal and the CMG roter.

7.2 Shockmount —~ The CMC is meunted on shockmeounts along each
axis. The purpose of this shockmount system is to isglate the high
frequency vibrations within the CMG from reaching the pallet. These
shockmounts have a bandwidth of 20 Hz with a damping ratio of 0.15.

width of the CMG. fThis will require that the GMG/shockmount SYs .m
be frequency compensated to increase the bandwidih of the overaly
CMG/shockmount system.

7.3 CMG Frictiom - The QMG frictien is modeled classically to
switch between static (stictien) and running (coulomb) friction.

(i=1,3) or

Ideally, this switch eccurs whenever the moter rate 3mi
gimbal rate 6i is driven to or away from a zera value. The fellowing
discussion pertains to inner gimbal bearing frictien, however, inner
gimbal terque motor frietion, outer gimbal torque motor friction,

and euter gimbal bearing friction are similer. The frictien torque
ngl (see figure 10~2) is equal te the static level ngl during

stictien and equal to the running level TRgléiRg during coulomb

friction.
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During stiection, the friction torque T =T achieves what-
fgl Tsgl
ever Instantaneous value is required te maintain the inner gimbal
fixed relative to the outer gimbal, i.e., 51=0, so leng as this

toryue never exceeds the maximum static level Sg' Thus, during

stiction
W=
ax c¢x
and
[ ] »
[13] =] .
ax cx
where
wax = inertial inner gimbal angular rate about inner gimbal
X axis
W= inertial outer gimbal angular rate about inner gimbal

X axis

The torque required te maintain this condition is therefore obtained
as follows:

-ngl=Tgl_wa_Jallwcx

where
'I’gl = inner gimbal gear train eutput torque
wa = wheel mementum reactien torque gbout inner gimbal x axis
Jall = inertia ef inmer gimbal and motor rotor assembly about

inner gimbal x axis

As a practical matter, each CMG friection model was implemented
on the analog pertiem of the hybrid computer as shown in figure 10-2.
The friction torque ngl switches from a rumnning cenditiom to a

static coenditien whenever

and



where Eg is a small value slightly larger than the neise level of the

computer. Cnce in a static conditien, the frictien torque Tfol switch-
-y

es to a running level only when

lngl[>sg

This insures that only the required breakaway torque will initiate a

running condition amd not 61 noise. The value for ngl is menitered

and tested continuously in oider to implement these switching deci-
sions.

Rather than feed T 1 te the inner gimbal inertia integrator

1=T
fgl “sg
during stiction, and thus introduce the possibility of drift between
inertial inner and euter gimbal angular rates, the inner gimbal in-
ertial rate max is forced to equal wéx (i.e., él=0) by disabling the
inner gimbal integrator and causing the initial condition to equal
wcx at any instant of time. Once switehing to the running condi-

tion has occurred, the integrator is then fread to follow the input

Tgl—TWX+ngl=Tgl—wa+TRgl

Furthermore to aveid gear train stiffness integrater drift, the gear
train stiffness integrator is placed in hold when both metor and gim-
bal are stuck, '

Finally, to aveid an algebraic loep in implementing the outer
gimbal statie friction, the fellowing calculation is made. The
expression for T_s is

g3
Teg3™ e300 1 T 033,
where
ngB = outer gimbal static frictien terque
Tg3 = outer gimbal zear train eutput torque
Twz = wh?el momentum reactiontorgue abeut inner gimbal z
axis

Jé33 = equivalent outer gimbal inertisa about outer gimbal =z

axis

iy it




wbz = inertial CMG base angular rate abeut outer gimbal
z axis -

Now, wbz

follows:

can be evaluated from the z axis base equation of metion ag

W =- —l;—{T

+T_ )
bz Jb33 pz

g3+rsg3

J = CMG base inertia about base z axis

3
]

terque exerted on pallet about CMG base 2z axis

Substituting into the expression for TegS and selving for ng3 gives

J! J
€33 b33
T =T - T +"—""-‘—T—-CGST .
sg3 g3 Jb33+J033 P2 Jb33+Jc33 1wz

This expression for ng3 is used in the frictien legie on a centinu-
ous basis, and is also substituted for ngB in the sheckmount dynamics

during outer gimbal stiction.

7.4 Coordinage,SygtemS ~ There are five eoordinate systems used -
to define the shockmounted CMG: 1) the wheel coordinate frame (W-
space), 2) inner gimbal coordinate frame (A-space), 3) outer gimbal
coerdindate frame (C~space), 4) CMC base coordinate frame (B-space),
and 5) the pallet end of the shockmount (P'-gspace). Figure 7-1 shows
the general relatienship of these five coerdinate systems. When both
CMG gimbal angles (61,63) are in the zero pesitien and the two spring

equivalent systems (Yi,BSi) are in the relaxed state, then all five

systems are aligned.

Each of the systems are discussed below with the appropriate
transfermations defined. .

7.4.1 Wheel C@grdinatg_srs;gmzfw—ﬁ!ace)_— The wheel coordinate
frame is fixed in the rotor of the CMG. The spin vector of the
roter is in the positive ¥ direetion of the W~frame, the x axis of
the W-system points out threugh the inper gimbal torquer, and the
right~hand system is completed by the z axis.
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Figure 7-1. Coerdinate Frame Relationship With No Deflections



7.4.2 TInner Gimbal Coordinate System (A~space) - This coor-—
dinate system is fixed in the inner gimbal frame of the CMG. The
system is defined with the x axis along the axis of the inner gim-
bal terquer, the ¥y axis aleng the spin vector of the rotor and the
z2 axis cempleting the right-hand system.

Compliance springs (Yi) provide the coennection betwaen the

Totor and the inner gimbal. These springs provide suppert along
the x and z axis only with the rotor free to spin about the y axis.
Deflection about the x axis is defined as Yl and deflection about

the z axis is defined by Y3. Deflections are considered to be

small angle and the transformation from A-space to W-space is
given by eguatien 7-1.

1 YB
[WTa]= -y3 1 =10 1 (7-1)
0 0

7.4.3 Quter Gimbal Coordinate System (C-space) - This system
is fixed in the outer gimbal defined with the x axis through the
inner gimbal torquer, the z axisg through the outer gimbal terquer,
and the y axis cempleting the right-hand coordinate system. The
inner gimbal (A~space) and outer gimbal (C-space) are related by
the rotation of the inner gimbal through the angle 61. Equation

7~2 gives the transformation from C~space te A-space.

1 0 0
[,T.J= {0 cosé, sind; (7-2)
B -5111-51 casﬁl B

7.4.4 Base Coordinate System (B-space) = The base system is
fixed in the CMG base with the z axis along the centerline of the
outer gimbal terquer. The base is related te the outer gimbal Sys-
tem threugh the rotation of the outer gimbal through the angle 53.

When 63=0, the base (B) and outer gimbal (C) systems are aligned;

The transfermation relating the B and C system is given by equation

7-0



80963 simS3

R s -3
[1,1 51n63 c0563 (7-3)

0] 0

7.4,5 Shockmeunt Coordinate System (P'-space) - The shockmount
coordinate system is fixed on the pallet end of the shockmount. This
system is related to the pallet system (P-space) by the transforma-
tion defined in section 6.6. Also this system is essentially aligned
with the base system, displaced only by the small angle 8 rotations.
Equation 7-4 gives the transformation frem the P'-space to B-space,

1 5 -0 0
z y
'Lb'rp,]= -0 1 0| = 1 (7-4)
6. -8 1 0
y X

7.5 CMG Dynamics - Dynamic equations are written for the retor
(y-dynamics), inner gimbal, outer gimbal, and CMG base. These equa-
tiens are used to develop the CMG rate loops and the tor-ue eutput
exerted en the pallet from the CMG. All product of rate rermg are
considered te be small and are not used threughout the develepment.

7.5.1 Imner Gimbal/Roter Compliance (y) Dynamics - In this see-
tion the equations are developed which relate the reter (W-space)
dynamics te the inner gimbal. The angular momentum of the rotor

g
CHr) written in W-space is

— el ﬂ e——
F&d 0 0 | ] ] Jdmwx
H=I0 J. Wt Jr(‘”wy S) (7-5)
6] 0 J 0 - J . w
| q_ L N d wz |

where Jd and Jr are the mements of inertia of the rotat about a dia-
-
meter and the spin axis, respectively, ww is the inertial rate of the
! -
wheel frame and ws is the spin rate of the rotor. Torque (Tw)

exerted ente the wheel frame written in W-space is

-7



T = o
wa T
rf i J w r;w H
WX d wx WZ T
T =17 (@ +w)} + 0 (7-6)
wy T s
T Jd& w H

All preduct of rate terms have been neglected because torques from
this source are small compared te the gyroscopic torques.

p.
Torques exerted onto the wheel frame (i.e., Twi; i=x,v,z) are
from the Y compliance springs and are

- O
Tex | | Sav1 By |
Twz liKY3Y3iBY3Y3_

where Yi is the displacement between the wheel frame and the inner
gimbal frame, and

Y.l mwx_wazx
| YQJ wwzpwa%j

where wos is the inertial rate of the inmner gimbal. From equations
7=6 and 7-7, the folleowing relationship exists

T Ky Y1 By Yo,

TRy 3 Y5 By gy

Using these rglationships an

d equation 7-8, figure 7<2 gives the Y
dynamics in block diagram fo

‘Tt
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Figure 7-2. Inner Gimbal/Rotor Compliance (Y) Dynamics



.
7.5.2 Inpner Gimbal Dynamies - Angular momentum (Ha) of the

inner gimbal written in A-space is

Jall 0 0 Jallwax
i=o g w =
a a22 0 w,= Jazzmay (7-9)
0 0 Ja33 Ja33waz

where Jai are the principal axis inertial terms for the inner gimbal.

The inner gimbal dynamic equation written in A-space is

iy

d

.

> > o
T = c
ext t maKHa

ja”

-3
where Toxr is the sum of all external torques acting on the inner

gimbal. Extarnal terques acting on the inner gimbal consist of
-
two components, the torque exerted by the outer gimbal (Ta) onte

the inner gimbal and the torques exerted from the wheel frame onto
the inner gimbal., This second torque will be the negative of the

N
torque Tw. Therefore

FTax: rwa Fjallwax
Tay| | Tayf = T 0228,y (7-10)
Taﬂ '1w7j rJ‘aBBUJaiJ

with the preduct of rate terms being neglected,

7.5.3 Qgtgx Gi@hal_Dynamigs -~ Equations representing the outer
gimbal dynamics are developed in a similar manner as these for the

-
inner gimbal, External torques acting on the outer gimbal are Tc
(torques frem the base onte the cuter gimbal) and the reéaction

-
torques from the inner gimbal —Ta transfermed te C-space.

3 .
The angular mementum (Hb) of the outer gimbal written in C-

épace is
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where J .
c

0 0
J ® =
“e22 0 0=
0 Jc33

-

chzwcy

cllwcx
(7-11)

Jc33wcz

e

are the principal axis inertia terms for the outer gimbal

and wc is the inertial rate of the outer gimbal

Again, neglectin
gimbal dynamic equati

Now,

g produet of rate terms and writing the outer
on in C-gpace

rJ . ]
dﬁ €ll ex |
==L Z(s .
dt "¢ ¢ c22 ey (7-12)
_Jc33mch

writing the inner gimbal inertial rate (w ) dn terms of outer

gimbal inertia rate (w ) plus the ipmer gimbal rate

—
w =
a
or
o - r—
r; I 1
1 Tax
w_ =10
ay
waz_ 10
) i

Now by taking the derivative of e

duect of rate terms

[T.]

0

061

-56

1

7-11

: 6l
L
w-+|0 .
o]
0 | max+6l
sél mey | (7-13)
c@l W,

quation 7-13 apain neglecting pro-



Substituting equatien 7

7-12, produces the
in C-space.

P o ———
Tcx ri 0 0 |
Tcy ' 0 061 -sﬁl <
TG%J ‘0 sél cih _

f

=)

0

0
e

0
cé
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=14 into equation 7-10, and then 7-10 into
dynamic equation for the outer gimbal written

Equation 7-15 reduces to
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1
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>
7.5.4 CMC Base Dynamics — Amgular mementum (Hb) of the base

written in base space is

ST 0 F&bllwbx
H=]0 3, o b= Ty 25%y (7-17)
0 0 Jb%ﬂ 3533“$fd
o are the

where mb is the inertial rate of the base frame, and Jbii

principal axis inertia terms of the base,

Writing the base dynamic equation in B-space

+
where Tb is the teorque exerted on the base by

and —[chjfg

base expressed in B-space.

(%b;-
Ty
T

be

r;63 -563
563 c63
0 0

the sheckmount springs
is the reaction torque from the outer gimbal ento the

This equation readily reduces to

r .
Tex Jb11%:x |
Tey |5 |To22%y (7-18)
Te3tTegal [ Ib33%%,

and the outer gimbal acceleration is

S

get

-
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- CE2

- r.s
cex § - 93
ey - B —563

0

sé
cd

0

3

3

related to base acceleration by

0

0

l‘.

when product of rate terms are negleected,

7-13

(7-19)



7.5.4.1 Base Rate About the z—-Axis - Base rate about the z-axis

(w, )
readily available,

sz is the torque exerted on the base by the shockmount spring

and Tg3+ng3 is the resultant torque generated by the outer gimbal

torquer,

Since boeth of these torques are known and act directly
aleong the

base z axis, the foellowing relationship is written

+T

37 Tegq)=

Tp Ty Tb33%.,

and &bz and W,, are ebtained directly as shown in figure 7-3,

7.5.4.2 Base Rate About the x and Yy Axes - Base rates abou>
X (wbx) and vy (wby) axes is not ebtained ag easily as was wbz' T

ex
and Tcy in equation 7-18 must be obtained by combining equations
7-16 through 7-19 as follows

-
ribx 8y -sby
Tby - 563 063
T (0] 0
bz
bz _ -
1
Jeip O 0 Tp11%x
v = .
Lo I, o Tb22%y
: ) ' . ’ -
O 0 Tl Jbsswpij
Expanding equation 7-20 gives
1T .Fcé T +sd_s8.T ] ’-(:J ] F.I el (Sq
| “bx 3 wx 1" 3wz bx ali 371
_ - 2oyt . ‘ _
Tby' .563wa 561C63Twz_ [J7] -mby + Ja1156361.‘ (7-21)
T ST g J1_.3
_bi | 17wz J L bz_l _c33 3 _

where

is obtained directly from equation 7-18 since all torques are

(7-20)
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Considering only the x and y cemponent of equatien 7-21, and re-
arranging

¥
33, c8 4T, Fs6;s6, T | 8,8,
¢ (7-22)

56,8

'863wa"861c63Twz 3°1

'
JZl

For the purposes of this study, Jiz {therefore Jél) is considered
negligible when compared to Jil and Jéz; Jil and JiZ can be approx-
imated as

AATES TR T I UL R VID P I

11 "bil 2%ell “e22 all’’ 47322 Ya33

i 1
L - —{. 0 T —
I208b22% T 112279 ,110F 50,1551 35)
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Therefore equation 7-22 can be solved directly for &bx and &by'

Figure 7-4 gives the block diagram showing the solution of egqua-
tien 7-22.

7.5.5 BShockmeunt Dynamics - Sheckmount spring stiffness Ksi

and damping DSi have been chesen to give a natural frequency of

approximately 20 Hz with a damping of 0.15. Since the rotatioen
of the sheckmount system is small angle, the torque exerted on
the pallet via the shockmeunt is given as

Tp137Kg; 054D, 0, (7-23)
-: G -+ -
whexre 6=wb-wP and wb and-wF are the inertial rate of the CMG base

and pullet, respectively,

The torque exerted on the base (Tbi) v.a the shockmount is

the negative of equatien 7-23, therefore both torques are generated
as shown in figure 7-5, sAlse, since the pallet rate is small com-

s 5>
pared to the base rate, @zwb.

7.6 CMG/Shockmount Dynamic Model ~ The entire CMG/dynamic
shockmount model as simulated for this study is shown in section
10 (figure 10-2). The tachometer loep and the motor gear train
model is shown in figure 7-6 as established in previous studies
(references 4 and 5). Some simplifications have been made to con-
Seérve computer space, however, these simplifications have no effect
for purpeses of this study. Figure 7-6 shows the tachemeter ioop
including voltage limiters, current limiters, and torque limiters
which were not included in the Simulation model. Signal levels in
this study were below those of these limiters, therefore these
limiters along with the back emf gain (KBl) were eldminated from

the simulatioen model (figure 10-1).
Effects of the CMG being sheckmounted are evident in figure

10-2. Outer gimbal ridtes are related to base rates by equation
7=24 :

(7-24)

/=17
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i w = : ] = Y =.
which says that if mb~0, then @ mcy 0 and w,, 63. Therefore,

applying these simplifications to figure 10-2 shews the effect of
base rates being non-zere.

7.7 CMG_Frg,ueng__Rgs_anse - Studies have been made in which
the Skylab ATM CMG was determined to have a bandwidth of approximately
30 radians per second. When the CMG is mounted so that the base is
free to move, the effect is to lower the baadwidth of the totnl sys—
tem (i.e., torque out to terque input) where torque output is now
on the pallet side of the sheckmount.

7-21



8. CMG~PALLET CONTROL LOQP STUDIES

The objeective of the control leep studies is the specifica-
tion ef analytically determined rate, position, and position in-
tegral gains in the vehicle control law such that the pallet controel
loop is stable, has the required 2 Hz bandwidth, and such that the
pallet can meet the pointing accuracy requirements. In addition
a compensation network analysis is perfermed te insure that the
above requirements can be met when the specified CMGs are placed
in the contrel loop.

While the analyses of this sectien are based on a nominal
2 Hz pallet control leop, the definition of gains fer ether
bandwidths parallels these derivatiens, Indeed, gains were
derived for several bandwidths abeve and below the neminal for
use in the simulation study which is discussed in section 10
of this veolume.

8.1 Vehicle Centrol Law - The functien of the vehicla con—

+
trel law is to compute a CMG torque command TC from sensed body

metien that will compensate for unwanted vehicle motion caused by
disturbance torques acting on the vehicle, The vehicle controel
law is also used to generate torque commands required to implement
vehicle maneuvers or attitude effsets, The specified vehicle con~
trol law is a standard rate plus positioen plus positien integral
law which in complete form would be:

T =[x, (.%{5) Ky (B ~6+E)+1K, 1S @ -6+rac}

where the gain matrices fK_ 1, [K_ ], and [KP ] are diagonal, the
vectors wD and BD are the desired vehicle rates and pesitioens
-+ Y
which weuld be obtained from maneuver contrel leogic, W and 8 are
-+ .

the sensed vehicle rates and positions and £ represents any small

angle attitude offset command, e.g., a CMG desaturation maneuver,
Since the scope of this study includes enly pointing perfor-

mance, all maneuwver considerations will be ignered, thus in par-

< -+
tieular mD and £ will be defined to be zero. During any period of

inertial peinting the centrol axes will be held in some constant
relationship te a set of references or ideal pointing axes., For
the purpeses of this study this relationship can be assumed an

identity, thus éb can alse be set to zere giving:

8~1
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Finally, since perfect sensors are assumed for the purposes of
this study, the sensed rate is simply the actual rotation rate of
the pallet about any axis. Further since only small angle rotations
are under consideration the position and pesition integral about each
axis ean be ebtained by direct integration of the rate abeut that

-3
axis, chus ldentifying w as ﬁf, the contrel law becomes:

%c="[KR]3f'[K?]f 6§dt'[KPI]II gfdt

In terms of the Laplace eperator s this becomes on a per axis basis:

. Ops °

- Pi
Tei™ K101 Kp; 3 Kprs 2 TNy, 2

T
4 Tei _ Pi PEL | _ 8-
or, Gl(s)—-g—— _’KRi- == - 32- i=x,vy,z {8-=1)

Pi
8.2 (CMG-Pallet Control Loop - For the purposes of this study

it is assumed that the pallet is an independent bedy under the con-
trol of the CMG cluster, i.e., the shuttle dynamics are lgnered
except as they affect the pallet as disturbance torques applied
threugh the suspensien system. Since the pallet products of inertia
are quite small as conpared with the momeénts of inertia abeut the
contrel axes they are neglected making pessible linear single—-axis
eontrel loop studies. "nder these assumptions and the additienal
assumptien that the CMG ¢ uster shows minimal Cross-axis terque out-
Put, the basic contrcl leep for each pallet axis is as shewn in fig-
ure 8-1, where the negative sign eccurring in the vehicle control
law (equatien 8~1) has been carried areund the loep to the summing
junction where the disturbance torque TD is applied. The subseript

i representing the axis under consideration will net be used in the
succeeding paragraphs for simplicity in netation. The disturbance
torgue TD acting on the pallet arises from torques applied by the

suspension system, Gravity gradient terques are sinusoidal with a
frequency of twice the orbital peried, or approximately @.0022 rad/
See, and will thus be transmitted through the suspension with no
alteratien, being well imside the suspensien bandwidth of 0.1 rad/
sec, indeed the frequency is so lew that it can be assumed a constant
torque with the magnitude taken as the peak value of 15 n-m about

the vehiele y and z axes as determined in section 5, On the other
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hand, torques due to crew motion are of relatively high frequency
and will be filtered both by the shuttle dynamics and the suspension
characteristics before acting on the pallet. The vehicle control
law Gl(s) is the rate plus position plus position integral law de-

seribed in section 8,1. The CMG torque transfer function is de-
fined as C(s) and will be diseussed in section 8.4. The compensa-
tien Gc(s) is discussed in the following sections, 8.5 and 8.6,

8.3 Analiysis With Ideal CMG - In order to make an initial
determinatieon of the loop gains it will be assumed that the CMG
transfer C(s)=%. The compensation Gc(s) is thus alsoe unity and

the open leep transfer from figure 8-1 is thus:
T 8o
TE Js

G(s)=

The design approach to be followed is to determine the rate and posi~
tion gains KR and KP’ i.e., setting KPI=0, with the constraints of a

2 Hz closed loop bandwidth and .707 damping on the dominant roots,
then to add the pesition integral gain,KPI determining its value

such that the bandwidth and damping are not significantly affected.

8.3.1 Determination of Rate and Position Gains - Setting the
positien in.egral gain KPI to zere, the open loop transfer is:

.1 2, K oG/
G(s)= _.E(KR+ '—S')'- —3 ——s—z—'—

Defining: RQKR/J (8-2)

afi, /., | (8-3)
G(s) then becomes

G(s)=R —Sig- (8-4)
s

The characteristic equatisn of the loop is:

A(s)=1+G(s)=1+R -’%‘ (8-5)
s

8-4



It is evident from equation 8-5 that the system is stable for all

R>0 and a>0., The root locus plet of equation 8-5 is given in fig-
ure 8-2, showing the double pole at the origin and the zero at -4,
For values of R<4a, the locus is a circle of radius a centered at

the open loop zero, and the locus is on the negative real axis to

the left of the zero for R>4a.

For loop damping £=.707, the angle 8 is 45° and the desired
root is directly above the zero at -a for which s=~a+ja, The gain

R at that point can be determined in several ways, the most direct
being from the magnitude requirement:

or, R=2a (8-6)

The closed loop transfer of the simplified 1009 is:

I(s) _ _R(sta)
ID(S) 52+Rs+Ra

8-7)

By definition, the bandwidth mB is that frequency at which the closed

loop log magnitude passes through -3 db or,

(W), ;[="/.2_;_' (8-8)
AD(Jw) 2
From equation 8-7:
TGW _ _ Riatjw)
DO pamiiiu
Using equation 8-3:
R? (a%+u?)
SN - (8-9)
7T "3
(Ra—wB) +R wy
8-5

e
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Figure 8-2. Root Locus of the Tdeal Loeep With K.PI=O



Rearranging equation 8-9 and substituting the damping requirement
from equation 8-6 then gives:

(R/wB)4+3(R/mB)2-4=o
or, (R/WB)2=‘4i2VG;

Since R and Wy are both real, the upper sign must be used and for

any desired bandwidth wy with a damping ratie of ,707:

R=(2-J§Lagl/2m3 (8-10)
a=R/2 (8-11)

For the 2 Hz requirement wB=4H and:
R=8.6346 (8-12)
a=4.3173 (8~13)

Substituting these values into equation 8~7 then gives:

T(s)_ _ 1+s/4,3173
Tp(s) ' '

, (8~14)
i+ {55/6.1056+(s/5.1956)2

Equation 8-14 explicitly shews the dominant reot damping of +2/2=,707.,.
in the closed loop transfer and further chat the transfer includes a
lead term at w=4.3173 radians and the quadratice lag at 6,1056 radiaiis.
The bandwidth by derivation is Wy=4m=12.566 radians.

8.3.2 Determination of Position Integral Gain.- To determine the
position integral gain Kéi“we now return to the complete vehicle con-

trel law with:

2. 5

Gl(S)— + S + —752




The open loop transfer is thus:

2
B KR s +sKP/KRfKPI/KR
G(s)= —3 3
s .
2y +b
G(S)=R,EL_%§__. (8~15)
s

where R and a are as defined in equations 8~2 and 8-3 and:

A -
b=Kp /Ky (8~16)

The characteristi. .quation becomes:

2
A(s)=1+R E—i§§i9 (8-17)
s

which for b=0 reduces to equatioen 8-5, Forming the Routh array for
equation 8-17:

s 1 Ra
52 R Rb
sl : Ra-b 4]
50 Rb 0]

The Routh-Hurwitz stability eriterien requires that ne sign changes
oceur in the first celumn of the array, thus the allowable values
of b are:

0<b<Ra (8-18)
or, 0<b<37.278 (8-19)

The closed loop transfer function is now:

2
T{s s “+as+b
Ty(s) 8 3+Rs 2 4Ras+RD
. 2
T(jw) (b=t )+jaw ‘
il _p : (8~21)
T-I)("l'm)' R(b—m2)+jm(Raéw2)

8-8



In order to evaluate the effect of adding the position integral gain,
the magnitude of the transfer function 8-21 is evaluated for various
values of b at the desired bandwidth frequency of 2 Hz (4% radians)
using the values of R and a previously derived.

It is evident from examination of table 8-1 that the addition
of the position integral gain has only a minimal effect on the log-
arithmic gain of the closed loop transfer, 1.e., the bandwidth wB

is a very weak function of b. Indeed, for a selection of b=2, the
gain is down only .005 db from the desired —-3.01 db at w=4T. To
determine the effect on the dominant root damping the values of R
and a from equations 8-12 and 8-13 along with the values of b from
table 8-1 are substituted into equation 8-20. The resulting cubie
in che denominator can be factored as can the quadratic numerator
yielding the critical frequencies of the transfer function shown
in table 8-2,

Examination of table 8-2 shows that the effect of adding the
positien integral gain is twofold: 1) a lag~lead factor pair is
superimposed on the basic rate plus position control law, and 2)
the lead and quadratic lag critical frequencies are decreased with
inecreasing KPI' The dominant root damping is little affected by

the positien integral gain, however, as b increases the locationx
of the pesition integral lag-lead pele zero pailr diverge and the
resonant peak resulting from the position gain lead and the posi.-
tion integral lead increases in magnitude. The selection of b and
thus KPI is necessarily qualitative, however, a value of 2 seems a

good compromise showing almost no alteration in eitrher bandwidth

or dominant reoot damping and virtually no change in the closed loop
response of the system as can be seen in figure 8-3 which shows the
closed leop Bede plet for b=0 and i=2. Utilizing the pallet inertia
data from section 3, the preliminary design values of R, a, and b,
and equations 8-12, 8-13, and 8-16, the numerical values of KR’

KP’ and KPI for each vehicle axis can be determined for the 2 Hz

loop. The development for other bandwidths is similar and is not
prescented here, Gain values for all bandwidths considered are
given in table 10-3.

8.4 (MG Characteristics - The Skylab ATM CMG has a bandwidth
of approximately 30 radians per second when mounted on a rigid
base. However, the bandwidth of the CMG is lower in this appli-
cation since the CMG is mounted on shocks. Measurements made on
the hybrid simulatiew show the CMG can be approximated as a second
order lag with a damping ratio of 0,25 and a bandwidth of 20 rad/
sec over the frequency range of interest. More detailed analysis
of the CMG is given in section 10.
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Table 8-1.

Closed Loop Gain at w=4w for Various KPI/KR (Ideal CMG)

Table 8-2. Factors of the Closed

b 1TGW/TGw) | | 20 log|T(Gu) /T, GGu |
0 0.7071 -3.01 db
1 0.7051 -3.04 db
2 0.7031 ~-3.06 db
3 0.70L0 =3.08 db
4 0.6990 ~3.11 db
5 0. 6969 -3.14 db

Leop Transfer for

Various KPI/KR {Ideal cM@)

.TQ NUﬂERATOR. . 2§§OMINATOR .
é - | s+4.,3173 - 52+8.63465+3?.2?8(€=.707ll,wn=6.1056)
1 s+ 24560 s+4.0717 s+0.24515 52$8,38955+35.221(C=.70681,wn=5.9347)
2 s+0.52777 5+3.7895 5+0.52271 82+8.11195+33.038{C=.?0565,mn=5.7479)
3 s+0. 87033 s+3.4470 5+0. 84363 52+?.79105+3ﬂ.705(§=.70300,wn=5.5412)
4 s¥1. 3464 s+2.9709 s+1.2246 sz+7.41005+28.207(§=.69765,mn=5.3107)
5 82+4.3173s+5(€=.96538,mn=2.2361) s+1.6905 52+6.94415+25.539(C=.68704,mn=5.0536)
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8.5 Loop Stability Investigation - Stability analysis per-
formed in this sectien is based on the assumption that the CMC can
be approximated by a seéeond-order lag with a natural frequency of
13 rad/sec (bandwidth=20 rad/sec) and a damping ratio of 0.25. TIn
figure 8-1 the CMG is represented as C(s), the compensation network
as G.(s), and the contrel law as Gl(s).

The control analysis given in section 8.2 establishes the cri-
teria for a system in which the CMG was assumed te have a transfer
function of 1, Since the shockmounted CMG has the characteristics
described above, a problem will exlist which has not been considered
in the section 8.2 analysis.,

Writing the transfer Ffunctioen of the CMG as:

2
w
C(s)= 7 2 ~3» where: w = 13 (rad/sec) (8=22)
s +2C W stw n
nmon = 0.25
the compensater as:
Gc(s)=1
-and the centrel law as:
6, ()=R(ZD (8-23)
"
the open leop transfer function becomes:
T (82 e
MG T oo Ql*'S/,l*,'-Bﬁ)‘ l (8-24)
TE(S) 52 [14 0.5 S+(i)2]
=" 13 T3

The Bode diagram of  equation 8-~24 is given in figure 8~4. It is
evident frem the figure that the CMG has changed the stable system
described in sectioen 8.2.1 inte an unstable system. Therefore
compensatien will be required to make the loop stable. Compensa~
tion analysis is discussed in the following section.

B.6 Compensation Analysis - Two candidates were considered
for the eompeﬁsétioﬁﬁﬁétwerﬁ;'GG(s). The two were of the form:

8=12
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_ &+b . ot
Gc(s)— ey d>b {8-25)

and

2r.s 27
[1+-~—¥L— + £

wl wij
Gc(s)= ZQZSV 7 (8-26)
[1+ —= ¢+ 5
w 2.
L 2 wz_

The second order cempensator (equation 8-26) 1s used in this study.
This type compensator is chosen so that the lead term of the com-
pensatoer can be chesen as the reciprocal of the second order lag
charactéristic of the CMG, and the compensator lag can be 0.7 damp-
ed with an w of 100 radians per second.

8.6.1 Combined CMG/Compensator System ~ Since the CMG can Be
approximated by a second order lag over the critilcal frequency range
and a compensator can be used as desceribed in sectien 8.6, then the
open leop tramsfer will again be described by equation 8-24. Now,
however, r£=0.707 and wn=100 radians per second sinece the CMG lag

and cempensator lead cancel. Substituting these values inte equa-
tion 8-24, the open loop transfer function is:

G(s)=37,3 L¥s/4.3) 1 -
5* 1+.0245+10 %

2 (8-27)

Figure 8-5 is a plot of equation 8~27 and shows that this funetion
generates a gain margin (Km) of 24 db and a phase margin (¢m) of
60 degrees,

A root locus plot is given in figure 8-6 of the rate plus posi-

tion contrel law, the second otder CMG and the compensator described
by equation 8-26. The loop funetion for the root locus is:

2z, 2]
1 1+ Loy o]
T, (8) | “1 Wl
QMG (st - -5 (8-28)
T (s) 22 r 2t 2 ( 2§2 2
T 2] w 2
n UJn | 2 UJZ‘

8-14
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Cn = 0,25, w = 13 rad/sec
El = 0.25, W, = 13 rad/sec
CZ = .707, w, = 100 rad/sec
R =

/9
= K/

Rearranging equation 8~28 and substituting values suitable for
constructing a root leocus diagram:

Taug®) s+4.3, 13° 8246.55+13° 1 .
T _(s) K &G 7 € 5 ) & 7 (8-29)
. s s"+6.5s+13 13 s +140s+100
where:

- win = '
K, = wiR = 10,000 R

Equation 8-29 shows the following pele and zero configuratien
exists. A double pole at the origin, poles at -3.25+j12.56,
—/0.7+j70.7 and zeros at s=-4.3, $=-3,25+i12.56. The one pole/
zere combination camcels, leaving the double pole at the origin
and the zero at <4.3 essentially the same as described in figure
8-2. The complex pole pair at §==70+j70 has a locus which crosses
the jw axis and approaches the asymptotes at +60°.

The locus near the origin will travel in a circular path,
Therefore a value of gain (Kl) wil] be chosen to put the closed

loop roots on the 0=45° line to give 0.707 dominant root damping,
This will give a set of closed loep reots at s==4,6+j4.6 for a
value of K1=86,000. .

Using the assumption that the lead term of the compensator
will nullify the CMG characteristics, equation 8-29 reduces to

Kl(s+4.3)

2,2

G(s)= - 5
s (s +2;2w25+w2)

(8-30)
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The closed loop transfer function of this compensated system

is:
= TCMG(S) _ Kl(s+4.3) (8-31)
- T.(s) 4 3,22
- D s +2c2w25 +wzs +Kls+4.3Kl
Using previously chosen value of Kl’ equation 8-31 becomes:
- TCHG(S) ) Kl(s+4.3) (8-32)
T (s) 4 3 2
D s +140s57+10, 000s +86,000s+369, 800

The deneminator of equation 8-32 factors into the four roots s==4.6+j4.6
and s5=-66.1+j66.1. Therefore both sets of clesed loop roots have a
damping ratio of 0.707. Equation 8-33 gives the closed leop response
in factored form.

i T (s) K. (s+4.3)

) (69, 26442.3) (s2+1325+8,738)

A plot of equation 8-33 will give the system closed loop response
which is essentially the same as the solid lines on figure 8-3 over
; the frequency range of concern.

8.6.2 Combined System With Integral Gain - The effects of adding
integral gain teo the rate plus pesitien control law using the ideal
CMG was discussed in sectioen 8.2.2 Adding integral gain te the
combined system discussed in section 8.6.1 will net affect the per-=
formance of the system appreciably, Equatien 8-34 is the apen loop
transfer funetion of the rate plus pesition plus integral contrel
law with a second order approximation of the CMG and with the com-
pensator described in section 8.6,

TCMG(S) )
TECS)
: 2 2 2
K [52+4.33+2 [ Yo H 5 +?";:L_“’l’”“’l_” 1 ] (8-34)
1L % » — I 5= = 5
8 lls +2cmns+wn L wl s +2C2w23+ﬂb]
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Figure 8-7 1s a root locus diagram of equation 8-34. This diagram
1s essentially the same as figure 8-6, however, there are now three
poles at the origin and an additional zero on the real axis near the
origin. One locus leaves the origin and goes to the real zero near
the origin. The other travels into the right half pPlane, then cross
the jw axis and travel in the left half plane in a near circular
locus. It is evident that the system would be unstable for a low
or high value of Kl, but if a value of Kl=86,000 is chosen, the

closed loop roots are found to be at s=~0,525, §=-4,05+34.05, and
=-65.6+j65.6.

The closed loop transfer function is:

T Kl(s+0.53)(s+3.77)

ang(s)
) (640.525) (6248, 10433) (s241315+8, 596)

(8-35)

The two second order roots in equation 8~35 have a damping ratio of
0.7 and the plot of equation 8-35 is esgentially that given by the
dotted line in figure 8-3 over the 2 Hz bandwidth of interest,

8.7 Peointing Error Estimation = The pointing error can be
estimated by assuming an ideal CMG, Considering the control law
only, pallet position (8) is given as a function of disturbing
torque (TD) by equation 8-35.

8(s)= —5——3 [T, (s)] (8-36)
Js +KR5 +KPs+KI

It has been established in section 5 that the major disturbances
can be approximated by a step imput with a magnitude of 15 n-m
about the y and z axes. Applying the final value theoren

1imB (t)=1lim s 6(s)

o 5+0

to equation 8-36 for a step input

15
1imB (t)=1im{s ; {72)}
[0 5*0 Js +KRS +KPs+KI
1imB {t)=0
oo
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which says that the pointing error should be equal to zero for a
step disturbance input when position integral is used in the con-

trol law,

The preceding analysis is valid for linear systenms, however,
there are nonlinearities present in the system which will rcause
pointing errors. These pointing errors will appear as limit
eycles caused primarily by CMG friction. Results showing these
effects are given in section 10 of this volume,
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9. VEHICLE DYNAMIC MODEL

In order to study the peinting performance realizable with the
floated pallet under the control of the recommended CMG actuator
cluster, it is necessary to formulate a model of the pallet/suspen~
sion/orbiter dynamics to be used in conjunction with the CMG model
developed in section 7. Since only peinting performance is te be
investigated, the vehicle is essentially in an inertially held atti-
tude, therefore a primary assumption used throughout this section is
that all angular metions are very small, allowing the small angle
transformation to be used.

Separate rotational dynamics are developed for the pallet and
orbiter, along with relative translation. Disturbance torques and
forces and gravity gradient torques act on both bedies, the CMG
contrel terques act direetly on the pallet, and forces and terques
generated by the action of the suspension system act on both bedies.

The total simulation will include the digital CMG contrel law
developed in section 6.6, four of the CMC models as given in section
7, and the wvehicle dynamic model of this section. The. pallet angular
rates are picked off and processed threugh the vehicle control law
discussed in section 8, in eorder to generate torque cemmands for use
in the CMG ceontrol law.

9.1 Respelution of CMG Control Torques — Although the control
Ltorque acting on the palilet is physically enly an input te the dy-
namics of the combined vehicle, the resolution of the torques from
the individual actuators into a single torque vector is necessary,
and conveniently discussed at this point. Given the output torque

of the ith actuator as defined in equatien 7-23 as %é'i’ and using

the CMG output to pallet transformations of equatiens 6-1 through_
6~4, the control terque %éP acting on the pallet resolved into pal-

let cooerdinates is:

4
T =S 1. g%
CP lpTprydTpry
i=1
Tpr a1 Tp 1o o143t 1y |
= : .
Icp= TP'y1+TE'zz_IP‘y3+TP'24-. (9-1)
T

P21 Py~ Tpr 3 Tprgy,



9.2 Derivatien of the Detailed Dynamics ~ The vehicle and sus-—
suspension system dynhamics are derived in the following paragraphs,
first with only the assumption of small angle restrictions in rota—
tion and linear characteristies in the individual iselators of the
suspension system. In sectien 9.2 the suspensioen dynamics are sim-
plified based en the selection in volume ITI ef an uncoupled four-
peint system.

9.2.1 Suspension System Dynamics - When the pallet is in-

ertially held under the control of the CMG system, the only connec-
tion between the pallet and erbiter is through the suspension system,
The suspension system exerts forces and torques on beth the orbiter
and pallet as a function of the relative rates and displacements of
the two bodies. The dynamics of the suspension system are derived
by considering each suspension point individually. Tt is assumed
that each suspensien point (iselator) exhibits oenly linear spring
rate and damping characteristics along each vehicle axis with ne
coupling, i.e., a linear deflection or rate at any iselator loca-
tion will result im a force acting aleng the deflectien or rate.
In additien it is assumed that the individual iselators exhibit no
rotational compliance or damping and finally that the undeflected
isolator length is small compared to the distance from the pallet
center-of-mass.

In order to determine the forces applied te the orbiter and
pallet by each iseiator it is necessary te derive the deflectien

-5
61 of the ith iselater as a function of relative translation of the

orbiter and pallet and the rotations of both bodies, Figure 9-1 _
shews a representation of the isolater bedy geometry when the sug-
pensioen system is relaxed and there is ne translation of the orbiter
or pallet with respect te the ideal (I) coordinate system. The

vectors Bfo and: ES@ locate the pallet and orbiter mass cenmers+with
respect toe the erigin eof the I coordinate system. The vector R0
locates the pallet mass center with respect te the orbiter mass
center when the suspensioen system is relaxed, +fhe vector Ei lo-
iates t&e orbiter end of the ith iselator and ui the pallgi end.
R0 and Bi are fixed in the orbitei and rotate with_it and oy is
fixed in the pallet, The vector po coincides wit-:‘h-R0 when the sus-

pension is relaxed and is constant in I coordinates, From the fig-
ure, using assumption that the iselator relaxed Length.is-negligiblg:
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Figure 9-1. Geometry of One Suspension Point With Ne bDeflection
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Rb+a17§i (9-2)

“+ o+

po=pPo_pSo

Now, consider the case when both the pallet and orbiter
have been rotated with respect to I through the small angles
T T - T .
ePk(er’ePy’ePz) and géu(BSx’eSy’eSz) . rgspectively, and beth
bedies translated with respect te I ceerdinatés as shown in fig-~
ure 9-2. The pallet and orbiter mass centers are located by the

- >
vectors pP and pS, respectively, with:

P=pp=p (9-3)

" The veetor gi new represents the epening between the pallet and or-

biter ends of the ith iselatoer, i,e., it is the deflectioi of the
ith iselator. Expressing all vectors in their I space coerdinates

> -+
and noting that O s Ei, and R0 have undergene rotations:

T 18

s i*g . (5-4)

> -+

g
The vecter £ is a measure of the translation of the pallet center
of mass from its position when neither orbiter rotation or relative
orblter/pallet translation has occurred, thus:

+ s
p"[ITS]Ré+€ (9-5)
Substituting equation 9-5 into 9-4 and solving %mr_gi:
- + -
[RCT KA SRR

> 3
From equation 9-1, R0—§i=~ai and:

8 =l T, 1L 100, (9-6)

Noting:
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Figure 9-2,

Geometry of One Suspensieonm Point With a General Peflection



r - -
1 ePz 8Py
[ITP]=__ ePz 1 "BPx
i—GPy er i |
r R
1 O, eSy
[ITS}= @Sz 1 -Bsx
- Sy eSx 1 ]
i 0 —(6, =6, ) (6, -6, )1
: Pz "8z Py Sy’
= : +> _ -+
([Tl LT 1Na = | (8,8, 0 ~(0p, -8, ) | &, =(B,~6)xd,
-(B?y—esy) (er_eSx) 0
' A=
defining: $56_-8 (9-7)
P s
Eguation 9-6 can be written as:
3 R (9-8)

where gi is given in terms of its I space coordinates, Under the
assumption of small angle rotations and small deflections gi’ the
reselutioen of gi inte erbiter coordinates is:

NI 0 g

174 8711

where ééxgi is essentially a second érder term and similarly for

reselution inte pallet coordinates. Thﬁs, the isolator deflectien
can be expressed in both S and P ceordinates by means of equatien
9-8. Under the small angle assumptiom, ignoring second order pro-

ducts, the deflectien rate gi can be given as:

f§ R
1 Etpxay (9-9)



The vectors 3i and 3i are defined as directed from the orbiter

te the pallet, resulting in forces on the orbiter aleng those vectors
and in the same direction. Defining the spring constant and damping
matrices describing the ith isolator characteristics as:

A,
[Ki]—diag{Kxi,Kyi,Kzi} (9-10)

A
[Ci}=diag{Cxi,Cyi,Czi} (9-11}

The forece on the orbiter due te the ith suspension peint is:
F_ =[x, 18 +[c ]é +£ (9~12
g1 thy 0 TIC Jo ~12)

N > . - o " . ) X
whera the vector fi_(fxi’fyi’fzi) represents the frictioen of the

suspension point, which for the purpeses of thig derivation is
assumed to be of comstant magnitude in each coordinate direction
acting in the direction of the proper velocity compenent, i.e,:

Fies™ Frgo 5ki>0

=0 , 8 =0} k=x,y,2 (9-13)

=
’-I
.L.., i

R . <
Fki’ 6ki 0
The force on the pallet due te the ith suspension peint is simply
0 + .
the negative FSi'

FPi=—FSi (9-14)

The torque exerted on the pallet by the isolater is due to the Force

- . “-3-.
FSi acting on the lever arm ai.
T e -+ e
TPi—aixFPi——aixFSi (9-15)

The torque applied to the shuttle is:

9-7
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Y781 Yo 17751
> e -+
T_.=R xF_ ~T (9~16)

5i "e” 81 "Pi

The total forces and torques acting on each body due to n isolators
is then:

n
> = 3
Fss™ Z Fsi (9-17)
i=1 ’ :
SP~ 88 (9-18)
n
e ->
Tgp= Z Tpy (9-19)
1=1
-+ + .
T *R xF (9=20)

S8 o 85 SP

where the subscript "$S" indicates action of the suspensien on the
orbiter and "SP" on the pallet,

9.2.2 Oxbiter Rotational Dynamics - Under the assumption of
small angle rotations, the rotational =quations of metion of the
orbiter are simply:

[J ]§S =T A +’1‘DS (9-21)
where the Euler rerm involving the cross product of rates has been
neglected, and the external toerques are the suspension torque TSS
(equatlon 9-20), gravity gradient torque acting on the orbiter

+és and disturbance torque acting on the orbiter T The matrix

ps*
[J ] represents the inertia tensor of the orbiter. The orbiter
rates and displacements § and § are obtained by integration of

the acceleratien cumpenents.
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9.2.3 Pallet Rotational Dynamics - In a similar statement,
the pallet equations of motion in rotation are:

t o+ o -+
[JP]gP—TSP+TGP+TDP+TCP (9-22)

where [JP] represents the inertia of the Pallet and the external

torques are those due to suspension, gravity gradient, disturbance
and control output torque frem the CMG cluster, respectively. The
pallet rates and displacements are obtained from the time integrals
of equaticn 9-22,

9.2.4 Translatioenal Dynamics - Although both the orbiter and
the pallet can translate with respeet te the I coordinate frame, a
complete solution of the translational equations of motion for both
bodies is not reguired. Referring to sectioen 9.1.1 it can be seen
that only the relative translation of the pallet with respect to
the orbiter is required to determine the suspension dynamics, in

-5
Particular the vector & shown in figure 9-2, 1In general, the vector
-+ -+ >
£ expressed in I space compenents can be related to p and Ro’ re-

calling ﬁ; retates with the erbiter by:
P+ T_1R =oud +3 o
P I's o_E Rm Sx [}
freom which; 4¥E;K -3 xﬁ
@ S o

-
and, recalling RG is a constant magnitude vector, and again using

the small angle assumption:

[
3

r . .
=p-.§sxao (9-24)

Mo

It should be noted here that the wvector Eé which appears on figure
8=2 which is given by E&=E4§nge is the relative translation used

in velume I of this final report in the derivation of equations of
metion and is mentiened here for the sake of compatibility between
the twe derivations.
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Again, referring to figure 9-2 it can be seen that the vector
p can be expressed in terms ef pP and pS which locate the pallet

and orbiter mass centers as:

and thus,
=0, - Ga?!
ol pP ps (9-25)

Considerlng each body separately, the equations of motion in trans-
lation are:

0.=F 4P
mPpP sp*Fpp (9-26)
sps Fss+r (9-27)

where m, and m, are the masses of the pallet and erbiter, F S8 and
féP the forces of the suspension and F DP and F dlsturbance forces.

Selving equations 9-26 and 9- 27 for the acceleration, substituting

into equation 9-75 recalling gp —fész

(9-28)

The time integral of equation 9-28 gives p for use in equatioen 9-24,

since the initial condition on p—O However, to determine E:
+ E3 >
p= [ p(r)d+p
0 -]

and, since the I space representatian of p is the same as the §

space representation of R

t 3 > s
oI P(T)dT=p-p P,ZE SP~R_ (9-29)
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Thus, the integral of 3 1s substituted into equation 9-23 to deter-
-3
mine e,

9.2.5 Summary of the Detailed Dynamics - All external forces and
-orques acting on the bodies are put into the equations of motion, The

pallet rates gé are picked off and Processed through the vehicle con-
trol law, CMG control law and CMG dynamics to obtain the controel torgue
N ‘

TCP' The suspension forces and torques are fed back into the dynamics

to cemplete the dynamic leeps, 1In vector representation, the equa-
tions of motion are given as:

' > _ -1 - > > =+ .
Pallet Rotation: 3}~{JP] (Tgp¥ToptT T o) (9-30)
. . Barr il 2o .
Orbiter Rotation: 33 3617 Tt +F ) (9-31)
F. ¥ +m
Tranalation: Bﬁ gﬁ - 28 - mzpms fés (9-32)
S plg o
Integrating:
B,/ Bar B,=f Bydr (9-33)
3> % . >
es=f E"Sdr eS-_J 35d1' (9-34)
HE >
p=/ par EE=BF§;=f.PdT  (9-35)

The suspension dynamics are then determined by:

3=8 -8 9=B,-3 (9-36a)

e
e=ec—§éxno (9-36b)

For i=1, n where n is the number of suspensioen points;
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.—;.-h > > 5
§i=e+$kai 3i—e+¢xai (9-37)

= : 3

FSi=[Ki]3i+[Ci]3i+fi (9-38)
> _ —> -f
TPi——aix si (9-39)

Finally, the required forces and torques te be fed back to equations
9-30, 9-31, and 9-32 are:

It

- — >

Fog= R (9-40)
i=1
n

<> >

Tep™ :E: Tpy (9-41)
a1

T =R xF_ -7 (9-42)

ss o Fgg Tgp

9.3 Simplified Vehicle Dynamics — The previous derivation 1if
implemented for simulation would result in a dynamic simulatien witich
would allow parametric variation of the number of isolators and their
characteristies and locations, as well ag center~of-mass locations of
both the oerbiter and pallet, Within the scope of this study; however,
such generalizatisns are not needed and $ignificant savings can be
made in the computations required by making additionmal assumptions
and using the four~point suspension configuration recommended in
volume III of this report,

The four-point configuration is shown schematically in figure
9-3 which illustrates the near symmetrical placement of the igo-
lators about the pallet center-of-mass aind 4n a plane containing
the center-of-mass., Under these conditions, the locations of the
iselators ai, i=1,4 can be expressed in terms of two lengths, i.e.,
the lengitudinal and lateral distances from the mass center, As-
suming perfect symmetry which implies uncoupled translation and

=
rotation for the pallet, the iselater locating vectors ai can be
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Figure 9-3,

Sﬁspansion Point Identification - Four P

oint System
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given in terms of the location of the number 1 isolator. Noting
the isolators are numbered in terms of the quadrant of the YP

Plane in which they lie, the &i become under this assumption:

31=(ax,ay,0)  (9~43a)
>
a2=(-ax,ay,0) ‘ (9-43b)
-
a3=(-0tx,-0ty,0) (9-43c)
-
%= @y =0, 0) (9-43d)
and,
4 ‘
- s

>a (50 (9-44)
i=1 : "

If in addition it is assumed that each isolator exhibits idential
Spring rate and damping characteristics such that all [Ki]=[K],

[Ci]={C] and Fki=Fk’ the expression for the forces and torques ap-~

plied by the suspension can be greatly simplified. With these
assumptions, the force equation 9-40 can be wiitten:

4

Foom 2 LK1 G, )+(e] G e J
' i=1
4 L L] li 4
=4 [RIE+K Z 571*“[01"5*[013" Z ai* Z Tf'1

i 1 1

. b
or, B ~4[KIEH4[CTE+ > (9-45)

1

It should be noted that although the quantities Gi are no lenger
required, 3i must be caleculated te determine the frictienal forces
%i, however, expanding the various 31: ‘
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e
B B S
31=§+ D‘x&)z
-ay¢x-ax¢y J
[ ]
.. %%,
2=E+ ‘axiz
_ax¢y yPx |
i S|
. &y¢z
e .
3-—-E+ -axéz
A Py y¢X,J
|— »
ay¢z
§4=§+ | cxxcf)z
- Xdly-_@y‘i?x__i -

By making the following definitions of individual components:

xl:sxnay z (9-464)
éx3=éx+ay'z (9-46b)
éyl=éy+ax$z | (9-46c)
éy2='y-ax$z (9-46d)
ézl=é2+(ay$x-ax&y) (9-46€)

=15



zz=ez+(ay x+ﬂk y) (9-46f)
8 =€ —(0 ¢ —u $) (9-46g)

z3 "z y'x x y

z4=Ez-(ay x x¢y) (9-46h)

g

The twelve individual components of the Gi can thus be given in terms

of the above eight calculations which in turn invelve sums and dif-
ference of many identical quantities. Denoting fai as the friction

resulting frem the rate éai’ a=x,y,z; i=1,2,3,4, the total friction

force becomes:

4 24 )
FL > 7. | 208 +£_.) 47
£ o hy y1 ty2 (9-47)
;'zl+f22+f23+fz4J

Consider next the torque equation 9-41:

4
Topm= Z ol [K] _<E+«‘£xa D+cl (E+$x§.713+}“i}
i=1
4 | . 4 4 . 4
=UTex 37 G xik] G ) +c e > % > d el (- 2. ot
1 5 .

- .
The terms involving only sums of the ai clearly disappear, then ex=

panding:
I 2 T 2, ]
4 4 Kz(ayi¢x?axiayi¢y) 4K"."zm)rq)):
L + > | 2 _ -2
> Xl (G )= o K Oaby=agoy b)) = | axoly,
1 1 2 e a2y 6K ok aBrg
_‘(Kxayi+Kyaxi)¢z | f(Kkay+Lyax)¢zJ
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with a parallel expansion for the damping term, Defining a frie-
tion torgue:

275975 ,,)

4 _ay(le+fz
ZATT> N _
Tf—zijaixfi— o (F, ~f £,4%E ) (9-48)
1

X
£ f - -
2my(*xl fx3) 2mx(fyl fyz)

Then, defining:

(K 1841K] 19-493)
(0,1%1c) (9-49b)
A, LT N B
[K¢].diag{4asz,4asz,4(any+axKy)} | (9-49¢)
A 2 2 , 2 2, *
[D¢]—diag{4ayDz,4axDz,4(any+any)J (9-494)

The suspensien torque and force equations become:

> -+ -;.-),-
FSS—[KC}€+[CC]E_Ff | (9-50)
> .—)- .
TSP=-EL¢1$¥[C¢}$¥TE (9-51)
and as before,
T =T 4% 3 (9-52)

The equations of motion cannot be further simplified in vector form,
however, since the c¢ross products of inertia are small, some compu-

- tatienal relief can be obtained by assuming a diagonal inertia tensor,
The simplified dynamic equations excluding the resolution of CMG con-
trel terques are shown in block diagram form in figure 9-4,
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10. COMPUTER STUDY

This sectien gives the computer results obtained from the
hybrid simulation ef the orbiter vehicle and the suspended pal-
let contrelled by the sheckmeunted ATM CMG. The results described
in this sectien were obtained frem the peinting accuracy nodel
defined in the preceding sections with the exceptions that CMG
gimbal angle change, translational dynamics and suspension torque
on the shuttle were neglected since they had negligible effect
on the overall system respense,

The main purpuvse of this study was to determine pallet
pointing capability as a function ef CMG nonlinearities, crew
motion disturbance, GG effects, and system bandwidth. Studies
determined that the only significant CMG nenlinearity was fric-
tion, discussed in sectien 7,3, and that GG disturbances would
not affect pallet peinting appreciably. Tuerefore peinting
studies were parameterized as a function of friction level,
crew motien disturbance, system bandwidth and CMG gimbal angle,
Limit cycle levels were obtained with no terque input and then
the terque input level required to eliminate limit ¢yeles was
determined. These results are presented in this section with a
summary of results givem inm table 10-4.

10.1 Hybrid Simulation Details — Figure 10-1 is a block
diagram of the cemplete simulation showing the interrelation-
ships of the vehicle contrel law (equatien 8-1), the compensa~
tor (equation 8-26), the CMG control law (equations 6~13, 6-14,
6-22, 6-24 and 6-25), torgue teselution (equation 9-1), the
vehicle dynamics and the CMG models, beth of the latter are dis-
cussed below. The model was implemented on a hybrid computer
facility comprised of a Scientific Data Systems 86 digital com-
puter interfaced with two Applied Dynamics AD-4 analog coensoles
and a Beckman Ease analog computer. The simulation was run in
real time with the fastest pessible sample period which was
7 msec. No quantization was present in the runs other than
that of the computer A/D and B/A interfaces, approximately 0,006
percent of maximum value,

10.1.1 CMG Models — A detailed bleck diagram of the CMG
model is given in figure 10-2. The only simplification of the
medel derived in section 7 is the deletion of the various limi-
ters present in the rate leoops. This was done since the region
of operatien of the CMGs in this study invelves low signal levels
threoughout, thus ebviating the need for the limiters. The CMG
parameter values used in the frequency response runs and in all
peinting performance runs with the exception of those involving
variations of the CMG frictlom are listed in table 10-1,
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The four CMG models incerperated into the complete simula-
tion were altered somewhat to minimize the analeog hardware re-
quirement, This simplification consisted of replacement of the
sines and cesines of gimbal angles with direct gains which could
be preset to represent any arbitrary gimbal state. This simpldi-
ficatien was made possible due to the short time perieds and slow
gimbal rates involved which validates the use of linear approxi-
maticns te these functions.

10.1.2 Vehicle Iiynamics Model - Figure 10«3 is a block
diagram of the simplified vehicle dynamics used in the simula-
tion study. The dynamics finally used in the computer study are
those derived in sectien 9.3 with the translational dynamics and
suspension terque acting on the crbiter being neglected due to
the very low magnitudes of these items compared with the ether
parameters existing in the simulation.

Table 10-2 lists the vehiele dynamics parameter values used
in all peinting performance TUuns.

10.2 MG Frequencyggggponse -~ The €MG model frequency response
for zero inner and outer gimbal angles amnd 0.01 rad/sec gimbal rate
command amplitude is given in figures 10-4 and 10-5. The quantity
T_ is the CME output torque in the direction ef the torque command

and perperdicular te the CMC momentum vector divided by the ampli-
tude of the command torque and is theoretically one. The quantity
Tx is the CMG output terque in the direection perpendicular te both

the command torque and the CMG momentum vector divided by the am—
plitude of the command torque and is thearetically zero. The third
compenent of CMG output torque, the component in the direction of
the CMG momentum vector, was judged to be small and therefere not
monitored.

To compensate for the CMG dynamics of figures 10-4 and 10-5,
the following compensator parameters (equation 8~26) were aiployed
in all pointing performance runs: _wl=12.5 rad/see, Cl=0.125,

w2=70 rad/sec and C2=O.707.

10.3 Simulation Study Qutline - Pallet control loep band-
widths of 1/2, 1, 2 and 4 Hz were considered in this study. The
vehicle control law rate, pesition, and position integral gains
corresponding teo these bandwidths were determined from the analy-
s8is of section 8 and are given in table 10-3,
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There were three types of runs made for the various system
bandwidths and at CMG gimbal angle combinations of (° and 45°,
The three types of Pointing performance runs which were made
are: -

l. Ne torque disturbance acting on the pallet or erbiter,

2. Step torque disturbance acting on the pallet,

a) Each axisg individually at the minimum value necessary
te eliminate the undisturbed I1imit cyele on that axis,

b) All axes simultaneously at the values determined in
part a.

3. Crew motien torque disturbance acting en the orbiter ag

N - -+ > > T
given by TBS=RXFDS where R=(-15,0,0) meter, and
- . T
Case T FDS=(0’FD’O) n

> T
Case IT FDS=(0,D,FD) n

F,. F
Case III T?’*DS=(0,~2,—D-)T n

where: FD ramps from zero to 1060 newtons during the first

0.8 seconds, is zero between 0.8 seconds and 2.4
seconds, ramps from -100 newtons to zero during
the last 0.8 seconds,

The abeve rung were made for:

a) The 1/2, 1, 2, and 4 Hz systems with all gimbal
angles equal to 0°, :

b) The 1/2 and 1 Hz systems with all gimbal angles
equal te 45°,

€) The 2 and 4 Hz systems with the inner gimbal angles
equal to 0° and outer gimbal angles equal to 45°.

In addition, type one runs were made for the 1, 2 and 4 Hz
systems with all gimbal angles equal 0 and with the CMG friction
adjusted to 1/2 the nominal frietion level and te 2 times the
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nominal friction level, Time histories of various system vari-
ables were pletted en strip chart recorders. The variables
chosen for display were the following:

élj’j = 1,2,3,4 CMG inner gimbal rates

éBj’j =1,2,3,4 CHG outer gimbal rates

éSi’i = x,¥,2 orbiter angular rates

Gsi,i = X,¥,2 orbiter attitude
TDPi’i = X,¥,2 torque disturbance on pallet

TCi,i = X,¥,2 torque command from vehicle contreol law
Téi’i = X, V,2 torque command from compensator
TCPi’i = K, ¥, 2 net CMG terque applied to pallet

éPi’i = X,V,2 pallet angular rates

ePi’i = X,Y¥,2 pallet attitude

10.4 Pointing Performance Study Results — Reproductions of
selected computer runs are shown in figures 10-6 through 10-46.
In reading the runs, time can be read from the marks at the top
and bottom of each run where each mark cerresponds te 1 second.

10.4.1 (MG Friction Study - The primary nenlinearity of
the CMG is friction. Wher no vehicle disturbances are present,
the CMG friction causes limit eycles as evidenced by observing

ePi,Dn figures where ne disturbance torque is applied (i.e.,

 figure 10-6 for example). As can be seen by coemparisen (figure

10-6 vs 10~16), the 1limit cycle amplitude decreases as the system
bandwidth increases, Figure 10-47 summarizes how pallet attitude
(ePi) varies with bandwidth.

Studies were also made to determine the effect of friction
level on limit cyele amplitude, (See figures 10-41 threugh 10-46.)
For a 2 Hz system with gimbal angles set equal to zero, the pallet
attitude erior due to neminal CMG friction was appreximately 0.1
arc-second about the pallet Y and Z axes, and approximately 1.1
arc-second about the pallet X-axis. As the CMG frictien level
increases or decreases, the limit cycle amplitude varies preper-
tionately. The effect of frictien level for varicus system bandw
widths is summarized in figure 10-48.
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10.4.2 Vehicle Disturbance - When small vehicle disturbance
torques (TDPi) are applied, approxiamtely 1 n-m, steady CMG gimbal

rates occur and the system stops limit cyecling (i.e, Figure 10-37).
Disturbance torques (TDPi) required to stop limit eyeling at various

system bandwidths are summarized in figure 10-49,

10.4.3 Crew Motioen Disturbances - Crew motion is the largest
disturbance expected which will affect pallet pointing performance.
For the 2 Hz system with CMG gimbal angles at zero, the werst case
crew metion disturbance error is 0.25 are-second about the pallet
Z~axis (see figure 10-28). As can be seen from the computer runs,
pointing errer introduced as a result of crew moetion disturbance
decreases asg system bandwidth increcases, These results are sum-
marized in fipure 10-50.

10.5 Summary - Data presented in this section shows that the
system will have a Iimit cycle attitude error due to the CHG fric~
tion when no external torques act on the vehicle. Tt alse shows
that the limit cycle amplitude to be a function of friction level
and system bandwidth, This limit cycling can be stepped by apply-
ing terques to the vehicle which cause CMG gimbal rates to be
required. 1In addition, crew motien disturbance causes atritude
error which is reduced by increasing system bandwidch.

Due to what has been said in the above paragraph, it would
seem that the higher the system bandwidth the better the system
performance; however, the higher the system bandwidth the less
stable the system becomes, In fact, the 2 Hz system was unstable
at 45 degree inner and outer gimbal angles and the 4 Hz system
was unstable at both 45 degree inner and euter gimbal angles and
Zzero imner gimbal angles and 45 degree outer gimbal angles. This
instability was not predicted by an idealized CMC system analysisg
and thus must be attributed to CMC dynamics., However, it is anti-
cipated that a redesign of the CMG rate loops, takimg into account
the effects of the CMG shockmount, will eliminate these instabili-
ties,

In summary, the 2 Hg system could easily meet the 1 arc-—
second peinting requirement censidering the fact that an orbital
vehicle almest always has disturbance tergues acting upen it.
Redesign of the OMG vate loop is recommended to rake inte aceount
the effects of the CMg stockmounts and eliminate system instabildi~
ties presently obsetved for the ATM CMG rate loop design. In addi-
tien a redesign of the rate loops, to better compensate fer the
effects of frictien at zero gilmbal rate commands, will allew lower
vehilcle loop bandwidths {(i.e., approximately 1 Hz) while still
meeting the 1 arec-second pointing stability performance desired
for all system states.
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Table 10-1.

Floated Pallet Pointing Performance
Study CMG Parameters

Parameter Symbel Mgzzizjée Unics
Inner Axis Compensator Gain Ky 16.54 vde/vde
Outer Axis Compensator Gain K, 12.80 vde/vde
Inner Gimbal Amplifier Gain K1 10.0 amp/vde
Cuter Gimbal Amplifier Gain Ka3 16.0 amp/vdc
Ihner Gimbal Motor Gain Kn1 1,559 N-m/amp
Outer Gimbal Motor Gaipn Km3 1.559 N-m/amp
Inner Gimbal Tachometer Gain Koq 0.995 vde/rad/sec
Outer Gimbal Tachometer Gain -KR3 0.995 vde/rad/sec
Compensator Lead Corner Frequency wy 20.0 rad/sec
Cempensator Lag Corner Frequency 0.2 rad/sec
Metor Deadzone - 0.003 ampere
Gimbal Meteor Static Friction Sm 0.1 N-m
Gimbal Motor Running Friction Rm 0.08 | N-m
Zero Gimbal Rate Band €q 0.00005 rad/sec
Zere Motor Rate Band G 0.002828| rad/sec
Gear Ratio Ng 56.55 )
Toner Gimbal Motor Inertia Jm1 0.0068 kg—m2
Outer Gimbal Moter Inertia _ Jm3 . 0.0068 kg=-m
Inner Gimbal Gear Train Stiffness Kgl 243,370 N-m/rad
Quter Gimbal Gear Train Stiffness Kg3 203,370 N-m/rad
Moment of Inertia of Wheel About 5
Axis Perpendicular to Spin Axis Jd 1.803 kg~m
Gimbal Static Frictien Sg 0.5 N-m
Gimbal Running Frictien R.g 0.4 N-m
Bearing Coémpliance K.Yl 542,320 N-m/rad
Bearing Compliance K?S 542,320 - N-m/rad
Compliance Damping BYl 20 {(N-m=sec) /rad
Compliance Damping 873 20 (N-m-sec) /rad
Angular Momentum of Wheel Hr 3115.0 N-m-sec
Inner Ginbal Inertia Jall 0.746 kg—mz
Inner Gimbal Inertia Ja22 0,868 kg-m
Inner Gimbal Inertia 353 1.003 kg-m?
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Table 10-1.

Floated Pallet Pointing Performance
Study CMG Parameters (Concluded)

Nominal .
Parameter Symboel Magni tude Units
Outer Gimbal Inertia Jcll 0.76 kg~m2
Quter Gimbal Inertia I 22 4.3 kg--m2
, . 2
Outer Gimbal Inertia ¢33 3.9 kg-m
Equivalent Outer Gimbal 9
Inertia Jé33 4,834 kg-
CMG Base Inertia Jbll 5.35 kg—m2
CMG Base Inertia Jb22 7.9 kg-—-m2
. 2
CMG Ease Inertia Jb33 3.63 kg-m
Shockmount Spring Const, o 170,000 N-m/rad
Shockmount Spring Const. KSy 208,000 N-m/rgd
Shoekmount Spring Const. KSz 58,000 N-m/rad
Shockmount Damping Do, 402 (N-m-see) /rad
Sheckmeunt Damping DSy 490 (N-m=sec) /rad
Shockmount Damping Dy, 137 (N-m-sec) /rad

10-7




Table 10-2,

Study Vehicle Parameters

Floated Pallet Pointing Performance

Parameter Symbol Mzgziziée Units
Reciprocal of Pallet Imertia A 4.696 x 1077 1/kg-m
Reciprocal of Pallet Inertia APyy 7.204 x 10-6 1/kg~m
Reciprocal of Pallet Inertia APzz 7.384 x 10._6 1/kg-m
Reciprocal of Shuttle Inertia ASxx 1.015 x 107° 1/kg-m
Reciprocal of Shuttle Inertia ASyy 1.385 x.10-7 1/kg-m
Reciprocal ef Shuttle Inertia Szz 1.354 x 10‘7 1/kg-m
Suspension Spring Censt. K¢x 8,420 N-m
Suspension Spring Const. K¢y 21,555 N-m
Suspension Spring Const. K¢z 53,432 N-m
Suspensien Damping C¢x 2,679 N-m-sec
Suspension Damping by 6,860 N-m-sec
Suspension Damping C¢z 17,007 N~-m-seg
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Table 10-3,

Floated Pallet Pointing Performance Study
Vehiele Control Law Gains

BANDWIDTH (Hz)
cATN 0.5 1.0 2.0 4.0
Kpx 4.60 x 10% 9.18 x 10% 1.84 % 10° 3.67 x 10°
o
& 5 5 6 6
g Ky 2.00 x 10 5.98 x 10 1.20 x 10 2.40 % 10
; |
= Kpy 3.00 x 10° 5.84 x 10° 1.17 x 10° 2.34 x 108
Kpx 5.00 x 10° 1.98 x 16° 7.9 x 10° 3.17 x 10°
£ 5 6 6 7
5 Ky 3.20 x 16° | 1.29 x 10 5.18 x 10 2,00 x 10
y 5 6
K, 3,20 x 10 1.26 x 10° 5,05 x 10 2,00 x 10’
®prx | 5.75 x 10° 4.59 x 10% 3.68 x 10° 7.40 x 10°
9
T 4 5 6 6
v ey 3.75 % 10 2.99 x 10 2.40 x 10 4.80 x 10
%
= Kpy, 3.65 x 10% 2.92 x 10° 2.34 x 10° 4,60 x 10°

e R e
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Table 1.0-4.

Floated Pallet Hybrid Simulation Study Results

(Z axis)

SYSTEM BANDWIDTH | 0.5 Hz | 1.0 Hz | 2.0 Hz | 4.0 Hz
2 TIMES X axis - 3.0 2.3 1.4
NOMINAL Y axis - 0.3 0.2 0.1
o FRICTION
g Z axis - 0.3 0.2 0.1
a _
EE X axis 4.0 1.5 1.1 0.6
3 "(8 NOMINAL Y axis | 0.4 0.15 0.1 0.05
g (%) FRICTION
m gm Z axis | 0.4 0.15 | 0.1 0.05
% Q
% | E 0.5 TIMES X axis - . 0.7 0.5 0.4
NOMINAL Y axis - 0.1 0,05 0.03
=) FRICTION
& Z axis - 0.1 0.05 0.03
Z _ _ _ _
= !
o TORQUE DISTURBANCE X axis 0.5 0.6 1.0 2.2
m 1
&l REQUIRED TO Y axis | 1.2 1.1 0.8 1.4
N ELIMINATE LIMIT
CYCLE (N-m) Z axis 1.2 0.6 0.6 1.4
((:gse is) 5.0 1.2 0.25 0.05
'CREW MOTTION axrs)
DISTURBANCE Case 1I 2.0 0.5 0.1 nil
-(P-EA;I,(__YALUE) (Y axis)
SEC Case ITT |
(X axis) | 1.5 0.35 0.05 nil
(z axis) | 3.5 0.8 0.1 0.05
UNLOADED LIMIT X axis 1.5 0.1 6.5 *
CYCLE
. 4 . *
(PEA%_YALUE) Y axis 0.5 0.25 0.2
2 o SEC Zaxis | 0.5 | 0.2 0.2 | =
Z no TORQUE DISTURBANCE X axis 3.0 0.6 1.0 *
= REQUIRED TO
- B ELIMINATE LIMIT Y axis | 1.2 1.1 1,2 *
g == CYCLE (N<m) |
i§ ec : Z axis 1.2 0.6 1.0 *
|l ™ Case T ‘ o
2 : ; *
%a -E-g (2 axis)| 5-0 1.2 0.2
oons CREW MOTTON & oxtey| 240 0.5 nil *
= DISTURBANCE axis,
(PEAK_VALUE) Case III| _ _
SEC (Y axis) | 1.5 0.4 nil ®
3.0 0.8 0.15

*Unstable system, not run.
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11.

CONCLUSIONS

The following are the major conclusions of this study:

ae

d.

Two shuttle pointing orientations (X-IOP and X-POP) were
studied to determine actuator torque and momentum storage
requirements. The X-IOP attitude has the advantage of
allowing instrument pointing anywhere in the celestial
sphere without the need for gimballed payloads, however,
momentum accumulation due to gravity gradient torques

is larger than wheu operating in the X-POP attitude.

It was decided that the momentum exchange system would
ve sized for X-IOP in order to allow all sky viewing
without the requirement of additional gimbals when con-
sidering single payload operation.

A CMG cluster having a momentum storage capability of
12,200 n-m-sec and a minimum torque capability of 200

n-m can meet the requirements of the orbiter/pallet
vehicle for gravity gradient stabilization during obser-
vation in an X-IOP orientation, and for momentum desatura-
tion maneuvers.

0f the three candidate double gimbal CMG actuators

(Bendix MA-2300, Bendix MA-2000, Sperry 4500) the modi-
fied Bendix MA~2300, a versioi of the Skylab ATM CMG was
chosen primarily on thc basis of being space qualified

and its off-the-shelf availability., This choice dictated
a CMG cluster of four Skylab ATM CMGs of 3,1:5 n-m-sec
momentum capability each in order to meet vehicle momentum
requirements,

A 20 Hz isolator was placed between each CMG and the
pallet. High frequency disturbances generated by the
CMG, which could not be eliminated by a second level of
Experiment Control (e.g., Image Motion Compensation) due
to its high frequency nature, are prevented from reaching
the pallet.

An unwanted effect of the isolator is to lower the
frequency response of the actuator (CMG/isolator combina-
tion) to approximately 2 Hz, Design of a compensator was
required to insure stability when operating at a system
bandwidth of 2 Hz,
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B

Computer studies were parameterized as a function of CMG
friction level, cMG gimbal angle, system bandwidth, and
¢rew motion disturbance. Major conclusions obtained from
the computer runs were: 1) with no torque present, there
exists a pallet attitude limit cycle (1.1 arc--second maxi-
mum for 2 Hz system) which decreases in amplitude with an
increase in system bandwidth, 2) limit cycle amplitude
varied pProporstionately with friction level, 3) a torque
disturbance (approximately 1 n-m for a 2 Hz system) causes
the limit cycle to disappear, the torque level being a
function of system bandwidth, and 4) pointing error due

to crew motion disturbance (0.25 arc-second for a 2 Hz
system) decreases as system bandwidth increases.

The 2 Hz system could easily meet *he 1 arc-second pointing
requirement considering the fact that an orbital vehicle
almost always has disturbance torques acting upon it which
would virtually eliminate limit cycle behavior.

Redesign of the CMG rate loops, to better compensate for
the effects of the CMG shockmounts and friction at zero
gimbal rate commanus, will allow the use of lower vehicle
loop bandwidths (i.e, approximately 1 Hz) while still meet-
ing che 1 arc-second pointing stability performance desired
for all system states,
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12,2 Abbreviations

A/D Analog to Digital

APCS Attitude Pointing Control System

ASM Astronomy Sortie Mission

ATM Apollo Telescope Mount

cM Center-of-Mass

C&D Control and Display

CMG Control Moment Gyro

D/A Digital to Analog

DCMG Double Gimbal Control Moment Gyro

GG Gravity Gradient

kg Kilogram

kg—m2 Kilogram—(Meters)2

km Kilometer

n-m Newton-Meter

nemi Nautical Mile

OMS Orbital Maneuvering Subsystem

RAM Research and Applications Module

RCS Reactiun Control System
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rpm
SCMG
SRB
wrt

12.3 Symbols

a4

A~gpace
B-space
C-space
[c, ]
C(s)

D_.
si

bl

th =

i

¥

*z]

Pi

a3 m:-'&]' DFJ- nm+ :p."-‘l:{f =¥
on [l

ggm

"dm+

Revolutions Per Minute

Single Gimbal Control Moment Gyro
Solid Rocket Booster

With Respect To

Components of unit vector along the local
vertical (i=x,y,z)

CMG inner gimbal coordinate frame

CMG base coordinate frame

CMG outer gimbal coordinate frame

Pallet isolator spring damping matrix

CMG/shockmount transfer function

'Shockmount spring damping

Total friction force on orbiter from suspen-
sion system
Friction of the ith pallet suspension point

Force on the pallet due to the ith suspension
point
Lapace of any time function f(t)

Force on the orbiter due to ith suspension
point

Sum of the suspension forces acting on the
pallet

Sum of the suspeansion forces acting on the
orbiter

Vehicle control law

Compensation network
Angular momentum of the inner gimbal written

in A-space
Wheel momentum of the jth CMG (i=1,2,3,4)

Angular momentum of the outer gimbal written
in C-space

Accumulated momentum for one orbit

Momentum accumulation due to gravity gradient

Upper bound on momentum due to gravity gradient

torque
Peak momentum due to gravity gradient torque
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Angular momentum of the CMG rotor

CMG wheel momentum vector

Inertia about axis of reotation

Inertia of inner gimbal and motor rotor about
gimbal X axis

CMG base inertia about the Z axis

Outer gimbal inertia
Equivalent outer gimbal inertia

Equivalent ocuter gimbal inertia about the outer
gimbal Z axis

Moment of inertia of the CMG rotor akout the
diameter (X or Z axis)

Inertia tensor of the pallet

Moment of inertia of the CMG rotor about the
spin (Y) axis
Inertia tensor of the orbiter

Inertia tensor in vehicle coordinates
Root locus gain

Gain margin

Pallet isolator spring constant matrix
Control law position gain

Control law position integral gain
Control law rate gain

Shockmount spring stiffness

Lagrangian adjoint
Mass of the pallet

Mass of the orbiter

Performance index
CMG output coordinate system (j=1,2,3,4)

Cemponents of the local vertical unit vector
resolved in vehicle coordinates
Vector locating pallet CM to orbiter CM

Laplace operator

Friction level at which switching from static
toe running friction occurs

Torque ocutput from the CMG
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ta Time to accelerate to maximum vehicle rate

N for GG maneuver

Ta Torque exerted on the inner gimbal by the

outer gimbal

tb Maneuver time during constant rate period

N during GG maneuver

'1‘b Torque exerted on CMG base by shockmount

" expressed in B-space

Tc CMG command torque

%& Torque exerted on the outer gimbal by the

> CMG base

Té Commanded torque

%éP Total control torque exerted on the pallet by

the CMG cluster

TD Disturbance torque

%b Qutput torque of DCMG

%bs Disturbance torque acting on the orbiter

TE Error torque command

%éxt External torques acting on the inner gimbhal

ff Friction torque on orbiter

ng Friction torque

Tg CMG gear train torque output

%ég Gravity gradient torque’

Tégm Upper bound on gravity gradient torque

%és Gravity Gradient torque acting on the orbiter

tm Total maneuver time

TmS Torque about rotor Y axis

TP Torque exerted on the pallet by the shockmount

ff, Torque for the jth CMG expressed in P' coor-
i dinates
Rg Running level of bearing friction

f; Output torque of SCMG
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St

w-space
XY 2,
% ¥ps2p
Xgy¥, 2
XTOP
XPOP

Static level of bearing friction

Sum of the suspension torques acting on the
pallet

Sum of the suspension torques acting on the
orbiter

Torque exerted on the w-frame written in w-
space

Wheel reaction torque about inner gimbal X
axis

CMG rotor (wheel) coordinate frame

Inertial coordinates

Pallet coordinates
Orbiter coordinates

X vehicle principle axis in the orbit plane

X vehicle principle axis perpendicular to the

orbit plane
Locates pallet end of the ith isolator

Locates orbiter end of the ith isolator

Small angle rotation of CMG rotor wrt A-space

(i=1,3)
CMG gimbal angle (i=1, inner; i=3, outer)

CMG gimbal rate (i=1, inner; i=3, outer)

CHMG gimbal rate vector (i=1, inner; 1=3,
outer) (j=1,2,3,4 for four CMGs)
Inner gimbal rate command

Outer gimbal rate command

Rate of CMG motor rotor (1=1,3)

Difference in inertia terms
Control loop characteristic equation

Fointing offset

Mass offset of the pallet wrt to the pallet
initial position expressed in I coordinates
Threshold level at which friction model
switches from running to stiction state

Small angle rotation a out the vehicle axes
Damping factor (i=1,2,n)
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Sensed vehicle position
Desired vehicle position

Pallet position
Orbiter position

Small angle rotation of CMG base wrt the
pallet
Lagrange multiplier

Location of pallet CM wrt orbiter CM
Initial card on 3?, i.e., value of Bf when
suspension is relaxed

Relates pallet coordinate system to origin
of I coordinate system

- -
Initial condition on p_, i.e., value of pS

when suspension is relaxed

Relates orbiter coordinate system to the
origin of the I coordinate system
Phase margin

Maneuver angle for desaturation maneuvers

Sensed vehicle rate

Acceleration of the ith coordinate frame
Inertial rate of the CMG inner gimbal
Inertial rate of the CMG base

System bandwidih

Inertial rate of the CMG outer gimbal

Desired vehicle rate

CMG gimbal rate

Compensator undamped natural frequency (i=1,2)
Orbital rate

Spin rate of the CMG rotor

Inertial rate of the CMG w—~frame

Vector dot (dinner) product
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X
sec

Vector cross product

Arc second of rotation

12.4 Transformations

[,r.]
[py7cs]
[T,

[T, 0]
C3 Py
[,T]

[pTy]
[T,,]

J
[,r,]

Transformation

Transformation

from

from

gimbal coordinates
Transformation from p'-space to B-gpace

Transformation

Transformation
coordinates
Transformation
dinates
Transformation
coordinates
Transformation
coordinates
Transformation
system
Transformation
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from

from

from

from

from

from

from

C-space to A-space

outer gimbal to inner

B-space to C-space

p' to CMG outer gimbal
pallet to inertial coor-
orbiter to inertial
vehicle to principle axis
the p' to the p coordinate

A-space to w-space
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