General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA TECHNICAL

MEMORANDUM
NASA T™M X-64930

s (NASA-THM-X-E4930) STEEAING LAW FO¥ PARRLLEL N75=25129

; NOUNTED LOUBLE-5L1MBALED CONTPOL MOMIRT BYROS

| (HASR) 34 p KT £3.75 3CL 180 Unclas
63/35 2u1u6

;'ii STEERING LAW FOR PAPALLEL MOUNTED,

|

DOUBLE-GIMBALED CONTROL MOMENT GYRQS

By H. F. Kennel
Systems Dynamics Laboratory

February 1975

NASA

George C. Marshall Space Flight Center
| M;:zr.r/ocz// Space Flight Center, Alabama

MSF7 « Form 3163 Wftee June 1871) LT




TECHNIZAL REPORT STANDA TLE PA
! REPORT NO. 2. GOVERNMENT ACCESSION NO, 3. RECIFIENT'S CATALOG NO,
NASA TM X-64930
a4 TITLE AND SUBTITLE § REPORT DATE
Steering Law for Parallel Mount:d Double-Gimbaled Control y :;:Eml%;zﬁumo. CODE
Moment Gyros
7. AUTHOR(S) 8. PERFORMING ORGAN'ZATION REPORT &
H. F. Kennel
9 FERFORMING ORGANIZATION NAME AND ADDRESS 10, WORK UNIT NO,
George C. Marshall Space Flight Center 11, CONTRACT OR GRANT NO,

Marshall Space Flight Center, Alabama 35812

13. TYPE OF REPOR & PERIOD COVERED
4

12 SPONSORING SENCY NAME AND ADDREZS

hni orand:
National Aeronautics and Space Administration COUNRIOET NS

Washington, D.C. 20546 14, SPONSORING AGENCY CODE

15, SUPPLEMENTARY NOTES

Prepared by Systems Dynamics Laboratory, Science and Engineering

16. ABSTRACT

Mounting of double-gimbal control moment gyros ( DG CMG' s) of unlimited gimbal angle
ireedom with all their outer gimbal axes parallel allows drastic simplification in the CMG con-
trol law development in the redundarcy management and failure 2accommodation and in the
mounting hardware. The advantages of the parallel mounting for the CMG control law develop-
ment are such that a law could be developed which is applicable to any number of DG CMG' s.
Parallel mounting of the DG CMG' s in conjunction with the control law can therefore be con-
sidered a = CMG kit suitable for many missions of differing momentum requirements. It also
means that increasing momentum demands during the design phase of a space vehicle can be
easily met by the addition of one or more CMG's of the original momentum capacity
rather than a redesign to a larger momentum capacity. Another advantage of the parallel
mounting is th.t the failure of any CMG can be treatea like any other, i.e., only one failure
mode is possible. The CMG steering law distributes the CMG momentum vectors such that
all inner gimbal angles are equal which reduces the rate requirements on the outer gimbal
axes. The steering law also maximizes the minimum angle between any two of the outer
gimbals which ensures proper spacing of all the outer gimbals.

17. KEY WORDS 18, DISTRIBUTION STATEMENT
Space vehicles Steering law
Attitude control Control law

. Unclassified — Unlimited
Pointing control

Momentum exchange
Control moment gvros

SR o BT

19, SECURITY CLASSIF, (of this repart) 20. SECURITY CLASSIF, (of this page) 21, NO, OF PAGES | 22 PRICE

Unclassified Unclassified 34 NTIS

MSFC - Form 8292 (Rev December 1872) For sale by National Technical Information Service, Springfield, Virginia 22141




L8]

TABLE OF CONTENTS

I. INTRODUCTION sssvovosses

1. PARALLEL MOUNTING ARRANGEMENT

111, DESIRABLE GIMBAL ANG LE DISTRIBUTIONS . .

Iv. INNER GIMBAL RATE COMMANDS

V. OUTER GIMBAL RATE COMMANDS . . ....

V1. PROPORTIONA L GIMBA L RATE LIMITING

VIL. PERFORMANCE DISCUSFON

VIIIL.,

CONCLUSIONS......‘..I...II.....

APPENDIX A: STEERING LAW LOGIC FLOW CHARTS .

APPENDIX B: SUPPLEMENTAL CALCULATIONS .....

REFERENCES ....:..00044

iii

Page

10
13
14
15
16
21

26



Figure

1.

3.

LIST OF ILLUSTRATIONS

Title
DG CMG gimbal angles . .« .o v s s

Parallel mounting arrangement . . .

QOuter gimbal angle distribution . ...

iv

I O B B B B B R S BN B BN BN BN R

LN I T O I I O U B I



- ——

T — - S S —

i,
HGCl’ Hacz' H(}C:l
L

G1' G2’ " th

DEFINITION OF SYMBOLS

Definition
3 X n torque matrix (for inner rates)
components of [A);i= 1,2,3; )= 1,2, vo. y, i Nem=+ 8

3 % n torque mairix (for outer rates), N+ m + s

components of [B);i= 1,2,3;)= 1,2, ... , ; Nem:+ s

cos ( before Greek symbol)
divisor l[or rate limiting
nx n identity matrix

angular momentum magnitude of the i-th CMG; i = 1,2,
i BN MY 8

total angular momentum of the CMG system; N+ m « s
components of H_; N+ m =« s
' =G
commanded CMG system momentum change; N+ m
comrponents of I.[ i Nem
' =GC
Actual CMG system momentum change; N+ m
components of tN» m
' =G
nominal CMG angular momentum; N+ m + s
index
index
index of decreasing f-angle; i= 1,2, ... , n

distribution gain ( 1K, is the time constant) ; 1/s

A



Symbol

.‘.C
TCI' T

T B 3

CM2" CM3

J{-l

¥

ca’ TC::

DEFINITION OF SYMBOLS (Continued)

Definition
number of [ailed CMG's (in flow charts)
number of DG CMCs
sin ( before Greek symbol)
control torgue command
components of l(,' N+«m
modified torque commands; N« m
total CMG wrque on the vehicle; N+ m
components of l(,' N+*m
maximum CMG gimbai torquer torgue; N+ m

torque componems in the W-coordinale system;
i=1,2,3.¢. 0, N m

vehicle geometric coordinate system axes

CMG coordinate system axes

average inner gimbal angle; rad

inner and outer gimbal angle; i = 1,2, «.. , n; rad

inner and outer gimbal reference angles; i = 1,2, .0, 0y
rad

inner and outer rate vector; rad/s
inner and outer rates; i 1,2, «o0 y 0 rad/s

inner and outer distribution rate; i 1,2, o0 4 0;
rad/s

vi




Symbol

g Fhs

“ v P L

“rom YL

DEFINITION OF SYMBOLS (Concluded)

Definition
inner and ovter rate limit; rad/s
inner and outer rate limit due to hardware; rad/s

3 H /
inner and outer rate limit due to TLIM rad/s

ideal outer gimhbal angle separation; rad

)3

outer rate command vector (due to T

0 T
rad/s 3

CM CM3

components of #_;i= 1,2, ... , n, rad/s
-
a bar under a quantity denotes a vector

a superscript T denotes a transpose on a vector or a
matrix

a superscript dagger denotes the pscudo-inverse of the
matrix

vii



—————————— S I

TECHNICAL MEMORANDUM X-64930

STEERING LAW FOR PARALLEI MOUNTED
DOUBLE-GIMBALED CONTROL MOMENT GYROS

i. INTRODUCTION

There are several reasons why some space vehicles require angular
momentum exchange devices in addition to (or maybe instead of) reaction con-
trol systems: Fine pointing, long mission duration, and lack of contamination,
Fie pointing requires a restoring torque which is continuously variable over
several orders of magnitude; whereas, reaction jets are on-off devices., Long
mission duration can be handled by momentum exchange devices since they use
electrical energy which can be replenished by solar cells, but reaction jets use
mass expulsion and the fuel consumption over long periods becomes prohibitive,
Momentum exchange devices will not contaminate the immadiate space vehicle
environment, in contrast to reaction jets,

Three types of momentum exchange devices are commonly used: reaction
wheels (RW's), single-gimbaled control moment gyros (SG CMG's), and
double-gimbaled control moment gyros (DG CMG's). RW's achieve momentum
exchange by accelerating (or decelerating) about a fixed axis. Therefore, they
heve one degree of freedom and their energy content varies greatly, requiring
relatively large average power, Wheel imbalance can generate disturbances
at all frequencies. The momentum steering laws are simple, therefore only
satellites or smaller space vehicles use RW' s,

SG CMG's have constant momentum magnitudes which ean be positioned
anywhere in planes perpendicular to the individual gimbal axes. For a system
of 8G CMG's, singularities (where no control torque can be generated in some
direction) are a problem, dictating either a complicated sweering law or
the inefficient use of the angular momentum,

DG CMG's have two degrees of freedom cach which allows maximum use
of the constant momentum magnitudes and the singularities are easily avoided.
Maximum momentum usage coupled with minimum software requirements also
mandates unlimited angular freedom of the gimbal axes (no gimbal stops and
the associated problems). When these DG CMG's are mounted with their outer



gimbal uxes parallel and when the steering law' can accommodate any number
of CMG's, a generally applicable momentum exchange system can be devised
which always has a soherical momentum envelope. The fact that the number of
DG CMG's is also freely selectable allows a few standard size CMG's to satisfy
any angular momentum requirement; however, DG CMG's will be used mainly
on large space vehicles (Skylab, Space Shuttle) .

Figure 1 shows the inner and outer gimbal angles a and ‘Jl of the

i-th CMG. With this definition, the total angular momentum of n CMG's is:

- - - ©
T v D (H s )
H, = |Hg, SIS TN R (1)
\' e
_“GJ_J L*' —’(”i e luli)‘

where {=1,2, ... , n and Hl is the momentum magnitude of the i-th CMG.

The CMG momentum change is

H, = [Ald +IBIg (2)

Figure 1. DG CMG gimbal angles.

1. The term steering law means here the set of equations necessary to gen-
erate a set ol gimbal angle rate commands, which then result 11 the desired
contrul torque on the space vehicle,  This is achieved by steering the momentum
vector of cach CMG according to the commands generated by the steering law.
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and

b:" - -H' C‘II HJ‘. . (13)

The torque exerted on the CMG system is

I " He (14)

w! ere
" ‘

X6 " 1761 Tae Tgy!
and it is convenient to define the control torque command IL as

Zc*Zc (15)
where

.= IT.7..7 lT (16)

-C Cl C2 Ci
and

. E . . . T

Hoe ™ Maer ecz Mecs! (17)

is the desired momentum change.




The mounting of all outer gimbal axes parallel to the same axis (dis-
cussed in detail in Section I1) makes the control torque generated along this axis
only a function of the inner gimbal angles and their rates (egs. 1-13). This
fact allows decomposition of the total three-dimensional control problem into a
linear one for the inner rate commands and a planar one for the outer rate
commands (Section IV). Since there are more than three degrees of freedom
for the total system, an infinity of choices exists for the gimbal rat. commands
while satisfying the commanded control torque, The pseudo-invers  method is
sclected to give the basice set of gimbal rate commands, A two ste) approach is
used., The inner rate commands are caleulated first, and they are hen con-
sidered known quantities in the caleulation of the outer gimbal rate :ommands,
both times using the pseudo-inverse method,

However, since the pseudo-inverse does not prevent sing jar states, a
set of non-torque-producing inner and outer gimbal rate commar ds are added to
the basic set (Section III), such that all singularities (besides aturation) are
avoided,

Proportional gimbal rate command limiting is appli- J to all commands
in the case any one of the gimbal rate commands exceeds nhe respective torquer
capabilities. This ensures that only the magnitude of the generated torque is
reduced, but the direction of the torque vector is not altered,

This report is the result of simaplifications mentioned in Reference 1,
but it was possible to carry the simplification so far as to climinate the need
for the variable weiguts of the pseudo-inverse which were usaed to invert the
nonsquare Al and ! B] matrices. Therefore this report presents actually a
different approach to the steering law problem,?

I1. PARALLEL MOUNTING ARRANGEMENT

The proposed mounting, with all outer gimbal axes parallel, is shown
in Figure 2. Although the outer gimbal axes are shown colinear, this is not a
requirement. This mounting arrangement has many advantages. The mounting
interfaces can be identical, i.e., mounting brackets and hardware, cable
harnesses, ete. There is no need to individually identify the DG CMG's, and
the onboard computer can assign an arbitrary label to any CMG, which could be
different from one computation cycle to the next. This simplifies the steering
law and the redundaney management. The parallel mounting ol the outer gimbal
axes in conjunction with a steering law that accepts any number of DG CMG' s
also makes [ailure accommodation a built-in feature. On the other hand, if

2. The steering law was called "econtrol law' in Reference 1.,

{1 ]
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Figure 2. Parallel mounting arrangement,

increasing momentum requirements during the design of a vehicle (and the
moments of inertia always tend to increase) demand it, an additional CMG cun
"o added with minimum impact on hardware and software. The parallel mount-
‘o Of DG CMG' 5 also makes visualization of system oper:tion. ~xeeedingly
simple (especiully when compared with the momentum envelope of skewed
mounted single gimbal CMG's) .

The only disadvantage of the parallel mounting lies in the fact that a
large momentum demand along the direction of the outer gimbal axes reduces
the maximumn response in a plane perpendicular to the outer axes, since a small
movement of the momentum vector demands a large outer gimbal rate.  This
possible problem can be eliminated by mounting the outer gimbal axes in the
direction of the minimum momentum requirement (usually the minimem prin-
cipal moment of inertia axis).

I11. DESIRABLE GIMBAL ANGLE DISTRIBUTIONS

The n DG CMGs have 2n degrees of [reedom. Three are needed fo
satisfy the torque command; the excess of 2n-3 degrees of freedom are utilized
to achieve a desirable gimbal angle distribution. Defore one can decide on a
desirable distribution, the characteristics of a DG CMG have to be considered,

The inner gimbal rate needed to produce o given torque perpendicular (o
the inner gimbal axis is independent of the irner and the outer gimbal angles.
However, the outer gimbal rate needed to produce the same torque perpendicular
to the outer gimbal axis is inversely proportional to the cosine of the inner
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gimbal angle. Therelore it is desirable to keep the cosines of the inner gimbal
angles high; i.e., it is desirable to minimize the maximum inner girabal angle,
which, in turn, reduces the outer rate requirements. The maximum inner
gimbal angle is minimized when all inner gimbal angles are equal (also com-
pare equation ( 1)) to the inner gimbal refererce angle

o = sin'l

R ; (18)

T Y
T(I!i m.i) 2 H,

The simplicity of equation ( 18) is the direct result of the parallel mounting.

The situation is not as clear-cut with respect to the desirable distribution
for the outer gimbal angles. However, for DG CMGs, a singular condition inside
the total momentu » envelope can only occur when some of the vectors (at least
one) are antiparallel and the others parallel to the resultant. Maintaining
adequate and more or less equal spacing betweon the vectors will eliminate the
possibility of a singularity. In this report, a distribution is used which maxi-
mizes the minimum separation hetween any two outer gimbals. The angles A
bhatween adjacent vectors are then equal, as shown in Figure 3 for three, four,
and five DG CMGs (for two DG CMGs, the only excess degree of frecaom is
used for the equalizatic: of the inner gimbal angles). Each of the vectors is
halfway between its neighbors ( the extreme vectors being obvious exceptions) .
The resultant momentum in the V, - V4 plane then bisects the angle between
the two extreme vectors for lhe case where all momentum magnitudes are
equal and the inner gimbal angles are equal.

3 CMG'S V 4 CMG'S " 5 CMG'S "
H
.., / 2
H2
H
A - \1\ ap Ab Mg
Ap
HJL Ap

Figure 3. Outer gimbal angle distribution.

e |



The calculation of the value tor AJ involves the solution of a transcen-
dental equation, which in addition has a different form depending on whether the
number of CMG's is odd or even. These difficulties can be avoided by the
generation of a set of reference angies /J Ri which lie Lalfway between the
adjacent vectors:

,Jm_l = ll:(“.l\n + 2.'r) ‘ 'ik.,] /2 . (19)

B = |8, +8. |2 (20)
Hki [kl-l ki+!]

and

‘JRk = |8, +(;ik -:3.7) /2 ; (21)
n n-1 1

where kl is generated by an ordering scheme such that the value of k; is the

index of the largest /Ji y ky is the value of the next smaller one, ete. Details

of the logic needed can be seen from the flowcharts in Appendix A. In the
flowcharts, the possibility of one or more failed CMG' s (lll = 0) is also taken

into account by replacing n by n-m, where now n is the origitial number of
CMG's and m is the number of failed CMG' s.

IV. INNER GIMBAL RATE COMMANDS

The change of the V, angular momentum component is not a function
of the outer gimbal rates ( see equations 1 through 14),

’ = = ¥ y o 2
HGI TG] T’ Hl o, Ay . (22)

After a summation over j is done, an inner gimbal rate command, d_ , of the

C
form :

e



- = X /\. 2 . .
oy [n!c( i T("j CuJ) Te, (23)

will result in TGl = TCI , if it is assumed that the actual and the commanded

gimbal rates are equal.

After a summaltion over j is done, the torque equivalence can be shown

SR TR Iy el & CEE
TGI = T Ili(‘li[}{lt‘,/"r(lli Lui) ]TCII

. ' \! Yl R L .
[TCI/T(HJ c“j) T“l (,ur‘lli uvi

\! w e /N 22 ‘
'TCI[T("i“'l)/T("imi) ] : (24)

The effect of the inner gimbal rates on the V, and V; momentum components
is treated later.

by

Simultaneously with satisfying the torque command, it is desirable to
reduce the maximum inner gimbal angle as discussed in the previous section.
The inner gimbal angles can be moved toward equality without a V, torque
being generated, as shown in Appendix B, by an inner gimbal rate addition,

uM , of the form

@ - KA (v -trl) <

where

w = _\_: (u i “i cor iy:(llj cvri) (26)
J ] :



and KA is a constant gain ( 1/K_ is the time constant). The angle « closely

A
approximates the inner gimbal reference angle « R A8 shown in Appendix B.

The combined inner gimbal rate command is then®

¥, = ) Y 3 “lp + K ¥ = O
@, “l u.:’/_r(llj (..uj) |Cl I\A(f ci) . (27)

Rate limiting will be discussed after the outer gimbal rate commands have been
established,

V. OUTER GIMBAL RATE COMMANDS

Again the total rate command is split into a rate addition for vector
distribution and a rate to satisfy the torque command,

Tho ceeliminary outer gimbal rate additions are

A’

Al ) , (28)

= K 3 - [
I\A(Jm i

with the exception ul the twe outermost vectors which will have zero preliminary
additional rate. The two ocutermost vectors are defined by the two smallest dot
products between each ol the vectors and the resultant in the V, -V, plane.

See the functions between points C and D on the flow chart in Appendix A for
details. The sum of the ;;Ai terms do not result in zero torque in the V, -V,

plane; lp fact, the 3 terms required Lo compensate for the torque remove most
of the {J:“ and therelore almost defeal the distribution scheme. For redistri-

bution, however, only relative movements are important and, after the summa-
tion over | is done, the final gimbal rate additions are

} - ;! _ \| .‘l! » 2.
Pai = Pai T’A_i (29)

3. Throughout the report it is assumed that the final actual and the commanded
gimbal rates are equal and both are called ‘:i (or /fi) .

10



The disturbance torque caused by the B terms are

Al

Taz = -;(Hi mlcﬁ‘;iM) (30)
and

Tog = ~L(Hjoa 88,8,) . (31)

i

The inner gimbal rates also cause a disturbance torque in the V,-V;
plane,

1 = >‘ L/ O
T'GZ +T’(Hl sa, s ui) (32)
and
L = = 3‘ : aye
'I"G3 "—’(Hl sa, (:,'3l ai) : (33)

i
Only the remaining torque needs to be produced by the [ i terms:

= o
1 T TG

L] .
cM2 e - Tgo (34)

2

and

CM3 'C3° "G3 " "aG3

11



or

-3
I

T 4-_.\_;lui(c¢.lc,; A . - 8a

cm2 ez (App - sa 88 a)l

and

¢

o N } o
cms = Tog* LIy (oo 88,8, + s, o))

We ow apply the pseudo-inverse Lo get a unique solution,

TCM:{.
(st :

TCM:I

ﬂc;

where

gt = w7’

(2 Al -l
(B IB'I'}

and”’

The total outer gimbal rate commands are then

o y
By = Bpay* P

12

(36)

(37)

(38)

(139)

(40)

(41)
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VI. PROPORTIONAL GIMBAL RATE LIMITING

The gimbal torquers will have a definite torque limit, 'I‘LIM . In order

not t¢ exceed this limit, we have to establish the torque demand on the torquers
due to the gimbal rates. The CMG torque is therefore resolved into the outer
gimbal coordinate system (the W, axis is parallel to the outer gimbal axis, the
W2 axis is parallel to the inner gimbal axis) ,

-T“ Fl 0 0] r it e
. s ' i - B e
T'.!l Hl 0 uli s,’i nlsu ISJ i [luriu i
ol - Y s off. - B.ox 88
TJI 1] h”i L;Ji -ulsuic,.r i [lcn lw‘ i
L = = J — -
*‘f:lcul
- B o 2
H | 5o : (42)
-(;‘i!-i(r.
e =

where now 'I‘“ is the outer gimbal torque ( after passing through the inner
gimbal bearing) , T"l is the inner gimbal torque ( which then passes through the
outer gimbal bearing), and 'l‘,j is carried by both the inner and outer gimbal

bearings, ;

Assuming the same torque limit for the inier and outer gimbal torquers,
we get for the gimbal rate limits due to the torque limit,

= =
/ TLIM

. 4 e / = 2 :
”TLIM FLIM (lli o i) (43)

) . : » ; .- X -: » -1 - ’ } il » : : »
There are also fixed rate limits (”l.lM [ LIM) due to other hardware

limits (gimbal rate tachometer limit, veitage limits, cte.).

13



To reduce the magnitude of the actual torque only, but keep the same
direction as the commanded torque, a proportional scaling of all gimbal rates
by dividing by D is done, where:

l Itlll Idzl It:'rnl
D= MAX )1 , =—— , = L
' L L L
8. | N 18|
1 2
. ’ . ’ Y . - ' (44)
i
‘JL “L | L
with
c‘ = . 0 r
@, MIN (”TLIM 5 B LIM) (45)
and
.l - l . ' .j : 5 .
A = MIN (If,l.uM / LlM) (46)

VII. PERFORMANCE DISCUSSION

The steering law performance was checked out and verified with o
hybrid computer simulation. No logic flaws or unanticipated hehavior was
found.

As implied by the discussion on the desirable gimbal angle distribution,
there is no need for a strict adherence to the ideal distribution. For the outer
gimbal angles, this means that the time constant ( l/KA) can be chosen such

that, while a close adherence for a large V,-V, momentum resultant is
achieved, small circles of the V,-V; resultant about the V, axis do not
result in relatively large distributive outer rates.

14
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The difference between an outer gimbal angle and its reference canno.
exceed 7/2, The maximum distribution rate ;IM is then KArr/2 , a8 shown
in equations (28) and (29).

A more involved gimbal rate limiting procedure can be implemented if
the distribution rates tend to interfere with the control torque generation,
Details are shown in Appendix B.

VIII, CONCLUSIONS

Parallel mounting of stopless DG CMG's allows the angular momentum
steering problem to be split into a lincar and a planar part which simplifies the
steering law. As a consequence, the steering law can accommodate any number
of DG CMG's within reasonable software requirements, The fact that any num-
ber of CMG's can be accommodated makes treatment of CMG failures a built-in
property. The capability for clustering any number of CMG's allows the satis-
fying of any system angular momentum requirement with a few standard sizes.
The maximum number of DG CMG's necessary in a eluster would be five if the
next larger size is twice the smaller one (assuming — before failure — no less
than three CMG's are considered). The steering-law/parallel -mounted -DG
CMG combination can therefore be considered a ""CMG KI'T' applicable to any
space vehicle where the need for DG CMG's has been established.

The logic flow charts of Appendix A are being redesigned and a 306 per cent

reduction in logic is anticipated,



APPENDIX A
STEERING LAW LOGIC FLOW CHARTS

Hag = Hipsog / Hpg i = 12,000 n
Hm-HioaiIHN:id,Z ..... n
Hp = THga? + Hga? /Hpii= 1.2, .0
a= ?’;Hmail.‘i:l'lni
;= mmr?mmﬂl [Tey/Mp) + Kp o -ap)ii=1,2,...0

Bmi=Bpi=12... n

m=0
i=1

WAL p .
i=1
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Baky = Ka (B +27 +0,)/2 — B, )

ﬂAkn-m * Kal ‘B"n-m-‘l g I:f"‘l -2 - ﬁ'tn-m]

ﬂAki =Ka lwki_1 + ﬁki+1)f2 - Bkil

1= i+1
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A = 002 ¢f, (-1);i=1,2,....n
Ach; = 00286 (-1);i=1,2,...,.n
W= ~408:i"1,2,....n
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Bn aAﬂ

20



APPENDIX B

SUPPLEMENTAL CALCULATIONS

1. Zero Torque Disturbance on V,-Component. After the summations
| over | were done, the irner gimbal rate addition ([or distribution) was shown
in equations (25) and (26) as

(;Al = KA((\'-H’l) ’

where

a = \‘(H e, \I(Il,cu-,)
T‘ i -I-‘ ] =3

The V, -torque due Lo ‘;M terms is

. . X .
1}\1 4 ll (J\it Ai)

‘ y' b 3 (CIINT, ) o) - oy
<X (n car KA[T(lli i i,/--J(u‘. ) 1] )
b) - Y ( o \. AY
A{[ (ll ur,u /T(“j uvj)] .i-J(][i' L(ri) - T'(}[iu i i)

'};( lli (.'n'j uj) - :(ll‘ crviavi)}

i
T (B-1)
i.e., nu V; torque is generated for any combination ol “i and o, values.
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2. Convergence of « to ap The angle « closely approximates the

inner reference angle o R of equation ( 18). This can be shown by assuming

small deviations A« , from o :

i R

a, = ”R‘-A“l (B-2)
and

s, = ) [H, 8 (a,+Aa )/\'n ; ( B-3)

R T‘ i R i ‘l—‘ i

For A"i << 1, we get

80t }I_;ui = sap \T:"‘ "o }i_;(ui Aa) ( B-4)
or

)T:(uiaul) =0 . ( B-5)
The angle « hecomes

a = -;-:I"i c(wR ! An'l)(n“ + A”l)/é:-:“]i c(uR + A”i)l ( B-6)

. e 5 R , ;g Pt R A\ ‘
v [uvRuHi b“l{-,—‘(“iA“i)] u“[(.nn_rlli h”R"iJ(”iA“iil

L
+ou T'("i Aui) . (B-7)
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For Aa << 1, we get

a - ag=|Y(H A..-/\'n h - wne [\'(H Aa V\_‘,u]} .
R [i i i T i]/‘ R T i i N
(

B-8)

. L%
Since £, H

Aul = 0, the difference between « and « is also zero.
i

i R

3. Expanded Gimbal Rate Limiting. If the torgue demands are large
when compared with the gimbal rate limits, a more involved limiting procedure
can be implemented. When the system is pushed, the outer gimbal rates due to
the distribution could subtract from the ones needed for the torque generation.
The inner distribution rates are always small - after the initial transient has
died out - since the torque generation itself tends to keep the inner gimbal
angles equal and therefore on the distribution.

The inner rates ure caleulated as shown by equation (27) and then
divided by

D = MAX(1 , '“’1'/”14 } |..12|/‘.-L ,...,l(rnI/(rL) ]

oy
where

a = MIN(:?T“M y ) . (B-9)

This effects limiting, if necessary.

The outer gimbal rates for the control torque generation are calculated
next, using equation (38),

U LAl
. ‘ Yoo = TG
B = | B'I '
""C L - LA

I‘C:S 1(]3



and then divided by

D= MAX (1, b D',j) ‘ ( B-10)
where

D, - MAX (18, 1 /By o 1Byl /By o vee v 1B gyl /B)) (B-11)
and

Byo= MIN(Bp oo ;’um’ . (B-12)

This effects limiting, if necessary. Next, the outer distribution rates are
calculated (equation 29) with

l" - l' ‘ \\l'
£ Bai - T“Ai

To eliminate a torque disturbance, these rates have to be further modified to

: = y '1' !l.n ¥
B, {E-IB'] [BI"EA " ( B-13)

where E is the n ©x n identity matrix. The ['IA are then divided hy

i

’AL '

L] - - /
D MAX (1, lﬂml/,uAL , iﬁAzI /

& ses oy mAnl /3

AL) L

(B-14)
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where

Aar ® "L“'D‘/Du) ( B-1b)

&

is the left over capability nl'te_r the torque generation demand is met, If f:‘ AL
is less or equal to zero, all {iM are set Lo zero.

20



REFERENCE

1. Kennel, H, F.: Contro! I aw for Parallel Mounted Double-Gimbaled
Control Moment Gyros. Proceedings of the Second Annual Research
and Technology Review, October, 1974, Marshall Space Flight Center.

26



| APPROVAL

STEERING LAW FOR PARALLEL MOUNTED
DOUBLE-GIMBALED CONTROL MOMENT GYROS

By H. F. Kennel

The information in this report has been reviewed for security classifi-
cation., Review of any information concerning Department of Defense or
Atomic Energy Commission programs has been made by the MSFC Security
Classification Officer. This report, in its entirety, has been determined to
be unclassified.

This document has also been reviewed and approved for technical
accuracy.

S. M. SELTZER
Chief, Pointing Control Systems Branch

Ca}f’ﬁf'lfa~

J ES C., BLAIR
Chief, Control Systems Division

l \
X
)y vz
¥ A.“LOVINGOO g
{Pirector, Systems Dynamics Laboratory

TUS GOVERNMENT PRINTING OFFICE 1975 640 455/328 REGION NO. 4



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A01_.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf

