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INTRODUCTION

As space vehicles become larger and mission times becowe longer dovble-gimbaled
control moment gyros (CMGs) will be used more and more for attitude control, aangular
momentum storage and energy storage. Therefore, & need exists for a simple, but
universally applicable CMG steering law which takes the control torque command and
generates gimbal rate commands in such a way that, in spite of the highly nonlinear
CMG behavior, the resulting torque on the vehicle is ideally equal to the commanded
one. Furthermore, this steering law should allow the use of any number of CMGs,
which allows the tailoring to the angular momentum requirement while at the same
time making the failure accommodation a built-~in feature. It should also allow the
mixing of CMGs of different momertum magnitudes to the exteat that some or all CMGs

could be used for emergy storage. It also should allow adding energy storage fly-
wheels to the mix.

A steering law is presented here, which has all these features, assuming the
CMG outer gimbal freedom is unlimited (however, the range of the outer gimbal angle
readout should be: -r1.2 Bi > +m; the inner gimbal angle should be hardware limited

to *n/2). The reason is the idea of mounting all the outer gimbal axes of the CMGs
parallel to each other. This allows the decomposition of the steering law problem
into a linear one for the inner gimbal angle rates and a planar ome for the outer
gimbal angle rates. The inmer gimbal angle rates are calculated first, since they
are not affected by the outer gimbal angle rates. For the calculation of the outer
rates, the inner rates are then known quantities. 4n outer gimbal angle distribution
function (to avoid singularities intermal to the total angular momeuntum envelope)

generates distribution rates next, and finally the pseudoinverse aethod is used to
insure that the desired total torque is delivered.

This paper is a revision of Reference 1.
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PARALLEL MOUNTING ARRANGEMENT

The proposed mounting, with all outer gimbal axes parallel, is shown in Figure 1
(for convenience only, the ocuter gimbal axes are also shown colinear). This mounting
arrangement has many advantages. The mounting interfaces can be identical, i.e., the
wmounting brackets and hardware, cable harnesses, etc. There is ro need to individ-
uvally identify the CMGs, and the on~board computer can assign an arbitrary label to
any CMG, which could be changed from one computation cycle to the next. This simpli-
fies the steering law and the redurdancy management. The parallel mounting in com-
junction with a steering law that accepts any number of CMGs makes failure accommoda-
tion a built-in feature. However, if increasing angular momentum requirements during
the design of a space vehicle demand it (and the mom.nts of inertia always tend to
increase), additional CMGs can be added with minimum impact on the hardware and
almost none on the software. The parallel mounting also makes the visualization of
the system operation exceedingly simple (especially when compared with the momentum
envelopes and saturation surfaces of skewed mounted single-gimbaled CMGs) .

Figure l1l.-Proposed mounting.
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Given a CMG

i

(i ranges from 1

f.l)m

TOTAL ANGULAR MOMENTUM AND TORQUE COMMAND

_ . . -
HGl 21: Ei sai
Heo | = zi:ni ca; cBy
Hia 2H; cay SB:‘._J
e i

The CMG angular wmomentum change is

s

1

F}j_-:l:li ca, &,
z (-Hi sa,

- i CBi oy - Hi ca; sBi ei)

25_: (-—l-.l:.L sa SBi a; + Hi cay cBi Bi)

to n, Hi is the momentum magnitude):

gﬂi sai

- —

i

zi: fli cui cB

Zﬁi ca, sBi
i -

coordinate system W, Figure 1 shows the inner and outer gimbal angles
a, and B i of the ith CMG. With this definition, the angular momentum of n CMGs is

)

(2)

We can assume that the H terms are known (from power demand or the difference between

present and past value of E) and it is accounted for in the torque coumand:

=]
1}

The task is now to find a set of gimbal angle rate commands & and é which when

&

-
zi:Hi coy &

i

1
{oge
»

i

2(—1&i sa; cBi &i - H; cay 8By Bi)

J_.2(--Hi say sB, &i + Bi cay cBi éi)

-~

3

inserted into equation (3) will satisfy the torque command, While at the same time

utilizing the excess degrees of freedom to distribute the gimbal angles such that

the momentum singularities are avoided.
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DESIRABLE INNER GIMBAL ANGLE DISTRIBUTION

The n double-gimbaled CMGs have 2n degrees of freedom. Three are needed to
satisfy the torque command; the excess of 20-3 degrees of freedom is utilized to
achieve a desirable gimbal angle distributionm. Before one can decide on a desirable
distribution, the characteristics of a double~gimbaled CMG have to be considered.

The inner gimbal angle rate needed to produce a given torque perpendicular to
the inner gimbal axis is independent of the inner and the outer gimbal angles. How-
ever, the outer gimbal angle rate needed to produce a given torque perpendicular to
the outer gimbal axis is inversely proportional to the cosine of the inmner gimbal
angle. Therefore, it is desirable to keep the cosine of the inner gimbal angle large,
i.e., it is desirable to minimize the largest inner gimbal angle. This then reduces
to outer gimbal angle rate requirements. The largest inner gimbal angle is minimized
when all inner gimbal angles are equal to the inmer gimbal reference angle, cf.
equation (1),

et {(gnm) /(52

Inner gimbal angle redistribution should be made without resulting in a torque
along the W, axis. This implies [cf. equation (3)]

oy = zi:ni cay ap; = 0

Tor simplicity we select the distribution rate as aDi = Ka (ao -a :L)' The Wl torque
is now

T = ?ni ca; K, (a, - ay)

Setting this torque to zero results in

o, = (Zixi cay ui) /(Zi:ai ca.i) )

When all oy =0y & has converged to its ideal value of equation (4). BHowever, a
torque does result in the wz-wa plane and it will be treated in conjunction with the

outer gimbal angle distribution.
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DESIRABLE OUTER GIMBAL ANGLE DiSTRIBUTION

The situation is not as clzar-cut with respect to the desirable outer gimbal
angle distribution. However, for double-gimbaled CMGs a singular condition ingide
the total angular momentum envelope can only occur when some of the momentum vectrors
(at least ome) are antiparallel and the rest parallel to their resultant total angu-
lar momentum vector. Maintaining adequate and more or less equal spacing between the
vectors will therefore eliminate the possibility of a singularity. Many distribution
functions are possible and the goal is to find one which minimizes the software
requirements. The selected distribution function requires no transcendental functions
or divisions and allows CMG failures or resurrections any time. The distribution
function uses repulsion between all possible CMG pairs, i.e., proportiovnal to the
product of the angular momentum magnitudes and proportional to the supplement of the
outer gimbal angle differences. Therefore, the repulsion ranges from a maximum (for
equal outer gimbal angles) to zero (for antiparallel momentum vector components).
Since the repulsion is generated by pairs (and all possible pairs are treated equally),
no sorting is necessary. However, due to the stronger repulsion of the immediate
neighbors, the cuter gimbal angles act as if sorting had been done. A failed CMG is
simply ienored (its angular momentum magnitude is set to zero) since it dues not
generate a repulsion. Any number of CMGs can be failed or resurrected =t the

beginning of any computation cycle. The rates due to this distributicr function are
(with -7 £ si < +m)

Bp; = K ? {Hy H, [8; — 85 - 7 sen (8;°- 8] (1 - 8,9} (6)

Without any momentum constraint the CMG outer gimbals would come to rest when they
are separated by an angle of 27/n, assuming identical angular momentum magnitudes.
(This would not make any sense for two CMGs since they would be antiparailel.
ever, two CMGs have only one excess degree of freedom and it is taken up by rhe
distribution, and no distribution is possible for the outer gimbals.)

How-
inmer
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INNER GIMBAL RATE COMMANDS

The change of the Ul angular momentum component is not a function of the outer
gimbal rates [equation (3)],

HGl = ‘1‘.:;l = Ei:ﬂi ca; o

Since all inner gimbal angles should be equal (enforced by the inaer gimbai distribu-
tion), an inner gimbal rate command for all CMGs of

5, = TCI/Zi: B, coy D)

will result in ‘1‘G1 - TCI’ if it is assumed that the actual and che commanced gimbai

rates are equal. For che total inner gimbal angle rate command we have then lef.
equation (5);,

&i =K (ao - oi) - TCI/E: Hi cay 8)

where it should be remembered that the distribution rstes are aon-torque-producing
with respect to the Wl axis. The effect of the total inner gimbal anglie rates con

the Wz and W3 momentum components is treated later. Gimbal rate limiting wiili te
discussed after the outer gimbal rate commands have been treated.
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OUTER GIMBAL RATE COMMANDS

The outer distribution rates of equation (6) as well as the total inmer gimbal
acgle rate commands of equation (8) generate a torque in the WZ—W3 plane.

is
] - a -
T 5-:' By (coy sB; By, +sa; cBy &)

T.' Zni (ca; cBy éDi - sa; sBy ;)
i

and the W,-W. torques must be modified as follows:

273
Tae Tey = Tp'

4
Tas Tey = Ty

To generate the modified torque, we now apply the pseduo-inverse method to get a

unique set of outer gimbal rate commands

BCl
B
c2
[
| o= 1% Tyt
T
. m
| Pea
where
biy by e Py
[B] =
b21 b22 .o bZn

The total outer gimbal rate commands are then

By = Bpg ¥ By
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PROPORTIONAL GIMBAL RATE LIMITING

The gimbal torques will have a definite torque limict, ILm In order not to

exceed this limit, we need to lnow the torque demand on the torquers due to the
gimbal rate commands. Setting the outer gimbal angle to zero we get for tha torque
of the ith CMG [equation (3)],

] [
Tli coy &y
T2:!. = H:L Tsey e
T3i__ n cey 81

The torque '1‘1 N is the torque load on the outer gimbal torquer and T3i is the torque

load on the inner gimbal torquer. Assuming the same torque limits for both inner
and outer gimbal torquers, we get for the gimbal rate limits

S = B

o - Fi/ey

with K; = ’I.'Lmi/n g2 CMG design constant, more or less the same for a2ll double-
gimbaled CMGs. There are also other rate limits (&Ln{’ éLIM) due to hardware limits
like gimbal rate tachometer limits, voltage 1imits, etc.

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
DIV is done, where:

la,i 18, la ] 18,1 18, |8,

Y U BN T

with

& = MIN Gy S B =M Bpype Bpg
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PERFORMANCE DISCUSSION

As implied by the discussion of the desirable gimbal angle distribution, there
is no need for a strict adherence to the ideal distribution. For the inner distribu-
tion gain Ka this means that its value can be chosen over a wide range up to 1/at

where At is the computer cycle time, especially since the torque producing portion of
the anner gimbal rate command tends to keep the inner gimbal angles on their distri-
bution. Tc select the outer gimbal distribution gain we have to remember that the
maximum magnitude of the outer distribution rate can be as large as [cf. equation

®6)],
BDMszKb“Hi,Ej:Bj -85

For a desired maximm outer distribution rate of 0.02 rad/s and with 5 CMGs of an
angular momentum magoitude of 3000 Nms we get for example,

Kb = 1.8E-10

No special effort has to be made to "ymhook” the CMG momentum vzctors whem, after
bunching up due to saturation, the torque command is such that the momentum magnitude
is reduced. In the real world, the gimbal angle readouts are noisy enough to intro-
duce umhooking. Therefore, if a simulation is too ideal and problems are encountered,
some noise should be added to the gimbal angles. The same considerations apply for
starting up from an internal singularity (the distributiop functions prevent any later
interpal singularities from occurring).

while any number of double-gimbaled CMGs cau be accommodated (two CMGs are the
minimum), the cycle time might become a problem for very large numbers of CMGs. Since
any angular momentum magnitude is allowed, there is then the possibility to group
several CMGs, add their angular momentum, and consider the group as one CMG as far as
the steering law is concerned. The grouwp is then commanded to its combined outer and
inner gimbal angle. Setting the angular momentum magnitude of any CMG to zero is a
convenient way of signaling tbat the QMG has failed.

The general logic flow, including the input and output parameters for the steer-
ing law is shown in Figure 2. The implementation for the high level language APL is
shown ia Figure 3 and a detailed flow in Figure 4.
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INPUTS T Nm
C
o rad
B, red
‘ai, Cai
sBi . 65i
H. Nes

3

OQUTPUTS Qe red/s

ﬂc i rnd/s

TORQUE COMMAND (T¢ 4. Tc 2. T 3
INNER GIMBAL ANGLES

OUTER GIMBAL ANGLES

SINES & COSINES OF THE o' S

SINES & COSINES OF THE Bi' $
CMG ANGULAR MOMENTUM MAGNITUDES

INNER GIMBAL RATE COMMANDS

OUTER GIMBAL RATE COMMANDS

“Ri-"i Gai

Hai=H; 2o

Sc=ZHg;

Sca-¥HR®;

% = ScaSc
&= (T S +K, (e

é.i'o

i=n

i=a-1

n = MAXIMUM NUMBER OF CMGs

K, = INNER GIMBAL ANGLE DISTRIBUTION GAIN

ALL i's RANGE FROM Tto n

Figure 2.-Steering law logic flows.
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E |
. Pak. H.H 18 —f —7SGN (B ~B)] | K = OUTER GIMBAL ANGLE
[ Boky b &-4 v ®  DISTRIBUTION GAIN
B Bpi=
Bor fope b
i=i=1
YES i#0
J
‘ NO
( jmi—2
| imi=1
: YES
1 i>
! NO
t oz " Tea* S Mai e8id g * Wiy +8; dpy)
; Tems ™ Tea + S(Ha; sBidei —Hy; <B; Bp;)
i by; = ~Hg; 35,
i
: by; = Hg; ©B;
i 2
‘ Gr=pby
E €2 S%
1 Ca2=~byiby;
byy byp wev Byy rcn €12 Tomz 3
feg +|Fo2
: . l_‘-‘*: 2 Tovs =
] :
: i
3
: Figure 2.-Concluded. i
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. o Ty =Ty *Haiediag * HR ¥, 00,
- Sc=~5Sca* 1en . A
¢ .C-An yen—1 Ty + T2+ Ha,30,0¢, — HRi88,En
by, " ‘Ha.'ﬂ,
g by, = M@ Sh
: b 1 Cy12Cyr* By by,
. Ci27Cy27 by, b
. HR, = H,c0q, B+ Ky H, W1, — 3 - = SGN @, - ) Caz~ C22* b2, 52,
I Ha, " H; 92, 1}0."20.—‘_’ ]
4 Sc - Sc HR. Bp; - 8oy * 3
st SCa - Sca* HRi 1=
A".i'. X
N YES 0
! YES
- no
~ YES
3 : <
?‘ NO D=C11C22 ~C12C12
". 1°1=2 Ty = 1C22 T1 - Cy2 T2} /0
) YR Ty e [-Cq2T1+C1q T /D
WL a0 = SCA 1 SC ! 2 I:zﬂ 1+ Cn V2
“ axTey/5c
]
S en YES
) :
. NO " . i
g 3¢, = b1, T1 + b2, T2 * 6oy H
- . - g0 =1 j
ag, " 2 ~ K, ag - o)) Ty=Tc2
.- 0 T2-Tcs A
vee -1 C-n'cu'czz'O :
~ =R K
- :
. YES 0 NO ! :
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, Figure &.-Detailed logic flow.
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. DEFINITION OF SYMBOLS
) Symbol Definition '
: [B] 2 x n torque matrix (for outer rates); Nms
: ij components of [B]; 1 =1,2; j = 1,2, ..., n; Nms
c cos (before Greek symbol)
DIV divisor for rate limiting ;
Hi angular momentum magnitude of the i-th CMG; i = 1,2, )
... , ; Nms .
' g{; total angular momentum of the CMG system; Nms :
: HGI’ th, HG3 components of EG; Nms
f ﬁp angular momentum change for power generation; Nm
i
_". i index
R j index .
1
- Ka inner distribution gain; 1/s ;
': Kb outer distribution gain; 1/s :
Ki TLIHi/Hi; CMG torque constant; 1/s
3 n number of double-gimbaled CMGs
s sin (before Greek symbol)
: Ic control torque command; Nm
Tc-x‘ TCZ' TC3 components of ZC; Nm
TCM2’ TCM3 modified torque commands; Nm
Is total CMG torque on the vehicle; Nm
- Tgyr Tger Tgy components of T..: Nm
: ‘ TimM maximum CMG gimbal torquer torque; Nm
o Tli’ T2i’. T 3 torque components in the W-coordinate system (with
) B =0):i=123...n; No
- a1
—— = AT B = - (
Ld - s e 2 -

P I A



Al

s T "l.’;.!"l“ :

BN L

> 3

f
PO S e,

S LR

’

SAp e,

e

.

- u;“si O R

a;

1.

422

*R
o
1
Sp;i+ Bpi
& . B,

ame BLim

-
v
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Bpmax

Kennel, Hans F.:
Moment Gyros — Revision A.

DEFINITION OF SYMBOLS (Concluded)

Definition
torque components due to &i's and ém's; Nm
CMG coordinate system axes
inner gimbal reference angle; rad
inner and outer gimbal angle: i = 1,2. ., n: rad
ideal inner gimbal reference angle: rad
total inner and outer rates; i = 1.2, . n; rad/s
inner and outer distribution rate; i = 1,2,
inner and outer rate limit; rad/s
inner and outer rate limit due to hardware: rad/s
inner and ocuter rate limit due to TLIM: rad/s
outer rate command vector (due to T cM2° TCMB): rad/s

components of gc i=1,2, .... n;rad/s
maximum possible outer distribution rate; rad/s

0 fori#j
1 fori=])

; Kronecker delta

-]

bar under a quantity denotes a vector

a superscript T denotes a transpose ¢n a vector or a
matrix

a superscript -1 denotes the matrix inverse

a dot over a quantity indicates time derivative

REFERENCE

Steering Law for Parallel Mounted Double—Gimbaled Control

NASA TM-82390, January 1981.
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