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A CMG FINE ATTITUDE CONTROL SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention _ 

The invention relates to a configuration of control 
moment gyroscopes utilizing a relatively simple con 
stant-gain steering law which permits three axis control 
after failure of one gyroscope. 

2. Description of the Prior Art 
Previous control moment gyroscope con?gurations 

can operate under simple control computations but re 
quire six single gimbal control moment gyroscopes. 
However, they do not provide or permit a fail opera 
tional configuration without considerable modi?cation 
of the control computations. Other control moment gy 
roscope configurations may provide fail operational 
con?gurations with four or more single gimbal control 
moment gyroscopes, or three or more double gimbal 
control moment gyroscopes, but the control computa 
tions are highly complex. In addition, previously known 
gyro/gimbal con?gurations require one spare gyro 
scope for each primary gyroscope which duplicates the 
orientation of each primary gyroscope in order to 
maintain full operational capability after a failure of 
any of the primary gyroscopes. 

SUMMARY OF THE INVENTION 

In the four single gimbal ?ne attitude control system 
(4-FACS), the control moment gyroscopes (CMG’s) 
are arranged in two pairs, where the two gimbal axes in 
each pair are parallel or collinear, and where the gim 
bal axes of one pair are typically perpendicular to the 
gimbal axes of the other pair. The gimbal axes lie in the 
yz-plane of the CMG system coordinates, with angles 
of 45°, 135°, 225° and 315° from the y-axis and coun- 
terclockwise about the x-axis. This configuration per 
mits the use of a relatively simple constant gain steering 
law. The angular relationships between the gimbals and 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred embodiment of the present invention is 
illustrated in the accompanying drawings wherein: 
FIG. 1 is a schematic illustration of the CMG con?g 

uration and its orientation relative to a set of reference 
axes; 
FIG. 2 is a diagram illustrating relative orientations 

of the CMG momentum vectors relative to the refer 
ence axes; 

FIG. 3 is an electrical schematic illustrating an imple 
mentation of the steering law of the present invention; 
FIG. 4 is a schematic block diagram of an implemen 

tation of a modified steering law; and ‘ I 

FIG. 5 is a block diagram of a complete vehicle con 
trol loop embodying the steering-law of the present in 
vention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Space satellites are often required to maintain a ?xed 
orientation while in orbit to accomplish the mission. 
Examples of such requirements may be that of position 
ing solar cells most favorably in relation to the sun, po 
sitioning a re?ective antenna in respect to a transmitter 
and a receiver, or tracking objects by optical or elec 
tronic methods. The nature of these types of missions 
is that not only must corrections be made for gradual 
or relatively slow reorientation about one or more axes 
of the space vehicle or station due to external distur 
bances, but there must also exist a capability for rapid 
reorientation of the vehicle, for example, to permit a 
capture of a new tracking target. Thus, the control 
function must be capable of providing not only a high 
angular momentum, but controlling it with a great dc 

' gree of precision. 

40 
between the gimbal pairs may be modified if-it is de- ‘ 
sired to modify the relative angular momentum capac-, 
ity of the configuration, without unduly complicating 
the steering law. 

In operation, both the magnitude and direction of the 
net angular momentum vector of the control moment 
gyro system is controlled by controlling the relative 
magnitude and direction of the resultant angular mo 
mentum of each pair of gyros, each pair being arranged 
as a scissored pair. - 

A primary object of the invention is'to provide an at 
titude control system for a CMG controlled vehicle 
using a constant gain steering law. ' ' 

Another object of the invention is to provide a CMG 
con?guration wherein only minor modifications of the 
steering law are required when converting from a‘ four 
gyro operation to a’ three gyro operation’. 
Another object of'the invention is to provide a- steer 

ing law easily modi?able to include additional toler 
ance control capability. ~ 

Another object of the invention is to provide a con 
trol moment gyroscope system capable of using the 
total available angular momentumof all gyroscopes in 
one axis. 
Another object of the invention is to provide standby 

redundancy with only two additional gyros. 
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Referring to FIG. 1, which is a simple and convenient 
‘illustration of the gimbal orientation of the CMG’s, 
there is shown a fine attitude control system consisting 
of four single-gimbal control moment gyroscopes 
(CMG’s) arranged generally as two scissored pairs. 
Each gyro assembly comprises a high momentum rotor 
(not shown) journalled in a rotor bearing case or gim 
bal. As shown, the gimbal support axes in each pair are 
parallel or collinear and the gimbal axes of one pair are 
typically perpendicular to the gimbal axes of the other 
pair. The three axes shown, x, y, z correspond to the ve 
hicle control axes, but not necessarily the conventional 
xyz axes of the vehicle. The gimbal axes as shown lie in 
the yz plane of the CMG coordinate system with angles 
of 45°, 135°, 225° and 315° from the y-axis, progressing 
counterclockwise about the x-axis. The angle between 
each pair of gimbal axes may be altered from the 90° 
con?guration shown if it is desired to modify the rela 
tive angular momentum capacity of the con?guration 
in the y and z axes. Additionally,v the gimbal axis of ' 
each pair of gyros may be other than parallel to each 
other andstill provide satisfactory operation under the 
steering law (to be discussed) of this system, however, 
additional coupling between axes is introduced and de 
tracts from the optimum mode of operation. It is to be 7 
understood that the CMG’s may betranslated in any 
direction so long as the fixed angular relation to each 
other is maintained without departing from the scope 
of the invention. . 
The angular momentum vectors of each of the 

CMG’s depicted as emanating from the center of each. 
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rotor in FIG. 1 are referred to as h-vectors. The gimbal 
angles a = {a,, a2, a3, 04,} are measured from the yz 
plane to the respective h-vectors and enumerated in a 
counterclockwise direction about the x-axis. As shown 
for the initial gimbal angle condition, a0, the angles are 
a“, = 45°, 0120: —45°, 013,, = 45°, 04,,0 = —45°. FIG. 2 is a 
pictorial description of the steering law which controls 
angular momentum vectors of the CMG configuration 
'shown. The explanation of the steering law may be sim 
plified if each pair of gyroscopes having collinear axes 
are considered as a scissored pair. The angular momen 
tum vector of gyros 1 and 3 is denoted as H, and that 
of gyros 2 and 4 by H,,. The orthogonal semicircular il 
lustrations indicate the planes within which H,I and Ho 
may rotate, but it is to be understood that under certain 
modi?cations of the stbering law, the vectors H,, and H, 
may rotate more than 180°. For the initial gimbal an_ 
gles, an, H, lies in the +x direction, H,, lies in the —x 
direction, and each has the magnitude of V3 11, where 
h is the angular momentum of each gyro (assuming all 
are equal). By expanding this proposition, the magni 
tude of H“ is 2h sin [(011 + a3)/2] and H,, is 2h sin [(012 
+ a.,)/2] , and the angles of H, from the +x axis is a,,, 
where a, = (atl — a;,)/2 and the angle of H, from the —x 
axis is a,,, where 01,, = ( a, —— a2)/2. 

In operation, the vectors H, and H, cooperate to pro 
duce the net angular momentum, which ultimately is 
used to reorient the space vehicle. When either Hn or 
H, is changed in either magnitude or angular orienta 
tion, the net angular momentum is affected. In exam 
ple, to produce a net angular momentum, H, in the +x 
direction, starting from the initial condition of a", the 
magnitude of H,, is increased by increasing a, and 04;, by 
equal amounts and the magnitude of H,, is decreased by 
increasing a2 and 0:4 by equal amounts. To produce H 
in the +y direction, 01,, and 01,, are increased by equal 
amounts and the magnitudes of H” and H,, are held 
constant. To produce H in the +z direction, or,, is de 
creased and 01,, is increased by an equal amount and the 
magnitudes of H,, and H,, are held constant. To produce 
an H in a direction other than along a primary axis, 
combinations of the above movements are effected. 

In a situation where one gyro has failed, the remain 
ing gyro in that pair is reoriented such that its H v ctor 
is in the same direction as the resultant H of the original 
pair. This requires that the remaining gyro be reori 
ented to +90° or —90‘’ (depending on which gyro has 
failed) in the initial condition, and thereafter performs 
the same over-all function as the original pair but with 
constant angular momentum rather than variable. The 
initial angles of the two gyros of the remaining pair 
must also be changed for the initial condition so as to 
maintain a balance between H, and H,,. Thus, the re 
maining gyros are reoriented to 1'30". The net angular 
momentum of the system as a whole is controlled by 
the steering law, as described above, except that only 
the intact pair can be changed in magnitude in the x di 
rection. > 

Vehicle attitude may be controlled by controlling the 
net angular momentum of the CMG configuration, or 
by controlling its time derivative. In terms of the refer 
ence system described above, the projections, H = {H,,, 
H,,, H,}, of the net angular momentum vector, H’, of the 
CMG system, onto the vehicle axes, are given by: 
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(l) 

where h is the 
angular momentum magnitude of each gyro (all equal), 
and where S, = sin a‘, and C1: cos 01,, etc. The torque, 
T= {T1, T,,, T2}, produced by the CMG system on the 

vehicle is then given by 

T: —(H + on) 

where H =IIIII, H”, [1,}, where 
0 

and where w = {(01, w,,, (1),} is the set of projections of 
the vehicle angular velocity vector 6’, in inertial space, 
onto the vehicle axes. 

A desired torque, T, can then be produced by the 
CMG system if H' is controlled to follow a command, 
He, given by 

Q: (3) 

H, = —(T, + 0H) 

(4) 

where T‘. is the control torque commanded by some 
control law. ().H can be computed by equations (3) and 
(1) from gimbal angles and body-rate signals, but in 
many important cases this term is so small that it can 
be ignored. In other cases it is preferable to command 
H,. instead of 7",. Taking the derivative of equation (I ) 
yields 

To control so that it follows a commanded 1.1,, a solu 
tion to equation (5) is required, but to compute an 
exact solution is quite complex. The following simple 
steering law computation yields an exact solution only 
when a = {45°, ——45°, 45°, ~45° } = a,,, and when the 
gimbal rate, (it, exactly follows the commanded rate, (31,, 
but deviates from an exact solution otherwise: 

v/2 _ l 
4 u 2 

‘ale Mel . >l- lilxi, 
‘.120 1 2 2 _ 
I ____ _ llyi. 

alto 1‘ w/‘Z '_ 'l'l. . 
a“ 4 2 z m. 

4: 2 z ((3) 
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Inserting equation (6) into equation (5) yields, when dz 
= die, the actual H obtained under this simple steering 
law: ‘ 

6 
= V 2/4, and K, = K, = ‘b to produce the commanded 
angular rates (61,, d2, d3, 61,) for each of the four 
CMG’s. When a CMG fails, such as number i, switches 

l 
4 4. 

*4 s, [ sits, shaft~sl~simsi~ 

When a=am the above matrix equals the identity ma 
trix. As disturbance torque integrals on the vehicle ac 
cumulate, a will wander away from (to and the CMG 
system will produce cross-axis torques on the vehicle. 
When the. gimbal angles are so different from an that 
the cross coupling becomes excessive, the CMG system 
is desaturated. In order to insure that the gimbal angles 
do not go'to an unstable condition, mechanical and 
electrical stops are provided. 
With one of the gyros failed, only one solution to 

equation (5) exists. The initial gimbal angles for the 
failed mode where gyro number i has failed is a0 = 
{ +30", —30°, +30°,-30°}except that gryo number i :2 

is chagned to —(—l), 90°,and gryo number i is, of 
course, ignored. For example, if gyro number 3 has 
failed an = {90°, —30°, — , -30°l. The solution to equa 
tion (5) for a = do with a, = 0 (where gyro number i 
has failed) is given by: ' 

a1, 11 1 i —_ — __ H10 

11,, 
flat: 

‘.120 
£130 
the 

]. 

except that the first term in row ii2 is changed to zero 
and or,C = 0. . 

Reduction in cross-coupling torques is possbiel with 
more complicated steering law computations, but the 
described simple steering law is adequate in‘ many 
cases, and isv always stable‘for gimbal angles within 45° 
of the initial gimbal angles. The 4-FACS configuration 
has the inherent property that it permits simple steering 
laws. 
Since the gimbal axes of each CMG pairs are parallel 

one additional CMG can serve as a‘ standby for a failure 
‘ in either of a pair, and two CMG’s can serve as stand 
bys for at-‘least one failure in any of the four operating‘ 
CMG’s. ’ 

The operation of the constant gain steering law pres 
ented above may be presented pictorially through the 
diagram of FIG. 3. With no failures, all the switches are 
closed and the commanded angular monemtum rates 
1H“, Hue, H“) for each axis are modified by the re 
spective constant gain networks (KMKWKZ), where K, 
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(7) 

Si and Si’ are opened and the values of the respective 
constant gain networks are altered to K,, = 1/ \/_3_, and 
K“ = Kz= l/ \/_'2_. In changing from the no-failure mode 
to a one-failure mode, the gimbal angles must also be 
changed to the modi?ed initial conditions, as previ 
ously described. The failed gyro should be de-spun to 
inhibit it from contributing- or offsetting the effect of 
the remaining CMG’s. The steering law modification 
due to failure may be further simpli?ed by not changing 
the gains K1, K,,, K,. The resulting loss in the attitude 
control-loop gain will be reduced by 30 percent in the 
x-axis and 29 percent in the y and z-axis. In some appli 
cations such a loss of gain 'may be acceptable, and 
thereby simplify the computational operation of imple 
menting the constant gain steering law. 

With the constant gain steering law,cross axis torques 
~ are produced under simultaneous multiple axis com 
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mands or when the system has absorbed disturbance 
angular momentum. In some applications. the vehcile 
outer control loop is sufficient to remove the attitude ' 
errors produced by such cross axis torques. When this 
is not sufficient, the constant gain steering law can be 
upgraded by the addition of feedback computations. 
The pseudo-torque feedback steering law effectively 
eliminates the cross coupling present with the constant 
gain law at the expense of added circuit complexity, as 
shown‘ in FIG. 4. A linearized electronic analog of the 
CMG transforamtion (equation 5) is created by apply 
ing the commanded rates (61,, 6:2, d3, 6:4) to a gyro trans 
fer matrix 10 {B} , which represents the gyro configura 
tion. This matrix is a fucntion of the sine and cosine of 
the gyro gimbal angles. Therefore, the sine and cosine 
of each gimbal angle are computed through integrator 
18 and sin/cos generator 19 to generate this transfer 
matrix 10. The matrix output is the electrically derived 

. {H} , or “pseudo-torque", representing the H applied 
to the vehicle. It is fed back to be compared with the 
commanded H at summers 12, 13, 14. If an error exists, 
integrators 15, l6, 17 correct the input to the constant 
gain steering law computer 11 so that a set of gimbal 
rates 61,6, 512C, 643C, 6146 are ‘obtained which create. the de 
sired torque combination. 

This pseudo-torque feedback signal acts to correct 
the input to the constant gain steering law computer 11 
instead of requireing the outer vehicle loop to make the 
necessary response. The torque feedback loop respone 
is adjusted to be much faster than the vehicle loop and 
gimbal loop response. The torque feedback loop, there 
fore, serves as a high bandwidth computer which rap 
idly solves for a correct set of gimbal rates in response 
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to H,. The CMG gimbal rate loops are therefore pres 
ented with the correct commands to generate output 
torques without cross-coupling. 
The electronic analog matrix {B} is linearized, except 

for trigonometric functions, and therefore, does not 
represent the gimbal loop non-linearitites. These differ 
ences between the analog model and the actual hard 
ware may result in small cross-coupling torques which 
are removed by the outer vehicle loop. In applications 
where the gyro gimbal rate loop bandwidth is signifi 
cantly higher than the vehcile loop bandwidth, the ac~ 
tual gimbal rates could be used to derive the pseudo 
torques and hence include any non-linearities inherent 
in the CMG hardware. When the disturbances require 
a gimbal loop bandwidth approximately equal to the 
outer loop bandwidth, the pseuod-torque is derived as 
a function of commanded gimbal rates, as shown in 
FIG. 4, to attain a rapid response loop. 
An alternate mechanization is to mount a resolver on 

each CMG gimbal and derive the [1,, sin a, and 02,, cos 
a, signals directly from the CMG gimbal angles. This 
technique eliminates entirely the need for computing 
non-linear trigonometric functions and multiplications. 
The practical range of operation for the gimbal angles 
under the above steering law is :40” about 010 when all 
four gyros are operating. The CMG system can then de 
liver approximately :t1.82h in the x-axis and approxi 
mately :1 .35h in the y or z-axes. The momentum enve 
lope has approximately the shape of an octahedron 
with its six corners located on the coordinate axes. 
When CMG number 1 has failed, practical gimbal 
angle limits for CMG number 3 are at i85° about (10 = 
90° and for the other two, at +25° and —55° about a0 
= —30°. The momentum envelope has a very irregular 
shape, intersecting the +1: axis at approximately 0.83h, 
and the —x at approximately —0.99h. The envelope 
peaks in the y and 1 directions are approximately lo 
cated at H, = 0.75h and H, = Hz = :1 .21h. 
For certain applications it is possible to extend the 

envelope in the x-direction to almost i4n with four 
CMG’s by some relatively simple modifications in the 
constant gain steering law (which is also the feed 
forward portion of the pseudo-torque feedback steer 
ing law). In simple termns, such modifications amount 
to permitting a, and as to go negative and a2 and a, to 
go positive so that all four CMG angular momentum 
vecotrs can ultimately align in the same direction. The 
momentum envelope for the simplest forms of such a 
steering law modi?cations (polarity reversals and limit 
ers) will, however, possess a “bottle neck” at about 
lH,,l = 2h (or less). This bottle neck does not present 
a problem when the purpose for the vehicle attitude 
maneuvers is to attain various fixed attitudes; if the pur 
pose is to track a moving attitude target, however, the 
momentum bottle neck may not be desirable. By fur 
ther increasing the steering law complexity it is possible 
to eliminate the bottle neck effect. 
The 4-FACS configuration is also suitable when a 

complex steering law, such as the pseudo inverse steer 
ing law with hangup avoidance, can be implemented, 
especially when most of the required angular momen 
tum capacity is in one axis. Other con?gurations which 
require relatively complex steering law computations, 
cannot deliver all of their total angular momentum in 
one direction, as is possible with a 4-FACS configura 
tion. 
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8 
The previously described steering laws may be imple 

mented in a CMG attitude maneuvering control system 
as shown in FIG. 5. The maneuvering command com 
puter 51 generates the vehicle acceleration commands 
for a desired maneuver. This command, mm, is fed to 
summer 52 and to integrator 53. The integrated accel 
eration command, or rate command (bm, is fed to sum 
mers 54 and 55. The vehicle rate to is sensed by the ve 
hicle attitude sensors depicted in unit 66 and also fed 
to summer 54 and S5. The output of summer 55 is fed 
to the Euler angle computer 56 which generates atti 
tude error Euler-angles, s. The error Euler angle is op 
erated upon by a gain network 57 and summed with the 
other inputs to summer 54. The output of summer 54 
is operated upon by a gain network 58 and summed 
with the acceleration command in summer 52. The out 
put of summer 52 is the commanded vehicle accelera~ 
tion, (1),. which is multiplied by the vehicle inertia 59 
and fed to summer 60. The output of summer 60 repre 
sents the commanded net angular momentum rate, Hr 
to be acted upon by the steering law computer 61 such 
that the H of the CMG configuration approximates H,. 
The output of computer 61, as previously discussed, 
represents the commanded angular rate, 61,, for orient 
ing the respective gimbals of the 4-FACS con?gura 
tion. The actual gimbal angles of the CMG configura 
tion 62 may be fed back to the steering law computer 
to correct for cross coupling effects if so desired. The 
net gyroscopic torque computer 63, responsive to both 
the vehicle angular rate and the gimbal angles of the 
CMG configuration, may be employed to provide addi 
tional input to summing junction 60 to further refine 
the commanded angular momentum rate but in many 
applications this signal is negligible. The output of the 
CMG configuration 62 represents a torque T on the ve- 
hicle 64, subject to being summed at summing junction 
65 with any disturbance torques, Td. Ultimately, the 
output of summer 65 represents the totality of the 
torques acting upon the_vehicle to reorient the vehicle 
in response to a commanded maneuver. 
While the invention has been described in its pre 

ferred embodiment, it is to be understood that the’ 
words which have been used are words of description 
rather than limitation and that changes within the pur 
view of the appended claims may be made without de 
parting from the true scope and spirit of the invention 
in its broader aspects. 

I claim: 
1. An attitude control system for controlling the atti 

tude of a vehicle comprising 
a first pair of control moment gyroscopes, 
a second pair of control moment gyroscopes, wherein 
the gimbal axes of said first pair of control moment 
gyroscopes are essentially parallel, the gimbal axes 
of said second pair of control moment ‘gyroscopes 
are essentially parallel, the net angular momentum 
vectorof said first pair has a predetermined value 
at an initial condition that is equal and opposite to 
a corresponding predetermined value of the net an 
gular momentum of said second pair, 

means for controlling the amplitude and direction of 
the net angular momentum of each of said pair of 
control moment gyroscopes from said initial condi 
tion, whereby the net angular momentum vector of 
the control system may be modified, and 
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means for controlling the angular rate of each of the 
gimbals in said pairs of control moment gyroscope 
in accordance with a steering law of the form: 

a“. 1 1 —I It, an. 
(1,, = l/h l -1 —1 K, 13,, 
am. I -,1 l K, H” 
a4, 1 l - 1 

wherein (it is the commanded gimbal rate of the identi 
fied gyro, 

h_ is the angular momentum of each gyro, all equal, 
H is the commanded angular rate of the vehicle about 

the identi?ed axis, 
K1, K1,, K2 are gain constants having values depend 

ing upon the angular orientations of the gyro gim 
bal axes relative to the identified vehicle axes. 

2. An attitude control system forcontrolling the atti 
tude of a vehicle comprising I 
a first pair of control moment gyroscopes, 
a second pair of control moment gyroscopes, wherein 

the net angular momentum vector of said first pair 
has a predetermined value at an initial condition 
that is equal and opposite to a corresponding pre 
determined value of the net angular momentum 
vector of said second pair, , 

means for controlling the amplitude and direction of‘ 
the net angular momentum of each of said pair of 
control moment gyrocopes from said initial condi 
tion, whereby the net angular momentum vector of 
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10 
the control system may be modified, and 

means responsive to failure of any one of the gyro 
scopes for modifying said initial condition of the 
remaining gyro of the failed pair and that of the re 
maining pair of gyros. 

3. The control system as claimed in claim 2 including 
means'for controlling the angular rate of each of the 
operative gyros in said pairs of control moment gy 
roscopes in accordance with a steering law of the 
form 

air I l a] Kx'lzlrr 
a," 1 —| --1 K,,'H,,,. 
_ = l/h _ - 

am. I —l l Kz'H? 
a“ | - l 1 

wherein 
dc is the commanded'gimbal rate of the identi?ed 
gyro, 

h_ is the angular momentum of each‘gyro, all equal, 
H is the commanded angular rate of the vehicle about 
the identified axis, and 

K,’, K,,’, K,’ are gain constants having values de 
pending upon the angular orientations of the gyro 
gimbal axes relative to the identified vehicle axes 
and modified fora failed gyro, and ' 

wherein the row of the 4 X 3 matrix corresponding to 
the failed gyro is zero. 

* * * * * 
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