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Introduction

INGLE gimbal control moment gyroscopes are constant speed

momentum wheels, gimbaled in one axis only. For full three-axis
control of a spacecraft, a cluster of four control moment gyroscopes
(CMGs) is normally used. CMGs, due to their inherit gyroscopic
properties can potentially generate large torque and angular momen-
tum outputs, in a more efficient way than current technologies, such
as reaction or momentum wheels. Depending on the gimbal axes, a
CMG can be distinguished to a single gimbal CMG (SGCMG) and
double gimbal CMG (DGCMG). The type and number of CMGs that
can be used in an attitude control system are a tradeoff between
performance, cost, mechanical, and algorithm complexity. SGCMGs
(referred to as CMGs in this work) are mainly considered in this Note.
CMGs have been thoroughly studied in the past and have been
baselined to be used in future space missions [1-3]. The most impor-
tant drawback of CMGs is the singularity problem. CMGs encounter
singular states where, for a particular gimbal angle geometric config-
uration, they cannot produce control torque along a certain direction.
There have been many singularity avoidance logics that mitigate this
problem, with different advantages and disadvantages [1-4]. This
Note extends current work on singularity avoidance when a gimbal
angle constraint is imposed.

Problem Formulation

CMGs are mechanically complex devices. Using flywheels at a
continuous high spin rate (~5000 rpm) and gimbal systems with
high spin rates (~30-90 deg /s) can become susceptible to lifetime
failures when used intensely. A miniature CMG developed at the
University of Surrey is a low-cost approach toward giving small
satellites an agile capability [1,3]. However, the CMG has been
designed with a mechanical stop that does not allow a full 360 deg
rotation but constrains the gimbal angle to £180 deg, as depicted in
Fig. 1. This design was deemed to be the quickest, low-cost, and least
complex solution for developing the CMGs in time for the BILSAT-1
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launch [1]. Although the BILSAT-1 twin CMG cluster is used as an
experimental payload, using these units in a four-CMG cluster in
pyramid configuration on a future satellite poses the problem of
being able to escape all types of singularities while coping with a
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Fig. 1 BILSAT-1 CMG model.
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Fig. 2 Roll rest-to-rest maneuver without gimbal constraint.
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Table 1 Simulation parameters

Parameter Value Units
hy 0.28 Nm
I 1,1, [10, 10, 10] kg - m?
B 54.73 deg
|.wi |max 6 ng /S
S 12 deg /s
8* +180 deg
3; [90, 0, =90, O] deg
y 0.01 e

hardware constraint of a 180 deg gimbal constraint. The use of the
novel steering logic with a gimbal angle constraint for micro-CMGs
can significantly reduce the cost and complexity of a CMG design
and can increase design robustness against possible failures due to
the use of slip rings in the CMG gimbal mechanism. This Note shows
that there are cases in which a singularity occurs which requires
gimbal angles to diverge to values that exceed the 180 deg gimbal
constraint. The gimbal angle constraint will require a new modified
steering logic that will permit transition through a singularity while
meeting all hardware constraints. The classical four-CMG cluster is
used with a skew angle f of 54.73 deg, as discussed in [3-3]. The
CMG parameters are presented in Table 1. The rotational equation of
motion for spacecraft with CMGs for a spacecraft with momentum
exchange devices is given by
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Fig. 3 Roll rest-to-rest maneuver with gimbal constraint.
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where H; is the angular momentum vector relative to the inertial
frame which is expressed in the body-fixed frame, and N, is the
external torque vector, including all types of external disturbances.
The total angular momentum is given by

H,=Iw+h @)

where I is the spacecraft inertia matrix, @ is the angular velocity
vector, and h is the total CMG momentum vector. The total CMG
angular momentum vector h = [h,, hy, h ,|¥ is expressed with respect
to the spacecraft reference frame as

4
h = Z H;(3) 3)
i=1
4
h = Z H; ()
i=1
—cPBsind; —cosd, cPsind;  cosd,
= hy cos §; —cfsiné, —cosd; cBsind, (@)
sBsiné; sPsiné, sBsind; sBsind,

where B is the pyramid skew angle, ¢ = cos 8, s = sin 8, and §;
are the gimbal angles, and h, is the magnitude of the angular
momentum produced by the flywheel, of each CMG. Substitution of
Egs. (2—4) in Eq. (1) allows inversion and calculation of the gimbal
rate commands using the pseudoinverse [3—6] as

§=A+*h=AT(AAT)'h

—cfcd, 56, cBcby  —sby 5)
A=| —s8, —cBcs, s8; cBcéy
sBcd, sPcdy,  sBcd;  sPcdy
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Fig. 4 Roll rest-to-rest 180 deg maneuver without gimbal constraint.
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Fig. 5 Roll rest-to-rest 180 deg maneuver with gimbal constraint.

This Note does not focus on singularity avoidance or on the detailed
mathematical description of the CMG cluster. The steering logic used
in this Note is based on [5] in which the pseudoinverse is based on the
generalized singularity robust law:

1 & &
A#* =AT[AAT + AE]"! E=|e& 1 ¢ (6)
& & 1

where ¢; = gy sin(wt + ¢;) and g, is the amplitude, @ is the
frequency, and ¢; phases to be properly selected. For large slew
angles, CMG systems are susceptible to encounter singularities.
For a CMG system with a 180 deg gimbal constraint, this can
be a problematic situation. Figure 2 shows a 106 deg roll rest-to-rest
maneuver. If the worse case for a CMG system is used, that is, starting
from an elliptic singularity ([8; =90, 0, —90, 0] deg), the
gimbal angles diverge and would have to extend over the hard limit of
+180 deg.

Gimbal Angle Constraint and Simulation Results

A CMG steering logic is proposed for a CMG system with gimbal
angle constraints as follows:

T =—J{2ksatL’(e +%/e) +cw}

(7a)
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Li =ﬁmln{ 4a[|e[|, |wi|max} (7b)
A* = AT[AAT + AE]"! (7c)
u=—-1t—wxh (7d)
§.= sat,; {Afu 4+ y[I — A*A]($* - 8)} (7e)
§,=0 when [§]>6,, and sgn(§)5,>0 (7

where §,,,,, is the maximum gimbal rate, |@; |, 1S the maximum slew
rate, u is the control torque input, J is the spacecraft moment of
inertia, e is the quaternion error vector, 7 is the internal control torque
vector generated by the CMGs, §* denotes a set of desired gimbal
angles, and y is a positive scalar. The test case selected is for an
elliptic singularity ([§; =90, 0, —90, 0] deg), which demon-
strates the escape logic capability of the system and simultaneously
steering the gimbal angles away from the +180 deg constraint.
Equations (7a—7d) are based on existing control logics derived and
discussed in detail in [3,6]. Equation (7e) calculates the gimbal rate
command for two different tasks: 1) the first part of the equation,



J. GUIDANCE, VOL. 32, NO. 5:

ENGINEERING NOTES 1665

q, (Roll)
1
0
o 1000 2000
q, (Yaw)
1
. I
0 —*HH&J‘ t——————
0 1000 2000
time (sec)
a)
o, (deg/s) o, (deg/s)
5 5
— Unsat
" — - Sat
0 ! 0 W
- -5
0 1000 2000 0 1000 2000
g (degls) Slew Angle (deg)

| 200
0 / V. 0
-200

0 1000 2000 1000 2000
time (sec) time (sec)
CMG Momentum (N-m-s) det(AAT)
1
— Unsat
2 — - Sat
0.5 | T
1] Uy
0 ol NS
0 1000 2000 0 1000 2000
det(AAT + ) E)
3
0
0 1000 2000 1000 2000
time (sec) time (sec)

b)

A3

a, (Pitch)
A
g
— Unsat
; — - -Sat
0 1000 2000
Roll-Axis LOS Pointing
0.5 —
/ J
0
-1 0 1
9,
3, (deg) 8, (deg)
200 200 :
Sl A
0 { ’ 0 1\_\ ’L . k’( m
-200 -200 mi ,ﬂ f'
0 1000 2000 0 1000 2000
—— Unsat
— - Sat
83 (deg) 84 (deg)
200 200[,%[] m‘“ -
0 " 0 \ \{_L“,
-200 & -200
0 1000 2000 g 1000 2000
time (sec) time (sec)
Roll Control Torque Pitch Control Torque
0.1 0.1
£
z 0
N
A -0.1 .
0 1000 2000 0 1000 2000
time (sec) time (sec)
Yaw Control Torque
0.1 — Unsat
— — - -Sat
£
z 0
&
-0.1
0 1000 2000

time (sec)

c)

Fig. 6 Multiple maneuver profile with and without gimbal constraints.

which includes the required control torque, is used to generate the
required gimbal angle profiles (gimbal rates); 2) the second part uses
null motion to redistribute the gimbal angles to a preferred set of
gimbal angles. The constant y is used as a weighting factor into
which task is implemented and with what weight. Selection of the
weighting constant y is based on trial and error for multiple case
studies. Because of the CMG system constraints, it might not be able
to achieve the preferred set of gimbal angles, however, the main task
is to prevent the gimbal angles from going to the +180 deg
constraint. Using the second null motion term is possible because the
torque to produce term [ I — A* A ][§* — §]is always zero, due to
the properties of null motion [7]. Figure 3 shows the new robust
steering logic implemented on the single axis rest-to-rest 106 deg roll
maneuver. Gimbal angles 2 and 4 time histories show the gimbal

profile reaching the 180 deg constraint and then diverging away.
Figures 4 and 5 show a similar example for a single axis roll rest-to-
rest 180 maneuver. Gimbal angles 2 and 4 reach the 180 deg
constraint and then diverge, however, due to the elliptic singularity,
they are not completely prevented from reaching the 180 deg
constraint.

Simulation Results

To evaluate the efficacy of the proposed gimbal-constrained CMG
steering logic, an aggressive satellite slewing profile forcing the
gimbals toward the constraints is needed. To this end, a series of
realistic rest-to-rest, satellite roll maneuvers was simulated for both
the unconstrained (unsaturated) and the constrained (saturated)
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cases. Key parameters for the simulated maneuvers, which use the
BILSAT-1 CMG, are shown in Fig. 1 and Table 1, whereas graphical
results are given in Fig. 6. Note that the set of results figures contains
plots of the constrained gimbal angle case (the dashed lines)
superimposed upon the unconstrained gimbal angle case (the straight
lines).

As shown in Figs. 6a and 6b, the maneuver profile calls for an out-
and-return, rest-to-rest roll maneuver of 120 deg (without loss of
generality, a maneuver starting from 0 deg roll, 0 deg pitch, and O deg
yaw attitude), followed by similar out-and-return, rest-to-rest roll
maneuvers of —300, +300, and —120 deg, all starting from O deg in
satellite roll, pitch, and yaw configurations. In addition, Fig. 6b of
this figure shows the satellite angular velocity profile during the
maneuver. Figure 6b shows the roll, pitch, and yaw performance of
the constrained and unconstrained cases as well as the roll line-of-site
(LOS) error induced by the saturation control scheme (Fig. 6a). Here,
both cases follow the desired slew angle quite well, but, around
1000 s, the gimbal constraint takes its toll in roll off-axis pointing
error, which is recovered later in the maneuver. Notice the slight
errors in pitch and yaw around 1000 s which then contribute to the
larger LOS error for the unsaturated and saturated control. These
errors are most likely due to the double-hump peaks during the —300
and the 300 deg maneuvers. This follows from taking the sine of
angles from —240 to —300 deg and back to —240 deg as the sine
value decreases from —240 to —270, then climbs from —270 to
—300, briefly levels out, then decreases and climbs from —300 to
—270to —240to 0. A similar phenomenon occurs from 0 to 300 back
to 0 deg.

The CMG actuator response to this aggressive slewing profile is
first seen in the gimbal angle history shown in Fig. 6¢c. As one
can see, the gimbals start from a worst-case elliptic singularity
(90 0 —90 O] deg) and are required to exceed their
4180 deg stop. It is clear that the satellite with saturated gimbal
angles, when implementing the prescribed CMG steering logic, will
be able to maintain the desired pointing, albeit with error until the
steering logic controller recovers. Figure 6¢ shows the associated
gimbal rates driving each CMG to achieve the maneuver, while it also
shows the resulting torque produced by each CMG. These plots show
similar shapes from both the torque and the gimbal rate data. This
helps illustrate the concept that conventional CMG torque follows
the gimbal rates from gimbal rate commanding of velocity-base
CMG steering logic. The defined steering logic parameters are
presented in Fig. 6b. The figure shows that the CMG momentum is
similar in both cases, except around the same 1000 s portion as
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before. Similarly, the other plots also show this dropout around
1000 s. Thus, one can see that the desired, aggressive slewing profile
can be achieved with constrained CMGs using the saturation CMG
steering logic, but the drawbacks are that LOS error (for a roll
maneuver) gets sightly worse than in the nonsaturation control law
case; torque production and achievable gimbal rates change as the
gimbals find new sets of angles to reach. Nevertheless, the presented
CMG gimbal constraint steering logic algorithm permits achieving
the desired attitude/attitude profile (i.e., the heart of the LOS plot) in
finite time, while only trading off vanishing line-of-site error.

Conclusions

A mechanical gimbal angle constraint significantly simplifies the
design of control moment gyroscopes. A robust CMG steering logic
has been presented in which singularities can be escaped with gimbal
constraints successfully. Worst-case scenarios, such as starting a
maneuver within an elliptic singularity, show that the proposed
control logic steers gimbal angles away from its hard 180 deg
constraint.
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