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Abstract

This article presents the details of a designed control moment gyroscope
(CMQG) with a constant speed momentum wheel and one-axis-gimbal, and its
experimental results performed at Korea Aerospace Research Institute. The CMG
which is able to produce a torque of 100 mNm per each, is mounted in a pyramid
configuration with four SGCMGs. Each CMG test and a single axis maneuver test
with four-CMG cluster configuration are performed to confirm their performance on a
ground-test facilities consisted of three major parts: a vibration isolation system, a
dynamic force plate (Kistler sensor), and a DSP board. These facilities provide the
accurate data of three axial and torques from the control moment gyro. Details of the
CMG experimental results are presented with discussion of the experimental errors.
The experimental data are compared with theoretical results and both results are used
to verify their performance specifications.
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Introduction

A control moment gyro (CMG) is an actuator that produces a control torque by changing
the angular momentum vector direction with respect to the spacecraft reference frame. The
spinning rotor is mounted on a gimbal, and torquing the gimbal results in a precessional,
gyroscopic reaction torque orthogonal to both the rotor spin and gimbal axes. The CMG is a
torque amplification device because a small gimbal torque input produces a large control torque
output on the spacecraft.[1]

There are two types of control moment gyros depending on the number of gimbal axes:
single-gimbal control moment gyros (SGCMGs) and double-gimbal control moment gyros
(DGCMGs). Depending on the wheel speed, and a CMG can be distinguished as either a
constant-speed control moment gyros (CSCMGs) or a variable-speed control moment gyros
(VSCMGs). The SGCMGs and CSCMGs in mechanical simplicity and higher output torque are the
main consideration in this paper.

For full three axis control of a spacecraft, a cluster of four CMGs is normally used. Many
different arrangements of CMGs [2-4] have been thoroughly studied in the past including four
SGCMGs of of pyramid configurations and six parallel mounted SGCMGs and the CMGs have
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Wheel Module Assembly

Fig. 1. Design of CMG

been employed before in various spacecraft mission such as NASA's Skylab, MIR, and ISS.
Recently, smaller experimental SGCMGs in a pyramid configuration have been developed.[5-7] A
four-SGCMG system of pyramid arrangement gives the advantage of having a spherical
momentum envelop, which results to an almost equal momentum capability in all three axis.

A small four-SGCMG cluster depicted in Fig. 1, has developed by KARL[8-11] This article
focuses on designing and developing of the small four-CMG cluster and its experimental result for
three axis control of a spacecraft. The work is summarized as follows: first, the design of each
CMG and the four-CMG cluster are presented, and then a description of ground-test facility
consisted of a vibration isolation system, a dynamic force plate, and a DSP board, is also presented.
Details of the CMG experimental results are presented with discussions of the experimental errors.
Also, this paper provides a practical insight into trying to measure the imbalance of the static mass
of the gimbal axis on the ground-test facility under gravity influence.

Design of SGCMG

Description of Each CMG

Designing of CMG is a trade-off between angular momentum of flywheel, gimbal angle
rate, output torque, mass and size and etc. Each module of CMG is composed of two motors
constructed by Fauhaber. One motor is a stepper motor for the gimbal axis actuation and the
other is a brushless DC motor with an integrated electronics for the flywheel axis actuation. The
range of motion of the gimbal is not limited to rotate. Bearings support to each CMG and absolute
encoders are used to provide measurements of the rotating gimbal of the CMG.

Each CMG produces a maximum output torque of 100 mNm along the CMG output axis
with a maximum sustained angular momentum of 125 mNms at wheel speed 4000 RPM. The
maximum gimbal rate is limited as * 0.8 rad/s by the gear ratio of the gimbal stepper motor.
Therefore the CMG output torque is given by,

M=hx3 (1)
7{: 1;1’11{,’1’[ ;; (2)

where M is the CMG output torque, h is the angul_a; momentum vector of the flywheel at speed
of 4000 RPM, Z,j..; is the inertia of the flywheel, w is the flywheel angular rate vector of 4000
RPM, and ¢ is the gimbal rate vector.

Design of Four-CMG Cluster

A typical pyramid mounting arrangement of four-CMG cluster is shown in Fig. 2. Four
CMGs are constrained to gimbal on the face of a pyramid and gimbal axis are orthogonal to the
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Table 1. Characteristics of CMG (per CMG)

Flywheel 3x10™* kg-m® (Estimated)
Angular Momentum 0.125 Nms
Output Torque 0.1 Nm

Wheel Motor

Max. 15,000 RPM

Geared Gimbal Motor

Max. 0.8 rad/s

Range of Gimbal Motion Infinite

Gimbal Angle Sensor Abs. Encoder (16 bit)
Total Mass 1.56 kg

Dimension 200x138x60 mm

Fig. 3. Manufactured 4-CMG

Fig. 2. Pyramid Arrangement

pyramid faces. Each face is inclined with a skew angle of § from the horizontal, resulting in
gimbal axis with a (90—f3)deg inclination from the horizontal. Each CMG has same angular
momentum and the skew angle is chosen as $=57.9deg. The manufactured configuration of
four-CMG cluster is shown in Fig. 3.

Description of Ground-Test Facility

The ground-test facilities are consisted of three major parts: a vibration isolation system, a
dynamic force plate (Kistler sensor), and a DSP board. The brief explanations of above
experimental set-up are as follows. Also, these facilities are precisely described in Ref. [12].

Vibration Isolation System

The vibration isolation system is designed such that the dynamic force and torque of CMG

Power Supply

Gimbal and Wheel
Control

-

DSP Board

Anti-aliasing
Filter

Fig. 4. Ground-Test Facility

Charge Amp.
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hardware are isolated from the vibration of base excitation. Four active air spring systems are
installed under a granite table as shown in Fig. 4.

Dynamic Force Plate (Kistler Sensor)

The Kistler multi-component force plate is designed to measure three orthogonal
components of forces and torques simultaneously through inner twelve sensors. It has a gain of
1.1 at region of 300 Hz below and a resolution of 0.0001 N. The dynamic force plate is set up on
the top of the vibration isolation system, and the CMGs were hard-mounted to the plate.

DSP Board

Typical DSP board (DS1103 from dSPACE) is used for real-time data monitoring,
acquisition, recording and controller implementation with Control Desk via the MATLAB
Simulink™. The DS1103 processor board has 20 channels of analog input and 8 channels of output.
It supports a resolution of 16 bit with sampling frequency of maximum 1 MHz. An anti-aliasing
filter follows the 6 DoF signals of the dynamic force plate so as to get clean signal in the data
acquisition board. A 3th order Butterworth low pass filter was adopted to reduce input noise.

CMG Single Module Tests and Results

Single Module Test

Before characterizing four—-CMG cluster, each of CMGs is tested on a dynamic force plate
(Kistler sensor) to identify the level of torque noise. The experimental setup of each CMG and the
dynamic force plate are depicted in Fig. 4.

Two experiments are conducted to identify the static characteristics of CMG set. The first

experiment is that the angular momentum of flywheel sets to zero, hy = 0 as the gimbal rate 5y,

of 0.7 rad/s is issued. Mechanical disturbances due to stepper motor vibrations, misalignments,
and static imbalances of gimbal axis are measured through this experiment. The second
experiment is that the angular momentum of flywheel sets to 4000 RPM which is equivalent to

hy =0.125 Nms as OUZ 0.7rad/s is issued. The maximum internal torque, 7, of each CMG
with the specified commands can be calculated as

To = 87.99mNm (3)

Note the gimbal angle, 5y is variable and the direction of angular momentum vector, h is aligned
with (=) x axis at the beginning in the test configuration. When the gimbal angle, 5y is increasing
in positive direction, the angular momentum vector can be expressed as

_}::[—hocosé 0 hosiné]TmNms (4)

Then, the measured output torque M can be represented under the current test configuration as

mNm (5)

M= hx §=[—§,hysins, 0 —08,hgcosé,

where M is the measured output torque in dynamic force plate frame. The experimental data are
compared with theoretical results which do not take under considerations the wheel and gimbal
motor dynamics, or any other internal disturbances such as motor cogging or torque ripple effects.
The theoretical output torques in the case of the gimbal rate §,= 10, 20, 30, 40 deg/s are shown

in Fig. 5 respectively. Figs. 7-10 show the comparison results of the theoretical and experimental
output torques for each CMG.
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Fig. 10. Experiment of CMG #4

Experimental Errors of CMG

Analysis of the experimental results reveals that the main source of error between the
theoretical and experimental, comes from the imbalance mass on the gimbal rotation axis.
Physically, static imbalance is the offset of the center of mass of the gimbal from the axis of
rotation. In this section, an analysis of the static imbalance mass of the gimbal is provided.

The measurements of the disturbance force in x axis and z axis can be used to estimate the
static imbalance mass as seen in Egs. (6)-(7) [13]

F,=U, & cos(3,t+4,) ®)
Fp=U, &« cos(6,t+0.) )

where U, is the static imbalance. However, the disturbance forces from the static imbalance mass

are small value relative to noise level because the maximum of the gimbal rate is limited as + 0.8
rad/s. Therefore, trying to get more accurate results a practical approach to estimation of the
imbalance of the static mass is presented. The static imbalance mass can be estimated from the
measured disturbance torque in y axis Mly which comes from the static imbalance effect of the

gimbal axis with gravity influence. From the test configuration under gravity influence, M,y can

be expressed as

My, =U, g« (cosst—1) 8)
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where g is the gravity acceleration. As shown in Figs. 8-10, the range of disturbance torque in
y axis is 0 ~—20mNm. Thus, from Eq. (8), the estimated imbalance mass U is about

100gmem. The theoretical disturbance torque evaluated from the estimated value agrees with the
experimental disturbance torques in y axis. The most imbalance of static mass comes from the
spin motor housing imbalance shown in Fig. 6. In the case of CMG #1, the torque difference
between theoretical and experimental result is larger than others as shown in Fig. 7. The most
dominating source of the error is caused by mechanical misalignment due to the mistake in
manufacturing process.

Four CMGs Tests and Results

Mathematical Modeling of Four CMGs

The fundamental prmc1ples of four-CMG cluster are briefly descnbed here. The CMG
angular momentum vector H is in general a function of CMG gimbal angle 6— [51 0y 0Oy 54] ;
i.e., we have R

H= H(6) 9)

For the typlcal pyramid mount of four CMGs as shown in Fig. 2, the total CMG angular

momentum vector H— [H1 H, Hg] is easily expressed in spacecraft reference frame as,

4 —
=>h(6) 10)

i=1

=h,(8,) + Iy (8,) + By (8,) + 1y (6,)

~cos fsind, —cosd, cos Bsind, cosd,
=hy| cosd + hy|—cosfBsind,|+h,| —cosd; (+h,|cosBsind,
sinfsind, sinfBsind, sinfsind, sinfsind,
and
Slsinﬁ . . 0 - —53sinﬁ R _0
Y= ' 0 , Vo= (s.zsin,B , V3= ) 0 , V= _'(54811],6 (11)
d,cos dycos B d5cos 8 d,cos 3

where h is the flywheel angular momentum, h; is the angular momentum vector of the ith CMG
—

expressed in spacecraft reference frame, <; is the gimbal angular rate vector expressed in

spacecraft reference frame, 8 is the pyramid skew angle, d; are the gimbal angle. The cross

product of ith gimbal vector and angular momentum vector provides the torque generated per
CMG. The sum of total CMG internal torques can then be obtained as,

o 4 — 4 oy —_—
= H= Y,vxh, (12)
i=1
Threrfore,
— 8, cos cos 4, 52 sind, 53 cos Bcos b, = 54 sind,
T=hy| —d&sind, |+hy|—dcosBcosd,|+hy 53sin63 +hy 8, cos Bcosd, (13)
d,sinfcos, d,sinfcosd, 53sinﬂcosc$3 ()Z&*.inﬁcos&l

where, T is the sum of total CMG internal torques in spacecraft reference frame.
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Fig. 11. CMG Cluster Experimental Setup

Single Axis Maneuver with Four CMGs

A maneuver to be investigated is, for a maneuver about z axis, a case in which, due to the
CMG cluster arrangement, all four CMGs are used to complete the maneuver. The total CMG
torque about the z axis can be calculated as, from Eq. (13)

4
T, = Ehoéisinﬁcos& (14)
i=1

Because of symmetric rotation d; =0, =d;3 =6, =9 and 51= 522 53= 54= 5, the torque
generated four-CMG cluster about z axis can be calculated as,

7, = 4hydsinBcosd (15)

To verify the z axis output torque, the command profile of gimbal rate for the z axis maneuver
test is defined as,

0 for t<l1s
0.35rad/s for 1<t<5s
—0.35rad/s for 5<t<9s
0 for t>9s

5= (16)
The maneuver performed is an open-loop maneuver by four stepper motors. As shown in Fig. 12,
7, =139.6mNms is obtained with §=0.35rad/s and §=0deg, h,=125mMNms. It is

observed that the output torque, M, is increasing as the gimbal angle, ¢ is increasing as seen in

Fig. 12 because the z axis component of angular momentum in body frame is increasing.
The previous maneuver represents a single axis maneuver about the z axis, with the
configuration of CMG cluster. The next test to be performed is for a maneuver about the x axis

and y axis. Because of a typical configuration, 512— 53= 5, 522 54= 0 and §; =— 65 a pair of
CMGs among the four CMGs are used. Thus, the generated x axis torque of four CMG cluster
can be obtained as,

7, =— 2hyd cos Bcosd 17)
The torque and gimbal profiles of the test result are shown in Figs. 13-14.
After performing a similar derivation for the 7, with a rotation of 6,=—6,= &, 6= 05=0
and ) =—d4, T, can be obtained as,
Ty = 2h,d cos Bcosd (18)
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The command profile of gimbal rate for the maneuver are same as Eq. (16). The maximum
torque, 7, =7, =52.35 mNms with 6=0.35rad/s and 6= Odeg, hy =125 mNms is
obtained as shown in Figs. 13-14. The four-CMG cluster body frame coincide with the dynamic
force plate frams. Since the dynamic force plate measures the reaction torque of CMG, the sign of
internal torque 7 is opposite to the measured torque M. Due to the symmetrical arrangement of
the CMGs and Egs. (17), (18), the output torques of the two maneuvers should be equally
generated. However, the torque difference between theoretical and experimental values about the
y axis is larger than one about the x axis. The main source of the torque difference between
theoretical and experimental results is caused by mechanical misalignments on the CMG cluster
arrangement of pyramid-type.
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Conclusions

The details of experimental results for control moment gyros for agile small satellites are
presented. Using ground-test facilities, such as vibration isolation system, dynamic force plate
(Kistler sensor), DSP board, and anti-aliasing filter and etc, ground experiments were performed
successfully to verify the performance of the designed single-gimbal control moment gyro. It is
demonstrated that each CMG is able to generate the output torque of 100 mNm as designed. The
torque test results of CMG cluster are provided in x axis, v axis, z axis of the four—-CMG cluster
to verify whether the output torque of cluster is same as expected: four CMGs are mounted on
typical pyramid arrangement with skew angle §=57.9. Analytical results are also provided to
compare with the experimental results. Having a total mass of about 7.5 kg (including all
electronics), four-CMG cluster were shown in a practical way potentially to be an efficient and
highly capable means of controlling agile small satellites.
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