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Experimental Verification of Singularity-Robust
Torque Control for a 1.2-Nm—-5-Hz SGCMG

Sangdeok Lee

Abstract—A single gimbal control moment gyro (SGCMG)
has been designed and developed as a torque amplifier to
generate 1.2-Nm-5-Hz gyroscopic torque for the angle devi-
ation of 45°. Since the SGCMG is aimed to generate the
torque accurately in the designated direction, the return
of the gimbal from the disturbance should be guaranteed
within a desired frequency. However, unexpected axial drift
exists and leads to a null motion under the torque control
scheme. Therefore, this paper identifies the cause of ax-
ial drift and proposes a new torque control technique with
two phases of compensation. Compensator | is designed to
eliminate the nonlinear axial drift modeled as a sigmoidal
function through an empirical identification process. Com-
pensator Il reduces other uncertainties by integrating high-
pass filtering, recursive least square, all pass filtering, and
moving average filtering (MAF) process. Finally, the pro-
posed control scheme has been verified through experi-
mental studies.

Index Terms—Axial drift, compensation, control moment
gyroscope (CMG), robust torque control, singularity.

[. INTRODUCTION

MGS (control moment gyroscopes) have been used ef-

fectively to amplify torques where direct torques cannot
be applied due to the design complexity or specifications of a
target system structure [1]. CMGs are also utilized in various
systems to control attitude such as those used in space systems,
especially for the maneuver of satellite systems [2], [3], and
underwater robotic systems [4].

CMGs may also be used in more challenging tasks such as a
core actuator to balance the angle of single-wheel robotic sys-
tems that maintain balance while moving forward and backward
[S1-[7].

CMGs have to generate a torque in the yaw direction (head-
ing) for single wheel robots to balance in the roll (lateral) direc-
tion by the relation with the friction on the ground.

It was discovered during the development of single wheel
robots that the design and control of a gimbal to manipulate
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torque and return time were key roles for a successful CMG.
Since the gyroscopic torque is induced by combining both the
angular momentum of the flywheel and the angular rate of the
gimbal, there is always a trade-off in design between torque
and return time (or frequency). It is quite difficult for CMGs to
satisfy both accurate torque and desired frequency.

By the nature of rotational dynamics, the output torque direc-
tion changes with time, and its magnitude is reduced with respect
to the axial position of the gimbal system. Ultimately, CMGs
may end up with a singular position resulting in no induced
torque. Therefore, avoiding/escaping singularities (null motion)
has been a main crucial problem in the control applications of
CMGs.

The singularity of a single CMG occurs in the control of
single-wheel robots to regulate the balancing [5], [6]. The sin-
gularity happens when the gimbal leans against one direction
beyond a certain angle resulting in null motions. The singularity
of CMG has been addressed when multiple CMGs are used to
form a redundant configuration [8], [9]. In a cluster structure
of several CMGs, it is highly desirable that all CMG actuators
work together to avoid singularities.

A redundant actuator approach has been widely used to avoid
singularity by adding extra actuators to remedy the singular
motion. Since the configuration of multiple SGCMGs or Dual
gimbal CMGs have various topologies, their structures become
too complex, and control becomes quite difficult [10], [11].
Varying speed control of a SGCMG was done by adding a
magnitude change function to improve the maneuverability un-
der the condition of rapid flywheel speed change [12]. Above
all, the redundant approach is so complex, and control is too
difficult.

Meanwhile, a current control technique is fast and simple,
and the exact torque maneuverability can be achieved without
adding extra actuators. This technique requires a fast return time.
The worst case is the null motion of CMG when the axis of the
gimbal rotates 90° and loses the ability to control the torque.
This gimbal angle drift makes the SGCMG fail to generate the
necessary torque and leads to the system instability.

Although the position control of the gimbal axis can solve this
problem with ease, generating an effective torque quickly is dif-
ficult and the resulting performance degrades dramatically. The
position control cannot provide the CMG with enough agility,
but the torque control technique can provide desired agility to
CMG.

However, torque control suffers from the axial drift of the
gimbal system due to uncertain variables, such as vibration,
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Fig. 1. Design of a SGCMG.

flywheel (rotor) imbalance [13], joint friction [14]-[16], and
harmonics from the electronics [17]. From a structural point of
view, the axial misalignment must be corrected to achieve the
robust control performance [18]. Chances of falling into null
motion are increased by the axial drift condition under current
torque control techniques.

Therefore, in this paper, a novel robust torque control method
is proposed to avoid the singularity. Two compensation phases
are designed. The first compensation is for the axial drift by
modeling it as a sigmoidal function through an extensive empir-
ical process. Compensator II is designed by cascading several
processes including high pass filtering (HPF) to eliminate low
frequency components of uncertainties, model identification by
RLS, and stabilization by APF to compensate for other un-
certainties [19]-[22]. The identified inverse model is used to
cancel uncertainties in the disturbance observer (DOB) frame-
work. Experimental studies are conducted to confirm the control
performance and evaluate the effect on the accuracy of torque
and the agility of return time.

II. SGCMG DESIGN

A SGCMG is designed to generate the regulated torque per-
formance as illustrated in Fig. 1. The actuator consists of two
blushless motor systems. The flywheel motor is mounted to
generate angular momentum at a constant speed and the gimbal
system is orthogonally mounted to the direction of the angular
momentum. The finalized torque direction is also orthogonal to
both the angular momentum and the gimbal rotating direction.

The gyroscopic torque is induced by combining two physical
properties, the angular momentum of a flywheel and the tilting
rate of the gimbal. Regulating the rotational speeds of both a
flywheel and a gimbal controls the magnitude and direction
of the induced torque. The principle of the induced torque for
SGCMG can be described as a cross product of two physical
quantities

r=HxW (1

where 7(Nm) is the gyroscopically induced torque vector,
H(N-m-s/rad) is the angular momentum vector of a fly-
wheel, and W (rad/s) is the angular rate vector of a gimbal
system.

The coordinates of the gyroscopic torque can be configured
as shown in Fig. 2.

Fig. 2. Coordinates of the SGCMG system.

From Figs. | and 2(b), the induced torque becomes
T:HWSin(eHw>:HW (2)

where 0y is always 90° in the SGCMG.

From the configuration in Fig. 2(b), the induced gyroscopic
torque can be decomposed into two vectors according to the
angle position of the gimbal axis:

T="T.+ T, 3)

where T, is the effective torque and 7, is the unexpected toque.
The effective torque is defined as follows:

Te = HW - cos(0) %)

where H is a momentum of a flywheel, W is the magnitude
of the gimbal rate, and 6 is the angle position of the gimbal
axis. Definitely, minimizing the unexpected torque is desired by
forcing the gimbal angle, 6 to zero. The induced torque can be
maximized by guaranteeing the fast return of the gimbal axis.
This is our goal in this paper.

Ill. SGCMG CHARACTERIZATION
A. Electromechanical Properties of SGCMG

A SGCMG has been developed as an indirect actuator to ma-
nipulate the orientation of a target system. To perform a desired
actuation task, a SGCMG or other CMGs must be designed
to satisfy the specifications of torque specifications and return
frequency considering the dynamic control range of the target
system. Here our SGCMG is designed specifically to generate
1.2 Nm torque with 5 Hz return frequency for the angle devia-
tion of 0.257(radian) as described in Fig. 3. The corresponding
electro-mechanical properties of the SGCMG are listed in Ta-
ble I.

The angular momentum has a linear relationship with the
inertia and the angular velocity of the flywheel as

H = I;6; (5)

where H is the magnitude of the angular momentum H, I
is the moment of inertia of the flywheel, and 9 ¢ s the angular
rate of the flywheel. The constant angular momentum,  of our
SGCMG is set to be 0.201(Nm - s/rad).

Since H(Nm - s/rad) is set to be constant by the flywheel
system, the torque of a gimbal system is controlled by the an-
gular velocity W (rad/s) in (1). Our main concern is how to
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Fig. 3. Conceptual drawing and an actual gyroscopic actuator. (a) De-
sign. (b) SGCMG.

TABLE |
ELECTRO-MECHANICAL PROPERTIES OF A SGCMG

Category Items Values Units
Form factor Weight 1.58 Kg
Size 240 x 110 x 80 mm
Flywheel motor ~ Model EC-45 -
Capacity 30 w
Supply voltage 24 v
Nominal current 2.02 A
Maximum current 441 A
Nominal speed 6000 rpm
Nominal torque 58.2 Nm
Gimbal motor Model EC-45 -
Capacity 30 w
Supply voltage 24 A%
Nominal speed(No load) 4630 rpm
Nominal current 1.01 A
Maximum current 4.93 A
Gear box Ratio 21:1 -
System Weight 1.58 Kg
Size 240 x 110 x 80 mm
Angular momentum of 0.201 Nm-s/rad
flywheel
Maximum gimbal rate 9.4 rad/s

control the current or the torque to the gimbal system in order
to satisfy the desired specifications.

B. Effective Torque Estimation

As atorque amplifier, the output torque must have a linear am-
plification property with respect to the input torque, namely the
input current. The input current is considered to be a sinusoidal
signal as

i. = I, sin(2 ft) (6)

where I is the maximum current and f is the control frequency.

According to (3) and (4), the effective torque can be
empirically estimated by investigating the output torque with
respect to different input current values, /. from 0.1 to 0.9 A.
The overall input currents are measured as shown in Fig. 4(a).
Specifically, the input current is limited to 0.9 A due to the

rent(A)

torque(Nm)

750 E T T
timefs) time(s)

(@ (b)

Fig. 4. Effective torque characteristic for input current. (a) The input
current. (b) The output torque.

TABLE Il
MAXiMuM OUTPUT TORQUES TO INPUT CURRENTS

Ic(A) 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9

7(Nm) 0.14 033 055 07 09 113 146 139 19
20,
— Of
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£ 20
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Fig. 5. Gimbal angle with respect to input currents. (a) Case 1: 0.5 A.

(b) Case 2:0.7 A.

amplifier limitation. The corresponding output torque to the
input current is shown in Fig. 4(b).

The output torque tends to decrease due to the occurrence of
the gimbal angle deviation. The unexpected torque, 7, leads to
the reduction of the resulting torque magnitude, 7, in (4).

The maximum value of an output torque with respect to an
input current is listed in Table II. Considering the design factor
of a 1.2 Nm induced torque, the supplied input current should
be higher than 0.7 A.

C. Gimbal Angle Dirift Investigation

When the input currents are given, the gimbal angles are
observed as shown in Fig. 5. Since the angle deviation ap-
pears severely after the input current of 0.5 A, the current input
steps from 0.5 to 0.9 A were investigated for the drift of the
gimbal angle, 6. Two cases of different inputs are shown in
Fig. 5 and both cases show a similar pattern of angle drift over
time.

This drift problem can be clearly characterized in the fre-
quency domain. Fig. 6 shows the corresponding frequency re-
sponses. There are dominant frequency characteristics at around
6 Hz, which means that a regulated torque is generated to satisfy
the return frequency of 5 Hz.
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Fig. 5 (a). (b) Fitted model for Fig. 5 (b).

Note that the gimbal angle has components at around 0 Hz
as well. These components are considered as an undesired axial
drift. Therefore, the axial drift can be characterized as a low
frequency component. The angle drift must be minimized to
guarantee the regulated torque output under the torque control
of SGCMG.

D. Modeling of Axial Drift

Investigating Fig. 5 carefully, the axial drift can be modeled
as a sigmoidal function defined as

t)=C,—0c0 < [(t) <
a0 w) = — 4500 o0 < B(t) < Foo
1+ efVt V=T, <n<(a+9)
(7
0
o = = 7ﬁ = Waveragea Vit = TELAPSED (t) (8)
Osar

where és AT 1s the expected saturation angle at time t, Wyerage
is the average gimbal rate at time t, Tgpapsep 1S the elapsed
time during the certain control period, and ¢ is an offset. By
adjusting four parameters, such as «a,(, d, and V¢ during the
control period, the axial drift of 72(6, W) can be estimated.
Approximated models of Fig. 5 are shown in Fig. 7. Fig. 5(a)
can be modeled as 7, (6, W) = ﬁ% and Fig. 5(b) as
iy (0, W) = ==y Since these models contain some

IV. SGCMG TORQUE CONTROL SCHEME
A. Compensation I: Axial Drift Compensation

SGCMG is modeled as a second-order system and the gen-
eral description of second-order mechanical systems is as
follows [23]:

M, ()W + By (0, W)W +1,(0,W) = Tyyro (9)

where M, (0) is the nominal model of the inertia term, B, (6, W)
is the nominal model term of the Coriolis and centrifugal force,
nq (0, W) is the uncertainty, and 7y, is the gyro torque.

Since we have the axial drift model, the drift can be compen-
sated as described in Fig. 8. In compensation I, the nonlinear
term is identified and compensated.

In Fig. 8, 7. is the input current, ¢; is the first compensated
current, ¢o is the second compensated current, i is the first
compensating current, “’" is the error current, K is the current
amplification gain in the amplifier, K5 is the torque amplification
factor of SGCMG, 7¢"" is the torque error, iy is the current
feedback, 6 is the axial angle position, IV is the angular rate, V
is the elapsed time, and 7y, i the magnitude of the gyroscopic
torque.

The first compensation current is given as

i = i(: +i7 = ic + fz(@, W) (10)
The closed error model becomes
MW + B,W + 1, (0, W) = i 4 1, (6, W). 11)

After the first compensation, the modeling error occurs as

M,W + B,W + 6, = i,. (12)
where J, is the axial drift modeling error.
B. Compensation Il : Axial Drift Compensation
The control law for the second compensation becomes
T:K1K2(i2 —if). (13)

At the steady state, iy ~ 0 can be assumed and (12) becomes
MW + B,W + 6, = Ki
where K = K1 K.

(14)
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The goal of the second compensator is to design the control
current 79 in (14). Since the nonlinear drift has been compen-
sated in the previous section, we have an approximated linear
model. Based on the DOB configuration, other disturbances
are compensated by the second compensator designed through
several processes, shown in Fig. 9.

Process 1 is the high pass filtering for eliminating low fre-
quency uncertainties, process 2 is the RLS process for model
identification, process 3 is APF for stabilization of identified
models, and process 4 is the moving average filtering (MAF).

1) Process 1: High Pass Filtering: After the first compen-
sation by the axial drift model, (14) can be rewritten as follows:

MW + BW + 6 =iy (15)
where M = 4o B=5s =2 §= 20

Although the first compensator minimizes the axial drift phe-
nomenon, there is still a modeling error §. As analyzed, most
of frequency responses are concentrated at the low frequencies
less than 0.5 Hz. The drift phenomenon in the low frequency
needs to be filtered out.

The high pass filter technique can eliminate the axial drift
model error. When HPF is applied to both sides of (15), (15)
becomes the discrete domain as

HPF { MW (n) + BW(n) +8(n) } ~ MW (n) + BW (n).
(16)
In real implementation, the HPF was designed with a 5-order
Butterworth IIR-filter. The cutoff frequency is 2.5 Hz and the
sampling frequency is 12 Hz. The filter has 5 poles inside the
unit circle, which shows the stable condition (7), shown at the
bottom of this page.
2) Process 2: Recursive Least Square: After passing a
high pass filter, (15) can be reduced as follows:

where P(s) is the nominal model of the given system. In the
discrete frequency-domain, (19) can be rewritten as follows:

_0(2)  a +asz ' +asz”
 L(2)  l4az ! +azz?

where P(z) is the nominal model of the given system in the
discrete frequency-domain.
The inverse the model becomes

_ Ih(z) 1+asz ' +az272 21
0(2)  ap tagz !l dazz?

By implementing the model as an adaptive filter, the filter’s

coefficients are updated through the RLS algorithm. When the

unknown system is parameterized as input data and output data

as a second order proper function, its parameters can be esti-
mated as follows:

2

P(z) ) (20)

P7(2)

(22)

T

en] = (asln] as[n] ain] asn] asn]) 24)

where y[n] is the output data, 2" [n] represents for the input data
vector, and [n] represents for the parameter vector.

Considering the forgetting factor, RLS updates can be done
as follows:

L0 —1)zn]

Gl =17 ng [n]Cln — 1]z[n] (23)
C[n] = % (Cln —1] = Gn]a" n]Cn — 1]) (26)
¢ln] = ¢ln — 1]+ G[n] (y[n] — " [n]eln —1]) @7

where A is the forgetting factor and its inverse is considered as
a memory effect. Here the fixed value of XA is 0.999. For the
identified models, stability must be confirmed.

3) Process 3: All Pass Filtering: Since RLS cannot con-
firm stability of the identified model, estimated parameters
should be transformed with a minimum phase model for sta-
bility. An all pass filter technique is used and listed in Table II1.

4) Process 4: MAF: For more general implementation of
i5(n) in the real system, the sensitivity of the compensator must
be considered. To smoothen the signals in Fig. 9, the MAF is

used for the filtered command as follows:
B> =i — i°_filt, taclay = f(N) (28)

where 241,y 1s the delay of the averaging data V.

MW + BW = i,. (18) V. EXPERIMENTAL VERIFICATION
Equation (18) becomes A. Experimental Setup
Pls) — O(s) 1 19 For the vibration-proof, the SGCMG and the sensor system
(s) = I(s) " Ms2 + Bs (19) are all mounted on the antivibration desk, as shown in Fig. 10.
. —0.484527! . 2 0. -3 4845274 — 0.
HPF(2) = 0.0969 — 0.4845z7" 4+ 0.969% 0.96927° + 0.4845% 0.0969 17

©1-0.82092! +0.869522 — 0.3084z3 + 0.093382~4 — 0.008726
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TABLE Il
APF ALGORITHM FOR THE SECOND ORDER MODEL

a; : The estimated parameters

b; : The transformed parameters

Step 1: Construct the numerator polynomial

n(z)=a1(1+ Z—TZ’I + Z—‘;‘z’?)

Step 2: Find out the two roots for the numerator polynomial
AT TRC T _%3

me— VA T OV A

Step 3: Check for the stabilities of the roots

IF |r;| < 1 THEN

S =Tg andgi =1

ELSE

si = ;- and g; = |s;|

END

Step 4: Construct the denominator polynomial

d(z) = (14 ay (n)="" + a5 (n)="2)

Step 5: Find out the two roots for the denominator polynomial

(42)? 403

—ay4+ (a,1)274a5 (a,1)274a5

T3 = Pl s T4 = P}
Step 6: Check for the stabilities of the roots
IF |r;| < 1 THEN

Sj =Ty and g; = 1

ELSE

sj = %andgj = |s;]

END

Step 7: Construct the coefficients b;

by =ai,by = —ay (81 + 52)7b3 = a (81 ~82)
by = —(s4 +85),b5 = (54 - 55)

Step 8: Update the minimum phase model

(b1 + b2zt +b3272) /(1 + bzt +b5272) (94 -95)/(91 - g2)

—ay—

Master control scheme

System: Laptop
Control frequency: 25Hz

Force torque
Sensonr

Stable power &
Receiver elecrons

Anti-vibration desk

Fig. 10. Experimental setup.

A SGCMG is mounted on the force/torque sensor system. A PC
is used as a master controller and the control law is utilized in
Visual C++ Software. The control frequency is 25 Hz and the
angular rate of the flywheel is set to 6,000 RPM.

Three control schemes are conducted and their results are
compared. Scheme 1 is a pure current control without adopting
any compensators. Scheme 2 has the first compensator which
has no model error compensation. Scheme 3 has both the first
compensator and the second compensator.

B. Experiment I: Drift Compensation

1) Control period check: Control period is basically
checked before investigating the control performances of three
different control schemes.

Table IV and Fig. 11 confirm that the test had been conducted
under the reasonable environment.

TABLE IV
CONTROL PERIOD

Scheme 1 ~ Scheme 2  Scheme 3
Mean(s) 0.0406 0.0404 0.0406
STD. 0.0035 0.0033 0.0031
0.08
* scheme1
N + scheme2
0.06 L « scheme3
g : .
j:% ‘:"..;‘;‘ UL S G O R ...t.lja:‘ 1*5‘:{&.3 +e :;;*..
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=004 M e ¢
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Fig. 11.  Control period comparison.
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Fig. 12.  Angle robustness for external disturbance. (a) Scheme 1. (b)

Scheme 2. (c) Scheme 3.

2) Axial angle robustness: In the robustness test, intended
disturbance was designed and programmed at 20 seconds after
starting the control program. Fig 12 shows the gimbal angles
after the disturbance. For Scheme 1 of Fig. 12(a), the angle does
not return to the zero position after the external shift. How-
ever, both Schemes 2 and 3 show the returning performances in
Fig. 12(b) and (c), respectively.

The detailed performance is summarized as in Table V. We
see clearly that the angle error of Scheme 3 is the smallest.

3) Gyroscopic Torque Comparison: Since the difference
is not clear, the magnitudes in the frequency-domain are
compared as shown in Fig. 13. Although Scheme 1 in Fig. 13(a)
also shows a better performance than Scheme 2 in Fig. 13(b),
the magnitude of Fig. 13(a) is smaller than that of Scheme 3 in
Fig. 13(c). Fig. 13(c) shows the exact single tone performance
without any jitters. However, Fig. 13(b) shows jitters around
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TABLE V 140
ANGLE ERRORS 120
Scheme 1 Scheme 2 Scheme 3 Eg e0
Mean 62.6913 -6.4020 0.0940 20
Std. 68.0831 5.2812 4.7264 ol - - = e e -,
Frea(Hz)
(a)
£ O.O, B
1
o0 3
00 * . Frea(Hz) e 1= 1 a4 A%HZ) 8 10 12 14
@ (®)
© Freq(Hz) s 1o 1= e a 6 roactz) 8 10 B3 Ta
(b) (©)
Fig. 15. Offset compensation performance. (a) Scheme 1.
(b) Scheme 2. (c) Scheme 3.
TABLE VII
PERFORMANCES OF MODEL ERROR COMPENSATION
F"Z:()HZ) Scheme 1 Scheme 2 Scheme 3
Offset (degree) 125.25 7.80 0.78

Fig. 13.  Gyroscopic torque in the frequency domain. (a) Scheme 1. (b)
Scheme 2. (c) Scheme 3.

TABLE VI
GYRO TORQUE MAGNITUDE

Scheme 1  Scheme 2  Scheme 3
Torque (Nm) 0.45 0.34 0.56
I A
(a) (b)

Fig. 14.  HPF performance. (a) Before. (b) After.

the frequency of 6 Hz. Therefore, Scheme 3 has the better
performance than Scheme 2. Overall, Scheme 3 shows the best
performance among all schemes as listed in Table VI.

4) HPF Performance Check: The proposed HPF can suc-
cessfully remove the offset where the first offset is driven from
model uncertainties at 0 Hz and the second offset from distur-
bances under the 4 Hz. The low frequency components were
removed as shown in Fig. 14(b).

5) Offset Compensation Check: The performance of the
compensation for the model error has been investigated in the
frequency-domain as shown in Fig. 15. Offset values around
0 Hz are minimized for Scheme 3.

The performances are summarized as Table VII.

C. Experiment Il: Return Performance

The performance of returning to the desired angle position is
tested when the initial angle is arbitrary and unknown distur-
bances are applied to the system intentionally.

Disturbances by twisting the angle with two fingers are ap-
plied such that the gimbal angle is forced to deviate from the
desired angle position under torque control at 6.3 s and 11.3 s.
Fig. 16 shows the experimental results before and after the
first disturbance. We see that the angle returns to its original
position.

The corresponding angle plot due to the disturbances is clearly
shownin Fig. 17(a). Another twist at 11.3 s is given to the gimbal
system in the opposite direction. Similarly, the gimbal returns
to the desired position successfully within 0.2 s as shown in
Fig. 17(c).

Compensating current is plotted in Fig. 17(b). Since the un-
expected current has been compensated by the proposed torque
control scheme, the resulting effective torque current is in-
creased.
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(b)
Fig. 16.  Return performance under disturbance. (a) First disturbance.
(b) Second disturbance.
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Fig. 17.  Compensation performance under disturbance by scheme 3.

(a) Angle. (b) Currents. (c) Return time.

This confirms that the proposed torque control scheme ac-
tually regulates the deviation of the gimbal angle to the initial
position within a specified time of 0.2 s.

D. Experiment lll: Torque Regulation

We found from experiments that there are always chaotic
torques in the conventional control approach. The unregulated
torque without compensation (Scheme 1) is shown in Fig. 18(a),
while the well regulated torque is by Scheme 3 in Fig. 18(b).

The proposed control scheme can compensate for uncertain-
ties so that regulated torques in the desired direction can be
obtained.

torque(Nm)
o

- I i i i
0 10 20 30 40 50
time(s)

torque(Nm)

time(s)

(b)

Fig. 18. Comparison of torque characteristics. (a) Scheme1: Conven-
tional control approach. (b) Scheme 3: Proposed control approach: x-
direction.

VI. CONCLUSION

SGCMG was designed, implemented, and controlled to
satisfy the specifications of 1.2 Nm-5 Hz. To achieve the
singularity-robust torque control performance for SGCMG, a
two phases compensation control technique was proposed. The
first compensation is for the axial drift of the gimbal system
modeled as a sigmoidal function. The second compensation is
for other uncertainties through several processes including HPF,
RLS, and APF. Extensive experimental studies have been con-
ducted and verified the singularity-robust performance of the
gimbal system. This allows us to develop a combined model of
multiSGCMGs further for other applications requiring indirect
actuation.
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