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Abstract

A fuzzy cell-mapping control algorithm formally proposed for motor control is
extended to the application of satellite attitude maneuvering’stabilizing control. The
cell-mapping method treats the complex satellite attitude dynamics, and the fuzzy
interpretation helps achieve a suitable control effort. The result is a smooth transition,
from maneuvering to stabilization without overshoot while maintaining an optimal
control performance.

Introduction

Many satellites are designed to point toward the earth. Some are intended to face
certain objects in the space. To maintain these goals, the attitude control system
must be an 1mportant entity in the satellite design (Hughes. 1986). In this paper, the
fuzzy cell mapping method (Yen et. al., 1994) is extended to resolve the complex
dvnamic behavior in the satellite attitude maneuver control problem.

The satellite attitude is affected by many factors. First of all. the satellite attitude
must change with the relative position in its orbit. Some spacecraft are large
enough so that structural vibrations can not be neglected. The dynamics of fluids in
the fuel tank can also affect the spacecraft attitude. Most of all, the dynamic
equations that describe the sateliite dvnamics are highly non-linear. For the attitude
stability. most of these effects are treated as small disturbances. The orbital
interface is usually included in the dynamic model and treated as a varying
reference set point. From the control point of view. the mathematics describing the
evolving of the spacecraft orientation usually requires complicated coordinate
transformations (Hughes. 1986. Bois and Kovalevsky. 1990). Further, the
spacecraft dvnamic characteristics i1s dependent on its rotational motion. To achieve
the satellite attitude control, the control system generally divide the task into two
separate processcs: an attitude manewver control and an artitude stabilization
control (Wertz, 1978). The attitude maneuver control is to move the satellite across
large angular displacemenis 10 acquire certain pointing direction. The control
algorithm is always based on rigid body dynamics so that complex rotational
motion can be resolved. The artitude stabilization control is to maintain the satellite
at a constant pointing direction. The control algorithm is often based on linearized
dynamic model. Thercfore, many advanced linear control theories have becen
emploved (Dougherty. et. al. 1971, Wie. et. al.. 1983). Most of the recent works
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have demonstrated successful applications on the large flexible space structures
(Hale. et. al.; 1985, Byun and Wie, 1991). Very little result concerning the attitude
maneuvering control are found in the literature. The attitude maneuvering process
undergoes large angular displacement. The control algorithm can not rely on the
simple linearized model. Conventional satellite neglects the rotational effects and
use a bang-bang or bang-zero-bang type control action to steer the satellite to a
close proximity of the target attitude. The stabilization control system will then take
over to regulate the satellite attitude around the reference point. Because energy is a
major concern in the spacecraft operation, the maneuvering process can take
months (Wertz, 1978).

In this paper, the fuzzy cell-mapping concept (Yen et. al,, 1994) is extended to
the application of satellite attitude maneuver control. The satellite attitude dynamic
model is based on Newton’s second law. The cell-mapping analysis (Hsu, 1980,
1985,1987) takes into account all the rotational effects during the maneuvering
process and searches for the optimal control sequence. The small control torque
available can also be included in the consideration. The complex satellite attitude
control problem would require a very large amount of cells to properly describe the
attitude behavior. With the fuzzy cell-mapping interpretation, maneuvering control
to position state is accomplished even though very large cell sizes are used.

The Satellite Dynamic Model

Consider body fixed coordinate which passes through the satellite mass center
and 1s coincide with the principal axis. Because the period of the satellite going
around the orbit is very slow compared with the attitude dynamics, the orbit
coordinate is treated as an inertia coordinate. For simplicity, the authors use
reaction wheels as control actuators, Consider three reaction wheels on three axes,
the schematics of the satellite is represented as the following figure.
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Figure | Satellite Control System Schematics

The angular momentum of the satellite can be described as (Hughes, 1986).

3
HS/C:HBC-FYHW’ (S (1)
et
=1
In (1), H>" stands for the total angular momentum of the satellite system with
respect to the mass center C bascd on a inertia frame. H¥“ stands for the angular
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momentum of the satellite without the reaction wheels. H*'® stands for the angular

momentum of the reactions wheels. Thus,

H"C = H¥ + g (T, X Ep ) (2)
The angular momentum of the system is ,
3
H* =H%“ + ZHWJQ +ZJ:”’W,("W:' X Fpy ) 3
=1 i=l
or in terms of angular velocities,
HYC =1"“0® + i | RPN +§3_: Mg (P X By ) S
=1 =l
where I"“' and 1% are 3x3 inertia matrices of W, about the mass center C; of W,

and the system B. Consider each reaction wheel has spin angular velocity (; along
it axis d;, we have

" =w® +Q.d,. Thus, (3)
3 3

H = 17%0% + Y 1% (0° +Qd, )+ Y my (1, x Ty,) (6)
o P

3 3
=1"w? +ZIW'"C’(a)” +Qd,)+ va,:(r,v‘ x(0° x1y,))

=1 =t .

2 2
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B8/C_ 3 w2, 8 : - - E
=10 + 3 1" (0’ +Qd))+ > m,| -xy, x'+z° -yz |w
i=1 =1 2 2
( "rlzl --VI:A 'r1 +-vx

In equation (6) x;, v;, and z; are the coordinates of r,. Thus.

HY =1'w? +H", where - ' (N
R , v, o+z —xy, - Xz, ®
I'=1*+ Z ™ + me -xy, x+z] —vgz
i=1 i=1 2 2
- x,z, -yz, X"+,

and y" = il"’"‘f dQ - If d’s are in the principal directions. then H =AQ.
i=|
Setting the time derivative to obtain the dynamic equation of the satellite system.
One obtain
N=Io’+0’xI'0’+0’ xAQ+AQ, )
The angular acceleration of the reaction wheels 2 can be used as the control input
to the system.

Fuzzy Cell-Mapping Method for The Attitude Maneuvering Control

In this study, we follow the cell-mapping procedure to solve for the optimal
control table for the 6* order satellite maneuvering and stabilization problem.
Because the svstem is very complicated, it is desirable to use a simple algorithm for
the defuzzifving process. Referring to figure 2, the control effort 7, is deteriined by
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6 . .
iZ T<Z>+1“ 7(z) (10

6 , .
where 7 = [ ]T. and h, are the sizes of the cells. The time period for
apphcatlon is
3
Z :’ Z'(Z)+ i "'(Z)] . . (ll)
N2
#j..‘ T preseqt statd
2! -
e
ull JT
+ - - +

Figure 2 The Cell Structure and The Fuzzy Interpolation

Simulation Results

The simulation example follows the parameters proposed for the ROCSAT-1
satellite. Consider the Euler axis/angle, we use 17 cells in the finest dimension, and
for some dimensions we only use 3 cells. The time of action thus must be long
enough so that the system can be driven into a different cell. The partition of the
cell is listed below

state range No. of cells | cell sizes target cell
Xy O~mn 9 0.3491 1
Xa 0~mn 9 0.3491 I~9
N3 -~ T 17 0.3696 1~17 -
Xy | -0.075~0.075 5 0.03 3
xs | -0.075~0.075 3 0.03 3
Xe | -0.075~0.073 3 0.03 3

Accordingly. the partition for the forces are sct to 0, and #0.38 N-m in all three axes,
and the unit for the reaction time is set to .73 sec.

Figures 3a-d shows a maneuvering process starting from ¢=7z w=mand =7
to reach the origin. Figure 3a and 3b show the variation of the rotation angles and
the Euler angles. respectively. Figure 3¢ shows the angular velocities, and figure 3d
shows the input torque. The satellite accelerates in all three axes toward the target
attitude. The inputs then reduce to zero as the angular reaches a pre-specified limit.
The system will then decelerate to settle on the target attitude. From figure 3d, one
can see that the entire system follows a bang-zero-bang control strategy, and the
rotational angles move along the optimal trajcctories toward the origin. Figures 4a-
d shows the corresponding results with crisp cell-mapping control. It is clear that
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the control effort are not adjusted according to the exact location of the system state.
The resulting control shows a overshoot. This is also a common phenomenon in the
cell-mapping control.
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Figure 3a Satellite Rotation Angle Figure 4a Satellite Rotation Angle
(Fuzzy Cell-Mapping) (Crisp Cell-Mapping)
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Figure 3d Input Torque Variation Figure 4d Input Torque Variation
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Conclusions

A fuzzy cell-mapping control is applied to the satellite attitude maneuvering and
stabilizing control.- The wmethod includes both the strong capability of the cell-
mapping method to treat the complex satellite attitude dynamic problem and the
smooth control from the fuzzy controller. Simulation results show that the method
achicve both maneuvering and stabilization with a smooth transition between the
control actions. The control still follows closely the optimal control performance.
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