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Abstract: The optimal attitude control problem of spacecraft in its solar arrays stretching process is discussed. Control in-

put rule is approximated by wavelet. The genetic algorithm of optimal control for the stretching process is proposed. The simula-

tions show that wavelet approximation and genetic algorithm are effective tools for solving optimal control problem.
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1 Introduction

With the development of space technology, the
large strectchable solar arrays have been widely applied
to observe satellite on solar synchronous orbit, commu-
nication satellite on earth synchronous orbit and data re-
lay station satellite. They are folded in the carrier. After
the carrier enters its orbit, the solar arrays are going to
stretch to their working state. In this process, the atti-
tude of spacecraft is changed due to the coupling of
stretching motion and attitude motion of spacecraft[l] . In
order to ensure that the spacecraft locates in the designed
position, it is necessary to study the control regularity in
the stretching process of solar arrays. Ge Xinsheng and
Liu Yanzhu have discussed the optimal control problem
in the stretching process of solar arraysm. This idea
originates from Ritz’ s approximation method. In prac-
tice, the Fourier basis function expansion is often used.
It is developed from the traditional Fourier analysis, and
extensively used in information and control fields>4] .

In this paper, the discrete orthonormal wavelet basis

functions are substituted for Fourier basis functions.
Compared with Fourier basis functions, the wavelets
have better characteristics of localization and multi-reso-
lution. We can obtain an initial solution by a scaling
function, then improve the solution to a higher resolu-
tion by superimposing the component of higher-order
wavelet. The Gauss-Newton iteration method is often
utilized to search the optimal solution of optimal control
problem. Complex differential quotient operation is re-
quired in this method, and there are lots of equations.
Recently, many researchers are motivated to pursue their
research in the genetic algorithm (GA)[S]. GA is a
global searching optimization algorithm based on the me-
chanics of natural genetics. Because gradient information
is not required, GA is widely used in a variety of fields.
In this paper, the GA with real coding is utilized to re-
search into the optimal control problem, and a genetic
algorithm for the optimal control of streching process of
solar arrays on spacecraft based on wavelet approxima-

tion is proposed. Considering the characteristics of non-
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holonomic constraint of system, the objective function of
control system is built by dynamics equations of space-
craft with solar arrays. The rule of control input is ap-
proximated by wavelet expansion, the construction of
chromosome and fitness function of optimal control is
determined, and genetic operators are designed. Finally,
the optimal control input rule and the optimal path of
stretching process are obtained. Numerical simulations
show that the control problem of spacecraft attitude dur-
ing solar arrays stretching process can be efficiently re-
solved by the proposed method.
2 Orthonormal wavelet and multi-resolu-

tion analysis

The discrete orthonormal wavelet is characterized
by the translation and dilation of a single function
¢( t)[é] i )

Gnn(t) =2°¢Q2™ -~ n), m,n€7Z, (1)
where ¢, , () constitutes a basis for the space of square
integral function L2(R), and any f(x) € L*(R) can be
expressed as:

f(x) = szm,n¢m,rt(x)’ m,n e Zv (2)
where coefficient d,,,, is defined as follows:
+®
dm,n = J f(x)¢m,n(x)dx’ m,n e Z; (3)

orthonormal wavelet ¢( ¢) are derived from scaling func-
tion go( t) and have the two scale relationships:

(1) = D h(pi-n), @
6(0) = > g(n)p(2t - n). (s)

For any f(x) € L*(R) whose approximate solution at
the m-order resolution can be described as:

Pof(%) = 2 1Cnottmn(5), nE€Z, (6)

where
+®
Cm,n = j f(x)qom,n(x)dx’ m,n I~ Z, (7)

P, f(x) represents the projection of f(x) onto the space
of m-order resolution scale,

o n(1) = 202" — 1), m,n€Z, (8)
which constitutes a basis for the function space of m-or-
der resolution scale, the ( m + 1)-order resolution can be

written as

Prif(%) = Puf (%) + D dm s n(x), n € Z,
9)

which shows that the solution at ( m + 1)-order resolu-
tion can be obtained from the solution at m- order resolu-
tion superimposed by projection of function f' (x) onto
m-order wavelet space. As mg is the lowest resolution
degree, any function f(x) € L*(R) can be expressed as
the expansion of wavelet series

F(5) = 223G, nPm,n (%) +

Z de,n()bm,n(x)’ n€Z, (10)

m=-% n

where ¢, ,(t) and ¢, ,(¢) are orthonormal and
satisfy ;

J_w§0m,n(x)qom_,l1(x)dx = 6n,n’ y

am,m'an,n’y (11)

) ji:‘/)m,n(x)sbm',n’(x)dx

0, m' = m.

=

jjzgom’"(x)sbm’,n'(x)dx

In practice, we may obtain an initial solution at resolu-

tion myg, and then successively refine the solution by su-

perimposing “detail signal”, i.e. the second item in

Eq. (10) . Because of the orthonormality of wavelet and

scaling function, a little computation is needed to refine

the solution, especially when both ¢(¢) and ¢(t) are

compactly supported.

3 Optimal control based on wavelet ap-
proximation

3.1 Dynamics equations of stretching process of

solar arrays and optimal control

By

B
Fig. 1 Spacecraft with solar arrays

Consider a spacecraft with solar arrays consisting of

four rigid bodies, connected by cylinder hinge joint in

single side (Fig. 1), where B; is the main body of

spacecraft, B, is the connecting array, B; and B, are the

internal and external solar arrays respectively. The dy-

namic equation of system is written as'?)
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Loy + [= (I, + I, + 1,)0, +

(I3, + 14,00, - 1,§5] = 0, (12)
where 7, and I,,(i = 2,3,4) are respectively the equiva-
lent moment of inertia of the system and its parts. ¢ is
the attitude angle of the spacecraft main body, 6,(i =
1,2,3) is the relative angle between the adjacent solar
arrays. Equation (12) has the form of nonholomonic be-
havior, which shows that any relative motion of the
components in the system can disturb the attitude of the
main body. The relative angular velocity between the
adjacent solar arrays 0;(i = 1,2,3) is regarded as input
variables, denoted as u = (8; 8, 0,)T. The state
variables  of defined as

system  are X =

[6, 6, 63 ¢]7, therefore the state equation of the
system is as follows:
% = B(x)u. (13)

where

b by b3

1 0 O

B =l o e o)
0 0 1

by = (I, + Iy, + I,)/ 1,

by == (I, + Iy,)/1,,

by = I,/1,.
Equation (13) contains four state varjables and three
control inputs. In the stretching process of arrays, the

optimal control inputs to decide the attitude of the main
body is obtained by minimizing cost. Choose the dissi-
pative energy at the hinge joint between two solar arrays
as the cost of optimal control, and then objective func-

tion becomes
T
I = | Cuuae, (14)
0

where 1 (i) is measurable vector function in Hilbert
space L?(R), expanding the components of u(¢) ac-
cording to Eq.(10), and taking finite terms, w«(¢) can
be expressed as a linear combination of wavelet basis

vectors

ivj
u = Zaiai = Qa, (15)
i=1
where ;(i = 1,2,-*, N) is the projection of the func-

tion u(¢) onto the basis vector {a;}/Y. |, D isan x N di-

mension matrix. By regarding « as a new control vari-
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able and then taking into account the term as the or-
thonormality of Eq. (11) and the constrained term of the
system terminal of spacecraft, the objective function
J(u) of Eq.(14) can be written as:

Ja,2) = 2ak + Al 2(1) - 512, (16)

where A is a penalty coefficient, x(T) is the state of
system at ¢t = T. Obviously, x(T) is a function about
a, and denoted by f(a). When N and A are given,
Eq. (14) becomes

J(a) = {a,a) + A fla) =% 12 (17)
Therefore, the problem of minimizing the value of
Equation (14) by searching control input wu(¢) is
changed into that of minimizing the value of Equation
(17) by searching a.
3.2 Genetic algorithm of optimal control

In general, binary strings are used to encode the
optimal parameter space in GA. When the dimensions of
parameter become high and the range of parameter value
becomes great, the converge speed of the algorithm will
become slowly. Because the real-coded GA!” has the
advantages of higher precise and convenience to search
in large space, it is utilized in the paper. Considering
the optimal control problem in the solar arrays stretching
process, the GA is designed to obtain the optimal control
input rule and the optimal path of stretching process of
system. GA is designed as follows;

1) Chromosomes representation: utilizing the paral-
lel searching mechanics of GA, «, the projections of
function ©(¢) on wavelet basis, are encoded to an N-di-
mensions vector composed by o; (i = 1,2,+,N),
ay 1. (18)
2) Initialization of the population of parent; the P

a = [al a)

parents, whose components are normal Gauss random
variables, are generated randomly.

3) The selection of fitness function: we define the
fitness score function as:

gla) = 1/J(a), (19)

where J(a) is the objective function defined in
Eq.(17), a is the chromosomes, and the ¢ with small
objective function value has high fitness score.

4) Selection: the fitness score g(a;)(i = 1,2,
P) of each chromosome is calculated according to
Eq.(19), the survival probability of ith chromosome is
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p

P = g(ai)/zl:g(a,-). (20)
This process is accomplished by using roulette wheel se-
lection.

5) Crossover; a simple one-point crossover is em-
ployed. According to the crossover probability P,, a
splice point is determined uniformly at random. The ge-
netic codes following the splice point are interchanged,
and offspring are generated as shown in Fig.2

ElE L.k k koo ok
a’{ali"'az le ay > ajaj a;|a§+1“ a

i gd| o K
aias ol bl al—> aad a[|al+1"'a
Fig.2 Crossover chart

6) Mutation; some components a;(i = 1,2,

s
N
k

N

P,j = 1,2,+-+, N) of the chromosome «; are chosen to
mute according to the mutation probability P, , and a
Gaussian random variable on it;

aj = a; + O (21)
where J; is Gaussian random variable. The Steps (4) ~
(6) is repeated, the fitness scores of population become
higher and the optimal solution can be obtained in the
end. '
4 Simulation examples

The mass and geometry parameters of the spacecraft
with stretchable solar arrays are; main body m; =
200kg, J, = 32.2kgm?,l; = 0.5m, the solar arrary m,
= 5kg,1/2x 1 = 0.5 x Im*;m3 = my = 10kg, 1 x 1
= 1 x Im?. The stretching time is ¢ = [0,5]. The con-
trol parameters of GA are selected as: the dimension of
the population of parents is P = 48, the length of chro-
mosomes is N = 15, the probability of crossover is P, =
0.9, the probability of mutation is P,, = 0.1. The num-
ber of evolution generations approximated by scale func-
tion is R = 2000, and the number of superimposing
wavelet basis function is 200.

Choose Daubechies'®! wavelet with L = 4. Accord-
ing to Eq. (10), take the period characterstic of u(¢)
into account, the scaling function and superimposing
wavelet basis function are respectively utilized to numer-
ical calculation. Taking my = 0, approximately substi-
tute by the translation of scaling function, the period is
5. @ are constituted by 15 discrete orthonormal basis

function. {a;}3_; (basis for first competent) are shown

845

as follows.

p(t)y (et =1y 1o -2)
Ll 1)
0 0 0

o(t=3) + ot +2)y ro(t —4) + (¢t +1)
R i
0 0
the remaining terms {a;}1%, {a;1¥ |, are obtained by
permuting the rows of the above element. Set m = 1,
function «(¢) is a linear combination of scaling function
®o,,(t) and wavelet function ¢ ,(¢). Eq.(15) com-
bined 15 scaling basis function and 15 wavelet basis

functions, the {a;}!%, as

o(t)y 1t =Dy et -2)
NENEN
0 0 0

{gp(t -3) + (e +2)] {go(t -4) + o(t + 1)]

0 0
0 0

GGy r¢le =1y ¢le =2)
ol e
0 0 0

Gt =3+t +2)y ¢t =) +¢(t £ 1)

)
0 0

the remaining terms ta;1? 11, 14,13, are obtained by

permuting the rows of the above element.

Example 1 The designed target is that the solar
arrays completely stretches from the folded state, while
the attitude of the spacecraft main body remains un-
changed throughout. The initial and final configurations
arexo =0 0 O 0] and xp = 0 =2 = =]
respectively. The result of simulation is shown in Fig.3
and Fig.4, where Fig.3(a) and Fig.4(a) are the atti-
tude of the main body and the optimal trajectory for the
relative angle between two solar arrays (0,1,2,3 corre-
sponding ¢, ,6,,0,,63), and Fig.3(b) and Fig.4(b)
are the optimal control input for solar arrays (1,2,3 cor-
responding u;, uy,u3). J(a) = 4.624865 for scaling
function approximating after 2000 iteration, and J(a)
= 4.589580 for superimposing wavelet function approx-

imating after 200 iteration.
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Fig. 6 Superimposed by scaling function
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Example 2 The designed target is that the solar
arrays completely stretches from the folded state, while
the attitude of the spacecraft main body rotates m /4.
The initial and final configurations
[0 0 0 0]"andx;=[n/4 n/2 = =] respec-
tively. The result of simulation is shown in Fig.5 and
Fig.6, where Fig.5(a) and Fig.6(a) are the attitude of
the main body and the optimal trajectory for the relative

are xg =

angle between two solar arrays (0,1,2,3 corresponding
@1101,02,03) , and Fig.5(b) and Fig.6(b) are the op-
timal control input for solar arrays (1,2,3 corresponding
up,uz,us). J(a) = 9.213321 for scaling function ap-
proximating after 2000 iteration, and J(a) = 8.636225
for superimposing wavelet function approximating after
200 iteration.

The algorithm is implemented using Turbo C 2.0
on Pentium 133-MHz PC. The computation time is 4320
sec after 2000 “scale” iteration and 613 sec after 200
“superimposing wavelet” iteration. Two examples are
shown, “rough” solution can be obtained by scaling
function approximation, and a little computation is need-
ed to refine the solution by the superimposing wavelet
function.

S Conclusions

1) It is a new and useful attempt that the wavelet
function is used in multi-resolution approximation, and
GA is introduced into optimal control of nonlinear sys-
tems. The simulation calculations show that GA is an ef-
fective method to solve the optimal control problem of
the spacecraft system with stretchable solar arrays.

2) In the application of the above method, we may
obtain a scaling function approximation, and then suc-
cessively refine the solution by superimposing “detail
signal” . Because of the orthonormality of wavelet and
scaling function, little computation is needed to refine
the solution. This solving process of hierarchy agrees
with the human cognitive rule.

3) Theoretically, binary string is more reasonable

than real representations. But for real-valued numerical
optimization problem considered in this paper, real rep-
resentations are a best selection, because they are more
comprehensible, more precise, and conducive to faster
execution.

4) Differential and continuity condition is not re-
quired in GA. Compared with gradient method, it can
be applied to a larger range, and is a global optimal al-
gorithm. An optimal control algorithm for the stretching
process of spacecraft arrays is proposed in this paper,
and it can also be used to solve other optimal control
problems. It is worth noticing that GA is not so efficient
as the gradient method and considering the present tech-
nical level, it is difficult for us to make a real-time on-
line application of the method.
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