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KEYWORDS Abstract In this paper, the attitude stabilization problem of a rigid spacecraft described by Rodri-
Attitude control; gues parameters is investigated via a composite control strategy, which combines a feedback control
Composite control; law designed by a finite time control technique with a feedforward compensator based on a linear
Disturbance observer; disturbance observer (DOB) method. By choosing a suitable coordinate transformation, the space-
Finite time control law; craft dynamics can be divided into three second-order subsystems. Each subsystem includes a cer-
Spacecraft tain part and an uncertain part. By using the finite time control technique, a continuous finite time

controller is designed for the certain part. The uncertain part is considered to be a lumped distur-
bance, which is estimated by a DOB, and a corresponding feedforward design is then implemented
to compensate the disturbance. Simulation results are employed to confirm the effectiveness of the
proposed approach.
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1. Introduction In practice, external disturbances always exist in space in
the form of radiation torque, gravitational torque, and other
environmental torques. The existence of external disturbances

The attitude control of spacecraft is one of the fundamental : Letha
may destroy system performance, induce vibration, and result

aeronautical control problems, which has attracted strong ma ¢ : )
attention in recent years. Many nonlinear approaches have been it instability. Many methods have been reported in the litera-

proposed to solve the attitude control problem, including pas- ture for inhibiting the influence of external disturbances, such
sivity-based control,’ adaptive control, > optimal control, > as Refs. "' In Ref. %, a robust and optimal attitude control

geometric approach,” Lyapunov control,*'° robust ., con- law is presented for spacecraft with external disturbances. This
1,13 sliding mode control,'* '® and finite time control.'* 2! control law is based on the min—-max approach and the inverse
optimal approach. On the basis of the H,, method, a local sta-
bilization result is derived in Ref. ', and a global stabilization
control law is further designed in Ref. '>. A controller scheme
based on sliding mode control is employed in Ref. '*. This
scheme shows a good robustness to disturbances. However,
chattering is an unavoidable problem while using sliding mode
control.

et Another effective feedback control technique against dis-
ELSEVIER Production and hosting by Elsevier turbances is the finite time control method.>'?* Compared
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with conventional asymptotically stable systems, finite time
stable systems have two advantages: better disturbance rejec-
tion performance and faster convergence property around
the equilibrium point.>* In view of the superiorities, the finite
time control technique has been used in various fields including
robotic systems?>2® and general system.?”-?® In addition, the fi-
nite time control method has also been employed to deal with
the problem of attitude control of spacecraft. For example,
based on the terminal sliding mode method and the finite time
control technique, a discontinuous finite time controller is de-
signed in Ref. °. In Ref. %, the problem of global set stabiliza-
tion is considered for a rigid spacecraft in the presence of
external disturbances. Moreover, it is verified that the system
states of the spacecraft with disturbances will be driven into
a small neighborhood of a set consisting of two equilibria. In
Ref. 2!, on the basis of optimal control and finite-time control
techniques, a pseudo-optimal control law is developed. The use
of this control law can make the system trajectory converge to
a neighborhood of the equilibrium set in the presence of
disturbances.

As is well-known, in a spacecraft attitude control system,
it is not easy to measure the disturbances. Under these cir-
cumstances, disturbance estimation has become a feasible
method for measuring disturbances, for example, extended
state observer'®?® and disturbance observer (DOB). The
DOB method is originally proposed in Ref. ** and has been
widely employed for feedforward compensation design. At
present, DOB-based control (DOBC) techniques for linear
and nonlinear systems have been developed and used in a
lot of control fields, e.g., space manipulator,’! robotic sys-
tems,>* hard disk drive systems,**** grinding systems,* and
general systems.>® 38

In this paper, a composite control strategy, combining the
finite time control law in the feedback path with a feedforward
compensation part on the basis of a linear DOB, is developed
for the attitude control of a rigid spacecraft in terms of Rodri-
gues parameters. In relation to the existing literature, the main
contributions of this work are as follows. By a coordinate
transformation, the system can be regarded as three second-or-
der subsystems, which is much clearer and easier for finite time
controller design than the method in Ref. '°. The DOB is used
to estimate not only the external disturbances but also the cou-
pling terms, which include the external disturbances and the
system states. The proposed method combines two disturbance
rejection control techniques, that is, the finite time control
technique and the DOB technique; the combination of these
two techniques has obvious advantages in terms of the conver-
gence and disturbance rejection performance.

2. Preliminaries and model description

2.1. Preliminaries

Definition 1. *°

(1) Given [r; n r,] € R",r; > 0, a continuous func-
tion V(x) € C(R",R) is homogeneous of degree { > 0 if
there exists a positive real number { € R such that
Vx € R"\ {0}, > 0, V(" xy, &2x, - -+, &7x,) = eV (x1, X2,
LX),

(2) If there exists a real number (€ R such that for
I=1,2,....,n,¥x € R"\ {0}, & > 0,/,(e"x1,&xp, - - -,
ex,) = eEn(x),  [r m r,] € R 1 >0,
then a vector field 7 (x) € C(R",R") is called to be homo-
geneous of degree (.

(3) A homogeneous p-norm is presented as ||x[,, =

1/p
(Z'I’:l x1|”/r’> ,Vx € R", for a constant p > 1. For

simplicity, in this paper, p = 2 is chosen and the norm
is written as ||x||lx = [|x]la_2-

Definition 2. *°The system y = /i, (¢,y,u,),y € R", u, € R"is
said to be input state stability (ISS) if there exist a class KL
function f and a class I function y such that for any initial
state y(fp) and any bounded input u, (), the solution y(7) exists
for all ¢+ > 1, and satisfies

Iyl < Blly(o)ll, 1 = 10) + v( sup [lux(T)]])

STt
such a function y is often referred to as an ISS-gain for the
system.

Lemma 1. **Consider the system y, = hy(y,),7,(0) = 0,7y, € R.
Suppose there exists a continuous function V,(y,) : U — R such
that V,(y,) is positive definite and there exist real numbers ¢ > ()
and o € (0,1) and an open neighborhood Uy c U of the origin
satisfying Va(y,) + cVi(y,) < 0,3, € Uy \ {0}. Then, the origin
is a finite-time stable equilibrium of the system. If
U = Uy = R, the origin is a globally finite time stable equilib-
rium of the system.

Lemma 2. '°Consider the system x; = 0.5x5, X, = ug under the
controller

k _
wp = — = (4 + )

where ky = 21 4 jey ky > k;“f(z —1) (2t +%+k3),
ky>0,1<qg=q,/q, <2,q, and g5 are positive odd integers,
then the closed-loop system is finite time stable.

Lemma 3. *'Let V(x) : R" — R be a homogenous function of
degree { with respect to [r; 1> /. Then the two condi-
tions hold.

) - tion 2 i ) )

(1) The homogeneous degree of function & s {—r;, where 1
is the homogeneous weight of x;.

(2) There is a constant ¢ such that V(x) < c||x||,. Moreover,

ngHi < V(x), where ¢ is a positive constant, if V(x) is
positive definite function.

Lemma 4. *’Consider cascade system

X =y (t,x1,x2) (1)
Xy = Ta(t,X2) (2)

If the following conditions are hold
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