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Abstract. In this paper, an adaptive dynamic sliding mode control technique is adopted to
stabilize the attitude of flexible spacecraft with disturbance. The mathematical model of
flexible spacecraft is constructed by the modified Rodrigues parameters. The adaptive control
technique is applied to guarantee stabilization of flexible spacecraft with disturbance. By
introducing a dynamic switching function, the chattering caused by sign function of the
traditional sliding mode control law can be eliminated. Finally, by comparing with the adaptive
control law proposed in [12], a numerical example is employed to illustrate the effectiveness of
the designed control law.

1. Introduction

Attitude stabilization control has been a vital part of spacecraft control design. The performance of
spacecraft is greatly influenced by internal uncertainties and external disturbances, etc. Nowadays, the
space missions become more and more complex. Thus, high accuracy and high efficiency are required
in spacecraft attitude stabilization. Not only spacecraft attitude stabilization but also anti-interference
performance should be guaranteed at same time [1]. Many attitude control methods have been
proposed to ensure the spacecraft attitude stable, such as PID control [2], sliding mode control [3],
adaptive control [4], and optimal control [5], etc.

Sliding mode control is insensitive to internal uncertainty and external disturbance in nonlinear
systems. In [6], a sliding mode controller was designed to deal with the spacecraft tracking problems,
and the stability of the closed-loop system is analyzed. Sliding mode control methods consist of
equivalent control and switching control. The sign function of switching control will cause chattering
problem when the frequency is high. Many modified sliding mode control methods were used to
solving this problem. In [7], by transferring the discontinuous control variables to high order
derivative of sliding mode switching function, the high order sliding mode control law was designed to
track the spacecraft attitude and eliminate chattering. Also, by substituting saturation function for sign
function, a variable-structure sliding mode control method is proposed to process spacecraft attitude
maneuvers [8]. In [9], by introducing discontinuity term of sign function into the first or higher order
derivatives of the control law, a new switching function was designed by the derivative of previous
switching function. A dynamic sliding mode control method was constructed to stabilize attitude and
eliminate chattering of flexible spacecraft.

Adaptive control methods were universally applied in spacecraft attitude stabilization area because
of its strong adaptive ability to disturbance. In [10], a robust adaptive controller with parameter update
laws was designed to solve the dead-zone nonlinear problem in spacecraft attitude tracking. In [11], an
adaptive finite-time backstepping control law was constructed to achieve attitude tracking in finite-
time. In [12], adaptive control law was complemented to stabilize attitude of flexible spacecraft with
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disturbance. But over-adaptive problem is easy to occur in adaptive control technique. Thus, the
adaptive sliding mode control law was proposed to stabilize the flexible spacecraft attitude. In [13], a
backstepping based adaptive sliding mode control law was designed to solve the attitude problem of
rigid spacecraft with parameter variation and external disturbance.

In this paper, adaptive dynamic sliding mode control method was proposed to ensure stabilization
and eliminate chattering in flexible spacecraft attitude control. The attitude maneuver of flexible
spacecraft was established by the modified Rodrigues parameters. Adaptive control was used to reduce
the effect caused by external disturbance, while dynamic sliding mode control was constructed to
stabilize the spacecraft attitude and eliminate chattering. The Lyapunov law was used to analyze that
the controller designed by adaptive dynamic sliding mode control technique can guarantee the stability
of the flexible spacecraft with disturbance. Finally, the simulation results showed that the adaptive
dynamic sliding mode control law can stabilize attitude of the flexible spacecraft with disturbance and
eliminate chattering.

2. Problem formulation
In this section, the attitude kinematics of flexible spacecraft can be described by the modified
Rodrigues parameters as follows

pz%{(l— P'P)lys+2p" +2pp o =F(p)o, (1)
where w =[a, @, aoa]T € R?represents the angular velocity of the rigid body of flexible spacecrafts,
and p=[p, p, p3]T € R®represents the attitude description relative to inertial system, there exists

p=ntan(¢/4),
where n is unit Euler main axis vector, ¢ € (0,360 is Euler axis rotation angle. Define x* as a
skew-symmetric matrix

0 X X
X=| % 0 —=x/|
-X, X 0

Supposing that the elastic deformations is small, by applying Euler's theorem, the attitude
kinematics of flexible spacecraft with disturbance can be built as

Jo+5"=-w (Jo+8"7)+u+d,
71+ Cn+Kn =-da,

)

where symmetric matrix J is the inertia matrix of the flexible spacecraft, J, is the inertia matrix of

rigid body of flexible spacecraft, and o is the coupling matrix of rigid body and flexible appendages,
nis the flexible modal displacement of flexible appendages. u is the external torque acts on rigid body,

d is the boundary external disturbance torque acts on flexible spacecraft. C, K is the damping

matrix and stiffness matrix of flexible spacecraft respectively. Considering N-order flexible modal,
define

C=diag{2{,e,,i=1...,N},
K :diag{a)2 i:1,...,N}.

ni?

where &;,@,,1=12,---,N are the vibration frequency and damping ratio of the flexible modal

ni?
displacements.
Based on the modified Rodrigues parameters, the mathematical model of flexible spacecraft can be

described as
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p=F(pa,
{"}: B{"}L B, 6, @)
% %
o=J [—a)x (mea)+5Tw)+5T(Cw +Kn-Cdéw)+u+ d].

Where

[ 4ol

In this paper, the control law should be designed to stabilize the attitude (pa)) which means
!im p(t)=0, !im o(t) = 0. At the same time, the chattering of flexible appendages should be reduced.

3. Design of Adaptive Dynamic Sliding Mode Control Law
In this section, the adaptive dynamic sliding mode control method is proposed to stabilize attitude of
flexible spacecraft with disturbance and eliminate chattering. Firstly, a switching function was
designed as follow

S=w+Ap, 4)
where A is a strictly positive constant. When the state variables arrive to the sliding mode surface
s=0, the results that !l_[g p(t) =0, !l_[g ®(t)=0 can be concluded, which means the flexible

spacecraft system can be stabilized on the sliding model surface s=0.
Considering the following Lyapunov function with K; is strictly positive constant,

V, =2k p"p, ()
when s =0, its derivative of (5) is given by
V, =4k pTp=kpT[(1-pTp) Iy +2p" +2pp" @
=—Akp'p+Akp'p pp-24kp'p p—24k p’pp’p (6)
=—Ak,p"p—Akp"pp p-22k p’pp,
where p'p*p is given by
0 —P; P, Py
pP'Pp=[p P, P Ps O -p | p|=0,
—P; P 0 P,
It can be obtained that
V, ==k, p"p— Ak (p"p)’ <O0. (7)
which implies that!im p(t) =0. From the equation (4), we can conclude that !im w(t) =0, so the

flexible spacecraft model is asymmetric stable on the sliding mode surface.
Once the state variables arrive at the sliding mode surface, the system can be stabilized. Its
derivative of (4) is given by
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S=w+Ap
=J7 [—a)x (J ba)+5Tl//)+§T(Ct//+ Kn—Cow)+u+d]+AF(p)w (8)

=A(p,o,n,v)+J tu+Jd,
where
A(p, o n,p)=J " [—af (30t 5T1//)]+ I [67 (Cy +Kn—Céw) |+ AF (p)e.
To construct a first-order dynamic system, the first derivative of sliding mode s =0 was applied to
achieve a new switching function as follow
oc=$+as=A(p,o,ny)+I u+d+as, 9)

where « is a strictly positive constant.
It is known that S+ S =0 is a first-order asymmetric stable dynamic system when a = 0. It can
be concluded that lims =0, Ilm § =0. The derivative of (9) is obtained as

tow

6=A(p,o,ny)+J i+l td+as
=A(p,o,n,¥)+J 10+ 1d+0{(A(p0)77l//)+meU+J d) (10)

= A(p,o,n,v)+aA(p,o,n,v)+ad tu+ad td+J tu+J1d,
Define V:U,A(p,a),n,t//):A(p,a),n,t//)+aA(p,a),77,z//)+ameu, which can be concluded

that the real input of the first-order dynamic system 6 =S+aS=0 is v. A new model can be
obtained as follow:

G=Ap,ony)+l v+al; 1dJrJ‘ld (11)

u is continuous even v is not continuous, so it can be concluded that the discontinuous input v
does not cause chattering problem of sliding mode surface s=0.

Remark 1: For any vector X =[x, X, X,]" € R®, sign(x) =[| X1| | X | |X3 J holds.
Xl 1% X

When d =0 and supposing that ||d|],||d || are boundary, design the adaptive control law as
follows:

v=J, (—A(p,w,n,t//)+9),
. (12)
0 =-k,o—k,sign(c)—d(t).
Define d* =J d+J2d,d(t)=d(t)—d". The dynamic system (11) became
& =—ko—k,sign(c) —[d(t) ik }
Consider the following Lyapunov function candidate
V,(t) = —0' a+ d (t)d(t) (13)

The time derivative of (13) can be written as
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V,(t) =06 +=dT@®)d(t)

X |~

= 6" [ ko —ksign(o)~d(t)] Latwde
y

. (14)
— koo —k,oTsign(c)—oTd (1) %6 T)d()
- koo —k,oTsign(c) +~d" (1) [oi (t)— 7/0]
4
Choose & (t) = yo , the derivative of V,(t) became
V,(t) = —k,o"o —k,osign(c) <O. (15)
Thus, the control law is designed as
V=3, AP 0 7.9) = I (ko —ksign(e) —d 1)), "

d(t):}/O'.
which implies !imG:O,!im&(t):O. Combining (13) and (4), the conclusion !im p(t)=0,

limw(t) =0 holds.

towo

It is difficult to get the value of A(p,a),n,y/) in actual system. A robust differentiator which is
convergent in finite time is designed to overcome this drawback. z,,Z is the real-time estimations of
A(p, w,n,w) and A(p,@,1,) respectively, and Vo >7.>0.

|112

2, = 7,0l 2, = A(p, @0, I xsign(z, — A(p, @,7,) + 2,

(17)

2, ==7,8ign(z, — A(P, @,77, %))
In conclusion, the adaptive sliding mode control law for flexible spacecraft is established as
follows:

S=w+Ap,

o=S5+as,
0=V =1y (~A(p. 0, 1.9) - ko —kssign(c) - d©)),

d(t) = o, (18)

|1/ 2

2y ==l 20— A(p, 0,7, w)I** xsign(z, — A(p, @,7,1)) + 2,
A, n,¥) = A(p,0,n,) +aA(p,@,17,w) +al U,
A(p,o,n,v) =31 [—a)x (mea)+5Tl//)+5T (Cy +Kn —C5w)]+lF(p)a)

where A,k;,K,,a are strictly positive, and y, >y, > 0. For this system, even a sign function is

included in the input v, the control torque u is still a continuous vector. It is obvious to know that
this adaptive dynamic sliding mode control method can stabilize attitude and eliminate chattering of
flexible spacecraft with disturbance.
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4. Example
In this section, compared with the adaptive control law in [12], the simulation results showed the

effectiveness of the proposed adaptive dynamic sliding mode control law. The moment of inertia J is
chosen as

15439 -23 -28
J=| -23 4176 -35 |(kg-m’),
-2.8 -35 17133
The coupling matrix of the rigid body and flexible appendages of flexible spacecraft is
-9.4733 -15.5877 0.0052
_ —-0.5331 0.4855 18.0140 ( g2 -m)
05519 45503 16.9974 ’
-12.1530 11.7138 —0.0002
Considering the flexible spacecraft has four-order flexible modal, the natural frequency is
o, =0.768l,w,, =1.1038,m,, =1.8733, w,, = 2.5496.
The corresponding damping is
& =0.005607,&, =0.00862, £, =0.01283, £, =0.02516
the initial angular velocity is
o(0)=[0 0 0],
and the initial flexible model displacement values are
—0.2243
p(0)=| 0.6728 |,
—0.4485
Choosing the parameters as following
n,(0) =0.001,y,(0) =0.00L,i=12,3,4
Supposing that the disturbance is sine error function as
0.01sin(0.1t)
d =| 0.01sin(0.2t) |.
0.01sin(0.3t)

and take both initial values of adaptive control laws are zero vectors in [12] and the proposed method
in this paper. The red solid line represents the proposed adaptive dynamic sliding mode control law
(ADSMC), while the blue dotted line represents the adaptive control law (Adaptive) in [12], the
simulation results are as follows.
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Fig. 1. The response of the flexible modal
displacement 7
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Fig. 2. The response of the control torque u
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Fig. 4. The response of the modified Rodrigues
Parameter p

Fig.1 shows the flexible modal displacements of two kinds of control law. It can be concluded that
both of their flexible modal displacements decrease to zero as time increases. It can be drawn that both
control torque u tend to zero when time increases, but the control torqueu in [12] is greater than the
proposed method(ADSMC), which means the proposed method can complete target by using smaller
control torque. Fig.3 represents the response of attitude angular velocity @, it can be obtained that the
attitude angular velocity @ goes to zero which means the flexible spacecraft arrived stabilization
under the effect of disturbance. But we can know that the attitude angular velocity converges smoother
under the proposed ADSMC law than the adaptive control law in [12]. Fig.4 proves the convergence
of the modified Rodrigues parameter p, from where we can draw a conclusion that both of control

law can stabilize the attitude of flexible spacecraft with disturbance, but the proposed method can
arrive stable state faster and smoother. The adaptive dynamic control law proposed in this paper can
stabilize the attitude around 30s, also the chattering is eliminated even on the sliding mode surface.
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5. Conclusions

In this paper, an adaptive dynamic sliding mode control law was proposed to stabilize the attitude and
eliminate the chattering of flexible spacecraft with disturbance. By introducing the adaptive technique,
the attitude can be stabilized faster even under disturbance. And the chattering problem can be solved
by constructing a one-order dynamic system. The simulation results proved the efficiency of the
proposed method.
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