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ABSTRACT A continuous globally stable control algorithm is presented to track angular velocity for space-
craft chaotic attitude motion affected by external disturbances using adaptive variable structure controller.
Affected by some external disturbances, the spacecraft attitude dynamics system can generate many types
of chaotic motion. Once it is required that a spacecraft with chaotic attitude motion should track the other
spacecraft chaotic attitude plant to achieve angular velocity synchronization, the design of a robust tracking
controller becomes necessary. The controller design is based on adaptive control theory and variable structure
control theory, and adopts integral sliding surface and a single vector adjusted dynamically. Numerical
simulations are performed to demonstrate the effectiveness and feasibility of the proposed adaptive variable
structure controller.

INDEX TERMS Spacecraft chaotic motion, attitude system, tracking control, adaptive control, variable

structure control.

I. INTRODUCTION
Spacecraft have been widely used in widespread communica-
tions, remote sensing and related scientific research in space.
The attitude control system has great influence on spacecraft
pointing accuracy and stabilization precision. Generally, any
spacecraft in orbit is influenced by several kinds of external
disturbance torques, such as the aerodynamic drag torque,
the gravity gradient torque, the solar radiation pressure and
the magnetic torque caused by the Earth’s magnetic field.
Although the external disturbances are small compared to the
weight of the spacecraft, it often consists of periodic and sec-
ular terms, and the long-time disturbances on spacecraft may
have significant influence on its actual attitude motion [1].
When certain conditions between the moment of inertia and
the external disturbances of the spacecraft are met, it can
lead to chaotic motion in the spacecraft [2]. A robust tracking
controller is needed to track a chaotic attitude plant to achieve
angular velocity synchronization.

The chaos phenomenon has been extensively studied by
many researchers due to its unstable and complex behavior
and wide range of applications in many industrial systems

and different sciences [3], [4]. A few typical chaotic sys-
tems that result from external disturbances on spacecraft are
Newton-Leipnik system [5], Lorenz system [6], Chen sys-
tem [7], Lu system [8], Genesio-Tesi system [9], Rucklidge
system [10], Liu system [11] and Rossler system [12]. The
research on synchronization control in chaotic system has
recently become a subject of great interest, and considerable
efforts have been made to study the control and synchroniza-
tion problems of different chaotic systems, such as adaptive
control [13], sliding mode control [14], linear matrix inequal-
ity techniques [15], fuzzy logic control [16], state observer
control [17], active control [18] and passive control [19].
Many flight experiences during the aerospace history
have witnessed unexpected behaviors in spacecraft atti-
tude motion, which results from the external disturbances
that had not been taken into consideration in spacecraft
design. Numerous theoretical studies have pointed out that
chaotic spacecraft motion exists under the action of different
kinds of external disturbances. Tong and Rimrott [20] have
studied the planar vibration of an asymmetric satellite in
elliptical orbit under the action of gravity gradient torque.

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 6, 2018

Personal use is also permitted, but republication/redistribution requires IEEE permission. 3851

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-1911-0184
https://orcid.org/0000-0002-7400-7104

IEEE Access

C. Liu et al.: Robust Adaptive Variable Structure Tracking Control

Meehan and Asokanthan [21], [22] conducted research on the
chaotic motion of a spinning spacecraft which results from
circumferential nutation damper or unbalanced rotor or vibra-
tions in appendages. Salarieh and Alasty [23] investigated the
problem of synchronization between two chaotic gyros using
a modified sliding mode control method. Aghababa [24]
adopted adaptive finite-time controller to achieve the syn-
chronization of two chaotic flywheel governor systems and
verified its robustness. Beletsky e al. [25] have conducted
research on the numerical realization method to analyze the
chaos in spacecraft attitude motion in circular polar orbit only
influenced by the geomagnetic field. However, to the best
of the authors’ knowledge, the approach in the case that a
spacecraft with chaotic attitude motion should track another
spacecraft chaotic attitude plant to achieve angular velocity
synchronization has not been investigated, and the main con-
tribution of this paper is to conduct theoretical research on the
design of adaptive variable structure tracking controller for
spacecraft chaotic motion to meet the requirement of angular
velocity synchronization.

The remainder of this paper is organized as follows.
Section II introduces the spacecraft attitude dynamics equa-
tion and expands it in its component form. Besides, this
section describes several types of chaotic phenomena in
spacecraft attitude motion and describes the purpose of
this work. Section III presents the robust adaptive variable
structure controller based on adaptive control theory and
variable structure control theory. Numerical simulations are
given to illustrate the performance of the proposed technique
in section IV. Finally, some conclusions of this work are
addressed.

Il. PROBLEM STATEMENT
The attitude dynamics equation of rigid spacecraft is

Io+wxTw)=T.+Ty (1)

where, w = [a)l w) w3 ]T is the angular velocity of the
spacecraft body reference frame with respect to the earth-
centered inertial reference frame in the spacecraft body
reference frame, I denotes the spacecraft inertia matrix,
T denotes the control input torque; Ty is the external dis-
turbance torque, which can be generally expressed in the
following nonlinear form:

T,=Dw+M 2)

where, D = [dij]3x3 € R¥3(i,j = 1,2, 3), which can be a
constant matrix or matrix varying with angular velocity;

M = [mjlsx; € R¥>*'( = 1,2, 3), which can be a con-
stant matrix or matrix varying with angular velocity, or even
periodic matrix or long-term matrix.

Consider the three axes of the spacecraft body coor-
dinate system for the inertial principal axes, then I =
diag(l, I>, I3). In addition, use Levi Civita symbol in three
dimensions to express vector products, denoted as &g, and the
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corresponding definition is given as follows:

+1, if (k,i,)is(1,2,3),(2,3,1)or 3,1,2)
if (k,i,j)is(3,2,1),(1,3,2)0r (2,1,3)
0, ifi=jorj=kork=1i

Skl] = _17

(3
For any two vectors p = [pilzx1(i = 1,2,3) and ¢ =
[gil3x1G =1, 2, 3), we have that Z ekijpiqj = (P XQ)k, where
l’j
O« represents the k-th component of the vector product.
Substitute Eq.(2) into Eq.(1) and expand it in its component
form, we have
Loy — (I — B)wws = Tel +diwr + dipw;
+dizws +m
hay — (I3 — 1wz = Tea + d21w1 + dywn
+dy3ws +my
Loz — (I} — hwiwy = Tz + d31w1 + daw;
+d33w3 +m3

“

where, I1, I and I3 denote the three components of inertia
matrix; w1, w2 and wz denote the three components of angular
velocity; T¢1, T.» and T3 denote the three components of
control input torque.

Then, we have

w] = 11_1(12 — B)wrws +11_ld110)1 +11_1d12a)2
+1f1d13w3 +1f1Tc1 +1f1m1
an =I5 — ooz + 1 'dyw) + 1, ' dopon

_ _ _ (%)
+ 1 s + I T + 1 'm
w3 =1\ (I — D)ooy + I3 d3yoy + 1] '
+13_1d33a)3 +I3_1Tc3 +13_1m3
Define the relative inertia ratios as a; = I 1(12 — Iy),

Iy'3 — 1) and a3 = I7'(h — b), and
[uilzg) = [[lfleL l(i = 1,2, 3) is the angular acceler-
X

a =

ation generated by the control input torque, and [bij]
1 —1 ..
[Ii dij]3x3 eilant = [Ii mi]m Gj=1,2,3).

Then, Eq.(5) can be transformed into

3x3

w1 = ajwaws + biiwy + bpwr + bizws +uy + ¢y
@ = awiws + briwi + bynwy + byzws +ur + 2 (6)
w3 = azwiwy + b31wi + bypwy + byzws + u3z + c3

The matrix form of Eq.(6) is

®=Bo+f(w)+u @)
where,
b1y bin b1z
B=|by byn by]|,
| ba1 b3 b33
[ fi(w) cl w3
f@=|fw |+|c|=4]| o1w3 |+C,
_f3(w) c3 wiwy
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A = diag(ar,a2,a3),C =[c1 C3]T,

u = [ul u u3]T

For uncontrolled spacecraft attitude system, namely,
the control input torque satisfies # = 0, different external
disturbance torque may lead to different kinds of chaos in
spacecraft attitude motion, such as Newton-Leipnik system,
Lorenz system, Chen system, Lu system, Genesio-Tesi sys-
tem, Rucklidge system, Liu system and Rossler system and so
on. The analysis of these chaotic systems, their characteristics
and chaotic attractors, and corresponding necessary condition
for spacecraft properties can be seen in Table 1.

The divergence of @ is

. Odw; dwy w3
Vio=—+—+— ®)

dwy dwy w3
For one of the above eight typical chaotic systems, when
certain conditions between the moment of inertia of space-
craft and corresponding external disturbance torques are
met, we can calculate V - ® < 0, which indicates
that the spacecraft attitude dynamics system is a dissipa-
tive system and its solution is bounded with increasing

time.

The desired reference angular velocity is defined in the

following chaotic attitude equation

& = B + g(&) ©)
where,
A 1%11 1%12 1%13 g1(@) ¢
B=|by by byl go=|g@®@/|+]|c
b3 by b33 g3(®) c3
A 6)26)3 A
=A| ooz | +C,
D12

A . ~ ~ A A A T
A = diag(ar, ar,a3), C=[& & &)

The tracking error is defined as e = @ — ®, with its com-
ponents as e;(i = 1,2, 3), and we can get the error system
as

. .2 . . . T
e=w—w=[e1 & &)
= [Mi(er, e2,e3) +ur  Aa(er, ez, €3) + up

hs(ers ez, e3) +uzl" (10)

Assumption 1: There exists a constant / > 0 such that
Ai(er, ex,e3) < Iminle;| (i =1,2,3).

L
This assumption will be used in the stability analysis, and

it is easy to check such an assumption in practice.
The tracking problem is solved if lim e = 0, which is

—>00
equivalent to the stabilization of e, and the equation that
governs the spacecraft’s motion is given by

¢ =Bw — Bd + f(w) — g(®) +u (11)
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The control objective of this paper is to design an adaptive
variable structure controller u(¢) for the plant (7), whose
tracking error dynamics is given by Eq.(11), such that, for
all physically realizable initial conditions, the following is
achieved: tlg})lo e=0.

Ill. ADAPTIVE VARIABLE STRUCTURE

TRACKING CONTROLLER

The controller design is based on the following sliding sur-
face:

t
S; = e; +/ re(tydt i=1,2,3;r > 0) (12)
0

When the system reaches the sliding surface and moves on it,
the following conditions should be satisfied:

s; = e+ ft rei(t)ydt =0 (13)
$i=éi+r£i=0 (14)

From Eq.(14), we have
e = —re; (15)

Therefore, Eq.(15) is
llim ei(t)y=0G=1,2,3).
—> 00

In this case, the controller is proposed in the form

asymptotically stable, namely,

uj = —okileisgn(s;) (i=1,2,3,0 > 0) (16)

It can be seen that the term on right-hand side contains a
variable k; that will be adjusted dynamically to guarantee
asymptotic disturbance rejection. If k(0) > 0 is given,
k(t) > 0 can be ensured for all time, which will be discussed
in the following part.

Choose the Lyapunov candidate function as

3 3
1 2 1 2
V:E;si+zga(ki—k*) (17)

where, k* > (I + r)/o. Taking the first derivative of V along
the motion of the error system yields

3 3
. o .
V = E 8i8; + E E (ki — k™)k;
i=1 i=1

3 3
= Zsi(éi +rei) + % Z (ki — k*)ki
i=1

i=1

3 3
o .
= E si(Ai + u; + re;) + E E (ki — k™)k;
i=1

i=1

3 3 3
o .
<Y lsillel +7 ) siei+ - > ki = ki
i=1

i=1 i=1

3
— Zsi(oki lei] sgn(si))

i=1

3853



IEEE Access

C. Liu et al.: Robust Adaptive Variable Structure Tracking Control

TABLE 1. Chaotic system characteristics and chaotic attractor.
Cs:}}::t(;ﬁlc Characteristics Spacecraft Chaotic attractor
Newton-Leipnik(a=0.4,b=0.175)
A = diag(0,0,0),C =0 _7 _
g(?n)) [1_]2_13
Newtorll(- —a 1+100, 0 1, (~ao, + o, +100,w;,)
Leipni B=|-1+5w -04 O
system 5 } 0 b T, = L,(-~0,— 040, +So,0,)
-
2 L (bo, - 50,0,)
mz/rad/s 05 -2 ’ m]/rad/s
Lorenz(a=10,b=8/3,c=28)
A = diag(0,-1,1),C =0 1, =21, =21, 0
2 40
Lorenz —a a 0 La(w, - ) E
20
system B=lc -1 0 T, =| L(co, - m,) :
0
0 0 -b -Lbo, %0 20
0 0
o)z/rad/s 50 -20 o)]/rad/s
Chen(a=35,b=3,c=28)
A = diag(0,-1,1),C =0 1, =21, =2I, 100
—a a 0 Ila(wz _wl) é 50
Chen system e
B=|c-a ¢ 0 T, =|1,(co—am +cw,)
0
0 0 -b -Lbow, 30 50
0 0
mz/rad/s -50 -50 wl/rad/s
Lu(a=36,b=3,c=20)
A = diag(0,-1,1),C =0 1, =21, =2I, 6
-a a 0 La(w, — ) I
Lu system 20
B={0 ¢ O T, = Lcw,
0
0 0 -b -1 3b(()3 30 50
0 0
mz/rad/s -50 -50 (»]/rad/s
Genesio-Tesi(a=1,b=1.1,c=0.45)
A = diag(0,0,0),C =0 I =1,=1,
Genesio-Tesi 0 1 0 I 10, Eﬂ
system B = 0 0 1 Td — 12 o, e
—a+o, -b -c ~L(aw, — & +bw, + cw,)
mz/rad/s R o, /rad/s
Rucklidge(a=2,b=6.7)
A = diag(0,0,0),C =0 I =1=1I, el
Rucklidge -—a b - I\ (-aw, + b, - 0,0;) Eﬂ 10
system B=|1 0 0 T, = Lo, °
0
2
0 6()2 _1 [3((02 _a)z) 10 0 0 10
-10
o, /rad/s -10-20 o /rad/s
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TABLE 1. (Continued.)Chaotic system characteristics and chaotic attractor.

Liu(a=10,b=40,c=2.5 k=1,h=4)
A = diag(0,0,0),C =0 L=1=1
-a a 0 La(w, — ) g
Liu system -
B=| b 0 —ko T, =|1,(bo -kow,) )
ho, 0 —c L(ho - co,)
(uz/rad/s -50 20 ml/rad/s
Rossler(a=0.2,b=0.2,c=5.7)
A = diag(0,0,0
« T) I =1,=1,
C=[0 0 b] .
Rossler 0 -1 -1 -1 (o +,) Em
3
system B=l1 a4 o T, = L(o +aw,)
L (w,0, —cwy)+ 1L,b
w, 0 -—c
©,/rad/s 20 -10 o /rad/s

3

3 3
o .
= IZ Isil leil +r Zsiei + = Z(ki — k*)k;
i=1 i=1 s i=1
3
—0 Y kileillsi|
i=1
3 3 o 3
=1 lIsilleil +7 Y _ siei — c > Kk
i=1 i=1 i=1

3
o .
e > kithi — ¢ leil Isil)

(18)
i=1
The adjustment law for k;(¢) is now chosen as
ki = ¢ leil Isi] (19)
This yields
3 3 3
V<1 lsillel + 1Y siei—ok* Y leil Isil
i=1 i=1 i=1
3 3 3
< 1Y lsillel +r ) lsilleil = ok* Y leil Isi]
i=1 i=1 i=1
3
=(+r—0ok) lsilleil <0 (20)

i=1
According to Lyapunov stability theory, the tracking error
system is asymptotically stable.

IV. NUMERICAL SIMULATIONS
To validate the effectiveness and feasibility of the proposed
adaptive variable structure tracking controller in this paper,
we take the Newton-Leipnik system for example, which is
shown below.

Choose the moment of inertia and external disturbance
torque acting on the spacecraft as

I =Iz=13=1kg-m2,

VOLUME 6, 2018

L(—aw; + wy + 10wrw3)
L(—w; — 0.4ws + Swiw3)
L(bws — Swian)

T, =

Then, the target system is

. —dad 1 0 d)] 106)26)3
o= -1 —-04 0 wy | +| Sw1d3 21
0 0 b @3 501w
The tracking system is
—a 1 0 w] 10wy w3
w=|-1 -04 0 wy |+ | Swjwz | +u
0 0 b w3 —Swiw2
(22)

Combining Eqgs.(21) and (22), the error system can be
obtained as

—a 1 0 el
-1 —-04 O e
0 0 b e3

10wrw3 — 103

e =

+ Swiwz — 5D103 +u (23)
501wy — Swiws
The sliding mode surface is chosen as s; = ¢ +

tre,'(l')d‘t(i = 1,2,3;r > 0), the adjustment law for k;(z)
0
is

ki = ¢ leilIs1]

ky = ¢ lea Isal (24)
ks = clesl Iss
The adaptive variable structure tracking controller is
up = —okj |er| sgn(s1)
uy = —ok; |ez| sgn(sz) (25)
uz = —oks |e3| sgn(s3)
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0 100 200 300

t/s

FIGURE 1. Response of the error e;.

0.4

0.2} 1

e 2/rad/ S

0 100 200 300
t/s

FIGURE 2. Response of the error e,.

0.4

0.2F 1

0 100 200 300
t/s

FIGURE 3. Response of the error e5.

The corresponding known parameters are chosen as
a=04>b = 0.175,r = 4,0 = 0052, ¢ = 5. The
initial states are kg = [0.4 0.2 O.Z]T, wo=1[030.10.177,

3856
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FIGURE 4. Response of the control input torque.
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FIGURE 5. Response of k(t).

and @y = [0.7 0.25 0.25]7. The unit of angular velocity
is rad/s. The simulation step is chosen as 0.001s, and the
corresponding simulation time is chosen as 300s.

The response of the closed-loop system can be seen in
Figs.1-5, from which we can see that the control objective
is achieved despite the presence of the external disturbances.
The error e will converge to zero as time increases, and
the control input torque will also converge to zero, which
indicates that the tracking system will achieve synchroniza-
tion with the target system. Generally, the variable structure
control method has control chattering problem, but it isn’t
obvious due to the small tracking errors in the stable phase.
It is also seen in Fig.5 that k;(t) increases during the transient
phase, but then converges to a constant value when the error
system is stable.

V. CONCLUSIONS

For the tracking control problem of spacecraft chaotic attitude
motion affected by external disturbances, this paper presents
a continuous globally stable tracking control algorithm which
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is based on adaptive control theory and variable structure
control theory. In the proposed controller, the integral sliding
surface is adopted, and a single vector is adjusted dynamically
in such a fashion that the angular velocity error will tend to
zero asymptotically. The stability proof is conducted via a
Lyapunov analysis of the spacecraft error dynamics. Numer-
ical simulations also illustrate the tracking performance of
spacecraft chaotic motion using the adaptive variable struc-
ture controller proposed in this paper.
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