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ARTICLE INFO ABSTRACT

Keywords: This paper presents a discrete-time sliding mode control scheme for a class of master-slave
D{SC_rete-time (or drive-response) chaotic synchronization systems. The proposed scheme guarantees the
Sliding mode control stability of closed-loop system and achieves the global synchronization between the mas-
Chaotic synchronization ter and slave systems. The structure of slave system is simple and needs not be identical to

Master-slave system

. the master system. Moreover, the selection of switching surface and the existence of slid-
Drive-response system

ing mode have been addressed. Numerical simulations are given to validate the proposed
synchronization approach.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Chaotic behavior is an interesting phenomenon appearing nonlinear systems and has been received more and more atten-
tions in the last decades. A chaotic system is a highly complex dynamic nonlinear system. The prominent characteristic of a
chaotic system is its extreme sensitivity to initial conditions and the system’s parameters, and this makes the problem of
chaotic synchronization much more important. In the last few years, chaotic synchronization has applied in vast area of
physics and engineering systems such as in chemical reactions, power converter, biological systems, information processing,
especially in secure communication [1-3]. Many methods have been developed to realize the problem of the synchronization
of chaotic systems including state feedback method [1,2,4-10], the observer method [3,11-15] and output feedback method
[16]. However, these methods are developed in continuous-time system. To the best of the author’s knowledge, the problem
of synchronizing uncertain chaotic systems in discrete-time domain has not been fully investigated and is still open in the
literature. This has motivated our research.

On the other hand, using computers or DSP chips to implement the controller has become more and more important now-
adays. Therefore, research in discrete-time control has been intensified in recent years, and it is quite natural to extend the
technique of continuous control to discrete-time systems. Sliding mode control (SMC) is a nonlinear control approach. The
continuous-time SMC is known as a robust method and has attractive features such as fast response, good transient perfor-
mance, insensitiveness to the matching parameter uncertainties and external disturbances [17,18]. Over the past few years,
it has been widely applied to many practical control systems. Several design methods of discrete-time SMC have been pro-
posed in the literature [19-23].

In this paper, a discrete-time SMC scheme is developed to control the synchronization of a class of uncertain chaotic sys-
tems in the master-slave (or drive-response) framework. The proposed scheme has the following attractive features: (1) the
control design is rather straightforward and ensures the synchronization of the master-slave chaotic systems, (2) the struc-
ture of slave system is simple and needs not be identical to the master system, (3) the discrete-time SMC needs not a switch-
ing type of control law. Chattering phenomenon and reaching phase are eliminated, (4) the control strategy can be easily
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applied to other dimensional chaotic synchronization problems. The organization of this paper is as follows. Section 2 briefly
states the master-slave chaotic synchronization systems. Section 3 provides the proposed discrete-time SMC scheme. Sec-
tion 4 presents results from numerical simulations. Finally, a conclusion is provided in Section 5.

2. System description and problem formulation

Consider a class of chaotic systems described by
X(t) = Ax(t) + Bg(x, 1), (M

where x(t) € R" is the state vector, g(-) € R" represents the nonlinear function vector that may include unknown parameter
perturbations and external disturbances. The constant matrices A and B are known constant matrices of appropriate
dimensions.

Remark 1. It should be noted that chaotic system (1) is quite popular and has been used in many studies in the literature,
such as Lorenz system [4,6,24], Chen chaotic dynamical system [5], Duffing—-Holmes system [7], Chua’s circuit [8], and Chen-
Lee system [25].

The discrete-time representation of system (1) with sample and hold process is given by

x(k+1) = ox(k) + Tg(k), (2)

where the sampling time is T, ® = eAT and I = jOT e’ dtB [22]. The main objective of this paper is to find a discrete-time slid-
ing mode controller to synchronize the discrete-time chaotic system (2) in the master-slave (or drive-response) framework.
To facilitate further development, we make the following assumptions:

Assumption 1. The pair (®,T") is controllable.

Assumption 2. The sampling interval T is assumed to be sufficiently small such that the nonlinear function g(k) does not
vary too much between consecutive sampling instances. Also, there exists a positive constants p such that

lig(k)]| < p < oo 3)
In this paper, for the general class of discrete-time chaotic system (2), the master and slave systems are respectively de-
fined as follows:
Xm(k+ 1) = Oxp (k) + Tg(k), 4)
and
Xs(k+1) = Ox,(k) + T'u(k), (5)

where x,, (k) € R" and x;(k) € R" are the master system'’s state vector and slave system’s state vector, respectively, u(k) € R is
the control input vector, and ||g(k)|| < p < oo.
Let us define the synchronization error e(k) vector as

e(k) = Xm(k) — xs(k). (6)
The dynamics of synchronization error between the master and slave systems given in (4) and (5) can be described by
e(k+1) = ®e(k) + I'g(k) — Tu(k). (7)

It is clear that the synchronization problem is replaced by the equivalent problem of stabilizing the synchronization error
system (7) using a suitable choice of the control law u(k). In the sequel, using the proposed discrete-time SMC scheme, the
asymptotical stability of synchronization error system (7) can be achieved in the sense that ||le(k)|| — 0 as k — oo.

Remark 2. The sliding mode characteristics of discrete-time SMC systems are different from those of continuous-time SMC

systems. It is noted that the motion of a discrete-time SMC system can approach the switching surface but cannot stay on it
in practice. Thus, only the quasi-sliding mode is ensured [19-21].

3. Switching surface and discrete-time sliding mode controller design

In this paper, the switching function is defined as follows:

s(k) = Ge(k) — Gexp(—pk)e(0) — &(k), B> 0, (8a)

e(k) = e(k — 1) + G(® + TK)e(k — 1), £(0) =0, (8b)
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where G € R™" is chosen such that GT is nonsingular, K € R™" is designed later such that the synchronization error system
(7) in the quasi-sliding mode is asymptotically stable, and the exponential term Gexp(—pk)e(0) is used to eliminate the
reaching phase.

Using the concept of equivalent control, the equivalent control uq(k) can be found by solving for s(k) = s(k+1) =0

Ueg(k) = —Ke(k) — (GI')'Gexp(—f(k + 1))e(0) + (GT') "' GI'g(k) — (GT)'&(k) (9)
or
Ueq (k) = —Ke(k) — (GT')'Ge(k) + (GT") ' GI'g(k) + M(k) (10)

where GI is assumed to be nonsingular and M(k) = (GI') ' Glexp(— k) — exp(—B(k + 1))]e(0).
Substituting (10) into (7), the dynamic equation of synchronization error system (7) in the quasi-sliding mode can be ob-
tained as

e(k+1) = [®+ (GG + TK)le(k) — TM(k). (11)

Neglecting the exponential term ['M(k), it is noted that the synchronization error system (7) in the quasi-sliding mode is
insensitive to the nonlinear function. In other words, the controlled system is robust. Eq. (11) can be considered as a linear
state feedback problem. The gain matrix K can be designed by using the pole placement method.

Remark 3. It is noted that the exponential term I'M(k) in (11) will decay to zero as k — oo, hence it will not affect the
stability of synchronization error system (7) in the quasi-sliding mode.

After designing the switching surface, the next phase is to design the control law such that the quasi-sliding mode is
reached and stayed thereafter. Before designing the controllers, we first give a lemma proposed by [20].

Lemma 1 (/20]). A necessary and sufficient condition for a discrete sliding mode control system to assure both sliding motion and
convergence onto the hyperplane is

lIsCk+ 1) < [Is(k)II- (12)
Condition (12) can be further decomposed into the following two inequalities:

sT(k)[s(k+ 1) —s(k)] <0, (13)

sT(k)[s(k 4+ 1) +s(k)] > 0, (14)

where (13) and (14) are called sliding condition and convergence condition, respectively.
For the synchronization error system (7), we consider the control law as

u(k) = —Ke(k) — (GT)"'Gexp(—B(k + 1))e(0) + (GI)'Gf (k — 1) — (GT) ' &(k) + (GT') " ys(k), (15)
where the nonlinear function f(k) is defined as f(k) 2 I'g(k) which can be estimated through the following relation
flk—1)=e(k) — De(k — 1)+ Tu(k — 1), (16)

and y is a designed parameter.

Theorem 1. Consider the synchronization error system (7) with the proposed control law (15) and the switching function (9). If
there exist the matrices G and K such that ® + I'(GI')™'G + I'K is stable, then

(a) the quasi-sliding mode condition ||s(k + 1)|| < ||s(k)|| will be satisfied outside the region B, where the region B is defined as
Q= {s() : Is)l| < max-1r |34 18]} and G (k) — f(k— 1)) < (k)

(b) the closed-loop system of synchronization error system (7) with the control law (15) is asymptotically stable.

Proof. First, we prove that the condition ||s(k + 1)|| < ||s(k)|| is satisfied. For this, the proof includes two parts. O

Part I (Sliding condition). From (7), (8) and (15), the difference between s(k + 1) and s(k) can be expressed as

s(k+ 1) —s(k) = G[f (k) — f(k — 1)] — (1 +7)s(k). (17)
Pre-multiplying (17) by s' (k)

sT()[s(k +1) = s(k)] = (1 + )lIs(k)[* + 5" (R)GIf (k) — f(k = 1)] < =1+ )lIs(k)[[* + [Is(R)I[GIf (k) — f(k = D]

< =(1+llsol [Hs(kﬂl - (106%)}
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If ||s(k)|| = (‘]“% and (1+7) > 0, then s”(k)[s(k + 1) — s(k)] < O, which implies the sliding condition is achieved.

Part II (Convergence condition). From (7), (8) and (15), the sum between s(k + 1) and s(k) can be expressed as

stk+ 1) +s(k) =G[f (k) — f(k—1)]+ (1 —7p)s(k). (18)
Pre-multiplying (18) by s”(k)

STUIs(k + 1) + (k)] = (1= )lIstR)> + 5T (R)GIF(k) — f(k — 1)) > (1= p)l[s()l> — [[sCkx(k)

> (1= lsl s - 7]

If ||s(k)|| = 2% and (1 —7y) > 0, then s7(k)[s(k + 1) + s(k)] > 0, which implies that the convergence condition is achieved.

T-7)
: X X
From Part I, Part II, and Lemma 1, if ||s(k)|| > max,1<,<1{ W,

}, it concludes ||s(k + 1)|| < ||s(k)||, which indicates that

switching function s(k) is decreasing outside Q5. Once the quasi-sliding mode condition ||s(k + 1)|| < ||s(k)|| is satisfied, the
synchronization error system state trajectories will approach the switching surface in finite time. Next, it is clear to show
that the error states e(k) in the quasi-sliding mode are asymptotically stable if there exist the matrices G and K such that

® + I'(GI')"'G + I'K is stable. Hence, the closed-loop system is stable. The proof is completed.

Lemma 2. If the control law (15) is proposed for the synchronization error system (7), then the least upper bound of ||s(k)|| is equal
to a(k).

Proof. From Theorem 1, it is shown that the quasi-sliding mode condition ||s(k + 1)|| < ||s(k)|| will be satisfied outside Qg if

ak) o)

the control law (15) is used. Since max,km{ﬁ,, m’} > a(k), it can be found that the least upper bound of

min_;,1||s(k)|| = min{ max {f%"j, ?(—fj }} = o(k). The proof is completed. O
—l<y<

Remark 4. In general, it is usually desired to have a minimum bound of Q; in order to increase the accuracy of control if the
nonlinear function f (k) exists. From Lemma 2, if y = 0, the minimum bound of Q3 will be obtained. Hence, we select y = 0 for
the rest of this paper and the control law (15) is modified to be

u(k) = —Ke(k) — (GI') ' Gexp(—p(k + 1))e(0) + (GI") 'Gf (k — 1) — (GI") "&(k), (19)

where u(0) = —Ke(0) — (GI')"'Gexp(—B)e(0).

It is noted from (19) that there is no switching action in the proposed controllers, which means that chattering phenom-
enon will never happen. Also, the other advantage of (19) is that the upper bound of nonlinear function f (k) needs not to be
known beforehand when the controller is implemented. Hence, it will increase the applicability of the proposed control
scheme.

Theorem 2. Consider the master system (4) with Assumptions 1 and 2. If the switching function (8) and the control law (19) are
used, and there exist the matrices G and K such that ® + F(GF)’lG+FK is stable, then the slave system (5) can globally
synchronize the master system (4).

Proof. From Theorem 1, it is clear to show that the proposed control law (19) guarantees the quasi-sliding mode condition
[Istk + 1)]] < [|s(k)|| is satisfied, and the error states e(k) in the quasi-sliding mode are asymptotically stable if there exist the
matrices G and K such that ® + ['(GI') "' G + I'K is stable. Therefore, the slave system (5) can globally synchronize the master
system (4). The proof is completed. O

4. Illustrative examples

To demonstrate the effectiveness of the proposed synchronization scheme, simulations results of three-dimensional Lor-
enz system and Chen-Lee system are given in this section.

Example 1 (Lorenz system). The dynamics of Lorenz system [24] can be transformed into the form of system (1) as

X1 -a a O X1 0
X | = C -1 0 x|+11 0 |:

*X1X3:|
).(3 0 0 —b X3 0 1

20
1%, (20)
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where the variables x1, X, and x; in (20) represent measures of fluid velocity and horizontal and vertical temperature vari-
ations, respectively, and the parameters a, b, and c are positive parameters representing the Prandtl number, a geometric

factor, and the Rayleigh number, respectively. The dynamics of discrete-time chaotic Lorenz systems with sample time
T=0.001s,a=10, b =35 and c = 28 are given by

0990 0010 0 0 0 N
Xm(k+1) = Dxm(k) + Tg(k) = | 0.028 0999 0 |xu(k)+ |0.001 0 { ””]i) " ] 21)
0 0 0997 0 0001 | XmKxna(k)
40

-40 -20 0 20 40 -20 -10 0 10 20
Fig. 1. The chaotic attractor of Lorenz system.

20

xm1
o

xm2

xm3

Time (sec)

Fig. 2. The chaotic motions of Lorenz system (the mater system).
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The chaotic figures of Lorenz system (21) are shown in Fig. 1 and display a 2-scroll chaotic attractor. For the master system
(21), the dynamics of the slave system is given by

0.990 0010 O 0 0
Xs(k +1) = Ox,(k) + Tu(k) = [0.028 0999 0 |x,(k)+|0001 0 |u(k). (22)
0 0 0997 0 0001

el
o

0 0.5 1 1.5 2 2.5 3
O T T T
~ 2 i
[}
4l i
1 1 1 1 1
0 0.5 1 15 2 2.5 3
10

e3
o (6]
r/—,

-5 | 1 |
0 0.5 1 1.5 2 2.5 3

Time (sec)

Fig. 3. Synchronization errors between master and slave systems.

40
20
R NI
-20
“%0 40
20 20
15 15
X 10 2 10
5 5
940 -20 0 20 40 E)40 -20 0 20 40
x2 x1

Fig. 4. The chaotic attractor of Chen-Lee system.
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0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Fig. 5. The chaotic motions of Chen-Lee system (the mater system).

el

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

e2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

e3

1 | | | | | | | | |
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time (sec)

Fig. 6. Synchronization errors between master and slave systems (Pai’s method).

The initial states of the master system (21) and the slave system (22) are x,(0)=[2 3.5 18.4]" and

xs(0)=[—1 102 8.3]", respectively. Using the proposed method, the constant matrices G and K in the switching function
. . 010 —-334 -994.6 0 . . .
(8) are designed, respectively as G = {0 0 1 } K= [ 0 0 10027 such that GI" is nonsingular and eigen-

values of ® + I'(GI')"'G + I'K are located at [0.996 0.997 0.998]. The parameter § in controller (19) is selected as 0.1.
The simulation results are shown in Figs. 2 and 3. Fig. 2 shows chaotic motions (or state trajectories) of the master system.
Fig. 3 depicts the synchronization error of state variables between the master system (21) and the slave system (22). It is
clearly shown that the error states converge to zero asymptotically.
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e3

0 L L L L L L L L
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (sec)

Fig. 7. Synchronization errors between master and slave systems (Chen’s method [6]).

Example 2 (Chen-Lee system). The dynamics of Chen-Lee system [25] can be represented as

)-(] aq 0 0 X1 1 0O —X2X3
=10 by O||x|[+]0 1 0 X1X3 |, (23)
X3 0 0 ¢ X3 0 0 1 %X]Xz
Where x;,x, and x3 in (23) are the state variables and ay, by, ¢; are three system parameters. The dynamics of discrete-time
chaotic Chen-Lee systems with sample time T = 0.001 second, a; = 5, b; = —10, and ¢; = —3.8 are given by
1.005 0 0 0.001 0 0 —Xm2 (K)Xm3 (k)
Xm(k+1) =®xp(k)+Tgk)=] 0 0990 0 |[x,(k)+| 0O 0.001 0 Xm1 (K)xm3 (k) |. (24)
0 0 0.996 0 0 0.001 | | 1xm1 (k)xm2 (k)

The chaotic figures of Chen-Lee systems (24) are shown in Fig. 4 and display a 2-scroll chaotic attractor. For the master sys-
tem (24), the dynamics of the slave system is given by

1.005 0 0 0001 © 0
Xs(k+1)=®x;(k) + Tu(k)=| 0 0990 0 |x(k+| 0 0001 0 |uCk). (25)
0 0 0996 0 0 0.001

The initial states of the master system (24) and the slave system (25) are x,(0) =[2 2 2]" and x,(0) =[0.2 02 0.2],
respectively. Using the proposed method, the constant matrices G and K in the switching function (8) are designed, respec-
tively as

1 00 —-1007.5 0 0
G=|0 1 0|, K= 0 -997.0 0 ,
0 01 0 0 -999.1

such that GI” is nonsingular and eigenvalues of ® + I'(GI") G + I'K are located at [0.995 0.998 0.999]. The parameter §in
controller (19) is selected as 0.1. The simulation results are shown in Figs. 5 and 6. Fig. 5 shows chaotic motions (or state
trajectories) of the master system. Fig. 6 shows the synchronization error of state variables between the master system
(24) and the slave system (25). It can be seen that the synchronization of the two systems is completed after 1.3 s.

In the following, we will make a comparison between the proposed method and the method by [6]. In this method, the
structure of slave system needs be identical to the master system. Following the design procedure in [6], the synchronization
errors are shown in Fig. 7. From Figs. 6 and 7, it is clearly shown that the proposed method provides faster response and
better synchronization performance than the Chen’s method. Furthermore, one of advantages in the proposed method is that
the structure of slave system is simple and needs not be identical to the master system, which is more general and flexible
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for the synchronization problem for a class of uncertain chaotic systems. Therefore, our strategy outperforms the method
proposed in [6]. From these results, we can see that the proposed scheme yields good synchronization for uncertain chaotic
systems.

5. Conclusions

In this paper, a discrete-time SMC scheme has been proposed for synchronization of a class of chaotic systems. It has been
shown that the proposed control scheme ensures the stability of synchronization error dynamics, and provides good chaotic
synchronization between the master and slave systems. The control design is rather straightforward and easy to implement
for chaotic synchronization. The discrete-time SMC needs not a switching type of control law. Chattering phenomenon and
reaching phase are eliminated. Moreover, the control strategy can be easily applied to other dimensional chaotic synchro-
nization problems. Numerical simulation has confirmed the validity of the proposed synchronization scheme.
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