Proc. of the Second Intl. Conf. on Advances in Automation and Robotics -- AAR 2013
Copyright © Institute of Research Engineers and Doctors. All rights reserved.

ISBN: 978-981-07-6261-2

Fuzzy Sliding Mode Control Design for
Synchronization of Chaotic System

Budiman Azzali Basir

Faculty of Engineering & Technology
Multimedia University

Abstract—This paper presents the studied of sliding mode
control for a class of chaotic system via Takagi Sugeno fuzzy
model approach. The method utilized the concept of state
feedback control and Lyapunov functional approach to
determine the condition of asymptotically stability. The condition
for asymptotically stability and the reaching condition are
presented in the forms of linear matrix inequalities (LMI), thus
the global asymptotically stability of fuzzy sliding mode control
via Takagi Sugeno fuzzy model approach for a class of chaotic
system is determined. An example is presented to shows the
feasibility and the functionality of the proposed method.
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. INTRODUCTION

In recent years, Takagi-Sugeno (TS) fuzzy model based
controller design have attracted and gained much success in
dealing with nonlinearity in system [1]-[3]. Furthermore the
stabilization issues in the early of Takagi-Sugeno (TS) fuzzy
model approached have been well studied and improved over
the years [4]-[15]. In addition, due to the bounded region of
the state space govern by the chaotic system has simplified the
works of representing the system by T-S fuzzy model.

Following the synchronization of two chaotic dynamical
systems by Pecora and Caroll [16], have created a humerous
attention in dealing with synchronization of chaos system. As
a result, a variety of control methods have been proposed [17]-
[19]. For instance, a few approach the designing parameter
need to use a high gains while other need to satisfies the
nonlinear terms using Lipschitz condition.

Research in variable structure control offers an alternative
method in dealing with system uncertainties. This statement
can be supported by the numbers of research over the last few
decades in sliding mode control (SMC) theory [20]-[23].
Furthermore the variable structure system can catered the
nonlinearity in system parameter with much affects. However
there is a setback in sliding mode control approach which is
the chattering issue. Many researchers have tried to alleviate
the chattering of control [24]. Therefore, we try to alleviate the
chattering in sliding mode control of chaotic system by
utilizing the fuzzy model based approach. In this paper, we
utilized the concept of state feedback and Lyapunov functional
approach to obtain a sufficient stability condition for designing
a robust sliding mode plane. Then the system stability issues
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are formulated into sets of Linear Matrix Inequalities (LMI). A
numerical example of a chaotic is simulated using the
proposed algorithms to show the effectiveness and the
feasibility of the controller.

This paper is organized as follows. Section Il presents the
Takagi Sugeno fuzzy model based of chaotic system. Section
111 presents the fuzzy sliding mode control design. Section 1V
presents the numerical example of the control approach with
the simulation results and analysis. Lastly, the conclusion is
briefed in the section V.

Il.  TAKAGI SUGENO FUzzY MODEL BASED OF CHAOTIC
SYSTEM.

The fuzzy model proposed by Takagi and Sugeno [1] is
described by IF-THEN rules, which represent the local linear
input output relations as the consequent parts. In order to
design a T-S fuzzy model based synchronization of chaotic
system, the chaotic system itself must be represented in T-S
fuzzy models.

Consider a general chaotic dynamical system as follows:
sx(t) = f(x(®) + g(x(Ou®) + € 1)

where sx(t) is x(t) in continuous time and x(t) and u(t) are
the state and input vector respectively, C is the constant vector
while f(+) and g(+) are the nonlinear function with appropriate
matrices dimensions. Therefore the T-S fuzzy model can be
represented as follows:

Model Rule i IF z(t) is M} and ... and z,(t) is M}

THEN x(t) = Aix(t) + Bau(t) + fi(x,t)  (2)

where i =1,2...,7. r is the number of IF-THEN rules and
x(t) € R™ is the state vector of the systems. u(t) e R™ and
y(t) € R7 is the input vector and the output vector of the
systems respectively. B; e R™™ and 4; € R™" are the system
input matrices and the systems matrices and respectively. A4;
represents the parameters uncertainties and f;(x, t) is bounded
external disturbance. M]-",j= 1,2..,p is denoted as the jit*
fuzzy set for the i*" rule and z(¢),..,z,(t) are the known
variables functions of state variables. w}(z) is denoted as the
membership function for ji* fuzzy set M} of i and w;(z(t) =
DM @@®)i=1,.r
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Let’s denotes the pair of x(t), u(t), as the fuzzy systems
output represented as [15]:

STy wi (O((Ax(©)+Bu®)+f,(xt)
2{:1 wi ®

x(t) =

z(t) is the premise vector for z(t) = z;,z, - z,
As the z(t) is regards as the combination of linear and state
vector, thus the weight function can be represented as:

h(2(8) = MEO_
((2(0) _wo

)

— 1’...’7'

4)

forall t.
w}(z;) denoted as the membership grade for z;(t) in M} from
(2), noting

— 1’...’7'

{ ih(z®) =1

Therefore the Takagi Sugeno fuzzy model is represents as:
#(6) = Ty b (8 (A x(©) + B u(®) + fi(x t) (5)
and the output of Takagi Sugeno fuzzy model is represents as:
y(&) = Xizg hi (8) C; x(2) (6)

The studied of derived sliding plane using Lyapunov
functional approach for SMC theory has been studied in [20].
Therefore we applied this concept of approach via Takagi
Sugeno fuzzy model for a class of nonlinear systems.

Fuzzy SLIDING MODE CONTROLLER DESIGN

Before proceeding, the following assumptions are needed.
Assumption 1: There exists K € R™*" for the pair (4;,B) is
potentially stabilize such that A; = A; - BK is stable.
Assumption 2: B, =B, =--=B,:=B and B is a full
column rank matrices.

Assumption 3: The external disturbances satisfying

filx,t) = Bfi(x,0), ()
I£.¢x. 0 < 8(0), ©)

The first step is to determine the plane for the sliding mode
in order to design the fuzzy sliding mode control Therefore we
choose the sliding plane to be:

S = BTPx(t) ©)

where P € R™ " is a determined positive definite matrices.

The main purpose of this section is to predetermine the
stability condition for the nonlinear Takagi Sugeno fuzzy
model in two parts. The first part is to derive an appropriate
sliding plane that guaranteed the trajectories of the systems at
any given initial states values can converge into sliding plane
within finite time. Second part is to determine the conditions
that is sufficient to achieve an asymptotically stability of the
control system.
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Theorem 1: Noting on the assumptions 1-4, the trajectories
for a class of nonlinear system at any given initial states, are
brought within the sliding plane within a finite time via Takagi
Sugeno fuzzy model with a given control as:

U(t) = Ueq + Uy (10)
where u,, is the equivalent control described as:
Upqg = —2iq hy (2())(BTPB) L [BTPA;x(D)] (11)

and u,, is the switching control described as:

Un = = Xiey hy (2()((B"PB)[IIBTPBI| - § + go]sgn(s)}  (12)
where &, is a small positive constant.

Proof: Consider the Lyapunov function

V =0.557S (13)

Thus derivative of the Lyapunov functional (13) along the
trajectory of the system (3) is:

V =5TS = STBTPx(t)
= Xt hi(z(6)) STBTP[Aix(8) + Biu(t)+£i(x, )]
Substituting (13) into the above equation, yields
V=31, h(z(t)) STBTP[A;x(t) + Bu(t)+f;(x,1)]
=21 hi(z(t)) [STBTPBfi(x,t) + STBT PBu,]
Considering (7)-(10) and (4), V can be expressed as
V < 3 hiGz@) ISTIIBTPB;|l - 8¢ (8)] + STBT Buy,
=¥ hi(2(D) &S sgn(S)
= &IS|l
<0

This proved that the trajectories of the system will
converge into sliding plane within a finite time. Therefore the
proof is completed.

The subsequent part is to derive a robust switching control
so that trajectories of the system will remains in the sliding
plane once in reached and maintaining the stability of the
system even in the presence of disturbance. Thus the
following is obtained.

Theorem 2: [4] The fuzzy model in (2) is said to be
asymptotically stable when there exist a common positive
definite matrix P which satisfies the following Lyapunov
inequalities:

GEP+PGE <0 (14)

GiitGiji T Gijt+Gji R R
(—’2’) P+P(—’2’)<O fori<j (15)
For each i,je{12.-r} except for pairs of

vt h;(z(t))h;(z(t)) # 0 where r is the number of if-then
rules.
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Using linear matrix inequalities (LMI’s) transformations
[3], vyields the exponential stability condition [7]. Then
transforms into LMIs term by multiplication of P~1. Denoting
X =P tand M; = F,X yields:

X AT+ AX —B;M;— Mf BT <0 (16)

X(AT+ AT) + (A + 4;)X — (B:M; + B;M;) — (B;M; + B;M; +)T <0

i=1-r

i<j<r 17)
IV.  NUMERICAL EXAMPLE
Consider the Rossler chaotic system given by:
%, (6) = —x;—x3
.x"z(t) = x1 - O.sz

The system is chaotic without control. This chaotic system
is constructed by linearized the nonlinear terms to a set of
operation point at phase plane in the form of T-S fuzzy model.
Therefore the T-S fuzzy model rules are obtained as follows:

Model Rule 1: IF x, is M, ,

THEN %(t) = Ayx(t) + B [u(t) + fi(x, t)]
Model Rule 2: IF x, is M, ,

THEN x(t) = Ayx(t) + By [u(t) + fo(x, t)]

where
0o -1 -1 0 -1 -1
Ai=11 02 01,4, =|1 0.2 0 ,
0 0 55 0 0 -—155
0
BlzBZZ 0 y
0.2

The chosen membership functions for x, (t) are as:

F, =l(1+x—1)

2 10.5
1
Fz = 5(1 - %)

By using LMI toolbox, solving the LMIs (14)-(17) there
exists a feasible solution with the symmetric positive definite P
as:

1.2879 0.6781 —0.4892
P =1 0.6781 0.8019 —0.2558
—0.4892 -0.2558 0.3005

Based on the two theorems presented, the given uncertain
nonlinear system is stably robust and therefore asymptotically
stability is guaranteed.

To alleviate the chattering control effect we substituted
sgn(S) with S/(||S|| + 0.1) as method in [24]. The simulation
results with given initial x(0) = [0.50.50.5]7 are shown in
Figure 1-3.
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Figure 1. System state synchronization under proposed
Fuzzy Sliding Mode Control.
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Figure 2. The proposed Fuzzy Sliding Mode Control.

-0.02

-0.04

O I S N R S N
o

Time (sec)
Figure 3. The sliding mode control of system.

V. CONCLUSION

In this paper we present the studied of fuzzy sliding mode
control for a class chaotic nonlinear system. The approach
design is conceptually simple thus reduce the conservatism and
computational efforts even to complex nonlinear system.
Furthermore, the analysis for system stability and controller
design approach is formulated into Linear Matrix Inequality
(LMI) terms. Finally, an illustrated example is used to show the
feasibility and effectiveness of this control scheme.
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