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Abstract This paper is concerned with the problem of
sampled-data control for master—slave synchronization
of chaotic Lur’e systems with time delay. The sampling
periods are assumed to be arbitrary but bounded. A
new Lyapunov functional is constructed, in which the
information on the nonlinear function and the actual
sampling pattern have been taken fully into account.
By employing the Lyapunov functional and a tighter
bound technique to estimate the derivative of the Lya-
punov functional, a less conservative exponential syn-
chronization criterion is established by analyzing the
corresponding synchronization error systems. Further-
more, the derived condition is employed to design a
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sampled-data controller. The desired controller gain
matrix can be obtained by means of the linear matrix
inequality approach. Simulations are provided to show
the effectiveness and the advantages of the proposed
approach.
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1 Introduction

The problem of master—slave synchronization for
chaotic systems has arisen a great attention since the
master—slave concept has been proposed for achiev-
ing the synchronization of coupled chaotic systems
in [1-4]. This stems from its potential applications
in secure communication, image processing, biologi-
cal systems, chemical reaction, and information sci-
ence (see e.g., [5-7]). It has been shown that many
nonlinear systems can be represented in the form of
Lur’e systems [8—10]. Thus, the problem of master—
slave synchronization of chaotic Lur’e systems has
been widely studied, and many important results have
been proposed. For example, the robust synthesis prob-
lem of master—slave synchronization has been inves-
tigated for Lur’e systems in [11]. In [12], the prob-
lem of master—slave synchronization has been stud-
ied for Lur’e systems via a time delay feedback con-
trol. By employing the free-weighting matrix approach,
some improved delay-dependent synchronization cri-
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teria have been obtained in [13] and [14]. In [15],
the problem of designing time-varying delay feed-
back controllers for master—slave synchronization of
Lur’e systems has been investigated based on Lyapunov
functional approach, and some LMI-based synchro-
nization criteria have been obtained for two cases
of time-varying delays. These results were extended
to the fault-tolerant master—slave synchronization of
Lur’e systems in [16]. The master—slave synchroniza-
tion problem has been investigated for Lur’e systems
via delayed PD controller in [17].

It is well known that time delays exist in many
physical processes, such as nuclear reactors, chemi-
cal processes, and biological systems, and may lead
to instability or significantly deteriorate the perfor-
mance of the systems. Thus, a great attention has also
been paid to the synchronization of chaotic Lur’e sys-
tems with time delays. For example, in [18], an adap-
tive approach has been proposed for the master—slave
synchronization of chaotic Lur’e systems with time-
varying delays based on the invariant principle of func-
tional differential equations. The master—slave syn-
chronization problem has been investigated for coupled
time delay Lur’e systems with parameter mismatch in
[19], where a general methodology has been proposed
to derive some delay-dependent quasi-synchronization
conditions.

Also, sampled-data control systems have received
much attention during the last decades due to the fact
that modern control systems usually employ digital
controllers instead of the traditional controllers imple-
mented by analog circuits [20-24]. The approach pro-
posed in [25], which requires multiple steps to syn-
chronize chaos, is too difficult to application. Based
on the input delay approach proposed in [20], the
sampled-data control was employed to investigate for
master—slave synchronization of chaotic Lur’e systems
in [26], where sufficient conditions have been derived
for global asymptotic synchronization of chaotic Lur’e
systems. Nevertheless, in [26], the enlargement of the
integral term and the neglect of some useful informa-
tion lead to conservativeness of the derived results. The
information that the change rate of the time-varying
delay transformed by sampling instants is equal to 1
was firstly taken into account in [27], but the discon-
tinuous characteristic of delay at the sampling instant
was ignored. In [28,29,32], some improved results
have been obtained by constructing a class of piece-
wise Lyapunov functionals. In [31], the synchroniza-
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tion problem was investigated for chaotic Lur’e sys-
tems with quantized sampled-data controller, and a
new controller design method was obtained. All of
the above literatures are focused on delay-free chaotic
Lur’e systems. For chaotic Lur’e systems with time
delay, the master—slave synchronization problem has
been investigated based on sampled-data control, and
some exponential synchronization criteria were derived
in [30]. However, the information on nonlinear func-
tion have not been taken into account in the construc-
tion of Lyapunov functional in [30]. Also, there are
some enlargements in evaluating the derivative of Lya-
punov functional. Therefore, the results given in [30]
are conservative, which motivates the study of this
paper.

This paper revisits the problem of sampled-data con-
trol for master—slave synchronization of chaotic Lur’e
systems with time delay. A new Lyapunov functional
is constructed for the corresponding synchronization
error systems, in which the information on the nonlin-
ear function and the actual sampling pattern has been
taken fully into account. A tight bound technique is
proposed to estimate the derivative of the Lyapunov
functional, which yields a less conservative exponen-
tial synchronization criterion. The derived condition
is employed to design a sampled-data controller, and
the desired controller gain matrix can be obtained by
means of the linear matrix inequality approach. The
Chua’s circuit is applied to verify the effectiveness of
the proposed approach.

Notation: Throughout this paper, the superscripts 7
and —1 mean the transpose and the inverse of a matrix,
respectively; R” denotes the n-dimensional Euclid-
ean space; R™* is the set of all n x m real matri-
ces; || - || refers to the Euclidean vector norm or the
induced matrix 2-norm; P > 0 (>0) means that P is
a real symmetric and positive-definite (semi-positive-
definite) matrix; / stands for an appropriately dimen-
sioned identity matrix; diag{---} denotes a block-
diagonal matrix; and the symmetric terms in a sym-
metric matrix are denoted by . Matrices, if not explic-
itly stated, are assumed to have compatible dimen-
sions.

2 System description

Consider the master—slave synchronization scheme as
follow:
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. [ %(t) = Ax(t) + Bx(t — d) + Wo(Dx(1))

p(t) = Cx(1)
| 20 = Az()+ Bzt —d)+ Wo(Dz(0) +u()

' [q(t) = Cz(1)
Cru()=K(pt) —qt), tx <1 < tgyi (D

which comprises master system M, slave system S,
and controller C. M and S with u(r) = 0 are identi-
cal chaotic Lur’e systems with time delay, where x (¢),
z(t) € R are state vectors and p(1), ¢(t) € R are
outputs of subsystems. u(t) € R” is the control input
of the slave system; A € R"*" B € R"™", C e R>*",
D € R™*" and W e R"™" are known constant
matrices; K € R"* is the sampled-data controller to
be designed later; d > O represents the time delay;
¢(-) : R™ — R™ is a diagonal nonlinearity with ¢; (-)
belonging to sector [0, f;]fori =1,2,...,np.

For sampled-data control, only discrete measure-
ments of p(¢) and ¢(¢) can be utilized for synchroniza-
tion purposes, i.e., we only get the measurements p ()
and ¢ (#) at the sampling instant #;. It is assumed that
the control signal is generated by using a zero-order
hold with a sequence of hold times 0 < 7y < #; <
< limg_, 4o tx = +00. The sampling
periods are arbitrary but bounded, i.e.,

Iyl — e =he < h ()

for all k > 0, where i > 0 is the upper bound of the
sampling periods.

Defining r(t) = x(t) — z(¢) yields the following
synchronization error system:

F(t) = Ar(t) + Br(t —d) + Wn(Dr(t)) — KCr(t),
e <t < fryl 3)

where n(Dr (1)) = (D(r(t) + z(1))) — ¢(Dz(1)).
Since ¢; (-) belongs to sector [0, f;], it can be derived

that foranyi =1,2,...,np, and Vr, z,
ni@dlr)  @idI(r+2)—@i(dr) T
0< 1 — 1 1 < | d r 0
dl.Tr dl.Tr fiv dir #
“4)

where dl.T denotes the ith row vector of D.

It is easily obtained from (4) that for any i =
1,2,...,n,,and Vr,

m(dlr) [m@'n) - fidlr] <o. )

Next, we present the following definition and lem-
mas, which will be used to derive our main result.

Definition 1 The master system M and the slave sys-
tem S in (1) are said to be exponentially synchronous
if the synchronization error system (3) is exponentially
stable, that is, there exist two constants « > 0 and
B > 0 such that

lIr1 < Be™* [Irolle, Yt =0 (6)

where [|r/||c = sup_g<g<olllr + Ol 17 + O)][}.

Lemma 1 [33] For R > 0, and a vector function x :
[, B] = R" such that the integrations concerned are
well defined, the following inequality holds:

B T 8
(/ x(s)ds) R/ x(s)ds

B
<B-w / x(5)TRx(s)ds ™

Lemma 2 Fora scalar T > 0, matrices R > 0and Y,
the following inequality holds:

1

“R>Y+YT—YTR Y (8)
T

Proof 1t is noted that

1 T p—1

—(R—tY) R (R—1Y)>0, ©)
T

then, it is easy to obtain from (9) that

1

—R—Y—-YT4+YTR7ly >0. (10)
T

Rearranging the terms in (10), we can get (8) and this
completes the proof. O

Lemma 3 [30] Consider the synchronization error
system (3). Then the following inequality holds:

173
||r<z)||2<91||r(rk)||2+92/||r(a)||2da, <t <tiy
tr—d

1)

@ Springer



854

H.-B. Zeng et al.

where

01 = 5(1 4+ | K C|[2h2)eSUAIPHIWIPIFDIP+|BI*)h?
0, = 5||B|[2heSUIAIPHIWIPIFDIP+|BI?)A?

F =diag{fi1, f2, ... fu,}

Our goal in this paper is to design a sampled-data
controller C in (1) such that the master system M and
the slave system S in (1) are exponentially synchro-
nous.

3 Main results

In this section, we shall present the result of the
master—slave synchronization for chaotic Lur’e sys-
tem (1). Firstly, we discuss system (1) with a given
controller gain. In this case, the following criterion is
obtained.

Theorem 1 Given a scalar a > 0, the master system
M and the slave system S in (1) are exponentially
synchronous if there exist matrices P > 0, Q > 0, Z >

Ri R
0,U >0, [ *1 RZ} >0, X1, X2, X3, X4, X5, Gy, G,
3

G3, Y, N = [Ni N2 N3 N4|, H = [H| Hy H3 H],
and diagonal matrices A > 0, V| > _O, and Vo > 0
such that (12) and (13) is feasible for h = 0, h

where
—2ad

€
Ei1=2aP+ QX —X] - Z+ H + Hf

+G1A+ATG] +2aD"FAD — hNy — hN{,
Ein=P+Hy— G +A"G) + DTFAD — hN,,
Ei3=X1— X2+ Hs— H
—G1KC + ATGY — hN3 — hNT,
— X3+ Hy+2N{ — hN,

14 =
e—2ad
Hle = Z + G B,
Ey» =dZ — Gy — G},
8y = —H, —G,KC — G} —hNj,
8y =X+ X3 — Hy— H] — G3KC — C'K'G}
—e 2"hRy — hN3 — hNJ,
Eiy = —X4 — e—2ahR"2F — Hy + 2]\/‘—;r — //_lN4,
Eu = —Xs— Xa —e (¥ +YT) +2Ns +2N],
ovd e—2ad
B = —e Y40 — Z,
66 0 p
11 = 2ah(X1 + X]) + hX3 +hX3 +hR,
+hNy + hNY,

O1p = E(Xl + X;r) +}_1N2,

Ein+011 En+0n E3+013 Eut+0u GIW+ DYFV, Ei6
* 82 +hU By + O3 hX3+2N] —AD+ GoW GB
7 * * E33+ 033 E34 + O3 G3W G3B
Eih) = * * * E44 + Oug 0 0 <0 (12)
* * * * =2V 0
L * * * * * o6
(Z11 B2 E13 Ea G1W+DTFV2 Ele \/ZH{F }_IN/ZNIF 0 T
% G 523 2N] —AD+G2W G2B ~hHY VNI 0
*x % H33 Eag G3W G3B \/ZH; E\/ZN; 0
_ * % % Gu 0 0 iH] AVRN]  VRYT
B =1 &« &« % « -2V, 0 0 0 0 <0 (13)
* k% % * E66 0 0 0
* % % % * x —e 20hy 0 0
* % ok % * * * —3e2¢hy 0
BN * * * * —e2ah R, |
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O13 = 20h(—X1+X2) +hX; + hRy + hN3 + hN],
O14 = 2ah X3 + (X5 + X3) + hNq,
Oy = h(—=X1 + X2) + hN;,
O3 = 20h (—X2 — XTI )
+hR3 +e "Ry + h N3 + hNT,
O34 = 20(le4 + }_1N4,
Ou4 = 20h (X5 + X1).

Proof Choose the following Lyapunov functional can-
didate for the synchronization error system (3):

7
V()= D Vi), t € ik, try1) (14)

i=1
where

Vi(t) = > r()T Pr(r),
t

Vo(t) = / 2 r ()T Or(s) ds,

t—d

0 1t
Va(t) = / / 25 ()T Z7(s) ds d6,
—d t+6

T
d;ir

np
Va(t) = 2 > % / (fis = ni()ds,
0

i=1

t
Vs(t) = (tep1 — 1) / e (s)TUF(s5) ds,
Ik

’ 71"

ris
¥ = =0 |0
173

Ri Ry || r(s)
<[ )] o

ray 7"
Vi(t) = (trg1 — )™ tr(tk) X

[r(s)ds
1

r(t)

r(tr)

t )

[ r(s)ds

k

and

. Xi+ X -Xi1+X2 X3
* * X5+Xg

It is noted that V5(t), Vg(¢), and V7(¢) vanish before
ty and after 1, i.e., lim;_,; V() = V (%), then it can
be obtained that V (¢) is a continuous function in time.
Calculating the derivative of V (¢) along the trajectories
of system (3) yields

Vi(t) = 22 r ()T PF(t) + 20e?* r ()T Pr(r), (15)

Va(t) = 2 r(n)T Or(t) — e®e %t —d)TQ
x r(t —d), (16)

t
V3(t) = de’*' (1)  Zi (1) — / 25 ()T ZF(s) ds
t—d
t

<de® i) Zi (1) — 2 / e 2Tz
t—d
x i(s) ds, a7

Va(t) = 2e** (r(t)TDTF — n(Dr (1)) ") ADF (1)
d;rr

np
+ 4! ZA,- /(ﬁs —1ni(s))ds
0

i=1
<282 (r()"DTF — n(Dr(1) ") ADF (1)

+20e®r ()" DTFADr (1), (18)

t
Vs(t) = (1 — D™+ ()T U (1) — / e (s)T
Tk

Ur(s)ds

< (i1 — DX ) TUF (1)
t

_ezaz/e—zahr-(s)TUr‘(s)ds, (19)

Tk
/ )] R R [r(s)
. . 2as | T(S 1 ris
Vo (1) = /e [r(tk)] [* R3] [V(lk)] &
Tk
T
st [ 7(0) Ry Ry|[r(®)
+ (tky1 — D)€ t[r(tk)] [* Rs] [V(’k)]

@ Springer
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t
T
2a —2an | 7(5) Ri Ry || r(s)
s t/e [r(zk)] [* R3] [r(rw} ds
143
vt [rO T R R [r(0)
+ (B —0)e t[r(m} [* R3] [r(zk)]
t
= —ez""/e_z"‘hr(s)Ter(s) ds

/3
t

—2e*r () Te " R] / r(s)ds
1
— (0 — 1) (i) e Ryr ()

T
+ (tk+] _ t)ezott |:r(t)i| |:Rl RZ] [F(l)] , (20)

r(tk) * R3 r(tk)
o 1o
Vo(t) = — e t’(tk) 3 rr(tk)
fr(s) ds fr(s) ds
k k
o 1o
+ 20 (tg+1 — t)62ar . r(ty) 3 t r (i)
[rids| | [r(sds
k k
T
r(t) _
7 (t)
+2(t1 — )™ |, r (1) o
fr(S) dS _r(t)
Ltk
o 1o
< — 2 r(ty) B r(te)
[rds| | [r(s)ds
k _ " )
SONN RO
+ 20 (ts1 — 1) tr(tk) 5 tr(tk)
f"(s)ds f’"(s)ds
k k

+ 2(tk g1 — DX PO T (X1 + XDF(2)

+ 2t — DX r ()T (= X1 + X2) T (1)
t

+ 2(tpg1 — t)ez"”/r(s)T dsX17(r)

1
+ 2tk — D™ r ()T X531 (1)
+ 2(trs1 — X P (1) T X ar (1)

t

+ 2(tgg1 — 1) / r(s)Tds(Xs + XDr(r),

Tk

2y

@ Springer

where F = diag{f1, f>, -, fu,}- o

Applying Lemmas 1 and 2, we have

t
— / e 2% ()T Zi(s) ds

t—d

T e—2ad e—2ad
< r(t) —TZ TZ r(t)
RG] =zt

(22)

and

t

—/e_zahr(s)Ter(s) ds <

73

t t
e—Zah
T
—/r(s) ds R]/r(s)ds
t— 1

Ik Ik
t

Le 2ok / r(s)Tds(=2Y + (r — tk)(YTRl_ly))

Tk
t

X /r(s) ds. (23)

73

Applying (22) and (23) to (18) and (20), respectively,
we can get

Va(t) < de*™ i ()T Zi (1)

T —2ad —2ad
200t r(t) -7 ¢ Z
+e |:r (t — d)i| |: i . e{zlad Z:|
r(t)
x |:r(t - d)} 24

and

t
Ve(t) < 2 / r(s)T dse 2" (—2y

Tk

t
+ (- tk)(YTR;‘Y))/r(s)ds
173

t
— 26X () Te 2" RT / r(s)ds

173
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— &2 (t — 1)r (1) Te 72 Rar (1)

T
at [ 7 () R Ry r(t)
+ (te1 — 1)e t[r(tk):| [* R3] [’(fk)]

(25)

Furthermore, based on the Schur complement [34], it
can be found that for any appropriately dimensioned
matrices H and N,

HTCZ(xh U—IH HTe20lh U—IN HT
* NTe2hy=IN NT
* * e ey

>0 (26)

which implies

t o) T rgTe2ehy—1 g gTe2ehy—ty g
/ g()p () * NTe2ehy—Iny  NT
L e * * e 2y

(1)
g(s)p(t) |ds >0 (27)
7(s)

t

T
where ¢(1) = [rOT F@OT r(g)T fr(s)Tdsi| and

173
g(s) =t 4+t — 2s.
From (27), we can get that

t
- / e 2 () TUF(s)ds
173

<@ —t)p)TH " U Hep (1)

(t — 1)
3

3
+ ¢(t)TNTezahU_lN¢([)

+ 20 THY (r(t)—r (1)) + 4 (1) TNT

t

x /r(s)Tds —2(t — ) (O TNT(r (1) + r(1p)).
173

(28)
Applying the above inequality to (19), we obtain that
Vs(t) < et —10p () H > U™ He (1)

_ 3

+2e* o) TH  (r (1) — r (1))

t
+4e> p(1)TNT / r(s)Tds
Tk
—26*(t — )P (O N (r (1) + r (1))
+ (kg1 — DX F O TUF (). (29)

On the other hand, according to system (3), for any
appropriately dimensioned matrices G, G2, and G3,
the following equation holds:

2620t [r(t)TGl +i0)TGy + r(tk)TG3] [—# (1)

+ Ar(t)+Br(t—d)+Wn(Dr(t))—KCr(t)] = 0.
(30)

In addition, it can be derived form (5) that, for any
matrices V; = diag{v;1, vjo, - ,vjp,} = 0, j =
1, 2, the following inequality holds,

1 —1
zeztyr%[r(t)TDTFVIn(Dr(t))

—n(Dr()’ Vln(Dr(t))] 42l Mk
h

x [F@T DT FVan(Dr () =n(Dr ) Van(Dr(e)) |
>0. 31)

Then, adding the left-hand side of (30) and (31) to
V (1), we obtain from (16), (17), (19), (21), (24), (25),
and (29) that for t € [#, tx+1),

V() < 0T [ 5 o

+ 58 B ) | () (32)

where T
x®) =[¢@®T n(Dr@)T r(t —d)']" and

13 &4 G1W+DTSV2 El6

&3]
0 o

I~}
) O

* 22 E23 2Ng —AD+ G,W G>B
Ey(hy) = x  *x 33 En G3W G3B
* % x  [Ha 0 0
* ok ok ok -2V, 0
* k% % * * Eep
“ m
H2T HZr
+ hy Hir e2ehy 1 Hir
0 0
0 0
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NT NTT 01 dan .y T
wr N <SPy € P
2 2
h Ny | oany—1 | Ny "
Tk 3 e2ah = 3 92620“1 .
3 Ng N:{ + W / 2 r(s)T Or(s) ds
R
T max {Aeil(m e 2<an>}
2ad
0 “2ahp—1| 0 max _97" sz:i
+ hy YT e R1 YT < {)\mm(zpa)tk Jmin (Q) } Vit
0 0 ¢
0 0 2ad
0 0 - ma"{xminlm)’ xﬁ:«Q)} Voo
CZaq ( )
Noticing that . { 6, | fyc2ed }eizweza([itk)v(o)
h h h )\min(P) )\min(Q)
k — Nk 20d
= —*z = (% (%
Ei(hy) = 7 Ei(h) + Z1(0) (33) < e2ehax { 1 i 2€ }6—2011 V(0). (39)
}\min(P) )Lmin(Q)
and
In addition, we can get that
= hi A~ h — hy A
Ey(hy) = 7‘52(}[) + £2(0), (34)
0
we get from (12) that V(0) = r0)" Pr(0) +/e2‘“r(s)TQr(s) ds
d
E1(hy) < 0. 35)

Similarly, it can be obtained from (13) that
Ex(hy) <0 (36)

by means of the Schur complement. Thus, we obtain
from (32), (35) and (36) that

V() <0, 1€t try1). 37)
Thus, it follows that for ¢ € [tx, tx+1),
V) < V) < V-1 <--- < V(0). (33)

From Lemma 3 and (38), it can be concluded that for
e << fpg

179
IFOIP < 61111 + 6 / - (e)]]? der
tr—d
O ey il
)\min(P)ezwk
0>

1
e Q2any 2
+)\min(Q)ez"”ke Amin(Q) / |17 ()] de

tr—d

@ Springer

0 0
+//62°‘Sf(s)TZf’(s) ds do
—d 0

i dlr(0)

w230 [ (s monas
i=1 0

0
< r(O)TPr(O)—i—/r(s)TQr(s) ds
—d

0 ” dl.Tr.(O)
+d/ ()" Zi(s)ds +2 ) / fisds
“d =19

< (max (P) + Amax(DTAFD))||r(0)]]?
+ dhmax(Q)  sup ||r(®)]]?

—-d<6<0
+d* Amax(Z) sup  |[F(O)]
—d<6<0
2
<03( sup {||r<e>||,||r'<e>||}) (40)
—-d<0<0

where

03 = Amax(P) + )Lmax(DTAFD) + d)tmax(Q)
+ d* Amax (2).
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From (39) and (40), we get

lr (]l < e“h\/maX[

Thus, it can be concluded from Definition 1 that the
master system M and the slave system S in (1) are
exponentially synchronous. This concludes the proof.

91 Qzezo‘d B
——, ——— 163 o]l
)Lmin(P) )&min(Q)

(41)

Remark 1 Theorem 1 provides a new synchronization
criterion for the master system /M and the slave system
Sin (1). It should be pointed out that it is very important
to consider the synchronization control design problem
under a bigger sampling period since a longer sampling
period will lead to lower communication channel occu-
pation, fewer actuation of the controller, and less signal
transmission [26,27].

Remark 2 Compared with the results in [30], the less
conservative of the criteria provided in this paper relies
on the constructed Lyapunov functional and the method
of estimation of its derivative. First, V4(¢) is consid-
ered in this paper, while this term is neglected in
[30]. Second, Lemma 2 is used to handle the term

— fti r(s)R1r(s)ds instead of using Jenson inequal-
ity. Finally, in bounding — fti e 2 ()TUF (s)ds, the
function, g(s), is firstly proposed and a free-matrix N
is introduced. When setting N = 0, (29) reduces to
(28) in [30]. It should be noted that the Theorem 1 pro-
vides less conservative result than the ones obtained in
[30] but at an increasing computation burden because of
introducing the free-matrix N and the Lyapunov func-
tional Vy4(t).

Next, Theorem 1 is extended to design a sampled-
data controller to assure that system M and the slave
system S in (1) are exponentially synchronous. Setting
G1 = ¢G, Gy = G, Gz = yG in (12) and (13) and
letting L = GK, we have the following result.

Theorem 2 Given scalars a > 0, &, and y, the master
system M and the slave system S in (1) are exponen-
tially synchronous if there exist matrices P > 0, Q >
0.2>0U >0, [’j} 22} > 0, X1, X2, X3, Xa, Xs,
3

G,L, Y, N =[Ny Ny N3 N4|, H=[H; Hy Hy Hs],
and diagonal matrices A > 0, V| > _O, and V, > 0
such that (42) and (43) is feasible for h = 0, h

[E11+ 611 En+ O Eiz+ 613 B+ 014 eGW +DVFV, Eig |
* Eyp 4+ hU By + Ox hX3 + 2N2T —-AD+GW GB
* * é’33 + ®33 B34+ Oy yGW yGB <0 42)
* * * E4q + Oyq 0 0
* * * * -2V 0
L * * * * * Ze6
_é“ élz é13 El4 8GW+DTFV2 élﬁ \/ZHIT /;«/ZN;F 0 ]
% Ep» En2NY —AD+GW GB ~hH] VAN
* ok é33 E3q yGW yGB \//’ElH;r /’_l\/}ElN;r 0
* % % Eu 0 0 ~hH] VRN] VYT
* % ok %k -2V, 0 0 0 0 <0 43)
* ok k% % * Eo6 0 0 0
* ok ok % * x  —e 2y 0 0
I T * * * —3e~2¢hy 0
L % % %k % * * * * —e2ah R, |
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where a(my —mg) 00 100
R ;e W= 0 00(,D=(010
En=22P+0-X1—X| — Z+H 0 00 001

+HY +6GA+6ATGT ¢=[100]

+2aDTFAD — hNy — hNY,

P+ Hy— G+ ATGT + DYFAD — N,
X — X, + H; — H{

—¢LC +yATGT — N3 — hNT,

Gy, )
IS
Il

o
Il

. e—2ad

Ele = Z +¢GB,
ézz:dZ—G—GT,

ézg = —Hg —LC — )/GT —ilNg,
Eyx =X+ X —Hy—H{ —yLC

—yCTLT —e 2", Ry — hN3 — hNT,

and the other parameters are defined in Theorem 1. Fur-
thermore, the controller gain matrix in (1) is given by

K=G L. (44)

4 Numerical example and simulation

In this section, a numerical example will be provided
to demonstrate the effectiveness and the benefits of the
proposed method.

Example 1 Consider the following Chua’s circuit [35]

x1(2) = a(xa(t) —myx1(t)+g(x1(2))) —cx1(t —d)
X2(t) = x1(¢) — x2(8) + x3(t) — cx1(t — d)
X3(t) = —bxa(t) + c(2x1(t —d) — x3(t — d))
p(t) = x1(1)
(45)

with the nonlinear characteristics

1
g(x1(1) = ZOmy —mo)(jx1 (1) + 1] = Ix1 (1) — 1)

and parameters mo = —1/7,m; =2/7,a = 9,b =
14.28,¢c=0.1,d = 1.

It is obvious that this circuit can be rewritten as the
time delay Lur’e system with

—am; a 0 —c0 0
A= 1 —-11|,B=|—--c00
0 —-bO 2c¢ 0 —c

@ Springer

with @1 (x1 (1) = (|x1 (1) + 1] = |x1 (1) — 1]) belonging
to sector [0, 1], and @2 (x2(2)) = ¢3(x3(¢)) = 0.

Applying Theorem 2 with ¢ = 0.5 and y = 2, for
different «, the maximum values of the upper bound
h are obtained and summarized in Table 1, along with
the results given in [30]. From Table 1, it can be seen
that the criterion proposed in this paper can get larger
than [30]. On the other hand, for given largest sampling
interval A, the corresponding maximum decay rate « is
obtained and listed in Table 2, which shows that our
approach can achieve faster synchronization than [30]
under the same 4. It can be also concluded that a smaller
sampling period can achieve a faster synchronization
of the master and slave systems.

Choosing ¢ = 0.2 and & = 0.3919, and using Mat-
lab LMI Toolbox to solve the LMIs (12) and (13), we
can get the following gain matrix in (1):

K =[3.6620 0.6363 —2.4233]"

that is, for any sampling period h; < 0.3919, the mas-
ter and slave systems are exponentially synchronized
by the given sampled-data controller. The initial con-
ditions of the master and slave systems are chosen as
x(t) = [0.5 0.3 0.2]T and z(¢) = [—0.3 —0.1 0.4]T,
t € [—1, 0], and the response curves of error system
(3) are given in Figs. 1 and 2 under the obtained con-
troller gain matrix. It can be seen from Fig. 1 that the

Table 1 Maximum values of the upper bound /4 for different o

o 0.1 0.2 0.3 0.4 0.5
[30] 0.3247 02941 0.2658 0.2396 0.2154
This paper  0.4381  0.3919  0.3519 0.3164 0.2847

Table 2 Maximum values of « for different upper bound %

h 0.10 0.15 0.20 0.25 0.30
[30] 1.1650 0.8240 0.5683  0.3596  0.1802
This paper  1.5103  1.1223  0.8399  0.6238  0.4503
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r1(t)
ra(t) ]
T3 (t)

05 R
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Fig. 1 State response of error system (3)
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u (1)
U (t)
us (t)

_3 1 L L L ! !
0 2 4 6 8 10 12 14

Time t

Fig. 2 Input response of error system (3)

synchronization error is tending to zero, which implies
that the synchronization of the master and slave sys-
tems can be achieved by the designed sampled-data
controller.

Choosing ¢ = 0, the Chua’s circuit (45) reduces
to a Lur’e system without time delay, which has been
discussed in [26-32]. It was reported in [26—32] that the
maximum values of the upper bound %, which assure
the synchronization of the master and slave systems,
are 0.17, 0.21, 0.33, 0.3914, 0.3981, 0.45, and 0.48,
respectively. While utilizing Theorem 2 with « = 0
given in this paper, the maximum value of / is 0.5463,
and the corresponding gain matrix is

K = [2.8724 02754 —1.9238]"

0 2 4 6 8 10 12 14 16 18
Time t

Fig. 3 State response of error system (43)

L

uy (t)
UQ(Y,
ug(t

NN

0 2 4 6 8 10 12 14 16 18
Time t

Fig. 4 Input response of error system (43)

Obviously, the criterion given in this paper can pro-
vided larger upper bound of % than [26-32]. Choos-
ing the initial conditions of the master and slave
systems as x(0) = [0.7 —0.3 0.4]T and z(0) =
[-0.7 —0.5 O.S]T, the response curves of error system
(43) under the obtained controller, are given in Figs.
3 and 4, which show that the synchronization error is
tending to zero.

5 Conclusions

In this paper, the problem of master—slave synchroniza-
tion for chaotic Lur’e systems with time delay has been
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investigated via a sampled-data control approach. A
new Lyapunov functional has been constructed for the
synchronization error systems, in which the informa-
tion about the actual sampling pattern and the nonlin-
ear function has been taken fully into account. A tighter
bounding technique is proposed to handle the derivative
of the Lyapunov functional, which yields a less conser-
vative synchronization criterion. The derived criterion
is extended to design a sampled-data controller and the
desired controller gain matrix has been given. Finally,
the Chua’s circuit has been applied to verify the effec-
tiveness of the proposed approach.
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