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In this paper, we study the exponential synchronization of chaotic Lur’e systems with time-varying delays via
sampled-data control by using sector nonlinearties. In order to make full use of information about sampling intervals
and interval time-varying delays, new Lyapunov—Krasovskii functionals with triple integral terms are introduced. Based
on the convex combination technique, two kinds of synchronization criteria are derived in terms of linear matrix inequal-
ities, which can be efficiently solved via standard numerical software. Finally, three numerical examples are provided to
demonstrate the less conservatism and effectiveness of the proposed results.
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1. Introduction

During the last few decades, a lot of effort has been paid
to synchronization of chaotic systems because they have a
wide range of applications in secure communication, chemical
reaction, biological systems, and information science. Chaotic
systems are very sensitive to initial conditions and system pa-
rameter variations, which makes it difficult to achieve synchro-
nization between chaotic systems. Pecora and Carroll!'! first
introduced the master-slave concept for achieving the synchro-
nization of two identical chaotic systems. Afterwards, various
kinds of synchronization schemes have been proposed by the
authors in Refs. [2]-[12].

The Lur’e system is an important class of nonlinear sys-
tem. The master-slave synchronization scheme for chaotic
Lur’e systems has become an active research area in recent

s!13-241 because many chaotic systems, including Chua’s

year
circuit, n-scroll attractors, and hyperchaotic attractors, can be
modeled in the form of a Lur’e system. The Lur’e system
is represented as a continuum in a linear system and a feed-
back nonlinearity satisfying sector bound constraints. On the
other hand, the time delay is unavoidable in a real situation
and it may cause undesirable dynamic behaviors such as os-
cillation, instability, and poor performance of the dynamical
systems. For this reason, Yalcin et al.!'# introduced the effect
of time delay in the chaotic synchronization of a Lur’e system
and presented sufficient conditions for stability. Many syn-
chronization schemes for the chaotic Lur’e systems with time
delay have since been given.[!8-21:25-2%1 Moreover, Zhang et
al.B% have presented global anti-synchronization for chaotic
memristive neural networks with time-varying delays.

The controllers that are used in synchronization of chaotic
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The first is
based on feedback signals that are continuous and it has been

Lur’e systems can be divided into two types.

found in analog circuits, including state-feedback control, 19!
delayed output-feedback control,['¢! dynamic output-feedback
control,['81 adaptive control,?”! and proportional derivative
(PD) control.?! The second is based on feedback signals that

are discrete at instant times, including impulsive control!!3-2%]

23241 Because of the rapid growth

and sampled-data control.!
of modern high-speed computers, microelectronics, and com-
munication networks, continuous controllers may find it diffi-
cult to obtain an accurate feedback signal in real time.>! In
such a situation, discrete (digital) controllers are more prefer-
able than continuous controllers. The main advantage of using
sampled-data controller is to exploit the digital control tech-
niques in real-time. A digital controller allows synchroniza-
tion of chaotic systems only by using the samples of the state
variables of the master system and the slave system at discrete
time instants. These samples are used to control the synchro-
nization between master and slave systems and they are termed
a sampled-data controller.

However, the authors in Refs. [26] and [27] have pre-
sented the master-slave synchronization of Lur’e systems with
sector and slope restricted nonlinearities based on a feedback
controller. The absolute stability of Lur’e systems with time-
varying delay and sector bounded nonlinearity has been ad-
dressed in Ref. [28]. Furthermore, the delay-dependent stabil-
ity analysis of neutral type Lur’e systems with interval time-
varying state delays and sector-bounded nonlinearities have
been investigated in Refs. [29]-{31], while H., control and H..
synchronization for chaotic Lur’e systems have been consid-
ered in Refs. [32] and [34]. It is worth mentioning that the
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authors in Refs. [35] and [36] have addressed robust absolute
stability and observer design for Lur’e differential inclusion

systems, respectively.

Most approaches to achieve chaotic synchronization are
based on asymptotical stability.[?”) It should be noted that the
definition of asymptotical stability does not quantify the rate
of convergence. Exponential stability is a more strengthened
stability than asymptotical stability. Consequently, the expo-
nential synchronization of a Lur’e system with time delays is
an active area of research, see for example, Refs. [38]{41]. In
Refs. [39] and [40], the exponential synchronization of chaotic
Lur’e system with time delays-based delayed feedback control
has been considered. Recently, Wu et al.!*!! have presented
the exponential synchronization of a chaotic Lur’e system with
time delays by using sampled-data control. However, to the
best of the author’s knowledge, the problem of exponential
synchronization for Lur’e systems with interval time-varying
delays via sampled-data control has not been fully investigated

and remains open.

In this paper, the exponential synchronization of chaotic
Lur’e systems with interval time-varying delays by using
sampled-data control is investigated. Note that nonlinear func-
tion satisfies the sector bound constraints. The new triple inte-

gral term

$)Tzé(s)dsdAd6

/t dy /t dy /l d]
t

in Lyapunov—Krasovskii functional was constructed in
Ref. [42], which makes the available information about the
lower bound of the time-varying delay and leads to less con-
servatism. Motivated by the above-mentioned facts, a new
Lyapunov—Krasovskii functional with triple integrals are con-
sidered in this paper. By using a convex combination tech-
nique, new synchronization criteria are given in terms of lin-
ear matrix inequalities (LMIs) that can be efficiently solved
via standard numerical software. Finally, we give three nu-
merical examples to demonstrate that the derived results are

less conservative than previous results.

Notation: Throughout this paper, the superscripts T and
—1 mean the transpose and the inverse of a matrix, respec-
tively. R” denotes the n-dimensional Euclidean space, R"*™
is the set of all n x m real matrices, || || refers to the Euclidean
vector norm or the induced matrix 2-norm, P > 0 (P > 0)
means that P is a real symmetric and positive-definite (semi-
positive-definite) matrix, / stands for an appropriately dimen-
sioned identity matrix, and diag{- - - } denotes a block-diagonal
matrix, and symmetric term in a symmetric matrix is denoted

by *.

2. Problem description

Consider the following master—slave synchronization
scheme with sampled data control

{X(Z) = Ax(t) + Bx(1 — d(1)) + W(Dx(1)),
(1) =Cx(1),
S.{ &) =Az(t) + Bzt —d(1)) + Wo(Dz(1)) +u(t),
" al) =Cz(1),
C:ru(t) =K(p(t) —q()), t <t <fip (1

with master system M, the slave system S, and the controller
C. M and S with u(r) = 0 are identical chaotic time-varying
delayed Lur’e systems with state vectors x(r), z(¢) € R", out-
puts of subsystems p(t), q(t) € R/, respectively. A € R™" B¢
R C e R*" D € R**" and W € R™™ are known con-
stant matrices. u(r) € R" is the slave system control input
and K € R"*" is the sampled-data controller gain matrix to
be designed. It is assumed that @(-) : R"™ — R" is a diag-
onal nonlinearity with ¢(-) belonging to the sector [0,s;] for
i=1,2,...
tions are made:

,ny,. Throughout this paper the following assump-

Assumption 1 The time-varying delay satisfies the fol-
lowing conditions

0<d <d(t)<dp, d(t) <dy )

and denote djp» = dp — d;.
Assumption 2 The sampling instants 7 (k =0,1,2,...)
satisfy

0<fpp<fy < <t <---< lim t = oo,

k=00
he=tip1 —t < h, 3)

for all k > 0, where & > 0 represents the upper bound of the
sampling periods.
Let the synchronization error system of system (1) be

e(t) =x(1)

é(t) =Ae(t)+Be(t—d(t))+Wn(De(t),z(t)) —KCe(t—h(t)),
th <t <tfpy1, 4)

—z(t), then it can be written in the following form

where 1(De(r),2(r)) = @(D(e(r) + z(1)) — @(Dz(r)) and
h(t) =t —t;. Tt can be seen that 0 < h(¢) < h and A(t) =
for t # 1. Note that ¢;(-) belongs to sector [0,s;], it can be

found that for any i = 1,2,...,ny, and Vr,z
(dT 1dT —o:(dT
0 S nl(d’lre7z) — (Pl[dl (e+z)’1]ﬂ (pl(dl e) S Si, le #07 (5)
die d;

1 1

where d] denotes the i-th row vector of D. From inequal-
ity (5), it can be easily found that for any i = 1,2,...,n; and
Ve,z

ni(dle,2)[ni(d}e,z) — sid}] < 0. (6)
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Based on inequality (6), the following inequality holds for any
matrices v; = diag{v;i,vi2,...,vip, } >0, [ =1,2,

Y v el 20 (s e(t). <0)) —sjdT) >0, (7)
=1

which are equivalent to

el (1)D'SVin (De(t), (1)) — 1 (De(1),z(1)) Vi (De (1), z(r))
>0, ®)

where S = diag{s1,s2,...5,, }

Before proceeding further, the following essential lem-
mas and definitions are introduced.
43441 For any constant matrix X € R, X =
XT > 0, two scalars hy > h; > 0, such that the integrations

concerned are well defined, then

W2 —h2 pt—hy gt
- #/ / el (s)Xe(s)dsdO
2 t—hy Jt+6

t—hy ot T t—hy ot
< —(/ / e(s)dsde) X(/ / e(s)dsde),
t—hy Jt+6 1—hy J1+6

— (hy —hl)/ttihl eT(s)Xe(S) ds

—hz

< - (/tth:l e(s)ds)TX(./l.Ih:1 e(s)ds).

Lemma 21 For any vectors §;,8,, constant matrices

S
=

Lemma 1[

R,S, and real scalars a > 0, > 0 satisfying that [f
and a + 8 = 1, then the following inequality holds:
L op L or &1 [RS][&
—— —— < - .
Lemma 3 Consider the synchronization error system (4),
then the following inequality holds

ty—d

le(t)]|* < 6 IIe(tk)||2+92/t ) le(or)[*det, t < trsr, (9)
—d (1

where

0 =5(1+ ||Kc||2h2)€5(\\A||2+HW||2HSD”Z)hZ,

6, = 5|‘B"ZheS(\\A\\2+\\W\\2HSDHz)hz.

Proof Forany ¢ € [ty,#1), it follows from expression (4)
that

el < Ne(w)l+|

Ae(@)da +|

./I:Be(a—d(a))daH

W (De(). (@) dar]

Ik

[KCe(tk)daH. (10)

T

*]

Applying the Cauchy—Schwartz inequity to inequality (10), we

then have

le()> < Sle)I?+|

t 2
/ Ae(a)daH
T

t 2
+5 Be(a—d(a))daH

+5 /,:WTI(De(f%)ﬂ(o‘))do‘H2

t 2
-5 KCe(tk)docH . (11

Ik

Again using Cauchy—Schwartz inequity, we obtain from above
2 2 ' 2
lle@)]” < Sllen)]l +/l [Ae(e)]"dax
k
t
+5 [ |Be(a—d(@)|*da
T
t
+5 [ [Wn(De(o0). () P de
k
t
—5/ |KCe(t)||*d . (12)
Ik
On the other hand, it can be found from expression (5) that
IWn(De(a),z())|* < WIPISDIPle(r)]*.  (13)
Substituting inequality (13) into inequality (12), we obtain
1
le(r)|* < 5(||A||2+IIWIIZHSDIIZh)/t le(e)||*dox
k
1
+5e(u)]>+SIKCI [ () P der
k

t
+5[BIh [ Jle(a—d(e) Pda
k
)P < S(1+ |KCIPH) e(u)]
t
+S(IAIR +IWIRISDIPH) [ fe(e) Pda
k

f—d
+5|B1* le()|*dar. (14)
te—d (1)
By applying the Gronwall-Bellman Lemma to inequality (14),
we get inequality (9) immediately. This completes the proof.
Remark 1 The proof of the above lemma is followed
by the proof of Lemma 2 in Ref. [41], who considered that
time-delay is constant. However, in this paper interval time-
varying delay is considered, so we need to slightly modify the
above-mentioned lemma for our convenience, which is given
in Lemma 3.

3. Main results

Theorem 1 Given scalars o > 0, €, and 7, the master
system M and slave system S in system (1) are exponentially
synchronous if there exist matrices

P>Oa Q1>07 Q2>07 Q3>Oa Q4>07 Q5>07

[Rl Rz} >0, {Sl Sz} >0,7,>0, >0 T3>0, U >0,

* Rj3 * S3

Z1 Z

[ ! 2] >0, X1, X2, X3, X4, Xs, G, L,
* Z3
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H = [H| Hy H3 Hy],X,Y,V,Z,Y}, Y5, —die 2T — Bl e, — By BoY)

_ X +X;
and the diagonal matrices V| > 0 and V, > 0, such that the - ﬁzz e 2%hT, — A L cGA+eATGT +H, +HY,

following expressions (15)—(17) holds b= e—zaleS’ Z13 = €GB,

[x]

S1 S XY Ei5=—e 2%RT gie 20y,
LN LY * S35V Z _2ad —2adyy T
>0 >0 >0, (15 E1e = Bre “%T; e oy
[* A 3 I I IS , (15) 16 =P 2+ B2 s
x % S3 317 :ﬁlefzocdzyl +ﬁ2672ad2T2,
Wis,a3(h) <0, (16) Eg=Hy+ATG' —eG+P+d’Ry+2(dy — dy)*S,,
_ _ _ T AT T
Qi4x14(h) <0, h=0,h, A7) Em=—(-X1+X2)—eLlC+YyA'G +H;—H|,
() _ —2od, —2od, —2ody —2ody
Hyp=—¢ +e —e R;—e¢ N
where 22 01 O 3 3
) ) ) . _ ﬁlz efzadz T3 _ ﬁl ﬁzefztxdz Y2 _ ﬁl ﬁz e*2(Xd2Y2T
W) = E11 +hZy + ah(X; +x7) 4+ hX3 + hXy _ R2.-2ad
ﬁZe Iz,
Yio = EZpp, Wi3 =213, Y15 = &5, ; Ty = e 20bg, o2y @, o 20dg
X1 +X
= = - i = —2ad; pT
Yie =Z16, Y17 =E17, Yis=Z18+h TR Eys=e “%IRy,
- - - - [ _ —2ady ¢T —2ody —2o0dy T
W1y = Ei11 +hZy + 20h(— X, +X2) + hX] 26 = —¢€ S;+Bie T3+ Pae Y,,
= “2ad —2ad —2ad
_ _ X5+ X7 _ - By =—e RV 4 Bre 2%, + fre “*OT,
Yin=En+20hX3+h , Wiz = Z113+D " SW, _ _ _
2 - =_(1—-d 20udy 1—d 2ady
W B W~ e W = Ey Phe B Ez=—(1-dy)e 0>+ ( n)e 03
b = Ep, W3 =523, You=CEn, s =2 _ _ _
lII _ ’ III _ ’ ljp _ ’ lIl ~ ’ _2e 2ad253+e 206d2Z+e ZOCdzzT’
he = Eog, Yo7 = Ep7, W33 = Z33, Pru=Z34 _ _ _ _ _ _
. y o ) . 3 o ) Fu—e 2ad253_e 20((1227 Fyp=—e 2adzyT+e 2(Xdzsg’
56 = Z36, P57 = E37, Pi8 = Z3g, Y511 = E311 _ _ _ _
. - ) . - ) . - ) o N ) F—e 2(xd2vie 2ad25g, .238:BTGT,
ha = Eqa, Whe = Z46, Va7 = E47, W55 = Zs5, _ TAT o o oo
_ _ _ o E31=YB' G, Ey=—e "%2Q3—e %283,
Yoo = Z66, Fo1 = Z¢7, Y17 = E77, Wos = Egg +hU, = adyT = . —2ady T
Wy = Egi1 +h(—X1 +X0), Wio =hXs, W3 =E Sese Tl Sp e T,
811 = =811 +n(—X1 +X2 812 = nX3, 1813 = 2813 — _ _
Yo = Eg9, W = 7 7 ’ Ess = —e 20hRy — g2y,
bo = Eg99, Wio10 = E1010 _ _ _ _
) ; X +XT Fe = —e Z(XdZS] _e 2(Zd2T2_ e 2ad2T3,
o= 7 T T 1 1 _ _ _ _
Vi =Enn+hZzs+2ah|—X — X, JrT ; Egy = —e 20y g 20hyl  o-20dyT
_ _ _ = .—2ad _ ~2ad . 20d
Vi = e +2ahXs, Wiz = Eins, Epp=—e RS —e TRh —e TR,
_ 4
= T _ d
Pio12 = Enpn +ah(Xs +Xs5 ), Yiziz = -2V, ass=Q4+d%R3+2(d2—d1)253—G—GT+ZlT1
Q=EZ1, Qn==Ep, Qi3=2=E3, Q15=E5, (d5 —d?)?
+ —=—=1,
Qi =Ei6, Q7 =E17, Q18 =E18, 111 = E111, T4 .
_ —_ T 7T =311 = —YG —H; —LC, Egi3 =GW.
Q0 = E12, 2113 =E113+D 5V, 91142\//;1‘11, 81l 4 2 T8I ( ’ .
dr—d
— — ~ - = _2ad “2ad 2 —di
Qpp = Epp, Qo3 = E3, g =Epy, 5= Z0s, Egg=—e %204+ “2Q5+?T3,
=Z =5 =5 =& = _ _ .-2ad
Q96 2%, £277 27, £33 33, L34 34, Elo10 = —e 222
Q36 = E36, Q37 = E37, 38 = E3g, 311 = Z311 X, +xt
’ ’ ’ ’ Enn =X +X3 — 5 L _yLC—yC'L" — H] — H;,
Quy = Eqa, Que = Eg6, Qa7 = Ey47, Q55 = Ess, -
—_ — h —_
- - — - Elp=—¢ Zy — X4 —Hy, Eq113 =yYGW
Q66 = Ze6, 267 = E¢7, Q77 = E77, L2883 = Ess, ah 2 T rew
_ - \f T _ _ e X5+ X
Qg1 = Eg11, 2813 = Eg13, Qg14 = VIhH,, Qo9 = Ego, Epp=-—p Z - >
—- —- 7 —2ah . .. .
L1010 = E1010, L1111 = E1111 —he Z3, Furthermore, the sampled-data controller gain matrix is given
= - 7T
Q112 = E1112, 21113 = E1113, 91114:\/2113, by
Qs = Enana, Qe = VEHT, Q313 = —2V- K=G'L (18)
1212 = E1212, L1214 4y 21313 25 .

—2ah . . ..
Quqa = -, Proof Consider the following Lyapunov—Krasovskii
. functional candidate as

with ;
_ _ Viit)=) Vit t € |t tiaq (19)
E1 =20P+ Q) +diR) +2(dr —d1)*S) — e 21 Ry ) ,; i), s tirr):

060504-4



Chin. Phys. B  Vol. 23, No. 6 (2014) 060504

where
Vi(t) = e2™eT (1) Pe(r),

i = [ SO0t

1=d() 20,7 ! 20s
+ (s)Qse(s)ds+ [ e
t—dy t—d,

t—d

+ ,_dlz e*®¢é" (5)Qsé(s)ds
o= f, L[] 2RI oo
+2d12/ /t+e Li } {S*l fé”

- d%/(;/ /+/1 e*®@ el (5)Tié(s)dsdAd

dz dz/ // J2as,
+A

d2 t—d, rt—d, rt—d;
12/ / / 22567 (5)Tyé(s) dsd A d,
t

Vs(t) = (ti1 —1) / 2" (5)Ue(s) ds,

wo=taco [ [G3] [2 2] [59]
(

i—d
b e2as,T (5)Oze(s)ds
t—d(t)

T(s5)Q4é(s)ds

’(s)

s)dsdAde

T2 e

e(t) e(t)
Va(t) = (tgsr —1) ™ te(tk) H te(tk) ,
Ji e(s)ds S e(s)ds
and
X;+ Xt
1—; 1 X1 +X2 X3
X, +XT
H= =X —XT+ 1; L x,
X5+ XTI
* *
2

Calculating the time derivative of V(z) along the trajectories
of expression (4), we then have

7
V(i)=Y Vi(t), 1€ ltnn), (20)
i=1
where
Vi(t) = 2e2 et (1)Pé(t) +2ae®™ el (1)Pe(r), 1)

at 72ad1 T(

e (1)Qe(r) -

Jr62051 —Zadle (

Vg(t) = —dl)Qle(l—dl)

d])Qze(l‘ - dl)

— (1= dy)e* e 2*VeT (1 — d(1)) Qae(t - d(1))
+(1—dy) e e %Wt (1 d (1)) Qse(t — d(1))
62 2ad26‘ ( dz)Q3e l‘—dz)

+ eZ(xteT (t)Q4e( ) Zat —Zadle ([ dl)Q4e(t dl)
+62m672ad1éT(I—d1) ét—dy)
— e 20T (1 d))Qsé(t —db), (22)

(S)] dsde,

V4(l‘)

Vs(1)

Ve (1)

V7(l‘)
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eZO![ T( ) |:d4T (dZ dz)

4 4
+e*eT (1 —d, )dizT 5(t—d
4 36(t —dy)

dl 20{{ d1 / /
4 +9
dz di Q20(1—d) / /
2 +9
ﬁ 2(1 tfdl
toe /, /

(tee1 — 1) 24T (V) — /f 25567 () Ué(s)ds
(i1 —1) ¥ eT (1)U e(r)

e /,:em &' (s)Ue(s)ds
_ezm ,k o —20h [e((ti }T[* Z3
T
an[ 0] [22][]
_ewl/tk e 21T ()R e(s) ds

t
—2e2°"eT(tk)e*2ahR§/ e(s)ds

T
— 2 (t — 1 )e" (1)

e 2% Rae (1)
(11— 1) [ :((t’k))r [Z*‘ Z] [:& ” . 6)

s)Té(s)dsdO

5)Tré(s)dsdO

$)Tzé(s)dsd 6, (24)

Z Zz} [e(s

+(fk+| —[

{ ) 10T el
— eZat e(tk) H e(tk)
jtz e(s)ds fi e(s)ds
{ e 1" [ el ]
+20(t —1)e* | e(n) | H| eln)
fltk e(s)ds t; e(s)ds
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X1+ X[
2t — 1) 2T () DAL

é(t)

—1)e* el (1) (=X +X2)Teé(r)
2ty —1) 2 /t "¢ (s)dsxTé(r)
+2(tgy1 — t)ezo”eTk(t)X3e(t)

+2(te1 — 1) e e (1) Xye(r)

' X5+ XJ
+2(tk+1—t)eza’/ eT(s)dsg

Tk

+2(tk+1

Using Lemmas 1 and 2, we have

Va(e) < 2 {e(t)] [dle d%} V(;)}

é(r) x  diR;3 | | é(t)
2@,{ e(t ] {251%251 Zd%zsz} [e(t)]
x  2d%,83 | | é(r)

del e(s)ds }T
e(t)—e(t—dy)

g {Iil Ilgj L(ﬁf‘:((f)_di)]

_ 20 o 20y ftt:;(lt) e(s)ds '
e(t—dy)—e(t—d(t))

<[ SzH il e©)ds ]
* 83 |e(t—dy)—e(t—d(t))

_ e2at672ad1 [

i ewds ]

2at —20ds Ji—a €\S5)AS

Tree le(t—ds(le(t—d(t))]
XY f:dz(t)e(s)ds

: [Vz} elt ~d(t)) —elt — )

T
_ Q2ut g —2ad f,t:jz © e(s)ds
e(t—d(t))—e(t—dp)
—d
{Sl SZ] Ce)ds | g
* 83| |e(t—d(t)) —e(t—do)
On the other hand, let B; =d(t) —di, B = dr —d(t), and using

Lemmas 1 and 2, we can respectively estimate the three terms
in inequality (24) to satisfy

— ali—d) / / Tle
di +9
y T
< _2ali—dy) {dle(t)/ ) e(s)ds}
t—dy

X Ti [dle(t) /t t . e(s)ds} , (29)

)dsd6

d dl 20— d2/ / s)Teé(s)dsdO
+9
B dz di [d*(r) —
B 2 lad¥) - d2
d
« e2eli=d2) / / 5)Toé(s)dsd
+9

5 el Q27)

 B-& {d%—dz(t)}
2 dz—dZ()
X eza(’_dz)/ / 5)Thé(s)dsdO
- o
<) [ f,Jreé(s)dsdG]

fdz Jg¢é(s)dsd®
)

" |:T2 Yl} lfd f,we(s dsd@]
* I f—dz Jigé(s)dsd6

o2 [ﬁlem | f ()dsder

x e 2%, {Ble /

e {316(,) /t » ()dsde}T
« e 20y, {Bze /t’ a(

o2 [Bze(t) _ /, :2 " e(s)dsd@} '

dsde]

dsd@}

X o 2 {ﬁze(t) /t tddme(s)dsde} : 30)
2
d12 20ct —dy) /t dl/t dl T3e dsd@
t
d122 [ﬁl}/t a /' T () Tse(s)dsdo
t
"2122{22:/;12]/[ /et T () Tsé(s) dsd @

IN

t—dy t—d T
20(t—dy) ftfd(lz) g é(s)dsd6
J J6h é(s) dsde
i—dy pi—dy
x {TB Y2:| j,t,d(lt) ) le(s)dsde
SRER R e 5d‘ é(s)dsd6

t—dy T
= —e2™ [Ble(t —dy) f/ e(s)dsd@]
t—d(t)

t—d|

x ¢ 20T, {ﬁle(tdl)/t

e(s)dsd 9]
—d(t)

t—d|

7201 [ﬁle(t—dl) —/td(we(s)dsdG}T

t—d(t
x e 2%y, {Bze(t—dl)—/ s)dsde}
t—dy
rt—d(t) T
2 [ﬁge(t—dl) —/ e(s)dsd@}
t—dy
t—d(r)
x e 20T, [ﬁze(t—dl)—/ e(s)dsdG] (31)
t—d;

By using Lemma 1, inequality (26) can be rewritten in the fol-
lowing form,

e—2ah

t
2ot T
€ e (s

/,k (s) h

Ve(t) = — Zie(s)ds
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t
—ZezateT(tk)e*Z“hZzT/ e(s)ds
T
—ezo"(t — l‘k)eT(l‘k)eizahZ?,e(l‘k)
T
201 | €(t) Zy Zy | | e(2)
+ (a1 —t)e€ . (32
(k+1 ) [e(tk)} [ * Z3 e(tk) ( )
Moreover, based on Lemma 1, it can be found that for any
approximately dimensioned matrix H,

HTe2OChU71H HT
[ O gy | 20 (33)

which implies

[T oo o

where ¢ (1) = [ ' () e(1) " (1) J; e"(s)ds].
From inequality (34), we can obtain

- / Lo 2T (O Ue(s)ds < (1 — 10T (VHT 24U H (1)

+20T(1)H e(t)—20 " (1)H e(1}).

Therefore, inequality (25) can be rewritten as

Vs(t) < (a1 —1) 2% (H)U(1)
+(t—1)¢ T(t)HT 2ehy=1H¢ (1)
+20T()H e(t) =297 (NH e(n).  (35)
According to the error system (4), for any appropriately di-

mensioned matrix G and scalar € and 7, the following equation
holds:

0 = 2> [ee' (1)G+¢" (t)G+ ve' () G]
X [—eé(t) +Ae(t) +Be(t —d(t))
+Wn(De(t),z(t)) — KCe(ty)]. (36)

Based on expression (8), the following inequality holds,

2e2°"% [T (1)DTSVin (De(t), (1))
e(1),2(t))"Vin(De(t),z(t))]

4oe2e! k[eT )DTSVan (De(t),z(t))
-n(D () 2(1))"Van(De(t),z(t))] > 0. (37)

Applying expressions (21), (22), (26)—~(32), (35) into V (¢) and
adding the right-hand side of Eq. (36) and the left-hand side of
inequality (37) and letting L = GK, we arrive at

-n(D

V() < &) | ey + SR oy | e@), 638
i I
where
£ = [E50) &0 (39)

ot rt—d) rt—d(t)
/ el (s)ds / el (s)ds / el (s)ds
Ji—d, Jr—d(r) Jt

() T —dy) &t —dz)} , (40)

&) = [e%k) [ et)as n(De(t»z(r))].

Ik
It is noted that

Iy h— Iy

W) = W) + - w(0) )
and
Q) = };ffz<h)+h_hhk9(0>. (42)

From expressions (16) and (17), we can obtain
Y(h) <0, £(0)<O0. (43)
By using Schur complement, we have from expression (17)
Q(h) <0, (44)
which, in combination with Egs. (42) and (43), implies
Q(h) <0. (45)
It is clear from expressions (38), (43), and (45) that
V() <0, tE€trtis1). (46)

From the above,
[tk7tk+l)’

the following inequality holds for ¢ €

V() <V(ty) <V(tx-1) <--- <V(0). 47

Based on Lemma 3 and inequality (47), we can conclude that
forty <t <tiy,

_dl
Ol +6n [ o)) de

e—d(Ix
01
= T pyaa & Hmin(P) et
mn

le(r)]?

IN

92 ty—di

T Zmm(02) 20 ©

0
e 2%eT (1) Pe (1)

)me( ) e2oct

i in(Q2) [ e(er)|Pde

te—d(ty)

I /\

6, 2a, /k ' oas T
+————— ek e e (5)0re(s)ds
Amin (Q2) €20 f—d(n) (s)Q2¢(s)

{ 61 626206512
2'mm( ) 2fmm(QZ)

eZOCIk

}( Vi(t) +Va(t))

IN

ax{ 91 926206(12 }
A'mm( ) Amm(QZ) (k)

eZatk

IN

ax{xmfi P) ii?é;} Vo)

e2ai

IA
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efzm eZa(tftk)V (0)

[ O ]
B 2fmin(P) ’ A'min(QZ)

e2% max { O Ore
Amin(P)” Amin(Q2)

V(0) can be calculated from expression (20), we obtain

20dy

IN

} e 2¥V(0). (48)

V(0) < 65 (sup_gcoo{lle(®)II,[(8)I1})*,  (49)

where

03 = Amax(P) +diAmax(Q1) + d12Amax (Q2) + d12Amax (Q3)
+di Amax (04) + d12Amax (Qs) + d (Amax (R1)
+ Amax (R7) + Amax (R2) + Amax (R3)) + 2475 (Amax (S1)
+ Aanax (83) + Aanax (52) + Amax (S3)) + i Aonax (T )
+(dF = d}) A (T2) + dip A (T3).

Combining expressions (48) and (49), we have

92 eZOCdz

0
le()] < '\/m{ o R } B3¢ ey (50)

Then by definition of exponential stability, master system M

and slave system S in system (1) are exponentially synchro-
nized. This completes the proof of Theorem 1.

Remark 2 In Theorem 1, the convex combination tech-
nique is used for sampling delay, whereas the convex combi-
nation technique is applied for interval time-varying delay in
the following theorem. In order to apply this technique, we
slightly modify Lyapunov—Krasovskii functional (19), which
is given in Eq. (55).

Theorem 2 «a > 0,¢, and ¥, the master system M and
slave system S in system (1) are exponentially synchronous
if there exist matrices P > 0,01 > 0,0, > 0,03 > 0,04 >

R R S1 S
0,Q5>0,[*RJ 0,{*S3]>0,TI>O,T2>O,T3>
AN .
0,U >0, . 7 >0,G,L,X,Y,V,Z,Y,,Y, and the diagonal
3

matrices Vi > 0 and V, > 0, such that the following formu-
las (51)—(53) hold

S185 XY
* S3V Z Z, S
* *Sl Sz ’ |:* Z2:|>0’ (51)
*x Kk K S3
P =D — U B — U, <0, (52)
Dy =D —]U %5 — ) Urdy <0, (53)

with

(1311 =2aP+ 0 +d12R1 —|—2(d2 —d1)251
— e—2ad1R3 — d%e_ﬂxdl T — d122 g 20 T+ 27,
— e 2%z, _p2e 2%z 4 ¢GA+eATGT,

Dy = e—2ad1R37 Pz = €GB,

P15 = —e 2YNRT +d1 e 2Ty, Big=dipe 20T,
D17 =dipe 20T,

D1y = P+diRy +2(dr — d1)2S2 +ATG" — €G,

Py = e—2ahS7 Py = e_zah(ZQ —8)—eLC+ '}/ATGT,

@22 _ _efhxdl Ql + e*20{d1 Q2 _ e*ZO{dZR?) _ e*20{d2s3
_ d122 efzad] Ul _ efzadz U2 _ d122 e—2a¢12 T3
- (1 - p) 672ad2U27

@23 — e—ZOCdQS:”ie—2(xdzz<i>e—206d2l]2+(17p)e—zotdzljz7
By = ¢ 7, Bys = e P*IR],
@26 = _efZadZS"ZF +dip ¢ 20 T3,
533 = —(1 —d”)eizaszQ + (1 —d“)eizadl 03
_ 26—206(1253 + e—Zadzer e—zadzzT 726—2(Xd2 U2
_ p672ad2U2 _ (1 _p)672ad2U27

@34 — efzadZS:; _ efzadzz_’_ 672O£d2 U2 +p672ad2U2,

B3 = —e 2y T 4 e 20T,
Py; = e 2*hy —e2%gT iy =BG, &y, =yB'G,
¢44 _ _e—Zad2Q3 _ e—Zad2S3 _ e—2ad2U2 _pe—2ad2U2,
546 — e—zodeYT7 @47 _ e—2ad2S'2r’
@55 _ _efzalel _ e 20d T,
(i)66 _ 76—2ocd251 _ e—2ocd2 T — e—2ocd2T3 o e—Zad2U1
— (1-p)e ?*2uy,
@67 _ _efzade _ efzadzle _ 6,1720511’2Y2T7
@77 _ _efZOCleS1 _ 672ad2 T, — efZadz 5 — 672ocd2U1
_ pef2ocd2U1’

_ d4 d2_d2 2
Pgs = 04 +d12R3 +2(dy fd1)253 + IITI + %

)
I
+h222+Zzg—G—GT,
Pg1y = —LC—yG", Pg14=GW,
@99 — _efzadz Q4 + e—zadz QS + dT?Z efzocaﬂ T3
+ d3ye 20y,
D10 = —e 24 Qs, Byyyy = —e 2z — ey,
Py =e"(-85"+2;),
Ppppp = e (=22, + S+ 8T) —yLC — yCTLT,
Pip1s = YGW, Pi3i3=—e 75, Piyy=—2V; -2V,
B =[00000070000000],
% =[0071-710000000000],
% =[00000700000000],
B =[01 -100000000000].

Furthermore, the sampled-data controller gain matrix is given
by

K=G'L. (54)
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Proof Let us consider the following Lyapunov—

Krasovskii functional
6
Z Vit
i=

(1), and V4 (t) follow the same definitions

€ [tk tkv1), (55)

where Vi (t), Va(t), V-
as those in expression (19), and

—d t—d
= d1 / 1/ l 2065 T Ule( )dsdG
+d12/ / e2%5¢T (5)Upé(s)dsdo,
+6
/ &2 6T (8)Z1e(s)ds
t—h
0 t
+h / / 2% T (8)Z,é(5) dsd 6
hJt+6

W2 0 0 g1 ,
+?/ / /AezméT(S)Zzé(S)dsdzlde.
,h 0 t+

Calculating the derivatives of V5(¢) and V() along the trajec-
tories of the system (4) yields

Vs(t) < dhe®® e el (1 —dy)Ure(t —d)

rt—d|
—dlgeza’/ . e 20T ($\Uye(s)ds
Jt—dy

VG(Z‘)

2

t—d(r)

:pdlzezm/ e 20T ($)Ue(s)ds

t—dy
rt—d(t)

< plds—d(1))eX / 20T (5) Uy e(s) ds,
t—dy

t—d
(d>—d(1)) > / =204 () Uy e(s) ds
t—d(t)
t—d|
< (1-p)(d(t) —dy)e2™ / =204 T (5) Uy e(5) ds.
t—d(t)
Therefore, Lemma 1 gives that

t—d|
—d1262m/ ) e 22T (5)Uye(s)ds
t—dy

—d(r) t
el (s)dse 2%y, /

t
e2at/
t— t—dy
t—d(r) t—d(t)
_peZat/ eT(s)dse*Z“dzUI/
t—d t—dp

t—d; t—d)
- ezm/ eT(s)dsefzad2U1/ eT(s)ds
t—d(t) t—d(r)

t—d

_ (1 _p)eZat/
t—d(t)

similarly,

< —
dy

—d,

r
e (s)dse 2%y, / ., (58)
t_

el (s)ds

d(t)

+d},e?* e 2% T (1 — dy ) Usé(t — dy)ds —d,
t—d) —d 2ot —2ad, ,T 5(s)d
_d]ZeZOct/t ) efzocdzéT(s)Uzé(s) dS, (56) 12€ /[7(12 € e (S)Uze(s) S
—dy o
V(1) < e2%eT(1)Z1e(t) — €% e 2T (1 — ) Zye(t — h) < —e*™e(t—d(t)) —e(t —dy)]"
a L x e %L le(t—d(1)) — e(t — dy)]
2at ;T 2 .
+e te (t) |:h Z2+4Z3:| e(l) pe2at[ ( d(t))—e(t—dz)]T
_ el /t eizahéT(S)Zzé(S)ds X € zadzUZ[e(t —d(t)) —e(t —da)]
e — 2 fe(t —dy) —e(t —d(r))]"
- ?ezat// /+9 e 2T (8)Z3¢(s)dsdO.  (57) x e b e(t —dy) —e(t —d(1))]
Note that, — (1=p)e*@e(t —di) —e(t —d(n))]"
4, “2hle(t —dy) —e(t —d(t))). 59
dlzeZ(xt /t efzo‘dzeT(s)Uw(s)ds X e 2[ ( 1) 6‘( ( ))] (59
t—dy
1—d(t) Here, we take
= dlgez‘”/ e 2% T (§)Ue(s)ds
o 5= [ ewas sm=[ "0
= = é(s)ds, = é(s)ds,
+ d]zezm/ d(l) e_zadzeT(s)Ule(s)ds ! t—h(t) t—h
1—af(t
< (da—d(1)) e /’ﬂi(t) e 20T () Uy e(s)ds where 0 < A(t) < h, according to Lemma 2, we have
- t—dy .
—d(t) a ;T ;
—(d(1) _dl)CZat /t ! eizadzeT(s)Ule(s)ds 'h the (s)Zré(s)ds
B tfdz ’ [_h<[)
—d _ Al ;T ; o .T .
—(d(1) —dy)e*™ /, td<') e 2% T (U e(s)ds e“h o (5)Z2¢(s)ds +e“h e 9)2els)ds
h h
t—d at " ¢T T
_ (dzfd(t))ezo“/ (1) e_zadzeT(S)Ule(s)ds. >e 7(0) 0, (1)Z28,(2) + h 0] 6, (1)Zr 5 (1)
t—d(t
o h—h(t) ot
Let p = (d(t) —d1)/d12, we have t {51 (1)Z261 () + h(t) &, (1 Z28:(1) + 85 (1)Z28:(¢)
t—d(t) h
—(d(t)—dy) ezm/t . e 2% T ($)Uye(s)ds ; _(;l)(t) 52T(t)Z262(t)} . (60)
—az
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It is clear from expression (51) that

hh}; (1) Z S h;{ig” 01(1) >0, (61)
/1(1‘ 62 l k Zz h(t) (t)
h—h(t) h—h(t)
which implies that
ath_h(t) T ot h(t) T
) O 02810+ e T8l (0260
> e 5L ()88 (1) + e 8T (1)88 (1). (62)

From expressions (60) and (62), we get

wh/ Z2€

> e¥[8] (1) 2281 (1) + 8y (1) 228,(1r) + & (1)S2(1)

+ 8 (1)S81(1)]
al|:61(t):|T|:ZZ S:| |:61(t):| (63)
& (1) x Zo | | &a(¢)
It should be noted that when A(¢) = 0 or h(t) = h, we have
01(t) =0 and &, (r) = 0, respectively, and thus inequality (62)

still holds. It is clear that inequality (62) implies

e [ () 206(s)ds < @ () Q' B(),  (64)

t—h
where
@(1)=[e' (1) e (t—h(r)) e (t—n)",
—7> Zr—S S
Q' =| x 2%,+5+5" -5+2,
* * —7Z>

On the other hand based on expression (8), the following in-
equality holds,

2% [e" (1)DTSViN (De(t),z(1))
—1(De(t),2(t))'Vin(De(r),z(t))]
+2e*¥ [T (1) DT SVan (De(t),z(t))
—1(De(1),z2(t)) " Van(De(1),z(t))] > 0. (65)

Applying formulas (21), (22), (28)—(31), (58), (59), (64) into
V (¢) and adding the right-hand side of expression (36) and the

t

left-hand side of inequality (65) and letting L = GK, we arrive

at
V(1) < ET(0 D E W), (66)
where
E=[&0 &), ©67)
E(1)=[e(t—h) €Tt —h(1)) /,fhe%)ds n(De(t).2(1))| . (68)
=p® +(1—p)d,. (69)

Since 0 < p <1, pd; + (1 — p)d; is a convex combination
of & < 0 and & < 0. Therefore, @* < 0 is equivalent to
@, < 0and P, < 0. Applying the Schur complement, which
is equivalent to expressions (52) and (53).

By using Lemma 3 and Eq. (55), we have the following

inequality

91 9262ad2 } B
e(d)|| < e max{ , B3¢ | |egl|¢, (70)
where

03 = Amax (P) + d1 Amax (Q1) + d12Amax (Q2) + d12Amax (Q3)

+d1 2'max(Q4) + dlZAfmax(QS) =+ d? (Afmax(Rl) + A'max(RFZF)

+ Amax (R2) + Amax (R3)) + 27 (Amax (S1) + Amax (57

+ Amax (52) + Amax (53)) + } Ammax (T1)

+ (dz d2)4lmaX(T2) + d12 aX(T3)

+d12)LmaX(Ul ) +d12)Lmax (02).
Therefore, based on definition of exponential stability, the
master system M and slave system S in system (1) are ex-
ponentially synchronizes. This completes the proof of Theo-
rem 2.

Remark 3 In the proof of Theorems 1 and 2, a less con-
servative results are presented by introducing new Lyapunov—

Krasovskii functionals (19) and (55). In the most existing lit-
erature authors considered the integral terms

T s T
/ e" e’ (s)Qze(s)ds
t

/lt dl/ / 25T (5)Tyé(s) dsd A d0.

In contrast, in this paper new integral terms
t—d|
./tfd(t)
t—d| t—d) t—d|
/ / / 22567 (5)Tyé(s) dsd A d6
t

are introduced, which has fully included information about the

and

e2®eT (5)0se(s)ds

and

lower bound of the time varying delay. On the other hand, the
terms in Vs(¢), Vg(¢), and V;(¢) of Lyapunov—Krasovskii func-
tional (19) are (,#+1)-dependent terms. It is clear that these
terms make available information about the sampling period.
To the best of the author’s knowledge, Lyapunov—Krasovskii
functional containing triple integral terms is a new way to drive
a synchronization criterion for Lur’e system.

Remark 4 In order to reduce the conservativeness of
Theorems 1 and 2, convex combination technique is used. By
using Lemma 2 and adding zero equation, which may also lead
to less conservative results. The main difference between The-
orems 1 and 2 is how to apply the convex combination tech-
nique for time delays; that is, sampling delay or interval time
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varying delay. In Theorem 1, the convex combination tech-
nique is used for a sampling period and it is less conservative
than that in Ref. [41]. In order to apply the convex combina-
tion technique for time-varying delay in Theorem 2, the new
double integral terms

du/ /w 21T (s)Uye(s)dsd6

and
du/ / 2T (5)Upeé(s)dsd@
+6

are introduced in Eq. (55).

4. Numerical examples

In this section, we shall present numerical examples to
demonstrate the effectiveness of the proposed method.

Example 1: Chau’s circuit

Consider the following Chau’s circuit with time-varying
delay

X1(1) = alx () —mixi (1) —g(x1(1))) — exi(r — d(r)),

()= x(t) —x(t) +x3(t) —cxy (1 —d(2)), 71

x3(t) = —bxa(t) +c(2x1(t —d(t)) —x3(t —d(1)))

with the nonlinear characteristics

1
8(x1 (1)) = 5 (my —mo)(Jx1 (1) + 1] = |x1 (¢r) — 1)
and the parameters mo = —1/7, m; =2/7, a=9, b=

14.28,
The above system can be expressed in the Lur’e form (1) with

¢ = 0.1, and the time varying delay d(¢) = 1.0|sin¢|.

the following matrices

—am; a O — 0 0
A= 1 -1 1|, B=| - 0 0 |,
0 —b 0 2¢c 0 —c
—a(m;—mg) 0 0 1 00
W= 0 00|, D=]010
0 00 00 1

and @(x;(t)) = (Jx1(¢) + 1] — |x1(¢) — 1])/2 belonging to the
sector [0,1] and @ (x2(¢)) = @3(x3(¢)) = 0. In this example
[100],e=2,and y=0. Using Matlab LMI
toolbox and Theorems 1 and 2, we obtain maximum allowable
upper bounds of % for different o and list the results in Table 1.

we choose C =

It can be seen from Table 1 that the maximum allowable upper
bounds % decrease as « increases. Table 2 shows that maxi-
mum allowable upper bounds of « for different 4, from which
From Tables 1
and 2, it is clear that Theorems 1 and 2 in our paper are less

we can find that @ decreases as & increases.

conservative than Theorem 1 in Ref. [41].

Table 1. Maximum allowable upper bounds # for different .

a 0.1 0.2 0.3 0.4 0.5
Theorem™! 1 0.3247 02941 02658 02396 0.2154
Theorem 1 A 03946 03656 0.3423 0.3221 0.3045
Theorem2 h 04096 0.3907 0.3736 0.3578 0.3432

x(0) = (0.2,0.2,0.2), 2(0) =

Table 2. Maximum allowable upper bounds ¢ for different /.
h 0.10 0.15 0.20 0.25 0.30

Theorem!*'! o  1.1650 0.8240 0.5683 0.3596 0.1802
Theorem 1 o 9.7096 4.2312 1.9506 1.0508 0.5571
Theorem?2 o 14.0693 6.6764 3.5689 1.9625 1.0959

Choosing & = 0.1 and 7 = 0.324, and using Matlab LMI
toolbox and Theorem 1, we can get the following gain matrix
= [4.0304 0.7769 —0.9536]T. During the simulations, the
initial conditions of master and slave systems are taken as
(0.2,—0.2,0.33). The chaotic at-
tractor of master and slave systems of system (71) is shown
Fig. 1. Figure 2 displays the synchronization errors of Chau’s
circuit system (71).

(a)

x3(t)

z3(t)
o

0
=02 o5, 2 220

Fig. 1. (color online) Chaotic attractor of master and slave systems
of system (71).

0.6

eq(t)
es(t)
S es(t)

0.4

0.2

0 VN

e(t)

—0.2

—0.4

—0.6

—08; 10 20 30 0 50
Time t

Fig. 2. (color online) Synchronization errors of Chau’s circuit sys-
tem (72).
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Remark 5 Comparison results are presented in Table 1.
In Ref. [41] the constant delay d = 1 was taken, but our results
are presented for an upper bound on the time-varying delay as
1 (i.e., dy = 1). From Tables 1 and 2, it is clear that Theorem 2
is less conservative than Theorems 1 and Ref. [41].

Example 2: Hyperchaotic system

Consider the following hyperchaotic system with time-
varying delay

X1 (1) = alxa(t) —mixi (1) —g(x1 (1)) —exi (t —d(t)),

Ko (1) = x1 (1) —x2(t) +x3(t) — cxi (1 —d (7)),

X3(t) = —bxa(t) +c(2x1(r — d(1)) —x3(r — d(1))),

X4(t) = a(xs(t) —mixa(t) — g(xa(r))) — cxa(t —d(t)) (72)

+p(xa(r) —x1(1)),
xs5(1) = x4(t) —x5(t) +x6(1) — cxa(r —d(1)),
X6(t) = —bxs5(t) +c(2x4(t —d(t)) —x6(t — d(1)))

with the nonlinear characteristics
1 .
8(xi(r)) = 5 (my —mo)(|x;(t) + 1] = |xi(r) = 1)), i=1,4,

and the parameters my = —1/7, m; =2/7, a=9, b=
1428, ¢ =0.1, p = 0.01, and the time varying delay
d(t) = 1.0|sin¢|. The above system can be expressed in Lur’e
form (1) with

[ —am; a O 0 0 0
1 -1 1 0 0 0
L_| 0 o 0 0 0
0 0 0 —am+p a 0|’
0 0 0 1 -1 1
0 00 0 -boO
[—c 0 0 0 0 0
-0 0 0 0 O
B_ 2c 0 —¢ 0 0 O
00 0 — 0 0 |’
0 0 0 — 0 O
| 0 0 0 2 0 —c
[ —a(m; —my) 0
0 0
0 0
W= 0 —a(my—mg) |’
0 0
0 0
1 00000
b=looo1o 0}’

and @(x;(7)) = (Jxi(¢) + 1| — |x1(¢) — i]) /2, i = 1,4 belonging
to the sector [0,1], @(x;(#)) =0, i =2,3,5,6. In this example
100000
000100}
conditions are taken x(0) = (0.3,0.1,0.4,0.5,0.1,—0.66) and
z(0) = (0.1,—0.1,0.1,0.0,0.1,0.33) for the master and slave
systems of system (72), respectively, and e =2 and y = 0.
Choosing o = 0.1 and & = 0.324, and using Matlab LMI tool-

we choose C = e =2, and Y = 0. The initial

box and Theorem 1, we can get the following gain matrix

41696 1.1252 —0.0877 0 0 o 1"

k= 0 0 0 5.8492 1.4800 —0.2832

Figures 3 and 4 shows the chaotic attractors of master and
slave systems of system (72) and the synchronization errors
of system (72), respectively.

(a)

(b)

0 0
eg(t) 70.5_1.0 - -2 Zlkﬂ

Fig. 3. (color online) Chaotic attractor of master and slave systems
of system (72).

0.6
0.4
0.2 Mm
— 0 m&ﬂ.&m&vm\r e
= fiihes
—0.2 e (t)
es(t)
—0.4 es(t)
64Et§
~0.6 es(t
eq(t)
ol . .
5 10 15 20 25 30 35 40 45 50

Time t

Fig. 4. (color online) Synchronization errors of system (72).

Example 3: Five-scroll attractors
Consider the following n-scroll circuit system with time-
varying delay

X1(1)=a(x(t) —mag1x1 (1) — g1 (1)) — Oxi (1 = d (1)),

Xz(t)le(t)—XZ(I)+X3(I)—5xl(t—d(t)), (73)
x3(t)=—=bxa(t) + 0 (2x1(t —d(1)) —x3(t — d(1))),

060504-12
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with the nonlinear characteristics having additional break
points

1 2g—1
glx (1) =5 ; (mi—1 —m)(|x1 (1) + ci| — |x1 () = ci]),

where g denotes a natural number. Here, we will con-
sider the 5-scroll attractor, the following parameters are
chosen m = [0.9/7,-3/7,3.5/7,-2.7/7,4/7,-2.4/7], ¢ =
[1,2.15,3.6,6.2,9], « =9, B = 14.28, § = 0.1, and the time
varying delay d(z) = 1.0|sin¢|. The above system can be rep-
resented in Lur’e form by

—am; a 0 — 0 0
A=| 1 -11|, B=|-—o0 0 |,
| 0 —-b 0 2c 0 —c
[ —a 0 0 1 00
w=|0 oo0|, p=|010],
| 0 00 001
and
l2q—1
o(xi(t)) = 3 Y, (mioy —mi)(Ix1 (1) + cif — [x1 () — cil)

i=1

belonging to the sector [0,2.5] and @2 (x2(f)) = @3(x3(¢)) = 0.
In this example we choose C =10 0], e =2, and y = 0.
By choosing o = 0.1 and 7 = 0.324, and using Matlab LMI
toolbox and Theorem 1, we can get the following gain ma-
trix K = [6.3799 1.9354 0.1480}T. During the simulations,
the initial conditions of master and slave systems are taken
as x(0) = (0.2,0.2,0.2), z(0) = (0.2,—0.2,0.33). Figures 5

1.5 |

Fig. 5. (color online) Chaotic attractor of master and slave systems
of system (73).

and 6 displays the chaotic attractors of master and slave sys-
tems of system (73) and the synchronization errors of sys-
tem (73), respectively.

0.6

0.4}

0.2

0 \ o

e(t)

—0.2}

—04 e (t)

—0.6 es(t)

08 5 10 15 20 25
Time/t

Fig. 6. (color online) Synchronization errors of system (73).

5. Conclusion

In this paper, the exponential synchronization of chaotic
Lur’e systems with time-varying delays using sampled-data
control has been discussed. Note that nonlinearties satis-
fies the sector bound constraints. By constructing a new
Lyapunov—Krasovskii functional with triple integral and using
convex combination technique, a new synchronization crite-
rion is given in terms of LMIs. Finally, our three numerical
examples have shown the effectiveness and improvements of
this method over the previous results.
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