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Abstract This paper is concerned with synchroniza-
tion in a setting time for drive-response chaotic systems
with multiple time-varying delays. The driving and
response systems exhibit different dynamical behav-
iors with nonidentical delays and uncertain bounded
external perturbations. Due to the time delays, exist-
ing finite-time stability theorem cannot be applied to
the synchronization goal. By designing suitable con-
troller and designing some Lyapunov—Krasovskii func-
tionals, sufficient conditions guaranteeing the finite-
time synchronization are derived without using exist-
ing finite-time stability theorem. Results of this paper
extend most of existing ones which can only finite-
timely synchronize coupled identical systems without
delay. Numerical simulations demonstrate the effec-
tiveness of the theoretical analysis.
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1 Introduction

In the past decades, synchronization and control have
been extensively studied due to the pioneering work
of Pecora and Carroll in [1]. It is reported that syn-
chronization has important applications in science and
engineering such as secure communication, biologi-
cal, and chemical reaction [2,3]. In the literature, there
are many results concerning asymptotic synchroniza-
tion [4-9]. Asymptotic synchronization means that the
synchronization can only be realized as time goes to
infinity. From practical point of view, one may expect
that the synchronization is realized as fast as possi-
ble. In recent years, much efforts have been devoted to
fast synchronization. An effective method for fast syn-
chronization is to use finite-time technique. Moreover,
finite-time technique has better robust and perturbation
rejection ability than asymptotic technique [10]. There-
fore, finite-time synchronization has attracted increas-
ing attention in recent years.

Finite-time synchronization means that synchro-
nization can be achieved in a setting time. In the lit-
erature, there are many results on finite-time synchro-
nization. The authors in [11-14] considered finite-time
synchronization of multi-agent systems. Finite-time
synchronization of several classes of coupled chaotic
systems was studied in [15-18]. However, most of
existing finite-time synchronization results did not con-
sider time delay. Time delays are an important internal
factor of nonlinear systems and have heavy effect on
the dynamics of nonlinear systems. For example, the
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quiescent state of neural networks can be transited to
spiking, bursting, and chaotic state when there is time
delay in the autapses [19,20]. It should be noted that
most of existing results on synchronization in finite
time are obtained by using the finite-time stability the-
orem in [21] or similar theorem in [22]. Unfortunately,
it was reported in [23] that the finite-time stability the-
orems in [21] and [22] cannot be employed to study
finite-time stability and synchronization of time-delay
systems. Considering that time delay is unavoidable
in practice, the authors in [24] considered finite-time
issue for a special linear system with constant time
delay. But the results in [24] are not usable in prac-
tice since it is extremely difficult to find a Lyapunov
function satisfying the assumptions in [24]. Recently,
Yang proposed a new control and analytical technique
to study finite-time synchronization of neural networks
with time delays in [25], but the driving and response
systems are identical. Moreover, Yang did not consider
external perturbations. A natural question is: whether
the synchronization can still be realized in finite time
when the driving and response systems are nonidentical
with different uncertain external perturbations and time
delays? As far as the authors’ knowledge, finite-time
synchronization of nonidentical chaotic systems with
different uncertain external perturbations and delays
has not been considered in the literature.

It is not always practical to assume that coupled
systems are identical [26]. In [26] and [27], asymp-
totic synchronization of complex dynamical networks
with nonidentical nodes has been studied. In [28] and
[29], cluster synchronization in networks of coupled
nonidentical dynamical systems has been investigated.
In [30], partial synchronization of nonidentical chaotic
systems via adaptive control. In [31] and [32], syn-
chronization of nonidentical chaotic systems with time-
varying delay was studied by impulsive control. Note
that only asymptotic synchronization can be guaranteed
in [26-32] for coupled nonidentical chaotic systems.
Recently, by using the finite-time stability theorem in
[22], the authors in [10] studied finite-time synchro-
nization for a class of coupled nonidentical chaotic sys-
tems without delay. However, by the comments in [23],
results in [10] cannot be directly extended to finite-
time synchronization of nonidentical systems with time
delays. This paper aims to solve this challenging prob-
lem.

External disturbances should also be considered in
studying synchronization [33]. There are many papers
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in the literature concerning stability and synchroniza-
tion of dynamical systems with bounded external per-
turbations, and at the same time, some effective con-
trol schemes have been proposed, such as robust con-
trol [34], Hx control [35], and sliding mode control
[36]. However, to the best of our knowledge, most of
published papers concerning synchronization of cou-
pled systems with nonidentical perturbations can only
drive the synchronization errors to some bounded areas
around the origin. Itis well known that one of the impor-
tant applications of synchronization is secure commu-
nication, and the transmitted signals can only be recov-
ered when the synchronization error has been driven to
zero. Thus, it is of great importance to study finite-time
synchronization of coupled systems with nonidentical
external perturbations.

Based on the above discussions, this paper inves-
tigates the finite-time synchronization of nonidentical
drive-response systems with different multiple time-
varying delays and bounded external perturbations
without using the finite-time stability theorem in [21].
A simple nonlinear controller is designed. By utilizing
suitable Lyapunov—Krasovskii’s functionals and some
useful inequality techniques, several sufficient condi-
tions are obtained to finite-timely synchronize the inter-
est system. Moreover, the setting time for synchroniza-
tion is also estimated. Numerical examples are given
to show the effectiveness of our results.

The rest of this paper is organized as follows. In
Sect. 2, models with uncertain external perturbations
and multiple time-varying delays are presented, and
some necessary definitions and assumptions are given.
In Sect. 3, finite-time synchronization for the presented
model is studied. In Sect. 4, several numerical simula-
tions are given to demonstrate the effectiveness of the
theoretical results. Sect. 5 comes to conclusion.

Notations: In this paper, the notations are quite stan-
dard. R" denotes the n-dimensional Euclidean space.
A = (ajj)nxn denotes a matrix of n x n real matri-
ces. The superscript 7 denotes matrix or vector trans-
position. For a vector x = (x1, x2,...,x,)] € R",
if |x;],i = 1,2,...,n is bounded, then we say x
is bounded. Let T > 0 and C([—7, 0]; R™) denote
the family of continuous functions w for [—t, 0] to
R"™ with the uniform norm ||| = sup_, -, <o l@(K)].
Sometimes, the arguments of a function or a matrix
will be omitted in the analysis when no confusion can
arise.
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2 Preliminaries é(t) = Ae(r) + gle®),e(t —t1(1)), ..., e(t—1(1)))
Conid o — +Ax(t) + fx(@), x(t —H @), ..., x(t
onsider a general nonlinear system with multiple = = _
time-varying delays and bounded external perturba- an) + J(t, y(0) = Ax(0)
tions as follows: —fx@),x( —1@),..., x(t — (1))
—J(@, x@)+U@), 3)
xX(@t)=Ax@®)+ f(x@),x@t —11(®)), ..., x(t or
() 20, D a0 = Ae) + gle. et—r1(0). ... elt—t (1))
where x(1) = (x1(1), x2(1), ..., x4 (1))T € R” is the HAYO+ f@), 3 =), ...y
state of the system, f(x(t),x(t — 11(t)),..., x(t — —7(1)) + J(@, y@) — Ay()
() = (filx(@®), x(t —11(8), ..., x(t — (1)), — fO@), vyt —11@), ..., y(t — T, (1))
Sax(@), x(t —71(2)), .. ., x(t—Tm(t)))T,...,fn(x(t), —J(t, x() + U@, )
x(t — u@),..., x(t — wa®)),  J@ x()
= (J1(t, x(1)), Jo(t, x (1)), ..., Jt, x(ONT € R is where g(e(r), e(t — t1(8)), ..., et — () = (&1
external perturbation, (1), ©2(¢), .. ., 7, (1) are the (e(®), e(t—11(n)), ..., e(t—tn(1)), ..., g,,(e(tz,e(t—
internal multiple time-varying delays. ), ....et — (f))))f = fr® - fx (1), g(e(®),
Consider (1) as the driving system, the response sys- et — 11(1)), ..., et — @) = (8ile(), et —
tem is presented as follows: T(n), ..., e(t—7(1)), ..., gnle(n), e(t—=71(1)), ...,

(1) = Ay + fO@), yt — H@), ..., y(t
—5(1) + I, y(1)) + U (1), )

where y(t) = (y1(¢), y2(¢), ..., yn(t))T e R" is the
state of the response system, f(y @), y(t—11(t)), ...,
y = g)=>(f/ily@®), yt—11@)), ..., y(e=7(1)),
L@,y —1@),..., Y& —=70)), ..., Jny(0),
10 N T 10)) E (R0
= (Ji(t, y(@®)), J2(t, (@), .. ., It yO))T € R
is external perturbation, 7y (¢), T2(), ..., 7;(t) are the
internal multiple time-varying delays, and U(f) =
(ur1(t), ur(t), ..., u, )T is the controller to be
designed.

The initial conditions of systems (1) and (2) are
x@s) = el) = (gi(s), g205), ..., on(sNT
€ C([—7,0],R") and y(s) = ¢(s) = (91 (s), P2(s),
o ()T € C([—1,0], R"), respectively, where
T = max{t; (), n@),..., T (1), T1(1), T2 (1), ...,
71(1)}, C([—1, 0], R") denote the set of continuous
vector-valued functions from [—z, 0] to R”".

_Lete(t) = y(t) —x(t) = (e1(n), e2(1), ..., en()’,
Fx@),x(t — 7)), ..., x(r = 7)) = f(1) =
fif@,..., Ia o’ f 0@,y =0@),..., y(t —
Tm) = X0 = (ffo,..., i )T, fx@),
x(t—=11(0)), ..., xX(t=t(O)=f*O=(f7 (), ...,

T, f@), y@t — 1), ..., y(t — (1) =
@ = (ffo, ..., £, @)T. The following error

system can be obtained from (1) and (2).

e(t =5’ = fr@) — f* ).

The initial condition of (3) and (4) is e(s) = ¢ (s) —
@(s) € C([—7, 0], R").

In this paper, the following assumptions are needed.

(H1) There exist positive constants 7, T, 4 < 1, t <
I'suchthat 0 < 7;,(¢) < 7,0 < T;(1) < T, Ty (t) < p,

W) <ih=1,2,...,Lh=12,..., m.
(H) There exist positive constants k;;, i, j =
1,..., n such that

£ @0 = O <D ki [1y (1) — x; (0]

j=1
D it — () — x(t — rh(rm] :
h=1

(H3) There are positive constants /Ei,», i,j =
1,..., n such that

@) = @ <D ki [lyj () — x;0)]

J=1

I
+ 1yt = B () —xj(t — fh(r>)|]
h=1

(Hy) There are positive constants M;, Mi, H;, L;
such that [ " (1)1, I O < Mi, | fFOL LS O <
M, |xi(O] < Hi, [yi@)] < Li,i =1,2,....n.

(Hs) There exist constants Q; and Q;, such that
Wit x(0)| < Qi, Ji(t, y()| = Qi i =1,2,...,n.
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Remark 1 Conditions (H,) and (H3) are general,
which contain almost all the well-known chaotic sys-
tems with or without delays such as Lur’e system,
Lorenz system, Réassler system, Chen system, delayed
Chua’a circuit, and neural network [10]. All these
systems mentioned above can be described as x =
f(, x(t), x(t —t(t))), and there are positive constants
kij >0,i,j=1,2,---,n such that

|fie, y (@), y(t = T(0)) = fi(t, x(0), x(t = T(1))]
< D kijlyi (@) = x; O]+ 1yt — (1)

j=1
— x;(t =) o)
for any x (1) = (x1(t), x2(), ..., x,(1))T € R" and

y(@) = 1), y2(0), ..., ya ()" € R, where 7(7) is
time-varying delay. In this paper, the condition (5) is
extended to multiple time delays.

Remark 2 The conditions (Hy) and (Hs) are general.
It is well known that chaotic system has strange attrac-
tors, and there exists a bounded region containing all
attractors of it such that every orbit of the system never
leave them [32,33], which implies that the conditions
(Hy) and (Hs) are easily satisfied for general chaotic
systems.

Definition 1 The response system (2) is said to be
synchronized with driving system (1) in finite time,
if there exists a constant #{ > 0 (#; depends on the
initial state value of error system and time delay) such
that |le(#1)]|1 = O and |le(?)]|; = O for ¢t > t;, where
el = D7, lei(?)], t1 is called the setting time.

3 Main results

In this section, by designing a suitable controller and
using similar analytical techniques proposed in [25],
several sufficient conditions are derived to guarantee
the synchronization in a setting time. Moreover, the
setting time is estimated theoretically.

Consider the following state feedback controller:

u; = —§&ei(t) —§;sgnle;(t)), i=12,...,n, (6)

where &;, §; are positive constants to be determined, the
symbol sgn denotes the standard sign function.
The following theorem is our main result.

@ Springer

Theorem 1 Suppose that conditions (Hy), (H3), (Hs),
and (Hs) hold and the control gains &; and §; in (6)
satisfy the following inequalities:

1
i>Z|:a,] (+—l)k],}, i=1,2,...,n,
)

n
3 > zmij—aij|Hi+Mi+Qi+Mi+Qia
j=1
i=1,2,....n (8)

Then system (2) can be synchronized with (1) in a
setting time under controller (6). Moreover, the set-
ting time is estimated as t; < %(ZL] le; (0)] +

=0
T i X X kij [z lej(9)1ds), where p =
min{p;,i = 1,2,....,n}, pi = & — | laij —
aij|Hi + M; + Qi + M; + Q)).
Proof Define the following Lyapunov—Krasovskii
functional candidate:
V() = Vi) + Va (), ©)
where

Vi) =Y lei)],

i=1

vz(t)——ZZZk,,/~ ejs)lds.

i=1 j=1h=1 Th(t
Calculating the time derivative of V;(¢) along the
trajectories of the error system (3), it can be found that

Vi) = D sgn(ei())é; (1)

i=1
= > sgnlei() | D dijei(t)
i=1 j=1
+ &)+ D aipxi(t) + £ @) + Jit, y(1)
j=1

— D aigxi(t) = (1) = Ji(t, x(1)

j=1
—&iei(1) — disgn(e; (1))

=> 1 Da—&|law
i=1

j=1
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+sgn(ei (1)) {gi ) + D (@ij — aij)xi(t)
j=1

+ @) + Jit, y(0) — £ (1)
—Ji(t,x(t))} —ai|sgn(ei<t)>|], (10)

where |[sgn(e;(t))] = 1 when ¢;(r) # 0, while
|sgn(e;(¢))| = 0 when ¢;(¢) = 0.
It follows from (H3) that

sgn(e; (1))gi (1) = 18i (1)

< Z/;ij [lyj(t) —x; ()]

j=1

1
+ D 1yt = T (@) = xj(t — mm}

h=1

= Zk,, [|e] 0]+ Z lej(t — rh(r)>|] (1)

h=1
One has from (Hy) and (Hs) that

sgn(e; (1)) |:Z(5lij — a;j)x; (1)

j=1

+ fF O + T, y(0) = f5 @) — i, x(r))}
< [Zuai,- — aip)|lxi O]+ | )]

j=1
+ i, y(O)| + | ()]
+1J; (r,x<r>)|} Isgn(e; (1))
< |:2 |aij — aij|Hi + M;

j=1

+ Qi+ M; + Q,} Isgn(e; (1))]. (12)

Substituting inequalities (11) and (12) into (10) derives
that

Vi) < z Zflij =& | lei(®)]

n !
+> Ky [|ej(t)| > ej e - fh(z))|]
j=1

h=1

n
+ |: laij — aij|Hi + M;

j=1
j| Isgn(e; (f))|]

a,, +kji) — s,} le; (1)]

+ Qi+ M+ Q; —

+ Z |:Z|atj —aij|H; + M; + Q;

+M;+ Q; — 8,} [sgn(e; (t))]

n n 1
+ zzzi%jlej(t—fh(t))l. (13)

i=1 j=1h=1

It is obtained from V,(¢) that

Va(t) = —szu [ue,(m

lljl

h=1

l
=D (= T(®)lej(t — mm}

= ZZk,, [ TRl

i=1 j=1

l
1—
—Z ”’(” et — mrm}

|e](t)|
i= 1] 1
‘ZZZ’zijlej(t—fh(t))l, (14)
i=1 j=1h=1

where (H;) has been used.
By (13) and (14), one has

V() = Vi(t) + Va(t)

N R 1\ -
= Z[Z (5ii+ (1+ml) k,-l-) - 5ii| lei ()]
=117

Jj=1
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n n
+ O D laij — aij| H;

i=1 \j=1

+M; + Qi + M; + Qi — & | Isgn(e; (1))

1—p

-3 Z(&iﬁ (1+L1) iéji) & | lei(0)]

i=1| j=1

n
N (s)
i=1

where A; = |sgn(e;(1))].
Substituting the conditions (7) and (8) into (15)
yields

V)<= piki. (16)
i=1

When V (¢) # 0, it can be obtained from (9) that
there exists at least one index i € {1,2,...,n} such
that A; = 1. Therefore, when V (¢) # 0, one has from
(16) that

V() <—pi <—p <O0. (17)

Integrating both sides of the inequality (17) from O
to ¢, one has

V() — V() < —pt. (18)

Now we prove that there exists an instant ¢; €
(0, +00) such that V (z;) = 0. Suppose that V(¢) > 0
for all + > 0, then we have from (9) that Vi(t) > 0 or
Vao(¢t) > 0. Since Va(¢) > O for all + > 0O implies
Vi(t) > 0, we only discuss the case V,(¢t) > O.
When V;(¢) > 0, there exists ig € {1,2,...,n} such
that ftt—f,, o leio(s)|ds > 0. Then there exists I e
(t — Tn(1), 1) such that |e;, (7)| > 0. From the arbitrari-
ness of ¢t > 0 one has that there exists ig € {1, 2, ..., n}
such that |e;,(z)] > 0 for all #+ > 0, which means
the inequality (18). Therefore, lim;_, 1~ V() = —o0.
This contradicts to the fact that V (¢) > 0. Hence, there
exist 11 € (0, 4+00) such that

tli_)rrtl V()=0 and V(r) =0, for Vt>1. (19)
1

By (18) and (19), one has
= V@) = —p1. (20)

@ Springer

Considering (9) and (20), one can obtain that

n

V(0 1
netO_ (Xl

i=1

n n 0
+ﬁzzz§ij/_f|€j(s)|ds . @)

i=1 j=1h=1

This completes the proof. O

Remark 3 Note that the analytical method in the
present paper is based on 1-norm and the key step in
the proof of Theorem 1 is to obtain the inequality (17),
which implies that the derivative of the Lyapunov func-
tional is less than a negative constant before the realiza-
tion of synchronization. However, the finite-time stabil-
ity theorems in [21] and [22] are based on the inequal-
ity V(x) < —aV"(x), where @ > 0 and 0 < n <1
are constants, o1 (|x|) < V(x) < az(]x|) with class-/C
functions « (-) and &3 (-). The finite-time synchroniza-
tion criteria in [11-18] are obtained by using the finite-
time stability theorems in [21] and [22], and their Lya-
punov functionals are of quadratic form (2-norm). If 2-
norm-based Lyapunov functional are used, the inequal-
ity (17) cannot be derived.

When there is no delay in the driving and response
systems, i.e., 7,(t) = 0, h = 1, ..., m in the system
(1) and 7;,(t) = 0, h = 1,...,1 in the system (2),
the Vi(t) = > |e;(r)| can be taken as the Lyapunov
function. By using the similar analysis as that in the
proof of Theorem 1, one can easily derive the following
corollary. Its proof is omitted.

Corollary 1 Lett;,(t) =0,h=1,...,mand t,(t) =
0,h =1,---, 1. Suppose that conditions (H3), (Hz),
and (Hs) are satisfied, and the control gains &; and §;
in (6) satisfy the following inequalities:

n
§ > > @j+ki), i=12,...,n, (22)
Jj=1

n
i > Zlﬁij — ajj|H; + M; + Qi + M; + Qi
j=I
i=1,2,....n (23)

Then the systems (1) and (2) can be synchronized in
a setting time under the controller (6). Moreover, the
setting time is estimated as t; < % > lei(0)], where
o =min{p;,i =1,2,---,n}.
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The following theorem is abstained from the error
system (4).

Theorem 2 Suppose that the conditions (Hy), (Hy),
(Hy), and (Hs) hold and the control gains &; and §; in
(6) satisfy the following inequalities:

n

1
£ > j;l:aij‘F (H—mm) k,-,}, i=1,2,....n.
(24)
n
8 > D laij — aij|Li + M; + Qi + M; + Q.
j=1
i=1,2,....n 25)

Then system (2) can be synchronized with (1) in a
setting time under the controller (6). Moreover, the
setting time is estimated as t; < %(ZLl lei (0)] +

T it X1 T kij [ lej ()1ds), where p =
min{p;,i = 1,2,...,n}, pj = 8 — (Z’;=l |c~l,-j —
aijILi + Mi + Qi + M; + Q)).

Proof Define the following Lyapunov—Krasovskii func-
tional candidate:

V(@)= Vi) + Va(), (26)
where
Vi) =D lei(n)l,
i=1
1 n n o m t
Vo(t) = e ZZZkij/ le;(s)|ds.
I - 1=t ()

Computing the derivative of V;(¢) along trajectories
of error system (4) yields

Vile) = sgn(ei())éi(1)

i=1
= Z sgn(e; (1)) Z ajje;(t)
i=1 J=1

+gi() + D a@iyi(t) + f; (1) + Ji(t, y(@))
j=1

— > aijyi(t) = £ = Ji(t, x(1))

j=1

—&iei(1) — disgn(e; (1))

n

> aij—& | lei ()
j=1

+sgn(e; (1) | & () + D (@ij — aij)yi(t)
j=1

+ @) + Jie, y(0) — £7(0)

—Ji(t, x(1)) | —dilsgn(ei ()] - 27

One has from (H>) that

sgn(e; (1))gi (1) = [gi(?)]

<>k [|e,-(t>| + D lejt - rh(r>)|] )

j=1 h=1

Similar to the inequality (12), one has from (Hi)
and (Hs) that

sgn(e; (1) | D (@ij —aip)yi(t) + ;) + T (¢, y(1))

j=1

— @) = Ji(t, x (1))

< | D01 — aipllyi @I+ 7 O+, y(@)]

j=1
1O+ 1, x ()] | Isgne; (1)
< | > laij — aijILi
j=1
+M;+ Qi + M; + Qi

Isgn(e; (2))]. (29)

Substituting (28) and (29) into (27), one has

Vi) < D0 D (aij +kji) — & | lei(0)]

i=1| j=1

n n
+z |ﬁ,‘j—a,'j|Li+Mi
i=1 | j=1
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+ Qi+ M; + Qi — & | Isgn(ei (1))

T ZZkaem—wn. (30)

i=1 j=1h=1
It is followed by V> (¢) and (H) that

ZZ/«U mle; (1))

l]]l

Va(t)

=D (A= @)lejt — m(@)]

h=1

= szu —m|e](t)|

i=1 j=I

—Z T”(”| ej(t — (1)

| /\

szule, )]

i=1 j=1
n
—Zzzkiﬂej(f_fh(f)”- 3D
i=1 j=1h=1
Considering (30) and (31), one derives that
V@) = Vi(t) + Va ()

n n

Z Z (aij + (1 + ﬁm) kji) =&

i=1 | j=I
n n

< lei (D] + D | D 1aij — aij|Li
i=1 \j=1

+ M + Qi+ M + 0; — 8 ) Isen(e; ()|

IA

n n

Z Z (aij + (1 + ﬁm) kji) =&

i=11] j=1

x lei (D] = D piki, (32)

where A; = |sgn(e;(1))].
Substituting the conditions (24) and (25) into (32)
produces the following inequality:

V() < —p. (33)

The rest part is the same as that in the proof of The-
orem . This completes the proof. O
@ Springer

The following corollary can be derived from Theo-
rem 2.

Corollary 2 Letty(t) =0, h=1,...,mand 7;(t) =
0,h = 1,...,1. Suppose that conditions (H3), (Hy),
and (Hs) are satisfied and the control gains &; and §;
in (6) satisfy the following inequalities:

n
&> (aij+kj), i=12,...n, (34)
j=1

n
8 > > laij — aij|Li + M; + Qi + M + Qi
J=1
i=1,2,....n (35)

Then the systems (1) and (2) can be synchronized in
a setting time under the controller (6). Moreover, the
setting time is estimated as t; < % >0 lei(0), where
p=min{p;,i =1,2,--- ,n}.

Remark 4 Based on the error systems (3) and (4), The-
orems | and 2 are obtained respectively. All the syn-
chronization criteria in Theorems 1 and 2, and Corol-
laries 1, 2 are applicable to finite-time synchronization
control of nonidentical systems. In real applications,
operators should select less conservative synchroniza-
tion criteria from Theorems 1 and 2, and Corollaries 1,
2 according to the practical situation.

When the drive-response systems (1) and (2) are
identical and do not have external perturbations, i.e.,
A=A @)= f @), J@,x() =J@ y@1) =0,
the error systems (3) and (4) turn out to be
e(t) = Ae(t)+gle(t), et —71(1)), ..., et — Ty (1)))

+U(1). (36)
From Theorem 2, one can obtain the following corol-
lary.

Corollary 3 Suppose that A = A, f*(1t) = f(),
J(@, x() = J(,y@) = 0, and (H1), (H2) hold. If
the control gains &; and §; in (6) satisfy

n
1
£ > j;[aij‘l‘ (1+qm)kj,}, i=1,2,....n
(37)

6 >0, i=1,2,...,n. (38)

Then system (2) can be synchronized with (1) in a
setting time under the controller (6). Moreover, the
setting time is estimated as t| < %(Zl’;l le; (0)| +
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0
T 2t 2ot 2 kij [, lej(9)[ds), where § =
min{é;,i =1,2,...,n}.

Proof By taking L; = 0, M; = 0, Q; = 0, M; =0,
and Q; = 0, the proof is the same as that in the proof
of Theorem 2. This completes the proof. O

Remark 5 As far as the authors’ knowledge, few pub-
lished papers study finite-time synchronization of non-
identical systems except [10]. However, the results in
[10] cannot be extended to time delay since they are
obtained under the framework finite-time stability the-
orem in [22]. Moreover, [10] did not consider external
disturbances. Recently, Yang studied finite-time syn-
chronization of a class of neural networks with delays
in [25], but the driving and response systems in [25]
were identical and did not consider external perturba-
tions. In this paper, the driving and response systems
are nonidentical with different time delays and subject
to bounded uncertain nonidentical external perturba-
tions. Hence the model considered in the present paper
is very general and improve the corresponding results
in [10] and [25] to some extent.

4 Numerical examples

In this section, three numerical examples are given to
illustrate the effectiveness of the theoretical results.
Specifically, Examples 1, 2, and 3 are given to verify
Theorems 1,2, and Corollary 2, respectively. Moreover,
the setting times for each example are also given.

Example 1 Consider two nonidentical neural networks
with different multiple time-varying delays and uncer-
tain nonlinear external perturbations in drive-response
configuration. The driving system is represented as fol-
lows:

x() = Ax(®) + () + I, x(1)), (39

where x (1) = (x1 (1), x2(0)7, (1) = fx(@), x(t —
71(1)), x(t—12(¢))) = (tanh(x(z))—0.3 tanh(x2 (1)) +
l.4tanh(x1(t — 71(z))) + O.1tanh(x2(t — 12(2))),
—8tanh(x;(t))+5 tanh(x3(¢))4+0.3 tanh(x; (t —71(2)))
—8tanh(x2(t — ()T, 71(t) = 0.1] sin(r)|, 2 (¢) =
0.8] sin(?)|, and

(-3 2 _ 0.1 cos(t)
A‘( } —1)’ S0 (0.6+0.35in(t))'

wa(t)

-6

-4

Fig. 1 Trajectories of x (¢) of (39) with initial conditions x (0) =
(1,3)"

The response system is described by
V() = Ay + PO+ T y@) + U@, (40)

where y(1) = (y1(), y2 ()T, (1) = fy@), y(t —
71(¢))) = (2.3 tanh(y;(#)) + 0.3 tanh(y(¢)) — tanh(y
(t — t1(1))),4tanh(y;(r)) + 4tanh(y2(z)) + 0.6
tanh(y1(r — F1(0)))7T, T1(r) = 0.4 % | sin(z)], and

~ 0.2 —1 ~ 0.3 sin(r)
A= ( 2 —3)’ T y@) = (0.2cos(t))'

Figure 1 presents the chaotic trajectory of (39) with
the initial value x(0) = (1,3)7, and the states are
bound with |x;| < 3.6169 = Hy, |x2| < 6.0533 = H,.
Figure 2 presents the chaotic trajectory of (40) with
U (t) = 0 and the initial value y(0) = (2, DT,

Itis easy to getthat t = 0.8 and u = 0.8, 7 = 0.4
and © = 0.4, then the condition (H;) holds. One
obtains that | fj' (1) — f (1) < 2.3le1(t)|+0.3]e2 ()| +
ler(t — )| and |f3 (1) — f3 (O] < 23ler(n)] +
0.3]|ex(t)| + |e1(t — 71)|, thus the condition (H3) is
satisfied with k1] = 2.3, k12 = 0.3, ko = 4, kop = 4.
Moreover, f{(t) < |tanh(x;(z))|+0.3| tanh(x2(2))| +
1.4 tanh(x{(t — 71(2)))| + 0.1 tanh(x2 (r — 72(2)))|
1 +03+ 14401 = 28 = M, f;(1)
8| tanh(x(¢))| + 5|tanh(xz(¢))] + 0.3]|tanh(x (¢
71(1)))| + 8|tanh(x2(t — 72(¢))] < 8 +5 + 0.3 +
8 = 213 = M, f{f(t) < 2.3|tanh(x;(1))| +
0.3|tanh(x2(¢))| + |[tanh(x1(t — 71(2)))] < 2.3 +
03+ 1 = 3.6 = My, f(t) < 4|tanh(x1(1))| +

[ IATA
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4 4 r r r r T T T
a5 ——— &,=16,£,=10.4667;5,=39.2415,5,=59.1599|
sl .
3t
2+
25
11 — 2t
= = 1s
T —
1
-1 f
0.5
-2t ol
-0.5
-3}
4 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Fig.2 Trajectories of x (¢) of (40) with initial conditions y(0) =
@ n’

4| tanh(xy(1))| + 0.6 tanh(x;(t — 71 (¢)))| <4+ 4 +
0.6 = 8.6 = My, and Ji(1,x(1)) < 0.1 = Q,
L, x(1) =09 = 02, J1(t,y(1)) = 03 = 01,
J(t, y(t)) < 0.2 = Q,. Hence, the conditions (Hy)
and (Hs) are satisfied.

Take & = X, [a + 1+ LzDki | = 16,
& =20 [Zzzj + (1 + ﬁl)];/z] = 10.4667, and

§1> 2oy la —ailHi + My + Q1+ My + Q1 =
29.2415, 6, > Z;l»zl |6~12j —ayj|Hy + My + Q2 +
M> + Qs = 49.1599, then the neural networks (39)
and (40) can realize finite-time synchronization under
the controller (6) according to Theorem 1. Now we take
81 = 39.2415, §1 = 59.1599. By simple computation,
one has p; = pp = 10. Moreover, the setting time is
= 2.42.

In the simulations, the Euler scheme is used and the
step-length is set as 0.0001. The initial values of the
systems (39) and (40) as those in Figs. 1 and 2, respec-
tively, we obtain the time evolution of ||e(¢) ||| showing
in Fig. 3, from which one can see that the synchro-
nization is achieved before the setting time #; = 2.42.
Therefore, the effectiveness of Theorem 1 is verified.

Example 2 Consider the time-delay Rossler system
with external perturbations as the driving system and
the time-delay Lorenz system with external perturba-
tions as the response system. The time-delay Rossler
system with external perturbations is described as:

X ()= AX() A+ () A+ L2 (1)) 41)

@ Springer

t

Fig.3 Time evolution ||le(t)||; with & = 16, & = 10.4667, and
8 = 39.2415, 8, = 59.1599

where x(1) = (x1(t), x2(t), x3() T, fX(t) = f(x (1),
x(t — 11(1), x(t — @) = (0,0,02 + x;(t —
T1(8))x3(t — rz(t)))T, 71(t) = 0.05, 1p(¢t) = 0.1, and

0 -1 -1 0.1
A=11038 0 , J(t,x(t)=103
0 0 =57 0.5

The time-delay Lorenz system with external pertur-
bations is described as:

(1) = Ay + @) + T, y(0) + U @), (42)
where y(t) = (y1 (1), y2(t), ys) T, £ (1) = fy (),

Yt = T1(1), yt — 2(1))) = 0, y1(@O)y3:(t — T1(1)),
Vit — HONT, 71(t) = 0.1, T2(t) = 0.04, and

. /-1010 0 /08
A= 28 -10 ), j=|(1
0 0 83 1.3

Choosing the initial value as x(f) = (1, 1, )7, vt €
[—0.1, 0], the chaotic trajectory of (41) is shown in
Fig. 4. When take u(#) = 0 and the initial value is
chosenas y(¢) = (3,2,4)7,Vt € [—0.1, 0], the chaotic
trajectory of (42) is presented in Fig. 5.

As the same solution procedure of Example 1, we
getthat t = 0., u = 0,7 =01, 0 =0, L =
(27.1251, 47.7637, 108.

05097, M;=(0, 0, 529.6247)T, 0 = (0.1,0.3,0.5)7,
M; = (0,223.4931, 189.6356)7, O = (0.8, 1, 1.3)7,
and
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Fig.4 Trajectories of x(¢) of (41) with initial conditions x (1) =
(1,1,HT, r=—-0.1

120
100

x3(t)
3

(1) -50 -30 21(t)

Fig. 5 Trajectories of x () of (42) with initial conditions x(¢) =
3.2, H7,r=-0.1

0 0 O
0 0 O
64.9978 0 13.3675

K

Take&) = 2>, [al j+ A+ mk jl] = 192.9934,
& =210 [azj +(1+ ﬁm)kﬂ] = 1.3800, and

o= Y, [agj T4+ ﬁm)k,-g] — 34.4025.
Choosing §; = 607;65 > Z?:l lay; — aij|lLy +
My 4+ Q1+ My + Q) = 597.65: ) = 668.03 >
st l@2j —arj|La+Mr+ Qr+ Mr + Q2 = 658.03,
and 83 = 1635.10 > Z?:l laszj—azj|lL3+M3+ Q3+
M3 + Q3 = 1625.10, it gets that p; = 10, po = 10,
and p3 = 10. Therefore, all the conditions of Theo-
rem 2 hold, then the system (42) can be synchronized

R fyl_llsl

T T T T T T T T T
_ 61 =1 92.9934,§2=1 .3800.§3=34.4025;81=60746582=668403.52=1 635.1 0|

lle®)llx

0.1 0.101 0.102 0.103 0.104 0.105 0.106 0.107 0.108 0.109 0.11
t

Fig. 6 Time evolution |le(?)||; with & = 192.9934, &
1.3800, &3 = 34.4025, and §; = 607.65, 8, = 668.03, 53
1635.10

9

| JE— §1=59.4555.§2=1,3800.§3=20.1105;5‘=341.53.62=463.46.62=906.71|
8 L g

7+

lle(®)llx

0  0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t

Fig. 7 Time evolution [le()|; with & = 59.4555,& =
1.3800, & = 20.1105, and §; = 341.53, 8, = 463.46, 63 =
906.71

Taking the initial value of the systems (41) and (42)
the same as that in Figs. 4 and 5, respectively, Fig. 6
describes the trajectories of the error states, which indi-
cates that the synchronization is realized before the set-
ting time #; = 0.9578 estimated by Theorem 2. Hence,
Theorem 2 is verified.

Example 3 Consider system (41) without delay as the
driving system and system (42) without delay as the
response system. The initial value of the drive system
is setas x(0) = (0.1, 0.1, 0.1)T and the initial value of
the response system is set as y(0) = (3,2,4)7.

It is easy to verify that all the conditions of Corol-
lary 2 are satisfied if we take & = Z?=1 (a1j +kj1) =

@ Springer
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59.4555, & = 27:1("21' + kj2) = 1.3800, & =
Z;'.:l(aij + kj;) = 20.1105, and 8; = 341.53 >
27:1 |a1j—aijlLi+M;+ QO + M+ Q) = 331.53,
3~2 = 463.46 > Z?:l |&2j—a2j|L2+M2+Q2+M2+
0r = 453.46,~83 =~906.71 > 2?21 lazj —azj|L3 +
M3+ Q3 + M3 4+ Q3 = 896.71. According to Corol-
lary 2, we obtain that the setting time #; = 0.87. Fig. 7
shows the trajectories of the error states. In Fig. 7, the
actual synchronization time is 0.069, which is shorter
than the setting time.

5 Conclusions

In this paper, finite-time synchronization for a class of
nonidentical drive-response chaotic systems with mul-
tiple time-varying delays and bounded external pertur-
bations has been studied. By designing suitable con-
trollers and Lyapunov functionals, several sufficient
conditions have been obtained to guarantee that the
coupled systems can be finite-timely synchronized.
The setting time is also given. Models considered in
this paper are general and the results extend existing
ones to some extent. Three numerical examples have
been given to verify the effectiveness of the theoretical
results.
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