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ABSTRACT. In the paper, the synchronization stability of a class of complex dynamical
networks with non-delayed and delayed coupling is investigated. By establishing impulsive
delay differential inequalities, sufficient conditions on the asymptotical stability of com-
plex dynamical networks are derived. Some impulsive controllers are explicitly designed
not only to achieve asymptotically stable for the complex networks based on the analysis,
but also to ensure the convergence rate of complex networks. In the end, some numerical
examples are also given to illustrate the effectiveness of the proposed method.
Keywords: Impulsive control, Synchronization, Complex dynamical networks, Non-
delayed and delayed coupling, Differential inequalities

1. Introduction. Complex networks have been paid much attention to since they are
shown to widely exist in various fields of real world [1,2]. A complex network is a large
set of interconnected nodes, in which a node is a fundamental unit with specific contents.
Network topology structure provides a powerful metaphor for describing sophisticated
collaborative dynamics of many practical systems in essence with the dynamical units
regarded as nodes and the interplay between them expressed by the links of nodes. Ex-
amples of complex networks include World Wide Web (WWW), the brain, food webs,
social networks, telecommunication networks, etc. [3-8].

Stabilization problem of complex networks with time delay is receiving much attention.
The existence of a delay in complex networks may induce more complex dynamical be-
haviors such as instability, oscillations, and chaos. Wu et al. [9] investigated the problem
of master-slave synchronization for neural networks with discrete and distributed delays,
and proposed an improved method to capture the characteristic of sampled-data systems.
Some important control methods have been developed for stabilizing dynamic systems
without delay or with delay, which include linear feedback control [10], adaptive control
[11], fuzzy control [12], variable structure control [13], asynchronously switched control
[14], hybrid feedback control [15], etc. Impulsive control is also an important control
method. As is known, impulsive control is characterized by the abrupt changes in the
system dynamics at certain instants. And impulsive control has an advantage in reduc-
ing the amount of information transmission and improving the security and robustness
against disturbances especially in telecommunication networks and power grid, orbital
transfer of satellite [16-22]. In some cases, the scheme of impulsive control cannot be
substituted by continuous control. By employing the stability theory of impulsive delayed
differential equations, a unified approach was proposed for impulsive lag-synchronization
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of a class of chaotic systems with time delay [23]; sufficient conditions for impulsive syn-
chronization with a bound on the synchronization error were derived [24]. In addition,
impulsive control has been introduced into complex networks to achieve the synchronous
dynamics [25-27]. Based on impulsive control theory on delayed dynamical systems, some
simple yet generic criteria for robust impulsive synchronization were established [28]. By
establishing the extended Halanay differential inequality on impulsive delayed dynamical
systems, some simple yet generic sufficient conditions for global exponential synchroniza-
tion of the impulsive controlled delayed dynamical networks were derived analytically
[29]. However, there are few results for dynamical networks with non-delayed and delayed
coupling, moreover with time delays in the dynamical nodes. Thence, synchronization
stability analysis for complex dynamical networks still remains unsolved and challeng-
ing. In light of the above analysis, it is our purpose to propose new less conservative
delay-dependent conditions for continuous-time networks.

In this paper, we investigate synchronization of a class of complex dynamical networks.
However, most available literature in impulsive synchronization takes no account of time
delay for simplicity. As a matter of fact, time delays commonly exist in the world. Some
of them are trivial so that they can be ignored whilst some of them cannot be ignored,
such as in long-distance communication and traffic congestion. By establishing impulsive
delay differential inequalities, sufficient conditions on the asymptotical stability of com-
plex dynamical networks are derived. Based on the analysis, the impulsive controller is
designed.

The rest of the paper is organized as follows. In Section 2, complex networks model
is presented, and some relevant definitions and lemmas are provided. Section 3 deals
with the stability analysis. In Section 4, the controller design procedures are given in
detail and theoretical results are verified by several numerical examples to illustrate their
effectiveness. Conclusions are drawn in Section 5.

Notation: The notation used throughout the paper is fairly standard. Let N* be the
set of natural number; R™ denotes the n-dimensional Euclidean space. For a matrix A, the
largest eigenvalue and the smallest one are denoted by Apax(A) and Ayin(A), respectively;
its induced matrix norm and matrix measure are

1
HA” = AHI&X(ATA)? (A) = 5)\max(AT + A)

2. Complex Dynamical Networks Model. In what follows, we consider a general
complex dynamical network consisting of N identical linearly and diffusively coupled
nodes, with each node being an n-dimensional dynamical system and introduce a complex
delayed dynamical network model. This dynamical network is described by

g = fxa(t), mi(t=7(8)+er Y CyGras(t)+es Yy CiyGor;(t=7(t)), i=1,2,...,N (1)

j=1 j=1
and the initial condition function
zi(0) = @(0), 0 € [T, 0]

where z; = (21, T2, . . . ,xm)T € R™ is a state vector representing the state variables of
node i, f(-) € R™ is a continuously differentiable vector function, G; = (Giij)nxn € R™*"
is a constant inner-coupling matrix between node ¢ and node j (i # j) forall 1 <, j < N,
the constant ¢; > 0 (i = 1, 2) is the coupling strength, 7(¢) is bounded time-varying delay
with 0 < 7(¢) < 7, C(t) = (Cij)nxn s the coupling configuration matrix representing
topological structure of the network at time ¢, in which Cj; is defined as follows: if there is
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a connection from node ¢ to node j (i # j), then C;; = Cj; = 1, otherwise C;; = Cj; = 0,
7 (7 > 0) is the time delay and the diagonal elements of matrix C(t) are defined by

N
=L

Network (1) is a general complex network model in which there exist both non-delayed
coupling and delayed coupling. It means that each node communicates with other nodes
the information at time ¢ as well as at time ¢ — 7(¢). In fact, this phenomenon exists
commonly in our real world. For example, in the stock market, decision-making of single
trader is influenced by that of others at time ¢ as well as at time ¢ — 7(¢).

There have been various definitions of synchronization in the literature [4,30-32]. Here-
after, the delayed dynamical network (1) is said to achieve (asymptotical) synchronization
if

21(t) = xo(t) = ... xn(t) = s(t), ast — o0 (3)
where s(t) € R is a solution of an isolate node, namely, s(t) = f(s(t), s(t — 7(t))).
To obtain the main results, we will need the following lemmas.

Lemma 2.1. Consider the delayed dynamical network (1). Let

be the eigenvalues of the outer-coupling matriz C. If the following N —1 of n-dimensional
delayed differential equations are asymptotically stable about their zero solutions:

w = (Jl + clA,Gl)w(t) + (JQ + CQ/\iGQ)U)(t — T(t)), 1= 2, e ,N (5)

where Jy(t) is the Jacobian of f(x;(t),z;(t — 7(t))) at s(t) and Jo(t) is the Jacobian of
flxi(t), z;(t — 7(t))) at s(t — 7(t)), then the synchronized states (3) are asymptotically
stable for the dynamical network (1) [32].

Form Lemma 2.1, we know that the synchronized states (3) are asymptotically stable
for the dynamical network (1) when Equation (5) is asymptotically stable about its zero
solutions. For simplicity, we let J;(¢) and Jy(t) be constant matrices. To asymptotically
stabilize their zero solutions of Equation (5), we design an impulsive control law as follows:

Ul(k’,’LU(tk)) = Dw(tk), 1=1,2,...,N, ke N*
Then Equation (5) under impulsive control can be rewritten as follows:

w = (J1+01)\iG1)w(t)+ (J2+Cg>\iG2)w(t—T(t)), te (tk,tk_,_ﬂ, 1= 2,...,N
Aw = w(t}) —w(ty) = Dw(ty), k€ NT (6)
w(f) = ¢(0), 0 € [—7n,0]

3. Stability Criteria. In this section, we shall analyze the global asymptotic stability
of the impulsive control system (6) by employing impulsive delay differential inequalities.
We first present a basic result [33] and the basic result will play an important role in the
following qualitative analysis of impulsive control systems with time delay.

Lemma 3.1. Let P € R™™ be a symmetric positive definite matriz and P = QT Q. For
any z, x € R", A € R then (1) 27 ATPAz < ||QAQ™!|*2" Pz, (2) 2T (ATP + A)x <
2u(QAQ Nz Pz, (3) |27 Px| < \/ETPI\/ZE)TPE.

Then we shall establish some stability criteria for system (6). The following theorem
gives some conditions for asymptotic stability of the trivial solution of system (6).
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Theorem 3.1. If there exists 0 < p = supyen+ (te — ter1) and a non-singular matric
Q € R™™ such that

17 +QDQ™H| <v, 0<y<1 (7)
and
2In(7) + 20p(QJQ™Y) + p(7)*|exXi|(IQRGQH)* <0, i=2,...,N (8)
where I is an n-dimension identity matriz, J = J;+c1 NGy and G = Jy/(ca);) + Go, then
zero solution of system (6) is asymptotically stable in the following sense

lo(®)| < Me™2 sup__oco(16(O)]), >0 (9)
where M = 1/a\/Anax(QTQ) [ Auin(QTQ), A > 0 is the solution of
A—a+be’™ =0 (10)

in which a = —2In(y)/p + 2u(QJQ™1) — |cavil, b = Y 2oy (|QGQ )%, That is, the
synchronized states (3) are asymptotically stable for the dynamical network (1).

Proof: Denote g;(\) = A\ — a + be*™. From (8), we obtain a > 0, b > 0, —a + b < 0,
and so ¢1(0) < 0, g1(4+00) > 0, g1(A) > 0. Using the continuity and the monotonicity of
g1(A), Equation (10) has a unique solution A > 0.

Define the Lyapunov functional V(t) = w?(¢t)Pw(t) and P = QTQ. According to
Lemma 3.1, the derivative of V' along the trajectories of system (6) is given by

V = wl'(J'P 4+ PJ)w + 2w (cx A PG)w(t — 7)
< 2u(QJQ N Pw + 2|eahi|/(w” Pw)/(w (t — 7(£)) PGw(t — 7(t)))
< 2u(QJIQ Hw Pw + |exNifw” Pw + |ex N (J|QGQ )2 w™ (t — 7(¢)) Pw(t — 7(t))
< (2u(QIQ™Y) + M)V (1) + 2| (IQGQTHD?V(E = 7(1)), t € (te-1,ts]
where J = J; + ;NG and G = Jy /(e \;) + Go, and
V() = (I + D)w(ty))" P(I + D)w(ty) = w” (tx)(I + D)" P(I + D)w(ty,)
< (I + DI)*w” (tx) Pw(tr) Amax (QT Q) / Amin (QT Q) < 7*V (t4)
For any o > 0, let (t) be a unique solution of the following impulsive delay system
0= (2u(QJQ™Y) + leahilJu(t) + [e2 | (IQGQTHD)?v(t = 7(2)), T € (Er—1, ti]
o(tf) = 1?o(ty), ke N (11)
v(0) = Amax(P)[[0(O)[1%, 6 € [=7, 0]

It may be clear that V(6) < v(f), for § € [—7,,0]. Based on [27,33], it leads to
v(t) > V(t) > 0, t > 0. By the formula for the variation of parameters [34], the zero
solution of system (11) is

v(t) = W(t,0)v(0) +/0 W (t, 8)|coMi] |QGQ ™ |Pv(s — 7(s) + o))ds, t>0

where W(t, s) is the Cauchy matrix and it is estimated by

W(t, 8) _ 6(2[1/(QJQ71)+|C2>\7:|)(15—S) <1t—[<t72 < 6(7a721%)(t75)72t;s,1 _ 7_26_a(t_8), t>s>0
s<tk

Accordingly, we have
t
u(t) <772 Anax (P)[10(0) 1 + / 72 N\ QGQ T Pu(s — 7(s) + 0))ds
; ’ (12)
<ge 4 / e~ Ibu(s — 1(s) + oy 2))ds, t>0
0
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where ¢ = 772 Ayax (P)sup_,, <,<oll¢(s)[I-
In the following, we will verify that
v(t) <ceM 4oy 2 (a—b)"t t>0 (13)
Because o > 0, —a + b < 0, then we obtain oy 2(a — b)~! > 0. At first, it is assumed
that there exists a ¢t* > 0 such that
v(t*) > ¢eM + ooy 3 (a —b)7! (14)
and
v(t) <ceM+oy 2a—b)7t t<t” (15)
From (10), (12), (15), we can get

t*
v(t*) < cem +/ e~ =by(s — 7(s) + 0y~ 2))ds
0
t*
< et (g + oy 3a—b)"t+ / e (cbe A7) 1 by 2 (a — b) ! + a’yz)ds>
0

t* t*
< e (g + oy %(a — b))t 4 cbe™ / e Vs ds + gby 3 (a — b) 7! / easds)
0 0

=M + o0y 3 a—b)""

This contradicts (14), and so the estimate (13) holds. Letting ¢ — 0, then V() <
v(t) < ceM, t > 0. It implies the conclusion and this completes the proof.

Similarly, we can obtain the following conclusion for the case. Here we omit its proof
to avoid the repetition.

Theorem 3.2. For the casey > 1, we can replace the condition 0 < p = supyen+ (b —tp+1)
with 0 < p = infren+(ty — tgr1), then the conclusion the above theorem yet holds when
the following inequalities replace inequalities (7) and (8).

II+QDQ | <~, v>1
and
21n(y) + 2p0(QJIQ™Y) + p(7) e Nl (|QGQ7H)? <0, i=2,...,N
with a = =21n(y)/p + 2(QJQ™") — |eavil, b = VP|eaul(|QGQ ™).

4. Impulsive Controlled with Numerical Simulations. The above synchronization
conditions can be applied to networks with different topologies and different sizes. In
order to illustrate the main results of the above theoretical analysis clearly, we consider
a lower-dimensional network model with 5 nodes. In the section, two design procedures
of impulsive controller are provided based on Theorem 3.1 and Theorem 3.2. After that,
the corresponding numerical simulations are given.

Firstly, based on the analysis of Theorem 3.1, we give the following design procedure:

(1) Select the parameters ¢y, o, Ji, Jo, Q, G1, Gb.

(2) Calculate J, \i, Ton, G, P, u(QJQ™'). Choose a matrix D such that [|[[+QDQ ™| <
v, 0<y < 1.

(3) For a given \g, determine a set of impulsive control instants ¢, k € N* as below.

1) Choose a A > A\g > 0 such that

92X+ 20(QJQ7Y) + (N el (IQGQT (A + ™) >0, i=2,...,N
2) Take p = supgey+ (t — tis1) = —21Iny/9.
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In order to illustrate the design procedure, we consider a lower-dimensional network
model with five nodes, in which each node is a simple three-dimensional linear system
described [32].

ZL:1 = —T1 — ZEl(t — T(t))

Tg = —2w9 + x1(t — 7(t)) — x2(t — 7(1)) (16)

.leg = —3333 — l’g(t — T(t))
which is asymptotically stable at the equilibrium point s(t) = 0, Jacobin matrices are
J1 = diag—1,-2,-3 and J, = [-1,0,0;1,—1,0;0,0, —1]. For simplicity, we shall choose
matrix () to be the 3 x 3 identity matrix and we suppose that the inner-coupling matrix
is G; = G5 = @ and ¢; = ¢ = 1, and the outer-coupling matrix G is

-2 1 0 0 1

1 -3 1 1 0
0 1 -2 1 0
0 1 1 -3 1
1 0 0 1 -2
3 ) 3r T
2 | i . 2 -I‘I‘." / — S—
1 - "\ /S
of of Y/
/f/ \
2 -1t z -1} /]
-2f ) -2
-3t/ -3}/
-4 d -4 ":‘ b
-5 -5 :
0 05 1 15 0 0.5 1 15
fime t fimet
4 4
37 - 37 e
2."‘.‘1 ' B - 2—"',‘ o -
1 | ".“.‘ / //_} - 1 \ ‘;3 ’/‘,.,
// /
ol Y 0
A z |/
-1 ‘:‘f“-‘ -1 -;':::'
2! ) -2t - _
_3 ,‘."‘ _3 _..‘I
Ll C _al d
_5 ' L _5 L L
0 0.5 1 1.5 0 05 1 15
time t time t

FIGURE 1. Time response for system (5) without impulsive control. (a)
Ao = —1.382, (b) A3 = —2.382, (¢) Ay = —3.618, (d) A5 = —4.618.
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Obviously, C' is an irreducible symmetric matrix. The eigenvalues of C' are \; =
0,—1.382, —2.382, —3.618, —4.618. Here we choose D = diag—0.6, —0.6, —0.6. Let 7(t) =
0.2| sin(¢)|, which is bounded by 7, = 0.2. Then we can get v = ||/ + D|| = 0.4 < 1.
When A = Ny = 3 and \; = —1.382, -2.382, —3.618, —4.618, according to the last step
of the above design procedure, then we can obtain p = 0.0561,0.0421,0.0317,0.0264,
respectively.

We implement the equidistant impulsive control and denote AT = t, — t,_1 = 0.025,
k € N,. Figure 1 shows time response for system (5). As shown in Figure 1, we can
know that 4 of 3-dimensional delayed differential equations are not asymptotically stable
about their zero solutions. However, the following 4 of 3-dimensional delayed differential
equations are asymptotically stable about their zero solutions via impulsive control as
shown in Figure 2. According to Lemma 2.1, it is obvious that the synchronized states
(3) are asymptotically stable for the dynamical network (1).

Then we give another design procedure based on the analysis of Theorem 3.2:

(1) Select the parameters ¢y, o, Ji, Jo, Q, G1, Gb.

(2) Calculate J, \;, T, G, P, n(QJQ1). Choose a matrix D such that [|[[+QDQ™!|| <
v,y = L

(3) For a given \g, determine a set of impulsive control instants ¢, k € N* as below.

1) Choose a A > A\g > 0 such that

92N+ 20(QIQ™ ) + () 2| (1QGQ 21 + ™) >0, i=2,....N

2) Take p = infren+(te — tpr1) = 21n~y/9.

w
Y N
a b W N PO PN W
w
|
g b W N PO PN W

o
o
o
-
i
o

o

) 05 1 15
time t time t

Y

w

a_ b~ W N P O P N W
w

g B W N PO PN W

o

05 1 15 05 1 15
time t time t

o

FIGURE 2. Impulsive time response for system (5) with Ay = 3 and p
2.5x 1072 where p = t;,—t;_1 and the initial values: w;(t) = —2, wy(t) =
wy(t) = =5, t € [~0.02,0], (a) \2 = —1.382, (b) Ay = —2.382, (c) Ay
~3.618, (d) As = —4.618.

w
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In order to illustrate the main results of the above theoretical analysis, we choose
D = diag0.4,0.4,0.4 here and other parameters are the same as the previous exam-
ple. Then we can get v = |[[[ + D|| = 1.4 > 1. When A = Ay = 3 and \; =
0,—1.382,—2.382, —3.618, —4.618, according to the last step of the above design pro-
cedure, then we can obtain p = 0.2006, 0.1517,0.1412,0.0947, respectively. We implement
the equidistant impulsive control and denote AT =t —t,_1 = 0.3, k € N,. As shown in
Figure 3, the following 4 of 3-dimensional delayed differential equations are asymptotically
stable about their zero solutions via impulsive control. Therefore, it is obvious that the
synchronized states (3) are asymptotically stable for the dynamical network (1).

5. Conclusions. In this paper, we investigate synchronization of a class of complex
dynamical networks. Based on impulsive delay differential inequalities, we give sufficient
conditions on the asymptotical stability of complex dynamical networks with non-delayed
and delayed coupling. Then two procedures for designing impulsive controller have been
outlined. Finally, some numerical examples are also given to illustrate that the conditions
are practical and the designed methods are effective.

o
=

o

=

-2 -2
-3 -3
a
-4 -4 b
-5 -5
0 5 10 15 20 25 0 5 10 15 20 25
timet time t
4 4
3 3
°l
dil
N
=11l
-2
_3 L
-4 L -4t )
_5 1 L L L _5
0 5 10 15 20 25 0 5 10 15 20 25
time t timet

FIGURE 3. Impulsive time response for system (5) with A\ = 3 and p = 0.3,
where p =t — tx_; and the initial values: wy(t) = =2, wy(t) = 3, w3(t) =
5, ¢ € [~0.02,0], (a) Ao = —1.382, (b) A3 = —2.382, (c) Ay = —3.618, (d)
\s = —4.618.
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