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Abstract

This paper formulates and studies a model of complex dynamical networks with switching topology
and coupling delays. Based on the hybrid control and Lyapunov function, the stability and robust H,
control of such networks with impulsive and switching effects, which have not been studied before, are
addressed with some criteria derived. Examples are given to illustrate the effectiveness of the theoretical
results.
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1 INTRODUCTION

In recent years, research on complex networks has attracted increasing attention in many areas of science
and engineering [23, 26]. Basically, complex networks consist of nodes and links, where nodes may represent
routers in the Internet [4, 7, 21|, document files in the World Wide Web [1, 4, 15], and individuals, orga-
nizations or countries in the social networks [25], etc., while links represent the connections or interactions
between any pair of the nodes within a network. These universal features in science and technology have
stimulated the current intensive studies of topologies (i.e., architectures) of complex networks and their
dynamical processes based on the network structures [2, 5].

In order to emulate different features of some real-world complex networks, several models have been
proposed in the literature. Network modeling goes back at least as far as the well-known random graph
theory, initiated by Erdés and Rényi (ER) [6]. Small-world networks, introduced recently [27], play the role
as the middle ground between regular and random networks. However, many large-scale complex networks
such as the World Wide Web, the Internet, various social networks, etc., belong to yet another large class of
inhomogeneous networks, called scale-free networks [24]. It has been shown that these structural properties
strongly influence the network dynamics [22, 23, 24].

Many complex networks are hybrid in the sense that they have both discrete-state and continuous-state
dynamics. In addition, these two aspects of the system behaviors often interact to a significant extent that
they cannot be decoupled and must be analyzed simultaneously. One example is a network of mobile agents
studied in [22], in which agents are communicating with each other and need to agree upon a certain objective
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of interest or to perform synchronously. Since the nodes of the network are moving around in space, some of
the existing links may fail to stay connected due to the existence of obstacles between two communicating
agents. On the other hand, new links between nearby agents may be created, when two agents come to
an effective range of signal detection with respect to each other. This means that a certain number of
links will be added or be removed from the graph at times. This is a typical scenario of a network with a
switching topology. Internet is also a typical hybrid switching network since it’s nodes and links are always
variable dynamically [4, 21]. Furthermore, some real-world complex dynamical networks commonly have
communication time-delays due to finite speed of information processing. They are commonly represented
by coupling delays in complex dynamical networks [16, 30]. Based on this observation, we propose a new
model of complex dynamical network with switching topology and time-varying coupling delays in this
paper, and then study its control and stability. Close to our work, Belykh etc. [3] considered a model
of small-world networks with a time-dependent on-off coupling between any other pair of cells. At each
moment, the coupling structure corresponds to a small-world graph, but the shortcuts randomly change
from time interval to time interval. The blinking model is indeed of practical importance in biology as well
as in technology. It is to be distinguished from networks whose topology changes according to a switching
function in this paper.

In the field of control systems, various control techniques based on hybrid impulses and switches have been
extensively studied in recent years [8, 10, 11, 12, 17, 19, 20, 28, 29], due to their theoretical and practical
importance. Compared to the continuous methods, hybrid impulsive control methods can increase the
efficiency of bandwidth usage, among other advantages such as it allows achieving stabilization of a complex
network by using only small control impulses acting at certain necessary instants. To our knowledge there
are very few reports [14] dealing with hybrid impulsive and switching complex dynamical networks and the
corresponding control problem.

This paper studies the stability and robust H, control problems of the complex network with switching
topology, by using hybrid impulsive control. A class of hybrid complex dynamical networks with coupling
delays is formulated, and a new hybrid impulsive and switching control strategy for complex network control
is developed. Based on the Lyapunov function and technique of average dwell-time for the impulsive and
switching interval, some criteria of exponential stability and robust H., control criteria of the resulting
closed-loop network are established. A typical example, using Lorenz chaotic system as the dynamical node
in networks, is given to visualize the satisfactory control performance.

The paper is organized as follows: In Section 2, an impulsively controlled complex dynamical network
model with switching topology is proposed. Section 3 presents some sufficient conditions for network stability.
Then, in Section 4, the theory and approach of Hy, control for the hybrid complex dynamical network with
coupling delays are investigated. Numerical results and conclusions are given in Section 5 and 6, respectively.

2 PROBLEM FORMULATION

Let Ry = [0,+00), and R" denote the n-dimensional Euclidean space. For = (z1,...,2,) € R", the
n 1

norm of x is ||x||:( > x?) ? and | z | denotes the sup norm | z |= max{| 1 |,...,| 2 |}. Correspondingly,
i=1

1
for A = (aij)nxn € R™", ||Al:=Max (AT A). The identity matrix of order n is denoted as I,, (or simply I
if no confusion arises).

Notice that, most real-world complex dynamic networks have the following characteristics: different
nodes have different dynamic behavior, different edges have different and variable coupling strengths, as well
as the time delay connection between nodes, and so on. Consider a complex dynamical network consisting
of N coupled nodes, with each node being an different n—dimensional dynamical system

z; = Ajri + fi(t, x).



The coupled dynamical network with switching topology and time delay connections is described by

N
afi:Aixi—kfi(t,xi)—I—Zijij(t—T)—i—Biui, 7 = 1,2,--'N, (2.1)
j=1

with initial value conditions

l‘l(t) :gf)i(t), to—TStSto, ’L'Zl,'-' ,N, (22)
where t € Ry, tg > 0, 2; = (21, %, -+ ,Tin) € R" are the state variables of node i, ¢; € R", ®(t) =
col(p1(t),- -+, dn(t)) is continuous on [tg—T,tg]. A; and B; are known matrices with appropriate dimensions,

fi : R+ x R™ — R" is the nonlinear vector-valued function with f;(¢,0) =0, t € Ry , u; is the control input,
and 7 > 0 is the time delay. Switching signal o : Ry — {1,2,---m}, which is represented by {0} according
to (tg—1,tx] = ox € {1,2,---m}, is a piecewise constant function, the time sequence {t;} satisfies

<ty < oo <tp <-ev, lim ¢, = oo, (2.3)

k—o0

where t; > tg > 0. I' € R™" is a constant inner coupling matrix between nodes and D" = (Dg’j) NxN
(r=1,---,m) are the switched coupling configuration matrices, where ij represents the coupling strength,
that is, if there is a connection from node i to node j (j # i), then Dj; # 0; otherwise, Dj; =0 (j # i), and
the diagonal elements of matrix D" are defined by

N
D;.:_ZD;., i=1,2,---N, r=1,2,---m. (2.4)
i=1
J#i

In this case, the system (2.1) can be rewritten as

N
x'z-:Aixi—l—fi(t,xi)—i—Zij’“ij(t—T)—i-Biui, te(tk,l,tk],k:1,2,--- ,’i=1,2,-~-N, (2.5)
j=1
which implies that the network is switching between m different coupling modes.
The set of candidate controllers u; = ;1 + w2 for the network (2.1) are assumed to be of the form

wn(t) = 3 Emi(lu(t),
k=1

s 1=1,2,--- N, (2.6)
U2 (t) = ;;1 Clkxz(t)d(t — tk),
where F; and Cj; are constant matrices with appropriate dimensions, (-) is the Dirac impulse function,
and [ (t) is given by
1, te1 <t <t
le(t) =
0, otherwise,

with discontinuity points (2.3).
Clearly, from (2.6) we have

uﬂ(t) = Ei$i<t), t e (tkfl,tk], k= 1,2, cee ,i = 1, v ,N.
On the other hand, u;e = 0 as t # t, from (2.5) and (2.6) we have

th+h N
ity + h) — zi(tg) = / [Aia:i(s) + fi(s,zi(s)) + Biu;(s) + Z D Tj(s — T)] ds,

tr j=1

i=1,2,---N,



where h > 0 is sufficiently small, as h — 07, which reduces to
Al‘i(t)‘tk = l‘z(tz_) — Jiz(tk) = BZC,kxz(tk), (27)

where z;(t) = hhj& zi(ty, + h), and, for simplicity, it is assumed that z;(tx) = x;(t;) = hhjéh xi(tp — h).

This implies that the controller u;(t) has the effect of suddenly changing the state of system (2.1) at the
points ty.

From the hybrid impulsive and switching control (2.6), it can be seen that, one has more flexible design
strategy and more choices, such as the switching times ¢, the impulsive gains Cj;, the switching gains F;, to
achieve control purpose than the single continuous control, discrete control, impulsive control, and switching
control does, separately.

Accordingly, under hybrid control (2.6), the closed-loop system of (2.1) becomes

jerj(t—T), te (tk—lytk}

- 2.8
szzczk:xla t:tlﬁ k:1727"'7 ( )

l’i(tg):l’io, i:1,2,-~'N,

b= Aan(t) + fltai(8) + 50 D7
j=1

where fL = Ai + BZ'Ei, ézk = BiCik, Ti0 = (ﬁi(to), {tk} satisfies (2.3), and AQ?Z‘ is given by (2.7). For
convenience, let tg = 0.

3 STABILITY OF COMPLEX DYNAMICAL NETWORKS WITH SWITCHING TOPOL-
0GY AND COUPLING DELAYS

The following lemmas are need to facilitate the development of the subsequent results of this paper.

Lemma 3.1 Ifz,y € R",a > 0 is a constant, then

1
—az'x + xTy < —ngx + —yTy.
2 2a

Lemma 3.2 If A = (a;j)mxn € R™",x € R", then
x AT Az < HAHZF:J:TJU,

where

2

Al =

i=1 j=1

Lemma 3.3 [9] For any x € R", if P € R™" is a positive definite matriz, Q@ € R™™ is an symmetric
matrix, then
)\min(P_lQ):ETP:E <z'Qz< )\maX(P_lQ)SL'TPSL'.

Lemma 3.4 [13] Let v(t) be a continuous function with v(t) > 0 fort > ty. If
V'(t) < —av(t) + bu(t — 1), t>to

with the initial condition v(t) = ¢(t),t € [to — 7, to], where ¢(t) is piecewise continuous, a and b are positive
constants with a > b > 0, then
v(t) < v(te)e T > g,

where X is a positive solution of the equation A\ — a + be < 0.



In the subsequent discussion, the concept of “average dwell-time” introduced by Hespanha and Morse
[8] will be used. That is, for each switching signal o and each t > ¢y > 0, let N, (to,t) denote the number of
discontinuities of o over the interval [to, ). For given Ny, 7, > 0, let S, [7,, No] denote the set of all switching
signals satisfying N, (to,t) < Ny + (t%o) The constant 7, is called the “average dwell-time” and Ny the
“chatter bound”. This implies that, for a given switching signal o € S, |74, No| over [to,t), there may exist
some consecutive discontinuities with interval separated by less than 7,, but the average interval between
consecutive discontinuities is no less than 7.

We now consider the asymptotic properties of the controlled hybrid complex dynamic network (2.8). For
system (2.8), assume that, for t € Ry, z € R",i = 1,2,--- | N, there exist continuous functions ¢;(t) > 0,
constants A; > 0, and positive definite matrices P;, such that

STt a)Pix < gi(t)a! P (3.1)

and 3 }
PiA; + Al Py + 20i(t)P; < =N 1. (3.2)

Remark 3.1 For nonlinear function f;(t,x), the inequality (3.1) is less conservative than the Lipschitz
condition, see Remark 3.1 in [12]. It is well known that if we assume that the matriz pair (A;, B;) (i =
1,2,---,N) are controllable, then there exist gain matrices E; such that ReA(A; — B;E;) < 0, which implies
that there must exist a unique symmetric positive definite matriz P; subject to (3.2).

Furthermore, for convenience, define the following:

N
N 1 ) 1p 2
ar = max {5( - i —i—j; py HPzD%FHF)}v

- N
_ 1 : 1p.rD". |12
b= A IR )

(3.3)
1 1 )
Am = min {Ami(P)}2, A = max {Ari(P)}2, e = min {er},
\ Br = 12.35\[ /\maX[Pz‘_l(I + éik)TB(I + ézk)} ) D?i) = (D{lln, T ngNIn)
in which, r = 1,2,--- ,m, Api(F;) and Apg;(F;) are the minimum and maximum eigenvalues of the positive

definite matrix P;, respectively, A\; and ¢, are to be determined in Theorem 3.1.

Theorem 3.1 Assume that (3.1) and (38.2) hold, and for r = 1,2,---,m, i = 1,2,--- N, there exist
constants A\; > 0 and €, > 0 such that

ar + & )x?n + b, exp(e,7) <0, (3.4)
where a,, b, and N\, are defined by (3.3).

(i) If B, <1,k =1,2,---, then the trivial solution of network (2.8) is globally exponentially stable, where
Br is given by (3.3).

(ii) If there ezists a constant 0 < a < g,,7 =1,2,--- ,m, such that
lnﬂk—a(tk—tk_l) SO, k:1,2,'-‘ 5 (35)

then the conclusion of (i) holds.



(iii) If Bx < B with B > 1, and

In g

Ta

—e<0,

(3.6)

then the conclusion of (i) holds for any switching signal o = {0} € Sa[7a, No|, where No,7q > 0 are

given constants satisfying k —1 < Ng+ % foranyt € (tg—1,tx],k=1,2,---
Sp@Ciﬁcall% Zf lg —tp—1 > o> Oa k= 1727 e

J, then the conclusion of (i) holds for arbitrary switching.

Proof. Construct the following Lyapunov function

N
T
i=1

where P; are positive-definite matrices satisfying (3.1) and (3.2). Clearly,

AanxHQ <w(z) < \3

where x € R™™, \,, and \js are given by (3.3).
For t € (ty—1,tx], the total derivative of v(z(t)) with respective to (2.8) is

IN

IN

N

i=1

N

Z{x (A P+ P A)x; + 2f (t,2) Py + PZD Fla;(t —7)
i=1 7j=1

—i—Zx (t—71) FTDU’“P%}

N
S {al |AT P+ PA; + 20:0)P]wi + o] P Zz)"kr:cJ (t—7)
=1

N
+ Z x;r (t — T)FTDinkPil‘i}

9

N
{ i, ;UH—:UTPZD Flaj(t —7) +Z[ t—TFTDUkP$Z
=1 j=1 j=1

N
N ] (t—7)a;(t — T)] + 3 N (t— )yt - T)},
j=1

, and € 1is given by (3.3).
, and the average dwell time 14 in (3.6) is replaced with

(3.7)

(3.8)



where constants \; > 0 satisfy (3.4). It follows from Lemma 3.1 that

N

> Ai T 1 N u T Y
Z{_?’”l’ xi*ﬁ[PiZDimej(t—T)] P> Dy Tyt - )]

¢ 7=1 7=1

N
' 1
+ Z { - ij;—(t —T)xi(t—71)+ T (FTD%’“Bmi)T(FTD%’“Pixi)}

N
; 1
= S-Sl g (- (DY) T REID (1)

N
s 1
+30 [Fa] 0 =Dyt =) + -l RDFTTT DY P}
=1 !

where z(t —7) = (2] (t —7),--- ,a,(t —7)7, Dg’; = (D} I,,---, Dt 1,). By Lemma 3.2, it follows that

N
a0, < S{ - Felnt g IPTD I - - 7)
N g 1 .
+;[x (t =)yt =)+ IR T[] i) }
N \,
_ Z{_éﬂx, |PFD HFZx Pai(t—7)
i=1
ANSY

+
E

Zal (b= r)ayt—7) + 2~ | B.DIAT |3, x}}

QA S IPTDEIE ol (¢ = )it = )

= f}(—;-i-z — | 2D ) x2+2(

< agllz®) +bo la(t = DI?,  t € (o1, tal,
where a,, and by, are defined in (3.3), which yields from (3.8) that
lag, v(t) + bgv(t —7)], t € (tp—1,tx) (3.9)
where v(t):=v(z(t)). Using comparison equation method Lemma 3.4, from (3.4), inequality (3.9) leads to

B(n)] ) SO0 e (], (3.10)



On the other hand, it follows from (2.8), (3.7) and Lemma 3.3 that

N
o(tf) = Zx;r(t;)PZa:z(t;)
=1
N ~ ~
= Z[(I + Cin)wi(te)] T BT + Cin)wi(tr)]
i1
N
< Z)\max[Pi_l(I + Cir) "Bi(I + Cig)]w]| (t) Py (ty,)
=1
< ﬁkv(tk), k=1,2,..., (3'11)

where (), are defined by (3.3).
The following can be reduced from (3.10) and (3.11). For ¢ € (to, t1],

which leads to

and
’U(ti‘r) S ﬁlv(tl) S ﬁl’y(to)ef‘gal(tlfto)'

Similarly, for ¢ € (t1,t2],
v(t) < v(tf)e =21 < Biu(tg)e e i —lo)=Eoa (itn),

In general, for ¢t € (t_1, tx],

v(t) < w(to)Br---Br—1exp | — o (t1 —to) — €yt —t1) — -+ — €0y, (th1 — th—2) — €0 (t — tkq)]
< o(t)Br- - Brre ST e (tq, ti] (3.12)

where ¢ is defined by (3.3).
Case (i). Obviously, it is easy to get from (3.12) and S < 1 that

v(t) < v(tg)e st t > to.

Moreover, by (3.7) and (3.8), it leads to

A €
la(t)] < SEllatto)lexp | = St —t)].  t=to,

which immediately implies that the trivial solution of closed-loop network (2.8) is globally exponentially
stable.

Case (ii). Since 0 < a < &, it follows from (3.12) and (3.5) that

v(t) < w

[ IA
S

IA
S



namely,
v(t) < v(tg)eE—to) t > 1o,

furthermore,
A 1
la@®ll < S latto)llexp |~ 3 =)t —to)|. ¢ =to,

which implies the conclusion of (i) holds.

Case (iii). Since O < 8,8 >1,and k — 1 < Ny + % for t € (tg—1,tx], by (3.12), it arrives at
o(t) < w(ty)BFtesltto)

< w(t)pNop e

= u(to) BN exp [(h;ﬁ—g)(t—to)}, tE (te1, te]
that is,

o(t) < vlto) ¥ esp [ ot —t0)], 1210
or

A No 11
o0l < 325 fatto)exp [ 50

which implies from (3.6) that the conclusion of (ii) holds.
For the special case, t — tx_1 > 0 > 0, it follows from S < 8, > 1, and (3.12) that, for ¢t € (tx_1, tx],

_e)(t—to)}, t > to

o(t) < wlto)Br- - Bpre )
< w(ty)e s timt) L B (o1 —th2) p—elt—to)
_ U(to)e¥(tk_l—to)e—e(t—to)
In
< o(to) exp [(Tﬁ —o)t—to)],  te (et
Namely,
1
o) < vlto)exp [(5 e —t0)], 1210
which leads to \ L g
n
la(t)] < S flatto)exp [5(Z= =)t —t)]. ¢ =to.
m Ta
Accordingly, % — ¢ < 0 implies the conclusion holds. This completes the proof. &

4 RoBuUST H,, CONTROL OF COMPLEX DYNAMICAL NETWORKS WITH SWITCH-
ING TOPOLOGY AND COUPLING DELAYS

In this section, we discuss the robust H., control of hybrid dynamical networks with coupling delays.
Consider the following uncertain dynamical network with switching topology and coupling delays

N
T; = All‘l(t) + fi(t, l‘l(t)) + Z D%ij(t - 7’) + Bu; + Giwi,
7j=1

Zi:Hixz’, iZl,?,-nN,

(4.1)



with the initial value condition (2.2), where w; € RP is the disturbance input, z; € R? is the controlled
output, GG; and H; are known matrices of appropriate dimensions. The rest of the notations are introduced
in Section 2.

For the disturbance signal w;(-) € RP, define

iz = [ /0 ' ||w<t>||2dt}é - [ /0 T%wiafwi(t)dt] : , (4.2)
1=1

where T' > 0 is an arbitrary constant and w = col(wy, we, -+ ,wy). Then, w; is said to belong to Ly[0, 7],
if ||w||7 < co. Throughout the paper, it is assumed that the disturbance input w; € Lo[0, T.

Now, one is in a position to consider the robust Hs, control problem for system (4.1). When the controller
(2.6) is used, the closed-loop system of (4.1) becomes

~ N
T; = Azxz(t) + fz'(t, xl(t)) + Z D%’“ij(t — 7') + Giwi, t e (tkfl,tk], k=1,2,---,
j=1

2 :H’L'CEU 1= 1)2)N7 (43)
Awi = Cl-kxi, t= tk
zi(ty) = wio,

where A; = A; + B;E; and Cii = B;Cix, wio = ¢i(to), {tx} satisfies (2.3), and Az; is given by (2.7). For
convenience, let tg = 0.

With the above preliminaries, the robust H,, control problem to be addressed here can be formulated
as a problem of using an impulsive controller to achieve the following objectives:

(i) The closed-loop system (4.3) is exponentially stable when w = 0.
(ii) Under the zero-initial condition, the controlled output z satisfies
Izl < yllw|lr,
for any nonzero w;(-) € La[0,T], where v > 0 is a prescribed scalar and z = col(z1, 22, , 2N).

The above conditions are also called robust Hy, criteria for the closed-loop system (4.3).
In the following discussion, define ®,.(F;,t) and ¥, (F;,t) as

yi(t) BDLT - PDiyT ]
r'onp 0 - 0
o, (Pt)=| U'DpP 0 0 (4.4)
| I''DiyP, 0 - 0 |
\I]r(Ph t) = (I)T(Pia t) + diag(pr})ia 7q1”P17 Tty *QTPN)a (45)
[ i(t) + 2HH; PD;T --- PDi{T PG ]
r'onp 0o - 0 0
Ir''or,p 0 - 0 0
Ar (P t) = : : . : .| (4.6)
L' DIy P 0 - 0 0
G P, 0 0 —~I |

where p, and ¢, are constants to be determined,
Pi(t) = (A) P + P A; 4 2¢4(t) P,

i=1,2,---N,r=1,2,--- ,m, P; are positive definite matrices, p;(t) are continuous functions on R, which
satisfy (3.1).

10



Theorem 4.1 Assume that forr =1,2,--- /m andi=1,2,--- | N, there exist positive-definite matrices P;
and constants py, qr > 0, such that (3.1) holds, and

U.(P,t) <0,  A(P,t) <0, (4.7)

where V,.(P;,t) and A, (P;,t) are defined by (4.5) and (4.6), respectively.
If B, < 1 and €, are positive solutions of the inequality €, — p, + g N exp(e,7) < 0, then the closed-loop
system (4.3) has the property of robust Hy, criteria (i) and (ii).

Proof. Construct a Lyapunov function in the form of

N
v(z) = Z%TPN% (4.8)
i=1

where P; are positive-definite matrices satisfying (3.1) and (4.7), and let v(¢):=v(x(t)). For ¢t € (tx—_1,tx),
the total derivative of v(xz(t)) with respective to (4.3) is

N

b(x(t))‘ - Z{:’ciTPixi—i-miTB:biH

(4.3)

.
—

I
WE

{az;r(;l;rPl + Plfll)xl + 2fZ-T(t, x;) Py + w;rG;-rPﬁi + x;—PiGiwi

<.
I

+
=~

[mj P

Taj(t — 1)+ (t T)rTngkpixi] }

Il
—

IA
M= .

{:L';r [A:Pl + Pi/L' + 2g0¢(t)P¢j| x; + wlTGlTPZxZ + xiTBGiwi

=1

N
+ Z [xz—BijkI’xj(t —7)+ x;—(t — T)FTDinkPi.Ti] }
j=1
N
-y {yj By, (P, t)y; + w) GF Py + 2 BGiwi}, te (b, t) (4.9)
=1

where y;(t) = col(x;(t),z1(t — 1), - ,an(t — 7)), o, (P, t) is given by (4.4).
When w; = 0, from (4.5) and (4.7), we obtain

o(z(t)) < { — pgkaﬁiTPimi + Qo i [x]T(t —7)Pja;(t — T)} }

i=1 j=1
= —po, V(t) + ¢o, Nv(t — 7), te (th—1,t), k=1,2,---. (4.10)

Following a similar argument as that given in the proof of Theorem 3.1, one can further prove that the
closed-loop system (4.3) is globally exponentially asymptotically stable when w = 0.
Suppose that the initial condition is zero. For any given T € (tj_1, tx], we introduce

T
1
J :/ (;sz — yw " w)dt. (4.11)
0
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Since

/OTq;(t)dlt:/Otl7&(vf)dvt+/:2q‘j(t)dtJr...Jr/t::l73(t)dt+/:1 b(t)dt

t1) —v(0") +u(ta) —v(t)) 4+ -+ v(tr) — vt ) +o(T) —v(t) )

—~

v

t) —v(tf) + -+ olte2) —v(B_y) + v(tr-1) — v(ti_y) +o(T)

I
<
—

e

~1
‘ (1= Bi)v(ti) +v(T)
0,

Y

Y

for any nonzero w;(-) € L2[0,T1,

Tr1
J < / [—sz — ’waw + v|dt.
o

Following (4.9), we have

N o
J = 2; /0 [iﬂ:T (O H, Hizi(t) — yw] (8)wi(t) + w/ (6)G] Pii(t)

+a] ()PGuwi(t) +yi (1)@, (P, t)yi(t) | di

N T
-3 / Yi(t) Ao, (P 0)Yi(0)dt, T € (tpo, b, (4.12)
=170

where Y;(t) = col(z(t), z1(t —7), - ,an(t—7), wi(t)), Ay, (P, t) is given by (4.6). It follows from (4.7) that

J <0,
ie.,
1217 = ~*[lwllF <0,
which immediately reduces to ||z||7 < 7||w||7. The proof is thus completed. O

In Theorem 4.1, the inequality (4.7) gives the connection between the network structure, parameters
and controllers, which guarantees the property of robust H, for the network with disturbance. Since there
are many parameter choices in (4.7), such as the switching times ¢, the impulsive gains Cj, the switching
gains E;, and matrices P;, the inequality (4.7) can be easily satisfied.

5 NUMERICAL EXAMPLE

Example 1. In the following, Theorem 3.1 is illustrated by using Lorenz chaotic system as the dynamical
node in networks (2.1). Consider every network (2.1) with ten nodes as shown in Fig.1. The chaotic system
of node 7 is described by

T = a(Ti2 — 1)

Tig = CTil — TilTi3 — Ti2 (5.1)

Tj3 = Ti1Tiz — bw;s,

where a, b and ¢ are the parameters. If we choose a = 10, b = %, ¢ = 28, it exhibits the chaotic behavior
[18].

There are three typical network structures shown in Fig.1. Network (2.1) periodically switches from
(a) to (b) then to (c¢) every 4 seconds, i.e. dwell-time 7, = 4. Let time delay 7 = 3, B, = I, I =

12



(2)

Figure 1: (a)Simplest nearest-neighbor coupling network. (b) Small-world network. (c) Fully connected
network.

diag{0.88,0.52,0.65}. When there is a connection from node ¢ to node j (j # i), then Dj; = 1; otherwise,
Di; =0 (j #1i) (r=1,2,3). Note that for system (4.1) if take P, = I, then in (3.1), ¢;(t) = 0. We can find

control gain matrices as

~100 -2 0 ~180 0 0 80 5 0
B = 1 —580 0 |, Ey= 0 -220 0 |, Es=|[ —28 —120 10 |,
-1 0  —300 0 0 —100 20 0 —120
—92 -1 0 —87 —41 0 —98 —21 0
Ey=| -10 -135 8 |, Es= 0 -121 0 |, Es=| 15 -138 0 |,
~12 0 —90 0 0 —99 0 0 —110
~128 —20 0 ~130 0 0 -102 —-22 0
Er = 0 -155 0 |, Eg= 0 -119 0 |, Ey= 0o -125 0 |,
0 0 —101 0 0 —124 8 0 —108
113 =32 0
By = 0 —129 0 ,
0 0 —112

and
Cip = diag{0.02, —0.65, —0.75}, Cay = diag{—0.2,—-0.52, —0.80}, Cip = diag{—0.91, —0.69,0.01},
Cyr = diag{—0.76,—0.62, —0.99}, C5; = diag{—0.48, —0.68, —0.33}, Cg; = diag{—0.37,—0.91, —0.42},
C7, = diag{—0.55,0.018,0.01}, Cg; = diag{—0.86,0.02, —0.90}, Coqi = diag{—0.6,—0.67, —0.47},
Chor = diag{0.01, —0.64,0.01}.
Then, from (3.2) and (3.3), we have
A1 =150, X2 =162, A3 =170, A4 =178, X5 =185,

Ao =192, A7 =199, Xg=206, Ag=211, Ajo=220.

B = max. Amax [P (I 4 Cip) " Pi(I + Cip)] = 1.0404 = 8 > 1.

Forr=1,2,3,i=1,2,---,10, and k =1,2,---, take \; = 1, &1 = 0.8, g2 = 0.7, e5 = 0.01. It is easy to
get that

a1 = —70.5981; by = 5.2382; ay = —58.9905; by = 6.1066; a3 = —8.9715; by = 8.5733;

Moreover,
a] + &1 )\%1 + by exp(e1T) = —12.0565 < 0,

13
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Figure 2: The states of each nodes in dynamical Figure 3: The trajectories of hybrid impulsive
network (2.1) when u; =0 controlled network (2.8)

as + €9 )\,Qn + by exp(eaT) = —8.4230 < 0,
a3 +e3 A2, 4 by exp(esr) = —0.1271 < 0.
Since e = min_{e,} = 0.01, 28 — ¢ = 00 _ (] = —0.0001 < 0 implies from Theorem 3.1 that
1<r<3 Ta

the trivial solution of system (2.8) is globally exponentially asymptotically stable. Fig.2. shows that when
u; = 0, the hybrid complex dynamical network with coupling delays is unstable. The hybrid impulsive
controlled network is asymptotically stable in Fig.3.

Example 2. Consider the hybrid complex dynamical network in Example 1 with 7, = 04, I' = I,
G; = diag{0.5,0.5,—0.5} and

~12 5 0
H=| 0 1 —20
2 0 -10

Other parameters are the same as Example 1. If we choose control gain matrices as

-900 —20 0

E;, = 1 —2000 0 ,
-1 0 —1000
and
Ci, = diag{—0.58, —0.65, —0.75},
forr =1,2,3,1=1,2,---,10, and k£ = 1,2,---, there exist positive definite matrices P; = I and scalars

pr = 10.2, ¢, = 1 and v = 10 such that inequalities (4.7) are satisfied. It is easy to verify that 8, < 1 and
€ — pr + ¢ N exp(e,7) = —0.1690 < 0. Then the closed-loop system (4.3) has the property of robust H
criteria (i) and (ii). Fig 4. and Fig 5. show the states and the controlled output of the closed-loop system
with w; = col(1/3sin(nt — 1),1/2cos(2nt + 2),1/2sin(mwt)).

It can be seen that the trajectories of the controlled switching complex dynamical network (2.8) and
(4.3) converge to zero after a very short period of time. And, if the impulsive switching interval is further
reduced, then even less time is required for suppressing the network chaos and disturbance. The design
process, and simulation results, indicate that, for the new complex dynamical networks with switching
topology and coupling delays, the new hybrid impulsive and switching control strategy has many possible
advantages, such as less time, less energy, and more flexible design, to achieve global stabilization and H
robust stability.
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Figure 4: States of the closed-loop system Figure 5: Controlled output of the closed-loop system

CONCLUSIONS

This paper has formulated a class of hybrid complex dynamical networks with coupling delays. The problem
of stability and robust H,, control for the dynamical networks using hybrid impulsive control are taken into
account for the first time. Some criteria of exponential stability and H, criteria of the resulting closed-loop
system are obtained. The examples of the dynamical networks have been provided to verify the effectiveness
of the proposed approach.
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