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ABSTRACT This paper concerns the issue of extended dissipative analysis for complex dynamical networks
with coupling delays under a sampled-data control scheme. Firstly, we derive the input delay method and
combine it with an appropriate Lyapunov functional, which can make full use of the information of the
sampling period. Secondly, novel sufficient synchronization criteria are established by applying Jensen’s
inequality, Wirtinger’s integral inequality, a new integral inequality, free-weighting matrix technique, and
convex combination method. Moreover, we focus on the extended dissipative analysis issue, which includes
Ly — Loo, Hoo, passivity, and dissipativity performance in a unified formulation. These conditions can
express in Linear matrix inequalities (LMIs) restrictions, which can solve with readily accessible software.
Finally, two numerical examples illustrate the effectiveness and reduced conservatism of our developed
method.

INDEX TERMS Extended dissipative, sampled-data control, synchronization, complex dynamical networks,

coupling delays.

I. INTRODUCTION

During the last few decades, complex dynamical net-
works (CDNs) have been applied in real-world systems such
as social networks, the internet, brain networks, food chains,
and disease-spreading networks [1], [2], [3]. There are many
connected nodes in this system, each of which represents
a dynamic system. Depending on the network topology,
some of these nodes are typically connected. A graph is a
mathematical concept that describes these networks. In such
diagrams, vertices represent system membership, whereas
edges represent their interaction. In addition, the time delay
is unavoidable in many scenarios, including neural networks,
electrical engineering systems, chemical or process con-
trol systems, the internet, transportation systems, etc. It can
cause instability, oscillations, and poor system performance.
Because coupling delay is a prevalent time delay in CDNs,
it is critical to think about how time delay affects CDNGs.
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Furthermore, synchronization is vital in CDNs because it
can explain various phenomena, such as synchronous data
exchange on the World Wide Web and the internet. As a
result, it has become a hot topic that has been thoroughly
researched. Li and Chen [4] presented CDNs with cou-
pling delay for continuous- and discrete-time systems in the
last decade. Gao et al. [5] studied synchronization for a
general class of CDNs with coupling delays to discover a
novel criterion for ensuring that the system is asymptoti-
cally stable. In the case that all nodes of networks cannot
achieve synchronization by themselves. So, it is challeng-
ing to design a practical controller that can synchronize the
networks. Various control schemes can be applied in CDNs,
such as the pinning control [6], [7], [8], the impulsive control
[91, [10], [11], the intermittent control [12], [13], [14], and the
adaptive control [15], [16], [17]. Recently, communication
networks and computers have advanced to a high-speed ver-
sion, and practically digital signal techniques have replaced
analog signal methods, which provide a more consistent
result. Thus, the sampled-data system has received much
attention [18], [19], [20], [21].
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As is known, a vital point in sampled-data systems is
to place importance on the desired controller under a more
considerable sampling period. Li et al. [22] investigated the
synchronization of regular CDNs for the first time, including
coupling time-varying delay, where sampled-data controllers
were designed. An adequate condition was obtained using
the Jensen inequality to achieve the exponential stability
of the synchronization error system. Wu et al. [23] presented
the exponential synchronization of CDNs with coupling time-
varying delay. The above authors reduced a synchroniza-
tion criterion using the same Lyapunov functional and a
new integral inequality that takes full merit of the detail on
delays. In [24], such a problem was further addressed by
applying a reciprocally convex technique with an improved
inequality that can yield a tighter upper bound than Jensen
inequality. The previously reported results [22], [23], [24]
were enhanced further in [25] by using a new time-dependent
Lyapunov functional method and Wirtinger-based integral
inequality [26]. Chen et al. [27] introduced Wirtinger-based
double integral inequalities [28] to reduce the conservatism
of the synchronization criterion by incorporating the new
Lyapunov functional in triple integral inequalities. Obtaining
a more sampling period has proven to be a significant issue in
earlier studies [22], [23], [24], [25], [27]. As a result, imple-
menting less conservative synchronization requirements for
CDNs with sampled-data control has become a hot topic,
and designing CDNs with sampled-data control is worth-
while. However, it should be noted that while these stud-
ies focus on using the inequality methodology to improve
results, the information on the sawtooth structure on the input
delay is not fully utilized, leaving room for improvement.
In addition, the works mentioned above take no account of
external disturbances, which is unworkable in practice. Thus,
to implement sampled-data synchronization in CDN, it is
required to account for external disturbances and fully benefit
the sawtooth function class of sampling period, which is the
inspiration for our paper.

Furthermore, the topic of network performance analysis,
which is based on the relationship between input and output,
is essential in practical systems. Over the last few decades,
analyzing performance has been essential in engineering
and science applications [30], [31], [32], [33], [34], [35].
Zhang et al. [35] introduced a generic performance called
extended dissipativity, which effectively encompasses the
passivity, L2 — Lo, Hoo, and dissipativity index and it has
received additional research in the last few years. In [30],
the extended dissipative performance was utilized in neural
network systems with continuous time-varying delay. For the
first time, Yang et al. [36] studied the extended dissipative for
synchronization of CDNs with coupling delay. However, The
vital information of t — #; and 341 — ¢, Vt € [tx, tx+1) 1S not
fully maximum potential. As a result, it is only reasonable
to seek a different perspective to construct a less conserva-
tive condition for synchronizing sampled-data CDNs with
coupling delays. From those mentioned above, we dedicate
ourselves to overcoming the issue of extended dissipative
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analysis for sampled-data synchronization for CDNs with
coupling delays. The main contribution of this article high-
lights as follows

o The proposed CDNs with coupling time-varying delays
are comprehensive models for the other existing CDNs
[22], [23], [25], [29], [37], [38]. We take the external
disturbances into each node which is not considered in
[22], [23], [25], [27], [29], [37], and [38].

o We construct a time-dependent Lyapunov functional
different from the references in [22], [23], [24], [25],
and [27], and the advantage information on discrete
sample point #; is fully used.

o It is worth mentioning that the positive definitiveness
of the proposed Lyapunov functional requires only sam-
pling times that are not necessarily throughout the sam-
pling periods. So, we derive a new inequality that applies
to prove the exponential synchronization of CDNs.

o A less conservative criterion is obtained under the
novel Lyapunov functional using Jensen’s inequality,
Wirtinger’s integral inequality, a new integral inequality,
the free-weighting matrix technique, and the convex
combination approach. Moreover, our results can verify
Chua’s circuit system.

This paper is separated in the following way. The problem
formulation, definitions, assumptions, and lemmas provide in
Section 2. The main results are present in Section 3, which
considers the exponential synchronization via sampled-data
control and the extended index analysis. Two numerical
examples manifest the effectiveness and reduced conser-
vatism of the existing results in section 4. Finally, we sum
up this letter in Section 5.

Notation: This paper contains the following notations, R"
stands for n-dimensional Euclidean space and R"™*" is the set
of m x n real matrices. The symmetric matrix P > 0is that the
matrix P is positive definite. Apin(P) and Apax(P) mean the
minimum and maximum eigenvalues of P, sym{/P} defines
P + PT The superscript T is the transpose. The symbol
represents the symmetric entries of the symmetric matrix. The
symbol ® denotes the Kronecker product, and diag{. . . } is the
block diagonal matrix.

II. PRELIMINARIES

Consider the complex dynamical networks, which consist of
N identical linked nodes, each of which is an n- dimensional
dynamical system:

N
xi(1) = foa() + ¢ Y G V()
J=1
N
+e Y GTPxi(t — 7(1) + wid) + wi0),
J=1

Zi(t) = JTxi(1),

where x;(¢) and u;(t) are, respectively the state variable and
the control input of each node. f(x;(¢)) € R" is a nonlinear
vector valued function defining the dynamics of ith nodes.

i=1,2,...,N, (1
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¢ > 0is the coupling strength. The internal-coupling matrices
are T T@ ¢ R"*" and the matrix G = (g,-,-)NxN € RNV*N
is the outer-coupling configuration matrix, in which Gj; is
satisfied as follows: if there exists a string from node i to
node j (i # j),G; > 0; otherwise, G; = 0. While, the
diagonal elements of G is defined as G;; = — Zjvzl i Gij.
wi(t) € R" is the external perturbation, which belongs to
Lo[0,00), zi(t) € R", is the output, and J is a given
matrix with proper dimensions. The function t(¢) represents
the coupling time-varying delay that satisfies:

Ot =mw, 0=10)=<1. @

Let v(r) = f(v(t)), where v(f) € R" is the state response
of the unforced isolate node. Then the error vector is r;(t) =
xi(t) — v(t). Let n;(¢) be the output of isolate node, which
defines as n;(t) = Jvi(¢). Then, the output error z;(¢) is
described as follows

Zi(t) = zi(t) — ni(@),

At the same time, a zero-order-hold (ZOH) function with a
sequence of hold times of 0 = ) < ] < -~ tx < ---,
limg—s 400t = +001s assumed to be used to create the control
signal. Then, the sampled-data feedback controller constructs
in the form as:

i=1,2,...,N. 3)

ui(t) = Kiri(ty), % <t<try1, i=12,....,N, 4

where K; denotes a set of feedback controller gain matrices
that can be designed. r;(#;) is a discrete mearsurement of r;(¢)
at the sampling time #;. Here, we assume that 741 — tx =
dy < hy, for all integer k > 0, where h,, > 0 stands for the
largest sampling period. Then, we have the following error
closed-loop system:

N
Fi(t) = g(ri) + ¢ Y GyT Vri(2)

j=1

N
+e ) G Pt — () + Kirii) + wi(0),
j=1
zi(t) = Jxi(t) = Jvit) = Jri(t), i=12,....N, (5
where ¢(ri(t)) = [fu@) — fw@). Let r(r) =
r{ @), r3 (@0, ..., g1, gr@) = [T,
g (@), ....g"(w@)I", K = diag{Ki, K2, ..., Kn}.
Then, error dynamical (5) can be transformed as ways:
#(t) = gr®)) + G @ TV)r(t) +c(G & IP)r(t — (1)
+ Kr(t;) + w(1),
2ty = Jr(0), €tk tky1) (6)
Here, we give some assumptions, definitions, and lemmas
that are required to obtain the new synchronization criterion.

Assumption 1 [39] The continuous function f : R" — R”"
satisfies the following condition:

) —fo) — U —n1"
X[fx) —f@) =V =y <0, Vx,y e R", (7)
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where U and V are known constant matrices of compatible
dimensions.

Remark 1: It is to be noted that such a nonlinear function
of characterization is the sector-bounded condition, which is
derived in [39] and includes the commonly Lipschitz con-
ditions. It is clearly to show that for any nonlinear func-
tion [ satisfying (7), there exists a scalar p > 0 such
that

If (x) —FOI? < pllx — ylI% ®)

Definition 1: [36] The CDNs (1) is said to be exponen-
tially synchronized if the error dynamic (6) is exponentially
stable, i.e., there exist two constants B > 0 and o > 0 such
that

(@2, 17O}, ()

Ir@I* < ae™™  sup
—max{h,,1,}<6<0
Definition 2: [36] Given matrices ®1, o, O3, and O4
with symmetric matrices ®1, ®3, and D4, system (6) is
achieved to be extended dissipative if for all ty > 0 and any
w(t) € L3]0, 00), under zero initial condition, the following
inequality holds:

.
/ ’ J@dt > sup 2T (1)D43(r), (10)
0

O<t=tr

where J(t) = 27 (1)®12(t) + 22T (1) Pr0(1) + T (1) P300(2).
Throughout this paper, the general assumptions on
o, Oy, O3, and Py are utilized.

Assumption 2. [35] For given real symmetric matrices
®q, &, &3 and P4 the following conditions hold:

(1) &; <0,P3 >0, and Py > 0;

@) (@1l + P2 - [[P4]l = 0.

Remark 2: Notably, in Eq. (10) is called an extended index
that provides a more extensive performance by adjusting
the matrix parameters ®;,i = 1,2, 3, 4. In particular, (10)

turns into the Lo — Lo performance when ®; = &, =
0, ®3 = 8%1, and ®4 = I; Eq. (10) is the Hoo performance
when & = —I, & = &4 = 0, and 3 = 821, (10)

diminished to the (Q, S, R)— property index when ®| =
Q, Py =8,P3 =R — 61, and ®4 = 0. In each of the four
cases, the scalar § represents the corresponding performance
index.

Lemma 1: (Reciprocally Convex Lemma [40]). For any
vectors xi, xp, matrices M > 0, S, and scalars € > 0, €3 >
0, satisfying €1 + €2 = 1, the following inequality holds:

1, 1 a1 M Sx
——xi Mx; — —x5 Mxy < 11
qxl X1 62x2 Xy < |:x2 « M||x (11)

subject to
M S
0< |:* M:| .

Lemma 2: [26] For any matrix R > 0. Then
for any continuous function x in [a, b] — R" the inequality
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holds as below:

b
/ xT (w)Rx(u)du

1 b b 3
> —(/ x(u)du) R(/ x(u)du>+—szTRsz,
b—a\J, a b—a

where Q = fabx(s)ds — sza fab /;bx(r)drds.
Lemma 3: (Schur Complement [41]). Let X, Y, Z be given
matrices such that Z > 0, then

Yy xT
X -7

T

] <0 Y+XxTz7'x <o.

Lemma 4: Consider the dynamical system (6). Then there
exist two scalars @1 and @) satisfying

Tk

IO < @1llr@)l* + @2 / ()|’ de,

th—Tuy
I <t <tfrg1, (12)

where
2724 5U1(GRIDY 240+ c(GRI )12 )h2
o1 = 5(1 + |K|*h>)e (lle(G M=+o+le(G NHhy
0 = 5]¢(G @ T'@)|2h, S I10GET P +o+ e GRI ;.

Proof: From (6), we have the following inequality for
any t € [, tk41),

t
@I < Il + I / (G @ TDyr(a)da|
179
t
+ 1l f (G @ TP)r(a — t(@)dal|l
173

t t
+|I/ Kr(tk)dall+||/ glr(a)dal|. (13)
tx Tk

By utilizing the Cauchy—Schwarz inequality, we obtain from
that (13)

t
Ir 1 < Slr@l* + 5l / (G @ TWyr(a)da|?
tk
t
+5]] / (G @ T)r(a — t(@)dal|?
Tk

t t
y / Kr()da|? + 5] / s(r@)dal’.
t 179
(14)

Using the Cauchy—Schwarz inequality once more, we can
deduce from (14) that

t
Ir 1 < Slr@l* + Shy f (G ® TDyr(a)|?da
173
t
+5h, f (G ® TP)r(a — ()| *da
13
t
+5h, f |Kr ()2
179

t
+5hy / lg(r(@)|*da. (15)
173
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Furthermore, it is clear from (8) that

lg(rNI? < pllr®)*.

Therefore

t
Ir N < 511G @ T + p)hy / ()| dex
1]
zk
+ 5[l + SIK [12hy / (1) |1* dex
Tk

t
+501eG @ TNPhy [ lIr(a — t(@)]Pda

Tk

< 5(1 + [IKIPED) Ir ()12

173
510G ® T@)2h, f

Tk—Tu

() ]|*de

+5(c G T2+ p
t

+16(G & TPk / Ir@lPde.  (16)
Tk

We can immediately obtain (12) by utilizing the Gronwall—
Bellman Lemma to (16). The proof is now complete. ]

Remark 3: The proof of Lemma 4 is similar to that of
Lemma 2 of [42]. However, it should be noted that the
mentioned paper assumed that time delays are expected to
be constant. In general, the case of time-varying delays is
more practical than constant delays. This paper considers
time-varying coupling delays, which are more general than
constant time delays.

IlIl. MAIN RESULTS

This section will show you how to solve the problem using
the design method. Firstly, a less conservative synchroniza-
tion assures the system (6) is exponentially stable with the
sampled-data control (4). Secondly, the disturbance is input
to satisfy extended dissipative analysis. For the sake of fluent
presentation, we provide some notations as follows

sym{3X1)  —X1 + X2 X
X = * sym{%Xl — X5} X4 )
* * sym{%X5}

¢ = [T, @, T = ha, =70,

t T
Tt — ), 1), ( / r(s)ds) ,
1
l t t ‘ T
<(f—fk)/tk/u r(s)dsdu> ,
1 [t T
_ d ,
(r(z) /,m) 7o) S)
1 t—1(t) T , r
(m _/t_fu r(s)ds) . 8 (r(f))i| ,

ei = [Owxi=twns v Opnxi—pav] for i =
1,2,...,11,

Q1 = sym{el Peg) + 2Bl Pey,

VOLUME 10, 2022
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Q= elTTlel - e_zﬂ’“esTTle5,

Q3

1971

Qs

Qg

Q7

Q9

Qo

Q2

01

02

03

04
05

06

07

eITTzel -1 - td)efzﬂ’“eZTzeét + eITTgel
- e_zﬁruengeg,

T
€l €l
—le| Xler],
€7 €7
e—2Bhu

<e7T Se7 + 3(e7 — 2e8)" S(e7 — 263)) ,

u

—sym {(el —e)Y1 +3 (}%67) Yz}

u

3 T
+ —sym {(61 +e2) R2€7} ,

hg
el —e
€7
T
e] —é4
2T —28h, | €1+ es—2e9
T, € e — €
u€e6 Ql 6 es — es

e4 +e5 —2eyp

o |diag{Q1, 30>} S :|
s diag {Q1, 30>}
el —ey
el +eq — 2e9
eq — es
| 4 + e5 — 2eqp

hueé, Qre — e 2 [el - ez}T [Qz 52}
u
6 h, |ex—e3 * O
% |:61 — 62:| ’
e —e3
e 17
M

o [om{teuTvy —Iy @ UT + V)] e
* 21 el |’

sym {(€] + e )M (—es + eny + (G @T e,
+ G & T)es +Ke)]

h

?uﬂegﬂ;ez — e2TT462,

h
7“,36%7’462 + egT462,

T T
el el el e6
2B | e2 Xlex|+2]|e X110,
ey ey ey el
= e{Sel,
T
eq Reg,

3
—@(61 + ) R(ey + e2),

] T[],
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h

O = IuegZ%,
h
Oy = Z“egZeﬁ,

Oho = sym{Nae1}, di(t) =t — t, do(t) = tg41 — 1.
(17)

A. STABILITY ANALYSIS
The first theorem gives an exponential synchronization con-
dition for CDNs (6) with a non-disturbance.

Theorem 1: For given scalars hy, 1, and t4, if there
are matrices P > 0,7, > 0 (i = 1,2,3,4),S >
O0R > 0,Z > 0,01 > 0,02 > 0 and any matri-
ces Wi, Wo, W3, X;,(i = 1,2,3,4,5),N1,N», Y1,Y2, 851 =

S11 Si2 _ W1 W
N 522]’52 such that W = . W > 0, X > 0
M = diag{Ml,Mz,...,MN},H = diag{Hl,Hz,...,HN}
satisfying the following LMIs:
12
> Qi<o, (18)
i=1
12
D Qi+ h(01 + 06+ 69+ 610) VRN, =D
i=1
* —e 2Py 0
s s =@
<0, (19)
12
D Qi+ 0+03+04+05+6,+ 65 <0, (20)
i=1
diag{Q1, 301} S1 }
. > 0, 21
[ £ diaglQ1.3Q1) D
02 $
> 0, 22
% 2] 22

where
2 = [Ny hy Y1 by Y],
=@ = diag {—2e_2’3h“Z, —hye*PuR, —3hue2ﬂh“R} ,

then, the error system (6) is exponentially synchronized and
the feedback controller gain matrix can be obtained as

K=MTHT. (23)

Proof: Consider the following Lyapunov functional
represent for system (6):
11

V@) =) Vi),

i=1

t € [t tet1),

where
Vi(t) = T (0)Pr(r),

t

Vo (t) =f BT ()T r(s)ds,
t—1,
t

Va(t) = / 5 r T (5)Tar(s)ds
t—t(t)
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t
+ f P ¥ (9)Tsr(s)ds,
t—hy

Va(t) = (trer — O — )P T () Tur (1),

) :
~ - 285 [FO ] [Wi W2 [7(s)
V5(t) = (tky1 — 1) /tk ¢ I:r(s)i| [ * W3] [V(S)} &

ry 7" ()
V(1) = (g1 — 1)eP! |: r(tx) j| X |: r(t) } ,
fti r(s)ds ft; r(s)ds

Vi) = (tep1 — 1) / BT (S (s)ds,
V() = (trq1 — 1) / 2P3iT (s)Ri(s)ds,
Vo(t) = (41 — 1) / / P37 (5)Zi(s)dsdu,
Vio(t) = 14 /t / AP ()01 7(s)dsdu,

0 t
Vi) = / / 25T (5)0ar(s)dsdu.
—hy Ji4u

Initially, Vi (1), Vz(t) and Vg (t) are computed as
Vi) = 22 7T (0)Pi(t) + 2821 rT (1)Pr(t)
=Pt (1) (sym {elTPeg} + 2,BelTPel) £(0)
=P (i) (24)
T OTr(t) — 2P0 T (¢ — o )Tyr(t — 1)
— 2T (1) (elTTlel _ e*zﬁfueSTTles) £(t)
= P T (18 (1) (25)
Va(t) = Pl (OTar ()
-(1- T'(t))ew(t—f(t))rT(t _

+e!rT (OT3r (1)
— ezlg(t*hu)rT(t —_

Va(t)

() Tar(t — (1))

h)T3r(t — hy)

< P (OTr(t)
— (1 = 7P T (1 — () Tor(t — T(1))
+eP' T (OT3r (o)
— POy T (¢ — p)Tsr(t — hy)

= ezﬂtCT(I) (elTTzel —(1 - ‘L’d)e_zﬂr"e‘ZTz&L
+ elTTgel — e_zﬂr“engeg) 403

= P ()Q30(1) (26)
Va(t) = (tes1 — O — 128X 1T (1) Tur (1)
+ (tr1 — DEXPT () Tyr ()
— (t — )P T () Tur (1)

_ _ 2
< ((tx+1 t):‘ (t — 1)) 2Be 2Bt T(Ik)T4r(tk)

+ (k1 — PP () Tur ()
—(t — t)e*P'rT (1) Tar (1)

hu((trs1 — —
< (et 2+(t tk))2ﬂezﬁtrT(tk)T4r(tk)

108630

+ (tes1 — DT (1) Tyr (1)
—(t — )P rT () Tar ()

hu
= (s — NBEP T (el Tyert (1)

hu
5= 1) B ¢ (1)ed Taert (1)

+ (k1 — P eT (1)ed Taert (1)
—(t — 1)e*P T (1)ed Taert (1)
= PP (1) (d (061 + da(1)62)C (). 27)

V5(t) is calculated as

. AT .
Y — 2B | T() Wi Wa | | #(2)
Va0 = e =0 l[rm} [* WJ [r(z)]
_ / 285 |:r(s):| [Wl W2i| |:i’(S):| s

i r(s) x W3 ||r(s)

T
< (1 = D¢ (@) [ﬂ [VZ] gﬂ [66]4 )

t . T
2Bt —28h, | TG [ | W1 W || F(s)
¢ L ¢ |:r(s):| [* WJ |:r(s):| ds
(28)

V6(t) is obtained as

rey 1" r(t)
V6(t)=—ezﬂ'|: r(ty) } 2{ r(ty) }
ft; r(s)ds ft; r(s)ds
rey 7" 0
+2B(try1 — P () x| rw
fti r(s)ds fti r(s)ds
ry 17 Tie)
2~ | rw) | x| 0
fti r(s)ds r(t)
el r el
=T e| Xe
€7 e7
(4] T €l
+2ﬂ(tk+1—l‘)ezﬂt en X | e
e7 e7
el T €q
+ 21 — P T@) e | X |0 | ()
e7 €]

= T (1 + da (D0 (). @)

V4(t) can be presented as

t
Vi(t) = (tee1 — DX T (0)Sr(t) — / 51T (5)Sr(s)ds

173
< (trr1 — 0PI (1)Sr(r)

t
—ezﬂ(’_h“)/ rT(s)Sr(s)ds.

i3

VOLUME 10, 2022



A. Hongsri et al.: Improved on Extended Dissipative Analysis for Sampled-Data Synchronization of CDNs

IEEE Access

Utilizing Lemma 2, we obtain

t
— / rT(5)Sr(s)ds
Tk
1
-5 <e7T Se7 + 3(e7 — 2e8)7 S(e7 — 268))
1
< _h_u <e7TSe7 + 3(e7 — Zeg)TS(e7 — 2e8)) .
So, V7(t) is bounded by
Va(t) < 1T (1)(da ()04 + Q5)E(0). (30)

An estimation of Vg(t) is gained by

Vs(t) = (k41 — DX iT (1R (1)

t
— / ezﬂsifT(s)Ri"(s)ds
173
< (k41 — P IT (ORI(1)
t
— 2Pl / T ()Ri(s)ds. (31)
1
Use Lemma 2 to obtain
t
- / T (s)Ri(s)ds
179
< —%@;T(t)(el —e2)"R(ey — e)¢ (1)
3 7 _ 2
dl(t)§ (t)(e1 + e dl(t)e7) R
x (e1 +ex — dl(t)€7)C(l)
= —#cT(t)(el —e2)"R(er — e2)¢ (1)
di(t)
_3 dwy, S 2
a0 dlz(t)g (1)(e1 +e2 d1(t)e7) R
2
x (e1 +ex — meﬂé(f)
=< —LCT(t)(el —e)) ' R(e) — e)¢ (1)
- di)
3
e cT(0)(di(t)(er + e2) — 2e7)" R

x (di()(er + e2) — 2e7)5(1)

1
—miT(f)<(€l —e)) ' R(e) — e2)

; 2 TR 2
* (h—) (a“))“’)

3
+¢T(@) ((dm)) (—ﬁel + e2) R(ey + ez))) ¢(t)

3
- ST Wgym |~ + e RN} e (D)
u
Note that the inequalities,

o Ro; < (t — ) ViR™'Y] — Vi, — o] V]

t— 1
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for given matrices, w;, any matrices ¥; € R !1"(j = 1,2)
hold. It follows that

di(t) hy

2
(i)

T 2
<¢ (l)( — sym {(61 —e)Y1 +3 <h—€7) Yz}

u

1, - 2\
———0 () |(e1 —e2) R(e1—ez)+3<—e7) R

F (= )Y R, +3( — )Y R Y2>{(t). (33)
From Eq.(31)-(33), Vg(¢) is bounded by
V() = 15T (1) (a0 + 2@ + Y[R Yy
+d O3] R Y2 + i (1)66)) £(0). (34)

An expression of Vo(r) is followed by
Vo(t) = (141 — 0t — 1) i1 (1)Z7 (1)

t t

— / / 25T (5)Zi(s)dsdu
I Ju

(1 =D+ =18 o7

(NZi (1)

4
t t

- / / 25T (5)Zi(s)dsdu
tk Ju

hy((te1 — 1) + (@ —
4

t gt
— 2P / / i1 ()Z i (s)dsdu
I Ju

hy ) .
= 7 (e = NPT (0)zZ# (1)

W) 2615 (127 1)

IA

+ %(r — 1) i1 ()Zi(t)

t t
_ 2BU—hy) / / i1 ()Zi(s)dsdu. (35)
Iy Ju

By using the free-weighting matrix method [43], [44], the
below equations hold for any matrices N1 and N, with com-
patible dimensions.

o r(t) — r(ty) [76s)
0= 2" ()N |:|: fzi r(s)ds ] _/t.k [r(s)] ds}

n, T e —e i)
—2cTom || =] - [ i) as]. co
t
0 =2:T (N, [(;—tk)r(z)— / r(s)ds
Tk

t t
- / / if(s)dsdui|. 37
tr Ju

Furthermore, rely on the well-known inequality for any
matrix NV > 0, —2xTy < xT N ~lx + yT Ny, it is obvious
to given that

e
5T r(s)
201N, /tk [r(s)] ds

and
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I re- T .
—2Bhy )| | W1 Wal|F7(s)
=e /t; |:r(s):| [ * W3:| |:r(s)] ds

-1
i Wz] NIzt (38)

+(t = )T (N [ . Wi

t t
2T ()N, / / 7(s)dsdu
I Ju

_ -’
- 2
t t
+ / / e 2Pl ($Z i (s)dsdu. (39)
I Ju

AP (N, Z7 ' NY ¢ (1)

Cor_nbining (28), (36) and (38), we obtain the new estimation
of V5(t) as follows

Vs(t) < P17 (1) (dz(t)97 4 Q)+ di (PN,

-1
Wi W T
X |: N W3] N, );(t). (40)
Combining (35), (37) and (39), we obtain all estimations of
Vo(1) as follows

Vo(t) < e*P'¢T (1) (dz(l)98 +di(1)09 + di (1610 — Qg
+ @ewh%zw;) (). (41)
An expression of Vlo(t) is calculated by
Vio(t) = 7, i1 (1)Q1#+(1)
— 7 / t P (5)Q1 i (s)ds
=1y
r,fezﬁti;(t)Qli(t)

t
— g, 2P / T ()01 (s)ds.  (42)
t—1y

IA

Applying Lemmas 1 and 2, based on the inequality (21),
a new calculating of V() transforms to

t
%, / ()01 H(s)ds
-1y
t
=1, / i1 ()01 7(s)ds
t—1(1)

t—t(t)
-1, f i1 ()017(s)ds
t

-
T
e|] —é4
el +e4 —2eg 01 S
€4 — €5 * 3Q1

A

<"
eq4 +e5 —2eyp
el —ey
el +eq4 — 2e9
€4 — €é5
e4 + es — 2eqp

g(t).

Thus, we get all estimations of Vlo(t) as follows
Vio() < &P'¢T ()02 (). (43)
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An expression of Vu(t) is calculated by

t
Vi) = e h,i T (0027 (1) — / PSiT (5)0a7(s)ds

t—hy
< P i T (0027 (1)

t
— e f e 2Pl ()00 (s)ds.
t—hy

Applying Lemmas 1 and Jensen’s inequality, relied on the
inequality (22), a new calculating of V11(¢) transforms to

13 1 _ T
_ T . _ller—e| |02 52
/t—hu r($)Q2r(s)ds < hu |:62 - 63] [ * Qz]

el —en
X [62 B e3] . (44)
So, Vll(t) can be gained as

Vi) < ¢T(0Quoz (). (45)
Moreover, we can obtain from condition (7) for any ¢ > 0
[T ]
0= -¢ [g(r(r))}
y [sym [TeUuTv} -Iy® U + VT)} [ r(1) ]

N 21 g(r(1))
> T ()P Q11¢ (). (46)

For any proper dimension M, the following equation is
clearly to be obtained

0= 262 [T (o) + 7 (0 | M7 [=7(1) + g(r(0))
+e(G & TV (1) + (G © TPy — 1(1) + Kr(ap)|
= ¢ (t)sym {(elT + e IM" (—e6 + e
+eG®TW)er + (G @ TPes + Ken)| £0)
= ¢ 0 Qe (). (47)
Adding Eq.(24)-(47) to the right-hand sides of V (¢) yields
V@)
< & (H(r)sz;(t) + (057 (061 + 8 + 6o
+ 610 + e Py R7Y] 4 3Py, R YT

-1
2Bhy w1 W, T
+e Nq [ N W3i| Nl

h -
+ SN,z IN] );(r)
+ o057 (1)(62 405 + 04 + 65+ 07 + es);m)

di(t
= 62&5”0(%(9 + di (01 4 06 + 69 + 010

+e Py RNy 4 3¢ Py, Ry

—1
2Bhy Wi W, T
+e N1 [ % W3i| Nl
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h
+ ?“ezﬂhwzz*lz\/{ )

d
+ %(Q +di(02 + 63 + 04 + 05 + 67 +98))>§(”’

(48)
12
where 2 = Z Q; and the other notations are provided

=1
in (17). From 1(48), it can be rearranged condition for sys-
tem (6) as follows:

di(1) dy(1)
2Bt - T 1 ) 7))
=Pl (t)< A (\ll[dk]> + a0 W) Je@ <o,
(49)
where
‘I’[%Z] = Q4+ di(0) + 0 + 09 + 019 + e Py R71YT
+3e Py, R-y]

-1
2Bhy Wi W, T
hll

+ N ZTIND,
WD) = Q4 di(62+ 63+ 04+ 05 + 07 + ).

The inequality (49) presents a convex combination of dj(¢)
and d»(¢). It is notably that

g _ he—di ) dic ()
[d] — T, [dr=o0] hu [di=n, 1’
@ _ h—di di @)
Vg = =5 Yideeot T 7 Yidios, (50)

Applying Schur complement to (19) and from condi-
tions (18)-(20) result in
1) (2)
\If[dk] < 0, \I![dk] < 0. (51)
Now, from (51), we have
V(6) <0, 1€ lt, tir). (52)
Therefore, it can be readily presented that, for ¢ € [#, tx41)
V() V(@) < V(tg-1) <--- < V(0). (53)

We can conclude from Lemma 4 and (53) that for
e <t <lryl

Tk

A

Ir@OI* < @1llrE)* + @2 / I (e0)l|*dex

thk—Ty
¥1
= i ® min Pl
min
¥2

I e
Amin(T1 )ezﬂtk

1k
<),
Ih—Ty
¥1
< T
- )\min(P)ezﬂtk

ezﬂtk )\min(Tl)
() ]|*da

Pt (o) Pr()
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Zﬂfu 173
e
w—zf BT ()T r(s)ds
Amin(T1)e B t—Ty
22BTu
% poe
max { ToiaP) hoeinTT) }
< 2P V1) + Va(t))
o1 gefu
- max {Amin1<P)’ el v
< S V(1)
2Bty
% poe
max {Ammlw)’ D) -
< S (V(0))

)\min(P)’ )Lmin(Tl)
x (V(0))
2Bty
2B max{ ®1 ’ p2e
)&min(P) )hmin(Tl)

2Bty
e
= max { 12 L2 } e 2P 2B —11)

IA

} e 2BV (0)).
(54)

On the other hand, it should be pointed that V4(0)—Vo(0) = 0
and hence

11
V() = ) Vi)
i=1

< Amax(P)[I7(0)]|?
+ TyAmax (T1) sup

- max{fwhu}fef

{Ilr@)1?)
0

+ Tuhmax (T2) sup {Ir @)%}
— max{t,,h,}<6<0
+ hyhmax(T3) sup {Ilr@)11*}

—max{ty,h,}<6<0

sup MRO!

- max{fu vhu}fefo

+ Tgkmax(Ql)

+ M2 hmax(Q2) sup {1+

- max{fu»hu}fefo

{Ilr@)11*}

<b sup
—max{ty,h,}<6<0

+by sup O]

— max{ty,,h,}<6<0

< (b1 +b2) sup

- max{fu vhu}fefo

{Ir@)N>, 17O},
(55)
where

b1 = Amax(P) + TuAmax(T1) + TuAmax(T2) + hyAmax(T3)
by = T,fxmax(Ql) + hﬁ)\max(Q2)-
Using (54) and (55), we can get

2Bty
||r(t)||25e2ﬁ”umax{ LN }ezﬂ’

kmin(P)’ )Lmin(Tl)
{r@1% 1+ (56)

X sup
— max{z,,h,}<6<0
From Definition 1, the error system (6) is exponentially sta-
ble. The proof is now complete. ]
Remark 4: It is vital to seek an appropriate Lyapunov
functional, which used to derive a less conservative condi-
tion. Thus, we introduce novel six (ty, ty+1)-dependent terms
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Va(t) — Vo(t), which is different from the construction of
the Lyapunov functional in [22], [23], [24], [25], and [27].
We not only consider the information on the upper bound
of the time-varying delay but also take the full merit of the
available information about the actual sampling instant ty.

Remark 5: To compare the designed controller in [24]
and [27], we employed the one free-matrix parameter M
in Eq. (47) instead of two parameters in the zero equation
in [24] and [27]. By means that two weighting parameters
B1 and By are required to obtain the sampled-data feedback
controller gain matrix K in [24] and [27]. However, we can
get it without introducing more variables.

B. PERFORMANCE ANALYSIS

The below theorem introduces the extended dissipative per-
formance criterion for CDNs (6) with nonzero w(t) €
L5[0, 00), under the zero initial condition.

Theorem 2: For given scalars hy, 1, and t4, if there
are matrices P > 0,T; > 0 (G = 1,2,3,4),S >
O,R > 0,Z > 0,01 > 0,02 > 0 and any matri-
ces Wi, Wo, X;, i = 1,2,3,4,5),N{,N»,Y.,Y2, 81 =

S: g , Sy such that W = ‘Zl xi > 0, X > 0,
= dlag{Ml,Mz,...,MN},H = diag{Hy, H», ..., Hy}
satisfying the following LMIs (21), (22) and
12
Y Q-Tm<0 (57)
12

D Qi+ hu(01 + 06 + 69 + 619) — TT =V
i=1

* »@
(58)
12
Y QA0 +03 404+ 05+ 07+ 63 — 1 <0,
i=1
| (59)
P—J"0.7 >0, (60)

where
20 = [ VRN N2 b1 haYa ]

@ = diag {—e_z’gh”W, —2¢7 2Pz,

—hye"R, ~3h, MR}

=l JT® 1 Tey +2e7 T T dgern + el D312,
(61)

and &; € R™>120N ¢ denoted that &; = [Oan(ifl)nN, Ly,
Oan(IZ—i)nN]fOr i=1,2,...,12 and the other parameters
are similar to those in Theorem 1.
Proof: Firstly, we show that the system (6) is stable.
By Lemma 3, it is clearly that for all nonzero vector g:(t) =
[T o™ (O, (57)-(59) is equivalent to

d d .
¢ (t)( 1) (wf{}]z]>+ Z(I) (xp[(jzl>>;(z)<o, (62)
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where \IJ[(d)] = \I-'[([lllz(~| — AT e Je — 28] T dreny —
@3z, V7 = W) — el TT o178 — 28] TT doirn —
5?2(133512.

Note that if we take ¢(#) # 0 and w(¢) = 0, then (62) now
also holds and we have

¢ (r)(d‘ 2 (\iff;;]) T djl—it)(\if{j@)w) <0, ©63)

o _ g® T @ _ g®
wher; \lf[d] = \Il[d] — elj d>1je1,\ll[dk = lIJ[dk] —
e]j q>1j€]

Since ®; < 0 in Assumption 2, we get the below

inequality

d d
¢ ()( l(t)<wf;j])+%( [(jj]>>c(z)<o (64)

Applying Lemma 3 and noting ¢(#) # 0, we gain the
LMIs (18), (19) and (20) in Theorem 1. Then the system (6)
is exponentially stable.

From (49), we obtain

V) <¢ (t)( 10 <xy{;k)]> + dz(t) (\p‘” >>;(z), (65)

and it is easy that

d d ~
£S5 () + 52 (%) e

d
—¢ (r)( 4@ (w<;;])+ Z“(\v{jf]))c(t)—Ja),

(66)
where J(¢) is definded in Definition 2.
Then, we have
di(®) (=1 @) (-0 \\:
V(t) = é‘ (t)< (\Ij[dk]> + d_<\y[dk] C(t)
+J(@) < J@). (67)

Taking the integration both sides of inequality (67) from O to
t (t = 0), we get result in

t
f J(s)ds > V() — V() > rT()Pr(t). (68)
0

Now, we only focus on two cases of &4 = 0 and &4 > 0,
since the extended dissipative performance can unified the
strictly (Q, R, S)-dissipativity, Hoo and the passive perfor-
mance when ®4 = 0 or the £, — L performance when
o4 > 0.

Considering &4 = 0, from (68) we have

ty
/ J(s)ds > 0. (69)
0

At the same time, when ®4 > 0, as noted in Assumption 2,
this implies that the matrices ®; = 0, &, = 0 and 3 > O.
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Then, for 7 € [0, 7], (68) result in [} J(s)ds > [iJ(s)
ds > rT(t)Pr(¢). Thus, from (60), we obtain

F0a2t) = rT (T @4 Tr (1)
.
rT()Pr(r) < / / J(s)ds (70)
0

IA

By combining (69) and (70), the system (6) is described as
extended dissipative. The proof is now complete. g

Remark 6: The novelty of our method is that we take the
external disturbances into each node which is not considered
in [22], [23], [25], [27], [29], [37], and [38]. Moreover,
we obtain newly exponential synchronization with extended
dissipative containing, passive, Hoo, L2 — Lo and dissipative
performance. The conditions are more general than those
in [22], [23], [25], [27], [29], [37], and [38]. Therefore,
we can notice that their conditions cannot be simulated to
our examples. Moreover, we construct a new time-dependent
Lyapunov functional, which is different from the proposed in
[22], [23], [24], [25], and [27], and the advantage informa-
tion on discrete sample point ty is fully used. Moreover, the
positive definitiveness of the proposed Lyapunov functional
is required only at sampling times that are not necessar-
ily throughout the sampling periods. So, we derive a new
inequality that applies to prove the exponential synchroniza-
tion of CDNZs.

Remark 7: Compared to the findings in [22], [23], [24],
[25], [27], [29], [36], and [38], the result in this study is
less conservative by constructing the appropriate Lyapunov
functional and the technique for estimating the upper bound
of its derivative. In contrast to the Lyapunov function in
[40], [41], [42], and [43], we fully consider the critical
information t — ty and tyy1 —t, Vt € [tx, ty+1). Additionally,
compared to the convex combination technique and Jensen
inequality, the inverse of the first-order approach, mixed
convex combination and some effective integral inequalities
can offer a more precise upper bound.

Remark 8: In this study, we address the sampled-data
synchronization problem of CDNs with fixed coupling and
time-varying delay in each dynamical system and obtained
less conservative results. Because the sampled-data con-
troller gain matrices must be obtained using system param-
eters, the proposed method is unsuitable for CDNs with
time-varying coupling and multiple time delays. As a result,
there is still much room for further investigation into obtain-
ing the sampled-data synchronization criteria of CDNs with
time-varying coupling. Some more effective methods, such
as the proposed in [45] and [46], inspire us to conduct
additional research.

Remark 9: Some free matrices are introduced in this paper
using a time-dependent Lyapunov functional with complete
information on the actual sampling instant ty, a new inequal-
ity, and a convex combination approach. As a result, the
construction and computation technique of the Lyapunov
functional are the primary keys to improving the outcomes
of this work. All of this leads to a reduction in our results’s
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conservatism compared to recent works and, in particular,
numerical examples.

IV. NUMERICAL EXAMPLES

This part focuses on using two numerical examples to man-
ifest the effectiveness of the suggested method in the above
theorems.

Example 1: Chua’s well-known circuit (Fig. 1 [49]) con-
sists of a linear inductor Ly, a linear resistor R, two linear
capacitors Cy, Cp, and a nonlinear resistor Ng named Chua’s
diode. v1 and vy are the voltages across the capacitors C and
Cy, respectively, iy is the current through the inductor L.
Moreover, Chua’s circuit is chosen as the isolated node of the
system (6), which is given by the following dynamical system

V1 = p1(=v1 +v2 —o(v1)),
V2 =V — Vv 413,
U3 = —pav2,

where p = 10,00 = 14.87, and o(vi) = —0.68v; +
0.5(=1.27 +0.68)(Jvy + 1| — |v; — 1)).

AN n
+ + R
Ly Vg Cg U1 Cl VR Ng
i B B -
L

FIGURE 1. Chua’s circuit as an isolated node in example 1.

From condition (7), it can be satisfied as follows

27 10 O -32 10 O
u=|1 -1 1|, V= 1 -1 1
0 —14.870 0 —14.870
The inner and outer-coupling matrices are specified as
100 -2 1 1
r=o0,r®=1{010|,6=|1 -1 0
001 1 0 -1

Then, we choose ¢ = 0.9 and the time-varying coupling delay
is considered as t(t) = 0.03 + 0.01sin(¢), which implies
that 7, = 0.04 and t; = 0.01. As shown in Table 1, we can
see that the largest sampling period by theorem 1 is 0.1982,
which is larger than the ones proposed in [23], [24], [27],
and [38]. It means that our result is less conservative than
the existing ones in [23], [24], [27], and [38].

To depict the effectiveness of our approach, we choose h, =
0.1982, using Matlab software to calculate the LMIs in Theo-
rem 1 the desired controller gains matrices can be presented
as follows

—1.9436 —1.5180 0.6179
—0.7088 —4.0341 0.2254 |,
—0.5361 1.7484 —4.3617

K, =
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TABLE 1. The largest upper bound of sampling period hy.

Methods ha, improved by
[23] 0.0711 178.76%
[38] 0.1120 76.96%
[24] 0.1327 49.36%
[27] 0.1536 29.04%
Theorem I 0.1982

[—6.6941 0.5959 2.1041 |
K, = | 0.3328 —4.4092 0.2676
| 5.4029 0.0934 —5.2084 |
[ —4.8812 —1.4433 0.3209 |
K3 = | 0.1603 —2.5156 2.0958 |.
| 1.7657  4.1299 —1.1285 |
Setting the initial condition as v(0) = [1 —1 —2]7,

a0 =01 =31"xn0=02 -211",x30)=[-51 -
117 and using the above-designed controller gain matrices,
Fig. 2 shows the chaotic behavior of Chua’s circuit. More-
over, Fig. 3 depicts the error state of the system (6) without
control. The controlled error CDNs and the state trajectories
of the controller are demonstrated in Figs. 4 and 5. As can
be seen, the developed sampled-data controller matrices can
successfully synchronize the error system (6).

Chua system

FIGURE 2. The state trajectories of the isolated node in example 1.

Remark 10: In recent years, there has been a lot of inter-
est in chaos control and chaos synchronization of dynamic
systems. A chaotic system has complex dynamical behav-
iors with unique characteristics, such as being extremely
sensitive to small changes in initial conditions and having
bounded trajectories in phase space. Nonlinear systems such
as Chua’s, Lure’s, and Chen’s system have been studied to
control chaos. Furthermore, applications of Chua’s circuit
are remarkable as a standard for various strange attractors
in analyses of chaos control, image encryption, signals, and
neural networks [47], [48], [49], [50]. So, Chua’s circuit is
employed as the unforced isolated nodes of (6) to show the
effectiveness and practical example.

Example 2: Consider three-node CDNs with w(t) = 0.
The internal-coupling matrices and outer-coupling matrices

108636

-40 |

-50

State trajectories

Time t

FIGURE 3. The state trajectories of the uncontrol CDNs.

State trajectories

S

N
@
~
o
o
~
3
©
5

Time t

FIGURE 4. The state trajectories r;(t) of CDNs with the control (4).

State trajectories

30

25

20

Time t

FIGURE 5. The state trajectories of the control u;(t).

are defined as follows:

-1 0 1

r®=o, F@):[(l)ﬂ, G=|0 -1 1

1 1 =2

The nonlinear function f is described as

J(xi(0) = [

—0.5x;1 + tanh(0.2x;1) + 0.2x;»
0.95x;» — tanh(0.75x;,)
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It can be calculated that the following matrices are satisfied
in condition (7)

—0.5 0.2 ~0.3 0.2
U:[ 0 0.95] V:[ 0 0.2]'

We select ¢ = 0.5,t, = 025 and t; = 0.5 and the
list of the maximum allowable value of sampling period
h, contains in Table 2. From Table 2, we show that the
largest sampling periods using the approach described
in [22], [23], [24], [25], [27], [29], [36], and [38]
are 0.5409, 0.5573, 0.8767, 0.9016, 0.9225, 1.1564, 1.3756,
1.3978 and 1.4222, respectively. However, the largest sam-
pling period hy, by Theorem 1 is 1.4222, which is greater than
the references therein [22], [23], [24], [25], [27], [29], [36],
and [38]. This concludes that our result is less conservative
than those found in [22], [23], [24], [25], [27], [29], [36],
and [38].

TABLE 2. The largest upper bound of sampling period hy,.

Methods ha, improved by
[22] 0.5409 162.93%
[23] 0.5573 155.19%
[24] 0.8767 62.22%
[29] 0.9016 57.72%
[38] 0.9225 54.17%
[36] 1.1564 22.99%
[25] 1.3756 3.39%
[27] 1.3978 1.75%
Theorem 1 1.4222

The effectiveness of our method is demonstrated via the fol-
lowing simulation. By choosing t(t) = 0.125+0.125 sin(4¢),
and h, = 1.4222, and using Matlab software to solve the
LMIs in Theorem 1, the desired controller gains matrices can
be presented as follows

K _ [~0-8781 —0.0896 _ [—1.0636 —0.0625
1= 1-0.0816 —1.5110|> "% ~ | =0.0514 —1.5556 |°

. _ [—0-6280 0.0014
371 0.0104 —0.8830 "

50

State trajectories

250 L L L L L L L L L
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time t

FIGURE 6. The state trajectories of the uncontrol CDNs.

Here, the initial condition is v(0) = [2 — 117, x1(0) =
[9 —4]7,x200) =[5 — 917, x3(0) = [—4 517. Then, using
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Time t

FIGURE 7. The state trajectories r;(t) of CDNs with the control (4).

u(t
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Uy,
U
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201
)
)

12

e

31

6 320 | |

State trajectories
n »~
I I ]
TT

0 5 10 15
Time t

FIGURE 8. The state trajectories of the control u;(t).

the above-designed controller gain matrices, Fig. 6 shows the
state trajectories of the uncontrol error system. The controlled
error CDNs and the state vectors of the controller are illus-
trated in Figs. 7 and 8.

To consider extended dissipative performance, we define the
variables c = 1,1, = 025,15 = 05,9 = I3 ® I, and
w(t) = m Then, the internal-coupling matrices and the
outer-coupling matrices are used by the following matrices:

w_[0307 .o [040
r _[0 0.3]F _[0 0.4]"

-1 0 1
g=|[0 -1 1
1 1 =2

By performance scalar § = 0.5, and in the (Q, S, R)-
dissipativity property, we choose &1 = —I,&; =
I, &3 = 2I, and &4 = 0. From Table 3, we show that
the largest sampling periods using the approach described
in [36] are 0.7548,0.4375,0.2219, and 0.2962, which
rely on Lo — Loo, Hoo, Passivity,(Q, S, R)-dissipativity
respectively. Whereas the maximum sampling period h,
by Theorem 2 is 0.91372,1.0272,1.001, 0.9561 which
is greater than the reference therein [36]. It concludes
that our result is less conservative than the reference
in [36].
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TABLE 3. The largest upper bound of sampling period hy.

Performance L2 — Lo Hoo Passivity  dissipativity
[36] 0.7548 0.4375 0.2219 0.2962
Theorem 2 0.9137 1.0272 1.001 0.9561
improved by 21.05% 134.79%  351.10% 222.79%

On the other hand, the controller gains matrices with h, =
1.0272 and § = 0.5 in Hoo performance can be calculated
as follows:

K  [0.7358 —0.0002] _ [~1.0332 —0.0599
! —0.0692 —1.4936 |72 = | —0.0448 —1.5110|°

. [—0-6215 —0.0068
3 0.0031 —0.8862|"

20 T T T T T T T T T

State trajectories

50 . . . . . . . . .
0 0.5 1 15 2 25 3 35 4 45 5
Time t

FIGURE 9. The state trajectories of the output Z; (t) without control.

State trajectories
n
.

0 2 4 6 8 10 12 14 16 18 20
Time t

FIGURE 10. The state trajectories of the output Z; (t) with the control (4).

By using the above parameters, Fig. 10 shows the state trajec-
tories of the error system (6), which converges to zero under
an exterior disturbance and the state trajectories control u;(t)
are depicted in Fig. 11, where x1(0) = [T — 47, x(0) =
5 —917,x3 = [—4 10]7, v(0) = [2 — 1]". Notably, the
CDNs cannot successfully synchronize when the controller is
not applied, which can be seen in Fig 9.
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FIGURE 11. The state trajectories of the control u;(t).

V. CONCLUSION

This study uses a sampled-data controller to handle the
problem of extended dissipative exponential synchronization
of CDNs with time-varying coupling delays. An aperiodic
sampled-data control scheme has been devised to solve this
challenge, with the sampling period specified as time-varying
but bounded. Then, using an enhanced Lyapunov function,
integral inequalities, the free-weighting matrix technique, and
the convex combination approach, a new adequate condition
for strict LMIs was discovered. These conditions can also be
used to investigate the extended dissipativity analysis issue,
which includes the passivity, £2 — Loo, Hoo, and dissipativity
performance in a unified formulation. Finally, two numerical
examples indicate that our finding is better than the previous
references, highlighting how this paper has developed. It is
worthwhile to mention that the method in this article can be
investigated further and applied to more complicated systems
such as neutral-type CDNs [51], stochastic CDNs [52], T-S
fuzzy CDNs [53].
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