AIMS Mathematics, 7(7): 11942-11971.
DOI:10.3934/math.2022666
ATMS Mathematics Received: 17 January 2022

Revised: 11 March 2022

Accepted: 30 March 2022
http://www.aimspress.com/journal/Math Published: 20 April 2022

Research article

Cluster synchronization in finite/fixed time for semi-Markovian switching
T-S fuzzy complex dynamical networks with discontinuous dynamic nodes

Zhengqi Zhang and Huaiqin Wu*
Department of Mathematics, Yanshan University, Qinhuangdao 066001, China
* Correspondence: Email: huaiginwu@ysu.edu.cn.

Abstract: In this paper, cluster synchronization in finite/fixed time for semi-Markovian switching
complex dynamical networks (CDNs) with discontinuous dynamic nodes is studied. Firstly, the global
fixed-time convergence principle of nonlinear systems with semi-Markovian switching is developed.
Secondly, the novel state-feedback controllers, which include discontinuous factors and integral terms,
are designed to achieve the global stochastic finite/fixed-time cluster synchronization. In the framework
of Filippov stochastic differential inclusion, the Lyapunov-Krasovskii functional approach, Takagi-
Sugeno(T-S) fuzzy theory, stochastic analysis theory, and inequality analysis techniques are applied,
and the global stochastic finite/fixed time synchronization conditions are proposed in the form of linear
matrix inequalities (LMIs). Moreover, the upper bound of the stochastic settling time is explicitly
proposed. In addition, the correlations among the obtained results are interpreted analytically. Finally,
two numerical examples are given to illustrate the correctness of the theoretical results.
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1. Introduction

As we all know, complex dynamical networks (CDNs) generally are described by graphs, where
the states are seen as nodes, and the communication information between nodes is denoted as an
edge. In CDNs, each node has unique dynamic behavior, and the whole network can present different
complex dynamics. In the past decades, CDNs have become a hot spot in various fields because they
can represent multifarious real systems, such as biological networks, the World Wide Web, neural
networks, genetic networks, ecosystems, social networks, biomolecular networks, and so forth [1-4].
CDNs consists of a large set of interconnected nodes, where each node is a basic unit with specific
dynamic behavior, including stability, dissipativity, passivity and synchronization.

As a typical dynamic behavior of CDNs, synchronization is a fascinating phenomenon, which
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has important practical significance and broad application prospects. For example, after a great
speech, the applause of the audience can change gradually from chaos to consensus. Therefore,
the synchronization issue has attracted attention from many scholars in various fields: biomedicine,
engineering technology, information communication and so on. Recently, there have many
different synchronization patterns, such as phase synchronization [5], exponential synchronization [6],
projective synchronization [7], finite-time synchronization [8], and fixed-time synchronization [9].
In these types of synchronization, all coupled nodes tend to present a common state as the network
evolves, which is called complete synchronization. Nevertheless, complete synchronization of the
entire network is not desirable or even possible. Therefore, cluster synchronization occurs in the
application, that is, the nodes in the network are divided into several clusters, and the nodes in the same
cluster are synchronized, while those nodes in different clusters are not synchronized. In recent years,
a growing amount of attention has been paid to cluster synchronization in networks. In [10], cluster
stochastic synchronization of complex networks was investigated, and a quantized controller was
designed to realize the synchronization of CDNs within a settling time. The cluster synchronization
problem for a class of CDNs with coupled time delays was discussed in [11].

It is worth noting that the above types of synchronization are asymptotic synchronization. However,
compared with asymptotic synchronization, states can realize synchronization in finite time, in which
the settling time is dependent on the initial states. Therefore, finite-time synchronization can only
be utilized in a situation where the initial conditions are known. In comparison with finite-time
synchronization, the stochastic settling time of fixed-time synchronization [12-16] is regardless of
initial conditions. Recently, the finite-time and fixed-time cluster synchronization problems for
CDNs s have attracted increasing attention due to rapid convergence and better robustness to suppress
uncertainties and disturbances. The problem of finite-time cluster synchronization for nonlinear CDN’s
with hybrid couplings based on aperiodically intermittent control was discussed in [17]. The authors
in [18] studied the fixed-time cluster synchronization problem for a class of directed community
networks with discontinuous nodes via periodically or aperiodically switching control. In [19], the
cluster stochastic synchronization of CDNs via a fixed-time control scheme was discussed. The authors
in [20] studied the fixed/preassigned-time cluster synchronization problem for multi-weighted CDNs
with stochastic disturbances based on quantized adaptive pinning control.

As we all know, there are still a host of stochastic or unknown factors in the actual systems.
Therefore, it is of great practical significance to study the dynamic properties of stochastic systems.
Markovion jump systems are suitable for characterizing and modeling different types of systems with
abrupt changes [21] and were extensively studied in many aspects, such as stability analysis, static
output feedback controller design, and H,, filtering problems [22-28]. For singular Markovian jump
systems, there are abundant conclusions: especially, the issue of static output feedback control was
studied in [29-32]. Unfortunately, the sojourn time in the Markovian jump model used in [33] is
subject to the exponential distribution with the memoryless property, which is hard to promise in many
practical systems [34]. It is worth mentioning that the sojourn-time in a semi-Markovian switching
process [35] can be supposed to obey other probability distributions, such as the Weibull distribution
or the Gaussian distribution. Hence, the investigation of semi-Markovian switching CDNs is of
great theoretical value and practical significance. In [36], finite-time H., synchronization for CDNs
with semi-Markovian jump topology was discussed. The event-triggered synchronization for semi-
Markovian switching CDNs with hybrid couplings and time-varying delays was discussed in [37].
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In reality, fuzzy logic has a close relationship with the synchronicity and complexity of CDNs. As
an extremely important method proposed by Takagi and Sugeno, the fuzzy control approach provides
a systematic method for studying the nonlinear systems by expressing a specific nonlinear system as
a fuzzy sum of linear subsystems. For instance, in [38], fuzzy differential equations were used to
describe the existing vague concepts of uncertainty components. The fuzzy logic theory [39] has been
widely accepted as a simple and feasible method to deal with nonlinear systems. Hence, it is necessary
to investigate the fuzzy CDNs. Among various fuzzy systems, one of the most important models is the
Takagi-Sugeno (T-S) fuzzy system [40], which has been shown to approximate any smooth nonlinear
system to any specified accuracy. In the past decade, T-S fuzzy systems have developed rapidly:
fault detection, H,, control, sampling systems, networked control systems and so on (see [41-45] and
references therein). Recently, the research of T-S fuzzy networks has become a hot research topic.
In [46], the issue of reliable mixed H., passive control for T-S fuzzy delayed networks based on a
semi-Markovian jump model was concerned by using the LMI method. Synchronization and robust
stability of T-S fuzzy networks with time-varying delay were discussed in [47] and [48]. In [49],
global exponential synchronization of Takagi-Sugeno fuzzy CDNs with multiple time-varying delays
and stochastic perturbations was studied via delayed impulsive distributed control. It is worth pointing
out that, there is no relevant result about global stochastic finite/fixed-time cluster synchronization for
discontinuous semi-Markovian switching T-S fuzzy CDNs currently.

Motivated by the aforementioned discussions, in this paper our objective is to investigate the global
stochastic finite/fixed-time cluster synchronization for discontinuous semi-Markovian switching T-S
fuzzy CDNs. By employing Filippov discontinuous theory, the Lyapunov stability theory, Lyapunov-
Krasovskii functional approach and stochastic analysis techniques, the global finite/fixed-time cluster
synchronization conditions are addressed in the form of LMIs. The innovations of this paper compared
with the existing results are summarized below:

(1) It is the first time to investigating the global stochastic finite/fixed-time cluster synchronization
for T-S fuzzy CDNs with discontinuous activations under semi-Markovian switching.

(2) A principle of the global stochastic stability in fixed time for the nonlinear system with semi-
Markovian switching is developed; see Lemma 2.

(3) A fuzzy switching state-feedback discontinuous controller is designed to achieve the global
finite/fixed time cluster synchronization.

(4) The stochastic finite/fixed-time cluster synchronization conditions are obtained in terms of
LMIs.

(5) The upper bounds of the setting time of stochastic finite/fixed time cluster synchronization are
explicitly evaluated.

The rest of this paper is organized as follows. In Section 2, some useful lemmas, definitions, and
system models are provided. In Section 3, some criteria for the global stochastic finite/fixed-time
cluster synchronization of T-S fuzzy semi-Markovian CDNs with discontinuous nodes are established,
and the upper bound of stochastic settling time is explicitly proposed. In Section 4, two numerical
simulations are provided to illustrate the effectiveness of the theoretical results. Finally, the conclusion
is given in Section 5.
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Table 1. Notations.

Symbol Meaning
Rand N Sets of real numbers and nonnegative integers
R™™ and R" Set of n X m matrices and n-dimensional vectors
Z.,Z.andR, {z€Z:z>0},{z€eZ:z>0}and{z€R:z> 0}
Iy N-dimensional identify matrix
diag{- - -} Block diagonal matrix
A>0(A<0) Positive (Negative) definite matrix
Amax(A)(Amin(A)) Maximal (Minimal) eigenvalue of A
AT(A™h Transpose(Inverse) of matrix A
[1x]|2 Euclidean norm of x
Pr{-} Probability
& Mathematical expectation
® Kronecker product
L Infinitesimal operator

2. Materials and methods

2.1. Preliminaries

In this subsection, the fixed-time stochastic stability principle for the nonlinear semi-Markovian
switching system is presented, and some useful definitions and lemmas are provided for the analysis
of the main objective.

The three stochastic processes [35] are described as follows:

(1) Stochastic process {pi}ez, takes values in N in which p; denotes the index of the system mode
at the kth transition.

(2) Stochastic process {f;},cz, takes values in R., in which ¢, is the time at the kth transition.
Moreover, 1y = 0, t; increases monotonically with k.

(3) Stochastic process {h},cz, takes values in R, in which h; = t; — t;_,, refers to the sojourn time
of mode r,_; between the (k — 1)th transition and kth transition, and Ay = 0.

Then, we introduce the semi-Markovian process as follows:

Definition 1. (/35]) Stochastic process p(t) = pi, t € [tx, tir1), is said to be a homogeneous semi-
Markovian process if the following two conditions hold for 1, j € N, to,t1,...,t; > 0O:

l) Pr{pk+1 = ]ahk+1 S h |pk7 .. "p07tk7' .. 7t0} = Pr{pk+1 = ]’hk+1 S h |pk},
ii) The probability Pripi. = J, i1 < h| px = 1t} is independent on k,
hold, where h is sojourn time.
In this paper, the network model described by the continuous-time and discrete-state homogeneous

semi-Markovian process with right continuous trajectories is established. Based on Definition 1, state
p(1) takes values in N, and transition rate matrix II(h) = (,,(h))nxv 1s characterized by

m,(h)6 +0(6), 1+ ],

1+ m,(h)d + o(h),1 = 2.1

Pripis1 = J kst Sh+ 6| pp =1,y > h} :{
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0(6) _

where 6 > 0, hrré =0, forz # j(,j € N), m,,(h) > 0 is the transition rate from mode : at time ¢ to

mode ; at time ¢ + 0, and 7,,(h) = — Zil,m m,(h), for1 € N.

Generally, the transition rate I1,,(h) is bounded, i.e., n, <7 ,(h) < 7, where T, and 7, are positive
constants. As a consequence, 7,,(h) can always be written as r,,(h) = m,, + Am,;, where x,,(h) =
1@, + r) s lam,| < A, with 4, = 1w, - )

Consider the following semi-Markovian switching system:

x(t) = g(x(0), 1, p(1)), x(0) = xo,(0) = po, (2.2)

where x(f) € R" is the state vector of the system, g: R" X R, x N — R" is a continuous nonlinear
function, p(¢) is the continuous-time semi-Markovian process, and py is the initial mode. Assume that,
for any xy € R", po € N, there exists a global solution with the initial state xy and initial mode py,
which is defined as x(z, xo, po) for system (2.2).

Definition 2. (/36]) For any xo € R", po € N, if there exists a stochastic function T : R" — (0, +00),
which is called the stochastic settling-time function, such that the solution x(t, x, po) of system (2.2)
satisfies

lim &{|| x(z, xo, po) |1} =

t—T(xo)

when t > E{T (xo, po)}, || x(t, X0, p0) ||I= 0, then system (2.2) is said to be globally stochastic stable in
finite time.

Definition 3. (/36]) If system (2.2) is globally stochastic stable in finite time, and &E{T (xy,po)} is
bounded, namely, AT .x > 0 such that E{T (xy,00)} < Tmax for Yxo € R", then system (2.2) is said
to be globally stochastic stable in fixed time.

In the present paper, we suppose that V : R, X R" Xx N — R is a continuous and differential
functional, x(f) € R", and p(¢) is a continuous-time and discrete-state semi-Markovian process. Then,
the infinitesimal operator of stochastic functional V(z, x(t), p(¢)) is given by

N
LV, x(®),1) =V, (1, x(1), 1) + V.8, x(1), )%(1) + Z m,(WV(t, x(0), ),

J=1

where 1, € N, Vi(t, x(0), p(1) = 25020 (1, x(1), p(r)) = (L5020, WelbotyT,

axt 1 6-xin

Lemma 1. ([41]) Let V(t, x(1), p(t)) € C*'(R,XR"XN; R.) be positive definite and radially unbounded.
If there exists a continuous function N : (0, +00) — R for v € (0, +00), such that

i) LV(t, x(1), p()) < -KV(z, x(2), p(1))),
ii) for any 0 < s < +09, fo N(lv)dv < 400,
iii) forv > 0, R(v) > 0

hold, then system (2.2) is globally stochastic finite-time stable in probability. Moreover, the stochastic

settling time T, satisfies
V(0.x0.00)
T. < f —dv.
U N(v)
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In this paper, we consider X(v) = kv — v for all v € (0, +00), and gvl_“ < u ,where u € (0,1) and
k>0, 6>0;, then
Ov71—
T < In(1 = £V'7#(0, xo, 00))
Ou—1)

Lemma 2. Let x(t) = x(t, X, po) be the solution of system (2.2) with initial value x, € R" {0} and initial
mode pg € N. If there exists a continuous stochastic functional V : R" X N — R,, such that

i)V(x,p) >0, x #0, and V(0,p) =0,
ii)V(x,p) — +oo, as|lx]| — +oo,

iii) LV (x(1), p(1)) < —a Ve (x(1), p(1)) = BV(x(1), p(1)) = ¢

hold, then, system (2.2) is globally stochastic stable in fixed time, and the upper bound T, of the
stochastic settling time can be calculated explicitly by

Ly

Y 1
8{T(X03p0)} < Tmax - c ((a) 1 _f ﬁ n— 1)7

wherea, > 0and 0 <& <1, n> 1.

Proof. The proof is divided into two cases.

Case 1: In this case, we prove that system (2.2) is globally stochastic stable in finite time.

Let (V) = fOV %d@, where T(0) = a#® + BO" + c. Obviously, ¢(V) > 0, and ¢(V) = 0 if and only
if V=0.

Set T'(xq, 00) = ¢(V(x9,00)). In the following, we claim that there exists #; € (0, E{T (xo, 00)}), such
that &{|| x(, x0, po) ll2} = 0. Otherwise, &{|| x(z, xo, po) |12} # 0 on (0, E{T (xo0, po)})-

By the formula dV(x(2), p(t)) = LV (x(2), p(t))dt, it follows from condition iii) that

E{p(V(x(T (x0, po)), (T (X0, o))} = E{S(V (x0, po))}

VT (0000 (F0.00)
=8{j‘ dﬂv%
V(x0.p0)

V(x(T (x0,00)),0(T (x0,00)))) 1
Skf dwmm<m}
{vmm> T(V(x(0). p(D))) p

T@oro) LV (x(t), p(t)) }
E d
{l: TV, o0

. {LT(XWO) dt} _ _S{T(xo,po)},

IA

i.e,
ElPp(V(x(T (x0, p0)), p(T (X0, p0))))} < E{B(V (X0, 00))} — E{T (x0, 00)} = 0, (2.3)

which yields that E{¢(V(x(T (xo, po)), o(T (x9,00))))} = 0 by the positive definiteness of ¢(V). This
leads to a contradiction.
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Next, we prove that &{|| x(z, xo, po) |[2} = O for all # > #,. If it does not hold, then there exists #, > ¢,
such that &f|| x(¢, xo, po) |2} # 0. Let

t3 = supft € [t1, 1) : &Il x(z, X0, p0) |I2} = O}.

Obviously, 11 < 13 < 1, &{l| x(z, x0,00) |2} = 0, and &{|| x(7, x0,00) |l2} # O for any ¢ € (53, 12].
Analogous to the proof of (2.3), we can get

Slp(V(X(T (x(12), p(t)))} < =(t2 = 13) < 0.

It contradicts with the non-negativity of ¢. Therefore, for all ¢ > #;, E{|| x(z, x0,00) |2} = 0. This
implies that system (2.2) is globally stochastic stable in finite time.
Case 2: In this case, we show that E{T (xg, o)} is bounded.

V(x0,00) 1 +00 1
ST (x0,p0)} =E{(V(x0,00))} = 8{]; mdg} < 8{1} mdg}
S1 1 52 1 —+00 1
= {jo‘ bt + Bon + cdg} i {L bt + Bon + cdg} i {L bt + BO1 + cdg}
sf —d9+f —d9+f —d9

— 1_ + 2 SI — 2 K
0(1 &) c ﬁ(ﬂ D

where s, s, are arbitrary positive numbers. This derives that E{T (xy, po)} is bounded for any x, € R"
and pp € N.

On the basis of Cases 1 and 2, we can conclude that system (2.2) is globally stochastic stable in
fixed time.

In the following, we develop an accurate estimation for &{T (xy, po)}. To do so, set

1-& S22 = 81 1 1;7

1
a(l-8)" c  Bm-12

8(s1, 82) =

then
gsl(S17S2) = észé‘ - % = 07

_ 1 _ 1. _
gm(sl,sz)—g—l—;sz =0,s1,5 >0,

. ) ) SRR . .
and we obtain that the stationary point (s1, s2) = ((£)%, (é)n), which shows that g(s;, s;) reaches its
minimum value g,

f 7 —
§+(,8) )

1 ¢
8min = _((_)f
c a
Thus, E{T (x0,00)} < &min- The proof is complete.

Remark 1. It should be noted that, fixed-time stability problem of systems was widely studied [50—
52]. However, there is no result with respect to the settling-time in the published literature, which
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can be derived by Lyapunov functional V(t) satisfying LV(x()) < —aVé(x(t)) — BV(x(t)) — c. In
this paper, on the basis of the conditions of Lemma 2, global fixed-time stability is discussed with
respect to nonlinear systems (2.2) with stochastic switching, and the upper bound of the settling time
is proposed. Furthermore, since Lemma 2 is independent of a specific stochastic process in reality, the
semi-Markovian process p(t) in system (2.2) can be related to any stochastic process.

2.2. System model description

In this paper, we consider a class of CDNs with semi-Markovian switching and time-varying delay,
which can be described by

N
Xi(t) = = A(p(1))xi(1) + B(p(1) fi(xi(D) + ¢, Z d(p(®);;L'1(p(0))x;()
j=1

N
+ 62 ) qom)Ta(p)x(t = 7(0) + (1),

=1

where x;(1) = (x;1(2), xp(0),...,x,,(t))T € R" is the state vector of the ith node, p() is a semi-
Markovian switching process, and f; : R X R" X R" — R" is a nonlinear vector-valued function.
A(p()) = diagla;(o(1)), ax(p(?)),...,a,(o(t))} is a diagonal matrix with positive entries a;(p(1)),
B(p(t)) € R™", 1(¢) represents time-varying delay in CDNs, and ¢; and ¢, are coupling strengths.
Ti(p(t) = diag{di(p(0)),57(p(0), . ... 8} (p())} and Ta(p(r)) = diag{sy(o(1), 5(p(1)), . . ., F5(0(1)))
represent the inner-coupling matrices among the clusters, respectively. D(p(1)) = (d;;(p(?)))nxn and
O(p(1) = (qij(p(1)))nxn are non-delayed and time-varying delayed out-coupling configuration matrices
that stand for the topological structure; u;(¢) is the control input.

Divide N nodes into Q clusters, i.e, {1,2,...,N} = K, UK, U...UKq, K,NK, = 0, where
h,w € {1,2,...,Q}. For convenience, set K; = {1,2,...,.vi}, Ks = {vi + L,vi +2,...,»}, Kq =
{VQ_1 +1,va_ +2,...,VQ}, andvo =0,vo = N.

Then, the outer coupling matrix D can be characterized by the following block form:

Dy(p(®)) D) ... Diap(®))
Dy (p(1)) Dayp(p(®) ... Dia(p(1))

Dip(1)) = ST S

Dq (p(1)) Dax(p(1) ... Daa(p(r)
where each diagonal block D, = (d;j(p(t)))w,-v, )x(v-v..;) Tepresents the interactions in the
community K. Here, for i, j € K, i # j, d;j(p(t)) > 0 are satisfied, d;(p(t)) = — Z;;’Vwil L1 dij(p(D)),

and each non-diagonal block D, = d;j(p(t)))¢,—v, )x—v._r) TEPresents the interactions between the
communities K, and K, which are satisfied Z;’; vat1 dij(p(t)) =0,i € K,, j € K, h # w. Similarly,
Q(p(1)) has the same properties as D(p(?)).

(Ay)) Fori=1,2,...,N, f; : R" — R" is continuous except on a countable set of isolated points o,
each of which has a finite left limit f;(0,) and right limit fi(c}) , respectively. Moreover, f; has at most
a finite number of jump discontinuous points in every compact interval of R.

Under the assumption (A;), for the wth cluster (1 < w < Q), we define f,, ,+1 = f, +2 =

= f,, = fu; fo 15 undefined at the points where f, is discontinuous, and co[f,(x)]

AIMS Mathematics Volume 7, Issue 7, 11942—-11971.
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(col fur(xi)], col fua(x2)], - . ., ol fun(xin)]), Where co[*] denotes the closure of the convex hull of set .
It follows that col f.,;] = [min{ f,,(x}), fui(x})}, max{f.(x;), fu(x)}], i € K,.

(Ay) foreachi=1,2,...,N,l=1,2,...,n, there exist positive constants L, Z.;, € = 1,2,...,n,
such that

| Lo (E) = FanGO) 1< D Lo | %68) = yo(0) | +200. (2.4)
e=1

(A3) 7(¢) is a bounded and continuously differentiable function, meeting 0 < 7(f) < ¢ < 1 and
0<tr) <.

Definition 4. A function x : [0,T) — R", T € (0, +0), is a Filippov solution of CDNs on [-1,T) if:
(i) x(t) is continuous on [—7, T| and absolutely continuous on [0, T),
(ii) there is ¢, (1) € col f,(xi(t))], which is a measurable function, such that

() = (@1 (D), $u2(D), - . ., (D) [-7,T) = R", fora.e. t € [0,T),

N
5i(1) = = APWO)xi() + B (xi(0) + 1 Y d(p();T1(p(0)x;(1)
N ! 2.5)
+ 2 ) qlp@)iTalp®)x;(t = 7(0) + wi(2),

=1
where i € K, ¢, satisfying system (2.5) is called an output solution associated with the state x;(t).

Let s,, w =1,2,...,€Q, denotes the target trajectories defined by

Su(t) = =A(P(1)su(1) + B(p(1)po(5,(1)), (2.6)
which may be equilibrium points, periodic orbits or even chaotic attractors.

Analogous to Definition 4, the solution of system (2.6) in the Filippov sense can be given as follows:

Definition 5. A function s(t) : [0,T) = R", T € (0, +o0), is defined as a solution of CDNs on [0, T) if
(i) s(t) is absolutely continuous on [0, T),

(ii) given ¢(t) € colf,(s,(1)], there exists a measurable function ¢(t) = (di(1), (1), ..., ¢,(1)"
:[0,T) — R", such that, for almost all t € [0, T),

$i(1) = = A(E(®))5,(1) + B(p(1) ¢ (50,(1)). (2.7)

Define e;(t) = x;(t) — s,(¢), i € K, as the synchronization errors. Then, taking (2.5) with (2.7), in
the Filippov sense, the error dynamic system can be written as

N
&i(t) = = A(p(D)ei(t) + Blo)u(ei0) + ¢1 D dp®)iTi(p(0)e; ()
j=1
N (2.8)
+¢2 ) qlpNiTa(p(®)e;(t = T(0) + ui(o),
j=1

where i € Ky, 3o (1) = ¢, (1) = (1), $u(t) € COLfu(xi(D)], Gu (1) € COf(50,(D))].
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For simplicity, we denote A(o(1)), B(p(?)), I'1(p(1)), T2(o(2)), D(p(1)), Q(p(t)) by A,, B,, F}), F,%, D,,
O, for p(r) € N. Then, system (2.8) can be rewritten as

N N
ei(t) = —Apeit) + Bodu(eiD) + €1 ) dpiThej(t) + 02 ) gpilie(t = 1) + wi(t), i€ K, (2.9)
j=1 j=1

Moreover, a T-S fuzzy model can be described by a set of fuzzy IF-THEN rules that characterize
local relations of a nonlinear system in the state space. The 1-th rule for semi-Markovian switching
CDNs in (2.9) is represented as

Fuzzy rule 1: IF 0, is M,;, 0, is Mp,,...,0, is M,

THEN:

N N
ei(t) = —ALeit) + Bido(ein) + ¢ ) d! Thei(t) +ca Y. gh Dot = 7(0) + ui(t), i€ K,, (2.10)
=1 J=1

where [ = 1,2,...,m, where m is the number of IF-THEN rules. The premise variables 0, 0., ... 0, are
proper state variables, and M;,(p = 1,2,..., s) is the fuzzy set that is characterized by the membership
function. Using the singleton fuzzifier, product fuzzy inference, and a weighted average defuzzifier,
the final output of the T-S fuzzy system is inferred as follows:

m N N
&) = IZ] h(O@)[=ALer) + Blo(ei() + ¢, Z] d, Thei(t) + 2 Z} g\ T2ei(t =Tl + uir), i €Ky,
= = =
2.11)

where 0(7) = (0,(2), 0,(0), ..., 0,()) ", h(0O(@)) = % wi@() = [T, Mip(@,(1)), wi(0(r)) > 0, and
S wi(0(r)) > 0. Tt is clear that

D m@®) = 1, h(0(1) > 0,

I=1
for all t € R*, where h;(((t)) can be regarded as the normalized weight of the IF-THEN rules. In this
paper, we will denote /,(0(¢)) = h; for simplicity.

In order to obtain the main results in this paper, the following lemmas are given.

Lemma 3. (/8]) For any vector x, y € R", scalar § > 0 and positive definite matrix Q € R™",
2xTy < 6xTQx+ 6 yTQ Y.

Lemma 4. ([/50]) Let ¢1,¢5,...,¢0, 20,0< p <1, and q > 1. Then,

an ¢ > (i o), Z ¢ > nl"’(i ).
i=1 i=1 i=1 i=1

Lemma 5. ([51]) Let Y1, ¢, ...,4, > 0,0 < p < q. Then,
SN AN L1
i=1 i=1
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Lemma 6. ([53]) (Schur complement) Given constant matrices Z,, Z, and 23, where 2, = ] and
Ez > 0,

— —Tr——]r—

B+ E3E, E3 <0,
if and only if

3. Main results

3.1. Stochastic finite-time cluster synchronization for semi-Markovian switching T-S fuzzy CDNs with
discontinuous dynamic nodes

In this section, by designing state-feedback controllers with the discontinuous terms, we consider
the global stochastic cluster synchronization in finite time for semi-Markovian switching T-S fuzzy
CDNs under the case 7(f) = 7. The global stochastic finite-time cluster synchronization conditions are
addressed in the form of LMIs.

Then, system (2.11) can achieve global stochastic finite time stability under the following controller:

1 . 2 1 ﬂmax(Pp) . o
(1) = = Kyei0) = Hysign(e (D) (Py) = 5,75 22 sign(ei) | e |
min\" P
1 (. e ei(t)
) Enp(f,_f “ M) = 1 O

where 0 < a < 1, K, = diaglky,kp,.... k), H, = diaglh,,hy,... h,) and M, =
diag{m,;,m,, ..., m,,} are the controller gain matrices, k,. , hy,e and m,. € = 1,2,...,n are non-
negative constants to be designed, and 7, is a tunable constant.

Note that controller ul.l(t) is discontinuous, which is a special case of assumption (A;). Then, there

exists a measurable function Sign(e;(t)) € co[sign(e;(t))] such that

&) = — Kyeir) — H,Sign(ed1)) — ! MSI' n(e; (1)) | e(n) |*
i = p€i po 18NL€E; an/llzmn(Pp) gnie; i
1 ! T H—Ta 61‘([)
- Enp(f,_T @ M) 1 O
where &/ (1) € colu} (1)],
1, e;(t) > 0,
colsign(e;(1))] =4 [-1,1], ei(r) =0, (3.1
-1, e;i(t) < 0.

The designed controller described by the T-S fuzzy model is composed of a set of fuzzy rules.
Fuzzy rule I: IF 0, is My, 0, is Mp,,. . .,0, is M;;, THEN
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&/ (1) = — K)ei(r) — H, S ign(e;(1)) — ﬂ‘;“"‘(( "; Sign(ei()) | ei(t) |*
_l (f el ()M, e(s)ds)ﬂ ei(t) oY
2. le DI
The state-feedback controller is deduced as
£ty = | - Kleit) - H.Sign(ei(r)) - 2np;LéD";Sign<ei<z)> | ei®) |
l:l1 () min\" P (33)
g €; t
_ 577p(ft e ()M, ei(s)ds) > e i(l‘)||2]'

Theorem 1. Suppose that assumptions A, and A, are satisfied. For any p € N, if there exist positive
definite matrices P,, M,,, O,, H, and positive scalars {, n,, such that the following LMIs hold,

| P,B.| +|P,B, [T
((Z@ — - IyeH |<0,

2
(3.4
Dl ® My) =, (Iy ® M) <0,
k=1
®; 0 Dp
o = * q)22 0 < O, (35)
o x Dy

then system (2.11) can achieve global stochastic stability in finite time. Moreover, the upper bound of
the stochastic settling time is given by

21n(1 - 2V'F(0, x0, po))

T, = , (3.6)
a(l —a)

/T
where @11 = Y301 (ﬂpk(lzv @ P+ iy e Opk)) 4 7y (I ® P,) — (Iy @ P,AL) + (L@ 2y

C](D£;®Ppr;)+C2§{(Q2®Pprg)(Qi®Ppr§)T ~(Iy®K)),®x = FUn®1L)—(In®M,), D3 = {IN®(Pp—
P1)7-'~71N®(Pp_Pp—l)’IN®(Pp_Pp+l)9~'"IN®(P,D_PN)}) (D33 = {IN®0p,la-"?IN®Op,p—laIN®

0p,p+l9---9IN®0p,N}’ Z = diag{zl,...,zl,...,zg,...,zg}, L = diag{Ll,...,Ll,...,Lg,...,LQ}, a =
N e — ————— e
Vi YQ—Va-1 Vi YQ—Vva-1

. —Lte Amax (M,
min{ydmax (Py)s Npdmin(Pp)}, b = (1, T3,

Proof. Consider the following stochastic Lyapunov-Krasovskii functional:

N N /
V(t,e(0),p0) = > el (OPei(t) + ) f el ()M, e(s)ds. 3.7)
i=1 -7

i=1
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Calculating LV(t, e(1), p) along the trajectory of the error system (2.11), we have

Q m
LV(tem.p) =) " e,T(t)Pp( > hl[ — ALei(n) + BL, (1) + ¢ Z d' The (0

w=1 i€k, I=1 =)

N N N
e Z ghiThet =) + f}) ) e?(r)(Z 7o (h)Pyei(t)

i=1 k=1

N N
DI f e7 (s)Myei(s)ds + Z el (DM, e,(1) — Z el (t = DMei(t — 7).

i=1 k=1

(3.8)
Substituting (3.3) into (3.8), we obtain that

m Q
LV(t,et),p) = hllz Z ~2e] (NP Abei(t) + Z Z el (DP,BLd. (1)
=1

I w=1 ie w=1 IEKw
Q N
rer )y Z el (0d,, Tle(t) + ¢ Z > Z el (g, T2e (t — 1)
w=1 i€k, j w=1 i€k, j=1
Q Q ( ) N
SO S kP - > S HSigneen - 1,52 N er P, | e I
w=1 i€k, w=1 i€k, /lmln( ) i=1
N N
= D Py f e] (IMyei(s)ds) T |+ 3" el (OMei(r) + Z e?(t)(Z TP, )ei(?)
i=1 k=1

i=1

i=1
N

7o (h) f e] (IMpei(s)ds = ) el (t = T)Mei(t = 7).

1 i=1

'b+42
M=

Il
—_
>~
1l

(3.9)

Employing Lemma 3, there is a positive constant ¢ satisfying

v N
20" >0 > el (g}, et = 1) = 202" (1)(Q), @ P,TD)e(t - 7)
m=1 ieC,, j=1 (3.10)
S%eT(t — )y ® Lie(t = 7)) + c2le” (N[O}, ® P,INN[Q), ® Pl ] e(r).

In addition, by means of assumptions (A;) and (A,), we have

Q Q n n
M OB =D DN D 1€l 1 PBL | duelt)

w=1 i€k, wliEKwslll
ZZ'E (6) | P,B, | L, |e(t)|+ZZ|PBZ PHOIES
w=1 i€k, w=1 ieK,
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|PBl|+|PB’ I

wel (Dei(t) + Z D le] ()]

IA

>

(lPBl|+|PBl |T)

w=1 i€k, w=1 i€k, (311)
|PBl|+|PBl|T |PpBé|+|PpB£|T
=|L® e; Dei(t) +|Z® > le/ ()1,
where Z = diag{z], N4 T o YRR ,ZQ}, L= diag{L], .. .,L], . ,LQ,. .. ,LQ}.
~— ~—
Vi va—va-1 V1 va—va-1

For p,k € N, considering 7y = myp + ATy, AT, = Zl,il’kip Amg and employing Lemma 6, the
following inequality holds:

N N N
Zﬂ'pk(h)Pk = Zﬂ'pkpk'i' Z Aﬂkak+A7TppPp
=1 k=1 k=T k#p
N N
:Zﬂpkpk"' Aﬂ'pk(Pk—Pp)
k=1 k=T k#p
N N | (3.12)
Nk Y 12 S APy = Py) + 5 87 (Pi = )]
k=1 k= lk:tp
N N2
SZﬂkak+ Z [— ok + (P — Pp) ,,k(Pk Pyl
=1 k=1 k#p

For simplicity, let e(t) = [e] (1), e, (1),...,ey()]"; by using the Kronecker product and substituting
(3.10)-(3.12) into (3.9), it holds that

m N N
LV(te.p) <Y hl[eT(t)( D aaivePy+ Y| ik(IN ® Op) + (Iy ® (P — P,)O, (P - Pp))])e(t)
=1 k=1

k=1,k#p

— e (t)(Iy ® PyAe(t) + cre” (1)(D), ® P,I)e(t) + ;—ZeT(t - T) Iy ® I)e(t — )

| P,B. |+ | P,B. |T | P,B. |+ | P,B. |
+(Le—22 2 eT(te(t) + (Z @ —22 > rp

2
2{ eT(O[Q), ® P,I2IIQ. @ P21 e(r) — ¢ (0)(Iy ® P,K)e(t) — (Iy ® HL) | (1) |

)| e |

N

N ¢
= 2y o) (P D f e?(t)Mpeia))l?’}
mln(Pp) i=1 -7

i=1

N N ;
+ e (N(Iy ® My)e(t) + Z Z Tok f el ($)Mye(s)ds — e™(t — )y ® M,)e(t — T)

i=1 k=1

N t t
£, f eiT(t)Mpei(t)—an f el (DM, e (o).
i=1 YI7T i=1 YI°T

(3.13)
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By virtue of (3.4), (3.13) is rewritten as

N ¢ Lo
LV(t,e(t),p) <EDE -7, ;a"é fo) Z | ei®) "l ei) | = Amin(P,) Z o ( f e?(S)Mpei(S)dS)
o ' o (3.14)
+ 17, ; ft_ el (Mye()ds + “n‘l(( ) Z el (DPei1),
T qA)ll 0 . . 2 N ’lzk
where E = [e(t),e(t—1)]". ® = ( . Oy ), in which, ®;; = Zk:l,k;tp (ﬂpk(IN ® P+ (Iv® Opk)) +

[T
BB 4 o/(DL @ P,Tl) +

Top(Iy ® Py) + 34l 1y In® (P = PO,/ (P = P,)) = (Iy ® P,AL) + (L ®
30, ® Po)Q, ® PI)T = (Iy ® K}, @an = Z(Iy ® 1) = (Iy ® M,).

It should be noted that there exist nonlinear terms (P, — p)O (P, - P,) in matrix ®. As we
know, it’s difficult to solve matrix inequalities with nonlinear terms. To this end, we denote ®y; =

! [T
[ S0 (el © Po) + 21y ® 0p0) + 7y ® Py) = (I ® PoAL) + (L® B + (D)
P,I') + Z(Q) @ P,I2)(Q, ® P,TY)" — (Iy ® K!)]. Tt is easy to see that, &y = Oy + 31, Iy ®
((Pk PO’ 'k (P, — p)). By Lemma 6 and (3.12), we get

A o, 0 & ®; 0 Dp3
() :( o ) + dlag{ Z IN ® ((Pk P )0 k(Pk p))} = * D, 0 < 0,
»

*
k=1,k#p * * (D33

where (1313 = {IN®(Pp_Pl),---’IN®(Pp_Pp—l),IN®(Pp_Pp+1),---’IN®(Pp_PN)}, (D33 =
Un®Op1,.... In®Oppi, IN® Oppits ..., Iy ® Opii}.
According to Lemma 4, we have

(G p)Zw(m PO P)Z| eij(0) I,

mm( mm(
max( p) a+1 |+ max 1
mm(Pp)Zl ei(0) ") 2 ( mm(Pp)Z| () )Y, (3.15)

maX( ) a+ Amax(Pp)
mm( - Z | e”(t) | 1) 2 ( mm(Pp) Z le lJ(t)l ) # 2 /lmm (P )(Ze(l) 6(1)) 2

Combining with (3.14) and (3.15), it follows that

1

N 2 N ‘ %
LV, e(0).p) < = s (P )(Z e,-(r>Ppe,-<r>) = Anin(Po)p ) ( f e?(s)Mpe,(s)ds)

i=1

N t
+1, Z f el (s)Myei(s)ds + Amax( p) Z e/ (t)P,e(1)
i=1 -7

1’1’111’1 (

i
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l+a
2

N B N ;
<= 1A (Pp) (Z e,»<r>Ppei<r)) = 1y Awin(Py) (Z f e?(s>Mpei(s)ds)
i=1 -7

i=1

. Anax(Mp) < -
+ 1 Z f e; ()M,e;(s)ds + <Py Z e; (1)P,e;(t)
=1 Jit-T mm( p) i1

N N : L
<- a( Z ei(HP,e(t) + Z f eiT(s)Mpe,-(s)ds)

i=1 i=1
N N t
+ b( D el OPen)+ ) f el-T(s)Mpe,'(s)ds)
i=1 i=1 VI T
< —aV ¥ (t,e(),p) + bV (L, e(2), p),

(3.16)

/lmax(Mp) }
/Imin(Pp) '
On the basis of Lemma 1, system (2.11) is globally stochastic finite-time stable. This means that

system (2.5) and (2.7) can achieve global stochastic finite-time synchronization, and the settling time
is estimated by

_l+a
where a = min{np/lmai (Pp)’ Up/lmin(Pp)}, b= {np’

1-a

~ 2In(1 = 2V2(0, x0, p0))

€ (3.17)
ala—1)

This completes the proof.

Remark 2. It is seen from (3.17) that the stochastic cluster synchronization can be achieved in finite
time. However, the settling time depends on the initial value. This implies that, when the initial value
is unknown, the synchronization results in finite time have certain limitations.

3.2. Stochastic fixed-time cluster synchronization for semi-Markovian switching T-S fuzzy CDNs with
discontinuous dynamic nodes

In this subsection, the global stochastic fixed-time synchronization conditions for the considered
network systems (2.11) are achieved. To this end, the control law is designed as follows:

. Amax(Pp) . Amax (P, .
~Hysign(e,(1)) — k3225 sign(ei(0) | ei(0) I' =k =G5 sign(e,(1) | ex(o) I
_ e (! T ) et 4 T ) al ei(n)
w2 = TSPl S @ (S)Wpf'l(s)‘ff) e = Pl & (OMpei($)ds)= g (3.18)
Al et
~0p(J_ i €T (IMpei(5)ds) > i, ei(t) # 0,
0, eir) = 0,

where 0 < « < 1, H, = diag{h,, hpo, ..., h,,} is the controller gain matrix, h,, € = 1,2,...,n are
nonnegative constants, P,,W, and M, are positive definite matrices, and k}), kf), s, and g, are tunable
constants.

Based on assumption (A;) and the IF-THEN rules, we redesign the T-S fuzzy state feedback
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controller with the discontinuity. Similar to (3.3), we get

ol h,[ — H1Sign(ei(n)) = s, ot — K\ 22 S ign(ei(n) | ei(d) I
2/1max(P) T ei(t)
g | R Sisn(e) e ¢ — ([, €T OWei(s)ds) s (3.19)
e 4 2 e
~ @ ([ T OMei9)d9) T 1205 = 0, ([, e ()Myei(5)ds) 2 i ((rt)le]’ e #0,
0, ei(t) =

Next, we will establish a set of sufficient conditions for system (2.11) to realize global stochastic
stability in fixed time in the presence of the designed controller (3.19).

Theorem 2. Suppose the assumptions (A;) — (Asz) hold. If there exist scalars k1 > 0, klz) >0,¢6,>0,

0, > 0 and n X n real matrices H,, P,, W,,0,, M, > 0, p € {1,2,...,N}, such that the following LMIs
holds,

A 0 Ags
A= * Agz 0 < O, (320)
ES % A33

N
D mah)(dy ® P,) = (Iy ® P,W,) < 0,
! (3.21)

k=
|PB’|+|PB’|T l
~(In®M,H') <0,

then system (2.11) can achieve global stochastic stability in fixed time. Moreover, the upper bound of
the stochastic settling time is given by

c “%u+1+ c ‘%/l+1
Yy Il-u \p A-1

where Q]] = Zk 1k#p (ﬂpk(IN®Pk)+ pk(IN®0pk))+7Tpp(IN®P ) (IN®P Al) (L® )+%C2§( ll®
P2 (QLOP,I2) T+ (DL®P,IY), Qo = £(1y®1)~(1-9)(IN®M,), Qs = eP, P 1P,
P,_1), IN®(P, Pp+1) o IN®(Py =P, Q33 = diag{In®O,1, . .., IN®O -1y, IN®Opps1)s - - -, IN®O,},
y = min(k Ao d (P, Auin(P) @), B = Min(2K(NAna)' s Ain(Mo,N %], ¢ = Guinly ® P,). Z

P mm
and L are the same as in Theorem 1.

1
EAT (%0 p0)} < Tmax = ; (3.22)

[P, B |+|P B "

Proof. Consider the following Lyapunov-Krasovskii functional:
N

V(t, e(t), p) = Z eT (P, ei(1) + Z f el ()M, e,(s)ds. (3.23)

i=1 t—1(1)
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By assumption (A3), calculating LV(t, e(t), p) along the trajectory of the error system (2.11) gives

N
LV(t,e(1),p) = Z > ( )P, Z I - Alei(t) + BLbo (1) + 1 Z d, Tle(n)+cy )" g T2e (t - (1))
=1

w=1 €K, Jj=1 j=1

N
+ g?) Z e (t)(Z 7o (h)P,)ei(t) — Z(l — 9] (t — 7())M,e(t — 7(1))

i=1

+ Z el (M, ei(t) + Z Z 7o (h) f el ()M, e(s)ds.

k=1 i=1 (1)
(3.24)

Substituting (3.19) into the above inequality, we can get

Q Q
LV(t,e(1),p) = Z h,[ Z Z el (P ALe() + > > el OPBLgu +c1 ). > Z el (d. , P,T e (1)

d& d& &S
”2222@ (g, ;i PoT2e (1 = (1) - Ze,.T(r)PpH;,sl-gn(ei(;))
A )
—k;;e (D) Amax (Pp)S ign(ei(n)) | ex(n) [* —k2lz; NG ::E;Z;Sign(ei(t))lei(t) i
N e+ ,
_ng Py + 2y DM - ZP (ft_mfm)wpe"(s)ds)

A+1 N

o, Z P ( ft e (s)Mpe,-(s)ds) + el (Z 7o (W)P, ]e 0

i=1 =
N N
- Z(l — e (t = TO)Myei(t = (1) + - > malh) | e (IM,eils)ds.
i=1

k=1 =1 t=(0)

(3.25)
By using the Kronecker product and substituting (3.10)-(3.12) into (3.25), we get

m

LV(t,e0,p) = ) h,[ — T ()(Iy ® P,A)e(r) + (L ®

=1
)
+(Z® | P,B. |+ P,B, [T
2

| P,B. |+ P,B, [T
2

) e’ (Ne(t)

) | e(r) | +cre" (1)(D), ® P,T) e (t)

2geT(t)(Q ®P FZ)(Q ®P, F2 ) e(t) + —ge Tt = 7(0) Uy ® L)e(t — 7(1))

- (IN ® PrHé) | ei(t) | _gp(IN ® Pp) - k:) Z /lmax(Pp) | ei(t) |/l+l
i=1
2 1 Amax(Py)

P i=1 I’IllIl( )

| ei(t) ' —(Iy ® Py) (f e () ® Wp)e(S)dS)
t—1(1)
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A+1

! T N
— o' (NUy® Pp)( f e (5)Iy ® Mp)e(s)ds) + eT(t)( Z oIy @ Py)
t—7(t) -
N /le k=1
* Z [f(lzv ® Op) + (Iy ® (Py — P,)O, (P — Pp))])e(t) +eT(O)(Iy ® M,)e(?) (3.26)
k=1,k+p

—1=-De't—10)UyOM et — (1)) + Z 7o (h) f e/ ()(Iy® M,)e(s)ds.

t—7(t)

In the light of (3.21), (3.26) is rewritten as

N

LV(1,e(1), p) SEAE ~ 26,(Iy ® Pp) — k, Z e (D Amax(Py) | ei() [
i=1
Y &

/1max P !
-2 eiT(t)/l'—((Pp)) | ei®) 1 ~0p(Iy ® Py) ( f e ()Iy ® Mp)e(s)ds|
i=1 min\* p t—7(1)

(3.27)

A _ 2
where E = [e(?), e(t—7)]7, and A = ( A*” AO ) where Ay = YL, hz[ leil,kip(ﬂpk(lzv ® Py) + %(IN ®
22

|P,BLI+IP,BL|" c
O + T (In® Pp) + oL 1y Iv® (P — PO (P~ Pp)) — (Iy ® P,AL) + (Lo WALy L ot ol
PpFﬁ)(Qé ® P,I“ﬁ)T + cl(D/l) ® P,Fp)], Ay = 24(11\, ®1,) — (Iy ® M,).
For the nonlinear terms (P; — Pp)O“)k1 (Pr — P,), the method in this part is similar to that in Theorem
1, so we can get

Ay 0 A 0 Ag
A:( A )+diag{ Z (IN®(Pk—P,,)0;,§(Pk—Pp))} | * An 0 |<o,

k=1.k#p * *  Asz

where Qi3 = [Iy® (P, — Py),.... Iy ® (P, — Pp_1), Iy ® (Py — Ppi1), ..., Iy ® (P, — Py)], Q33 =
[IN®Opl,o--,IN®Op(p—l),IN®Op(p+l)a-o-aIN®0pN]-
In view of Lemma 4 and Lemma 5, it follows that

N a :
[ 2 e |’”1] : (2 10 '2)’

=1 /lmin(Pp) /lmin(Pp)
A P)Z| eit) P> ( ma‘(P”)ZN:|e,-(z) & T 2P, ZNle-T(t)P ei(t) N (3.28)
mm( min(Pp) i=1 i : i=1 l ’

p+l

> N ¢ 2
prP (Ir(f) T(s)Mp(,q(s)ds) > Amin(Pp)@, (Zl Lr(f) e[T(s)Mpei(s)ds)
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Moreover,

N N 144
DT O (P) | (0 1= A(P) Y (e (D))
i=1

i=1

N 142 N 141
> dar (P)' T Y (eiT(t)Ppe,-(t)) = (NAmaX(Pp))‘z‘( > e,T(t)Pre,-(t)) - (3.29)
i=1 i=1

A+1

N t 2

N ' &1
N ( f eiT(s)Mpei(s)ds) > Amin(P,)OpN' = [Z f e,T(s)Mpe,-(s)ds]
pary t i=1 t—1(t)

—7()

Applying (3.29) and Lemma 4, it follows that

T+p 1+u
i N En N ‘ =
kA (Pp)[ze?(oPpe,»(t)] +Amm<Pp)wp(Z f ()e?(s)Mpei(@ds)
P i 1—=7(t
= = (3.30)

N N v %
>y (Zl] el (1)P,ei(1)) + (Z( f " e?(swpei(s)ds»} ,

_ L
2

where y = min{k)A, > (P,), Amin(Py) @)}
Similarly, based on (3.30) and Lemma 4, we can derive

N

k,%(Nﬂmax<Pp)>'z‘[Z e,T(r)Ppe,»(r)) + Amin(Pp)o,N' T [Z f
i=1 Y=

i=1 T

eiT(s)Mpe,-(s)ds]
) 3.31)

Axl
2

N N f
>B Zl:eiT(t)Mpe,-(t)+; f,_ " eiT(s)Ppei(s)ds}

where 8 = min[27 (N Amax) 7 » Amin(M,,)0,(2N) 7' 1.
Then, according to (3.21), (3.22), (3.30) and (3.31), we can obtain that

LV(t,e(t),p) < —yV'T —pVT —, (3.32)

where ¢ = ¢, Anin(Iy ® P,).
On the basis of Definition 2 and Lemma 2, system (2.11) can achieve global stochastic stability in
fixed time under controller (3.19). Moreover,

u+1 Ci/l+l

1—u+(ﬁ)“1/l—l

1 C 2
Thax = =[(=)= I (3.33)
¢y

According to Lemma 2, the fixed-time cluster synchronization is finally realized. The proof is
completed.

Remark 3. It can be seen that the settling time of fixed-time synchronization does not depends on
the initial value. Compared with the finite time, fixed-time synchronization is more practical when the
initial value is arbitrarily selected.

AIMS Mathematics Volume 7, Issue 7, 11942—-11971.
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4. Simulation results

In this section, we provide two examples to illustrate the correctness of the obtained theoretical
results. Consider the T-S fuzzy semi-Markovian switching CDNs with 5 nodes, where the nodes are

divided into two groups, K; = {x, x5, x3} and K, = {x4, x5}, and have two modes. The dynamical
equations are described by

5 5
5i(1) = = Apxi(0) + Bofo(xi(0) + €1 ) dpisThxi(0) + 02 ) qisTox(t = 7(0) + ui(t), i €K,y (1)

J=1 J=1

where w = 1,2, r =1, 2.
e Mode 1
Fuzzy rule 1: IF 0, is O, THEN:

5 5
55(1) = = Axi(0) + Bl fu(xi(0) + 01 ) d} T+ ¢2 ) g1, Tt = 10) + wie), i € K,
j=1 j=1
Fuzzy rule 2: IF (), is 1, THEN:

5 5
5i(1) = = Alxi(0) + B (a(0) + 1 ) di Ty + e2 ) gt it = 1) + wit), i € K.

= =1

e Mode 2
Fuzzy rule 1: IF 0, is O, THEN:

5 5
5i(1) = = ASxi(t) + B fo(xi(0) + c1 ) db Thxi() + ¢2 ) b o)t = 1) + wi(t), i € K.
=1 =1

Fuzzy rule 2: IF (), is 1, THEN:

5 5
5i(1) = = A3xi() + B3 fo(xi(0) + c1 ) 3 Thxi() + ¢2 )" T3t = 1) + wi(t), i € K.

J=1 J=1

Example 1. In this example, the effectiveness of Theorem 1 is verified. Consider the three-dimensional
T-S fuzzy semi-Markovian switching CDNs, where each node is described by Chua’s circuit. Set 1(t) =
T = 1, the system parameters are given as follows: c¢; = 1.065, ¢, = 1.09545,

Al=AT=A)=A3 = 1 -1 1

0 -13.797 -1.199

-13.199 -13.989 0 ]

Bl=B'=B)=B= 0 00

0 00

6.8546639 0 0}
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0995 0 0 0.655 0 0
rr=| 0 0974 0 |,I,=| 0 001 0 [,
0 0  1.405 | 0 0  0.0086
(-7 1 2 2 2] (-3 2 1 -1 1
1 -5 4 1 -1 2 -6 4 2 =2
Di=Dy=|1 4 -5 1 -1|,Di=D5=|1 4 -5 -1 1 |,
-2 1 1 =2 2 -1 2 -1 -3
[ 2 -1 -1 2 -2 1 2 1 3 -3
(-5 1 4 1 -1] (-5 2 3 2 2]
1 -4 2 1 1 2 -6 4 -1 1
Qi=0y=| 4 -10 6 0 0 |[,01=05=| 3 4 -7 -1 1
1 -1 0 -3 3 2 -1 -1 -5
-1 1 0 3 -3| |2 1 1 5 -5

Let f(x;(t)) = —0.5379x;(t) + 0.5(=1.577 + 0.5379)(|x;(¢t) + 1| — |x;(¢¥) — 1|). It is easy to check that
assumptions A, and A, hold, and Ly = 0.05, L, = 0.075, L; = 0.3, Ly, = 046, 211 = 2120 = 221 =
222 = 0.

Design the fuzzy weighting function: A,(¢(t)) = cos’(t) and A (¢(1)) = sin?(?).

The transition rates of the semi-Markovian switching system in this mode are given.

3

251

uﬂuuuﬂuﬂump HWL

05

system mode

0 1 2 3 4 5 6 7 8 9
T
Figure 1. The semi-Markovian jumping switching signal p(7).

For mode 1: m(h) € (-4.26,-3.98),m1,(h) € (3.98,4.26). For mode 2: my(h) €
(=6.17,-5.89), mn(h) € (5.89,6.17). Then, we can get the parameters mt i, Ao, where p,k € N ={1,2},
T = —3.95,7’(12 = 3.95,/111 = /112 = 096, T = 6.1,7’(22 = —6.1,/121 = /122 = 0.07.

Take the controller gain parameters as n, = 20.42, n, = 0.53,

15879 0 0 15879 0 0
Kj=| 0 19826 0 |,Ki=| 0 19826 0 [,
0 0 21577 0 0 21577

AIMS Mathematics Volume 7, Issue 7, 11942-11971.
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15879 0 0 15879 0 0
K} = 0 19826 0 |,K;= 0 19826 0 |,
0 0 21.577 0 0 21.577
1097 0 0 19.5479 0 0
H=| 0 187988 0 |[,Hj= 0 12355 0 |,
0 0 208 0 0 25577
17.5879 0 0 13.2879 0 0
H, = 0 19.9826 0 JH; = 0 17.6826 0 |,
0 0 223577 0 0 27577
15.99059 0 0 28959 0 0
M, = 0 15.99059 0 My=| 0 28959 0 |.
0 0 15.99059 0 0 28959

By using the MATLAB tools, it is illustrated that the conditions of Theorem 1 are satisfied, and
T = 7.55s. Meanwhile, the graph of semi-Markovian switch signals is displayed in Figure. 1. The
synchronization for nodes in the same group with their target trajectories is described in Figure. 2.

xi1,511,521

xi2,512,822
xi3,813,523

Figure 2. Time evolution of states x;;, xi, X3, = 1,2,3,4,5, and target trajectories of the
two clusters s;, 2, j = 1,2, 3.

Example 2. In this example, the effectiveness of Theorem 2 is checked. For model (4.1), we consider
that the nodes are two-dimensional.

Set
Al_'0.674 0 'A2_'1.465 0 'Al_'2.117 0 Az_'2.419 0
Y0 0912 P 00 09137727 0 0898 P27 | 0 1064 |
Bl_’3.086 1.214 | Bz_’2.287 1.109 | B]_’1.798 0.815 | Bz_’3.521 1.214 |
DT L17E 1197 07T T 1215 2124 |72 7| 1017 1.803 |72 | 1.027 2612 |
-4 2 2 -1 1] -4 3 1 -2 2
2 -3 1 -1 1 3.5 2 -1 1
Di=Dy=|2 1 -3 2 =2|,Dj=D3=|1 2 -3 3 -3|,
-1 -1 2 -2 2 -2 -1 3 -4 4
1 2 =2 2 -2 2 1 -3 4 -4
AIMS Mathematics
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-7 6 1 -2 2 -4 4 0 5 -5
6 -8 2 4 -4 4 -5 1 -2 2
oi=0Qy=| 1 2 -3 =2 2 |,00=05=|0 1 -1 -3 3
-2 4 -2 -5 5 5 -2 -3 -7 17
2 4 2 5 -5 -5 2 3 7 -7
The membership functions are defined as follows:
1 + sin®(?) cos>(t)
mO0) = ———=, ha(0(0) = =

The system parameters are given as :c; = 0.38, ¢, = 0.45, F{ = I“; = 0.751,, F% = Fg = 0.551,;
fi1 = 0.02(x;()) + 0.3sign(x;(1)), fio = 0.14(x;(2)) + 0.42sign(x;(1)), i = 1,2,3; fo1 = 0.17(x;(2)) +
0.38sign(x;(1)), fr2» = 0.21(x;(¢)) + 0.46sign(x;(t)), i = 4,5. It is easy to verify that L;; = 0.02,
L, = 0.014, z;; = 0.6, 710 = 0.84, Ly, = 0.17, Ly, = 0.21, zo; = 0.76, 700 = 0.62. Take 7(t) =
0.65 + 0.35sin(t — 1). It is easy to check that ¢ = 0.35, 7, = 0.3,7, = 1.

The transition rates with respect to the semi-Markovian process are given as follows:

3

251

TN T 1 [
"L u@m

05

system mode

0

o 1 2 s 4 s & 1 8 o
T
Figure 3. The semi-Markovian jumping switching signal p(7).

For mode 1:
m(h) € (=3.16,-2.47), m,(h) € (2.47,3.16).
For mode 2:
mo1(h) € (1.76,2.54), mr(h) € (-2.54,-1.76).
Accordingly,
T = —3.07,7’(12 = 3.07,71'2] = 1.88,7’[’22 = —1.88,
/111 = /112 = 069, /121 = /122 = 078

Take the controller gain parameters as k% = k% = 0.95, ké = k% =0.86,¢1 =¢ =108, w; = w, =
104, 01 = 0,=12.8,4=2.1, u=0.5,

3415 0 1928 0 3.601 0
1 _ 1 _ 2 _
i ‘[ 0 2115 ]’HZ ‘[ 0 2107 ]’Hl ‘[ 0 2191

, [2121 0
2T 00 1587 |
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W= [ ~0.248  1.901 ~0.454

-0.427 1921 -0.848 0.941

By solving LMIs (3.20)-(3.21),we can obtain that

0.525 5.529 0.146 1.901 0.713 1.871

3.685 0.713 4218 0215 3.016 0.278 2215 0.554
Pl_[0.546 6.914]’P ‘[ ]’01‘[ ]’02‘[ ]

10| \
o%\[ﬂ
B g0l

sil

Figure 4. Time evolution of states Figure S. Time evolution of states
X1, 1 = 1,2,3,4,5, and target Xj, 1 = 1,2,3,4,5, and target
trajectories s;1,i = 1,2, of the two trajectories sp,i = 1,2, of the two
clusters. clusters.

1

4 5 6 7 0 3 4
T T

Figure 6. Time evolutions of ¢;;,i = Figure 7. Time evolutions of E;.
1,2,3,4,5,j=1,2.

Based on the above parameters, it is easy to verify that the conditions of Theorem 2 hold. The
semi-Markovian switching T-S fuzzy CDNs with the above parameters can achieve global stochastic
fixed-time cluster synchronization. Based on (3.22), we can obtain that T,,,, = 6.1226s.

In addition, the semi-Markovian process is presented in Figure 3. The state trajectories of nodes in
each cluster are depicted in Figures 4-7. displays this intra-cluster synchronization behavior. We can
easily see that the state trajectories of nodes in each cluster can reach globally stochastic fixed-time
synchronization. However, the synchronization goal cannot be achieved between different clusters.

AIMS Mathematics Volume 7, Issue 7, 11942—-11971.
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5. Conclusions

In this paper, we have investigated global stochastic cluster synchronization in finite/fixed time for
T-S fuzzy CDNs with semi-Markovian switching topologies and discontinuous activations. A new
lemma about global stochastic stability in fixed time for the nonlinear system with semi-Markovian
switching was developed. In addition, some novel T-S fuzzy state-feedback controllers were designed,
which involve double integral terms and discontinuous factors, to achieve the global stochastic
finite/fixed-time cluster synchronization objective. The global stochastic cluster synchronization
conditions have been addressed in the form of LMIs. Furthermore, the upper bound of the settling
time, which depends on the control gains and the chosen controller parameters, has been explicitly
calculated. Finally, numerical examples have been provided to illustrate the effectiveness and less
conservativeness of the theoretical results.

In the future, the following research works are considered:

1) stochastic cluster synchronization in pre-assigned time for T-S fuzzy discontinuous CDNs with
semi-Markovian switching,

2) stochastic synchronization in finite time for T-S fuzzy fractional CDNs with Markovian
switching.
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