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Abstract

In this paper, we are discuss about the issue of synchronization for singular complex dynamical networks with Markovian
jumping parameters and additive time-varying delays through pinning control by Takagi-Sugeno (T-S) fuzzy theory.
The complex dynamical systems consist of m nodes and the systems switch from one mode to another, a Markovian
chain with glorious transition probability. Based on the control strategies are designed, the singular complex dynamical
networks are synchronized. A new class of Lyapunov-Krasovskii functional, which contains integral terms is constructed
to derive the stability criteria. Some sufficient conditions for synchronization in the form of linear matrix inequality
(LMI) approach. Finally, numerical example is presented to support the main results of this paper.

Keywords: Singular complex networks, additive time-varying delay, T-S fuzzy theory, Markovian jump, pinning control,
LMIs.

1 Introduction

In recent years, complex dynamical networks have been acquired an extremely good deal of interest due to the fact
they occur widely appearing every where in various fields inside the real-world. For instance, internet, World Wide
Web (WWW), food webs, scientific citation webs neural networks, coordinate systems, informal communities, electrical
control networks, biology, mathematics and physics, chemical systems, robotic manipulator systems, aircraft control
systems, and so on [50], are extensively studied by the researchers. Complex dynamical networks are made out of
singular nodes and coupled nodes, every node represents a dynamical device and association among nodes, in which a
node is primary unit. Several researchers developed various economical synchronization problem for collective behavior
of complex dynamical networks (see [0l [7, [8, 18] 23] [30] and references therein).

Generally representing, the synchronization of complex dynamical networks have been extensively explored in diverse
fields of science and engineering, internet, signal synchronization, biological systems such as synchronous fireflies,
flocking of birds, geostationary satellite, synchronous motor, because of its many ability realistic packages [45, [59].
If two structures have something in not unusual, then synchronization may also occur among them after they are
concerned immediately. In reality, many problems in real world have close courting, with synchronization, which is an
critical research difficulty with the growing examination, and there are measures of results [I1], [36]. Synchronization
of coupled oscillators can give an explanation properly for some of the natural phenomena. Within the past few years
widespread interests inside the study of synchronization issues in coupled unique networks have been broadly explored,
because of its potential applications in secure communication [4, 26, [40] 4], signal generators configuration, modeling
brain activity and sample recognition phenomenon [16], [32] [56].
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It merits pointing out that, the theory of “Fuzzy Sets” was introduced by Zadeh, which plays a fundamental job in
the modeling and controlling of complex nonlinear systems. The Takagi-Sugeno (T-S) fuzzy model is a kind of fuzzy
system proposed by Takagi and Sugeno [33], which is described by a set of fuzzy IF-THEN rules which can give local
linear representation of the nonlinear system by decomposing the whole input space into several partial fuzzy spaces and
representing each output space with a linear equation. In reality, complex networks may display a special characteristic
called fuzzy reasoning. For example, in [35], revealed that small-world networks can be modeled by fuzzy logic. In [24]
the fuzzy neural networks, have advantages over pure neural networks since they incorporate the capability of fuzzy
reasoning in handling uncertain information. In [2], fuzzy neural networks can be approximate to a wide range of
nonlinear functions to any desired degree of accuracy under certain circumstances. Among various fuzzy systems, one
of the most famous model is the Takagi-Sugeno(T-S) fuzzy model [54].

Accordingly, most of researchers pay more attention to the singular Markovian jump and singular systems have
their intensive programs in control theory, chemical processes, economics, robots, aerospace engineering, mechanical
systems and other areas, power systems, magnetic-ball suspension systems, a broad concern in articles [2], 29] [34], that
incorporates type of physical systems higher than the regular (nonsingular) one. Control of singular structures has
been extensively studied within the past years due to the very fact that singular structures higher describe physical
systems than regular (nonsingular) one. Those singular systems are also referred to as descriptor systems, semi-state
systems, differential-algebraic systems or semi-state systems [22] [6T], implicit systems, generalized state-space systems.
A great number of results based on the theory of regular systems (or state-space systems) had been extended to the
place of singular systems (see, e.g.,[22, [61]). Singular systems can be acquainted with improve the customary complex
networks to clarify the singular unique practices of nodes [58]. Singular systems have some specific complex properties,
which need not be considered in typical frameworks. One of the main research topics in control theory for nearly half a
century as such systems have broad applications in different areas, for example in the Leontief dynamic model, electrical
systems and mechanical systems.

Markovian jump parameters are a collection of structures with transition the various models ruled taking values in
a finite set, which changed into initial delivered by Krasovskii and Lidskii [25]. As is outstanding to all or any, Markov
jump system, a extraordinary elegance of hybrid and random systems, is explicit created up of two additives. The
primary segment refers back to the mode outlined by method of a continuous-time finite-notion inside the method of
Markov [12} [13] 42, 55]. Markovian jump systems have received several analysis interest [14][49] 38|, [48], 7, 9, 2T, 28], [63].
The reason of Markovian jump systems have been paid a great deal of attention is that they are usually utilized to
model the the abrupt phenomena such as random failures of the components and sharp environmental disturbances,
changing subsystems interconnections, and so on. Markovian jump systems play a crucial function in describing several
real world applications, inclusive networked control systems, manufacturing systems, conversation systems, monetary
systems, flight systems, electricity systems, further as demonstrating generation frameworks somewhat [T, 53}, [10].

Hypothetically taking, control is likewise fundamental method utilized for guiding or driving the system to attain
favored synchronization, that is shape for circumstance that given system of dynamical structures is not synchronized or
the synchronized state is not an predicted one. However, from engineering point of view, it is, sometimes, hard to control
a complex network by means of adding the controllers to all or any nodes. A natural manner to decrease the quantity
of controllers is to utilize the pinning control technique. The creators, in [52] [3T] looked into the pinning problem
control for linearly coupled systems by determined, simply can pin the coupled system by method for presenting less
domestically locally feedback controllers. To delight this example, pinning control, in which controllers are implemented
handiest to little big variety of nodes, has been projected.

Recently, the authors in [17] [15, 27, [43] reported that the signals transmitted, within the network control system
from one purpose to different passes through few segments of networks, that may possibly induce successive delays with
different properties due to the variable network transmission conditions which may purpose time delay with some various
characteristics in realistic applications. Primarily based during this, a brand new version for neural networks with two
additive time-varying delays has been planned in [47, [51]. For instance, the time delay within the dynamical model like
z(t) = Az(t) + BKz(t — 71(t) — 72(t)) wherein 71(¢) is that the time delay brought on from device to controller and
To(t) is the delay caused from controller to the mechanism. The stability analysis for such systems has been completed
in [I7, 15, 27, [43] by usage two additive time varying delay components, 71 (t) + 72(t) = 7(¢). Contrasted with the
single-delay frameworks, this model is under a stronger background of application. Consequently, taking the model
with additive time-varying delay additives into consideration is significant. However, to the best of our knowledge,
there is no work that considers the problem of synchronization for T-S fuzzy singular complex dynamical networks
with Markovian jumping parameters and two additive time-varying delays via pinning control available in the present
literature.

Motivated by the above discussions, the main object of this paper, we investigate the problem of synchronization
criteria for T-S fuzzy singular complex dynamical networks (CDNs) with Marovian jumping parameters and additive
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time-varying delays using pinning control approach. We introduce a Lyapunov-Krasovskii functional and integral
techniques, Jensen’s inequality, various globally Lipschitz continuous activation functions and convexity of matrix
functions, a new delay-dependent stability criteria for Markovian jump T-S fuzzy singular CDNs with additive time-
varying delays are established in terms of LMIs. The proposed LMIs can be effectively solved by utilizing Matlab LMI
Toolbox. A numerical model is introduced to show the adequacy of the proposed outcomes.

This paper is organized as follows. In Section 2 the network model is introduced and a few necessary definitions

and lemmas are presented. In Section 3, we have tendency to propose our novel linear technique to resolve issue of
synchronization for fuzzy singular complex systems with Markovian jump by the pinning control method. In Section 4
we have a tendency to provides numerical model. Finally, the paper is concluded in Section 5.
Notations: Throughout this paper, R™ and R™*™ denotes, severally, the n-dimensional Euclidean space and the set
of all n x m real matrices. The superscript “I” denotes matrix operation and also the notation X > Y (respectively,
X >Y) wherever X and Y are symmetric matrices, which X —Y is positive semi-definite (respectively, positive definite),
I is the identity matrix with appropriate dimension. The asterisk “x” in a matrix is used to represent the term which
is induced by symmetry. || - || refers to the Euclidean vector norm. If A is the square matrix, denote by Anaz(A)
(respectively, Apin(A)) means the largest (respectively, smallest) eigenvalue of A. Moreover (Q, F,{F:}, P) complete
probability space with a filtration, {F;}:>o satisfying the usual conditions (i.e., the filtration contains all P-null sets
and is right continuous). E{-} represents the mathematical expectation.

2 Model description and preliminaries

Let {o(t)(t > 0)} be a right-continuous Markovian chain on the probability space (9, F,{F;}¢>0,P) taking values
within the finite space § = {1,2,....,m} with generator II = {m;; }nxm (i,j € S) given by

Iy R ’/TijAt+0(At), if 27&]3

where At > 0, lim;—o(0o(At)/At) = 0 and m;; is the transition rate from mode i to mode j satisfying m;; > 0 for ¢ # j
with Tij = — Zj:Lj#i T4 (7,,] S S)

In this section, we consider the problem of Markovian jumping T-S fuzzy singular complex dynamical networks
with two additive time-varying delays consisting of N identical nodes coupling which is described by a T-S fuzzy model
composed a set of fuzzy implications. In view of T-S fuzzy model concept, a general class of T-S fuzzy in which each
node is an n-dimensional dynamical subsystem as follows:

Rule: IF {6:(t) is F}1} and {62(t) is Fj2} and ..... and 6,(t) is Fiy;, THEN

Bip(t) = Alo®))a() + fla(t), 1) + a1 >t gkl (0 (#)7w(?)
+a2 Y0y grul'2(0 (t))xw( 71(t) = 72(8)) + as Yy grwDa; (t = 7(1)), (1)
2ut) = oult), Ve [-7.0l k= 1,2 N,
where E € R™*™ is a singular matrix satisfying rank(E) = r(0 < r < n), x5(t) € R” is that the state vector
associated with k nodes, {o(t) (¢ > 0)} is that the continuous-time Markov process that describes the evolution
of the mode at time t, Fj;(I = 1,2,....,r;j = 1,2,...,g) are the fuzzy sets; r represents the wide variety of IF-
THEN regulations. 6, stands for the premise variables and 6(t) = [01 (), 62(t), ...., 04(t)]. F1;(0;(t)) is the grade of the
membership of 6;(t) in Fj;. A(o(t)) € R™*™ is a constant matrix, a,, > 0 (m = 1,2, 3) are positive constants which
coupling strengths, I, (o(t)) = diag{bu1(c(t)), buz(c(t)),...bun(c(t))} (v =1,2) is an inner-coupling matrices. ¢ (t) is
continuously differential vector valued initial function on [0,7; + 7] of the system. D = diag{d, s, ...,9,} € R**"
describes a constant diagonal inner-coupling matrix, G = (grw)nxn (K = 1,2,...,N) is the outer-coupling matrix
representing the topological structure of the complex networks, in which g, is defined as follows: if there is a connection
among node k node w (k # w) then gryw = guwr = 1; otherwise, grw = guwr = 0 (k # w). The row sums of zero, i.e.,
Zw;ék- kw = —9Gkk, k= 1327 7N
Assumption 1: For k =1,2,....., N the nonlinear function f(-) satisfies the globally Lipschitz condition:

1f (e (), ) = fyr(®), DI < lellze (@) — ye (D], (2)

where [ is a positive constant.
For convenience, each possible value of o(t) is denoted as i, ¢ € S in the sequel. Then we get A(o(t) = A;, T1(c(t)) =
F1i7 FQ(U(t)) = ng.
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Assumption 2: The transmission delays 7 (t) and 72(t) represents the two delay components in the state vector and
we denote 7(t) = 71 (t) + 72(t) also if satisfies

0<7(t) <7 <oo, 11(t) < dy < oo,
0< Tg(t) < 19 < 00, Tg(t) <dgy < o0,

where 71, 72, d; and ds are known constants. Naturally, we denote 7 = 11 + 7, d = d; + ds.

We denote by C([0,71 + 72],R") the Banach space of all continuous functions ¢(t) = (¢1(t), 2(t), ..., o (t))T :
0,7+ 72] — R" with norm [[6]] = supo<a=(r, 47 6(6)]|.

Using a standard inference method, the system (1) is inferred as follows

Eig(t) =Y, m(0(t)) [Aixk(t) + f@r(t),t) + a1 N gruT 1w (1)
+ar SN grwlain(t — 71 () — 72(8) + as SN, gruwDa (t — T(t))] , (3)
Ik(t) :gf)k(t), vVt € [77’,0], k=1,2,...., N,

where 1;(6(t)) is the normalized membership function of the inferred fuzzy set p;(6(t)), that is,

m(6(0) = O o) = T Ay (o(0)

and Fj;(-) is the grade membership function of 8,(¢) in Fj;. We assume

T

p(0() >0, I=1,2...m, > pu(6(t)) > 0, for any 6(t).

Hence 1(6(t)) satisfies p,(0(t)) >0, 1 =1,2,.....r, >;_; u(6(t)) =1, for any 6(¢).
Correspondingly the response complex network with the control inputs ug(t) € R™ (k= 1,2,...., N), can be written as
Eji(t) =31y m(00) | Asye(t) + Fyn(),t) + a1 Sn_y Grwl1iy ()
a2 Yooy geoTaithu(t = 71(t) = 72(8)) + a3 Yoy gDy (t = 7(0) + win()] @
ye(t)  =er(t), Vte[-7,0, k=1,2,...,N,

where @ (t) is continuously differential vector-valued initial functions on [0, 71 + 72]; ux(t) is defined by

{ —as0, U3 (ye(t) — zi(t)), k=1,2,....1,
uk(t) =

(5)
0, k=1+1,0142,...N.

Let ey (t) = yi(t) — z(t) be the synchronization error of the kth node with CDNs (3) and (4), the following model can
be obtained:

Eé(t) = S0 m(0()[Aer(t) + Filen(t),t) + a1 30, grulriew(?)
+az N grwloiew(t — (1) + a3 SN _ | greDew (t — (1)) — caoxlaen(t)| (6)
o

er(t)  =wn(t), te 70, o(0) =00, k=1,2,....N,
where Fi(e(t),t) = f(yr(t),t) — f(xx(t), t) and ¢y (t) = ¢r(t) — @r(t).
Denoting o, = 0 (k = 1+ 1,1 + 2,....,N), at that point we may also compose the error system in its compact

structure as
Z u(O0)[Ase(t) + F(e(t),t) + aiT1iGe(t) + azPaiGe(t = 7(t)) + asDey(t — (1)U — asoTaer()], (7)

where e(t) = (e1(t),ea(t),....,en(t)), F(e(t),t) = (Fi(ei(t)), Falea(t)), ..., Fn(en(t))) and o = diag{o1,09,....,0n}.
By the properties of the outer-coupling matrix G, there exists a unitary matrix U = [Uy,Us,....,Un] € RV*N to
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such an extent that UTG = AUT with A = diag{\1, A2, ....., Ax} and UUT = I. Utilizing the nonsingular transform
e(t)U = 2(t) = [21(t), 22(t), ..., 25 (t)] € RVXN from condition (7), it follows the network condition

Z ()| Aiz(t) + F(e(t), U + aiT1iAz(t) + asTaihz(t = 7(0) + asD(t = T(0)A = asoT3z(0)]. (8)
In a similar manner, display (8) can be composed as
Ex(t Zu, [ i+ arTiAe — a10kT3) 20 (8) + hi(t) + azTaihezi (t — (1)) +a3D>\kzk(t—T(t))], k=1,2,..,N, (9)

where hy(t) = F(e(t), t)Uy.

Definition 2.1. [46] Complex dynamical network (1) is said to be global (asymptotically) synchronized by pinning
control, if

limisoo = o) —ye(t)] =0, k=1,2,...,N. (10)

Definition 2.2. The pair (E, A; + a1T1; A — aqo,T'3) is said to be regular, if there exist a scalar a such that det(aE —
(A; + a1T1; A — aqorT'3)) is not identically zero.

Definition 2.3. The pair (E, A;+a1T1; A\, —aq0i's) is said to be impulsive free, if it is reqular and satisfies deg(det(a E—
(Al + a1l — a4okF3))) = ’I“CL’I’L]C(E).

Lemma 2.4. [16] The eigenvalues of an irreducible matriz G = (giy) € RVN*N with Ziﬁk Jkw = —Gkk, k=1,2,..... N
satisfies the properties properties:

(i) Real parts of all eigenvalues of G are not exactly or equivalent to 0 with multiplicity 1,

(i) G has a right eigenvector (1,1, ....... ,1)T" corresponding to the eigenvalue 0.

Lemma 2.5. [16] In the event that for any constant matriz R € R™*™ R = R” > 0, scalar v > 0 and a vector
function ® : [0,7] — R™ such that the integrations concerned is well defined, then the following inequality holds:

Xt \"/-R R X(#)

_W/t—WXT(s)X(S)dS< X(t—7) x -R X(t—7)

Lemma 2.6. [39] The pair (E, A; + a1T'1; M — aqo ') is said to regular and impulsive free if and only if there exist
matrices Py; such that the following inequalities hold for k = 2,3, ...... ,N:

(1) E'Py;=P,E>0 and

(2) (Al + a1l e — a4akF3)TPki + PZ;(Az + a1l e — a40'krg) < 0.

Lemma 2.7. [20] (Jensen’s inequality) For a positive matrix M € R™*™ M = M > 0, two scalars hy > hy, > 0,
such that the following concerned integrations are well defined, then

t—hp t—hr

~ -t [ o () Moayis < ([ (s M | a(a)s).
_h2 / o / u) Mz(u)duds < — /t . / duds /t . / duds

Lemma 2.8. (Schur complement) [5] Given constant matrices Q1, Qo and Qs with appropriate dimensions, where
OF =Qy and QF = Qy >0, then Q1 + Q?;QQ_ng < 0, if and only if

o of 0y O

. <0 or . 0s < 0.

To date, we converted the synchronization issue of the T-S fuzzy singular complex networks (1) into the synchro-
nization issue of the N bits of the relating error dynamical network (9). We will see from Lemma 2.4 that A; = 0 and
z1(t) = e(t)Uy = 0. Consequently, if the following (N — 1) bits of the relating error dynamical system

Ezk Z/J,l |: A + a1l e — a40kF3)zk( ) + hk(t) + angi/\kzk(t — T(t)) + agD)\ka(t — T(t))]7 k= 2,3, ..... s N (11)
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Remark 2.9. The main contributions of this paper are as follows: (i). Since singular systems give a more general
description of physical systems than the mormal one, there are many extended concepts and results are studies from
the regular systems theory into singular systems (ii). Master-slave Markovian jumping T-S fuzzy singular complex
dynamical networks. By using pinning control approach, can be equivalently expressed as the error dynamical system
with all globally Lipschitz continuous activation function and additive time-varying delay function. (iii). Singular
systems are introduced to improve the ordinary complex networks based on T-S fuzzy theory. (iv). And suitable
Lyapunov-Krasovskii functional and utilize integral inequality technique, piecewise analysis method to derive in terms
of linear matrixz inequalities (LMIs). The proposed LMIs can be effectively understood by utilizing Matlab LMI Toolbozx.
(v). At last, a numerical example is presented to illustrate the effectiveness of the proposed results.

Remark 2.10. Network (1) is a Markovian jumping singular complex network model with additive time-varying delays.
It means that [62] the communication of information at each node with other nodes takes place at time t as well as at
time (t — 1 — 72). Truly, it happens in the real world as we can see in stock market, the decision making of trade-off is
impacted by the information at time t and at (t —71 —72). It is quite clear that the error occurrence with communication
of information with both nodes at time t and at (t — 71 — 72) is much smaller than that occurred with only one of them
m [57/

3 Synchronization of singular complex dynamical networks with additive

time-varying delays

In this section, the delay-dependent stability condition for the synchronization problem for singular complex dynamical
network system (11) is investigated by utilizing the Lyapunov functional method combining with the LMI techniques.
Let us define

) = [0 Fe—r0) L) L) Fe-n-n) [ s [ e i) a2
5y = {(AiJral)\th—fa;leI‘g) asToi ), +azsDAg 0 0 0 0 0 I] (13)

Then,
Ezi(t) = S (t). (14)

The inequality (2) and the Lipschitz continuity of h(t) can be utilized to make hy(t) to satisfies
N N
)] = | S 1 ale), ) = £ @, Dlua]| < S ||F @00, 1) = Fwale), 0] |l
w=1 w=1
N N N
<Y bz ® = v = Do tf|eatt)] < 307
w=1 w=1 w=1

where 1y, is the w-th element of Uy, and [ = max l;,. Therefore the following inequalities holds:

N N N N N N
5 (o] 735 ) =35 o] 353 o] =35 (] - - iy <. a0
k=2 w=2 k=2 k=2 w=2 k

=2

zu,(t)H - Zsz(t)

: (15)

if the following inequality is satisfied
Hhk(t)H (N - 1)Zsz(t)H <0, k=2,3,..,N, (17)
where [ = max l;. From equation (10) and inequality (15)-(17), there exist positive diagonal matrices Sy such that
e (t)dz‘ag{ ~(N=1)IS, 000000 Sk}nk(t) =t (t) @i (t) < 0. (18)

Theorem 3.1. Assume that (1) and (2) holds. Then the T-S fuzzy singular Markovian jumping error dynamical
network (11) is asymptotically stable. For a given scalars 71 > 0, 72 > 0, d; > 0, and dy > 0, if there exist nonnegative
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constants oy, nonnegative definite matrices Pr; >0, Qy, >0, My, >0 (g=1,2,3,4), Nx1 >0, Nia > 0 and positive

diagonal matrices Sy such that the following LMIs hold ¥ i € S:
E'P,,=PL,E>0, ¥;<0, i=1,2,...,.N, k=2,3,...N,

[ Ti Ti2 0 T 0 T16 :ZIETNME Pr; Tig ]

* —(1—4d)Qus 0 0 0 0 0 0 Tag

* * Y33 0 0 0 0 0 0

* * x  Yaa %ETM;CQE' 0 0 0 0

U, = * * * * Ts5 0 0 0 0 ,

* * * * * Ye6 0 0 0

* * * * * * Y77 0 0

* * * * * * * —ag Sk I

* * * * * * * * —R!

where

Y11 = Pri(A; + ar M T1i — ag0,D3) + (A; + ay Dy — agorpls) T Py + Zﬂijpkj + Q1+ Qs
=1

1 _
+ 75 Myz + 7{ My — ?ETMklE_ 2E" NiwE + ay(N — 1)ISg, Y12 = Priasla; M\, + Priaz D)y
1

1 2
Ty = ;ETMklE, T = ;ETNsz, Tig = A; + a1l A — agopl's, Tog = asl'oi A, + az DAy,
1 2
1 1
T3 = —(1 —di)(Qp1 — Qia)y Taa = Qpy — Q3 — ;IETMklE— EETMME, Ts5 = — Qpa

1 2 2
— —E"M»E, Ye6 = —Mj3 — —E" Nj2E, Y77 = —Mjy — — E" Ny, E,
T2 T2 Tl

2 2
R = ET(Tlel + TQMk;Q)E"’ %ETNklE—l- %TNA;QE.
Proof. Let us consider the following Lyapunov-Krasovskii functional candidate to be
Vk(Zk(t), ia t) = Vkl(zk?(t)a i7 t) + VkQ(zk(t)a ia t) + Vk3(zk(t)7 i? t) + V}c4(zk(t)7 i7 t)7
where

Vk:l (Zk (t), ’L'7 t) = Zg (t)PkZEZk (t),

t
Va0 = [ 6Quan)s+

t—71 (t

)
z,{(s)ngzk(s)ds

t—7(t)

t t—Tl
+/ zg(S)kazk(S)d«S‘F/ 21 (5)Qpaz(s)ds,
t—71 t—T1—T2
.

¢
Vis(zk(t),4,t) = / / ()BT M Ezp (s dsdp—!—/ / sE ()BT MyoEzy (s)dsdp
—T1 Jl+p T1—T2 Jt+p

o
+ 7'2/ / $)Myszi(s)dsdp + 7 / / (8)Mgazi(s)dsdp,
T1—T2 J1+p —71 Jt+p

Via(zi(t),4,t) = / / / zk E N1 EZi(s dsdpd0+/ / / E Ny2EZ(s)dsdpdd.
—T1 t+p T1—T2 t+p
Then

Vkl (Zk (t)’ivt) = 221{( )Pl%EZk( )

= Z (0 { )(sz(A + ar el — asoil's) + (A + a1 Ay — a4UkF3)TPki>Zk(t)

+27) (zp,ﬂ-(azrzmk + agD)\k)>Zk (t — (1) + 27 (1) (2P i s (£)

(19)

(20)
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+ Z i3 ijzk(t)i|

Vi (2 (0),3,1) = 27 ()| Qi + Qua | 2 (8) = 2L (¢ = 71 (1) [ (1 = 72 (1) (Qus = Qua ) |20t = 11 (1))
2 (= ) | Qua = Qus | anlt = 1) = 2 (¢ = 71 = ) Quazn(t = 71 — )

2 (= T(0)] = (1= A1) = 72() Qo] 26t — 7)),

Via(zk(t), i) = 2 (VBT |71 My + Mo | B2 (8) + 2 (8) [ 8 Mos + 72 Miga | 240

t t—T1
- / iF(s)E" My Ezy(s)ds — / 2L (s)ETMyoEz(s)ds
t—r t—711—T
lt—ﬁ 1t 2
— Ty 2L (8)Myszp(s)ds — 7 / 2L (8)Myyzi(s)ds,
t—T1—T2 t—71

Vealen(t), 1) = 3 (VB Ny By / / ST ()BT N B (s)dsdd + 2 22 ()BT N B (1)
—711 Jt+0

—T1 t
/ / ()BT NpoEzy(s)dsdh.
+0

T1—T2

By Lemma 2.5 and 2.7, it can be seen that

oo ) %)\ [ ~ETME E"ME ()
- T ($)ET My Ezx(s)ds < —
/tT1 2 (8) w12 (s)ds < pll P § _E'ME x wlt—m) |

e ) at—-7) \' [ —-E'Mj,E E"M,E et — 1)
- T (5)ET Myo Bz (s)ds < — x
/t 4 (9) k2 B2k (5)ds < | wt—1—7) * —E"M,.E 2(t — 1 — 72)

—T1—T2

t—71

t—T1 t—T11
—7‘2/ 2L (8)Myzzp(s)ds < — (s)dsng/ zi(8)ds,
¢

—T—To t—T1—T2 t—T1—T2

¢ t
zg(s)dst/ zk(s)ds.
— t T1

tTl

¢
—71/ 2L (8)Mpazi(s)ds < —
t T1

Similarly,
t

9 10 0
/ / E N1 EzZ,(s)dsdf < 7—2 / zk dsdGE N, E x/ / s)dsdb,
—7 Jt+0 —71 Jt4+0 t+6

—T1 2 —T1 t— T1 i
/ AF(s)E"NyoEz(s)dsdf < — = / 8)dsddE" N E - x / / (s)dsdf.
—11—T2 Jt+60 Ty S Jt+ —T1—T2 Jt+0
From equations (27)-(36) we get,
Vilz Z,uz { [sz(A + a1 Al — asorel's) + (A + ar ATy — a40'kF3)TPki] 2 (t)

+ 2L (1) [2Prsao e Ta; + asDAR]ze(t — 7(t)) + 21 (8)[2P i) b (2) + Z i 2t (8) Pz (t)

2 (1) | Qi + Qua) 21(8) = = (= ma(6) [(1 = A1(0)( Qs — Qm)} 2t = 71(1)
2 (= 71) [ Qus = Qua | 2alt = 71) = 5 (t = 71 = ) Quuzn(t =11 — 72)

2 (= T(0)] = (1= A1 (8) = 72()Qua| 24 (t = 7(1) + 2L (VET |11 Myt + Mo | B2 (1)

(28)

(29)
(30)
(31)

(32)

(33)
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| %) \' [ ~ETMuE ETMjE
+ 2 (t) |:T22Mk3 + T12Mk4} (1) + o\ ozt —10) * ~E"M.E
T
2i(1) 1 2p(t — 1) ~E'M;2E  E"M2E
Zk(t—’rl) + ?2 Zk(t_Tl _7—2) * —ETMkQE

zi(t —71) t—m1 t—m1 ¢ t
X —/ zg(s)dsng/ zk(s)ds—/ zg(s)dsMM/ zi(s)ds
t t t—71 t—71

2kt =11 —72) —T1 =72 —T1—T2

T2 . 2 K T !

+ 3 (t)ETNklEzk(t)fT—Q{lek(t)f / zk(s)ds] ETNklE[lek(t)f / zk(s)ds}
1 t—71 t—71

t—Tl

_ 7%2 [Tzzk(t) - /tinﬁ—@ zk(s)ds} TETNkQE[ngk(t) - /t_Tl_T2 zk(s)ds} } (37)
It can be obtained from (13),(18) and (37) that
Vi(e Z (O (1) (A + 5T Ro i (1) (39)
where
[ T4, Tio 0 L1ETMuE 0 2E"NE 2E'NuE Py |
* ( )Qiz 0 0 0 0 0 0
* * T33 0 0 0 0 0
A * * * Taa LE"MpE 0 0 0
* * * * Tss 0 0 0 ’
* * * * * Yoo 0 0
* * * * * * T 0
* * * * * * * — Sy,

T11 = Pri(A; + as MT1i — as0kTs) + (Ai + ar Ty — a0k T's) Py + Y i3 Py;
=1

1 _
+ Qpuy + Qps + TEMyz + TE My — T—ETMME — 2E"NE + o (N — 1)ISy,
1
o = [(Al + a1 ATy — ago,T3) asloiAp +azsDAg 0 0 0 0 O I},

and Y12, Y33, Taa, Ts5, Tes, Y77 and R defined in (21). It follows readily from (38) that
Vi(2k(t),i,t) < ZM! )(A + 61 Rog )i (t), (39)

By using the Schur complement Lemma 2.8, it can be seen that the inequality (20) is equivalent to A + 67 RSy, which
implies V(zx(t),4,t) < —p|nF(®)||> < 0, we get V(z(t),i,t) < 0, where p = —Apman(A + 67 RSy). Considering that
E’P,;, = P,,E > 0, the stable result cannot be received via Lyapunov stability theory because the rank of E”P,; within
the Lyapunov function Vg1 (2 (¢),4,t) is 7 < n. In view of Lemma 2.6 it is clear that the pair (E, A; + a3 \gI'1; —a40kT'3)
is regular and impulse free on every occasion the inequalities (19)-(22) keep. Then there exist matrices Ug; € R™*",
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Upa € R"™", Wy1 € R™", Wyo € R"™", such that Uy = [U}; UL] and W), = [W}; W] are two nonsingular matrices
and the following standard decomposition holds;

U EW), = diag{lrv 0}7 (40)
Ur(Ai + ar\iT1i — ago, D)Wy, = diag{ Ay, In— }, (41)

where Ay; € R™*" k=2 3,.... N. The network system (11) is equivalent to

73;(;) = Akizl(cl) + Ur1hi + (a2)\kUk1F2riWk1 + a3DUk1>\ka1) (1)(t —7(t)),

0 = Zk ) 4 Upohy + <02>\kUk2F2(n riWk2 + agD)\kUkQWm) 2t —7(t)), (42)
ko =23, N,
(1)
k
where W, 'z, (t) = FONE Do = diag{dy(i),dz(i), ......,dr (i) } and Ty(,—py; = diag{d,11(:), dria(i)s -oer dn (i)}
k

Let U, TPy Wy, = . t that point as indicated by equations (19), (40) and (41), anything but difficult

to see that Pgi) = PE)T and Pl(j) = 0. Subsequently,
Vi (z(8),1,8) = 2T (P EN (1), (43)

From Vk(zk(t),i,t) <0, z,(cl)(t) of system (11) is asymptotically stable, i.e., limt_mOHz,(Cl)(t)H =0,k=23,....,N. In

the following, we display that z,(f) (t) additionally are asymptotically stable. From equation (42) and comparing with

[37], deciding Uys such that UgUL, = I,,_, which means that ||Uya|| = 1 and the use of Lemma 2.4, we have
sz(cz)(t) ‘ = HUk2hk + (a2 A Ur2lo(n—r)iWha + a3 DAL Uk Wia) 2, (- T(t))H

< el + amescroa o

N
] < o] = 3o
N
(- St < S

If we choose W}, such that, (1 - Zszz Z||WkH> > 0 which leads Zimt_mon,(f)H =0, k=2,3,....,N. This completes the
proof. O

Wi + asmac ) [ i e

Remark 3.2. Numerous scientific models for real-world phenomena are characteristically nonlinear, and the stability
investigation and synthesis issues for nonlinear systems are typically difficult. In the previous, the fuzzy logic theory has
been shown to be successful in managing with a variety of complex nonlinear systems, which has subsequently received a
set of consideration in the literature (see [3],[44)]). It has turned out to be one of the most valuable approaches for using
the qualitative knowledge of a framework to the structure a controller for complex networks [60]. The local dynamics of
each fuzzy rule could be expressed by nonlinear systems with discrete delay. The overall fuzzy model can be achieved by
fuzzy “blending” of these nonlinear systems.

Remark 3.3. Then I'y = 0, the system (11) reduces to
Bz (t ZM [ — as0,l3) 2k (t) + i (t) + (a2l'2i A + as DAg) 2 (t — T(t))}a k=23,....N. (44)

Remark 3.4. In this paper, we constructed a suitable Lyapunov Krasovskii functionals containing useful integral
terms. Meanwhile, introducing Lemma 2.5 for the integral terms ng(zk(t),i,t), terms plays an important role in
the improvement of our stabzlzty results Lemma 2.4 provides a new mtegml mequalzty which fully use the relationship
between the terms in the — ft s)E" My, E3(s)ds and — ft m $)E" Mo E3y(s)ds within the system of LMISs.
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Remark 3.5. Changing the nonlinear part f(xy(t),t) into linear one f(x(t)), then the system (1) turns into the
following system

N
Eiy(t) = A(r(t))z(t) + flan() + a1 Y graT1(r(t)z(t)

N N
a2 Y grola(r(t)zw(t — 11(t) — 72(t) + a3 > grwDaj(t— (1), k=1,2,....N, (45)

w=1 w=1
The synchronization of this system with T-S fuzzy theory has already studied in [19].

Theorem 3.6. Assume that (1) and (2) holds. Then the T-S fuzzy singular Markovian jumping error dynamical
network (11) is asymptotically stable. For a given scalars 71 > 0, 79 > 0, d1 > 0 and ds > 0, if there exist nonnegative
constants ., nonnegative definite matrices Py; = diag{ Py1, P2, ..., Pen} > 0, Q> 0, My, > 0 (¢ = 1,2,3,4),
N1 >0, Nigo > 0 and positive diagonal matrices Sy such that the following LMIs hold ¥ i € S':

E'P,, =P ,E>0, U,<0, i=1,2,..,N, (46)
[ T1 T 0 T 0 T 2E'NwE Py Tio ]
« —(1-d)Qm 0 0 0 0 0 0 Ta9
* x Tss 0 0 0 0 0 0
* * x Yu —E MpE 0 0 0 0
T, = | = % X x Tss 0 0 0 0 . (47)
* * * * * Teos 0 0 0
* * * * * '/f77 0 0
* * * * * * * —ag Sk I
* * * * * * * * 2P, + R
where

Y11 = Pri(A; + ci D1 — 403 Ts) + (A + e\ T — ca0T3)T Pri + Zﬂ'ijpkj + Qpy + Qs
=1

1 _ ~
+ 72 Mys + 72 My — —E" My E — 2E" Nio E + oy (N — 1)18y, Y12 = Pricol'ai M + Prics DAy,

T1
~ 1 ~ 2 2
Ty = EETMME, T = EETNsz, Ti9 = (Ai + c1l1iMe — a0k 3) Pr, Tog = (cal'2;Ar + c3 DAy) Py,
= > 1 o i = 1 7
Taz3=—(1—-d1)(Qu — Qra), Taa = Qpy — Qu3 — ;E M, E — EE M E, Y55 = —Qpy — TZE M E,
S 27 S 27 T
Tes = — M3 TQE N2 E, Y77 = —Myy TQE NuE, R=E (11 My + 2 My2)E

5 i

712 T 722 T
+?E NunWE+ ?E N E.
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Proof. By considering the inequality —Py;R™'P; < —2P; + R, the LMI (46) becomes,

[ T Tio 0 Tu 0 Ti6 %ETNME Py Tio |

s« —(1-d)Qum 0 0 0 0 0 0 Yoo

x * Tas 0 0 0 0 0 0

x * s Ty LE'MpE 0 0 0 0

T,=| = % % Tss 0 0 0 0 <0 (48)

* * * * * ?66 0 0 0

* * * * * * ?77 0 0

* * * * * * * —a Sk 1

* * * * * * * * —P R Py,

Then a congruence transformation of diag{I, I, I, I, I, I, I, I,P;;'} to the LMI (47), we obtain the LMI (20). The
rest of the proof follows directly from Theorem 3.1. O

Remark 3.7. The Py; appear in Theorem 3.1 and Theorem 3.2 can be chosen with give E. We only need EPgi =P, E
to be positive semi-definite.

4 Numerical example

In this section, we present a numerical model to determine the performance of the proposed synchronization criteria
given in this paper.

Example 4.1. Consider a three-dimensional Markovian jumping T-S fuzzy singular complex dynamical networks with
additive time varying delays and pinning control with 3-nodes:
Fuzzy Rule 1:

IF {6, is F11} and ..... and {6, is F1y} THEN
Ez(t) = (A1 + a1T11 M — ag01T3)21(¢) + hi(t) + (ae2l'21 A1 + asDA1)z1 (¢ — 7()), (49)
Fuzzy Rule 2:
IF {6, is Fx1} and ..... and {0, is Fo;} THEN
Ez5(t) = (Az + a1l12A2 — ag02T'3)22(t) + ha(t) + (a2l22X\s + azDX2)za(t — 7(1)), (50)

where 2, (t) = (21, 25)T, fu(t) = (tanh(zk1 (1), t), tanh(zka(t),t))T furthermore, the applicable parameters are given as

follows:

(1 0] [ —2 1 2 0 8 0
E: O 0 ,A]_: 75 6 7F11: 0 2 7F21_ 0 8 b)

[ 7 0] [ —4 3 5 0 6 0
1—‘3: O 7 )AQ_ 3 4 7F12 O 5 71—‘22 O 6 b)

_ -9

-3 3 ' Lo 2 4 -3 1

I=1 4 4| D= =1 4| =] |

L 1 0 -1

Let us consider T (t) = 0.2 + 0.2sin(0.5t), 72(t) = 0.5+ 0.55in(0.5t), a1 = 0, az = 0.1, a3 = 0.2, ag = 0.3, 01 = 4,
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Table 1: Maximum admissible upper bounds for delays 7o with different values of 7.

Ty 1.1 1.2 1.3 14 1.5 1.6 1.7
) 2.2564 2.2465 2.1321 2.0005 1.9005 1.8201 1.7356

09 =05,03 =3, 11 =0.2, % = 0.5 and the eigenvalues of D are found to be Ay =0, Ao = =3, A3 = —1. The mazimum
admissible upper bounds 1o obtained for different values of T are listed in Table 1. Then by utilizing the Matlab LMI
Toolbox, we solve the LMIs in Theorem 3.2, we acquire the feasible solutions for k =1, and i =1 as follows:

0.0132  —0.0035 ]| [ 1.8066 —0.0967 1.1321  —0.0693

Pu=1\ _g0035 00867 |* @1=| _00067 19157 | 2= | _00603 11997 |°

[ —2.8181 —0.1750 | [ 0.6557 0.0774 —0.0081 —0.0004
Qus=1| 01750 —24924 | Q=1 o074 12471 |> M2=| 00004 0.0000 |

[ —0.3658 —0.0166 ] 0.5321 —0.0138 0.7285 —0.0016
Mo=1 _g0166 00000 | M3=| _00138 06550 | M= _g0016 07110 |°

[ —0.0103 0.0693 0.0176 0.0023 2.1080 0
Ny = , Nig2 = , 81 =

0.0693  0.0022 0.0023 0.0000 0 2.1080

Meanwhile, this example shows that all the conditions stated in Theorem 3.2 have been satisfied and hence system (11)
achieve synchronization through the pinning control u(t) with the given parameters in the sense of Definition 2.1.

5 Conclusions

In this paper, we mainly discuss the synchronization for singular complex dynamical networks with Markovian jumping
and additive time-varying delays using pinning control dependent on T—S fuzzy theory. By utilizing a new Lyapunov-
Krasovskii functional with contain triple integral terms and utilizing some integral inequalities we demonstrated that
the stability problem of Markovian jumping singular complex dynamical networks (MJSCDNSs) system is resolvable if a
set of linear matrix inequalities (LMIs) are feasible. A brought together LMI approach was created to build up sufficient
conditions for the MJSCDNs synchronize have been accomplished by means of pinning control. Finally a numerical
example is provided to given to demonstrate the effectiveness of the proposed results. The thought and approach
created in this paper can be further generalized to deal with some other problems on impulsive control, sampled data
control and especially for the synchronization of singular complex dynamical networks. This will be our near future
topics of our research.
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