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Abstract This study addresses the challenge of synchroniz-
ing master and slave systems in complex dynamic networks
using Takagi-Sugeno (T-S) fuzzy Markovian jump models,
with the presence of coupling delays. To enhance synchro-
nization robustness, fault-tolerant control mechanisms are
implemented. State feedback controller is converted to fault-
tolerant control and control gain matrices are derived to
improve system stability in the presence of faults. Using
Lyapunov-krasovskii functional and Linear Matrix Inequal-
ities (LMlIs), this study establishes precise stability proofs
and analytical constraints to ensure stochastic mean-square
stability. The use of LMIs enables the systematic design of
fault-tolerant controllers and provides a formal framework
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for handling faults while maintaining system performance.
Moreover, numerical simulations using a MATLAB LMI
toolbox validate the effectiveness of the proposed fault-
tolerant control strategy under various fault scenarios, high-
lighting its practical applicability in complex dynamical
networks.

Keywords Complex dynamical networks - Fault-tolerant
control - Lyapunov-Krasovskii functional - Synchronization -
Takagi-Sugeno fuzzy

1 Introduction

Complex dynamical networks (CDNs) are found in various
systems, extending from the World Wide Web and electric
grids to biological systems and transport networks. These
networks consist of interconnected nodes that exhibit a range
of collective behaviors such as fluttering, consensus, and
self-organization. In recent years, CDNs have been increas-
ing attention toward understanding the structural, dynamical
properties and their implications in real-world applications.
Over the past three decades, researchers have extensively
investigated CDNSs, the cluster synchronization in CDNs, the
phenomenon of almost periodic solutions in CDNSs, robust-
ness and stability of CDNs, pinning control strategies for
stabilizing CDNs, highlighting its importance in achieving
functional coherence in complex systems domains [1-3].
Authors [4-6] investigated in the robustness and synchro-
nization properties of CDNSs, elucidating the resilience of
these networks against perturbations and their ability to
achieve coordinated behavior among constituent nodes and
in tracking control algorithms for CDNs, offering practical
methods for regulating the trajectories of network dynamics
toward specified targets.
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Synchronization, a widespread phenomenon in CDNs,
is about harmonizing multiple components or processes so
that they function smoothly, ensuring optimal and coher-
ent performance. This concept is of great importance in
various fields, such as regulating the human heartbeat, ensur-
ing secure communication channels, advancing information
science, and improving image processing techniques. The
importance of the concept also extends to complex net-
works as it has diverse applications in various fields such
as ecosystems, technology, communication security, seis-
mology, and parallel image processing. Synchronization has
attracted much attention in the literature due to its funda-
mental role in improving the efficiency and reliability of
networked systems. Authors investigated in [7] explored the
interconnectedness between synchronization and network
links, shedding light on its intricate dynamics within com-
plex infrastructures. Authors investigated in [8] contributed
to the discourse by investigating the static aspects of syn-
chronization, providing valuable insights into its stability and
robustness characteristics. Additionally, [9] investigates the
application of synchronization in parallel image processing,
offering practical methodologies for synchronization princi-
ples to optimize computational tasks.

In the search for synchronization in complex networks,
scientists have encountered significant challenges, especially
with respect to the dynamic nature of network topologies.
The topological connections in these networks can be subject
to random mutations in response to complex environmen-
tal factors, posing formidable obstacles to efforts to control
synchronization. To overcome these challenges, researchers
have used the Markov process as a valuable tool for mod-
eling sudden topological changes. This approach has led to
a proliferation of studies focusing on synchronization con-
trol in Markov jump complex dynamic networks (MJCDNGs).
Through the lens of MJCDNS, researchers aim to elucidate
the intricate dynamics of synchronization in the presence
of dynamic network structures [10]. The literature reflects a
growing body of research dedicated to synchronization con-
trol in MJCDNSs. Authors have contributed significantly to
this field, exploring diverse methodologies and theoretical
frameworks for managing synchronization amidst dynamic
network topologies [11-13]. However, challenges persist,
prompting researchers to explore innovative approaches to
synchronization control. Authors have studied in nonlinear
control methods, offering insights into their applicability in
managing synchronization within evolving network struc-
tures [14]. Additionally, [15] investigated observer-based
techniques, shedding light on their potential to address
synchronization control challenges in complex network envi-
ronments.

The T-S fuzzy model stands out as assessing contemporary
control systems. This model offers a unique framework for
representing nonlinear systems within a linear framework,

employing fuzzy membership functions and IF-THEN fuzzy
rules in [16,17]. By advantage of these components, the T-
S fuzzy model simplifies defuzzification, allowing for the
application of various linear system theories to analyze non-
linear dynamical systems effectively. In recent years, scholars
have increasingly recognized the applicability of T-S fuzzy
models in addressing stabilization and synchronization chal-
lenges within complex dynamical networks. This recognition
has spurred the development of numerous fuzzy control
methods tailored to the intricacies of these networks [18—
21] CDN:gs, as a distinct category within nonlinear systems,
present unique modeling and control challenges. However, T-
S fuzzy models offer a promising approach to address these
challenges, enabling the effective representation of CDNs
within a structured framework. While the literature reflects
a growing interest in applying T-S fuzzy models to complex
networks, there remains a need for further research to explore
and refine fuzzy control methods tailored to the specific char-
acteristics of these networks. Author studies have contributed
in [22], focusing on synchronization challenges within com-
plex networks and proposing fuzzy control strategies.

In real-world physical systems, prolonged operation often
leads to component degradation or damage, especially in crit-
ical elements such as actuators and sensors. Consequently,
addressing fault-tolerant control (FTC) becomes crucial in
both system design and operation. Researchers have exten-
sively explored FTC strategies across a variety of systems
and objects in [23]. Fault-tolerant attitude control has two
approaches, namely active FTC and passive FTC. These
methodologies have undergone significant research scrutiny
over the past few decades. Studies have focused on various
methodologies, including adaptive control [24], performance
control [25], and intelligent control [26]. In the realm of
fault-tolerant attitude control, actuator faults are a significant
concern. Active fault-tolerant attitude control strategies aim
to modify these faults by considering fault estimation errors
and control input constraints. These strategies are essential
for ensuring the continued operation and stability of systems
despite the presence of faults [27].

In recent years, there have been notable research works
focusing on delay-dependent synchronization criteria for
MIJCDNES, particularly utilizing a T-S fuzzy approach. Schol-
ars have investigated the integration of various tools such
as fuzzy controllers, Lyapunov-Krasovskii functional (LKF),
and numerical simulations to investigate this area [28]. Addi-
tionally, recent studies have delved into the analysis of
nonfragile synchronization control problems in discrete-time
Takagi-Sugeno fuzzy MJCDNs. These investigations have
employed fuzzy-basis-dependent and mode-dependent Lya-
punov functions, shedding light on novel methodologies
for addressing synchronization challenges [29]. However,
despite advancements in synchronization control, existing
fault-tolerant control methods often fall short of compre-
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hensively addressing real-world conditions. Consequently,
there is a growing interest in integrating T-S fuzzy syn-
chronization into fault-tolerant control schemes, particularly
within the context of CDNs. This innovative approach not
only offers a novel perspective but also serves as a moti-
vation for further exploration and research in this area. By
integrating T-S fuzzy synchronization into FTC schemes for
CDNs, researchers aim to develop robust and adaptive control
strategies capable of addressing real-world challenges such
as component degradation and system faults. This integrated
approach leverages the flexibility and adaptability of fuzzy
logic to enhance the fault tolerance and resilience of CDNs,
ultimately improving their reliability and performance in
dynamic operating environments. The authors in [30] intro-
duce a stability method for nonlinear processes, while [31]
enhance robustness using observer-based control in singular
Takagi-Sugeno systems. In [32], apply model-based fuzzy
control to networked systems, addressing challenges like
time delays. Additionally, in [33], survey highlights the broad
applicability of fuzzy control in mechatronics, emphasiz-
ing its role in managing nonlinearities and uncertainties.
Collectively, these works demonstrate the adaptability and
effectiveness of fuzzy control in various complex systems.
Based on the insights from the literature, this article focuses
on the FTC of MJCDNs within a specific class of T-S fuzzy
systems with input constraints. The key contributions of this
study are as follows:

e The study addresses the synchronization problem for
MIJCDNs modeled using the T-S fuzzy framework,
accounting for coupling delays.

e By employing the Kronecker product in combination
with novel integral inequalities and delay-dependent con-
ditions, the paper ensures stochastic synchronization
in the mean-square sense for the T-S fuzzy MJCDNs
through an innovative LKF approach.

e A fault-tolerant controller is designed to effectively
synchronize the MJCDNSs, ensuring resilience against
potential faults within the system. The control gain matrix
of the closed-loop system is derived using LMI tech-
niques, providing arobust framework for system stability.

e Finally, numerical examples validate the theoretical find-
ings, demonstrating that the synchronization criteria are
not only theoretically sound but also practical for real-
world applications, as illustrated by the second example
provided.

Notations The notations used in this paper are quite and
fairly standard. Throughout this paper, R is the set of all real
numbers, R” is the n-dimensional Euclidean space, R"*"
denotes the set of all n x n real matrices. (diag{. ..} denotes a
diagonal matrix. P > 0 (P > 0) means that matrix P is areal
symmetric positive definite matrix (positive semi-definite).

@ Springer

PT represents the transpose of matrix P. Given a complete
probability space(2, F, P), where Q is the sample space,
F is the algebra of events, and P is the probability measure
defined on F. The notation A ® B stands for the Kronecker
product of matrices A and B. || - || stands for the Euclidean
vector norm. £ stands for the mathematical expectation.

2 Problem Formulation and Preliminaries

Consider the following T-S fuzzy MJCDNSs as described in
references [27-29]. These networks consist of m distinct
plantrules, where each rule includes N interconnected nodes.
Each node represents a dynamical system with n dimensions.
Plant rule £: IF x1(¢) is wi¢, x2(t) is w2e, ..., Xp(t) 1S wpe,
THEN

Xi (1) = Re(r(0)xi (1) + Ce(r (1)) g(xi (1))

N
+1 ) Ap(r () Duij (T (0))x(t — ec(t))

j=1
+ We(z ()u; (1),
xi (1) = §i (1), Vt € [—a, 0], ey

where x (t) = [x1(1), x2(?), ..., x,(¢)] are the premise vari-
ables, £ is the number of IF-THEN rules, £ = 1,2, ..., m.
w1, g2, - -+, Wy arefuzzy sets, x; (t) = [xiT1 (1), xlg(t), e,
xI 1T e R" (i = 1,2,...,N) is the state of ith
node, &;(t) is the continuous initial condition of the ith
node, g(x;(t)) represents a vector-valued nonlinear func-
tion, u; (¢) represents the control input. R, (7 (¢)), Ce(z(2)),
and W, (z(¢)) represent the constant matrices with real val-
ues of suitable dimensions, A ¢(t(?)) and Dgi (T (2)) indicate
the system’s outer coupling configuration matrix and inner
coupling configuration matrix, respectively. k > 01is the cou-
pling strength, «(¢) represents the time-varying input delay
satisfying 0 < a(t) < o and &(f) < A, where ¢ > 0 and A
are known constants.

Consider t(¢), t > 0, represent a continuous-time Markov
process characterized by continuous trajectories and assum-
ing values from a finite set 7 = 1,2, ..., N. Additionally,
the transition probabilities are specified as follows:

Pr{t(t + B) = qlt(1) = p}
T pg B + 0(El) P #q,

|14 w84 0B p=gq,

in which 8¢ > 0,limg;,0(0(Et)/Et) = 0, and 7,
denotes the transition rates between the modes from p at
time ¢ to g at time ¢ 4+ Ef this condition ensures that
N
Tpg = 0.Yp #4q, ) y_17pg =0,Vp € F.
Let s(z) represent the state of the isolated node defined as
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Plant rule £: IF x1(¢) is w1, x2(1) is wag, ..., Xp () is wpe,
THEN

§(t) = Re(z(1)s(t) + Ce(z(1))g(s(1)). 2

The defuzzified fuzzy system (1) and (2) can be expressed
through the fuzzy inference method as follows:

OEDY W(a)(t)){Rz(f(t))x,'(t) + Ce(z ()8 (xi (1)

(=1

N
+ i Y AT () Deij (T (0))xj(t — (1))

j=1

+ Wm0}, 3

80 = Y we@) [Re@)so) + Cere)acs ).
=1

“)
The membership function is defined as

ECI0)
Vi) = S a s
P

o(w(0) = [ o (@),

a=1

where & (-) is grade of membership function.
The ith rule of T-S fuzzy node and the target node, the
state synchronization error is expressed as follows:

RIOEDY W(w(t)){Re(f(t))ei (1) + Ce(r(1)8(ei (1))

=1

N
+1 Y Ae(z() Duij(z(t))e;(t — a(1))

j=1

+ WO}, )

where ¢;(¢) = x;(t) — s(¢) and given dynamics are ¢;(t) =
lein (1), €in(t), ..., emn(IT, and 2(e; (1) = §(x;(1) —
g(s(2)). For simplicity, let us denote the Markov process t(¢)
as p. Consequently, the provided system (5) can be expressed
as

&) = Y V@) | Reper (1) + Copie(en (1))

=1

N
+1 Y AgpDuijplej(t — (b))
j=1

+ Wepti (1) . 6)

The main objective of this paper is to apply fault-tolerant
control to the system (6) as follows:

Now, we consider the following actuator failure model,
for the control input u; (t), we denote u ¢(¢) to describe the
signal sent from the actuator discussed in [34]. It is given as
follows:

up(t) = Z Yo (@ () Fivp (ui (1)), )

v=1

where

. 1 2

Sivp = dlag{givp, Bivps -+ gi"vp}. 8)
The function matrix for actuator faults is defined as 0 <
gl.’vp_ < gl.’vp < gl.’var < 1, where (r = 1,2,...,n), and
real constants are known as gl.’vp_ and gi’vp . characteriz-
ing the permissible failures of the rth actuator. Additionally,
gi’vpf = gi,_(t(1)) and gl.rver = g, (T(7)) are constant
matrices. By setting

r r r r
8ivp— + 8ivp+ _ 8ivp — 80ivp

r _ r
gOivp - 2 ’ livp - r ’
gOivp
r r
roo_ 8ivp+ — 80ivp—
ivp — 5 | r

r r
givp+ + givp—
then, it is clear that,

givp = SOivp(I +Livp)’ |Livp| = Hivp <I,

where

Fovy = diaglgl. | g2 Oivp)
Ovp 8180ivps 80ivps > 80ivpI:

|Livpl = diag{|li,,|. 15,1 - 10,10
bivp = diag{h},,. b7, ... b)),

In this paper, we are interested in designing a state feedback
controller of the form,
Control Rule v: IF x1(t) is w1y, x2(2) 1S w2y, ..., Xp(1) is

Wpv,
THEN

ui (1) = Kyp(ei(t)),
w=12,....m &(i=12,...,N), )

where K,, represents the controller gain matrices to be

designed. Furthermore, the reformulation of the defuzzified
state feedback controller can be expressed as

u;(t) = Zwv(a)(t))Kvp(ei(t)), i=12,...,N. (10)

v=1
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substituting (10) into (6), the properties of the Kronecker
product are applied to derive in the following form of the
closed-loop system:

et =Y Yu(@®) Y Yu(@) { (Iy ® Rep)e(t)

=1 v=1
+ (In ® Cep)g(e(r))
+k(Agp ® Dyp)e(t — a(t))

+UN® WZp)%Op(I + Lp)Kvpe(t)}a (1D
where
L, =diag{Lip, Lop, ..., Lnp}
H, =diag{H,, Hap, ..., Hyp},
Kyp =diag{Kivp, Kovp, ... Knup),
SOP = diag{%owp, 3021)[71 cees SOva}’
e1(t) gler (1))
ex(t) g(ex(t))
e(t) = o, gle) =
en(t) glen())

The purpose of this work is to frame a fault-tolerant control
mechanism to attain synchronization among both systems (3)
and (4). Consequently, the primary outcomes are derived in
system (11), ensuring stochastic mean-square stability. Fur-
thermore, the following beneficial definitions and lemmas are
presented, which will help further analyze the main findings:

Definition 1 [35] The CDNs (1) are said to be stochastically
synchronous, if synchronization error system (11) is stochas-
tically mean-square stable, that is, for any initial conditions
(e(0), 7(0)), there exists a constant scalar £(e(0), t(0)) > 0
such that the following condition holds:

Q{ fooeT(t)E(t)dtle(O), T(O)} = &(e(0), T(0). 12)
0

Remark 1 The stochastic stability of synchronization error
system with Markov jump in Definition 1 means that the
trajectories of the state e; () along the Markov process from
the initial state (e(0), t(0)), converge asymptotically to the
origin in the mean-square stable.

Assumption 1 [36] g : R” — R” is a continuous vector-
valued function and satisfies a sector-bounded condition
which is described as follows:

@ Springer

[6()—-8()—Gx—»]" [8(x) —
Vx,yeR"

—Hx—y)] =<0,
(13)

gy)

where G and H are constant matrices with appropriate dimen-
sions.

Lemma 1 [37] For a symmetric positive definite matrix N €
R"*", the following inequality holds for all differentiable
function x in [a, b] — R":

b
/ T (s)Nx(s)ds

Tdiag(N,3N,5N)Q,, w=1,2,3. (14

where
Qp =x() —x(a),

2 b
Q = x(b) +x(a) — —/ x(s)ds,

Q3 =x(b)—x(a)+6/ —d —12/ /
0

Lemma 2 [38] Let 9 > 0 be any constant matrix and for
given scalars a and b with a < b, the following relation is
well defined for any differentiable function ¢ in [0, 1] — R”" :

t
/ / @7 ()M (s)dsdo
2 1+0
< —Qlmq, —20Imas,

x(s)
(b— a)2

—Cl

(15)
where
t—b
Q4= (b—a)(t) — / @(s)ds,
t—a
_ t—b
gs= ”) o(t) — / o(s)ds

/ / o(s)dsdb.
+6

Lemma 3 [39] For a given matrix G > 0, given scalars a
and b satisfying a < b, the following continuous differen-
tiable inequalities hold for all x in [a, b] — R”":

b b T b
(b—a)/ xT(s)Gx(s)dsz<f x(s)ds) G</ x(s)ds)

+ 30! G, (16)

where

b 2 b ps
Qe = / x(s)ds — —/ f x(u)duds.
a b—a a a
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3 Main Results

A sufficient condition ensuring the stochastic mean-square
stable for the error system (11) is provided. After that, a fault-
tolerant control design methodology for T-S fuzzy MICDNs
is introduced.

Here are some notations provided for simplicity.

t

E](t):[eT(t) T —al) —— T (s)ds

a(t) Ji—a)

1 t t T
7012(0 /z-—a(t)/e e (s)dsd@],
1 t—a(t)
a —alt) -/z—oz
T 1 ! ! T
x e (s)ds m/ﬂ/g e (s)dsde],
t 0 t
25(1) = [eT(t) l/ 7 (s)ds iz/ f eT(s)dst],
Q@ Ji—o a” J_o Ji+6

2 =[— [ T /’ / " (5)dsdo
T Lae) t—ot(t)e ’ saz(l) r—a(n) Jo ¢ WEE)

E2) = [T o) ¢t —a)

\Il(t):|:eT(t) et —a@) e't—a) g'ew) ¢
1 t T
—_— d
a(t) tfot(t)e (9)ds

1 t—a(t) - 1 t -
Ot—Ol(t)/ e’ (s)ds &/ e’ (s)ds
I—a r—a

l t t
el (s)dsdo
a?(t) /z—a(r)/@
l t t T
(@ —a(n)? /,_/e ¢ Wb

1 0 t
— / f eT(s)dsde]
o= J—a Ji+o

Theorem 1 Let «, A, k, & > 0 are given scalars. The error
system MJCDNs (11) is stochastic mean-square stable, if
there exist positive definite matrices P, (for each p,q €
F), O, T, U, Z, X for any matrix M with appropriate
dimensions, and positive diagonal matrices F and S such
that the following LMIs hold;

Es() = [ /tam "(s)d
Ul mew S O gl g12 g2
1 tort o, Nep,=| = §285| <0, (17)
B — dsdo |.
(@ —a)? /7/9 e ] o £
where,
o (01 m2 3
E = |nansne |,
L17 18 19
[(In @ M)(Iy ® Cyp) + 5 n1o —24(Iy ® Z)
g2 = 0 0 36(Iy®2) |,
i 0 0 0
B 0 0 60(Iy ® Z) 0 3a(Iy ® X)
£ = | -24(Iy ®2) 0 —60(Iy ® Z) 60(Iy ® Z) :
| 36(Iy®Z) 0 0 —60(Iy ® Z)
i —el 0 0
£2 = | (Iy ® M)(Iy ® Cyp) n11 0 ,
| 0 0 —192(In® Z2)+4(Iy ®U)
00 0 00
3 =100 0 00],
100360(I[y ® Z) —6(Iy®U)00
[—192(Ixy @ Z) + 4(Iy ® U) 0 0 360(Iy ® Z)—6(Iy ®U) 0
0 —3(In®X) 0 0 6(Iy ® X)
£9 = 0 0 2 0 0
360(In ® Z) —6(Iny ® U) 0 0 720N ® Z)+ 12(In ® U) 0
i 0 6(Iy®X) 0 0 —18(Iy ® X)
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with

m=Uvn®Q)+Uy®T)+a(ly ®U)
N 302
+ 2 Un ®7p)(In ® P)=9(Iy ® Z)==~(In ® X)
g=1
—eF —eS+2(Iy ® M)(Iy ® Ryp)
+2(In @ M)(Un ® Wep)Fop (I + Lp)Kyp,
m =3y ®Z) +«k(Iy ® M)(Ay, ® Dyp).
n3 =0,
ns=—(1-M)Iy® Q) —18(Iy ® Z),
n6=3Un®Z), n=—-(UyT)—-9(NQRZ),
no=2(Un® Pp) —(UINQOM)+ (In @ M)(INn ® Rgp)

+ Uy QM)(IN ® WEp)SOp(I + Lp)Kvp’
2
o
nmi =a*(Iy ® Z) + — (N ®X) =2y @ M),

N = —120(Iy ® Z) + 12(Iy ® U).

Proof The chosen Lyapunov-Krasovskii functional for the
system (11) would be:

Vier) = Viler) + Valer) + Vi(er) + Valer), (18)
where

Viter) = el (1)(Iy ® Ppe(t),

t
Valer) = / ¢ U Qe
r—ol(r
t
+/ el ($)(Iy ® T)e(s)ds,
t—Oa .
Va(er) =a/ / ¢l (s)(Iy ® Z)é(s)dsdo
—a Jt+60
0 t
+f / el (s)(In ® U)e(s)dsds,
—a Jt+6
0 0 t
Va(e,) = / / / ¢T(9)(Iy ® X)é(s)dsdodv.
—a Jv t+6

Define £ be the weak infinitesimal operator associated with
the random process (e;, 7(¢)),t > 0,

LVi(er) = 2¢" (1)(In ® Pp)é(r)
N
+ ) Uy @mpg)e’ (I & Pye(n),
q=1
=2¢"((In ® Pp)

D V@) Y we(@O){ Iy ® Rep)e(t)

=1 v=1

@ Springer

+ (Iy ® Cep)é(e(r))

+k(Agp ® Dype(t — a(t))

+(Un® Wép)gOp(I + Lp)Kvpe(l)}
N

+ Y Uy @ mpg)e” (VU ® Pyle(t),
qg=1

LVa(e) < el () ((Iy ® Q) + (Iy ® T))e(r)
—eT(t —a)(Iy ® T)e(t — @)

— (1 =nel(t —a@)Uy ® Qe(t — alr)),

(19)

(20)
£Vi(e) = a2l (1) (Iy ® Z)é(r)
t
— a/ el () Iy ® Z)é(s)ds
I—a
+ael ) (In @ U)e(t)
t
—/ el (s)(Iy @ U)e(s)ds, (21)
. azl—(x
LVi(e;) = EéT(t)uN ® X)é(t)
0 t
— / f e ()(Iy @ X)é(s)dsdv. (22)
—a Jt+v

The integral terms from (21) can be reformulated as

t
—a / T ($)(In ® Z)é(s)ds
I—a

t

- —[a(t) T (5)(Iy ® Z)é(s)ds
t—a(t)

t—a(t)

+ (@ —a(r))/
t

—a

T () Iy ® Z)é(s)ds].

By using Lemma 1, from the above, we can get

t
—a(r) ¢l (s)(Iy ® Z)é(s)ds < BT (121 81(1),
t—a(t)
(23)
where
Z)
—OUN®Z) 3In®Z) 24UN®Z) 60(Iy ®Z)
_ * —9UN®Z) 36(y®Z) —60(Iy® Z)
- s * —192(Iy ® Z) 360(Iy ® Z)
* * * —720(1/\/ ®Z)
and
t—a(t)
— (@ — (1) f ¢l (s)(Iy ® Z)é(s)ds
—«o
< BY (1) 2,Ex(1), (24)
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where
Z
“9UN®Z) 3(IN®Z) 24(IN®Z) 60y ®Z)
B * —9(Iy®Z) 36(Iy®Z) —60(Iy® Z)
- * * —192(Iy ® Z) 360(Iy ® Z)
* * * —720(Iy ® Z)

t
—a / T (5)(Iy ® Z)é(s)ds < BT (1) 2181(1)
t—o
+ 8 (0Z282(1).  (25)

By using Lemma 2, the integral terms in (22) are rewritten
as

0 t
f / ¢l (s)(Iy ® X)é(s)ds
—a Jt+v

<-ofxq, -2l xqs

< BT (X E3(), (26)

where Q4 and Q5 defined from Lemma 2

3 (Iy ® X) 0 3a(Iy ® X)
X = * 3UN®X) 6(Iy®X) |.
* * —18(Iy ® X)

By using Lemma 3, the integral terms in (21) are written as
t
/ e (5)(Iy ® U)e(s)dsdo
t—a
t
=/ e’ () (Iy ® U)e(s)dsdo
t—al(t)
t—a(t)
+f e’ (s)(Iy ® U)e(s)dsdd,
'

—o

From the above we can get,

t
/ ¢ ()(Iy ® Uye(s)dsdd < E[OUED).  (27)
t—al(t)
where
[y ®U) —6(n @ U)
= * 12y QU) |’
t—a(t)
/ () (UIy ® U)e(s)dsdd < BT OUbEs().  (28)
1—a

where

u — | AN ®U) —6(y & U)
2= * 12y ®U) |’

Moreover, the inequality that follows can be taken for any
e >0,

T —_— —
[ e V' [FSIT e
br)=¢ [é(e(t))] [* 1} [gw(e(r))} =0,

where

(29)

(N UyOH)  UN@H) (Ny®F)
2 2
e+ Uv o)’
2 K

sl
Il

’

S

where G and H are constant matrices with appropriate dimen-
sions.

Then, for any appropriate dimension matrices M, itis evident
that the equation holds:

0= Z[e%) + éT(n}uN ® M)[ —é(1)

+Y V@)Y Y (@O){(Uy ® Rep)e(r)

=1 v=1
+ (In ® Cep)g(et) + k(Agy ® Dype(t — alt))

+ (Un ® Wep)Sop( + Lp)Kvpe(t)}]~ (30)

Combining from (19) to (30), we get

LV (er) < 2e7 (1) (Iy ® Pp)é(r)
N
+ ) Uy @mpg)e” ()(In @ Pye(t)
gq=1
+ el (Iy ® Q) + (Iy ® T))e(t)
— (A =nel(t —a@)(Iy ® Qe(t — a(r))
—el(t—a)(Iy ® T)e(t — )
+ae ()(Iy ® 2)é(t) + BT (1) 2121 (1)
2
+ET(1)2,8:0) + %éT(r)(IN ® X)é(r)
+ E3T(l)/"(E3(t) +ael (1) (Iy ® U)e(r)
+ B (DU Ba(r) + BT (U E5 (1)
—cel (t)Fe(t) — eg(e(t))Se(t)
—eel (1)Sg(e(t)) — e (e(t)1g(e(r))
—2eT () (Iy ® M)é(t)
+2eT (1) (Iy ® M)(Iy ® Ryp)e(t)
+2eT (1) (In ® M)(Iy ® Cyp)g(e(t))
+2eT () (Iy ® M)(Agp ® Dyp)e(t — a(t))
+2eT (1) (Iy ® MYy ® Wep)Fop(I+L ) Kype(t)
—2¢T () Iy ® M)ét)
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+ 26T (1) (Iy ® M)(Iy ® Ryp)e(t)
+2¢T (1) (Iy ® M)(Iy ® Cp)g(e(t))
+ 2T (1) (Iy ® M)(Agp ® Dyp)e(t — ()

+26T (1) (Iy ® M)(Iy @ Wep)Top(I+L p) Kype (1),

(31)
It follows from (30) and (31), we get
éll 512 513
LV(e) =W (1) 522 523 w(n). (32)
* * 533

and a scalar ¢ > 0 exists to affirm that for each p € F

a{ / e (1, e(0), TO))elt, e(0), 7(0))dre(0), r<0>}<oo
0
(34)

By the Definition 1, the error system (11) is stochastic mean-
square stable, which implies the master and slave system (3)
and (4) are synchronized. This concludes the proof. O

Theorem 2 For given scalars o, X, k, and e > 0. The error
system for MJCDNs (11) is considered to be stochastic mean-
square stable if there exist positive definite matrices Pp forall
p.q € F,alongwith Q, T, U, Z, and X for any matrices M
and Y, with appropriate dtmenswns Additionally, positive
dtagonal matrices F and S must satisfy the following LMIs:

LV (e) < —sl(e)l?, (33) Ell g12 £13
X _ £22 £23
it can be proved that Nep = i i 233 <0, (33)
where
. [ 72 73
EM = |4 75 76 |,
| 177 118 19
_ [MUy®Crp) +eS iji0 —24(Iy ® Z)
g2 = 0 0 36(Iy®2) |,
0 0 0
[ 0 060Uy®Z) 0 3aly®X)
EP = | —24(Iy ® Z) 0 60(Iy ® Z) 60(Iy ® Z) 0 ,
| 36(Iy®Z) 0 0 60(Iy ® Z) 0
) B —¢l 0 0
E” = | M(Iy ® Cyp) i1 0 e
i 0 0 —192(In ® Z) + 4(Iy @ U)
[0 0 0 00
2 =100 0 00/,
1 00360(Iy ® Z) —6(Iy @ U) 00
[—192(Iy ® Z) +4(Iy @ U) 0 0 360(y®Z)—6(y®U) 0
0 —3(Iy®X) 0 0 6(Iy ® X)
§9 = 0 ) 0 i 0 ) 0
360(Iy ® Z) — 6(Iy @ U) 0 0 =720y ®Z)+ 12(Iy ® D) 0
i 0 6(Iy®X) 0 0 —18(Iy ® X)
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with

m=Uv®Q) +Uy®T)+a(ly®@U)
N
+ Y Un®@mpg)(In ® Py)
g=1
_ 30[2 _
—9(UN® Z) — T(IN ® X)

—¢F — &S+ 2M(Iy ® Ryp)

+ 20Uy @ Wep)Sop(I + Lp)Yy,
il =3(Iy ® Z) + Mk (Agy ® Dyp),

s =—(1—-MIy® Q) — 18(Iy ® Z),
6 =3Iy ® 2),

fo=—Un®T) -9y ® Z),
nio = MUy ® Ryp)

+UN® Wlp)SOp(I + Lp)Yp +2(In ® I;p) - M,
2
_ - o -
i =a’(Iy ®Z) + - (n ®X)

—2M,  fa=-T20(Iy ® Z) + 12(Iy ® U).

Then, the fault-tolerant control is designed as K,, =

YypM~L.

Proof The matrix variables required are defined M =
M~ P, = MP,M,Q = MOM, T = MTM, U =
MUM, Z=MZM, X = MXM, F = MFM, § =
MSM, and Yyp = KypMT. By performing pre- and post-
multiply bydiag[M M M M M M M M M
M M] in (17), the resulting LMI (35) is obtained. This
concludes the proof. O

Remark 2 1If the system (11) does not include fuzzy compo-
nents, it can be written as the following equation:

é(t) =(In ® Rple(t) + (In ® Cp)g(e(t))
+ Kk (A, ® Dpe(t — a(t))

+ (In ® Wp)Sop(I + Lp)Kpe(r), (36)
then it is clear from the proof of Theorem 2 that the system
holds.

Remark 3 Primarily, computational complexity will be a big
issue based on how large are the LMIs. However, large size of
LMIs yields better performance. The results in Theorems are
derived based on the construction of proper LKF with double
and triple, integral terms in V3(e;), Va(e;), and by using new
integral inequality techniques which produce tighter bounds
than what the existing ones such as the Reciprocally convex
approach. As a result, some computational complexity can
occur in the proposed criterion. It should be mentioned that

the obtained maximum allowable bounds « are less conser-
vative than the existing ones in the literature, it is easy to
see in Table 2. To minimize computation complexity burden
and time computation, we will be using Finsler’s Lemma
in our future work to reduce the number of decision vari-
ables. The above comments have been included in the revised
manuscript.

Remark 4 Generally, synchronization scheme with fault-
tolerant control (FTC), T-S fuzzy, and Markovian jumping
problems are not simply applied to complex dynamical net-
works (CDNs). Some research publications have tackled
such problems. It is noted that the authors of [23] investigated
the fault-tolerant control problem for Markov jump nonlinear
systems in the presence of actuator faults. Moreover, the work
presented in [27] explored the FTC synchronization control
for CDN with semi-markov jump topology. Further, in [3],
the authors explored the pinning synchronization for delayed
CDNs with Markovian jump modes. Also, the research in
[28] focused on the analysis of synchronization of T-S fuzzy
Markovian jump CDNs. The model considered in the present
study is more practical than that proposed by [3,23,27,28],
because they consider usual relevant control has been stud-
ied with CDNs based on stabilization conditions, but in this
paper, we consider a FTC, with the combination of syn-
chronization approach, coupling delay, T-S fuzzy rules, and
Markovian jumping modes. Due to the many real-life appli-
cations, the combined study of CDNs and fuzzy FTC to the
system model is more important. The purpose of this study
is to establish synchronization of these complex networks
achieved through FTC by applying the Lyapunov functional
theory and to apply a practical application of the Chua circuit
with time delay. Furthermore, fault-tolerant control design is
gaining more importance as it can maintain system stabil-
ity and preserve the performance of considered systems in
the presence of actuator faults. Hence, the comprehensive
analysis of the proposed control strategy in the presence of
multiple challenges demonstrates the system’s relevance and
applicability to real-world scenarios.

4 Numerical Examples

This section includes numerical examples illustrating the
effectiveness of the proposed strategy in achieving synchro-
nization for MJCDNSs (3) and (4) with coupling delay and
T-S fuzzy using fault-tolerant control.

Example 1 Consider aT-S fuzzy MJCDNSs (3) and (4), which
is described by the following parameters: N = 5 nodes, two
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fuzzy rules and 2 jumping mode (p = 1, 2):

-4 2 0 -3 2 03
Ry=|1-201], Rp=|0-220 1|,
102 1 —6 02 1 -5
102 0 1.2 3 02
Ci1=100301], Chp=]10-21 0 ,
|10 1 0.1 0 1 -0.1
[0.10.30.4 1.3 04 0]
Wi=105-201|, Wp= 0 0.62 () ,
L0 1038 1
[0.1 04 0 1.30.8 O
Aii=|00120 |, Ap=]| 0060
L0 1 06 0 1 0.9]
So1 =diag{0.4, 0.3, 0.5, 0.6, 0.15,
0.25, 0.35, 0.26, 0.14, 0.58,
0.22, 045, 0.5, 0.6, 0.4},
[—1.51.05 2 —-52 0.6 0.2
Ry = 0 5 0 , Ry = 0 =22 0 ,
| 1 0.1 =23 0 0 —-6.3
[—15 04 O 1.5 0 0.6
Cyu=1|03 =26 0 , C»p=103-250 |,
| 0 1 =62 0O 1 6
1213 0 —-1.205 0
Woi=1] 031 O , Wi = 0O 5 0],
106 0 —1.5 02 0 —1
6 0 0 0.30.10
Ayp=101-401], Ap=]0 30
L0 1 —1 0.1 12
So2 =diag{0.1, 0.3, 0.2, 0.4, 0.25,
0.75, 0.6, 0.46, 0.44,
0.68, 0.72, 0.75, 0.35, 0.64, 0.74},

where g(e(t)) = tanh(e(t)), and the outer coupling matrices
are

-05 04 03 02 04
0 -0.1 0.1 —1.2 0.1
0.6 04 —-04 02 04 |,
04 05 —-0.2 0.1 —-0.1
05 0 —-05 04 08

—-04 12 13 —02-03
03 04 05 —1.6 0.3

Dpo=1]07 13 —-14 08 03 |,
0.8 09 —1.2-02-03
0.7 —0.5-12 0.2 —0.1

Dy =

@ Springer

—120.1 21 04 —0.7
04 13 03 —1.5 0.6

Dy=| 14 12-16 0.1 05 |,
0.7 03 —-17—-1.7 0.4
03 0.6—-14 06 —0.8

-1.7 13 12 —-04-1.1
0.8 04 06 —1.1 05
Dn=1|05 17 —16 1.8 03
0.1 19 —02-12-23
02 —15-02 22 —1.1

The fuzzy membership functions are taken as | (w(t)) =

sin(w(®) = 6 (@) /o)1 = &), Yy2(e@) = (w@) —

sin(w(?)))/w()(1 —6), where 6 > 0, transition matrix 7 =

0.3 —0.3
|:_05 0.5 :| ,o =16, A =0.8,¢ =0.5 and « = 0.1.

According to Theorem 2 in the LMI (35) and with the help
of the Matlab LMI Toolbox, the control gain matrices can be
derived using the specified matrix variables in the following
manner:

K11 =diag{Kia, Koa, K3a, Kaa, Ksa},
K12 = diag{Kea, K7a, Ksa, Koa, K104},
Ky =diag{Kiia, Ki2a> Ki3a> K14a, K154},
Ky =diag{Ki6a, Ki7a, Ki8a, K194, K204},

where

[—0.2628 —0.6935 0.3717 ]
—0.0995 -0.4116 0.2108
| 0.0622 0.2562 —0.2885 |

[—0.2119 —0.8224 0.4280 ]
—0.2033 —1.0253 0.5246
| 0.1080 0.5704 —0.6135 |

[—0.2319 —0.6121 0.4534
—0.0943 —0.4180 0.2753
| 0.1074 04773 —0.7922

[—0.2440 —0.8546 0.4271 ]
—0.1736 —0.7943 0.3840
0.0878 0.4054 —0.3780 |

[[—0.2355 —0.5514 0.4456 ]
—0.0572 —0.2015 0.1494
| 0.0826 0.2777 —0.3845 |

[—0.0228 0.0540 —0.0764]
—0.0630 —0.5915 0.3876
| 0.0464 0.4880 —0.6946 |

[[—0.0140 0.0237 —0.04197]
—0.1286 —0.9895 0.5450
| 0.0764 0.6503 —0.9849 |

Kis =

K3, =

Ky, =

Ksq, =

Keq =

K7, =
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C—0.0281 0.0283 —0.0785]]
—0.0625 —0.5125 0.3333
| 0.0567 0.5485 —1.1756 |

[—0.0132 0.0363 —0.0506 |
—0.0912 —0.7119 0.4141
| 0.0581 0.4951 —0.6878 |

T—0.0185 0.0310 —0.07197]
—0.0266 —0.2384 0.2104
| 0.0364 03709 —0.7573 |

[—1.1783 —1.1895 0.0933 ]
—0.1082 —0.7613 0.1161
| 0.1544 1.7800 —6.6846 |

[—0.3299 —0.4695 0.0404 ]
—0.1532 —1.0075 0.1817
| 0.0392 0.4526 —1.9024 |

[[—0.2063 —0.2712 0.0473 ]
—0.0543 —0.3408 0.0153
| 0.0851 0.8026 —3.5334 |

[[—0.1787 —0.2348 0.0191 ]
—0.0287 —0.1662 0.0125
| 0.0473 0.4660 —1.8355 |

[—0.3702 —0.4023 0.0035 ]
—0.0321 —0.1940 0.0217
| 0.0428 0.4879 —2.0166 |

Kg, =

Ki1a =

K =

K3, =

K4 =

[[—0.2965 —0.2798 0.0525 ]
—0.2798 —2.2891 0.5300
| 0.0525 0.5300 —1.8924 |

[—0.2797 —0.3062 0.0521 |
—0.3062 —2.2385 0.4971
| 0.0521 0.4971 —1.8546

[—0.2820 —0.2904 0.0478 ]
—0.2904 —2.1430 0.4412
| 0.0478 0.4412 —1.7967 |

[—0.2848 —0.3138 0.0559 |
—0.3138 —=2.2730 0.5033
| 0.0559 0.5033 —1.8488 |

[—0.2847 —0.2900 0.0523 ]
—0.2900 —2.1419 0.4745 |.
| 0.0523 0.4745 —1.8268 |

Ki6a =

K74 =

Kigq =

Ki9q =

K20a =

Figures1, 2,3,4,5,6,7,8,9, 10, and 11 represent the state
trajectories of the system (11) using random initial condi-
tions. These figures illustrate the perfect synchronization of
the states of both identical and isolated nodes, which under-
lines the effectiveness of the developed control strategy. To
evaluate the efficiency of the method, we show the synchro-

Error response Error response

Error response

State Trajectories
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Fig. 2 State responses for the error system (11) for Example 1
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Fig. 3 State responses for u(t) Example 1
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1,2,3,4,5)

sa(t) and Xis(t) (i

Time

Fig. 10 Stateresponsesofx;3(¢) (i = 1,2, 3,4, 5) and s3(¢) for Exam-
ple 1

State Trajectories

Time

Fig. 11 State trajectories of system without control in Example 1

nization errors between the node states in Figs. 1 and 2 and
the control inputs for all initial nodes in Figs.3, 4, 5, 6, and
7. The system with the various state responses is simulated
in Figs. 8, 9, and 10. Assume that the random initial values
of the master system and the slave system in Figs. 8, 9, and
10 are initially the responses of the states x;1(t) — s1(¢),
Xxi2(t) — s2(1), x;3(t) — s3(¢) where (i = 1,2,3,4,5). It
can be clearly seen that the master and slave models are
synchronized with the proposed control scheme. Therefore,
the systems (1) and (2) can successfully synchronized. In
addition, Fig. 11 shows the state responses without control
inputs, while Fig. 12 shows the jump mode in Example 1.
We have compared our results with different studies in Table
1, including [4,8,17,27,28], and discussed the advantages of
this work. Overall, these results demonstrate the controller’s
ability to effectively synchronize the MJCDNs despite cou-
pling delays.

1.5 T T T v ' . —
1 — 4
T 05 1
0 1. -
_0.5 - 1 L L 4 L L L -
20 40 60 80 100 120 140
Time t

Fig. 12 Jumping modes responses in the Example 1

Table 1 Comparison with other works

Integer order [4] [8] [28] [17] [27] Our paper
CDNs v v X X v v
Fault-tolerant control ~ x X X X v v
Markovian jump X X v X X v
T-S Fuzzy X X v v X v
Synchronization v v v X v v
MICDNs X X v X X v

Example 2 In this example, we study the system (36) with
a Markovian jump process where p = 1,2, and apply it to
a practical model. The Chua’s oscillator is shown in Fig. 13.
The model equations are given by [40,41]:

x1(0) = ap (x2()—mpx 1 (1)—g(x1 (1)) —=bpx (t—d(1)),

Xo(t) = x1(t) — x2(t) +x3(t) — bpx1(t — d(1)),

X3(t) = —cpxa(t) + by 2x1(t —d(t)) — x3(t = d(1))).
(37

Here, x1(¢), x2(1), and x3(¢) represent the state variables
of the oscillator. Parameters ap, by, mo, and m, are con-

Fig. 13 Chua’s oscillator for Example 2
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stants defining the behavior of the oscillator. a), is ratio of
capacitances, mg nonlinear resistance parameter, m p is linear
resistance parameter, and b, is parameter related to the resis-
tance and capacitance. with the nonlinear characteristics

(mp —mo)(lx1(t) + 1|=|x1(1) — 1]) .

| =

gx(1)) =

Let us consider a numerical example with the following
parameter values: Let a; = 10, by = 14.87, a» = 9.5,
by =13.65,¢c1 = 0.1, ¢cop =0.09, mg = —1.27, and m| =
mypy = 0.68.

Define x(t) = [x1(¢), x2(t), x3(¢)]. Then, the known
parameters can be expressed as the following matrix equa-
tion:

(—aym; a; O —asmy ar 0
R, = 1 —11|, Ry= 1 111,
0 —b; 0 0 —by 0
[ay(mi —mg) 00 ax(my —mgp) 00
C = 0 00|, C = 0 00{,
0 00 0 00
—c10 0 -0 0
AMl=|—c10 0 |, Ay=]—-0 0
| 2¢1 0 —¢q 2c2 0 —c2

The other parameter matrix is given as follows:

-2.1 1.2 0.1
Wi =W, = 0o —-22 0.1 |,
0 1 =33
So1 = So2 = diag{0.3, 0.35, 0.4, 0.44, 0.51,
0.55, 0.16, 0.56, 0.48, 0.52,
0.77, 0.78},

and the outer coupling matrices are

—1502 02 1.3
5 — Dy — 0 1231 0
0 04-0402
1.4 0 —-0.20.6

We can obtain that the gain matrix as follows:

K1 =diag{Ki1, K12, K13, K14},
K> =diag{K>, K», K23, K24},

—0.4251 0.0589 —0.5267
—0.0378 —0.5243 —0.1353 |,
—0.0341 —0.3630 —0.1310

K =

@ Springer

[—0.3301 0.0599 —0.3699]
Ki» = | —=0.0239 —0.4167 —0.0891 |,
| —0.0231 —0.3082 —0.0929 |
[—0.5574 0.4459 —1.17217]
K3 = | —0.0432 —0.0140 —0.1306 | ,
| —0.0519 0.0202 —0.1952 |
[—0.2804 0.1361 —0.3609]
K4 = | —0.0266 —0.1902 —0.0710 | ,
| —0.0245 —0.1450 —0.0781 |
[—4.0582 4.0438 —4.4480]
K71 = | —0.0225 —0.2568 —0.0668 | ,
| —0.0395 —0.1096 —0.1744 |
[[—3.1895 3.3497 —3.17247]
K7 = | —0.0160 —0.1979 —0.0483 | ,
| —0.0283 —0.0983 —0.1291 |
[—4.8411 5.1550 —9.3277
K>3 = | —0.0244 0.0046 —0.0721 |,
| —0.0616 0.1325 —0.3403
[—2.6508 3.1046 —3.1413
Ky4 = | —0.0175 —0.0805 —0.0435
| —0.0222 —0.0265 —0.1086

We will solve the system numerically and plot the trajec-
tories of the oscillator’s states. The Chua oscillator exhibits
complex dynamical behavior, including chaotic oscilla-
tions. Figure 14 graphically indicates the chaotic behavior
of Chua’s circuit. It has been extensively studied in the
field of nonlinear dynamics and chaos theory. The oscilla-
tor’s behavior is highly sensitive to its parameters, and it
can display a wide range of phenomena, including attractors
with fractal structure. Employing this approach, we exam-
ined and analyzed synchronization in this specific case. We
successfully addressed the LMI described in Theorem 2 for

Fig. 14 Chaotic behavior of the Chua’s circuit described in Example 2



G. Brundhashree et al.: Master—Slave Synchronization for Fuzzy...

1919

the system (36). The results of the numerical simulation are
shown in Figs. 15, 16, 17, 18, 19, and 20. Figures 15 and
16 show the state responses of the fault-tolerant control sys-
tem. Figures 17, 18, 19 and 20 show the input control for
each node individually. The system with the various state
responses is simulated in Figs.21, 22, and 23. Assume that
the random initial values of the master system and the slave
system in Figs.21, 22, and 23 are initially the responses of
the states x;1(t) — s1(2), xj2(t) — s2(2), x;3(t) — s3(¢) where
(i = 1,2,3,4). It can be clearly seen that the master and
slave models are synchronized with the proposed control
scheme. Therefore, the systems (1) and (2) can successfully
synchronized. Analysis of Figs. 15, 16, 17, 18, 19, and 20
suggests that the T-S fuzzy CDNs governed by (11) dis-
play mean-square stability. This observation emphasizes the
robustness and effectiveness of the proposed method in main-
taining stability and fault tolerance in complex networked
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Fig. 15 State responses for the error system for Example 2
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Fig. 23 State responses of x;1(¢) (i = 1,2, 3,4) and s3(¢) for Exam-
ple2

systems. Moreover, the results provide valuable insights into
the dynamics and control mechanisms of such networks
under different conditions, thus contributing to the advance-
ment of control theory and practice.

Remark 5 Synchronization approach with fault-tolerant con-
trol, T-S fuzzy, and Markovian jumping difficulties are not
usually employed for complex dynamical networks. Some
scientific publications have addressed such issues. However,
the authors used usual LKFs and simple examples to solve
the stability problems in those articles. A novel LKF with the
information of coupling delay, fuzzy rules, Markov modes,
and some integral inequalities is proposed for the stabil-
ity analysis of fault-tolerant control with synchronization
approach in this paper, considering that some computational
complexity can occur in our method. However, fault-tolerant
control with T-S fuzzy Markovian jumping problem was
completely studied for CDNs with mixed time delays, which
is the main contribution and motivation of our work.

Remark 6 In this study, we will deduce the system and
applied the proposed method to a similar system as in [42],
aiming to evaluate and compare the maximum allowable
upper bound (MAUB) of time-varying delays. Also, we have
taken the same parameter values from [42]. The MAUB
results presented in Table 2 demonstrate that our approach
consistently achieves higher values across different param-
eters (A = 0.8,0.9, and 1.0), with our method yielding

Table 2 MAUB « for different values of A

A 0.8 0.9 1.0
[42] 4.1089 2.7983 2.3562
Our result 6.0978 5.8098 4.0652
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MAUBS. The results significantly surpass those reported in
[42]. This demonstrates that our approach not only increases
the MAUB of time-varying delays but also enhances the
convergence speed of the system, making it more effec-
tive and efficient in practical applications. This comparison
highlights the superior performance and robustness of the
proposed method in handling time-varying delays within
complex dynamical networks.

5 Conclusion

This paper investigates master—slave synchronization in
MICDNSs using T-S fuzzy model techniques. It focuses on
fault-tolerant control mechanisms and control gain matrices
for efficient system regulation. Stability analysis is conducted
using Lyapunov functions, leading to the formulation of
constraints as LMIs. The proposed controller is validated
using MATLAB’s LMI toolbox, proving its suitability for
complex networks with large nodes due to low installation
costs and reduced time requirements. Future research will
explore adaptive fault-tolerant methods for sampled data sys-
tems. Simulation results demonstrate the validity of the main
results.
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