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cyber-physical systems against random packet losses
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This paper is concerned with the finite-time dissipative synchronization control problem of semi-Markov switched
cyber-physical systems in the presence of packet losses, which is constructed by the Takagi–Sugeno fuzzy model. To
save the network communication burden, a distributed dynamic event-triggered mechanism is developed to restrain the
information update. Besides, random packet dropouts following the Bernoulli distribution are assumed to occur in sensor
to controller channels, where the triggered control input is analyzed via an equivalent method containing a new stochas-
tic variable. By establishing the mode-dependent Lyapunov–Krasovskii functional with augmented terms, the finite-time
boundness of the error system limited to strict dissipativity is studied. As a result of the help of an extended reciprocally
convex matrix inequality technique, less conservative criteria in terms of linear matrix inequalities are deduced to calculate
the desired control gains. Finally, two examples in regard to practical systems are provided to display the effectiveness of
the proposed theory.

Keywords: cyber-physical systems, finite-time synchronization, distributed dynamic event-triggered mecha-
nism, random packet losses
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1. Introduction
Cyber-physical systems (CPSs), as the complex sys-

tems integrating computation, networks communication and
control,[1,2] have been investigated intensively due to their fre-
quent applications in network coordination and physical re-
sources, such as network power schedules, multi-agent con-
trol and remote estimation.[3–5] It is worth noting that reli-
ability has become the increasingly critical network-induced
issue in the control of real CPSs. In Refs. [6,7], the slid-
ing mode control approach was deployed for CPSs with ma-
licious attacks to guarantee security and reliability. In par-
ticular, bandwidth limitation is becoming a serious problem
due to the physical properties of network interaction, which
generates inevitable information packet losses. Nevertheless,
current research rarely refers to the effect of random packet
losses in CPSs, aside from the interconnected multi-systems
with complex structure.

The Takagi–Sugeno (T-S) fuzzy model has been used to
handle complex nonlinear systems due to its remarkable com-
petence in accurate approximation.[8–10] Reference [11] built
the model of partially coupled complex networks via a collec-
tion of IF-THEN rules and fuzzy membership functions. To
solve the immeasurable state problem, Ref. [12] also devel-
oped an adaptive fuzzy observer using IF-THEN fuzzy rules.
The T-S fuzzy model was applied in the resilient controller de-
sign of CPSs to deal with input saturation and cyberattack in
Ref. [13]. In reality, abrupt changes in system structure may

lead to unexpected mode variation and system instability, such
that Markov switched parameters are introduced to organize
the T-S fuzzy system model.[14,15] In Ref. [14], a finite-time
asynchronous state estimation scheme was raised for Markov
jump T-S fuzzy systems. As reported in Ref. [16], the transi-
tion probability matrix is considered to be time-varying be-
cause the sojourn time obeys arbitrary probability distribu-
tions. In view of this, semi-Markov switched T-S fuzzy sys-
tems have more relaxed constraint compared with conven-
tional ones.[17,18] For instance, in Ref. [17], Zhang et al. con-
cerned the stabilization issue of uncertain T-S fuzzy systems
under a semi-Markov chain. Therefore, it is meaningful to
further explore the effective control theory in T-S fuzzy CPSs
(TSFCPSs) subject to semi-Markov switched modes.

In the study of system stability control, most of the ex-
isting results focused on Lyapunov stability within an infi-
nite time interval, but some realistic scenes require finite-
time control performance. The authors in Ref. [19] applied
a power integrator technique combined with a backstepping
method to achieve finite-time stability control. Such a the-
ory has been imported to finite-time synchronization (FTS)
and, simultaneously, it should also be emphasized that con-
sideration of system properties in the achievement of FTS is
necessary.[20,21] As the description of the immanent relation-
ship between storage functions and supply rates, dissipativity
performance can reflect the internal stability and has been re-
garded as a more powerful tool in system control than passivity
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and H∞ theory.[22] With regard to a class of Markovian jump
inertial neural networks, Song et al. derived the less conserva-
tive criterion of FTS with a dissipative index in Ref. [23]. As
reported in Ref. [24], the global dissipativity based on the Fil-
ippov solution was developed to ensure the FTS of memristor-
based neural networks. However, the dissipative problem of
FTS control for TSFCPSs has not attracted adequate attention.

To cope with the limited communication resources, an
event-triggered mechanism (ETM) was proposed to reduce
frequent data transmission and overmuch consumption.[25–28]

By this means, the updated data of the control input are re-
leased only when a prespecified trigger condition is satisfied.
In Ref. [29], based on adaptive ETM, the authors proposed
a quantized method for the distributed estimation of semi-
Markov switched sensor networks. With the event-based con-
trol technique, the stability problem of linear systems suffer-
ing packet losses was solved in Ref. [30]. In recent literature,
a class of dynamic ETM was designed by setting an internal
iterative variable in the triggering condition, which possesses
lower triggering frequency than conventional ETM.[31–33] As
shown in Ref. [33], the authors proposed a H∞ filtering strat-
egy for a T-S fuzzy system based on dynamic ETM, which
contributed to reduction of the consumption. Although the
dynamic ETM has shown superiority, some redundant data
will be transmitted if subsystems share a unified triggering
condition, which promotes the motivation for extending re-
lated studies under the distributed framework.[34–36] Besides,
the process of packet dropout is depicted by a stochastic se-
quence following the continuous Bernoulli distribution in pre-
vious studies like Refs. [37–39], but this method is unsuitable
for a non-uniform sampling situation where triggering instants
fail to be transmitted. Therefore, there is the need to estab-
lish a realistic framework to analyze a distributed dynamic
ETM (DDETM) influenced by random packet losses in semi-
Markov switched TSFCPSs.

According to the aforementioned analysis, this paper
aims to investigate the strictly dissipative FTS issue of semi-
Markov switched TSFCPSs with packet dropouts under a dis-
tributed dynamic event-based pinning control scheme. The
main contributions are summarized as follows:

1) To investigate the finite-time synchronization strat-
egy within the framework of CPSs with interconnected multi-
systems, a T-S fuzzy model-based distributed control con-
struction is developed. In contrast to the network models in
Refs. [21,42], the presented system considers parameters sub-
ject to a semi-Markov chain and a communication process re-
strained by packet loss simultaneously.

2) The pinning strategy and DDETM are jointly proposed
to improve the transmission schedule of desired controller sig-
nals. Unlike the approaches in Refs. [25–27], a dynamic vari-
able related to synchronization errors is introduced to design

the triggering condition, which results in a lower information
update frequency. Additionally, aiming to handle the stochas-
tic data loss sequence that does not satisfy Bernoulli dis-
tribution, an equivalent prediction model distinguished from
Refs. [37–39] is provided to transform the triggering instant.

3) Based on augmented terms with respect to delays,
a mode-dependent Lyapunov–Krasovskii functional (LKF) is
constructed to guarantee the FTS accompanied by the desired
dissipative performance. Compared with the sum-term estima-
tion methods in Refs. [11,27,31,43], an extended reciprocally
convex matrix inequality (ERCMI) is combined with a delay-
product-type double sum term to derive a tighter result with
less conservatism.

The rest of this paper is arranged as follows: Section 2
describes the preliminaries and builds the problem model. In
Section 3, synchronization and dissipativity analysis of closed-
loop TSFCPSs proceed via strict mathematical derivations.
Section 4 provides two examples to verify the theoretical re-
sults. Section 5 gives the conclusions.

Notations Throughout the paper, Rn and Rn×m represent
the n-dimensional Euclidean space and the set of all n × m
dimensional real matrices; Z+ denotes the set of all posi-
tive integers; l2[0,∞) means the space of square-summable
infinite vector functions over [0,∞); vecn {·} is the symbol
of the column vector, including n blocks; diag{·} means a
block-diagonal matrix; ⊗ refers to the Kronecker product;
cmax(R) (cmin(R)) represents the maximum eigenvalue (min-
imum eigenvalue) of the matrix R; Pr{·} and ℰ {·} represent
the probability of event occurrence and mathematical expecta-
tion, respectively; Sym{P}= PT +P; and * denotes the sym-
metric term of a symmetric matrix. In addition, the matrix
Q > 0 (Q < 0) means Q is a positive-definite matrix (negative-
definite matrix).

2. Problem formulation and preliminaries
Consider a class of semi-Markovian switched discrete-

time complex networks with N coupled nodes as the CPSs,
which can be described by the following T-S fuzzy rules:

Plant rule 𝑚: If κ1(k) is 𝒢m
1 , κ2(k) is 𝒢m

2 , . . ., and κp(k)
is 𝒢m

p , then

xi(k+1) = Aλ (k)
m xi(k)+Bλ (k)

m f (xi(k))

+Dλ (k)
m h(xi(k−σ(k)))

+
N

∑
j=1

gλ (k)
i j Lxi(k)+Rλ (k)

m ui(k)

+Oλ (k)
m ωi(k)+ Jλ (k),

yi(k) =Cλ (k)
m xi(k)+Eλ (k)

m ω(k),

xi(s) = νi(s), s ∈ {−σ̄ ,−σ̄ +1, . . . ,0} ,

(1)

where κ(k) =
{

κ1(k),κ2(k), . . . ,κp(k)
}

denotes the premise
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variables, 𝒢m
1 , 𝒢m

2 , . . ., 𝒢m
p are the fuzzy sets described by

membership variables with m = 1,2, . . . ,r and r is the num-
ber of fuzzy rules. Here, xi(k) ∈ Rn, yi(k) ∈ Ry, ui(k) ∈ Rn

are the state vector, controlled output vector and controller
signal of the ith node, respectively; σ(k) represents the time-
varying delays appearing in dynamic behavior; ωi(k) ∈ Rnω

is the disturbance input vector; and Jλ (k) ∈ Rn is the exter-
nal input vector. Meanwhile, f (xi(k)) = vecn { fi(xi(k))} and
h(xi(k−σ(k))) = vecn {hi(xi(k−σ(k)))} are the non-delayed
and delayed node activation functions. Here, νi(s) is the
initial condition of presented CPSs, L stands for the inner
coupled parameter matrix and Gλ (k) = (gλ (k)

i j )N×N ∈ RN×N

is the outer coupling matrix of the network structure, where
gλ (k)

i j ≥ 0, i ̸= j and ∑
N
j=1 gλ (k)

i j = 0. Meanwhile, Aλ (k)
m , Bλ (k)

m ,

Cλ (k)
m , Dλ (k)

m , Eλ (k)
m , Rλ (k)

m and Oλ (k)
m are weight matrices with

appropriate dimensions, which follows the semi-Markov pro-
cess {λ (k),k ≥ 0} within a finite set 𝒱 = {1,2, . . . ,v}.

Network 
node i 

Sensor

Fuzzy pinning 

controller

Target node

Actuator

Network

Dynamic event 

detector

ZOH

Premise 
synchronizer

+
-

Packet losses

ui↼k↽

xi↼k↽

x↼k↽

ei↼ki↽

ei↼k↽

ei↼k↽

q

~

Fig. 1. A block diagram of the control procedure in node i.

Some essential conditions are highlighted as follows:
(A1) For the time-varying delay σ(k), there are several

constants σ̄ , σ , τ and τ̄ satisfying 0 ≤ σ ≤ σ(k) ≤ σ̄ and
τ ≤ τ(k) ≤ τ̄ , where τ(k) is defined as σ(k+ 1)−σ(k). For
simplification, set ∆σ = σ̄ −σ , σ = σ(k) and τ = τ(k).

(A2) The nonlinear node activation functions fi(·) and
hi(·) are restrained by the following global Lipschitz condi-
tion for ∀a1,a2,b1,b2 ∈ R with a1 ̸= a2, b1 ̸= b2:

α
−
l ≤ fl(a1)− fl(a2)

a1 −a2
≤ α

+
l , β

−
l ≤ hl(b1)−hl(b2)

b1 −b2
≤ β

+
l ,

where α
−
l , α

+
l , β

−
l and β

+
l are stated constant scalars.

(A3) The discrete semi-Markov chain {λ (k),k ≥ 0} is
right-continuous and the mode switching complies with the
transition probability Pr{λ (k+1) = s|λ (k) = t} = ψst(k),
where ψst(k) ∈ [0,1], ∀s, t ∈ 𝒱 , is regulated by the properties
∑

v
s=1 ψst(k) = 1, ψ

−
st ≤ ψst(k)≤ ψ

+
st .

As ψst(k) is time-varying with incomplete measuring in-
formation, it can be expressed by the following new form:

ψst(k) =
ℒ

∑
ℓ

µℓψ
ℓ
st ,

ℒ

∑
ℓ

µℓ = 1

for µℓ ≥ 0. Based on Refs. [16,18,22], ψℓ
st is limited by the

following boundary conditions:

ψ
ℓ
st =


ψ

−
st +(ℓ−1)

ψ
+
st −ψ

−
st

ℒ−1
, s ̸= t,

ψ
+
st +(ℓ−1)

ψ
+
st −ψ

−
st

ℒ−1
, s = t.

(2)

Via the weighted average fuzzy blending method, the
global TSFCPSs model with respect to subsystem (1) is de-
scribed as

xi(k+1) =
r

∑
m=1

ℑm
[
Aλ (k)

m xi(k)+Bλ (k)
m f (xi(k))

+Dλ (k)
m h(xi(k−σ)))

+
N

∑
j=1

gλ (k)
i j Lxi(k)+Rλ (k)

m ui(k)

+Oλ (k)
m ωi(k)+ Jλ (k)],

yi(k) =
r

∑
m=1

ℑm
[
Cλ (k)

m xi(k)+Eλ (k)
m ω(k)

]
,

(3)

where ℑm represents the simplification of the normalized
membership function ℑm(κ(k)) satisfying

ℑm(κ(k)) =
∏

p
h ℱ

h
m(κh(k))

∑
r
j ∏

p
j ℱh

j (κh(k))
,

in which ℱh
m(κh(k)) is the membership degree of κh(k) in ℱh

m.
From the definition of fuzzy sets, ∏

p
h ℱ

h
m(κh(k))> 0, such that

ℑm(κ(k)) ∈ (0,1) and ∑
r
m=1 ℑm(κ(k)) = 1.

The model of the target node in TSFCPSs is given as



x̃(k+1) =
r

∑
m=1

ℑm
[
Aλ (k)

m x̃(k)+Bλ (k)
m f (x̃(k))

+Dλ (k)
m h(x̃(k−σ))+ Jλ (k)],

ỹ(k) =
r

∑
m=1

ℑmCλ (k)
m x̃(k),

(4)

where x̃(k) ∈ Rn, ỹ(k) ∈ Ry are vectors on behalf of the tar-
get state and corresponding control output, respectively. The
initial state of x̃(k) is set as ν̃(s) for s ∈ {−σ̄ ,−σ̄ +1, . . . ,0}.

We define ei(k) = xi(k)− x̃(k) and eyi = yi(k)− ỹ(k), such
that we obtain the synchronization error system of TSFCPSs
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as below:

ei(k+1) =
r

∑
m=1

ℑm
[
Aλ (k)

m ei(k)+Bλ (k)
m f̃ (ei(k))

+Dλ (k)
m h̃(ei(k−σ))

+
N

∑
j=1

gλ (k)
i j Lei(k)+Rλ (k)

m ui(k)

+Oλ (k)
m ωi(k)

]
,

eyi(k) =
r

∑
m=1

ℑm

[
Cλ (k)

m ei(k)+Eλ (k)
m ωi(k)

]
,

(5)

where f̃ (ei(k)) = f (xi(k))− f (x̃(k)), h̃(ei(k−σ)) = h(xi(k−
σ))−h(x̃(k−σ)). The block diagram of controlled node i is
plotted in Fig. 1.

To compensate the lost data caused by packet losses, the
estimated error is introduced to the controller design. Com-
bined with the parallel distribution control (PDC) technology,
the fuzzy pinning controller can be given by the following
rules:

Controller rule 𝑣: If κ1(k) is 𝒢v
1, κ2(k) is 𝒢v

1, . . . , and
κp(k) is 𝒢v

p, then

ui(k) =−ϕiK
λ (k)
i,v ēi(k), (6)

where ēi(k) is the estimated control input and Kλk
i,v is the ith

control gain matrix under the fuzzy rule v. Besides, ϕi is the
pinning parameter, where ϕi = 1 means the ith node is con-
trolled, otherwise ϕi = 0.

The distributed event generator function Q(·, ·) is regu-
lated as follows:

Q(ei(k),δi) = ε
T
i (k)εi(k)−δieT

i (k)ei(k), (7)

where εi(k) = ei(k)− ei(k
q
i ) and δi is a settled positive scalar.

Therein, kq
i denotes the qth triggered instant of the ith node

and kq+1
i is the next triggered instant with k0

i = 0, kq
i < kq+1

i .
The update instants of the controller are decided iteratively by
the following event-triggered constraint:

kq+1
i = inf

{
k ∈ Z+

∣∣∣∣k > kq
i , Q(ei(k),δi)−

Γi(k)
ρ̂i

≥ 0
}
,

k0
i = 0. (8)

Here, ρ̂i is a given positive parameter, and Γi(k) represents the
ith internal dynamic variable, which is described as

Γi(k+1) = ηiΓi(k)+δieT
i (k)ei(k)− ε

T
i (k)εi(k) (9)

with Γi(0) = Γ 0
i ≥ 0 and the given constant ηi ∈ (0,1).

Remark 1 Compared with the traditional ETMs, shown
in Refs. [25–27], restricted by a static-coefficient-related trig-
gering threshold, the adopted DDETM is established under a
time-varying constraint condition, where the dynamic variable

Γi(k) is influenced by the real-time system errors ei(k) and
εi(k). It is obvious from Eq. (8) that the triggering mechanism
will reduce to the static ETM in Ref. [27] if parameter ρ̂i goes
to infinity. Therefore, the DDETM can flexibly regulate the
distributed controller performance by changing parameters δi

and ρ̂i. It easily observes that the value of δi increases together
with the decrease of the triggering rate, while the triggering
rate increases with the growth of ρ̂i.

Since the controller signal will be updated when the trig-
gering condition (8) is satisfied, the packet loss only occurs
on triggering instants. Therefore, during the triggering inter-
val [kq

i ,k
q+1
i ), there are two issues for the prediction of control

input ēi(k):
1) If k = kq

i , ēi(k
q
i )= ρi(k

q
i )ei(k

q
i )+(1−ρi(k

q
i ))ēi(k

q
i −1).

2) If k ∈ (kq
i ,k

q+1
i ), ēi(k) = ēi(k−1) = ēi(k

q
i ),

where ēi(−1) is the initial condition with a value of zero in
this paper, the stochastic variable ρi(k

q
i ) taking values of 1

or 0 is independent and follows the Bernoulli process with
Pr
{

ρi(k
q
i ) = 1

}
= ρ̃ and Pr

{
ρi(k

q
i ) = 0

}
= 1 − ρ̃ for ρ̃ ∈

[0,1]. By considering these two cases, the ith control input
is defined as

ēi(k) = ρi(k
q
i )ei(k

q
i )+(1−ρi(k

q
i ))ēi(k−1), (10)

where k ∈ [kq
i ,k

q+1
i ). In addition, the updated input signal

cannot be transmitted to the controller before the next trig-
gered instant, such that the value of ρi(k

q
i ) remains constant

within [kq
i ,k

q+1
i ). We define a new stochastic variable χ(k)

and the predicted control input is described as follows for
∀k ∈ [kq

i ,k
q+1
i ):

ēi(k) = χi(k)(ei(k)− εi(k))+(1−χi(k))ēi(k−1), (11)

where {χi(k)}k∈Z+ = {χi(0),χi(1), . . . ,χi(t), . . .} with χi(t) =
ρi(k

q
i ) for t ∈ [q + 1 + l(q),q + 1 + l(q) + li+1

i ] and l(q) =
l1
0 + l2

1 + · · ·+ li
i−1. It should be stressed that Pr{χi(k) = 1}=

Pr
{

ρi(k
q
i ) = 1

}
= ρ̃i and Pr{χi(k) = 0}= Pr

{
ρi(k

q
i ) = 0

}
=

1− ρ̃i. Thus, the control signal affected by dropped informa-
tion is rewritten as

ui(k) = −
r

∑
v=1

ℑvϕi
{

Kλ (k)
i,v χi(k)(ei(k)− εi(k))

+Kλ (k)
i,v (1−χi(k))ēi(k−1)

}
. (12)

The controller dynamics can be obtained by computing
ei(k) in the interval of [kq

i ,k
q+1
i ) for the availability of ei(k

q
i ).

Therefore, controller (12) can share the same premise vari-
ables κi(k) with system (1).

Remark 2 Combined with the packet dropout behavior,
the controller limited by the event-triggered condition will re-
ceive a relatively less feasible data packet from the sensor. It
is worth noting that triggering instants are non-uniform se-
quences, such that the continuous Bernoulli distribution model
in Refs. [8,29,38] cannot be directly employed to describe
the event-based controller. By constructing a new sequence
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{χ(k)}k∈Z+ in regard to variable k ∈ [kq
i ,k

q+1
i ), the circum-

stance of triggered data transmission will be captured ade-
quately.

Remark 3 In view of the concept of the ETM, premise
variables of the system usually differ from those in the con-
troller due to various time scales of ei(k) and ei(k

q
i ). Thus,

some of the literature, like Ref. [25], chose different premise
variables, which may lead to needless complexity. Notice
that ei(k) depends on ei(k

q
i ) for k ∈ [kq

i ,k
q+1
i ), and this paper

deploys a premise synchronizer for controller (12) to set its
premise variables approximate to the system’s.

Substituting Eq. (11) into Eq. (5), and letting e(k) =
colN

{
eT

i (k)
}

, F(e(k)) = colN
{

f̃i(ei(k))
}

, H(e(k − σ)) =

colN
{

h̃T
i (ei(k−σ))

}
, ω(k) = colN

{
ωT

i (k)
}

, Σ(k) =

diagN {χ̄i(k)}, χ̄i(k) = In · ρ̃i, 𝒦λ (k)
v = diagN

{
ϕiK

λ (k)
i,v

}
, the

simplified closed-loop system is presented as follows:

e(k+1) =
r

∑
m=1

r

∑
v=1

ℑmℑv
[
(𝐴

λ (k)
m −𝑅

λ (k)
m 𝒦λ (k)

v Σ(k)

+Gλ (k)⊗L)e(k)+𝐵
λ (k)
m F(e(k))

+𝐷
λ (k)
m H(e(k−σ))+𝑂

λ (k)
m ω(k)

+𝑅
λ (k)
m 𝒦λ (k)

v Σ(k)ε(k)

−𝑅
λ (k)
m 𝒦λ (k)

v (I −Σ(k))ē(k−1)
]
,

ey(k) =
r

∑
m=1

ℑm
[
𝐶

λ (k)
m e(k)+𝐸

λ (k)
m ω(k)

]
,

(13)

where some Kronecker products are set as 𝐴λ (k)
m = IN ⊗Aλ (k)

m ,
𝐵

λ (k)
m = IN ⊗Bλ (k)

m , 𝐷λ (k)
m = IN ⊗Dλ (k)

m , 𝑂λ (k)
m = IN ⊗Oλ (k)

m ,
𝑅

λ (k)
m = IN ⊗Rλ (k)

m , 𝐶λ (k)
m = IN ⊗Cλ (k)

m and 𝐸
λ (k)
m = IN ⊗Eλ (k)

m .
Figure 2 demonstrates the operation framework of the

closed-loop system, where the DDETM is proposed to man-
age the signal transmission. Moreover, a compensation mech-
anism is employed in the control input to guarantee the relia-
bility.

Before conducting further analysis, some essential defini-
tions, assumptions and lemmas are listed.

Definition 1[20] There is a matrix 𝒬, a given constant ω̃

and two positive scalars ε1, ε2 with ε1 < ε2. The error sys-
tem (13) is said to be mean-square finite-time bounded with
respect to (ε1,ε2,𝒳 ,𝒯 , ω̃) if the following condition is insured
for ∀k ∈ {1,2, . . . ,𝒯 }:


sup

ι={−σ̄ ,−σ̄+1,...,0}
ℰ
{

eT(ι)𝒳 e(ι)
}
≤ ε1

𝒯
∑

k=0
ωT(k)ω(k)≤ ω̃

⇒ ℰ
{

eT(k)𝒳 e(k)
}
≤ ε2.

(14)

Definition 2[22] Given a fixed scalar γ > 0, the real ma-
trices ϒ1 = ϒ T

1 ≤ 0, ϒ2 and ϒ3 = ϒ T
3 , system (1) with distur-

bance ω(k) ∈ l2[0,∞) can achieve the strictly (ϒ1,ϒ2,ϒ3)–γ–
dissipative FTS with respect to (ε1,ε2,𝒳 ,𝒯 , ω̃,γ) if error sys-
tem (13) satisfies the condition of Definition 1 and the follow-
ing inequation for all 𝒯 ≥ 0:

𝒯

∑
k=0

ℰ
{
𝒥 (ey(k),ω(k))

}
≥ γ

𝒯

∑
k=0

ω
T(k)ω(k), (15)

where the energy supply rate 𝒥 (ey(k),ω(k)) is denoted as

𝒥 (ey(k),ω(k))

= eT
y (k)ϒ1ey(k)+2eT

y (k)ϒ2ω(k)+ω
T(k)ϒ3ω(k).
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Fig. 2. The framework of detailed signal transmission in the whole closed-loop CPSs.
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Assumption 1 The initial value of the error system should
conform to the following condition:

ℰ
{

ψ
T(s)ψ(s)

}
≤ ε3, ∀s ∈ [σ̄ ,0)Z, (16)

where ψ(k) = e(k+ 1)− e(k) is the relative error and ε3 is a
given positive constant. According to the right inequation in
Definition 1, ψ(k) definitely satisfies ℰ

{
ψT(s)ψ(s)

}
≤ ∂ . If

there is a constant ε3 ≥ ∂ , in equation (16) holds.
Lemma 1[31] For the initial value Γi(0)≥ 0,∀i ∈ N, the in

equation ηiΓi(k)+ δieT
i (k)ei(k)− εT

i (k)εi(k) ≥ 0 can hold al-
ways if the selected parameters satisfy ηiρ̂i ≥ 1 with ηi ∈ (0,1)
and ρ̂i > 0 for i ∈ N.

Lemma 2[22] For a real scalar o ∈ (0,1), two symmet-
ric matrices 𝒮1 > 0, 𝒮2 > 0, and any matrices 𝒲1, 𝒲2, the
following form of ERCMI exists: 1

o
𝒮1 0

0
1

1−o
𝒮2


≥
[
𝒮1 +(1−o)ℵ1 (1−o)𝒲1 +o𝒲2

* 𝒮2 +oℵ2

]
, (17)

where ℵ1 = 𝒮1 −𝒲2𝒮−1
2 𝒲T

2 and ℵ2 = 𝒮2 −𝒲T
1 𝒮

−1
1 𝒲1.

Lemma 3[41] For a positive matrix 𝒬 and positive integer
ν1 < ν2, any discrete-time variable χ(k) ∈ Rn can satisfy the
following inequality:

ν2−1

∑
i=ν1

ς
T(i)𝒬ς(i)

≥ 1
ν2 −ν1

[
ℑ1
ℑ2

]T
𝒬 0

* 3
(

1+
2

ν2 −ν1 −1

)
𝒬

[ℑ1
ℑ2

]
,

(18)

where ς(k) = χ(k+1)−χ(k), ℑ1 = χ(ν2)−χ(ν1) and ℑ2 =

χ(ν2)+χ(ν1)−2∑
ν2
i=ν1

χ(i)
ν2 −ν1 +1

.

3. Main results
In this section, the finite-time strictly dissipative synchro-

nization conditions are discussed and the desired controller is
designed under the DDETM.

3.1. Finite-time boundness analysis

The finite-time boundness of synchronization errors will
be analyzed firstly in the following theorem. Consider the
semi-Markov switched error system (13) affected by random
packet losses.

Theorem 1 Suppose that conditions (A1)–(A3) hold, ηi ∈
(0,1), ρ̂i > 0 with ηiρ̂i ≥ 1 for i = 1,2, . . .N and controller
gain is provided. For given 0 < ε1 < ε2, ε3, ρ̃i, σ , σ̄ , τ ,
τ̄ and ω̃ , the error system (13) achieves finite-time bound-
ness with respect to (ε1,ε2,𝒳 ,𝒯 , ω̃) if there is the existence

of positive definite matrices 𝒫1,s = diag{𝒫11,s,𝒫12,s,𝒫13,s},
𝒫2 = diag{𝒫21,𝒫22}, 𝒲 , ℛ, 𝒬, 𝒰 = diag{𝒰1,𝒰2}, ℋ, sym-
metric matrices M1, M2, any matrices Θ1, Θ2, positive diago-
nal matrices ℜ1, ℜ2, and positive scalar c j ( j = 0,1, . . . ,10)
satisfying the following LMIs for ∀s ∈ 𝒱 and ∀ℓ ∈ ℒ:

𝒫†
s,[σ ]

> 0, 𝒫†
s,[σ̄ ]

> 0,[
Rm,v,s,ℓ
[τ,σ ]

Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
Rm,v,s,ℓ
[τ,σ̄ ]

Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,[

Rm,v,s,ℓ
[τ̄,σ ]

Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
Rm,v,s,ℓ
[τ̄,σ̄ ]

Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,

c0𝒳 ≤ 𝒫11,s ≤ c1𝒳 , 𝒫1 j,s ≤ c j𝒳 , j = 2,3,

𝒫2 j ≤ c j+3𝒳 , j = 1,2,

𝒲 ≤ c6𝒳 , ℛ≤ c7𝒳 , 𝒬≤ c8I,

𝒰1 ≤ c9𝒳 , 𝒰2 ≤ c10I,

ζ1ε1 +ζ2ε3 +ζ3 + cmax(ℋ)ω̃ ≤ ξ
−𝒯 c11ε2, (19)

where

𝒫†
s,[σ(k)] = 𝒫1,s +σ

[
𝒫2 0
* 0

]
, 𝒫̃ l

1,s = ∑t∈𝒱 µℓψ
ℓ
st𝒫1,t ,

Rm,v,s,ℓ
[τ(k),σ(k)] = Π

m,v,s,ℓ
1,[σ(k)]+Π

m,v,s,ℓ
2,[τ(k),σ(k)]+σ

2(Ω m,v
2 )T𝒬Ω

m,v
2

+
6

∑
i=1

Λi +Λ[σ(k)],

Π
m,v,s,ℓ
1,[σ(k)] = (∇m,v

2 )T𝒫̃ l
1,s∇

m,v
2 −∇

T
3𝒫1,s∇3

+σSym
{

∇
T
1 𝒫̃ l

1,s∇
m,v
2 −∇

T
1𝒫1,s∇3

}
,

Π
m,v,s,ℓ
2,[τ(k),σ(k)] = τ(∇m,v

4 )T𝒫2∇
m,v
4

+σ
[
(∇m,v

4 )T𝒫2∇
m,v
4 −∇

T
5𝒫2∇5

]
,

∇1 =
[
0,0,ℐT

7 −ℐT
8
]T

,

∇
m,v
4 =

[
(Ω m,v

1 )T,(σ +1)ℐT
7 −ℐT

2
]T

,

∇
m,v
2 =

[
(Ω m,v

1 )T,(1+σ)ℐT
7 −ℐT

1 ,(1−σ)ℐT
8

+(σ̄ +1)ℐT
9 −ℐT

3 −ℐT
4
]T
,

∇3 =
[
ℐT

1 ,(1+σ)ℐT
7 −ℐT

1 ,(1−σ)ℐT
8

+(σ̄ +1)ℐT
9 −ℐT

2 −ℐT
3
]T
,

∇5 =
[
ℐT

1 ,(σ +1)ℐT
7 −ℐT

1
]
,

Ω
m,v
1 =

[
𝐴s

m −𝑅s
m𝒦s

vΣ(k)+Gs ⊗L,0,0,0,

𝐵s
m,𝐷

s
m,0,0,0,𝑅

s
m𝒦s

v(I −Σ(k)),

𝑂s
m,𝑅

s
m𝒦s

vΣ(k),0
]T
,

Ω
m,v
2 =

[
𝐴s

m −𝑅s
m𝒦s

vΣ(k)+Gs ⊗L− I,0,0,0,

𝐵s
m,𝐷

s
m,0,0,0,𝑅

s
m𝒦s

v(I −Σ(k)),𝑂s
m,

𝑅s
m𝒦s

vΣ(k),0
]T
,

Λ1 = ℐT
1 Σ

T(k)𝒲Σ(k)ℐ1 +ℐT
12Σ

T(k)𝒲Σ(k)ℐ12

+ℐT
10(I −Σ(k))T𝒲(I −Σ(k))ℐ10

+Sym
{
ℐT

1 Σ
T(k)𝒲(I −Σ(k))ℐ10

−ℐT
1 Σ

T(k)𝒲Σ(k)ℐ12 −ℐT
12Σ

T(k)𝒲
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×(I −Σ(k))ℐ10
}
−ξℐT

10𝒲ℐ10,

Λ2 = (σ̄ −σ +1)ℐT
1 ℛℐ1 −ξ

σ̄ℐT
3 ℛℐ3,

Λ3 = φ
T
1

[
𝒬 0
* 3𝒬(σ +1)/(σ −1)

]
φ1,

Λ4 = ∆
2
σ φ

T
2 𝒰φ2 −ξ

σ+1
∆σ (ℐT

2 M1ℐ2 −ℐT
4 M2ℐ4

−ℐT
3 M1ℐ3 +ℐT

3 M2ℐ3),

Λ5 = φ
T
3

[
−𝒜1ℜ1 𝒜2ℜ1

* −ℜ1

]
φ3

+φ
T
4

[
−ℬ1ℜ2 ℬ2ℜ2

* −ℜ2

]
φ4,

Λ6 = ℐT
1 diagN

{
ξ
−1 δi

ρ̂i
+ h̄δi

}
ℐ1

−ℐT
12 diagN

{
ξ−1

ρ̂i
+ h̄
}
ℐ12

+ℐT
13 diagN

{
ξ−1ηi −1+ h̄

ρ̂i

}
ℐ13,

Λ[σ ] = −φ
T
5

[
21 ℵ1
* 2

]
φ5, Λ[σ̄ ] =−φ

T
5

[
1 ℵ2
* 22

]
φ5,

is = 𝒰 +

[
0 Ms
* Ms

]
, s = 1,2,

φ5 =
[
Ξ

T
[σ ,σ(k)],Ξ

T
[σ(k),σ̄ ]

]T
,

φ1 =

[
ℐ1 −ℐ2

ℐ1 +ℐ2 −2ℐ7

]
, φ2 =

[
ℐ1

Ω
m,v
2

]
,

φ3 =

[
ℐ1
ℐ5

]
, φ4 =

[
ℐ3
ℐ6

]
,

Ξ[σ ,σ(k)] =

[
ℐ8

ℐ2 −ℐ3

]
, Ξ[σ(k),σ̄ ] =

[
ℐ9

ℐ3 −ℐ4

]
,

ℐi =
[
0nN×(i−1)nN , InN ,0nN×(13−i)nN

]
,

i = 1,2, . . . ,13,

𝒜1 = IN ⊗𝒜̃1, 𝒜2 = IN ⊗𝒜̃2,

ℬ1 = IN ⊗ℬ̃1, ℬ2 = IN ⊗ℬ̃2,

𝒜̃1 = diagn
{

α
−
l α

+
l

}
, 𝒜̃2 =

1
2

diagn
{

α
−
l +α

+
l

}
,

ℬ̃1 = diagn
{

β
−
l β

+
l

}
, ℬ̃2 =

1
2

diagn
{

β
−
l +β

+
l

}
,

ζ1 = c1 + c2σ
2 + c3∆

2
σ + c4 + c5σ

2 + c6 + σ̄ξ
σ̄−1c7

+0.5∆σ (σ̄ +σ −1)ξ σ̄−2c7

+0.5∆
2
σ (σ̄ +σ +1)ξ σ̄−1c9,

ζ2 = 0.5
[
σ̄

2(σ̄ +1)ξ σ−1c8

+∆
2
σ (σ̄ +σ +1)ξ σ̄−1c10

]
,

ζ3 =
N

∑
i=1

ξ
−1 Γ 0

i
ρ̂i

. (20)

Proof For k ∈ [kq
i ,k

q+1
i ) and any λ (k) ∈ 𝒱 , an augmented

mode-dependent LKF candidate is established as follows:

V (k,λ (k)) =
6

∑
i=1

Vi(k,λ (k)), (21)

where

V1(k,λ (k)) = ϖ
T
1 (k)𝒫1,λ (k)ϖ1(k)+σϖ

T
2 (k)𝒫2ϖ2(k),

V2(k,λ (k)) = ēT(k−1)𝒲 ē(k−1),

V3(k,λ (k)) =
N

∑
i=1

ξ
−1 1

ρ̂i
Γi(k),

V4(k,λ (k)) =
k−1

∑
ϑ=k−σ

ξ
k−ϑ−1eT(ϑ)ℛe(ϑ)

+
k−σ

∑
l=k−σ̄+1

k−1

∑
ϑ=l

ξ
k−ϑ−1eT(ϑ)ℛe(ϑ),

V5(k,λ (k)) = σ

k−1

∑
l=k−σ

k−1

∑
ϑ=l

ξ
k−ϑ−1

ψ
T(ϑ)𝒬ψ(ϑ),

V6(k,λ (k)) = ∆σ

k−σ−1

∑
l=k−σ̄

k−1

∑
ϑ=l

ξ
k−ϑ−1

ϖ
T
3 (ϑ)𝒰ϖ3(ϑ),

where

ϖ1(k) = [eT(k),∑
k−1
ϑ=k−σ

eT(ϑ),∑
k−σ−1
ϑ=k−σ̄

eT(ϑ)]T,

ϖ2(k) = [eT(k),∑
k−1
ϑ=k−σ

eT(ϑ)],

ϖ3(k) = [eT(k),ψT(k)]T.

Define ∆V (k,λ (k)) = V (k + 1,λ (k + 1))− ξV (k,λ (k)), we
can obtain ℰ {∆V (k,λ (k))} along the trajectories of the error
system (13), and it follows that

ℰ {∆V1(k,λ (k))}

= ℰ
{

ϖ
T
1 (k+1) ∑

t∈𝒱
ψst(k)𝒫1,tϖ1(k+1)−ξ ϖ

T
1 (k)𝒫1,sϖ1(k)

+σ(k+1)ϖT
2 (k+1)𝒫2ϖ2(k+1)−ξ σϖ

T
2 (k)𝒫2ϖ2(k)

}
≤ ℰ

{ r

∑
m=1

r

∑
v=1

ℑmℑv℘
T(k)

[
(σ∇1 +∇

m
2 )

T𝒫̃1,s(σ∇1 +∇
m
2 )

−ξ (σ∇1 +∇3)
T𝒫1,s(σ∇1 +∇3)+(τ +σ)

×(∇m
4 )

T𝒫2∇
m
4 −σ∇

T
5𝒫2∇5

]
℘(k), (22)

where 𝒫̃s = ∑ℓ∈ℒ ∑t∈𝒱 µℓψ
ℓ
st𝒫t and

℘(k) =
[
eT(k),eT(k−σ),eT(k−σ),eT(k− σ̄),FT(e(k)),

HT(e(k−σ)),∑
k
ϑ=k−σ

eT(ϑ),∑
k−σ

ϑ=k−σ
eT(ϑ),

∑
k−σ

ϑ=k−σ̄
eT(ϑ), ēT(k−1),ωT(k)εT(k),Γ 1/2(k)

]T
.

ℰ {∆V2(k,λ (k))}
= ℰ

{
ēT(k)𝒲 ē(k)−ξ ēT(k−1)𝒲 ē(k−1)

}
= ℰ

{
eT(k)Σ T(k)𝒲Σ(k)e(k)+ ε

T(k)Σ T(k)𝒲Σ(k)ε(k)

+ ēT(k−1)(I −Σ(k))T𝒲(I −Σ(k))ē(k−1)

+Sym
{

eT(k)Σ T(k)𝒲(I −Σ(k))ē(k−1)− eT(k)

×Σ
T(k)𝒲Σ(k)ε(k)− ε

T(k)Σ T(k)𝒲(I −Σ(k))ē(k−1)
}

−ξ ēT(k−1)𝒲 ē(k−1)
}

= ℰ
{
℘

T(k)Λ1℘(k)
}
. (23)
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ℰ {∆V3(k,λ (k))}

= ℰ
{ N

∑
i=1

ξ
−1 1

ρ̂i
(ηiΓi(k)+δieT

i (k)ei(k)

−ε
T
i (k)εi(k))−

N

∑
i=1

1
ρ̂i

Γi(k)
}

= ℰ
{ N

∑
i=1

1
ρ̂i

Γi(k)(ξ−1
ηi −1)+

N

∑
i=1

ξ
−1 δi

ρ̂i
eT

i (k)ei(k)

−
N

∑
i=1

ξ
−1 1

ρ̂i
ε

T
i (k)εi(k)

}
. (24)

ℰ {∆V4(k,λ (k))}
≤ eT(k)ℛe(k)−ξ

σ̄ eT(k−σ)ℛe(k−σ)

+
k−σ

∑
ϑ=k+1−σ̄

ξ
k−ϑ eT(ϑ)ℛe(ϑ)

+(σ̄ −σ)eT(k)ℛe(k)−
k−σ

∑
ϑ=k+1−σ̄

ξ
k−ϑ eT(ϑ)ℛe(ϑ)

= ℘
T(k)Λ2℘(k). (25)

ℰ {∆V5(k,λ (k))}

= ℰ
{

σ

k

∑
l=k+1−σ

k

∑
ϑ=l

ξ
k−ϑ

ψ
T(ϑ)𝒬ψ(ϑ)

−σ

k−1

∑
l=k−σ

k−1

∑
ϑ=l

ξ
k−ϑ−1

ψ(ϑ)𝒬ψ(ϑ)

}

≤ ℰ

{
σ

2
ψ

T(k)𝒬ψ(k)−ξ σ

k−1

∑
ϑ=k−σ

ψ
T(ϑ)𝒬ψ(ϑ)

}
. (26)

Using Lemma 3, we can obtain

−ξ σ

k−1

∑
ϑ=k−σ

ψ
T(ϑ)𝒬ψ(ϑ)

≤
[

φ11
φ12

]T [𝒬 0
* 3𝒬(σ +1)/(σ −1)

][
φ11
φ12

]
, (27)

where φ11 = e(k) − e(k − σ), φ12 = e(k) + e(k − σ) −
2∑

k
ϑ=k−σ

e(ϑ). Therefore, expression (25) can be further
transformed into

ℰ {∆V5(k,λ (k))}

≤ ℰ
{ r

∑
m=1

r

∑
v=1

ℑmℑv
[
σ

2
℘

T(k)(Ω m,v
2 )T𝒬Ω

m,v
2 ℘(k)

−℘
T(k)Λ3℘(k)

]}
. (28)

Then,

ℰ {∆V6(k,λ (k))}

= ℰ
{

∆σ

k−σ

∑
l=k+1−σ̄

k

∑
ϑ=l

ξ
k−ϑ

ϖ
T
3 (ϑ)𝒰ϖ3(ϑ)

−∆σ

k−σ−1

∑
l=k−σ̄

k−1

∑
ϑ=l

ξ
k−ϑ−1

ϖ
T
3 (ϑ)𝒰ϖ3(ϑ)

}
≤ ℰ

{
∆

2
σ ϖ

T
3 (k)𝒰ϖ3(k)

−ξ
σ+1

∆σ

k−σ+1

∑
ϑ=k−σ̄

ϖ
T
3 (ϑ)𝒰ϖ3(ϑ)

}
. (29)

To estimate the bound of ℰ {∆V5(k,λ (k))}, the following
zero-value equations are presented for any symmetric matrices
M1 and M2:

0 = ∆σ eT(k−σ)M1e(k−σ)−∆σ eT(k−σ)M1e(k−σ)

−∆σ

k−σ−1

∑
ϑ=k−σ

ϖ
T
3 (ϑ)

[
0 M1
* M1

]
ϖ3(ϑ), (30)

0 = ∆σ eT(k−σ)M1e(k−σ)−∆σ eT(k− σ̄)M2e(k− σ̄)

−∆σ

k−σ−1

∑
ϑ=k−σ̄

ϖ
T
3 (ϑ)

[
0 M2
* M2

]
ϖ3(ϑ). (31)

With the combination of Eqs. (30) and (31), it follows from
Jensen’s inequality theory that

−∆σ

k−σ−1

∑
ϑ=k−σ̄

ϖ
T
2 (ϑ)𝒰ϖ2(ϑ)

= ∆σ eT(k−σ)M1e(k−σ)−∆σ eT(k− σ̄)M2e(k− σ̄)

−∆σ eT(k−σ)(M1 −M2)e(k−σ)

−∆σ

k−σ−1

∑
ϑ=k−σ

ϖ
T
3 (ϑ)

(
𝒰 +

[
0 M1
* M1

])
ϖ3(ϑ)

−∆σ

k−σ−1

∑
ϑ=k−σ

ϖ
T
3 (ϑ)

(
𝒰 +

[
0 M2
* M2

])
ϖ3(ϑ)

≤ ∆σ℘
T(k)(ℐT

2 M1ℐ2 −ℐT
4 M2ℐ4 −ℐT

3 M1ℐ3 +ℐT
3 M2ℐ3)℘(k)

−℘
T(k)Π3,[σ(k)]℘(k), (32)

where the delay-dependent term Π3,[σ(k)] is described as

Π3,[σ(k)] =
1
υ

Ξ
T
[σ ,σ(k)]i1Ξ[σ ,σ(k)]+

1
1−υ

Ξ
T
[σ(k),σ̄ ]i2Ξ[σ(k),σ̄ ],

with υ = (σ −σ)/∆σ , and Ξ[σ ,σ(k)],Ξ[σ(k),σ̄ ] are provided in
Eq. (20).

Relying on the inequality (17) in Lemma 2, Π3,[σ(k)] can
be further bounded as follows:

Π3,[σ(k)]≥Π̃3,[σ(k)]

=

[
Ξ[σ ,σ(k)]
Ξ[σ(k),σ̄ ]

]T [i1+(1−υ)ℵ1 (1−υ)Θ1+υΘ2
* i2+υℵ2

][
Ξ[σ ,σ(k)]
Ξ[σ(k),σ̄ ]

]
(33)

for any matrices Θ1 and Θ2, where ℵ1 = i1 −Θ2i−1
2 Θ T

2 and
ℵ2 = i2 −Θ T

1 i
−1
1 Θ1. Thus,

ℰ {∆V5(k,λ (k))}

≤ ℰ
{

℘
T(k)

r

∑
m=1

r

∑
v=1

ℑmℑv
[
∆

2
σ (φ

m,v
2 )T𝒰φ

m,v
2

−ξ
σ+1

∆σ (ℐT
2 M1ℐ2 −ℐT

4 M2ℐ4 −ℐT
3 M1ℐ3

+ℐT
3 M2ℐ3)−ξ

σ+1
Π̃3,[σ(k)]

]
℘(k)

= ℰ
{

℘
T(k)

r

∑
m=1

r

∑
v=1

ℑmℑv(Λ4 −ξ
σ+1

Π̃3,[σ(k)])℘(k)
}
. (34)
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Notice that activation functions satisfy the Lipschitz con-
tinuity in (A2), and one has the following inequations:

0 ≤
[

e(k)
F(e(k))

]T [−𝒜1ℜ1 𝒜2ℜ1
* −ℜ1

][
e(k)

F(e(k))

]
, (35)

0 ≤
[

e(k−σ)
H(e(k−σ))

]T [−ℬ1ℜ2 ℬ2ℜ2
* −ℜ2

][
e(k−σ)

H(e(k−σ))

]
, (36)

where 𝒜1, 𝒜2, ℬ1 and ℬ2 are defined in Eq. (20). Moreover,
based on the event-triggered constraint condition (8), we can
derive that for any positive constant h̄,

0 ≥ h̄

(
N

∑
i=1

Q(ei(k),δi)−
N

∑
i=1

Γi(k)
ρ̂i

)
,

0 ≥ h̄

(
N

∑
i=1

ε
T
i (k)εi(k)−

N

∑
i=1

δieT
i (k)ei(k)−

N

∑
i=1

Γi(k)
ρ̂i

)
. (37)

Repeating the process from inequations (21)–(35), we easily
get

ℰ
{

∆V (k,λ (k))−ω
T(k)ℋω(k)

}
≤ ℰ

{
r

∑
m=1

r

∑
v=1

ℑmℑv℘
T(k)Ψ m,v.s,ℓ

[τ(k),σ(k)]℘(k)

}
, (38)

where

Ψ
m,v.s,ℓ
[τ(k),σ(k)]

= ∑
ℓ∈ℒ

µℓ

{
(σ∇1 +∇

m
2 )

T

× ∑
t∈𝒱

ψ
ℓ
st𝒫1,s(σ∇1 +∇

m
2 )−ξ (σ∇1 +∇3)

T

×𝒫1,s(σ∇1 +∇3)+(τ +σ)(∇m
4 )

T𝒫2∇
m
4 −σ∇

T
5𝒫2∇5

+Λ1 +Λ2 +(Ω m
2 )T𝒬Ω

m
2

−φ
T
1 Λ3φ1+Λ4 +Λ5 − Π̃3,[σ(k)]

}
= ∑

ℓ∈ℒ
Fℓ

{
Rm,v,s,ℓ
[τ(k),σ(k)]+ Π̃3,[σ(k)]

}
(39)

and Rm,v,s,ℓ
[τ(k),σ(k)] is stated in Eq. (20). From the convex combi-

nation technique and (A1), we have the following inference:{
Ψ

m,v.s,ℓ
[τ,σ ]

< 0,Ψ m,v.s,ℓ
[τ,σ̄ ]

< 0

Ψ
m,v.s,ℓ
[τ̄,σ ]

< 0,Ψ m,v.s,ℓ
[τ̄,σ̄ ]

< 0
⇒Ψ

m,v.s,ℓ
[τ(k),σ(k)] < 0. (40)

Then, with the help of the Schur complement theory, the con-
straint Ψ

m,v.s,ℓ
[σ ]

< 0 will hold for σ ≤ σ(k) ≤ σ̄ if inequa-
tion (18) is satisfied, such that

ℰ
{

∆V (k,λ (k))−ω
T(k)ℋω(k)

}
< 0. (41)

Hence, we can further conduct the following iterative opera-
tion with regard to finite time k:

ℰ {V (k,λ (k))}

≤ ℰ
{

ξV (k−1,λ (k−1))+ω
T(k−1)ℋω(k−1)

}
≤ ℰ

{
ξ

2V (k−2,λ (k−2))+ξ ω
T(k−2)ℋω(k−2)

+ω
T(k−1)ℋω(k−1)

}
...

≤ ℰ
{

ξ
kV (0,λ (0))+

k−1

∑
ϑ=0

ξ
k−ϑ−1

ω
T(ϑ)ℋω(ϑ)

}
≤ ℰ

{
ξ

kV (0,λ (0))+ cmax(ℋ)ξ k
ω̃
}
, (42)

where cmax(ℋ) is the maximum eigenvalue of matrix ℋ. The
value of V (0,λ (0)) is estimated as

ℰ {V (0,λ (0))}
= ℰ

{
ϖ

T
1 (0)𝒫1,sϖ1(0)+ϖ

T
1 (0)𝒫2ϖ1(0)

}
+ℰ

{
ēT(−1)𝒲 ē(−1)

}
+ℰ

{
N

∑
i=1

ξ
−1 1

ρ̂i
Γi(0)

}

+ℰ
{ −1

∑
ϑ=−σ(0)

ξ
−ϑ−1eT(ϑ)ℛe(ϑ)

+
−σ

∑
l=−σ̄+1

−1

∑
ϑ=l

ξ
−ϑ−1eT(ϑ)ℛe(ϑ)

}

+ℰ

{
σ

k−1

∑
l=k−σ

k−1

∑
ϑ=l

ξ
k−ϑ−1

ψ
T(ϑ)𝒬ψ(ϑ)

}

+ℰ

{
∆σ

−σ−1

∑
l=−σ̄

−1

∑
ϑ=l

ξ
−ϑ−1

ϖ
T
2 (ϑ)𝒰ϖ2(ϑ)

}
≤ ζ1ε1 +ζ2ε3 +ζ3. (43)

With the combination of inequations (42) and (43), we have

ℰ {V (k,λ (k))} ≤ ξ
𝒯 (ζ1ε1 +ζ2ε3 +ζ3 + cmax(ℋ)ω̃). (44)

Due to the condition 𝒫11,s ≥ c11𝒳 in Eq. (19), it exists as

ℰ {V (k,λ (k))}
≥ ℰ

{
eT(k)𝒫11,se(k)

}
≥ c11ℰ

{
eT(k)𝒳 e(k)

}
, (45)

such that the following inequation holds:

ℰ
{

eT(k)𝒳 e(k)
}

≤ ξ𝒯

c11
(ζ1ε1 +ζ2ε3 +ζ3 + cmax(ℋ)ω̃)≤ ε2. (46)

The finite-time boundness of the error system (13) can be
eventually derived. This completes the proof. �

Remark 4 In the finite-time boundness analysis of the
closed-loop error system, an augmented mode-dependent
LKF, containing vectors ϖ1(k), ϖ2(k) and ϖ3(k), is con-
structed and inspired by Ref. [23]. Differing from the com-
mon LKF that is only formed by error or state vectors, the
augmented terms observe more information of delays through
more sum-terms. Specifically, the improved delay-product-
type terms in V1(k,λ (k)) and V6(k,λ (k)) further consider the
change rate of σ(k) and develop the results in Ref. [41]. More-
over, the proposed 𝒫†

s,[σ(k)] > 0 in Eq. (19) provides a more
relaxed range for the stability criterion.
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Remark 5 In Refs. [11,27,31], some inequality tech-
niques, such as Abel lemma, Wirtinger-based inequality and
Jensen’s inequality, were introduced to handle the single sum-
term or simple double sum-term. However, the delay-product-
type double sum term in V6(k,λ (k)) will contribute to more
nonlinearities and uncertainty. To obtain more accurate es-
timation, the ERCMI is raised by not introducing additional
decision variables or adding the dimension of LMIs, in order
to further reduce the conservatism.

3.2. Finite-time strict dissipativity analysis

In this subsection, both the sufficient criterion of the dis-
sipative FTS for closed-loop TSFCPSs and the design of the
related fuzzy controller gain Kλ (k)

i,v are given.
Theorem 2 Suppose that conditions (A1)–(A3) hold, ηi ∈

(0,1), ρ̂i > 0 with ηiρ̂i ≥ 1 for i = 1,2, . . .N. For given
0 < ε1 < ε2, ε3, ρ̃i, σ , σ̄ , τ , τ̄ , the real matrices ϒ1 =ϒ T

1 ≤ 0,
ϒ2, ϒ3 = ϒ T

3 and the diagonal matrix L̃, the closed-loop sys-
tem (1) is said to be FTS with strict dissipativity if there is
the existence of the constant γ̃ > 0, positive definite matri-
ces 𝒫1,s, 𝒫2, 𝒲 , ℛ, 𝒬, 𝒰 , symmetric matrices M1, M2, any
matrices Θ1, Θ2, positive diagonal matrices ℜ1, ℜ2, matrices
ℱ s

v = diagN

{
ℱ s

i,v

}
, ℳs

v = diagN

{
ℳs

i,v

}
and positive scalar

c j ( j = 0,1, . . . ,10), such that the following conditions are met
for ∀s ∈ 𝒱 and ∀ℓ ∈ ℒ:

𝒫†
[σ ]

> 0, 𝒫†
[σ̄ ]

> 0,[
R̃m,v,s,ℓ
[τ,σ ]

Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
R̃m,v,s,ℓ
[τ,σ̄ ]

Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,[

R̃m,v,s,ℓ
[τ̄,σ ]

Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
R̃m,v,s,ℓ
[τ̄,σ̄ ]

Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,

c0𝒳 ≤ 𝒫11,s ≤ c1𝒳 , 𝒫1 j,s ≤ c j𝒳 , j = 2,3,

𝒫2 j ≤ c j+3𝒳 , j = 1,2,

𝒲 ≤ c6𝒳 , ℛ≤ c7𝒳 , 𝒬≤ c8I,

𝒰1 ≤ c9𝒳 , 𝒰2 ≤ c10I,

ζ1ε1 +ζ2ε3 +ζ3 + cmax(ℋ)ω̃ ≤ ξ
−𝒯 c11ε2, (47)

where

R̃m,v,s,ℓ
[τ(k),σ(k)] = Π

m,v,s,ℓ
1,[σ(k)]+Π

m,v,s,ℓ
2,[τ(k),σ(k)]+σ

2(Ω̃ m,v
2 )T𝒬Ω̃

m,v
2

+(Ω̃ m,v
1 )Tℱ s

vΩ̃
m,v
1 +

7

∑
i=1

Λi +Λ
m
8 +Λ[σ(k)],

Ω̃
m,v
1 =

[
𝐴s

m − (ℱ s
v)

−1ℳs
vΣ(k)

+Gs ⊗L,0,0,0,𝐵s
m,𝐷

s
m,0,0,0,

(ℱ s
v)

−1ℳs
v(I −Σ(k)),𝑂s

m,(ℱ s
v)

−1ℳs
vΣ(k),0

]T
,

Ω̃
m,v
2 =

[
𝐴s

m − (ℱ s
v)

−1ℳs
vΣ(k)

+Gs ⊗L− I,0,0,0,𝐵s
m,𝐷

s
m,0,0,0,

(ℱ s
v)

−1ℳs
v(I −Σ(k)),𝑂s

m,(ℱ s
v)

−1ℳs
vΣ(k),0

]T
,

Λ7 = Sym
{
− (Ω m,v

1 )Tℱ s
v(𝐴

s
mℐ1 +𝐵s

mℐ5 +𝐷s
mℐ6

+𝑂s
mℐ11)+(Ω m,v

1 )Tℳs
v

×
[
𝐿Σ(k)ℐ1 −𝐿Σ(k)ℐ12 +𝐿(I −Σ(k))ℐ10

]
−(Ω m,v

1 )T(Gs ⊗L)ℐ1
}
,

Λ
m
8 = ℐT

1 (𝐶
s
m)

T
ϒ1𝐶

s
mℐ1 +Sym

{
ℐT

1 (𝐶
s
m)

T
ϒ1𝐸

s
mℐ11

}
+ℐT

11(𝐸
s
m)

T
ϒ1𝐸

s
mℐ11

+Sym
{
ℐT

1 (𝐶
s
m)

T
ϒ2ℐ11 +ℐT

11(𝐸
s
m)

T
ϒ2ℐ11

}
+ℐT

11(ϒ3 − γ̃I)ℐ11, (48)

and other parameters are defined in Eq. (20). Moreover, the
controller gain matrix is described as

Ks
i,v = (Rs

m)
−1(ℱ s

i,v)
−1ℳs

i,v, i = 1,2, . . .N, s ∈ 𝒱.

Proof Considering the LKF candidate constructed in Theo-
rem 1. For any invertible matrix ℱ s

v , one has the following
zero-value equation:

0 ≤ 2
r

∑
m=1

r

∑
v=1

ℑmℑv
{

eT(k1)ℱ s
v
[
e(k+1)− (𝐴s

m −𝑅s
m𝒦s

vΣ(k)

+Gs ⊗L)e(k)−𝐵s
mF(e(k))−𝐷s

mH(e(k−σ))−𝑂s
mω(k)

−𝑅s
m𝒦s

vΣ(k)ε(k)+𝑅s
m𝒦s

v(I −Σ(k))ē(k−1)
]}

≤ 2
r

∑
m=1

r

∑
v=1

ℑmℑv℘
T(k)

{
(Ω m,v

1 )T

×
[
ℱ s

vΩ
m,v
1 −ℱ s

v𝒜s
mℐ1 +ℳs

vΣ(k)ℐ1

−Gs ⊗Lℐ1 −ℱ s
v𝐵

s
mℐ5 −ℱ s

v𝐷
s
mℐ6 −ℱ s

v𝑂
s
mℐ11

−ℳs
vΣ(k)ℐ12 +ℳs

v(I −Σ(k))ℐ10
]}

℘(k). (49)

As the controller is greatly impacted by the pinning parameter
ϕi, we can further obtain the following inequation:

0 ≤ 2
r

∑
m=1

r

∑
v=1

ℑmℑv℘
T(k)

{
(Ω m,v

1 )T

×
[
ℱ s

vΩ
m,v
1 −ℱ s

v𝐴
s
mℐ1 +ℳs

vℒΣ(k)ℐ1

−(Gs ⊗L)ℐ1 −ℱ s
v𝐵

s
mℐ5 −ℱ s

v𝐷
s
mℐ6 −ℱ s

v𝑂
s
mℐ11

−ℳs
vℒΣ(k)ℐ12 +ℳs

vL̃(I −Σ(k))ℐ10
]}

℘(k), (50)

where L̃ = diagN
{

L̃i
}

, L̃i = In if the ith node is controlled,
otherwise L̃i = 0n.

To study the strictly dissipative performance of the syn-
chronization error system, an object function is constructed as
follows:

G(k) = eT
y (k)ϒ1ey(k)+2eT

y (k)ϒ2ω(k)

+ω
T(k)(ϒ3 − γ̃I)ω(k). (51)

Similar to Eq. (38), it derives from Eqs. (49)–(51) that

ℰ {∆V (k,λ (k))−G(k)}

≤ ℰ

{
r

∑
m=1

r

∑
v=1

ℑmℑv℘
T(k)Ψ̃ m,v.s,ℓ

[τ(k),σ(k)]℘(k)

}
. (52)

where Ψ̃
m,v.s,ℓ
[τ(k),σ(k)] = ∑ℓ∈ℒ µℓ

{
R̃m,v,s,ℓ
[τ(k),σ(k)]+ Π̃3,[σ(k)]

}
and

R̃m,v,s,ℓ
[τ(k),σ(k)] is defined in Eq. (48).
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Recalling Eq. (40) and the application of the Schur com-
plement, we can get ℰ {∆V (k,λ (k))−G(k)} ≤ 0, which is
equivalent to

ℰ {V (k+1,λ (k+1))} ≤ ℰ {ξV (k,λ (k))+G(k)} .

Based on the iterative operation within the time interval [0,k]
in Eq. (42), it derives the following inequation under the zero-
initial condition:

ℰ {V (k,λ (k))}

≤ ℰ
{

ξ
kV (0,λ (0))−

k−1

∑
ϑ=0

ξ
k−ϑ−1𝒥 (ey(ϑ),ω(ϑ))

+ γ̃

k−1

∑
ϑ=0

ξ
k−ϑ−1

ω
T(ϑ)ω(ϑ)

}
≤ ℰ

{
ξ
𝒯

γ̃

k−1

∑
ϑ=0

ω
T(ϑ)ω(ϑ)−

k−1

∑
ϑ=0

𝒥 (e(ϑ),ω(ϑ))

}
. (53)

With the premises of ℰ {V (k,λ (k))}> 0, it is easily concluded
that

ℰ

{
𝒯

∑
k=0

𝒥 (e(k),ω(k))

}
≤ ℰ

{
γ

𝒯

∑
k=0

ω
T(ϑ)ω(ϑ)

}
,

γ = ξ
𝒯

γ̃. (54)

Obviously, the closed-loop TSFCPSs can satisfy finite-time
strictly (ϒ1,ϒ2,ϒ3)–γ–dissipative performance in the right of
Definition 2. The proof is accomplished. �

Remark 6 In terms of the dissipativeness definition and
results of Theorem 1, a new framework is established to ana-
lyze the finite-time dissipative synchronization of the closed-
loop system, in order to obtain the sufficient condition in The-
orem 2. By utilizing the LMI technique, controller gain ma-
trices under various modes can be calculated. Notice that the
number of modes and nodes affects complexity; therefore, a
tradeoff between computational burden and conservation is
necessary in real application.

The following corollary is formulated for the Markov
switched CPSs absent from the T-S fuzzy model:

Corollary 1 Suppose that conditions (A1)–(A2) hold,
ηi ∈ (0,1), ρ̂i > 0 with ηiρ̂i ≥ 1 for i = 1,2, . . .N. For given
0 < ε1 < ε2, ε3, ρ̃i, σ , σ̄ , τ , τ̄ , ω̃ , the real matrices ϒ1 =ϒ T

1 ≤
0, ϒ2, ϒ3 =ϒ T

3 and the diagonal matrix L̃, the closed-loop sys-
tem (1) is said to be FTS with strict dissipativity if there is
the existence of the constant γ̃ > 0, positive definite matrices
𝒫1,s, 𝒫2, 𝒲 , ℛ, 𝒬, 𝒰 , symmetric matrices M1, M2, any ma-
trices Θ1, Θ2, positive diagonal matrices ℜ1, ℜ2, and positive
scalar c j ( j = 0,1, . . . ,10), such that the following conditions
are meet for ∀s ∈ 𝒱 and ∀ℓ ∈ ℒ:

𝒫†
[σ ]

> 0, 𝒫†
[σ̄ ]

> 0,[
⌢

R
s,ℓ

[τ,σ ] Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
⌢

R
s,ℓ

[τ,σ̄ ] Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,

[
⌢

R
s,ℓ

[τ̄,σ ] Ξ[σ ,σ(k)]Θ2

* −ξ−σ−1i2

]
< 0,

[
⌢

R
s,ℓ

[τ̄,σ̄ ] Ξ[σ(k),σ̄ ]Θ
T
1

* −ξ−σ−1i1

]
< 0,

c0𝒳 ≤ 𝒫11,s ≤ c1𝒳 , 𝒫1 j,s ≤ c j𝒳 ( j = 2,3),

𝒫2 j ≤ c j+3𝒳 ( j = 1,2),

𝒲 ≤ c6𝒳 , ℛ≤ c7𝒳 , 𝒬≤ c8I,

𝒰1 ≤ c9𝒳 , 𝒰2 ≤ c10I,

ζ1ε1 +ζ2ε3 +ζ3 + cmax(ℋ)ω̃ ≤ ξ
−𝒯 c11ε2, (55)

where

⌢

𝒫
†

s,[σ(k)] =
⌢

𝒫1,s +σ

[
𝒫2 0
* 0

]
,

⌢

𝒫1,s = ∑t∈𝒱 ψst𝒫1,t ,

⌢

R
s

[τ(k),σ(k)] =
⌢

Π
s

1,[σ(k)]+
⌢

Π
s

2,[τ(k),σ(k)]+
⌢

Ω
T

1ℱ s ⌢

Ω 1

+σ
2 ⌢

Ω
T

2𝒬
⌢

Ω 2 +
8

∑
i=1

Λi +Λ[σ(k)],

⌢

Π
s

1,[σ(k)] =
⌢

∇

T

2
⌢

𝒫1,s
⌢

∇2 −∇
T
3𝒫1,s∇3

+σSym
{

∇
T
1
⌢

𝒫1,s
⌢

∇2 −∇
T
1𝒫1,s∇3

}
,

⌢

Π
s

2,[τ(k),σ(k)] = τ
⌢

∇

T

4𝒫2
⌢

∇4 +σ(
⌢

∇

T

4𝒫2
⌢

∇4 −∇
T
5𝒫2∇5),

⌢

∇2 =
[⌢
Ω

T

1 ,(1+σ)ℐT
7 −ℐT

1 ,

(1−σ)ℐT
8 +(σ̄ +1)ℐT

9 −ℐT
3 −ℐT

4
]T
,

∇4 =

[
⌢

Ω
T

1 ,(σ +1)ℐT
7 −ℐT

2

]T

, φ2 =

[
ℐT

1 ,
⌢

Ω
T

2

]T

,

Λ8 = ℐT
1 (𝐶

s)T
ϒ1𝐶

sℐ1 +Sym
{
ℐT

1 (𝐶
s)T

ϒ1𝐸
sℐ11

}
+ℐT

11(𝐸
s)T

ϒ1𝐸
sℐ11

+Sym
{
ℐT

1 (𝐶
s)T

ϒ2ℐ11 +ℐT
11(𝐸

s)T
ϒ2ℐ11

}
+ℐT

11(ϒ3 − γ̃I)ℐ11,
⌢

Ω 1 =
[
𝐴s − (ℱ s)−1ℳs

Σ(k)

+Gs ⊗L,0,0,0,𝐵s,𝐷s,0,0,0,

(ℱ s)−1ℳs(I −Σ(k)),𝑂s,(ℱ s)−1ℳs
Σ(k),0

]T
,

⌢

Ω 2 =
[
𝐴s − (ℱ s)−1ℳs

Σ(k)

+Gs ⊗L− I,0,0,0,𝐵s,𝐷s,0,0,0,

(ℱ s)−1ℳs(I −Σ(k)),𝑂s,

(ℱ s)−1ℳs
Σ(k),0

]T
, (56)

and other notations are given by Eq. (48). If LMIs are feasible,
the controller gain is calculated as Ks

i = (Rs)−1(ℱ s
i )

−1ℳs
i .

Furthermore, we can also derive the condition of finite-time
ℋ∞ synchronization for CPSs when setting ϒ1 = −1, ϒ2 = 0
and ϒ3 = γ2 + γ .

4. Numerical simulations
In this section, numerical examples and simulation results

are presented to demonstrate the effectiveness of the proposed
theories.
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Example 1 Consider the following dynamic equation of
the gearing connected single-link robot arm as the target model
of CPSs:[25,38]

q̈(t) =−
Mλ (k)gL̃

Jλ (k)
sin(q(t))− D

Jλ (k)
q̇(t)+ω(k), (57)

where q(t) and q̇(t) denote the arm angle position and angular
velocity. Given parameter L = 0.5, g = 9.81, D = 2. Here,
Mλ (k) and Jλ (k) are mode-dependent with M1 = 1, J1 = 1,
M2 = 5, J2 = 5, M3 = 10 and J3 = 10.

Set xi1(t) = qi(t) and xi2(t) = q̇i(t) for CPSs containing
six nodes, and Eq. (57) can be discretized by the first-order Eu-
ler approximation method with the sampling period ∆t = 0.1 s.
Referring to Ref. [38], the CPSs are constructed by a T-S fuzzy
model with the following membership functions:

ℑ1(xi1(k)) =


sin(xi1(k))−βxi1(k)

(1−β )xi1(k)
, xi1(k) ̸= 0,

1, xi1(k) = 0,

ℑ2(xi1(k)) = 1−ℑ1(xi1(k)),

where xi1(k)∈ (−π,π), β = 10−2/π . System parameters sub-
ject to two fuzzy rules and three modes are selected as

Fuzzy rule 1 If xi1(k) is 0 rad, then

Aλ (k)
1 =

 1 ∂∆t

0 1− ∂∆tD
Jλ (k)

 , Bλ (k)
1 =

 0 0

0
−∆tMλ (k)gL

Jλ (k)

 ,
Cλ (k)

1 =
[

1 0
]
, Dλ (k)

1 =

 0 ∆t(1−∂ )

0
−∆t(1−∂ )D

Jλ (k)

 ,
Oλ (k)

1 =

[
0
∆t

]
, Rλ (k)

1 =

 0
∆t

Jλ (k)

 , Eλ (k)
1 = 1.

Fuzzy rule 2 If xi1(k) is −π or π rad, then

Aλ (k)
2 =

 1 ∂∆t

0 1− ∂∆tD
Jλ (k)

 , Bλ (k)
2 =

 0 0

0
−β∆tMλ (k)gL

Jλ (k)

 ,
Cλ (k)

2 =
[

1 0
]
, Dλ (k)

2 =

 0 ∆t(1−∂ )

0
−∆t(1−∂ )D

Jλ (k)

 ,
Oλ (k)

2 =

[
0
∆t

]
, Rλ (k)

1 =

 0
∆t

Jλ (k)

 , Eλ (k)
2 = 1.

The retarded coefficient is set as ∂ = 0.9.

Node 1 

Node 2 

Node 3 

Node 4 

Node 5 

Node 6 

Mode 1 

Mode 2 

Mode 3 

Rigid link

Gearing link

q↼t↽

v↼t↽

u↼t↽/B↼v↽
Mgl

D C motor

Fig. 3. The physical structure of the gearing connected single-link robot arm and coupled topological relation under three switched modes.

As shown in Fig. 3, CPSs can change topology relations
among three modes, and the corresponding elements in the
transition probability matrix satisfy

ψ11 ∈ [0.3,0.5], ψ22 ∈ [0.45,0.65], ψ33 ∈ [0.2,0.4].

When ℒ= 2, the values of ψℓ
st are given as

ψ
1
11 = 0.3, ψ

1
12 = 0.4, ψ

1
13 = 0.3,

ψ
2
11 = 0.4, ψ

2
12 = 0.5, ψ

2
13 = 0.1,

ψ
1
21 = 0.25, ψ

1
22 = 0.45, ψ

1
23 = 0.3,

ψ
2
21 = 0.3, ψ

2
22 = 0.5, ψ

2
23 = 0.2,

ψ
1
31 = 0.3, ψ

1
32 = 0.5, ψ

1
33 = 0.2,

ψ
2
31 = 0.15, ψ

2
32 = 0.5, ψ

2
33 = 0.35.

The time-varying delay is set as σ(k) = [3+2sin(πk/2)]
(where [a] means the integer part of a), the disturbance
ωi(k) = 2e−0.5k sin(k). From (A1) and (A2), it is easy to
get σ = 1, σ̄ = 5, τ = −2, τ̄ = 4, α

−
l = α

+
l = 0 (l = 1,2),

β
−
1 = β

+
1 = 0, β

−
2 = β

+
2 = 1.

Assume that nodes 1, 2 and 6 are the controller, some
parameters are supposed as L̃ = diag{I, I,0,0,0, I}, ξ = 1.02,
ε1 = 10, ε2 = 50, 𝒯 = 50, ρ̃1 = ρ̃2 = ρ̃6 = 0.15, η1 =η2 = 0.6,
η6 = 0.5, ρ̂1 = ρ̂2 = ρ̂6 = 25, δ1 = δ2 = δ6 = 0.4 and ω̃ = 1.8.
The dissipativity-related matrices are set as ϒ1 =−0.4I, ϒ2 = I
and ϒ3 = 4I. By solving the LMIs proposed in Theorem 2,
controller gains and the maximum dissipative level γ are de-
duced. Table 1 gives the allowable maximum dissipative level
γ for different σ̄ and δi, where a larger σ̄ results in the de-
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crease in dissipative level γ and a smaller δi will improve the
dissipative performance.

Randomly choose the initial values of CPSs within the
range of [−π,π], and let x̃(k) = [−3,2] for k ∈ [−5.0]Z. Fig-
ure 4 reveals the evolution of synchronization errors under ran-
dom 200 realizations, which proves that the designed control
method can ensure error convergence. As shown in Fig. 5, the
states of CPSs subject to packet losses track the state of the tar-
get node in finite time 𝒯 . As Remark 3 said, the PDC method
is used and the curves of the controller states and their trig-
gering instants are depicted in Figs. 6(a) and 6(b). The update
frequency of the control signals is reduced efficiently.
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Fig. 4. The response of the synchronization errors in closed-loop CPSs
under 200 realizations.

Table 1. The allowable maximum dissipative level γ for various σ̄ and
δi.

Maximum values of γ δi = 0 δi = 0.2 δi = 0.4 δi = 0.6
σ̄ = 5 2.1304 2.1042 1.8646 1.7751
σ̄ = 8 2.1531 2.0892 1.8297 1.7110
σ̄ = 10 2.0843 2.0092 1.8109 1.6782
σ̄ = 15 1.9738 1.9698 1.7287 1.5805

Table 2. A comparison of TR under various methods.

Methods Node1 Node2 Node6 ATR

DDETM
ρ̂i = 8 25% 22% 26% 24.33%
ρ̂i = 25 34% 26% 31% 30.33%
ρ̂i = 60 43% 46% 44% 43.33%

ETM in Ref. [27] 54% 53% 48% 51.67%
ETM in Ref. [28] 100% 100% 100% 100%

2
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 ↼

i/

↪ 

↪ 
..
.↪
 
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~

Node 1
Node 2
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Node 4
Node 5
Node 6
Target node

Fig. 5. States of the closed-loop CPSs under packet losses and switched
system modes.

To indicate the advantage, Table 2 compares the trigger-
ing rate (TR) of three pinned nodes under various triggering
mechanisms in Refs. [27,28] and this paper. Clearly, the aver-
age TR (ATR) of our used DDETM is significantly lower than
techniques in others. Moreover, we observe ATR rises with
the growth of ρ̂i.

u
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Fig. 6. (a) The curves of controller signals. (b) The triggering instants
of controllers 1, 2 and 6.

Example 2 For Corollary 1, consider the Markov double-
mode-switched CPSs, including five subsystems where the pa-
rameter matrices are provided in Table 3.

Assume that σ(k) = [(3e0.1k/3e0.1k)+ 22] and ωi(k) =
e−0.5k sin(k), such that σ̄ = 25, τ = 0, τ̄ = 1,α−

l = β
−
l = 0

and α
+
l = β

+
l = 1 for l = 1,2. With the initial value of

x̃(0) = [−0.5,0.4], the chaotic trajectories of the target system
for two modes are plotted in Fig. 7.

Select some parameters as L̃ = diag{I, I,0,0, I}, ξ =

1.01, ε1 = 2, ε2 = 35, 𝒯 = 150, ω̃ = 2, ρ̃i = 0.2, ηi = 0.5,
ρ̂1 = 30, δi = 0.6, ϒ1 =−0.15I, ϒ2 = I ,ϒ3 = 2I. The transition
probability matrix and inner coupled matrix are set as

ψ =

[
0.6 0.4
0.5 0.5

]
, Gs =


−0.4 0.1 0.1 0.1 0.1
0.2 −0.4 0.1 0.1 0.1
0.1 0.2 −0.6 0.1 0.2
0.1 0.1 0 −0.3 0.1
0.2 0.1 0.1 0 −0.4

 .
Based on LMIs given in Eq. (55), we can calculate the
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feasible controller gains as follows:

K1
1 =

[
−92.4926 59.3270
51.1689 19.1023

]
, K2

1 =

[
−92.8342 59.0177
52.2130 19.7529

]
,

K1
2 =

[
−85.5660 41.0672
50.6870 20.0815

]
, K2

2 =

[
−85.2175 41.8210
50.8136 20.1023

]
,

K1
5 =

[
−25.2617 12.4900
21.5129 10.1137

]
, K2

5 =

[
−25.3299 13.0365
21.7782 10.6318

]
,

and the allowable maximum dissipative level γ = 2.5261.
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Fig. 7. The phase diagram of x̃(k) for two switched modes.

Table 3. System parameter matrices for each mode.

Mode A B D R O C E

1

[
0.85 0

0 0.9

] [
−0.12 −0.011
0.01 −0.11

] [
−0.094 −0.01

0.01 −0.07

] [
0.1 0
−0.1 −0.1

] [
0
1

] [
0.1 0

0.09 0.1

] [
0.1
0.2

]

2

[
0.89 0

0 0.92

] [
−0.12 −0.012
0.01 −0.12

] [
−0.092 −0.013

0.01 −0.07

] [
0.1 0
−0.1 −0.1

] [
0
1

] [
0 0.1
0 0.2

] [
0.1
0.2

]
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Fig. 8. (a) The curves of synchronization errors and packet loss instants.
(b) The curves of node states and the evolution of system modes.

Assumed initial values of nodes in the interval [−3,3],
simulation results of closed-loop errors and states are exhib-
ited in Fig. 8, where FTS can be realized for CPSs suffering
from random packet losses. Controller signals are shown in
Fig. 9 and the curves are step-like; this indicates that transmis-
sion only occurs at triggering sampling instants. Figure 10(a)
gives the variation tendency of three dynamic variables Γi(k)
for i = 1,2,5, which vary together with the synchronization
errors. The triggering performance of each node is displayed
in Fig. 10(b).

In the following, the control performance for the situa-
tion of different parameter values will be discussed. As listed
in Table 4, we compare the TR when the value of δi is set from

0 to 0.8. It is obvious that ATR decreases with the decline of
δi monotonically, as described in Remark 1. Although a lower
TR saves more computation resources, control ability may be
affected because of receiving less available data.
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Fig. 9. The curves of controller signals.
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Fig. 10. (a) The evolutions of the dynamic variable Γi(k) for i = 1,2,5.
(b) The triggering instants of controllers 1, 2 and 5.

Table 4. A comparison of TRs under different values of δi.

Node1 Node2 Node5 ATR
δi = 0 100% 100% 100% 100%

δi = 0.3 67.33% 67.67% 50.33% 61.78%
δi = 0.6 43.67% 39% 35.33% 39.33%
δi = 0.8 37% 33% 32.67% 34.22%
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5. Conclusions
In this paper, the problem of finite-time dissipative syn-

chronization control for TSFCPSs subject to semi-Markov
switched parameters and packet losses has been addressed by
applying the DDETM. Aiming to build the model of signals
affected by random packet dropouts transmitting to the con-
troller, combined with a compensation strategy, an equiva-
lent prediction model is introduced to process the Bernoulli
distributed time sequence. Based on an augmented mode-
dependent LKF and ERCMI technique, the criterion of FTS
with strictly dissipative performance has been deduced in
terms of LMIs, which further solves the control gain matri-
ces. The theoretical effectiveness and superiority are proved
by two examples. In the future, the event-based control strat-
egy will be extended to CPSs with more realistic problems,
such as cyber-attack and sensor faults.
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