
Citation: Zhang, C.; Zhang, C.; Meng,

F.; Liang, Y. Event-Triggered Control

for Intra/Inter-Layer Synchronization

and Quasi-Synchronization in

Two-Layer Coupled Networks.

Mathematics 2023, 11, 1458. https://

doi.org/10.3390/math11061458

Academic Editor: Asier Ibeas

Received: 18 February 2023

Revised: 13 March 2023

Accepted: 15 March 2023

Published: 17 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

Event-Triggered Control for Intra/Inter-Layer Synchronization
and Quasi-Synchronization in Two-Layer Coupled Networks
Cheng Zhang 1, Chuan Zhang 1,* , Fanwei Meng 1 and Yi Liang 2

1 School of Mathematical Science, Qufu Normal University, Qufu 273165, China; 17864730558@163.com (C.Z.);
fwmeng@qfnu.edu.cn (F.M.)

2 School of Network Security and Information Technology, Yili Normal University, Yining 835000, China;
18196993215@163.com

* Correspondence: zhangchuan@qfnu.edu.cn

Abstract: This paper studies the intra/inter-layer synchronization and quasi-synchronization in
two-layer coupled networks via event-triggered control, in which different layers have mutually
independent topologies. First, based on Lyapunov stability theory and event-triggered thoughts,
hybrid controllers are designed, respectively, for intra-layer synchronization (ALS) and inter-layer
synchronization (RLS). Second, a novel event-triggered rule is proposed, under which intra-layer
quasi-synchronization (ALQS) and inter-layer quasi-synchronization (RLQS) can be respectively
realized, and the event-triggered frequency can be greatly reduced. Moreover, the upper bound of the
synchronization error can be flexibly adjusted by changing the parameters in event-triggered condi-
tions, and the Zeno phenomenon about event-triggered control is also discussed in this paper. Finally,
numerical examples are provided to confirm the correctness and validity of the proposed scheme.

Keywords: multi-layer networks; event-triggered control; intra-layer synchronization; inter-layer
synchronization; quasi-synchronization
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1. Introduction

Synchronization is a ubiquitous collective behavior in nature, which has been widely
studied. Recently, the synchronization of complex networks has become one of the most
popular topics, and plenty of related research results were introduced in [1–16]. It is noted
that most of these studies focus on single-layer networks. In the real world, however,
different networks also interact with each other, such as the Internet and railway network,
trunk and branch networks of urban public transport, etc. Multi-layer networks (MLNs)
can reflect the characteristics of these real networks more roundly in comparison with
traditional single-layer networks. Not only the internal topology and coupling strength of
each layer, but also the interaction between different layers of network are considered in
the multi-layer network model. At present, the research on MLNs has received extensive
attention. For example, in [17], Wu et al. studied the synchronization of MLNs with
different inner-coupling matrices. Furthermore, in [18,19], the authors considered the
synchronization problem of MLNs with continuous and impulsive couplings between
different nodes. Zhao et al. explored the synchronization of MLNs with delay, disturbance,
or noise in [20–22]. In addition, finite/fixed-time synchronization issues of MLNs were
discussed in [23,24]. Jiang et al. [25] studied the controllability of MLNs. MLNs have
progressively become a significant research direction in the field of complex networks.

The synchronization of MLNs can be classified into three categories: inter-layer syn-
chronization (RLS) [26–29], intra-layer synchronization (ALS) [30–33], and complete syn-
chronization [34]. Among them, RLS requires the corresponding nodes of different layers
to achieve synchronization, whereas ALS requires that nodes in the same layer can realize
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synchronization, and complete synchronization means that both RLS and ALS are satisfied
at the same time. Actually, RLS and ALS are independent and not necessarily related. Thus,
it is of great significance to study RLS and ALS problems. Rakshit et al. investigated RLS
and ALS about time-varying MLNs in [35]. Zhang et al. discussed ALS and RLS of MLNs
with fractional order in [36]. In the actual situation, not all MLNs can realize synchro-
nization naturally, so it is necessary to impose certain control means on the network to
achieve synchronization. In [17,30], the relationship between network coupling parameters
and synchronization was studied. This can be regarded as a control problem through
the adjustment of network parameters to reach network synchronization. However, to
control the synchronization of the network by coupling strength, the boundary of coupling
strength needs to be determined, which needs to be obtained by complicated calculation
for specific system equations. And in practical application, the adjustment of coupling
strength may not be easy to achieve. On the other hand, network synchronization through
the addition of external control input has also received a lot of attention. Impulsive control
and other methods were used to realize network synchronization in [21,32,37]. The external
control input can feedback the state information of the network. The form of control is
given, and the control parameters can be obtained through only simple calculation. It is
simple and effective to realize synchronization in this way. However, most of the current
synchronization control strategies for MLNs are actually time-based mechanisms. This will
likely cause the controller to update at some point when the system does not need it. For
example, when control signals are updated periodically, if system states are the same at
the adjacent signal transmission time, the generated feedback control signals will be also
the same, which means that the update of the controller is unnecessary, and some signal
transmissions are redundant in this process.

In order to utilize network bandwidth more effectively and reduce communication
pressure, researchers have proposed an event-triggered mechanism. According to event-
triggered conditions, this mechanism determines whether to send state information to
the controller for updating the control signal, so as to avoid unnecessary information
transmission and reduce the waste of resources. However, in the process of event-triggered
control, there may be an infinitesimal interval between two triggers, so that the event can
be triggered for an infinite number of times in a finite time, which is often called the Zeno
phenomenon. Therefore, it is necessary to exclude the Zeno phenomenon when discussing
event-triggered control. Event-triggered control strategy has been widely applied because
of its merits. For example, Tabuada studied a simple event-triggered strategy and showed
how to ensure system performance [38]. Event-triggered control strategy of multi-agent
systems and complex networks was studied in [39–49]. To the best of the authors’ knowl-
edge, nevertheless, the event-triggered mechanism has not received adequate attention in
the synchronization control problem for MLNs. However, quasi-synchronization means
that the synchronization error of each node has a non-zero bound. This concept provides
a new thought for the research of multi-layer network synchronization and has great ap-
plication value in actual engineering. For instance, quasi-synchronization is applied in
military communication networks to enhance the anti-dilapidated ability. Few research
studies have paid attention to intra-layer quasi-synchronization (ALQS) and inter-layer
quasi-synchronization (RLQS) of MLNs [37]. In particular, ALQS and RLQS of MLNs is
one of the problems discussed in this paper.

Motivated by the above, we attempt to study the event-triggered control for
intra/inter-layer synchronization and quasi-synchronization in a class of two-layer coupled
networks. The main contributions and obtained results of this paper are stated as below:

(i) In this paper, two kinds of mesoscale synchronization behaviors, namely ALS
and RLS, are studied in two-layer coupled networks. For the non-synchronous two-layer
network, different from the previous time-based control strategy [28,30], appropriate event-
triggered controllers are designed to realize ALS and RLS, respectively.

(ii) In order to further reduce the event-triggered frequency and the burden of network
communication, a novel event-triggered condition is proposed to realize ALQS and RLQS
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in two-layer coupled networks. Control parameters b and C0 can be flexibly adjusted to
change the final synchronization error threshold and event-triggered frequency.

(iii) Based on the Lyapunov stability theory, in a class of two-layer coupled networks,
the sufficient conditions for realizing ALS, RLS, ALQS, and RLQS are strictly given. It
is proven from both theory and simulation that the above network control process can
exclude the Zeno phenomenon.

This paper is structured as follows. In Section 2, preliminaries such as system model
and some definitions are introduced. In Section 3, the main content on intra/inter-layer syn-
chronization and quasi-synchronization is presented. In Section 4, numerical simulations
are given to further verify the correctness and validity of the main results. The conclusions
are given in Section 5.

Notations: In this paper, (·)T denotes the transpose of a vector or a matrix; ‖·‖ stands
for the Euclidean norm; Rn and Rm×n represent the n-dimensional real vector and the m× n-
dimensional real matrix, respectively; tk is the event-triggered time of the corresponding
node, and Ki = diag(ki, ki, · · · , ki) ∈ Rn×n(i = 1, 2, 3) is the control gain matrix; the
Kronecker product is represented by ⊗; En is the n × n identity matrix; M ≤ 0 means
that M is negative semi-definite real matrix; (εh)min = min{εhi|i = 1, 2, · · · , Q}, (εh)max =
max{εhi| i = 1, 2, · · · , Q}; λmin(·) are the minimum eigenvalues of the corresponding
real matrix.

2. Model Formulation and Preliminaries

Consider a two-layer coupled network with one-to-one inter-layer connections. The
first layer and the second layer are represented as the x-layer and y-layer, respectively. Each
layer consists of Q nodes. The network can be described by

ẋi = f (xi)− c1

Q

∑
j=1

aijHxj + εH(yi − xi) + uxi,

ẏi = g(yi)− c2

Q

∑
j=1

bijHyj + εH(xi − yi) + uyi,

(1)

where xi = (xi1, xi2, · · · , xin)
T ∈ Rn indicates the state of the ith node in x-layer, and

yi = (yi1, yi2, · · · , yin)
T ∈ Rn indicates the state of the i-th node in y-layer, i = 1, 2, · · · , Q.

Function f and g are the self-dynamics of each node in the x-layer and y-layer, respec-
tively. Constant c1 and c2 are the intra-layer coupling strength of the x-layer and y-layer,
respectively. The inter-layer coupling strength is represented by constant ε. The Laplace
matrix of x-layer is represented by matrix A = (aij) ∈ RQ×Q. If there is a connection
between the ith node and the jth node (i 6= j), then aij = aji = −1, or aij = aji = 0.

Furthermore, let aii = −∑Q
j=1 aij. Similarly, the Laplace matrix of the y-layer is represented

by matrix B = (bij) ∈ RQ×Q; H = diag(h1, h2, · · · , hn) ∈ Rn×n is the inner coupling matrix,
which describes the coupling between state components of the nodes; uxi and uyi are the
controllers of the corresponding nodes.

Remark 1. In the system model (1), the presence of the third item, the inter-layer connection,
destroys the synchronization within each layer. Similarly, the second item, the intra-layer connection,
is not conducive to synchronization of the corresponding nodes between different layers. Therefore,
it is necessary to introduce external control input to reach ALS or RLS in MLNs better.

In this paper, ALS, RLS, ALQS, and RLQS of network system (1) are represented
as follows.

Definition 1 ([32]). For network (1), assume that the synchronization target of the x-layer and
y-layer are τx and τy, respectively. If ‖xi − τx‖ → 0 and ‖yi − τy‖ → 0 as t → +∞, (i =
1, 2, · · · , Q), then network (1) realizes ALS.
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Definition 2. For network (1), assume that the synchronization target of the x-layer and y-layer
are τx and τy, respectively. If there exists η > 0, δ > 0 such that ‖xi− τx‖ ≤ η and ‖yi− τy‖ ≤ η,
when t ≥ δ, (i = 1, 2, · · · , Q), then network (1) achieves ALQS.

Definition 3. Network (1) is said to achieve RLS if ‖xi − yi‖ → 0 as t → +∞, for
i = 1, 2, · · · , Q.

Definition 4. Network (1) is said to achieve RLQS if there exists η > 0, δ > 0 such that
‖xi − yi‖ ≤ η, when t ≥ δ, for i = 1, 2, · · · , Q.

Definition 5 ([50]). If lim
k→∞

tk =
∞
∑

i=0
(tk+1 − tk) converges, then network (1) is said to have the

Zeno phenomenon.

Assumption 1 ([51]). For the functions f (x), g(x), and any two vectors ν1, ν2 ∈ Rn, there exist
positive constants ρ1, ρ2 such that

(ν1 − ν2)
T[ f (ν1)− f (ν2)] ≤ ρ1(ν1 − ν2)

T(ν1 − ν2),

(ν1 − ν2)
T[g(ν1)− g(ν2)] ≤ ρ2(ν1 − ν2)

T(ν1 − ν2).

3. Main Results

In this section, intra/inter-layer synchronization and quasi-synchronization of the
two-layer coupled network (1) will be investigated based on Lyapunov stability theory and
event-triggered control.

3.1. Intra-Layer Synchronization and Quasi-Synchronization

Denote z = [xT
1 , xT

2 , · · · , xT
Q, yT

1 , yT
2 , · · · , yT

Q]
T and L =

[
c1 A + εEQ −εEQ
−εEQ c2B + εEQ

]
. Then

network system (1) can be rewritten as
ẋi = f (xi)−

2Q

∑
j=1
LijHzj + uxi,

ẏi = g(yi)−
2Q

∑
j=1
L(i+Q,j)Hzj + uyi.

(2)

Define the synchronization target τx and τy to satisfy{
τ̇x = f (τx) + εH(τy − τx), τx(0) = τx0,

τ̇y = g(τy) + εH(τx − τy), τy(0) = τy0.

The following event-triggered mechanism is proposed:{
txi
k+1 =sup{t > txi

k : ‖Exi(t)‖ ≤ ζx1},

tyi
k+1 =sup{t > tyi

k : ‖Eyi(t)‖ ≤ ζy1},
(3)

where ζx1 = [k1 + λmin(D) − ρ1 − 1]‖exi(t)‖ + exp(−t), ζy1 = [k2 + λmin(D) − ρ2 −
1]‖eyi(t)‖+ exp(−t), D = [(L⊗ H)T + (L⊗ H)]/2, and{

Exi(t) =K1[exi(t)− exi(txi
k )], t ∈ [txi

k , txi
k+1],

Eyi(t) =K2[eyi(t)− eyi(t
yi
k )], t ∈ [tyi

k , tyi
k+1],

with k1 ≥ ρ1 − λmin(D) + 1, k2 ≥ ρ2 − λmin(D) + 1, exi(t) = xi(t)− τx(t), eyi(t) = yi(t)−
τy(t).
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Theorem 1. Under Assumption 1, for the two-layer coupled network (2), if uxi and uyi are
designed as {

uxi =− K1exi(txi
k ), t ∈ [txi

k , txi
k+1],

uyi =− K2eyi(t
yi
k ), t ∈ [tyi

k , tyi
k+1],

(4)

together with the event-triggered mechanism (3), then the network (2) achieves ALS and there is no
Zeno phenomenon.

Proof. (i). Synchronization analysis of closed-loop system
Let e(t) = [eT

x1, eT
x2, · · · , eT

xQ, eT
y1, eT

y2, · · · , eT
yQ]

T, the ALS error system is given
ėxi = f (xi)− f (τx)−

2Q

∑
j=1
LijHej + uxi,

ėyi =g(yi)− g(τy)−
2Q

∑
j=1
L(i+Q,j)Hej + uyi.

How to obtain the error system is discussed in the appendix in [32]. Construct the
Lyapunov function as

V(e(t)) =
1
2

e(t)Te(t) =
1
2

Q

∑
i=1

exi(t)Texi(t) +
1
2

Q

∑
i=1

eyi(t)Teyi(t).

Differentiating V(e(t)) with respect to t can be calculated as follows:

V̇(e(t)) =
Q

∑
i=1

exi(t)T ėxi(t) +
Q

∑
i=1

eyi(t)T ėyi(t)

=
Q

∑
i=1

exi(t)T[ f (xi)− f (τx)−
2Q

∑
j=1
LijHej + uxi] +

Q

∑
i=1

eyi(t)T[g(yi)− g(τy)

−
2Q

∑
j=1
L(i+Q,j)Hej + uyi].

With Assumption 1, one obtains

V̇(e(t)) ≤(ρ1 − k1)
Q

∑
i=1

exi(t)Texi(t) +
Q

∑
i=1

exi(t)TExi(t) + (ρ2 − k2)
Q

∑
i=1

eyi(t)Teyi(t)

+
Q

∑
i=1

eyi(t)TEyi(t)− e(t)T(L⊗ H)e(t).

Therefore, one has

V̇(e(t)) ≤(ρ1 − k1 − λmin(D))
Q

∑
i=1

exi(t)Texi(t) +
Q

∑
i=1

exi(t)TExi(t) + (ρ2 − k2 − λmin(D))

Q

∑
i=1

eyi(t)Teyi(t) +
Q

∑
i=1

eyi(t)TEyi(t)

≤
Q

∑
i=1
‖exi(t)‖{[ρ1 − k1 − λmin(D)]‖exi(t)‖+ ‖Exi(t)‖}+

Q

∑
i=1
‖eyi(t)‖{[ρ2 − k2−

λmin(D)]‖eyi(t)‖+ ‖Eyi(t)‖}.
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Under the even-triggered condition (3), it holds

V̇(e(t)) ≤
Q

∑
i=1
‖exi(t)‖(exp(−t)− ‖exi(t)‖) +

Q

∑
i=1
‖eyi(t)‖(exp(−t)− ‖eyi(t)‖).

If exp(−t) ≥ ‖exi(t)‖, it means that ‖exi(t)‖ will asymptotically converge to 0. The
same is true for ‖eyi(t)‖. Therefore, network (2) can realize ALS under the event-triggered
controller (4). Otherwise, one has V̇(e(t)) ≤ 0. It is easy to know that the largest invariant
set of {V̇(e(t)) = 0} is {‖e(t)‖ = 0}. Therefore, according to LaSalle’s principle [52], the
synchronization errors asymptotically converge to 0, that is, ALS can be realized.

(ii). Analysis of the inter-execution times
Assume that there is a Zeno phenomenon in system (2). Therefore, there must be xi

satisfying lim
k→∞

txi
k = T in this network, where T is a constant and txi

k < T. The derivative of

‖Exi(t)‖ on the interval (txi
k , txi

k+1) is obtained:

d‖Exi(t)‖
dt

=
Exi(t)

TExi(t)
‖Exi(t)‖

≤ ‖Ėxi(t)‖‖Exi(t)‖
‖Exi(t)‖

= ‖ėxi(t)‖ ≤ ωxi, (5)

where ωxi = sup
0≤t<T

{‖ẋi − τ̇x‖}. Suppose ξ(t) is a nonnegative function and satisfies

ξ̇(t) = ωxi, ξ(0) = ‖Exi(txi
k )‖ = 0.

By (5) and using the comparison principle of differential equations, one has ‖Exi(t)‖ ≤
ωxi(t − txi

k ). One can get that if ‖Exi(t)‖ ≤ [k1 + λmin(D)− ρ1 − 1]‖exi(t)‖ + 1
2 exp(−t),

then the event-triggered condition (3) will not be reached at time t. As a consequence, the
evolution time of ωxi(t− txi

k ) from 0 to [k1 + λmin(D)− ρ1 − 1]‖exi(t)‖+ 1
2 exp(−t) can be

denoted as τxi. Therefore, the triggering interval txi
k+1 − txi

k is greater than or equal to τxi.
That is, τxi can be found from the following equation:

ωxiτxi = [k1 + λmin(D)− ρ1 − 1]‖exi(t)‖+
1
2

exp(−t). (6)

Since τxi ≤ txi
k+1 − txi

k and lim
k→∞

txi
k = T, a contradiction that 0 = [k1 + λmin(D)− ρ1 −

1]‖exi(T)‖+ 1
2 exp(−T) can be obtained from (6) as m→ ∞. Therefore, all nodes in system

(2) will not have a Zeno phenomenon.

Remark 2. The controller in this paper is the feedback of state information to the network. By
introducing the event-triggered mechanism, the control signal u remains unchanged in [tk, tk+1],
and the corresponding update will be carried out only when the event-triggered condition is reached
(see, for instance, Figure 1). For example, in (3), if ‖Exi(tr)‖ > ζx1(tr), and ‖Exi(t)‖ ≤ ζx1(t)
for t < tr, the control signal uxi will be updated with the state information at tr. The controller
will make the solutions of the partial node systems approximately become the same function after a
certain time T to achieve the purpose of synchronization (if T is large enough, it will become exactly
the same function).

Figure 1. Schematic diagram of event-triggered control.
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Remark 3. In practical applications, the system may not have such high requirements for syn-
chronization performance. In order to further reduce the burden of signal transmission, a new
event-triggered rule is proposed.

Theorem 2. Under Assumption 1, for the two-layer coupled network (2), if uxi and uyi are designed
as (4), together with the event-triggered mechanism

txi
k+1 =

{
sup{t > txi

k : ‖Exi(t)‖ ≤ ζx2}, ‖exi‖ ≥ b,
sup{t > txi

k : ‖Exi(t)‖ ≤ ηx2}, ‖exi‖ < b,

tyi
k+1 =

{
sup{t > tyi

k : ‖Eyi(t)‖ ≤ ζy2}, ‖eyi‖ ≥ b,

sup{t > tyi
k : ‖Eyi(t)‖ ≤ ηy2}, ‖eyi‖ < b,

(7)

{
Exi(t) =K1[exi(t)− exi(txi

k )], t ∈ [txi
k , txi

k+1]

Eyi(t) =K2[eyi(t)− eyi(t
yi
k )], t ∈ [tyi

k , tyi
k+1]

where ζx2 = [k1 +λmin(D)− ρ1− 1]‖exi(t)‖+ exp(−t), ηx2 = [k1 +λmin(D)− ρ1− 1]‖exi(t)
‖+ exp(−t) +C0, ζy2 = [k2 + λmin(D)− ρ2− 1]‖eyi(t)‖+ exp(−t), ηy2 = [k2 + λmin(D)−
ρ2 − 1]‖eyi(t)‖+ exp(−t) + C0, k1 ≥ ρ1 − λmin(D) + 1, k2 ≥ ρ2 − λmin(D) + 1, exi(t) =
xi(t)− τx(t), eyi(t) = yi(t)− τy(t), (i = 1, 2, · · · , Q) and C0 is a positive constant, then the
system (2) realizes ALQS and the synchronization error is bounded by a positive constant b. There
is no Zeno phenomenon.

Proof. When ‖exi‖ ≥ b or ‖eyi‖ ≥ b, the proof of Theorem 1 shows that ‖exi‖ and ‖eyi‖ can
decay below b. When ‖exi‖ < b or ‖eyi‖ < b, the analysis process is as follows.

(i). Synchronization analysis of closed-loop system
There are probably some intervals where V̇ > 0 in the case of Theorem 2. In detail, it

needs to be discussed in two cases.
When ‖exi‖ < b, there is tc ∈ [txi

k , txi
k+1]. When t > tc, V̇ may be greater than 0.

Therefore, the value of ‖exi‖may increase.
(a). ‖Exi(t)‖ = [k1 + λmin(D)− ρ1 − 1]‖exi‖+ exp(−t) + C0 occurs before ‖exi‖ = b.
Event (sup{t > txi

k : ‖Exi(t)‖ ≤ ζx2}, ‖exi‖ ≥ b) will be triggered. Then we have
V̇ ≤ 0, so the value of ‖exi‖ will not continue to increase. Therefore, ‖exi‖ will not be
greater than b.

(b). ‖exi‖ = b occurs before ‖Exi(t)‖ = [k1 + λmin(D)− ρ1 − 1]‖exi‖+ exp(−t) + C0.
Event (sup{t > txi

k : ‖Exi(t)‖ ≤ ηx2}, ‖exi‖ < b) will be triggered. Then we have
V̇ ≤ 0, so the value of ‖exi‖ will not continue to increase. Therefore, ‖exi‖ will not be
greater than b.

When ‖eyi‖ < b, analysis process is the same as the above.
(ii). Analysis of the inter-execution times
It is easy to know that event-triggered mechanism (7) fires fewer times than mecha-

nism (3). Combined with the proof of Theorem 1, no matter what the value of ‖exi‖ or ‖eyi‖
is, the Zeno phenomenon will not appear under triggering mechanism (7).

3.2. Inter-Layer Synchronization and Quasi-Synchronization

In this section, RLS and RLQS of the two-layer coupled network (1) will be discussed
when g(x) = f (x). The nodes in the y-layer can unidirectionally receive information from
the corresponding nodes in the x-layer through the control input u. Then network system
(1) can be rewritten as

ẋi = f (xi)− c1

Q

∑
j=1

aijHxj + εH(yi − xi),

ẏi = f (yi)− c2

Q

∑
j=1

bijHyj + εH(xi − yi) + u.

(8)
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The following event-triggered mechanism is proposed:

ti
k+1 = sup

{
t > tk : ‖Ei(t)‖ ≤ ζy3

}
, (9)

where ζy3 = [k3 + 2(εh)min − ρ1 − 1]‖ei(t)‖+ exp(−t), and

Ei(t) =− K3[ei(ti
k)− ei(t)] +

Q

∑
j=1

c1aijH[xj(ti
k)− xj(t)]−

Q

∑
j=1

c2bijH[yj(ti
k)− yj(t)],

with k3 ≥ ρ1 − 2(εh)min + 1, ei(t) = xi(t)− yi(t) for t ∈ [ti
k, ti

k+1].

Theorem 3. Under Assumption 1, for the two-layer coupled network system (8), if u is designed as

u =K3[xi(ti
k)− yi(ti

k)]−
Q

∑
j=1

c1aijHxj(ti
k) +

Q

∑
j=1

c2bijHyj(ti
k), t ∈ [ti

k, ti
k+1], (10)

together with the event-triggered mechanism (9), then the network (8) achieves RLS and there is no
Zeno phenomenon.

Proof. (i). Synchronization analysis of closed-loop system
From ei(t) = xi(t)− yi(t), the RLS error systems are given

ėi(t) = ẋi(t)− ẏi(t)

= f (xi)− f (yi) + εH(yi − xi)− εH(xi − yi)− K3[xi(ti
k)− yi(ti

k)] +
Q

∑
j=1

c1aijH[xj(ti
k)

− xj(t)]−
Q

∑
j=1

c2bijH[yj(ti
k)− yj(t)]

= f (xi)− f (yi)− 2εHei(t)− K3[ei(ti
k)− ei(t) + ei(t)] +

Q

∑
j=1

c1aijH[xj(ti
k)− xj(t)]

−
Q

∑
j=1

c2bij H[yj(ti
k)− yj(t)]

= f (xi)− f (yi)− (2εH + K3)ei(t) + Ei(t).

Denote e(t) = [eT
1 , eT

2 , · · · , eT
Q]

T, and construct the Lyapunov function as

V(e(t)) =
1
2

e(t)Te(t) =
1
2

Q

∑
i=1

ei(t)Tei(t).

Differentiation of V(e(t)) with respect to t can be calculated as follows:

V̇(e(t)) =
Q

∑
i=1

ei(t)T ėi(t) =
Q

∑
i=1

ei(t)T[ f (xi)− f (yi)− (2εH + K3)ei(t) + Ei(t)]

≤ρ1

Q

∑
i=1

ei(t)Tei(t)−
Q

∑
i=1

ei(t)T


2εh1 + k3 0 · · · 0

0 2εh2 + k3 · · · 0
...

...
. . .

...
0 0 · · · 2εhn + k3

ei(t)

+
Q

∑
i=1

ei(t)TEi(t)
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≤
Q

∑
i=1
‖ei(t)‖[ρ1 − 2(εh)min − k3]‖ei(t)‖+ ‖Ei(t)‖.

Under the even-triggered condition (9), it holds

V̇(e(t)) ≤
Q

∑
i=1
‖ei(t)‖(exp(−t)− ‖ei(t)‖)).

If exp(−t) ≥ ‖ei(t)‖, it means that ‖ei(t)‖will asymptotically converge to 0. Therefore,
network (8) can realize RLS under the event-triggered controller (10). Otherwise, one has
V̇(e(t)) ≤ 0. It is easy to know that the largest invariant set of {V̇(e(t)) = 0} is {‖e(t)‖ = 0}.
Therefore, according to LaSalle’s principle [52], the synchronization errors asymptotically
converges to 0, that is, RLS can be realized.

(ii). Analysis of the inter-execution times
The following proof is similar to Theorem 1.

Remark 4. In order to further reduce the event-triggered frequency and communication burden,
similarly, the following content is proposed.

Theorem 4. Under Assumption 1, for the two-layer coupled network system (8), if u is designed
as (9), together with the event-triggered mechanism

ti
k+1 =

{
sup{t > ti

k : ‖Ei(t)‖ ≤ ζy4}, ‖ei‖ ≥ b,
sup{t > ti

k : ‖Ei(t)‖ ≤ ηy4}, ‖ei‖ < b,
(11)

Ei(t) =− K3[ei(ti
k)− ei(t)] +

Q

∑
j=1

c1aijH[xj(ti
k)− xj(t)]−

Q

∑
j=1

c2bijH[yj(ti
k)− yj(t)],

where ζy4 = [k3 + 2(εh)min− ρ1− 1]‖ei(t)‖+ exp(−t), ηy4 = [k3 + 2(εh)min− ρ1− 1]‖ei(t)‖
+exp(−t) + C0, k3 ≥ ρ1 − 2(εh)min + 1, ei(t) = xi(t)− yi(t), and C0 is a positive constant,
then network (8) achieves RLQS and the synchronization error is bounded by a positive constant b.
There is no Zeno phenomenon.

Proof. Because it is similar to the proof process of Theorem 2, it is omitted here.

Remark 5. The control mechanism proposed in this paper realizes mesoscale synchronization
behavior in MLNs by feedback of state information. Using event-triggered strategy, the control
signal does not need to be updated at all times, but only when the event-triggered condition is
satisfied, which can greatly reduce the communication pressure in network systems. In addition,
according to the specific properties of MLNs, such as coupling strength, topology structure, etc.,
the appropriate parameters can be obtained through simple calculation, so that the controller can be
adjusted flexibly.

4. Numerical Simulations

In this section, the validity of the proposed control scheme is further confirmed by
simulation experiment. We consider a multi-layer network consisting of two layers. The
network has one-to-one connections between layers, and the number of nodes is Q = 5 in
each layer. The Laplacian matrices of the x-layer and y-layer, respectively, are

A =


2 −1 −1 0 0
−1 3 −1 −1 0
−1 −1 4 −1 −1
0 −1 −1 3 −1
0 0 −1 −1 2

, B =


2 0 −1 0 −1
0 3 −1 −1 −1
−1 −1 2 0 0
0 −1 0 2 −1
−1 −1 0 −1 3

.
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The definition of the Laplacian matrices here are the same as in Section 2. The inner
coupling matrix is H = E3. In addition, the coupling strength inside each layer is assumed
to be c1 = c2 = 0.1, and the coupling strength between the different layers is assumed to
be ε = 0.1. Under such coupling strength, the network cannot realize ALS or RLS without
controllers, which can be clearly seen from Figures 2a and 3a.

(a) (b)

Figure 2. Intra-layer synchronization (ALS) errors. (a) The two−layered network without control.
(b) The two−layered network under event−triggered control (4).

(a) (b)

Figure 3. Inter-layer synchronization (RLS) errors. (a) The two−layered network without control.
(b) The two−layered network under event−triggered control (10).

Remark 6. In this paper, the coupling strength is regarded as the parameters of the network itself,
and it is not taken as the control means of network synchronization. Therefore, c1, c2, and ε are
arbitrarily assumed. Moreover, in order to prove the effectiveness of the control strategy proposed in
this paper, the network required by simulation experiment should not be able to realize ALS or RLS
without controllers.

We take the unified chaotic system as network nodal self-dynamics.
θ̇i1 =(25λ + 10)(θi2 − θi1)

θ̇i2 =(28− 35λ)θi1 − θi1θi3 + (29λ− 1)θi2

θ̇i3 =θi1θi2 −
1
3
(λ + 8)θi3

(12)

When λ = 0 (resp., λ = 1), the system (12) is a Lorenz system (resp., Chen system) [32].
The functions corresponding to a Lorenz system and a Chen system are represented by
f (x) and g(x), respectively. Therefore, the functions f (x) and g(x) satisfy the following
conditions [22,32].

For a Lorenz system,

(α1 − α2)
T[ f (ν1)− f (ν2)] ≤ 39(ν1 − ν2)

T(ν1 − ν2).

For a Chen system,

(ν1 − ν2)
T[g(ν1)− g(ν2)] ≤ 53(ν1 − ν2)

T(ν1 − ν2).

where ν1, ν2 are any two vectors in Rn.
Under the one-to-one inter-layer connections and the intra-layer connections as shown

in A and B, the network structure is shown in Figure 4. Nodes of the same color indicate
that they can eventually reach the same state, that is, achieve synchronization.
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Figure 4. The topological diagram of the two−layer coupled network for ALS (left) and RLS (right).

Due to the limitations of numerical simulation, we can only judge whether the event
will be triggered at some sampling points. In order to more truly simulate the system state,
the sampling interval is taken as 0.001. The event-triggered instants of nodes are shown in
Figures 5, 6b, 7, and 8b. In these diagrams, black dots represent the sampling instants, and
other marks represent the event-triggered instants of the corresponding node. In addition,
the triggering rates and average triggering rate (ATR) of all nodes are given in Tables 1–4.

Figure 5. Event−triggered instants on nodes xi and yi under condition (3).

(a) (b)

Figure 6. (a) ALS errors in the two−layered network. (b) Event−triggered instants on nodes xi and
yi under condition (7).

Figure 7. Event−triggered instants on node yi under condition (9).

(a) (b)

Figure 8. (a) RLS errors in the two−layered network. (b) Event−triggered instants on node yi under
condition (11).
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Table 1. ALS: Triggering rates for nodes under condition (3).

x1 x2 x3 x4 x5 y1 y2 y3 y4 y5 ATR

17.5% 15.5% 15.5% 15.5% 16.5% 21% 19.5% 22% 21.5% 17% 18.15%

Table 2. Intra-layer quasi-synchronization (ALQS): Triggering rates for nodes under condition (7).

x1 x2 x3 x4 x5 y1 y2 y3 y4 y5 ATR

10.5% 9% 9.5% 9% 10% 11.5% 10% 12% 12% 8% 10.15%

Table 3. RLS: Triggering rates for nodes under condition (9).

y1 y2 y3 y4 y5 ATR

28% 20.5% 49.5% 31.5% 26% 37.7%

Table 4. Inter-layer quasi-synchronization (RLQS): Triggering rates for nodes under condition (11).

y1 y2 y3 y4 y5 ATR

8% 11.5% 9.5% 9% 10.5% 9.7%

4.1. Intra-Layer Synchronization and Quasi-Synchronization

A Lorenz system and a Chen system are selected as the node self-dynamics of the
x-layer and y-layer, respectively.

The initial values of each node in the x-layer are chosen as x10 = (29.2,−21.9, 7)T,
x20 = (14, 2, 0.9)T, x30 = (−24, 8,−5)T, x40 = (−10, 16, 9)T, x50 = (24, 4,−3.2)T, respec-
tively. The initial values of each node in the y-layer are chosen as y10 = (0.1, 18, 23.5)T,
y20 = (9,−6, 8.2)T, y30 = (−6,−12, 2)T, y40 = (26,−9.8, 1)T, y50 = (6, 13, 9.5)T, respec-
tively. These initial values are arbitrarily chosen. In order to meet the synchronization
requirement in Theorem 1, we take K1 = 50E3, K2 = 64E3. Obviously, these values are
not unique.

The ALS errors of the x-layer and y-layer are defined as

ex =
1
5

5

∑
i=1
‖exi(t)‖, ey =

1
5

5

∑
i=1
‖eyi(t)‖.

Under the event-triggered controller given by Theorem 1, the numerical simulation
results are shown in Figures 2 and 5 and Table 1. And under the event-triggered controller
given by Theorem 2, b and C0 are taken as 1 and 100, respectively. The numerical simulation
results are shown in Figure 6 and Table 2.

Figures 2 and 6a show the evolution of ALS errors. The comparison between
Figure 2a,b shows that the control strategy given by Theorem 1 can make the two-layer cou-
pled network realize ALS. The red horizontal line in Figure 6a indicates the synchronization
error bound b = 1. Figure 6a shows that the control strategy in Theorem 2 can achieve
ALQS of this network. Figures 5 and 6b record the event-triggered time of each node.
Obviously, there is no Zeno phenomenon. It can be intuitively seen from the comparison
that the new event-triggered rule (7) can significantly reduce triggering frequency. The
comparison of the data in Tables 1 and 2 reflects this more rigorously.

4.2. Inter-Layer Synchronization and Quasi-Synchronization

A Lorenz system is selected as the node self-dynamics of the x-layer and y-layer.
The initial values of each node in the x-layer are chosen as x10 = (−1, 12.8, 0)T, x20 =

(23, 19,−9.7)T, x30 = (17.6, −13,−19.4)T, x40 = (5,−4.7,−6)T, x50 = (27,−26, 14.4 )T, re-
spectively. The initial values of each node in the y-layer are chosen as y10 = (6.3,−6.3, 21)T,
y20 = (−9, 3.7, 4)T, y30 = (1.3,−5,−16.3)T, y40 = (24.8,−10, 1)T, y50 = (21, 16.6,−23)T,
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respectively. In order to meet the synchronization requirement in Theorem 3, we take
K3 = 60E3. Obviously, this value is not unique. Under the event-triggered controller given
by Theorem 3, the numerical simulation results are shown in Figures 3 and 7 and Table 3.
And under the event-triggered controller given by Theorem 4, b and C0 are taken as 2 and
100, respectively. The numerical simulation results are shown in Figure 8 and Table 4.

Figures 3 and 8a show the evolution of RLS errors. The comparison between Figure 3a,b
shows that the control strategy given by Theorem 3 can make the two-layer coupled net-
work realize RLS. The red horizontal line in Figure 8a indicates the synchronization error
bound b = 2. Figure 8a shows that the control strategy in Theorem 4 can achieve RLQS of
this network. Figures 7 and 8b record the event-triggered time of each node. Apparently,
there is no Zeno phenomenon. It can be intuitively seen from the comparison that the new
event-triggered rule (11) can significantly reduce the trigger frequency. The comparison of
the data in Tables 3 and 4 reflects this more rigorously.

The above numerical simulations further confirm our theoretical results. According to
the requirements of the final synchronization error threshold and event-triggered frequency,
the control parameters can be flexibly changed. For example, if only a larger synchroniza-
tion error threshold and a lower event-triggered frequency are required, b and C0 can be
adjusted to larger values.

5. Conclusions

In this paper, the synchronization of two-layer coupled networks under event-triggered
control is studied. Appropriate event-triggered controllers are designed to realize ALS and
RLS. Moreover, a novel event-triggered rule is proposed, which can realize ALQS and RLQS.
Under this rule, event-triggered times can be greatly reduced, and the synchronization
error threshold can be adjusted flexibly. Finally, a simulation experiment is given to further
verify the effectiveness of the proposed control scheme. Of course, the control scheme in
this paper has some limitations. This scheme needs to exert control over all nodes, and it
is impossible to predict when the network system will reach synchronization. That is a
problem we want to explore in the future.

Author Contributions: C.Z. (Cheng Zhang): conceptualization, methodology, writing—original draft
and reviewing; C.Z. (Chuan Zhang): funding acquisition, supervision, validation, writing—original
draft and editing; F.M.: visualization, writing—reviewing and editing; Y.L.: writing—reviewing and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank the reviewers and the editors for their valuable comments. This research
was funded in part by the National Natural Science Foundation of China under grant number
62003189 and 11671227, in part by the China Postdoctoral Science Foundation under grant number
2020M672024, and in part by the Natural Science Foundation of Shandong Province under grant
number ZR2021MA016.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wen, G.; Yu, W.; Chen, M.Z.; Yu, X.; Chen, G. Pinning a complex network to follow a target system with predesigned control

inputs. IEEE Trans. Syst. Man Cybern. Syst. 2018, 50, 2293–2304. [CrossRef]
2. Hai, X.; Ren, G.; Yu, Y.; Xu, C.; Zeng, Y. Pinning synchronization of fractional and impulsive complex networks via event-triggered

strategy. Commun. Nonlinear Sci. Numer. Simul. 2020, 82, 105017. [CrossRef]
3. Wang, M.; Li, X.; Duan, P. Event-triggered delayed impulsive control for nonlinear systems with application to complex neural

networks. Neural Netw. 2022, 150, 213–221. [CrossRef] [PubMed]
4. He, X.; Zhang, H. Exponential synchronization of complex networks via feedback control and periodically intermittent noise. J.

Frankl. Inst. 2022, 359, 3614–3630. [CrossRef]
5. Yang, X.; Li, X.; Lu, J.; Cheng, Z. Synchronization of time-delayed complex networks with switching topology via hybrid actuator

fault and impulsive effects control. IEEE Trans. Cybern. 2019, 50, 4043–4052. [CrossRef] [PubMed]
6. He, X.; Shi, P.; Lim, C.C. Stochastic synchronization of complex networks via aperiodically intermittent noise. J. Frankl. Inst. 2020,

357, 13872–13888. [CrossRef]

http://doi.org/10.1109/TSMC.2018.2803147
http://dx.doi.org/10.1016/j.cnsns.2019.105017
http://dx.doi.org/10.1016/j.neunet.2022.03.007
http://www.ncbi.nlm.nih.gov/pubmed/35316738
http://dx.doi.org/10.1016/j.jfranklin.2022.03.010
http://dx.doi.org/10.1109/TCYB.2019.2938217
http://www.ncbi.nlm.nih.gov/pubmed/31722503
http://dx.doi.org/10.1016/j.jfranklin.2020.10.028


Mathematics 2023, 11, 1458 14 of 15

7. Zambrano-Serrano, E.; Munoz-Pacheco, J.M.; Anzo-Hernández, A.; Félix-Beltrán, O.G.; Guevara-Flores, D.K. Synchronization
of a cluster of β-cells based on a small-world network and its electronic experimental verification. Eur. Phys. J. Spec. Top. 2022,
231, 1035–1047. [CrossRef]

8. Yuan, X.; Ren, G.; Yu, Y.; Sun, W. Mean-square pinning control of fractional stochastic discrete-time complex networks. J. Frankl.
Inst. 2022, 359, 2663–2680. [CrossRef]

9. Fan, H.; Shi, K.; Zhao, Y. Global µ-synchronization for nonlinear complex networks with unbounded multiple time delays and
uncertainties via impulsive control. Phys. A Stat. Mech. Appl. 2022, 599, 127484. [CrossRef]

10. Yang, S.; Li, C.; He, X.; Zhang, W. Variable-time impulsive control for bipartite synchronization of coupled complex networks
with signed graphs. Appl. Math. Comput. 2022, 420, 126899. [CrossRef]

11. He, S.; Wu, Y.; Li, Y. Finite-time synchronization of input delay complex networks via non-fragile controller. J. Frankl. Inst. 2020,
357, 11645–11667. [CrossRef]

12. Ruiz-Silva, A.; Cassal-Quiroga, B.; Huerta-Cuellar, G.; Gilardi-Velázquez, H. On the behavior of bidirectionally coupled
multistable systems. Eur. Phys. J. Spec. Top. 2022, 231, 369–379. [CrossRef]

13. Sun, Y.; Wu, H.; Chen, Z.; Zheng, X.; Chen, Y. Outer synchronization of two different multi-links complex networks by
chattering-free control. Phys. A Stat. Mech. Appl. 2021, 584, 126354. [CrossRef]

14. Fan, H.; Tang, J.; Shi, K.; Zhao, Y.; Wen, H. Delayed Impulsive Control for µ-Synchronization of Nonlinear Multi-Weighted
Complex Networks with Uncertain Parameter Perturbation and Unbounded Delays. Mathematics 2023, 11, 250. [CrossRef]

15. Xu, T.; Duan, Z.; Sun, Z.; Chen, G. Distributed Fixed-Time Coordination Control for Networked Multiple Euler–Lagrange
Systems. IEEE Trans. Cybern. 2022, 52, 4611–4622. [CrossRef]

16. Cacace, F.; Mattioni, M.; Monaco, S.; Ricciardi Celsi, L. Topology-induced containment for general linear systems on weakly
connected digraphs. Automatica 2021, 131, 109734. [CrossRef]

17. Wu, X.; Li, Q.; Liu, C.; Liu, J.; Xie, C. Synchronization in duplex networks of coupled Rössler oscillators with different
inner-coupling matrices. Neurocomputing 2020, 408, 31–41. [CrossRef]

18. He, W.; Xu, Z.; Du, W.; Chen, G.; Kubota, N.; Qian, F. Synchronization control in multiplex networks of nonlinear multi-agent
systems. Chaos Interdiscip. J. Nonlinear Sci. 2017, 27, 123104. [CrossRef]

19. Jin, X.; Wang, Z.; Chen, X.; Cao, Y.; Jiang, G.P. Stochastic Synchronization of Multiplex Networks With Continuous and Impulsive
Couplings. IEEE Trans. Netw. Sci. Eng. 2021, 8, 2533–2544. [CrossRef]

20. Zhao, X.; Zhou, J.; Lu, J.A. Pinning synchronization of multiplex delayed networks with stochastic perturbations. IEEE Trans.
Cybern. 2018, 49, 4262–4270. [CrossRef]

21. Wang, Z.; Jin, X.; Pan, L.; Feng, Y.; Cao, J. Quasi-synchronization of delayed stochastic multiplex networks via impulsive pinning
control. IEEE Trans. Syst. Man Cybern. Syst. 2021, 52, 5389–5397. [CrossRef]

22. Sun, S.; Ren, T.; Xu, Y. Pinning synchronization control for stochastic multi-layer networks with coupling disturbance. ISA Trans.
2021, 128, 450–459. [CrossRef] [PubMed]

23. Zhang, D.; Shen, Y.; Mei, J. Finite-time synchronization of multi-layer nonlinear coupled complex networks via intermittent
feedback control. Neurocomputing 2017, 225, 129–138. [CrossRef]

24. Xu, Y.; Wu, X.; Wan, X.; Xie, C. Finite/fixed-time synchronization of multi-layer networks based on energy consumption
estimation. IEEE Trans. Circuits Syst. Regul. Pap. 2021, 68, 4278–4286. [CrossRef]

25. Jiang, L.; Tang, L.; Lü, J. Controllability of multilayer networks. Asian J. Control 2022, 24, 1517–1527. [CrossRef]
26. Wu, X.; Li, Y.n.; Wei, J.; Zhao, J.; Feng, J.; Lu, J.A. Inter-layer synchronization in two-layer networks via variable substitution

control. J. Frankl. Inst. 2020, 357, 2371–2387. [CrossRef]
27. Ning, D.; Fan, Z.; Wu, X.; Han, X. Interlayer synchronization of duplex time-delay network with delayed pinning impulses.

Neurocomputing 2021, 452, 127–136. [CrossRef]
28. Ning, D.; Wu, X.; Feng, H.; Chen, Y.; Lu, J. Inter-layer generalized synchronization of two-layer impulsively-coupled networks.

Commun. Nonlinear Sci. Numer. Simul. 2019, 79, 104947. [CrossRef]
29. Ning, D.; Chen, J.; Jiang, M. Pinning impulsive synchronization of two-layer heterogeneous delayed networks. Phys. A Stat.

Mech. Appl. 2022, 586, 126461. [CrossRef]
30. Shen, J.; Tang, L. Intra-layer synchronization in duplex networks. Chin. Phys. B 2018, 27, 100503. [CrossRef]
31. Zhuang, J.; Zhou, Y.; Xia, Y. Intra-layer synchronization in duplex networks with time-varying delays and stochastic perturbations

under impulsive control. Neural Process. Lett. 2020, 52, 785–804. [CrossRef]
32. Liu, H.; Li, J.; Li, Z.; Zeng, Z.; Lü, J. Intralayer synchronization of multiplex dynamical networks via pinning impulsive control.

IEEE Trans. Cybern. 2020, 52, 2110–2122. [CrossRef] [PubMed]
33. Zhuang, J.; Zhou, Y.; Xia, Y. Intralayer synchronization in a duplex network with noise. Math. Methods Appl. Sci. 2021, early view.
34. Tang, L.; Wu, X.; Lü, J.; Lu, J.a.; D’Souza, R.M. Master stability functions for complete, intralayer, and interlayer synchronization

in multiplex networks of coupled Rössler oscillators. Phys. Rev. E 2019, 99, 012304. [CrossRef] [PubMed]
35. Rakshit, S.; Majhi, S.; Bera, B.K.; Sinha, S.; Ghosh, D. Time-varying multiplex network: Intralayer and interlayer synchronization.

Phys. Rev. E 2017, 96, 062308. [CrossRef]
36. Zhang, X.; Tang, L.; Lü, J. Synchronization analysis on two-layer networks of fractional-order systems: IntraIayer and InterIayer

synchronization. IEEE Trans. Circuits Syst. Regul. Pap. 2020, 67, 2397–2408. [CrossRef]

http://dx.doi.org/10.1140/epjs/s11734-021-00307-6
http://dx.doi.org/10.1016/j.jfranklin.2022.01.021
http://dx.doi.org/10.1016/j.physa.2022.127484
http://dx.doi.org/10.1016/j.amc.2021.126899
http://dx.doi.org/10.1016/j.jfranklin.2019.09.007
http://dx.doi.org/10.1140/epjs/s11734-021-00406-4
http://dx.doi.org/10.1016/j.physa.2021.126354
http://dx.doi.org/10.3390/math11010250
http://dx.doi.org/10.1109/TCYB.2020.3031887
http://dx.doi.org/10.1016/j.automatica.2021.109734
http://dx.doi.org/10.1016/j.neucom.2019.10.011
http://dx.doi.org/10.1063/1.5016551
http://dx.doi.org/10.1109/TNSE.2021.3098714
http://dx.doi.org/10.1109/TCYB.2018.2861822
http://dx.doi.org/10.1109/TSMC.2021.3124158
http://dx.doi.org/10.1016/j.isatra.2021.10.016
http://www.ncbi.nlm.nih.gov/pubmed/34728093
http://dx.doi.org/10.1016/j.neucom.2016.11.005
http://dx.doi.org/10.1109/TCSI.2021.3096211
http://dx.doi.org/10.1002/asjc.2561
http://dx.doi.org/10.1016/j.jfranklin.2019.12.019
http://dx.doi.org/10.1016/j.neucom.2021.04.041
http://dx.doi.org/10.1016/j.cnsns.2019.104947
http://dx.doi.org/10.1016/j.physa.2021.126461
http://dx.doi.org/10.1088/1674-1056/27/10/100503
http://dx.doi.org/10.1007/s11063-020-10281-0
http://dx.doi.org/10.1109/TCYB.2020.3006032
http://www.ncbi.nlm.nih.gov/pubmed/32697736
http://dx.doi.org/10.1103/PhysRevE.99.012304
http://www.ncbi.nlm.nih.gov/pubmed/30780279
http://dx.doi.org/10.1103/PhysRevE.96.062308
http://dx.doi.org/10.1109/TCSI.2020.2971608


Mathematics 2023, 11, 1458 15 of 15

37. Xu, Y.; Wu, X.; Mao, B.; Lü, J.; Xie, C. Finite-time intra-layer and inter-layer quasi-synchronization of two-layer multi-weighted
networks. IEEE Trans. Circuits Syst. Regul. Pap. 2021, 68, 1589–1598. [CrossRef]

38. Tabuada, P. Event-triggered real-time scheduling of stabilizing control tasks. IEEE Trans. Autom. Control 2007, 52, 1680–1685.
[CrossRef]

39. Liu, X.; Fu, H.; Liu, L. Leader-following mean square consensus of stochastic multi-agent systems via periodically intermittent
event-triggered control. Neural Process. Lett. 2021, 53, 275–298. [CrossRef]

40. Jiang, C.; Du, H.; Zhu, W.; Yin, L.; Jin, X.; Wen, G. Synchronization of nonlinear networked agents under event-triggered control.
Inf. Sci. 2018, 459, 317–326. [CrossRef]

41. Dimarogonas, D.V.; Frazzoli, E.; Johansson, K.H. Distributed event-triggered control for multi-agent systems. IEEE Trans. Autom.
Control 2011, 57, 1291–1297. [CrossRef]

42. Nowzari, C.; Garcia, E.; Cortés, J. Event-triggered communication and control of networked systems for multi-agent consensus.
Automatica 2019, 105, 1–27. [CrossRef]

43. Hosseini, S.H.; Tavazoei, M.S.; Kuznetsov, N.V. Agent-based time delay margin in consensus of multi-agent systems by an
event-triggered control method: Concept and computation. Asian J. Control 2022, early view.

44. Peng, D.; Li, X. Leader-following synchronization of complex dynamic networks via event-triggered impulsive control. Neurocomputing
2020, 412, 1–10. [CrossRef]

45. Hu, S.; Yue, D. Event-triggered control design of linear networked systems with quantizations. ISA Trans. 2012, 51, 153–162.
[CrossRef] [PubMed]

46. Yang, J.; Lu, J.; Li, L.; Liu, Y.; Wang, Z.; Alsaadi, F.E. Event-triggered control for the synchronization of Boolean control networks.
Nonlinear Dyn. 2019, 96, 1335–1344. [CrossRef]

47. Li, Q.; Shen, B.; Wang, Z.; Huang, T.; Luo, J. Synchronization control for a class of discrete time-delay complex dynamical
networks: A dynamic event-triggered approach. IEEE Trans. Cybern. 2018, 49, 1979–1986. [CrossRef]

48. Zhao, C.; Cao, J.; Shi, K.; Tang, Y.; Zhong, S.; Alsaadi, F.E. Improved Nonfragile Sampled-Data Event-Triggered Control for the
Exponential Synchronization of Delayed Complex Dynamical Networks. Mathematics 2022, 10, 3504. [CrossRef]

49. Zhang, C.; Zhang, C.; Zhang, X.; Wang, F.; Liang, Y. Dynamic event-triggered control for intra/inter-layer synchronization in
multi-layer networks. Commun. Nonlinear Sci. Numer. Simul. 2023, 119, 107124. [CrossRef]

50. Ames, A.D.; Abate, A.; Sastry, S. Sufficient conditions for the existence of Zeno behavior. In Proceedings of the 44th IEEE
Conference on Decision and Control, Seville, Spain, 15 December 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 696–701.

51. DeLellis, P.; di Bernardo, M.; Russo, G. On QUAD, Lipschitz, and contracting vector fields for consensus and synchronization of
networks. IEEE Trans. Circuits Syst. Regul. Pap. 2010, 58, 576–583. [CrossRef]

52. Khalil, H.K. Nonlinear Systems, 3rd ed.; Prentice Hall: Hoboken, NJ, USA, 2002.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/TCSI.2021.3050988
http://dx.doi.org/10.1109/TAC.2007.904277
http://dx.doi.org/10.1007/s11063-020-10388-4
http://dx.doi.org/10.1016/j.ins.2018.04.058
http://dx.doi.org/10.1109/TAC.2011.2174666
http://dx.doi.org/10.1016/j.automatica.2019.03.009
http://dx.doi.org/10.1016/j.neucom.2020.05.071
http://dx.doi.org/10.1016/j.isatra.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21996527
http://dx.doi.org/10.1007/s11071-019-04857-2
http://dx.doi.org/10.1109/TCYB.2018.2818941
http://dx.doi.org/10.3390/math10193504
http://dx.doi.org/10.1016/j.cnsns.2023.107124
http://dx.doi.org/10.1109/TCSI.2010.2072270

	Introduction
	Model Formulation and Preliminaries
	Main Results
	Intra-Layer Synchronization and Quasi-Synchronization
	Inter-Layer Synchronization and Quasi-Synchronization

	Numerical Simulations
	Intra-Layer Synchronization and Quasi-Synchronization
	Inter-Layer Synchronization and Quasi-Synchronization

	Conclusions
	References

