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In this paper, we consider the output feedback event-triggered tracking control problem for a class of switched nonlinear multi-agent
systems (MASs) with sensor faults and state constraints. For unknown nonlinear functions in the system, fuzzy logic systems are used to
approximate them. To address sensor faults, sensor error compensation coefficients are designed to compensate for the errors caused by
sensor faults. Meanwhile, state observer is designed to estimate the unmeasurable states in the system, providing necessary information
for control design. Based on directed switching networks containing a directed spanning tree, an event-triggered output feedback
controller is designed to enable the MAS to track the leader agent. By constructing a suitable barrier Lyapunov function, the stability of the
system is analyzed, and it is proved that the consensus tracking can be achieved without violating the state constraints, the uniform
boundedness of all the closed-loop system signals is ensured and the Zeno behavior can be eliminated. Finally, the effectiveness of the
proposed algorithm is verified through a simulation example.
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1. Introduction

Multi-agent systems (MASs) are composed of a group of
interacting agents. Through communication and coordina-
tion, all agents can complete a complex task that cannot be
completed by a single agent. MASs are ubiquitous in nature
and industry, for example, flocks of flying geese, busy and
moving ant colonies and cooperative operation of robots
[1], smart grid voltage control [2] and so on. Due to the
great potential of MASs in applications, numerous scholars
have conducted a lot of in-depth research on MASs [3, 4].
The consensus problem of MASs [5, 6] is undoubtedly one
of the key research topics. It means that each agent in the

system adjusts and updates its behavior via local coopera-
tion and local information exchange, such that all agents can
finally reach the same value. Specific applications in prac-
tice included unmanned aerial vehicle secure tracking
control [7], vehicle-road collaboration [8], etc.

Switched nonlinear system is a system composed of
several nonlinear subsystems, and these subsystems can
switch according to certain rules or conditions. In practice,
such systems are widely found in many fields such as
power systems, robot control, and traffic management
systems. Therefore, the study of switching nonlinear sys-
tems has important theoretical and practical significance.
Recently, switched nonlinear MASs have been studied by
many researchers [9–12]. In [9], a class of second-order
heterogeneous switched nonlinear MASs was studied. The
authors proposed an adaptive control strategy based on
neural networks to achieve practical finite-time consensus.
The consensus problem for a class of heterogeneous
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switched nonlinear MASs was proposed in [10], in which
the effects of both cooperative and competitive interactions
were considered. In [11], the problem of distributed fault-
tolerant consensus tracking for a class of switched nonlin-
ear MASs was studied. The consensus problem for a class of
switched nonlinear MASs under cyber-attacks was studied
in [12].

Due to the limitations of hardware, the states of the
systems may need to be constrained within a certain range.
However, the previous works on switched nonlinear MASs
did not consider the case of systems with state constraints,
which is a very valuable problem in practice. In [13], the
fast finite-time consensus algorithm for a class of high-
order uncertain nonlinear nonstrict feedback MASs with
time-varying asymmetric full-state constraints was consid-
ered. An adaptive output feedback quantization consensus
control strategy for a class of high-order nonlinear MASs
with full state constraints and input lags was studied in
[14]. In [15], the problem of distributed adaptive fault-tol-
erant control for impulsive time-delay nonlinear MASs with
state constraints was addressed. A finite-time tracking
control method was proposed in [16] for a class of uncer-
tain nonlinear MASs with full state constraints and actuator
faults.

Compared with the traditional time-triggered control
(TTC) strategy, the event-triggered control (ETC) strategy
has great advantages for network systems with limited
communication resources. Therefore, the study of ETC
strategies for nonlinear MASs is a very active research area.
The ETC problem of a class of nonlinear leader-following
MASs was proposed in [17]. In [18], an attack-resistant
secure ETC scheme was proposed for a class of nonlinear
MASs with quantized inputs. The consensus tracking
problem for a class of continuously switched stochastic
nonlinear MASs was investigated employing ETC strategies
in [19]. An ETC approach for nonlinear MASs with Markov
switching topology was proposed in [20]. The ETC problem
for nonlinear MASs was extensively and deeply studied in
[21–25]. Furthermore, it is important to exclude the Zeno
behavior in the ETC scheme, that is, the controller does not
perform an infinite sampling process in a finite time
interval.

In practice, some uncertain factors often exist in non-
linear systems. These uncertainties cannot generally be
described by an accurate mathematical model. The fuzzy
control strategy based on a fuzzy logic system (FLS) is often
used to deal with the uncertainties encountered in practical
systems. In [26], the finite-time containment control prob-
lem for nonlinear MASs with unavailable states and time
delays was studied, in which the FLS was used to approx-
imate the unknown nonlinear functions. In [27], a distrib-
uted fuzzy control method was proposed to address the
issue of fault-tolerant and timed cooperative control for

nonstrict feedback nonlinear MASs with error constraints
and input saturation. When the directed communication
topology switches and the system’s nonlinearity is
completely unknown, a distributed fuzzy control method
was proposed for MASs to achieve consensus [28]. More
results on fuzzy consensus control for MASs can be found in
[29–32].

All the research results given in the above literature are
based on the normal operation of the system sensors.
However, when the sensors in the systems fail, the above
control strategies will no longer be applicable. Therefore, in
the case of unknown sensor faults, how to ensure the
continuous and effective operation of the system has be-
come an important and valuable research topic. In [33], the
problem of neural network-based decentralized adaptive
sensor fault compensation control was studied for nonlin-
ear switched large-scale systems. The consensus problem of
a class of uncertain switched nonlinear MASs with unknown
parameters and sensor spoofing attacks was investigated in
[34]. In [35], the authors addressed the issue of leader-
following consensus control for nonlinear MASs with faulty
sensors and actuators under a fixed directed graph. In [36],
an adaptive neural network ETC scheme was proposed for
nonlinear nonstrict feedback MASs with input saturation,
unknown disturbances, and sensor faults. In [37], an
adaptive fuzzy consensus tracking control scheme was ex-
plored for second-order nonlinear MASs with unmodeled
dynamics, external disturbances, and unknown faults in
both sensors and actuators.

From the above discussion, it can be seen that although
the consensus problem of nonlinear MASs under sensor
faults has been widely and deeply studied, but the observer-
based event-triggered fuzzy control problem of switched
nonlinear MASs with state constraints and unknown sensor
faults still deserves further study. The main contributions of
this paper are summarized as follows:

(1) By introducing adaptive fault compensation coefficients,
a sensor fault compensation control scheme is designed
for switched nonlinear MASs. Although the relevant
control schemes for switched nonlinear MASs were
studied in [9–12], they did not consider the case of
systems with sensor faults.

(2) For switched nonlinear MASs, an adaptive event-trig-
gered fuzzy controller is designed, in which the unmea-
surable states are estimated by the designed observer
through output feedback. It is proved that the proposed
event-triggeredmechanismwill not cause Zeno behavior.
Comparedwith [17–25, 38], the ETC scheme proposed in
this paper canbe applied to switchednonlinearMASs and
save communication resources.

(3) Compared with [13–16], this paper considers the
tracking control problem of switched nonlinear MASs
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with full state constraints and sensor faults, which is
more suitable for practical application.

The rest of this paper is arranged as follows. In Sec. 2, the
preliminaries and problem statements are given. The main
results are presented in Sec. 3. Section 4 shows the simu-
lation results. Section 5 summarizes the research results of
this paper.

2. Problem Statement

2.1. Graph theory

To model the communication networks of MASs, a directed
graph G ¼ ðV; E;AÞ is used to describe the interconnected
relationship between agents, where V ¼ f1; 2; . . . ;Ng
represents the set of nodes corresponding to N agents, E ¼
V � V represents the set of edges, and A ¼ ½aij� 2 RN�N

represents the weighted adjacency matrix. If agent i can
receive information from agent j, then ðj; iÞ 2 E and aij > 0,
else aij ¼ 0. Let D ¼ diagfd1; d2; . . . ; dng with di ¼

PN
j¼1;j 6¼i

aij and the Laplacian matrix is defined as L ¼ D�A. Let �G
be a directed graph with nodes set f0; 1; 2; . . . ;Ng, where
the leader agent is labeled as zero. If the agent i can sense
the leader’s signal, then ai0 > 0, else ai0 ¼ 0, and let
B ¼ diagða10; a20; . . . ; aN0Þ. Starting from the root node, the
graph �G contains a directed spanning tree if there exists at
least one directed path to all the other nodes.

Assumption 2.1. A directed spanning tree rooted at the
leader is contained in the directed graph �G.
Lemma 2.2 ([39]). Under Assumption 2.1, all eigenvalues of
the matrix L þ B have positive real parts.

2.2. Problem description

Consider switched nonlinear MASs consisting of N agents
described by

x
:
ip ¼ xi;pþ1 þ g�

ipðxipÞ þ d �
ip;

x
:
in ¼ ui þ g�

inðxinÞ þ d�
in;

yi ¼ xi1; p ¼ 1; 2; . . . ; n� 1; i ¼ 1; 2; . . . ;N;

8><
>: ð1Þ

and a leader given as yrðtÞ, where �ðtÞ stands for a
switching signal, defined as �ðtÞ : ½0;1Þ ! M ¼ f1; 2; . . . ;
Mg with M being the number of subsystems. xip, p ¼
1; 2; . . . ; n represents the pth state of the ith agent. Assume
that all states of the system are constrained by the
boundary functions � cipðtÞ and � cipðtÞ, that is, jxipj < � cipðtÞ
and jxinj < � cinðtÞ. Let xin ¼ ½xi1; xi2; . . . ; xin�T be the full
state. g�

ipðxipÞ is a smooth unknown nonlinear function and

d�
ip is the bounded unknown external disturbance satisfying

d�
ip � �dip with �dip being a positive constant. ui 2 Rn is the

control input and yi 2 Rn is the system output.

Remark 2.3. Based on the linear system theory, if a
general linear system x

: ¼ Ax þ Bu is controllable, then it
can be transformed into the Brunovsky controller form,
which is the linear part of system (1). As an extension of the
classical linear system, the nonlinear switching system (1)
can be applied to a large class of practical systems, such as,
multi-robots, unmanned aerial vehicles, etc.

In this paper, unknown sensor faults occurring at the
outputs are considered. For the ith agent, let t Fi be
the moment when the sensor fault occurs and yF

i is the
measured value after the occurrence of a sensor fault
after t Fi . Then, the actual output value can be expressed as
follows:

yF
i ðtÞ ¼ �i yiðtÞ; 0 < �i � 1; 8t > t Fi ; ð2Þ

where �i is the unknown fault factor of the ith agent.

Assumption 2.4. There exists a constant �i such that
0 < �i � �i.

Remark 2.5. Assumption 2.4 is reasonable. If �i ¼ 0, then
no feedback information can be obtained, which will cause
the system to become uncontrollable. Similar assumptions
can be found in [40, 41].

Assumption 2.6. The nth derivative of yrðtÞ exists and is
bounded.

Lemma 2.7 ([42]). Let ~Gð�Þ be a continuous function on a
compact set �� . For any � > 0, there exists an FLS yð�Þ ¼
~h
TRð�Þ such that

sup
�2��

j~Gð�Þ � ~hTRð�Þj � �;

where yð�Þ is the output of the FLS and � ¼ ½�1; �2; . . . ; �n�T is
the input, ~h ¼ ½~h1; ~h2; . . . ; ~hL�T is the weight vector with L
being the rule numbers, Rð�Þ ¼ ½R1ð�Þ;R2ð�Þ; . . . ;RLð�Þ�T is
the basis function vector with

Rl ¼ ¦n
i¼1�F l

i
ð�iÞ=§L

l¼1ð¦n
i¼1�F l

i
ð�iÞÞ;

l ¼ 1; 2; . . . ; L; and �F l
i
ð�iÞ is the fuzzy membership function

usually chosen as the Gaussian-type function.

For an uncertain smooth nonlinear function ~Gð�Þ, from
Lemma 2.7, let h ¼ argminfsup�2��

j~Gð�Þ � ~hTRð�Þjg be the
optimal parameter vector, then one gets

~Gð�Þ ¼ hTRð�Þ þ �ð�Þ; ð3Þ
where �ð�Þ is the approximation error satisfying j�ð�Þj � ��
with �� being a positive constant.
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Lemma 2.8 ([43]). For any � 2 R and 8	 > 0, one has

�� tanh
�

	

� �
� 0

and

0 � j�j � � tanh
�

	

� �
� 0:2785	:

Lemma 2.9 (Young’s Inequality, [44]). For any real
number � � 0 and 
 � 0,

�
 � �p

p
þ 
 q

q
;

where p > 1, q > 1, and 1
p þ 1

q ¼ 1.

Lemma 2.10 ([45]). For given function kðtÞ > 0, and eðtÞ
satisfy jeðtÞj < kðtÞ, we have

log
k2ðtÞ

k2ðtÞ � e2ðtÞ <
e2ðtÞ

k2ðtÞ � e2ðtÞ :

Lemma 2.11 ([46]). The cubic absolute-value function Vx ¼
1
3jxðtÞj3 is differentiable, and its time derivative is

V
:
x ¼ x2x

:
signðxÞ.

The main objectives of this paper are to design an ob-
server-based event-triggered fuzzy control strategy for
switched nonlinear MASs with sensor faults, so that the
system can track the leader signal yr , all states in the closed-
loop system are uniformly bounded, and state constraints
are not violated. In addition, the Zeno phenomenon can be
excluded successfully.

3. Control Design

3.1. State observer design

The state observer under sensor fault is constructed as
follows

x̂
:
ip ¼ x̂ i;pþ1 þ lipð$̂i y

F
i � ŷiÞ;

x̂
:
in ¼ ui þ linð$̂i y

F
i � ŷiÞ;

ŷi ¼ x̂ i1;

8>><
>>: ð4Þ

where x̂ ip, x̂ in are states of the observer, ŷi is the output of
the observer, $̂i is the estimation of $i with $i ¼ 1

�i
, and

~$i ¼ $i � $̂i.
Let xi ¼ ½xi1; xi2; . . . ; xin�T , x̂ i ¼ ½x̂ i1; x̂ i2; . . . ; x̂ in�T , d �

i ¼
½d�

i1; d
�
i2; . . . ; d

�
in� and ~xi ¼ xi � x̂ i:

From (4), we have

~x
:
i ¼ Ai~xi þ G�

i þ d 	
i þ Li ~$i y

F
i ; ð5Þ

where G�
i ¼ ½g�

i1; g
�
i2; . . . ; g

�
in�T ;

Ai ¼

�li1 1 . . . 0

�li2
..
. . .

. ..
.

..

.
0 . . . 1

�lin 0 . . . 0

0
BBBBB@

1
CCCCCA;

Li ¼ ½li1; li2; . . . ; lin�T is a design parameter vector such that
the matrix Ai is Hurwirz. Then, for any positive definite
matrix Qi, there exists a positive definite matrix Pi such that
AT
i Pi þ PiAi ¼ �2Qi.

Remark 3.1. Matrix Ai is Hurwitz (or stable), indicating that
all eigenvalues of matrix Ai possess negative real parts. The
design parameters li1; li2; . . . ; lin are the coefficients of the
Hurwitz polynomial pðxÞ ¼ xn þ li1xn�1 þ � � � þ li;n�1x þ lin.
Given n roots of a Hurwitz polynomial with negative real
parts, the Hurwitz polynomial coefficients can be obtained by
using the MATLAB command poly.

The Lyapunov function candidate is designed as

Vi0 ¼ ~x T
i Pi~xi ð6Þ

and

V0 ¼
XN
i¼1

Vi0 ¼
XN
i¼1

~x T
i Pi~xi: ð7Þ

The time derivative of Vi0 is

V
:
i0 ¼ 2~x T

i Pi~x
:
i ¼ 2~x T

i PiðAi~xi þ G�
i þ d �

i þ Li ~$i y
F
i Þ: ð8Þ

From Lemma 2.7, for the uncertain nonlinear function
g�
ipðxipÞ, p ¼ 1; 2; . . . ; n, there exists an FLS ðH�

ipÞTR�
ipðxipÞ

such that

g�
ipðxipÞ ¼ ðH�

ipÞTR�
ipðxipÞ þ � �

ipðxipÞ; ð9Þ
where � �

ip is the approximate error satisfying j� �
ipj � ��

�
ip

with ��
�
ip being a positive constant.

Denote ~G
�
i ðxipÞ ¼ ½H�

i1R�
i1ðxipÞ; . . . ;H�

inR�
inðxipÞ�T , � �

i ¼
½� �

i1; . . . ; �
�
in�T , ��

�
i ¼ ½�� �

i1; . . . ; ��
�
in�T , H�

i ¼ ½ðH�
i1ÞT ;

. . . ; ðH�
inÞT �T , then according to Lemma 4 and (9), we have

2~x T
i PiG

�
i ¼ 2~x T

i PiðG�
i ðxinÞ þ � �

i ðxinÞÞ
� 2�2

maxðPiÞkxik2 þ k~G �
i ðxinÞk2

þ k� �
i ðxinÞk2: ð10Þ

Note that k~G �
i ðxipÞk2 ¼ Pn

p¼1 ððH�
ipÞTR�

ipðxipÞÞ2, accord-
ing to Cauchy–Schwartz inequality, and 0 < ðR�

ipðxipÞÞT
R�

ipðxipÞ � 1, we have

Xn
p¼1

ððH�
ipÞTR�

ipðxipÞÞ2 �
Xn
p¼1

H�
ip

�� ��2 R�
ipðxipÞ

�� ��2
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�
Xn
p¼1

kH�
ipk2 ¼ kH�

i k2: ð11Þ

According to (10) and (11), we have

2~x T
i PiG

�
i � 2�2

maxðPiÞk~xik2 þ kH�
i k2 þ k� �

i ðxinÞk2

� 2�2
maxðPiÞk~xik2 þ �H 2

i þ k�� �
i ðxinÞk2

� 2�2
maxðPiÞk~xik2 þ �H 2

i þ ��
2
i ; ð12Þ

where �Hi ¼ max�2MfkH�
i kg, �� i ¼ max�2Mfk�� �

i kg.
2~x T

i PiðAi~xi þ d�
i þ Li ~$i y

F
i Þ

� �ð%i � 2�2
maxðPiÞÞk~xik2 þ kLik2ð ~$i y

F
i Þ2 þ �d 2

i ; ð13Þ
where %i ¼ 2�minðQiÞ, �di ¼ max�2Mfkd�

i kg.
From (8) to (13), we have

V
:
i0 � �ð%i � 4�2

maxðPiÞÞk~xik2 þ kLik2ð ~$i y
F
i Þ2

þ �H 2
i þ ��

2
i þ �d 2

i : ð14Þ
Then from (7) and (14), we have

V
:
0 �

XN
i¼1

f�ð%i � 4�2
maxðPiÞÞk~xik2 þ kLik2ð ~$i y

F
i Þ2

þMig; ð15Þ
where Mi ¼ �H 2

i þ ��
2
i þ �d 2

i .

3.2. Back stepping controller design

Perform the following coordinate transformation:

zi1 ¼
X
j2N i

aijðx̂ i1 � x̂ j1Þ þ ai0ðŷ i � yrÞ;

ziq ¼ x̂ iq � �i;q�1; q ¼ 2; 3; . . . ; n;

8><
>: ð16Þ

where �i;q�1 is the virtual control signal at step q.
Let z1 ¼ ½z11; z21; . . . ; zN1�T and ŷ ¼ ½ŷ1; ŷ2; . . . ; ŷN�T .

According to (16), we have

z1 ¼ ðL þ BÞðŷ � 1NyrÞ; ð17Þ
where 1N is an N-dimensional column vector with compo-
nents being all ones.

Step 1. The Lyapunov function is chosen as

Vi1 ¼ Vi0 þ
1
2
log

� 2
i1

� 2
i1 � z2i1

þ 1
2�i1

~

2
i1 þ

1
3wi

j ~$i j3; ð18Þ

where �i1 and wi are positive design parameters, � i1ðtÞ is a
boundary function satisfying jzi1ðtÞj < � i1ðtÞ, ~
i1 ¼ 
i1 � 
̂i1,
with 
̂i1 being the estimation of 
i1, and the definition of 
i1
will be given later.

Remark 3.2. Since both Vi0 and ~

2
i1 are quadratic functions,

their derivability is obvious. The derivability of log � 2
i1

� 2
i1�z 2

i1

and j ~$i j3 can be referred to [47] and Lemma 2.11,
respectively. Then Vi1 is differentiable with respect to t.

From (14) and (16) to (18), one obtains that

V
:
i1 ¼ V

:
i0 þ

zi1
� 2
i1 � z2i1

z
:
i1 �

�
:
i1

� i1
zi1

� �
� 1

�i1
~
i1 ~̂
 i1

� 1
wi

~$i
2$̂i

:
signð ~$iÞ

� �ð%i � 4�2
maxðPiÞÞk~xik2 þ kLik2ð ~$i y

F
i Þ2 þMi0

þ zi1
� 2
i1 � z2i1

Δ i zi2 þ Δ i�i1 þ Δ i li1ð$̂i y
F
i � x̂ i1Þ

�
�

X
j2N i

aijðx̂ j2 þ lj2ð$iy
F
i � x̂ j1ÞÞ � ai0y

:
r

� �
:
i1

� i1
zi1

�
� 1

�i1
~
i1 
̂i1 �

1
wi

~$i
2$̂i

:
signð ~$iÞ; ð19Þ

where Δ i ¼
P

j2N i
aij þ ai0 and signð�Þ is the sign function.

By Young’s inequality, we have

Δ i
zi1

� 2
i1 � z2i1

zi2 �
1
2
Δ 2

i
z2i1

ð� 2
i1 � z2i1Þ2

þ 1
2
z2i2: ð20Þ

In conjunction with Lemma 2.7, there exist an FLS ðh�
i1ÞT

R�
i1ð�i1Þ such that

~G
�
i1ð�i1Þ ¼ Δ i li1ð$̂i y

F
i � x̂ i1Þ þ

1
2
Δ 2

i
z2i1

ð� 2
i1 � z2i1Þ2

�
X
j2N i

aij½x̂ j2 þ lj2ð$iy
F
j � x̂ j1Þ� � ai0y

:
r

� �
:
i1

� i1
zi1

¼ ðh�
i1ÞTR�

i1ð�i1Þ þ � �
i1; ð21Þ

where �i1 ¼ ½yr; yF
i ; x̂ i1; x̂ j1; x̂ j2; $̂i �T , and � �

i1 is the approxi-
mation error satisfying j� �

i1j < �� i1 with �� i1 being a positive
constant.

Substituting (20) and (21) into (19), one has

V
:
i1 � �ð%i � 4�2

maxðPiÞÞk~xik2 þ kLik2ð ~$i y
F
i Þ2 þMi0

þ zi1
� 2
i1 � z2i1

½Δ i�i1 þ ðh�
i1ÞTR�

i1ð�i1Þ þ � �
i1� þ

1
2
z2i2

� 1
�i1

~
i1 ~̂
 i1 �
1
wi

~$i
2 ~$i

:
signð ~$iÞ: ð22Þ

Applying Young’s inequality and with the fact that
0 < R�T

i1 R
�
i1 � 1, it yields that

zi1
� 2
i1 � z2i1

ðh�
i1ÞTR�

i1 �
1

4ri1
þ ri1

z2i1
ð� 2

i1 � z2i1Þ2

i1; ð23Þ

where ri1 > 0 is a design parameter, and 
i1 ¼ max�2M
fkh�

i1k2g.
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Similarly,

zi1
� 2
i1 � z2i1

� �
i1 � 1

2

z2i1
ð� 2

i1 � z2i1Þ2
þ 1

2
��
2
i1: ð24Þ

Design the virtual control law �i1 and the adaptive law

̂
:

i1 as

�i1 ¼ � ki1
Δ i

zi1 �
ri1
Δ i

z2i1
ð� 2

i1 � z2i1Þ2

̂i1 ð25Þ

and


̂
:

i1 ¼ �i1ri1
z2i1

ð� 2
i1 � z2i1Þ2

� ��i1
̂i1; ð26Þ

where ki1, �
�
i1 > 0 are design parameters.

In order to compensate the influence of sensor fault, the
adaptive update law of the sensor fault compensation factor
is designed as

$̂i

: ¼
0 if $̂i ¼ 1; � � 0 or $̂i ¼

1
�
; � � 0;

� otherwise;

8><
>: ð27Þ

with

� ¼ wiðyF
i Þ2kLik2 � w �

i $̂i if �i � 0;

0 if �i < 0;

	
ð28Þ

where �i ¼ wiðyF
i Þ2kLik2 � w �

i $̂i and w �
i > 0 is a design

parameter.
Taking (23)–(28) into (22), one gets

V
:
i1 � �ð%i � 4�2

maxðPiÞÞk~xik2 � ki1
z2i1

ð� 2
i1 � z2i1Þ2

þ 1

2
z2i2

þ ��i1
�i1

~
i1 
̂i1 þ
w �

i

wi
~$i

2$̂isignð ~$iÞ þMi1; ð29Þ

where Mi1 ¼ Mi þ 1
4ri1

þ 1
2
��
2
i1.

Let V1 ¼ PN
i¼1 Vi1, then

V
:
1 �

XN
i¼1

�ð%i � 4�2
maxðPiÞÞk~xik2 � ki1

z2i1
� 2
i1 � z2i1

þ 1
2
z2i2

	

þ ��i1
�i1

~
i1 
̂i1 þ
w �

i

wi
~$i

2$̂isignð ~$iÞ þMi1



: ð30Þ

Step 2. Choose the Lyapunov function V2 as

V2 ¼ V1 þ
XN
i¼1

1

2
log

� 2
i2

� 2
i2 � z2i2

þ 1

2�i2
~

2
i2

� �
; ð31Þ

where � i2ðtÞ is a boundary function satisfying
jzi2ðtÞj < � i2ðtÞ, ~
i2 ¼ 
i2 � 
̂i2 with 
̂i2 being the estimation
of 
i2, and the definition of 
i2 will be given later.

Taking the derivative of V2 with respect to t yields that

V
:
2 ¼ V

:
1

þ
XN
i¼1

zi2
� 2
i2 � z2i2

�
z
:
i2 �

�
:
i2

� i2
zi2

�
� 1

�i2
~
i2 
̂

:

i2

	 

: ð32Þ

Note that

z
:
i2 ¼ zi3 þ �i2 þ li2ð$̂i y

F
i � x̂ i1Þ � �

:
i1: ð33Þ

By Young’s inequality, one obtains that

zi2
� 2
i2 � z2i2

zi3 �
z2i2

ð� 2
i2 � z2i2Þ2

þ 1
2
z2i3 ð34Þ

and

�
:
i1 ¼ @�i1

@x̂ i1
x̂
:
i1 þ

@�j1

@x̂ j1
x̂
:
j1 þ

@�i1

@yr
y
:
r þ

@�i1

@y
:
r
y
::
r þ

@�i1

@yF
i

y
: F
i

þ @�i1

@$̂i
$̂i

: þ @�i1

@
̂i1

̂
:

i1 þ
@�i1

@� i1
�
:
i1 þ

@�i1

@�
:
i1
�
::
i1: ð35Þ

Noticing that 0 < �i � 1, one gets that

zi2
� 2
i2 � z2i2

@�i1

@yF
i

y
: F
i

¼ zi2
� 2
i2 � z2i2

@�i1

@yF
i

�y
:
i �

zi2
� 2
i2 � z2i2

@�i1

@yF
i

y
:
i

¼ zi2
� 2
i2 � z2i2

@�i1

@yF
i

ðx̂ i2 þ ~xi2 þ g�
i1 þ di1Þ: ð36Þ

According to Young’s inequality, we have

zi2
� 2
i2 � z2i2

@�i1

@yF
i

ð~xi2 þ di1Þ

� zi2
� 2
i2 � z2i2

@�i1

@yF
i

� �2

þ 1
2
k~xik2 þ 1

2
�d 2
i1: ð37Þ

Substituting (37) into (36), one has

zi2
� 2
i2 � z2i2

@�i1

@yF
i

y
: F
i

� zi2
� 2
i2 � z2i2

@�i1

@yF
i

ðx̂ i2 þ g�
i1Þ þ

zi2
� 2
i2 � z2i2

@�i1

@yF
i

� �2

þ 1
2
k~xik2 þ 1

2
�d 2
i1 ð38Þ

and

zi2
� 2
i2 � z2i2

@�i1

@$̂i
$̂i

:

� zi2
� 2
i2 � z2i2

@�i1

@$̂i
ðwiðyF

i Þ2kLik2Þ

� 1
4r$i1

þ r$i1

zi2
� 2
i2 � z2i2

@�i1

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

; ð39Þ

where r$i1
> 0 is a design parameter.
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Remark 3.3. Note that the FLS can only approximate a
continuous function on a compact set. Because the term $̂

:
i

contained in (35) may not be continuous, the virtual
controller cannot be placed directly into the FLS.
By reducing the inequality (39), a continuous function
defined in (40) is obtained.

Let

~Gi2ð�i2Þ ¼ li2ð$̂i y
F
i � x̂ i1Þ þ

@�i1

@x̂ i1
x̂
:
i1 þ

@�i1

@x̂ j1
x̂
:
j1 þ

@�i1

@yr
y
:
r

þ @�i1

@y
:
r

y
::
r þ

@�i1

@
̂i1

̂
:

i1 þ
@�i1

@� i1
�
:
i1 þ

@�i1

@�
:
i1
�
::
i1

þ @�i1

@yF
i

ðx̂ i2 þ g�
i1Þ þ

zi2
� 2
i2 � z2i2

@�i1

@yF
i

� �2

þ 1
2
z2i2 þ

z2i2
ð� 2

i2 � z2i2Þ2
� �

:
i2

� i2

z2i2
� 2
i2 � z2i2

þ r$i1

zi2
� 2
i2 � z2i2

@�i1

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

; ð40Þ

where �i2 ¼ ½yr; y: r; y::r; yF
i ; x̂ i1; x̂ i2; x̂ j1; � i1; �

:
i1; $̂i ; 
̂i1�T .

FromLemma2.7, there exist an FLS ðh�
i2ÞTR�

i2ð�i2Þ such that
~G
�
i2ð�i2Þ ¼ ðh�

i2ÞTR�
i2ð�i2Þ þ � �

i2; ð41Þ
where � �

i2 is the approximation error satisfying j� �
i2j < �� i2 with

�� i2 being a positive constant.
From (33) to (41), one obtains that

V
:
2 � V

:
1 þ

XN
i¼1

zi2
� 2
i2 � z2i2

ð�i2 þ hT
i2Ri2 þ �i2Þ þ

1
2
z2i3

	

� 1
�i2

~
i2 
̂
:

i2 þMi2



; ð42Þ

where Mi2 ¼ 1
2
�d 2
i1 þ 1

4r$i1
.

According to Young’s inequality and with the fact that
0 < R�T

i2 R
�
i2 � 1, we have

zi2
� 2
i2 � z2i2

ðh�
i2ÞTR�

i2 � 1
4ri2

þ ri2
z2i2

ð� 2
i2 � z2i2Þ2


i2; ð43Þ

where ri2 > 0 is a design parameter and

i2 ¼ max�2Mfkh�

i2k2g.
Similarly,

zi2
� 2
i2 � z2i2

� �
i2 � 1

2
z2i2

ð� 2
i2 � z2i2Þ2

þ 1
2
��
2
i2: ð44Þ

Thus,

V
:
2 � V

:
1 þ

XN
i¼1

1
2
z2i3 þ

zi2
� 2
i2 � z2i2

�i2 þ ri2
z2i2

ð� 2
i2 � z2i2Þ2


i2

	

� 1

�i2
~
i2 
̂

:

i2 þM �
i2



; ð45Þ

where M �
i2 ¼ Mi2 þ 1

2
��
2
i2 þ 1

4ri2
and ri2 > 0 is a design

parameter.
Design the virtual controller�i2 and the adaptive law 
̂

:

i2 as

�i2 ¼ �ki2zi2 � ri2
zi2

� 2
i2 � z2i2


̂i2 ð46Þ

and


̂
:

i2 ¼ �i2ri2
z2i2

ð� 2
i2 � z2i2Þ2

� ��i2
̂i2; ð47Þ

where ki2, �
�
i2 > 0 are design parameters.

Substituting (30) and (46), (47) into (45), one obtains
that

V
:
2 �

XN
i¼1

� %i � 4�2
maxðPiÞ �

1
2

� �
k~xik2

	

� ki1
z2i1

� 2
i1 � z2i1

� ki2
z2i2

� 2
i2 � z2i2

þ 1
2
z2i3 þ

��i1
�i1

~
i1 
̂i1

þ ��i2
�i2

~
i2 
̂i2 þ
w �

i

wi
~$i

2$̂isignð ~$iÞ þ ~Mi2



; ð48Þ

where ~Mi2 ¼ Mi1 þM �
i2.

Step 3. The Lyapunov function V3 is chosen as

V3 ¼ V2 þ
XN
i¼1

1
2
log

� 2
i3

� 2
i3 � z2i3

þ 1
2�i3

~

2
i3

� �
; ð49Þ

where � i3ðtÞ is a boundary function satisfying jzi3ðtÞj
< � i3ðtÞ, ~
i3 ¼ 
i3 � 
̂i3, 
̂i3 is the estimation of 
i3, and the
definition of 
i3 will be given later.

The derivative of V3 with respect to t is

V
:
3 ¼ V

:
2

þ
XN
i¼1

zi3
� 2
i3 � z2i3

�
z
:
i3 �

�
:
i3

� i3
zi3

�
� 1

�i3
~
i3 
̂

:

i3

	 

: ð50Þ

Note that

z
:
i3 ¼ zi4 þ �i3 þ li3ð$̂i y

F
i � x̂ i1Þ � �

:
i2: ð51Þ

By Young’s inequality, one has

zi3
� 2
i3 � z2i3

zi4 � z2i3
ð� 2

i3 � z2i3Þ2
þ 1

2
z2i4 ð52Þ

and

�
:
i2 ¼ @�i2

@x̂ i1
x̂
:
i1 þ

@�i2

@x̂ i2
x̂
:
i2 þ

@�i2

@x̂ j1
x̂
:
j1 þ

@�i2

@yr
y
:
r þ

@�i2

@y
:
r

y
::
r

þ @�i2

@yF
i

y
: F
i þ

@�i2

@� i1
�
:
i1 þ

@�i2

@�
:
i1
�
::
i1 þ

@�i2

@� i2
�
:
i2 þ

@�i2

@�
:
i2
�
::
i2

þ @�i2

@$̂i
$̂i

: þ @�i2

@
̂i1

̂
:

i1 þ
@�i2

@
̂i2

̂
:

i2: ð53Þ
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Similar to Step 2, we have

zi3
� 2
i3 � z2i3

@�i2

@yF
i

y
: F
i

¼ zi3
� 2
i3 � z2i3

@�i2

@yF
i

�i y
:
i

� zi3
� 2
i3 � z2i3

@�i2

@yF
i

y
:
i

¼ zi3
� 2
i3 � z2i3

@�i2

@yF
i

ðx̂ i2 þ ~xi2 þ g�
i1 þ di1Þ

� zi3
� 2
i3 � z2i3

@�i2

@yF
i

ðx̂ i2 þ g�
i1Þ þ

zi3
� 2
i3 � z2i3

@�i2

@yF
i

� �2

þ 1
2
k~xik2 þ 1

2
�d 2
i1 ð54Þ

and

zi3
� 2
i3 � z2i3

@�i2

@$̂i
$̂i

:

� zi3
� 2
i3 � z2i3

@�i2

@$̂i
ðwiðyF

i Þ2kLik2Þ

� 1
4r$i2

þ r$i2

zi3
� 2
i3 � z2i3

@�i2

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

; ð55Þ

where r$i2
> 0 is a design parameter.

Let

~G
�
i3ð�i3Þ ¼ li3ð$̂i y

F
i � x̂ i1Þ þ

@�i2

@x̂ i1
x̂
:
i1 þ

@�i2

@x̂ i2
x̂
:
i2 þ

@�i2

@x̂ j1
x̂
:
j1

þ @�i2

@yr
y
:
r þ

@�i2

@y
:
r

y
::
r þ

@�i2

@
̂i1

̂
:

i1 þ
@�i2

@
̂i2

̂
:

i2 þ
1
2
z2i3

þ z2i3
ð� 2

i3 � z2i3Þ2
� �

:
i3

� i3

z2i3
� 2
i3 � z2i3

þ @�i2

@� i1
�
:
i1

þ @�i2

@�
:
i1
�
::
i1 þ

@�i2

@� i2
�
:
i2 þ

@�i2

@�
:
i2
�
::
i2

þ @�i2

@yF
i

ðx̂ i2 þ g�
i1Þ þ

zi3
� 2
i3 � z2i3

@�i2

@yF
i

� �2

þ r$i2

zi3
� 2
i3 � z2i3

@�i2

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

; ð56Þ

where

�i3 ¼ ½yr; y: r; y::r; yF
i ; x̂ i1; x̂ i2; x̂ j1; � i1; �

:
i1; � i2; �

:
i2; $̂i ; 
̂i1; 
̂i2�T :

Similarly, there exist an FLS ðh�
i2ÞTR�

i3ð�i3Þ such that

~G
�
i3ð�i3Þ ¼ ðh�

i3ÞTR�
i3ð�i3Þ þ � �

i3; ð57Þ

where � �
i3 is the approximation error satisfying j� �

i3j < �� i3
with �� i3 being a positive constant.

Inserting (51)–(57) into (50), one gets that

V
:
3 � V

:
2 þ

XN
i¼1

zi3
� 2
i3 � z2i3

ð�i3 þ hT
i3Ri3 þ �i3Þ þ

1
2
z2i4

	

� 1
�i3

~
i3 
̂
:

i3 þMi3



; ð58Þ

where Mi3 ¼ 1
2
�d 2
i1 þ 1

4r$i2
.

According to Young’s inequality and with the fact that
0 < R�T

i3 R
�
i3 � 1, we have

zi3
� 2
i3 � z2i3

ðh�
i3ÞTR�

i3 �
1

4ri3
þ ri3

z2i3
ð� 2

i3 � z2i3Þ2

i3; ð59Þ

where ri3 > 0 is a design parameter, and 
i3 ¼ max�2M
fkh�

i3k2g.
Similarly,

zi3
� 2
i3 � z2i3

� �
i3 � 1

2
z2i3

ð� 2
i3 � z2i3Þ2

þ 1
2
��
2
i3: ð60Þ

According to (58)–(60), we have

V
:
3 � V

:
2 þ

XN
i¼1

1
2
z2i4 þ

zi3
� 2
i3 � z2i3

�i3

	

þ ri3
z2i3

ð� 2
i3 � z2i3Þ2


i3 �
1
�i3

~
i3 
̂
:

i3 þM �
i3



; ð61Þ

where M �
i3 ¼ Mi3 þ 1

2
��
2
i3 þ 1

4ri3
.

Select

�i3 ¼ �ki3zi3 � ri3
zi3

� 2
i3 � z2i3


̂i3 ð62Þ

and


̂
:

i3 ¼ ri3
z2i3

ð� 2
i3 � z2i3Þ2

� ��i3
̂i3; ð63Þ

where ki3, �
�
i3 > 0 are design parameters.

Substituting (48) and (62), (63) into (61), one has

V
:
3 �

XN
i¼1

�ð%i � 4�2
maxðPiÞ � 1Þk~xik2 � ki1

z2i1
� 2
i1 � z2i1

	

� ki2
z2i2

� 2
i2 � z2i2

� ki3
z2i3

� 2
i3 � z2i3

þ 1
2
z2i4 þ

��i1
�i1

~
i1 
̂i1

þ ��i2
�i2

~
i2 
̂i2 þ
��i3
�i3

~
i3 
̂i3 þ
w �

i

wi
~$i

2$̂isignð ~$iÞ þ ~Mi3



;

ð64Þ
where ~Mi3 ¼ ~Mi2 þM �

i3.
Step ­ ð4 � � � n� 1Þ: Choose the Lyapunov function

for Step � as

V� ¼ V��1 þ
XN
i¼1

1
2
log

� 2
i�

� 2
i� � z2i�

þ 1
2�i�

~

2
i�

� �
; ð65Þ
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where � i�ðtÞ is a boundary function satisfying
jzi�ðtÞj < � i�ðtÞ, ~
i� ¼ 
i� � 
̂i�, 
̂i� is the estimation of 
i�,
and the definition of 
i� will be given later.

Similar to Step 3, the virtual controller �i� and the
adaptive law 
̂

:

i� are designed as

�i� ¼ �ki�zi� � ri�
zi�

� 2
i� � z2i�


̂i� ð66Þ

and


̂
:

i� ¼ ri�
z2i�

ð� 2
i� � z2i�Þ2

� ��i�
̂i�; ð67Þ
where ki�, �

�
i�, and ri� are positive design parameters.

From (66), (67) and by Young’s inequality, one obtains that

V
:
� �

XN
i¼1

� %i � 4�2
maxðPiÞ �

�

2

� �
k~xik2

	

�
X�
s¼1

kis
z2is

� 2
is � z2is

þ 1
2
z2i;�þ1 þ

X�
s¼1

��is
�is

~
is 
̂is

þ w �
i

wi
~$i

2$̂isignð ~$iÞ þ ~Mi�



; ð68Þ

where ~Mi� ¼ �d 2
i þ ��1

2
�d 2
i1 þP��1

s�¼1
1

4r$is�
þP�

s¼1

ð12 �� is þ 1
4ris

Þ, j� �
isj < �� is and �� is is a positive constant.

Step n. The Lyapunov function Vin is designed as

Vin ¼ Vi;n�1 þ
1
2
log

� 2
in

� 2
in � z2in

þ 1
2�in

~

2
in; ð69Þ

where �in > 0 is a design parameter and ~
in will be defined
later.

Taking the time derivative of Vin yields that

V
:
in ¼ V

:
i;n�1 �

1
�in

~
in 
̂
:

in þ
zin

� 2
in � z2in

ui þ linð$̂iy
F
i

�

� x̂ i1Þ � �
:
i;n�1 �

�
:
in

� in
zin

�
; ð70Þ

where

�
:
i;n�1 ¼ @�i;n�1

@$̂i
$̂i

: þ @�i;n�1

yF
i

y
: F
i þ

@�i;n�1

@yr
y
:
r þ

@�i;n�1

@yr
: y

::
r

þ
Xn�1

�¼1

@�i;n�1

@x̂ i�
x̂
:
i� þ @�i;n�1

@
̂i�

̂
:

i� þ @�i;n�1

@� i�
�
:
i�

�

þ @�i;n�1

@�
:
i�

�
::
i�

�
; ð71Þ

and 
̂in will be given later.
Similarly,

zin
� 2
in � z2in

@�i;n�1

@yF
i

y
: F
i

¼ zin
� 2
in � z2in

@�i;n�1

@yF
i

�i y
:
i

� zin
� 2
in � z2in

@�i;n�1

@yF
i

y
:
i

¼ zin
� 2
in � z2in

@�i;n�1

@yF
i

ðx̂ i2 þ ~xi2 þ g�
i1 þ di1Þ

� zin
� 2
in � z2in

@�i;n�1

@yF
i

ðx̂ i2 þ g�
i1Þ

þ zin
� 2
in � z2in

@�i;n�1

@yF
i

� �2

þ 1
2
k~xik2 þ 1

2
�d 2
i1 ð72Þ

and

zin
� 2
in � z2in

@�i;n�1

@$̂i
$̂i

:

� zin
� 2
in � z2in

@�i;n�1

@$̂i
ðwiðyF

i Þ2kLik2Þ

� 1
4r$i;n�1

þ r$i;n�1

zin
� 2
in � z2in

@�i;n�1

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

;

ð73Þ
where r$i;n�1

> 0 is a design parameter.
Let

~G
�
inð�inÞ

¼ linð$̂i y
F
i � x̂ i1Þ þ

@�i;n�1

@x̂ j1
x̂
:
j1 þ

@�i;n�1

@yr
y
:
r þ

@�i;n�1

@y
:
r

y
::
r

þ @�i;n�1

@yF
i

ðx̂ i2 þ g�
i1Þ þ

zin
� 2
in � z2in

@�i;n�1

@yF
i

� �2

þ r$i;n�1

zin
� 2
in � z2in

@�in

@$̂i
ðwiðyF

i Þ2kLik2Þ
� �2

� �
:
in

� in

z2in
� 2
in � z2in

þ
Xn�1

�¼1

@�i;n�1

@x̂ i�
x̂
:
i� þ @�i;n�1

@
̂i�

̂
:

i�

�

þ @�i;n�1

@� i�
�
:
i� þ @�i;n�1

@�
:
i�

�
::
i�

�
; ð74Þ

where

�i3 ¼ ½yr; y: r; y::r; yF
i ; x̂ i1; . . . ; x̂ in; x̂ j1; � i1; . . . ; � in;

�
:
i1; . . . ; �

:
in; $̂i ; 
̂i1; . . . ; 
̂in�T :

Similarly,

~G
�
inð�inÞ ¼ ðh�

inÞTR�
inð�inÞ þ � �

inð�inÞ; ð75Þ
where � �

inð�inÞ is the approximate error satisfying j� �
inð�inÞj

� �� in with �� in being a positive constant.
Let

Vn ¼
XN
i¼1

Vin; ð76Þ
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then from (69) to (75) and with the fact that 0<R�T
in R

�
in � 1,

we have

V
:
n �

XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn�1

s¼1

kis
z2is

� 2
is � z2is

(

þ
Xn�1

s¼1

��is
�is

~
is 
̂is þ
w �

i

wi
$i

2$isignð ~$iÞ

þ zin
� 2
in � z2in

ðui þ hT
inRin þ � �

inÞ �
1
�in

~
in 
̂
:

in þMin




�
XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn�1

s¼1

kis
z2is

� 2
is � z2is

(

þ
Xn�1

s¼1

��is
�is

~
is 
̂is þ
w �

i

wi
$i

2$isignð ~$iÞ þ
zin

� 2
in � z2in

ui

þ 1
2

z2in
ð� 2

in � z2inÞ2
þ rin

z2in
ð� 2

in � z2inÞ2

in

� 1
�in

~
in 
̂
:

in þMin



; ð77Þ

where 
in ¼ max�2Mfkh�
ink2g and Min ¼ ~Mi;n�1 þ 1

2
�d 2
i1 þ

1
4r$i;n�1

þ 1
2
��
2
in þ 1

4rin
.

Design the virtual control law �in and the adaptive law

̂
:

in as

�in ¼ kinzin þ
zin

2ð� 2
in � z2inÞ

þ rin
zin

� 2
in � z2in


̂in ð78Þ

and


̂
:

in ¼ �inrin
z2in

ð� 2
in � z2inÞ2

� ��in
̂in; ð79Þ

where "i, kin and ��in are positive design parameters.

3.3. Event-triggered controller design

Design the event-triggered controller as

uiðtÞ ¼ viðtikÞ; 8t 2 ½tik; ti;kþ1Þ; ð80Þ
where tik , k ¼ 0; 1; 2; . . ., is the update moment of event-
triggered controller for agent i, and the initial time is
denoted by ti0 ¼ t0, t0 � 0.

The control function viðtÞ is designed as

viðtÞ ¼ �ð1þ �iÞ �in tanh
1
	i

zin�in

� 2
in � z2in

� ��

þ "i
1� �i

tanh
1

	ið1� �iÞ
zin"i

� 2
in � z2in

� ��
; ð81Þ

where 0 < �i < 1 and 	i is a positive constant.
Let

eiðtÞ ¼ viðtÞ � uiðtÞ: ð82Þ

The trigger condition is designed as

ti;kþ1 ¼ infft > tikjjeiðtÞj � �ijuiðtÞj þ "ig: ð83Þ
When (83) is satisfied, the subsequent update time ti;kþ1 is
generated.

Remark 3.4. By selecting appropriate parameters �i and "i,
the number of triggers generated by the ETC mechanism
can be adjusted. As the parameter values increase, the
frequency of triggering events decreases; conversely,
smaller parameter values lead to an increased number of
triggers. In particular, when both �i and "i are equal to 0, it
becomes time-triggered.

From (80) to (83), we have

viðtÞ ¼ ð1þ �i1ðtÞ�iÞuiðtÞ þ �i2ðtÞ"i; ð84Þ
where �i1ðtÞ and �i2ðtÞ satisfy j�i1ðtÞj � 1 and j�i2ðtÞj � 1,
respectively.

Then,

uiðtÞ ¼
viðtÞ � �i2ðtÞ"i
1þ �i1ðtÞ�i

: ð85Þ

4. Stability Analysis

In this section, we present our main results and conduct
stability analysis.

Theorem 4.1. Consider nonlinear switched MASs (1) with
sensor faults (2) under Assumptions 1–3, where the initial
states of the system satisfy the state constraints, and $̂ið0Þ >
0 for all i. Based on the state observer (4), with the effect of
the event-triggered controller (80), trigger condition (83),
and associated virtual controllers (25), (46), (62), (66), (78),
adaptive laws (26), (27), (47), (63), (67), (79), it is
guaranteed that all signals of the closed-loop system are
uniformly bounded. In addition, it ensures the achievement of
the following control objectives.

ðiÞ Observer error ~xiq, error signal ziq, consensus tracking
error ȳi, adaptive parameter errors ~
iq and ~$i are
bounded and satisfy

j~xiqj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V n=�minðPiÞ

q
; ð86Þ

jziqj � � iq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p
; ð87Þ

jȳij �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V n=�minðPiÞ

q
þ kðL þ BÞ�1k1 �� 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p
; ð88Þ
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j~
iqj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�iq �V n

q
ð89Þ

and

j ~$ij � ð3wi
�V nÞ 1

3 ; ð90Þ
where q ¼ 1; 2; . . . ; n, i ¼ 1; 2; . . . ;N and
�V n ¼ Vnð0Þ þ M �

n

n
, the definition of M �

n and 
n will be
given in the course of the proof.

ðiiÞ All system states always satisfy the state constraints,
that is, jxiqj < � ciq .ðiiiÞ Zeno behavior does not occur.

Proof. Since 1þ�i
1þ�i1�i

� 1, and j �i2 "i
1þ�i1�i

j � "i
1��i

, then, according
to (84), (85) and Lemma 2.8, we have

zin
� 2
in � z2in

ui

� � zin�in

� 2
in � z2in

tanh
1
	i

zin�in

� 2
in � z2in

� �

� 1
1� �i

zin"i
� 2
in � z2in

tanh
1

	ið1� �iÞ
zin"i

� 2
in � z2in

� �

þ 1
1� �i

���� zin"i
� 2
in � z2in

����
� � zin�in

� 2
in � z2in

þ 0:557	i: ð91Þ

Substituting (91) into (77), one has

V
:
n �

XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn�1

s¼1

kis
z2is

� 2
is � z2is

(

þ
Xn�1

s¼1

��is
�is

~
is 
̂is þ
w �

i

wi
$i

2$isignð ~$iÞ

� zin�in

� 2
in � z2in

þ z2in
2ð� 2

in � z2inÞ2

þ rin
z2in

ð� 2
in � z2inÞ2


in �
1
�in

~
in 
̂
:

in þMin þ 0:557	i

�
XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn
s¼1

kis
z2is

� 2
is � z2is

(

þ
Xn
s¼1

��is
�is

~
is 
̂is þ
w �

i

wi
$i

2$isignð ~$iÞ þ ~Min

)
; ð92Þ

where ~Min ¼ Min þ 0:557	i.
In addition,

~$i
2$̂isignð ~$iÞ ¼ ~$ 2

i $̂i
j ~$ij
~$i

� j ~$ij2$i � j ~$i j3

� 2
3
j ~$ij3 þ

1
3
$3

i � j ~$ij3

¼ �1
3
j ~$ij3 þ

1
3
$3

i ð93Þ

and

~
is 
̂is ¼ �~

2
is þ ~
is
is

� �~

2
is þ

1
2
~

2
is þ

1
2

2
is

¼ �1
2
~

2
is þ

1
2

2
is: ð94Þ

Substituting (93) and (94) into (92), one has

V
:
n �

XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn
s¼1

kis
z2is

� 2
is � z2is

(

�
Xn
s¼1

��is
�is

~

2
is �

1
3
w �

i

wi
j$ij3 þM �

in

)
; ð95Þ

where M �
in ¼ ~Min þ

Pn
s¼1

��is
�is

2
is þ 1

3 $
3
i .

According to Lemma 2.10, one gets

� z2is
� 2
is � z2is

< � log
� 2
is

� 2
is � z2is

; ð96Þ

then inserting (96) into (95), one has

V
:
n �

XN
i¼1

� %i � 4�2
maxðPiÞ �

n
2

� �
k~xik2 �

Xn
s¼1

kis log
� 2
is

� 2
is � z2is

(

�
Xn
s¼1

��is
�is

~

2
is �

1
3
w �

i

wi
j$ij3 þM �

in

)

� �
nVn þM �
n; ð97Þ

where


n ¼ min
%i � 3�maxðPiÞ � n

2

�maxðPiÞ
; 2ki1; 2ki2; . . . ; 2kin;

	

��i1; �
�
i2; . . . ; �

�
in;w

�


;

and M �
n ¼

PN
i¼1 M

�
in:

Then, we may come to the conclusion that the closed-
loop systems are uniformly bounded.

(i) From (97), by and applying Comparison principle,
we have

0 � Vn � Vnð0Þ �
M �

n


n

� �
e�
nt þ M �

n


n
� �Vn: ð98Þ

From the definition of Vn, one has

�minðPiÞj~xiqj2 � ~x T
i Pi~xi � Vn � �V n; ð99Þ

then,

j~xiqj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Vn=�minðPiÞ

q
: ð100Þ

Observer-Based Event-triggered Fuzzy Control for Switched MASs 53

December 6, 2025 9:08:55am WSPC/284-US 2550081 ISSN: 2301-3850



Similarly,

1
2
log

� 2
iq

� 2
iq � z2iq

� Vn � �V n; ð101Þ

then one gets

jziqj � � iq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p
� � iq: ð102Þ

From (17), one has

jȳij ¼ jyi � yrj ¼ jyi � ŷi þ ŷi � yrj
� jyi � ŷij þ jŷi � yrj
� j~xi1j þ kŷ � 1Nyrk1
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V n=�minðPiÞ

q
þ kðL þ BÞ�1z1k1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V n=�minðPiÞ

q
þ kðL þ BÞ�1k1 �� 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p
;

ð103Þ
where �� 1 ¼ maxi¼1;2;...;Nf� i1g.

From the definition of Vn, one has

1

2�iq
~

2
iq � Vn � �V n; ð104Þ

then we have

j~
iqj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�iq �V n

q
: ð105Þ

Similarly, we can get

j ~$ij � ð3wi
�V nÞ 1

3 : ð106Þ
(ii) According to Assumption 3, yr is bounded, that is,

there exists a positive constant ȳr such that jyrj � ȳr . Since
jxi1j ¼ jyij ¼ jȳi þ yrj � jȳij þ ȳr , combined with the (103),
and selecting the constraint function � i1 satisfying

� i1 <
� ci1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V n=�minðPiÞ

p
� ȳr

kðL þ BÞ�1k1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p ; ð107Þ

then, one gets that jxi1j < � ci1 .
Note that jxiqj ¼ jziq þ �q�1j � jziqj þ j�i;q�1j,

q ¼ 2; . . . ; n. Since the virtual controller �i;q�1 is continuous
in some compact set, thus there exists a positive constant
��i;q�1 such that j�i;q�1j � ��i;q�1. It follows from the
boundedness of �i;q�1 and ziq that xiq is bounded. Choose
constraint function � iq satisfying

� iq <
� ciq � ��i;q�1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2 �V n

p ; ð108Þ

then, one has jxiqj < � ciq .
(iii) By the definition of eiðtÞ, for 8t 2 ½tik; ti;kþ1Þ, we have

d
dt
jeiðtÞj ¼

d
dt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eiðtÞeiðtÞ

p
¼ je: iðtÞj ¼ jv: iðtÞj: ð109Þ

According to (81), v
:
iðtÞ is continuous in some compact set,

thus, there exists a positive constant �vi such that
jv: iðtÞj � �vi.

Integrate the both ends of (109) from tik to ti;kþ1, we
have Z ti;kþ1

tik

d
dt
je: iðtÞjdx

¼ jeiðti;kþ1Þj � jeiðtikÞj
� �viðti;kþ1 � tikÞ: ð110Þ

Noticing that eiðtikÞ ¼ 0 and
limt!ti;kþ1

jeiðtÞj ¼ �ijuiðti;kþ1Þj þ �i, one gets

ti;kþ1 � tik �
�ijuiðti;kþ1Þj þ "i

�vi
> 0: ð111Þ

As a result, the Zeno behavior can be excluded.

5. Simulation

In this section, a practical application example is presented
to verify the validity of our theoretical results.

Considers the consensus tracking problem for four sin-
gle-link manipulators to track the leader signal
yr ¼ 0:5 sinðtÞ þ cosð3tÞ.

The mathematical model of a single-link manipulator can
be expressed as follows:

a�
i v
:
i þ b�

i v
::
i þ c�i sinðviÞ ¼ ui þ �i

�; i ¼ 1; 2; 3; 4; ð112Þ
where vi represents the angle of the rigid link, v

:
i is the

angular velocity, v
::
i is the acceleration of the link, and ��

i is
torque disturbance. The interactions of five agents are
shown in Fig. 1. The change of the switching index �ðtÞ is
shown in Fig. 2. When � ¼ 1, a�

i ¼ b�
i ¼ 1, c�i ¼ 1:5 and

��
i ¼ 0:3 cosð2tÞ; when � ¼ 2, a�

i ¼ 1; b�
i ¼ 0:8; c�i ¼ 1 and

��
i ¼ 0:2 sinð5tÞ.
Let xi1 ¼ vi and xi2 ¼ v

:
i. For � ¼ 1, system (112) can be

written as

x
:
i1 ¼ xi2;

x
:
i2 ¼ ui � xi2 � 1:5 sinðxi1Þ þ 0:3 cosð2tÞ;
yi ¼ xi1:

8<
: ð113Þ

For � ¼ 2, it can be written as

x
:
i1 ¼ xi2;

x
:
i2 ¼ ui � 0:8xi2 � sinðxi1Þ þ 0:2 sinð5tÞ;
yi ¼ xi1:

8<
: ð114Þ

Set the sensor fault time t Fi , i ¼ 1; 2;3; 4, to t F1 ¼ 4:3s,
t F2 ¼ 6:6s, t F3 ¼ 18:4s and t F4 ¼ 23s, respectively.
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The actual outputs setting of the MASs under sensor
faults are as follows:

yF
1 ¼ x11; t � 4:3s;

0:72x11; t > 4:3s;

	
ð115Þ

yF
2 ¼ x21; t � 6:6s;

0:9x21; t > 6:6s;

	
ð116Þ

yF
3 ¼ x31; t � 18:4s;

0:78x21; t > 18:4s;

	
ð117Þ

and

yF
4 ¼ x41; t � 23s;

0:88x21; t > 23s:

	
ð118Þ

The state constraint functions are given as
� c11 ¼ 2e�t þ 1:65, � c12 ¼ 5e�t þ 12, � c21 ¼ 2e�t þ 1:65,
� c22 ¼ 5e�t þ 12, � c31 ¼ 2e�t þ 1:65, � c32 ¼ 5e�t þ 12, � c41¼ 2e�t þ 1:65 and � c42 ¼ 3e�t þ 12, where � ci1 and � ci2 ,

i ¼ 1; 2; 3; 4, are the constraint functions of states xi1 and xi2,
respectively.

The initial values of the state are set to x11ð0Þ ¼ 0:6,
x12ð0Þ ¼ �0:5, x21ð0Þ ¼ 0:2, x22ð0Þ ¼ 0:8, x31ð0Þ ¼ 0:23,
x32ð0Þ ¼ 0:78, x41ð0Þ ¼ 0:19 and x42ð0Þ ¼ 0:82. The initial
values of $̂i, i ¼ 1; 2; 3; 4, are set to 0. The rest of the initial
values are set to 1.

The parameters are selected as l11 ¼ l21 ¼ l31 ¼ l41 ¼ 3,
l12 ¼ l22 ¼ l32 ¼ l42 ¼ 60. k11 ¼ 20, k21 ¼ 40, k31 ¼ 20,
k41 ¼ 20, r11 ¼ 10, r21 ¼ 10, r31 ¼ 5, r41 ¼ 5,
�11 ¼ �21 ¼ 8, �31 ¼ �41 ¼ 16, ��11 ¼ ��21 ¼ ��31 ¼ ��41 ¼ 10,
k12 ¼ 40, k22 ¼ 40, k32 ¼ 20, k42 ¼ 20, r12 ¼ 10, r22 ¼ 10,
r32 ¼ 5, r42 ¼ 5, �12 ¼ �22 ¼ 8, �32 ¼ �42 ¼ 16, ��12 ¼ ��22 ¼
��32 ¼ ��42 ¼ 10,w1 ¼ w2 ¼ w3 ¼ w4 ¼ 8, w �

1 ¼ w �
2 ¼ w �

3

¼ w �
4 ¼ 1, �1 ¼ �2 ¼ �3 ¼ �4 ¼ 0:8 and "1 ¼ "2 ¼ "3

¼ "4 ¼ 0:79.
After 30 s of simulation time, the simulation results are

shown in Figs. 3–10. Figure 3 shows the trajectories of the
output signal y1; y2; y3; y4 and the leader signal yr . It can be
observed from Fig. 3 that the output signals of the followers
converge to the leader signal with small errors. Figures 4
and 5 showcase the trajectories of system states xi1, xi2 and
their estimations x̂ i1, x̂ i2, which are tightly controlled within
predefined boundaries � ci1 and � ci2 . Figures 6 and 7 depict
the trajectories of errors zi1 and zi2, which remain within
the predefined time-varying boundaries � i1 and � i2. The
black dots in the figures mark the moments of sensor faults.
Figure 8 exhibits the curves of the ETC signals ui. Compared
with the time-triggered mechanisms, this strategy signifi-
cantly reduces the update frequency of the controller, saves
the system computing resources, and improves the system
efficiency. Figure 9 shows the trigger time tik and the inter-
event time ti;kþ1 � tik , which indicate the absence of the

Fig. 1. Directed interaction graph.

Fig. 2. Switching signal �ðtÞ.

Fig. 3. The trajectories of y1, y2, y3, y4 and yr .
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Fig. 4. Trajectories of xi1 and x̂ i1, i ¼ 1; 2; 3; 4, with constraints.

Fig. 5. Trajectories of xi2 and x̂ i2, i ¼ 1; 2; 3; 4, with constraints.
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Fig. 6. Trajectories of the consensus errors zi1, i ¼ 1; 2; 3; 4.

Fig. 7. Trajectories of the consensus errors zi2, i ¼ 1; 2; 3; 4.
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(a) u1 (b) u2

(c) u2 (d) u4

Fig. 8. Curve of the event-triggered controller u1; u2; u3; u4.

(a) u1 (b) u2

Fig. 9. The inter-event time ti;kþ1 � tik , i ¼ 1; 2; 3; 4.
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Zeno phenomenon in the system. Figure 10 displays the
trajectories of estimation parameters $̂i. The designed
adaptive fault compensation coefficient successfully com-
pensates for the system deviation caused by sensor faults,
thus ensuring the stability and reliability of the system
when a sensor fault occurs.

Moreover, for the extreme cases such as �1 ¼ 0:01, the
system response curve shown in Fig. 11 can be obtained by
selecting appropriate parameters. It can be observed from
Fig. 11 that the output signals of the following agents can
still gradually synchronize with the leader signal after
experiencing large fluctuations.

6. Conclusion

In this paper, the problem of event-triggered fuzzy control
for a class of switched nonlinear MASs with sensor faults is
studied. Because the states of the system are unmeasurable,
a state observer is designed based on output feedback to
estimate the unmeasurable states. For unknown sensor
faults, the adaptive compensation coefficients of sensor
faults are designed to ensure the stable operation of the
system. By selecting the appropriate barrier Lyapunov
function, the state constraint problem of the system is dealt
with. FLS is used to approximate the unknown nonlinear

(c) u2 (d) u4

Fig. 9. (Continued )

Fig. 10. The trajectory of $̂ i; i ¼ 1; 2; 3; 4. Fig. 11. The trajectories of y1, y2, y3, y4 and yr with �1 ¼ 0:01.
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dynamics in the system, and the unknown parameters are
adaptively adjusted. Through stability analysis, the pro-
posed algorithm can ensure that the follower agents track
the leader’s signal and make the closed-loop system uni-
formly bounded. For the proposed ETC mechanism, it is
proved that it will not cause Zeno behavior, thus ensuring
the smooth operation of the system. Finally, the effective-
ness of the algorithm is verified by computer simulation.
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