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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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us

1. Introduction system adjusts and updates its behavior via local coopera-
tion and local information exchange, such that all agents can
Multi-agent systems (MASs) are composed of a group of  finally reach the same value. Specific applications in prac-

interacting agents. Through communication and coordina-  tice included unmanned aerial vehicle secure tracking
tion, all agents can complete a complex task that cannot be control [7], vehicle-road collaboration [8], etc.
completed by a single agent. MASs are ubiquitous in nature Switched nonlinear system is a system composed of

and industry, for example, flocks of flying geese, busy and  several nonlinear subsystems, and these subsystems can
moving ant colonies and cooperative operation of robots  switch according to certain rules or conditions. In practice,
[1], smart grid voltage control [2] and so on. Due to the  gych systems are widely found in many fields such as
great potential of MASs in applications, numerous scholars power systems, robot control, and traffic management
have conducted a lot of in-depth resealjch on MASs [3, 4]. systems. Therefore, the study of switching nonlinear sys-
The consensus problem of MASs [5, 6] is undoubtedly one . : ) o

f the k h topics. It that h tin th tems has important theoretical and practical significance.
ot the ey research topics. 1t means that each agent i the Recently, switched nonlinear MASs have been studied by
many researchers [9-12]. In [9], a class of second-order
Received 1 July 2024; Accepted 29 September 2024; Published 7 Novem- heterogeneous switched nonlinear MASs was studied. The
ber 2024. This paper was recommended for publication in its revised form authors proposed an adaptive control strategy based on
by editorial board ber, Lu Liu. . . . .

v ecitoriar Doand Mempber, Ll i neural networks to achieve practical finite-time consensus.
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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-triggered mechanism will not cause Zeno behavior.
Compared with [17-25, 38], the ETC scheme proposed in
this paper can be applied to switched nonlinear MASs and
save communication resources.

(3) Compared with [13-16], this paper considers the
tracking control problem of switched nonlinear MASs



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 = (V,&, A) is used to describe the interconnected
relationship between agents, where V=1{1,2,...,N}
represents the set of nodes corresponding to N agents, £ =
V x V represents the set of edges, and A = [a;] € RNV
represents the weighted adjacency matrix. If agent i can
receive information from agent j, then (j,i) € £ and a;; > 0,
else a; = 0. Let D = diag{d;,d,,...,d,} with d; = Z}-N:u{,-
aj; and the Laplacian matrix is defined as £L =D — A. Let G
be a directed graph with nodes set {0,1,2,...,N}, where
the leader agent is labeled as zero. If the agent i can sense
the leader’s signal, then a;, > 0, else a;y =0, and let
B = diag(ay, azo, - - - , ayp)- 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 + B have positive real parts.

2.2. Problem description

Consider switched nonlinear MASs consisting of N agents
described by

Xip = Xjpy1 + 97 (Xp) +d7,
Xip = Ui + g7 (Xin) + diy, (1)
yi=xi1, p=12,....n—1,i=1,2,...,N,

and a leader given as y,.(t), where o(t) stands for a
switching signal, defined as o(t) : [0,00) = M ={1,2,...,
M} with M being the number of subsystems. x;,, p =
1,2,...,n represents the pth state of the ith agent. Assume
that all states of the system are constrained by the
boundary functions 7 (t) and 7, (¢), that is, [x;| <7, (t)
and |x;,| <7 (t). Let x; = [Xi1,Xi2,...,Xin)" be the full
state. g{,(x;p) is @ smooth unknown nonlinear function and
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dj, is the bounded unknown external disturbance satisfying
dj, < d;, with d;, being a positive constant. u; € R" is the
control input and y; € R" is the system output.

Remark 2.3. Based on the linear system theory, if a
general linear system X = Ax + 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/ be
the moment when the sensor fault occurs and yf is the
measured value after the occurrence of a sensor fault
after tf. Then, the actual output value can be expressed as
follows:

yll'r(t):Liyi(t)a 0<Li§13 vt>t1F> (2)

where ¢; is the unknown fault factor of the ith agent.

Assumption 2.4. There exists a constant ¢; such that
0< Li S 78

Remark 2.5. Assumption 2.4 is reasonable. If ; = 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 y,(t) exists and is
bounded.

Lemma 2.7 ([42]). Let G(£) be a continuous function on a
compact set §). For any ¢ > 0, there exists an FLS y(§) =
hTR(g) such that

sup [G(§) —h"
£eQ;

R < ¢,

where y(€) is the output of the FLS and & = [£1,&,,...,&,]T is
the input, h = [i~11,i~12, . ,iIL]T is the weight vector with L
being the rule numbers, R(£) = [Ry(£),Ry(€),...,R.(&)]T is
the basis function vector with

R =1I ?:1MF{ (fz‘)/E IL:1 (H ?:1MF} (fi))v

1=1,2,...,L, and up(§;) is the fuzzy membership function
usually chosen as the Gaussian-type function.

For an uncertain smooth nonlinear function G(¢), from
Lemma 2.7, let h = argmin{supecq |G (&) — hTR(§)|} be the
optimal parameter vector, then one gets

G(&) =h"R(&) +¢(9),

(
where ((¢) is the approximation error satisfying [((¢)| < ¢
with ¢ being a positive constant.

3)
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Lemma 2.8 ([43]). For any o € R and V6 > 0, one has
!
_ )<
atanh (6) <0
and

0 < |a| — atanh (%) < 0.27856.

Lemma 2.9 (Young's Inequality, [44]). For any real
number o > 0 and (3 > 0,

p q

aﬁéa—+ﬁ—,

p q

where p > 1, q > 1, and%—i—%:l.

Lemma 2.10 ([45]). For given function k(t) > 0, and e(t)
satisfy |e(t)| < k(t), we have

k2(t)
B2 —er() "k <t>

Lemma 2.11 ([46]). The cubic absolute-value function V, =
Lx(t)]® is differentiable, and its time derivative is

V, = x2ksign(x).

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 y,, 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

)L(ip =ZXjpp1t Iip(@i,"ip -9,
Xin = U; + Ln(Giyf —9), (4)
Pi=2Xi,

where X;,, X, are states of the observer, §; is the output of
the observer, w; is the estimation of w; with w; = Ll,' and
Wi = w; — W;j.
Let X = [Xi1, X2, Xin] ) X = [Rj1, %z, - .-,
[ gl? ;72,,d;;] and )?1' :Xl'ff(l'.
From (4), we have

)A(in} T' d;T =

X =A%+ G +d) + Lz !, (5)

where G7 = [g7,9%.....95]7,
1 ... 0
A |t I
i= )
0 .1
Iy 0 ... 0

L; = [lq,lip, ..., l;y) T is a design parameter vector such that
the matrix A4; is Hurwirz. Then, for any positive definite
matrix Q;, there exists a positive definite matrix P; such that
ATP; + P,A; = —20,.

Remark 3.1. Matrix 4, is Hurwitz (or stable), indicating that
all eigenvalues of matrix A; possess negative real parts. The
design parameters I, l;, ..., 1, are the coefficients of the
Hurwitz polynomial p(x) = x" + [yx™ 1 4 - + [ ,_1x + L.
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
Vio = X{ PiX; (6)

and

N N
Vo=3 Vo= XP¥ (7)

The time derivative of Vjq is

ViO:Z)ziTPi)L(i:ZXI'TPI'(Ai)?i+G;‘T+d1{7+l‘ifﬁiyzl':)' (8)

From Lemma 2.7, for the uncertain nonlinear function
95 (xp), p=1,2,...,n, there exists an FLS (H,)"R{,(x;,)
such that

9ip(Xip) = (Hip) "Ry (xip) + (i (Xip), (9)
where C ip is the approximate error satisfying < ,p| < (7 ip
with ¢}, ip being a positive constant.

Denote GI (le) [Hlezl (&p)v e 77'[?;17?';‘:1(&1))] Tr C;T =

o >0 >0 o o o\T

[Cilw'-va} ’ CI _[Clla'“aCm] , H _[(Hzl) ;
., (%3)"]7, then according to Lemma 4 and (9), we have

28[ PiGY = 2% [ Py(G (xin) + (7 (Xin))
< 22 (Pl + 11GF (i) |

+ 1167 (xin) 117 (10)

Note that [|G (x;) | = 31 (M) "RE (x;,))?, accord-
ing to Cauchy-Schwartz 1nequa11ty, and 0 < (Rf,(xp))"

Ri,(xjp) <1, we have

n

ST () Ry (x)?

p=1

n
< >IN IRG () |
p=1



[GHIE (11)

< annz

According to (10) and (11), we have
2% PiGY < 2Aqan (PRI + IH7 112 + 1¢7 (xin) I
< 2A 5 (PIRI? + H 7 + (1 C7 (xin)|?
< 20 (PRI + HE + (T, (12)
where #; = max,en {71}, ¢; = maxend{[I 71}
28] P{(Ai%; +d7 + Lizoy!)
(o~ 2\ 2P IE N + [L|2(@F)? + d7. (13)
where 0; = 2Anin(Q;), d; = max, e {[|d7 ] }-
From (8) to (13), we have
Vio < — (0 — A max (P)II%i)1 % + ILill 2 (@72
+HI+ (P +d] (14)
Then from (7) and (14), we have

N
Vo < Y {—(0r — 4N hax (PRI 2 + IILi]| (@y])?
i=1
+ M;}, (15)
where M, = HZ + (2 + d}.

3.2. Back stepping controller design

Perform the following coordinate transformation:

Zn = Z a;(Xin — X;1) + aioWi — yr),
JEN; (16)

Ziq:Xiq_ai,qfla q:273a"'7n7

where «;,_1 is the virtual control signal at step q.

Let zy = (211,221, ...,2y1]" and y = [1,92,...,.9n]"-
According to (16), we have
=L+ B - 1wyr), (17)

where 1y is an N-dimensional column vector with compo-
nents being all ones.
Step 1. The Lyapunov function is chosen as
,2
T 1 ~2 1 | 3
1

724' ‘9i1+3 |W

V11—on+ log o
T —Zi i1

(18)
where 7;; and w; are positive design parameters, 7;;(t) is a
boundary function satisfying |z;; (¢)| < 7;1(t), 0;1 = 0i1 — 0;1,
with 6;; being the estimation of 6,1, and the definition of 6;;
will be given later.

Remark 3.2. Since both V;, and 0’ i1 are quadratic functiops,
their derivability is obvious. The derivability of log = T 5

~Zi
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and ;| can be referred to [47] and Lemma 2.11,
respectively. Then V;; is differentiable with respect to t.

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

Zi1 . Ti 15 2
2 .7 (Zil ——zin | ——0ubn
T —Zi Ti1 Ni1

1 o,
— WI Wi Zw,-Slgn(w,-)

Vit = Vi +

< — (o — P (PDIFI? + L2 (@) + Mg
Zi Syl — %
R |:AiZi2 + Aoy + Al (D — Xi)
Th —Zi
et + o ) =
JEN
i 1~ 4 1 - A . ~
T_Zzi1:| 7%@'191'1 7Wiwi2wi518n(w1)v (19)

where A; =} iy, a; + ajo and sign(-) is the sign function.
By Young’s inequality, we have

Z; 1 72 1
A— gy < AP P g2 20
171‘21_21‘21 2= (7%1_2121)2+2 ? (20)

In conjunction with Lemma 2.7, there exist an FLS (h§)7
R{; (&) such that

~ 1 Z-2
G2 () = AL (.vF — Az—ﬂ
11(611) i Il(wl.yl 11) + = 2 ( 72 _Z121)2
Z aij[%;; + I wl)’; —X1)] — ajoy,
JEN;
—ﬂzn
Ti1
= (h) "R (&) + ¢, (21)

where & = [y,,y{, %1, %1, %j2,%;]", and (7 is the approxi-
mation error satisfying |(%| < {;; with (;; being a positive
constant.

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

Vit < — (0 — AN max (PO IRl + ILil| (@i ) + Myg

Zi o o o 1
+2;12[Ai0411 + (W) TRA(&n) + ¢l + =z
1

T —Zi 2

1. 2 1 _,. . -
— 0105 __wizwiSIgn(wi)' (22)
i1 w;

Applying Young’'s inequality and with the fact that

0 < RYRY < 1, it yields that
2
Zj1 oN\Tpo 1 Zi
——— (h1) 'R < —+ 150, (23)
Th—zh I 4ry Crh -zt

where r;; > 0 is a design parameter, and 6;; = max,c

{llhq 1%}
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Similarly,

ZZ

1 < e
I 2 ( le)

. Design the virtual control law «;; and the adaptive law
0,‘1 as

i1
Zi —0 C

—z2 +5 Cll (24)

kiy Ti1 i
Q= — "z — Oin (25)

I AT A (TR —zh)?

and
2
“ zZy v A
On = 7)1’1’”1'1@*771'1911, (26)
1 1

where k;;, n7; > 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

1
0 ifa;=1, p<0 or w;=—, p>0,
p otherwise,
with
0 if =i < 07

where Z; = w;(yf)?||L;||? — wjc; and w; >0 is a design
parameter.
Taking (23)-(28) into (22), one gets

2
. 2 ~ Zil 1 2
Vis < = (0 = A max P)IXill* = ki -z :z.z 2 +52i
il i1
+ ’Z]li él 011 + wl 2w151gn(w1) =+ M117 (29)
i

Where Mll = M + 4; + Cll
Let V]_ Z, 1 V,l, then

N 2

. ~ Z7 1

vV, < E — (01 — AN Eax (P) | %i]| 2 — e 4 3 +>75
=1 Th—Zip 2

+ N 7
i1

*

911011 + w12w151gn(w1) +M11} (30)

Step 2. Choose the Lyapunov function V, as

T2 1 -2
VZ = V1 + Z ( 10g422+ 2772 9,‘2)7 (31)
i2 1

where 7;(t) is a boundary function satisfying
|zi2(t)| < Ti2(t), 012 = 0, — 0, with 6, being the estimation
of 0, and the definition of 6, will be given later.

Taking the derivative of V, with respect to t yields that

Vz - Vl
N .
Zjp Ti2 1 -
+ Zp ——2Zjp | ——06; } (32)
;{7122_21'22< * i2 2> Ni2 2
Note that
Zip =23 + ap + lp(Sy! — ) — dun. (33)
By Young’s inequality, one obtains that
2
Zip Z2 1,
Zi3 S - =Zi3 (34)
7'1'22_2122 1 (7'1'22_222)2 2™
and
. 804,-1 2 80(]'1 5 60{1'1 . 8(11'1 .. 80{1'1 . F
. pr X = . .
(e%51 (95(,1 i1 B }1+ 3}’r Yr+ a)./'r.yr'i_ ay,Fyl
80{,‘1 . 804,1 8&1'1 804,1 .
i —0 35
+9m, ©i . g, Tt g T (35)
Noticing that 0 < ¢; < 1, one gets that
Zi2 dayy F
7'1'22 - Zi22 yf
Zji2 dajy v Zi2 Oayy
= Wi >
71'22 _21'22 yf Tizz _21'22 yf
Zi 80{1
:272 1( Xi2 +X12 +g11+d11)' (36)

F
Th—2ph Oy
According to Young’s inequality, we have

47, oy
2 o F
Tip — ZiZ o)

2

< ( Zip 8041'1)

= 2 2 F
Th —Zp Oy;

Substituting (37) into (36), one has

(Xi2 +din)

1 1.,
+E||Xi||2+§di1~ (37)

Zip dayy . F

2.2 A FYi
Th—zh oyf
Zp Doy zy Oog)?
Trh—zh Oyf —oF X2 +9i1) + ( ) 6y1>
1, . 1 -,
+ EHXiHZ‘i‘Edn (38)
and
Th — 2z} 0%
Zp  Oay Fan o
S o7 w;i(y; L.
_7',-22—21.22 8@1( 1()/1) H 1” )
: Ziz 9o F\2 2]
< r. i 2 (wi(ys L. . (39
= 4rw11 + Wit TiZZ_ZiZZ aiﬁl( l()/l) || 1|| ) ( )

where r, > 0 is a design parameter.



Remark 3.3. Note that the FLS can only approximate a
continuous function on a compact set. Because the term @,
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
~ R R 6061' x 604, X 6()(,
G (&) = ln(@wi — %) + 85(,-11 Xi1 + 3;(],11 X5 :yr

1 z2 T} z2
2 i2 i2 i2
_|_ _Ziz +

2 (75 —zh)? -
Z; « 2
trm o (S DL ) 0)

Ti2

2 2
Tia Tip —Zp

where 51’2 = [yr?.).}rvyr?yi v&ila )A(i27)A(jla Ti1» ’i—ilv Tﬁia éil] T'
From Lemma 2.7, there existan FLS (h%) TR (£;,) such that

Gi2(é2) = (h)"RE(E2) + CR, (41)
where 7, is the approximation error satisfying || < ¢, with
Ci» being a positive constant.

From (33) to (41), one obtains that

1
V, < V1+Z{ 0412+h12R12+C12)+2213
i 12
1 - -
——0p0; + Mp ¢, (42)
i2
where M, =5 d,1 + = 4r
According to Young s inequality and with the fact that
0< R;’ZT % <1, we have
2
Zi2 T Zi2
———(hp) 'R <—+rp—"5—=0p, (43
h—7h 2= 4rp (T —2z3)? v )
where rp; >0 is a design parameter and
0 = max,epn{[[h% %}
Similarly,
Zi2 o 1 z},
Ciz <= +5 (i (44)
Th—zh " T 2 (Th —zj) I
Thus,
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where Mj =M + % 3+ ﬁ and r; >0 is a design
parameter.
Design the virtual controller «;, and the adaptive law 6,2 as
Zz A
Qip = —KigZip — I'iz ﬁeiz (46)
Ti2 = %2
and

“ z2
O = NigFig ——12—— — 0’0, 47
i2 Ni2Ti2 ( 122 _ZIZ) 7712 i2 ( )
where kj,, 7, > 0 are design parameters.

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

that

N
. 1\, .
Vo< > {- (o= ke - 1) 157

i=1

Zn Zi 2 N
—k; k, +-zi3+—0,40
il 7_121 — 121 i2 7—1'22 122 2 i3 1 i1vi1
+ ZiZ 912 912 + wzzwl Slgn(w1> + MIZ} (48)
i2

Where Miz = Mil + M;kz
Step 3. The Lyapunov function V3 is chosen as

z 1 -2
=V, + ( logi—&-—ﬂi), 49
2 Z 2 _Zi23 2771'3 3 ( )
where 7;3(t) is a boundary function satisfying |z;3(t)|
< 75(t), 0;3 = ;3 — Oy, 013 is the estimation of 6,3, and the
definition of #;; will be given later.
The derivative of V3 with respect to t is

V3 - Vz
u Zi3 Ti3
+ d <'Z-— 'z)—&,&} (50)
1-21:{7123 -z} o i3 © i3 30
Note that
Zi3 = ziy + g + In (Bl — &) — Q- (51)
By Young’s inequality, one has
2
Zi3 Z3 1,
7 < 22 (52)
71'23 - 1'23 l (71'23 _21'23)2 2™
and
. 304,-2 5 + 60&1'2 5 80{12 5y + 60&[2 8@,-2 .
Qjp = 47 i S j r r
2 Bxll ! 8xi2 8x]1 st 3yr Y 0 r Y
80[,2 . F 80‘12 80412 . 3042 . (90(,2 ..
+8p '+6T,-1 il+8',1 i1+8,7—i2 8,2Ti2
Ou; 5] 15]
+ 0112 Az iz ¢ 911 + iz ¢ 912 (53)
ofest 00, 901
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Similar to Step 2, we have

Zi3 80412 F

———— Vi
_213 ayl
— Zi3 8O‘IZ
s R
< i3 Oayy .
Trh—zh
— T O Ry g%t dy)
- b — Z23 QV,F Xj2 i2 gll i1
Zj3 Oaj, Zj3 dayp\ *
< (ke +950)+ ( )
7'123_223 aYiF i 7'1‘23_21‘23 yf
1, ~2
=[1%11* + > dil (54)
and
Zj3 50412 A
7'1'23 _Zi23 owm; !
Zj3 dayy F\2 2
(y! L.
<2y G DIl
1 Z; Oa 2
< roo |8 =2 L; . (55
_4'rw,-2+ Wiz 7123_213 8A ( (.y H ” ) ( )
where r_, > 0 is a design parameter.
Let
~ 0 . . dayy - Oay - Oayy -
Gi3(&3) = IiS(WiJ’iF —Xj1) + 8)?,? X1+ 8)?:22 Xjp + a&]lf Xj1
Jap . Oayp . Do > Oagy » 1,
+ yr+ . yr+ A~ 01’ + 01 + = Zj
Ay, a0, e, © 278
T 2z T z5 Oaip "
(T 123_21'23>2 Ti3 7'23 Z ot
aazZ .. 80‘12. 30412 ..
+ — Ti + — +— Ti
a7-11 1 a Ti2 87'1'2 2
oy Zj3 Odayp z
+=F B ’F ( Xi2 +gll) 3 Zi23 (3y,F
Zj3 Odayp 2 20 2
Fo, —5——5 w;(y;i ) ||Li , 56
tro o (S oD IY) . 6o

where

- - F o o & . . - T
£i3 - b/rayhyhyi 7Xi17Xi27Xj17Ti17TilvTi27TinwiveilveiZ} .

Similarly, there exist an FLS (h%)TR%(&;3) such that

Gi3(&s) = (h3)"RE(Es) + (i, (57)

where (7 is the approximation error satisfying (%] < (i3
with (;3 being a positive constant.

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

V3<V2+Z{

1 -~ =
——00 + Mi3}7 (58)

Ni3

1
a13 + h13R13 + C13) + 2214

i

Where Mi3 = % &121 —+ ﬁ
According to Young’s inequality and with the fact that

0 < RY'R% < 1, we have
2
Zi3 T Zi3
—— 5 (h3) Rz < —+r3———5 0, (59)
Th—zh P Arg P (rh —zh)?
where ri3 > 0 is a design parameter, and ;3 = max,c
{lIng1%}.
Similarly,
1 z4 1.,
(B<= 7’4'—(1'3 (60)
Th— 2 2 (15 —2z5)?

According to (58)-(60), we have

N
. . 1 2 Zi3
V3§V2+§ SZp+—S—— 05

i=1 2 T3z —Z13

72
+ i3 ﬁea ——0330;3 +Mf3}a (61)
Ti3 i3 1
where M3 = Mz + 1 (5 + 2
Select ’
Z; A
a3 = —Ki3zz3 — I3 2 fzz O3 (62)
i3 i3
and
) 2
P z
Oz = ri3ﬁ 7713‘9137 (63)
i3 i3

where ki3, i3 > 0 are design parameters.
Substituting (48) and (62), (63) into (61), one has

2
. 2 ~ N2 Zi
Vo< 3o { (o~ NlP) ~ DRI~k 7
2 2 1
s — K ~ 2f + 11
i2 2 2 137-,‘23 2 i4 N

7711 9

i1 eil

—Wi @; o;sign (o) + Mi3}7
W.

(64)
where M;; = M, + M.

Step Q (4 < Q < n—1). Choose the Lyapunov function
for Step Q2 as

2 1 -2
Vo =Vo 1+Z< 10g722+2n—n9m>7 (65)
i0 i



where Tio(t) is a boundary function satisfying
|2, (£)] < Tio(t), B0 = O — 01, 01, is the estimation of O,
and the definition of 6;, will be given later.

Similar to Step 3, the virtual controller «;; and the
adaptive law ém are designed as

ZiQ A
aio = —KiaZio — rio 5 7 Oio (66)
Tio ~ Zin
and
5 i « A
Oio = rio T2 22 niobios (67)
(Tio — Zio)
where ki, 7}, and ri are positive design parameters.

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

’ o 2 Q 2
VQ < Z —| % — 4>‘max(Pi) - HXIH

i=1

1 Nis =
- Zkzs — + 2 ZIQ+1 + Z = 015915

is IS is
W,-* o -
+ —; “o;sign(c;) + Mm}’ (68)
1
Wh_ere 1&2 - dz + 5= 971 d121 +Zs =1 4,« + Zs 1
(3 Cis+ ) €% < Cis and C;s is a positive constant.
Step n The Lyapunov function V;, is designed as

2
TS 1 -2

l m o+ 00, 69

08—~ 2 ZZ Znin in ( )

m m

Vi = Vin- 1+

where 7, > 0 is a design parameter and 0,, will be defined
later.
Taking the time derivative of V;, yields that

. . 1~ = Z; .
Vin="Vip-1 ——0nby +—5—— [Ui + L (Bt
in Tin — Zin
_)%11) — Qjp-1 Iln Zin:|7 (70)
n
where
& _ a051:n—1 X 8Oéi,n—1 Fo0Q;n_q n 8ai,n—l
in—1 8@, ! yf I a_)’r ' 8.yr '
n—1
0Qjn_1 : 00 n_q 00 n_q
+ 2 A — 0z Tia
AX:; ( aXiA I 0 iA ' aTIA '
oo T
L ) (71)
aTI'A

and é,-,, will be given later.
Similarly,
Zin o1 . F
T2 —z2 gyf 7!
_ D% o
) 2 T gyF Wi
Vi

in in
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Zin aO‘i,n—l .

7—izn_zin 8ylF :
Zin aam 1
== (X2 + Xz +gh +dn)
7—izn_Zizn ayl I

Zin 8al .n—1

7H ) IF ( 2 +gzl)
Lz 9oina)?
7-izn_zizn ayf
1o 15
Iz, —d- 72
+ IR+ (72)
and
Zin Oin_1 A
7_izn_zm aﬁz '
Zin 8 ®jn—1 2
_ %in L.
< g e DL
Z; O n_1 5 ]2
< r_ _ Zin 9%in- L.
S g e 7727 —aa WO I
(73)
where re,., > 0isa design parameter.
Let
E;;Tn(fm)
0ap_q ; 0,1 0 1
= (@] — ) + oy Ly, —E
' ale & ayr 8yr
aainfl 5 Zin 8ain71 2
(X +g71) + ‘
a'y’F 1 I 1'2n _Zizn a.yIF

Z; Oq; 2 2.\ 2
Fro o (SR )

. 2 -1
Tin Zin 80‘111 134 801,-7,,,1
- Jr ——Xj\ + =
19).
A iA

+ ag;’;l it ag;';l T“,-A>, (74)
where
3= Wrdr ey Xis - R, Xj1s Tity -+ Tins
+,-1,...,'T,-,,,@,-,é,-l,...,é,-n]T.
Similarly,
Gin(&in) = (R7) "R (Em) + Cin(Ein), (75)

where (7, (§;,) is the approximate error satisfying [(,(n)|
< (i, with (;, being a positive constant.
Let

i=1
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then from (69) to (75) and with the fact that 0<R{ R, < 1,
we have

V,, < zN:{_(Qi_4 max( 1)__)||X1H2 Zklsf

i=1 Tis Zis
,'7759 0 *
+ Z isVis + wz wISIgn(wl)
— s Wi
Zin T o 1. 5
+ 2 2 (l,l,- + hinRin + Cin) - _einein + Min
Tin — Zin Nin
N
< Z{_(Qi_4 max( 1)__)||X1H2 ka—
i—1 Tis = Zis
g o wl z
+ ) 00+ —w;wsign(@) + 5 U
=1 s w; Tin —Zin
1 z? z,
+5 +r 0;
2 (Tizn - Zm)z " ( 12n Zizn)2 "
1 -~ =
- feingin + Min}a (77)
in

Where 9m —zmaneM{”h ” } and Mln _Mln 1+ d11+
4-r_ + <1"+4r

“in-1
Design the virtual control law «;, and the adaptive law
0;n as

Zin Zin A
Ajp = kinzin + 2( izn — Zm) + Iin Tizn — Zizn Hin (78>
and
~ Zizn ~
Oin = NinTin m = Ninbin, (79)

where ¢, k;;, and 7}, are positive design parameters.

3.3. Event-triggered controller design

Design the event-triggered controller as
ui(t) = vi(ti), Yt € [tig, tigya)s (80)

where t;, k=0,1,2,..., is the update moment of event-
triggered controller for agent i, and the initial time is
denoted by t;; = ¢tp, tog > 0.

The control function v;(t) is designed as

1 z,oq
Vi(t) = —(1 + ,yl) |:Olin tanh (z %)
1 mn

in — Zin

€ 1 ZinE;
—— _tanh m 81
+1—’Yi n (5(1 Vi) T Zz>}7 (81)

where 0 < v; < 1 and ¢; is a positive constant.
Let

ei(t) = vi(t) — ui(t). (82)

The trigger condition is designed as
= inf{t > ty|le;(¢)| = vilui(t)| + &} (83)

When (83) is satisfied, the subsequent update time ¢; ;4 is
generated.

kvt

Remark 3.4. By selecting appropriate parameters ~; and ¢;,
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 ~; and ¢; are equal to 0, it
becomes time-triggered.

From (80) to (83), we have

vi(t) = (1 + A (E)7)ui(t) + A2 (b)e, (84)
where ;1 (t) and A, (t) satisfy |\ (€6)] < 1 and |M\,(¢)| <1,
respectively.

Then,

Vi(t) A12 (t)al

Ui(t) B 1+ >‘i1( ) Vi (85)

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 <o;(0) >
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.

(i) Observer error )?,-q, error signal Zjg, CONSENsus tracking
error y;, adaptive parameter errors 0;, and <; are
bounded and satisfy

|§iq| < Y, Vn/)‘min(Pi)v (86)
|2iq| < TigV1—e72Vn, (87)

Vn/)‘min(Pi)
L +B) HoT1V1—e2Va, (88)

|y <



‘éiql S \/ Zniq Vn (89>

@il < (3w V)3, (90)

where qfl 2,...,n, i=1,2,...,N and
V,=V,0)+ " the deﬁmtzon ofM* and B, will be
given in the course of the proof.

(ii) All system states always satisfy the state constraints,
that is, |xi| < 7,

(iii) Zeno behavior does not occur.

and

Proof. Since 11”’7 > 1,and | 225

+
to (84), (85) and Lemma 2.8, we have
Zin
Tizn - Zizn l

< ZinQjn nh ZinQjn
= 2 ta 6 2 2
Ti _Zin i Tin = Zin

1 s 1 e
- ZZmEI . tanh ( zzzn€1 . )
177i Tin — Zin 61(177i) Tin — Zin

1 Zme,
1 — i Zizn
VA
< 72”77”1 +0.5576;. (91)
in in

Substituting (91) into (77), one has

) n L z?
< 3 (o a3kt - )l - > kg

i is is
n— 77 *
+ Z = 015015 + wl wlSIgn(wl)
s=1
. ZinQjn len
7-izn _Zizn Z(Tt'zn _Zizn)2
LG M 05575
in (7_"2” — Z,-Z,,)Z in N inYin in . i
N ) n n Z.Z
< Y= (o = NP =) IR =D ke
i—1 =1 Tis — Zis
+ Z ZIS exsezs + wz w151gn(w1) + M,,,} (92)
s=1 '11s

where M;, = M;, + 0.5576,.
In addition,

ﬁl’ Z'Zﬁisign(@i) ==

A\
a
Bl
Il
a

A
i
)
_|_
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1, . 1
= —§|wi|3 +§w1’3 (93)

and
~ ~ ~2 ~
aiseis = _eis + aisais
-2 1-2 1
S _9i5+59is+591‘25
1

-2 1
= —50i3+50,25. (94)

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

. ny . z;
V, < Z {—(Qi - 4)‘rznaX(Pi> - E) ||Xi||2 - Zkis_Tz _Szz
s=1

i=1 is is
} : 771s
s=1 Nis

where M}, = M, + Z;’:l%ﬁ:@é +1iz}
According to Lemma 2.10, one gets

___l 1|3+Mm} (95)

2 2

Z; Tis
— 2— — lOg 2 — Z s (96)
is is Tis is

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

N n 2
. ny . U
<> {— (o= #Nhan(P) = ) IRl = 3 hilog 3

i=1 is

n * oL 1 W?‘
= TG — 5wy + M,
MNis 3 w;

s=1
< _ﬂnVn‘i'M;a (97)
where
(0~ 3Aman(P) 2
ﬂn = mm{ I )\mI::)((Pi)I 2 2k11a2k127 . kmv
Tf;laﬁ?b cee 7n7n,W*}»

and M, = vazl Mj,.

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

M p M;
0<V, < <Vn(0) ——">e—dnt + 1<V, (98)
B B
From the definition of V,, one has
/\min( )|X1q| < X?Pifi S Vn S Vm (99)
then,
|)?iq| < Vn/Amin(Pi)' (100)
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Similarly,
1 T2 _
> log——— <V, <V, (101)
£ _g°¢
iq iq
then one gets
|Ziq| § Tl'q V 1 — 6_217" § Tiq' (102)

From (17), one has

Vil = i —yel =i = 9i +9i =il
< i =0l + i =yl
< Xl + 19 — Ivyrlloo

<A Va/ Ain(Pr) + [[(£ + 8)7121 lso
<A o/ Ain(P) + (£ + B) oo 71 V1 — 270,

(103)
where 7y = max,_1, n{7i}-
From the definition of V,, one has
1 -2 —
ﬁoiq <V, <V, (104)
iq
then we have
‘éiq| < 2771'q Vrr (105)
Similarly, we can get
&1 < (3w V). (106)

(i) According to Assumption 3, y, is bounded, that is,
there exists a positive constant ¥, such that |y,| < ¥,. Since
x| = il = I5; + /| < [3:] + 3, combined with the (103),
and selecting the constraint function 7;; satisfying

< Tey — I7n//\min (PI) - }_’r
Ti =
UL B) VI e 2T

then, one gets that |x;;| < 7.

Note that Xig| = |zig + tg-1] < |2zig| + |evig-1l,
q = 2,...,n.Since the virtual controller «; ,_; is continuous
in some compact set, thus there exists a positive constant
Qjg—1 such that [o;, 1] < @;q-4. It follows from the
boundedness of «;,_; and z;, that x;, is bounded. Choose
constraint function 7;, satisfying

(107)

Tc,q - ai,qfl

ers e

Tiq <

then, one has [x;| < 7, .
(iii) By the definition of e;(t), for Vt € [tj, t; x11), we have

Llee) =2 et = (o] = @) (109)

According to (81), v;(t) is continuous in some compact set,

thus, there exists a positive constant v; such that
vi(£)] < vi.
Integrate the both ends of (109) from t; to t;;.1, we
have
Likt1 d
—1éi(t)|dx
= lei(tixr1)| — lei(an)|
< Vitigr — ti)- (110)
Noticing that e(tg) =0 and
lime_., . le;(t)| = vilui(tixs1)] + €;, one gets
Aus(t; _|_ E:
ti,k+1 —tix > —’YI| ’( 17}(];»1)| ! > 0. (111)
i
As a result, the Zeno behavior can be excluded. O

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
v, = 0.5sin(t) + cos(3t).

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

ajv;+biv;+cisin(v;)) =u;+ 7% i=1,2,3,4, (112)

where v; represents the angle of the rigid link, v; is the
angular velocity, v; is the acceleration of the link, and =7 is
torque disturbance. The interactions of five agents are
shown in Fig. 1. The change of the switching index o(t) is
shown in Fig. 2. When 0 =1, a7 =b7 =1, ¢/ = 1.5 and
w7 = 0.3 cos(2t); when o =2,af =1,b7 =0.8,c/ =1 and
7n{ = 0.2sin(5¢).

Let x;; = v; and x;, = v;. For 0 = 1, system (112) can be
written as

X1 = Xz,
X = u; — X — 1.5sin(x;1) + 0.3 cos(2t), (113)
Yi = Xi1-

For o = 2, it can be written as
X = X,
X = u; — 0.8x;, — sin(x;;) + 0.2 sin(5¢), (114)
Yi = Xi1-

Set the sensor fault time tf, i=1,2,3,4, to t = 4.3s,
t¥ = 6.6s, t§ = 18.4s and t§ = 23s, respectively.



%

Fig. 1. Directed interaction graph.

The actual outputs setting of the MASs under sensor
faults are as follows:

t <4.3s,

F X115
= 115
Y1 {0.72)(11, t > 4.3s, (115)
F X215 t < 6'655
= 116
V2 {0.9x21, t > 6.65, (116)
t <184
yg' — X315 = S, (117)
0.78xy,, t > 18.4s,
and
t <23
D (118)
0.88X217 t > 23s.
The state constraint functions are given as

Tey = 2e t+1.65, Teyp = Set+12, Te, = 2e~t+1.65,
Te, = 5e7t 412, 7o = 2e7" +1.65, 7., = 5e "t + 12, 7,
=2e '+ 1.65 and 7., =3e '+ 12, where 7, and 7,

i

05+

0 -] 10 15 20 25 30

Fig. 2. Switching signal o(t).
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Time(sec)
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il
rrreree®

Fig. 3. The trajectories of yy, ¥, V3, y4 and y,.

i=1,2, 3,4, are the constraint functions of states x;; and x;,
respectively.

The initial values of the state are set to x;1(0) = 0.6,
x12(0) = —=0.5, x,1(0) = 0.2, X,,(0) =0.8, x3;(0) =0.23,
x32(0) = 0.78, x41(0) = 0.19 and x,,(0) = 0.82. The initial
values of w;, i = 1, 2, 3, 4, are set to 0. The rest of the initial
values are set to 1.

The parameters are selected as Iy =1 =31 =141 =3,
lip =lyy =13y =14 = 60. ky; =20, kyy =40, kz; = 20,
ky, = 20, ri; = 10, ry; = 10, r3; =5, ry =5,
i =721 = 8,m31 = na1 = 16,11 = 751 =131 = Naq = 10,
k12 = 40, k22 = 40, k32 = 20, k42 = 20, ri; = 10, ry; = 10,
r3z =57Tg =511 =N = 8,32 =1Ngp = 16, N1y =0y =
M2 =Nz =10,w; =wy, =wz =w, =8, wi=w;=w3
=wy=1 Yy =7=73=7%=08 and £ =¢ =¢3
=¢e,=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,y,,y3,y4 and the leader signal y,. 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 x;;, x;, and
their estimations X;;, X, which are tightly controlled within
predefined boundaries 7. and 7.,. Figures 6 and 7 depict
the trajectories of errors z;; and z;, which remain within
the predefined time-varying boundaries 7;; and 7;,. The
black dots in the figures mark the moments of sensor faults.
Figure 8 exhibits the curves of the ETC signals u;. 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 t;; and the inter-
event time ¢4 — ty, which indicate the absence of the
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Fig. 4. Trajectories of x;; and X;;, i = 1, 2, 3, 4, with constraints.
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Fig. 5. Trajectories of x;; and X, i = 1, 2, 3, 4, with constraints.
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Fig. 6. Trajectories of the consensus errors z;;, i = 1,2, 3, 4.
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Fig. 7. Trajectories of the consensus errors z,, i = 1,2, 3, 4.
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Zeno phenomenon in the system. Figure 10 displays the
trajectories of estimation parameters ;. 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 ¢; = 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.
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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
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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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