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Abstract: An adaptive neural network event-triggered consensus control method incorporating a state
observer was proposed for a class of uncertain nonlinear multi-agent systems (MASs) with actuator
failures. To begin, a state observer was constructed in an adaptive backstepping framework to estimate
the MASs’ unmeasurable states, and a radial basis function neural network (RBFNN) was employed to
approximate the unknown nonlinear function of MASs. Meanwhile, to reduce the impact of actuator
failure on the performance of MASs, the adaptive event-triggered mechanism (ETM) was designed
to dynamically compensate for actuator failures, which alleviated the communication burden among
individual agents by decreasing the update frequency of the control signals. Furthermore, all followers
can track the leader’s output signal with the synchronization errors converging to zero. Finally,
simulation examples were used to verify the effectiveness of the proposed control strategy.
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1. Introduction

Currently, many engineering problems are complex and dynamic, posing challenges for traditional
single-agent systems. Multi-agent systems (MASs) address these challenges through distributed
problem-solving via collaboration, competition, and division of labor. Consequently, the coherent
cooperative control of MASs has become a key research focus [1-7]. In [1], the authors studied
the coherent adaptive cooperative control of uncertain nonlinear MASs from the three uncertainties
of dead zone, disturbances, and uncertain time-varying control directions. Similarly, [3] extends the
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investigation to include uncertainties such as unknown control directions, input unmodeled dynamics,
sensor failures, and prescribed performance. In [5], a distributed control protocol is formulated through
the integration of adaptive control techniques and matrix theory. The design incorporates Fourier
series expansion and neural networks (NNs) to approximate uncertain nonlinearities with unmeasured
periodic time-varying perturbations. A variety of industrial field agents are further reorganized into
new heterogeneous MASs for cooperative control, and a review and outlook of the latest results are
presented in [6]. However, all the above control methods presuppose the assumption that all states
throughout the system can be measured.

The acquisition of state information is limited during the operational phase due to equipment
constraints, various other variables, and environmental conditions [8—14]. These limitations hinder the
system’s tracking performance and stability. This constraint ultimately hinders the system’s tracking
performance and stability. In [8], heterogeneous MASs comprising numerous unmanned ground
vehicles (UGVs) and unmanned aerial vehicles (UAVs) are investigated to design a fixed-time observer
aimed at estimating the mismatch interference and set total uncertainty.

In [9], the aid of a fuzzy observer for estimating the unavailable states is accompanied by utilizing
the characteristics of fuzzy logic systems (FLSs) to address mismatches among agents and uncertainties
within the MASs. In [12], the combination of the designed NNs state observer with the introduced
adaptive control algorithm addresses the system’s steady-state control and transient performance. To
deal with the problems arising from unknown perturbations, a low-coupling, simple structure and easy-
to-implement nonlinear perturbation observer is designed in [14].

In addition, nonlinearities widely exist in engineering control systems, for instance, actuator failures
are unavoidable problems that may negatively affect the stability, performance, safety, and lifetime of
the system. Therefore, it is especially critical for systems that require a high degree of controllability
and robustness. To cope with this problem, many scholars have proposed a multitude of innovative
control schemes with adaptive backstepping control techniques as the research background [15-21].
In [15], an adaptive fuzzy fixed-time fault-tolerant controller was designed by utilizing the inverse
step control technique and the fixed-time stabilization theory. In [16], an adaptive output feedback
compensation method is proposed by considering both actuator and sensor failure. Compared with [16]
Authors in [17] relaxes the assumption requirement on the nonlinear functions, and proposes a new
compensation mechanism to compensate for the impact of actuator failures by employing the approach
of cubic absolute value Lyapunov functions and the novel (o, o/ )-modification.

On the contrary, the aforementioned research accomplishments rely on a traditional time-triggered
mechanism (TTM). The fixed sample frequency and limitations in communication bandwidth
associated with TTM lead to data redundancy in network signal transmission, thus occupying
communication resources. Consequently, there has been a growing interest among scholars in
exploring the event-triggered mechanism (ETM) [22-30]. In [22], an event-triggered output feedback
control method incorporating adaptive dynamic programming (ADP) with a state observer is proposed
to reduce the signal transmissions on network channels, and thus control signals are updated only
at specific moments where the triggering conditions are violated. In [25], researchers construct
an adaptive progressive tracking control strategy with a temporal control mechanism and an event
triggering mechanism with variable thresholds, and comparative experiments indicate better robustness
with the latter. In [27], the combination of command filtering backstepping and adaptive event-
triggered communication (e.g., when a certain threshold is reached) solves the virtual controller

AIMS Mathematics Volume 9, Issue 9, 25752-25775.



25754

complexity problem while effectively avoiding the waste of communication resources. While [29]
is opposite to [27,29], the preset triggered condition is established by utilizing the negative semi-
definiteness of the Lyapunov function’s derivative, aiming to alleviate the communication burden and
conserve computational resources.

In summary, with regard to a category of uncertain nonlinear MASs with actuator failures, an
adaptive NNs event-triggered consensus control strategy incorporating the state observer is proposed
to reduce the impact of the system by actuator failures. In comparison to existing findings, the main
innovations of the proposed control method include:

(1) Different from the existing algorithms, such as [15, 16, 27] an event-triggered adaptive states
observation consistency control strategy is proposed for a class of uncertain nonlinear MASs with
actuator failures.

(2) With regard to the actuator failures that are common in the actual industrial production
system, the existing compensation programs, such as [17-20], need to occupy a large amount
of communication resources. Thus, the design of an adaptive ETM to achieve dynamic
compensation for actuator failures while reducing the update frequency of control signals, which
reduces the occupation of communication resources, is more widespread in practical engineering.

(3) Due to the actual systems, the states of the system are often unmeasurable and the system
is characterized by nonlinearities. Therefore, an adaptive NNs control method incorporating
a state observer is proposed, which utilizes radial basis function neural networks (RBFNNs)
to approximate MASs’ unknown nonlinear functions, and the state observer is formulated for
estimating the states of MASs.

The rest is presented in the following sections. Section 2 contains the problem description and
preliminaries. Section 3 designs an adaptive NNs event-triggered consensus control scheme. Section 4
gives two simulation examples to verify the effectiveness of the designed scheme. Section 5 is the
conclusion.

2. Problem description and preliminaries

2.1. Problem description

Consider the following category of uncertain nonlinear MASs [31]

Xii = Xkiv1 + foiXe),i=1,2,...,n—1

Xkn = Ui+ frn(Xin) (2.1)
Yk = Xk1
where X;; = [Xe1, Xk2, ... Xi)” and Xp,, = [Xe1, Xe2,- .., Xea)” are the state vectors, which are not

measurable; f;;(-) is the unknown smooth nonlinear function; u; represents the control input, while
Vi € DktsVe2s---»Yinl! denotes system output. The system consists of a leader labeled G and k(k =
1,2,...,N) followers.

Assume each agent is equipped with b = 1,2,...,Z,(Z > 1) actuators, where u; = Zle Lk pUi
and /; , denotes the known constant control gain. During actual operation, agents will inevitably suffer
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from actuator failures. The actuator failure model of b —th (1,2,...,Z) is given as follows:

{ Ui = Pipllcp + Cip, VT 2 Ty, 2.2)

PipCkp =0

where the health factor is py,, € [0, 1]; ¢k and t,,, are unknown constants, #,,, indicates the moment of
the bth actual failure. The crucial working states of the actuator operation are categorized into three
situations:

D) pxy = 0, uxp = cxp- The actuator is in a state of complete failure.

2) prpy € (0, 1), ugp, = proitp- The partial failure will occur during actuator working.

3) pxy = 1, uxp = itx . The actuator works properly.

To facilitate the subsequent analysis, the work situations of the three actuators mentioned above
are further summarized. Thus, two sets L,,; and L, are set and L,,; U L,, = {1,2,...,Z}. Here, L,,;
indicates that the actuator is in a set of partial failure and normal operating states; L,,; denotes the set
in which the actuator is in a complete failure state.

Then, the MASs (2.1) is transformed into the following equation:

{ Xi = AXi + Hye + X1y Riifii(Xii) + Riutty 2.3)
e = 0" X, .
where
_}?k,l 1 () h]f’l , ,
A =| - - | H=| * |Ru=|0---1---0| R, ={0---1 =[1,0,---,0]"
S (RRT | | ¢ [V ] ¢
_hk,n O --- 0 hk,n

nxn
where A, is a strict Hurwitz matrix. Given a positive definite matrix P = PT > 0, there exists a positive
definite matrix O = O" > 0, which satisfies ATO + OA, = —P.

Assumption 1 ( [32]). The desired trajectory y; = [Ys1,Vs2s- - - ,ysn]T € R" has the derivative of the
(n+ 1) — th order. There are constants sy > 0 and s, > 0 such that s, > sy and |y,| < so < s1.

Assumption 2 ( [33]). During the operation, the system can stand Z — 1 actuator failures at the same
time to the greatest extent.

Lemma 1 ( [34]). For any v, o € R, the following inequality holds for

0< - vtanh(g) < 0.2785. (2.4)
0

2.2. Graph theory

Through a directed graph Q(F, D), the communication topology among agents including leaders
and followers is presented, in which ¥ = {G, 1,2, ..., N} represents the set of agents and ® C F X F
denotes the set of edges. A = [ay;|nxy signifies the adjacency matrix of the graph Q between agents. If
there is an edge (j, k) € D (from agent j to agent k), which signifies that agent k can receive information
from agent j, then a;; > 0; contrarily, a;; = 0. In addition, a matrix D = diag{sy, s, ., sy} € RV is
obtained, in which s; = Zy:l axj,i=1,2,...,N, and a Laplacian matrix is L = D — A € RV,
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2.3. RBFNNs

By using the characteristic that NNs can arbitrarily approximate the unknown nonlinear function,
the unknown nonlinear function of Q(6) is processed, and there are

0(0) = y" W) + £() (2.5)

where W(@) = [W.(6), W1(0),..., W,(0)]" is expressed as the basis function vector and ¢ =
IR/ signifies the ideal weight vector, in which n > 0 is the number of neural nodes;
there exists a positive constant € denoted as the approximation error such that |e(6)| < €. Generally, the
following basis function is selected as

(G Pi)T(9 - Di)
2

K;

Ww;i(6) = — exp( ) (2.6)

where i = 1,2,...,n; k; signifies the width, while p; = [pi1, pi2, ..., pin]’ denotes the center of the
Gaussian function.

Remark 1. € R' encompasses  unknown constants, represented by an unknown constant value {
for W||> = ¢. By updating the norm of s instead of directly estimating it, thus, only the parameter {
is estimated. This is done to minimize the estimation error = ¢ — £, thereby reducing computational
load and simplifying controller design.

3. Adaptive NNs event-triggered consensus control design

3.1. State observer design

Since the states of the MASs are unmeasurable, the following state observer is designed for its
estimation and its expression is

Xei = Ren + hiQye — fa1) 3.1)
A A N .
Xin = 2p=1 lepttep + M — 1)
where Xi; = [fi1, Xx2, - ,fck,i]T is the estimated value of X;; and X;,, = [&x;, &2, - ,fck,n]T is the
estimated value of X; ,. The observer error is e, = X;,, — )A(k,n, and its derivative is obtained as
n
&= Aex + ) Bigfig (3.2)
q=1
Select the following Lyapunov function:
Vk,() = 61{0/{61{. (33)

By taking the derivative of V;, one has
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Vk,() €Z(A6TO]( + OkAe)ek + e,{Ok [Z Bk,qfk,q]

g=1

—el Prey + 2¢O, (Z Biy fk,q] . (3.4)

q=1

According to Young’s inequality and )7, WkT’OWk,o < 1. Additionally, ¢ is defined as ¢ =

max {nllx//0||2, ||¢,-||2 i=1,... ,n} and n is the number of neural nodes. Therefore, there will be

Woll* < ¢/n, and |sk,0| < & represents the approximate error, & > 0.

261{0]( Z Bk’qﬁ(,q = 26,{0]{ Z Bk,q (IZIY;OW/(’Q + 8/(’0)

q=1 q=1

< 225,00 llexll + O & + NOW & - (3.5)

max

Then, substitute (3.5) into (3.4) to get
Vio < =Alled” + 1041 (& + &2, (3.6)
where A = -2 (/lma)c(ok))2 + /lmm(Pk)

3.2. Control design

The construction of virtual control laws within the backstepping control framework follows.
Initially, the error system is expressed as

{ Ze1 = Uk — ys) + Z]JV:l ax(Vk = ¥;5) (3.7

Zkn = )’ek,n — U p-1 (l’l > 2)

where z;; and z; , represent a synchronization error of agent k and a virtual error, respectively; y; is the

leader’s output signal; v, > 0 denotes the weight vector associated with the edge from agent & to leader

G. In particular, when v; = 0, it means that there is no direct information exchange between agent k

and leader G. Moreover, at least one agent will receive the synchronization information from leader G.
Step I: The first Lyapunov function is constructed as follows:

1 1 .
Vii=Vio+ =22+ —0? 3.8
k1 k0 2Zk’1 2 Q,] (3.8)

where r; > 0 is a constant. Zk,l = (1 — Zk,l signifies the estimation error, and Zk,l represents the
estimation of the uncertain parameter {; ;. Then, from (2.1) and (3.7), the derivation of z; is

N

k1 = (U + se)(ern + Zkp + apr + fior) — YUk — Z axj(xjo + fi1). (3.9)
=
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According to (3.9), the V., has

N
o ‘ 1. &
Vi =Vio + zii(k + si)(ern + 2k + @iy + fior) — YsUk — E ar (X0 + fi1) — — Ceadka- (3.10)
‘ 1
J=1 ’

Utilizing Young’s inequality yields
1
Zea (U + sp)era < 4Zk (i + 507 + llexd (3.11)

Let Qr1(6k1) = Wi + s)fer + 321 @i + 8107 — Yok — X awj(xj2 + f31), the unknown nonlinear
function Qy ;(6;,1) is approximated by RBFNN, and it obtained that

Or1(0k1) = i, Wi (Bc) + €1(6k1) (3.12)
where 01 = [X1, X1, X2, y,]7. Utilizing Young’s inequality yields

261 Qi1 O1) =21 Wi (k1) + 21861 (6k1)
)
1 O'kl L1k
307, zklékllleII i ek (3.13)

where {;; = ||l//k,1 2, Ok 18 a positive constant to be designed, and |8k,1| < &, represents the
approximate error, & > 0.
By incorporating (3.11)—(3.13) into (3.10) yields

2 =2

g £

. . 1 z
Vit <Vio + 21 | Uk + s + 1l || Wi, 1” Sl
20',(l 2 2
1 ~ A 1 2 2
= —Zu1 | &1 = = razig |[Wial| |+ e + sz zee. (3.14)
Tk 207,
a1 and Zk,l are designed as
1 1 A 2
R R (ﬁk,lzk,l + 20_]%’12k,1§k,1 WA || }, (3.15)
X 1
$i1 = 207 — "1k ||Wk1|| — &eilit, (3.16)
where B > 0 and & ; > 0 are constants.
By incorporating (3.15)-(3.16) into (3.14) yields
‘721 ‘9/%1 Zi,l

. 1
Vi <= Ay lledll” + M, ,Bklzkl +—§k1§k1§k1 +(Uk+Sk)Zk12kz+L+—+ (3.17)
Tl

2 2 2
_ _ 2 =2
where A = A= 1 and My = |04 (& + &2,).
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Stepi (i =2,3,...,n—1): The Lyapunov function is constructed as

1 1 -
Vii= Vi + =22, + —22, 3.18
k, k,i-1 sz,, 2rk,,-§k” ( )

where Zk,,- =Gk — Zk,,- signifies the estimation error, and 2 «.i represents the estimation of the uncertain
parameter ;;. According to (3.7), one has

Zhi = Zhir1 + @i+ Mk — X)) — Qi (3.19)
where
) 6a i 0y -1 » 8a i
i1 = o 1(3€1<q+1+h €k1)+Z ak 1§kq b 1(€k2‘|‘?€k2+fk1)
g=1 kq
i-1 N a[ aa,
k,i—1 % k,i—1 - (q)
DI Z PWETA (3.20)
g=1 j=1 g=1 s
According to (3.19)-(3.20), one has
‘ ‘ - Oy, 0 i A
Vii =Viict + Zii | 2rier + @i + iy — K1) — aA—l(xk.qH +hgerr) = Z . lgkq
g=1 xk,q g=1 a{kq
Oy - Oay i Ly Oy i1 3 1o &
- —= + X2+ frr) — DN — —F il 3.21
(9xk | (ek,Z -xk,z f}C,l) Z Z 6 qu Z (q 1) et gk, {k, ( )
s q=1 j= s s
Utilizing the Young’s inequality yields
Oy 1, (O ? )
—Z : < —72. . + . 3.22
2k, i €r2 4Zk,, 9 llexl ( )

. A i—1 Oagi-1 /» 1 60, Oay i
Ifi=2,let Qpi(bh) = hi(y — Xn1) — X0 a;tk L(Riget + hgern) — 2oty S 1§1<q ey (B2 + fi) —
N Oag, i Okl - (q) Oay,i- Zl
o X —Xjqg~ Lg- 1aa<kq Vs +-Z,%,( Qa';il) S+ (U + S0kt Ifl > 3, let Oi(Oki) = hilyx —
1 O, lﬁa, Oay,i- N Oag- i Oa- (q)
Xr1)— Zq 1 5;k l(xkq+1+h 1)~ Z 6&, lév,q a;kll(ka‘l'fkl) Z Z, 1 axk HX g Z; 1 72110’5

2 z . . .
(argkk"l‘l) + == ’“ - + zi-1. Then, the unknown nonlinear function Qy ;(6y;) is approximated by an

1.2
4%k,
RBFNN, and it is obtalned that

Oki(Oi) = Wi Wii(Ok) + €i(Or) (3.23)

where 6;; = [%], #%,, y,]". Applying Young’s inequality yields

2i Ok (Oki) =2kt Wii(Or) + Zui€ri(Oh.)

1 i 2i _21'
2 2 Zkl{kz”sz” Uk + % + % (3.24)
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2 . - ) _ .
where {;; = ||1//k,l- , Ok 1 a positive constant to be designed, and |sk,,-| < &, represents the approximate
error, & ; > 0.

By incorporating (3.22)—(3.24) into (3.21) yields

. ) 1 N 2 Zl%,i
Vi < = A llewl® + My + 2y | i + =2k |[Waal|” | + = + zeiziin
20, 2
i 2 2
1 O-kq Skq
- —Gi i — rlZlWl — 4+ . 3.25
Lol gl X (5 %) 325)
ay; and Zk,,- are designed as
1
ki = ~PriZri = 207 — ik ||Wkl| ; (3.26)
A 1 N
Chi = 207 —Tki%i ||sz|| — &kilkis (3.27)
where S ; and & ; are positive constants to be designed.
Further, by incorporating (3.26)-(3.27) into (3.25) yields
. k,i :
Vii <= A lledl® + My — Brize,; + — + Zuiziie + szszsz + Z + 1. (3.28)
2 2
Step n: Construct the Lyapunov function as
1 1 5
Vin = Vign—1 + —Zin +—0, + Z = |lk,b|Pk,kaT,hF;;},Kk,b (3.29)
2 2rin e

where ry, 1s a positive constant to be designed. Zk,n = lkn — Zk,,, signifies the estimation error, and
Z «.n Tepresents the estimation of the uncertain parameter . F,;}j is the inverse matrix of I';,, which
moreover denotes a positive definite matrix.

Since the 7, = Y%, Ly (pPrs + Cp) + Pu(Vk — Xk1) — Cgnets it is the same as Step i.

. aa’kn 1 6a/kn 14 6a'kn 1
App-1 = (xkq+1 +h €k1)+Z {kq (€k2+xk2+fk1)
n-1 N (l’ (9(1’
kn-1 k-1 .
+ Z 4 3 P (3.30)
q:l j:1 j’q q:l ays

The expression for V; , after derivation is
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n—1
O p1
(xk,q+1 + hqek,l)

z
Vien =Vin-1 + Zin Z Lo (Wi pprcn + Crp) + (ke — Xi1) —

b=1 =1 O3k
L da da & da - da
k-1 2 k,n—1 kon—1 % kn=1 . (g
- = kg — (er2 + Xpo + fir) — —
; Oiq 0.1 g=1 ]Z:; 0%jq Z:: aYch )
- —fkn{kn Z |Zx blpkakbrkakb (3.31)
Tl =

Utilizing Young’s inequality yields

Ay 1, (Oar, i\
Fhon-1 2(“k1)+wm? (3.32)

~Zkn €2 = ~Zn
ak,n 4 ak,n

A —1 0Qkp-1 ;s A -10 n— 2 n
Let Qua(bkn) = haQx — Zn1) — 20 ;’;—‘kg‘(xkq+1 + hger) — 2o 32{ “Lig — ;’ﬁkl‘(xkz + fer) —

N O o darat @) 12 (Gokat ) zkn |
pIy Z e Xig — D=1 G 5 Vs + zk’n )t +Z n—1. Then, the unknown nonlinear function

Qk.n(6k) 1s approximated by an RBFNN, and it is obtalned that

Qk,n(ek,n) = 'ﬁlzznwk,n(ek,n) + 8k,11(9k,n) (333)

where 6;,, = [%[,, %] ,y,]". Applying Young’s inequality, one has

T
Zk,n Qk,n (gk,n) :Zk,nwk’n Wk,n(ek,n) + Zk,ngk,n(gk,n)

2 2 =2
1 Thn  Zin  Eig
s%ﬂMmmf+§+%+§ (3.34)

< &, represents the

where ., = ||lﬁk,n 2, O, 18 a positive constant to be designed, and |8k,n
approximate errot, &, > 0.
By incorporating (3.32)—(3.34) into (3.31) yields

2 2

. . _ 1 Zk,n Zk,n—l
Vien EVien-1 + Zin Z Lew (lipprs + crp) + 252 e Wkn T,
b=1 kn
2 2
1 2 Tn Skn
- _(:kn (ékn ~ g2 2Zen (Wi |+ > T T Skalka-l- (3.35)
k.n

The ETM of relative threshold is designed as follows

nS8N (L p )it nsgn(l
@ = —(1 + 1) 70, tanh (Zk, Sg”;k,b)uk,b) +ytanh (Zk, Sg’/ll( k,b))’)] , (3.36)
U p() = @iy (ter), ter <t <tipm
) _ (3.37)
tiper = inf {1 € RIEep(0)] 2 0] +m
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where 0 < < 1,4 > 0, and y > 0 are design constants; Ey;(f) = ity ,(t) — @y (1), in which it (1)
denotes the control signal and @y ;(?) is the event-triggered control input; andy > 1, /(1-n) andm € Z*.
When the trigger condition |Ek,b(t)| >n |L‘tk,b(t)| + 11 holds true, i ,(¢) = @y, (ti.r) is updated and keeps
this value until the next event is triggered. #; r denotes the moment when the event is triggered, # r > 0,
and F € Z*. The control law ii;;, will be designed later.

For any € [tir, tire1), @ip(t) = (1 +0é1(1) lx (1) + m1p2(2), in which |¢; ()] < 1 and [¢,(1)] < 1.
Thereby, it can be further articulated as

@1p(1) — Ma(2)
L+ng()

Based on the uncertain actuator model and ETM, the control law & 4 is constructed as follows

(3.38)

ty (1) =

ity = sgn(lp)K{,H (3.39)

! 1 T .
where Ky = [Kipi1, Koot - - Kipoz]» Ko = 7 per oloxs’ and H = [ag, 1,...,1] . Especially,
=1,beL,,; I'kbIPk,
lple .
el 1 contrast, if b € Ly, one has K 7 = 0.
Dip=1.veL,,; kolorp .

Further, it can be inferred that

if b € L,,, one has Kk,b2Z = -

z z
T
§ Zenllkwlors K yHip + E ZenlleplCrn = Zen@in- (3.40)
b=1,beL,; b=1,b€Ly

Remark 2. It is noteworthy that, from Equations (3.39)—(3.40), it can be observed that py; and cyp
are all unknown constants. Therefore, the value of K, cannot be directly measured. To achieve the
feasibility of the intermediate control law iy, the estimation Ky, is utilized to estimate the value of
Kk p, resulting in an estimation error f{k,b = Kip — IA(k,h.

Then, @, 1s re-expressed as
ity = sgn(li) KL, H. (3.41)

According to (3.36), (3.38), and Lemma 1, it can be obtained that

U p Lan

+1n (~ ) h(Zk,nSgn(lk,b)ﬁk,b)

Zun S8l p) iy = — Zk,nsg”(lk,b)(

1 +dim A
n l
+ 7tanh(zk’ sgn( k’b)y)) L )
A L+¢m
Zkn SNl )it
<|zxnsgn(lip)its| — zinsgn(lis)iixs tanh (@)
ZinSgNlip)y .
+ |Zk,nsgn(lk,b)7| — ZknSgn(lyp)y tanh — |- |Zk,n Sgn(lk,b)uk,b|
<zk 58Nl p)itg p + 0.557A. (3.42)

By incorporating (3.38)—(3.42) into (3.35) yields
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Vin <Vin-1 + Z Zenlleplsng (L p)Prplip + 0.557 Z Il ploxpA
b=1.beLy b=1.beL;
z 2 2

1 S 2 Zkn L
+ Z Zk,n lk,bck,b — Zk,nlk,n—1 + > > Zk,ngk,n Wk,n -
b=1,beL,; O-k,n

2 2
n 2 =2
O-k,q Sk,q

g=1

2
2 Zk,n
- — Zknlkn—1

Wk n

1
- ‘:kn(évkn rknzkn
O'

k.n

Wk,n

2

2 n 2 =2
1 Zk n O-k,q 8k q
= —Zin | Gin ; Fe Dy | 2
gk ({k 20'k ~— Ik, Zk n ] ) Z ( 2 2
N gq=1
z _ z
- Z e KL pors T (Kk,b + 2l pH ) +0.557 Z Lk blok.pA-
b:l,bELml bZl,bELml

. 1 o
SVk,n—l + Zk,n a’k,n + —zzk,ngk,n
20,

Wk n

Ckn» Kip, and oy, are designed as

; T,
gk,n = TknZipn

2072

k.n

2 A
Wk,n - ‘fk,n{k,m

Kip = —=zinl'kpH — ipl ko Kicps

1
20 2

Wk n

App = _ﬁk,nzk,n - T <k n{kn

Substituting (3.44)—(3.46), one has

&L,
an_ A, ||€1<|| + M, - Zﬁqukq+z §kq{kq§kq+2(—+7q]

z 2
Z
=T 2 k,n
+ Z Il slokv8r s K Kicp +0.557 Z |k ploxpA + N
b=1beLy b=1beLy

where A, = A,_; — 1.
Utilizing Young’s inequality yields

n

1 51 o1
Z _fk,qZk,qZk,q < - Z fk,qzlgq + Z fk,qflgq»
I’k’q =1 21’](’(1 =1 21"](,(1

g=1

A 1 ~ 1
ewlor s Ki Ky < _Ellk,blpk,bgk,bKiz »Kip + §|lk,b|Pk,bgk,kaT, » K-

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)
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Further, combining (3.47)—(3.49) yields

) n n 1 . Y4 1 L Z]% .
Vin <= Bulledl = Y Braziy = D5 —bvalia = ), SlholorogioRi Ko+ 5 +Q - (3.50)
q=1 g=1 £ b=1,b€Ly

1 2 V4 1 A
where Q = M, + ¥/, Sakabig T Lb=1pet,, s1eolorsgin Ky Ky + 0.557 Xy per,, Mkolocsd +

2 =2
s (D 4 e
g=1\ 2 2 )

Ultimately, it can be given as follows

-1

. 1, 1,
T
Vin < — 1€, Orer — o ; 5 —ﬂszzkn H4 Z 3 kqfkq
21
~s D Slholp KR + Q. (3.51)
b=1be L
_ . 2A, _ . _ . . . _
where M1 = min {/lmax(ok)}’ M2 = min {zﬁk,q}a M3 = Imin {Zﬂk,n - 1}’ M4 = N {é:k,q}7 and M5 =
min { Amaik(ii;; (- Anax(O;") and A,,4,(T ) are the maximum eigenvalues of O;' and I' ;, respectively.
Hence, it could be obtained that
Vk,n < —,u6Vk,n +Q (352)

where ug = min {uy, 4, 43, g, us}. The proposed control method can be showed by Figure 1.

Upp
System Actuator Network |«
U 4
Neural —
L (1) =@, (1
yk Hk Network M( ) “(‘ F)
F Y
Ww
The State | % Adaptive ETM
Observer Laws Ty (1)
5 N h
WeWeisCrs Ty Y
Control riggered
d Law Conditior

Figure 1. A framework for uncertain nonlinear MASs tracking control under actuator
failures.

3.3. Stability analysis

Theorem 1. Under the Lemma 1, Assumption 1 and Assumption 2, combining the MASs (2.1) with
virtual control laws (3.15), (3.26), (3.46) and adaptive laws (3.16), (3.27), (3.44), (3.45) designed
based on the ETM (3.36), (3.37) and the state observer (3.1), the following conditions are satisfied:
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1) All signals within the closed-loop system remain bounded, with each agents’ output following the
trajectory of the virtual leader;
2) The occurrence of Zeno’s phenomenon can be successfully prevented.

Proof: Multiplying both sides of Equation (3.52) by ¢’ simultaneously yields

d( Vk,neﬂﬁt)

7 < Qe (3.53)
Then, solving the differential equation gives
1 2 —Hel Q —pet
5%k < Vi) < eV, n(0) + 'u—(l — e M), (3.54)
6

Thus, z,il converges exponentially to the tight set = = {Zk,1|Zi,1 < i—?} at the rate of y¢ and can be
tuned by adjusting the design parameters for =.

According to the tight set Z it follows that the error signals are all bounded, and y; is bounded, and
{1 1s a constant so that xy j, Zk,l, and ¢, are also bounded. Further, the bound of (3.7), (3.15), (3.26),
and (3.46) yields that «;,, and x;, are all bounded. Similarly, x;;, Zk,], Xk and ay,; are all bounded.
Moreover, because I?k,b = Kip — IA(k,b and I?k,;, are bounded, IA(k,b is also bounded. Thus, all signals
within the closed-loop system are semi-global consistent and eventually bounded.

Based on the literature [35], defining the synchronization error vector ®; = [z1.1,22.1, ---» zk,l]T, one
has:
= O]
Ol < —mm— 3.55
Ty (5:9)

Where ®k = [21,1,22,1, eeey Zk,l]T = Yk - ysa Yk = [Yl,l,)’z,l, ---,)’k,l]T, ys = [)’sl,)’sz, '“aysn]Ta ﬂma}c (L +A)
denotes (L + A) the maximum eigenvalue. Thus, the tracking error of the MASs converges to the
following set:

20| < min {L (Q)} (3.56)

Amar (L + A) \ 116

(3.28), as well as 1 € [ty r, ty p+1), yields

d|Eypl
dt

= sgn(Epp)Exp < |ty pl. (3.57)

Expressed by (3.38), @y, remains continuously bounded with the existence of a constant @y, > 0
ensuring, |wy | < @y . Furthermore, it can be found that lim,, ., Exs(t) = nlig; (1) + n1. According
to the Lagrange mean value theorem, it can be obtained that:

Nt (0] + 11
Wp '

(3.58)

erel —Ier 2

Nl p(D1+m
Wb

Since ty i1 — trr = 1°, t° should be guaranteed to satisfy ° >
system can effectively avoid the Zeno behavior.

. Obviously, the considered
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Remark 3. Zeno’s phenomenon involves an infinite number of events occurring in a finite period
of time, resulting in a system requiring an infinite update. This may aggravate the computational
weight of the system, making real-time control unattainable, further leading to communication
overload, and possibly even causing system crashes or performance degradation. Therefore,
designing event-triggered control systems that exclude the Zeno phenomenon ensures that the system
maintains computational feasibility, communication efficiency, and utility in long-term operation while
maintaining the desired performance and reliability.

1

Remark 4. Further analysis reveals that |z;;| < max {(2Vk,n(0))é , (i—?)z} It is evident that the set

can be adjusted by selecting the parameters to be designed, such as Brg, Bin &g 8kp» and so on.
Additionally, from Eqs (3.50)—(3.54), it can be observed that when py;, remains constant, the residual
set varies with the changes in cy . Similarly, when cy;, remains constant, ) increases with the rising of
Pk, Tesulting in an expansion of the residual set of tracking errors. |

4. Simulation example and analysis

This section aims to validate the control method’s efficacy by conducting a comprehensive analysis
of numerical and practical examples.

4.1. Numerical example

Consider a MAS with actuator failures comprising a virtual leader and three follower agents. The
communication topology is illustrated in Figure 2, and the model for the follower agents are detailed as

Xin = Xep + fra(Xir)

X2 = Yoy vty + feo(Xin) 4.1)
Vi = Xi,1
where k = 1,2,3 and selecting the nonlinear functions as f;; = 0.1(1 + sinz(xk,l))xk,l and f;, =

2.5x40+ xk,lxiz; Uy = Prbllks + Ceps Iy = 1(b = 1,2) unknown constants and u; ; and uy, are represent
system input signals. x;1(0) = x;2(0) = 0.1 are initial states and the initial values of the state observer
estimated are X 1(0) = X;,(0) = 0.2. The desired tracking signal is y; = sin(2¢).

The basis function for RBFNNs is designed as follows:

Xi — P Xei — pi)
p P

K;

Wii(Xki) = —ex 4.2)

where i = 1,2,..., 16; the Gaussian function centered at «; has a distribution interval in [—1, 1].

Other correlated parameters to be designed as n = 0.2, 4 = 0.5, 7, = 0.2,y = /(1 = n) + 0.01,
Okl = Oka = Tl = Nea = &1 = k2 = Q-l, Iy = 120, hyr = 602, B = 37, Bro = 18, g = 0.3,
[y =[1,050, 1], Kip(0) = [0,0,0]”, and £ 1(0) = &»(0) = 0.

Consider the cases of two actuator failures, which are shown as follows. Case 1: Actuator 1 of each
agent keeps operating normally, and Actuator 2 of each agent loses 30% of performance after r = 8s.
Case 2: Each agent’s Actuator 1 fails 20% of the faults throughout the run and each agent’s Actuator 2
fails completely.
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Figure 2. Topology of communication graph.

The simulation results from Figure 3 to Figure 8 indicate that all signals are bounded. From
Figures 3(a) and 4(a), it can be observed that when facing actuator failures, every agent’s output
can effectively track the output signal of the virtual leader, enabling MASs to achieve signal
synchronization. Figures 4 and 7 show the values of observer state and real state for two cases, with
small error values between them. In Figures 5 and 8, it is evident that whether the actuator partially
fails or a complete failure occurs after 8 seconds of normal operation, the updated control signal will
be delivered to the system upon satisfying the event-triggered condition. This serves as compensation
for the actuator failures, demonstrating the better effectiveness of the proposed control method on the
system. By observing Figure 3(c), it significantly exceeds the simulation time step of 0.01s, indicating
the absence of the Zeno phenomenon. The values in Table 1 elucidate that the two cases conserve a
maximum of 72.60% and 77.60% of communication resources, respectively. This illustrates that, in
contrast to traditional TTM, ETM offers significant conservation of communication resources.

The designed control method is compared with the method in the literature [24] to compare its
tracking performance in the uncertain nonlinear MASs with actuator failures. From Figures 3 and 4,
it can be observed that the designed state observer is effective in estimating the system state and the
tracking error of each agent converges quickly to the range of the +0.05 error band within 0.2s. The
tracking performance is better than that of the literature [24], and there is no need to assume in advance
that the system state is measurable at the time. Therefore, the designed control method is more general.

—Ys =——Y11 —Y21 —— Y31

0.05
-0.05

System outputs
(=]

Synchronization errors

-1.5 -0.5
0 5 10 15

Time(s) » Time(s) Time(s)

(a) (b) (c)

Figure 3. Example 1: Case 1 about (a)System outputs and desired output y,. (b)
Synchronization errors. (¢) Time intervals.
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Figure 4. Example 1: Case 1 about the values of real states x;; and state observer estimated
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Figure S. Example 1: Case 1 about the event-triggered control input @y ;, actuator input iy p,
and system input uy .
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Figure 6. Example 1: Case 2 about (a)System outputs and desired output y;. (b)
Synchronization errors. (¢) Time intervals.
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Figure 8. Example 1: Case 2 about the event-triggered control input @y ;, actuator input iy .,
and system input uy .

4.2. Practical example

To assess the proposed control approach in the actual system effectiveness, reference [35] for the
multi-single-link robotic arm system (k = 1,2, 3)

X1 = Xk2
. 2 1 .
Xk = D=y vty — 5(Bxin + mglsin(xy,1)) 4.3)
Vi = Xi,1
where fi» = —%(Bxk,z +mglsin(x;,)) denotes the unknown smooth nonlinear functions; ug, = Pk piti , +

Ckps lkp = 1(b = 1,2) are unknown constants; and u; ; and u;, represent system input signals. x;;(0) =
xx2(0) = 0.1 are initial states, representing joint angle and angular velocity, respectively and the initial
values of the state observer’s estimated state are X;;(0) = X;,(0) = 0.2. The robotic arm system
parameters are specified as follows: J = 0.8, B = 1 and mgl = 10. The desired tracking signal is
vy = sin(2t).

The communication topology graph and the selection of the basis functions for the cases of actuator
failures are the same as for the numerical example. The other relevant parameters to be designed are as
follows: n= 01, A= 3, m = 05,’)’ = 7]1/(1—77)+0001, Or1 =02 =Tkl = Fgp = O.l,é‘:k’l = ‘fk,Z = 05,
hk,l = 112, hk’g = 562, ,Bk,l = 44, ﬁk,z = 16, Ekp = 001, Fk,b = [1,0;0, 1], kk’b(O) = [0, 0, O]T and
£k1(0) = £2(0) = 0.
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Figure 9 to Figure 14 and Table 1 show the simulation results of the multi-single-link robotic arm
system (4.3), which is analyzed similarly to the numerical simulation. By utilizing the proposed
control method, the multi-single-link robotic arm system achieves the desired tracking performance
and signal bound while synchronizing the signals in the case of actuator failures subjected to the two
cases respectively. Furthermore, the nonexistence of the Zeno phenomenon is guaranteed.

Table 1. Saving percentage in communication resources for Examples.

Example Cases Agent 1 Agent 2 Agent 3

Example 1 Case 1 72.53% 68.33% 63.20%

P Case 2 77.60% 69.20% 69.26%

Example 2 Case 1 62.20% 61.66% 63.73%

P Case 2 61.66% 62.40% 65.60%

-1 9 é
! ’ Time(s) . e ’ ’ Time(s) . ° Time(s)
(a) (b) ©)

Figure 9. Example 2: Case 1 about (a)System outputs and desired output y;. (b)
Synchronization errors. (¢) Time intervals.
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Figure 10. Example 2: Case 1 about the values of real states x;; and state observer estimated
.)’ek’i.
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Figure 11. Example 2: Case 1 about the event-triggered control input @y ;, actuator input
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Figure 12. Example 2: Case 2 about (a) System outputs and desired output y;. (b)
Synchronization errors. (c) Time intervals.
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Figure 13. Example 2: Case 2 about the values of real states x;; and state observer estimated
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Figure 14. Example 2: Case 2 about the event-triggered control input @y ;, actuator input
Uy, and system input uy .

5. Conclusions

This research is targeted at a class of uncertain nonlinear MASs with actuator failures, whose
control objective is to design an adaptive NNs event-triggered consensus control method with state
observers to estimate unmeasurable states of the MASs, in order to realize the dynamic compensation
of actuator failures while reducing the communication resources among the agents and avoiding Zeno
phenomenon, and to make the all follower synchronization. Finally, the simulation results show the
effectiveness of the control method. In future work, we will utilize the proposed method in combination
with a fixed-time disturbance observer, speeding up the convergence of the system as well as directly
measuring the disturbance signals, which is a valuable research work.
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