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Abstract: This paper investigates decentralized adaptive event-triggered fault-tolerant control for
interconnected nonlinear delay systems with actuator failures. The actuator failures suffered include
loss of effectiveness and bias faults. A control scheme based on the K-filter is proposed, which
effectively compensates for the effects of unknown actuator failures. A hyperbolic tangent function
and neural network are introduced to approximate the unknown interconnection function and
nonlinear delay function. By introducing the dynamic surface control method, the “explosion of
complexity” issue is addressed. Furthermore, our proposed controller can ensure that all states of
the corresponding closed-loop system are semi-globally uniformly ultimately bounded and that
the tracking error can converge to a small neighborhood of zero. Meanwhile, Zeno behavior can
be effectively avoided. Finally, the validity of the proposed control scheme is verified using a
simulation example.

Keywords: decentralized adaptive control; backstepping technique; fault-tolerant control; event-
triggered control; nonlinear delay system

1. Introduction

In recent years, adaptive control for nonlinear systems has been widely studied. Be-
cause neural networks (NNs) and fuzzy logic systems (FLSs) have strong approximation
ability, they are used to approximate unknown nonlinear functions. As typical nonlinear
systems, interconnected nonlinear systems are popular because of their broad application.
Interconnected nonlinear systems have nonlinear and uncertain characteristics, which lead
to difficulties in controller design. To address these problems, a decentralized control
structure has been proposed, which naturally reduces the computational burden associated
with centralized control. Hence, some researchers have proposed some adaptive decen-
tralized control methods for interconnected nonlinear systems [1,2]. In [3], an adaptive
decentralized control method for interconnected nonlinear systems with unmodeled dy-
namics was proposed. The adaptive fuzzy decentralized output-feedback control problem
for switched interconnected nonlinear systems was first investigated in [4]. A decentralized
backstepping control method for interconnected systems with non-triangular structural
uncertainties was investigated in [5]. In practice, time-varying delay characteristics are
common, significantly impacting the stability and performance of the system. The tradi-
tional linear theory cannot describe and deal with these delay characteristics. To address
this issue, an adaptive decentralized control method based on NNs for interconnected
nonlinear systems with time delays was proposed in [6]. The decentralized output-feedback
control problem for interconnected nonlinear systems with input delays and saturation
was studied in [7].

The occurrence of actuator failures is common in modern industrial control systems,
which affects the stability of the system. Consequently, it is of great theoretical and practical
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significance to study fault-tolerant control (FTC) of nonlinear systems [8,9]. In recent years,
many effective FTC methods have been developed to address the above-mentioned prob-
lems. In [10], an adaptive fuzzy fault-tolerant control method was proposed for the cascade
chemical reactor system. In [11,12], adaptive FTC methods were developed for a class of
single-input single-output (SISO) nonlinear systems. In the existing literature [13-16], the
focus has gradually shifted from SISO nonlinear systems to multi-input multiple-output
(MIMO) nonlinear systems with the same actuator failures mentioned in [11,12]. It can be
seen that the above works are based on continuous control methods to address the control
problem of nonlinear systems with actuator failures, including loss of effectiveness and bias
faults. However, few researchers have addressed the control problem of interconnected
nonlinear delay systems with such actuator failures using the discrete control method.

In recent years, event-triggered control has become a research hotspot. Compared with
the continuous control method, event-triggered control can save limited communication
bandwidth while ensuring system performance. As a result, event-triggered control has
been extensively studied. In [17], the adaptive event-triggered control problem for a
class of uncertain nonlinear systems was considered, in which the assumption of the
input-to-state stability is no longer needed. In [18], an adaptive NN event-triggered
control method for switched nonlinear systems was proposed, in which the restrictions
on nonlinear functions no longer need to be considered. In [19], the adaptive event-
triggered control problem for a more general nonlinear system was considered, considering
cases with unmodeled dynamics and nonlinear time delays. Furthermore, the authors
of [20] proposed an encoding-decoding mechanism that further saves communication
resources based on an event-triggered mechanism. As far as we know, event-triggered
control has good flexibility and responsiveness, helping to reduce wear and failure to a
certain extent. Nevertheless, constructing an event-triggered controller for interconnected
nonlinear systems with actuator faults remains a challenge. Therefore, this issue becomes
the second motivation for this study.

Based on the above discussion, this paper investigates the output-feedback adaptive
event-triggered tracking control problem for a class of uncertain nonlinear large-scale
interconnected systems with actuator failures and time-varying delays. Although the
above-mentioned articles have been well studied, addressing the coupling problem be-
tween the interconnection and time-varying delay components becomes important. More-
over, effectively saving communication resources and designing a decentralized adaptive
event-triggered fault-tolerant control scheme under the premise of ensuring system perfor-
mance is particularly important. The main contributions of this paper can be summarized
as follows:

1.  Compared with the literature [13,14,21,22], a new fault-tolerant control strategy based
on the K-filter is proposed. The unmeasured states are well estimated, and the
actuator failures are compensated for. The interconnected nonlinear function and
nonlinear delay function are approximated by introducing a hyperbolic tangent
function and NNs.

2. A decentralized adaptive event-triggered controller is developed to ensure that all
closed-loop signals are bounded and that tracking errors can converge to a small neigh-
borhood of zero. Furthermore, by utilizing dynamic surface control and backstepping
technology, the “explosion of complexity” issue is addressed.

3. Compared with the continuous control method [4,5,7], our proposed event-triggered
control method can effectively reduce communication resources. It is proven through
theoretical analysis that the Zeno phenomenon is avoided.

This paper is organized as follows. Problem description and preliminaries are provided
in Section 2. In Section 3, the state observer, and the decentralized event-triggered controller
are designed, and the system stability is analyzed. In Section 4, simulation results are shown.
Conclusions are presented in Section 5.
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Notations: R denotes the set of real numbers; R" denotes the n;-dimensional Eu-
clidean space; and " *" denotes the real n; x n; matrix space. E[-] is usually the symbol
used to denote the expected value or expected absolute value in mathematics.

2. Problem Description and Preliminaries

In this paper, we consider the following interconnected nonlinear delay systems with
actuator failures in the form of:

X =Aix; +Yi(yi)0; + Biuy +hi(y1, ..., yn, t)

+ filyi(t), yi(t —mia(8)), - yi(t = mip, (1)), ey
yi :xill,i = 1,...,N,

0 In,»—l
0 0

R"%; u; € N; and y; € N are the unmeasurable system states, control input with actuator
failure, and output of the i-th subsystem, respectively. 6; € RPi is an unknown parameter,
and ¥;(yi) = [Yi1(vi), -+ Yin (vi)] T e jnixpi with Yij(yi) € RPi is known as the smooth
function vector. h; = [hi,1,~ - ,hi,ni] T ¢ %" is the unknown smooth nonlinear intercon-
nected function vector, where h; and h; ; represent h;(y1,- - - ,yn,t) and h; j(y1,- -+ ,yn,t),

T

where A; = € Ruxni; B, = [0,---,0,1]" € R"; and x; = [Xi1, X €

respectively. fi = [fi1,- , fin] T € R is the unknown smooth time-varying nonlin-
ear delay function vector, where f; ; represents f; ; (vi(t), yi (t — m;j(t))), and m; ;(t) is the
time-varying delay function. Here, 0 < m;; < if;; < co and |rit; ;| < mi; < 1.

Actuator failures with loss of effectiveness and bias faults can be modeled as

u; = Njo; +u;p, )

where u; is the output of the i-th local actuator; v; is our designed input; ¥; is the unknown
actuator efficiency factor satisfying 0 < X; < N; < 1; and u;, is the uncertain bounded
bias function.

Definition 1. Consider the following nonlinear system:

dZ(t) = F(Z(t))at. ©)

The trajectory Z(t) of system (3) is said to be semi-globally uniformly ultimately bounded (SGUUB)
at the p-th moment if for some compact set Q0 € R" and any initial state Zo = Z(to), there exists a
constant ¢ > 0, and a time constant T = T(e, Zy) such that E HZ(t)PH <eforallt > ty+T.
When p = 2, it is usually called SGUUB in the mean square.

Our control objective is to develop a decentralized adaptive event-triggered output-
feedback controller in the form of (67) for system (1) with actuator faults (2) such that all
states of the resulting closed-loop system are SGUUB and the tracking error can converge
to a small neighborhood of zero.

To achieve the objective, some assumptions and lemmas are given below.

Assumption 1. The desired trajectories y; , and y; , are available and bounded fori =1, --- ,n;.

Assumption 2 ([23]). Fori=1,---,N,j=1,--- n;, the interconnected nonlinear function h; ;
satisfies

N
i |* < 21 (i () 4)
’y:

where hjj . (y) > 0 denotes the unknown smooth function.
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Assumption 3 ([24]). The nonlinear functions f; ;(-) satisfy the following inequalities for j =
1/ S (]

i (yi(t), yi(t —mj (1)) > < aij1fiji (Vi) + aijofijo (vi(t —mij(t))), (5)

where a; ;1 and a; ; are positive constants. fijp(+) represents the uncertain smooth function, where
fijp(0)=0fori=1,---,N,j=1,---,n; p =1,2. Additionally, f;; ,(-) satisfies

FiipGi(®) +vin (8) < Fi(0) 35, (Fi(8) + 1ip (Wi (1)), 6)

where §;(t) and y; ,(t) are variables, filj p represents the uncertain functions, and 1; j,,» (yi, (1))
represents the bounded functions for a bounded variable y; ,(t) with ;,,(0) = 0.

Lemma 1 ([25]). There exists a constant v > 0 and a variable A € R such that

0<|A|— Atanh(ﬁ) < 0.2785v. (7)
Lemma 2 ([26]). Define the set S, = {Ai||Ai] < 0.2554@;},i=1,---,N. For A; ¢ S, the
inequality 1 — 16tanh?(A;/@;) < 0 holds, where @; > 0 is a constant.

Lemma 3 ([27]). For the continuous function F(Z) on the compact set Oz, a radial basis function
neural network (NN) exists such that

F(Z) = (9°)'S(2) +€"(2),YZ € Qg (8)

where 8* = [05,05, - ,ﬁf\l]T is the ideal weight vector and S(Z) = [S1(Z),S2(Z), - ,Sn(Z)]",
with S;(Z) being the Gaussian function. The number of NN nodes is N > 1, and €* is the bounded

approximation error with |e*| < &.

Lemma 4. For any constant x > 0 and any variable x € R, the following inequality holds

2

x
Va2 4+ x2 =X

0<|x|- )
3. Main Results

In this section, the main results are presented. First, a K-filter is constructed to estimate
the unmeasured states. Then, the intermediate design steps are given. Subsequently, a de-
centralized event-triggered controller is designed. Finally, the system stability is analyzed.

3.1. State Observer Design

To obtain the unmeasurable states, we design a K-filter utilizing the output signal y;
and control signal u; for the i-th subsystem

A; =A N + Ky, (10)
B =ALE +¥i(vi), (11)
¢i =A.i¢i + Biv;, (12)

where K; = [kj1,- -, kip,] T ¢ %7 such that all the eigenvalues of A, = A; — K;ET are in
the open left-half plane; E; = [1,0, - -, O]T € R"; and v; is the same as v; in (2). Then, the
state estimate of the i-th subsystem for system (1) can be expressed as

2= N+ E;0; + NG (13)
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Remark 1. On the one hand, the K-filter based on actuator failures is constructed to address
the coupling problem of unknown states and actuator effectiveness loss. On the other hand, the
K-filter updates the state estimates recursively, avoiding redundant calculations and improving
computational efficiency.

The observer error is defined as &; = [%j1,- -+, Zin,| T = x; — #:. Its derivative is
X; = AciXi + Biujp + hi + fi. (14)
For the error system, we consider the following Lyapunov function
Vio = % P, (15)
where P; is a positive definite matrix such that ACTiPi + PA; = —Q;, with Q; being a

positive definite matrix to be determined in stability analysis.
Then, taking the time derivative of V; 3 along (14), one has

Vi,O :jiT (Az;-Pi + PiAci)fi + Zfz‘TPi(Biui,h + h; + fz) (16)

Using Young’s inequality, one can obtain the following equalities:

Zfl»TPiBiui,h §||Pi||2|fi‘2 + L_liz/h, (17)
28] Pty <|| P3| |%:* + ||, (18)
28 B <|| P[5l + |1 £l (19)

Substituting (17), (18), and (19) into (16) yields
Vio < — £ (Qi = 3I|Bi?) &+ 2, + |l + | £l (20)

3.2. Intermediate Design Steps

Let A2, i, Gio, and ¥;, denote the second entries of A;, 5, ;, and &;, respectively.
Based on the design procedure similar to [28], we have

yi = Ailz-l-E'.iT,z@i + 8o+ Xin+ ‘YiT,1 (i)0i + hia + fin, (21)
&ij =Cij—kijGin,j=2--,m—1, (22)
Eim; =i — kin,Cin, (23)

where v; is the same as v; in (2).
Then, we formulate the following coordinate changes:
Zix =Yi = Yirs (24)
zij =Cij — Gijij =2, ,m, (25)

where (; i(j = 2,- -+, n;) represents the output of the first-order low-pass filters. These
filters fori =1,--- ,N,j=1,---,n; — 1 are described as follows:

Kiji+18ij41 = @ij — Gijs1, Gij+1(0) = ;5(0), (26)

where x; ;11 is a design parameter.

Remark 2. In the backstepping control approach, the design of the control law involves the uti-
lization of states as virtual control signals. Each step of the design necessitates both the virtual
control signals and their corresponding derivatives. Theoretically, the calculation of the virtual
control signal derivatives is simple. However, it can be quite complicated and tedious in applications
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when n is greater than three because the control signal a; ,. will include the derivative of a; ,, 1,
the second derivative of a; ,, o, and the third derivative of a; ,, _3, thereby causing the “explosion
of complexity” problem. To address this problem, a dynamic surface control method was proposed
in [29-31].

Define the difference between the virtual controller and the first-order low-pass filter
as follows:

;= Cij — aij1- (27)

Remark 3. According to [32], the boundary layer errors {; ; — ; j 1 will converge asymptotically
to zero only if x; ; is very small. Thus, we should set «;; to a small constant in the simulation
example. Additionally, the boundedness of {; ; — ;1 is guaranteed by introducing the boundary
layer error.

Concerning the unknown parameters, we introduce
Bin = o iz = sup{n?) 28)
i,1 Nz’ 7 Pi2 i(

where Bi,l and Bi,z are the estimations of ;1 and B; », respectively. Bi,l = Bi1— Bi,l and
Bi2 = Bi» — Bio are the corresponding estimation errors.
Step i,1: Based on (21) and (24), one has

Z"i,1:/\zz+u129 +‘1’ 10i + X0 +NGio+hin + fi1 — Vi (29)

Construct the Lyapunov function V;; as

1,
Vii="Vipo+ Zz1+

1 re1s  lm  Wim |, 1g
S7+ Tl + eiTri 0+ 507+ 5 Bl + 5P (30)

2

where §; denotes the estimation of 6;, with §; = 6; — 6;,and I'; > Ois a design parameter.
The time derivative of V;; can be obtained as follows:

Vit =Vig+zi1(Nia +OQF0; + %o+ hig + fin +Ni(zio + 10 +wi1) — i)
00T — 077719, — 879 — NiBi1Bin — Binbin
— % (Qz‘ =32l )fi + a2, + 17+ AP+ zia (Mg + QF 0+ %1
+hin+ fin + Ni(zip + o + a1) — ¥ip) + 1105 — @Tl"fléi — 879,
~Nii1pir — Biobiz, (31)

where (); = ;5 + ¥; .
According to Young’s inequality and Assumption 2, one has

N n; N n;
HhiHZSZZ y“rhuv Yy)) S 1222 iy (vi))", (32)
1, Sl N
lehll _2 11 ”h § Z y’)’ i1,y y’Y
1 N 5
<3 2z + yz Zl(hi,l,v(yi)) , (33)
’)/_

where fli,j,'y forj=1,---,n; are smooth nonlinear functions.
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Then, one can have
- - 5 _ 1 .
Via < — & (Qi = 3IPIP) %+ iy + I fill” + 575 + TiaTlia + 201 (A + 6,

N n;
N . T 1A - 2
+ %o+ fin HNi(zip + g+ win) = 9ip) =0 T 0 +y7 Y Y (Rijy (vi)
r=1j=1
1 2 N o 2 ST A ~ A ~ A
+ 5V Y (g ()" — 8 8 — NiBiapin — PinPin (34)
=1

Choose the Lyapunov candidate function as

/\l'ﬂ_’ll"]'

3111,,1,26/\1'7711',1 t 1 ai,j,Ze
Vi,T = ]

= cia(s)ds + Y 22—
2(1—m3,) ) = 1-m

—m,-,l t ]:2
where ¢; j(s) = e Mit=3)z 1 (s) filin (zi1(s)) and A, is a design parameter, whose time deriva-
tive is

/tt ci/]-(s)ds, (35)

—m;j(t)

. 3{11',1/26/\1'"_1’?1 y 3 m\ gx m
Vie S = AiVie 7o (o )Zi,l(t)fi,l,z(zi,l(t)) = 51221 (1) fi12 (21 (1))
—m

i
U ai,]',ze/\iMi'j * . m\ rx m 36

+) 1 Zi,lfi,j,z(zi,l(t))—Z”i,ﬂzi,l tii) fiip\zia (8 ) ) (36)
=2 ij =2

where we define £} = t — m; i(t).
Let W;1 = V;1 + V1. Then, the derivative of W; can be obtained as follows:

; N N _ 1 .
Wiy < —x7 (Qi - 3|\Pi||2>xi + Miz,h +Ifill* + *212,1 + 101005 + 21 (Ao + QF 6

A=

16 Z;
+Xip+ fin + Ni(zip + 1L +aiq) + ;tanhz (;) Gi — Yiyr)
i i

1

Zj ~To_ 1A ~T A ~ A ~ A
+ <1 — 16tanh” ((;) ) Gi —0/T;10; — 8] 0; — NiBi1Bi1 — BinPip — AiVie

301 g™ * 3 my g m
+ fzi,l(f)ﬁ,l,z(zi,l(f)) ~ 51,271 (£4) finp(zia (t1))
2(1 - my,)
1 al.,].,ze)\imi,j . 1; o\ "
+ 1 Zi,lfi,]',z (zin(t)) — 2 4;j2Zi]1 (ti,j)fi,j,z (Zi,l (ti,]'> ) (37)
j=2 ij j=2

1 N - 2 N n; ~ 2
where G; = 5 ):1 (yilipq (yi)” + Zl ‘21 (yiltij (yi))"
= r=1j=

Next, the unknown nonlinear delay functions and interconnection terms in the Lya-
punov function W; ; are approximated using NNs.
According to Assumption 3 and Young's inequality, one has
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1 1
zi1fin SEZ%J + *ffl
1, 1 . 1
§2 i1+ 51121 (01,1201 (8) + 50511752, (Vi ()
1 1
+ 5127 2(yir(H7)) + 541,221 (t11) firp(zia(th)), (38)
FARES 2 a;jnzin () fi1(2in (8)) + i1 1 (i (1))

+ aij2zin (8) fij 2 (2ig (55)) + aijonijo (Vir (£5)))- (39)

3a; 1 pe’iMi1 . ai i

Let F(Z;) = 3ai1.1f{11(zi1(8) + % i2(zin(t)) +Z7:2 iim;j fiio(zia(t) +
Z;Zzai,j,l i’/‘jll(zi/l(t)) + %tanhz(%))@. According to Lemma 3, we can obtain F(Z;) =
81S;(Z;) + €;, where Z; = z; 1.

Remark 4. According to Assumptions 2 and 3, both the interconnected nonlinear function and the
time-vary nonlinear function can be represented by smooth functions about y;. Therefore, in this
paper, we choose to eliminate the influence of the interconnected nonlinear function and time-varying
nonlinear function in the first step related to y; and approximate the nonlinear function using NNs.

Using Young’s inequality, one has

N 1 1
zi1%i2 <520 + 5|l (40)
3. , 1, 1
N;z;1(zip + ;) Siﬁi,zzi,l + 4212 + 21_[1 2 (41)
1, 1
zi1F(Z;) <zi1078(Z) + 22 1+ Ee%. (42)

Construct the stabilizing function as follows:

P2 =2
Z1113110(11

i1 = — (43)
V&, B, + Xz
where yx; is a positive design parameter. With the aid of Lemma 4, we obtain

Nizipi1 = — AGALAL < —Wizig il + Rixie (44)

V nBHE + X7

Choose the virtual control signal and adaptive laws as follows:

Riy =dinzin +22zi1 + Nig — Yir + O 6 + %,Bi,zzi,l +3751(2y), (45)
6; =T 0z;y — ciTib;, (46)
b = — B +218:(2Z), (47)
Bir =ziai1 — Bin, (48)
Bir= ; 2 — Bios (49)

where ¢; > 0 is a design parameter.

Remark 5. The K-filter based on actuator failures is constructed, which draws attention to the
effect of actuator failures when constructing the i, 1-th virtual controller. This makes it difficult for
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us to construct a virtual controller. The stabilizing function and an adaptive law B; 1 are introduced
to address the problem of actuator failures.

The dynamics of the boundary layer error are given as follows:

X I,

Mlip = =2 4 My, (50)
1,

where M ; is a positive design parameter.
Substituting (38)-(50) into (37), one has
- . M 1, 2
Wi,] <- X; ( 3||P || )xl + ”1 h Kio + Eni,z + Mi,ZHi,Z — dz"lzi,l + NZ‘XZ‘

i,

. U ~ A X A 1, 1, 3
+ 6070 + 01, + N 1Bi1 + BioBin — AiVir + 2€1 + 4212 + 5117 1(Wir(t))
3 i
+ 522 (Yir (1)) + Y @i (Yir (1) + aijonijo(yir (H5)))
j=2

+ (1 —16tanh?(Z21))G;. (51)
1
Step i, j: Based on (22) and (25), one has
Zij = zije1 + i +aij —kijlin — Gije (52)
Construct the Lyapunov function V; ; as follows:

1, 1
5%+ 51 (53)

Vij =
and in view of (52), differentiating V; ; yields
Vii =2ij(zijr1 + ijn 4 i — kijGin — Cij) + i jpal Ly, (54)

Choose the virtual control law and the dynamics of the boundary layer error as follows:

w;j=—dijzi; — Cijzij+kiiGin + iy (55)
' IL g
[Tiji1 = = 2= + Mo, (56)
! Kij+1 !

Substituting (55) and (56) into (54), one has

1, My 1

V < — d,]z —(cij— 1)z + zzZ T ]]+1 + 2112]+1 + M 11T 4. (57)

Step i, n;: Based on (23) and (25), one has
Zimg = Vi — ki, Ci1 — Cings (58)

where v; is the same as v; in (2).
Construct the Lyapunov function V; ,,, as
1 1

Vi, = 32, + 397, (59)

2 1nl

Tip ()i

where ®; = ®; — ®;, with &, being the estimation of ®; = sup,-, T, (15 |
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According to (58) and (59), differentiating V; ,,, yields
Vin, = Zin; (0 — kin,Cin — Cim,) — Pidi. (60)
Choose the virtual control law as follows:
Wi, = — i Zin, — Cin,Zim, + KinGig + Cim,- (61)
Substituting (61) into (60), one has
; 2 2
‘/l',t’ll‘ < - di,nizi,ni - Ci,l’lizi,ni + Zi,ni (vi - “i,n,-)
— §;d,. (62)

3.3. Event-Triggered Controller

In this section, an event-triggered controller is designed to stabilize interconnected
nonlinear delay systems with actuator failures. On the premise of maintaining system
performance, unnecessary communication resources are reduced.

The local actual control law and event-triggered mechanism are designed as follows:

0i(t) = wiltif), Yt € [tij tix+1) (63)
tike1 = inf{t > tia|lei(t)] > diloi(H)] + i}, (64)
where w; = wj(t) is an intermediate continuous control law, which is given later;

ei(t) = wj(t) — v;(t) denotes the measurement error; and J;(0 < §; < 1) and ¢; > 0 are
design parameters.

According to the above event-triggered mechanism, |w;(t) — v;(
holds all the time. When 7; 1 (¢) and 7;»(t) satisfy |7;1(t)| < 1and |7;2(¢
we obtain

|)| Silvi(t)] + ¢i

1, respectively,

t
)| <

wi(t) Tip(t)i
i(t) = — ’ p 65
al) =13 T (0o 147 (t)d (6
with 7;1(f) and 7;»(¢) satisfying
[ Tl =) =) 20 )
Ta(t) = (1), Ta(t) = (), vi(t) <0,
where 7;(t) is any number in [—1, 1].
The control protocol and adaptive law are designed as follows:
Zin;®in; ci)i
wi(t) = — (1+9;) | «;p, tanh — + &, tanh 1/7 , (67)
i i
b; =[zin,| - b (68)

3.4. Stability Analysis and Avoidance of Zeno Behavior

For the stability analysis, we choose the total Lyapunov function Vas V = YN | (W, +

Theorem 1. Consider a closed-loop system consisting of interconnected nonlinear systems (1);
actuator failures (2); the K-filter (10)—(12); the adaptive controller designed in (45), (55), (61), and
(67); and the event-triggered mechanisms (63)—(64). Then, all the signals in the closed-loop system
are SGUUB, and the tracking error can converge to a small neighborhood of zero. Additionally,
Zeno behavior can be effectively avoided.
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Proof of Theorem 1. As |7;1(t)| < 1,then1—¢; <14 1;1(t)d; <1+ ; and % > 1

Since z; ,, &; p, tanh(lﬂvi'") > 0 and z;,,, ®; tanh (- Zin; 1) > 0, one has

2

Zin'wi(” Zin;%in; Zi n P;
—r < —z ;. tanh(——* ®; tanh ! . 69
1+Ti,1(t)5i S 7 Zjg &g ta ( v; ) = zi 1 anh(—— v; ) (69)

According to Lemma 1, the following inequality can be obtained:

Zi,ﬂl‘wi(t)

Ty < ~zim@in| = zim | i +0557v;, 70
1+Ti,1(t) - § ‘xz,n,| ’Zz,m’ i+ V; (70)

Substituting (65) and (70) into (62), we can obtain

s ZinTip(t)gi

Vi, <—d; — ¢ .72 Zi g 0 Zi . | P; — Zi 0 0 .
Ln; — lTl, 111 ,n; 1,1; | Ln; 171,‘ ’ nLn; 1 1+Tl’](t)5l 1,n;"1,n;

— Cb,’(|Zi 1; ’ - CIA>) + 0. 5571/1'
< - dln, in; clnz +Q>CI> + 0.557v;. (71)
According to (51), (57), and (71), differentiating V yields
1; 1_[2 1

N i
. 5 2
V< Zl (=% (Qi —3|P|* - )xz +a, - Zz< . — ST = MiTlj) — gdi,jz,-,j
i= ] =

. . ~ A ~ A Y & 1.
+Nixi + i8] 0; + 0] 0 + WiBi1Bi1 + BioBin + Bid; — A Vi r 4+ 0.557v; + Eslz

5., "l 3\ 5 1., 3
— (2= 72— Yo (61— 5)70 = (Cim = )20 + 53207521 (Vir ()
=3
3 " . "
+ 5122 Wir (1) + ) (@i07551 (Wi (D) + @22 (i (4))))
=2
+(1- 16tanh2(%))Gi). (72)
1

The following inequalities are established by choosing an appropriate positive definite
matrix Q;, Kij, and Cijj forj=2,---,n;

- 1. 1
—x(Qi = 3|| Pyl — 5% < = Amin(Qi — 3|1P|* ~ §)||xi|\2

< —fiillxi)1%, (73)
2, 1 1 )
i) 2 ) )
—( i) - EH,',]‘ - M; 1T ;) < — (Z] — 1)Hl-,]» + EMl.,].
1
< — Il + 5 M), (74)

where j1; > 0 and [;; > 0 are parameters, and ¢; > %, Cij > %, and ¢; ,, > %

According to Lemma 2, (1 — 16tanh2(%3>)Gi < Oforzj; ¢ Se,; For zj; € So,,
(1 — 16tanh? (%1) ) G; < Y7 with Y/ > 0 being a constant. In conclusion, for convenience,
(1— 16tanh2(%3))Gi <Y;withY; > Y! > 0forz;; € R
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Then, adopting Young’s inequalities yields

< —cV+A, (75)

where A; = 2, + £ M2+ Nix; + 676 + 3078 + 5 B2, + 1 B2, + 3% + 5e2 + 05570, +
3ai1,17i1,1 (Vi (8) + 3a31,2750,2 (Vi (1)) + 27;2(611',]',1 i1 Vi () + i 272 (i (£5))) + Y5,
c = min{ﬁi,di,j, li,j/ %, )ti,i =1, ,N,j =1,--- ,1’11‘}, and A = Zf\il Ai~ Therefore, follow-
ing a similar analysis to [21], all the closed-loop signals are SGUUB.

From (75), we obtain that V() < e “'V(0) + (A/c) x (1 —e™"). Asaresult, z; ;, 0;, 0;,
Bi1, and B; , are also bounded.

As z;1 =y; — Vi, zi1 and y; , is bounded, y; is bounded. Since A,; is Hurwitz, A; and
E; are bounded. From the backstepping procedure, «;; and u; are bounded. By following a
similar analysis to [33], system (1) is rephrased as

X =Auixi + Yi(yi)0i + Biui + hi(y1, - -+, yn, t) + Kiyi. (76)

Because y; and u; are bounded and A, is Hurwitz, x; is bounded. As a result, all the
closed-loop signals are bounded.

Now, we show that the proposed controller can avoid Zeno behavior, i.e., for the i-th
subsystem, there exists a positive number ¢ such that {t; .1 — t;} > tF(k € ®*). Since
ei(t) = wi(t) —vi(t), Vt € [tif, tik+1), one has

d d 1 , :
EM' = E(ei xe;)2 = sign(e;)é; < |w;l. (77)

From (61) and (67), w; is differentiable, and w; is a function consisting of all the bounded
closed-loop signals. Therefore, there exists a constant ¢; > 0 such that |w;| < ¢;. Since

ei(tix) = 0 and t%htnkl 1 ei(t) = ¢;, it is obtained that the lower bound of ¢/ must satisfy
1,k+

t7 > % Therefore, Zeno behavior is avoided. [

4. Simulation Example

In this section, a simulation example is provided to verify the theoretical result. We
consider interconnected nonlinear delay systems with actuator failures. The system model
is given by
X110 =x10+ Y1100 + 11+ f1,
X1 =u1 + Y1201 + f12,

Y1 =x1,1,

Xo1 =X20 + %2100 + o1 + fo1,
Xop =tz + Y2062 + fo0,

Y2 =X21,

(78)

where 0] and 6, are unknown constants, but they are setas ¢; = 1and 6, = 1.

The nonlinear functions in (78) are given as ¥1; = 0.2 sirl(x‘i1 ), Y12 = O.15x{-’1, Yo1 =
0.2 cos(x%ll), Y, = 0.15xp1 sin(xp1), h11 = 0.1sin(x11) cos(xp1), hpq = 0.2 sin(x%,le,l),
fl,l =03 sin(xil (t — mlll(t))), f1,2 = O.me(t — mq (f)) sin(x1,1x1,1 (t — mllz(l’))), fzrl =
0.15cos(xp1(t — mp1(t))), and frp = 0.2x§,1(t — mpp(t)), where my1(t) = myo(t) =
my 1 (t) = mpy(t) = 0.1(1 + sin(t)) are the time-varying delay functions.
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The initial values of the variables are given as x1; = 0.1, x12 = 0.2, xp1 = 0.1, xp0 =
02,01 = 12,6, = 1.2, [A11, Ao, Ao, Aop] = [0,0,0,0], [E11, E1p, Ep 1, Enp] = [0,0,0,0],
[611,812,621,822] = [0,0,0,0], &1 = &, = [0, -~ 0T, Bia = Prp = Bog = B2 = 1,

(12 = (2o = 0,and @1 = P, = 0. Then, S;(Z;) = [}lpz.,l,' . ,,‘I/lpl.,g]T is the basis function
vector, with u F, being the Gaussian function in the following form:

E :ef' i 2,0’: ,...,,1:/,
,uu, 025(2' 5+0’) 1 9 i 1.2 79

where 0 is the center of the neural network. The desired trajectory signal of each subsystem
is chosen as y;, = 2sin(0.5¢t),i = 1,2.

The design parameters are k11 = 20, kyp = 10, ko1 = 17, kpp = 10, k17 = 0.1,
K21 = 0.1, dl,l = 45, dl,Z = 45, d2,1 = 45, d2,2 = 45, V1 = 1.2, V) = 1.5, 1 = 2, Gy = 2,
X1 = 0.01, X2 = 0.01, M1,2 =1,and Mz/z =1

Actuator 1 with loss of effectiveness is described as u;(t) = 0.6v1(t), t > 7 s, and
actuator 2 with loss of effectiveness and bias faults is described as u;(t) = 0.8v,(#) + 0.5,
t > 12 s. Based on the above analysis, the verification results are given in Figures 1-5. The
output of the two subsystems is given in Figures 1 and 2. Figures 3 and 4 depict the input
and output signals of the two actuators. It is worth noting that the moment when the
actuator failure occurred is marked with *. The time intervals of the triggering events are
shown in Figure 5. Obviously, all the closed-loop signals are bounded and Zeno behavior
is avoided.

-4 1 1 1 1
0 5 10 15 20 25

time(s)

Figure 1. The output of the first subsystem.

-4 1 1 1 1
0 5 10 15 20 25

time(s)

Figure 2. The output of the second subsystem.
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First subsystem
T T

50

0 MWM{HMW«
\ actuator failure

) 6
s ‘21 ofli
50} 2 .
2
e 7 8 9
-100 1 1 1 1
0 5 10 15 20 25
time(s)

Figure 3. Input and output signals of actuator 1.

Second subsystem

50
—

Uz, Vo

o
Q)
Q
Q
=4
o
=
—
L
c
=
(0]

15 20 25
time(s)

Figure 4. Input and output signals of actuator 2.

First subsystem

time(s)

25

time(s)

Figure 5. Time intervals of triggering events.

5. Conclusions

In this paper, a decentralized observer-based event-triggered fault-tolerant control
scheme was derived for interconnected nonlinear delay systems. Our proposed event-
triggered controller ensures that all system states are SGUUB. The problem of the “explosion



Actuators 2024, 13, 188 15 of 16

of complexity” is addressed by introducing first-order low-pass filters. The property of
hyperbolic tangent functions and the approximation capability of NNs are used to handle
interconnected nonlinear functions and time-varying delays. According to the simulation
example, the Zeno phenomenon is avoided. In the future, it would be interesting to study
dual-channel event-triggered control for interconnected nonlinear systems with actuator
failures and denial-of-service attacks.
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