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This paper considers the event-triggered adaptive fault-tolerant control (FTC) problem for a class of stochastic
nonlinear systems suffering from finite number of actuator failures and abrupt system external failure. Unlike
existing event-triggered mechanisms (ETMs), this paper proposes an improved switching threshold mechanism
(STM) that effectively addresses the potential system security hazards caused by large signal impulses when
both the magnitude size of the controller and its rate of change are too large, while also saving energy
consumption. Especially, when the occurrence of both actuator failure and system external failure may lead
to over-change rate of the controller, by using the multi-dimensional Taylor network (MTN) approximation
technique, the adaptive fault-tolerant control scheme designed based on the improved STM not only has lower
resource consumption, but also indirectly improves the control performance of the system by ensuring the
system security operation. Not only does it ensure that all signals of the closed-loop system are bounded
in probability and the tracking error converges through the proposed control scheme. The feasibility and
superiority of the developed scheme is well shown by dynamic model simulations.

1. Introduction

In practical engineering, many systems, such as robotic systems,
electric power systems, satellite control systems, and unmanned aerial
vehicle control systems, are inherently nonlinear. Consequently, ensur-
ing the stability of nonlinear systems is of paramount importance, and
a variety of control methods have been proposed, including adaptive
backstepping control [1], robust control [2], sliding mode control [3],
and optimal control [4]. In recent years, with the increasing demand for
higher system control accuracy, the impact of stochastic disturbances
has become more significant, prompting extensions of these traditional
methods to accommodate stochastic nonlinear systems [5-7]. Despite
these advances, adaptive backstepping control remains limited in its
ability to handle strong system nonlinearities and uncertainties.

To address this limitation, intelligent control methods — such as
neural networks (NNs) [8,9], fuzzy logic systems (FLSs) [10], and
multi-dimensional Taylor networks (MTNs) [11] — have been increas-
ingly employed, leveraging approximation techniques to design more
robust control strategies for stochastic nonlinear systems. The MTN-
based control methods, in particular, stand out for their ability to sim-
plify control structures and alleviate computational complexity, making

them ideal for applications in nonlinear, switching, and stochastic
nonlinear systems [12-14].

Simultaneously, networked control systems (NCSs) have garnered
significant attention due to their wide-ranging applications in fields
such as telemedicine, wireless communications, aerospace, and au-
tomotive systems. In NCSs, system components (e.g., sensors, con-
trollers, actuators) communicate via a shared network, where band-
width and computational power limitations pose challenges to perfor-
mance. Event-triggered control (ETC) strategies, which intermittently
send quantized control signals to actuators, offer a promising solution
by reducing communication overhead and computational demands.
Event-triggered mechanisms (ETMs) generally fall into three types:
fixed threshold [15], relative threshold [16,17], and switching thresh-
old [18,19]. However, these mechanisms have limitations: the fixed
threshold mechanism (FTM) is simplistic and can lead to conservative
control performance; the relative threshold mechanism (RTM) can
result in excessively long update intervals and potential instability,
especially when control signals vary rapidly. Moreover, large ampli-
tude fluctuations in the control signal can lead to unsafe impulses,
jeopardizing system reliability.
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The conventional switching threshold mechanism (STM) combines
elements of both the FTM and the RTM to balance security and pre-
cision. However, it fails to adequately address the risks posed by
excessive controller change rates, which can lead to significant system
safety hazards. Thus, there is a pressing need for an improved STM
that considers both the controller’s amplitude and its rate of change to
ensure system safety without compromising performance.

In practical NCSs, control signals are transmitted to plants through
actuators. However, as the complexity of NCSs increases, actuators
are prone to experiencing partial loss of effectiveness (PLOE) or total
loss of effectiveness (TLOE) during operation. To mitigate the impact
of actuator failures, various failure-tolerant control (FTC) strategies
have been proposed for different system types, including nonlinear
multi-agent systems [20,21], uncertain nonlinear systems [22,23], and
large-scale nonlinear systems [24,25]. Recent studies, such as those by
Pan et al. [26] and Wang et al. [27], have developed FTC schemes
within the framework of the RTM. These schemes offer the advantage
of extending update intervals through larger measurement errors when
actuator failures occur, thereby reducing communication overhead.
However, this strategy fails to address a critical issue: the potential
for large overload impulses, arising from long update intervals and
excessive rates of change in the actuator and controller signals, which
can severely compromise system safety and stability.

Moreover, the consideration of abrupt system external failure
in [28] highlights additional security risks within the RTM framework,
which are further compounded when both actuator failures and abrupt
system external failure occur simultaneously, as discussed in [29,30].
Despite these advancements, the conventional STM remains inadequate
in accounting for the security hazards posed by excessive rates of
change in control signals. This underscores a crucial gap in the ex-
isting literature: the need for an ETM that not only accommodates
multiple failure scenarios but also explicitly considers the impact of the
controller’s rate of change on the overall system security. Addressing
this gap is vital for enhancing the robustness and reliability of NCSs,
particularly in failure-prone environments.

Motivated by these challenges, this paper proposes a novel approach
that integrates multiple failure scenarios (including actuator failures
and system external failure) into the event-triggered framework. Specif-
ically, the contributions of this paper are twofold:

(1) Unlike previous studies [29,30] that primarily address single
actuator failures or isolated system external failures, this paper ex-
tends the failure-tolerant framework to encompass multiple actuator
failures and system resource constraints. This extension provides a
more accurate representation of real-world engineering applications,
where multiple failure modes can occur simultaneously. Leveraging
the MTN approximation technique, we propose a new event-triggered
FTC scheme that not only compensates for the effects of these failures
but also minimizes energy consumption. The MTN-based controller is
characterized by its simplified structure, which reduces computational
complexity and resource demands, thereby enhancing control efficiency
while maintaining robustness in the presence of system failures.

(2) Building upon the conventional STM, we introduce an improved
STM that simultaneously considers both the magnitude and the rate
of change of the control signal. This integrated approach mitigates
the risk of large, destabilizing impulses that can arise from rapid
variations in control inputs, thus ensuring improved system safety and
stability. At the same time, it achieves significant communication and
computational resource savings by more efficiently triggering control
updates. This novel mechanism addresses the limitations of traditional
ETMs by providing a more comprehensive solution to system safety
under dynamic and failure-prone conditions.

The main structure of the paper is as follows: Section 2 introduces
the definition of symbols, system description, actuator failure model,
control aims, stochastic system theory, MTN approximation principle,
and necessary definitions, lemmas, and assumptions; Section 3 provides
the main research results of this paper, including the design of the
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event-triggered adaptive fault-tolerant controller, the proof of system
stability, and the avoidance of Zeno behavior; The effectiveness and
superiority of the proposed control scheme are verified in Section 4
through simulation research on the 3-order single-link manipulator
dynamic model, while Section 5 summarized this paper.

2. Problem statement and preliminaries

Notations. In this paper, the arguments of the functions are omitted
or simplified whenever no confusion can arise from the context. For
example, we may denote f; (¥;), F; (Z,) and S,, (Z;) by f;, F; and
S,,., respectively. R" denotes the real r-dimensional Euclidean space.
R"™" denotes the real n x r matric space. N* represents the set of all
positive integers. |X| denotes the absolute value of the real number
X. ||X|| denotes the Euclidean norm of vector X. XT represents the
transpose of vector X. E (-) denotes Expectation operator symbol. Tr {4}
is the trace of matrix 4. C' denotes the set with ith partial derivative
functions. sign(-) denotes the normal sign function. tanh (-) represents
the hyperbolic tangent function.

2.1. System and model statement

The stochastic nonlinear system considered in this paper with the
following form
dy; = (£; (%)) + 2j01) dt + 6] (%;) d9
j=12,...,n-1
diy=(fu(Xn) +H®O+ T OP(Y))dt
+ &, (2,) 49 (1)
Yy=x

w

n(0) = ci0: Q0 iy (1)

i=1

where y;; () € R, u(t) € R and y € R represent the ith actuator output,
system input and output, respectively. y = [y, 12, .- x,]7 € R" is
system state vector with Xj = [)(|,)(2,...,}(j]T € R,j = 1,2,...,n.
f;() € R and ¢,;(-) € R stand for the unknown smooth nonlinear
functions with £;(0) = 0 and ¢;(0) = 0; ¢;(x)(=1,2,...,w) and
¢; € R are known smooth nonlinear function and unknown constant,
respectively; 9 is an r-dimensional standard Wiener process. P (y) is
an unknown function representing the system external failure. The
diagonal matrix I' (¢) is designed as

1, t>Tg
re= (2)
0, t<Tg

where T denotes the time when the external failure starts at the
system.

We consider the ith actuator that may fail during the operation, and
its failure model at time instant ¢; is formulated as

Mpi () = Aippp; () + prp;, Vit 2 g (3

where ith actuator input is upp; (f) and output is py; (). 4; € [0,1), t;
and upp; (1) are unknown constants. Therefore, two patterns of actuator
failures are considered as follows.

(1) PLOE. That is to say, the output u,, (r) of the actuator loses some
of its performance, i.e., py; (1) = A;4pp; (), 4; € (0,1) and pqp; = 0.

(2) TLOE. That is to say, the output u,; (r) of the actuator will be
affected by pyp;, not pupp; (t), i.€., py; (6) = prpi A =0.

It should be noted that the actuator operates in failure-free case can
still be expressed as (3) with 4; = 1 and uyp; = 0. Therefore, the model
in (3) is suitable for describing the output of the actuator, regardless of
whether it fails.
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According to the above failure model, the system (1) can be re-
formulated as

d)(j = (fj ()?j) +)(j+l)dt+¢;‘r ()?j)d’9
j=12,....,n—1

iy =ty (F0) + 2,00 GO (Bittpr (O + rp;) @

i=1
+TOP)dt+ T (x,)d9
y=x

Remark 1. It is crucial to underscore that system (4) has the capability
to represent a broader spectrum of faults, including lock-in-place (LIP)
fault, float fault, and hard-over fault, as referenced in [31,32]. Contrary
to the extensively researched fault-tolerant control strategies for non-
linear systems [31,32], this study specifically targets event-triggered
adaptive compensation control strategy for stochastic nonlinear systems
experiencing loss of effectiveness faults, encompassing both PLOE and
TLOE.

In practical systems, the communication between controllers and
actuators is implemented through a shared network. However, in the
control design process of most systems, network resource is usually
assumed to be sufficient, but it is limited. Thereby, an improved STM
between the ith controller and the ith actuator is considered as

Hpri () =@ (1) V1 € [t t3yy)
inf{teR | le®| =M, },
|a; (0] > T,
2 inf{teR | le®)| =M, },
Tkl = .
[tpp; 0] > Ty, |o7; 0] < Ty
inf {t € R | le®] > ¢ |upp O] +Ms },
[tpr: O] < Ty |, (O] < T,

(5)

where e () = w; (t) — upp, (t) represents the measurement error, T; > 0,
T,>0,0 < ¢ < 1, M; >0, M, >0 and M; >0 are positive given
constants. The controller is triggered at time instant ¢, with k € N*.
During the time interval 1 € [f;,7;,,), the value of actuator’s input
pr; (1) holds unchanged as a constant, i.e., w; (). Every time when
event is triggered, the time ¢ will be marked as 7, ;.

For the improved STM, the following transformation is given

e = max {M15M2,§T2+M3} (6)

For system (4), the aims of proposed control scheme in this paper
are three-folds: (i) all signals of the closed-loop system are bounded in
probability; (ii) tracking error evolves within an arbitrarily small range
around the origin; (iii) the controller excludes Zeno behavior.

In order to design a controller with outstanding performance to
achieve the above control aims, the following Assumptions are given.

Assumption 1. The reference signal y,; and up to its nth order time
derivatives are continuous and bounded.

Assumption 2. In system (1), ¢; (x) # 0, ¢; # 0, and sign (c;) is known.

Assumption 3. To ensure the performance of the considered system,
the maximum number of total failed actuators is w — 1, while the
number of partial failed actuators can reach w.

Assume that w; (0<w ;< w) actuator is failure and no new failures
appear in the time interval [T/ Ti ). The PLOE and failure-free actua-
tor’s set is Qpr; in time interval [TJ T;,,) and the TLOE actuator’s set

is Orr;. Therefore, it is obvious that Qpr; U Qrr; = {1,2,...,w}.
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Remark 2. Assumptions 1-3 are common in existing relevant liter-
atures, see [27,33]. For example, many signals satisfy Assumption 1
with sinusoidal signals are typical examples in practice. Assumption 3 is
fundamental to guarantee the controllability of the system (4) and the
existence of a nominal solution to the adaptive failure compensation
problem.

2.2. Stochastic system theory preparation

For the stochastic nonlinear system, its relevant theories will be
given by the following general form

dy =G (y)dt+H (y)d9 %)

where y € R" denotes the system state, 9 is expressed in system (1).
The locally Lipschitz functions G(y) € R" and H (y) € R™" satisfy
initial conditions G (0) = 0 and H (0) = 0.

Definition 1 ([33]). For any Lyapunov function V (y), the system (7)
with differential operator ¢ is defined as

2
2V = a_VG(X)+ %Tr{HT()()a—I;H(X)}
oIy

or (®

Lemma 1 ([7]). For y € R" and t > 0, there exist function ¥ (y) € C?,
two constants a > 0 and b > 0, k, functions I'; (-) and I, (-), such that

LdlxD =¥ = LAxID
V()< —a¥ (x)+b

9

Then, the system (4) certainly has a unique solution and is bounded in
probability.

Lemma 2 ([10]). For any two real constants x and y, the following
inequality holds
1

70"

o’ v T
xy < —Ixl”+ 2yl (10)

where 0>0,v>1, t>1and (v-1(z—-1)=1.
2.3. Approximation method research

In this subsection, the unknown function is approximated via MTN.
The structure of MTN is given in [11-13], and its approximation
principle is shown in Lemma 3.

Lemma 3 ([30]). On a compact set 2; € R", if there exist an un-
known function P (o) and constant V¢ > 0, then an MTN can be able to
approximate P (o). The approximation rule is as follows:

P(0)=¢"TS, (6)+5(0), |6(0)| <& an
where ¢* = [¢,... ,gl]T € R' denotes the optimal weight vector of MTN,
which is defined as

sup
cEQ,

5

P(0)-¢"s,, ©) } :

¢* ;= arg min
GER!
— 2 2 T I _
S, (0) —T[Ul,...,un,al,ulaz,...,0'",.”,61”,...,0';”] € R and ¢ =
[al, ,an] € Q, are the middle layer vector and the input layer vector of

MTN, respectively. 6 (o) represents the approximation error between P (o)
and g*TSmn (o), which can be reduce to arbitrarily small.

Remark 3. Although both MTN and NN have the three layer network
structure consisting of input, intermediate and output layers in form,
their main difference is the way of information processing in the in-
termediate layer. Specifically, the MTN uses a polynomial combination
of inputs instead of the traditional intermediate layer of radial basis
functions, which allows the approximation of nonlinear functions with
less computational overhead. Therefore, the MTN-based controller has
unique advantage in reducing the computational burden.
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3. Main research results

The development of the improved STM-based adaptive FTC scheme
is highlighted in this section, followed by a demonstration of the control
aims achieved by the closed-loop system (4).

At first, we introduce the following coordinate transformation to
implement the backstepping design process:

0 =2X1—"Va
9j

=x =S, j=23,....n
where S;_, is virtual control law, which will be designed in the next
subsection.
In view of (4) and (12), we have
do; = (p + fi —)}d)df+¢rlrd19
doj = (xj1 + [, — VS,_y) dt + ] d9

j=23..n—1

(12)

. 13)
00 = ci0; GO (Aitipr (O + pr;)

i=1

+ i+t TOPG) -

VS,_)dt + ¢ d9

where ¢; = Z’ ! a\;] —LL¢,, and VS,_, is the time partial derivative
of §;_y, Wthh will be given in the next subsection

The virtual adaptive law gl and the virtual control law J; are
individually designed as follows
§; =08, — i, a4
S, =-r;0; —g;.fsm/ (15)

where 1 < j < n -1, r; and ; are positive constants, and &; will be
defined later.

3.1. Event-triggered adaptive controller design

Step 1: Constructing the Lyapunov function ¥, as

IS

Y, = 79 + 2g1g| (16)
where &, = ¢, —¢, is the first error vector, and &, denotes the estimation
error of ¢;.

Based on Definition 1, and according to (13) and (16), we obtain

. 3 STA

¥ =0 ()(2+fi—)’d)+§0%¢1T¢i—€]T§i a7

By utilizing Lemma 2, the following inequality holds
-0.¢T¢1 0. A + a8
where y; > 0 is a constant.

Substituting (18) into (17), and simply transforming yields

3 3 ~TA

24 So? (02+51+F1) 201+4y1 —ngl (19)
where Fy = fi =y + 30, + " ol

The unknown nonlinear lunction F, in (19) cannot be applied
directly to the controller design. Therefore, by utilizing Lemma 3, for
V& >0, an MTN ¢TS,, (Z;) can be employed to approximate it in the
following form:

Fi =618, (Z))+6,(Z) (20)

where Z| = [g,]T, and 6, (Z,) denotes the error between ¢! TS, (Z )
and F, (Z,), and satisfying ‘51 (z, )l <§.

Furthermore, the following inequality can be obtained by utilizing
Lemma 2:

L,
0} (02+6)) < 5

34 et
ot 4= 21
20 +21+4!:1 @1
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By combining (14), (15), (20) and (21), the (19) can be expressed
as

32

it §4+ﬂ1g1c1 + (22)

1
02

Y, < - +
1— "101 4

Step j (2 < j < n— 1): Constructing the Lyapunov function ¥; as

14 1.1,
S+ 30+ 3858 (23)

— &, is jth error vector, and &; denotes the estimation

Y, =¥

where §; = g;
error of ¢;.

Based on Definition 1, and according to (13) and (23), we obtain
O =¥+ 0] (s + 1= V)

L 24)
+ 202419,

-2}

i
Zj 1951 (l+1)

j—1 6‘51 lA
)(’) Z & i

By utilizing Lemma 2, the follow1ng inequality holds
27T 7
Saae, < o]

where y; > 0 is a constant.
Substituting (25) into (24), and simply transforming yields

oV <Y 1+o (oj+1+3-+Fj)

0J;_

+—Z’1

where VS3;_; =
p.q=1 0;{ 01

L (Zi1 + 1) =LgTep, +

(25)

7 3 ~TA (26)
—_ - + —
40 47 SiSj

h ~ 7 3 21
where F; = f; = VS,;_; + 70t W@j”qﬁj” .

Similarly, by utilizing Lemma 3, for V&, > 0, an MTN ngSmj (z))
can be employed to approximate F;:

F = gJT.Sm/ (z;)+6;(z;) 27)
where Z; = [01,02,...,01] , and §; ( j) denotes the error between
gTS ( ;) and F; (Z;), and satisfying ‘6 ‘ <¢.

Furthermore the followmg inequality
Lemma 2.

can be obtained by utilizing

3

1
0 (041 +8)) < 07, +50)+ 7 5“ (28)

By combining (14), (15), (27) and (28), the (26) can be expressed
as

J J J
3 ~Ta
o <= Yol + 3 2+ Y B
i=1 i=1 i=1 29)
1 4 1 4
+ 1 &+ 295+

Step n: During the time interval |T [ Tt 1), we construct the following
Lyapunov function ¥, as

~Tx 1.7,
Y,=¥,,1+ Zoi + 2€E€n + EvTv
w
1 ST+ (30)
+ 5 ; |ei| 2k k
i€Qpr;

where ¢, = ¢, — &, is nth error vector, and &, denotes the estimation
error of g, similarly, # = v — ¥ and k = k; - k with k; and k will be
defined later.

Based on Definition 1, and according to (13) and (30), we obtain

¥, =Y, |+0 ZCCDI(X)(MTF/'l'/lMPFI(I))
i=1

G (1 + TOP(-VS,,) + 26284, 1)
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P8y

~ _ 1 gin-1
where VS, = 7 gl 1r0%e

Zn 11 60,,
i
+Zn 1 0\xn lA

By utlhzlng Lemma 2, the followmg inequality holds

()(z+1 +f,) ¢Z¢q +

Zﬂ 1 03,1 (1+1)
i=0 2y (l

S0bd, < 5ol + (32)
where y, > 0 is a constant.
Substituting (32) into (31), and simply transforming yields
w
¥, <Y, +0 ZCCU,(X)(MTF¢+AHPF1(1))
i=1
+ R (FWP+E,)— 2ot + 272
n 4 n 4 n (33)
w
~TA ~TA =T4
- g,T,gn —oTH— Z |e;| 4k &
i=1,
i€0pr;
— <3 7 3 o4
where F, = f, = VS, + 70, + ‘730"”(1)"” .
Similarly, by utilizing Lemma 3, for V¢, > 0, an MTN ¢1S,, (Z,)
can be employed to approximate F,:
Fo=6,S, (Z,)+6,(Z,) (34
where Z, = [0;,0;, ..., 0,]", and 8, (Z,) is the error of ¢} S,, (Z,) and

F,(Z,), and satisfying ’6,, (Zn)| <&,
Furthermore, by utilizing Lemma 3, for V& > 0, the system external
failure P(y) as an unknown function which can be approximated by

employing an MTN v'S,, (x).

P(p)=0'S,, (0 +600) (35

where ¥ = [y, %2 ---»Xa]', and 8(y) denotes the error between
vTS‘mn (x) and P (y), and satisfying |6 ()| < &.

Then, the following inequalities can be obtained by utilizing
Lemma 2.

3
0, F, <056, S (z)+ 54 4“ (36)
s 1 3
ol OP() S o', (0 + 3£+ 70, (37)
By combining (36) and (37), the (33) can be expressed as
‘¥, <Y, +o, ZC(I’,(}()(/‘TF1+’1/4PF1([))
i=1
w T
+ 0 (615, 4975, ) = X Jo| 4Kk 38)
i=1,
i€0prj
1 3 ~TA
L3yl €4+ 1866, 00

470 4%

Based on (38), the event-triggered controller w; (¢), and the adaptive
laws &, i are given as

_ 0O,
@, (1) = fi,; — M tanh (—’) 39)
n
‘Ajn = Oism" - ﬂnén (40)
0=08, —pd (41)
with @, = ¢*sign (¢;) @; (x)M, where M > e, , > 0 and § > 0 are
constants.

From (5) and (6), we can get upg; (t) = @; () — h(t) e, where h(7) is
a time-varying parameter satisfying |4 ()| < 1.
Furthermore, see in [17], the function tanh(-) has the following

property as follows:
0 < |®| — @ tanh <9> <0.2785y (42)
n

where @ € R and 5 > 0.
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Then,
03 sign (c

into

substituting  ppg; ()
@; (x) upp; (0 y1elds

w; (1) — h()e
i)

o sign( 1) @i GO wpp; ()

=0} sign (¢;) ¢, (x) (w; () —
() @i () iy

) @ D h()e

)
(e
— 0, sign (¢;) @; (x) Mtanh <@7>
)
(e

h(tye;)
—o sign

- o sign
(43)

<o sign (¢;) @; (x) fiy; — |©;] +0.27859
- o} sign (¢;) @, () h (1) ey
S(Ji sign (Ci) @; (x) iy +0.2785n
By combining (40), (41) and (43), the (38) can be rewritten as

¥, <O, +0 Zw,(;{)(umuu,n)

i=1

+ 0 (els,, +975,, ) - 2 le)| 2K k
i=l,

i€0pr;

+ cf“+ é“+ﬁn€-T¢n

(44)

Lo, 3,0
20+ 30

+ B0 D +0.27857 Z A leil

i=1

Based on (44), we design the actual control law j,; as

fip; = sign (cl-) w, i=12,...,w (45)

1
@ (x)

T T
where @ = (0, 9y,...,9,) ", k; = (k/ 1 kjons e ,kaw) .
The following formula holds in the time interval [

Z |c[|A,»ija) =
pury

i€0pr;

J’Tl+1)

w
S, - Z ¢i®; (X) BT Fi (46)
ieorr;
where k; and o are defined as
1 —CiMTFi

k.. = =
s Z i=1, |C |}~ o Zw,=1. |ci|’1i,
i€0pr;

i€0pr;

(47)

for i € Opr;, kjp =0, fori € Qprys

—
0=,

Due to the existence of uncertain actuator failure model and un-
known parameters, k; needs to be estimated. Therefore, the actual
control law fi,; can be rewritten as

Ko i=12,.
l()

where k denotes the estimate of k;.
According to k = k; - k, (46) and (48), we can deduce that

w
2 |ei A,-fc k

o, zcifﬂi QO (Hrpi + Aifiy;) =
pary

i=1
i€Qpr;

fiy; = sign (¢;) —— (48)

w

w
AT ~TA
=Oi Z |ei] Ak @ — Z lei] 4 Kk
or "EAQ:;T,'

w
- 2 |c,-|ﬁ,-ijco
i=1

"EQPT/

=0 —03Z|c|/1ka)—2|c| 2Kk

‘EQPT/

w
=038, = Y, la| 4k (k+o}o)
i=1

i€Qpr;

i€0pr;

(49

‘EQPT/
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Then, substituting (49) into (44) yields
OV, <OV, + 0 (s +els,, +075, )

14,3 T
- 10+ 4y2+ 8 18+ 5808
+ poTD +0.2785n Z A lei] (50

i=1

w

- Z |ci|Ail~cT (l}+oiw>
i=1,
i€0pr;

Based on (50), the update law I} and the virtual control law S, are

designed as

l;:gim—ﬂkl% (51)

S, = —r,o,— é';r,Smn - i)TS'mn (52)
where g, > 0 and r, > 0 are constants.

By combining (29), (51) and (52), the (50) can be expressed as

n
v, <

i=1

3
7 + - §4+ﬂ/§ gl)

+
(”’ 47

w
1 T
+ 154 + P00 +0.2785n ) 4, |c)|

i=1 (53)

w
+ Y le| bk k
feé;}j

Then, by utilizing Lemma 2, the following inequality can be ob-
tained.

pigl &= hg! (si—¢i) =h&l e - Bigl &

ﬂ . B 2 AT =

3’;%, Flell” - pgie (54)

Bir. B 2
==& &+l
Similar to the derivation process of (54), we can further obtain
po"o <~ Lmo + Ly (55)
ZTs ﬁk i+

pk k< - ‘k H (56)

Therefore, in view of (54), (55) and (56), the inequality (53) can be
rewritten as

p.r.
Y, < — z< —’ >——v v
& 2° 2
5 bl Z ©7
- Tk +
i=1, i=1
'EQPl/
wherel,:%yi2+3—‘§?+%||gi Poi=12,n-1,1,= 32+ 1+ 1et+

2 ,
L lgull® + 1wl + |k || + 027850 T, 44 feil-
3.2. System stability analysis

Theorem 1. The considered stochastic nonlinear system (4) is suffering
from abrupt system external failure and uncertain actuator failures. Under
Assumptions 1-3, the proposed control scheme, including the event-triggered
controller (39), the ETM (5), the virtual control laws (15), (52), the actual
control law (48), and the adaptive laws (14), (40), (41), (51). Then, one
can verify that the following three aims hold as for any bounded initial
condition.

(1) All signals of the closed-loop system are bounded in probability.
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(2) The tracking error evolves within an arbitrarily small range around

the origin.
(3) The controller excludes Zeno behavior.

Proof. Based on the analysis in the previous section, the following
Lyapunov function can be constructed for the n-order system (4)

n n
DI DPRNE I g g
V_4;oj+2j§lgjgj+2vv
. i le| 4 - (58)

i€0pr;

—
=

According to (57), the following inequality holds

v < - S Bt
—. rjoj+7gjgj —EUU
=
w n (59)
|cl|liﬁk =T
- Z} Sk k+211
i=1, j=1
i€0pr;

Let a = min {4r;,,(j=1,2,....n),p. B} and b = i1 yields

£V <—aV +b,t>0 (60)

Firstly, according to Lemma 1 and (60), we get that ¢;, & > D and k
are bounded in probability. Since ¢, v and k are constants, we can infer
that §;, » and k are bounded i{l probability. Therefore, §; composed of
bounded signals o;, §;, ¥ and k, thus J; is also bounded in probability.
By recalling o; = y; — S,_;, x; is also bounded in probability. Finally,
we can further infer that the actual control law j,; and event-triggered
controller w; () are also bounded in probability.

Secondly, according to (60) and [34] (Th. 4.1), we can obtain the
following inequality
EV OISV 0 e + g 61)
which means that }10? <
obtain

. T 4/4b
A lerl = fim [ =val <37

Based on (62), by increasing / [ and reducing 4r;, Bis By B the
tracking error ¢, can converge to an arbitrarily small range around the
origin. Thereby, the control aims (1) and (2) can be realized.

Finally, we will demonstrate that the controller excludes Zeno be-
havior. There exists a constant * > 0 such that {r,,, —,} > t*, for
Vk € N*. Then, by recalling e(t) = w; () — ppp; (1),Vt € [ty 1141), We
can deduce

de(’) <le@| =@ -

V(0)e ™ + S,Vt > 0. Next, one can further

(62)

fipp O] = |w ()] (63)

From (39), we can know that @ (¢) is composed of bounded signals f,;,
z, and known smooth nonlinear function ¢, (x), thus, there exists a
constant / > 0 such that |@ (¢)| < /. In addition, through e (tk) =0 and
lim_,  e(® =M, orlim_, e(=M,orlim_, e =¢( |tpr; @] +
M;, we can get that the lower bound of execution intervals ¢* satisfy
FeMoorrsMorps ¢lupri]+Ms3 > #
behavior is effectively excluded.
Completing the proof of Theorem 1.

, which implies the Zeno

Remark 4. It is worth pointing out that when the amplitude of con-
troller w; (¢) is large, or when the over-rate of change of the controller
w; (1) caused by other factors and two types of failures, if the controller
is triggered, inevitably, a large signal impulse will act on the system,
which will bring security hazards, so the FTM is used to provide
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bounded error to overcome such situation. Conversely, when the ampli-
tude of controller @, (1) or the rate of change of the controller w; (¢) is
small, switching to RTM to improve control performance. Therefore,
the controller proposed in this paper based on an improved STM
is compatible with system performance and system security, thereby
further improving system reliability.

Remark 5. Different from the traditional periodic control method [35,
36], the ETC method executes tasks and transmits information only
when needed, thus avoiding the consumption of computational and
communication resources caused by periodic execution. According to
Remark 3, utilizing the relatively simple structure of MTN-based con-
troller can reduce the requirement for computing resources. To sum up,
the MTN-based event-triggered controller developed in this paper can
realize the control aims by lower resource consumption.

4. Simulation and analysis

In this section, an practical dynamic model is introduced to the
feasibility and superiority of the proposed scheme.

4.1. Dynamic model

Consider a class of single-link manipulator system subject to motor
dynamics, its schematic diagram can refer to [37] [Figure 6]. According
to [37,38], its stochastic nonlinear system model with actuator and
system external failures can be reformulated as

dy = xndt
2
1 N D . H(xD
dr =<EJ(3—E)(2—E Sln(}m)) dt+ dd
YL GO (Aimpr O+ urr) K (64)
dy; =( ; e

- S+ TP Gt

y=n

where y,, y, and y; denote the position, velocity, and acceleration
of the link angular, respectively. The system variables are selected as
C=1kgm? N =1Nms/rad, m = 1 kgm?/s?, J = 1H, L = 058,
K =02Nm/A, H(x?) = 0.1sin (x?), @, (x) = 1.9+40.1sin (1), @2 (x) =
140.2sin ( ;(2), I (1) is elaborated in (2), and the system external failure
P(x) =5y,sin (). The reference signal y, = 0.5sin (21).

4.2. Control parameter selection

The initial state is chosen as [,(0) , 7,(0), x3(0)]T = [0,0,0]T. The
initial values are given as k (0) = [-1.5,0,0]T and fip (0) = figp (0) = 0.
Furthermore, the designed parameters in the controller are given as
=liea=18=4p8=5p=1p§=10,5 =02, r =23,
ry=15,r, =30, M; =2, My =2, M; =05, ¢ =0.1, T, = 1, T, = 25,
M=154=0.1.

4.3. Simulation study

Example 1. Actuator 1 abruptly loses 80% of its efficiency and Actuator
2 abruptly loses 50% of its efficiency, from 11 s; Actuator 1 and Actuator
2 abruptly lose 70% of its efficiency, from 18 s. All of them are PLOE
failures. The system external failure abruptly occurs from 25 s.

Figs. 1-6 gives the simulation results of Example 1. Fig. 1 shows the
curves of reference signal y, and output signal y under proposed thresh-
old mechanism compared with three threshold mechanisms called
fixed, relative, and switching in [18]. Fig. 2 displays the curves of
output signal tracking error under four strategies. Fig. 3 presents the
curves of states y, and y; under proposed threshold strategy. Fig. 4
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Fig. 1. Tracking control performance.
0.1 T T T T
Proposed threshold strategy
0.08 |- -- Relative threshold strategy |-
Fixed threshold strategy
0.06 F Swi_t_ching t‘hresh'old strategy |«
iE x iE i
H q i H
0.04
S oozt
[}
g of
-*
8
= -0.02
-0.04 ¥
-0.06 0.04 4
0.035
-0.08 i i ]
0.03—* =
135 14 145 15
01 . . . h h .
0 5 10 15 20 25 30 35 40
Time (sec)
Fig. 2. The curves of output signal tracking error.
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Fig. 3. The curves of states y, and y; under proposed threshold strategy.

shows the controller outputs w,, w, and actuator outputs py,;, Hps-
The system external failure P(y) is plotted in Fig. 5. The triggering
events are elaborated in Fig. 6. At the beginning, the amplitude of
the controller output w, and w, are large so the controllers switch
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Fig. 4. The curves of controller outputs w,, w, and actuator outputs suy,, up, under
proposed threshold strategy.
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Fig. 5. The curve of system external failure P(y) under proposed threshold strategy.

Triggering event

1 L 0 L 05 L i L 1|5 L % L |
0 5 10 15 20 25 30 35 40
Time (sec)

Triggering event

0 5 10 15 20 25 30 35 40
Time (sec)

Fig. 6. The triggering events of x4, and u, under proposed threshold strategy.

to the FTM, and when the controller output decrease to less than
25, the triggering mechanism is automatically switched to the RTM.
Furthermore, we can see from Fig. 4 that when the failure occurs at

ISA Transactions 158 (2025) 62-72

Table 1
Number of triggering events for Example 1.
Time Actuator 1 Actuator 2
9-10 s 14 9
11-12 s 22 14
13-14 s 13 9
16-17 s 11 7
18-19 s 22 15
20-21s 18 11
23-24 s 16 12
25-26 s 19 16
27-28 s 16 12
0.8 T T T
Reference signal
6 | Proposed threshold strategy |

- Relative threshold strategy
- Fixed threshold strategy
-- Switching threshold strategy | |

0.4

0.2

Signal
o

162 164 166 16.8
. |

0.8 . . . .
5 10 15 20 25 30 35 40

Time (sec)

Fig. 7. Tracking control performance.

11s, 18 s and 25 s, the proposed threshold strategy can switch between
the trigger modes FTM and RTM according to the magnitude size of the
controller and its rate of change.

To clearly demonstrate the ability of the proposed event-triggered
fault-tolerant controller to compensate for failures, the times of trigger-
ing are given in Table 1 under proposed threshold strategy.

See Table 1, when Actuator 1 is subjected to 80% PLOE and Actu-
ator 2 is subjected to 50% PLOE from 11 s, the times of triggering for
Actuators 1 and 2 significantly increase at 11-12 s. Then, the actuator
failures are compensated by the designed controller, so the times of
triggering for Actuators 1 and 2 have reduced at 13-14 s. Similarly,
when Actuators 1 and 2 fail from 18 s and system external failure
occurs from 25 s, the times of triggering accordingly increase. After they
decrease under the action of the controller.

Example 2. Actuator 1 is abruptly stuck, i.e., y,, = 0, from 11 s;
Actuator 2 abruptly loses 30% of its efficiency, from 11 s and loses its
effectiveness of 40%, from 18 s. Among them, actuator failures include
TLOE and PLOE failures. The system external failure abruptly occurs
from 25 s.

The simulation results of Example 2 are shown in Figs. 7-12.
Similarly, the times of triggering for Example 2 are given in Table 2.

See Table 2, when Actuator 1 is TLOE and Actuator 2 loses its
effectiveness of 30%, which is PLOE failure, from 11 s, the times of
triggering for Actuators 1 and 2 increase at 12-13 s. Then, due to the
compensating influence of the controller, the times of triggering for
Actuators 1 and 2 decline at 14-15 s. Similarly, when Actuator 2 is
subjected to 40% PLOE from 18 s, and system external failure occurs
from 25 s, the times of triggering also follow the same regularity.

Feasibility and superiority of the proposed control scheme to
achieve the control aims is demonstrated, notwithstanding the con-
trolled system undergoes actuator failures (PLOE or TLOE or both),
abrupt system external failure and limited resource.
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Fig. 8. The curves of output signal tracking error.
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Fig. 9. The curves of states y, and y; under proposed threshold strategy.
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Fig. 10. The curves of controller outputs w,, w, and actuator outputs sy, u,, under
proposed threshold strategy.

Remark 6. Considering that larger signal impulses in the ETM frame-
work may pose challenges to system security, directly verifying this
through simulation experiments is somewhat difficult. Therefore, we re-
fer to the conclusions in [18], which indicate that larger signal impulses
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Fig. 11. The curve of system external failure P(y) under proposed threshold strategy.
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Fig. 12. The triggering events of x, and u, under proposed threshold strategy.

Table 2

Number of triggering events for Example 2.
Time Actuator 1 Actuator 2
9-10 s 14 11
11-12 s 24 18
13-14 s 17 13
16-17 s 20 14
18-19 s 22 19
20-21s 21 15
23-24 s 23 16
25-26 s 25 18
27-28 s 20 13

degrade the system’s tracking performance. Based on this conclusion,
by observing the tracking performance in Figs. 1-2 and Figs. 7-8, we
can indirectly determine that the improved STM results in smaller sig-
nal impulses being applied to the system. Based on the fact that "smaller
signal impulses applied to the system reduce the negative impact on
system stability, thereby enhancing system security”, we conclude that
the system security under the improved STM framework is higher.
Therefore, the mechanism proposed in this paper is more applicable to
protect the regular operation of the system components under complex
environments including actuator failure, external system failure, and
other factors.
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Remark 7. Theoretically speaking, decreasing the value of »# and in-
creasing the value of r; can make the system have optimal tracking
performance. Nevertheless, by observing (15) and (52), it can be no-
ticed that the increasing r; may result in an increase in the amplitude
of the control signal. Hence, it is crucial to strike a delicate balance
between tracking performance and control performance. By select-
ing appropriate design parameters, we can achieve superior control
performance.

Remark 8. It can be seen from (6) and (39) that decreasing M i.e., de-
creasing M;, M,, M3, ¢ and T, improves the control performance
of the system. However, the ETM (5) indicates that decreasing M,
M,, M;, ¢ and T, will result in the event triggering interval be-
coming shorter, which is not satisfactory in practical implementation.
Therefore, the balance between control performance and internal com-
munication transmission can be achieved by selecting the suitable
parameters M;, M,, M3, ¢ and T,. Furthermore, it can also be seen
from (5) that if T, is increased, the large impulse may act on the
system, thus leading to degradation of the control performance, and
if T, is decreased, it will lead to an easy switching to the FTM, thus
leading to degradation of the control performance. Thereby, the control
performance of the system is ensured by selecting the appropriate
parameter T;.

5. Conclusion

In this paper, the problem of event-triggered adaptive control of
stochastic nonlinear systems in the presence of abrupt system external
failure and finite number of actuator failures including PLOE or TLOE is
addressed. It has been demonstrated that the improved STM proposed
in this paper can effectively overcome the system security hazards
caused by overload impulses resulting from two types of failures and
other factors, thereby indirectly enhancing the control performance of
the system. Moreover, the proposed scheme achieves the control aims
with lower resource consumption due to the simple structure of MTN.
The effectiveness and superiority are also demonstrated on a third-
order single-link manipulator through simulation. However, in practical
engineering control, failures can occur indefinitely. In future work, we
will focus on investigating the capability of the improved STM proposed
in this paper to handle the more comprehensive actuator fault models
presented in [31,32].
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