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Event-Triggered Reliability Control for Fault
Tolerant Tracking of Nonlinear Systems via
Adaptive Dynamic Programming

Jian Liu
and Engang Tian

Abstract—This study proposes a novel methodology driven by
adaptive dynamic programming (ADP) to achieve optimal fault-
tolerant tracking control (FTTC) in affine nonlinear systems sub-
ject to actuator failures. To begin with, a key innovation lies in con-
structing an extended system model that integrates tracking error
dynamics and desired trajectory, establishing a basis for control
synthesis. For this extended system, a critic neural network (NN)
with adaptive weights is designed to approximate the discounted
value function, enabling online optimization of control policies. In
addition, to address practical network constraints, a bandwidth-
efficient event-triggered scheme is introduced to optimize limited
bandwidth resources in networked control setups. Meanwhile, an
NN-based fault observer realizes real-time identification and dy-
namic compensation of actuator faults, mitigating their adverse
effects on system performance. The resulting FTTC framework,
which merges ADP-based optimal control with a fault compen-
sator, ensures robust fault tolerance under both constant and
time-varying fault scenarios. Through rigorous Lyapunov stability
assessment, uniform ultimate boundedness is proven to be achieved
for the closed-loop nonlinear system, guaranteeing stable tracking
performance. The validity of this algorithm is verified through rig-
orous theoretical analysis and captivating numerical simulations.

Index Terms—Adaptive dynamic programming (ADP), affine
nonlinear systems (ANSs), event-triggered scheme, fault tolerant
tracking control (FTTC), Hamilton-Jacobi-Bellman (HJB)
equation.

I. INTRODUCTION

RECENTLY, key components such as actuators and sensors
are widely acknowledged to be prone to failures during op-
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eration, frequently leading to severe control failures or even
system collapses [1], [2], [3]. Fault-tolerant control (FTC), as
a core technology to enhance system reliability and safety, has
thus attracted sustained attention in modern engineering sys-
tems, such as autonomous driving and industrial automation [4].
Existing FTC approaches can be categorized into active and
passive types [5], [6]. To be specific, passive FTC relies on
pre-designed robust controllers to handle known fault models
as introduced in [7]: Mi et al.[7] designed a passive FTC for
known fault models to compute ellipsoidal maximal tolerable
fault sets, ensuring predefined feasible regions and ultimate
bound requirements under additive fault models. However, sys-
tem complexity may restrict its fault tolerant capability. Con-
versely, active FTC typically enables real-time fault diagnosis
and control law switching, demonstrating better performance
in detecting unknown faults compared to passive approaches.
For example, Jiao et al. [8] used adaptive extended Kalman
filter for error reduction and measurement noise weight adap-
tation over binary rejection for fault-tolerant navigation. As
well as in a study by Bounemeur et al. [9], an adaptive active
FTC approach via fuzzy logic and Nussbaum-type function
is proposed to handle control problems with state-dependent
actuator failures. Therefore, designing active FTC for such sys-
tems holds substantial theoretical and practical value for system
reliability.

In traditional control scenarios, reinforcement learning (RL)
has merged as an adaptive framework, boasting core of online
strategy optimization and reduced reliance on exact models.
It has thus found appliance in tasks, such as stochastic linear
quadratic control [10], FTC [11], and trajectory tracking [12],
[13], [14]. Aiming to satisfy dynamic and steady-state perfor-
mance specifications while alleviating the peaking issue, Zhang
et al. [12] focused on applying a closed-loop reference model
guided by constrained RL for unknown continuous-time sys-
tems. Liu et al. [14] applied RL to optimal tracking of non-
linear networked control systems. However, general RL frame-
works lack tight integration with optimal control theory, making
them less targeted for nonlinear systems requiring equation.
Meanwhile, standard RL frameworks still face dual challenges
of dynamic uncertainties in solving Hamilton—Jacobi—Bellman
(HJB) equation [15], [16], [17]. To address this gap, adaptive
dynamic programming (ADP), a control-specific branch of RL,
has been developed to directly target the HJB equation via
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value function approximation with core algorithms including
policy iteration and value iteration. In light of this, applications
of ADP have been investigated in optimal control tasks such
as adaptive optimal tracking control [18], [19], FTC [20] and
battery management [21], [22]. For instance, the efficiency of
ADP with parallel control to handle uncertainties is verified
in [19]. To manage asymmetric inputs and guarantee safety-
optimal performance, Zhang et al. [20] adopted ADP for FTC
in unknown nonlinear systems. Building on this, we propose
a gradient descent (GD)-driven ADP framework, integrating a
critic-only neural network (NN) generalization and GD-based
online optimization to dynamically update critic network pa-
rameters and enhance solution efficiency.

In addition, with the advancement of intelligent systems,
tracking control gains prominence in robotic motion plan-
ning, unmanned aerial vehicle formation, and autonomous driv-
ing [23], [24]. In recent years, to tackle multisource disturbances
and communication delays, scholars have proposed tracking
methods integrating model predictive control and adaptive
strategies under different control frameworks [25], [26], [27].
To achieve high-precision nonlinear tracking of autonomous
vehicles, Meng et al. [25] optimized model predictive control
in trajectory tracking systems with convergence criteria. In a
study by Peng et al. [26], a controller tolerating a large delay
upper bound and suppresses exogenous disturbances was de-
signed via optimizing the robust performance index. Besides,
Zeng et al. [27] achieved robust tracking control through in-
tegrating model prediction and adaptive strategies in nonlinear
networked systems. However, existing studies rarely consider
trajectory tracking and FTC simultaneously, though both are
critical for practical systems. Our focus is on developing a
high-performance tracking control in ADP to ensure reliable
tracking under minimal cost and maximum disturbances. Exist-
ing single-performance research focuses on optimization, while
fault tolerant tracking control (FTTC) coordination is underex-
plored, failing practical needs, such as industrial robotics. Thus,
coordinating them to enhance robustness under resources is a
key direction requiring urgent breakthroughs.

Against the backdrop of limited bandwidth in networked
control systems, traditional time-triggered periodic sampling
generates steady-state computations, exacerbating bandwidth
consumption and impeding dynamic responses. Event-triggered
control (ETC) emerges as a promising solution [28], [29], trans-
mitting signals only when predefined triggering conditions are
met [30], [31], [32]. However, most existing ETC designs pri-
oritize stability over bandwidth optimization, leaving resource
allocation suboptimal. Recent work such as Liu et al.’s [33] work
has integrated ADP with event-triggered frameworks to reduce
communication burden. Specifically, some of these works adopt
a relative threshold mechanism that triggers control updates
only when transmission errors exceed a dynamically adjusted
threshold, combined with a multigradient recursive ADP algo-
rithm. Nevertheless, these approaches often rely on conservative
stability margins for threshold updates, failing to fully exploit
the bandwidth-performance tradeoff. To bridge this gap, this
article designs an adaptive triggering strategy that incorporates
tracking errors into decision-making, reducing communication

frequency while enhancing system performance to overcome the
traditional safety-resource efficiency dilemma of ETC.

Building on the prior analysis, the research introduces an
event-triggered FTTC framework integrating ADP to tackle the
optimization challenge of nonlinear affine systems experiencing
actuator faults under bandwidth-constrained environments. In
contrast to preceding studies, the primary contributions of the
present work are outlined in the following.

1) A novel bandwidth-efficient event-triggered scheme
(BEETS) with adaptive conditions is proposed, where
an ADP algorithm optimizes tracking control to balance
optimality and bandwidth efficiency. Unlike [18] and [19]
focusing only on stability, it eliminates redundant data
transmission via threshold adjustment, ensuring track-
ing errors achieve uniform ultimate boundedness (UUB)
while fitting real-world networked systems with limited
resources.

2) Anextended system model integrating tracking errors and
desired trajectories into a unified state is constructed to
handle actuator faults, different from typical tracking con-
trols neglecting faults [12], [26], [27]. By unifying them
as state vectors, it systematically enables fault-tolerant
law design, enhancing robustness against time-varying
actuator faults and ensuring reliable tracking under faulty
conditions.

3) A data-driven ADP-based NN fault observer realizes real-
time compensation for unknown actuator faults, over-
coming the limitation of existing passive FTC methods
in [7] that rely on known fault models. Moreover, it
dynamically adjusts weights via Lyapunov-stable online
tuning, addressing unknown faults, such as partial or total
effectiveness loss.

The rest of this article is organized as follows. Section II
models for actuator-faulty nonlinear systems and designs the
HIB equation under event-triggered mechanisms. Section III
develops a fault-tolerant tracking controller for fault estimation
and compensation, while introducing a GD-driven ADP itera-
tive algorithm to achieve optimal control. Section IV validates
the proposed method through extensive simulations. Finally,
Section V concludes this article.

II. PRELIMINARIES AND PROBLEM IDENTIFICATION

Within this section, we first describe the system subject to
actuator failures and the reference model. Subsequently, the
event-triggered fault-resilient tracking control problem will be
investigated grounded in optimal control theory via Bellman’s
approach.

A. System Statement

We model the continuous-time affine nonlinear systems
(ANSs) subject to actuator faults as follows:

#(t) = f(2(t) + g(x(t)(u(t) —uys(t)) (1

in which z(t) € R™ and u(t) € R"™ are in correspondence with
the system state vector and control input vector, respectively;
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f(-) stands for the known nonlinear internal function, and g(+)
is the input gain function.

Assumption 1: Both the known terms f(-) and g(-) comply
with globally Lipschitz continuity and differentiability in their
domains. In addition, it is assumed that f(0) = 0 as a standard
initial condition.

Assumption 2 (See [34]): The actuator failure u s is subject
to norm bounds, in which its magnitude and time derivative are
constrained as ||us(t)| < p1 and [|is(t)|| < p2, respectively.
Here, p; and p» are two predefined positive constants denoting
the upper bounds for the failure and its rate of change.

Remark 1: System control ability is a foundational assump-
tion within the control field. Moreover, referring to [35], it is
noteworthy that Assumption 1 is reasonable on the condition that
applied input can transfer the system from any initial state ()
to any state x(¢1) fort; > (. This is rooted in the controllability
principle, which guarantees reachability from any starting point.

Considering d(t) € R™ is the target trajectory, which is pre-
defined as a smooth nonlinear function at least continuously dif-
ferentiable of order 1, one can construct a continuous nonlinear
function ¢(d(t)) that meets

d(t) = ¢(d(1)).

Let uy € R™ be the desired control input, where the system
dynamic is given by

d(t) = f(d(t)) + g(d(t))ua(t).

Therefore, we can get

ua(t) = g°(d(t))(d(t) — f(d(?)))

where ¢°(-) stands for the Moore—Penrose pseudoinverse of g(-).
Then, we introduce the tracking error termas e(t) = x(t) — d(t),
with its temporal derivative derived as

é(t) = i(t) —d(t). 2)

The central purpose of this article is to develop an FTTC
strategy grounded in ADP, aiming to maintain the trajectory-
tracking efficacy of nonlinear systems even when actuator faults
occur. In other words, the proposed ADP-driven FTTC approach
can ensure that closed-loop nonlinear systems with actuator
imperfections are stable in terms of UUB, thereby upholding
system performance integrity under actuator fault scenarios.

B. Problem Description

Regarding the system in fault-free scenario, we construct the
control error input u.(t) to minimize the performance index
criterion

J(et)) = /OOC(GT(T)Qe(T) +ul (1) Rue(r)dr

where u(t) = u(t) — uq(t); state weighting matrix () € R™*"
and control input weighting matrix R € R™*" are both sym-
metric positive-definite matrices. In order to effectively address
FTTC problem, an NN-based fault estimator is developed to
identify actuator fault. Moreover, the control law requires adap-
tive compensation to account for these failures, ensuring robust
performance under actuator degradations.

IEEE TRANSACTIONS ON RELIABILITY, VOL. 75, 2026

Then, we define €(t) = x(t) — d(t) and denote x(t) =
[e(®)T,d(t)T]T € R2"™. Thus, with respect to the faultless sys-
tem, the extended system state is constructed as

X(t) = F(x () + G(x(t))ult) 3)

in which p(t) € R"™ represents the control input for the non-
faulty extended system [36]. The matrices F'(x(t)) and G(x(t))

are structured as F(x(t)) = Fle +q(5i()d) ¢(d)], G(x(t)) =
g(e+d)
0 )

On the basis of the extended system (3), a performance index
function is first formulated as

xxu»=1lwe’”T“<xT@on@u+¢mﬂTRuv»dT

“)

in which 0 <Y <1 denotes the discount factor, Q =
0

[%2 O] € R?"*27 and the exponential term e~ Y (""Y[37] is

incorporated to guarantee the convergence of x(¢).

Remark 2: Focusing on the constructed extended system (3),
the goal of the nonfaulty system tracking control is transformed
into finding control law p to reduce the performance index
function (4) to its minimum. Notably, 1(t) consists of specific
components including the target control input uy(¢) and the
control error term wu.(t). Meanwhile, 1(t) needs to adhere to
the admissibility criteria.

Definition 1: Using the tracking error dynamics described in
(2), let © € R™ represent a continuous admissible set for p(t),
with 14(0) starting from zero as the initial value. This set ensures
both the stability of system (2) and the finiteness of performance
index (4) for every x(t) within €.

For any control law pi(t) € B(€2), in which B(€2) is the set of all
admissible control actions that satisfy the operational constraints
of the system, a continuously differentiable value function is
derived from [37] as

Vuw)=[mf“““uﬂﬂéﬂﬂ+uUﬂRMﬂMr
5)

Next, we desire to utilize a Hamiltonian function for address-
ing the tracking control problem in depth, with the optimal value
function systematically expressed as

H(x(t), p(x), VV(x(t)))
= x"(1)Qx(t) + 1" (x)Ru(x) — TV(x(1)))
+ (VY (x() "X (1)
and

V*(x) = min / e T Qx + " Rp)dr

nel(Q) Ji

in which VV(x) stands for the partial derivative vector of
V(x).i.e., VV(x) = 0V /9x and the HIB equation, fundamental
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to optimal control design, satisfies min,,_g ) H (x(t), 1(x),

vV (x(t))) = 0.
Referring to Pontryagin’s minimum principle, we obtain
oH "
T = 20+ GT )TV (x(1). (©)
Subsequently, describe the optimal control input strategy as
follows:

w(x(t) = argugflsi(r;l)H(x(t), p(x(t)), vV (x(t)))

= RGOV k(1)) ()

Based on p*(x), the HIB equation is revised to incorporate
this input, yielding

rrjlsin H(x(t), u(x(t)), VV*(x(t)))
peb(s2)

= x" (OQx(t) + (1" (x(1)) T Ry (x (1) = TV(x(1)))

+ (VY ()T (F(x(t) + G(x(t)u' (1)
=0. ®)

In response to the critical challenge of limited network band-
width, this article devises a BEETS to strike a balance between
communication efficiency and control precision. More specifi-
cally, data transmission attains peak efficiency precisely when
the subsequent event-triggered condition is rigorously validated

ITO0,(t) > X (ts + nT)Qx(ts + nT) 9)

in which I5(t) = x(ts + nT) — x(ts) with n € {1,2,3,...}.
The event-triggered instants ¢s with tp = 0 is a multiple of
sampling period T'; ) denotes a symmetric positive weight
matrix; x(ts) and x(ts + nT) represent data transmitted at ¢
and the latest sampled data respectively. Hence, the subsequent
triggering instant ¢,; can be formulated as

tsy1 =ts + rgl>1111 {nT|nT satisfying Eq. (9) }. (10)

Remark 3: The Zeno behavior is inherently excluded by the
design of a strictly positive minimum event-triggered interval.
Given the periodic sampling of the system state, the minimum in-
terval between any two consecutive triggering instants is on less
than one sampling period 7. This ensures triggering intervals
cannot approach zero, thereby avoiding the Zeno phenomenon.

Under the BEETS, the value of the control input u(x(t))
remains constant at two adjacent event-triggering instants ¢ and
tsi1,ie., u(x(t)) = u(x(ts)). Based on the characteristic, the
optimal control input strategy in (7) can be further rewritten as

w(x(@) = p*(x(ts))

1

= =g RIGT((t) YV (x(t:) (D)

where t € [ts,ts11). Based on BEETS, the HIB equation is
modified as

H(x(t), " (x(ts)), vV*(x(t)))
=x"(0)Qx () + (1" (x(t:)) " Ru* (x(ts)) — YV (x(1)))

+ (VY XONT(F(x (1)) + G(x(t)) " (ts))
=0, t€lts,top)

Remark 4: The event-triggered scheme (9) designed in the
article is intended to optimize bandwidth resources. Namely,
the control policy 1(t) updates itself to transmit sampled data
when the event-triggering condition (9) is satisfied. Under such
amechanism, this article endeavors to prove that the constructed
extended system is UUB.

(12)

III. SoLuTION TO OPTIMAL FTTC THROUGH ADP

Owing to the challenge of deriving an analytical solution
for the event-triggered HJB equation in (12), an ADP-driven
effective algorithm is developed to estimate the solution. In
accordance with the event-triggered protocol defined in (9),
the control policy remains constant between consecutive event-
triggering instants. Thus, in the remainder of this article, we
adopt u*(xs) without explicit mention of ¢ € [ts,tsy1) unless
otherwise specified.

A. ADP-Based Critic NN Implementation

Before presenting the iterative algorithm, for the sake of con-
ciseness in the subsequent description, we denote x(t), x(¢s),
ls(t), d(t) as x, xs, s, d, respectively.

The value function V() is estimated by using the following
single-layer NN:

Vi(x) = Wlo(x) +eclx)

with W, € R!* representing the ideal weight vector, ¢ () de-
noting the activation function and e.(x) € R standing for the
approximation error, where /. is the number of hidden layer
neurons.

Correspondingly, the partial gradient of V(x) with respect to
the extended system Y is

(13)

YV (x) = Vol (\)We + Ve (x). (14)

Then, the optimal tracking control policy in (7) and the
Hamiltonian can be obtained as

w(x) = p*(xs)

1
= —§R’1GT(XS)VV*(XS)
1

= _*RilGT(XS)(V@T(XS))WC + Vee(xs))

5 15)

and
H(x, 1" (Xs), We)
= XX+ (1 (xs)) " R (xs) = YW o(x)
+ W, V(X ()X + Zn
=0 (16)

where Zy = —Ye.(x) + Vel (x)x(t) stands for the residual
error.

In fact, the exact value of W, is hard to approximate. Given
to the unknown, we adopt the following equation to obtain its
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actual weight:

- AT
V(x) =We o(x) (17
Next, the partial gradient of V() is estimated as
YV (x) = Vol (x)W,. (18)

Therefore, the approximate value of the optimal tracking
control input denoted by /i(’y) can be given as

() = i)
= RGO 7ET ()W

The above-mentioned strategy can obtain an approximate
Hamiltonian, that is

H(x, filxs), We)

=x"Qx + 4" (xs)Riv(xs) —

19)

. T
YW, ¢(x)

+ W, Ve ()X (20)

We then denote the approximation error between H () and
H(-) as gp,, and thus it is derived that

9gh = I:I(Xa ,[L(Xs)v Wc) - H(Xa /u'*(Xs)a Wc)
~ T — . R
=We 6+ x"Qx + a" (xs)Rit(xs)
where § = Vo (x)x — To(x). )
In order to estimate W, effectively by W, we need to achieve

the value of 11* () as g5, approaches zero. For the purpose, we
define an objective function

2y

1 T
= mﬂh Gh- (22)

Inspired by gradient decent algorithm, we obtain

Gy OF OE dgn
" dgn, oW,

1, 1 Ogn.

"1+ 6782 oW,

Since 29 = § — 4TGT (xs) VT (xs) and fi satisfies the

aw,
approximate optlmahty condition that the gradient of the Hamil-

tonian with respect to j. is zero, we have g;f = J. Consequently,
W, is updated by
2 1)
We=—-lh—==
¢ T T eToy2
in which the learning rate /5 can influence the convergence

behavior of the algorithm. Then, we define W, =W, — W, as
the weight approximated error and thereby we derive that

(23)

PR L L g (24)
¢ T T stz e T I ot
in which ¢. = —(Ve(x(#)))Tx(t) + Te(x(t)) represents the

residual error.

IEEE TRANSACTIONS ON RELIABILITY, VOL. 75, 2026

Based on the updating law (23), WC can be calculated at
time ¢

We(t) = W,(t —T)

5(t—T)
Ao -T2

Therefore, the value of [i(x(ts)) can be obtained subse-
quently. That is to say, with the initial value of W, and x(t)
provided, [i(x(ts)) can be updated in a corresponding man-
ner. In addition, the process of NN-enabled optimal tracking
control algorithm is demonstrated within the framework of
Algorithm 1.

—1, t—T). (25

B. Design of Online Fault Compensation

Referring to the implementation analyzed in the last section,
the system with actuator faults will be further discussed as
follows. To mitigate the impact of actuator failures, an FTTC
method integrating fault compensation is devised to approximate
£1(X)-

The extended system under actuator faults is supposed to be
rewritten as

X =F00) + GO)(u—uy).

Subsequently, an NN-based fault observer via the formulation
as follows:

(26)

X =FX) +GR)(u—iy)+ Ae

in which 4 ¢ stands for the observation of u; and the observation
gain matrix A is positive definite with appropriately matched
dimensions for the system. Consider X = [¢7,d”]T with é =
T — x as the observation state. Subsequently, let € = x — ¢
represent the observation error.

Based on integrating fault compensation techniques, we then
develop an FTTC law u by using NN inspired by the follow-
ing [34], [38]:

27)

U= [+ Uy (28)

where

i =0Rx"G" () — 20" R) (29)

acts as the estimated actuator failure, and © denotes a positive
learning rate. The proposed FTTC configuration with actuator
faults is depicted in 1.

Remark 5: This work focuses on FTTC with actuator fail-
ures. Yet practical nonlinear systems often face more complex
constraints: state constraints and actuator saturation [39], sen-
sor faults (e.g., drift, accuracy loss) degrading control perfor-
mance [40], network delay and packet loss common in net-
worked control. Future research can extend the proposed ADP
framework to cover these practical cases for a more versatile
FTC scheme.

Remark 6: Unlike the approach in [41], which modifies the
value function by incorporating time-delay terms and additional
parameters with fault compensation and optimal control not fully
decoupled, the proposed FTTC strategy comprises two distinct
components: optimal tracking control and fault compensation.
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Fig. 1. FTTC configuration with actuator faults.

Notably, actuator failures are compensated in real time, elimi-
nating the need to adjust the value function and circumventing
the introduction of extra design parameters.

Before proving the UUB of the theorem under the proposed
compensation strategy, we present the following assumptions.

Assumption 3 (See [14]): Given that p*(x) is Lipschitz
continuous on the admissible set B(€2), for any two states
1 (x) and p*(xs) within the set, we are able to conclude
that [l (x) = 1* (¢o)ll < Bullx = Xell = 8, 1]l where 3, is a
positive constant.

Assumption4 (See [37] and [42]): Supposing that the G ()
and G(x) are upper bounded by positive constants, respectively,
e, G(xs) < b, G(X) < bg.

Theorem 1: Given the extended system with actuator faults
(1), the value function (5), the NN-based observer (27) and
Assumptions 2 and 4, the proposed FTTC law (28) ensures that
the continuous-time ANS (1) remains UUB.

Proof: We choose a Lyapunov candidate function as £, =
SXTX +V(X) + 5g0f Gy, where Gf =uy — @ denotes the
fault estimation error. Furthermore, the derivative of £.; can be
calculated as

b =T+ (V) K+ gy — i) i GO)

Through a straightforward transformation using (7) and (8),

one can obtain

(VV(X)"G(R) = —2(p(x))" R 31)
and
(VV(R)"X = =XTQ% — AT () RA(R) + TV(X)-
Combining (31) and (32) into (30), it is further derived that
B = {7 (F(X) + GR)(A(R) + iy — ug)) + (VV(R)T (%)

o . 1. . .
x (A(X) +tp —uyp) + 6(Uf — i) iy

=X"F(X)+ X GRax) + X"+ (vv)")
x G(V) (i —uy) = X QX — p(X) " RA(R) + TV(X)

(32)

1 1.
+6ﬁ@—6@@.

Recalling F'(x) has globally Lipschitz continuity according
to Assumption 1 and the moothness of ¢(d), it follows that
its norm obeys the inequality ||F'(x)|| < bz| /x| with a finite
positive constant by.. In addition, the term % is assumed to be
norm-bounded such that ||z || < b, ,, where b, is a positive
constant.

By incorporating the above-mentioned analysis and apply-
ing Young’s inequality p”'q < %pr + %qTq into (30), we can
derive that

(33)

. 1 1
~ 112 ~ 112 ~ 112
£1 = b IRI% + 5 1K + 582 il

— anin(Q) IRII* = Amin(R) A1 + TUWell lle(R)1l

) 1, 1,
e + 5578 + 56 0%,
1.
—~ (>2G(>2) —2(a(R)" R+ @ﬂ}“) iy (34)

in which Ay, (+) denotes the minimum eigenvalue of the matrix,
while Amax (+) represents its maximum eigenvalue. Both of them
are real and positive due to symmetric positive-definite property
of the matrices.

Substituting (29) into (34), we further deduce that
1

. _ 1 X
E1 < —(nin(@) = b — 5) IR — 508) Il

9 ()“min(R) -

+ %(pi +03,) + YWl GOl + llec ()11

< —T0y [|RI° = T ||| + 10 (35)
where
~ 1
Hl - )"min(Q) - bj:‘ - 5

1
Iy = Amin(R) — 55%;

Il = %(pg +03,) + TAWl e GOl + llee(R)ID-

In light of Assumption 2, predefined positive constants O, pa,
by, T mentioned earlier and the bounded nonnegative terms
IWells oGOl llec(x)] in single-layer NN (13), it is clear
that 113 > 0. Therefore, it can be concluded that the derivative
£1 is nonpositive (i.e., Ll < 0) for all x # 0 if the following
condition:

}"min(Q) Z bj;' + %
)‘min(R) 2 b(”;

hold for any x residing outside the compact set

T II3
— : < = A
0y {x Xl < Hl}

This implies that the closed-loop system affected by actua-
tor failures can achieve UUB under the proposed FTTC law.
Consequently, Theorem 1 has been successfully proven.
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C. Stability Analysis

The key conclusion of the stability analysis is summarized in
Theorems 2 and 3.

Assumption 5 (See [14]): Assuming V*() is continuously
differentiable over its admissible set (£2), it follows that V*(x)
is upper bounded on 3(2), i.e., V*(x) < w.

Assumption 6 (See [43] and [44]): Assuming the fol-
lowing norm bounds hold: ||g*(x)|| < ps, |4f — us|| < pa,
[Vo(xs)ll < by, [[Vee(xs)|| < be,and [|6]] < bs, where ps, pa,
b, b., and bs denote positive constants.

Theorem 2: Considering the optimal value function V(x),
under the optimal control input w*() specified in (11) and
Assumptions 4-6, the extended system in (3) is proven to satisfy
UUB provided the following condition holds:

)"max(Q)
— Amax (R)S2.
( ) " )Lmin(Q)
Proof: Since V*(x) solves the HIB, we infer from its positive
definiteness that V*(x) > 0 and therefore adopt V*() as the
Lyapunov function. The time derivative of V*(x) takes the form
as

)‘min(Q) ||X||2 > 0.

VOO (F(x) + GO) (1" (xs) + tip — ug))
V)T (F(x) + GO) (1 (x) + iy — ug))

+ (V) GO (xs) — 1 (X))-
According to (8), we get

(VY (X)) TF(x) = —x"Qx — (1" (x))"Ryr* (x) + TV*(x)
— (W) GO (x)- 37

Then, (36) can be rewritten as follows combined with (31):
Eo = —x"Qx — (1" (X)) R (x) + TV (x)
= 2(p" (X)) R(ay — uy)
=20 ()T R(1" (xs) = 117 (X))
= —x"Qx + (1 ()" Ru* (x) + TV*(x)
= 2(p" ()T R(ay —ug) = 2(u" (X)) R (xs)
= —x"Qx + TV (x) = 2(u" (x) " R(ay —uy)
+ (1 (xs) = 1 0O) T R(1 (xs) — 1 (X))
= (1" (X)) T Ri* (xs)
< =XTQX + TV (x) + (1" ()" R (x)
+ ((ay —up)) Ry —uy)
+ (1 (xs) = 1 0O) T R(1 (xs) — 1 (X))
= (1" (xs) T Ri* (xs)

where we have used

—2(u* ()" R(ig —uyp) < (u"(x)" Ru* (x)

Ly = (VY (0)"X
= (V')
= V()

(36)

(38)

IEEE TRANSACTIONS ON RELIABILITY, VOL. 75, 2026

+ (g —uyp)) " R(ay —uy). 39)
Then, we obtain
Eo < —hmin(Q) [X[1* + T + Amax (R) (05 + 3)
+ hmax (R) 1" (xs) = 1 00| - (40)

Moreover, by observing that ¢ € [ts,ts1), We recognize that
the event-triggered condition described in (9) does not hold.
Consequently, it can be concluded that

10 < xTQx (41
which can be further derived that
Ain (£2) ||l3||2 < Amax(£2) ||XH2 (42)
Using (42) and revoking Remark 3, it follows that:
* ¥ Amax (€2
I () = 0 QI < 82 I11? < 3230 . )

Building on the preceding analysis in (40) through (43), we
now derive the following key expression:

Ly < —dnin(@Q) [IXII? + Yo + Amax (R) (03 + p3)

)\max(Q)
T () [

Under the condition stated in Theorem 2 holds, the time
derivative t.5 satisfies .o < 0 when

B
< —
I <4/

)\'maX Q
(B3

B = Tw + Amax (R) (03 + p1)-

Herein, the proof is finalized. It is evident that for the
extended system x(¢), under the established condition in
Theorem 2, convergence to a bounded neighborhood is ensured.
This demonstrated that the optimal control law (11) proposed in
the study guarantees the system (26) attain UUB as defined in
the stability framework.

Theorem 3: Under the designed updating law for W., the
estimated optimal tracking control policy in (19), and in conjunc-
tion with Remark 3 and Assumptions 46, the extended system
x(t) and the weight approximation error W, are guaranteed to
achieve UUB stability provided that

+ Jmax (R) 02 2 (44)

(45)
where

A= )\min (Q)

A= )\min(Q) - 2)¥max(R)6Z* ;::((33
A2 - )\min(E)% - )‘-max(R))‘_2 (R)bQGbi

where = denotes ([667]/[(1 + 676)?]).

Proof: In the context of the closed-loop system stability
analysis, we define the Lyapunov function as follows:

bs=L1+ Lo+ £3

1 ~ -
=V"(x)+ V" (xs) + §WCT We. (46)
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Within the design of the event-triggered design framework,
two distinct cases are investigated next.

Scenario I (t € [ts,tsy1)): Due to the nontriggering of the
event, the time derivative of £ remains zero, and therefore we
get

£1= (VY ()%
= (V)" (F(x) + G(x)(lxs) + iy — ug))
= (VOO (F(X) + GO (1 (x) + tip — uy))

+ (V00 TG00 (B(xs) = 1 (X)- (47)
By referring back to (31) and (37), then it can be deduced that

£1=TV"(x) = X" Qx — (W ()" Rp* ()
= 2(p" (X)) R(ay — uy)
= 2(" ()T R(f(xs) — (X))
=TV (x) = x"Qx — 2(1* (X)) R(ay — uy)
+ (1" 0)) T Rt (00) — 200" () T R(jalxs))
=TV (x) — X" Qx — 2(1* (X)) R(ay — uy)
+ (1 () = ) TR (x) — fulxs))
— (" (xs)) T R (xs)
<YV () = x"Qx + (1 ()" R (x)
+ ((ay —up))" R(ag —uy)
+ Amax (R) 1127 () — A0 17 -

Regarding the term ||z*(x) — i1(xs)|%, by using Remark 3
along with Young’s inequality, we have

12 (x) = filxs)II”
= [l (x) — 1" (xs) + 1" (xs) — filxs) ||
<2 (x) — 1 (xs) 12+ 2|1 (xs)

s ()
S 0 (@)

By making use of (15) and (19), in conjunction With~AS-
sumption 6, and defining approximation weight error as W, =
W. — W., we are then able to derive that

1 (xs) — filxs) |12

= |- SR G () (76T ()W + (o))

)
)

(48)

= Aalk)I”

X + 2 [l () = Al @9)

1 R
- (—QRlGT(xs)WT(xs)WC) 2
1 -
= H - iR IGT(Xs)va(Xs)Wc

RilGT(XS)va:(Xs) ||2

~ 1
Momin(R)BGVS [ Wel* + 5 A (R)DGHE.

2
(50)

l\DM—l

Taking (49) and (50) into account, it yields that

I (0 = AP < 262280 R 4l (2
+ hmin (RGO W ||, (51)
Therefore, (48) can be represented as
£1 <Y = Amin(Q)[IX]I* + Amax (R) (03 + 03
#2837 I g (R
+ i (R)VEDZ W [). (52)

Now we shift our attention toward the time derivative of £ 3
with respect to the temporal variable ¢

fS = ~EWC
- 56T -

=Wh | -l ————W.+1
< "roter "
567

(1+676)2

0
(1+076)* "

—1,Wr W+ 1,WTr (53)

(1+075)2"

Noting the straightforward inequality (1+ d76)% > 1, we
therefore get

) ~ )
Wwr . <, WI'—— ¢,
AL (1+oT5)2c =""e (11 475)°
I~ 56T I
< —W e We - 54
=2 (1+075)2 s >4)
Thus, based on Assumption 6, it can be handled as
. I ~p 06T
Ly < —— W, .
=75 (1+5T5) g
< —Amin(E ) IWel|* + (55)
where
- 56T
T (146762

Merging (52) and (55) and subsequently recalling (46), it can
be further deduced that

Es < Ay [Ix])* — Ao [Wel|® + As (56)
where
= )\'de(Q)
A = )\min - 2)\max 52
| (Q) (R) T (50)
l
A2 - )‘mm(E) L )‘maX(R) mm(R)b b2

2
A3 - )\-max(R)(pg + pi + )‘;11211(R)b2Gb§)

I
+ Yo+ gbg.
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Hence, we infer that L3 < 0 wunder the validity of
Theorem 3 and provided that at least a single one of the sub-
sequent inequality is satisfied

A
Ixll > /52

7] = /32

Scenario Il (t = ts41): Considering the case where trigger-
ing events occur, we analysis the difference of the Lyapunov
function L. as

1 . .
AL = §WT(tS+1)WC(tS+1) -

C

VIt ) Weltoyr)

N =

+V (Xtsr1)) = V' (x(E))
FV (x(tern)) = V' (xltey) (57)
i which V' (x(tn) = IV (x(ter — 0)  with

0 € (0,tsy1 —ts).

From the results in scenario I, it is clearly evident that
V*(x(ts+1)) < V*(x(ts)) due to the continuous and monoton-
ically decreasing nature of V*(-). Furthermore, for arbitrary ¢ €

[ts,ts41), if either || x| > ,/ﬁ—f or ||[W,|| > ﬁ—z holds, it can

be shown that Lg = £ 1+ £ 3 < 0, ensuring strict monotonic
decrease of the Lyapunov function. Given that ts1 > t511-,
forall o € (0,t511 — ts), this condition elicits

L1(tsi1) + £3(ts11) < L1(tsp1 — 0) + £3(ts41 — 0)
(58)

Based on the preceding inequality, we take the limit as o —
07 (i.e., approaching the left-hand limit at ¢4 1) and apply the
properties of limits, leading to

L1(tsy1) + £3(ts11) < lim (£1(tsp1 — 0) + £3(ts41 — 0))

0—0t

= £1(to41) + £3(toq) (59)

Thus, at the event-triggering instant ¢,;, we can conclude
that AL < 0.

Moreover, based on the analysis presented in the two prior
scenarios, it is evident that the extended system x and weight
estimation error WC exhibit UUB under the condition in
Theorem 3. Therefore, we are able to establish the Theorem.

IV. ILLUSTRATIVE SIMULATIONS
A. Example 1

Considering the continues-time ANS presented in (1), several
associated functions are defined as follows:

_ —0.521 + x2(1 + 0.523)
ﬂ@—[Am

(1 + x2) + 0.522(1 — 0.323)

ool

g(x) =

IEEE TRANSACTIONS ON RELIABILITY, VOL. 75, 2026

Algorithm 1: ADP-Based Optimal Control Method.

Input: initial parameters j2(0), i 7(0), €(0) and W.(0)

Output: ADP-based FTTC law u = [i + iy

for t =Tt <Tpax;t=t+T do

Compute the weight matrix W, (¢) according to Eq.
(25);

5 Evaluate the extended system states x(¢) based on

Eq. 3) with fi(t —T'), 4y(t —T') and €(t — T');

6 if the triggered criterion (9) satisfied for x(t) then

7 Update [i(t) based on Eq. (19) using the

current W, (t);

AW N =

8 else

o | | At = Al - T):

10 end

1 Update the estimated actuator fault vector s (t)

based on Eq. (29) with W, (t);

12 end

13 Achieve the ADP-Based FTTC law u through Eq. (28);
14 Return u;

Moreover, the target tracking system model is established as
presented in the following:

0.1sin(27")
0.1cos(27)

o

In addition, the initial states of system, fault observation model,
and tracking model are initialized to be z(0) = [0.32, —0.48]7,
#(0) = [0.6, —0.6]T, d(0) = [0.053, —0.041]7, respectively.

Given the defined value function (5), the event-triggered
scheme (9) adopted, and the positive-definite (27), the follow-
ing parameters are specified: Q = diag[270, 40,0, 0], R = 0.01,
Q=12I,,T=0.01lsand A = 1.661,.

Since the unknown addictive actuator failure represented by
us(t), it is modeled as

u(t) = {géos(t)

Regarding the implemented Algorithm 1, the designed param-
eters of the critic network are setas [, = 0.01,1, =6, T = 0.4,
and © = 17.52. Besides, the activation function, as mentioned
in (13), is given by

0<t<H

60
o<t <70. (60)

e(x) = [XT, X3: X35 X3, X1 X3, X2 xa] T

which is referring to [45]. Moreover, the approximated weight
vector is structured as Wc = [Wcl, Wcl, ch, ch,, WC4, WC5,
W] 7, initialized with 1,(0) = [0, 0.004, 0.001, 0.007, 0.009,
O]T. Under the above-mentioned settings, the simulation out-
comes are then displayed in Figs 2-8. Fig. 2 depicts the con-
vergence process of W.. Evidently, W, ultimately converges
to the value W, = [0.211,0.108,0.001,0.008, 0.008, 0.004]T".
Fig. 3 gives state approximation Z. The state tracking paths of
the system are shown in Fig. 4, demonstrating efficient tracking
of reference trajectories d; and ds during the first 20 s under the
desired tracking control policy.
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To relieve the impact of actuator faults, a fault compensation
strategy is introduced. Fig. 5 demonstrates that the observation
errors eventually converge to a minuscule vicinity around zero
after approximately 30 s. When actuator faults occur, the obser-
vation errors deviate momentarily but restore swiftly, indicating

Ve S AR S e o]
i

Observation error of £

0 10 20 30 40 50 60 70
Time (s)
Fig. 5. Observation error £.
8
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Fig. 6.  Fault estimation of u .
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Fig. 7. Impact of fault compensation on control input trajectories.

that the system dynamics are precisely recognized by the NN-
based failure observer. Moreover, as shown in Fig. 6 att = 5's,
the NN-based failure observer can approximate the faults with
excellent performance.

From Fig. 7, one can notice that with fault compensation, the
total approximated optimal control input Uyin stays constant
between two consecutive event-triggered intervals. However,
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BEETS-based triggering interval

Time (s)

Triggering condition value

40
Time (s)

Fig. 8. (a) BEETS-driven triggering instants. (b) Two sides of the event-
triggering condition.

without fault compensation, the control input Uyjimoue €xhibits
poor performance, thereby demonstrating the effectiveness of
the proposed strategy. Moreover, BEETS is employed to miti-
gate network communication pressure. We denote the left side
17 (4)Ql4(t) as S and the threshold x7 (¢, + nT)Qx(ts + nT)
as A. The triggering instants and two sides’ value are displayed in
Fig. 8, showing the data-releasing instants for BEETS. Actually,

there are only 367 triggering intervals within 70 s under BEETS.

B. Example 2

To further illustrate the proposed strategy’s validity, we in-

vestigate a single link robot arm system borrowed from [46]
i) = 268 — 9L ooy + U= w O
g g g

where §(t) € Risthe angle position of robotarm, u(t) € Risthe
control input, ® = 2 N - m - s/rad is the viscous friction, 9 =
10 kg is the mass of payload, g = 10 kg - m? is the moment of
inertia, g° = 9.81 m/s? and £ = 0.5 m is the length of the arm.
The initial position satisfies that [6), 0] = [0.52, —0.28]. Letting
0 = x1 and O = x4, the system thereby can be described by

T2

&= +
—0.225 — 4.905 sin(z1)|  |0.1

(u—uy)
where x = |21, 75]7 and 2(0) = [0.52, —0.28]7". In this simu-
lation, we consider another unknown actuator failure

0, 0<t<7

t) =
0 =) 044006 sin(42), 7 < ¢ < 60,

Meanwhile, the target function is chosen as

0.08 sin(37")

o) =008 cos(37)

with d(0) = [0.002, —0.001]%". The selected parameter values
are detailed in Table I.

Fig. 9 shows the learning behavior of critic NN weights.
Figs. 10 and 11 depict the observer and tracking performance,

IEEE TRANSACTIONS ON RELIABILITY, VOL. 75, 2026

TABLE I

PARAMETERS FOR EXAMPLE 2

Parameter Q R

Q

Value

diag[250,80,0,0]  0.006 1.3I,

Fig. 9.

Fig. 10.

Fig. 11.
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BEETS-based triggering interval
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Fig. 12.  Observation error &. Fig. 15. (a) BEETS-driven triggering instants. (b) Two sides of the event-
triggering condition.
1.5 ‘ ‘ ; ‘ ;
1k intervals are collected in 60s. On basis of the above-mentioned
analysis, the practicality of the BEETS-based control strategy is
_05f wivava: 1 verified.
£ i '
£ 0 ! 1
: ? V. CONCLUSION
£-05 by 1 e . . .
2 i Within this article, an ADP-driven FTTC framework is pro-
-1 1 o 8 posed for ANSs experiencing actuator faults under bandwidth-
i > Hault swiching moment {1=75) constrained networks. Specifically, an extended system model
S | integrating tracking error dynamics and desired trajectories is
¥ . . . .. .
- ‘ ‘ ‘ ‘ ‘ established for optimal control synthesis. A critic NN with
0 10 20 30 40 50 60 adaptive weights approximates the discounted value function
Time to solve the event-triggered HIB equation. With the aim of ad-

dressing bandwidth constraints, the proposed BEETS adaptively
regulates data transmission to balance control performance and
communication efficiency, while an NN-based fault observer
compensates for unknown actuator faults in real time. Lyapunov
analysis proves the UUB of closed-loop states, and simulations
validate precise tracking, rapid fault recovery, and reduced com-
munication load. Note that Bounemeur and Chemachema [47]
addressed unknown multi-input multioutput nonlinear systems
with simultaneous additive and multiplicative sensor failure,
nonaffine nonlinear state-dependent actuator faults, exogenous
disturbances, and unknown control directions. Future research
will adopt advanced ADP to incorporate network delay and
packet loss under limited bandwidth, extending the framework
to such complex industrial scenarios.

Fig. 13.  Fault estimation of u ¢.
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