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Abstract

This paper investigates the predefined-time leader-follower consensus tracking problem
for multiple Euler-Lagrange systems subject to actuator faults under a fractional-order
dynamic event-triggered framework. First, to guarantee the convergence-time requirement,
nonsingular predefined-time terms are embedded into the backstepping design, such that
the consensus tracking errors can enter a small residual set within a predefined time. Then,
a fractional-order dynamic event-triggered mechanism is introduced to determine the
update instants of the sampled actuator input, in which the fractional-order auxiliary vari-
able is used to incorporate historical triggering information into the threshold dynamics.
Moreover, adaptive laws and fuzzy logic systems (FLSs) are employed to compensate for
actuator faults and model uncertainties. Furthermore, based on predefined-time Lyapunov
analysis, it is proved that all closed-loop signals are bounded and predefined-time consen-
sus tracking performance is achieved. Finally, simulation results verify the effectiveness of
the proposed method.

Keywords: Euler-Lagrange systems; adaptive fault-tolerant control; fuzzy logic systems;
fractional-order dynamic event-triggered control; predefined-time consensus control

1. Introduction

Multi-agent systems (MASs) have attracted considerable attention due to their ability
to accomplish cooperative tasks through distributed information exchange [1]. Owing to
their scalability, flexibility, and distributed decision-making capability, MASs have been
widely applied in many engineering fields, such as robotic manipulators [2], intelligent
transportation systems [3], and industrial automation [4]. Euler-Lagrange systems provide
a general modeling framework for describing the dynamics of agents in many engineering
MASs [5]. As a fundamental problem in cooperative control, leader—follower consensus
tracking of multiple Euler-Lagrange systems aims to make all followers track a reference
signal generated by a leader through local information exchange [6,7]. However, in practical
implementations, communication constraints, convergence-time requirements, and actuator
faults should also be considered.

To reduce frequent communication and actuator input updates, event-triggered control
has been introduced into multiple Euler-Lagrange systems. Wang et al. developed a
fully distributed event-triggered adaptive fuzzy consensus control method for multiple
uncertain Euler-Lagrange systems [8]. The model-independent event-based consensus
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problem of multiple Euler-Lagrange systems subject to input disturbances was further
investigated in [9]. These methods effectively reduce unnecessary communication and
control updates. However, their triggering conditions mainly depend on instantaneous
system information, resulting in limited flexibility in threshold adjustment. To overcome
this limitation, dynamic event-triggered mechanisms have been investigated. A periodic
event-based sliding-mode tracking controller incorporating a dynamic triggering variable
was developed for Euler-Lagrange systems in [10]. For multi-leader UAV formations,
Wang et al. developed an adaptive finite-time fault-tolerant control with distributed
two-channel dynamic event-triggered method [11]. Ren et al. designed a method of finite-
time distributed tracking control with dynamic event-triggered for networked multi-UAV
systems [12]. Through the incorporation of auxiliary dynamic variables into the triggering
conditions, these investigations improve the flexibility of threshold adjustment and reduce
unnecessary control updates. However, the auxiliary threshold variables in these methods
are governed by integer-order differential equations, and the nonlocal memory of historical
triggering information is not explicitly incorporated into the threshold evolution. Fractional-
order operators can incorporate both current and historical triggering information into
the threshold dynamics. Therefore, introducing fractional-order dynamics into the event-
triggering mechanism provides a more flexible way to balance the control update frequency
and consensus tracking performance. Despite these potential advantages, fractional-order
dynamic event-triggered consensus tracking for multiple Euler-Lagrange systems remains
insufficiently investigated, while reducing control updates alone cannot guarantee that the
tracking errors converge within a predefined time.

Although event-triggered control reduces actuator input updates, convergence-time
performance remains an important issue in consensus tracking control [13]. To improve
convergence speed, Liu et al. and Gong et al. respectively studied fixed-time consensus
tracking problems for nonlinear MASs with directed communication networks and second-
order MASs with disturbances [14,15]. These results guarantee that the convergence-
time upper bound is independent of initial conditions. However, this upper bound is
still determined by control parameters and cannot be specified in advance according to
task requirements. Compared with fixed-time control, the method of predefined-time
control allows the convergence time to be specified as a design parameter. To meet stricter
time requirements, Wang et al. proposed a method of prescribed-time consensus and
containment control for networked Euler-Lagrange systems, while the considered agents
are mainly first-order systems [16]. Ni et al. investigated predefined-time consensus
tracking for networked systems with second-order dynamics [17]. Zou et al. addressed
the predefined-time output-feedback consensus tracking problem for Euler-Lagrange
systems with disturbances [18]. Yoo and Park further studied dynamic event-triggered
prescribed-time consensus tracking for nonlinear time-delay networked systems in [19].
However, fractional-order event-triggered predefined-time consensus tracking for multiple
Euler-Lagrange systems remains insufficiently investigated.

In practical Euler-Lagrange systems, actuator faults may occur due to long-term oper-
ation [20], mechanical wear [21], device aging [22], or varying operating conditions [23].
As a result, the actual actuator input may deviate from the designed control signal, which
can degrade cooperative tracking performance or even affect closed-loop stability [24].
Moreover, actuator faults occurring in one agent may affect the cooperative behavior of the
whole group [25]. Therefore, fault-tolerant cooperative control for Euler-Lagrange systems
with actuator faults has attracted increasing attention. For networked Euler-Lagrange and
multi-manipulator systems with actuator faults, distributed robust fault-tolerant control,
event-triggered consensus control, finite-time formation-containment control, and fuzzy
adaptive containment control have been investigated in [26-29]; however, these meth-
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ods do not achieve predefined-time fault-tolerant consensus tracking. Shi et al. further
proposed a predefined-time event-triggered sliding-mode control method for uncertain
Euler-Lagrange dynamic systems with actuator faults [30], but the fractional-order dy-
namic event-triggered consensus tracking problem for multiple Euler-Lagrange systems
was not considered. Nevertheless, predefined-time fault-tolerant consensus tracking for
multiple Euler-Lagrange systems under fractional-order dynamic event-triggered control
still needs further investigation.

Based on the above discussion, this paper addresses the predefined-time leader—
follower consensus tracking problem for multiple Euler-Lagrange systems subject to
actuator faults under a fractional-order event-triggered framework. The virtual leader
information is available only to a subset of followers. A fractional-order dynamic event-
triggered mechanism and an adaptive fuzzy fault-tolerant controller are developed. It is
proved that all closed-loop signals are bounded and that the consensus tracking errors
enter a small residual set within a predefined time. The main contributions of this paper
are summarized as follows:

¢  Different from the finite/fixed-time control methods [18,19], this paper investigates
predefined-time consensus tracking for multiple Euler-Lagrange systems in which the
settling time can be specified in advance and depends only on simple adjustment pa-
rameters rather than the initial conditions or complicated design parameters. A smooth
predefined-time control approach is developed by smoothly switching between the
state-dependent fractional-power and cubic terms. Unlike the methods in [16,17],
which may suffer from singularity problems, the nonsingular predefined-time terms
are incorporated into the backstepping design in this paper and the consensus tracking
errors can converge to a small residual set within a predefined time.

¢  Compared with the integer-order dynamic event-triggered method in [12], this paper
develops a fractional-order dynamic event-triggered mechanism for multiple Euler—
Lagrange systems. The fractional-order auxiliary variable is introduced into the
threshold dynamics, such that historical triggering information can be used in the
triggering decision. The proposed mechanism reduces unnecessary triggering events
while improving consensus tracking accuracy.

¢ Compared with the fault-tolerant Euler-Lagrange and multi-manipulator control
methods in [26-30], this paper simultaneously considers predefined-time consensus
tracking and fractional-order dynamic event-triggered input updating. An adaptive
fault-tolerant compensation mechanism and an auxiliary system are introduced to
handle actuator faults, and fault-tolerant consensus tracking is achieved within the
proposed predefined-time event-triggered framework.

The rest of this paper is organized as follows. The problem formulation, preliminaries,
and basic assumptions are given in Section 2. The controller design and stability analysis
are presented in Section 3. Simulation results for networked robotic manipulators are
provided in Section 4. The conclusion is given in Section 5.

2. Problem Formulation and Preliminaries
2.1. Graph Theory

Consider a multi-agent system composed of N agents. Its communication topol-
ogy G can be represented as a weighted undirected graph G = (W, €, A), where
W = {1,2,...,N} and £ C W x W represent the node set and edge set, respectively.
If (i,j) € £, then agents i and j can exchange information with each other. The adjacency
matrix of graph G is defined as A = [a;j] € RN*N where a; = a; > 0if (i,j) € &,
otherwise a;; = 0. In this paper, a;; =0,i =1,2,...,N.
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Furthermore, the neighbor set of agent i is defined as N; = {j e W: (i,j) € £}. The
Laplacian matrix associated with graph G is defined as £ = [lij] e RVN*N where lij = —aj
fori #j,and [; = Z]‘Ii 1, j#i ij- Since G is undirected, the Laplacian matrix £ is symmetric
and positive semi-definite. It can be verified that L1y = 0, where 1y € RY is the vector
with all entries equal to one.

A leader-follower architecture is considered in this paper, where the reference signal
is generated by a virtual leader. Let y; > 0 denote the connection weight between the
i-th agent and the virtual leader. If ; > 0, the i-th agent can directly obtain the reference
signal; otherwise, y; = 0. Define B = diag{1, 42, ..., un} and H = L + B. In this paper,
the communication graph G is fixed, undirected, and connected, and at least one follower
can directly obtain the reference signal from the virtual leader. Under these conditions, H
is symmetric positive definite.

2.2. System Model

This paper considers a networked Euler-Lagrange system composed of N agents.
The dynamics of the i-th agent are described by

MZ(XZ)XI+C1(X1,XZ)XZ+G1(X1) :u?—l—di(t), i=12,...,N, (1)

where X; € R", X; € R”, and X; € R" are the position, velocity, and acceleration vec-
tors of the i-th agent, respectively. M;(X;) € R"™ ", C;(X;, X;) € R"™" and G;(X;) € R"
represent the inertia matrix, Coriolis and centrifugal matrix, and gravity vector, respec-
tively. Moreover, uf € R" and d;(t) € R" are the actual actuator input and external
disturbance, respectively.

For convenience of controller design, define g;; = X;, g = X;. In the following
controller design, the Euler-Lagrange dynamics are rewritten in the following second-order
state-space form:

fin = iz i=12,... N, @)
din = Bi(gin)uf + ®i(qi1,q12) + Di(gi, t),
where Bi(qi1) = M; " (q1), ®i(qi1,92) = —M; (q:1)[Ci(911,922)q02 + Gi(qi1)], and Ai(gi1, 1) =
M; (g )di(t).
To achieve consensus tracking, a reference signal () € R" is generated by the virtual
leader. Define the tracking error vector as 6 = (6], 6, ,...,63] ", with &; = g1 — q4(t).
Using the communication weights defined in the graph G, the consensus error variable
is defined as

N
zin = Y aij(qn — 9j1) + Hi(qa — qa4(t)), ©)
j=1
where a;; and p; > 0 denote the adjacency weight and the leader connection weight, respec-

tively. In vector form, it can be written as z; = (% ® I,)d, where z; = [z{},2z5;,...,2{;] "

and H =L+ B.

2.3. Actuator Fault Model

In practical Euler-Lagrange systems, actuator faults may occur due to efficiency
degradation, partial loss of effectiveness, or unexpected bias signals. In this paper, the actual
actuator input uf(t) of agent i is modeled as

ui (t) = Ti(t)usi(t) + Jit), (4)
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where u;(t) € R" denotes the sampled control signal generated by the event-triggered
mechanism, T;(f) € R"*" represents the actuator effectiveness matrix, and J;(f) € R”"
denotes the actuator bias fault.

The actuator effectiveness matrix is defined as I';(t) = diag{x;1(t), kio(t), ..., xin (1)},
where «;; (1) represents the effectiveness coefficient of the k-th actuator of agent i. If x; () =
1, the corresponding actuator operates without effectiveness loss; if 0 < x;;(¢) < 1, the actu-
ator suffers from partial loss of effectiveness.

2.4. Fractional-Order Dynamic Event-Triggered Mechanism

To decrease unnecessary updates of the control input while using historical trigger-
ing information, a fractional-order dynamic event-triggered mechanism is introduced.
For agent i, 1,;(t) € R" and u,(t) € R" represent the continuous control signal and the
sampled control signal, respectively.

Fort € [t} 1!

++1), the sampled control signal is defined as

”si(t) = ”ei(tf’)r te [ti, i-i—l)r )

where t. denotes the r-th triggering instant of agent .
The event-triggering error is defined as

eui(t) = usi(t) - uei(t)- (6)

The triggering instant is determined by

iy =inf{t> 4

Billusi(£)| = llews(8)]| + mi(t) <0}, )

where 0 < h; < 1and m;(0) > 0.

Different from the conventional integer-order dynamic event-triggered mechanism,
the auxiliary triggering variable m;(t) is updated by the following fractional-order
dynamic law

CDyFom;(t) = —TTym;(t) + T1o[2 + tanh (] ug () | — [lewi (£)])], (8)

where 0 < app < 1, CDf‘F P denotes the Caputo fractional derivative.
Let x;(t) = hillusi(£)]] — |lewi(t)||. Since —1 < tanh(x;(f)) < 1, one has 1 < 2+
tanh();(t)) < 3. It follows from the dynamic law of m;(t) that

DI (t) > —TIymy(t) + 1o, CDfFPmy(t) < —Tlymy(t) + 310,. 9)

Applying the fractional-order comparison principle to these two differential
estimates gives

0 < mi <m(t) <im, (10)

where - -
m; = min{mi(O), Hz}' m; = max{mi(O), o 2 } (11)

1 1

Therefore, under m;(0) > 0, IT; > 0, and I, > 0, the auxiliary triggering variable
m;(t) remains positive and bounded.

Using the Caputo fractional derivative, m;(t) can be expressed in the following
integral form:

https://doi.org/10.3390/ fractalfract10080533


https://doi.org/10.3390/fractalfract10080533

Fractal Fract. 2026, 10, 533

6 of 28

m;(t) = m;(0) +

1

Fargy y (T I Tm(s) + Ta(2-+ tanh s (5)] — flews(5)))]s. (12)

This expression shows that the evolution of m;(t) depends on the historical triggering
information over [0, t].

Fort € [t

1+1), the triggering condition implies

llewi ()1l < hillusi(£) [ + mi(t). (13)

For subsequent stability analysis, there exist time-varying variables v;(t) and v;(#)
satisfying |[v1(t)|| < 1and |lv2(¢)|| < 1 such that

eui(t) = —hiv1 (t)ugi(t) —vo(t)m;(t). (14)
Combining the above equation with e,; () = ug;(t) — u,;(t) yields
ugi(8) = (14 vy ()" (g (£) — va ()m;(t)). (15)

Remark 1. When m;(t) = 0, the proposed triggering mechanism reduces to the static event-
triggered mechanism. Since m;(t) remains positive, the dynamic threshold relaxes the triggering
condition and helps avoid unnecessary actuator input updates. Different from the conventional
integer-order dynamic event-triggered mechanism, the auxiliary variable m;(t) is generated by a
fractional-order dynamic law. From the integral form of m;(t), the current threshold depends on
the historical evolution of the triggering condition over [0, t|. Therefore, the triggering decision is
affected not only by the current triggering error, but also by past triggering information. In addition,
the fractional order arp affects the memory weight in the threshold dynamics and provides an addi-
tional degree of freedom for the event-triggered design. This feature gives the proposed mechanism
more flexibility in balancing the control update frequency and consensus tracking accuracy.

Control objective: This paper aims to design an adaptive fuzzy fractional-order
dynamic event-triggered controller for each Euler-Lagrange agent such that all followers
can achieve predefined-time tracking of the reference signal generated by the virtual leader,
despite unknown nonlinearities, external disturbances, and actuator faults. Specifically,
the consensus tracking errors enter a small residual set within the predefined time T¢, while
all signals in the closed-loop system remain bounded.

2.5. Lemmas and Assumptions

Lemma 1 ([13]). Consider a positive definite Lyapunov function V (t). If there exist positive
constants cy, ¢p, Te, A\, and a constant 0 < § < 1 such that

V<o VITE o VItE p, (16)

then the closed-loop system is predefined-time stable. Moreover, the settling time satisfies T <
19\/%' Therefore, if the control parameters are selected such that \/c1c; > 1=, the convergence
time can be predefined by T,.

Lemma 2 ([31]). For any x € R and any constant € > 0, the following inequality holds:

0< |x| - xtanh(g) < 0.2785¢. (17)
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Lemma 3 ([32]). Forany x,y € R and any constant y > 0, the following inequality holds:
xy < T2y iyz. (18)
-2 2y

Lemma 4 ([32]). For any vector x € R" and any constant e > 0, the following inequality holds:

XTX

0< [lx]| - —=—— <. (19)

Vaxlx+e —
Lemma 5 ([33]). Forx; >0,i=1,2,...,N,and 0 < r;; < 1, the following inequality holds:

N N m

r

x> (2 x,-> . (20)
=1 i

i i=1

For r;p > 1, the following inequality holds:

™M=

1

N
x;’IZ > Nl_r12<
i=1

Xi> . (21)

I
—

Lemma 6. Forany x € R and aj, > 0, define
sighe (x) = |x|%e sgn(x).
Then, x sige(x) = |x|%e+1,
Assumption 1. The reference signal q;(t), G4(t), and g, (t) are continuous and bounded.

Assumption 2. The actuator effectiveness factors i (t) are unknown but strictly positive, and the
actuator bias fault J;(t) is unknown but bounded. Specifically, there exist unknown positive
constants x;, X;, and J; such that

0<Ki SKik(t) <1, k:1,2,...,1’l, H]l(t>|| STZ (22)

Assumption 3. The external disturbance A;(qj1,t), the fuzzy approximation error p;(x;), and the
actuator bias fault term B;];(t) are bounded. Therefore, for the lumped uncertainty Az, = p;(x;) +
B;Ji(t) + A;, there exists an unknown positive constant E; such that

1Az (B[] < & (23)

3. Controller Design and Stability Analysis
3.1. Event-Based Predefined-Time Fuzzy Consensus Control

To facilitate the controller design, the local consensus tracking error z;; is defined as

N
zip = Y aij(qi — gj1) + #i(Gin — qa)- (24)
=

The leader-following tracking error is defined as J; = g;1 — g4, and the stacked tracking
error vector is given by 6 = [41,0y,...,In] T. Then, the vector form of (24) can be written as

z1 = [z11, 201, - - Zn1) | = HO, (25)

where H = L + B is symmetric positive definite.
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Based on the backstepping technique, the second backstepping error variable z;, is
introduced as

Zip = qip — &j1- (26)

Step 1: In this step, g, is regarded as a virtual control input, and the virtual control
law a;; is designed to stabilize z;;.
Consider the following Lyapunov function V;

vV, = %N(ﬁ +B)s = %5TH(5. (27)

Since H is symmetric positive definite, V; is positive definite with respect to 4, and the
derivative of tracking error J; can be obtained that

0 = Gin — Ga = qi — Ga = zio + i1 — da- (28)

Then, the derivative of V] is obtained as

N N
Vi=0"Hé=2{0=) 236 =Y z1(zio + i — Ga)- (29)
i=1 i=1

The virtual control law is designed as

i
Zi 0 &
a = — = il ? il . , (30)
\/ 2zl il + €
where ¢;; > 0 is a positive constant, and
&1 = kinzin + ki Bin + kiz sig"(zi1) — 4a, (31)

where 0 < 0 < 1,91 = 1 -9, and 92 = 1+ ¢. Following the predefined-time design
method, the gains are selected as k;; = 71/ (2179/20T,) and kj, = 7tn®/?2¢/2=1/(oT.). Here,
Tc > 01is the predefined time and n denotes the system dimension.

To avoid the possible singularity caused by the fractional power term near the origin,
Bi1 is defined as

sigM(z;1), Zi1| = T,
Bi(zi1) = 8" (zn) leal 2 7 (32)

3
mzin +mzy,  lzal < ma.

where 71;; € (0,1) is a small threshold, and 7; = 3_%7@71171, 7y = 717—17%173‘ With this
selection, B;1(z1) is continuous near the origin and avoids the possible singularity caused
by the fractional power term.

Using Lemma 4 and substituting (30) into (29), it follows that

N T =Tx
Z12i1%1 X1

- T T,
Vi=) |znzo— —— —~ —Zina
i=1 \/ Z;1Zi1® ;1 i1 + €1 (33)

N
T T- T,
<) [zﬂziz —z&i + €1 — 2 qd]
i=1

Substituting (31) into (33), it can obtain that

N

y T T T 1

i<y, {Zilzl? —kinzinzin — kinzi Bin — kio|za [>T + 81’1}- (34)
i=1
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For the term N
Ly = —Y knz}pa, (35)
i=1
According to the definition of ;1, the following two cases are considered.
Case 1: If |zj1| > m;1, one has
N
Ly ==Y kilza | (36)
i=1
Case 2: 1f |zj1| < mj1, using a generalized Young-type inequality, one obtains
al T 3
Ly ==} knz (77121‘1 + ’7221‘1)
! (37)

al il S T (1= -
< =Y kilzal + ) kinzpzin +K 5 )7
i=1 i=1

where K = min;_;_ n{ki1}, and ¥ > 0 is an auxiliary constant introduced in the inequality
used to bound the residual term caused by the smooth approximation.
Combining the above two cases, it follows that

IR PR S SR A Sk AW
Ll < 2 zl‘zzll + Z 1211201 +K 2 Y- (38)
i=1 i=1

Therefore, it follows from (34) and (38) that

N

: (1—71) -

i<y, {Zgzz‘z — kinlza | = kip |z |72 +£il} + K( 5 1)7- (39)
i=1

Step 2: In this step, the actual control input ug; is designed to stabilize z;;, while the
unknown nonlinearities, actuator faults, and lumped uncertainties are compensated.
Consider the following Lyapunov candidate function V,

1 N
V2= Y zhzn. (40)
i=1

The function V; is introduced to evaluate the effect of the actual control input on the
stabilization of z;,.
Zip = Gip — &py
= Biuj+ @ + Aj — i (41)
= Biliusi + BiJi(t) + @i + A; — dip.
To effectively handle the lumped unknown nonlinear function F;(x;) = ®; — &;1,
a fuzzy logic system is introduced [8]:

Fi(x;) = ®; — i = W i(x;) + pi(x;), (42)

where x; = [g,],95]" denotes the input vector of the FLS, W} is the ideal weight matrix,
¢i(x;) is the fuzzy basis-function vector, and p;(x;) is the bounded approximation error
satisfying [jo;(x)|| < pi.

Substituting (42) into (41), the derivative of z;; can be given by

zip = Biljug + A + Wi T i(xi) + pi(x;) + BiJi(t). (43)
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Denote a;y = inf;>o(T;) as the lower bound of T';, and define {; = % Then, V, can be
given by

N
Vo= 3z Biliusi + Wi ¢i(xi) + Ag (44)
i=1

where Az, = p;(x;) + B;J;(t) + A; denotes the lumped uncertainty consisting of the external
disturbance, the fuzzy approximation error, and the actuator bias fault term. According to

Assumption 3, there exists an unknown positive constant Z; such that ||Az, || < E;.

The corresponding estimation errors are defined as

!

i = Wi* - Wi/
i =30~ (45)

=
P

1 1

N

[
I
[x1

i+

To avoid the possible singularity caused by the fractional power term near the origin,
the auxiliary function f;; is introduced as

sig"(zi2), |zia| > 7Ti2,
Bi2(zin) = 3 (46)
N3zip + 14z, |zin] < T,
where 7, € (0,1), 13 = 3_%7'(?2171, and 1y = 717_17{?2173. This smooth approximation

avoids the possible singularity near the origin.

The role of B, is similar to 1, which provides the desired nonlinear damping term
while maintaining smoothness around the origin.

Moreover, since B;(g;1) is bounded on the compact set, there exists a positive con-
stant B; such that ||B;(g;1)]] < B;. According to the fractional-order dynamic event-
triggered mechanism, the sampled input u,; can be represented by the continuous signal
1,;, the bounded auxiliary variable m;(t), and two bounded time-varying functions vq ()
and v (t). Since m;(t) is positive and bounded, there exists a positive constant 7; such that

0 < m;(t) < m;. Moreover, since |v1(t)| <1, [v2(f)| < 1,and 0 < h; < 1, define m,; = 1@}1
Then, one has
Uz(t) i(t)
mit) | o 47
1+v(t)h;| — Mhei 47

Based on the above analysis, the auxiliary control signal j; is constructed as follows.

N Zio\ &
Bi =W;' ¢i(x;) + tanh (f) Ei+ 2z +kizzio
il

+ ki Bio(zin) + kin sig"? (zin) + BZmZizin,

(48)

where the term WiT¢>i (x;) is used to compensate for the unknown nonlinear function. The
hyperbolic tangent term is introduced to handle the lumped bounded uncertainty. The term
z;1 is used to cancel the coupling term generated in Step 1. The terms involving k;1, kj»,
and k;3 provide the required damping effects for z;,, while the last term is used to dominate
the event-triggering error.

The sampled control input u,; is generated from u,; through the fractional-order
dynamic event-triggered mechanism, and the continuous control signal u,; is designed as

7B Bi

-1
Upj = _Bi (1 +hi)Zi2 -
V2bznl2B] Bi+ €

(49)

where ¢, > 0 is a small design constant.
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From the actuator fault assumption and the definition of a;9, one has 0 < a;9 < T;(t) <
T;. Therefore,

T _ T GiBi Bi
zpBiTitei(t) = — (1 + hi)zplizip — = <0. (50)
\/ZiZZiZCi Bi Bi +ei
Using Young’s inequality, it follows that
mi(t) T IT; |2
_mzﬂBiriUZ( ) <meiBi|Ti||zin| < B}z A 1 (51)

By substituting (15) into zg BT jusi(t) and according to Lemma 4 and Young's inequal-
ity, one obtains

2, BiTittei(t) 2, BiTjva(t)my(t)

2 BiTiugi(t) =

T+o (O 14 o()h;
T
Z;p Bil'iuei(t) 2.0 |T |
=~ 1+ hil +zppzipBiml + - -
o — 52
T #2,T 2
Z.52inC5 B Bi T;
S —ajy le lffz fz nBl + BZ ez ’ 4|
\/Zizzt?@i Bl Bi+eh
s T oo o Tl
< —ajGizpPi + aioein + Bizpziomy; i

By using Assumption 3 and Lemma 2, it can be obtained that

5 T Zi»
ZipBg; — 2“1 tanh<d 1) <|zp|Bi — zp; tanh(d"l)
! 1

i 2
dil dil

< 0.2785d;1 ; + iz, tanh (?) ,
i1

The derivative of V, can be derived as

N _
T;
<Y, { o€ — aiolizh Bi + Bizjhzipmy; | 4’ Wi ¢i(xi) + zleH.]
i=1
N 5 T T T T Zip T
< Z ajp€in + aiogizizﬁj +zpW; 4>i(xi) +zpE; tanh (Tl) — ZpnZi (54)
i=1 i

2
— kiazipzio — knzipPia(zi2) — kin|zia| > + 0.2785d,1 5, + | i‘ ]

For the term N
— Y kinzpBio(zin), (55)
i=1

according to the definition of B;5(z;,), the following two cases are considered.
Case 1: If |zjp| > 7jp, then

Biz(zi2) = sig" (z2), (56)

and hence
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N
=Y kilzip| (57)
i=1

Case 2: If |zjp| < 7tjp, then

Bio(zin) = 13zin + 1aZsy. (58)

By using the same generalized Young-type inequality as that used for L1, one obtains

- T 3
—)_kizp (17321'2 + 11421»2)
i=1 (59)
y 1+1 al T (1= -
< =Y kilzin| + Y kinzpzp +K )7
i=1 i=1
Combining the above two cases gives

- A N T (1=~

Ly < =Y kilzip|"" + ) kinzppzin + K > | (60)
i=1 i=1

where K and 7 are the positive constants introduced in the estimate of L;.

3.2. Stability Analysis

The stability result is presented in the following theorem.

Theorem 1. Under Assumptions 1-3, consider the networked Euler—-Lagrange systems with
unknown nonlinearities, external disturbances, and actuator faults. Suppose that the communication
topology is fixed, undirected, and connected, and the leader signal is available to at least one follower.
If the proposed adaptive fuzzy fractional-order dynamic event-triggered fault-tolerant controller is
used together with the adaptive laws, then the following results are obtained:

(1)  All closed-loop signals remain bounded.
(2)  The consensus tracking errors enter a small residual set within the predefined time T,.

Proof. For the stability analysis of the closed-loop system, construct the following global
Lyapunov function V:

11\]

1
V= v1+v2+2 ||W|\2+ Z ZA—E (61)

where Aj; > 0, Ajp > 0,and Aj3 > 0 are adaptive gains.
Then, the derivative of V satisfies

N N
. 1 -
V< Z [zﬂziz kin|zia |71 = kip|zi |2 4+ K( 27 7+ 8:1} Z [ i0€i2 + aiolizipBi

-
|1:i| }

+ 2B 9i(x) + 28 tanh (52 ) +0.2785d0 5, — zhzn — kiszhe
1

o

(62)

1=\ N
— ki |z | + kinzhzio + K( T )’Y} — Y kplzp| !
i—1

—
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Design the adaptive laws as follows:

N = Andi(xi)z — Aa W, (63)
i = AzipBi — Anli, (64)
A Zj 2

H; = A,’3Z;£ tanh (d—i) — Az, (65)

Substituting the adaptive laws into the derivative of V, it can be obtained that
—Aiﬂ tr(WiTWi) = —tr(W,  ¢i(x;)z}y) +tr(W,W;). Since z, W.T ¢;(x;) = tr(W, i (x1)z}),

the terms involving ¢;(x;)z;, cancel each other. Similarly,

an =~ A ~ N
—/\%ZCZQ = —ailizpBi + ainliGi (66)
1
and
1 - 4 = Zin o
im““:—@%m“(é>+”” (67)

Therefore, the corresponding cross terms in V cancel. Moreover, since zl-leiz = ziTzzl-l,
the coupling terms between V; and V; also cancel, leaving only the parameter leakage
terms tr(WiT Wi)/ aioglgl‘, EiEi'

Therefore, the derivative of V can be given by

1=

V< [— kinlzia | = kig|zan [P — K[z = kig|zin[ 2
i=1
(11— ;|
+ 21<( n )'7 e + aioen + 0278541, + | i' } (68)

2
+ Z [tr( ~1-TWZ') + aiofi& + Eigz} .
i=1

By choosing 71 = 1 — ¢ and 72 = 1 4 ¢, the above inequality can be rewritten as

N N
_9 2 _e 4
V<= |ka(zhza)' 2 +ki2(ZiT12i1)H2} -Y [kil (zpzin)' % + kin(zjhzin)' 2
it i=
N =12
_/1— T;
+ Y [en +anen +21<( 271)7+0.2785dﬂ£i 4! i' } (69)
it
N oo o
+ Z tr(Wi Wl‘) 4+ ajnl;l; + EiEi]

Il
_

By using Young’s inequality, the following inequalities hold

T oA 1 T 1
tr(Wl-TWi) < ) tl‘(WiTWi) + 5 tr(Wl-*TWl-*>, (70)
~ 2 a;o = a;
aiolili < 0+ 8, (71)
= A lap 1.
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Substituting the above inequalities into the derivative of V, it can be obtained that

N e I3 N e 0
v<-}Y" kin(z;zi)' 2 +ki2(ZiT1Zi1)1+2} - [kil (zphzin)' 72 + kiz(ZiEZiz)Hf]
i1t i-1
N T =12
_[1— T

+ 3 |en +ai05i2+2K( 271)'7—%0.27850,‘ o i‘ ] (73)

i1l

N T N N

1 * T TAT* ai0 2 1,_, 1 yVARYY 1,=.

+i;_2tr(Wi W;) + R+ E ;Etr(wi W;) ; ;EH .

To further transform the negative quadratic terms into the predefined-time form,
the following inequalities are used.

1-3 1 1+5
i W (LYWW
( w) ( ( iwl)> <2tr(Wl wl)> + o, (74)
_@ 1+£
1. 2 1- 2
ae(18) (1) ™
_9 1+-¢
= 1;: 2 1. 2
—E2 <~ (2:.> (2\:.,2) + vg,, (76)

v

IS
N
|
iS)

2-¢ - 2-¢ 2-¢
Whereliwi =5(1-9)° —Ii(Wiz)H%,UQ =2(1-5)° +(»'2,andvg, = §(1-5) @ +
(EH2 with |Wi|| < W, |3 < 8 and |5 < &,
Then, it can be obtained that

i=1 i=1 i=1 i=1
N -3 N +3 N
1 1 1 T 2 1 1 1 T 2 1
—_y = tr(wT )> Yy = ( tr(wTw-)> Y Sow, 77
12212 /%11—% (2)\1'1 ! ! 12212 /%11-4—% 2Ai1 ! ! 12212 Wi )
N N 1-§ N 1+5 N
ai0 5 aip (1) 2 aig (L12\ "2 aio
LR <-L2(8) -LR(3®) +Lw
i=1 i=1 i=1 i=1
N 1-§ 1+5 N
ap 1 <ﬂi0 ~2) 2 apg 1 (ﬂio ~z> 2 aio
=-y 2 - - : -yr - : +Y Dy 78
l.; 2 (m)1_g 2 l; 2 (m)”% A 1:21 2 78)
2 2
N N 1-3 +3 N
1) 1(1;2) 2 1(1&) 3 1
—Zf.:. g—zf — 5 —27 -5 +vadl
z:12 l 1:12 2 1:12 2 i:12
N -3 N +3 N
—- Y () -Liomlaed®) L (79)
i1 2 /\Ll_j 2A53 - 2 /\Ll-ﬁ-j 2A53 =1 2
i3 i3

Based on Lemma 5, it can be obtained that
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al 1 1-3 1+¢(1 1 1+3 1 1-3
V<—) ka2 (2 ﬂzﬂ> —-23k02‘+2< ﬂ2n> - ki2 <2Zaza)
i=1 i=1 i=1
N 144 N 173 1-§
1 2 A. 1 [ 2
— k221+g( zhz 2> i ( tr(WTW))
1; : 272 l; 2 \2An o
N AME g N1+ N8, 1%
_ Z il tr (WlTWz) _ Z 2 azo ai0 12
= 2 \2Ay = 2 P\2Ap
- - (80)
2

N (1-m TP
) +Z{si1+aioei2+21<< 5 )Fy+0.2785d-?» i}

Based on the above inequality and Lemma 5, the negative terms can be further collected
into a compact form. Define

V=3 (Jaken + ekt oW+ g 2 p22). @1

The coefficients C;; and Cj; are selected as the minimum coefficients of the negative
terms with powers 1 — ¢/2 and 1 + ¢/2, respectively. Since V consists of 5N nonneg-
ative components, Lemma 5 is applied to collect these terms. For the power 1 — ¢/2,
the corresponding terms are bounded by V1~¢/2, while for the power 1 + ¢/2, the factor
(5N)~¢/2 is introduced. Therefore, all negative terms can be combined into the compact
predefined-time inequality for V.

It follows that there exist positive constants C1, Gy, and A such that

V<-GVITE - GVIFE A, (82)

where the local coefficients are defined as

Ak% )Llfz . Ak%

Cip = ming ky2' "2, “2—, “2 a7 “B_ 5, (83)
1+ 1+ 143
A2 A2 e A2

Cip = min{ kp2!*, l; ’ lé ay°, 13 ' (84)

Here, C;; and Cj, denote the local minimum coefficients, and C; and C, are the
corresponding global positive constants which satisfy C; = min;—; _n{Ci1}, and C; =
(5N )’% min;_;  N{Cip}. Moreover, A collects all bounded residual terms, given by

IT;[?
4

i=1

1—m
2

€1 + ajp€in + 2K< ) ¥ +0.2785d,1 &

(85)

1 1 1
tr(Wi*TWi*) fi0 @lz + EE + 50w, + —vgl +50s
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If the control parameters are selected such that C > Q—’i and G, > Q—’}C, then

V< - (VI VI ) A (86)
oTe

With ¢; = ¢ = t/(07T;) and ¢ = o, the derived inequality satisfies the condition in
Lemma 1, since \/c1¢; = 71/ (0T;). Hence, the closed-loop system is predefined-time stable.
All closed-loop signals are bounded, and the consensus tracking errors converge to a small
residual set within the predefined time T..

The proposed fractional-order dynamic event-triggered mechanism can exclude Zeno
behavior. After each triggering instant ., the event-triggering error satisfies e,;(t.) = 0.
Since all closed-loop signals are bounded, the continuous control signal u,;(t) is bounded
and locally Lipschitz, and hence there exists a positive constant d; such that ||é,;(t)|| < d;
for t € [t t. ). Therefore, ||e,;(t)|| < d;(t — t.). According to the triggering condition,

rrbr
the next triggering instant can occur only when ||e,;(£)|| > h;||us;(t)|| 4 m;(t) > m;. Con-
sequently, the inter-event time satisfies ti - t’; > % > 0. Hence, Zeno behavior is

avoided. O

Remark 2. The residual bound A is mainly affected by the approximation error, actuator bias fault,
event-triggering error, and the robust compensation parameters. Smaller values of €;1, €jp, and dp
can reduce part of the residual bound, while larger control gains help increase C1 and Cy to satisfy
the predefined-time condition. Therefore, the proposed controller provides a tradeoff among tracking
accuracy, convergence speed, and control/update effort.

Remark 3. It should be noted that, compared with the integer-order dynamic and static event-
triggered mechanisms, the numerical implementation of the Caputo fractional-order dynamic law
requires historical triggering information and therefore introduces additional computational and
storage burdens. These additional burdens arise from the update of the auxiliary triggering variable
m;(t) and do not change the remaining controller structure or the stability analysis. Meanwhile,
the historical information enables m;(t) to reflect the past evolution of the triggering condition,
while the fractional order app provides an additional degree of freedom for adjusting the triggering
threshold. The simulation results in Section 4 show that this additional computational burden is
accompanied by fewer control input updates and smaller final tracking errors, reflecting a trade-off
between computational burden and control performance.

Remark 4. In this paper, the stability analysis relies on the symmetry and positive definiteness
of the Laplacian matrix of the undirected connected communication graph. For a directed graph,
the designed distributed predefined-time consensus algorithm, the dynamic event-triggered mech-
anism, and the adaptive fault-tolerant method are still valid. However, the stability analysis for
Euler-Lagrange systems cannot be achieved since the Laplacian matrix of the directed graph is
nonsymmetric. Additional conditions such as strong connectivity, weight balance, or the existence of
a leader-rooted directed spanning tree may be required. Therefore, extending the proposed distributed
predefined-time fault-tolerant control algorithm to a directed graph or switching graph is a direction
of future work.

Remark 5. The proposed control scheme in this paper is based on the undirected connected graph,
where at least one follower can directly obtain leader information, and the communication graph is
delay-free. If these conditions are violated, the system performance may degrade, and even result
in system instability. For example, a temporary disconnection of the communication graph may
interrupt information exchange among some agents and enlarge the consensus tracking errors.
Large communication delays may increase the mismatch between sampled information and actual
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system states, thereby affecting the convergence speed and residual errors. In addition, temporary
unavailability of the leader information may prevent some followers from updating their reference
signals in time, which may weaken the predefined-time tracking performance. Therefore, the stability
and robustness under these assumption-violating cases cannot be directly guaranteed by the present
theoretical results, and require separate analysis with additional connectivity conditions, delay
constraints, and information recovery mechanisms.

4. Simulation

In this section, two examples are conducted to verify the effectiveness of the proposed
adaptive fuzzy fractional-order event-triggered fault-tolerant predefined-time consensus
control scheme.

Example 1. As a representative example of the Euler—Lagrange systems considered in Section 2,
a networked multi-manipulator system composed of four two-link robotic manipulators is considered.
For the i-th robotic manipulator, the dynamics are described by

M(q;)gi + C(qi,4:)gi + G(q;) = ui +d;(t), i=1,2,34, (87)

where q; = [qi1,92] " € R? and 4; = [4i1, 4] € R? denote the joint position and velocity
vectors, respectively. The actual actuator input is denoted by u? € R?, and d;(t) € R? is the
external disturbance.

The inertia matrix, Coriolis and centrifugal matrix, and gravity vector are given as

Cii Ci2

M(qi) =

, C(q1,4i) = , Glg:) =

[Mn My (89)

My Mp

Ga

The detailed expressions of M;j, Cjj, and G; are listed in Table 1. The physical pa-
rameters are selected as my = my = 5,1 = I = 0.4,¢ = 9.8. The reference trajectory
generated by the virtual leader is chosen as g4(t) = [1.2sin(7t), 0.8 cos(7t)]T. The ex-
ternal disturbance acting on the i-th robotic manipulator is set as d;(t) = [0.12sin(1.2¢ +
0.2), 0.1 cos(0.9t +0.31)] .

Table 1. Dynamic terms of the two-link robotic manipulator.

Term Expression
My (mq + mz)l% + mzlg + 2mylil; cosgip
Mio mz(l% + Il cos qiz)
Mn My
M22 le%
C11 —mplilhgi singip
Ci malila (i + 4i2) singi
Co malilagi singp
(@) 0
G1 malag cos(qi1 + qiz) + (M1 + ma)lig cos g
G2 malrg cos(qi1 + qi2)

The communication topology among the four robotic manipulators and the virtual

01 11
. . 1 0 0 1 . )
leader is specified by A = 1000 and B = diag{1,0,0,1}. Thus, manipulators 1
1100
and 4 can directly obtain the leader signal, and the leader information can be transmitted
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to all manipulators through the communication graph. The initial conditions are selected
as q1(0) = [0,0.1]", g2(0) = [0.2,0.1] T, g3(0) = [0.1,0.1] T, g4(0) = [0.3,0.1] T, and 41 (0) =
42(0) = 43(0) = 44(0) = [0.1,0.1]". The simulation is performed over [0,10] s with a
fixed sampling step of 0.001s. The fractional-order dynamic event-triggered parameters
are selected as app = 0.72, h; = 0.014, Iy = 1.15, I, = 0.006, and m;(0) = 0.003. The
predefined-time and control parameters are chosen as T, = 3's, ¢ = 0.16. The adaptive
parameters are initialized as W;(0) = 0.0119x, {;(0) = 0.18, and Z;(0) = 0.08,i = 1,2,3,4,
with adaptive gains A;; = 0.030, Aj» = 0.050, and A;3 = 0.050.

The fault injection instants are selected as t{ = 1.50 s, t£ = 3.00 s, tg = 450 s,
tf; = 6.00 s. Before the fault occurs, T';(f) = I, and J;(t) = 0. After the fault occurs,
the actuator effectiveness factors and bias faults are given by

Iy (t) = diag{0.78 + 0.035sin(0.8t), 0.82 + 0.030 cos(0.6t) },
I, (t) = diag{0.75 + 0.040 cos(0.7t), 0.80 + 0.035 sin(0.8t) },
T'3(t) = diag{0.78 + 0.040 sin(0.6t), 0.82 + 0.035 cos(0.9¢)},
T4(t) = diag{0.74 + 0.040 cos(0.8t), 0.77 + 0.040 sin(0.7+) },
J1(£) = [0.060sin(0.9¢), —0.055cos(0.7¢)] T, ¢ > ¢,

T (£) = [—0.070 cos(0.8¢), 0.060sin(0.6¢)] T, > t],

J3(t) = [0.060sin(0.7¢), 0.050cos(0.8¢)] T, > ¢,

Ja(t) = [~0.075sin(0.6t), 0.065cos(0.9¢)] T, t> .

In the simulation, the lower bounds of the two actuator effectiveness factors are set as
0.68 and 0.70, respectively.

Following the fuzzy logic techniques in [8,29], the fuzzy rules are formulated as
follows, and Gaussian membership functions are selected: IF x;1 is Aj; AND x5 is Ap AND
xi3 is Aj3 AND x4 is Ajy, THEN the corresponding consequent is @;;, where @;; is the j-th
row of W;. The antecedent fuzzy sets are described by the Gaussian membership functions

)2
Hie(xig) = exp <_WC1£)>, (89)

o2

where ¢jy is the {-th component of the center ¢; and o = 3.2 is the common width. The nor-
malized firing strength of the j-th rule is calculated as

(90)

o i pe(xe)
#ix) Y1 Ty pre(xie)

The fuzzy approximation is then given by F;(x;) = W."¢;(x;). The centers of the nine
rules are listed in Table 2.

Table 2. Centers of the Gaussian membership functions used in the FLS.

Rule j cj1 Cj2 cj3 Cja
1 —1.2 —-1.2 —4 —4
2 —0.6 —0.6 -2 -2
3 0 0 0 0
4 0.6 0.6 2 2
5 1.2 1.2 4 4
6 —-1.2 1.2 -3 3
7 1.2 —-1.2 3 -3
8 —-0.3 0.9 -1 2
9 0.9 —0.3 2 -1
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For comparison, a Nussbaum-type method, an integer-order dynamic event-triggered
mechanism (DETC), and a static event-triggered mechanism (SETC) are also simulated
under the same initial conditions, reference trajectory, actuator faults, and disturbances.

The following results are presented to demonstrate the tracking performance, bounded
control input, fractional-order triggering behavior, adaptive parameter evolution, and com-
parative advantages of the proposed control scheme.

Figures 1 and 2 show the tracking trajectories of the first and second joint components,
respectively. It can be observed that all robotic manipulators track the desired trajectories
after a short transient process. Although actuator faults are injected at different instants,
the tracking trajectories remain bounded and no divergence occurs. This indicates that
the proposed adaptive fuzzy fractional-order event-triggered fault-tolerant controller can
maintain satisfactory tracking performance in the presence of actuator degradation and
external disturbances.

15 T T T I T T T I T T T
: : : : ——
qo1 |
==
....‘.... q41 |
== =44
9 10
—*—{q12
g2 (
—-k-—(Q3
....‘.... q42 -
— = =qa2 |

0 1 2 3 4 ) 6 7 8 9 10
t/s

Figure 2. Tracking trajectories of the second joint component.

Figure 3 depicts the tracking and consensus error norms under actuator faults. The ver-
tical dashed lines denote the fault injection instants. It can be seen that the error decreases
rapidly during the initial transient stage and then remains within a small bounded region.
Quantitatively, the tracking error norm at T, = 3 s is 0.007865, the final tracking error norm
is 0.007559, and the maximum tracking error norm after 3 s is 0.010373. The RMS tracking
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error norm over the whole simulation interval is 0.150113. These results are consistent with
the predefined-time tracking property obtained in the theoretical analysis.

1~5 T H T | T H T | T T T
: iLe — g —aallr
! : : ——=llalr
= ll2alF
i _
1 ! -
g | !
2 | !
5 | !
g I !
- 0.5 : ]
i
|
i
J
0 'L_,J VALY | I . L n 1 " "
0 1 2 3 4 5 6 7 8 9 10

t/s

Figure 3. Tracking and consensus error norms under actuator faults.

Figure 4 presents the actual actuator inputs generated by the proposed method.
The control signals remain bounded throughout the simulation interval, and only moderate
variations appear after the actuator faults occur. This result shows that the proposed
scheme can compensate for the adverse effects of actuator faults without producing exces-
sive control oscillations.

400
Uil
) 200 gy |
3 0 Uz [N
Uy
—200 q
10
200 T T T T T T T T T
U2
o U2z ||
3 U32 [
_ _ : _ Uy | 7]
_100 1 1 | 1 1 | 1 1 1 =

0 1 2 3 4 5 6 7 8 9 10
t/s

Figure 4. Actual actuator inputs of the proposed method.

Figure 5 illustrates the fractional-order event-triggering behavior. The triggering instants
are distributed over the simulation interval rather than being generated at every sampling
instant. In this simulation, the four robotic manipulators generate 5115, 3728, 3480, and 4494
triggered updates, respectively, and the total number of triggered updates is 16, 817. Since
the total number of possible periodic updates is 4 x 10,000 = 40, 000, the update saving rate
is approximately 57.96%. The dynamic triggering variables remain positive and bounded,
which is consistent with the design of the fractional-order event-triggered mechanism.
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Figure 5. Memory-based fractional-order event-triggering behavior.

As shown in Table 3, the total number of triggered updates varies from 16,774 to
16, 884, corresponding to saving rates between 57.79% and 58.07%. Meanwhile, the RMS
tracking error, final tracking error, and post-T; peak error remain close to their baseline

values. These results indicate that Iy and I, affect the triggering behavior, while the

proposed method maintains similar update-saving and tracking performance over the

considered parameter range.

Table 3. Quantitative comparison under different values of IT; and IT,.

I1; I, RMS(e) Final(e) Peak;>T, Updates Saving Rate
0.85 0.006 0.150113 0.007554 0.010341 16774 58.07%
1.15 0.006 0.150113 0.007559 0.010373 16817 57.96%
1.45 0.006 0.150113 0.007557 0.010428 16797 58.01%
1.15 0.004 0.150113 0.007548 0.010353 16884 57.79%
1.15 0.008 0.150113 0.007553 0.010432 16827 57.93%

Figure 6 gives the trajectories of the adaptive parameters. It can be seen that the

adaptive parameters remain bounded during the whole simulation process. This verifies

that the adaptive fuzzy approximation and robust adaptive terms do not lead to parameter

divergence under actuator faults and external disturbances.

5
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Figure 6. Trajectories of adaptive parameters.
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To further demonstrate the advantage of the proposed fault-tolerant design, Figure 7
compares the proposed method with a Nussbaum-type method. The upper subfigure shows
the tracking error, and the lower subfigure shows the actual control input. The Nussbaum-
type method can still realize bounded tracking, but larger error fluctuations can be observed
after the actuator faults occur. Moreover, the corresponding actuator input contains more
obvious oscillations. In contrast, the proposed controller achieves a smaller post-transient
tracking peak and smoother actuator inputs without relying on oscillatory Nussbaum-type
gain adjustment. As shown in Table 4, the proposed method reduces the post-T; peak
tracking error by 71.22% and the input energy by 18.13%.

1.5 T g T T B T T T T T
proposed method
Nussbaum-type method

tracking error

U] EEPp R ——
1

t/s

proposed method
Nussbaum-type method

Figure 7. Comparison with the Nussbaum-type method.

Table 4. Tracking performance comparison with the Nussbaum-type method.

Case RMS(e) RMS;>1.(e) Peak;>t, Final(e) Meanl|u,||

Proposed method 0.150113 0.008023 0.010373  0.007559 109.850
Nussbaum-type method 0.152682 0.012855 0.036041 0.010339 122.239

Figure 8 compares the tracking error norms under the proposed fractional-order event-
triggered mechanism (MFETC), the integer-order dynamic event-triggered mechanism
(DETC), and the static event-triggered mechanism (SETC). It can be observed that all three
mechanisms maintain bounded tracking errors. However, the DETC and SETC cases
exhibit larger post-transient error peaks, while the MFETC case maintains a smoother
post-transient error profile. The quantitative comparison is summarized in Table 5. These
results show that the MFETC mechanism achieves the smallest post-T; peak error and final
error among the three mechanisms, indicating that the proposed fractional-order dynamic
event-triggered mechanism can better exploit historical triggering information to improve

post-transient tracking accuracy.
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Figure 8. Tracking comparison under different event-triggered mechanisms.

Table 5. Quantitative comparison under different event-triggered mechanisms.

Mechanism RMS(e) Final(e) Peak;>T, Updates Saving Rate

MEFETC 0.150113 0.007559 0.010373 16817 57.96%
DETC 0.150452 0.008501 0.015399 18392 54.02%
SETC 0.150452 0.007996 0.017142 18534 53.67%

Example 2. To further verify the applicability of the proposed method to different Euler-Lagrange
systems, four heterogeneous single-link robotic manipulators are considered. The dynamics of the
i-th manipulator are described by

Mg + big; +my, gl sin(q;) + fi(qi,4:) = ui +di(t), (91)

where M; = mp,ill-z, q; and 4; denote the angular position and velocity, respectively, my,; is the link
mass, 1; is the link length, b; is the damping coefficient, f;(q;,q;) represents the unknown nonlinear
dynamics, and d;(t) is the external disturbance. The physical parameters of the four manipulators
are given in Table 6.

Table 6. Physical parameters of the heterogeneous single-link robotic manipulators.

Agenti my,; 1; b;
1 1.60 0.85 0.72
2 2.00 1.00 0.95
3 2.35 0.92 1.18
4 1.80 1.08 0.84

The gravitational acceleration is set to g = 9.8. To represent heterogeneous model un-
certainties, the unknown nonlinear functions are chosen as f1(q1,41) = 0.18sin(2q7) +

0.10q4 4 . 0.12454 : : 0.08434
1+qﬁ7‘f‘1l, fo(@2,42) = 014cos(17g2) + *FREL, f5(g3,45) = 0.20sin(1.505) + *FEEIEL,

f1(qg4,44) = 0.16cos(1.9g4) + O}iql‘;‘fl‘*‘ Meanwhile, the bounded external disturbances
imposed on the four agents are d1 (t) = 0.055sin(1.10¢ 4 0.2), d»(#) = 0.050 cos(0.95¢ 4 0.5),
d3(t) = 0.060sin(1.20t + 0.8), dy4(t) = 0.052 cos(1.05¢ 4 1.1). For the cooperative tracking
task, the same communication topology and leader-access matrix as those in Example
1 are adopted, and the reference signal generated by the virtual leader is selected as

g4(+) = 0.90sin(0.857tt) + 0.18 cos(0.307t).
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To evaluate the fault-tolerant performance under different actuator failures, faults are

introduced into the four agents at t{ =12s, t£ =21s, tf; =34s,and tf; = 4.6 s. Before
f
t
1

parameters switch to the following time-varying fault profiles:

, the i-th actuator operates normally, namely, T;(f) = 1 and J;(t) = 0. At t{ , the actuator

T1(t) = 0.62 + 0.035sin(0.75¢), Ji(t) = 0.16sin(0.90¢), t> ¢,
T5(t) = 0.70 + 0.040 cos(0.65¢), o(t) = —0.18c0s(0.75t), t> ¢,
Ts(t) = 0.58 + 0.030sin(0.55¢), J3(t) = 0.14cos(0.85t), > t],
T4(t) = 0.66 + 0.035 cos(0.80¢), Ja(t) = —0.17sin(0.70¢), ¢ > ¢].

The corresponding lower bounds of the actuator effectiveness factors are 0.585, 0.660,
0.550, and 0.625, respectively. Thus, all actuator effectiveness factors remain strictly positive
and satisfy Assumption 2.

With the above system and fault settings, the initial positions are set to ¢(0) =
[0.51,0.52,0.53,0.54] T, and the initial velocities satisfy 4;(0) = 0. The simulation is per-
formed over [0, 8] s with a fixed sampling step of 0.001 s. The predefined time is set
to T, = 3 s with ¢ = 0.16, while the remaining controller parameters are k;; = 24,
i = mp = 0.02, dip = 045, ¢;; = 0.025, and ¢ = 0.75. The fractional-order dy-
namic event-triggered parameters are arp = 0.72, h; = 0.014, I} = 1.15, Il = 0.006,
and m;(0) = 0.003. To implement the adaptive fuzzy approximation, the FLS input is
selected as x; = [g;,4;] . Nine normalized Gaussian fuzzy rules are employed, whose
centers are taken from {—1.2,0,1.2} x {—3,0,3}, with a common width of ¢ = 2.2. The
adaptive parameters are initialized as W;(0) = 0.0119,1, {;(0) = 0.20, and &;(0) = 0.10,
with adaptive gains A;; = 0.035 and Aj, = Aj3 = 0.060.

Figure 9 presents the tracking trajectories of the four single-link robotic manipulators.
Despite the heterogeneous physical parameters, unknown nonlinear dynamics, external
disturbances, and actuator faults, all followers track the reference signal generated by
the virtual leader. Figure 10 shows the tracking error norm. The error decreases rapidly
during the initial transient stage and enters a small residual region within the predefined
time T, = 3 s. The tracking error norm at T, is 0.018978, the final tracking error norm is
0.003324, and the maximum tracking error norm after T; is 0.019183. Figure 11 illustrates the
triggering instants and the corresponding dynamic triggering variables. The four agents
generate 2401, 2880, 2891, and 2629 triggered updates, respectively. The total number
of triggered updates is 10801, whereas the total number of possible periodic updates is
4 x 8000 = 32,000. Therefore, the control-input update saving rate is approximately
66.25%. Moreover, all dynamic triggering variables remain positive and bounded during
the simulation. Figure 12 depicts the actual actuator inputs under actuator effectiveness
loss and bias faults. The actuator inputs remain bounded after the occurrence of the
faults. Together with the tracking results, this further verifies that the proposed method
can maintain predefined-time tracking performance for heterogeneous single-link Euler—
Lagrange systems under unknown nonlinearities, external disturbances, and actuator faults.
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Figure 11. Triggering instants and dynamic triggering variables in Example 2.
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Figure 12. Actual actuator inputs in Example 2.

5. Conclusions

This paper investigated the predefined-time consensus tracking control problem for
networked robotic manipulators with actuator faults, unknown nonlinearities, and external
disturbances. An adaptive fuzzy fractional-order dynamic event-triggered fault-tolerant
control scheme was proposed by combining nonsingular predefined-time backstepping
design, fractional-order dynamic event-triggered updating, and adaptive fuzzy fault com-
pensation. The fractional-order triggering variable was introduced to incorporate historical
triggering information into the threshold dynamics, while adaptive fuzzy approximation
and robust compensation terms were used to handle model uncertainties and actuator
faults. Based on Lyapunov analysis, it was proved that all closed-loop signals are bounded
and that the tracking errors converge to a small residual set within the predefined time.
Simulation results on networked two-link robotic manipulators demonstrated the tracking
performance, fault-tolerant capability, and comparative advantages of the proposed method
over the Nussbaum-type method, the integer-order dynamic event-triggered mechanism,
and the static event-triggered mechanism in the considered case. An additional example
involving heterogeneous single-link Euler-Lagrange agents provided further simulation
evidence for the effectiveness of the proposed scheme under a different system model
and fault scenario. Future work will focus on experimental validation and on extending
the proposed scheme to more general communication settings, including directed and
switching interaction graphs, temporarily disconnected networks, large communication
delays, and incomplete leader information.
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