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1. Introduction

In recent decades, multi-agent systems (MASs) have proven highly effective in modeling large-scale
and uncertain networked systems. A key advantage of MASs lies in their ability to solve complex tasks
beyond the capacity of individual agents, which has attracted extensive research interest across diverse
domains, including formation control [1], spacecraft attitude coordination [2], alternating current
microgrids, and fault-tolerant control [3,4]. Consensus, as a fundamental collective behavior in MASs,
has consistently remained a central research focus. To achieve consensus, researchers have developed
a variety of control strategies, such as event-triggered control (ETC) [5], intermittent control [6, 7],
sampled-data control [8], and fuzzy control [9].

Intermittent control alternates between working and resting intervals. This method significantly
reduces control costs while maintaining system performance. It has been extensively applied to
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consensus problems of MASs [10–12]. The concept of intermittent control was first introduced
in [10]. Subsequently, Wang et al. employed intermittent control to achieve fixed-time consensus
(FTC) of MASs [11], and Azarbahram et al. extended it to tracking consensus of uncertain nonlinear
MASs under denial-of-service attacks [12]. Notably, these studies mainly focused on periodic
intermittent control. However, aperiodic intermittent control is more general and has broader practical
potential [13–15]. For instance, a containment control algorithm for heterogeneous MASs was
developed using intermittent control in [13]. Later, He et al. adopted aperiodic intermittent control
to realize finite-time consensus of MASs [14], and Liu et al. further addressed the consensus of
MASs via aperiodically intermittent ETC [15]. It should be emphasized that in the above works, the
working instants of intermittent control were artificially predefined. In real-world applications such as
wind power generation, these instants need to be determined autonomously, which serves as a crucial
motivation for the present study.

To further reduce controller updates and conserve communication resources, ETC has been
extensively employed in addressing consensus problems [4,16–19]. For instance, in the context of AC
microgrid secondary control with actuator faults, Zhai et al. proposed an event-triggered fault-tolerant
control strategy that achieves voltage regulation. However, the approach relies on event-triggered
patterns with intermittent control that do not adapt dynamically to the real-time system state [4]. Zhu
et al. investigated general linear MASs within the ETC framework [16], while Cai et al. applied
ETC to achieve FTC of MASs subject to uncertain disturbances [17]. Zhang et al. studied general
linear MASs by adopting an aperiodic intermittent adaptive ETC strategy [18]. Zhu et al. addressed
the problem of achieving optimal consensus control for multi-agent systems with unknown dynamics
under limited computational resources by employing an event-triggered mechanism [19]. However,
the aforementioned studies primarily relied on static ETC with fixed triggering parameters, which
inherently restricts system adaptability to dynamic state changes. To overcome this limitation, dynamic
ETC has been proposed and developed [20–22]. Specifically, Chen et al. explored consensus of
general linear MASs using dynamic ETC [20], and the observer-based consensus problem of MASs has
been similarly addressed via dynamic ETC strategies [21]. Zhou et al. addressed the state estimation
problem for complex networks subject to deception and DoS attacks by employing a dynamic event-
triggered mechanism, thereby achieving accurate state estimation under hybrid attacks and limited
communication resources [22].

The settling time is a key metric for MASs. Consequently, accelerating the convergence process
has become a central research objective. Compared with asymptotic convergence methods, finite-
time control techniques offer remarkable advantages [23–25]. For instance, Gao et al. investigated
the finite-time output consensus of heterogeneous fractional-order MASs via ETC [23], and Wang et
al. studied bipartite finite-time consensus of MASs through intermittent ETC [24]. Haripriya et al.
studied the finite-time synchronization of sampled-data-controlled complex dynamical networks with
a time-varying delay [25].

Nevertheless, a major limitation of finite-time control is its dependence on the system’s initial
conditions, which undermines its practicality when initial states are unknown or sufficiently large.
To circumvent this issue, the fixed-time theory was introduced [26], which guarantees that the settling
time remains independent of initial values. Recent advancements in this field have yielded substantial
findings on fixed-time control [27, 28]. Specifically, Zuo et al. explored the practical FTC of MASs
over undirected topological networks [27], and Zhou et al. addressed the FTC of second-order MASs
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with uncertain bounded disturbances [28]. Inspired by these developments, this paper proposes an
intermittent dynamic ETC scheme to achieve FTC of MASs. The principal contributions of this
work are:

(1) Compared with the methods in [14, 15, 18, 39], this work introduces an innovative aperiodic
intermittent dynamic ETC mechanism by incorporating auxiliary functions. This mechanism
autonomously determines the working and resting instants of intermittent control without relying on
predefined thresholds.

(2) In contrast to the methods in [30, 31] that determine the working and resting instants of
intermittent control, this paper determines these instants via a dynamic event-triggered control
mechanism.

(3) Unlike the controllers in [15, 27, 31, 37, 38] that typically employ linear or power-law terms,
the proposed controller adopts an exponential term, resulting in a more concise structure and simpler
implementation.

Notation: R denotes the set of real numbers; RM×M for M × M real matrices. The transpose of a
vector x is written xT. A diagonal matrix with entries d1, d2, ..., dM is written as diag{d1, d2, ..., dM}.
Let λmax(·) and λmin(·) be the maximum and minimum eigenvalues of a matrix. κ � 1 means that
κ is far greater than 1. Given x = (xT

1 , xT
2 , ..., xT

M)T, xi = (xi1, xi2, ..., xin)T, set Tanh(x) =

(TanhT(x1), TanhT(x2), ..., TanhT(xM))T, where Tanh(xi) = (tanh(xi1), tanh(xi2), ..., tanh(xin))T,
||x||m = (|x1|

m + |x2|
m + ... + |xM |

m)1/m, m = 1, 2.
We organize the paper as follows. Section 2 provides preliminaries and basic results. Section 3

establishes the main theoretical results. Section 4 provides an illustrative example. Finally, Section 5
contains conclusions and future research.

2. Preliminaries

Consider an undirected graph composed of M nodes, denoted by G(N,E), where each node
corresponds to an agent. The edge set is E. A pair of agents (i, j) are neighbors whenever (i, j) ∈ E.

The matrix A = [ai j] ∈ RM×M, where ai j =

1, if (i, j) ∈ E,
0, otherwise,

and aii = 0, the degree matrix

D =diag{d1, d2, ..., dM} with di =
M∑

j=1, j,i
ai j, and the matrix L = D − A. Define B =diag{b1, b2, ..., bM}

with bi > 0 for agents that can access the leader; otherwise bi = 0. Let L̂ = L + B = (ci j)M×M be a
positive definite matrix.

The MASs under study comprise one leader and M followers, whose dynamics are characterized as
follows:  ẋi(t) = ui(t) + f (xi(t), t) + di(xi(t), t), i = 1, 2, ...,M,

ẋ0(t) = f (x0(t), t),
(2.1)

where xi(t), x0(t) ∈ Rn are the states of the ith follower and the leader, respectively; ui(t) is the control
input; and f : Rn ×R+ → Rn is a continuous nonlinear function. di(xi(t), t) is an uncertain but bounded
disturbance.

Assumption 2.1. [6] LetD be a known positive constant, satisfying ||di(xi(t), t)||2 ≤ D.
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Assumption 2.2. [33] For a constant h > 0 , we have

|| f (z1, t) − f (z2, t)||2 ≤ h||z1 − z2||2,

where z1, z2 ∈ R
n.

Definition 2.3. [15] The nonlinear MASs (2.1) realize practical FTC tracking if the following
inequalities hold for i = 1, 2, ...,M: lim

t→T ∗
||xi(t) − x0(t)||2 ≤ d,

||xi(t) − x0(t)||2 ≤ d, ∀t > T ∗,

where d is a small adjustable constant. The settling time T ∗ does not rely on initial states.

Definition 2.4. [37] For the intermittent control strategy, there exist β ∈ (0, 1) and Tβ ≥ 0 such that

Tcon(t2, t1) ≥ β(t2 − t1) − Tβ, ∀t2 > t1 ≥ 0,

where Tcon(t2, t1) is the total control time on [t1, t2), and β, Tβ are the average control rate and the
elasticity number, respectively.

Remark 2.5. Definition 2.4 is derived from the proof of the fixed-time differential inequality in [37].
Adopting the average control rate ensures that the lengths of the working intervals [Tk, S k) and resting
intervals [S k, Tk+1) within each control process [Tk, Tk+1) can be arbitrary, provided that the ratio of
the total length of the working intervals to the entire control process equals β. Consequently, β is
applicable to a broader class of intermittent control signals.

Lemma 2.6. [6] Suppose a Lyapunov function W(t) satisfies the differential inequality

Ẇ(t) ≤

−α1W(t) − α2W p(t) − α3Wq(t) + δ1, t ∈ [Tk, S k),
α4W(t) + δ2, t ∈ [S k, Tk+1),

where α1, α2, α3, α4, and δ > 0, p > 1, and 0 < q < 1. If there exists ε̆ > 0, α4 − βε̆ ≤ 0 and
(1 − β)ε̆ − α3 < 0 hold. Additionally, W(t) converges to the residual set

lim
t→T ∗

W(t) ≤ max{ξ1, ξ2, ξ3},

where ξ1 = δ
1/p
1 (h̄α2)−1/p, ξ2 = δ

1/q
1 (h̄α3)−1/q, ξ3 = δ2/(βε̆ − α4), and

T ∗ ≤
1 + α̂1(p − 1)Tβ

α̂1(p − 1)β
+

1 + α̂2(1 − q)Tβ

α̂2(1 − q)β
,

where α̂1 = α1(1 − h̄) exp{(1 − p)ε̆Tβ}, α̂2 = α2(1 − h̄), 0 < h̄ < 1.

Lemma 2.7. [6] For any v ∈ R, we can obtain

0 ≤ |v| − vtanh(κv) ≤
L

κ
, (2.2)

where κ � 1 and L = 0.2785.

Lemma 2.8. [34] For any vector z = (z1, z2, ..., zn) ∈ Rn and 0 < c1 < c2,

||z||c2 ≤ ||z||c1 ≤ n
1

c1
− 1

c2 ||z||c2 ,

where ||z||r = (
n∑

i=1
|ci|

r)1/r, in which r = c1, c2.
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3. Results

The tracking error is denoted as ei(t) = xi(t)− x0(t), and the control input of follower i is as follows:

ui(t) =

−ρ1yi(tik
m)e||yi(tikm)||2α−1

2 − ρ2Tanh(κyi(tik
m)), t ∈ [tik

m, tik
m+1) ∩ [Tk, S k),

0, t ∈ [S k,Tk+1),
(3.1)

where ρ1, ρ2 > 0, α > 1/2. Tk and S k represent the working and resting instants of intermittent dynamic
ETC protocol, respectively. The tik

m indicates the mth triggering instant of the ith agent in [Tk, S k), and

yi(t) =

M∑
j=1

ai j(xi(t) − x j(t)) + bi(xi(t) − x0(t)) =

M∑
j=1

ci je j(t), (3.2)

thus, (L̂ ⊗ In)e(t) = (yT
1 (t), yT

2 (t), ..., yT
M(t))T, yi(t) = (yi1(t), yi2(t), ..., yin(t))T.

Remark 3.1. Unlike the controllers proposed in [15, 27, 31] that are built upon linear and power-law
terms, our controller adopts an exponential term, yielding a more streamlined design. Moreover,
compared with the method in [29], the proposed controller is not only more practical but also
integrates intermittent control with a dynamic ETC mechanism, thereby substantially improving both
applicability and operational efficiency.

Remark 3.2. Existing works such as [14, 24, 37, 40] employ the sign function, which is discontinuous
at the origin. Although this issue can be addressed by using a saturation function [28, 41], the latter is
nondifferentiable and requires separate analysis. To overcome these limitations, this paper adopts the
tanh function, which effectively resolves both problems while preserving practical applicability.

We introduce two non-negative, continuously differentiable functions W1(t) and W2(t) for the
purpose of determining the intermittent control intervals:Ẇ1(t) = −m1W1(t) − m2W

2α+1
2

1 (t) − m3W
1
2

1 (t) + δ1,

Ẇ2(t) = −m1W2(t) − m2W
2α+1

2
2 (t) − m3W

1
2

2 (t) + δ1,
(3.3)

where 0 < mi < αi, i = 1, 2, 3, δ1 > 0. αi is the Theorem 2.6. W1(0) = h1(1/2eT (0)(L̂ ⊗ In)e(0) +∑M
i=1 ψi(0)), W2(0) = h2(1/2eT (0)(L̂ ⊗ In)e(0) +

∑M
i=1 ψi(0)), 0 < h2 < 1 < h1, ψi(t) is an internal

dynamic variable, ψi(0) > 0, and e(t) = (eT
1 (t), eT

2 (t), ..., eT
M(t))T.

Using the auxiliary functions W1(t) and W2(t), we design the following ETC mechanism to
determine the working and resting instants:S k = inf{t > Tk : 1

2eT (t)(L̂ ⊗ In)e(t) +
∑M

i=1 ψi(t) ≤ W2(t)},
Tk+1 = inf{t > S k : 1

2eT (t)(L̂ ⊗ In)e(t) +
∑M

i=1 ψi(t) ≥ W1(t)},
(3.4)

where T0 = 0.

Remark 3.3. In contrast to [30, 31], we utilize a dynamic ETC mechanism to determine the working
and resting instants of intermittent control. Consequently, in Eq (3.4), Tk and S k are determined by the
sum of the two terms.
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Remark 3.4. The upper and lower bounds are constructed such that W2(t) ≤ V(t) ≤ W1(t). When
V(t) reaches the lower bound, the system automatically enters the resting interval, and when it reaches
the upper bound, it automatically enters the working interval, thus achieving autonomous switching
between working and resting instants. In contrast, a single auxiliary function cannot simultaneously
determine both the start and stop of control.

The positive constant tik
m satisfies

tik
m+1 = inf{t > tik

m |Hi(t) ≥ ψi(t)}, (3.5)

in which Hi(t) is the triggering function, ψi(t) is an internal dynamic variable defined in Proposition 3.6,
and tik

0 = Tk.

Remark 3.5. During the interval [Tk, S k), it follows from (3.4) and (3.5) that tik
0 = Tk, indicating that

an event is triggered at Tk [32]. If tik
m is the last triggering instant in [Tk, S k), and tik

m < S k, then (3.5)
implies that no event is triggered, and the controller remains unchanged throughout [tik

m, S k).

Hi(t) is defined as follows:

Hi(t) =
1
2
||ηi(t)||22 − θρ1||yi(t)||2α+1

2 − θρ2 (3.6)

with the triggering parameter θ ∈ (0, 1).
Herein, ηi(t) is constructed as

ηi(t) =ρ1yi(tik
m)e||yi(tikm)||2α−1

2 + ρ2Tanh(κyi(tik
m)) − ρ1yi(t)e||yi(t)||2α−1

2 − ρ2Tanh(κyi(t)). (3.7)

The overall architecture diagram of the closed-loop system is depicted in Figure 1.

Proposition 3.6. Consider the following variable ψi(t):

ψ̇i(t) =

θρ1||yi(t)||2α+1
2 + θρ2 −

1
2 ||ηi(t)||22 − γ1ψ

2α+1
2

i (t) − γ2ψ
1
2
i (t), t ∈ [tik

m, tik
m+1) ∩ [Tk, S k),

0, t ∈ [S k,Tk+1),
(3.8)

where γ1, γ2 and ψi(0) > 0. Based on Eq (3.8) and ψi(0) > 0, it is guaranteed that for all t > 0,
ψi(t) > 0.

The proof of Proposition 3.6, which shows that ψi(t) > 0 for any t > 0, is similar to that in [38] and
is therefore omitted here.

By the definition of ei(t), we have

ėi(t) =

−ρ1yi(tik
m)e||yi(tikm)||2α−1

2 − ρ2Tanh(κyi(tik
m)) + F(xi(t), t) + di(xi(t), t), t ∈ [tik

m, tik
m+1) ∩ [Tk, S k),

F(xi(t), t) + di(xi(t), t), t ∈ [S k,Tk+1),
(3.9)

where F(xi(t), t) = f (xi(t), t) − f (x0(t), t).
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Figure 1. Diagram figure of intermittent dynamic ETC.

Algorithm 1 Intermittent Control Dynamic ETC Parameter Selection Algorithm

1: Given the system parameters L,D, ρ1, ρ2,m1,m2,m3, δ1,D;
2: Real-time compute V(t),W1(t),W2(t);
if V(t) ≥ W1(t) then

Goto step 3
else if V(t) ≤ W2(t) then

ui(t) = 0
3: Choose α > 1/2, ε̆ > 0, positive parameters γ1, γ2, θ, κ, h̄;
4: Calculate α1, α2, α3, α4, δ from Theorem 3.9;
5: Calculate the settling time T ∗ according to Theorem 3.9.

Remark 3.7. Existing intermittent control schemes [6, 14, 18, 23] typically rely on predetermined
time sequences, which limits their flexibility. In this study, we propose a novel approach. First, we
construct two auxiliary functions that converge within a fixed time. Then, we introduce a dynamic
ETC mechanism to autonomously determine the working and resting instants of intermittent control.
Consequently, the proposed intermittent dynamic ETC protocol achieves significant improvements in
both flexibility and adaptability. A comparison of the controller innovations between this work and
previous studies is provided in Table 1.
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Table 1. Different controllers.
No. Controller structure Triggering mechanism

[14]

ui(t) = βsig
(∑

j∈Ni
ai j(x j(t) − xi(t))

)α
, t ∈ [tk, tk + δk),

ui(t) = 0, t ∈ [tk + δk, tk+1), k = 1, 2, . . .
none

[15] ui(t) =

−ρ1yαi (ti
ri
) − ρ2 tanh(κyi(ti

ri
)) − ρ3yi(ti

ri
), t ∈ [ti

ri
, ti

ri+1) ∩ [tk, sk),
0, t ∈ [sk, tk+1)

ti
ri+1 = inf{t > ti

ri
|Hi(t) ≥ 0}

[18] ui(t) =

ci(t)K
∑N

j=1 ai j(x j(t) − xi(t)) + di(s0(t) − xi(t)), t ∈ [tk
i,s, t

k
i,s+1) ∩ [T2k,T2k+1),

0, t ∈ [T2k+1,T2k+2)
hi(t) = eT

i (t)ei(t) − ηiδ
T
i (t)δi(t) < 0

[20] ui = Jχiξ̂i, χ̇i =

0, χi ≥ χ̄i,

κiξ̂
T
i Ωξ̂i, χi < χ̄i

ti
k+1 = min{t > ti

k|ψi(t) ≤ 0}

[27] ui = ci

{
α
[∑N

j=1 ai j(x j − xi)
]2− p

q
+ β

[∑N
j=1 ai j(x j − xi)

] p
q
}

none

[35] ui(t) =


−gi(t)ei(t) − εisign(ei(t)) − θisign(ei(t))

∑n
j=1|e j(t − τ(t))|

−δisign(ei(t))|ei(t)|l, tk ≤ t < sk,

−θisign(ei(t))
∑n

j=1|e j(t − τ(t))| − εisign(ei(t)), sk ≤ t < tk+1

none

[36] ui(t) =

−dizi(t) − (eαz$i (t) − e−αz$i (t))/2, t ∈ [tk, sk),
0, t ∈ [sk, tk+1)

none

this paper ui(t) =

−ρ1yi(tik
m)e‖yi(tikm)‖2α−1

2 − ρ2Tanh(κyi(tik
m)), t ∈ [tik

m, t
ik
m+1) ∩ [Tk, S k),

0, t ∈ [S k,Tk+1)
tik
m+1 = inf{t > tik

m |Hi(t) ≥ ψi(t)}

Remark 3.8. As presented in Table 2, although studies [30, 31] also employ auxiliary functions to
determine the working and resting instants of intermittent control, they rely solely on intermittent
event-triggered mechanisms to achieve FTC. In contrast, the method proposed in this work integrates
intermittent control with a dynamic ETC mechanism to achieve FTC, thereby further reducing
controller update frequency and resource consumption.

Table 2. Determining the work instants and rest instants of intermittent control.
No. Triggering mechanism The work and rest instants of intermittent control

[30] none

sk = inf{t > tk : xT (t)x(t) ≤ W2(t)},
tk+1 = inf{t > sk : xT (t)x(t) ≥ W1(t)}

[31] tk
l+1 = inf{t > tk

l : ‖e(t)‖ − γ

2‖z(t)‖ > 0}

S k = inf{t > Tk : 1
2 xT (t)(LT Γ ⊗ In)x(t) ≤ W2(t)},

Tk+1 = inf{t > S k : 1
2 xT (t)(LT Γ ⊗ In)x(t) ≥ W1(t)}

This paper tik
m+1 = inf{t > tik

m : Hi(t) ≥ ψi(t)}

S k = inf{t > Tk : 1
2eT (t)(L̂ ⊗ In)e(t) +

∑M
i=1 ψi(t) ≤ W2(t)},

Tk+1 = inf{t > S k : 1
2eT (t)(L̂ ⊗ In)e(t) +

∑M
i=1 ψi(t) ≥ W1(t)}

Theorem 3.9. Assume that the intermittent control generated by (3.4) satisfies Definition 2.4 with
some constants 0 < β < 1 and Tβ > 0. Under the controller (3.1) and triggering function (3.6), the
MASs (2.1) realizes practical FTC tracking if ε̆ > 0, α4 − βε̆ ≤ 0, (1 − β)ε̆ − α3 < 0, and 0 < h̄ < 1.
The settling time

T ∗ ≤
1 + α̂1(p − 1)Tβ

α̂1(p − 1)β
+

1 + α̂2(1 − q)Tβ

α̂2(1 − q)β
,

where α̂1 = α1(1 − h̄) exp{(1 − p)ε̆Tβ}, α̂2 = α2(1 − h̄). α1 = 2λmin(L̂)(ρ1 − 1/2 −
h/λmin(L̂)), α2 = 2(1−2α)/2β2, β2 = min{[(2λ2

min(L̂))/λmax(L̂)](2α+1)/2ρ1(M(1−2α)/2 − θ), γ1M(1−2α)/2},
α3 = min{(2λmin(L̂))1/2(ρ2 − DM

1
2 ), γ2}, α4 = 2hλmax(L̂)/λmin(L̂), h is the constant in Assumption 2.2.

Tcon(t2, t1) is the total control time on [t1, t2); β and Tβ are the average control rate and the elasticity
number, respectively.

AIMS Mathematics Volume 11, Issue 7, 21441–21462.



21449

Meanwhile, the function V(t) converges to the following region:

lim
t→T ∗

V(t) ≤ max{ξ1, ξ2, ξ3},

where ξ1 = δ
1/p
1 (h̄α2)−1/p, ξ2 = δ

1/q
1 (h̄α3)−1/q, ξ3 = δ2/(βε̆ − α4). �

Proof. Let the Lyapunov function be defined as

V(t) = V1(t) + V2(t), (3.10)

in which

V1(t) =
1
2

eT(t)(L̂ ⊗ In)e(t), V2(t) =

M∑
i=1

ψi(t).

When t ∈ [tik
m, tik

m+1) ∩ [Tk, S k), according to the definition of ηi(t), we have

V̇1(t) =eT(t)(L̂ ⊗ In)ė(t)

=

M∑
i=1

yT
i (t)ėi(t)

=

M∑
i=1

yT
i (t)(−ηi(t) − ρ2Tanh(κyi(t)) + F(xi(t), t) − ρ1yi(t)e||yi(t)||2α−1

2 + di(xi(t), t))

= −

M∑
i=1

yT
i (t)ηi(t) − ρ2

M∑
i=1

yT
i (t)Tanh(κyi(t)) − ρ1

M∑
i=1

yT
i (t)yi(t)e||yi(t)||2α−1

2

+

M∑
i=1

yT
i (t)F(xi(t), t) +

M∑
i=1

yT
i (t)di(xi(t), t).

Based on Lemma 2.7, the following inequality can be yielded:

−ρ2yT
i (t)Tanh(κyi(t)) = −ρ2

n∑
j=1

yi j(t)tanh(κyi j(t))

≤

n∑
j=1

(
ρ2L

κ
− ρ2|yi j(t)|)

=
ρ2Ln
κ
− ρ2||yi(t)||1.

Moreover, we have

−ρ2

M∑
i=1

yT
i (t)Tanh(κyi(t)) ≤

ρ2LMn
κ

− ρ2||(L̂ ⊗ In)e(t)||1.

Under Assumption 2.2, we obtain

M∑
i=1

yT
i (t)F(xi(t), t) = yT(t)F(x(t), t)
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≤ ||y(t)||2||F(x(t), t)||2
≤ h||y(t)||2||e(t)||2
= h||y(t)||2||(L̂ ⊗ In)−1(L̂ ⊗ In)e(t)||2
≤ λmax((L̂ ⊗ In)−1)h||(L̂ ⊗ In)e(t)||22

=
h

λmin(L̂)
||(L̂ ⊗ In)e(t)||22,

where F(x(t), t) = (FT(x1(t), t), FT(x2(t), t), ..., FT(xM(t), t))T. Then, based on Assumption 2.1, we have

V̇1(t) ≤
1
2

M∑
i=1

||yi(t)||22 +
1
2

M∑
i=1

||ηi(t)||22 − ρ2||(L̂ ⊗ In)e(t)||1 − ρ1

M∑
i=1

yT
i (t)yi(t)e||yi(t)||2α−1

2

+
ρ2LMn

κ
+

M∑
i=1

yT
i (t)di(xi(t), t) +

h
λmin(L̂)

||(L̂ ⊗ In)e(t)||22

≤
1
2

M∑
i=1

||yi(t)||22 +
1
2

M∑
i=1

||ηi(t)||22 − ρ2||(L̂ ⊗ In)e(t)||1 − ρ1

M∑
i=1

yT
i (t)yi(t)e||yi(t)||2α−1

2

+
ρ2LMn

κ
+D

M∑
i=1

||yi(t)||2 +
h

λmin(L̂)
||(L̂ ⊗ In)e(t)||22

≤
1
2
||(L̂ ⊗ In)e(t)||22 +

1
2

M∑
i=1

||ηi(t)||22 − ρ2||(L̂ ⊗ In)e(t)||2 − ρ1

M∑
i=1

yT
i (t)yi(t)e||yi(t)||2α−1

2

+
ρ2LMn

κ
+DM

1
2 ||(L̂ ⊗ In)e(t)||2 +

h
λmin(L̂)

||(L̂ ⊗ In)e(t)||22.

Based on the Taylor expansion, we can obtain

− ρ1

M∑
i=1

yT
i (t)yi(t)e||yi(t)||2α−1

2

≤ − ρ1

M∑
i=1

yT
i (t)yi(t) − ρ1

M∑
i=1

||yi(t)||2α+1
2

≤ − ρ1||y(t)||22 − ρ1M
1−2α

2 ||y(t)||2α+1
2

= − ρ1||(L̂ ⊗ In)e(t)||22 − ρ1M
1−2α

2 ||(L̂ ⊗ In)e(t)||2α+1
2 .

From this, we derive

V̇1(t) ≤
1
2
||(L̂ ⊗ In)e(t)||22 − (ρ2 −DM

1
2 )||(L̂ ⊗ In)e(t)||2 − ρ1||(L̂ ⊗ In)e(t)||22

− ρ1M
1−2α

2 ||(L̂ ⊗ In)e(t)||2α+1
2 +

h
λmin(L̂)

||(L̂ ⊗ In)e(t)||22 +
ρ2LMn

κ
+

1
2

M∑
i=1

||ηi(t)||22

≤ − (ρ1 −
1
2
−

h
λmin(L̂)

)||(L̂ ⊗ In)e(t)||22 − (ρ2 −DM
1
2 )||(L̂ ⊗ In)e(t)||2
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− ρ1M
1−2α

2 ||(L̂ ⊗ In)e(t)||2α+1
2 +

ρ2LMn
κ

+
1
2

M∑
i=1

||ηi(t)||22.

Based on (3.8),

V̇2(t) =

M∑
i=1

ψ̇i(t)

=θρ1

M∑
i=1

||yi(t)||2α+1
2 −

1
2

M∑
i=1

||ηi(t)||22 − γ1

M∑
i=1

ψ
2α+1

2
i (t) − γ2

M∑
i=1

ψ
1
2
i (t)

≤θρ1(
M∑

i=1

||yi(t)||22)
2α+1

2 −
1
2

M∑
i=1

||ηi(t)||22 − γ1M
1−2α

2 (
M∑

i=1

ψi(t))
2α+1

2 − γ2(
M∑

i=1

ψi(t))
1
2 .

From this, we derive

V̇(t) =V̇1(t) + V̇2(t)

≤ − (ρ1 −
1
2
−

h
λmin(L̂)

)||(L̂ ⊗ In)e(t)||22 +
1
2

M∑
i=1

||ηi(t)||22 − ρ1M
1−2α

2 ||(L̂ ⊗ In)e(t)||2α+1
2

− (ρ2 −DM
1
2 )||(L̂ ⊗ In)e(t)||2 +

ρ2LMn
κ

+ θρ1||(L̂ ⊗ In)e(t)||2α+1
2 −

1
2

M∑
i=1

||ηi(t)||22

− γ1M
1−2α

2 (
M∑

i=1

ψi(t))
2α+1

2 − γ2(
M∑

i=1

ψi(t))
1
2

≤ − (ρ1 −
1
2
−

h
λmin(L̂)

)||(L̂ ⊗ In)e(t)||22 − ρ1(M
1−2α

2 − θ)||(L̂ ⊗ In)e(t)||2α+1
2

− (ρ2−DM
1
2 )||(L̂ ⊗ In)e(t)||2−γ1M

1−2α
2 (

M∑
i=1

ψi(t))
2α+1

2 −γ2(
M∑

i=1

ψi(t))
1
2 +

ρ2LMn
κ

≤ − 2λmin(L̂)(ρ1 −
1
2
−

h
λmin(L̂)

)V1(t) − (
2λ2

min(L̂)

λmax(L̂)
)

2α+1
2 ρ1(M

1−2α
2 − θ)V

2α+1
2

1 (t)

− (2λmin(L̂))
1
2 (ρ2−DM

1
2 )V

1
2

1 (t)−γ1M
1−2α

2 (
M∑

i=1

ψi(t))
2α+1

2 −γ2(
M∑

i=1

ψi(t))
1
2 +
ρ2LMn

κ

≤ − 2λmin(L̂)(ρ1 −
1
2
−

h
λmin(L̂)

)V1(t) − (
2λ2

min(L̂)

λmax(L̂)
)

2α+1
2 ρ1(M

1−2α
2 − θ)V

2α+1
2

1 (t)

− (2λmin(L̂))
1
2 (ρ2 −DM

1
2 )V

1
2

1 (t) − γ1M
1−2α

2 V
2α+1

2
2 (t) − γ2V

1
2

2 (t) +
ρ2LMn

κ

≤ − β1V(t) − β2(V
2α+1

2
1 (t) + V

2α+1
2

2 (t)) − β3(V
1
2

1 (t) + V
1
2

2 (t)) +
ρ2LMn

κ

≤ − β1V(t) − β22
1−2α

2 V
2α+1

2 (t) − β3V
1
2 (t) +

ρ2LMn
κ

,

where β1 = 2λmin(L̂)(ρ1 − 1/2 − h/λmin(L̂)), β2 = min{[(2λ2
min(L̂))/λmax(L̂)](2α+1)/2ρ1(M(1−2α)/2 −

θ), γ1M(1−2α)/2}, β3 = min{(2λmin(L̂))1/2(ρ2 −DM1/2), γ2}.
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When t ∈ [S k,Tk+1), we have

V̇(t) =

M∑
i=1

yT
i (t)ėi(t)

=

M∑
i=1

yT
i (t)(F(xi(t), t) + di(xi(t), t))

≤
2hλmax(L̂)
λmin(L̂)

V(t) +D

M∑
i=1

||yi(t)||2

≤
2hλmax(L̂)
λmin(L̂)

V(t) +D(2Mλmax(L̂))
1
2 V

1
2 (t)

≤
2hλmax(L̂)
λmin(L̂)

V(t) +D(2Mλmax(L̂))
1
2 V

1
2

max

=
2hλmax(L̂)
λmin(L̂)

V(t) + δ2.

Therefore, we have

V̇(t) ≤

−α1V(t) − α2V
2α+1

2 (t) − α3V
1
2 (t) + δ1, t ∈ [tik

m, tik
m+1) ∩ [Tk, S k),

α4V(t) + δ2, t ∈ [S k, Tk+1),
(3.11)

where α1 = β1, α2 = 2(1−2α)/2β2, α3 = β3, α4 = 2hλmax(L̂)/λmin(L̂), p = (2α + 1)/2, q = 1/2,
δ1 = ρ2LMn/κ, δ2 = D(2Mλmax(L̂))1/2V1/2

max. V(t) ≤ Vmax for t ≥ 0.
Based on Lemma 2.6, the system (2.1) can achieve FTC, and T ∗ satisfies

T ∗ ≤
1 + α̂1(p − 1)Tβ

α̂1(p − 1)β
+

1 + α̂2(1 − q)Tβ

α̂2(1 − q)β
,

where α̂1 = α1(1 − h̄) exp{(1 − p)ε̆Tβ}, α̂2 = α2(1 − h̄), 0 < h̄ < 1. Additionally, the function V(t)
converges to the following region:

lim
t→T ∗

V(t) ≤ max{ξ1, ξ2, ξ3},

where ξ1 = δ
1/p
1 (h̄α2)−1/p, ξ2 = δ

1/q
1 (h̄α3)−1/q, ξ3 = δ2/(βε̆ − α4). �

Based on system (3.3) and the condition (3.4), we have V(Tk) = W1(Tk). Moreover, according
to (3.11), it follows that V(t) ≤ W1(t), ∀t ∈ [Tk, S k). Additionally, by the event-triggered
mechanism (3.4), V(t) < W1(t) holds for t ∈ [S k, Tk+1). From the definition of W2(t), we obtain
V(t) > W2(t) and V̇(t) > Ẇ2(t) for t ∈ [Tk, S k); consequently, V(S k) = W2(S k). For t ∈ [S k,Tk+1), it is
clear that V(t) ≥ W2(t). Therefore, W2(t) ≤ V(t) ≤ W1(t),∀t > 0.

Since lim
t→T ∗1

W1(t) ≤ d and lim
t→T ∗1

W2(t) ≤ d, there is a positive constant T ∗ < T ∗1 such that

lim
t→T ∗

V(t) ≤ d,

where T ∗1 is the convergence time of W1(t) and W2(t), d > 0.
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Remark 3.10. In system (3.3), we have Ẇi(t) = −m1Wi(t) − m2W (2α+1)/2
i (t) − m3W1/2

i (t) + δ1 ≤

−m2W (2α+1)/2
i (t)−m3W1/2

i (t)+δ1. As shown in [6], Wi(t) converges to a residual set whose size depends
on m2, m3, α, δ1. Since W2(t) ≤ V(t) ≤ W1(t), the quantity d is less than or equal to this residual set.

Remark 3.11. The controller is given by ui(t) = −ρ1yi(tik
m)e‖yi(tikm)‖2α−1

2 − ρ2Tanh(κyi(tik
m)), where ρ1 is

the control gain of the exponential term, which adjusts the convergence rate, and ρ2 is the gain of
the hyperbolic tangent term, which enhances robustness. As ρ1 and ρ2 increase, the settling time T ∗

decreases. The triggering condition (3.6) involves parameters θ, γ1, γ2. Here, θ is the triggering
threshold coefficient: A larger θ increases the triggering threshold, thereby enlarging the interval
between two successive triggering instants and making it easier to avoid Zeno phenomenon. The
parameters γ1 and γ2 are decay coefficients of the dynamic variable ψ(t), ensuring its non-negativity
and excluding the Zeno phenomenon. By Lemma 2.6 and Theorem 3.9, we have ρ1 > 1/2 + h/λmin(L̂)
and ρ2 > DM1/2. For γ1 and γ2, it is required that they be greater than zero and satisfy β2 =

min{[(2λ2
min(L̂))/λmax(L̂)](2α+1)/2ρ1(M(1−2α)/2−θ), γ1M(1−2α)/2}, and α3 = min{(2λmin(L̂))1/2(ρ2−DM1/2),

γ2} with θ ∈ (0, 1).

Theorem 3.12. For the intermittent dynamic ETC process, Zeno behavior can be excluded under (3.1)
and (3.7).

Proof. To estimate tik
m+1 − tik

m from below, we compute the derivative of ‖ηi(t)‖2.
When t ∈ [tik

m, tik
m+1) ∩ [Tk, S k), we have

D+||ηi(t)||2 ≤||η̇i(t)||2

≤(ρ1e||yi(t)||2α−1
2 + ρ1(2α − 1)||yi(t)||2α−1

2 e||yi(t)||2α−1
2 + ρ2κsech2(κyi(t)))||ẏi(t)||2

≤(ρ1e||yi(t)||2α−1
2 + ρ1(2α − 1)||yi(t)||2α−1

2 e||yi(t)||2α−1
2 + ρ2κ)||ẏi(t)||2

≤(ρ1e(2λmax(L̂)Vmax)
2α−1

2
+ρ1(2α−1)(2λmax(L̂)Vmax)

2α−1
2 e(2λmax(L̂)Vmax)

2α−1
2

+ρ2
√

n)||ẏi(t)||2.

Based on (3.2), one has

||ẏi(t)||2 =||

M∑
i=1

ai j(ẋi(t) − ẋ j(t)) + bi(ẋi(t) − ẋ0(t))||2

=||

M∑
j=1

ai j( f (xi(t), t) + ui(t) + di(xi(t), t) − f (x j(t), t) − u j(t) − d j(x j(t), t))

+ bi( f (xi(t), t) + ui(t) + di(xi(t), t) − f (x0(t), t))||2

=||

M∑
j=1

ai j( f (xi, t) − f (x j, t)) + bi( f (xi, t) − f (x0, t))||2

+ ||

M∑
j=1

ai j(ui(t) − u j(t)) + biui(t)||2

+ ||

M∑
j=1

ai j(di(xi(t), t) − d j(x j(t), t)) + bidi(xi(t), t)||2
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≤||

M∑
j=1

ai j(ei(t) − e j(t)) + biei(t)||2 + ||

M∑
j=1

ai j(ui(t) − u j(t)) + biui(t)||2

+ (2D
M∑
j=1

ai j + biD)

≤||

M∑
j=1

ci ju j(t)||2 + h
M∑
j=1

ai j(||ei(t)||2 + ||e j(t)||2) + hbi||ei(t)||2 +D(2lii + bi).

Since (3.1), we have

||

M∑
j=1

ci ju j(t)||2 =||

M∑
j=1

ci j(−ρ1y j(t jk
m )e||y j(t

jk
m )||2α−1

2 − ρ2Tanh(κy j(t jk
m )))||2

≤

M∑
j=1

ci j(ρ1(2λmax(L̂)Vmax)
1
2 e(2λmax(L̂)Vmax)

2α−1
2

+ ρ2
√

n)

=ω1.

Therefore, we have

||ẏi(t)||2 ≤ω1 + h
M∑
j=1

ai j(||ei(t)||2 + ||e j(t)||2) + hbi||ei(t)||2 +D(2lii + bi)

≤ω1 + h(2lii + bi)(
2Vmax

λmin(L̂)
)

1
2 +D(2lii + bi)

≤ω1 + ω2.

Therefore, we have

||η̇i(t)||2 ≤(ρ1e(2λmax(L̂)Vmax)
2α−1

2
+ ρ1(2α − 1)(2λmax(L̂)Vmax)

2α−1
2 e(2λmax(L̂)Vmax)

2α−1
2

+ ρ2
√

n)(ω1 + ω2).

Based on ηi(tik
m) = 0, we can deduce that

||ηi(t)||2 ≤
∫ t

tikm

ω3ds + ||ηi(tik
m)||2 =

∫ t

tikm

ω3ds,

where ω3 = (ρ1e(2λmax(L̂)Vmax)(2α−1)/2
+ ρ1(2α− 1)(2λmax(L̂)Vmax)(2α−1)/2e(2λmax(L̂)Vmax)(2α−1)/2

+ ρ2
√

n)(ω1 +ω2).
Therefore,

||ηi(t)||22 ≤ (ω3(t − tik
m))2.

According to (3.6), we have

||ηi(tik
m+1)||22 = 2θρ1||yi(tik

m+1)||2α+1
2 + 2θρ2, (3.12)

which implies that

(ω3(tik
m+1 − tik

m))2 ≥ 2θρ2.
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A lower bound for the intertriggering interval is obtained as

tik
m+1 − tik

m ≥

√
2θρ2

ω3
.

When t ∈ [S k, Tk+1), event is not triggered. Therefore, Zeno behavior is excluded. The proof is
completed. �

4. Simulation results

We conduct a simulation on a nonlinear MAS consisting of ten followers and one leader. The
dynamic of each agent is ẋi(t) = ui(t) + f (xi(t), t) + di(xi(t), t), where f (xi(t), t) = 0.5(|xi1(t) + 1| −
|xi1(t) − 1|, |xi2(t) + 1| − |xi2(t) − 1|)T [30]. From Assumption 2.2, it follows that h = 0.5.

Figure 2 illustrates the undirected communication topology, from which we obtain λmin(L̂)=1,
λmax(L̂)=6.8. The initial states xi(0) and x0(0) are selected uniformly at random from [−0.5, 0.5].

We further compare our aperiodic intermittent dynamic ETC scheme with the numerical simulation
reported in [30].

Since the control intervals of intermittent control are [0.00, 0.10], [0.44, 0.56], [0.90, 0.99],
[1.33, 1.42], [1.76, 1.87], [2.20, 2.22], we can obtain β = 0.27 and Tcon(t2, t1) = 0.43. Let Tβ = 0.15
be such that Definition 2.4 is satisfied. By setting ρ1 = 3.7, ρ2 = 15, D = 0.1, α = 1.1, θ = 0.3,
γ1 = 1.6, and γ2 = 22, we obtain α1 = 5.4, α2 = 0.26, α3 = 22, and α4 = 6.8.

Let ε̆ = 30 and h̄ = 0.9 be used to obtain ξ1 = 0.91, ξ2 = 0.0002 and ξ3 = 0.9 in Theorem 3.9. Then
V ≤ 0.91 indicates that practical consensus is achieved. Based on (3.11) and κ = 300, we can obtain
δ1 = 0.09. Choosing m1 = 0.3, m2 = 0.2, m3 = 3.2 ensures mi < αi, i = 1, 2, 3. The state of V(t), W1(t)
and W2(t) are given in Figure 3.
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Figure 2. The communication graph.
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Figure 3. The relation of V(t), W1(t)
and W2(t).

Figures 4 and 5 show the tacking error and control of system (2.1).
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Figure 4. The evolution of ei(t).
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Figure 5. The evolution of ui(t).

When the initial values of the agents are larger, the results are as follows. The initial states xi(0) and
x0(0) are selected uniformly at random from [−5, 5].

Figures 6 and 7 show the relevant plots for initial values in the range [−5, 5]. It can be observed
that consensus can be achieved regardless of the initial values. The results demonstrate that, despite a
tenfold increase in the initial deviation, the convergence still completes strictly before the prescribed
bound T ∗.
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Figure 7. The evolution of ei(t).

The numerical simulation from [30] is presented as Figures 8 and 9.
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Figure 8. The state of x(t).
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The same controller and parameters are used in both [30] and this paper. From the convergence
times shown in Figures 3 and 9, it can be seen that the method proposed in this paper achieves
consensus in a shorter time.

It should be acknowledged that the enlarged initial error inevitably produces a higher instantaneous
control signal during the initial transient, which serves as a practical reminder of the trade-off between
fast fixed-time convergence and actuator constraints.

5. Discussion

This paper proposed an aperiodic intermittent ETC scheme to address the practical FTC problem
of nonlinear MASs with external disturbances. First, a control input incorporating an exponential
term and a hyperbolic tangent function was introduced, which was more concise than previous control
input forms and better aligned with practical engineering applications. Next, by introducing two
auxiliary functions that converged in fixed-time, an aperiodic intermittent ETC strategy was designed
to determine the working and resting instants of the intermittent control. Subsequently, based on
this framework, several sufficient conditions for achieving practical FTC of MASs with external
disturbances were derived. Finally, numerical examples verified the effectiveness of the theoretical
results. The controller is constructed with exponential error terms, which accelerate the consensus
process, particularly under large initial conditions, by amplifying the control response for large initial
deviations. Nevertheless, this amplification effect may push the control input into the saturation region,
imposing a practical constraint on the proposed scheme. As a prospective improvement, we intend to
introduce a saturation-compensated exponential term in future work to balance the trade-off between
convergence speed and actuator limits. In addition, we will demonstrate how two auxiliary functions
guarantee the average control rate condition.
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networks with discontinuous activation and mismatched parameters, IEEE T. Neur. Net. Lear., 32
(2021), 2470–2482. https://doi.org/10.1109/TNNLS.2020.3005945

35. L. Y. Cheng, F. C. Tang, X. L. Shi, X. Y. Chen, J. L. Qiu, Finite-time and fixed-time synchronization
of delayed memristive neural networks via adaptive aperiodically intermittent adjustment strategy,
IEEE T. Neur. Net. Lear., 34 (2023), 8516–8530. https://doi.org/10.1109/TNNLS.2022.3151478

36. D. S. Xu, S. T. Song, H. Su, Fixed-time synchronization of large-scale systems
via aperiodically intermittent control, Chaos Soliton. Fract., 173 (2023), 113613.
https://doi.org/10.1016/j.chaos.2023.113613

37. Y. B. Wu, Z. Y. Sun, G. T. Ran, L. Xue, Intermittent control for fixed-time
synchronization of coupled networks, IEEE-CAA J. Autom. Sin., 10 (2023), 1488–1490.
https://doi.org/10.1109/JAS.2023.123363

AIMS Mathematics Volume 11, Issue 7, 21441–21462.

https://dx.doi.org/https://doi.org/10.3934/mmc.2025006
https://dx.doi.org/https://doi.org/10.1109/TAC.2011.2179869
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2023.111248
https://dx.doi.org/https://doi.org/10.1049/iet-cta.2020.0401
https://dx.doi.org/https://doi.org/10.1109/TCSI.2025.3570536
https://dx.doi.org/https://doi.org/10.1016/j.chaos.2023.113735
https://dx.doi.org/https://doi.org/10.1016/j.cnsns.2024.108391
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2023.111493
https://dx.doi.org/https://doi.org/10.1109/TCYB.2020.3026996
https://dx.doi.org/https://doi.org/10.1109/TNNLS.2020.3005945
https://dx.doi.org/https://doi.org/10.1109/TNNLS.2022.3151478
https://dx.doi.org/https://doi.org/10.1016/j.chaos.2023.113613
https://dx.doi.org/https://doi.org/10.1109/JAS.2023.123363


21462

38. F. Wang, C. Zhou, X. N. Lin, W. Liu, C. C. Hua, Adaptive dynamic event-triggered-based practical
fixed-time optimal consensus of multiagent systems, IEEE T. Syst. Man Cyb.-S., 55 (2025), 2846–
2858. https://doi.org/10.1109/TSMC.2025.3526969

39. L. Xue, H. Y. Zhou, Y. B. Wu, J. Liu, D. C. Wunsch, Aperiodically intermittent dynamic event-
triggered control for predefined-time synchronization of stochastic complex networks, IEEE T.
Netw. Sci. Eng., 12 (2025), 970–981. https://doi.org/10.1109/TNSE.2024.3521598

40. B. Hu, Z. H. Guan, M. Y. Fu, Distributed event-driven control for finite-time consensus,
Automatica, 103 (2019), 88–95. https://doi.org/10.1016/j.automatica.2019.01.026

41. J. Liu, Y. L. Zhang, Y. Yu, C. Y. Sun, Fixed-time event-triggered consensus for nonlinear multiagent
systems without continuous communications, IEEE T. Syst. Man Cyb.-S., 49 (2019), 2221–2229.
https://doi.org/10.1109/TSMC.2018.2876334

© 2026 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 11, Issue 7, 21441–21462.

https://dx.doi.org/https://doi.org/10.1109/TSMC.2025.3526969
https://dx.doi.org/https://doi.org/10.1109/TNSE.2024.3521598
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.01.026
https://dx.doi.org/https://doi.org/10.1109/TSMC.2018.2876334
https://creativecommons.org/licenses/by/4.0

	Introduction
	Preliminaries
	Results
	Simulation results
	Discussion

