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Abstract This paper proposes an innovative adap-
tive event-triggered control strategy for a class of state
time-delays nonlinear multi-agent systems (MASs)
with full state constraints. Firstly, a performance func-
tion is introduced to guarantee the output consensus
error remains within a prescribed range. Secondly,
by integrating barrier Lyapunov function (BLF) and
Lyapunov-Krasovskii (LK) function, a novel Lyapunov
function is constructed to ensure that system states
satisfy constraint conditions while effectively mitigat-
ing the adverse effects of state time-delays. Further-
more, multi-dimensional Taylor networks (MTNs) are
employed to approximate unknown nonlinear terms.
Thirdly, an event-triggered mechanism is implemented
to curtail communication overhead. Theoretical anal-
ysis proves that all signals are bounded, the tracking
errors fulfill the desired performance requirements in
both transient and steady states, and the Zeno phe-
nomenon is excluded. Finally, the effectiveness of the
proposed strategy is further validated through three
simulation examples.
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1 Introduction

Recently, nonlinear multi-agent systems (MASs) have
gained widespread adoption in intelligent manufactur-
ing [1], energy and power systems [2], and robotics [3]
due to their significant advantages in cooperative con-
trol. Specifically, the leader-follower consensus prob-
lem, as a core objective of cooperative control, has
attracted substantial research attention and produced a
large number of research results [4–7]. However, exist-
ingmethods generally assume the system dynamics are
known or the nonlinear parameters are determined, ren-
dering them inadequate for systems with complex non-
linearities. To address this limitation, researchers have
integrated backstepping techniques with neural net-
works [8,9] and fuzzy logic systems [10–12] to develop
control strategies for MASs. Among these approaches,
multi-dimensional Taylor network (MTN), a novel type
of neural network model, has demonstrated notable
advantages inMASs owing to its straightforward archi-
tecture and low computational complexity. Addition-
ally, it has also achieved preliminary success [13–15]. It
is important to observe that although the above research
has made certain progress, it has not fully considered
issues such as information transmission delay in actual
systems.

It is well known that state time-delays are ubiquitous
and non-ignore in physical systems, frequently serving
as a critical factor in system instability. Consequently,
effectively addressing state time-delays is essential.
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Common approaches to this problem primarily fall into
three categories: using the current states for predictive
control [16], designing time-delays compensation esti-
mators [17,18], and constructingLyapunov-Krasovskii
(LK) function [19–25]. Compared to the first twometh-
ods, the latter not only enables systematic derivation of
stability criteria but also proves applicable to nonlinear
systems [19,20], MASs [21–23], and event-triggered
mechanisms [24,25]. Crucially, it does not require pre-
cise prediction of time-delays information. However,
none of the above studies considered the impact of full
state constraints on the system. To meet safety require-
ments and performance specifications, full state con-
straints must be explicitly considered. In this context,
a number of control strategies have been put forward
to tackle full state constraints [26–29]. Nevertheless,
in the presence of external disturbances and parameter
uncertainties, conventional schemes frequently exhibit
limitations in guaranteeing satisfactory dynamic per-
formance throughout the convergence process.

To further enhance system performance in dynamic
environment, the prescribedperformance control (PPC)
method has been proposed. This method utilizes a pre-
defined performance function to prescribe explicit con-
vergence boundaries for the tracking error, ensuring
that the error satisfies performance indices. The effi-
cacy of PPC has been demonstrated across diverse
systems, including general systems [30,31], stochastic
systems [32,33] and MASs [34,35]. Although the PPC
method has significant advantages in terms of perfor-
mance assurance, it may induce high-frequency con-
trol updates and elevated communication overhead. To
alleviate this issue, the event-triggered control (ETC)
strategy was proposed. The authors of [36] were the
first to apply the event-triggeredmechanism to the con-
sistency problem in MASs. Subsequently, the authors
of [37] proposed a distributed ETC strategy to solve
the consistency problem in MASs, making pioneer-
ing contributions to the application of ETC in MASs.
Since then, ETC has rapidly developed in MASs and
has achieved numerous results in first-order [38,39],
second-order [40,41], and high-order [42,43] systems.
However, existing research has neglected the simul-
taneous consideration of state time-delays, full state
constraints, and event-triggered mechanism. The com-
pounded complexity arising from jointly addressing
these three factors has significantly hindered controller
design, resulting in relatively scarce literature on this
integrated problem. Nevertheless, this very challenge

presents critical research opportunities and potential
avenues for breakthroughs.

Based on the previous analysis, this study investi-
gates the adaptive ETC design for a class of MASs
characterized by state time-delays and full-state con-
straints under a directed communication graph. In con-
trast to existing literature, the primary contributions of
this work are outlined as follows

(1) This paper presents the first study to incorporate
MTNs into state time-delayed nonlinear MASs
with full state constraints and proposes a new adap-
tive event-triggered control strategy. The proposed
approach guarantees the boundedness of system
signals and ensures that the tracking error con-
forms to the prescribed performance specifications.
Compared to conventional control schemes [8–12],
the MTN approximation method employed in this
scheme effectively simplifies the complexity of
controller design through its simple network struc-
ture, while concurrently enhancing both practical-
ity and operational efficiency. Furthermore, ref-
erence [16], addresses state time-delays using a
prediction-based control method. Meanwhile, ref-
erences [17,18], employ delay compensation esti-
mators to mitigate the effects of state time-delays.
Unlike the treatment of state-delays in [16–18], this
paper constructs a LK function containing delay
terms and combines it with the barrier Lyapunov
function, which not only effectively compensates
for the adverse effects of state time-delays but also
strictly guarantees that all states of the systemmeet
the constraints throughout the operation process.

(2) Although studies [16–28] have addressed the issues
of state time-delays and full state constraints, they
lack further exploration into the preset performance
problem. Similarly, references [30–35] only con-
sider the preset performance problem but ignore
the influence of state time-delays and full state con-
straints on the system. Therefore, this paper intro-
duces a performance function based on a compre-
hensive consideration of state time-delays and full
state constraints, which strictly limits the system
error within a preset region. This ensures that the
system meets performance indicators such as con-
vergence rate, overshoot range, and steady-state
accuracy during the dynamic response process, and
comprehensively improves the responsiveness and
robustness of the system in dynamic environments.
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This scheme takes into account both control per-
formance and safety requirements and has stronger
practicality and representativeness.

(3) Compared with [20,26,34], this study introduces
anETCmechanism,which enables a notable reduc-
tion in the update frequency of the controller while
preserving the convergence performance of the sys-
tem. It further reduces communication burden and
computational cost effectively, which in turnmakes
the proposed control strategymore advantageous in
resource-constrained networked MASs.

2 Problem description and knowledge preparation

2.1 Graph theory

Let ζ = (ℵ, ϑ, A) denotes the directed graph, in
which ℵ = {υ1, υ2, · · · , υN } and ϑ ⊆ ℵ × ℵ rep-
resent the node and edge sets. The edge from node
n to m is denoted by (υn, υm) ∈ ϑ , indicating that
agent m acquires information from agent n. The sym-
bol A = (

am,n
)
N×N denotes the adjacency matrix.

In this matrix, amn ≥ 0 implies (υn, υm) ∈ ϑ , oth-
erwise amn = 0. The degree matrix is defined as
D = diag {d1, d2, · · · , dN } with di = ∑

j∈Ni

ai j . The

Laplacian matrix of the directed graph L = D − A.
Define B = diag {b1, b2, · · · , bN }, when the i th node
can receive the message from the leader, bm = 1, oth-
erwise, bm = 0.

Assumption 1 [44]: If the directed graph ζ has a span-
ning tree, that is, there exists a path connects the root
node to other nodes, then the matrix L + B is non-
singular, and the virtual leader’s desired trajectory is
represented by yd.

2.2 Problem description

Consider the following nonlinearMASs subject to state
time-delays
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋi, j = xi, j+1 + fi, j (x̄i, j ) + φi, j (x̄i, j (t − τi, j ))

+ �i, j (x̄i, j (t)),

1 ≤ j ≤ n − 1

ẋi,n = ui + fi,n(x̄i,n) + φi,n(x̄i,n(t − τi,n))

+ �i,n(x̄i,n(t))

yi = xi,1
(1)

where i = 1, · · · , N , x̄i, j = [
xi,1, · · · , xi,n

]T ∈ Rn

and ui ∈ R represent the state vector and control input
of the i th agent. fi, j

(
x̄i, j
)
and φi, j

(
x̄i, j

(
t − τi, j

))

denote two smooth nonlinear functions that are
unknown in the system. τi, j represents the unknown
state time-delays. To simplify the notation, let t −
τi, j

�= tτi, j , hence, x̄i, j
(
t − τi, j

)
can be simplified as

x̄i, j
(
tτi, j

)
. �i, j

(
x̄i, j (t)

)
denote the external distur-

bances of MASs.

Remark 1 This paper investigates nonlinear MASs
with state time-delays and external disturbances. It is
worth noting that many practical systems can be mod-
eled by system (1), including robotic and manipula-
tor systems, mass–spring–damper systems, as well as
marine vessels and underwater robotic platforms.

For the MASs (1), the purpose of this paper is to
design an event-triggered-based adaptive control strat-
egy to achieve semi-global bounded of the system, and
fulfill the following objectives

i) every agent achieves tracking of the expected tra-
jectory and the output consensus error satisfies pre-
determined performance.

ii) states xi, j (t) of the system are satisfied
∣∣xi, j (t)

∣∣ <
κi, j (t) , j = 1, 2, · · · , n, where κi, j (t) > 0 are
known continuous functions.

iii) effectively reduce communication burden without
Zeno behavior occurring.

To simplify the process of designing the control
scheme, several assumptions and lemmas are presented
below

Assumption 2 [45]: All time derivatives of the signal
yd up to the nth order are bounded and continuous.

i.e. they satisfy the conditions |yd| < 	1 and
∣∣
∣y(l)

d

∣∣
∣ <

	l1(l = 2, . . . , n), where 	1 > 0 and 	l1 > 0.

Assumption 3 There exist constants 
i, j > 0 such that
external disturbance

∣∣�i, j
(
x̄i, j (t)

)∣∣ ≤ 
i, j .

Assumption 4 It is assumed that the state time-delays

function satisfies
∣∣φi, j

(
x̄i, j
)∣∣ ≤

j∑

l=1
ϕi, j,l

(
xi, j
)
with

ϕi, j,l
(
xi, j
)
are unknown positive functions.

Lemma 1 [46]: Yd is N-dimensional vector that sat-
isfies ‖Y − Yd‖ ≤ ‖e1‖

σmin
, where e1 = [

z1,1, z2,1, . . . ,

zN ,1
]T ∈ RN , Y = [y1, y2, · · · , yN ]T ∈ RN , Yd =
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[y0, y0, · · · , y0]T ∈ RN , σmin is the smallest singular
value of matrix L + B.

Lemma 2 [20]: Let 
zi,l = {zi,l
∣∣∣∣zi,l

∣∣ < 0.8814δi,l
}
,

(i = 1, ..., N , l = 1, ..., n) be the defined compact set.

If zi,l ∈ 
zi,l , then 1 − 2tanh2
(
zi,l
δi,l

)
> 0; otherwise,

1 − 2tanh2
(
zi,l
δi,l

)
≤ 0, where δi,l > 0 is a constant.

Lemma 3 [47]: For any kbp > 0, If the inequality∣∣zi,p
∣∣ < kbp is fulfilled, it can be deduced that

log

(
k2bp

k2bp − z2i,p

)

<
z2i,p

k2bp − z2i,p

Lemma 4 [48]:The inequality0 ≤ |τ |−τ tanh
(

τ
ρ

)
<

0.2785τ holds for any ρ > 0 and τ ∈ R.

Lemma 5 [49]: (Young’s inequality) For ∀(x, y) ∈
Rn, The following inequality holds

xy ≤ pa

a
|x |a + 1

bqb
|y|b

where p > 0, a > 1, b > 1, (a − 1) (b − 1) = 1.

2.3 Multi-dimensional Taylor network

Notably, in this paper, the MTN is employed to pre-
cisely approximate the unknown nonlinear terms that
surface during the controller design process, thereby
enhancing the accuracy and effectiveness of the con-
troller. The structure of theMTN is illustrated in Fig. 1.

Lemma 6 [50]: On a compact set 
, for a continuous
nonlinear function F (Z) : Rn → R, there exists a
MTN WT Pmn (Z), as described below

F (Z) = WT Pmn (Z) + E (Z)

where Z = [z1, z2, · · · , zn]T ∈ Rn and W =
[W1,W2, . . .Wl ]T ∈ Rl denote the input vector and
the weight vector of the MTN, respectively. Pmn (Z) =
[
z1, · · · , zn, z21, · · · , z2n, · · · , zm1 , · · · , zmn

]T ∈ Rl is
the middle layer vector of the MTN. E (Z) rep-
resents the approximate error between F (Z) and
WT Pmn (Z). |E (Z)| < ε with ε > 0, and W :=
arg min

W∈Rl

{
sup
z∈


∣∣F (Z) − WT Pmn (Z)
∣∣
}

∈ Rl .

Remark 2 It is important to emphasize that while the
MTNbears structural similarity to the radial basis func-
tion neural network (RBFNN), a core distinction exists
in the design of their middle layers. Specifically, the
RBFNN relies on Gaussian basis functions to achieve
nonlinear mapping, whereas the MTN adopts polyno-
mial approximation for capturing nonlinear character-
istics. This substitution not only simplifies the overall
network structure but also significantly decreases com-
putational overhead.

3 Main results

3.1 Coordinate transformation

The output consensus error ei is designed as follows

ei (t) =
∑

j∈Ni

ai j
(
yi − y j

)+ bi (yi − y0) (2)

And ei satisfies the following predetermined perfor-
mance requirements

−lmψ (t) ≤ ei (t) ≤ lMψ (t) (3)

where the performance function ψ (t) is strictly
decreasing and bounded, and is given by ψ (t) =
(ψ0 − ψ∞) e−vt + ψ∞. lm and lM are tunable design
parameters. ψ0 = ψ (0), ψ0 > ψ∞ > 0 and v > 0.
The initial value of the error ei (0) meets −lmψ (0) ≤
ei (0) ≤ lMψ (0).

Next, the following equivalent transformation is
employed to satisfy theprescribedperformance require-
ment.

ei (t) = ψ (t) Hi (wi (t)) , t ≥ 0 (4)

where Hi (wi (t)) = lMewi −lme−wi

ewi +e−wi
with wi (t) denotes

the transformation error.
Based on the above discussion, define the following

coordinate transformation

⎧
⎪⎨

⎪⎩

zi,1 = wi − 1

2
ln

(
lm
lM

)

zi, j = xi, j − αi, j−1, 2 ≤ j ≤ n

(5)
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Fig. 1 Structural
representation of MTN

Remark 3 Given that the function Hi (wi (t)) is strictly
increasing and ∂Hi

∂wi
= 2(lM+lm )

(ewi +e−wi )
2 > 0, it follows that

wi (t) = H−1
i

(
ei (t)
ψi (t)

)
= 1

2 ln
(

Hi+lm
lM−Hi

)
. By differenti-

ating this relation, we obtain ẇi (t) = ri
(
ėi − ψ̇ei

ψ

)
,

under the condition that ri = 1
2ψ

[
1

Hi+lm
− 1

Hi−lM

]

holds. Hence, we can derive żi,1 = ri
(
ėi − ψ̇ei

ψ

)
.

3.2 Controller design

Step 1: Design the candidate Lyapunov function �i,1

as follows

�i,1 = 1

2
ln

k2b1
k2b1 − z2i,1

+ 1

2
W̃

T
i,1W̃ i,1

+ 1

2

∫ t

t−τi,1

ϕ2
i,1,1

(
xi,1(s)

)
ds

+ 1

2

∑

j∈Ni

∫ t

t−τ j,1

ϕ2
j,1,1

(
x j,1(s)

)
ds (6)

where W̃ i,1 = W i,1 − Ŵ i,1 is estimation error, Ŵ i,1 is
the estimate of W i,1 and kb1 = κi,1 − ιi,1 with ιi,1 is a
constant.

Calculating the derivative of �i,1 as follows

�̇i,1 = zi,1
k2b1 − z2i,1

(

ri

(
ėi − ψ̇ei

ψ

)
− zi,1k̇b1

kb1

)

− W̃
T
i,1

˙̂W i,1

+ 1

2

(
ϕ2
i,1,1

(
xi,1 (t)

)− ϕ2
i,1,1

(
xi,1

(
tτi,1

)))

+ 1

2

∑

j∈Ni

(
ϕ2
j,1,1

(
x j,1 (t)

)− ϕ2
j,1,1

(
x j,1

(
tτj,1

)))

(7)

Differentiating the tracking error ei yields

ėi − ψ̇ei
ψ

= (bi + di )
(
zi,2 + αi,1 + fi,1 + φi,1

(
x̄i,1

(
tτi, j

))

+�i,1
)

−
∑

j∈Ni

ai j
(
x j,2 + f j,1 + φ j,1

(
x̄ j,1

(
tτj,1

))

+� j,1
)− bi ẏ0 − ψ̇ei

ψ
(8)

By substituting (8) into (7), we obtain

�̇i,1 = zi,1ri (bi + di )

k2b1 − z2i,1

(
zi,2 + αi,1 + fi,1

+φi,1

(
x̄i,1

(
tτi, j

))
+ �i,1

)

− zi,1ri
k2b1 − z2i,1

∑

j∈Ni

ai j
(
x j,2 + f j,1

+φ j,1

(
x̄ j,1

(
tτj,1

))
+ � j,1

)

− zi,1ri
k2b1 − z2i,1

bi ẏ0 − zi,1ri
k2b1 − z2i,1

ψ̇ei
ψ

− z2i,1k̇b1

kb1
(
k2b1 − z2i,1

)

− W̃
T
i,1

˙̂W i,1 + 1

2

(
ϕ2
i,1,1

(
xi,1 (t)

)− ϕ2
i,1,1

(
xi,1
(
tτi,1
)))

+ 1

2

∑

j∈Ni

(
ϕ2
j,1,1

(
x j,1 (t)

)− ϕ2
j,1,1

(
x j,1

(
tτj,1

)))
(9)

According to Lemma 5, Assumption 3 and 4, the
following inequalities hold

zi,1ri
k2b1 − z2i,1

φi,1

(
x̄i,1

(
tτi, j

))
≤ 1

2

(bi + di ) z2i,1r
2
i

(
k2b1 − z2i,1

)2
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+
ϕ2
i,1,1

(
xi,1
(
tτi,1

))

2 (bi + di )
(10)

zi,1ri
k2b1 − z2i,1

�i,1 ≤ 1

2

(bi + di ) z2i,1r
2
i

(
k2b1 − z2i,1

)2

+ 1

2 (bi + di )

2i,1 (11)

− zi,1ri
k2b1 − z2i,1

φ j,1

(
x̄ j,1

(
tτj,1

))
≤ 1

2

z2i,1r
2
i

(
k2b1 − z2i,1

)2

+ 1

2
ϕ2
j,1,1

(
x j,1

(
tτj,1

))
(12)

− zi,1ri
k2b1 − z2i,1

� j,1 ≤ 1

2

z2i,1r
2
i

(
k2b1 − z2i,1

)2 + 1

2

2j,1

(13)

Then, by substituting (10) , (11) , (12) and (13) into
(9) , we obtain

�̇i,1 ≤ zi,1ri (bi + di )

k2b1 − z2i,1

(
zi,2 + αi,1 + fi,1

)

− zi,1ri
k2b1 − z2i,1

∑

j∈Ni

ai j
(
x j,2 + f j,1

)

− zi,1ri
k2b1 − z2i,1

bi ẏ0 − zi,1ri
k2b1 − z2i,1

ψ̇ei
ψ

− z2i,1k̇b1

kb1
(
k2b1 − z2i,1

)

+ (bi + di )2z2i,1r
2
i

(
k2b1 − z2i,1

)2 +
∑

j∈Ni

ai j
z2i,1r

2
i

(
k2b1 − z2i,1

)2

− W̃
T
i,1

˙̂W i,1

+ 1

2
ϕ2
i,1,1

(
xi,1 (t)

)+ 1

2

∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)

+ 1

2

2i,1 + 1

2

∑

j∈Ni

ai j

2
j,1 (14)

After adding and subtracting tanh2
(
zi,1
δi,1

)
·

(

ϕ2
i,1,1

(
xi,1 (t)

)+ ∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
)

, the (14) sim-

plifies to

�̇i,1 ≤ zi,1ri
k2b1 − z2i,1

(
(bi + di )

(
zi,2 + αi,1 + Fi,1

)

− (bi + di )2zi,1ri
k2b1 − z2i,1

)

− zi,1ri
k2b1 − z2i,1

⎛

⎝
∑

j∈Ni

ai j x j,2 + bi ẏ0 + ψ̇ei
ψ

⎞

⎠

− z2i,1k̇b1

kb1
(
k2b1 − z2i,1

)

+ 1

2

(
1 − 2tanh2

(
zi,1
δi,1

))

⎛

⎝ϕ2
i,1,1

(
xi,1 (t)

)+
∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
⎞

⎠

− W̃
T
i,1

˙̂W i,1 + 1

2

2i,1 + 1

2

∑

j∈Ni

ai j

2
j,1 (15)

where Fi,1
(
Zi,1
) = fi,1+ (bi+di )zi,1ri(

k2b1−z2i,1

) + zi,1ri(
k2b1−z2i,1

)
(bi+di )

∑

j∈Ni

ai j + (bi+di )zi,1ri
k2b1−z2i,1

+ k2b1−z2i,1
(bi+di )ri zi,1

tanh2
(
zi,1
δi,1

)

(

ϕ2
i,1,1

(
xi,1 (t)

)+ ∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
)

− 1
(bi+di )

∑

j∈Ni

ai j f j,1 with Zi,1 = [
zi,1, z j,1

]T . According to

Lemma 6, we obtain

Fi,1
(
Zi,1
) = WT

i,1Pmi,1

(
Zi,1
)+ Ei,1

(
Zi,1
)
,
∣∣Ei,1

(
Zi,1
)∣∣

≤ εi,1 (16)

where εi,1 > 0 is a constant.
Substituting (16) into (15) yields

�̇i,1 ≤ zi,1ri
k2b1 − z2i,1

(
(bi + di )

(
zi,2 + αi,1 + WT

i,1Pmi,1 + Ei,1

)

− (bi + di )2zi,1ri
k2b1 − z2i,1

)

− zi,1ri
k2b1 − z2i,1

⎛

⎝
∑

j∈Ni

ai j x j,2 + bi ẏ0 + ψ̇ei
ψ

⎞

⎠

− z2i,1k̇b1

kb1
(
k2b1 − z2i,1

)

+ 1

2

(
1 − 2tanh2

(
zi,1
δi,1

))(
ϕ2
i,1,1

(
xi,1 (t)

)

+
∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
⎞

⎠

− W̃
T
i,1

˙̂W i,1 + 1

2

2i,1 + 1

2

∑

j∈Ni

ai j

2
j,1 (17)
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In addition, we have

zi,1ri
k2b1 − z2i,1

Ei,1 ≤ 1

2

(bi + di ) z2i,1r
2
i

(
k2b1 − z2i,1

)2 + 1

2 (bi + di )
ε2i,1

(18)

By substituting (18) into (17), we obtain

�̇i,1 ≤ zi,1ri
k2b1 − z2i,1

(
(bi + di )

(
zi,2 + αi,1 + WT

i,1Pmi,1

)

− (bi + di )2zi,1ri

2
(
k2b1 − z2i,1

)

⎞

⎠

− zi,1ri
k2b1 − z2i,1

⎛

⎝
∑

j∈Ni

ai j x j,2 + bi ẏ0 + ψ̇ei
ψ

⎞

⎠

− z2i,1k̇b1

kb1
(
k2b1 − z2i,1

)

+ 1

2

(
1 − 2tanh2

(
zi,1
δi,1

))(
ϕ2
i,1,1

(
xi,1 (t)

)

+
∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
⎞

⎠

− W̃
T
i,1

˙̂W i,1 + 1

2

2i,1 + 1

2

∑

j∈Ni

ai j

2
j,1 + 1

2
ε2i,1 (19)

Accordingly, the first virtual controller αi,1 and

adaptive law ˙̂W i,1 are designed as follows

αi,1 = −Ŵ
T
i,1Pmi,1 − ki,1zi,1

ri (bi + di )
− η̄i,1zi,1

ri (bi + di )

+ 1

(bi + di )

⎛

⎝
∑

j∈Ni

ai j x j,2 + bi ẏ0 + ψ̇ei
ψ

⎞

⎠

(20)

˙̂W i,1 = zi,1ri
k2b1 − z2i,1

(bi + di ) Pmi,1 − γi,1Ŵ i,1 (21)

where constants ki,1 > 0, γi,1 > 0, η̄i,1 =√(
k̇b1
kb1

)2 + ηi,1. Obviously, η̄i,1 + k̇b1
kb1

≥ 0, therefore,

− z2i,1
k2b1−z2i,1

(
η̄i,1 + k̇b1

kb1

)
≤ 0.

Substituting (20) and (21) into (19), we have

�̇i,1 ≤ − ki,1z2i,1
k2b1 − z2i,1

+ (bi + di ) ri
zi,1zi,2

k2b1 − z2i,1

+ γi,1W̃
T
i,1Ŵ i,1

+ 1

2

(
1 − 2tanh2

(
zi,1
δi,1

))

⎛

⎝ϕ2
i,1,1

(
xi,1 (t)

)+
∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
⎞

⎠

+ 1

2

2i,1 + 1

2

∑

j∈Ni

ai j

2
j,1 + 1

2
ε2i,1 (22)

Step 2:Design the candidateLyapunov function�i,2

as follows

�i,2 = �i,1 + 1

2
ln

k2b2
k2b2 − z2i,2

+ 1

2
W̃

T
i,2W̃ i,2

+ 1

2

2∑

k=1

k∑

l=1

∫ t

t−τi,k

ϕ2
i,k,l

(
xi,l (s)

)
ds

+ 1

2

∑

j∈Ni

2∑

k=1

k∑

l=1

∫ t

t−τ j,k

ϕ2
j,k,l

(
x j,l (s)

)
ds

(23)

where W̃ i,2 = W i,2 − Ŵ i,2 is estimation error, Ŵ i,2 is
the estimate of W i,2 and kb2 = κi,2 − ιi,2 with ιi,2 is a
constant.

Calculating the derivative of�i,2, and incorporating
(1) and (5), we obtain

�̇i,2 = �̇i,1 + zi,2(
k2b2 − z2i,2

)
(
xi,3 + fi,2 + φi,2

(
x̄i,2

(
tτi,2
))

+�i,2 − α̇i,1 − zi,2k̇b2
kb2

)

− W̃
T
i,2

˙̂W i,2 + 1

2

2∑

k=1

k∑

l=1

[
ϕ2
i,k,l

(
xi,l (t)

)

−ϕ2
i,k,l

(
xi,l
(
tτi,k
))]

+ 1

2

∑

j∈Ni

2∑

k=1

k∑

l=1

[
ϕ2
j,k,l

(
x j,l (t)

)− ϕ2
j,k,l

(
x j,l
(
tτj,k

))]

(24)

where α̇i,1 = ∂αi,1
∂xi,1

(
xi,2 + fi,1 + φi,1

(
x̄i,1

(
tτi,1

))

+�i,1
) + ∂αi,1

∂Ŵ i,1

˙̂W i,1 +
1∑

k=0

∂αi,1

∂y(k)
0

y(k+1)
0 + ∂αi,1

∂ri
ṙi +
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2∑

k=1

∑

j∈Ni

∂αi,1
∂x j,k

(
x j,k+1 + f j,k + φ j,k

(
x̄ j,k

(
tτj,k

))

+� j,k
)+

1∑

k=0

∂αi,1

∂ψ(k) ψ
(k+1).

Based on Lemma 5, Assumptions 3 and 4, we obtain

zi,2(
k2b2 − z2i,2

)φi,2
(
x̄i,2

(
tτi,2
)) ≤ 1

2

z2i,2
(
k2b2 − z2i,2

)2

+ 1

2

2∑

l=1

ϕ2
i,2,l

(
xi,l
)

(25)

zi,2(
k2b2 − z2i,2

)�i,2 ≤ 1

2

z2i,2
(
k2b2 − z2i,2

)2 + 1

2

2i,2 (26)

− zi,2(
k2b2 − z2i,2

)
∂αi,1

∂xi,1
φi,1

(
xi,1
(
tτi,1
))

≤ 1

2

z2i,2
(
k2b2 − z2i,2

)2

(
∂αi,1

∂xi,1

)2

+ 1

2
ϕ2
i,1,1

(
xi,1
)

(27)

− zi,2(
k2b2 − z2i,2

)
∂αi,1

∂xi,1
�i,1 ≤ 1

2

z2i,2
(
k2b2 − z2i,2

)2

(
∂αi,1

∂xi,1

)2

+ 1

2

2i,1 (28)

− zi,2(
k2b2 − z2i,2

)
2∑

k=1

∑

j∈Ni

∂αi,1

∂x j,k
φ j,k

(
x̄ j,k

(
tτj,k

))

≤ 1

2

z2i,2
(
k2b2 − z2i,2

)2

2∑

k=1

∑

j∈Ni

(
∂αi,1

∂x j,k

)2

+ 1

2

2∑

k=1

∑

j∈Ni

k∑

l=1

ϕ2
j,k,l

(
x j,l
(
tτj,k

))
(29)

zi,2(
k2b2 − z2i,2

)
2∑

k=1

∑

j∈Ni

∂αi,1

∂x j,k
� j,k

≤ 1

2

2∑

k=1

∑

j∈Ni

⎛

⎜
⎝

z2i,2
(
k2b2 − z2i,2

)2

(
∂αi,1

∂x j,k

)2

⎞

⎟
⎠

+ 1

2

2∑

k=1

∑

j∈Ni


2j,k (30)

Substituting (5), (22), (25), (26), (27), (28), (29) and
(30) into (24), we have

�̇i,2 = − ki,1z2i,1
k2b1 − z2i,1

+ zi,2(
k2b2 − z2i,2

)
(
zi,3 + αi,2 + Fi,2

)

− z2i,2k̇b2

kb2
(
k2b2 − z2i,2

)

− 1

2

z2i,2
(
k2b2 − z2i,2

)2 + γi,1W̃
T
i,1

˙̂W i,1 − W̃
T
i,2

˙̂W i,2

+ 1

2

(
1 − 2tanh2

(
zi,2
δi,2

)) 2∑

k=1

k∑

l=1⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

(
1 − 2tanh2

(
zi,1
δi,1

))

⎛

⎝ϕ2
i,1,1

(
xi,1 (t)

)+
∑

j∈Ni

ϕ2
j,1,1

(
x j,1 (t)

)
⎞

⎠

+ 1

2

∑

j∈Ni

ai j

2
j,1 + 1

2
ε2i,1 + 1

2

2i,1 + 1

2

2i,1

+ 1

2

2i,2 + 1

2

2∑

k=1

∑

j∈Ni


2j,k (31)

where Fi,2 = fi,2 − ∂αi,1
∂xi,1

(
xi,2 + fi,1

) + zi,2(
k2b2−z2i,2

)

(

1 +
(

∂αi,1
∂xi,1

)2 +
2∑

k=1

∑

j∈Ni

(
∂αi,1
∂x j,k

)2
)

− ∂αi,1

∂Ŵ i,1

˙̂W i,1 −
2∑

k=1

∑

j∈Ni

∂αi,1
∂x j,k

(
x j,k+1 + f j,k

)−
1∑

k=0

∂αi,1

∂y(k)
0

y(k+1)
0 − ∂αi,1

∂ri
ṙi−

1∑

k=0

∂αi,1

∂ψ(k) ψ
(k+1) + zi,2

2
(
k2b2−z2i,2

) +
(
k2b2−z2i,2

)

zi,2
tanh2

(
zi,2
δi,2

)

2∑

k=1

k∑

l=1

(

ϕ2
i,k,l

(
xi,l (t)

)+ ∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
)

.

According to Lemma 6, we obtain

�̇i,2 ≤ − ki,1z2i,1
k2b1 − z2i,1

+ zi,2(
k2b2 − z2i,2

)

(
zi,3 + αi,2 + WT

i,2Pmi,2 + Ei,2

)
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− z2i,2k̇b2

kb2
(
k2b2 − z2i,2

) − 1

2

z2i,2
(
k2b2 − z2i,2

)2

+ γi,1W̃
T
i,1

˙̂W i,1 − W̃
T
i,2

˙̂W i,2

+ 1

2

2∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

∑

j∈Ni

ai j

2
j,1 + 1

2
ε2i,1 + 1

2

2i,1 + 1

2

2i,1

+ 1

2

2i,2 + 1

2

2∑

k=1

∑

j∈Ni


2j,k (32)

Accordingly, the virtual controller αi,2 and adaptive

law ˙̂W i,2 are designed as follows

αi,2 = −Ŵ
T
i,2Pmi,2 − ki,2zi,2 − η̄i,2zi,2 (33)

˙̂W i,2 = zi,2(
k2b2 − z2i,2

) Pmi,2 − γi,2Ŵ i,2 (34)

where constants ki,2 > 0, γi,2 > 0 and η̄i,2 =√(
k̇b2
kb2

)2 + ηi,2. Obviously, η̄i,2 + k̇b2
kb2

≥ 0, therefore,

− z2i,2
k2b2−z2i,2

(
η̄i,2 + k̇b2

kb2

)
≤ 0.

Substituting (33) and (34) into (32), we have

�̇i,2 ≤ −
2∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,2zi,3
k2b2 − z2i,2

+
2∑

l=1

γi,l W̃
T
i,l Ŵ i,l

+ 1

2

2∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

2∑

l=1

ε2i,l + 1

2

2i,1 + 1

2

2∑

k=1


2i,k + 1

2

∑

j∈Ni

ai j

2
j,1

+ 1

2

2∑

k=1

∑

j∈Ni


2j,k (35)

Step p (3 ≤ p ≤ n − 1): See Appendix.

Step n: Design the candidate Lyapunov function
�i,n as follows

�i,n = �i,n−1 + 1

2
ln

k2bn
k2bn − z2i,n

+ 1

2
W̃

T
i,nW̃ i,n

+ 1

2

n∑

k=1

k∑

l=1

∫ t

t−τi,k

ϕ2
i,k,l

(
xi,l (s)

)
ds

+ 1

2

∑

j∈Ni

n∑

k=1

k∑

l=1

∫ t

t−τ j,k

ϕ2
j,k,l

(
x j,l (s)

)
ds

(36)

where W̃ i,n = W i,n − Ŵ i,n is estimation error, Ŵ i,n

is the estimate of W i,n and kbn = κi,n − ιi,n with ιi,n is
a constant.

Calculating the derivative of�i,n , and taking (1) and
(5) into account, we have

�̇i,n = �̇i,n−1 − W̃
T
i,n

˙̂W i,n

+ zi,n(
k2bn − z2i,n

)

(
ui + fi,n + φi,n

(
x̄i,n

(
tτi,n
))

+�i,n − α̇i,n−1 − zi,n k̇bn
kbn

)

+ 1

2

n∑

k=1

k∑

l=1

[
ϕ2
i,k,l

(
xi,l (t)

)− ϕ2
i,k,l

(
xi,l
(
tτi,k
))]

+ 1

2

∑

j∈Ni

n∑

k=1

k∑

l=1
[
ϕ2
j,k,l

(
x j,l (t)

)− ϕ2
j,k,l

(
x j,l
(
tτj,k

))]
(37)

where α̇i,n−1 =
n−1∑

k=1

∂αi,n−1
∂xi,k

(
xi,k+1 + fi,k

+φi,k

(
x̄i,k

(
tτi,k

))
+ �i,k

)
+

n−1∑

k=1

∂αi,n−1

∂Ŵ i,k

˙̂W i,k

+
n−1∑

k=0

∂αi,n−1

∂y(k)
0

y(k+1)
0 +

n∑

k=1

∑

j∈Ni

∂αi,n−1
∂x j,k

(
x j,k+1 + f j,k

+φ j,k

(
x̄ j,k

(
tτj,k

))
+ � j,k

)
.

Substituting (67) into (37), andusingLemma5along
with Assumption 3 and Assumption 4, we have

�̇i,n = −
n−1∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,n(
k2bn − z2i,n

)
(
ui + Fi,n

)
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− z2i,nk̇bn

kbn
(
k2bn − z2i,n

) +
n−1∑

l=1

γi,l W̃
T
i,l Ŵ i,l

− W̃
T
i,n

˙̂W i,n − z2i,n

2
(
k2bn − z2i,n

)

+ 1

2

n−1∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

n−1∑

l=1

ε2i,l + 1

2

n∑

q=1

q∑

k=1


2i,k + 1

2

∑

j∈Ni

ai j

2
j,1

+ 1

2

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (38)

where Fi,n = fi,n −
n−1∑

k=1

∂αi,n−1
∂xi,k

(
xi,k+1 + fi,k

) −
n∑

k=1

∑

j∈Ni

∂αi,n−1
∂x j,k

(
x j,k+1 + f j,k

) + zi,n(
k2bn−z2i,n

)

(

1 +
n−1∑

k=1

(
∂αi,n−1
∂xi,k

)2 +
n∑

k=1

∑

j∈Ni

(
∂αi,n−1
∂x j,k

)2
)

−
n−1∑

k=1

∂αi,n−1

∂Ŵ i,k

˙̂W i,k + zi,n

2
(
k2bn−z2i,n

) −
n−1∑

k=0

∂αi,n−1

∂y(k)
0

y(k+1)
0 + k2bn−z2i,n

zi,n

tanh2
(
zi,n
δi,n

) n∑

k=1

k∑

l=1

(

ϕ2
i,k,l

(
xi,l (t)

)+∑
j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
)

.

According to Lemma 6, we obtain

�̇i,n = −
n−1∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,n(
k2bn − z2i,n

)

(
ui + WT

i,n Pmi,n + Ei,n

)

− z2i,nk̇bn

kbn
(
k2bn − z2i,n

) − z2i,n

2
(
k2bn − z2i,n

)

+
n−1∑

l=1

γi,l W̃
T
i,l Ŵ i,l − W̃

T
i,n

˙̂W i,n

+ 1

2

n∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1

⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

n−1∑

l=1

ε2i,l + 1

2

n∑

q=1

q∑

k=1


2i,k + 1

2

∑

j∈Ni

ai j

2
j,1

+ 1

2

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (39)

In addition, we have

zi,n
k2bn − z2i,n

Ei,n ≤ 1

2

z2i,n
(
k2bn − z2i,n

)2 + 1

2
ε2i,n (40)

where εi,n > 0 is a constant.
By substituting (40) into (39), the following result

is obtained

�̇i,n = −
n−1∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,n(
k2bn − z2i,n

)
(
ui + WT

i,n Pmi,n

)

− z2i,n k̇bn

kbn
(
k2bn − z2i,n

)

+ 1

2

n∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

− W̃
T
i,n

˙̂W i,n +
n−1∑

l=1

γi,l W̃
T
i,l Ŵ i,l + 1

2

n∑

l=1

ε2i,l

+ 1

2

∑

j∈Ni

ai j

2
j,1 + 1

2

n∑

q=1

q∑

k=1


2i,k

+ 1

2

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (41)

The following ETC scheme is developed with the
goal of minimizing controller update frequency and
reducing both communication burden and energy con-
sumption in MASs.

ui (t) = σi
(
ti,k
) ∀t ∈ [ti,k, ti,k+1

)
(42)

ti,k+1 = inf {t ∈ R ||ei (t)| ≥ λi |ui (t)| + χi } (43)

where, inf {·} denotes the infimum,measurement errors
ei (t) = σi (t) − ui (t), 0 < λi < 1,χi > 0, χ ′

i >
χi

1−λi
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are design parameters, ti,k
(
k ∈ Z+) denotes the kth

triggering instant of the i th agent. The ETC strategy
specifies that from triggering instant ti,k to the next
triggering instant ti,k+1, Between the current and the
next triggering instants, the control input ui (t) is main-
tained at the value σi , and is revised upon the arrival of
the subsequent triggering time ti,k+1.

Remark 4 It should be noted that the tuning of the trig-
gering parameters λi and χi must balance communi-
cation efficiency and tracking performance. Parameter
λi regulates the trade-off between event-triggering fre-
quency and steady-state error, while χi determines the
minimum inter-event time and must satisfy χ ′

i >
χi

1−λi
to ensure stability. Therefore, during parameter tuning,
it is advisable to first select a moderate value of λi
(e.g., within the range of 0.2 to 0.8) to balance perfor-
mance and communication cost. Subsequently, based
on the allowable error tolerance, set χi slightly below
the predefined threshold (1 − λi ) χ ′

i , and then grad-
ually decrease χi to reduce steady-state error while
monitoring the triggering intervals. Finally, iteratively
adjust both parameters to achieve the desired trade-off
between control update frequency and tracking accu-
racy.

The adaptive control law and adaptive update law
are designed as follows

σi (t) = −(1 + λi )

(

αi,n tanh

(
zi,nαi,n

(k2bn − z2i,n)ςi

)

+χ ′
i tanh

(
zi,nχ ′

i

(k2bn − z2i,n)ςi

))

(44)

αi,n = −Ŵ
T
i,n Pmi,n − ki,nzi,n − η̄i,nzi,n (45)

˙̂W i,n = zi,n
k2bn − z2i,n

Pmi,n − γi,nŴ i,n (46)

where constants ki,n > 0 and γi,n > 0, η̄i,n =√(
k̇bn
kbn

)2 + ηi,n . Obviously, η̄i,n + k̇bn
kbn

≥ 0, therefore,

− z2i,n
k2bn−z2i,n

(
η̄i,n + k̇bn

kbn

)
≤ 0.

From (43), we have

σi (t) = (1 + ω1 (t) λi ) ui (t) + ω2 (t) χi (47)

where t ∈ [
ti,k, ti,k+1

]
, ω1 (t) and ω2 (t) satisfy

|ω1 (t)| ≤ 1 and |ω2 (t)| ≤ 1.

By manipulating (47), we obtain

ui (t) = σi (t)

1 + ω1 (t) λi
− ω2 (t) χi

1 + ω1 (t) λi
(48)

Since ∀ς > 0 and ξ ∈ R, −ξ tanh
(

ξ
ς

)
≤ 0, from

(43), we obtain zi,nσi (t) ≤ 0, Furthermore, with the
additional constraint |ω1 (t)| ≤ 1, |ω2 (t)| ≤ 1, we
consequently obtain

zi,nσi (t)(
k2bn − z2i,n

)
(1 + ω1 (t) λi )

≤ zi,nσi (t)(
k2bn − z2i,n

)
(1 + λi )

(49)
∣∣∣∣

ω2 (t) χi

1 + ω1 (t) λi

∣∣∣∣ ≤
χi

1 − λi
(50)

It follows from (48), (49) and (50) that

zi,n
k2bn − z2i,n

ui (t) ≤ 0.557ςi +
∣∣∣
∣∣

zi,nχi

(k2bn − z2i,n)(1 − λi )

∣∣∣
∣∣

−
∣∣∣∣∣
zi,nαi,n

k2bn − z2i,n

∣∣∣∣∣
−
∣∣∣∣∣

zi,nχ ′
i

k2bn − z2i,n

∣∣∣∣∣

From the above analysis, it follows that

�̇i,n = −
n−1∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,nWT
i,n Pmi,n

k2bn − z2i,n
−
∣∣
∣∣
∣
zi,nαi,n

k2bn − z2i,n

∣∣
∣∣
∣

−
∣
∣∣
∣∣

zi,nχ ′
i

k2bn − z2i,n

∣
∣∣
∣∣

+
∣∣
∣∣
∣

zi,nχi

(k2bn − z2i,n)(1 − λi )

∣∣
∣∣
∣
− z2i,n k̇bn

kbn(k2bn − z2i,n)

+
n−1∑

l=1

γi,l W̃
T
i,l Ŵ i,l − W̃

T
i,n

˙̂W i,n

+ 1

2

n∑

q=1

(
1 − 2 tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l (xi,l(t)) +

∑

j∈Ni

ϕ2
j,k,l (x j,l (t))

⎞

⎠

+ 0.557ςi + 1

2

n∑

l=1

ε2i,l + 1

2

∑

j∈Ni

ai j

2
j,1

+ 1

2

n∑

q=1

q∑

k=1


2i,k + 1

2

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (51)
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Substituting (45) and (46) into (51) gains

�̇i,n = −
n∑

l=1

ki,l z2i,l
k2bl − z2i,l

+
n∑

l=1

γi,l W̃
T
i,l Ŵ i,l

+ 1

2

n∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 0.557ςi + 1

2

n∑

l=1

ε2i,l + 1

2

∑

j∈Ni

ai j

2
j,1

+ 1

2

n∑

q=1

q∑

k=1


2i,k

+ 1

2

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (52)

4 Stability analysis

Based on the preceding discussion, the stability of the
closed-loop system is investigated based on Lyapunov
theory, and the primary findings are summarized in the
subsequent theorem.

Theorem 1 Consider the MASs (1) quipped with the
adaptive laws (21), (34), (66), (46), the virtual con-
trollers (20), (33), (65), and the actual controller (45).
Under the action of the actual controller and the event-
triggered mechanism (42), (43), the following proper-
ties hold

i) The MAS is semi-globally bounded, and the con-
sensus output error of all agents satisfies predeter-
mined performance specifications.

ii) All system states are ensured to evolve within the
specified constraint bounds.

iii) The minimal inter-event interval is strictly positive,
thereby excluding Zeno behavior.

Proof For the closed-loop systems, theLyapunov func-
tion candidate � is considered as follows

� =
N∑

i=1

�i,n (53)

By taking the derivative of both sides of equation
(53), we obtain

�̇ ≤ −
N∑

i=1

n∑

l=1

⎛

⎝
ki,l z2i,l

k2bl − z2i,l
+ γi,l W̃

2
i,l

2

⎞

⎠+
N∑

i=1

0.557ςi

+ 1

2

N∑

i=1

n∑

l=1

ε2i,l

+ 1

2

N∑

i=1

n∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1
⎛

⎝ϕ2
i,k,l

(
xi,l (t)

)+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠

+ 1

2

N∑

i=1

∑

j∈Ni

ai j

2
j,1 + 1

2

N∑

i=1

n∑

q=1

q∑

k=1


2i,k

+ 1

2

N∑

i=1

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k (54)

where γi,l W̃
T
i,l Ŵ i,l ≤ − γi,l W̃

2
i,l

2 + γi,lW2
i,l

2 .
Thus, we have

�̇ ≤ −a� + C (55)

where C = 1
2

N∑

i=1

n∑

q=1

(
1 − 2tanh2

(
zi,q
δi,q

)) q∑

k=1

k∑

l=1(

ϕ2
i,k,l

(
xi,l (t)

) ∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
)

+
N∑

i=1
0.557ςi +

1
2

N∑

i=1

n∑

l=1
ε2i,l + 1

2

N∑

i=1

∑

j∈Ni

ai j
2j,1 + 1
2

N∑

i=1

n∑

q=1

q∑

k=1

2i,k +

1
2

N∑

i=1

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k , and a = min
{
ki,l
2 , γi,l

}
.

Multiplying both sides of inequality (55) by eat and
integrating over the interval [0, t], we obtain

∫ t

0
eat �̇dt ≤

∫ t

0
−aeat�dt +

∫ t

0
eatCdt

Thus,

1

2
z2i,1 ≤ � (t) ≤

(
� (0) − C

a

)
e−at + C

a
(56)
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Hence zi,1 ≤ kb1, where kb1 =√
2
(
� (0) − C

a

)
e−at + 2C

a .

Applying Lemma 1, due to
∣∣zi,1

∣∣ ≤ kb1 ≤ kb1, we
conclude that

‖Y − Yd‖ ≤ kb1
σmin

<
kb1
σmin

(57)

From (57), it can be concluded that by appropri-
ately selecting design parameters, the tracking error
converges to a bounded region centered at the ori-
gin. Therefore, every agent achieves tracking of the
expected trajectory.

Combining (6) with (56), we derive

∣∣zi,l
∣∣ ≤ kbl

√
1 − e−2(�(0)−C/a)e−at+2C/a ≤ kbl (58)

Because of |yd| < 	1, we can obtain |y1| <
kb1
σmin

+
	1. Define kb1 = σmin(κ1 − 	1) and, therefore, |y1| =∣∣xi,1

∣∣ < κ1. According to (20), αi,1 consists of W̃ i,1,
zi,1 and ẏd , where both zi,1 and W̃ i,1 are bounded.
Moreover, W i,1 as the true value of W̃ i,1, is bounded.
Based on W̃ i,1 = W i,1−Ŵ i,1, Ŵ i,1 is also bounded, it
can be concluded that αi,1 is bounded as well. Without
loss of generality, we assume αi,1 < ᾱi,1. Since zi,2 =
xi,2 − αi,1 holds, it follows from (58) that

∣∣zi,2
∣∣ ≤ kb2,

Define kb2 = κ2 − ᾱi,1, hence,
∣∣xi,2

∣∣ < κ2 . Similarly,
it can be proved that

∣∣xi,l
∣∣ < κl , where i = 1, . . . , N ,

l = 3, 4, . . . , n.
To conclude, the adaptive ETC scheme is proven to

guarantee that all system states remain within the pre-
defined constraints. Zeno behavior refers to the phe-
nomenon where infinitely many event triggers occur
within a finite time interval. To reduce the number of
control actuation updates and conserve communication
resources, it is essential to prevent the emergence of
Zeno behavior.

From ei (t) = σi (t)−ui (t),∀t ∈ [ti,k, ti,k+1
)
, it fol-

lows that d
dt |ei | = d

dt (ei × ei )
1
2 = sign (ei ) ėi ≤ |σ̇i |,

where σ̇i denotes the derivative of σi . Since all signals
within the system are guaranteed to remain bounded,
there necessarily exists a positive constant μ, such that
|σ̇i | ≤ μ. Given ei (tk) = 0 and lim

t→tk+1
ei (t) = χi , it

follows that the lower bound t∗ of the inter-event inter-
val satisfies t∗ ≥ χi

μ
, This conclusively demonstrates

that the protocol proposed in this work excludes Zeno
behavior.

Three separate cases are considered for analyzing
the consensus error of the MAS.

Case 1: zi,l ∈ 
zi,l for i = 1, 2, ..., N , l =
1, 2, ..., n, then

∣∣zi,l
∣∣ < 0.8814δi,l . The consensus

tracking error e1 is derived as e1 = (L + B) (Y − Yd),
in accordance with definition zi,1. Consequently, we
have ‖Y − Yd‖ ≤ ‖e1‖

σmin
with σmin is the smallest singu-

lar value of matrix L +B. Therefore, the tracking error
Y − Yd is bounded. Moreover, by selecting the design
parameter δi,1 to be sufficiently small, the consensus
error can be reduced to an arbitrarily low level.

Case 2: zi,l /∈ 
zi,l , then 1 − 2tanh2
(
zi,l
δi,l

)
≤ 0.

Thus, we have

1

2

(
1 − 2tanh2

(
zi,l
δi,l

)) l∑

k=1

k∑

l=1

(
ϕ2
i,k,l

(
xi,l (t)

)

+
∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
⎞

⎠ ≤ 0

and V̇ < 0, if
N∑

i=1

n∑

l=1

(
ki,l z2i,l
k2bl−z2i,l

+ γi,l W̃
2
i,l

2

)
> B, where

B =
N∑

i=1
0.557ςi + 1

2

N∑

i=1

n∑

l=1
ε2i,l + 1

2

N∑

i=1

∑

j∈Ni

ai j
2j,1 +

1
2

N∑

i=1

n∑

q=1

q∑

k=1

2i,k + 1

2

N∑

i=1

n∑

q=2

q∑

k=1

∑

j∈Ni


2j,k , then it fol-

lows that ‖e1‖ ≤
√

B
k , where k = min

{
ki,l , i = 1, 2, ..., N , l = 1, 2, ..., n

}
, therefore, the

tracking error Y −Yd is bounded. Moreover, by select-
ing the design parameter δi,1 to be sufficiently small,
the consensus error can be reduced to an arbitrarily low
level.

Case 3:Under this scenario, the set zi,l is partitioned
into two disjoint subsets zi1,l1 ∈ 
i1,l1 and zi2,l2 /∈

i2,l2 , where i1 ∈ Si1 , l1 ∈ Sl1 , i2 ∈ Si2 , l2 ∈ Sl2 ,
Based on Case 1, if zi1,l1 ∈ 
zi1,l1

, then
∣∣zi1,l1

∣∣ <

0.8814δi1,l1 , Therefore, zi1,1 is uniformly bounded over
∀i1 ∈ Si1 . Based on Case 2, when zi2,l2 /∈ 
i2,l2 , we

have 1
2

(
1 − 2tanh2

(
zi2,l2
δi2,l2

)) ∑

k∈Sl2

k∑

l=1(

ϕ2
i,k,l

(
xi,l (t)

)+ ∑

j∈Ni

ϕ2
j,k,l

(
x j,l (t)

)
)

≤ 0. Conse-

quently, zi2,1 is bounded for ∀i2 ∈ Si2 . 
�
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Fig. 2 Communication topology

Fig. 3 System output yi and reference signal yd in Example 1

5 Simulation example

This section presents three simulation examples to
demonstrate the effectiveness of the developed con-

Fig. 4 Tracking error ei in Example 1

trol approach. A nonlinear MAS consisting of a virtual
leader and four followers is considered, with its com-
munication topology illustrated in Fig. 2.

Accordingly, the Laplacian matrix is derived as L =⎛

⎜⎜
⎝

0 0 0 0
−1 1 0 0
0 −1 1 0

−1 0 0 1

⎞

⎟⎟
⎠.
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Fig. 5 System state xi,2 in
Example 1

Example 1 Consider the nonlinear MAS model with
state time-delays as follow

⎧
⎪⎪⎨

⎪⎪⎩

ẋi1 = xi2 + fi,1
(
x̄i,1
)+ φi,1

(
x̄i,1

(
t − τi,1

))

ẋi2 = ui + fi,2
(
x̄i,2
)+ φi,2

(
x̄i,2

(
t − τi,2

))

+�i,2
(
x̄i,2 (t)

)

yi = xi1

(59)

where fi,1
(
x̄i,1
) = 0.1xi,1exi,1 , fi,2

(
x̄i,2
) = xi,1x2i,2,

φi,1
(
x̄i,1
) = 0.05 sin

(
xi,1
)
, φi,2

(
x̄i,2
) = 0.05 sin(

xi,1xi,2
)
,�i,2

(
x̄i,2 (t)

) = 0.1xi,1xi,2 cos(t). x̄1,2 (0) =
[0, 0]T , x̄2,2 (0) = [0, 0]T , x̄3,2 (0) = [0, 0]T ,

x̄4,2 (0) = [0, 0]T . The virtual leader’s reference signal
is set as follow yd = sin (t).

The parameters for the prescribed performance and
state constraints are assigned as follows respectively:
ψ0 = 4, ψ∞ = 0.5, v = 1, lm = 1, lM = 1.5, κ1 =
1.3+ 0.1 sin (t), κ2 = −1.3+ 0.1 sin (t). The value of
the event-triggered parameter is selected as: ηi,1 = 5,
ηi,2 = 2, λi = 0.5, χi = 1, χ ′

1 = 45, χ ′
2 = 25,

χ ′
3 = 35,χ ′

4 = 30, ς1 = ς4 = 0.4, ς2 = 0.2, ς3 = 0.8,
M1 = 0.5, M2 = 0.4, M3 = 0.6, M4 = 0.3. To
further illustrate the stability of the model, two sets of
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different time delays and controller design parameters
were selected as follows:

(i) Case 1: The time delay is given by τi,1 = τi,2 =
0.3s. The followingvalues are assigned to the controller
parameters: k1,1 = 35, k2,1 = k4,1 = 55, k3,1 = 25,
γ1,1 = γ3,1 = γ4,1 = 1000, γ2,1 = 5000, kb1 = 5,
kb2 = 4, γ12 = 0.1, γ2,2 = γ3,2 = γ4,2 = 1, k1,2 =
200, k2,2 = 500, k3,2 = k4,2 = 100.

(ii) Case 2: The time delay is given by τi,1 = τi,2 =
0.6s. The followingvalues are assigned to the controller
parameters: k1,1 = 75, k2,1 = 95, k3,1 = 30, k4,1 =
35, γ1,1 = γ4,1 = 500, γ2,1 = γ3,1 = 1000, kb1 = 5,
kb2 = 4, γ12 = 0.5, γ2,2 = γ3,2 = γ4,2 = 10, k1,2 =
k2,2 = 200, k3,2 = k4,2 = 100.

The simulation results are presented in Fig. 3, 4, 5,
6,7 and Tables 1 and 2. Fig. 3 shows the tracking per-
formance of the four follower agents yi (i = 1, 2, 3, 4)
with respect to the virtual leader’s reference signal yd . It
clearly demonstrates that the outputs of the agents can
effectively track the reference signal. Fig. 4 presents
the tracking error, which verifies that the output errors
of the system satisfy the prescribed performance con-
ditions. From the state trajectories in Fig. 5, it can be
observed that all the agent states remain within the pre-
defined constraint bounds. Fig. 6 displays the control
inputs ui of the four agents. Fig. 7 depicts the time
intervals between two successive triggering events for
each agent. Combined with Table 1, it can be seen that
the four follower agents have different numbers of trig-
gers, which effectively reduces the frequency of con-
troller updates and further confirms that Zeno behavior
does not occur. Table 2 compares the triggering law of
the ETC scheme proposed in this paper with that of the
fixed ETC scheme, thereby verifying the effectiveness
of the proposed ETC strategy.

Example 2 To further validate the effectiveness of the
proposed scheme, a practical inverted pendulum sys-
tem [51] is considered.

The dynamic model of the inverted pendulum sys-
tem is formulated as follows

⎧
⎨

⎩

�̇i1 = �i2 + fi,1
(
�i,1

)+ hi,1
�̇i2 = ui

Li
+ fi,2

(
�̄ i,2

)+ hi,2
yi = �i1

(60)

where fi,1
(
�i,1

) = 0, hi,1 = 0, fi,2
(
�̄ i,2

) =
kr2
4Li

sin
(
�i,1�i,2

)
. The time delay is given by τi,2 =

0.3s. The virtual leader’s reference signal is set as fol-

Fig. 6 Control input ui in Example 1

low yd = sin (t), in which θi is pendulum angle (0 is
upright), k = 100N/m denotes the stiffness coefficient
of the connecting spring, r = 0.5 represents the pendu-
lum’s height, g = 9.81m/s2 denotes the acceleration
due to gravity and d = 0.5 is the spacing between the
pendulum attachment. m1 = 2.2, m2 = 2.5, m3 = 3
and m4 = 2.5 are the masses at the ends of the pendu-
lums, L1 = L2 = L3 = L4 = 1 are the corresponding
moments of inertia.

Furthermore, the parameters for the prescribed per-
formance and state constraints are chosen as follows,
respectively: ψ0 = 4, ψ∞ = 0.5, v = 1, lm = 1, lM =
1.5, κ1 = 1.3 + 0.1 sin (t), κ2 = −1.3 + 0.1 sin (t).
The following values are assigned to the controller
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Fig. 7 Inter-execution
interval in Example 1
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Table 1 Triggering counts and law for four follower agents

Agent Identifier 1 2 3 4

Number of Samples 3558

Triggering Count 365 385 426 419

Triggering law (%) 10.3 10.8 12 11.8

Table 2 Triggering law comparison of two ETC schemes

Agent Identifier 1 2 3 4

Proposed ETC scheme (%) 10.3 10.8 12 11.8

Fixed ETC scheme (%) 19.5 17.5 19.9 22.7

Fig. 8 System output yi and reference signal yd in Example 2

parameters: k1,1 = k3,1 = 25, k2,1 = k4,1 = 55,
ηi,1 = 5, γ11 = γ4,1 = 100, γ2,1 = γ3,1 = 1000,
kb1 = 5, kb2 = 4, γ1,2 = 0.1, γ2,2 = γ3,2 = γ4,2 = 1,
k1,2 = 200, k2,2 = 500, k3,2 = k4,2 = 100, ηi,2 = 2,
rri = 0.5, χi = 1, χ ′

i = 1, ς1 = ς2 = ς3 = ς4 = 1.5,
M1 = 0.5, M2 = 0.4, M3 = 0.6, M4 = 0.3,
x̄1,2 (0) = [0, 0]T , x̄2,2 (0) = [0, 0]T , x̄3,2 (0) =
[0, 0]T , x̄4,2 (0) = [0, 0]T .

The results from the simulation are depicted in
Figs. 8, 9, 10, 11, 12. From the tracking performance
in Fig. 8 and the tracking errors in Fig. 9, it can be
observed that the four agents are able to track the
desired signal yd within a short period of time, and
the output errors ei satisfy the prescribed performance
conditions. As shown in the system state trajectories in
Fig. 10, all agent states xi,2 remain within the prede-
fined constraint bounds. Fig. 11 illustrates the control

Fig. 9 Tracking error ei in Example 2

Fig. 10 System state xi,2 in Example 2

Fig. 11 Control input ui in Example 2
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Fig. 12 Inter-execution
interval in Example 2

inputs ui of four agents. Fig. 12 displays the time inter-
vals between two consecutive triggering events under
the event-triggered mechanism, indicating that Zeno
behavior does not occur.

Example 3 Togain deeper insight into the performance
of the proposed approach comparedwith existingmeth-
ods, a simulation study was conducted to compare the
MTN-based and RBFNN-based control schemes. The
results of this comparison are shown in Fig. 13.

Fig. 13a presents the tracking performance of the
four follower agents with respect to the virtual leader’s
reference signal under theMTN-based control scheme,
while Fig. 13b shows the corresponding performance
under theRBFNN-based control scheme.As illustrated
in Fig. 13, both controllers achieve satisfactory tracking
accuracy. Notably, the control strategy proposed in this
study attains performance comparable to the RBFNN-
based approach while significantly reducing computa-
tional complexity, thereby alleviating the overall com-
putational burden.

6 Conclusion

This paper investigates the cooperative control prob-
lem of MASs subject to prescribed performance, state
time-delays, full state constraints and unknown exter-
nal disturbances. To address these challenges, a novel
ETC strategy based on MTN is proposed. Firstly, the
performance function is employed to guarantee that the
output error meet the prescribed performance criteria.
Secondly, by combining BLFs with LK functions, the
Lyapunov functions are constructed to ensure that sys-
tem states satisfy the constraints while mitigating the
adverse effects caused by state time-delays.At the same
time, MTNs are employed to approximate the non-
linear functions encountered in the controller design.
Thirdly, an ETC scheme is designed to reduce unneces-
sary resource consumption. Finally, the proposed con-
trol approach is validated through numerical simula-
tion, practical example and comparative experiment.

In future work, we will comprehensively consider
the impact of hybrid time-delays (state time-delays
and communication delays) on systems in practical
engineering applications, further enhance the engineer-
ing practicality of the proposed scheme, and conduct
in-depth research on dynamic event-triggered mech-
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Fig. 13 Comparison of the MTN- and RBFNN-based tracking
performance

anisms to more effectively conserve communication
resources.
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Appendix

The detailed derivation for Step p (3 ≤ p ≤ n − 1) of
the controller design is presented as follows.

Step p (3 ≤ p ≤ n − 1): Design the candidate Lya-
punov function �i,p as follows

�i,p = �i,p−1 + 1

2
ln

k2bp
k2bp − z2i,p

+ 1

2
W̃

T
i,pW̃ i,p

+ 1

2

p∑

k=1

k∑

l=1

∫ t

t−τi,k

ϕ2
i,k,l

(
xi,l (s)

)
ds

+ 1

2

∑

j∈Ni

p∑

k=1

k∑

l=1

∫ t

t−τ j,k

ϕ2
j,k,l

(
x j,l (s)

)
ds

(61)

where W̃ i,p = W i,p − Ŵ i,p is estimation error, Ŵ i,p

is the estimate of W i,p and kbp = κi,p − ιi,p with ιi,p
is a constant.

Calculating the derivative of�i,p , and taking (1) and
(5) into account, we obtain

�̇i,p = �̇i,p−1 − W̃
T
i,p

˙̂W i,p

+ 1

2

p∑

k=1

k∑

l=1

[
ϕ2
i,k,l

(
xi,l (t)

)− ϕ2
i,k,l

(
xi,l
(
tτi,k
))]

+ zi,p(
k2bp − z2i,p

)
(
xi,p+1 + fi,p + φi,p

(
x̄i,p

(
tτi,p

))

+�i,p − α̇i,p−1 − zi,pk̇bp
kbp

)

+ 1

2

∑

j∈Ni

p∑

k=1

k∑

l=1

[
ϕ2
j,k,l

(
x j,l (t)

)− ϕ2
j,k,l

(
x j,l
(
tτj,k

))]

(62)

where α̇i,p−1 =
p−1∑

k=1

∂αi,p−1
∂xi,k

(
xi,k+1 + fi,k + φi,k

(
x̄i,k

(
tτi,k

))
+ �i,k

)
+

p−1∑

k=1

∂αi,p−1

∂Ŵ i,k

˙̂W i,k+
p−1∑

k=0

∂αi,p−1

∂y(k)
0

y(k+1)
0 +
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p∑

k=1

∑

j∈Ni

∂αi,p−1
∂x j,k

(
x j,k+1 + f j,k + φ j,k

(
x̄ j,k

(
tτj,k

))
+ � j,k

)
.

Taking xi,p+1 = zi,p+1+αi,p into consideration, and
substituting (35) into (62) , while applying Lemma 5,
Assumptions 3 and Assumptions 4 gives

�̇i,p ≤ −
p−1∑

l=1

ki,l z2i,l
k2bl − z2i,l

+ zi,p(
k2bp − z2i,p
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2
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where Fi,p = fi,p −
p−1∑

k=1

∂αi,p−1
∂xi,k

(
xi,k+1 + fi,k

) −
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According to Lemma 6, we obtain
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Accordingly, the virtual controller αi,p and adaptive

law ˙̂W i,p are designed as follows

αi,p = −Ŵ
T
i,p Pmi,p − ki,pzi,p − η̄i,pzi,p (65)

˙̂W i,p = zi,p(
k2bp − z2i,p

) Pmi,p − γi,pŴ i,p (66)

where constant ki,p > 0, γi,p > 0, η̄i,p =√(
k̇bp
kbp

)2
+ ηi,p. Obviously, η̄i,p + k̇bp

kbp
≥ 0, therefore,

− z2i,p
k2bp−z2i,p

(
η̄i,p + k̇bp

kbp

)
≤ 0.

Substituting (65) and (66) into (64), we have
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⎛
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