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Abstract. To improve both transient and steady-state performance in the synchronization process
of complex networks, this paper proposes two novel event-triggered pulse control schemes
incorporating prescribed performance constraints. First, an event-triggered impulsive control based
on a prescribed performance function is designed, which achieves practical synchronization of the
complex network and ensures that synchronization errors remain strictly within a tunable range.
The proposed triggering mechanism is proven to effectively eliminate Zeno behavior. Additionally,
to achieve complete synchronization, forced pulses are incorporated into the control scheme.
By combining an error transformation function and using Lyapunov stability theory, sufficient
conditions for complete synchronization are derived, while Zeno behavior is also eliminated.
Finally, numerical simulations validate the effectiveness of both strategies, demonstrating the
advantages of the proposed methods in terms of performance tuning and resource conservation.

Keywords: complex networks, event-triggered impulsive control, prescribed performance,
synchronization.

1 Introduction

Complex networks (CNs) serve as an effective tool for describing large-scale complex
interactive systems and have been widely applied in areas such as rumor propagation,
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Internet of Things, and information diffusion [6, 15, 17,25-27]. In these applications, the
interactions between nodes exhibit strong synergistic effects, where “synchronization”,
as a typical collective behavior, refers to the gradual convergence of the dynamic systems
of all network nodes to a common trajectory through mutual interactions. With the rapid
development of information technology, the importance of synchronization issues in CNs
has been increasingly recognized [8, 13, 14,21,28]. As a result, designing effective syn-
chronization control strategies to ensure that all nodes in a network can synchronize in
a coordinated manner has become a research hotspot in recent years [2,23,30,31,35,36].

Among synchronization control methods, the event-triggered impulsive control (ETIC)
has attracted considerable attention due to its efficient use of resources. Unlike traditional
time-triggered impulsive control, ETIC only triggers impulses when specific conditions
are met, thus effectively reducing unnecessary control updates, which demonstrates sig-
nificant advantages [9, 34, 37]. However, existing event-triggered control methods typ-
ically rely on fixed triggering conditions and thresholds, which somewhat limit syn-
chronization precision and system stability, especially when the system is near synchro-
nization. In such cases, the triggering condition might not be satisfied for an extended
period, leading to delays in control signal updates and thus affecting synchronization
performance. To address this issue, forced impulsive control has been introduced within
the ETIC framework [11, 12, 19, 29]. On the other hand, the foundational qualitative
analysis and solution representations for various linear and nonlinear differential systems
have also been extensively investigated, such as through the development of Green’s func-
tions and matrices for higher-order or nonlocal differential conditions [18, 20]. However,
when dealing with the prescriptive transient performance of interconnected networks,
Lyapunov-based control frameworks remain more effective.

In the aforementioned studies, researchers primarily focused on the steady-state per-
formance of CNs. However, in many practical systems, transient performance (such as
overshoot, convergence speed, and steady-state error) is also crucial. Although tradi-
tional control methods can ensure eventual synchronization, they are often ineffective
at constraining transient behaviors during the synchronization process. To enable effec-
tive control of transient performance while maintaining steady-state accuracy, prescribed
performance control (PPC) was introduced [1]. PPC precisely limits the system’s tran-
sient errors, convergence speed, and overshoot by introducing time-varying performance
functions, ensuring that the system meets predefined performance requirements during
the synchronization process. The introduction of PPC has attracted widespread attention
and has been successfully applied in many fields [3-5,7, 10, 16,22, 24,32]. For instance,
Zhang et al. [22] investigated prescribed performance-based tracking control for nonlinear
systems; reference [32] focused on fixed-time control with prescribed performance for
multi-agent systems; Fan et al. [7] addressed the synchronization problem in complex
networks with prescribed performance. Existing results indicate that PPC has been widely
applied in nonlinear and multi-agent systems, but its application to complex network
synchronization problems remains relatively limited and requires further exploration.

Based on the above discussion, this paper is the first to combine PPC with ETIC for
the synchronization problem in CNs. Two ETIC schemes with prescribed performance are
proposed, which significantly reduce the computational burden of existing methods while
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Table 1. Comparison of ETIC methods for complex network synchronization.

Reference  Control Strategy Performance Guarantee Limitation

[9,34] Event-triggered impulses Practical synchronization Cannot achieve complete syn-
chronization; No performance
constraints

[11,19,29] Event-triggered with forced Complete synchronization No performance constraints
impulses
This work  ETIC with prescribed perfor- Subject to performance con- Requires feasible initial condi-
mance; Optional forced pulses straints, different synchroniza- tion
tion principles

ensuring predefined transient and steady-state performance. Additionally, to account for
the complexity of CNs, a new error transformation function is designed. Specifically, the
main contributions of this paper include: (i) This study represents the first application
of the prescribed performance approach to ETIC in CNs, and the system’s transient
performance during the control process is effectively and precisely guaranteed. (ii) Two
novel event-triggering mechanisms, fortified with prescribed performance guarantees,
have been designed. They not only facilitate system synchronization but also rigorously
restrict the overshoot magnitude within a predefined threshold. Moreover, they main-
tain the stabilization rate above a preset minimum throughout the entire synchronization
process. (iii) A new error transformation function is introduced to better handle the
complexities of complex networks.

To highlight the advantages, Table 1 contrasts the proposed approach with repre-
sentative ETIC methods, emphasizing explicit transient guarantees under resource-aware
actuation.

The remainder of the paper is organized as follows. Section 2 formulates the problem
and presents preliminaries. Section 3 develops the event-triggered controllers and theoret-
ical results, including Zeno-freeness. Section 4 provides simulations on Lorenz and Chua
networks. Section 5 concludes and discusses future directions.

Notations. N is the set of natural numbers; R represents the set of real numbers; R"
represents the n-dimensional Euclidean space; R™*"™ is defined as the space of n x m
matrices. aAb = min{a, b}. The diag{- - - } serves as the diagonal matrix; Apyax(-) stands
for the maximum eigenvalue. |-| is defined as the absolute value; ||-|| means the Euclidean
norm. For any matrix A, AT represents the transpose of A. The notation ® denotes the
Kronecker product. I,, denotes the n x n identity matrix.

2 Problem formulation

2.1 Model description and preliminaries

Consider the following complex network composed of N nodes:

N
@;(t) = Bf (z(t)) +c2hijij(t) +ui(t), i=1,2,...,N, (1)

j=1

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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where 7;(t) = (zi1(t), Ti2(t), ..., 7 (t))T € R™ represents the state vector of the ith
node; f(-) : R™ — R™ is a continuous vector-valued function describing the dynamical
behavior of each node; B € R™ "™ is a constant matrix; ¢ > 0 denotes the coupling
strength; I" € R™*" is internal coupling matrix; H = (h;;)nxn is external coupling
matrix (also known as Laplacian matrix), representing the network’s topological structure,
with units of connectivity. If there is an edge between nodes ¢ and nodes 7, then hi; > 0;
otherwise, h;; = 0. Additionally, the diagonal elements satisfy h;; = — p =1, i ig»
ensuring that H has zero row sums; u;(t) € R"™ is the event-triggered impulsive controller
for the ith node.

To further discuss the synchronization problem, the synchronization target of sys-
tem (1) is presented as follows:

$(t) = Bf(s(t)), 2)

where s(t) = (s1(t), s2(t),. .., s, (t))T € R™.
In this paper, we define the following synchronization error between systems (1)
and (2):
ei(t) = ;i (t) — s(t).
Then, according to systems (1) and (2), the error system can be expressed as
3 N
61(t):Bf(ez(t))+Czhljpej(t)+ul(t)7 2:17277N7 (3)
j=1
where f(ei()) = f(@i(t)) = f(s(t).
Definition 1. For systems (1) and (2), if

lim H:I: - s(t)“ =0,

t——+o00
it is said to be complete synchronization between network (1) and target (2).

Definition 2. Systems (1) and (2) are said to achieve practical synchronization if there
exists a constant 7 > 0 such that, for every node ¢ in the network (1), the synchronization
error e;(t) = x;(t) — s(t) satisfies

limsup ||e; (¢)|| < 7.
t—+4o0

This implies that there exists a compact set R(7) = {e € R |||e|| < 7} such that the

synchronization errors e; () ultimately converge into and remain within R(7) for all ¢ =
1,2,...,N.

Assumption 1. (See [34,37].) The continuous function f(-) : R™ — R™ is globally
Lipschitz continuous, i.e.,
£ @) — ) _

<l
lla — o
forall a,b € R™, a # b, where [ > 0 is the Lipschitz constant.

https://www.journals.vu.lt/nonlinear-analysis
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Remark 1. In real-world applications, most physical systems exhibit bounded rates of
change. For example, in electrical circuits, the current through an inductor cannot change
instantaneously; in mechanical systems, the velocity is bounded by the maximum power
of the actuator; in chemical reactions, the reaction rates are physically limited. The Lip-
schitz assumption captures this fundamental physical constraint that the rate of change
of system dynamics is bounded. This assumption is not only theoretically necessary for
guaranteeing the existence and uniqueness of solutions but also practically reasonable for
most engineered systems.

The objective of this paper is to design a controller u;(¢) for systems (1) and (2)
based on a dynamic event triggered mechanism with prescribed performance such that
the synchronization error e;(t) converges to zero or satisfies the prescribed performance.

2.2 Prescribed performance

To deal with the control objective, we first introduce the definition of the performance
function.

Definition 3. (See [1,22].) Let ww® > 0 be a positive constant. A smooth function o, (t)
is referred to as the performance function if:
(i) w;(t) > 0and co;(t) < 0fort > 0;

(i) lmsyoow;(t) = wi®.

Assumption 2. We assume that the initial conditions satisfy the feasibility constraint:
lle:(0)|| < w;(0) for all i = 1,2,..., N, where w;(0) > 0 is the initial bound. This
ensures that the performance constraint is initially satisfied.

Remark 2. This assumption is not restrictive in practice. Since the initial performance
bound <;(0) is a design parameter that can be chosen by the control engineer, it can
always be selected large enough to accommodate any reasonable initial synchronization
error. For example, if the initial error is known to be bounded by some value M, one can
simply choose w;(0) > M. In many practical applications, the initial states are known
or can be measured, making it straightforward to verify and ensure this condition. This
assumption is similar to the feasibility requirements in constrained optimization problems
and ensures that the prescribed performance envelope is initially valid.

To ensure that the synchronization error satisfies the prescribed performance, the
synchronization error e;(¢) should remain within the preset performance boundaries

les®)]] < wilt), )
where w, (t) denotes the performance function and takes the following form:
wi(t) = (@) — w®)e 5 + @i

with & > 0 denoting the decay rate, @? = w;(0) > 0, and @) > @ > 0.

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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To attain the performance constraint (4) for the synchronization error, an error trans-
formation function is introduced by

) = O 5)

@ (t) — lles (1>
Then the dynamics of z;(t) satisfies
Zi(t) = 20 ()@ (t)e] () (t) — 2pi(t)os (t)aoi(t) 24 (L), (6)
where p; (t) = 1/(w} (t) — [les(t)[|*) with @;(t) # [[e:(t)]].

Remark 3. The performance function w;(¢) not only constrains the overshoot of the
error signal e;(t), but also ensures that its convergence rate remains no less than the
predefined threshold &;. Here parameter w;° denotes the maximum allowable steady-
state error, while w! represents the permissible maximum overshoot. By appropriately
configuring the parameters of the performance function w;(t) (e.g., @?, @, &), syn-
chronous dynamic performance of the system can be effectively regulated. Compared to
traditional ETIC methods without prescribed performance [9, 34,37], our approach pro-
vides explicit bounds on both transient and steady-state behavior, significantly improving
the predictability and performance guarantees of the controlled system.

Remark 4. Since the form of the transformation function, it can be rigorously proven
that if the initial condition ||e;(0)|| < @;(0) and the transformed error z;(t) remains
bounded for all ¢ > 0, then the synchronization error e;(t) satisfies |le;(¢)|| < w;(t)
for all ¢ > 0. Using the inequality |e;;(t)| < ||e;(t)]], it can be deduced that —zw;(t) <
ei;(t) < w;(t). This implies that the synchronization error is guaranteed to adhere to the
predefined performance constraints throughout the transient and steady-state phases.

Remark 5. Based on the dynamic equation

@i(t) = —Ge” N (@] — ) = —&(@ilt) - =),

P =

we derive
—w; ()i (t) = @3 ()& (wi(t) — @5°) < &wi(t).

Remark 6. It is worth noting that transformation functions based on logarithmic or
trigonometric forms have been proposed. Although such mappings possess rigorous the-
oretical properties and strong constraint capability, they usually involve transcendental
operations and complicated derivatives. As a result, the corresponding control laws often
contain nested nonlinear terms, which increase computational burden and may introduce
numerical sensitivity, especially in networked systems. In contrast, the transformation
function (6) proposed in this paper adopts a simple algebraic structure composed only
of basic arithmetic operations. Since it avoids transcendental function evaluation and
yields a more concise derivative form, the computational load is significantly reduced,
and stability analysis becomes more straightforward. These features make the proposed
transformation especially suitable for networked systems, where multiple nodes must
perform distributed computations efficiently and synchronously.

https://www.journals.vu.lt/nonlinear-analysis
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2.3 Event-triggered impulsive control

To ensure that the synchronization error remains within the prescribed performance con-
straints during the control process, a prescribed-performance-based event-triggered mech-
anism is designed as follows:

p=inf{t|t>1_,,

lei(t)]| = ewi(t)}, )

where € € (0,1) is the adjustable parameter. It is worth noting that for ¢ € (tx_1,tx),
we have ||e;(t)||? < @?(t) and thus p;(t) > 0. Additionally, the following inequality is
satisfied:

1
2
1 <pi(t)w; (t) < 1=

Based on the event-triggered mechanism (7), the impulsive control is designed as
follows:

ui(t) = =Y diei(t)5(t — ty), ®)
k=0

where d; € (0, 1) represents the impulsive gain; §(-) is the Dirac delta function.

Remark 7. The parameter € determines when the event is triggered. A smaller € results
in earlier triggering when errors are smaller, leading to more frequent control updates
but tighter tracking. A larger € reduces the number of events but may allow errors to
grow larger before intervention. Thus, e should be chosen based on the desired trade-
off between control performance and resource usage. The impulsive gain d; determines
the strength of the correction applied at each triggering instant. A larger d; provides more
aggressive correction but may cause overshoot. A smaller d; provides smoother but slower
convergence. In practice, d; can be selected based on the desired convergence rate and
available actuator authority.
Thus, system (3) with controller (8) is rewritten as

N

el(t) = Bf(ez(t)) + Czhijpej(t)7 t 7é tk,

j=1
ei(th) =1 —dy)ei(t), t=ts,

where i = 1,2,..., N, k € N, ¢;(¢) is left-continuous, i.e., limHt; e;(t) = e;(ty).
Then the system equation for the transformed error can be obtained as follows:

%(t) = 2p} (@i (t)e] (8)éi(t) — 2pi(t)wi(t) i () zi(t),  t # t,

+ 2 (9)
Zi(6) < (1= di)*z(t), t =t

Considering the form of the error transformation function z;(t) and the fact that e;(t) is
left-continuous, we can conclude that z;(¢) is also left-continuous.

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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Remark 8. When ¢ = ¢, the value of z;(t) is given by

) = NI (PP
T 20 e DIE T @20 — (- dillest )

3

where d; € (0, 1), it follows directly that
@} (t) = (1= di)lei(ty )II* > =7 () — llea(t;))*-
From Eq. (9) we have

(1 —di)*[le(t;)I* _ N2 (-
zi(th) < =70 - ||ei(t,§)||2 = (1—d;)*2z(ty).

3 Theoretical results

3.1 Event-triggered impulsive control

Theorem 1. Under Assumption 1 and the event-triggered impulsive control (8) with (7),
systems (1) and (2) achieve practical synchronization with prescribed performance (4),
and the errors e;(t) are ultimately bounded within the region

R(w™) = {e e R™ | [le]| < @™}, (10)
where w™ = max;en{w°}.

Proof. Next, we will prove that if ||e;(0)|| < @;(0), then ||e;(t)|| < w;(t) forall¢ > 0
under the event-triggered impulsive control laws (8) with (7). Consider the following two
cases:

Case 1. If there exists t! > 0 such that ||e;(t!)]| = ew;(t}), then the event-triggered
condition (7) is activated at t%. By the impulsive control (8), one has

les (1) = (1 = d)lles ()] < lea (#3) ] = e (81)-

Suppose their trajectories intersect again at th > t; since the impulse at t{ ensures
lle: ()| < ezoi(th), it follows that ||e;(t3)|| = ewo;(t3) at the next intersection with

lei (t5) ]| = (1 = da)les (12)]] < e (t2)

after the subsequent impulse. From 0 < e < 1, repeating this process inductively, we
conclude that ||e; (¢)|| < ew;(t) < w;(t) forall £ > 0.

Case 2. If the trajectories of ||e;(¢)|| and w;(t) never intersect and the trajectory of
w; (t) always lies above that of ||e;(¢)]], then ||e;(¢)|] < @o;(¢) for all ¢ > 0.
Therefore, from the above analysis one obtains

lei®)]| < wi(t), t>0, (11)

https://www.journals.vu.lt/nonlinear-analysis
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which further implies
llei(®)|| < (=) — wfo)e*&t + w°.

Thus, lim;_, |le;(t)]] < w® < @™, indicating that the practical synchronization of
systems (1) and (2) is achieved with the error converging to the bounded region (10).
Meanwhile, from (11) the prescribed performance (4) can be satisfied. ]

Zeno behavior is a problematic phenomenon in event-triggered and hybrid systems. It
occurs when an infinite number of triggering events happen within a finite time interval.
Mathematically, if there exists a finite time 7" such that lim,,_, o ¢, = T where {t,,} is
a subsequence of the triggering sequence {1}, then the system exhibits Zeno behavior.
This can lead to unbounded control effort, computational overload, and instability in the
system. To avoid Zeno behavior, it is crucial to ensure that the time intervals between
consecutive triggering events are strictly positive. That is, for all k, 541 — ¢ = 0 > 0.
This condition guarantees that the number of triggering events in any finite time interval
is finite. In the subsequent discussion, we shall demonstrate that the Zeno phenomenon is
precluded in the proposed event-triggered mechanism.

Theorem 2. Under Assumption 1 and the event-triggered impulsive control (8) with (7),
system (1) is Zeno-free.

Proof. Consider the following Lyapunov function:
Vi(t) = e (e (). (12)

Fort € (t},,t}, ], based on the characteristics of @;(t), one has
. N
6) = 2 0600 = 2670 ) o)
=1
2 ¥
< 20Bllfle )] + 2ehll T [|e:@)]] D [le; ()]
=1

N
< 2||B||w; () + 2ch| T [wi(t) Y w;(t)
j=1

< 2l||B||@?(t},) + 2¢hN ||| (¢},) = &}, (13)
where h = maxi<; j<n{|hi;|} denotes the maximum absolute coupling weight, w(t) =
max; @;(t), and &} = 2(I|| B|| + chN||I'||)w?(ti). @i is the greatest growth slope of
Vi(t).

Meanwhile,
de?w?(t)
dt

where 2 = 2e2¢;w?(t},). Then the greatest descending rate of w?(t) is 2}.

=2 (Dwi(t) > —2626w] (t) > —26%&w7 (1) > — (2, (14)

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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Figure 1. The trajectories of V; (¢) and co; (t) for (e, tZ-H]‘

Therefore, for ¢ € (tj,,t}, ], one can get

Ti(t) = D (t —t},) + (1 — d;) e} (7,),

) ) ) 15
Tolt) = —0i(t — 1) + 2(8). =

Note that there exists a time ¢ € (t},t} ] such that Ty (t;) = Ta(t;). Then TF =
t3 11 — T} can be estimated by

(1 - (1= di)*)ewi(t))

i) )¢ > 0.
bl + 21

T >t — 1 =

Consequently, system (1) is Zeno-free. O

Remark 9. Figure 1 illustrates the geometric idea underlying the proof of Theorem 2.
The blue solid line denotes the performance function e?ww?(t), and the green solid line
denotes the trajectory of f/l(t) The two black solid lines represent the trajectories of
T (t) and T5(t), which intersect at time ¢}. By the trigger condition (7), the trajectory of
Vi(t) intersects e2cw?(t) at t = ti ;. Therefore, there exists a time ¢} € (ti, ;] such
that T1 (t;;) = TQ (t;)

3.2 Forced pulse-based event-triggered control

Theorem 1 demonstrates that systems (1) and (2) can achieve practical synchronization
based on prescribed performance under event-triggered mechanism (7). However, this
mechanism has a potential flaw: as the system states approach synchronization, the trig-
gering conditions may remain unsatisfied for extended periods. This leads to missing
control inputs, preventing full synchronization and limiting the system to maintaining
synchronization within a certain error range. To ensure complete synchronization, we
introduce forced pulses. Based on this, an improved event-triggered mechanism with

https://www.journals.vu.lt/nonlinear-analysis
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forced pulse is designed:

th = (th—1 + p) A Ty,

. . (16)
T =inf{t |t > tpe—1, Ji € {1,...,N}: |le;(t)]| > ews(t)},

where 1 > 0 is the forced impulse interval.

Remark 10. The forced impulse interval ;2 imposes a lower bound on the inter-event
interval, ensuring that control actions are applied at least every p seconds. This parameter
should be selected according to the system’s dominant time constants and stability margin.
A smaller 1 improves responsiveness while increasing the frequency of control updates,
whereas a larger p reduces communication burden at the expense of slower corrective
action. In practice, p is chosen such that p < Ty, where Th,;, denotes the minimum
time to instability of the uncontrolled system.

Next, a theorem that systems (1) and (2) achieve complete synchronization under
ETIC with forced impulse will be given.

Theorem 3. Under Assumption 1 and the forced pulse-based event-triggered control (16)
with (7), systems (1) and (2) can reach complete synchronization under prescribed per-
formance (4) if

InD < —u®, a7

where D =max<;<n(1—d;)? is the largest squared post-impulse attenuation factor, and

B+ Amax(c(HR D) +&
=4 1 — ¢2 . &= 121122%[{51}

&)

In addition, system (1) is Zeno-free.

Proof. For the error system (9), construct the following Lyapunov function:
1
V(t) =3 > 2.
i=1

For t # ty,, from —oo; (t)c7; () < &w?(t) and p; (t)w?(t) < 1/(1 — €?) the derivative
of V(¢) can be derived as

N N
V(t) = Z zi(t)zi(t) = 2 Z 2i(8) (07 ()7 (t)ei (t)éa(t) — pi(t) o (t)aoi(t) 24 (1))
1_;7 =1 2 25 N
<2Y PO e )| *ef Wit + 1 D
1;1 2 =1 N
<2 pr(t)W?(t)!|ei(t)|\ el (1) (B(f(xi(t)) = f(s(1)) + CZ hierj(t)>
N
+ 1 3662 Z Z?(t), § = max{{;}. (18)

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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According to Assumption 1, one has

N

pr(t)wiz(t)ﬂez )||*eX () BF (e(t))
N , i
Z O e [[es OIBI]F (es )
lIIBIIsz ®)les@®)||* < l”B” Zz . (19)

In addition,

N 5 N
Z i ()@} (O)]|es ()] "ef (t)e Z hijle;(t)

N N T
=33 (G O= Ol 0] e ) e 1)

i=1j=1
= (P(t)e(t)) e(H ® D)e(t)
N
< max (e(H @ 1) S pi )2 (1)l es(t)]”
=1
Amax(c(H ® T)) o=
Shs v aa D) (20)
where
P(t) = diag(p} (1)@ (1) ||ex () ||* I, p3()3 () ||ea(®)||* L, -,
p?’v(t)wN HeN ||2In) € RPVXnN,
e(t) = [eT(t),ex (t),...,en(t)] " € R™N.
Combining (18)—(20) gives
) < 20| B|| +)\1ij62 c(H®T)) zsz zg izf(t)
i=1 =1
(l||B||+Am;X_( 6(2H®F +¢) ;Z? _ov(t
where © = 4(1|| B|| + Apax(c(H @ ') + &) /(1 — €2).
Then, for ¢ € (t,tg+1], we further obtain
V() < V(t])e®tt), Q1)
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At triggered instant ¢y, there is

N

> (1 —di)*2} (tx) < DV (1), (22)
=1

N =

1 N
V(ty) = 3 PIEAG RS
=1

where D = max{(1 — d;)*}.
Jointly considering Eqgs. (21) and (22), for ¢ € (¢x, tx41], one has
V(t) < DV (t),)e®t—t),
Then
V(tr) < DV (tg—1)e® 1) < DV ()1 )e®".

Thus, using the same analytical methodology, the following result can be derived:
V(t) < V(tO)Dkeku@ee(t—tk) < V(to)ek(ln D-‘r,u@)-‘r;l,@.

According to condition (17), we have In D + @ < 0. Therefore, limg_,, V' (¢) = 0.
From analysis above we can get that the transformation error z;(t) is bounded, which
means that the prescribed performance of synchronization error e;(t) can be guaranteed.
From (5) and lim;_, #;(t) = 0 the synchronization error e;(t) converges to zero, which
means that the synchronization between systems (1) and (2) can be achieved. ]

Theorem 4. Under Assumption 1 and the forced pulse-based event-triggered control (16)
with (7), system (1) is Zeno-free.

Proof. Consider the triggering sequence {tx}ren generated by (16). For each interval
(tk,tr+1], there are two mutually exclusive cases:

(i) Forced impulse ¢54 1 = t;+p. Since po > 0 by design, the inter-event time satisfies
tk+17tk:u>0.
(ii) Event-triggered impulse t;4+1 = T41 < tx + p, where

Tipr = inf{t >t | Fi € {1,...,N}: |lei(t)|| = ewi(t)}.

Fix such an index . As in (12)—(15), define V;(t) = ||e;(t)||>. Then for t € (ty,tx11]s
one has the growth bound

Vi(t) < @i, = 2(1| B|| + chN | I])) w7 (tx)

and the decay bound for the threshold trajectory

d
E(GQW?@)) >~ = =266 @} (t)-

With the post-impulse reset V;(t) < (1 — d;)?€?w?(t;,), the two affine envelopes

Ti(t) = Bt — ty) + (1 — di)* ey (tr),
To(t) = —(t — tg) + 2w (ty)

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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intersect at

(1= (1 —di)*)e?w} (t)

tr —tp =
Bk D+ (2

=pf > 0.

Since V;(t) < Ti(t) and e2w?(t) > Ta(t) on (ty, tx11], the next intersection (and thus the
next trigger for index 7) cannot occur before ¢},. Hence, in case (ii), tx4+1 — tx = pF > 0.
Combining (i)—(ii), for every k, we have

thy1 — ti = min{u, ie{rlr}.i.r.l’N} pf}
Because w;(t) is bounded and nonincreasing with w;(¢) > @ > 0 and all design/plant
parameters are fixed, there exists a uniform constant p > 0 such that pf > p for all ¢
and k. Therefore, letting p = min{u, p} > 0, it follows that ¢, — t; > p for all
k. Hence, no infinite number of events can accumulate in finite time, and the system is
Zeno-free. O

4 Simulation examples

Example 1. To validate the theoretical results, we utilize the Lorenz chaotic system [34],
which serves as a benchmark in synchronization literature due to its well-documented
chaotic dynamics. The Lorenz system is described as follows:

él(t) = —1081(t) + 1052(t),

Sg(t) = 2881(t) - Sg(t) - Sl(t)Sg(t), (23)
Sg(t) = 7%53(15) + Sl(t)SQ(t).

The initial value s(0) = (—3,1,2)T. The dynamic behavior presented in Fig. 2 shows
that system (23) has a chaotic attractor. The Lipschitz constant for the Lorenz system (23)
can be estimated as [ ~ 28 based on standard analysis in [34].

= -20

50 s 20 P

Figure 2. The chaotic behavior of system (23).
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Let (23) be the synchronization target. We consider the network with 5 nodes

5
i(t) = Bf (2i(t)) + ¢ Y hijlz(t) +ui(t), i=1,2,3,4,5, (24)
j=1
where

f(xl(t)) = <—10£L’21(t) + 10$12(t), 281’11@) - LEZQ(ZL) - .’L‘il(t)xig(t),

T
—29&'3 () +xa (t)xﬂ(t))

represents the local dynamics of each node (same as the target system), ¢ = 0.8 is the
coupling strength, and coupling matrices are given as

-3 1 1 1 0

100 04 0 0 1 -2 0 0 1
B=|010]|, I'=10 1 0], H=]1 0 -2 0 1
001 0 0 0.7 1 0 0 -2 1

0 1 1 1 -3

The initial value of system (24) is chosen randomly within [—5, 5]. The parameters in
the performance function are selected as @? = 15 (based on the maximum initial er-
ror bound), w® = 0.02 (targeting high-precision steady-state accuracy), & = 2 s1
(inverse seconds ensuring convergence rate at least 2 per second). The parameters of
ETIC are chosen as ¢ = 0.9 (triggering threshold), the control parameters d; = 0.4
(impulse strength). These parameters are selected through trial-and-error to ensure that
the conditions of Theorem 1 are satisfied. Obviously, the choice of parameters satisfies
the conditions of Theorem 1.

The trajectories of synchronization errors e;(t) are plotted in Fig. 3. All five nodes’
errors evolve strictly within the prescribed performance envelope +;(¢) and converge
rapidly. The figure also annotates two key indicators: the global maximum overshoot of
le(t)| (red filled circle) and the first instant after which all errors stay within 0.01 (red
square). The red dashed lines mark the £0.01 bounds used for settling-time assessment.
These results validate Theorem 1, confirming that synchronization is achieved while
meeting the transient and steady-state specifications.

Figure 4 displays the event-triggered instants for each node. The vertical bars repre-
sent the times at which control impulses are applied. Importantly, we observe that the
minimum inter-event time is approximately 0.08 seconds, confirming that the system is
Zeno-free as stated in Theorem 2. The total number of triggered events over the 10-second
simulation is 16, averaging approximately 1.6 events per second, which demonstrates
the efficiency of the event-triggered mechanism in reducing control updates compared to
continuous-time control.

As shown in Fig. 5, the synchronization errors without prescribed performance con-
straints exhibit significant overshoot, peaking at approximately 50.1 compared to 5.3

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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i
w 04
g
t=4.84s L
All errors <0.01 hereafter > 02 N 1 N { ‘
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Figure 3. Synchronization errors with prescribed Figure 4. Event-triggering instants and intervals of
performance. system (24).

60

-
eu(t)
e(t)
—eis(t)
0.01
 Max overshoot
* stay <0.01

t=14.49s
All errors <0.01 hereafter

e(t)

Figure 5. Synchronization errors of systems (23)  Figure 6. Synchronization errors of systems (23)
and (24) without prescribed performance. and (24) without forced impulse.

Table 2. Performance comparison: Example 1 (Lorenz system).

Performance metric With PP Without PP

Maximum overshoot 5.3 50.1 (~ 996% larger)
Steady-state error (at 10 s) 5x 1074 1.2 x 1073 (~ 140% larger)
Settling time to |e| < 0.01 4.8s 14.5 s (~ 202% slower)

with the prescribed performance scheme. Furthermore, their convergence is consider-
ably slower, with a settling time of 14.5 s to the 0.01 bound, whereas the prescribed
performance scheme requires only 4.8 s. This comparison underscores the efficacy of the
prescribed performance approach in effectively limiting overshoot and ensuring a faster
convergence rate.

Figure 6 illustrates the behavior without forced impulses, validating Theorem 1. The
errors remain bounded within the performance envelope and converge to the practical
synchronization region, confirming that practical synchronization is achieved when forced
impulses cannot be applied.

Table 2 quantitatively compares the performance differences between using and not
using preset performance control in the synchronous control of the Lorenz system through
three key performance indicators.

Example 2. To further illustrate the validity of the theoretical results, Chua’s chaotic
circuit [9,37] is utilized as a second benchmark. Unlike the Lorenz system, Chua’s circuit

https://www.journals.vu.lt/nonlinear-analysis
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Figure 7. The chaotic behavior of system (25).

represents a different class of chaotic dynamics with piecewise-linear nonlinearity. The
Chua’s circuit is described as follows:

$1(t) = ma(—=s1(t) + s2(t) + Q(s1(1))),
$2(t) = s1(t) — s2(t) + s3(1), (25)
Sg(t) = 7m282(t)7
where
1
Q(Sl(t)) =q151 + §(Q1 - QQ)(\Sl + 1| —|s1 — 1|)
is a piecewise-linear function, m; = 10, me = 14.7, ¢y = —0.68, and g5 = —1.27.

The initial value s(0) = (—0.3,0.1,0.2)T, and from Fig. 7 system (25) has a chaotic
attractor. The Lipschitz constant for Chua’s circuit can be estimated as [ ~ 1.5 based on
the piecewise-linear structure. The function f(x;) differs from Example 1 by using Chua’s
nonlinearity instead of Lorenz’s quadratic terms, demonstrating the method’s applicability
to diverse chaotic dynamics.

Similarly, let (25) be the synchronization target. Consider a network with 25 nodes

25
i(t) = Bf (2:(t)) + ¢y hilzj(t) +ui(t), i=1,...,25. (26)

j=1
We select ¢ = 0.8, B = I3, and I' = diag(0.2,0.1,0.1). The external coupling matrix
H is randomly generated in MATLAB for a network with 25 nodes. It is constructed as
a Watts—Strogatz small-world graph (25 nodes, average degree 4, rewiring probability 0.1)
and then converted to a Laplacian matrix with zero row sums. Initial states are sampled

from [—5, 5]. The performance envelope is

@i(t) = (po — poc)e ™" + poo

with pg = max|e(0)| + 0.1, poo = 0.02, £ = 2. ETIC parameters are ¢ = 0.9 and
d; = 0.65. A timer enforces forced impulses every 70 integration steps; reported event
counts exclude these forced updates and include only node-error-triggered events.

Nonlinear Anal. Model. Control, 31(6):1-22, 2026
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Figure 8. Synchronization errors of systems (25)  Figure 9. Event-triggering instants and intervals of
and (26) with prescribed performance. system (26).

t/s t/s
Figure 10. Synchronization errors of systems (25)  Figure 11. Synchronization errors of systems (25)
and (26) without prescribed performance. and (26) without forced impulse.

Figure 8 shows that all 25 nodes’ errors remain within +w;(¢) and converge rapidly;
an inset zooms the late transient. Figure 9 shows event instants and inter-event intervals for
node triggers (forced updates excluded), confirming Zeno-freeness and sparse communi-
cation. Figures 10 and 11 provide ablations without prescribed performance and without
forced impulses, respectively.

Remark 11. In order to verify the advantages of the prescribed performance control
strategy, a comparative experimental scheme without prescribed performance constraints
is designed using the same parameters. The experimental results (Figs. 5 and 10) show
that the transient response of the synchronization error overshoots significantly (up to
50% higher than with prescribed performance) and converges slowly when there is no
prescribed performance constraint. Compared to the traditional ETIC approach in [34,
37], our method reduces the overshoot and improves the convergence rate by enforcing
a minimum convergence speed. This is due to the fact that the traditional control method
cannot actively constrain the convergence characteristics of the error trajectory during
the dynamic process, which leads to the inability to effectively guarantee the transient
performance indexes (e.g., overshoot magnitude and regulation time) of the system.

Remark 12. In numerical simulation validation, the theoretical results are verified through
two heterogeneous chaotic systems: the Chua chaotic circuit (a typical electronic engi-
neering system) and the Lorenz system (a classic nonlinear dynamics model used widely
as a benchmark in synchronization literature [34,37]). These two systems exhibit signif-
icant differences in topological structures, node scales, and application contexts across
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distinct disciplines, effectively demonstrating the wide applicability of the proposed the-
ory. The numerical results show that our approach achieves synchronization accuracy
comparable to or better than existing methods [9, 34, 37] while providing explicit bounds
on performance.

Remark 13. The proposed approach improves computational efficiency relative to con-
tinuous-time control by applying updates only when the event condition is satisfied. Con-
sequently, the number of control updates is reduced by approximately 60—70% compared
with a periodic implementation, resulting in lower communication overhead and compu-
tational burden. This efficiency improvement is confirmed by the sparse event-triggering
instants shown in Figs. 4 and 9.

5 Conclusions

This study has addressed the synchronization problem of complex networks (CNs) with
prescribed transient boundaries. An effective event-triggered impulsive controller has
been proposed by integrating the event-triggered impulsive technique with prescribed
performance theory. The derived controller ensured that error trajectories remain within
the specified transient limits while achieving asymptotic synchronization accuracy. Ad-
ditionally, for scenarios where forced pulses cannot be applied, the error has been guar-
anteed to satisfy the prescribed performance and achieve practical synchronization. The
theoretical results have ensured the Zeno-free behaviour of the event-triggered pulse
controller. Finally, the simulation results of the CNs system have verified the effectiveness
of the control scheme.

Limitations. Despite the advantages of the proposed approach, several limitations
should be acknowledged. (i) The approach requires the initial error to satisfy ||e;(0)]] <
w;(0), which may limit applicability when initial conditions cannot be controlled.
(i1) The performance bounds are conservative, and the actual performance may be bet-
ter than guaranteed. Furthermore, resilient-triggered fault-tolerant control [33] can re-
duce communication overhead, enhance robustness against multiple attacks and faults,
and flexible triggering conditions, hence, future work will investigate resilient-triggered
fault-tolerant control and attack-delay co-design for networked control systems, address
directed networks and time-delay systems, and extend the approach to adaptive prescribed
performance bounds.
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