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Abstract—This paper investigates the optimal consensus prob-
lem for leader-follower multiagent systems (MASs) via event-
triggered control. Within a game-theoretic framework, a novel
optimal event-triggered consensus scheme is proposed to achieve
the dual optimization of control performance and sampling fre-
quency. Given that the impact on system performance, the control
input and the event-based sampling error are regarded as two
competitive players of the zero-sum game. In the MAS consensus,
each agent is to minimize its performance index against the
actions of neighboring agents, which can be formulated as the
differential graphical game. In the game-theoretic framework, the
optimal event-based control law and the optimal event-triggered
mechanism are derived by seeking the global Nash equilibrium.
QOur designed sampling mechanism can not only maximize the
interevent interval with respect to the performance index but also
guarantee the exclusion of the Zeno behavior. Finally, simulation
results are conducted to validate the effectiveness of the proposed
optimal event-triggered consensus method.

Note to Practitioners—Consensus control of multiagent systems
(MASs) has been of great interest due to extensive engineering
applications, such as multivehicle formation, distributed opti-
mization, smart grids, and sensor networks. However, realistic
agents are usually only equipped with limited communica-
tion capability, which restricts the advancement of the MAS
consensus. This paper adopts the game-theoretic approach to
develop an optimal event-triggered consensus framework for
MASs, where the control input and its sampling error are
treated as competing players in a zero-sum game, and policy
pairs among neighboring agents are regarded as competing
players in a differential graphical game. The Nash equilibrium
solution of games establishes the optimal control policy and
the maximum triggering threshold, which is used to design the
optimal event-triggered mechanism with the maximum sampling
interval. Unlike prior event-triggered schemes focused solely on
stability, the key feature of the proposed framework is designed
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under the premise of both stability and optimality, which benefits
the balance between control performance and sampling efficiency.
The theoretical results and simulations show that the triggering
mechanism excludes Zeno behaviors, thereby ensuring practical
feasibility for hardware implementations.

Index Terms—Event-triggered mechanism, differential graphi-
cal game, multiagent systems, optimal consensus, zero-sum game.

I. INTRODUCTION

VER the past decade, coordination of multiagent systems

(MASs) has emerged as an research hotspot due to
diverse engineering applications like multivehicle formation
[1]-[5], distributed optimization [6], [7], smart grids [8], [9],
and sensor networks [10], [11]. Consensus control, one core
issue of the coordination control, drives states of all agents to
reach agreement in practical scenarios, such as synchronizing
inter-vehicle spacing and speed in the platoon formation [12],
[13] and distributed energy management in smart grids [14]. In
reality, constrained communication capabilities of individual
agents pose a significant challenge for a central controller,
whereas distributed or decentralized controllers provide a more
realistic scheme due to no requirement for global information.
Therefore, it is challenging but essential to develop novel
distributed controllers for MASs.

Due to a pragmatic significance, many profound results
about consensus control problem have been reported including
academic and engineering fields [15]-[21]. Later on, optimal
consensus control has received considerable attention, which is
expected to simultaneously obtain better control performance
and consensus. Many efforts have been devoted to inves-
tigating the optimal consensus problem. In [22], structured
quadratic performance indices are derived to achieve the global
optimal control of linear MASs with a fixed and directed
topology. [23] and [24] further extend the result of [22] to
general linear MASs and discrete-time MASs with constrained
control inputs. In [25], the linear quadratic regulation is
introduced to design the optimal distributed controller for
reaching the consensus of quadrotors and mobile robots.
Moreover, distributed optimal control method based on date-
driven technique [26], model predictive control [27], and
dynamic average consensus [28] are developed for MASs. It
should be pointed out that practical systems (e.g., autonomous
aerial/surface/underwater vehicles) carry usually equipment
with limited energy and communication capabilities, which
leads to the implementation difficulty of aforementioned opti-
mal consensus methods via continuous communications. Thus,
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the development of resource-saving controllers is crucial to
improving the practicality.

As reviewed in the literature [29], [30], consensus con-
trol employ the continuous-time state or output information
from neighboring agents, which necessitates continuous con-
sumption of system resources. To mitigate this weakness,
the sampled-data control scheme provides a way to reduce
resource consumption, which only updates control laws or
exchanges information under certain specific conditions. Note
that the key step of event-triggered control (ETC) is to
develop appropriate event-triggering conditions, also called
event-triggered mechanisms (ETMs), for determining sam-
pling instants [31]. A common feature of ETMs lies in
the triggering function associated with the sampling error
bounded by some state- and/or time-dependent functions.
A time-dependent ETM is designed in [32] to bound the
measurement error for the asymptotic consensus. Different
from time-dependent threshold, [33] derives a state-dependent
threshold for the distributed static ETM, which guarantees
the positive lower bound on the average interevent interval.
In [34] and [35], adaptive technique is employed to the
development of ETMs. In [34], an online adaptive parameter is
introduced to derive a dynamic triggering function for avoiding
continuously monitoring the system state. [35] presents an
adaptive ETM capable of achieving event-triggered consensus
without any global information of topology graph. In contrast
to static ETMs, the dynamic triggering threshold designed in
[36] enlarges the inter-sampling interval between consecutive
events by introducing an internal variable. In [37], a distributed
ETM with a time-varying threshold is designed for leaderless
and leader-follower consensuses to reduce the information
transmission between agent and its neighbors. To seek a
tradeoff between convergence rate and sampling frequency,
[38] develops a dynamic triggering function to achieve the
designable minimum interevent interval. Other dynamic ETC
methods are also investigated, such as distributed dynamic
ETC [39] and fully distributed ETC [40], and edge-based
triggering mechanisms [41] and [42].

Recalling aforementioned results, these event-triggered con-
sensus methods have developed various triggering functions,
which are expected to achieve the largest possible triggering
interval on the premise of stability. It is noted that above design
schemes can not provide the interval-maximum sampling
condition and also oversight the relationship between control
performance and sampling frequency. Moreover, individual
performance index of all agents leads to the noncooperative
feature among them, which concerns the minimization of their
own cost functions. However, it is inadequate to solve opti-
mal event-triggered consensus problems with above methods.
Therefore, it is challenging but promising to simultaneously
take into account noncooperative relationship among agents
and co-optimality of both control performance and triggering
condition.

Motivated by the above discussions, this paper develops an
optimal event-triggered consensus method for leader-follower
MASs using game-theoretic approaches. The main contribu-
tions are presented as follows.

o In the game-theoretic framework, an optimal event-

triggered consensus control method is developed to si-
multaneously consider the optimalities of control per-
formance and event-triggered mechanism involving two
noncooperative game perspectives. With our proposed
optimal ETC method, the tradeoff between system perfor-
mance and sampling frequency is obtained by the global
Nash equilibrium seeking.

« Based on the min-max strategy and the zero-sum game
approach, the maximum inter-sampling interval with re-
spect to individual performance function is determined,
which is employed to derive the optimal event-triggered
mechanism. In contrast to the optimal ETC schemes
for single agent system in [43] and [44], our designed
mechanism is a distributed scheme to reduce information
exchanges among agents.

e According to the game algebraic Riccati and Hamilton-
Jacobi-Isaacs equations, the optimal control policy and
the sampling error are derived to guarantee both the
stability of the closed-loop system and the Zeno-free
behavior.

The rest of this paper is organized as below. Section II
introduces preliminaries and problem formulation. Section
IIT develops the optimal event-triggered consensus control
method and gives the stability analysis. Section IV provides
the simulation verification. Section V concludes this paper.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. Notations

Let N5y and R.y be the sets of positive integers and
nonnegative real numbers, respectively. For any n € Nyg,
1, and 0, are n x 1 column vectors with all elements equal
to one and zero, respectively. I,, and 0,,x, denote the n X n
identity matrix and n X n matrix with all zeros. For brevity, I;.,,
represents a integer set {1,...,n}. Denote col(-) and diag(-)
as the column vector and block-diagonal matrix, sequentially.
® is the Kronecker Product. || - || stands for the Euclidean
norm. Apin (+) and Apax(+) denote the minimum and maximum
eigenvalues of a matrix, respectively.

B. Graph Theory

Consider a system of N followers and one leader. The
communication topology of followers is depicted by a graph
G = {V,&} with ¥V = I;.y and &€ C V x V being the
sets of vertices and edges, respectively. Define a neighbor
set of node i as N; = {j € V|(i,j) € &£}, where (i, )
stands for an information flow from node ¢ to node j. The
graph G is undirected if (j,i) € & for any (i,j) € £. The
undirected graph G is connected if there is a path between
any node pair. The adjacency matrix of graph G is defined
as A = [aij] e RVXN with ai; = 0, Qij = 1if (’L,]) SR
and a;; = 0, otherwise. Define a topology among followers
and the leader as G = {V,&} with ¥V = VYV U {0} and
€ CV x V, where the information flow from the leader to the
follower is unidirectional. For the graph G, the corresponding
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degree matrix D € RWHUX(N+1) and Laplacian matrix
L € RWVEDX(N+D) can be partitioned below

T T
0 Oy and L = 0 Oy
Oy Dy Lo Ly

where D, = dlag(dl,,dN) S RNXN, L, = D, —
A = [lij] S RNXN, and Ly = COl(—aio) c RN with
d; = ZjENi aij + aio, li; = d;, and lij = —a;j; for i # j.
Here, a;o = 1 if the follower ¢ can access the leader, and
a;o = 0 otherwise.

|

C. Problem Formulation

Consider a swarm of MASs with the follower’s dynamics
described by

and the leader’s dynamics given by
do(t) = Amo(t) + Buo(t) 2

where xo(t) € R™ and x;(t) € R™ are states of agents.
uo(t) € R™ and u,(t) € R™ are inputs of agents. A € R"*"
and B € R™ ™ are the system matrices to be assumed that
the pair (A, B) is stabilizable. For brevity, the time variable
t is omitted in the upcoming development.

To begin with, a local error z; € R™ of agent ¢ with respect
to its neighbors is defined as follows

zZi = Z aij ((Bl — wj) =+ a;o (QIZ — Jio). (3)
JEN;
From (1)-(3), the dynamics of z; is yielded as

Z (LijB’U,j. (4)
JEN;U{0}

In the consensus problem, each agent aims to synchronize
with its neighbors and minimize the performance index defined
by the following infinite horizon scalar function

0

where Q; = Q] € R™" and R, = R] € R™ ™ are
positive definite matrices.

Remark 1: Tt is observed from (4) that J;(z;, u;) depends
not only on the behavior of agent ¢ but also on that of its
neighbors j for j € N;. Then, function J;(z;,u;) for agent 4
can be explicitly rewritten as J;(z;, w;, u_;) with respect to
neighbor policies with w_; = {w1,...,Uj—1,Uit1,..., UN}.
Thus, (5) can be regarded as a differential graphical game
involving multiple players u_;. Herein, each player optimizes
its control policy against the neighbors’ policies to minimize
its performance index (5). The objective of this paper is to
derive the optimal control policy to achieve the consensus
under the differential graphical game framework.

Definition 1 ( [44]): The N-tuple control policy {u}, u* ;

is called a Nash equilibrium solution if the inequality

Ji(zi,uj,u ;) < Ji(zi,u,u’y), Vi€l (6)

—1

holds for all players of the differential graphical game.

To seek the Nash equilibrium of the graphical game, each
agent needs to update its policy u; using the local information
from communication channels. To save limited communication
sources, agent 4 only broadcasts the latest state @;s = @;(¢;s)
to its neighbors and updates its policy w;s = w;(t;s) for t €
[tis;tis+1)), Where {t;s}32,, s € Ny with ;0 = 0 is a
sequence of triggering instants for agent ¢, ¢ € I;.y. Then, the
local error dynamics of agent ¢ with the event-based policy
u;s can be expressed as follows

E aijB'UJjS —

JEN;

22' = Azi + diB’UJZS — —aioBUO‘ (7)

Before developing the ETM, define a error between the
actual input u; and the sampled input u;s as follows

€is = Ujs — U;. ®)

Substituting (8) into (7), the local error dynamics of agent
1 1s rewritten as

21’ :AZZ' + dZB(’UJ,L + eis) — Z aijB(u]- + ejs)
JEN;
— aioB’U/o. (9)

To save communication resources, the larger sampling error
e;s may result in a certain degree of control performance
degradation, indicating that the sampling error plays a role
against the control input. Thus, the control input and sampling
error can be regarded as two players in a zero-sum game. Con-
sidering the impact of the sampling error e;;, we reformulate
the performance index function J;(z;, u;) for agent ¢ as

Ji(zi, u;, eis)
oo
= / (ziTQizi + uZTRzuz — ufe;ew)dt (10)
0
where p; € Ry is a constant.

Definition 2 ( [44]): The policy pair (u},ef,) is called a
Nash equilibrium of the zero-sum game if the inequality

Ji(zi,ui, eis) < Ji(zi,uj, ef,) < Ji(zi,ui,ej,)  (11)
holds for any players w; and e;s, ¢ € 1. 5.
Definition 3 ( [44]): The N-tuple policy pair

{(Uf7 e;(s) ivzl
the inequality

is called the global Nash equilibrium if

—1is 187 Y —1) ©—1is

*

Ji(ziyu;'kaeisauiiae* )SJi(zivu;ae)‘k U* 6* )
ul;ely)

< Ji(zi,u;, e (12)

*
189
holds for each agent 7, ¢ € I.n.

The objective of this paper is to develop an optimal event-
triggered control method for the leader-follower consensus of
MASs such that: 1) the optimal consensus is achieved using
the formulation of differential graphical game and zero-sum
game; and 2) the positive minimum interevent interval under
the interval-maximum triggering mechanism is guaranteed to
exclude the Zeno behavior.
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To move on, the following standard assumption and neces-
sary lemmas are provided.

Assumption 1 ( [45]): The graph G is undirected and con-
nected, and at least one follower has access to the leader.

Lemma 1 ( [45]): Under Assumption 1, £, is symmetric
and positive definite, which yields the following properties:
o All eigenvalues of £; hold

0< )\1([:1) < )\2([:1) <...< >\N(£1) = /\max(ﬁl).
o There exists an orthogonal matrix Tz, such that
T/ LT, = A =diag{\(L1),X2(L1), ..., An(L1)}.

Lemma 2 ( [46]): For positive definite matrices Q =
QT cR™" and R = R" € R™*™ and a positive constant
u, if the pair (A, B) is stabilizable and R~! — I,,,/u? > 0
holds, then the symmetric positive definite matrix P; = P, €
R™*" is the unique solution of the following game algebraic
Riccati equation (GARE)

A"P+PA+Q—-PBR ' - ﬁ)BTP =0.
o

: (13)

III. MAIN RESULTS

This section presents the optimal event-triggered consensus
method including the optimal control law and the optimal
event-triggered mechanism.

A. Optimal Event-Triggered Consensus Scheme Design

To begin with, a value function for the performance index
Ji(zi7 Ui, eis) is given by

Vi(zi):/ (z;rQizi—i—u;-rRiui—u?e;eis)dT (14)
t

for ¢ € I;.y. Then, the optimal value function V;*(z;) for the
zero-sum game of w; and e;s is defined as

Vi (zi)

= min max/ (z;rQizl- + u:Rlul — p?e;geis)dr (15)
t

g €is

In view of the control policy u; and sampling error e; of
neighbor agent j for j € N, the Hamiltonian function for
agent ¢ from (9) and (14) is defined as

Hi(zi, u;, €45, VVi(2i))
=z Qiz; + u; Ryu; — pile] e
+VV;T (2) (Azi +d;B(u; + e;s)
_ Z a; B(u} + €],) — aigBuy)
JEN;

for ¢ € II;.n with V‘/;(ZZ) = 8V1(z1)/8zz € R™.
Based on the minmax strategy, the Hamilton-Jacobi-Isaacs
(HIJT) equation associated with V;*(z;) is formulated as [47]

(16)

min max H;(z;, u;, €;5, VV;*(2;)) = 0.
U; €is

A7)

Subsequently, the optimal control policy «; and the optimal
sampling error e, are derived by solving 0H;/0u; = 0 and
0H;/0e;s = 0 and presented as follows

ul = —%R;lBTVVZ-*(zi), (18)
* dl T *
e, = 2M?B VV*(2). (19)

Substituting (18) and (19) into the HJI equation (17), it
follows that

d?
0 :z;Qizi - ZZV‘/Z*T(ZZ)BRZIBTV‘/;*(ZJ
d?
+ 4;2vm*T(zi)BBTvvi*(zi) + VV T (2)Az;
— Z CLUV‘/;*T(ZZ)B(U; + 8;8)
JEN;
- aiOVVi*T(zZ-)BuO. (20)

The optimal sampling error e}, (19) provides the worst case
input error, which can be employed to achieve the optimal
consensus of MASs with the maximum sampling interval.
Then, a triggering function A(e;s, VV;*(2;)) associated with
e, is defined as follows

h<eisa VV;* (Zl>)

2
T di
= €, €C;. —
1818 4
4pu;

2L

YV (z:)BBTVV/" (),

which is used to develop the following optimal ETM to
determine the next triggering instant

ti(s+1) = inf{t > t;5 | heis, VV;*(2:)) > 0}. (22)

Then, it derives from (18) that the optimal event-triggered
control input is
di
ui(zis) = =5 R\ BTVV (i),
where z;s = z;(t;s) € R™ is the sampled value of z;(¢) at the
triggering instant ¢;,.

(23)

Remark 2: Traditional ETC schemes, such as static ETMs
[48]-[51], dynamic ETMs [52]-[54], and adaptive ETMs [55],
[56], are designed under the premise of system stability, where
the sampling interval is expected to be as large as possible
in order to reduce communication frequency and controller
update. However, these approaches neglect the optimality of
the triggering condition. To achieve the maximum interval
sampling, this paper introduces a sampling error into the
performance index and simultaneously optimizes it with the
control input in a zero-sum game framework. Both the optimal
control policy and triggering threshold are derived to achieve
the desired system performance under the maximal sampling
interval. The codesign scheme establishes a bridge between
the sampling and cost to seek an equilibrium solution.

To seek the Nash equilibrium solution, assume that the
optimal value function V;*(z;) has the following form
Vf(zz) = Oéiz;rljizi»

ielin (24)
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‘ . - _ DT . . d2 2 _ I, T
where o; € R is a scalar gain; P; = P;,' > 0 is the solution i Amin (B Y — ) |BB AR
of the GARE given by Lemma 2. 4 i
Using the function V;*(z;), the optimal policies from (18) < —lillz))? (30)

and (19) are obtained below

ul = —a;d;R;'B" P;z;, (25)
id;

e, = 2 (26)
e

During the interevent time, the event-based optimal policies
of agent i are given by u}, = uf(z;s) and e, = el (zis)
for t € [tis,ti(s+1)). Within the differential graphical game
framework, agent 7 receives the control policy of neighboring
agents as us, = u’(2;s) and e}, = e (2;s). Then, substitute
them into the resulting closed-loop system (9) and rewrite the
following form

N
I,
z; :Azi — ZCL”OQ(LB(RZI — T)BTR(ZZ + eiz)
; 2
Jj=0 v
L,
+ Z aijajij(R;l - T)BTP (z_] + ejz)
JEN; Hj
—a;0Bug 27

with ezz(t) =z;s —z; fort € [tisati(s+1))a i €1q.n.

B. Stability Analysis

To proceed the subsequent analysis, a standard assumption
for the boundedness for the gradient VV;*(z;) is made.

Assumption 2 ( [57]): For any ¢; > 0, there exists §; > 0
such that

IVVE @)l < ellzill, izl < b (28)

The following theorem states that the policy pair (u}, e},)
is the Nash equilibrium defined in Definition 3.

Theorem 1: Under Assumption 2, the event-based system
(9) with the optimal ETM (22) is asymptotically stable, and
the policy pair {(u},e},)}~ , constitutes the global Nash
equilibrium.

Proof: Choose V;*(z;) as the Lyapunov function candidate.
Then, it gets from (20) that V;*(z;) holds

Ve (z) =T (Azi +d;Bu’ + d; Be’,

— Z aijB u 6;) — aioB’u,o)
JEN;

2
= — ZTQZ'ZZ' — ﬁv‘/;*T(Zi)BRi_lBTVV;*(ZZ’)

a2
LWV T (2;)BBVV ().

4 2 (29)

If the selection of R; and p; satisfies R -
then it yields under Assumption 2 that

Vi (2i) < = Amin(Qi) [ 2112
d% —1 Im * T T *
7 min(Ri = —9)VV (2) BBV (z:)

S - Amin(Qi)”zi”2

Im/.uz2 >0,

with £; = Ain (Q;) +d2€2|| BB || Amin (R, * — I, /1u2) /4 > 0,
which yields that V;*(z;) < 0. Consequently, it is concluded
that the event-based system in (9) is stable, and that all agents
using the optimal control input and the optimal ETM (22) can
reach the consensus.

Remark 3: 1In this paper, Q;, R;, iu;, and «; are critical pa-
rameters that determine the system performance and resource
conservation. To guide practical implementation, a tuning
strategy is provided as follows. Specifically, the selection of
Qi, R;, and p; should guarantee that the function V;*(z;) is
negative definite. The larger QQ; can accelerate the convergence
of consensus error but may require more control efforts.
The larger R; results in lower control at the cost of slower
convergence. According to (14), (19), (22), and (30), a smaller
w; allows a larger interevent interval to reduce the triggering
number but degrade the consensus performance, that implies
the stronger robustness against event-based error. The larger
«; raises both the magnitude of control input and triggering
threshold, which accelerate convergence of the value function.
Therefore, Q;, R;, 1;, and «; should be chosen to adjust
the tradeoff between the expected performance and sampling
frequency.

In what follows, we will illustrate that the policy pair
(uf, el,) constitutes the Nash equilibrium of the game. Given
that V;*(z;(c0)) = V;*(0) = 0, the function J;(z;, u;, e;s) in
(10) is reformulated as

Ji(ziauiveis)
oo

= / (2] Qizi + u] Ryu; — pilees)dt
0

V(200 / vV T () (Azz +d; Bu;

+ diBeis — Z alj ’LLj + 6]'5) — aioBuo)dt. (31)
JEN;

According to the fact that d;VV;* " Bu; =
diVVi*TBe,-s = 2/136;;

—2u} T R;u; and
e;s from (18) and (19), it implies that

Ji(zi, u;, €i5)

= /OO (ziTQizi + (u;
0

*\ T T *
—u;) Riu;, —u; Ru;]

— pi(eis —ef,) Teis + pieiel,)dt + Vi (2i(0))
/ VV*T AZ; Z azj ’U,j + ej) — aiOBuo)dt.
JEN;
Since (u; —u})" Ruzfu Riu} (ufu)TR(uzf

2*T —
i€is €is =

*
7

ul) — ul'R; u;* and —pu?(e;s — e} ) elS + pie
er,) we rewrite

3
_:U’zg(els T(eis - e?s) + M LS Ts’

Ji(ziauizezs) as

Ji(zi,ui, €55) = Vi (2:(0)) + / (Z;Qizi +u} Rju}
0

2*T*

—uler] e, + VV;T (Az; + d;Bu} + d; Be}, — a;nBug
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_ Z ai;B —ul)  Ri(u; —u))

JEN;

- N?(eis - e;ﬂs)—r(eis -

(u; +ej)))dt+/0 ((u
e;,))dt.

Suppose that neighbor policies employ u; = u} and e;, =
e}fs. Then, one obtains from (17) that

I ei) = Ve (2(0) + [ (s — )T Ry — )

- :uzz (eiS - e;(s)—r(eis - e;ks))dt (32)
Further, (32) is given by the following cases
Ji(zi Ui, €55) =
o0
VIO + [ (s u) R - u,
0
for w; Zu;, e;s=el,
‘/'l*(zz(o))? for ui = u:) €is = ezq7 (33)
Vi) = [ wen - e (e - el
0
for w;, =u;, e;#ej,.

As a result, it follows from (33) that J;(2;(0), ul,e;s) <
Ji(z:(0),ur, er,) < Ji(z:(0),u;, ef,). For the zero-sum game
of players u; and e;,, the control input u; is the optimal solu-
tion to minimize J;(z;, u;, €;5) against the maximal sampling
interval e},. Moreover, the policy pair (u], Zs) also minimizes
Ji(zi,ui, e;s) against the neighbor pair (u}, JS) for j € N;.
When the condition holds for each agent ¢ for ¢ € [1.x, then
{(uf,er,)}Y | constitutes the global Nash equilibrium of the

differential graphlcal game. (]

Remark 4: For traditional event-triggered optimal con-
trol schemes in [58] and references therein, one has
Ji(2i(0),ul) — V;*(2;(0)) as the quantization term is close
to zero by increasing the sampling frequency, which asymp-
totically approaches the performance of the time-triggered
controller. By contrast, our game-based scheme establishes
directly that the optimal value holds J;(z;(0),u},ef,) =
V:*(2;(0)) from (33). Therefore, it shows that our proposed
method presents a superior optimization result to traditional
control schemes.

To facilitate the subsequent analysis, matrices P;, Q;, and
R;, as well as the parameter p,; of all agent are set to be
same, ie., P, £ P, Q; £ Q, R; £ R, and i £ -
Denote z = col(z1, ..., 2n), e.(t) = col(e1.(t),...,enx(t)),
and o = diag(ay, ..., an ). Then, rewrite the resulting closed-
loop system (27) as the following compact form

I
=(In®A—LiDia® B(R™' - M—";)BTP)z
I,
—(£1P1a® B(R™' - P)BTP)ez(t)

+ (Lo ® B)ug. (34)

Theorem 2: Consider the MAS (1) with the optimal event-
triggered control policy (23), the optimal value function (24),
and the optimal event-triggered mechanism (22). Under As-
sumptions 1 and 2 and o; > 1/(2min{d;}Amin(L1)), we

have 1) if the input of the leader is zero, the system (34) is
exponentially stable; 2) if the input of the leader is bounded,
the system (34) is input-to-state stable.

Proof: Consider a Lyapunov function candidate as
L=2"(Li®P)z+2/ (L, P)z,

with z5 = col(z1s, ..., ZNs)-

Case 1: Fort € (tis,t;s11)), s € {0,1,...}, the event-based
error z;5 holds a constant, which implies that the derivative of
2] (L1 ® P)z, is equal to zero.

Differentiating L along (34), we have

L=2T (cl ®(ATP + PA))z

(35)

I
~ 2" (aDiLi® PB(R™ ~ “2)BT (£, @ P)z
~27(£1@ P)(£1D1a @ B(R™ - I—)BTP)

112
T 2 —1 Im T
py (El’Dla @ PB(R™' - ~2)B P)ez(t)
I
—22"(L; ® P)(Lo ® B)uy. (36)
Substituting (13) into (36), L is further given by
L=—2"(L,2Q)z
I
T ((uﬁpla ~ L)@ PB(R™ - H—’;)BTP)z
T 2 —1 Im T
~2:7(£iDra® PB(R™ - 5B P)e.(t)
— 22" (£, ® P)(Ly ® B)uy. (37)

According to Lemma 1, it follows that £, = TglATg1 and
L} =T, AT/, . Utilizing 4>, > R, one has

N
2T (Li2Q)z=C"(AQ)C =) M Q,

(38)
i—1
T(ﬁlﬁo ® PB)ug = CT(ATLTlﬁo ® PB)uy, (39)
I
ZT<£2D10®PB(R_ /;;)BTP)ez(t)
I,
=¢' (AQTLTl’Dla@)PB(R*l N F)BTP)ez( @)
and
T( 2 v Lt
(2£iD1o—£2)® PB(R™ ~ ~5)B p)z
T( 2 1 I o7
(2adL? — £,) ® PB(R 5 B p)
I,
=z (Tz, ® Im)((2@A2 —~A)®@ PB(R™' — F)

x BTP) (T] ®1,)z

I

—¢T ((2@A2 ~A)®PB(R™' - H—Z)BTP)Q 1)

where @ = min;ep, {;}, d = min;ey,, {d;}, and ¢ =

col{¢r, ..., ¢n} = (T, @ I,)z.
Based on the results in (38)-(41), L is presented as

L<- ZAicJQci

i=1

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on January 23,2026 at 02:15:25 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TASE.2026.3656938

IEEE TRANSACTIONS ON AUTOMATION AND SCIENCE ENGINEERING, VOL. XX, NO. XX, XXXX 7
—¢T ((2@& ~-A)®PBR - I—’;)BTP)C with ALjy = zi(tis+1)) " Pzi(tis+1)) — zi(t;(8+1))TP><

IM zi(t;(sﬂ)) and ALy = Z;Es+1)PZi(s+1) — z;Pzis. Accord-

_ QCT (A2T£Tl’Dla ® PB(Rfl — L’;)BTP> e, ing to the triggering mechanism (22), it leads to AL;; <0

H and ALy < —k(||Az;41)|) for Vt € (ts,ti(s41)), where

—2¢"(AT/ Lo ® PB)uy. (42)  Azis41) = Zi(s+1) — Zis and k(-) is a class-KC function.

It is clear that we choose a > 1/(2dAmin(L1)) such
that (2adA? — A) ® PB(R™! — I,,/u?)BT P is positive

semidefinite. Then, it follows that

N
L<=> "¢ Q¢

i=1

1
+ 76 (A’@ PBBTP)¢ +miug (£4 Lo ® Iy )uo
1

1
+ 7—6 (A*® PBB"P)¢ + ee] (Dia? @ M)e.
2
(43)

where M = PB(R™! — I,,/u?)?B" P, and 7, and 7, are
positive constants.

According to the optimal ETM (22), it gets that 1 < 0 for
the interevent interval ¢ € (t;s,;(s11)), namely,

eZ-TSeiS < e;‘STefs. (44)

Furthermore, it yields from (8) and (25) that e;s =
—aidiR_lBTP(zis —Zi) = —aidiR_lBTPeiz, which and
(26) are substituted into the inequality (44). Then, we have
e, PBR?B"Pe,, < z] PBB'"Pz;/u*, which further
derives that ei—';PBBTPeiZ < zi—'—PBBTPzi using the
condition R~ > I,,,/ 2. To move on, it follows that e e;, <
Amax(PBBT P)z z; /Amin(PBB' P). Noting that the fact
2"z = (" (T T, @ I,)¢ = ¢ ¢, then one has

L < —6:1¢T¢ + Oaug uo (45)
with
4 2
01 =\ Amin (Q) — MHPBBTPH
Y172
_ Amax(PBBT P)
_ 2 712 max
Yol d HMH)\min(PBBTP)’ (46)
0> =71 Lol|?, (47)

where & = max;ey, , {o;} and d = maxey,  {d;}. Choose
appreciate 71, 72, and « such that 6; > 0. When the leader
holds the zero input, i.e. ug = 0,,, the resulting system
(34) is exponentially stable, which implies from (45) that
lim;_, 2z = 0,y exponentially. If the input ug is bounded
satisfying ||uo|| < @ with @y € R, we have

L<—0:(1-6¢"¢<0

for ||€]| > \/02/(01&)ug with 0 < £ < 1. Then, it is concluded
the system (27) is input-to-state stable.

Case 2: For the discrete instant ¢ = t;(,41), s € {0,1,...},
the difference of a Lyapunov function L; = z;' Pz; —Fz;rs Pz,
for agent ¢ is presented as

ALZ‘ == Li(ti(s+1)) — Lz(t;

(s+1)) = ALi1 + AL

(48)

Then, it shows that the function L;, ¢ € ;.5 is decreasing
at the instant ¢; = t;(541), s € {0,1,...}.

According to the resulting conclusion, it shows that all error
signals of the closed-loop system are bounded. ]

To proceed, we will prove that Zeno-free behavior can be
guaranteed using our proposed optimal ETM.

Theorem 3: Under the conditions given in Theorem 2, it
guarantees the existence of a positive minimum sampling
interval and exclusion of Zeno behavior for each agent.

Proof: Taking the derivative of e;,(t), we have

é;.(t) = —%;, (49)

which implies from (27)

l[€i=(2)l
= | Ae;.(t) — Azis + ;d?B(R; ' — In B Pz,
() (3 2

1 Inm
= D aijoyd; B(R; = ~5) BT Pizj(t) + aiBug||
JEN; /J/j

< [lAllllei= ()]l + [ Blletio + B: (50)

for t € [tis,tis41)), @ € Ty, where 3 =
max || Az;s —o;d?B(R; ' —I,,/u?) BT Pz, +D e, @ij X
O‘jij(Rj_l - Im/ﬂ?)BT_P,jzj(tjs’)H and
argmaXsE{O,l,.“}{tjsltjs <t,je M}

By solving the inequality (50), it obtains

Bi + || Bl|gtio
Al

tjsl =

lei- ()] < (exp([|A[l(t —tis)) —1) (51
which yields that the sampling interval At;( ;1) = ti(s41)—tis

satisfies

1 | Allll€:=(tics4+1))ll + Bi + | B|rtio

AQ s > In —
G+ =A] B; + | Bllriao

In what follows, the minimum sampling interval At; yin =
min{At;s}s=1,2,.. is yielded as follow

1

Athin = +——1In
’ Al

(¥} min + 1) (52)
with ¥, i, being the minimum value of V¥; =
| Alless (i) | /(B: + [ Blleio) for t € [t tigain).
s € {0,1,...}. Obviously, we have At;;, > 0, which
guarantees that Zeno behavior is excluded under the proposed
triggering mechanism (22). The proof is completed. ]

IV. SIMULATION RESULTS

This section provides a simulation example to validate the
proposed optimal event-triggered consensus method.
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A. Simulation Setup

Consider the MASs consisting of six follower agents and
one leader agent, whose Laplacian matrix is presented by

0 0 0 0 0 0 0

-1 3 -1 0 0 0 -1
o -1 2 -1 0 0 0
L= 0 0o -1 2 -1 0 0
0 0 0o -1 2 -1 0
0 0 0 o -1 2 -1
| 0 -1 0 0 0 -1 2 |
The system matrices in [52] are selected as
A = [03><3,I3;A17A2] and B = [03><3;13] with
A, = [0,0,0;0,3 = 0.0012,0;0,0,—0.001?] and
A, = [0,0.002,0; —0.002,0,0;0,0,0]. The initial
states of leader and follower agents are set as
xo(0) = ¢o0l(0,0,0,0), =1(0) = co0l(0,5,2,0,0,0),

25(0) = col(—2,2,1,0,0,0), 23(0) = col(—3, —3,1,0,0,0),
x4(0) = col(1,-5,-1,0,0,0), 5(0) = col(—3,-3,3,0,
0,0), and x6(0) = col(4,3,—2,0,0,0). Other parameters are
setas ug =0, Q; = Iy, R; = I, u; = 5, and ay; = 2 for
i€ H[1:6]-

B. Effectiveness Validations

Under the conduction of the developed method and simula-
tion setting of subsection IV-A, simulation results are plotted
in Figs. 1-5. In particular, Fig. 1 depicts the trajectories of
event-based local errors z;15, 2i2s, 2i3s, and 2j45 for i € I[y.q),
which shows that the consensus of all follower agents is

achieved. In Fig. 2, the sampling optimal policies u};, and

u,, are depicted. Fig. 3 depicts the sampling interval of each
follower agent from the current triggering time to the previous
triggering one. In Fig. 4, two terms of the triggering function
h(eis, VVi(z;)) for i € I} are drawn to show the triggering
conditions. Fig. 5 presents the sampling count curves of all
agents. The triggering ratios relative to the total count of
continuous sampling of each agent is calculated and recorded
in TABLE 1. Moreover, TABLE 1 also lists the maximum
sampling intervals of each agent in Fig. 3 and triggering
counts in Fig. 4. It is found that the developed event-triggered
mechanism (22) ensure no Zeno behavior.

TABLE I: The maximum sampling interval, triggering count,
and triggering ratio.

Agent | Maximum Interval | Triggering Count | Triggering Ratio

1 0.86s 148 7.40%
2 0.99s 158 7.90%
3 1.18s 101 5.05%
4 1.05s 104 5.20%
5 1.02s 99 4.95%
6 1.26s 89 4.45%

V. CONCLUSION

This paper investigates a game-based optimal event-
triggered consensus method for MASs. Specifically, in the
zero-sum game framework, a trade-off scheme between the

‘ Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 ‘
) 5 T T T T T T T
i of |
5 | I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20
10 T T T T T T T T T
is ]
w0
| | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
] 10 T T T T T T T T T ‘
t |
10 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20
2 T T T T T T T T T
o ]
2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
0 2 4 6 8 10 12 14 16 18 20
- T T T T T T T T ]
® -4 I I I I I I I I I j
0 2 4 6 8 10 12 14 16 18 20
5 T T T T T T T T T ‘
&0 1
5 | I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 1: Evolutions of event-based local errors of all agents.

J Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 ‘
10 ‘ ‘ ‘ ‘ ‘ ‘
F 0
.10 I I I I I
0 2 4 14 16 18 20
10
< 0
10 ‘ ‘ ‘ ‘ ‘
0 2 4 14 16 18 20
10
PR o
E) \‘0.5
O @
10 ‘ ‘ ‘ 05 = : ‘ ‘ ‘
0 2 4 6 8 210 *12% 14 16 18 20
Time (s)

Fig. 2: The sampling inputs of all agents.

performance index and sampling frequency is presented, where
the optimal sampling interval can not only save communi-
cation resources but also minimize the corresponding perfor-
mance index. Based on the differential graphical game theory,
the optimal control law can drive neighboring agents to achieve
the global Nash equilibrium with the information exchanges
under the optimal event-triggered mechanism. Moreover, the
designed optimal event-triggered mechanism can exclude the
Zeno behavior by guaranteeing the positive minimum inter-
event interval. Simulation results illustrated the effectiveness
of the proposed optimal event-triggered consensus control
method. Future works will take into consideration optimal
event/self-triggered consensus problem of practical systems.

REFERENCES

[1] V. Cichella, I. Kaminer, V. Dobrokhodov, E. Xargay, R. Choe, N. Hov-
akimyan, A. P. Aguiar, and A. M. Pascoal, “Cooperative path following

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on January 23,2026 at 02:15:25 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASE.2026.3656938

IEEE TRANSACTIONS ON AUTOMATION AND SCIENCE ENGINEERING, VOL. XX, NO. XX, XXXX 9
‘ —=® Agent1 Agent2 —® Agent3 —e@ Agent4 —e Agent5 ——® Agent6 ‘ 160
4 0'2 140
0 2 4 6 8 10 12 14 16 18 20
.‘52 0 é F T T T T T T T T T :] 120
<7 9%sameete povne ‘ ‘ l ‘ ‘ |
0 2 4 8 10 12 14 16 18 20 2 100
=
2 1F ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ s
J 051 8]
0 2 g0
0 2 4 6 8 10 12 14 16 18 20 <
L 1F ‘ : ‘ ‘ ‘ ‘ ‘ ‘ ‘ 2
Hosf = 60
0¢
0 2 4 6 8 10 12 14 16 18 20
. 1F T T T T T T I T T % 40
FO5Lt0tn e tmmet s ol S ttnarmmtte Tpove Lot ? L% Toven |
0 2 4 6 8 10 12 14 16 18 20 20
e af ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
4 051 0 I I I I I I I 1 1
o
0 5 4 6 s 0 12 4 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (s) Time (s)
Fig. 3: The sampling intervals of agents 1 to 6. Fig. 5: The triggering counts of agents 1 to 6.
1 ‘ ‘ ‘ ‘ e — EVVIBETYY,
o ) ) : ‘e : i 7T [9] S. A. Alavi, K. Mehran, V. Vahidinasab, and J. P. S. Cataldo, “Forecast-
0 2 4 6 8 10 12 14 16 18 20 based consensus control for DC microgrids using distributed long short-
ol | | | | | : : — : term memory deep learning models,” IEEE Trans. Smart Grid, vol. 12,
0.05 ‘ efey —— HVV BBV, i no. 5, pp. 3718-3730, 2021.
0 == : : ‘ ‘ ‘ ‘ ‘ [10] M. Mazo and P. Tabuada, “Decentralized event-triggered control over
0 2 4 6 8 10 12 14 16 18 20 R y
: ‘ : : ‘ ‘ ‘ ‘ ‘ wireless sensor/actuator networks,” IEEE Trans. Autom. Control, vol. 56,
02 [— e EVVIBBIVY, i no. 10, pp. 2456-2461, 2011.
0 | . . I I = I [11] H. Wang, N. Zhang, X. Liu, Y. Zou, and M. Li, “A simple event-
0 2 4 6 8 0 12 14 16 18 20 based average consensus clock synchronization scheme in industrial
02 ‘ ‘ ‘ ‘ ‘ ‘ ‘ e ‘ A ‘va 5 B‘TVVA wireless sensor networks under communication delays,” I[EEE Trans.
0 ‘ ‘ RS it Ind. Informat., vol. 20, no. 8, pp. 10 113-10122, 2024.

0 2 4 6 8 10 12 14 16 18 20 [12] X. Ge, Q.-L. Han, J. Wang, and X.-M. Zhang, “Scalable and resilient

0.5 \ \ \ \ \ : : e platooning control of cooperative automated vehicles,” IEEE Trans. Veh.
\ efes —— 35VVI'BBTVV; W Technol., vol. 71, no. 4, pp. 3595-3608, 2022.
0 s s ‘ ‘ : ‘ . w .
0 > 4 o s 10 12 14 16 18 20 [13] W. Wu, Y. Zhang, W. Zhang, R. Ji, anc! H. Cheq, Saturation-tolerant
‘ : ‘ ‘ ‘ ‘ ‘ ‘ : tunnel prescribed control for vessel-train formation of underactuated
05 [— e — EvviBBIVY, T msvs.” IEEE Trans. Veh. Technol., vol. 73, no. 12, pp. 18380—18 390,
0 ‘ ‘ w w = ‘ 2024.
0 2 4 6 8 10 12 14 16 18 20 [14] C. Zhao, J. He, P. Cheng, and J. Chen, “Consensus-based energy

Time (s) management in smart grid with transmission losses and directed com-

munication,” [EEE Trans. Smart Grid, vol. 8, no. 5, pp. 2049-2061,
2017.

[15] 1. Ahmed, M. Rehan, N. Igbal, and C. K. Ahn, “A novel event-triggered
consensus approach for generic linear multi-agents under heterogeneous
sector-restricted input nonlinearities,” IEEE Trans. Netw. Sci. Eng.,

Fig. 4: The input sampling errors and triggering thresholds.

of multiple multirotors over time-varying networks,” IEEE Trans. Autom.

Sci. Eng., vol. 12, no. 3, pp. 945-957, 2015. vol. 10, no. 3, pp. 1648-1658, 2023. .

[2] Y. Shi, C. Shen, H. Fang, and H. Li, “Advanced control in marine mecha- [16] W. Wu,_Z. Peng, L. Ll}l’ and D. Wang, “A gener.al SszetY'Cemﬁed
tronic systems: A survey,” IEEE/ASME Trans. Mechatron., vol. 22, no. 3, cooperative control architecture for interconnected intelligent surface
pp. 1121-1131, 2017. vehicles with applications to vessel train,” IEEE Trans. Intell. Veh.,

[3] X. Dong, Y. Hua, Y. Zhou, Z. Ren, and Y. Zhong, “Theory and vol. 7, no. 3, pp. 627-637, 2022.
experiment on formation-containment control of multiple multirotor ~ [17] B. Ning, Q.-L. Han, and Q. Lu, “Fixed-time leader-following consensus
unmanned aerial vehicle systems,” IEEE Trans. Autom. Sci. Eng., vol. 16, for multiple wheeled mobile robots,” IEEE Trans. Cybern., vol. 50,
no. 1, pp. 229-240, 2018. no. 10, pp. 4381-4392, 2019.

[4] Y. Yu, C. Guo, and H. Yu, “Finite-time PLOS-based integral sliding-  [18] S. Wang and J. Huang, “Adaptive leader-following consensus for mul-
mode adaptive neural path following for unmanned surface vessels with tiple Euler-lagrange systems with an uncertain leader system,” JEEE
unknown dynamics and disturbances,” IEEE Trans. Autom. Sci. Eng., Trans. Neural Netw. Learn. Syst., vol. 30, no. 7, pp. 2188-2196, 2018.
vol. 16, no. 4, pp. 1500-1511, 2019. [19] W. Wu, Y. Zhang, W. Zhang, and W. Xie, “Distributed finite-time

[5] Z. Peng, J. Wang, D. Wang, and Q.-L. Han, “An overview of recent ad- performance-prescribed time-varying formation control of autonomous
vances in coordinated control of multiple autonomous surface vehicles,” surface vehicles with saturated inputs,” Ocean Eng., vol. 266, 2022,
IEEE Trans. Ind. Informat., vol. 17, no. 2, pp. 732-745, 2021. doi:10.1016/j.oceaneng.2022.112866.

[6] X. Wang, S. Mou, and B. D. O. Anderson, “Consensus-based distributed ~ [20] W. Wang, Y. Li, and S. Tong, “Exact-optimal consensus of uncertain
optimization enhanced by integral feedback,” IEEE Trans. Autom. Con- nonlinear multi-agent systems based on fuzzy approximation,” IEEE
trol, vol. 68, no. 3, pp. 1894-1901, 2023. Trans. Autom. Sci. Eng., vol. 22, pp. 1497-1507, 2025.

[7] C. Deng, L. Xu, T. Yang, D. Yue, and T. Chai, “Distributed cooperative ~ [21] W. Wu, Y. Zhang, Z. Li, J.-G. Lu, and W. Zhang, “Constrained safe
optimization for nonlinear heterogeneous MASs under intermittent com- cooperative maneuvering of autonomous surface vehicles: A control
munication,” IEEE Trans. Autom. Control, vol. 69, no. 4, pp. 2737-2744, barrier function approach,” IEEE Trans. Syst. Man, Cybern., Syst.,
2024. vol. 55, no. 1, pp. 73-84, 2025.

[8] J. Qin, Y. Wan, X. Yu, F. Li, and C. Li, “Consensus-based distributed  [22] K. H. Movric and F. L. Lewis, “Cooperative optimal control for
coordination between economic dispatch and demand response,” I[EEE multi-agent systems on directed graph topologies,” IEEE Trans. Autom.
Trans. Smart Grid, vol. 10, no. 4, pp. 3709-3719, 2019. Control, vol. 59, no. 3, pp. 769-774, 2014.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on January 23,2026 at 02:15:25 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TASE.2026.3656938

IEEE TRANSACTIONS ON AUTOMATION AND SCIENCE ENGINEERING, VOL. XX, NO. XX, XXXX 10
[23] T. Feng, H. Zhang, Y. Luo, and H. Liang, “Globally optimal distributed ~ [48] X. Liu, H. Yan, W. Zhou, N. Wang, and Y. Wang, “Event-triggered
cooperative control for general linear multi-agent systems,” Neurocom- optimal tracking control for underactuated surface vessels via neural
puting, vol. 203, pp. 12-21, 2016. reinforcement learning,” IEEE Trans. Ind. Informat., vol. 20, no. 11, pp.

[24] T. Yang, Y. Wan, H. Wang, and Z. Lin, “Global optimal consensus for 12837-12 847, 2024.
discrete-time multi-agent systems with bounded controls,” Automatica,  [49] M. Abbasi and H. J. Marquez, “Observer-based event-triggered consen-
vol. 97, pp. 182-185, 2018. sus control of multi-agent systems with time-varying communication

[25] B. Mu and Y. Shi, “Distributed lqr consensus control for heteroge- delays,” IEEE Trans. Autom. Sci. Eng., vol. 21, no. 4, pp. 6336-6346,
neous multiagent systems: Theory and experiments,” IEEE/ASME Trans. (501 %{02&-] M. Chen. M. Chadii. and H. Li “Dual based
Mechatron., vol. 23, no. 1, pp. 434-443, 2018. - Wu, M. Chen, M. Chadli, and H. Li, “Dual-type-triggers-base

[26] H.Zhang, D. Yue, C. Dou, \XI/).thao, and X. Xie, “Data-driven distributed cooperative adaptive critic control of swarm UAVs under FDI attacks,”
optimal consensus control for unknown multiagent systems with input- [51] ’&’,”(\’{]”m;mé vol. ]1367\;‘117‘- 115715]’ 202;-() LH N based I
delay,” IEEE Trans. Cybern., vol. 49, no. 6, pp. 2095-2105, 2019. - Wu, Z. Peng, D. Wang, L. Liu, and Q.-L. Han, “Network-based line-

[27] Q \”};ang’ Z. Duan, Y. Lyv, Q Wang, and G. ChI;I:.l’ “Linear quadratic Opti- Of-Sig.ht p'dth tracki’r,lg of undera?tuated unmanned surface vehicles with
mal consensus of discrete-time multi-agent systems with optimal steady experiment results,” IEEE Trans. Cybern., vol. 52, no. 10, pp. 10937-
state: A distributed model predictive control approach,” Automatica, vol. (52] i}g 9§7’ éozé' T H dW. Gui. “A distribated d . .
127’ p. 109505’ 2021. V- u, L. Yang, 1. Huang, an . aul, }S riputes .ynarnlc event-

[28] Y. Ren, Q. Wang, and Z. Duan, “Optimal distributed leader-following trl_gger_ed control approgch to consensus of linear multiagent systems
consensus of linear multi-agent systems: A dynamic average consensus- ;V;Zh gglegted networks,” IEEE Trans. Cybern., vol. 50, no. 2, pp. 869~
base;i apprf;gg,”lglgEzgalns. Circuits Syst. IT Express Briefs, vol. 69, [53] M ‘Abbasi and H. J Marquez, “Dynamic event-triggered formation
1o- > PP - , ’ “ . colntrol of multi—ag.ent. systems V:/ith non-uniform time-varying commu-

(29] L. Ding, .Q' Han, X Ge, and X. Zhang, A.n overview Of,, recent nication delays,” IEEE Trans. Autom. Sci. Eng., vol. 22, pp. 8988-9000,
advances in event-triggered consensus of multiagent systems,” [EEE
Trans. Cybern., vol. 48, no. 4, pp. 1110-1123, 2018 2025. o

. T A . i . PR [54] Y.-S. Ma and W.-W. Che, “Fully distributed consensus control under

[30] X. Ge, ,Q‘_L' Han', X',_M' Zhang, L. Ding, and F. Yang’,’ Distributed dual-channel dynamic event-triggered strategies,” IEEE Trans. Autom.

event-triggered estimation over sensor networks: A survey,” IEEE Trans. Sci. En 122 1656016 571. 2025
. Eng., vol. 22, pp. R .
Cybern., VO]; 50, no. .3’ pp- 1306%320’ 2020'4 o [55] X. Li, Z. Sun, Y. Tang, and H. R. Karimi, “Adaptive event-triggered

[31] P. Talzuada, Event-triggered real-time scheduling of stabilizing control consensus of multiagent systems on directed graphs.’ IEEE Trans.
tasks,” IEEE Trans. Aut{)m. C()Vll‘r()l, vol. 52, no. 9, pp- 1680-1685, 2007. Autom. Control, vol. 66, no. 4, Pp- 1670-1685, 2021.

[32] G. S. Seyboth, D. V. Dlmarogonas, and K. H. Johansson, “Event-based [56] Z. Xiao, Z. Xiao, J. Tao, C. Liu, P. Shi, and I J. Rudas, “Adaptive
broadcasting for multi-agent average consensus,” Automatica, vol. 49, event-triggered heterogeneous consensus of leader-following multi-agent
no. 1, pp. 245-252, 2013. systems with nonlinear dynamic topology,” IEEE Trans. Autom. Sci.

[33] Y. Wu, H. Zhang, Z. Wang, and C. Huang, “Distributed event-triggered Eng., vol. 22, pp. 5781-5791, 2025.
consensus of general linear multiagent systems under directed graphs,”  [57] H. K. Khalil, Nonlinear Systems Third Edition, 2002, vol. 115.

IEEE Trans. Cybern., vol. 52, no. 1, pp. 608-619, 2020. [58] K. G. Vamvoudakis, “Event-triggered optimal adaptive control algorithm

[34] Y.-Y. Qian, L. Liu, and G. Feng, “Output consensus of heterogeneous for continuous-time nonlinear systems,” IEEE/CAA J. Autom. Sinica,
linear multi-agent systems with adaptive event-triggered control,” IEEE vol. 1, no. 3, pp. 282-293, 2014.

Trans. Autom. Control, vol. 64, no. 6, pp. 2606-2613, 2018.

[35] X. Li, Y. Tang, and H. R. Karimi, “Consensus of multi-agent systems
via fully distributed event-triggered control,” Automatica, vol. 116, p.

108898, 2020.

[36] A. Girard, “Dynamic triggering mechanisms for event-triggered control,”
IEEE Trans. Autom. Control, vol. 60, no. 7, pp. 1992-1997, 2014.

[37] W. _He, B. Xq, Q.-L. Han, and_ F. Qian, .“Adaptive. consensus cor_ltrol Wentao Wu (Member, IEEE) received the Ph.D. de-
of linear multiagent systems with dynamic event-triggered strategies,” gree from Shanghai Jiao Tong University, Shanghai,
IEEE Trans. Cybern., vol. 50, no. 7, pp. 2996-3008, 2020. China, 2025. From January to November 2024, he

[38] M. Li, Y. Long, T. Li, H. Liang, and C. L. P. Chen, “Dynamic event- was a Visiting Research Scholar at the Department
triggered consensus control for input constrained multi-agent systems of Mechanical Engineering, University of Victoria,
with a designable minimum inter-event time,” IEEE/CAA J. Autom. BC, Canada. He is currently a Postdoctoral Fellow
Sinica, vol. 11, no. 3, pp. 649-660, 2024. in the Department of Aeronautical and Aviation En-

[39] T. Xu, Z. Duan, G. Wen, and Z. Sun, “A novel dynamic event-triggered gineering, The Hong Kong Polytechnic University.
mechanism for dynamic average consensus,” Automatica, vol. 161, p. His current research interests include distributed
111495, 2024. control, safety-critical control, game theory, and

[40] W. Xu, W. He, D. W. Ho, and J. Kurths, “Fully distributed observer- their applications in marine vehicles. Dr. Wu was
based consensus protocol: Adaptive dynamic event-triggered schemes,”  selected for the inaugural Doctoral Special Program of Young Elite Scientist
Automatica, vol. 139, p. 110188, 2022. Sponsorship Program by China Association for Science and Technology

[41] B. Cheng and Z. Li, “Coordinated tracking control with asynchronous  (CAST) in 2025. He serves as an active reviewer of many international
edge-based event-triggered communications,” IEEE Trans. Autom. Con-  journals.
trol, vol. 64, no. 10, pp. 4321-4328, 2019.

[42] H. Zhao, X. Meng, and S. Wu, “Distributed edge-based event-triggered
coordination control for multi-agent systems,” Automatica, vol. 132, p.

109797, 2021.

[43] A. Sahoo, V. Narayanan, and S. Jagannathan, “A min—-max approach
to event-and self-triggered sampling and regulation of linear systems,”

IEEE Trans. Ind. Electron., vol. 66, no. 7, pp. 5433-5440, 2018. Lei Xu (Member, AIEEE) received the Ph..D. Qegree

[44] W. Xu, T. Wang, J. Qiu, and X. Liu, “A novel framework for game- 111‘ me‘cham.cal .englneerlng from the Unlvers.lty of
based optimal event-triggered control of multi-input nonlinear systems,” Victoria, Victoria, BC, Canada, in 2025. He is cur-
IEEE Trans. Autom. Control, vol. 69, no. 7, pp. 4867-4874, 2024. rently a Postdoctoral Researcher with the School of

[45] W. Ren and R. W. Beard, Distributed Consensus in Multi-Vehicle Electﬁal Engmf}e;mghan? Corrslputzl S}Clensce, I§TH
Cooperative Control. ~ Springer, 2008, vol. 27, no. 2. oyal Institute of Technology, Stockholm, Sweden.

[46] J. Zhao, C. Yang, W. Gao, and J. H. Park, “Novel single-loop policy His research interests include distributed opti-
iteration for linear zero-sum games,” Automatica, vol. 163, p. 111551, mization, networked .cont.rol systems, event-triggered
2024. control, and Markovian jump systems.

[47] B. Gharesifard and J. Cortés, “Distributed convergence to Nash equi-

libria in two-network zero-sum games,” Automatica, vol. 49, no. 6, pp.
1683-1692, 2013.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on January 23,2026 at 02:15:25 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TASE.2026.3656938

IEEE TRANSACTIONS ON AUTOMATION AND SCIENCE ENGINEERING, VOL. XX, NO. XX, XXXX 11

Yibo Zhang (Member, IEEE) is currently an As-
sociate Professor at the Department of Automation,
Shanghai University,Shanghai, China. He received
his B.E. degree in Marine Electronic and Electrical
Engineering and Ph.D. degree in Marine Electri-
cal Engineering from Dalian Maritime University,
Dalian, China, in 2014 and 2021, respectively. From
September 2021 to November 2024, he worked as
a Postdoctoral Fellow in the Department of Au-
tomation, Shanghai Jiao Tong University, Shanghai,
China.

His current research interests focus on the cooperative control and intelli-
gent control of uncertain nonlinear systems, as well as multi-agent systems
with applications in marine vehicles.

Weidong Zhang (Senior Member, IEEE) received
his BS, MS, and PhD degrees from Zhejiang Uni-
versity, China, in 1990, 1993, and 1996, respectively,
and then worked as a Postdoctoral Fellow at Shang-
hai Jiaotong University. He joined Shanghai Jiaotong
University in 1998 as an Associate Professor and has
been a Full Professor since 1999. From 2003 to 2004
he worked at the University of Stuttgart, Germany, as
an Alexander von Humboldt Fellow. From 2007 to
2008 he worked at Princeton University, USA, as a
Visiting Professor. From 2013 to 2017 he serviced as
Deputy Dean of the Department of Automation, Shanghai Jiaotong University.
He serving as a part-time professor at Hainan University from 2021. He is
currently Chair Professor of Shanghai Jiaotong University, Director of the
Engineering Research Center of Marine Automation, Shanghai Municipal
Education Commission, China.

His research interests include control theory, machine learning theory, and
their applications in industry and robots. He is the author of more than 300
papers and 2 books. His papers have been cited for more than 23k times in
Google, and he is recognized as Elsevier Most Cited Researcher and Highly
Ranked Scholar-Lifetime in the Specialties of Sensor fusion, Control theory
by ScholarGPS.

Yang SHI (IEEE Fellow) received his B.Sc. and
Ph.D. degrees in mechanical engineering and auto-
matic control from Northwestern Polytechnical Uni-
versity, Xi’an, China, in 1994 and 1998, respectively,
and the Ph.D. degree in electrical and computer en-
gineering from the University of Alberta, Edmonton,
AB, Canada, in 2005. He was a Research Associate
in the Department of Automation, Tsinghua Univer-
sity, China, during 1998-2000. From 2005 to 2009,
he was an Assistant Professor and Associate Profes-
sor in the Department of Mechanical Engineering,
University of Saskatchewan, Saskatoon, SK, Canada. In 2009, he joined
the University of Victoria, and now he is a Professor in the Department
of Mechanical Engineering, University of Victoria, Victoria, BC, Canada.
His current research interests include networked and distributed systems,
model predictive control (MPC), cyber-physical systems (CPS), robotics and
mechatronics, navigation and control of autonomous systems (AUV and UAV),
and energy system applications.

On teaching and mentorship, Dr. Shi received the University of
Saskatchewan Student Union Teaching Excellence Award in 2007, the Faculty
of Engineering Teaching Excellence Award in 2012 at the University of
Victoria (UVic), and the 2023 REACH Award for Excellence in Graduate
Student Supervision and Mentorship. On research, he is the recipient of
the JSPS Invitation Fellowship (short-term) in 2013, the UVic Craigdarroch
Silver Medal for Excellence in Research in 2015, the Humboldt Research
Fellowship for Experienced Researchers in 2018, CSME Mechatronics Medal
(2023), IEEE Dr.-Ing. Eugene Mittelmann Achievement Award (2023), the
2024 IEEE Canada Outstanding Engineer Award. He was a Vice-President
on Conference Activities of IEEE IES (2022-2025) and the Chair of IEEE
IES Technical Committee on Industrial Cyber-Physical Systems. Currently,
he is IFAC Council Member and Editor-in-Chief of IEEE Transactions on
Industrial Electronics; he also serves as Associate Editor for Automatica, IEEE
Transactions on Automatic Control, Annual Review in Controls, etc.

He is a Fellow of IEEE, ASME, CSME, Engineering Institute of Canada
(EIC), Canadian Academy of Engineering (CAE), Royal Society of Canada
(RSC), and a registered Professional Engineer in British Columbia, Canada.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on January 23,2026 at 02:15:25 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



	Introduction
	Preliminaries and Problem Formulation
	Notations
	Graph Theory
	Problem Formulation

	Main Results
	Optimal Event-Triggered Consensus Scheme Design
	Stability Analysis

	Simulation Results
	Simulation Setup
	Effectiveness Validations

	Conclusion
	References
	Biographies
	Wentao Wu
	Lei Xu 
	Yibo Zhang
	Weidong Zhang
	Yang SHI


