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Abstract

This paper investigates the multi-adaptive event-triggered consensus of positive
multi-agent systems. First, two classes of event-triggered mechanisms are designed
for leaders and followers, respectively. A multi-adaptive event-triggered pinning
control protocol is proposed by virtue of the presented mechanisms. Compared to
existing event-triggered pinning strategies, the proposed method further reduces
communication costs and resource consumption. By using the matrix decomposition
technique and linear programming approach, the gain matrices of the control proto-
col and sufficient conditions are constructed to ensure the positivity and consensus
of the systems. The multi-adaptive event-triggered pinning control protocol is then
extended to observer-based control scenarios, where pinning observers for both the
leader and follower are designed separately, further reducing the update frequency of
the observer. Moreover, the adaptive technique and event-triggered mechanism are
combined to reduce the length of the triggering interval, thereby further conserving
the overall system resources. Meanwhile, a bound for the minimum event-triggering
interval is derived, which analytically proves the exclusion of Zeno behavior. Finally,
the effectiveness of the results is verified via an illustrative example and comparative
simulations.

1 Introduction

Multi-agent systems (MASs) are composed of a series of interacting agents that
communicate and collaborate with each other to accomplish large-scale and complex
tasks [1]. They are widely applied in power engineering [2], zero-energy community
[3], energy optimisation [4], and so on. The consensus issue is a core issue in MASs.
The literature [5] discussed hybrid MASs with continuous and discrete dynamic
agents and proposed three consensus protocols. The literature [6] and [7] investi-
gated the consensus issue of MASs with fixed directed graph and undirected graph,
respectively. However, in practical applications, the state of most systems may not be
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directly accessible. The observer can estimate these unmeasurable states by using
the input and output information of the systems, which enables a comprehensive
monitoring of the system. An observer-based dynamic event-triggered semi-global
two-by-two consensus problem was addressed in [8]. The literature [9] constructed
nonlinear observers to estimate the dynamics of unmeasurable subjects and used
the Lyapounov-Krasovskii functional for analyzing the consensus.

In practical engineering, there exists a class of MASs with nonnegative states
and they are called positive MASs (PMASSs) [10,11]. For the consensus of PMASSs,
existing results [5-9] cannot be directly applied to PMASs due to the nonnegative
property of the system. A convex programming algorithm was presented in [12] for
designing a consensus protocol of PMASs. The literature [13] derived sufficiently
necessary conditions for the consensus of all agents under the positivity constraint.
In [14], the positive consensus was presented for homogeneous PMASs and a set of
sufficient conditions were derived in the framework of linear programming (LP). The
positive consensus was also addressed in [15] for MASs with multiple time-varying
time delays and switching topologies. The literature [16] employed LP and copositive
Lyapunov function (CLF) to handle the positive consensus problem of PMASs, which
further reduces the computational burden of the obtained conditions. Then, the liter-
ature [17] and [18] designed nonlinear and proportional-integral observers respec-
tively for the state unmeasurability problem of PMASSs. It is shown that CLF is more
suitable for PMASSs than traditional quadratic Lyapunov function [10,12]. Meanwhile,
LP can reduce the computational burden of the positivity and consensus conditions
of PMASSs. It is important to note that the above results regarding PMASs all ignore
the fact that real-world resources are limited. This means that using a time-triggered
approach for controller updates would waste a significant amount of resources.

In practice, the number of agents in MASs is large. If the leader-follower control
strategy is used, a large amount of resources will be required to control each agent.
This will lead to high consumption of resources and low efficiency. On the contrary,
the pinning control strategy proposed in [19,20] is able to significantly reduce the
required resources and improve efficiency by controlling some of agents. The litera-
ture [20—22] investigated the consensus of MASs based on pinning control. A pinning
control approach was proposed in [21] to address the practical consensus problem
of multi-agent systems with quantized communication, wherein an event-triggered
mechanism based on local quantized state information was designed to reduce
the communication burden. Based on the different information sources received
by agents, a class of intermittent adaptive pinning control protocols was proposed
in [22], which can reduce the communication cost effectively. The literature [23]
addressed the event-triggered pinning consensus control problem for multi-agent
networks under limited communication capabilities by employing an approach based
on discontinuous distributed information exchange. Although pinning control is a
well-established technique for general multi-agent systems, its extension to PMASs
presents distinct and non-trivial challenges. Existing frameworks often fail to explicitly
preserve positivity or exploit the specific structure of PMASSs, leading to a notable
shortage of applicable results. Therefore, the development of a dedicated pinning
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control framework, that systematically addresses state constraints and distributed coordination-emerges as a central,
open problem in advancing the control of PMASs.

Meanwhile, how to utilize the resources properly is an issue that needs to be considered in practical application.
Event-triggered mechanism (ETM) is a common method of solving this issue. The literature [23] used a static ETM to reduce
the frequency of controller updates. Compared with the static ETM, the dynamic ETM is flexible and can be triggered by the
change of system state. Dynamic ETM was used in [24—26]. An adaptive saturated threshold ETM was designed in [26].
The transient and steady-state performance of the nonlinear Markov jump system was guaranteed by the improved adap-
tive global preassigned performance control method. Recently, the topic of event-triggered control for positive systems has
attracted the research interest and attention of many researchers [27—-31]. The literature [27] proposes a fixed-threshold
ETM for observer design of positive systems to save network bandwidth. Subsequently, [29] addressed the control problem
of positive Markov jumping systems by designing a static ETM using the 1-norm. Furthermore, an adaptive event-triggered
control approach for positive semi-Markov jumping systems was proposed in [31]. However, it should be noted that the
aforementioned event-triggered mechanisms for positive systems still exhibit certain limitations, such as the trigger threshold
being fixed and only considering the ETM of a single channel. These limitations prevent the maximization of data update
frequency reduction, thereby hindering resource conservation. To further save resources, double ETM was investigated
in [32—34]. Double event-triggered mechanisms have different triggering conditions and can work independently. The lit-
erature [33] combined dynamic and static event-triggered mechanisms. However, the ETM of general systems cannot be
directly applied for PMASSs. The literature [35] designed a fuzzy event-triggered control protocol of T-S fuzzy PMASs by
using event-triggered compensation information. The double ETM was extended to PMASs in [18]. The triggered strategy in
[32—-34] was investigated for control update and communication between agents but it did not refer to observer and controller.
Moreover, the literature [11,18,23] only set one leader. When the practical application contains more than one leader, how to
reduce the consumption of leaders also needs to be considered. Based on the above points, some questions arise: How to
construct pinning control framework for PMASs? How to build event-triggered control protocol and event-triggered observer
for PMASs? How to present the ETM for the leaders? These questions remain to be discussed.

Inspired by the above analysis and discussion, this paper focuses on the pinning control and the design of multi-
adaptive ETM for PMASs. The main contributions of this paper can be summarized in the following three aspects:

(i) Double adaptive ETM are proposed for multi-leaders and followers, respectively. Compared to existing event-
triggered schemes that only focus on followers, the proposed method significantly reduces the communication cost
and resource consumption of the entire system.

(i) A pinning consensus control protocol is designed to achieve practical consensus in PMASs with multiple leaders. This
ensures that the failure of any agent does not affect the entire system and enhances system stability.

(iif) Unlike quadratic Lyapunov functions and linear matrix inequalities, the computationally simpler and lower-complexity
CLF and LP methods are employed to analyze the consensus and the design of the corresponding gain matrices.

The paper is organized as follows: Section 2 represents the problem statement, main results are presented in Section
3, Section 4 discusses quantization effects, Section 5 gives an example, and Section 6 summarizes the conclusions and
provides the future work.

Notation R” and R"*" denote n-dimensional vectors and n x r matrices, respectively. N* is the set of positive integers.
AT is the transpose of A. | is an n-dimensional identity matrix. 1,,,, and 1, are matrices and vectors with all elements
being 1. 1§7’) =]0,...,0,1,0,...,0}. All elements greater than (greater than or equal to) 0 are expressed as - 0 (= 0).

All elements less Ithan (less than or equal to) 0 are > 0 (> 0). The 1-norm of an n-dimensional vector x is denoted as
X1 = S_4 ||, where x; is the ith element of x. The symbol ® is the Kronecker product.
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2 Problem formulation and preliminaries

In this section, some preliminaries are introduced for graph theory and MASs.

Consider a graph G = (V, £) with n nodes. Let V ={vq, vz, ..., Vn} denotes the vertex set, and € = {(i, )|i,j=1,2,..., N}
represents the edge set, where (i, j) € £ if and only if nodes i/ and j have information interaction. It also means that agent
jis an inner neighbor of agent i. If (i,j) € £ < (j,i) € £, the communication topology is an undirected graph, otherwise
it is a directed graph. If each agent can be regarded as a root agent, the graph is strongly connected. If this graph is a
directed graph, it is called a strongly connected graph. In this paper, a strongly connected graph is used. The interactions
between vertexes i and j are described by the adjacency matrix A = {a;} € RN*N where a,j=1 if (i,j) € € and a,,j=0 other-
wise. D = diag{dy, dy, . .., dn} is the degree matrix of the graph G, where d; = 211 a;. The Laplacian matrix is defined as
L=D-A.

2.1 Problem formulation

Consider the following MASSs:

Xi(t) = Ax(t) + Bu(t),i € M,
yi(t) = Cxi(1), (1)

where xi(f) = (Xi1, X2, - - -, Xin) T € R", u(t) € R, yi(t) € RY represent the state, the control input, and the output, respectively;
A e R™" BeR™" Ce R, Itis assumed that A is Metzler, B > 0 and C = 0. Consider the dynamics of multiple lead-
ers as

xok(t) = Aoxo(t) + Botok(t), k=1,--- | M,
Yok(t) = Coxo(t), 2

where Xok(t) = (Xok1, Xok2, - - - » Xokn) T € R, u, (1), and yi(t) € R? are the leader state, the leader control input, the leader
output, respectively; A, is Metzler matrices, By = 0, and Cq = 0.
Next, some definitions and lemmas are introduced.
Definition 1 [36] A system is positive if its state and outputs are nonnegative for any nonnegative input and output.
Definition 1 The practical consensus of the system (1) is achieved if the following conditions are satisfied:

(i) t|im (| Xok(t) — x5 || < © holds fork=1,---, M;
— 00

(i) lim |]x(t) - x| < Cholds for i=1,---,N, where x5 = 0,3 >0, and C > 0.
t—o0

Lemma 1 [36] System (1) is positive if A is a Metzler matrix and B = 0, C = 0.
Lemma 2 [36] For a positive system x(t) = Ax(f), the following conditions are equivalent:

(i) The system matrix A is Hurwitz;
(i) The system is stable;
(iii) There exists a vector v € R” with v = 0 such that ATv < 0.

Lemma 3 [36] A matrix A is a Metzler matrix if there exists a constant e such that A+ ¢/ > 0.

3 Main result

In this section, the consensus of systems (1) and (2) is introduced. First, event-triggered control protocols are established
for leaders and followers to address the consensus of PMASs. Then, event-triggered observers are designed for leaders
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and followers, respectively. Based on the designed observers, event-triggered control protocols are proposed to solve the
consensus of PMASSs.

3.1 Pinning control

To achieve the consensus, a pinning control approach is used in this paper. Only some agents need to have information
interaction with the target xj. Therefore, the pinning controller can be designed as:

Uok(t) = Ko1Zok(th) + Koz (Xok(t) — X5) + KosXox(t) + Gx§, k=1,2,...,Q,
Uok(t) = Kot zok(ts) + KoaXok(t) + Gxg, k=Q+1,Q+2,..., M, 3)

where t§ is the sequence of communication triggers for leader k, K, K,, K;, and G are gain matrices. The pinning con-
troller of the followers’ system is described as:

ui(t) = Kqzi(
1Zj

£) + Ko S0l Ginlxi(t) = XoulD)) + Kaxi() + Hxg, i=1,2,..., M,
ui(t) = Ky zi(t,

( )+K3X,'(t)+HX8,i=M+1,M+2,...,N, (4)

where t_is the sequence of communication triggers for follower i and Ky, K3, K3, and H are gain matrices. If leader and
follower have information interaction, ¢, =1; otherwise ¢, =0. The following state thresholds z,(f) and z(t) are defined as:

Zok(t) = ZseMk bis(Xok(£) — Xos(1)),
zZ{(t) = > jen; @i(xi() — x(1)), (5)

where My is the in-neighbor set of leader k, and b__ is the rth row and sth column component of the leader adjacency
matrix in (1), and z(f) has the same properties as z,,(t). Define the tracking errors e, (t) and e(t) as:

eox(t) = Xok(t) — Xg, (6)
and
ei(t) = xi(f) — x5, (7)
respectively. Define the sampling errors ¢«(t) and i(f) by

ok(t) = Zok(th) — Zok(8), wilt) = z(t,) — zi(1). (8)

The event-triggered conditions are constructed as:

[ox®)l11 > cu(®)[eor(®)ll1, llei®l1 > vi(t)lei )]+, (9)

where

au(t) = (Ak — () ([ ox() |1 — @l €ok(B)[]1),
vi(t) = (Ti = vi )| 2@l = 7l[ei®)]]1), (10)

with 0 < ax(fo) < Ax <@, 0 < v(fy) < T'; < 7, ak(tp) and vi(fy) are initial conditions, and Ak, T';, &, 7 are known constants. In the
initial condition, it satisfies that Ax — a(fo) > 0 and I'; — vi(tg) > 0. If ||k (8) ||+ —@lleok(t)]]1 < O and ||wi(t)||1 — 7]lei(t)]|1 < O,
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the event-triggered conditions are not satisfied. Then, if follows that & (f) < 0 and z;(f) < 0. Furthermore, it is obtained that
0 < a(t) <@ and 0 < y(f) < 7. When é(f) = 0 and (f) = 0, the dynamic event-triggered mechanism becomes the static
one.

Remark 1 In references [28—-31,37], the event-triggered control problem for various systems has been addressed. At
the same time, a variety of event-triggered mechanisms have been proposed, including static event-triggered mechanism
[28,29], single adaptive event-triggered mechanism [31], and switching threshold event-triggered mechanism [35]. This
paper proposes a multi-adaptive event-triggering mechanism in (9) and (10) to simultaneously reduce the state update fre-
quency of both the leader and follower agents. It not only improves the fixed threshold in [28,29] to an adaptive threshold,
but also further reduces the state update frequency of the system compared to [31], thereby reducing resource consump-
tion. The event-triggered mechanism based on the change of control input amplitude is proposed in [37]. Its advantage is
that it avoids excessive triggering error caused by excessive control input amplitude by using threshold switching. And (9)
and (10) are more suitable for the event-triggered control problem of positive systems compared to [37] and save more
resources.

Next, the pinning control and adaptive event-triggered consensus are achieved for leaders and followers.

Theorem 1 If there exist constants e1 >0, e2 > 0, w1 >0, wp >0, R"vectors vg = 0,v4 = 0,v, =0, 3, <0,7 <0, n <0,
0,=0,6<0,(=<060<0,6~0,=<0,7v<0,7<0,0~0,6<0,¢=<0,0=<0,s>0such that

17 8] voA(; + 3 senn, aksBo zrj,’=1 1087 + By S, 1947
+Bo Z/=1 1£I)"71T +aBy Z/=1 1£’)B:T1n><n +e1l =0, (113)

17 B3 Voo + Y gc p, @ksBo g 187 +Bo Sy 10,
+a@Bo Y A8 1 pn + 4l = 0, (11b)

1TBTVA+ S\ @B 17067 + BY L 17¢
+B Zf=1 1(/)9,T +ﬁBZlf=1 1£l)5,—r1n><n +eol = 0, (11c)

17BTVA+Y v aBY 1067 +BY L 10¢T

+7B Y 106 e + €2l = O, (11d)
(17 B3 voAo + Bo 3oy 19, + Bo X214 1707 )x; = 0, (11e)
(ATBTVA+BY Y 1907 + B 19¢T)xs = 0, (11f)

Aovp + ZSGMK aksﬁ_zseMk agB+y+n—alpxnf
—C+wvp <0, k=1,2,--- | M, (119)

AoVo + D s i, 8ksB = Dseam, AskB 11— nxnfB
+wivg <0, k=M+1,M+2, ... N, (11h)
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Av+ ZjeMa,-jé—EjeMaj,-5+C+0

_v1n><n5+w1v‘<0;i=1y2;"'1M1 (11i)
Av+ Zje/\/; a,-jé - ZjEJ\/; aj,-é +0—71,4n0
+w1V‘<0,i:M+11M+21"'5N1 (11J)
19 A+ 1) @n+1y@o+IN@ATV+1y® 0
My @ s —wr(1y @ Va) < 0, (11K)
B/ = B,’Y/ j%& = 5;CI = C;nl = nyal =0,0, 20,5 =g, (1']|)
hold for1=1,2,---,r, then under the leader’s control protocol (3) and the followers’ control protocol (4) with
Z/r=1 1%’7 Z,r=1 1£I)%T Z,r=1 151)777 Z/r=1 1?’)07
Kot = Koz = +—, Kos = +—,G= —,
1;FBO Vo 1,TBO Vo 1;|—B% Vo 1;|—B Vo
Kq = Z:r=1 1(rl)5:T Ky = er=1 1£I)C:T Ks = Zf=1 1? 0, H= Z:r=1 1?’ S
17BTv ’ 1/BTv ’ 1/BTv ’ 17Bjvo (12)
the system (1) is positive and the systems (1) and (2) achieve the practical consensus, where X3 = ot
X =0T, .. ,xg")T,and & = (1,0, ..., 0). YR
N————’ N——
N N-M
Proof: From (9), it is obtained that
[ok®l1 < cw®lIXok(®)l1. [[i(®)ll1 < viCt)l[ei()]1- (13)
For xok(to) = 0, xi(fo) = 0, it yields that yo«(fo) = 0 and yi(t) = 0. Then,
—a1pxneok(to) = ¢k(to) = @1nxneok(to),

—V1nxn€ito) = wi(to) = P1nxnéito), (14)
where o(fo) and ((fo) are initial conditions. By (2), (3), (5), (6), and (8), the following relation is considered. For
k=1,2,---,Q, itis obtained that

€ok(t) = Aoeok(t) + BoKo1 (¢k(t) + D sc aq, brs(€ok(t) — €0s(t)))
+BoKo2e0k(t) + BoKozeok(t) + (Ao + BoKoz + BoG)Xj. (15)
Fork=Q+1,Q+2,---,M, itis obtained that
€ok(t) = Aoeok(t) + BoKo1 (dk(t) + 3 sc aq,, brs(€ok(t) — €0s(t)))
+BoKozeo(t) + (Ao + BoKos + BoG)Xg. (16)
Combining (1), (4), (5), (7), (8) and considering the following relation for i=1,2,--- , M give
&i(t) = Aei(t) + BKi(pi(t) + zi(t)) + BK2 Y4 cin(ei(t) — eox(t))
+BKse(t) + (A + BKz + BH)xj. (7)
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Fori=M+1,M+2,... N, ityields that

éi(t) = Aei(t) + BK1(gi(t) + zi(t)) + BKzei(t) + (A + BKs + BH)x;. (18)

Let Eo(t) = (6g;(0), - egul®) T, E0) = (6] (... €5 (). &(1) = (6] (... Sy()) T, and o(t) = (o] (1), 2}, (). Then,

Eo(t) = AmoEo(D) + (I © BoKor)o(t) + (In © Ao
. + Iy @ BoKos + Iy @ BoG)Xj,
E(t) =-Bk,Eo(f) + ANE(f) + (In ® BK1)g(1)
+(In®@ A+ Iy® BKz + Iy @ BH)X*, (19)

where

Amo = In @ Ag + Lo @ BoKo1 + BoKoz + Iy @ BoKos,
An=Iy®@A+L®BK;+BK; + Iy ® BK,
BoK02 = diag{BoKoz, BoKoz, ey BoKog, 0,0,..., O},
————

Q M-Q
BK, = diag{BKy, BKy, . . ., BK,,0,0, ..., O},
N ——
M N-M
c11BKy ¢12BKy - c1uBK>
C21BKy  €2BKy; - couBK3
Bx, = : . :
cwmBKy cwBKy - cumBK>

Let E(t) = (EJ (t), ET(t))T. It is obtained that

Eo= (%0 o) EO+ (M5 aty

2 —
0 Iy ® Ao 0 X5
+ + -
(o) 70 (0™ 1,24) (&) )
where Ag = Ag + ByKos + BoG and A = A + BK3 + BH. With initial conditions Eo(ty) = 0, E(ty) = 0, it follows from (14) and

(19) that

Eo(to) = AwoEolto) + (Im @ Ao + Iu @ BoKoz) X,
E(to) = —Bk,Eo(to) + ANE(fo) + (In ® A + Iy ® BK3)X™, (21)

where Ayo = Iy @ Ag + Lo @ BoKo1 + BoKoz + Iy @ BoKos + @il @ BoKo11nx, and
Av=IN® A+ L ®BK; +BK; + Iy ® BKs + Uiy ® BKy1,« - According to (20) and (21), one has

< A 0\ ~ Iy A 0 X3
E(to) = (_EA;Z ;\N) E(to) + (M 0 IN®Z\) (XS)’ (22)

On the basis of (11a), (11b), and (12), we can get Ao + > s o4, @ksBoKo1 + BoKoz + BoKos + @BoKo11nxn and
Ag + ZseMk aksBoKo1 + BoKos + aBoKo11nxn are Metzler by Lemma 3. Thus, Ay is Metzler. Similarly, it follows from (11c),
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(11d), (12), and Lemma 3 that A + Ejej\/i a;jBK1 + vBKi1xn + BK; + BKz and A + Z/-GM a;iBK1 + VBK11,«n + BK3 are Met-
zler. As a result, Ay is Metzler.

Using (11e), (11f) and (12) gives Aox; = 0 and Axj; = 0. Based on this, it is obtained that (Iy ® Ao + Iy ® BoKoz)X§ = 0
and (Iy ® A+ Iy @ BK3)X* = 0. Since ¢ < 0, BK; < 0, i.e., —=BK, > 0. By means of Lemma 1, we have E(t) = 0 for E(fy) = 0
, it means that I::(t) >~ 0. Furthermore, for any initial state E(to) =0, E(t) > 0 is derived. Therefore, the system (20) is
positive.

Next, the consensus of system (20) is considered. From (14) and (19), the following inequalities are deduced:

Eo(t) =< AmoEo(t) + (In @ Ao + I ® BoKoa + Iu © BoG)Xg,
E(t) < —Bx,Eo(t) + ANE() + (IN® A+ Iy ® BK; + Iy @ BH)X*, (23)

where Ay = Iy @ Ag + Lo @ BoKot + BoKoz + Iy @ BoKos — @iy @ BoKot1sxn and
Av=IN® A+ L@ BKy +BKy + Iy ® BKs — Uy @ BK11,,- Therefore, the following relation is obtained:

< IZ\MO 0\ ~ IM X Ao 0 Xé
< ~ - )
El) = (—BK2 AN> EW + ( 0 IN®A) (x*
Choose a CLF V(E(t)) = ET ()9 = Eg ()(1m ® vo) + ET (H)(1n ® V). Using (24) yields that

Y =T _RBT
wstan <o H) (523
=T
o G 250
= E(—)r(t) (Er]r(1M & VO) _BI—|(—2(1N ® V)) + ET(t)
X (57 (@ )+ (06)TE5 (@ vo) + () TE] (), (25)

(24)

where

2 (Im®vo) - B, (In® V)
=1L}y, - 'HIQ’HZ(QH)"" Ayl
Ik = AoVo + Y se a, PrsKg1Bo Vo = 2 semn, PskKa1Bq Vo
+ Kg,Bg Vo + Kj3Bg Vo — alnxnKg By Vo— K; B v,
Ik = Agvo + ZSGMk kaK(—)l] B(—)rV() - ESGMk bskK(—)r,I
X BJVO + K&BJVO —a'],—,an& BOTVO,
S (Ivev) =[Af], - ’A1TM’A1T(M+1)’ e AT
A= Av+ E’EN} a,-jK1TBTv— Eje/\f,- aj,-K1TBTv
+ K2TB+V+ Ky B'v—11,4n,K{ Bv,
Ao = Av+ Z'E/\/} a,jKIBTv— Eje/\// aj,-K1TBTv
+ K;Bjrv—m,,x,,KIBTv,

(XS)TE;(’IM ® Vo) + (X* TEI(‘]N & V)
= (X*)T((I) ®AJVO +P® FTB(—)I—VO +o® GTBS—VO
+Iv@ATVv+In@ K3 BTv+In@ HTBTV),
E1 = Iu® Ao + Lo ® BoKo1 + BoKoz + BoKoz — @l @ BoKo11nxn»
= Iy® A+ L ®BK4 +57K2+BK3—PIN®BK11HX,,,
E3 = Iy ® (Ag + BoKos + BoG),
Z4 = Iy ® (A + BK3BH).
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Based on (111) and ((12), one can get

T T T

Koq < r rY 1 10
M =4TBlv % 17B{vo’ ®=4TBlvy’ ~1/BJwv’
1,67 1,¢ 1,07 157
K <

—— K = Kz < < :
“1/BTV 2 ATBTY P - ATBTV ~ 1Bl w

Furthermore, we have

Mg < AoVo + D e g, PrsB =D senq, PskB+ v
+n—alpxnB -,

Mok < AoVo + > e pn, PrsB =D s, PskB + 1
—a1pxnf,

Aqj R Av+ Z]EM a,-jd— ZjE/\/i aj,-é +(+0-71,4,0,

Agi < Av+ Z{ej\/,’ aj0 = > jc a7 @jid * 0 =71 nxnd,
(X5) 25 (M@ vo) +(X*)TEf (In® V)
<X (@A V+tPRnN+PRo+Iy0ATY
+1N®9+1N®§).

limes o [[Xok(f) = X511 < U, where U = 22 (X*) T (Iy @ va), h ™ cetam V08 and vy, is the component of v,. Therefore, the

practical consensus of the system (20) is guaranteed by Definition 2. [}

Remark 2 Theorem 1 provides linear programming conditions for matrix gain design, positivity, and consensus. These
conditions can be solved using the linear programming toolbox in MATLAB. Since the multi-leader and multi-follower
agents considered in this paper are homogeneous, taking Theorem 1 as an example, it can be observed that the com-
putational complexity of the proposed conditions depends solely on the dimension of the agent system. This implies that,
theoretically, the proposed linear programming conditions are computable regardless of the system’s scale. However,
when the system is heterogeneous, the computational complexity of the conditions becomes related to both the system
dimension and the system size. In such cases, when the system size is exceptionally large (e.g., exceeding 1000 nodes),
computing the linear programming conditions becomes infeasible due to computational device limitations.

Remark 3 To solve for the gain matrix, Theorem 1 introduces some unknown decision variables. By analyzing these
decision variables and the number of inequality constraints, the computational complexity of Theorem 1 can be deter-
mined. Calculating the number of vectors in the gain matrix and Lyapunov function yields a total number of decision vari-
ables of n = 11n + 8nr. Similarly, the total number of inequality constraints is m = 19. Then, combining the discretization of
the state space with the theoretical complexity of the interior-point method, the computational complexity for solving The-
orem 1 is determined to be O(mN35"), where N is the number of discretization points. Although this complexity increases
exponentially with the system dimension, the matrix A in the MATLAB function linprog possesses a sparse structure. This
significantly enhances the efficiency of its solution compared to linear matrix inequality methods.

Remark 4 For non-positive MASs, multiple Lyapunov-Krasovskii functionals [17], candidate Lyapunov function [32]
and others are used for consensus analysis. However, these Lyapunov functions are overly complex for the consensus
analysis of MAS. Fortunately, the CLF offers a more concise approach for analyzing the stability of positive systems
compared to the aforementioned methods. At the same time, LP is computationally simpler than linear matrix inequality.
Therefore, in Theorem 1, CLF is used to address the consensus of PMASs and LP is utilized to solve the correspond-
ing conditions.

By (11g-11k), the condition (25) can be transformed int9 V(t) < _wf ET(t)ﬂ +wo(X*)T x (In ® Va). It derives that
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Remark 5 The literature [25] investigated asymptotic consensus. It means that the states of all agents converge to
a common value. This consensus will keep all agents at the same trajectory. However, the system may be exposed to
various uncertainties and variations. The overall performance of the system may be severely affected when one or more
agents are broken down. The behaviour of the failed agents may be different from other agents and thus the system will
not be able to achieve the desired consensus state. Therefore, in this paper, practical consensus is achieved by adding X
to the controller and all agent states will be in a region. This approach ensures that the failure of any agent does not affect
the overall system, thereby enhancing the system’s stability.

Remark 6 To prove that Zeno’s behavior will not occur, taking the event-triggered mechanism of the leader in Sec-
tion 3.1 as an example, the following procedure gives the minimum time interval between two consecutive samples.
Let &(f) = |}I;€)(8)I}|22' Assume there exist positive constants A4, Ay, and Az such that As||Xo(f)]l2 < [|Eo(f)]2 < Aq||Xo(D)]|2,
1IX51l2 < A2[[Xo(f)||2, hold. Then, we can obtain

b= 2090 llo0]2X5(OXo(t

o2 Xo(0)]]2 1Xo(8)[13

< G . ()12 Xo(8)]|2

~ [ Xo(®)]]2 [ Xa(8)]3
1Z0(®)ll2 , @v/nM| Eo(f)]|2|Xo()]l2

~ [ Xo()]]2 [ Xo(8)]3
(Lol + @V/nMA1) [ Xo(B)]|2

= 1Xo(®)]2

< Qq(22 + Q3 + ),

where Xo(t) = (X(7)-1 (t), e ,XgM(t)), Q4 = ||£0||2 + a\/WA1, Oy = ||IM QA+ Lo ®BogKor + Iy ® BoK03H2, Q3= nMA1)

[ @ BoKor||2 + A1][ Iy @ BoKozll2, Q4 = Aglliy @ BoGll2, and Xo(t) = (I ® Ao + Lo @ BoKor + Iy ® BoKos)

Xo(f) + (In @ BoKo1)p(t) + (I ® BoKoz)Eo(t) + (In ® BoG)Xj. Denote Q = Q4(Q2 + Q3 + €Q4), then d(t) < Q. By employing
the comparison principle, one can get &(f) — ®(t,) < Q(t—1,), where ¢ is the pth event-triggered time instant and satisfies
®(t, = 0. Based on condition (9), it can be deduced that @||Eq(8)[|1 < [|¢(t)[|1 < VAM||p(8)]|2 < VAMQ(t - t,) || Xo(t)||2- Thus,

_ | Eo(B)]l2 als i ) i i
t—t, > N EAGE > NG This means that Zeno’s behavior can be avoided.

3.2 Observer-based consensus

Design the pinning observer Xo(t) for leaders as

Xok(t) = AoXok(f) + BoUow(t) + Lo(Vok(f) — you(t)) + Foyor(), k=1,2,...,Q,

]70,((1‘) = CoXok(t), (26)
where Yi(f) € RY is the observer output, L, and F, are the gain matrix to be determined, and tkh h=1,2,--- isthe
event-triggered time sequence of the ith observer. Based on the observer, the corresponding controller is designed as:

Uok(f) = Ko1Z3,(t5) + Koz (Xow(f) — X5) + KoaXok(t)

+ Kos (Yok(t) — yok(f)) + Gxg, k=1,2,---,Q,
Uok(t) = Koazgi(ts) + Kosxo(t) + GX, k=Q+1,Q+2,--- , M, 27)

PLOS One | https://doi.org/10.1371/journal.pone.0344567  April 16, 2026 11730




PLO\Sﬁ\\.- One

where t’;, is the sequence of triggers for leader k and K ,, K ,, K, K, K5, K. @nd G are gain matrices. The relative mea-
surements zZ(f) and z’({) are defined as

Z5,(8) = D se a, Aks(Xok(t) = Xos(8) + X je aq, K
X (Xok(t) = Xor(t)), k=1,2,---,Q
Z8, (1) = D, brs(Xok(E) = Xos (1)) + "1 aq, B
x (Xok(t) = xo/(D)), k=Q+1,Q+2,--- | M, (28)

wheres=1,2,---,Q,/=Q+1,Q+2,--- ;M and My is the in-neighbor set of agent k. For pinned agents, if the ith agent
can receive the information from the jth agent, a, >0 or a, >0; otherwise, b, =0 or b, =0. For non-pinned agents, it has the
same property. The pinning observer X;(f) for followers can be given by

Xi(t) = AX(D) + Bui(t) + L) = Yi(ty) + Fyi(0), 1=1,2,-- .M,
yi(t) = Cxi(b). (29)

The pinning controller of the follower system are

ut) = KaZ2(t]) + Ko >4y Cin(Xi() — Xou())
+ KaXi(f) + Ke(Vit) — yi(t)) + Hxg,i=1,2,--- | M,
U,'(t) = K4Z§)(t’a) + K5X,'(l‘) + HXS, i=M+1,M+2,... N, (30)

where t_is the sequence of communication triggers for follower i. If there are information interactions between leaders and
followers, ¢, =1; otherwise ¢, =0. K, K,, K,, K,, K, K, and H are gain matrices. The state thresholds zZ(t) and zf’(t) are
defined as

Z2(t) = Xz @i(Xi) = X(1) + Yo p; Ao
X (Xi(t) = xo(t), i=1,2,--- M,
Z0(t) = Xjen; bi(xi(0) = Xi(0) + Yoen; bio
X (Xi(t) = Xo(t)), i=M+1,M+2,--- /N, (31)

where A is the in-neighbor set of agent i, Z2(t) and z°(t) have the same properties as Zg,(f) and z§,(t). Define the sam-
pling error ®«(f) and Ti(f) by

Du(t) = yor(th) — yor(t), Wilt) = yiltl) — yi(D). (32)
The event-triggered conditions can be constructed as

2@l > mic@|yor(®l1, [[LiB)][1 > wi®)[|yi(B)]l1, (33)

where

k() = (mi() = i) ([| 2k (B) |1 = 7| yor(B)][1),
wi(t) = (wi) = )B4 = @lydD)]l1), (34)

0 < Tl < mk(fp) <7, 0 < J;j < wi(ty) <. mk(tp) and wi(tp) are initial conditions. I, J;, 7«, and w; are known constants.
Next, the observer-based pinning control and multi-adaptive event-triggered consensus are achieved for PMASSs.
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Theorem 2 If there exist constants ¢4 >0, ¢, >0,e3>0,¢4 >0, w1 >0, @y >0, R"vectors vg = 0, v4 =0, v =0, v3 = 0,

Va=0,8<0,7=<0,7=<0,k<0,¢%=01¢=0,m>=0,8§<0,(=<0,0<0,0<0,0,<0, %, >0 0>0,8=<0,

7=<0,1=<0,k<0,¢6~0,9v>~0,7>0,<0,(=<0,0<0,0<0,0=<0,x =<0, p>0,and R?vectors g, - 0, ¢, < 0,
71>=0,6<0,0>0,5=<0, 70, ¢ <0 such that inequalities

1 By voAo + > sem, PrsBo P 1137 + By > 107
+By Z,r=1 1£’)77/T +aBy Z,r=1 1£’)6/T1n><n +el =0, k=1,2,---,Q,

(35a)
17 B3 VoAo + e py, DiiBo Sy 117w+ Bo oy 1907
+aBo Y1 1k pxn + €1l = 0,k=Q+1,Q+2,--- | M, (35b)
17 v1Ag + S, 1067 Co + eal = 0, (35¢)
1A+, 1§7’)6,TC +e3l = 0, (35d)
1B A+ aBY 1067 +BY L 10¢]
+BY 1007 +wBY 1Y pn +eal = 0,k=1,2,--- | M, (35¢)
1B A+ > _oen; 8ioB P 10 + BY 10]
+7BY 100 M+ eal = 0, k= M+1,M+2,-- N, (35f)
> sem, PrsBo > 1987 + By > 10,7
+Bo S 109, Co + B S04 10T = 0, (359)
e @B Y1 1057 +BY . 10¢T
+BY. 1T C+BY 1, 176] =0, (35h)
P 1707 Co +TY 186, 145qCo = 0, (35i)
S AT C+ w3 1€ 14,4C = O, (35))
(17 B3 voAo + Bo -y 1170 Bo 1y 1007, )x; = 0, (35k)
(17 B3 voAo + Bo Yoy 1967 + Bo Yoy 19777 )x5 = 0, (351)
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(17 BTvA+BY 1007 +BY 100 )x5 = O,

(35m)
(17BTv2A+BY. L 170 +BY 111701 )x; = 0, (35n)
Ag Vo +ﬁZseMk <’J'ks_5r - X;se My askl3 = D1 pm, ikt +
+77—a1,,x,,ﬁ+CO U—7TCO 1q><q§—C+ZU1V0-<0, (350)
AoT Vo + ZleMk bk — ZleMk bk — ZseMk askf’
+5_a1nxn’i+w1 vo <0, (35p)
ZseMk aysf — ZTseMk askf3 — ZleMk bk +
+)+n+Agvi+ Cic+wivy <0, (35q)
ATVa * 3 e 5 810 = Xje i 80 = Loen; Poi0 * €
+0 = 71pynd + CT 7 —wC  gyge + wiva < 0, (35r)
ATvy + Zoe]\/} bix0 — Zoe/\/i boio— ZJEN; a;id
+0—71pxn0+ wvo <0, (35s)
2 jen; @10 ;e/w 810 = oen, D010+ + x
+9+ATvz+ Cle+wyvy <0, (35t)
1R QA+ 1k @+ 150+ 1g@ T+ 18y ® Cj o
TR ® Cylgxgs T INO ATV, + 1 @0+ 130 0+ 1y ®p
M ® CT7 =01 @ CT1gxqe — w2(1n @ Va) < 0, (35u)
6/ = 61'7/ =y 23Nk =2 fﬁ,fl = 511/11 = waﬂ.l < =X 61CI = Q,
0,20,0020,0=20Xx3X:p2p0,20,626,T3T,& ¢, (35v)
hold for1=1,2,---,r, then under the pinned observer (26), (28), the leader’s control protocol (27) and the followers’ con-
trol protocol (30) with
(I) r (I) r o, T r (I) T
Kot = %’7134 —, Koz = %’454 el 03 = 21:’71314 1 Kog = 2%’71314 —,
(rr) ; _ r= 151) ) r 1) C_ 1(1)57
K05 21:IT1BT !KO - z»:ll'IJBT‘:l; ’ G XPITBT ’ K z»l:TBTVZ )
1(1) r 1(1) T r 1(1) T r 1&1) :T
K X-I:,'_F1BT L) 3 = 2-l:,'_F1B‘|r' 9’ K4 X»I:L_FBT ’ 5 = 2%51BTVQ ’
r 1(1) T r 1() T " () n_ on_T
Kﬁ ZA:|IT1BIF X 1H = Z»il‘gB‘; L 1F0 Z 1 ,LO = ZITIT‘I" Z ;
Zl 1() l ZT 1(0 i
F 11TV L 11TV3 ’ (36)
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the system (1) is positive and systems (1) and (2) reach the leader-following consensus, where X = oGt xghT
————
M
K — * T * T — _ _ T T _ T T
X*=(x3 .., X} )T,N—(1T,0,...,O)T,U—(0,...,0,1,&_0,0,...,0)7,8%—(1,\,,,0,...,0) ;3=(0,...,0,15\4) -
N N-Q Q N-M N-M M

Proof: From (33), it yields that

[2k®ll1 < T lyor(Bl1, [1PiO)]l1 < wild)llyiCD)l1- (37)

For xok(to) = 0, xi(fo) = 0, one has yok(to) = 0 and yi(fo) = 0. Then, the follwing inequalities

—TgxqYok(to) = Pi(to) = TgxqYok(fo),
_w1q><q,VI(t0) = ‘Ili(to) = w1q><qyi(t0) (38)

hold, where ®«(f) and ¥i(fp) are initial conditions. Define the following observer errors

€ox(f) = Xok(f) — xox(f) (39)
and
ei(t) = Xi(t) — xi(0)- (40)

Then, in view of (2), (6), (8), (26)-(28), and (32), the follwing equations

éok(t) = Aoeok(t) + Bo(Kor ZseMk aks(Eok(t) + eok(t) — €os(f) — eos(t)) + Kot Z/e/vlk
x aw(ox(t) + eok(t) — eal(t)) + Kordu(t) + Koz(€ok(t) + eo(t)) + Koz(€ox()
+ egx(t))) + Kos Cook(f) + (Ao + BoKos + Bo G)Xg,

o(t) = FoCoeok(t) + (Ao + LoCo)8ox(t) — Lo®x(t) + FoCoxXg (41)

are derived fork=1,2,--- ,Q.Whenk=Q+1,Q+2,--- ,M, it holds that

€ok(t) = Aoeo(t) + Bo(Koa Y se rq, Prs(€ok(t) — €os(t) — €os(f)) + Koa D e aq, i
x (eok(t) — eo/(t)) + Koadk(t) + Koseok(t)) + (Ao + BoKos + BoG)xg. (42)

Similarly, fori=1,2,---, M, it can be obtained that

&i(t) = Aei(t) + B(K1 - v, ai(i(t) + ei(t) — (1) — (1) + K1 X oc ; @io(Ei(1)

+ei(t) — eo(f)) + Kyipi(t) + Ko Seq Ci(Ei(t) + ei(f) — ei(t)) + Ka(&i(t)
+ei(f))) + KsCe;(t) + (A + BK3 + BH)xj,

ei(t) = FCey(t) + (A + LC)8{(t) — LWi(f) + FCxg (43)

by leveraging (1), (7), (8), (29-31), and (35b). Fori=M+1,M+2,... N, it yields that

&i(t) = Aei(t) + B(Ks 3 x; bi(ei(t) — ej(t) — &(t)) + Ka -, nr bio(ei(t) — €0(t))
+Kaipi(t) + Ksei(f)) + (A + BKs + BH)x. (44)

Let

PLOS One | https://doi.org/10.1371/journal.pone.0344567  April 16, 2026 15/30




PLOR. One

Eo(t) =

841(0), 8% (D), . ... 835(8),0,0,...,0),
Eo(t) = (eg1 (1), €ga(t), - - -, €qm(D) ',

E(t) = (e{ (B),e; (1), ..., en (1),

E(t)= (67 (t), €] (D), ..., &5(1),0,0,...,0)7,

(e
(
(
(e
O(t) = (¢1 (1), 63 (O, ..., Sm(®) "
(
=(
(

0
-
01
T
1
T
1

D(t) = (1 (1), 5 (1), ..., 2Y(H) T,
o1 (), 3 (), ..., on (D),
U(t) = (U] (), U3 (0), ... Un (D))

Then,

Eo(t) = AEo(f) + BEo(t) + Fo (1) + GXG,

Eo(t) = FoCoEo(t) + (In ® (Ao + LoCo))Eq(t) — Lo®(t) + FoCoX?,
E(f) =B, Eo(t) + CE(t) + DE(t) + Fo(t) + HX",

E(t) = FCE(t) + (lo ® (A + LC))E(t) — LU(t) + FCX*,

where

BoKo2 = diag{BoKo2, BoKo2, - - ., BoKo2, 0,0, ...,0},

Q M-Q
FoCo = diag{FOCO, Foco, ey FOC0, 0, O, Ceey 0},
—_———
Q M-Q
BK, = diag{BK», BK», . . ., BK»,0,0, ..., 0},
——

R M N-M
FC = diag{FC, FC, ...,FC,0,0, ...,0},
—_—
J— M N-M
Ly = diag{Lo, Lo, ..., Lo,0,0,...,0},
—_—
_ Q M-Q
L =diag{L,L,...,L,0,0,...,0},
—— ——
M N-M
I = diag{1,1,...,1,0,0,...,0},
N—— ——
Q M-Q
lo = diag{1,1,...,1,0,0,...,0},
—— ——

NeM
Lo ® BoKo1 lq ® BoKos 0

A=/M®A0+<

_ (Lo1®BoKor 0

- (502 ® ByKoa o) + BoKoz + BoKos Co + ( 0 0
c11BKz ¢12BKy -+ ciuBK:

C21BKy  ©22BKy; -+ couBK3

Bk, =

cwmBKy cpBKy - cumBK>

Lo® BoKo4> + BoKoz * 0 Iv—q ® BoKos
lq ® BoKos 0)

).

(45)
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— L ® BKj i Iy ® BK3 0
C_IN®A+<£®BK4)+BK2+< 0 IN_M®BK3>’

E = /Q ® BoKop1 0 )

D= (gggﬁl 0) + B, + BKoC +
F= I ® BK4 0 )
0 In-m ® BKy
lq ® BoKos + BoG 0
0 Iveq ® BoKos + B()G)

0 Im-q ® BoKoa
ly®BKs 0
0 0/’

G=Ily®Ay+

_ Iy ® BK3 + BH 0
H"N®A+< 0 /N—M®BK5+BH>

Define E(t) = (E] (1), E{ (f), ET (1), ET (). Then,

A B 0
o | FoCo 1h®(Ao+LoCo) O
EO =1 _p,, 0 C
0 0 FC lo®(A+LC)
0
0
0
0

@OO

0\ /o G
ol [a@]| |FCo
0 || e 0
L) \w(@) 0

Xo

0
« Et) + o

cood
|
'\
o

0 0
0 0

0 F o [ X*
0 FC 0

With initial conditions Ep(fp) = O, Eo(to) =0, E(fp) = 0, and E(to) > 0, it follows from (11d), (38), and (45) that

Eo(to) = 1Eo(to) + BEo(fo) + GX;,

Eo(to) = (FoCo + TLoTqxqCo)Eolto) + (In © (Ao
+LoCo))Eq(to) + (FoCo + TLo14xqC0) X5,

Elto) = —Bx,Eolto) + JE(to) + DE(to) + HX",

Eto) = (FC+@L14xqC)E(ty) * (lo © (A+LC))
x E(to) + (FC + wL1g,4C)X*,

where

Lo1q><qC() = diag{L01quCO, ey L01q><qC0, 0,0,..., O},
Q M-Q
[14x4C = diag{L1gx¢C. ..., L14,4C.0,0, ..., 0},

M ~ N-M
Lo ® BoKo1> 5 (BQO 0 )
I=1 Ay + + BoKopo + = ,
m® Ao (ﬂo ® BoKoa 07027\ 0 Buao
_ L ® BK4 B By O
J_IN,®A+ (£®BK4) +BK; + ( 0 BNM>’
~ Boo = lg ® BoKos + alg ® BoKo11nxn,
Buao = Im—q @ BoKos + @liy—q ® BoKoa1nxn,
B By = Iy ® BKz + Tl @ BKi1p4n,
Bnm = Inom @ BKs + Uiy © BKanxn.

(46)

(47)
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According to (46) and (47), one can derive

I B 0 0 G 0 0 0\ /X
< Fo Ao O 0 ~ Fo 0 0 O 0
E)=| g, 0 7 D E)* |9 0o m of [x
0 0 F lo®(A+LC) o o F o/ \o (48)

where Fy = FyCq + TLo1gxqCo, Ao = In @ (Ao + LoCo), F = FC +©TL14x4C.

Together with (35a), (35b), (36), and Lemma 3 gives Ag + > 14, bksBoKor + BoKoz + BoKos + @BoKo11nxn and
Ao+ Z,eMk brBoKos + BoKos + aBoKosa1,xn are Metzler. Hence, 1 is Metzler. Through (35c), (35d) and (36), it can be given
that Ag + LoCq and A+ LC are also Metzler by virtue of Lemma 3. Furthermore, I, ® (Ap + LoCp) and lo ® (A + LC) are
Metzler.

It follows from (35e€), (35f), (36), Lemma 3 that A + ZjeN; a;jBK1 + BK; + BK3 + TBK11,n and
A+ oen; @ioBKa + BKs + 7BKy1,n are Metzler. It means that J is Metzler.

By (359), (35h), and (36), one has ZSGM1 brsBoKo1 + BoKoz + BoKos + BoKos = 0 and
> jen; @iBK1 + BK; + BKs + BK3 = 0. Then, we can get B = 0 and D = 0. Together with (35i), (35j), and (36) yields
FoCo + TLo14xqCo = 0 and FC + wlL14,4C = 0. Furthermore, ¥, = 0 and F = 0. Using (35k), (35l), and (36)
gives (Ag + BoKoz + BoG)x§ = 0 and (Ag + BoKos + BoG)x;; = 0. Through (35m), (35n), and (36), it is known that
(A+BKj3 + BH)x5 = 0 and (A + BK3 + BH)x; = 0. Consequently, G > 0 and H = 0. Since ¢ < 0, then Bk, < 0 holds, that
is, =Bk, = 0. By Lemma 1, one has E(to) = 0 for E(t) =0, so E(t) > 0. Moreover, for any initial condition l::(to) =0, itis
obtained that E(t) >~ 0. Therefore, the system (46) is positive.

Next, the consensus of system (46) is considered. From (11d), (38), and (45), the following inequalities are deduced.

Eo(t) = KEo(f) + BEo(f) + GX;,

Eo(t) = (FoCo—7LoTgxqCo)Eo(f) * (In @ (Ao

_ + LoCo))Eo(t) + (FoCo —TLo14xqC0) X,
E(t) = -Bk,Eo(f) + LE(f) + DE(f) + HX",

E(t) < (FC-wl4qC)E(t) + (lo ® (A+LC))

x E(t) + (FC—EL1quC)X*, (49)

where

= o Ao+ (05 B0 )+ B+ (50 50 ),

Lo ® BoKos \0 Buao
L ® BKj —_— By O
L=] A+ + BK, + ~ ,
ne (5 ® BK4> ? ( 0 BNM)

_ Baqo = I ® BoKos — @lq @ BoKo11nxn,
Buao = Iu-q ® BoKos — @l-q ® BoKoalnsxn,
By = Iy ® BK3 = 7ly ® BK11pxp,

BNM = Incm @ BKs — Uiy @ BKad pxn.

In the light of (49), it follows that

K B O 0 G 0 0 0\ /X
< ]_:O A O 0 ~ .7_:0 0 0 O 0
E(tO)j _BK2 0 IL: D E(t0)+ 0 0 ]Iil 0 X+

0 0 F lo@(A+LC) o 0o Fo/\o (50)
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with Fo = FoCo—LolgxqCo and F = FC —wl4,¢C.

Choose a CLF V(E(t)) = ET (t)9 = E] ()(1m ® Vo) + E] ()(1m @ v4) + ET () (1Iy @ v2) + ET (f)(1n @ v3). By (50), it yields that

VIE(®) < Eg (KT (I ® vo) + Fg (I ® vi) = B, (In @ v2))
+EJO(BT(m @ vo) + A (I @ v1)) + ET(H(LT (1y @ v2)
+FT(An@va) +ET(H(DT(In® va) + lo ® (A+LC)T

(31)
x (In®@v3)) +(X5) T (GT(In® o) + Fy (1n @ vy))
+(X)T(H (Ine vo) + F (Iy @ v3)),
where
K™ (1m ® Vo) + ]:o (I @ v1) =B, (In ® v2)
[@11' 12 @101 92(Q+1)’ " 62/\/1]T
O =Ag Vo * ZseM a1kK51 B Vo - EseMk askK1Bg vo— i My BiKoaBg Vo
+ngBTVo + KO3B Vo — Oz1n><,-,K01B Vo + CTFTV1 7TC 1q><qL 2]
—KTBTvg, k=1,---,Q,
Oa=AJVo+ 2lem, bk/KcLBg Vo= Yiepm, b/kK&BJ Vo= > se um, @skKo1Bg Vo
+KJSBJV0 —a1nan0T4BOTv0, k=Q+1,--- M,
BT (1y @ Vo) +A0 Ay vq) = [@31,@32, ©,030,0,--+,01T,
ZseM%aksKmB Vo = D s, @skKo1Bg Vo — 2 leMy biK34Bg Vo
+K028 0+K(-|);3BT 0+KJ3B Vo +ATV1 +CTL vy, k=1,2,--- ,Q,
H-‘T(’IN & V2) + ]: (1N X V3) [F11 ’ I‘1T2v : I‘1/\,11 I‘2(/\//+1)y T 1F2TN1T7
INT: =AT Vo + ZIEM a,jK BT Vo — ZJEM a,,K BT Vo — ZOEM bO,K BTV2
+K;BTV2 + K:—,,FBTVZ —?1n><nK;|—BTV2 + CTFTVQ,
-wC’ 1quL v3, i=1,2,--- | M,
o =ATV + D 0eN; bi,Kj BT V2—Zoe/\/ bO,K BTv,— P aiK{ B" v,
+KTBTV2—I/1,,><,7K BTvy, i=M+1,--- N,
DT(1N ® Vz) + /e @A+ LC)T(1N ® V3) = [F31,F3Tg, - F;M, 0,---,0]T,
+KTBTv2 + KTBTVZ +7KTBTv2 +ATV3 + CTLTV:;, i=1,2,--- M,
O T(GT (M vo) + Fy (g va) + ()T (HT (A v) + FT (1 @ v3))
= (X*)T(R@A) Vo + R KjsBg Vo + U @ KjgBy Vo + R® GTBj vo
+R® Cg FJvi—TR® Cg lguqlg Vi +* IN@ ATV, + R K] BT v,
+tI@K B v +IN@ H BTV, +R® CTF v —wR ® CT1gyql T va).
By (35v) and (36), it derives that the following inequalities
Kor = 1T§T K02 = 1lr;0T , Koz = 1‘!ré7T , Koa = 1lrgT , Kos = 1TB£T
T
KOG _< 1TBT G j 1'1F,gT K1 - 1TB§TV K2 - 1TBT K3 - %
1 1, 1,p 1o,
Ks = 1TBTV Ks =< 1TBQTV Ks = 1T§Tv 'H.—<_|]TBTV2’FO = 1T
LO 1,,§, F < 1,77' L < 1,,5/
n Vs’
Then, we have
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O = A(—)I—VO + Zse/\/{k as — ZseMk ask3 — ZIGMk bk
xk+y+n—alpnB+Cyo—TCy 1gxqs —¢C,

O2k X Ag Vo + D aq, PriE = D pa, Pikk
_ZseMk askﬁ + § _a1n><n/f,

93!( = ZSGMk aksﬁ - ZSGMkraSkﬁ - Z/EMk b[kli
+y+y+n+Afvy+ Gy,

T

Iy A v+ Zje/\f, ay(s—zje,\/l_ ajié—zoeNi b0
+(+0—1pxnd + CT7—=wC T 1gxqe,

Doi X ATVa+ 3 nr @00 = o p; 0i0
_Zje/\/, ajifs + Q_P1n><n0,

Pai = 2 jen; 810 = 2jen; 80 = 2ioen; PoiO + ¢+ X
+0+ATva3+ Cle,

X5) " (GT(Iy @ vo) + Fy (1m ® vq))
+(X)TH(Iy® v2) + FT (1 @ v3))

<X TROAJ VRO N+VRE+FRO T+ R®
Cio—TR®RCy1gxqs +*IN®AT V2 +R® 0
+I10 0+t Iv®p+ RO CTT—0R ® CT1gyqe).

Furthermore, the condition (51) can be rewritten as V(t) < —w1ET(t)19 +9(X*) T (1n ® Vi) by (350-35u). This refers to the
fact that limi,« || Xo(f) — X5 |1 < Q, where Q = %(X*)TUN ® Va), B = MiNger 2. m{Vor}, and vy, is the component of v,.
Therefore, based on Definition 2, the practical consensus of system (46) is guaranteed. ]
Remark 7 The literature [19—24] have explored various consensus problems in multi-agent systems utilizing the pinning
control strategy. It is noteworthy that the pinning control strategies adopted in the aforementioned literature typically pre-
suppose the availability of system states. However, in practical applications, system states may not be readily accessible
due to various external factors. Therefore, it is crucial to observe the system states promptly and accurately. In light of this
consideration, Theorem 2 proposes an observer based on the pinning control strategy, which monitors only the pinned
agents and not the unpinned ones. This approach reduces the resource consumption during the observation process.
Remark 8 The literature [32—34] investigated double event-triggered control for MASs. The proposed ETM effectively
reduced the frequency of communication among agents and the update of controllers. However, the event-triggered observ-
ers were not taken into account. Consequently, this paper constructs a double ETM for both observers and controllers.
Adaptive event-triggered observers and controllers are designed for the followers in PMASSs, respectively. Additionally, a dou-
ble adaptive ETM for the leader is also considered, which further diminishes the consumption of communication resources.
Compared with the quadratic method-based ETM in [32—34], the ETM proposed in this paper is more suitable for PMASs.

4 Discussion on quantization effects

Common quantization effects fall into two main categories: quantization communication [38] and input quantization [39]. In
order to deal with the unavoidable constraints in networks, quantization control methods are used as an effective control
strategy to handle these constraints and reduce communication overhead. In recent years, researchers have generally
used logarithmic quantizers [38] or uniform quantizers to solve communication quantization problems, while input quanti-
zation problems are handled by using hysteresis quantizers [39].

Since quantization control is a complex and extensive research topic in the field of control, this section will briefly dis-
cuss communication quantization problems using logarithmic quantizers as an example. A definition of logarithmic quan-
tizers and possible quantization controller designs are given. More detailed consistency analysis and control gain design
will be discussed in detail in our future work.
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A logarithmic quantizer g, : R — <o; can be described as

wj, if 5w < X < 15,
qi(x) =<0, if x=0,
—qi(—x), ifx<0, (52)

where w; is the quantization level and the quantization parameter v satisfies ¥ € (0, 1/3). Denoted the set of quantized
level by

i
7%;={:twi:w;= (:}:Z) WO,i=:|:1,:|:2,~~' ,}U:EWOUO, WQ>O.
Based on the concept of quantizers, it can be obtained that |q,(r) — r] < ¥|r|, Vr € R. Define T=[T4, Tp,---, ] T € R" and
q(N) =[qi(T1), qi(T2), - -, qi(Ta)] 7, one has q(T) — T = 1T with H = diag{H1, Hz, -+ , Hn} and H; € [0, V].

Combining multi-adaptive event-triggered mechanisms in section 0.2, the quantization controllers for leaders and fol-
lowers can be designed as follows:

Uok(t) = Ko1Zok(th) + Ko2qi((Xok(t) — X5))
+’503X0k(t) + GE(S, k= 1,2_, . Q,
Uok(f) = Ko1zok(th) + Kosxou(t) + Gx5, k= Q+1,Q+2,... .M (53)

and

ui(t) = Kazi(t) + Kaqi(3pey cin(i(t) — Xox(1)))
+Kaxi(t) + Hxg, i=1,2,..., M,
ui(t) = K1Z,'(t‘£,) + Ksx(t) + HXS, i=M+1,M+2, ..., N, (54)

where zo,((t’,;) and z(t. ) are defined as

Zok(th) = q < > e, brs(Xor(th) — X0s(tﬁ))> :

z(t,) = q ( Sjen; ailxi(ty) —Xﬂi») : (55)

Correspondingly, the design of multi-adaptive event-triggered mechanisms should also be changed to a version based
on quantization information.

5 lllustrative examples

Fossil energy sources are becoming increasingly depleted globally and the pollution problems associated with energy
consumption are becoming more and more serious. At the same time, the development of microgrids based on renew-

able energy sources such as solar and wind power has begun to grow rapidly. The traditional control method is centralized
control, which mainly relies on a central controller. With the increasing number of micro-sources, failure of the central con-
troller will lead to failure of control or even paralysis of the entire power system. It is considered that the microgrid consists of
multiple components, where different components have different control instructions and need to cooperate to achieve power
generation. Meanwhile, one component is needed to issue control commands based on information from all components,

so that coordinated control is accomplished. There are many similarities between MASs and microgrids. Therefore, it can be
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modeled as MASs. The literature [40] designed an intermittent dynamic time interval pinning control strategy for application
to distributed control of microgrids, where each component in the microgrid is considered as an agent. Fig 1 shows the struc-
ture of MASs-based microgrids. Current, energy storage, and others in microgrids have non-negative properties. It means
that using PMASSs is more suitable for modelling microgrid systems. At the same time, ETM can avoid infinite data trans-
mission by the agent. In the model, x(f), u(t), y(f), and x,,(f) denote the microgrid system state, resource scheduling control
protocols, outputs, and leader component states, respectively. A, B, C, and A are the system matrices.

Consider the system (1) with observer:

_(-1.89 1.92 _ {0.41 _
A°'<1.93 _186)Bo=g42) Co=(047 035),

_[-0.95 097\ . _ (042 . _
A= <0_95 _0_93) ,B= (0_43> ,C=(042 031).

Choose @=0.8, 7=0.8, 7=0.6, w = 0.6, w4 = 0.3, and w, = 0.5. Fig 2 is communication topology.

i Central Agent T~

Load Agent

wind turbine photovoltaic panel Energy storage units load unit
A
v
DC
AC/DC v l v
| i
v DC/AC
DC/AC

Fig 1. Structure of MASs-based microgrids.

https://doi.org/10.1371/journal.pone.0344567.9001

Fig 2. Communication topology.

https://doi.org/10.1371/journal.pone.0344567.9002
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By Theorem 2, one has

Kot = (~0.8936 -0.6742) Koy = (-0.8936 —0.6742),
Kos = (0.8333 0.8531),Koq = (-1.0176 —1.0337),
Kos = (~0.5010  —0.3847) , Kos = 3.8456,
G=(0.7227 2.9953),K; = (~0.2481 —0.1886),
Ky = (~0.2595 —0.2614),Kz = (0.4050 0.4197),
Ky = (-0.3878 —0.4593),Ks = (—0.2359 —0.0442),

Ks = 1.7033,H = (0.3972 1.5817),F = 8'3222 :

| - (-04045\ __ (04285\ _ (-0.3135
07 \~0.3951) " " \0.4267 )~ " \~0.3022) -

The observer error simulation curves of all agents are shown in Figs 3 and 4. It can be seen from the figures that the
observer error of the state for all agents quickly stabilizes. This indicates that the positive observer proposed in Theorem
2 can effectively estimate the true state of the agents and is efficient. Figs 5 and 6 respectively draw the state trajectories
of the leader and the follower under the multi-adaptive ETM. The figures clearly show that the state trajectories of the
leader and followers eventually reach an acceptable region and remain stable. This also means that, under the designed

30 40 50 60

Fig 3. The simulations of the observer error &y, and é;.

https://doi.org/10.1371/journal.pone.0344567.9003

30 T T

25

20

15

10

Fig 4. The simulations of the observer error &y, and ép.

https://doi.org/10.1371/journal.pone.0344567.9004
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=11 (t)
To21(t)
=031 (1)
=T11 (t)
=191 (t) —
=231 (2)
=4 (1)

T —

0 10 20 30 40 50 60

Fig 5. The simulations of the states x,,, and x,, under DAETC.

https://doi.org/10.1371/journal.pone.0344567.9005

=zo12(t)
To22(t)
—-2032(1)
=712 (t)
=To(t) H
w30(t)
T 49 (t)

Fig 6. The simulations of the states x,,, and x,, under DAETC.

https://doi.org/10.1371/journal.pone.0344567.9006

observer and multi-adaptive event-triggered pinning controller, all agents achieve leader-follower consensus. This proves
the validity of the proposed control scheme.

Moreover, the event-triggerred signals and intervals for observers and controllers of the leader and follower are
displayed in Figs 7—10. According to the simulation results, it can be found that the multi-adaptive ETM proposed in
this paper greatly reduces the update frequency of the controller and the observer, thereby saving communication
resources.

To verify the robustness of the proposed consensus control protocol to faults and uncertainties, corresponding com-
parative simulations are performed. The steady-state errors of tracking errors e () and e(t) are listed in Table 1.

(iy Simulations under different faults: Two types of faults are considered: constant faults and decaying faults, with val-
ues [0.8 0.8]" and [2e70% 2¢70-2]T respectively. Using the observer and controller in Theorem 2, the tracking errors
between leaders as well as followers and the target are simulated. From the results recorded in Table 1, it can be
observed that the steady-state error values of the tracking error under two different fault conditions are nearly identi-
cal to those under normal conditions. This indicates that the proposed consensus control protocol exhibits a certain
degree of robustness against small-amplitude faults. It should be noted that this paper studies the practical consen-
sus, therefore the steady-state value of the tracking error is not 0.
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15 T T T T
=0agent01
=0agent02
=0agent03
10
r
5 — —
O 1 ] I
0 5 10 15 20 25 30
Fig 7. The event-triggered signal of the leaders’ controller.
https://doi.org/10.1371/journal.pone.0344567.9007
10 T T T T
=0agentl
sk -oagent2 ||
=oagent3
agentd
6 -
41 i
of ] .
I 7 sxdtdt 1 || [ 11
0 5 10 15 20 25 30
Fig 8. The event-triggered signal of the followers’ controller.
https://doi.org/10.1371/journal.pone.0344567.g008
25 T T T T
=0agent0l
=0agent02
20} g
15 .
10 a
5 - -
0~. L T 1 ! 1 1
0 5 10 15 20 25 30

Fig 9. The event-triggered signal of the leaders’ observer.

https://doi.org/10.1371/journal.pone.0344567.9009
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Fig 10. The event-triggered signal of the followers’ observer.
https://doi.org/10.137 1/journal.pone.0344567.9010
Table 1. Performance comparisons.
Items Steady-State Error
max{eox(t)} max{e;(t)}
Faults Constant 1.6755 3.5398
Attenuation 1.3849 3.4301
Uncertainty Constant Leader 3.6848 3.3582
Follower 1.6703 9.9716
Random Leader 2.8752 3.5173
Follower 1.6703 5.6064
Normal 1.6703 3.3540

https://doi.org/10.1371/journal.pone.0344567.t001

(if) Simulations under different uncertainty: Assume that the system matrices A  and A of leaders and followers have
constant and random uncertainties, respectively. Consider the uncertain parameters of leaders and followers, and
their corresponding values are chosen as follows: ¢; = 0.08 x ones(2), ¢ = 0.03 x ones(2), r; = 0.08 « rand(2, 2), and
rr = 0.03 x rand(2, 2). Similarly, from the simulation results for uncertainty recorded in Table 1, it can be seen that
when uncertainty exists in the leader, the steady-state value of the leader’s tracking error is significantly greater
than under normal conditions, while the steady-state value of the follower’s tracking error remains essentially
equivalent to that under normal conditions. When uncertainty exists among followers, the opposite occurs. These
phenomena indicate that when uncertainty exists in the leader, the leader’s robustness is poor, while the follower’s
control strategy shows some robustness. Conversely, when uncertainty exists in followers, the leader’s control
strategy exhibits some robustness, while the follower’s control strategy shows poor robustness.

To further validate the applicability of the proposed control scheme under complex network topologies, simulation
results of the tracking error for agents under directed graphs and switching topology graphs are presented. Fig 11 shows
the switched topology. The response curve of the tracking error between the follower agent and the target is plotted in
Fig 12(a). Fig 12(b) presents the tracking error response curve under the directed graph (non-strongly connected). The
simulation results reveal that the proposed event-triggered control scheme based on pinning strategy achieves practical
consensus in the directed graph but fails to achieve consensus under switching topologies. This also indicates that future
work should focus on further investigating the event-triggered pinning control problem under switching topologies.

Finally, we compared the update times of the proposed event-triggered pinning control strategy and the normal control
strategy. As can be seen from Table 2, the update times of the proposed event-triggered traction controller is much lower
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(b)

Fig 11. The switching network topology.

https://doi.org/10.1371/journal.pone.0344567.9011
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Fig 12. The responses of the tracking error under directed graph and switching topology.

https://doi.org/10.137 1/journal.pone.0344567.9012
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Table 2. Comparison of update times between Normal controller and Pinning controller.

Items Normal controller for followers Pinning controller (30) for followers
F1 F2 F3 F4 F1 F2 F3 F4
Update times 600 600 600 600 27 35 45 122

https://doi.org/10.137 1/journal.pone.0344567.t002

than that of the normal controller, which also proves the effectiveness and superiority of the proposed multi-adaptive
event-triggered pinning control scheme.

6 Conclusion

In this paper, the multi-adaptive event-triggered consensus of PMASs has been investigated based on pinning control.
First, adaptive event-triggered pinning control protocols were designed for the leader and follower systems, and ETMs
were constructed for leaders and followers, respectively. Under such protocols, the considered systems achieved practical
consensus. Then, an adaptive event-triggered observer, intended only for the pinned agent, was proposed to estimate its
state. Subsequently, an observer-based adaptive event-triggered control protocol was constructed, resulting in a closed-
loop system composed of observation and tracking errors. Finally, conditions ensuring the positivity and consensus of the
closed-loop system were established using LP and CLF. Compared to the proposed conclusions, the proposed scheme
not only significantly reduces the control cost and resource consumption of the system but also improves the practicality
and stability of the system.

In future work, the pinning control can be applied to other positive systems, such as positive complex networks, positive
fuzzy MASs, etc. Moreover, factors such as the choice of multiple leaders, communication delay, uncertain parameters,
quantization effects, and measurement noise are also topics worthy of in-depth study in PMASSs.

Author contributions

Conceptualization: Qingbo Li, Haoyue Yang.

Formal analysis: Qingbo Li.

Investigation: Qingbo Li, Lishuo Dong, Haoyue Yang.
Methodology: Qingbo Li, Lishuo Dong, Haoyue Yang.
Software: Lishuo Dong, Haoyue Yang.

Supervision: Qingbo Li.

Validation: Qingbo Li.

Writing — original draft: Lishuo Dong, Haoyue Yang.
Writing — review & editing: Qingbo Li.

References
1. Julian V, Botti V. Multi-Agent Systems. Applied Sciences. 2019;9(7):1402. https://doi.org/10.3390/app907 1402

2. McArthur SDJ, Davidson EM, Catterson VM, Dimeas AL, Hatziargyriou ND, Ponci F, et al. Multi-Agent Systems for Power Engineering Appli-
cations—Part II: Technologies, Standards, and Tools for Building Multi-agent Systems. IEEE Trans Power Syst. 2007;22(4):1753-9. https://doi.
org/10.1109/tpwrs.2007.908472

3. Nguyen TT, Nguyen ND, Nahavandi S. Deep Reinforcement Learning for Multiagent Systems: A Review of Challenges, Solutions, and Applications.
IEEE Trans Cybern. 2020;50(9):3826-39. https://doi.org/10.1109/TCYB.2020.2977374 PMID: 32203045

4. Gonzélez-Briones A, De La Prieta F, Mohamad MS, Omatu S, Corchado JM. Multi-Agent Systems Applications in Energy Optimization Problems: A
State-of-the-Art Review. Energies. 2018;11(8):1928. https://doi.org/10.3390/en11081928

PLOS One | https://doi.org/10.1371/journal.pone.0344567  April 16, 2026 28/30



https://doi.org/10.3390/app9071402
https://doi.org/10.1109/tpwrs.2007.908472
https://doi.org/10.1109/tpwrs.2007.908472
https://doi.org/10.1109/TCYB.2020.2977374
http://www.ncbi.nlm.nih.gov/pubmed/32203045
https://doi.org/10.3390/en11081928

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Zheng Y, Ma J, Wang L. Consensus of Hybrid Multi-Agent Systems. IEEE Trans Neural Netw Learn Syst. 2018;29(4):1359-65. https://doi.
org/10.1109/TNNLS.2017.2651402 PMID: 28141536

Yang H, Zhang H, Wang Z, Huang C, Yan H. Fault-Tolerant Optimal Consensus for Multiagent Systems: A Fuzzy-Based Game Approach. IEEE
Trans Aerosp Electron Syst. 2024;60(5):6839-52. https://doi.org/10.1109/taes.2024.3407735

Liang B, Wei Y, Yu W. Adaptive Optimal Bipartite Consensus Control for Heterogeneous Multiagent Systems. IEEE Trans Control Netw Syst.
2024;11(4):2263-75. https://doi.org/10.1109/tcns.2024.3395724

Wang H, Ren W, Yu W, Zhang D. Fully distributed consensus control for a class of disturbed second-order multi-agent systems with directed net-
works. Automatica. 2021;132:109816. https://doi.org/10.1016/j.automatica.2021.109816

Xiao W, Cao L, Li H, Lu R. Observer-based adaptive consensus control for nonlinear multi-agent systems with time-delay. Sci China Inf Sci.
2020;63(3). https://doi.org/10.1007/s11432-019-2678-2

Cao X, Li Y. Positive consensus for multi-agent systems with average dwell time switching. Journal of the Franklin Institute. 2021;358(16):8308-29.
https://doi.org/10.1016/j.jfranklin.2021.08.024

Song C, Cao J, Liu Y. Robust consensus of fractional-order multi-agent systems with positive real uncertainty via second-order neighbors informa-
tion. Neurocomputing. 2015;165:293-9. https://doi.org/10.1016/j.neucom.2015.03.019

Yang N, Yin Y, Liu J. Positive Consensus of Directed Multi-agent Systems using Dynamic Output-feedback Control. In: 2019 IEEE 58th Conference
on Decision and Control (CDC), 2019. 897-902. https://doi.org/10.1109/cdc40024.2019.9029331

Chen S, An Q, Zhou H, Su H. Observer-based consensus for fractional-order multi-agent systems with positive constraint. Neurocomputing.
2022;501:489-98. https://doi.org/10.1016/j.neucom.2022.06.038

Bhattacharyya S, Patra S. Positive consensus of multi-agent systems with hierarchical control protocol. Automatica. 2022;139:110191. https://doi.
org/10.1016/j.automatica.2022.110191

Zhang J, Lin F, Jia X, Du B. Novel consensus framework on discrete-time positive multi-agent systems. Journal of the Franklin Institute.
2024;361(9):106850. https://doi.org/10.1016/].jfranklin.2024.106850

Valcher ME, Misra P. On the Stabilizability and Consensus of Positive Homogeneous Multi-Agent Dynamical Systems. IEEE Trans Automat Contr.
2014;59(7):1936—41. https://doi.org/10.1109/tac.2013.2294621

Cao X, Zhang C, Zhao D, Li Y. Guaranteed cost positive consensus for multi-agent systems with multiple time-varying delays and MDADT switch-
ing. Nonlinear Dyn. 2022;107(4):3557—72. https://doi.org/10.1007/s11071-021-07157-w PMID: 35125653

Zhang J, Raissi T, Lin F, Du B. Double Event-Triggered Consensus of Positive Multiagent Systems With Disturbance Based on Proportional Inte-
gral Observers. IEEE Systems Journal. 2024;18(4):2030—41. https://doi.org/10.1109/jsyst.2024.3460747

Song Q, Cao J, Yu W. Second-order leader-following consensus of nonlinear multi-agent systems via pinning control. Systems & Control Letters.
2010;59(9):553-62. https://doi.org/10.1016/j.sysconle.2010.06.016

Gao J, Xu X, Ding N, Li E. Flocking motion of multi-agent system by dynamic pinning control. IET Control Theory & Appl. 2017;11(5):714-22.
https://doi.org/10.1049/iet-cta.2016.1150

Wu Z-G, Xu 'Y, Pan Y-J, Shi P, Wang Q. Event-Triggered Pinning Control for Consensus of Multiagent Systems With Quantized Information. IEEE
Trans Syst Man Cybern, Syst. 2018;48(11):1929-38. https://doi.org/10.1109/tsmc.2017.2773634

Zhang Y, Wen G, Rahmani A, Peng Z, Hu W. Cluster consensus of multi-agent systems with general linear and nonlinear dynam-
ics via intermittent adaptive pinning control. Transactions of the Institute of Measurement and Control. 2020;43(6):1337—46. https://doi.
org/10.1177/0142331220975254

Li H, Chen G, Xiao L. Event-triggered sampling scheme for pinning control in multi-agent networks with general nonlinear dynamics. Neural Com-
put & Applic. 2015;27(8):2587-99. https://doi.org/10.1007/s00521-015-2027-4

Lin W, Peng S, Fu Z, Chen T, Gu Z. Consensus of fractional-order multi-agent systems via event-triggered pinning impulsive control. Neurocomput-
ing. 2022;494:409-17. https://doi.org/10.1016/j.neucom.2022.04.099

Guo X-G, Zhang D-Y, Wang J-L, Park JH, Guo L. Observer-Based Event-Triggered Composite Anti-Disturbance Control for Multi-Agent Systems
Under Multiple Disturbances and Stochastic FDIAs. IEEE Trans Automat Sci Eng. 2023;20(1):528—40. https://doi.org/10.1109/tase.2022.3162651

Song X, Sun P, Song S, Stojanovic V. Saturated-threshold event-triggered adaptive global prescribed performance control for nonlinear Markov
jumping systems and application to a chemical reactor model. Expert Systems with Applications. 2024;249:123490. https://doi.org/10.1016/].
eswa.2024.123490

Xiao S, Zhang Y, Zhang B. Event-triggered network-based state observer design of positive systems. Information Sciences. 2018;469:30—43.
https://doi.org/10.1016/j.ins.2018.08.036

Zhang J, Liu L, Li S, Deng X. Event-Triggered L1-Gain Control of Nonlinear Positive Switched Systems. J Syst Sci Complex. 2021;34(3):873-98.
https://doi.org/10.1007/s11424-020-9324-4

Zhang J, Zheng G, Feng Y, Chen Y. Event-Triggered State-Feedback and Dynamic Output-Feedback Control of PMJSs With Intermittent Faults.
IEEE Trans Automat Contr. 2023;68(2):1039—46. https://doi.org/10.1109/tac.2022.3146709

Zhang J, Zhang S, Deng X, Huang Z. Adaptive event-triggered dynamic distributed control of switched positive systems with switching faults. Non-
linear Analysis: Hybrid Systems. 2023;48:101328. https://doi.org/10.1016/j.nahs.2022.101328

PLOS One | https://doi.org/10.1371/journal.pone.0344567  April 16, 2026 29/30



https://doi.org/10.1109/TNNLS.2017.2651402
https://doi.org/10.1109/TNNLS.2017.2651402
http://www.ncbi.nlm.nih.gov/pubmed/28141536
https://doi.org/10.1109/taes.2024.3407735
https://doi.org/10.1109/tcns.2024.3395724
https://doi.org/10.1016/j.automatica.2021.109816
https://doi.org/10.1007/s11432-019-2678-2
https://doi.org/10.1016/j.jfranklin.2021.08.024
https://doi.org/10.1016/j.neucom.2015.03.019
https://doi.org/10.1109/cdc40024.2019.9029331
https://doi.org/10.1016/j.neucom.2022.06.038
https://doi.org/10.1016/j.automatica.2022.110191
https://doi.org/10.1016/j.automatica.2022.110191
https://doi.org/10.1016/j.jfranklin.2024.106850
https://doi.org/10.1109/tac.2013.2294621
https://doi.org/10.1007/s11071-021-07157-w
http://www.ncbi.nlm.nih.gov/pubmed/35125653
https://doi.org/10.1109/jsyst.2024.3460747
https://doi.org/10.1016/j.sysconle.2010.06.016
https://doi.org/10.1049/iet-cta.2016.1150
https://doi.org/10.1109/tsmc.2017.2773634
https://doi.org/10.1177/0142331220975254
https://doi.org/10.1177/0142331220975254
https://doi.org/10.1007/s00521-015-2027-4
https://doi.org/10.1016/j.neucom.2022.04.099
https://doi.org/10.1109/tase.2022.3162651
https://doi.org/10.1016/j.eswa.2024.123490
https://doi.org/10.1016/j.eswa.2024.123490
https://doi.org/10.1016/j.ins.2018.08.036
https://doi.org/10.1007/s11424-020-9324-4
https://doi.org/10.1109/tac.2022.3146709
https://doi.org/10.1016/j.nahs.2022.101328

PLO\S\% One

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

Zhang J, Raissi T, Li Q, Wu D. Distributed adaptive event-triggered fault detection filter of positive semi-Markovian jump systems. Nonlinear Analy-
sis: Hybrid Systems. 2024;51:101441. https://doi.org/10.1016/j.nahs.2023.101441

Luo S, Ye D. Adaptive Double Event-Triggered Control for Linear Multi-Agent Systems With Actuator Faults. IEEE Trans Circuits Syst I.
2019;66(12):4829-39. https://doi.org/10.1109/tcsi.2019.2932084

Luo S, Ye D. Double event-triggered control for linear multi-agent systems with augmented dynamic triggering mechanisms. Applied Mathematics
and Computation. 2020;386:125522. https://doi.org/10.1016/j.amc.2020.125522

Liu H, Wen G, Peng Z, Wang J-L, Huang T. Fully Distributed Consensus Control for Linear Multiagent Systems With Dynamic Double-Event-
Triggered Mechanism. IEEE Trans Circuits Syst Il. 2022;69(3):1262—6. https://doi.org/10.1109/tcsii.2021.3101510

Zhang J, Ji H, Xing W, Wu D. Event-Triggered Consensus of T-S Fuzzy Positive Multi-Agent Systems Based on Compensator and Disturbance
Observer. Int J Fuzzy Syst. 2024;27(3):931-49. https://doi.org/10.1007/s40815-024-01816-x

Farina L, Rinaldi S. Positive linear systems: theory and applications, John Wiley & Sons, 2011.

Shen H, Zhao W, Cao J, Park JH, Wang J. Predefined-Time Event-Triggered Tracking Control for Nonlinear Servo Systems: A Fuzzy Weight-Based
Reinforcement Learning Scheme. IEEE Trans Fuzzy Syst. 2024;32(8):4557—69. https://doi.org/10.1109/tfuzz.2024.3403917

Wang Q, Li S, He W, Zhong W. Fully Distributed Event-Triggered Bipartite Consensus of Linear Multi-Agent Systems With Quantized Communica-
tion. IEEE Trans Circuits Syst Il. 2022;69(7):3234—8. https://doi.org/10.1109/tcsii.2022.3154465

Shi Z, Zhou C, Guo J. Observer-based consensus tracking control for a class of nonstrict-feedback nonlinear multi-agent systems with prescribed
performance and input quantization. Intl J Robust & Nonlinear. 2022;32(18):10374—95. https://doi.org/10.1002/rnc.6404

Xiao Q, Lewis FL, Zeng Z. Event-Based Time-Interval Pinning Control for Complex Networks on Time Scales and Applications. IEEE Trans Ind
Electron. 2018;65(11):8797-808. https://doi.org/10.1109/tie.2018.2813968

PLOS One | https://doi.org/10.1371/journal.pone.0344567  April 16, 2026 30/30



https://doi.org/10.1016/j.nahs.2023.101441
https://doi.org/10.1109/tcsi.2019.2932084
https://doi.org/10.1016/j.amc.2020.125522
https://doi.org/10.1109/tcsii.2021.3101510
https://doi.org/10.1007/s40815-024-01816-x
https://doi.org/10.1109/tfuzz.2024.3403917
https://doi.org/10.1109/tcsii.2022.3154465
https://doi.org/10.1002/rnc.6404
https://doi.org/10.1109/tie.2018.2813968

