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Multi-agent systems (MASs) have garnered widespread at-
tention and have been investigated by numerous researchers
in recent years, primarily due to their broad applications in
industry, transportation, agriculture, and astronomy. While
studying the cooperative control of MASs, numerous re-
searchers place emphasis on reducing the frequency of com-
munication among neighboring agents. The authors of [1]
studied the consensus control of linear MASs under limited
communication bandwidth conditions and presented several
static distributed event-triggered protocols. In [2], the au-
thors devised dynamic event-based rules to compute com-
munication time for the consensus control problem. Ref. [3]
employed the event-based method to reduce the frequency of
control updating, thereby lowering the risk of fatigue dam-
age to mechanical equipment and a consequent shortening
of its service life resulting from frequent control updating.
Given that various models and systems feature uncertainty
or disturbance, take its existence into consideration in M ASs
is crucial. Ref. [4] investigated event-based consensus dis-
turbance rejection for MASs.

In the aforementioned studies, certain parameters of the
designed algorithms depend on global information, such as
agent number, matrix eigenvalues with respect to the topol-
ogy, and uncertainty bound. However, irrespective of the
controller or triggering rule, such global information is not
easily computed or may even be unavailable to the local
agent; therefore, these algorithms are not likely to be appli-
cable to practical MASs. Consequently, a natural challenge
that arises is the development of appropriate event-based
protocols that can be used in uncertain MASs in a fully-
distributed control manner. In earlier studies [5], we pro-
posed adaptive event-triggered protocols to avoid continuous
communications among neighboring agents. Nevertheless,
the protocols outlined in [5] require continuous updating of
the controller and only guarantee practical consensus; i.e.,
the consensus error tends to be bounded. Therefore, it is
crucial to devise fully-distributed event-driven protocols for
uncertain MASs with limited updating frequency and inter-
action.

This study addresses the distributed cooperative control
of MASs in the presence of unknown uncertainties, with the
constraints of control updating and the interaction among
neighboring agents. Novel adaptive event-triggered proto-
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cols have been proposed, which comprise two-component
controllers: a linear term and a sliding-mode nonlinear term,
as well as dynamic event-triggering conditions.

Problem formulation. Consider M agents satisfying

#; = Axy + Blu; + fi(t,z:)], i =1,..., M, (1)

where z; € R", u; € RP, and fi(t,z;) € RP represent
the state, the control input, and the uncertainty of agent
1, respectively, and (A, B) is stabilizable. Assume that
Af; > 0 = ||filt,zy)| < fi,i = 1,..., M. In general, let
fo £ max{fi1,..., far}, which is an unknown positive con-
stant. The agents are connected by an undirected graph.

The purpose of this study is to design fully-distributed
event-triggered protocols such that a consensus can be re-
alized; that is, lim¢ oo ||@; — || =0, 4,7 = 1,..., M, and
Zeno behavior is not exhibited [5]; that is, continuous up-
dating and interaction can be avoided.

Protocol design. Let &;(t) = x; (ti),vt € [ti,tiJrl),
where ti represents the k-th triggering instant of agent
j. Let @ = [2T,...,aT,]" and ¢ = [¢T,...,¢T,]T, where
¢i = Z?il aij(z; — x;). Consequently, ¢ = (L @ In)z.
Then, the consensus is achieved if and only if ¢ is asymp-
totically stable; therefore, we refer to ¢ as the consensus
error. Letting ¢; = Z?il aij(&; — Z;), we devise an adap-
tive event-driven controller as

wi(t) = &i(t)Ki(t) + di(t)g(K i (1)),
)7

&(t) = ¢ (Tt 2)
di(t) = [|Ks ()|, i=1,..., M,
where ¢ (t) = ci(t};), (L(t) = di(t};), YVt € [tz, t};_H), ¢; and d;

are adaptive gains satisfying ¢;(0) > 1 and d;(0) > 1, respec-
tively; K and I" are design matrices; and g(s) is a nonlinear
So, if |Is]l # 0,

function for s € R? such that g(s) = {0”5” el = o0

Let ; = &; — x4, ¢; = ¢; — ¢4, and LL = dA»L —d;. We then
design a triggering condition:

topr 2inf {t > £} | 37T, + /3713 > e,

V1] 3 01020 v Q] > ettt ),
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whereté £0,v%>0,i=1,...,M,0; >0,i=1,...,4, and
€i(t) satisfies

éi = —kiéi—aij?ri‘i —5“/51-1‘1—‘5‘1', i = 1,...,M (4)

with €;(0), ks, 04,; > 0. Under this triggering rule, agent 4
sends z;(t%) to the neighbors only at time ¢}, and u;(t) will
not be updated until 4 or its neighbors are triggered.

Main results. The following results guarantee the conver-
gence of agents and the exclusion of Zeno behavior.

Theorem 1. Consensus can be realized if K = —BTQ,
and I' = QBBTQ, where P = Q! is a solution to the fol-
lowing linear matrix inequality (LMI): AP+ PAT — BBT <
0. Furthermore, Zeno behavior does not exist.

Remark 1. Main symbols used in this study are catego-
rized in Appendix A and the proof of Theorem 1 is presented
in Appendix B. In the protocols (2)—(4), we introduce a lin-
ear term &;(t) K é; (t) and a nonlinear term d; (£)g(K ¢;(t)) to
achieve consensus and offset the effect of the uncertainties
fi(t,z;), respectively. To avoid relying on global informa-
tion, we design two adaptive gains; that is, ¢;(¢) and d;(¢);
furthermore, to avoid continuously updating the controller,
we use values of the adaptive gains at event instants; that
is, & (t)K¢i(t) and d;(t)g(K¢;(t)), rather than the time-
varying values.

Remark 2. In contrast to [2], which developed dynamic
event-triggered protocols for multiple single integrators, the
dynamic adaptive event-based algorithm provided in this
study is applicable to general linear networks. Moreover, the
current study is substantially different from [5], which de-
signs event-based protocols to achieve a consensus of MASs
with the existence of matched uncertainties with a limited
communication frequency. The task here is more complex
because we aim to design a fully-distributed protocol to
avoid continuous interaction among neighbors and contin-
uous controller updates. However, the method used here is
essentially different from the one in [5]. In particular, to
determine the optimal timing for communication, Ref. [5]
designed static triggering conditions for agents, which in-
clude two state-based thresholds depending on the local net-
work topology and a time-based threshold. Here, we design
a novel dynamic event-triggering condition without such
state-based thresholds, thereby enabling the decoupling of
the triggering condition (3) and (4) from the topology. Com-
pared with the case in [5], each agent can easily compute
the triggering condition (3) and (4) and determine event
instants.

Remark 3. The designed event-driven protocol guaran-
tees that ¢ is asymptotically stable for MASs with matching
uncertainties. In certain cases involving practical engineer-
ing, non-matching uncertainties may exist. Particularly, the
system dynamics is described by the following equation:

$1:A$1+B[u1+f1(t,$l)}+wl, 1=1,..., M, (5)

where w; € R" is a non-matching uncertainty of agent ¢ sat-
isfying ||w;|| < v, and v; is a positive constant. In this case,
we use the o-modification technology for (2) as

u; = ;K + dig(Ks),

& = —céi + ¢ Ty, (6)

di = —vé; + || K|,
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where ¢,v > 0. Triggering events are determined by the
triggering condition (3). In contrast to Theorem 1, ¢ only
converges to a residual set here rather than zero.
Simulation. Consider 10 agents satisfying (1), where
A=1[88], B=[0],i=1,...,10, fi(t,x;) = i/10sin(t), i =
1,...,3, filt,m;) = de t i =4,...,6, fi(t,x;) = i/(i + 1),
1= 7,8, fi(t,zi) = sin(||zi(¢)]])/¢, ¢ = 9,10. The parame-
ters of (2)—(4) are chosen as 6; = 1,1 =1,...,4, v, = 2,
ki =02, 05 = 0.3, 9; = 0.3, 7 =1,...,10. Solving the

i ooq D — [ 0.8660 —0.5000 :
LMI gives P = [ " "s000 0.8660 J- Then, we further obtain
K =[-1.0000 —1.7321] and I = [}-9999 1-7831 ] The simula-

tion results are shown in Figure 1.
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Figure 1 (Color online) Simulation results. (a) Undirected
graph; (b) gain ¢;; (c) gain d;; (d) triggering instants.

Conclusion. This study addressed the cooperative con-
trol problem in the presence of uncertainties with con-
strained interaction and updating. We designed adaptive
dynamic event-driven algorithms, guaranteeing consensus
achievement and no Zeno behavior. The presented proto-
cols are fully distributed because they do not depend on any
global information associated with topologies or uncertain-
ties. Future studies should further investigate this problem
under general directed graphs.
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