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KYBERNETIKA — VOLUME 56 (2020), NUMBER 2, PAGES 217-238

EVENT-TRIGGERED OUTPUT CONSENSUS FOR LINEAR
MULTI-AGENT SYSTEMS VIA ADAPTIVE DISTRIBUTED
OBSERVER

LIMIN ZHANG, JIAN SUN AND QINGKAI YANG

This paper investigates the distributed event-triggered cooperative output regulation prob-
lem for heterogeneous linear continuous-time multi-agent systems (MASs). To eliminate the re-
quirement of continuous communication among interacting following agents, an event-triggered
adaptive distributed observer is skillfully devised. Furthermore, a class of closed-loop estima-
tors is constructed and implemented on each agent such that the triggering times on each agent
can be significantly reduced while at the same time the desired control performance can be
preserved. Compared with the existing open-loop estimators, the proposed estimators can pro-
vide more accurate state estimates during each triggering period. It is further shown that the
concerned cooperative output regulation problem can be effectively resolved under the proposed
control scheme and the undesirable Zeno behavior can be excluded. Finally, the effectiveness
of the proposed results is verified by numerical simulations.

Keywords: event-triggered communication (ETC), output regulation, cooperative control,
multi-agent systems (MASSs)

Classification: 93C02

1. INTRODUCTION

Over the past decade, distributed coordination and cooperation of multiple interacting
agents (or nodes) over some communication networks have received intensive attention
due to its wide applications in various engineering fields, such as formation of spacecrafts
[1L 2], vehicle platoon control [3], sensor network-based monitoring and detection [4} [5] [6],
and power system control [7, [8 @]. As a fundamental problem of multi-agent systems
(MASS), the cooperative output regulation has been widely studied [10, 1T} 12} T3]
T4l [15] 16, 7). For example, in [10], a distributed observer approach was originally
proposed in the case of static communication networks and followed by a case of switching
communication networks in [11] and a case of Markovian communication networks in [12].
Later, the distributed observer approach was employed to solve containment problem in
[13]. In [14] 15l 16 [I7] the estimation of the system matrix was realized via a class of
adaptive observers for reaching output regulation.
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Note that some distributed observer approaches proposed in the literature are only
valid under the assumption of continuous communication between neighboring agents.
By taking the limited on-board energy resources and communication bandwidth into
consideration [I8, [19, 20], event-triggered control strategy is more favorable. This is
because a well-designed event-triggered mechanism can significantly reduce the inter-
agent communication frequency, and thus saving certain energy and bandwidth resources
that are dedicated for performing data transmissions and exchanges. Some pioneering
works on distributed event-triggered strategies can be found in [21], 22| 23] 24} 25 [26].
For more latest results in this regard, we refer interested readers to the surveys [20} 27].

In the context of multi-agent output regulation, not surprisingly, event-triggered
strategies have also attracted significant attention [28) 29, [30L [3T], B2 33l [34] [35] 36].
More specifically, [28] 29, B0] addressed the event-triggered output regulation problem
for linear MASs under an undirected communication graph; [31], 32] considered the sit-
uation where the dynamics of each agent are time-varying and topology is switching;
[33] 4] extended the results to the situation of nonlinear MASs; while, in [35] [36], a pre-
dictive event-triggered communication strategy was proposed for MASs under directed
communication topologies. However, the above mentioned results expose a common
limitation, i.e., the control design highly depended on the global information of the
network topology, more specifically, the eigenvalues of the resulting Laplacian matrix
of the graph. To address this issue, some adaptive control techniques were employed
in recent studies [I8, B7]. It should be also pointed out that in the existing leader-
following MASs, the knowledge of the leader’s system matrix is often required to for
each follower in such a way to estimate or observe the leader’s states, which imposes
some extra difficulty in real-world leader-following MAS applications. Apart from this,
in an event-triggered setting, the estimation of an internal reference model’s state during
each triggering interval is normally presented in an open-looped manner, which might
lead to some conservatism. Therefore, in this paper, we aim to tackle these challenging
issues by developing an event-triggered adaptive distributed observer so as to remove the
requirement on the system matrix in the process of leader’s state estimation. Besides,
a closed-looped estimator is also presented with higher estimation accuracy. Compared
with some existing results on event-triggered distributed observer approach to the coop-
erative output regulation problem, the main contributions of this paper are summarized
as follows. First, a new event-triggered adaptive distributed observer, which provides an
estimation of the system matrix in an energy-efficient way, is proposed. Second, a novel
predictive event-triggered mechanism is developed. Third, different from the existing
open-loop estimator used in [I8], the estimation of the internal reference model’s input
is skillfully used as a feedback on the communication intervals, which produces a smaller
estimate error and thus fewer triggering times.

The rest of paper is organized as follows. Section [2] introduces some preliminaries
and problem formulation. The main results are presented in Section [3] A numerical
example is given to demonstrate the effectiveness of our method in Section |4} Section
concludes this paper.

Notations: A ® B denotes the Keonecker product of matrix A and B. For a matrix
A € R™*™ wvec(A) = col(Ay, ..., A,) where A; € R™ is the ith cloumn of A. For any
cloumn vector C' € R™ with positive integers n and ¢, F%(C) = [C4,...,Cy], where,

C; € R® and C = col(Ch,...,Cy).
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2. PRELIMINARIES AND PROBLEM FORMULATION
2.1. Graph theory

In this section, we first briefly review the graph theory used in this paper. The com-
munication topology among the leader and N followers can be represented by a di-
rected graph G = (V, &, A), where V = {vg,v1,...,vn} is the set of agents with agent
v as the leader to be tracked, & = {(v;,v;),vi,v; € V,i # j} is the set of edges
among the agents, and A = [aij](N+1)x(n+1) 18 the adjacent matrix with a;; = 1 if
agent v; can receive the state information from agent v;, i.e., (v;,v;) € £, otherwise
a;; = 0. Furthermore, we assume a;; = 0. The neighbor set of agent v; is denoted by
N; ={v; € V: (vi,v;) € E}. Agent v, is reachable from agent v, if there is a sequence of
edges {(vp, vp+1), (Vp41,Vpt2); - - - (vg—1,vq)} among the agents {vy, vpi1,. .., vg-1, g}
If each agent is reachable form node vy, the directed graph contains a spanning tree with
agent v, as the root.

The topology among the N follower agents is denoted by an undirected graph G =
(V, €, A), which is a subgraph of G , where V = {v,v2,...,on}, € = {(v;,v}),v;,vj €
V,i # j} and A = [a;j]nxn refers to the set of follower agents, edges, and adjacent
matrix, respectively. The unique feature of the adjacent matrix in undirected graph
is that a;; = a;; for any ¢ # j. The Laplacian matrix £ = [l;;]nxn is defined by
lij = —Q4y for Vi 7& Uy and l” = Zivzl,jyéi Qij- It is easy to check that Zj\;l lij = 0 for
alli=1,2,...,N.

The matrix H is defined as H = £ + diag{aio, .. .,ano} and has the following prop-
erty.

Lemma 2.1. (Hu et al. [38]) If the graph G has a directed spanning tree with agent
vp being the root, then all the eigenvalues of H have positive real parts.

2.2. Problem formulation

Consider heterogeneous linear MASs consisting of one leader agent and N follwer agents.
The dynamics of the leader agent is given by

0= Sova (1)

where v € R? is the state of the leader system representing the reference input to be
tracked and Sy € R?*? is a constant matrix.
The dynamics of follower agent v; is given by

&; = Aiw; + B,
Ymi = Cmi%i + Dy (2)
é; = Cixy + Dyu; + Eywv,

where ; € R™u; € R™,y,,; € RP~ and & € RPi represent the state, control input,
output, and regulated output, respectively. A;,B;,Cii,Dmi,Ci, Dy, and E; are constant
matrices with compatible dimensions.

The problem to be solved in this paper can be formulated as follows.
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Problem 2.2. Given systems (|1]) - , under communication graph G, the objective of
this paper is to design an event-triggered adaptive distributed observer and a dynamic
output feedback control law such that the following two statements are true.

1. When v is bounded, the trajectory of the closed-loop system is bounded.

2. For any initial condition, the regulated output satisfies lim; . €;(¢) = 0 for i =
1,..., V.

In order to solve Problem we need the following assumptions.
Assumption 2.3. (A;, B;) are stabilizable, i =1,... N.
Assumption 2.4. (C,,;, 4;) are detectable, it =1,..., N.

Assumption 2.5. The following linear matrix equations

XS0 =A; X, + B;U;

have solution pairs (X;,U;) for i =1,...,N.

Assumption 2.6. The graph G contains a spanning tree with agent vy being the root.

3. MAIN RESULTS

In this section, we will design an event-triggered adaptive distributed observer and the
corresponding dynamic output feedback control law. In addition, we will present theoret-
ical analysis on the stability of the resulting closed-loop system as well as the capability
of excluding Zeno behavior in the triggering mechanism.

For each agent, the event-triggered adaptive distributed observer is designed as follows

N
T =Sin; + Kﬂ%[z aij (N — M) + aio(v — M)l (4a)
=1

Si = Zazg (Sj — Si) + ain(So — Si)], (4b)

i =i Z az; + (17,0 v — 772 Z alj + CLZ()(U - 771)]
(4c)

where 1; € RY is the state of the dynamic compensator. K;, and M; are gain matrices to
be determined. ¥; € R is a piecewise constant coupling gain. When 1J; reaches previous
Vi + ¢, ¥; is updated to J;. 9;(0) = 9;(0) > 0, ¢; > 0 and ; > 0 are positive constant
scalars. We denote the updating time instant of 9; as t = ti. S; € R74 is the observed
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system matrix of So by agent v;. We denote the triggering time instant of S; as t = te.
S, is the estimate of S; during t € [ti ti 1), which is updated by

{A(B Sith)t [fn; 1) 5)
Silt,) = Si(t,),t =1,

7; € R in and is the estimate of n; during ¢ € [t!, ! ), and 9; € R? in
and is the estimate of n; during ¢t € [t%,tn+1) where t = t!, and t = tJ are the
triggering time instants of n; and 7;, respectively. To get a more accurate state estimate,
the closed-loop estimators of 7; and 7); in agent v; are designed as follows

0i(t) = Simi(t) + KDy, t € [t )

i) = mi(t),t = t,

iu(t) = Sn (1), tel[tzvtm .
05 (t) = i(t),t =1,

= Spim(t),t € [t )

N
@i(t) =Y ajr(in(t) — (1) + ajo(v — (1)),

where agent v; is the neighbor of agent vj;, agent v; is the neighbor of agent vy. ﬁj(t)
and 7 (t) denote the two-hop estimate of 7;(t) and 7 (t), respectively, whose updating
laws depend on the estimates 7; (%) and 7 (tJ). The triggering time instants ¢/, and ¢/,

are given by .
—inf{t > ti,_,|fs, > 0} (8)

t, =inf{t >t,_|fy >0}, (9)

where f,, and fs, are the triggering functions of 7; and S;, respectively. The triggering
functions are given by

fs. = el = Bie=" (10)
1
Fu = Nl = gy (eullmill 4 e, (1)

where ¢; is used to denote the estimate error of S;, i.e. ¢; = S’l — S; and e; is the
estimate error of n;, i.e. e; = 7; — m;. «;, B; and o; are the constant scalars to be
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determined. o; is defined as w; = Zjvzl a;j(f; — ;) + ao(v — ;). ¢ is a time-varying
variable updated by ~

The illustrative diagram to describe the whole multi-agent framework for agent v; is
shown in Figure

U;

Controller i Agent i

4 * - | Ymi
So, UV
i n@® S

n:(t)
Regulator Si(t)| Event-triggered Ig‘L, (Q

Equation Adaptive Distributed
Solver i Observer i
. Event-
Sor I S
N X Triggering
Si ), 5 ® Mechanism i
7:(t), 7;(®)

A 4

A

Si(th),mi(eh)

Estimators $:(0), Hi(t)

i

So, v i
j(tm) Sie(tm) Si(th), 5 (th) |
1j(tn), Me(t2) m(th). 7 (t4) §

Communication Network

Fig. 1. Event-triggered control schematic. The solid lines indicate
the continuous communication and dashed lines indicate the
intermittent communication.

Remark 3.1. In this paper, the time delay and package dropouts of the communication
network are not taken into account. We assume that the triggered data can be trans-
mitted without error and delay. It should be mentioned that not every follower agent
can receive information from the leader, while only the agent who is connected with the
leader can receive the information v and Sy. For those agents that are not informed by
the leader, they estimate the Sy and v by and , respectively.

Remark 3.2. A two-hop estimation mechanism is used to estimate the virtual control
input @;(t) and &;(t) according to (6)) and (7) such that the estimation process of 7; and
7; are closed-looped. Compared with the open-loop estimator in [I§], the closed-loop
estimators designed in this paper consider the response of virtual control input @;(t),
which can lead to some more accurate state estimates, thus can reduce the triggering
times on a given time interval. The simulation results in Table. 1 verify this point.

Remark 3.3. Note that the triggering conditions and @ are checked in parallel,
while the transmissions of S; and 7); are performed separately. When the triggering con-
ditions and @ hold at the same time, S; and 7; will be transmitted simultaneously.
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However, from , it can be seen that the update of .S; will affect n;, which indicates
that the convergence property of 7; is dependent on .5;.

Now, we give the main results as follows.

Lemma 3.4. Given systems (1] . and communication graph G, under Assumptions
[2.5-2.6] each follower agent observes the leader s system mateix So with the event-
triggered adaptive observer designed as b)) and . Further let S; = S;—S,. Then,
for any initial condition S;(0 (0) and any ,ul > O we have lim;_, o SZ-( ) = 0 exponentially
and Zeno behavior is excluded on any finite time interval.

Proof. Taking the time derivative along with S; during ¢ € [t ti ), we obtain

m—12"m

&:s_g

=p Za” 5' S* ) + aio(So — Sz)]

:“1[2 aij(S'j — Sj + Sj — Sy — gl +85; —S; + So) (13)

+ CLi()(S() — SZ + SZ — SZ)}
N ~ ~ ~
=M1 [Z aij(aj + Sj —&; — Si) + &10(—51' — Ei)].
j=1
We rewrite in a compact form as follow

§ = —ju(H @ 1)8 - m(H @ 1,)e, (14)
where S = [ST,57,...,80]7 and ¢ = [T,e],...,e5]7. From the triggering func-
tion (I0), we know that [e;|| < B;e~?i" is satisfied during each triggering interval
t € [tm—1,tm). Due to the fact that lim; . B;e” 7" = 0, we have lim;_,oo6; = 0
and p1(H ® I,)e will decay to zero exponentially. Furthermore, for p; > 0, the matrix
—p1(H ® 1) is Hurwitz. Thus, S converges to zero exponentially. Next, we prove that
triggering interval 7; = t,,, — t;,—1 is strictly positive at any finite time interval.

Note that M can be upper bounded by ||&;|| as follows

d”51”<||z||<||u123aw 5 + aio(So — Sl (15)

Since S; is bounded over [0, c0), we know that ||N1[Z a” (Sj—5:)+ain(So—5i)]|| is also

bounded. We use S to denote the upper bound of HMI[Z aij(Sj —8i)+aio(So— 5|
Integrating both sides of (15| . ) from ¢,,_1 to t,,, we get

tm
et < [ HMZ%S 50 +ai(So Sl
tm—1 (16)

STZ'S.
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Not that ||g;|| > Bie 7" at t = t,,. Thus, we have
Tig 2 ﬂieigit. (17)
The triggering interval 7; thus satisfies

Bre~ it

T 2> 3

(18)

From , we know 7; is strictly positive on any finite time interval. Therefore, Zeno
behavior is excluded. The exclusion of Zeno behavior can also be proved by contradiction
(see [39] for an example). This completes the proof. O

Lemma 3.5. Given systems - and communication graph G, under Assumptions
2.5]-[2:6, the event-triggerd adaptive distributed observer for the state of leader is de-
signed as 7 and . Each solution pair (X}, U;) of linear matrix equations

X;8; =A; X; + B;U;

19
can be solved by the following equations dynamically
T L, 0O A;, B
Qi(t) =5i(t)” @ [ 0 0} I ® {Ci D. (20)
Zi(t) = —p2Qi(6)"(Qi()Zi(t) — bi) (21)
() = £, o (Eil0), (22)

where b; = vec (Lg} ) I () = vee <[5’8ﬂ) and py > 0 is set to be sufficiently large.

Proof. Let (X, U;) be some solution pair of the regulator equations . By Lemma
we know that lim;_,o S; — So = 0 exponentially with the designed event-triggerd adap-
tive distributed observer. Then combining with [16], Lemma 3] and [16, Lemma 4], we

s (0~ []) =0 a2

O

Lemma 3.6. Given systems - , under the communication graph G, suppose As-
sumptions [2.3-[2.6] hold. The event-triggerd adaptive distributed observer for the state
of leader is designed as (4] — . Choose K; = P, and M; = P?, where P; is symmetric
positive-definited and satisfies the following Riccati equation

PS;+SI'p,— P> +1,=—P,. (24)

Let & = 1; — v. Then, we have lim;_,,, & = 0 exponentially and Zeno behavior is
excluded on any finite time interval.
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Proof. We rewrite w; in the form of

-

@i =) aij(f; —0i) + aio(v — 1)
j=1
N (25)
= Zaij(fj =&t e —e€) +ai(—& —e).
j=1
Accordingly, the compact form of w; is given by
—(H@ 1) +e), (26)
where & = [, &X', ... &7, e = [eT,el, ..., eL]T. Then, £ can be written in terms of
w and e as follows
E=—(H'®I)w—e. (27)
Taking the time derivative along &;, we obtain
& =iy —
=Sin; + Vi K;w; — Sov 0
:Sini — S;v+ S;v— Sov + ﬁlKlwl ( )
:Si& + giv + glKle
Consider the following Lyapunov function candidate
8 1
T 2 2 2
P&+ 19 —90)° + —19)%, 29
;f i Z 0) z; 25 0) (29)
where Yy and ¢g are initial values of ¥; and ¢; respectively. Let tx, k = 1,2, ... denote the

triggering time instants for the whole MASs. In light of and taking the time deriva-
tive of the Lyapunov function candidate during each triggering interval [tx, txt1),
we obtain

N N N
Vi=> &(SIP+PS)&+2) ¢/ PSv+2) ¢ Pk,

i=1 i=1 =1

+Z€TP&+Z/3219—?90 wa—z — 10) (L +J3)leq*.

=1

By substituting the Riccati equation into , it follows that

N
Vi = th (P2 Zg q§1+2Z§TP19kzwi+ZZ§iTPi§w

i=1

+Zﬁ219 —Jo)w; P? wri-z (i — o) (1 +9:)]les ).
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The compact form of is given by

Vi =¢TP% — ¢T¢ + 2¢T P2 + 2§TPS‘€;
(32)
+ Bo(9 — Yoy xn)w! P+ Z —00)(1+9;) e

where P = diag{Py, P»,..., Py}, P?> = dzag{Pf,Pg, . PN}, w = [wlT,sz, -
v=IN®uv, Y= diag{ﬁlfq,ﬁg g UNIg} 0 dzag{ﬁ Iq7192 g 19NI }. In view of

, can be rewritten as
Vi=wl (H '@ I)P*(H o I,)w+2"P2(H '@ I,)w
+eT'Ple — ¢T¢ — 2" PMw — 20’ (H' ® 1)) PPVw
+ QgTPS@ + Bo(9 — YoInxn)w' Pw (33)

+Z 1+ 9;) el

Using the Young’s inequality, one has
26T PSH <€T¢ + (Sv)T P2 (S0)
2" PP(H ' @ I))w <e' PPe+w (H '@ I,)P*(H ' ® I,)w (34)

_ 1 _ _
—2¢T P29 S)\—eTPQﬂe + Nw! P2,
2

Then combining with yields
Vi <20l (H '@ I,)P*(H' ® I,)w + 2¢T P?e + (50)T P?(5%)

1 _ _ _
+ —e"'Pe + \ow! PYw — 20’ (H™' @ 1,) P*Yw
A2 (35)

+ X2 (0 — IoInwn)o Pw+z — 10)(1+9y)]|es .

Defining A\; = Apax(H 1) and Ay = Apin(H 1), one has
. - - 1 _ _
Vi <2Mw” P2w 4 2¢T P?e 4 (S9)T P?(S0) + )\—eTP2196 + Aow?! PXw
2

— 2)\2wTP21§w + /\QWTP21§W + /\2(’[9 — 19 — ﬂoINXn)przw (36)

+Z 0) (1 +9;)|les?

Vi <(2AT + AaCmax — Yo)w’ PPw + Z 2+ *19 DIPE lesI?
=1
N N

= (0 + ol llesl|? + (SB)TP2(SE) + ) wa(1 4 95) e,

=1 i=1
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where ¢pax = max;=1,2, . N ¢;. Assume that ¥ and to are chosen sufficiently large, such
that 20? + Agcmax < 190 and maz{2Amax (|| P]|?), & by Amax([IP|I?)} < 1o, then we have

N
Vi < —[l@lf® + (S8)"P*(S0) + Y ti(1 + ) el (38)

=1

Since the triggering functions is not satisfied during the triggering intervals, according
to (11)), e; satisfies

I?

lei (aill@]|? + Bie™ 7). (39)

1
< -
Li(l + ?91)
Substituting (39)) into (38)), one has

V< E —(1 — )| |? + Bie ™) + (80)T P%(S0). (40)
We define a new variable W as follows
N o
H7 _ 1 _—o;t

Then, it follows from ) and (| . ) that

N
W < —(1 = amad)l@]® = Y (i = Bi)e™ " + (59)T P(57). (42)

i=1

Note that lim;_, S = 0 exponentially from Lemma It can be ensured that —(p; —
Bi)e=7 + (S©)T P?(5%) < 0 and W < 0, under the condition that p; > ; and o; are
sufficiently small.

When t = t, we have

W)~ W(t) =0 (43)

W(t5) - W(t;) =0 (44)

W(th) — ZfT Pi(ty,)):. (45)

Considering the fact that lim;_,o S; — 0 and limy_,o P; — P*, we get limy_ o0 W(th)—
W (t;,) = 0. As a consequence, W is nonegative and nonincreasing over [0,00). We can
conclude that W, &,4;,¢; are bounded over [0,00). From and 7 we know that
¥; > 0 and i; > 0. Thus, by choosing ¢;(0) > 0 and ¢;(0) > 0, it can be concluded
that ¥; and ¢; converge to some positive constant. According to Cauchy’s convergence
criterion, for any g > 0, there exists T < Ty such that W (T;") — W(Ty ) < o. From
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, we obtain

Ts
(1~ Omas) /T ()]

T, Tia T, (46)
= —/ (W)uret — / (W)uret — ..., —/ (W)uret
T T Tin
S WL — WT) + WT) — W(T5) + ...+ W(T5) — W(T)
SW(T) - W(Ty) < o,
where T < Ty < ... < Ty, <Ts.
In light of and Cauchy’s convergence criterion, we know lim;_, o, fg |l (t)||*urer

exists. From (31)), e (t) exists for ¢ € [t,,t,11). This implies that [ [[ew(t)|lurer is twice
differentiable over each triggering interval [t,tr+1). Since w(t) and wo(t) are bounded
over [0,00), there exists a scalar Z > 0 such that

sup lw(t) T (t)] < 2.
te[tn,tn+1),n:1,2 ,,,,, N

From the generalized Barbalat’s [40, Lemma 1], one can conclude that lim;_,, || (t)]|? =
0, which implies lim;_,o, w;(t) = 0 for ¢ = 1,2..., N. In view of , we can obtain
lim; ., ||e;]] = 0. Then according to , it follows lim; oo & = 0. In the following
sequence, we show that Zeno behaviour can be excluded on any finite time interval.

Taking time derivative of e;, we obtain

éi(t) =ni(t) — ni(t)
=S;(£):(t) + Ui () ki (£) i () — S (£ (¢)

L CI
=S (t)es(t) + T (¢) ki (t) ; aij[n; () — ni(t)] n
— B0k (0) fj sl (8) = (2
~Su(t)eslt) + Tu(O)ki 1) i aslig(t) = i ().
Setting T(;(£)) = 7, () — i (t), then WO can be bounded by [|é;(£)]] as follows
O e,y (18)

<[1Si@)llei (@)1 + 19s ()1 1ki ()T (m (),
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where d; is the degree of agent v; and T'(n;(¢)) is the upper bound of T'(n;(t)).
Consider the following non-negative function

5 =18 Oyl + 15: )1 es (O 1T (my () )
y(0) = [les(tp) [ =0,n =1,2,....
The general solution to the above equation is given by
y(t) = 193 @)1 % () [T (5 (2)) (elS:®lt _ 1y, (50)

15:(8)1l

Then, we have |e;(t)|| < y(t —t5), for ¢ € [t} ¢} ;). It is clear that the triggering
function satisfies E;(t) > 0 at ¢ = i Denote A; = ,/@el@dlitsie7?t

, and then we get

ti(1495)
A, > P@OUIE 14T (o (1)) (eIS:0lm: _ 1) 5)
15: @)l
S S PRN /10)) |
gt oo oo (52)

From , we know 7; is strictly positive on any finite time interval, which implies that
Zeno behaviour is excluded on any finite time interval. If exclusion of Zeno behavior
is still needed when ¢ tends to infinity, one can add a small positive constant in the
triggering function. A disadvantage of this triggering function is that the system can
only achieve a bounded consensus. This completes the proof. (|

Theorem 3.7. Considering systems (|1]) - and a communication graph G, under As-
sumptions [2.3-2.6 for sufficiently large 1, po, Problem can be solved using the
event-triggerd adaptive distributed observer and the following output feedback con-
trol law

w; = K1,G + Ko (), (53)

(i = AiG + Biui + Ji(ConiCi + Dty — Yomi), (54)

where (; € R™ is the state of the Luenberger observer; Ki;, Ky;(t) and J; are the
control gain matrices satisfying the condition that A; + B;K1; and A; + J;Cy,; are
Hurwitz; Ko;(t) = X;(t) — K1,U;(t); and (X;(¢),U;(t)) is the solution of and can be
determined by - .

Proof. Let Zi’l = CZ — Ty, fi’Z = I; —X?U, 'L~I/Z = U; — Ui*U, K;z = Uz* - KliX;,

KQZ‘ = Kgl‘(t) — K;w we have

Zi = (Ai + JiChi) s (55)

T = Ay + Byl (56)

e; = CiTy + Dyt (57)

iy = K1® + K@y + Koy ()& + Kav. (58)
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Substituting into gives
i = (As + BiK1;)#; + BiK1id; + Bi Ko (t)&; + B; Ky;v. (59)

Taking into consideration the fact that A; + J;C,,; is Hurwitz, we know lim;_, o, Z; = 0.
In addition, as A; + B; K1; is Hurwitz and follows limy_,o Z; = 0,limy . & = 0 and
limy_y o0 Kgi = 0. We can conclude lim;_,., Z; = 0. Thus, we have lim;_,,, @%; = 0 and
lim;_,~, € = 0. This completes the proof. O

4. NUMERICAL SIMULATIONS

Consider a multi-agent system consisting of 5 heterogeneous follower agents and a leader.
The leader to be tracked is given by

A o

The dynamics of each follower agent is given by

0 1 0 0
_0 —r; —a; bl
Ymi=[1 0 0]z, (61)
[0
éi=|0|x;+ Fv,i=1,...,5.

_bi
The parameters and initial states are chosen as¢ = 2, s, = {1,2,1,2,1}, r; = {10, 6,6, 8, 8},
a; = {10,2,1,10,2}, b; = {6,5,8,5,6}, i = 1,...,5, By = [~0.5,0], Bz = [~1,0], B3 =
[~1.5,0, By = [~2,0],E5 = [-25,0], J; = [~10;-5;:15], Ky; = [-15,—20,—15],

z1(0) = [2;0;0], z2(0) = [1.5;0;0], 25(0) = [0;0;0], 24(0) = [-1.5;0;0], z5(0) =
[=2;0;0], m(0) = [1;6], n2(0) = [9;2], n3(0) = [2;3], na(0) = [10;8], n5(0) = [4;8],
¢; = [0;0;0;0;0;0;0;0], 3; = 0.01, o; = 0.1, g = 10, po = 140. The communication
topology is shown as Figure

Fig. 2. Communication topology.
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Figure [3] is the triggering time intervals of agent 7,7 = 1,...,5 associated with the
triggering function designed for S;. Analogously, Figure {4] shows the triggering
intervals for the triggering function defined in . From Figure [3] we can see that
triggering actions only occur during first few seconds. It means that S; has converged to
So. Combining Figure [3| and Figure [4] we can observe that the intervals are all positive.

Figure [5| shows the tracking errors between the compensators and the leader using the
designed event-triggered adaptive distributed observer. It can be seen that the tracking
errors converge to zero.

The evolutions of the parameters ¢; and ¢; are shown in Figure [6| and Figure [7} from
which we can see that both of them converge to some bounded constant scalars.

Figure [§ presents the regulated outputs of each agent. It can be seen that the regu-
lated outputs converge to zero using our proposed control laws.

To show the superiority of the closed-loop estimator, we present the triggering times
through the system evolution. Compared with the open-loop estimator used in [I§],
the triggering times can be largely decreased by employing the closed-loop estimator
proposed in our paper.
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Agent 1  Agent 2 Agent 3 Agent 4 Agent 5
Open-loop estimator[18§]: 338 338 392 360 223
Closed-loop estimator: 210 221 231 201 149

Tab. 1. The triggering times of each follower agent.

5. CONCLUSION

The cooperative output regulation problem for heterogeneous linear MASs has been
studied in this paper. An event-triggered adaptive distributed observer and a closed-
looped estimator have been proposed, each of which allows us to remove the assumptions
that all the follower agents need to know the system matrix of the leader system. More-
over, each follower agent can observe the information of the leader without continuous
communication. Rigorous theoretical analysis has been presented to show the effective-
ness of our proposed method.

Note that the proposed event-triggered control scheme in this paper needs to check
triggering conditions continuously, which may be difficult to implement for practical
operation[7]. Hence, our future research work will focus on designing sampled-data-
based event-triggered communication mechanism to deal with the output regulation
probem and extending the results to nonlinear MASs and switching topology.
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