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Abstract This paper studies the time-varying formation problem of general multi-agent systems with
undirected topology via observer-based event-triggered control schemes. The distributed event-triggered
control scheme and self-triggered control scheme are developed respectively. Each agent updates its next
event time using current information without continuous communication in self-triggered control strategy.
Formation error and state estimation error are considered simultaneously to get more accurate formation.
Meanwhile, it is only when a request is received that each agent broadcasts its information. It is demonstrated
that the time-varying formation can be achieved asymptotically under the two proposed control schemes and
Zeno behavior can be excluded. Finally, numerical examples are provided to illustrate the effectiveness of
the proposed observer-based event-triggered control strategies.
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1 Introduction

In various scientific communities, the distributed cooperative control of multi-agent systems (MASs) has
received more attention due to its widespread applications in various fields involving flocking of mobile
agents, distributed sensing, information fusion, mobile robots, and unmanned aerial vehicles [1-4]. The
research involves a variety of branches, including consensus, synchronization, formation, and contain-
ment [5-7]. As one of the critical problems in distributed cooperative control systems, formation problem
is to determine control laws that drive states or outputs of all agents to reach a predefined configuration.

Many approaches have been proposed to achieve formation control, to name a few, leader-follower,
virtual structure, and behavior based approaches. In [8], the leader-follower formation control problem
of nonholonomic mobile robots was studied which considered input constraints. The concept of virtual
structure was introduced in [9] to maintain a geometric configuration during movement. In [10], behavior-
based formation control method was proposed to achieve navigational goals, avoid hazards and remain in
formation simultaneously. In [11], a vision-based formation control framework was applied to a group of
nonholonomic mobile robots and only an omnidirectional camera was needed to get information. More
researches can be found in the survey paper [12].

For formation control laws above, it is assumed that each agent has access to continuous measurements
of its neighbours. Obviously, it is unrealistic in practical applications. In recent years, control laws are
typically implemented on embedded microprocessors and executed periodically which lead to excessive
consumption of communication and computation resources. The event-triggered strategy is a feasible
method to deal with these disadvantages [13—-15]. The distributed event-triggered cooperative attitude
control problem was investigated in [16] where the system was composed of multiple rigid bodies with
a leader-follower structure. In [17], the cluster formation problem was considered in which agents were
divided into separated groups with distinct complement formation. The event-triggered sampled-data
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method was used to design formation control protocol and the event condition was intermittently exam-
ined at constant sampling instants. Tang et al. [18] proposed an event-driven strategy for the formation
control of multi-agent systems. Both single integrators and double integrators were considered in [19],
where event-triggered controllers were proposed to establish the formation with connectivity preservation.
Many other researches on event-triggered control of multi-agent systems have been conducted in [20-22].

System dynamics in the above papers are first-order or second-order. Thus, it is meaningful to address
event-triggered formation control of general multi-agent systems. Ge and Han [23] studied distributed for-
mation control of general multi-agent systems. A dynamic event-triggered communication mechanism was
proposed in which the threshold parameter was dynamically adjustable. In [24], a time-varying formation
control protocol was constructed where each agent monitored their own state and estimated neighbours’
state continuously, which reduced the communication load significantly. In [25], a distributed formation
tracking problem of multi-robot systems was converted into a consensus-like issue. And the novel event-
triggering conditions were designed to assist the execution of distributed controllers. Generally, full-state
measurements are not available in many practical applications and only the output information of each
agent can be obtained. As a result, it is significant to study the formation control problem using output
information [26]. In [27], both centralized and distributed event-triggered mechanisms were developed.
Under observer-based output feedback control strategies, states measurements were avoided. In [28], the
output synchronization problem of networked systems with event-driven topology was addressed in which
network induced delay was considered. To the best of our knowledge, few work on observer-based output
feedback control has been taken into account in time-varying formation control for multi-agent systems,
which motivates this study.

Compared with approaches on event-triggered formation control of general MASs mentioned above, the
main contributions of this paper can be summarized as follows. First, event-triggered and self-triggered
control schemes are presented for general MASs. Zeno behavior is excluded in both methods. Under the
self-triggered strategy, continuous communication can be avoided. Each agent receives its neighbours’
information and updates its control input only when its event is triggered. As a consequence, the proposed
strategies can reduce the frequency of the controller updates and save computational cost. Second, an
observer-based control strategy is proposed and state estimation error is considered in the process of proof
which is usually ignored in existing results. So the proposed method can improve formation accuracy.

The rest of the paper are arranged as follows. In Section 2, some basic concepts of graph theory
and the problem description are introduced respectively. Meanwhile, some assumptions, definitions and
useful lemmas are presented. In Section 3, the distributed event-triggered strategy and the self-triggered
strategy are developed for time-varying formation control. Zeno behavior is excluded for both strategies.
In Section 4, simulation examples are shown to verify the analytical results. Finally, Section 5 concludes
the whole work.

Notation. Let On and 1x denote the matrix with all elements being 0 and column vector of ones
with dimension N respectively. Using the superscripts T and H to represent the transpose and Hermitian
adjoint of a matrix respectively. ||-|| and ® denote the Euclidean norm and the Kronecker product,
respectively.

2 Problem formulations

In the section, some basic concepts on graph theory are given firstly. Then the problem description is
introduced. Finally, some basic assumptions and lemmas are introduced.

2.1 Basic concept on graph theory

An undirected graph G consisting of N nodes can be denoted by G = {V, E, W}, where V = {v1,vq,..., o5}
is the set of nodes, E C {(v;,v}),v;,v; € V} is the set of edges and W = [w;;] € RV*¥ is the adjacency
matrix. For an edge v;; = (v;,v;), nodes v; and v; can receive information from each other which means
that v; and v; are neighbors. The set of neighbours of node v; is denoted by N; = {v; € V : (v;,v;) € E}.
For the adjacency matrix W, w;; > 0 if (v;,v;) € E, w;; = 0 otherwise. The degree matrix is defined as

D = diag[dy, ...,dy] with d; = Z;VZIJ# w;;. The Laplacian matrix L = [I;;] € RV*N of G is defined as

L =D — W. Besides, an undirected graph G is deemed to be connected if there exists a path between
any two nodes. More details on graph theory can be found in [29].
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2.2 Problem description

Consider a general multi-agent system consisting of N agents with the undirected graph G. The dynamics
of the ith agent is described by

where z; € R", w;(t) € R™, y;(t) € R? denote the state, given control input and output of agent i
respectively. A, B, and C are constant matrices with compatible dimensions and C' is of full-row rank.

Definition 1 ([30]). The multi-agent system consisting of (1) is said to achieve time-varying formation
h;(t) if for any given bounded initial states, there exists a vector-valued function h;(t) € R™ satisfying

lim (z;(¢t) — hi(t) — r(t)) =0, i=1,2,...,N,

t—o0

where h(t) = [h] (t),hd (t),..., ha(t)]T and r(t) is called a formation reference function.

Definition 2 ([30]). Consensus of the multi-agent system (1) is said to be achieved if there exists a
function ¢(t) € R™ satisfying

lim (z;(t) — ¢(t)) =0, 1=1,2,..., N,

t—o00

where ¢(t) is called the consensus function.

Remark 1. From Definitions 1 and 2, one sees that the consensus problem can be regarded as special
cases of formation problems if h;(t) = 0. Consequently, the formation control problem is converted to
the consensus problem in this paper.

In order to develop the event-triggered strategy, using a combined measurement
pi(t) = Y wig((@5(t) — &:(t) — (hy(t) — ha(t))), (2)
JEN;
where i = 1,2,..., N, Z; and Z; represent the state estimation of agent ¢ and agent j using the following
state estimator

Ui(t) = Ca4(t), t € [ty, ZH)-

Motivated by the time-varying formation protocol proposed in [31], we proposed the following event-
triggered control law for agent 4:

ui(t) = aKpi(ty) +vit),  t €[t thp), (4)

where a > 0 is gain coefficient, K is the feedback gain to be designed and v;(t) is to expand the feasible
formation set.
The measurement error is defined as

{ 2i(t) = A#i(t) + Gyi(t) — 9(t)) + Buy(t), (3)

The state estimation error is defined as
Ei(t)z.ﬁi(t)—ji(t), i:1,2,...,N. (6)
The output estimation error is defined as
gi(t) = yi(t) — (1), 1=1,2,...,N. (7)
The following triggering conditions which determine the event-triggered time sequence t§,t},... are
also to be developed:
fi(pi(t),ei(t)) =0, fa(pi(t),€i(t)) = 0. (8)

In this control strategy, f1(qi(t),e;(t)) < 0 and fa(q;(t), Ei(t)) < 0 will be always enforced simultane-
ously. Either f1(q;(t),ei(t)) =0 or fa(q;(t),e:(t)) = 0 will trigger the event.
Remark 2. Suppose agent j is a neighbor of agent ¢ and &; is the estimation state of agent j. Agent
i only receives the estimation state information #;(t}) of agent j and updates its control input u;(t) at
the time instant t}; which would reduce the controller update time.
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2.3 Assumptions and lemmas

Assumption 1. The undirected communication graph G is connected.

Lemma 1 ([32]). L € R¥*Y is the Laplacian matrix of an undirected graph G, and L1 = Oy. If G is
connected, then 0 is a simple eigenvalue of L, and all the other N — 1 eigenvalues have positive real parts
Assumption 2. (A, B) is stabilizable, and (C, A) is observable.

Lemma 2 ([33]). (A4, B,C) represents a linear system. If (A, B) is stabilizable and (C, A) is observable,
then there is a unique solution P > 0 satisfying the following algebraic Riccati equation:

PA+ ATP—-PBBYP+C"C =0. (9)

3 Main results

In this section, time-varying formation algorithms of distributed event-triggered strategy and self-triggered
strategy are developed. Moreover, the feasibility of those proposed strategies are investigated by exclud-
ing the Zeno behavior. Considering the situation that only output information is available, observer-based
strategies are applied. Subsection 3.1 designs the output feedback distributed event-triggered strategy
and Zeno behavior is avoided. In order to avoid continuous communication, Subsection 3.2 designs the
self-triggered strategy and there exists no Zeno behavior.

3.1 Distributed event-triggered strategy

In this subsection, a distributed event-triggered control scheme is designed to achieve time-varying for-
mation for multi-agent systems with linear dynamics (1).
The time derivation of the state estimation error is

E(t) = X(t) - X(t) = [In ® (A~ GO) E(t), (10)
where E(t) = [Erlr(t)v Eg(t)a s aE]T/‘(t)]Ta X(t) = [:L'rlr(t)a ZQT(t)a s ,I%(t)]T, X(t) = [Xir(t)a Xg(t)a sy
L.

From (10), we can see that the formation error does not influence the state estimation error. When G
is chosen so that A — GC' is Hurwitz, we can obtain

lim E;(t)=0, i=1,2,...,N. (11)

t—o00

Under Assumptions 1 and 2, there always exists P > 0 satisfying the following inequality:
PA+ ATP —aBPBBTP + avI, <0, (12)

where 0 < 8 < 2Xa, v > Ay and K = BTP.
Defining the event-triggered function as follows, the event is triggered so long as either of the triggering
conditions reaches zero.

A0, es(0) = les®)ll =y 3 IO = lles0)] = el )] (13)
—mng
api(t), &) = lles® =/ —3 = lIp(ll = lles@)l| = pullpi )], (14)

where My = —a+ 28 4| PGC|| < 0, My = &2, § = 2| PBBTP||, My = Ay ||C* ||| €|+ LEUPECL o+ i
the pseudoinverse of ', €' = (A—GC)"P+P(A-GC), 0 < a < Sa7EPGoT _TA/{%Q <my < _A%Q (1-7)2,
0<7<0.5, 771%302 <mg < 71\%3(170)2, 0 <o <0.5,and m; +mgy = 1.

Theorem 1. If there exists v(¢) such that the time-varying formation h(t) satisfies the condition

(In ® A)h(t) + (In @ B)u(t) — h(t) = 0, (15)
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then the time-varying formation h(t) is feasible for system (1) under controller (4) and triggering condi-
tions (13) and (14). R
Proof.  Letting z;(t) = #;(t) — hi(t) and Z(t) = [2],23,..., 25T = X(t) — h(t), one can get

Z(t)=Iy @ AXt) + (Iy @ GC)E(t) + (In @ B)u(t) — h(t)
=(In®A)Z(t) + (In ® A)h(t) + (Iy ® GC)E(t) + (In @ B)(In @ aK)(e(t) + p(t)) + v(t)) — h(t)
=(IN®AZE)+ Iy ® GCVE({) + (In @ B)(Iy @ aK)(e(t) — (L @ In)(X(t) — h(t)))

+ (In @ A)(t) + (In @ B)o(t) — h(t)
=(In®A—L®aBK)Z(t) +(IN®GC) (t) + (In ® aBK)e(t)
+ (In ® A)h(t) + (In © B)o(t) — h(t), (16)

v(t) = [of (t),v; (¢

. IN®A—-L®aBK Iy ® GC Iy ® aBK
0(t) = n(t) + e(t). (17)
0 In ® (A—-GO) 0
Consider the following Lyapunov function candidate:
L®P 0
v _ T 18
m=n"1 0 . opl” (18)
Letting z;; = z; — 2; and E;; = E; — E;, we can get
V() =Z"(L® P)Z + ET(L® P)E ZZw” 25 Pzij + ESPE;;) > 0. (19)
1=1 j=1
The time derivative of the Lyapunov function is
: L®A-L*®aB L®PGC L®aB
V =n"Lpn+n"Lpy=nT A T e, 20
0 Lpn+mn Lpi=n Lo (@OTP  Lod 0 (20)
where Lp =27, ° ], A=ATP + PA, B=2PBBTP, and C' = (A~ GC)"P + P(A - GC).
Because the Laplacian matrix L is symmetric, the orthogonal matrix U exists satisfying
U'LU =U'LU = J = diag(\1, A2, ..., An). (21)
Defining
. |UTeIL, 0 (UT®I,)Z Z
0 U'el, (UT® I,)E E|’
e = (UT @ Le = [eT,eF,..., e, z = [F,2,... 2817, B = [ET,ET,...,EY]T, then the time
derivative of the Lyapunov functlon (20) can be rewritten as
vt UTLU ® A—UTL2U @ aB UTLU ® PGC| T UTLU ® aB
= . é
K UTLU ® (PGC)* UTLU®C . 0
o |J@A-J?®aB J® PGC o [J®aB|
=1 N €
J® (GC)TP J®C 0
=7Y"JoA-JT?®aB)Z + EY(J® CO)E+22%(J ® PGO)E + Z(J ® aB)é

N N
> st NaB)zi+ Y NEFCE; +2) N (MPGC)E; + > aiz] Be. (22)

=1 i=1 i=1 i=1

~.
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According to (12), it follows that for any i € {2,..., N},
—a\; B<A—a\B —ayly < —alIy. (23)

Then, using the inequality ||z| - [|y|| < (a/2)||z|> + (1/2a)|y||?, for a > 0, we can bound V as

_P%Z

Il
—

1% 2T(A = M2aB) zﬁrZ)\ETC’E +2Z (MPGC)E; +Za)\2TBeZ

7 =1 =1 =1

<D -a éTéerZ)\ETCE +2Z APGCE+ZaA2TBeZ

1=1 1=1

N N N
<3 et +Z ( e z|)+2Ai||0||Ei|2+2zxi||PGcn E=x

i=1 i=1

aéa aX?
<(-a+ )va+AN|c||Z|E||2+—Z|ez|+2||PGO|Z( ‘ )
ada o IPGON & -
<(-a+%t4a ||PG0|)ZA2| P +—Z|| v (wien+ D) SSse e
=1

where § = || B|| and a is a positive number.
From the combined measurement (2), we can see that

p(t) =[p1 (t),p3 (t),...,pn(O)]" = —(L @ 1) Z(t), (25)
ZszH =pp=2"LoL)L&L,)Z=21e1,)Z=2"J1,)Z Z)\Q 1217, (26)
ZH@ZH =¢Te=eTUL)UT®1I,)e Znezn , (27)

and
ZHE I?=ETE=ETU L) UT®IL,E ZHE 2. (28)

Substituting (26)—(28) into (24), one can get

: ada al HPGC’H
Ve (cat 5t alpGel) S Inl + 5 Znezn + (when+ )ZHE &

=1 =1

ada [(eaaihizielell
<(-a+ % ra |PGO||)Z I +—Z e+ (st ien + 1 UPECN Sy 2

i=1
where CT is the pseudoinverse of matrix C' and || E;(t)|| = |CTeil| < [|CF||l&:l-
Letting —a + 2% + a||[PGC|| < 0, then we can get the range of a which satisfies
o

0<ao< —————===- 30
“= a2+ |PGC (30)

Inequality (29) can be rewritten as follows:

N
M. M:

<2 3 (Il + 37 el + 57 1)

i=1

N
2 2 Mo 9 M;s 2
=M, Z <m1 lpill™ + maz [Ipi||” + i lleill” + A lleill™ ) (31)

=1

~.
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where My = —a+ 202 + || PGC|| < 0, My = §2, My = Ax||CT||[|C]| + [|CH[[|PGC||/a, 272 < my <

2a’
_TA{?(l —7)2, _TA{:*UQ <mg < _1\2{3(1—0)2, 0<7<0.5,0<0<0.5, and my +mg = 1.

It is obvious that as long as triggering conditions (13) and (14) are satisfied, then V < 0, lim;_, o Zij =
zi(t) — z;(t) = 0, and lim;_,oc E;; = 0. According to Definitions 1 and 2, the time-varying formation can
be achieved. If A — GC' is Hurwitz, we can further obtain lim;_,~ E;(t) = E;(t) = 0.

Letting B = /afB, C' = \/ayI,, inequality (12) can be rewritten as

PA+ATP-PB'BTP+C"C <0, (32)

which is the same as algebraic Riccati equation (9). When Assumption 2 is satisfied, it is easy to get that
(C', A) is observable and (A, B’) is stabilizable. So there exists at least one symmetric positive definite
matrix P is guaranteed for inequality (12). The proof is completed.

Remark 3. From Eq. (17), one can see that the state estimation error influences the time-varying
formation. At the beginning, there exists wide state estimation error which leads to the formation
control effect is the worst. But, the formation error does not influence the state estimation error. So, the
feedback gain matrix G is chosen so long as A — GC' is Hurwitz.
Remark 4. For given formation h(t), we can design signal v(¢) through Eq. (15). But it cannot be
guaranteed that arbitrary time-varying formation can find corresponding v(t). As a result, the proposed
method is relatively conservative. In fact, v(¢) is designed to solve the problem of time-varying formation
and it is not needed for time-invariant formation which will greatly reduce the conservatism of the results.
Zeno behavior can be noted as the multi-agent system making an infinite number of triggering events
in finite time. It can be verified that the Zeno behavior can be excluded with triggering events conditions
(13) and (14) under control law (4) for multi-agent system (1).
Theorem 2. For multi-agent system (1), with controller (4) and triggering conditions (13) and (14),
there is no Zeno behavior.
Proof.  Assume the current triggering instant is ¢i for agent i. The time derivative of |e;(t)| over the
time interval [t} ) satisfies

d

3 e @I =l =pi@®)l = H - ; wi (25 — &) = (hj — hi))H
H - ; wij[A(%; — &) + B(uj — u;) + GO(x; — &) — GO(x; — &) — (hy — hy)] |
H — Api(t) + ; wij[A(hi — hy) + B(v; — v))
+aBBTP(pi(ty,) = pj(t}) + GC(E; — Ej) — (hi — )] ‘
=H — Api(t) + z]; wii[GO(E; — B;) + aBB* P(pi(t},) —pj(tﬁg))]H
=|Alei(t) = pi(ty)) + ; wii[GO(B; — E;j) + aBBT P(pi(t}) —pj(ti))]H
<[ Al lles @) + [ Api(ti,) — ZN wij[aBBY P(p(ty) — p;(ty) + GC(E; — Ej)] |
<[JA lles ()1 + ¢, o (33)
where
G =, max | Api(th) - > wilaBBT P(pi(t},) — p;(t},)) + GO(E; — Ej)]||. (34)

k’"k+1 jGN-;
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Then, one can get

¢ i
lei(t)]| < m(elml\(t ty) _ 1)_ (35)
According to (13) and (35), it follows that
Ch (AN )
lim |e; =01, < 2k k170 — 1) 36
tﬂt;wrl || ( )H k+1 HAH ( ) ( )
where 9;&1 = mlMl ||pz(t}<+1)||

Considering the measurement error (5), it is easy to get |||p:(t1)]| — lp:(®)||] < [le:(t)]]. Since |le;(t)]| <
tel|pi(t)], it follows that

— e IOl <~ s < )]~ )] (37)
s — 601 <l ()] < e et (39)
Wdtill < o < L2080, (39)

When ||p;(¢%)|| = 0 as k — oo, from (39) one can obtain that

Pilt) = Api(t) = 3" wy[GO(E: — Ey) + aBBTP(pi(t}) — py (t)] = 0. “)
JEN;
Hence, combining Eqs. (34) and (40), one can easily find that
Gh< max | wi[@BBTP(pi(th) — p;(ty)) + GC(E: — E)|| + [ All |[p:(t)]]
te[t] ) jeN:

=l Api (1) + 1 All | (23] - (41)

Putting 6}, k41 into consideration, we has

, T [y llpi ()l
0}41 N — e @)l - — L T - e (1 — pie) (42)
G IAp@)I+ TANpa I ™ ALl oy apypaeiy ~ 1AING=8E + pe +2)

1—pe

Using the Matlab, i
which leads to

’Zzl gets the minimum value when p =7 or e =1 — 7,

9}'&1 > (1-7)7
G A=+ 7+2)

> 0. (43)

Then, we can easily get the following result

. 1 A6, 1 ( (1—7)7 )
AP T vy (il L4 S R ) |G S +1) =w >0, 44)
b Al ( & Al [A[I(=72 + 7 +2) (

where wy is a positive constant.

Thus, the proof that there exists no Zeno behavior under the condition (13) is completed. Then, the
proof that there is no Zeno behavior under the condition (14) follows.

The time derivative of ||e;(t)|| over the time interval [t} , ¢} ) satisfies

%Ilé‘i(t)l\ =[|C(&:(t) — 2:(1))]| = |C(AE;(t) — GOE;(t))]

<lefllA = aCllE@)] < A = GClllle@)]- (45)
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As known before, A — GC' is Hurwitz, so E;(t) and £;(t) decrease which leads to

d i
el < 1A= GClllle: @)l < A - GO llea(tr)]] - (46)

According to (14), it follows that

. 1ir7n lles ()]l = §Iic+1 = HE ||pi(t§c+1)|| : (47)

k+1

No matter ||p;(t:)|| # 0 or ||pi(ti)]| = 0, one has

i 4 pelpite)l = llpi ()|
S HA—GCHH&(%)II 1A =GOl
e[l ()| 1 1

= i = 2 = Wy > 0, (48)
A= GClluelpi)l ~ IIA=GCl(1+pe) ~ A= GCl(1-7)

where ws is a positive constant.
The proof that there is no Zeno behavior under condition (14) is completed. Together with that under
the condition (13), the proof is completed.

3.2 Self-triggered strategy

In the former analysis, the proposed strategy described in Theorem 1 requires continuous observation
of agents’ states to calculate the event instants. Such continuous communication process aggravates the
system burden. Hence, the improved formation control strategy without continuous communications is
developed. Unlike the distributed event-triggered strategy, this improved control scheme only uses the
information at its own event time t};, and thus no observer states or error measurements are needed
between two event instants of agent 4.

Define the self-triggered function

D

L alAlG=t) ) — (47
g = e el
t | Y (19)
14 =Gl lestll at = Tt
where
= pi k Wiz | || bi ;c —Dj ;c i ;c & ;c :
AN ()| + D wis [ |aBBT P |pi(th) —ps ()| + 1G] [lea(ti) — 5 (ti)]|]
JEN;
And ||p;(tL)]| satisfies
] (4 if (£2) ; z
Ip; (£4)]] :{ 24 szv 1 pr(f | < lpi( f I (50)
allpslls 3 [lps | > wllpaEll

where £ > 0. The event is triggered so long as either of the conditions is satisfied.

Theorem 3. For system (1) under controller (4) and self-triggered function (49), satisfying Assump-
tions 1 and 2, P > 0 satisfying the inequality (12), K = BT P, h(t) satisfying the condition (15), then
the time-varying formation can be achieved.

Proof.  From (13) and (39), one can obtain that

les(tk )l = me lpittill > T iR (51)

1+

The next triggering time of agent ¢ can be described as the least time it takes ||e;(¢)] to increase from

0 to 1 |pi(t})]|-
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From (34), we can see that

Go= max |Api(tp) = D wilaBBTP(pi(ty) —p;(t}) + GO(Ei(t) — E;(t))]

te[t] ) jeN:

<Al paE)|| + D wis | [|eBBTP|| ||pa(ti) — p; (6 +pnax 1G]l lei(t) — ;@)

JEN; wothet
= Al [l + D wig [[JaBBT Pl ||pi(t;) — pi (6| + 11 |eith) — 5t [|] = @10 (52)
JEN;

According to (33) and (52), the increase rate of ||e;(t)|| satisfies

d .
3 e @I < Al les @1 + G < [ All les ()] + 21 (53)
Then, one can get
D, i
les()l < g (417 —1). (54)

Thus, we get the following sufficient triggering function

Q1 lale—th) e i
Bt —1) = )] 55
rar © )= 1 el (55)
which leads to 1Al g z)”
i i 1 He pi(ty, )
fo— In(1+ CHRPATRT ) — 56
=t (14 M e ) = (56)
From (14) and (39), one can obtain that
i i HE i
Hgi(tk+1)H = [E Hpi(tk+1)H = T+ Hpi(tk)H' (57)

The next triggering time of agent i can be described as the least time it takes ||&;(¢)|| to increase from

0 to 122 |py(t})]|-

Combining (46) and (57), one can get the following sufficient triggering function

t
_ 4 _ _HE g
14 Genlatilar= $55 - ] (53)
which leads to .
1 pellpi(ty) |l

3 3
b = GO W pollep] o

Then, we will choose the smaller one of 77 and T3 as the triggering time t}€ +1- Noting that (55) and
(58) are sufficient conditions to guarantee (13) and (14), the results follow directly from the proof of
Theorem 1.

From the self-triggered function (49), we can see that agent ¢ only receives the neighbours’ state
estimation information Z;(¢%), combined measurement p;(t) and output estimation error ;(t%) at agent
i’s triggering instant ;. Using the neighbours’ information at the time instant ¢i, agent i calculates the
next triggering instant t}; 41

Next, it can be verified that the Zeno behavior can be excluded with the triggering condition (49)
under control law (4) for the multi-agent system (1).

Theorem 4. For the multi-agent system (1), with the controller (4) and triggering condition (49), there
is no Zeno behavior.
Proof.  From triggering conditions (14) and (39), the result follows

lee(®) = &5 <mpeC)ll + Ips 1) < T2 ()| + a1 (60)
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Combining (52) and (60), one gets
= 1Al @I + D wi [[|aBBT P [lps(th) = ps ]| + 1G] [Jea(tz) — 58] ]
JEN;

, G . .
<Al + 3w [laBEP ]+ s 6] + 5L e + sl |- (61
JEN;

Under inequality (61), we can obtain

o (t
|| 11” _ ||A|| + Z wi (H BBTPH + ||G|NE) (1+ HPJ( Zk)')
[P (£l =, [he llpi (£l
<A+ D wi (HaBBTPH + |’;E) (1+ k) = ®y, (62)
JEN; ¢

which leads to

o ue|A||pi<tz>|) 1 el 4]
t; = hlfl+ ————)>— |1+ ——m——
=2 T ( (T+p)® )~ T4 (L )%y

1 NeHAH )
In 14+ K2 ) — 63
> T4l ( 0 s, )~ (63)

where w3 is a positive constant.

Thus, there exists no Zeno behavior under triggering condition (55). Next, the proof that there exists
no Zeno behavior under condition (58) follows.

Considering triggering condition (58), the interval time satisfies

i ; 1 pelpi(t)ll 1 Thiec llpi (£, _ 1
k1~ B “Ta=Gal pelpt)ll ~ TA— GOl pelp@)l 14— GO+ pe)

= w4 > 07 (64)

where wy is a positive constant.

The proof that there is no Zeno behavior under condition (58) is completed. Together with that under
the condition (55), the proof is completed.
Remark 5. Compared with existing results on observer-based event-triggered control for consensus or
formation of general MASs, estimation error is put into consideration in the proof process which is more
strict and can improve formation accuracy. Meanwhile, a positive constant is found to guarantee that
there is no Zeno behavior which is rigorous.
Remark 6. In general, time-varying formation is needed in some special situations such as obstacle
avoidance. Because of condition (15), the controller need to update continuously when the formation
h;(t) is time-varying which leads to relatively conservative results. A sampled-data-based event-triggered
control strategy is an effective method to solve this problem. And many other problems are not considered
such as the update frequency of control and estimation and fault tolerant control. More related studies
can be found in [34-38].

4 Numerical simulations

In this section, a numerical simulation is presented to illustrate the previous theoretical results. The
self-triggered strategy is compared to a distributed event-triggered control method. Considering a group
consisting of eight third-order agents shown as in Figure 1, we can see that the communication topology
is connected and its adjacency matrix is deemed to be 0-1 matrix. The dynamics of each agent described
by (1) and the Laplacian matrix are

100 10 0 0
A=10 20|, B=|o200|, C=[11].
201 0 0 10
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| :G/@ |
D—CO——C

Figure 1 Undirected interaction topology G.

The predefined time-varying output formation reference which the eight agents need to achieve can be
defined as

= [peos (0557 s (1 650) s (00 507" iz

Obviously, system (1) is stabilizable and observable. In order to satisfy condition (15), v;(¢) can be

written as follows:
—0.5cos (t n in) — 0.5sin (t n in)

vilt) = 0.25cos<t+#>0.5sin<t+%> L i=1,2,...,8

s (14 9507 osan o4 £507)

Then, the parameters used in the proposed strategies are designed. G = [605 1584 — 1551]7T is selected
to guarantee A — GC' is Hurwitz. Choosing a = 1, § = 1.1, v = 4.8 > Ay = 4.7321, thus from (12) we
can get the positive definite matrix P and feedback gain matrix K as

0.2188 0  —0.0095 2.1879 0 —0.0947
P = 0 0.1091 0 , K= 0 2.1818 0
—-0.0095 0 0.2180 —-0.0947 0 2.1797

Then, it follows a = 0.12, 7 = 0 = 0.01, m; = mg = 0.5, p. = 0.45, and pg = 0.06.

Figure 2 shows the formation error z;(t) under the distributed event-triggered strategy. It reveals that
formation errors achieve consensus. That is to say, the formation of multi-agent systems is achieved. The
settling time is 1.071 s.

The measurement error ||e;(t)|| can be seen in Figure 3 which shows that |le;(¢)|| converges under the
distributed event-triggered strategy. After 0.895 s, the average measurement error converges within 5%.

Considering condition (50), x is chosen to be 3. Figure 4 shows the formation error z;(¢) under self-
triggered strategy which is similar to the result of Figure 2. The settling time is 1.334 s which is longer
than that in Figure 2.

Measurement error |le;(t)|| under the self-triggered strategy is showed in Figure 5 which reveals that
it converges faster compared to the distributed event-triggered strategy. After 0.766 s, the average
measurement error converges within 5%.

Numbers of triggering time by using the distributed event-triggered and self-triggered control schemes
are listed in Tables 1 and 2. We can see that events are mainly triggered by conditions (13) and (55)
which represent events triggered by the formation error. Meanwhile, the self-triggered scheme takes more
triggering time to achieve formation compared with the distributed event-triggered scheme. The settling
time under the self-triggered control scheme is longer than that under the distributed event-triggered
control scheme. One reason to explain the phenomenon is more information is used in the distributed
event-triggered scheme because of continuous communication. And the advantage of the self-triggered
scheme is that the computation cost is greatly reduced and continuous communication is avoided.

5 Conclusion

In this paper, time-varying formation control problems for multi-agent systems with undirected interac-
tion topologies are studied. An observer-based distributed event-triggered control scheme is proposed to
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Figure 2 (Color online) Formation error z;(t) (¢ = 1,2,...,8) under the distributed event-triggered strategy with continuous

communication. (a) z;1 of each agent when t € [0, 1]; (b) z;1 of each agent when ¢ € [1.4,1.5]; (c) z;2 of each agent when ¢ € [0, 1];
(d) zi2 of each agent when t € [1.4,1.5]; (e) z;3 of each agent when t € [0, 1]; (f) z;3 of each agent when t € [1.4,1.5].
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Figure 3 (Color online) Measurement error e;(t) (i = 1,2,...,8) under the distributed event-triggered strategy with continuous

communication. (a) ||e;1]| of each agent when ¢t € [0,1]; (b) ||es1]| of each agent when ¢t € [1.4,1.5]; (c) |les2|| of each agent
when t € [0,1]; (d) |lei2]| of each agent when ¢ € [1.4,1.5]; (e) |leis|| of each agent when ¢ € [0,1]; (f) |leis| of each agent when
te[1.4,1.5].
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Figure 4 (Color online) Formation error z;(t) (i = 1,2,...,8) under the self-triggered strategy with intermittent communication.

(a) zi1 of each agent when t € [0, 1]; (b) z;1 of each agent when t € [1.4,1.5]; (c) z;2 of each agent when t € [0, 1]; (d) z;2 of each
agent when ¢ € [1.4,1.5]; (e) z;3 of each agent when ¢ € [0, 1]; (f) z;3 of each agent when ¢t € [1.4, 1.5].
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Figure 5 (Color online) Measurement error e; (t) (¢ = 1,2, ...,8) under the self-triggered strategy with intermittent communica-

tion. (a) |le;1|| of each agent when t € [0, 1]; (b) ||e;1]| of each agent when t € [1.4,1.5]; (c) |lei2|| of each agent when t € [0, 1]; (d)
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Table 1 The event-triggering times under the distributed event-triggered strategy

Agent
1 2 3 4 5 6 7 8
Triggering times under condition (13) 71 83 86 72 142 118 72 87
Triggering times under condition (14) 0 43 3 2 39 6 0 7
Total 71 126 89 74 181 124 72 164

Table 2 The event-triggering times under the self-triggered strategy

Agent
1 2 3 4 5 6 7 8
Triggering times under condition (55) 407 551 439 348 410 572 176 227
Triggering times under condition (58) 5 0 8 2 11 4 7 0
Total 412 551 447 350 421 576 183 227

achieve time-varying formation. Under the distributed event-triggered scheme, formation can be achieved
asymptotically, and Zeno behavior can be excluded. An observer-based self-triggered control scheme is
further developed in which the continuous communication can be avoided and the energy consumption of
communications can be reduced significantly. Meanwhile, Zeno behavior can be avoided in this strategy.
Lastly, the simulation results demonstrate the feasibility of the proposed control schemes. Future work
will focus on multi-agent systems with switching topologies and fixed-time formation control problems.
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