CrossMark

Sun et al. / Front Inform Technol Electron Eng 2021 22(1):107-119 107

Frontiers of Information Technology & Electronic Engineering
www.jzus.zju.edu.cn; engineering.cae.cn; www.springerlink.com
ISSN 2095-9184 (print); ISSN 2095-9230 (online)

E-mail: jzus@zju.edu.cn

Containment control for heterogeneous nonlinear
multi-agent systems under distributed

event-triggered schemes’

Ya-ni SUN, Wen-cheng ZOU, Jian GUO, Zheng-rong XIANG#

School of Automation, Nanging University of Science and Technology, Nanging 210094, China
TE-mail: xiangzr@njust.edu.cn

Received Jan. 18, 2020; Revision accepted Aug. 5, 2020; Crosschecked Sept. 11, 2020; Published online Oct. 29, 2020

Abstract: We study the containment control problem for high-order heterogeneous nonlinear multi-agent systems
under distributed event-triggered schemes. To achieve the containment control objective and reduce communication
consumption among agents, a distributed event-triggered control scheme is proposed by applying the backstepping
method, Lyapunov functional approach, and neural networks. Then, the results are extended to the self-triggered
control case to avoid continuous monitoring of state errors. The developed protocols and triggered rules ensure that
the output for each follower converges to the convex hull spanned by multi-leader signals within a bounded error. In
addition, no agent exhibits Zeno behavior. Two numerical simulations are finally presented to verify the correctness

of the obtained results.
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1 Introduction

To date, a great deal of work has been put into
cooperative control for multi-agent systems (MASs)
based on the behaviors of animal groups in nature
and their wide practical applications such as consen-
sus control (Wang ZD et al., 2013; Li HL et al., 2017;
Lin and Zheng, 2017; Rehan et al., 2018; Zheng YS
et al., 2018), rendezvous control (Fan et al., 2011),
formation control (Ma CQ and Zhang, 2012; Li WX
et al., 2014; Liu YF and Geng, 2015), and contain-
ment control (Liu KE et al., 2014; Ma Q and Miao,
2014; Qin et al., 2017). In the study of cooperative
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control for MASs, consensus is one of the most fun-
damental problems and has been extensively inves-
tigated in the past few decades. Consensus means
that by developing appropriate protocols, the states
of all agents in the system converge to a common
Generally speaking, MASs can be divided
into two categories: leaderless and leader-following
MASs. For an MAS with only one leader, the con-
sensus problem is called leader-following consensus
(Guo, 2016; Qin et al., 2016; Lu and Liu, 2019). In
some applications, there might be multiple leaders in
an MAS; the problem in this case is called contain-
ment control, in which all the followers are expected

value.

to converge to the convex hull spanned by multi-
ple leaders under appropriate control laws (Ji et al.,
2008).

In recent years, containment control has at-
tracted enormous concern because of its pratical
applications (Xu and Zhu, 2011). Liu KE et al.
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(2014) addressed the containment control problem
for second-order linear MASs with time-varying de-
lays, where both dynamic and stationary leaders
were considered. Zhou and Wang (2015) studied
the containment control for linear MASs, where
the graph is directed and the control inputs of
the leaders may be time-varying. Ma Q and Miao
(2014) proposed distributed dynamic and static con-
trol methods for linear MASs with time-varying de-
lays. Haghshenas et al. (2015) and Chu et al. (2016)
proposed containment control schemes for heteroge-
neous linear systems. Fu and Wang (2016) solved
the finite-time containment control problem by de-
signing a distributed observer-based controller. Ob-
viously, there have been many achievements in con-
tainment control of linear MASs. However, it is uni-
versally known that most real systems are nonlinear,
and thus it is absolutely essential to study nonlinear
MASs (Yoo, 2013; He et al., 2015; Liu ZX et al., 2015;
Wang P and Jia, 2015; Wang W et al., 2015; Li WQ
et al., 2016). In the cooperative control of nonlinear
MASSs, the major challenge lies in how to deal with
the nonlinearities. He et al. (2015) and Li YF et al.
(2017) designed nonlinear functions to satisfy some
growth conditions such as the Lipschitz condition.
Wang W et al. (2015) applied a fuzzy logic system to
approximate the nonlinearities.

In the view of continuous communication among
agents which may cause excessive data and waste
embedded processor resources, the event-triggered
method is more favorable when designing protocols
(Dimarogonas et al., 2012; Yan et al., 2014; Hu et al.,
2015; Wei and Xiao, 2016; Dolk and Heemels, 2017,
Wu et al., 2018a, 2018b; Zou and Xiang, 2019a).
Tabuada (2007) proposed an event-triggered scheme,
which was applied into MASs for both centralized
and distributed cases in Dimarogonas et al. (2012).
There have been some studies on distributed event-
triggered containment control of MASs with multi-
ple leaders. Miao et al. (2017) studied containment
control for first- and second-order systems with sin-
gle time delay and multiple time delays in event-
triggered schemes, respectively. Zou and Xiang
(2019b) designed event-triggered control strategies
with the improved triggered condition for second-
order MASs. The problem of event-triggered con-
tainment control for second-order MASs with sam-
pled position data was addressed in Xia et al. (2018).
Zou and Xiang (2017) presented an event-triggered

control method for heterogeneous linear MASs by an
output regulation approach. Zhang WB et al. (2017)
addressed the containment control problem using
event-triggered strategies for MASs, where commu-
nication may exist among the leaders and the Zeno
behavior is excluded. Li JZ et al. (2018) designed
event-triggered protocols for high-order MASs with
and without input delays.

Note that there have been few studies involving
event-triggered containment control for high-order
heterogeneous nonlinear MASs. In consideration of
this, we focus on high-order heterogeneous nonlinear
MASs. The main contributions of this study are
summarized as follows:

1. By applying the backstepping method, Lya-
punov stability approach, and neural network tech-
nique, both distributed event-triggered and self-
triggered containment control schemes are proposed.
Compared with the MASs in Miao et al. (2017),
Zhang WB et al. (2017), Zou and Xiang (2017), Li
JZ et al. (2018), and Xia et al. (2018), the system in
this study is more general. In addition, in most liter-
ature on nonlinear MASs, like Li YF et al. (2017) and
Zou and Xiang (2019b), nonlinear functions are usu-
ally required to satisfy specific conditions such as the
global Lipschitz condition. However, the restrictions
of the nonlinear terms in this study are relaxed and
the nonlinearities are totally unknown and heteroge-
neous. The control schemes in this study can achieve
the containment control objective in the presence of
more general nonlinearities.

2. Due to the existence of unknown and het-
erogeneous nonlinear terms, the lower bound of the
interval between two adjacent triggers may not exist,
which makes many existing control methods invalid
as the agents may exhibit Zeno behaviors. Under the
event-triggered and self-triggered schemes proposed
in this study, Zeno behavior can be excluded strictly
despite the MAS complexity.

Notations used in this paper are summarized as
follows: P > 0 (or P > 0) indicates that matrix P €
R™ ™ ig positive definite (or positive semi-definite).
The maximum and minimum eigenvalues of P are
denoted by Apax(P) and Apin (P), respectively. “®”
represents the Kronecker product. The convex hull of
X is denoted as Co (X), where X = {z1,x2,...,2n}.
dis (z, Z) represents the distance from & € R™ to the
set Z CR", and dis (x, Z) = 211612 e — z||, where ||-||

means the Euclidean norm of a vector or a matrix.
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2 Preliminaries and problem formula-
tion

2.1 Graph theory

Suppose that graph G = (V, E) with vertex set
V =A{1,2,...,N+ M} and edge set £ C V x V
stands for the communication topology of MASSs
consisting of M leaders and N followers. A =
[aij](N+M)x(N+M) is the adjacency matrix, where
each element is nonnegative. In detail, (j,i) € E <
Q5 > 0, and (]72) ¢ F & ;5 = 0. (17]) SO,
means that agent j can receive information from
agent ¢, and the neighbor set of agent ¢ is N; =
{j:7€V,(4,i) € E}. D= diag(di,da,...,dN+m)

implies the degree matrix of G, where d; = > a;;
JEN;

is the degree of agent i. The Laplacian matrix can

be denoted as

L_D—A_< Ly L, )

Orvxn  Onrxm

where Ly € RV*N and Ly, € RVXM,
2.2 Radial basis function neural networks

The following radial basis function neural net-
works (RBFNNSs) are applied to approximate an un-
known continuous function (Zhang T et al., 2000)

Pn(y) = Z"H(y), (1)

where Z = (21, 22,...,2)" € Rl refers to the weight
vector and H (y) =[h1 (y), ha(y), ..., (y)]* € R!
is the basis function vector (I > 1 represents the
number of nodes in the neural networks).

Denoting p; as the width of h;(y) and w; as the
center, select h;(y) as the Gaussian function:

(y — wz’)T(y —w;)
I

Li=1,2,...,1.

(2)
Any unknown function ¢(y) that is continuous,
nonlinear, and defined on a compact set {2 € R? can
be approximated by a neural network (Z*)TH (y);
that is, for any arbitrary accuracy dy > 0, one has

oY) =(Z")"H (y)+0(y), ye 2, (3

hi(y) = exp | —

where Z* 2 arg {sup |¢(y) -ZTH (y)|} means
ZeRl (yen2
the appropriate constant weight vector, and |4 (y)| <

d0-

2.3 Problem formulation

Considering an nt"-order nonlinear MAS which
consists of M leaders and N followers, the i'" follower
is modeled by

Eig =2+ fin (Ti1),

Zio=xiz+ fio(®in,xi2),

Fim—1 = Tin + fin-1(Ti1, Ti2, ..., Tin-1),

Fim = Ui + fin (Ti1,Ti2, . . Tin),

Yi = Ti1, 1 € I,
(4)

where I1={1,2,...,N}, (zi1,%i2,... ,xi,n)T e R"
is the state of agent i, u; € R and y; € R are the con-
trol input and output of the i*? follower, respectively,
and f;, (1) € R (p=1,2,...,n) is the unknown non-
linear function.

Denote wy, as the k'" leader signal, k& €
I={N+1,N+2,....,N+ M}
Remark 1 If M = 1, the containment control
problem for MAS (4) will degrade into the leader-
following consensus. Compared with the MASs in
the existing studies on event-triggered containment
control, MAS (4) is more general. In addition, the
dynamics of the followers is heterogeneous and of
higher order, and the nonlinearities are not required
to satisfy specific conditions, such as the global
Lipschitz condition, challenging the achievement of
event-triggered containment control, and the exclu-
sion of Zeno behavior.
The leader signal wy, (k € I%) is
an n-times continuously differentiable function. Be-
sides, there exists Ry > 0 such that ‘w,(f) < Ry,
p=0,1,...,n.
Assumption 2 The communication graph among
all the followers is undirected and none of them could

Assumption 1

send information to leaders. What is more, for each
follower, there is at least one leader that has a di-
rected path to it.

Lemma 1 (Meng et al., 2010)  Suppose that As-
sumption 2 holds, and that L; is positive definite
and symmetric. Each entry of —L1_1L2 is nonnega-
tive and the element sum of each row equals 1.

Lemma 2 (Hardy et al., 1952) For any u,v € R,

v T 14 v+ ™ A v+
<— _— T 5
[ul ol < —=—plul "+ —L—p~F [T, (5)

where v, 7, and p are arbitrary positive real numbers.
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Definition 1 (Ji et al, 2008) MAS (4)
can achieve the containment control objective if
the designed protocol makes the output of each
follower converge to the convex hull spanned

by leader signals, which means Vi € [I7,
tlggo dis(ys, Co (wn 41, WNy2, ..., WNiar)) = 0.
Let [w],wy,...,wN]" = (~L7'Ly®1,)
=T =T =T T 5 — 5.
(WN L1, Whyos - W] Wi = [Win, Wi, -
- . _ 1
Win]t € R* (i € I), and wy, = [wk,w,(c),...,

w" T e R" (k € I).

In this study, the practical containment control
objective can be achieved if the convergence state
error y; — W; 1 satisfies tli>r£o ly; — Wi 1] < eo, Vi € I,

where ¢ is a positive constant.

3 Event-triggered containment control
3.1 Event-triggered protocol design

For simplification, we first define

N N+M
pi1= g aij (2%, —2],)+ E air (wp—a7 ),
Jj=1 k=N+1
N N+M
r r (1) r
Pz’,2:§ aij (25 o — a7 5) + E Gik (wk _xi,2)7
j=1 k=N+1
N
I r T
Pin = E :aij (Ij,n - xi,n)
j=1
N+M
n—1 .
+ E Aik (w,(C ) —:can), 1ely,
k=N+1
(6)
T A T ™ ' T n 3
where x] = [gci’h:lcl-,27 . ,xi,n] € R"” is called the

objective route of agent i.

The dynamics of ] is given as follows:

@] = Az} + BKp; (t;), t€ [t tiy), (1)

where A4 — | 9o-0x1 Tm-nx@m-1) | _ Rrxn,
0 O1x(n-1)
T
B = [ 01><(n—1) 1 ] eR" K = [K17K2,...,Kn]

€ R (K needs to be designed later), p; =
[pi1, pi2y--- ,pi,n]T € R", and ¢} represents the trig-
gered instant of the i*" follower. In distributed event-
triggered control, each follower has its own triggered
time.

Then, the triggered condition is given as
thoy =inf {t >t |[lws]| > A;}, A; >0,  (8)

where w; = p; (t) — p; (t};), 1€1I.
Let e; = ] — w;, ¢ € I'1. The Lyapunov func-
tion is chosen as

Vo=el (Ixn® P)e, (9)
where e = [elT, el ..., e%]T and P > 0 such that
ATP 4+ PA-2PBB"P +5I<0, 0>0. (10)
Then the derivative of V) along system (7) is

Vo =e Iy @ (A"P + PA) - L, ® 2PBK]e

+ eT{Lfle[w%+1, WN 95 - - ,wjrif+M]T
®2PB} — €' (Iy ® 2PBK)w, (11)
where w = [w] w7, ... ,w%]T.
Choosing K = aBTP, o > 0, and a)\; > 1
(M = Amin (L1)), then from inequality (10), we have

e'[Iy® (AP + PA) - L, ® 2PBKle
T (12)

< —ce e.

In addition, from triggered condition (8) and
using Lemma 2, one has

vy ) . (0 m 1T

e {Ll Lo[wy wiila, o 0l ®2PB}
< 2|le|| | L7 (| L2l | P]| VM R
=2 |le|| VM

M T

<o(Hevn). (13)
b1

—e" (Iy ®2PBK)w < 7 |e|| |w||
T NA2
e e 52 max7 (14)
202 2
where ¢ = Ro|Li'ILll|Pl, ~ =
Amax (2aPBBTP), Apa = max{4;}, and

[ and By are positive constants to be designed.
According to inequalities (12)—(14), it can be
easily determined that

Vo < —qie’e + g, (15)

M 72 BaN A2
I e A P24V Smax
where ¢ = o 5 5 q2 = P15 + 5 )

and (5, and [, are positive constants making ¢; > 0.
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Next, the design process of the control input
u; (i € I't) will be given using the neural network
technique and the backstepping method.

Define the following coordinate transformation:

il =Ti1l— Tpq,
ST (16)
Sia=xii—& -1, 1=2,3,...,n,

where &) (I = 1,2,...,n) is the virtual controller to
be designed later.
Step 1: Choose the Lyapunov function as
follows: . )
Vii= 55121 + 51912,17 (17)

where 151',1 = 191',1 — 191"1.
auxiliary variable, and ¥J; 1 is a constant that needs
to be designed later.

From Eq. (16), one has

Here, 191-,1 is a dynamic

Ei1=Ea+ i1+ fin— oo (18)

Then it is easy to determine that

Vit =& (Giz+ &1+ fin— i) — 19111511 (19)

1
By Lemma 2, we have §; 1&; 2 < 56, 21+= 5127 S0
Eq. (19) yields

Vi1 <& <f11+ =& — ) +&iaéls
. (20)
+ 51 2 z 1191 1-
Define
4511( ) f11+ Szl (21)

where X; 1 = (xi’l,x;l,xg’Q)T.

RBFNNs are applied to approximate ®; 1 ()
on compact set £2;, because the nonlinear function
@, (-) is totally unknown and cannot be deter-
mined to design protocols. There exists an RBFNN
(Z;I)THM (X;,1) for any given constant 6; > 0
such that

D1 (Xi1) =

(Z7)"Hin (Xin) +0i1 (Xi1), (22)

where Z7, is an adjustable parameter vector,
H,;(X;1) the basis function vector satisfying
H}:l (Xi)1> Hi71 (Xi,l) S Li,l (Li71 is the dimension
of H;1(X;1)), and §; 1 (X; 1) the approximation er-
ror satisfying [9;1 (X;.1)| < d1.

According to Eq. (22), we can determine

[

i1Pi1 (Xi) < —&7
§i1Pin (Xin) 20r §iat

1 2
_— 23
2#1 61,14_017 ( )

where ¢ = ? + 75%, and v; and pp are both
positive constants.
Then we choose the virtual input as

1 ~
=~ <k1 too T 191',1) i1
11

(24)
191 1= f 771191 1,
where k1 > 0 and 77 > 0.
112540 Lin 1|| Lia
Letting ¥; 1 = , one has
U1
. A~ 1
Via < —klfil +mUivi1 + 551'2,2 +ec1. (25)

Step 2: Select the Lyapunov function with the
following form:

(26)

)

1
Vi2=Vi,1+§§¢2,2+ 19127

where 151-,2 =12 —191-,2. Here, 191-,2 is a dynamic auxil-
iary variable, and 9; o is a constant to be determined.
Based on the definition of &; 2, we obtain

Cio=Cis+ §iot+ fiz— 5.21, (27)
8€z 1 a i 1 a 7,1
h = i s 191 .
w erele 8!%1)1 (I 2+f 1) 8(E:1 12+8'L9i’1 ,1
By Lemma 2, it can be found that
Vi < —k1&21 + mdi10i1 + 1+ §i26 0 +&i2
» PO 1 9 (28)
(fiz+ &2 =& 1) —Vigvia+ 5&,3
Define
Dio(Xin) = fia+&2—E& 01, (29)
Where Xi’2 = (xi,h I’i,z, I;—:l, I;—:2, 1§i,1)T.
There exists a neural network

(Z;Q)THm (X,2) for any given constant do > 0
such that

Do (Xi2) = (ZZQ)THiJ (Xi2)+6:2(Xi2), (30)

where HE2 (Xi2)H;2(X;2) <
[0;,2 (Xi2)| < 6a.
In view of Eq. (30

Li’2 and

), we can determine that

1
Pats—

127, Lz
§i2Pin (Xip) < —5 —— 242

2
“ o+ 31
2U2 42 €2 ( )



112 Sun et al. / Front Inform Technol Electron Eng 2021 22(1):107-119

where ¢y = 7 + —(5 and ve and us are both
positive constants.

Then we choose the virtual input as

* 1 3
§io=— </€2 +—+ 191‘,2) &i2,

210 (32)
Dip = €25 —mVio,
where k3 > 0 and 7y > 0.
|1Z;2]" L2
Letting ;2 = , we have
2u9

2
PO 1
Via < E 1 (—kjfi%j + 77j19i,j19i,j + Cj) + 5533 (33)
j=

Stepl (I =3,4,...,n—
the Lyapunov function

1): Supposing that under

-1
Vier = % (3¢, + 392 (34)
=1
where

Digor =01 —Vig (35)

and the virtual input

1=~ </€11 + 5 + 191‘,11) &il—1

i1 (36)

X 2 ~
Vi1 =& -1 — m-1Vi1-1

at step [ — 1, we can determine that

—1
‘./;,l—l < Z ( klgm +77J19 ,ﬂ? ij c]) + 5117
=1

(37)

V-1

L,
A R T

where ¥, ;1 =
201
Hi—1 o
2 5l 1
Based on the statement above, the Lyapunov
function is chosen as

Via=Vig1+ fzz"‘ 1l7 (38)

where 1%1 =i — 191-)1. Here, 19“ is a dynamic auxil-

iary variable, and ¥; ; is a constant to be determined.
In view of the definition of §; ;, one has

g =Ciur1 + &1+ fia — é;ﬁ,lflv (39)
10§, zl 1
where le 1= Z a r T,J-i-l + Z 19»] +
=1 i,' i,
=106,
= o, (i g1+ fij)-

Substituting Eq. (39) into Eq. (38) yields

-1
Vi,l < Z (—kjézj + ;% %5 + Cj) + &l + i
i—1

(fig+&ia— &) - 1119 4+ fzm
(40)
Define
D1 (Xiy) = le+§zl—§l 1 (41)
AT
where X; ;= (xiyl,. T T e T “191 Toeoe 7191-)1)

There exists a neural network (Z7 )" H;; (X 1)
for any given constant d; > 0 such that

= ( : )THzl ( i,l) + 0i (le) )
(X)) Hi (X)) < L;yand [6;; (Xi)| <

i (Xi) (42)

where Hle
;.

In view of Eq. (42), we can determine that

1230 L,

0,191 (X
§ia®ig (Xig) < 0,

1 5
zl 2 lgz,l Cl, ( )

v
where ¢; = -+ %5?, and v; and g are both positive
constants.

Then we choose the virtual input as

1 .
§i1=— (kz +—+ 191-,1) &l

2 (44)
Big = & - mi g,
where £; > 0 and 7, > 0.
12,17 L
Letting ¢;; = —————, we have
21)1

l
- 1
<> (—kjéij + ;i Vi + Cj) + 553,1“-
i=1
(45)

Step n: Determine the Lyapunov function as

_Z< 2 +219;{]>

j=1

(46)

where 1§m =Vin — 19”1 Here, 19”1 is a dynamic
auxiliary variable, and ¥; ;, is unknown and needs to
be determined later.

Since fzn = Ui + fin —
determined that

S n_1, it can be easily

n—1
. P 1
Vi,n < Z <_kj£i2,j + 77j’t9i,j’l9i,j + Cj) + 5512771 (47)

+€zn (Uz +fzn —§Zn 1) _éi,n'ﬂi,n
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Define
1 .
Bin (Xin) = i+ 5lin —Enrs (49)
where X;,, = (951'717 s Ty T gy 7x£n,1§i717 ey
. T
m,n) :
There exists a neural network

(ZZH)THZ-)H (Xin) for any given constant 6, > 0
such that

@i n (Xi,n) =

)

(Z;'k,n)THi,n (Xz,n) + 5i,n (Xz,n) ;
(49)

where HZTn and

|§i,n (Xl,n)| < 0p.

In view of Eq. (49), we can determine that

(Xz,n) Hi,n (Xl,n) S

Li,n

Ll N 1
&»nq)i,n ( H ‘ 61 n €z2,n =+ Cn,
24t
(50)
where ¢, = — + —52 and v, and pu, are both
n

positive constants.

Then, we choose the input control signal as

1 ~

n

é@n = 2 7711191 ns (52)
where k,, > 0 and n,, > 0.
: 125 Lin
Letting v; ,, = —————, we have
2u,
Vin <> (—’fjéf,j +10i,505,5 + Cj)~ (53)

j=1

The controller design procedure can be summa-
rized as follows:

1. According to the order of MAS (4), A and
B can be determined. Then select o and solve P to
satisfy inequality (10).

2. Calculate A\ = Apin (L1) and choose a > 0
so that aA; > 1. Then K can be obtained by K =
aBT P, and the dynamics of =7 can be determined
by Eq. (7).

3. Choose kj, p;, and n; to design the virtual
input £, at step [ (I =1,2,...,n—1).

4. Select ky,, i, and 7, to determine the control
input u; at step n.

3.2 Convergence analysis

Theorem 1 Consider MAS (4) under the protocols
given in Eqs. (7), (51), and (52), and the triggered
condition is designed as Eq. (8). If Assumptions 1
and 2 hold, then the practical containment control
objective can be achieved.
Proof From inequality (15), we have

Vo < —

< =W+ qo.
HPII

(54)

Then from inequality (54), it can be determined that
Vi e I,

2 |||
tlg(r)lo|x”—w11{<5 = m (55)
By applying Lemma 2, for j = 1,2,...,n, we
have
3.9 32 L= L oo
197‘)]/(9 19 + 19 7]'[9 1,] 5191,3 + 519i,j' (56)
Then inequality (53) can be rewritten as
Vvi,n S _wvvi,n + Ca (57)
where w = min{2ky,2ko,..., 2k, 1,02, O}
n 1
and C = J; (Cj + 5773‘1912)]-).
Thus, we can obtain
2C
lim |y; — 7, | <e 24 /Z (58)

t—o0 w

Combining inequalities (55) and (58), it can be

concluded that

lim |yZ — ’LZ)Z"l| <eg é e1+eq, Vi € I7. (59)
t—o0
Remark 2 On account of the triggered

condition (8) and inequality (54), it is easy to de-
termine that the frequency of the events and the
convergence error for each follower are affected by
A; (i € I1). Specifically, as A; increases, the con-
vergence error becomes larger. However, a relatively
large A; will contribute to a relatively low frequency
of the events.

3.3 Exclusion of Zeno behavior

Theorem 2 Consider MAS (4) under the protocols
given in Eqs. (7), (51), and (52), and the triggered
condition is designed as Eq. (8). If Assumptions 1
and 2 hold, no agent exhibits Zeno behavior.
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Proof According to Egs. (6), (8), and (1
easily find

1), we can

U < e < ol = ol < 12 e

< Ll QI el + [ Ll o, (60)

where Q = In ® A — L1 @ aBBTP and II, =
L | 1Ll VM Ro + || Pl VN Ao

From inequality (15), we can determine that

2 | Pl }
@) 2. (61)

max {vo 0),

<
el < o (P)

Thus, Vt € [ti,ti.,) (i € I1), inequality (60)
can be transformed to

dwl
Wl i@ m + 1m0 2

(62)
and it is obvious that under the event-triggered con-
dition (8), we can determine that ¢}, — ¢} > 7 2
=

T

3.4 Self-triggered control scheme design

Under the event-triggered control scheme, con-
tinuous state measurement is required to check con-
dition (8) in [t};, t}CH) (1t € In,k = 0,1,...).
To avoid such continuous communication and state
monitoring among agents, a self-triggered control
scheme is designed.

Define

n .
=> |pi;(th)]
j=2
N+M

Z i1 Pi,1 tk

N+M

Z i1 P4q,2 tk

+ kl Zawp],
+ ko ZULWPL

+ ...
N _ N+M
+ kn Z aijpj,n(t?cj) - Z ailpi,n(tZ) ’
j=1 =1

(63)

where tij represents the last triggered instant of

agent j before ti.

Suppose that the last triggered instant of
agent i (i € Iy) is !, and define t* = ti +
In (m—i—l) where A; > 0 and ¢; =

N+M

Z Qi -

If no neighbor is triggered before

k=N+1 _
t*, then i ., = t*. If at t, (t,, < t*)
one neighbor p; is triggered, let A, = A; —

lo (t1) + gih) (et =t —1). If A7 < 0, the next
triggered instant is ¢, ; otherwise, recalculate ¢ (t})

by SubStituting ppl,l (tpl) 7pp1,2 (tpl) P 7pp1,n (tpl)
into Eq. (63). Then we can determine that

t* — tp1 + ln (m + 1) If at tp2 (tp2 <

t*) another neighbor po is triggered, let A} =
AL = [p(th) + gih] (e2=r —1).  If A} < 0,
ti, 11 = tp,; otherwise, update ¢ (¢i) by substituting
pp2,1 (t 2) 710272,2 (tp2) A 710172,” (tp2) into EQ~ (63)7
Al

cess will be repeated until no triggering exists among
the neighbors of agent i before t*. Then, the next
triggered instant ¢! i1 can be finally determined as
tho g =t

Theorem 3

which makes t* = ¢, +In . This pro-

Considering MAS (4) under the self-
triggered rule, if Assumptions 1 and 2 hold and the
protocols are given in Egs. (7), (51), and (52), prac-
tical containment control can be achieved and no
agent exhibits Zeno behavior.

Proof  First, it is easy to determine that for any
t € [thotis)
dllpi () = pi (1)
dt
<16 O < ([P i i) + i
pi2 (1) — pig (tZ) Pi2 (t}g)
pi3 (t) = pis (t},) pis (th)
< ) . (64)
Pin (t) — Pin (tz) Pin (t;c)
N N+M
+ Zaij (U; — U:) + Z ik (wl(cn) — u:)
Jj=1 k=N+1
< |lpi (t) — pi (t,)]| + ¢ () + gih,

where u] = kip;1 (t}g) +kapi2 (t}g) +.. . 4knpin (ti)

Then it can be obtained that ||p; (t) — p; (tr)|| <
(et*t?c - 1) [¢ (tk) + gih]. From the self-triggered
rule, we can further determine that
pi (t) — pi (te)[| < A

lwill =
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To construct the Lyapunov function (9), by tak-
ing its derivative, we have

Vo < —xieTe+ xz, (65)
M 2 boNAZ
Wherexl—a—gb——%, X2 = b1<+2T’

¢ = Rol|L [ IZ2] Pl 7 = Awax (20PBBTP),
Amax = max {A;}, and b; and by are positive con-
stants makzing x1 > 0.

Following the proof procedure for Theorem 1,
we can prove that the practical containment control
objective can be achieved.

In addition, according to Eq. (63
mine that

) we can deter-

<D llplks 20+ g) llpll + k2 (265 + g2) | ]
Jj=2

+ ootk 20+ i) ol

<|n—1+@ut+a)d k| lell.
j=1
(66)

Then from inequality (65), we have

xz |1 Pl }
X2, (67)

max {Vo (0),

<
lell < P

In view of inequality (67), we can determine
from inequality (66) that

n
p(t) < |n—14@u+g)> ki | 1L llell £ 2
j=1
(68)
N
where ¢; = 3 a5, 1 € I1.
=1

Thus, fjrom inequality (68) and the self-triggered
rule, it can be easily determined that Zeno behavior
can be excluded.
Remark 3 It is worth mentioning that under the
event-triggered scheme, continuous monitoring of the
triggered condition (8) is still required for follower i
while t}, + 7, < ¢ < ¢}, (i € I), which means that
follower ¢ needs to continuously communicate with
its neighbors during this period.
self-triggered rule overcomes this problem because
the next triggered time for follower ¢ is decided by
updating only Eq. (63) and computing t* until there
is no neighbor triggered before the latest recalculated
t*.

In contrast, the

4 Simulations

In this section, we will provide two numerical
simulation examples using MATLAB/Simulink to il-
lustrate the validity of the obtained results. Con-
sider a third-order MAS consisting of four followers
(labeled 1, 2, 3, and 4) and two leaders (labeled 5
and 6), which means that N =4, M = 2, and n = 3.
The communication topology among agents is shown
in Fig. 1, where a;; = 1 if (j,7) € E and a;; = 0
otherwise.

Fig. 1 Topology of the multi-agent system

First, the dynamics of the followers is given as

x.i,l = T2 + 0. 02I12/13,

Zi0 = w3+ 0.1(coszi1 +sinx;2), (69)
&i3 =u; + 0.2 (sinw; 2 +coswig),

Yi = Ti1, 1= 1727

ii,l = T2 + 0.1 SinIi,l,

Zio = xi3 +0.08 (cos i1 +sinay,), (70)

&3 =u; + 0.1 (cosx;osinw; 3),
yi = I’i,17 ’L = 3,4

Then, the initial states of the followers are given as

[£11(0),21,2(0),213(0)] =[-2,1,0.1],
[£2,1 (0), 222 (0),223(0)] = [4,-0.5,1],
[£3.1(0),232(0),233(0)] =[1,-1,0.2],
[£4.1(0),242(0),243(0)] =[-3,0.5,—0.2],

(71)
and the initial states of the objective route for each
follower are shown as

[ L1,1 (0) 7951{,2 (0) 7951{,3 (0)] =[5,-1,0.1],
[x; 1(0), 25 2 (0), x5 3 (O)] =[-8,1,-0.2],
[l’g 1(0) »l’g 2 (0) »l’g,g (O)] = [4,0.3,0.5],
(5.1 (0), 25 (0), 243" (0)] = [3,2,0.1]

(72)
In addition, two leader signals are determined as

wég) = 0.1 (ws sint + w5 cost + w5 sint) and wé?’) =
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0.1 (wg cost + wg cost + we sint). The initial states
for leaders are [ws (0) , w5 (0), w5 (0)] = [1,—0.5,0.1]
and [wg (0) 1 (0) , e (0)] = [~1,0.5,0.2].
Example 1
control protocol consisting of Egs. (7), (51), and (52)
with the event-triggered condition (8) is adopted.

In this example, the containment

Let 0 = 4. We can determine that P =
20 14 6
14 25 9 Because A\; = 0.382, we choose
6 9 12

o = 3 so that K = [18,27,36]. Other parameters
aregivenaskl :l{Q :k3:8,,u1 :,LLQZ,LL3:2,
n = N2 = N3 = 12, and A; = 0.1 (’L S Fl) in the
triggered condition.

Simulation results are shown in Figs. 2-5. Fig. 2
shows that the objective route of each follower can
converge to the convex hull spanned by the two
leader signals with a bounded error. Fig. 3 shows
that the practical containment control objective is
achieved. Fig. 4 presents the followers’ control in-
puts. Triggered instants are given in Fig. 5.
Example 2 In this example, the protocol con-
sisting of Egs. (7), (51), and (52) with the self-
triggered rule is considered. Parameters are the same
as those in Example 1. Simulation results are shown
in Figs. 6-9. Fig. 6 indicates that the objective routes
achieve practical containment control. Fig. 7 shows
that the outputs converge to the convex hull spanned
by the leaders. Fig. 8 presents the control inputs of
the followers. Triggered instants are given in Fig. 9.

According to the simulation results, we can de-
termine that both event-triggered and self-triggered
control schemes can make followers achieve practical
containment control. Under the proposed control
method, each follower communicates with only its
neighbors at the triggered instant, which reduces the
consumption of communication resources.

In addition, from Figs. 5 and 9, we can see that
the followers’ triggered instants are different under
the event-triggered and self-triggered schemes. Con-
tinuous monitoring of the error state is not required
between two adjacent triggered instants under the
self-triggered scheme, but more triggers exist for the
followers.

5 Conclusions

In this study, we have discussed the contain-
ment control problem for a class of high-order

30

0 10 20 30 40 50
t(s)
Fig. 2 Objective routes of the followers under the

event-triggered scheme
30 T T T T

t(s)

Fig. 3 Outputs of the followers under the event-
triggered scheme
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Fig. 4 Control inputs of the followers under the event-

triggered scheme
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Fig. 5 Triggered instants of the followers under the
event-triggered scheme



Sun et al. / Front Inform Technol Electron Eng 2021 22(1):107-119 117
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Fig. 6 Objective routes of the followers under the
self-triggered scheme
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Fig. 7 Outputs of the followers under the self-
triggered scheme
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Fig. 8 Control inputs of the followers under the self-
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Fig. 9 Triggered instants of the followers under the
self-triggered scheme

heterogeneous nonlinear multi-agent systems
(MASs) with the distributed event-triggered mech-
anism. By developing an appropriate distributed
event-triggered control scheme, the practical con-
tainment control objective has been achieved and
Zeno behavior has been avoided. Then a distributed
self-triggered control scheme has been proposed.
Finally, we have provided two simulation examples
to validate the correctness of the main results.
In future study, we will focus on event-triggered
containment control for nonlinear MASs with
switched topologies and finite-time event-triggered
containment control for MASs.
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