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Abstract An output feedback-based containment control strategy is proposed
with an event-triggered mechanism for a class of stochastic nonlinear multi-
agent systems (MASs). For unavailable internal states of individual agent, a
state observer is constructed for their estimations. The dynamic surface control
(DSC) technology is employed to improve traditional backstepping, where a
first-order filter is introduced for derivation calculation of virtual control laws.
For the purpose of reducing communication resources, a fixed threshold-based
triggered strategy is presented to reduce data transmission bits over commu-
nication channels. It is proven that all signals in the closed-loop system are
bounded in probability and the containment control is achieved. Finally, the
effectiveness of the proposed control strategy is verified via two examples.

Keywords Containment - Dynamic surface - Event-triggered - Neural
networks - Stochastic multi-agent systems

1 Introduction

In the past decades, cooperative control of multi-agent systems (MASs) [1, 2, 3]
has drawn large amounts of attentions. As one of critical issues in MASs’
cooperative control [4, 5, 6], containment control maks followers remain in
a convex hull spanned by leaders’ information. It is applied in various fields
in engineering, for instance, ship navigation, satellite attitude and unmanned
aerial vehicles (UAVs) [7].
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Many efforts have been taken in containment control of MASs [8]. A linear
scheme of containment control for MASs with switching communication topol-
ogy problem is proposed [9]. MASs’ dynamics in [10][11] are completely known.
Owing to uncertain factors in many real applications, modeling agents with
high accuracy is hard to achieve. The designed containment controllers should
be equipped to adaptive algorithms to deal with uncertainties. In the existing
works [12][13], random disturbances are ignored. Containment control for an
MAS is discussed and a containment control scheme maintaining connectiv-
ity is presented [14]. In [15], authors simplify formation containment control
problems of UAVs and put forward sufficient conditions to keep formation
containment through state transformation and state space decomposition. Be-
sides, [16] presents a singularity-free adaptive fuzzy fixed-time control scheme
by establishing a new error conversion mechanism and designing a barrier Lya-
punov function. By a reinforcement learning algorithm, authors in [17] report
an adaptive fault-tolerant tracking control problem, and they effectively re-
duce the computational burden. In [18], Dong studies a containment control
problem of MASs with time delays. From the viewpoint of the system feed-
back, the above results mainly focus on state feedback control. Nevertheless,
in the real world, it is difficult to measure the internal states directly due to
technological limitations of measurement and economical factors.

Output schemes are feasible solutions for containment control. For the
distribute containment control of high-order nonlinear MASs with a directed
topology, an observer is constructed to estimate unmeasurable state variables,
and an output feedback containment control law is proposed to steer the fol-
lowers’ states converge to a convex hull spanned by leaders’ trajectories [19].
A containment control law based on observer is proposed for nonlinear MASs
with uncertainties [20]. In [21], an uncertain nonlinear strict feedback system
is studied and a fuzzy containment control method with unmeasurable states
is presented.

Apart from time-driven schemes, event-triggered mechanisms [22, 23, 24,
25] are alternative in MAS control. A containment control problem with a
trigger is solved in a directed topology [26]. A kind of triggered mechanisms
determines updated instants, and it effectively saves communication resources
over networks [27, 28]. In the framework of backstepping control, an adap-
tive event-triggered consensus scheme [29] is developed for an MAS with an
undirected graph. An event-triggered containment control strategy of MASs
with external disturbances is studied [30]. For a consensus problem of MASs
with general linear dynamics, a distributed and asynchronous event-triggered
control strategy is proposed [31]. Finite time consensus control for MASs is
reported [32], and a distributed event-triggered control strategy is presented.
A polynomial event-triggered strategy is proposed to determine signal trans-
mission, and a fault detection problem of nonlinear discrete time network
system is addressed under event-triggered mechanism [33]. In [34], an ape-
riodic event-triggered strategy is proposed, and stochastic nonlinear systems
with unmeasurable states are in an undirected graph. Recently, for a class of
output-constrained uncertain nonlinear MASs, authors in [35] present a novel
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adaptive event-triggered control strategy on the basis of observers. In [36],
an event-triggered strategy with a varying threshold is proposed for nonaffine
pure-feedback MASs to reduce communication burdens.

In this paper, we focus attention on a class of stochastic nonlinear MASs
[37, 38]. For unavailable internal states of individual agent, state observers are
constructed, and a triggered strategy is proposed based on a fixed threshold.
The main contributions in this paper are listed as follows.

1) An event-trigger-based containment control strategy is proposed for a
stochastic nonlinear MASs with uncertainties. Different from most existing
results [39][40][41], whose control plants are deterministic MASs, stochastic
nonlinear ones are taken into account here. We are devoted to study the
containment control of stochastic nonlinear MASs based on event-triggered
mechanism, which is more applicable in practice. Only as a triggered condi-
tion is violated, control signal is transmitted via a communication channel.
The control strategy in our paper reduces the resource occupation of network
channels, and the number of data transmission bits over channels is reduced
by this triggered mechanism.

2) A first-order filter is introduced for a stochastic nonlinear MAS with un-
certain dynamics. Unlike [42], this paper studies DSC method for stochastic
nonlinear MASs with completely uncertain dynamics. It avoids explosion of
complexity in backstepping method [43], which needs large amount of calcula-
tion. In our paper, we can complete the complex derivation process by simple
algebraic operation. Also, a compensator is designed for a class of stochastic
nonlinear MASs with uncertain parameters to eliminate the influence of out-
put error which produced by a first-order filter. Compared with the result in
[44], the influence from a containment error is reduced, and the containment
performance of the system is improved in our paper.

The rest of this paper is organized as below. Section 2 introduces problem
formulation and some necessary preliminaries. Section 3 provides the design
of local state observers to deal with unmeasured states and proposes an event-
trigger-based containment control strategy as well as stability analysis. Section
4 gives two simulation examples for verifying the effectiveness of the proposed
control strategy.

2 Problem Formulation and Preliminaries
2.1 System Dynamics

We consider a class of stochastic nonlinear MAS, the dynamic of the ith fol-
lower is given
dzip = (Tigr + fir (Zin) At + gy (2) dws,
Az, = (Wi + fin, (Tin,))dt + gl () dw, (1)
Yi = Ti1,
where i =1,--- N, k=1,--- ,n; — 1, n; is the degree of the ith subsystem,
Tij = [Tig, ,fﬂz‘,j]T ERI, =1, ,ny Ty = [@i1, - ,a:mi]T € R™, and
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Z; ; denotes the state variables of the ith agent, u; € R are the control inputs,
y; € R is the output of the ith agent, w; represents the r-dimensional standard
Brownian motion defined on a complete probability space ({2, F, P) with {2
being a sample space, F' representing a o-field, and P being a probability
measure. f; ;(-) : R — R and g; ;(-) : R™ — R" are unknown, smooth and
bounded nonlinear functions.

Definition 1 Consider a stochastic system
dz (t) = flz (t)]dt + T [z (t)] dw. (2)
For any given V (z) € C?, the differential operator LV is defined as LV =

%—‘t/ + %f + 1Ty {hT %1‘2/ h}, where Tr (A) represents the trace of the matrix

Lemma 1 ([45, 46]) For the stochastic system (2), if there exists a contin-
uwous differentiable Lyapunov function V' such that

LV < —agV + 70, (3)
where ag > 0 and vy > 0, the system is bounded in probability.
Lemma 2 ([47]) For n € R and constant &> 0, the inequality

n
< — - <
0 < |n| — ntanh ( b) <7 (4)
holds, where T = 0.2785.

2.2 Graph Theory

There are N followers, labeled as v1 to vy, and M leaders, labeled as vy 41
to vnym- G = (Vg,eg) represents a communication topology of a directed
graph, where Vg = {v1,v9, -+ ,vam4n} is denoted as a set of nodes, and eg C
Vg x Vg is a directed edge set. A;; = (v4,v;) € €g represents agent j can obtain
information from . The neighbors’ set of v; is defined as N; = {v; [4;; € g }.
Communication topology of a digraph G is represented by an adjacency matrix
A = [a;;] € RWFMXINEM) Hif AL € e is satisfied, a;; > 0, otherwise a;; = 0.
The value of a;; denotes the communication weight from Agent j to Agent
1. Laplacian matrix ¢ of the directed graph G is denoted by ¢ = D — A,
¢ € RIWEM)X(N+M) “where D = diag(dy,--- ,dn4ar) is the in-degree matrix
N+M
of Agent i, and d; = ) aj; is the weighted in-degree. The matrix £ can be
j=1
partitioned as
6 0
{= 5
{OMxN OMXM} 5)

where /1 € RV*¥ is a matrix related to the communication among N followers,

and ly € RY*M denotes the communication relationship from M leaders to
N followers.
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Definition 2 The set A € R™ is said to be convex if for any x1,z2 € A,
B €10,1], and Bxy + (1 — B)xy is also in A. The convex envelope Co(X) for a
set of points X = {x1,x9, - ,z,} is defined as

Oo(X):{Zﬁixi|xieX,ﬁi>O,Zﬁi:1}. (6)

i=1 =1

Assumption 1 There exists at least one leader that holds a directed path to
each follower.

Assumption 2 The leaders’ output signals yr ; € R are smooth functions,
where yr, ; and yr, ; are bounded and can be obtained by ith follower, j € N;.

Lemma 3 ([48]) Under Assumption 1, all eigenvalues of {1 in (5) have pos-
itive real parts. Each entry of —Kl_lfg is monnegative, and each row of —51_162
has a sum equal to 1.

The control objective is to design an event-trigger-based containment con-

trol strategy w; such that inf  El|ly; — h(t)|] < €,Ve > 0, where i =
h(t)eYL (t)

1,2,--- N, YL(t) = Co{yr, n+1(t), -+ ,yr, n+m(t)}, and all signals are bound-
ed in probability. Also, there exists Zeno-free behavior.

~Denoting yr = [yr,N+1,-* ,YL,N+Mm]) ", we obtain yg = [ya,1,- -, yan]’ =
—(flﬁgyL. From Lemma 3, one has yq,;(t) € h(t), i = 1,---, N. Therefore,
the containment control problem is transformed into a tracking issue with one

leader inf  E[||y; — yasll] < e, wherei =1,---, N. The containment errors
h(t)eYL (t)
are defined as Pi = Yi—Yd,i- In VeCtOI‘, P = [ﬁl) T aﬁN]T7 Yy = [Z/hy% T ayN]Tv

and it follows p =y — yq.

Remark 1 In most existing results, an output signal from a controller is ap-
plied to the system often in a continuous manner [49, 50]. This manner is
scheduled regardless of whether system performance is necessary or not. It is
unreasonable as communication resources over a network are limited [51]. It
is a challenge to design a triggered mechanism for saving network resources.

Remark 2 In most cases, system states are not able to measurable or even not
obtained directly [52]. As for unavailable information, it is hard to develop
control methods directly [53]. Thus, a local linear state observer is designed
to deal with the unmeasured states.

3 Observer-based Containment Output Control

An output feedback containment control strategy, including observer and out-
put controller, is presented.
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3.1 Observer Design

A state observer is designed

{xm =i k1 + Lk (Yi — i), (7)
Tin, = ti + lin, (Y — £i1),

where ¢ =1,--- N, k=1,--- ,n; — 1, &; ; is estimation of z; ;, and [; ; is a
positive constant given later, j =1, -+, n,.

The error vector of the observer is defined as
T _ ~
e = [€i1,€i2, " ,€in,| =Ti— Ty (8)

where Z; is the estimation of Z;.
The derivative of e;, according to (1), (7) and (8), is

de; = (Mie; + f;(2:))dt + @] (Z;)dw;, 9)
—lia
- - - - =l In-1 |
where f;(Z;) = [fi1(Zin), - fin, (Tin,)] s My = ) is a n;th-
i, 0+ 0

order matrix, I,,,1 is an identity matrix with (n; — 1)th-order, and ¢;(-) is
the basis function vector. Due to the fact that M; is a Hurwitz matrix, there
exists a positive definite matrix K; = K} satisfying

MIK; + K;M; = —Q; (10)
for a positive matrix Q; = QT .

Remark 3 Indeed, not all choices of /; ; would automatically result in M; being
Hurwitz, and we have to choose [; ; appropriately such that the roots of a
polynomial s™ + li,ls”_l + ... lin,—15 + l; »n, have negative real parts.

N
Choose a Lyapunov function Vo = Y el Kje; for the observer. From (9)
i=1

and (10), one has
N N
LV, < Z {—Amin(Qz’)Hein + 2€iTKz‘fz‘(fi)} + Z {Tr {of Kipi}}, (11)
i=1 i=1

where Apin(Q;) is the minimum eigenvalue of Q);.
From the Young’s inequality and (11), we get

N
2 2 2 1 2 1 2
¥ <= el + 30 U7 el + UG W + 3 NGl + 3 ol
i1

(12)
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where &; = [ei1,- - ,€in,]", € = minjcicny {&} with & = Auin(Q;) — 2, and
W = max{NM Hﬁ;kH k=12, n} with N = o7, i k-
From (12), we cannot obtain stability of the system, thus it is necessary

to design a suitable controller for the MAS, which will be discussed in the
following subsection.

3.2 Controller Design

With the observer in Section 3.1, we next make the following assumption for
controller design.

Assumption 3 The state &2 of the jth follower is available for its neighbor
j satisfying j € Nj.

Define the error surfaces

N N+M
zig =Y ai(yi— )+ Y aiy(yi —yL;), (13)
Jj=1 j=N+1
Zik = Tik — Tk, (14)
where ¢ =1,--- N, k =2,--- ,n;, 2 is the distributed tracking error, and

2; i, is the error surface. Let the virtual control law «; ; pass through a first-
order filter

Tkt 1Ti k41 T Tikt1 = Qg (15)

with m; x4+1(0) = a; £(0), where ¢ = 1,--- N,k = 1,--- ,n; — 1, 0y x4+1 is a
positive constant, and ; j is the output of the first-order filter with virtual
control function as the input.

In order to eliminate the influence of error from the filter, the dynamic
equations of compensators are designed

w1 = —Cinwi1 + diwio+ di(mie — i), (16)
Wik = —CikWik — Wik—1 + Wikl T Ti k1 — Uik, (17)
Win; = —Cin, @ing — Tin—1, (18)

where ¢; 1, ¢ and ¢; , are positive constants, w; 1(0) = 0, w; x(0) = 0 and
Win;(0) =0,k =2,---,n; — 1, and o, are virtual control laws designed in
the following paper. The term for compensation of tracking error is defined as

’Ui,k:Zi,k_wi,kaizla'“7N7k:1a"'7n’i' (19)
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Radial basis function NNs are for approximation of fl (Z; k) = 192 & i, k(

Z;,
8ik(Zik), where Z;p = [xj,27$i,laxi,1a'Ui,lcayLJ] L je N, i =1, N
k=1,--- n; 07, is the ideal constant weight vector defined by

9" —argmm{ sup ’f 19T<,0(Z)‘},
deR! | zen,
with [ > 1 denoting the neural network number and ¢ being the minimum
approximation error.
The virtual control laws are designed as

Qi1 = — d; Zi1 — 2Ti’1Wivi,17 (20)
1 - .
Qi = —CikZik — Zik—1 — = Wivs ks + T4 1, (21)
Tik
with adaptive laws
X ’Y ")/ ~
Wi= 5> ”1+Z : %k—wiWi, (22)

. _ T
where ¢ = 1,2,--+- N, k= 2,--- ,ni, Njjy = &; @i ks Ti,15 Tijk, Vi and A; are
2
;kH ?k: 1327"' 7ni}7 and

(3

positive design parameters, W} = max {Ni,k

W, is estimation of W
The control strategy based on fixed threshold

ui (t) = Xi (tp) , Vt € [tp, tp41) (23)

is presented with

Xi (t) = @in, — mitanh ("ml> (24)
€
and the following event-triggered mechanism
tiprr =nf{t > ¢, [|€; (£)] = mi} tio =0, (25)

where é; (t) = x; (t) — u; (t) represents the error caused by the event-triggered
mechanism (ETM), e;, m; and m; are design positive parameters, m; > m;,
t;p is the triggered instant, ¢; ,11 is determined by (25), and x; (¢;,) holds as
a constant during triggered interval ¢ € [t; ,, i p+1)-

A diagram for control signal transmission is presented in Fig. 1. The initial
value w; (t;0) is transmitted through a network channel after encoding. For
t € [tipstipt1), p=1,2,---, the triggered condition, |é; (t)| > m;, is checked.
Then the digital signal 0/1 will be transmitted according to the event-triggered
condition (ETC). The output of the encoder is transmitted to the decoder

k)t
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through the network channel. And the control signal changes on the basis of
the digital signal received from the decoder accordingly.

i YrjXja| Vi jew,
. iy
|Y)| theith |&® ETC 12,t)  the ith

ETM encoder i controller

| v, | theith |!u | theith

i 7] decoder [; actuator

| |

! ! the ith
: : agent

: the ith network : i 17
| channel 1 the ith

I I

i . observer
I I

I

I

I

I

I

I

I

Fig. 1 A diagram for control signal transmission.

Remark 4 In this paper, the DSC method is used to design the control law. If
the traditional backstepping method is used, the following derivation can be
obtained.

Step 4, 1: Taking the derivative of (13) and with (7), we have

N+M N
dzip = | di(Zi2+eia+ fi1) — Z aiyr,; — Zaij (Zj2+ej2+ fi1) ]| dt
J=N+1 j=1

N
+ diggl dw; + Zaijggl dw;.

j=1
(26)
Step i, 2: Define the error surface
Zi2 = Xi2 — oy 1, (27)
and its derivative is
dZ»L',Q = di’i’g - dOéZ',l. (28)
Then, we can get
Oa;
dOéi’l = ﬁi,ldt + g;l;l @ ’1dwi, (29)

3:2’,;71
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N4M
where 7,1 = >

j=N+1
Thus, one has

Oaq - EIRET 1.7 a1 Oy
oy, YL T o Wi + 29i.19i1 52, + %5, (i2 + fin)-

T 60[1‘71
7,1 -
’ 6331"1

dZi,Q = (77@1 + 53,‘73 + li,g(yi — ﬁ?i,1))dt +g dw;. (30)

From (26) and (30), we can see that the traditional backstepping control
approach essentially suffers from the main problem as explosion of complexity
owing to repeated differentiations of virtual controllers. The strategy in our
paper uses simple algebraic operation instead of complex derivation process.
It introduces a first-order filtering of the virtual control law at each step of the
backstepping design procedure. Also, a compensator is designed to eliminate
the effect from a filter in containment control.

3.3 Stability analysis

Theorem 1 The stochastic MAS is composed of M leaders and N followers.
Under Assumption 1-Assumption 3, the event-triggered control strategy (23)
with the state observer (8) and adaptive law (22) ensures the output of fol-
lowers is in a convexr hull formed by the leaders’ trajectories. The containment
error converges to the neighborhood around the origin in probability with ap-
propriate parameters. All signals in the MAS are bounded in probability, and
there exists Zeno-free behavior.

Proof From (13) and (19), we obtain

Vi1 = 2,1 — Wil

)

N+M

N N+M
= ai(yi—y)+ Y ay(yi—yrL;) — @i (31)
j=1 J=N+1
With (1), the derivative of (31) is
N
dv; = <di (Vig + €2 +ai1+ fi1) +ciimin — Z aij (T2 +ej2+ fi1)— Z @iYL,j
=1 j=N+1
N
+ digiT,ldwi - Z aijgiT,ldwj,
j=1
wheret=1,--- ,N.
For the first subsystem, the Lyapunov function is selected as
1
‘/171 = § i,1 (32)

Jar
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With (32) and Definition 1, one has

N

N
— 1
LV;1 <vi (di(vi,z +eiot+ i+ fin(Zin) —vip) — Uil E ajj — E a;jej2 + C; 151
=1

j=1

i L N
+ idiQQ;ﬂgi,l +3 Z aijg; Z @ij g1
=1 =1

r ~ N N -
where fi1(Zin) = fiq +vin + g 250 aigvin — g 25— @ig(E,2 + fi) —

d% Zjv:’;\%rl ai;Vr,;- From Young’s inequality, the equation can be rewritten as
- = 1
LViy <vig| di(vig + s + fin(Zin) — 5%‘,1) + ¢ (33)

1 1 ol 1 NI
2 2 2
+ §dz‘||€i|| + §||€i\| Zlaij +5di 91911+ 5 Zla?jng,lgj,l' (34)
J= J=

For the kth subsystem, k = 2,--- ,n; — 1, along with (14) and (19), one
has

Vik = Zik — Wik = Lik — Tik — Wi k- (35)

Choose a Lyapunov function V; , = %vfk From the observer (7) and (35), we
have

LV; 1 <v; ('Ui,kJrl + ok + fi,k(Zi,k)_%vi,k + Ci k@i + Wi k-1 — ﬁi,k),
(36)
where fi 1(Zix) = lig(yi — &i1) + %Uz‘,m and [; 1, is a positive constant.
Finally, for the n;th subsystem, one has v;,, = Zin, — Win;, = Tin, —
T n; — Win,, and select a Lyapunov function

_ 1
- 2vi,7li'

Vi, (37)

Within the event-triggered interval ¢ € [t,tx+1), one has |x;(¢) — u;(¢)| <
m; from (25). There exists a time-varying parameter A; such that A;(t;) =
0, Ai(tk+1) = £1, |[Ai(t)| < 1. Then, V¢ € [tg,tgt1), we rewrite the control
strategy

With (7), (14), (24), (37), (38), and Lemma 2, we further get

- - 1
LV‘i,ni Svi,ni (ai,ni + fi,ni (Zz,nl) — 7 Vin; +Ci,niwi,ni + Wimni—1 — Tin; |»

2
- (39)
where f;n, (Zin,) = lin, (Yi — £51) + 3050, + 0.2785¢;.

)
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We choose the following Lyapunov function V' = Vj + Z { 0t WQ}
=1

where Vig = 1 Z Vi, and W; = W — W;. Then, with (34), (36), (39),
0.5d; +0.5+¢; <czl,05d —|—15—|—cZ <o, 2+ <cip, k=3, ,n;—1,1+

¢i < Cin, ) where ¢; > O i=1,---, N, and Young’s inequality vi7kﬁ,k(zi7k) <

1,2
2 lk?+2r Tk sz*+ Tzk+2€zk,0nehas

N
LV <— f—%zazj_ Zd‘|”ez“ +Z
i=1 i=1

1 o 1 20 112 2 1 2
+5 D ikt gdicn + gzeik e + Ml W + 15
k=2

ng 1 5 1
E : 2 2
- iU, . — */\Z‘ ; *di i
C Uz7k 2 Wl + 2 i1

dzgz 19i,1 + = Zazjg],lgj,1+ }gz 19i, 1‘ + )\ W*2:|

j=1

where ¢; is a design parameter. (40) can be rewritten as

LV < -@1V + @a, (40)

N
where €, = min{ % Z(aij +di),min{QciLmin{vj)\j}}, i1=1,---,N,j=

N 74
Lo Q=% {édz—sfl 43 55 bt P+ LWy + S +
i=1
n;
%diri,l + %kz Tik + d gl 19i1 + 5 Z azjgj 1951 T 5 |gz 19ial® + lAiWi*z}-
=2
Now, we prove that the Zeno behav10r will be avoided, i.e., time interval
t* > 0 between any two trigger events that satisfies Vk € z*, tk+1 —tp > t*.
From e; (t) = x; (t) — uz( ), Vt € [tk7tk+1) the time derivative of the
trigger errors e; is given, < |e;| = < (e; * ;)2 = sign(e;)€; < |xi|. From (24),

. Due to the fact that f;(-) is

mzuL n;
=;cosh? (157:”)
continuously differentiable, x; is a continuous function. x; are global bounded,
and there exists a constant k > 0, such that |x;| < k. From e; (t;) = 0 and

. litm ei (t) = m, we can find a constant ¢* satisfying t* > ™, tpq — 5, > t*.
—tk+41

Thus, there exists Zeno-free behavior.
Integrating equation (40) yields

@

1

Xi is obtained x; (t) = dun, —

0 <EV(t) < 5=(1 — exp(—&1t)) + EV(2(0),0). (41)

Then, one has

EV(t) < gj Vit > Ty, (42)
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where Ty = max {0, @% In (%EV(O)) } Then, from (42), the bounds of errors
in the close-loop system are obtained

ZZE [|vzk| } < QQQ V> T, (43)

i=1 k=1

N
1 < |2 Q,
—E i | <2==Vt > T, 44
> e ] <2geve>n =
and
. Q
Z)\min(Ki)E |:||€1H2:| < J,Vt > T7. (45)
i=1 &

The compensation signal w; eventually converges to a compact set ¢, , =
N

{@i1 = (@l l@na]T € RY||@iall < Y &}, where |mi g1 — ain| <
—

1
&, and 0; = min(c¢; ). From (43), it can be seen that v; ;1 is bounded, and the
bound of the error z;1 is ¢z, , = {21»’1 = [|z11], -+, 1zn )T € RY|||zi4] <

Z 6‘ + %Nt > Tl}. From z; = Zly+22yL, one has tlim Hy +l7f1@2yL|‘ <
— — 00
|

N\

. With yg = =07 Yayr, the containment error satisfies ||p|| = ||y — val| <

= S
:r

. Thus, as t > T}, it reveals that

N
= c RN E < _ ti + 71 @2 < 5 } 46
b {p \ o < 3 g+ 1y < "

The proof is completed.

)
=
=

Remark 5 In (10), the eigenvalues of the matrices K;, Q; and MI M; are
recorded as 0 < a1 < ag < -+ < @y, 0 < Bl < BQ < o< Bn,

and a, > hold

B4
2V G n T2
As 7, increases and f31, 3,, remains unchanged, the bounds of the maximum
and minimum eigenvalues of K; decrease. Accordingly, the value of ), tends
to small resulting small size of the compact of the containment error.

0< 01 <0y <0y, respectively. Here, oy >

Remark 6 To show the advantage of the proposed strategy, we calculate the

bound of containment error via traditional DSC approach. E [||p||] < Z ”47
1

[P

T At € = Bl Pl P+ § 5525 el Pl s
F

tional from filter errors in the traditional DSC, and it is not zero in most cases.
In our paper, the bound of containment error converges to a smaller size of
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compact set without the additional term due to the compensator. Compensat-
ing signals leads to a small size of the compact set for closed-loop errors in an
MAS. The advantage of this command filter is generating command signals to
remove the influence from error vectors. In this manner, it indicates that the
containment performance is improved in our paper.

4 Simulation Example
4.1 A Team of Robots

The dynamics of each robot are

where M; is the mass of a robot, B,, and B,, represent damper coeflicients,
and k;q, and kg, are coefficients controlling the transient response.

Let w;1,1 = @i, Ti1,2 = Ti, Ui 1 = Ugy, Ti,2,1 = Yir Tij2,2 = Ui, and u; 2 = Uy,
(47) is rewritten as

d$1,1,1 = fi,l,l(xi,l,h -Ti,l,Z)dt + Ui,l,lxi,l,ldwia

dzi12 = fi1,2(Zia,2, ui1)dt + 041,024 1 2dw;,

dzio1 = fiea (@i, Ti22)dt + 04212 2,1dw;, (48)
dzi 22 = fi2.2(Zi2.2,ui2)dt + 042 97 2 odw;,

Yi1l = Ti1,1,

Yi2 = Ti2.1,

where 0;1.1,0i,1,2,0i2,1,0;,22 are design parameters, y; 1, y; 2 are coordinates
- _ T = _ T

of the followers, Z; 19 = [®i1,1,%i12]", Tig2 = [Ti2,1,Ti22]", i and w9

are control inputs,

fi,1,1($i,1,1,$i,1,2
fin2(Zi12,uin)
fi,2,1(xi,2,17 £,2,2
fi2,2(Zi22,ui2)

= ;1,25
[—(Ba; + kga,)win,2 + uinl/Mi,
= 4,2,2,

[_(Byi + kydi)y’i,l,Q + ui,ZVMi7

—

i=1,2,3, M; =1, By, = By, = 1, and kya, = kya, = 9.

The leaders’ trajectories are chosen as yr, 4 = [t,sin(t/2)]7, yr 5 = [0.8¢ — 0.5,sin(¢/2)]7,

yr.6 = [0.8t —0.5,sin(¢/3) — 0.5]T, yr 7 = [t,sin(t/3) — 0.5]T. Initial states are
.231,1(0) = [0.1,0]T, l‘271(0) = [O.I,O]T, $371(0) = [O.I,O]T, ],‘172(0) = [O.Z,O]T,
722(0) = [0.05,0]7, 232(0) = [0.3,0]T. The triggered threshold of each agent is
0.5. The parameters of the first-order filter, observer, adaptive law and control
law are selected as Zi,l,l = li’g’l = ].O7 li71’2 = li72’2 = 150, 012 =022 = 0.1,
1,110 = 10, ¢c112 = €212 = C122 = €322 = 5, €211 = €121 = €321 = 15,
c3,1,0 =20, ¢312 =25, c22,1 =45, 222 =35, 11 =12 =15, ;1 =Vi2 =1,
Ai =1, where i = 1,2, 3.
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The directed network topology for the MAS is shown in Fig.2, and the sim-
ulation results are shown in Fig.2-Fig.7. Table.1 records the followers’ event-
triggered number in the Y-axis direction. It can be seen that, with the event-
triggered mechanism, the triggered number is much less than that without
time-triggered one. The containment performance is shown in Fig.3, and, at
three different times ¢t = 4s,12s,25s, it can be seen that the output of the
followers can be well maintained in the convex hull formed by the leaders.
Fig.4 and Fig.5 show the event-triggered instants of three agents at X- and
Y-axis directions respectively. In Fig.6 and Fig.7, the adaptive parameters of
three followers are presented, respectively.

Fig. 2 Communication topology in Example A.

Table 1 Comparison of triggered number in Y-axis direction.

Strategy Follower | Triggered Number
1 215
Event-triggered Strategy 2 549
3 255
Time-triggered Strategy | 1&2&3 30005
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Coordinates of three agents in Y-axis direction

. .
0 5 10 15 20 25 30
Coordinates of three agents in X-axis direction

Fig. 3 Outputs of the three followers and the containment range at different instants t =
4s,12s, 25s.
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0 5 10 15 20 25 30
Time(Sec)

Fig. 4 Triggered instant at X-axis direction.
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Fig. 5 Triggered instant at Y-axis direction.
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Fig. 6 The adaptive law at X-axis direction.
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Fig. 7 The adaptive law at Y-axis direction.

4.2 A Numerical Example

Consider the following dynamics of the ith follower

d(EiJ = (l’i72 =+ 1'2"1(1 — sin(xiyl))2)dt -+ 0.5 COS(ZL’Ll)dU}i,
da; o = (u; — 3.5250 + @127 5)dt + 0.1 1 sin(22; 124 2)dw, (50)
Yi = Ti1,

where i = 1,2,3,4, x; 1,2, 2 are state variables, and y; is follower’s output. A
communication topology is shown in Fig.8. Two leaders’ outputs are selected as
yr,a = sin(t), yr 5 = 0.2(sin(t) +sin(0.5¢)). Parameters are chosen as I; 1 = 10,
li72 = 150, 05,2 = 0.1, C1,1 = 35, C12 = C22 = 25, Co1 — 45, C31 — 20, C32 — 35,
Ti1 =Ti2 = 15, Yi, 1 = Yi,2 = 1, )\,L' = 1, where 7 = 1,2,3,4.

The simulation results are given in Fig.9-Fig.21. The red and orange lines
in Fig.9 represent the outputs of the two leaders, respectively. It indicates
that the control strategy governs the MAS with satisfied performance. It can
be seen that the observers work well from Fig.11-Fig.13. Fig.14 represents
the adaptive laws of three agents. Fig.15 shows the event-triggered instant
of three agents. In Fig.16-Fig.18, the relationship between the trigger error
and the threshold values is given, and the triggered thresholds are 0.2, 0.8
and 1.2, respectively. The bar chart shows the corresponding number of event-
triggered in Fig.19. It can be concluded that, as the threshold scales down,
this mechanism results in more triggered number. Fig.20 is the comparison of
containment error with or without compensation signal. It can be seen that
the containment error of the follower with compensator is smaller than the
value without compensation signal. Table.2 lists three cases of parameters c; ;
and c; 2, and Fig.21 shows the comparison of containment error in the three
cases. With the increase of parameters ¢1 1 and ¢1,2, €1 in (46), the size of the
compact of the containment error becomes smaller.
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Fig. 8 Communication topology in Example B.
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Fig. 9 Output of three followers and two leaders.
Table 2 Cases of c1,1 and ¢1,2.
Case Parameters

1 C1,1 = 25,01’2 =5

2 C11 = 45, C12 = 15

3 C1,1 = 65, C12 = 25
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Fig. 10 Control inputs u;, ¢ = 1,2, 3.

Fig. 11 States and their estimations for Follower 1.
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Fig. 12 States and their estimations for Follower 2.

0 5 10 15 20 25 30

Fig. 13 States and their estimations for Follower 3.
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Fig. 14 Adaptive parameters.

Fy

s

4 6 8 10
Time(Sec)

Fig. 15 Triggered instants of the three followers.
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Fig. 20 Performance comparison of 1st follower with/without compensator.
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Fig. 21 Containment error with different parameters c;.

5 Conclusion

A containment control strategy is proposed for a class of stochastic nonlinear
MASSs based on event-triggered with fixed threshold. For unknown states of the
MAS, state observers are designed to reconstruct internal information. DSC
technology is used to improve the strategy of backstepping, and NNs estimate
unmodeled dynamics. For the purpose of reducing the resource occupation
of the network channel, an event-triggered strategy with fixed threshold is
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designed to reduce the number of data transmission bits over the network
channel. A Lyapunov function is developed to prove that all signals in the
MASSs are bounded in probability. The proposed control strategy is on the
basis of fixed thresholds, where the threshold holds constant regardless of the
magnitude of the control signal. This indicates that the result established in
this paper is still far from a full investigation on the relation between triggered
number and relative threshold as well as stochastic dynamics in individual
followers, which is, therefore, worth our further research in the future.
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