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Abstract. This paper investigates the event-based prescribed perfor-
mance fuzzy adaptive containment control problem for multi-agent sys-
tems with unknown control direction and sensor faults. In the proposed
control strategy, the tracking error can converge to the prescribed bound-
ary by designing a performance function. An adaptive faults compensa-
tion scheme is introduced to handle sensor faults. In addition, the tech-
nology of Nussbaum-type function is employed to cope with the difficulty
of unknown control gains. Moreover, by utilizing the Lyapunov stability
theory, it is proven that the developed control method can ensure all
the signals of closed-loop system are semi-globally uniformly ultimately
bounded. Finally, the effectiveness of the developed strategy is verified
by some simulation results.
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1 Introduction

During the recent decades, containment control has received considerable atten-
tion for multi-agent systems (MASs) [1-4]. In [1], a containment control protocol
of semi-markovian MASs was proposed. The works in [2] and [3] studied the dis-
tributed containment control issues of nonlinear MASs with full state constraints
and input quantization, respectively. Li et al. in [4] proposed an adaptive finite-
time containment control protocol for a class of MASs with input delay.
However, in practical applications, it is noting that the sensors of agents
may undergo faults during operation, which will lead to the loss of information
and may bring severe destruction to the performance of systems. Thus, how
to solve the adaptive containment control issue of uncertain MASs subject to
sensor faults is a nontrivial problem. Fortunately, Wu et al. in [5] designed a
bipartite containment control protocol for stochastic MASs with sensor faults
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and dead zone. In [6], Cao et al. designed an adaptive neural networks com-
pensation controller to settle the problem of sensor faults. In addition, since the
prescribed performance control method can improve the transient performance
of the system, Li et al. [7] studied the nontriangular structure nonlinear system
with prescribed performance and obtained a better simulation result. Thus, how
to extend the prescribed performance control approach to the MASs subject to
sensor faults is a significant topic.

On the other hand, event-triggered control method has huge advantages in
decreasing signal transmission and computational resources. For instance, Ni
et al. in [8] studied the event-triggered consensus tracking problem on directed
graphs for high-order MASs. In [9], the containment control issue was researched
for strict-feedback MASs with event-triggered mechanism.

Motivated by the aforementioned observations, this paper develops an event-
based adaptive fuzzy containment control scheme for MASs subject to sensor
faults and prescribed performance. The advantages of our work are listed as
follows: (i) By combining the adaptive compensation control scheme with pre-
scribed performance control scheme, an adaptive fuzzy containment control app-
roach for nonlinear MASs with sensor faults is developed, which can achieve the
better transient performance. (ii) By applying the technique of command-filter
with backstepping control strategy, the problem of “complexity explosion” result
from the derivatives of virtual controllers are settled.

2 Preliminaries and Problem Formulation

2.1 Graph Theory

The information interchange between followers and leaders is expressed by a
graph G = (H, X) with a node set H = {ni, ng,...,nyxya} and an edge set

= {(n4, n;) € H x H}. Nodes numbered 1,..., N donate the followers, and
nodes numbered N+1,..., N+ M donate the leaders. The adjacency matrix A =
[ai;] € RNFM)X(NEM) “where a;; = 1, if (ni,n;) € X, otherwise, a;; = 0. (n,

n;) € X expresses that agent i can get message from agent ] L= [l;;] donates
the Laplacian matrix with £ = D — A. The degree matrix D = diag{d;, ...dn}

with d; = >_.cn, aij-

2.2 Problem Formulation

Consider nonlinear MASs with sensor faults consisting of N followers, which can
be described as

C.Ei,m = Tim+1 + fi,m(li,m)?
n = b + fin(z; ), (1)
Yi = gi(xi,l)a
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where z; ,, = (i1, eonTim)T €R™ (i=1,..,N, m=1,..,n) ,u; € R, y; € R
are the systems states, the control inputs and the system outputs, respectively.
fi,m(-) are unknown smooth nonlinear functions, and b; is an unknown constant.

Similar to [10], the sensor fault model is described as g;(x;1) = v;(t)x;1 +
1;i(t), where the unknown parameters ¥; min denotes the minimum sensor effec-
tiveness and satisfies v;(t) € [0 min, 1], and ¢; denotes its accuracy coefficient
which satisfies ¢;(t) € [—7;,7;], where 7; > 0. In addition, the different cases of
sensor faults are also same as [10].

Let h; s = (vi(t) — 1)ai1 + ¢i(t). We have y; = 2,1 + h; 5. The derivative of
1y; is presented as

Ui = (ti,l + hi,psa (2)

with hi,ps = ili7s.

Prescribed Performance. Prescribed performance and the containment error
;1 (t) are described in [11], and the containment error can be constrained as

_O'liCi(t) < éi,l (t) < U2i<i(t)7 Vit > 0, (3)

where o1; > 0 and o9; < 1 are constants. (;(t) is strictly decreasing continuous
function with boundary when time function limits to infinity tknoog (t) = Gioo(t)
(Cioo(t) > 0). For a given performance function (;(t), there is an initial value
¢i (0) which satisfies —01;¢;(0) < ;1 (0) < 02;¢;(0), and ¢;(¢) is chosen as ¢;(t) =
(Cio—Cico)e Yt +Cino, VE =0, where b; > 0 is the convergence rate of £; ;. Under
steady states condition, the maximum allowable values of ¢; 1 are (oo > 0 and
Clo(t) > Czoo(t) > 0.

The transformed error is expressed as x; 1 = {2; ! (eczl(g)), then, by differen-

tiating x; 1, one obtains
Xi1 =Ti (@,1 - éi(t)fm/éi(t)) : (4)

where 7; = 1/2¢(t) (1/(927 1 (1) + 013) — 1/(£2;7 " — 02:)) -

Proposition 1. The coordinate transformation for the prescribed performance
Xi,1 s bounded for all t > 0.

Lemma 1 [12]. If the transformed error x; 1 is bounded, then all t > 0 satisfies
the prescribed performance of the error surface ¢; 1, that is, (8) is satisfied.

Event-Triggered Control Strategy. The event-based control scheme is pro-
posed to decrease the waste of unnecessary interactive information resources.
The designed event-triggered strategy [6] is described by

ui(t) = wi(tik), Yt € [tik, tikt1), (5)
ti,k+1 = inf{t > ti)kHlﬂji(t)‘ Z Vi|wi(t)| + Gi}, (6)
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where w; (t) represents the transition continuous control law. ;(t) = w;(t) —u;(¢),
0 <v; <1ande >0 are design parameters. t; ., k € Z* represents the input
update time. The control signal w;(t; p+1) transmits to the actuator when the
condition (6) is triggered.

u; is written as

wi(t) = pi(t)e:

0= T,

; (7)

where |} (t)] <1 and |p2(t)] < 1.
In order to solve the issue of unknown control direction, we use the
Nussbaum-type function similar to [12].

Lemma 2 [13]. Suppose that V (t) > 0 and N(n;) are smooth functions designed
on [0,ty). If V(t) < S+ fot (ﬁiN(m)n'i + ﬁi)eWTdT holds, then V (t), n; and

fot (ﬁiN(m)m—i—m)eWTdT are bounded on [0,tr), where S and w are nonnegative

constants, B; # 0 is a constant.

Lemma 3 [14]. Let the continuous function f(-) be designed as a compact set (2,
and there exists a constant e > 0. The fuzzy-logic systems (FLSs) are designed as
sup | f(z) — WT(x)| < e, where W is the ideal constant weight vector, p(z) > 0
zeN

1s the basis function vector.

Furthermore, the constant 6; ,, and ©; 1 can be defined as 6; ,, = || Wi m ||,
Oi1 = | Wips |I> (i = 1,...,N, m = 1,...,n), where 6;,, and 6, are
unknown positive constants since W; ,,, and W; ,,s are unknown. émn = Gim—éiw
and éi,l =061 — @A“ are the estimation errors, where élm and éz‘,l are the
estimations of 6; ,,, and ©; 1, respectively.

2.3 Adaptive Fuzzy Event-Triggered Containment Control

Select the coordinate transformation as

N N+M
o= ai(yi—y)+ D aulyi — ), (®)
j=1 I=N+1
Ei,m = Ti,m — Oim, (9)
Ziom = Oim — Qim—1, M =2,...,M, (10)

where ¥; ,, 0i m, 2i m and o ,,—1 are virtual error surface, first-order filter output
signal, filtering error and virtual control signal, respectively.

The first-order filter is defined to cope with the problem of “explosion of
complexity”, which can be defined as

Si,mOim + 0im = Qi m—1, 0im(0) = im—-1(0), (11)
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where ; ,,, is a positive design parameter. According to (10) and (11), it can be

summarized as 0; ,, = — ==, then
i,m
i = —2H™ 0 12
Zim = — + i,m('); ( )
§7,',m
where M; () = —&i,m—1 is a continuous function.

Step 1. Construct Lyapunov function as

2 N2 2
Xi1 01,1 @m

Vi, = 2ul L T 13
ol 2 271 27201 (13)
where 1,1 and 2,1 are positive design parameters.
By combining (1), (2), (4), (8) and (13), we get
N+M
Via < xiari(di(lio + zio + a41) — Z ;T2 + Fi1+ Fps — Z aijYid
j=1 I=N+1
_ Gi(t)iq B 0:10; 1 B 0161 (14)

Gi(t) Y1i,1 Y2i,1

N N
where Fy 1 = d; fi(z;1) =D 25 aigfia(z;q), and F ps = dihips —> 52 aijhps.
By combining Young’s inequality and FLSs, we get

02, + 22
Xiaridi(lio + zi2) < X3 rid? + 222 5 L2
2 .2 T 2 2 2 2
XiiTi 0w (Xi)pi1(Xin)  Xiami  Pin o Eia
) F < ) 9 9 ) B ,
Xl,lr’b i,1 2p742’1 + 2 + 2 + 2
2 .2 T ) ) 2 2 2 2
XiaTiFpsi < Xi1Ts 91,1%,115(Xi,ps)%,ps(Xz,ps) 4 Xi,2lri n piéps n 51‘,21357

Di ps

where p;1, pips, €51 and €;,s are nonnegative constants, <p11(X 1) and
@i ps(Xi ps) are fuzzy basis function vectors with X; 1 = [z sz T3 17 and X; ps =

[xg:ps’ xIps]T
Design the virtual control law and adaptive laws as
N N+M
1 .¢ t)L
;1 = d( 31X +X1 17"1 Zamx32+X2 17 — Z al]yld C(.g )11
i T =1 I=N+1 '
Xi,lTiéi,lwzl(X¢,1)<,0i,1(X¢,1) 5 Xi,lriéi,lﬂﬁzl(Xi,l)@i,l(Xi,l)
+ 5 2pi, + 5 )s
21%,1 2pi,ps
(15)
: Xiariei(Xin)ein(Xin) N
01 =714,1( 5 —01i,105,1),
2p34
2 .2.T
2 corspr (X i s (X R
i1 =’Y2¢,1(X1’1 : %’m(;éps)%’ps( is) —02i10i1), (16)
Dips

where ¢; 1, 01;,1 and d2;,1 are positive constants to be designed.
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From (15) and (16), Vi1 becomes

. E + zf . -~ .
Via < % - Ci,1X12,1 +014,103,105,1 + 6251051051
2 2 2 2
Pi1 | €1 Pips | Eips
—= : : 22 17
+ 2 + 2 + 2 + 2 (17)

Step m. The Lyapunov function is chosen as

2 2 22

7,m + 7,m + 'L,m7 18
2 271i,m 2 ( )

Vvi,m: i,m— 1+

where 14, is a positive design constant.
By differentiating V; ,,, it yields that

. . ) 0; m0;
Vti,m S Vti,mfl + gi,m(£i,m+1 + Zi,m+1 + QG m+1 + fi,m(&i,m) - Oi,m) - %
li,m
z
2 (= 2 M), (19)
§i,m
Design the virtual control law and adaptive law as
oo p Bl bl Pl (L) Pim (L) (20)
i,m 1, mti,m 2 2p127m )
; O Pt (Zi ) Qi (Zi ) 5
Hi,m :’Yli,m( L LT Z’Tg pmasm 6i,m9z’,m)a (21)
2p1’,m
then, one has
m+1 m+1
+ 2 627(1

— Cq, 1X7, 1 — Zcz,qel q + Zdlz,qe ,qu q + 621 1@1 1@1 1

Vin <) 2224
QZQ Z q=2 gq=1
Zi,q mp? i, pzs s
P 3 B ma0) s S B e @
q=2 na

where ¢; p, 0i.m, Pi,m and &; ,, are nonnegative design parameters.

Step n. Construct the following Lyapunov function as

% 6? 22

V;n:‘/;n in in z7n7 23
: Py T, T (23)

where v1; , > 0 is a design parameter.
From (12) and (23), the derivative of V; ,, becomes

Vi < Vit 4 b (bits + fin () - on)—w+zn(—2+Mn())
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Design the transition continuous control law and adaptive law as

linm Cinin i€
wi = N ) (L uhvi) (comlin + 5% = Gy + it — S HEG) - (25)
2 2p7, 1+ ply;
. E?n 62 01 n(pz n(gz n)L)OZ n(@l n) . Ezn 262’
i :Ci,ngzzn + -+ - éivnoian - %’ (26)
So2 207 L+ pjvg
5 G ol (@) Pin (2.1) ;
91 _ i n( L,nri,n\=,n ) —,n _ 6 i noz n>’ 27
; Y1 2p?’n 1z, ) ( )
where ¢; p, 52»’”7 pin and €;, are nonnegative constants.
Based on (7) and (24)—(27), one can obtain
y - ZQ,q pz,q
Vvi,n S Z 2 + b N(nl>nz + 7h Cz 1X7, 1 Zcz,qu q + Zélz,qe ,qe i,q + Z
q=2 q=2 q=1 q=1
pl S 7, S 1
+Z 11911+ 717 P Zzlq( gq+Mlq())
i,q
(28)

3 Stability Analysis

Theorem 1. Considering the controlled MASs subject to sensor faults and
unknown nonlinearities (1), all signals in the system are semi-globally uniformly
ultimately bounded (SGUUB), and all followers can converge to the convex hull
constituted by multiple leaders.
2
Proof. Based on Young’s inequality, it yields that 6; ’q9 < 9"7"1 -
o7 ei, _ 6y 2o M7 4 ()
-, 92"1_91‘,1 < St - S, ZigMig() < e 4 2, and there is
a scalar M; ,(-) > 0 that satisfies |M; 4(- )| < M, 4(4).
Then, construct the Lyapunov function as

N n
vy,

i=1 gq=1

From (28) and Youngs inequality, the derivative of V' is computed as

o P e
V< Z(b N(nz)nz + "71 Ci, 1Xz 1 Zcz,q i.q Z(slz,q 9 621 1 2’

+iziq<—1+Mf;(.)+;>+%>, (29)
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2
1 M7, () 1

The design parameter is chosen as —— — —4— — 5 > 0. Let w =
—2 . q
2 min {Ci,q7 % - M%q()%7 51’i,q7 62i,1}7 then7
N
Vo< > (N + i) — =V + 9, (30)
i=1

N
where ¥ = > ;.
i=1
Multiplying (30) by e®* and integrating on the interval [0,t), it yields

V(t) < %

N t
+V(0)+e Z:/o (biN(m)f?i + fh‘) eTdr. (31)

According to Lemma 2, we obtain V'(¢), n; and fot (biN(m)r']i + 7'71,) e Tdr are

bounded on [0,tf), and X;1, lim (M = 2,--- ,n), éi,m and éz‘,l are bounded.
Therefore, all signals of the closed-loop system are SGUUB. According to x;(t) =
w;(t) — u;(t) for Vt € [t*, tr11), we obtain 4 |r;| = & (k; * k)2 = sign(k)i; <
|wi|. Since all signals in the system are bounded, there exist a constant g; > 0
satisfying |w;| < 0;. For k;(tz) = 0 and lim;—; ., ki(t) = €;, the lower bound
t* > < of the time intervals events can be obtained, thus, the Zeno behavior
can be avoided.

4 Simulation Results

Ezample 1. Choose MASs (Fig. 1) with sensor fault as

Eig = xip 4 @7 sin(z ),
Zi0 = bju; + x;28in(w; 1), (32)
Yi = Ti1 + R s

Fig. 1. Communication topology.

The leaders’ trajectories are defined as

ysa = 0.1 —exp (—t),
Yea = 0.1sin(t + 1.5) — 0.1.



302 Y. Wang et al.

1

0.5

0 =>x

_0.5}F 4

L
20 25 30

.
15
Time(Sec)
a)
3 - - -
2
2 —mmm | A
Ca1
1= s -
OF SR T Tsuse———eeeee———————e —— =]
S i
2k i
3 . .
o 5 10 15 20 25 30
Time(Sec)
(b)

Fig. 2. (a) The outputs of leaders and followers (b) Containment errors limited in the
prescribed performance bounds.

Select design parameters as [c11, ¢21, ¢3.1, ca.1]7 = [0.07, 0.11, 0.04, 0.1]7,
[ca1, €22, €32, cap]” = [0.06, 0.5, 0.08, 0.1]7, p;1 = pi2 = 50, pips = 52,
[Vl, Vo, Vs, V4}T = [0.5, 0.65, 0.1, O.OQ]T, /L% = 0.01, M% = 1, (512"1 = 621')1 =
40, 6152 = 35, &5 = 0.15, y151 = 72 = 20, 251 = 50, ;2 = 0.3, by = 2,
and the initial parameters are define as 0. Design the performance function as
Gi(t) = (9.5 — 1.7)e %46t + 1.7, where o1; = 0.08 and oq; = 0.09. Figure 2(a)
represents that the trajectories of all followers can reach the convex formed
by leaders, and (b) presents the containment errors limited in the prescribed
performance bounds. The trajectories and release instants of control signals are
shown in Fig.3. In addition, the sampling time is chosen as 0.01s, compared
with the time-triggered method, the proposed event-triggered method can save
communication resources effectively.
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Fig. 3. (a) Curves of control signals u; (b) Release instants of w;.
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Conclusion

This paper has investigated an adaptive event-triggered containment control
method for MASs subject to sensor faults. The adaptive faults compensation con-
trol technology has been used to handle the sensor faults. FLSs and Nussbaum-
type function have been employed to cope with unknown nonlinearities and
unknown control directions, respectively. Finally, some simulation results have
been presented to verify the availability of the devised control strategy.
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