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Event-Triggered Adaptive Fault-Tolerant Control
for Linear Multi-Agent Systems with Actuator
Faults and Time Delays

Meng Li, Libing Wu*

Abstract—This paper solves the cooperative fault-tolerant
control (CFTC) issue for linear multi-agent systems (MASs)
with actuator faults and state delays. First, in view of the
difficulties existing in the system such as actuator failure and
compound interference, an adaptive fault-tolerant controller
and the corresponding parameter updating laws are designed.
Then, state delays in the systems are eliminated by com-
bining Lyapunov-Krasovskii functional (LKF) and the Young
inequality. In addition, an event-triggered strategy is proposed
according to system characteristics, which greatly reduces the
communication resources consumption. It is proved that the
designed control scheme ensures that the closed-loop signals are
uniformly bounded, and the tracking errors of all subsystems
steadily converge to zero. Finally, the simulation results assess
the feasibility of the control strategy.

Index Terms—Multi-agent systems, Event-triggered strategy,
State delays, Cooperative fault-tolerant control, Actuator faults

I. INTRODUCTION

ULTI-AGENT systems with autonomy, distribution
and coordination capacities have become a frontier
area of control research in the last few years. It has broad
application prospects in numerous domains, such as satellite
flight [1], wireless sensor networks [2], and traffic control
[3], which have been intensively researched by numerous
scholars in recent years. However, actuator failures will
inevitably occur due to the large scale of MASs, thereby
seriously affecting the security and stability of the system.
Based on the aforementioned problems, various techniques,
including fault compensation, fault estimation and isolation
have been presented to realize fault-tolerant control (FTC) of
the system. For instance, adaptive fault-tolerant controllers
in [4]-[6] were proposed to compensate for actuator faults
and parameter uncertainties. The work in [7] considered the
convergence fault estimation of the system based on the
convergence theorem of the average estimation sequence of
differential equations. Additionally, the static compensation
decoupling method in [8] was frequently employed to tackle
the issue of multiple fault detection in linear systems.
It should be noted that the signals from the controller in the
above results were constantly updated, which wasted a lot of
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communication resources and increased computational effort.
Thus, event-triggered mechanisms were widely employed in
control systems [9]-[10]. According to the different control
inputs, three different updating strategies were given to han-
dle non-deterministic nonlinear systems [11]. Furthermore,
event-triggered mechanisms have also been applied to MASs
with leaderless [12] and those with leader following [13].
On this basis, an event-driven distributed adaptive control
method was introduced for a distributed MAS [14], and
the given protocol was completely distributed and scalable,
and moreover, it was completely independent of any global
information regarding the network topology. In the following
study, the authors generalized the event-triggered mechanism
to a discrete random system [15]-[16] with input nonlinearity
by applying relaxation matrix variables, filter transfer func-
tions and other methods. It is important to note that despite
the existence of some academic findings on event-triggered
mechanisms, these results did not address the impact of time
delays on system stability.

In fact, time delays widely exist in practical control sys-
tems. The research results indicate that time-varying delays
can seriously affect the safety and stability of control sys-
tems. Consequently, the studies on linear time-varying delay
systems have yielded considerable results in recent years. It
is well known that LKF is a useful means of ensuring the sta-
bility of time delays systems [17]. However, for satisfying the
system stability condition, the LKF method usually requires
a more conservative estimation of the dynamic characteristic
of the system. For this reason, many effective methods have
been proposed to obtain less conservative stability condi-
tions. Specifically, the approaches of augmented Lyapunov
functional and Wirtinger-type inequalities were applied in
[18]-[19]. Besides, the estimation of time-varying delays in
linear systems was considered in [20] based on two different
strategies, including mutual convexity methods and integral
inequalities, and there were also results for interval time-
varying delays systems [21]-[22], which gave strategies for
delay range partitioning (DRP). Although the methods for
dealing with time-varying delays are very mature, relatively
little work has been done in MASs, especially when actuator
failures that are common in the system need to be considered
simultaneously. Thus motivating our current investigation.

Inspired by the above discussion, to quickly resolve dif-
ficulties such as actuator failures and time-varying delays,
while avoiding continuous updating of signals, we propose an
effective CFTC scheme. In addition, compared with results
already available, the main contributions made are organized
as follows:

1) This paper extends the control system [4] and [7]
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to MASs by using relevant state information passed by
neighboring nodes. The presented CFTC strategy aims to
incorporate the corresponding parameter updating laws to
compensate for unknown fault disturbances, thus achieving
the boundedness of closed-loop signals and make the error
of each subsystem gradually converge to zero.

2) Different from the conventional strategy in [4], [5], [6],
the ETC protocol is proposed to minimize the computational
requirements of the communication process, and the Zeno
behavior can be effectively avoided.

3) Compared to FTC methods in [4], [5] and [17], this
article also studies the negative influence of state time-
varying delays on MASs. By invoking LKF and designing the
corresponding adaptive cooperative controller, the problem
of poor dynamic performance caused by time delays is
effectively solved.

This paper is organized as follows. Section II presents
the graph theory of MASs, some basic assumptions and
the devising of fault-tolerant controller. Next, the feasibility
analysis of the given control strategy is presented in Section
III. An illustrative example is given in Section IV. Finally,
Section V draws the conclusion.

II. PROBLEM STATEMENT AND PRELIMINARIES
A. Graph Theory

Let G(9,J,.A) represent a directed graph with N nodes
¥ = {v1,v9,...,un}. where J C ¥ x 9 refers to a group of
edges, and the associated adjacency matrix is denoted by
A = [ry;] € RY*N. When G is undirected, the matrix
A is symmetric. If node ¢ and node j can communicate
information, then r;; > 0, or else, r;; = 0. In particular,
when r;; = rj; for any v;,v; € 9, it indicates that at least
one path exists, that is, the graph G is undirectedly connected.
The degree matrix S is defined as S = diag(s;) € RV*N
with s; = Zjvzl T35, S0 the Laplace matrix is formulated as
L = § — A. Furthermore, F = diag(r10,720,---,7N0) 1S
the leader adjacency matrix, where ;9 > 0 if node v; is able
to acquire leader information, or else, r;0 = 0.

B. Problem Statement

Consider the following MASs with a leader, and the
dynamics of the leader is represented as

do(t) = Awo(t) (1)

where xo(t) € R" denote the state of the leader.
Furthermore, the dynamic equation for agent ¢ is given by

.i‘i (t) ZAJ’Z (t) + dei (t) + B (u,‘ (t) + usi(t))
+B7—$i(t—7'i(t)), i:1,2,~-~ ,N

where the states of the follower and the actuator input for
later design are represented by z;(t) € R™ and u,;(t) € R™,
ug;(t) € R™ indicates the unknown actuator stuck fault,
di(t) € R! stands for unknown interference. In particular,
both wug;(t) and d;(t) are bounded. A, B, By and B, are
defined as coefficient matrices with appropriate dimensions.
Then, we set

2)

B, = BG, B, = BF 3)

where G, F are denoted as known constant matrices. Further-
more, the time-varying delays 7;(¢) meet 0 < 7;(t) < 77,

7i(t) < 7 < 1,8 = 1,2,...,N, and z;(t) = ¢;(t),
t € [—75,0] represents the initial condition, in which
75 = maxi<i<n {7}

Remark 1. Notably, the FTC issue presented in [5] failed
to take into account the impact of state time-varying delays
on MASs. Meanwhile, continuous signal updates will also
impose a significant overload on the system.

C. Communication Topology and Basic Assumptions

Assuming that the controller design can only use the
state information of adjacent subsystems, the neighborhood
tracking error of the ith follower e;(¢) is denoted as

e;(t) = Z aij(zi(t) — x;(t)) + gi(wi(t) — z0(t)) 4)
JEN;

Next, for the convenience of subsequent discussions, we
introduce the following basic Assumptions and Lemmas:

Assumption 1 [23]: Suppose that the graph G is undirect-
edly and connected, then it can be shown that at least one
follower (2) gets signals from the leader (1).

Lemma 1 [23]: Assume that Assumption 1 is valid.
Consequently, the matrix H = £ + G is positive definite.

Since only certain agents possess access to the leader
dynamics, the ultimate control objective of this article is
to propose a CFTC strategy with the help of local state
information about neighboring nodes. Even if state delays,
actuator failures and external interferences occur during
system operation, all follower states can asymptotically track
the leader, that is to say, lim; o || () — zo(t)]| = 0, for
1=1,2,...,N.

Assumption 2 [5]: Stuck faults and external disturbances
are both bounded continuous functions, which means that
HU’SZH < Ugi and ||dz(t)|| < Czi, L= 1,2, .. .,N.

Lemma 2 [5]: There is a positive constant y; such that

|e PBBT Pe;|| > ;||e7 PB|” ©)

Remark 2: It is clear at this point that Assumption 1 and
Lemma 1 are standard, that is, the leader is the source of
information for all nodes. Besides, Assumption 2 indicates
that the external disturbances and stuck faults to each agent
are bounded. Finally, Lemma 2 provides an inequality scaling
condition for system stability.

Furthermore, choosing an appropriate positive definite
matrix P makes it satisfy the Riccati inequality

1
AP+ PA—2¢\;,PBBTP + BIn <0 (6)

where \; represents the ith eigenvalue of L + G, 8 is a
positive design constant.

Proof: Inspired by Wang et al. [5], there exists a solution
P > 0 that makes (7) holds

ATP+PA+Q—-PBBTP=0 @)

where Q € R™*™ denotes the positive definite matrix.
In particular, we define \; for ¢ = 1,2,..., N meeting
0 <A <Xy <---<Apn, and one can obtain

A"P+ PA—2c\;PBB"P=—-Q— (2c\;— 1)PBB" P
(®)
Thus, inequality (5) is guaranteed to be satisfied by select-
ing a constant ¢ greater than zero such that ¢ > % and a
sufficiently large constant 8. Then, the proof is completed.
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D. Event-Triggered Adaptive Fault-Tolerant Control Design

Within this section, the collaborative fault-tolerant con-
troller is described as

O(,‘(t) = (CKO + Kﬂ(t) + KiQ(t)) ei(t) 9

where c indicates the coupling strength and ¢ >
Set the following event-triggered mechanism

u; (t) = oy (tx) , Vt € [ti, try1)
= inf {t €RT: \aij (t) — U (t)| > Eij}

where a; = [ay1, i, ..., Qi 7T, Ej, j = 1,2,...,m
indicate the fixed threshold that will be given later. ¢ is
the controller update time, that is, when (10) is triggered,
then the time ¢j is updated to t;y;. In the meantime, the
controller u(t;41) will be used in the system.

Specially, if |av;;(t) — ui;(t)| < Ejj for j =1,2,...,m,
there exists a positive time-varying parameter w;; fulfilling
lwij (t)] = 0, |wij(tet1)| =1 and |w;;(¢)] < 1, it leads to

D S
2Amin (H) :

(10)
th+1

where X; = [winEin,winBi, ..., wimEin)” and ||xi| <
E?, with EY being an unknown constant.
Without loss of generality, it can be shown that
N
> Gao(t)|| < Do (12)
i=1
where Dy > 0 is a constant.
Besides, for a positive parameter k;1, let
’l"()G2
— = ik 13
ba(l—m) MM (1

and there also exists a positive parameter k;o such that

—Xi T+ ZG-IO

< g+ ||F||d; + Ef + Do < pikso

Then, the controller gains Ky, K;1(t), K;2(t) are chosen
as

ug;i () + Fd;( (14)

Ky=-BTp
K;(t) = -k BTP

zl() 71 ]% BTP (15)
Ko (t) 2

where I%il ffig are the estimates of k;i, ki, 0;(t) > 0 is a
uniformly bounded continuous function satisfying
t
lim o; (1)dr < ;< 0 (16)
t—o0 to

where g; > 0, and the parameter update laws are given by

S A 2
lfil = _’Yilo'ilfil + i1 ||ef PB]| (17
kio = —vi20:kio + Vio ||6TPB||

where ;1,7;,2 represent positive constants, and kll( ) =
kzl(t)fkll(t) k} ()—kzg()szg() ’L—l 2 N

Therefore, the closed-loop dynamics of agent ¢ is described
as

#(t) =Ax; + Bad; + Bus; + BGx;(t — 7;)

18
+ B ((cKo + Kin + Kig)ei(t) — xi) (18)

E. Error Dynamic Systems
Define the dynamic error §;(t) = x;(t) — xo(t), which is
given by (1), (2) and (18) that
+ B((cKo + K + Kiz)ei(t) — xi)

Furthermore, to acquire the tracking error for the entire
system, let

19)

e=[el el ... X7,
D=[Fdl, Fd},... Fd%]",
¢s = [uslT,ung, us%}T,
X =[xzl 20)
Ky = [Kijer, Kores, ..., Knien]”
K, = [Kize1, Koses, ..., Knaen]”
8(t) = [07 (1), 05 (), -~ , 5p ()],

T=[zit—1(t) 2olt— m2(t)), ..., 2N (t— TN(t))]T

Afterwards, the global dynamic error can be easily to get
that

0=(In®A+cH® BKg)d

_ - 21
+(UNn®B)(D+ ¢+ GT + K1 + Ko — X) @b

III. STABILITY ANALYSIS

This section describes the application of AFTC methods
(9)-(11), (15) and (17) to the leader-follower graph under the
event-triggered mechanism, and provides an explanation.

Theorem 1: For MASs (1) and (2) that meet Assumptions
1-3, based on the designed controllers (9), the solution of
the closed-loop system is guaranteed to be bounded and
the tracking error of the system tends to zero. Moreover,
to minimize the amount of updates to the control signal, a
generalized fixed-threshold method is offered, which avoids
the Zeno phenomenon and achieves the purpose of saving
resources.

proof: Design the following Lyapunov-Krasovskii func-
tion V() as

Ler 1¢ —17.2 —1j.2
255 (H® P)d+ B} Zﬂi (%1 k14 o kiQ)

=1
N t
+> iy /
=1

t—T;

V(t)
(22)
6T (s)0(s)ds

From (15) and (21), one can obtain

-1

V=56" (H® (A"P + PA) - 2cH* ® PBB' P) §
+6T (H® PB) (D+ ¢s+ GT+ K1+ K> —x)

+ Z Hi (’)/7,1 k11k11+ ’722 z2k12) ZXlTO ! H(s H

=1

=g A= A(0) 15 = )|

(23)

Besides, with the help of the neighborhood tracking
error (4) and the definition of J;, we infer that e; =
ZjeNi a;j (6; — ;) + gid;, e = (H ® I,) §. Meanwhile, it
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can be observed that §7 (H ® I,,) (Iy ® PB) =
PB), then it gives

eT(IN ®

V =507 (H @ (ATP + PA) ~ %cH? @ PBBTP) 5

N N
—+ Z 6;4TPBKZ'1€Z' + Z G?PBKigei

i=1 =1
N N

+ Z elTPB (D + ¢y — X) + Z eZTPBGxi(t - 7)
i 1 i=1

+ Z,uz (711 k11k11+ ’712 22kz2) ZA 7" ||6 ||
=1

N
= YA (= w) ot = )P

(24)
Combining with (15) and Assumption 3, one can get

.1
V<ot (H ® (A"P+ PA)—2cH? ® PBB"P)§

22eTPBBTPez

N
Z W Z kel PBBT Pe;

i=1

+ Z el PB||D + s — x + Gao(t)|

i1

N -z -z (25)
+ Z i (’Yi_llknkn + 'Yi_QlkiZkiZ)

i=1

N N
+ Nirg Uil + Y el PBGH(t— )

il i=1
72)\1"

Considering the positive definite condition for the ma-
trix H in Lemma 1, we can clearly get that UTHU =
diag {\1, A2, -+ ,An} holds. Therefore, a state transfor-
mation is defined as ¢ = (U ® I,)6 with ¢ =

T
[elT, e2T, ey e]TV] . Next, there has

(L= 7:()) 16t — )|

T0G2
4N (1 —7)
(1 - z))‘

A=A 56— )2
e L)

el PB| Gé(t —7,) < X PB|?

(26)
Accordingly, substituting (13), (14) and (26) into (25), it
is true that
)
e
To
N

— 3" ik [T PB?

=1

+Z:U/2 71 ||6TPBH +ZMZ 72 HeTPBH

N
1
V< Z Aie; (ATPJr PA—2c\;PBB" P+

Z ik, He?PBH2
< |7 PB| kio+ o

i=1 i=1

N ~ 2 ~ 2
+> (“Yi_llkilku + %_glkmkm)

i=1

27

Moreover, on account of (17) and (27) yields

N
<l Z A€l <ATP+ PA—2c\;PBBT P+ I) €
2 4 7o

N

= 3 ik ||ef PBI

i=1

3 il
< |7 PB| kiz+ o
+ Z/iikil HQTPBHQ-I- Z,uikiz ||6iTPBH

i=1 =1

N N
+ Z/Mffig "6?PBH+ Zﬂiffil "6?PBH2

=1 =1

+ Z/Jﬂz ( 11/%1 - kiziﬂ'z)

(28)
Obviously, we arrive at
Xk, | PB|
i TpB ’ +kl Bl | b il |
;“ PR e )™ 2 Ter el
|5 >
Nzaz 32 1€
Z “eXPB| ki + s ~ ;’MZ
and
T _
Zuzue PB|* (kn —ka +ka) =0 (30)

Then, it also implies

V<< ZM (ATP+ PA—2c\;PBB" P+ )
1= 1 (31)

+Z,u1o'z ( 11k11 _k22k22+1)

Invoking the inequality constraint equation yields

0< P <

p+gq
- 1
ki < —ki (kil + kil) < 11%21

Vp,q >0

Eoutl

— kiokio

/\

< —kio (ifzz + ki2) <

and denote () as a positive definite matrix satisfying —Q) =
ATP—l-PA—PBBTP—l-%I . Consequently, it readily follows
that

N
1 :
~ 3 Amin (Q)mini << {4y} 617 +> oiri (33)

i=1

V<

where the minimum eigeznvalue2 of matrix () is expressed as
)\min(Q)’ and R; = ,u'z(kil + ka + 1)
Set 0 = [67, ki1, ki2]T, according to (22), we find that

N
~ 1 1 4
V(8) =5 M (P) 116]% + 3 > vtk

2 i=1
o T (34)
+ 3 Zlﬂﬂi_zlk%z > (o H5H
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where fo = min {%/\min(P), %Mfyi_ll, %m’yél} for 1 =
1,2,...,N. When t > tg, it becomes

05 <vie) = viduo + [ VEnas

to

N 1 [t )
< V(o) =3 [ Aun(@minizsen, 19(5) s
to
N ~
+Z§'il‘£i<V(5t0 ZO’ZK@
=1

(35)

This indicates that the solution of the system (18) is
globally uniformly and ultimately bounded, and we can
summarise that th Amin (Q)mini<;<nA; [|6(s )H ds <

V(5(to)) + ZZ 1 Oik;. Because ¢ is uniformly bounded,
thus the § and 0 are uniformly bounded. Besides, §
is uniformly continuous. Then, according to (35),
it follows that Amin(Q)mini<jen);[[6(s)|]” is
also uniformly continuous. Finally, can obtain
My 00 Amin (Q)miny<j<n {N\;} |6(s)]*ds = 0, that
is, limiyeo [|6:]] = limieo ||l2i(8) —20(t)]] = 0,4 =
1,2,..., N. That completes the proof.

In addition, we can find an upper bound ¢ that satisfies
tpe1 —tp >, Vk € z7T.

Proof: From (9), we can obtain

Jda . Oa > Oa =

Ox
== kl —k; —0
25° " ey + ey 97

(36)

According to the above proof, it is obtained that § , I%il and
ko are uniformly bounded and continuous. Because o; (t) is
a uniformly bounded continuous function, therefore « is also
uniformly bounded and continuous, that is |&| < £, where
¢ is a constant independent of time. In accordance with the
event-triggered mechanism (10), the subsequent result (37)

holds
|vig () — 1z (t)] < || <€

Then, let R;;(t) = a;;(t) — u;;(t). By observing that
R”(tk) =0 and llmt_>tk+1Rw(t) = E,J, i = 1 2 N,
7 = 1,2,...,m. Therefore, it is stralghtforward to derlve
the time 1nterval t; is satisfied ¢t; > E;;/¢ and t =
min {#1,%a,...,tm}. At last, determining that ¢ 1 —t >,
Vk € zT, it shows that the Zeno behavior is avoidable.
Hereby, the proof is complete.

(37

IV. SIMULATION STUDIES

Ultimately, an example is presented to demonstrate the
applicability of the devised control strategy. The network
topology depicted in Fig. 1 is comprised of a leader and
four followers. Specifically, node O denotes the leader, and
nodes 1-4 act as the followers.

First, we consider selecting the following system

—0.6803 0.0002 —0.1049 0
A —0.1463 —0.0062 —4.6726 —9.7942
1.0050 —0.0006 —0.5717 0
1 0 0 0
—1.5539 0.0154 —0.1556
B_ 0 1.3287 0.2
0 0 0
0 0 0

Fig. 1: Undirect communication topology

Based on (5), the positive definite matrix P can be solved
as

1.7961 —0.4256 1.2756 3.4834
p— —0.4256 0.5505 —0.7594 —1.7481
1.2756  —0.7594  2.4475 3.4178
3.4834 —1.7481 3.4178 11.1629

Accordingly, the other parameters of the MASs are taken
as o1 (t) = 5e 000 go(t) = a3(t) = o4(t) = 270:005,
T = 13z = 15, 112 = ro1 = 131 = ry1 = 142 = 10,

reo = 5. F = [1;0;0], G = [0.1,0,0,0;0,0,0,0;0,0,0,0],
m =T =1 = 14 = 0.2+ 0.58in(0.5t), ¢ = 5.4.
The initial values are given by zo = [10;-9;1;0]",
21(0) = [5;-5;2;1;1;0.8]7, 22(0) = [5;-5;2;1;1;0]%,
23(0) = [5;-5;2;1;1;0.6]7, 24(0) = [5;0.5;2;1;1;0.8]%.

The external interferences are determined to be di =
dy = d3 = dy = 0.05sin(t). The stuck faults are set as
us1 = [0;0;2 + 0.01sin(t)], use = [0;0;5 + 0.05sin(t)],
usz = [0;0;3 + 0.01sin(t)], uss = [0;0; 3 + 0.02sin(t)], and
the fixed thresholds are established as F1 = E3 = F4 =
0.5, E2 =0.8.

- Tracking error 411
----- Tracking error o1

Tracking error ds | |

——Tracking error d4

031

0 5 10 15
Time (sec)

Fig. 2: The state tracking errors of
dir(t) = wor — w414 =1,2,3,4

The proposed CFTC method relying on event-triggered
strategy is applied to the system (2). Figs. 2-8 present
the simulation findings. Figs. 2-5 plot the state tracking
error performance curves of the following agents and leader,
respectively. From the above four simulation images, we can
clearly notice that the state tracking errors of all following
agents converge asymptotically to a neighbourhood of the
origin. That is to say, the designed control scheme has good
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20 T

~Tracking error dio
Tracking error doo
Tracking error ds, 1
——Tracking error dyo

5 ‘ ‘
0 5 10 15
Time (sec)
Fig. 3: The state tracking errors of
dia(t) = xo2 — 242,71 =1,2,3,4
2 T T
043 63 -« Tracking error 913
15F A A e Tracking error do3 |-
Tracking error d33
1h ——Tracking error dy3|
05r b
0H —————
-0.5 b
1 ‘ ‘
0 5 10 15

Time (sec)

Fig. 4: The state tracking errors of
di3(t) = w03 — 43,1 = 1,2,3,4

state tracking performance for the system. The time interval
of the event-triggered is described in Fig. 6. By observing
that the number of triggers is controlled within a narrow
range and the system state is not updated continuously, which
lessens the system of workload and prevents resource waste.
Figs. 7 and 8 are the response plots of the parameter update
laws l%il and I%ig, it is not difficult to see that they have good
response curves.

V. CONCLUSION

This paper addressed the cooperative control issue of linear
MASs affected by time-varying delays and actuator faults.
Utilizing the state information of adjacent agents, a coop-
erative fault-tolerant controller with adaptive update laws is
proposed, which eliminates the negative impacts of actuator
faults on the system. Then, the Young’s inequality and the
Lyapunov-Krasovskii stability analysis method are invoked
to deal with the state delays. In particular, an event-triggered
mechanism relying on the fixed threshold is considered to
decrease resource consumption. The stability analysis shows
that all closed-loop signals are uniformly bounded, and the
tracking errors of all subsystems converge to zero. Even
so, further optimizing the event-triggered mechanism and
considering more complex heterogeneous MASs will be part
of our future research objectives.

[1]

[2]

[3]

[5]

[6]

[7]

[8]

[9]

«Tracking error di4

----- Tracking error o4 |
Tracking error ds4

—— Tracking error 4 |

1 w ‘
0 5 10 15
Time (sec)

Fig. 5: The state tracking errors of
0i4(t) = Toa — wia, i =1,2,3,4

10 ‘
e Adaptive law f€11
gt g Ra L Adaptive law ko |1
Adaptive law ks3;
6 —— Adaptive law ky1||
) i
2 0 N ! R ’ |
L\ kll k'31
0 [\ - —— - % T
2 ' ‘
0 5 10 15

Time (sec)

Fig. 6: Adaptive laws kii, i = 1,2,3,4
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