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Under the guidance of the directed graph, this paper studies the fault diagnosis (FD) and fault-tolerant control (FTC) of the leader-
follower multi-agent systems (MASs) with time delay. Actuator faults and disturbances are considered in this study, which make the
work of this paper more challenging. Firstly, a robust distributed observer on the basis of the relative estimation error is put forward
to obtain the fault estimation information. Then, after getting the fault information obtained by the observer, a dynamic com-
pensation FTC protocol on the basis of the relative output tracking error is developed to make the output of followers can track the
leader’s output. Finally, the proposed algorithm is verified by an example and satisfactory results are obtained.

1. Introduction

In recent years, with the large-scale application of MAS such
as UAV (unmanned aerial vehicle) formation flying, multi-
unmanned vehicles, and so on, the control of MAS has
gradually become a research hotspot. For instance, in [1], a
pinning control strategy is proposed for multi-agent
systems with exogenous disturbances. In [2], heterogeneous
multi-agent system with input constraints composed by
second-order linear and nonlinear agents is discussed. A
point-to-point tracking control based on iterative learning is
proposed in [3] for a class of nonlinear multi-agent systems.
A new collaborative output regulation control method is
proposed in [4] for the problem of resilient practical co-
operative output regulation of heterogeneous multi-agent
systems subject to denial-of-service (DoS) attacks. The
problem of event-triggered consistent control of nonlinear
uncertain systems in the presence of unknown parameters
and external disturbances is studied in [5]. Also, there are
many other research results on multi-agent control methods
such as [6-10]. Compared with a single agent, MAS can
obviously accomplish some more challenging tasks, but at
the same time, the topology of the multi-agent system be-
comes more complex. With the topology of MASs becoming
more complex, how to ensure the safety and reliability of

MASs has also attracted much attention. In order to improve
the reliability of MAS, it is necessary to study FD and FTC of
MAS.

In the design of FTC algorithm, the prior knowledge of
fault estimation information is usually required. So, FD is
essential to obtain the information. Nowadays, the problem
of FD in MAS has received widespread attention. Adaptive
observer, sliding mode observer (SMO), and unknown input
observer (UIO) are commonly used in FD of MAS. In [11],
for a linear MAS which has actuator faults, an adaptive
distributed fault estimation observer on the basis of the
relative output estimation error is proposed. In literature
[12], a robust distributed fault estimation algorithm on the
basis of SMO is developed for linear MAS. In [13], an UIO is
constructed for linear MAS with actuator fault only
according to the relative output information. In addition,
some other algorithms have been presented in [14-20] for
the problem of fault diagnosis in multi-agent systems.

It is worth noting that most of the aforementioned
studies do not consider the occurrence of time delay in MAS.
In practical systems, communication delay will inevitably
occur, so it is of great practical importance to consider the
possible time delay when studying multi-agent systems. FD
and FTC problems for stochastic distribution control sys-
tems with time delay have been studied in [21, 22], but it
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does not take into account the perturbation of the system.
The FD and FTC method for systems with fast time-varying
delay was proposed in the literature [23]. But it is based on
the classical observer error to construct the fault diagnosis
algorithm. The FD and FTC problems for nonlinear systems
with time delay and linear time-delaying systems containing
different parameters have been studied in the literature
[24, 25]. In [26], a distributed fault estimation algorithm on
the basis of relative output estimation error is developed for
interconnected SDC system with time delay. However, most
of the aforementioned studies dealing with the time delay
problem are for single systems. Few studies have been
conducted for fault diagnosis of multi-agent systems with
time delay, which is one of the motivations for the research
in this paper.

After obtaining the fault estimation information, the
FTC strategy can be designed based on the obtained in-
formation so that the output of the follower system tracks
that of the leader’s system even after a failure occurs. Fault-
tolerant control of multi-agent systems has attracted a lot of
attention from researchers in recent years in order to reduce
the damage caused by the system fault. An adaptive back-
stepping sliding mode FTC strategy is studied for a second-
order MAS with actuator fault in [27]. The problem of
consensus tracking for MAS with actuator fault types of
interruption and partial fault is studied in [28]. But time
delay is not considered in this literature. In literature [29], a
distributed adaptive FTC protocol on the basis of the net-
work local information is introduced for a kind of MAS, and
it also does not contain time delay of the system. In addition,
a fault-tolerant feedback controller according to the relative
output of neighboring agents is often used to control MAS
[16, 30-33].

In this research, a FD and FTC strategy is devised for
MAS with time delay. The major contributions of this re-
search cover the following. (1) Time delay and disturbance
are considered in MAS, which increases the complexity of
FD and FTC. (2) A novel FD observer according to the
relative estimation error is developed and the parameters
may be gained by addressing linear matrix inequality (LMI).
(3) A dynamic compensation FTC protocol on the basis of
the relative output tracking error is studied, and the cor-
responding parameters can be gained according to LML

The structure of this paper is arranged as follows. In
Section 2, the system model of leader-follower MAS is in-
troduced and some necessary assumptions are established.
In Section 3, this paper proposes a robust observer on the
basis of relative estimate error to get the fault estimation
information. In Section 4, a dynamic compensation con-
troller according to the relative output tracking error is
designed to control the leader-follower MAS. In Section 5, a
MAS with five agents is taken as an example under a directed
graph to prove the validity of the introduced scheme. At last,
the conclusions are drawn in Section 6.

Notation. The matrix of nxn is expressed as R™". The
inverse and transpose of matrix A are expressed as A~ !, AT,
respectively. A* is the pseudo-inverse of matrix A. The n x n
identity matrix can be expressed as I,. Kronecker product is
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represented by the symbol ®. || - ||, and | - || represent the
infinite norm and 2-norm of the vector or matrix,
respectively.

The Basics of Algebraic Graph Theory. In algebraic graph
theory, each agent can be considered as a node in the graph.
The information exchange of agents can be represented by
G = (V,E,S), where V = {V,,V,,...,V,] represents the set
containing all the nodes in the graph, E ¢ V x V represents
the set containing all the edges, and E; = (V;, V), represents
that agent i can transmit the information to agent j. The
adjacency matrix of algebraic graph theory can be expressed
as S = [§;;] € R, where s; = 0 and if E;; € E holds, 5;; = 1;
otherwise, s;; = 0. Furthermore, for a directed graph, the in
degree and out degree of node i are defined as

Zﬁi 1 i Z?]: 1 aj;, respectively. In this study, undirected
graphs are considered, where 27:1 a;; Zﬁ\il aj;. The Laplace
matrix of graph G can be expressed as
L= [Lj] € R"" = D - A, where D 2 diag{Y jcy ;Y jev,a)>
-+ o> Xjev Ay} The matrix G = diag{g;} € RN can repre-
sent the communication between the leader system and the
follower system, where the i-th agent can gain the infor-
mation of the leader, g; = 1, or else, g; = 0.

2. Model Description

Considering the MAS with N followers and 1 leader, the
state equation of the i-th follower system is shown as
follows:

%; () = Ax; (t) + Agx; (t — d) + Bu; (t) + Ef; (t) + Fd,; (t),
y; () =Cx;(t) i=1,...,N,
(1)

where x; € R" denotes the state of the follower system,
y; € R™ denotes the output, d represents a constant delay,
u; € RP is the control input of the system, f;(t) € R® stands
for actuator fault and it is bounded, and d, (t) € R' represents
the external disturbance or system uncertainty. In this ar-
ticle, A, A;B, E, F, C are constant real matrices of appro-
priate dimensions. It is supposed that matrices C and E are
of full rank and the pair (A, C) is observable.

The leader’s system state space equation is shown below:

3&1 (t) = Axl (t) + Adxl (t - d) + Br (t),

2
yz(t) = sz(t)> @)

where x; € R" represents the state vector of the leader
system, y; € R™ is the output vector, and r € R? is the known
given reference input trajectory.

Assumption 1. It is assumed that system parameters B, E
satisty the following condition: rank (B, E) = rank (B).

It is worth noting that when Assumption 1 is satisfied,
there is a matrix B* that satisfies the following condition:

(I-BB")E =0. (3)
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3. Fault Diagnosis

FD is required to get an estimation of the fault. Design the
following robust observer as

X; = AX; + A;%; (t —d) + Bu,; (t) + Ef ,
9, =Cx;(i=1,---N),

(4)

where X; € R” denotes the state estimation vector, y; € R?
denotes the output estimation vector, and f; (t) indicates the
estimation vector of the fault, which can be obtained by the
dynamic compensator g(x).

Different from the traditional residual form, relative
estimation errors are often used in MAS, and it can be shown
as follows:

i = Z aij{[yi(t) -] - [)’j(t) _)A}j(t)]}
JeN; (5)
+9;[yi (1) = 3;(1)].
The dynamic compensator g(x) can be indicated as
Xy (1) = Apxy; () + Brg; (8),
{ fi(®) = Cexia () + Dies (1),
where x;; € R" is the state vector of the dynamic

compensator.
Denote

&

(6)

e, =Xx;,—X

ef,-zfi_}.i'

Then, the observation error system is formulated as
follows:

i i

(7)

é,. (1) = Ae, (1) + Age, (t—d)
+E(f;(t) - £,(8)) + Fd, (¢).

Denote z; = [ el ei]T,wi =[fT diT]T, and the fol-
lowing formula can be further gained as

é, (t) = Ae, (t) + Age, (t —d) + Cyw, — Ef,,

(8)

~ 9
z; = Aje, + Cw; — D f;,
where
c,-[E Fl,
A "]
1—_0 >
[0 0 (10)
C, = ,
10
[0
D, :_I

Denote

3
€x = [63;1 ez;z ezN ]T’
w={ul Wl oul]
d=[dl daf ... d.]",
e=[el & - L], -
11
T
F=lfT £ AL
- “~ —~ —~ T
=7 7o Tl
Xk Z[x£1 xfz sz]T>
w=[wf, wl, - wly]".
Combining (5) and (9), it can be deduced that
e, (1) =(Iy®A)e, (1) +(Iy®Ay)e, (t—d) +(Iy®C))
w(t) — (Iy®E)f (t),
z(t) = (In®A))e, () + (Iy®Crw(t) - (I ®D1)}(t)’
e(t) = (L + G)®C e, (¢).
(12)

The global system of the dynamic compensator g (x) can

be expressed as follows:
%y (1) =(Iy® A, )x, (t) +(Iy ® B )e(t), 03
f@®) =(Iy®C,)x, () +(Iy®D, )e(t).

Denote ((t) = [ez (t)xg(t)]T, and combine equations
(12) and (13), and it can be gained that

C(t) = AL () + A (t - d) + Bw(t), "
z = HE(E) + Cw(t),
where
- Iy®A-((L+G)®ED,C) «Iy®EC,)
(L+G)®BgC Iy®A,
_ [Iy®A; O
vl R d ]
0 o0 ()
_ [IyeC
B = N 1 )
0
H=[Iy&A -((L+G)eD,D,C) -Iy®D,C,],
C=(Iy®C,).
It can be further found that
A=A +LKC,|,
. (16)
H = H, + DKC,,

where



4
_ [I®A O
A= >
L 0 O
_ [-I®E 0
L= ,
0 I®I
T I®Dg I®Cg]) (17)
| I®B, I®A,
roR [(L+G)®C) 0
2 0 Iyel]
D=|-I®D, 0],
Lemma 1. Given a symmetric matrix M = My My, ,
* My,

where M, and M,, are symmetric matrices, the following
inequality condition can be obtained: (1)M <0, (2)M,, <0,
M,y =M, My MY, <0, (3)M; <0, My, — MY, M;{ M, <0.

Lemma 2. For the parameter >0, if there are positive
definite symmetric matrices (PDSM) P,Q meeting the LMI
A'"P+PA+Q PA; PB C"
* -Q 0 0

Y = < 0, (18)
* «* —BI D
* * x  —pI
x(t) 1" /[PA+A'P+Q PA, PB

E=|x(t-d) * -Q

v(t) * *

Combined with Lemma 1, it can be obtained that Z < 0 is
equivalent to ¥ < 0. The proof is completed.
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then the following linear system:
xX(t) = Ax(t) + Ayx(t —d) + Bv(¢),

(19)
y(t) = Cx(t) + Dv (1),

should meet the H performance index ||y ()|, Sﬁzllv(t)llz.

Proof. Select the Lyapunov function shown below:
t

V(t) = x' (H)Px(t) + j ) x (£)Qx (). (20)

t_
It can be further obtained that
V(t)=x" (t)(PA+A"P+Q)x(t) + +2x" (t)PAx(t - d)
+2x7 ()PBv(t) — x* (t - d)Qx (t — d).
(21)

When linear system (19) meets the H_, performance
index J = (1/B)y" (t)y(t) - BvT (£)v(t) <0, the inequality
B =V + J<0 holds. It can be found that

cT x(t)
+% 0 |[C 0 D] |[|x(t-4d) |<o. (22)
DT v(t)

Theorem 1. For scalars 8, > 0,8, >0, if there isa PDSM P =
Iy®P, 0 ]

0 Iy®P,
(L+G)eY, Iy®Y),
(L+G)®Y, Iy®Y,,

and matrix

Y= satisfying the following LMI:

[my m, I®A; 0 I®C, M6 I®P;; 0 7
* T, 0 0 0 Tl 0 I®P,y
£ % =81 0 0 0 0 0
* % * =0, 0 0 0 0

= T <0, (23)

* % * x =61 (I®C,) 0 0
* % * * ® 0,1 0 0
* % * * * * —5;1[ 0

L * = * * * * * —8;11 ]
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where Y =KC,P, m;=Iy®P A+Iy®ATP, - (L+
G)®EY, — (L+G) T @Y ET, ), = ~-Iy®EY, - (L+G)"
®Y), Mp=Iy®Yy+Iy®Y;, me=Iy®PyA] - (L
+G)' @Y DT, my = ~Iy® YT, DI then system (14) is stable
and satisfies the H, performance index |z (t)|, < (Sfllv(t)llz.

Proof. From Lemma 2, if the H_, performance index
lz (I, < 5% lv(t)ll, is satisfied in system (14), then there are
P,Q to make the following inequality hold:

A, P+PA, +PIKC, +C,K A PT

*

*

*

Multiplying the left side and the right side of inequality
(25) by diag{ P™' I I I}, it can be obtained that

® A, B P'C.K'D +P'H'
*  — 0 0
Q r <0, (26)
% =01 C
* % * -6,1

where ® =P 'A| +A,P ' +IKC,P-'+P! CIK'L'+
P—IQ(P—I)T.

Combining Lemma 1 and defining
Y = KC,P~!,P"! = P, it can be found that
PA, +AP+IY+YL' A&, B Y'D +XH' P
% -Q 0 0 0
* s+ -o1  C 0 |[<o0.
* * * -0,1 0
* * * * -Q!
(27)
For convenience, choose Q=46,I and bring

A,,L,A;,D,H,,C,P,Y into the inequality (27), and it can
found that 7 < 0. The proof is completed. After P, Y is gained
by solving LMI (7 <0), the parameter matrix K of the
dynamic compensator g(x) can be obtained by
K=Y(C,P)".

4. Fault-Tolerant Control

After getting the fault estimation information, the FTC
strategy based on the relative output estimation is devised to
make the output of the follower system still track the leader’s
output after a failure occurs.

The state tracking error between the i-th follower and
leader is indicated as follows:

e, (t) = x; () — x, (1). (28)

5
A P+PA+Q PA; PB H
* - 0 0
Q _r <0. (24)
* * =01 C
* * =01

By combining equation (16), it can be further found that

+Q PA; PB H'+C,K'D"
- 0 0
Q r <0. (25)
x =01 C
* * -0,1

Then, it can be further found that

é,(t) = Ae; () + Age, (t — d) + Bu, (t)

(29)
+Ef,(t) + Fd, (t) - Br (t).

Denote
e =[el (1) e (®) - L] (30)
Then, the global system may be indicated that

é(t)=(Iy®A)e(t) +(Iy®Ay)e(t —d) + (I ®B)u(t)
+(Iy®E)f(t)—(In®B)r(t) + (Iy®F)d ().
(31)

Define the relative output tracking error of the i-th agent
as shown below:

wi(t) = Z aij(yi () = y; (1) + g: (7: (D) = yo (1))
JjeNy (32)
=(L+G)®Ce(t).

A dynamic compensation FTC strategy according to the
relative output tracking error is developed as follows:

¥ (t) = Ay, (8) + By, (1),

S (33)
u; (t) = Ciqy; (t) + Diyp; (t) = B'Ef; + 1,

where vy, (t) € R7 is the state vector of the dynamic com-
pensation fault-tolerant controller.
Denote
T
y@ =[vI®) 1) - yE®],
T
p®) =l @) @B - uim] .

Then, the global system of the dynamic compensation
FTC strategy (33) can be indicated as follows:

(34)



V(1) = (In®Ap )y (1) + (Iy ® By )u (1),
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Then, it can be further found that

u(t) = (Ly®Ca)y () + (Iy 8 Dy Ju () ~ (Iy 8 B'E)] A= Aa + LakiGo G
+(Iy®I)r. where
(35) A [Iy®A 0]
Define S(t) = [el (t) wT(t)]T, d= [e} dT]T and Cl_ o o)
substitute equations (35) and (32) into (31), and it can be [Iy®B 0
obtained that L, = ,
. . L 0 Iye®I (39)
S(t)=AS(#)+ Ay S(t—d) + Ed, (36) [ (+GeC 0
e(t) = C.S (1), =l 0 nyerf
where K__'1N®Dk1 IyeCy
4 _[In®A+(L+G)®BD,C I®BCk1] Yl IyeBy Iy®A, ]
‘ (L+G)®B,C I® A
[I1®A, 0 . .
Ay = , Theorem 2. For scalarsy, >0,y, >0, if there isa PDSM P, =
0 0 (37) IN®P1T“ Iy® P, and a matrix
F_'I@E I®F Iy®P), IN®Pp
0 0 Y. = IneYe In®Ya, ] satisfying the following LMI:
IN®Y 5 IN®Y
C.=[I 0].
i, M, I8P, A; 0 I®P,EI®P,,F I 0 0 ]
x+ T, I®P],A; 0 I®P,EI®P,,F 0 I 0
E -y.1 0 0 0 0 0 0
* * * —y,I 0 0 0 0 0
M=| * =« * -yl 0 0 0 0 |<0 (40)
* % * * * -1 0 0 0
* * * * * * -yl 0 0
* * % * * * * -yl 0
[+ % * * * * * * =y 1]
o ATP, +P,A +Q, P/A;, PE C
where Y.=P,L K, 1, =Ie®ATP,, +I®P A+ (L ol ime R T . 0”
+G)®Y,C+ (L+G) @CTYT +y,I, I, = [®ATP,,, + * s 0. (4]
1Y+ (L+G) T @CTYL T, = [®Y 5 + [®YT, +y,I * * ol 0
then system (36) is stable and meets H, performance index * * -yl

le ()1, < yilidll,-

Proof. 1t is known from Lemma 2 that when system (36)
meets the H , performance index [le (¢)||, < y{||2||2, there are
positive definite matrices P;,Q, satisfying the following
inequality:

Substituting equation (38) into (41), it can be found that

AcT1P1 + P Ay + PLy K\ C, + CcTKlTLchpl +Q, P,A; PE C,

*

*

*

0 0

0
-1l

~Q
* ol

* *

<0. (42)
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Define Y, = P, LK, and it can be further obtained that

A5P1+P1A61+Y6C+€ZYC+QI PlAdc PE Cc

* Q0 0 <0.
* * -y I 0
* * * =y 1
(43)

For convenience, choose Q; =y,I and substitute
P,,Y_, A, A, E,C,.into (43),and it can obtained that IT < 0.
The proof is completed. After P;,Y is gained by solving LMI
I1<0, the parameter matrix K; of the dynamic compen-
sation FTC strategy can be gained by K, = (P,L,)'Y..

5. Simulation Example

In the simulation section, we choose a MAS consisting of
five kinds of aircraft to illustrate the effectiveness of the
proposed algorithm in the paper; in addition, the state
delay caused by wireless transmission is considered in the
aircraft model. The given parameters of the aircraft are
shown as follows:

—0.0227 1 —0.0002
A=| -171 -0178 -122 |,
L o 0  —667
—05 0 0
Ag=| 05 -05 05 |,
L 0 0 -335
o
B=| 0 |,
[ 6.67 ]
o (44)
E=| o |,
[ 6.67 ]
10.2
F=|02]|,
[0.2
010
C= ,
001
d=2,d,(t)

The topology structure of the system is given in Figure 1.
The code of 0 acts as the leader, and other agents represent
the followers. The Laplacian matrix L and the leader adja-
cency matrix G are shown below:

1 0 0 -1
11 0 0
L= ,
0 -1 1 0
[0 0 -1 1
1000

0000
0010]
(0000

(45)

The parameters of the dynamic compensator g(x) are
designed as follows:

8, = 2.5,
8, =1,
[-98.4895 —0.0112 —0.0977
A, =| —0.0109 —98.0100 0.2348 |,
[ —0.0976  0.2383 -98.2363
[ —2.3121  2.2697 (46)
B, =| 285611 -25.7432 |,
| -69.8578 97.7782

C,=[53 -74.5 154.7],
D, =[-86.8803 —114.7595].
The parameters of the dynamic compensation FTC

strategy based on the relative output tracking error are
shown as follows:

Y1 =2
Y2 =2,
B'E=1,
[-0.3139 0.0294 0.0008
A =| 0.0297 -0.5474 -0.0015 |,
L 0.0027 0.000 -0.5770 (47)
[ 0.0032 —0.0054
By, =[-0.0440 0.0707 |,
L 0.2329 0.3992

Cu =[-0.2882 0.2756 2.5922],
Dy =[-33.2715 -56.1697 .

In order to verify the effectiveness of the proposed FD
algorithm, two different fault forms, time-varying fault and
constant fault, are selected here for the experiment. The
specific forms of the two faults are described as follows.

Case 1. Only agents 1 and 4 have constant faults, while
agents 2 and 3 have no faults.



FiGure 1: The topology of the MAS.

—
w

—_
T

fault estimation
=)
w

0
-0.5 L L L L
0 20 40 60 80 100
t(s)
—— fault of agent 1
-~ fault estimation of agent 1
3

fault estimation
—_

0 20 40 60 80 100
t(s)

—— fault of agent 4
- - fault estimation of agent 4

FiGgure 2: Constant fault and fault estimation.

; Ot<10f 0t<10f o )
"liaezio’t |2tz1007 T

Case 2. Only agents 1 and 4 have time-varying faults, while
agents 2 and 3 have no faults.

{0t<10

| sin(0.5(t — 10))t =10

(0.5¢( ) (49)
0t <10 P

“ 12 cos(0.5(t- 102107 TP T

Based on the proposed fault diagnosis algorithm, the
observer is designed to estimate the constant and time-
varying fault, respectively, and the results are shown in
Figures 2 and 3. From the simulation results, it can be seen
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- . . - .
2 /
T 0 1
S b ]
= [
& 5 ) ) ) .
0 20 40 60 80 100
t(s)
—— fault of agent 1
- - fault estimation of agent 1
4
=
g
s 21}
£
S o
2
b _2 L h L
0 20 40 60 80 100

t(s)

—— fault of agent 4
- - fault estimation of agent 4

FIGURE 3: Time-varying fault and fault estimation.

Dynamic trajectory of output Y1

t(s)

—— leader Y1 - Agent3Yl
- - Agent1Yl1 --- Agent4Yl
--- Agent2Y1

FIGURE 4: Profiles of output trajectories y;; without fault-tolerant
controller.

that the designed observer has good estimation results for
both constant and time-varying faults. The output tra-
jectory of the multi-agent system in which the fault oc-
curred is shown in Figures 4 and 5. It can be seen from the
figures that the output of the followers no longer tracks the
leader’s trajectory due to the presence of the fault. After
fault-tolerant control is carried out on the system, its
output trajectory when failure occurs is shown in Fig-
ures 6 and 7. By comparison, it can be seen that the fault-
tolerant control algorithm proposed in this paper can
make the MAS have good tracking performance even after
the fault occurs.
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Dynamic trajectory of output Y2

2} ]
-3 L L L L
0 20 40 60 80 100
t(s)
—— leader Y2 -~ Agent3Y2
--— Agent1Y2 -—-— Agent4Y2

--- Agent2Y2

FIGURE 5: Profiles of output trajectories y;, without fault-tolerant controller.
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FIGURE 6: Profiles of output trajectories y;, with fault-tolerant controller.
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--- Agent2Y2

FIGURE 7: Profiles of output trajectories y;, with fault-tolerant controller.
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6. Conclusions

A novel fault diagnosis and fault-tolerant control (FTC)
protocol is proposed for the leader-follower multi-agent
systems (MASs) with time delay in this paper. At first, design
an observer on the basis of the relative estimation error
information to estimate the fault of the original MAS. It is
worth noting that the fault estimation information is ob-
tained by the dynamic compensator proposed in this paper.
Then, after obtaining fault information, a novel dynamic
compensation FTC protocol based on relative output
tracking error is used in the system to allow the follower's
output to still track the leader's output when a fault occurs.
In the end, an example of five-aircraft MAS is given to prove
the validity of the developed algorithm. However, there are
some limitations in this article. The time delay of the system
is time invariant and the leader and follower have the same
system structure. So, the research on heterogeneous agent
systems is interesting which will be focused in our future
study.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors are grateful for the financial support received
from Chinese NSFC (grant no. 61973278).

References

[1] H.Yang, Z. Zhang, and S. Zhang, “Consensus of second-order

multi-agent systems with exogenous disturbances,” Interna-

tional Journal of Robust and Nonlinear Control, vol. 21, no. 9,

pp. 945-956, 2010.

Y. Yin, Y. Shi, F. Liu, K. L. Teo, and S. Wang, “Second-order

consensus for heterogeneous multi-agent systems with input

constraints,” Neurocomputing, vol. 351, pp. 43-50, 2019.

[3] Y.Yin, X. Bu, P. Zhu, and W. Qian, “Point-to-point consensus
tracking control for unknown nonlinear multi-agent systems
using data-driven iterative learning,” Neurocomputing,
vol. 488, pp. 78-87, 2022.

[4] C. Deng, D. Zhang, and G. Feng, “Resilient practical coop-
erative output regulation for MASs with unknown switching
exosystem dynamics under DoS attacks,” Automatica,
vol. 139, pp. 1-11, 2022.

[5] M. Xiao, Z. Liu, and H. Su, “Distributed event-triggered

adaptive control for second-order nonlinear uncertain multi-

agent systems,” Chinese Journal of Aeronautics, vol. 34, no. 10,

pp. 237-247, 2021.

Z. Zhongkui Li, Z. Zhisheng Duan, G. Lin Huang, and

L. Huang, “Consensus of multiagent systems and synchro-

nization of complex networks: a unified viewpoint,” IEEE

Transactions on Circuits and Systems I: Regular Papers, vol. 57,

no. 1, pp. 213-224, 2010.

[2

[6

Journal of Control Science and Engineering

[7] X. Xu, S. Chen, W. Huang, and L. Gao, “Leader-following
consensus of discrete-time multi-agent systems with ob-
server-based protocols,” Neurocomputing, vol. 118, pp. 334-
341, 2013.

[8] M. Deffort, T. Floquet, A. Kokosy, and W. Perruquetti,
“Sliding-mode formation control for cooperative autonomous
mobile robots,” IEEE Transactions on Industrial Electronics,
vol. 55, no. 11, pp. 3944-3953, 2008.

[9] S. Yuan, C. Yu, and P. Wang, “Suboptimal linear quadratic
tracking control for multi-agent systems,” Neurocomputing,
vol. 487, pp. 110-118, 2022.

[10] Y. Yang, X. R. Xi, S. T. Miao, and J. R. Wu, “Event-triggered
output feedback containment control for a class of stochastic
nonlinear multi-agent systems,” Applied Mathematics and
Computation, vol. 418, pp. 1-19, 2022.

[11] K. Zhang, B. Jiang, and V. Cocquempot, “Adaptive technique-
based distributed fault estimation observer design for multi-
agent systems with directed graphs,” IET Control Theory &
Applications, vol. 9, no. 18, pp. 2619-2625, 2015.

[12] P. P. Menon and C. Edwards, “Robust fault estimation using
relative information in linear multi-agent networks,” IEEE
Transactions on Automatic Control, vol. 59, no. 2, pp. 477-
482, 2014.

[13] Y. Shan, Z. Gao, and M. Q. G. Zhong, “Distributed actuator
fault estimation approach for multi-agent systems using re-
lated information,” in Proceedings of the 2019 Chinese Au-
tomation Congress, pp. 2306-2311, Hangzhou, China, 2019.

[14] G. Liu, K. Zhang, and J. Bin, “Adaptive observer-based fast
fault estimation of a leader-follower linear multi-agent system
with actuator faults,” in Proceedings of the 34th Chinese
Control Conference, pp. 6340-6344, Hangzhou, China, 2015.

[15] S. Hajshirmohamadi, F. Sheikholeslam, and N. Meskin,
“Actuator fault estimation for multi-agent systems: a sliding-
mode observer-based approach,” in Proceedings of the 2019
IEEE Conference on Control Technology and Applications,
pp- 1000-1005, Hong Kong, China, 2019.

[16] Y. Liu and G.-H. Yang, “Integrated design of fault estimation
and fault-tolerant control for linear multi-agent systems using
relative outputs,” Neurocomputing, vol. 329, pp. 468-475,
2019.

[17] H.-J. Ma and L. Xu, “Cooperative fault diagnosis for uncertain
nonlinear multiagent systems based on adaptive distributed
fuzzy estimators,” IEEE Transactions on Cybernetics, vol. 50,
no. 4, pp. 1739-1751, 2020.

[18] M. S. Rahman, N. Isherwood, and A. M. T. Oo, “Multi-agent
based coordinated protection systems for distribution feeder
fault diagnosis and reconfiguration,” International Journal of
Electrical Power & Energy Systems, vol. 97, pp. 106-119, 2018.

[19] A. Belhadi, Y. Djenouri, and G. Srivastava, “Reinforcement
learning multi-agent system for faults diagnosis of mirco-
services in industrial settings,” Computer Communications,
vol. 177, pp. 213-219, 2021.

[20] W.X.Han, Z. H. Wang, Y. Shen, and W. B. Xie, “Robust fault
estimation in the finite-frequency domain for multi-agent
systems,” Transactions of the Institute of Measurement and
Control, vol. 41, no. 11, pp. 468-475, 2019.

[21] L. Yao and B. Peng, “Fault daignosis and fault tolerant control
for the non-gussian time-delayed stochastic distribution
control system,” Journal of the Franklin Institute, vol. 351,
no. 3, pp. 1577-1595, 2014.

[22] L. Yao and L. Feng, “Fault diagnosis and fault tolerant
tracking control for the non-gaussian singular time-delayed
stochastic distribution system with PDF approximation er-
ror,” Neurocomputing, vol. 175, pp. 538-543, 2016.



Journal of Control Science and Engineering

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

X. Xi, J. Zhao, T. Liu, and L. Yan, “Fault diagnosis and fault-
tolerant control for system with fast time-varying delay,”
Automatika, vol. 60, no. 4, pp. 462-479, 2019.

N. L. X. Luo and K. X. X. Guan, “Robust H, fault-tolerant
control for nonlinear time-delay systems against actuator
fault,” in Proceedings of the 31th Chinese Control Conference,
pp- 5265-5270, Hefei, China, 2012.

Y. Sun, C. Li, J. Wang, G. Ma, and S. Sun, “On fault diagnosis
and active fault-tolerant control for linear time-delay systems
containing varying parameters,” in Proceedings of the 2014
International Conference On Mechatronics and Control,
pp- 749-754, Jinzhou, China, 2014.

Y. Ren, Y. Fang, A. Wang, H. Zhang, and H. Wang, “Col-
laborative operational fault tolerant control for stochastic
distribution control system,” Automatica, vol. 98, pp. 141-149,
2018.

D. Zao, T. Zou, S. Li, and Q. Zhu, “Adaptive backstepping
sliding mode control for leader-follower multi-agent sys-
tems,” IET Control Theory & Applications, vol. 6, no. 8,
pp. 1109-1117, 2011.

B. Zhou, W. Wang, and H. Ye, “Cooperative control for
consensus of multi-agent systems with actuator faults,”
Computers & Electrical Engineering, vol. 4, no. 7, pp. 2154—
2166, 2014.

S. Chen, D. Ho, L. Li, and M. Liu, “fault-tolerant consensus of
multi-agent system with distributed adaptive protocol,” IEEE
Transactions on Cybernetics, vol. 45, no. 10, pp. 2142-2155,
2015.

Z. Li, X. liu, P. Lin, and W. Ren, “Consenus of linear multi-
agent systems with reduced-order observer-based protocols,”
Systems & Control Letters, vol. 60, no. 7, pp. 510-516, 2011.
Y. Wu, Z. Wang, S. Ding, and H. Zhang, “Leader-follower
consensus of multi-agent systems in directed networks with
actuator faults,” Neurocomputing, vol. 275, pp. 1177-1185,
2018.

J. Shi, Y. Yang, J. Sun, X. He, D. Zhou, and Y. Zhong, “Fault-
tolerant formation control of non-linear multi-vehicle sys-
tems with application to quadrotors,” IET Control Theory ¢
Applications, vol. 11, no. 17, pp. 3179-3790, 2017.

J. W. Zhu, G. H. Wang, W. A. Zhang, and L. Yu, “Cooperative
fault tolerant tracking control for multi-agent systems: an
intermediate estimator-based approach,” IEEE Transactions
on Cybernetics, vol. 58, no. 6, pp. 318-327, 2016.

11



