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Abstract

In this paper, the cooperative adaptive fault-tolerant tracking control problem of high-
order nonlinear multi-agent systems with signal transmission faults is studied. A neural
network-based adaptive fault-tolerant control scheme is proposed, which guarantees
that all followers asymptotically synchronize to a leader with tracking errors converg-
ing to a small neighborhood of the origin in spite of signal transmission faults. Based
on algebraic graph theory and Lyapunov theory, the analysis of stability and parameter
convergence of the proposed algorithm are conducted. Finally, an example is provided
to validate the theoretical results.

Keywords Cooperative control - Fault-tolerant control - Multi-agent systems -
Signal transmission faults - Nonlinear systems

1 Introduction

In the research field of multi-agent systems, due to the greater efficiency and opera-
tional capability, the distributed cooperative control has attracted extensive attention
from alarge number of domestic and foreign researchers in the past two decades [1,17].
Many results have been available for the consensus control problem of multi-agents
systems [8,16,22,27]. The fundamental research on cooperative control of multi-agent
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systems mainly included cooperative regulator problems and cooperative tracking
problems. As the basis of distributed cooperative control of multi-agent systems, the
consensus problem has attracted researchers’ interests [8]. In [1], a method was pro-
posed for the stability of the Vicsek model and proved that the first-order agent system
can achieve consensus under the undirected communication topology. In addition,
Jadbabaie et al. changed the Vicsek model and studied a model with leader—follower
form in [9]. In [16], the consensus problem was investigated for single integrator
multi-agent systems and proposed a basic framework for multi-agent system consen-
sus algorithm. It turned out that balanced digraphs played a critical role in addressing
consensus problems. Based on the convexity theory with the Lyapunov method, the
authors solved the consensus problem for discrete multi-agent systems. It pointed out
that as long as the coupling relationship between the agents meet certain convexity con-
ditions and the communication structure is connected, the behavior of the multi-agent
system will eventually become consensus [15]. In [18], the form of communication
network was extended to weighted directed communication topology, and the authors
proposed the sufficient condition for consensus. In [27], the synchronization problem
was studied for networked higher-order nonlinear systems with an active leader, and
a robust adaptive sliding mode control scheme was proposed. In [24], a distributed
control method was proposed to solve the distributed consensus tracking problems
of multi-agent systems. In [20], the consensus problem was investigated for uncer-
tain second-order nonlinear multi-agent systems with unknown nonlinear dead zone.
In [29], the finite-time consensus tracking control problem was studied for uncertain
nonlinear multi-agent systems. However, the above studies do not take into account
the situation, in which the system becomes faulty.

In general, actuators, sensors and components may become faulty in practical appli-
cation and these faults may cause system instability, which can lead to catastrophic
consequences. Therefore, many experts have proposed effective fault-tolerant control
methods to improve the system reliability and ensure the stability of the controlled sys-
tem in all situations [2-5,7,19,25,26,28]. In [21], a novel cooperative adaptive fuzzy
tracking control scheme was proposed to guarantee that all followers asymptotically
synchronize a leader in spite of actuator faults. The leader-following consensus prob-
lem was studied for multi-agent systems in [23], where it was assumed that there exist
gain and bias transmission nonlinearities in the links in the communication network.
Two distributed adaptive control schemes were designed to compensate for the faults.
In [13], the finite-time fault-tolerant control problem was investigated for multiple-
input multiple-output nonlinear systems. However, only actuator faults are considered
in [3-5,12-14,21,30].

In this paper, we investigate the cooperative adaptive fault tolerant tracking control
problem of high-order multi-agent systems and propose an active fault-tolerant control
scheme against signal transmission faults. Compared with the results in [8,15,20,24,
27,29], signal transmission faults in communication network are considered, and a
novel distributed adaptive control method is designed.

The rest of paper is organized as follows. In Sect. 2, the basic graph theory and
radial basis function neural networks are introduced. The problem under study is
formulated. In Sect 3, the distributed adaptive control scheme is designed. Based on
Lyapunov theory, the closed-loop system stability analysis is developed in Sect 4.

Birkhauser



Circuits, Systems, and Signal Processing (2020) 39:1335-1352 1337

Simulation results and discussion are reported in Sect. 5. The conclusion is drawn in
Sect. 6.

Notations Throughout this paper, R, RY denote the real numbers and the real n vectors,
respectively; | - | is the absolute value of a real number; || - || is the Euclidean norm
of a vector; tr{-} is the trace of a matrix; o (-) is the set of singular values of a matrix;
o (+) is the maximum singular value of a matrix; (-) is the minimum singular value of
a matrix; matrix P > 0 means P is positive definite.

2 Preliminaries
2.1 Basic Graph Theory and Notations

Let G = (v, E) be a weighted digraph, v = (vy, ..., vy) is the nonempty set of
nodes/agents, E C v X v is the set of edges, (vx, v;) € E means v; can obtain
information from vi. Define an adjacency matrix A = [ay;] € RNXN with ay i >0
if (v, vj) € E ; otherwise, ax; = 0. In this paper, it is assumed that az; = 0 and the
topology is fixed, i.e., A is time invariant. Define dj = Ziv: 1 axj as the weighted in-
degree of node k and D = diag(dy, ..., dy) € RV*V as in-degree matrix. The graph
Laplacian matrix is L = [[}j] =D — A € RN*N Tet1=11,...,1]T € RN*! with
appropriate dimension; then, L1 = 0 . We use the set Ny to describe all neighboring
agents of vy, i.e.,Ny = {j|(v;, u) € E}.

2.2 Problem Formulation

In this paper, we consider a team of N + 1 agents consisting of N followers and one
leader. The dynamics of the kth follower agent is described as

X () = xpit1 (1), i=1,...,np =1 "
Xt (1) = fre (k) + ug () + hy (1)
where k =1, ..., N, n; denotes the order number, x; ; € R denotes the ith state and
X = [Xk1s -0 xk,nk]T € R™ denotes the state vector of node k; fi(xx) € R is an

unknown continuous function; u; € R is the control input; /i (t) € R is an external
disturbance, which is unknown but bounded.
The dynamics of the leader is given by

{xo,iu):xo,,-mt) P met o

X0,n0 (1) = fo(Xo, 1)

where no denotes the order number, xo; € R denotes the ith state and X9 =
[x01,---, xo,n]T € R™ is the state vector of the leader; fy(xo,?) € R is piece-
wise continuous in time ¢ and locally Lipschitz in xo with fy(0, ) = 0 for all V¢ > 0
and xo € R".
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In this paper, we assumed ngo = n; = --- = ng = n.
Define x; = [x1;, ..., xN,i]T e RV, (1) can be written in the following compact
form:

Y. 1) = x; t
*i(1) = xi1(0) Ci=1....n—1 3)
Xn (1) = f(X) +u) + h(1)
where f = [fi,..., fn]" = [AGD, ..., InGWIT, w0 = [ur, ... uy]', ¥ =
i h=[h, o byt = i), .. iy O]
Under normal condition (no fault), define the ith tracking error for follower k as
follows:

Oki =Xxki —xo0i, i=1,....,n,k=1,...,N 4)
Let8; = [81i,...,8n.:]T € RV, then
§i =xi — X ; (5)
where x; =[x, ..., x0,i]" € RV.
The control objective of this paper is to design a distributed controller u for each fol-
lower such that each follower tracks the leader and the tracking error 6; (i =1, ..., n)

converges to the small neighborhoods of the origin.
Define the neighborhood synchronization error

er,i(t) = Z arj(xj i — Xk,;) + br(xo,; — Xk,i) (6)
JENK

Note that if the node k can obtain the leader information, then b; > 0; otherwise,
by =0;

Define the following notations: ¢; = [e1 4, .. ., eN,i]T € RN’io = [fo(x0, ), ...,
folxo, 1T € RN, B = diag{by, ..., by} € RN*N,

The above tracking error can be written as:

eity=ei+1(t), i=1,...,.n—1 -
én(t) = —(L+B)(f+u(®)+h—f)
Define the new augmented graph as G = {v, E}, v = {vg, vy, ..., vy} and E C

U X U.

It is well known that information transmission in multi-agent systems is via com-
munication network. There is a communication link between each two agents. For
example, there are three agents k, j and h. Agents h and j are the neighbors of agent
k, which can obtain the information from agent k, shown in Fig. 1. From Fig. 1, it is
easily seen that there exist two communication links. One is used for the signal trans-
mission between agents k and j, and the other one is used for the signal transmission
between agents k and h.

In practical applications, communication links in the network may become faulty.
From Fig. 1, when the state of node k is transmitted to node j, the polluted state
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X

f ok, hk.i

Fig. 1 Information transmission with faults

obtained by node j is
Xfki = Xk,i +8jk.i (®)
where g; x ; is an unknown real constant, which denotes a bounded signal transmission

fault. When the state of node k is transmitted to node #, the polluted state obtained by
node £ is

Xfki = Xk,i + 8h.k,i 9
where gj, «.; is an unknown real constant, which denotes bounded a signal transmission
fault.

In this paper, for convenience, let g; x; = gn,i. The following fault model is
considered:

Xfoki = Xk,i + 8k, Xf,0,i = X0,i T &0,i

where gi; and go; are unknown bounded constant, which, respectively, denote fol-
lower and leader communication link faults.
Define the following symbols:

Xfk=2Xk+ &, Xf=Xx+g

wherex sk = [xf k1o oo Xp ] s 8k = (81 -+ Gom I Toxp = ) o xf 01T,
g=1 ng, ey g%]T. If signal transmission becomes faulty, the neighborhood synchro-
nization error e, i ; is

ea ki = Z axj(xr ji—Xfki) +br(xroi —Xfki)
JEN;

= Z akj[(xj,i +8j.i) — (ki + 8k.i)]
jeN; (10)

+ bil(x0,i + 80,i) — (xk,i + &k.i)]
= ek, + Z akj(8j,i — 8k,i) + bi(8o.i — 8k.i)
JEN;
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Letwr = ) axj(gj,1 — &k.1) + bi(go,1 — gk,1), then
JENI

eq k1 = ek,1 + g (11

The following assumptions are made for cooperative tracking problems.

Assumption 1 The augmented graph G contains a spanning tree with the root node
being the leader node 0.

Assumption 2 There exists a positive constant My € R and Mo € R such that
[Ixo(OI < Mo, | fo(xo0, )| < Myo.

Assumption 3 There exists a positive constant My >0 € R k= 1,..., N such
that |y (g, t)| < Mj k.

Assumption 4 There exists a positive constant My, x >0 € R k= 1,..., N such
that || < M, k.

Lemma 1 [27] Define ¢ = [q1,...,qy] = (L+B)7'1,1 = [1,...,1]T € RV,
P = diag{p;} = diag{1/q;}, Q = P(L + B)+ (L + B)TP, then P > 0 and Q > 0.

Lemma2 [27]]|¢;i|| < |leaill/c(L+B),i =1, ..., n,whereo (L4 B) is a minimum
singular value of matrix L 4+ B.

2.3 Neural Networks

Neural networks have been widely used in modeling and controlling of nonlinear
systems. The feasibility of applying neural networks to unknown dynamic systems
control has been demonstrated in many studies [10,11]. As can be seen from Fig. 2,
radial basis function (RBF) neural networks (NNs) is presented in

fie(Ex) = 08 & (Zp) + ex(Zy)

Fig.2 RBF neural networks (in normal)
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where ek(Zk) denotes the optimal approximation error, Zr = [Zk1s .-y 2k, pk]T =
5, 07, &(Zo) = [e1(Zo), - .;k,NW(Zk)]T, Ny is the number of the NNs.

- g 2
Ck.i(Zy) = exp(— Zfil M), Y is the dimension of Z;, where ¢ ; > 0

Ck,i
is the center of the receptive field, and gy ;, ; is the width of the Gaussian function. Let

6, = arg min | sup |6] & (Zy) — fk(fk)‘
0€24 | zeQ,

20 = {Ocll10kI] < Bo}

with a constant Sy > 0, §2, denotes an enough large compact set.

From [6], we know NNs can approximate any continuous function to any accuracy
on a compact set.

From Fig. 2, we know the input of NNs contain the state. In this paper, signal
transmission faults are considered, the state x; cannot taken as the input of NN,
and only x 7 ; is accessed. Therefore, we use the neural network to approximate the
unknown smooth function f;(xx) in system (1). From Fig. 3, we know

fi ) = 6T & (Zy) + ex
=T Zr 1) — 0T E(Z s k) + 7 E(Zi) + & (12)
=0T (Z i) — O E(Z s 1) — E(Z1)] + &x

Assumption 5 There exists a positive constant Mgy > 0 € R k =1,..., N such
that|ex| < Mgy .

Fig.3 RBF neural networks (with faults)
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3 Main Results

Define the sliding mode error for the kth follower as follows:

d n—1 n—1
Sk = (E —H») e 1(t) =Y crieni(t) +exn() k=1,...,N (13)
i=1

where ¢ ; = CLZIA" ™ g > 0. Let &5(r) = [ex,1(2), ..., exn(D].

n

Lemma 3 [21] Let sy be defined by (13), and then

(1) if sg =0, then lim;_, e (t) = 0;

(2) if Isk] < ag, ex(0) € 24, then ex(t) € 24,V > 0;

() ifIskl < ak, ex(0) & 2y, then ATy = (my — 1) /A, ¥Vt > Ty, ex(t) € $24,; where
R, = lex@®lei] <2070 i =1,2,...,n,j=1,2,...my}.

Letci; =---=cn,i = Ai, Ap = 1, then
Sk = Arex, 1+ o+ i (14)
Define the global sliding mode error s = [sq, ..., sy 1T, then
s =Aiier + -+ Apey (15)

Differentiating s, we have

. . . n—1 .
S =Me1+ -+ Anen =Zi=l riei + ey
=)/—(L+B)(f(f)+u+h—i0)

(16)

where y = Z::]l Ai€iyl. )
Let & = 07 15(Zr 1) — §(Z0).Ep = [Er,1, -, Er. N1 & = Len, .. en]T,
0*1 = diag®0}", ..., 08, 6 = [§[ (Z5.1), ..., 65(Zy.W)]", then

fE =0T —g5 +e

where & is a bounded vector function.
If the signal transmission becomes faulty, s is not obtained and only s 7 x is accessed
which is defined as follows:

d n—1 n—1
Sfk = (5 + l) Cak1(t) =) crieri(t) +exn(t)

i=1

A7)
+ A Z aij(8f,j,1 — &f.k,1) + bk(gr,0,1 — 8f.k,1)
JEN;
=5t + ALwg
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Letsy =[sf1,...,5rnl 0=, ..., ,jw,]", then
sfF=s4ow (18)
Differentiating s y with respect to time ¢ , we have
s'f=s'+d)=)/—(L+B)(f()?)+u+h—i0) (19)
Define the following Lyapunov function
Vi = sTPs/2 (20)

where P = PT > 0 € R,
Differentiating V; with respect to time ¢, we have

Vi=sTPly = (L+ B e~ +etuth—f)]
=sTPy —s"P(L+ Bu—s"P(D+ B)0*T¢
+5TPAO*TE +5TP(D + B)gy — sTPAE,
—sTP(D+B)e+h—f)+sTPAE+h— [

2n

Define the following control law:
u=(D+B)"'y — f—sgn((sy —»)P(D+ B)Mepp +m(sy — &) (22)

where f = [fl, e, fN]T, fk = ékTSk(Zf,k) is the estimate of fk(Zf‘k). Py i is the

kth element of (sf— L?))TP(D + B), Mghf = [Mshf,l, e, Mghf’N]T, M&‘h‘f’k is the
estimate of Mgy r = Mg + My + Myso. m > 0 € R is a design parameter, which
satisfies

ma (Q)/2 — (5r + 2rm + 22 /4rA*)& (A)G (P) — ra (P) > 0

Let 9T = diag(éT, e, OA;{,), which ékT is the estimates of GIZ‘T.
Define the notations as follows:

A

éze*_é,]‘:lghfzMghf_Mghf,C'b:a)—d)
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Substituting control law (22) in (21), one has

Vi =—ms P(D+ B)s +ms'PAs —s'P(D + B)0'¢
—sTP(D + B)sgn(s"P(D + B))Mops +s"PAM,yy
+ms"PAw —ms"PA® +sTPAGTE —sTPAEy (23)
—msTP(D + B)i> — sTPAsgn(sTP(D + B) My
+sTPAMD + B) 'y +5TP(D + B)E;

Since

—s'PAE; < 5(P)6(A)rs's +6(P)G (A)/4rE [&y

sTPAOTE <5(P)a(A)rsTs +6(P)6(A)/4rET00 ¢

msTPAw < 5(P)a(A)rms's + 6 (P)6 (A)/4rmw o
—msTPA® < &(P)6(A)rmsTs + & (P)a (A)/4rmpB
sTPAMpp < G(P)G(A)rs's + G (P)G(A)/Ar M), s Meny
sTPA(D + B) "'y <& (P)a(A)rsTs +6(P)5(A)/4ryTy
s'P(D + B)ss <5 (P)rs's +6(P)/4rEf (D + B)' (D + B)&y

—sTPAsgn(s"P(D + B))A?Ehf <5(P)a(A)rsTs +5(P)5(A)/4rB3,
where r > 0 € R is adesign parameter, and Mghf = [Mepfias-.., Mghf,N]T, one has

Vi < —ms 'P(L+ B)s —s'P(D+ B)0'é& —ms"P(D + B)&
—sTP(D + B)senGs"P(D + B)Maps +5 (P)5(A)/4ry Ty
+ 15 (P)(55 (A) +2m& (A) + D)s's + 6 (P)/4rE[ (D + B)' (D + B)&y

+6(P)6(A)/4r(E 00 E +E[&r + By +mPBL +mo @ + MY, Meyyp)
24

Since 6 and Gk are bounded, 67¢ is bounded From Assumptions 2, 3 and 5, M), f

is bounded. Adaptive law (31) ensures that || Mh(s f1l < Bum. Further, th £ is bounded

as well.
Since OT&, My, 7 and w are bounded, there exists an appropriate parameter r , then

G(P)&(A)/4r(E 00 + £[&; + By, + mBl + mo' o+ MY, Meyg) <
G(P)/4r&f(D + B)' (D + B)és < s

Since
2 T2.2 /52
Vi = Z)‘ it S A8 /A
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N N 9 2 N 72
Z Z G- B e P
2% = 2 2
Pl Ao A
where A = max{XA1, ..., An}, A = min{A, ..., A,}. Further, one has

Vi < —msTP(L + B)s + ((5r + 2rm + X% /4r)>)G (A) + r)a (P)s's

—sTP(D + B)i"e — sTP(D + B)sgn(sTP(D + B))Meyy (25)
— msTP(D + B)® + g
where s = g1 + U2, s 1S @ design parameter.
Define the Lyapunov function
T 5 =T = T~
Vo =1r{0°0}/2n1 + My Mens /202 + & &/ 213 (26)
where n; >0 € R, > 0 € R, n3 > 0 € R are design parameters.
Differentiating Vj with respect to time ¢, we have
Vo = —tr{070) /1 — gthshf/’D — & /3 27)
Define Lyapunov function
Vo=Vs+ Vo (28)
Differentiating Vjy with respect to time #, we have
Vo < —ms P(L + B)s + ((5r + 2rm + 22/4rA*)6 (A) + r)6 (P)s s
—s"P(D+ B)6'E —s"P(D + B) sgn(sTP(D + B)) My (29)
—ms'P(D+ B)o— 6" 9/771 gthShf/nz_w o/n3 + s
Define the following adaptive laws:
;o [, if 161 < Bg or 18] = By and 8775 < 0
0=V - 80" oy if)10] = Bo and 6715 > 0 (30)
(T TACEE [10]] = Bp and 0" 79 >
2 2 2T
2 ™ i |[Meppll < Byor [|[Mepgll = By and Mgy ptpy <0
Mé‘hf = ]15[5 A?T ) 2 ~T (31)
Ty — i’fifhsz, if [|Mepgll = By and Mjptps > 0
[[Mengll
R Tw, if [|&]] < w or [|&]] = B and &1 1, <0 1
@= rw—%rw, if 16| = B and @T 7y > 0 (32)
where 79 = —m1&(sy — @) P(D + B) + 166, tu = —masgn((sy — @) P(D +

B)(sf —®)TP(D+ B) +nuMens, ©w = —m3mhri(sy — @) T P(D + B) + 1,0.
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ng >0¢€ R,ny >0¢€ R,n, >0 € R are design parameters. Note that project
operators are adopted to ensure that 6, My, r and @ are bounded.

4 Stability Analysis

Theorem 1 Consider multi-agent system (1) and leader node (2) under Assumptions 1—
5. Using distributed control law (22) and adaptive laws (30)—(32), the tracking errors
8;i(i =1, ..., n) are cooperative uniformly ultimately bounded and the tracking error
8; converges to the small neighborhoods of the origin.

Proof Define the Lyapunov function

o ~T =
Vo =s"Ps/2+tr{070)/2n + My, Meps /202 + &' /213
Differentiating V) with respect to time ¢, we have

Vo=s"Py —s P(L+ B)u—s P(D+ B)6*'¢
+sTPAO*TE +5TP(D + B)ey —sTP Ay

—sTP(D+B)(8+h—i0)+sTPA(a+h—i0) (33)

~r A =T 2 AT A
—tr{0° 0}/ m — My Moy /2 — @ @/n3
Substituting control law (22) and adaptive law (30)—(32) in (33), one has

Vo < —ms " P(L+ B)s + ((5r + 2rm + X2/4r)*)5 (A) + r)a (P)sTs

. =T =& T (34)
- n—etr{QTQ} — n—MMethshf — ﬂ_waw + s
n n2 n3

Since

676y < —2 tr{9T0}+ 94110704
n n 21

M ~T 2 i ~T ~ M
—EMsthahf < _Z_MsthEhf +5= 20 M, Meis

_’7_‘” To _n_‘”@T@_i_ n_waw

n3 2n3 2n3

one has
y 1 T 72 25\ = = T
Vo <— Ems Os + ((5r +2rm + A= /4rrA°)o (A) +r)a (P)s s
No ~T ~
0@y — Mg iy — 12 35
2771 1076} 2y S TERT 27]360 @ (35)

tr{0*To* —MT M, 22 BT ,
+277 { }+ ehf shf+2n360 o+ g
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From the previous analysis, we know 6*, 1\;18;, f» w are bounded. If ng, Ny, 1, and
N1, N2, N3 are chosen appropriately, then

no +T p% M =T No T
—tr{0* 0%} + —M_, ;Mepr + —o < lop
2 2y T g

where gy > 0 € R is a design parameter.
Let o = s + pom, then

Vo < —ioVo + o

Further, one has

0< W@ =< 24 Vo(to) — KO} p—hott—10)
) Ao

i 1 1/2mo(Q) 72 2\ = ng 1 Ne
where Ao = min {W — (57 4+ 2rm+A°/4rA°)o (A) —r, ﬁ, %, m} .

Let Vy = %Q(P)Mz, M > 0 € R is a design parameter. Since o (P)||s(t)||?
2V, (1) < 2Vo(1), then [|s(1)]] < /2Vo(1)/a(P), |Is(@)|| < M . Similarly [|6(:)]|

JmM, ||1\_48hf(t)|| < JmM, ||o|| < /n3M. According to the previous analysis,
we know s and @ are bounded, because sy = s + w, s0 sy also is bounded. Since

. . . ; 2 .
lex.i| < Zl*IA}(*"M, one has [[e;|| </ N(@2/=1A;7"M)". According to (16), we can
T 2
know |le, ]| < \/N(2’—1)»5(_"M) +Bpi=1,...,nk=1,..., N.FromLemma2,

we can get the following result: from the previous analysis, s ¢ (t) is cooperative uni-
form ultimate boundedness. Further, s (f) also are cooperative uniform ultimate
boundedness. Because e, ; (f) is bounded, from Lemma 2, one has §; ; are bounded.
And since the state of the leader is bounded, the state x  ; are bounded as well.

=
=

5 Simulation Results

Consider a 5-node digraph G and a leader node described in Fig. 4. The dynamics of
the leader node is described as follows:

X0,1(1) = x0,2(1)
x0,2(1) = x0,3(1)
X0.3(t) = —x0,1(t) — 1.5x0,2(t) — 2x0,3(¢) + 2sin(2t) + 4 cos(2t)
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Fig.4 Topology of the
communication

The follower nodes are described by third-order nonlinear systems in the form of
(1) with

x1,3(t) = —xp,1x12 +sin(x13) +uy + hy

X23(t) = x2,1c08(x2,2) + 2x23 + up + ha

X33(t) = —x3,1 + sin(x32) + us + h3

X43() = (x41 + )64,2)2 + 3x43 4+ cos(2t) + us + ha
X53(1) = —2xs51 + x52 + us + hs

In this paper, the disturbance Ay is random constant and bounded by |Ag|
1. Choose the following initial states: xo = [0, 1,117, x; = [1,—1,0]T, x,
[0, =1, —21", x3 = [0, 1,017, x4 = [1.5,0, 0], x5 = [0, 1, —1]T.

From Fig. 1 and Lemma 1, we can know

1A

00 2 0O 500 00 2 0 0 0O
1 0 0 0 O 0 0 0 0 O 01 0 0 O
A=]10 4 0 1 0(B=|0 0 0 O O{D=]0 0 5 0 O
300 00 00 0 0 O 0 0 0 3 0
|00 0 0 O 0 0 0 0 1 00 0 0 O
2 o -2 0 O -2 0 0
-1 1 0 0 0 0 0 0
L={0 -4 5 -1 O|L+B= 4 5 -1 0
-3 0 0 30 0 3.0
| 0 0 0 0 0 0 0 1
[0.62 1.59 0 0 0 0
1.62 0 061 O 0 0
g=1|169 | P= 0 0 059 0 0
0.96 0 0 0 104 O
| 1.00 0 0 0 0 1.00
[ 11.16 0 —1.18 0 0
—-1.59 0.61 0 0 0
0= 0 —245 295 -—-104 O
—4.78 0 0 3.12 0
| 0 0 0 0 1.00
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Fig.6 Tracking error &1

Further, we have the singular values of: 11.01, 4.03, 0.42, 2.36, 1.00. 6 (A) =
241,6(P)=1.59,6(Q) = 11.01, (D + B) = 1.00. In this simulation, we choose
m = 17)"1 =2’)"2=21)"3: 17771 =’72:773= 1007’79 =’7M=77w20017lh =
oy = 0.1, r = 100.
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The simulation results are presented in Figs. 5, 6, 7 and 8. From Fig. 5, we can find
that the state of the leader is bound. From Figs. 6, 7 and 8, at the beginning, under
the normal controller, the tracking errors converge to the neighborhood of the origin.
When signal transmission faults occurred, we can find the tracking errors deviate

Birkhauser



Circuits, Systems, and Signal Processing (2020) 39:1335-1352 1351

from the neighborhood of the origin. However, if the signal transmission faults are
compensated for proposed fault tolerant controllers (22), we can obtain better tracking
control performance again. The simulation results have illustrated the effectiveness of
the proposed scheme.

6 Conclusions

In this paper, the cooperative adaptive fault-tolerant tracking control problem of high-
order nonlinear multi-agent systems with signal transmission faults is studied. Based
on the approximation capability of neural networks, an adaptive fault-tolerant control
scheme is proposed, which guarantees that all followers asymptotically synchronize
to a leader with tracking errors converging to a small adjustable neighborhood of
the origin. However, the topology among nodes considered in this paper is fixed. In
practical applications, the topology may be variable. For example, a new node is added
to or removed from communication network. In the case, how to handle the cooperative
control problem of nonlinear multi-agent systems is important and challenging, which
is studied in our further research.
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