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Abstract

This paper presents the output-constrained control algorithm for non-affine multi-agent
systems (MASs) with actuator faults and unknown dead zones. The error transforma-
tion method is employed to keep initial connectivity patterns in the non-affine MASs
for consensus tracking control. The radial basis function neural networks are utilized
to estimate the unknown nonlinear functions. Furthermore, the Nussbaum function is
used to overcome partially unknown control direction problem. To address the problem
of the constrained control, a state transformation technique is presented. In addition, the
fault-tolerant consensus tracking protocol is designed to reduce the effects of actuator
faults and dead zones. Furthermore, it is shown that the consensus tracking errors are
cooperatively semi-globally uniformly ultimately bounded. Finally, the effectiveness
of the proposed approach is illustrated by some simulation results.

Keywords Non-affine multi-agent systems - Actuator faults - Dead zones -
Output-constrained control

1 Introduction

The cooperative control of multi-agent systems (MASs) has received much atten-
tion in the last decade [20,42,52]. It has extensive applications in many fields, such
as unmanned air vehicles [35], autonomous systems [40] and distributed sensor net-
works [25]. For the MASs, researchers mainly study the consensus issues, which can
be divided into leaderless consensus and leader-follower consensus [49]. Researchers
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are especially interested in how to coordinate group behavior arising in the MASs,
and many meaningful results have been obtained in [8,11,18,34,38]. The consensus
problem of continuous-time MASs with discontinuous information transmission was
studied in [38]. Consensus protocol was designed in [11] for a group of agents with
quantized communication links and limited data rate. In [18], the consensus problem
in continuous-time MASs with switching topology and time-varying delays was con-
sidered. In [34], an adaptive control method was studied to realize the cooperative
tracking of uncertain MASs.

It is well known that system faults in a dynamic system can take many forms,
such as actuator faults and sensor faults. The actuator plays a crucial role in the
cooperative tracking problem of MASs [28]. If it undergoes certain failures, it can
cause unsatisfactory performance and lead to catastrophic accidents. Hence, many
results have solved the problem of actuator faults to increase security and reliability
of systems, and a series of meaningful results have been presented. The problem
of observer-based adaptive fuzzy fault-tolerant optimal control for SISO nonlinear
systems was considered in [15]. The problem of fault detection for fuzzy semi-Markov
jump systems based on interval type-2 fuzzy approach was studied in [43]. The problem
of flight tracking control against actuator faults based on linear matrix inequality
method and adaptive control method was proposed in [3]. The adaptive fuzzy fault-
tolerant control method with error constrain was presented in [13] to solve the problem
of fault for non-triangular structure nonlinear systems. The active fault-tolerant control
problem was studied in [26] for nonidentical high-order MASs with the network
disconnections.

On the other hand, the control direction is usually unknown for the control design
in many application requirements [2,30,37]. Many controllers have been designed for
MASs with unknown control direction in the past few years. In most of the existing
works, the controller design relys on the information of control direction of each agent.
Nussbaum in [27] presented an efficient method to deal with the problem of unknown
control direction. The adaptive consensus problem of MASs with unknown identical
control directions was studied in [1]. The problem of neural control with unknown
control directions was studied for uncertain non-affine nonlinear MASs in [29]. In
[36], the consensus problem was solved for uncertain nonlinear MASs with unknown
control directions. For time-varying delay systems in [12], an output-feedback adaptive
neural network control method was presented to overcome the problem of unknown
control directions.

Motivated by the aforementioned discussions, the output-constrained control prob-
lem is considered in this paper. First, the error-transformation method is presented
to keep initial connectivity patterns in the non-affine MASs. Secondly, the agent
state transformation technique is proposed to convert the original MASs to an uncon-
strained one, where the outputs do not have any restrictions. The Nussbaum function
is introduced to overcome partially unknown control direction problem. Further, the
fault-tolerant tracking controller is presented to compensate the effects of actuator
faults and dead zones. Finally, simulation results demonstrate the effectiveness of the
proposed control strategy. Compared with some existing results, the contributions are
summarized as follows
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1. An error transformation method is presented to preserve initial connectivity pat-
terns of non-affine MASs by using nonlinear error transformation surfaces.

2. Compared with the results in [7,16,44], the controller designed in this paper can
solve the unknown dead-zone and actuator faults problems simultaneously.

3. Unlike the existing results [17,24,50], an output-constrained control algorithm is
presented for non-affine MASs. The actuator faults, unknown control directions
and unknown dead-zones are considered in this paper. The designed control algo-
rithm can guarantee system stability and ensure that the output constraint cannot
be violated during operation.

The remaining of the paper is arranged below. In Sect. 2, some preliminaries are
presented. The controller is designed and the stability analysis is described in Sect. 3.
The numerical simulation is provided in Sect. 4, and the conclusion is shown in Sect. 5.

2 Preliminaries
2.1 Basic Graph Theory

By regarding the followers and the leaders as nodes, the directed graph is denoted by
a directed graph ¢ = (V, £, A), where V = {v1, v, ..., vy}, the edge set E C V x V
and the adjacency matrix A =[a;;] € RN, ¢; ; > 0, if (i, j) € £, and a; j = 0
otherwise. For node i and node j, if node i can receive the information sending from
node j, then (i, j) € £, and node j is called a neighbors of node i. The interaction
relationships among the leader and followers are noted by matrix B = diag [by, ..., b, ].
The Laplacian matrix is defined as £ = D — A, where L = [l,-j] € RV*N js defined

N
aslijj = ). a;,j and l;; = —a;j, 1 # j. D = diag{d, ..., dy} is diagonal matrix,

i#j
N
and the in-degree is definedasd; = ) a; ;. The node i is called the neighbor of
J=1j#i

node j when the edge (, i) exists. The more details can be found in [9] and references
therein.

2.2 Problem Formulation
The system model of the ith agent is

Xig=xij+1,l=1,...,n—1
Xign = fi(xi, ki (i, 1) + (1) )

Vi = Xi1

where x; ; € R, u; € Rare the state and control input, respectively, f; (-) is an unknown
function, and «; (+) is the actuator input—output characteristic.
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Assumption 1 Functions %K’l’(')z = 1,2,...,n are bounded, and 0 < fpin <
9 fi (xi ki
|| < o

Assumption 2 ®; (¢) is an unknown modeling error and |w; (t)| < w;y, where w;py 18
an unknown positive constant.

Assumption 3 The function «; (u;, t) = o;(t)u; + w; (t) is anonlinearity model, where
the time-varying function is o; (f) € [Omin, Omax])> and | (£)| < Wiy, Omins Omax and
Wiy are unknown positive constants, i = 1, 2, ..., n.

Remark 1 Similar to [6], it is assumed that some agents’ control directions
are unknown but identical in this paper.

3 fi (xi ki)
oK

Remark2 Assumptions 1-3 are introduced from [6]. Based on these assumptions and
the mean value theorem [4], we can get a new dynamic model.

The RBF NN are utilized to the approximate unknown functions, where f; (x;, 0) =
WI.T Si (x;) , and the dynamic model can be described by

Xi] = Xil+1
%in = WIS (x;) + gi(Oui + hi(t) 2)
Yi = X1
where
d fi(xi, ki)
gi(t) = fa— 0 (t)
Ki K,':Kio
a fi(xi, ki)
hi(t) = fT i (1) + o; (1) A3)
1

K,':Kl-

with K,Q = giki, 0 < ¢; < 1. Hence, it can be verified that 0 < gmin < |gi ()| < Zmax
and |h; ()| < hipy With gmin = fminOmin» &max = fmaxOmax, and hjpy = fnaxiiv +
wiM -

The state constraint interval is given as follows

x() <xi1<x@),i=12,..,n @)

where x(¢) and x(¢) are boundary functions.

2.3 Nussbaum Gain Technique
The Nussbaum-type function N (-) satisfies the following properties

lim sup + RNHdH=+oo
R—+o00 p R fOR ( ) (5)
lim inf % ;" N(IdI = —o0

R—+o00
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The Nussbaum functions are commonly chosen as 12 cos(IT), T2sin(TT) and
—j exp(TT? /2)(IT? + 2), where IT is a real variable, and j is a positive constant.

Lemma1 [27] V(t) and T1(t) are defined on [O, tX). If there exist continuously dif-
ferentiable functions 9;(t), one has

t N
V() < /0 > (G OON @ 00) + B9 G0dx + ¢ ©)

i=1

. N .
where ©;(¢), V(¢), and fot M@ GON® () + ﬂi_l)ﬁi(x)dx are bounded on

j=1
[0, tX) , and ¢ is a constant.

2.4 Agent State Transformation

In this paper, according to the literature [6], the agent state transformation technique
is described as

zZil=M(x;1,x,x),i=1,2,..,n (7
where M () is an increasing function, and

lim z;1 =400
Xi1—X (8)
lim z;1 =—00
Xi 1= X+

Next, define ¥; ;= [Xi.1, X; 2, coos Xi gy X, %y o xO %, %, 3O 1= 1,2,...,m.
The derivative of z; 1 is

Zin=Hi 1Y) +qixin = Hia(Yi) +qixi2 = zin 9)

971

where g; = Fron and

=, ox (1o
fori =1,2,...,n.
Then, differentiating z; », it gives
Zio=HioYin) +qixio = Hi2(Y;2) + qixi3 = 23 (11)
where
Hip = E;[Z:]l Yii+ (%i—k %i + ;}le xi,2> Xi2 (12)
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Similarity, we have

Zip = Hi p(Yi p) + qixip = Hi p(Yi p) + qiXi p+1 = Zi p1 (13)
and
0H; p—1 dqi .  0q; - 9gi
Hi , = —P "y, + X+ —Xx+—xi2)x 14
i,p 3Yi,p71 i,p—1 (a 9x ax, : i,2 i,p ( )

Finally, differentiating z; , yields

Z'i,n = Hi,n(Yi,n) + Qi).‘i,n
= Hin(Yin) + @i (WS (x;) + gi(Ou; + hi (1)) (15)

Then, the resulting system is given as follows

il = Zil+1
Zin = Hin(Yin) +aqi (WIS (x;) + gi(Oui + hi(2)) (16)
Yi = Zil

The actuator fault model is

F ~ K
i ;) = ki joui j(t) +itij o), t €8] .1 ; ]

ki jhti jot) =0 (17)
wherek; ; , € [0, 1], t; o0 tf .o are unknown constants. i;_; ,(¢) is an unknown fault,
where j =0=1,2,...,m, andOgtf/ <t,j1§t”2§tl 7 < .. < oo,

We define '
o _ JKijo lfte[tzjo’ ler]
Kl,j(t) =11 if e
1 IE[I h’l]aJrl]
. _ ulj()(t) lfte[t:ju’ 1610] 18
4 =19 ifrefee., 15, ] (18)
i,j,h’ "l j,0+1
The actuator failures can be expressed as
F -
ui i (1) = Kijouti,j(t) + i, j,o(t) (19)

Assumption 4 The i; ; is an unknown positive constant and satisfies |L't,-,j (t)| <.

In this paper, the dead zone is defined as

uj j(t) = D(A; (1))

. mi j.p(Aij(®) —0ij.p), Nij(t) > 0ijp

=10, —0i j1 < A,',j(t) < 0i,j.p
mi (N @) +0i ), N j{@) < —0ij

(20)
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where D(A; ;) is the dead zone actuator input. The unknown constants m; j , 0;_j r,
m; ;. and o; j; are positive.
The dead zone is given as follows

ui j(t) =m; j(ON; ;@) +& ;@) (21)
where
Dy Jmijp, Aij(@) =0
m; j(1) = { sy Mg () <0 (22)
and
—mi jpOijp. D) Z0ijp
§i,j(1) = —mi j(Ovi j(1), —oiji1 <A j{t) <oijp (23)
mi, j,10i,j,1, A j(t) < —0iji
From (23), we have
&, (O] <& ;@0
&.j (1) = max{m; j poi j p. mi,j10i,j,1} 24
Then, it follows that
Zik = Zik+1
Zin = Hin(Yin) + W Si (xi) + qi&i (Dki, jmi j (1) A; (1) -

+qigi (ki j&,j () + qigi(®ui j + qihi(t)
Vi = Zil

2.5 Radial Basis Function Neural Networks
The RBF NNs will be utilized to estimate nonlinear functions with the following form
gLy =WTS@Z)+F (Z).VZeQp CR", |I (Z)| <« (26)

where f (Z) is the approximation error, S (Z) = [S1 (Z), S2 (Z) , ..., Sk ()" is the
basis function vector, and k > 1. S; (Z) denotes the Gaussian basis function as follows

27)

-\ 7 =
5 (Z)zexp[_@ W' (Z m]

W2

T . . . .
where 1; = [Lil, Uy e e Liq] is the center vector, and M; is the width of the Gaussian
function.
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The ideal weight matrix W* is designed as

W* = arg min {sup ’g @) - WT's (Z)‘} (28)
WeRF | ZeQ

where W € R,

Lemma?2 [31] Choose S(X.) = [S1(Xe),S2(Xe),..., Sk (G, where X, =
[x1,...,xc]T is the RBF NNs basis function vector. For any positive integer, the fol-
lowing inequality can be obtained

I

IS GlI* < |IS (%5) (29)

where ¢ < p.

3 Control Law Design and Stability Analysis

Based on dynamic surface control technology [32,41], the new nonlinear error trans-
formation surfaces s; 1 and s;  are presented as follows

N
1 . 1 .
Si,1 ZZai,jhl(l_'—et'J) + b;In (#)

—éij —€i0

j=1 (30)
Sik = Zik — %k

Lix=air—ak

wherek =2,..,Nandi =1,...,N.¢;; = @, eio = @, and L; ; is the

boundary layer error. a; ; is the weighting parameter described as

a = i, |yi0)—y;0)] <R
b 0, otherwise

_ R |y,~—yj|<R
dij = { 0, otherwise @D

and a;; = 0. b; is defined as

b — bi, |yi(0)—y;0)| <R
! 0, otherwise

- | R, |lyi—yl <R
bi = { 0, otherwise (32)

and tl-,kolz,-’k + ok = ok, where 7; x > 0 and &; £ (0) = «; £ (0). o; x are the signals
obtained by the first-order filters.
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Theorem 1 For the MASs (25) with dead zones, actuator faults and unknown control
directions, under Assumptions 1-3, the virtual control signals, the adaptive laws and
the actual controller, all the signals in the closed-loop system are cooperatively semi-
globally ultimately bounded (CSGUUB). The agent outputs remain within the time-
varying constraints for all time.

(yi— )
T’ one has

By using the consensus error ¢; ; =

i+ Lio+ai2—2j2)

e,"j = R (33)
(si2+Li2+ai2— Yo)
€0 =
R
3[,]{ = Sik+1 + L; gkl O k1 — al k
éi,n = Zi - az n (34)
where k =2, ...,n — 1.
Step 1 For k = 1, the derivative of s; 1 is given as follows
it = (i +¥i)(Vi) — ¢iy; — ViYo (35)
- ) .2
where ¢; = ]E:l 4% (1—6,-2,,-) and V¥; = b; Ry are bounded parameters.
We consider the following Lyapunov candidate function
1 1
W,1—§,1+—W,1W11+—9 L6 1 (36)

where m; 1, yi1, and I'; | are positive designed constants.
Differentiating V; 1, one has

Vil =si18i1 — Wi,lrlfll Wi — 9~iT1Fl~flléi,1
= si1ldiyi +¥iyi — ¢iy; — ¥ivol
~07\ T 101 — Wiar | Wi
= i 1[(¢i + i) (i) — diyj — ¥ivol
—éflr,flléi,l - Wi,lr,'Tll Wi
=s5;1[(¢i +¥i)(sio+ Lio+a;2)
+Pia(i D] — (¢ + i) st

ellr 9 llrzlvvl1

where 6; .j is the estimation of 9* with 9~l~ j =0 i~ éi, j W,-, j is the estimation of
Wi, ; with W, = W Wi i=j=1, , N. The unknown nonlinear function
Pi 1 (o,1) is given as follows
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Piy (cin) = —ixj2 — ido + (¢ + Vi)’ S, 1

T
N N
where o1 = |Zi1, Si,l» Z ai,jxj’l, Z a,',jxl"z, b,‘ei,o, b,‘yo .
j=1 j=1
Construct the virtual variable «; 7 as follows

1 ~ “
a2 = 5t v [_Qi,lsi,l — Pi1(aig ‘Wi,l)]
1
s 1tanh< 2 1) (37)
¢i + lﬁz €i,1

and the property 0 < |s,~,1| —Si1 tanh(i’:—’i) < 0.2785¢; 1 is used.

The adaptive laws 9}1 and Wi)l are defined as

A S"l A

0i,1 = I'; 15;,1 tanh <el_1> — T 16i10i 1 (38)
i,

Wit = vi10i1si1 — viaoia Wi (39)

where I'; ;1 > 0 and y; 1 > O are tuning gains, &1 > 0 and o; 1 > 0 are constants,

and ©; 1 = BP;‘I}V(O[: 1) . Substituting (37)—-(39) into (36), it gives

Vig < —Qi,lsizl + (i + ¥i)sia(sio+ Li2)

— G+ Y 46 <s, tanh <6 1)

b Wi
— > + W/ (®i,lsi,l - —ll>
Li Yi,1

+0.2785¢; 16; 1
< _Qi,lsiz’l + (i +V¥i)sii(sio+Li2)
+&10;1011 — (¢ + Vi 2S,-2,1
+oi 1 W Wit +0.2785¢;,16; 1 (40)

where g; 1 > Oand¢; 1 > 0.
Step k The derivative of s; x is given as follows

Sik = Sik+1 + Ligy1 +aigr1 — &k (41)
Define
1 1 1
Vlk—Vzk1+§slk+ W,kW,k-l-—@lk@,k (42)
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Vi k 1s derived as

. . . ST 1A - 1A
Vik = Vik—1 +sikSik —0; 1 Ty 1 Ok — Wikr; Wik

=8 k(i k1 + Li g1 + o ket = Qi k)

ler elk_ 1kr,le,k

Construct the virtual variable o; ;41 as

ik Qi gk — Uik
O k1 = —0i kSik — @kmm< )+——?———
ik

€i.k

and the property 0 < |s; x| — si .« tanh (S’ ") < 0.2785¢; x is used.

The adaptive parameter 0,,  1s designed as
A si,k ~
Oi .k = Ui ksik tanh | — ) — I k& k6 &
€ik
The adaptive parameter Wi, k 1s designed as

Wik = VikOi kSik — Vik0i k Wik

(43)

(44)

(45)

(46)

where I'; > 0 and y; x > O are tuning gains, & x > 0 and o0; x > 0 are constants,

1
and ©; ; =
ik — 3W,

By using (44)— (46), we get

Vik < Vik—1+8i k(i k+1 + Li k1 + Qi k41 — Qi k)

s o
—9,k s,ktanh( lk) _ 2k
€i k Uik

. Wi &
+Wfk (G)i,ksi,k - ;)
Vik

+0.27856,‘ 16i &
k-1

= —ZQz 157 +ZS; 1GSi,141 + Lii41)

=1 =2

k k
+ Z Ti.10:.16:1 + Z via W Wi
=1 =1
+(pi + Vi)si 1(si2 + L;i>)

—(@i + Vi) s] + Zo 2785¢; 16,1
=1
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where g; ; and €; ; are positive constants.
Step n Based on (34), we get

~§i,n = Z'i,n - &i,n (48)

Define V; , as

1 1 ~ _
Vin =Vino1 + 557, + o W Wi+ Ehi,nr,-,,lh,-,n (49)

The derivative of V; ,, is

Vin = Vin1 + il Hin + qi (i () (&, j(mi j (D) A (1)
+&,;@®) +up )+ hi(t) — i,
+qi W, Si (xi)] = hi a7 i
T 14
Wl n'i,n Wl n
= Vin—1 + il Hin + qigi (ki jmi j (A (1)
+4qigi (ki j&i j (1) +q,-gi(t)ﬁ,~ J
+th (t)_a1n+511 S (xi)]
_htnr hln_ lnzn]W’"
= Vin—1 + SinHin + singig (O jmi j(OA; (1)
— Sin@in + Sin&i (ki j& j (1) + 8inqi&i (D j
+Sinqihi(t) + Si,nQiWiTnSi (xi) — fli,nr,f,zfli,n
. IWl 0 (50)

l}’lll’l

The control law A; ; is given as
Aij = Big; 'N@)®Pi (51
where B; > 0. The ¥; is a variable, and the derivative of ¥; is given by
i = ki | Bisi n®i (52)
Furthermore, ®; is given as

")
. Sinq>h
®; = Hipy +qiWl,Si (xi) — @in + (53)
|si.n| qihi + exp(=it)

where Y; > 0, and W,-,,,, fzi,n are the estimates of W; ,, h; ;.
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Utilizing (52) and (53), it follows that

Vin < Vinet1 + Singqigi Ok, jmi () Big; N (9:)®;
— 8i nGin + Sin&i (ki j&i j (1) + 5i nqi & (Dl j
+5i nqihi(t) + i nqi W,'TnSi (xi) + sinHi n

- Wl Vi’zpn - fli,nr,f,f;li,n

< Vin—t +sial(gi (Oki jmi j (BN (D) + Dd; — ;]
— Sin@in + 81,081 (DK, & j (1) + 51,041 81 (Dl
+5i.nqihi (1) + Si nqi W,-T,, Si (x;) + 8inHi n

) A Fo—l
- W' r Wi,n — h,-,,,l‘i’nh,-,n

i,n"i,n

Further, notice that —
that

Siznqizljlizn P
- |q-ﬁ: e < — |si.n| gihin + exp(—=Y;it). It follows
nn t"r,n 1

Vin < Singi ansi (xi) + |si,n|CIil’~li,n + exp(=T;1)

+ ki 1 (gi (DK jmi ;N (@) + B
+5inqi & Ui j + 5i nqigi (ki j& (1)

A

_Ei,nri_’,}fli,n - Wi,nrijnl Wi,n (54)
According to Young’s inequality and Lemma 2, it has

2 g2
siamq?gl(t)  Sinki ;& (1)

Singi&i (ki j& j (1) <

2 2
Stdigi (i < Si‘”qig? © S’”"f ) (55)
Design
ﬁ/i,n = Vi |Sin| 4iSi (Zi) (56)
i}li,n =Ty |sin|qi (57)

Utilizing (55)—(57), one has

Vi < ki 1(gi (O jmi iN () + ,31-_1)191' +exp(=T;, 1)

2 =2
Kl',j%_' . —|— u- .
+5i.0q7 87 (1) + Sin (#>

2
n—1 n-1
2
- ZQi,zsi,l + Zsi,l(si,l—H + Liit1)
I=1 =2

% Birkhiuser
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+ZF11911911+Z%I Ith

n—1
+ ) 0.2785¢46;1 + (¢ + Vi)sia(sia+ Li)
=1
—(¢i + Wi)zsi%] (58)
Define
N
V= Zkz_llvln (59)
and we can obtain
N n-1
V< Z Zk, (_Qi,lsiz,l + i16i 161 + yi,IWiT,Wi,,>
i=1 =1
n—1
+ Zki,l (i +¥i)si1(sio+ Lin)
=1
N N n-1
=D ki @i+ ¥ s+ )Y ki 10.2785€,6;
i=1 i=1 I=1

N n-1

+ Z Z kit sia(siaen + Liren)

i=1I=1

N 2 =2
ki j&7 . +us
—1 2.2 LIS i,j
+ E |:k,-,]Si,n(61i 8 @) + B )]

i=1

N
+ Z(gi Ok, jm; jN () + /3,-_1)1.91‘
i=1
N
+) ki exp(="i,1) (60)
i=1

A~

- -2
By applying Young’s inequality, W W % (Wfk — H Wik H ) )

52 72 52
Gi’k < Z(Qi,k — Gi’k), we have

k| Oik—

N n-1
V<_szzlgllszl+2|: <12+L122>

i=11=1
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+

™=

n—1 1 1
1
Zkl 1 (2 Sty + s+ 2Lz l+1>:|

11=1

N 2 =2
ljé +u
5 it - 25

N
+Z[ i1 &Xp(=Ti, 1) + (gi (ki jm; ;N (D)

+ B )z'%-]+<p (61)

and

N n
i _
Q= Z |:Z ( 3 91 1+ 7 iZJ + 0-2785€i,19i,l>1|

Similar to [41], choosing positive constants 0;,1 = 0, ik = % + 0}, 0in =
% + o, and integrating both sides of (62), we have

V() < V) - fZ:cl,(gmx)ml,N(z? 0)

+ B DD (0dx +Z 1T

e
+/:

N
> kifoiasti(x0Odx

i=1

(=)
I]M-

™M=

1
[E(Siz,z(x)dx + L7, (0dx)

—

n—1

_|_

™M=

(2 S+ 00dX +5; I(X)dX>
1 1=1

n—1

t
e
N
Z L 1+100d X

/0 i=1[=1

't & (ki gt
Z(]l/ l/)dx

t

~

+
N =

+
o\

—_

N
+ Z sin(ai gl COdx + ¢ (62)

%

Birkhauser



Circuits, Systems, and Signal Processing (2021) 40:114-135 129

Through above analysis, we can conclude that 9%;(¢), V(¢), and fot ki, j (& (xm; ;
N (x)) + ,81._1)1'% (x)d x are bounded on t € [O, tx) , and the initial value V (0) is
bounded.

Remark 3 Compared with the existing results in [14,39], an error transformation tech-
nique is considered to generate an equivalent MAS. In addition, the controller designed
in this paper can deal with the unknown dead-zone and actuator faults problems simul-
taneously.

4 Simulation Results

The following simulation example is used to verify the effectiveness of the designed
control method. We consider a MASs with four pendulums [36], whose dynamics are
governed as

Xi,1 = Xi2

. 8 . ki Xi .
Xig = Sln(xi,l)—fxi,2+7+wi,l =1,2,3,4 (63)

i i mii

vy = 0.05sin (5¢ + 4.9)

where x; | is the anticlockwise angle. g is the gravitational acceleration. /; = 4 is the
length of the rod, k; = 0.2 is the friction coefficient, and m; = 2 is the mass of the
bob. The torque ; is described as

—1.2(u; —0.2), u; >0.2
x1 =140, —-02 <u; <0.2
—0.8(u; +0.2), u; <-0.2
X2 = —uz
(1 —0.3sin(u3)) (u3 —0.2), u3 >0.2
X3 = 07 _0.1 <uz < 0.2
(0.8 = 0.2cos(u3))(u3 +0.1), uz <—0.1
X4 = uy (64)

The fault model is given as

F uy, ift €2E,2E +1]

MLUZY0.5u,, ift € [2E+1,2E +2]

S [ 03wz ifr € 2E.2E + 1]

1.2 0 ifte2E+1,2E+2]

JF_ | e ifr€2E2E +1]

21 0.6up ift € [2E +1,2E + 2]
Uz ift € [0, 1)

Fo_
“22 7102+ 0.2sin(r) iff €[1, 00) (65)
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where E =0,1, ..., N.
Apparently, the matrices of A and £ can be written as

0100 1 =10 0
1011 13 —1-1
A=10000"%=] 0 0 0 0 (66)
0010 0 0 —1 1

From Fig. 1, we know B = diag(l, 0, 1, 0). The simulation results are shown
by Figs. 2, 3, 4, 5 and 6 and the correlative design parameters are chosen as k| =
0.1, k2 = 0.1, k3 = 0.1, k4 = 0.1, e| = 10.1, €] = 10.1, €3] = 10.1,
es1 = 10.1, B12 = 0.75, Boo = 0.22, B32 = 0.82, 42 = 0.81, 01,1 = 1.1,
0,1 = 11,031 = 11,041 = 1.1,q1,;1 = 20.1,q02 = 702,932 = 1,q42 =
1,810 = 30,81 = 121,431 = 441,841 = 18,€1) = €21 = €31 = €41 = 1,
01,1,p = 04,011, =05 my1, =11, m 1, =14,001), =11, 021, = 4.1,
myi,p = 0.8, my 1, = 1.1, 031,p = 6.1, 031, = 1.6, m31,p = 0.9, m3 1, = 1.3,
04,1,p =06.1, 0411 =1.6, my 1 p =0.9, and my4 1; = 1.3. The external disturbances
are given as @) = 0.2cos(5t), wr = 0.1cos(10¢), @3 = 0.2sin(10¢), and @y =
0.1sin(5¢). x = —0.6exp(—t) — 0.1 and x = 0.4 exp(—0.8¢) + 0.2 are constraints,
and M (x;1,x,x) = 2In((x;;1 — x)(X — x;,1)) + x;,1 is a transformation function.

Fig.1 Topology of
communication graph

0.008
0.006
0.004

0.002 | 'I

-0.002
-0.004
-0.006

-0.008

Time(Sec)

Fig.2 The trajectories of system states
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Fig.4 The trajectories of actuator faults
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Fig.6 The trajectories of controller signals
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The trajectories of constraints on agent outputs as shown in Fig. 2, and the consensus
tracking trajectories are shown in Fig. 3. In Fig. 4, the trajectories of actuator failures
with unknown dead zones are plotted. Figure 5 shows the trajectories of dead zone
input, and Fig. 6 shows the trajectories of control input.

5 Conclusions

This paper has presented a state transformation method to solve the constrained control
problem for MASs in non-affine form. A fault-tolerant consensus tracking protocol
has been designed to solve the problems of actuator faults and dead zones. The RBF
NNs have been utilized to estimate the unknown nonlinear functions. The results
indicate that the controller guarantees all the signals are bounded, and all follower’s
outputs can follow the leader’s outputs. Finally, simulation results have been utilized to
show the effectiveness of proposed consensus control scheme. In our future research,
based on the NNs approximation property, we will extend the results of this paper to
the event-triggered control [51,53], digital twin-driven control [10,22], sampled-data
control [47,48] and some intelligence algorithms [5,19,21,23,33,45,46,54] for MASs.

Acknowledgements This work was partially supported by the National Natural Science Foundation of
China (61703051), and the Project of Liaoning Province Science and Technology Program under Grant
(2019-KF-03-13).
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