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A fixed-time event-triggered consensus control method is proposed for uncertain nonlinear multiagent systems with actuator
failures. Since actuator failures, external disturbances and control gains are time-varying and completely unknown, the effects of
these system constraints on the system are completely unknown, which makes the implementation of fixed-time tracking control
challenging. To deal with these system constraints, radial basis function neural networks (RBFNNs) are applied to approximate the
uncertain dynamics, and a boundary estimation method is presented to achieve adaptive compensation for them. Furthermore,
considering that the implementation of this boundary estimation method requires a large number of communication resources,
an event triggering mechanism is designed to reduce the update frequency of the controller. It is theoretically confirmed that using
the proposed control scheme, all the followers can track the leader with sufficient accuracy in a predetermined time, and all the

closed-loop signals are bounded. Finally, the simulation experiments verify the theoretical results.

1. Introduction

With the swift advancement of communication and com-
puting technologies, the cooperative control of multiagent
systems (MASs) has emerged as a research hotspot in the
intelligent control field [1-3]. As consensus control is an
important and fundamental issue of cooperative control, the
scientific community has paid close attention to the con-
sensus control in recent years [4-7]. The early works on
consensus control focused on asymptotic consensus, which
theoretically takes an infinitely long time to achieve uniform
boundedness. For example, the consensus control was in-
vestigated for multiple Euler-Lagrange systems with dis-
turbances in [5]. The leader-following consensus problem
for MASs was addressed by an adaptive neural approach in
[7], and the asymptotic consensus of the system was
achieved. Recently, to improve the interference immunity
and convergence speed of the system, scholars have pro-
posed many finite-time consensus control methods [8-12].
Wang et al. [9] studied the finite-time consensus control
scheme for second-order MASs with mismatched

disturbances. Considering MASs under undirected graphs,
Du et al. [10] proposed a distributed finite-time consensus
control algorithm. Nevertheless, since the initial system
states have an impact on the convergence time, these finite-
time consensus control methods cannot obtain a fixed
convergence time. To remedy this deficiency, the fixed-time
control whose convergence time is independent of the initial
system states was proposed in [13]. Because of this feature, it
was applied to the cooperative control of MASs [14-18]. In
[14], a summary of recent developments regarding fixed-
time cooperative control was provided. Liu et al. [15] studied
the fixed-time consensus tracking control for MASs with
input delays. For second-order MASs with external dis-
turbances, Liu et al. [17] investigated a fixed-time consensus
control method.

An important aspect of achieving cooperative control is
that the actuators work properly. Nevertheless, it is in-
evitable that actuator failures will occur over long periods of
system operation. Fault-tolerant control is one of the most
promising control techniques used to maintain system safety
and performance in the event of an unexpected failure. In
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recent years, scholars have proposed many fault-tolerant
control methods to cope with actuator failures [19-23].
Considering rigid spacecraft systems with actuator failures,
a fault-tolerant control method was presented in [20].
Considering nonlinear systems with actuator failures, the
trajectory tracking problem was investigated in [21]. For
fault-tolerant control methods for MASs, please refer to the
literature [22, 23]. In contrast to the works mentioned above,
which studied the time-invariant failure problem, the au-
thors in [24, 25] investigated the compensation problem of
time-varying failure for uncertain nonlinear systems and
MASs, respectively. However, to the best of our knowledge,
little work has been reported that explicitly addresses the
issue of actuator failures and fixed-time convergence for
nonlinear MAS. Therefore, it is significant to study fault-
tolerant control methods for nonlinear MAS in the
framework of fixed-time control.

On the other hand, the actual system requires high-
frequency communication to accomplish control tasks, so
a large number of communication resources are required.
Because the communication resources of the system are
limited, it is of great engineering value to study how to
reduce the communication burden. Event-triggered control
is of great interest to scholars because it can economize the
communication resources. Up to now, many event-triggered
control methods have been proposed [26-31]. Based on the
event-triggered control framework, Zhang et al. [26] in-
vestigated the adaptive consensus control for MASs with
actuator failures. In [27], to further save communication
resources, the control signal’s transmission bits are taken
into account, and a 2-bit-triggered control technique for
nonlinear MASs was developed. For more event-triggered
control methods of nonlinear systems, please refer to the
literature [29-31].

According to the previous analysis, there is little work on
fixed-time event-triggered fault-tolerant control for un-
certain nonlinear MASs, although there are many significant
results on consensus control. In particular, this control
problem becomes more interesting and challenging when
there are unknown and time-varying control gains and
external disturbances in the system. This study makes an
effort to address this issue by taking inspiration from pre-
vious studies. The primary innovation of this study, as
compared to previous research outcomes, is evident in the
following two areas:

(1) The long-term operation of the control system may
lead to actuator failures, which will affect system
performance or even lead to instability. In this re-
search, to cope with the effects of actuator failures,
external disturbances, and time-varying control
gains, a boundary estimation method is proposed to
compensate for their effects on the system. In ad-
dition, considering the large amount of communi-
cation resources required to implement this
compensation method, an event-triggered mecha-
nism is designed to relieve the communication
pressure.
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(2) Considering the requirement for fast convergence in
engineering applications, a fixed-time consensus
control method is developed. The fixed-time stability
of the system can be achieved by using the proposed
method. In other words, even if the system is affected
by actuator failures, time-varying control gains, and
external disturbances, the tracking error of the
system can converge to near the origin in a fixed time
independent of the initial states.

The rest parts will be organized as follows: the system
model and preliminaries are given in Section 2. Section 3
introduces the fixed-time event-triggered controller design
and stability analysis. Simulations are shown in Section 4.
Finally, the conclusion is presented in Section 5.

2. Models and Preliminaries

2.1. Model Formulation. In this research, MASs made up of
one leader and N followers are considered. To facilitate the
description, the leader is marked as 0, and followers are
marked as k(k =1,2,...,N). The model of follower k is
given as follows:

X1 = Xgo
9 D%y = e+ fr(1 %) + g (8), (1)

Yk = Xk

T
where x;, = [Xp 11, X015 - - > X ] € R® and x5 = [x15,

Xpos oo xk)sz]T € R? are state vectors, s is a positive integer;

g () = diag{gk)1 () Grn (1), - .. ,gk,s(t)} € R™ is an un-
known and time-varying parameter vector; f, = [f,,
frar--o» frsl" € R represents an unknown and smooth
nonlinear  function  vector;  di (t) = [dy (t),d, (1),
c i ()] € R® is an unknown and continuous external
disturbance; uy = [uy 1, uys, .- ,uk,S]T € R® and y; = [y 1>
Yias-- o yk)s]T € R?® represent the control input and system
output, respectively.

In practice, a long period of operation inevitably leads to
actuator failures. It can cause a difference in the actuator
input % ; and the actuator output u;;, which can affect
system performance. Inspired by the literature [32], this
difference is modeled as follows:

Ui = Pri Ot + 11 (D), £ 214, (2)

where i =1,2,...,s, p;(t) is the health factor; ry; (t) is the
uncontrollable parameter; #; ;¢ denotes the moment when
the actuator starts to fail, and it is an arbitrary moment.

Thus, considering failure mode (2), dynamic model (1)
becomes

X1 = Xgoo
Ik (DX = pi (D1 + 1 (£) + fk(xk,l’ xk,z) +d (1),

Yk = Xk

(3)
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where T = [Ty 1, Upss - - > gl € RS, pr(t) = diag{pk’1 (1),
Pra(t)pr D} € RS, and 1 (8) = [ryy (£), 1 (D),
coT (D] € RS

Remark 1. Different from control schemes [19-21] in which
the parameters of actuator failures are constants, the control
scheme for uncertain MASs with time-varying actuator
failures is studied in this research. In engineering applica-
tions, the degree of actuator failures tends to vary with time,
so studying time-varying actuator failures is of more en-
gineering value. It is worth mentioning that the actuator
works properly (i.e., u; = uy;) when t <f; ;. In addition,
the normal working model u, ; = 4 ; is consistent with the
failure mode (2). During the design of the controller, the
compensation mechanism for unknown actuator failures
will be designed based on model (2).

Agents (leaders and followers) are connected by a known
and directed communication topology. The directed com-
munication topology can be described by & (o, #, &, 7),
where o = [ak]-] eRVN(k, jef{1,2,...,N}) is the
weighted  adjacency = matrix ~ among  followers;
F = diag{h,, h,,...,hy} € RY is the weighted adjacency
vector between followers with leader 0; & = {0,1,2,...,N}
represents the set of leaders and followers; 7€ & x & is the
set of edges. If (j,k) € 7" and j+k (follower k can receive
the information from follower j), then a;; >0, otherwise,
ar; =0. Thus, the neighbors of follower &k is
Ne=1{jl (k) e 7’}. If follower k can receive the in-
formation from leader 0, then A; > 0, otherwise, /; = 0. Then,
one can obtain a matrix @ = diag{d,,d,, ...,dy} € RV¥
and a Laplacian matrix & =2 — & where d,; = Z?Llai
i=1,2,...,N.

Therefore, we can define the coordinate transformation
of follower k as follows:

]’)

N
el = hk()’k,z‘ - ;Vo,f) + Z akj(yk,i - yj,i)’ (4)

=1

~

iz = Xiin ~ Mkt (5)

where i=1,2,...,s, yy; is the leader’s output; e;; is
a synchronization error; e ;, is a virtual error; &y ; is a virtual
controller which will be designed.

Assumption 2 ([8]). All followers have a path from the
leader to themselves. The leader’s output y,; (i = 1,2,...,5)
is bounded and continuous, and its 2nd order derivative j,;
is available.

Assumption 3 ([32]). The time-varying parameter
i (1) (i=1,2,...,5) is positive and bounded, and the ex-
ternal disturbance d;(t)(i =1,2,...,s) is bounded, i.e.,

0<g,, <9 (t) £ Gy;» and |dy; ()| < dy ;, where 9y Gri> and
dy.; are unknown positive constants.

Assumption 4 ([32]). The parameters of the failure model (2)
pri(t) and ry;(t) are continuous and unknown (when
t> tk,if), and they satisfy 0 < p; ; (t) <1 and |ry; (t)| <7 ; with
7> 0.

Remark 5. Assumption 2 is common and reasonable in
tracking control studies for uncertain nonlinear systems or
MASs, and similar assumptions can be found in [29-31, 33].
As illustrated in Assumption 3, in this study, external dis-
turbances and time-varying control gains are considered,
which is more reasonable and practical, although it makes
control tasks more difficult. In Assumption 4, the time at
which the actuator begins to fail #; ;¢ is unknown and this
uncertainty together with the unknown and time-varying
parameters p,;(t) and r;;(t) makes the controller design
interesting and challenging.

2.2. Preliminaries

Lemma 6 ([34, 35]). For e€ R and &>0, one has
—etanh (e/6) <0 and 0<|e| — etanh (e/8) <0.27854.

Lemma 7 ([36]). Fore, € R, e, € R, p;>0,p, >0, and k>0,
one has
le1 [Pt lex 1> < pi/py + pikle, P72 + py/p, + pr kPP e, PP,

Lemma 8 ([36, 37]). For ;>0, 0<a<1, 1<b< + 00, and
i=1,2,...,n onehas (Y7 k)" <Yr «% (Yr,x) <1/n'"?
b

2111 K.
3. Main Results

3.1. Fixed-Time Controller. According to the previous
analysis, follower k can only obtain local system state in-
formation, so the design of the distributed controller 7 ; is
presented in this subsection describes.

Step 9. The first Lyapunov function is constructed as
follows:

1,
Viin = 2€kir- (6)
According to (4), the time derivative of e, is
€it = (M + di)xpn — Z WX i — Yo (7)
jeNk

Thus, one can obtain that

Vi = (e + di)egnerin + (b + di e o —< Z X+ hkyo,i>ek,i1' (8)

jeNk



The virtual controller «;, is designed as follows:
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1 3 20—
_ g-1 .
g =——| =be . —criers +Ea-x»-+h : 9)
kil hk+dk k,il%k,i1 k,il%k,i1 kj ji2 kYoi |

where by ;, and c;; are positive design parameters.
Substituting (9) into (8) yields

5 _ 4 2q
Vigin = =brin€rin — Ckin€in + (M + di)ewiexo- (10)

Step  10. According to  (3), X, = gy (prith, +
i+ fri +di,;). Then, we define functions 7 ; (t) = 1/gy;
(re; +dyi;) and (. ; = 1/g; ;py,;- According to Assumptions 2
and 3, #;; and (;; are bounded. Thus, one can define the
boundary 7 ; = SuPt20{|'1k,i|} >0 and (; = l/gk)i >0 with
G = inftzo{( k,i} >0. Two adaptive parameters 7 ; and Zk,i
are defined to estimate 7 ; and Zk)i, and one can obtain

estimation errors 7 ; = 7,; — fx; and (; = Gy — G

Viiz = Vi + ek,iz(xk,iz - “k,il)

jeNk

Remark 11. In order to cope with actuator failures, un-
known control gains, and external disturbances, two
adaptive parameters 7, ; and (; ; are designed. This approach
reduces the impact of these system constraints by estimating
critical values. In the next step, two adaptive laws 7 ; and (} ;
will be designed to achieve fixed-time stability.

The estimation of 9, = [W,|* is defined as 9,“, where
Wi, is the ideal weight of RBFNNSs. Then, V; ;, is defined as
follows:

1 2 1 ~2 (kz
Vi = Vi + 2y +——
k,i2 k,il 2 k,i2 zo.k)irlkz ZV i

<‘kz 9k1’ (11)

20,

where oy;>0, y; >0, [;; >0, and Sk)i =9, - 9,
Calculating the derivative of V ;, yields

i
i

. _ _ — 1 5
Vi + Ceitiierin + ’7k,i|ek,1‘2| +f k,i(Xk,i)ek,iZ ~ 2Cki2

—(hy + dk)ek,ilek,iz

where fr; (xii) = (b +diderin + 1 gy fri + 112 = dns
T ;.

Xii = [xi,pr,z,x,-,mxj,n] (jeN), and yxy; = [xf,pxiz’

xj,il,xj,iz,yoyi,j/o,i]T if (0,k) € 7. As f; is a continuous

function, it can be approximated by RBFNNS. Similar to [7],

RBFNNs were used to estimate the uncertainty function as
follows:

1_
Mkl —
Ok,

1_ . G
—a—ﬂk,iﬂk,i : (klckl - 9k;9kz
ki k,z
(kl
(klckl 9k19k1’ (12)
k
Wk1 - [szl’WkIZ" . ka] and S(X)kl - [Skzl (X)

Skia (s - Skn()()] are the ideal weight vector and the
basis functlon vector, respectively. The approximation error
Uk (Xxi) satisfies vy ; (y ;) <vx; with 9, ;> 0.

Then, one can get

1o, 1, 1,

7k,i(Xk,i)ek,i2 < Zsk Skz"Skz" ek it 2€k1 +€kin t zvkz’

2
- *T
Frilxei) = Wi Sei(xes) + vii(xes )» (13) (14)
where g ; > 0.
By substituting (14) into (12), one has
; 4 2 _ _
Viin < — b — Ck,ilek,qil + (U i€hin + ’7k,i|ek,iz| + e 9k1||skz|| ek i
k
(15)

1~ B {kt

kit ~ Ck z(kz
Ok,i

1 -2
9k 191“ + 251“ + Evk,i'



International Journal of Intelligent Systems 5

In the traditional time-triggered mechanism, the actu-  threshold event-triggered mechanism is designed to reduce
ator input 7y ; is updated periodically, which requires alot of ~ the update frequency of z; ;. The event-triggered mechanism
communication resources. In this study, a switching  is defined as follows:

| lnf{t € [R | |mk)i (t)| > sk,il + Qk,ilﬁk,i (t)”’, |ﬁk,i| < Ak,i’
tk,i,z+1 =1 (16)
| lnf{t [S R | |mk)i (t)| > Sk,iz}’ |ﬁk,i| > Ak,i’

( O 1 e, :
—ock)i2tanh<ek”2ak’lz>(l + Qk,i) - M |ﬁk,il < Ak,i,

O 21-0..)
W (£) = 1 ’ (1-ew) (17)
1 _
[ Fkiz = SCkiz> || > Do
Uy, (t) = wk,i(tk,i,z)’Vt € [tk,i,z’tk,i,zﬂ)’ (18)
q = b 2q-1, 1 3. IS, II? = h( k2
Xpio = Opin€rin t Crin€rn + 75 heillSki | eriz + ik tan - ) (19)
ki ki

Coitienn < Lt st + 0278500
i, Ui <Cier ity oy +=Cisp . +=C s, +0.
where bk,iz’ Criz» This Ak,i’ Skil> Skizs and 6k,i are positive ki%kiCk,i2 = Ski®k,i2%k,i2 P k,ivkil P k,ivk,i2 k,i%k,i

design constants; 0<g; <1, my,(t) = wy,(£) — 1, (t); (23)

z € Z", ty;,, is the controller update time, and t;;, rep-

resents the initial time t,. The virtual controller a; ;, is designed as follows:
Three adaptive laws are established as follows: =2,

el ki%,i2

5 s Jkis? Oip = : (24)
=y e — oG — =2 20 ’ [2 32 2
{k,l Yk,l k,i2%k,i2 ]k,zck,z Yk,i(k’l ( ) ek,izck,i“k,iZ + #k,i
. y From (24), it can be derived that
% ki2 = ki3
i = Opierptanh| == | =4 7 = =7 (21) 2 32 2
Thk,i Ok i _ (k,iek,izzk,iak,iz
Chifhin®hip = — g
2 _2 2
. 1 ) b, s \€kinCki% i + M
§ 2 3 ki
i =~ ilSill ez = POk = 7k (22) 2
281{' lki ( 0, -
> 4 2 ik i2
< = Gk —= -
where J;;>0, £ ;>0, and by ; > 0. € inCri%in + Hii
Remark 12. As shown in equation (16), an event is triggered < it — gk,izkﬂ' ki2€hiz- (25)
only when the trigger condition is satisfied. Whenever the
event is triggered, the control value 7y ; () = wy; (£ x,1) Will It is true that
be applied to actuators, and the control value will remain (Fa (L F - (26)
until the next event is triggered. Obviously, this update SkiSki%hizChiz T S iOki%kiaChia = CkinChiz-

mechanism of control signals can reduce the update fre-
quency and thus ease the communication pressure.
Then, according to the analysis in the appendix, one has

Substituting (23), (25), and (26) into (15) gives

; 4 2q — — 1 22
Viin < —bepep — Cri1€ki1 ~ FkizCkiz T ’7k,i|ek,i2| + _282 9k,i||sk,i| €Li2
ki

(oim (3 _ 1 . 1= 2
— k,i<(k,i - Yk,i“k,izek,iz) Mkt — Z_Sk,isk,i + Opio (27)
Yk, Ok, ki

ki



where

1,
6k1 8k1+

2

Substituting (19) into (27) gets

Vk i2 = < Z bk tpek ip Z Ck zpek ip + rlktlek 12| ’/Ikzek 12tanh< T

p=1 p=1
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1,
vkz+ (k15k11+ {k15k12+(k,/"kz+02785(k18k1

(s _
) =k (kl<(kl Viik,i2€k,i2)

i
>

1 ki 1 % 3
s — ki |:’7kz = O0,i€k tZtanh< 2)1 - Z_‘9k,i<'9k,i lkl||Sk1|| ek12) + O
ki ki kl

%

Using Lemma 6 and substituting (20)-(22) into (29)
gives

2 2 C J CoJhi 4
; 4 2q | 2ki kz, kil kiz 33 ki— =
Vi< — Z bk,ipek,ip - Z ChipChip T sk;(kz 7 0kiCii ’Ikz’1kz
p=1 p=1 i Yk,
Z’ﬂk1~ ~3 I7k kl
3 kM L O + 9k19kz + O + 0.27857 Ty
Ukl ki lkl

Obviously
(k ]kz {k ]kz (k ]kz
ol ST (31)
EOEE S TR

By using Lemma 7 and letting €, =1, €, =, J;,/

2yk,{k1, pr=1-q, p,=q, and k=qg?""9, (31) can be
written as
(k ]kl (k ]kz (k']ki"Z
: C,(, ! 7, ( 2 ’fi> +1, (32)
Ve R 2y K 2y °

2 2
7 _ 4 2q
Vi< Z bk,ipek,ip - Z ChipChip ~
p=1 p=1

fki ~2 1 fk i~ <3
— > . +
(Zo_k,irlk,z O'i lrlk lrlkz

where

(k)
9% | a2
2l lei

where ( = g?174(1 - g).
Similar to (31) and (32), one can obtain that

q
Lﬂklﬁ ﬁ fk,i ﬁZ ( fk,i ﬁZ ) +1
killki = ki~ ki >
Ok, 20,

bkt bkz 1
2, 9 ( \9,“) + L

Substituting (32)-(34) into (30) gives

b
ik <
lkl

q
gk,i]k,i‘;z ik,i]k,i‘; 23
oy ki |t T T OkiSki
Vi Yk,

b, s .
k,i
i + 0o

(28)

(29)

(30)

(33)

(34)

(35)
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(kt]kl z’ﬂkz —2

(kl

bk192

Oki = Ok + 0.27857, 7y, + (kz ’1kz 2, + 3. (k,(kl 3(k,(k,, (38)
(36) . .
_ 435
According to the definition of {;;, one has 3Zi e SM 3(’;”', (39)
-~ =3 = (23 = =2 2 = =3 A
Chilri = (k,i<(k,i + 30k iChi = 3CkiChi — (k,i>- (37)
where 7 ; > 0.
Using Young’s inequality, we have Combining (37)-(39) yields
—4 —4
G 15 2(1%3(.1#
2k kl(kz(kz— (4§k,i]kz 9k i ki 2?)( —(il) = k’lz £y _k’lz k)l4k," (40)
Vk i 12y 4YiTki
Similar to (37)-(40), one can obtain that
Criz -3 43 ( 1 )2 Oulle; | 3Ckilln
Tt < — (461, = 9w —T17, | + ot ¢ 8 (41)
o_i 1’1k znkl ( ki~ 7Y ki'tki ) 20k,i Nki 120_]2()i 40}2()i772)i
brig o 12\ it 30k
=19 .9, . < —(4b,, — 9b, .7 —9,. ) +=H Lty (42)
li’i kiVk,i ( ki~ 7Vki kz) 2lk,i ki lzlil 41%#”2,‘

Substituting (40)-(42) into (35) yields

2 2 ¢ T 1

. 4 2 kil kiz2 4/3

Vin < - z beip€iip Z ck,pekqlp ( 2’ (k,i> _(4§k,i]k1 9, TkiTwi )(2 Ckz)
p=1 p=1 Yk’i kl

Cri 2 1 4/3 I : I’k 4/3 1 =2 2y
—<201;iﬁk,i> —(4sz 9fk1ﬂkz)(7k)iﬁk,i) (21k19k1> (4|’kz 9bk17rkz)<7k,i9k,i> + 0>

(43)

where

—4 —4
I gk,i] k,i(k,i +3§k,i] k,i(k,i ¢ k,iﬁli,i 3¢ k,iﬁi,i bk,igi,i 3|7k,i9i,i

Sk,i = 6k,i + (44)

2 2 4 2 2 4 2 2 4 ¢
12y, YT 120y, 4opm; 120 Algm

Using Lemma 8, one has



MI>—‘

. 21, 1\’ 2
Viin < = Via < Z 5 > ~ it < Z

2
1 1 1 ~
—Wk,ia<20 ’11”) ‘/’kza( ’11”) —Wk,m(%{’

where ;. ;; =21 min{ck,il’ck,iZ}’ brir =2 min{bk,il’bk,iz}’

1pk12 = jZﬁ ¢k12 = 4]kz _9]k1 4/13/(](1 WktS = le, ¢ki3 =

A6 = 9C1ms Yieia = b and Gy = 4by; — 9by,ml.
Ultimately, we can get

(/)lekIZ + 8k1’ (46)

where v, ; = mm{‘/’k,ih Yiiz> Viiz» ‘//k,i4} and ¢y ; = mln{¢k,il’
Prein> Preiz> Prjiad /4

Viin < — vV k,z

O, = Nk1|vk12(Nk1) min (

1 1
T, .< .
KE0(1-q)  #0(q-1)

Thus, the error signals N, ; can converge to the set given
by (47) after the fixed time T’ ;. Then, according to inequality
(47), we can easily obtain that x; ;;, Xi 5, s Ciio Tiio Kpins
®ip» Wii> Ug» and 1y ; are bounded.

¥ l/q y 1/2
Opi Opi
(1-0)y,; | "\ (1-0)¢y; ’
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2 2
( i { iy
) - Wk,iz( 2kt (k1> ~ b2 (icil)
2 )q
ki | ~

3.2. Stability Analysis

(45)

Theorem 13. Considering the MASs (3) under Assumptions
2-4, the distributed event-triggered controller (18) can
guarantee that

(1) All the closed-loop signals are bounded, and the
output of each follower can track the output of the
leader within a fixed time;

(2) The Zeno behavior is avoided.

Proof. According to Lemma 6 in [38], the error signals
Ny = [eriserins i (k i» 71" can converge to the following
residue set:

(47)

(48)

where A, (£ + %) is the maximum eigenvalue of the
matrix L+ H; E =[e8,...ex" =Y, -7,
N
T ¥ _ jo———1T
Yi=Wipyai--s¥nil s Yi=Vos---Yo; |'- Therefore,

the tracking error e;; can converge to the set given by

(50)

We define the synchronization error vector as
E; = le ,epi1- - ,eN)il]T. Then, according to [8], one has
El < " ” 49
Bl ()
|E | <min V2 ék’i
kil =
' max (g + %) (1 - 6)V/k,i

As wy; is a function about «; ;, and ey ;,, we can obtain
wy; isbounded, i.e., wy; < Wy ; with ; ; > 0. In addition, when
|ak1|<Ak1’ hmt—»tk,zlmkz(t) = Skl +Qk1|uk1(t)| My i
(tr;z) =0, so the time interval satisfies f;;>s;;; + 0k,
[t ; ()|/wy ;. Similarly, when [ ;|>Ay;, one has ;>
Sgi/@y;. Obviously, the Zeno behavior is successfully
avoided. O

1/2q \/5 Sk’i 1/4
Nmax (Z+ 7))\ (1 - 0)¢y;

Remark 14. The fixed-time stability can be obtained by
selecting the appropriate design parameters, and the
tracking error can converge to near the origin within a fixed
period of time T} ;. It is worth mentioning that the time T} ;
is independent of the initial system states, which is an ad-
vantage of fixed-time stability. This property will be dem-
onstrated in simulation experiments.
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FIGURE 1: The directed communication graph.

4. Simulations and Results

The suggested algorithm is deployed to a collection of au-
tonomous surface vessels (ASVs) in order to test its efficacy.
Figure 1 expresses the communication topology between
ASVs (0 represents the leader; 1, 2, and 3 represent the
followers), and the model of ASV (see [39]) is described by

X1 = X2
9 (D% = p (O + 1 (6) + fr(x500 X52) + i (0),

Yk = Xk
(51)

where  x;, = [xk,11>xk,21>xk,31]T and  x;; = [ 10, Xk 205
Xp3,)" represent the position and velocity, respectively;
gi(t) =di ag{gk,l,gkyz,gkﬁ} is the mass matrix. d; = [d; ,,
2»d;]" is an unknown external disturbance; 7 =
(U1 B B ] and yy = [Yer Vi Yial' represent the
control input and output of agent k, respectively. f, rep-
resents centripetal, Coriolis, and hydrodynamic damping

forces and torques, where f;, = & x; , with
A+Alxgn| —geoxin 0
E=| gr1%ks B+ B|x;,| 0 . (52)
0 0 c+C |xk)32|

The physical parameters are given as follows:
Gk = 500 + 5sin (1/10t), g, = 1000+ 10sin (1/10¢), gy 3 =
800 + 8 sin (1/101), A =~1+0.1(- Dk, A=-25+25(- D,
B=-10+ (-1)f, B=-200+20(-1), C=-0.5+0.05
(-1)F, C = -1500 + 150(- DY, dg, =3-01(-1) sin
(1/500), dy, =3 -02(~ 1)%sin (1/50¢), and dy; =3-0.1
(-1)% sin (1/50¢) for k = 1,2, 3.

The initial states of the system is given as follows:
x1,(0) = [0.3,03, 0.317, x,, (0) = [0.2,0.2,0.2]", x5 (0) =
[0.1,0.1,0.1]7, x,,(0) = [0,0,0]", x,,(0) = [0,0,0]", and
x3,(0) = [0,0, O]T Assume that the output of the leader is
o = [sin(2t), sin(2¢), 0]”.

EE)’ 0.5
0 1
0 5 10 15
Time (s)
a0
o 100
i
29
£E 50!
S 3
i}
2 a
=)
0 1
0 5 10 15
Time (s)

— T (1)

FIGURE 2: The parameters of actuator failures.

In the simulation experiment, the failure of the actuator
is considered and the failure model is u; = p, (£)u; + 1y (£)

with  p; (1) = diag{py, (£) pry (1) prs ()} and 1 (8) =
(i1 (702 (£), 75 (D)]T where

) = 1, t <5s,
t
Pk 0.5 +0.5¢ ¢ 4554
(53)
) = 0, t < 5s,
Tk 100 + 10629 > 56

Furthermore, to better demonstrate the actuator oper-
ation, Figure 2 is provided. As shown in Figure 2, the ac-
tuator works normally until 5s and then starts to fail.

The distributed controller is designed as follows:
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TaBLE 1: Part 1 of design parameters of the controller.
Parameters
Followers
b bro bi s C11 Ck21 C31 br12 b bisn Ck,12 Ck,22 Ck,32 Hii O
1 5 5 5 5 5 5 150 150 100 150 150 100 0.01 0.2
7 7 7 7 7 7 200 200 150 200 200 150 0.01 0.4
3 8 8 5 8 8 5 250 250 100 250 250 100 0.01 0.4
TaBLE 2: Part 2 of design parameters of the controller.
Parameters
Followers
Ok Skl Skiz Aga Ap, Aps L & bri Ok Thi % Vhi ki
1 1000 1000 2000 5000 5000 0.5 0.5 0.1 0.1 1 0.1 0.1 1 0.001
2000 3000 2000 5000 5000 0.5 0.5 0.1 0.1 1 0.1 0.1 1 0.001
3 2000 3000 2000 5000 5000 0.5 0.5 0.1 0.1 1 0.1 0.1 1 0.001
_ 1 b 3 2g-1 ]’l .
it =3 g\ " OkitCkin T kit T Z kX2 t Yo |
k k jeny
lnf{t eR | |mk’i (t)| > Sk,il + Qk,i|ﬁk,i (t)l}, |ﬁk,i| < Ak,i’
tk,i,z+1 =1
| lnf{t cR | |mk’i (t)| > Sk,iZ}’ Iﬁk,i| > Ak,i’
€k,i2%%,i2 (1 * Qk,i)ek,iz _
—ock)iztanh(é—)(l + Qk,i) = | < Acs
ki 2(1 - gy
wk,i (t) = <
1 _
Qo ~ Eek,iZ) luk,il > A
(54)
u; (1) = wk,i(tk,i,z)’Vt S [tk,i,z’tk,i,z+1)’
=2 5
- eki2Cii %
k,i2 2 Zz i) > >
\€ki2Ski%%,i2 T B
_ 3 -1 L5 2 - i
Qein = brnein + Crickip T 73 Sk,i"Sk,i” €2 i tanh =,
2 ; Tk
2 _ ~ Ik .~3
(k,i = Vii%i2€kiz — J k,i(k,i - _lck,i’
Yii
2 €Lz - Criz3
ki = Uk,iek,fztanh<—) = Crillki = —Mko
T, Ok,
5 1 2 5 3 by
i = = illSkill iz = Pridki — Ksk,i’ (55)
ki o

where k = 1,2,3,i = 1,2, 3, q = 4/5, and the relevant design
parameters are given in Tables 1 and 2. The initial values of
the adaptive parameters are 9(0) = 0,7 (0) = 0 and {(0) = 0.

The simulation results are given in Figures 3-5 and
Table 3, and it is clear that all signals are bounded. The

output trajectories and synchronization errors of each fol-
lower are described in Figure 3. Even if the system is affected
by actuator failures, the output of the followers is aligned
with that of the leader. Time intervals for triggering events
are shown in Figure 4, and obviously no Zeno phenomenon
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Ficure 5: The curves of control signals and adaptive parameters. (a) w, ;, %, , and u; . (b) w,, %y, and u, ). (¢) w3, U3, and us;. (d) w, ,,
U, and uy,. (€) Wy, Uy, and uy,. (f) w;,, U3, and uy,. (g) w3, Uy 3, and uy 5. (h) w, 3, Uy 3 and uy 5. (i) w5, U3 3, and uy 5. (j) 91 1, 9, 5, and
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Cz,z, and (z,3~ (r) (3,1) (3,2’ and (3,3-

TaBLE 3: The detailed trigger data.

Trigger counts (times)
Control inputs &8

0-3s 3-6s 6-9s 9-12s 13-15s 0-15s
u, 46 30 36 37 36 185
U, 35 30 30 35 37 167
U, 57 32 34 32 30 185
U, 50 53 43 61 41 248
Uy, 47 43 47 44 36 217
U; 92 77 73 69 74 385
us, 90 80 77 107 95 449
Us, 77 87 88 87 77 416
Uss 90 69 95 84 100 438

appears. As can be seen in Figures 5(a)-5(i), actuators start ~ needs to update the control signal #;(i,k=1,2,3)
to fail after 5s of operation. In Figures 5(j)-5(r), the dy- 1500 times for 15s of operation. Thus, it can be concluded
namics of the adaptive parameters demonstrate the validity =~ from Table 3 that the proposed method saves a significant
of the adaptive laws. To demonstrate that the proposed  amount of communication resources. In addition, to
method can save communication resources, detailed trigger =~ demonstrate that the upper bound of convergence time is
data are recorded in Table 3. In the simulation experiment,  independent of the system’s initial states, Figure 6 provides
the sampling time is 0.01s, which means that the system  the convergence curves of e, |, for different initial states. The



14

International Journal of Intelligent Systems

0.5

elll

I el,ll

el,ll

el,ll

with x| (0) =0.30 and x
with X, (0) =0.25and x
with X, (0) =0.20 and x

10 15

Time (s)

0)=0
0)=0
0)=0

1,21
1,21

1,21

F1GURE 6: The synchronization error e, ,, with different initial system states.

simulation result shows that the convergence time in various
initial states is approximately 0.25 s, which demonstrates the
fixed-time stability.

5. Conclusions

In this study, a fixed-time consensus control method has
been developed for uncertain nonlinear MASs with actuator
failures. To achieve the adaptive compensation for actuator
failures, unknown control gains, and external disturbances,
a boundary estimation method is presented. Furthermore,
considering that the implementation of this boundary es-
timation method requires lots of communication resources,
an event triggering mechanism is designed to reduce the
update frequency of the controller. It is demonstrated from
theory and experiments that by using the suggested method,
all signals of the closed-loop system are bounded, and the
tracking error of the system can converge to a set near the

I+ 0

origin in a fixed time while saving a lot of communication
resources. The proposed method requires all state in-
formation of the system, but in engineering applications, the
system states may be unmeasurable. Based on this research,
we will examine the output feedback consensus control in
the future.

Appendix

The calculation of {} ;7 e, in (15) can be divided into
two cases.

Case 15. |uy;|<Ay;. According to (16) and (17),
[y ; (] < sy + 0rilti; (H)| holds for YVt e [t .tk ,.1)-
Furthermore, one can obtain #;(t) = wy; () — s,

Brin (/1 + 01 Brin (t) with [B; ()] <1 and By, () < 1.
Therefore, we can obtain

(it = ~Criekin 1 T 1
T T T+ ok ()

Using Lemma 6, (A.1) can be rewritten as

Crithierin < Cri| lexinii| - ek,iz‘xk,iztanh(

€1 i Xy
|:(Xk)i2tal’lh( k,i2%k,i2

1+0ki)er; aPri (¢
0] IS VAR NN B
k,i 2(1 + Qk,iﬁk,iZ (t))(]. - Qk,i) Qk,l k,i2
2
ek,izak,iz) _|ek 0 ‘2| ) +|5k,ilek,i2|
X 51 2
Opi 2(1 - Qk,i) Il - Qk,il (A2)

1y 2 3
< Chi€rinpein + E(k,isk,il +0.2785() ;6. ;-
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where Zk’i = suptzo{(k,i} > 0.

Case 16. |uy ;| > A ;. Similarly, for Vt € [ty ; ..t ; ,.1), One can
obtain that 7 ; (t) = wy; (t) = s P (8) with |B; (B < 1.
Thus, it can be obtained that

_ 1,
(it ierin <€ k,i(ek,izka,iz - Eek,iz + |Sk,izek,i2 |)
(A.3)

ly >
< Cri€rin®in + 5( ki Ski2*
Combining Cases 15 and 16 yields

_ 1 2 1y 2 ¥
Cithiiehin < Cri€rin®ein + E( kiSkil T Eck,isk,iz +0.2785C) 0y -

(A4)
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