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Abstract

This paper focuses on the finite-time control problem of multi-agent systems with input
saturation, unknown nonlinear dynamics, external disturbances and partial state constraints
via output feedback. Fuzzy logic system and fuzzy state observer are introduced to approx-
imate the uncertain nonlinearities and estimate the unmeasurable states, respectively. The
partial state constraints are dealt with by using the barrier Lyapunov function, so that all
states of the system do not exceed the preset boundary values. In order to reduce the
computational complexity of the virtual controller and save communication resources, a
first-order filter and an event-triggered mechanism are introduced, respectively. It is proved
that the Zeno behavior does not occur via the proposed event-triggered controller. By sta-
bility analysis, the finite-time convergence of tracking error to a small neighborhood of the

1 | INTRODUCTION

In recent decades, coordination control for multi-agent systems
(MASs) has been widely applied to formation control, cluster
motion, sensor networks, ships, and so on [1-4]. More and
more scholars in related fields began to study it. The key prob-
lem in coordination control of MASs is the consensus problem,
which requires all agents’ states to reach the same value. A large
number of researches have been done in the field of coordi-
nation control of MASs, such as observer-based consensus of
MASs [5] with uncertainties from a new perspective, where
the interval observer of a MAS was developed to estimate the
interval on which the state of each agent locates, average con-
sensus of MASs [6-9], finite-time consensus [10—12], stochastic
consensus [13-10], adaptive consensus [17-20], to name just
a few.

In practical applications, such as robot control systems [21],
vehicle guidance systems [22] and teleoperation systems [23],
the system performance is often required to be reached in
finite-time. Finite-time control has better control performance
and faster convergence speed than infinite-time control, which
attracted much attention of scholars [24-20]. In [24], hetero-
geneous nonlinear MASs with adaptive finite-time control was
investigated. Finite-time adaptive neural networks controller for

origin is proven. The effectiveness of the theoretical results is verified by examples.

MASs was given in [25], and finally made the output of all fol-
lowers consistent with the output of leaders. In [26], the authors
addressed the finite-time consensus problem for high-order
MASs with uncertain nonlinearities, where the uncertainties are
assumed to satisfy the Holder conditions.

In networked systems, continuous data communication may
bring great burden of communication and result in waste of
communication resources. Therefore, event-triggered control
(ETC) strategies are increasingly being adopted. Compared with
time-triggered strategy, ETC strategies can save the commu-
nication resources and improve efficiency [27-31]. For hybrid
MASs, a novel event-triggered strategy was proposed in [27]
to solve the second-order consensus problem. In [28], the
authors proposed a novel distributed ETC strategy for het-
erogeneous linear MASs. In [29], the authors investigated the
distributed adaptive ETC method for nonlinear MASs with
output constraints. The prescribed performance adaptive finite-
time control problem was studied in [30] for nonlinear systems
with an event-triggered strategy. In [31], the authors considered
the leader-following tracking finite-time controller for heteroge-
neous nonlinear MASs with output constraint, a fuzzy adaptive
ETC strategy was proposed.

Due to the limitations of physical devices in practical systems,
output and state constraints are becoming a major concern. An
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unsatisfactory control law will lead to poor transient perfor-
mance and instability of the system. Therefore, the problem of
full state constraints (FSCs) or partial state constraints (PSCs)
in systems has received considerable attention from scholars
[32-35]. By introducing the batrier Lyapunov function (BLF),
the authors studied the control problem of strict feedback sys-
tems subject to output constraint in [32]. On the basis of [32],
the BLF was also applied to systems with state constraints.
In [33], the authors studied the adaptive finite-time control
problem for non-triangular nonlinear systems with FSCs via
output-feedback using BLE. The fuzzy control method for
nonlinear systems with prescribed performance and FSCs was
proposed in [34]. In [35], the authors mainly studied the adaptive
ETC scheme of systems with nonlinearity and PSCs. Through
the above literature analysis, it can be observed that few works
are carried out on finite-time ETC problem of MASs subject to
output and PSCs via output feedback, which prompts us to do
the research of this paper.

In this work, we consider the problem of finite-time tracking
for MASs nonlinearity subject to output and PSCs in network
concluding a directed spanning tree (DST). An adaptive ETC
mechanism is presented to solve the tracking control problem
via output feedback, which can ensure the finite-time conver-
gence of tracking error to a small neighborhood of the origin.
Because system outputs are the only available information, a
state observer is then constructed. The input saturation and
external disturbances are also considered in this work. Com-
pared with existing researches, our main contributions of this
work can be summarized as follows:

(1) For MASs with unknown nonlinear dynamics, PSCs and
input saturation, an ETC scheme is proposed via output
feedback, which guarantees the boundedness of all resulting
signals and the finite-time stability of MASs with a bounded
error. Compared with [29, 35-38], in which asymptotic sta-
bility of systems were investigated, the finite-time stability
of MASs is considered in this work. Compared with [24, 33,
39, 40], in which time-triggered strategy was studied, the
ETC method is studied in this paper.

(2) The model in this paper is more general than those in
[29-31, 33, 34, 41-44]. The consensus problem of MASs
with external disturbance and unknown nonlinearity ate
considered in directed networks concluding a DST via
output feedback. Fuzzy logic system (FLS) is utilized to
approximate the uncertain nonlinearities. A state observer
is designed to deal with the unmeasured states subject to
output feedback. The adaptive control method is applied to
estimate the unknown parameters. In the literatures men-
tioned above, some of them [29-31, 42] took external
distutbance into consideration, while others [33, 41, 43,
44] did not. Compared with the time-triggered strategy for
MASs [34, 41, 43, 44], the ETC scheme proposed in this
paper can reduce the communication burden. Compared
with [30, 31, 35], in which the case of state feedback was
considered, an adaptive control method via output feed-
back is presented in this paper. Compared with [29, 42], in

which the network topology was assumed to be undirected,
a more general case of directed networks concluding a DST
is considered in this paper.

(3) The BLF is introduced to handle the output and PSCs
and ensure that the constrained partial states and outputs
of the MAS will not exceed the time-varying boundaries.
In [33, 37-39], the case of FSCs with constant boundaries
was considered, which is a special case considered in this
work.

The remainder of this paper is arranged as follows. Some
preliminary knowledge and problem formulations are given in
Section 2. In Section 3, a state observer is constructed. In Sec-
tion 4, an adaptive fuzzy ETC strategy is given. The stability
analysis is presented in Section 5. Two examples are given in
Section 6. We conclude the paper in the last section.

Notations: Z¥, R” and R”*" denote the set of positive
integers, #-dimensional Euclidean space and the set of # Xz
real matrix, respectively. For mattix 4, denote by 4, (A4) and
Amin (A1) the largest and smallest eigenvalues, tespectively. 15 =
1w, DT € RN ||+ ||, and || - || ate the 2-norm and oo-
norm of a matrix in R”™” or a vector in R”, respectively.

col(x;) = x| (1), 1 (t), s xp, (1)) forx; € R”,i=1,...,N.

2 | PRELIMINARIES AND PROBLEM
FORMULATIONS
2.1 | Graph theory

For leader-following MASs with IV + 1 agents, we use a
weighted directed graph G = (V, €, A) to describe the inter-
connection relationship among agents. ¥V = {0, ..., N} is the
node set of IV + 1 agents, in which the leader is labeled by 0.
E C VXV is the set of edges and A the weighted adjacency
matrix. For an ordered pair (7,7) € £, we call agent ; is agent
s neighbor, which means that 7 can get information from /. A
directed graph G includes a DST if there is an agent called the
root has at least one directed path to all other agents. Denote
A = [g;] € RNFDXNHD with a; = 0, 4 > 0, if (j,i) € €,
otherwise, a; = 0. The in-degree matrix D is a diagonal matrix

. . N . .
with diagonal element d; = Z_/zo,_/ 2 %) The Laplacian matrix
E=D— A = [‘z/:/’](A"\T+1)X(1V\/V+l) Wlth ‘:i/ = d[ and :.-Z/ = —d[:/’,

i# J.
Assumption 1. Graph G contains a DST and the leader is its root.
Lemma 1 [45]. B has zero eigenvalues with 1 as its right eigenvector,
ils other eigenvalues have positive real parts. In addition, zero eigenvalue of
E is simple iff graph G bas a DST.

Under Assumption 1, the Laplacian E can be rewritten as

leN] , M

- [0
==
=2 =
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where E; € RVXV B, € RV*! 1t follows from Assumption

1 and Lemma 1, each eigenvalue of E{ has a positive real part.

Lemma 2 [46]. (Young's Inequality):

~ily

a .
ajay < —; lay | +
)

1 N
—|ap| %, ©)
A A3
d3ﬂ1

faral, ay S R, 221 > O, 212, 223 >1 élﬂd(&z - l)(;l:), - 1) =1.
Lemma 3 [47].

_”_1
v |¢2|v1+v2’

©)

11" o] < Vsl 1772 +

V+V 7)+V

Jory, o € R, vy, Yy and v5 are positive constants.
Lemma 4 [48]. Consider a nonlinear system X = f(X), X € S. If

there exists a positive definite function V(X)) © S — R with constants
4>0,0<b<1and M >0, such that

I <=avhx) + 41, >0, ©)
then X = f(X) is semiglobal practical finite-time stable (SGPES).

Lemma 5 [49].

<2|b|> Zuaws;ﬂ—q(ium)q, 5)

Jr0<g<1,b, €ER,i=1,u,n

Lemma 6 [35]. Let I = {w = [wy, ..., ,,]] ERM : |w;| <
BCRM, i=1,.,m and N =TIXR"™ CR"Y" pe gpen sets.
I, = {w; € R : |w;| <1} C R. For the system

X = /X, ©)

where X = (0,0)" €A and f: Ry XN — R are lpcally
Lipschitz in X , piecewise continuous in t and uniformly int, on R 4 X /.
If there exist V; © II; = Ry and U . R"™ — R, which are posi-
tive definite, and continnously differentiable in I1; and R"2, respectively,
such that

Vi) =00 as |wi|l =1 ,i=1,2,..,n, @
and
yidizll) £ U@ < ya(llol), ®
with ¥1,¥2 € Keo. Let V/(X) =YL Vilw) + UX) and
w;(0) € 1. If
=L <—arh )

0X

holds, where d > 0,0 < b < 1 and M > 0, then w;(t)eIl, Ve
[0, 00).

Lemma 7 [50]. Forany Ay > 0 and A,

0< Ay —A, tanh(%) < 0.2785A,. (10)
1

2.2 | Problem formulations

Consider MASs consisting of IV follower agents and a leader
with external disturbances. The 7th follower agent’s dynamics
is

NS AR AN

S = sat;(u;) + f1(R0) + w(t), (11)

=x,i=1,2,., N, p=1,2,,0—1,

= (51,5 s ) €ERL, p=1,2,0m, ) ER
are system state and output, respectively. The full state
xﬂ = (x 1 2,...,x,1)

x (xi,xé,..., )f

where x

is divided into the constrained state

and the unconstrained state X€+1 =

( Xy 2,+2, ,xn) . The constrained states x* ,p =1,2,..,¢,
are restricted by |x | < % ,(2), where the boundary func-
tion £ ,(#) > 0. Nonlinear functlons fp( %) are smooth and
AQI

with w/) > 0 being an unknown constant. Note that only

unknown w (z‘) € R is external disturbance satisfying |w

7%
w
»

the output y' = xi is the available information. sat;(#,) is the
saturation controller given as

%>Zt

7
Upps M

sat; (#;) = #; _”117/ Su < %j’ﬂ’ (12

7 2
Uy Ui < s

where #,, > 0 and ”fw > () are constants. The saturation con-
trol function sat;(#;) can be transformed into the following
form:

= {(u)m; (13)

sat; (u;)
where

i
V4
M ;

0 >ty

7

SOy =1,—, <w; < dly, 14

”7/[
——u; < u,,,

7

\

The coefficient {(#;) € (0,1] represents the saturation
degree of the control signal. In particular, when ¢ (#;) = 1, there
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is no saturation phenomenon. As discussed in [51],
0 <g¢; <min[¢ ()] <1, 15

for some constant ¢; and any # not going to infinity. This
assumption is reasonable for practical applications. Mean-
while, the unknown lower bound of ¢ (#;) will be estimated
adaptively.

The BLF will be applied to deal with the constrained output
and states. A BLF is defined as

2
B(t) = ~log ——

2 e RN-2@)’ (16)

where ¢(?) is a error variable, which is constrained by boundary
function £(%).

Lemma 8 [52].

R0 2()
BrRn-—20n " RO -2

a7

Jor |e(t)| < k() and N k() > 0.

The control objectives ate to design a fuzzy adaptive ETC
mechanism for MASs (11) such that

(i) System outputs ' can converge to the given reference
signal y, with bounded errors in finite-time.
(i) All resulting system signals are bounded in finite-time.
(iii) Output and partial state constraints are never violated, that
is |x;',| < /é;(f), Vi>0,p=1,2,..,¢.
(iv) The Zeno behavior does not occur.

For the reference signal y,, we make the following assump-
tion.

Assumption 2. y, € R is smooth and bounded, j, andy, are bounded
and continnous, that is, |y,| < 7o, |3, L 71, and |5.| < %, for some
positive constants y, Ty and 7.

23 | FLS

FLS plays a key role in function approximation, which is estab-
lished by fuzzy IF-Then rule base, a fuzzifier and a defuzzifier
[53]. A fuzzy rule is expressed as

REIESDis G}, Sy is Gy, oy B, 88 G,
Then: Yis H',t=1,2,...,T.
where vector § = (1, S5, ..., F,)) € R” and Y are input

and output of FLS, respectively. Gj; and H"* ate fuzzy sets. The
output Y of FLS can be calculated by

r - 7
ZL=1 Y H}’:l :"‘C} (Sp>
e (19
Z£=1 HP=1 :uCﬁ’ (‘Sp)

where e and Uz, are fuzzy membership functions associ-

ated with G, and /7', and Y* is the maximum value of tz:(Y).
Define

I, ke (S

Q) = —— : 19)
Z,=1 HP=1 #G}(Sp)
Let 06=©,0%..,00) =@, 7% .., vH7 and @=
(@!,@%,..., @57 A FLS has the following form
Y =070(3). (20)

Lemma 9 [54]. Suppose that [ (S3) is continuons in a compact set Q.
ForN € > 0, there exists a proper FLS such that

sup | /() — 07 ()| < e. 1)
JeQ

Remark 1. Tt follows from the definition and properties of ®*
and @ that 0 < @ < 1and 0 < ® @ < 1, which will be applied
to the proof process of our theoretical results.

3 | OBSERVER DESIGN

In order to estimate the unmeasurable states, a state observer is
constructed in this section. Let x' = X, system (11) is rewritten
as follows

K= Apd + Ly + ) B, fi&) + bsat(n) + 0/ (1),

| = (22)
J/Z=CXZ,
where
-1 0
4= 23
Tl 0 e (23)
n
-0 - 0
L=, ...[0" b= (0,..,0,)  E, = (0,..,0,1,0,..,0)7,
|

P

W) = [ #)s sy ()] and C = (1,0,...,0). A; is a strict
Hurwitz matrix by selecting parameters //, ..., /,. Thus, for
given matrix Q; = on'T > 0, there exists a matrix 7} = ]“;T >0,
satisfying

AlF + FA; = =20, (24)

CiNT

,5,)" be the

estimation of 5«;) and 7/, respectively. From Lemma 9, the

Let &, = (&],..,%)" and & =& = (&, ..
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uncertain function ffi (o_c/i), 1 < p<n, in (22) is approximated
by a FLS as

wi ai AI AT g oa
TiE10)) = 07 @, (%). 25)

Let
0 =as min | s ITE18) ~ fi6HI 29

» 9/) xpe %,XPE 5}
be the optimal parameter vector, where Qg:, Q5 and Q;} are
)

some compact regions for 8, X, and x), respectively, &), is the

estimation of 9}.
Let

n, = fiE) — £iE16), @7)

be the minimum approximation error, which is assumed to be
bounded, that is, |77;;| < 77;* with constant 77;* > 0.

Since the states of (22) are unmeasurable, an observer is
constructed as

n
¥=AK+ Ly + ) EJIE0) + bsati(n). (28)
=
Denote by &= (5/‘,5«12-, ,5«,’1)1 =’ — % the observer
error vector. From (22) and (28), one gets

Moo= ad N

AT+ Y E, [J} 5 =7, (’A‘;'ép] o
=1

29)
n
= A+ Y EST O G + 0/ + 7,
=1
whete 7’ = (ni, 7’);, v,y and é; = 9; — é;
Define
R P
vy =¥ ER, (30)
and choose the Lyapunov function as
N
Vo= 1. 31)
=1

Taking the time derivative of T/O’ yields

T'/OI — .;ClTE;Cl.

n
=%TF, lAZ.&f + Z‘{ R ACAR u/]
]):

n
=" ox +&"F, lz; E8) @ (%) +1' + w] . (32
]):

By employing Lemma 2 and noting that 0 < @;(-)TQJ;(-) <
1, we have

n

~iT \ AT & (87 i i 30 ”FIHZ AT A
| Y ESI,E) + 1+ <SIEIP+ = > ér
=1

[N,

=1
1 . .
+SIEI - A 17 + 1), (33)
where 772* = (ni*,ng*, ,77;*)7 and »* = (w{*, wé*, s u/,’f)T
Combining (32) and (33), yields
< - O + 2P + 5 Z I£1176 6,
0 = 4 2 2 aTp TP
P= (34

1 . )
+S AN - (™17 + 7 112).

Invoking (31) and (34), we have

M=

=X

1

IA
M/

1

7

T T 1w I
[— TOR + I I + 3 Z I£1%e;" 6,
=1
Lo i i
+§||15-|I2 (™1 + IIW*Ilz)]

N N
= 1 3l &i
<= 2 AlEP+ 5 Y Y IEIE 6+ My, (39)
=1 =1 p=1
3 LN g2 )2
where AO = }i'min(,Qi) - E and MO = 521'21 ”h” : (”7) “ +

127 11%).

4 | CONTROL DESIGN

4.1 | Back-stepping design
In this subsection, the back-stepping method is utilized to
construct the finite-time controller. For MASs, the distributed
characteristics of the controller is a very important aspect, so
we first do the following coordinate transformation.

Let

N
4 = Z a0 =)+ apy =),
/=1 (36)

=i

&,

PP
e, =Xy
R —

§p =&, —a,_,p= 2, 1ty
i is the local tracking errot, e; the error surface, 5(/{) the
output of the following first-order filter

Y S
{vpocp+ap—ocp_1,

&,(0) = &) (0),p= 2,0, m,

where ¢

(37)
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where a’ 1

and f} the error between 55;; and fx;)_].
From (30) and (37), we have

is a virtual control function, v; a positive constant

i
(==L p=2.n (38)
Y

Remark 2. In the traditional backstepping approach, comput-
ing the high-order derivatives of virtual control signal oc;_l will
increase computational complexity. Thus, a first-order auxiliary
filter (37) with backstepping technique is introduced to over-
come this weakness. The virtual control signal a;_1 generates a

new signal 56;; through the filter and is used in the design of the
next controller. Therefore, repeated differentiation is avoided.

Step 1: According to (30), the time derivative of ei is

= 2 aj/ - Zw anjr

JEN;
=d [e2+§2+oc1 + X 47 + 07 @) + 0]
N 39
- B [dr a4t v 0l
/=1

+W1/:| - ﬂin/r-

We assume that the local consensus error ei is constrained
by |ei| < /é’l (#), whete /éll (#) is a boundary function. The BLF
defined in (16) is used to construct the Lyapunov function
candidate:

N
Vi=T+ )1
=1
N PN N
1 £ (1 1 2 @
=15+5 2 |lo 7( ) +=076+ ) 85|,
25 (’é O) N CH N+ =it
(40)
where gi > 0and wl/ > 0 ate constants.
Thus,
. é"éi 1 A al ai; < A
V=T + [—1 — - =076 - ) —6]' 6]
1=W Z @y—@y ¢ ' lem{ 1Y

~ E () ]
K (k)2 = ()D)

3 {4
-1 _4a
= A S S

[e; +E+a +& A+ + 0 + 670X

/éli 611 _ 1 élf

2 . A
- =L o —
d,»] dl/éll 5-[1 1 [ 1

7 1
514

k)2 = (@) i)

N
gg/éf [éf <k’>2 s )]

/ N
¢ o
m S [ e 48 9l }
1 1/ j=1
(“1)

Noting that 0 < @ (: V@ () < 1 and from Lemma 2, we have

dié| @+ vy < 3d? @)?
@) — @y L+ ) < 21 (k)2 = ()22 42)
+5 117 + 0 + 017
. .2
dié & d? ¢ 1 ..
zzlzizsé izl i22+§(§§)2’ (43)
(’é1) - (61) ((/é1) - (‘)1) )
and
7 N

—m Z} a3 + 7, + )
J=

SENNCIS ¥ (150 + ]2 + 7] v
—. - a | |lx i W .
2(k)2— 22 24 ' 1

Substituting (35), (42)—(44) into (41), one gets

N 1 n . )
ZED) <—/10||>~C||2 +5 2 ||F,||2@;,’e;,> + My
=1 =1
' d;é 2d;¢,
+ |{—. - [ +07 0l (1) -y 4 T
2N\ - IO
O Y CRY-AE 1) B B
- ﬂl’ + X + - —
= N ) R O S
did ¢, s dgié o
b 2 [64 - <f«;>]
(/€1)2 - <e1>2 S <k1>2 - ("1)2
Nogoo . —y 1 _
S v - rap————— YY) S T ETR
;wfl 1 (kllz_@ll)Z 1 2[
) ) 1 .. 1 N
OV + 0] + €2+ 5 /; a; [Il»”«ll2
+(7)1/*)2 + (11/1/*)2] } (45)

Select the virtual controller oci and the adaptive laws Gi and

5/
61 as

. Zde 1 N
o« = =67 R+ Wy - 4 I
4 =@y &
R ) ei [/ ¢ 2B—1 /éi ¢
+91/T(D;(§<’1/)]—i - 1 - _ /1(1) : 1 1_3’
Zd’ (/é1)2 - (51>2 d/((’é1)2 - (61)2)13_ dz'/é1

(46)
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. dgt e, o Al In view of Young’s inequality, one gets
L @7) s ey ones
2= (¢))2 .y _
( 1 1 z%’z 7\2
P W ARG
and B = @7~ 2k =@ 27
6/ = —1/ (PR 4g) 4
1= 770, 521 () =75, (48) _
(’él) - (61) ZG/T(I)/ iN2
G @ Lo
. | A e ST ta% o (55)
where ¢ >0, 8] > 0and y{ > ( are constants. (/é ) - (62) (%) (€2)%)
From (45)-(48), one has From (36) to (38), one has
N ;
y _ 212 + 23T §i L )
<= 2 Al + Z Z 171°6;' 6, b= —d = -2 ke, (56)
=1 =1 p=1 ‘L)2
N fi (81)2[3 d € € 5 ; . . . ; —i .
+Z [_ RAE n % 19”9’ where 82('.) is a bounded function satisfying |&5| < & with
P ((zé’l)2 — (¢)?)P (zé’l) - (e;)2 9 constant & > 0. .
Choose the virtual controller & as
+ Z @/TQ/ @‘;)2] + M, (49) 1((,@ ) (6;)2)
_/10/_*\1 equ)Z(Z)_I_—z 1—
1 . ()% = (6))?
where A4; = —- Z‘/\ . ,2/—%+Ao and M; = My + EZ;[O)?)% Y /1281 oy
2 2< 2) 2%
WP+ 7 (] D] 4 TE R (B G 6D
Step 2: The time derivative of ¢ is 2 2 2
5’3 _ % _ OLCé (50) and the adaptive law 0} as
= eé + gg + OC; + /2152; + élZTq)lz(;;) é/' g// iB 51 61
_ 2 “)? — (z)zq)z(xz)_ 2V (58)
+6 @) (30) — 67 @l (%) — & (50) “
Define where fé > 0 and 52 > 0 are constants. From (53) to (58), one
has
1 (& (1)) 1 o~ . N .
V! == |log ————— —.GZTGZ + (& 2 s 51 . - 1 5T Ai
272 |08 K1) = (4)? ¢, 2%+ (&) Gh 15 < z:, = 1%I1* + 5 }; ||E'||29}T9;J
i= -
and construct the Lyapunov function as N
“ <€1) /f 2
S _ 6 + Z %
< ((£))* = (fi)z)ﬁ §1
=1+ )1, (52)
p i 1P
Losiv 2(%) Lo, Yarg
,- . ‘ o 5" = - O +5E)7+56)6,
where ¢, >0 is a constant and the error variable ¢ is )
constrained by |e§| < /é’z(i) with /ézz(t) > (0 being a bound- i 5
ary functi %% 2 AiT A &)
y function. - 4 62 e + M,
Thus, Teyr-gr vy
o o (59)
=T+ [—6% _lerg yee —%12@ ]
=l N O A A 0 whete M, = M.

:'V1+2

N
=1

¢
{m[;*—g;-‘-a +/’O’—A1)+9’1(D[(A7)

2 /é’é
(53)

[ BT @ (S i
_ b _Lar|g $2% 2
EY-@r o 6 [62 ®)2 — (&) Py (x 2)] +§z§z} :

Step s (3 < s < €): The derivative of ¢ is
6/r = 5'% - alr
=+ a4 0T DU

—6 @) + 6 ®I(X) — & (60)
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Choose the Lyapunov function as
(1)) i
Vo=V +2 Z[-fLQL— Lorg 4 @iy,
IOl CORN S
1)

where ¢/ > 0 is a constant, the error variable ¢, is constrained by
le] < £&5(2), where £;(¢) is a boundary function. Similatly, one
has

@

Lo -
(B2 — ()2~ 2((k))2 — (6)%)? +5( ) (62)

and

67 (3 2 .
_"J D (x5) < (¢) 6 e;r (63)

L]
(K2 = (4>~ 2((K)? = @2)2 2

Bearing in mind (36)-(38), one gets

=Sy, (64)
v

5

whete €;(-) is a bounded function satisfying |€i| < & with
constant & > 0.
Choose the virtual controller @’ as

4 (&) = @)
(k)2 = (6_y)?
o d Al ke,
()2 = (@2 (B2 — @D A

al ==L/ = &) - 67T ®(X) + &

, (65)

and the adaptive law éf as

b= 5% @iiy— 86, (66)
(k)2 = (é)?

where ¢/ > 0 and &% > 0 are constants.

Thus,

N
R DY
=1

n
o, ] —
~AIFP + 5 Y 1166,
=1

21 gy 2 o ()* . 6;;é,TA.
+ _( 7 ) - + _l z 7
=27 E (k)= A
N J 5
U 1 amrx. e_eI
+Z¢i/ﬁ6{T9{+ S678, + —+—
=1 w{ =2 2 (’é.r)z - (er)z
5 (//))2 5 iy
- _,'+ gpg/;(') +M’ (67)
=2 Y =2

where M, = M,

Step € + 1: According to (28) and (36), we have

2

o — Al
Coy1 = Xpp1 T Fog
=d,  +&,  +al +, 5 +6] @ (3L )
€42 t+2 f+1 f+1 f+1 C+1 T C+1\TE+1
_Ail i
1 Pyt p ) + e€+1 +1( €+1) (08)

Choose the Lyapunov function as

N
1 / i i i
Ve =Te + 2 z l(efﬂ)z + g_e€1+16€+1 + (§€+1)2] » (69)
=1

t+1

where ¢, +1 > Uisa constant.

The time derivative of Vf 1l

N
Ve = T2+ Z <"l€+1y€+1 ¢

i=1 t+1

Al Ai 2 i
67f+166’+1 + §f+1§f+1>

e+ Z { t’+1 Gt €ty F 00— &)

QIT q)z

AT i 2
€+1 +1(€+1) £+1] e (D+1(X€+1)

€+1 t+1

AT i i i i 2 i Ei
e€+1 [6£+1 §6,+1e€+1®€+1(x€+1)] + §€+1§€+1 }

§f+1
(70)
Similarly, one gets
ks S 560,00+ 38, 7
C+H120+2 — D VO+1 2\2C+27
N 1 .
AiT 7 27 i 2 Al Ai
€+19€+1CD 1) S 5 )" 26€+16f+1’ (72)
and
iy ¥ 41
§2+1 = a:f+1 - afé’ =T e+ () (73)
t+1
whete E +1 () is a bounded function satisfying |E€+1| < sf+1

with constant E > 0.

Choose the V1rtual controller &’

C+1 as
; i A AT & 27 50
Ay =~ +10' - 1) =0 Py () F
% ' i \26-1
R A A . e
t+1 C+1VE+1 ’
(&,)? — (¢,)?

and the adaptive law é; 4138

A
3

) a7 _ Vi
C4+1 gf+1€€+1¢)€+1(xt’+1) €+19€+1’ (75)

> 0and &’

041 > () are constants.

where c
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Thus,

N
Vo1 < Z
=

n
o 1 5T Ai
—A %1 + 5 21 I171%6, 6,
p:

4 p( )Zﬁ f-H

_ Z pzlez

= (& )2 - (p)z)ﬁ =15)
t’+1 N J// o
+Z &, +1)2+Z“i/_1/6{ 6{
=1 @
€+1
A/l Ai 7 2
Z 565 O+ ¢ 1thin = %41 Gry)
€+1 2 C+1
Z + Y &) | + Moy (76)

p_

where My 1 = Mp. _
Stepm (m =€ + 2, ...,n—1): The detivative of ¢, is
4 =%, —a,
= efﬂ+1 + giiﬂ‘l-l + a0, + %+ 6.l @!,(%)
07 () + 8l @l (%) — 77

The Lyapunov function is chosen as

V=V, + 5 Z 6,)" + e;,Tei,, +E), 09
where g,i,, > 0 is a constant. Similarly, we have
G S 3@+ 3E ) @9)
i AT g (27 1 7 \2 1~iT Ai
—6’,,,6,,1 q)m(xﬂz) < z(em) + Eem 6,,,. (80)

and

E,=d,-a = —9 +6,(), 81)

”/

where €,(-) is a bounded function satisfying lel,| < &, with
constant &, > 0.
Choose the virtual controller &, as

) AT i o .
w = _/;20/ i) - e;}i q)iﬂ(xilﬂ) + aﬁ?]
_5;_1 - g;/ - [;71(’9;71)26_1’ (82)

and the adaptive law éﬁ,j as
éiﬂ - gmewq)iﬂ(xm) aiﬂé;}ﬂ (83)

where ¢}, > 0 and &/, > 0 are constants.

Thus,

N
I BRI R
=1

n
1 24T Ai
+ E;] I171%6, 6,

4 m l
O

_ Z ezfez

R =17

+ Z S+

|| M >

|5\_
jol)
_
Xy
@

AT Ai A,
Z Zep 9p+ e ol Z 0,(€,) A

m (5]))2 m
+ Z L0 |+, (84)
=

where M,, = M,

m—1

Step n: The derlvatlve of & is

i NP zi
€ =X — Ay

= sat;(n;) + L&, + 6 @,(37) — 01 @i, (&)
+617 @l (3 — & (85)

Select the Lyapunov function as

N
1 2
V= V43 LV

Qiz

N
_ 1 i, L ara 2
=V, + 2 ; |:<€ﬂ) + jeﬂ 0, +=— h + (gn) , (86)

n

where ¢, > 0 and r; > 0 are constants, i; = i; — h; denotes
the estimation etror between #; = — and #;, in which A; is

unknown and will be estimated adapti\iely.

Thus,

(e ¢ — —9’79’ o

1

Vﬂ= 11+

i

h h + EEN

N

= Vot + Yfefsat () + 15 + 67 @) — &)

Ca . 1 .. 4. L iz A
=40, @, (%) = =010, — 6, @, ()] + &8, — %h;hz}-

n 4

87)
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4.2 | ETC design
In this subsection, an adaptive ETC scheme will be estab-
lished for system (11) to track the reference signal y,.(#) and
ensure SGPES.
Let
w(t) = T;(¢ ) Vi € [k’ xﬂ+1) (88)
where {7,, k€ ZT}is a trigger time instant sequence. The trig-

ger time instant will be updated as when the following

/e+1 >
designed trigger condition

l‘j

o1 = inflr € RIO;() 2 ¢;ln(t)| + b}, (89)

is satisfied, where ©;(¢) = 7;(*) — #;(t), 0 < ¢; < 1 and b; > 0
are constants. Note that the control input #(#) will remain
constant in time interval [t/e, t/ﬁ +1)-

Remark 3. By selecting appropriate parameters ¢; and 4, the
number of transmissions can be adjusted via the ETC scheme.
The smaller the parameter values, the more times the trig-
ger occurs. Instead, the trigger times will decrease. Specially, it
becomes time-triggered when ¢; = 0 and 4; = 0.

Remark 4. The ETC mechanism presented in (88) and (89) can
be updated according to the value of the control signal. When
the control input #;(#) is large, a larger threshold will be gener-
ated, which can reduce the times of information transmission.
When the control input #;(#) is small, a smaller threshold will
be generated, so as to obtain better system performance. If
the measurement error of the system meets the event-triggered
conditions, the controller will be updated.

Similar to the discussion in [55], one gets

T(t) = (L + 1. (Dg)m (@) + 1Ot € [t,,1,] . (90)

whete x((#) and x,(#) sadsfy |x(()] <1 and |x,(?)| <
1, respectively.

Further, one has

T %0
L+xi()g;  1+x1(0)g;

ny(t) = 1)

The control function 7,(#) in (88) is designed as

A= —(1+ if tanh aah; + b; h b,
Ti( ) - ( ‘i/) a,h; tan € 1— q; tan (1 — %‘)ez ’

©2)
where €; > 0 is a constant.
According to Lemma 7, we have
E )T (e, - .
m < —da + o.h|dya| + 0.2785¢;
/?Z' U; 6’2- b; /
b tanh(—t ), 93)
1 =g (1 —g)e;

and

b8 ) (0)e,
T+1%()g;

< i€ (u;)x5(2) |4,

< b (%‘)|65}|'
1+x1(2)q;

=4 %94)

It follows (91)—(94), (87) that

N
msm_wZ{en[/,; 5+
=1

—€ﬂ61T(I)l "l') — glléf]T [é; — g;e;q);(&l):l + 5252

+ 67 ®)) - &, — )

szl
+ = ( el — h )+0557e} (95)

-
Similarly, we have
i AiT & 107 1 N2 1~iT~i
_elleil (I)ﬂ(x) < 5(6;1) + 56}1 6;17 (96)
and

- a0, o)
v

n

fi_ i )
gﬂ =a, - an_1

where €,(-) is a bounded function satisfying le}] < & with
constant &, > 0.
The tuning function a;, is designed as

a, =Ly — &)+ 6T ) — &+
1 . o
+56+ ACH R (98)

whete ¢, is a positive constant.

Select éf, as

6, = i) — 6,6, 99)
and Iél,- as
by = el - vh, (100)
where 8 > 0,1, > 0 are constants.
From (95)-(100), we have
N 1 n
< 2 l—ms«uz +5 Z:, 151187 &,
i= =
t 2B / n—1
p(e ) p T A 1 ..
_ z 6/ + _(5/ )Z
S (K = @))F pz ;1 2=
n N2
yl T A) 1% ; (gp)
+Z;/w6 9+0557€+Z§ —ZT
J=1 1 =2 =2 “p

L nelh,
> g+ R o
p=t+1 i

+Z€M<>
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By Young’s inequality, we have
- (106)
1 2 2
li?ihihi < _lie/hl' + li?ih,' ) (102)
oo T 2y 2r;
From (101) and (102), one gets (107)
N 1 "
V, < ~MIIEIP+ 5 ), 15176 6,
Z 2 ;;1 rr (108)
4 Zﬁ n l
p( ) p ..... l
- o T | ) u® 17
=l AR A =R 121, < - (109)
lmin(E) d<1 -p)
+Z (§ﬁ+1)2+2 a »_é{ é and
” @';)2 ”
Ail" Ai Qi 4
2 58 6, - 2 T 2 E50) 1§51 <
=2 Y p=2
n gflz fW‘f>T*.
— Z p( yE — ueilt +M,, (103) (§) 1he constrained partial states do not exceed the preset boundary, that
p=t+1 2’? 7s, |X;| < /_é;(l), Vi>0p=1,..,°¢.
(i17) Al the system signals are bounded.
Lo (iv) The Zeno bebavior does not occur.
where M, = 0.557¢; + —— + M,_;.
1 Proof. Since
U T R
16, < EG;TG; - ze;fe;, (111)
5 | STABILITY ANALYSIS
thus
In this section, we give our main results in Theorem 1, which " 5j A " 55) . " j) o
shows that the proposed scheme can achieve the control Z ), 9}) < 2_26}; }; - ol ; }) (112)
objectives mentioned in Subsection 2.2. =1 gP p=15p p=15p

Theorem 1. For MASs (11) with virtual controller (46), (57), (65),
(74), (82), (98) and adaptive laws (47), (48), (58), (66), (75), (83),
(99), (100) subject to ETC mechanism (88), (89), under Assumptions 1,
the closed-loop system is SGPFS and the finite-time convergence of tracking
error to a small neighborhood of the origin is ensured. The settling time is
given as

o ey
() RO <d<1—p> - (109

In addition, the following results are gnaranteed.

3) The error signals &., the adaptive parameter errors 0’ | B, the observer
/8] ' p
errors X' and the filter errors & ;) Jori=1,..., N, are bounded in

[inite-time and satisfy

u<>

1
51
) =12,

ley| < &[T — (105)

In addition, € p(
From Lemma 2, we have

- : o i < g
) is a bounded function satisfying |€,| < &),

L Erey
|§PEP| S T +

where j > 0 is a constant.
Thus,

N )2 B
/TF /3 / B —
; A’Wd.k () Z |:2((’é (ellp)z) :|

J 113
> (113)

[@ =) 5 leffef + Z =
P_

=l §p)

AR .
9’1 ez Z [E] _ L _ 1] %@;)2
v,

=

N 2 n
AT AJ z?zhl’ i 1)
+ Za 6 0, + -5t Z :ﬁ(ep)zﬁ:| } +M,",

=1 ! p=t+1

(114)
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ezfez

where =1 2’ p P

1
u =m,+ 303

N 71 VT nJ
Z/ N i 0, 6.

(ﬂ— D+

2@
Let
°= ]=r{11n\ {Zﬁﬁ’ P’ 5 =717 gl’az Sp— £l Spr
D=2,

where & — |EIPs] > 0, 8, — ¢, ~ £’
1> 0, by selecting appropriate parameters.

Thus,

Y AP @ 1"
TP RN Zl—w - ()2)]

:m

n (/)2[3
+ L g + "
p=t+1 2
According to Lemma 3, choose =1,
B
T Ai —
Z];_]Z_,e;; 9}7’ vlzl_ﬁa ‘V2:ﬁ and V3=51 ﬁ;
gets

B 8
Al Ai Al Ai
(2 ?ep ep> <(1—=Bw;+ 2 —lep 8,

]’

Similar to (117), the following inequalities hold

n—1
=11

[Zp_12<§P+1>2] <a- >v3+2 G

1 .. AP
(_5(//“1:2_5/

1 . .
> <(1=PBvy+ 55«” E5,

N——

: g
N P
<Z 566 ) <a-pw+ Z Zg/"8],

J=1
2\’ 72
<7> S(l—ﬁ)l}3+71.

and

(116)

P, =

one

(117)

(118)

(119)

(120)

(121)

ACIM
(B2 =(6)? T (k2 =(e)?
from (117)-(121), we have

Noting that log when |ej’,;| < /é} and

B

b (Lo F,S«)ﬁ i “[i% >2—)2< ]

m\x(/‘ =1 p=1
n 1 B n—1 1 B N B
a; -
jiT Gi i v /T3
+O'< 2—]9 61)> +0o |:Z §(§p+1)2:| +O'<Z 761/ 9{)
=1 “5p =1 =1

AN o8
h,z n (61)2
(B e[ B G o

where M = M,f” + Y0 [do(l—Byvs + (1-
»m;\(F)
Bvs] > 0.Letd = mln{l 7 , 0}, we have
v, < —dvf + u?. (123)

Therefore, from (123) and Lemma 4, the closed-loop system
is SGPFS.

Now, we obtain the settling time 7% Let ¢ =
@)’ 07 =(0,...0)T, &=(,..,E)T and
X = [colT (&, col” @), col” (éj), col” &, col” " for
i=1,...,N.From (123), one gets

V(X) < —dpVf () —d(1 —p) VP )+ M, (124)

where 0 < p < 1.

@ )
Let Qy = (X177 (0) < ﬁ} and Oy = (X177 () >

My
7 } IfXEQ)(,then
V00 < —dplf (). (125)
Integrating on both sides of (125) from 0 to 7', one has
S !
dt < —d pdt, (126)
R e 0
which yields
L 16 B
— (X(T))——V X(0) < —=dpT. (127
Let
1-8
©) ]
1 1-B8 M,
T = f - 128
aa—pe| " ¥ <d<l—p>> 128)

From (127), one has x € Q- for V7 > T*.
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By the definitions of 1, and Qy, for # > 7™, one has which means that é; is bounded and
@ 1
B M, 1
|2 (129) @ 5
= d(1—p) 3 N1 < i | M . (136)
180 < |25 | gy | 7> 7

For the error variable e;, p=1,..,¢,itfollows from (61) and
(129) that

Thus,

1
(#5)"
j|§,é;)(t) 1—¢ \90-P

1€, <K@, p= 1,0, (131)

For the error variable e;, p=1t+1,..,nitfollows from (86)
and (129) that

(132)

Thus,

Lete = [e}, e ei\]r. It is obvious that ¢y = B (y — 150,)-
From Lemma 1, one has

a

B
| ———
Eoyl1—e ["“—m] (39

=10l £ ===
b iz aE) !

where 0(E1) = 1/ Amin (E{[E‘q) and Ef[ is the conjugate trans-

pose of E.

Therefore, the finite-time convergence of tracking error to
a small neighborhood of the origin with settling time 7 is
ensured.

(i) For the adaptive parameters estimation errors é}, i=
1,..,N, p=1,...,n,it follows from (86) and (129) that

2
M

8

576 <1 135

076, <1, < , (135)
2 P ldd—f?)]

For the estimation errors fll-,z' =1,..,N, it follows from
(86) and (129) that

fR<r,< l— (137)
7.2_ 7

which means that &, is bounded and

has

(139)

Thus, for/=1,..., 1V,

a

: 2
il <
”X ”2 - Amin(E) ld(l - P)

1
B
>+ (140

Therefore, the observ_er error ¥ is bounded.
For the filter errors §;,z' =1,.,N,p=2,..,n it follows
from (80) and (129) that

(141)

From (131), (133), (140), (130), (138) and (142), the bound-
edness of the error signals ej, é}, fll-, &, f} and the bound
conditions given in (i) are ensured.

It follows from Lemma 8 that |e;| < /é} (¢). Since y =

——1= ; ——1 - A
BT e + 1y, thus 3] < Dlleo S NET leollelleo + 70 <

=1 ; . .
I1E] Nl - max;—y  Ni&| (D} + 7. Choose &) <
AR . "y .

ﬁ, we have |x{| < &{(7), which means that

.:] 0 )
the state Xi do not exceed the constraint bound-

i

. N B N Y S
aty. Since ¢, =X, — &, = x, — X §2 oy, thus
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[ < 161+ 15| + 1&5] + |aj|. Since af ‘is a gontin—
uous function in a compact set, thus |otj| < ¢&; with
&) > 0 being a constant. It follows from (140) and (142)
@ 1
2 u? - o ;
—[—— 18 =Y and |&’] <
j'min(j—'z'> "J(]_p) 2 ?

@ 1
M) 5 _~pi i i i N i
V2P =Y Thus, ] < &0+ 95+ + &,
Ch.oose_. /élz ) = /_é; ) - Y; — Yé — ovci, one  gets
|2 | < &5(2), thus state x/, do not exceed the constraint

that || < [|IX]], <

boundary. Similar to the deduction of x4, and choosing
k(1) = %})(l) -Y,-Y, - 5(;_1, we have |x)] < /_é;(t),
p=3,..,6,V1>0.

Therefore, the constrained partial states do not exceed the
pteset boundary, that is, |x}| < /_é;(z‘),p =12,..,6,V¢>
0.

(i) Since e} = 54/’;—5(; = x/’;—fc;— §;—a;_1, . p=
€ +1,..,n thus the unconstrained state x} satisfy
|x/f]| < |e/’,)| + |5<}| + Ifj)l + |cx;_1|. Similar to the deduc-

i i =i gi i
tion in (ii), we have €y X, §p and ap—l are bounded,

thus «’, is bounded. That is, the unconstrained states

»
are  bounded. Since |%] < || + |X)] < %;(l) +Y.,

p=1,..,n thus observer state % is bounded. Since

4
@ 1
Ai i Ai i ir M 43
16,1 < 16} + 161 < 16311 + /26,1215,
p=1,..,nand 9} is a constant vector, thus 9; is bounded.
. A , P
: =1 < 7 7 < n ﬁ 7
Since 1)1 < 18]I+ 10,1 < /22

p=2,..,n, and oc;)_ is bounded, thus 5(/{) is bounded.

1

a positive constant, thus 7; is bounded.
Therefore, (iii) is guaranteed.

(iv) Now, we prove that the inter-event time z‘/i i z‘/i =7 >0,
+ P4
VeeZ . Fort € [t,1,,,),

d

1
210, = £.(©,x 0,7 =sign(©)9, < [¢,]. (149

From (92), one gets

t,=—1+¢q) & h; tanh

n'ti

sk , eih (2 + Gaih, + Gah,)
€

<. —
‘ cosh? 40,0,
el

; aa,h; 5 4
+ ajh; tanh + > .
3 U—gre . ( ha
cosh
(I =g))e;

From (144) and Theorem 1, one gets 7, is bounded and

i

(144)

continuous. Thus, |7;| < T with 7 being some positive con-
stant. Since limt_,//i+1 O;(t) = gl ()| + b; and ©;(7,) =

()1 +4;
T

0, thus, the lower bound 7 satisfies # > £ > 0.

FIGURE 1

Communication graph

As a consequence, the Zeno behavior can be avoided
successfully. |

Remark 5. The stability of the closed-loop system (123) is guar-
anteed by choosing appropriate parameters. From (123), larger
d and smaller Mf) can make the system have a good perfor-
mance. According to (115), smaller parameters g'i , g'j), f;, w{ and
7;, and larger parameters , f;, 51, 5;, v, jandye;,i=1,..,N,
p=2,...,n can accelerate the convergence of the system, but

may result in larger error bounds. As a result, it is important to
acquire a balance between tolerable errors and convergence rate.

6 | SIMULATIONS
In this section, the validity of our theoretical results is verified
by two examples.

Example 1:

The dynamic equation of four agents are described by

5 = o + ()% sin(x]) + 0.1 cos(22),

5 = sat; () + [1 + (x])%](x5)* + 0.1sin(2),

(145)

z

¥ =xi,i: 1,..,4.

The leader signal is given as y,(#) = 0.5sin(#). Set 541 0) = 0.8,
% (0) = 0.1, xi (0) = 0.3, the other initial values ate set to zeros.
The interconnected relationships of a leader and four follow-
ers are shown in Figure 1. Figure 1 shows that a directed graph
concludes a DST satisfying Assumption 1. The corresponding
adjacency matrix, in-degree matrix and the Laplacian mattix of
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Figure 1 are
00 0 00 00 0 00
00 1 00 010 00
A=|1 0 0 0 0}, D=|0 0 1 0 0] (140
001 00 00 010
00 010 00 0 01
and
0 0 0 0 O
0 1 -1 0 0
E={-1 0 1 0 0} (147)
o 0 -1 1 0 time(sec)
0 00 =1 FIGURE 2 The trajectories of y/ and y, in (145) ( = 1, ..., 4)
respectively. 4 4
The fuzzy membership functions are given as — —
2\ —500 2N —,
& %1 -t 2 0 0
Wi (5 = exp [——— |, (148)
2yf 2l
and _4 M
0 5 10 15 20 0 5 10 15 20
L ( +L) ( +l) time(sec) time(sec)
AlOAIN
i F (X, %) =exp [— T Xexp |— — |- 4 - 4 .
\ —_— \ —_—
(149) 2 —_— 2 —
where 7 =1,...,4,t = =5,—4,-3, -2, 1012345
The patameters are chosen as f§ = ﬁ f{ =9, ¢ =16, 0 0
/=30, [/ =80, & =68, =001, ¢ =g;’=001, r,-=0.5, -2f -2f
=2, 4=05 b=05 for i=1, 4 uy=u,=u,=
0 0

4 and /14 = 5. The time-varying boundary functlons of the 5 10 15 20 5 10 15 20
L ; . ; time(sec) time(sec)

constrained local consensus etrors ¢ are given as £ (#) =

— . . . ,
27" +1, for i=1,..,4 The time-varying boundary func- FIGURE 3  The trajectories of the errors ¢ in Example 1 (/ = 1,..., 4)
tions of the constrained states xll, xlz, x13 and xf are chosen
as BL(1)=4e7 +2, B(@t)=2"+1, B(r)=4¢" +2 and . : 4 :
- . T T
Ei(t) = 667" + 3, respectively. - — . 2\ -

1 M . _71 _7)
Figures 2—12 show the simulation results. The responses of k- s

shown in Figure 2. It is clear that the finite-time convergence

_ —_r S -
the output y', i =1,...,4 and the reference signal y,(¢) are M NT ~ ol’\/\/ N\

of tracking error to a small neighborhood around the origin =

is guaranteed. The curves of the local consensus errors ei, a 4

7 =1,...,4 are shown in Figure 3, which are constrained within 0 5 10 15 20 0 5 10 15 20
time-varying boundaries. From Figure 3, we can see that the time(sec) time(sec)

local consensus errors do not exceed the preset boundary func- 5 & 10 o
tions. The tra}ectorles ofthe states x 1, 2, 2, /=1,...,4and ;g | 51\ ;Eg
the observer errors X1’ XZ, i=1,.., 4 are shown in Figures 4-7. . V-\/-\/_\_ﬁ’ . —_—

It can be seen from Figures 47 that a small observer errors is
achieved as time evolving and the constrained outputs x7, X| do 5
not exceed the time-varying boundary. Figures 8—11 show the

; i i (u: . -10
t.ra]ectorles of the saturation ContFoller sat; (#;) and Cont.roller u;, 0 5 1 e 20 o s 10 e 20
i=1,...,4. From the enlarged view of Figures 8—11, it can be time(sec) time(sec)
seen that the saturation control i 1nput does not exceed saturation

boundary The inter-event time l s i=1,...,4 of the /th FIGURE 4  The trajectories of xi and fci in Example 1 (/ =1, ..., 4)
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FIGURE 5 The trajectories ofxé and 36; in Example 1 (7 = 1,...,4)
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FIGURE 6 The observer errors 5«; in Example 1 (/ =1, ...,4)

1.2 : : : : : : : : .
- — i
- - i;
1 —— 552 -
0.8 1
I
i
06y
|
0.4 1 ]
\
‘r‘ , 'I ol
v ‘i‘ ;N ,ﬁv/“ : I' *“ A
h -~
o SgeRE N asal
0.2 . . . . . . . . .

0 2 4 6 8 10 12 14 16 18 20
time(sec)

FIGURE 7 The observer errors &é in Example 1 ¢/ =1, ..., 4)
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FIGURE 8 The trajectories of the saturation controller saty (#) and
controller #; in Example 1
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FIGURE 9 The trajectories of the saturation controller sat (#,) and
controller #, in Example 1
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FIGURE 10 The trajectories of the saturation controller sats (#3) and
controller #; in Example 1
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FIGURE 11
controller 7, in Example 1

The trajectories of the saturation controller saty (#4) and

[0}
) tLl — t}

15 20

0 5 10 15 20
time(sec)

time(sec)

FIGURE 12 The inter-event time 7, | — 7, in Example 1 (i = 1,...,4)

agents are displayed in Figure 12. Itis clear that the ET'C scheme
only updates when an event is triggered and can avoid the occur-
rence of the Zeno behavior. In this manner, the proposed ETC
scheme can save communication resources.

Example 2: A practical application example is given to vet-
ify the validity of our theoretical results. Consider four one-link
manipulators with motor described by

' , (150)
Kj191» + 13219; = Satz‘(%,') _j;‘hz’a

where h, fi; and h; are the link position, velocity and accel-
eration, respectively. 9; and §;; are the torque and torque
disturbance, respectively. The parameters are set as ;=1 kg
m?, I=1 Nm s/rad, N; = 10, K, = 1, 2. = 1Q, /;=02 Nm A
and §;; = 0.1sin(107), fori = 1, ..., 4.

i i § A
Let x| =h;, x;=h;, and xj =19,

the above systems

become
A
X=X
; 1 1
i i L N
5= o x - sin (x1)+ 845 (151)
7 7 7 7
Y Jioi _ B i
Xy = —sat;(u;) — =, — — x5,
3 ¢ 7 7 [(l 2 K 3

The reference signal is given as ,(#) = — cos(1.57) + sin(0.57).

Set all initial states to zeros except for | (0) = —0.9, % %,00)=0.5
and (O) = 0.6.
The fuzzy membership functions are selected as
Ny &+ 1)
W) = exp | =1, (152
o 2 + 1)?
i pt (5], 59) = H - 1 — | (153)
and
S 5 &, '+ 1)
pore (31,3, 50) = [ [ exp | - —— | (154)
=1

4,[ = —4’, —3, _2,_1, Oa 1,2, 3’ 4

The parameters are defined as 8 = I

5,00=3,=31 =L =1 =80,/ =060,8 =68 =8 =
0.01, ¢; =¢;,=¢5=0.01, ,=0.5,1,=5, ¢, =01, b, =05
=40, for;=1,...
tions of the constrained local consensus errors ¢
K () =05¢" +4, for i=1,..,

4. The time-varying bound-
ary functions of the constrained states xll, X2, X0

where/ =1, ...,

i i i
s =3,6=506=

and ﬂfM ,4. The time-varying bqundary func-

are given as

TR xf and
) are given as £|() = ¢ +8, /_é%(f) =050 +4, () =
¢+ 8, Bj(f) =157 +12 and By (r) =2¢7 +8.1, for i =
1, ..., 4, respectively.

Figures 13-22 show the simulation results. The curves of
the output y, i = 1,...,4 and the reference signal y,(#) are
depicted in Figure 13. The curves of the local consensus errors
é ,i=1,...,
within time-varying boundaries. From Figures 13 to 14, it can

4 are shown in Figure 14, which are constrained

be seen that the system outputs y' can converge to the given
reference signal y,.(#) with bounded errors. Figures 15—17 show
the trajectories of the states x7,
bR, Ky i= 1,
constrained states x|, X{, xz, X2 do not exceed the constraint
boundary and the state observer works well. Figures 18-21
exhibit the trajectories of the saturation controller sat;(#;) and
controller #;, i = 1,.

x5, xg and the corresponding

observer states X/ ,4. It is obvious that the

,4. As you can see from Figures 18 to 21
that the saturatlon controllers work well. The inter-event time
f,é+1 ,1=1,.
from Flgure 22 that the ETC mechanism works well and the
Zeno behavior does not occur.

The simulation results of the two examples demonstrate the

effectiveness of the algorithm proposed in this paper.

,4 are shown in Figure 22. As you can see
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time(sec)
FIGURE 13  The trajectoties of ¥ and y, in (151) i = 1, ..., 4)
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FIGURE 14  The trajectories of the errors ei in Example 2 (/ = 1, ..., 4)
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FIGURE 15  The trajectories of x] and &] in Example 2 (/ = 1,...,4)
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FIGURE 16 The trajectories ofxé and fcé in Example2 7 =1, ..., 4)
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FIGURE 17  The trajectories of ) and &4 in Example 2 (¢ = 1, ..., 4)
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FIGURE 18  The trajectories of the saturation controller saty () and

controller 7 in Example 2
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FIGURE 19 The trajectoties of the saturation controller sat, (#,) and FIGURE 21  The trajectories of the saturation controller saty (#) and

controller #, in Example 2
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FIGURE 20 The trajectories of the saturation controller sats (#3) and

controller #; in Example 2

7 | CONCLUSION

This work mainly investigates the finite-time ETC problem
for MASs with input saturation, unknown nonlinear dynam-
ics, external disturbances and partial state constraints via output
feedback. FLS and fuzzy state observer are utilized to approx-
imate the uncertain nonlinearities and obtain the unmeasured
states, respectively. The BLF is introduced to deal with PSCs
and ensure that all states will not exceed the preset boundary
values. A fuzzy adaptive tracking controller is proposed by using
backstepping technique with a filter. In order to save commu-
nication resource, the ETC strategy is also considered, which
can avoid the occurrence of the Zeno behavior. By stability
analysis, the presented ETC mechanism guarantees the finite-
time convergence of tracking error to a small neighborhood of
the origin, partial states can be constrained within preset time-

controller #4 in Example 2

time(sec) time(sec)

The inter-event time 7/

FIGURE 22 -

— £} in Example 2 (i = 1,...,4)

varying boundaries and all resulting system signals are bounded.
Finally, the simulation results verify the rationality of the theo-
retical results. In the future, the above problem for stochastic
MASs will be considered.
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