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Event-Triggered Fuzzy Adaptive Quantized Control for Nonlinear
Multi-Agent Systems in Nonaffine Pure-Feedback Form

Guangliang Liu®, Yingnan Pan®*, Hak-Keung Lam®, Hongjing Liang®

%College of Engineering, Bohat University, Jinzhou 121013, China
b Department of Engineering, King’s College London, Bush House, Strand campus, London, WC2R 2LS , United
Kingdom

Abstract

In this paper, we address the problem of event-triggered fuzzy adaptive quantized control for s-
tochastic nonlinear non-affine pure-feedback multi-agent systems. The fuzzy logic system is used to
estimate the stochastic disturbance term and unknown nonlinear functions. A nonlinearity decom-
position method of asymmetric hysteresis quantizer is proposed by applying sector bound property.
Moreover, to reduce the communication burden, an adaptive event-triggered protocol with a varying
threshold is constructed. Based on the backstepping technique and stochastic Lyapunov function
method, a novel adaptive event-triggered fuzzy control protocol and adaptive laws are constructed.
By using stochastic Lyapunov stability theory, it is demonstrated that all signals are bounded in
the closed-loop systems in probability and all the outputs of followers converge to the neighborhood

of the leader output. Simulation results illustrate the effectiveness of our proposed scheme.

Keywords: Asymmetric hysteretic quantizer, event-triggered adaptive control, non-affine

pure-feedback, multi-agent systems.

1. Introduction

Consensus control of multi-agent systems has received a great amount of attentions due to its
applications in various areas, such as cooperative control of nonidentical networks [1, 2], unmanned
air vehicles [3, 4], formation control of mobile robots [5, 6]. Generally speaking, consensus control of
multi-agent systems is defined as all agents synchronizing to a common state by a control protocol
based on the neighbor agents’ information. In practical systems, the stochastic noise is one of
factors that affects systems performance. At present, due to the complexity in theoretical analysis,
the stochastic nonlinear multi-agent systems have not been fully researched. Wen et al. in [7]
researched the consensus ability of stochastic nonlinear multi-agent systems subject to repairable
actuator failures. The authors in [8] studied the multi-agent systems subject to unknown nonlinear
dynamics, and the uncertain part of systems was approximated by applying a fuzzy logic system.

In practice, some pure-feedback multi-agent systems are in non-affine structure. This makes the
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controller design of pure-feedback systems more difficult, and some significant results have been
reported in recent years [9-14]. However, since the complexity of theoretical analysis and calculation
of non-affine functions, to the best of our knowledge, to date, there are few studies on stochastic
pure-feedback nonlinear multi-agent systems with non-affine form. This further stimulated our
research interest.

Recently, event-triggered control has been researched as an alternative to time-triggered control
in the field of network systems [15-21]. Compared to the time-triggered scheme [22, 23], the event-
triggered control algorithm typically requires less information transmission. Motivated by this fact,
the event-triggered controller has been used to the consensus control of multi-agent systems in [24—
30]. The authors in [24] developed an adaptive event-triggered control protocol to realize consensus
control of the first-order multi-agent systems subject to undirected graph. An adaptive distributed
event-triggered consensus control protocol was proposed for multi-agent systems with sensor faults
and input saturation in [25]. Guo et al. in [26] developed a novel distributed adaptive event-
triggered sampled-data transmission controller for multi-agent systems with directed graph. An
event-triggered control scheme was proposed in [28] to deal with the cooperative output regulation
problem of multi-agent systems. Li et al. in [30] considered the consensus control problem of multi-
agent systems against false data-injection attacks, and the Zeno behaviour was avoided.

In modern control systems, quantization is not only inevitable, but also helpful. In reality,
due to the bandwidth constraints in network, the data should be quantized before transmission.
Recently, some effective quantized control methods have also been proposed [31-38]. Specifically, in
[32], the authors gave the upper bound of consensus errors and analyzed the quantization effect on
the average consensus. Hayakawaa et al. in [34] addressed an adaptive quantized control method
for nonlinear systems, and the results were established by using the sector bounded property of
quantization errors. In [35], by applying the linear matrix inequality method and the sector bound
property, the quantized state feedback stabilization problem was researched for MIMO systems. Liu
et al. in [37] considered quantized consensus problem of single-integrator multi-agent systems subject
to balanced communication topology by using the method of sampling data. Chen et al. proposed
a distributed adaptive control protocol in [38] to solve the leader-following consensus problem of
multi-agent systems based on binary quantizers. However, the above literatures have not solved the
problem of co-design of the asymmetric hysteretic quantization and event-triggered technology in
stochastic multi-agent systems, which motivates our current research work.

The purpose of this paper is to design a novel event-triggered adaptive control protocol for
stochastic nonlinear non-affine multi-agent systems. In the design progress, control signals are
quantized, which satisfy system performance and practical requirement. The main contribution-
s are listed as follows: First, Compared with [39] all agents are modeled by stochastic nonlinear
systems in non-affine pure-feedback form, and the stochastic disturbances and nonlinear terms are
completely unknown, which is more reasonable in practical systems. Moreover, mean value the-
orems and implicit function are applied to overcome the difficulty in controlling the non-affine
pure-feedback systems. Second, unlike [40] and [41] a novel control scheme, which co-designs the
asymmetric hysteretic quantization and event-triggered mechanism, is constructed to well integrate

into backstepping control, thus the transmission burden can be decreased effectively, and the co-
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operative control problem for non-affine nonlinear stochastic multi-agent systems can be solved.
Finally, simulation results have illustrated the effectiveness of the proposed theoretical results.
The rest of the paper is organized as follows. Section II is devoted to the introduction of basic
graph theory and systems formulation. The event-triggered controller design and stability analysis
are derived in Section ITI. A numerical simulation is presented in Section IV. Finally, Section V

draws our conclusion.

2. Graph theory and problem formulation

2.1. Graph theory

Based on a digraph, we research the consensus tracking control problem of multi-agent systems.
The digraph is usually represented by the symbol G = (3,&,A), where 3 = {31,...,3m} is a
nonempty node set, £ €3 x 3 is the set of edges and A = [a; ;] € RM*M is an adjacency matrix.
(3j,3:) € € implies that agent i is able to acquire information from agent j. If agent ¢ can obtain
information from agent j, a; ; > 0, otherwise a; ; = 0. We suppose that a; ; =0 forall¢=1,..., M.
The set of neighbors of the vertex 3; is denoted by N; = {3,](3:,3;) € £€}. The degree matrix D
denotes the diagonal matrix D =diag(d; ...,dy) € RM*M with d; = 377", a; j for i = 1,..., M.
Define the Laplacian matrix as £ = D — A. A directed graph contains a directed spanning tree, if
there exists a directed path from the root node to all other agents.

In this paper, the multi-agent systems consist of M followers and one leader. Without loss of
generality, we mark the leader as 0 and follower as 1,..., M.

The following assumptions are given to support the handling of the aforementioned cooperative

control problem.

Assumption 1. The n-order time derivatives of leader output y,(t) is continuous,and it only can

be obtained by the i-th agents satisfying 0 € N; (i =1,...M).

Assumption 2.

1) Define the augmented graph G = (3,5,]1) with 3 = {30,31,...,3m}, €3 x 3 and A =
[a; ] € RMFUX(MHD) “where the leader node 0 is the root node of G.

2) The jth follower only accepts state information from the ¢ follower that satisfies j € N;,
i=1,...,M, and i # j.

Lemma 1. [{2] Define A =diag(b1p,...,ba0) with bio (1 <i< M) being the weight between the
leader and the followers. If there exists a spanning tree in the communication graph G and root

agent has chance to get information from the leader, then £+ A is nonsingular.

2.2. Problem formulation

Consider the stochastic non-affine uncertain nonlinear multi-agent systems with asymmetric

hysteretic quantization being described by the following model

dvij = (hij (Vij,vij41))dt + ¥ 5 (v 5)dw, 1<j<n;—1



90

i, = (Min, (Vi q (i) dt + Wi, (05 ) duw,

s

Yi = Vi1 (1)
where v; ; = [vi’l,...,vimi]T € R™ (i=1,...,M) denotes the system state vector; u; denotes
the control input, and y; is the output; o; ; = [v;1,... 71)Z-J]T € RJ and hi j (-) are unknown and

continuously differentiable non-affine functions; ¥, ; () is the unknown smooth functions; w is an

r-dimension standard Brownian motion; ¢ (u;) € R™ represents the hysteresis quantizer output.

Definition 1. [45] For the stochastic nonlinear system

dv =h(v)dt+ ¥ (v) dw

where v € R™ denotes the state of the system, w is an r-dimension standard Brownian motion.
h(:) and U (-) are are locally Lipschitz functions in x and satisfy h (0) = 0 and ¥ (0) = 0. Given
V (v,t) a twice continuously differentiable function, we define a differential operator L for the above

stochastic systems, as follows

with T'r being the matriz trace.

Similar to [40], we give the asymmetric hysteresis quantizer as follows

n
u; 1+3+<ui§ui,ui<00r,
+ u+ .
u; < u; < =gy Wi > 0;
_ w, .
Uu; , u, §u¢<—1+157,u¢>00r,

1ﬁ76 <ui<ui_,1li<0

+
U - .
1L;r(1—|—(5+),ui+ <u; < =57 Ui < 0 or,

ul 1+45 + .
=5 < Ui < 1_51% ,u; >0
+ U ~ 4
q(ug))=9q u; (1—=0-), %5 <u; <uy; ,u; >0or, (3)
146 — u; .
liéiui < Uy < K,Ui <0
ul .
O7 0 < u; < 1_{_5+ or,
+
U; min + .
1+6, < Uq < ui,min’ Ui > 07
Ui nin
T46_ < U; S 0 or,
— Ui min -
U min <u; < T Ui < 0

qu; (7)), ;=0



with ¢ (u; (7)) being the state prior to g (u; (t)). u; and u; denote quantized values to be defined

1-6.\""" 1-6_\""
+_ (—°F + - = - 4
Uy <1 +§+> uz,m1n7 Uu; (1 +6> uz,mm ( )

(t=1,...,M.) denote the dead-zone parameters as shown in Fig. 1 [40].

as

and u;

4, min

+
where u;

The constants 64+ and d_ € (0,1) decide the coarseness of quantizer. The larger the chosen 04
and d_ are, the coarser the quantizer is.

q(u)
Slope 1+, Slope 1-4,

(6, Juy [roveeesseerees e e i

u,
A+6,

BT

L] Uy ——
1-6.1-6.% Q

(146 Juy

Slope 1-6_ Slope 146

Figure 1: The asymmetric hysteresis quantizer

According to [40], in this paper, the asymmetric hysteresis quantizer is decomposed by using the

following method.

Lemma 2. [{0] The quantizer (3) can be nonlinearly decomposed as

q (ui) = c(u) ui +h(u;) (5)
where
a(ui) u;
cluy=q w70 0
1, q(u;))=0
—ui, q(ui) =0

Lemma 3. [40] In decomposition (5), the disturbance-like term h (u;) and control coefficient c (u;)

satisfy

—
I

=3
3

N

c(u;) <14 b, (8)

=
—
=
<
INA
o)
—
Ne)
S~—
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To lower the communication burden, the event-triggered control protocol is designed as

Uy

§i(te), V€ [tr,trgr), (10)
inf{t > tx[le; (t)] = ou; ()| + 0} (11)

ter1

with e; (t) = &; (t) — u; (t) being the error between the intermediate control &; (¢) and control input
u; (t). 0 < o <1 and 0 are positive design parameters.
Similar to [41], we are able to get & (t) = (x1 (t) 0+ 1) u; () + x2 (£) 0 in the interval [tg, tr+1)
with X () (m = 1,2) being time-varying parameters and satisfy |x., (t)| < 1. Thus, one has
& (t) Xz ()0

ui(t):1+x1(t)gil+><1(t)9' (12)

The control objective is to develop an adaptive event-triggered tracking control protocol for the
system (1) subject to asymmetric hysteresis quantizer to achieve the following goals:

1) all the signals are bounded in the system (1);

2) all the outputs of followers y;(t) can track the leader’s output y,(t).

To facilitate the controller design, the following assumptions are required.

For the control of stochastic pure-feedback system (1), define

Ohi j (i, vij+1)
v jt1

Gij (Vijs Vij41) = (13)

where i =1,... M, j=1,...,0. v n,+1 = ¢ (u;) .

In this paper, we give the following assumption for ¢; ; (v; j, v j+1) -
Assumption 3. There exist unknown constants b,, and bps such that
0< bm < |¢i,j (Ui,vi7j+1)| < b]y[ < OO,VUi71)Z'7j+1 S Rl x R.

In addition, the sign of ¢;n, (Vn,, q (w;)) is unknown, and for1 < j < n;,—1, the signs of ¢; ; (vi, Vi j+1)
are known. Without loss of generality, it is further assumed that ¢; j (v, v j41) > by > 0. By ap-

plying the mean value theorem, the functions h; j (-,-) in (1) can be written as
hig (Vigs vigar) = R (vig, 5 j1) + Gig (Wigs Tige1) (Vige1 — v j41) (14)

where (v?l,v?z,...,vgni,u?) is an equilibrium or operating point of interest, v; n,+1 = ¢ (u;),
V) i1 = q(u)) and 75 are some point between v; ji1 and VY ;. Substituting (14) into (1) and

choosing v2j+1 =0 and q (u?) = 0, the system dynamics can be rewritten as

dvij = (hij(vij,0) + i (Vij, Tij) vij1) dt + ¥y j (vi5) dw,
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dvi’m = (hi,ni (vi,niv 0) + (bi,m‘ (Uifﬂi ) Ti,nz‘) q (ul)) dt + \Pi,ni (Ui,j) dw,

Yi = vi,la ]. S] S n — 1 (15)

Definition 2. [39] The consensus tracking errors between the leader and followers under the directed
graph are cooperatively semiglobally uniformly ultimately bounded (CSUUB) in probability, if for

Ve >0, Ely; (t) — yr (t)|4 < € when t — oo, where E denotes the expectation operator, 1 =1,..., M.

Define synchronization error as
m
sig = ai; (i — ;) +bi (i — ur) (16)
j=1

with b; > 0 being the pinning gains, and b; > 0 if and only if follower agent ¢ can get information
from the leader.

To facilitate our stability analysis, the following lemmas are needed.

Lemma 4. [39] Suppose there is an existing C*1 function V (v,t), two constants p > 0 and Q > 0,

class Koo-functions k1 and ks, such that

k1 ([lvl) <V (v,t) < k2 (o))
LV < —pV (v,t) + Q

where t > 0 and v € R™, there exists an unique strong solution for system (2).

Lemma 5. [39] Define sq1 = (51,1, - .,5m71)T, y=(y1,-.- ,ym)T, Vr = (Yr,---,Yr), one gets
Iy —yell < llsell /A(L+ @)

where A (£ + ) is the minimum singular value of £+ .

3. FLSs

A Fuzzy Logic System (FLS) consists of four parts, that is, the singleton fuzzifier, the knowledge
base, the center-average defuzzifier, and the fuzzy inference engine [44]. The knowledge base of FLS

is composed of a series of fuzzy IF-THEN inference rules of the following form:
R': IF 9y is F} and ... and M, is F.,

thenY is B, i=1,...,K.

where 91 = (M4, ... ,‘ﬁn)T, and Y are input and output of the FLS, respectively. K is the rules

number. The FLS with the singleton fuzzifier, product inference and centre average defuzzifier can
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be expressed as
N n
Z¢:1 Ji Hj:l PFJ? (mj)

Y™ = sz\il [H?:l Pri (‘ﬁj)}

where 0T = [914, Ny, . . ., ‘ﬁn]T € R", Fuzzy sets B' and I JZ are associated with the fuzzy membership
functions Pp, (Y) and Ppi, and J; = maxycg [Pp, (Y)]. Let

" P (M,
P (M) = Lo Py ) i=1,... M.

S [T Pes o)

Define 1 (M) = [ty (N), ..., vx M)]" and W = [31,T,...,Tx]|" = [W1,Wa, ..., Wk]" . Then, the
FLS can be rewritten as the following form

Y () =Wy (). (17)

Lemma 6. [45] Let F(M) be a continuous function defined on a compact set Q. Then, for any

constant € > 0, there exists a FLS such as

sup = |[F(0M) — Wy (M| <e.
NeEQn

Define the optimal parameter vector W* as

* : _ T
W =arg min sup |(9) — Wy ()]

where Qy and Quw denote compact regions for M and W, respectively, and the FLS minimum ap-

prozimation error is given as follows
e=F M) —W*Ty(MN). (18)

4. Main Results

4.1. Adaptive Event-Triggered Controller Derivation
In this section, by using the FLSs approximation property and the backstepping technique, an

adaptive fuzzy event-triggered control protocol will be constructed. The backstepping approach
design procedure contains n; steps. Let WZ*jT (M;,;) be the FLSs which is used to model unknown
nonlinear function at the kth step.

Then, define 6; ; as

1 . 112
61 = mac{ o i |}



and introduce é” as the estimate of 6; ;. 5” =0;; — é” (i=1,...,M, j=1,...,n;) denotes the

estimation error. In the following design, we define the following coordinate transformation

Sih =Vih — Qip—1,h=2,...,n; (19)

s

where o; 5—1 denotes the virtual control signal at the (h — 1)th step to be designed.
Step 1: According to It6 formula and (16), one gets

dsii = ((di+b;) (di1 (Vi1 Ti1) vi2 + hiy (Ui,17'022))

m
=Y ai(bia (031, 750) vi2 + i (V1,05 2)) — big)dt
j=1

((d +b 7}11 Za”L] 7,1 U]l d (20)

Define the Lyapunov function candidate as

1 by =
Vig==st ey 21
,1 48171 + 24-1_71 7,1 ( )
o where (;1 > 0 is a design constant. By (2), (16) and (20), one obtains
LV, = 5?71((di +0;) (fin (vi1,7i1) (Si2 + 1) + hia (vi1,0))
=Y ai (b1 (01, 750) V2 + By (v5,1,0)) = i)
j=1
3 b ~ A
+—= Sz l(bz 1(1)1 1 — 7M9i719i71 (22)
2 Git
where .
zl—(d +b Uzl Zaz,_] 7,1 U],
According to Assumption 3 and Young’s inequality, one have
3
$p1(di +b;) din (v51,7i1) 852 < 1 (di +bi) barsiy + = 1 (d +b;) barsi o (23)
3 3 3
551271@3:1@171 < lz12 ?1 [P, 1|| + = 1 l; 2 (24)
Substituting (23)-(24) into (20), it yields
3 by
LVii < siq((di +b;) (barein + Fin (M1)) — Eei,leul
1
4lz 1t (di +b;) bMS?,Q (25)



where
3
Fii(Oh1) = (di+bi)hia(vi1,0)+ 1 (di +b;) barsia

= ai(hy1 (v7,1,0) + dy1 (051, 751) v52)

Jj=1

. 3 _
—biyr + 151,123?,1 Wil

Since Fj 1 (M;,1) contains the unknown function h; 1, ¢;1 and ¥; 1, F; 1 (9,1) cannot be handled in
a real system. For any constant €;; > 0, based on Lemma, 6, there exists a FLS Wz*lT (M;1) such
as
Fin (Min) = Wil (M) + e
N
where M 1 = (vi, V5, Yr, Ur)

According to Young’s inequality, it follows

b0 o? 3basst et
3 MYi1 ¢ T 7,1 7,1 7,1
1 i) < i i . 2
5711 (i) 2022’1 i1t M) Y (M) 9 + 1 Iy (26)
135 Construct the virtual control signal and adaptive law as follows
1 3 él 1 3 T
il = TGSl — 7 Sil — 55 S N; Xi 27
@i (di+bi)[ Ci18i1 = 8i1 202181711# (Mi1) ¥ (Xi1)] (27)
01 = %ﬁ,ﬂT (M) ¥ (Min) — i (28)
Ti1
where ¢; 1 > 0 denotes a design constant.
Substituting (26)-(28) into (25), it yields
2 4
Oi1 €1 3
L‘/z‘,l S _Ci,leS;l,l + ; + 1’7 + Zl?’l
1 by~ A
+-— (dz + bl) bMSfQ + 7M0i710i71. (29)
4 ’ Gia
Notice that B . 5
M 5 A M ;92 M 52
—0;10;1 < ——0;, + —0;
Gia AT 261 "t 2¢, Mt
Inequation (29) can be rewritten as
4 1 4 by 7
LV;'J S _Ci,lesi,l + 1 (dz + bz) bMSZ‘,Q — Tgi’l + Fi,l (30)
i1
where ) .
b g; €; 3
Fi L= M 6‘2 + ,1 + ,1 + 712

T2, 2 by, 4t

10



Step h (2 < h <mn; — 1) : Based on Itd formula and (19), one obtains

Oajp—1
dsin = (@i,n (Vi,hs Tish) Vipt1 + hin (Vig, 0) — B (i, (Vijs Tij) Vij+1
=1 Vi
- h—1 .
Fhi (v Z ~ o, ALy ) Ocip—1j
i,5 \Ui j7 6é 0,7
= oy =1 00
h—1 h—1
_ 1 02 Qi h—1 O p—1

o 77\I/T\I/zodt \I/,L i — "_\I/i, » Td .
Qz&)ltavio it 0)dt 4 (Wi p (vin) Z vi, g (i )" dw

t,o=1 ) ’ j=1
Choose stochastic Lyapunov function as

b ~2

1
Vi =Vin1+~ Zh+2<l,

Then, by applying (2) and (31), one has

LV, < Lvhfl'f‘sg)h(hih(viha )+¢ih(viha7'ih)(aih+5i,h+1)
h—1

< D 15 L D YD) _ Pain-1
- ’L ] —V; \Ili o
Z 39” J Z 9 ﬁ]) Yr Z 8vi7t8vi7o Hto e

J1 j=0

(32)

60&1 3 b ~ A
_ Z h— 1 (0i; (Vi j,Tij) Vij+1 + hij (vi5,0)) + isg,hq)z:h(bi,h — Cﬂoi,hei,h (33)

0v; ih

where
h
aaz h— 1

Qi = (vi,n) Wi (vij)-

1 According to Young’s inequality, one have

1
4 4
*szi nt *szi 1

IN

¢z’,h (Ui,ha Tz’,h) 5§,h5i,h+1
3 3
§sf,h¢)g:h@i,h < z hsz h ||‘I)z h||
Substituting (34) and (35) into (33), it yields

LVipn < LVip1+ S?ﬁ(Fi,h (M n) + barain)

by~ A 1 1
— M 0;,n0; 0 + ZbMS?,hH + Zl?,h
ih
where
"1 oa "1 oa
, 4 _ i,h— 1 A i,h—1 (j41)
Fin (Min) = hin(vin, 0 Z 26, =D 9@ T
j=1 %] 7=0 Yr

11

(36)



h—1
E - 0 ih—1 \I' E Ocin— (i (Vi 4,70 4) v
av”avw 0 0v; LI gy Mg ) Fnat

Jj=1

¢ . 3 3
+hij (vi5,0)) + 1 (di + bi) barsin + ZbMSi,h + Zl;ﬁsi,h @i n]*

where for h = 2, take LZZ—HUJZ =d; + b;, and for 3 < h < n; — 1, take Jﬁél =1.

According to Young’s inequality, one has

bar; o? 3byrst et
3 MVYi,h 6 T ih ih ih
nFin (Min) < ' i N; 37
sl,h h ( ;h) 20’3),1 Sl,h (m 7h) Q/J ( ;h) + 2 4 4bM ( )
where M, j, = [vi7h,y,(« ),th}
145 Construct the virtual controller and adaptive law as follows
— 3 éi,h 3 T
Qipn = [—cinsin— 150h T 50 SinY (Min) ¥ (N )], (38)
ih
0in = QCi’gh 5?,h¢T (Min) ¥ (Min) — Oin (39)
Ui,h
Meanwhile, it is noticed that
by 5 5 by o bM 2
—0; 1 Oin < — 0; - 40
Cish TR 2Gin QCi,h h (40)
Therefore, one has
h h bas 1
LV;‘,}L < - Zci7j8ij — Z QC 02 ZbMSih""l =+ Fi,h (41)
j=1
where ) .
1 g; €; b
Lip=Tin+ =17 h 4 wh . M g2

. 0?
’ El 4 Z}h 2 4bM 2€2)h i,h

Step n; : In this step, we will structure a real controller. Based on It formula and (19), one has

c(u)&(t)  clu)xa(t)d
dsip, = ins (Vimgs Ting - + h(u;)) + hin; (Vin,, 0
= O o) (s - SR 4 ) 4 i, (0,.0)
! 9a ! 9a
i,m;—1 i,mi—1 i+1)
- Z (i (Vigs Tij) Vi1 + hij (vi5,0)) — Z y$j+
= (%m = ay(ﬂ)
n;—1 n;—1
— Oay p—1} 1 in,—1 .1
D e e e S L
=1 89i7j 2 o= ov; tavi,o
n;—1
; 8041 mn;—1
H( Wi, (Vi) — e w7 )7 du. (42)
j=1 2,7
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Choose the Lyapunov function candidate as

4
S'L’,ni 1- 5m ~2 bM 32

Vim: = Vi, Mim; T i,
ELLL2 [LLE2 4 27,,1_}”1. 1,M; 2<i,ni 1,M g

(43)

with 7, being a design constant, 7; n, = 7i,n, —1i,n, denotes the approximation error between 7; ,,,
and 7, = 1
(42), one has

6 . Following the event-triggered mechanism in (12), and by applying (2), (5) and

LVin, < LVip_1+452, (hin, (Vin, 0)+bM(C(ui)§i(t) _c(u)x2()d
T o LR A I+xi(t)e  14+xi1(t)o
L da;
,—1
Z 8211" (i, (Vigs T j) Vi1 + hij (vi5,0))
i,
n;—1 8@ Mg — a o n;—1 804 .
_ —obmisl G+ il g T g, Lh=1g.
jz::o a 7@) r Z 6% tavlo 7, 5 ; ai,j 3]
3 2 T (1 - 5771) - X bM ~
=55 0. P; q)in-_iinxinx_ ezn 1M 44
+58im Pin, Pins o i = i G (44)
By applying Young’s inequality, one has
39 &7 3. 2 g4 4,22
a5 i,niq)i,niq)l ng = 4lz n; znl (I)i,ni le n;* (45)
Design the adaptive controller as
§i(t)=—(1+oD (46)
where 5 5 5
(Pt ) e el (a7)
Lmo 1m0/ fsd @) o8, 02,02, +<2 (1)

¢ (t) is chosen as a positive integrable function and satisfies fooo ¢ (t)dt < 4o00. Noting that many
functions satisfy this condition such as < (t) = e~ with positive number .

From [40], we obtain the inequality

ZQ
0<|Z| - ——= < (48)
Z? + e
where € > 0. Further, one has
i) @i (L b i)0 59,
6, by SC T s b (L= 8 () — e () s
T 14X () e i l—o S0 4e2(t)
~ 3 bMES?n
Fbar (1= 6m) Tisn, |87 n, Qiin,s | — ———e—, (49)
s?,ni + §2 (t)

13



s3. bare (u;) x2 (£) 0 bare (u;)d 9.
Snbuet) w0 buel)d S (), (50
L+x1(t)e 1-v 5?nv+§2(t)
barsS
T S — s R S () (51)

o, 62 (1)
Substituting (49)-(51) into (44), it yields

LVip, < LVip,—1— 588 ,,0inb0 + 85 0 Finy (Min,) + bar (14 0m) < (8) + bases (1)

0

+bnr (1 - 5m) fh,m }Si,mai,ni

1—dm) - be by = X
_(7177")771‘,71@-771‘,711- - 4791171@91,71@ (52)
iy in;
155 where
L da; : nizl g,
Fin, (mlvm) = lin, (vi,n,;,()) B Z 117”1*1017”7 - Z 1’7?;)71%(43+1)
=1 Wi, =0 Oyr
1 9200, 1 oy —1
-5 -yl g il (g Ti) Vi
2 tzzl v tOv; o " ¥ Z ov; ; (94,5 (Vi g i) Vi g1
3
+hij (V37 0)) + barSing, + <12 Sing [|Pin 4

4’Ln

By using Young’s inequality, one has

bas6. et 3byst o2
3 MY%ini 6 T i,n; i,n; in;
iniFing Min) < — 5 Sin Ning) Y (Nin, 93
Sl,’ﬂi ) L( ) L) 20_an ,w ( ) L)’l/)( ) z)+4bM+ 4 + 2 ( )
where I, ,,, = [vl nis yrh), OZTM
Design the intermediate control law and adaptive laws as follows
_ 3 é'L Pz 3 T

O‘i,ni - Ci,ni Si,ni + 181',77,»; + 2 2 i7'rLiw (mz,n,) ¢ (mz,nz) ’ (54)

A Cz nl A

eifﬂz' = 2 S?ml wT (mz,m) ¢ (mi7ni) - eimw (55)

Uz Mg

Dim, = Timg |85p,Qin, | bar — Thim, (56)

Substituting (53)-(56) into (52), it yields
—Om
zn, 7261,] 1] ] nlnlﬂninl“FngC Zl

bM ~ ~ 0
— MG b+ (1 14—
oy s Vims 4 (L4 Om) s “)( " 19)
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Applying the Young’s inequality, we get

1—6m 1=0m 1— 06,
znlﬂ— 7,14 S - ﬂ—in~+ ,Mm 57
Tin; g 77 27’1’,7” ioms 2r; N ioms ( )
by - 4 bar 2 by o
91 nLez i S - + 91 n: 58
Cl n; 2{177“ 2@ n; N ( )
Further, we obtain
Vins ch L= 0m o2 i DM G2 | hsec (1) 4+ Tim, (59)
t T J l] 27"i,n¢ b j=1 Cz ng B o
where
1—6,, 0
o 27’i,m an,n ( - ) M§( ) ( + 1-— Q)
ni 1 bM 2 64
12 92 7]
+];( 2(1 2 + 4bM)
Let
vi =min{2¢; p, Bin} >0, h=1,...,n
then one gets

4.2. Stability Analysis

The following theorem shows the stability analysis of the proposed distributed control law.

Theorem 1. Consider the closed-loop adaptive non-affine pure-feedback stochastic multi-agent sys-
tems consisting of M uncertain nonlinear subsystem (1) satisfying Assumptions 1-3, the event-
triggered controller (10), the designed adaptive controller (46), the intermediate control law and the
parameter adaptive laws (54)-(56). All followers’ outputs are able to converge to a small neighbor-

hood of the output of leader, and all the signals in the closed-loop system are bounded in probability.

Proof 1. Choose the following Lyapunov function V

V=" Vi (1). (61)
i=1
Based on (59), we have
LV < =4V 4T (62)
where v = min{y;,i=1,....m}, T = 3" T, +©O with © = bMEfO t) dt being a positive

constant since the parameter < (t) in (47) is selected as the integrable functzon.
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According to Lemma 4 and the definition of V, all the signals are CSUUB in probability in the
closed-loop system.
Furthermore, according to [39] and (62), one gets

w — E[LV (8)] € —E (V (£)) + T, > 0. (63)

We define E[V] =b and v > 3. It is obvious to obtain % < 0. Then, it has E[V (t)] < b when

E[V(0)] <b forallt > 0. One has

I —pt E
0<E[V(t)]<(V(0)—M)e ‘o (64)
Further
B[V () < g,t 5 00, (65)

According to s;1 = (S1.1,-- -, sm71)T, based on (65) and the definition of V, one gets

2
E (||3i,1H4) < FE (8%,1 + 53,1 . '78371,1)
< 2F (3‘11)1 + 3%,1 ce an,l)
8T
< —. (66)
I

Theoretically, according to the definitions of v and I, for any € > 0, we select the appropriate design

parameters c; p, Bin to be sufficiently large, choosing a;p, to be sufficiently small, one can obtain

< A+ (67)

=1
ool M

Furthermore, when t — oo, according to Lemma 5, the following inequality holds:
Elly -y, < B (Isiall) /A (L +9)* < (63)

According to Definition 2, the tracking errors e; = y; (t)—y, (t) are CSUUB in probability. |

Furthermore, according to [46], for Vk € s, we prove that there exists a constant h* > 0,
{tk+1 — tx} > h*. According to e; (t) = & (t) — u; (t), Vt € [tg, tpt1), we get

% lei| = sign (e;) de; < |d&;|.

From (46) and (59), one has
dg; (1) = — (1 + 0) (dD) (69)
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where

0
D = (1—94-1j§ >{0him) SO, 2 (8) =057, (535, + 6% ()7 (ds, +26 (1))}
3

J[580 + 2 (O] + {((ds,,) 02 i, + 250, (din,) i, +258,02, 700, )

i,ni

~ N ~ —0.5 ~
K580, 02, 2 () = 055702, 72, (58,02, 2 (0) "7 ((dsd,,) 0,2,

i,

1257, (A0, 1, +25%,02 0 T, + 26 () }/ (82,,08, 70, + 7). (70)

i,ni

Figure 2: Graph G used in the simulation

ERSSSSSS

0.8

Tracking signal

-0.4
0

. . . . .
5 10 15 20 25 30
Time(Sec)

Figure 3: Output of the followers and leader.

s Since all the signals are bounded, for any A > 0, we can obtain |d¢; (t)] < h. Based on (11)
and (12), e; = 0 and lim;_, , (e; (t)) = olu; (t)] + 0 hold. We can obtain the lower bound of
interexecution intervals h* satisfying h* > (o|u; (t)| +9) /h, hence, the Zeno behavior has been

successfully avoided.
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Figure 4: The tracking errors e;
30
——ui(t)
us(t)
20 ug(t) |4
us(t)
us (t)

101 q

Input signal u‘(t)

10 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30
Time(Sec)
Figure 5: Event-triggered control signal
5. Simulation Study
180 We will illustrate the effectiveness of the proposed adaptive event-triggered control protocol in

the section by using the following uncertain nonlinear non-affine pure-feedback stochastic multi-
agent systems:

dvi,l = [1)1‘72 — V4,2 sin(vivg) + 0.5 sm(t)] dt + [02 sin (vi,l)] dw
dvio = [q(u;) + 0.8sin(u;) 4+ 0.5sin(t)] dt + [0.2sin (v;,2)] dw
Yi = Vi1 (71)

18
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Time(Sec)

Figure 6: Quantized control signal
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Figure 7: Interevent times of &1 (¢) .

The initial conditions are selected as vy (0) = (—0.15,—0.05)" , v (0) = (—0.15, —0.15)" , v3 (0) =
(—0.25,—0.01)", v4 (0) = (—0.05,0.25)", v5 (0) = (—0.15,0.13)" . The output of the leader is
yr = —0.2cos (t). In (71), g (u;) denotes the asymmetric hysteresis quantizer modelled as (3), and
the quantization parameters u;fmin = 0.06, u; ,;,, = —0.08, 64 = 0.4 and 6 = 0.3. The design
parameters are chosen as ¢;; = 0.5, 711 = 0.5, ri 2 =721 =122 =0.1, 731 =141 =151 = 0.15,
r32 =T42 =152 = 0.25. 0; ; = 0.01, 6, = 0.01, ¢ (¢) = 0.01e~ %, As shown in Fig. 3, the output
signals of followers y; can well follow the leader signal y,.. Fig. 5 - Fig. 6 show the event-triggered
control signals and quantized control signals. The time of the released interval of triggered events
is shown in Fig. 7 - Fig. 11.

According to these figures, we can see that the outputs of the followers follow the trajectory
of the leader, and all the signals in the closed-loop system are bounded. These simulation results

validate the effectiveness of the proposed control scheme.
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Figure 8: Interevent times of &2 (¢) .

14l % T T T T T ]

Inter-event times

Time(Sec)

Figure 9: Interevent times of &3 () .

Remark 1. The authors in [47] developed a novel event-triggered control protocol without requiring
continuous communication among the follower agents, and an algorithm to actively adjust the leader
adjacency matriz was proposed for the first time, which efficiently expands the application scope of
existing methods. The authors in [48] presented an integrated sampled-data-based event-triggered
communication scheme to improve the efficiency of data transmission, and a state-error-dependent
delay system was designed to model the multi-agent systems. Finally, the efficiency of the proposed
transmission scheme and consensus protocol are verified. Both of the above two event-triggered
protocols are of great significance and research value. In this paper, however, we can not directly
use the event-triggered protocol in [47] and [48], because we consider input quantification and apply

synchronization error. The validity of the event-triggered protocol we designed is also validated in
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Figure 10: Interevent times of &4 (¢) .
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Figure 11: Interevent times of &5 () .

stmulation. We will study and use the event-triggered protocol in [47] and [48] in the future work.

6. Conclusion

The problem of event-triggered fuzzy adaptive tracking control for non-affine pure-feedback
stochastic nonlinear multi-agent systems with input quantization has been solved in this paper. With
the designed asymmetrical hysteretic quantizer and event-triggered mechanism, the performance of
the systems has been improved, and the burden of communication has been reduced. By applying
the stochastic Lyapunov function method, it has been illustrated that all the followers’ outputs
converge to the neighborhood of the output of leader and all the signals are bounded in probability
in the closed-loop system. Finally, the effectiveness of the approach has been illustrated through

simulation example. In our future work, we will attempt to solve the fixed-time relay tracking
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control problem for agents in higher-dimensional space by the definition of the Voronoi diagram

accordingly.
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