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In this work, the issue of event-triggered-based asymptotic tracking adaptive
control of stochastic nonlinear systems in pure-feedback form with strong
interconnections is considered. First, a new decentralized control scheme is
developed by introducing the new types of Nussbaum functions, which
enables the output of each subsystem to asymptotically track the desired
reference signal. Second, the nonaffine structures and the unknown control
gains existing in the nonlinear systems are a part of the considered system
model, which makes it more complicated to design the decentralized
controllers. Therefore, the complexity caused by the nonaffine structures is
faciliated by mean value theorem and the unknown control gains are handled
by a novel Nussbaum function in our proposed design scheme. Meanwhile, the
unknown nonlinearities of the system are approximated by using intelligent
control technology. Furthermore, an event-triggered method is introduced in
the design process to save communication resources effectively. It is shown that
all signals of the closed-loop systems are bounded in probability and the tracking
errors asymptotically converge to zero in probability. Finally, the simulation results
illustrate the effectivity of the presented scheme.
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1 Introduction

Stochastic external disturbances exist in many branches of science and industry such as
unmanned air vehicles, intelligent home and distributed networks [1,2]. Seeing that
stochastic nonlinear systems can model a mass of artificial or physical industrial
platforms with stochastic external disturbances, it is necessary and beneficial to study
them for the vast majority of researchers [3-5]. Recently, stability control of stochastic
nonlinear systems with strict feedback or nonstrict feedback form has been the hot topic
discussed by many researchers. Nevertheless, most of actual models do not satisfy strict-
feedback and nonstrict-feedback form [6-9]. Therefore, numerous researchers have devoted
themselves to the study of adaptive controller design for stochastic nonlinear systems in
pure-feedback form such as mechanical and electrical systems, biochemical medical systems,
and dynamic model systems in pendulum control. More researches on stochastic nonlinear
systems with nonaffine structures have been explored, which were considered as complex
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FIGURE 1
The trajectories of y; and ya1.

and challenging themes such as state constraint, adaptive control,
and output-feedback control. In [8], the finite-time tracking control
problem was addressed for stochastic pure-feedback nonlinear
systems by introducing the barrier Lyapunov functions, the mean
value theorem, and the adaptive neural networks.

Furthermore, the interconnected systems composed of several
subsystems are called large-scale systems. The large-scale systems
have been extensively investigated because of their countless
applications in power systems, mobile satellite communication
systems, and multiagent systems. However, different from the
existing literature [10,11], the interconnection terms of strongly
interconnected nonlinear systems contain all the state variables of
the other subsystems. There is no doubt that the design of the
centralized controller of large-scale systems is difficult due to the
existence of physical communication limitations among
subsystems. Therefore, the decentralized control scheme was
proposed in order to achieve the desired control goal of large-
scale systems. For uncertain interconnected systems with dynamic
interactions [10], presented a new decentralized adaptive
backstepping-based control algorithm to deal with discontinuity
caused by state-triggering. In [11], the decentralized event-triggered
fault-tolerant control (FTC) scheme was proposed for the
interconnected nonlinear systems with unknown strong coupling
and actuator failures. Different from the centralized control,
decentralized control not only mitigates computation burden,
but also strengthens robustness of systems. Simultaneously, since
event-triggered control (ETC) strategy can effectively reduce
resources waste of unnecessary communication, it has become
an attractive research orientation. The ETC strategy is that the
control signal does not change in real time, but is restricted by the
trigger condition. It only changes at the moment of trigger and

remains stable within the trigger interval. So far, many meaningful
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results on ETC strategy have been obtained [12-14]. For asymptotic
tracking of uncertain nonlinear systems [13], a novel adaptive
event-triggered control framework was proposed to reduce the
communication burden. Furthermore, the adaptive event-
triggered tracking control problem was considered by relaxing
the feasibility condition of the intermediate virtual controller for
a class of stochastic nonlinear systems [14]. Although the ETC
strategy has been employed to diversified nonlinear systems in
aformentioned results, the ETC mechanism based on relative
threshold for stochasitc interconnected pure-feedback nonlinear
systems are yet to be investigated.

Moreover, the issue of adaptive control for nonlinear systems
with stochastic disturbances has attracted extensive attention from
innumerable scholars [15,16]. On the one hand, neural networks
(NNs), which is identified as a powerful tool to approximate
unknown nonlinearities, has been extensively used in the
adaptive control. On the other hand, how to deal with the
control gain of stochastic nonlinear systems is also a concern. As
we all know, compared with the bounded and stable characteristics
of stochastic nonlinear systems, how to realize asymptotic tracking
control has more practical significance and research value.
Therefore, a new type of Nussbaum function is applied to the
adaptive controller design, which makes the nonlinear systems
realize asymptotic tracking and eliminates the influence of the
unknown control gains [17]. So far, although remarkable results
have been obtained in the research of stochastic nonlinear systems
by using Nussbaum function, there exist few results about how to
construct event-triggered-based adaptive controllers for stochastic
systems with nonaffine structures and strong interconnection terms,
which motivates us for this study.

In this paper, an event-triggered based adaptive decentralized
asymptotic tracking control scheme is proposed for stochastic

frontiersin.org
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FIGURE 2
The trajectories of y, and ygp.

nonlinear systems with nonaffine structures and strong
interconnection terms. The main contributions of this work are
three-fold: 1) One thing that needs to be stressed is that it is very
complicated to design decentralized controllers for interconnected
systems, especially for the interconnected systems with both stochastic
terms and nonaffine structures. Thus, a new decentralized control
scheme is first developed by introducing the new type of Nussbaum
functions, which realizes the asymptotic tracking control in
probability for stochastic interconnected pure-feedback systems. 2)
Meanwhile, how to save the system-limited transmutation resource
for nonlinear systems, especially for uncertain stochastic
interconnected pure-feedback systems is also a crucial issue.
Therefore, the ETC strategy based on relative threshold is
developed and only an adaptive law needs to be designed for each
n-order subsystem, which greatly conserves the communication
resources. 3) The interconnected terms in the nonlinear systems
considered are associated with all state variables, which makes the
traditional decentralized control method unavailable. Hence, to solve
the problem, a decentralized control scheme using variable separation

technique is presented.

2 System description and preliminaries
Consider a stochastic nonlinear system:

dx = f*(x)dt + b’ (x)dw,Vx € R", (1)

where w is standard Wiener process; x € R" is the system state, f*: R"

— R"and k*: R" — R™" are locally Lipschitz functions. Next, some
necessary definitions are introduced into this paper.
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Definition 1 [18]: Combining with the differential Eq. 1, for any
given V (x) € C?, define the differential operator L as follows:

v . 1 a0V
Definition 2 [18]: If the equality lim. o SUPj<;<coo
P{lx(t)|>c} =0 holds, system 1) remains bounded in

probability. Then, system 1) is identified as asymptotically stable
in probability, if it satisfies that equality and P{|x (¢)| = 0} = 1.

The stochastic interconnected pure-feedback nonlinear systems
are described as:

dx,',]' = fi,j(’zi,j’ x,',]'+1)dt + h,',]' (X)dt + g:} (X)dw,,
dx,-,,,,. = fi,n,' (’Ei,n,a ul)dt + hi,n,- (X)dt + gt?:ni (X)dwi, (3)
Vi = X1

. ,xIT\,] represents interconnected terms of the
systems  with 1" e
R*% (i=1,2,...,N) being state vector of the ith subsystem, u;

where X = [xf,sz,. .

nonlinear Xi = Xig, = [Xi15 Xi2s - - 5 Xigy,
and y; are the input and output of the ith subsystem,

respectively. f;;(-) are smooth unknown functions. h;;(-) and

gij(:)  represent  smooth interconnected  terms.  Let
- = 9fij (% jXijs1) - 3 f iy (i)
By j (X jy Vij) = o Qi (K Vi) = =505

According to the properties of the mean value theorem [19],

there must exist x{ ., = 0 and u) = 0. There are point ¥;; between

i,j+1
0 = 0
Xi ja1 and x;,; and v; ,, between ;' and u; such that system 3) can be

rewritten as:

dxi,n,- = (fi,n; (xi,n,-a 0) + (Di,n,- (Ei,nia Vi,n,)ui + hi,n,- (X))dt + g;{m (X)dwi)

{ dx;,j = (fi,j(i,‘,j, 0) + (D,"j(.f,‘,j, 17,',j)x,~,j+1 + hi,j (X))dt + gz:] (X)d(l)i,
Yi = X

4)

frontiersin.org
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FIGURE 3
The trajectories of yz and yys.

where @;; and ®;,, are unknown gain functions.

The control objective of this paper is to design decentralized
adaptive controllers for system 3) so that the tracking errors
between system outputs and reference signals asymptotically
converge to zero in probability and all the signals are
semiglobally uniformly ultimately bounded in probability. To
realize the desired control objective, some lemmas and
assumptions are showed below.

Assumption 1: The functions Dy (i=1,...,N,j=1,...,n;)are
bounded; there exist positive constants ¢, and ¢y such that
0 <6,y <D (X3 j> X j+1)| <Gp < +00. Moreover, all the signs of
®@; j (Xi,j» i j+1) are getatable for overall design procedure. Without
loss of generality, it is assumed @; ; (X; j, Xi j+1) = G > 0.

Assumption 2: The desired reference trajectories are represented
as yg; (t), where their cth derivative for c=1, ..., n; is assumed to be
continuous and bounded.

Assumption 3 [20]: There are strict increasing smooth functions
Vi (-) satisfying |h;; (X)] Sl//i,j (IX1)  with Vi (0) =0 for the
unknown nonlinear interconnected terms h; ; (X).

n; n;
Remark 1:If @, >0, forr=1,...,n;, l//w-( Z a,) < Z Vi (ma,)

r=1 r=1

can be employed due to the strict increasing property of v ;(-).
Particularly, smooth functions A;;(s) are introduced such that
¥, (s) = sAij (s), which has

Wi,j<zlar>< Zlniar/li,j (niar)~ (5)

r=1 r=1

Assumption 4 [21]: There are strict increasing smooth functions
v;j(-) satisfying [g;; (X)I<uv;; (I1X]) with v;;(0) =0 for the
unknown interconnected terms g; ; (X).
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Remark 2: Apparently, there exist smooth functions 7, ; (-), we have

vi, <z br) s Z nb, 1, ; (nb), ©

r=1 r=1

where b,>0.
Lemma 1 [22]: The Nussbaum function is given as N, (¢; )=

26(’)‘%1(/)1.‘]. if LW ()< —bW () = 6 jRms (97, (), () + Y ¢,
j=1 j=1

(t) + n, where b is a positive constant, # is a bounded variable,
and g;j is an unknown but bounded positive constant. Moreover, ¢; ;
and W (t) must be bounded in probability.

Lemma 2 [23]: For the form of the dynamic system
&l'(t) =—x&(t) + y9(¢t), if I(t) is positive function, x and y are
positive constants, and the initial value &(f,) is non-negative, then
the solution &(t)=0 can be obtained for Vt=t,.

Lemma 3 [24]: For any (x*, y*), one obtains

e 4
x*yx-SElxﬂpc +— y*l , (7)

qce®

where ¢ >0, p. > 1, 9. > 1,and (p. —1)(g. —1) = 1.
Lemma 4 [25]: For any @ € R and ¢ > 0, one has

)
0<|a| - (Dtanh(f) < 86,8 = 0.2785. )

€
In this work, the radial basis function neural networks
(RBFNNs) will be employed to estimate the unknown nonlinear

functions f (Z) such that

f(2)=W'S(2)+8(2), )
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The trajectories of 61, 6, and 6.

where Z € R? denotes input vector of the RBFNNs and g represents
the dimension of the RBFNNs input. The estimation error is
represented as 8(Z) with [8(Z)|<8, where § is a positive
constant. W = [wy, ..., w]" € R denotes weight vector with [ > 1
being the node number of RBFNNs. The basis vector of RBFNNGs is
denoted as S(Z) = [s; (2),...,s1(Z)]". Besides, the basis functions
s;(Z) are selected as

Z-u) (Z-y
si(2) =exp<-w>, i=1,2,...,,  (10)
where p; = [1;1, 4, - - -» ;] is the center of the receptive field and A
is the width of the Gaussian function. The ideal weight vector W is

defined as

A : _wT
W: —argr‘}}:g{supv(Z) w S(Z)”. (11)

Lemma 5 [26]: Consider a class of Gaussian function as basis

1

function. Let p: =3

miny,jllu; — ujl, the upper bound of S(Z) is

o0 252

represented as [|S(Z)|< Z 3q(k+2)q‘1e7%: =s, where s is a
k=0

limited constant.

In this section, the controllers design procedure based on the
backstepping will be presented. The RBFNNs will be used to
estimate the unknown nonlinearities. In addition, the virtual
control signals and the adaptive laws are designed as follows:

(xi,j = Nms((P,',j)&i,j)

_ 1 5
®ij = —k,‘)jzi)]‘ - ﬁZzJGISZ](ZI)J)SI)J(ZI)J), (12)
L]

FIRN Lz,ﬁ,sf,(z,.lj)s,.,j(zi,j)—oié,-,

L 2 “i,jYi,j
= 2a,-’]-
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Time(sec)

where k;j, a;;, yi» and o; are positive design parameters and Z; ; =
(00, 7501 with 35 = [y y§- -y @1G =2 om). In
addition, 6; is the estimation of 6; with 6; = max{| W% i = 1, 2,
L oNj=1,2,...

following variables transformation:

» n;}. Particularly, the error variables z;; satisfy the

zi,j = .x,"j - (X,',j,l. (13)

Lemma 6 [27]: According to the variables transformation z;; =

Xij — &;j-1, the strong interconnected term result can be obtained

N n R
IXI< Y Y x(zi5 6zl + %, (14)

i=1 j=1

where d* being the sum of upper bound of yu
Xi,j (Zi,j)éi) = (ki,j + 1) + (1/2a,-,]-2)z,»,jzszéi, Xi,n,v =1, fori =1, 2,
...> N, j=1,2,..., n. In addition, to simplify the formula,
Xm,,(zm,l, @m) will be denoted as ,, .

3 Main result

For the sake of convenience, the state vector X; j and the time
variable ¢ will be omitted. Moreover, S;; (Z;) will be denoted as ;.

Step i, 1: Based on z;1 = X;1 — Yai» Zi2 = Xi2 — &1, the derivative of
z; is given by

dZi’l = (fi,l + CD,‘,lXi,z + hi,l (X) - ydl)dt + g;I:I (X)dw, (15)
The Lyapunov function candidate V;; is selected as

1 1~
V,‘,l = ZZ?’I + z—yigi, (16)
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The trajectories of z14, 51 and zz;.

where y; > 0 is a positive constant and 0 =6, — é,-.
Differentiating V;; yields
LV, = Zf,l (fir + Dirzin + Qiyetiy + hiy (X) = y,)
3 1
+ Eziﬂgﬂ (X)gi1 (X) - ;91'91'- (17)
By applying Assumption 3, 5), 7) and 14), we have

N ny
3y (X) <28 Iy, (XD < LYYz W+ 12y (M + 1)d),
I=1

m=1

(18)

where and yi o= 1M+ 1)4)(;‘"’1/1;%1

N
M = z [
m=1
(M +1) |zmly,,,)- Let Kiy = yiy (M + 1)d).

Then, Lemma 4 is employed to K;; yields

22 K;
122 |K;y — 22, Kiy tanh(L”‘) <0.2785¢; . (19)
’ ? il

By using Assumption 4 and (6)-(14), we can obtain

3
2 11g’1(X)gll(X)< zll 11<z ZXmllzml|+d*>

m=1 I=1

(M +10%2 v (M + Dani; + = (M +1)’Mz},

N ny
+ Z szlvll + ltll’
m=l =1
(20)
where lita is a positive constant and 17?1 =

SM D0 1t (M + Dy |z

Frontiers in Physics

Submitting (18)-(20) into (17), we get

LViy <23, (fir + Piazip + Qiaciy — ) + = MZ.1+Z sznlw,1+027858,1

m=1 I=1
lell 9 2,4 4 *)]-2
+= (M+ 1)’Mz}, + z; K, tanh . + 8(M+ 1)z v, (M + Da)LT
i1
1

2 oo % 4
+ 3l = 66+ > Yz

(21)

Step i, j: Define z;; = x;; — &;;—1 (2<j<n; — 1), one can get the

derivative of z;;

T

dzi,j = (fi,j +®; ;x50 + hi,j (X) - Lai,j—l)dt + <g,) (X) - Z 306,] : (X)> dw;,
k=1

(22)
-1

o; aoc,-;_
L“l] 1 Z a = fzk+cD1kxzk+1+h1k(X))+Zka)1yz(if+l)
k=0 di

j—1
1 4 8205,‘)]«_1 T

5 ) 5= —di,
2 pa=1 ax,‘,Pax,‘,q

(X ’“9,.
(X)giq (X) + Py

i

(23)

Next, the Lyapunov function V;; is designed as V;; = 1z} jwe
further have

aoc,
Z ax} - (flk +(Dzkxxk+l +hzk(X))

k=1 ik

LV =2z} <fi,j + @ jxi 0 + b (X)

j-1

2
aar}lA_Zaale (k+1)_7z aai,j—lg
Vi

d ,(;f) ' | 0% ;0Xiq

T (Xgig (X>>

+ z,,ng,,(xnl—z I g,koouz

(24)
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The trajectories of control inputs uy, U, and us.
By applying Assumptions 3, 4 and (5)-(14), one has 3 L O
Y p,p]y B AR S 3719 00 = 3. S g (OP< gt (M + 1t (O + D
- alx 1 3 I (aa 1> - k=1 ik
-z, Bl (X) <Mzt B z iy
M& ox; his (X) 4 = oxi 2 Z m¥ix +2zzjj (M +1)*x M + Z szlvu
m=1 I=1
Ll 3 2o\
3 ij-1 " 3 22 i j
+|Z"*f'|;|ax,-,k IV (M4 D), 2]y (X< Mz, + z (M +1) ; —ax,-k
N X Ul (M + 1Dd)E2 + le .
+ 0 )z W1zl (M + 1)d), g2 i o
m=1 [=1 o, ~ N
(25) (M+ 1’7M x Z( axjkl> + Z an,lii‘,k’
‘xij 1 5 k=1 m=1 I=1
Zij z 0x; ,0x; X)g,q(X) @7)
Pq 1 YP ,q
3 where for k = 1, 2, ..., j, l,-,]-,k are positive constants, ﬁzk =

1 P Ra ) N
2 1, j— . .
Sg(M+1) Mzgj (—’ : ) +(j-1) Zszmlv;‘yq

p=1¢g=1 g=1m=1I=1
i 32
+s (M+1)|z”| L ""“ v 2 (M+1)d),
p=14g=1 ’P
where for k = 1, 2, ... , j $h=3M+D%, AL

(M + Dlzmil,)- Uig = 3(M+ D55 iy (M + Dlzmgly,,,),

j-1
. dai;
q=12,...j-1. Let K;j= Z Sy (M + D) +
k=1
j-1 j-1 >
(M +1Dd) +1(M+1) Z O oz, (M + 1)),
p=lg=1 "
By using Lemma 4, one obtains
3 3 Z?'K"J
|2},|K;j — 2] K, j tanh{ —2—= | <0.2785¢; ;. (26)
. . &

Next, we further obtain

Frontiers in Physics

M+ g, 4r1,k ((M + 1)y, |Zmi]).
It follows from (Eqs 22-27) that

2 i j-1 a“i,j—ﬁ
LVij <z}j| fij+ @ijXijn — (ka + O Xig) — —2—0;
= ox 90;
azx,) 1 (k+1) oat; j 3 1 )
_Z bl & —MZ,J Z )t ZMzi,, +gME

2PV P z; K;; 9
x Mz} Wl ) 4 K tanh( ) 4 2z A(M 4 1)PM
"’;;(axlﬂ,pax,ﬂyq " &) gl ¢ )

9, - 2 9, L& (00
+ g%l (M + 1) (M + D"l + g2 (M+1) -

k=1
) aa,, Y LY 4 a4
X vf (M +1)d*)l k+ z,]] (M+1)MZ Ix +ZZszlka
ik k=1 m=1 I=1
1 N SN
+(j-0Y Y Y ol +0.27858,;+ 5 21,]k+z DY zh vk
g=1 m=1 I=1 k=1 m=1 I=1

(28)
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Triggering event subsystem,.
Step i, n: Based on z;, = x;i, — a;,_1, the derivative of z;,, is o a,, s Oay,,
) P 1,1 1,1 i,ni—1 1,1 i1 = am (fzk + (D S Xiger + hzk(X)) i ;- 191- + z x,v(xk>1 g_wl)
given by i aei 0 OV
T ni-1
"l S 1 b [ 7y
o= (f. u+h —La . — il o . - - X X).
A2, = (Fin + it + b, (X) = Loy )dt + <g 89 kz o, 9 (X) | do +3 ; 331,05 a9 (0G4 (X)
(29) (30)
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Next,
following result holds

consider a Lyapunov function as Vi, =1z}, the
i

ni—1
= O,
LVip =20, | fim + Qigthi + hip (X) = % (fik + QixXijers + hix (X))
ko1 O%ik
a‘xtm _ z 306,,,, 1 (k+1 71 = azo‘i,nrl T (X)gi (X)
~ a (k 2 = axi)paxi,qgi,p gx,q

0t ;-1
2l Gim (X) = Z s =g (O

Zi,
"2 o 9k

(31)

Repeating the same derivations as (25) and (27) yields

ol a‘xinfl Xy, 15
— 2 it oy . __' ;
o (ka+ ik Xik 1) % 0

3
LV, < Zi f i+ Qi Ui
k=1 ik i

ni—1 ni—1 3

— Oy 3 < [0\ 3
- y(blyl(;erZMzimx > (Tl) + Mzin,
= Wai ko1 \ OXik

1 o a; 9
M+1)*M “Zinhit (M +1)°M
+= ( +1) Z’“'%%(Bx,pax) + g Zini (M+1)

tn,K nj 9 2 4 ]2
+K;,, tanh( =2— +82’"’n‘ 2(M+1)*v o (M +1)dnL

ni—1

9 ot
4z (M 417 ( i > oh (M+D)dI2
k=1

ni—1

9 = (0w ? o N
+§z,-,n,ni2 (M+1)2MZ( ni— ) > z z Z mlW:k+02785£'"’
k=1 Xik 1 m=1 |=1

ni-1

N
+= ZImk+(n,—1) ZZZ ,,q+

q=1 m=

T
=
i
3
i
I

(32)

where for k=1, 2, ...
Combining with the whole design procedures from Step 1 to
Step n;, choose Lyapunov function for the ith subsystem as

ni 1
V,‘ = ;V,',j = Z

1;, lim, k are positive constants.

n; 1 -
Y+ 56"2' (33)
=1 i

Thus, the Lyapunov function of the nonlinear systems is
designed as

n; N

1& 1 -
V;] Z 4 11+Z;Zi’j+2_))iei . (34)

M=
N,
e
N

+
L
=

+
@
M=

LV <

'ﬁ
T

-
ii
©

N N
3
+ 2 2z}, (Dipui + O;) + 2
i=1 i j

N n j N n, N n; j-1 N 5y
+Z Z Z EART Z (-1 Z anzﬁfq
i=1 j=1 k=1 m=1 I=1 =1 j=1 g=1 m=1 I=1
QAR le ARSI P
+Z 2027858,] DIDIDRATEDIDH 5 9,—2;6,-6,,
i=1 j=1 i=1 j=1 k=1 i=1 j=2 i i=1 Vi
(35)

where
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. 3 ZflKi,l 9 2
®i,l = fi,l - ydi + ZMZ“ + Ki,l tanh g— + g (M + 1) MZi,l
1,1

+ Z (M +1)’ziy0f, (M + 1)d)l;

(36)
- 1 da: .
= ik + QikXijr1) — s (f“)
2 "
alxle oo aa!]l :
+= lejz(axk) —Mz,]+ (M+1)Mz]§;z S0,
i 7o a5\ 0%, 0x;

9
+—z,v,jj2(M+1)2v4 ((M+1)d*)l,j]+ ~zi; (M + 1M

zini,j
+ z,]] (M +1)? Z axk tk((M+1)d")lik+K,-,]-tanh s

&ij

9 & (a0 )
+§Zi,jjz(M+1)zM <“wl)> j=23..,m-1
k:

-1

(37)

4
W EI SR
2 (fud+ Qugxigan) + ZMZi,m z <—1>

ey ax,-,k k=1 a-’Ci,k

®i,ﬂi = fi,le' -

2 00,1 3 1 el Py :
i1 — (k+1) 2 3 ini—1
_z Vi +1Mz,vyn‘+§(M+1) Mz, Z Z( )

(k) X .
= i p1 g1 0;,p0%ig

Z?n Kim 9 2 24 -2
+ K, tanh[ —*—— | + gz,-yn,n,v (M +1)%v;, (M +Dd"l;,
Ei, . e

+ zzmn, (M +12M + 9zmn, (M + 1y Z (30‘7) vt (M + D)d912
Xik

+2zn (M+1)MZ dair)’
8 iy ax,,k :

(38)

By rearranging sequence for above terms, we have

N m j N ny N N n, |
4 4 _ 4 —4

IDINIDIPEALAEDIDEADIDIPILNC)

i=1 j=1 k=1 m=1 I=1 i=1 j=1  m=1 I=] k=1
N J-1 N ny N n N ny 1-1

. 4 4 _ 4 —4
Z (] - 1) Z Zmlvxq - Z Zi,j Z (l - l)z Um,q
i=1 j=1 g=1 m=1 I=1 i=1 j=1 m=1 [=2 g=1
(41)

By utilizing the adaptive laws (12), above rearranging sequence, and
Lemma 5, the second-to-last term in (Eq. 35) is further handled, one has

N n a‘x N n a . N n B(X j-1 )
'Jl 3 O%j-1 Yi
z 0; z; 0;0; — Z,—— ) =5
; =3 ; ; 0; ; =Y 0, 5 2a
yz 3 aark
xzks,ksk+zz ZI
11]2 '

(42)

Next, forj=1,2,...,n;— 1, based on Assumption 1 and Lemma

3, we can obtain

1
7cMz;"j+1. (43)

3 4
MEt

3
21 Qi jZij1 S 2

Then, from (Eqs 39-43), Eq. 35 can be rewritten as
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FIGURE 9
Triggering event subsystems.
ni—1

W< izf,l (G + ) + i The approximation ability of RBFNNs is applied to f; j» we have

N n N n j N N g f (z . :WT_S..Z.._'_(S..Z... (48)
3 4 1 2 1~ fl,]( ’:]) i,j ”J( ”]) L L
_; > 2z,.]JrEZ ) Zli,jﬂz ) 027855,)—2;9,9,, '
i=1 j=1 i=1 j=1 k=1 i=1 j=1 i=1 Ji T A —(j)
(44) where Z;j = [x; ;, 6, yai» ¥ i’ 1-
where In addition, we can obtain below inequalities by using Young’s
inequality
= DPWRINCHY
i1 =77t 0mzin + 0 +ziy Vs MEANY 37 L sqar Ly 34 lu
T4 e zi,jfi,j(ZiJ) < 2“?]' Zi,jgisi,jsi,j + Eai,j + Zzi,j + Zai,j’ (49)
SRS : here 6; = Wil%i=1,2,...,N, j=1,2
+Z’31ZZ(Z—1) 5;,q(zi,1,9i) where 0; = max{ [W;;[|i=1,2,..., > J=L N1t
m=1 =2 g-1 ased on above overall backstepping design procedures, we
Based b 1l backstepping design proced
Nt 1 . construct the virtual controllers for ith subsystems as
+Ziy z Z l_}?n,k(zi,la 9;‘), (45)
m=1 I=1 k=1
- 3 3 1 Nt _ ~ i1 = Nms 9’-,1 6‘1’,1:
Fig =370 oz gouis+ Ou 421 2 D ) Y7 6h) () 1
m=1I=1 k=1 ~
@y = —kinzin — =—521,0:S; i (50)
N ny, 1-1 R N ny, | . 90c~ N 4 g d 261,-21 i1 i,1%10,
+Z'3J'Z Z(l—1)26‘Y‘nyq(z,-,j,9,‘)+z,-,jZ Zﬁfmk(z,-,jﬁ,-)+ V15,0, '
m=11=2 a1 m=1 =1 k=1 d6; Gy = —Pi,1Z,-3)156,',1, ¢;1(0)=0,
Wi § Y o g,V L
- L 28 8h S+ 523 |23, —=— |, _
%, & 2“,-2,k ik ik Oik 211,-2,,- i,j ]; ik 26, @ = NMS((P;‘,J')(XY'J’
(46) 1 -
= 3 4.
B 3 ] N o | A i = —ki,jzi,j - zaz-zi’jeisi’ng,j, (51)
f,v,n, = Zzi,n‘ + ZCMZi,n, + @i + Zigy Z Z W;,k (zi,n,) 9i) i
m=1 1=1 k=1 (i;i)], = _Pi,jzij&iw ¢ (0)=0,
N -1 R N mn 1 R
+Ziy, Zl ;(l -1) Z; afw(z,,n,,e,-) + Zipy zl lzl: I;vfmk(z,-,}-,e,-) iy = Nms((Pi,n,-)&i:”i’
m=1 1= pm el 11 ke
1 ~
i1 5 Oin-1 S Yi 6 or Yi 2.3 < 5 0ig &i,ni = _ki,n,'zi,ni - —zzi3n Gisz"n Si,np (52)
F o0, 0 b 2 e eSSt g 1T ) 2,
(47) Pi = ~PinZ0 Gins 91, (020,
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(t) = (1+ﬁ)< ¢ h( “’"‘>+ 7ot h(zz"'mf)>
w; &, tanh| —"—— | + m, tanh{ —“— ] |,
' ¢ ¢

u; = w; (L)Yt € [t tinr),
tin = inf{t € Rlle ()| = Plu; () + m;.},
(53)

where e;(t) = wi(t) — u;(t) denote errors. k;j, P;j, 0 < f < 1, ¢, m; > 0,

and m; > 1”’7’/3 are all positive parameters. In addition, «;,t) and «;,t)
are time-varying parameters satisfying |«;,£)| <1 and |x;,t)| <1.
Thus, the controllers can be chosen as

w; (t) — ;2 (Omy

1+ Ki1 (t)ﬂ (54)

u; (t) =

Then, by substituting Eqs 50-54 into Eq. 44, one has

N N ni-1
LV < 22,3,1(‘1’,-,106,‘,1 —ay —kiyzig + 2, zllGS S,1> + Z z j(CD,-Ja,-J - &
i=1

i=1 j=2

N
- ki,jzi,j 2a 2 z”@ SI ) + Z Zi 0 q)r i — D iy, + Di 0 — Uy — ki‘n.zxn
i=1
1 5 - Laf1d, 1, 1ua\ <ls3
+-—2; 6S] S,-,,,[)Jr — Y I, +0.2785¢; +—al +-0,. | - > —06;,
s mnin ) 3 55 S ) -2
(55)

where

N N N N

3 3 3
Z 2}, Oiptt; = 27, i iy, < z Oy, |27, i | = z ®,,, |2}, mil + Z 0.557D; €,
i=1 i=1 i=1 =

N

+Zz CI>1,,Wlx1 szq)m,xm<20557w£m

i=1 i=1

(56)

Next, substituting the designed controllers and Eq. 56 into Eq. 55, we
have

(57)

2
Zl,]k+0 2785¢; -+ a2, +46,])
k=1

N n;
where H = 20557CM€’”+Zi<

i=1 j=1

‘9 +107, the

Furthermore, according to the inequality 6,6, < - 56;

below result holds

N n; . 0; = N n; 1
LV< _Z<Zki’jzi’j+2_y.9i>_z P—(D N(Pt]

(58)

where H = H+; 2“};6,2

Theorem 1: Consider the stochastic interconnected nonlinear
systems in pure-feedback form (Eq. 3), the adaptive laws (Eq. 13),
the virtual controllers (Eqs 53, 54), and the actual control inputs (Eq.
55) based on Assumptions Eq. 1-4 are obtained. Above design
procedures ensure that the signals of closed-loop remain

semiglobally uniformly bounded in probability and z;; is

Frontiers in Physics

10.3389/fphy.2023.1227713

asymptotically converge to zero in probability. In addition, the
tracking error z;; converge to compact set Q, which is defined as

0, {mz Y Eflz, ]<4E[V(0)]+4(D)+4<£>}, (59)
i=1 j=1 Es

where ¢ = min{4k;;, 0, i = 1, 2, , ni}

n; N n;
Z% 0 Rons (9,065 = 2 ) 591

J N =12, .

lMZ

b = sup
i=1 j=1
i=1,2,...,N, j=L2...,m}
P = inf{P;j,fori = 1,2,..., N, j=1,2’-~-’"f}>andD:Zz”y’93
1=

N n
Zo 557y s,n,+ZZ(ZZl Pk +0.27856; + a2 + 1l ).

i=1 j=1 =

Proof: Based on above de51gn parameters ¢, b, PandD Eq. 58 is

7 1‘
lj:lP

(60)

rewritten as follows:

LV<—cV+D—<ZZ

11]1’]

[\/]z

’] m-‘((Pt])(Plj

holds for V¢>0. According to (12) and Lemma 2, é (t)=0 for =0,
when 0; (0)>0fori=1,2,. NHence,22266$ Sij=0fori=1,

LN,j=1,2,...,n, Furthermore, 9, y must be non-negative so
that ¢;jand N, (‘Pi,]) are non-negative with 9 (0)=0. Then, Eq. 60
is transformed into

LV< —cV+D+Z Z( ! 9, - %@i,ijs(cpi,j)@,j)» (61)
L]

i=1 j=1

where @, is defined as @, ; =
unknown constant. Then, we take the integration of Eq. 61

inf®; j (X; ), xij+1), and it is an

E[V (£)] <E[V (0)] + (?) " (%). (62)

Furthermore, one obtains
[Zl ]lel]] <4E[V(0)] + 4(D) (%), (63)
such that Z;; remain bounded fori=1,2,...,N,j=1,2,..., n; Based

on Eq. 63, we can conclude that z;; eventually converge to compact set
Q. Moreover, from Egs 50, 51 and P z6 9 ST Sl i =0, it yields that

$;;= ki,JP,,,zi,j. (64)
Hence, taking the integration of Eq. 64, we have
“ kijPijz},; (v)dv] <E[g,;(t) -9, (0)] < +0c0.  (65)

As a result, k; ;P; jz} ; (£) is integrable in probability over [0, £y].
Then, employing stochastic Barbalat’s theorem [28,29], we can see
that E[[lim lzijl] =0, j=12,..

—00

P{lim|z“| = 0} =1
t—00

The proof is finished.

.,n;. Then, one has

(66)

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1227713

Gao et al.

Finally, for relative threshold ETC strategy, the Zeno
phenomenon is a problem that must not be ignored. Therefore,
there is a fz >0 such that t;,; —tx >z for Vk. According to the
definition of e;(t) = w;(t) — u,(t), we have

d ) . .
E|ei (1)l = sign (e; ())é; (1) < |w; (£)]. (67)

We can know that w;(t) is bounded due to the existence of
bounded variable signals. Consequently, it can be realized that
w;(t) are smooth functions, thus w; (t) are bounded. There must
be a positive constant b such that u; (t) <b. According to e;() = 0,

tli?l e; (t) = Blu; ()] + m;, the lower bound of £ is W Asa
k1

result, we can always make sure that t, is not zero. The Zeno
phenomenon would not be presented in our design process.

Remark 3: The previous analysis shows that the stability of the
researched systems depends on the design parameters k;j, a;;, yi» €;;
ando; (i=1,2,...,N;j=1,2,..., n;). By adjusting parameters &ijs
a;;, 03 y; to make the term D in Eq. 63 relatively small, and adjusting
parameters k; j, o; to make the term ¢ in Eq. 63 relatively large. Then
the proposed control strategy can ensure the stability of the closed-
loop system.

4 Simulation example

At this section, the simulation results of the stochastic
interconnected pure-feedback systems including three subsystems
show effectiveness of the control scheme

dx,, = ((1 + sin (xm)z)xu + sin(xl,l)xzylxz‘z)dt + 0.001(sin(x§v2)/(1 + xiz))dwl,
dx,, = ((2 + cos(xlleiz))ul + ((cos (xu)z + xiz)/(l + exp(—xiz))))dt
+ O.OOI(COS(X;Z)/(I + xiz))dw, )
Y1 = X115
1 dxay = ((0.05(1 + x,1)x2,) + (2c08 (x1,1%12)%2,2) )t + 0.00I(O.Sxﬁ)fo)l)dwz,
dxp = (2+exp (—X21%22) )t + (€08 (x2,1)%1,1) +0.001x3 sin (x1,; )dw,,
Y2 = X215
dxsy = (0.5(sin (x31) + 1)*x3, + 2 (cos (x1,112) ) X3 )dt + 0‘001(0.5x§‘2xf1)dw3,
dxsp = (2+exp (—x31X32))us + (c0s (x31)x1,1) +0.001x3 sin (x1,; )dws,
V3 = X31.

(68)

In simulation, the design parameters are defined as follows: y; =
L,y,=1,93=1,0,=0.1,0,=0.01, 05 =0.1, a; ; = 0.01, a, , = 0.01,
a1 =2,a,=1,a3;=0.1,a;,=0.5,P; =001, P,, =001, P,; =
0.001,P,,=0.001,P5,=1,P3,=1,k; 1 =7, ki,=12,ky; =6,k =
8,ks 1 =5ks»=1,=0.1,¢=0.5my,; =4,my; =4,m3; =4,m;; =
0.2, my; = 09, and ms; = 0.5. Initial values are given as
[x1,1 (0), x12(0), x2,1 (0), xz,zA(O), x3,1 (0), x
52(0)]" = [0,0,0,0,0,0, [61,6,,65]" = [0,0,0]", and [g,,,¢,,.
<p2,1,<p2)2,<p3,1,(p3,2]T =[1,1,0.5,0.5,0,0]" The desired signals are
chosen as y;; = sin(t), yz = cos(t), and y,3 = cos(f).

The simulation results are presented in Figures 1-9 by using the
Matlab routine. Figures 1-3 show output signals y;, y,, y; and
desired signals y41, Va2, va3 respectively. As shown in Figures 1-3, the
results demonstrate favourable tracking performances. Figure 4
shows the curves of adaptive laws él, éz, and é3. The tracking
errors are presented in Figure 5 and converge to zero in probability.
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Figure 6 illustrates that control inputs u, u,, and u3 are bounded.
Finally, the profiles of event-triggered times are provided in
Figures 7-9.

5 Conclusion

This paper has the
asymptotic tracking control scheme for a class of uncertain

proposed event-triggered-based
stochastic interconnected nonlinear systems in pure-feedback
form. The effect caused by the unknown control gains and the
nonaffine structures have been eliminated by using the new types
and the theorem,
respectively. Then, the decentralized controllers have been
constructed to achieve desired

of Nussbaum functions mean value
tracking  performance.
Furthermore, it has been proved that the proposed controllers
guarantee that all signals remain bounded in probability. The
simulation example illustrates the effectivity of the proposed
scheme. In future, we intend to extend the proposed scheme
to multi-agent stochastic nonlinear systems with malicious
attacks.
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