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1 | INTRODUCTION

In the past decades, the research on tracking control of large-scale nonlinear systems has received extensive attention.
Due to its strong pertinence and system adaptability, decentralized control has been widely used to study the control
problems of large-scale nonlinear systems.!* In recent years, stochastic disturbances inevitably appear in the systems
and it is the source of system instability. As a result, the study on large-scale stochastic nonlinear systems gained con-
siderable interest and produced a lot of meaningful results by employing decentralized control methods.*® At the same
time, many approximation-based adaptive control methods, such as adaptive neural networks (NNs) control,”® adap-
tive fuzzy logic systems (FLSs) control'*? and adaptive multidimensional Taylor network (MTN) control,'* have been
applied to large-scale stochastic nonlinear systems. As a new type of network, the MTN has been used to solve the
control problems of nonlinear systems,'*!> stochastic nonlinear systems,'®!” multi-input multi-output (MIMO) non-
linear systems,'® and large-scale nonlinear systems.!>?° Nevertheless, although the research of large-scale stochastic
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nonlinear systems based on MTN approximation has advanced significantly,'*? the question of how to achieve the
control objects of the system while taking into account asymmetric input saturation and full state constraints is still a
challenging topic.

On the one hand, the input saturation phenomenon exists widely in practical engineering, which will cause system
instability. To deal with the negative effect caused by input saturation, two kinds of control methods have been proposed:
the saturation compensation method?' and the saturation approximation method.?> Compared with the former, the lat-
ter employs a smooth function to directly approximate the saturation nonlinearity in the system, which requires little
computational effort. Recently, a growing attention has been paid to the combination of the approximation method and
adaptive control, and many interesting results have been achieved.?*-?* On the other hand, the phenomenon of state con-
straints, which may causes the control system performance degradation or even instability, is widely existed in practical
systems. Up to now, the construction of barrier Lyapunov functions (BLFs) has become one of the most common meth-
ods to deal with state constraints. This method has been successfully applied to general nonlinear systems,?6-8 stochastic
nonlinear systems,?°3! MIMO nonlinear systems,*>3* and large-scale systems.3**> Unfortunately, due to the complexity
of the systems structure and the influence of stochastic disturbances, it is very rare to study large-scale stochastic nonlin-
ear systems with input saturation or full state constraints. It is worth noting that the above achievements mainly focus
on the steady-state performance of the systems, while ignoring the transient performance of the systems. In practical
application, the control system should not only meet certain steady-state performance requirements, but also meet cer-
tain stability and response speed requirements in its response process, that is, to achieve the transient performance of the
controlled system.

To address the aforementioned issues, the prescribed performance control (PPC) approach has bee proposed. The
core idea of PPT method is to limit the tracking error to the given performance envelope function, and characterize the
transient and steady-state of the controlled system through the convergence characteristics of the performance envelope
function. With the help of FLSs or NNs approximation, integrating PPC approach into backstepping, a series of exten-
sions have been obtained for different systems, such as nonlinear systems with actuator faults,>*3” nonlinear systems
with dynamic uncertainty,®® nonlinear systems with input constraints,***° MIMO nonlinear systems,** and large-scale
nonlinear systems with input constraints.*>** However, as far as we know, no literature has been devoted to the adaptive
MTN-based tracking control for large-scale stochastic nonlinear systems with input saturation and full-state constraints
under prescribed performance, which is an interesting topic worth discussing.

Based on the above discussion, an adaptive decentralized PPC strategy based on the MTN is proposed for a class of
large-scale stochastic nonlinear systems with input saturation and full state constraints. Firstly, the asymmetric input
saturation model is linearized by introducing an auxiliary function. Secondly, BLFs are constructed to deal with state
constraints. Finally, based on MTN approximation method, a simple and effective adaptive decentralized PPC strategy is
proposed. Compared with the existing results, the main innovations of this paper are as follows:

(i) This study investigates the tracking control problems for a class of large-scale stochastic nonlinear systems, which
takes both the input saturation and the full-state constraints into account. A new MTN-based decentralized PPC
strategy is proposed via backstepping technique, whch can successfully obtain the ideal control performance
under prescribed performance. Although many meaningful MTN-based results have been proposed for large-scale
nonlinear systems,!320424345 the issues of PPC, input saturation and full state constraints were not considered
simultaneously. Specifically, compared with the existing results without considering the effect of the input and state
constraints in References 13 and 20 or the external interference in References 42, 43, and 45, this paper obtained
results consider more actual situations.

(ii) Inorder to overcome the difficulties in controller design brought by the input saturation, a Gaussian error function is
employed, which can transform the nonlinear input saturation into a linear function with a bounded error. Besides,
introducing a novel coordinate transformation, and combining the prescribed performance function and barrier
Lyapunov function can ensure the tracking error converges to the predetermined allowable range, and ensure all
states are not violating the given constraint bounds.

(iii) Although input saturation and full state constraints are taken into account in stochastic nonlinear systems,>%4648
this paper studies the PPC of large-scale stochastic nonlinear systems, which is more significance in practice. In
addition, compared with the existing PPC strategies for large-scale nonlinear systems,**** the influence of stochastic
disturbances is considered in this paper, and the input and state constraints are imposed on the controlled system.
Therefore, our obtained results consider more actual situations.
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2 | PRELIMINARY PREPARATION OF PROBLEMS
2.1 | Stability theory preparation

Consider the following stochastic nonlinear system
dx=fx)dt+gx)dw, VxeR" (1)

where x € R" is the state vector, f : R" X R" — R",g : R" x Rt — R™ are locally Lipschitz functions and satisfy f (0) = 0
and g (0) = 0. w is an r-dimensional independent standard Wiener process.

Definition 1 ((Reference 49)). For any positive definite function I" (x, t) € C? associated with the stochastic
nonlinear system (1), define the differential operator as follows

o, 1 10°T
IT=—f+ =T — 2
= T3 r{g ang}’ (2)

where the Tr {-} represents the trace of -.

Definition 2 ((Reference 12)). For the system (1), if for any initial state xo = x(t;) € £ with X is a compact
set, there exist two constants € > 0 and T(e,xp) such that E(||x(t)||?) < € for t > t, + T, then the trajectory
{x(t),t > 0} of the system (1) is said to be semi-global uniformly ultimately bounded (SGUUB) in gth
moment.

Lemma 1 ((Reference 49)). Consider the system (1), if there is a Lyapunov function T (x) € C? satisfies the
inequalities

£1(Ix) <T(x) < 42 (Ix)), 3)
LT (x) < —A(X) + 7, 4)

where £1(-), £2(-) are class k, function, A > 0, T > 0 are positive constants. Then, the system (1) almost certainly
has a unique solution, and the trajectory of the solution is almost bounded.

2.2 | Problem formulation

In this paper, the following large-scale stochastic nonlinear system with N subsystems is considered

dxij = [Xija1 + Pij (%) + Hy@)] dt + ¥, 0)dw;, ji=1....m-1

dxin, = (Ui V) + Oin, (Xin,) + Hiy@)] dt + ¥}, @)do; , (5)

Vi = Xia
wherei=1,2, ... ,N.X;1,X,, ... ,X;j represent the measurable states of the ith subsystem, which are constrained in the
compact sets, that is, |x;j| < B;; with B;; are known constraint constants, ¥;; = [x;1,%i2, ... ,; J]T € R. y; represents the
output of the ith subsystem withy = [y, ¥, ... ,yn1' € RY. w; is an r;-dimensional independent standard Wiener process.

®;;(-) : K — Rdenotes the unknown nonlinear continuous function and satisfies @;; (0) = 0. Moreover, H;; (-) : RY — R
and ¥;; (-) : RN — Rare unknown smooth nonlinear functions with H;; (0) = 0 and '¥;; (0) = 0, which represent the inter-
connection between subsystems. u; (v;) represents the input saturation nonlinearity, which can be expressed as follows

Ui min, Vi < Uimin
u; (vi) = Satvi] = qv;, Uimin < Vi < Uimax »
Ui max, v > Ui max

where v; denotes the input signal, u; min and u; max denote the lower and upper bounds of the actuator u;.
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The purpose of this paper is to develop an adaptive control strategy for system (5), such that

(1) All signals of the closed-loop system are SGUUB in probability.

(2) Allstatesx;j,i=1,...,N;j=1, ... ,n; are not violating the given constraint bounds.

(3) The desired reference signal y,;,i = 1,2, ... ,N is well tracked by the output y; of ith subsystem. Furthermore, the
tracking error e; = y; — y,; of the closed-loop system (5) converges to the predetermined allowable range.

The saturation model clearly shows that there are two sharp angles between the control input and the control output,
implying that it cannot be employed directly in the backstepping process. Therefore, an approximation-based approach
is used to eliminate the influence of input saturation, similar to work,* a input saturation nonlinear smooth model is
introduced, which is mathematically described as follows

ui i) = werf ((Va/2a) i), ©)

where &I; = ”‘*“‘a";""“ﬂ“ + Sme T giap (1;) with sign (-) is a standard symbolic function, erf(-) is a Gaussian error function
expressed as erf (x) = % foxe‘tzdt.

Remark 1. Define a new function ©; (v;) as ©; (v;) = u; — n;v;, where #; > 0 is a positive constant. Then, the u;
can be rewritten as follows

U = nvi +0; (v). @)

Throughout this paper, the following preliminaries and relevant preparations need to be made on the system (5).
Assumption 1 ((References 13 and 32)). The desired reference signal y,; and its ith derivative y(r’z are
continuous and satisfy |y,;| < yo < Bi; and 'y(r'z| < w;, where yo > 0 and w; > 0 are constants.

Assumption 2 ((Reference 13)). For the unknown smooth functions H;; (y) and ¥;; (y), there exist known
smooth functions H;x (yx) and W« (), such that

[Hy @) < Z HY, 000, ®)

1%, 0)|” < Z W 00 ©

where H; i (-) and W;x (-) are the analytic functions with H;jx (0) = 0 and ¥;x (0) =0

Remark 2. According to Assumption 2, the origin is the equilibrium point of the ith subsystem. Based on mean
value theorem, there exist unknown smooth nonlinear functions H; jx (yx) and P, Jjk (Vx) such that inequalities

— =2 P
|Hy 0)]° < See 205 0 and [Py @) < See,2 %5k 0) can be obtained.
Lemma 2 ((Reference 26)). For Vo; € R satisfies |¢;| < Kq; with K,; iS a positive constant, the following
inequality is holds
2p 2
Ka,i (pip

<
% 2 o »
ai ~ P K@

log ; (10)
where log(-) is a logarithm of (-) and p is a positive constant.
For the processing of input saturation, the following assumption is required.

Assumption 3 ((Reference 30)). For formula (7) defined previously, we assume that there are constant o)
and positive constants o;;, 6;2, 50 that ©; (v;) < © and ; € |01, 612| are satisfied.
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2.3 | Multidimensional Taylor network

In this article, the unknown nonlinearity in the controlled system is approximated by MTN. Considering that the
concept of MTN-based control has been mentioned in References 13, 20, and 49, only the following useful lemma is
presented.

Lemma 3 ((Reference 43)). Supposing there is a continuous nonlinear function M (@) defined on a compact
set A C R", for Ve > 0, M (@) can be approximated by STPmn in the following way

M(@)=9"P, (@) +5(p), [6(p)l<e, (11)

where = (@1, @2, ... ,pn]T € AC R and 9 = [91,9,, ... , 91" € R represent the input vector and weight vec-

tor of MTN, respectively. P (@) = [@1, ... , @n, @3, @102, ... ,@1Pn, @3, ... Gpy ..., @Y, ..., 01T € R* denotes
middle layer, which is the polynomial combination of the input layer with n and « are the input and dimension.
Moreover, 6 (@) is the approximation error.

3 | CONTROLLER DESIGN AND STABILITY ANALYSIS

In this section, an adaptive decentralized PPC tracking design scheme is proposed based on the backstepping design
framework. Before the control design, the following theories about the PPC are given.
Firstly, define the coordinate changes as follows

{ei =Xi1 — Yri 12)

Qij = Xij — ®ij-1, J=2,3, ...,

wherei =1, ... ,N, a;j_; are the virtual control signals, which will be designed later.
In order to limit the error e; to the bounds —6; 1w; 1 (f) < e;(t) < 6;,w;1(t) for Vi > 0, with the help of Reference 44, the
following prescribed performance function is introduced

L
Wi (B) = (Wio — Wieo ) €7 + Wics,

where 6;; and §;, are positive design parameters, wio = w;1(0), Wi, Wi o and [; are positive constants with w;o > w; o > 0.

5; 2e§i‘1 -5, 19*41'.1
~ e and G ()

and the derivative of {;; can be calculated

Secondly, for Vt > 0, define the error conversion as e; () = wi () Bi1 (&1 (1)) with By (1) =
Bi1+6i1
61',2_Bi,1 ’

is the transformed error. Further, it can be obtained that ¢;; () = % In
as follows

Wwi1e;

adin = Wil <Xi,z + @i+ Hip -y, — > dt +wi¥irdo,

i1

1 1 1
Tl Wit = 2wy [(Bi,1+5i,1 > + <5i,2—Bi,1 )] ’

Finally, define ¢;; = —% In Sy i1 (1), and introduce the following coordinate transformations before controlling the
Y; ’ 213 3 g g

2

design

11.. 6
s s | 4 &
(Pl,l 2 51_72 é’l,l (13)

Qij = Xij — Xij-1, J=23,....mn
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3.1 | Design of control strategy

Step i, 1: Constructing the Lyapunov function as follows

+ %91-,1&,1, (14)

where K, ;1 = Bi; — y0,and 9;; = 9;; — 91-,1 represents the parameter error vector and Qi,l is the estimation of 9;;.
According to Definition 1, calculating the derivative of I'; ; with respect to time ¢ as follows

3
(Pl lwi,l,e
s _ 4

Kiin— i

LT;; =

2 4 4
eiw“) Pia <3Ka,i,1 + ‘pi,1>
— ) +

Wi 4 « Y
2<Ka,i,1 ~ %

Based on Assumption 2 and Remark 2, the following inequalities can be obtained with the help of Young’s Inequality

. 2 ol o
<<Pi,2 +aip +®iy +Hig =y, — [WireWis]|” — 9i19ia. (15)

4 4
3 1. 3 4 .3
PiaWile 1 4 3y PLWi,
P2 S — ot T (16)
K*. - Q. 4h g 4 3
a,i,1l i1 A | K4 _ 4
ail ~ i1
4
3 3 ) 4 3
®;WiteHin 30:1Wi1,

N
N —4
K4 (p4 < 4 + ZzyiHi,l,kv (17)
il i 4 _ 4 \3 k=1
a,i i 4(K . (pi,1>

a,l.

2
2 4 4 : 112 4 4 4
Pid <3Ka,i,1 T (pi,1> [wire¥ill™ @i <3Ka,i,1 + ‘pi,1>
<

N
N o) Aay?
) . > B} } 4 + Z Zwi’l,eykqji,l,ky (18)
— - k=
& (Ka,i,l Pia ) % <Ka,i,1 Pia ) !

where h;; > 0is a constant.
Then, substituting (16), (17), and (18) into (15), the following inequality can be obtained

3 N 4 6 1112
@; 1 Wile N —4 4 @ 1 @LwW ey
5 7 o) 4 4 ,2 i,1""ile T
Hus K* i (01 + M) + ZZ <Wi,1,eyklpi’1’k +kai,Lk) + a2 > = Gi— 9191 (19)
ail ~ Pia k=1 i1 <K4.1 _ ‘p41>
a., L
1 4
3 3 2
Where M; 1= 3¢L1WLLQ (hi'1+1> ¢i'1(3K:,i,1+(p;‘,l) (lewi.l,e & q) = y _ eiwi,l e I ((p2 > oi1 and G _ )((‘pi2,1>(p?,1wi,l.e
Ll — 1 3 3 4 L r,i Wi i1 i, iz T
4(K2,i71—¢ﬁ1) i 4<K3,i‘1_§0?,1) Wile 2<Ka,i,1_¢i,1) il i1 %

X (gal.ZJ) is a smooth nonnegative function will be designed later.

Obviously, M;; is an unknown nonlinear function, which cannot be directly used in the design of the controller.
According to Lemma 3, for Ve;; > 0, there must be a 1921Pm,.,1 with approximation error 6;;, such that

M;i, ((I’i,l) = 191'1:1Pm,»‘1 ((Pi,l) + 01 ((Pi,1) ) (20)

where @;; = [ga,-,l]T denotes the input vector and approximation error §;; satisfies |6i,1 (¢i,1)| < &ir.
Then, based on Young’s Inequality, the following inequality is holds

3 3 6.2
PiiWile PigWile 1 1 PiaWiie 1.5
e T Mg £ —— 91 Pm,, + E— —— + € (21)
Kiin = ®ia Kiin = @51 K¢ — ot
ail ~ Pi1
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Substituting (21) into (19), we have
4 2 N
Pi1Wile Pin 1, N o4 ~4 <T &
Ll < K41—4 (i1 + 9 P,,) + 4hl4 % + ZZ ( 2 YLk +J’iHi,1,k) - 8191 - Gi. (22)
ail ~ Pi1 i1 k=1

According to (22), designed the first virtual control signal ;; as follows

AT
o =— bi1pi1 — 9i1Pm,, (23)

i,le

where b;; > 0is a design constant.
Then, substituting the virtual control signal (23) into (22), the following inequality can be established

~biag;, =T @} A N i 5 4od Pl Eh
LUy S ———+ | —5Pm, - %1 |+ (W S ik + Y H; >+—’ +=-Gi. (24
, 4 4 , 4 4 i1 . i,1,e/k il kttilk 4 L

Kein = ®i Ko i1 al= 4h;, 2

In view of (24), constructed the first adaptive law 3)1»,1 as follows

A (pz 1W1 le
191 1= _yll'lgl 1+ —4Pm,i,17 (25)
Ka il - (pi,l

where u;; > 01is a design constant.
Then, substituting (25) into (24), the following inequality is easily established

N 4

b;, 1(.0 1 N _ 4 _ 4 @iy 1
Ll £ —/—— o+ —Z < gk ST +y2Hi,1,k> + —l4 +se + /411191 19i1 - Gs. (26)

K —qt 4= 4h; 2

a,i,l i1 k=1 i1
Step i, 2: Constructing the following Lyapunov function
i 1
i2 =T =
Fip=Ti1+ 5 log =+ S Yiadia, 27)
a i2 (pi,2

where K5 = Bi, — 71 with 71 is a positive constant, §;, = 9i, — 9, represents the parameter error vector, and 9, is the
estimation of 9.
Calculating the derivative of I'; , with respect to time ¢ as follows

3 2
Pia @iz 2 =T &
Ll =LTix + (Xiz + ®ip + Hip - Vaip ) + ——— <3K312 + (Piz) |Fiz||” — 9i2%i2. (28)
ai2 ~ P2 Z(Kgiz - 90?2)
aQ’i‘ ;. ;. aal (H'l) i T _

where Va;; = <;j (X2 + @iy + Hig) + 11911 + 1W11> + Z] 07, (1; qu 1,)x xl ¥, ¥ig and Fip =Y -
Baivl .
%, Til-

" Similar to the step 1, based on Assumption 2 and Remark 2, the following inequality can be obtained with the help of
Young’s Inequality

N
Pi2 N —4 4
Ll <LUjy + —/—— l 7 (@i + M) + —Z (Y;Hi,z,k +y2LPi,2,k>
K - ¢ 4
a,i,2 i2 k=l
4 6 4
Piz 1 P Pip LT 3
—-3 - —— = 3,80, 29
4h (Kt - ot,) an?,
ai2 ~ ¥i2
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2
3K, +0f, ) @ia (h, +1>¢12 . da @, . .
where M;, = ( +9%) — + T+ %( ;"‘) + @i — Vo + ———2— + Z;l‘f and h;, is a positive constant.
(K:lz—(p%) (Kzzz :;2) 3 Xi1 2(Ka12—¢12)

Similarly, M; , cannot be directly used in the design of the controller. According to Lemma 3, M; ; can be approximated
by 9;,P,,. Especially, for Ve;, > 0, the following inequality holds

Mis (@;,) = '922 P, (@i2) + 6i2 (@12) » (30)

where @;, = [(pl . (pﬂ] denotes the input vector and approximation error 6;, ((p, 2) satisfies |512 Pi2 | <é€ip.
Then, based on Young’s Inequality, the following inequality is holds

3 3 6
Pis Pis 1 Pis 1

" - T M, < — : 7 '9;1:2Pmi.2 + 5 - >t 561‘2,2' G

Kii2~ P L ( K* (p‘}z)

L

a,i,2

Combining (29), (30) with (31), the following inequality yields

3 N 4
Pia N ~4 4 Piz LT & 1
Lri,z < LFM + ﬁ (aiqz + 19;[:2Pmi2) + ZZ (yiHi,z,k +yi‘I‘i,2,k> + ﬁ - 19i,219i,2 + 561.2’2. (32)
ai2 ~ Pia k=1 i2
According to (32), designed the second virtual control signal «;, as follows
AT
aip = —bi2@iz — 9i2Pm,,, (33)

where b;, > 0 is a constant.
Substituting the virtual control signal (33) into (32), the following inequality can be established

bi,z(piz ~T (piz A
Lri,2 S Lri,l - I<4—4 + 191',2 I<4—4Pmi‘2 - 191',2

aiz2 ~ Pip ai2 = Pia
N 4 4 2
N ( P ) Pz  Pia  &in
+2 i, + )% )+———+—. 34
4 &~ yk .2,k yk i,2,k 4]14 4]’14 2 ( )

In view of (34), constructed the second adaptive law 3)1-,2 as follows

s

A A "2

9io = —piz9in + K“;“Pm"z’ (35)
i2 " Pia

a,i2

where u;, > 01is a constant.
Then, substituting (35) into (34), the following inequality is holds

4

N

N - 4 _4

LT, < + 4_h4 3 Z ( P Pk +yi"Pi,2,k> -G, (36)
j=1

2 _b i L
where 5, = Y., <K4 — = Zk_1y4Hl,]k + llut‘)z,}t‘)w + J)
a,ij

1:}

Step i,5 (3 < s < nj_1): Constructing the following Lyapunov function as follows

1—‘i,s = Lri,s—l + — 10g I<— & 1~9i,s1~9i,s= (37)
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where K5 = Bis — ys_1 With . is a positive constant, &;; = ;s — 9i, represents the parameter error vector, and 9, is
the estimation of 9.
According to (5) and (13), the following equation can be obtained

dxi,s = (Xi’5+1 + (Di,s + Hi,s — Vai,s_l) dt + ngda), (38)
-1 [ O % —1 9051 (+1 i1 T
where Vaio = Y| ( in,,-l (Xije1 + @ij + Hyj) + == 119u> + 30 ag,l j’l Yy 1ox xqu W, and Fi; =¥, —
—1 (30:1; 1
ZJ L ox; T

Repeating the design process in Step 2, the virtual control signal a;; and control law 8A8i,s can be designed as follows

~T
tis = —bis@is — 19i,st,-‘Sa (39)
9 9 Ois P (40)
is = —HisVis + a4 Imy
Ka,i,s - (pi,s
where b;s > 0 and ;5 > 0 are design constants.
Similarly, we can get the derivative of I'; s with respect to ¢ as follows
4
Lri,s <= lJ + 4}’14 & Zwl 1eyk itk + — ZZyleJk (41)
is—1 k_lj 2
—b; 0t _ S 2 : .
with &, = e <K4”J_‘P;4 - 4 %ZgzlyiH?J,k + pi J19iTJsi gk %) and h;s_; > 0 is a design constant.
aij ij
Step i, n;: Constructing the following Lyapunov function as
2 1
=T =
Cin = Cip1 + > log — 7 + Esi,nisi,n,-a (42)

where K n, = Bin, — ¥n,—1 With y,_; is a positive constant, 3)1-,,11_ =9in — 3)1-,,11_ represents the parameter error vector, and
9., 18 the estimation of 9; .
Calculating the derivative of I'; ,, with respect to time ¢, we have

.
Llip, =Llip1+ 7 (©: W) + nvi + @i, + Hpy, — Vatin1)

a,ln; - (pi,ni
2 4 4
(pi,ni (3 a,i,n; + (pi,ni>
+

2
4 4
Z(Ka,i,ni - (pi,n->

i

Fin |2 = B, 0ins (43)

in;— a l" a 1N, a ln
where V(Xln 1= z < — (X1J+1+®1J+H1J) A.l. >+Zn Rt l-.l U+1) Zn R 1TT lPi’q and Fi,n,- =

.
: n;—10¢; 1 .
Yin Zj:l ax;; Wi

By employing Assumption 2 and Remark 2, the following inequality can be obtained

4
3 3.4
@i 38 @), 1 =4
- Lh; G‘)i (vl) S 1 Ln; - + _4@1 , (44)
Ka,i,ni - (pi,ni 4<K4 4 )5 4§i

a,i,n; (pi,ni

where & > 0 is a constant.
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Substituting (44) in (43), we have
3
@, (mvi+Min)  @f
Lrin- < Lri n-1+ — - — — in-‘gi n;
o o K* - an? Lo
a,in; in; -1
N o —4 —4 b; 1 —4
4 4 L1
+ ZZ <ykq’i,n,-,k +kai,n,-,k> - 4—54@1'7 (45)
k=1 4 4
2 a,in; (pi,ni> '
3 2
3p; _<1+.§_ ) n(3K*  +¢* " W 4 3
i i i\ *Pain; T Pin; ) Pim iPing —1 0ay, Pin; Pin; .
where M;,, = ®@;, + r + ( ) 3 " -) + "+ —— —Va;,_1and h;,, 1 isa
! o 4 4 \3 4(K4 -o! ) 4 b=1 " ax, A1 2K i~ Pin, o o
4(Ka.i.ni_¢i‘ni> ain; Tin A .

positive constant.
According to Lemma 3, the unknown nonlinear function M;,, can be approximated by an MTN with any &;,, > 0. In
other words, there is

Mi,"i (q’i,ni) = 19iT,‘niPm- (¢i,ni) + 51',"1- (q’i,ni) > (46)

in;

where @;,, = [@i1, @iz, ... ,(pi,ni]T denotes the input vector and approximation error 6;,, (;, ) satisfies |5i,n,- (@in,)
Ei,n,--
Then, based on Young’s Inequality, the following inequality is holds

(pi n; T N 1 2
K4 (,04 in, S K4 (P4 19i,n,—sz:n,- + 2 2 + Egi,ni' (47)
- in; - ¥ 4 >

a,in; a,i,n. in. K4 . =@
i i i (pl,n-

Substituting (47) into (45), the following inequality is established

»; @}
in; in; =T A
LIy <LIjp1 + ¥ —oh <71ivi + SEniPm,.‘,,i> T BinOim,
a,in; in; in;—1

N N —4 — 1 1 —4

4 4 2
+ Z}; (yk‘Pi,ni,k +kai,ni,k> + EEi,"i + 4—5?91'. (48)
According to (48), designed the actual input signal v; as follows

1 AT .

Vi = _(7_ (bi,n,- |(Pi,ni| + |19i,n,-Pm,-,n, > sign ((Pi,nl-) B (49)
i1 !

where b; ,, > 0 is a design constant.
Substituting the actual input signal (49) into (48), we have

3 4
@; . Q.
=T i,n; A i,n;
Lri,ni < Lri,ni—l + 19i,ni <_ Py, — 19i,ni> -

4 4 in; 4
a,ln; - (pi,ni 4hi,ni—1
Nw gt  Nwa=t 1 1 —
4 4 2
+ Zkzyklyi,ni,k + Zzkai,ni,k + SEin + 4_54@i- (50)
=1 k=1 i
According to (50), design the n;th adaptive law as follows
3
A A (pi,ni
19i,n,~ = _Mi,nilqi,n,- & ﬁpmim’ (51)
a,i,n; - (pi,ni
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where y;,, > 01is a constant.
By combining (41), (50), and (51), the following inequality can be obtained

LT, E +— Zwllcyk itk +— Zz Tl,dk+ 64—Gi, (52)

j 2 k=1 i

s = n [ “bye, | NN _4qb =T o &2
with &= > <K4__J_q,‘;_ + 7 iV Hiju + w99 + =
a,ij ij
So far, the controller design is completed, the design process of the above control scheme is shown in Figure 1. The

main results of this paper will be given by the following Theorem.
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FIGURE 1 The control system block diagram.
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3.2 | Stability analysis

Theorem 1. Under the conditions of Assumptions 1-3, consider the closed-loop system consisting of the
large-scale stochastic nonlinear system (5), the virtual control signals (23), (33), (39), the actual input (49), with
the adaptive laws (25), (35), (40) and (51). Then for arbitrary bounded initial conditions, the following conclusions
are true:

(1) Allssignals of the closed-loop system are SGUUB in probability.

(2) Allstatesx;j,i=1, ... ,N;j=1, ... ,n; are not violating the given constraint bounds.

(3) All the desired reference signal y.;,i=1,2, ... ,N are well tracked by the output y; of ith subsystem,
respectively. Further more, the tracking error e; = y; — yr; converges to the predetermined allowable range.

Proof. According to the above backstepping process, constructing the following Lyapunov function for the
closed-loop system

n; N
_ %Z 2 log a i n %Z :9;5:9” (53)

i=1 j=1 al,} iJ i=1 j=1

N n 4
L (pld N
Z ( b Kal_—+ Zyk le+#lJ81J191J+ 5 >+ 4zzwlleyk i1k

= J ij k=1 i=1 k=1
N N o N N 1 N
+ ZZ ViWijk + 2—4 ZGI: (54)
i=1 j=2 k=1 o4 l i=1
where b;j, uij, and &; are positive design constants fori =1,2, ... ,N,j=1,2, ... ,n

According to Young’s Inequality, the term Zfi 1 ]21 Ui JQiTJ@i j1n (54) can be transformed as follows

N n
Z /411]191,}191,} = __22111,}191,]191,] + = ZZ”” (55)
=l j=1 i=1 j=1 11]1

Then, substituting (55) into (54), and according to Lemma 2, we have

N n 4 N n N N
a,il 1 1 1 1 =4
r<-y, <le log —=— + 2%&;%) +y (5553 + zﬂz,zﬂlﬁu) - Gi+ 24—54@1
i=1 j=1 a,ij ij i=1j=1 i=1 i=1 i
N N N
+ZZ ( lleyk 11k+2yk l,]k+zyk 1,}k> (56)
i=1 k=1

Choosing the smooth nonnegative function candidate y ((p 1) (pf,1 satisfies the following inequality

N n; n;

N —4 — —4

) <Wi2,1’ey£lpi,1,k £ ZyiHi,;,k + Zyi‘f’u,k> -G <0. (57)
k=1 j=1 j=2
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Combining (56) with (57), the following inequality can be obtained

N n K4
a1l 1 =T =~ —4
LFS_Zz<b’=’10gﬁ+§””'9“8”> Zz<_6h}+ /’11,119T‘91,}+ 54(9)
a,ij

ij i=1 j=1

5 N n; —4 3
Let  A=min{i, 4, .. A} and  7=3N 30 (Lef+ 1] 19,J+4§4®) with A=

min {4biJ, 2pijli=1, ... ,N,j=1, ..., ni}. The inequality (58) can be rewritten as follows
LT < —AI'+ 7.

Using Lemma 1 and (59), the following inequality is holds

g%gysd@HDSlEWHW.

Based on (60) and Definition 2, the following inequality can be obtained

0<E[[<TCOe*+ i, vt > 0.
T

That is to say, the E [I'] is bounded by % Further more, it can be concluded that

B [Joul'] <aBmi<afe® mon+2].

Further, we have |@i;j| < @i y 1- e_4(r(0)+§)’ so the tracking error |y; —y,;| can converge to an arbitrary
neighborhood of the origin, and its radius of convergence depends on the values of 4 and z. This also shows
that the PPC was successfully achieved.

It is clear from the above discussion that ¢;; is bounded. On the one hand, for j =1, ¢;1 = xi1 — yr; and
[yril < 7i0 < Biy, according to the absolute value inequality, we have |x;1| < |@i1| + [Vri| < Kai1 + 7i0, that is
to say, |x;1| is bounded. It is already known from the backstepping process that K, ;1 = Bi1 — 7i0, then the state
x;,1 satisfies the constraint |x;1| < Bi1. As both ¢;; and x;; are bounded, we can get a;; is bounded according
to (23). Then, let |a;j_1| < yj1. For j = 2,3, ... ,n;, from the boundedness of ¢;; = X;;j — @;j_1, ¢i;j and a;j_1,
we can obtain |x;;| < |@ij| + |@ijo1| < Kai1 + 7ij-1, that is, x;; is also bounded. Based on K, = B;;j — 7;j—; and
|aijo1| < ¥j-1, x| < By; can be easily obtained. Thus, all states in the closed-loop system do not exceed the
given constraints. On the other hand, according to (50), it is known that v; is a function of ¢;; and 9;, we can
determine the actual control signal v; is bounded based on the boundedness of ¢;; and 9;;. Therefore, we can
conclude that all signals in the system are SGUUB in probability.

Therefore, all the conclusions proposed in Theorem 1 are proved. u

Remark 3. According to Theorem 1, the control strategy proposed in this paper successfully achieves the PPC.
The transient performance is closely related to the initial condition selection, in which w;( can be chosen
based on the tracking error at the initial time. In practical application, the parameters, such as w;, ;, and
Wi.«0, should be properly chosen for achieving satisfactory control performance.

Remark 4. The aforementioned stability analysis shows that the control performance of system is strongly
influenced not only by the initial conditions, but also by the design parameters chosen. The tracking per-
formance can be dramatically enhanced by selecting the optimal design parameters. As shown by (62), the
convergence speed will increase when = becomes smaller or 4 becomes larger. In other words, we can reduce
= by lowering b;j and y;; or increasing &;, while we can increase 4 by raising ;; and ;. It is worth noting that
by increasing y;; to increase A will lead to bigger 7, and by reducing ;; to decrease = will result in smaller
4, which makes the control objective more difficult to achieve. Therefore, in order to more successfully meet

WILEY—2¢

(58)

(59)

(60)

(61)

(62)
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©
the control objectives, the real engineering system should be carefully adjusted to select the most appropriate o
parameters. 5
]
o
g
4 | SIMULATION EXPERIMENT g
=
In this section, a numerical example and a practical example are presented to verify the effectiveness and applicability of i
the proposed control strategy. %
=3
Example 1. In order to verify the effectiveness of the proposed method, consider the large-scale stochastic =
nonlinear system with two subsystems as follows 3
; e
=<
dxl,l = Xl,zdt Fg'. g
dxip = (u1 )+ X11X12 + 0.1y, + 0.1y2) dt + 0.1y;dw %§-
23
=X E =
) N 1,1 (63) E g
CbCzJ = Xz,gdt Og
S o
dxz,z = (u2 v2) + X2,1X22 + 0.1y1) dt + 0.1y2da) ‘5D. E
- o
Y2 =X21 u:': S
2
a0
The initial condition is selected as x;1 (0) = x12 (0) = x21 (0) = X3 (0) = 0.002. The desired reference sig- sz

c
nals are selected as y,; = 0.5sint and y,, = 0.5sin t. The state constraints are set as |x11| < 1.3, |xi2| <1, §:é
|X21| < 1.1 and |x,,| < 1. Moreover, the prescribed performance functions are wi; = (4 — 0.15)e™%% 4+ 0.15 S5
and wy; = (4 —0.1)e %% 4+ 0.1. 8z
In the simulation, the control structure of system (63) is designed as Theorem 1, and the design parameters g2
are selected as U1,min = U2 min = -1.5, Ul max = U2 max = 2, 51,1 = 0.8, 51,2 = 1, 52’1 = 0.5, 52,2 =1, Ka,l,l = 0.8, ;g
Ka12=0.5Kq21=0.6,Kq22=0.5 p11 =13, 12 =15, po1 = p2p =12,b11 =9, b1, =5, b1 =13, by =3, §§
011 = 2, 021 = 0.7, respectively. The simulation results are shown in Figures 2-5. 33
Figure 2 illustrates that the output y;, y, can closely track the desired reference signal y, 1, y,», and the § %
tracking effect is also satisfactory. The trajectories of performance function w; ;, w,; and the tracking error %B
@11, @21 are shown in Figure 3, it can be seen that the tracking errors can be converge to the prescribed =
performance constraint. Figure 4 depicts the response of the control inputs v;, v, and the actual inputs u,, u, ; =
. . (=3
when the system experiences input saturation, it can be clearly seen that the constructed controller can be § s
easily applied to solve the input saturation problem in the system. The trajectories of states x; ; and x,, are %E
shown in Figure 5. As shown in Figures 2 and 5, all states in the closed-loop system do not violate its given §§
constraints. Qs
8%
=+ S
Example 2. In order to make the proposed control scheme more convincing, a class of three-stage inverted iE
pendulum is employed, as stated in Reference 12, its system can be expressed as the large-scale stochastic 3 g
nonlinear system in the following form § 5
ca
( 83
dxl,l = (Xl,z + q)l,l + Hl,l) dt+ ‘P{ldw § §
o
dx1p = (ul + D, + Hl,z) dt + ‘P{zda) o
=1
1 =X11 %
dXz,l = (Xz,z + Dy + H2,1) dt + ‘I’;lda} i
>
9 dXQ,z = (u2 + (Dz,z + Hz’z) dt + ‘I‘;zdw , (64) -'E
2
Y2 =X2,1 §
dX3’1 = (X3,2 + @3,1 + H3,1) dt+ ‘I‘g’ldw i
dX3,2 = (u3 + @3,2 + Hg’z) dt + ‘I‘;zdw 5
<
Y3 =X31 s
L 2
8
3
S
2
2
o
2
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FIGURE 2 The trajectories of y1, yr1, ), and y,, of Example 1.
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FIGURE 3 The trajectories of tracking errors and prescribed performance boundaries.
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FIGURE 6 The trajectories of y1, yr1, Y2, Yr2, V3, and y, 3 of Example 2.
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FIGURE 7 The trajectories of tracking errors and prescribed performance boundaries.
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where q)l,l = (1)2’1 = (I)371 =0, q)l,Z = fsinxl,l, (Dz’z = %sinxz,l, @3,2 = ‘%sinxm, Tl,l =) sinyi, \P2,1 =
yasinyl, Wiy =yssinyl, Wi, =0.5y, ¥2=05siny;, ¥i,=05y;, Hip=Hp31=H;; =0, Hip=
viC? s : v s . N 5

ve (siny,cosy, —siny; cosy1), Hyp= o (siny; cosy; — siny, cosy,) + Py (siny; cosys — siny, cosys),
and Hz, = ;2—;2 (siny, cosy, — sinys cosys), respectively.

The initfal condition are selected as X33 (0) =x;,(0) = 0.002, x,; (0) =X, (0) =0.002 and x3; (0) =
X32(0) = 0.002. In the simulation, the reference signals are selected as y,; = 0.5sint, y,, = 0.5sint and
¥r3 = 0.5sin t. The choice of control structure is the same as Theorem 1. The full states constraints are set as
[X11] 1.3, Jxiz| <1, [x21| < 1.1, x| <1, |x31] < 1.3 and |x32| < 1. Moreover, the prescribed performance
functions are wy; = (4 — 0.15)e7%8 + 0.15, wy; = (4 — 0.1)e~%8 + 0.1 and w3; = (4 — 0.15)e7 %8 + 0.15. All the
design parameters are selected as Uy min = Uz min = Uzmin = —1.5, U1 max = Uzmax = Uzmax = 2,011 = 0.8,01, =
1, 52,1 = 0.5, (52,2 = 1, 53,1 = 08, 53,2 = 1, Ka,l,l = 08, Ka,l,z = 06, Ka,2,1 = Ka,g,z = 0.5, Ka,3,1 = 08, Ka,3,2 = 06,
1 =13, 12 =15 po1 = p2 =12, 31 =13, p32 = 15,011 = 9,012 = 5,021 = 13,022 = 3,031 =9, b3, = 5,
011 = 2,021 = 0.7, 031 = 2, respectively.

The simulation results of the system (64) are shown in Figures 6-9. According to Figures 6 and 7, the
decentralized adaptive PPC strategy proposed in this paper can obtain a good tracking performance, and the
system state obeys the full state constraints, meanwhile the control objectives can be successfully achieved.
The feasibility and superiority of the control design approach developed in this research can be demonstrated
using the above simulation results.

5 | CONCLUSION

In this paper, an adaptive decentralized controller integrating MTN, backstepping, BLFs, and PPC is designed for a class
of large-scale stochastic nonlinear systems with input saturation and full state constraints. To deal with input satura-
tion nonlinearity, a Gaussian error function is used, and BLFs are used to ensure full state constraints. The proposed
control strategy can not only ensure that all signals of the closed-loop system are SGUUB in probability, but also real-
ize the steady-state performance and transient performance of the system. Finally, two simulation examples demonstrate
the effectiveness of the proposed control strategy. In comparison to traditional control methods, the finite-time control
places more emphasis on real-time and fast characteristics. Therefore, our future work will focus on finite-time control
of stochastic nonlinear systems with full state constraints.
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