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1 | INTRODUCTION

Shan-Liang Zhu'?© |

Yu-Qun Han'?

Abstract

In this paper, the adaptive multi-dimensional Taylor network (MTN) control
problem is investigated for nonlinear stochastic systems with full state time-
varying constraints and the finite-time output constraint. By combining the
MTN-based approximation method and the adaptive backstepping control
method, a novel adaptive MTN control scheme is provided by constructing the
time-varying barrier Lyapunov function (TVBLF). To implement the finite-
time output constraint, the finite-time performance function (FTPF) is intro-
duced in the control scheme. The proposed scheme can ensure that the track-
ing error finally converges to a small neighborhood of the origin in the finite-
time and all signals in the closed-loop system are semi-globally uniformly ulti-
mately bounded (SGUUB) in probability. Finally, two simulation examples are

presented to show the effectiveness of the provided control scheme.
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further investigated based on the above functions [5-7].
As another alternative, the quartic Lyapunov function

Stochastic disturbances exist widely in many practical
systems, and they may reduce system performance or
cause instability [1,2]. Driven by these problems and the
practical engineering demand, the control problem for
nonlinear stochastic systems has been paid an increas-
ingly attention, and many significant methods have been
proposed [3-12]. On the whole, the existing control
methods for nonlinear stochastic systems can be mainly
divided into two categories according to different stochas-
tic Lyapunov functions. By using the quadratic Lyapunov
function, Pan and Basar [3] proposed a backstepping-
based control scheme for nonlinear stochastic systems via
the risk-sensitive cost criterion. Afterwards, a lot of con-
trol problems of nonlinear stochastic systems have been

© 2022 Chinese Automatic Control Society and John Wiley & Sons Australia, Ltd

was introduced to handle some special terms in the
Lyapunov analysis which arise due to the differentiation
rule in the process of designing controllers for nonlinear
stochastic systems [8]. At present, this method is widely
applied to several different problems, such as tracking
control [4], decentralized control [10,11], and control of
high-order systems [9,12]. However, it is difficult to solve
the problems such as unknown functions and uncer-
tainties only by the aforementioned control methods.

In consideration of the above problems, many approx-
imation methods, such as fuzzy logic systems (FLSs)
methods [13,14], neural network (NN) methods [15-19],
and multi-dimensional Taylor network (MTN) methods
[20,21], have been widely used in the control problems of
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nonlinear stochastic systems. Compared with NN or
FLSs, the MTN has the advantages of the simple struc-
ture, the good real-time performance, and the low com-
putational cost. Therefore, the MTN control method has
received increasing attention, and many achievements
have been reported [22-30]. For example, by using the
MTN-based control methods, the asymptotically tracking
problem and the optimal control problem were consid-
ered for nonlinear systems [22,23], respectively. At the
moment, this control method has been naturally
extended to nonlinear stochastic systems, such as the sto-
chastic system with input dead-zone [24], the uncertain
nonlinear stochastic system [25,26], and the large-scale
nonlinear stochastic system [27]. Although many impor-
tant MTN-based results have been obtained in the study
of nonlinear stochastic systems, the research results on
full state constraints systems are still insufficient.

As we know, full state constraints problems are ubiq-
uitous in many practical control areas, and violating con-
straints may cause poor performance of the control
systems [31,32]. Therefore, the full state constraints prob-
lem cannot be ignored in the controller design process.
To resolve this problem, the barrier Lyapunov function
(BLF) has been proposed in [33]. At the moment, several
different styles of BLFs have been widely used to solve
control problems of full state constraints systems, such as
log-type [34], integral-type [35], and tan-type [36]. Espe-
cially, Zhu et al. [37] recently proposed a tracking control
scheme based on the time-varying barrier Lyapunov
function (TVBLF) for state constraints systems. However,
it is worth noting that the stochastic disturbances have
not been taken into account in [32]. On the other hand,
practical systems often require that the tracking error
converges to a small neighborhood of the origin in the
finite-time [38-40]. Therefore, many finite-time control
schemes have been obtained for several different systems
[41-48], such as nonlinear stochastic systems [41], and
full state constraints stochastic systems [44], non-
triangular stochastic systems [47], and high-order sto-
chastic systems [48]. However, there are few results on
finite-time output constraint of nonlinear stochastic sys-
tems with full state constraints, which motivate our
research.

Based on the above observations, this paper investi-
gates the adaptive control problem for nonlinear stochas-
tic systems with full state time-varying constraints and
the finite-time output constraint. An adaptive MTN con-
trol scheme is developed by constructing the proper
TVBLF. In this scheme, the MTNs are employed to
approximate the unknown functions in the process of the
controller design, and a finite-time performance function
(FTPF) is introduced to implement the finite-time output
constraint. The proposed control scheme can guarantee

that the tracking error finally converges to a small neigh-
borhood of the origin in the finite-time and all the signals
in the closed-loop system are bounded in probability.
Finally, the simulation results illustrate the effectiveness
of the provided control scheme. Compared with the exis-
ting works, the main contributions of this paper are as
follows:

i. A novel adaptive MTN scheme is first presented for
nonlinear stochastic systems with full state time-
varying constraints and the finite-time output con-
straint. In the current MTN-based research results
[20-30], the existing MTN control schemes cannot be
directly utilized to dispose of the control problem of
the systems considered in this paper. The MTN
method is successfully extended to the stochastic sys-
tem in this paper.

ii. In this paper, the stochastic disturbances, the full
state constraints and the finite-time output constraint
of stochastic systems are considered at the same
time. Compared with the research results of state
constraints systems [32-36] and the existing finite-
time control results [42-45], the proposed scheme
can guarantee that the state variables of stochastic
systems satisfy time-varying constraints and the
tracking error converges to a small neighborhood of
the origin at a settling time.

iii. The online computation burden of the proposed con-
trol scheme has greatly alleviated thanks to the sim-
ple structure of the MTN. Therefore, we can draw a
conclusion that the proposed MTN-based control
scheme has excellent practical value.

2 | SYSTEM DESCRIPTION AND
PRELIMINARIES
21 |

Problem description

In this paper, consider the nonlinear stochastic system as
follows:

dbxi(£) = [f(%i(0) + Pu(Xi () Jxia ()] di + g (% (1)) deo

1<i<n-1
dxy () = [£,(Xn (1)) + ha (X (8) ) uldt + g (X (t)) dw
y=x1(t)
(1)
where X,(t) = [xl,x2,~~~,xn]T € R" denotes state vectors

of the system and X;(t) = [xl,xz,-n,xi]T € R.fi(+):
R'—R and h;(-):R'—R are the unknown nonlinear
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functions with f;(0)=0. u€R and y€R are the input
and output of the system, respectively. g;(-):R' — R" are
the unknown functions and satisty g;(0) =0.  is an inde-
pendent r-dimensional standard Wiener process. For the
system (1), all states x; are restricted in the sets
Q,, ={x; € R||xi| <k/(t)}, where k,(t) are time-varying
continuous functions.

The control objective of this paper is to design a novel
adaptive MTN control scheme for the stochastic system
(1), which shall meet the following requirements: (i) the
system output y can track the given reference signal y,
and the tracking error finally converges to a small neigh-
borhood of the origin in the finite-time; (ii) all the signals
in the closed-loop system are semi-globally uniformly
ultimately bounded (SGUUB) in probability and the sys-
tem states satisfy the given limited conditions.

2.2 | Preliminaries

In order to introduce the definitions and theorems of the
nonlinear stochastic system, consider the following
system

dx(t) =f(x(£))dt +g(x(t))dw (2)

where x € R" is the system state, @ is an independent
r-dimensional standard Wiener process, and f: R" — R",
g:R" — R™ stand for unknown smooth nonlinear func-
tions and satisfy f(0) =0, g(0) =0

Definition 1. [37]: Consider the nonlinear
stochastic system (2), for any function
V(x,t) € C?, the differential operator £ is
defined as follows:

a P +9°
LV(x,1) = v Vf+1 { 3—}:2/g} 3)

where C? denotes the set of all functions with twice
continuous partial derivative.

Lemma 1. [33]: For the nonlinear stochastic
system (2), there exists a Lyapunov function
V(x), for constants a >0 and b > 0, such that

{¢1(Ix|)s V(x) < ¢(|X|)
LV(x) < —aV(x)+

where ¢; and ¢, are K -functions, then, the system (2)
has a unique strong solution and the following inequality
holds

2.3 | Finite-time output constraint
To achieve the control objective (i), the following defini-
tion is introduced.

Definition 2. [49]: A continuous function
v(t) is named as the finite-time performance
function (FTPF), if it satisfies the following
properties:

1. v(0)>0;
v(t) <0;

3. lim;7v(t)=vr, >0 and v(t)=vr, for any t>Ty
where vr, and Ty are the arbitrarily small constant
and settling time, respectively.

With the consideration of the properties in Definition 2, a
FTPF is defined as

t 1—L
vo——Je “'+4vr, t€|0,T
v(t)_ ( 0 Tf) Ty [ f)

vy, t€ [Ty, +)

(4)

where vy > 1 and vr, > 0 are parameters to be designed.

Remark 1. The function v(¢) satisfies all the
properties in Definition 2, and the initial con-
dition of v(f) is v(0) =vo+vr,. Apparently,
v(t) is a continuous function.

2.4 | Relative lemmas and assumptions

For the controller design, the following lemmas and
assumptions is presented.

Lemma 2. [37]: For any |z| <kp(t), the fol-
lowing inequality holds

Ko 2
k() —2* S k() -

log

where z € R, kj(t) >0 is a time-varying function.
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In this paper, the MTNs are used to estimate
unknown smooth nonlinear functions in the system. The
MTN is composed by polynomials, which includes the
input, middle and output layers. The more details of the
MTN are available at research results [18-25]. We only
introduce the approximation theory of the MTN as
follows:

Lemma 3. [24]: On a compact set Qz C R",
for any continuous smooth nonlinear func-
tion f(Z), there exists a MTN ¢*TS,, (Z), for
Ve > 0, such that

f(2)=9"'Sm,(Z)+6(Z), |6(Z)] <e (5)

Where Z= [Zl,Zl,---,Zn]T, Smn (Z) =

T

215225 s Z> Zos Zoren Tos s 2 2 2|, and 6(Z) is the
— 7 —————
1 term 2 term m term

approximation error. @* = [@,,@,,...@,]" is the optimal
weight vector and defined by

@" :=arg min { sup |f(Z) ¢)TS(Z)‘} (6)

ER

Remark 2. Even though the MTN and NN are
all three-layer network structure in form,
their principles are different. The NN intro-
duce basic function such as exponential func-
tions, partial fractions and step to achieve
nonlinear transformation, which have short-
comings of the long training time and high
computational complexity. However, the
MTN approximates the nonlinear functions
by making full use of orthogonal polynomials.
Compared with the NN, the MTN has a sim-
pler structure and better real-time perfor-
mance. Therefore, the MTN has better
approximation capability.

Assumption 1. [49]: The signs of h;(X;)
are constant, and there exist constants
hipy>0 and h; >0, 1<i<n, such that
0 < hyp <|hi(X;)| < hiy. Without loss of general-
ity, we can assume that hyy < h;(X;) < hy;.

Assumption 2. [33]: The desired signal y,(t)
satisfies [yy(f)| <A1 () <k, (t) and its ith time
derivative  yy’(t) satisfy yfiZ)(t)’ <Ci(p),

i=1,..,n, where A;(t) and C;(t) >0 are con-
tinuous functions.

3 | CONTROLLER DESIGN

In this chapter, an adaptive MTN controller will be
designed by using the backstepping technology.

Firstly, a change of coordinates is introduced as
follows:

Zi=Xi— i1 (i=1,2,-~-,n) (7)
where a;_; are the intermediate virtual control signals,

which will be designed later, and ay =yj.
According (1) and (7), we have

dzy = [f1(%1) + i (X1)x2 — Pgldt +gf (%1)dw

T
dz; = [f;(Xi) + hi(Xi)xi1 — Aoy ]dt + < Z ag;cjlgf)

i=2,-n—1

T
Azn = [ (Xn) +hn(Xn)u — Aay 1 ]dt + (gn Z a:?l)‘c]lgj>

(8)

i—1
with  Aa; ;= 2 % (f+ g ) + 2 2?45
=1

— i—1i—1-p
dai1 55 1 7 i1 5T 3(11 1 ‘1+1>
3Aj ¢j+2.; &x&xkgj gk+z Z Bk ’

Js

where  @;
q=0 p

are the MTN parameters and $j are the adaptive laws,
which will be determined later.

Step 1: Consider the stochastic Lyapunov function
candidate as

Kk (t
Vi :llogibl( )

1, oreqe
+=h T 9
2 kgl(t)_ > 109111 @1 9)

where kp, (£) =v(t) >z, I =] >0 is a symmetric posi-
tive definite matrix, @, =@, — @, is the parameter error
vector.

According to Definition 1 and (9), we have

B S SR L I :
£V1**( (t) ) ([)+v4([)1_zi,[f1+h1x2*)’d]
%(3 41‘) T . oTp-15
8181 — oo I'1 9, (10)

2(vH(1) —Z‘l‘)2

By using Young's Inequality, we obtain
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a0 +a) A+’

mg 1< lell"+5 (1)

Substituting (11) into (10), we have

zt v(t) z
N T S r R e AR
h Z0 3z%h
T l—ﬁ 1 1
1091, @ (v4(t)_zélt)2 4(v4(t)—z‘1‘)4/3
(12)
where  Fy=f -5t SO g ey
s(F0—) Bl T )
321
4(v4(t)—z‘1‘)1/3'

As we all know, f, is a unknown function. By
Lemma 3, we can use a MTN @S, (2;) to estimate fi.-In
other words, for ¥8; >0, a MTN @1Sm, (1) is applied to
approach f, such that

f1=015m (21) +61(21),61(z1)| < 61 (13)

where z, = [z1]" is the input of the MTN and 8, (z;) is the
approximation error.
By Young's Inequality, we obtain

Z% hio Z? 2
o01(z1) < — + 8 14
V(1) -2 1(z) <= (WA (t) -4 2hio (14)
3
Z1h122 < 3zt +1 o (15)

V(1) =2t T a(i(t) — 2D’

Substituting (7), (13), (14) and (15) into (12), we have

4 .

- Zl @ Z1 1

LV, < (V“(t)—Z‘l‘)v(t)W(t) [%Sml(zl)Jrhlal] +
—hao@ Ty 'y 4 — h P z2h1

(16)

Based on (16), taking the intermediate control signal
ai as

=—-kiz1 ——k1Z1 aTSml (z1) (17)

th

where ki =+/(0(t)/v(t))*+01, k1 >0 and ;>0 are
design parameters.

By the definition of k;, we have

EH—% >0 (18)

According to Assumption 1 and (17), we obtain

B bet S
————< —kh -
w4~ o4 o
B Z%]’lm@?Sml (z1)
V() — 2
Substituting (17), (18) and (19) into (16), we have
4 32
LV1< klhl() 4( ) Z4 4 ]’l1+2h
10
1 23S, (21) (20)
~T 1°m; (41 —15
t-+t@ho|————5-T (01]
2 70—

Step i: Consider the stochastic Lyapunov function candi-
date as

ki, (1)

m'F hlo ll‘ qol (21)

Vi=Vi_ 1+4log

where @; =@;—@; is the parameter error vector, I';=
I'T > 0 is a symmetric positive definite matrix.
According to Definition 1 and (21), we have

z ky,
(%mﬂﬂ%
[f i T hiXig —
+ z?)

2(ki (0 -2!)

A 4]

—
— ~(\$
~—

88 +hoo I ' (22)

where g; =

i
da
8i— Z ngl g]
Jj=1
By Young's Inequality, we obtain

2(0ra), (ko)

Jis—— LGl (23)
2(k (0~ 8(ki (0 -2

Substituting (23) into (22), we have
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LV <LV zhy
i -1 N
(1 ()~ 2t )b
3 6
hiOZi
4— r +hiXip]| ——————
30~ (k402
4
‘h; . DY Thi_ 1
_LM_ hi0¢;rri 1(pi _ZL—’_E
4(0e (1) -
(24)

2
_ Vel Kkt
where 7, =~ Ao+ 80 gy 2080 o

3
Zi 3zi

+ + -
2(k, (-2 a(k (-2) R

fl is also a unknown function, and we can use a MTN
@ISm,(z ,-) to estimate f;. In other words, for V§;>0, a
MTN ¢S, (z) is applied to approach f;, such that

[i=@] Sm,(2:) +6:(z:),|6:(z:)| <5 (25)

where z; = [Z1,-~-,zl-]T is the input of the MTN and &;(z;)
is the approximation error.
According to Young's Inequality, we obtain

z hig z8 1 2
8 say< L5 (26
CHORE A (kb0 -z)" o *

Zhizin 3zthy 1,
< -Z: 27
ky (1) —zf ~ a3 T gl (27)

4(k (0 —=!)

Substituting (7), (25), (26) and (27) into (24), we have

. )
LVI S£V171 (k4 (t) _ 4) kb.
b 3 i
ZS
Fig g e )
1 1 o Zthi, 1
3T +2h - S TGnh
(28)

Based on (28), taking the intermediate control signal o; as

1 - ~
ai=—kizi— h_nkiZi - (OiTSmi (zi) (29)
1

where k; = (fq,i /kbi)z-l-ai, ki>0 and ¢;> 0 are design
parameters.

By the definition of k;, we have

According to Assumption 1 and (29), we obtain

Z hia; z 7 z
[ Sl S < — k:h; L — ki 1
-z~ k-7 Tk0-7
T (31)
_Zishigi Smi(zi)
ki, (1) =z}

Substituting (20), (29), (30) and (31) into (28), we have

—2
4+4zl+1 Wi+~ +22h

l

LV < — Zkhlo

(32)

Step n: Consider the stochastic Lyapunov function candi-
date as

ks, (1)

Vo=V, 1+- log (") = hnoi);rll“;l(ﬁn (33)

where @, =@, — @, is the parameter error vector, I', =
I'T >0 is a symmetric positive definite matrix.

According to Definition 1 and (33), we have
z;}l kbn
(k;‘" () —z3) ke

[fn+h u— Aan 1]

Mgggn —ho@ T, (34)
2(kj, () ~})

LV,y=LVpq—

n—
~ da;
whereg, =g, — Z O
]7

By Young's Inequality, we obtain
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2 - kb,,
e e e L
n b, (L) —Zn

Substituting (35) into (34), we have

k
LVn SLanl_ 4 Z:}l kbn
(i, (1) —23) Koo
% h @ T
+k‘én(t)—z:t[fﬁ ] 3~ Il 0
hno z8 bad/ Y

(36)

(4<>z2)

where  f,=f,—Aan 1+ Znhn—1+ 2 4)+

3
ICATES
zn(3k2n(t)+z‘,‘,)2 g ”4
8(ks, (0-2) "
In view of fn is a unknown function. By Lemma 3, for
V6, >0, a MTN @S, (z,) can be applied to estimate f,,
such that

fn =<0;55mn (21) +6n(Zn),|0n(Zn)| < 6n (37)

where z, = [z3,-- -,zn]T is the input of the MTN and &,(z,)
is the approximation error.
According to Young's Inequality and (35), we obtain

Z, hno z5 1 =

_Zn 5 (z,) <m0 5 (38
ky, (1) — 21 o 2 (kén(t)*z‘,‘,)z 2hno (38)

Substituting (7), (37) and (38) into (36), we have

Z kb, Z,

LV, <LV, 11— +
N O L O

a [hntt+ @} Sm, (21)]
n

18 e S G
2 n0@Ppl n Pn 2]’! 4
(39)
Taking the control input u as
1 - T
U=—kyzn ———knzn — ¢’n5mn (Zn) (40)

hnO

where k,= (l'cbn/kbn)2 +o0,, k,>0 and 6,>0 are
design parameters.
By definition of k,,, we have

According to Assumption 1 and (40), we have

Z3hnu z4 _ z4
— 0 - < _knhn i _kn i
ki () -2 k() -z k()2
R S, (Zn) “2)
- bﬂ< )z}

Substituting (32), (40), (41) and (42) into (39), we have

(43)

Select the adaptation laws $j as

-~ :r ZJ;,’Smj (Z])

I 2 Fj’?j@j, j=1,2,..,n (44)
(kbi(t) _Z;‘>

where 77; >0 are designed parameters.
Substituting (44) into (43), we have

LV, < — Zkh,ok4
J=

0 — Z hony ] @ T3 o+ Z 2hy,

(45)
By Young's Inequality, we obtain
@< 05T+ T e
with
_@~}~j < th”j oI o (47)

Zﬂmax(rfl) SRR

Substituting (46) and (47) into (45), we have
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4 n .
1 e~ R From (50) and (51), we obtain
5’712(1’1 Ly o+ )
= ky (¢) b
(48) Log—o —aty
41 gk4() e Va(0)e —|—a (52)

n
+ZZ ]OJH JH

j=1 =1

where = mind (o, )/ (s (17°)) = 1.2}

Let a_mln{khj()aﬁ]x]_ 1’

10'77

y1elds

LV,<—aV+b (49)

4 | STABILITY ANALYSIS

Based on the above control scheme and design process,
we can generalize the following theorem:

Theorem 1. Under Assumptions 1-2, con-
sider the closed-loop control system, which com-
prises the system (1), the control input (40), the
intermediate control signals (17) and (29), and
the adaptive law (44). For any initial condition,
the following requirements are achieved:

(i) The system output y can track the given reference sig-
nal y; and the tracking error finally converges to a
small neighborhood of the origin in the finite-time;

(i) All the signals in the closed-loop system are SGUUB

in probability and the system states satisfy the given
limited conditions.

Proof:. From (9), (21) and (33), we have

1% :lznjlo M#in o.T ', (50)
ST IACTOR AR = A

i=1
Combining (49) with Lemma 1, we have
—at b
E(V,(t)) £V,(0)e +a (51)

The above inequality means that E(V,(t)) is
eventually bounded. Recalling (49), we obtain that all the
signals in the closed-loop system are SGUUB in probability.

Taking exponentials on both sides of the (52), we have

|2i| < kb, </1 — e—4[Va(0)e~“+b/a] (53)

From (53), we obtain that |z;| <kp, =v(t). According to
Definition 2, we can conclude that the tracking error
finally converges to a small neighborhood of the origin in
the finite-time.

According to (7), we know that x; =z; +y,4(t), since
&1 <ks, and yy(t) <Ay, then, || < [za|+ [ya(t)] <Ko, +
A1 <k. Similarly, we obtain that x;=2z+a1,
i=2,---,n, since |z]<ks and a;_1<A4; then
|xi| < |zi| + |ai—1| < kp, +A; <k Thus, the system con-
straints are not violated.

The proof of Theorem 1 is completed.

5 | SIMULATION RESULTS

In this section, two simulation examples are given to
show the effectiveness of the proposed scheme in this

paper.

Example 1. (Numerical example): Consider
the second-order nonlinear stochastic system
with time-varying state and finite-time output
constraint

dxy = (x3sin(x1) + (1+x3)x;)dt +0.5x; dw
dxy = (X134 2u)dt +0.5x,dw (54)

y=X1

with the initial state [x;(0) ,xz(O)]T:[O,O]T, and y;=
sint is the given reference signal. The time-varying state
constraint is |x,| <1.3540.3sin(1.3t).

By the controller design procedure, the actual control
law, the intermediate control signal and the adaptive
laws are chosen respectively as

1 - R
u=—kyz,— h—k2Z2 - ¢§sz (z2)

=—kiz1 — h—k111 @mel (z1)
10

JrJ

(o-7)"

~

¢;=1;
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where j=1,2, z; = [Z1]T, Z) = [Zl,Zz]T, Z1=X1 —Y4, and

Z2 =X, — oy The FTPF is chosen in the following form

t 17#
vow——1Je "'+vr, te|0,T
V(t): ( 0 Tf) Ty [ f)

VTys te [Tf,—i—oo)

where vy =2, vy, =0.1, Ty =3, and v(0) =vo + Ty = 2.1.

WILEY_L_°

The design parameters are taken as follows: k; = 10,

k,=8.5, I'1 =915, I'; =5.5Iy. The simulation results of

Example 1 are shown in Figures 1-4, respectively.
Figure 1 illustrates trajectories of the reference signal y,

and the system output y. Figure 2 shows the response of

control signal u. Figure 3 displays that the state variable
X, satisfies the given constraints. Figure 4 depicts that the
tracking error y —y, converges to a small neighborhood
around the origin in the finite-time. The presented

0.6

04 r

0.2

T

The reference signal Yy

The system output y

FIGURE 1 The trajectories of system -0.6
output y and the reference signal y, [Color
figure can be viewed at wileyonlinelibrary.com]

10 20 30
time (sec)

50

40

30

10 [

T

Control input u

-10

-20

-30
FIGURE 2 The trajectory of system control -40
input u 0

10 20 30
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50
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- 3 i '
3 ' '
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-1.5

T FIGURE 3
k variable x, and constraint conditions [Color

The trajectories of system state

figure can be viewed at wileyonlinelibrary.com]

_2 1 1 1
0 10 20 30

Time (sec)

40 50

2.5 T T T

T FIGURE 4 The trajectories of v(t) and

v(t) tracking error y —y, [Color figure can be viewed
Tracking error y-y d

-v(t)

at wileyonlinelibrary.com]

1.5

0.5

o
T

simulation results illustrate the effectiveness of the pro-

posed approach in this paper.

Example 2. (Practical example): Considering
a one-link manipulator system with time-
varying state constraints and finite-time out-
put constraint. According to [50], the system
can be described by

40 50

dx1 :.)Czdt
de = (X3 — ZSin(xl) —xz)dt-l—sin (x%)da)
dX3 = (LI. —2x, 7X3)dt

y=XxX1

(55)

with the initial state [x;(0), x,(0), x3(0)]" =[0,0,0]".
x; denotes the link angular position, X, denotes
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velocity, and x; denotes acceleration. y;=0.5sint is
the given reference signal. The time-varying state
constraints are |x2] <1+0.1sin(1.5¢t) and
|x3] <440.3sin(1.1t).

By the controller design procedure, the actual con-
trol law, the intermediate control signals and the adap-
tive laws are chosen, respectively, as

/¢\i:ri

hjo

Z?Smi (zi)
(ko2

1 - R
u=—kszz — h—kszs - ¢§5m3 (23)
30
1 T
= —kjzj ——kiz; — @; Sm; ()

2 Fir]iai

WILEY_L

0.8
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0.2

The reference signal Yy

The system output y

1 1

FIGURE 5 The trajectories of system -0.8
output y and the reference signal y,; [Color
figure can be viewed at wileyonlinelibrary.com]
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where j=1,2, 1<i<3, z= [zl}T, Z, = [zl,ZZ]T, where vp =2, vy, =0.1, Ty = 3, and v(0) = v + Ty = 2.1.
Z3 = [zl,z2,z3]T, 21 =X1—Y4 22 =X2—, and 23 =X3 — aa. The design parameters are taken as follows: k; = 80,
The FTPF is chosen in the following form k, =100, k; =100, I'; =5Is, ', =10I,, I's =10I,. The

simulation results of Example 2 are shown in Figures 5-9,

,% N (e [0.1)) 9, respectively. The results show that the tracking control
vo——|e Y4, € e . .
(1) = 0 Ty Ty L f performance is still fairly satisfactory, which further ver-
vr,, te [Tf, + oo) 1f1§s the effectiveness of the proposed control method in
this paper.
1 5 T T T
k
C
2
1 WA/ ________ Siete X2 y
K ¥
C,
2
U L A O T T A A
I Y N Y Y . . .
-1 WW
-1.5 : : : : FIGURE 7 The trajectories of system state
0 10 20 ] 30 40 50 variables x, and constraint conditions [Color
Time (sec) figure can be viewed at wileyonlinelibrary.com|
5 T T T T
4 /\/\/\/\/\/\/\ kC3 J
G EEESEEEE State X3
3 3 k03 7
2 i
15 T
A+ i
2+ .
3+ .
-4 W\/\/WVV\/
-5 : : : ' FIGURE 8 The trajectories of system state
0 10 20 30 40 50

. variables x3; and constraint conditions [Color
Time (sec) figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 The trajectories of v(t) and 25
tracking error y —y, [Color figure can be viewed
at wileyonlinelibrary.com]| 2

1.5

v(t)
........ Tracking error Y-¥q4

-v(t)

Remark 3. In order to obtain good tracking
performance, design parameters should be
selected appropriately. In general, the track-
ing error converges to a small residual set
near the origin by properly adjusting the
parameters k; and matrix I';.

6 | CONCLUSION

In this paper, a new adaptive MTN backstepping control
scheme is developed to solve the problem of tracking con-
trol for nonlinear stochastic systems with full state time-
varying constraints and the finite-time output constraint.
The MTNs are applied to handle the unknown functions,
which greatly reduces the computation complexity of the
proposed control scheme. The FTPF and the TVBLFs are
introduced to achieve the finite-time output constraint
and full state time-varying constraints, respectively. Dif-
ferent from the existing finite-time results, the proposed
scheme can guarantee that the tracking error converges
to an arbitrarily small region at a settling time. Finally,
the simulation results of two examples demonstrate the
effectiveness of the proposed control scheme in this
paper.

In our future research, we could further focus on the
problem of globally uniformly ultimately bounded

10 20 30 40 50
time (sec)

(GUUB) in probability of the nonlinear stochastic system
of this paper and the adaptive finite-time MTN control
problems for the other nonlinear stochastic systems such
as switch systems and input dead-zone systems.
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