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Control Design for Stochastic Nonlinear Systems with Full-state Con-
straints and Input Delay: A New Adaptive Approximation Method

Na Li(» , Yu-Qun Han(® , Wen-Jing He

, and Shan-Liang Zhu*

Abstract: In this paper, the full state constraints and input delay of stochastic nonlinear systems are studied. A
new adaptive control algorithm is proposed using backstepping approach and multi-dimensional Taylor network
(MTN) method. Firstly, the input delay problem is dealt with by introducing a new variable using the Padé ap-
proximation with Laplace transform. Secondly, MTNs are employed to approximate unknown nonlinear functions,
and the barrier Lyapunov functions (BLFs) are constructed to deal with the state constraints. Based on this, a new
approximation-based adaptive controller is proposed. Thirdly, it is proved that the proposed control method can
ensure that all signals in the closed-loop system are semi-global ultimately uniformly bounded (SGUUB) in proba-
bility and the tracking error converges to a small neighborhood of the origin. Finally, two simulation examples are
given to illustrate the effectiveness of the proposed design method.

Keywords: Adaptive control, full-state constraints, input delay, multi-dimensional Taylor networks, stochastic non-

linear systems.

1. INTRODUCTION

As is known to all, the controlled systems of practi-
cal application are intrinsically nonlinear and uncertain,
and often affected by external disturbances. Therefore,
the research on the control theory of stochastic nonlinear
systems will contribute values to the cybernetics devel-
opment theoretically and practically, which has gradually
been regarded by more and more researchers [1,2]. So far,
many control methods of general nonlinear systems have
been extended to stochastic cases, such as adaptive con-
trol [3-5], backstepping methods [6,7], Lyapunov stabil-
ity theory [8], sliding mode control [9], fault-tolerant con-
trol [10,11], LaSalle invariance principle [12] and so on.
Among them, adaptive control is of great significance for
the study of uncertain systems since this method is not
required to linearize the nonlinear system. Consequently,
it also has become an attractive technique for stochastic
nonlinear systems [4,5]. However, adaptive control is no
longer fitted for the systems with uncertain structure.

In order to solve the above problems, many methods
based on neural networks (NNs) or fuzzy logic systems
(FLSs) have been proposed and widely used for nonlin-
ear systems [13—15], switched systems [16-20], multiple-
input multiple-output (MIMO) nonlinear systems [21,22],
nonlinear time-varying delay systems [23,24] and so on.

Meantime, the above methods have also obtained a lot
of significant research results in stochastic nonlinear sys-
tems [25-27]. Nevertheless, the above control structures
still inherit the drawbacks of NNs or FLSs. Fortunately, a
novel network control method, multi-dimensional Taylor
network (MTN), with the simple structure was conceived
in [28]. The core idea of MTN is to copy with the un-
known nonlinear functions on closed interval by the linear
combination of polynomials, which improves the approx-
imation performance and reduces the computational com-
plexity. The MTN-based control approach has drawn the
extensive attention, and many noteworthy achievements
have been obtained for MIMO nonlinear systems [29],
single-input single-output (SISO) nonlinear systems [30],
stochastic nonlinear systems [31], large-scale stochastic
nonlinear systems [32], nonlinear systems with input sat-
uration [33-35], MIMO discrete-time nonlinear systems
[36], large-scale nonlinear systems [37] and so on. How-
ever, the above control algorithms can not be directly
available to nonlinear systems with input constraints. In
particular, there are few studies on considering both input
delay and state constraints simultaneously.

In fact, input delays can not be avoided in the applica-
tion of industry. In particular, the existence of input de-
lay seriously affects the control performance of the sys-
tem. Therefore, it is extremely important to study the
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control problems for the systems with input delay phe-
nomenon [38,39]. With further research, the adaptive con-
trol method also has been generalized to stochastic non-
linear systems with input delay [40]. On the other hand,
whether in the practical engineering system or in the the-
oretical control system, the full state constraints is a prob-
lem that needs to be considered [23,24]. The significant
reason is that the constraints are violated, and the control
performance of the systems will be degraded, unstable or
even damaged. Hence, more and more scholars are inter-
ested in these kinds of systems and many achievements
have been gotten [41,42]. Unfortunately, there are few re-
sults in resolving the problem of input delay and full-state
constraints for stochastic nonlinear systems under a uni-
fied framework, which prompts the research of this paper.

Based on the above discussion, this paper concerns with
the full-state constraints and the input delay problem for
a class of stochastic nonlinear systems, and a MTN-based
adaptive tracking control method is proposed. The results
show that the proposed control scheme is feasible and can
ensure that the tracking error falls within the given range
when all signals of the closed-loop system are restricted.
The main innovations of this paper are as follows:

1) A new adaptive control algorithm using MTN-based
method is first proposed for the stochastic nonlin-
ear systems with full-state constraints and input de-
lay. With the help of MTN, although the authors in
[40] studied the problem of stochastic nonlinear sys-
tems with input delay, they failed to consider the is-
sue of full-state constraints. In [23,41], the authors
addressed the problem of full-state constraints, how-
ever, the controlled plants were restricted to nonlinear
systems rather than stochastic nonlinear systems with
input delay. Moreover, the authors in [42] focused on
the stochastic systems with full state constraints, but
not considering the existence of input delay. Thus,
the problem in our study is undoubtedly considered
as representation.

2) Although MTN-based control algorithms have been
proposed for stochastic nonlinear systems in [31-33],
they can not be directly used to deal with the control
problem considered in this paper. That is to say, the
research in this paper broadens the development of
MTN. In addition, by constructing the BLFs in each
step of backstepping, and further design control laws
and adaptive laws, the state constraints can be suc-
cessfully realized.

3) The problem of input delay is handled by introducing
a new variable, thus simplifying the process of con-
troller design. In addition, owing to the simple struc-
ture of MTN, the controller design in this study has
the advantages of simple structure and less calcula-
tion. These reasons render the control algorithm pro-
posed in this paper implementation much easier.

2. PROBLEM EXPRESSION AND PREMISE

2.1.  Problem description
In this paper, we consider a class of stochastic nonlinear

system with input delay as follows:
dx; = (xip1 + f; (%)) dt + g} (%) do,
i=1,..,n—1,
dx, = (u(t—1)+ fo (%)) dt + g (%) do,

y=x,

ey

where ¥, = [x, X2, ..., x,]T € R” represents the state vector
of the system, with ¥; = [x1, X2, ..., x;]T € R\, y € R is the
output of system, u stands for the system input,  is a r-
dimensional standard Wiener process defined in complete
probability space, T > 0 is the input delay of the system.
Besides, f; (¥;) : R' — R and g; (¥;) : R' — R" are unknown
smooth nonlinear functions with f; (0) =0 and g; (0) = 0.

This paper aims to design a control strategy to achieve
the following three objectives

1) The system output y tracks the given reference signal
Yd-

2) All signals of the closed-loop system are SGUUB in
terms of probability.

3) All system states cannot violate the specified con-
straints, that is, for any i = 1, ..., n, there are |x;| < k; .,
where k; . are positive constants.

Assumption 1: The reference signal y, and its i-
th derivative with respect to time are continuous and
bounded, where i =1, 2, ..., n.

2.2. Stability theory

In order to introduce the necessary concepts and lem-
mas, consider the following stochastic nonlinear system

dx=f(x)dt+g(x)do, 2)

where x € R” is the system state vector, f(x) : R" — R”
and g (x) : R" — R"™" are local Lipschitz functions. In ad-
dition, f(x) and g(x) are meet the conditions f(0) =0
and g(0) =0.

Definition 1 [26,27]: Considering the system (2), for
any two continuously differentiable functions V (x), define
a differential operator L as follows:

LV (x) = 8‘gix)f(x)+;Tr{gTaa‘;§x)g}, 3)

where Tr{e} is the trace of e.

Definition 2 [26,27]: For any initial condition xy =
x(0) and a compact set defined in R”, the solution
{x(t),t > 0} of the stochastic nonlinear system (2) is said
to be SGUUB in p-th moment, if there exists a time con-
stant T = T (g,x0), with € > 0, satisfies E [|x(¢)|"] < €,
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for all # >ty + T. In particular, when p = 2, it is usually
calld SGUUB in mean square, where E [o] stands for the
expectation of stochastic variable e.

Lemma 1 [26,27]: For system (2), if there exists a
Lyapunov function V (x): R” — R satisfies the following
properties: V (x) is second order continuous differentiable,
positive definite and radically unbounded, such that the
following inequality holds

LV (x) < —aoV (x) + by, 4)

where ap and by are positive constants. Then the system
(2) is bounded in probability, and has a unique solution.

Assumption 2: The reference signal y, satisfy |y,| <
Po < ki and |y4| < @;, where py > 0 and @; > 0 are con-
stants.

2.3. Transformation of input delay

As mentioned in [38], the problem of input delay can
be solved by combining the Laplace transform technique
with the Padé approximation method, also described as
below:

Firstly, define a Laplace variable p, and by the Laplace
transform, one has

e~ TH /2

Hu(t =)} = 1{u(0)} = 1), ©)

where [ {e} denotes the Laplace transform of e.
Secondly, the term (e~"#/2 /e™/?) is transformed by the
Padé approximation method into the form as follows

e 2 1—1u)2
ez T 14 tu /2’

6)

Thirdly, based on (5) and (6), define a new variable x;,;
that satisfies

1—1u/2 B
ml{u(t)} =1 {xur ()} = 1{u(0)}. @

Then, let T = % there has
(= 7) = 1 1) — lt), ®)
and the derivative of x, | can be expressed as
Xpp1 = —TxXpy1 +27u. )
Finally, substituting (8) and (9) into system (1), one has
dx; = (x2+ f1 (1)) dt + g1 (¥1)dw,
dxy = (x3 + f2 (%)) dt + g5 (%) dw,

an,l - (xn +fn71 (xnfl))dt +8171 (X_:nfl)dwa
dx, = (Xur1 —u+ f,(%,))dt +gr (%,)do,
dxpi1 = (—Tx,1 +27u) dt,

y=X.
(10)

Fig. 1. The structure block diagram of MTN.

Remark 1 [38]: Especially note that the Padé approxi-
mation method is only suitable for the case of small delay.

2.4. Multi-dimensional Taylor network

The structure of MTN is given in Fig. 1, where [sy, ...,
sn]T € R" is the input vector of the system, [0y, ..., 6)]T €
R is the weight vector and [s1, ..., Sy, 57, $152, <., $15n, $253,
ey 52, 8%, .., sT € R! is the middle layer.

The following Lemmas are very important for the de-
sign of control scheme of this paper.

Lemma 2 [31]: In the compact set Q, if f(S) : R" — R
is a continuous function, then for any € > 0, there must
exists a MTN as follows:

f(S)=0"P, (S)+5(S), (11)

where sy, - --, s, are the inputs of MTN with S = [sy, ...,
s,]T €R", and O = [0y, ..., 6;]T € R! denotes the weight
vector of MTN. By, (S) = [S1, s Su» 575 coes S18n5 5253, -ons
sﬁ, ST sf]T denotes the polynomial combination of
the middle input layer, where n is input number and m
is the highest power. 6 (S) is the error between f (S) and

0TP,, (S), and it satisfies |5 ( S)| < €.

Lemma 3 [43]: For any positive constant k; and any
7 € R, if |z] < kp, the following inequality holds

k2 4 Zz P

1 b < : 12
ngZF—ZZP ki”—zzl’ ( )

where log (e) is a logarithm of (e), p is a positive constant.
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3. MAIN RESULTS

3.1. Controller design

First, define the following coordinate transformation:

2 =X1 = Yd,
Zi=Xi— 0, 1= l, ceny 7/1717 (13)
Zn = Xp — 01 +(1/f)xn+]7

where o;_; is intermediate virtual control signal, and it
will be designed later via backstepping.
Step 1: The time derivative with respect to z; from z; =
— vy, is as follows:

dzy = (o + fi —ya)dt + gldw. (14)

Then, define the first BLF as follows:

1 4
Vi=-1
i

+ 9 0., (15)
where él =0,— 91 is parameter error, él is the estimated
value of 0, ky = k; . — pi, and p; is a positive constant.

In the compact set Q, according to formula (3) in Defi-
nition 1, one has

2
2
LV, :4714)2 (3K +21) [l

4 (x2+f1 Va)— 0,0, (16)

k4

By using Young’s inequality, one has

22 4
————— (3k1+27) &
e G
2 4
aj 1 2 4
<4 G+ el 7
4 " 4at (i - ) i o

where a; is a positive constant.

Then, denote f; = f — yd+ 4a_
4 4
%Zl <§13 + C13)

(k? —Z 1)
constants.

The following inequality is obtained by substituting
(17) into (16)

s (36 )l 1+

3 ,where & >0and § >0 are

v = - (x +f)+aj—éTé
l_k‘f—z‘]‘ 2 1 4 191

(RIS

3 4 _ 3 4 _a
—qadi (=) 7 - 2aE (k=)

(18)
Since the structure of f| is not sufficient to directly ap-

ply it to the design of intermediate virtual control signals,
according to Lemma 2, MTN in the form of 8" P,,, (z) can
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be used to approximate f;. In particular, for any & > 0,
there is

fi=01P, (z1)+8 (z1), |6 (z1)| <&, (19)
where z; = [z ]T is the input vector of MTN.

On the basis of (13), one has z, = x, — . Then, the
following inequality can be obtained by substituting (19)
into (18)

z
LVi < S Z4(22"‘O‘1+e Py, (21) + 61 (z1))
i

4 4 _4
_*1151 (k4 Zl) ’ _ZZ?Cf (kél‘_z?) ’

2 .
+%—efel. (20)

According to (20), the first intermediate virtual control
signal ¢ can be designed as follows:

A

oy =—rz1—0,P,, 2n

where r| is a positive constant.
According to Young’s inequality, the following two in-
equalities are established:

3 3 4,4 |
1 4p3 (14 4 4
ot < gad (k-a) T g (22)
3 4 -3 [
— 2 < k 4+ — 23
. Z?Zz 41151 (ki —z7) +4§]412 (23)
Substituting (21), (22) and (23) into (20), one has
rlzl 1 1, a
LV, < — — —
1 + 4C1 464 ) + 4
3
+0, < m1k4_91) (24)
Constructing the adaptive law from (24) as follows:
b= mb 0
1=—m0+ mpmu (25)

where 1; > 0,i=1, 2, ..., n are constants.
According to Lemma 3, when |z;| < k;, the following
inequality holds
K et

1
5411 Z? (Alt Z? 20

log

Then plugging (25) and (26) into (24), the derivative of
V| can be obtained as follows:

k4 1
LV, 1 g}
1N Og 4C
! + + 9 0 27
451 22 T 1-
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Step 2: According to 7z = x, — ¢, the derivative of z,

can be obtained as follows:

dz = (x3+ fo— Vou ) di + grdo, (28)
where Voy = 9% (x, + f1) + 2 N §V 20,41 T
gig,and & = g — 37]81~

Then, define the second BLF as follows:
1 K | %
Vo=—log—2—+-0,0,+V, 29
2 40gk§—z§+2 2 2+ Vi, ( )

where 92 =0, — 92 represents the parameter error, k; =
ko — P2, |a1| < p2, and ps is a positive constant.
In compact set Q, according to Definition 1, there is

3

LV, =LV, + (X3 + f2 — V(X])

212

+7 3k + 21 —0, 0 (30)
2(k4 ) ( 2 2)”82” 2-

By using Young’s inequality, the following inequality is
easily obtained

4 > 38 +23) 2.I°
5 2
20k —4)° ?
1 Z4 A 2
B B C Y ) 31
<1 Ay (K +2) )l + R (31)

where a, > 0 is a constant.
Substituting (31) into (30) and let f> = fo — Vay +

_1

sy (W42l (& +&) (M-a) "+
I 54 22 (k2 22), where &, > 0 and {, > 0 are constants.

Then one has

’;

LV2: % (X3+f2) E ég(k *Z4)7%
kézt Zz 4 2 2 2
3 4 Nty a4
*Zzé (k3 —23) 4751412 T
—0.0,+LV,. (32)

Because the structure of f> is not enough to be used to
design intermediate virtual control signals, according to
Lemma 2, MTN in the form of 8P, (z) can be used to
approximate f>. Especially, for arbitrary &, > 0, there is

f=03P, (22)+&(z2), |8 (z2)] < &, (33)

where z, = [z1,25]" is the input vector of MTN.

Obviously, it can be seen from the front that z3 = x3 —
o, the following inequality can be obtained by substitut-
ing (33) into (32)

3

e
LV < i (m+ e+ 03P, (2) + 8 (22))
27T %2
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U4 @ 34404 a4
451412+Z_ZZ2§2’ (kz—ZQ) ’
3 4 _4 ~TA

—Zzg‘g (K —23) * —6,6,+Lv,. (34)

According to (34), the intermediate virtual control sig-
nal oy is designed as follows:

Oh = —1Z — é;sz, r > 0. (35)

By using Young’s inequality, the following two inequal-
ities are correct

_4 1
< k4 3 4 36
k4 52 Zz > ( 2) "‘744«24827 (36)
3 3 4 -1 14
—=—73 < k P4 —z. 37
e ng 2252( —2) —1—4524;; (37

Substituting (35), (36) and (37) into (34), one has

LV < rilog M +e < 3 é)
2 X —nlog——— I a1 U2
k1 2 k% Z%

2

1 4 r2z‘2‘
+Z4T48j —k4_z4 +

j=175; 222 =l

+n10 0+ —— (38)

éz

According to (38), the adaptive law is constructed as
follows:

A A z
02 = —128>+ 1 P, (39)
27 %

According to Lemma 3, when |z,| < k,, one has

k4 Z4
1 2. 40
e S (40)
Substituting (39) and (40) into (38), one has
2 k4 2 1
LV2<—erlogk4 4+Zﬂ8j
J=1 it =l CJ
1 2 a2 2 ~T A
+-—a+ Y. L+Y 06,0, (41)

Step 3<i<n—1: According to z; = x; — o;_;, the
derivative of z; can be obtained as follows:

dzi = (X1 + f; = Voy_1)dt + gl do, (42)
where Vo, | = g //1 (xjs1 4+ fj) + Z 3‘;‘;' E,Hl) +
]'gl % 19 + il gxaéxl gpgq’ and g; = Z 851,1&

Deﬁne the i- th BLF as follows:
Vi= g log o K ?+;éfé,-+w_1, 43)
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where éi =0;— éi is the parameter error, k; = k; . — pi,
|a—1| < p; and p; is a positive constant.

In the compact set Q, repeating the similar steps in Step
2, one has

i k4 i 1
J 4
Vi<— .27 rjlogr_Z4 + E —4€4sj

j jzl J
454 ,+1+Z +Zn6 (44)

where §; > 0, & > 0 and a; > 0 are constants.
The intermediate virtual control signal ¢; and the adap-

tive law 6; are designed as follows:

o = —rizi— 0 P, 1 >0, (45)

z
WP s (46)

i<

=—n:6+

where r; > 0 and 1; > 0 are design parameters.
Step n: Let z, = x, — 01 + (1/T)x,11 to get the
derivative of z,, as follows:

dz, = (u+f, —Va, 1)dt + g do, (47)
where Va,,_| = E ag‘; L(xic1+fi)+ )::0 a;;@fyfﬁ” +
8an . a1 T _— "l e
Z 9+ Z axaxgpgq,andgn—gn—)iwgi.

i=1 pg=1 """ i=1 !
Then we define the n-th BLF as follows:
1 4 Lot
Vnzzlogk4_z4+§0n6n+v,,_1, (48)

where én =0,— én is the parameter error, k, = k,, . — Py,
|ot,—1] < p, and p,, is a positive constant.
In the compact set Q, according to Definition 1, there is

3

k4z4

LV, =LV, +

(u+fn Vanfl)

-
Z(kﬁ - Zn)z

Using Young’s inequality, the following inequality is
easily obtained

(3K +2) |gnl> — 0,0,.  (49)

2
Zn 4 4\ (1A (2
Skn+zn gn
a 1 z 2
< _n n 3k4 4 ~n 4 50
4+4a%(3_24;,)4( n+Zn) Hg Hv ( )
where a,, > 0 is a constant.
Let
fo=fo— Vo, R ! 7(3/(4“) gl
ay (ki —z)?

(k4 4)7

n

3 4 ,1
+Zzn§$(k3—zi) ; 454 ——

where &, > 0 and {, > 0 are constant, and then we have

z | B
LVy SLVyoi+ 15 T (utfn) — 2

n n

3 _4 2 ~T A
o G Rt IR S M S G

According to Lemma 2, MTN of form 8*B,, (z) is used
to approximate f,, and in particular, for any &, > 0, there
is

an :ozpmn (zn)+6n (Zn>a |6n (Z">| <£”7 (52)

where z, = [z, 22, ..., 21] T is represents the input vector of

MTN.
From this, the following inequation is obtained

3

n T 4
LV, <LV, 0,P,, +6
1+kn a - (u+ F6) — 452111
3 2 4 4 a2 T
— 20 (K — +*_00,. 53
4 n ( n) + 4 n ( )

Meanwhile, the following inequality is true according
to Young’s inequality

3

Z, 3 4.4 4 4 1
kﬁ—zgs”giz”g (ki —z3) 3+4—4£,, (54)

Then, substituting (54) into (53), the following inequal-
ity holds

3 2 .
s T a, ~TA
LV, < 6,.P, —--0,0,
g 8 h) + 5 -0,
L +LV, L (55)
4C4 n n—1— 46:}71 ——<1 <
Selecting the actual control input as follows:
U= 1oz —0,Py 12> 0, (56)
So we have
4 3
'z ~T Vé A
LVn < Lan - . On 7an - on
: k4—z4+ <k;‘—Z2 ' )
a’ 1 1
+7 Loy . (57)

&~ g5 %
454 L

According to (57), the adaptive law is constructed as
follows:

3
A A Zn
8, =10y + 5" P (58)

n~ “n

From Lemma 3, when |z,,| < k,, one has

ki %
P Sk o)

n n
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Finally, substituting (44), (58), and (59) into (57), one
has

Z r log .+
-z

l L

+Z4C48’4+

n,0 i
1

n

n aZ
. 60
i=1 4 ©0
3.2. Stability analysis
Theorem 1: Under Assumptions 1-2, consider that the
closed-loop system consists of system (1), intermediate
virtual control signals (21), (35), (45), actual control in-
put (56) and adaptive law (25), (39), (46) and (58). For
any initial conditions, the following three properties are
true

1) All signals of closed-loop system are SGUUB in
probability.
2) All system states xj, x3, ..., X, meet the constraints.

3) The system output y tracking of the continuous refer-
ence signal y,.

Proof: For the closed-loop system, the Lyapunov func-
tion is defined as follows:

Ly og K
I K
4L

According to (60), we have the differential of V as fol-
lows:

%Zéféi. 61)

n k4 n ST A
_Zrllogﬁ—l—znlel 9,’
i=1 i

i=1

+i; 2454 4 (62)

In addition, for any i = 1, ..., n, there is T],-é,-Téi <
—%nié?éi + %niOiTOi, then one has

n 4 n T~
_;rllogm—ign,elo
n alz
+= Zn,oTe +Z4C4 H;Z (63)

Moreover, let/ =1 ¥ 7,6]6;+ ¥, 4—%_48,4 +Y % and A =
=1 i=1 % =1

min{dr, ;i i=1, ...
the following form

n}, then (63) can be expressed as

—AV +1. (64)
Then, on the basis of Definition 1, for any ¢ > 0, the fol-
lowing inequality is correct
/
0<SEV()]<V(0)e ™+ —. (65)

On the one hand, using the similarly discuss in [23], it
concluded that all system states xi, x», ..., x, meet the con-
straints.

On the other hand, we can see from the above equation
that //A is a bound on E [V (¢)]. Therefore, according to
(61), it can be concluded that the signals of all closed-loop
systems are ultimately uniformly bounded in probability,
and the output of the system tracks the given reference
signal. 0

4. SIMULATION EXAMPLE

In this section, two examples are given to verify the ef-
fectiveness of the proposed control method.

Example 1: Consider third-order stochastic nonlinear
system with full-state constraints and input delay as fol-
lows:

dx) = xdt +0.5x1d o,

dxy = (x3 —2sinx; ) dt 4+ 0.1sinxzd @, 66)
dxz = (u(t — 7) + x1x2%3) dt + 0.1 sinx3d @,
Y1 =X1.

According to Theorem 1, the control strategies of the
system (66) are as follows:

AT
—-0,P,, r>0,i=1,2,

& = —riZ;
AT
u=-—rzas —93Pm3, r3 > 0,
A N 2
ei = _ni0i+ ﬁ])ﬂ?ﬁ i= 1, 27 3

i 1

The initial condition of the system is x1(0) = x,(0) =
x3(0) =0, the reference signal is selected as y; = sint, the
input delay is selected as 7 = 0.01, the design parameters
of the system controller are ry =5, =8, 3 =9, N =
0.05, m, = n3 = 0.01.

Fig. 2 shows the trajectories of the system output y and
the specified reference signal y,, it is easy to see that the
tracking effect is satisfactory. Fig. 3 shows the tracking er-
ror y — yy of the system. It can be seen from the Fig. 3 that
the tracking error converges at the small neighborhood of
origin. The responses of the control output u, the state xp,
x3 are described in Figs. 4 and 5, respectively. It is clear
that x,, x3 are limited within the specified range. From the
above simulation results, we can see that all the states of
the system are controlled in the given limited range.

Example 2: In order to further verify the effectiveness
of the proposed method, we consider a class of Duffing-
Holmes stochastic system [43], and the specific form is
given by the following formula

dx; = xdt,
dxy=(u({t—1)+f(%2))dt+ g (%) do, (67)
y =X,
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Fig. 2. Reference signal y; and system output y.
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Fig. 3. The tracking error of system.

where f (¥;) = x; —x2 —x} +0.5cost, g (¥) = 0.2x3 cosx;.
The states are constrained as |x;| < 1 and |x;| < 10.

According to Theorem 1, the control strategies of the
system (67) are as follows:

AT
o = —n —Olel, r >0,

AT
u=—rz—0,P,, n>0,

Z3

0,' = —T],'ei+ ﬁpm” = 17 2.

The initial condition of the system is x(0) =
x2(0) = 0, the reference signal is selected as y; =
0.5(sinz 4sin(0.5¢)), the input delay is selected as
T = 0.01, the selection of system controller design pa-

rametersare r; =1, = 10, =01, =1L, ki =k = 1.

25 T
20 1
15
10
5
0
-5
-10
-15
-20
25 . , \ .
0 10 20 30 40 50
Time (sec)
Fig. 4. The system input u.
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Fig. 5. The trajectories of x, and x3.

The simulation results are represented in Figs. 6-9. It
can be clearly seen from Figs. 6-9 that a satisfactory track-
ing results have been obtained.

Example 3 (Comparative example): In order to further
demonstrate the effectiveness of the proposed method,
based on Example 1, we compare the adaptive control
method based on MTN with the NN method. The specific
way is to replace the MTNs with NN in the control strat-
egy proposed in Theorem 1, respectively. The comparison
results are shown in Fig. 10.

It is obvious from the figure that although both the MTN
based controller and the NN controller can achieve track-
ing effect, it is obvious that the former has better approxi-
mation ability than the latter. This comparative experiment
further verifies the effectiveness of the proposed scheme.



2776 Na Li, Yu-Qun Han, Wen-Jing He, and Shan-Liang Zhu

1.5 T T T T
The desired trajectory Yq
- - - - Systems output y
1 + k1 |

15 . 1 . .
0 10 20 30 40 50

time (sec)

Fig. 6. Reference signal y; and system output y.
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Fig. 7. The tracking error of system.
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Fig. 9. The trajectories of x; and k.
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Fig. 10. The tracking trajectories of system (66) under two
methods.

5. CONCLUSION

For the first time, the input delay and full state con-
straints of stochastic nonlinear systems are studied in a
unified framework using MTN approach, and a new adap-
tive controller based on the MTN is proposed, which has
the advantages of good approximation performance, sim-
ple system structure and low computational complexity.
Two simulation examples verify the effectiveness of the
designed controller. The proposed control scheme guar-
antees the boundedness of all signals in the closed-loop
system, and all states meet the specified constraints and
achieve satisfactory tracking performance.

Since the method developed in this paper is not suit-
able for the case of big input delay, our future work will
be transferred to extend the proposed methodology to a
broader case of input delay, including input big delay and
input time-varying delay.
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