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Nussbaum-type gain function and neural network (NN) approximation approaches are extended to investigate the adaptive state-
feedback stabilization problem for a class of stochastic high-order nonlinear time-delay systems. The distinct features of this
paper are listed as follows. Firstly, the power order condition is completely removed; the restrictions on system nonlinearities and
time-varying control direction are greatly weakened. Then, based on Lyapunov-Krasovskii function and dynamic surface control
technique, an adaptive NN controller is constructed to render the closed-loop system semiglobally uniformly ultimately bounded
(SGUUB). Finally, a simulation example is shown to demonstrate the effectiveness of the proposed control scheme.

1. Introduction

During the past decades, the control of stochastic nonlinear
systems has been an interesting field and received fruitful
development based on the stochastic stability theory in [1-3]
and other references. However, the existences of nonlineari-
ties and time delays cause the instability of system perfor-
mance and give rise to much greater design difficulty in the
stabilization procedure. To handle nonlinearities, neural net-
work (NN), especially radial basis function neural network
(RBF NN), has been successfully extended to stochastic
nonlinear systems due to its inherent approximation capacity;
see [4-8] and the references therein. To deal with time delays,
there are often two ways, namely, Lyapunov-Krasovskii
function and Lyapunov-Razumikhin technique. Recently,
together with NN and backstepping, Lyapunov-Krasovskii
theory was used in [9-13] and Lyapunov-Razumikhin
approach was utilized in [14-17] to stabilize stochastic non-
linear systems with time delays, respectively. However, to the
best of our knowledge, for stochastic high-order nonlinear
time-delay systems, there are still a few results.

In this paper, we further consider the following stochastic
high-order time-delay system:
dx; = xP dt + £, (t,x (1), x (t - d, (t))) dt

i+1
+g; (6% (8),x (£ - d; (1)) do,

i=1,...,n—-1,

@)
dx, =) uPrdt + f, (t, x (t), x (t - d, (t))) dt

+g,(tLx(t),x(t—-d, (1)) dw,
Y =X

where x = (x;,...,x,)" € R"and x(t — d;(t)) = (x,(t -
d;(t),...,x,(t - di(t)))T are system state vectors; x;, ..., X,
u € R and y are system measurable states, control input and
output, respectively. For 1 < i < n,d;(t) : R® — [0,d;] are
time-varying delays, which are Borel measurable functions.
Define d = max,.;,{d;} with initial value {x(0) : -d <
0 < 0} =& e % ([-d,0RY. py,...,p, > 1are odd



integers called the high-order of the system. () # 0 is
unknown bounded time-varying continuous function called
control direction. For 1 < i < n, the drift terms f; : R" x
R” x R" — R and the diffusion terms g; : R x R" x
R” — R’ are assumed to be locally Lipschitz in (x(£), x(t —
d;(t))) and piecewise continuous in t with f;(¢,0,0) = 0 and
gi(t,0,0) = 0. wis an r-dimensional standard Wiener process
defined on a probability space {Q, F, {F},5(, P}, where Q is a
sample space, F is a o-field, {F},, is filtration, and P is the
probability measure.

When d,(t) = 0, [18-27] investigated different feedback
control problems for system (1) with different structures.
When d;(t) + 0, [28] studied the output-feedback control
with p; = p and d;(t) = d(t) under restrictive growth con-
ditions on f; and g;. To relax the growth conditions, [29, 30]
firstly generalized the homogeneous domination approach
proposed by [31] to stochastic high-order time-delay systems.
Subsequently, [32-34] further solved the stabilization prob-
lems for more general systems based on homogeneous dom-
ination approach. However, in [29, 30, 32-34], the nonlinear
functions were still assumed to satisfy somewhat restrictive
growth conditions. In addition, [29, 30, 32-34] were all
achieved with 7(t) being bounded by positive constants or
n(t) = 1. For n(t) # 1, the Nussbaum-type gain function
approach proposed by [35] has been proven to be a useful
tool and is frequently used in [11, 12, 36-38] for stochastic
nonlinear systems with p; = 1. Immediately, one raises the
following problem:

How does one generalize RBF NN and Nuss-
baum-type gain function approaches to system
(1) to further relax the restrictions on nonlinear
functions f; and g; and time-varying control
direction #(t)?

This paper focuses on solving this problem. The main
contributions are listed as follows. (i) Compared with the
existing results [29, 30, 32-34], we largely weaken the
restrictions on the drift and diffusion terms by extending
NN approximation approach to system (1). Furthermore, to
handle unknown control direction, we utilize Nussbaum-
type gain function approach to allow the sign and the bounds
of n(t) to be unknown. (ii) By introducing dynamic surface
control (DSC), the problem of “explosion of complexity” gen-
eralized by the repeated differentiation of virtual controllers
is avoided, which greatly simplifies the control algorithm.
(iii) An adaptive state-feedback controller is constructed to
ensure the closed-loop system to be semiglobally uniformly
ultimately bounded (SGUUB) by using backstepping tech-
nique and choosing Lyapunov-Krasovskii function skillfully.

The remainder of this paper is organized as follows.
Section 2 begins with mathematical preliminaries. The design
process and analysis of adaptive state-feedback controller are
given in Sections 3 and 4, respectively. In Section 5, a sim-
ulation example is shown. Section 6 summarizes the paper.
Finally, the necessary proof is provided in the Appendix.
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2. Mathematical Preliminaries

The following notations, definitions, and lemmas are to be
used.

Notations. R* denotes the set of all the nonnegative real
numbers; R” denotes the n-dimensional Euclidean space. &’
denotes the family of all the functions with continuous ith
partial derivations; &> (R"x[-d, 00), R") denotes the family
of all nonnegative functions V(x,t) on R" x [-d, co) which
are €% in x and €' in t. €([-d,0];R") denotes the space
of continuous R"-valued functions on [-d, 0] endowed with
the norm | - || defined by [ fll = sup,ci_golf(x)| for f €
€([—-d,0],R"); | - | denotes the Euclidean norm of a vector;
%bgo([—d, 0],R"™) denotes the family of all F,-measurable
bounded €([-d, 0]; R")-valued random variables & = {£(6) :
-d < 0 < 0}. X denotes the transpose of a given vector
or matrix X; Tr{X} denotes its trace when X is square. &
denotes the set of all functions R* — R*, which are
continuous, strictly increasing, and vanishing at zero; #
denotes the set of all functions which are of class # and
unbounded. To simplify the procedure, we sometimes denote
X(t) by X for any variable X(t).
Consider the following stochastic time-delay system:

dx(t) = ft,x(t),x(t—d(¢))dt
+g(tx(t),x(t-d({1)do,

)
vt >0,

with initial data {x(0) : -d <0 <0} =& ¢ %?70([—d, 0], R™),
where d(t) : R* — [0,d] is a Borel measurable function; w
is an r-dimensional standard wiener process defined as in (1).
FiR"XR"xR" - R"and g: R" xR"x R" — R™ are
locally Lipschitz with £(0,0,t) = 0 and g(0, 0,¢) = 0. For any
given V(x(t),t) € c*, together with stochastic system (2),
the differential operator & is defined as

vV oV . 1 0%V
LV =—+— =T —dJr. 3

at+axf+2 r«]g ang} ®
Definition I (see [35]). A function N({) is called a Nussbaum-
type function if it has the following properties:

lim sup JS N () d{ = +oo,

s—oo Js

5 @)
lim gfj N Q) d¢ = —co.

Many functions satisfy these properties, for example,

& cos((/2), In(¢ + 1) cos(+/In(C + 1)), and * cos(/2).
Throughout this paper, the Nussbaum function N({) =

& cos(1t{/2) is exploited.

Definition 2 (see [14]). Let p > 1; considering stochastic non-
linear time-delay system (2), the solution {x(t), t > 0} with
initial condition & € S (S, is some compact set containing
the origin) is said to be p-moment semiglobally uniformly
ultimately bounded (SGUUB) if there exists a constant d such
that E{||x(t, &)|?} < d, ¥Vt > T, holds for some T > 0.
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To facilitate the control design, the following lemmas are
applied.

Lemma 3 (Youngs inequality). For V(x,y) € R? xy <
Ef/p)xI? + (1/ge?)|y|? holds, where ¢ > 0, p,q > 1, and
1/p+1/g=1

Lemma 4 (see [26]). For real variables x > 0 and y > 0; then,
x < y+(x/m)™((m- 1)/)/)"'_1, where m > 1 is a real number.

Lemma 5 (see [31]). Let x and y be real variables; then,
for any real numbers m,n,b > 0 and continuous function
a(-) = 0, one has a(-)x"y" < blx|™™ + (n/(m + n))((m +
n)/m)—m/na(_)(m+n)/nb—m/n|y|m+n.

Lemma 6 (see [31]). For x,y € R, where p > 1 is a constant,
the following inequalities hold: |x + y|P < 2P7'|x? + yP| and
(x] + YD < |2+ [P,

In the sequel, radial basis function neural network (RBF
NN) is to be applied to estimate the unknown nonlinear
functions. By choosing sufficiently large node number, for any
continuous function f(x) over a compact set S, ¢ RY, there

isa RBF NN W*TS(x) such that, for an ideal level of accuracy
e(0<e<),

FR)=W'Sx)+0(x), B <e )

where §(x) is the approximation error and S(x) = [s; (x),...,
sN(x)]T is the known function vector with N > 1 being the
RBF NN node number. The basis functions s;(x) (1 <i < N)
are chosen as s;(x) = exp[—(x — bi)T(x - bi)/qz], where ¢ is
the width of the function and b, = [b;,...,b;,]" is the center
of the receptive field. W* is the ideal constant weight vector
with the form W* = arg miny,, g~ {sup s | f(x) - WIS},
where arg min is the value of variable W when the objective
function SUp cs | flx) - WTS(x)| is minimum with W =
[w,,...,wy]" being the weight vector.

3. Design of State-Feedback Controller

The objective of this paper is to design an adaptive NN state-
feedback controller for system (1) under weaker conditions
such that the closed-loop system is SGUUB. To achieve the
above objective, we need the following assumptions.

Assumption 7. The time-varying delays d;(¢),i = 1,...,n, in
system (1) satisfy 0 < d;(t) < h; and d,(t) <y, < 1 for positive
constants h; and y;.

Assumption 8. 3(t) # 0 is unknown sign and takes value in
the unknown closed interval H := [[7,1*] with 0 ¢ H.

Assumption 9. Nonlinear functions f; and g; satisfy
CIORIGEAC)]
< fu )+ fo (£ -di (),

|g; (t:x (1), x (t - d; (1)))]

< g (¥)+gn (y(t=d; (1)),
(6)

.,n, where f;, fi, gi> and g;, are positive
functions with f;;(s) = sfij(s) and g;;(s) = s?ij(s) forj=1,2.

fori = 1,..

Remark 10. We emphasize two points. (i) To the best of our
knowledge, only [33] consider the unknown control direc-
tions for stochastic high-order time-delay systems. However,
in [33], the unknown control directions are of known signs
and are bounded by positive constants. We allow the sign
of #(t) to be unknown and remove the bounds limitations
in Assumption 8. (ii) Motivated by [14, 15] for stochastic
time-delay systems, the restrictions on f; and g; are greatly
relaxed in Assumption 9 compared with the existing results
in [29, 30, 32-34].

To simplify the design process, define
Q:max{Nil‘/Vi*|2, i:l,...,n}, (7)

where Nj,...,N, are the number of RBF NN nodes and
Wi',...,W, are the ideal constant weight vectors. Before
the design procedure, introduce the following coordinate
transformation:

21 = Xy,

(8)

2 =X = QG 1=2,...,0,

wherea, g, ..., &, are the outputs of the first-order filter with
virtual control laws «,, . . ., &, being inputs. Now, we give the
backstepping design procedure by utilizing the technique of
DSC and RBF NN approximation approach.

Step 1. Choosing the 1st Lyapunov function candidate as
Vi(z,,0) = (k/(p = py +4))z) "™ + (1/21)8 and using (1),
(3), and (8), one has

LV, <k 2P (D £ 0)
.
-p;+3 _ 12
+ PP k2, () 6] ) - 200,

where p = max{p;, i = 1,...,n}, k;, [ > 0 are design
constants, 0 is the estimate of 8, and 8 = 60 is the estimation
error of 6.

In the sequel, we estimate the terms of (9) by using
Lemmas 4-5 and Assumption 9 as

ka2l P A0
< klzf_pﬁs (fii )+ fra(y(t=d, (1))
< klzf_Pl+4711 (y) + lnz‘f_‘b1+4

+ z11 S_PIM (J’ (t -d, (t))) < klzf_PIHfu ()’)

+ lnz‘fiplﬂ +& + 211f1pz+3 (y(t-d, 1)),



pmAn PPy ppy (T () <k (p-pr +3)

: fop‘” (91, () + 91> (y (£ - dy ))))

<k (p-p+3)20 PG () + 12

+1,g5 7 (v (- dy (D)) <k, (p— py +3)
2 PG () + L2 P

+ Elng;3 (y(t-d,®)),

4 &

(10)

A (kifi+k (p=pi+3)G0 +hy + 1) + (n O + ¢12()) 20
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where 1,,, I,,, &, and &, are positive parameters, [;, =
/(p=py+4D((p=py +8)/(p=py +3NL,) PP,
En = (((p = py +D/(p + )PV EP((p - 1)/(p -
pu+ E) PP T = f(p - pyr+ D)(p - py +
/(P = py+ D) PPy (p = py + )PP, and
Ei = ((p = py + D)/ (p + 3N P EP((p — 1)/ (p -
Py + 4)E,) PP gre constants that can be designed.

Substituting (10) into (9) and choosing the intermediate
variable &, ; as

~P1 _
@ (X)) Py , )
one yields which together with (13) changes (12) into
- R <V, < clzf+3+k zll7 P1+3( f‘ Pl) vl()z‘wr3
PVy <k P (- &l ) - 02 |
_¢12( ) - §(§—T1)+A1 (15)

— ¢ ( ) - %é@ +&n + &, (12)

+y" (t-d (1)) S, (y (t—dy (1)),

where X, = (z,,0) € Sx, = 1{X; | x € §,}, S, is a compact

set through which the state trajectories may travel, v,(-) and

¢,,(0) are continuous functions to be designed later, and
— —p+3 _

Siy(t=dy(0)) = &, f1; (/=i (0)+E1,70 (1t =dy (1).

To proceed further, applymg Lemmas 3-4 and RBF NN

(5) to estimate oc f as oc f =W Sl + 8, and |6,| < ¢, this

leads to

2
3. 3 0 ¢
—k, 2P §}< ZPPt (k1+—+—1)

< Zf p1+3‘P11 (é) +

1 pp+35
SEI+21 ‘/’11() zzfpl 0,

% g (13)

where &, > 0 is a design constant, IWI*TIZS2 < IWI*TIZN1 <6,
011(0) =k + V1+6%/2+ ¢} /2and ¢;, = (p— p, +3)/(p+

3))‘/’11(é))(P+3)/(P_P1+3)(P1/(P -p t 3)51)P1/(P_P1+3). Choose
the first control law as

1/p
0y (20.0) = -2, <%()) _p(5), )

+ P (t-d ()8, (y(t-d, 1)),

where ¢, > 0,7, = ([/2)2" " and A, = & + &, + &,

In order to avoid the repeated differentiation of virtual
control law, we introduce dynamic surface control technique.
Let a, ¢ be obtained by a first-order filter with time constant
@p; then, it has g,dyp + oy = @, and o, 4(0) = o, (0).
Define Y, = &, — a; as the output error of the filter; thus,
drp = -Y5/q, and Y, = -Y,/q, + D,(X,), where D,(X,) =

215 (é) +th8.1 (5)5. Then, by using Lemmas 5-6 and (a+b)" =
Y, Cha” 't it holds that

kyzP Pt (x5t —at) = ky 2t put3 ((z, + Yy + o)

-l )
- ocfl) < klz‘f”oﬁ3 < Z C;,l (z, + YZ)PI_]

j=0

(p-1/2 (16)

'(_21/31 (9)) >< k, Z C212P1 1-2j p pr+3+2j

j=0

(2l + ") B <yl + 900 (9)
Z§+3 +V12YP+3 +¢12( )Z‘f+3,

( -1)/2 .
where y; Z iy Ylly Yi2 = Z Y125 with Yi1j

and y;,; being positive design parameters, N () S
(py - 2)/(p + MNW(p + D - p + 3 +
2y ) PP (e 91202 14 TP i)
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and ¢@ = (p - p o+ 3+ 2)/(p + 3
(((P + 3)/(P1 _ zj))ylzj)*(l%*21)/(10*Pﬁr3+2])(kl21’1*1*21CPJ1 .
\1+ /3;‘1')(”3)/(‘”_?”3”]'). Substituting (16) into (15), one gets

gVIS_(Cl_Vll)Z‘f _”1(')21 +¢20( ) e

1~/=
+y, Y - 1:6(0—Tl> +A, 17)

+yP (t-d ()8, (¥ (t—d) (1))

Stepi (2 <i <n—1). Asimilar result to Step 1 is obtained at
this step. We state it in the following proposition.

Proposition 11. For the ith Lyapunov function
V()—i 4 ”’*4+i Lyrey 18 )
T Hp- p+4f Sp+3 /o’

there exists a virtual control law in the following form:

o, (7,0) = - <C + 0 (8) + ¢, (0 )>1/pi

ki (19)
= —zp; (5),
such that
Z( YJI) b _V1()Zp+3
+ P10 ( ) {Tf + ZyJZYﬁf - % (9 - Ti)
(20)

+A;+ iypﬁ (
=

p+2 J+1
ZY]H ( » Dj+1>’

where ¢, k;, and y;, are positive design constants, 9,(0)

P2 s 20 = YL@ " 6,0
((p = pi + 3P + NGO PV (p ~ py
3)Ei)Pi/(P—pi+3)) A, = 23:1(%0 +&) + Ejz + gj), & =
$0® = (piy — 2)/(p + INp + 3ynyl(p -
Py + 3+ Zj))_(P_Pi—l+3+21)/(Pi—1_2j)(k 2pi,1—1—21C21

1+ BN CD, and §,() =€, Ty () + gy ()
Proof. See the Appendix. O

~d;(0)S;(y(t-d; 1))

vV

S+

Hence, at step n, we choose

n n
ki p-pees 1 3,15
+ )y —Y"7 + —60. (21
;p pl+4’ ;p+3 ! 2T @)

By exactly following the design procedure in Proposition 11
and introducing Nussbaum function, one can construct the
adaptive control laws as

u=2z,N©pB,(9),
¢ =27 (B),
Bo(0) = (c,+ 900 (0) + 6,0 (B)),

T ~
=32 P ke Bs

I
™M=

I
—

thus, this leads to

ZV, < Z(C y,l)z -7z f+3

i=1
n—1 5 5
pt P2p
+ Z (Yiz - q_>Yi+1 ZYM

ko 7~ (23)

i+1 + An

+ Yy (- d; (1) (v (¢ - d; ()

i=1

+kn () NP () ¢+ ¢,

where ¢,, k, > 0, y,;, = 0 are design constants, gon(g)

W+ V1462 + sﬁ/z, A, = Yo + &+ &,
£), 0@ = (s = 2)/(p + 3P + 3o/ (P -
Poy + 3+ 2)° (P=Pp1+3+2))/ (Pn- 172])(k 21’”1 1- chpnl

N1+ B )2 g ©) > ((p - p, + 3O/ (p +
3))(P+3)/(P_P"+3)(p,,/(p ~p, + 3)£n)Pn/(P—Pn+3) £, = 0,and

Syt —di(0) = &, F1 (it — di () + £ (0(t - diy(8)).

Remark 12. During the design procedure, the drift and diffu-
sion terms are technically handled for more general system
(1) by RBF NN approximation approach compared with
[29, 30, 32-34]. Furthermore, the repeated differentiation of
virtual control laws is avoided and the unknown time-varying
control direction is successfully handled by introducing DSC
and Nussbaum-type gain function.

-+

4. Stability Analysis

The main result of this paper is stated in the following
theorem.

Theorem 13. For stochastic high-order time-delay system (1)
satisfying Assumptions 7-9, when the adaptive control laws are
chosen as (14), (19), and (22) and the initial condition satisfies
V(0) < o, the closed-loop system consisting of (1), (8), (14),
(19), and (22) is semiglobally uniformly ultimately bounded
(SGUUB), where V is the closed-loop Lyapunov-Krasovskii
functional and o is some constant.



Proof. Choosing Lyapunov-Krasovskii functional V = V, +W
as

n

t
V=V, + ;j Y8 (v (s))ds,  (24)
t=d;(t)

zll_yl

in terms of Assumption 7 and (23)-(24), one obtains

V==Y @) -m 0L

i=1

n

+ Zl yPS; (y) + Z <Yzz

=1+ Vi i=1

_) p+3
G ) (25)

ZYP+2 iy H A+ —99

i+1

+ k(1) NP () + .

Let »(:) — Z:’:l(l/(l - ¥))S;(¥) = 0 and use Lemma 3 to
estimate the terms in (25) as

+2 p+2 (p+3)/(p+2) <, p+3
Yiljd vl S _3( oDis1) Y£1
1
+ (26)
(p+3)ef”

Go<-3+ o2,
2 2

one can get

n—1
1
- ( VYo~ T3 (30 i+1

)(p+3)/(p+2)> yP3 (27)
i1 pt 3 ik

6%+ Ay + k(NP Q)+,
where ¢, > 0is a parameterand A, ., = A, + 1/(p+ 3)spJr3
(ko/2I)6>.

By estimatingV,, as V-W < Y| pzf
3))Y?*? 4 (1/2I)6” and choosing

i+1

+3+AO+Z?;11(1/(p+

X:min{ﬂ,(p+3)
P,

i

1 +2 + + 2
<__V12 Pr= (%0 +1)p R 2)> ko’l} (28)

qz+1 P +3
=B+ A0,
this leads to

PV AV -W)+pu+kgt) N Q)+

<AV +p+ k() NP (O E+,

Mathematical Problems in Engineering

where A is a design constant, p; = ((p — p; + Dk;/(p +
3))(P+3)/(P—Pi+4)((Pi ~D)/(p-p; + 4)AO)(PF1)/(P—P;+4), and A
is a positive parameter to be chosen.

Multiplying (29) by e, taking expectations on both sides
and integrating it over [0, t], one has

E(MV) < E(v(0)+ & (¢ -1)

t (30)
e[ GNP 41t
then,
E(V)<E(V(0)e™ + g (1-¢™)
" Jt (ko () NPx () + 1) {e™ds
0 (31)
SE(V(0)e™+ g

+ [ Gen@NT @+ 18 s

It is easy to see that, in (31), 0 < e M) < 1fors e [0,t].

Let e M-I NP (¢) be a new Nussbaum function; according to
Definition 1, one has lim; _, ., sup I e MNP - 400
and lim; _, ., inf _[ e MINPH((){ — —oo. Then, it can be
obtained that E(V) < 0, but this counteracts the fact that
E(V) > 0; therefore, { and e M) NP (0)¢ must be bounded
by some constant, which shows that E(V) must be bounded
to some constant.

From the above discussion and Definition 2, one gets that
V is SGUUB. Thus, from the forms of V and V; in the design
procedure, one concludes that all the variables in the closed-
system are SGUUB; that is to say the closed-loop system
consisting of (1), (8), (14), (19), and (22) is SGUUB. The proof
is completed. O

5. A Simulation Example

Consider the following stochastic high-order nonlinear sys-
tem:

dx, = xzdt + () dt+ g, () dw,
dx, =n(t) x3dt + f, () dt + g, () dw, (32)
Y =X
where p = max{3,5} = 5, f, = x}/(1 + x2) + (x,(t -

d,(t))sin(x,), g, = xfxl(t -d,®), f, = x,cos(x,) +
(1/5)x1xf(t—d1(t)), gp = xf(t—dl(t))/(l +x§) +xf/(1 +xf),
n(t) = 1+ 0.1sin(t), d,(t) = (1/4)(1 + sin(t)), and d,(t) =
(1/5)(1 +sin(t)). It can be verified that Assumptions 7-9 hold
true.
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FIGURE 1: The responses of the closed-loop system (32)-(33).

By exactly following the design procedure in Section 3, we
construct the adaptive control laws

Z; =Xy,

Zy =Xy —Kyfs

~ 173
&, =% (%) =-z; (5) >
u=2z,N({)B, (é) > (33)

(=26 (0),
B, = (Cz + ¢ (é) + ¢ (5))1/5 >

where ¢, ¢, kg, ki, k,, and I' are positive design con-
stants, q,d,; + ayy = o, with g, > 0 being a time

constant of a filter, ¢,(0) = k¥ + V1+62/2 + €/2,
by = ((5/8)p,0)¥°(3/56)%, 9,0) = k2 + V1+6%/2 +
/2, ¢ = (3/8)((8/5)y110) " (V2/0)k))* + (1/8)((8/

Ny~ Gkiy1+ B, ¢a1 = ((3/8)9,(0)*7(3/58,)°"°, and
€1, &, &1, &, Y110, and yy; are positive parameters.

In simulation, choose the Nussbaum function as N({) =
& cos((71/2)¢) and let the design constants and parameters
bec, = 12.5,¢, = 5,ky = 1,k; = 2,k, = 0.5,T = 50, ¢, = 0.01,
& =0.018 =1,& =1,y =2, 711, = 2,and g, = 0.1. The
initial conditions are given by x,(0) = 1.35, x,(0) = —0.85,
é(O) = 0,and {(0) = 0. From Figure 1, one can see that system
states, control input, adaptive law, and variable «, s converge
to the origin uniformly, which means that all the signals of
the closed-loop (32)-(33) are SGUUB. Figure 1 demonstrates
the effectiveness of the control scheme.



6. Conclusions

This paper considers the unknown time-varying control
coefficient by generalizing Nussbaum function to a class
of stochastic high-order time-delay systems. Under weaker
conditions on the drift and diffusion terms, the adaptive state-
feedback control is solved by using RBF NN approximation
approach. The control scheme ensures the closed-loop system
to be SGUUB. An issue to be investigated is how to further
handle the output-feedback problem for system (1).

Appendix
Proof of Proposition 11. We prove this proposition by the

frequently used induction method. Assume that, at step (i—1),
there exist a series of virtual control laws

X (Ej,é):_zJ(C i+ 50 (0) + ¢, (0 )> 1,

k.
~2;B; (é) >

j (A1)

=201,

such that

LV <=y (G-y) 2 = ()27

+ ¢10 ( )Zf+3 + ZY]ZY‘]}T:IS

(A.2)

+ Zyp+3 (t

J=1

p+2 j+1
ZY]H < o Dj+1>

~d;(1)S; (¥ (t

~d; 1))

holds for V., = 37, (k;/(p - p; + )z} ™ + X1/ (p+
3))in.p "y (1/21)0, where the parameters and functions are

designed as in Proposition 11.
In the sequel, we prove that (A.2) still holds for (18). By
using (3), (8), (18), (A.2), and Ito’s formula, one has

LV <~ (Cj_)’ﬂ) Ty ()"
j=1
; 1 .

+¢,~0( )z;.DJr3 + Z ]ZYJ’:? T (0 T, 1)
+A;

i-1
+ 2P (e-d;0)8;(y (£ -4, )

=1
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p+2 j+1
ZY;H ( N Dj+1)

+kZP P1+3( z+1+f1() ‘le)

-p;+3 —p+
e PP e 2,007 )
(A3)

Estimate the terms on the right-hand side of (A.3) with the
help of Lemmas 4-5 and Assumption 9 as

kzl P (fi () - d‘if) < kg P (fn (y) - é‘if)
+ 1y 2P P L R (y (- d (1))
< kizipfp"+3 (f,1 (y)- o'cif) + l,-lzf*p"+4 +&;
+& S50 (r (-4, ),

p-pit 3k'Z‘.D_P"+2
1~

5 (A4)

9 (gl () <k(p-p;+3)

2l P (gh () + 9 (v (£ = d; ())) < o

p=pit3 p-pitd

+p(y)z +1,2]

+ l,zg;l; ler4( (t—d; (1)) <& +p(y)zl pi+3

+ lizzfpipﬁr4 +&p + &29,‘?3 (y(t-d; (1)),

where I}, 1,5, &, &, and &, > 0 are parameters, I, =

A/(p=pi+(p=p; + D/ (p= p; +3))ly)” (ppi®) p=pitt.
& = (((p pi+ ) (p+ M EIEPD (o 1)/(p - py +

4PV = (((p - i+ 2)/(p — pi + 3ki(p -
p+3) PPN P (1) (p— p 4 2)E NI T = (2/(p-
pi+N(p-p;+D/(p-—p; + 2))11,2)*(P*pi+2)/2(ki(p —p
3PP E = ((p- pi+ D)/ (p+ 3 PP ((p, -
1)/(p—p;+4)&,,) PP~ are design constants, and p(y) =

T (p—p;+3)/(p—pi+2)
Eiognp P rh ().

Then, substituting (A.4) into (A.3) and constructing the
intermediate variable as

&ty (X))

2z (I + 1) + k; (fll 1f) +p(y)+ ¢, ( ) p (AS5)

k; ’

1

one gets

-1
Z (6-vn) 2" =m0
+ (/)10 ( ) P+3 ¢12 ( )Z;‘p+3 + ZV;ZY]}T—S

%5(5 1)

A+ &+ 8 -
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+ Zyp+3 (t

j=1
p+2 jt+

ZY]H( +D )
q1+1

p-pit3 ~Di
+ k Z <x1+1 (x1+1 f) >

~d;0)S;(y(t-d; )

(A.6)

where X; = (z;, &;y, &,-f)T and ¢,,(0) is a design function.
Utilizing Lemmas 3-4 and RBF NN (5), there exists Wi*TS,-

T
such that & “+1f =W, S; + 0, 18;| < ¢;. Thus, we have

P=pi*3 p; ppw3 (2, 0 &
~kiz; Ul <z Tk + o+ =
i+1,f i i 2 2

—p. . 1 ppi3=
<z "0 (0) + Ezip g (A7)

+3 o) 1 —-pi+3 5
<& +27¢, (6)+Ezf P,

where & > 0, [W* 2$> < W' PN, < 6, ¢, > ((p -
P+ 3o, (é)/(P + 3))(P+3)/(P—Pi+3)(pi/(p_pi + 3)&)1’;’/(1"1’#3)’

and ¢i1(§) = k2 +V1+022 + si2/2. By applying (A.7) and
constructing the ith virtual control law as (19), one arrives at

sz < _z( V]l) p+3 oz lp+3 ” ()Zp+3
j=1
~92 ()2 + ZyﬂY}’;?
+ jzzlyp” (t-d,0)S;(y(t-d;)) As)
i-1 )
+ ZY;:Z (_Y]+1 + Dj+1)
j=1 qj+1

+ 2l (k) - alt)) + A

1 z+1 i+1 1

where A, = A + &+ &+ &, + &, 1, = Z}ZI(F/Z)zf_Pj+3.
Now, let a;,;  be obtained by a first-order filter with time
constant g;,; then, it holds that cjl+1()'c,-Jr1 St (xmf =«
and a;,; £(0) = o;,;(0). Define Yy, = oy -
1+1/q1+1 and 1+1 -

=Yi11/Gin1 + Dy (X;), where D, (X;) = Ziﬁi(e) + Ziﬁi(e)e-

i+1
o, as the
output error; it is obvious that d;,, ; =

9
With the help of Lemmas 5-6 and (a + b)" = Y, C;anf"bi,
this yields
pP=pi+3 [ Pi pi
kiz; ™ ( Xiv1 ~ “i+1)
pi—1
—p;i+3 : i~
<kzl " zcja,. (zi1 + Vi)™
=0
A\\/
(e @)
(A9)
P2 2jnpi-1-2j 342 2j
1-2j p-pid+ -
<k Z CPfZP' le? P ](|Zi+1|p j
=0

Pi2j\ % p+3 p+3
+ Y| ) <Vilz +¢z+10( )ZH]

3 3
+Y12Y£-'1— +¢12( ) P+’

where y; = Z(P' Va j and ¥ Z(P’ Yo j with y,y;
and yp; belng positive design parameters, G0 =
((pi = 2p/(p + 3INUp + Byy/llp — p + 3 +
2]'))—(P‘Pi+3+2j)/(?i—21)(kizprlfzjcéj 1+/3flj)(P+3)/(Pi_2]') and
i i ’
$2() = ((p— pi +3+2)/(p+3)Up +3)/(pi —2j) -
yizj)—(Pi—Zj)/(P—Pi+3+2j)(kizpi—zf—lci{ A ’1 + ﬁ;}j)(P+3)/(P—Pi+3+21).
Substituting (A.9) into (A.8), one obtains (20). The proof is
completed. O
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