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Abstract: In this paper, the control problem of prescribed-time adaptive neural stabilization for a
class of non-strict feedback stochastic high-order nonlinear systems with dynamic uncertainty and
unknown time-varying powers is discussed. The parameter separation technique, dynamic surface
control technique, and dynamic signals were used to eradicate the influences of unknown time-
varying powers together with state and input unmodeled dynamics, and to mitigate the computational
intricacy of the backstepping. In a non-strict feedback framework, the radial basis function neural
networks (RBFNNs) and Young’s inequality were deployed to reconstruct the continuous unknown
nonlinear functions. Finally, by establishing a new criterion of stochastic prescribed-time stability
and introducing a proper bounded control gain function, an adaptive neural prescribed-time state-
feedback controller was designed, ensuring that all signals of the closed-loop system were semi-
global practical prescribed-time stable in probability. A numerical example and a practical example
successfully validated the productivity and superiority of the control scheme.
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1. Introduction

This study presents a stochastic nonlinear plant in the form of non-strict feedback, as described
below:

dz
dx i

q(z, x)dt,
(AEDLxi 17 + £i(x) + Tilz, 1) )de + g/ () dw,
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dx, = (A + fu(x) + Doz, 0))dt + g (x)dw,
x(0) X0, i=1,...,n—-1, (1.1)

where x = [x1,...,x,]T € R", v € R, and xy € R are the system state, input, and initial value,
respectively. z € R™ is the stochastic state unmodeled dynamics portion. System power p;(f): R* — R*
is defined as an unknown time-varying function. It is worth mentioning that when p;(¢) > 1, we call
system (1.1) a high-order system. We denote [-]” = sign(:)| - |’ for any real number p > 0. w(?)
represents an m-dimensional standard Wiener process. I';(-) represents nonlinear dynamic disturbances.
q(), hi(-), T;(-), fi(-), and g;(-) indicate unknown locally Lipschitz continuous functions. The input
unmodeled dynamics subsystem is listed as

(1.2)

dz = ar(2) + br[u]™",
v = cr(2) + dr[ul?,

where 7 € R™ denotes the input unmodeled dynamics, ar indicates a globally Lipschitz smooth function
vector, br indicates a constant vector, cr(Z) indicates a smooth function, dr indicates a constant, and
u € R indicates the system input.

Many practical applications require severe time response constraints due to security reasons, or
simply to improve productivity. Hence, finite-time and further fixed-time stability problems have been
intensively studied, see [1-6] and the references therein. In recent decades, due to the widespread
application of stochastic nonlinear control in the fields of economics and engineering, the design of
stability time for their systems has become a hot topic. Some results have been achieved on the
asymptotic stability [7-9], finite-time stability [10, 11], and fixed-time stability [12—14] of stochastic
nonlinear systems with p;(#) = 1. It must be clarified that the aforementioned control strategies can
only determine the upper limit of the stable time through a complex mathematical function composed
of multiple control parameters. In many engineering applications, it is necessary not only to achieve
the desired control performance within a specified time frame but also without being constrained by
initial conditions. In this regard, [15] introduced the concept of prescribed time for normal-form
nonlinear systems, which utilizes state scaling methods, allowing users to pre-determine a
convergence time independent of other control parameters. Taking into account the frequent
occurrence of stochastic disturbances in practical systems, [16] further applied the concept of
prescribed-time stability to the inverse optimal control problem of stochastic nonlinear systems. In
continuation of previous research in [16], subsequent research in [17] founded a way to ease the
burden of control efforts. Additionally, a new non-scaling output-feedback control scheme was
developed in [18] for stochastic nonlinear systems with or without sensor uncertainty. Taking a step
further, when p;(#) = p; > 1, that is, system (1.1) is a stochastic high-order nonlinear system, there
poses a challenge to the control design since the presence of high powers impedes the achievement of
feedback linearization or controllability through Jacobian linearization, as discussed in [19]. For such
systems, the prescribed-time mean-square stability was discussed in [20], addressing both
state-feedback control and parameter uncertainty issues.

However, the aforementioned research outcomes are primarily based on an assumption that the
powers of system (1.1) are constants and precisely known. In real engineering applications, the
powers of many systems may undergo variations influenced by factors such as engineering data and
operating conditions. For instance, the power of a boiler turbine unit might be adjusted according to
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actual demand in [21] and nonlinear springs in unstable mechanical systems could lead to changes in
dynamic characteristics in [22]. These situations need to be considered during system modeling.
Furthermore, factors such as external disturbances, modeling errors, and model simplifications may
negatively impact the stability of controlled systems, thereby degrading control performance.
Although some scholars investigated finite-time or fixed-time control of stochastic nonlinear systems
with unmodeled dynamics and dynamic disturbances, and proposed some meaningful conclusions
in [23-26], these studies have not yet addressed the issue of prescribed-time control. It is worth
emphasizing that the adaptive neural network/fuzzy control method excels in addressing unknown
nonlinearities. For example, [27] proposed an event-triggered adaptive fuzzy control scheme that
effectively addresses stochastic nonlinear time-delay systems by handling delays using the
Lyapunov-Krasovskii function and simplifying uncertainty modeling with fuzzy logic, significantly
reducing data transmission and communication burdens. Additionally, [28] introduced an adaptive
neural network event-triggered asymptotic tracking control strategy that effectively tackles state
constraints and unknown dynamics in multi-input/multi-output (MIMO) nonlinear systems, utilizing
barrier Lyapunov functions and neural networks to achieve safe control and dynamic modeling,
thereby enhancing control efficiency and reducing data transmission. However, as far as we are aware,
there are still some challenges in directly applying this method to achieve prescribed-time stability for
stochastic nonlinear systems. Thus, these facts prompt us to raise an interesting question: can we
develop an adaptive neural prescribed-time controller to stabilize stochastic nonlinear systems with
unmodeled dynamics and unknown time-varying powers p;(t)?

To address this critical issue, this article provides a new constructive control strategy for prescribed-
time stabilization in probability. Prior to the controller design, the concept of semi-global practical
prescribed-time stability in probability is first introduced. Then, dynamic signal function, normalized
signals, dynamic surface control, and the parameter separation technique are used in every phase of
the iterative design to solve the issue of differential explosion of the virtual control and to eliminate
the effects of multiple unknown uncertainties. Radial basis function neural networks (RBFNNs) are
deployed to estimate the uncertainty functions and the backstepping technique is manipulated to design
the controller. Based on the bounded control gain function, the virtual controller does not tend to
infinity during operation and the suggested control scheme enables the system to persist operation after
a specified time, thus ensuring the performance of the closed-loop system. Compared with existing
findings, this article incorporates its primary contributions as follows:

(1) The framework of system (1.1) is more prevailing. In comparison with recent literature on
prescribed-time control [16—18, 20], this is the first study of the adaptive neural prescribed-time control
problem for stochastic high-order nonlinear systems with unknown time-varying powers.

(2) This paper expands upon previous research on stochastic nonlinear systems with unknown time-
varying powers, as discussed in [29-33], by additionally considering unmodeled dynamics in both
input and state. These dynamics have the potential to negatively impact control performance and
potentially lead to instability in the closed-loop system. On this basis, the control algorithm avoids
the repeated differentiation of the virtual controller by dynamic surface control, ensures the system
signal will achieve more effective prescribed finite-time stability, and adopts the minimum learning
parameter method where only one adaptive parameter needs to be adjusted dynamically to reduce the
computation.

(3) Even though stochastic nonlinear systems in [16-18, 20] can operate stably within the
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prescribed-time range, the control algorithm relies heavily on the unbounded gain signal % attr =T,
where T is the prescribed stabilization time. This situation presents difficulties for the control
system’s execution. Considering that any dynamic interference can lead to the controller approaching
infinity, which can harm the system response, inspired by [34], this article overcomes the
shortcomings of existing prescribed-time control methods when there is multiple interference in the
system, and ensures the continuous operation of the closed-loop system.

2. Problem statement and preliminaries

2.1. Problem statement

The aim of this thesis is formulated as to develop an adaptive neural prescribed-time control scheme
for system (1.1), which ensures the convergence of all closed-loop system signals to a specified small
region after the predetermined moment.

To ensure continuous operation of the control system, we introduce the function N(z) as

| @), 0<r<ty,
N() = { u(t,), >t P 2.1

where 1, indicates a specific moment in time that meets the criteria of 1, < T, u(t) = (%)S s> 1
indicates a constant, and 7 > 0 indicates the liberally predetermined time parameter.

Assumption 1. There exist positive constants p and p suchthat 1 < p < p;,(t) < p,i=1,...,n.
Assumption 2. There exist known smooth positive functions 4,(X;), hi(%;) such that h(x) < |hi(x)| <
hi(x),i=1,...,n.

In order to address the nonlinear dynamic disturbance I'; induced by the state unmodeled dynamical
system dz = ¢(z, x)d¢ and the influence of the input unmodeled dynamical subsystem (1.2), some
assumptions need to be outlined.

Assumption 3. The dynamic disturbance I'; of system (1.1) satisfies

ICi(z, 0l < g (lxl) + wia(llzID, i = 1,...,m,

where ¢;;(-) denotes an uncertain non-negative smooth function, and ¥;;(-) denotes an unknown
monotone increasing non-negative smooth function.

Assumption 4. The unmodeled dynamic z is exponentially input-state-practically stable, meaning that
for dz = g(z, x), there exists a Lyapunov function V,(z) such that

ai(llzll) < Vo@) < aa(llzl),  Vo(z) < ~lo Vi (2) + Alixll) + i,

where «(-), a,(+), and A(-) are all K, functions, [, > 0 and /; > O represent two known constants, and

x €(0,1).
Assumption 5. If dr > 0 in (1.2), the following relation holds

ler (@)l < bollzl,

where b, is an unknown non-negative constant.
Assumption 6. There exists a Lyapunov function V,,(Z) such that

_ _ _ v, _ _ 1%
HZP < V@) < HollZlF,  —Zar(@) < —2e0V(@),  Il—=
07 0z
where H;, H,, and Hj are positive constants and e, represents a known positive constant.

Il < Hsllzll,
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2.2. Preliminaries

Consider the stochastic nonlinear system described below:
dx = f(x)dt + g" (x)dw, x(0) = xy € R". (2.2)

We list some definitions and lemmas below for the following design and analysis process.
Definition 1. For system (2.2), the stochastic differential operator £ is listed as

oV(x) 1

Vi a%
v = T2 1+ S1ig007

0%x

g},

where Tr{g” ZZT‘; g} represents the Hessian item.

Definition 2. [35] If the solution of the nonlinear stochastic system (2.2) satisfies the following
conditions, the system is considered to be semi-global practical prescribed-time stable in probability.

(1) For any stochastic initial value xj, a unique solution is guaranteed.

(2) For initial values x, there exist a positive scalar  and a setting time 7,({, xo) < T to make
E{x(®I*} < &, YVt > 1o+ t, < T, where T indicates a predetermined prescribed time independent of the
initial value.

Lemma 1. If the continuous function R(7) satisfies

f
f R(¢)ds <0,YO< h <1,
h

then R(¢) < O for Vr > 0.

Lemma 2. For system (2.2), if a continuously differentiable (i.e., C?), positive definite, and radially
unbounded quadratic function V(x) exists along with K, functions @ (-) and @(-), constants C > 0,0 <
x <1, Py >0, and P, > 0, such that

ai(lldh < V(x) < ax(lixl),  LV(x) < —CR@OV¥(x) + R()P + P,

then system (2.2) is semi-global practical prescribed-time stable in probability, where N(f) is the
bounded function defined in (2.1).
Proof. First, since V(x) > 0 and LV(x) < N(f)P; + P, hold for all xj, according to the proof of
Theorem 4.1 in [36], it can be inferred that a unique strong solution of system (2.2) exists.

According to (2.3), there exists a constant 0 < r < 1, and the following inequality holds:

LV(x) < —CalV¥ — (1 — m)CKRV¥ + NP, (2.3)

where P = P, + P,. Applying the It6 formula, one has

EV(x(1)) = EV(x(0)) + E{ fo LV(x(s))ds} = EV(x(0)) + f E{LV(x($))ds,
0

where E indicates the mathematical expectation.

Let Q = {x|EV(x) < ( ﬁ)i }, and in the sequel, the following two situations are contemplated.

Situation 1. if the signals do not satisfy €2, according to (2.3) and applying Jensen’s inequality, one has

E{LV(x(1))} £ —CrE{R@)VX(x(1))} < —=CaR(O{EV(x()}.

AIMS Mathematics Volume 9, Issue 10, 28447-28471.



28452

Therefore, it is obvious that

EV(x(1) < fo —CaR(ENEV(x(e)}ds + EV(x(0)).

Moreover, the following inequality exists:

EV(x(®) - EV(x(0)) < =Cr f RHEV(x(s)} ds.
0

Denote EV(x(t)) = G(x(¢)) and construct the auxiliary function R(x(?)) as

' dG
R(x(1)) = fo {y + CrR($)G* (x(s))}ds. (2.4)
According to (2.4) and Lemma 1, one has
dGE;(I)) < —CaR(OGX(x(1)).

Furthermore, the following inequality is listed:

1%al—w(r»—Lcﬂﬂf(x(mw f ~CrN(s)ds,

Gx(1) < (G'*(x(0) - C(1 - y)m f N()d(s)) ™.

According to [34], we define function 8(¢) = 7C(1 — ) fot N(¢)d(¢) that is a prescribed-time function.
Thus, there exists a time 7, = ,B“(Cﬂ(i X)(G]‘X(x(())) - (5 I;)C)I;X)) < T such that B(1,) = G'™*(x(0)) —

(ﬁ)lx Next, for t < ¢, we get G(x(1)) < ((1 )X In addition, when ¢ > ¢, N(f) = u(t,) becomes
a positive constant such that 8(¢) is bounded. Then there is a finite time f; = W(GI‘X (x(t,)) —

((1 ”)C) X ) such that G(x(r)) < ( C)X forVie>t,.

Situation 2. if the signals satlsfy Q according to the Lasalle invariance principle, the track of x(r)
remains within the set Q. In sum, the time to arrive at the set € is bounded as ¢, which is less than 7.
Therefore, one has EV(x(7)) < (ﬁ)% )

Remark 1. In comparison with the prescribed-time stable in probability control strategies proposed
in [16-20], the selection of a power index y € (0, 1) in (2.3) ensures the existence of atime 0 <7, < T
such that E(x?) < 2((1_’; )C)i for t > t,, resolving the issue that controllers containing the prescribed
time function u(f) do not involve infinite gain. For system (1.1), a globally stable state within the
prescribed settling time 7 is realized. Moreover, since RBFNNs can infinitely approximate unknown
nonlinear functions through online learning, the combination of prescribed-time control with adaptive
neural networks allows for its application to stochastic nonlinear systems.

Lemma 3. /[37] If (2.2) holds for system dz = ¢(z, x), then for any constant a € (0, ay), any initial
condition zy = z¢(0), and any function A satisfying A(||x]]) > A(||x]|), there exists a finite time Ty =
max{0, ln(%om)) /(ayp — a)}, a non-negative function B(t,, t) given for ¢ > 1, and the signal depicted by

dr = —ar + A(||x||) + co, (0) = ry > 0,
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such that B(#y,1) = 0 for t > ty + Ty and V(z(¢)) < r(t) + B(ty, t). Without compromising generality, we
select A(|[x]) = A(||x]l).

Lemma 4. [38] If Assumption 6 holds and u belongs to L., the first-order system is defined by dh =
—Neoh + |u| for the subsystem (1.2) such that

12l < g1 (IZO)I + [RO)e™" + galA(D)],

where g; > 0, and ¢, > 0 are constants.
Lemma 5. [39] Let p > 1, and the relation can be obtained as

n n P n
Dl < (D ll) <n Y Il Y € R,
i=1 i=1 i=1

Lemma 6. [40] Let p > 1, and then
Ix1” = )Pl < pP7% + Dlx = y(x = y1”" + [y, Vx,y € R,
Lemma 7. [41] Let ¢ > 0, p; > 0, and p, > 0. Then

P1 |,|P2 p1 P1+02 _‘:*1 P2 P1t02
Xyl < o || +p [y, Vx,y € R.
1+p P11t P2

Lemma 8. [42] p(?) is a real-valued function satisfying 0 < p < p(#) < p with known constant p and p.
Then - -

Ix|P? < |x|2 + x|, ¥x € R.

To approximate the successive unknown nonlinear function F(¥) : R? — R over a compact set Qy C R?
in the design process, we further introduce the RBFNNs defined by

Fou(¥) = WTO(Y)

in the context of the adaptive control problem, where the input vector ¥ € Qg C RY is described, Qy is
compact, W = [wy,...,wy]"T € R?is the weight vector, d > 1 indicates the node number of the hidden
layer, the vector of basis function ®(¥) = [¢,(‘P),...,d.,(¥)]” € R? is denoted, the Gaussian function
¢;(\P) is described as

B (‘l‘—z,-)-;(‘*’—zp
() =e a  ,i=1,...,d,
where the center vector z; = [z, . . . ,z,-q]T is represented, and the width of the Gaussian function e, is

represented. If F(P) is a continuous function on a compact set Qy C R? with sufficiently large node
number d, then it can be approximated by the RBFNN as

F(P) = W O(P) + &(F), V¥ € Qy,

where (V) with |e(W)| < &* indicates the approximation deviation, and £* > 0 indicates an unknown
constant. The optimal weight vector, denoted as W*, is expressed as

W* = arg min sup |F(¥) — W O(P)|.
WeR? weQ,,
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Lemma 9. [43] If the basis function vector of the RBFNNs is expressed by
Q) = [¢1(Fn), - -+, ¢a(F)]" With P, € R", then [|®(F,)II* < [|O(P,)IP, m < n.

Remark 2. It is worth noting that the nonlinear functions f;(x) and g;(x) in system (1.1) include all
state variables, which is a non-strict-feedback structure. This is also true for some devices in practical
applications, such as uncertain robot systems and hyperchaotic inductive capacitor oscillation circuit
systems. If the control algorithm adopts the traditional backstepping method, its virtual controller will
inevitably contain the state variables of system (1.1), which will lead to algebraic loop problems in
simulation. Therefore, based on the definition of ¢;(‘*Y) and ®(¥) in RBFNNs, we utilize the properties
of Gaussian functions in Lemma 9 and the approach of segregating variables to reduce the number of
variables in the controller. Moreover, the restrictive conditions on f; and g; in [29-33] where stochastic
disturbances and time-varying powers also exist in the studied system are no longer needed in this

paper.
3. Main results

This section introduces a cohesive neural adaptive prescribed-time control strategy. The recursive
design process comprises n steps involving dynamic surface control and the backstepping technique.
The design of the n-step backstepping is rooted in the following coordinate transformation:

fl = X1, fi =X; — Xig, Si=Xig— Qi1, 1=2,..,n, (3.1)

where s; denotes error surfaces, @;_; denotes virtual controllers, x;; denotes the first-order filter output
signal which can be obtained through the input @;_;, and «@;_; will be specified later.

3.1. Controller design

Step 1. Consider the two equations of (1.1) and (3.1), and we have
dé(0) = (hi[x:]17"" + fi(x) + T))dt + g] (x)dw. (3.2)

Take the following Lyapunov function candidate into account:

1
W:Zﬁ- (3.3)

Applying Assumption 3 and Definition 1, it is not difficult to obtain that

LV,

3
E )" + £i(0) +Ti(x,2) + 568 (0g:(x)

3
E ] + fi(x)) + Ef%gr(x)glm + & W) + giadlzll)). (3.4)

IA

Building upon Young’s inequality, Assumption 3, and Lemma 3, it holds that

1 3 4 4
EN@ Il + wia(llzlD) < R Zf?(lﬁfl(llxll) + 4 (ay (r + B(ty, 1)),

3 3 3
S8l 10 < 2d g + 74y, (3.5)

IA
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where d; > O represents a constant.
Then, one has

1 3
LV, < fl (D[] + flfl(Xl) + = > + 4d2 (3.6)

where the unknown nonlinear function f;(X;) = fi+ 3d 2§1||g1(x)||4 451 (w11(||x||)+1//12(a Yr+B(t,1))))
with X; = (x,r)". Building upon the RBFNNSs, a neural network represented as Wi ®, (X)) is utilized
to approximate f;(X;) with X; € Qy, in a manner that

AX) = WTd(X)) + &1(X)), le1(X)] < &, (3.7)

with any given constant ] > 0.
Using Lemma 9 and Young’s inequality, one has

ERX) < |§1I3(|IW*|I ||<D1(21)||+8*)

3 —LH p w23
< ‘ P|\Wy O, Z)IF + ?
317 &P PIW I 020l 3+pQ1 2. =&
B 3+p #23 _p3
< PP @Iz T O + D +e " o, 7, (3.8)

3+p o ) ..
where Z, = [x,]7, ®*" = max{llW;"llTpi =1,...,n}, and o, indicates a design positive parameter.
Then, the formula (3.6) can be rewritten as

LV, < Em@nl® - [0 + Enlall + 167 (@10 Z)I) T 0" + 1)
3 1 F+3 p+%

+4d2+2+81p +o, " . (3.9)

The first intermediate control signal is constructed as follows:

a = —N(fl+[§1]ﬁ)<h;l+/ﬁ)<k1+1+<gl||<1>1<zl>||>“%ﬁ®>, (3.10)

where k; > 0 is a design parameter. Furthermore, from Lemmas 5 and 8, we get

) _ri®
O Y= RO >,
34p A
—R(j& PO + |§_1|3+pp'(t))(k1 + 1+ (@llP(Z)I) 3 ©),
&P 4 g Prom @, (3.11)

-1
hu(hy + by M
Emlay ]
6177

Thus, LV, can be obtained as

ININ IV

- ~ — 3+p
LV, < =Rk (&1 + 16 PP D) + Dy + Eh([x2]7'” = [a117'P) + OTIE PP (0l |01(Z)ID T, (3.12)

3+p 3+p
where Dy = 1 + 3d? +81 " 40,
Accordmg to Assumptlons I and 2, and Lemmas 6-8, we have

p1®OQ" 7 + DinléP1é + ol(é + 52707 + |y 07

En((x]"? ~[a]") < (
< &P P + 192l o + Mo, (3.13)
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where ¢y = 2P*2(p(2772 + 1)PPImEPPQ2 + & + s2|(ﬁ+3)(l_"1) + | |P*P=DYy and ¢y, are known C!
functions independent of p;(¢), and M, = 2+p (3 +p) T 4 4 3,
From Lemma 8 and Assumption 1, it holds that

GNP <GP 4 g PP g0 < GO 4 g0 i =1, . (3.14)
Substituting (3.13) and (3.14) into (3.12) results in
LV <16 o + 1521 00 + Mo + Dy = kg R(EIP O + 16,777 0) + @71 17 (011 (ZDID T . (3.15)
Stepi (i =2,...,n—1). Based on Ito’s differentiation rule and (3.1), we have
dé(t) = (hilxin 170 + f; + T = xi)dt + gl (x)dw. (3.16)
Select the Lyapunov function candidate as
V,=V, +1§“+14 (3.17)
i = Vi- =G T —S;. .
1 4% 4"

Then, the infinitesimal generator of V; indicates

LV = LV + ENlxi 17D + fi(x) + Tilz, ) — Xig) + %f?g,-(xfg,-m + s3ds;. (3.18)

In order to circumvent the need for repetitive differentiation of a;_;, the first-order filter can be
described as

TiXig = N(@i-1 — Xig),  %ig(0) = @;_1(0), (3.19)

where 7; is a positive constant.
By using the definition of s; = x;; — @;_1, we have X;; = —N ;—, and the differential of s; is

S Oa;_ pisi(® O O
ds; = (- x—— 7 ~(hja L1770 + £ = Tjo) + 0®®+ -
j=1
LS “'IT L )d 1“’” d 3.20
zZ o tz j (odw 20

From (3.20) and Young’s inequality, one concludes

-1

sids; = %slz( acylng(X) Z

(x) + 5 ( Ni—i - da/i_l)

3 6&, s}
< Es%( 1gj(x) Z gj<x> =N 4[5 - dag|
j—l Jj=1 !
3 dai_ _ 1 st3
< (Z ~2,(%)) Z () + (o) -NT + 2
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¢
3
< —N— + =87+ mi(x, 5,,0,r), (3.21)
T; 2
i-1 da; 3 i 0 t & i
where da;_| = Z’j:ll gx](hj (X171 O 4 fi =T o) + 1®+ R 1axfa£,g281 --X;_14 and
n;i > j((Z’j | 5(;1/;6 Lgi(x ))T(Z’j | ‘9;’)’6 Lg (X)) + 1(da; 1)4 is a non- negatlve continuous functlon.

With the help of the same estimation method in step 1, we have

-f ri<3g (w”(nxn) " «/fz(a '+ Blto. o) + 3,
Efi 8 8i < d, gl + d2 (3.22)
Similar to (3.13), one has
167 R (177D = @iy 17O < LEP P @it + sten + M. (3.23)

Then, the dynamic equation of V; is

i

i—1
LV < = D GRUEPO 4+ | PPOP) 1+ My + £ (lxia "0 + Fi(XD)) + >y

=1 j=2
o . o103 3 1j

DICAT AR YA DY s;*(T—j =5 —en)tydi + 5. (3.24)
j=1 j=2

_ 4 4 _ )
where fi(Xi) = fi(x) + 2d2E gl + 26 XD + v (e (r + Blto, 1)) — Xia + [€)P¢n with X; =
(X, Xia, Xia, ®, )" being an unknown nonlinear function. Then, for a given positive constant &, the
neural network W;T®;(X;) with X; € Qy, can be utilized for approximating f;(X;) in the following
manner:

fiXi) = WTO(X) + (X)), ledX)| < & (3.25)

Using Young’s inequality and Lemma 9 yields

3+p 3+p

EFX) < EF(@IPZ T O +1)+&, " +o, 7 (3.26)

where Z; = [x1, ..., x;, ®]", and o; > 01is a given design parameter.
Then, it can be obtained that

Lvi < - Z KR + 1€, 707) + Z Dj+ Ehlxis 1" = [a]"®) + Ehfai]"®

j=1
~ _ 3+p 3 = 345 A
+OIEL (ol 0 Z)I) T ~ N Z sﬁ(; -5 = en) + M (@Io@) ¥ 6 + 1)
J
-1
Z £ 02T + Z n (3.27)
j=1 j=2
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_3+p 3+p
where D; = 2d? + 1 + o, 7 +.9 7+ M,.
Next, the Vlrtual controller can be specified as

a = -NE&+ &0 +@J%)<k,~+ 1 +g,%ﬁ D25 6). (3.28)

Substituting (3.28) into (3.27), it can be derived that
i i i 1 3 i
Vi < =) N(IE PP 4 g PrPi0P) - R H—=-=-9pn)+ > D;
LV, < jzl N(e) g1 707) ;sj(Tj S o) ; ;

£ 4+ D O IR Z)IN T + EhilTx 17 - [ ), (3.29)

Jj=2 J=1

Step n. In this step, a real control law u will be constructed. Choose the Lyapunov function and
compact set 2, as

- 1 oo 1 ., 1
V&, 5,0,AB) = V. + —g“ + —s4 +—0"0+ —A*+ —n, (3.30)
Ady 2y 2y, Y2

where & = [&1,...,&] s = [s2,...,8.], v > 0,y > 0, and y, > 0 are the design parameters, and
™)) = ()" = (O)(#) with (*) being the estimation of (-)*.
From Assumption 5 and Lemma 4, we obtain

ler@l < bogi(IZO)I| + [A0))e™" + bogala(®)] < Ayu(1 + A(D)), (3.31)

where A,, = max{boq (|[Z(0)|| + [7(0)]), bog}.
Thus, we have

IA

15 Ijln()_cn) pTH 3 p+3
3+—_( 0 A1+ [R(DD) + 5kl

p+3

m|§n|!’”+§3“’<1+|h(t>|> PA+(1-2 )(1+|h(t)|)p o
1 3
3+ 7éadr’ <wn1<||x||>+w,,2<a (r+B(ro,r>)>)

f“llgnl +4 2, (3.32)

1
d—rfzhncr(z)

IA

IA

Laire»
dF nlLnlZ, X

3 2 T
Zd]“é‘:ngngn 4d2

3+p
where A = %, A, = 3+p ”;:”)Am) 7 ,and d, > 0 and ¢ > 0 are constants.

Furthermore, the expression of LV, is

LV, < -N Z KPP0 4 1 PHPOP) 4 £, [u]™ D + (X)) + Z 1 0,02 T

j=1

n—1
1 .2 Neph |ul 1-x
+ N si(=->- d2+— D——AA— 4+ =06
Z i~ Z 5i or)+ ,Z‘ 7 I R
3+p 345 1 3
PP EPL+ODT A+ (1= 2= )1+ D T Ay~ Rsi(=— ~2). (333)
S T, 2
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where f,(X,) = 2(fu(x) = %) + ﬁfnllgnll4 + §§nd;%(¢'§1(IIXII) + w,%z(ozl‘l(r + B(1, 1)) with X, =

(X, Xnd»> Xnd» 6,n7T being an unknown nonlinear function. Then f,(X,) = WiT0,(X,) + &,(X), len(X)| <
&, with the neural network W ®,(X,,) and a positive constant &/.
Utilizing Young’s inequality and Lemma 9, one has

3+4p 3+p

EFuX) < L0l (Z, NFO +D+e,’ +o,’, (3.34)
where Z, = [xi,. .., x,, ®]7 and o, indicates a given design positive parameter.
Then, by substituting (3.34) into (3.33), one has
3
LV, < Nzk 170 41 |3+pp/(t)) + Eny[u]® - NZ 4} - _2 _%2 an I ZD
] 1
1. Neoh
+|§n|3+p(Qn3 1D, (ZIIF O + 1) - —AA + &7+ BODT A - 4 M + —_|§n|3+”
Y1 Y2 Y2
n @T s 3 3+p 1 3
Z (yIE|P 1D A7 _5n —__Z
+ Z] O @0, Zp T - 6) + (1 )(1 +AD T Ay~ Ns (-3 639
_pt3 *L{i
where D, = 3d2+ 1 +0, " +5," .
Now, the control law and the parameter update laws are devised as
3+p

u = —N(fn + [£10)(B + by ”)(k + 140, 1D,Z)ITO + (1 kA A)
© = Z N0 Z)) T - 66),

=1
A = NOEPA+RODT - 8iA), (3.36)

where k,, 0, and 0, are positive design parameters.
Therefore, we can get

S

n—

v, < —N(kn - 3 p)(|§ OIS |3+pn(l‘)p) N 2 kj(|§j|Pj(t)+3 + |§j|3+Pj(t)[_7) + Ng@@ + JZZ;D,-
. » 3+p 1 3
WS Z (73— en) (1= )0 s mon ¥ A -si(- )
=2 j=2
N(s_;\[\ ) & + M (3.37)
021 V2 V2

3.2. Stability analysis

Theorem 1. Under the controllers and parameter adaptive laws (3.10), (3.28), and (3.36), stochastic
system (1.1) satisfying Assumptions 1-6 exhibits the following characteristics: (1) All internal signals
within the closed-loop system (1.1) remain bounded. (2) The equilibrium point of the system is
prescribed-time stable in probability.
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Proof. Next, it is evident from the structure of V, in (3.30) that V,, is a positive definite, radial
unbounded, and quadratic continuously differentiable function. Referring to Lemma 4.3 in [44], there
exist K, functions a@;(-) and a,(-) such that

a1 (A) < V(A < @A), A =(&,s,0,A,h). (3.38)

By defining ®* and A*, one obtains

NO ~ NO ~ ~ NO~—~ NO
—@TG) = —®T(®* ®) < —2—®T® > —OTO,
Y
86 86 86 No
TIATA = ZEATA - A) < —LATA + —ATAR (3.39)
7 " 2y, 2y,
With the aid of Lemma 7 and (3.14), one has
b 45— 1)
& < g - — — 4 1. (3.40)
3 g P+ DB+ p)
From (3.40), choose & = min{ky, ..., k,, 6,01, e}, let y = = and k, > 3+ + JT(d ¥, and rewrite (3.37)

as

v < el (L »*)—x(%@f@)*+x<%@T@y+s<—4@-D )

2.G6) + g (+ DG+ D)
n—1 n n n—1
[/
k; +ZD]-+N(—ATA)X+217]—NZ ————90,2)
=1 =1 Vi
N ... No_ N - N6 Nnfi i
AN 676 + 9T g S ATR 4 SO perpe DAl
2y 2y 2y, 2y Y2 72
+ 3+p)(1 +IEO) T A, — Rs (l _ E) _ N(iZ\T[\)" (3.41)

According to Lemma 7, one obtains

1o 3 N 3
N(r3,076)" + x(—zyl ATA)" - N(—Tj -5 - en)si- —;; ~Ns (—Tn —5) < SRA -
0 N N 13 13
_x(—’; : )+ ﬂ—2y®T® - ATA - x((—] -5 -%n) st - N((T—n - 5)sﬁ)". (3.42)

) 3+p 34p . ) ) )
Since ¢, 1, |ul, and |(1 — éf”T)(l + |[h())) a A,| are non-negative continuous functions, and V,(A) is
bounded, there exist known positive constants @, 77, H,, and N, such that ¢ < @, |u| < Ny, 1; < iji,

and |(1 — f” =1 + |h(t)|) Aal < H,. Hence, by choosmg —2¢p+3 and 1 - > ;, (3.41) becomes

4
£, = -8l 3 (2 + () ) - (L) - nt (£ 070) — Nt (- ATA) NP+ Py

= 4dr Y2 2y 2y
o Twel o 3 113
I R ()
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< —CKNVY + 8P| + P, (3.43)

where C = min{4¥n, 7%, (4( — ), (4( - )y Py = 5%@”@* + 612—;1A*TA* +(n+3)(1 -

X+ (1= Al (v kJ(n ~ 1)+ k, — ﬁ), and P, = 3", D; + ¥, 7l + Ny + H,. Therefore,
we can obtain

LV, < —CRVY + KP, (3.44)

where P = P; + P,. Consequently, it is deduced from (3.30) and (3.44), in conjunction with Lemma 1,
that the A-system attains semi-global practical prescribed-time stability in probability. Taking the proof
procedure of Lemma 2 and (3.44) into consideration, it can be concluded that all signals are confined
within a compact set Q = {A|EV,, < ( )C)X} as

1 1 P \x

[EED] < [EED]? < (4E(V,))? < 2((1 _ ﬂ)c) ’
~ ~ P X
[E(@z)] = [E(Az)] < 2Ymax BV, < 27max((1 _ ﬂ)c) >

[E(s)] < [E(sH]? < GE(V,)? <2 (3.45)

(==0)"
(I -mC

where ya.x = max{y,y:}.

Remark 3. We further elucidate the challenges presented in this thesis as follows:

(1) In this paper, due to the joint role of unknown time-varying powers, stochastic disturbances,
unknown control coefficients, and unmodeled dynamics, to handle the high nonlinearity in the design
procedure is not an easy task.

(2) Since the adaptive neural network control is incorporated into the design process to address cases
involving an unknown nonlinear function encompassing all state variables, which inherently results in
the diversity of variables and the complexity of coefficient functions, therefore, how to overcome this
problem to prevent the difficult execution of the controller becomes a challenging task.

(3) How to analyze the semi-global practical prescribed-time stability in probability of
system (1.1) with unknown time-varying powers, stochastic disturbances, unknown control
coeflicients, and unmodeled dynamics is not easy work.

The design procedure of the proposed control scheme can be depicted by Figure 1.

System
model

XXy %y, €1

Figure 1. Block diagram of the control system.
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4. Simulation examples

To validate the effectiveness and feasibility of the proposed adaptive control project, this section
presents a numerical example and a practical application case.

4.1. Example 1

The following second-order stochastic high-order non-strict-feedback nonlinear system is
considered:

dz = —z+0.5(x] + x3)sin(x;) + 0.5,
dx; = ([xz]%J'% SN x1 cos(xy) + 0.1z sin(x; x,))ds + 15x7 x,dw,
dv, = (v+ xlxg + zx%xz)dt + 16x2e_"%dw,
7.1 =27 + 323 71 .
@ = 45 =3+ 2005 = 25+ P v = 4 2 @)
+ 25

where pi(f) = po(t) = t+ ¢sint, p =5, p =1, h =h =1, fi(x) = xc08(xp), for(x) = X113,
[} = 0.1zsin(x1xp), T = zxixa, g1(x) = 15x7x,, and g>(x) = 16x,e71.

By adhering to the design methodology elucidated in this thesis, the virtual controller a;, the
controller u, and adaptive laws @ and A can be obtained in the following form:

_ -1 3+p 34 A
@ = NEHEPVE +h K+ 1407 [0UZ)IT 6),
3+p

uo= NG+ G+ 1k + 1+ 0, 19216 + (1 + (o) 7 A),
2 -
6 = YN llo )T - 50).
J=1 »
A = N()’lggﬂ"(l + |h(t)|)3% —&i1A). w2

In simulation, we choose the prescribed settling time 7 = 4 and the initial values are designated
as [x,(0), x2(0)] = [4, =51, ©(0) = 0.9, A(0) = =0.9, (0) = 0.9, z(0) = 1.5, and Z(0) = [0.1,0.1]. The
design parameters are selected in intermediate control functions as 7, = 0.4, ky =k, = 0.5, 01 = 0, =
02,0=061=03,y =7 =0.1,¢ = 5, and s = 2. To establish the basis vector function ®;(Z;), for the
backstepping steps, we designate the center of the receptive field as z = [-1.5,-1,-0.5,0,0.5, 1, 1.5]7
and determine the Gaussian functions width as e = V2.

Thus, the outcomes of the simulation are shown by Figures 2—4. Figure 2 shows the curve of the
system states x; and x,. Figure 3 illustrates the curves of control signal u. Figure 4 depicts that the
trajectories of the adaptive parameters ® and A are bounded. As shown in these figures, we know
that the suggested adaptive neural control scheme ensures that the closed-loop system is continuously
stable after a preset time T = 4 (s).

AIMS Mathematics Volume 9, Issue 10, 28447-28471.



28463

| | | | |
0 0.5 1 1.5 2 2.5 3.5 4 4.5 5
Time(sec)

w

Figure 2. Responses of system states x; and x, under T = 4(s).

80 - ! ! ! ! ! ! ! ! !
0 0.5 1 1.5 2 25 3 35 4 45 5
Time(sec)
Figure 3. Response of control signal # under T = 4(s).
T
" —6
1 A
0.5 bl
0 -
0.5+ b
R= E
| |
0 0.5 1 1.5 2 25 3 35 4 45 5

Time(sec)

Figure 4. Responses of adaptive laws ® and A under T = 4(s).
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In order to verify Assumptions 4—6, we select input unmodeled dynamics 7 = [Z1,%,]7, V,, = 7/ Z,
and Vy(z) = z°. By employing Young’s inequality, one obtains

3
ler@)] < 1421] + 122 2 |<4|zl|+3|zZ|<4«F 22+ 2 =4V22. (4.3)

By selecting H; = 0.6, H, = 1.7, and H; = 2, one has

ov,(2)
07

ar@) =-2z}-82 - 42 +42 <@+ ) =-V.@, 122 <2 (4.4)

Let @; = 0.3z% and @, = 1.5z%. Then

aVo(Z)
0z

X
I-x

q(z, x) = 2z(—=z + 0.5(x7 + x3) sin(x;) + 0.5) < =) + 0.5]]x|* + (1 =y )™ +0.5. (4.5
According to (4.3)—(4.5), it can be observed that input and state unmodeled dynamics satisfy the
requirements of Assumptions 4-6.

Remark 4. In order to further study the impact of the control parameters on system response, we
choose two groups of different cases for Example 1 in Table 1. In addition, both groups of data is
operated with the same other design parameters of 7, = 0.4, 6 = 6; = 0.3,y =y, = 0.1, and ¢y = 5.
The final simulation results are shown in Figures 5 and 6. By comparing the responses of the two
cases, we can see that the dynamic response of case 1 is better than that of case 2. On the other hand,
by Lemma 2 and (3.44), one can see that the small and convergence rate of system response are affected
by the design parameters k;, 0;, T, and s. When we choose larger prescribed control parameters 7" and
s, then the N(7) in @ and controller u are very large. At this time, the values of parameters k; and p;
in the controller can be selected to be small. Hence, from the perspective of practical application, we
need to tradeoff the boundedness of the controller and the convergence time by selecting large k;, small
T, and appropriate o; and s.

Table 1. Control parameters in Example 1.

Parameters Values in case 1 Values in case 2
ki, ko 0.5,0.5 4,4

01, 02 0.2,0.2 0.5,0.5

T 4 1.5

) 2 2
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\ \
20 —5(t) in case 1
1501 ‘ —(t) in case 2 |

o- :

| | | | |
0 0.5 1 15 2 25 3 35 4 4.5 5
Time(sec)

Figure 5. Trajectories of control signal x,(¢) in cases 1 and 2.

T
300 —u in case 1
—u in case 2
200 - -
100 — ~
AN
-100 -
-200 ~
-300
400 I | | | |
0 0.5 1 1.5 2 25 3 35 4 45 5

Time(sec)

Figure 6. Trajectories of control signal u in cases 1 and 2.

4.2. Example 2

This example is a simplified model representing a boiler-turbine unit in [21] as follows:

dz = —z+0.5(x7+x3)+0.5,
dx; = ([x]”? + zsin(x; x2))ds + 0.5x75dw,
2
X
dxy = ((1+x))v+ — +0.5zx10)dt + 0.2x,x;dw,
1+ x5
- e - _ ; _ -2+ 423 ®
dzy = 2% -7} + 2, dop = 2% + []?Y, v =7, + Tz [u]”>, (4.6)
)

where x; and x, indicate the drum and reheater pressures, respectively. u represents the placement of
the control valve, the unknown systems orders are indicated as 1 < p;(f) < %, i=1,2,pi(t) = %+% sint,
pa(t) =2+ 3sint, p = %,B =1Lh =h=1h=1h=1+x,T =zsin(xx),and I, = 0.5zx,x,.
According to (3.36), the controller, the adaptive law, and the basis functions of NNs are consistent
with the structure of Example 1. The design parameters and the initial values are taken as 7, = e +
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001, k] = k2 = 07, 01 = 02 = 01, Y=Y = 01, 0= 61 = 03, €y = 3, s = 2, T = 3, X](O) = 05,
x2(0) = 0.2, ©(0) = 0.8, A(0) = -1, 7(0) = 0.2, z(0) = 1.3, and Z(0) = [0.1,0.1]". The control effects
are shown by Figures 7-9. Specifically, Figure 7 provides the trajectories of x; and x, within the
prescribed settling time. Figure 8 depicts the actual control input u that can compensate for the effects

of the stochastic disturbance and dynamic uncertainties. Figure 9 expresses the curve of adaptive laws
® and A.

-=-T (t)
—a(t)|

42 43 44 45 46 47 48 49

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time(sec)

Figure 7. Responses of system states x; and x, under 7' = 3(s).

10+ —u(t)
5- - 1

O 34 36 38 4 42 44 46 48 5
5 il
10+ il

| | | | | | |
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Time(sec)

Figure 8. Response of control signal # under T = 3(s).
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)
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. . . . . . . . .
o] 1 2 3 4 5 6 7 8 9 10
Time(sec)

Figure 9. Responses of adaptive laws ® and A under 7' = 3(s).

5. Conclusions

The importance of this thesis lies in its pioneering exploration of the adaptive prescribed-time
stabilization issue in stochastic high-order nonlinear systems, where unknown time-varying powers
and dynamic uncertainty are prevalent. This study represents the first comprehensive discussion of
this challenging problem. A neural predetermined time-varying feedback controller is crafted to avoid
the differentiation of virtual controllers and reduce computational burden through the dynamic surface
control. The results indicate that all internal signals of the closed-loop system are continuous and
bounded, and the equilibrium point is semi-global practical prescribed-time stable in probability.
There are still some unresolved issues at present:

(1) We need to find a more comprehensive control scheme that enables the system to achieve global
stability without relying on initial values and design parameters, eliminating the impact of unbounded
gains.

(2) Note that the dynamic surface control method can generate significant filtering errors and
cannot achieve good stability effects. Another future work is to combine command filtering control
and eliminate the residual term generated by adaptive control to achieve zero tracking error.
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