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Abstract—1In this paper, the adaptive fault-tolerant control
(FTC) problem is addressed for the stochastic nonlinear sys-
tems with multiple faults. The multiple faults, including the
actuator and abrupt system faults, are first discussed in the
same theoretical framework. The unknown nonlinearities are
approximated by multi-dimensional Taylor networks (MTNs).
By taking advantage of backstepping technique and finite-time
control, the actual control law and virtual control signals are
constructed, and then a novel adaptive FTC scheme based on the
finite-time control method is proposed. The proposed controller
guarantees that the closed-loop system is semi-global finite-time
stable in probability (SGFSP) and the tracking error converges
to a small neighborhood around the origin in the finite-time.
Lastly, three examples are given to illustrate the effectiveness of
the proposed scheme.

Note to Practitioners—This research is motivated by the fact
that actuators faults exist widely in real applications, which often
degrade the control accuracy of the system and even result in the
system instability. So far, the actuator and abrupt system faults
of the stochastic nonlinear system have not yet been considered
under the same theoretical framework. Therefore, this study
designs a new MTN-based adaptive finite-time FTC scheme,
which can ensure that the closed-loop system is SGFSP. The
proposed control scheme has excellent practical value.

Index Terms— Adaptive control, fault-tolerant control, finite-
time, stochastic nonlinear systems, MTN.

I. INTRODUCTION

T IS well known that actual control systems are character-

ized by nonlinearity, uncertainty and complexity, and also
affected by external disturbances inevitably. For this reason,
the research on the control of stochastic nonlinear systems
has attracted great attention [1], [2], [3], [4]. So far, to deal
with the unknown nonlinear functions in control systems,
many approximation-based intelligent control methods have
been successfully reported, such as the neural network (NN)
control [5], [6], [7], [8], the fuzzy logic systems (FLSs)
control [9], [10] and the multi-dimensional Taylor network
(MTN) control [11], [12], [13], [14]. Among them, the MTN
control method has obtained more and more attention because
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of its simple structure and fast function approximation ability,
and many MTN-based control schemes have been gained [15],
[16], [17], [18], [19], [20]. For example, authors in [15]
constructed a new adaptive MTN control scheme for the
stochastic nonlinear systems, which improved the real-time
performance. For the stochastic nonlinear systems with input
saturation, author in [17] proposed a MTN-based control
strategy via the backstepping technology. However, it should
be noted that most of the above results focused on asymptotic
stability or exponential stability, and failed to consider the
convergence performance of the systems. In recent years, the
research hotspot has been transferred to the finite-time control
due to the fact that the finite-time control has the good quality
of finite-time convergence [21], [22], [23], [24].

In view of practical application value, the control schemes
based on the finite-time stability theory have advantages of
high accuracy, fast convergence and good robustness [25],
[26], [27]. Therefore, the finite-time control problems of
stochastic systems have attracted more and more attention.
For instance, authors in [28] and [29] respectively proposed
a novel stability theory and a controller design algorithm
for the above problems. So far, many schemes based on the
finite-time control have been gained for different stochastic
systems, such as stochastic nonlinear systems [30], [31],
switched stochastic nonlinear systems [32], high-order sto-
chastic nonlinear systems [33], [34], non-triangular stochastic
nonlinear systems [35], full state constraints stochastic nonlin-
ear systems [36], quantized stochastic nonlinear systems [37]
and stochastic nonlinear systems with input quantization [38].
Although a great of finite-time control schemes have been
proposed for stochastic systems, the research results on fault
tolerant control (FTC) based on finite-time stability theory are
relatively infrequent, and many valuable control problems have
not been investigated.

In fact, with the rapid development of modern industry, the
structure of industry systems is more and more complex, and
the function is more and more abundant. Due to the high
complexity of the systems, the probability of failure of system
components is also greatly increased [39], [40]. The occur-
rence of faults may degrade the control accuracy of the system
and even result in the system instability [41], [42]. Therefore,
the FTC problem has gained a wide concern, and a lot of
meaningful schemes have been proposed for different systems
with actuators faults, for instance, nonlinear systems [43],
multi-input multi-output nonlinear systems [44], [45], and
stochastic nonlinear systems [46], [47]. Specially, due to the
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importance of application background, the FTC problems of
stochastic nonlinear systems have become a research focus,
and many meaningful achievements have been obtained [48],
[49], [501], [51], [52], [53]. However, the finite-time control, the
actuator faults and the abrupt system faults of the stochastic
nonlinear systems have not yet been considered under the
same theoretical framework, which have an important role in
promoting our current research.

Motivated by the above discussion, for the stochastic non-
linear systems with actuator and abrupt system faults, the
adaptive MTN finite-time FTC problem is considered in
this study. By using the finite-time stability theory and the
adaptive MTN method, a new adaptive finite-time MTN FTC
scheme is designed. The provided scheme can ensure that
the closed-loop system is semi-global finite-time stable in
probability (SGFSP). Compared with the existing results, the
main innovation points of this paper are listed as follows:

(1) For the first time, this paper simultaneously considers the
issues of finite-time control and FTC of stochastic nonlinear
systems subject to multiple faults, and presentes an adaptive
MTN finite-time FTC scheme. Although several MTN-based
control schemes for stochastic nonlinear systems have been
developed in [14], [15], [16], [17], [18], [19], and [20], most
of the results can not be directly used to solve the finite-time
control problem of stochastic nonlinear systems with multiple
faults.

(2) For stochastic nonlinear systems, the abrupt system
faults and the actuator faults are considered at the same time in
this paper. It should be noted that the multiple faults problem
has been studied in [43], [44], and [51]. However, their control
plants are nonlinear systems rather than stochastic nonlinear
systems. In addition, although [47], [48], [50], [52] also
addressed the fault problem of stochastic nonlinear systems,
they only focus on actuator faults and forget the abrupt system
faults. Therefore, the issue and the systems studied in this
paper is more general.

(3) Different from the FTC schemes proposed in [46]
and [49], a novel adaptive MTN FTC scheme is proposed to
realize the tracking control of the systems, which can not only
achieve the tracking error converges to a small neighborhood
around the origin in the finite-time, but also guarantee the
closed-loop control system is SGFSP.

The rest of this paper is organized as follows. Section II
provides the problem formulation and preliminaries. The main
results of this paper are developed in Section III. To validate
the proposed theoretic results, the simulations are made in
Section IV. Finally, the conclusion of this paper is given in
Section V.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. System Descriptions

Considering the stochastic nonlinear system with A inputs
as follows

dx; = (v + G(&)dt + ¢F (@)dw
i =12,...,n—1
dx, =@+ (%) + HOF)dt + ¢ (%,)dw

y =X

(1
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,X, are the state variables with X; =
[x1,%2,....,x1" € R. a = la,a,...,a;,]" € R*
with a;(j = 1,2,...,1) are known constants, v =
[v1,02,...0;]7 € R* is the system input vector, whose com-
ponents may breakdown, &;(:) : R® — R and ¢;(-) : R — R
denote nonlinear continuous functions and satisfy ¢;(0) = 0,
¢i(0) =0, y € R denotes the system output, w is a standard
Wiener process. Function F(x) denotes the system external
fault, and H(fr) € R" denotes a diagonal matrix, which is
designed as

where xi, xo,...

H([) _ [O, < Ttault (2)
1, = Tfault
where Tg,y denotes the system external fault occurrence time.

For the system (1), the aim of this paper is to propose
a MTN-based adaptive finite-time FTC scheme such that:
(i) The closed-loop system is SGFSP; (ii) In the finite-time,
the tracking error y — y,; eventually converges to a small
neighborhood of the origin.

With the exception of the system external fault, two types of
actuator faults are considered in this paper, namely, the lock-
in-place faults and the loss of effectiveness faults. According
to [49], [54], the above actuator faults can be described as
follows, respectively

Lock-in-place faults model:

0i(t) =0j, t>1 (3)

where i € {i1,iz, - ,ig} C {1,2,--+,4}, 0; is a constant
and #; denotes the time when the actuator seizes up.
Loss of effectiveness faults model:

vj(t):ajuj(t), tztj (4)

where j € {ir, iz, -+ ,ig} N{1,2,---, A}, 0; € [g;,1] is
the still effective ratio when the loss of effectiveness fault
happens, o ; denotes the minimum of o, ¢; is the time instant
at which the loss of effectiveness fault occurs, u;(t) is the
control framework, which will be determined later.

Based on (3) and (4), the jth control input v;(¢) can be
expressed as v;(t) = (1 — p;)o;u;(t) + p;d;, where j =
1,2,..., A and p; is defined as

1, if the jth actuator seizes up
pi= &)

0, the other situation.

Therefore, the input vector v(f) of system (1) can be
expressed as follows

v(1) = ou(t) +p(@ —oul)) (6)
where u(t) = [ui(t),...,u;(t)]" is the control vector,
v = [01,...0;]7 is the constant vector, and p = diag
{p1,p2, ..., pi}, 0 =diagloy, 02,...,0:}.

Remark 1: The actuator faults considered in this paper,
as shown as (3) and (4), which exist widely in practical indus-
trial systems, such as manipulator systems, aircraft systems,
and so on. The considered faults can be abrupt appearance
and enter into the systems without fault diagnosis information.
Consequently, it is more universal and has a wider range of
applications.
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Assumption 1 [17]: The reference signal y; and its time
derivatives up to the nth order are bounded and continuous.

Assumption 2 [55]: The system (1) can achieve the control
goal when some actuators seize up and the others may lose
effectiveness.

For the stochastic nonlinear system (1), all inputs are con-
ducive to achieve the control aim and the control framework
u; can be designed as follows

u; = bj(x)l)() (7)

where j = 1,2,...,4, x € Q, C R", the function b;(x)
satisfies 0 < b; < b;(x) < by, b is the minimum of b;, b;
is the maximum of b;, vg stands for the actual control law,
which will be designed later.

B. Correlation Theory

To introduce the definition and theorem of the stochastic
nonlinear system, considering the following general stochastic
system

dx(t) = {(x(1))dt + ¢ (x(1))dw (®)

where x € R" is the system state, ¢ : R” — R" and ¢ :
R" — R™ stand for unknown smooth nonlinear functions
and satisfy ¢(0) = 0, ¢(0) = 0, and w is a standard Wiener
process.

Definition 1 [15]: Considering the system (8), for any
function V(x) € C?, the differential operator £ is defined
as:

LV (x) =

AACIP lTr[ )

CTaZV(x)C
ox 2

0x?

where C? represents the set of all functions with continuous
2-th partial derivative.

Definition 2 [35]: The equilibrium x = 0 of the system (8)
is said to be SGFSP, if for any ¢ > 0, there exists a setting
time 7T (g, xg) < 0o, such that E[||x(¢)|]] < & whent > ty+T,
for all x(fy, @) = xo.

Lemmay] [43]: For any [; € R and 0 < y < 1, we have

(L) =S
i=1 i=1

Lemma 2 [43]: If o and f are real variables, the following
inequality holds:

T 0
T 0 < T+o
la*181° < Tto slol to
where 7, 0 and s are any positive constants.
Lemma 3 [35]: The system (8) is SGFSP, if there exist
V(x) € C? and Ai(-), As(-) € koo for all x € R" and t > 1o,
such that

sTelgIT(10)

[[\l(|x|) V(x) < Ax(Ix]) (11)

<
LV(x) <—aV’(x)+b

where a > 0, b > 0 and 0 < y < 1 are constants.

In this paper, the unknown smooth nonlinear function is
approached by MTN. More details of the MTN are available at
the research results [15], [16], [17], [18], and the approximate
theory of MTN can be summarized as follows:

Lemma 4 [17]: Supposing ¢(Z) is a continuous function
defined on a compact set Qz C R", which can be approxi-
mated by MTN with any precision. That is to say, for Ve > 0,
there exists a MTN H*TSm“ (Z), such that

((2)=0"15,,(2) +(Z), 162) <¢ (12)
with Z = [Z], Tlyenns Zn]T € QZ, Sm,, (Z) =
(21 ey Zns 25, 2120, -5 22, 20 20 20y o 21T, and
6(Z) is the approximation error. 8* = [0,0,,...,0/]"

is the optimal weight vector and defined as 6* :=
argmin[ sup |((Z) —0's,, (Z)| ]
0cR' | ze,

Remark 2: The structure of MTN has been given
in [11], [15], and [16]. It is worth pointing out that MTN
is a three-layer feed-forward NN, which can be applied to the
control issue of nonlinear systems. In fact, MTN can be seen
as radial basis function neural network (RBFNN) with special
architecture, The major difference between the MTN and
RBFNN is the way of processing information of the middle-
layer. Specifically, MTN uses the polynomial combination of
inputs instead of the traditional radial basis function in the
middle layer, which can realize the approximation of nonlinear
function with less computation.

IIT. MAIN RESULTS

This section focuses on developing a MTN-based adaptive
finite-time FTC scheme, and analysing the stability of the
closed-loop system.

First of all, the following coordinate transformation is
employed

i1 = X1 — Yd

zi:xi—ai,l,i:2,...,n (13)

where a;_; denote the virtual control signals, which will be
constructed later.
According to (1) and (13), we obtain

dzi = (x2+ ¢ — ya)dt + ¢ldw

dz; = (Xiy1 + G — Aoy_y)dt + &ldw (14)
i =2,---,n—1

dz, =@v+ ¢+ HE)F(x) — Aa,_)dt + g"ana)

i1
where §; =¢; — D agT"g j» and Aa;_; denotes the derivative
N 1 J

j:
of a;_;, which will be determined later.

A. MTN-Based Backstepping Design

Step 1: Choosing the first Lyapunov function as follows

Vi = % 4y %tﬁr;lel (15)
where 'y € M and M denotes the set of symmetric positive
definite matrices, 6, = 6, — 91 denotes the parameter error
vector.

From (14) and (15), and using the Definition 1, we have

. 3 ~T_ . _ 1A
LVi =230+ —Ya) + Ez%nglnz -0,17'9, (16
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According to Young’s Inequality, we can get

3 3
§Z1”Cl”2 =2 —zilail* + él (17)
where & > 0 is a constant.
Substituting (17) into (16) yields
3 T 14
LV <2 (0 +0) — —z1 + él 0,170, (18)

where ¢ = (1 + 521 + =l = Ja.

It’s easy to see that ¢y is an unknown function. According
to Lemma 4, a MTN can be used to estimate 4:1. Namely, for
Ve, > 0, there exists a HTS,,” (z1) satisfying

G =078, (z1) +1(z1), 101 (z1)] < &1 (19)

where z; = [z;]7 and 6,(z;) is the approximation error.
With the help of Young’s Inequality, we obtain

1 3
iz < Zz‘z‘ + Zz‘f (20)
3 la, 34
7701 < 261 + el (21

Substituting (13), (19), (20) and (21) into (18), we obtain

3 1 1 - 2
LVi = 2@ +078,) + 360 + oof + 17— 9,10,

4
(22)
Designing the virtual control signal a; as follows
ar = —kiz? =01 S, (23)
where 0 <y < 1 and k; > O are design parameters.
Then, from (22) and (23), we have
1 1 13
LV < klZI +422+ 51 1+0 (Zl m _r1 01)
(24)
Based on (24), choosing the adaptive law él as
9 =TSy, (z0)z; — mT10, (25)
where 77; > 0 is a design parameter.
Substituting (25) into (24) yields
o Ve 14 3, 575
LV < —kiz" + 19 + il + Zfl + 16,0, (26)

Step 2: Choosing the second Lyapunov function as follows

1
Z2 + 02 102

Vo=V, +4

27)

where T, € M, 8, = 0, — 92 denotes the parameter error
vector.
From (14) and (27), and using the Definition 1, we have

3 _ T 14
Aay) + §Z§||§2||2 —6,T; 19,
(28)

LVs =LV + 233+ —
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where

1
6061 G+1D 6061 A
+z (J)yd +za@0j
0 = 09,

Using Young’s Inequality, we obtain

3 3
~al&l? < sz+@ (29)

2 - 452
where & > 0 is a constant.
Substituting (29) into (28) yields
3 3 T4, 30 5Teij
LV, < LV, +Z2()C3 +Cz) — ZZZ =+ Zfz — 02 I'2 0, (30)
1

where & = 0 — X S +xj41)

j_l

1
+Z%w“+

1 . 1
> %10+ 3l + >
j= 2 Js
Similarly, ¢ also is an unknown function that can be
approximated by a MTN. In other words, for Ve, > 0, there

is a 01S,,(z2) satisfying

6 (251 z
0x;0x; Cj Sk + 4Z2'

O = 038, (22) + 02(22), 102(22)| < &2 (1)

where z> = [z1, z2]" and 02(z2) is the approximation error.
With the help of Young’s Inequality, we can get

3 1
323 < Zzg + ZZ§ (32)
36 < b+ e (33)
=427y

Substituting (13), (31), (32) and (33) into (30), we have

3
»CVZ =< L:Vl + Zg (0!2 + ogsmz (ZZ)) + 2522
[ | 1

~To 1A
+£+42_ZZ§_02r2102 (34)
Designing the virtual control signal a; as follows
r = —kozd 7 =0, S, (35)
where k; > 0 is a design parameter.
Then, from (34) and (35), we have
LVy < LV) —kazy + lzg + §§22 + &5
- 2 4By 4
+0, (38, —T7'0:) (36)
Based on (36), choosing the adaptive law éz as
0, =T1S,,(z2)73 — nT20, (37)

where 7, > 0 is a design parameter.
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Substituting (26) and (37) into (36) yields

(38)

Step i(i = 3,...
function as follows

,n — 1): Choosing the i-th Lyapunov

1 1.7 -
Vi=Vi_i+ -zt + 26,10,
1+4Zl+2 Y

where I'; € M, 0 =0, —9,- denotes the parameter error vector.
From (14) and (39), and using the Definition 1, we have

(39)

LV, = LVio + 22 (xip1 + & — Aaioy)

3 B I
+—z?||gi||2 -0,T;'6; (40)

i1
da; 1
where Aq;.y = > 6;' LG+ xje) + Z ;m yc(zﬁ) +
1:1
i
5 med )3 SeTa

j=1
By Young S Inequahty, we obtain

Ez?nc,n2 I+ + 62 (41)

— 452Z ||gl
where & > 0 is a constant.
Substituting (41) into (40) yields
_ 3 7 ~ A
LV < LV + 2 (i +8) + 580 = 22 = 0,179,
(42)

i é’, 3 4
g;‘ox;g Sk +Z %=L +4§2Z4”C1” -

where &; = ¢ + Z
i-1
> B ) + Z Gty 0+ Ja
j=1

Similarly, & also 1s an unknown function. By using the
Lemma 4, a MTN can be used to estimate é:i- Namely, for

Ve; > 0, there exists a MTN 0,»TS,,1,. (z;), such that
G =0]5S,,(zi) + 52, 10:(z)] < &

where 0;(z;) is the approximation error and z; = [z1, - - - , z]T.
According to Young’s Inequality, and combining (13)
with (42) and (43) gives

(43)

3
LV; < LVioy + 2z} (a; +07S,,) + Zé?

1 1 1 ~ 4
TR L C 08 Ve
4 4
Designing the virtual control signal a; as
AT
= —kizl 7 =4, S, 45)
where k; > 0 is the demgn parameter.
Then, substituting (45) into (44), we have
LV; < LVioy — kiz +é,.T(z?Sm,. - r;‘é,»)
1, 1, 3., 1,
S ., 46
4Z1 + 4Z1+1 + 451 + 481 ( )

Based on (46), choosing the adaptive law éi as follows

b, =T:8,,23 — nT:0; (47)

where #; > 0 is a design parameter.
Next, substituting (47) into (46) yields

LV < _zka4y + 1Z1+1 +Z’7

j=1
1<, 3w .
+ZEEJ~+ZE§J'

j=1 j=1

(48)

Step n: According to (6) and (7), the following equation
holds

a v_avo—i—Zajvj (49)
J=i
wherea' =3, .  o;a;b;.
It follows from (14) and (49), we can obtain
i)
dz, = [d'vo+ D a;o; + &+ H(O)F(x)
J=i
— Aa,_1]dt + &ldw (50)
Choosing the n-th Lyapunov function as follows
1 15 1 31
Vn—an+4z+ 0r 0+2 ¥ (51)

where [, e Mand T €M, 8, =0, — 0, and & =9 — ¥ are
the parameter error vectors.
From (50) and (51), and using the Definition 1, we have

LV, =LV, — 6,78, — 319
+ 23 (= Atyi + G + HE)F(x)
i)
, _ 3, .
+24(@vo+ > a5) + 3hlGl (52)

J=i

where Ao, = Z S I(CJ +xj+1) + Z m"ml ycngrl) +
J =

n—1 n— 1
Z Ulln 10 + Z
j=1

By us1ng the Young s Inequality, we obtain

ey
ox OXxy, Cj Sk-

3 2 3 4 2
>%n Aeal? < @z MISTAES é (53)
where &, > 0 is a constant.
Substituting (53) into (52), we can get
- 2 ~ s 3 7
LV, <LV, —0.T'9, -3 T7'9 + 26—
i B
+zp@vo+ D aip; + HOFx) +&)  (54)

J=i

where &, = &

0oy 1 Un
+ Tz + z Cevd T+ Z L +

n—1

Z_:l 0y I(Cj +-xj+1)

e On—1 _
. ax;0xk gj Sk

n—1

3 ~ 4,1
45212“91” + 2 z
N Jok=
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Similarly, ¢, also is an unknown function. By using the
Lemma 4, ¢, can be estimated by a MTN. Namely, for
Ve, > 0, there exists a MTN OISm” (z,) satisfying

5n = GISmn (Zn) + 5n(zn)a |5n(Zn)| <é&n

,2,]T and 6, (z,) denotes the approxima-

(55)

where z, = [z1, -
tion error.
By using the Young’s Inequality, we can obtain
1 3
3 4 4
Op < — -
Z,0n = 48,, + 4z,,
Substituting (48), (55) and (56) into (54), we obtain

(56)

n—1 n—1
~ £ 3
LV, < — E kajy + E 0?([}5}' - r;10j) — ZZi
j=1 j=1

ta@vo+ D aip;+HOF(E)+0,S,)

j=iteip
~T__ A ~To 1A 1< 3
—0,0,10, =2 T+ 2 > e+ 1> 8 (D)
j=1 j=1

where F(x) denotes the system external fault, which can be

estimate by a MTN. According to Lemma 4, for Ve > 0 there

exists a MTN #"5;, (x) satisfying
F(x)=9"8;,(x) +6(x), [d(x)| <& (58)

where d(x) denotes the approximation error and x =
[xla T 9-xn]T'
According to Young’s Inequality, and taking (58) into
account, we have
_ 3 1
ZH(@)F(x) <22978,, (x) + Zz;‘ + 184 (59

Substituting (58) and (59) into (57) yields

n—1 n 4
& ~ A ~ A
LV <=3 ki + 37 - 3% —ar 9,
j=1 j=1

iy
+zy(@'vo+ D a;5; + 0y S, + 37 55)

J=i

n—1 n 4
~T _1A 3 &
+ § OJ(Z;Sm” _rj 0])‘"1 E 5JZ+Z (60)
=1 j=1

Based on (60), designing the actual control input vy as
follows

1 & Te L 3Tc
o = _;(knziy_3 + Zajﬁj +0,Sm, +9 Sp,) (61)
J=i

where k, > 0 is the design parameter.
Then, from (60) and (61), it follows that

n n—1
4 AT ( 3 —13
LVy < =D kizy + .8, (Z;Smn oy, 91’)
j=1 j=1
+6T(23S _F_19)+§i§2
n \~p~nmy, n n 4 J
j=1

3T 3% -13 S
+3 (58, — T 0)+Z;ej+ze (62)
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According to (62), choosing the adaptive laws 9n and 19 as
follows

én == rnSm,, (zn)zz - ﬂnrnén (63)
# =TS, (x)z) — T (64)
where # > 0 and 7, > 0 are the design parameters.
Substituting (63) and (64) into (62), we can get
n 1 n n
4y 4 4 2
CVo= =D kg + 52 a8+ 76+ 328
j=1 j=1 j=1
T, <T
+ > b0, + 4 B (65)

Remark 3: Although the multiple faults problem for non-
linear systems has been addressed in [43], the stochastic
disturbances are not taken into account. Compared with the
control structure proposed in [43], that of this paper is more
simpler, even though more complex issues are considered.

B. Stability Analysis

Theorem 1: For the stochastic nonlinear system (1) satis-
fying Assumptions 1 and 2. Then, for any initial condition,
the proposed control strategy, including the control input (61),
the virtual control signals (23), (35), (45) and the adaptive
laws (25), (37), (47), (63) and (64), can guarantee that tracking
error converges to a small neighborhood around the origin in
the finite-time as well as the closed-loop control system is
SGFSP.

Proof: For the entire system, considering the following
Lyapunov function

1 1 ~ ~ 1~ ~
V=Vi=2 a4 8T8, + EﬂTr*Iﬂ (66)
i=1 i=1
According to (65) and (66), we can obtain
Lv < —Zn:k-z‘.‘y +lzn:ef‘ 4 L +§Zn:§?
- i:lll 41‘:11 4 4izll
n
+> 18,0, + 19D (67)

According to the definition of 0; and ¥ yields

n T 1 n 5 n ST
0,0, < - 10:17 =7 > 6. T:7'0; 68
;n ; 2,-:21"’” il n§ ; (68)

79 d g||1?||2 e

IA

(69)

where 77 = = minfip, -, 7.} with 7; =

}7 ~
) V@ N
2hmax (T71)
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Substituting (68) and (69) into (67), and subtracting and
adding the terms (ﬁﬁTF_'f?)y and (7 > 5?1";1(7,-)7, we have
i=1

LV < — S kizt — (79T g 79 T3 ’
Skt (0 3) (')
— G0 T8 G 6,18,y

i=l1 i=1

n n
. T 1z _<xT 1= |1
SN AR TR AW Ik
i=1

Moo I s, 1a, 35 2
e - 44 Z . 70
+ 51 ||+4§e,+4e+4§; (70)
According to Lemma 2, we obtain
(1?1“ 1W<(1—y)el— +m9r 9 (71)

~19,) < (1 —y)e +;720 '8, (712)

G Z
i=1 i=1

Substituting (71) and (72) into (70) yields

LV <=k — (> 0,170y
i=1 i=1

— 7' B +b (73)

whereb:%Z‘ini||0,»||2+g||ﬂ||2+% zg;‘+%g4+g;5;+
1= 1= 1=

pin?
2(1 — y)ell?.
According to Lemma 1, we have

- ikizj‘y - (ﬁié?r;‘ém
i=l1 i=l1

< —a((X e+

i=1

— (7' 179y

. 1 < o7 ~ 7
r-'#y +=>40,17'6;
) +(2l_:Zl (L7180

< —aV’ (74)
where a = min{4k, 27n)7, (Zﬁ)y} with & =
min{k;|i =1,...,n}.

Substituting (74) into (73), yields

LV < —aV' +b (75)

According to Lemma 3 and inequality (75), we can obtain
that the closed-loop control system is SGFSP.

In addition, according to Lemma 3 and the Theorem 1 of
the work of [31], we have

(3 'y_y"'z)} ()=

* _ 1
ljnd r - (I=y)ua

{vl—y (x(0),8,,9) - (25) ]
This theorem completes the proof.
Remark 4: Based on the above process, a distinctive MTN-
based adaptive finite-time FT'C approach is presented for the

stochastic nonlinear system with actuator and abrupt system
faults, the details of the control procedure and signals are show

(76)

where 0 < o < 1

dy, =(x,,,+ ¢, (%)) dt+¢ (X)do
1<i<n-1
™ ( v+ (X)) H(t F(x))dt+gT(} Ydo
y=x Ly Ya

1 PR P arg
vy = -7 k,z, +Zaiv/ +0,S, +8'S, |1«
J=h

16, - 1,5, )2 -1, Je——

Block diagram of control system.

Fig. 1.

in Fig. 1. In every step of the backstepping technology, the
combination of nonlinear functions is estimated by the MTN,
and then the computational complexity is reduced. Therefore,
the constructed adaptive finite-time controller is comparatively
simple, and the proposed control scheme has good application
values.

IV. SIMULATION RESEARCH

Three examples will be given in this section to show the
validity of the constructed controller.

Example 1: Considering the three-order stochastic nonlin-
ear system with multiple faults as follows:

dx; = (x2 + 0.2x; sinx;)dt + xlzdw

dxy = (x3 —x}cosxy)dt 4+ xysinxjdw

dxs = (a"v +xx3 + H()F(x))dt + x;dw
y =X

where a = [1,2]",H(¢) is defines as (2) and Tgue = 25s,
the system fault F(x) = 5xyx,, the initial state x;(0) = 0,
)Cz(O) = O, )C3(0) =0.

In simulation, the reference signal is selected as y; =
0.5sint. The parameters of control structure are taken as
follows: b] = b2 = 1, m = 2, Ny = 0.2, n = 06, kl = 12,
kz = 20, k3 = 20, F1 = 0.615, 1“2 = 1019, F3 = 0.119 and
y = 0.99. The actuator faults are expressed by v; = 0.8v
and vy, = 0, = 6 for t > 14s.

Figs. 2-5 show the simulation results of Example 1, respec-
tively. Fig. 2 illustrates the trajectories of y and yy, so it is clear
that a satisfactory tracking effect has been obtained. Fig. 3
displays the trajectories of control signals »; and v,. Fig. 4

(77)
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0.6 T
The reference signal Yy
The system output y
06 I I I I I
0 10 20 30 40 50 60
Time (sec)
Fig. 2. The trajectories of y and y; of the system (77).
30 T
Control input v,
25 ) 4
,,,,, Control input v,
20 1
15 1
107 1
51 ‘ 1
Time (sec)
Fig. 3. The trajectories of control inputs v; and vy of the system (77).
0.5 3
State X,
0 i
0.5 .
0 10 50 60
Time (sec)
4F T T 3
P i
0 . - . 0 /'\/W
0 10 20 30 40 50 60
Time (sec)
0.04 Tracking error y-y b
0.02 1
ol i
-0.02f 1
-0.04E d L L h L
0 10 20 30 40 50 60
Time (sec)

Fig. 4. The trajectories of state variables x», x3 and tracking error y — yg4
of the system (77).

depicts the trajectories of the state variables x, and x3 and the
tracking error y — y,, which we can see that the state variables
x, and x3 are bounded as well as the tracking error y — y,;
converges to a small neighborhood around the origin in the
finite-time. Fig. 5 illustrates the trajectory of the system fault
function F(x). From Figs. 2-5, we can draw the conclusion
that the control scheme proposed in this paper can guarantee
that the closed-loop control system is SGFSP.
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0.8

T
The abrupt system fault F(x) ‘

0.2

0

0 10 20 30 40 50 60
Time (sec)

Fig. 5. The fault function F(x) of the system (77).

0.8 T

The reference signal Yy

***** The system output y 1

W

0 10 20 30 40 50 60
Time (sec)

Fig. 6. The trajectories of y and y; of the system (78).

As shown as the simulation results of the numerical exam-
ple, two classes of actuator faults, the Lock-in-place fault and
the Loss of effectiveness fault, occur at the same time. When
t > l4s, the control input v; loses 20% efficiency and the
control input v, becomes a constant. Although the multiple
faults affect the system performance, we can conclude that the
control scheme can still maintain the stability of the system
and achieve the control goal.

Example 2: Considering a third-order one-link manipula-
tor system with stochastic disturbances and multiple faults,
according to [56], the system can be described as:

dx; = xpdt + x1dw

dx; = (x3 —2sinx; — x2)dt + x; sinxjdw (78)
dxs = (a"v —2x; —x34+ H(1)F(x))dt + x2dw

y =X

where xi, x, and x3 denote the link angular position, velocity
and the motor shaft angle, the initial state x;(0) = O,
x2(0) = 0,x3(0) = 0, a = [2,1]", H(?) is defines as (2)
and Tgy = 25s, the system fault F(x) = 5x; sin x1, and the
given reference signal y; = 0.5(sin¢ + 0.5 sin(0.57)).
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140

120

Control input v,

Control input v,, 7

80 [ 1

60 J

20t 1

40 . . . . .
0 10 20 30 40 50 60
Time (sec)
Fig. 7. The actual control inputs v; and v, of the system (78).
T
05 State x, ]
ok |
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Time (sec)
6F . 3
2 |
of |
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Fig. 8. The trajectories of state variables x», x3 and tracking error y — yg4

of the system (78).

1 T T T
I A
The abrupt system fault F(x) ‘

0.5

0
-05

q+
15 . . . . .
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Time (sec)

Fig. 9. The fault function F(x) of the system (78).

The design parameters are taken as follows: by = by = 1,
7’]1:1, 7]2:6, 7]3:1.8,]{1:12,]{2:50,](3:8, 1“1:
0.61s, T, = 6I9, T's = 0.4l9 and y = 0.99. The actuator
faults are expressed by v; = 0.60y and v, = 0, = 6 for
t > 14s.

The simulation results are given in Figs. 6-9, respectively.
Fig. 6 illustrates the trajectories of y and y,. Fig. 7 displays
the trajectories of control signals »; and v,. Fig. 8 depicts the

The reference signal Yy

bl——— The system output Yrer

| |[— — —The system outputy, ..

06 . . . . .
0 10 20 30 40 50 60
Time (sec)

Fig. 10. The tracking performances of Example 1 under two cases.

trajectories of the state variables x, and x3 and the tracking
error y — yg. Fig. 9 illustrates the trajectory of the system fault
function F(x). From Figs. 6-9, we can draw the conclusion
that the control scheme designed in this paper can guarantee
that the one-link manipulator closed-loop control system is
SGFSP.

Remark 5: The above two simulation examples show that
the adaptive finite-time MTN controller designed in this paper
can ensure the realization of control objectives. However, due
to the singularity problem of finite-time control, it is necessary
to carefully select the design parameters #;, k; and T'; to obtain
good tracking performance.

Remark 6: It is worth pointing out that the aim of this
paper can be obtained by selecting the appropriate design
parameters. In the controller provided, there are many design
parameters, such as #;, k;, a;, b;, y and I';, which should be
satisfy corresponding requirements respectively. In general, the
tracking error can be as close to zero as possible by properly
adjusting the parameters #;, k; and matrix T';.

Example 3: Considering the following comparative experi-
ment between the MTN and RBFNN based on the Example 1.

According to the local enlarged diagram of Fig. 10, we can
conclude that the MTN-based controller possesses more satis-
factory performance and lower computational complexity than
the RBFNN-based controller, which further demonstrate the
superiority of the MTN control scheme.

V. CONCLUSION

A novel MTN-based adaptive finite-time FTC scheme is
proposed for the stochastic nonlinear systems subjected to
multiple faults in this paper. For the first time, the abrupt
system fault and the actuator faults of the stochastic nonlinear
systems are considered in the same theoretical framework.
In addition, by using the MTN method, an adaptive finite-
time fault-tolerant controller with the simple structure is
constructed. It is shown that the designed controller can ensure
that the tracking error converges to a small neighborhood
of the origin in the finite-time and the closed-loop system
is SGFSP. Lastly, the effectiveness of the proposed control
scheme is demonstrated by three examples. Based on the
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research results of this paper, the event-triggered-based finite-
time FTC problems of stochastic nonlinear systems with
multiple faults will be considered.
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