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Abstract
This paper investigates a finite-time adaptive fuzzy prescribed performance fault-tolerant control (FTC) issue for the steer-

by-wire vehicle (SBWV) systems with intermittent actuator faults. Different from the steer-by-wire (SBW) system studied

by the previous literatures, the SBWV system involved in this study consists of a vehicle dynamics model and an SBW

system, including unmeasurable states and unknown nonlinear dynamics. Fuzzy logic systems (FLSs) are first used to

identify the unknown model dynamics, and a fuzzy state observer is constructed to estimate the unmeasured states. Then, to

compensate for the influence of intermittent actuator faults, a novel finite-time output-feedback prescribed performance

adaptive FTC scheme is developed by using the adaptive backstepping control methodology and co-designing the last

virtual controller. The presented control scheme not only guarantees that all signals of the closed-loop system are bounded

in the presence of actuator faults, but also ensures that the tracking error converges to a small neighborhood of the zero

within the prescribed performance bounded. The computer simulation and comparison results demonstrate the effective-

ness of the proposed fuzzy control algorithm.

Keywords SBWV system � Fuzzy state observer � Adaptive finite-time control � Intermittent actuator faults �
Prescribed performance

1 Introduction

In the past decade, intelligent manufacturing has made

significant progress in various fields [1, 2], and automotive

intelligent technology has also made significant progress,

which has led to the widespread adoption of steer-by-wire

(SBW) technology in automatic and semi-automatic intel-

ligent vehicles. The SBW system transmits steering com-

mands through electronic signals, replacing the traditional

mechanical connection, which can control the vehicle

steering behavior more accurately. The application of this

technology improves driving safety and stability [3]. To

achieve better steering effect and vehicle stability, some

significant control results are reported [4–7]. In [4], a

proportional-integral-derivative control method was

applied to improve vehicle steering dynamics. In [5], a

robust weighted gain-scheduling control method was

applied to ensure vehicle yaw stability. By using the sim-

plified linear model, a model predictive control method

was developed in [6] to regulate steering of SBW systems.

In [7], a super-twisting adaptive control method was

designed for SBW systems. Note that in the practical

engineering, since the considered steering systems and

vehicle dynamic model are often complex and uncertain-

ties, which makes it difficult to obtain precise models.

Hence, the traditional control methods such as [4–7] can

not obtain better control performance. To overcome this

problem, some intelligent (fuzzy or neural network) control

techniques have been investigated for the steering systems

and vehicle model with unknown nonlinear dynamics

[8–10]. In [8], the authors developed an adaptive neural

network discrete-time control scheme. In [9], the authors

proposed an adaptive hybrid learning neural network
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control scheme and achieved the accurate tracking control

performance. In addition, utilizing the Takagi-Sugeno

fuzzy model, the authors [10] introduced a model predic-

tive control method and realized the stability of the vehicle

systems.

It is worth mentioning that actuator faults are common

during the operation of the steering system, which may

lead to a decrease in the required control performance and

even instability of the vehicle system. Therefore, many

scholars have investigated the FTC problem of SBW sys-

tems in the presence of actuator fault. In [11], a sliding

mode predictive FTC strategy for SBW systems was pro-

posed. In [12], a reinforcement-learning-based FTC

scheme was proposed. However, references [11, 12] only

addressed the compensation problem for one-time actuator

faults, where the state of the actuator remains unchanged

after the fault occurs. In practice, actuator often encounters

various unpredictable intermittent faults. The state of the

actuator often switches between normal operation and

faults (or between various faults). For intermittent actuator

faults. In [13], a nonlinear system adaptive compensation

FTC method based on steering function technology was

proposed. In [14], an adaptive neural network output

feedback FTC method for nonlinear systems was proposed.

However, the above mentioned control schemes all

assume that states of the controlled systems are completely

measurable, and there are little research methods on the

steer-by-wire systems with unmeasurable states. Note that

when the states are unmeasurable, the state observer

becomes an extremely effective technique for solving the

problem of unmeasurable states. In [15–17], the observer-

based control schemes were applied to control the steer-by-

wire systems with unmeasurable states. However, the

control schemes proposed in [15–17] all assume that the

controlled steer-by-wire systems are free of actuator faults.

In addition, these output feedback control schemes devel-

oped based on asymptotic stability theory, which only

ensures the stability of the controlled system in infinite-

time. For many practical systems, such as the steering

system addressed in this study, it is usually more desirable

for the state to converge to a stable equilibrium point

within a finite-time, such as [18–20], and achieve tracking

error convergence within a specified performance limit,

such as [20, 21]. Note that the above control methods are

all focus on the SBW systems or the vehicle dynamics

systems, not the steer-by-wire vehicle (SBWV) systems

addressed by this study, so they cannot reflect the changes

of the steering wheel self-aligning torque and vehicle sta-

bility during the actual operation of the vehicle as what

pointed out by [22]. At the same time, there are currently

no research schmes on the adaptive intelligent output

feedback finite-time prescribed performance control for the

nonlinear SBW system with unmeasurable states and

intermittent actuator faults, which inspires us to develop

this study.

Based on the aforementioned research, this paper

investigates the fuzzy finite-time output feedback control

for the uncertain steer-by-wire vehicle (SBWV) systems

with unmeasurable states and intermittent actuator faults.

FLSs are used to identify the unknown dynamics and a

fuzzy state observer is designed to estimate the immea-

surable states. Prescribed performance function is intro-

duced to ensure the transient performance. Subsequently, a

novel finite-time prescribed performance adaptive fuzzy

FTC scheme is proposed based on backstepping technique

and finite-time control theory. The main contributions of

this study are as follows

1. This paper first investigates the fuzzy adaptive control

problem of uncertain SBWV system. The previous

intelligent adaptive control methods [8, 9] were only

applicable to the SBW system, which does not consider

the vehicle dynamics model. However, this paper

studies the control problem of the SBWV system

composed of the SBW system and the vehicle dynamic

model, which can accurately represent the dynamic

response of the SBW system and changes in vehicle

stability.

2. This paper first proposes a fuzzy finite-time adaptive

output feedback FTC scheme for the SBWV system

with intermittent actuator faults by designing a novel

fuzzy state observer. Therefore, the proposed controller

not only addresses the issues of unmeasurable states

and actuator faults, but also guarantees that the SBWV

system is stable within a finite-time interval and the

tracking error does not exceed the prescribed perfor-

mance bound. Although [23] studied intermittent faults

in a SBW system, it depends on measurable states and

asymptotic stability theory, and it can not guarantee the

transient performance of the system.

2 Problem formulation and preliminaries

2.1 Steer-by-wire vehicle system model

This paper considers steer-by-wire vehicle (SBWV) sys-

tem, which is composed of the SBW system (1) and the

vehicle dynamics model (2). The SBW system mainly

includes a steering motor, reducer, and steering actuator as

shown in Fig. 1. The simplified vehicle dynamics model

includes two degrees of freedom, namely the lateral motion

and yaw motion of the vehicle as shown in Fig. 2. From [9]

and [10], the SBW system dynamics model (1) and the

vehicle dynamics model (2) can be represented as:
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Jeq€df þ sf ;fw þ l2Bsm
_df þ sa � lsd ¼ lssm ð1Þ

_b ¼ Cf cos df
mVx

df �
Cf cos df þ Cr

mVx
b� lf Cf cos df � lrCr

mV2
x

þ 1

� �
_w

€w ¼ lf Cf cos df
Iz

df �
lf Cf cos df � lrCr

Iz
b�

l2f Cf cos df þ l2rCr

IzVx

_w

8>>><
>>>:

ð2Þ

where df represents the front wheel steering angle. l rep-

resents the ratio of motor output shaft angle to front wheels

steering angle. Jeq ¼ Jfw þ l2Jsm is the equivalent moment

of inertia. Jsm is the rotational inertia of the motor. Jfw is

the front wheel rotational inertia. Bsm is viscous friction

coefficient. ssm is the motor output torque. sf ;fw is the

frictional torque. sd is the motor lumped torque perturba-

tion. b and _w are vehicle sideslip angle and the yaw rate. lf
and lr are distances from the front and rear wheel axle to

center of gravity (CG). Cf and Cr are front and rear wheels

cornering stiffness. Iz is the vehicle around CG moment. Vx

is the longitudinal vehicle velocity. m is the vehicle mass.

The self-aligneding torque sa given by [22] as follows

sa ¼ ðtm þ tpÞFyf ¼ Cf ðtm þ tpÞ df � b� lf _w
Vx

 !
ð3Þ

where tm is the mechanical trail, tp is the pneumatic trail.

From (1) and (2), the SBWV system can be formulated

as follows:

_b ¼ Cf cos df
mVx

df �
Cf cos df þ Cr

mVx
b

� lf Cf cos df � lrCr

mV2
x

þ 1

� �
_w

€w ¼ lf Cf cos df
Iz

df �
lf Cf cos df � lrCr

Iz
b

�
l2f Cf cos df þ l2rCr

IzVx

_w

€df ¼
�Cf ðtm þ tpÞ

Jeq
df þ

Cf ðtm þ tpÞ
Jeq

b

þ Cf ðtm þ tpÞlf
VxJeq

_w� l2Bsm
_df

Jeq

þ l
Jeq

ssm þ lsd � sf ;fw
Jeq

ð4Þ

Remark 1 Note that the previous literatures [8, 9] only

considered the adaptive control problem of SBW system

(1), and its self-alignedment torque is based on a simplified

hyperbolic tangent function, which cannot accurately

reflect the changes in self-alignedment torque under com-

plex driving environments in actual vehicle driving. While

the literature [10] only focused on vehicle control for the

vehicle dynamic system (2). Different from previous

studies, this paper focuses on investigating the control

problem of the SBWV system (4), which is composed of

the systems (1) and (2). Therefore, it can accurately

describe the dynamic response of the SBW system in

complex driving environments and changes in vehicle

stability.

Define x ¼ ½x1; x2; x3; x4�T ¼ ½df ; b; _w; _df �
T 2 R4, f 1

ðxÞ ¼ x4 � x2, f 2ðxÞ ¼ � Cf cos x1þCr

mVx
x2 �

lf Cf cos x1�lrCr

mV2
x

þ 1
� �

x3 þ Cf cos x1
mVx

x1 � x3, f 3ðxÞ ¼

� lf Cf cos x1�lrCr

Iz
x2 � l2f Cf cos x1þl2f Cr

IzVx
x3 þ lf Cf cos x1

Iz
x1 � x4,

f 4ðxÞ ¼
�Cf ðtmþtpÞ

Jeq
x1 þ Cf ðtmþtpÞ

Jeq
x2 þ Cf ðtmþtpÞlf

VxJeq
x3

� l2Bsmx4þsf ;fw
Jeq

.

Then, the system (4) can be rewritten as

_x1 ¼ x2 þ f 1ðxÞ

_x2 ¼ x3 þ f 2ðxÞ
_x3 ¼ x4 þ f 3ðxÞ
_x4 ¼ f 4ðxÞ þ �huðtÞ þ dðtÞ

y ¼ x1

ð5Þ

Fig. 1 Structure diagram of SBW system

Fig. 2 Vehicle dynamic model
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In (5), �h ¼ l=Jeq represents the known control gain, uðtÞ ¼
ssm represents the control input. dðtÞ ¼ lsd=Jeq represents

the disturbance. Note that in the actual running of the

vehicle, since the system uncertainty caused by driving

changes has a large fluctuation range, f i; i ¼ 1; . . .; 4 are

unknown nonlinear functions.

2.2 Intermittent actuator fault model

From [13] and [14], the intermittent actuator fault model is

described as follows

uðtÞ ¼ gðtÞumðtÞ þ ukðtÞ ð6Þ

gðtÞ ¼ gk; t 2 ½tk; tkþ1Þ; k 2 Zþ ð7Þ

where 0\�g� gk � 1 with �g and gk being unknown con-

stants. ukðtÞ is the bounded signal. t 2 ½tk; tkþ1Þ for k 2 Zþ,
tk and tkþ1 denote the time instants at which the actuator

fault occurs and ends.

Remark 2 Due to frequent use and aging of actuator, the

actuator usually suffers intermittent faults. When the

actuator encounters intermittent faults, the steering motor

may not be able to generate sufficient torque to drive the

front wheels according to the expected control signal,

which may cause the vehicle to deviate from the expected

path. Therefore, effectively handling intermittent actuator

faults has become crucial. Traditional fault diagnosis and

prediction methods [11, 12] are not suitable for this situ-

ation because they do not take into account the random

intermittency of faults. Therefore, this paper mainly studies

the SBW system affected by intermittent actuator faults.

Assumption 1 There exists a positive constant u�k satis-

fying jukðtÞj � u�k .

Assumption 2 There exists a positive constant d� satis-

fying jdðtÞj � d�.

Control Objective: This study will develop a finite-time

adaptive fuzzy FTC approach for the SBWV system (5) so

that the following properties holds

1. The controlled steer-by-wire vehicle system is semi-

global practical finite-time stable (SGPFS).

2. The tracking error converges to a small neighborhood

of zero in a finite-time interval and does not exceed the

prescribed performance bound.

2.3 Fuzzy logic systems

Since the considered SBWV system (5) contains the

uncertain nonlinear dynamics, this paper will adopt the

FLSs to model the SBWV system (5). In the following, we

briefly review the notion and properties of the FLS.

Suppose IF-THEN fuzzy rules are as follows:

<l: if s1 is G
q
1 and s2 is G

q
2 , . . . and sn is G

q
n, then f is H

q,

q ¼ 1; 2; � � � ;D.
where s ¼ ðs1; s2; . . .; snÞT and f are the FLS input and

output, respectively. Fuzzy set Gq
i and Hq are fuzzy sets

with the membership function lGq
i
ðsiÞ and lHqðfÞ. D is the

rule member.

Through singleton function, center average defuzzifica-

tion, the FLS can be represented as

fðsÞ ¼

PD
q¼1

�fl
Qn
i¼1

lGq
i
ðsiÞ

PD
q¼1 ð

Qn
i¼1 lGq

i
ðsiÞÞ

ð8Þ

where �fq ¼ max
f2R

lHqðfÞ.
Define the fuzzy basis function as

Uq ¼
Qn

i¼1 lGq
i
ðsiÞPD

q¼1 ð
Qn

i¼1 lGq
i
ðsiÞÞ

ð9Þ

Denoting Ŵ
T ¼ ½�f1; �f2; . . .; �fD� ¼ ½Ŵ1; Ŵ2; . . .ŴD� and

UðsÞ ¼ U1ðsÞ; . . .;UDðsÞ½ �T , then FLS (9) can be rewritten

as

fðsÞ ¼ Ŵ
T
UðsÞ ð10Þ

Lemma 1 [24]: let f(s) be a continuous positive function

defined on a compact set X. Then, there exists a FLS (10)

such as

sup
s2X

jf ðsÞ � Ŵ
T
UðsÞj\e ð11Þ

where e is the approximation error, which is usually

assumed that there exists a constant �e such that jej\�e.

Remark 3 Note that FLSs are introduced to address

unknown nonlinear functions in the controlled systems (5)

because they have the property of approximating unknown

nonlinear functions in compact sets. Moreover, there are

some other nonlinear approximators, such as NNs [14] and

type-2 fuzzy logic systems, which can replace FLSs and

achieve the same results.

2.4 Prescribed performance

In reference to [20, 21], the prescribed performance can be

described by the following inequality:

�qminlðtÞ\v1ðtÞ\qmaxlðtÞ; 8t� 0 ð12Þ

where qmin [ 0 and qmax [ 0, lðtÞ ¼ ðl0 � l1Þe�rt þ l1
represents a bounded performance with limt!1 lðtÞ ¼ l1
and r are positive design parameters, l0 ¼ lð0Þ, l0 is
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selected such that l0 [ l1. v1ðtÞ ¼ y� yd denotes the

tracking error. It follows from (5) that vðtÞ is guaranteed to

be less than maxfqminl0; qmaxl0g.
In order to achieve the prescribed performance in (12),

we can convert the constrained tracking error behavior into

an equivalent unconstrained tracking error behavior. We

define

v1ðtÞ ¼ lðtÞ/ðnðtÞÞ; t� 0 ð13Þ

where n is the converted error, /ðnÞ ¼ ðqmaxe
n �

qmine
�nÞ=ðen � e�nÞ is smooth, strictly increasing function.

From (12), one obtains

nðtÞ ¼ /�1 v1ðtÞ
lðtÞ

� �
¼ 1

2
ln

/þ qmin

qmax � /
ð14Þ

and

_nðtÞ ¼ w _v1 �
_l1v1
l

� �
ð15Þ

where w ¼ 1
2l

1
/þqmin

� 1
qmax�/

� �
.

Define the following state transformation

z1 ¼ nðtÞ � 1

2
ln

qmin

qmax

ð16Þ

Then, we have

_z1 ¼ w _v1 �
v1 _l
l

� �
ð17Þ

3 Fuzzy state observer and controller design

This section first gives the design of a fuzzy observer for

the steer-by-wire vehicle system (5). Then, a fuzzy adap-

tive output feedback controller is presented by the finite-

time theory.

3.1 Fuzzy state observer design

In practice, due to space and hardware limitations, the

steering angular velocity, vehicle sideslip angle, and yaw

angle are difficult to measure by sensor technology

directly. Therefore, it is necessary to design a state obser-

ver to get unavailable states based on FLSs.

To begin with, we firstly use a FLS f̂ iðxjŴiÞ ¼ Ŵ
T

i UiðxÞ
to identify f iðxÞ, and let

f iðxÞ ¼ W�T
i UiðxÞ þ eiðxÞ ð18Þ

where W�
i is the ideal weight. ei is fuzzy approximating

error, which is such that jeij � �ei , here �ei is a constant.

Substituting (18) into (5) yields

_x1 ¼ x2 þW�T
1 U1ðxÞ þ e1ðxÞ

_x2 ¼ x3 þW�T
2 U2ðxÞ þ e2ðxÞ

_x3 ¼ x4 þW�T
3 U3ðxÞ þ e3ðxÞ

_x4 ¼ W�T
4 U4ðxÞ þ e4ðxÞ þ �huðtÞ þ dðtÞ

y ¼ x1

ð19Þ

We design the fuzzy observer by

_̂x1 ¼ x̂2 þ Ŵ
T

1U1ðx̂Þ þ k1ðy� ŷÞ;

_̂x2 ¼ x̂3 þ Ŵ
T

2U2ðx̂Þ þ k2ðy� ŷÞ;

_̂x3 ¼ x̂4 þ Ŵ
T

3U3ðx̂Þ þ k3ðy� ŷÞ

_̂x4 ¼ �huðtÞ þ Ŵ
T

4U4ðx̂Þ þ k4ðy� ŷÞ

ŷ ¼ x̂1

ð20Þ

In (20), x̂i stands for the estimate of xi, and

x̂ ¼ x̂1; . . .; x̂4½ �T , Ŵi expresses estimate of W�
i .

Let e ¼ x� x̂ be observer error.

From (19) and (20), we have

_e ¼ Aeþ
X4
i¼1

BiW
�T
i ðUiðxÞ � Uiðx̂ÞÞ

þ
X4
i¼1

Bi
~W
T

i Uiðx̂ÞÞ þ eþ B4dðtÞ

ð21Þ

Here ~Wi ¼ W�
i � Ŵi, stands for parameter estimating error.

A ¼

�k1 1 0 0

�k2 0 1 0

�k3 0 0 1

�k4 0 0 0

2
664

3
775, K ¼ k1; k2; k3; k4½ �T ,

e ¼ e1; e2; e3; e4½ �T , Bi ¼ ½0 � � � 0; 1|fflfflfflfflffl{zfflfflfflfflffl}
i

, 0�T and B4 ¼ ½0; 0;

0; 1�T .
Choose the observer gain vector K such that A is a

stable matrix. That is, the following Lyapunov equation

holds:

ATPþ PA ¼ �Q ð22Þ

where Q ¼ QT [ 0 is a given matrix.

Consider the Lyapunov function V0 ¼ eTPe. By (21)–

(22), one has

_V0 ¼ �eTQeþ 2eTP

 X4
i¼1

BiW
�T
i ðUiðxÞ � Uiðx̂ÞÞ

þ
X4
i¼1

Bi
~W
T

i Uiðx̂ÞÞ þ eþ B4dðtÞ
� ð23Þ

From [18, 19], we can obtain
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_V0 � � eTQeþ Pk k2
�X4

i¼1

ð ~W
T

i
~Wi þ 2 W�

i

�� ��2Þ
þ Pk k2 �ek k2 þ Pk k2d�2

� � k0 ek k2 þ Pk k2
X4
i¼1

~W
T

i
~Wi þM0

ð24Þ

where k0 ¼ ðkminðQÞ � 5Þ[ 0, M0 ¼ Pk k2 �ek k2 þ
Pk k2

P4
i¼1 W�

i

�� ��2 þ Pk k2d�2:

Remark 4 Note that since a FLS has a good approximating

ability of a nonlinear function, �ek k2 can be made smaller if

the number of the IF-Then rules is chosen enough. In

addition, if the considered SBWV (5) are free of the dis-

turbance d�2 ¼ 0. Therefore, when k0 ¼ ðkminðQÞ � 5Þ[ 0

is selected large enough, we can conclude from (20) that

the observer error vector can be smaller. Therefore, the

designed fuzzy state observer (16) is reasonable.

3.2 Finite-time fuzzy adaptive controller design

This section will present the output feedback finite-time

prescribed performance adaptive fuzzy FTC design based

on the prescribed performance function and finite time

concept. Then the stability proof of the controlled system is

given.

Define the coordinate transformations as

v1 ¼ x1 � yd

zi ¼ x̂i � xi

si ¼ xi � ai�1; ði ¼ 2; 3; 4Þ

ð25Þ

where v1 is the tracking error, zi is the error surface, si is

the output error of one-order filter, ai�1 is the virtual

controller, xi is newly introduced state variable obtained

by the one-order filter as follows

ji _xi þ xi ¼ ai�1;xið0Þ ¼ ai�1ð0Þ ð26Þ

where ji is a positive design parameter.

By using the above coordinate transformations (25) and

the first-order filter (26), 4-step adaptive backstepping

control design procedures are given for the SBWV system

(5).

Step 1: By (5), (17) and x2 ¼ x̂2 þ e2, we have

_z1 ¼ w _v1 �
v1 _l1
l1

� �

¼ w z2 þ s2 þ a1 þ Ŵ
T

1U1ðx̂1Þ �W�T
1 U1ðx̂1Þ

�

Consider the Lyapunovþ ~W
T

1U1ðx̂1Þ

þW�T
1 U1ðx̂Þ þ e2 þ e1 � _yd �

v1 _l
l

�
ð27Þ

Consider Lyapunov function candidate as follows

V1 ¼
1

2
z21 þ

1

2c1
~W
T

1
~W1 ð28Þ

where c1 [ 0 is a given positive constant.

From (27), _V1 is

_V1 � z1 _z1 �
1

c1
~W
T

1
_̂W1

� þ z1w z2 þ s2 þ e2 þ a1 þW�T
1 U1ðx̂Þ �W�T

1 U1ðx̂1Þ
�

þe1 � _yd þ ~W
T

1U1ðx̂1Þ þ Ŵ
T

1U1ðx̂1Þ �
v1 _l
l

�
� 1

c1
~W
T

1
_̂W1

ð29Þ

Remark 5 Note that since W�T
1 U1ðx̂Þ in (27) includes the

whole state variables of the system (5), if we apply tradi-

tional backstepping control design methods [15, 16] to

design virtual control signal a1, then a1 will be a function

of the entire state vector x ¼ ½x1; . . .; x4�, which is not

permitted by backstepping control design technique

[18, 19]. In the following control design, we will use the

property of fuzzy logic system to solve this problem.

By using Young’s inequality and 0\WT
1 ðxÞW1ðxÞ\1,

we have

z1wðz2 þ s2 þ e2 þ e1Þ� 2z21w
2 þ 1

2
ek k2 þ 1

2
�e21 þ

1

2
z22 þ

1

2
s22 ð30Þ

z1wðW�T
1 U1ðx̂Þ �W�T

1 U1ðx̂1ÞÞ �
s
2
z21w

2 þ 2

s
W�

1

�� ��2
ð31Þ

where s is a given positive constant.

Inserting (30)–(31) into (29) obtains

_V1 � z1w a1 þ 2wz1 þ Ŵ
T

1U1ðx̂1Þ þ
s
2
wz1 � _yd �

v1 _l
l

� �

þ 1

2
z22 þ

1

2
s22 þM1 þ

~W
T

1

c1
ðc1wz1U1ðx̂1Þ � _̂W1Þ þ

1

2
ek k2

ð32Þ
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where M1 ¼ 2
s W�

1

�� ��2 þ 1
2
�e21.

Construct the virtual controller a1. the updating law of

Ŵ1 as

a1 ¼ �c1
z2p�1
1

w
� Ŵ

T

1U1ðx̂1Þ �
4þ s
2

wz1 þ _yd þ
v1 _l
l

ð33Þ
_̂W1 ¼ c1wz1U1ðx̂1Þ � r1Ŵ1

ð34Þ

where p ¼ 2n�1
2nþ1

ðn[ 2; n 2 NÞ, c1 [ 0 and r1 [ 0 are

given constants.

Substituting (33)–(34) into (32) obtains

_V1 � � c1z
2p
1 þ 1

2
z22 þ

1

2
s22 þ

r1
c1

~W1Ŵ1 þM1 þ
1

2
ek k2

ð35Þ

Step 2: According (20) and (25), _z2 is

_z2 ¼ _̂x2 � _x2

¼ x̂3 þ k2e1 þW�T
2 U2ðx̂Þ � ~W

T

2U2ðx̂Þ � _x2

¼ z3 þ s3 þ a2 þ k2e1 þ Ŵ
T

2U2ð �̂x2Þ �W�T
2 U2ð �̂x2Þ

þW�T
2 U2ðx̂Þ þ ~W

T

2U2ðx̂2Þ þ ~W
T

2U2ð �̂x2Þ � _x2

ð36Þ

Construct the Lyapunov function as follows:

V2 ¼ V1 þ
1

2
z22 þ

1

2
s22 þ

1

2c2
~W
T

2
~W2 ð37Þ

where c2 is a given positive constant.

From (36), we have _V2 as follows

_V2 ¼ _V1 þ z2 _z2 þ x2 _x2 �
1

c2
~W2

_̂W2

� � c1z
2p
1 þ r1

c1
~W
T

1 Ŵ1 þ
1

2
z22 þ

1

2
s22 þ z2ðz3 þ s3 þ a2

þ k2e1 þ Ŵ
T

2U2ð �̂x2Þ � _x2 þW�T
2 U2ðx̂Þ �W�T

2 U2ð �̂x2Þ

� ~W
T

2U2ðx̂Þ þ ~W
T

2U2ð �̂x2Þ þ s2 _s2 �
1

c2
~W
T

2
_̂W2 þM1 þ

1

2
ek k2

ð38Þ

By using the similar design procedures to step 1, the fol-

lowing inequalities hold

z2ðW�T
2 U2ðx̂Þ �W�T

2 U2ð �̂x2ÞÞ�
s
2
z22 þ

2

s
W�

2

�� ��2 ð39Þ

z2ðz3 þ s3 � ~W
T

2U2ðx̂Þ�
3

2
z22 þ

1

2
~W
T

2
~W2 þ

1

2
z23 þ

1

2
s23

ð40Þ

Substituting (39)–(40) into (38) yields

_V2 � � c1z
2p
1 þ r1

c1
~W
T

1 Ŵ1 þ 2z22 þ
1

2
z23 þ

X3
i¼2

1

2
s2i

þ z2 a2 þ k2e1 þ Ŵ
T

2U2ð �̂x2Þ � _x2 þ
1þ s
2

z2

� �

þ s2 � s2
j2

þ B2ð�Þ
� �

þ 1

2
~W
T

2
~W2 þM2 þ

1

2
ek k2

þ 1

c2
~W
T

2 ðc2z2U2ð �̂x2Þ � _̂W2Þ

ð41Þ

where M2 ¼ M1 þ 2
s W�

2

�� ��2, and B2 is a continuous func-

tion as follow

B2 ¼ c1
oðz2p�1

1
=wÞ

ot þ _̂W
T

1U1 þ Ŵ
T

1 oU1

ox̂1
_̂x1 þ 4�s

2
ð _z1wþ z1 _wÞ

�€y2 � c1
oðv1 _l=lÞ

ot .

Construct the virtual controller a2 , the updating law of

Ŵ2 as

a2 ¼ �c2z
2p�1
2 � k2e1 �

5þ s
2

z2 � Ŵ2U2ð �̂x2Þ þ _x2 ð42Þ

_̂W2 ¼ c2z2U2ð �̂x2Þ � r2Ŵ2
ð43Þ

where c2 and r2 are given positive constants. Inserting

(42)–(43) into (41) yields

_V2 � �
X2
i¼1

ciz
2p
i þ

X2
i¼1

ri
ci

~W
T

i Ŵi þ
1

2
z23 þ

X3
i¼2

1

2
s2i

þ s2 � s2
j2

þ B2

� �
þ 1

2
~W
T

2
~W2 þM2 þ

1

2
ek k2

ð44Þ

Step 3: According to (25), the time derivative of z3 is

_z3 ¼ _̂x3 � _x3

¼ x̂4 þ c3e1 þW�T
3 U3ðx̂Þ � ~W

T

3U3ðx̂Þ � _x3

¼ z4 þ s4 þ a3 þ k3e1 þW�T
3 U3ðx̂3Þ � ~W

T

3U3ðx̂3Þ

þW�T
3 U3ð �̂x3Þ þ Ŵ

T

3U3ð �̂x3Þ þ ~W
T

3U3ð �̂x3Þ � _x3

ð45Þ

Construct the Lyapunov function as follows:

V3 ¼ V2 þ
1

2
z23 þ

1

2
s23 þ

1

2c3
~W
T

3
~W3 ð46Þ

where c3 [ 0 is a given constant.

From (45), _V3 is
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_V3 ¼ _V2 þ z3 _z3 þ s3 _s3 �
1

c3
~W
T

3
_̂W3

� �
X2
i¼1

kiz
2p
i þ

X2
i¼1

ri
ci

~W
T

i Ŵi þ
X3
i¼2

1

2
~W
T

i
~Wi

þ 2z23 þ
1

2
z24 þ

X4
i¼2

1

2
s2i þ

X3
i¼2

si � si
ji

þ Bið�Þ
� �

þ z3 a3 � _x3 þ
1þ s
2

z3 þ k3e1 þ Ŵ
T

3U3ð �̂x3Þ
� �

þ 1

c3
~W
T

3 ðc3z3U3ð �̂x3Þ � _̂W3Þ þ
1

2
ek k2 þM3

ð47Þ

where M3 ¼ M2 þ 2
s W�

3

�� ��2;
B3 ¼ ð2p� 1Þc2z2p�2

2 þ k2 _e1 þ 5þs
2

_z2 þ _̂W
T

2U2ð �̂x2Þ

þ Ŵ
T

2 oU2

o �̂x2

_̂�x2 þ _s3
j3
.

Construct the virtual controller a3 , the updating law of

Ŵ3 as

a3 ¼ �c3z
2p�1
3 � k3e1 �

5þ s
2

z3 � Ŵ3U3ð �̂x3Þ þ _x3 ð48Þ

_̂W3 ¼ c3z3U3ð �̂x3Þ � r3Ŵ3 ð49Þ

where c3 and r3 are given positive constants. Inserting

(48)–(49) into (47) yields

_V3 � �
X3
i¼1

kiz
2p
i þ

X3
i¼1

ri
ci

~W
T

i Ŵi þ
1

2
z24 þ

X4
i¼2

1

2
s2i

þ
X3
k¼2

sk � sk
kk

þ Bk

� �
þ
X3
k¼2

1

2
~W
T

k
~Wk þM3 þ

1

2
ek k2

ð50Þ

Step 4: According to (25), we can obtain

_z4 ¼ _̂x4 � _x4

¼ k4e1 þ �hðgðtÞumðtÞ þ ukðtÞÞ

þ Ŵ
T

4U4ðx̂Þ þ ~W
T

4U4ðx̂Þ � ~W
T

4U4ðx̂Þ � _x4

ð51Þ

with r� ¼ u�k .
Construct the Lyapunov function as follows:

V4 ¼ V3 þ
1

2
z24 þ

1

2
s24 þ

1

2c4
~W
T

4
~W4

þ �g
2c-

~-2 þ 1

2cr
~r2

ð52Þ

where c4, c- and cr are given positive constants. -̂ is

estimate of -� ¼ 1=�g, and ~- ¼ -� � -̂. r̂ is estimate of r�,
and ~r ¼ r� � r̂.

From (51), we have

_V4 ¼ _V3 þ z4 _z4 þ s4 _s4 �
1

c4
~W
T

4
_̂W4 �

�g
c-

~- _̂-� 1

cr
~r _̂~r

� �
X3
i¼1

ciz
2p
i þM3 þ

X3
i¼1

ri
ci

~W
T

i Ŵi þ
1

2
z24 þ

X4
i¼2

1

2
s2i

þ 1

2
ek k2 þ z4ð �hgum þ �hr� þ a4 � a4 þ z4 þ k4e1

þ Ŵ
T

4U4ðx̂Þ � _x4Þ þ
X4
i¼2

1

2
~W
T

i
~Wi þ

X4
i¼2

si � si
ji

þ Bi

� �

þ
~W
T

4

c4
ðc4z4U4ðx̂Þ � _̂W4Þ �

�g
c-

~- _̂-� 1

cr
~r
_̂~r

ð53Þ

where B4 ¼ ð2p� 1Þc3z2p�2
3 þ k3 _e1 þ 5þs

2
_z3 þ _̂W

T

3U3ð �̂x3Þ
þ Ŵ

T

3 oU3

o �̂x3

_̂�x3 þ _s4
j4
.

Construct the virtual controller a4, the updating law of

Ŵ4 as follows

a4 ¼ c4z
2p�1
4 þ k4e1 þ z4 þ Ŵ

T

4U4ðx̂4Þ � _x4 � �hr̂ ð54Þ

_̂W4 ¼ c4z4U4ðx̂Þ � r4Ŵ4 ð55Þ

where c4 and r4 are given positive constants.

Inserting (54)–(55) into (53) yields

_V4 � �
X4
i¼1

ciz
2p
i þ

X4
i¼1

ri
ci

~W
T

i Ŵi þ
X4
i¼2

1

2
~W
T

i
~Wi

þ z4ð �hgum þ a4Þ þ z4 �h~r þ
X4
i¼2

si � si
ji

þ Bi

� �

þ
X4
i¼2

si þ
1

2
ek k2 þM3 �

�g
c-

~- _̂-� 1

cr
~r _̂~r

ð56Þ

Design the controller um,, the updating laws of -̂ and r̂ as

um ¼ �-̂a4 ð57Þ
_̂- ¼ �hz4c-a4 � r--̂ ð58Þ

_̂r ¼ z4 �hcr � rr r̂ ð59Þ

where r- [ 0 and rr [ 0 are design parameters.

By using (57), we obtain

z4a4 � �hgz4-̂a4 � �h�gz4 ~-a4 � 0 ð60Þ

Then, one obtains

_V4 � �
X4
i¼1

ciz
2p
i þ

X4
i¼2

si � si
ji

þ Bi

� �
þ
X4
i¼1

ri
ci

~W
T

i Ŵi

þ
X4
i¼2

1

2
~W
T

i
~Wi þ

X4
i¼2

si þ
1

2
ek k2 þM3 þ

r-�g
c-

~--̂þ rr
cr

~rr̂

ð61Þ
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The above control algorithm configuration is shown in

Fig. 3.

4 Stability analysis

This section will analyze and prove the properties that the

designed output feedback prescribed performance fuzzy

FTC method has properties of the following theorem.

Theorem 1 For the steer-by-wire vehicle system (5), with

the Assumption 1 and 2, the fuzzy state observer (20), the

virtual controllers (33), (42), (48), (54), the controller (57),

and the parameter updating laws (34), (43), (55), (58),

(59), the following properties are guaranteed.

1. The controlled steer-by-wire vehicle system is SGPFS.

2. The tracking error converges to a small neighborhood

of zero in a finite-time interval and does not exceed the

prescribed performance bound.

Proof Take the whole Lyapunov function as

V ¼ V0 þ V4 ð62Þ

From (24) and (61), the time derivative of V is

_V � � k1 ek k2 �
X4
i¼1

ciz
2p
i þ Pk k2

X4
i¼1

~W
T

i
~Wi

þ
X4
i¼1

ri
ci

~W
T

i Ŵi þ
X4
i¼2

1

2
~W
T

i
~Wi þ

X4
i¼2

si � si
ji

þ Bi

� �

þ
X4
i¼2

si þM4 þ
r-�g
c-

~--̂þ rr
cr

~rr̂

ð63Þ

where k1 ¼ k0 � 1
2
and M4 ¼ M0 þM3.

From [25], we define the set Z ¼ feTPeþ
1
2

P4
i¼1 ðz2i þ 1

ci
~W
T

i
~WiÞ þ 1

2

P4
i¼2 s

2
iþ

�g
2c-

~-2 þ 1
2cr

~r2 � dg,
where d[ 0 is a constant , which satisfies that Vð0Þ� d.
Since Z is a compact in R17 with 17 denoting the dimension

of Z, function Bi is continuous on Z, we have �Bi � Bik k.
where �Bi is constant.

By using Youngs inequality, we have

ri
ci

~WiŴi �
ri
ci
W�T

i W�T
i � ri

ci
~W
T

i
~W
T

i ð64Þ

~--̂� 1

2
-�2 � 1

2
~-2 ð65Þ

siBið�Þ �
1

2
s2i þ

1

2
�B
2
i

ð66Þ

~rr̂� 1

2
r�2 � 1

2
~r2 ð67Þ

Substituting (64)–(67) into (63) yields

_V � � k1ðQÞ ek k2 �
X4
i¼1

ciz
2p
i �

X4
i¼2

1

ji
� 1

� �
s2i þM4

� r-�g
2c-

~-2 � rr
2cr

~r2 � 1

2

r1
c1

� 2 Pk k2
� �

~W
T

1
~W1

� 1

2

X4
i¼2

ri
ci
� 2 Pk k2 � 1

� �
~W
T

i
~Wi

ð68Þ

where M ¼
P4

i¼1
ri
2ci

W�T
i W�

i þ
P4

i¼2
1
2
�B
2
i þ

r- �g
2c-

~-
þ rr

2cr
~r2 þM4.

Choose �cj ¼ minfr1 � 2 Pk k2c1;ri � cið2 Pk k2

þ1Þ; 1ji � 1; r-; rrg, j ¼ 1; . . .; 4. Then, (68) can be

rewritten as

_V � � k1
kminðQÞ

kminðQÞ ek k2
� �p

� k1 ek k2

þ k1
kminðQÞ

kminðQÞ ek k2
� �p

�
X4
i¼1

ciz
2p
i � �cj

X4
i¼1

1

2ci
~W
T

i
~Wi

 !p

þ �cj
X4
i¼1

1

2ci
~W
T

i
~Wi

 !p

� �cj
X4
i¼1

1

2ci
~W
T

i
~Wi

� �cj
X4
i¼2

s2pi þ �cj
X4
i¼2

s2pi � �cj
X4
i¼2

s2i � �cj
�g

2c-
~-2

� �p

þ �cj
�g

2c-
~-2

� �p

þ �cj�g
2c-

~-2 � �cj
1

2cr
~r2

� �p

þ �cj
1

2cr
~r2

� �p

þ �cj
2cr

~r2 þM4

ð69Þ

By using the following inequality

Fig. 3 Structure diagram of SBWV system
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jxjijyjr � i
iþ r

1jxjiþr þ r

iþ r
1�

i
rjyjiþr ð70Þ

and selecting x ¼ 1, i ¼ 1� p, and 1 ¼ pp=ð1�pÞ, we can

obtain the following inequalities

X4
k¼2

s2pk �ð1� pÞ1þ
X4
k¼2

s2k ð71Þ

X4
k¼1

1

2ck
~W
T

k
~Wk

 !p

�ð1� pÞ1þ
X4
k¼1

1

2ck
~W
T

k
~Wk ð72Þ

�g
2c-

~-2

� �p

�ð1� pÞ1þ �g
2c-

~-2 ð73Þ

kminðQÞ ek k2
� �P

�ð1� pÞ1þ kminðQÞ ek k2 ð74Þ

1

2cr
~r2

� �p

�ð1� pÞ1þ 1

2cr
~r2 ð75Þ

Substituting (71)–(75) into (70), one has

_V � � k1
kminðQÞ

kminðQÞ ek k2
� �p

�
X4
i¼1

ciz
2p
i

� �cj
X4
i¼1

1

2ci
~W
T

i
~Wi

 !p

� �cj
X4
i¼2

s2pi

þ �cj ~-
2p þ �cj~r

2p þ D

ð76Þ

where D ¼ M4 þ 5ð1� pÞ1.
Then, choose C ¼ min k1

kminðQÞ ; 2
pci; �cj; 2

p �cj

n o
, (76) can

be rewritten as

_V � � CVp þ D ð77Þ

From the proof in [20], for 80\!\1, we obtain the

reaching time as follows:

Tr ¼
1

lCð1� pÞ

V1�pðzð0Þ; ~Wð0Þ; ~-(0); ~r(0)Þ � D

Cð1� pÞ

� �ð1�pÞ=p
( )

[ 0

ð78Þ

In (78), zð0Þ ¼ z1ð0Þ; . . .; z4ð0Þ½ �T , and

~Wð0Þ ¼ ~W1ð0Þ; . . .; ~W4ð0Þ
	 
T

. By the definition of

Vð@Þ� ð@ ¼ ½z; ~W , ~-�Þ, we can obtain

@k k�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð D

ð1�!ÞCÞ
1=p

q
, then we have the closed-loop system

is SGPFS. Combining lðtÞ ¼ ðl0 � l1Þe�ct þ l1 with

�qminlðtÞ\vðtÞ\qmaxlðtÞ, we can obtain

vðtÞ� maxfqminl0; qmaxl0g.
Therefore, from the previous discussion, the following

guideline for the controller design and parameter selection

is given as

Step 1: Define the fuzzy IF-THEN rules and member-

ship functions [24], and determine the fuzzy basis func-

tions, and then the FLSs.

Step 2: Specify vector K ¼ k1; k2; k3; k4½ �T , such that A is

a strict Hurwitz matrix.

Step 3: Specify a positive definite matrix Q and by

solving the Lyapunov Eq. (22), a positive definite matrix

P is obtained.

Step 4: The design parameter ji in nonlinear filter (26) is
chosen as ji [ 0.

Step 5: Select the design parameters 0\p\1 and design

virtual controllers (33), (42), (48) (54) and actual controller

(57).

Step 6: Select the design parameters ci and design

adaptive laws (34), (43), (49), (55), (58), (59).

Remark 6 From (78), we know that the tracking error

jy� ydj and the settling time Tr depend on the parameters

Table 1 Parameters of the system simulation

Physical parameters Values

m (kg) 2000

Vx (km/h) 30

Bsm 0.018

Iz (kgm
2) 1560

lf ; lr (m) 1.0151, 1.8951

tm; tp (m) 0.016, 0.028

Cf ;Cr (N/m) 30,000

Jfw (kgm2) 3.8

Jsm (kgm2) 0.0045

l 20

Fs 5

Fig. 4 The tracking error and performance bounds
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Fig. 5 The trajectories of the x1

Fig. 6 The trajectories of the x2

Fig. 7 The trajectories of the x3

Fig. 8 The trajectories of the x4

Fig. 9 The trajectory of controller um

Fig. 10 The trajectory of steering angle
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p, C andD. However, from the definitions of C and D in

(69), (76) and (77), we know that by increasing the design

parameters ci, ci, kminðQÞ or decreasing the design

parameters ri and p makes Tr, tracking error jy� ydj can
be made to be smaller. Notice that smaller tracking errors

would result in higher control energy. Therefore, in prac-

tice, there should be a tradeoff between improved tracking

performance and control energy.

5 Simulation studies

In this section, we check the effectiveness of the presented

fuzzy finite-time control method via computer simulation.

The parameter selections of SBWV system (5) are shown

by Table 1 [9, 12].

The reference function and the external disturbance are

chosen as yd ¼ 0:4 sin 0:4t, dðtÞ ¼ 5 sin 0:5t.

The prescribed performance function is defined as

follows:

lðtÞ ¼ ð0:3� 0:01Þe�0:5t þ 0:01

The intermittent actuator fault model is defined as

follows:

uðtÞ ¼ gðtÞumðtÞ þ ukðtÞ
where gðtÞ ¼ 0:8, ukðtÞ ¼ 5 and t 2 ½kT�; (k þ 1ÞT�Þ,

k ¼ 1; 3; 5; . . ., T� ¼ 5 s.

We design five If-Then fuzzy rules:

<l: if x1 is G
l
1 and x2 is G

l
2 and x3 is G

l
3 and x4 is G

l
4, then

y is Hq, q ¼ 1; 2; � � � ; 5.
where the fuzzy membership functions of Gq

i , i ¼
1; 2; 3; 4 are chosen as lG1

i
ðxiÞ ¼ eð�ðxi�2Þ2=5Þ,

lG2
i
ðxiÞ ¼ eð�ðxi�1Þ2=5Þ, lG3

i
ðxiÞ ¼ eð�ðxiÞ2=5Þ, lG4

i
ðxiÞ ¼

eð�ðxiþ1Þ2=5Þ, lG5
i
ðxiÞ ¼ eð�ðxiþ2Þ2=5Þ.

According to [24], we construct FLSs

f̂ iðxjŴiÞ ¼ Ŵ
T

i UiðxÞ, i ¼ 1; . . .; 4ð Þ to approximate f iðxÞ in
system (5).

The observer gain vector (20) is designed as

K ¼ k1; k2; k3; k4½ �T ¼ 10; 160; 160; 500½ �T , then A is a

Hurwitz matrix. For given a definite matrix Q ¼ 7I, by

solving Lyapunov equation ATPþ PA ¼ �7I, we obtain

P ¼

0:4030 0:5302 1:6858 0:0070
0:5302 68:0998 81:3344 201:5808
1:6858 81:3344 36:1595 266:2275
0:0070 201:5808 266:2275 844:0186

2
664

3
775

In this simulation, the all design parameters in filters,

virtual controller ai, real controller um and parameter

updating laws
_̂Wi; _̂-; _̂r are chosen as ji ¼ 0:1, p ¼ 0:95,

s ¼ 1, c1 ¼ 100, c2 ¼ 50, c3 ¼ 60, c4 ¼ 70, ci ¼ 1, ri ¼ 1.

The initial condition of variables and adaptive parame-

ters of the controlled system are selected as x1ð0Þ ¼ 0:1,

xið0Þ ¼ 0, x̂ið0Þ ¼ 0 and Ŵið0Þ ¼ 0. The simulation results

are shown in Figs. 4, 5, 6, 7, 8, 9, 10. Figure 4 shows the

responses of tracking error and performance bounds. Fig-

ures 5, 6, 7, 8 show the trajectories of steering angle, the

vehicle sideslip angle, the yaw rate, and angular accelera-

tion and their estimates. Figure 9 shows the trajectories of

the control input um.

From Figs. 4, 5, 6, 7, 8, 9, it can be concluded that the

proposed control scheme can ensure that the steer-by-wire

vehicle system (5) is SGPFS, and the steering angle can

track the expected trajectory within a finite-time interval

and does not exceed the prescribed performance bound,

while the vehicle always maintains a stable driving state.

Further, to demonstrate the robustness against actuator

failures of the proposed control method, we make a sim-

ulation comparison with fuzzy control without fault-toler-

ant technology. In the simulation, xið0Þ, x̂ið0Þ and Ŵið0Þ
are selected those in the above simulation. The simulation

results are shown in Figs. 10 and 11 that in the presence of

intermittent actuator faults, the stability of the controlled

system cannot be guaranteed.

Remark 7 Furthermore, to illustrate this study can reduce

the computational complexity problem, we compare with

the adaptive fuzzy control method without using DSC

technology in control design. We set the simulation time to

30, 50, 100 s, respectively. Then the corresponding

Fig. 11 The trajectory of controller um

Table 2 Time comparisons of two approaches

Simulation

time (s)

Program execution time

of the controller with

DSC technology (s)

Program execution time of

the controller without

DSC technology (s)

30 1.78 2.54

50 2.56 4.76

100 4.98 7.23
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program execution times are shown in Table 2. From

Table 2, we see clearly that the proposed adaptive fuzzy

DSC control approach in this paper uses much less pro-

gram execution time to achieve stability than the adaptive

control method without DSC technology.

6 Conclusion

This paper has investigated the problem of output-feedback

fuzzy adaptive finite-time prescribed performance FTC

design for the steer-by-wire vehicle system with immea-

surable states and intermittent actuator faults. FLSs are

used to model the uncertain SBWV system and a fuzzy

state observer is formulated to estimate the immeasurable

states. By adopting the adaptive backstepping control

design technique, a finite-time adaptive fuzzy prescribed

performance output feedback FTC approach has been

developed. Based on Lyapunov theory of finite-time sta-

bility, the stability analysis has been provided. The main

advantages of the presented control scheme can ensure that

the controlled steer-by-wire vehicle system is SGPFS.

Furthermore, it can make the tracking and observer errors

converge to a small neighborhood of zero in a finite-time

interval and does not violate the prescribed performance

bounded. Finally, the computer simulation results and

comparisons with the previous control method have

demonstrated the effectiveness of the presented control

approach.The further study direction will focus on the

performance optimization for SBWV system based on this

study.
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