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Abstract 
 
Steer-by-Wire system (SbW), in which the conventional mechanical linkages between the steering wheel and the 

front wheel are removed, is suited to active steering control, improving vehicle stability, dynamics and maneuverability. 
And SbW is implemented to autonomous steering control to assist the driver. However, the SbW vehicle contains un-
solved important problems about fault tolerant function. For example, it is the detection of sensor fault and multiplica-
tive fault simultaneously. Fault detection and isolation (FDI) is essential in fault-tolerant problems, and conventional 
FDI for SbW was based on Kalman filter. But this method has weak robustness and cannot detect sensor fault and mul-
tiplicative fault simultaneously. We propose a novel model-based fault detection and isolation method using sliding 
mode observer in the SbW vehicle, which contains measurement of sensor fault and multiplicative fault. The effective-
ness of the proposed method is verified by simulations. 
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1. Introduction 

A steer-by-wire (SbW) system is one in which the 
conventional mechanical linkages between the steer-
ing wheel and the front wheel are removed, and is 
operated by electronic actuators. The SbW system has 
many advantages compared to a conventional steering 
system because of easy elimination of interference 
between the driver and the steering system. For ex-
amples, the SbW system can increase the freedom to 
tune the steering feel and also can improve steering 
maneuverability, using a steering control device such 
as a joystick. Thus, the SbW system is suited to active 
steering control, improving vehicle stability, dynam-
ics and maneuverability. And SbW is implemented to 

autonomous steering control to assist the driver [1-3]. 
However, since there would be no mechanical redun-
dancy, the reliability of the system needs to be im-
proved by using fault tolerant function.  

Fault detection and isolation (FDI) is essential in 
fault tolerant problems and is expected to be very 
important for general X-by-Wire technique. A fault is 
deemed to occur when the system suffers an abnor-
mal condition, such as a component malfunction. To 
ensure that the process operation satisfies the per-
formance specifications, the faults in the process need 
to be detected, diagnosed, and removed. The purpose 
of fault detection is to determine that a fault has oc-
curred in the system, whereas fault isolation is used to 
diagnose the location of the detected fault. The fault, 
if it is undetected, could have catastrophic conse-
quences and could incur financial losses. The most 
obvious method for automatic fault detection is the 
use of hardware redundancy, where measurements 
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from multiple sensors are compared with each other 
and the existence of failure is determined by imple-
menting the voting mechanism. In many practical 
situations, however, hardware redundancy may not be 
possible or desirable, since it imposes a penalty in 
terms of volume, weight and costs etc. In other situa-
tions where a fault exists in the actuator, its direct 
measurement is often not possible [4]. 

In the FDI technique, functional redundancy plays 
a key roll, which is obtained by comparing the meas-
ured output and the model output of the faulty system. 
Several schemes for the prompt detection of incipient 
instrument faults in dynamic systems have been pro-
posed [5]. These schemes require the use of state 
estimators in the monitoring system to generate re-
dundant signals. So, the faulty system must be mod-
eled appropriately for successful diagnosis and isola-
tion. One approach is to model faults as additive per-
turbations to an input/output model of the normal 
system [6]. Such a representation is appropriate to 
model subtle drifts in measuring devices, abrupt sud-
den failures of sensors, or an actuating device becom-
ing stuck or failing to respond to a reference com-
mand signal. Many researches in the area of FDI have 
been directed towards this additive fault scenario. 
However, in other situations such as the failure of 
system component, the results are ‘internal’ and may 
be better described by means of multiplicative or 
parametric faults. In this multiplicative scenario, the 
fault signals appear multiplied by the states and/or 
inputs [7]. The multiplicative fault scenario is much 
less well studied than the additive approach. Alcorta-
Garcia et al. (1999) studied multiplicative fault isola-
tion in linear systems, and Hofling et al. (1995) did 
parameter estimation triggered by continuous-time 
parity equations [8, 9].  

Conventional FDI systems for SbW were based on 
the Kalman filter and parity space method [10, 11]. 
However, these methods concentrated detection of the 
faults as additive perturbations to an input/output 
model. These schemes are weak for multiplicative 
faults that are variations in system parameters, such as 
variation of the tire cornering stiffness. Besides, the 
methods are inaccurate to occurrence of sensor fault 
and multiplicative fault simultaneously. Moreover, 
the methods have weak robustness for some noise and 
complex fault signal. 

A sliding mode observer yielding insensitivity to 
unknown parameter variations and noise was pro-
posed by [12]. The fundamental difference between 

sliding mode observer and other observers is that the 
sliding mode observer has usually discontinuous input 
terms so that the error trajectories move onto a speci-
fied attractive hyperplane. Robustness, insensitivity 
properties, simplicity of design and straightforward 
implementation are motivations to consider sliding 
observers as a powerful. 

In this paper, we consider simple linear models of 
the front steering system and vehicle dynamics for the 
SbW vehicle with multiplicative fault or sensor fault. 
And, we propose the design of the simultaneous sen-
sor and multiplicative faults detection for SbW vehi-
cles using a sliding mode observer. The effectiveness 
of the proposed method is verified by simulations. 
 
2. Problem statement 
2.1 Model of SbW system 

An SbW system is divided into two parts, steering 
wheel and front wheel, and contains two electronic 
actuators assisting in their operations. These two elec-
tronic actuators receive input signals from electronic 
control unit (ECU), and one actuator generates reac-
tive torque to the steering wheel and the other actua-
tor steers the front wheel by following the driver’s 
will. Fig. 1 shows the structure of SbW system which 
is reconstructed into SbW system using Toyota’s 
electronic vehicle (COMS). 

The torque from the front wheel actuator is trans-
mitted to the front tires through the front wheel sys-
tem consisting of front wheel steering motor, ball 
screw gear, and tie rod. The front wheel angle is 
measured by encoder. The obtained data are transmit-
ted to the ECU, in which the desired steering wheel 
angle and front wheel angle are calculated. Fig. 2 
 
 

 
 
Fig. 1. Structure of SbW system. 
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Fig. 2. Front wheel dynamics. 
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Fig. 3. Bicycle model. 
 
shows the model of the front wheel, in which only the 
tie rod stiffness is considered and other stiffness is 
ignored because the stiffness of the tie rod has the 
greatest effect on steering angle. 

The dynamics of the front wheel is described by 
 

s s s s f s s aI R rδ δ τ τ τ+ + = −&& &   (1) 
 
where sδ  is the front steering angle, sτ  and aτ  
are the front wheel actuator torque and the aligning 
torque, respectively. sI  and sR  are the moment of 
inertia and damping of the front wheel system. sr  is 
the steering ratio of the steering system. And the cou-
lomb friction fτ  due to friction is treated as an in-
put: 
 

sgn( )f c sFτ δ= &   (2) 
 
where the coulomb friction constant cF  is identified 
along with the inertia and damping constants using 
the ARX model. The aligning torque is a function of 
the vehicle state and represents significant disturbance 
to the steer-by-wire system. 

A vehicle’s dynamics in the horizontal plane can be 
represented by a bicycle model with states of sideslip 
angle β  at the center of gravity (CG) and yaw rate 
γ  as shown in Fig. 3 [13]. Assuming constant longi-
tudinal velocity ( )xu V= , the state equation for the 
bicycle model can be written as 
 

v v v v sx A x B δ= +&   (3) 
 
where 
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where zI  is the polar moment of inertia of the vehi-
cle, and m  is the mass of the vehicle. fCα  and 

rCα  are the front and rear cornering stiffnesses, a  
and b  are distances from the center of gravity to the 
front and rear axles, respectively. Note that the model 
is valid for tires operating in the linear region and 
small slip angles.  

The aligning torque aτ  in Eq. (1) is related to 
the vehicle state as 
 

( )( )a f p m s
aC t t
Vατ β γ δ= − + + −   (4) 

 
where pt  and mt  are the pneumatic and mechanical 
trails of the tire, respectively. In the following, in 
order to arrive at a linear model, pt  and mt  are 
assumed constant and known, as are fCα  and rCα  
[14]. 
 
2.2 Problem statement 

Most vehicle models assume fairly complex tire 
force models with various parameters, such as corner-
ing stiffness used to characterize the interaction be-
tween the tire and the road. However, it is often diffi-
cult to determine these parameters precisely, since 
they are subject to great variability with changes in 
tire inflation pressure, road surface, weather condition 
etc [15, 16]. The uncertainty of front cornering stiff-
ness coefficient is the source of the critical driving 
situation. Moreover, it has influence on the design of 
VSC systems such as active steering control system. 
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So, if the uncertainty of front cornering stiffness coef-
ficient has occurred, then it is considered as cornering 
stiffness fault. And the damping coefficient of the 
front wheel system Eq. (1) is potentially fault-prone. 
Suppose s o sR R R= + ∆  in Eq. (1) where oR  is a 
nominal known parameter, and sR∆  is uncertainty 
which represents the front wheel fault. We will esti-
mate the above-mentioned uncertainties by FDI 
method using sliding mode observer. 

Now, let’s consider the following uncertain dy-
namic model that is to combine the vehicle model Eq. 
(3) with front steering model Eq. (1) 
 

1 2( )A s f

s s

τ τ= + + +

= +

x A ∆ x B B

y Cx M f

&
  (5) 
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where A∆  represents an unknown multiplicative  

Table 1. Catalog of the faults for SbW system. 
 

Fault Error In 

Yaw rate sensor γ  

Steering angle sensor sδ  

Front cornering stiffness coefficient fCα  

Steering motor wb  

 
fault matrix. There are the cornering stiffness fault 

fCα∆  and front wheel fault sR∆ . And sf  repre-
sents unknown measurement faults. Table 1 lists a 
catalog of faults that can occur in the SbW system 
along with the variable. 

The faults can be estimated by FDI method. And 
the reconstructed multiplicative fault signals espe-
cially can be used for designing a fault tolerant sys-
tem such as active steering systems for control of 
vehicle stability. In the uncertain dynamic model Eq. 
(5), we assume that the side slip angle is estimated by 
sideslip estimation method using a combination of 
global positioning system (GPS) and inertial naviga-
tion system (INS) sensors in the output signal. 

The uncertain dynamic model Eq. (5) can be re-
expressed as in [17] which calls a faulty system 
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The problem is to develop simultaneous measure-
ment and multiplicative fault detection and isolation 
for the faulty system Eq. (6). For this, we will intro-
duce a sliding mode observer in the next section. 
 
3. FDI using sliding mode observer 

In most previous works, FDI problems for the SbW 
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system just have been introduced through a residual 
signal. In practice, it is also important for rejecting the 
influence of faults to know the shape of faults. How-
ever, it is very difficult to obtain such information 
from the residual signal. 

In this section the fault reconstruction method is 
developed by introducing the sliding mode observer 
with feedforward compensation signal and injection 
map. 

 
3.1 Sliding mode observer 

Consider the faulty system Eq. (6); the general 
form of the sliding mode observer can be given by 
 

1 2 ( )
ˆ

s f tτ τ= + + + +

=

z Nz Ly J J λv

y Cz

&
  (7) 

 
with = −N A LC , 1 1=J B  and 2 2=J B , the ma-
trix L  is chosen to stabilize the matrix N . v  is 
an external feedforward compensation signal, and 
λ  is the feedforward injection map. Without loss 
of the generality we can assume that 0>Cλ . Fur-
ther, we assume that ( , )N λ  is completely control-
lable [6]. Now, by choosing properly the feedfor-
ward injection map and external compensation sig-
nal, we prove the stability of the error dynamics and 
the existence of the sliding mode. 

Let the state error e  and output error ye  be 
e = x - z  and ye = Cx - Cz . Subtracting Eq. (7) from 
Eq. (6), we get the state error dynamics by 
 

* *( ) ( )t t= + −e Ne M f λv&   (8) 
 
and the dynamics of output error ye  by 
 

* *( ) ( )y t t= + −e CNe CM f Cλv&   (9) 
 
where λ  can be interpreted as the control input dis-
tribution map for the system Eq. (9). And the faults 
signal matrixes are represented as 
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∆
f

f
, [ ]*

m s=M M LM     (10) 

 
Since the observer gain matrix L  is selected to sat-
isfy the stability of error dynamics. Next, for the exis-
tence of the sliding mode and for reaching and cross-
ing of the sliding surface, the external feedforward 
compensation signal is set as  
 

( ) sgn( ) ,    0y
y y

y
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v W e W e
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  (11) 

where W is diagonal matrix with elements kw  as 
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and the vectors kC  and kλ  are the k-th column 
and row of matrices C  and λ  respectively. m  
is boundary of fault and kw  must satisfy 

* * 0k ≠C M f . Now we establish the condition so that 
lim ( ) 0
x

t
→∞

=e . Let P  be the solution of the follow-
ing Lyapunov equation:  

T+ = −NP PN Q   (13)  
where Q  is an arbitrary positive definite symmet-
ric matrix. For leading to the stability of the output 
error dynamics Eq. (9) and the existence of sliding 
mode, the feedforward injection map λ  is chosen 
as 

1 T−=λ P C   (14) 
 
under the assumption that 
 

=* *M f λρ   (15) 
 
where ρ  is constant matrix. The stability of the 
state error dynamics Eq. (8) is guaranteed by this 
selection of Eq. (14) and the suitable condition Eq. 
(15). Let a Lyapunov function candidate for Eq. (8) 
as 
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Then the time derivative V&  satisfies 
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    (17) 
where W  satisfied with min m≥W ρ  must be 
chosen. 

So, we desire to find the condition for the exis-
tence of the sliding mode such as 
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where 
kye denotes the k-th output error signal. 

From the last inequality of Eq. (18), we have 
 

*
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k k k k

k k k

w m−
<

−

C λ C M
e

C A L C
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Note that this inequality is the sufficient condition for 
the existence of the sliding mode to be satisfied in the 
neighborhood of 0y =e . Also, the minimum of the 
right terms in Eq. (19) shows a disk in which the state 
errors move on the sliding surface. 
 
3.2 Fault detection and isolation 

Assume that the sliding mode observer in Section 
3.1 is designed, and that a sliding motion has been 
achieved, then 0,  0y y= =e e& . Define eqv  as the 
equivalent output error injection required maintaining 
the sliding motion [18]. This can be approximated 
online to any required accuracy. Under the stability of 
the output error dynamics and the existence of sliding 
mode, we get from Eq. (9) 

* *0 eq= −CM f Cλv   (20) 

The equivalent feedforward compensation signal 
eqv  can be approximated to continuous signal by 

replacing Eq. (11) with  

*
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where δ  is a small positive scalar. It follows from 
Eq. (20) and Eq. (21) that 

* *
ˆ

( ) ( )
ˆ

m m

s s
δ

+
⎡ ⎤⎡ ⎤

≈ = =⎢ ⎥⎢ ⎥
⎢ ⎥⎣ ⎦ ⎣ ⎦

∆ ∆
f CM Cλ v

f f
  (22) 

From which the reconstruction of each faults matrixes 
is achieved. 
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Fig. 4. Scheme of the fault reconstruction proposed. 

Since ye 0=  and 0→e , it follows that ˆ →x x , 
and hence 1 ˆ( , , )Q A B x → 1( , , )Q A B x , 2 ˆ( , , )Q A B x  
→ 2 ( , , )Q A B x  in Eq. (6).  

Now, define a reconstruction multiplicative faults 
signal 

1 2
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It follows that ˆ
f fC Cα α∆ → ∆ , ˆ

s sR R∆ → ∆  and 
hence accurate estimates of the multiplicative faults 
can be obtained. A more practical way to imple-
ment the reconstruction Eq. (23) would be 

1
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where fδ  is a small positive scalar. Provided that 
fQ δ> , a good approximation to ,f sC Rα∆ ∆  can 

be given by ˆ ˆ,f sC Rα∆ ∆ . A schematic representation 
of the proposed FDI scheme is shown in Fig. 4. 
As developed above, the sliding mode observer can 
be introduced to detect and isolate faults for the SbW 
system with multiplicative faults and sensor faults. 
 

4. Simulation results 

In this section the proposed method is applied to an 
SbW vehicle system with the parameters in the Table 
2. 

The system matrices of SbW vehicle system Eq. (6) 
with faults are given as 

 
2.463 0.576 1.231 0

1.294 1.232 5.876 0
0 0 0 1.0000
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Table 2. Numerical values of vehicle model parameters. 
 

m  290 kg  

zI  251 2kg m⋅  

fCα  2500 N / rad  

rCα  2500 N / rad  

a  0.59 m  

b  0.72 m  
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From the Section 3, the feedforward injection 
map λ  is obtained as 
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In all simulations, the vehicle is assumed to tra-

vel at a constant speed of 7 m/s (25.2 Km/h) and the 
front steering motor torque command with Fig. 5 is 
used. Then, the normal vehicle states and estimated 
states using sliding mode observer for the numeri-
cal SbW system without faults are shown in Fig. 6. 
Fig. 7 shows the front tire fault signal which is in-
serted at 4 second into the nominal system and re-
moved at 10 second. For the cornering stiffness 
fault in Fig. 7, the results of FDI are shown as Fig. 
8, in which the solid line is real faults and the dash-
dot line is the reconstruction result for cornering the 
stiffness fault. 
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Fig. 5. The command of the front wheel actuator torque. 

The simulation results are shown in Figs 9-11 
which represent the results of fault reconstruction, i.e., 
the approximation of yaw late sensor and front wheel 
fault, which are random/triangle signal. 

Fig. 9 shows simultaneous occurring sensor and 
multiplicative fault. For sensor and multiplicative 
fault, the results of FDI are as shown Figs 10-11, in 
which the solid line is the real fault and the dash-dot 
line is the reconstructed fault. In the following simu-
lation, the output signals were subject to white 
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Fig. 6. The responses of estimated states using sliding mode 
observer without fault signal. 
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Fig. 7. The uncertainty of the front tire cornering stiffness. 
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Fig. 8. The reconstruction result of front tire fault. 
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Gaussian noise. From Eq. (9), it can be seen that 
theoretically the derivative of the noise appears in 
the output error and hence constitutes a large dis-
turbance. Thus arbitrarily large values of m  
would be needed to sustain a sliding motion. From 
simulation results, it can be seen that the detected 
and isolated faults almost correspond to real input 
ones. And we can confirm to simultaneous recon-
struct the measurement and multiplicative fault 
through residual signals. Consequently, the pro-
posed method has achieved its reconstruction as 
well as the detection and isolation for each fault. 
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Fig. 9. Sensor and multiplicative fault. 
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Fig. 10. Reconstruction of sensor fault for triangle signal. 
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Fig. 11. Reconstruction of multiplicative fault for random 
signal. 

 
5. Conclusions 

This paper has presented the method of fault detec-
tion and isolation for an SbW vehicle with sensor and 
multiplicative faults simultaneously. In SbW vehicle, 
we first considered the FDI problem for the sensor 
fault where detecting and isolating are independent of 
the influence of multiplicative fault. Secondly, a slid-
ing mode observer was designed which adds a gen-
eral full-order observer for the SbW model to feed-
forward injection map and feedforward compensation 
signal, and with sliding mode observer the sensor and 
multiplicative fault were detected and isolated. Fi-
nally, the effectiveness of the proposed method was 
verified by simulation results. 

The inherent perspectives of this work are situated 
in the general context of an active fault tolerant con-
trol for the SbW system. Future works will look for-
ward to: 
 
● Develop fault tolerant control with active reconfig-

uring schemes for fault accommodation. 
● Side slip angle control with active steering of SbW 

for improving driving performance and stability 
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