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Abstract
Objectives: A novel approach for diagnosis and control design that compensates sensor fault effects in electric power 
steering system (EPS) is proposed. Methods/Statistical Analysis: A Luenberger observer is used to estimate the fault of 
torque sensor for the EPS system. The fault tolerant control (FTC) based an inverse model of bond graph (BG) is used to 
compensate the fault of torsion bar sensor signal. The proposed control strategy presents an opportunity to improve EPS 
system performance and also reduce system complexity. Findings: The findings achieved are simulation tests, showed 
that the application of the synthesized law on the experimental of the EPS system show the effectiveness of the proposed 
approach. Application: The fault tolerant control based a bond graph model is an important step allows an improvement 
the rapidity of the compensation of fault in the system.
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1.  Introduction
In recent years, the electric power steering (EPS) system 
has been widely used as the automobile power-steering 
equipment because of its efficiency, modularity, and ten-
ability. EPS is a control system that electrically amplifies 
the driver steering torque inputs to the vehicle to improve 
steering comfort and performance1.

The steering system is an essential part of a vehicle, 
because not only does it steer the vehicle but it also con-
veys information about the road and vehicle to the driver. 
Automobile manufacturers introduced power steer-
ing systems to reduce the physical effort of drivers. EPS 
systems compared to HPS systems offer lower energy 
consumption, lower total weight and package exibility, 
at no cost penalty. In addition, with the increase of fuel 
prices, the fuel saving benefits of EPS systems make these 
products more economical than HPS systems. 

Electric Power steering makes use of a torsion bar 
torque sensor to measure the torque of the driver. The EPS 
controller uses the torque sensor and the vehicle speed sig-

nal to determine the torque of assist motor. EPS controller 
sends a command signal to the motor controller to con-
trol the assist motor torque. Through a gearbox, the assist 
motor transfers the torque to the steering rack then to pin-
ion. The power steering turns to manual steering, as no 
assist is provided, thus requiring the driver to provide the 
entire steering torque. This is an undesirable situation. To 
improve the reliability of the EPS system, a suitable fault 
management system needs to be implemented. For faults 
such as sensor fault, FTC may be implemented so as to give 
reasonably good performance. It is seen that most methods 
used in fault management systems apply a threshold to the 
residual to detect the presence of a fault2 for this approach 
it used a model based Fault Detection and Isolation (FDI) 
technique. A fault tolerant control system for strain gauge 
sensor fault is discussed3. They are two methods for sen-
sor less estimation, one considering disturbance torque as 
unknown input and the second one considering it as a state 
variable4. Different estimation schemes can be used to esti-
mate the same signal quantities. The FTC control scheme 
is designed for a speed sensor fault in a DC motor drive 
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system using sliding mode observers5. The same is accom-
plished using H2/H∞ techniques6. A detailed comparison 
between sliding mode, classical, and nonlinear extended 
Luenberger and Kalman observers for FDI7.

This paper focuses on the problem of compensation of 
fault when takes place in the torque sensor. A Luenberger 
observer is used to estimate the sensor fault and FTC 
approach is used to compensate this fault in the system. 
This paper is organized in 5 sections where Section 2 gives 
the introduction of EPS system and describes the model-
ing of EPS with Bond Graph. Section 3 explains the fault 
tolerant control approach is based to the inverse bond 
graph model. In Section 4 the simulations results are 
presented and analyses and ended with conclusion and 
future work recommendation in Section 5.

2.  EPS System Model
Electronic power steering (EPS) used the electric motor 
to assist the driver of a vehicle. This gives more assistance 
as the vehicle slows down, and less at faster speeds. An 
EPS system typically consists of a vehicle speed sensor, 
motor, a steering angle sensor, and Electronic Control 
Unit (ECU) as shown in Figure 1.

Figure 1.  Structure of EPS system.

With Td is the torque exerted by driver to control the 
vehicle direction, Tsen is the torsion bar sensor, Im is the 
current of DC motor, V is the vehicle speed and u is the 
control in put of DC motor.

2.1  Modeling of EPS based a BG Model
The bond graph modeling is proposed by8. This tool 
allows that the multi domains systems (mechanical, elec-
trical, thermal, etc.). The BG is more and more used for 
modeling and fault diagnosis. The first BG for the design 
of Luenberger observers has been developed by Karnopp 
for a control purpose9. The causal properties of the BG 
were initially used for the determination of the state 
estimation, diagnosis and simulation of dynamical sys-
tems. Bond-graph theory could be applied to EPS which 
is a controllable system with coupling of machine and  
electricity10.

The bond graph model of EPS system is presented in 
Figure 2 and the elements considered in third figure are 
defined in Table 1.

Figure 2.  Bond graphs model of EPS.

Table 1. Steering wheel subsystem elements

Variable Symbols used in the bond graph model
u Se1

R R2

L I3

Kb r1
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Bm R6

Jm I7

Km
-1 C9

GY m1

Td Se12

J I14

B R13

Ks
-1 C

Je I1

Be R
Ke

-1 C
rp m2

br R24

mr I2

Kr
-1 C26

Fδ Se27

The state equations of the EPS system are established 
using the bond graph method in FigureA DC elec-
tric motor is used in EPS systems to provide the assist 
torque11. The differential equations of motor are deduced 
as the following:
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The differential equations of steering system are 
deduced as the following:
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The linear EPS system can be expressed in the state 
space form:

x t Ax t Bu t

y t Cx t

EPS( ) ( ) ( )
( ) ( )


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= +

=
	 (10)

where the state vector model is:

x p p q p q p q p q
T

= [ ]3 7 9 14 16 18 21 25 26

The control input u of DC motor, the driver torque  
and the random road force (Fδ) are considered as the 
inputs to the EPS system:
u t u T FEPS d

T( ) = [ ]´
The output y(t) of the EPS system is the column 

torque Tcol:

y t
C
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1

21
21 	 (11)

The system matrices A, B and C are given as:
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3.  Controller Design

3.1  PID Controller Design of EPS System
Proportional Integral Derivative (PID) controllers with 
compensators have been extensively and successfully 

implemented in EPS systems12-14. The advantages of com-
pensators and PID control algorithms over other control 
methods are their simple structure and low implemen-
tation cost. A typical PID control strategy of EPS is 
presented in the block diagram of Figure 315.

Figure 3.  EPS control diagram system.

Figure 4.  EPS Controller block diagram.

Where u(t) is the control signal, Tsen is the torque sen-
sor, V is the vehicle speed, Tm is the torque motor and e(t) 
is the error between the desired current motor (Ir) and the 
current motor Im  of DC motor (e(t) = Ir - Im). 

3.2  FTC Controller Design
The controller block diagram is presented in Figure 4. The 
state-space approach is employed to obtain a suitable con-
troller for the EPS system. It can be shown, that for the 
state-space model described in equation (10), the pair (A, 
B) is controllable and the pair (A, C) is observable.
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Where Tsen is the torque sensor, m̂V  is the velocity of DC 
motor estimated by Luenberger observer, Tsen

r is the residual 
of torque sensor, Ťsen is the torque sensor also estimated by 
Luenberger observer, V is the vehicle speed signal, Ides is the 
desired current of motor, u is the output of control block and also 
is the input voltage of DC motor and Td is the input driver torque. 

3.2.1  Diagnosis Block Diagram
To investigate the application of control to the EPS systems, 
a Luenberger observer based fault tolerant controller is pre-
sented. For the dynamical system given by (10), a Luenberger 
observer is designed and the state equation becomes:

( ) ( ) ( ) ( ) ( )( )
( ) ( )

ˆ ˆ ˆ

ˆ

EPSt t t tt

t t

A Bu L yx

x

C

C

x x

y

= + + −

=







	
(14)

Where ( )ˆ tx  is the estimate of the system state, L is the 
estimator gain matrix and ŷ(t) is the estimated output.

L PC RT= −
1

1 	 (15)

P AP XA XC R CX QT T= + − +−
1

1
1 	 (16)

Where R1 is positive definite matrix and Q1 is a positive, 
semi-definite matrix and P is the positive definite solution to 
the Riccati equation16.

3.2.2 Controller Block Diagram
The main control strategy proposed here is to achieve active 
torque control by directly control the motor voltage. The 
control block is needed to produce the assistance motor cur-
rent to be applied to the steering motor in order to improve 
the driver’s feel. The new control approach which presented 
in Figure 5 is based on inverse BG model of DC motor.

Figure 5.  Control block based inverse BG model of DC motor.

In Figure 5, they are tow reference input of DC motor: 
desired current (Ir) and estimated velocity (

m̂V ) of DC 
motor provided by the Luenberger observer. So, the control 
input signal (u) of DC motor is given by equation (17).

( ) ( ) ˆˆ
r r
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



	
(17)

Where Nu and Nx are matrix gain to be computed. Ir is 
the desired current of motor based on the torque map is 
determined by equation (27) and m̂V is the velocity of DC 
motor is estimated by the Luenberger observer.

3.2.3  Compute the Nu Matrix and Nx

Consider the reference system shown by equation (18). Nu 
and Nx are calculates such that yr(t) is equal to reference 
input r(t)17.

x A x B u
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t t t
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r m r m r

r m r

( ) ( ) ( )
( ) ( )

= +

=
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The basic idea to find the gain Nx that it should trans-
form the reference input r(t) to a state reference xr(t). 

x N yr x rt t( ) ( )= 	 (19)

Additionally, in order to remove the steady state error, 
a feed-forward control that is proportional to the refer-
ence input is added

u N rr ut t( ) ( )= 	 (20)

where Nx and Nu can be designed as follows: 
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So Nx and Nu are calculated by equation (23):
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Where Am, Bm and Cm are matrices of DC motor are 
given as:
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Based in the equation (23), the matrix Nx  and Nu are 
calculated by the new equation (24):

N
N

A I B
C I
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m m
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where 
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1
0

= 
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
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 and β =
−




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0
1

3.2.4  Compute the Desired Current (Ides )
In nominal condition, the desired current (Ides) of DC 
motor is determined by the equation (25):

I G Tdes sen= . 	 (25)

Where G is constant parameter determined by the 
assistance law of EPS system presented in Figure 6 and 
the torque sensor (Tsen) is determined bythe equation (26):   

Figure 6.  Assistance laws.

T T
C

Tsen sen d= +
0

16

1
	 (26)

Where 
0

5 senT mA=  in the initial condition (Td = 0 
Nm) and C16 is compliance of torsion bar Ks

-1.
Now, when the sensor fault is appeared in the instant  

t = 5s, so the new desired current motor (Ides) is deter-
mined by equation (27):

I G T rdes sen Tsen
= −.( ) 	 (27)

Where is the residual signal ( ˆ( )
senT sen senr T T= − ). 

4.  Results Discussion
To improve the steering feel and maneuverability when 
the vehicle is turning, a FTC with sensor fault is designed 
based on the bond graph model. All the simulations have 
been performed using the software 20sim18. The param-
eters values of EPS system are listed in Table 2.

Table 2. EPS system parameter values

Parameter  Value

R2 0.218 Ω
I3 0.710-3 H
r1 0.032  Nm/A
R6 3.410-4 N/(m/s)
I7 4.810-4  Kg m2

C9 1.5910-4 Nm rad/s
m1 0.0434
I13 0.0001 Kg m2

R14 0.001 Nm s/rad
C16 0.00108 rad/(Nm)
I18 0.00149 Kg
R19 0.005 Nm s/rad
C21 0.110-4 Nm rad/s
m2 0.1
R24 400 Nm s/rad
I25 1 Kg
C26 100 rad/Nm

The speed of the vehicle is set at 2.45 km/h, which is 
the normal speed in practice as well. Test data is as shown 
as follows:

The values result of control gains matrix Nx and Nu are: 

Nx
T( ) =  0 0007 0.

Nu
T( ) =  0 2187 0 032. .

The driver input torque signals Td is shown in 
Figure 7. The electronic power steering system gener-
ates torque through the operation of the motor and the 
reduction gear installed on the column shaft in order 
to assist steering effort. In normal condition of system, 
Figure 8 introduced the current error with PID and FTC 
approach. 
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Figure 7.  Driver input torque (Td).

Figure 8, show that the currents error computed with 
FTC and PID control are not the same. The Figure 8(a) indi-
cates that with PID control, the current error is non-zero. On 
the other hand, the Figure 8(b) indicates that with FTC, the 
current of DC motor follows well the desired current.

(a)

(b)

Figure 8.  (a) Current error with PID and (b) current error 
with FTC in normal condition.

Figure 9 shows that the fault in torque sensor is 
appeared in instant t = 5s. The residual signal of sensor 
torque generated by using the Luenberger observer is 
shown in Figure 10.

Figure 9   Sensor torque evolution with and without 
fault.

Figure 10.  Sensor fault and residual of sensor torque.

Note that the residual signal is equal to actual fault. 
This residual signal is used in FTC approach to compen-
sate the fault in the system.

In order to show the effective influence of the 
FTC on the system, a comparative study is proposed 
between the PID and the proposed FTC controller. 
Figure 11 shows the result of the motor current evolu-
tion in faulty mode.

In presence of sensor fault, the simulation results in 
Figure 11 indicate that the sensor fault it compensate in 
motor current value when used the FTC approach. But 
with PID controller, the motor current value becomes 
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bigger in its amplitudes and indicates the efficiently of the 
FTC controller method.

Figure 11.  Motor current evolution in faulty condition.

5.  Validation Test
This section will present the results obtained from the 
tests carried on the EPS system in the laboratory pre-
sented in Figure 12. The results will be discussed to 
determine the performance of FTC approach in pres-
ence of sensor fault in the EPS system. Figure 13 shows 
the comparison of simulation results with the experi-
mental results.

Figure 12.  EPS experimental test.

Figure 13 show that the simulated results are approxi-
mately agreed each other with the real time. The practical 
results have demonstrated that it is a feasible approach to 
use a FTC approach that mimics the characteristics of a 
conventional EPS system in presence of sensor fault.

Figure 13.  Simulation and experimental test of Column 
torque.

6.  Conclusion
In this paper, we propose an EPS fault tolerant controller 
system. The novelty of the proposed controller is illus-
trated by applying the FTC approach based in inverse 
model of bond graph to the EPS system. Notre approach 
enables to compute appropriate control actions for com-
pensate the sensor fault. The reconfigurable controller is 
designed by new algorithm based on Luenberger observer 
and to compute the controller gain matrix. Simulations 
have been implemented on EPS system with FTC and 
PID controller. The fault cannot be eliminated by PID 
controller, but it is compensated by the FTC approach.

From the experimental results, it is clear that the FTC 
approach can compensate the fault in the system.

For future work, a more robust observer such as 
sliding mode observer is recommended to solve the inac-
curacy of estimated parameters with presence of sensor 
fault.
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