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Abstract

Generating Reference Steering Feel for 

Steer by Wire

Jaepoong Lee

School of Mechanical and Aerospace Engineering

The Graduate School

Seoul National University

This study proposes a reference steering wheel torque map and a torque 

tracking algorithm via steer-by-wire to achieve the targeted steering feel. A 

three-dimensional reference steering wheel torque map is designed using the 

measurement steering characteristic of a target performance of the vehicle at 

transition steering test and weave steering test. To reflect the road conditions 

to the reference steering wheel torque map, the rack force model was 

designed. The difference between the measurement data of the rack force and 

the rack force model is reflected in the reference steering wheel torque. Also, 

to achieve return to center performance, modified friction model for steer by 

wire is used. A motor is used as actuators to generate the targeted steering 

feel. A sliding mode observer is used to estimate the steering wheel angular 

velocity and angular acceleration. A sliding mode control is used to track the 

targeted steering torque. The performance of the proposed controller is 

evaluated with the weave and transition tests using computer simulations. 

Also, the hardware-in-the-loop simulation (HILS) system is also developed to 

evaluate the proposed controller. By using this proposed control algorithm in 
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steer-by-wire system, the steering feel close to that of a conventional motor 

driven steer system has been successful obtained

Keywords: Steer by Wire, Steering Feel, Rack Force Estimation,
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Nomenclature

J�� Moment of inertia about steering wheel

J��� Moment of inertia about motor

B�� Damping coefficient of steering wheel 

B��� Damping coefficient of motor

θ�� Steering wheel angle

θ��� Motor angle

K��� Torsion bar stiffness

L Motor inductance

R Motor resistance

i��� Motor current

e� Motor voltage

T��� Motor torque

T�� Steering wheel torque (Driver input)

T���.�������� Motor friction torque

T��.�������� Steering wheel friction torque

M���� Mass of rack bar

B���� Damping coefficient of rack bar

x���� Rack position

F����.��������� Rack friction force

T��� Torsion bar torque (sensor)

C� Front tire cornering stiffness

C� Rear tire cornering stiffness

v� Longitudinal velocity

l� Length from C.G to the front wheel axis

l� Length from C.G to the rear wheel axis
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Chapter 1

Introduction

1.1 Research Background

A steering system is one of major subsystems of vehicle. The steering 

system provides the driver with a steering feel. In a typical mechanical 

steering system, the steering feel is formed from steering reaction torque 

transmitted from steering shaft. Drivers make use of steering reaction torque 

to get information of road conditions. Hence, steering reaction torque known 

as steering feel is important for driver comfort and safety. 

In a steer-by-wire system, electric control system has to be substitute for 

these application of mechanical components because steering shaft is removed. 

Therefore, unlike the typical system, steer by wire is divided into two system. 

A steering wheel system creates steering feel to drivers and measures 

information of driver’s steering inputs. A rack system controls a position of 

rack according to driver’s steering inputs.

In the steering wheel system, the methodology of design a reference 

steering wheel torque map is important. There are various methodology to 

define appropriate steering feel. One way of designing steering feel is using 
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data of various vehicle tests. Steering wheel angle and angular velocity and 

vehicle speed is easy to measure so the reference torque map is constructed 

using steering angel and angular velocity and vehicle speed. There is another 

experimental way to design a reference torque map. Because rack force is also 

related with steering reaction force, S. Fankem et al. uses the correlation 

between rack force and steering feel to design a torque map. Balachandran, A 

proposed another method of designing the reference steering torque map 

which can be adjusted through tuning a critical set of parameters. The factors 

that form the steering feel are the inertia and damping of the system, the 

aligning moment, the jacking torque, and the assist torque. A reference 

steering wheel torque map is designed by modeling these torques that create a 

steering feel.

1.2 Research Overview

The new reference steering feel generation algorithm consists of the 

definition of reference steering feel and control algorithm. The reference 

steering wheel torque is constructed using the weave test and the transition 

test as in the conventional method. Damping torque and stiffness torque of 

reference steering feel are defined as a map with input of steering wheel angle 

and angular velocity. The friction torque is defined according to various 

situations.

The control algorithm is a logic that controls the motor so that the driver can 
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feel the reference steering feel. The control algorithm consists of the 

estimation algorithm and the tracking algorithm. Sliding mode observer is 

used to estimate the state required for control. And then, sliding mode control 

is used to generate steering feel.

The proposed control algorithm is validated by computer simulation and 

hardware in the loop (Hils) test. To simulate the computer, the steering wheel 

system and the rack system is modeled using Matlab / Simulink. Weave test, 

transition test, and return test were used to verify the proposed control 

algorithm and the Rack force model. In addition, Hils test validated return-

ability performance.

Chapter 2

Configuration of Steer-by-wire

In this study, Steer-by-wire system is constructed using only a single motor 

without fail safe. By connecting the motor to the part where the steering 

column is previously located, the physical power transmission is replaced by 

the electric power transmission. In this separated steering system, the upper 
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part is called the steering wheel system and the lower part is called the rack 

system.

2.1 Steering Wheel System

The steering wheel system consists of two parts as shown in Fig. 2.1. 
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Figure 2.1 Configuration of Steering Wheel System

The handle is the part where the driver's input torque is applied and the 

steering column is the part that generates the reaction force through the motor. 

A torque angle sensor is attached between these two parts to measure the 

driver input and control the motor in the electronic control unit (ECU) using 

the measured information. It is assumed that each system is a second-order 

dynamics system and that the sensors have physical properties such as springs. 

The equation of handle and column dynamics are as follows (2.1), (2.2).

�����̈� +�����̇� = −����(��� − ����) + ��� − ���������_�� ∙ �������̇��  

(2.1)
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������̈�� + ������̇�� = ����(��� − ����) + ���� − ���������_��� ∙ �������̇���

(2.2)

In this study, we assume that the motor has similar characteristic with a DC 

motor. The equation of motor dynamics is as follows (2.3).

L
�

��
���� + ����� = �� − ������̇��                                  (2.3)

2.2 Rack System

The rack system consists of rack bars, motors and gears as shown in Figure 

2.2.
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Figure 2.2 Configuration of Rack System

The ECU uses the angle measured in the steering wheel system to determine 

the target rack position and control the motor to move the rack bar. A position 

sensor is used to control the exact position of the rack. Unlike the steering 

wheel system, the torque and force are not measured, so the physical 

characteristics of the sensor are not reflected. The model is divided into two 

parts based on gears. As in the previous case, it is assumed that the system is a 
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second-order dynamics system and the frictional force of the gear is 

considered. The equation of rack dynamics are as follows (2.4). 

�������̈��� + �������̇��� = −�����.�������� ∙ ����(��̇���) − ����� +
����

�����
  (2.4)

The motor model is modeled in the same way as the steering wheel system 

above. The Rack force is used from the values calculated by the Carsim 

software.

Chapter 3

Reference Steering Wheel Torque Map

3.1 Reference Steering Wheel Torque Map

The targeted steering torque is defined by using measurement data via 

various field tests. Sinusoidal test and transition test are a typical 

measurement method of steering feel performance. The sinusoidal test, 

also known as weave test, is the method to measure the characteristic of 

steering system such as the degree of hysteresis and assist torque using 

sine wave steering wheel angel input. And the transition test under a 
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constant steering wheel velocity is to measure the initial steering assist 

torque through the EPS logic or a vehicle dynamic characteristic. Thus, 

using these tests, we presents the reference steering feel, which we want 

to realize, generated from the weave and transition tests as shown in 

Fig.3.1. 

Figure 3.1 Reference Steering Wheel Torque Map

The map is constructed using the steering wheel angle and the angular 

velocity of the steering wheel because it is easy to measure these data. This 

methodology used for electric power steering vehicles in previous studies is 

not suitable for steer-by-wire vehicles.

This is because the steering wheel system has a very low inertia and 

damping system, so the control performance has a large effect on the return-

ability. Therefore, by redefining the friction part of the defined map, the 

responsiveness of the friction is adjusted according to the situation. This can 

control the reactivity to the hands off situation.

The second problem is that the reference steering wheel torque map used in 

Electric Power Steering cannot be used to transmit road conditions to the 

driver. It uses a rack force to transmit the road conditions to the driver through 

the steering feel. Since the rack force is generated by the forces acting on the 
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tires by road surface, the rack force information can be used to transmit road 

conditions to the driver.

3.2 Friction Model 

Since the steering system has a small load, the effect of the friction model is 

large. If a delay occurs in the angular velocity estimation, a delayed friction 

force is generated in the friction model, causing the system to vibrate. The 

following graph, Fig.3.1 is a test to verify return-to-center performance 

(Return-ability) without modifying the friction model.

Figure 3.2 Return test without modification

To eliminate the above vibration phenomenon, various friction models are 

constructed. The friction model consists of three models according to the low 

angular velocity range, high angular velocity range and stop condition. Fig.3.3 
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shows the architecture of friction model.

Figure 3.3 Architecture of Friction Model

In this case, each friction model outputs a value between 1 and -1 depending 

on the direction of the friction force, not the friction force. At high velocities, 

we use sign function. The friction model for high velocity range is as follows. 

(3.1)

����� = −sign(�����������̇)                             (3.1)

This friction model is a model for generating friction torque when the handle 

moves at high angular velocity. With this model, friction torque is generated 

when the angular velocity exceeds a certain angular velocity.

At low velocities, we use two kinds of models. First model is basic friction 

model which use tangent hyperbolic function. (3.2)

������ = −���ℎ(�����̇)                                      (3.2)
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This friction model is a widely used model and can control the sensitivity of 

the friction force by adjusting the constant ��. However, this model cannot 

define all the frictional forces in the low speed range. Depending on the value 

of k1, friction force at very low angular velocities may not be sufficient. A 

frictional model as shown in Eq. (3.3) is introduced to generate sufficient 

frictional force even at very low angular velocities.

���� = −
�

∆�
∫ ����(�)̇
��∆�

�
��                              (3.3)

Since the basic friction model and the low angular velocity model are low 

angular velocity regions, they reflect the characteristics of static friction force.

The friction force at the low angular velocity is determined by comparing the 

friction force calculated by friction model and the steering wheel torque 

measured by the torque & angle sensor of the steering wheel system. The 

frictional force considering the static frictional force is shown in Eq. (3.4).

������� = ���((���� + ������),
����

�(�)
)                              (3.4)

The friction force is finally determined using the magnitude of the frictional 

force at each vehicle speed calculated from the reference steering wheel 

torque map. Equation (3.5) determines the frictional force using the values of 

the friction models.
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Friction = �(�)���(����� + �������)                              (3.5)

3.3 Rack Force Feedback

In the proposed reference steering wheel torque map, the rack force is used

to reflect the road conditions. The actual rack force in the rack system is 

assumed to be measurable. The difference between the rack force calculated 

by the rack force model and the actual rack force is reflected in the steering 

feel. The rack force model used the bicycle model and the brush tire model to 

calculate the rack force under normal driving conditions. The body slip angle 

and yaw rate can be calculated through the bicycle model. Equation (3.6) is 

the expression for body slip angle and yaw rate in the bicycle model.

� =̇ −
��������

���
β + �−1 −

������������

���
� �γ +

���

���
��                      (3.6)

The side slip angle is calculated using yaw rate and body slip angle using 

Equation (3.7).

�� = � + � +
���

��
                     (3.7)

The lateral force is calculated using the slip angle calculated above. At this 

time, the Brush tire model is used as in Equation (3.8)
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�� = −������ + �
�

�

�|����|
����

���
−

��
������

����∙��
�                       (3.8)

The alignment moment is the product of the lateral force calculated in the 

brush tire model and mechanical trail and the pneumatic trail. Aligning 

moment is as follows. (3.9)

�� = −��(�� + ��)                                              (3.9)

The rack force is the force that the aligning moment is transmitted to the rack 

through the steering arm. Therefore, dividing the aligning moment by the 

steering arm length as shown in Eq. (3.10) results in a rack force.

�����_����� =
��

����
                                               (3.10)

The rack force calculated in the rack force model has the same value as the 

actual rack force under normal driving conditions. The rack force model and 

the actual rack force are different in driving conditions such as low friction 

condition, curb impact, and off road. This difference is reflected in the 

steering feel through the following equation (3.11).

����������_����� =
�����

�����_�����
����������                                (3.11)
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Chapter 4

Control Algorithm

4.1 Sliding Mode Observer

In steer by wire, the torque and angle are measured at the torsion bar 

between the motor and the handle. These values should be used to estimate 

the angular velocity and angular acceleration of system. The torque measured 

through the sensor is shown in equation (4.1) and the dynamics of the system 

are shown in Equations. (2.1) and (2.2). This equation is expressed as state 

space as follows equation (4.2)

����(k) = ����(���(�) − ����(�))                                  (4.1)    

�(�) = ��(̈�)	�(̇�)	�(�)�
�
								,								�(�) = [����(�)		����(�)]

�                               

�(� + 1) = �
1 −

����

����
� 0

� 1 0
0 � 1

� �(�) + �

�

����

�

����

0 0
0 0

� 		� + �
�
0
0
�				             (4.2)

�(�) = [0		0		1]�(�)                      
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Since there are various disturbances as well as friction of the system, it is 

considered in the above equation. To estimate the angular velocity and 

angular acceleration, the secondary sliding mode observer is constructed as 

shown in equation (4.3).

��(� + 1) = �
1 −

����

����
� 0

� 1 0
0 � 1

� ��(�) + �

�

����

�

����

0 0
0 0

� 		� + �(�(�) − ��(�)) + ��(�)	     

��(�) = [0		0		1]��(�)                                              (4.3)

��(�) = ��(� − 1) +����(
�(�)���(�)

�
)           

          

Using this sliding mode observer, angular velocity and angular acceleration

can be estimated and used in the motor control algorithm.

4.2 Sliding Mode Control

The steer by wire is a second-order dynamics and is able to estimate the 

state through the above sliding mode observer. The reference steering feel is 

generated using the estimated angular velocity and angular acceleration.

Sliding mode control is used to improve tracking performance. Tracking error 

and sliding surface are defined as equation (4.4).

e = ���� − ����                                            

s = ��� + �� ∫ �(�)
�

�
��                                          (4.4)    
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To design the controller, we define the Lyapunov function V as equation 

(4.5).

V =
�

�
��                                                         (4.5)    

Defining input (motor torque) that makes �̇ less than zero makes the system 

to converge to a sliding surface. The process of calculating V and equivalent 

input is shown in equation (4.6).

�̇ = s� =̇ � ���� +̇ ������� − ������                                      

														= s(������̈�� +������̇�� + ��������� − ���� − ���� +
��

��
�)̇��                   

��� = ������̈�� + ������̇�� + ��������� − ���� +
��

��
� ̇                   (4.6)    

If the system is on a sliding surface, an equivalent input is sufficient, but a 

switch input is also needed for cases outside the sliding surface. The switch

input is defined by the sign in s as follow equation (4.7)

�� = �����(�)                                                  (4.7)

The switch input can be guarantee Lyapunov stability. In other words, the 

motor control input is defined as in Equation (4.8) and the differential value of 

Lyapunov function is always negative, as shown in equation (4.9).
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u = ���� = ��� + ��

= ������̈�� +������̇�� + ��������� − ���� + �����(�) +
��

��
�  ̇            (4.8)

�̇ = s� =̇ � ���� +̇ ������� − ������                                      

														= s(������̈�� +������̇�� + ��������� − ���� − ���� +
��

��
�)̇��  

      = ��s(−�����(�))     

     = −k��|�| < 0                                             (4.9)

Instead of signum function, a saturation function has been used via 

introducing a thin boundary layer around the sliding surface in order to avoid 

chattering. Instead of the signum function defined above, saturation function

is used as shown in equation (4.10).

�� = ����(
�

�
)                                                (4.10)

The saturation function used to prevent chattering also guarantee Lyapunov 

stability as shown in equation (4.11)

�̇ = s� =̇ � ���� +̇ ������� − ������                                      

														= s(������̈�� +������̇�� + ��������� − ���� − ���� +
��

��
�)̇��  

      = ��s(−����(
�

�
)) < 0                                       (4.11)
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4.3 Rack System Control

In this study, the control algorithm of the rack system uses the proportional-

integral-derivative control method (PID controller) because this research has 

focused on steering wheel system. The sensor measures the current position 

and the target position is determined via the steering angle of the steering 

wheel system. PID controller compensates the difference between the target 

position and the current position. The equation for PID control is as follow 

equation (4.12)

����.���� = ������� − ������ + �� ∫(���� − �����) + ��
�

��
����� − ������   (4.12)                               

When determining the reference rack position, a constant gear ratio is used 

rather than variable gear ratio.
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Chapter 5

Simulation Result

5.1 Weave Test

The weave test which is a frequently used scenario when evaluating the 

steering feel is used to evaluate the control algorithm proposed in this study.

Each test is conducted at 0.5 Hz, 1 Hz with varying vehicle speeds. Weave 

test results show the performance of the proposed estimator and the 

performance of the controller. First, performance evaluation simulation of 

sliding mode observer (SMO) is performed. Figures 5.1 and 5.2 show the test 

results at 60 kph and Figure 5.3 and 5.4 show the test results at 80 kph.



19

Figure 5.1 Weave Test (60kph 0.5Hz 45deg) –SMO
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Figure 5.2 Weave Test (60kph 1Hz 45deg) –SMO
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Figure 5.3 Weave Test (80kph 0.5Hz 30deg) –SMO
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Figure 5.4 Weave Test (80kph 1Hz 30deg) –SMO

In the weave test, the angular velocity and angular acceleration estimation 

performance of the sliding mode observer is validated. And next, simulation 

for the validation of sliding mode control is performed. The torque-theta curve 
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corresponding to each simulation is shown in Fig. 5.5 because the torque-theta 

curve is mainly used when evaluating the steering feel
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The performance of the proposed sliding mode control algorithm is verified 

through torque theta curves.
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Figure 5.5 Weave Test – SMC
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5.2 Transition Test

The transition test is one of the most commonly used tests for evaluating the 

steering feel, like the weave test. The transition test is a test that evaluates the 

steering reaction torque by moving the steering wheel at a constant angular 

velocity. The transition test is performed at 60 kph and 20 deg/s as shown in 

Fig. 5.6.
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Figure 5.6 Transition Test 

5.3 Return test (Flick Test)

The transition test is one of the most commonly used tests for evaluating 

the steering feel, like the weave. Unlike the transition test and the weave test, 

the return test evaluates the Hands off condition, not the test performing in the 

Hands on condition. A test performing at a low speed is called a return test 

and a test performing at a high speed is called a flick test.
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Figure 5.7 Return Test

Flick test is performed at a vehicle speed of 60 kph. In the hands off 

condition, the steering wheel converged at 0 deg without vibration. Therefore, 

the proposed friction model achieved return-ability.
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5.4 Validation of Rack Force model

The rack force model is designed to feedback the condition of the road to the 

driver. We validate that this rack force model has the same value as actual 

rack force under normal driving conditions. Fig. 5.8 shows the result of weave 

test at 80kph.

Figure 5.8 Weave Test (80kph 0.3Hz 30deg) – Rack Force

The rack force model does not affect the steering feel in normal driving 

conditions, since the rack force model is identical to the actual rack force in 

above simulation result. Simulation is then conducted under severe driving 

conditions, not normal driving conditions. During the Weave test, it is 

assumed that a strong impact is applied to the rack system at 4 sec. In this 

case, it can be seen from Fig. 5.9 that the strong impact affects the steering 

feel.
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Figure 5.9 Weave Test (80kph 0.3Hz 30deg) – Rack Force & impact

At 4 seconds, the rack system is impacted and the steering reaction torque 

increased. The proposed rack force model is validated that road conditions

can be transmitted to the driver.
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Chapter 6

Hardware in the Loop Simulation

A hardware-in-the-loop (HILs) simulation of steering wheel system is 

developed for experimental validations of proposed algorithm. The Hardware 

for Hils is configured as shown in Fig 6.1.

Figure 6.1 Architecture of steering wheel system hardware
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The hardware consisting of the handle, the motor and various sensors is 

controlled using Autobox. The sensors used are a steering wheel angle 

sensor(SAS), a torque and angle sensor(TAS), and the resolution of these 

sensors is 0.1 deg and the measurement sampling is 0.001 sec. The sampling 

time of the algorithm in the Auto box is also 0.001 sec.

The weave test is performed at vehicle speeds of 40, 60, and 80. Since the 

steering robot is not used, a weave test did not conducted precisely. Fig. 6.2, 

Fig. 6.3, and Fig. 6.4 simulated the vehicle speed assuming 40, 60, and 80, 

respectively.
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Figure 6.2 Weave test (40kph) - Hils 
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Figure 6.3 Weave test (60kph) – Hils
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Figure 6.41 Weave test (80kph) – Hils

A hardware-in-the-loop (HILs) simulation of steering wheel system is 

developed for experimental validations of proposed algorithm. The Hardware 

for Hils is configured as shown in Fig 6.4. In each graph, Actual refers to the 

torque applied to the steering wheel system by the actual driver and Reference 

refers to the reference steering wheel torque using a simple friction model.

And Modified refers to the reference steering wheel torque using the friction 

model proposed in this study. Using the proposed friction model, the 

reference steering feel could be defined. Also, we could generate the 

reference steering feel through the proposed algorithm in actual hardware

Next, return-ability performance of the proposed algorithm was validated

through the return test. Fig. 6.5, Fig. 6.6, and Fig. 6.7, simulated the vehicle 
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speed assuming 40, 60, and 80, respectively.

Figure 6.5 Return test (40kph) - Hils

Figure 6.6 Return test (60kph) - Hils

Figure 6.72 Return test (80kph) - Hils
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Chapter 7

Conclusions

In this study, the steering feel of the steer by wire system is generated

through three processes. First, a reference steering wheel torque is defined to 

generate a steering feel like electric power steering. The vehicle's weave test 

and transition test data were used to define the reference steering wheel torque 

and the return-ability performance was improved through the friction model.

Also, The road conditions was reflected in the steering feeling using the rack 

force model. The second step is to estimate the state of the system using the 

sliding mode observer. The torque and angle sensors were used to estimate the 

angular velocity and angular acceleration of the steering wheel system. The 

last step is to control the motor using the estimated state. The steering feel is 

generated by motor using sliding mode control. The proposed algorithm is 

validated by computer simulation and hardware in the loop simulation. Using 

the proposed algorithm, the reference steering feel can be generated and the 

return-ability can be obtained.
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초    록

스티어 바이 와이어 시스템에서의

목표 조향감 형성

본 논문은 스티어 바이 와이어 시스템의 조향감 향상을 위해

목표 조타 토크 곡선을 정의하고 목표 토크를 추종하여 목표

조향감을 형성하기 위한 알고리즘을 제안하였다. 3차원 목표 조타

토크 곡선은 실차를 통해 트렌지션 테스트와 위브 테스트를

진행하여 구성하였고 노면 정보를 운전자에게 전달하기 위해

랙포스 정보를 피드백하였다. 타이어를 모델링하여 피드백 받은

랙포스와의 차이를 목표 조타 곡선에 반영하였다. 이렇게 정의된

목표 조타 곡선을 사용하여 모터 제어 알고리즘을 구성하였다.

슬라이딩 모드 추정 기법을 이용하여 시스템의 각속도와

각가속도를 추정하였고 슬라이딩 모드 제어 기법을 이용하여

모터를 제어하였다. 랙 시스템은 비례-적분-미분 제어 기법을

사용하여 제어 알고리즘을 구성하였다.

이렇게 구성한 제어 알고리즘을 검증하기 위하여 컴퓨터

시뮬레이션과 Hardware in the loop 테스트(Hils)를 진행하였다. 컴퓨터

시뮬레이션을 위하여 스티어링 휠 시스템과 랙 시스템의 모델을

구성하였고 모터와 센서 모델도 고려하여 시뮬레이션을 진행하였다.

위브 테스트와 트렌지션 테스트를 통해 제안한 알고리즘의 조향감

추정 성능을 검증하였고 리턴 테스트를 통해 복원성과 수방
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안정성을 검증하였다.

Hils 테스트는 핸들, 각종 센서, 모터로 구성된 하드웨어를

구축하여 진행하였다. 동일한 테스트 케이스에 대하여 Hils 테스트를

진행한 결과 본 연구에서 제안한 알고리즘을 통해 실제 차량과

근접한 조향감을 형성할 수 있다는 것을 입증하였다.

주요어: Steering feel , steer by wire, returnability, steering wheel torque

학  번: 2015-22720
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