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Abstract 
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by-wire Rack System and Side slip angle 

Control 
 

KIM Kwang il 
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The Graduate School 

Seoul National University 
 

Many researchers have been engrossed in the development of a next 

generation steering system, the steer-by-wire system. The SBW system 

eliminates the mechanical linkage between the existing handle and the front 

steering wheel and directly controls the rack position. With the SBW system, 

front tires can be controlled through the rack movement.  

The advantages of the SBW system are that it can create the desired steering 

feel through electronic actuators and can also create the desired vehicle 

responses by directly controlling the movement of the front wheels via the rack 

system. A vehicle stability can be improved for SBW equipped vehicle through 

active front steering. In addition to improving vehicle stability, the SBW can 

also improve vehicle maneuverability such as fast response of the vehicle 

compared to the conventional mechanical steering system. Therefore, accurate 

steering tracking control of SBW system in various driving situation is 

important. 

For this reason, this dissertation focuses on developing an adaptive sliding 

mode control of an SBW system to guarantee rack position tracking 

performance in various driving situations. The proposed control algorithm was 

developed using only motor position sensors without information on tire/road 

friction. A stiffness parameter adaptation law was designed to compensate for 
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disturbances in the SBW rack system. It is demonstrated that the proposed 

adaptation algorithm provides good tracking performance without using an 

additional gain tuning approach under various road conditions. Moreover, in 

the proposed algorithm, a dynamic stiffness model has been developed to 

improve rack position tracking performance under a zero vehicle speed scenario. 

In a dynamic stiffness model, the stiffness center is not fixed but changes 

depending on the actual rack position. In the event than an SBW vehicle is 

parking, it is important to ensure rack position tracking performance at low and 

zero vehicle speeds.  

In addition, the chassis control was proposed to improve vehicle stability 

based on active front steering (AFS) control using the developed SBW vehicle. 

Since the SBW vehicle is a system that directly controls the rack position of the 

vehicle, the AFS function of the conventional mechanical vehicle is included. 

A stability control design is proposed to prevent the vehicle from slipping on 

low-friction road surface condition. A parameter adaptation occurs according 

to the condition of the road surface, and a method of using this information for 

vehicle stability control has been proposed.  

Computer simulations and vehicle tests were performed under various 

driving situations to test the steering tracking performance and slip angle 

control of the proposed algorithm. The results demonstrate that the proposed 

control algorithm ensures steering tracking performance and reduce the side 

slip angle on dry asphalt and wet road conditions. In addition, it can be 

confirmed that steering tracking performance has been obtained even in region 

where front tires are completely saturated on low-friction road surface. 
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Chapter 1 

 

Introduction 

 

 

1.1. Background and Motivation  

 

Many researchers have been engrossed in the development of a next 

generation steering system, the steer-by-wire (SBW) system. The SBW system 

eliminates the mechanical linkage between the existing handle and the front 

steering wheel and directly controls the rack position. With the SBW system, 

front tires can be controlled through the rack movement. The advantages of the 

SBW system are that it can create the desired steering feel through electronic 

actuators and can also create the desired vehicle responses by directly 

controlling the movement of the front wheels via the rack system. The SBW 

system has the following features: 1) The mechanical connection of the rack to 

which the front-wheel steering and hand-wheel is eliminated; 2) The hand-

wheel feedback motor is installed on the steering column to allow the driver to 

feel the steering feel as conventional vehicle; 3) The front-wheel steering motor 

is installed on the rack and acts to steer the front-wheel steering to follow the 

driver’s reference steering angle. The SBW system has various advantages 

because it can provide the driver with the desired steering feel through hand-
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wheel feedback motor. For example, it is possible to provide the driver with a 

change of steering feel according to the change of the road surface variations, 

and it is also possible to eliminate the unnecessary high-frequency steering feel 

from the road surface.  

As the current automobile industry is developing into autonomous driving, 

there is an advantage that additional space can be created inside the vehicle by 

removing the existing steering wheel by directly controlling the rack position 

of the vehicle. Since the SBW system directly controls the rack, studies on 

vehicle stability and maneuverability have been actively conducted. In 2004, 

BMW introduced a vehicle that uses the active front steering system to improve 

the response of the vehicle by maintaining the mechanical connection between 

the steering system and the rack system. This system consists of a steering 

system, a rack and pinion system, and an electronic actuator. A variable gear 

ratio system was implemented using a motor, and through this, the gear ratio 

was lowered at low speeds to reduce the driver’s effort, and at high speeds, the 

gear ratio was increased to improve the stability of the vehicle. Comparing the 

active front steering system and the steer-by-wire system, the AFS system uses 

the driver’s input to instantly move the vehicle and determines the additional 

steering angle of the motor, whereas the SBW system determines the rack 

movement through the driver’s input. There is no delay when making additional 

steering angle in SBW system. In addition, the SBW system has the advantage 

of providing the driver with the desired steering feel through the motor. This 

has the advantage of being able to convey the situation of the road surface as 

much as desired to the driver and eliminate unnecessary high frequency steering 
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feel. In the case of a conventional vehicle, the yaw rate response of the vehicle 

is fixed, because the front tire wheels are moved through a mechanical 

connection. In general, in the case of the electronic power steering system, the 

responsiveness of the vehicle is known to be around 15ms. The SBW system 

has the advantage of making the vehicle’s response faster than the conventional 

vehicle because the rack system is controlled through an electric motor. The 

SBW system not only gives the driver the desired steering feel, it can also create 

the desired vehicle response.  

Currently, the vehicle industry is in the stage of transitioning to autonomous 

driving, and many studies are being conducted. From this point of view, the 

SBW systems can become a new trend in relation to autonomous driving. 

Recently, Nissan mass-produced a vehicle to which the world’s first SBW 

system was applied based on communication redundancy, actuator redundancy, 

and sensor redundancy, the Nexteer automotive introduced a study on 

autonomous driving and transfer of driver’s control rights using SBW system 

in 2017.  

Therefore, this dissertation aims to develop an SBW system that operates in 

various driving situations, and describes a chassis control algorithm that 

improves the stability of the vehicle and the driving ability to straight forward 

on a banked road using the developed SBW vehicle.   
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1.2. Previous Researches 

 

The steer-by-wire system has been studied by many researchers because of 

its unique advantages. (Yih and Gerdes, 2005a), showed the difference between 

a conventional vehicle system and an SBW system was described and the SBW 

system was modeled using simple second-order dynamics. This means that 

elements such as hydraulic power assist can be neglected for steering angles 

within the normal range. The accuracy of the proposed model was validated 

through experiments.  

(Seflur et al., 2002), presented a tracking controller to ensure the rack system 

follows the driver’s steering input. However, there are difficulties in online 

estimation of the lateral tire forces in real time application that can vary with 

different road conditions and different vehicle longitudinal speeds. In addition, 

when the vehicle slips, it has a limitation that it is very difficult to estimate the 

lateral tire force due to the nonlinear characteristics of the tire dynamics.  

(Oh et al., 2004), proposed a steering wheel assist motor control algorithm 

using simple PID controller with yaw rate model-based feedforward controller. 

Vehicle modeling and SBW system modeling are verified in this paper. By 

using the yaw rate model according to the vehicle speed as a feedforward term, 

it has the advantage that the control performance is robust against changes in 

vehicle speed.  

(Hang et al., 2017), proposed a robust control for four-wheel independent 
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steering controller for SBW system. In this paper, μ  synthesis controller is 

designed based on linear vehicle model. This has robust characteristics against 

changes in vehicle speed or changes in road surface, but has complications in 

the process of designing a weighting function.  

(ZHU et al., 2014), proposed a steering controller using H infinite algorithm 

for SBW vehicle. In this paper, a method for designing a robust controller even 

in various driving situations has been proposed. The proposed controller has 

obtained robustness in various frequency domains through simulation results. 

Although robustness for various frequency ranges has been secured in general 

driving situations, there is a limitation in that it cannot respond to situations 

such as extreme driving situations. 

(Wun Chai et al., 2006), proposed an algorithm for adaptation of SBW 

parameters to the driver’s steering characteristics. It presents an effective 

method to estimate the SBW system parameters from the experimental data. If 

the parameter changes according to the driving situations, it has the advantage 

that it can be updated in real-time and transmitted to the driver. 

(Kırlı et al., 2019), proposed a torque vectoring based backup steering 

strategy for SBW vehicles. It provides a backup strategy for SBW vehicle if its 

steering actuator fails completely. In addition, an algorithm to improve vehicle 

lateral stability was devised using the torque vectoring technique.  

(Kazemi and Janbakhsh, 2010), proposed a nonlinear adaptive sliding mode 

control algorithm that improves vehicle handling via an SBW system. Although 

estimation of cornering stiffness has been proposed theoretically using an 

adaptive sliding mode control algorithm, the difficulty in obtaining the tire 
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parameters presents a limitation to the application of the algorithm in real world. 

This is because the detection of the tire parameters in real-time is difficult. In 

addition, tire parameters are very difficult to estimate because they are affected 

by conditions such as tire wear, road surface conditions, and road temperature. 

(Zou et al., 2009), devise a variable structure controller scheme. The sliding 

mode-based controller is insensitive to parameter variations, and it is robust 

against nonlinearity and uncertainty of the vehicle system. (Sun et al., 2020), 

proposed an adaptive dynamic programming (ADP) approach to follow the 

desired yaw rate in vehicle system. It focuses on eliminating the model 

complexity and controlling the system through ADP method. (Oh et al., 2004), 

proposed a steering wheel model, front wheel model, and 9-DOF vehicle model 

for construction of an SBW system. Two independent feedback motors were 

used to describe the SBW system.  

(Kim et al., 2008), proposed the bond-graph method to describe the rack-

actuating SBW system. The rack motion is determined by driver’s steering 

command input angle and the rack displacement movement is described by a 

second-order dynamics. The self-aligning moment of the front tire was used to 

model the racy system dynamics, which has a limitation in that the parameters 

of the tire model such as cornering stiffness must be known accurately when 

applying the proposed algorithm to the actual vehicle. As aforementioned 

before, tire parameters are very difficult to estimate because they are affected 

by conditions such as tire wear, road surface conditions, and road temperature.  

(Oh et al., 2004), a proportional derivative (PD) control algorithm was 

proposed that allows the front wheel of the rack system to track the driver’s 
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command angle. The proposed proportional derivative controller is designed to 

ensure the tracking performance of the rack system in normal driving 

conditions. However, it is difficult to compensate for the disturbances that 

change according to various driving situations with PD controller. 

The sliding mode control (SMC) technique is widely used for nonlinear 

system tracking control, especially in the performance of uncertainty 

compensation. In practical applications, it is important to ensure the robustness 

of the control system since there exist unstructured dynamics. The SMC is one 

of the powerful control schemes and has been used in many practical systems 

(Shtessel et al., 2014), . 

(Wang et al., 2014), (Sun et al., 2015), (Sun et al., 2019), (Sun et al., 2015) 

proposed a sliding mode control algorithm with AC motors for SBW vehicles. 

Considering the uncertain disturbance from front steering angle, a sliding mode 

control scheme is desirable. A cornering stiffness coefficient value that varies 

depending on the road surface conditions was used. However, using the 

cornering stiffness value makes it difficult to implement the algorithm in real-

time. This is because it is difficult to determine the cornering stiffness value in 

various road surface conditions. This is because it is very difficult to accurately 

estimate the road surface coefficient in real-world, and this is a field that is still 

being studied as another major issue in vehicle chassis control system. The 

conventional sliding mode control algorithm uses large control gain to 

compensate for the disturbances, which yields the undesired chattering 

phenomenon in motor control.  

(Cristi et al., 1990), proposed a sliding mode controller with a functional 



 8 

approximation scheme for controlling a suspension system of non-autonomous 

quarter car. A functional approximation technique is developed to describe the 

unknown disturbance with a combination of various basis functions. However, 

the number of required basis function is difficult to calculate, and as the number 

of Fourier series functions increases, the amount of calculation increases 

severely. Therefore, it is difficult to operate the algorithm in real-time in the 

electronic control unit of the vehicle due to the large computational load.  

(Huang et al., 2008b), proposed an adaptive sliding mode controller scheme 

for nonlinear systems with unknown parameters. An adaptive parameter tuning 

technique is described to deal with unknown but bounded parameter 

uncertainties. In real-world application, the upper bound of the parameter 

uncertainty is often not easy to find. The purpose is to compensate the 

uncertainties through an adaptive gain algorithm without knowing the upper 

limit of parameter uncertainty.  

(Li et al., 2013), showed an adaptive sliding mode control algorithm with T-

S fuzzy approach for nonlinear active suspension vehicle systems. Since the T-

S fuzzy algorithm is useful for analyzing the complexity of nonlinear systems, 

it is powerful in suspension vehicle system. However, the fuzzy sliding mode 

control algorithm requires a lot of work to determine the fuzzy rules.  

(Fu et al., 2018a), proposed an adaptive sliding mode controller with direct 

yaw-moment control for electric vehicles. The proposed algorithm uses various 

feedback control gains to respond to changes in the tire slip angle in various 

driving situations. This controller provides robustness against errors in 

estimation the front and rear tire slip angle.  
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(Bernard and Clover, 1995), (Guo and Lu, 2007), (Captain et al., 1979) 

proposed a lateral tire model that simulates a vehicle motion at low speed. This 

paper derives differential equations that are numerically well-governed at low 

speeds for longitudinal slip angle. This method can calculate a lateral tire force 

at low speed and was evaluated via severe braking in a turn maneuver scenario; 

however, when the vehicle speed is at zero, the slip angle is calculated as zero, 

so there is a limitation in that the calculated lateral tire force is also zero. Thus, 

this approach is difficult to apply in a parking scenario.  

In addition to improving vehicle stability, the SBW can also improve vehicle 

maneuverability such as fast response of the vehicle compared to the 

conventional mechanical steering system vehicle (Oh et al., 2003), (Saruchi et 

al., 2015), (Mousavinejad et al., 2014). Since the SBW system can adjust the 

target rack position, a lead-compensator can be used on the driver’s input signal 

to create a fast response of the vehicle.  
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1.3. Thesis Objectives 

 

This dissertation describes adaptive sliding mode control of an SBW system 

to guarantee rack position tracking performance in various driving situations. 

The proposed control algorithm was developed using only motor position 

sensors (MPS) without information on tire/road friction. A stiffness parameter 

adaptation law was designed to compensate for disturbances in the BSW rack 

system. Moreover, in the proposed algorithm, a dynamic stiffness model has 

been developed to improve rack position tracking performance under a zero 

vehicle speed. In a dynamic stiffness model, the stiffness center is not fixed but 

changes depending on the actual rack position. In the event than an SBW 

vehicle is parking, it is important to ensure rack position tracking performance 

at low and zero vehicle speeds.  

In addition to improving the tracking performance of the SBW rack system, 

this dissertation describes a chassis control algorithm that improves the stability 

of the vehicle and the driving ability to straight forward on a banked road using 

a developed SBW vehicle. The stability algorithm includes a yaw rate tracking 

algorithm that reflects the unique characteristics of the SBW system based on 

the previously developed chassis control algorithm. Also, the algorithm for 

maintaining the straightness of the vehicle on an inclined road uses the 

characteristics of the SBW system that directly controls the rack position.  
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1.4. Thesis Outline 

 

This dissertation is structured in the following manner. An overall 

architecture of the proposed steer-by-wire control algorithm is described in 

Chapter 2. In Chapter 3, the dynamic model of a steer-by-wire rack system, 

target rack position tracking algorithm using an adaptive sliding mode control, 

and rack position tracking at zero vehicle speed is derived. The reverse 

modelling process was introduced experimentally to find out the characteristics 

of the tire dynamics in a stopped situation. In Chapter 4, a chassis control 

algorithm that improves the stability of the SBW vehicle and the driving ability 

to maintain a straight forward on a banked road using a developed SBW system 

has been described.  

Chapter 5, Chapter 6 and Chapter 7 show the simulation study, hardware-in-

the-loop simulation and vehicle test for the evaluation of the performance of 

the proposed algorithm, respectively. The conclusion and contributions of the 

proposed algorithm and future works are described in Chapter 8. 
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Chapter 2  

 

An Overview of the Steer-by-wire 

System 

 

The steer-by-wire system eliminates the typical mechanical link between the 

steering wheel and the front wheel, and the motor takes over. By eliminating 

the mechanical connection, the SBW system can reduce vehicle weight and thus 

increase energy efficiency, secure space in the engine area, improve driver 

stability in the event of a collision, increase the degree of freedom of steering, 

and improve vehicle stability and maneuverability. Therefore, the SBW system 

requires the development of a separate steering reaction force generation 

mechanism and rack control algorithm by replacing the existing vehicles 

mechanically connected to electrical motor signal.  

In this study, we modeled the SBW system, developed a rack position control 

algorithm using an adaptive sliding mode control that operates in various 

driving situations such as different road surface condition, zero vehicle speed 

and examined the case of applying the existing vehicle stability and 

maneuverability improvement algorithm to the developed SBW system.  

The overall overview of the developed SBW system is organized as shown 

in Figure 2.1.  
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Figure 2.1 Overview of the SBW system. 

 

The SBW system is divided into three parts: the steering wheel system, the 

rack system and the control algorithm for SBW system. The steering wheel 

system consists of the steering wheel, the torque and angle sensor (TAS), and 

the hand-wheel feedback motor. The hand-wheel feedback motor creates the 

steering reaction feel by the driver in the existing mechanical system. The 

mechanical parts of the steering wheel system consist of hand-wheel, upper 

column and lower column as shown in Figure 2.1. The rack system includes the 

rack bar, the pinion angle sensor, the rack and pinion gear, front-wheel steering 

motor and the front steering wheels. The front-wheel steering motor in rack 

system is used to control the front steering wheels to follow the driver’s hand-

wheel reference command.  

Unlike the conventional mechanical connected vehicles, the steering system 
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and the rack system are disconnected in an SBW vehicles. Therefore, the 

movement of the rack bar is made through the steering feedback motor. A motor 

position sensor (MPS) is used to measure the actual rack position.  

The control algorithm for SBW system consists of rack position tracking 

algorithm and chassis control algorithm. The rack position tracking algorithm 

moves the vehicle by directly controlling the position of the rack system 

through a motor when the driver’s steering angle comes in. This dissertation 

focuses on the robustness of the rack position control in various driving 

situations.  

The main goal is to secure not only the rack position tracking performance 

in normal asphalt road conditions, but also robust performance even when the 

road surface changes such as wet and icy road. In addition, when the vehicle is 

parked, a case where the vehicle speed becomes zero appears, and it is 

important to ensure the rack position tracking performance even in this situation. 

It also deals with securing the rack control performance even if the vehicle’s 

front wheels get stuck in the curb.  

In the case of mechanical vehicles, sine the hand-wheel and the front-wheel 

are mechanically connected, even if the wheel is stuck in the curb, a strong 

reaction force is transmitted from the curb, and the driver cannot turn the 

steering wheel any more. However, in the case of the SBW system, the 

mechanical connection between the steering wheel and the front steering is 

disconnected, so if the driver keeps turning the steering wheel, the force that 

keeps the rack moving even if the tire is suck in the curb is generated by the 

motor. This eventually causes the torque from the motor to dissipate and causes 
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severe problems in the SBW system.  

The chassis control algorithm uses the developed SBW system to ensure 

vehicle stability on slippery wet roads and to maintain a straightness on sloped 

roads. Since the SBW system directly moves the rack, the existing active front 

steering (AFS) is inherent, and the stability and maneuverability of the vehicle 

can be improved through an additional steering angle. Through target Yawrate 

tracking control, vehicle stability and maneuverability have been improved, and 

a tracking algorithm that reflects the unique characteristics of the SBW system 

was constructed. Since the SBW system directly control the rack position in 

various road conditions, it can indirectly estimate the road surface condition 

through the output motor torque and use this information in the chassis control 

algorithm.  

The signal flow shown in Figure 2.1. is as follows. First, when the driver’s 

input steering angle is measured from the hand-wheel motor position sensor 

(MPS), the target rack position is determined. In addition, the chassis control 

algorithm calculates an additional steering angle to improve the vehicle’s 

stability and maneuverability, and then adds it to determine the final target rack 

position. In the rack position tracking control algorithm, the motor output for 

following the previously determined rack position is calculated through the 

adaptive sliding mode control (ASMC), and the target torque is transmitted to 

the motor ECU. Finally, when the rack moves, a self-aligning torque is applied 

to the rack system through the front tire from the road surface, which acts as a 

load on the rack system.  
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Chapter 3  

 

Rack Position Tracking Control 

Algorithm for Steer-by-wire 

System 

 

 

The SBW system requires rack position tracking control because the 

mechanical connection between the steering wheel and the front tire is 

disconnected. Various studies have been carried out, and many researches are 

being conducted at the level of actual vehicle verification. 

(Oh et al., 2004), a proportional derivative (PD) control algorithm was 

proposed that allows the front wheel of the rack system to track the driver’s 

command angle. The proposed PD controller is designed to ensure the tracking 

performance of the rack system in normal driving conditions. However, it is 

difficult to compensate for the disturbances that change according to various 

driving situations with PD controller.  

(Huang et al., 2008b), proposed an adaptive sliding mode controller scheme 

for nonlinear systems with unknown parameters. An adaptive parameter tuning 

technique is described to deal with unknown but bounded parameter 
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uncertainties. In real-world application, the upper bound of the parameter 

uncertainty is often not easy to find. The purpose is to compensate the 

uncertainties through an adaptive gain algorithm without knowing the upper 

limit of parameter uncertainty. 

 Most recently, (Huang et al., 2008b), proposed a sliding mode control 

algorithm with AC motors for SBW vehicles. Considering the uncertain 

disturbance from front steering angle, a sliding mode control scheme is 

desirable. A cornering stiffness coefficient value that varies depending on the 

road surface conditions was used. However, using the cornering stiffness value 

makes it difficult to implement the algorithm in real-time. This is because it is 

difficult to determine the cornering stiffness value in various road surface 

conditions. This is because it is very difficult to accurately estimate the road 

surface coefficient in real-world, and this is a field that is still being studied as 

another major issue in vehicle chassis control system. The conventional sliding 

mode control algorithm uses large control gain to compensate for the 

disturbances, which yields the undesired chattering phenomenon in motor 

control. 

In real industry, disturbance observer (DOB) is widely used as a controller to 

compensate for the unknown disturbances (Chen et al., 2015), (Chen, 2004), 

(Li et al., 2014b). The basic principle of DOB is to compensate for disturbances 

in the frequency domain using inverse modeling of the nominal plant dynamics. 

However, since the SBW rack system is a nonlinear system with high friction, 

it is difficult to obtain inverse modeling in the frequency domain. 

In this dissertation, therefore, the main objective is to design a controller that 
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responds to changes in the road surface condition in real-time using a parameter 

adaptation algorithm. Based on the bicycle model, a method of estimating the 

load in real-time through a parameter adaptation algorithm was used after 

mathematically modeling how the load on the rack system changes according 

to the vehicle speed and road surface condition in a steady-state situation. 

Moreover, in the proposed algorithm, a dynamic stiffness model has been 

developed to improve rack position tracking performance under a zero vehicle 

speed. In a dynamic stiffness model, the stiffness center is not fixed but changes 

depending on the actual rack position. In the event than an SBW vehicle is 

parking, it is important to ensure rack position tracking performance at low and 

zero vehicle speeds.  

In addition to improving the tracking performance of the SBW rack system, 

this dissertation describes a chassis control algorithm that improves the stability 

of the vehicle and the driving ability to straight forward on a banked road using 

a developed SBW vehicle. The stability algorithm includes a yaw rate tracking 

algorithm that reflects the unique characteristics of the SBW system based on 

the previously developed chassis control algorithm. Also, the algorithm for 

maintaining the straightness of the vehicle on an inclined road uses the 

characteristics of the SBW system that directly controls the rack position. 
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3.1.  Dynamic Model of a Steer-by-wire Rack 

System 

 

The basic structure of an SBW rack system is shown in Figure 3.1. In an SBW 

system the shaft of the conventional steering equipment is substituted by two 

electric drives. One of the drives, termed the steering drive, is coupled to the 

rack and exerts the steering torque, while the other one, termed the reaction 

drive, is coupled to the hand-wheel and exerts the reaction torque.  

The purpose of the steering reaction force reproduction system is to generate 

reaction force on the road surface, and the control purpose of the rack system 

is to improve the vehicle stability and maneuverability and accurate steering in 

proportion to the driver’s steering command angle. The ECU controls the 

motors of both systems by receiving signals from various sensor of the SBW 

system. The inputs of the ECU are the steering angle and steering torque as the 

steering reaction force reproduction system, and the current signal from the rack 

system.  

The steering reaction force reproduction system is largely divided into a 

steering wheel part and a hand-wheel feedback motor part, and is modeled as 

shown in Figure 3.1. When the driver gives the input torque to the steering 

wheel, the torque sensor is input, and the rotation angle of the steering wheel is 

measured by the motor position sensor (MPS).  

The rack system includes the rack bar, the pinion angle sensor, the rack and 

pinion gear, front-wheel steering motor and the front steering wheels. The hand-
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wheel feedback motor creates the steering reaction feel by the driver in the 

existing mechanical system. The front-wheel steering motor in rack system is 

used to control the front steering wheels to follow the driver’s hand-wheel 

reference command. In this dissertation, the main control target is front-wheel 

steering motor. The 𝑥𝑟𝑎𝑐𝑘 , 𝑏𝑒𝑞 , 𝑘𝑒𝑞 , 𝑓𝑒𝑞  and 𝐺𝑚𝑜𝑡𝑜𝑟  in Figure 3.1 

represent the rack position, damping, stiffness, friction of the rack system and 

gear ratio between the front-wheel steering motor and the rack bar, respectively. 

Unlike conventional vehicles, the steering system and the rack system are 

disconnected in an SBW vehicles. Therefore, the movement of the rack bar is 

made through the steering motor. A motor position sensor (MPS) is used to 

measure the actual rack position.  

 

 

Figure 3.1. Schematic of a Steer-by-wire system 
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 The dynamic equation of the rack system is described by the following 

Eq.(3.1): 

 

sgn( )
( )

e motor
eq rack eq rack eq rack

p c motor

m x b x f x
l l G

 
+ +  + =

+
  (3.1) 

 

where, 𝑚𝑒𝑞 , 𝑏𝑒𝑞   and 𝑓𝑒𝑞  are the equivalent mass, damping coefficient 

and the friction applied to the rack system respectively, 𝜏𝑚𝑜𝑡𝑜𝑟  is the rack 

motor torque control input, 𝑥𝑟𝑎𝑐𝑘 is the actual rack position, 𝜏𝑒 is the self-

aligning torque applied on the rack bar from the front steering wheels and 

𝐺𝑚𝑜𝑡𝑜𝑟 is the gear ratio between the front-wheel steering motor and the rack 

bar. The main role of the front wheel motor is to control the rack position 

according to the steering wheel command of the driver.  

The lateral tire model has been studied a lot, and there are various models. A 

commonly used model is a linear tire model, which is affected by the cornering 

stiffness and tire slip angle. In addition, the magic tire model, which is inversely 

modeled from experimental results is also used in many researches. In addition, 

brush tire models reflecting nonlinear characteristics through experiments 

based on linear tire models are also widely used.  

In this paper, the disturbance load from road surface to rack system is 

calculated mathematically based on the linear tire model, and a control system 

that reflects the nonlinear region through a parameter adaptation algorithm is 

designed.  
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The self-aligning torque which is generated by the lateral tire force is 

expressed as follows: 

 

( )e c p yfl l F = +     (3.2) 

 

where 𝑙𝑐 , 𝑙𝑝  and 𝐹𝑦𝑓  is the mechanical trail, the pneumatic trail, and the 

lateral tire force, respectively.  

The relation among the self-aligning torque, mechanical trail, pneumatic trail, 

and the lateral tire force are shown in Figure. 3.2.  

 

 

Figure 3.2. Component of self-aligning moment due to mechanical trail, 

pneumatic trail, and the lateral tire fore. 

 

The lateral tire force 𝐹𝑦𝑓 is linearly related to the front tire slip angle 𝛼𝑓 

and the front tire cornering stiffness coefficient 𝐶𝑓 as follows: 
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yf f fF C =     (3.3) 

 

Tire self-aligning moment is related to the caster angle determined by steering 

geometry and kingpin longitudinal offset. The mechanical trail, the distance 

between the tire center and the point on the ground is a function of caster angle 

and kingpin longitudinal offset as shown in Figure.3.3.  

 

 

Figure 3.3. Component of self-aligning moment due to mechanical trail. 

 

The mechanical trail is related to the function of caster angle and kingpin 

longitudinal offset as follows: 
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c effl r = +     (3.4) 

 

where ∆ is the kingpin longitudinal offset, 𝑟𝑒𝑓𝑓 is the effective radius of the 

tire, and θ is the caster angle. Considering that the kingpin longitudinal offset, 

the effective radius of tire and the caster angle are system design parameters, 

the mechanical trail can be assumed to be a constant. Also, pneumatic trail is 

related to a tire slip angle, it can be assumed linear for small angles.  

The pneumatic trail is related to the tire contact patch length, and the relation 

is as follows: 

 

6
p

l
l =    (3.5) 

 

Where l is the tire contact patch length. (Zegelaar, 1998), showed that the 

contact patch length is affected by the tire wheel load and the tire inflation 

pressures. The relation between contact path and wheel load with various tire 

inflation pressures is shown at Figure. 3.4. 
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Figure 3.4. Contact path vs wheel load with various tire inflation pressures. 

 

The pneumatic trail is related to a tire slip angle, and it can be assumed linear 

for small angles. If the tire is in a linear region, it can be assumed to be a 

constant, but if the tire is in a nonlinear region, the tire characteristics are 

affected such as wheel load and tire inflation pressure, which has a problem in 

that the tire parameters must be known. In practice, it is very difficult to 

accurately know the tire parameters, so we aimed to reflect the nonlinearity 

through the parameter adaptation algorithm.  

As can be seen from Eq.(3.3) the lateral tire force is related to the cornering 

stiffness value 𝐶𝑓  and the tire slip angle 𝑎𝑓 . Figure 3.5 shows the results 

through simulation in various road surface conditions. 
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Figure 3.5. Lateral tire force under tire slip angle in various road surface 

condition.  

 

As shown in Fig.3, the cornering stiffness value 𝐶𝑓 varies depending on the 

driving situation, especially the road surface, and the region in which the lateral 

tire force 𝐹𝑦𝑓 is linearly related to the tire slip angle 𝛼𝑓 is at a small slip angle, 

such as 2 deg or less. Therefore, in order to calculate the self-aligning torque, it 

is necessary to estimate the 𝐶𝑓 value and also to estimate the 𝛼𝑓 value, which 

is difficult to obtain in practice. 

Assuming that the body slip angle of the vehicle is close to zero, the tire slip 

angle can be approximated as follows: 

f

f f

x

l

v


  


= − − +    (3.6)  

where 𝛼𝑓, β, 𝑙𝑓, 𝑣𝑥, γ and 𝛿𝑓 are the tire slip angle, vehicle body slip angle, 

the distance from front axle to COG, vehicle speed, yawrate and the front tire 

angle. The following equation can be derived from Eq.(3.3)-Eq.(3.6). 
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= +  

 
= +   − − + 

 

 

  (3.7)  

To calculate the steady-state yaw rate 𝛾𝑠𝑠 and the steady-state side slip angle 

𝛽𝑠𝑠 , a bicycle model has been used. The following equation shows the 2-D 

bicycle model. 

( ) ( )

2

2 2

2( ) 2( ) 2
1

222

f r f f r r f

x x x

f

f ff f r rf f r r

zz z x

C C C l l C C

mv mv mv

l CC l C lC l C l

II I v






− + − −   
−   

      = +      − −− −       
    

 

  (3.8)  

where 𝐶𝑓 , 𝐶𝑟, β , 𝑙𝑓 , 𝑙𝑟  𝑣𝑥 , γ  and 𝛿𝑓  are front and rear cornering 

stiffness value, vehicle body slip angle, the distance from front and rear axle to 

COG, vehicle speed, yaw rate and the front tire angle.  

The steady-state yaw rate and side slip angle can be obtained by substituting 

zero for �̇� and �̇� in Eq.(3.8). Based on a 2-D bicycle model, the steady-state 

equation can be calculated as follows: 
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  (3.9)  

By substituting Eq.(3.9) for Eq.(3.8), the steady-state self-aligning torque can 

be calculated as follows:  
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  (3.10)  

where 𝜏𝑒.𝑠𝑠 , 𝛿𝑓 , 𝑘𝑓 , 𝑥𝑟𝑎𝑐𝑘  and 𝑔𝑟𝑎𝑐𝑘  are the steady-state self-aligning 

torque, front steering wheel angle, proportional value, actual rack position and 

ratio between the rack position and the hand-wheel steering angle.  

As can been seen from Eq.(3.10), the stiffness coefficient 𝑘𝑓 is related to the 

𝐶𝑓, 𝐶𝑟, and 𝑣𝑥. It can be seen from Figure.3.5, the cornering stiffness value is 

affected by the road surface condition. In general, in a linear region where the 

tire slip angle is very small (~2 [deg]), the cornering stiffness value is constant 
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regardless of the road surface condition, but in a nonlinear region, the 𝐶𝑓, 𝐶𝑟 

value decrease as the road surface condition decreases.  

From Eq.(3.10), the self-aligning torque 𝜏𝑒  is proportional to the rack 

position 𝑥𝑟𝑎𝑐𝑘 and can be expressed as a stiffness model. Therefore, Eq.(3.1) 

can be rewritten by introducing a stiffness model as follows: 

 

( )sgn motor
eq rack eq rack eq rack eq rack

motor
stiffness

m x b x k x f x
G


+ + +  =  

  (3.11)  

In actual systems, the 𝑚𝑒𝑞 , 𝑏𝑒𝑞  and 𝑓𝑒𝑞  values can be obtained from 

design parameters, but the coefficient 𝑘𝑒𝑞  is difficult to obtain since it is 

affected by the cornering stiffness value 𝐶𝑓, 𝐶𝑟 and vehicle speed. Therefore, 

the rack system dynamics can be rewritten including the uncertainty term as 

follows: 

 

( ) ( )ˆ sgn motor
eq rack eq rack dq eq rack eq rack

motor

m x b x k k x f x
G


+ + + +  =  

  (3.12)  

 

The  ,  and •  •  in Eq.(3.12) represent the nominal and uncertainty values, 

respectively. The equivalent mass 𝑚𝑒𝑞 can be calculated as follows: 

2

motor
eq rack motor

G
m m m

r

 
= +  

 
   (3.13)  

where 𝑚𝑟𝑎𝑐𝑘, 𝑚𝑚𝑜𝑡𝑜𝑟, 𝐺𝑚𝑜𝑡𝑜𝑟 and r are the mass of the rack bar, the mass 
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of the motor, the gear ratio between the front-wheel steering motor and the rack 

bar, and the ratio that converts the linear motion of the rack bar into a rotary 

motion, respectively. The parameters of the SBW system are listed in Table I. 

 

Symbol Value Unit Description 

𝑚𝑟𝑎𝑐𝑘 4.42 kg Mass of the rack bar 

𝐺𝑚𝑜𝑡𝑜𝑟 12 m/deg 
Gear ratio between the front-wheel 

steering motor and the rack bar  

r 8 m/deg 
Ratio converts the linear motion of 

the rack bar into a rotary motion 

𝐽𝑚𝑜𝑡𝑜𝑟 3.6 kg ∙ 𝑚2 Inertia of the motor  

𝑓𝑒𝑞 800 N Equivalent friction coefficient 

𝑏𝑒𝑞 11000 Ns/m Equivalent damping coefficient 

𝐶𝑓 65000 N/deg Front tire cornering stiffness 

𝐶𝑟 97500 N/deg Rear tire cornering stiffness 

𝑙𝑓 1.483 m 
Distance from center of gravity to 

front axle 

𝑙𝑟 1.524 m 
Distance from center of gravity to 

rear axle 

h 0.342 m Height of center of gravity 

𝑡𝑤 1.723 m Width of a vehicle 

𝑔𝑟𝑎𝑐𝑘 6.75 deg/mm 
Ratio between the rack position and 

the hand-wheel steering motor angle 

Table 1. Nominal parameters of the SBW system 
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3.2. Target Rack Position Tracking Algorithm  

 

In this section, a rack position tracking controller for the SBW rack system 

is described. As shown in Eq.(3.10), the stiffness coefficient 𝑘𝑒𝑞 is affected by 

cornering stiffness coefficient and vehicle speed. Therefore, a parameter 

adaptation law has been developed to improve the tracking performance of the 

rack system in various road surface condition.  

In Eq.(3.8), however, the longitudinal vehicle speed term is in the 

denominator. Bernard et al. proposed a lateral tire model that simulates a 

vehicle motion at low speed. This paper derives differential equations that are 

numerically well-governed at low speeds for longitudinal slip and slip angle. 

This method can calculate a lateral tire force at low speed and was evaluated 

via severe braking in a turn maneuver scenario; however, when the vehicle 

speed is at zero, the slip angle is calculated as zero, so there is a limitation in 

that the calculated lateral tire force is also zero. Thus, this approach is difficult 

to apply in a parking scenario.  

Therefore, a dynamic stiffness model has been developed to guarantee the 

tracking performance of the rack system at zero vehicle speed. The proposed 

dynamic stiffness model utilizes the stiffness center, which varies depending on 

the actual rack position. The proposed dynamic stiffness model at the zero 

speed situation was empirically determined through inverse modeling by 

experiment test of the conventional vehicle.  
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3.2.1. Stiffness Parameter Adaptation Law 

 

  An adaptive sliding mode controller (ASMC) was used to control the rack 

system with uncertain dynamics. The tracking error and the sliding surface can 

be formulated as follows:  
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( ) ( )

( ) ( ) ( )

rack d

rack rack rack

d driver rack

e t x t x t

x t t g
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= −
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= 

= + 

   (3.14)  

 

where e(t) is the tracking error, λ is the time constant of the error dynamics, 

𝑥𝑟𝑎𝑐𝑘(t)  is the actual rack position, 𝑥𝑑(𝑡)  is the target rack position, 

𝜃𝑟𝑎𝑐𝑘(𝑡)  is the angle from front-wheel motor position sensor (MPS), 

𝜃𝑑𝑟𝑖𝑣𝑒𝑟(𝑡)  is the steering wheel angle from the driver and the 𝑔𝑟𝑎𝑐𝑘  is the 

ratio between the rack position and the hand-wheel steering angle.  

The 𝑔𝑟𝑎𝑐𝑘  can be determined by hardware specification. Since the 

maximum steering wheel angle of this SBW vehicle is 540 [deg] and the 

maximum rack position of the rack bar is 80 [mm], the 𝑔𝑟𝑎𝑐𝑘  can be calculated 

as 6.75 (=540/80 [deg/mm]).  

The steering wheel angle from the driver is measured in hand-wheel feedback 

motor position sensor. The actual rack position value is determined by the front-

wheel steering motor position angle 𝜃𝑟𝑎𝑐𝑘 and the 𝑔𝑟𝑎𝑐𝑘.  

The time constant value  λ (= 0.03s) in Eq.(3.13) is experimentally 
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determined. The Lyapunov function 𝑉1  for equivalent control input is as 

follows: 

 

2

1

1
( ) ( )

2
V t s t=    (3.15)  

Differentiating 𝑉1 with respect to time is as follows: 
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  (3.16)  

The Control objective is to keep the sliding surface s(t) as zero. This can 

be accomplished by choosing the equivalent control input as follows: 
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  (3.17)  

To achieve the robustness of the proposed adaptive sliding mode controller, 

a switching control input can be included as follows: 

 

( )
( )N

s t
u t K sat



 
= −   

 
   (3.18)  

where K is the positive sliding mode control gain, ϕ is the positive tunable 
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constant that controls the boundary layer of the sliding surface, and sat is the 

saturation function, defined as follows: 
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  (3.19)  

The Lyapunov function 𝑉2 for parameter adaptation law is as follows: 
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eqV t s t k= +     (3.20)  

Differentiation 𝑉2 with respect to time is as follows: 
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  (3.21)  

 

The stiffness parameter adaptation law is defined as follows: 
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   (3.22)  
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where ρ is the positive design value that determines the convergence speed of 

the parameter adaptation.  

Finally, the control input 𝜏𝑚𝑜𝑡𝑜𝑟.1 can be expressed as follows: 

 

.1 ( ) ( )
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( ) ( )
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eq rack eq rack eq rack

rack
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  (3.23)  

Substituting the parameter adaptation law in Eq.(3.22) and the control input 

in Eq.(3.23) into Eq.(3.21) yields: 

 

2

( )
( ) ( ) 0

s t
V t s t K sat



 
= −    

 
   (3.24)  

Since the derivative of the Lyapunov function in Eq.(3.24) is strictly negative, 

the proposed adaptive sliding mode controller is asymptotically stable. 

(Edwards and Spurgeon, 1998) 

 

 

 

 

 

 

 



 36 

 

3.2.2. Parameter Analysis of the Rack System 

 

This section describes how to determine the necessary parameters when 

applying the developed controller to the SBW system. As can be seen from 

Eq.(3.27), the equivalent mass, damping and friction values that constitute the 

rack dynamics are required. When designing a rack system, it is difficult to 

measure other than measurable rack bar mass, therefore the equivalent damping 

and equivalent friction values were determined through experiments. The rack 

system consists of a rack bar, a front-steering motor and a gearbox. The nominal 

parameters of the SBW rack system are listed in Table 1 as follows: mass of the 

rack bar 𝑚𝑟𝑎𝑐𝑘 = 4.42 [𝑘𝑔] , Gear ratio between the front-wheel steering 

motor and the rack bar 𝐺𝑚𝑜𝑡𝑜𝑟 = 12 [m/deg], Ratio converts the linear motion 

of the rack bar into a rotary motion r = 8 [m/deg]. From the given data, the 

equivalent mass of the rack system can be calculated as follows: 

 

2

motor
eq rack motor

G
m m J

r

  
= +   

  
   (3.29)  

   

Unlike equivalent mass that can be easily measured, damping and friction 

are difficult to measure, and therefore, they were reversed determined through 

experiments.  

According to Eq.(3.27), the control input is divided into a feedforward term 

to compensate for rack dynamics and a feedback term to compensate for 

unmodeled dynamics and disturbances. If the equivalent mass, damping and 
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friction values constituting the feedforward term are exactly the same as those 

of the actual SBW rack plant, the rack position tracking performance is ensured 

without the feedback term.  

On the other hand, if the feedforward value used in the controller is different 

from the actual rack system, it can be compensated by increasing the feedback 

gain value. Therefore, in general, increasing the feedback gain value increases 

the control performance. However, high feedback gain causes chattering in the 

control input, which is the same as vibration phenomenon when increasing the 

gain P value in PID control.  

Assuming that the equivalent damping and friction values of the rack system 

are unknown, the following results are obtained by using a large feedback gain 

to secure control performance.  
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Figure.3.8. Simulation results with 𝑐𝑒𝑞 = 0 [𝑁𝑠/𝑚], 𝑓𝑒𝑞 = 0 [𝑁] value. 

 

If the tracking performance is secured by using high feedback gain, it can be 

seen from Figure.3.8 that chattering phenomenon occurs in the control input. 

The actual damping and friction values of the rack system used in the simulation 

are 22500 [Ns/m] and 500 [N], respectively.  

From the control force, it can be seen that the force increases instantly at a 

time of 1 [s] and 2.5 [s]. This means that the steering input comes at a time of 

1 s, and the control force momentarily increases to overcome the friction 

applied to the rack. In the case of a time of 2.5 [s], the direction of the steering 

input changes and the friction also acts in the opposite direction. Therefore, 

from the feedback control force, it can be inferred that the equivalent friction 

of the rack system is 500 [N], which is the same as the friction value of the 

actual rack system.  

The Figure.3.9 is the results of using the equivalent friction value as 500 [N] 

as feedforward input and the equivalent damping value using one third of the 

actual value.  
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Figure.3.9. Simulation results with 𝑐𝑒𝑞 = 𝑐𝑎𝑐𝑡𝑢𝑎𝑙/3 = 7500 [𝑁𝑠/𝑚],  

 𝑓𝑒𝑞 = 𝑓𝑎𝑐𝑡𝑢𝑎𝑙 = 500 [𝑁] value. 

 

If the actual friction value is used as the equivalent friction value, the 

phenomenon that the control force rises rapidly at a time of 1 [s] does not appear. 

In Figure.3.9, the feedback force represents similar shape to the feedforward 

damping c�̇�  term with the twice amplitude. This is because the equivalent 

damping value has one third compared to the actual damping value, therefore 
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the feedback force compensates for the remaining. Finally, when equivalent 

damping and friction value are used as the actual damping and friction value, 

the result is as follows. 

 

 

 

Figure.3.9. Simulation results with 𝑐𝑒𝑞 = 𝑐𝑎𝑐𝑡𝑢𝑎𝑙 = 22500 [𝑁𝑠/𝑚], 

𝑓𝑒𝑞 = 𝑓𝑎𝑐𝑡𝑢𝑎𝑙 = 500 [𝑁] value 

 

Figure.3.9 describes how feedforward force and feedback force are 

represented in the control force after finding the exact equivalent damping and 

friction values through the simulation results of Figure.3.7 and Figure.3.8. If 
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the equivalent damping and friction used in feedforward control are actual rack 

system parameters, the proportion of the feedback control is very low. If the 

size of the feedback control is small, the chattering phenomenon does not 

appear and it is more robust against disturbances.  

Figure.3.10 shows the magnitude of the feedback control according to the 

change in the equivalent damping and the friction value used in feedforward 

control.  

 

 

Figure.3.10. Comparison of the feedback control according to various 

equivalent damping and friction value. 

 

Figure.3.11 represents the experimental data showing feedforward and 

feedback control force in SBW vehicle. Similar to the analysis through 

simulation results, parameter tuning for equivalent damping, friction and 

stiffness was performed through the shape represented by feedback force. 
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Figure.3.11. Experiment data for SBW vehicle. 
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At a time of 2.7 [s], 4 [s], and 5.2 [s], the feedback force represents a shape 

that cancels the friction in the opposite direction after the appearance of the 

friction force. This means that the equivalent friction value currently set in the 

feedforward model is larger than the actual friction force applied to the rack 

system. Therefore, parameter tuning process is necessary in the direction of 

reducing the amount of equivalent friction 𝑓𝑒𝑞.  

Figure.3.12 represents the feedforward and feedback control force that 

appear after tuning the equivalent friction model to the actual friction applied 

to the rack system.  
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Figure.3.12. Experiment data for SBW vehicle.  

 

Figure.3.12. shows that the feedback term no longer appears in the opposite 

direction when the direction of the friction changes as shown in Figure.3.11. 

This means that the equivalent friction value is similar to the actual friction 

value. However, it can be seen that the shape of the graph of feedback force has 

the similar of stiffness term kx. This means that the equivalent stiffness of the 

feedforward model is set to be smaller than the stiffness applied to the actual 

rack system. Therefore, parameter tuning is required in the direction of 

increasing the equivalent stiffness value. 
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Figure.3.13. shows the experimental results after adjusting the equivalent 

friction and stiffness through the results of Figure.3.11 and Figure.3.12. 
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Figure.3.13. Experiment data for SBW vehicle. 

 

From the feedback force in Figure3.13, it does not represent a specific model, 

and it compensates for the unmodeled term and disturbances. This means that 

the equivalent friction and stiffness values have been properly set to those 

values of the actual rack system. It can be seen from the Figure3.13. that if the 

equivalent friction and the stiffness values have the actual rack system values, 

the tracking performance is more accurate than if they do not.  
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3.2.3. Design of a Control parameter of the Adaptive Sliding Mode 

Controller  

 

As can be seen from the Eq.(3.23), the parameters used in the proposed 

controller are the time constant λ of the error dynamics, the feedback gain K  

and the ϕ that determined the boundary layer.  

When the sliding surface s(t) reaches zero by equivalent control input, the 

error dynamics is as follows: 

 

( ) ( ) ( ) 0

1
( ) ( ) 0

s t e t e t

e t e t





= +  =

+ =
   (3.30)  

 

The time constant value λ determines the rate at which the error converges 

to zero and is determined experimentally. The feedback gain K compensates 

for the unmodeled term and the uncertainty of the second-order rack model. 

The rack dynamics considering model uncertainty is as follows: 

 

( ) ( )

( )

( ) sgn( )eq eq rack eq eq rack eq eq rack

eq eq rack un motor

m m x b b x f f x

k k x 

+  + + + + +

+ + =
 

  (3.31)  

where ∙,̂ ∆ ∙ and Δ𝑢𝑛 are the nominal value, uncertainty of the parameter 

and unmodeled term of the rack system, respectively. The Eq.(3.31) can be 

rewritten using the lumped term L(t) as follows: 
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sgn( ) ( )eq rack eq rack eq rack eq rack motorm x b x f x k x L t + + + + =  

  (3.32)  

where L(t) is the lumped uncertainty which is bounded |L(t)| ≤ 𝐿𝑢𝑝𝑝𝑒𝑟, but 

unknown. The L(t) can be defined by 

 

( ) sgn( )eq rack eq rack eq rack eq rack unL t m x b x k x f x=  + + + +  

  (3.33)  

 

In order for the system to be asymptotically stale, the feedback gain K must 

be greater than the upper bound of the lumped uncertainty as follows: 

 

| | | |upper unK L      (3.34)  

 

In order for the lumped uncertainty term to be bounded, �̈�𝑟𝑎𝑐𝑘, �̇�𝑟𝑎𝑐𝑘 and 

𝑥𝑟𝑎𝑐𝑘  must be bounded. In the SBW system, the maximum angle of the 

steering angle is |𝑥𝑟𝑎𝑐𝑘| < 540  [deg], and the steering angular velocity is 

assumed to be |�̇�𝑟𝑎𝑐𝑘| < 540 [deg/s], which is one and a half turns per second. 

Therefore, in the SBW system, it can be assumed that the lumped uncertainty 

L(t) is bounded.  
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3.2.4. Design of an Equivalent Stiffness Coefficient Map 

 

As can be seen in Eq.(3.23), the equivalent stiffness coefficient 𝑘𝑒𝑞 is a term 

that dependent on the road surface and vehicle speed. When the road surface 

changes, the cornering stiffness value 𝐶𝑓  and 𝐶𝑟  values change, which 

affects the 𝑘𝑒𝑞. This means that when the road surface is constant, 𝑘𝑒𝑞 is only 

affected by vehicle speed. While it is very difficult to estimate the road surface 

in real-time, the vehicle speed can be easily determined through the chassis 

sensor.  

Therefore, after setting the change of 𝑘𝑒𝑞  value according to the vehicle 

speed based on dry asphalt ( μ =0.85) road surface as map, an adaptation 

approach was used to reflect the change of road surface to 𝑘𝑒𝑞 value.  

In the dry asphalt situation, if the initial value of 𝑘𝑒𝑞 is set to zero, at a 

constant vehicle speed, parameter adaptation is performed as follows. 
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Figure.3.14. Simulation results of parameter adaptation at constant vehicle 

speed, 60kph. 

 

Figure.3.14. shows that the 𝑘𝑒𝑞  value converges by adaptation when a 

sinewave steering input is applied in a 60 [kph] situation. As shown in stiffness 

parameter, the stiffness coefficient can converge at a time of 6 [s]. After the 

coefficient parameter converges, it can be seen that the actual steering wheel 

angle can successfully tracks the desired steering wheel angle.  
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Figure.3.15. Simulation results of parameter adaptation at various vehicle 

speed. 

 

Figure.3.15. is the simulation results of parameter adaptation for various 

vehicle speeds. It can be seen that the stiffness coefficient 𝑘𝑒𝑞 increases when 

the vehicle speed increases. From the aforementioned Eq.(2.10), the stiffness 

coefficient relation for the vehicle speed is as follows: 

 

( )( )
( )

2

2 22

f r r f f f r x

eq

f r x r r f f

mC l C l C l C v
k

l C C mv l C l C

− + 
=

+ −
 

  (3.35)  

 

It is noted from Eq.(3.35) that the stiffness coefficient increases as the vehicle 

speed increases under the condition of constant road surface. Differentiating 

stiffness coefficient 𝑘𝑒𝑞 with respect to vehicle speed 𝑣𝑥 is as follows: 
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  (3.36)  

 

When the vehicle is driving (𝑣𝑥 > 0)  , the Eq.(3.36) is strictly positive. 

Therefore, as the vehicle speed increases, the stiffness coefficient also increases.  

Figure.3.16. shows the results when the equivalent stiffness coefficient map 

is used and when it is not.  
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Figure.3.16. Simulation results of parameter adaptation at various vehicle 

speed. 

 

This is a scenario in which the steering input is entered in a situation where 

the vehicle speed changes, not a constant vehicle speed. After the first sine 

steering input was applied at 40 [kph], the vehicle speed was gradually 

increased to examine the case where the second sine steering input was applied 

at 70 [kph]. From the Figure.3.16, when the stiffness coefficient map is used, 

the tracking performance is better than when only adaptation method is used.  

In particular, the performance difference appears in at a time of 1 [s] and 8 
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[s], when the steering input is applied. This is because if only adaptation method 

is used, it takes time to become adaptation, therefore the tracking error occurs 

in the process of adaptation.  

From the tracking error results at a time of 2 – 3 [s], it can be seen that after 

adaptation progresses, there is little difference between the case of using the 

stiffness coefficient map and the case of not using the map. However, since 

adaptation method is based on the tracking error, it does not occur while 

steering input is not present. Therefore, no adaptation progress takes place from 

3 – 8 [s]. The steering input comes back in at a time of 8 [s]. In the case of using 

a map, the stiffness coefficient value is updated according to the vehicle speed 

even while the steering input does not come in. However, when the map is not 

used, the change in vehicle speed is responded by adaptation only. Therefore, 

an error occurs in the process of adaptation.  

In the case of using a map and adaptation together, it can be seen that the 

stiffness parameter changes little due to adaptation from the value set in map. 

Theoretically, an adaptation process should not occur because the stiffness 

coefficient map response to vehicle speed changes, but in the case of an actual 

system, an error occurs due to the steering input resolution, sampling time, and 

speed estimation error, therefore, adaptation occurs accordingly.  

In summary, more accurate tracking performance can be obtained when the 

stiffness coefficient map is used than when it is not. The same result can be 

obtained through vehicle test.  
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Figure.3.17. Actual vehicle test results without using both stiffness map and 

adaptation method. 
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Figure.3.17 shows the actual vehicle test results without using both stiffness 

map and adaptation method. In other words, this is the case that the self-aligning 

torque is not compensated by both feedforward stiffness model and adaptation 

method. In this case, there is a maximum tracking error of 10 [deg], which 

corresponds to a maximum error of 7.7 [%] compared to the steering angle input.  
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Figure.3.18. Actual vehicle test results without using stiffness map. 

 

Figure.3.18 shows the actual vehicle test results without stiffness map. In 

other words, this is the result of compensating the self-aligning torque through 

only the adaptation method without using a stiffness coefficient map. In this 

case, as adaptation occurs, the tracking error decreases from the results of 

Figure.3.17. There is a maximum tracking error of 6 [deg], which corresponds 

to a maximum error of 4.6 [%] compared to the steering angle input.  
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Figure.3.19. Actual vehicle test results with both using stiffness map and 

adaptation method. 

 

Finally, the Figure.3.19 is the result of applying the stiffness coefficient map 

and adaptation method at the same time. There is a maximum tracking error of 

3.2 [deg], which corresponds to a maximum error of 2.1 [%] compared to the 

steering angle input. It shows more accurate tracking performance than the 

results in Figure3.17 and Figure.3.18, and it can be confirmed that the results 

are the same as those in the simulation.  
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All the control parameters used in the computer simulation and vehicle tests 

are listed in Table 2.  

 

Symbol 

Value 

Unit Description Computer 

Simulation 

Vehicle 

Test 

λ 0.3 0.3 [s] Time constant of the error dynamics 

φ 3.5 3.5 [deg] Boundary layer of a switching control 

𝑘𝑝 5.6 4.2 [-] Proportional gain 

𝑘𝑑 1.4 0.5 [-] Derivative gain 

ρ 1.5*10^-6 2.5*^10-6 [𝑚2/N] 
Convergence speed of the parameter 

adaptation 

α 10 7 [1/m] 
Convergence speed of the control gain 

adaptation 

𝑘0 180 200 [N/deg] Stiffness coefficient at zero velocity 

K 250 470 [-] Sliding mode feedback control gain 

𝜃𝑙𝑖𝑚𝑖𝑡 35 35 [deg] 

Elastic limit which is the distance 

between the actual rack position and 

elastic equilibrium point  

Table 2. Control design parameters of the SBW system. 
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3.2.5. Design of an Impulse Infinite Response (IIR) Differentiator Filter 

 

 

As can be seen from the Eq.(3.23) and Eq.(3.27), the 1st and 2nd derivative of 

the actual rack position and target rack position are required in practice. 

However, it is difficult to measure velocity and acceleration of the rack 

movement. Therefore, first order and second order infinite impulse response 

(IIR) filtering method was used to estimate the velocity and acceleration signals. 

Since the input steering angle signal is measured by using MPS, it is quantized 

and the white noise could be neglected. The advantage of the IIR filtering 

methodology can attenuate the quantization noise optimally and provide an 

easy differentiating tool (Storn, 1996). The first order filter transfer function 

can be written as follows: 
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   (3.37)  

 

In the case of the second differentiator, it can be obtained by cascading the 

first differentiator and is as follows: 
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  (3.38)  
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where 𝛼1, 𝛼2 are tuning parameter and affect the amplitude and delay error 

of the differentiator.  
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Figure.3.20. Filter performance comparison according to 𝛼1, 𝛼2 

(Sine steering with 0.1 [Hz], 0.1 [mm]). 

 

Figure.3.20 is the result when sine steering inputs of 0.1 [Hz] and 0.1 [mm]. 

In such a case that the amplitude is very small and the frequency is very low, 

the size error appears more prominent than the delay error of the filter.  

From the velocity and acceleration of the rack movement, it can be seen that 

the smaller 𝛼1, 𝛼2 is, the smaller the size error of the filter. 
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Figure.3.21. Filter performance comparison according to 𝛼1, 𝛼2 

(Sine steering with 2.0 [Hz], 70 [mm]). 

 

Figure.3.21 is the result when sine steering inputs of 2.0 [Hz] and 70 [mm]. 

In such a case that the amplitude is very large and the frequency is very high, 

the delay error appears more prominent than the size error of the filter.  

From the velocity and acceleration of the rack movement, it can be seen that 

the smaller 𝛼1, 𝛼2 is, the larger the delay error of the filter. 

In summary, it can be seen that the smaller 𝛼1, 𝛼2 is, the smaller the size 

error, but the larger the delay error. Therefore, it is important to set an 
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appropriate 𝛼1, 𝛼2 value, which was determined through experiments.  

The process for determining 𝛼1, 𝛼2 value is as follows. As can be seen from 

the Eq.(3.20), even when there is little movement of the rack system, chattering 

could occur in the motor input due to the filter errors in the process of estimating 

the derivative value.  

Experimentally, when a force within 200 [N] is applied to the motor, noise 

and vibration hardly occur. Therefore, the condition in which the estimation 

error occurs within 200 [N] can be determined as follows: 

 

2

| | 200[ ] | | 2[ / ]

| | 200[ ] | | 45[ / ]

eq rack rack

eq rack rack

b x N x mm s

m x N x mm s

  → 

  → 
 

  (3.39)  

 

The result of finding 𝛼1, 𝛼2 value within the range that satisfies the Eq.(3.39) 

is as follows. 
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Figure.3.22. Filter performance with 𝛼1 = 0.07, 𝛼2 = 0.03 

 

Figure.3.22. shows that when 𝛼1 and 𝛼2 are 0.07 and 0.03 respectively, the 

conditions of the Eq.(3.39) are satisfied. (�̇�𝑟𝑎𝑐𝑘 ≤ 1 [
𝑚𝑚

𝑠
], �̈�𝑟𝑎𝑐𝑘 ≤ 30[

𝑚𝑚

𝑠2 ]) 
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Chapter 4  

 

Side slip angle Control Algorithm for 

SBW System 

 

 

 

Many researches have been conducted to improve the lateral stability of 

vehicles in normal dry asphalt conditions. (Li et al., 2008), proposed an 

integrated vehicle chassis control using active steering and active stabilizer to 

improve the vehicle handling performances and ride in comfort.  

In this study, the vehicle stability has been improved in areas where the 

lateral acceleration region is large in normal dry asphalt conditions. (Zhang et 

al., 2020), proposed an adaptive sliding mode based lateral stability algorithm 

for SBW vehicles.  

To improve safety in critical driving situations, much research on active 

control technologies is being carried out. The concepts of active front steering 

(AFS), active rear steering (ARS), or a combination of them have been 

proposed and implemented on test vehicles by several researches (Jin et al., 

2016), (Nam et al., 2012), (Doumiati et al., 2013), (Choi and Choi, 2016), (Song, 

2016), (Yim, 2015), (Zhao et al., 2017). All these control technologies have 

been proven to provide certain advantages under certain conditions.  
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(Zhai et al., 2016), presented a yaw stability control algorithm based on 

optimal control theory for an electric vehicle. Simulation results were presented 

for a J-turn and single lane change (SLC) to validate the proposed control 

algorithms.  

(Aga et al., 1990), investigated a two degrees of freedom control system for 

active front and rear wheel steering. They provided simulation results for the 

proposed controller in order to validate the claims of improved vehicle stability 

and steering response. 

(Chung and Yi, 2006), discussed robust triangular decoupling of a vehicle’s 

front lateral acceleration from yaw dynamics for a vehicle equipped with four-

wheel steering. This paper claimed to provide robust relaxation of side slip 

angle while maintaining vehicle yaw stability. 

(Nagai, 2007), studied integrated steering and braking control of a vehicle 

for yaw stability management. They presented a model-following controller. 

The robustness of the controller, however, was not investigated in detail. 

Nonlinear predictive control theory has been investigated by (Horiuchi et al., 

1999). for yaw stability control using a combination of braking and steering 

control system. However, their controller required control of the torque of each 

wheel independently.  

(Tagawa et al., 1996), presented a design approach for active front wheel 

steering based on robust matching algorithms. The effectiveness of their control 

algorithm was verified by computer simulation results. However, no 

experimental data were provided.  

(Elbeheiry et al., 2001), presented a sliding mode control method that 
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integrated active front steering and active roll moment control system in order 

to improve vehicle controllability in emergency vehicle maneuvers. They used 

a neural-net-based nonlinear tire model to simulate their controller, but 

presented only simulation results to validate the performance of the proposed 

control algorithms. 

The potential benefits of active steering control by an SBW system to 

improve handling behavior during normal driving have received considerable 

attention from the automobile industry (Wnag et al., 2017). A robust yaw 

stability control method based on a two-degrees-of-freedom steering control 

architecture was presented, and its effectiveness was verified using a hardware-

in-the-loop simulation setup and filed tests. By using active steering control via 

an SBW system, it is possible to realize the desired vehicle motion without 

causing the driver to feel uncomfortable.  

(Ding and Taheri, 2010), proposed an adaptive nonlinear control scheme 

aimed at improving the handling properties of vehicle based on active steering 

control and wheel torque control. A vehicle motion control method based on a 

yaw moment observer and a lateral force observer was proposed and compared 

with a conventional decoupling control method. 

(Piyabongkarn et al., 2008), introduced a unique control method for AFS that 

uses integration of the yaw rate error to decouple the yaw dynamics from the 

lateral dynamics of the front axle. The integrated yaw feedback considerably 

simplifies the driver’s task by allowing the driver to focus on path planning and 

to control the lateral deviation of the front axle without needing to stabilize the 

yaw motion, which is automatically compensated for by integrating the yaw 
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rate feedback. The problem remains that with the integrated unit yaw feedback, 

yaw damping decreases with increase of the vehicle speed.  

In this dissertation, a chassis control system is designed to improve lateral 

stability of the SBW vehicle. The excessive body slip angle of the vehicle 

prevents the yaw motion from changing even when the driver’s steering input 

is received. In order to improve the lateral stability of the vehicle, it is necessary 

to set the side sip angle and yaw rate, which are the states of the 2-D bicycle 

model, as targets, and control that these values can track the desired values.  

In this dissertation, a widely used 2-D bicycle model was used as a vehicle 

model without using a complex vehicle model. The control input is the 

additional steering angle of the vehicle’s front wheels, which is achieved 

through rack position control in the developed SBW system. A sliding mode 

controller was used as the control algorithm to follow the desired yaw rate and 

side slip angle of the target vehicle. 

A sliding mode control theory is widely used because it has robust control 

performance against system nonlinearity and parameter uncertainty. In this 

dissertation, the stiffness parameter which is used for the rack position control 

was used in the lateral stability controller. The lateral stability on low-mu 

friction roads was obtained by utilizing the adaptation of the stiffness parameter 

according to the road surface change.   

Figure 4.1. shows the overall structure for lateral stability control of SBW 

system. First, a target vehicle motion for latera stability of the vehicle is 

determined. A target yaw rate and target side slip angle are determined based 

on vehicle test data on high-friction road. An additional steering angle for 
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following the previously determined target vehicle behavior is determined 

based on the sliding mode controller. (Wang et al., 2013). A sliding mode 

controller was used to compensate for vehicle parameters and model 

uncertainty. In addition, side slip angle estimation algorithm using Unscented 

Kalman Filter (UKF) was designed (Wan et al., 2001). In a conventional vehicle, 

estimating the lateral slip angle is still challenging work. (Albinsson et al., 

2017), (Li et al., 2014a), (Gao et al., 2010), (Dakhlallah et al., 2008). In the case 

of the SBW system, the parameter adaptation method is used in the process of 

controlling the rack position. As aforementioned, since parameter adaptation 

occurs as the road surface changes, the SBW system can indirectly estimate the 

road surface condition using the stiffness parameter. Therefore, an algorithm to 

estimate the side slip angle using stiffness parameter was proposed.  

 

 

Figure.4.1. Overall structure for lateral stability control 
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4.1. Design of a Lateral Stability Controller 

 

 

The proposed controller was designed in two stages. In the upper-level 

controller, based on the drivers steering input, target vehicle motions are 

determined and then the desired yaw moment is computed based on the yaw 

motions.  

The supervisor computes the target vehicle motions, such as the target yaw 

rate and the vehicle lateral stability (Sato et al., 1993). In the lower-level 

controller, according to the reference yaw rate corresponding to the driver’s 

steering angle, the additional steering angles are calculated using sliding mode 

control scheme (Fukao et al., 2004).  

From the viewpoint of the vehicle dynamics, the yaw rate and the side slip 

angle are closely related to vehicle maneuverability and lateral stability. The 

driver’s steering input determines the target vehicle response, that is, the desired 

yaw rate, which then determines the target yaw rate.  

A bicycle model has been used for the computation of the target vehicle 

response. (Rajamani, 2011) 
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Figure.4.2. 2-D bicycle model with additional front steering angle. 

 

Figure.4.2. shows the 2-D bicycle model including additional front steering 

angle Δ𝛿𝑓. The lateral dynamic equations in a state space form can be described 

as follows: 
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In order to improve the vehicle’s lateral stability, it is important that the actual 

yaw rate and side slip angle follow the target model well. The process of 

obtaining the reference yaw rate model according to the vehicle speed is as 

follows. In steady-state, the yaw rate and lateral acceleration are expressed as 

follows: 

 

2

x
y y x x

v
a v v v

R
 = +    =    (4.2)  

 

where γ is the yaw rate of the vehicle, R is the radius of curvature, 𝑣𝑥 is the 

longitudinal velocity, and 𝑣𝑦  is the lateral velocity. The steady state front 

steering angle is given by kinematics as follows: 

 

f f r

L

R
  = + −    (4.3)  

 

where 𝛿𝑓 is the steering angle of the front tire, which is steering wheel angle 

divided by gear ratio, L is the distance between the front axle and the rear axle, 

𝑎𝑓 is the front tire slip angle, and 𝑎𝑟 is the rear tire slip angle.  

 Assume that the slip angles are small (linear region), the lateral tire force at 

each wheel is proportional to its slip angle. Denoting the cornering stiffness of 

each front tire by 𝐶𝑓 and that of each rear tire by 𝐶𝑟, the slip angles can be 

expressed as follows: 
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By summarizing the above equations from Eq.(4.1) to Eq.(4.4), the steady-state 

front steering angle and target yaw rate can be described as follows: 
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  (4.5)  

 

where 𝐾𝑢𝑠 is the understeer gradient that is calculated as the initial slope of 

the steering wheel angle and lateral acceleration curve during constant circular 

turning, as shown in Figure.4.3 and Figure.4.4.  
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Figure.4.3. 𝐾𝑢𝑠 calculation based on circular turning: Simulation study. 

(𝑅 = 50𝑚, 𝑎𝑦 = 0𝑔 ~ 0.8𝑔) 

 

Figure.4.4. 𝐾𝑢𝑠 calculation based on circular turning: Vehicle test. 

(𝑅 = 50𝑚, 𝑎𝑦 = 0𝑔 ~ 0.6𝑔) 
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Figure.4.5 and Figure 4.6 show the results of comparing the yaw rate model 

based on the dry road with the actual vehicle test results. The results of steady-

state steering input and transient-state steering input are shown in Figure.4.5 

and Figure.4.6 respectively. 

 

 

 

Figure.4.5. Comparison of the yaw rate model at static steering input with 

the actual vehicle yaw rate. 
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Figure.4.6. Comparison of the yaw rate model at transient steering input 

with the actual vehicle yaw rate. 

 

 

The main goal of the control strategy is to make the actual yaw rate γ follow 

the desired yaw rate 𝛾𝑑𝑒𝑠 while reducing the side slip angle β. In other words, 

it is important that the target side slip angle is controlled as small as possible, 

i.e., 𝛽𝑑𝑒𝑠 = 0. 

Since the cornering stiffness value has inherent nonlinearity and uncertainty, 

the sliding mode control method has been used. (Perruquetti and Barbot, 2002) 
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The error dynamics of yaw rate and side slip angle are expressed as follows: 
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The sliding surface that allows the actual yaw rate and actual side slip angle 

to track the previously designed target is as follows (Cho et al., 2008): 

 

1 2s e e  = +    (4.7)  

 

where 𝜂1, 𝜂2 are positive constants that weight the yaw rate error and side 

slip angle error, respectively. The reaching law for sliding surface is designed 

as follows: 

 

1 2 | | ( )
s

s s s sat 


= − −    (4.8)  

 

where 𝜎1 , 𝜎2  are positive constants and 0 < ε < 1 . Large 𝜎1 , 𝜎2  values 

improve tracking performance, but cause chattering effect. On the other hand, 

small 𝜎1 , 𝜎2  values reduce chattering effect, but decrease tracking 

performance.  

Therefore, it is necessary to set an appropriate value through experiment. 
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When the following additional steering angle input is applied, it can be seen 

that the sliding surface converges to zero. 
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  (4.9)  

 

where φ  is the boundary layer of the sliding surface, K  is the switching 

feedback gain of the sliding mode controller, and is adaptively adjusted as 

follows in the direction of reducing the tracking error (Huang et al., 2008a). 

 

3
ˆ | |K s=    (4.10)  

 

where 𝜎3 is the positive constant determines the convergence rate at which the 

adaptation proceed. The larger the 𝜎3, the faster the adaptation proceeds, but it 

may cause chattering effect, therefore it is necessary to use an appropriate value. 

 As shown in Eq.(4.9), the stability proof for the proposed controller is as 

follows: 
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where �̃� = �̂� − 𝐾,  the first derivative of Laypunov function in Eq.(4.11) can 

be described as follows: 
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Substituting the Eq.(4.9) and Eq.(4.10) into the Eq.(4.12) is as follows: 
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  (4.13)  

 

Since the derivative of the Lyapunov function in Eq.(4.13) is strictly negative, 

the proposed adaptive sliding mode controller is asymptotically stable.  

In this dissertation, in addition to the general dry asphalt situation (μ=0.85), 

the main goal is to obtain stability even on low mu road surface such as wet 

road (μ=0.6) or icy road (μ=0.2), therefore the nonlinearity of tire model should 

be considered.  

The Eq.(4.1) is written assuming that the tire is in a linear area, but in the 

case of a low mu road surface, a linear tire model could not be assumed. 

(Talvala et al., 2011), proposed a dimensionless parameter η to capture this 

nonlinear behavior of the tire model.  

When using local cornering stiffness, when the tire becomes saturated, the 

local slop becomes zero, whereas when using parameter η , lateral force is 

generated even when the tire is saturated. The parameter η has a value between 

0 and 1, where 1 means the case where the tire is in completely linear region, 

and 0 means the case where the tire slip angle is infinite after the tire is 

completely saturated.  
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The front and rear tire model considering parameter η  can be written as 

follows: 

 

yf f fo f

yr r ro r

F C

F C

 

 

=  

=  
   (4.14)  

 

Where 𝛼𝑓/𝑟 and 𝐹𝑦𝑓/𝑦𝑟 shows front/rear tire slip angle and front/rear lateral 

tire force respectively. 

By defining the time varying parameter 𝜂𝑓/𝑟  as shown in Eq.(4.14), it is 

possible to express the lateral tire force considering the nonlinear region of the 

tire model.  

 

 

Figure.4.7. Lateral tire force curves and various points η from the nonlinear 

tire model. 
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Figure.4.7 shows the lateral tire force curves with various η points. Each 

tire curve represents a case where the road surface is constant, and the tire curve 

changes according to the change in the road surface condition. The parameter 

η can be interpreted as a percentage of the maximum cornering stiffness value 

𝐶𝑓𝑜 in the current driving situation.  

The reason that the local cornering stiffness value 𝐶𝑓𝑜 is not used is that if 

𝐶𝑓𝑜 is changed through adaptation, when the tire is saturated, the slop of the 

tire curve becomes zero and the 𝐶𝑓𝑜 value also becomes zero.  

This has a problem that the lateral tire force exerted by the tire becomes zero 

when the tire is saturated, therefore, it is not appropriate in the nonlinear tire 

region. The value of 𝐶𝑓𝑜 is defined as the slop of the lateral tire force curve at 

origin. The parameter η is a function related not only to the tire slip angle 𝛼𝑓 

but also to the road surface condition μ.  

However, if the tire is in a liner region (i.e. small tire slip angle), it can be 

seen that the parameter η  is constant at 1 regardless of the road surface 

condition. 

The vehicle motion considering the nonlinear tire model in Eq.(4.14) can be 

written as follows, which is valid in both the linear and nonlinear regions of the 

tire. 
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  (4.15)  

 

 

For convenience, the 𝜂𝑓 and 𝜂𝑟 are assumed to have the same value and 

used. (Joa et al., 2019), proposed an Interacting multiple model (IMM) based 

𝜂𝑓 , 𝜂𝑟  estimation approach for vehicle stability control. For 𝜂𝑓 , 𝜂𝑟 , a 

variable set was formed by dividing 20 sections from 0 to 1, respectively, and 

a total of 400 different models were used.  

This method can cope with the road surface change by using the appropriate 

𝜂𝑓 , 𝜂𝑟  values according to the road surface, but there is an issue that it is 

difficult to implement the algorithm in real-time due to the high computational 

load.  

Since the SBW system directly controls the rack system, it is possible to 

indirectly detect the reaction force coming from the road surface. As for the 

stiffness coefficient 𝑘𝑒𝑞, adaptation occurs according to the change of the road 

surface, through which η can be found indirectly.  
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The process of determining η through the stiffness coefficient parameter is 

as follows: 
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  (4.16)  

 

As previously described in Section3.2.5, the stiffness parameter 𝑘𝑒𝑞  is 

determined by the sum of 𝑘𝑚𝑎𝑝 which is determined by vehicle longitudinal 

speed and adaptation term 𝑘𝑎𝑑𝑎𝑝 to cope with road surface changes.  

Since 𝑘𝑚𝑎𝑝  is designed based on the dry asphalt situation (μ = 0.85) , 

adaptation hardly occurs in the dry asphalt road condition, therefore, the 𝑘𝑟𝑎𝑡𝑖𝑜 

is maintained at 1. In general, when the road surface changes (cf. wet road or 

ice road), parameter adaptation occurs and the 𝑘𝑒𝑞  value decreases 

accordingly.  

Therefore, 𝑘𝑟𝑎𝑡𝑖𝑜 has a decreased value between 0 and 1. However, even if 

the road surface is changed, if the tire is in a linear region, adaptation hardly 

occurs, and accordingly, the 𝑘𝑟𝑎𝑡𝑖𝑜 is maintained at 1. It can be seen that this 

is almost similar to the tendency of parameter η shown in Figure.3.25, and 

thus 𝑘𝑟𝑎𝑡𝑖𝑜 value can be replaced with η.  
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Finally, the additional steering inputs to improve the lateral stability on low-

mu friction roads can be described as follows: 
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4.2. Side Slip Angle Estimation with Unscented 

Kalman Filter 

 

 

In this section, side slip angle estimator using Unscented Kalman Filter (UKF) 

is designed for the lateral stability controller. As can be seen from the Eq.(4.17), 

the control input contains a side slip angle β, which is not measured by the 

vehicle’s on-board sensors. Therefore, it is necessary to estimate this signal. 

The side slip angle estimator can be estimated using the wheel speed, yaw rate, 

longitudinal acceleration, and lateral acceleration signal from the on-board 

vehicle sensors.  

Many researches (Baffet et al., 2008), (Di Cairano et al., 2012), (Chung, 2006 

#44), (Piyabongkarn et al., 2008) have been proposed lateral stability algorithm 

with side slip angle. Due to the importance of side slip angle in vehicle stability 

control, many studies have been conducted on side slip angle estimation. 

(Ahn et al., 2012), proposed an estimator with the tire parameter information 

known. In this previous research, the tire force was expressed through the tire 

slip angle using a nonlinear tire model, which has several drawbacks.  

First, it is very difficult to find out the tire parameters that affect the estimator 

performance (Nam, 2015), (Reina et al., 2017). Second, even if the tire 

parameters are known, theses parameters vary with the actual driving situation 

such as tire-road friction, which is difficult to estimate in real-time (Rajamani 

et al., 2011).  
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In order to cope with the varying conditions of the tire-road surface, many 

studies using an Interactive Multiple Model (IMM) filter have been proposed. 

(Joa et al., 2019), (Jin and Yin, 2015), (Ping et al., 2020).  

(Joa et al., 2019), proposed an Interacting multiple model (IMM) based 𝜂𝑓, 

𝜂𝑟 estimation approach for vehicle stability control. For 𝜂𝑓, 𝜂𝑟, a variable set 

was formed by dividing 20 sections from 0 to 1, respectively, and a total of 400 

different models were used.  

This method can cope with the road surface change by using the appropriate 

𝜂𝑓 , 𝜂𝑟  values according to the road surface, but there is an issue that it is 

difficult to implement the algorithm in real-time due to the high computational 

load. 

 In this dissertation, a side slip angle estimator based on UKF using a 

stiffness parameter of SBW system was designed. In addition, a brush tire 

model which was widely used as a nonlinear tire model was used.  

The brush tire model is a static model that reflects the nonlinearity of tire and 

is defined by (Pacejka, 2005). As aforementioned, the brush tire model requires 

a road surface coefficient as an input variable, but it is generally difficult to 

estimate the road surface condition in real-time.  

However, since the SBW system adapts the stiffness parameter according to 

changes in a road surface condition, it is possible to indirectly reflect the road 

surface condition by using this adapted information. This is the same concept 

that using parameter η, which is used for the lateral stability as control input 

which is shown in Eq.(4.16), can also be used for a brush tire model.  

The structure of a UKF estimator is shown in Figure.4.8. First of all, the 
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vertical force calculation is developed. Since the brush tire model requires the 

vertical force 𝐹𝑧  of each tire as an input variable, it is statically calculated 

using on-board vehicle sensor signals such as wheel speed, longitudinal 

acceleration, and lateral acceleration. Next, a time update model, a 

measurement update model, and a sigma point calculation model constituting 

the UKF were designed. The UKF utilizes the unscented transformation method, 

and does not use the linearization method through taylor-expansion which is 

used by Extended Kalman Filter (EKF), but calculates the mean and covariance 

using a nonlinear function (Wan et al., 2001). Therefore, it is a suitable method 

for a estimator with brush tire model which is using a nonlinear tire model.  

 

 

Figure.4.8. The structure of UKF based side slip angle estimator. 

 

The brush tire model is a nonlinear tire model that considers the elastic 

deformation of the tire in the longitudinal and lateral directions and can be 

written as follows: 
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  (4.18)  

 

where 𝐶𝑓/𝑟 is front/rear tire cornering stiffness value, α is tire slip angle, 𝛼𝑠𝑙 

is a slip angle at which the tire has lost lateral grip, 𝐼𝑓  is an inverted peak 

friction limit, μ is a tire-road surface condition and 𝐹𝑧 is vertical tire force.  

In order to calculate an inverted peak friction limit 𝐼𝑓 , the road surface 

condition and vertical tire force are required. In the case of road surface 

coefficient, it is replaced by a parameter η as described above, and vertical tire 

force is determined as follows (Cho et al., 2008): 
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  (4.19)  

 

where 𝐹𝑧.𝐹𝐿, 𝐹𝑧.𝐹𝑅, 𝐹𝑧.𝑅𝐿, 𝐹𝑧.𝑅𝑅 is front left, front right, rear left, rear right 

vertical tire force, respectively. 𝑙𝑓, 𝑙𝑟 is a distance from center of gravity to 

front and rear axle. m is a vehicle mass, 𝑎𝑥, 𝑎𝑦 is a longitudinal and lateral 

acceleration, h is a height of center of gravity and 𝑡𝑤 is a width of a vehicle. 

The performance of the 𝐹𝑧 estimator for sinusoidal steering input at 60 [kph] 

in dry asphalt condition is shown in Figure.4.7. 
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Figure.4.9. 𝐹𝑧 calculation for sinusoidal steering input at 60 [kph] in dry 

asphalt. 

 

The state equation for UKF estimator using 2-D bicycle model can be 

described as follows: 
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where 𝑣𝑦 is a lateral velocity, γ is a yaw rate and 𝑊𝑣𝑦
, 𝑊𝛾 is noise of lateral 

velocity and yaw rate, respectively. The yaw rate is a signal measured by the 

vehicle on-board sensor, and 𝐹𝑦𝑓 , 𝐹𝑦𝑟  are calculated through the brush tire 

model.  
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The following method was used for unscented transformation in UKF 

estimation. The spherical simplex sigma point matrix calculation can be 

described as follows: 
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where 𝜔0 is a tuning parameter which has a range from 0 to 1. The weight 

selection and sigma point selection are described as follows: 
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where α, β is a positive tuning parameter. The time update and measurement 

update of the UKF was designed to the content of the following paper. (Wan et 

al., 2001).  
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The performance of the side slip angle estimator has been validated via the 

SBW vehicle tests. Two different scenarios have been conducted. The first 

scenario is a sine steering maneuver test on a high-friction road (μ=0.85). And 

the second scenario is a sine steering maneuver test on a low-friction road 

( μ =0.3). It was performed to validate the performance of the parameter 

adaptation in a situation where the road surface changed. 

The case where parameter η  (= 𝑘𝑟𝑎𝑡𝑖𝑜 ) information reflecting the road 

surface condition was used and the case was not used were compared. 

The yaw rate, wheel speed, lateral / longitudinal acceleration, and steering 

angle are measured through the vehicle’s on-board chassis sensor. The 

Differential Global Positioning System (DGPS) was used to measure the 

reference signals such as longitudinal vehicle speed and lateral vehicle speed. 

The nominal parameters used in the UKF estimator are described in Table 1. 

The vehicle moment value 𝐼𝑧  was calculated from the following simple 

approximation equation.   

 

z f rI m l l=      (4.24)  

 

Figure.4.8 shows the overall vehicle behavior and estimation results on dry 

road (μ=0.85) at 40 [kph].  
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Figure.4.10. Vehicle test results on dry road at 40 [kph]. 

 

As shown in Figure.4.10, the parameter adaptation hardly occurs in the dry 

asphalt road, therefore, the change in the 𝑘𝑟𝑎𝑡𝑖𝑜 is not large.  

The ‘Estimation w/o 𝑘𝑟𝑎𝑡𝑖𝑜’ is the result of using μ value on dry asphalt 

(μ = 0.85)  that does not reflect the 𝑘𝑟𝑎𝑡𝑖𝑜  value calculating the brush tire 

model. The ‘Estimation with 𝑘𝑟𝑎𝑡𝑖𝑜’ is the result of reflecting the condition of 

the road surface by using the 𝑘𝑟𝑎𝑡𝑖𝑜 value instead of 0.85μ when calculating 

the brush tire model. Not surprisingly, in dry asphalt road surface condition, the 

performance of the estimator reflecting the 𝑘𝑟𝑎𝑡𝑖𝑜 and the estimator without 

the 𝑘𝑟𝑎𝑡𝑖𝑜 is almost similar. 

Figure.4.11 shows the overall vehicle behavior and estimation results on wet 

road (μ=0.25) at 40 [kph]. 
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Figure.4.11. Vehicle test results on wet road at 40 [kph]. 
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As shown in Figure.4.11, in low mu road surface, parameter adaptation 

occurs and the 𝑘𝑟𝑎𝑡𝑖𝑜 value decreases. When the vehicle becomes unstable on 

a low-friction road, the body slip angle becomes larger than 5 [deg]. Therefore, 

in order to control the stability of the vehicle, it is important to estimate the 

body slip angle in a situation where the vehicle slips under low-friction road. 

In the situation where the actual road surface is 0.3μ, the lateral acceleration 

reaches 0.3g. This behavior indicates that driving has occurred to the area where 

the tire is saturated. As the adaptation proceeds, it is confirmed that the 𝑘𝑟𝑎𝑡𝑖𝑜 

value approaches 0.3, which is the actual road friction coefficient. 

In can be seen that the UKF estimator using the 𝑘𝑟𝑎𝑡𝑖𝑜  value effectively 

estimate the body slip angle. Throughout the data, it can be seen that the 

proposed estimator guarantees the estimation performance even in low-friction 

road conditions.  
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Chapter 5  

Computer Simulation 

 

Computer simulations using Matlab/Simulink were performed to evaluate 

the proposed algorithm. The simulation focused on verifying the parameter 

adaptation performance and rack position tracking performance in low-friction 

roads. The simulation was conducted with an open-loop test to secure the rack 

position tracking performance of the rack system when an arbitrary steering 

input was applied and a closed-loop test to which the path tracking logic was 

applied. The closed-loop test was performed to determine the effect of the rack 

position control performance on driver and vehicles responsiveness in a low-

friction road environment. The path tracking logic is a pure pursuit algorithm 

which is widely used in autonomous driving, and details are described later with 

the results.  
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5.1. Configuration of Computer Simulation 

 

Computer simulations using Matlab/Simulink were performed to evaluate 

the proposed algorithm. As shown in Fig.5.1, the overall control scheme 

consists of a control algorithm for SBW system, a rack plant, and a vehicle 

model using Carsim software.  

The control algorithm consists of an adaptive sliding mode control (ASMC) 

based rack position tracking algorithm, Unscented Kalman filter (UKF) based 

body slip angle estimator and lateral stability controller. The plant model was 

implemented using Matlab/Simulink Simscape components (Arvin et al., 2014), 

which reflect physical properties such as mass, friction and damping in the rack 

system. 

 

 

Figure.5.1. Overall block diagram of the computer simulation 
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5.2. Rack Position Tracking Performance: Open-

loop Tests 

 

In simulations, four open-loop scenarios have been conducted to validate the 

proposed algorithm. The first scenario is the periodic sinusoidal signal with an 

amplitude of 45 deg and a frequency of 0.5 Hz. The sinusoidal test is one of the 

most frequently used for evaluating the tracking performance of the SBW 

system (Yamaguchi and Murakami, 2008), (Oh et al., 2004). This experiment 

is to confirm that the convergence of the parameter adaptation algorithm is 

guaranteed under a constant vehicle speed.  

The second scenario is the same sinusoidal test as the first experiment. The 

aim of this experiment is to confirm that the convergence of the parameter 

adaptation algorithm is ensured when the vehicle speed changes.  

The third and fourth test were conducted to show the good tracking 

performance of the proposed algorithm under various road surface condition. 

For comparison, PD control with feedforward compensation method (Yih and 

Gerdes, 2005b) and adaptive control gain sliding mode control (Fu et al., 2018b) 

was adopted.  

When applying the adaptation approach in practice, the initial setting of the 

adaptation parameter is needed. The initial parameter of the ‘control gain 

adaptive’ method should be smaller than the upper bound of the system 

uncertainties. This approach is effectively used when analysis of disturbance is 
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difficult and only the upper bound is known. If the initial value is large, the 

control performance increases, but it may cause chattering in motor input signal, 

and if the initial value is small, the control performance decreases. Therefore, 

it is necessary to set an appropriate initial value in order to increase the control 

performance. The initial parameter of the proposed ‘ASMC’ method is 

determined by the Eq.2.10. In general driving conditions, nominal 𝐶𝑓 and 𝐶𝑟 

values and vehicle speed 𝑣𝑥 are used to set the initial value of 𝑘𝑓 . All the 

control parameters used in the simulation are listed in Table III. 
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Figure.5.3. Sinusoidal steering on dry road at constant speed (=70kph) 

 

Fig.5.3. shows the results of open-loop sinusoidal signal (Amplitude: 45 deg, 

Frequency: 0.5 Hz) on dry road (μ=1.0). The speed of the vehicle is set 70 kph. 

Fig.5.3(a) shows the steering tracking performance. Fig.5.3(b) presents the 

stiffness parameter adaptation. Fig.5.3(c) shows the rack force which is the 

disturbance in rack system from self-aligning torque. Fig.5.3(d) shows the 

control motor torque. As shown in Eq.2.10, external disturbance 𝜏𝑒  can be 

represented by the stiffness model 𝑘𝑒𝑞 ∙ 𝑥𝑟𝑎𝑐𝑘 . Therefore, the actual 

disturbance from the vehicle model and the calculated stiffness value were 



 106 

compared to show the effectiveness of the stiffness parameter adaptation law. 

As shown in Fig.5.3(b), the stiffness coefficient can converge at 3.5 s. After 

the coefficient parameter converges, it can be seen from Fig.5.3(a) that the 

actual steering wheel angle can successfully tracks the desired steering wheel 

angle. The effectiveness of the parameter adaptation law can be seen from 

Fig.5.3(c). After the convergence of the stiffness coefficient in 3.5 s, the 

calculated stiffness 𝑘𝑒𝑞 ∙ 𝑥𝑟𝑎𝑐𝑘 can tracks the actual external disturbance well. 

It is seen from Eq.2.10 that the stiffness coefficient 𝑘𝑒𝑞  is affected by 

vehicle speed 𝑣𝑥 and road surface condition. Therefore, open-loop sinusoidal 

signal (Amplitude: 45 deg, Frequency: 0.5 Hz) test when the vehicle speed 

changes was conducted to validate whether the proposed adaptive algorithm 

can cope with varying vehicle speed situation. This test was implemented on 

dry road (μ=1.0) and the initial speed was 40kph. 
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Figure.5.4. Open-loop sinusoidal steering simulation on dry road at 

increasing vehicle speed. 

 

Fig.5.4 shows the control performance with the proposed adaptive sliding 

mode algorithm. Fig.5.4(a) shows the tracking performance. Fig.5.4(b) presents 

the stiffness coefficient adaptation. The rack force from the vehicle model and 

calculated stiffness force were illustrated in Fig.5.4(c). The proposed algorithm 

was conducted in a situation of increasing vehicle speed as seen in Fig.5.4(d). 

The motor control force is depicted in Fig.5.4(e). 

As illustrated in Fig.5.4(a), the steering tracking performance of the rack 

system has been guaranteed when the vehicle speed has been increased. It can 

be seen from Fig.5.4(b) that the stiffness coefficient 𝑘𝑒𝑞 also increases when 

the vehicle speed increases. From the aforementioned Eq.(4.10), the stiffness 

coefficient relation for the vehicle speed is as follows: 
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It is noted from Eq.(5.1) that the stiffness coefficient increases as the vehicle 

speed increases under the condition of constant road condition.  

Differentiating stiffness coefficient 𝑘𝑒𝑞 with respect to vehicle velocity 𝑣𝑥 

is as follows: 
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When the vehicle is driving, the Eq.(5.2) is strictly positive. Therefore, as the 

vehicle speed increases, the stiffness coefficient also increases.  

As shown in Fig.5.4(c), the calculated rack force 𝑘𝑒𝑞 ∙ 𝑥𝑟𝑎𝑐𝑘 can successfully 

match to the actual rack force. This aspect also shows that the disturbance can 

be compensated through the stiffness coefficient adaptation algorithm without 

tire-road friction information. 

To prove that the proposed adaptive sliding mode control algorithm can cope 

with various road conditions, simulation tests of dry road (μ=1.0) and wet road 

( μ =0.5) were conducted. The variable μ  represents the tire-road friction 

coefficient and it represents the different road surface condition (Sun et al., 

2018).  

For comparison, a PD control with feedforward compensation method and 



 110 

an adaptive control gain SMC control were used as aforementioned. 
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Figure5.5. Open-loop sinusoidal steering (Amplitude: 90deg, Frequency: 

0.5Hz) simulation on wet road at constant speed (70kph). 

 

Fig.5.5 illustrates the steering tracking performance using a proposed 

algorithm, a PD control and control gain adaptive SMC on wet road at constant 

vehicle speed. The target steering wheel angle is the same as the steering input 

used in the dry road situation. This test was conducted to show the effectiveness 

of the adaptive sliding mode control algorithm under different road surface: wet 

road. 
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As shown in Fig.5.5(a), the tracking performance with the PD controller was 

not guaranteed, especially at 1.2s - 1.7 s and at 2.2 s - 2,7s. This result was 

obtained since the front tire reaches saturation under wet road surface. When 

the front tires are saturated, the rack force is also saturated. The control gains 

of the PD controller are tuned to deal with the dry road surface condition. 

Therefore, the PD controller that uses a fixed gain value cannot cope with the 

situations where the road surface changes. In order to improve the tracking 

performance, the control gains of the PD controller need to be adjusted 

according to the road surface condition. However, it is difficult to obtain the 

tire/road surface condition accurately.  

In the case of a rack force is saturated on wet road surface, the stiffness 

parameter adaptation process is started as shown in Fig.5.5(b). Fig.3.35shows 

that the adapted stiffness model 𝑘𝑒𝑞 ∙ 𝑥𝑟𝑎𝑐𝑘 can successfully compensate the 

external disturbance. As illustrated in Fig.19(d), the steering tracking 

performance using proposed adaptive sliding mode control algorithm has been 

improved compared with the one using PD control with feedforward and 

control adaptive SMC. The proposed algorithm adjusts the feedforward term 

through adaptation, but the control gain adaptation SMC method has a 

difference in adjusting the feedback term through adaptation. Also, with the 

proposed feedforward adaptation method, the initial parameter can be 

determined based on the disturbance analysis. In the case of vehicle system, the 

self-aligning torque disturbance could be modeled using the bicycle model and 

tire model, therefore, it is possible to control the rack system more accurately 

with the proposed ‘ASMC’ algorithm. 
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Finally, simulation on various road surfaces were conducted to confirm the 

change of parameter adaptation according to the road surface change. 

Figure.3.36 shows the lateral tire force on different road condition.  

 

 

Figure5.6. Lateral tire force on different road surface condition. 

 

In the transient region and the saturation region, the stiffness parameter 

decreases as the road surface decreases. On the other hand, in the linear region, 

parameter adaptation hardly occurs because the tire force is almost the same 

even if the road surface changes.  

Figure.5.7 shows the parameter change according to the road surface when 

the tire is in the transient region. 
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Figure5.7. Simulation study at 60kph, 40deg, 0.5Hz, Transient region. 
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In can be seen that as the road surface decreases, the stiffness parameter 

further decreases.  

Figure.5.8 shows the parameter change according to the road surface when 

the tire is in the linear region. 
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Figure5.8 Simulation study at 60kph, 15deg, 0.5Hz, linear region 

 

As shown in Figure.5.6, if the tire is in a linear region, it can be seen that 

parameter adaptation hardly occurs even if the road surface changes.  
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5.3. Rack Position Tracking Performance: Closed -

loop Tests 

 

The closed-loop test was performed to determine the effect of the rack 

position control performance on driver and vehicles responsiveness in a low-

friction road environment. The path tracking logic is a pure pursuit algorithm 

which is widely used in autonomous driving (Snider, 2009). The brief review 

of the pure pursuit algorithm is illustrated in Figure.5.9. 

 

 

Figure5.9. Pure pursuit algorithm. 

 

As can be seen from the open-loop simulation results of Section.5.2, the 

effectiveness of the parameter adaptation algorithm on low-friction road 

surfaces can be confirmed. Therefore, we compared the case with and without 
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the parameter adaptation algorithm in the low-friction road surface through 

closed-loop simulation.  

Two case simulations were performed. First, the steering effort and the yaw 

rate response of the vehicle were compared in a mild single lane change (SLC) 

driving scenario where the lateral acceleration is about 0.1g on a low-friction 

road. Second, the vehicle’s responsiveness and steering effort were compared 

when the lateral acceleration was about 0.3g by increasing the vehicle speed in 

the same SLC scenario. 

Figure.5.10 shows the simulation results of mild driving single lane change 

scenario on wet road surface (μ=0.3). 
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Figure5.10. Single lane change scenario at 50kph, 0.1g, wet road. 

 

For comparison, three method were used: ideal actuator, adaptive and non-

adaptive. In the case of an ideal actuator, it means the assumption that there is 

no delay in tracking the rack position.  

From the steering wheel angle in Figure.5.10, it can be seen that in the case 
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of the non-adaptive method, the steering angle required for single lane change 

increases by 15.5% (=8.6deg). Also, from the SWA-Yaw rate hysteresis, it can 

be seen that the shape of the non-adaptive case is thicker than that of adaptive. 

It means that the yaw rate responsive of the vehicle is poor. On the other hand, 

the trajectory of the vehicle appears the same in all three cases, which means 

that in mild driving situations, path tracking performance is obtained in all three 

cases.  

In addition, the responsiveness of the vehicle was confirmed in a hard driving 

situation of about 0.3g rather than mild driving by increasing the speed of the 

vehicle while tracking the same trajectory.  

Figure.5.11 shows the results of single lane change on wet road at 70kph. 
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Figure5.11. Single lane change scenario at 70kph, 0.3g, wet road. 

 

From the steering wheel angle in Figure.5.11, it can be seen that in the case of 

the non-adaptive method, oscillation behavior in steering wheel angle can be 

found. In case of non-adaptive control method, tracking error and delay increase, 

which means that single lane change is very difficult in 0.3g driving situation. 
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Also, from the SWA-Yaw rate hysteresis, it can be seen that the shape of the 

non-adaptive case is thicker than that of adaptive. It means that the yaw rate 

responsive of the vehicle is poor. In the case of vehicle trajectory, it can be seen 

that the vehicle is in oscillation with non-adaptive control method.  

 

 

 

5.4. Lateral Stability Performance Evaluation 

 

The proposed slip angle reduction using active steering algorithm was 

evaluated through computer simulation. Simulations for an open-loop steering 

test and closed-loop path tracking system subject to sine steering and severe 

double lane change (DLC) were conducted to validate the proposed ‘control 

algorithm’ with the ‘no control’ system. For the DLC test scenario, the driving 

situation from ISO-7402 (Guo et al., 2014) was applied. Three different 

simulations were conducted to validate the effectiveness of the proposed 

algorithm. One is an open-loop sine dwell steering (Boyd et al., 2007) maneuver 

at a dry asphalt, another is a same open-loop sine dwell steering maneuver at a 

wet cobble road, and the other is a closed-loop double lane change scenario at 

a wet cobble road.  
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Figure.5.12. Open-loop sine dwell steering at 90kph, dry road. 
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Figure.5.12 shows the open-loop sine dwell steering test results at dry asphalt 

with 90 [kph] constant vehicle speed. In the case of ‘no control’, it can be seen 

that the vehicle has been spin off at 1 [s], through the vehicle’s yaw rate and 

side slip angle response. On the other hand, in the case of ‘control’, it can be 

seen that the additional steering angle enters the counter steer for driver input 

and the vehicle has been stabilized without spin off behavior. Since the above 

scenario is to control the situation in which the vehicle spins out in high-friction 

road, severe sine dwell steering input was applied, and the lateral acceleration 

of the vehicle reached 1.0 [g]. This means a situation in which the vehicle is 

driving very severely enough that the tire reaches its friction limit.  
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Figure.5.13. Open-loop sine dwell steering at 90kph, wet road (μ=0.4). 

 

Figure.5.13 shows the open-loop sine dwell steering test results at wet road 

with 90 [kph] constant vehicle speed. In the case of ‘no control’, it can be seen 

that the vehicle has been spin off at 2 [s], through the vehicle’s yaw rate and 

side slip angle response. On the other hand, in the case of ‘control’, it can be 

seen that the additional steering angle enters the counter steer for driver input 

and the vehicle has been stabilized without spin off behavior.  

When an additional control angle is entered, the vehicle’s yaw rate response 

does not accurately track the desired yaw rate model, because there is a trade-
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off relationship between side slip angle tracking and yaw rate tracking.  
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Figure.5.14. Closed-loop double lane change, at 90kph, wet road (μ=0.4). 

 

Figure.5.14 shows the closed-loop double lane change (DLC) test results at 

wet road with 90 [kph] constant vehicle speed. The DLC test was performed 

based on a scenario to test vehicle stability in severe driving conditions which 

is specified in ISO-7402. 

In the case of ‘no control’, it can be seen that the vehicle has been spin off at 

6 [s], through the vehicle’s yaw rate and side slip angle response. On the other 

hand, in the case of ‘control’, it can be seen that the additional steering angle 

enters the counter steer for driver input and the vehicle has been stabilized 

without spin out behavior. As can be seen from Figure.5.12, it is a driving 

situation where the tire is used up to the friction limit area.  
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Chapter 6  

Hardware-in-the-loop Simulation 

 

The proposed adaptive sliding mode control algorithm has been verified 

experimentally on the hardware-in-the-loop (Li et al.) platform shown in Fig. 

6.1 The SBW HIL system consists of four parts: steering system, rack system, 

micro-autobox (1401/1511/1513) and vehicle model. The driver’s steering 

command is transferred to the controller via the steering system and the rack 

system operates via the motor torque command from the controller. The HIL 

system was developed to run the algorithm through electronic control unit 

(ECU) before actual vehicle test.  

The HILS system is divided into a hardware part composed of a rack system 

and a steering system, and a software part composed of a rack control algorithm 

and a vehicle model. The vehicle model was implemented through real-time car 

maker software. The micro-autobox was used to validate the proposed control 

algorithm in real-time. 
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6.1. Configuration of Hardware-in-the-loop 

Simulation 

 

The rack system comprises three components: rack bar, steering motor, 

hydraulic cylinder unit. The external disturbances from the vehicle model is 

driven through the hydraulic cylinder unit manufactured by MTS Systems 

Corporation. A motor position sensor (MPS) is used to measure the actual 

position of the rack. The sampling time is 0.001 s and the resolution of the 

steering angle sensor is 0.07 deg.  
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Figure.6.1. Structure of the Hardware-in-the-loop Simulations. 
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6.2. Rack Position Tracking Performance: Open-

loop Tests 

 

In hardware-in-the-loop simulations, four open-loop scenarios have been 

conducted to validate the proposed algorithm.  

The first scenario is the sinusoidal signal test on dry road (μ=0.85) using PD 

control with feedforward. For comparison, this experiment was conducted to 

tune the gain of the PD controller on dry road. Although the physical 

characteristics of the rack plant system are reflected in the simulation by using 

Matlab/Simulink Simscape model, it is difficult to accurately reflect hardware 

characteristics such as backlash, motor efficiency, and gear efficiency. 

Therefore, in order to accurately compare the performance of the proposed 

algorithm with PD controller, gain tuning was performed in hardware-in-the-

loop simulation. 

The second scenario is the same sinusoidal test using a proposed adaptive 

sliding mode control algorithm on dry road surface condition. The third test was 

conducted to show the good tracking performance of the proposed algorithm 

under various road surface condition. The fourth test was conducted to validate 

the proposed algorithm under zero vehicle speed. 
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Figure.6.2. Hardware-in-the-loop simulation with a PD controller on dry 

road at constant vehicle speed (=70kph). 
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Figure.6.3. Hardware-in-the-loop simulation with an adaptive sliding mode 

controller on dry road at constant vehicle speed (=70kph). 

 

Fig.6.2 shows the tracking performance of the PD control on dry road. As 

illustrated in Fig.6.2(b), the PD control can ensure a steering tracking 

performance on normal dry road condition. Control performance of the 

proposed adaptive sliding mode algorithm is shown in Fig.6.3. It can be seen 

that the disturbance is successfully compensated through the stiffness model in 

a hardware-in-the-loop simulation. As shown in Fig.6.2 and Fig.6.3, the initial 

value of the time history is not zero. 
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This is because in practical HIL simulation, the data is recorded after the 

manual steering input is applied from the driver. Fig.6.3(b) demonstrate the 

stiffness parameter is not adapted under constant vehicle speed and constant 

road surface condition. In order to reduce the chattering in control input of the 

adaptive sliding mode controller, boundary layer technique (Chen et al., 2002) 

was used. As illustrated in Fig.6.3(e), the proper value of ϕ  was selected 

experimentally to remove the chattering in the motor control signal. 
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Figure.6.4. Hardware-in-the-loop simulation on wet road at constant 

vehicle speed (=90kph). 

 

As illustrated in Fig.6.4(a) and (d), it can be seen that the tracking 

performance of the PD control is worse than the one of the adaptive sliding 

mode control under wet road surface. The proposed algorithm can guarantee 

the tracking performance without using additional gain tuning approach 

through the stiffness parameter adaptation as depicted in Fig.6.4(b) and (c). 
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Figure.6.5. Hardware-in-the-loop simulation using a PD controller at zero 

vehicle speed. 
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Figure.6.6. Hardware-in-the-loop simulation using a proposed adaptive 

sliding mode controller at zero vehicle speed. 
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Fig.6.5 and Fig.6.6 are the steering tracking performance at zero vehicle 

speed using PD controller and the proposed algorithm, respectively. It is noted 

from Fig.6.5(a) that the performance of the PD controller is poor at zero vehicle 

speed even in a dry road condition. This is because in a stationary situation, the 

reaction force coming through the front tires is greater than the driving situation. 

Therefore, an appropriate feedforward compensation is needed. Fig.6.6(a) 

shows that with the proposed dynamic stiffness model, the tracking 

performance at zero vehicle speed has been improved. As illustrated in Fig.6.6 

(b) and (c), the presented dynamic stiffness model not only improves the 

tracking performance, but also eliminate the chattering of motor control force. 

From the HILS test results, it is noted that the performances of the simulation 

results are better than the ones of the hardware-in-the-loop simulations. This is 

because, hardware characteristics such as backlash, motor efficiency, and gear 

efficiency affect the tracking accuracy as aforementioned. Both the mean and 

maximum value of the normalized errors for the proposed algorithm are smaller 

than ones for the PD control with feedforward. In addition, with the proposed 

adaptation control algorithm, the good tracking performance can be obtained 

not only in a wet road condition but also in a stopped situation. Therefore, the 

proposed algorithm can be used as a steer-by-wire rack steering controller in 

various driving situations. 
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Chapter 7  

 

Vehicle Tests 

 

 

The proposed adaptive sliding mode control algorithm has been validated via 

the steer-by-wire vehicle tests. A motor position sensor (MPS) is used to measure 

the target steering wheel angle and actual position of the rack. The sampling time 

and resolution of the MPS (by Hyundai Motors) is 1 [ms] and 0.07 [deg] 

respectively. The PM ac motor (by Hyundai Motors) with output torque of 9.5 

[N ∙ m] and gear reduction ratio of 15 is installed on the rack bar for steering the 

front wheels. The micro-autobox (1401/1511/1513) was used to validate the 

control algorithms in real-time. 

Five scenarios have been conducted. The first scenario is a sine steer driving 

test on dry asphalt with mild driving situation. The aim of this scenario is to 

attest the performance of the proposed algorithm in a normal driving situation.  

The second scenario is a sine steer driving test on dry asphalt with severe 

driving situation. It was performed to validate the performance of the proposed 

algorithm in a severe driving case. 

The third scenario is a sine steer driving test on wet cobble road with mild 
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slip driving situation. It was conducted to validate the performance of the 

parameter adaptation in a low-friction road surface.  

The fourth scenario is a sine steer driving test on wet cobble road with severe 

slip driving situation. This test was performed to attest the robustness of the 

parameter adaptation algorithm in a limit-driving situation. The fifth scenario, 

like the fourth, is a limit-driving situation on a low-friction road. The difference 

from the fourth scenario is that in this case, the vehicle loses stability and 

therefore, the Electronic Stability Control (ESC) has been activated.  
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7.1. Configuration of a Vehicle Tests 

 

In order to conduct the vehicle test, the test vehicle has been built with some 

equipment. The test vehicle model is a Genesis, DHP model with Hyundai-

motors, Inc. The test vehicle is equipped with a steering system, rack system 

and motor position sensor. In order to build a vehicle control interface, the 

micro-autobox was used. Figure.7.1 shows the configuration of the test vehicle. 

 

 

Figure.7.1. Steer-by-wire vehicle configuration 
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7.2. Rack Position Tracking Performance: Open-

loop Tests 

 

The tracking performance and parameter adaptation performance of the 

proposed adaptive sliding mode control (ASMC) algorithm has been validated 

through open-loop steering test. The closed-loop test was only verified at the 

simulation level. The first scenario is a sine steer driving test on dry asphalt 

with mild driving situation. The aim of this scenario is to attest the performance 

of the proposed algorithm in a normal driving situation.   
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Figure.7.2. Open-loop test, 30kph, dry asphalt, mild driving 
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Figure.7.2. shows the vehicle test results of first scenario. It shows that the 

tracking performance with maximum error of 2.55 [%] and maximum delay of 

7 [ms]. This means that the rack position control is very accurate in the case of 

a normal driving situation. 
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Figure.7.3. Open-loop test, 60kph, dry asphalt, severe driving 

 

The second scenario is a sine steer driving test on dry asphalt with severe 

driving situation. It was performed to validate the performance of the proposed 

algorithm in a severe driving case. 

Figure.7.3. shows the vehicle test results of second scenario. It shows that 

the tracking performance with maximum error of 3.75 [%] and maximum delay 

of 10 [ms]. This means that the rack position control is very accurate even in 

the case of a severe driving situation.  

The third scenario is a sine steer driving test on wet cobble road with mild 
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slip driving situation. It was conducted to validate the performance of the 

parameter adaptation in a low-friction road surface.  
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Figure.7.4. Open-loop test, 35kph, wet cobble road, mild slip. 

 

Figure.7.4. shows the vehicle test results of third scenario. It shows that the 

tracking performance with maximum error of 3.5 [%] and maximum delay of 

10 [ms]. As parameter adaptation occurs on a low-friction road surface, it can 

be seen that the tracking performance similar to the that on a normal driving 

situation can be obtained. 
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Figure.7.5. Open-loop test, 30kph, wet cobble road, severe slip. 

 

The fourth scenario is a sine steer driving test on wet cobble road with severe 

slip driving situation. This test was performed to attest the robustness of the 

parameter adaptation algorithm in a limit-driving situation. Figure.7.5. shows 

the vehicle test results of fourth scenario. It shows that the tracking performance 

with maximum error of 4.8 [%] and maximum delay of 15 [ms]. From the η 

result indicating parameter adaptation, it can be seen that the η value decreases 

first due to driving on a low-friction road surface, and then the η  value 

decreases again in a severe slip situation.  
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Figure.7.6. Open-loop test, 30kph, wet cobble road, severe slip with ESC on. 

 

The fifth scenario, like the fourth, is a limit-driving situation on a low-friction 

road. The difference from the fourth scenario is that in this case, the vehicle 

loses stability and therefore, the Electronic Stability Control (ESC) has been 

activated. Figure.7.6. shows the vehicle test results of fifth scenario. It shows 

that the tracking performance with maximum error of 4.4 [%] and maximum 

delay of 15 [ms]. With the proposed parameter adaptation algorithm, it can be 

confirmed that the rack position control is good even when the vehicle is 

completely slipped and the ESC is turned on.  

For comparison, vehicle test using a ‘non-adaptive’ method on wet road has 

been conducted. Figure.7.7 illustrate the overall tracking performance. This test 

was performed to show the effectiveness of the adaptive sliding mode control 

algorithm under different road surface: wet road. 
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Figure.7.7. Open-loop test without parameter adaptation, 30kph, wet cobble 

road, severe slip situation. 

 

Figure.7.7. shows the vehicle test results of open-loop steering test without 

using parameter adaptation method at wet road. It shows that the tracking 

performance with maximum error of 40 [deg] and maximum delay of 80 [ms]. 

It can be seen that the tracking performance is not secured without the use of 

the parameter adaptation algorithm. Therefore, in order to obtain high-precision 

tracking performance in various road surface condition, the use of the proposed 

adaptive sliding mode control algorithm is essential. 

In order to compare the parameter adaptation performance in the simulation 

and the performance in the actual vehicle results, the test was performed by 

putting the actual vehicle input into the simulation model. 

Figure.7.8 and Figure.7.9 shows the results of simulating mild slip driving 

and severe slip driving situations, respectively, by putting the sine steering input 

of an actual vehicle test into a simulation model on a low-friction road. 
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Figure.7.8. Compare simulation results with vehicle test results at 30kph, wet 

road, mild slip driving situation. 
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Figure.7.9. Compare simulation results with vehicle test results at 30kph, wet 

road, severe slip driving situation 

 

Through the parameter adaptation and tracking error results shown in 

Figure.7.8, it can be seen that the performance of the simulation and the actual 

vehicle is almost similar.  

In case of severe slip in the vehicle, the stiffness parameter decreases rapidly, 

which can be confirmed in Figure.7.9. From the result of parameter adaptation, 

the point at which the stiffness value falls in the simulation is slightly different 

from the actual vehicle test. This is because, as can be seen from the yaw rate 

response of the vehicle, the simulation vehicle and the actual test vehicle do not 

completely match, so there is a difference in the timing of the vehicle slipping 

under the same steering situation. 
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7.3. Lateral Stability Performance Evaluation 

 

The proposed slip angle control algorithm using active steering was 

evaluated through SBW vehicle test. Both open-loop and closed-loop steering 

test on dry asphalt (μ=0.85) and wet cobble road (μ=0.3) were conducted to 

validate the proposed ‘control algorithm’ with the ‘no control’ system. Three 

different simulations were conducted to validate the effectiveness of the 

proposed algorithm. One is an open-loop sine dwell steering maneuver on a dry 

asphalt at 60 [kph], another is a closed-loop double lane change scenario on a 

wet road at 70 [kph], and the other is open-loop sine steering on a wet road at 

30 [kph]. 
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Figure.7.10. Open-loop sine dwell steering, 60kph, dry asphalt, severe 

driving (ay=1.0g). 
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Figure.7.10 shows the open-loop sine dwell steering vehicle test results on 

dry asphalt at 60 [kph] constant vehicle speed. In the case of ‘no control’, it can 

be seen that the vehicle has been spin off at 8 [s], through the vehicle’s yaw rate 

and side slip angle response. On the other hand, in the case of ‘Control’, it can 

be seen that the additional steering angle acts the counter steering for driver 

input and the vehicle has been stabilized without spin out behavior. It can also 

be seen that in the case of ‘no control’, the vehicle speed decreases due to the 

spin behavior of the vehicle. 
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Figure.7.11. Closed-loop double lane change, 70kph, dry asphalt, severe 

driving (ay=1.0g). 
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Figure.7.11 shows the closed-loop double lane change (DLC) test results on 

dry asphalt at 70 [kph] constant vehicle speed. The DLC test was performed 

based on a scenario to test vehicle stability in severe driving conditions which 

is specified in ISO-7402. 

In the case of ‘no control’, it can be seen that the vehicle has been spin off at 

10 [s], through the vehicle’s yaw rate and side slip angle response. On the other 

hand, in the case of ‘control’, it can be seen that the additional steering angle 

enters the counter steer for driver input and the vehicle has been stabilized 

without spin off behavior. In addition, if the additional steering angle is not 

entered, it can be confirmed that the trajectory of the vehicle is severely 

deviated during the double lane change scenario. 
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Figure.7.12. Open-loop sine steering, 30kph, wet road (μ=0.3). 
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  Figure.7.12 shows the open-loop steering test results on wet road at low 

speed (=30kph). If the side slip angle control is not performed the vehicle slips 

and the actual yaw rate response differs from the desired yaw rate. When lateral 

stability control is applied, the behavior that the yaw rate of the vehicle 

deteriorates is reduced and the side slip angle is reduced.  

In conclusion, it can be seen that the proposed slip angle controller is efficient 

to improve the stability of the vehicle regardless of the road surface condition. 
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Chapter 8  

 

Conclusion and Future Work 

 

 

In this paper, a dynamic modelling of a steer-by-wire (SBW) rack system has 

been studied and an adaptive sliding mode control (ASMC) algorithm has been 

proposed to cope with various road surface conditions. It has been demonstrated 

that the adaptation sliding mode control algorithm can effectively compensate 

for the rack force acting as a disturbance. The proposed ASMC algorithm does 

not require knowledge of road surface conditions. It replaces the lateral tire 

force with a stiffness and changes the value of the stiffness coefficient 

according to the road surface conditions through the adaptation law. In addition, 

a dynamic stiffness model was introduced in the proposed algorithm to improve 

rack position tracking performance in a zero vehicle speed scenario. In a 

dynamic stiffness model, the stiffness center is not fixed, but changes 

depending on the actual rack position.  

In addition, the chassis control was proposed to improve vehicle stability 

based on active front steering (AFS) control using the developed SBW vehicle. 

A stability control design is proposed to prevent the vehicle from slipping on 

low-friction road surface condition. A parameter adaptation occurs according 

to the condition of the road surface, and a method of using this information for 
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vehicle stability control has been proposed.  

Computer simulations and vehicle tests were performed under various 

driving situations to test the steering tracking performance and slip angle 

control of the proposed algorithm. The results demonstrate that the proposed 

control algorithm ensures steering tracking performance and reduce the side 

slip angle on dry asphalt and wet road conditions. In addition, it can be 

confirmed that steering tracking performance has been obtained even in region 

where front tires are completely saturated on low-friction road surface. 
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초    록 

 

적응형 슬라이딩 모드 제어를 이용한 

스티어 바이 와이어 랙 시스템 및  

사이드 슬립각 제어 
 

 많은 연구자들이 차세대 스티어링 시스템인 Steer-by-wire (SBW) 

시스템 개발을 진행하고 있다. SBW 시스템은 기존 조향 핸들과 

바퀴 사이의 기계적 연결을 제거하고 랙 시스템을 직접 제어하는 

방식이다. SBW 시스템의 장점은 모터를 통해 임의의 조향감을 만들 

수 있으며 랙 시스템의 직접제어를 통해 원하는 차량 반응을 

생성할 수 있다는 것이다. 또한 액티브 스티어링 방식을 통해 

차량의 안정성을 향상시킬 수 있으며 기존의 기계식 스티어링 

시스템에 비해 차량의 빠른 응답성과 같은 차량 기동성을 향상시킬 

수 있다.  

따라서 다양한 주행 상황에서 SBW 시스템의 정확한 랙 위치 

제어 성능을 확보하는 것이 중요하다. 이러한 이유로 본 논문은 랙 

위치 제어 성능을 다양한 주행상황에서 확보하기 위해 적응형 

슬라이딩 모드 제어기를 개발하는 데 중점을 두고 있다. 제안된 

알고리즘은 타이어, 도로 마찰 정보를 사용하지 않고도 랙 제어가 

가능하다는 장점이 있다. 주행 중 도로로부터 차량에 가해지는 

외란을 보상하기 위해 파라미터 적응 법칙이 설계되었다. 제안된 

알고리즘은 다양한 도로 조건에서 추가적인 제어 게인 튜닝을 
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사용하지 않고도 우수한 성능을 보장한다.  

또한 차량이 정차 중인 상황에서도 랙 제어 성능을 확보하기 

위해 동적 강성 모델이 개발되었다. 동적 강성모델에서는 강성 

중심이 고정되어 있지 않고 현재 랙 위치에 따라 변경된다. 이는 

SBW 차량이 주차를 하는 시나리오 또는 U-Turn을 하는 경우와 

같이 차량 속도가 매우 낮은 경우에 적용될 수 있다.  

본 논문에서는 개발된 SBW 시스템을 사용하여 active steering을 

활용한 차량 안정성을 향상시키는 알고리즘이 추가로 제안되었다. 

저 마찰 도로 상태에서 차량의 미끄러지는 것을 방지하기 위해 횡 

슬립각을 줄이는 방식의 안정성 제어기가 제안되었다. 랙 시스템을 

제어하는 과정에서 노면 상태에 따라 파라미터 업데이트가 

이루어지며, 이 정보를 차량 안정성 제어에 활용하는 방법이 

고안되었다. 

제안된 랙 위치 제어 성능과 슬립 각 제어 성능을 테스트하기 

위해 다양한 주행상황에서 컴퓨터 시뮬레이션과 Hardware-in-the-loop 

시뮬레이션 및 실차 시험을 수행하였다. 결과는 제안된 알고리즘이 

다양한 도로 조건에서 랙 위치 성능을 보장하며 횡 슬립각도를 

효과적으로 줄이는 것을 보여준다.  

 

주요어: 스티어 바이 와이어 시스템, 적응형 슬라이딩 모드 제어, 랙 

위치 제어, 횡 슬립각 추정, 횡 슬립각 감소 제어, 파라미터 추정 

기법 
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