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ABSTRACT

Steer-by-Wire refers to an automotive steering system in which the mechanical
connection between the steering wheel and the road wheels is replaced by an electronic
link. Due to the absence of this mechanical link, steering feel is not provided naturally
by the steering mechanism and must be simulated for accurate and realistic vehicle

control.

Compared to traditional steering methods, Steer-by-Wire presents many advantages in
the areas of vehicle functionality, architecture and human interface. It also provides an
opportunity for the implementation of driver assistance features such as lane keeping
assist and collision avoidance. Advancements and further research in this technology are
important so Steer-by-Wire can be implemented on passenger vehicles and its potential

can be realised.

This project addresses the problem of how to provide the driver with realistic and
accurate vehicle control though a Steer-by-Wire system. To achieve effective control the
steer-by-wire model includes control methods, which provide vehicle directional control
and simulate road feel through force feedback. A basic lane keeping assistance feature
has also been implemented. The control methods used have been developed based on
previous research evaluated in the literature review. A test bed for the Steer-by-Wire
system has been designed and assembled, which includes a steering wheel assembly and
a small demonstration vehicle. The Steer-by-Wire steering control was realised through
the use of Simulink and utilised a HILINK control board. The results were recorded for
position tracking, with and without the lane keeping assistance feature enabled and the

force feedback current.

The test vehicle’s recorded results for position tracking between the hand wheel and road
wheels indicate successful directional control with and without the lane keeping
assistance feature enabled. The current tracking was less effective but still provided
force feedback for different road conditions that could be experienced by the driver. The
test bed development was successful in demonstrating the functionality of the Steer-by-
Wire system. A YouTube video outlining the system’s components and operation can be

viewed at https://youtu.be/aX-cM1BPF7Q.
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Possible future work with the developed Steer-by-Wire test bed may include: the use of
different Steer-by-Wire control methods, the implementation of additional driver
assistance features or the replacement of the wired connections between the control unit
and demonstration vehicle with wireless ones. Control modifications may be
implemented in the existing programming and due to the demonstration vehicle’s design

and assembly using Makeblock components the hardware can be easily modified.
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Chapter 1. INTRODUCTION

1.1 Steering Systems

A steering system is a collection of vehicle components, which the driver interacts with
to control the trajectory of the vehicle [1-3]. The steering system also provides valuable
feedback about road condition and tyre dynamics [4, 5]. Automotive steering systems
have evolved throughout the years from manually operated steering to various forms of
power assisted steering [2, 6]. The latest developments in power assisted steering
include: Electric Power Steering (EPS), superimposed steering and Steer-by-Wire
(SBW) [7, 8]. Unlike EPS and superimposed steering, SBW does not include a
mechanical link between the steering wheel and road wheels. Many in industry believe

SBW to be the next stage in the evolution of the steering system [6, 9-11].

1.2 Steer-by-Wire

SBW refers to a steering system in which the mechanical connection between the
steering wheel and the road wheels is replaced by an electronic link [12-15]. An SBW
system is comprised of a hand wheel assembly, a road wheel assembly and an
Electronic Control Unit (ECU). The hand wheel assembly includes a steering wheel for
driver interaction, a steering sensor to detect steering wheel position and a response
actuator to provide force feedback from the road. The road wheel assembly is
comprised of a steering actuator to direct the vehicle’s wheels in the appropriate
direction, a wheel sensor to measure the road wheel position and a force feedback

S€nsor.

SBW has many advantages in the areas of vehicle functionality, architecture and human
interface [6, 12, 16]. Technical, economic and regulatory challenges do exist however,
and must be addressed for SBW to be widely implemented on passenger vehicles in
industry [6, 12]. One specific technical challenge in an SBW system is that, due to the
absence of the mechanical link between the steering wheel and road wheels, steering

feel is not provided naturally by the steering mechanism [9, 15, 17].
1



1.3 Steering Feel, Force Feedback and Steer-by-Wire Control

Steering feel is experienced mainly through the steering wheel and is the driver’s
subjective sensation caused by the interaction between the driver and the vehicle [3, 4].
The driver and vehicle can be considered a closed loop system where feedback from the
road is used to influence the driver’s reaction to various conditions [4]. Without
steering feel the driver’s response would not be appropriate and vehicle control and
passenger safety would be compromised [4, 6, 18]. In an SBW system the steering feel

must be simulated through some form of force feedback [18-20].

Previous research in the area of SBW control has looked at different control methods to
provide both directional control and appropriate steering feel through force feedback.
SBW control methods include: direct current measurement for force feedback, bilateral
control method based on a disturbance observer, position following/torque feedback,
torque following/position feedback, robust control and control by a virtual vehicle
concept [9, 14, 15, 17, 21, 22]. These studies include the development of modelling
control software and experimental validation through simulation on either a steering test
bed or on an actual vehicle equipped with an SBW system. An SBW test bed was
successfully developed in ECTE451 that utilised the direct current measurement method

for the force feedback.

1.4 Steer-by-Wire Controller Selection

A key component in an SBW system’s design is controller selection. A controller’s
purpose is to modify a system in order to provide a desired output from a desired input
[23]. A great deal of previous SBW research has involved the use of proportional
integral derivative (PID) or proportional derivative (PD) controllers [9, 15, 21].
Originally in ECTE451 the controllers used in the developed test bed were PD
controllers for both the position control and force feedback. Due to time constraints, the
performance of the original controllers could not be optimised. In ECTE458 the
controller performance was increased through the use of established tuning methods

[23-27]. The position controller was tuned using the Ziegler-Nichols (ZN) method and



the force feedback controller was tuned manually. A comparison of the original and

modified results is presented in Chapter 4.

1.5 Driver Assistance Features

An SBW system presents a great opportunity for the implementation of various
advanced driver assistance (ADAS) features [6, 28-30]. An ADAS feature increases
passenger and road safety by enhancing the driver’s ability to avoid a collision [30, 31].
In an ADAS system the ECU takes real time inputs from vehicle sensors and interprets
them to produce multiple outputs in the form of a warning signal or a driver intervention
[31]. The different ADAS warning systems include: lane departure detection, blind spot
monitoring and pre-crash recognition [30-32]. Some examples of ADAS features,
which involve direct intervention, include: semi-automatic parking, crosswind
stabilization, collision avoidance and lane-keeping assistance (LKAS) [30]. The focus
of the research included in this project involves steering intervention, more in the form

of LKAS.

A great deal of previous research involving LKAS implementation exists on multiple
methods of lane detection. The previously examined methods include camera-based
techniques, location/digital mapping technology and the use of other on-board vehicle
sensors [32-37]. For an effective system to exist a combination of multiple methods is
often utilised [32]. This project will demonstrate the implementation of a basic LKAS
feature on the developed SBW test bed. The method used will involve the use of

infrared optical sensors and fuzzy logic control [37].

1.6 Problem Definition, Aims and Objectives

This project addresses the problem of how to provide the driver with realistic and
accurate vehicle control though an SBW system. To achieve accurate control the project
builds on the work conducted in ECTE451 by improving the directional control, force

feedback and steering feel emulation of the developed test bed. An LKAS feature was



also implemented on the test bed to demonstrate the compatibility of an SBW system

with a basic form of driver assistance.

The main objectives of this project include:
* The study of PID control/tuning and LKAS implementation.
* Improvement of the Simulink SBW control system.
* Installation of lane keeping sensors/hardware on the existing SBW test bed.
* Testing of the system’s steering emulation.
* Testing of the system’s LKAS functionality.

* Analysis of results and conclusion.

This project provides greater understanding of an SBW system. Advancements in this
area are important so SBW technology can be implemented on passenger vehicles and

the potential of the SBW system can be realised.

1.7 Report Structure

This report provides a detailed explanation of the undertaken work involved in
ECTE451/458 to complete the objectives outlined in Section 1.6. Chapter 2 is the
literature review, which is the critical analysis of previous research completed in SBW
and other topics relevant to this project. Chapter 3 is a detailed description of the
experimental design and how the test bed was developed. Chapter 4 includes the
analysis and review of the gathered results. The final section provides a summary of the
work conducted as part of this project and outlines any future recommended work. A
YouTube video outlining the system’s components and operation was also developed

that can be viewed at https://youtu.be/aX-cM1BPF7Q.




Chapter 2. LITERATURE REVIEW

2.1 Introduction

This chapter is a critical review of research relevant in the area of SBW and research
involving the development of an SBW test bed. The literature review includes the
following: a brief historic overview of automobile steering systems, a detailed
comparison of SBW to currently implemented steering technology, an analysis of
previously developed SBW models, a detailed evaluation of different experimental
platforms and the associated control methods used in previous SBW research. To
improve the performance of the developed SBW test bed and demonstrate additional
feature implementation further analysis was conducted in the areas of controller

specification, fuzzy logic control and LKAS.

2.2 Historic Overview

The history of automobile steering systems leading up to SBW is outlined by Eckstein
et al. [6] and this progression is illustrated in Figure 2.1. A similar but more thorough
history is presented by Pfeffer and Ulrich [2], which provides greater detail about the
various stages of steering system development. As outlined in [2, 6], motor vehicle
steering systems originated as solely mechanical but as steering forces increased, as a
result of increased driving speeds and vehicle mass, a demand for improved steering

control presented itself. This led to the development of power assisted steering.

-

%z

= = Steer-by-wire
5|2

S |2 Steer-by-wire with fallback
213

§ Superimposed steering

Electric power assisted steering
Electro-hydraulic power assisted steering
Hydraulic power assisted steering

Mechanical steering

>

Time

Figure 2.1: Steering Systems Timeline [6]
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2.3 Comparison of Steer-by-Wire and Traditional Steering
Technology

Power assisted steering reduces driver steering effort and multiplies the driver’s input
through the application of energy provided by the vehicle’s engine or electrical system
[2]. Power assisted steering has progressed over the years and the different types of
power assisted steering technology presently in use include: Hydraulic Power Assisted
Steering (HPS), Electro-Hydraulic Power Steering (EHPS) and Electric Power assisted
Steering (EPS) [2, 6]. In HPS the vehicle’s engine constantly drives a hydraulic pump,
which provides the steering assistance. The driver’s applied torque at the steering
wheel then controls a valve that dictates how much steering assistance is applied [38].
In an EHPS system the steering assistance is still accomplished through a hydraulic
pump but the hydraulic pump is powered by an electric motor through the vehicle’s
electrical system [39]. In EPS the hydraulic pump is replaced by an electric motor that
provides the steering assistance directly and the amount of applied steering assistance is

determined by a sensor installed in the steering column [7, 40].

SBW and more conventional EPS systems share many of the same advantages when
compared to hydraulic systems (HPS and EHPS). These advantages are outlined in
Table 2.1, which has been constructed based on information from numerous sources [6,
7, 38-40]. The main reason that hydraulic power steering systems are still widely used
today is due to their relatively low cost [38]. In addition to the advantages EPS and
SBW share, compared to hydraulic systems, the implementation of SBW would also

provide additional benefits in the areas of vehicle architecture and functionality [6].

Table 2.1: Benefits of EPS and SBW Compared to HPS and EHPS

Type of Benefit | Benefits of EPS/SBW as Compared to a HPS/EHPS

Environmental No steering fluid or filter requiring disposal or changing.
Reduced emissions from better fuel consumption.

Fuel Power is provided to the steering system on demand and the
Consumption power is provided by the vehicle's electrical system. Both
features reduce fuel consumption.

Functionality Presence of an ECU provides the possibility for the
implementation of driver assistance features.

Steering Control | Improved response time and steering control.

6



Vehicle Less space required by the steering system, which provides more
Design/Assembly | flexibility in vehicle design.

Vehicle mass Reduces the vehicle's overall mass due to the removal of the
hydraulic pump, filter, hoses and steering fluid.

Driver Comfort Reduced vibrations and cabin noise.

In a purely SBW system there is no mechanical link or steering column connected
between the hand wheel (HW) and the road wheels (RW). This differs from a
traditional steering system and is illustrated in Figure 2.2 [15]. Huang and Pruckner
[12] state that due to the absence of the steering column, manufacturers have greater
freedom when considering front end design and steering wheel placement and are not
limited to the traditional steering wheel as the driver’s input device. The absence of the
steering column also makes available valuable space in the engine compartment [12].
Another advantage outlined in [6] is that crash performance is improved due to the
reduced likelihood of the steering wheel entering the driver’s survival space in a head-
on collision. This advantage may be less apparent when compared to new steering
systems that include a collapsible steering column [7]. Wurges [7] outlines that in many
new EPS systems the steering column is designed to absorb energy from the crash
reducing the impact on the driver. In addition to the above mentioned physical
advantages of SBW it also provides opportunity for improved functionality and the

implementation of ADAS features [6].

. HW
actuators
upper controller HW
Sensors
lower
intermediate joint
shart

power RW sensors
device RW actuators

RW

Figure 2.2: Side-by-Side Comparison Traditional (left) and SBW (right) [15]
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Functionality can be described as how well a device or system performs the task it is
designed to accomplish. With the introduction of ECUs in passenger vehicle steering
systems many advanced functions of the steering system can be achieved [11]. These
advanced functions exist not only in future SBW systems but also in currently
implemented mechatronic steering systems [8]. Advanced steering functions include
variable gear ratio, quicker response time, programmable driving style and numerous
ADAS features [12]. Eckstein et al. [6] states that SBW is the best possible prerequisite
for the implementation of driver assistance features. This is however contradicted by
Harrer and Pfeffer [41] who conclude that currently SBW offers no added functionality
over existing mechatronic systems with a mechanical backup. For SBW to be widely
implemented, based on functionality, over currently used EPS mechatronic systems it

must overcome the challenges it faces, making it a more attractive choice.

2.4 SBW System Model

As detailed in Section 1.2, an SBW system differs from a traditional steering system
due to the absence of a mechanical connection between the steering wheel and the road
wheels. Due to this trait the SBW system must be modelled appropriately. Nguyen and
Ryu [15] put forward that an SBW system can be viewed as a two-port network
consisting of a hand wheel and road wheel. The basic operation of the system, as
described in [15], includes the driver inputting position at the hand wheel, which is then
tracked by the road wheel. The system also provides steering feel through torque
feedback from the road wheel, which is applied to the hand wheel actuator. This
representation of an SBW system is confirmed in [9, 17, 21], which outline and validate
similar SBW models. The research and experimentation conducted in [15, 21] involved
a similar method of generating the force feedback as used in this project and will

therefore be the basis for the hand wheel and road wheel models to follow.

2.4.1 Hand Wheel Assembly Model

The hand wheel assembly provides the interface between the driver and the SBW
system. The driver applies a torque to the hand wheel (14). This applied torque dictates

8



the steering angle (0ny), which is tracked by the road wheels. The road wheel torque is
monitored and provided as feedback to the hand wheel actuator. The actuator applies
this torque (Tawact) based on the received feedback to simulate road feel. The moment
of inertia (Jny), damping factor (bny) and the torque generated from hand wheel friction
(taws) must also be considered. The described relationship can be represented as a
second order differential equation as derived by Nguyen and Ryu [15] in Equation 1. A
visual representation of the hand wheel model is provided in Figure 2.3. The hand

wheel or steering angle acts as an input for position tracking of the road wheel.

]hwéhw + bhwéhw + Tawfr = Th T THwact (1)

h

hw

-

—l

Figure 2.3: Hand Wheel Model [15]

THTT act

2.4.2 Road Wheel Assembly Model

In the road wheel assembly, the driver’s inputted steering angle causes the road wheel
actuator to apply an appropriate torque (Trwact). This applied torque dictates the road
wheel angle (0,,). If there is contact between the wheels and the road, aligning torque
(ta) will be present. The road wheel moment of inertia (J;) and damping factor (b;) must
also be considered along with the frictional torque (trws) generated from the entire road
wheel mechanism. The described relationship can be represented as a second order
differential equation as derived by Nguyen and Ryu [15] in Equation 2. A visual
representation of the road wheel model, with wheel to road contact, is provided in

Figure 2.4.

]rérw + brérw + Trwsr T Ta = Trwact (2)
9
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Figure 2.4: Road Wheel Assembly Model [15]

2.5 Steer-by-Wire Control Concept and Test Bed Development

2.5.1 Direction Tracking Control and Force Feedback

An SBW system has two basic functions, which are to provide accurate directional
control and suitable force feedback [9]. The forces involved are included in the
simplified models presented in Sections 2.4.1 and 2.4.2. Based on these models, a great
deal of research has been conducted using different control methods to provide these
two basic functions. The methods described in this section illustrate how direction

control and haptic road sense are provided through various forms of bilateral control.

A method of bilateral control in an SBW system is described in [17] and involves the
design of disturbance and sliding mode observers. The basic SBW system is modelled
as in Section 2.4 and the front wheel aligning torque is described as being related to the
yaw rate and side slip angle. Im et al. [17] includes the state space equations for the
single track vehicle model. The states are given as the sideslip angle and yaw rate. The
disturbance observer is constructed by appending the disturbance aligning torque to the
vehicle’s state vector. This method allows the aligning torque to be estimated without
any sensors based on the inputs and outputs of the system. The experimental setup for
this design was implemented on an EPS system and Im et al. [17] concluded that this
was an effective method of providing force feedback to the driver through the hand
wheel.  Nguyen and Ryu [15] state that although model based methods for force

feedback, such as utilising a disturbance observer as done in [17], are effective but they
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require the use of more complicated modelling and microcontrollers. The next method

analysed focuses on the use of position and torque sensors.

The research presented by Wu et al. [9] involved the investigation of two separate
methods to achieve position tracking and force feedback. The first method involved
was termed “position follow and torque feedback” or PFTF. In this method the driver
set the wheel angle at the steering wheel and an angle transmission ratio was applied.
The modified angle was then inputted to the road wheel actuator through a Proportional
Differential (PD) controller. At the road wheel a tension and compression force sensor
installed on the steering mechanism measured the aligning moment. The aligning
moment was used to calculate the required amount of opposing, aligning torque. This
aligning torque was then converted to a corresponding current, which was used to
simulate the torque feedback at the hand wheel. The second method used in [9] was
termed “torque follow and position feedback” or TFPF. This method differs from the
first in that a torque sensor on the hand wheel determined the direction control input and
a road wheel position sensor measured the road wheel position, which was used to

initiate the applied torque feedback at the hand wheel actuator through a PD controller.

The two control methods proposed in [9] used an EPS system to evaluate position
following and the sensory force of the steering rack. Wu et al. [9] concluded that the
performance of the PFTF method was better than that of the TFPF for a SBW system.
The PFTF system is similar to the method described in [15] but has one key difference
in that the road wheel torque is measured and converted to a current whereas in [15] the
input current at the road wheel is measured directly. Properties of the PFTF method
presented in [9] are relevant to the control model design developed in this project as it
provides an effective method of achieving direction control and force feedback in an

SBW system.

Further research in regards to providing effective position tracking and force feedback
is presented in [15]. Nguyen and Ryu [15] conduct a comparison of currently utilised
techniques and present a method to provide force feedback that involves measuring road
wheel motor current directly. The motor torque can then be determined due to its direct

relationship to the armature current in a DC motor. The measured current from the road
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wheel includes multiple torques dependent on the steering system itself, road conditions
and various other factors. The concept of adding “free control torque” to the system to
adjust the experienced force feedback for different situations [15] is also examined.
The position tracking in [15] utilises a PID controller but the force feedback is in an
open loop system. The validation of the presented direct current method is completed
by Nguyen and Ryu [15] through a series of simulations. These simulations
demonstrate that their proposed method is effective for applying force feedback at the
hand wheel.

Additional research in the area of SBW, using the direct current method for force
feedback, was conducted in [21]. Zhai et.al [21] presented similar models for the hand
wheel and road wheel systems as in [9, 15] but the road wheel’s aligning torque was
analysed more thoroughly. The aligning torque was implemented into the system
through a torque map. The control model in [21] also involved the use of PID
controllers in both the position tracking and force feedback loops unlike [9, 15], which
only utilise controllers for position tracking. The main focus of [21] was how to

provide a variable gear ratio in an SBW system.

2.5.2 Variable Gear Ratio

The kinematic steering ratio (is) of a vehicle is defined in [42] as the ratio of the hand

wheel angle (Ohy) to the road wheel angle (0,y). This relationship is shown in Equation
3.

Ohw = I * Oy )

To provide the driver with improved control and comfort, the steering ratio is not
generally the same over the whole steering range or at different velocities [42]. The
concept of implementing a variable gear ratio in an SBW system is analysed in [21].
The variable gear ratio implemented in [21] used vehicle velocity and steering wheel
angle to determine the appropriate steering ratio. The applied variable gear ratio was
then validated by Zhai et.al [21] by plotting the front wheel angle at different velocities

illustrating the effect of the variable gear ratio.
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2.5.3 PID Controller Optimisation and Tuning

The SBW systems discussed in Section 2.5.1 utilised some form of conventional control
and were the basis of the developed SBW test bed in ECTE451. This section provides
details in regards to general PID controller theory and operation. It also outlines
possible tuning procedures, which may be utilised to improve the performance of the
developed SBW test bed. In this thesis when referring to the ZN method it shall be

assumed that this is the ZN frequency response method.

PID controllers have been commercially available since the 1930’s and are still
considered to be the most widely used controller in industry today [26]. PID control has
retained its popularity mainly due to the controller’s relatively simple design, online
tuning capabilities and wide availability [23, 25, 26]. The structure of a PID controller
is outlined in [23] and illustrated, for both the time and frequency domain
representations, in Figure 2.5. Johnson and Moradi [23] describe the PID controller as a
three-term device which utilises proportional (Kp), integral (K;) and derivative (Kp)
gains. These gains are applied to the system’s error and summed to achieve the desired
controller action. Due to the controller performance being dependent on these three
terms careful consideration must be made in their selection to ensure desired controller

performance.
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Figure 2.5: PID Structure Time Domain (Left) and Frequency Domain (Right) [23]
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The process of selecting controller gains is referred to as tuning [23]. Effective PID
controller tuning can be achieved through numerous theoretical or experimental
techniques. A detailed comparison of the procedures, strengths and limitations of
multiple PID tuning techniques was presented in [26]. To evaluate the different
techniques Shahrokhi and Zomorrodi [26] conducted simulations on first, second and
third order systems. The tuning methods were appraised by measuring the Integral
Absolute Error of the system for both set point tracking and load disturbance.
Shahrokhi and Zomorrodi [26] concluded that, based on the good overall performance

of the ZN method it can be used with confidence on the majority of systems.

A comparable but more practical study was conducted in [25], which focused on a few
well established, experimental PID tuning techniques. Unlike [26], where the methods
were compared using a Matlab simulation, in [25] the different methods were tested on
a self balancing robot. De Souza et al. [25] indicated that when dealing with a complex
system, with an unknown plant, an experimental tuning technique may be utilised to
effectively tune the controller. The techniques used in [25] were the manual, ZN and
the relay tuning methods. Based on the tabulated results in [25] the ZN method proved,
once again, to be the most effective tuning procedure. Similar to the self-balancing
robot the developed SBW system has an unknown plant, therefore the manual and ZN

tuning methods were utilised to determine the PID gains.

The manual tuning method is a trial and error process based on the heuristic behaviour
of the controller gains [23]. Johnson and Moradi [23] state that for a simple plant there
are straightforward correlations between the gain terms and the system’s response. The

manual tuning procedure is outlined in [25, 43] and is as follows.

1) Set K;and Kp, to zero.

2) Increase Kp to improve rise time.

3) Increase Kp to reduce overshoot.

4) Increase K; to eliminate steady state error.

5) Finely adjust all three terms.
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The general effects of the different gain terms are also summarised in [43] and
presented in Table 2.2. It should be noted that the listed effects in Table 2.2 should be

used with caution, as changing one gain term will affect the performance of the others.

Table 2.2: General Effects of Adjusting PID Gain Terms [43]

Effect
Gain Rise Time Overshoot Settling Time Steady State
Term Error
Kp Decrease Increase Small Change Decrease
K; Decrease Increase Increase Eliminate
Kp Small Change Decrease Decrease No Change

If a system is too complex a more sophisticated tuning procedure may be required [23].
The ZN tuning method has been demonstrated to be effective in simulation as in [26]
and while utilised in practical implementation as in [25]. The ZN method identifies the
point in which the Nyquist curve intersects the negative real axis [24]. This point is
determined by increasing the Kp value until the system experiences sustained
oscillation, while setting the K; and the Kp values to zero. This point is characterised
by two parameters, which are termed the Ultimate Gain (K,) and Ultimate Period (T,).
Using a set of heuristic rules, as summarised in Table 2.3, the PID controller gain terms
can then be calculated. One drawback of the ZN method is that the plant must been
driven into sustained oscillation [26], which could be destructive depending on the
plant. Fortunately the SBW test bed was not adversely affected by this condition
making the ZN approach a practical solution for the controller tuning of the SBW test

bed position controller.

Table 2.3: Ziegler-Nichols Frequency Response Method Gain Parameters [24]

Controller Kp T; Tq
P 0.5*K, - -
PI 0.45*K, T.J/1.2 -
PID 0.6*K, Tw/2 T./8
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2.6 Lane Keeping Assistance

According to the World Health Organisation [44] road traffic injuries were globally the
ninth leading cause of death in 2014. Due to this troubling statistic there is great
motivation to improve vehicle and road safety worldwide. One method to accomplish
improved vehicle safety is through the development of intelligent vehicle systems and
ADAS features [31]. One such feature is LKAS which has been largely researched due
to the high fatality rate caused by unintended lane departures [30, 35]. An LKAS
system is defined by Brosig and Lienkamp [30] as a complex system which provides
active intervention to correct unintended lane departure by imposing additional steering
torque on the steering actuator. An LKAS system requires the following components:
an ECU, an electromechanical steering actuator, vehicle sensors and a lane detection
device [30]. An SBW system also employs the use of an ECU, multiple sensors and an

electromechanical actuator, making it an ideal prerequisite for LKAS implementation

[6].

The implementation of an LKAS system has many considerations including how the
driver will share the steering control of the vehicle with the lane-keeping controller. In
[30] multiple guidelines are outlined for controller steering intervention which include:
steering interventions must be understandable by the driver, they must not surprise the
driver and the driver must be able to override the steering intervention at any time.
Nguyen et.al [36] outline similar requirements in their study of the cooperation between
the human driver and an active steering system. In [36] shared control of an LKAS
system is modelled to demonstrate the driver’s real time interactions. The developed
LKAS control system model is then validated through the use of a driving simulator.
The system and driver are tested in different driving scenarios and the results indicate
that the developed system successfully reduces driver/controller conflict improving

LKAS performance.

The most common method of lane detection is accomplished through the use of a
camera and image processing [30]. This is demonstrated in [35] through the
development of a lane keeping system that uses a camera with pattern recognition to

provide the driver with both a warning signal and a steering intervention. Unlike the
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system developed in [36], which had autopilot capabilities, this system can only assist
the driver in staying in the lane. To avoid conflict between the LKAS system and the
driver Liu et.al [35] use additional vehicle sensors to determine the driver’s intention.
For instance if the left or right turn signal is detected then the system concludes that the
driver is changing lanes and the LKAS is deactivated. The amount of torque assistance
is determined using fuzzy logic control with inputs including vehicle lateral deviation,
speed, road curvature and the applied driver’s torque. The developed system is proven
to be successful in providing LKAS through both simulation and in an actual test

vehicle.

Additional LKAS research is presented in [32] which combines a vision based lane
keeping system with location technology. Wang et.al [32] put forth that vision based
and Global Positioning Systems (GPS) both have their limitations while applying them
to LKAS. It is proposed that by combining the two an improved LKAS system may be
developed. The system outlined in [32] also required the development of digital maps
with lane level precision. To validate the system a high precision digital map was
developed for a test section of road in Germany. The vehicle’s position was then
projected on to the digital map and its location as well as the vision-based inputs
determined the corrective action to be taken. Based on the gathered test results Wang
et.al [32] concluded that the robustness of a vision based LKAS system could be

increased through the use of location technology.

A basic method of LKAS was applied to a remote control vehicle in [37]. The
developed system outlined by Basjaruddin et.al [37] used line detecting infrared sensors
for the lane detection and fuzzy logic control to determine the corrective steering action.
The inputs for the fuzzy logic control were lane deviation and vehicle speed. Using
four infrared sensors the vehicle’s lane position was determined as illustrated in Figure
2.6. The system was successfully implemented using an Arduino Uno R3
microcontroller and demonstrated the effectiveness of using the developed fuzzy logic
control algorithm for LKAS. The research conducted in [37] shall be modified to

implement a similar LKAS feature on this project’s developed test bed.
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Figure 2.6: Deviation Definition Based on Infrared Sensors [37]
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Chapter 3. EXPERIMENTAL DESIGN

3.1 Introduction

This section outlines the design and assembly of the experimental platform used in this
project to evaluate a basic SBW system. The test bed was assembled in ECTE451 and
its functionality and performance was improved in ECTE458. The design includes a
control station, complete with hand wheel assembly, and a small demonstration vehicle.
This section also provides details in regards to the design criteria, hardware

components, software used and programming.

3.2 Design Criteria

The SBW test bed developed in ECTE451 was designed to evaluate the steering control
and force feedback functionality of an SBW system. In the next stage of the project,
ECTEA458, the test bed’s steering emulation was improved and an LKAS feature was
added. For accurate and realistic evaluation the demonstration vehicle was designed to
operate at various velocities. The allocated budget for ECTE451/458 was $700 dollars
and the total duration was 26 weeks. Due to the restricted budget parts from the SECTE

stores office were utilised as much as possible.

At the start of the project it was decided that the steering control would be accomplished
through the use of Simulink and a HILINK control board. This platform for the steering
control was chosen due to availability of parts and previously developed skills from
ECTE344 (Control Theory). The use of the HILINK control board did however present
a challenge. Without additional multiport software only one HILINK board could be
operated from a computer at a time and that board could only control two DC motors.
The test bed required the control of four separate DC motors therefore to provide the

vehicle’s forward and reverse motion an Arduino Uno and motor shield were utilised.
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3.3 Design Overview

The SBW experimental platform developed for this project includes a control
station/steering wheel assembly and a small demonstration vehicle. The overall
hardware configuration is illustrated in the electrical wiring diagram (WIRING-001)
and all the utilised parts for ECTE451 are listed in the bill of materials (BOM-001).
Both of these drawings are located in Appendix C. The control station assembly and
demonstration vehicle are connected together by a multicore trunk cable. This enables
the power supply and controllers to be located at the control station, which keeps the

demonstration vehicle’s weight to a minimum.

The experimental platform can also be separated by the demonstration vehicle’s
functionality of forward/reverse motion and steering control. The forward and reverse
motion is controlled by a momentary pushbutton, which initiates the forward and
reverse sequence of the demonstration vehicle through the Arduino Uno and motor
shield. The steering control input is measured in real time at the steering assembly and
the demonstration vehicle’s wheel angle is controlled through the HILINK board and
Simulink program. Multiple current readings measured at the demonstration vehicle’s
road wheel motor and the steering assembly’s motor are also used to provide force
feedback through the HILINK board. The direct current method proposed by Nguyen
and Ryu [15] has been used to provide the directional control and force feedback for
this project. The Simulink programming is a modification of the models outlined in

[15, 21].

In ECTE458 the previously developed test bed’s performance was improved through
controller tuning, steering emulation enhancement and the addition of an LKAS feature.
The system’s position controller was tuned using the ZN frequency response method
and the force feedback controller’s proportional gain was increased. The steering
emulation enhancement involved the modification of the position control subsystem,
which included the implementation of a steering returnability function and a steering
gear ratio. The implementation of the LKAS feature required both hardware and

programming modifications.
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The LKAS hardware modifications involved the demonstration vehicle and the trunk
cable. The main hardware addition was the installation of four line sensing modules.
These modules were attached to the front of the demonstration vehicle and were used to
provide digital signals for lane detection. All the additional parts required for this stage
of the project are outlined in a second bill of materials (BOM-002), which is located in
Appendix C. To reflect the overall hardware changes the wiring diagram (WIRING-
001) was also updated. The Simulink model was modified to include a function to
interpret the line detecting digital inputs and a fuzzy logic controller to achieve the
automatic steering control. The general concept of the implemented LKAS system,

using fuzzy logic control, was a modified version of the method employed in [37].

3.4 Hardware Components

The hardware modules, used in this project, are detailed in Appendix C.

3.4.1 Control Station

The control station layout is outlined in the control station layout drawing
(CONTROLLAYOUT-001), which is located in Appendix C. This drawing was used
by the UOW mechanical workshop to create the control station base, steering motor
platform, pushbutton mounting plate and the steering wheel. The control station houses
the Arduino UNO/motor shield, the HILINK control board, the steering assembly, the
steering side current sensor, and multiple Vera boards (see Figure 3.1). The wiring of
all the control station components is illustrated in the electrical wiring diagram

(WIRING-001).
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Figure 3.1: Control Station/Steering Assembly

3.4.2 HILINK Board (Steering Control)

The HILINK control board [45], as seen in Figure 3.2, was utilised to provide a real
time interface between the steering motor/encoder, road wheel motor/encoder, the
current sensors and the line tracing sensors. The control software used was Simulink,
which includes a HILINK library. The inputs and outputs required for this SBW system
include: encoder inputs EO and El, analogue inputs A0 and A1, digital inputs D0/d4-
DO0/d7 and H-bridge DC motor outputs PO and P1. The HILINK board is powered by a

regulated 6-15V supply and is connected to a computer through a serial port.
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Figure 3.2: HILINK Control Board [45]
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3.4.3 Arduino Uno/Motor Shield (Forward and Reverse Control)

An Arduino Uno and motor shield, as seen in Figure 3.3, were utilised to provide the
forward and reverse motion for the SBW demonstration vehicle. These components
were selected based on availability in the SECTE stores office and due to their simple
operation. The motor shield can be directly attached to the Arduino through the
provided pins. The Arduino and motor shield were connected to a 6V, 1A power
supply. The power supply was connected to the motor shield’s power terminals. Two
DC motors were connected to the motor shield’s motor terminals and powered through
the h-bridge of the motor shield. One digital input of the Arduino was also utilised.
This digital input was connected to a momentary pushbutton, which was used to initiate

the forward and reverse motion sequence.
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Figure 3.3: Arduino Uno (left) and Adafruit Motor Shield (right) [46, 47]

3.4.4 Steering Wheel Assembly

The steering wheel assembly includes: a 12V DC motor, a 1024-cycles per revolution
encoder and a perspex steering wheel. The motor and encoder are both connected to the
HILINK board. The DC motor is connected to the h-bridge output PO and the encoder
is connected to the encoder input EO. When the driver turns the steering wheel the
steering angle is measured through the encoder and inputted into the HILINK board.
The motor acts as an actuator for the force feedback of the system and is operated based

on current readings from the road wheels and steering motor itself.
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3.4.5 Demonstration Vehicle

The demonstration vehicle’s design is a modified version of the “Skill Racing Car” that
is outlined in a Makerwork’s Instructable [48]. From the online instructions the
demonstration vehicle parts layout (CARLAYOUT-001) was developed, which is
located in Appendix C and was used to construct the vehicle (see Figure 3.4). The
vehicle uses: Makeblock components for the frame, two 6V DC motors for
forward/reverse motion, a 12V DC motor for the steering control, a 1024-cycles per
revolution encoder for the road wheel angle measurement, a current sensor to measure
the steering motors applied current and four line detecting sensors for lane detection.
The forward/reverse 6V DC motors are connected to the motor shield’s motor terminals.
The 12V DC steering motor and encoder are connected to the HILINK boards h-bridge
output P1 and encoder input E1. The four line detecting sensors are connected to the
HILINK board’s digital inputs D0/d4-D0/d7. All connections from the controllers to

the vehicle’s electronic components are made through a trunk cable and terminal blocks.

Figure 3.4: Demonstration Vehicle
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3.4.6 Hall Effect Current Sensors (Force Feedback)

The system utilises two ACS714 Hall effect current sensors (see Figure 3.5) to measure
the input currents of the steering assembly and road wheel steering motors. The current
sensors are rated for an input current of -5A to +5A. This current range was suitable for
the selected 12V DC motors that draw a maximum of 2.2Amps [49]. The current
sensors are connected to analogue input terminals AO and Al of the HILINK board.
Each analogue input also requires a connection from the HILINK board to the current

sensor to provide a 5V and ground connection.

Ground

5V Input

Current
Output

Analogue
Output

Current
Input

Figure 3.5: ACS714 Hall Effect Current Sensor [50]

The current sensors measure the input current and the value is translated to an output
voltage centred at 2.5V, with a full-scale voltage of 5V. Equation 4 gives the
relationship between the input current and output voltage. The measured currents at the
steering wheel and road wheel motors can be used to determine the torque applied to the
road. This is due to the linear relationship between motor torque (t) and armature
current (In) in a DC motor. This relationship is given by Equation 5 and includes a k
value, which is the DC motor constant. The measured current is used in the force

feedback function of the SBW system.
Voutput = (0 185 = iinput) + 2.5V 4)

t=1I,+k (5)
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3.4.7 Line Trace Sensor Modules (Lane Keeping Assistance)

The system utilises four XC-4474 Line Trace Sensor Modules (see Figure 3.6) to
achieve lane detection. The sensors are active low and measure the reflectivity of a
surface using an infrared emitter/detector pair [51]. In the case of a road the white line
is highly reflective and the black road surface is not. When a line is crossed the sensor
is triggered and the voltage output goes low. The sensors have adjustable sensitivity
and a rated working current of 18-20mA. The line detecting sensors are connected to
digital input terminals D0/d4-D0/d7 of the HILINK board. Each digital input also
requires a connection from the HILINK board to the sensor to provide a 5V and ground

connection.

Emitter/Detector . .
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Y N ™ AL 5V Input
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Adjustment

Figure 3.6: XC-4474 Line Trace Sensor Module [51]

3.5 Software/Programming

The software component of this SBW experimental platform can be separated into two
parts: forward/reverse and steering control. As outlined previously an Arduino Uno was
utilised for the forward/reverse control and a HILINK board was used for the real time
steering control. The respective programming methods were C/C++ and Simulink.
Further details in regards to the software modules, used in this project, can be found in

Appendix D. The main focus of this section is the method used for the steering control.
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3.5.1 Simulink Model for Steering Control

The steering control programming platform used in this project was Simulink. Simulink
provides a method of object-oriented programming to analyse and simulate various
control systems in real time. Simulink includes numerous standard blocks and built in
functions. The HILINK control board also comes with it’s own set of Simulink blocks.
These blocks were used to interface the analogue current inputs (A0 & A1), the position
encoder inputs (E0 & El), the digital LKAS inputs (D0/d4-D0/d7) and the motor
outputs (HO & H1).

The total number of inputs and outputs determined what sampling frequency was
required for the program to run. The sampling frequency for the SBW program was
calculated using Equation 6 from [45] and was based on eight inputs and two outputs.
The calculated maximum sampling frequency was 677Hz therefore 512Hz was used.
The sampling period could then be calculated based on its relationship to the sampling

frequency.

1 11520
f=2-= (6)

2 max(#inputs,#outputs)+1

The Simulink program developed for this SBW system can be separated into four parts.
The first part involves the position control, the second simulates road feel through force
feedback, the third involves the LKAS and the fourth outlines the implementation of
additional steering functions. The entire SBW Simulink block diagram is included in
Appendix D. The position and force feedback portions are a modification of the
programming outlined in [15] and [21]. The LKAS portion of the program is based on
the fuzzy logic control presented in [37]. The position control portion of the program is
outlined in Section 3.5.1.1, the force feedback in Section 3.5.1.2, the LKAS in Section

3.5.1.3, and the additional steering system functions in 3.5.1.4
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3.5.1.1 Position Control Block Diagram

The position control portion of the program is illustrated in Figure 3.7. The main
components, forming a closed loop system, include: the hand wheel position input (E0),
the road wheel position input (E1), the summing block, the position controller and the
road wheel actuator output (H1). The steering angle of the hand wheel and the applied
angle of the road wheel are measured through their respective encoder inputs. These
position values then go to the summing block to calculate the position error. The error
is then sent to the position controller, which applies proportional, integral and derivative
gains to improve position tracking. It shall be noted that without the controller in place
the road wheel angle could not be tracked at all. In ECTE458 the position PID

controller was tuned using the ZN method.
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Figure 3.7 Position Control Portion of Simulink Model

The ZN tuning method, as outlined in Section 2.5.3, was used to bring the position
control subsystem into sustained oscillation. This involved increasing Kp until the
demonstration vehicle’s front wheels rapidly turned back and forth while setting K; and
Kp to zero. Using a scope block the waveform was recorded (see Figure 3.8) and the
ultimate period (T,) was measured. The recorded value for T, was 0.425 seconds and
was obtained with the K, value set at 195. Based on the measured values using Table
2.3 the values for Kp, T| and Tp were determined. The values for K; and Kp were then
calculated using Equation 7 and Equation 8. The proportional, integral and derivative

gain settings for the position controller in ECTE458 were 117, 550 and 6.2 respectively.
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Figure 3.8: Ziegler-Nichols Ultimate Period Measurement Waveform

K, = Kp/T; @)

Kp = Kp * Ty ®

The output from the position controller then connects to the road wheel actuator output
to adjust the road wheel angle appropriately. Other essential blocks have been included
in the program to display results, ensure correct program operation and provide
improved steering emulation. The first of the required additional blocks is a gain block
of 1/12 at the input to the road wheel actuator (H1). The value of 12 is determined by
the power supply input of the HILINK board. This requirement is specified in the
HILINK manual [45]. A second gain block, with a value of negative one is also
required. This block is placed after the road wheel position input. This negative one
multiplier was required due to the hand wheel and road wheel motors being physically
set up to rotate in opposite directions. A negative one gain was also multiplied by the
gains of the position controller. By multiplying the encoder input and position
controller gains by negative one the position between the hand wheel and road wheels

can be inverted and tracked.

Low pass filters were also used to reduce the noise being read at the encoders. The low
pass filter is a transfer function block as studied in ECTE 344 (Control Theory) [52].
The low pass filters were tested by varying the time constant from 0 to 0.1, it was found
that the optimal results were achieved with a value of 0.05. Following the low pass

filters, the hand wheel encoder value goes into a saturation block to limit the angle
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transferred from the hand wheel to the road wheel. The saturation block limits the input
angle between -35° and 35°. Any value inputted that exceeds these limits will be
outputted as the limit value itself. This restriction is required due to the maximum road
wheel angle being less than that of the hand wheel angle. If the limits are exceeded the

road wheels make contact with the vehicle’s chassis.

To display and record the position control system’s results multiple display blocks and a
scope block were used. The angle inputs and error were multiplied by 180/TT to convert
the readings to degrees. The scope block provided a comparison of the hand and road
wheel angles in real time, which was used to tune the position controller and evaluate

the position tracking.

3.5.1.2 Force Feedback Block Diagram

The force feedback control portion of the program is illustrated in Figure 3.9. The main
components, forming a closed loop system, include: the hand wheel current input (A0),
the road wheel current input (A1), the current conversion blocks, the summing block,
the current controller and the hand wheel actuator output (H0O). The road wheel and
hand wheel actuator currents are measured through the current sensors and inputted into
the program through analogue inputs Al and AO. As discussed in Section 3.4.6, the
currents are read as an equivalent voltage and must be converted back to their
corresponding currents. The current conversion block achieves this through the
implementation of Equation 4. Once converted these values then enter a summing
block to calculate the current error. The error is then sent to the current controller,

which applies the set gains to improve the force feedback.
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Figure 3.9 Force Feedback Control Portion of Simulink Model

The ZN method was not successful in tuning the force feedback controller. The current
changed much more sporadically than the position and the system could not be taken
into sustained oscillation. For this reason the force feedback controller was tuned by
trial and error. A high proportional gain was required in order to feel the effect of the
road torque at the hand wheel. The proportional gain setting used was 5000. The
output from the current controller is then connected to the hand wheel actuator output to
provide a sensation of steering feel through force feedback. Other essential blocks have

been included in the program similar to those used in the position control portion.

The readings from the current sensors include a great deal of noise, as illustrated in
Figure 3.10. For this reason low pass filters were used to reduce that noise. The low
pass filter’s impact on the system was tested with varying time constants of 0 to 0.05
and found that the system became unstable when a time constant greater than 0.04 was
used. A value of 0.02 was selected for the time constant, which removed a large
amount of the noise. A saturation block was also included which was fed from the
output of the current controller to ensure that the input into the hand wheel actuator
would not be excessive. There is also a switch at the output of the controller to turn the
force feedback function of the steering system on and off. The model also includes the

HILINK specified gain block of 1/12, display blocks and a scope block.
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Figure 3.10: Unfiltered Current Inputs from Hall Effect Current Sensors

3.5.1.3 Lane Keeping Assistance Programming

The LKAS control portion of the program is illustrated in Figure 3.11. The main
components include: the digital input block (D0/d4-D0/d7), the lane position function
block, the fuzzy logic controller and the rate limiter block. The digital inputs from the
line detecting sensors are multiplexed together to form a binary number representing the
lane position. Due to the line detecting sensors being active low, a value of zero
indicates that the corresponding sensor has crossed a lane. For each situation, as
illustrated in Figure 2.6, a different binary value is read into the program. The decimal
representation of this value is then interpreted by the lane position function, which can
be found in Appendix D, to determine the vehicle’s lane deviation from centre. The
vehicle’s manually entered speed and the lane deviation are then used as the inputs to
the fuzzy logic controller. The required steering angle, to correct the vehicle’s lane

position, is then determined.
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Figure 3.11: LKAS Portion of Simulink Model

The Mamdani type fuzzy logic control was designed using Matlab’s Fuzzy Logic
Toolbox [53] and the method employed in [37]. The input membership functions for
deviation and speed are presented in Figure 3.12. The output steering angle and the
generated surface view are displayed in Figure 3.13. The rules of the fuzzy logic
inference system are summarised in Table 3.1. Multiple tests were conducted to
determine the applicable membership functions and rules for the optimal lane keeping

control at various vehicle speeds.
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Figure 3.12: LKAS Input Membership Functions Deviation (left) Speed (right)
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Figure 3.13: LKAS Output Membership Function (left) and Surface View (right)
33



Table 3.1: Fuzzy Logic Inference System Rule Base

Speed
Low Speed Medium Speed | High Speed
(LS) (MS) (HS)
Big Left Small Steer Big Steer Big Steer
(BL) Right (SSR) Right (BSR) Right (BSR)
Small Left Small Steer Small Steer Small Steer
(SL) Right (SSR) Right (SSR) Right (SSR)
Deviation Zero Zero Steer Zero Steer Zero Steer
(ZS) (ZS) (ZS)
Small Right Small Steer Small Steer Small Steer
(SR) Left (SSL) Left (SSL) Left (SSL)
Big Right Small Steer Big Steer Big Steer
(BR) Left (SSL) Left (BSL) Left (BSL)

Following the fuzzy logic controller the steering angle enters a rate limiter block. This
block ensures that a gradual change in steering angle is sent to the position control
subsystem. A gear ratio compensation gain block was also used to counteract the gear
ratio applied to the manual steering control. Various display and scope blocks were also

included in the subsystem.

3.5.1.4 Additional Steering Functions

To improve the overall steering emulation a gear ratio gain block and steering
returnability feature were both implemented in the developed SBW program. The gear
ratio gain block was inserted into the position control portion of the program. The gear
ratio modifies the relationship between the hand and the road wheel angles as described
in Equation 3. The selected gear ratio was %4 as it provided the most realistic steering
control of the test bed. Steering returnability is the tendency for the steering wheel to
return to centre while the vehicle is completing a turn. To implement this the error of
the steering system was calculated between the hand wheel angle and zero. This error
was then fed into two gain blocks, which provided proportional gains. The proportional
gains were then used to provide a small force at both the hand and road wheels to return
the steering system to centre. The steering returnability programming is outlined in

Figure 3.14 and the gains used were 2.5 and -2.5.
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Figure 3.14: Steering Returnability Simulink Model Additions

3.5.2 Arduino Programming for Forward and Reverse Control

The forward/reverse movement of the demonstration vehicle is initiated by a push
button. Once the pushbutton is pressed the vehicle will move forward and backward at
a set speed for a set duration. The program developed to accomplish this is a
combination of a motor control program [47], which utilises existing DC motor control
libraries, and the momentary pushbutton tutorial [54] from the Arduino website. The
program reads the pushbutton input into a variable and when this value is set high the
motor control function is called. The user can input a value for the motor speed and a
time delay in milliseconds for the duration. The Arduino code used is provided in
Appendix D and the flow chart outlining the program’s operation is detailed in Figure

3.15.

Pressed
Pushbunon/v \l«
Forward/
Reverse
Not Pressed Vehicle
Movement

J

Back to Start

Figure 3.15: Arduino Programming Flow Chart
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Chapter 4. RESULTS AND ANALYSIS

The experimental platform was designed to evaluate the position control, force feedback
and LKAS function of a basic SBW system. The developed SBW system uses a simple
means of measuring motor angle to transfer motor position from the hand wheel to the
road wheel. The force feedback was realised through current measurements at the hand
wheel and road wheel actuators. The current measurements can be used to represent the
applied torque of the road wheel for various road conditions. As more torque is applied
to the road wheel actuator the current increases, which is inputted into the force
feedback sub-system and transferred to the hand wheel. The LKAS function was
evaluated on a small section of artificial road constructed in the lab for its ability to
keep the demonstration vehicle within the lanes. The steering emulation was evaluated
qualitatively throughout the various tests. All evaluation has been completed using the

developed control unit and test vehicle

4.1 ECTEA451 Experimental Results

The position tracking was initially tested with no surface contact between the road
wheels and the road surface. Placing the demonstration vehicle on blocks and
modifying the position subsystem model accomplished this. The subsystem was first
tested with no position controller at all. With no controller present the hand wheel
position was not tracked and there was no rotation of the road wheels. This was due to
the opposing forces generated by the steering system’s friction and inertia being too
great. A proportional gain was then introduced and once a relatively small error was
obtained a derivative gain was also implemented. With the position controller
proportional and derivative gains set at 16 and 0.025 respectively position control was

realised as illustrated in Figure 4.1.
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Figure 4.1: ECTE451 Position Tracking with No Road Surface to Wheel Contact

The above-described method of providing force feedback is based on the concept that

for different road surfaces, different amounts of torque are required to turn the road
wheels.

As the road surface friction increases more torque is required. To test the
generated current, for different road surfaces, the current scope in the force feedback
subsystem was monitored while steering the test vehicle for three different road contact
conditions. The conditions included: no road contact at all, road wheel contact with a
smooth surface (floor) and road wheel contact with a rough surface (carpet). The results

are outlined in Figure 4.2 and the comparison illustrates that the current magnitude and
duration increases as the amount of surface friction increases.

The current tracking
between the road wheel and hand wheel is also illustrated for the different cases.
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Figure 4.2 Comparison of Current Readings for Different Road Surfaces

The SBW system was next tested while applying a forward force to the vehicle through
the Arduino Uno and the Motor shield. The Arduino program was set up to move the
vehicle forward at a constant velocity for 15 seconds. During this movement the
vehicle was turned back and forth while recording the position and current tracking.
The position tracking of the vehicle is illustrated in Figure 4.3 and the force feedback
current in Figure 4.4. By testing the system while the vehicle was moving a self-
aligning torque was experienced. This self-aligning torque was not considered in the
previous evaluations. It can be seen that the position tracking is effective in controlling

the vehicle’s direction and that force feedback has been achieved.
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Figure 4.3 ECTE451 Position Tracking of Vehicle at a Set Velocity
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4.2 Finely Tuned PID Experimental Results

The position control was improved through the use of the ZN tuning method as outlined
in Sections 2.5.3 and 3.5.1.1. The position tracking was once again recorded with no
surface contact between the road wheels and the road surface. With the position
controller proportional integral and derivative gains set at 117, 550 and 6.2 respectively
improved position control was realised as illustrated in Figure 4.5. It is apparent that
the position tracking has been immensely improved indicating that the ZN tuning
method is effective in the case of the developed SBW system’s position control. The

improved control also provided much smoother steering and improved steering

emulation.
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Figure 4.5: ECTE458 Position Tracking with No Road Surface to Wheel Contact

The improved SBW system was next tested while applying a forward force to the
vehicle through the Arduino Uno and the Motor shield. The test was conducted in the
same manner has previously outlined in Section 4.1. The position tracking of the

vehicle is illustrated in Figure 4.6 and the force feedback current in Figure 4.7. It is
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apparent that once again there is improved position tracking and that the system

experiences force feedback through the direct current method.
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4.3 Lane Keeping Assistance Experimental Results

The LKAS feature involved the use of fuzzy logic control as outlined in Section 3.5.1.3.
The inputs to the fuzzy logic controller were speed and the lane deviation. The lane
deviation was measured in real time using the four line trace modules and the speed was
set at the start of each test sequence. Multiple tests were required to tune the fuzzy
logic controller at the various speeds. Once the controller was tuned an effective LKAS
feature was in place which could be turned on and off through a manual switch in the
SBW program. The vehicle’s lane keeping capability is displayed in Figure 4.8, which
includes screenshots of the vehicle under test with an elapsed time of 1 to 6 seconds. It
can be seen that the demonstration vehicle is in fact maintaining its position between the

lanes.

Figure 4.8: Demonstration Vehicle Maintaining Lane Position

The position tracking of the system was recorded with the demonstration vehicle
operating at both low and high speeds. See Figure 4.9 and Figure 4.10 for the position
tracking of the vehicle at low speed and high speed respectively. While the
demonstration vehicle’s position is maintained between the lanes the different imposed
steering angles are displayed. In comparison the applied angles of the LKAS system are
different for each case demonstrating that the fuzzy logic inputs determine the steering

angle output.
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CONCLUSIONS AND RECOMMENDATIONS

In this project a test bed to evaluate the position control, force feedback and LKAS
functions of a basic SBW system is presented. The control methods used were
developed based on previous research evaluated in the literature review. The SBW
steering control was realised through the use of Simulink and utilised a HILINK control
board. The experimental platform involved the design and assembly of a control station
and demonstration vehicle. The experimental platform made it possible to test the SBW
system’s position and current tracking capabilities at different velocities, with or

without an LKAS feature enabled.

The project was successful in the development of an operating SBW test vehicle with
position control, force feedback and LKAS functionality. The position control was
achieved through PID controller implementation and ZN tuning. The force feedback
was achieved through a manually tuned, proportional controller. The recorded results
for position tracking between the hand wheel and road wheels indicate that the road
wheel angle follows the hand wheel angle and provides effective directional control.
The current tracking was less effective but still provided force feedback for different
road conditions to the driver. The LKAS feature was proven effective though both

visual observation and position tracking.

Possible future work with the developed SBW test bed may include: the use of different
SBW control methods, the implementation of additional driver assistance features or the
replacement of the wired connections between the control unit and demonstration
vehicle with wireless ones. Control modifications may be implemented in the existing
programming and due to the demonstration vehicle’s design and assembly using

Makeblock components the hardware can be easily modified.
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APPENDIX A PROJECT PLAN

See the below project specification/plan, which was included in the project proposal

submitted in week 4.

Project Specification/Plan

For my project to be a success in ECTE458 the following milestones must be achieved.

Project Milestones:
6) Update literature review with relevant material.
7) Determine design modifications to the experimental setup.
8) Modify the Simulink/Matlab control model.
9) Complete modifications of the demonstration vehicle.
10) Test/analyse the SBW System for steering emulation with PID control.
11) Test/analyse the SBW System for steering emulation with Fuzzy control.
12) Test/analyse the implemented lane keeping assistance feature.
13) Produce final report and poster.

14) Present the final project in the demonstration/seminar.

The first step of the project is to add relevant information to the literature review.
Research has already commenced and the literature review additions will focus on: PID
tuning and control methods, Fuzzy Logic control and lane keeping assistance. The
literature review will be an ongoing process throughout the project. The next step will
be to complete design modifications to the experimental setup using the applicable

reviewed papers from the literature review and following the advice of my supervisor.

Design modifications and testing of the Simulink model will occur throughout the
session. Once all the improvements have been made to the original control system a
Fuzzy Logic controller will be implemented to provide automatic PID tuning or replace
the PID controller completely. A comparison will then be made between the two
control methods. Once the SBW control has been optimised the lane keeping assistance
portion of the project will be developed. This will include the addition of infrared

optical sensors on the demonstration vehicle and further modification of the Simulink
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control model. The performance of the lane keeping assistance feature will then be

evaluated.

See the included ECTE 458 Gantt chart for the breakdown of tasks and the schedule of

work.

Unlike ECTE451, where there was little slack in the schedule, there is quite a bit of
flexibility this session for ECTE458. The required parts for this session are minimal
and they are for the lane keeping assistance portion of the project only. They have
already been specified and will be ordered in week 4. The test bed has already been
constructed therefore testing and implementation can occur throughout the session. If
any issues arise there is plenty of time to decide on alternative measures to improve the

steering emulation of the developed test bed.

The system will be validated through experimentation and recording results for: PID
controller performance, Fuzzy Logic implementation, steering torque transfer from the
steering wheel to demonstration vehicle and the force feedback felt by the driver. The
performance of the lane keeping assistance feature will also be analysed. These results
will then be compared with the findings of simular studies and the test results from

ECTEA451.

The ultimate goal of this project, to be realised by the end of session, is the further
development of a demonstration device to analyse and evaluate a SBW system with
force feedback, realistic steering emulation and demonstrate how driver assistance

features can be easily implemented on a SBW system.
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APPENDIX C HARDWARE DOCUMENTATION

Included in this section is a detailed description of all hardware modules used in the
development of the SBW test bed. This section also includes all relevant drawings

created for the hardware design and a detailed list of materials.

Module Name: HILINK Board

Drawing Reference

WIRING-001, CONTROLLAYOUT-001, BOM-001, BOM-
002

Controller for steering control. Reads inputs for position and

Description . )
P current and sends outputs through H-bridge to steering motors.
Power supply, serial cable to computer, analogue inputs from
Connections current sensors, encoder inputs from steering motors and H-

bridge outputs to steering motors.

Test Procedure

Tested functionality of analogue inputs, encoder inputs, and H-
bridge outputs separately prior to testing the whole system.

6-12V regulated power supply, analogue inputs 0-5V 12-bit

Specifications resolution, encoder inputs 0-5V 16-bit resolution and H-bridge
outputs 0-12V with 5A max.
Modification Record
Date Version No. | Designer Modifications/Remarks
23.9.16 0 MRC | Setup initial system.
3.10.16 1 MRC | Changed board and steering motor.
1.4.17 2 MRC | Connected LKAS digital inputs.

Module Name: Arduino UNO/Adafruit Motor Shield

Drawing Reference

WIRING-001, CONTROLLAYOUT-001, BOM-001

Controller and motor shield used to control two 6V motors for

Description . .
P demonstration vehicle’s forward/reverse movement.
6V Power supply to motor shield, pins from Arduino Uno to
Connections motor shield, motor outputs on shield to 6V DC motors and

from a momentary pushbutton to a digital input.

Test Procedure

Tested operation of pushbutton and operation of DC motors
through the use of a variable voltage source.

Arduino Uno input voltage is 7-12V with an operating voltage

Specifications of 5V. Adafruit motor shield motor supply voltage 6V.
Modification Record
Date Version No. | Designer Modifications/Remarks
21.9.16 0 MRC Setup 1n1.t1a1 system with 4A Seeed
motor shield from stores.
5.9.16 1 MRC Replaced 4A Seeed motor shield

with Adafruit motor shield.

Module Name: ACS714 Hall Effect Current Sensor

Drawing Reference

WIRING-001, CONTROLLAYOUT-001, BOM-001

Description

Current sensor used to measure the steering motors current to
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provide force feedback.

Connections

Current terminals connected to positive leg of steering motor,
HILINK board connection to sensor ground, 5V and analogue
output.

Test Procedure

Tested module by reading current input for the operation of a
standalone 12V DC motor.

Specifications +5A to -5A current input from the motor. 5V supply voltage.
Modification Record
Date \rflelfls;o Designer Modifications/Remarks
23.9.16 0 MRC Installed chlps on control assembly and
demonstration car.
Module Name: XC-4474 Infrared Emitter/Detector Module

Drawing Reference

WIRING-001, CONTROLLAYOUT-001, CARLAYOUT-001,
BOM-002

Description

Infrared emitter/detector module to sense lane markings.

Connections

Connected through the trunk cable to a digital input, plus 5
volts and ground of the HILINK board.

Test Procedure

Tested module by reading viewing the module LED, which
lights up when a line is detected.

2.5-12V supply voltage, 5V output @ 18-20mA. Device is

Specifications active low with adjustable sensitivity.
Modification Record
Date Version No. | Designer Modifications/Remarks
24317 0 MRC Installed chips on demonstration

vehicle and wired to HILINK.

Module Name: Steering Motors/Encoders (road wheel and hand wheel)

Drawing Reference

WIRING-001, CONTROLLAYOUT-001, BOM-001,
CARLAYOUT-001

Description

Motors used for steering control.

Connections

Hand wheel motor connected to HILINK board directly. Road
wheel motor connected to HILINK board through trunk cable.

Test Procedure

Tested encoders for position tracking and motor operation.

12V DC, max current 2.3A, PM motor with 1024 cpr encoder.

Specifications 3mm shaft diameter.
Modification Record
Date Version No. | Designer Modifications/Remarks
23.9.6 0 MRC flrrllsittalled motors on car and control
4.10.16 1 MRC | Replaced road wheel motor.

Module Name: Forward Reverse Motors

Drawing Reference

WIRING-001, CARLAYOUT-001, BOM-001

Description

Makeblock motors to be controlled by Arduino Uno and
provide the vehicle’s forward/reverse motion.
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Connections

Connected to the Adrafruit motor outputs through the trunk
cable.

Test Procedure

Tested motors with a variable DC voltage source.

Specifications 4V to 12V DC, 2.3A max, 0.6A full load.
Modification Record
Date Version No. | Designer Modifications/Remarks
23.9.16 0 MRC | Installed on demonstration vehicle.
26.4.17 1 MRC | Replaced right side motor.

Module Name: Demonstration Vehicle

Drawing Reference

WIRING-001, CARLAYOUT-001, BOM-001

Description

Demonstration vehicle made from Makeblock components.

Test Procedure

Checked steering mechanism to be operating correctly and
measured road wheel steering angle.

Specifications See CARLAYOUT for dimensions.
Modification Record
Date Version No. | Designer Modifications/Remarks
23.9.16 0 MRC | Assembled car.
25.9.16 1 MRC | Replaced steering motor bracket.
24.3.17 2 MRC | Added lane keeping assist parts.
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Control Unit Layout Drawing
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Materials List ECTE451

BOM-001 (Bill of Materials)
Project: Steer-by-Wire
ECTE 451/458
Matthew Crawford (mrc996@uowmail.edu.au)
Student# 4652307
Revision 0
Item DESCRIPTION VTERIALS TOTAL
Total
No. QTY | UNITS | UNIT PRICE AMOUNT SUPP.
PART NUMBERs Steering Assembly/Control Board
1 |Steering Wheel (Perspex) 1 ea Stock Stock uow
2 |DC Motor/Encoder 12V, 1024 CPR Encoder| 1 ea Stock Stock uow
- 3 |HILINK Control Board cw Power Supply 1 ea Stock Stock uow
PL-2191 4 |Arduino UNO R3 1 ea Stock Stock Personal
- 5 |Adafruit Motor Shield 1 ea Stock Stock uow
6 |Momenttary Pushbutton 1 ea Stock Stock uow
7 |Terminal Strip 1 ea Stock Stock uow
8 |PC Board Vera Type Strip (95 x 152mm) 1 ea Stock Stock uow
9  [Multicore Connecting Cable (9 cores) 6 m $2.20 $13.20 Jaycar
10 |DC Power Cable (2 core) 17 m $1.40 $23.80 Jaycar
11 |DC Power Supply 1 ea Stock Stock uow
12 |Control Station Base ea Stock Stock uow
Demonstration Car
SKUMBB0576 | 13 |0808-312 Makeblock Beam 1 (2pk) $16.49 $16.49 Pakronics
SKU MB60036 | 14 [0824-160 Makeblock Beam 1 (4pk) $28.49 $28.49 Pakronics
SKU MB61200 | 15 [3x6 Plate 1 ea Stock Stock uow
SKU MB60536 | 16 [0808-152 Makeblock Beam 1 (4pk) $19.49 $19.49 Pakronics
SKU MB61500 | 17 [3x3 Bracket 1 (4pk) $14.09 $14.09 Pakronics
SKU MB85001 | 18 |D-Shaft 56mm 1 (4pk) $8.69 $8.69 Pakronics
25mm DC Motor Pack (Includes: 1DC Motor,
25, 1 DC Motor-25 Bracket, 1 Shaft
SKU MB95010 | 19 [Connector-4, 1 Timing Pulley 90T, 4 Screws| 2 (Pack) $25.49 $50.98 Pakronics
M4x14, 8 Countersunk Screw M3x8 & 2
Headless Screws M3x5.
SKU MB84740 | 20 [Shaft Connector 4mm 1 (2pk) $8.69 $8.69 Pakronics
SKU MB84750 [ 21 |[Shaft Collar 4mm 1 (10pk) $12.29 $12.29 Pakronics
SKU MB83016 | 22 |Timing Pulley 90T 1 (4pk) $16.49 $16.49 Pakronics
SKU MB87030 | 23 |[Tyre 68.5x22mm 1 (4pk) $14.99 $14.99 Pakronics
SKU MB61804 | 24 [DC Motor-37 Bracket 1 (2pk) $14.09 $14.1 Pakronics
SKU MB85008 | 25 |[Threaded Shaft 4x39mm 2 ea Stock Stock uow
SKU MB87330 | 26 |[Flanged Bearing 4x8x3mm 1 (10pk) $23.99 $24.0 Pakronics
SKU MB70555 | 27 |[Socket Cap Screw Button Head M4x14 16 ea Stock Stock uow
SKU MB70561 | 28 [Socket Cap Screw Button Head M4x22 1 (50pk) $6.89 $6.89 Pakronics
SKU MB70552 | 29 |[Socket Cap Screw Button Head M4x8 2 ea Stock Stock uow
SKU MB72342 | 30 |Plastic Spacers 4x7x2 2 ea Stock Stock uow
SKU MB71004 | 31 [Nylon Lock Nuts 4mm 2 ea Stock Stock uow
SKU MB70512 | 32 |Headless Set Screw M3x5 2 ea Stock Stock uow
ACS 714 33 |Current Sensor Carrier -5A to +5amp 1 ea Stock Stock uow
34 |Terminal Strip 1 ea Stock Stock uow
35 |PC Board Vera Type Strip (95 x 152mm) 1 ea Stock Stock uow
Additional Costs
36 |Paktronics GST 1 ea $0.10 $23.57 Pakronics
37 |Paktronics Freight 1 ea $11.40 $11.40 Pakronics
SUB TOTAL COSTS: $307.63
Real Cost
TOTAL COSTS: $307.63 $307.63
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Materials List ECTE458

BOM-002 (Bill of Materials)
Project: Steer-by-Wire

ECTE 458
Matthew Crawford (mrc996@uowmail.edu.au)
Student# 4652307
Revision 0
ltem MATERIALS
DESCRIPTION TOTAL Total
No. QTY | UNITS | UNIT PRICE AMOUNT SUPP.
PART NUMBERs Lane Keeping Assistance Modifications
XC4474 1 |Line Trace Sensor Module 4 ea $7.95 $31.80 Jaycar
WB1578 2 |Multicore Connecting Cable (9 cores) 10 m $2.20 $22.00 Jaycar
SKUMB61200 | 3 [Makeblock Plate 3x6-Blue(4-Pack) 1 ea $11.54 $11.54 Pakronics
SKU MB60576 | 4 |0808-312 Makeblock Beam (2-Pack) 1 ea $18.14 $18.14 Paktronics
WH5659 5 |Heat Shrink Tape (roll) 1 ea $12.95 $12.95 Jaycar
4490251 6 |[Black Canvas (Road Surface) 3 m $20.25 $60.75 Bunnings
1661592 7 |Painters Tape (Lane Markings) 1 ea $6.34 $6.34 Bunnings
1580682 8 |[Spray Paint (Lane Markings) 1 ea $11.95 $11.95 Bunnings
Additional Costs
9 |Paktronics GST 1 ea $0.10 $2.97 Pakronics
10 |Paktronics Freight 1 ea $10.00 $10.00 Pakronics
SUB TOTAL COSTS: $188.44
Real Cost
TOTAL COSTS: $188.44 $188.44|
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APPENDIX D SOFTWARE DOCUMENTATION

Included in this section is a detailed description of all software modules used in the
development of the SBW test bed. This section also includes all relevant Arduino code

and the complete Simulink model.

Forward/Reverse Movement Control Module (Arduino Software)

Module Name: Arduino Programming

See Arduino code included as part of Appendix D. This code
Coding is based on available libraries and templates. See Section 3.5.2
for program flow diagram.

The user presses the momentary pushbutton to initiate a

Operational forward/reverse sequence of movement. The speed and
Description duration are set in the Arduino programming. Full speed in
program is 255 and the speed can be set from 0-255.
Inputs Momentary pushbutton to digital input 13.
Outputs Motor outputs through Adafruit motor shield.
Tested pushbutton functionality with built in LED. Tested
Test Procedure program to run one DC motor at a time. Following car
assembly tested complete system.
. Speed = 150
Set Points Duration = 15s
Modification Record
Date Version No. | Designer Modifications/Remarks
23.9.16 0 MRC | Created program for motor control.
25996 1 MRC Incorporated momentary pushbutton

programming.

Updated programming for Adafruit

29.9.16 2 MRC ]
motor shield.

3.10.16 3 MRC Updated speed and duration settings.

26.4.16 4 MRC Updated speed and duration settings

for different LKAS scenerios.
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Arduino Programming

/* This sketch was used as part of ECTE451 to provide the forward
reverese

* movement for a Steer-by-Wire demonstration vehicle.

* The program runs at a specified speed for a specified duration.

* The movement is initiated by a pushbutton.

*/

// Adafruit motor shield libraries

#include <Wire.h>

#tinclude <Adafruit_MotorShield.h>

#include "utility/Adafruit_MS_PWMServoDriver.h"

// variable declaration
const int buttonPin = 13;
int buttonState=0;

// create the motor shield object with the default I2C address
Adafruit_MotorShield AFMS = Adafruit_MotorShield();

// declare DC motor/ports.
Adafruit_DCMotor *myMotoril
Adafruit_DCMotor *myMotor2

AFMS . getMotor(1);
AFMS . getMotor(2);

// setup function for motor shield and pushbutton

void setup() {
AFMS.begin(); // initialises shield for use with motors
myMotorl->setSpeed(150); // specify motor 1 speed
myMotor2->setSpeed(150); // specify motor 2 speed

pinMode(buttonPin, INPUT); // specify the digital I/0 as an input at
pushbutton

}

// function to move car forward and reverse
void Car_Forward_Reverse() {

// move car forward
myMotorl->run(FORWARD) ;
myMotor2->run(FORWARD) ;
delay(4000);

// stop car
myMotorl->run(RELEASE);
myMotor2->run(RELEASE);
delay(1000);

// move car backward
myMotorl->run(BACKWARD);
myMotor2->run(BACKWARD) ;
delay(4000);

// stop car
myMotorl->run(RELEASE);
myMotor2->run(RELEASE);
delay(1000);

62

and



void loop() {

buttonState=digitalRead(buttonPin); // set buttonState as value read
from pin

if (buttonState == HIGH) // when the pushbutton is pushed start movement
function
Car_Forward_Reverse();

}
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Steer-by-Wire Steering Control Modules (Simulink)

Module Name: Position Control

See Section 3.5.1.1 for the Simulink programming used for

Coding position control. The full Simulink block diagram can also be
found in Appendix D.
. The user inputs a steering angle through the hand wheel, which
Operational . .
Description is translated to the road wheel. This is a closed loop system
eseriptio with the road wheel steering angle as the feedback.
Encoder inputs EO and E1 to provide road wheel and hand
Inputs .
wheel motor position.
H-bridge output H1 to road wheel motor to transfer the desired
Outputs

steering angle to the road wheel actuator.

Test Procedure

Tested position following capability of the two DC motors.
Tested position control of demonstration vehicle.

Modification Record
Date Version No. | Designer Modifications/Remarks
31016 0 MRC Created program for position
control.
51026 1 MRC Ad@ed low pass ﬁ'lters agd angle
limits on encoder inputs in program.
6.10.16 2 MRC | Added PID controller in program.
7.10.16 3 MRC | Tuned PID control.
Updated model to work on
22.3.17 4 MRC | Matlab/Simulink 2016.
Retuned PID controller using Ziegler
1.4.17 5 MRC | Nichols method. Added gear ratio
and returnability feature.
Module Name: Force Feedback
See Section 3.5.1.2 for the Simulink programming used for
Coding force feedback. The full Simulink block diagram can also be
found in Appendix D.
The current is measured at the road wheel. This current
Operational increases as the required torque increases depending on the
Description road surface. The current at the hand wheel is measured as to
provide negative feedback.
Analogue inputs A0 and A1 provide road wheel and hand
Inputs .
wheel current inputs.
H-bridge output HO to the hand wheel motor to transfer the
Outputs

force at the road wheels to the driver.

Test Procedure

Tested current sensing ability of program of individual sensors.
Test force feedback created by different road surfaces.

Modification Record
Date Version No. | Designer Modifications/Remarks
3.10.16 0 MRC | Created program for motor control.
51026 1 MRC Added‘low pass filters on analogue
inputs in program.
6.10.16 2 MRC | Added PID block to set force
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feedback correctly.

22.3.17

Updated model to work on

3 MRC | \latlab/Simulink 2016.

1.4.17

Adjusted PID controller proportional

5 MRC .
gain.

Module Name: Lane Keeping Assistance (LKAS)

Coding

See section 3.5.1.3 for the Simulink programming used for
LKAS. The full Simulink block diagram can also be found in
Appendix D.

Operational
Description

The lane detecting digital inputs, attached to the demonstration
vehicle, are read into the Simulink program and through a
Matlab function block the vehicles lane deviation is
determined. Based on the vehicle’s speed and deviation the
vehicles steering angle is adjusted through a fuzzy logic
controller and the existing SBW system.

Inputs

Digital inputs D0/d4-D0/d7 provide the vehicle’s lane position.

Outputs

H-bridge output H1 to road wheel motor to transfer the desired
steering angle to the road wheel actuator.

Test Procedure

Tested the values read into the system when the various sensors
were activated.

Modification Record
Date Version No. | Designer Modifications/Remarks
17.4.17 0 MRC | Created subsystem for LKAS.
27 4.17 1 MRC Upda‘ted the fuzzy logic membership
functions.
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Simulink Steer-by-Wire Block Diagram
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Matlab Lane Position Function Block (LKAS Deviation)

| LANE POSITION FUNCTION* ¢ | + |
Y function y = fcn(LKAS_sensor)
2 % big right case

sil= if (LKAS_ sensor==112)

G[= v=2;

5 % medium right case

6 — elseif (LKAS sensor==96)
= yv=1.5;

8 % small right case

9 — elseif (LKAS sensor==224)
1j|= v=1;
I | % big left case
17 = elseif (LKAS sensor==208)
131|= y=-2;
14 % medium right case
1= = elseif (LKAS sensor==144)
16 — v=-1.5;
17 % small left case
18 - elseif (LKAS sensor==176)
19 - y=-1;
20 % centre of lane case
7 else
Pl |= yv=0;
23 ~end

m
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