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Centralised yaw and lateral motion control for future electric vehicles
ISAK ERVALL

ZIAD GEORGE

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

The disruptive innovation in the ever-growing and developing automotive industry
has centralised advanced driver assistance systems (ADAS) and autonomous driving
(AD) concepts. The innovations are only enhanced by the rapid electrification of
powertrain systems due to strict environmental regulations, allowing for extended
functionalities in vehicle motion control.

This master’s thesis investigates the possibilities of vehicle motion control systems
for future electric vehicles using an over-actuated vehicle with four individual electric
motors in both simulations and real-time in a test vehicle. Three different concepts
for yaw and lateral motion control are developed. The first concept is geometric path
tracking, where two controllers are developed to control the vehicle’s lateral motion
in an AD scenario. The second concept is a steer by torque vectoring controller
where the lateral motion of the vehicle is controlled using only differential torque
to act as a backup safety system in case of steering actuator failures. Finally, an
energy-efficient torque vectoring controller is developed to evaluate the possibility
of reducing the vehicle’s energy consumption by optimising the torque allocation.

The controllers were developed in Matlab Simulink and evaluated in a simulation
environment consisting of a vehicle model of the test vehicle in IPG CarMaker. The
comparison between the two path tracking controllers, i.e. the Pure Pursuit and
the Stanley controller, were evaluated based on precision, comfort and robustness.
The steer by torque vectoring controller was developed with experimental data from
simulations and the test vehicle to design a look-up table for the steering capability.
Finally, to develop the energy-efficient torque vectoring controller, an offline optimi-
sation strategy was used to construct a rule-based and a look-up table method for
the torque allocation.

The work proved that the Pure Pursuit controller was superior to the Stanley con-
troller and could remain within limits given by regulations, both in the simulations
and the test vehicle. Integrated with the steer by torque vectoring controller, the
vehicle’s lateral motion could be controlled using only differential torques. The
possibility of reducing energy consumption by optimising the torque allocation was
highly dependent on compromising the precision performance of the path tracking
and the torque allocation. With tuning, the controllers could be combined to reduce
the vehicle’s energy consumption by 1.14 %.

Keywords: Path tracking, Torque vectoring, Pure pursuit controller, Stanley con-
troller, Control allocation, Centralised control, Energy efficiency, Over-actuation
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

i Index for motor /wheel i

J Index for iteration j of simulation

a Index describing left L or right R side of vehicle

b Index describing front F' or rear R axle of vehicle
Parameters

Mbat Battery round-trip efficiency

Ngb Gearbox efficiency

ng Transmission ratio

Nsw Steering wheel ratio

TEM maz Max motor torque

TEM min Min motor torque

m vehicle mass

C1,C2 Longitudinal Force request weighting coefficients

L Wheelbase

SW Ay Steering wheel angle threshold

Lyr Distance front/rear axle to CoG

Cyfur Front/rear cornering stiffness

J.s Vehicle yaw intertia

Tw Wheel radius (static)

w Trackwidth

Winax Max motor speed

el



TEM maz Max motor torque

TEM min Min motor torque
K, Understeer gradient
dy_y Distribution constant
Variables
Oreq Steering wheel angle request
Osm Reference steering wheel angle
0K, Understeer gradient extended steering angle
dOppc Pure Pursuit Controller steering angle
dppc K., Pure Pursuit Controller steering angle with Understeer gradient
dsc Stanley Controller steering angle
« Angle between vehicle heading and target point
afy Front/rear tire slip angle
W) Yaw angle
¥ Yaw rate/yaw velocity
¥ Yaw acceleration
Vg Longitudinal velocity
Uy Lateral acceleration in the body frame
Qy Lateral acceleration
Om Phase margin
We Crossover angular frequency
Tonax Delay margin
De Heading error
dy Lateral error
Qpedal Accelerator pedal position
bpedai Brake pedal position
Pref Reference curvature
M, ey Reference yaw moment
R Path radius
lg Look-ahead distance
Xprev x-coordinate of preview point
Yoreo y-coordinate of preview point
Xrear x-coordinate of rear axle centre
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T;, EM, req
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Pem,i
Pem,loss,i
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Pmech

Pres

T,0

Yi

MRS

T,

e

precision

ay,a2

y-coordinate of rear axle centre

Look-ahead time

Root mean square error of lateral error/deviation
Total energy consumption

Reference longitudinal force
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Electronic motor losses on wheel

Power consumption of Electronic Power Assistance Steering

Power transfer to wheel ¢
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Power losses from resistant factors (friction, drag)
Longitudinal slip power losses on wheel ¢
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Introduction

The automotive industry is constantly evolving when automakers develop safer,
more comfortable and more efficient vehicles to meet customer demands and stay
competitive. In recent years the transition from conventional combustion engines
to electric powertrains has increased as regulations and automakers strive to lower
emissions. Climate change has been acting as a basis for the recent electrification.
However, in recent years, customer demands and disruptive innovations have also
made Advanced Driver Assistance Systems (ADAS) and Autonomous Driving (AD)
development central in the automotive sector. The advancement of these demands,
together with rapid electrification, has extended functionalities and presented new
possibilities for vehicle motion control systems [1]. In parallel with the public de-
mand for highly advanced vehicle systems, the demand for better range and charging
infrastructures makes it essential to keep developing new vehicle motion control sys-
tems to continuously improve energy efficiency and AD/ADAS systems for future
electric vehicles.

Active vehicle motion control systems are an important development area as it con-
cerns the enhancement of safety, comfort and efficiency during driving and involves
the application of several sensors concerning environment perception and vehicle mo-
tion sensing. Autonomous vehicles are becoming customary, which means that all
their subsystems are being developed and optimised at a fast rate. A Path Tracking
controller (PTC) constitutes one of these subsystems and is required to ensure safe
traffic behaviour. The initial focus of path tracking studies was on steering actua-
tion, which was primarily developed with the purpose of driver modelling. However,
with the upcoming demand on Advanced Vehicle Systems (AVS) in conventional
vehicles, the research focus switched from driver modelling to autonomous driving
applications [2]. Autonomous driving requires a thorough understanding of vehi-
cle motion control. More specifically, as associated with this thesis, lateral motion
control. Lateral vehicle control refers to the steering of the vehicle. [3] describes
the design of steering controllers as either an imitation of the human driver or as
dynamic models of a vehicle and control methods based on linear control theory in
the same manner as [2]. More specifically, designing an autonomous four-wheel drive
Electric Vehicle (EV) is concerned with the modelling of a control law to manoeuvre
the car accurately and smoothly along a reference path [4].

As far as the propulsion systems of EV’s go, a wide range of topologies can be im-
plemented. A single Electric Motor (EM) propelling the front or rear axle or even
individual motors on each wheel are two possible configurations of propulsion archi-
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tectures [5]. According to [6], the layout with four-wheel hub motors appears to be
the most attractive configuration due to the simple and efficient torque distribution
to each wheel. The distribution of individual wheel torques is often referred to as
Torque Vectoring (TV) in the literature. TV can generate a yaw moment on the
chassis and therefore controls the yaw motion of the vehicle to increase lateral sta-
bility and improve vehicle handling. As the numbers of actuators increase, the level
of functional integration can be increased because each wheel provides tractive and
braking forces independent of each other, allowing for the control of yaw motion to
improve the vehicle’s directional stability. However, [1] states that an increase in
vehicle behaviour flexibility indicates an increased number of possible failure modes
that can transpire during the appliance of these systems. Therefore in the current
development stage, it is of a compromising nature.

The configuration and design of the actuator and sensor architecture included in
AD/ADAS and AVS are constrained by environmental aspects. All of the actuator
and sensor energy consumption should be balanced and optimised with the driving
dynamics. To some extent, this is applied to the sensors and electronic devices but,
more importantly, to the electric actuators converting electrical energy to kinetic
energy. It is described in [7] that a configuration of four EM’s can enhance the
energy efficiency using wheel torque control allocation algorithms. The motor power
losses, tyre slip power losses or even a combination of these are used as examples. An
efficient understeer characteristic design, i.e. energy-efficient reference yaw rate, can
be implemented in any control allocation algorithm. According to [8], the understeer
characteristic design alone can reduce the vehicle’s energy consumption as much as
the energy-efficient control allocation algorithms.

1.1 Background

Lateral motion control in terms of path tracking is not a new concept in the auto-
motive industry and is well-researched in the literature. In a self-driving scenario,
the vehicle has to be equipped with some algorithm to guide the vehicle without
the steering inputs from a human driver. To accomplish such a task, one can imple-
ment a PTC. The purpose of a PTC is to apply appropriate steering motion to a
vehicle executing a geometrically defined path and thereby guide the vehicle along
that path. The goal is to minimise the difference in the vehicle’s heading angle and
the heading angle of the predefined path, or minimise the lateral error between the
vehicle and the path while maintaining stability, depending on the PTC [9].

There are various types of path tracking methods; some are simpler, and others are
more complex. Either can be sufficient, however, depending on the scenarios. What
method to choose or how they can be combined will affect the performance of the
path following. It can lead to instability or a loss of precision if the surrounding
circumstances changes, i.e. the vehicle velocity. It is, therefore, essential to have a
good understanding of what type of path tracking controller to use or how they can
be combined to improve the path tracking performance. As mentioned previously,
one of the initial purposes of developing path tracking for steering control was to
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model a human driver, as the human driver can be seen as an advanced adaptive
path tracking controller [2], which is described in more detail in [10]. However, path
tracking has evolved to become one key factor in developing successful autonomous
vehicles [11]. Today, different path tracking techniques can be divided into con-
trollers based on simple geometric relationships that make use of either a kinematic
or a dynamic vehicle model. The well-known linear single-track model or kinematic
bicycle model is often used. These controllers could obtain the characteristics of
a conventional feedback controller or even be modelled with more optimal control
formulations such as the linear quadratic regulators with or without feedforward
contributions [9], [12]. Using these relatively simple control laws for path tracking
has already been proven successful in some well-known autonomous vehicle projects.
In 2004-2005, the vehicles that finished in the top positions in the DARPA Grand
Challenge, a competition where teams compete with autonomous robots/vehicles
across an unrehearsed off-road terrain, utilised simple geometric controllers based
on simple kinematic vehicle models. However, as the design objectives changes, new
development challenges are presented when the precision and vehicle dynamics in
other operating windows, i.e. higher speeds, must be considered. As an example,
the autonomous vehicle that won the DARPA Urban Challenge, which has other
challenges to consider compared to the previous competition, used a much more ad-
vanced model predictive control strategy. The comparison between different PTC’s
has been well documented in the literature. Both [2] and [9] give a detailed com-
parison of the performance and when different methods can be successful.

In an AD scenario, the steering wheel actuator commonly controls the lateral motion,
which receives actuation inputs from the PTC. The lateral motion control is possible
due to the power-assisted steering, which can apply torque to the steering system and
thereby control the steering wheel angle. However, the steering capability would be
affected if a failure occurred in the power steering system. Therefore, power-assisted
steering is one of the vehicle’s critical safety systems. A failure could mean that the
vehicle drives off the road. Hence, to prevent catastrophic outcomes, it is required
to have a backup system that can be activated if a failure occurs in the primary
system. The backup systems are often designed based on redundancy, which means
that the safety-critical system is duplicated to minimise the risk of both systems
failing simultaneously. The secondary system can therefore take over if the primary
system fails. However, previous research has also investigated the possibility of
designing a backup system that can control the vehicle’s lateral motion completely
separated from the conventional steering system.

In [13], the possibility of utilising differential friction braking to control the vehi-
cle’s lateral motion to provide a fail-operational ability for self-driving vehicles is
investigated. The report presents the capability and the suspension’s effect on the
steering capability. The results showcase that differential friction braking can be
used to steer the vehicle but that there are limitations on how large curvature is
achievable. Another research by [14] also develops a backup system using selective
braking. However, this research focuses on mitigating errors in a steer-by-wire sys-
tem. In [15], differential braking-assisted steering is also investigated to reduce the

3
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effort from the human if the power steering system fails. Common in the previous
research is that the friction brakes are utilised as a backup system. However, new
electric powertrains enable new possibilities to use electric motors to control the
vehicle’s lateral motion instead of friction brakes. Finally, in [15], it is also stated
that the advantage of a backup system for steering that uses differential braking,
either by friction brakes or regenerative braking with the electric motors, is that it
only requires software implementation but no hardware modifications.

Another use case when having multiple electric motors is to distribute the torque
between them to improve, for example, the vehicle’s handling. A control system that
distributes the individual motor torque is called a torque vectoring controller. TV
as a general concept is relatively intuitive with regard to a basic understanding of
lateral dynamics. With a vehicle drivetrain layout of four individual onboard EM’s,
one could describe turning manoeuvres as nothing more than torque differences on
each side. However, this general explanation of TV does not regard precision and
excludes the different possibilities associated with TV. The most common use case
with TV is to control the vehicle’s yaw motion to improve, for example, the corner-
ing ability and the vehicle’s stability. The main blocks constituting a TV control
framework according to [16] are the reference generator, a high-level controller and a
low-level controller. The reference generator defines a target yaw rate and a sideslip
angle. The high-level controller calculates the required total torque and yaw mo-
ment in a complete vehicle sense, and the low-level controller calculates the required
force and yaw moment to individual torque demands for the wheels. However, TV
control algorithms can be modelled with regard to specific performance require-
ments. Safety, stability, optimised energy efficiency or a combination of these and
other properties could be used as a basis for the TV control algorithm. [16] states
that most reference yaw rate generators focus on tuning the understeer coefficient.
However, as stated, TV control algorithms can be modelled based on specific perfor-
mance properties. For example, [6] proposes two different control strategies for TV.
The first logic is based on optimal control theory, and the second control strategy is
on the understeer/oversteer behaviour of the vehicle using a dynamical yaw index
associated with measured dynamical vehicle properties. In the first logic, vehicle
sideslip and yaw rate are estimated using lateral acceleration measurements and roll
stiffness distribution of the vehicle. The second control strategy uses a proportional
regulator for the purpose of keeping the vehicle in steady state cornering conditions,
which leads to a prevention of excessive increase of sideslip angle. This method is
advantageous in the way that it does not estimate the friction coefficients since that
is only required to avoid excessive longitudinal force demands and also avoid the
estimation of the sideslip angle since the regulated quantity is a yaw index being
proportional to the lateral acceleration and inversely proportional to the yaw rate
and vehicle speed.

TV can also be combined with the PTC. However, the combination of a PTC and a
Torque Vectoring Controller (TVC) is not a well-documented system which [2] em-
phasises. There have been some appropriate investigations with gainful results. [2]
compares the integration of TV with different steering-based PTC’s during obstacle
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avoidance tests. Single point PTC’s without a look-ahead point and multiple-point
preview PTC’s are implemented as both independent of the TVC, where the TVC
receive the steering angle output of the PTC to generate a reference yaw rate and
also as a merged system with integrated steering and direct yaw moment control.
The performance indications of the different configurations were evaluated concern-
ing several quantities, including the entry speed of the vehicle into the different
reference paths and the root mean square values for two different quantities, namely
the position error relative to the reference path and the yaw angle error between
vehicle trajectory relative to the reference path. The yielded results are partly
evaluated with the entry speed of the vehicle. The path tracking controllers with
preview had the highest entry speeds for the basic reference path. However, when
the reference path obtained a further smoothed-out shape, the controllers without
preview achieved the highest entry speeds. The implementation of torque vectoring,
both integrated and separate multi-layer concepts, improved the entry speed by 1
to 3 km/h. Another study diving into the combination of path tracking and TV is
described in [17], which proposes a control scheme consisting of three parts. The
different parts are a non-linear model predictive PTC to generate the steering angle
and the desired longitudinal force of the EV, a lateral stability controller to provide
an extra yaw moment to balance stability and mobility with the use of a lateral
stability criterion to judge vehicle stability and a TVC. This integrated model pre-
dictive and torque vectoring control was tested for different scenarios and improved
lateral stability by maintaining control in a combined steer and brake process in a
sharp turning manoeuvre on high friction roads. The path tracking precision was
enhanced for the lane change test and the turning test with low friction road due
to improved vehicle mobility at relatively bad road conditions, which reduced the
vehicle side slip.

Even though the efficiency of EM’s is superior to internal combustion engines and
is more environmentally friendly due to the exclusion of fossil fuels, there is still
room for improvement. Utilising four onboard independent EM’s allows the imple-
mentation of optimal force allocation algorithms to reduce the energy consumption
further while cornering. The engineering of energy-efficient systems is a continuous
development area, and even with a transition to environmentally friendly energy
sources, i.e. electric powertrains, and a significant increase in propulsion system
efficiency, there is still room for improvement in terms of energy optimisation. This
idea stems from the fact that electric vehicles have a relatively low mileage per charge
[18]. An attempt to improve the efficiency was made in [19], where it is explained
that a configuration of four individual EM’s results in an over-actuated system, i.e.
a mathematically under-determined problem [1], leading to an infinite amount of
torque distribution combinations to achieve the requested output. This property
allows for optimisation opportunities. [19] improves the efficiency of a TVC by dis-
tributing the tractive/braking forces and the yaw moment requests according to an
energy-efficient control allocation strategy which was based on drivetrain power loss
measurements. The results showed a 4 % reduction in energy consumption during
cornering conditions.
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Finally, it is evident that there has been a lot of research and development previously
regarding the topic of yaw and lateral vehicle motion control. The ever so advancing
development of the different path tracking methods for autonomous vehicles with
various success in different applications have played a key role in developing safer
and smother autonomous vehicles. However, the development and comparison of
different PTC’s are often conducted independently of other motion control systems
focusing on front-steered vehicles. More research can still be conducted comparing
different methods of path tracking and how to combine them with other vehicle
motion control systems.

Furthermore, it is also evident that with the growing number of electric vehicles and
the possibilities in yaw control that the electric powertrain enables, rapid research
and development are ongoing on the topic of torque vectoring. The purpose of this
development has mainly been on driving dynamics, such as controlling understeering
for better cornering performance. Another focus area when developing TVC is its
potential to improve energy efficiency. New electric powertrains also enable new
backup systems for lateral motion control to be developed and the capability of
such systems is not very well researched in the literature. Even though there has
been research on combining PTC with TVC, which has been presented earlier in this
report, merging these two vehicle motion control functions into one is still a new
research area which requires more attention in the development of new autonomous
electric vehicles. In the research presented in this section, the focus area in merging
these functions has also previously been focusing on improving the handling qualities
of the vehicle with regards to, for example, stability, comfort or safety in specific
manoeuvres rather than improving energy efficiency.

Consequently, from the research presented in this section, it is evident that there
exists a potential for vehicle dynamics enhancement when further developing path
tracking and torque vectoring. The handling qualities can be improved beyond the
conventional stability control systems of today’s vehicles. Moreover, when consid-
ering the possibility of improving energy efficiency with TV, combining the two
yaw and lateral vehicle motion control functions into one centralised framework for
controlling different actuators enables improvements in both driving dynamics and
energy efficiency. Therefore, this is an important research area in developing safe,
comfortable and energy-efficient electric vehicles of the future.

1.2 Research problem

In future EV’s, the number of active vehicle control functions, as well as sensors for
vehicle motion sensing and environment perception, are expected to increase. Com-
bining this with different actuator configurations concerning EM’s that are possible
with EV’s enables various numbers of different active vehicle motion control func-
tions. These functions could be used to enhance the level of safety, comfort and
energy efficiency. However, even though there has been much independent research
on PTC’s and TVC’s, with some presented in the previous section, there is still
room to develop new PTC’s and TVC’s to improve the path following and energy
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efficiency of future EV’s. Furthermore, how different motion control functions can
be combined and how new electric powertrain configurations can be used as backup
systems need more research. There should also be a balance between the energy
consumption of all these sensors and actuators with the driving dynamics in both
manual and autonomous driving scenarios. The energy efficiency in these driving
scenarios can be optimised by combining different actuators. The redundant sensors
and actuators also enable the design of a safer and smoother fall-back system if an
actuator or a sensor stops working.

This thesis project focuses on these problems, specifically concerning how yaw and
lateral motion control in terms of PTC and TVC can improve the primary and
backup path following and the vehicles’ energy efficiency in a centralised framework
in the car. Both as separate controllers or in a combination. Moreover, the theoret-
ical research is also extended to include a practical implementation in a test vehicle.
The research problems can be summarised in the following questions:

o Which of the evaluated geometric path tracking algorithms are superior for
path following concerning precision comfort and robustness?

o Can torque vectoring be used as a safety backup steering system to ensure
fail-operational ability if the steering system fails?

o Can an optimised torque vectoring controller reduce the vehicle’s energy con-
sumption?

o Can path tracking control be combined with torque vectoring control in a
centralised control system for optimal path following and energy consumption?

The project is divided into different topics, each aiming to address the research
questions. Technical content included in the first research problem is evaluating and
implementing different PTC’s utilising only front-wheel steering. The performance
of the PTC’s are evaluated concerning precision, comfort and robustness, which will
be examined in both mild and dynamic driving conditions to appraise the robust-
ness of the PTC’s. The second research problem includes the development of an
integrated path tracking controller and a torque allocator with the purpose to steer
the vehicle as a backup system using differential torques only. Considering that
this is a backup safety system, the requirement of this integrated controller is to
keep the vehicle within an arbitrary distance on a reference path and not focus on
energy efficiency, comfort or robustness. The third and fourth research problems
can be summarised as structuring and formulating the energy optimisation problem
to design a torque vectoring controller for both optimal path following and energy
consumption.

1.3 Aim

The main work expected here is to design and implement a centralised controller
for vehicle yaw and lateral motion control in manual driving, as well as a handful of
AD/ADAS scenarios. Centralised means that all the motion requests are calculated
centrally at the vehicle motion control layer, where one specific actuator request,
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e.g. target steering angle, will be generated and sent to the steering actuator control
module. The goal is to fulfil the manual and AD driver-requested trajectory in an
energy-efficient and safe way when deploying different actuators.

1.4 Limitations

The PTC’s that are to be evaluated are the Pure Pursuit controller (PPC) and
the Stanley controller (SC). However, several other PTC’s could provide useful
knowledge and reinforce the expected results based on the purpose of this thesis.
Nevertheless, the time frame in which this thesis will be conducted will not allow for
a thorough investigation of more path tracking concepts. Consequently, it will not
fulfil the purpose of this thesis if more than the two PTC’s in question are studied and
evaluated. Suppose some fundamental functional changes that are characteristics
of the controllers mentioned above are to be made to acquire a slightly altered but
different PTC. In that case, that one will be evaluated in the same manner.

Implementing optimal torque allocation algorithms to reduce the vehicle’s energy
consumption is comprehensive and open for development. The algorithm can be
based on several variables to optimise, and multiple methods can be applied. There-
fore, a unique energy-efficient torque allocation algorithm will not be derived in this
project due to the time constraints and a small precision compromise of studying
and evaluating existing methods concerning the actuators and the system in general
of the test vehicle. For example, if a torque allocation algorithm is based on the mea-
surement of road friction coefficient using optical sensors to measure light absorption
[20], then that method would be excluded since this equipment is unavailable in the
test vehicle.

1.5 Societal, ethical and ecological aspects

The electric vehicles of the future play an important role in making the vehicle fleet
more environmentally friendly. As new regulations for car manufacturers get more
strict and when countries plan to implement a ban on selling combustion cars [21],
the requirement to develop new electric vehicles increases. Meanwhile, automakers
also develop new technologies in active safety and autonomous driving, which strive
to improve the safety standards for road and traffic occupants. Consequently, the
importance of safe and sustainable vehicles also requires a discussion on how a
concept may comply with apparent environmental and ethical issues that can affect
the society it is operated in.

This thesis project focuses on the development of yaw and lateral motion control
systems for electric road vehicles. It is important that the societal, ethical and
ecological aspects of these systems are not overlooked. When developing a control
system that acts on different actuators to control the vehicle’s motion, it is crucial
to ensure that it is safe. In 2016 approximately 1.3 million people died as a result of
road traffic accidents [22], and one big incentive for developing new ADAS and AD
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systems is to reduce this number. AD has the potential to make driving safer for
both vehicle and traffic occupants, and level 5 autonomous vehicles will eventually
be available for a broader market. However, more development is still required to
ensure its safety and path tracking algorithms are one part of this development.
Developing path tracking algorithms can, therefore, contribute to a better society
with reduced road traffic accidents and deaths in the long term.

Another aspect of electric vehicles is their ecological impact on the environment.
Some research shows that, on average, the life-cycle emissions from electric vehi-
cles are lower than newer petrol cars, and even inefficient electric vehicles are less
emission-intensive than the most energy-efficient new petrol car [23]. However, the
environmental aspects of electric cars still require attention. Especially as previously
mentioned, the vehicle’s energy efficiency can be improved by optimising the torque
allocation. The ecological aspects of this thesis are, therefore, also of importance.

Finally, to conclude this discussion, it is evident that this thesis has both an ethical
and an ecological aspect. It is crucial to ensure a safe and robust control system,
as errors could endanger human life. The design for energy optimisation will also
contribute to addressing the so apparent environmental issues as well. Develop-
ing a centralised yaw and lateral motion control system for torque vectoring and
path tracking will likely contribute to safer and more energy-efficient vehicles in the
future.
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Control Allocation

An essential part of this project is the fact that the vehicle used in this study is
over-actuated. With increasing electrification and higher demands on safety, the
number of actuators and how they are used in the vehicle have changed. Previously,
the actuators were used for only one task, for example, friction brakes to brake the
vehicle. Now, friction brakes are also used in safety functions related to stability
functions, such as rollover protection. When adding an electric motor, the braking
task can be performed by either the electric motor or the friction brakes. This
redundancy of actuators leads to control-related challenges. Which actuators should
be used, and how should the requests be allocated between them to achieve the
desired vehicle motion? In this chapter, the control architecture to solve this problem
is introduced, which is control allocation.

2.1 Definition of over-actuation

An easy-to-understand definition of over-actuation is based on the understanding
that with an over-actuated system, one has the possibility to choose how a specific
task is to be performed. From a theoretical point of view, if a task has less degrees
of freedom to control than there are actuators that could perform the task, then the
system is over-actuated. For example, suppose a vehicle is equipped with friction
brakes and electric motors. In that case, it is over-actuated regarding the deceler-
ation task since it could be performed by either the friction brakes or the electric
motors [24]. The degree of freedom when braking a vehicle is 1 (longitudinal mo-
tion), but 2 actuators can perform the task. Therefore, the vehicle is over-actuated.
Similarly, the vehicle can be over-actuated regarding the lateral motion. Ground
vehicles can be modelled as a rigid body with three degrees of freedom when the
steering is considered, which are characterised by three dynamic states: longitudinal,
lateral, and yaw motion [25]. A vehicle equipped with four independently actuated
electric motors for each wheel provides the freedom to allocate the wheel forces in-
dividually. Each actuator, i.e. electric motor, can give rise to each one of the states
and therefore, the vehicle is over-actuated concerning the longitudinal, lateral and
yaw motion. Adding the friction brakes and the steering wheel, there can be a total
of nine actuators to control the vehicle’s planar motion. Consequently, there are
many options to achieve the same vehicle motion.

10
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2.2 Definition of control allocation

Control allocation goes hand to hand with over-actuation as it refers to the different
methods to allocate a given control variable to solve the over-actuation problem.
Control allocation distributes the total control demand between the different actu-
ators. There are different control allocation methods, for example, pseudo-inverse,
daisy-chaining, and direct control allocation [24]. Other examples of control allo-
cation worth mentioning include online solvers using active-set algorithms or offline
optimisation using look-up tables. Control allocation can be described as actuation
selection of the control effort in the sense that the control effort is primarily decided,
which is then allocated to the different actuators with consideration to an arbitrary
characteristic of the system [24]. The control variable could be allocated concerning
comfort, performance and/or energy efficiency. This project’s primary interest is
to allocate the torque request to the different EM’s to increase the vehicle’s energy
efficiency, which is enabled by the fact that there are an infinite number of torque
allocation combinations available. Utilising an optimised control allocation method
can reduce the vehicle’s energy losses. Worth to note is that this will be done online,
where the allocation will be decided instantaneously, not prematurely.

2.3 A Centralised Control Architecture

Historically, vehicles have had decentralised control architectures, meaning that each
actuator has one specific purpose and control module, which receives requests and
allocates them to the actuator to achieve the desired motion. However, this is
unsuitable for an over-actuated system [24], and therefore, this is changed to a more
appropriate control architecture which centralises the allocation of the actuators.

As the name would suggest, the centralised control architecture centralises the co-
ordination and allocation of the different actuators in one place in the vehicle, i.e.
the selection and allocation of the steering wheel angle, the motor torques, and the
friction brakes are centralised in the control allocation. One advantage with control
allocation is that it separates the actuator selection and regulation tasks in the con-
trol design, which implies that the regulation tasks are done prior to the actuator
selection [24]. Consequently, the centralised controller consists of two main parts:
the reference generator and the control allocation. The reference generator inter-
prets the driver inputs and sensor data and regulates/computes reference signals,
which are the inputs to the control allocation. The control allocation then coor-
dinates and allocates the outputs to the different actuators based on the reference
signals and sensor data to achieve the desired vehicle motion.

Another benefit of this architecture is the arbitration of different requests from dif-
ferent control algorithms, which means how they are prioritised and coordinated
between the actuators. Furthermore, the individual control modules in the de-
centralised control structure are often manufactured by suppliers, making it more
complicated to develop new control algorithms. The centralised control architecture
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enables the integration and development of new vehicle motion control systems with
existing software, which is essential in this project.
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Methodology

This chapter introduces the methodology for the project. The chosen simulation
environment where the controllers are developed is presented in section 3.1, which
includes the driver and vehicle model and the chosen control architecture structure.
The test vehicle utilised to evaluate the controllers in the project is presented in
section 3.2. Finally, a simplified vehicle model for the test vehicle, which is used in
the initial development stages, is derived in section 3.3.

3.1 Simulation Environment

The simulation environment is developed in IPG CarMaker and Matlab Simulink,
which is illustrated by the block chart in Figure 3.1. IPG CarMaker contains the
driver model, the surrounding environment and most of the vehicle model. The
control architecture is developed in Matlab Simulink, which consists of a reference
generator and a control allocator. The actuator control block consists of the pow-
ertrain model and the steering wheel angle control and is also developed in Matlab
Simulink to complete the vehicle model.

Matlab Simulink

IPG CarMaker

Actuator Control

T4 .
Driver [ty Reference .z ) Control Lu | Powertrain Vehicle Model
Generator Allocator Whee! Anal &
eel Angle| || s .
4 g ’ 3| Environment

Control

Figure 3.1: Block chart illustration of the simulation environment and control
architecture

The TPG CarMaker driver model can control the vehicle’s planar motion by the
steering wheel angle 0,4, accelerator pedal @peqqr, and brake pedal bpeqq; requests.
The driver request signals are bundled in a vector d,., as displayed in Figure 3.1.
The use cases include a driver-in-the-loop, which means that the IPG CarMaker

13



3. Methodology

driver model follows a predefined path and velocity profile. Therefore, the driver
acts as the feedback control, which closes the control loop by, for example, increasing
the accelerator pedal position if the desired vehicle motion is not met.

5req
dreq = | Gpedal (31)
bpedal

The reference generator processes the requested signals from the driver, d,.,, to
interpret the desired vehicle motion and generate reference signals to the control
allocator. The driver always controls the longitudinal motion throughout this study
with the accelerator and brake pedal. In the reference generator, the requested
pedal positions are translated into a reference longitudinal force request, Fj ,.; by
the driver interpreter using a simple linear model given by

C1 * Qpedal if QApedal >0
Fx, Teq(apedab bpedal) - 07 ifo=0 (32)
€2 - bpedar,  otherwise
0 S afpedal S ]-7 0 S bpedal S 1 (33)

where ¢; and ¢y are constants. The reference generator also computes a reference
curvature pr.y describing the curvature of the reference vehicle trajectory. The
reference curvature is computed by the geometric path tracking controller, which
will be described in more detail in chapter 4. The final reference signal is the
reference yaw moment, M, ,.r, which will be described in chapter 6. The reference
signals are bundled in the vector v,.;.

Pref
Vief = Fx, ref (34)
Mz, ref

Once the reference signals are acquired, the control allocator computes the torque
distribution between the different EM’s, Tps1. 4 and the steering wheel angle, dgyw,
based on the reference signals. Note that the control allocation will allocate the
request signals differently depending on the configuration. In this project, three
different controllers are developed, a path tracking controller, a steer by torque vec-
toring controller and an energy efficient torque vectoring controller. Consequently,
the utilised controller will determine the output of the control allocation. If, for
example, the torque vectoring controller is not utilised, the control allocation will

14



3. Methodology

allocate an equal torque request to each motor based on the reference longitudinal
force request, F, ,.;. The vector u contains all the requested control signals from
the control allocator. The architecture for each controller and how the reference
signals and the control allocation is computed is described in more detail for each
respective controller in chapter 4, 5 and 6.

5SW
Tl, EM, req
u = T27 EM, req (35)
T3, EM, req
T4, EM, req

The request signals in u are then processed in the final Matlab and Simulink model,
i.e. the actuator controller. The actuation control block models the actuator hard-
ware, which means that it calculates all the power losses throughout and confines the
control signals within their respective actuator limits. The EM and inverter losses,
transmission losses and battery efficiency are modelled. The losses are described in
detail in chapter 6.

The actuator controller outputs are then sent to the vehicle model in IPG CarMaker,
which will feed the vehicle and environment data back to all the blocks in the system.
These signals are compiled in the vector w.

Vg
(&
W= | Xp0s (3.6)
szos

The first four elements of w are the most significant signals that will be included
in calculations and discussions. v, is the vehicle’s longitudinal velocity, 1 is the
vehicle’s yaw rate, X,,s and Y, is the vehicle’s position. However, several other
variables are also used throughout the model that utilises other feedback signals
from the vehicle model and the environment, hence the ellipsis points at the end of
w. These signals are, however, not discussed in the report.

3.2 Test Vehicle

The test vehicle used in this study is a modified Polestar 1 where the originally
mounted front axle combustion engine has been replaced with two Permanent Mag-
net Synchronous Machines (PMSM). Therefore the test vehicle is equipped with four
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identical PMSM’s connected to each wheel respectively, with a fixed transmission
ratio and a half-shaft. Each EM can be controlled independently by allocating the
torque requests. The test vehicle is modelled both in IPG CarMaker and in Matlab
Simulink. However, the process of developing the vehicle model is not covered in
this report as it was not included in this project. The relevant vehicle parameters
are presented in Table 3.1.

Description Symbol Value  Unit
Vehicle mass m 2159 [Kg]
Distance rear axle to CoG L 1.22 [m]
Distance front axle to CoG Ly 1.523 [m]
Rear cornering stiffness Cyr 173390 [N/rad]
Front cornering stiffness Cyr 126950 [N/rad]
Vehicle yaw intertia I 4860  [kgm?
Wheel radius (static) Tw 0.33 [m]
Transmission ratio 7 10 1]
Steering wheel ratio Nesw 16 1]
Trackwidth W 1.645 [m]
Max motor speed Winax 12000 [rpm]
Max motor torque TEM maz 270 [Nm]
Min motor torque Termin ~ -270 [Nm]

Table 3.1: Vehicle and actuator parameters

The test vehicle is equipped with a GPS sensor to obtain the necessary real-time
variables. Figure 3.2 is a schematic view of the vehicle drivetrain and GPS sensor.
The test vehicle is also equipped with a MicroAutoBox from dSpace, which enables
testing of the developed controllers in real-time in the test vehicle. The MicroAuto-
Box is suitable when testing new functions in a rapid prototyping scenario where it
acts as an interface that bypasses and sets different signals on the CAN bus in the
vehicle.

4 N

Transmission

Transmission

EM | —{Inverter —|Inverter EM

GPS Battery Front
EM —(Inverter —|Inverter—— EM

Transmission

[Transmission

o /

Figure 3.2: Schematic view of the test vehicle drivetrain and GPS sensor
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3.3 System Modelling

As mentioned previously, the process of developing the IPG CarMaker vehicle model
is not described in this report. However, the process of developing the controller
concepts in this study and integrating them for real-time applications consists of
several steps. A good approach can, therefore, be to use a simplified vehicle model
and simulation environment in the initial development stages before utilising the
IPG CarMaker simulation environment and then evaluating the controllers in the
test vehicle. Therefore, a simplified vehicle model is developed and used to develop
the PTC, which is described in the following sections.

3.3.1 Kinematic bicycle model

A regularly exploited vehicle model in the development of geometric PTC’s is the
kinematic bicycle model, which is a simplification of the Ackermann kinematic vehi-
cle model in the way that the wheels on each axis are combined to form a two-wheeled
model [9]. The kinematic bicycle model is visualised in Figure 3.3.

Figure 3.3: Kinematic bicycle model

Note that in Figure 3.3, the local reference frame is positioned at the vehicle’s
centre of mass, which would allow for simple application of the laws of motion.
Also, assuming small steering angles, the following simplifications can be made:

sin(d) =~ 4§, cos(d) =1, tan(d) = . (3.7)
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As illustrated in Figure 3.3, free-body diagrams are used to describe the physical
models. The deriving equations of the free-body diagram are presented in equations
3.8 - 3.14. Equations 3.8 and 3.9 make up the equilibrium equations of the model

m-a, = Fyp-cos(6) + Fy, = Fyp + F, (3.8)
Joo ) =1p-cos(0) - Fyp — 1, - Fpp =1y Fyp — 1, - Fy, (3.9)

where
ay = Uy + - v, (3.10)

Equation 3.8 describes the lateral force dynamic equilibrium and is obtained by
applying Newton’s second law of motion. Note that the term describing the lateral
force produced by the front tires utilises the small steering angle simplification. The
lateral acceleration as derived in equation 3.10 is a sum of the lateral acceleration v,
in the body frame and the centripetal acceleration of the vehicle. Since all the forces
in the X-Y plane rotate around the centre of gravity of the vehicle, the moments
produced by the tire forces act in opposite directions and equation 3.9 demonstrates
that the difference of these moments is equal to the moment produced by the inertia
I

The constitutional equations describe the relations between forces, moments and
motions, which in this case refers to the tire model described by equations 3.11 and
3.12, which defines the lateral tire forces as the product of the tire cornering stiffness
and the tire slip angle. The tire model falls under the type of constitutional cases
describing dry friction contact.

Fyf: —Cf-af (3.11)
Fy=—-C,-a, (3.12)

The compatibility equations describe the relations between motions, such as posi-
tions, velocities and accelerations. Equations 3.13 and 3.14 apply the simplifications
of small steering angles to define the tire slip angles as a function of the motion-
related variables.

(3.13)

Vg Vg

I Iy
aFamn(f“%)_mwﬂw_a
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—lr~¢+vy>%—lr-¢+vy (3.14)

o, = arctan
/U:B U{L’

The mathematical model of the physical system as presented in equations 3.8 -
3.14 act as a basis for the derivation of the state-space form of the specific derived
continuous linear time-invariant system, which is a linear representation of the dy-
namic system. FExpressing the system in state-space form is a basis for dynamics
processing. Equations 3.15 and 3.16 displays the state space form

t=A-x+B-u (3.15)
y=C-2+D-u (3.16)
Where z is the state vector with states x € R"™ and state derivatives & = 2 ¢

. TP
R™. The output vector is denoted by y € R’ and the input vector u € R™. The

dimensions of the matrices A, B, C and D are presented below

AR BeR'™™ (CeR*™ DeR®™ (3.17)

with n being the number of states, m the number of inputs and j number of outputs.

The state variables are the local lateral vehicle velocity v,, the vehicle yaw rate W,
the vehicle yaw angle v, and the global lateral position Y. Note that the state
variables could be any arbitrary variable, provided that the variable can describe
the state of the system. The state vector is defined as

r= Yy V)T cR? (3.18)

and the state derivative variables are defined according to equations 3.19 - 3.20
respectively.

b, = W Cr = Cop) +9(Cor e = Cog ol =m-1}) | Cyy -0 (3.19)
m - Uy m

. vy(ly - Cyr — 1 - Cyf}Jr zf}(—Cyr 17— Cyr - 13) N Oyf(]' ly-0 (3.20)

The expressions for v, and ¢ are derived by factoring them out and substituting the
appropriate variables in equations 3.8 - 3.14.
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The input and output variables are chosen with regard to the objective of the system.
Since the vehicle model is the plant model, which is more commonly known as the
process of the control system, the output variables, i.e. the control variables, are
chosen to be identical to the state variables, namely the local lateral vehicle velocity
v, and the vehicle yaw rate . Having numerous outputs provides the freedom to use
several methods to find the optimal controller with respect to precision and comfort,
amongst other measurable qualities. Also, the outputs should be a representation
of the vehicle motion. The actuating variable, which is the input variable to the
vehicle model, is chosen as the steering angle J as it is frequently used as the output
of the PTC [11], [2], [9], and the input to the kinematic bicycle model [26], [27]. The
input vector u and output y are therefore defined as

u=4§€R (3.21)
y=(v,¢)" €R? (3.22)

and using the general state space form as presented in equations 3.15 and 3.16 and
the expressions for the state derivative variables defined by equations 3.19 and 3.20,
the matrices A, B, C and D are derived and presented below.

_Cyr+cyf Cyr‘lr—cyf~lf—m~’l)g
A= (cyr~zﬁgjf.lf Cyr B4 Cy 2 ) eR*?? (3.23)
Jzz"U;;' B J2z g
Cys
B = (zf%gf) eR*?! (3.24)
JZZ
C= (é ?) S (3.25)
0 2z1
D= <0> €R (3.26)

All the terms in equations 3.15 and 3.16 are now defined, and the state space model
of the physical system is presented in equations 3.27 and 3.28.

) _CurtCyy Cyrle=Cyply—mvg v Cyy
v\ — mvg mevg ! m) .
<¢> Cyrlr—Cyy-ly Clyrl24Cy 12 <?/1> + <zf. yf> 0 (3.27)

Joz vz Jzz vz Jzz

GO e

< e e E
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The relationship between the output signal of a control system and the input signal
is represented by a transfer function. Since transfer functions represent linear time-
invariant systems in the frequency domain, the transfer function is acquired by
dividing the numerator polynomial, i.e. the output variable in the frequency domain,
by the denominator polynomial, which is the input variable in the frequency domain.
The transfer functions from steering angle to local lateral vehicle velocity v, and
the vehicle yaw rate ¢ are defined by equations 3.29 and 3.30, respectively. The
parameters used in the matrices A and B given by equations 3.23 and 3.24 are
presented in Table 3.2.

Parameter Value Unit

m 2159 [Kg]
I, 122 [m]
I 1523 [m]
Cyr 173390 [N/rad]
Oy 126950 [N /rad]
Uy 60 [km/h]
J 2z 4860  [kgm?|

Table 3.2: Parameter values used for kinematic bicycle model

v, (s) 58.8s — 241.8
o (s) = () _ 3.29
50, (3) 6(s)  s*>+15.17s+60.57 (329
d(s) 39.785 + 345.3
O e _ 30
5-+9(5) 6(s) 82+ 15.17s +60.57 (3:30)

The yaw angle 1) is another variable that could be used to handle the position and
state of the vehicle. Luckily it is easily derived since the transfer function of the
vaw rate ¢ is already defined. The time derivative of the yaw rate is equal to the
yaw angle, and in the frequency domain, an integration is represented by the factor
1/s. Therefore the yaw angle is defined as

1 0(s) 30.785 + 345.3
== 5@ = = 3.31
V=S G = S T S 15175 1 60575 (3:31)

3.3.2 Frequency response analysis

The bode plots for the transfer functions from steering angle to lateral velocity, yaw
rate and yaw angle are shown in Figures 3.4 - 3.6 respectively.
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Bode Diagram
Gm = -24.1 dB (at 3.59 rad/s) , Pm = 82.9 deg (at 0.25 rad/s)
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Figure 3.4: Bode plot for transfer function from steering angle to lateral velocity

Bode Diagram
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Figure 3.5: Bode plot for transfer function from steering angle to yawrate

Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm = 56.1 deg (at 4.81 rad/s)
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Figure 3.6: Bode plot for transfer function from steering angle to yaw angle

22



3. Methodology

The phase margin is positive for each system, and the gain margin of G;_,; and
G-y are infinite, meaning that these systems are stable. However, the gain margin
of the transfer function Gs_,,, is negative, which does not necessarily mean that
the system is unstable. There is much more to stability analysis than observing the
sign of the gain margin because unstable systems are undefined for this method.
For a LTI system to be stable, the transfer function of that system must have all
poles on the left-hand side of the complex plane. Poles at 0 mean that the system
is marginally stable. Positive zeros of the transfer function do not directly insinuate
instability, only a negative phase shift, which could eventually lead to instability.
The poles and zeros of the transfer function Gs._,,, are shown in Figure 3.7.

Pole-Zero Map
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Figure 3.7: Pole-Zero plot for Gs_,,,

As can be seen from Figure 3.7, there is a zero with a real value of approximately
4.1. With two already stable transfer functions, i.e. G, and Gy, the use of the
transfer function Gs_,,, will be excluded from the development of the controllers.

The robustness of a system can partly be characterised by its delay margin. The
delay margin is the critical value where a closed-loop system transitions from stable
to unstable conditions. In [28], it is explained that this critical value is acquired by
using a first-order Padé approximation, with the final formula given by

Tmaz = (Z” [s] (3.32)

where ¢,, is the phase margin at the crossover angular frequency w,, i.e. the angular
frequency where the transfer function gain is 0 dB. For the transfer function Gs_,y,
which will be widely utilised throughout this project, the delay margin is
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bm 5615
=m0 380 =9 .
Tnaz =" e = 0203 [s] (3.33)

A high delay margin is synonymous with high robustness, and it is desired that the
control plant of the system is robust in order to be able to handle delays that are
introduced as the complexity of the systems increase.
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4

Geometric Path Tracking

In this chapter, two concepts for geometric path tracking are described and evaluated
both in the simulation environment and in the test vehicle that was presented in the
previous chapter. The concepts evaluated in this study are the Pure Pursuit and
the Stanley controller. The path tracking controllers’ task is to control the vehicle’s
lateral motion in an AD scenario by allocating the steering wheel angle to follow a
specific reference path. There are three essential attributes of the controllers that
are evaluated in this study: the controller’s precision, comfort and robustness.

4.1 Geometric Path Tracking Controllers

There are various methods to formulate a geometric path tracking control law. The
different PTC’s could differ in how the reference point on the vehicle is placed on the
front or rear axle or any arbitrary point on the vehicle. Another characteristic of a
PTC is how the target point is defined. The target point can be defined somewhere
along the path, or there is no target point. The used control and tuning parameters
could also vary for different PTC’s. In this section, all characteristics of the PPC
and the SC will be presented and described.

4.1.1 Geometric Vehicle Model

One essential variable for the PTC’s that will be used throughout this project is the
curvature p and its relation to the front tire steering angle . The curvature is the
vehicle’s rear axle trajectory for a certain steering angle. The geometric relation-
ship between the front tire steering angle and the curvature can be formulated by
simplifying the vehicle to the bicycle model according to Figure 4.1.

Figure 4.1: Geometric vehicle model
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As displayed in Figure 4.1, the front tire steering angle can be formulated as

tan(d) = (4.1)

7|

and the curvature is inversely proportional to the radius of the vehicle’s trajectory
R, according to

p= (4.2)

Consequently, the relationship between the curvature and the front tire steering
angle can be formulated as

tan(d)
7

tan(0)=L-p—p= (4.3)

4.1.2 Pure Pursuit Controller

The PPC is a common geometric PTC [11] describing how a human driver would
turn to a point in front of the vehicle. This point is referred to as the look-ahead
point, and its distance depends on the vehicle velocity since this is consistent with
the look-ahead point of an actual driver as a driver looks further ahead at higher
speeds. Geometrically, this can be drawn as displayed in Figure 4.2.

Reference Path

L

Figure 4.2: Geometric visualisation of the Pure Pursuit Controller
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Deriving the equations for the PPC is introduced by recognising that the law of sines
can be applied to find a relation between the radius R and the angle o according to
equation 4.4.

la R
sin(2-«)  sin(

b - (4.4)

The radius R is the distance from the instantaneous centre of rotation denoted as A
and the rear axis of the vehicle B, describing the arc C' in which the vehicle travels
in an arbitrary instance. The angle « is the angle between the vehicle heading, i.e.
the line from B to the look-ahead point F, and the line from B to the target point
on the path D. ¢ is the front tire steering angle, and L is the wheelbase. [ is the
look-ahead distance, which is the distance from B to E and is defined as

ld = Tp 0 (45)

where T, is the look-ahead time, and v is the vehicle speed along its longitudinal
axis. Consequently, the look-ahead distance changes with the velocity and the length
of this distance can be tuned by the look-ahead time parameter. The expression
for the radius can now be inserted in equation 4.2 to obtain an expression for the
required curvature according to

2-sin(a) 2«
ref — = . 4.
Pref P o (4.6)

The curvature p,.; is the reference from the controller, hence the notation p,.¢. The
curvature can then be transformed into a steering angle according to the relation in
equation 4.3. The steering angle formulation for the PPC can therefore be defined
according to

2. sin(a) - L

N2-04-L
I - ‘

la

) (4.7)

dppc = arctan(

However, an extended version of the steering angle defined in equation 4.7 can
be derived by adding the understeer gradient term to the reference steering angle.
The understeer gradient K, is defined as the additionally needed steering angle
input per increase of lateral force units [29]. Practically it could be understood
as the additional steering angle input needed to keep the same curve radius as the
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operating velocity is increased due to the increased slip at the front tires. Intuitively,
the understeer gradient formulation should be dependent on the vehicle velocity. In
a mathematical context, the added term is described as the additional steering angle
needed for a certain curvature R~! at low speed, and consequently, K, is interpreted
as a measure of how much the additional term R~! is changed with an increase of
vehicle velocity. The extended reference steering angle dx, is defined as

K, - v? L K, v
dx, = — - ~— “ 4.
K arctan(R + 7% ) T g (4.8)
with the understeer gradient defined as
do—C.-1
Ky=m. Srtr=Crly (4.9)

Cr-Cr(y+1)

Substituting R in equation 4.8 with R derived in equation 4.4 yields the steering
angle formulation for the PPC with the understeer gradient term according to

2-a- (K, -v*+1L)

la

OPPCK, = : (4.10)

In the later stages of development, the PPC is used in the IPG CarMaker simulation
environment. That entails replacing the kinematic bicycle model with the fully
non-linear vehicle model used in IPG, which takes moving masses, aerodynamics,
scrub radius effect and several other psychical phenomenons into account. A more
comprehensive vehicle model such as this enables the use of large steering angles.
Therefore the small angle approximation is disregarded, and the resulting steering
angle formulation for the PPC is

2. sin(a) - L

) (4.11)

dppc = arctan(
or with the understeer gradient K,

2-sin(a) - (K, -v*+ L)

la

dppc,k, = arctan(

). (4.12)

Now that the steering angle formulation for the PPC is derived, the actual construc-
tion of the controller is commenced. The closed-loop control system consists of the
primary development stages of the lateral controller and the kinematic bicycle model
presented in section 3.3.1. The development of the PPC is initialised with the path
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definition, which is externally pre-defined outside of the actual lateral controller
block. A reference path is initially represented by a set of vectors representing the
longitudinal and lateral coordinates of the reference path. A straight road would
therefore consist of a linearly spaced vector with an arbitrary amount of elements
in the longitudinal direction, i.e. the x-axis and the vector representing the lateral
position of the elements is simply a vector of zeros.

The angle « is the only unknown variable in the steering angle formulation given by
equation 4.11 and 4.12, and therefore the main objective of the PPC is to calculate
«. Studying Figure 4.2, it is evident that « is the angle between the line from B
to E and the line from B to E, defined as ZDBE. The look-ahead point is defined
as the point in which the vehicle will find itself in the next iteration, given that
the yaw angle is constant, making the line from the rear axle to the look-ahead
point instantaneously perpendicular to the longitudinal axis of the vehicle. The
look-ahead point is calculated as

Xprev = Xypear TV - Tp ' COS(Q/J) {m] (413>
Yorev = Yeear +v - T - sin(¢p) [m)] (4.14)

with X,cqr and Y,.,. being the coordinates of the rear axle. Recall that the product
v - T, describes the look-ahead distance ;. Therefore, higher operating velocities
will increase the distance from the rear axle to the calculated look-ahead point. The
look-ahead time 7, could be seen as a tuning parameter. The target point is the
second unknown coordinate required to calculate a. Two methods were used to
acquire the target point.

1. A vector of length ||l4|| with one end fixed on the rear axle of the vehicle
is rotated iteratively with an arbitrarily small angle, starting from the look-
ahead point. When the end of the vector is as close as it could be to a point
on the reference path, the target point is found.

2. The Pythagorean theorem is used to calculate the distances between the look-
ahead point and the points of the reference path. The target point is therefore
acquired by choosing the point on the reference path closest to the look-ahead
point.

Method 1 requires more computational power than Method 2 since it requires a
nested loop but provides a theoretically more accurate approximation of the target
point. The two methods are illustrated in Figure 4.3 and 4.4, respectively.

As the reference path is a set of discrete points, i.e. not continuous, the target
point found from Method 1 as described above will never coincide with the exact
point of the reference path. The discrete set of points will also affect the target
point found using Method 2 since the target point on the path with a theoretical
minimum distance will create a line orthogonal from the target point to the look-
ahead point, which will not be with a discrete set of points. The issues experienced
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in these methods are solved using interpolation to extract the theoretically accurate
target point. However, the difference in precision between the different methods is
close to zero, and Method 2 was therefore implemented in the controller.

The first vector from the vehicle’s rear axle to the look-ahead point and the second
vector from the vehicle’s rear axle to the target point is now defined, and conse-
quently, « is obtained. Note that the reference orientation recognises a left turn as
a positive steering angle. Therefore the controller needs to recognise the position
of the vehicle. Either it is on the left or the right side of the reference path. The
method utilised to identify the vehicle position relative to the path is presented in
Appendix A.

4.1.3 Stanley Controller

The SC is based on two operating terms to be adjusted in parallel [11] as opposed
to the PPC, which only adjusts the relative angle between a target point and a
look-ahead point. The first term refers to an error in heading 1., and the second
term handles the lateral error d; of the vehicle relative to the reference path. Figure
4.5 interprets the SC geometrically.

The first control variable is the heading error ., which describes the error in the
vehicle heading relative to the heading of the line tangent to the point closest to the
front axle of the vehicle. Using the notations in Figure 4.5, It can be described as
the angle ZDAFE. This term has a different characteristic since it aims to correct the
relative angle between the vehicle and the direction of the path itself. Consequently,
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the vehicle will not be steered towards the actual path, only the direction of the
tangent line, i.e. the line from B to C (or A to D).

Reference Path

Figure 4.5: Geometric visualisation of the Stanley Controller

The second control variable is the lateral error d;. The lateral error deals with the
adjustment of a pure lateral displacement between the vehicle’s front axle and the
reference path. In contrast to the PPC, the SC does not steer towards any target
point as it does not include a target point. However, the steering angle formulation
for the lateral error dy depends on the same variable that the PPC used to define its
look-ahead point /4, as can be seen by equation 4.5. The added steering following
the lateral error dy is represented as d,4, as seen in Figure 4.5. Note that the angle
da, is given by ZACB in the right-angled triangle ABC. The part of the steering
angle formulation that is represented by the lateral error dy is therefore given by

g

;= arctan(clif) = arctan(dgﬂ). (4.15)

d U'p

The steering angle formulation for the SC is the sum of the steering angle additions
as a result of the heading error v, and the lateral error dy.

dsc = e + 0d; (4.16)
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Note, however, from equation 4.16 that in order to obtain d4,, the lateral error dy
needs to be calculated. So correctly speaking, ds¢ is a function of v, and d 4 f(df) as

Osc = f(We, 04, (dy)). (4.17)

The reference curvature can then be obtained by the relation in equation 4.3 ac-
cording to

tan(d

Adding the understeer gradient K, to the steering angle formulation for the SC
requires more steps or, more specifically, conversions than the derivation for the
PPC steering angle formulation with K, did. By replacing the radius R in equation
4.8 with the curvature and then substituting the curvature with the expression in
equation 4.18, the final steering angle formulation for the SC with the understeer
gradient K, is given by

tan(dsc) - (L + K, - "02)>
7 .

dsc .k, = arctan( (4.19)

The lateral error dy is the first unknown entity and is acquired by utilising Method
2 given by Figure 4.4. The method is consistent, but the visual difference is that the
vehicle’s front axle is used to find the closest point to the path, not the look-ahead
point as visualised in Figure 4.4. Remember that the reference path is a set of
discrete points; therefore, the point found using Method 2 is interpolated between
the neighbouring points on the path to find the actual minimum distance between
points A and B.

The heading error 1., being the second unknown, is a simple angle between two
lines in its core aspect; therefore, these lines must be defined. The first line starts at
point A and ends at point E, i.e. the vehicle heading. Note that the heading error
1. is independent of the length of the line AE. Therefore, the only requirement on
this line is its direction. For the sake of simplicity, point E is defined by equations
4.13 and 4.14.

The second line is the line tangent to point B, i.e. the line from point B to point
C. Calculating the line tangent to the point on the reference path requires finding
the slope of that line with high precision since sudden changes in the slope due
to relatively large inaccuracies results in undesirable oscillating steering behaviour.
Since the reference path is defined in a global coordinate system, the slope would
be equal to infinity when driving in parallel with the vertical axis of the global
coordinate system. That issue is resolved using a rotational matrix to rotate the
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fragment of the curve around the point of interest on the path to operating with
small values where no complications occur. The process of obtaining the relative
angle between the tangent line and the vehicle’s heading using the transformation
matrix is thoroughly described in Appendix B. The vehicle’s position relative to the
path is obtained using the derivation conducted in Appendix A, as used in the PPC.

4.2 Control architecture - Lateral Motion Control

[lustrated in Figure 4.6 is the control architecture for the PTC’s. The PTC gener-
ates the reference curvature p,.; in the Reference Generator block, which is defined
by equation 4.6 and 4.18 for the PPC and SC, respectively. The curvature refer-
ence is then converted into a requested steering angle dgy in the Control Allocator
according to

Ssw = arctan((L + K, - v*) - pres) (4.20)

which is obtained by replacing R in equation 4.8 with the curvature.

The longitudinal motion is controlled by the driver. The accelerator and brake pedal
positions apeda; and bpeqq; are translated into a longitudinal force request F ,.r in
the Reference Generator, which is then processed to a torque distribution to achieve
the desired speed in the Control Allocation block.

Reference Generator Control Allocator
Vg L Vg > Steering Angle Allocation K} S
. . —
(o > path Tracking Pref > 5SW — f(p'refa vaz)
Xpos » Controller
Ypos e
Upedal—P Driver Interpreter Frres Torque Allocation TEM, 1.4

— P _ _ _ _ —>
b dal Fa:,ref — f(afpedal, bpedal) Try =Trr = Trr = Trr = f(Foref)
pedal —»

Figure 4.6: Control architecture of path tracking controller

Finally, the controllers can be tuned in two ways. As mentioned previously, the
controllers can be tuned with the look-ahead time, 7. The other method is to add
the understeer gradient term, K, in equation 4.20.
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4.3 Path Tracking Evaluation

The method of evaluating the different PTC’s is presented in this section.

4.3.1 Quantifying attributes of evaluation

To evaluate the two geometric PTC’s that have been presented in the previous
section, i.e. the PPC and the SC, a set of different test cases are utilised. They
are defined to be able to compare the performance of the controllers according to
different attributes. These attributes and the evaluation methods are presented in
this section.

Attribute 1: Precision

The first attribute that is evaluated is the controller’s precision, which is evaluated
by comparing the lateral distance between the vehicle and the reference path for
the two controllers. The precision, therefore, displays how good the controller can
follow the reference path. The lateral distance between the vehicle and the reference
path is called the lateral deviation, which is defined as the shortest distance between
the reference path and a reference point on the vehicle. The middle point on the
vehicle’s rear axle is used as the reference point when calculating the lateral deviation
to compare the controllers. This attribute is essential since the vehicle has to stay
within the road markings and not deviate from the road either by corner cutting or
applying steering too late. UN regulations for wheeled vehicles [30] state that the
acceptable lateral deviation when using an automated lane keeping system should
be within 0.375 m of the centre of the driving lane. Therefore, this limit is used as
a threshold for maximum lateral deviation. The lateral deviation for the test cases
is displayed both as the maximum lateral deviation achieved during the manoeuvre
and the Root Mean Square Error (RMSE) for the lateral deviation according to
equation 4.21.

n d2
RMSEprecision = Z 7J

(4.21)
i=1J

where 1 is the number of iterations, and dy is the lateral deviation. Both the RMSE

of the lateral deviation and the maximum lateral deviation M AX,,ccision 0f a drive

cycle will be used to grade the precision of the PTC’s as shown in equation 4.22

Pprecision =ap - PRMSE,precision + as - PMAX,precision (422)
where Pprecision 15 @ weighted value of the RMSE and maximum lateral deviation.
a1 and ao are weighting coefficients set to 0.8 and 0.2, respectively, as it is de-
cided that the grade of the precision Prursg precision has a greater effect on the
evaluated attributes than the grade of the instantaneous maximum lateral devi-
ation Puax precision during the test cycle. The thresholds for Prassg precision and
Phrrax precision are listed in Appendix C.
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Attribute 2: Comfort

The second attribute that is evaluated is related to passenger ride comfort. Comfort
in this context is normally associated with a lateral jerk, amongst other variables,
which is the rate of change of the vehicle’s lateral acceleration. For a given test case,
the RMSE of the lateral jerk and the maximum lateral jerk will be measured. UN
regulations [31] states that the moving average over half a second of the lateral jerk
generated by the vehicle should not exceed 5 m/s® instantaneously. Considering that
the test cases to be conducted are modelled with the intention of handling dynamic
manoeuvres, this threshold is well suited as an extreme limit. According to [32],
the threshold for comfort is around 0.5 m/s®. However, mild driving conditions
were considered when defining that threshold. A fair evaluation should increase
the comfort threshold as a result of all dynamic test cases. The lower limit for the
RMSE is therefore set to 0.8 m/s®. Equation 4.23 shows the relation that will be
used to grade the comfort concerning lateral jerk.

Pjerk = a1 - PRUSE jerk + Q2+ Parax jerk (4.23)

where Pj.,;, is a weighted value of the grade of the lateral jerk RMSE Pgrarse jerk
and maximum lateral jerk Ppax jerk- This method, however, cannot differentiate
between low-frequency and high-frequency components of the signal (drive cycle).
According to [33], frequencies of 0.2 Hz and above of the lateral acceleration are
considered uncomfortable. Therefore, the area under the Fourier Transform signal
(energy spectral density) of the lateral acceleration above 0.2 Hz will be used as
a measure of comfort and the lateral jerk. The Fourier Transform provides the
amplitude and the frequency of all lateral acceleration components and is, therefore,
an indication of how uncomfortable the PTC’s are for a given test case. This quantity
will be graded similarly to the lateral jerk, i.e. with thresholds. The lateral jerk and
energy spectral density thresholds are listed in Appendix C.

Attribute 3: Robustness

The final attribute which is evaluated is robustness. Robustness, in this case, refers
to how much the performance of the previously mentioned attributes changes with
different circumstances. If the PTC is robust, then the performance should stay the
same if the velocity is increased or if a time delay to the control signals is introduced.
For example, if the controller can handle more extensive delays for input signals (for
example, GPS position) and still maintain its performance compared to another
PTC, it means that the PTC has a higher robustness.

Finally, to summarise the evaluation, three attributes are evaluated when comparing
the PPC and the SC: precision, comfort, and robustness.

4.3.2 Test cases

Three types of test cases are utilised to evaluate the PTC’s, which are presented in
this subsection.
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Test case 1: Step response with 1 m lateral offset

The first test case is a step response in the reference path of 1 m. This test case
is used to evaluate the different characteristics of the two controllers when they
are introduced to a step input, i.e. how they turn into the reference path when
it suddenly changes. The comparison in performance is evaluated concerning the
robustness and turn-in behaviour. The reference path definition is presented in
Figure 4.7 and 4.8. The reference path consists of x-y-coordinates with a 1 m
spacing between each coordinate. Note that a step of 1 m is not a very realistic
scenario for the controllers. They are expected to have a lower lateral deviation and
not experience this type of discrete step in the reference path.

Reference Path

-0.5

30 3‘5 4‘0 4% 5‘0 5‘5 66 6‘5
Figure 4.7: Test case 1: Step re- X[m]
sponse with 1 m lateral offset in IPG

Figure 4.8: Test case 1: Step re-
CarMaker

sponse with 1 m lateral offset, refer-
ence path

Test case 2: 90° turn

The 90° turn evaluates the effect of look-ahead time 7}, on the steady-state error.
Important to note also is the fact that there is a threshold lateral acceleration
associated with ride comfort. According to [34], a study on lateral acceleration
thresholds for ride comfort, the average limit of comfort is 1.8 m/s*. The limit
used in this study will therefore be set to 2 m/s* for simplicity. To evaluate the
robustness of the controllers in more dynamic manoeuvres, a lateral acceleration a,
of 4 m/s* will also be used. Using the formula for centripetal acceleration a, given
by

(4.24)

the radius of the 90° turn can be calculated by choosing an arbitrary velocity. Two
90° turns are chosen for this test case. The first has a radius of 50 m, and the
second one has a radius of 312.5 m. The reference path for the 50 m radius turn is
displayed in Figure 4.9 and 4.10.
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Reference path
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Figure 4.9: Test case 2: 90°
turn, radius = 50 m in IPG Figure 4.10: Test case 2: 90° turn,
CarMaker radius = 50 m reference path

Test case 3: Hillered Proving Ground - Handling Track 1

The handling track course is used to test the PTC’s when the road curvature is
changing. This specific road course corresponds to the handling track located at
Hallered Proving Ground and is used to evaluate the PTC’s in the test vehicle. The
simulation results can, therefore, be compared to those obtained from driving with
the test vehicle.

Reference path

50

-50

Y [m]

-100 [

-150

Figure 4.11: Test case 3: o
Hallered Proving Ground -
Handling Track 1 in IPG Car-

Maker

Figure 4.12: Test case 3: Hallered
Proving Ground - Handling Track 1
reference path

Figure 4.13: Test case 3: Héllered Proving Ground - Handling Track 1
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4.3.3 Test matrices

Since the PTC’s are evaluated in three different environments, i.e. Matlab Simulink,
IPG CarMaker and the actual test vehicle, only some test cases will be used for all
environments. Below are the specific test cases with relevant parameters for each
test matrix.

Environment 1: Matlab Simulink

The test case that will be conducted in the Matlab Simulink simulation environment
is the step response with a 1 m lateral offset, i.e. test case 1. Table 4.1 presents the
test case settings and tuning.

Test case Tuning Velocity
1: Step response T, € [0.6, 0.8, 1.0] [s] v =90 [km/h]

Table 4.1: Test cases to be simulated in Matlab Simulink

Environment 2: IPG CarMaker:

The test cases to be conducted in the IPG Carmaker/Matlab Simulink simulation
environment are presented in Table 4.2. Note that the notation "w K,” means
that the understeer gradient term is included in equation 4.20 when the reference
curvature is converted into the requested steering angle.

Test case Tuning Velocity
1: Step response T, € [0.6 w K,, 0.6,0.8,1.0] [s] v € [36, 90] [km/h]
2: 90° turn - R=50 m T, € [0.6 w K, 0.6, 0.8, 1.0] [s] v = [36, 51] [km/h]
2: 90° turn - R=312.5m T, € [0.6 w K,, 0.6, 0.8, 1.0] [s] v = [90, 128] [km/h]
3: Handling Track 1 T, € [0.6 w K, 0.6, 0.8, 1.0] [s] v =50 [km/h]

Table 4.2: Test cases to be simulated in IPG Carmaker

Environment 3: Test vehicle
In the test vehicle, the PTC’s will be evaluated at Handling Track 1. This test case
is presented in Table 4.3.

Test case Tuning Velocity
3: Handling Track 1 7, € [0.6 w K,,, 0.8 w K, 1.0 w K] [s] v = 50 [km/h]

Table 4.3: Test cases to be simulated in the test vehicle
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4.4 Path tracking results

The results for the different PTC’s are presented in this section. The results are
obtained by performing the different test cases presented in the previous section in
all environments, i.e. Simulink, IPG CarMaker and the test vehicle.

4.4.1 Simulink - kinematic bicycle model

The kinematic bicycle model of Figure 3.3 is used as a vehicle model, specifically the
transfer function Gs_,,, along with the steering angle formulations for the PPC and
the SC, given by equations 4.11 and 4.16 respectively. The resulting manoeuvres
for the step response with 1 m lateral offset at the look-ahead time of 7}, = 0.6, 0.8
and 1.0 is visualised in Figure 4.1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>