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Abstract

The introduction of control systems in the automotive industry has significantly increased
safety. Improved control over the vehicle dynamics has been shown to contribute to substantial
reductions in the number of deaths and serious injuries resulting from road traffic crashes [41].
The introduction of Electronic Stability Control (ESC) yielded impressive improvement in
vehicle stability. A meta-analysis revealed that a 49% reduction of single-vehicle accidents is
realized [13]. Recent research continues the development of a fully autonomously operating
vehicle. The vehicle requires the ability to operate in all situations safely, in order to reach
the highest level of automation. Vehicle performance should be guaranteed within, at and
beyond the limits of friction. Previous research revealed that the unstable drift motion could
enlarge the operating envelope of a vehicle. An extensive amount of research is dedicated
to controlling a drift. The results show that control systems are increasingly capable of
stabilizing a steady-state cornering scenario. The main limitation of these studies is that only
a portion of the vehicle motion that is observed in reality can be considered to be steady-state
motion.
This thesis presents a multi-objective trajectory optimization which extends the steady-state
analysis to a dynamic driving scenario. Based on experimental data obtained with a 1:10
scaled vehicle, accurate vehicle and tire models are derived. It is validated that the models
closely mimic the dynamics of the scaled vehicle. In order to justify the use of drifting, the
differences between stable and unstable driving equilibria are studied. The stability and con-
trollability are assessed through the construction of the phase portraits and the computation
of the Controllability Grammian. The findings, obtained under the assumption of steady-
state conditions, are then validated in the dynamic driving scenario. A two-step optimization
approach is presented. Spline optimization based on a simplified model is used to obtain ini-
tial conditions for a high fidelity model-based optimization. The scope is limited to a single
corner, which is optimized under varying velocities and friction conditions.
Under the assumption of steady-state conditions, it is found that the drift motion imposes
various benefits over normal driving. Higher cornering velocities and therewith yaw rates can
be achieved in a drift. Besides, the principles of tire saturation and force coupling allow for
controlling the lateral and yaw dynamics of the vehicle through the rear longitudinal tire force.
This increases the maneuverability of the vehicle. The results of the dynamic optimization
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extend the findings of the steady-state analysis. In the dynamic maneuvers, drifting is found
to improve vehicle maneuverability at high velocities and in scenarios of low friction. The
approach presented in this work forms a basis for studying the effects that drifting could
have on vehicle motion in reality. The relevant aspects of vehicle motion are translated into
a multi-objective optimization. The methods that are developed in this work release the
simplifying assumption of steady-state driving conditions. As a result, the drift motion can
be studied in a more realistic driving scenario. It is expected that through further improving
the optimization algorithm, the full operation envelope of the vehicle can be explored.
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Chapter 1

Introduction

1-1 Project Context

Over the past decades, driver assistance systems helped to increase vehicle control and there-
with reduce the number of tra�c accidents. Technological advances in the automotive in-
dustry have led to an increase in the use of automation in human-controlled vehicles. The
world is gradually preparing for fully autonomous vehicles. Numerous control systems have
been developed and implemented in road cars. Early examples are Anti-Lock Brakes (ABS)
and Electronic Stability Program (ESP). More recently, road cars have been more frequently
equipped with Active Cruise Control (ACC) and lane-keeping systems. In 2014, the Society of
Automotive Engineers (SAE) introduced a method to score vehicles (and the control systems)
based on levels of autonomous driving, on a scale from 0 to 5 [30]. The extent to which an au-
tonomous driving system performs the driving task determines the level of automation. The
highest level describes a situation of full driving automation, in which vehicles will operate
without any interference of a human driver. For now, this view of mobility remains a future
perspective. Most modern production vehicles show the ability to reach SAE automation
level 3 or 4. Although the autonomous driving systems can perform the driving task, the
interference of a human driver is still required in cases of emergency. Besides, in some cases,
the use of these systems is restricted to motorways only.

Another essential aspect to consider in the transition towards full autonomous mobility is the
road infrastructure. The construction of roads in civilized areas expanded rapidly over the
past century. People are used to the reality that for almost any destination, there is a road
that leads there. However, there remain rural areas where almost no infrastructure is present.
In order to reach the level of fully autonomous mobility, the vehicle needs to be capable of
driving on varying road surfaces. Besides high friction surface such as asphalt, also terrains
that o�er less friction needs to be considered. Previous studies have explored the e�ect of
the type of terrain on the vehicle dynamics [34]. The analysis is based on the relative angle
between the heading of the vehicle and the direction of the resultant velocity vector. This
so-called side-slip angle can be computed from the longitudinal (Vx ) and lateral velocity ( Vy)
of the vehicle (1-1).
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� = tan � 1

 
Vy

Vx

!

(1-1)

The side-slip angle indicates to which degree the vehicle is sliding. When driving through
a corner at a high friction surface such as asphalt, positive side-slip angles (Figure 1-1a) or
angles close to zero are observed (Figure 1-1b). When driving on a low-friction surface, the
maneuver is characterized by negative side-slip angles (Figure 1-1a). This type of maneuvering
is called drifting (Figure 1-1c).

(a) � > 0 (b) � = 0 (c) � < 0

Figure 1-1: Comparison of di�erent types of vehicle motion based on the side-slip angle� .

Classical vehicle stability systems such as ESP are based on the concept of controlling the
vehicle through minimizing the side-slip angle [4]. These systems are typically designed
for high-grip surfaces. The application in o�-road conditions leads to unsatisfactory results
[22]. The assumption of pure longitudinal motion (without sliding) limits the applicability
of current stability systems on low friction surfaces. In order to achieve maximum vehicle
controllability, future autonomous driving systems need to be developed with the ability to
control the vehicle under non-ideal and varying grip conditions through stabilization of large
side-slip angles [21]. This includes drifting, a topic that has increasingly been studied over
the past decades.

Research into the nature of the drift motion yielded promising advantages on vehicle maneu-
verability. As part of a study revolving around the usability of a drift control as an Advanced
Driver Assitance System (ADAS), Acosta et al. made a comparison between a drift control
ADAS and a low side-slip stability control system [2]. It is concluded that corners can be
negotiated at a higher velocity while drifting. The fact that high cornering velocities are
associated with large side-slip angles was previously observed by Veleniset al. [40]. Besides,
it was found that higher yaw rates can be generated [3]. A study based on the centripetal
acceleration, the acceleration towards the center of the corner, was presented in [38]. Espe-
cially for small cornering radii, centripetal acceleration increases signi�cantly with increasing
side-slip angle. Consequently, large side-slip maneuvering has the potential to negotiate a
corner at smaller radii. It is concluded that drifting allows to operate the vehicle at the limits
of the operating envelope.
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Most of the aforementioned studies rely on the assumption of steady-state conditions. The
longitudinal, the lateral, and the yaw acceleration are considered to be zero, resulting in
steady-state motion. In reality, it is challenging to maintain steady-state motion, as the
forces acting on the vehicle are continuously varying. Less is known about the advantages of
drift maneuvers when the assumption of steady-state conditions is released.

The purpose of this thesis is to study the drift motion in a dynamical cornering situation.
Through trajectory optimization under varying conditions, it is investigated how negative
side-slip motion can be used to improve vehicle maneuverability. The dynamic cornering
scenario is written into a multi-objective trajectory optimization. The cost-function terms
are chosen and weighted such that the dynamic motion resembles the steady-state equilibria
as close as possible. The aim of this approach is to bridge the gap between the available
knowledge (obtained under steady-state conditions) and the real-life driving scenarios. In
doing so, this work attempts to take a step towards the implementation of drift control in
production vehicles and therewith towards fully autonomous vehicles.

1-2 Research Questions

This thesis explores whether the steady-state bene�ts of drifting becomes apparent in a dy-
namical driving scenario. Based on this goal, three research questions are formulated.

1. What are the modeling requirements to describe the drift maneuver accurately?

2. What are the advantages of drift equilibria compared to normal driving under the
assumption of steady-state conditions?

3. What are the advantages of the drift motion in a dynamic driving scenario, when the
assumption of steady-state cornering conditions is released?

By answering the research questions, it is expected that the author can conclude on the
bene�ts of drifting and that recommendations for further research can be formulated.

1-3 Project Goals

The research questions are translated into project goals to create a guideline for the activities
to be performed in this thesis work.

1. De�ne a model that accurately can describe the drift motion.

2. Identify and validate the unknown model parameters based on the available experimen-
tal data.

3. Compute the system equilibria and perform an analysis of the stability and controlla-
bility.

4. Design a dynamic driving scenario and translate this into a multi-objective trajectory
optimization.
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5. Execute the trajectory optimization for di�erent cornering velocities and under varying
friction.

1-4 Project Boundaries

In order to correctly interpret the results in this work, it is vital to de�ne the scope of the
project clearly. This section brie�y discusses the relevant boundaries that are considered.

Forces acting on the vehicle
In the �eld of vehicle dynamics, various forces that act on the moving vehicle can be taken
into account. It is essential to de�ne the boundaries clearly. This work focuses on the forces
that are generated at the tires and how these forces in�uence the dynamics of the vehicle.

Impact on the human driver
One of the �rst questions that come to mind when thinking about the drift motion is: what
would the impact be on a human driver. For example, would the physical impact on the
human body cause motion sickness? Another critical question is how a human driver can be
informed and prepared for a drift that is about to be initiated by the control system. Both
aspects are relevant when considering the implementation of drift control. At the same time,
it is strongly associated with the currently existing view on vehicle mobility. By the time that
autonomous driving is fully embedded in our daily life, vehicles transporting anything other
than persons might not include a driver at all. The implementation of a drift control system,
however, is out of the scope of this research. The e�ect that the drift motion could have on
a human body will not be addressed in this work.

Road infrastructure
Drifting on a public road seems unrealistic. The current road infrastructure is characterized
by tight lanes and sometimes two-way roads. However, consider the idea that the road
infrastructure could signi�cantly change, only structuring tra�c in the city but allowing a
vehicle to navigate freely in rural areas. Under varying friction coe�cients, the vehicle then
needs to plan the trajectory, possibly not limited by road boundaries.

Reduced scale
As will be discussed in the following chapters, the analysis of this work focuses on a small-
scaled vehicle. The direct applications of methods that are derived for scaled vehicles on
full-size vehicles can be subjected to issues due to scaling e�ects. A study into the scaling
e�ect is not included and is left for further research.

1-5 Report Structure

The thesis is structured in the following way. Chapter 2 discusses the models that are used
to describe the dynamics of the vehicle and the tires. Preprocessing of the experimental data
is discussed in chapter 3. The process of parameter identi�cation is described in chapter 4.
Chapter 5 contains a steady-state analysis of vehicle motion. It explains system equilibria and
therewith analyzes the unstable nature of the drift motion. Then, the assumption of steady-
state conditions is released. Chapter 6 present a dynamic driving scenario and explains how
it is formulated as an optimization problem. The optimization algorithm is discussed in the
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following two chapters. The method that is used to initialize the search based on spline
optimization is presented in chapter 7. The simulation-based optimization of the driving
scenario is included in chapter 8. The thesis ends with the conclusions in chapter 9 and the
recommendations in chapter 10.

At the end of the thesis, appendices are included that contain material that is not directly
discussed in the thesis, but that provides relevant background or additional insights.

1-6 Politecnico di Milano

This thesis is performed as part of a collaboration between the Delft University of Technol-
ogy and the Politecnico di Milano. As a result of this cooperation, research has been carried
out at the Dipartimento di Elettronica, Informazione e Bioingegneria. This department is
involved in research in various �elds related to control system science and engineering, indus-
trial automation, robotics, systems theory, environmental systems, ecology, and operations
research.
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Chapter 2

Modeling

The introduction of this work (Chapter 1) stated the relevance of obtaining a deeper un-
derstanding of the e�ect that the drift motion has on vehicle maneuverability. A common
approach to study the dynamic behavior of a vehicle is to de�ne a model that describes the
dynamics. The system of interest is written in mathematical form, the model, which can then
be used for computation or simulation. In this way, time and money can be saved since the
experiments are not executed with the real system. In the ideal world, one can construct a
model that describes the vehicle without any simpli�cation. The model, in this case, would
be a perfect mathematical description of the real vehicle. In reality, however, this is not
possible and not needed. Such a model would be too large, using the model for simulations
would require too much computational power. Assumptions are made to build a model that
is detailed enough to describe the dominant dynamics of the vehicle while having a minimal
computational load. This chapter addresses this issue and elaborates on the modeling choices
that have been made.

Before discussing the models that are used in this work, section 2-1 provides an overview of
relevant reference frames. Section 2-2 revolves around tire modelling. Section 2-3 continues
with an explanation of the vehicle model. Finally, conclusions are drawn in section 2-4.

2-1 Reference Systems

In this work, two di�erent reference frames will be used; both are displayed in Figure 2-1. The
inertial reference frame de�nes the motion of the vehicle in terms of the �xed coordinate frame
(x inertial , yinertial ). The velocities in each direction are denoted byVx;inertial and Vy;inertial ,
respectively. The body orientated frame considers the center of the vehicle as the origin,
with the x-axis belonging the longitudinal direction and the y-axis to the lateral direction
of the vehicle. The velocities are de�ned asu and v. The angle between the inertial and
body orientated reference frame is denoted by . For a heading angle equal to zero, the
longitudinal axis x is parallel to the inertial axis x inertial .
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Figure 2-1: Schematic representation of the inertial and the body-orientated reference frame.

The dynamics of the vehicle expressed in the body orientated coordinate frame can be written
into the inertial reference frame using the equations below.

Vinertial;x = u cos ( ) � v sin ( ) (2-1)

Vinertial;y = u sin ( ) + v cos ( ) (2-2)

The resultant velocity of the vehicle V will be equal for both reference frames.

V =
q

V 2
x + V 2

y =
p

u2 + v2 (2-3)

In the remainder of the thesis, the notationx inertial and yinertial is used to indicate the position
of the vehicle in the inertial frame. Without any further speci�cation, the symbols x and y
are used to indicate the longitudinal and lateral direction of the vehicle or the tire.

2-2 Tire Modeling

Vehicles can follow a trajectory due to the forces generated between the tires and the road
surface. In the absence of tire forces, one is not able to change the motion of any vehicle.
Similar conclusions can be derived from Newton's second law of motion. The forces acting
on a body, divided by the mass, equal the acceleration exerted on the body. Studying the
generation of tire forces thus is the starting point for modeling the dynamics of the vehicle.

In the literature, wheel moments are often neglected, and the dynamics of the tire are de-
scribed only by the forces acting on the wheel. Nguyenet al. [26] provided a mathematical
representation (2-4). The total tire force Fwheel , is considered to be a function of four vari-
ables: the tire-road friction coe�cient � , the slip angle � , the longitudinal slip ratio � and
the normal load on the tire Fz.

Fwheel = f
�
�; �; �; F z

�
(2-4)
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The longitudinal slip ratio (or slip ratio) represents the relative motion of the tire and the
ground (2-5). Longitudinal slip is generated when the translational and radial velocities are
unequal. The lateral slip angle (or slip angle) is de�ned as the tangent of the ratio between
the lateral and longitudinal tire velocity (2-6). To clarify the concepts of tire slip, a schematic
representation of longitudinal and lateral slip is displayed in Figure 2-2a and Figure 2-2b.
Here, rwheel represents the wheel radius,! wheel is the angular wheel velocity, Vx;wheel is the
longitudinal velocity of the wheel and Vy;wheel is the velocity in the lateral direction.

� = jr wheel �! wheel � Vx;wheel j
max( r wheel �!;V x;wheel ) (2-5)

� = tan � 1
�

Vy;wheel
Vx;wheel

�
(2-6)

(a) Side view (b) Top view

Figure 2-2: Schematic representation of a single tire to clarify the principles of longitudinal slip
ratio � and lateral slip angle� .

Equation 2-4 provides an expression for the resultant tire forces. It is often more convenient
to split the resultant force and consider the acting forces along the longitudinal and lateral
direction. Consider the left graph of Figure 2-3, which envisages the lateral tire dynamics.
The lateral force Fy is plotted against the slip angle� . The �rst observation from the curve is
that lateral forces are only generated for non-zero slip angles. A linear region can be identi�ed,
up to approximately 8� , in which an increase in slip angle results in a proportional increase
in lateral tire force. This relationship no longer holds for high slip values; in this region,
the tire is considered to be saturated. The di�erent lines correspond to a di�erent value of
the longitudinal slip ratio, in the graph denoted as brake slip � instead of the conventional
notation � . It is observed that increased slip ratio's yield lower side forces, over the complete
range of lateral slip angles. This e�ect is known as force coupling. It is caused by the fact
that the friction available from the road surface is limited. There is a maximum amount of
tire force that can be generated. Longitudinal slip results in longitudinal tire force, therewith
decreasing the maximum attainable side force of the tire.

The observations of the lateral tire dynamics also apply to the behavior in the longitudinal
direction, displayed in the middle graph of Figure 2-3. The longitudinal force depends mainly
on the slip ratio � and through force coupling also on the slip angle� . The right graph shows
a quarter of the so-called friction ellipse. This is a graphical representation of the maximum
longitudinal and lateral tire forces that can be obtained under a particular operating condition.
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The conditions are expressed in terms of the directional slip values, the pair(�; � ). In the
graph, only the e�ect of the latter is displayed. In the remainder of this work, the longitudinal
slip is denoted by � .

Figure 2-3: Tire characteristics under combined slip conditions. Left graph: lateral tire dynamics,
Fy against � . Middle graph: longitudinal tire dynamics,Fx against � . Right graph: portion of
the friction ellipse,Fy versusFx for di�erent slip angles [27].

It is essential to know the forces that act on a tire in order to control the dynamics of
a vehicle [1]. Forces and moments from the road act on each tire and strongly in�uence
the dynamics of the vehicle [29]. A typical tire is not a rigid structure. It deforms during
operation, and because of that, the contact patch with the road changes [33]. Within the limits
of handling, the longitudinal and lateral tire forces have been proved to be proportional to
respectively the slip ratio and the slip angle. However, at and beyond the limits of handling
this relationship becomes nonlinear. This makes it challenging to model tire-road interaction.
The methods proposed in the literature can be divided into two groups: analytic and empirical
models.

Analytic tire modeling aims to understand and describe the physical mechanism that is gen-
erating the tire forces. The force generation remains a challenging subject. Di�erent concepts
describe this phenomenon, for which each analytic tire model comes with di�erent expres-
sions. Examples of analytic tire models that are applied in recent studies are the Fiala Tire
Model [20], the Dugo� Tire Model [10, 11], or the LuGre Tire Model [39, 42]. Empiric tire
models di�er from the analytic approaches as these models do not try to include or describe
the physical phenomena behind tire dynamics. Empiric expressions for tire forces often re-
sult from attempts of curve �tting or regression. The most common empiric tire model is
the Magic Formula which describes tire behavior by �tting a polynomial to experimental
data [27].

It is evident that tire models are a necessity for studying vehicle dynamics. The main issue
is which one to choose. For studying cases of pure longitudinal and lateral force generation,
the analytic models are intuitive and appear to be quite realistic [29]. The Dugo� Model
and the Magic Formula are among the most commonly used models in the literature. Both
models have been compared [7,8], and the force estimations are found to be quick and close
to experimental data. Simulations are performed under longitudinal, lateral, and combined
slip conditions. The Magic Formula yielded slightly more accurate results, at the cost of an
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increased computational load. Both models are found to be valid for vehicle dynamics analysis
and simulation. The Dugo� Model is selected in this work since it has fewer parameters to
estimate. Besides, the fact that the model is derived from the physics behind the tire-road
interaction is expected to make it more intuitive to adjust the model to get a closer match
with the validation data.

The Dugo� model provides for the calculation of forces under combined lateral and lon-
gitudinal tire force generation. It assumes a uniform vertical pressure distribution on the
tire's contact patch [29]. The longitudinal and lateral tire forces are, according to the �rst
publication [10], described as:

Fx = C�
�

1+ � f (� ); (2-7)

Fy = C�
tan( � )
1+ � f (� ); (2-8)

f (� ) =

8
<

:
(2 � � )� , if � < 1

1 , if � � 1
; (2-9)

� = � max Fz (1+ � )

2
p

(C� � )2+( C� tan � )2
: (2-10)

Where C� and C� are the longitudinal and lateral cornering sti�ness, respectively. The slip
ratio is denoted as � , � is the slip angle, � the friction coe�cient, and Fz represents the
normal load on the tire. The function f (� ) accounts for the e�ect of force coupling, based on
the normal load on the tire and the slip conditions.

2-3 Vehicle Modeling

Vehicle models are used to describe the motion that results from system inputs. The physical
meaning of these inputs may di�er. In general, the inputs a�ect the heading and the velocity
of the vehicle. The available vehicle models can be categorized into two groups, kinematic
and dynamic models. Both approaches are discussed in this section.

2-3-1 Kinematic Approach

Kinematic vehicle models are purely based on the position and velocity of the systems without
considering the forces and moments that cause them [29]. Under the assumption of planar
motion, the motion of a vehicle can be described by the position in two directions together
with the heading. Figure 2-4 shows a schematic representation. In this speci�c �gure, the
inertial coordinate frame is denoted by (X; Y ). Although both wheels are steered in this
example, this report limits the analysis to front-wheel steering only. A crucial assumption of
the kinematic model is the absence of wheel slip. This allows for deriving the equations of
motions from geometrical relationships. A reference point on the vehicle needs to be selected,
for example, the center of the front or rear axle. Based on this reference point, the kinematics
are described. In this case, the Center of Gravity (COG) is selected. The position and heading
of this point with respect to a �xed coordinate frame now describe the motion (2-11).
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Figure 2-4: Schematic representation of the kinematic vehicle model, expressed in the inertial
reference frame [29].

_x = V cos( + � ) (2-11)

_y = V sin( + � ) (2-12)
_ = V cos(� )

lF + lR
tan

�
� f

�
(2-13)

� = tan � 1
�

lR tan � f
lF + lR

�
(2-14)

Here, V is the velocity in the reference points,� is the side-slip angle, is the angle between
the heading of the vehicle and the �xed reference frame,� f is the steering angle and �nally
lF and lR represent the distances between COG and the corresponding axles.

2-3-2 Dynamic Approach

Although the kinematic model successfully describes vehicle motion, it is limited by the
assumption that the wheel slip is zero. At high velocity this no longer holds, and the predicted
motion becomes an inaccurate description of reality. Dynamic modeling accounts for slip
conditions since it considers the forces and moments that cause the motion. Using Newton's
second law of motion, accelerations in each direction of the coordinate system are calculated.
Di�erent physical models are available in the literature. Selecting an appropriate vehicle
model is a trade-o� between ease of computation and model �delity. High complexity vehicle
models might have the ability to describe vehicle motion more accurately. On the other hand,
the time it takes to solve them increases with the complexity. This section describes two of
the most common physical models: the single-track (Figure 2-5a) and double-track model
(Figure 2-5b). The �rst is a simpli�cation of the latter; for each axis, the wheels are lumped
together.

The equations of motion belonging to the dynamic model are displayed in (2-15), (2-16) and
(2-17). The dynamics are expressed in terms of the longitudinal velocityu, the lateral velocity
v and the yaw rate r . The latter is the time derivative of the heading angle  . The directional
accelerations are a function of the acting tire forces and the steering angle� . Furthermore, m
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(a) The single-track Model (b) The double-track Model

Figure 2-5: Overview of the most common physical vehicle representations in the body orientated
frame.

is the mass of the vehicle,I z is the yaw inertia. In the expression of the yaw dynamics (2-17),
P

M z represents the sum of the moments acting on the COG. Since the single-track model
e�ectively has a track width equal to zero, the sum of the moment only depend on the front
(Fy;F ) and rear (Fy;R ) lateral forces and the distance from center of gravity to the front (lF )
and rear axle (lR ). The double-track model has track-width w. Therefore the longitudinal
force of the front (Fx;F ) and rear (Fx;R ) tires will also appear in the expression.

max = m ( _u � vr ) =
P

Fx;F cos� �
P

Fy;F sin � +
P

Fx;R (2-15)

may = m ( _v + ur ) =
P

Fx;F sin � +
P

Fy;F cos� +
P

Fy;R (2-16)

I z _r =
P

M z (2-17)

Although the double-track model provides a more accurate description of the vehicle dynam-
ics, the increased complexity makes it less suitable for optimization purposes. Therefore, most
studies rely on the single-track model for control design.

When considering a suitable vehicle model to study autonomous drifting, it is essential that
the model can account for wheel slip. This makes the kinematic model less favorable, shifting
the preference towards a physical model. The primary consideration in choosing between
either the single-track model or the double-track model is the computational load. The goal
of this thesis is to study the behavior of a vehicle along a curved trajectory. Simulations
will be executed to optimize the path of the vehicle. In an attempt to reduce the required
solving time, the single-track model will be selected. The single-track model is described by
the states: the longitudinal velocity u, the lateral velocity v and the yaw rate r . The state
derivatives are described as:
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_u = 1
m

�
� 2Fy;F sin � + 2Fx;R

�
+ vr; (2-18)

_v = 1
m

�
2Fy;F cos� + 2Fy;R

�
� ur; (2-19)

_r = 1
I z

�
2lF Fy;F cos� � 2lRFy;R

�
: (2-20)

The single-track model can be simpli�ed by assuming that the steering angle� is signi�cantly
small to approximate cos� � 1 and sin � � 0. This assumption impacts the expression of the
single-track model in two ways. The longitudinal component of the front lateral tire force is
no longer a�ecting the longitudinal dynamics (2-21). Furthermore, the front tire lateral force
is not decreases as of the steering angle becomes larger (2-22), (2-23).

_u = 1
m

�
2Fx;R

�
+ vr (2-21)

_v = 1
m

�
2Fy;F + 2Fy;R

�
� ur (2-22)

_r = 1
I z

�
2lF Fy;F � 2lRFy;R

�
(2-23)

The introduction explained that di�erent types of vehicle motion can be expressed by the
side-slip angle� . In order to di�erentiate based on the side-slip angle, the state derivatives
can be rewritten such that � becomes one of the states [19].

_u = 1
m

�
2Fx;R

�
+ ru� (2-24)

_� = 1
mu

�
2Fy;F + 2Fy;R

�
� r (2-25)

_r = 1
I

�
2lF Fy;F � 2lRFy;R

�
(2-26)

Again, these expressions are based on the approximation that the steering and side-slip angles
are signi�cantly small to assume cos(� ) � 1, � � v=u and _� � _v=u. Hindiyeh et al. computed
that the small side-slip angle assumption introduces an4:3% error for j� j � 0:35 rad, for
steering anglesj� j � 0:4 rad an 8:6% error is obtained [19]. It is concluded that the error
is signi�cantly small to justify the use of the single-track model that are derived under the
assumption. When the single-track model is used in the following chapters, there will be a
reference to this chapter to indicate with expression is considered.

Assumptions
It is already mentioned that modeling is a trade-o� between accuracy and minimizing the
complexity of the model. In this research, the following assumptions are made:

� Vertical dynamics of the vehicle are neglected
All roads have irregularities which result in vertical movement of the vehicle. Accounting
for vertical dynamics introduces complexity to the vehicle model, making it potentially
more di�cult to solve the optimization. Although vertical motion could in�uence the
normal tire load and therewith the friction limits, it is considered to be out of the scope
of this research.
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� Load transfer is neglected
The maximum force that can be generated at each wheel depends on the acting normal
load. Load transfer due to vehicle dynamics could increase and decrease these normal
loads. It is assumed that load transfer changes the time instance at which the tires reach
the saturation limit, but that it does not fundamentally change the maneuver itself.

� Motor dynamics are neglected
In this work, the rear longitudinal tire force is considered to be one of the inputs.
This implies that motor dynamics are not included. For implementation purposes, the
torque supplied by the motor would be a convenient input. However, since this work
focuses mainly on lateral dynamics, it is assumed that the longitudinal tire force can be
controlled directly.

2-4 Conclusions

This chapter provides an overview of the existing modeling approaches relating to vehicle
dynamics. The aim was to assess the available vehicle and tire models. There exists a trade-
o� between model complexity and accuracy. The goal is to �nd the simplest model that can
describe all relevant dynamics. Based on the analysis in this chapter, the main conclusions
are listed below.

I The Dugo� tire model was selected since it accounts for tire saturation and force coupling
while o�ering low computational load.

I The single-track model is preferred over the double-track model. Although the latter
is a more accurate description of reality, the single-track model is capable of describing
relevant vehicle dynamics. The reduced computation time due to the lower model
complexity outweighs the limitations of lower model �delity.

I Assumptions are made to de�ne the boundaries of the dynamics that are considered
in this work. The vertical dynamics of the vehicle are neglected. Furthermore, load
transfer is not taken into account. The rear longitudinal tire force is selected as a
control input, implying that also the motor dynamics are neglected.

The selected models will be used throughout the remainder of this work. The main limitations
lie in the fact that models will always be a simpli�cation of reality. It is assumed, however,
that the model �delity is su�ciently high to study the nature of the drifting maneuver.

Master of Science Thesis M.D. Goldschmeding



16 Modeling

M.D. Goldschmeding Master of Science Thesis



Chapter 3

Data Preprocessing

A set of experimental data is available from previous research. The signals describe the
dynamics of the scaled-vehicle during varying maneuvers. It can be used to identify the
unknown model parameters. However, it is vital to preprocess the data before proceeding
to this identi�cation step. The sensory data generally have di�erent sampling frequencies.
Furthermore, the data can be subjected to sensor noise. This chapter discusses the data
that is available and explores the preprocessing that is required to prepare the data for the
parameter identi�cation.

Section 3-1 starts with a description of the data that is available from conducted experiments.
The steps of �ltering, re-sampling, and aligning the data signals is discussed in section 3-2.
At the end of the chapter, in section 3-3, the conclusions are summarized.

3-1 Data Collection

The experimental data can be divided into two groups: signals resulting from the Motion
Capture System (MCS) and signals resulting from the on-board sensors of the Berkeley Au-
tonomous Race Car (BARC). The con�guration of the BARC that was used to perform the
experiments is depicted in Figure 3-1.

3-1-1 BARC Signals

Appendix A presents a schematic overview of the components that are installed on the BARC.
This section discusses how the data signals are retrieved from these components. The vehicle
that was available at the Politenico di Milano was equipped with an Internal Measuring
Unit (IMU), two wheel encoders, and an Electronic Control Unit (ECU).
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