«

AALBORG UNIVERSITY
STUDENT REPORT

Autonomous Navigation in Urban
Environments

Student Report
Master’s Thesis
Group 934
Control & Automation
2018



Copyright (© Aalborg University 2018



AALBORG UNIVERSITY
STUDENT REPORT

Title:
Autonomous Navigation in Urban Environ-
ments

Theme:
Master’s Thesis

Project Period:
Autumn 2017 - Spring 2018

Project Group: 934
Page Numbers: 144

Date of Completion:
7" of June 2018

Supervisor(s):
Jan Dimon Bendtsen
Jesper Abildgaard Larsen

Participant(s):

Joan Calvet Molinas

Himal Kooverjee

David Romanos

Control & Automation
Fredrik Bajers Vej 7C
DK-9220 Aalborg @

Abstract:

A future transportation service for Aalborg
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for it is constructed as an occupancy-map.
This is performed with two LIDARs using the
Cartographer™ library for Robot Operating
System (ROS).
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Preface

The focus of this Master’s Thesis is to lay the foundation for a future project for Aalborg University
(AAU), providing an Autonomous Mobile on Demand (AMoD) service. This foundation consists
of designing a solution to autonomously navigate a golf cart between two points in an urban
environment . In an engineering sense, this is to design a control system for an autonomous vehicle.

This thesis has been written to fulfil the completion of a Master’s in Control and Automation at
AAU, ending spring 2018. It has been supervised by Jan Dimon Bendtsen and Jesper Abildgaard
Larsen, both, associate professors at the Department of Electronic Systems at AAU.

The authors would like to acknowledge Simon Jensen, Jesper Dejgaard Pedersen and Frank Hggh
Rasmussen for their constant assistance in instrumenting and making modifications to the golf
cart. Furthermore, the authors acknowledge Karl Damkjser Hansen for sharing his knowledge on
a wide range of topics explored through this thesis. Finally, John-Josef Leth is acknowledged for
his invaluable assistance with the controller design.

The reader is expected to have a knowledge within physics and mathematics domain, as well as
in modelling and control theory.

Reading Instructions

- The report is divided in three parts. Part I deals with the analysis of the system, which
introduces the AMod problem and scopes it down into two distinct problems, namely
autonomous driving and navigation. Part II includes the modelling, control structure and
sensor fusion designed to solve the problem of autonomous driving. Part III addresses the
problem of navigation with its focus on path-planning. In Part IV, the conclusion and
discussion of the project are presented.

- The report also includes appendixes that contain supplementary information.

- The bibliography is written using ISO 690, noted as [x], and it is included at the end of
the report, prior to the appendices.
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1 Introduction

In the past years, the evolution of the impact produced by vehicles in society has been widely
studied. It is estimated that there is one vehicle per seven persons [1] and also that more than
half of the population inhabiting the Earth live in urban areas [2]. This increment of population
in urban areas together with the increasing amount of vehicles in use have brought a challenge for
the future of these environments. The consequences of the human and vehicle population rapid
growth can be expected to intensify already existing urban problems such as road congestion,
parking availability and pollution [3].

A relatively new suggestion to find a solution to such problems is the Mobility-on-Demand
(MoD) service. Explained shortly, MoD services aim to decrease the effect of the vehicle-related
problems present in urban environments. Like public transportation, MoD services like taxis or
vehicle-sharing, intend to reduce the amount of privately owned vehicles in these environments.
If the amount of vehicles is decreased, congestion, parking and pollution problems will decrease.
Unlike taxi and vehicle-sharing services, some MoD transportation systems are meant to address
the so called "first and last mile" problem [1], meaning transport between the transportation hub
to the final destination. By doing this, these MoD services offering door-to-door service want to
complement and encourage the use of public transportation [1]. An example of urban problems
where a door-to-door service adds to the problem can be seen in Figure 1.1.

Figure 1.1: In the figure, an example of a traffic jam from Times Square is shown. It can be
seen that there are multiple taxis in the figure, showing that this kind of door-to-door service
does not complement public transport and increases congestion [4].

However, the fundamental difference between MoD solutions and existing transportation services
is the demand-responsiveness of the system. The biggest disadvantage of public transportation
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Chapter 1. Introduction

against private transportation is the scheduled behaviour of the service. Adapting the trans-
portation to the user’s needs and not the opposite way should be prioritised. Furthermore, not
having available vehicles is a common situation even with door-to-door services. On-demand
systems operate based on the demand of the service, and thus, do not have a scheduled system.
Not having vehicles running without being used promises to be also a more sustainable solution.

In spite of the mentioned advantages of MoD systems, some problems with it can arise. The
biggest concern of MoD services is having an unbalanced system, meaning that there is a problem
with the availability of the service. This would bring back the problem of other mentioned
door-to-door services. Therefore, one of the biggest challenges for MoD is guaranteeing the
balance of the vehicles, ensuring minimal waiting time for the users. A potential explored solution
for availability problems is the usage of vehicles with self-driving capabilities.

The design of self-driving vehicles is a broadly treated topic within the field of study of control.
Automating vehicles has long been researched and many solutions to the problem are in existence.
These have shown that it is possible to automate a vehicle such that it is self-driven to a desired
location. Nevertheless, there is not a single established solution, and challenges within the field
of study still exist.

In conclusion, merging MoD with autonomous driving into Autonomous Mobility-on-Demand
systems (AMoD) could redistribute the service vehicles to satisfy the demand. By interconnecting
of the autonomous vehicles, a better service could be achieved even in terms of the time of usage
of the service, routing for example through less-congested roads, and therefore, reducing the
ecologic impact [2]. Furthermore, having autonomous vehicles introduces the MoD service to
people unable or unwilling to drive. The automation of MoD services would increase productivity,
accessibility, road efficiency and improve the environmental impact [1].

1.1 AMoD service in Aalborg University

This thesis is born from imagining the future of Aalborg University (AAU). Looking into the
capabilities of transportation services, the idea of introducing an AMoD service at the Aalborg
campus of AAU is highly appealing.

Regarding the implementation of AMoD services within closed environments, some inspiring
and ground-braking work has been developed by the Singapore-MIT Alliance for Research and
Technology (SMART') within the Future Urban Mobility (FM) research department. SMART-FM
was born to develop a new paradigm for the planning, design and operation of future urban
mobility systems [5].

The idea of implementing an AMoD service around campus, mirrors the achievements of the
SMART autonomous vehicle collaborative project [6], and specifically the achievements of the
driverless golf carts running on the National University of Singapore (NUS) campus [1].

The objective of an AMoD service in a university campus is straightforward: supply autonomous
vehicles able to transport people around campus based on their demand. Users of such service
should be able to order a vehicle to drive themselves from their location to a desired end-location
in campus.

In addition, implementing a service of vehicles fully equipped is expected to require a high
investment. Not just the cost of the vehicles themselves, but the hardware to be mounted is
expensive. It is decided that the overall creation of the service must try at all times to reduce the
cost. To address the price challenge, inspiration has been found on the development of driverless
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1.2. Problem formulation

golf carts from [1]. For this thesis, a golf cart with the necessary hardware including actuator
and sensor systems to carry on with the project is provided, based on the ones developed by
the SMART autonomous vehicle collaborative project. An exhaustive description of the used
platform is presented in Chapter 2.

It is clear that the development of such ambitious service is not implementable from a single
project. Bringing such a challenging idea to life requires work from a wide range of areas. For
this, the pursued AMoD service is thought as the result of an addition of different projects carried
out throughout the years that are built upon each other.

1.2 Problem formulation

Since no work has been carried out to implement an AMoD service in AAU, it is deemed a
reasonable first step to have a well-functioning fleet of autonomous vehicles. The aim of this
thesis is to give the opening shot to their design, and more specifically, to address the basic
concept of autonomous driving: bringing a vehicle from one point to another. Furthermore, this
problem should be undertaken by using the provided platform, without adding new hardware
that would increase the cost.

The problem of bringing the golf cart from the initial location to the destination can be divided
into subproblems presented in detail in the sections of this thesis. The overview of the presented
solution is given in Chapter 3. First, a model of the cart is needed such that its behaviour can
be simulated accurately and the controller of the cart can be designed. This is explained in
Chapter 4 and Chapter 5 in detail. Afterwards, the control of the cart making it capable of
moving autonomously needs to be derived. The control design is presented in Chapter 6. In
order to drive autonomously, the controller needs to be aware of the vehicle’s behaviour, and
therefore, sensor fusion is needed. The sensor fusion implemented is shown in Chapter 7. Last,
the navigation problem of finding how to go from one point to another needs to be studied. This
is addressed in its entirety in Chapter 8.
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2 Platform description

The vehicle provided for this project is the Yamaha Drive2-E-DC [7], which has been used as a
base platform to build an autonomous vehicle by incorporating necessary actuation, sensing and
processing systems. One of the considerations when these subsystems have been chosen is that
the overall cost of the vehicle must be kept low. Thus, expensive sensors such as a Velodyne
LIDAR, currently used in other autonomous driving research [8], are not used. The vehicle with
all the connected subsystems is shown in Figure 2.1.

Low Level Controller

GPS

o)
)

[Touch Screen Display

[ Steering Actuator
IMU [

‘Wheel Encoders

( )
( )
( )
( )

)
o)
)

[ Braking Actuator

Figure 2.1: Overview of the components that have been installed in the vehicle.

The vehicle is a complex system comprised of many subsystems. It is decomposed into three
main subsystems: the processing system, actuation system and sensor system. The sensor system
is responsible for sensing the environment around the vehicle. This information is given to the
processing system which has algorithms that analyse the data and, based on the analysis, sends
commands to the actuator system to manipulate the vehicle’s movement.

In this chapter, the components in each subsystem and their functionality are discussed. Further
technical information about these is given in Appendix A.

2.1 Processing system

The processing system is comprised of three main components providing different functionality to
the system: a Low Level Computer (LLC), a High Level Computer (HLC) and a microcontoller.
All the communication between these components is via Ethernet through a switch.

Figure 2.2 gives an overview of the processing system and depicts the interconnectivity between
the components.
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Chapter 2. Platform description

Processing system

| HLC |

l_T

| Switch [« LLC

| Microcontroller |

Figure 2.2: Diagram showing the interconnectivity between the components of the processing
system.

Low Level Computer

The LLC’s main responsibility is to interface to the actuation system of the vehicle. The LLC is
able to control the entire actuation system and also to receive data from some of the sensors
attached.

It includes many safety factors, including logic for an emergency stop button to mitigate risk
related to autonomous driving. Furthermore, each actuation subsystem has an enable button.
These buttons are available to the user via the touch screen display depicted in Figure 2.1.

High Level Computer

The HLC is a general purpose computer where all algorithms and work developed through the
project is implemented, in Robot Operating System (ROS). The HLC communicates with the
LLC and the microcontroller.

Microcontroller

The purpose of the microcontroller is to expand the possibility of adding more sensors to the
vehicle. Using this instead of connecting experimental sensors to the LLC ensures that the safety
protocols implemented in the vehicle are not compromised.

2.2 Actuation system

The actuation system is divided in three subsystems: the steering system, the braking system
and the drive-train system. In this section, these three subsystems and their functionalities are
discussed.

In Figure 2.3, an overview of the actuation system can be seen. The interconnectivity between

itself and the processing system is also shown. As mentioned in Section 2.1, all the communication
for the actuation system is carried out through the LLC.
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2.3. Sensor system

Processing system Actuation system
| HLC | | Steering system |
| Switch |<—>| LLC I# ;I Braking system |
1 |
!
| Microcontroller | |Drive—train system|

Figure 2.3: Diagram showing the interconnectivity between the components of the processing
system and actuator system.

Steering system

The steering system is able to control the position of the steering wheel. It consists of an
actuator with an encoder. A proportional controller with negative feedback from the encoder is
implemented in the LLC. To actuate this subsystem, the LLC receives setpoint references from
the HLC and the proportional controller is able to control the steering wheel position using this
reference.

Braking system

The braking system is similar to that of the steering system consisting also of an actuator and
an encoder. The purpose of the braking system is to control the position of the vehicle’s braking
pedal. The braking actuator is also controlled by a proportional controller implemented on the
LLC. Similarly, the HLC sends setpoint references to the LLC to control the position of the
pedal. An important feature of it is that the driver can manually override the brake in a potential
emergency situation.

Drive-train system

The drive-train system is actuated by overriding the throttle pedal with an analogue voltage
signal as an angular velocity reference to the vehicle’s proprietary motor controller. To drive
autonomously, the LLC shall receive an analogue reference from the HLC and send this reference
to the vehicle’s motor controller.

2.3 Sensor system

The sensor system is comprised of all the relevant sensors on the vehicle. Each sensor provides
information, some relating to the movement and position of the vehicle, while others provide
information regarding the vehicle’s surroundings. In this section, the functionality and purpose
of each of the sensors is described.

In Figure 2.4, the platform diagram of the full vehicle is shown. It also shows how each of the
sensors connects to the processing system.
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Sensor system Processing system Actuation system

Steering system

LIDARs

Braking system

Microcontroller

Wheel encoder Drive-train system

Figure 2.4: Diagram showing the full platform available and the interconnectivity between the
sensor system and processing system.

Front facing LIDARs

There are two front facing 2D LIDARs present on the system. One of them is mounted at the
front of the vehicle in place of its bumper horizontally and the other is mounted on the roof of
the vehicle in a push-broom configuration.

Both the LIDARs have Ethernet connection and communicate directly with the HLC. The
purpose of the LIDARs is to be able to sense the environment around the vehicle.

GPS

The GPS installed on the vehicle is a single receiver. The main purpose of including GPS in the
vehicle is to have absolute position of the vehicle. It interfaces directly to the HLC to receive
positioning information.

Due to the size of the vehicle, centimetre precise GPS is not needed. Hence, a single receiver
GPS is chosen opposed to more costly options such as Differential GPS or Real-Time Kinematic
GPS, which may provide more precise and accurate measurements. Due to using a single receiver
GPS, its the position in the vehicle is not particularly important and it is mounted towards the
rear of the vehicle.

IMU

The IMU on the vehicle, connecting to the microcontroller, provides 3-axes linear accelerations
and 3-axes angular velocities. To fulfil the inexpensive nature of the platform, it is chosen to
be low-cost. In addition, better IMUs may need to be calibrated before use and would not be
possible with the IMU fixed to the vehicle. Its position is the centre of the rear axle.
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2.3. Sensor system

Wheel encoder

On the vehicle, two encoders are installed on each of the rear wheels, connecting to the LLC.
The reading of the encoders provides the angular position of the wheel. Using this, the angular
velocity and angular acceleration of the wheels can be calculated.
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3 System overview

The aim of this thesis is to bring a vehicle from its location to a desired one. This general
problem can be scoped to concern only the vehicle platform described in Chapter 2 and the
solution should aim to build the basis to satisfy the greater problem of creating an AMoD service
for the AAU campus. Using the previously stated facts, the development of a solution has been
focused to solve the problem by incorporating these considerations.

One of the considerations for AAUs AMoD service, stated in Chapter 1, is that the vehicle’s cost
should be kept low. This has also been seen through the choice of sensors in Chapter 2. With all
of these initial design considerations taken into account, the problem is better defined and can
be further decomposed and analysed.

When analysing the objective to bring a vehicle from its location to a desired one, two well-defined
problems are intrinsic to the full statement. The first concept is to bring a vehicle. At this
moment, it is important to consider this statement in the context of the AMoD problem. Thus,
to reformulate this statement in an engineering sense, it can be said to driving the vehicle
autonomously. The second statement in the problem is from its location to a desired one. Thus,
in a more formal context, this can be said as being able to navigate from point A to B. Considering
the vehicle being autonomous, this subproblem can be stated as navigation, given a map.

Now, it can be seen that the general problem has been analysed into these two subproblems.

3.1 Autonomous driving

In this section, the problem of autonomous driving is discussed. The idea behind it is the vehicle
driving by itself without human intervention. In Section 2.2 the actuation system of the vehicle
is described, where the LLC is able to set references to motor, steering wheel and brake pedal.
From this, it should be understood that the platform can be moved without human intervention,
yet there are still no algorithms in the HLC to set these references. Thus, algorithms to create
these references for the vehicle shall be developed in this report.

The chosen method to develop this algorithm is to use model-based control design. As in the
name, the designed control algorithm is based on a model of the vehicle. Thus, the first task
to be done is to develop a model of the Yamaha golf cart for the basis of the control algorithm.
This model is explained in Chapter 4.

Once the vehicle is modelled, the control algorithms for the vehicle can be developed. The control
design shall be able to autonomously navigate the car on the prescribed route from its location
to the desired location. This problem is handled in Chapter 6.

At this stage it is possible to simulate the controller with the model but it is not yet possible to
implement the controller on the platform. One of the critical components of control theory is
feedback. While in simulation, the mathematical model is able to give information about the
motion and pose of the vehicle, this cannot be provided by the vehicle itself. Due to this, the
sensors described in Section 2.3 are installed on the platform. Since each sensor provides diverse
information, the idea to fuse it together and provide an accurate estimate of the motion and
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Chapter 3. System overview

pose of the vehicle is explored in Chapter 7.

With the model, controller and sensor fusion developed, the vehicle is able to autonomously
navigate itself from its location to another one in a predefined route. An overview of how the
autonomous driving system is interconnected can be seen Figure 3.1.

Vehicle platform

Vehicle

|
|
|
|
I ............................. I
I route : L
| !
I ; :
| v trol sional Actuator |
: | | » Controller control signals —'—’ system :
| estimated : :
: motion and pose 4 D
[ | Sensor s Sensor ]
| . ¢— sensor data == o
| fusion = system D
o
: |
I !
| o
| |

Figure 3.1: Overview of solution for autonomous driving.

Figure 3.1 shows how the algorithms of the proposed solution are implemented in the platform
described in Chapter 2. It also gives meaning to the information type being transferred between
the algorithms. It is important to note that the modelling to be done is not shown but is inherent
in the controller and is also used to simulate the vehicle.

3.2 Navigation

In this section, the possibility of navigating from point A to B is discussed. This problem is
analysed further in the context of the AAU AMoD problem. The AAU campus is an urban
environment comprised of static features such as buildings, roads and road signs but also has
dynamic features including additional vehicles, bicycles and people. Furthermore, there may be
many possibilities in which the vehicle can reach the desired location. It can already be seen
that the scope of this problem is great but as mentioned in Chapter 1, the aim of this thesis is to
provide a satisfactory basis to realise the goal of creating the AMoD service at AAU.

For these reasons, the scope for navigation is reduced to consider points A and B are nearby to
each other. Thus, the focus taken in Chapter 8 explores planning the geometric path between
the two points, considering the behaviour of the vehicle. This should also ensure that the vehicle
is able to obey traffic rules and avoid static or static obstacle.
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3.3. Solution overview

3.3 Solution overview

With the proposed solutions of the subproblems in Section 3.1 and Section 3.2, the combined
solution for the problem formulated in Chapter 1 is shown in Figure 3.2.

Vehicle platform

Vehicle

sensor data

|
|
|
|
: _|Navigation AR O
! planning :
| : !
! v | sional Actuator :
3 » Controller control signa S"—’ system :
I ' :
| estimated : :
: motion and pose v y
| | Sensor b Sensor !
| fusion € sensor data == . o
: usion i system s
o
| !
| ;
: o
: |

Figure 3.2: Overview of the solution to navigate an autonomous vehicle from its location to
the desired location.

Figure 3.2 builds on to the developed solution shown in Figure 3.1. It adds the navigation layer
to the foundation layer of autonomous driving. Notice, that the sensor data for the navigation
planner differs to the sensor data for the sensor fusion. As previously stated, this solution
provides a foundation for further projects to build upon in order to reach the goal for AAUs
AMoD service.
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4 Dynamic model

In this chapter, a first-principles model is derived using Newton-Euler methods based on the
approach presented in [9] for a vehicle running at low speeds, not exceeding 15 kTm The purposes
of having a model are to design a controller and to simulate the system. For the ease of the
controller design, some model simplifications may be required. However, for simulation purposes
a detailed model is preferred.

In the following, two dynamic models are presented, one that satisfies the controller design
requirements and another one that satisfies the simulation requirements. In Section 4.1 a
framework is described such that it can be used to derive the dynamic models. The model
equations of the tyre forces are described in Section 4.2. The first-principles model is then
derived in Section 4.3. The complexity of the model derived in Section 4.3 makes it suitable for
simulation purposes but is too complex for the controller design. Due to this, a second model
is derived in Section 4.4 based on the bicycle model. This consists of a simplification of the
first-principles one, where only two wheels are considered instead of the vehicle having four
wheels. This simplification can be done due to the steering system used in the vehicle being of
an Ackermann type, which properties are explained in detail within Section 4.4.1.

Closing the chapter, Section 4.5 goes through the parameter estimation process for the motion
models, yielding the complete vehicle model.

4.1 Model framework

In the following section, the framework used to describe the motion of the vehicle is analysed.

In order to ease the modelling of the vehicle, some assumptions are made. The first assumption is
to consider the vehicle’s movement to be planar such that its position can be described with two
coordinates. This assumption is deemed reasonable as changes in a third coordinate are expected
to be very small compared with the other two, and in case these changes in the third coordinate
appear to be significant they can be included in the model as disturbances. The second and
last assumption is to consider the orientation of the vehicle to be described only by its heading.
Because the vehicle movement has been assumed to be planar, pitch and roll are considered to
remain null due to no inclination of the terrain considered. Changes in pitch and roll can occur due
to accelerations, decelerations or due to cornering. However, as mentioned in the introduction of
this chapter, the speed of the vehicle is limited to 15 kTm and at such speeds it seems reasonable to
consider changes in roll and pitch due to accelerations, decelerations and cornering to be negligible.

With these assumptions, the vehicle’s pose, i.e. its position and orientation, is described by three
degrees of freedom (DOF) as shown in Figure 4.1. There are two DOF for the vehicle’s position
and a third DOF for its orientation. It becomes evident then, that any frame in which the pose
of the vehicle is described has to belong to E? at least.

Two frames are used to describe the motion of the vehicle: an inertial frame R € E? where
Newtonian mechanics apply and a non-inertial frame B € E3 which is fixed to the body to
participate in its motion. The origin of B is conveniently coincident with the center of gravity (G)
of the vehicle and its axes are conveniently coincident with the vehicle’s principal axes of inertia.
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Chapter 4. Dynamic model

B is also aligned with the vehicle such that the z-axis is pointing on the heading direction of the
vehicle as it can be seen in Figure 4.1.

To distinguish between the two frames, let the inertial frame R be defined by the X, Y and Z
axes and the non-inertial frame B be defined by the z, y and z axes as it is shown in Figure 4.1.
Moreover, a vector v in inertial frame coordinates will be denoted as {v}, and a vector v in
non-inertial frame coordinates will be denoted as {v}.

AY

|-
| ot

R X

Figure 4.1: Diagram showing both the inertial frame R and the non-inertial frame B.

The pose vector of the vehicle is described in the R-frame, denoted by {x}, = {X Y w}T. It
cannot be described in the B-frame but changes in the pose vector are directly affected by the
vehicle’s motion which is described in the B-frame. Mapping from B to R can easily be done by
multiplying by the rotation matrix in (4.1).

cosy —siny 0
RR=|siny cosyp O (4.1)
0 0 1

Where v is the orientation of the non-inertial frame B with respect to the inertial frame R as it
is shown in Figure 4.1.

4.2 Tyre model

The principle of the vehicle’s motion is based on the friction between its tyres and the ground.
This friction can be expressed as forces applied at the tyres, which are modelled in the following.
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4.2. Tyre model

In Figure 4.2, the force diagram of the vehicle is shown, from which the model equations are
derived in Section 4.3. From Figure 4.2, the forces F,; € R? are the propulsion forces supplied
by the motor. The angle §; is the steering angle of each wheel, being 0 for d3 and d4, as the rear
wheels cannot be steered. The forces F; € R? represent the sideways friction forces between the
tyres and the ground, which make the vehicle capable of turning when the front wheels are being
steered, i.e. when ¢§; # 0.

A
Y

|-
Ll

R X

Figure 4.2: Force diagram of a four wheel vehicle with front steering and rear propelled wheels.

From [9], it is known that each lateral force, F;, depends on the slip angle of each wheel
respectively, which is denoted as «;. In [9], it is further specified that for slow speeds it is found
heuristically that F; is in fact proportional to «;, as expressed in (4.2).

Fyi = Cm' (673 (4.2)

Moreover, it is further specified in [9] that for slow speeds the slip angle of each wheel is equivalent
to (4.3).

o; = (52 - Qm» (4'3)
An equivalent expression is found by plugging (4.3) into (4.2), yielding (4.4).

Fyi = Cm' (51 — Qm‘) (4.4)

fy; is the angle between the longitudinal axis of the vehicle, i.e. z-axis, and the actual velocity of
the wheel {v;}g, see Figure 4.2.
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{v;}5 is the sum of two contributions. As the vehicle is considered a rigid body, the first
contribution is the velocity of G, {w};, while the second contribution comes from the rotation of
the vehicle around G, which is denoted as {vy;} g, yielding (4.5).

{Ui}B = {'U}B + {’Uti}g (4.5)

{v}p is defined as {v}z = {x ] 0} 5 On the other hand, {vy;}; can be found by differentiating
a vector r; with respect to time in the moving frame B, where r; is the vector going from G to
the center of the i*® wheel as shown in Figure 4.2. The expression for the time derivative of a
vector in a moving frame is defined in the literature, e.g. [10], to be as shown in (4.6).

. d B
{vti}B = {’I“,L']R}B = £{Ti}3 + {Q'R X ’l"i}B (46)
{Q%} is the vector expressing the rotation of the moving frame B with respect to the fixed
B

frame R and thus {Q%}B = {0 0 ﬂT, while {r;}z = {li Lwi O}T. To be able to keep the
equations in a generic form, l; and [,,; are defined according to the B frame, meaning that each
l; and l,; have the same sign as the axis where they lay on. Hence, as it can be seen from
Figure 4.2, l1, 1o, L1, lwsa > 0 and I3, l4, L2, Lz < 0. Notice that the notation {r’i}R}B stands for

the time derivative of the vector r; in the moving frame B with respect to the fixed frame R.
Evaluating (4.6) with the given values it yields:

0 0 l; ~Lwith
{vii}p = {72']7@}3 = 0] + 1|0 X |lwi| =] LY (4.7)
0 b 0 0
B B B B
Once {v}z and {vg;}z are known, (4.5) becomes (4.8).
i —Luith & — luit)
{vilg={vig+{vilg= || +| ¥ | = |9+l (4.8)
0 » 0 0
B B

By using trigonometry, since {v;} 5 is expressed in B-coordinates, tan (6,;) can be found as the
relation between the x-coordinate and the y-coordinate of {wv;} 5 such that 6,; can be expressed
as (4.9).

PR, (4.9)

Plugging (4.9) into (4.4) yields (4.10), which is referred further on as the model for the sideways
friction force Fy; without simplifications.

Fyi = Cm' 62 — arctan M (410)
T — lwip

The model of the propulsion force F); is obtained by applying Newton’s second law for rotational
bodies, to the wheel axis which is found from Figure 4.3 to be (4.11).

0 ll N
0,; = arctan <M>

Jwi wi - Tmi - Fzz Reffi (411)

w; is the angular velocity of the ith wheel, J,; is the inertia of the wheel in the axial direction of
the it" wheel, Rog; is the effective radius of the " wheel and T),; is the torque supplied by the
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4.3. Motion equations

motor when applied at the axis of the i*" wheel, being T} = T» = 0 Nm.

[
P

in

Figure 4.3: Force diagram of one rear wheel with forward speed v;.

Due to the limited speed of the vehicle, it is reasonable to assume null tyre longitudinal slip and
thus (4.12) stands.

.%.'Z' = W Refﬁ' (4.12)

Plugging (4.12) into (4.11) and solving for F}; yields (4.13), which is referred further on as the
model for the propulsion force F,; without simplifications.

Toni _ JL’?:E, (4.13)
Regt; Regi
To summarise, in this section the model equations for the tyre forces have been derived. The
sideways friction forces, Fy;, model equations are described by (4.10), whereas the propulsion
forces, F,;, are described by (4.13).

Fmi:

4.3 Motion equations

In this section, a first-principles model for the vehicle motion is derived using Newtonian mechan-
ics. It is considered that the motion of the vehicle can be described by the accelerations in the

T
B-frame, {X} = [x i 1/’} . The force F' is the sum of the propulsion forces F,;, the sideways
friction forces Fy; and the centripetal forces acting on the vehicle due to rotational motion.

The translational movement is analysed using Newton’s second law in G, where the acceleration
of the vehicle is related to the applied forces as (4.14).

Y {F}=m{a(G)}y (4.14)

T
{a(G)}; is the translational acceleration of G and it is defined as {a (G)},; = [al« ay 0} :
Extending (4.14) based on the force diagram presented in Figure 4.2 yields (4.15).

fo 4 | Fyicosd; — Fy; - sind;
m|ay| = Z Fy; -siné; 4 Fy; - cosd; (4.15)
0 i=1 0

To find the components of {a}g, the vector {v},, which has been defined in Section 4.2, is
differentiated with respect to time in the moving frame B, as shown in (4.16).
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ahs = {ilp} = {v}s + {08 v}, (4.16)

T
{vig= [ac U 0} from Section 4.2 and Q%, which represents the rotation of the B-frame with

respect to the R-frame, is Q% = [0 0 1/1} from Section 4.2. The effect of this rotation is known
as Coriolis effect. By evaluating (4.16), (4.17) is obtained.

i 0 i i —i) & — i)
{ayg={olp}=|3| +]0| x|g| =|i| +]|ad| =|i+iv (4.17)
0 0 0 0 0

5 ¥ B B B 5 5

Plugging the expression for the translational acceleration of G, {a}g, obtained in (4.17) into the
translational motion equations expressed in (4.15), it yields (4.18).

i 4 | Fyicosd; — Fy; - sind; g
m- || = Z Fypi-sind; + Fy; - cosd; | +m - | =) (4.18)
0 i=1 0 0

(4.18) describes the translational accelerations of the vehicle. To analyse the rotational movement
of the vehicle, Newton’s second law applied to rotational movement is used in G, where the
angular acceleration of the vehicle is related to the sum of momentum applied to G as (4.19).

S {r} =1-{a}y (4.19)

{a}y is the angular acceleration around the three axes of B from G. As introduced in Section 4.1,
B is conveniently defined such that its origin is coincident with G, and its three axes are coincident
with the principle axis of the vehicle. This framework definition enables the inertia tensor (I) to
become diagonal such as (4.20).

I,
=

ol o

0
0 (4.20)
I

z

0
0

Therefore, the expanded version of (4.19) becomes (4.21).

I, 0 0 )
d{r}=|0 1, 0 |6 (4.21)
0 0 L| |v .

Where ¢, 6 and ¢ are respectively the roll, pitch and yaw angles of the frame B with respect
to the frame R. If one recalls the assumptions taken at Section 4.1, the vehicle movement is
considered to be planar, i.e. inclination of the terrain is neglected, which together with the fact
of the vehicle speed being limited to 15 kTm, changes in roll and pitch angles are assumed null
and thus ¢ = 0 = 0. Developing (4.21) according to the force diagram represented in Figure 4.2
yields (4.22), which is the third required equation do describe the vehicle motion.

0 0 0
0

0] => 0 (4.22)
I, P i=1 |1, Fy; sin 6; + liFyi €08 0; + Ly Fyi cos 0; — lwiFyi sin 6;
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AT
To summarise, the equations describing the motion of the vehicle according to X = [:p i 14

have been derived and can be found in (4.15) and (4.22) which can be expressed together in
compact form as (4.23).

% Fy;cosd; — Fyisind; b
% = Z % F,isin 6; + Fy; cos d; + | =& (4.23)
=1 i (lea:z sin d; + llez €08 0; + lyiFy; cos 6; — lwiFyi sin 61) 0

The forces Fy; and F; are given by its respectively tyre model (4.13) and (4.10).

The complexity of this model makes it suitable for simulation purposes but it could potentially
make the controller design troublesome. It has previously been introduced that the vehicle is
equipped with an Ackermann steering and that vehicles with such steering systems are commonly
modelled following what is called the bicycle model, a simpler version of the model presented
in Section 4.4.3. In the following sections, the Ackermann steering and its characteristics are
presented, which are used in the derivation of the bicycle model of the vehicle.

4.4 Model simplifications

Some simplifications to the motion equations presented in Section 4.3 can be done. These
simplifications are meant to ease upcoming work such as the parameter estimation and controller
design. The first simplification applies to the steering model, which follows an Ackerman geometry.
In Section 4.4.1 the properties of this geometry are explored, and it is seen that the steering model
can be reduced from two steered wheels to only one virtual wheel. The second simplification
applies to the tyre model, in Section 4.4.2, the small angles approximation is explored to reduce
the nonlinearities in the tyre model.

4.4.1 Steering model simplification

For a front wheel steered vehicle as the one shown in Figure 4.4 to be able to make a turn,
the inner and outer wheels have to follow a trace with different radius each. The vehicle is
a rigid body and it is known that the rotational motion of a rigid body is defined around an
Instantaneous Center of Rotation (ICR), also referred as Instantaneous Center of Zero Velocity
n [10]. The existence of an ICR is proven in [10] in the following way. Assume that the vehicle
is performing an absolute circular motion, and consider any two points of the vehicle A and B
with non-parallel velocities. If there is a point around which A has absolute circular motion, it is
true that this point lies on the normal to v, and thus the same reasoning can be applied to B.
There must exist a point where all normal directions intersect, which is the ICR. In the case
study, it is proven that both front wheels have to be steered with different angles such that the
normals to vy and vy intersect at the ICR.
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Figure 4.4: Illustration of the Ackermann steering geometry for a four wheel vehicle with front
steered wheels where the concept of ICR is represented. The virtual wheel with steering angle 4,
result of the Ackermann geometry, is also shown.

Following the same reasoning, it is possible to find the steering angle of a virtual wheel which
lies in the midpoint of the front axle as it is shown in Figure 4.4. Note, it is also assumed that
there is null slip [11], hence, the velocity of the wheel v; is coincident with the corresponding
steering angle §;. It can be proven that the steering model can then be described only by this
virtual wheel. To do so, an expression that relates the steering angle of the wheels to the virtual
wheel is found in the following. From Figure 4.4, the trigonometric relations

tand = o (4.24)

licr
l
lLicr + lwi sgn (6;)
result evident, where the sign function is defined as (4.26) and it is used to distinguish if the 4*

wheel is inner or outer to the turn, and as well as it is considered in Section 4.3, the signs of [,;
are chosen according to their position with respect to the B-frame, i.e. [,3 < 0 and {4 > 0.

tan d; = (4.25)

h

-1, 6<0
sgn (52) = 1 s 6; >0 (4.26)
0 , 6;,=0

Solving then (4.25) for licR, it is obtained that

l
licr = m + lwi sgn (0;) ,
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which can be plugged into (4.24), and solving for ¢ yields (4.27), the expression that relates ¢

l
0 = arctan ; (4.27)
tan d; + lwi sgn (51)

The sign function of an angle can alternatively be expressed as sgn (J;) = t?;}’y Therefore,

expression found in (4.27) can equivalently be written as (4.28).

[ tan é;
0 = arct _— 4.28

arctatl (l—l—lwi tan\éﬂ) ( )

The use of one unique ¢ is common to simplify modelling of vehicles with front steering wheels,
where the vehicle is modelled with only one front wheel with steering angle § and only one rear
wheel. This simplified model is commonly known as bicycle model, seen for example in [12], [13]
and [14]. The motion equations of the bicycle model are derived in Section 4.4 and are used later
for the parameter estimation and controller design.

4.4.2 Tyre model simplification

In Section 4.2, a tyre model inspired in [9] is presented. The model of one tyre is based on two
components, sideways friction force noted as Fy; and modelled in (4.10), and propulsion force
noted as F,; and modelled in (4.13). This subsection explores the simplification of the expression
for Fy; in (4.10) by linearising it around 6,; = 0 or in other words, by applying the small angles
approximation. Before, however, it is essential to notice the difference between front sideways
forces, {Fyl, Fyg}, and rear sideways forces, {Fyg, Fy4}. From (4.4), front sideways forces Fy
and Fy can be expressed as (4.29).

Fy1 = Ca1 (61 —61)

4.29
Fyo = Coa (62 — 012) (4.29)

The delta term in (4.4) for the rear sideways forces is zero, given that d3 and d4 are null. Thus,
(4.4) becomes (4.30).

Fy3 - Ca3 (_91)3)

4.30
Fy4 - C’044 (_01)4) ( )

Because rear sideways forces do not depend on any steering angle, they only depend on pure
sideways slip of the full vehicle, which at slow speeds is expected to be close to zero. On the
other hand, front sideways forces depend on the difference between the steering angles d3, 64 and
the velocity direction of the respective wheel. As it can be seen, the nature of the rear and front
sideways forces is different and for that reason the linearisation of the respective expressions has
to be treated separately.

Front sideways forces

First, the case of the front sideways forces is analysed. To do so, (4.29) is expanded such as
(4.10), yielding the expressions in (4.31).
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. l N
Fyl = Cy1 | 01 — arctan M
€r — lw1¢
fur (4.31)
. l N
Fyo = Cu2 | 62 — arctan M
€r — lw21/}
9’02

These can be simplified if the terms 6,; and 6,2 are linearised around zero. To explore this
possibility, the interpretation of 6,1 has to be analysed. Consider a scenario where the vehicle
is performing a turn without slipping. The velocity of the i** front wheel will be aligned with
d;, and thus 0,; = §;. If the same scenario is taken with the vehicle performing its maximum
sharpen turn, i.e d; max, then it is the scenario where 6,; is maximum. In the following, this
scenario is investigated. To do so, the value for 0,; max is found according to d; max and then it is
seen whether it falls inside an acceptable range defined by the linearization of the arctangent
function around zero. To draw this acceptable range, a representation of the arctangent function
and its linearised version with operating point zero is shown in Figure 4.5. From Figure 4.5, it is
reasonable then to consider the acceptable range to be arctan 6,1 ~ 6, for |6,1| < 0.25.

1
—— £ (6v1) = arctan 6,1
- g9 (9111) =01
0.5 1
0l i
—0.5 8
—1 | I

| | | I |
—1 —-0.75 =05 —0.25 0 0.25 0.5 0.75 1
61}1

Figure 4.5: Plot showing the comparison between the function f (6,;) = arctan6,; in blue and

the function g (6y;) = 6,; in red which can be used to determine whether the function f (6,;) can
be linearised around zero.

The maximum steering angle, d; max, is found with trigonometric relations given the minimum
instantaneous cornering radius, Ruyin, found in [15]. From Figure 4.4, the relation (4.32) results

evident.
R=\/2+ 1y (4.32)
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In (4.32), I, = I3 = l4. Moreover, solving (4.24) for [;cr and then plugging it to (4.32) yields

(4.33).
I 2
R= Jl? + (tan 51) (4.33)

To calculate the steering angle ; given the turning radius, (4.33) has to be solved for §; such as
(4.34).

2
6i = arctan ( R21_12) (434)

If (4.34) is evaluated with R = Ryjn, = 2.8 m, [, = 0.72 m and [ = 2.37 m, which can be found in
[15], it yields a maximum steering angle of §; max = 0.7193 rad. As defined before, the scenario
taken into account is when the vehicle performs the sharpest turn possible and the wheels do
not slip, thus 0y max = 0i,max = 0.7193 rad which lays outside of the acceptable range that was
defined to be |6, < 0.25.

However, it is decided to use small angles approximation with operating point at zero and
compensate for deviations in the controller design. If deviations appear to be significantly
different, operating points should be taken and different controllers could be designed according
to these. The expression (4.31) with small angles approximation becomes (4.35).

Fj = Cq41 - | 01 — arctan (M) ~ Cqy - <51 - y‘Hw)

T—lyp19 e=lury
. | (4.35)
Fys = Cqa - | 62 — arctan (%) ~ Caz- (52 - %)

Rear sideways forces

A similar procedure can be followed to simplify the sideways force expression for the rear wheels.
For this case (4.30) is expanded such as (4.10), yielding (4.36) which can be simplified if the
terms 60,3 and 0,4 are linearised around zero.

T — ledJ
91}3

. l N
Fy3 = Cqa3 | —arctan (Mb)

(4.36)

T — lwéﬁ/]
91}4

. l H
Fy4 = Cpy | —arctan (M[})

Differently than the front sideways forces, rear sideways forces are only dependent on pure slip of
the full vehicle, which is expected to be small given the limited speed of the vehicle. Therefore,
it is deemed reasonable to consider 0,3 and 6,4 to be small angles and apply the linearisation
around zero such that (4.36) becomes (4.37).
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Fy3 = Cu3 | —arctan (my':fjjw> ~ Cus (53 — QHW.)
(4.37)

Fyy = Cus | —arctan (xyjlfjﬁ/) ~ Cyu (54 — y“‘“/’.)

4.4.3 Bicycle model

For upcoming work, i.e. parameter estimation and controller design, it might be beneficial to use
a simplified version of the model equations presented in Section 4.3. As discussed previously, a
commonly used model for vehicles with an Ackermann steering is the bicycle model. The bicycle
model is based on the principles presented in Section 4.4.1, which enable to consider a unique
front steering wheel and a unique rear propulsion wheel as shown in Figure 4.6. Throughout
this section, the equations for the bicycle model are derived. The derivation is based on the
force diagram presented in Figure 4.6 and it follows the same principles used to derive the model
equations in Section 4.3. Notice that the framework defined in Section 4.1 is used here as well.

AY

[
»

R X

Figure 4.6: Force diagram of the bicycle model with front steered wheel which is equivalent to
the virtual wheel found in Section 4.4.1.

From Figure 4.6, it can be seen that, due to the front wheel not being propelled, F,; = 0 and
that since only the front wheel is steered, do = 0, while d; is equivalent to the virtual § found in
Section 4.4.1. Moreover, as well as it is considered in Section 4.3, signs of /; are chosen according
to their position with respect to the B-frame, i.e. lo < 0 and [; > 0.

The translational movement is also analysed using Newton’s second law as in Section 4.3 and the
equations describing it end up being the same with only two wheels considered. Hence, (4.15)
becomes (4.38).

T F; cos 52 — Fyi sin 67, y¢
m y = Z F,;sin 51 + Fyi COs (52 +m —.iL"Lﬂ (438)
0 i=1 0 0
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This time, since only two wheels are considered, it is easy to develop this equation, which can
be expressed as two different equations: one for the translational movement in x, (4.39), and
another one for the translational movement in y, (4.40).

mi = Fyo — Fy1 sindy +m gy (4.39)

my = Fy1 cosd1 + Fya —m :1:1/} (4.40)

The same procedure can be performed with the rotational movement. As it is done in Section 4.3,
rotational movement is analysed using Newton’s second law applied to rotational movements
around G. The equations describing it can be derived from (4.22) applied to two wheels, with
the main difference in this case being that the terms multiplied by [,,; cancel out. Therefore,
(4.22) becomes (4.41).

I, 0 O 0 2 0
0 L, Of-|0] =" 0 (4.41)
0 0 L] |v =1 | i Fy sin d; + i Fy; cos d;

B

If (4.41) is developed as it has been done with the translational movement equations, it yields
(4.42).

L4 =11 Fy1 cos 61 + 1aFyn (4.42)

It has to be noticed that the equation has to agree to the sign convention taken, lo < 0.

With (4.39), (4.40) and (4.42), the bicycle model is concluded. In the following, it is used such
that it is easier to estimate the parameters of the model and further on, in Chapter 6 a version of
the bicycle model with further simplifications is used to design a controller to fulfil the objective.

4.5 Parameter estimation

The motion model equations found describing the system depend on diverse parameters related
to the vehicle. To be able to implement a simulation of the vehicle, as well as future controllers,
all of the parameters describing the model need to be found.

It is clear that some of the parameters of the model will not be fixed to a specific value and
instead, they can change under different circumstances or over time. The mass, inertias, dis-
tances to G and radius of the wheels are known to vary in each situation the vehicle can be
in. Therefore, variances on these values need to be included in the controller design. But, nev-
ertheless, the model needs to be validated, and nominal values for the parameters need to be found.

Since some of the parameters are known from the specifications of the vehicle, such as the
radius of the wheels or the distances to G, and others such as the mass of the vehicle can be
considered as known for specific experiments; it is decided to fix the value of these to ease the
estimation of the rest of the parameters. Furthermore, to make the estimation process easier, the
bicycle model of the vehicle described in Section 4.4.3 is used, leaving then a reduced amount of
parameters to be estimated. However, no other simplifications of the model are used, maintaining
the non-simplified version of the tyre model.

To find the values for the parameters, it is decided to use the Parameter Estimation Toolbox
within Simulink, which given the inputs and outputs of the system fits the simulation model
implemented by changing the specified parameters.
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After analysing the model equations of the bicycle model; the parameters needed to be estimated
are found to be the inertia of the vehicle, I,, the inertia of the wheels, J,,, and the longitudinal
cornering coefficients in the front and back wheels, Cjy and Cj, respectively.

However, it is known from Section 2.2 that the actuation on the cart does not consist on a torque
input as considered in the model derived. Instead, through the drive-train system, the rotational
speed of the wheels could be considered to be the input of it. From the wheel encoders, it is
simple to extract the rotational speed of each back wheel. Therefore, a model from the accessible
rotational speed in the wheels to torque needs to be included in the derived model.
To design this mapping, the dynamics of the motor shown in (4.43) are considered.

Imm =T —bwn, (4.43)
Where:
Im Is the inertia of the motor [kg mz]
W Is the rotational speed of the motor [%}
T Is the torque applied in the motor [N m]
b Is a friction coefficient [Nms]

To map from the torque applied in the motor to the one applied at the wheels, the gearbox ratio
is considered, which is known from the vehicle specifications to be 1 : 11.34.

However, including this map in the model adds two more parameters to be estimated, since
their value is unknown. This hardens the estimation based on the full model derived when all
parameters are forced to be estimated at once.

Hence, the parameter estimation is divided into two different steps. Since it is seen from the
equations describing the model that when the longitudinal velocity and acceleration are known
the torque does not affect the other two variables of the system, a first estimation of the set of
parameters without the ones coming from the motor is performed. This is accomplished taking
the steering, the longitudinal velocity and the acceleration as inputs, and fitting the yaw rate
and lateral acceleration to the measured values from the IMU.

Once these parameters are found to fit the experiment data, an estimation is performed with the
full model fixing their values to the estimated values. Taking now the rotational speed of the wheels
and the steering as inputs to the system and fitting the simulated longitudinal velocity to the one
measured by the GPS, the values for the parameters describing the motor dynamics are estimated.

The final estimated values for the parameters are shown in Table 4.1.

’ Parameter \ Value \ Unit ‘

Ciy 41498

Cir 30009

I, 350.72 | kg m?
Jw 12.046 | kgm?

Im 42.717 | kg m?
b 0.13993 | Nms

Table 4.1: Estimated parameters of the bicycle model.
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To analyse the fitting of the variables, the plot of their evolution during the simulation is compared
with the data extracted from the sensors in the vehicle.

From the IMU, the heading rate of the vehicle can be extracted from the gyroscope, allowing
a direct comparison between the simulated and measurement values of 9. The heading rate
measured during the experiment and the one given by the simulation are compared in Figure 4.7.

0.3 T - T T T T
—— Simulation
1. —— Measurements
3
-
—0.5 ! ! I I ! ! ! I I ! !
10 20 30 40 50 60 7O 8 90 100 110 120 130

time [s]

Figure 4.7: Simulated yaw rate compared to the measured data from the gyroscope in the
IMU.

Furthermore, the accelerations in the IMU position can be extracted from the accelerometer in
the IMU. However, these are not the ones being simulated in the model, since the IMU is not
considered to be placed in G. Hence, the relation between the acceleration in the IMU location
and G needs to be found.

First, the velocity measured in the IMU position is derived in the body frame. This translation
is performed in Section 4.2 and shown in (4.8) for the four wheel model of the vehicle. If the
derivation is extrapolated to the bicycle model, the velocity in the IMU is described as in (4.44).

T 0. T
fvimvlg=1 9 |+ | Ly | =| =1 (4.44)
0 0 0

Now, in order to calculate the measured acceleration in the IMU, the same procedure used for
the velocity is used, shown in (4.45).

{armuts = {MMU]R}B = {i}G]R}B + {btz]R}B (4.45)

The acceleration in G is derived in (4.17), in Section 4.3. On the other hand, the second vector
defining the acceleration in the IMU is defined as the derivative of the second component of the
velocity in (4.44). Therefore, this vector can be derived as shown in (4.46), which plugged into
(4.45) yields the final expression for the acceleration in the IMU, as in (4.47).
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Once this relation is derived, the simulation results can be translated to the IMU position and
then compare the values with those extracted from the accelerometer. Although, during the
experiment it is observed that the roll angle around the forward pointing direction of the vehicle
is of a considerable value when the vehicle turns, due to its suspension. Since the IMU can
provide an approximation of the rotations around its principal axes, an estimate of these values
during the whole experiment can be extracted. The values found are used to transform the
measured acceleration in the IMU during the experiment from a rotating frame to the planar
one being considered in the model. The comparison between the simulated acceleration in the
IMU location and the rotated one coming from the accelerometer is presented in Figure 4.8.
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Figure 4.8: Simulated acceleration in the IMU location compared to the measurements extracted
from the accelerometer in the IMU, once these have been rotated according to measurements.

As for the longitudinal velocity of the vehicle, it is deemed necessary to have an accurate model
of it, since it is of big interest for control purposes. Therefore, instead of fitting the parameters
for the longitudinal acceleration that could be extracted from the IMU, it is decided to fit the
parameters to the measured velocity from the GPS. It is possible to get an approximation of the
longitudinal velocity of the vehicle from the GPS data, considering that the vehicle always moves
forward between each GPS measurement. Moreover, another approximation of the longitudinal
velocity is extracted from the encoders in the rear wheels. The rotational speed of the wheels is
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extracted from the encoders, and the longitudinal velocity is calculated multiplying it times the
radius of the wheels.

Both approximations are compared and show a big resemblance, as seen in Figure 4.9. However, it
is decided to use the GPS data for the estimation process since the conversion from the encoders
to rotational speed is not considered accurate enough.
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Figure 4.9: Longitudinal velocity extracted from the GPS compared to the encoders conversion
from the back wheels.

The fitting results for the longitudinal velocity are shown in Figure 4.10.
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Figure 4.10: Simulated longitudinal velocity compared to the measurements extracted from
the GPS.

During the estimation of the parameters, the data used for the fitting of the simulation is
extracted from an experiment with the vehicle in which the driving shown in Figure 4.11 is
performed. The data shown in the 2D plot of the global coordinates is extracted from the GPS,
and is compared to the simulation, starting the experiment at the same point. It can be seen
from the simulation results that both plots do not match exactly, but the performance of the
vehicle is analogous. This is due to the result of integrating non-zero bias signals over extended
periods of time. Moreover, the initial orientation of the simulation is inaccurate, which might
increase the difference between the two plots. From the GPS data plot on top of the map, it can
also be seen how this data is not perfectly accurate, since it shows a path inside a building at
some points.
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Figure 4.11: 2D plot of the global coordinates X and Y. The plot shows the comparison
between the GPS data from the experiment and the simulated results on top of the map location.

4.5.1 Model validation

Once these values have been found for the parameters, it is necessary to confirm their validity.
The parameters have been fitted with one specific experiment, and thus, it has to be shown how

they fit with a different experiment.

Therefore, a simulation is run with the inputs extracted from a different experiment performed
Afterwards, the results shown by the simulation are compared with the
measurements extracted from the sensors. Figure 4.12, Figure 4.13 and Figure 4.14 show the
comparison between the measured data and the simulation results, in the