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Summary

In this thesis, advanced control theory is applied to the problem of controlling an electric
vehicle with independent propulsion actuators. Here, a linear parameter-varying (LPV)
vehicle dynamics controller is designed and implemented to control two independent
electric machines driving the front wheels of a prototype vehicle developed as part of the
European project eFuture. The control concept is implemented on a standard automo-
tive microcontroller and deals with safety, performance and efficiency limitations of the
vehicle. The thesis is divided into three main parts:

e The first part deals with the vehicle dynamics and the torque vectoring application.
To begin, the dynamics of the vehicle are analysed in Chapter 2, and several
vehicle models and tyre models are presented. The vehicle drivetrain is briefly
discussed, and limitations and constraints on vehicle movement are pointed out.
The validation of simulation models with experimental data is also shown. In
Chapter 3, several torque vectoring applications are analysed.

e The second part is concerned with control theory and controller design for torque
vectoring. Chapter 4 reviews the modelling and control of LPV systems. Different
approaches to LPV control are compared, and it is shown how non-linear vehicle
dynamics can be represented as LPV models. Chapter 5 investigates the influ-
ence of actuator limitations on vehicle behaviour and explains how an anti-windup
design is implemented to deal with saturations of the electric drivetrain. This
anti-windup concept is extended to cope with spinning or locking wheels.

e The third part of the thesis presents the implementation of the control design and
experimental results using the prototype vehicle of the eFuture project. Chap-
ter 6 discusses the general driveline software of the eFuture prototype and the
interaction of different software functions with torque vectoring. A discrete-time
controller design is proposed and the fixed-point representation of the controller
is discussed. Chapter 7 discusses real test drives, which demonstrate the perfor-
mance improvements achieved with torque vectoring, as compared to an equal
torque distribution, as typically used in conventional vehicles.
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Abstract

In this thesis, a torque vectoring control strategy is proposed for the propulsion of
an electric vehicle with two independent electric machines at the front wheels. The
proposed control scheme comprises a linear parameter-varying (LPV) controller and a
motor torque and wheel slip limiter which deals with drivetrain saturations and wheel slip
limitations. This control strategy was implemented on a microcontroller in a test car. As
part of the European project eFuture, test drives were carried out and measurements were
performed in several test manoeuvres, which demonstrate the benefits of the proposed
method as compared with equal torque distribution.

Key words: LPYV systems, Torque vectoring, active yaw control, Hy, control, eFuture,
single track model, vehicle dynamics, tyre model, anti-windup, chassis control, drive-
train, fixed-point representation

Kurzzusammenfassung

Ziel der Arbeit war die Entwicklung einer Antriebsmomenten-Verteilungsstrategie fiir
ein elektrisches Fahrzeug. Ein Prototyp wird mit zwei elektrischen Maschinen an der
Vorderachse angetrieben. Die Antriebsmomenten-Verteilung besteht aus einem linearen,
parameterverdnderlichen (LPV) Fahrdynamik-Regler und einem Motormoment- und
Radschlupf-Begrenzer. Das Regelkonzept wurde auf einem Mikrocontroller integriert,
welcher fiir den automobilen Einsatz qualifiziert ist. Im Rahmen des européischen Pro-
jekts eFuture wurden mehrere Testfahrten durchgefiihrt, die die Vorteile der vorgeschla-
genen Regelstrategie gegeniiber einer Gleichverteilung des Antriebsmoments zeigen.

Schliisselworter: LPV-Systeme, LMI, Torque vectoring, aktive Gierraten-Regelung,
H.o.-Regelung, eFuture, Einspurmodell, Fahrdynamik, Reifenmodell, Anti-Windup, Fahr-
werkregelung, Antriebsstrang, Festkomma-Arithmetik
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1 Introduction

Today, most vehicles are powered by internal combustion engines (ICEs) and most ICEs
run on products that are extracted from fossil fuels. These derivatives are mainly
"Petrol", "Diesel" and sometimes natural gas. However, it is well known that fossil
fuels are finite. Another source of energy is necessary. One possibility is to use ethanol,
produced from biological crops. However, these plants create competition with food gen-
eration plants, and are not desired if not everybody has access to sufficient food supply.
Another problem of ICEs is their generation of local emissions, which are unwanted in
areas of high population density. Novel combustion engines produce fewer toxic sub-
stances and consume less fuel than previous ICEs, but they still produce exhaust gases
and carbon dioxide (CO3). For example, Beijing had major smog problems, especially in
the winter of 2013-2014 [1]. Also, Paris partly banned the use of purely internal combus-
tion engine (ICE)-based vehicles in the beginning of 2014 [2] because of smog problems.
Air pollution is a global problem that is not purely related to personal transportation,
but automotive vehicles are one part of the problem.

Driven by their "green conscience", customers are starting to request vehicles that
consume less fuel and pollute the environment less than in the past decades. Additionally,
different sources of propulsion energy are being requested. The development of hydrogen
fuel cell electric vehicles (FCEVs) and battery electric vehicles (BEVs) has increased
sharply over the last two decades. A combination of ICEs and BEVs, known as hybrid
electric vehicles (HEVs), have become popular. For example, Japan had a market share
of over 20% for HEVs in 2013 [3] and in California, USA the actual market share of
HEVs is around 7.2% [4]. Also, the sales of electric driven vehicles (vehicles which
are propelled only by an electric motor) has risen during recent years. Technical and
economic limitations of FCEVs and BEVs limit their production. However, it seems that
the problems with BEVs have nearly been solved. At the beginning of 2014, the number
of electric driven vehicles rose to 400 000 worldwide [5]. Additionally, the battery electric
vehicle (BEV) "Tesla Model S" was the most sold vehicle in Norway for September and
December of the year 2013. The market share of electric vehicles was 6.1 % in Norway
at the end of 2013 [6]. Besides the environmental and health considerations of the
customer, economic considerations play a major role in these changes, and the economic
environment is influenced by politics. In Norway, for example, subsides for an electric
vehicles (EV) range from "free parking', "free travel on ferries" and "usage of bus lane"
to "value added tax exemption" and "register fee exemptions" [7]. With all these reliefs
and with new electric vehicless (EVs) entering the market, Carranza et al. [7] claim in
2013 that "the market penetration of electric vehicles in Norway could exceed 10 % by
the end of 2014".

New design possibilities for electric vehicles arise from new drivetrain structures. The
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basic architectural changes related to electric vehicles are discussed in Section 1.1. The
scope of this work is explained in Section 1.2. In Section 1.3, the main objective of the
thesis is explained. The scientific contribution of this work is described in Section 1.4.
An overview of this thesis is provided in Section 1.5.

1.1 Problem Description

The motivation for this thesis is associated with the drivetrain of the vehicle. The
drivetrain of a purely ICE-based vehicle architecture has requirements which do not
apply to EV architectures. The category EV is used because here it does not matter
if the electric energy is provided through a battery, a capacitor, a hydrogen fuel cell or
even an ICE within a serial hybrid electric vehicle (HEV). The important fact is that the
vehicle is equipped with electric machines for propulsion. The following review clarifies
the differences among drivetrain architectures.

Drivetrain - internal combustion engine

In an ICE-based architecture, the drivetrain starts with a fuel tank. The fuel is trans-
ported to the ICE, where it is burned. During this process, chemical energy is converted
into mechanical propulsion energy and dissipative heat energy. From the ICE, the me-
chanical energy is routed through the clutch to the gearbox. The clutch is installed to
operate the ICE in its physical operation range. In the gearbox, the torque and angular
velocity of the mechanical energy are modulated. From the gearbox, the mechanical en-
ergy is routed to the differential. The differential splits the energy to the left and right
wheels. The order of this sequence is fixed, and only individual components may differ.
Today, most automotive vehicles have an internal combustion engine (ICE), clutch (C)
and gearbox (GB) located in the front, and actuate the front wheels with the differential
(D), as shown in Figure 1.1. The tank (T) is located in the back of the vehicle, some-

Figure 1.1: drivetrain - internal combustion engine

where below the rear seats. To keep the diagram simple, Figure 1.1 represents these
drivetrain components as spread through the length of the vehicle, although in fact they
are located in the front of the vehicle.
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Drivetrain - generation one electric vehicle

There are two classes of EV-based drivetrains. In the first generation of EVs, the ICE
is replaced with one electric machine. The electric machine does not need a clutch and
gearbox anymore. However, many electric machines have a single gear to modulate the
torque and angular velocity of the electric machine. Because of this single gear, the
machine can be built with a smaller diameter and operates at a higher velocity. This is
just a construction constraint, and from now on, the single gear is regarded as part of
the electric machine. Additionally, the electric machine consists of a stator, a rotor and
an inverter. The first-generation EV drivetrain is shown in Figure 1.2a. The electric

(a) EV drivetrain, first-generation (b) EV drivetrain, second generation

Figure 1.2: Drivetrain - electric vehicle

storage system (ESS) normally consists of a battery but may also consist of a fuel cell,
a capacitor, a fly wheel, or some other source of electric energy storage. The ESS is
connected to the electric machine (EM). The mechanical output of the EM is connected
to the differential (D) which routes the energy to the wheels. These electric vehicles are
available as serial production vehicles. Popular vehicles include the Mitsubishi i-Miev [§],
Nissan Leaf [9], Renault Fluence [10], Renault ZOE [10], Smart ED [10], VW e-up! [10],
Volvo C30 Electric [11], Tesla Model S [10], BMW i3 [12], Ford Focus Electric [10],
Toyota RAV4 EV [13], Chevrolet Spark EV [14], Honda Fit EV [15] and many more.

Drivetrain - generation two electric vehicle

For the drivetrain of the second generation EVs, the differential is removed with the
integration of two (or four) EMs. Figure 1.2b gives an idea of this concept. The advan-
tage of such a concept is the control of individual wheels and the possibility of different
vehicle packaging designs. Drivetrain reliability is improved because it is possible to
drive the vehicle even if one motor fails.

At present, only the Mercedes AMG SLS Electric Drive [16] is available as a serial
product of second generation EVs. However, it is somewhat misleading to speak of a
serial vehicle, given that the price of this vehicle is above €400 000. Other prototypes,
such as the Mitsubishi MIEV concept model [17], the Audi R8 e-tron [18], the Rimac
Concept One [19] and so on, are being developed, showing a trend toward this technology.
The location of the electric machines is not yet fixed. Some prototypes are equipped
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with hub motors; others are equipped with in-chassis electric machines. Some vehicles
have two motors at the front, some two at the rear, and some even have four motors for
every wheel.

1.2 Scope of Work

This study aims to improve vehicle behaviour by developing a distributed propulsion
system, driven by two independent electric motors. The safety and performance of the
vehicle will be enhanced with a proper controller design. The non-linear, parameter-
dependent vehicle dynamics result in a ambitious control problem; in this work the
challenge is addressed within the framework of linear parameter-varying systems, by
developing, implementing and testing an LPV controller that is designed to guaran-
tee stability and performance. Additionally, the controller will be implemented on an
automotive microcontroller and validated with real test drives.

1.3 Main Objective

The developed controller should be integrated into the prototype-vehicle of the European
project eFuture [20]. The eFuture project develops a new safe and efficient vehicle
architecture. The project focuses on electric vehicles and on necessary considerations
for producing such vehicles in serial production. Standard electric machines are used
for this prototype, and all controllers are implemented on standard microcontrollers.
Standards like AUTOSAR [21] for code generation or ISO 26262 [22] for functional
safety are followed as closely as possible for a research project. Defined tests show the
proper operation of all controllers which improve the vehicle dynamics and safety.

Following a series of computer simulations, experiments are performed using a carrier
vehicle, shown in Figure 1.3. These tests validate the proper operation of the developed
torque vectoring function. In this prototype, the electric drivetrain can be fully controlled
and all necessary safety requirements for operating such a vehicle must be satisfied within
the prototype. For this vehicle, the basic task of torque vectoring is generating proper
torque commands for the front left and front right electric machines such that the vehicle
operates safely and has an optimal performance, given the constraints of the hardware.
This is achieved by designing and implementing an LPV controller which copes with
non-linear vehicle dynamics.

1.4 Scientific Contribution

The control design is implemented in a prototype-vehicle. The main contributions of
this thesis are the following:

e An affine, linear parameter-varying vehicle model is defined which includes lon-
gitudinal and lateral vehicle movement. Existing linear fractional transformation
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Figure 1.3: Prototype of the eFuture project

and polytopic linear parameter-varying design methods are applied to find linear
parameter-varying controllers.

e An existing anti-windup controller design method is applied here to deal with
motor limitations and is extended to meet different vehicle constraints in various
operating conditions.

e To solve the problem of an underactuated system, the requirements of wheel slip
limitation are integrated into the anti-windup design to achieve a "functionally
controllable model" [23]. The extension of the anti-windup design to the motor
torque and wheel slip limiter is developed.

e A polytopic linear parameter-varying controller for the longitudinal and lateral
vehicle dynamics is implemented on an automotive microcontroller.

1.5 Thesis Overview

The rest of the thesis is organised as follows. In Chapter 2, the basic physical relations
and equations for vehicle movement are discussed, especially the planar dynamics that
are relevant for torque vectoring. The general idea of torque vectoring is explained
in detail in Chapter 3. A review of different controller designs and implementations
is provided. In Chapter 4, linear parameter-varying control is briefly explained and
applied to the problem of torque vectoring. Chapter 5 develops an anti-windup concept
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to deal with the limitations of the electric drivetrain. This concept is extended to
the motor torque and wheel slip limiter, which also suppresses spinning or locking of
the driven wheels. Chapter 6 gives an overview of the steps needed to implement the
torque vectoring controller on an automotive microcontroller. Results of test drives are

discussed in Chapter 7. Conclusions and an outlook for future work are given in Chapter
8.




2 Automotive Vehicles

To discuss the design of a new torque vectoring controller, more information about ve-
hicle dynamics and vehicle components is necessary. A brief account of these topics
is presented in this chapter. Section 2.1 offers an overview of vehicle dynamics and
equations to model dynamic vehicle behaviour. Section 2.2 summarises important com-
ponents of dynamic vehicle behaviour. Different tyre models are described because tyres
have a major influence on the movement of the vehicle. Additionally, information about
the electric drivetrain is provided. Section 2.3 validates different simulation models with
measurement data obtained during the eFuture project [20].

2.1 Vehicle Model

A vehicle model predicts the behaviour of the vehicle for given changes, inside or outside
the vehicle. Computer simulations are used for defining and comparing such scenarios
under different conditions. The field of vehicle simulations is used for various investi-
gations. For example, crash simulations help to predict the deformation of the vehicle
under certain test scenarios taken from real accidents. Injuries to driver and passengers
are made visible and devices to prevent these injuries can be developed. Thermal stress
simulations help to improve the durability of electric components.

In the present study, vehicle simulations are related to the movement of the vehicle
with given inputs and disturbances. Inputs to the vehicle are the change of the steering
wheel angle and torques acting on the wheels of the vehicle. Disturbances or external
inputs are the aerodynamic drag forces, the incline of the road, varying road conditions
and so on. A general vehicle model for movement in space is described. Afterwards,
reduced models are derived from the general vehicle model, and are used in controller
design and controller tuning.

2.1.1 Global vehicle model

For simulating vehicle dynamics, the vehicle is simplified to a single point in space, with
a given mass m at the centre of gravity (CoG) and a moment of inertia I. The CoG
moves along three dimensions in space which are described using a coordinate system.
As an automotive standard [24] z is defined as the forward direction of the vehicle. The
positive y direction is to the left side of the vehicle (looking from the top). The positive
z direction is to the top side of the vehicle. Besides the three transversal movements,
the vehicle rotates along the three axes. Rotation around the z-axis is referred to rolling
and is determined by the angle ¢. Roation around the y-axis is known as pitch angle 6.
Rotation around the vertical z-axis is defined as yaw angle 1.
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The combination and orientation of the vehicle coordinate system is called "vehicle
frame." If forces, moments or states are described in the vehicle frame, no superscript
is used. Besides the CoG, the four wheel location points, i.e. front left (FL), front
right (FR), rear left (RL) and rear right (RR), are important. These points are defined
by the intersection of the wheels with the road. Besides the vehicle frame, coordinate
frames for the wheels are defined. The wheel coordinate frames are indicated with a
superscript “. The orientations of these frames are different from the vehicle frame if
the wheels are steered or the position of the wheel frames changes with the bouncing
of the vehicle. A diagram of the angles, movements and coordinate frames is given in
Figure 2.1. For reviewing purposes, a global coordinate system is introduced with the

yg

Figure 2.1: Three dimensional vehicle coordinate system and front right wheel frame

superscript 9. This frame is important for describing the position of and the trajectory
travelled by the vehicle.

Vehicle motion

The movement of the vehicle is calculated using the equations of motion from Newton

4
m (a — VX w) =Fext + Z (theel,i + Fsusp,i) (2'1)
i=1
and Euler
4
I (a —w X (U) = Mext + Z (Mwheel,i + Msusp,i) (22)
i=1

as defined in [25]. The transversal acceleration a is defined by accelerations in directions
z, y and z with a = [az;ay;a;]. The angular acceleration o is defined by the angular
acceleration around the three coordinate axes with a = [ov, oy, a,]T. The velocity v is
described by the velocities along the three axes v = [vg, vy, v,]T. The angular velocity
w is described by the angular velocities around the three axes with w = [wx,wy,wz]T.




2.1 Vehicle Model 9

The CoG changes its movement depending on the forces F = [F,, I}, F.]” and moments
M = [M,, My, M Z]T which are generated by the wheel forces Fyhee and the suspension
forces Fgysp. Sidewind, gravitational forces and so on act as external forces Fey on
the vehicle. Knowing the forces and the geometric properties of the vehicle, the wheel
moment Mypeel, the suspension moment Mgy, and the external moment My are cal-
culated. The index ¢ is defined as ¢ = 1 for FL, ¢ = 2 for FR, ¢ = 3 for RL and ¢ = 4 for
RR.

The velocity v and angular velocity w are defined as

v:/adt+v0 (2.3)
w:/adt+w0 (2.4)

as the integrals of the acceleration and angular acceleration, where vy represents the
initial velocity and wq the initial angular velocity.

For the torque vectoring development, it is sufficient to calculate (2.1 - 2.4). These
equations describe the vehicle forces and their effects on the vehicle velocity. For vi-
sualisation, or other vehicle controllers like active cruise control, it is advantageous to
calculate the position p of the vehicle in the global coordinate frame p9 = [p, Py, pd]. To
calculate the global vehicle position p9, the velocity of the vehicle v is described in the
global coordinate frame as v¥ with the transformation matrix T. Similarly, the global
vehicle angle ®9 = [¢9, 69,1)9] is calculated from the angular velocity w of the vehicle
which is represented in the global coordinate system as w9. The transformation matrix
TY from the vehicle to the global frame is defined as

cosyd sinyd 0 cosf9 0 —sin#9 1 0 0
TY = | —siny?d cosyd 0 0 1 0 0 cos¢d singd |. (2.5)
0 0 1 sinf? 0 cos#9 0 —sing9 cos@?d

In the global frame the velocity and angular velocity are defined as

v? =Tv

2.6
wd =Tw. (2:6)

For the transformation matrices T, the superscript indicates the new coordinate system
where the subscript defines the actual coordinate system. TY defines the transformation
from the vehicle coordinate system to the global coordinate system.

Integrating the velocity v9 and angular velocity w9 over the time ¢ defines the global
position pY and angle ®9 as

p? = /vg dt + pj) (2.7)

P9 = /wg dt + 7, (2.8)
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where p{ defines the initial vehicle position and ®{ describes the initial vehicle angle in
the global frame.

2.1.2 Dual-track model

The dual-track model (DTM) is a simplification of the global vehicle model into a two-
dimensional model which moves in the horizontal z-y plane. There is no standard DTM
but most models [26], [27], [28] cover the longitudinal, lateral and yaw movements of
the CoG. The DTM neglects transversal movement in the vertical direction and rotation
about the z and y axes. Wheel dynamics in longitudinal and lateral directions are
covered by static, normal forces. More advanced models use the longitudinal and lateral
acceleration of the CoG to estimate load transfer to the vehicle wheels [29]. Figure 2.2a
shows an average two-track model. A DTM simulates the horizontal movement of the

(a) Dual-track model (b) Single-track model

Figure 2.2: Dual-track model and single-track model

CoG and the angular velocity of the wheels. Normally, seven states are defined as

. 1 1
Uz = UyT + E (Fea:t,x =+ Z FWheel,:c,i) (29)
=1
1 4
’Dy = —UgT + E <Fezt,y + Z theel,y,i) (210)
=1

! .
r= T (Mezt,z + Z Mwheel,z,i) (211)
z i=1
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1

- (T - RiFY,) (2.12)

Wi
where the states are represented with the longitudinal velocity v,, the lateral velocity
vy, the yaw rate r and the angular velocities of the four wheels w;. The longitudinal tyre
forces F) ;, the lateral tyre forces F,; and the restoring moment M. ; of the tyres act
on the vehicle. The external forces Fj ¢z in the longitudinal direction, F), ;¢ in lateral
direction and the external moment M, .,; are additional disturbances to the vehicle’s
movement. External forces are related to air-drag, tyre-friction, trailer operation and
so on. The mass m represents the weight of the vehicle. The vehicle moment of inertia
around the vertical axis is described by I, and the wheel moment of inertia around the
spinning wheel axis is labelled I,,. The effective roll radius of the tyre R is defined as the
distance from the road contact point to the centre point of the wheel. The tyre model is
not fixed for the two-track model. The longitudinal tyre force F, wheel, the lateral tyre
force F wheel and tyre yaw moment M, yheel depend mainly on the longitudinal velocity
of the vehicle v,, the wheel slip A, the tyre slip angle «, the road surface conditions
p and the vertical tyre load F} wheel. Different tyre models have been developed, and
the accuracy of the calculation of tyre forces has a major effect on the quality of the
two-track model. A detailed explanation of the tyre models is given in Section 2.2.1.

2.1.3 Single-track model

The single-track model (STM) is the most common model in the literature [25], [30], [31],
[32] for lateral vehicle control. The basic idea of the STM is to merge both wheels of
an axle into a single wheel. This idea is shown in Figure 2.2b. The model assumes that
the left and right wheels generate the same lateral forces. The lateral force generation
is linear to the combined tyre slip angle . The longitudinal tyre force generation is
combined to a general, longitudinal input force F,. The STM is non-linear but can be
linearised for a certain longitudinal velocity v,,. Here, the STM expects that the tyre
slip A\ and tyre slip angle « are limited and in the range of |\| < 0.15 and |a| < 0.1rad.
Furthermore, the vehicle must drive forward with v, > 1kph to achieve numerically
stable results. For reverse driving the equations (2.13 - 2.15) or (2.17 - 2.18) must be
modified; see [25] for more details. The linear and non-linear vehicle models are regarded
as front steering vehicles with additional devices, required to apply a yaw moment M, .

Non-linear single-track model

The non-linear model is defined as

1
Uy = Vyr + RFOE (2.13)
C C —lpC, IrC C
by = — y,F T SN ( FCyr +1rCy R _U$>T+y,}75 (2.14)
Muy Mmug m
—IrC IrC, 3.C 1%C IrC 1
p= Ol TRCyR, ROl T IRCyR, L O E s 2y (2.15)

L, L, I, I,
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Table 2.1: Parameters of the simulation model

Symbol | Value | Comment
lp 1.240 | Distance from front axle to centre of gravity[m)]
lr 1.228 | Distance from rear axle to centre of gravity [m]|
Cy,r | 70,000 | Cornering stiffness of the front axle [N]
Cy.r | 84,000 | Cornering stiffness of the rear axle [N]
wp 1.445 | Width of the front axle [m]
m 1624 | Mass of the vehicle [kg]
I, 1800 | Moment of inertia around vertical axis [kg m?]

The first state is the longitudinal velocity v, of the vehicle. The second state is the
lateral velocity v, or the sideslip angle 3. These two variables are interchangeable with

B = arctan (vy> . (2.16)

Uy
The third state is the yaw rate r of the vehicle. The physical parameters of the eFuture
prototype are defined in Table 2.1. The mass m and the vertical moment of inertia I,
are physical properties. The distance from the front axle to the CoG [r and the distance
from CoG to the rear axle [ a