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Reading guide

A table of content is included at the start of this report where each chapter and sec-
tion are displayed with their respective starting page. After the table of content, a
complete nomenclature is included with all symbols, subscripts, and abbreviations
used throughout this report. At the end of the report, a complete list of references
is presented. Citations made throughout this thesis are done in Vancouver style.
The structure of the entire master thesis is as follows. In chapter 1 background
information about the FSAE competition, including all of the different events, and
AAU racing is presented. Chapter 2 presents the premise of the challenges associ-
ated with designing a well-performing drivetrain for the AAU race car. At the end
of chapter 2, a series of proposed topics are selected to increase the performance
of the AAU race car. Chapter 3 presents the problem formulation of the master
thesis, including important limitations imposed both by the writer, but also restric-
tions imposed upon the design of the race car by FSAE. Chapter 4 aims to describe
the driveline of the potential AAU electric race car. This also includes mechanical
equations needed to explain vehicle dynamics which is then all combined into one
large Matlab Simulink model. Chapter 5 includes all motor control designs and all
extended motor control designs. Two motor control methods, and two extended
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motor control methods are designed to later determine which is better. Further-
more, additional features such as regenerative braking and choice of controller
reference are considered. Chapter 6 is used as both a validation of the designed
controllers from chapter 5, but also a series of simulated events, as described in
chapter 1, on the 2012 Hockenheim track. These simulations of the various events
will then be used to calculate a predicted score if the designed electric race car
was to have participated in the various events. Finally, chapter 7 is used to draw a
conclusion based upon the results of chapter 6. Additionally, the results in chapter
6 are used as a platform for further discussion in chapter 7, and finally various un-
explored, but potentially valuable, ideas are considered which were not presented
in the thesis.
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Chapter 1

Introduction

AAU Racing is a team of students at Aalborg University, who competes in the
annual Formula Society of Automotive Engineers (FSAE). AAU Racing is making
their first electric vehicle (EV), the Aalborg University Electric Racer (AAUER), for
the EV category in FSAE to replace their current gasoline-powered car. As the team
has not designed an EV before, design consideration will have to be made along
the way.
The competition revolves around making a 1-man car design with certain criteria
and restrictions. AAU Racing currently uses a car powered by an internal combus-
tion engine as seen in Figure 1.1

Figure 1.1: The Eighth generation combustion powered vehicle, built by AAU Racing

An incomplete CAD drawing was made available by AAU Racing as seen in Fig-
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2 Chapter 1. Introduction

ure 1.2 with dimensions and part description added.

Combustion
Engine

Air filter/manifold

Differential

Tires

1601 mm

2826 mm

13
98

 m
m

Figure 1.2: The Eighth generation combustion powered vehicle, built by AAU Racing

Cars designed with combustion engines have different limitations compared to
cars with electrical motors, however, the limitations have similar functions such as
limiting the maximum power output of the powertrain. This is both an equalizing
limitation such that smaller teams can still be competitive, but also a safety precau-
tion as higher speeds could lead to worse accidents. As an example, combustion
engines must have an air intake diameter of 20[mm] while a battery pack for elec-
tric cars may not output more than 80[kW] [8][CV 1.7.2] & [8][EV 2.2.1]. While
there are many rules specifically for the safety of the car, driver, and the general
audience. There are not as many restrictions on general design such as how many
cylinders a combustion engine may have or how many electric motors and the type
of motor.
The car will have to pass a scrutiny inspection colloquially known as "scrutineer-
ing" where the car must pass four tests to make sure it is safe to drive and to have
driven on the tracks. The tests are as follows:

• Technical Inspection: Judges will select rules at random and check whether
the car is compliant.

• Tilt Inspection: The car, with a driver seated, will be tilted to 60◦ measured
from horizontal and inspected. No parts may fall off and no fluids may leak.

• Noise Test, combustion engine only: The rules state a maximum allowed
noise level of 110[dB], this is tested at a specific RPM.
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• Brake Test: The car is allowed to accelerate up before braking hard. The test
is passed when the car has shown capable of blocking all four tires at the
same time while moving.

• Rain test, electric only: The car is placed in an artificial rain environment for
240[s], half the time with artificial rain, the other half without. For the entire
duration, the Isolation Monitoring may not trip i.e. no short circuits may
occur.

When Scrutineering is passed, the car can finally enter the events. An event is
simply a challenge, it could be covering 75[m] distance the fastest, starting from
a standstill while a different event is about the cars design and the decision that
lead up to it where the team will have to answer any question posed by judges
much similar to a master thesis defense in a university. In total there are 8 events
during competition and they are split into two types with three categories. The
two types are static and dynamic and the three categories are Combustion Vehicle
(CV), Electric Vehicle (EV), and Driverless (DV). CV and EV have the same dynamic
events while DV has one event replaced. The Dynamic type relates to driving the
car, they list as follows:

• Acceleration: The car must cover a straight 75[m] road in the shortest amount
of time possible, starting from a standstill.

• Skidpad: The car must drive in circles with an inner diameter of 15.25[m]

in the shortest time possible. The car does two circles both clock- and anti-
clockwise. The fastest time in either direction is counted.

• Autocross: Similar to traditional track racing but with a limited number of
cars on the track at any given time. The track is designed to specifications
from the rules with the fastest time giving maximum points.

• Endurance: The car drives on the same track as in Autocross, but must now
complete multiple laps until 11[km] is reached. The car is then forced to do
a driver change and drive another 11[km]. For CVs, refueling is not allowed
and for EVs charging or changing the battery is not allowed.

• Efficiency: While the car is driving the Endurance event a measurement of
energy usage is recorded. CVs have their fuel tank filled to a measurement
point and refilled after endurance to measure liters of fuel consumed, while
EVs must measure the current and voltage of the battery pack while driving.

DVs are not competing in the Endurance event but instead have a Track Drive
event similar to the Autocross event but with ten laps.
The three last events are static types i.e. the car is not moving, but judges are
asking questions to the team members. The static events are as follows:
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• Business Plan: The team has developed a business plan before arriving at
the competition. The plan revolves around the car being a prototype for a
profitable business opportunity.

• Cost and Manufacturing: The team member’s understanding of manufactur-
ing costs is evaluated and is based on a Cost Report which has been submit-
ted before the competition.

• Engineering Design: The team members will answers questions about the
engineering design of the vehicle. What thoughts underlie the ideas, what
are the design goals, and many other things. The format is akin to that
of a university exam with judges asking the questions, but the questions
are directed at a team member with the best understanding for the given
question. a total of eight team members are present at any given point to
respond to questions from eight judges.

The total amount of points that can be scored in the eight events are shown in
table 1.1.

Event Maximum points
Acceleration 75

Skidpad 75
Efficiency 100
Autocross 100
Endurance 325

Business Plan 75
Cost & Manufacturing 100

Engineering Design 150
All Events 1000

Table 1.1: Table of the maximum points that can be scored in the 4 events.

During the competition, it is possible to score a total of 1000 points with 325 being
from static events [5].
The score granted at the dynamic events is relative to the best time, that is, the best
time gets maximum points while the scores of the remaining teams are calculated
based on time relative to the best. The equations used to calculate the scores can
be found in Appendix C.
The scores awarded for the static events are based on the judges’ opinions.
From the points granted by each event, it is clear that doing well in the endurance
event is important as it accounts for close to half the points granted by the dynamic
events. However, good performance in endurance will not exclude good perfor-
mance in other dynamic events, it is the contrary. Doing well in endurance would
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also be reflected in the autocross event as it is the same track but with multiple
laps. Doing well in the acceleration event can also be reflected in the autocross and
endurance event as the many turns of the track will allow many opportunities for
the car to accelerate out of corners after having decelerated before it. An efficient
powertrain will have indirect effects on car performance, such as weight reduction,
as less fuel or batteries are needed.
To win the competition the maximum amount of points possible must be scored.
This is not done by outperforming competing teams in one single event but all
events. While manpower and time are limited, ingenuity is not. For this reason, the
effort of this thesis will be focused on the most time-effective improvements pos-
sible to do to an EV for the FSAE competition. While things such as aerodynamic
packages and weight reductions from chassis design are considered sophisticated
improvements, that is, improvements to be done on an already well-designed ve-
hicle and will therefore not be considered in this thesis. As the AAUER is the first
electric vehicle designed by AAU Racing, the team will start with a simple vehicle
design. This means a single electric motor with a similar driveline as the G8. This
also means the control methods and some component designs, will have to be de-
veloped from scratch. The control of both powertrains has a similar purpose, to
make sure the torque from the powertrain is efficiently and effectively put to use.
Powertrain control will thus be the main focus of this thesis.



Chapter 2

Problem Analysis

2.1 Problem Identification

As no work has previously been done by the team, to control an electric powertrain,
this is considered an open field of development. The most important control to
have is motor control. This can, however, be approached in different ways and
will be investigated. Motor control can be improved with Traction Control(TC),
similar to what is used in modern cars’ Anti-lock Braking System (ABS) but with
improved acceleration capability as well. Thus, TC will be investigated. As an
electric motor can also act as a generator the possibility of regenerative braking is
available and will be investigated as well. As regenerative braking will recharge
the battery pack, it is important to not overcharge the battery pack or charge with
a higher voltage or current that is allowed by the FSAE rules or what the battery
pack is designed for. Proper battery management is not considered a performance
increase but is necessary to avoid faults while the AAUER is racing. To better
recharge, the battery pack information about its remaining energy level is needed
and thus methods for estimating this will be investigated. The list of topics to
investigate is as follows,

• Regenerative Braking

• TC/ABS

• State of Charge Estimation

• Motor Control

2.1.1 Regenerative Braking

The software Optimum Lap is used for simulating the car on a track that was used
for the endurance event. Optimum lap uses a car model with parameters specified

6
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by the user. The parameters specified can be seen in Appendix A. The test track was
chosen to be a recreation of the endurance track from the 2012 Formula Student
Germany (FSG). The track is shown in Figure 2.1

Figure 2.1: Outline of the FSG test track from the 2012 competition

The track is 1267[m] long. Optimum Lap can calculate the speed of a car moving
along the track using the parameters in Appendix A. The parameters are based
on the latest CV built by AAU Racing but modified to fit with an electric motor
instead. The electric motor is a Permanent Magnet Synchronous Machine (PMSM)
with the specifications in Appendix A. The decision to use a PMSM has been made
by AAU Racing. Other parameters such as wheel radius and car mass remains the
same as no structural design changes are made.
From the simulation, the speed of the car driving on the FSG 2012 endurance track,
can be seen in Figure 2.2 for a single lap. As previously discussed, a negative
change in speed means lost energy to mechanical braking i.e. heating the braking
discs. This energy can be approximated by calculating the change in kinetic energy
from a local maximum speed to a local minimum.
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Figure 2.2: Speed curve from Optimum Lap with local maximums and minimums marked.

Calculating the kinetic energy at a local maximum and subtracting the energy
from the following local minimum then gives the wasted energy but does not
take into account the energy lost to frictions while decelerating. Calculating this
gives an energy waste of 1.26 · 106[J] As this will only be for one lap, it will be
multiplied with the number of laps needed to reach 22000[m] rounded up. The
number of laps is then 22000[m]

1267[m]
= 17.36 ≈ 18. This gives a total wasted energy

of 2.26 · 107[J]. From Optimum Lap, the power used by the car is found. This
data can then be integrated for time to find the energy expended to drive one
lap. The energy need is found to be 2.82 · 106[J]. The energy needed to drive
18 laps is then 2.82 · 106[J] · 18 = 5.07 · 107[J] with no regenerative braking. This
includes a driveline efficiency of ηDL = 0.90 and for the PMSM ηPMSM = 0.90. If
it was possible to recover 100% of the lost kinetic energy, the energy needed to
drive 18 laps would be reduced by 2.26·107[J]

5.07·107[J] · 100 = 44.62%. It would be incorrect to
conclude a reduction of the battery pack mass by 44.62%, since it would be ignoring
important concerns about battery management and health, however, regenerative
brake will still enable a mass reduction in the battery pack while improving the
efficiency score in the competition.

2.1.2 Battery Management

The battery of the AAUER is also important to investigate since this will be the
power source of the EV. The battery will be lithium-ion based due to its well-known
high capacity and discharging limits. Management of the lithium-ion battery is
important since it must operate within a specific temperature and voltage window
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to avoid degradation of the battery and maintain safe operations[19]. Quantities
such as State of Charge(SoC) and State of Health(SoH) can be used to determine
the health of the battery. SoC is used the measure the amount of remaining energy
in the battery while SoH is a measure of a battery’s ability to store energy relative
to its nominal capabilities[16]. SoC can be measured in various ways, some of these
methods include[25, pp. 274, 277],

• Coulomb counting

• Model-based estimation of SoC

Coulomb counting is a very simple method that integrates the current measure-
ment over some time as shown in equation (2.1).

SoC = SoC0 +
1

CN

∫ t

t0

(Ibatt − Iloss)dt (2.1)

Where Ibatt is the measured current entering the battery, Iloss is a discharge/charge
efficiency factor, SoC0 is the initial state of charge of the battery, and CN is the
nominal capacity. Nominal capacity is determined from a cycling test where the
battery is charged fully and discharged to the cut-off voltage at rated current[16].
One of the main disadvantages is the fact that Coulomb counting suffers from drift
due to the integral term. This error, due to drift, will increase as time progresses[25,
p. 274].

2.1.3 Slip Control

In this project, TC and ABS will be considered as two individual parts which make
up the combined slip control for the AAUER [26]. Both control strategies use the
slip ratio, ψ, between the tire and the road surface to determine the required motor
torque to accelerate the vehicle as fast as possible [2, p. 49]. The slip ratio of a
vehicle is related to the difference between the angular velocity of the wheel and
the resultant velocity of the vehicle. The adhesion coefficient, µ, of a given road
surface depends on the slip ratio. It is possible to obtain the adhesion coefficient
of a surface using optical sensors or various estimation techniques such as the
extended Kalman filter[39]. Different road surfaces have varying adhesion coeffi-
cients depending on road conditions. A general trend of µ as a function of slip
ratio is shown in Figure 2.3
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ψ

µ

100%0%

Dry tarmac

Ice 

Figure 2.3: Figure 2.3 is inspired from [39] using the Burckhardt friction model. Adhesion coefficient
as a function of slip ratio on two different road surfaces.

As can be seen from Figure 2.3 different road conditions have different adhesion
coefficients. From Figure 2.3 there exists an optimal area where a certain amount
of slip, 15− 25%, provide a large adhesion coefficient value[2, p. 38]. Via Optimum
Lap simulation, it is seen from Figure 2.4 that a higher adhesion coefficient enables
higher acceleration.

Figure 2.4: Acceleration as a function of the adhesion coefficient, calculated with Optimum Lap on
the 2012 FSG test track.

As seen from Figure 2.4 eventually the limiting factor for vehicle acceleration is no
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longer the adhesion between the road surface and the tire, but restrictions set by
the motor itself. As a result, increasing µ from two onward does not result in an
increased acceleration. In [34], launch control is implemented in a rear-wheel drive
hybrid electric vehicle using a PID controller. With launch, control implemented it
is possible to reduce the time taken to accelerate from 0[mph] to 30[mph] by 10%.
The goal of TC is to keep the slip at an optimal point when the vehicle accelerates.
The way which this is done is by either manipulating the output torque of the mo-
tor or the braking torque[2, pp. 48–49]. In [2, pp. 53–55] a fuzzy PID TC system is
implemented and thus able to accurately estimate the slip for optimal acceleration
as shown in Figure 2.5.

Figure 2.5: Esimated slip using a fuzzy PID[2, p. 54].

As seen from Figure 2.5 the slip initially overshoots, but after 3[sec] the slip remains
in its optimal range. Thus providing the optimal conditions for the vehicle to
accelerate. In [21] a nonlinear controller with integral feedback is used in a ABS
system. Figure 2.6 shows the results of a test where the vehicle brakes from 72

[ km
h

]
on a flat dry road
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Figure 2.6: Non linear control with integral feedback with and without ABS control strategy[21]. (a)
and (c) is the brake test without any ABS control, (b) (d) is with ABS control implemented for the
same test. V is the vehicle speed and Rω is the wheel angular speed.

As can be seen from Figure 2.6 without the ABS implemented the wheels lock and
as a result, the wheel slip increases to 100% which will result in loss of control of
the vehicle while braking. For the same test, the nonlinear controller ensures that
the wheels do not lock and as a result, the vehicle decelerates faster.

2.1.4 Motor Control Strategies

The electric motor which will be implemented in the AAUER will be a EMRAX
Model 228 High Voltage PMSM with the specifications shown in Appendix A. A
photo of the EMRAX 228 can be seen in Figure 2.7 and a technical drawing in
Figure 2.8.
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Figure 2.7: Back and side view of the EMRAX 228
with general dimensions [4, p. 9] Figure 2.8: Front picture of the EMRAX [4, p. 9]

The torque equation for the PMSM, as seen in equation (2.2), is obtain via energy
considerations of the PMSM [18, pp. 157–158].

τem =
3
2

Npp(λdiq − λqid)

τem =
3
2

Npp((Ld − Lq)idiq + λmpmiq)
(2.2)

Npp is the number of pole pairs, Ld, and Lq is the inductances for the d and q-axis
respectively. λd and λq are the magnetic flux for the d and q axis respectively.
λmpm is the axial magnetic flux. As can be seen from equation (2.2) the PMSM pro-
duces both a reluctance torque and a magnetic torque. Since this PMSM is salient,
Ld 6= Lq as can be seen in Appendix A, this means that the PMSM can produce
reluctance torque as well. A possible way to achieve linear torque control of the
PMSM would involve setting id = 0 thus eliminating the reluctance torque compo-
nent and making the generated motor toque only dependent on the iq current. This
linear torque control is known as Field-Oriented Control (FOC)[23]. The resultant
equation for the motor torque can be seen in equation (2.3).

τem =
3
2

Npp(λmpmiq) (2.3)

By setting the id = 0 the reluctance torque component is eliminated as a result
the maximum torque which the PMSM could produce is not utilized. Different
nonlinear control methods exist for the PMSM to fully utilize this reluctance torque,
such as Maximum Torque Per Ampere (MTPA). MTPA uses the maximum current
and voltage constraints set by the inverter and equation (2.2) to determine id and
iq which produces the highest possible torque. Another possible control method
is the Direct-Torque Control (DTC) method. The DTC uses the angle between the
stator and the rotor flux linkage in the PMSM to control the output torque. This
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is achieved by changing the stator flux linkage of the PMSM using the voltage
vector supplied to the inverter. However, the unmodified DTC since there are
only 8 positions for the voltage vector results in unwanted torque and flux linkage
ripples. Since the voltage vector will snap between these eight positions. This leads
to poor steady-state performance for DTC[38] and as such will not be investigated
further in this thesis.

2.1.5 Summary

From section 2.1.1 it can be seen that regenerative braking has the potential to
recover a significant amount of energy whenever the AAUER brakes. With the
ability to recover energy the size of the battery could potentially be reduced. This
will benefit the AAUER’s performance in the Endurance, Acceleration, and Effi-
ciency events. When charging the battery it is important to track the SoC of the
battery. Coulomb counting is a simple and straightforward method, however, it
suffers from drift. Estimation of the SoC will help manage how much energy can
be regenerated while avoiding degrading the batteries.
The launch control will be vital to perform well in the acceleration event. TC will
still be useful for autocross and endurance since the AAUER needs to accelerate
out of corners on the track. TC will ensure that this acceleration is the highest
possible with the optimal slip ratio. This means that TC will also have a positive
effect on the efficiency event since the motor torque will not be used frivolously
when accelerating. This will benefit the AAUER’s performance in the Acceleration,
Autocross, Endurance, and Efficiency events.
Various motor control strategies have been investigated in section 2.1.4. FOC and
DTC offer easy implementation solutions for torque control of the motor. However,
both of these techniques have different disadvantages. FOC uses id = 0 ref and as
a result, any reluctance torque will not be utilized. The unmodified DTC suffers
from torque and flux linkage ripples and as a result poor steady-state performance.
MTPA utilizes both the reluctance torque and the magnetic torque of the PMSM.
A summary of the control methods which will be implemented and where they
work best is seen in section 2.1.5.

Acceleration Autocross Endruance Efficiency
Regnerative Braking + + +

Sip Control + + + +

SoC Estimation + +

MTPA/FoC + + + +



Chapter 3

Problem Formulation

3.1 Problem Description

AAU Racing is building an EV from scratch and needs to develop all the needed
control methods, while also choosing components, to make it run. For the team
to be competitive the control methods must be the best possible. Therefore a com-
parison of different control methods is needed to tell what works the best for this
specific application. Motor control, regenerative braking and slip control are all
performance related, while SoC estimation is a necessity to avoid battery degrada-
tion and proper use of regenerative braking. The goal of this thesis is thus:

To make a comparative study of Motor control, regenerative braking and slip estimation
methods, with SoC estimation as a necessity for proper operation of the AAUER, in order
to find the best combination of methods for AAU Racing to use

3.2 Limitation

Limitations for this project are associated with the limitations of the FSAE rule set.
The impactful limitations to this thesis include:

• A battery pack power limit of 80 kW at any given time.

• A maximum of 600V DC between any lines.

• The AAUER has yet to be build making testing not possible.

• Powertrain design considerations will not be made, as AAU Racing makes
such decisions.

15
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3.3 Reading Guide

The coming chapters are organized in a certain order for easier consumption by
the reader. Chapter 4 serves to explain a MATLAB/Simulink testbed Model. The
model is representative of a EV’s powerline and certain car dynamics. The model
will serve as a testbed for the control strategies and estimation methods that are
mentioned in chapter 2. The specific strategies and methods are derived, ex-
plained, and implemented in chapter 5, with multiple presented for each strategy
or method. Chapter 6 will contain results of the strategies and methods shown in
chapter 5. Chapter 7 will conclude the thesis.



Chapter 4

Testbed Modelling of AAUER Plat-
form

4.1 The AAUER

To test different control strategies, a mathematical model is established for the
AAUER, in MATLAB/Simulink. The simulation will act as a testbed for the con-
trol strategies and estimation methods, as well as different combinations of them.
Some assumptions are made to model the power train, wheel, and car equations
and will be explained throughout the chapter. The AAUER will have a similar
driveline to the G8, that is, the components after the G8’s gearbox in the power-
train, will remain the same. The powerline of the AAUER can be seen in 4.1.

Figure 4.1: powerline of the AAUER

17
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This chapter will be divided into mechanical and electrical sections. The mechani-
cal section covers the equations related to the dynamics of the wheel and car. The
electrical section includes descriptions of Space Vector Modulation, voltage source
inverter dynamics, the battery package, and the PMSM. All of this can be seen in
Figure 4.2.

Control SVM
3-Phase
Inverter

PMSM
Uabc

ωref

Wheel

Ba�ery

Uba�ery

D123

Car

ωw

 

Figure 4.2: Diagram of the general simulation structure of both the mechanical and electrical part.

4.1.1 Mechanical Model

The mechanical model covers frictional forces, car and wheel model, and finally how the car
and wheel are connected through adhesion as a function of slip ratio.

Friction

The AAUER is modeled as inertia with two types of friction. The inertia of the
AAUER is the measured mass based on the latest combustion-powered car includ-
ing a 70[kg] driver. The first friction is viscous which will be modeled with a friction
coefficient affecting the wheel. It was not possible to retrieve this empirically from
the AAUER itself so instead a preexisting rolling resistance was retrieved from a
similar racer[7]. The viscous friction force is given by equation (4.1)

Fvisc = cviscωw (4.1)

ωw is the feel speed and cvisc is the viscous friction coefficient. The second friction
is related to the aerodynamics of the AAUER, it is modeled after the drag force in
equation (4.2)

Fdrag =
1
2

ρAcdragv2 (4.2)
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v is the speed of the AAUER, ρ is the fluid density and cdrag is the drag coefficient.
Values of the different parameters can be found in appendix A

Wheel Model

The wheel dynamics of the car are accounted for using Newton’s 2nd Law.

∑ τ = Jwω̇w

ω̇w =
τem − τb − RwFT − RwFvisc

Jw
(4.3)

It should be noted that different scenarios exist for τe and τb. That is

Motor Torque

τe =

{
Acceleration τem > 0

Motor Brake τem < 0
(4.4)

Brake Torque

τb =

{
No Mechanical Braking τb = 0

Mechanical Braking τb > 0
(4.5)

For equation (4.4) two scenarios can take place. One of the two possibilities, τe is
positive and the torque contribution accelerates the AAUER. The other possibility
τe is negative and it decelerates the AAUER through motor braking. τb represents
the braking torque as a result of mechanical braking. These different scenarios will
become important later when considering regenerative braking. Rw is the radius of
the wheel, FT is the traction force that propels the car forward, Fw is viscous friction
force and Jw is the equivalent rotational inertia of the powerline. This includes the
components shown in Figure 4.1 but also the wheels which are not shown in the
Figure 4.1.
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Direction of Motion

τem τb

Rw

Fvisc+FT

Figure 4.3: Wheel of the AAUER

The tractive force is generated between the tire and the surface of the road. The
equation for the tractive force can be seen in equation (4.6)

FT = µ(ψ)Nv (4.6)

µ is the adhesion coefficient between wheel and road surface, Nv is the normal
force of the tire. From a previous competition it is known that 52% of the AAUERs
weight is placed on the rear wheels. As seen in equation (4.6), the tractive force of
the wheel is dependent on the adhesion coefficient which is dependent on the slip
ratio between the wheel and road surface. Slip occurs whenever the tractive force
of the wheel exceeds the maximum tractive force due to the adhesiveness between
the wheel and the road surface[3, pp. 27–28]. In other words, slip occurs when the
movement of the wheel is greater than the translational movement of the vehicle.
The slip ratio is defined in equation (4.7)

ψ =
(vw − v)

ω

vw = ωwRw

ω = max(ωwRw ∨ v) (4.7)

Where ωw is the angular velocity of the wheel. ω is either the max value of vw

or v depending on if the vehicle is accelerating or decelerating[26, pp. 7–8]. equa-
tion (4.7) is only valid for the forward motion of the vehicle. This is sufficient for
the design of the AAUER since it is not allowed to be able to reverse [10][D2.2.2].
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Car Model

The acceleration of the vehicle can be described using Newton’s 2nd Law.

v̇ =
FT − Fdrag

Mv
(4.8)

Fv is the drag force experienced by the vehicle as a whole and Mv is the mass of
the vehicle and driver. With equation (4.8) it is then possible to describe the overall
dynamics associated with the vehicle. The translational velocity in equation (4.8)
has a equivalent angular velocity if divided by Rw.
Combining equations (4.3) and (4.8) a comprehensive system model of the entire
wheel-car system can be seen in equation (4.10)[26, p. 11].

v̇ =
Nv

Mv
µ(ψ)−

Fdrag

Mv
(4.9)

ω̇w =
−RwFvisc

Jw
− RwNv

Jw
µ(ψ) +

τem − τb

Jw

(4.10)

With equation (4.10) it is possible to determine both the wheel and vehicle dynam-
ics as a function of the slip.

Adhesion Model

For the car model to work, a correlation between slip and the adhesion coefficient
is needed. This is can be done with either the Burckhardt equation or the Pacejka
equation, which is sometimes also known as the Magic Equation. The Burckhardt
equation is shown in equation (4.11) and the Pacejka equation in equation (4.12)

µ(ψ) = (c1,Burck(1− e−c2,Burck ·ψ)− c3,Burck · ψ)e−c4,Burck ·ψ·v (4.11)

µ(ψ) = c3,Pacej · sin(c2,Pacej · tan−1(c1,Pacej ·ψ− c4,Pacej(c1,Pacej ·ψ− tan−1(c1,Pacej ·ψ))))
(4.12)

For Burckhardt, the parameters c1, c2, c3 and c4 are chosen based on the road surface
[14][p. 37-40],[28]. For Pacejka the parameters B, C, D and E are chosen based on
the road surface[14][p. 40]. The AAUER will only be driving on the tarmac and
thus only one set of coefficients is needed, if the wet surface wants to be considered,
a new set of coefficients are needed. Measurement data from a company called
Calspan are available to AAU Racing for use. The measurements are done with
the same model of slick tire that the G8 uses and the AAUER will be using. These
measurements are used to fit the parameters in equation (4.11) and equation (4.12).
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The curve fitting tool in MATLAB has the option to fit a custom equation to data,
as seen in Figure 4.4

Figure 4.4: Screenshot of the MATLAB fitting tool used to fit c1, c2, c3 and c4 in the Burckhardt
equation.

The fitted Burckhardt for positive slip has a R2 = 0.9289 while the fitted Burckhardt
for negative slip has a R2 = 0.9790. From the equation is clear that this Burckhardt
equation does not account for the negative slip ratio. This problem is circumvented
by fitting a second Burckhardt equation to the data for negative slip. This means
the adhesion coefficient has a different absolute value for the same positive and
negative slip ratios as seen in Figure 4.6.
The coefficients of the Pacejka equations are fitted using the same method. The
fitted equation is shown in figure 4.5 with a R2 = 0.9924.
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Figure 4.5: Screenshot of the MATLAB fitting tool used to fit B, C, D and E in the Pacejka equation.

Figure 4.6: A plot of the fitted Burckhardts and Pacejka equations, and the data they are fitted to.

While Burckhardt could handle the asymmetrical nature of the adhesion for posi-
tive and negative slip, it is also seen that the fit for the negative slip is capable of
reaching positive values of adhesion with negative slip. This is undesirable as it is
not representative of reality. While the Pacejka equation does not take the asym-
metric nature of adhesion into account, it is still representative, while also being
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easier to implement and is thus chosen for the MATLAB/Simulink model.
The values and what they represent in the Pacejka model are[17],

Name Symbol Value
Stiffness Factor c1,Pacej 11.29
Shape Factor c2,Pacej 1.72
Peak Value c3,Pacej 2.42
Curvature Factor c4,Pacej 0.44

The expected road conditions for the AAUER will either be dry or wet tarmac
depending on weather conditions on the race track. However, no experimental
data from Calspan exists where the same tiers are tested on wet tarmac conditions.
Instead, public data from MATLAB[20] will be used to determine a scaling factor
between wet and dry tarmac for each coefficient in equation (4.12). Finally the
cover letter from Calspan mentions:

In past Rounds the “real world” peak lateral and longitudinal forces reported
by FSAE teams are roughly 2/3 of those seen at Calspan.

For this reason, a gain of 2/3 is used to scale the adhesion to a realistic value. This
gives a peak value of 1.61 for the adhesion coefficient on dry tarmac.

Figure 4.7: Dry and scaled Wet Tarmac adhesion coefficient as a function of slip (ψ)

To demonstrate the car and wheel model, a test scenario is simulated. The equa-
tions used to create this test scenario are equations (4.7) and (4.10) and for the
adhesion coefficient equation (4.12) with the values given in section 4.1.1. The mo-
tor and brake torque are stepped to 600[Nm] for 2[s] and 1[s], respectively. The
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motor torque step occurs at 1[s] and becomes 0[Nm] at 3[s], the brake torque steps
at 7[s] and becomes 0[Nm] at 8[s]. The resulting wheel and car speed, motor, and
brake torque, slip, and car acceleration is seen in Figure 4.8. When the motor
torque increases the wheel accelerates and causes slip to increase. The increase in
slip leads to the adhesion coefficient being positive giving the car positive acceler-
ation. similarly, when the braking torque is stepped the slip becomes negative and
the car decelerates. When no torque is applied, the friction forces decelerate the
car and the wheel.

Figure 4.8: Slip, Car acceleration, Motor and Brake torque, and Wheel and Car speed for the testing
scenario.

4.2 Electric Model

4.2.1 Space Vector Pulse Width Modulation

The derivation present in this section is inspired from [40]. Space Vector Pulse
Width Modulation (SVPWM) is done in the complex plane. This plane is divided
into 6 sections, 60◦ each, by 6 switching vectors. These 6 switching vectors, vx

where x = 1, 2, 3.., define a sequence of conducting and non-conducting switches
in the inverter. There are an additional 2 zero state vectors for whenever all 3
switches are conducting to positive or negative side only. For a given section in
the complex plane, a voltage command in the αβ frame can then be decomposed
into a dx, dy, and zero component. This decomposition can be seen in equation
equation (4.14).

Uαβ = dx · v1 + dy · v2 (4.13)
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dx =

√
3|Uαβ|
UDC

2
3

sin
(

π

3
− θ

)
dy =

√
3|Uαβ|
UDC

2
3

sin(θ)

d0 = 1− dx − dy

(4.14)

Where dx and dy represent the duration which each corresponding switching vector
for a given sector needs to be conducting. d0 is then the remaining zero vector[40].

4.2.2 Battery Package

This section will begin with modeling a battery cell and then scale the cell to a
battery pack that fits the requirements of the AAUER. The battery cells in the
battery pack will be modeled as a Thevenin equivalent circuit with an additional
RC component as shown in Figure 4.9.

uOC

r0

uTH1

cTH1

iBat

uL

rTH1

uTH2

cTH2

rTH2

Figure 4.9: Thevenin equivalent circuit with 2 RC of a battery cell

This specific equivalent circuit was chosen due to its high accuracy[36]. r0 is the
internal resistance of the battery, uOC is the open-circuit voltage, rTH,i is the po-
larization resistance, and i = 1, 2 depending on which of the two RC pairs are
considered. Polarization is resistance inside the battery due to various electro-
chemical processes[33]. cTH,i is the equivalent capacitance, this also determines
the transient response of the battery during charging and discharging. iBat is the
outflow current of cTH,i [13]. From Kirchhoff’s current law it is possible to derive
the governing equations for the RC segments of the equivalent circuit are shown
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in Equation (4.15).

u̇TH1 = − uTH1

rTH1cTH1
+

iBat

cTH1

u̇TH2 = − uTH2

rTH2cTH2
+

iBat

cTH2

(4.15)

From Kirchhoff’s Voltage law the voltage seen by the load from the battery can be
expressed as

uL = uOC − uTH1 − uTH2 − iBatr0 (4.16)

defenateli Experimental data has been provided by Erik Schaltz which contains the
parameters necessary to complete the battery model. All of the plots for this data
can be found in Appendix D. R0, RTH1, RTH2, CTH1, CTH2 and uOC are all dependent
on the SoC of the battery pack. To accommodate this a lookup table has been
implemented for each variable. The only thing which remains is calculating the
SoC of the battery pack. As mentioned in section 2.1.2, one possibility is Coulomb
counting. This will serve as a good, easy-to-implement solution to determining
the SoC. Combining equation equation (4.16) and all SoC dependent parameters
a dynamic model of a battery cell is realized. The visualization of the Simulink
implementation can be seen in figure 4.10
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Figure 4.10: Illutration of the simulink structure for the battery cell
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Verification of the battery pack

To verify the equivalent circuit model comparison will be made between the model
and experimental data obtained from a Worldwide Harmonized Light Vehicle Test
Procedure(WLTP) test. An offset was removed between the battery model and the
laboratory data, the reason being that the initial SoC between the experimental
data and the battery model could be different. The offset was equal to 0.2311[V].

Figure 4.11: Battery voltage of the Thevenin model and the laboratory measurements, as well as the
current going into the battery.

It is seen that the Thevenin model reacts similarly to the input current. However, it
is also seen that the OCV of the model deviates as time goes by. The battery model
finds the SoC via the coulomb counting method which is known to drift over time,
thus the increasing error in OCV is believed to be caused by the coulomb counting.

Cell to battery pack

The battery cell needs to be properly scaled such that it can provide the desired
voltage and have a sufficiently large capacity. Given the equivalent circuit of a
single cell in figure 4.9 and the required amount of energy needed to complete the
endurance race as calculated in section 2.1.1. Furthermore, when considering the
design of the battery pack not only the pack must fulfill the requirements set by
the AAUER itself but also the regulations set by FSAE as mentioned in section 3.2.
The batteries used for the AAUER will be the Samsung INR18650-35E [29]. A
single cell has the specifications shown in Appendix chapter A.
In the FSAE ruleset the battery pack is required to be divided into segments
[10][EV5.3.2], however, for simplicity battery segment design will not be consid-
ered in this scaling process. Instead, the entire pack will be designed as a whole.
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Firstly, the number of cells in series needed to meet the load voltage requirement
will be calculated, and then the number of parallel connections to meet capacity
requirements. The battery pack must not exceed 600[V] DC [10][EV4.1.1] thus,

Nseries =
Ulimit

Umax
=

600
4.2
≈ 142

Upack = Nseries ·Uc = 142 · 4.2[V] = 596.4V
(4.17)

To increase the capacity of the battery pack, the individual cells are connected in
parallel. With Nseries series-connected cells a load voltage of 596.4[V] is seen at the
output terminals of the battery pack. The equation for the capacity of all the cells
in series is seen in equation (4.18) [35, pp. 40–41].

Qseries = NseriesUmaxQbat · 3600

Qseries = 142 · 4.2[V] · 3.4[Ah] · 3600 ≈ 6.25MJ
(4.18)

Thus, the total amount of parallel connections required to contain enough energy
for the entirety of the endurance race is,

Nparallel =
Qtotal

Qcell
=

50.7[MJ]
6.25[MJ]

≈ 9 (4.19)

The battery pack will contain 142 series-connected and 9 parallel connected cells
such that it can meet both voltage and capacity requirements set by the AAUER
and the FSAE.
How the battery pack is implemented in Simulink is done via scaling the exist-
ing cell as shown in figure 4.10 up to have equivalent cell parameters to that
of a battery pack with 142 series connections and 9 parallel connections. For
r0, rTH1, rTH2, cTH1, cTH2 this involves summing the parallel and series resistance/capacitance.
The new OCV is calculated by multiplying the output of the OCV lookup table by
the number of series-connected cells. Finally, the capacity of the battery needs to
be recalculated based on the new battery pack parameters.

4.2.3 Voltage Source Inverter

The SVPWM will output 3 duty cycles which will then be supplied to the 3-phase
Voltage Source Inverter(VSI).
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Figure 4.12: Battery, DC-Link and inverter illustration

The switching frequency of the VSI should be larger than the fundamental fre-
quency of the inverter output. That is, the frequency modulation ratio, m f , should
be as high as possible. Nonlinearities such as dead time will not be considered in
the controller design but will be present in the final simulations[15]. Dead time
is an additional time delay introduced every switching instance in order to make
sure that the both switches in one of the inverter legs do not conduct at the same
time[22].
The derivations presented in this section are based on the work presented in [18,
pp. 551–553] for the DC-link and [11] for the average model of the voltage error
caused by dead-time in the inverter. ˆ represents an average value of a dynamic
variable.

d
dt

ûDC =
îBat − îDC

CDC
(4.20)

The current entering the inverter can be approximated to equation (4.21) [18, p. 553].

îDC =
3
2

ûq îq + ûd îd

ûDC

ûq = ûDCm · cos(φ), ûd = ûDCm · sin(φ),

m =
| Udq |
ûDC

, φ = ∠(ud + juq)

(4.21)

iDC =
3
2

m(îqcos(φ)− îdsin(φ)) (4.22)

Modulation index can be calculated as shown in equation (4.21) since the mod-
ulation technique used is SVM. With equations (4.20) and (4.21) it is possible to
describe the dynamics of the DC-link.



4.2. Electric Model 31

Including dead-time in average inverter model generates a voltage error which
needs to be accounted for. The actual output of the inverter is a combination of
the ideal voltage commanded by the controller and then voltage error calculated
by the average model, as seen in equation (4.23).

uactual = uideal + uerror (4.23)

The ideal voltage output of the inverter is calculated from the dq-frame voltage
commands given to the inverter from the controller. Using SVM and transforming
the rotating dq-frame to the stationary αβ-frame using the Clarke transform [18,
p. 98] it is possible to calculate the modulation index using equation (4.24).

m =
| uαβ |
uDC

(4.24)

With the corresponding modulation index it is then possible to calculate the corre-
sponding αβ voltage phasor using the same relation in equation (4.24)

uαβ,ideal = m · uDC (4.25)

The corresponding ideal αβ voltage commands are transformed into the dq-frame
using equation (4.26).

udq,ideal =

[
cos(θ) sin(θ)
−sin(θ) cos(θ)

] [
uα,ideal
uβ,ideal

]
(4.26)

All that remains now is to determine the corresponding average voltage error.
The average voltage error is caused by dead time in the switches which can be
expressed as,

uerror = uDC
tdelay

Tsample
(4.27)

Where td is the dead time between two switches, Ts is the time period of the
switching instances. The magnitude of equation (4.27) remains constant, however,
the location of the voltage error phasor in the space vector domain changes as a
function of the current polarities as seen in Figure 4.13.
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Figure 4.13: Space vector representation of the voltage error phase and the corresponding αβ current
phasor. Both the stationary αβ frame and the rotating dq-frame can be seen in the diagram. This
diagram is inspired from [11]

φ is the angle of the current phasor with respect to the dq-frame. Thus, the first
step in determining the location of the voltage error phasor is to determine the
location of the current phasor. Idq can be directly measured from the output of
the PMSM, applying the Clarke Transform to the stationary αβ-frame as seen in
equation (4.28).

iαβ =

[
cos(θ) − sin(θ)
sin(θ) cos(θ)

] [
id
iq

]
(4.28)

The angle of the current phasor in the αβ frame can then be obtained from equa-
tion (4.29).

φ = ∠iαβ = ∠(iα + jiβ) (4.29)

The voltage error phasor moves in discrete steps from sector to sector in Figure 4.13
depending on the polarities of the current. Table 4.1 summarizes the results of the
movement of Uerror with a varying current polarity.
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Sector #
sign of

Uerror range of a sector ε
ia ib ic

1 + - - 4
3 uerror −30◦ < (φ + θ) < 30◦ 180◦ − θ

2 + + - 4
3 uerror 30◦ < (φ + θ) < 90◦ 240◦ − θ

3 - + - 4
3 uerror 90◦ < (φ + θ) < 150◦ 300◦ − θ

4 - + + 4
3 uerror 150◦ < (φ + θ) < 210◦ 0◦ − θ

5 - - + 4
3 uerror 210◦ < (φ + θ) < 270◦ 60◦ − θ

6 + - + 4
3 uerror 270◦ < (φ + θ) < 330◦ 120◦ − θ

Table 4.1: From [11] illustrating change of the angle of Uerror depending on the current polarities
and the associated magnitude of Uerror.

Where θ is the angle between α in the αβ-frame and the rotating d-axis in the dq-
frame. Knowing the angle of the current phasor, φ, it is then possible to determine
the section in which the current phasor is located and as a result, the corresponding
section which Uerror is. Given the discrete nature of uerror, angle of Uerror as seen in
table 4.1 and the angle of the dq-frame , θ. It is then possible to project Uerror to the
dq-frame as seen in equation (4.30).[

ud,error
uq,error

]
=

[ 4
3 uerrorcos(ε− θ)
4
3 uerrorsin(ε− θ)

]
(4.30)

With equations (4.23), (4.26) and (4.30) the average inverter model with voltage er-
ror due to dead time can be implemented. With the implementation of the average
inverter model the general behaviour of the inverter is still accounted for without
the need to implement actual switches in the inverter model.

4.2.4 PMSM

To simplify the derivations of the PMSM, the winding configuration of the PMSM
is assumed to be Distributed Windings (DW). This means that the Magnetic Mo-
tive Force(MMF) of the PMSM will be approximately sinusoidal. Thus, making it
possible to use the standard equations for the PMSM in the dq0-frame[6, pp. 3, 14].
The voltage equations for the PMSM can be seen in equation (4.31).

uq = Rsiq +
d
dt

λq + ωeλd

ud = Rsid +
d
dt

λd −ωeλq

(4.31)

Where,

λq = iqLq

λd = idLd + λmpm
(4.32)
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Rs is the stator resistance, ωr is the angular velocity of the the rotor, and λmpm is the
flux linkage of the permanent magnet. Combining equation (4.31), equation (4.32)
and solving for iq and id individually yields the dynamic current equations as seen
in equation (4.33),

d
dt

id =
1
Ld

(ud − Rid + ωrλq)

d
dt

iq =
1
Lq

(uq − Riq −ωrλd)
(4.33)

With equation (4.33) iq and id dynamics can be described inside the PMSM.

4.3 System Model

Figure 4.14 is an illustration of the fundamental Simulink model which all con-
trollers designed in chapter 5 will be implemented with. The content of figure 4.14
is all of the different components described in this chapter.
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 Transform

uDC

ud

uq

τe

θr
θe

uq

ud
Average
Inverter
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uα
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Mechanical

    Brakes

id

iq
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Npp

SoC

ωw

ψ

τb

ωv

Npp
ωe

Figure 4.14: Illustration of the fundamental Matlab Simulink for the AAUER.



Chapter 5

Control Strategies

This chapter serves to explain and derive all of the different control strategies and estimation
methods that will be tested on the model described in Chapter 4. Demonstrations of the
control methods are shown through the chapter, but with simplified models for simplicity’s
sake.

5.1 Control Structure

The control structure used for both the motor control and extended motor control
will be implemented in a cascade-like typology. Extended motor control is addi-
tional control that is implemented on top of the motor control. For example, slip
control or regenerative braking. For the real-life AAUER the speed loop does not
exist. Instead, a speed pedal will be present which will provide the current control
with a given reference. That means that additional design considerations need to
be made when designing each loop. Specifically, the inner loop, current control,
needs to have a dominating pole that is faster than that of the slip control and
the speed controller. The Slip controller needs to be faster than the speed loop
but slower than the current loop and so forth. This general idea is illustrated in
Figure 5.1.

35
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 Speed
Control

   Slip
Control

Current
Control

Re

Im

Figure 5.1: Illustration of the general structure of the cascade control loops and the placement of
their respective dominating poles when designing the cascade loops.

5.2 Emulation

All controller designed presented in this section is done in the continuous-time do-
main but is implemented in the MATLAB Simulink model described in figure 4.14
in the discrete domain. This is an appropriate approximation as long as the Bilin-
ear Approximation is upheld. That is, as long as the bandwidth of the controller
design is at least 20 times lower than the sampling frequency[24, pp. 622–623]. The
sampling frequency is chosen to be 10[kHz] as a result.

5.2.1 Field Oriented Control

Current Loop

The PI controller for the inner current loop is designed first. The current controllers
used for id and iq are identical, and as such only the design of the id controller will
be shown. As the q-axis current is the only torque-producing current, for FOC, it
would be undesirable to have a large overshoot. Since a significant enough over-
shoot could result in a torque high enough to make the rear wheels lose traction
due to an increase in slip. Furthermore, it will increase the strain on the inverter or
battery in case of excessively high currents. For this reason, the current controllers
are designed to have a 1.5% overshoot. The transfer function is equivalent to that
of an RL circuit with a back-emf term. From equation (4.33) it can be seen there
exists a coupling between id and iq, to counteract this unwanted coupling back-emf
decoupling is implemented. The back-emf is canceled via back-emf decoupling in
the PI, which makes the transfer function an RL circuit. A block diagram of the
back-EMF decoupling is showing in Figure 5.2.
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Back-EMF decoupling

iq

ωe

Lq

x

-
+PI

id,ref ud,ref

Figure 5.2: Block diagram of how the back-EMF decoupling is implemented in simulink.

An ideal time delay is also included to account for the inverter not responding
immediately[37]. The delay transfer function has a time constant equal to 1.5 times
the switching frequency. The three transfer functions, in an open loop, then be-
come:

GRL,open =
id

id,re f
=

1
sLd + Rs︸ ︷︷ ︸
RL·circuit

1
st0 + 1︸ ︷︷ ︸

delay

skRL,P + kRL,I

s︸ ︷︷ ︸
PI

(5.1)

Back-EMF decoupling

iq

ωe

Lq

x

-
+PI+

-

id

id,ref ud,refud,ref +
+

ωe iqLq

sLd+Rs

1

Figure 5.3: Block diagram of the closed loop current control for id
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The complete closed loop current control can be seen in figure 5.3

GRL,closed =
kRL,I

Ldt0

s + kRL,I
kRL,P

s(s + Rs
Lq
)(s + 1

t0
)

(5.2)

Where t0 is the time constant introduced by the inverter. By deriving the closed-
loop transfer function it is seen that kRL,I can be chosen as kRL,I = kRL,P

Rs
Lq

in

order to cancel the pole located at −Rs
Lq

. This simplifies the closed-loop system to a
second-order system.

GRL,closed =
id

id,re f
=

kRL,P
Lq t0

s2 + 1
t0

s + kRL,P
Ld t0

= k
ω2

n
s2 + 2ζωns + ω2

n
(5.3)

The value of kRL,P is then calculated to get an overshoot of 1.5%[24, p. 149].

O = 1.5%

ζ = cos
(

tan−1
(

−π

ln(O/100)

))
= 0.80

ωn =
1

2ζt0
= 4162.77

rad
s

kRL,P = w2
nLqt0 = 0.47

kRL,I = kRL,P
Rs

Ld
= 43.40

(5.4)

Figure 5.4: Step response of the id current controller.
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As can be seen from Figure 5.4 the overshoot is exactly 1.5% and as such the current
controller performs as designed.

Speed Loop

With a fully designed current controller, the speed controller is designed. The
same arguments from the current controllers can be made for the speed controller.
An overshoot in wheel speed will result in a temporary increase in slip which
potentially could decrease the adhesion of the wheel, making it slide. The wheel
speed controller is thus designed to have no overshoot. The wheel equation is
restated here for convenience as stated in chapter 4.

ω̇w Jw = τem − τb − RwFT − RwFvisc (5.5)

ω̇w Jw = τem − Rwµ(ψ)Nv − RwBvv (5.6)

The term related to the adhesion forces in equation (5.6), are treated as disturbance
and are neglected when deriving the transfer function. While there are separate
terms for the braking and accelerating torque, they will be combined into one term
for simplicity. The transfer function for the wheel then becomes that of a rotating
mass with friction.

Gwheel(s) =
ωw

τem
=

1
Jws + RwBv

(5.7)

As the speed loop shares a similar block diagram with a cascade compensator, it
would be prudent to include the effects of the current loop when designing the PI
for the speed loop. The current loop effects on the speed loop will be approximated
with an ideal time delay similar to that used in the current loop design. The time
constant will be equal to the dominating pole of the current loop and with a gain
equal to the motor constant kt. The current loop is a second-order system with a
dampening ratio of 0.80, it will have two poles which are complex conjugates, but
has the same time constant 1

ζωn
. From Equation (5.4) the time constant is found to

be τd = 3.0 · 10−4 and the transfer function is then given by:

Gcurrent =
kt

sτdelay + 1
(5.8)

combining the transfer functions of Equation (5.7), Equation (5.8) and a PI then
gives the block diagram seen in Figure 5.5
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PI+
−

ωref       1
 s td    1+

kt +
+

µ(ψ)Nv

      1
 s Jw    Broll+

ωw

Figure 5.5: speed loop block diagram for the wheel transfer function.

Since the disturbance of the adhesion forces should be rejected, the block diagram
is rearranged to have the adhesion force as input as seen in Figure 5.6

PI

+

      1
 s td    1+

kt

µ(ψ)Nv         1
 s Jw    Broll+

ωw

-

Figure 5.6: block diagram with the adhesion force as input and wheel speed as output

the closed loop transfer function for the disturbance is then given as:

Gdist(s) =
ωw

µ(ψ)Nv
=

1
SJwBvisc

1 + k JB,P+k JB,I
s

kt
tdelays+1

1
sJw+Bvisc

=

s(std+1)
Jwtdelay

s3 +
Bvisctdelay+Jw

Jwtdelay s2 +
k JB,Pkt+Bvisc

Jwtdelay
s +

k JB,Ikt
Jwtd

(5.9)

The characteristic equation is that of a third-order system, i.e. it will have three
poles. Equating the characteristic equation to that of a third-order polynomial
and choosing the location of two of them, it is possible to do a comparison of
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coefficients for the PI gains.

s3 +
Bvisctdelay + Jw

Jwtdelay
s2 +

k JB,Pkt + Bvisc

Jwtdelay
s +

k JB,Ikt

Jwtdelay
= (s + p1)(s + p2)(s + p3)

Bvisctdelay + Jw

Jwtdelay
= p1 + p2 + p3

k JB,Pkt + Bvisc

Jwtdelay
= (p1 p2 + p1 p3 + p2 p3)

k JB,Ikt

Jwtdelay
= p1 p2 p3

(5.10)

It is decided to place two poles at 169.41 which has a time constant 25 times higher
than that of the current loop. This placement is done to avoid the speed controller
being so fast that the inverter would become a dominating factor, while still having
controller dynamics significantly faster than the wheel and car.

p1 = p2 = 169.41
Bvisctdelay + Jw

Jw
− p1 − p2 = p3 = 3896.40

k JB,P =
(p1 p2 + p1 p3 + p2 p3)Jwtd − Bv

kt
= 263.34

k JB,I =
p1 p2 p3 Jwtdelay

kt
= 21835

(5.11)

The PI controllers are then implemented in the MATLAB Simulink model as de-
scribed in figure 4.14, which contains the car and wheel as well as the PMSM.
Wheel speed reference is started at 1

[m
s

]
, when 1[s] has passed, the speed refer-

ence steps to 10
[m

s

]
. 5.7 shows the iq and id currents and wheel speed as well as

their respective references and error.
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Figure 5.7: Simulation results using the MATLAB Simulink model described in figure 4.14 showing
the iq and iq currents as well as the wheel speed with their respective references and errors.

From 5.7 it is seen that the iq current starts with a value different from 0, as the
wheel speed starts at a 0. At 1[s] the speed reference changes which increases iq

current. The id current should be kept at 0 at all times when using FOC control.
It is seen that the id current is different from 0 when the speed reference changes,
which is to be expected as the PMSM back-emf will disturb the id PI controller.

5.2.2 Maximum Torque Per Ampere

In FOC the id PI has a constant reference of 0, however, this does not utilize the
reluctance torque of the EMRAX PMSM. From the PMSM torque equation, restated
in 5.12 for convenience, it can be seen that if the id current is negative while the iq

is positive, the second term in the equation will contribute positively to the overall
torque.

τem =
3
2

Npp((Ld − Lq)idiq + λmpmiq) (5.12)

Since the current phase has a limited magnitude there exists an optimal iq and iq

which produces the highest possible torque. Rewriting equation (5.12) to depend
on the maximum stator current Is with the relations shown in figure 5.8
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q-axis

d-axis

Is

}}

θ

iq= Is cosθ

-id=Is sinθ

Figure 5.8: relation between the Is and id, id currents.

τem =
3
2

Npp((Ld − Lq)Issin(θ)Iscos(θ) + λmpm Iscos(θ)) (5.13)

τem =
3
2

Npp((Ld − Lq)I2
s sin(θ)cos(θ)︸ ︷︷ ︸

1
2 sin(2θ)

+λmpm Iscos(θ)) (5.14)

τem =
3
2

Npp((Ld − Lq)I2
s

1
2

sin(2θ) + λmpm Iscos(θ)) (5.15)

As the torque now only depends on the angle θ of Is the optimal criteria can be
written as

∂τem

∂θ
= −(Ld − Lq)I2

s cos(2θ)︸ ︷︷ ︸
cos2(θ)−sin2(θ)

−λmpm Issin(θ) = 0 (5.16)

Replacing cos(2θ) with a trigonometric identity gives

∂τem

∂θ
= −(Ld − Lq)I2

s (cos2(θ)− sin2(θ))− λmpm Issin(θ) = 0 (5.17)

Here the expressions for id and iq are identified and replaced

∂τem

∂θ
= −(Ld − Lq)(I2

s cos2(θ)︸ ︷︷ ︸
i2
q

− I2
s sin2(θ)︸ ︷︷ ︸

i2
d

)− λmpm Issin(θ)︸ ︷︷ ︸
id

= 0 (5.18)

Simplifying and rearranging the equation

∂τem

∂θ
= −(Ld − Lq)(i2

q − i2
d) + λmpmid = 0 (5.19)
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∂τem

∂θ
= −(Ld − Lq)i2

q + (Ld − Lq)i2
d + λmpmid = 0 (5.20)

∂τem

∂θ
= i2

d +
λmpm

(Ld − Lq)
id − i2

q = 0 (5.21)

Equation (5.21) is seen to be a second order polynomial with the solution being:

A = 1, B =
λmpm

(Ld − Lq)
, C = −i2

q

id =

− λmpm
(Ld−Lq)

±

√(
λmpm

(Ld−Lq)

)2

+ 4i2
q

2

(5.22)

Since only a negative id with positive iq produces a net positive torque, only the
negative solution is of interest, thus

id =

− λmpm
(Ld−Lq)

−

√(
λmpm

(Ld−Lq)

)2

+ 4i2
q

2
(5.23)

From 5.23 it is seen that the id current should only change with iq, if the motor
parameters are assumed constant. 5.23 is then used with the same PI controller,
but now the id reference changes with iq.
The test used to get the results in Figure 5.7 is reused to demonstrate the difference
in iq and id current and the current magnitude. The resulting currents are shown

in Figure 5.9 with the current magnitude being |is| =
√

i2
q + i2

d and difference cal-
culated as Idi f f = IFOC − IMTPA.
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Figure 5.9: Comparison of iq and id currents using FOC and MTPA.

From Figure 5.9 it is seen that the current magnitude difference between FOC and
MTPA is small. This is expected as the saliency of the EMRAX 228 is 0.96. The
speed reference is stepped at 1[s] the iq current increases but the magnitude is
smaller for the MTPA implementation, which is expected.

5.3 Extended Motor Control

Extended motor control is considered an extension of the base motor control, FoC,
or MTPA. With the intent to enhance the performance of the AAUER. In this case,
extended motor control refers to control of the slip. The reason why slip control is
of significant importance is due to the section 4.1.1. Since there exists a point on
the adhesion curve where the adhesion coefficient is the highest. The reason why
this is favorable can be seen in equation (4.6) since a higher adhesion coefficient
value will result in a higher tractive force, which will accelerate the AAUER faster.

5.3.1 Linear Slip Control

The design procedure and stability analysis of the linear controller for ABS is in-
spired from [30][25-26,31-42,55-62] and then applied similarly to the TC. Before the
system of equations is linearized and a transfer function is derived, it is important
to consider the properties of the system and how their equilibrium points behave to
get a better understanding of how to design the controller properly. The slip con-
troller is divide into two sections. The first analyses the properties of the system,
while the second part is concerned with controller design and analysis. Equation
equation (5.24) and equation (5.25) show the system of equations for the different
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slip modes. TC is active when the car accelerates and when the car brakes ABS
is active. When discussing theory relevant to both TC and ABS the two control
methods will be referred to as slip controllers.

Investigation of equilibrium points

Traction Control

ψTC =
ωwRw − v

ωwRw

ω̇w =
RwNvµ(ψ) + τem

Jw

v̇ =
Nvµ(ψ)

Mv

(5.24)

Antilock-Brake System

ψABS =
ωwRw − v

v

ω̇w =
RwNvµ(ψ)− τb

Jw

v̇ =
−Nvµ(ψ)

Mv

(5.25)

To successfully implement slip control, the vehicle speed needs to either be mea-
sured through the use of a sensor or an estimation technique. It is assumed that
there is direct access to the vehicle speed in the derivations presented below. Both
equation (5.24) and equation (5.25) follow the same design procedure and for the
sake of simplicity only the derivations of the ABS will be shown, however, results
from both TC and ABS will be presented and discussed later. Any friction terms in
equation (5.24) and equation (5.25) are treated as disturbances and neglected in the
controller design. The equilibrium points which are of interest when considering
the stability of the slip controller are when ψ̇ = 0. Applying the quotient rule to
the definition of slip in equation (5.25), ψABS.

ψ̇ABS =
ω̇wRw

v
+

ωwRw

v2 v̇ (5.26)

From the definition of slip from equation (5.25) it is possible to rewrite ωw as

ωw(ABS) =
v

Rw
(ψ + 1) (5.27)

Inserting the definitions presented in equation (5.25) and equation (5.27) into equa-
tion (5.26) creates an expression for the change in slip as seen in equation (5.28)

ψ̇ABS =
−1
v

(
(1 + ψ)

Mv
+

R2
w

Jw

)
Nvµ(ψ) +

Rw

Jwv
τb (5.28)

Rearranging equation (5.28)

ψ̇ABS =
−Rw

Jwv
(χABS − τb)

χABS =

(
Rw +

Jw

Rw Mv
(1 + ψABS)

)
Nvµ(ψ)

(5.29)
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It is clear from equation (5.29) that an equilibrium point exists whenever χABS = τb
an equilibrium point exists. This can be seen in Figure 5.10 as the points where τb
intersects with the curve, the difference in equation (5.29) becomes 0 which then
means that ψ̇ABS = 0. This can also be seen in Figure 5.11

Figure 5.10: Equilibrium points, ψ1 = −0.062,ψ2 = −0.3, for dry asphalt and ψ1 = −0.019,ψ2 = −0.3
for τ̄b = −630[Nm] and τ̄b = −318[Nm] respectively in ABS mode

For the linearization of τb, τ̄b, means that there are two possible outcomes for the
amount of equilibrium points of χABS.

• If τ̄b > min(χABS) then there exists at least two equilibrium points ψ1 and ψ2

• if τ̄b < min(χABS) then there exists no equilibrium points for ψABS

The linearization point for τ̄b is chosen such that the corresponding ψ̄ is sufficiently
close to the desired operating range. The desired operating range, in this case, is
in the vicinity of the peak value of |χABS|. The peak value is not chosen since it
is not feasible to assume that the AAUER will operate in this area all the time.
Instead a value of ψ̄ = 0.3 is chosen as a compromise, this corresponds to a value
of τ̄b = −630[Nm]. Furthermore, as can be seen from Figure 5.10 τ̄b will provide
at least two equilibrium points for both TC and ABS to be examined. The stability
of these equilibrium points for one of the two road surfaces in Figure 5.10 can be
more easily examined in the phase plane portrait of equation (5.29). This can be
seen in Figure 5.11 for a dry asphalt road surface.
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Figure 5.11: Phase plane portrait of ψ̇ABS as a function of ψ at τ̄b. Equilibrium points at ψ1 =
−0.062,ψ2 = −0.3

As seen from Figure 5.11 there exist a locally asymptotically stable equilibrium
point at ψ1 = −0.062 and an unstable one at ψ2 = −0.3. Equilibrium point ψ1 is
asymptotically stable since values of ψ close to ψ1 will converge to zero as t → ∞
due to the change ψ around the equilibrium point[32][p.50]. As can be seen from
Figure 5.11 any equilibrium point which is located beyond the peak of the µ curve
is unstable since the change in ψ will push ψ away from the equilibrium point.
Repeating the same procedure for TC the change in ψTC can be described by equa-
tion (5.30). Recalling the definition for slip for TC, as seen in equation (5.24), is
different for that of ABS, as seen in equation (5.25).

ψ̇TC =
−Rw(1− ψTC)

2

Jwv
(χTC − τem)

χTC = Nvµ

(
J

MvRw
· 1
(1− ψTC)

+ Rw

) (5.30)

Choosing the same linearization point for the motor torque is similar to that of the
brake torque. That is, with consideration of the operating range of the TC. That is,
ψ̄TC = 0.3[Nm]
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Figure 5.12: Equilibrium points, ψ1 = 0.084,ψ2 = 0.30,ψ3 = 0.61 for dry asphalt and ψ1 = 0.023,ψ2 =
0.30,ψ3 = 0.95 for τ̄b = 743[Nm] and τ̄b = 370[Nm] respectively in TC mode

Figure 5.13: Phase plane portrait of ψ̇TC as a function of ψ for τ̄em. Equilibrium points at ψ1 =
0.084,ψ2 = 0.30,ψ3 = 0.61

As can be seen from Figure 5.13 there exist three equilibrium points. ψ = 1 is not
considered an equilibrium point since for the definition of slip during TC mode as
seen in equation (5.24) for it to be equal to 1 would mean that the wheel is moving
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with the vehicle being stationary or ωw is infinitely big. Furthermore, no points
exists beyond ψ = 1 making it unable to describe the equilibrium point[32, p. 50].
With the stability of the equilibrium points analyzed it is now possible to move on
to controller design with the properties of the equilibrium points in mind.

Linear Controller Design

In order to implement a linear controller, the nonlinear systems presented in equa-
tion (5.24) and equation (5.25) need to be linearized. Specifically the nonlinear ad-
hesion model which both equation (5.24) and equation (5.25) depend upon. Similar
to how the equilibrium points were investigated, the procedure will be explained
for one of the two slip controllers, and then results from both controllers will be
presented in the end. The derivations for the ABS linearization and transfer func-
tion are presented here.

∆ωw = ωw − ω̄w

∆v = v− v̄
(5.31) x =

[
ωw

v

]
(5.32)

The first order Taylor Series Expansion (TSE) of the adhesion model can be seen in
equation (5.33)

µ(ψ̄) ≈ µ0(ψ̄) +

[
∂µ

∂ψ

∂ψ

∂v

]∣∣∣∣
ψ=ψ̄

∆v +

[
∂µ

∂ψ

∂ψ

∂w

]∣∣∣∣
ψ=ψ̄

∆w

µ(ψ̄) ≈ µ0(ψ̄) + µ1(ψ̄)
ωwRw

v2 ∆v− µ1(ψ̄)
Rw

v
∆ω

(5.33)

Inserting equation (5.33) into equation (5.24) and then take the partial derivatives
with respect to the states.

A =

[
−Nvµ1(ψ̄)R2

w
Jwv

Nvµ1(ψ̄)ωwR2
w

Jwv2

Nvµ1(ψ̄)Rw
Mvv −Nvµ1(ψ̄)Rw

Mvv2

]
(5.34)

B =

[
1
Jw

0

]
, C =

[
1 0

]
, x =

[
∆ωw

∆v

]
u =

[
τb
0

]
(5.35)

Converting the state space formulation into a transfer function using equation (5.36)

Gp(s) = C(Is− A)−1B (5.36)

Equation (5.37) is used to express the wheel speed in terms of car speed and slip.

wABS =
v

Rw
(ψ + 1) (5.37)
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Gωw(s) =
ωw

τb
= −

s + Nvµ1(ψ̄)
Mvv (ψ + 1)

s2 + s Nvµ1(ψ̄)v
Mvv

(
MvR2

w
Jw

+ (ψ + 1)
) (5.38)

A relationship between wheel deceleration and slip can be established using equa-
tion (5.26). This can be seen in equation (5.39).

ω̇w = ψ̇ABS
v

Rw
− ω

v
v̇ (5.39)

Using equation (5.39) and the definitions from equation (5.25) it is possible to
rewrite equation (5.38) to equation (5.40)

GψABS =
ψ

τb
=

Rw

Jwv̄
1

s + µ1(ψ)Nv
Mv v̄

(
MvR2

w
Jw

+ (ψ + 1)
) (5.40)

The same procedure is repeated for TC which results in equation (5.41)

GψTC =
ψ

τem
=

Rw

Jwv̄
1

s + µ1(ψ)Nv
Mv v̄

(
1

(1−ψ̂)
+ MvR2

w
Jw

) (5.41)

The pole of equation (5.40) is

pole = −µ1(ψ)Nv

Mvv̄

(
MvR2

w
Jw

+ (ψ + 1)
)

(5.42)

Referring back to Figure 4.6 and seen from equation (5.42) as long as the slope of
the adhesion curve is positive the plant is stable. However, once the linearization
point of ψ̄ passes the peak of the adhesion curve the pole becomes unstable as seen
in equation (5.42). Since the slop of the adhesion curve is bounded, as the slip can
only vary from minus one to one, then it is still possible to design a controller in
order to guarantee asymptotic stability of the slip controller.
The controller used will be a PI controller

Gc,ABS(s) =
kp,ABSs + ki,ABS

s
(5.43)

The closed-loop transfer function for the system is then

Gcl,ABS =
ψ

ψre f
=

Rw
Jw v̄ kp,ABSs + ki,ABS

s2 + s
(

µ1(ψ̄)Nv
Mv v̄

(MvR2
w

Jw
+ (ψ̄ + 1)

)
+

Rwkp
Jw v̄

)
+ Rwki

Jw v̄

(5.44)

The control design will be done on the basis of a worst case scenario. Which means
for the linearization point of ψ̄ that it is chosen to be unstable, beyond the peak



52 Chapter 5. Control Strategies

of the adhesion curve. Furthermore, to prove the robustness of the control design,
the controller will be designed for dry asphalt but will be tested on a wet asphalt
road surface. A summary of the linearization points used are:

Variable Value Unit
v̄ 17.5 [m

s ]

ψ̄ −0.3 [−]

The linearization point of v̄ is chosen to be 17.5[m
s ] since this is the average speed

the AAUER achieves during the course of an endurance race, as seen in Figure 2.2.
Inserting the numerical values in section 5.3.1 into equation (5.44) yields the fol-
lowing transfer function.

Gplant,ABS =
ψ

τb
=

0.00577
s− 3.051

(5.45)

As can be seen from equation (5.45) the closed-loop transfer function with a unit
gain is unstable and as a result, requires a controller to both stabilize and meet
design requirements. The controllers are designed with the following criteria

• Minimal overshoot. Settling time is considered more important design crite-
ria compared to overshoot. As such, as long as the pole location criteria have
fulfilled any overshoot associated with it will be considered acceptable.

• ωn is designed such that it is located between the dominating pole of the
current loop and the speed loop as illustrated in figure 5.1. That is, at least
as fast as the dominating pole of the speed loop pole at 169.41.

ζ = cos
[

tan−1
(
−π

ln(O)

)]
=⇒ ζ > 0.59

ωn = 169.4080
[

rad
sec

]
ki,ABS =

ω2
n

0.002959
= 2.61 · 106

kp,ABS =
2ζn − 1.102

0.002959
= 1.87 · 104

(5.46)

Gc,ABS(s) =
18720s + 2.61 · 106

s

Gcl,ABS(s) =
ψ

ψre f
=

108s + 1.51 · 104

s2 + 105s + 1.51 · 104

(5.47)

A step of equation (5.47) is done in Figure 5.14 where the linearization point of v̄
is changed to see its effect. Recall that in order to test the robustness of the control
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design. The road surface, adhesion coefficient, is changed from dry tarmac to wet
tarmac.

Figure 5.14: Step response of equation (5.47) for different linearization points.

Due to the similarity between equation (5.40) and equation (5.41) the controller
designed is also used for TC. Using the same controller designed in equation (5.47)
the corresponding closed loop step response can be seen in Figure 5.15 for TC.

Figure 5.15: Closed loop step response of equation (5.41) and equation (5.47) for TC.

It can be seen that figure 5.14 and figure 5.15 behave identically. This concludes
the linear control design section for ABS and TC.
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5.3.2 Non-Linear Slip Control

The derivations and discussions presented for the Super-Twisting Sliding Mode
Controller(STSMC) are inspired from [31, pp. 33–36]. The STSMC is a continuous
adaptation of the conventional discontinuous Sliding Mode Controller(SMC). This
is considered favorable compared to the discontinuous control law of the conven-
tional SMC in terms of practical implementation. The STSMC used here will be a
tracking control algorithm, which means that instead of system states used for the
definition of the sliding variable an error between the reference and current system
state is used. This can be seen in equation (5.48).

ψ̃ = ψre f − ψ

˙̃ψ = ψ̇re f − ψ̇
(5.48)

The sliding variable can then be defined as equation (5.49).

σ = ˙̃ψ + cψ̃

σ̇ = −c |σ|0.5 sign(σ)
(5.49)

It should be noted that this definition of σ̇ does not account for any disturbances.
A Lyapunov function is introduced in order to derive a control law which provides
asymptotic stability about σ = 0. This equilibrium point is significant since once
σ = 0 the solution to equation (5.49) becomes

ψ̃(t) = ψ̃(0)exp(−ct)
˙̃ψ(t) = −cψ̃(0)exp(−ct)

(5.50)

As can be seen from equation (5.50) when σ = 0 both error states converge asymp-
totically to zero. The Lyapunov candidate function can be seen in equation (5.51)
and its derivative in equation (5.52)

Vlyap =
1
2

σ2 (5.51)

V̇lyap = σσ̇ (5.52)

In order to guarantee asymptotic stability equation (5.51) needs to be positive defi-
nite and equation (5.52) needs to be either negative definite[32, pp. 107–109] or neg-
ative semi-definite where equation (5.52) is continuously bounded as postulated by
the Lyapunov-like Lemma[32, pp. 123–125]. An additional desirable feature is that
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of global stability. These conditions for the Lyapunov candidate function are sum-
merized in equation (5.53).

Vlyap > 0 for σ 6= 0

V̇lyap < 0 for σ 6= 0

lim
|σ|→∞

Vlyap = ∞
(5.53)

From the requirements in equation (5.53) and the definition of the sliding variable
in equation (5.49) the continuous control law in equation (5.54) is derived.

u = c |σ|0.5 sign(σ) (5.54)

The finite time it takes for equation (5.49) to converge to zero can be determined
by integrating equation (5.49) with respect to time as seen in equation (5.55).

|σ|0.5 − |σ0|0.5 = − c
2

t

tr =
2
c
|σ|0.5

(5.55)

The assumption made in equation (5.49) about the absence of any disturbances in
impractical from a practical implementation point of view. As a result the control
law in equation (5.54) will not converge since the new dynamics of the sliding
variable will be as seen in equation (5.56)

σ̇ = fdisturbance(t)− c |σ|0.5 sign(σ) (5.56)

To accommodate this an additional term is added to the control law in equa-
tion (5.54) which compensates for any disturbances assuming

∣∣ ḟdisturbance
∣∣ ≤ C.

u = c |σ|0.5 sign(σ) + w

ẇ = bsign(σ)

b = 1.1C

c = 2.0 · 104

C = 100

(5.57)

Another positive attribute of the STSMC besides a continuous approach to the con-
ventional discontinuous SMC is the fact that the chattering is attenuated through
the integral term of ẇ in equation (5.57). Implementing the STSMC, similar to that
of the linear slip control, can be seen in Figure 5.16.
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Figure 5.16: STSMC Slip Control

Implementation of Slip Control

TC and ABS are implemented in such as way that they serve as upper and lower
limits for the iq current. This means that the motor torque going into the wheel is
already adjusted so optimal slip is achieved in the case of acceleration or deceler-
ation. The torque output from TC and ABS is converted into an iq current using
equation (2.2). The implementation of slip control can be seen in Figure 5.21.

 Speed 
Control
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+
-
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Control

+
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ψref,TC
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iq

iq,upper

iq,lower

1
Kτ

1
Kτ

uq

Figure 5.17: Simulink implementation on dynamic upper and lower limit for slip control of iq
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For this implantation to work properly, the upper and lower limits must be ad-
justed accordingly depending on the speed reference. In other words, when the
car is accelerating the TC is limiting the iq current but at the same time, the ABS
should be disconnected to prevent integrator windup.

Activation Logic

To accommodate this, an activation/deactivation logic is implemented. The acti-
vation and deactivation are done based on the sign of the iq current. The reason
why the iq current is due to the non-salient nature of the PMSM and that nega-
tive iq current can be related to braking motion through equation (2.2). That is,

ABS =

{
0 if iq > 0

1 if iq < 1
(5.58) TC =

{
1 if iq > 0

0 if iq < 1
(5.59)

Anti-Wind up

Both the linear controller and the non-linear controller use an integrator in their re-
spective control methods. Whenever activation/deactivation of TC/ABS happens
it is important that the controller is disabled properly. As such, it would be pru-
dent to address the issue of integrator windup. The PI controller for the linear slip
control is fitted with the common anti-windup topology as shown in Figure 5.22.

Kp

Ki

Kw

1
s

+
+

+
+

+-

ψ u

Figure 5.18: Simulink implementation of the integrator anti-windup for the linear PI controller.

In the case of the nonlinear STSMC controller integrator anti-windup is imple-
mented in the form of a switch where both the reference and the controller output
are set to zero. This will prevent the STSMC from winding up as the ABS or the TC
are deactivated since the input error is zero. Since the STSMC is now located on
the sliding surface[1, p. 73]. The controller output of the STSMC is shown in Fig-
ure 5.23 with the proposed anti-windup logic and without it in Figure 5.24 where
the speed reference is the first 30[s] of the track described in section 2.1.1.
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Figure 5.19: STSMC with integrator anti-windup implemented. In the top plot with ψ on the y-axis,
the dashed lines show the optimal ψ reference.

Figure 5.20: STSMC without integrator anti-windup implemented. In the top plot with ψ on the
y-axis, the dashed lines show the optimal ψ reference.

As can be seen in Figure 5.24 as time progresses that the integrator value starts
accumulating as the ABS is activated and deactivated. This then results in incorrect
control signals to the dynamic saturation block for the iq current which causes
the slip to exceed a given reference. However, as can be seen in Figure 5.23 this
integrator windup is successfully negated.



5.3. Extended Motor Control 59

Implementation of Slip Control

TC and ABS are implemented in such as way that they serve as upper and lower
limits for the iq current. This means that the motor torque going into the wheel is
already adjusted so optimal slip is achieved in the case of acceleration or deceler-
ation. The torque output from TC and ABS is converted into an iq current using
equation (2.2). The implementation of slip control can be seen in Figure 5.21.
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Figure 5.21: Simulink implementation on dynamic upper and lower limit for slip control of iq

For this implantation to work properly, the upper and lower limits must be ad-
justed accordingly depending on the speed reference. In other words, when the
car is accelerating the TC is limiting the iq current but at the same time, the ABS
should be disconnected to prevent integrator windup.

Activation Logic

To accommodate this, an activation/deactivation logic is implemented. The acti-
vation and deactivation are done based on the sign of the iq current. The reason
why the iq current is due to the non-salient nature of the PMSM and that nega-
tive iq current can be related to braking motion through equation (2.2). That is,

ABS =

{
0 if iq > 0

1 if iq < 1
(5.60) TC =

{
1 if iq > 0

0 if iq < 1
(5.61)
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Anti-Wind up

Both the linear controller and the non-linear controller use an integrator in their re-
spective control methods. Whenever activation/deactivation of TC/ABS happens
it is important that the controller is disabled properly. As such, it would be pru-
dent to address the issue of integrator windup. The PI controller for the linear slip
control is fitted with the common anti-windup topology as shown in Figure 5.22.
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Figure 5.22: Simulink implementation of the integrator anti-windup for the linear PI controller.

In the case of the nonlinear STSMC controller integrator anti-windup is imple-
mented in the form of a switch where both the reference and the controller output
are set to zero. This will prevent the STSMC from winding up as the ABS or the TC
are deactivated since the input error is zero. Since the STSMC is now located on
the sliding surface[1, p. 73]. The controller output of the STSMC is shown in Fig-
ure 5.23 with the proposed anti-windup logic and without it in Figure 5.24 where
the speed reference is the first 30[s] of the track described in section 2.1.1.
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Figure 5.23: STSMC with integrator anti-windup implemented. In the top plot with ψ on the y-axis,
the dashed lines show the optimal ψ reference.

Figure 5.24: STSMC without integrator anti-windup implemented. In the top plot with ψ on the
y-axis, the dashed lines show the optimal ψ reference.

As can be seen in Figure 5.24 as time progresses that the integrator value starts
accumulating as the ABS is activated and deactivated. This then results in incorrect
control signals to the dynamic saturation block for the iq current which causes
the slip to exceed a given reference. However, as can be seen in Figure 5.23 this
integrator windup is successfully negated.
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5.4 Slip Control Reference

For slip control to provide the maximum tractive force, the slip needs to be so that
it provides the maximum adhesion. As can be seen in Figure 5.25 depending on
the road condition the maximum adhesion for a given slip ratio changes.

Figure 5.25: Maximum adhesion coefficient as a function of ψ for dry/wet tarmac road conditions.
Peak adhesion coefficients are marked with a dashed line.

For the slip reference there are thus two options,

• Online estimation of the optimum slip

• Predefined optimum slip

In [12] a recursive least square(RLS) is suggested as a possibility to estimate slip ra-
tio. In [1] an RLS estimation of the maximum slip for slip control of a small passen-
ger vehicle is implemented. Where the algorithm uses a linear relationship between
the adhesion coefficient and the corresponding slip, based on an approximation of
the Burckhardt equation, to determine the corresponding slip for the highest pos-
sible adhesion coefficient. The advantage of online estimation of the optimal slip is
the fact that, as long as convergence is guaranteed, that you always utilize the full
tractive force permissible for a given tire-road condition. Furthermore, if the road
conditions change during vehicle operation then the slip controller will be able to
adapt to these changes as well. In the case of a predefined optimum slip, maximum
tractive force is leveraged for robustness. Since the optimum slip is predetermined
based on known road conditions, making it impervious to any disturbances could
cause a slip estimation to be incorrect. However, as was just mentioned considera-
tion must be made about the road conditions when selecting the slip reference. In
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the case of the AAUER, since the road conditions are limited to either dry, damp,
or wet asphalt [10, p. 199 D3.1], it could be advantageous to select a slip reference
based on these conditions. One possibility which will require the least amount
of reconfiguration is selecting an optimum slip reference based on a compromise
between the two road conditions. From Figure 5.25 the maximum adhesion coeffi-
cient for wet tarmac is located at ψwet = 0.078 and ψdry = 0.136. Averaging these
yields an optimum slip reference of ψavg = 0.11, the corresponding amount of lost
peak tractive force can be seen in section 5.4.

Road Surface Peak Dry[Nm] Peak Wet[Nm] Peak Loss Dry[%] Peak Loss Wet[%]

ψmax,dry 2394.4 1747.0 - 11.02
ψmax,wet 2207.1 1963.3 7.82 -
ψmax,avg 2368.9 1873.4 1.06 4.58

From section 5.4, it is evident that choosing a slip equidistant from the two peaks
does not result in an equal loss in peak tractive force, due to the shape of the ad-
hesion curves. Another approach instead of choosing an average distance between
two peaks could be to implement a switch on the AAUER, where one configuration
utilizes the optimum slip reference for dry road conditions, and another configu-
ration sets the slip reference for wet road conditions. This way the robustness of
a predefined slip reference is maintained, however, at the expense of relying more
on the expertise of the driver to know when each scenario is. The consequences
of incorrect management of these configurations will lead to a more severe loss of
tractive force, however, the benefit of having reconfigurability while driving and
robustness of a constant reference off-sets the potential loss of tractive force.

5.5 Regenerative Braking

As the car will have to brake, the speed controller will make the q-axis current
negative to slow down the car. This change in the current sign results in the
inverter increasing the DC link voltage to force the current into the battery pack.
The DC link voltage is not allowed to exceed 600[V] as stated by the FSG ruleset
[8][EV4.1.1] and thus the current is limited by the OCV, and in turn SoC, of the
battery pack.
The sign of the current is determined by the function in Equation (5.62)

is =


√

i2
q + i2

d if sign(iq) = 1

−
√

i2
q + i2

d if sign(iq) = −1
(5.62)

To prevent the inverter from exceeding the 600[V] limit, a limit should be calculated
based on the OCV of the battery. In Simulink, the OCV is readily available from
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the lookup tables used for the battery model but would have to be estimated in
a real-life application. The inverter voltage command will then have a lower limit
calculated by

limit = −(VDC,max −OCV) (5.63)

The OCV of the battery pack decreases as SoC decreases, meaning the voltage
command limit becomes less restricted as the battery pack discharges. There is
however a second limitation to consider, which is the battery pack itself. In 4.2.2
an INR18650 cell was scaled to have parameters equivalent to that of a battery
pack with the calculated capacity, it was however not considered whether or not
the pack can handle the discharging and charging currents required by the PMSM.
The datasheet of the INR18650 will serve as a reference for the allowable currents.
Charging a maximum of 2[A] is acceptable while a discharging current of 8[A]

continuously and 12[A] in short periods are tolerated. These currents are however
for a cell or series of cells and are increased if multiple parallel cells are connected.
For the AAUER the battery pack is will have 9 parallel connections meaning the
currents are allowed to be 9 times higher. The charging current should be limited
to 18[A] and the discharging to 72[A] continuously. Since the torque of the PMSM
is dependant on the current, the charging current generated when braking, is also
dependant on the torque. From section 4.1.1 it is known that there exists an opti-
mum point for the traction force and in turn the torque. Calculating the maximum
possible torque from the highest possible adhesion coefficient can then be related
to a current via the motor constant, kt and FDR. The maximum torque and current
is then

τmax = Nv Rw µmax = 598.58Nm (5.64)

iq,max =
Nv Rw µmax

kt FDR
= 169.22A ≈ 170A (5.65)

if friction forces are neglected. The adhesion coefficient is assumed to have a sym-
metric behavior, as stated in section 4.1.1, thus the maximum braking torque and
current from the motor are the same but negative. This is a problem as the bat-
tery pack’s charging current should not exceed 18[A]. To avoid this, the current
command signal is set to have a lower limit of −18[A]. The upper limit is set to
be 72[A] to avoid damaging the battery pack. This however poses new problems,
firstly, a current of 170[A] is needed to achieve the highest possible acceleration,
which is not possible with only 9 parallel connections in the battery pack. Sec-
ondly, the braking current would of the PMSM being limited to −18[A] will affect
performance negatively, as the AAUER will not be able to brake sufficiently. This
leads to the need for mechanical brakes to brake however much is required. While
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mechanical brakes are required by the ruleset, using them is undesired [10][T6.1.1].
In an ideal situation, the PMSM would be able to be used for braking as well, such
that the maximum amount of kinetic energy will be regenerated.

Mechanical Brakes

The braking torque acting on the rear wheel is that of the braking current and the
mechanical brakes. The sum of these two torques should be equal to the highest
possible braking torque, as calculated in Equation (5.65). The driver of the AAUER
will have to use the mechanical brakes, but in simulation this is done with a simple
logic circuit

τb =

{
0 if iq ≥ −32A

τABS − iqktFDR if iq ≤ −32A
(5.66)

where τABS is the torque required by the ABS. The logic ensures that the PMSM is
prioritized for braking to regenerate the most amount of energy. The −18 condition
is based on the maximum allowed charging current which is 18[A].

5.5.1 Redesign of the battery pack

Different design criteria will be used this time for the battery pack voltage re-
quirement. Instead of an allowable max by FSAE, it will be based upon the motor
parameters of the EMRAX. Furthermore, it will be based upon the worst-case sce-
nario where the speed of the motor is the highest. For this, the rated speed given
in the EMRAX data sheet [4] as,ωrated = 5500[rpm]. Furthermore, All calculations
are done in steady-state. The reason why the rated speed is a worst-case scenario
is due to the back-emf of the motor.
To properly design the battery all of the requirements calculated in equation (5.65)
must be converted from the dq-frame to the abc frame where it is then possible
to determine the associated RMS value for both the voltage and the current. The
current requirement is calculated from equation (5.65) and the voltage requirement
is based upon the restrictions imposed by the back-emf at rated conditions.
At rated conditions ωr = 5500[rpm] [4],

ωe = 5500 · Npp ·
2π

60
(5.67)

The id current is assumed assumed to be be zero.

uq = Rsiq + ωeλmpm = 315.01V

ud = −ωeλqiq = −179.18V
(5.68)

The motor constants in 5.68 can be found in Appendix A. Using the amplitude
invariant inverse park [18, p. 151] transform the following 3-phase voltages are



66 Chapter 5. Control Strategies

calculated. ua

ub
uc

 =

 cos(θ) −sin(θ)
cos(θ − 120) −sin(θ − 120)
cos(θ + 120) −sin(θ + 120)

 [ud
uq

]
(5.69)

When θ = 0 ,in a 3-phase balanced system , the magnitude of the a-phase is at its
peak. [

ua
]
=
[
cos(0) −sin(0)

] [−179.18
315.01

]
= 362V (5.70)

The modulation technique is known, from section 4.2.3, as SVM. That means the
DC voltage input of the inverter can be calculated as shown in equation (5.71) [27,
p. 354]

UDC =
√

3ua =
√

3362 = 627.00V (5.71)

The DC voltage required from the battery for rated conditions exceeds the battery
requirements set by FSAE as per [10][EV4.1.1]. Using the same steps for calculating
UDC as has just been presented it is found that it is possible to achive a max value
of ωr = 5200[rpm] which gives a UDC = 593.68. The iDC current is calculated using
equation (4.21). Equation (4.21) is repeated for convenience.

iDC =
3
2

ûq îq + ûd îd

ûDC
(5.72)

The following values are used to calculate the required iDC current of the battery.

Value Unit
iq 170 [A]

id 0 [A]

uq 297.98 [V]

ud −169.40 [V]

uDC 593.68 [V]

The reason why the ud and ud values are different from those presented in 5.68 are
because these values include the new angular velocity of the motor at ωr = 5200.

iDC =
3
2
· 297.98 · 170− 169.40 · 0

593.68
= 127.99A (5.73)

As mentioned previously, the initial iteration of the battery pack, as seen in sec-
tion 4.2.2, does not fulfill the current requirement set by the motor. Furthermore,
the initial voltage requirement set by the battery pack is not based on any design
requirements. Instead, it was simply designed to the max allowable limit.

That means 593.68[V] is the voltage requirement for the revised battery pack. To
guarantee that the requirement is met even when the pack is almost drained the
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number of cells required in series to meet the new requirement is calculated from
the charged voltage of the Samsung INR18650-35E of 4.2[V] [29].

Nseries,new =
UDC,max

Umax

=
593.68

4.2
= ceil(141.35) ≈ 142 (5.74)

The new nominal voltage of the battery pack is 593.68[V] which is below the
600[V]DC stated by the FSAE ruleset[10][EV4.1.1]. This yields a capacity of all
the cells in series of[35, pp. 40–41].

Qseries = Nseries,newUmaxQbat · 3600 = 142 · 4.2 · 3.4 · 3600 ≈ 7.23MJ (5.75)

The current and capacity requirement remains. At the same time from section 5.5
the battery is required to be able to discharge iq = 170[A] or 127.99[A]DC to pro-
duce the maximum possible torque during optimal slip. The maximum continuous
discharge current is 8.00[A] and as such there need to be at least

Nparallel,current =
127.99[A]

8.00[A]
≈ 16 (5.76)

From equation (5.76) a total of 16 parallel connections are required in order to
meet the max discharge requirement. A final important design consideration is
the capacity requirement. The amount of capacity required to finish the endurance
race is known from section 2.1.1.

Nparallel,capacity =
50.7[MJ]
7.23[MJ]

≈ 7 (5.77)

Since regenerative braking will be implemented the required capacity of 50.7[MJ]
will be reality be lower. From a simulation of the full AAUER Simulink model,
as can be seen in figure 4.14, with and without regenerative braking implemented
with FoC motor control is was possible to recover 5.95% of the mechanical energy
spent by the AAUER. This means that the new revised capacity requirement is

Nparallel,capacity =
0.945 · 50.7[MJ]

7.23[MJ]
≈ 7 (5.78)

The amount of parallel connects is however still limited by the current requirement
so the final revised battery back design is as follows,

• Nseries = 142

• Nparallel = 16
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5.6 Complete Assembly

The complete implementation of all of the different extended motor control and
the motor control strategies can be seen in Figure 5.26.
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Figure 5.26: A complete illustration of the Matlab Simulink Model

The following description is added to the three labeled parts in Figure 5.26.

• A: The Upper current limitation is provided by TC and is converted from a
command torque to an iq current. In this example the motor control strategy
used is FoC and as such the iq current can be calculated from equation (2.3).

• B: Similar approach as the TC, this time the lower limit for the iq current is
provided by the ABS controller.

• C: This saturation block serves as the current limitations imposed on the
battery based upon the battery pack design in section 5.5.1.
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The internal control structure of the dashed box labeled is the same for both FoC
and MTPA. The only difference between FoC and MTPA is that for MTPA that the
id,re f is calculated based on the relationship shown in equation (5.23). The complete
illustration of what the TC and ABS blocks in Figure 5.26 can be seen in Figure 5.27.
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Figure 5.27: Detailed illustration of how slip control is implemented in the Matlab Simulink

As seen from figure 5.27 the slip control has five steps.

• 1. Slip reference error is calculated

• 2. Either the linear or nonlinear controller is selected to be used

• 3. The torque command from either TC/ABS is converted from a torque
command to a current command

• 4. The activation/deactivation logic is used to determine whether or not the
controller is activated

• 5. The outputs from TC/ABS are used to adjust the dynamic saturation
block which is used to adjust the iq current reference such that the motor
torque supplied by the PMSM to the wheel generates the optimal slip ratio
conditions between the tire and the road.

With the complete model described and how it is implemented it is now possible
to move on to the results chapter.



Chapter 6

Test and Results

With the complete assembly of both motor control and extended motor control it is
now possible to test the simulated response of the AAUER. The aim of this chapter
will be to prove and validate various aspects of this project. The chapter is divided
into two sections. The first section aims to test and verify various components
of the AAUER driveline in Matlab Simulink. The second part of the chapter will
be a simulated version of the 2012 Hockenheim FSG competition. This means
that the matlab simulink version of the AAUER will be tested in all the dynamic
events, excluding the skidpad event. The model of the AAUER used for all of the
simulation is described in figure 5.26. The list of simulations done in section 6.1 is
as follows

• Test of the Slip Control

• Regenerative Braking Test

• Test of different motor control methods

• Change in road conditions during operation

For section 6.2 the order of the events are,

• Acceleration event comparison of slip controllers

• Autocross event with comparison of slip controllers

• Full Endurance event SoC investigation

The different competitions described in chapter 1 will serve as a means to test the
different scenarios the AAUER will experience. As mentioned previously, the track
used is described in section 2.1.1 and the speed reference which the AAUER needs
to follow in order to complete a single lap of the endurance race as well. At the
beginning of each test a table is presented which displays the settings under which
the simulation was performed. This is done in order to make it more clear which
conditions are being tested when and under what circumstances.
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6.1 Verification of components

6.1.1 Traction Control and Anti-block System

Value
Race Type Acceleration
Control Method FoC
Slip Control Slip Control On/Off
Regen Braking Regen Braking On
Slip Control Method Linear

Table 6.1: Settings for the slip control test.

The first two tests are done on the TC and the ABS to demonstrate the AAUER
performance with and without slip control. During the acceleration of the AAUER
the TC is active, this is then followed by an immediate braking even where the
AAUER has to brake from 100[ km

hr ] back down to zero.

Figure 6.1: linear TC and ABS plots with full throttle

As seen from Figure 6.1 the slip controller performs as intended, keeping the
AAUER at optimal slip during acceleration. Without the slip controller the AAUER
is given full throttle results in a slip at or in the vicinity of one. Furthermore, after
1[s] the wheel speed without slip control reaches the rated speed. This then means
that the AAUER without slip control is accelerated sub-optimally.
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Figure 6.2: linear TC and ABS plots with full throttle

For simulation reasons the ABS test is performed 1[s] into the simulation such
that both wheel and car speed match at the beginning of the test. As seen from
Figure 6.6 the ABS controls the slip according to the constant reference it has been
given. This is reflected in the wheel speed as well. Compared to the brake test
without slip control, it can be seen that the fastest way to brake the AAUER from
100[ km

hr ] to zero is not by locking the wheel, as is done without slip control.

6.1.2 Energy Saved via Regenerative Braking

The settings in table 6.2 were used to produce Figure 6.3. The track which regen-
erative braking is tested on is the autocross event.

Value
Race Type Autocross
Control Method FoC
Slip Control Slip Control On
Regen Braking Regen Braking On/Off
Slip Control Method Linear

Table 6.2: Settings for Regenerative Braking test
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Figure 6.3: Comparison of AAUER performance with and without regenerative braking for one lap.

SoC Energy Expended
w/o Regen 0.9562[s] 32.25[kJ]
w/ Regen 0.9616[−] 32.64[kJ]

As seen from Figure 6.3 regenerative braking is performing as intended. With re-
generative braking it is possible to retrieve approximately 0.39[kJ] , or an additional
0.0054 SoC, during the course of one lap.

6.1.3 FOC and MTPA

The settings in table 6.3 were used to produce Figure 6.4.
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Value
Race Type Autocross
Control Method FoC/MTPA
Slip Control Slip Control On
Regen Braking Regen Braking Off
Slip Control Method Linear

Table 6.3: Settings used for producing Figure 6.4.

Figure 6.4: MTPA and FOC comparison

As can be seen from Figure 6.4 both FoC and MTPA are very similar in perfor-
mance. Furthermore, it can be seen that MTPA and FoC both work as intended.
This can be seen in the top right plot of figure 6.4 where MTPA has a non-zero id
current and FoC has a zero id current once the id current controller settles.

6.1.4 Disturbance Rejection: Change in road condition

A test is performed in order to compare the designed linear PI controller with
the nonlinear STSMC controller to see how they perform when a sudden change
in road surface happens. That is, when the road condition goes from dry to wet
tarmac.
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Value
Race Type Acceleration
Control Method FoC
Slip Control Slip Control On
Regen Braking Regen Braking Off
Slip Control Method Linear/STSMC

Table 6.4: Disturbance Rejection settings

Figure 6.5: PI and STSMC slip control from dry tarmac t < 1 to wet tarmac t ≥ 1.

The first 2[s] of the simulation take place on dry tarmac,pre-disturbance, after-
wards the road condition is changed to wet tarmac. The initial step,

Settling time Overshoot
PI 0.229[s] 1.14%
STSMC 1.16[s] 0%

The performance of the controllers as the disturbances happens can be seen in
table 6.5.
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Settling time Overshoot
PI 0.02[s] 1.29%
STSMC 0.25[s] 0.43%

Table 6.5: Controller performance when the road surface is changed

In this instance settling time is calculated as the time it takes from when the dis-
turbance happens to when the slip is within 10% of the reference relative to the
peak value. The overshoot once the road condition changes is significantly higher
0.86% relative to 0.29% for the STSMC , however, the linear PI controller rejects the
disturbance much faster 0.017[s] compared to 0.125[s] of the STSMC.

6.2 Events Test

6.2.1 Acceleration Event

In Figure 6.6 the acceleration event is run by setting a constant speed reference to
120[ km

hr ]. It is seen that both slip control methods perform similarly in this event.
By taking a closer look at the time the AAUER crosses the finish line, it is see that
the non-linear STSMC performs slightly better than the linear PI controller.
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Figure 6.6: Linear vs. Nonlinear slip control for the acceleration event.

PI STSMC
speed at 4 [s] mark 95, 3[ km

hr ] 95.33[ km
hr ]

time to reach 75 [m] 4.788 [s] 4.786 [s]

Table 6.6

6.2.2 Autocross Event

The linear and nonlinear controller are tested against each other for the autocross
event. The results of this test can be seen in Figures 6.7 and 6.8
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Figure 6.7: Linear vs. Nonlinear slip control for the acceleration event.

Figure 6.8: Linear vs. Nonlinear slip control for the acceleration event.

From Figures 6.7 and 6.8 it is clear that for the first 60[s] that both controllers are
very close. However the last 20[s] the STSMC shows signs of significant overshoot.
A possible reason for this could be the speed reference. That the slow settling time
of the STSMC simply means it is unable to converge on the slip reference before
the speed reference commands the AAUER to accelerate or decelerate. As a result,
the linear slip controller crosses the finish line 0.1[s] before the STSMC.
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6.2.3 Endurance event + Efficiency event

A full endurance is used to test the battery capacity.

Figure 6.9: MTPA and FOC comparison

with regen without regen
MTPA FOC MTPA FOC

SoC 0.3103 0.3103 0.2129 0.2122

Table 6.7: SoC results of a complete endurance race.

From figure 6.9 it can be see that almost 0.1 SoC can be saved with the imple-
mentation of the regenerative braking. Both FoC and MTPA with regenerative
braking save the same amount of energy, one of the reasons for this could be the
implementation of regenerative braking in the Matlab SimuLink model.

6.3 Score Comparison from FSG 2012

The scores for the AAUER in the different events are shown in section 6.3. The
scores are found from [9]. The equations used to calculate the scores shown in
Appendix C.



80 Chapter 6. Test and Results

AAUER Best of FSG 2012 score
Acceleration 4.790 [s] 3.454 [s] 15.17
Autocross 78.32 [s] 75.93 [s] 87.33
Endurance 1409,76 [s] 1420.56 [s] 325
Efficiency 0.0093 [kWh] 0.153 [kWh] 100
Total Score 527.5



Chapter 7

Discussion and Conclusion

7.1 Discussion

The slip controllers are both able to perform to expectations. In the acceleration
event, the STSMC gives a slightly faster event time. In the road surface test, the
STSMC has a smaller deviation in slip, while the PI has faster convergence to the
reference value. From the endurance simulations, it was seen that using MTPA
saves a small amount of energy. This is expected as the saliency of the EMRAX 228
is close to one thus the reluctance torque is small and does not contribute much.
From the endurance simulations, it is seen that regenerative braking works as ex-
pected by recharging the battery pack. While the pack is not limited by its capacity,
but rather current limits, it is largely due to the use of the INR18650-35e cell. As
a result, an area that can be improved upon is the choice of battery cell for the
battery pack. In this case, a battery cell that has a higher charge and discharge
current would be favorable compared to more capacity. From Figure 6.9 it can be
seen that the battery pack capacity is not an issue.
Another interesting point from chapter 6, Figure 6.4, is the application of MTPA
on a PMSM which is almost non-salient. As can be seen from Figure 6.4, MPTA
performs better than FoC despite the almost non-salient nature of the PMSM. In a
competition such as the FSAE events, it seems that the MPTA provides sufficiently
good results to warrant use.
Another issue that has not been considered is how the slip control is activated. As
it stands currently, the activation and deactivation of the slip controller is solely
based on the sign of the iq current. For practical implementation, it cannot be
expected that the iq current signal is without noise and as such, any noise which
is inevitably added to the signal will distort the activation signal significantly. A
possible solution could be to combine the qualities of the iq current signal with the
change in slip ratio. Since the iq current signal indicates whether or not the motor
is braking or accelerating. At the same time, the change in slip ratio is a relatively

81



82 Chapter 7. Discussion and Conclusion

less noisy signal, and the change in slip ties directly to the behavior of the AAUER
itself.
It could also be interesting to investigate the robustness of the different slip con-
trollers further. With the need for vehicle speed for slip control to work and the
noise added from the current sensor, there is a potential for a significant amount of
noise being present in a practical implementation of the suggested system seen in
Figure 5.26. Despite the STSMC being the slower of the two control methods. In a
practical implementation with the presence of noise, the robustness of the STSMC
might mean that it will outperform the linear controller.

7.2 Conclusion

From figure 6.4 it was seen that MTPA does not contribute significantly to the
AAUERs performance or energy-saving measures even though it does not require
any extra components. Regenerative braking was seen to have a significant effect
on the AAUERs SoC after an endurance, as 10% could be recovered. This could
be used as an increased buffer to compensate for extra energy usage or excessively
aggressive driving. Slip control was seen to be not only a necessity but also great
performance-enhancing for both the acceleration event but also autocross and en-
durance. It can be seen that both TC and ABS significantly improve acceleration
rate and deceleration rate. The difference between nonlinear and linear slip control
is small. However, toward the end of the autocross event, the difference between
linear and nonlinear slip control became apparent when the nonlinear controller
was unable to maintain the optimal slip reference for TC. This leads to the conclu-
sion that the best combination of control methods for the AAUER will be MTPA
combined with regenerative braking and the linear PI slip controller.

7.3 Future Work

There were many aspects of the investigation of the AAUER which were not con-
sidered due to time constraints. Some of these subjects include,

• Double corner model

• Max adhesion as a function of slip estimation

• SoC estimation of the battery / SoP

• Experimental setup

The wheel/car model considered in this project was a single corner model. That
means that only forces related to the longitudinal motion of the car were consid-
ered. This is a good approximation in most cases, however, the added complexity
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of the double corner model allows for investigation of lateral motion as well. This
becomes a subject of interest when cornering is considered. This would give a bet-
ter insight into the performance of the AAUER in the skidpad event, for example.
A double corner model would also give a better representation of the AAUER’s
ability to accelerate and brake since chassis heave is not accounted for in the single
corner car model, that is, the normal force on the wheels is considered constant.
Another interesting vehicle control method that was not implemented but if im-
plemented could improve the AAUER, would be torque vectoring.
Something else which was not considered but would be a subject of interest is the
estimation of the optimal slip for a given surface. With such a tool it would be
possible to give the slip controller a dynamic optimal slip reference which would
change depending on the road condition. This would remove the need for having
a driver deciding whether or not the slip reference should be set to dry or wet
tarmac.
Finally, it is known that the current estimation technique used to determine the
SoC of the battery pack, Coulomb counting, is prone to drift as time passes. An
alternative solution to determine the SoC would be to use another form of estima-
tion technique. Thus, removing the issues related to Coulomb counting. All results
shown in this thesis have been based purely on simulations. While some data was
used in the construction of the mathematical model of the battery pack and the
adhesion model, a real-life test would show the model to be accurate and show
the control methods presented to work as designed. Tests such an acceleration
event would be prudent to see the performance of the slip controllers. Driving an
endurance in the AAUER would prove whether the design of the battery package
would hold up to the design specifications, especially in regards to temperature
variations, which have not been considered in this thesis. Redesign battery pack
with different cells for a better fit to the task. Use of a cell with a discharge and
charging current limits close to the same value, could lower the number of parallels
needed in the AAUER.
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Appendix A

System Parameters

This appendix servers as a library of parameters throughout the paper.

Car parameters
parameter value Description

Broll 0.03 [ N
m/s ] Rolling Resistance

ρ 1.2 [ kg
m2 ] Air Density

A 0.81 [m2] Cross-sectional Area
Cd 0.35 [−] Drag Coefficient
Mv 291 [kg] Mass of Vehicle
Rw 250 [mm] Wheel Radius
L 1601 [mm] Length of Vehicle

The parameters in chapter A have been extracted from a solid works model or
measured on the G8.

EMRAX motor parameters
parameter value Description

Lq 177 [µH] q-axis Inductance
Ld 183 [µH] d-axis Inductance

VDC,max 680 [V] Max Voltage Capacity
ωr,max 5500 [rpm] Max rpm

Npp 10 [−] Number of Pole Pairs
Jm 0.0383[kgm2] Motor Intertia

λmpm 0.0542 [µH] Maximum Magnetic Flux
Rs 16.7 [mΩ] Internal Phase Resistance

All of the above values for the EMRAX parameters can be found in [4].
A single cell has the following specifications All of the above battery specifications
for the single cell are found in [29]

85



86 Appendix A. System Parameters

EMRAX motor parameters
parameter value Description

Uc 4.2 [V] Charging Voltage
Ucutto f f 2.65 [V] Cutt-off Voltage

Qbat 3,400 [mA] Nominal Capacity of a single cell
Idischarge,continuous 8 [A] Maximum Continuous Discharge Current

Idischarge,peak 13 [A] Maximum Peak Discharge Current



Appendix B

Optimum Lap

This appendix servers as a introduction to the software Optimum Lap.

Figure B.1: Screenshot of Optimum Lap, showing the torque/power speed curve

The parameters specified for the car in Optimum Lap are shown in Table B.1.
Parameters such as Drag and Down force coefficients, lateral friction and car mass
are estimates, while remaining parameters are calculated from data or measured.
Optimum Lap uses the specified parameters and a premade track which is speci-
fied by its corner radius’ and length. It then simulates a point mass moving around
the track with limitations set by the parameters. A limitation such as lateral fric-
tion would mean the car would not be allowed to move faster in a corner than the
lateral friction force would be able to balance out the centrifugal force.
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Parameter Value/Type
Car Mass 291 [kg]

Driven Type Rear Wheel Drive
Drag Coef 0.35

Downforce Coef 0.001
Front Area 0.81 [m2]

Air Density 1.2 [ kg
m3 ]

Tire Radius 0.25 [m]

Rolling Resistance 0.03 [ N
m/s ]

Logitudinal Friction 2
Lateral Friction 1.5

Thermal Efficiency 90%
Drive efficiency 90%

Final Drive Ratio 4.5

Table B.1: Car parameters used in Optimum Lap



Appendix C

Event Scoring calculations

The following equations and text is based on the ruleset from Formular Student Ger-
many(FSG)

C.1 Skidpad

3.5 points are awarded to every team that finishes one run. The run time is the
average of the right and left time, with penalties added after averaging. Tteam is
the best run time including penalties and Tmax is 1.25 times the time of the fastest
vehicle including penalties. If a team’s run time is below Tmax, additional points
are giving based on equation (C.1)

additionalscore = 71.5
(( Tmax

Tmin

)2 − 1

0.5625

)
(C.1)

C.2 Acceleration

3.5 points are awarded to every team that finishes one run. Tteam is the best run time
including penalties and Tmax is 1.50 times the time of the fastest vehicle including
penalties. If a team’s run time is below Tmax, additional points are giving based on
equation (C.2)

additionalscore = 71.5
(( Tmax

Tmin
− 1
)

0.5

)
(C.2)
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C.3 Autocross

4.5 points are awarded to every team that finishes one run. Tteam is the best run time
including penalties and Tmax is 1.25 times the time of the fastest vehicle including
penalties. If a team’s run time is below Tmax, additional points are giving based on
equation (C.3)

additionalscore = 95.5
(( Tmax

Tmin
− 1
)

0.25

)
(C.3)

C.4 Endurance

25 points are awarded to every team that finishes one run. Tteam is the best run time
including penalties and Tmax is 1.333 times the time of the fastest vehicle including
penalties. If a team’s run time is below Tmax, additional points are giving based on
equation (C.4)

additionalscore = 300
(( Tmax

Tmin
− 1
)

0.333

)
(C.4)

C.5 Efficiency

Energy efficiency is measured during the endurance event. The energy is calculated
as the time integrated voltage multiplied by the measured current. Regenerated
energy is multiplied by 0.9 and subtracted from the used energy. Teams whose
uncorrected time is greater than 1.333 time the uncorrected time for the fastest
vehicle, receives zero points for efficiency. If a team finishes the endurance event,
efficiency points are awarded based on equation (C.5)

additionalscore = 100
( 0.1

ETeam
− 1

0.1
Emax
− 1

)
(C.5)

Eteam is the team’s efficiency factor Emax is the highest efficiency factor. Efficiency
factor is calculated by equation (C.6)

e f f iciency f actor =
Tmin · EN2

min
Tteam · EN2

team
(C.6)

Tteam is the team’s uncorrected time and Tmin is the fasted driving time of teams that
score points in efficiency. ENteam is the team’s corrected used energy and ENmin is
the lowest corrected energy used by the teams who score points in efficiency.



Appendix D

Battery Parameters Data

The battery cell data which is presented in this section is of a Samsung INR18650-
35E 3.6V / 3400mAh Li-ion max 10.5A battery. This data has been provided to us
by Erik Schaltz. The following data were measured at 35◦ at different SoCs.

Figure D.1: Screenshot of Optimum Lap, showing the torque/power speed curve
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Figure D.2: Screenshot of Optimum Lap, showing the torque/power speed curve

Figure D.3: Screenshot of Optimum Lap, showing the torque/power speed curve
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Figure D.4: Screenshot of Optimum Lap, showing the torque/power speed curve

The nominal capacitance of the battery cell is

• CN = 3.4
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