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Abstract

This thesis presents a comprehensive approach to the design and multi-objective
optimisation of double stator axial flux permanent magnet machines. Starting
with the vehicle’s specifications and the given driving cycles, the electric motor’s
requisite parameters are derived and the operating point that represents the region
of highest energy consumption, defined as centroid, is identified. Subsequently, an
analytical designed process is performed, considering the requirements of the drive
cycle analysis. This stage facilitates the determination of parameters which are
then used to model three different motors, each defined by unique combinations
of slots and poles, within a quasi-3D FEA software. The performance of these
machines is verified to ensure compliance with the torque and power demands of
the mission profiles. Finally, a multi-objective optimisation process was executed
via the genetic algorithm in conjunction with the quasi-3D FEA software with
the aim of obtaining motors that have characteristic curves capable of covering all
operating points and exhibit higher efficiency at the centroid to further reduce the
total energy consumption throughout the entire driving cycles.
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Chapter 1

Introduction

1.1 Objective
The objective of this thesis is to develop and realise a solver in MATLAB, able to
design and optimise the axial flux permanent magnet machine by using the genetic
algorithm and a Quasi-3D FEA software.
This project allows the engineers to have more than one e-motor as solutions
according to their requirements. In order to implement this project effectively,
some theoretical aspects of the electrical machines are employed by making scripts.

1.2 Canopy Simulations
Canopy Simulations is a platform used in motor sport teams which evaluates the
lap time simulation and vehicle modelling.
Before running the simulation, the user can choose track, weather, set up the
powertrain. This is the software used to receive mission profiles to then perform
calculations for the design of the electrical machine.

1.3 MotorXP - AFM
The most used technique to simulate the axial flux machine is the 3D FEA. The
main drawback is that it is highly time consuming. Another technique is the 2D
Linear Machine Modelling Approach which is performed by slicing the machine into
cylindrical layers of different radius and then obtaining several linear machines[1].
The magnetic field and the electromagnetic torque are calculated for each slice and
the actual torque is the sum of their results. The main problem of this 2D FEA
approach is that its results’ accuracy is limited because it is not able to capture

1



Introduction

the 3D effects.
MotorXP-AFM is a commercial software for electromagnetic design and analysis
of the axial flux permanent magnet machines that is accessible both in MATLAB
format and as indipendent program. It is able to include also the 3D effects by
implementing the principle of Quasi-3D FEM approach in which it calculates the
magnetic field also in the radial cross-section of the motor.
The magnetic field of the machine is split into circumferential and radial components
that are observed and calculated by the cylindrical layer mesh (such as the 2D-
LMMA) and radial layer mesh respectively. It is only the radial layer mesh that
determines most of the time the end effects.

(a) Three cylindrical mesh slices (b) Radial mesh slice

Figure 1.1: Two types of mesh slices [2]

1.4 GOSET
GOSET is a free software package already developed by Purdue University and
Office of Naval Research, under the coordination of the professor S.D. Sudhoff,
that is implemented for design optimisation in motor design and power electronic
applications[3].
GOSET is a MATLAB based code used for solving both single-objective and
multi-objective optimisation problems. It contains evolutionary algorithms which
allow it to identify global optimum rather than the local optimum. Thus, it is used
to solve different engineering problems.
The genetic algorithm is an optimisation method which tries to mimic the evolution:
it operates on a population of candidate solutions and applies the principle of
survival of the fittest to evolve the candidate solutions towards the desired solutions
[4].
The candidate solutions are called as individuals that are encoded to genes that can
be presented as a symbol, a binary number, an interger number or a real number.
The term population is referred to the group of individuals.
Each individual is a solution of a specific problem and the fitness value is its metric

2
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which says how much the individual is good to solve the problem. The individuals
receive that fitness value from a fitness function and those which have a better
fitness, they are more likely to survive and reproduce.
All the genetic operators are explained in section 5.2 but for more details they are
well explained in the manual [4].
The difference between the single-objective optimisation and the multi-objective
optimisation is that in the multi-objective optimisation problem there are more
than an objective function and therefore, instead of determining one solution, the
result is a set of non-dominated solutions that describe the best trade off between
the competing objectives. This specific set of solutions is called the Pareto optimal
solution set.
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Chapter 2

Background

The propulsion system based on internal combustion engines and mechanical
systems has undoubtedly reached a high development and maturity level after more
than a hundred years of history. These systems are very well performing and give
a satisfactory answer to the main part of the end-user expectation.
Despite these technologies and the distribution fuel infrastructure being very well
established, this solution is not the right option.
There are three main elements to be considered:

• Noxious emissions: it is very relevant regarding local impact and air quality.
It has a clear connection to the declining health of people living in the vicinity
of these vehicles. For many years, there have been standards (applied at large
region levels such as Europe, USA and Japan) defining the maximum level of
noxious emission that a vehicle can emit under defined conditions. If it is not
satisfied, the vehicle cannot be homologated.

• Greenhouse gas emission: it is still an emission issue, but it covers more of
a question at the global level and more indirectly. Thus, it can impact the
average temperature of the planet and the typology of climate changes. There
are voluntary agreements to improve the quality of CO2 tank to wheel and
are becoming more compulsory with penalties to be paid if the carmaker is
not in line with the targets.

• Energy efficiencies: it is very important to make wise use of energy due to the
continuous increase in the number of people living on the same planet. There
is no written rule here, but the local governments are starting to apply logic
to recreate green credits on the efficiencies and dependent on which energy
classes your vehicle belongs.

These three aspects are transferred to the carmakers from the concept of envi-
ronmental needs to the concept of compliance through regulations which fix the
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targets to be satisfied.
Today, it is possible to make a luxury car having all the performance, style and
emotion that you can expect but if it is not compliant with the environmental
norm, the effect can become a way to return to the starting point.
Therefore, by considering the modern propulsion systems, it is necessary to find
a better solution from the environmental point of view that is able to attract
customers and with sustainability for vehicle manufacturers.

Figure 2.1: The three key elements transferred to the carmakers

2.1 Brushless permanent magnet machines
The electrification of vehicles has been recognised as one of the key parts of meeting
climate change targets and sustainable transport. Indeed, the sales numbers of
vehicles with electrified powertrains are increasing but not yet replacing the ICE-
based technology in the short term [5].
Electric machines are one of the core technologies for electric vehicles and typically,
they are connected to the wheels through a mechanical transmission or connected
directly in the wheels. The general requirements of electric machines for vehicular
applications are much more stringent than those for industrial ones because they
demand high power density, wide speed range, high torque at low speed for starting
or climbing and high speed at low torque for cruising, high overload capability for
overtaking, good integration in a limited space and reasonable cost.
By considering the classification of the electrical machines based on the flux
production mechanism, the solutions today adopted for the electric or hybrid
propulsion systems are the Induction Machine, the Switched Reluctance Machine
and the Permanent Magnet Machine. However, among these solutions, the PM
machine dominates more in the automotive market[6].
Two main elements contribute to the development and improvement of brushless
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permanent magnet machines: the materials and the power electronic devices.
For example, there are evolutions still today on the technology applied mainly for
the application in the class of MOSFET and IGBT. Generation by generation,
the commutation time is decreasing, the resistance drain-source of MOSFET
and the collector-emitter saturation voltage of IGBTs are decreasing to reduce the
conduction losses, the devices are able to operate at high temperatures by simplifying
the cooling and be more compliant with the harsh automotive environment.
Obviously, the IGBTs are very popular but new solutions are coming. In particular,
there are GaN solution for low voltage classes and SiC solution for high voltages.
SiC are, for instance, used in vehicles inverter and today are applied SiC technologies
to MOSFET. They help largely to reduce the losses and improve the performance
with low cost. In Figure 2.2a, it is possible to see how impressive the improvement
on traditional MOSFET has been, the inverter dimension is well reduced [7].
There is the improvement of some hard magnetic materials such as Samarium-
Cobalt and Neodymium-Iron-Boron magnets although there is a concern regarding
the limited supply and the demagnetisation issue because of their sensitivity to the
temperature. The reduced losses in electrical lamination steels have been achieved
through metallurgical and process development[8].

(a) Si IGBT based 200kW inverter on the left
and SiC MOSFET based 220 kW inverter on
the right (b) Permanent magnets [9]

Figure 2.2: Contemporary technologies
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The main advantages and disadvantages of the brushless permanent magnet
machines are listed below:

• Higher torque density due to the presence of the intrinsic flux from permanent
magnets in the field excitation system and not the flux generated by the rotor
cage or windings.

• Less geometrical constraints because the dimension and shape of the magnets
realise flux paths that are less constrained.

• Peak efficiency at peak performance because the flux comes by free in terms
of losses.

• Silence because of no generation of torque ripple.
There are also disadvantages to the usage of this type of AC machine:

• Necessary regulation of the flux coming from the magnets. It requires the
presence of a current component from armature windings to counteract the
flux. Otherwise, if the speed of the machine is very high, the back-emf will be
induced in armature windings thereby increasing the machine’s supply voltage
and generating a short circuit current that cannot be controlled. Thus, an
uncontrollable braking torque can be generated (safety problem).

• Constant power region is limited with the distributed windings.

• The price of the magnet and the difficult production process.
From the first two disadvantages, the machine must be equipped with more precise
mechanical sensors such as reluctance resolvers and if the winding at the stator
level is concentrated and the number of poles is high, it is possible to have a flux
regulation over a speed range which is adequate to the requirements.
According to the location of the magnets in the rotor, the Permanent Magnet
AC Synchronous Machine can be divided into three categories: Surface Mounted
Permanent Magnet, Interior Permanent Magnet and PM assisted Reluctance
Machines.
Generally, the first two machines are characterised by high torque density and
efficiency. SPM machine can provide the highest possible torque density and high
peak efficiency, but it requires a lot of magnets. The structure is isotropic, meaning
the phase inductances on the d, q axis are practically the same, so the reluctance
torque is null. The IPM machine provides normally high torque density and the
structure is slightly anisotropic, producing both magnet and reluctance torque. In
this case, the torque maximization requires coordinated control of the two current
components id, iq.
The main drawbacks in the SPM with respect to the IPM machines are listed
below:
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• The high-speed magnet attachment problem due to the rise of the centrifugal
forces from the rotor’s high rotational speed if the magnets are not properly
fixed.

• Thermal challenge because at high-speed operations, the heat generated can
degrade the adhesives used for fixing the magnets or even affect the magnetic
properties of the magnets themselves.

• More limited maximum speed because the magnets are facing the stator
windings.

Overall, there are two different characteristics: on one side, there is the SMPM
machine with the highest cost permanent magnets which provides instantaneously
the highest possible performance for a given weight and volume at low speed and
on the other side, there is the IPM machine which provides a wide constant power
area by controlling the current and the flux. The e-machines able to overcome the
opposite specific torque and flux weakening limitations are the synchronous mixed
e-machines such as the PM-assisted SyR machines that can manage together the
isotropy and anisotropy torque.
Figure 2.3 makes it possible to compare the performance of different electrical
machines employed in automotive applications[10].

Figure 2.3: Table to compare different electrical machines
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It is possible to notice that the induction machine is never fully poor but is a
good average, while the IPM machine is a good compromise which explains why
it is the most used. However, the SMPM machine is the king in performance but
weak in other aspects and therefore, if it is working on average in different working
points, it is worse than IPM.

2.2 Axial flux permanent magnet machines
Typically but not always, the e-machines for automotive applications are radial flux
type with internal rotor and external stator. However, in instances necessitating
the integration of the e-machine into the car, the ratio between the rotor active
length and diameter of the machine, defined as aspect ratio, is critical. The main
geometrical options are the “cylindrical” shape with a high aspect ratio between 1
and 2 and the “disc or ring” shape with a low aspect ratio («1). The first type of
geometry is for series hybrid and non-coaxial parallel hybrid applications while the
second one is for series hybrid in-wheel motors, coaxial parallel hybrid applications
and integrated complex split hybrid solutions [9]. The machine can find its place
nestled between the engine and transmission by taking advantage of having a
large diameter and limiting the length as much as possible. Furthermore, the end
windings are very limited.
The operating principle and the control strategy are the same as that of a radial
flux machine. The geometry changes from the stator and rotor that are cylinders
to the stator and rotor that are disks and this implies a different exploitation of
the dimensions in which there is a predominantly radial development and a low
axial space.
In the axial flux machine, the magnetic flux crosses the air gap and links the rotor
and stator in a direction parallel to the shaft’s rotation axis.
It is worth noticing that having a normal component of the magnetic flux density
at the air gap, it results in a magnetic pressure in the axial direction attracting the
stator and rotor which does not contribute to torque production but has an order
of magnitude higher than the tangential force per unit area. The radial flux electric
machine also has a normal component of the magnetic flux density. However, due
to the symmetrical geometry, it almost vanishes and is supported by bearings. By
contrast, in the axial flux motor, the consequent force from the normal component
is not discharged on the bearing but causes a bending of the rotor towards the
stator [9].
The reasons for the market dominance of the radial flux machines are several
difficulties that the axial flux machine entails. By Moving from cylindrical to
discoidal geometry, important geometrical implications change the production
technologies and production processes.
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Figure 2.4: Geometrical comparison between the radial and axial flux machines
[11]

For example, the stator teeth have a section that varies moving from the external
radius to the internal one because the slots must have a constant section to place
the coil of conductors whose section cannot change along the radius of the machine.
In that case, fabricating metal sheet components and subsequently packaging them,
as is done for the radial flux electric machine, presents considerable difficulties.
The solution is the use of SMC materials or sheet metal that must be punched
with a variable pitch and then wrapped around itself. The complexities inherent in
the manufacturing and assembly of the machine are widely recognised, including
the necessity to uphold a uniform air gap for optimal performance and to prevent
shaft failure [9].
Aside from these shortcomings, the axial flux machine may have a greater specific
torque and power with substantial savings in core material which has attracted the
attention of military and aircraft applications and is attracting growing attention
for automotive applications; the typology of the magnetic circuit of the AFM may
be varied so that many different types of AFM may be designed. These indicators
support that this type of machine will return to prominence shortly, above all in
special-purpose applications where their special features offer distinct advantages.
Indeed, it has been proposed for in-wheel motors, e-bikes and hybrid supercar/hype
car.
These advantages have been strongly enhanced with the inclusion of permanent
magnets in the electrical machine because of technological improvements in this
material.
Therefore, in this thesis, the primary consideration is the axial flux permanent
magnet machines which have comparable similarities to the radial flux permanent
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magnet machines.

2.3 Topologies
The majority of the axial flux machines are Permanent magnet machines. Hence,
this paragraph is focused on this technology.
Brushless axial flux permanent magnet machines offer different configurations which
are divided into:

• Single-sided structure

• Double-sided structure

– Double stators and one rotor

– Double rotors and one stator

• Multistage structure

It is possible to do a further subdivision in each of these typologies according to:

• Presence or not of the stator slots

• If the stator and/or rotor have the back iron

• Winding configuration

• Location of the magnet

2.3.1 Single-sided machine
It is the most straightforward configuration composed of one stator and one rotor.
A large aspect ratio with a compact shape and a small torque capacity characterises
it. One main drawback is that all local axial forces between the rotor and stator are
summed up and not compensated such as in a radial flux machine where all local
radial forces are compensated. If this type of machine is large, an axial force of the
order of kN will be generated, which could bring mechanical problems. Therefore,
it requires more complex bearing arrangements and a thicker rotor disk [12]. In
double-sided machines, these local forces can be compensated.
This machine is applied for industrial and traction drives.
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(a) Single sided machine
slotted

(b) Single sided machine
slotless

Figure 2.5: Single sided machine [13]

2.3.2 Double-stators and one internal rotor

It comprises one rotor containing the permanent magnets sandwiched by two
stators.
Different types of magnet arrangement at the rotor level determine the path of the
magnetic flux, the thickness and material of the rotor back iron [13]. The magnetic
flux flows circumferentially along the rotor back iron if the magnet arrangement
is North-North. In North-South arrangement, the flux flows axially through the
rotor; in this case, having the rotor’s back iron is unnecessary. In the last case, it
is possible to save the axial length and weight of the machine and reduce the rotor
core losses. The windings can be connected either in parallel or in series. If they are
connected in parallel, the reliability is increased because, in case of malfunctioning,
one stator can continue to work and the current flowing in each stator is half the
total phase current. Therefore, the winding section can be reduced. However, the
series connection is preferred because the two stators can produce two equal and
opposite axial forces.
In this case, the sum of the two mechanical clearances and the magnet thickness
gives the total air gap.
In this configuration, the stators are on the machine’s outer sides which facilitates
the integration in the vehicle chassis.
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(a) Double stator with the yoke (b) Double stator yokeless

Figure 2.6: Double stator single rotor: flux paths [13]

2.3.3 Double-rotors and one internal stator
This configuration has several motor subgroups according to the stator’s structure.

• If the stator is slotless, the armature winding is wounded on the stator core
(TORUS machine) and the leakage and mutual inductance effect are reduced
i.e. there is less variation of the magnetic flux density and therefore, the eddy
current and hysteresis rotor losses will be reduced at high frequency and no
cogging torque will be generated [13].
In this case, the total air gap is large because the sum of the mechanical
clearance with the insulation thickness around the conductor and the magnet
thickness gives it. Hence, a larger volume of the permanent magnet is required
to increase the average value of the magnetic flux density at the air gap.

• Instead, if the machine is slotted, the air gap is small and therefore, less
volume of the permanent magnet is required. It shows higher torque density
and efficiency than in the slotless case but this typology presents cogging
torque and torque ripple due to the slot effect.

• Lastly, if the machine has a coreless stator, the stator winding wound on
a non-magnetic and non-conductive structure or around independent teeth
(YASA motor).
In this case, the axial length is reduced and the stator core losses are null.
These aspects contribute to increasing the machine’s efficiency and reducing
the cogging torque [14].
The choice of having or not the core of the stator depends also on the magnet
arrangement as explained in the configuration of the double stator and one
internal rotor.
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(a) Double rotor slotted [13]
(b) Double rotor slottless
[13]

(c) YASA motor [15]

Figure 2.7: Double rotor single stator machine

2.3.4 Multidisc machine
It is a machine built with a certain number of modules i.e. stators and rotors
stacked up which can be adjusted to satisfy the requirements. Therefore, it is
possible to increase the torque and maximum power without enlarging the diameter
due to mechanical constraints.
The size of the discs is limited due to several factors:

• Axial forces acting on the bearings.

• Integrity of the mechanical joints between the rotor and the shaft

• The stiffness of the discs.

• Available space.

15



Background

Figure 2.8: Multidisc machine [13]

2.4 Materials

2.4.1 Soft magnetic materials

The stator cores are made of laminated steel or soft magnetic powder materials.
Most laminated cores are made of non-oriented silicon steel ribbons which are
Fe-Si alloys whose relative magnet permeability is high and independent from the
magnetic flux direction in the material.
The laminations are covered with insulating material on at least one of the two
faces and then are packed.
These laminations are available as fully processed steels by steel manufacturers or
semi-processed if the customer prefers to develop a desired magnetic quality.
Another type of lamination is based on Fe Co and is used for aerospace applications.
It presents a residual flux density of about 2.2 or 2.4 T, which means that for
the same magnetic flux, it is possible to use it in applications where the weight is
important.
The main disadvantages are the material and production costs because the magnetic
properties degrade after mechanical processing. In order to restore, the material
must be subjected to heat treatments for a while.
Steel laminated core for axial flux machines is more difficult to fabricate than for
radial flux machines [16].
Complex geometries of the stator segments (core and teeth) can be manufactured
by compressed soft magnetic powder material as an alternative. It is a powder
composed of small isolated iron particles.
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This material is suitable for medium or high-speed applications since the isolation
covering the particles reduces eddy current losses.
Another advantage is that an arbitrary flux distribution can be developed within
the core due to the isotropic properties of this material.
However, due to the presence of isolation between the particles, the magnetic B-H
curve can worsen by causing the reduction of the magnetic flux density [17].

(a) Laminated stator [18] (b) SMC material [19]

(c) B-H curves of different soft magnetic materials [20]

Figure 2.9: Soft magnetic materials
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2.4.2 Hard magnetic materials
The magnets can be either glued on the backing rings or rings with cavities of the
same shape as magnets. The adhesives used for gluing are epoxy, acrylic or silicon
based adhesives but their minimum shear strength is 20*10alla6Pa [9].
In order to make an internal permanent magnet machine, it is better to use the soft
magnetic powder but the rotor’s structure high cost discourages its commercialising
development.
Today, the most employed permanent magnets of electric machines are Alnicos,
Ferrites and Rare earth permanent magnets.
Alnico: its advantage is that it has high residual magnetic flux density and the
temperature coefficient is low. The disadvantages are that the coercivity is low and
the demagnetisation curve is non-linear, so it is easy to demagnetise this material.
Ferrites: are the cheapest magnet and are available in isotropic and anisotropic
grades. Its coercivity is smaller than the Alnico one but its residual magnetic flux
density is higher. Its electric resistance is high, so low eddy current losses in the
permanent magnet will be generated.
Rare earth: As first generation rare earth permanent magnet, we have the SmCo
which is characterised by high residual magnetic flux density and linear demagneti-
sation curve. It is resistant to corrosion but difficult to manufacture because both
samarium and cobalt are expensive due to their supply restrictions. The second
generation rare earth permanent magnet is the Neodymium Iron Boron which is
the most expensive magnet and has better magnetic properties than SmCo at room
temperature only.
It is characterised by high remanence but its defect is strongly dependent on the
temperature, so it is easy to demagnetise it at high temperature.
It has a great potential for improving the performance-to-cost ratio for many
applications. For this reason, it will have a major impact on the development and
application of permanent magnet machines in the future.
One of the main disadvantages is its sensitivity to corrosion. If it is exposed to
hydrogen gas at high temperatures, hydrogen reacts with neodymium by leading
to porosity in the material [16].
The shapes of the permanent magnets are relevant for the airgap magnetic flux
density distribution and cost. The most common shape is trapezoidal but there
are also circular, semicircular or rectangular shapes.
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Figure 2.10: B-H curves of the NdFeB magnet for different temperatures [9]

2.4.3 Windings
Armature windings are solid copper conductor wires with round or rectangular cross
sections. The temperature limits of insulating materials determine the maximum
temperature rise for the windings of the electric machines.
The cross section of the conductor can be circular or rectangular.
If the current density is too high, parallel conductor wires of smaller diameter are
recommended rather than one thicker wire.
The armature windings can be either distributed or non-overlap concentrated
windings.
Fractional slot winding, with the number of slots per pole per phase smaller than
one, presents advantages and disadvantages compared to distributed windings.
First, shorter end windings by causing the reduction of Joule loss, the possibility
of achieving higher slot fill factor, lower cogging torque and easy to be produced at
low cost.
There is an advantage in reliability because the end windings do not overlap each
other and this ensures the reduction of the probability of a phase-to-phase fault.
The main disadvantage is that it can produce a non-sinusoidal flux distribution
along the airgap compared to distributed winding giving rise to larger iron losses
due to the flux harmonic components [21].
The fractional slot concentrated windings are split into two structures that present
different features and, hence, are suitable for different applications: single-layer
and double-layer windings.
In the first structure, the coils wound on alternate teeth while in the second one,
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the coils wound on each tooth.
In the first case, the coils are well isolated magnetically and thermally; indeed,
their mutual inductance is very low suggesting the possibility of fault tolerance.
The self-inductance can be increased, which is good at high speed values [22].
Otherwise, the second structure is preferable to limit the torque ripple and have a
higher fundamental winding factor and the machine’s performance can be improved
considerably.

(a) Distributed winding
(b) Fractional slot single
layer winding

(c) Fractional slot dou-
ble layer winding

Figure 2.11: Winding types [22]
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Chapter 3

Driving Cycle Analysis

This chapter presents a preliminary design model of an electric vehicle.
The main objective is to realise a vehicle model to provide a preliminary evaluation
of the electrical machine’s performance and energy consumption necessary to move
the vehicle and complete specific driving cycles.
The vehicle model has been developed in MATLAB environment whose principles
are based on the system’s dynamic characteristics.
Its parameters and different powertrain components are defined.
The output data will be used for the calculation of the analytical design of the
electrical machine to determine its geometries.

3.1 Driving mission profile
The driving cycles consist of a temporal sequence of speeds a vehicle must satisfy.
Those are produced by different countries and organisations and used to assess the
vehicles’ performance, the mileage and the energy or fuel consumption. There are
two main categories of test cycles:

• Legislative cycles: employed in type-approval tests for homologation purposes.

• Non-legislative cycles: mainly used in research and represent a particular
operation.

Each of these driving cycles has advantages and disadvantages. For example, NEDC
consists of several steady-state test modes and is simple to drive and repeatable.
However, it does not represent the real driving behaviour of a vehicle in actual
traffic, but it derives from a statistical analysis. Therefore, it does not accurately
reflect energy and fuel consumption.
By considering this aspect, the design of a new legislative driving cycle was started
to predict fuel and energy consumption more accurately under real-world driving
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conditions. The WLTP was derived from real-world driving data from five regions:
Europe, Switzerland, USA, India, Korea and Japan.
There are infinite driving cycles, some of which are representative of a specific
operation on a specific company. Thus, the companies may have internal driving
cycles in which speeds and accelerations are customised for design purposes such as
definition of the vehicle performance and comparison with other vehicles. In this
thesis, two internal driving cycles are considered to design the electrical machines:
Nordschleife drive cycle and Drag trip drive cycle.
The former is a racetrack built in the town of Nürburg, Germany, in 1927, used for
racing and testing. It is the north loop of Nürburgring track which is currently the
longest motorsport racetrack in the world. It is one of the most difficult roads in the
world and called by Sir Jackie Stewart as “The Grün Hölle” because it comprises
steep elevation changes, jumps, bumps, blind corners and almost complete lack
of run-off areas. Nowadays, car manufacturers built research facilities next to the
track to test sports cars in the Ring of the track on every driving condition.
The second drive cycle is a flat track used to perform the ultimate test of accelera-
tion, speed and braking.
In order to approach a specific market, it is necessary to comply with national or
European specifications. Therefore, also the WLTP drive cycle is considered.
The three drive cycles are shown in the picture below that provide useful infor-
mation to help understand which driving missions are more demanding regarding
power and velocity.
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(a) WLTC

(b) Nordschleife

(c) Drag trip

Figure 3.1: Driving cycles
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The software Canopy Simulations calculates the speed profiles of the abovemen-
tioned non-legislative drive cycles. These data are acquired at variable frequency
in the time domain. Thus, before running the simulation, it is necessary to operate
a discretisation of the speed profile on the time axis. In this thesis, these input
data are filtered at a frequency of 100 Hz.
It is essential to mention that besides the speed profile as input of the simulation,
the time series of the braking torque from the mechanical braking system is also
considered because the vehicle model developed in MATLAB is simplified as it
considers only the traction and regenerative braking modes.
The section 3.3 explains how to use the backward approach model.

3.2 Vehicle characteristics
The vehicle name Gemera comprises two Swedish words “ge” and “mera” which
mean “to give more”. This vehicle is the world’s first four-seater mega car, designed
to be the fastest car ever produced in acceleration. It beats most two-seater cars
on a race track due to its 4WD system. It is all about enjoying the super sports
experience extended to four people. The car can run in e-motor mode on all four
wheels simultaneously or on the front or rear axle.
As it is widely acknowledged, Koenigsegg Automotive AB once made a megacar
with a small engine capacity but what is more impressive is that now the company
is making the electrical machine with an outstanding output power, small diameter,
small axial length, low weight and super efficient.

Figure 3.2: Vehicle Gemera [23]
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In this thesis, the car has four independent brushless axial flux permanent
magnet machines customised for racing applications and sending power to each
wheel through the final drive transmission system.
On the other side, the machine is electrically connected to the battery through the
inverter.
The electrical machine can operate as a motor or generator, according to the driving
situation. When the machine works in motor mode, it delivers positive power,
which happens when the vehicle moves in pure electric mode. When it works as a
generator, it delivers negative power during regenerative braking, providing enough
power to restore the battery’s state of charge.
The compilation of all requisite parameters for simulating a particular driving
cycle is fundamental, as it yields key output data for the subsequent design and
optimisation stages of the electrical machine.
For the sake of simplicity, the efficiency of the final drive transmission system is
assumed to be constant.

3.3 Vehicle model
In this paragraph, the vehicle model is implemented in MATLAB environment to
extract the electrical machine specifications so that the machine can satisfy the
speed and torque required of the selected mission profiles.
In order to evaluate the energy flow of the various powertrain components, it is
necessary to define the “direction” of the calculation method in the vehicle’s various
operating conditions.
The forward approach is a method in which the calculation is performed starting
from the reference drive cycle and the actual speed cycle given to the driver
controller which compares them and gives commands that allow the vehicle to
follow the cycle.
The backward method is a method in which the analysis starts from the reference
speed profile and is given as input to the vehicle dynamic model producing then
the torque at the wheel. It will be managed by the powertrain model to determine
the characteristic quantities of various components by considering their losses.
The difference between the two methods is that while an analysis through a forward
method requires defining and using a model that emulates the driver’s behaviour,
a backward method requires only the speed profile of a specific driving cycle.
In this case, it is enough to use a quasi-static backward model in which only the
vehicle’s longitudinal dynamics and the powertrain components’ dynamics are
modelled. This model is summarised in the diagram presented in the figure below.
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Figure 3.3: Backward model

Since we want to size preliminarily the electrical machine, we are not interested
in specific details such as the real shape of the vehicle or the precise effect of the
wheel, but it is of interest a global analysis.
The car was simplified to a single point with the same vehicle mass, and the main
variables to calculate are the angular speed, torque and power required by each
e-machine.
For each time instant of a specific driving cycle, the vehicle is subject mainly to
three resistance forces: Rolling, Aerodynamic, and Gradient resistance [24, 25].

• Rolling resistance: it is a resistance due to the deformation that occurs at the
tyre contact patch. Being present the hysteresis on the viscoelastic material
of the tyre, there is dissipation of energy i.e. the energy absorbed in the
deformation is not completely returned when it will go back to its initial
shape. At the tyre contact patch, the pressure distribution is asymmetric with
respect to the wheel’s vertical axis by generating a force which acts against
the rotational movement of the tyre.

Frr = mgkr cos(α) (3.1)

Where m is the vehicle mass, g is the gravity acceleration and α represents
the slope of the road. The rolling resistance coefficient is affected by several
factors such as vehicle speed, tyre pressure, wheel load, wheel size, contact
patch, operating temperature, type of road and its condition, tyre wear and
tyre material. However, a simplified approach is applied in which we assume
that the rolling resistance coefficient kr is constant and not dependent on the
square of the velocity because the tyres were designed for a car going from
0 to 400 km/h. Hence, the rolling resistance will be linear in that specific
operating range [26].

• Aerodynamic drag resistance: it is an aerodynamic force that acts against the
vehicle motion. It depends on the air density, vehicle speed and vehicle char-
acteristics such as the frontal area and the drag coefficient. The aerodynamic
drag is computed as follows:

Fa(t) = 1
2ρAxCxvv2w(t)2 (3.2)
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Where vv2w is the vehicle speed with respect to the air, Ax is the frontal area
of the vehicle, ρ is the air density which is equal to the standard value 1.225
kg
m3 at 25 C and 1 atm of pressure and Cx is the aerodynamic drag coefficient
which is determined experimentally according to the vehicle shape.

• Road grade resistance: it is the resistance of the vehicle moving on a sloping
road. It is expressed as follows:

Frr = mg sin(α) (3.3)

In this simplified vehicle model, further resistances that can be developed at very
high speed are assumed negligible such as the aerodynamic lift due to the absence
of spoilers. Once all these resistances are calculated for each time instant, the
power needed to motion can be evaluated as a product between the sum of all
resistance forces and the vehicle speed:

Pn(t) = (Frr + Fa(t) + Fg)v(t) (3.4)

From the longitudinal dynamic behaviour of the vehicle expressed in the equation
below, the traction power can be computed and represents the power that the
vehicle must deliver to win against the resistances and the vehicle’s inertia if
accelerating or decelerating.

mv(t)dv(t)
dt

= (Ptract − Pn(t)) (3.5)

The vehicle acceleration can be calculated by taking the derivative of the vehicle
speed in the discrete domain.

a(t) = dv(t)
dt

= v(t)− v(t− 1)
∆t (3.6)

The resulting traction power, vehicle speed and braking torque profiles will be
sent to the powertrain dynamics model to run backwardly the simulation from the
wheel to the propeller and compute the speed and power for each component.

Ptract(t) = mv(t)dv(t)
dt

+ Pn (3.7)

Pwheel(t) = Ptract(t) + J4wheels ˙ωwheel(t)ωwheel(t) (3.8)

where ωwheel(t) = v(t)
R

and ˙ωwheel(t) = ωwheel(t)−ωwheel(t−1)
∆t

PF DOuter
(t) = Pwheel(t) + JF DOuter

˙ωwheel(t)ωwheel(t) (3.9)

28



Driving Cycle Analysis

PF DInner
(t) = PF DOuter

(t)
ηk

F D

(3.10)

where ωF D(t) = ωwheel(t)
τF D

,m k=1 during traction and k=-1 during braking.

PEMMech
(t) = PF DInner

(t) + JShaft ˙ωEM(t)ωEM(t) + JEMinertia
˙ωEM(t)ωEM(t) (3.11)

where ωEM(t) = ωF D(t), Pwheel is traction power at wheel level, J4wheels is the
moment of inertia of the four wheels, ωwheel is the angular speed of the wheel,
PF DOuter

(t) is the output power of the final drive transmission, PF DInner
(t) is the

input power, τF D is the gear ratio of the final drive transmission, ωEM is the angular
speed of the machine, JShaft is the moment of inertia of the shaft, JEMInertia

is the
moment of inertia of the electrical machine and PEMmech

is the mechanical output
power of the machine.
By implementing these last set of equations, it is possible to compute the angular
speed and torque that the electrical machines must supply to the vehicle to maintain
a given reference speed for each time instant. Therefore, a set of operating points
of torque versus speed and mechanical power versus speed can be collected and are
shown from Figure 3.7 to Figure 3.9.
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Figure 3.4: WLTC and traction power
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Figure 3.5: Nordschleife and traction power
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Drag trip driving cycle

Figure 3.6: Drag trip and traction power
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(a) WLTC torque

(b) WLTC power

Figure 3.7: WLTC operating points
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(a) Nordschleife torque

(b) Nordschleife power

Figure 3.8: Nordschleife operating points
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(a) Dragtrip torque

(b) Dragtrip power

Figure 3.9: Drag trip operating points
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(a) Overall torque

(b) Overall power

Figure 3.10: Overall operating points
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The plots coming from the last two mission profiles offer insights into results
which are required to understand the e-machine’s behaviour and performance under
different conditions. Figure 3.9 illustrates the motor’s characteristic transient
behaviour, where the vehicle is pushed to its limits, which helps in identifying the
maximum speed at which the e-machine has to operate.
On the other hand, Figure 3.8, resulting from the simulation performed on a track
under severe conditions, provides the e-machine’s peak torque and power, as well
as its corner speed.
These results are summarised in Figure 3.10 and give a solid base for the next steps
in the analytical design and optimisation phases, ensuring that every aspect of the
machine’s performance is taken into consideration.

3.4 K-means clustering application
Following the simulation, it is crucial to remember that also the machine efficiency
needs to be optimised. The approach of assessing the machine’s efficiency at each
operating point across a specific drive cycle using finite element analysis is very
computationally intensive. However, the machine must be designed so that its
maximum efficiency area covers the region where it spends most of its energy. Thus,
a more suitable option is to find the region of operating points with large energy
consumption in the torque speed map. From that locality, it is possible to define its
representative operating point [27], another input for efficiency optimisation. This
method, used to find one of the main prerequisites for the optimisation toolbox, is
useful to reduce the amount of battery consumption and increase the mileage in
driving scenarios [28].
The energy consumption of each operating point is defined as the product between
the mechanical power evaluated from the vehicle model and the time interval from
the previous time instant to the actual one. This operation is performed in all three
driving cycles and the results are shown in the figures below where in the colour
bar, the operating point energy consumption value is divided by its maximum value
for each drive cycle. It is important to mention that the negative energy points
indicate the regenerative braking.
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Figure 3.11: WLTC energy consumption

Figure 3.12: Nordschleife energy consumption
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Figure 3.13: Drag trip energy consumption

Then, it is possible to find the operating points whose energy consumption value
is between the maximum value and 90% of that value. Once a set of data with a high
intra-class similarity is grouped, it is possible to implement an unsupervised learning
algorithm called K-means clustering which allows to determine the representative
point of that group called as “centroid” [29, 30].
The procedure is the following: with the dataset located in a Euclidean space, it
necessitates the decision of the number of clusters of which there is one for this
particular case. The process begins by randomly setting the initial position of the
centroids of the groups. The next step involves calculating the distances between
all operating points and the centroids. Each point is then assigned to the cluster
that has the nearest centroid. At the final step, the centroids locations are updated
towards the centre of the groups.
The last two steps are repeated many times so that the algorithm tries to understand
how this centroid should be positioned in space to represent the group correctly.
Given a training set {x(1),x(2),. . .,x(i),. . .,x(n)}, its mathematical description is as
follows:
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Algorithm 1 K-means clustering algorithm
Initialise k cluster centroids randomly µ1, µ2, . . . , µj, . . . , µk ∈ Rn

repeat
Assign each data point to its closest centroid c(i) ← arg min

j
∥x(i) − µj∥2

Move each centroid to the mean of the training samples which are assigned
to it µj ←

qn

i=1 1{c(i)=j}x(i)qn

i=1 1{c(i)=j}
until Convergence

Figure 3.14: Centroid WLTC
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Figure 3.15: Centroid Nordschleife

Figure 3.16: Centroid Drag trip
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Chapter 4

Analytical design

The goal of this chapter is to obtain, from the analytical calculations, the main
dimensions and approximate number of turns per phase for three double-sided
double stator and one internal disc rotor PM brushless motors with laminated stator
core characterised by different combinations of slots and poles. Once designed and
validated by the finite element analysis FEA, the three machines will be optimised
to determine the precise values of their geometrical parameters by ensuring specific
performance requested by the designer and the driving cycles. Before implementing
the analytical design method, there are some design choices for the machine already
defined:

• Double slotted stator and one internal disc rotor.

• Laminated stator core and defined its stacking factor.

• Magnet arrangement: North-South arrangement.

• Maximum outer diameter of the stator is defined for packaging constraint.

• Maximum phase current from the inverter limit.

• Maximum DC voltage from the inverter limit.

• Slot fill factor.

• Maximum peak current density of the e-machines.

• The stator windings are connected in parallel.

A MATLAB script is developed to get all parameters required to design an axial
flux permanent magnet motor for a specific operating point. All the equations,
empirically developed, are taken from scientific papers and thesis [17, 31, 32, 33]
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and the book of the authors J. F. Gieras, Rong-Jie Wang and Maarten J. Kamper
[9]. These calculations are used to obtain initial approximate solutions to be further
analysed using finite element analysis FEA.
In order to avoid a complete redesign of the existing packaging of the machine into
the vehicle, the outer diameter of the stator is the main motor dimension to be
considered as size constraint.
The required performance parameters of the motor defined from the previous
chapter need to be satisfied and are the necessary inputs for the sizing of the
machine.

4.1 Phase voltage limit
For a given three phase inverter, the machine characteristics are evaluated for DC
link voltage of 700V. The relation between the DC link voltage of the inverter and
phase voltage of the electric machine can be expressed as:

Vph = Vphrms = VDC√
6

(4.1)

While the maximum phase peak voltage is:

Vphpeak = Vphrms

√
2 (4.2)

4.2 Slot and pole combination
In this section, it is necessary to determine the top three combinations of slots and
poles. This process starts with an array of different slot and pole combinations
within each of which there is a range of different inner-to-outer diameter ratios of
the electrical machine. The selection is performed by considering some criteria that
are based on the experience.
It is already provided a matrix of different values of the fundamental winding
factors for different combinations of slot and pole.
The selection consists in looking for the slot and pole combinations whose value
of the fundamental winding factor is larger than 0,9 so that their windings can
produce higher torque. Otherwise, there is probability of obtaining slot and pole
combinations that are very noisy or do not produce any torque.
However, it is important to be careful in this part because some slot and pole
combinations are meaningless causing undesired phenomena such as asymmetry or
unbalance magnetic pulls and therefore, some double checks have been performed
based on rules which come from different literatures [21].
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4.3 Sizing of the electircal machines

Once selected specific slot and pole combinations with different inner-to-outer
diameter ratios, the main dimensions of the electrical machines can be determined
by using the following experience-based assumptions:

Advance angle ψ (from q axis) 0 deg
Efficiency at corner speed η 0.9

Power factor at corner speed cos(ϕ) 0.5
Average magnetic flux density at the airgap Bgavg 0.82 T

Peak line current density Am 150000 A
mm

Slot fill factor FF 0,6
Maximum peak current density Ja 40 A

mm2

Stacking factor ki 0.96
Phase EMF to phase Voltage ratio ϵ = Ef

V1
0.9

Maximum flux density in the stator back iron Bsy 2T
Maximum flux density entering in the teeth Bst 2.1T

Table 4.1: Assumptions

In Figures 3.10a and 3.10b of the previous chapter, it can be noticed that the
operating point of peak torque and the point of peak power are different, as they
do not have the same speed. The motor has to be able to cover both, but the
bottleneck of implementing these analytical equations is that they are always
referred to a single operating point. Therefore, it is necessary to decide whether
to design the machine to provide the maximum torque or the maximum power.
Nevertheless, the operating point of peak power is in the flux weakening region
where the analytical equations cannot be used. Therefore, the significant operating
point from which to start designing is that of the peak torque at the corner speed
which belongs to Nordschleife driving cycle.
Thus, the stator outer diameter (equal to the outer diameter of the rotor) is
expressed as:

Dout = 3

ó
ϵPout

πkDkw1nsBmgAmη cos(ϕ) (4.3)

where Pout is given by the ratio between the peak torque and its corner speed, and
ns is the corner speed in rps.
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Also the inner diameter can be calculated as follows:

kd = Din

Dout

(4.4)

As a result, different motors characterised by a specific combination of slot and
pole and an outer diameter are obtained. Therefore, it is possible to choose the first
three top machines whose outer diameter values are the closest to the maximum
one. This last part is performed because the outer diameter of an axial flux machine
is the main geometrical parameter which describes the machine performance i.e the
electromagnetic torque is proportional to the cubic value of the outer diameter.
For the three top motors, other required parameters can be calculated.
The number of stator turns per phase per stator N1 is calculated on the basis of
the peak line current density equation:

Am = 4
√

2m1IaN1

πDout(1 + kd) (4.5)

This is an approximate number of turns which can be calculated exactly only after
performing detailed electromagnetic and thermal calculations of the machine.
The number of turns in a single coil for one parallel current path ap is expressed as:

Nc = awN1
s1
m1

(4.6)

Given the values of the maximum phase current from the inverter and the peak
current density, the cross section area of the stator conductor can be determined:

sa = Ia

awJa

(4.7)

By assuming that the cross section of the conductors is rectangular, the cross
section of the stator slot should be approximately:

Statorslotarea = sa2Nc

FF
(4.8)

Where the number of conductors in a single slot is 2Nc.
The minimum stator slot pitch can be calculated as follows:

t1min
= πDinkd

s1
(4.9)

The values of the magnetic flux density at the stator yoke and tooth are defined from
experience and because the stator core is Cobalt Iron steel which has saturation
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between 2,2 and 2,3 T. It is desired to design the machine in such a way that it
operates at the knee point of the B-H curve.
The narrowest tooth width equation is the following:

c1min
= Bgavgt1min

Bst

(4.10)

The stator slot width can be calculated as:

slotwidth = t1min
− c1min

(4.11)

As the consequence, it is possible to calculate also the slot depth having rectangular
cross section area of the slot:

slotheight = statorslotarea

slotwidth
(4.12)

Finally, the stator back iron can be calculated as follows:

Backironstator = πDoutkdBgavg

pBsyki

(4.13)

The table below summarizes the results that are necessary to draw the three
electrical machines in the quasi-3D finite element software and then run the
Magnetostatic simulation. In this problem, the magnet thickness is assumed to be

Geometries of the three combinations of slots and poles
Combination 1 Combination 2 Combination 3

Number of slots s1 24 12 24
Number of poles 2p 22 10 20
Fundamental winding factor kw1 0.949 0.933 0.933
Inner/Outer diameter ratio kd 0.585 0.585 0.595
Stator outer diameter [mm] 100% 100% 100%
Number of turns 100% 175% 100%
Slot width [mm] 100% 203.43% 101.71%
Slot height [mm] 100% 71.79% 106.52%
Stator yoke height [mm] 100% 223.74% 111.87%
Magnet spacing [mm] 100% 221.4% 110.71%
Magnet thickness [mm] 100% 100% 100%

Table 4.2: Geometries from analytical design

equal to a constant value.
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4.4 FEA validation
In this paragraph, the finite element analysis is performed by using the Quasi-3D
FEA software which displays the axial flux machine model with pre-defined quotes
of the components modified according to the required geometrical parameters
from the previous section. The Appendix A shows the quotes that will be varied
according to the results from the analytical equations.
One of the main advantages of this software is, besides what is explained in chapter
one, the automatic change and adaptation of the coil diameter in the slots and
automatic meshing on the model when geometrical parameters are changed. This
aspect does not imply the user in changing the calculated geometries due to mesh
issues.
These three motors are modelled and simulated with Cobalt Iron as electrical steel
and Neodymium Iron Boron as magnet material.
It is worth to consider that the properties of this magnet can change significantly
depending on the temperature.
The three machines are tested at a specific operating point which is at peak torque
and corner speed defined by the black circle in Figure 3.10a.
The aim of doing the three simulations is to ensure that the three motors can
produce the same peak torque at the corner speed calculated in chapter 3.
These simulations have been made by imposing the input current equal to the limit
phase current from the inverter (1000 Arms), the advance angle equal to zero, the
mechanical angular speed equal to the corner speed and the number of points in
one electrical period equal to 48.

FEA set-up
Input current rms 1000 Arms
Advance angle 0 deg
Mechanical angular speed Corner speed
Temperature at the copper 180 C
Temperature at the magnet 100 C

Table 4.3: FEA set-up

4.4.1 Results
The required values, the outcomes from the finite element analysis of average
electromagnetic torque and mechanical power, and their relative error ϵr are
reported in the following table:
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FEA results of the three combinations of slots and poles
Torque [Nm] ϵr of torque Mechanical power [kW] ϵr of power

Analytical design 100% 100%
Combination 1 63.55% -36.45% 63.55% -36.45%
Combination 2 53.85% -46.15% 53.85% -46.15%
Combination 3 61.92% -38.08% 61.92% -38.08%

Table 4.4: FEA results

It is possible to notice that the relative errors are very high. The three average
electromagnetic torques computed by the FEA software are very small compared to
the torque required from the drive cycle analysis. This happens because the three
machines are simulated with very high temperatures of the magnet and copper
conductors and the number of turns are not calculated precisely.
To deal with this problem, it is necessary to either increase the number of turns
and/or decrease the current in order to regulate the average torque calculated
from the software. However, it is important to pay attention that their supply
voltage and current density do not have to overcome their limits. Before doing this
sweep, it is better to consider another important aspect [34] that is explained in
the following paragraph.

4.5 Torque/speed characteristic curve
The bottleneck is that the analytical design technique always refers to a single
operating point. Therefore, the e-machines are sized in the peak torque operating
point at corner speed but are they capable of going at very high speed considering
that the inverter has a certain limit of voltage and current? The analytical equations
cannot be used in the flux weakening region and it is necessary to verify if the
e-motors are able to cover all the operating points of the different driving cycles.
The SMPM machine model can be written in phase coordinates (a,b,c) using the
following variables:

1. vas, vbs, vcs: stator phase voltages in stator frame.

2. ias, ibs, ics: stator phase currents in stator frame.

3. λas, λbs, λcs: stator flux linkages in stator frame.

It is noticeable that there are a lot of variables. However, the model of an AC
machine can be described by the simplest expression in rotating d,q frame. This is
possible by performing two transformations that are the Clark transformation (from
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three phase a,b,c to two phase machine α, β reference frame) and the Rotational
transformation (rotating bi phase d,q frame). Once we go from a,b,c frame to α,
β frame and then d,q frame, we are talking about fictitious variables. If we talk
about a combination of id and iq, it is necessary to be sure that this combination
corresponds to a specific combination of ia, ib and ic. The phase voltage equations
for all synchronous machines in dq reference frame is expressed as:

vd = Rsid + dλd

dt
− ωλq (4.14)

vq = Rsiq + dλq

dt
− ωλd (4.15)

At steady state, the time derivative of the currents is zero.
In order to know the relationship between the current and flux, we need the
magnetic model in dq frame. This model, for SMPM, is expressed as:

λd = Ldid + λm (4.16)

λq = Lqiq (4.17)

In SMPM synchronous machine, there is not magnetic anisotropy and therefore,
the inductances on the d and q axis are equal, because if we look at the field line
on the d axis or q axis, you see that the permeability does not change.
Regardless of the rotor type, the electromagnetic torque in dq frame, if we neglect
the cross saturation, is expressed as follows:

Tem = 3
2p[λmiq + (Ld − Lq)idiq] (4.18)

The total torque is the sum of two components:

1. The PM torque is controlled via the iq component.

2. The reluctance torque is controlled by the coordination of id, iq.

Considering a SMPM that is isotropic, the torque can be simplified as:

Tem = 3
2p[λmiq] (4.19)

It is necessary to consider the two inverter constraints in the d,q frame:
Current constraint:

i2d + i2q ≤ I2
maxpeak

(4.20)

Voltage constraint:
(id + λm

Ld

)2 + (Lq

Ld

iq)2 ≤ ( Vmax

ωelLd

)2 (4.21)
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The first constraint is represented as a circle centred in the origin of the id, iq plane.
The radius is the maximum peak current given by the inverter. The second one is
a circle, if the inductances on the d,q axis are equal, centred on the d-axis current
and whose radius shrinks as the speed increases.
In the speed range from zero to the base speed, what is desirable is that given the
torque required, it is important to get it with the minimum stator current amplitude
flowing through the machine to minimise the losses. This generic torque control
principle for synchronous machine is defined as Maximum Torque per Ampere
(MTPA).
If it requested to produce a torque, for SMPM, id must be set to zero and only
iq is needed because, otherwise, the flux current would increase the Joule losses
without producing any torque.
While for the other synchronous machines, we need to control both id and iq to
minimise the current to get a certain torque required.
The operation within that speed range is commonly called as constant torque speed
range because, without the voltage limitation, the maximum torque capability is
constant and defined by the maximum inverter current.
In high-speed operation, it is possible to rotate faster than the base speed by
applying a negative id which goes against the flux linkage of the magnet and so
reduces the total flux amplitude.
This causes the rotation of the stator current vector from the MTPA locus to the
negative d-axis. Due to the reduction of the flux and iq, the maximum torque
capability will also be reduced. In this speed range we have both the current and
voltage limits.
For the synchronous machines with magnets, the behaviour at flux weakening
depends on the ratio between the maximum current and the machine characteristic
current I0 which is the d-axis current that cancels the machine flux.

I0 = −λm

Ld

(4.22)

It is possible to notice that the characteristic current is a parameter that comes
from the construction because for a given flux linkage of the magnet, the magnitude
of I0 depends on the inductance.
From this theory above, it is possible to generate the characteristic torque speed
curves of the three machines.
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Figure 4.1: Torque versus speed in 24 slots and 22 poles

Figure 4.2: Power versus speed in 24 slots and 22 poles
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Figure 4.3: Torque versus speed in 12 slots and 10 poles

Figure 4.4: Power versus speed in 12 slots and 10 poles
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Figure 4.5: Torque versus speed in 24 slots and 20 poles

Figure 4.6: Power versus speed in 24 slots and 20 poles
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All these three machines are not able to cover all operating points. Their
inductances and supply voltages are very low causing the reduction of torque and
a big increase of power. Also, the current densities are very low.

4.6 Design iterations
In order to meet the torque-speed requirements, one way is to do an iterative
process which consists of increasing the number of turns and reducing the rms
phase current input by taking into account the current and voltage limits of the
inverter, the current density limit and the supply voltage limit.
As a consequence, from Table 4.5 it is possible to notice that the relative errors are
within +- 10 % which is acceptable.
This iteration process is not aimed to optimise the design but it is done to reach to
the requirements.
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Figure 4.7: Torque versus speed in 24 slots and 22 poles after the update of the
number of turns

Figure 4.8: Power versus speed in 24 slots and 22 poles after the update of the
number of turns
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Figure 4.9: Torque versus speed in 12 slots and 10 poles after the update of the
number of turns

Figure 4.10: Power versus speed in 12 slots and 10 poles after the update of the
number of turns
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Figure 4.11: Torque versus speed in 24 slots and 20 poles after the update of the
number of turns

Figure 4.12: Power versus speed in 24 slots and 20 poles after the update of the
number of turns
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FEA results of the three combinations of slots and poles
Electromagnetic
torque [Nm]

ϵr of torque Mechanical
power [kW]

ϵr of power

Analytical de-
sign

100% 100%

Combination
1

108.4% 8.39% 108.4% 8.39%

Combination
2

95.35% -4.64% 95.35% -4.64%

Combination
3

105.4% 5.38% 105.4% 5.38%

Table 4.5: FEA results improved
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Chapter 5

Multi-Objective
Optimisation

In this chapter, the three developed electrical machines are applied in the multi-
objective optimisation problem by leveraging the genetic algorithm software package
(GOSET) coupled with the Quasi-3D FEA software for precise evaluations.
For each machine, multiple individuals will be generated and subject to different
genetic processes. In the Evaluation genetic process, the FEA software assesses all
these machines, calculating key metrics to determine their fitness values.
These fitness values are crucial for deciding which machine are retained for further
development and which should be replaced.
Prior to running the optimisation process, it is essential to complete several
preparatory steps to outline clearly the system. These include identifying the sweep
parameters, establishing the objective functions and defining the constraints to
find the optimal solutions.

Figure 5.1: Application of the genetic algorithm
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5.1 Optimisation problem
The previous chapter focused on the design of the electrical machine according to
specific requirements using the "Manual design approach". This approach starts
from detailed mathematical analysis of the system, leading to the formulation of
design equations for calculating the design parameters .
However, for the correct application of these equations, it is necessary to make
several assumptions and approximations. The following step is to validate the
designed system using a numerical tool, in particular finite element method based.
Based on the results of this analysis, adjustments to the system may be necessary.
This iterative process of numerical analysis and system refinement with FEA is
repeated until the design fully meets all specifications.
Despite its utility, this approach has two main drawbacks.

• The phase of developing assumptions and adjusting the designed system based
on numerical analysis require a high level of engineering experience.

• While this method enables to determine the design, it does not ensure the
optimum solution.

This chapter then introduces a different methodology known as "Optimisation-based
design process" [35]. In contrast to the Manual design approach, this method does
not follow a sequence of steps. It still begins with a detailed mathematical analysis,
but rather than generating design equations, it focuses on identifying the metrics
for optimisation and system constraints to define the objective function.
An optimisation algorithm is then employed to fine-tune the sweep parameters
with the goal of enhancing the objective function.
This method can effectively solve the second shortcoming of the Manual design
approach by optimising the system according to the specified design metrics, leading
to better solutions.
In order to overcome the first limitation, the Quasi-3D FEA solver is used for
metrics calculations, avoiding the need for assumptions inherent in analytical design
equations.
However, this method has its own drawback: it requires significant computational
time and the results’ quality is dependent on the thoroughness of the initial analysis.
Therefore, the design experience is still crucial.
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5.2 Genetic Algorithm
Genetic Algorithm is an optimisation algorithm which belongs to the category of
the population-based optimisation methods. This implies that it searches in the
domain not from the single solution estimate but rather from assessing a group of
solutions (population). This feature helps to reduce the risk of converging on a
local optimal solution, as it explores throughout the feasible domain.
Unlike some optimisation algorithms, it considers the values of the objective func-
tions, but not their derivatives, and uses random operations in each iteration (or
generation). As a result, it is suitable to a broader range of engineering problems.
In the Genetic Algorithm, the candidate solutions are termed also as individuals
and every individual is encoded into a "chromosome". A chromosome is essentially
a string where each element, known as "gene", represents a specific parameter of the
individual. These genes can be expressed in various forms such as binary, interger
or real numbers and are defined by a variation range with upper and lower limits
that determine the domain,known as Parameter Space, in which the individuals
can explore around to find potential optimal solutions.
A specific fitness value is assigned to each chromosome which measures its effec-
tiveness as a solution of a specific optimisation problem. The higher the fitness
value, the more likely the chromosome is to survive and reproduce.
The first step to solve an optimisation problem requires deciding the appropriate
number of genes and their variation limits, while also setting the system’s con-
straints. This step is crucial to generate individuals with feasible characteristics.
Subsequently, the algorithm starts with the initialisation of the first population that
is randomly generated. The fitness values of these individuals are then computed.
Based on these evaluations, certain individuals of the population will undergo
genetic operators of selection, crossover and mutation, resulting in the production
of children and, as a consequence, the formation of a new population.
This procedure is repeated generation by generation until the predefined stop-
ping criterion is fulfilled. The genetic algorithm is effectively summarised by the
flowchart depicted in Figure 5.2.
An overview of each genetic operator used in this optimisation algorithm is provided
herein for a comprehensive understanding of the entire process.
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Figure 5.2: GOSET flowchart

5.2.1 Objective weighting
In the multi-objective optimisation problem, a normalised weighting vector is
generated randomly to scale the fitness values of each individual.

5.2.2 Diversity control
While the Genetic Algorithm is working, it might happen that most of the candidate
solutions converge to one local optimal solution. In order to explore the whole
domain, this genetic operator examines the closeness of the candidate solutions. The
individuals that are identical are penalised while the under represented individuals
are less penalised and have a better chance to survive.

5.2.3 Scaling
During the optimisation process, it might happen that at the early stages of
the evolution there is an individual which is the fittest of the population. As a
consequence, there will be in the next generations a lot of individuals that are
very similar to the fittest one leading to premature convergence and not a full
exploration of the domain. In this case, the scaling algorithm is used to reduce
the fitness value of the premature fittest individual. However, towards the end of
the evolution this algorithm is used to emphasize the fittest individual so that to
increase its likelihood of surviving.
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5.2.4 Selection
Here, a mating pool is formed from the population by applying one of the two
selection schemes. In Roulette wheel selection we select the individuals randomly
but their probabilities are proportional to their fitness values. This procedure is
repeated N times that corresponds to the size of the mating pool. Another selection
scheme is called Tournament scheme in which we select a pair of chromosomes
randomly from the population and compare their fitness values. The fitter of the
two will be put in the Mating pool.

5.2.5 Death
This genetic operator determines which individual will die and be replaced by the
children. They will not undergo any crossover or mutation in the next generations.
Those individuals can be either the parents, randomly chosen, the ones with worst
fitness values or the oldest ones.

5.2.6 Mating cross-over
This operation takes randomly a pair of chromosomes from the mating pool, called
as parents, and gives a pair of offspring chromosomes by exchanging substring
of the two parent chromosomes. There are many types of crossover operations.
The simplest one is the Single-point crossover in which a crossover point is chosen
at random along the chromosome and their genes after the crossover point are
interchanged to generate new chromosomes of children.

5.2.7 Mutation
After crossover operation, the children will replace the individuals assigned during
death operation and, therefore, the mating pool will be modified by keeping the
same number of elements. Subsequently, the Mutation operation is applied which
takes a chromosome and randomly changes its genes. Each chromosome has a
certain probability of undergoing this mutation.

5.2.8 Evaluation
Through a detailed system analysis, key metrics and operational constraints are
identified to formulate a specific fitness function. The fitness function assigns values
to each individual based on the metrics, but only if all identified constraints are
met.
One effective method to develop this function begins by assessing the status of
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each constraint. This i-th constraint function can be described as follows:

ci = lte(x, xmx) =

1, if x ≤ xmx

1
1+x−xmx

, if x > xmx

(5.1)

ci = gte(x, xmn) =

1, if x ≥ xmn

1
1+xmn−x

, if x < xmn

(5.2)

Where the term x is a parameter that can be either the gene, the metric or another
variable, xmx is the maximum limit of the parameter and xmn is the minimum limit.
From these functions the ith constraint status can be 1 if the constraint is satisfied,
otherwise between 0 and 1.
However, these set of constraints are not computed simultaneously but are divided
into subgroups based on the different characteristics and theoretical aspects of the
system. During the Evaluation phase, only one subgroup of constraint functions
is computed at a time. As soon as, an individual does not satisfy one subgroup
before reaching the last one, its fitness calculation is terminated prematurely. It
is assigned a low fitness value increasing the likelihood of being discarded and
replaced by children of fitter individuals in subsequent generation. This approach
makes the calculation of remaining constraints unnecessary. This fitness function
of the i-th individual calculated prematurely is expressed below:

fi = ϵ(CSi
−NC

NC

) (5.3)

Where CSi
is the number of constraints satisfied of the i-th individual, ϵ represents a

small number that for MATLAB is 2−52 and NC is the total number of constraints.
Conversely, if an individual meets all constraints in the initial subgroups and
reaches the final one, its fitness function is expressed as follows:

fi =

ϵ(
CSi

−NC

NC
) if CSi

< CI

yi if CSi
= NC

(5.4)

Where CI is the number of constraints of one subgroup, yi is the metric of the i-th
individual calculated from the numerical tool or equation if it is a maximisation. In
case of minimisation, the fitness value is the inverse of the metric 1

yi
. This strategy

allows to save a lot of time especially when FEA software is employed as numerical
tool for metric computation.
In this approach, during the optimisation, individuals which do not adhere all set of
constraints receive negative fitness values, while those which meet all constraints are
assigned positive fitness values. This assignment process is crucial since, the designs
with the lowest fitness values are more likely to be replaced by children generated
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in crossover operation. At the beginning of the evolution, all designs may not fulfill
all constraints. However, as the evolution progresses with the aim of maximising
the fitness function, fitness values of the next generation individuals gradually
increase becoming less negative as more constraints will be fulfilled generation by
generation.

5.2.9 Elitism
Not always the fittest individual will survive in the whole evolution because of
environmental influences. In order to avoid this phenomenon, this genetic operator
takes the fittest individual of the new population and the fittest one of the previous
population. It compares their fitness value and the fittest between the two will
replace the other and so it will be put in the new population.

5.2.10 Random search
It is often the case that the fittest individuals are close to a solution. Therefore,
this genetic operator is used to create a set of mutations of these individuals to
do local searches around them. If we find mutants that are better, thus the fittest
individual will be replaced.

5.3 Formulation of design problem
In this stage, it is possible to start seeking better machine designs through an
optimisation-based design process, leveraging the three axial flux permanent magnet
machines with different slot and pole combinations obtained from the preceding
chapter.
The problem is an optimisation problem in which the objective is to develop
machines capable of producing peak torque above the required one from the drive
cycle analysis at corner speed. This involves using an inverter with a specified DC
link voltage VDC and striving to minimise the supply stator voltage within two
specified limits. These limits are set to position the base speed closer to the corner
speed deriving from the drive cycle analysis, while also controlling the peak power.
It is desirable to minimise the total mass of the machine to increase the torque
density and, especially the magnet mass for lessening supply chain dependencies.
The aim is also to optimise the efficiency at the centroid operating point from
Nordschleife driving cycle. As such, these three machines must be designed to have
a certain input current and advance angle to address that load. Additionally, it
is also important to ensure that the peak current density of these machines stays
below a certain limit at rated current, and the characteristic current is smaller than
the peak current input to enable theoretically unlimited speed capabilities.
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For this optimisation, a genetic optimisation tool built for MATLAB known as
GOSET is employed. In order to execute this code, it is required to identify the
free parameters, the metrics and the constraints. Following this, it is possible to
formulate the fitness function in the Evaluation block.

5.3.1 Design metrics
The Quasi-3D FEA software outputs several metrics from a Magnetostatic sim-
ulation. In this thesis, among these outputs, five design metrics are of interest:
torque, voltage, mass, magnet mass and efficiency. The software calculates for
each machine the first four metrics at corner speed and peak torque while the last
one is computed at the centroid operating point from Nordschleife driving cycle.
This necessitates running the Magnetostatic simulation twice for each individual
that has respected all subgroups of constraints across all generations during the
evolution.
The goal is to maximise torque and efficiency, targeting machines with higher peak
torque and optimal efficiency in high energy consumption region. Meanwhile the
remaining metrics are intended for minimisation, with the rationale provided in
section 5.3.
Furthermore, some of these objectives are subject to constraints that are discussed
in the subsection 5.3.3.
In this optimisation problem, the genetic operator Objective weighting (subsection
5.2.1) has another weighting vector applied to the fitness values of the individuals,
containing the weight factors that are different in magnitude. The sequential order
of the metrics listed below corresponds to the decreasing order of the magnitude of
the weight factors:
Electromagnetic torque, stator phase voltage, efficiency at the centroid, magnet
mass and total mass.
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Figure 5.3: Operating points at which the Quasi-3D FEA software runs Magne-
tostatic simulation

5.3.2 Formulation of the Parameter space

The first step in our design process involves in defining the Parameter space
which outlines the limits for the variation of the individuals’ genes, which are
the geometrical parameters used as input of the Quasi-3D FEA software. This
Parameter space is tabulated in Table 5.1.
Some level of engineering experience is required to select a broad reasonable
range for these parameters to expand the Parameter space as much as possible and
enhance a wider exploration for different solutions. Nevertheless, certain parameters
provided by the FEA software to build up a machine are set as constant before the
optimisation begins. The fixed variables include the number of slots, number of
poles, number of turns, rotor yoke height and the air gap.
For simplification, we assume the that stators have not tooth tips which slightly
reduces the Parameter space.
All in all, our machine incorporates one discrete variable,that is the current input,
and seven continuous variables amounting to eight degrees of freedom.
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Gene Description Type Minimum Maximum
OD Outer diameter lin OD-(30% OD) OD
ID Inner diameter lin ID-(10% ID) ID+(30% ID)
hst Stator height lin 10 mm 50 mm
wsl Slot width lin 10 mm 30 mm
hbist Stator back iron lin 3 mm 20 mm
hro Rotor height lin 11 mm 21 mm
Msp Magnet spacing lin 2 mm π IDro

2p
-1

Irms Input current int 750 Arms 1000 Arms

Table 5.1: Genes to define the Parameter space

Constant parameter Combination 1 Combination 2 Combination 3
Number of slots 24 12 24
Number of poles 22 10 20
Tooth fillet radius [mm] 100% 100% 100%
Number of magnet segments 100% 100% 100%
Number of turns 100% 185,7% 100%
Rotor yoke height [mm] 100% 100% 100%
Air gap [mm] 100% 100% 100%

Table 5.2: Constant parameters

In this problem, outer diameters of the stators and rotor are equal, as their inner
diameters. The variation ranges of these diameters are specifically set to ensure
the reduction of the machine’s total volume that is very dependent to the outer
diameter, with the aim of improving torque density. The maximum limit of the
outer diameter is equal to the one obtained from the analytical design also due to
packaging constraints.
In addition, while the number turns are constant to position the base speed of the
torque speed curve, the current input is designated as a gene with its maximum
limit equal to the maximum current that inverters available on the market today
can supply. This range is chosen to explore e-machines capable of delivering higher
torque with lower input current.
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5.3.3 Formulation of the constraint functions
In order to ensure uninterrupted optimisation and the effective functioning of the
generated electrical machines, certain constraints are necessary.
These constraints are split into two subgroups: geometrical and output constraints.
The geometrical constraints focuses on the proper machine’s assembly ensuring
that the FEA software can generate mesh layers encompassing the entire machine
and run the magnetostatic simulations without errors.
One requirement is that the stator height is always greater than the stator back
iron.

c1 = gte(hst, hbist) (5.5)

In order to mantain the structural integrity of the stator with a given outer and
inner diameter, the slot width is limited to a maximum value, beyond which the
tooth width becomes too narrow. If the maximum slot width is exceeded, the
adjacent slots will overlap causing the disappearance of the tooth. To avoid this
issue caused by random variation of the genes, the slot width must be kept smaller
than the minimum slot pitch.

c2 = lte(wsl,
πIDst

s1
) (5.6)

The last geometrical constraint is keeping the magnet spacing below a maximum
limit. If it is too wide, the magnet’s inner diameter might be too large with respect
to the rotor’s inner diameter leading to a situation in which one cylindrical layer
mesh does not fully encompass it.

c3 = lte(Msp,
πIDro

2p ) (5.7)

Among the output constraints, there is the maximum allowable value of the current
density.

c4 = lte(j, jmax) (5.8)

For optimal performance, the torque produced by the machine at corner speed has
to be larger than the peak torque required from the driving cycle analysis to cover
all operating points, but a maximum limit is also set that is 5% more higher than
the minimum limit. This is done to compensate losses such as iron, windage and
bearing losses which account for about 3% loss in converting from electromagnetic
to shaft torque based on engineering experience. These constraints also help to
keep the torque within reasonable boundaries.

c5 = gte(Mt,Mtreq) (5.9)

c6 = lte(Mt,Mtreq + (5%Mtreq)) (5.10)
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The next constraint ensures that there is adequate DC link voltage, requiring that
the stator phase voltage is less than the DC link voltage and also to reduce the
peak power.

c7 = lte(Vs,
VDCMI√

3
) (5.11)

In addition to the constraint above, it is necessary to impose a lower limit to
prevent the possibility of generating machines having higher base speed on the
electromagnetic torque characteristic curve than the corner speed determined from
the drive cycle analysis.

c8 = gte(Vs,
VDCMI√

3
− (5%VDCMI√

3
)) (5.12)

As a consequence of the last four constraints, the genetic algorithm will provide
e-machines with similar characteristic electromagnetic torque curves that are able
to cover all operating points calculated from the driving cycle analysis. Therefore,
once the best e-machine is selected among various non-dominated solutions for each
slot and pole configuration based on performance, the similarity in the characteristic
curves of the three chosen motors simplifies the comparison of their loss maps that
is shown in the next chapter.
In order to ensure the electrical machines’ capability for infinite speed, the absolute
value of the characteristic current has to be less than the peak input current, that
is a gene.

c9 = lte(|I0|, Irms

√
2) (5.13)

In order to have the possibility of optimising the electrical machines in terms of
efficiency at the centroid, the last constraint is used to check if the machine has an
electromagnetic torque characteristic curve able to cover the centroid operating
point. This can checked by implementing the algorithm shown in Appendix B
where it is possible to understand if the e-motor can run at that load with a certain
input current and advance angle.

c10 =

1 if ∃ Irmsrequired, γrequired

0 otherwise
(5.14)
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5.3.4 Formulation of the fitness function and the set-up of
the optimisation

To formulate the fitness function, it is followed the strategy explained in subsection
5.2.8, where the two subgroups of constraints are computed at specific intervals
rather than simultaneously. Before running the simulation, it is necessary to check
the geometrical feasibility of the e-machines assembled by the FEA software. If
one particular machine does not respect completely the first subgroup, then its
fitness function is calculated prematurely following the Equation 5.3.
On the other hand, if the machine assembled respects all geometrical constraints,
it can be simulated using the FEA software to calculate its metrics and the fitness
function is defined as:

fi =

ϵ(
CSi

−NC

NC
) if CSi

< CI

[Mti

1
mi

1
mpmi

1
Vsi

ηcentroidi
]T if CSi

= NC

(5.15)

With the fitness function and the genes now established, it is possible to begin the
optimisation for the three machines manually designed in the previous chapter.
The optimisation was conducted with a population size of 40 over 150 generations.
In each generation all individuals, that have respected all constraints, are evaluated
through the Magnetostatic simulation in the FEA software. To further save time,
these simulations were run in parallel computing by leveraging the number of cores
available in the workstation.

71



Multi-Objective Optimisation

5.4 Results from the genetic algorithm
This section presents results provided by GOSET, organised into two parts.
The first part includes one subsection which displays Pareto fronts for different
objective values combinations where each point corresponds to a non dominated
solution.
The second part, instead, includes 5 subsections, and in each, there are three plots
which contain the gene distribution of the last generation population of e-machines
for three different slot and pole configurations. The genes are sorted by a specific
fitness function. This means that, for example, the genes of the motors with higher
total mass are the blue colored dots and toward the left of the parameter window,
while the genes with lower total mass are the red colored dots and toward right.
Each parameter window is labeled by an acronym. The full list of acronyms is
available on page XIII and XIV, providing a useful reference to the reader.
This last part is particularly useful for identifying potential correlations between
geometrical parameters and the objective functions.

5.4.1 Pareto Front plot
Figure 5.4 and 5.5, illustrate a trade off between torque and magnet mass, as well
as between efficiency at the centroid and the magnet mass. This magnet mass
reduction implies a decrease of the magnetic flux density at the air gap. As a result,
to generate the same torque, it is necessary to inject higher supply current which
in turn leads to greater DC copper loss.
In addition, an increase in the current may also cause saturation on the stator iron
leading to an increase of total iron loss.
Electrical machines with higher number of poles exhibit lower efficiency especially
at high speeds (centroid operating point of Nordschleife) due to greater magnet
and iron loss.
Figure 5.6 is shown to demonstrate that GOSET has correctly respected the torque
and voltage constraint functions during the optimisation.
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Figure 5.4: Electromagnetic torque versus magnet mass

Figure 5.5: Efficiency at the centroid versus magnet mass
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Figure 5.6: Electromagnetic torque versus supply voltage
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5.4.2 Genes sorted by Objective 1 - maximisation of the
electromagnetic torque

Figure 5.7: Gene distribution of the e-machines with 24 slots and 22 poles
configuration sorted by torque

Figure 5.8: Gene distribution of the e-machines with 12 slots and 10 poles
configuration sorted by torque
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Figure 5.9: Gene distribution of the e-machines with 24 slots and 20 poles
configuration sorted by torque

In order to maximise the torque, the clustering of all values of the outer diameter
tends to the same value that is the maximum limit, as the torque is proportional to
the cubic value of the outer diameter. This result also indicates that the slot width
of e-machines with 12 slots and 10 poles is greater than the two other configurations
with the same outer diameter.
The genes input current tend to have the same value because they are influenced
mainly by the two torque constraints explained in subsection 5.3.3.
The e-machines with 12 slots and 10 poles configuration have the highest input
current and thicker magnets to attain the maximum possible total air gap flux
density for the required torque. It means that for that aggressive torque target, a
machine with 10 poles needs to be close to the limit for input current and magnet
thickness. Therefore, if you need to achieve that aggressive target of torque and
torque density, an increase on number of poles is necessary. On the other hand,
this also leads to increase the electrical frequency which in turn causes larger iron
and magnet losses.
If the number of poles increases, the thickness of the stator back iron reduces
as it can be seen in the gene distribution. If the number of poles is reduced, it
is necessary to have a thicker stator yoke to accomodate the return of the flux
lines between poles to ensure that the required torque is met. However, the genes
representing the stator yoke height, in the first figure, are scattered and some of
them are much larger because a maximum limit on the magnetic flux density at
the back iron has not been imposed.
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The stator height, that is the sum between the stator yoke and the slot height, is
determined by the amount of input current injected because a certain slot area
has to be obtained so that the current density can comply with limit. In 12 slots
and 10 poles configuration, the supply current genes are very high and thus, it is
necessary to have both stator height and slot width large enough to generate a big
slot area, reducing the current density. In the other two configurations, the slot
width is narrower, due to the higher number of slots, meaning that a large stator
height is needed because of high number of poles.
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5.4.3 Genes sorted by Objective 2 - minimisation of the
total mass

Figure 5.10: Gene distribution of the e-machines with 24 slots and 22 poles
configuration sorted by the total mass

Figure 5.11: Gene distribution of the e-machine with 12 slots and 10 poles
configuration sorted by total mass
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Figure 5.12: Gene distribution of the e-machines with 24 slots and 20 poles
configuration sorted by the total mass

In these three figures, it is possible to notice that the most affected genes are the
geometrical parameters of the stators.
By increasing the number of poles, it is more visible the upward slope of the inner
diameter moving from a higher total mass motor to a lower total mass motor. In
this case, the volume of the machines is decreased having fixed outer diameter.
Same effect occurs to the stator and yoke height having a downward slope.
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5.4.4 Genes sorted by Objective 3 - minimisation of the
magnet mass

Figure 5.13: Gene distribution of the e-machines with 24 slots and 22 poles
configuration sorted by magnet mass

Figure 5.14: Gene distribution for the e-machines with 12 slots and 10 poles
configuration sorted by magnet mass
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Figure 5.15: Gene distribution of the e-machines with 24 slots and 20 poles sorted
by magnet mass

In this objective function, The most affected genes are those related to the magnet
size.
Overall in the three configurations, it is possible to notice the increase of magnet
spacing from the red points. However, in e-machines with 12 slots and 10 poles
configuration, it is more evident the upward slope of the magnet spacing because
there is more area available per magnet pole when comparing to the e-motors with
higher number of poles.
In the other two configurations, even though there are machines having magnet
spacing that are slightly bigger, it is possible to achieve the minimisation of the
magnet mass by reducing their magnet thickness.
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5.4.5 Genes sorted by Objective 4 - minimisation of the
stator voltage

Figure 5.16: Gene distribution of the machine with 24 slots and 22 poles configu-
ration sorted by voltage

Figure 5.17: Gene distribution of the e-machines with 12 slots and 10 poles
configuration sorted by voltage
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Figure 5.18: Gene distribution of the e-machines with 24 slots and 20 poles sorted
by voltage

In this optimisation problem, the number of turns and the mechanical speed are
fixed. By recalling the permanent magnet machine equivalent circuit model, the
minimisation of the voltage affects the flux from the magnet which in turn it is
proportional to its volume. It means that the two constraints applied on the stator
voltage imply a specific range of variation for the rotor height and magnet spacing
genes.
In addition, the dots representing the stator yoke height, rotor height and magnet
spacing are not showing a specific trend but scattered. This happened because
no constraints on the magnetic flux density at the back iron and at the tooth
have been set, and therefore, these genes are more widespread. These last two
constraints are not considered to avoid further reduction of the Parameter space.
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5.4.6 Genes sorted by Objective 5 - maximisation of the
efficiency at the centroid

Figure 5.19: Gene distribution of the e-machine with 24 slots and 22 poles sorted
by efficiency at the centroid

Figure 5.20: Gene distribution of the e-machines with 12 slots and 10 poles sorted
by efficiency at the centroid
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Figure 5.21: Gene distribution of the e-machines with 24 slots and 20 poles sorted
by efficiency at the centroid

The maximisation of the efficiency at high speed operating point leads to reduce the
total mass and the current input. In this problem, the current supplied at corner
speed operating point is fixed due to the torque and current density constraints.
As a consequence, only the stator geometrical parameters are influenced by this
objective function. Indeed, it is possible to see the increase of the machines’ inner
diameter and the reduction of the stator yoke height moving rightward.

It is possible to recognise that this multi-objective optimisation problem, with
these member genes presented above, is very well suited for simple motor geometries.
However, if this problem is applied to radial flux machines which have more
geometrical parameters to consider (particularly in the slots geometry), the situation
becomes more complicated.
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5.5 Selection
Once obtained successfully multiple solutions that align with our targets, the
main task is selecting the most suitable machine for the car. The decision-making
criterion involves choosing the best performing e-machine for each slot and pole
combination based on a thorough comparison of their objective values.
Subsequently, it is also crucial to assess their energy consumption. This dual
consideration enables the designer to choose a machine that not only excels in
performance as required but also minimises the energy use.
The in depth analysis of energy consumption among the three best machines will
be examined in the next chapter.

5.5.1 Comparison among the non dominated solutions
There are several approaches to analyse multi-dimensional data. One effective
method employed to compare the objective values of all non dominated solutions is
the so called radar or polar plot, as displayed below.
Due to the large number of non dominated solutions obtained in each of the three
optimisation problems, only the top five machines with the highest torque from
each optimisation are shown in the radar plots. For a complete view of all non
dominated solutions, refer to the radar plots in the Annex C.

Radar plot for 24 slots and 22 poles

Ind 5

Ind 12

Ind 26Ind 33

Ind 35
0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

Torque [Nm]

Mass [kg]

Magnet mass [kg]

Voltage [V]

Efficiency at Centroid [%]

Ind #5

Ind #12

Ind #26

Ind #33

Ind #35

Figure 5.22: Radar plot of non dominated solutions with 24 slots and 22 poles
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Radar plot for 12 slots and 10 poles configuation
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Figure 5.23: Radar plot of non dominated solutions with 12 slots and 10 poles

Radar plot for 24 slots and 20 poles
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Figure 5.24: Radar plot of non dominated solutions with 24 slots and 20 poles
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Each axis on the plots corresponds to a metric defined within a range set by
the maximum and minimum values derived from the constraints. For metrics with
one or no constraints, their axis limits are set to the nearest rounded numbers
i.e. rounding up for the maximum and down for the minimum, based on the
actual maximum and minimum values of these metrics among the last generated e-
machines. This approach helps to focus on the range showing a clearer visualisation
of variations. The range of the magnet mass is of two kilograms while it is five
kilograms for the total mass and 5 % for the efficiency at the centroid.
By observing the voltage and torque axis, the plot clearly shows that GOSET
has adhered our constraints during the optimisation. The first and third plots
immediately reveal the best machine offering the highest torque, low total mass and
high efficiency at the centroid. In contrast, the second plot features machines with
torque values close to the the maximum limit and similar mass. In this particular
case, the choice is based on the comparison of the torque magnitude, thus machine
with the highest torque were chosen.
It is evident in all three plots that the machines have a mid-low total mass but
their magnet mass are the highest among the five non dominated solutions. This
outcome is partly due to the different weight factors applied to the fitness values of
the individuals: a higher weight is applied on the minimisation of the total mass
compared to the minimisation of the magnet mass, while the maximisation of the
electromagnetic torque receives the highest weighting.
After this comparative analysis, the best machines for the three different slot and
pole configurations, along with their geometrical parameters and objective values
are displayed below.

(a) One stator (b) Rotor

Figure 5.25: electrical machine with 24 slots and 22 poles-Individual 12
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(a) One stator (b) Rotor

Figure 5.26: electrical machine with 12 slots and 10 poles-Individual 11

(a) One stator (b) Rotor

Figure 5.27: electrical machine with 24 slots and 20 poles-Individual 20
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e-Motor
24 slots and
22 poles

e-Motor
12 slots and
10 poles

e-Motor
24 slots and
20 poles

Number of slots 24 12 24
Number of poles 22 10 20
Outer diameter [mm] 100% 100% 99,96%
Inner diameter [mm] 100% 102,82% 93,53%
Slot width [mm] 100% 176,6% 99,08%
Stator height [mm] 100 127,82 97,22
Stator yoke [mm] 100% 120,16% 90,33%
Rotor height [mm] 100% 101,46% 78,48%
Magnet spacing [mm] 100% 503% 164,12%
Current input [Arms] 100% 113,52% 101,26%
Phase resistance [Ω] 100% 93.14% 105.4%

Table 5.3: Parameters of the three top e-machines

e-Motor
24 slots and
22 poles

e-Motor
12 slots and
10 poles

e-Motor
24 slots and
20 poles

At corner speed
Electromagnetic
torque [Nm] 100% 99,7% 100,07%

Mech. power [kW] 100% 99,7% 100,07%
Supply voltage [V] 100% 101,07% 99,75%
Total mass [kg] 100% 128,96% 98,47%
Magnet mass [kg] 100% 87% 80,74%
Efficiency [%] 100% 99,05% 99,6%
Power factor 100% 88,05% 99,53%
Current density [ A

mm2 ] 100% 84,84% 100,7%
Flux linkage of the
magnet [Wb] 100% 193,2% 108,75%

At the Nordschleife
centroid
Efficiency [%] 100% 100,33% 99,92%

Table 5.4: Objective values of the three top e-machines
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Chapter 6

Energy consumed of the
optimised e-machines

In the design of the electrical machines, the focus is not only on optimising motor
performance but also on the calculation of the energy consumption. This calculation
is crucial as it determines the energy required on the battery and consequently
influencing the driving range of the vehicle.
The widespread customer acceptance of battery electric vehicles is still limited due
to ongoing challenges which includes:

• Limited driving range and dependant on the ambient conditions and driving
style.

• The increase in the price of raw materials and battery components.

• The impact on driving range can be even more relevant if additional thermal
energy is required to manage the battery and electronics operation.

In order to mitigate the range anxiety, researchers are exploring three main ap-
proaches:

• Employment of advanced production technologies to increase the battery
energy density and fast recharge without affecting ageing.

• Improvement of the efficiency of the main powertrain components to better
utilise the energy.

• Urban planning to design the city and have more recharging infrastructure
and standards.

Focusing on the second solution, the overall efficiency of the electrical drives is
affected by the efficiencies of both the inverter and the e-machine. More attention is
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given to the e-machine as it shows greater variability in performance across different
driving cycles, in contrast to the consistently high efficiency of the inverter.
This section presents a method for calculating the cumulative energy consumption
of the three leading machines, each featuring different slot and pole configurations,
over the Nordschleife driving cycle. The final aim is to identify the machine which
offers the lowest energy consumption, thus determining the most efficient option.
This involves the use of their different loss maps, which are generated through
repetitive runs of finite element software by varying different combinations of d
and q axis currents and speed.

6.1 Losses maps
In order to produce a desired torque and speed combination, various id and iq
combinations can be obtained using Matlab. Among these control combinations,
the one that ensures Maximum Torque Per Ampere (MTPA) is selected and at the
same time satisfying the voltage and current limits of the inverter. That specific
combination is then used as input for loss calculation via FEA.
After conducting multiple simulations for varied combinations of torque and speed
required, contour plots of the different loss components can be generated. These
iterative simulations enable the comparison of the loss maps for the three machines.
It is important to mention that, the decision of imposing a maximum torque limit
and specifying minimum and maximum voltage values during the optimisation
process is made also to ensure that the three machines have similar characteristic
electromagnetic torque curves. This similarity allows for an effective analysis of how
the different loss maps of each machine impact their cumulative energy consumption
[36].
Below, four sets of three plots representing the three selected machines are displayed.
Every set is dedicated to a specific loss component calculated using the Quasi-3D
FEA software: DC copper loss, Eddy current loss at the stator iron, Hysteresis loss
at the stator iron, Magnet loss due to the eddy current and Total loss.
For each group, the scale of the colorbar in the plots is defined by the largest value
of the respective loss component found among the three machines, thus facilitating
a detailed comparison of each loss component across the three machines. In the
Hysteresis and Eddy current loss maps at the stator iron, their colorbar are defined
by the largest value of the Eddy current loss found among the three machines.
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(a) DC copper loss map of the e-machine 24 slots and 22 poles

(b) DC copper loss map of the e-machine 12 slots and 10 poles

(c) DC copper loss map of the e-machine 24 slots and 20 poles

Figure 6.1: DC copper loss maps of the three electrical machines
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(a) Hysteresis loss map of the e-machine 24 slots and 22 poles

(b) Hysteresis loss map of the e-machine 12 slots and 10 poles

(c) Hysteresis loss map of the e-machine 24 slots and 20 poles

Figure 6.2: Hysteresis loss maps of the three electrical machines
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(a) Eddy current loss map of the e-machine 24 slots and 22 poles

(b) Eddy current loss map of the e-machine 12 slots and 10 poles

(c) Eddy current loss map of the e-machine 24 slots and 20 poles

Figure 6.3: Eddy current loss maps of the three electrical machines
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(a) Magnet loss map of the e-machine 24 slots and 22 poles

(b) Magnet loss map of the e-machine 12 slots and 10 poles

(c) Magnet loss map of the e-machine 24 slots and 20 poles

Figure 6.4: Magnet loss maps of the three electrical machines
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(a) Total loss map of the e-machine 24 slots and 22 poles

(b) Total loss map of the e-machine 12 slots and 10 poles

(c) Total loss map of the e-machine 24 slots and 20 poles

Figure 6.5: Total Loss maps of the three electrical machines
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It is important to highlight that AC copper, bearing losses and windage losses
are not calculated from the FEA software.

6.2 Results
In the figures above, a scatter plot of torque-speed operating points from the
Nordschleife driving cycle is displayed onto the loss maps. This plotting allows
the determination of power loss at every operating point by using the ’interp2’
function in Matlab. Given the loss maps matrices, generated through repeated
FEA magnetostatic simulations as described in the previous section for different
combinations of torque and speed required, the interp2 function enables linear
interpolation between the loss map and each operating point.
Subsequently, it becomes feasible to compute the energy consumed by each loss
component for all three machines and their cumulative energy consumption. This
analysis aids in identifying which of the three machines not only fulfills the require-
ments of the three driving cycles but also exhibits the lowest energy consumption
for race application.

e-Motor
24 slots and
22 poles

e-Motor
12 slots and
10 poles

e-Motor
24 slots and
20 poles

Energy consumed due
to DC copper loss
[kWh]

76,75% 93,55% 79,72%

Energy consumed due
to Eddy Current loss
[kWh]

4,18% 1,64% 3,82%

Energy consumed
due to Hysteresis loss
[kWh]

4,51% 2,65% 4,33%

Energy consumed due
to Magnet loss [kWh] 14,56% 11% 14,33%

Cumulative
energy
consumption
[kWh]

100% 108,85% 103,21%

Table 6.1: Energy consumption of the three optimised machines for Nordschleife
driving cycle

The table’s results are normalised against the Cumulative energy consumption
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of the electrical machine with 24 slots and 22 poles.
It is evident that DC copper loss is the predominant loss component in the e-
machines compared to other types of losses. Notably, while the machines with 20
and 22 poles record the highest iron and magnet losses, overall the motor with 12
slots and 10 poles is the most energy consuming.
Furthermore, analysis of the iron and magnets loss maps above shows that, during
Nordschleife driving cycles, most operating points frequently are in the mid-speed,
low negatve torque region where the iron and magnet loss values for all three
machines are comparatively small and similar.
In addition, it is possible to percieve that the energy consumed due to Hysteresis
loss is slightly larger than the one due to the Eddy current loss for the three
e-motors. This occurs because, as mentioned before, most of operating points are
in the mid-low speed and low torque region where the hysteresis loss prevails with
respect to eddy current loss while at the high speed region, it is the contrary.
All in all, the DC copper loss map is the key factor in determining the machine
with the highest energy comsumption particularly, as the driving cycle considered
requires frequent acceleration and decelerations, some operating points are placed
in high torque and mid-speed areas. This loss depends on the amount of current
supplied and the phase resistance of the windings of the three motors.
While it is detectable from the table the e-machine with minimal energy consumption
that establishes the final choice for the car against the other two, it is important
to recall that this assessment, conducted with the Quasi-3D FEA software, only
accounts for DC copper loss, iron losses and magnet loss.
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Chapter 7

Conclusion

Overall, what is shown in this thesis is the application of multi-objective optimisation
problem in the electromagnetic aspect of motor design aiming to maximise the
performance and efficiency and minimise the cost of the traction motor.
However, nowadays, there are car manufacturers and researchers that are developing
an advance multi-objective optimisation solver able to also deal with thermal and
mechanical aspects.
Genetic algorithm with the finite element analysis is considered as a good method
to optimise the high-performance motors under severe constraints.
However, this method is not well suited for machines characterised by many
geometrical parameters. The main reason is that, due to the independent variation
of these parameters, there is a higher probability of conflict [37]. This phenomenon
is well highlighted above all if the population size is very high to move well in the
domain and find the global optimum easily.
It is not a good approach reducing the range of variation of the genes causing the
reduction of the space domain and so, having higher probability of finding local
optimum instead of global one.
Hence, new techniques are developed to successfully solve the geometrical conflicts.
One proposed method is the sequential application of the genetic algorithm and a
machine learning based predicted model. The task of the genetic algorithm is to
optimise the range of variation of the geometrical parameters and minimising the
conflicts. While the predicted model is to learn if there is a conflict for a certain
value of the parameters so that later there will be generation of machines with a
correct geometry.
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Appendix A

Quotes of the axial flux
machine

Figure A.1: Quotes on the stator disc
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Quotes of the axial flux machine

Figure A.2: Quotes on the rotor disc
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Quotes of the axial flux machine

Figure A.3: Quotes on the lateral surface of the e-machine
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Appendix B

Calculation of the current
input and advance angle
given an operating point

1 %% Calculation of the input current and advance angle
given the torque and speed of an operating point

2 I_peak = I_rms_max *sqrt (2);
3 V_max = V_DC*MI/sqrt (3);
4 if Ld == Lq
5 beta_MTPA = 90;
6 else
7 cos_beta_MTPA = (- lambda_m +sqrt( lambda_m ^2+(8*(

Lq -Ld)^2* I_peak ^2)))/( -4*(Lq -Ld)*I_peak);
8 beta_MTPA = acosd( cos_beta_MTPA );
9 end

10 w_el = rpm_mech *(pi /30)* PolePairs ;
11 id = I_peak* cos_beta_MTPA (u): -0.01: - I_peak;
12 iq = zeros(size(id));
13 vd = zeros(size(id));
14 vq = zeros(size(id));
15 V = zeros(size(id));
16 I = zeros(size(id));
17 for i = 1: length(id)
18 iq(i) = Tem /((3/2) * PolePairs *( lambda_m +(Ld -Lq)*id(i)

));
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Calculation of the current input and advance angle given an operating point

19 vd(i) = -w_el *(Lq*iq(i));
20 vq(i) = w_el *(( Ld*id(i))+ lambda_m );
21 V(i) = sqrt (3)*sqrt(vd(i)^2+ vq(i)^2);
22 if V(i)> V_DC*MI
23 iq(i) = NaN;
24 id(i) = NaN;
25 vd(i) = NaN;
26 vq(i) = NaN;
27 V(i) = NaN;
28 I(i) = NaN;
29 end
30 I(i) = sqrt(id(i)^2+ iq(i)^2);
31 if I(i)>I_peak
32 iq(i) = NaN;
33 id(i) = NaN;
34 vd(i) = NaN;
35 vq(i) = NaN;
36 V(i) = NaN;
37 I(i) = NaN;
38 end
39 end
40 % Then find the combination of id and iq that provides

the least magnitude of the phase input current
41 [ Ipeak_required , idx_min ] = min(I);
42 if isnan( Ipeak_Nord )==1 % the e-machine cannot

operate at that operating point
43 Ipeak_required = NaN
44 idx_min = NaN
45 id_required = NaN
46 iq_required = NaN
47 beta_required =NaN
48 gamma_required = NaN
49 else
50 id_required = id( idx_min )
51 iq_required = iq( idx_min )
52 beta_required = atan2d(iq_required , id_required )
53 gamma_required = beta_required -90
54 end
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Appendix C

Comparison of the non
dominated solutions

Radar plot of non-dominated solutions with 24 slots and 22 poles configuration
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Figure C.1: E-machines with 24 slots and 22 poles

108



Comparison of the non dominated solutions

Radar plot of non-dominated solutions with 12 slots and 10 poles configuration
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Figure C.2: E-machines with 12 slots and 10 poles

Radar plot of non-dominated solutions with 24 slots and 20 poles configuration
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Figure C.3: E-machines with 24 slots and 20 poles
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