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Abstract

The study has designed and optimised six different rotor topologies all with three different mag-
net grades with a common stator geometry. To first evaluate the maximum performance given
the constrained volume and magnet mass for each topology and magnet grade with asymmetric
magnet size and placement. Secondly the optimisation targets were changed from maximising
performance to minimising cost and losses at two operating points important for WLTP effi-
ciency. A brief analysis of the risk of demagnetisation during normal operation and ASC was
also conducted.

It was found that the asymmetric machine can deliver more torque per magnet mass and that the
3V N52 machine delivers the most torque for this size. In general, the V-rotors outperformed the
U-rotors, and the V-rotors became more asymmetric from the optimisations. The asymmetric
machines can not generate the same peak torque in both directions as a symmetric can and does
therefore have a worse power factor in generator mode. Despite this the machines maintain a
respectable WLTP efficiency at the same time as the material cost has greatly been reduced by
the cost and efficiency optimisation.
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Chapter 1

Introduction

In today’s automotive industry, electrification is of the highest focus and development of more
powerful, efficient, sustainable electric drive units at a low costs is the focus of many researchers
and engineers [1]–[3]. Many different technologies are currently being investigated for trac-
tion applications such as the Electrically Excited Synchronous Machines (EESM) and the Syn-
chronous Reluctance Machines (SynRM). Since EESMs requires significant investments into
both new production and validation due to the different nature of the machine. It is challenging
and costly for an Original Equipment Manufacturer (OEM) to change to this technology [4].
SynRMs are on the other hand simpler but they have a relative low torque density and a low
power factor compared to the Permanent Magnet Synchronous Machine (PMSM) requiring big-
ger converters [1]. Therefore, methods to reduce the rare-earth content in existing permanent
magnet machines is investigated and if changing the magnet type to a less rare earth element
type isn’t an option, more efficient use of the magnet is necessary to reduce the total magnet
mass.

One technology that achieves this is the use of asymmetric rotors in internally mounted per-
manent magnet machines [5]–[10]. As electrical machines used in the automotive industry will
primarily only rotate in one direction during its lifetime, having a symmetric pole may not be the
most efficient solution, since a symmetric machine machine has the peak of the reluctance torque
and the magnet torque at different current angles. An asymmetric rotor can bring the peak of
the reluctance torque and the peak of the magnet torque closer to each other and therefore
increase the overall torque.

As of today, there are very few if any asymmetric machines on the market, however as the current
economic climate is challenging and new and more cost-effective solutions must be found these
machines may pose as an attractive option for many automotive OEMs.

1.1 Purpose and Objective

The purpose of this study is to investigate asymmetric machines as a technology for traction
applications and compare to an existing machine in production to find benefits and drawbacks.
The main goals is to find if asymmetric machines can reduce cost and magnet mass and at the
same time deliver the same or better performance as the reference machine whilst being viable
to produce for automotive applications. The performance, cost, and efficiency will be the main
focus of the study. Different rotor topologies and asymmetries are to be designed and optimised
together with the reference stator. The rotor topologies to be investigated are 1V, 2V and 3V
as well as 1U, 2U and 3U, each with three different magnet strengths: N35, N42 and N52. The
effects of the asymmetries in the different topologies with different magnets will be analysed to

1



1.2. LIMITATIONS CHAPTER 1. INTRODUCTION

determine where asymmetries are the most effective and why.

1.2 Limitations

The scope of the project is limited by a number of factors. To be able to directly compare
asymmetric rotors topologies to symmetric rotor topologies only one stator design will be used,
the same as in the already optimized symmetric reference machine. The results will also only
be compared with the reference machine in the same vehicle at the same operating points.
The outer diameter is the same as for the reference and the same axel diameter is used. The
maximum length of the machine is also equal to the reference, but it is allowed to be shorter,
so that it would fit into the same vehicle. There will not be any investigation into different
core materials, no thermal considerations will be taken and no investigation into non rare earth
metal magnets will be made.

1.3 Societal, Ethical and Ecological Aspects

The study aims to find ways to better utilise magnets since permanent magnets typically used
for traction applications contain Rare Earth Element (REE)s such as neodymium, giving high
remanence, and dysprosium added to increase the coercivity and temperature range. Mining
and processing of REEs releases dust which contains other toxic metals and chemicals into the
environment [11]–[13]. The released dust has an negative effect on humans, soil, vegetation and
wildlife. Some REEs contain radioactive elements since they are often found in deposits which
also contain radioactive materials such as uranium and thorium that contaminate the surround-
ing environment. This is a big problem since the majority of the worlds REEs are extracted
and processed in China where there is poor working conditions and little to no information
data available regarding the effects on the people working with REEs and how they affect the
environment [11], [13].
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Chapter 2

Theory

There are many different types of electric machines such as Direct Current (DC), Asynchronous
Machine (ASM), EESM, Synchronous Reluctance Machines (SynRM) and Permanent Magnet
Synchronous Machine (PMSM). The study only covers PMSMs and more specifically IPMs so
the theory section is limited to the theory required to understand the Interior Permanent Magnet
(IPM) although the underlying principles are the same for all types of electric machines.

2.1 Working Principles of PMSMs

The PMSMs operate on the principle of electromagnetic torque production through the interac-
tion of a rotating magnetic field generated by current in the stator and the magnetic field from
permanent magnets in the rotor. The magnetic field from the stator is rotating due to a most
often three phase sinusoidal current being driven through the motor coil windings. The three
phases are shifted, in the case of three phase by 120◦, to be equally distributed so that the stator
flux has a constant amplitude. The magnetic field rotor is attracted to and tries to align with
the stator’s magnetic field and therefore produces a torque. In steady state the rotor rotates
at the same synchronous speed as the stator’s rotating magnetic field and torque is produced
by having the magnetic field in the stator lead the rotor so that the rotor constantly tries to
catch up. In a Surface-Mounted Permanent Magnet (SPM) the optimal load angle is ideally 90◦

ahead of the rotor, but for IPMs the Maximum Torque per Ampere (MTPA) is further ahead
due to the reluctance of the rotor also creating a torque that is shifted compared to the magnet
torque.

To understand the inner workings of an electric machine it is important to understand the
fundamental electromagnetic theory that covers how the coils in the stator and the magnets in
the rotor of a PMSM create a magnetic field and how the torque is produced.

2.2 Fundamental Electromagnetic Equations

A current creates a magnetic field around it The magnetic field directly proportional to the
enclosed current as per Ampère’s law

˛
∂l
H · dl =

¨
S
J · dS = Iencl (2.1)

where H is the magnetic field, J is the current density and Iencl is the total current that is
enclosed by the closed curve l and passing through the open surface surface S of which l is
the perimeter [14]. Ampère’s law show the relation between the magnetic field and the current
creating said magnetic field. The curve l can be any arbitrary closed curve around a current

3



2.2. FUNDAMENTAL ELECTROMAGNETIC EQUATIONS CHAPTER 2. THEORY

and the line integral of the magnetic field will always equal the enclosed current. This version of
Ampère’s law is only valid in static and quasi-static conditions, but since a electric machine is
much smaller than the wavelength of the frequency’s that they operate at, the simplified version
holds.

If Ampère’s law is considered in a magnetic circuit consisting of an iron core with an air gap
and a coil wound around it with N turns as shown in Figure 2.1. Then the enclosed current is
the current in the coil times the number of turns,

IN = F (2.2)

which equals the Magnetomotive Force (MMF) of the coil [14].

Figure 2.1: Magnetic circuit consisting of an iron core with an air gap and a coil.

The MMF is analogous to Electromotive Force (EMF) of a electric circuit, but instead of driving
a current through a resistance according to Ohm’s law. The MMF drives a magnetic flux, Φ,
through a path with a reluctance, R, according to Hopkinson’s law,

F = ΦR (2.3)

The reluctance is dependent on the properties of the material and the total reluctance for the
circuit is the sum of the reluctance of all paths. For simplicity the leakage flux is neglected, then
the reluctance of the circuit in Figure 2.1 is the sum of the reluctance of the iron and the air
gap, R1 +R2. The reluctance of each part is

R =
l

µ0µrA
(2.4)

where l is the equivalent length of the flux path, µ0 is the permeability of vacuum, µr is the
relative permeability and A is the mean area of the flux path. The magnetic flux, Φ, is only
dependent on the total reluctance and will, similarly to the current in an electric circuit, be
the same in the entire circuit. However, the air gap have a much greater reluctance since the
permeability of iron is many magnitudes greater than that of air. Therefore, the magnetic field,
H, will be much greater in the air gap than in the iron. Similar to how voltage division works
in an electric circuit over resistance.

The magnetic field must always follow a closed path shown with Gauss’s law for magnetism‹
∂S
B · dS = 0 (2.5)

4



CHAPTER 2. THEORY 2.3. PERMANENT MAGNETS

meaning that the total magnetic flux through any given closed surface is zero [14]. That is, there
are no monopoles in magnetism and magnetic flux cannot have a non zero divergence.

Faraday’s law of induction show how a magnetic flux interacts with an electric circuit to produce
an EMF,

ε =

˛
∂Σ
E · dl = −

¨
Σ

∂B

∂t
· dS = −dΦΣ

dt
(2.6)

by the change of the magnetic flux within a closed loop ∂Σ [14]. Where Σ is any surface with
∂Σ is its perimeter, E is the electric field, B is the magnetic flux density and ΦΣ is the magnetic
flux through the surface Σ. The EMF is produced both by the magnetic flux density changing
and by the loop ∂Σ moving in space so the when the rotor rotates the magnetic flux in the coil
changes and thereby induces a voltage in the coils in the stator.

Inductance is a measure of how much the rate of change of the current through a conductor is
opposed [14]. As per Ampère’s law in (2.1) the current through a conductor creates a magnetic
field. That magnetic field in turn produces an EMF in the same conductor when the current is
changing as per Faraday’s law in (2.6) opposing the change of the current. Inductance is defined
as the ratio between the induced voltage and the rate of change of the current.

ε = L
dI

dt
(2.7)

In the case of the electric machine it is useful to consider the inductance of a multi turn coil
where it is useful to define the flux linkage

ψ = NΦ (2.8)

as the magnetic flux times the number of turns of the coil. Assuming no leakage flux the
inductance,

L =
ψ

I
=
NΦ

I
=
N F

R
F
N

=
N2

R
(2.9)

is from Faraday’s law the flux linkage, ψ, over the current [14], [15]. Since the flux linkage is
proportional to the current the inductance can be written independent of the current by inserting
(2.2), (2.3) and (2.8) resulting on the inductance only being dependent on the number of turns
and the reluctance of the magnetic circuit around the coil.

2.3 Permanent Magnets

As per (2.1) a magnet field is created by a circulating current and current is the flow of electric
charge [16]. There is therefore a magnetic moment created by the electrons circulating around
an atom. Most often the orientation of the atomic magnetic moment is random is therefore
cancelled out on a macroscopic level, but they can be aligned with an external magnetic field.
Then the magnetic moment of each atom is in the same direction and all the small circulating
currents cancel out in the middle but can be seen as an equivalent larger current on the surface
of the material. Permanent magnets are then very good at retaining the magnetisation and have
a high residual flux density, Br, when the external magnetic field is removed.

The magnetisation of ferromagnetic materials is characterised by a hysteresis loop and permanent
magnets has a very big hysteresis loop. Meaning they have a very high coercive force, Hc, which
is the reverse magnetic field which is required to demagnetise the material. Both Br and Hc are
dependent on the temperature of the magnet and they will have a lower Br at higher temperature
and considerably lower Hc.

5



2.4. ALPHA-BETA AND DQ-TRANSFORMATION CHAPTER 2. THEORY

2.4 Alpha-Beta and dq-Transformation

Alpha-Beta Transformation, also known as Clarke Transform, transforms a balanced three phase
system into an balanced orthogonal two phase system. Balanced meaning that the zero compo-
nent is zero and no information is lost [17]. The dq-transformation then transforms the stationary
two phase system into a rotating two phase system that rotates together with the rotor. Where
the direct axis, the d-axis, is aligned with the permanent magnet flux linkage of the rotor and
the quadrature axis, the q-axis, is orthogonal to the d-axis in electrical degrees as seen in Figure
2.2.

Figure 2.2: One pole of an eight pole 2U machine with d- and q-axis illustrated.

Since the machine has eight poles and therefore four pole pairs, the electrical frequency is four
times the mechanical frequency. That is, the voltage, current, etc. has four periods in one full
turn of the rotor.

The simplified amplitude invariant Clarke Transform expressed in matrix form is

[
xα
xβ

]
=

[
2
3 −1

3 −1
3

0 1√
3

− 1√
3

]xuxv
xw

 (2.10)

where x is any balanced three phase quantity with phases u, v and w in that order phase shifted
by 120◦. Together with the simplified dq-transform on matrix form

[
xd
xq

]
=

[
cos θ sin θ
− sin θ cos θ

] [
xα
xβ

]
(2.11)

where θ is the displacement angle in electrical degrees. An example of a balanced three phase
signal with the first, fifth and seventh harmonic transformed with first Alpha-Beta- and then
dq-transform described in (2.10) and (2.11) is shown in Figure (2.3).

6
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Figure 2.3: Balanced three phase signal with first, fifth and seventh harmonic transformed with
Alpha-Beta- and dq-transform.

The first harmonic is transformed into a constant value with the same amplitude and the fifth
and seventh harmonic appear as a sixth harmonic in the dq-frame [17].

2.5 Reluctance Torque and Magnet Torque

To calculate the torque of an electric machine the energy balance can be studied [18]. To simplify
the calculations the quantities are shown in terms of space vectors in the rotating reference frame
of the rotor. Any given quantity in space vector form is

xs = xd + jxq (2.12)

where xd and xq is the quantity in the rotating dq-form described in the previous section.

The energy entering the machine at any given moment must equal the energy that exits giving
in differential form

dWelec = dWloss + dWfield + dWmech (2.13)

where Welec is the electrical energy put into the system, Wloss is the losses in form of heat in the
windings, iron losses are neglected, Wfield is the energy stored in the magnetic field and Wmech

is the mechanical energy taken out from the system. The differential of the electrical energy is
the power

dWelec = Pdt =
3

2
ℜ{u∗sis} dt (2.14)

where the factor 3/2 comes from the transformation from three-phase to two-phase when using
amplitude invariant dq-transformation, us∗ is the complex conjugate of the stator voltage and
is is the stator current. The stator voltage in an electric machine can be expressed as

us = Rsis +
dψ

s

dt
+ jωψ

s
(2.15)

where Rs is the stator resistance, ψ
s
is the stator flux linkage and ω is the electrical frequency.

The voltage can be described as the sum of three parts, the voltage drop of the resistance in the
stator, the voltage induced by the change of flux in time and the induced voltage from rotation.
With the expression for voltage in (2.15) put in (2.14) gives

dWelec =
3

2
ℜ
{(

Rsis +
dψ

s

dt
− jωψ

s

)
is

}
dt =

3

2
Rsi

2
sdt+

3

2
ℜ
{(

dψ
s

dt
− jωψ

s

)
is

}
dt (2.16)

and the different parts in (2.13) can then be identified in (2.16). The losses

dWloss =
3

2
Rsi

2
sdt (2.17)

7



2.6. LOSSES CHAPTER 2. THEORY

and the energy in the magnetic field is can be found when machine is at stand still. That is
ω = 0, since then then the mechanical energy output is zero and all the electrical energy besides
the losses goes into the magnetic field giving

dWfield =
3

2
ℜ
{
dψ

s

dt
is

}
(2.18)

leaving only one part of (2.16) left for the mechanical energy

dWmech =
3

2
ℜ
{
−jωψ

s
is

}
(2.19)

The torque can be expressed with the mechanical energy on differential from as

dWmech = Te
ω

p
dt (2.20)

where Te is the electromagnetic torque and p is the number of pole pairs. Combining (2.19) and
(2.20) gives an expression for the torque,

Te =
3p

2
ℑ
{
ψ∗
s
is

}
=

3p

2

(
ψ
s
× is

)
(2.21)

as the cross product of the space vectors of the flux linkage and the current in the stator. This
can be written in dq-form as

Te =
3p

2
(ψdiq − ψqid) (2.22)

which can be used for motor control. For an IPM the flux linkage can be divided into the flux
linkage from the permanent magnets and the flux linkage form the coils giving

Te =
3p

2
((ψd,m + ψd,coil) iq − (ψq,m + ψq,coil) id) (2.23)

where ψd,m and ψq,m is the permanent magnet flux linkage in the d- and q-axis respectively as
well as ψd,coil and ψq,coil is the flux linkage from the coils in the d- and q-axis respectively. From
(2.9) it is know that ψ = LI so (2.23) can be written as

Te =
3p

2
(ψd,miq − ψq,mid + Ldidiq − Lqidiq) (2.24)

where Ld and Lq are the respective inductances of the d- and q-axis. The d-axis is per definition
aligned with the permanent magnet flux in a symmetric PMSM so the permanent magnet flux
linkage in the q-axis is therefore zero and the torque equation can be further simplified and be
written in it’s most common form

Te =
3p

2
(ψmiq + (Ld − Lq) idiq) (2.25)

with torque contributions from two phenomena: magnet torque, ψmiq, from the permanent
magnets and reluctance torque, (Ld − Lq) idiq, from the saliency.

2.6 Losses

There are many different types of losses in an electrical machine. The major ones for an IPM is
covered briefly in the following section.

8



CHAPTER 2. THEORY 2.7. OPTIMISATION METHODS AND ALGORITHMS

2.6.1 Iron

Iron losses, also referred to as core losses, are a major component of power dissipation in electrical
machines and consists of two parts: hysteresis and eddy current losses [19]. A widely adopted
empirical approach for estimating these losses is the Steinmetz equation

PFe = csef
αB̂β (2.26)

where PFe is the iron loss per unit mass, cse, α and β are material dependent coefficients, f is the
frequency of the magnetic flux and B̂ is the peak magnetic flux density [19]. This formulation
assumes a perfectly sinusoidal flux and combines both hysteresis and eddy current effects into
one empirical relationship. However, in practical applications, the flux density is often non-
sinusoidal, especially in systems with power electronics. As a result, several extensions to the
classical Steinmetz equation have been proposed.

One of the earliest improvements is the Jordan model, which separates the total core loss into
hysteresis and eddy current

PFe = chyfB̂
2 + cecf

2B̂2 (2.27)

with the respective coefficients for the two loss phenomenon. A more comprehensive approach
is Bertotti’s model

PFe = chyfB̂
2 + cecf

2B̂2 + cexf
1.5B̂1.5 (2.28)

which adds the excess losses as a function of the flux density and frequency.

2.6.2 Copper

The resistive losses in the windings are often called the copper losses is for a three phase electric
machine

PCu = 3RsI
2
RMS (2.29)

where Rs is the phase resistance of one phase and IRMS is the Root Mean Square (RMS) value
of the phase current [15].

2.6.3 Magnet

Permanent magnets are typically electrically conductive, meaning they will have eddy current
losses in the same way as the iron core.

2.6.4 Other

There are other losses in an electric machine such as windage, frictional, Pulse Width Modulation
(PWM), skin effect etc. which is not considered in this study and will not be covered.

2.7 Optimisation Methods and Algorithms

Optimisation is the process of finding the most effective solution to a problem from a set of
feasible alternatives, based on one or more criteria [20]. An optimisation problem involves
determining the values of variables that minimise or maximise an objective function with a set
of constraints. Optimisation plays a central role in engineering design, where the goal is to create
systems that meet performance and cost requirements. Traditional gradient-based methods work
well for problems where derivatives of the objective and constraint functions are available and
the problem as one maximum. However, these methods may struggle with discontinuous, noisy,
or multi-modal functions.

9
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In many practical scenarios, optimisation involves more than one objective that often conflict
with each other. Multi-objective optimisation problems seek to simultaneously optimise two or
more conflicting objectives [20]. These problems do not yield a single optimal solution but a set
of trade-off solutions known as Pareto front which represents the trade-off surface among the
objectives. A solution is Pareto-optimal if no other solution exists that improves at least one
objective without worsening another.

Genetic algorithms are a class of random search methods inspired by natural selection and
genetics. Over multiple generations, the population evolves towards better solutions that outline
the best solutions given the constrains, the Pareto front [20]. They are particularly effective
for solving complex optimisation problems with non-differentiable, non-linear, or discontinuous
functions such as optimising the design of an electric machine whose variables impact many
different aspects of the machine at the same time.

2.8 WLTP

Worldwide Harmonised Light Vehicles Test Procedure (WLTP) is a standard test procedure set
by the United Nations Economic Commission for Europe (UNECE) to create a uniform way of
testing the emissions and electric range of light-duty vehicles [21]. The class of a vehicle and
thereby the Worldwide Harmonized Light Vehicles Test Cycle (WLTC) used during WLTP is
determined by the power to weight ratio of the vehicle. The weight in question is the kerb weight
minus 75 kg, that is the weight that the vehicle has in a ready to drive condition without the
driver. The three different classes and their respective power to weight ratios are shown in table
2.1.

Table 2.1: Vehicle classification for WLTC

Class Power to weight ratio

1 ≤22W/kg
2 >22W/kg - ≤34W/kg
3 >34W/kg

There are also two sub classes for class 3. Class 3a and class 3b which is set depending on if the
vehicle has a top speed below or above 120 km/h respectively. The most common vehicle class
3b with the WLTC is shown in Figure 2.4.
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Figure 2.4: WLTC Class 3b divided into the four phases Low, Medium, High and Extra High.
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The WLTC phases simulate urban, suburban, rural and highway scenarios respectively and is
meant to represent a typical driving cycle. The speed over time cycle can then be simulated
with a vehicle model to determine the torque to follow the speed profile.

11



2.8. WLTP CHAPTER 2. THEORY

12



Chapter 3

Method

The study has been conducted in the CAE software JMAG Designer to simulate the machines
and run multi-objective optimisation to find the optimal solution for the respective rotor topolo-
gies.

3.1 Model Simplifications

To speed up the optimisations the motor model is simplified in a number of ways. The number
of steps is reduced and the mesh element size is increased. To find the optimal simulation setup
where the time is minimised without sacrificing too much precision a simple study was conducted
prior to the optimisations started. The number of time steps, rotor skewing and mesh size was
investigated and compared with a base line model which was used during the post processing.
The settings for the optimisation and post process models are shown in table 3.1.

Table 3.1: Comparison of simplifications made in simulation model for optimisation.

Post Process Model Optimisation Model

Time steps 91 61
Rotor skew 6 segment step-skew 3 segment linear skew
Stator mesh size 1.2mm 2mm
Rotor mesh size 1.2mm 2mm
Magnets mesh size 1mm 1.5mm
Air gap mesh 90 circumferential divisions 60 circumferential divisions

5 radial divisions 3 radial divisions

The optimisation model simplifications reduced the total solve time to 16% of the post process
model solve time. At the same time the torque, voltage, copper and iron losses all has less than
1.5% mean deviation of the post processed model with a so small standard deviation for the
relative results to be considered valid. The final cases are however run with the post processes
model due the better accuracy. The optimised model is necessary since the study would be
impossible to complete within the time frame since the total saved time is 65 days of simulation.

The mesh for the different models is shown in Figure 3.1a and 3.1b.
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(a) Post-process model. (b) Optimisation model.

Figure 3.1: Mesh of the post-process and optimisation models.

3.2 Concept Design

The first part of the study focuses on comparing the rotor topologies and magnet grades and
finding the combination with the most performance potential to be investigated further in the
efficiency optimisation and detailed design.

3.2.1 Operating Points, Optimisation Limits and Targets

Each case is simulated at three operating points: low speed acceleration (OP1), high speed
steady state (OP2) and peak torque at the knee point speed. OP1 characterises as typical city
driving with an acceleration from a stop sign and OP2 represents highway cruising. These two
operating points are selected due to being typical operating points of a machine in a traction
application and high efficiency at these points is important for the drive cycle efficiency of the
machine. They are not very relevant for the first part of the study where the peak torque and
power is of interest. However, the losses are still considered in the optimisation so that the
solutions are reasonable from a loss perspective and there is a maximum limit set for the total
losses at the respective operating points. For the first two operating points there is a target
torque and speed and the current is adjusted to reach the set operating point. For peak power
the current is instead set to the maximum available phase current and the optimisation objective
functions are set to maximise the torque and the power. The introduced asymmetries in the
rotor will have an effect on the optimal current angle, so the current angle for each operating
point is an optimisation variable to ensure that the optimised motor is evaluated at MTPA. The
optimisation is limited by the available voltage and a set maximum magnet volume which is the
same for all topologies. The maximum volume is however scaled with the remanence of each
magnet grade so that the sum of all magnets in each rotor topology have a comparable magnet
moment for all magnet grades. The maximum allowed magnet volume for the respective magnet
grades are presented in table 3.2.

Table 3.2: Scaling of maximum allowed magnet volume for each magnet grade for the perfor-
mance optimisation.

Magnet Grade Remanence at 20 °C Maximum Magnet Volume

N35 1.21T 1.083 pu
N42 1.32T 1 pu
N52 1.45T 0.92 pu
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Each optimisation is run for 450 generations with a population size of either 40, 60 or 80 de-
pending on the number of parameters in the optimisation. The objective functions are presented
in table 3.3.

Table 3.3: Objective functions for the efficiency optimisation.

Parameter Objective Weight

OP1 Torque ≥0.18 pu 2
OP2 Torque ≥0.05 pu 2
Peak Torque Maximise 10
Peak Power Maximise 6
Magnet Volume According to Table 3.2 10
OP1 Total Loss ≤5% 6
OP2 Total Loss ≤5% 4

3.2.2 Rotor Model Parametrisation

Each rotor topology is drawn and fully constrained in JMAG Designer Geometry Editor using
variables for the constrains that the optimisation will use.

As the initial case for the U-Rotor optimisation simple U-shaped rotors are drawn with one, two
and three layers go give a starting point for the optimisation algorithm to proceed from. Figure
3.2 shows the initial case 1U rotor and the magnet size and position constrains.

Figure 3.2: One pole of the initial 1U rotor model in JMAG Designer Geometry Editor.

The initial case is constrained symmetrically around the center line of the pole. However, each
side is completely independent to enable the optimisation to find an asymmetric solution. Each
magnet is rectangular and have a width and thickness as well as an angle relative to the pole
center line. The position of the magnets are defined by the distance from the center line for
the inner magnets or the outer rotor diameter for the outer magnets to the gap plus the gap
width. All magnet positions are independent from each outer and are swept continuously in the
optimisation. In table 3.4 a full list of constrains are shown for the 1U rotor.
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Table 3.4: Rotor constrain variables used for optimisation of 1U rotor.

Constrain variable Description

Bridge li w Bridge lower inner width
Bridge lo w Bridge lower outer width
Bridge ui w Bridge upper inner width
Bridge uo w Bridge upper outer width
FP l w Flux path lower width
FP u w Flux path upper width
Gap li w Gap lower inner width
Gap lo w Gap lower outer width
Gap ui w Gap upper inner width
Gap uo w Gap upper outer width
M li ang Magnet lower inner angle
M li d Magnet lower inner distance from outer diameter
M li t Magnet lower inner thickness
M li w Magnet lower inner width
M lo ang Magnet lower outer angle
M lo t Magnet lower outer thickness
M lo w Magnet lower outer width
M ui ang Magnet upper inner angle
M ui d Magnet upper inner distance from outer diameter
M ui t Magnet upper inner thickness
M ui w Magnet upper inner width
M uo ang Magnet upper outer angle
M uo t Magnet upper outer thickness
M uo w Magnet upper outer width
Rotor o d Rotor outer diameter

For the 1U rotor there are 25 constrains for the magnets as well as the outer rotor diameter and
together with the current amplitude and current angle for each of the three operating points,
as well as the speed and active length of the machine the total number of variables for the 1U
optimisation is 33. For the 2U and 3U, each layer is independent from the others and they are
constrained in the same way as the first layer giving a total of 57 and 81 variables for 2U and
3U respectively.

The V-rotor topologies are parametrised a similar way to the U-rotors. The one layer V-rotor
is shown in Figure 3.3.
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Figure 3.3: One pole of the initial 1V rotor model in JMAG Designer Geometry Editor.

The V-rotors are simpler than the U-rotors since they have half the number of magnets, but
instead the angles of the flux blocking gaps are optimised. The initial case is once again sym-
metric around the center of the pole, but the independent constrains will allow the optimisation
to converge to an asymmetric solution. All constrains for the 1V rotor is shown in table 3.5 and
they follow the same naming convention as the 1U.

Table 3.5: Rotor constrain variables used for optimisation of 1V rotor.

Constrain variable Description

Bridge lo w Bridge lower outer width
Bridge li w Bridge lower inner width
Bridge uo w Bridge upper outer width
Bridge ui w Bridge upper inner width
Gap li w Gap lower inner width
Gap li ang Gap lower inner angle
Gap loo ang Gap lower outer outer angle
Gap loi ang Gap lower outer inner angle
Gap ui w Gap upper inner width
Gap ui ang Gap upper inner angle
Gap uoo ang Gap upper outer outer angle
Gap uoi ang Gap upper outer inner angle
M l ang Magnet lower angle
M u d Magnet lower distance from origin
M l t Magnet lower thickness
M l w Magnet lower width
M u ang Magnet upper angle
M u d Magnet upper distance from origin
M u t Magnet upper thickness
M u w Magnet upper width
Rotor o d Rotor outer diameter

There are in total a few less parameters for the V-rotors with a total of 29, 49 and 69 for the
1V, 2V and 3V respectively.
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3.2.3 Optimisation Result Extraction and Post Processing

When each optimisation is complete a number of cases from the peak power versus peak torque
Pareto front are selected. An example from the 3V N52 simulation results is shown in Figure
3.4.

0.90 0.95 1.00 1.05 1.10
Peak Power [p.u.]

1.05

1.10

1.15

1.20
Pe

ak
 To

rq
ue

 [p
.u

.]
Cases outside constraints
Cases within constraints
Selected cases

Figure 3.4: Peak torque versus peak power for all 3V N52 cases with selected cases from the
Pareto front highlighted in yellow.

The 20 selected cases represents the Pareto front of the respective rotor topology with the respec-
tive magnet grade and are post processed in a more accurate post processing model described
in section 3.1.

3.2.4 Motor Mapping

The best performing machine from the pareto front is mapped using the internal motor mapping
function in JMAG Designer. The phase current is stepped from zero to the maximum phase
current and the load angle is stepped from 0◦, in reference to the q-axis, to 180◦. It is necessary
to map current angles up to 180◦ since the rotor is asymmetric it is not possible to mirror
the second quadrant over the d-axis to get the third quadrant for braking operation which is
possible with a symmetric machine. The speed-torque map is created using MTPA+FW which
maximises the torque for a given current when the voltage is lower than the allowed voltage [22].
When the voltage is higher than the allowed voltage the flux is weakened by increasing the load
angle until the voltage is low enough.

3.2.5 Reluctance Versus Magnet Torque

To find the reluctance and magnet parts of the total torque the best performing machines for
the respective rotor topologies and magnets grades are simulated a in two different cases. The
first being a normal case where everything is kept constant and the load angle is swept from 0◦

to 180◦. The resulting torque is the total machine torque over load angle. Then the magnet
material is replaced by air to simulate only the reluctance torque of the machine. The magnet
torque is then calculated by subtracting the reluctance torque from the total.

3.3 Efficiency and Cost Optimisation

For the second part of the study the focus is shifted from performance to efficiency. Rotor
topologies from the previous stage are selected and used as initial cases for the new optimisation.

18



CHAPTER 3. METHOD 3.3. EFFICIENCY AND COST OPTIMISATION

3.3.1 Operating Points, Optimisation Limits and Targets

The efficiency optimisation is simulated on the same three cases as the peak performance op-
timisation in section 3.2.1, but now with more focus on the two low power operating points.
The goal of the optimisation is to minimise the cost of the machine and the losses at Operation
Point One, Low Speed Acceleration (OP1) and Operation Point Two, High Speed Steady State
(OP2) while remaining a certain peak power and torque. The cost of the machine is estimated
by calculating the volume of rotor, stator, magnets and windings and multiplying by their re-
spective price per volume. The optimisation will therefore premiere a shorter, since the diameter
is fixed, machine with less magnet volume since the magnets has the highest price per volume.
The losses in OP1 and OP2 also consider the inverter losses which are estimated by a current
dependent quadratic equation curve fitted on data provided by the inverter team.

Table 3.6: Objective functions for the efficiency optimisation.

Parameter Objective Weight

OP1 Torque ≥0.18 pu 2
OP2 Torque ≥0.05 pu 2
Peak Torque ≥1 pu 5
Peak Power ≥1 pu 5
Cost Minimise 10
OP1 Torque Ripple ≤10% 1
OP2 Torque Ripple ≤10% 1
Peak Torque Ripple ≤15% 1
OP1 Total Losses Minimise 6
OP2 Total Losses Minimise 8

3.3.2 Optimisation Result Extraction and Post Processing

Since the optimisations minimises for three objectives the Pareto front of interest is now three
dimensional. As an example for how the selected cases are extracted is the results from the 2U
N35 optimisation is shown in Figure 3.5.
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Figure 3.5: Electric Machine (EM) material cost versus total EM losses in OP2 versus total EM
losses in OP1 for all cases in 2U N35 the optimisation. With cases within optimisations contains
described in section 3.3.1 highlighted in blue and selected cases highlighted in yellow.

It is quite hard to find where the Pareto front is in three dimensions so the plot is projected into
multiple two dimensional plots in Figure 3.6, 3.7 and 3.8.
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Figure 3.6: Total EM losses in OP2 versus total EM losses in OP1 for all cases in 2U N35 the
optimisation. With cases within optimisations contains described in section 3.3.1 highlighted in
blue and selected cases highlighted in yellow.
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Figure 3.7: Total EM losses in OP1 versus EM material cost for all cases in 2U N35 the optimi-
sation. With cases within optimisations contains described in section 3.3.1 highlighted in blue
and selected cases highlighted in yellow.
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Figure 3.8: Total EM losses in OP2 versus EM material cost for all cases in 2U N35 the optimi-
sation. With cases within optimisations contains described in section 3.3.1 highlighted in blue
and selected cases highlighted in yellow.

There are in total 20 cases selected for each optimised rotor topology and magnet grade on the
Pareto front. That are post processed in a more accurate post processing model described in
section 3.1.

3.3.3 WLTP Efficiency

To calculate the efficiency of the machine for a WLTP drive cycle the cycle is simulated for a
rear wheel drive car model were speed and torque is extracted. The drive cycle simulation is
not part of this study and will not be described. The drive cycle simulation was not simulated
with the actual machines, only a similar one so that the speed and needed torque to reach said
speed could be extracted. With the speed and torque profile the losses for each operating point
could be extracted form the loss map created according to section 3.2.4 giving the total WLTP
efficiency

ηWLTP =
EM + EG − EM,Loss

EM + EG + EG,Loss
(3.1)
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where EM is the total energy consumed by the machine in motor mode over the cycle, EG is the
total energy produced by the machine in generator mode over the cycle, EM,Loss and EG,Loss is
the total energy losses for the respective modes over the cycle.

3.4 Demagnetisation Investigation

With the final design of the optimised machine the risk of demagnetisation is investigated during
normal operation and Active Short Circuit (ASC).

3.4.1 Normal Operation

To determine coercivity needed for the magnets to not become demagnetised during normal
operation the current and load angle is swept from zero to maximum phase current in 11 steps
for all angles 0◦ to 180◦ with a step of 10◦. The maximum magnetic field strength in all
the six magnets of every skew segment in the 3V N35 machine is evaluated. Also the area
of which the magnetic field strength in any given magnet surpasses the coercivity of the used
magnets is extracted to evaluate how much, if any part, of the magnet has the risk of becoming
demagnetised. The map is simulated at the maximum rated temperature of the magnets to
ensure that the worst case is tested. A 3V machine with explanation of the magnet naming
convention is seen in Figure 3.9.

Figure 3.9: A 3V machine with magnets referred to as an upper and a lower magnet for the
inner, middle and outer magnet layers. The upper magnets are leading as the machine is spinning
counter clockwise and the outer magnet layer is the one closest to the stator.

3.4.2 ASC

In the case of a failure the electric machine can be put into ASC to bring the machine to a safe
state. ASC can harm the machine with both high currents and high magnetic fields risking to
demagnetise the permanent magnets. To simulate ASC a short circuit is created during normal
operation by using switches in the JMAG-Designer Circuit editor. The setup can be seen in
Figure 3.10a and3.10b.
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(a) JMAG-Designer circuit configuration during nor-
mal operation.

(b) JMAG-Designer circuit configuration during
ASC.

Figure 3.10: JMAG-Designer circuit configuration for simulating ASC.

Switch one, two and three are closed during operation and switch four and five are open. After
one electrical period switch one, two and three open and four and five closes short circuiting
the machine and disconnecting the current source. The short circuit is kept for eight electrical
periods before the switches are switched back to normal operation. This simulation is performed
with irreversible magnets to simulate demagnetisation.
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Chapter 4

Analysis

The analysis chapter presents and analyses the results of the study.

4.1 Peak Performance Concept

The following section presents and analyses the results of the first part of the study where the
peak torque and power for the different rotor topologies where investigated.

4.1.1 Peak Power and Torque

The maximum torque and power lines for the asymmetric 2V N42 is shown in Figure 4.1a as
well as the symmetric 2V N42 used as a reference is shown in Figure 4.1b.
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(a) Asymmetric 2V N42 machine torque and power
max lines at different DC-link voltages.
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(b) Symmetric 2V N42 machine torque and power
max lines at different DC-link voltages.

Figure 4.1: Asymmetric 2V N42 and symmetric reference machine peak torque and peak power.

The peak power and torque of the two machines is similar, but the symmetric machine just
outperforms the asymmetric one despite having 5.9% magnets than the asymmetric machine.
The symmetric reference machine is the result of an optimisation run with the same prerequisites
as the asymmetric optimisations described in section 3.2 with the only difference that the rotor
is constrained to be symmetric.

In Figure 4.2 the peak torque for each rotor topology is shown. The torque and power over
speed plots can be found for every rotor topology in Appendix A.
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Figure 4.2: Peak torque for the asymmetric machines compared with the symmetric 2V N42
machines shown with the black dashed line.

The only machines that outperform the symmetric reference machine is the 2V and 3V N52
machines. In general the machines with higher grade magnets produces a higher torque with
the exception of 2U. There is a significant performance increase from the one layer machines to
the two layer machines while the three layer machines have similar performance as the two layer
machine. This can be due to the size of the rotor and there not being enough space for the three
layers. For example both 3V and 3U N35 perform worse than the 2V and 2U N35 machines.
This can be caused by the fact that there is not enough space so the q-axis flux gets choked by
the extra layer of magnets and the thicker magnets are needed to get the same magnet torque,
hence the reluctance torque is lower. 2U is also an outlier when it comes to V- versus U-topology
since the V outperforms the U in all other instances. This can because the U-topology likely
would premiere a smaller rotor diameter and will be discussed further later.

The peak power of each machine is shown in Table 4.3.
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Figure 4.3: Peak power for the asymmetric machines compared with the symmetric 2V N42
machines shown with the black dashed line.

The peak power tells a similar story as the peak torque although with some differences. N52
magnets superiority has been reduced and the N35 seems to perform better relative to N52 in
power compared to torque.
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4.1.2 Magnet Mass Versus Peak Torque

Since all the machines have a different magnet mass due to the optimisations finding different
optimal solutions for the different machines and the interest of the study is to investigate if the
asymmetric machines can reduce the needed magnets. Figure 4.4 shows the magnet mass used
versus the achieved peak torque for the different rotor topologies.
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Figure 4.4: Magnet mass versus peak torque for asymmetric machines.

It is interesting to study the performance in reference to the magnet mass. In Figure 4.5 the
torque in Figure 4.2 is scaled with the mass of the magnets in the respective machines compared
to the symmetric 2V N42 reference machine.
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Figure 4.5: Peak torque over magnet mass for the asymmetric machines compared with the
symmetric 2V N42 machines shown with the black dashed line.

The N52 machines are now superior since the higher grade magnets produced a lot of torque from
the beginning and they all have a low magnet mass since they were allowed a lower maximum
volume compared to the lower grade magnets. Most interestingly is that the asymmetric 2V
N42 machine outperforms the symmetric 2V N42 machine with 4.8%. This shows that it is
possible to increase the peak torque of a machine while without increasing the magnet mass by
introducing asymmetries in the rotor. Hence it should therefore also be possible to reduce the
magnet mass and remain the same peak torque and therefore reduce cost and the environmental
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impact from REEs. The power scaled with magnet mass is shown in Figure 4.6.
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Figure 4.6: Peak power over magnet mass for the asymmetric machines compared with the
symmetric 2V N42 machines shown with the black dashed line.

The asymmetric once again the beats the symmetric in power to magnet mass ratio showing
promise for the asymmetric machines. To better compare the different magnet grades the power
and torque is scaled with the remanence of the magnets to get a comparable magnetic moment.
This is also the factor between the allowed magnet volumes of each topology. In Figure 4.7 the
peak torque over magnetic moment is shown.
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Figure 4.7: Peak torque over magnet mass scaled with the remanence for the asymmetric ma-
chines compared with the symmetric 2V N42 machines shown with the black dashed line.

All three asymmetric 2V machines has a higher peak torque over magnetic moment than the
reference symmetric 2V N42 machine indicating an advantage with an asymmetric rotor topol-
ogy. Interesting is that the results are inconsistent of which magnet grade that is the best for
the different topologies. In Figure 4.8 the power scaled with magnetic moment for each machine
is shown.
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Figure 4.8: Peak power over magnet mass scaled with the remanence for the asymmetric ma-
chines compared with the symmetric 2V N42 machines shown with the black dashed line.

4.1.3 Efficiency and Power Factor

The efficiency and power factor map for the asymmetric 2V N42 machine can be seen in Figure
4.9a and 4.9b
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(a) Efficiency.
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(b) Power factor.

Figure 4.9: Efficiency and power factor for asymmetric 2V N42 machine at 600V DC-link
voltage.

Compared to the symmetric 2V N42 machine in Figure 4.10a and 4.10b the asymmetric machine
has a much bigger 97.5% efficiency region compared the the symmetric

29



4.1. PEAK PERFORMANCE CONCEPT CHAPTER 4. ANALYSIS

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25
To

rq
ue

 [p
.u

.]

95.5 %
95.5 %

96 %

96
 %

96.5 %

96
.5 

%

97 %

97 %

90

91

92

93

94

95

96

97

98

99

100

Ef
fic

ie
nc

y 
[%

]

(a) Efficiency.

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

To
rq

ue
 [p

.u
.]

−0.98 −0.96

−0.94

−0.92
−0.90

−0.88

−0.86

−0.84

−0.82 −0.80 0.00

0.80

0.80

0.82

0.82

0.82

0.84

0.84

0.84

0.86

0.86

0.86

0.88

0.88

0.88

0.
88

0.90

0.90

0.90
0.92

0.92

0.92
0.94

0.94

0.94

0.96

0.96
0.96

0.98

0.
98

0.98

−1.00

−0.96

−0.92

−0.88

−0.84

−0.80

0.80

0.84

0.88

0.92

0.96

1.00

Po
we

r F
ac

to
r [

]

(b) Power factor.

Figure 4.10: Efficiency and power factor for symmetric 2V N42 machine at 600V DC-link
voltage.

To more easily compare the power factor for the symmetric and the asymmetric machine the
differnce is shown in Figure 4.11.
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Figure 4.11: Difference in power factor between symmetric and asymmetric 2V N42 machines.
The absolute values of the power factor is being compared and a positive value, red, indicates
that the asymmetric machine has a higher absolute value and thereby better power factor than
the symmetric and vice versa for negative, blue, values.

The asymmetric machine has considerable worse power factor than the symmetric, especially in
generator mode which will reduce the over all drivetrain efficiency since it impacts the inverter
efficiency negatively. The power factor in generator mode is considerably worse for all the
asymmetric machine which can be seen in the efficiency and power factor maps in Appendix
B. The worse power factor in generator mode is an effect of the asymmetry that shifts the
reluctance and magnet torque peaks being more separated in load angle in generator mode. The
asymmetric machines gets less torque per current in generator mode and for the same reason is
the torque in generator mode lower than in motor mode as seen in Figure 4.14. Interestingly,
the asymmetric machine is has a better power factor than the symmetric during high speed and
heavy field weakening in both motor and generator mode. The iron losses for both machines
can be seen in Figure 4.12a and 4.12b.
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(a) Asymmetric 2V N42 machine.
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(b) Symmetric 2V N42 machine.

Figure 4.12: Comparison of iron losses in asymmetric and symmetric 2V N42 machine.

The symmetric machine has considerably higher iron losses at high speed than the asymmetric
one which may be a cause for the worse power factor. In Figure 4.13a and 4.13b the load angle
for the respective machines is shown.
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(a) Asymmetric 2V N42 machine.
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(b) Symmetric 2V N42 machine.

Figure 4.13: Comparison of load angle in asymmetric and symmetric 2V N42 machine.

Here it can be seen that the asymmetric machine requires a smaller load angle at high speed
which also could be a cause for the better power factor.

4.1.4 Motor Versus Generator Torque

The asymmetries in the rotor results in a lower torque in generator mode compared to motor
mode. The ratio between the two can be seen in Figure 4.14.
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Figure 4.14: Ratio between maximum torque in motor and generator mode for the asymmetric
machines compared with the symmetric 2V N42 machines shown with the black dashed line.

The factor between generator and motor torque can be seen as a figure of how asymmetric
machine is. The symmetric 2V N42 has a ratio of one, that is, it can generate the same torque
in either direction due to being symmetric. All the asymmetric machines on the other hand has
a lower generator torque. It can be seen that the V-machines has a lower generator to motor
torque ratio and are therefore more asymmetric showing that a V rotor topology benefits more
from a asymmetric magnet placement in this size of machine. The ratio between generator and
motor power can be seen in Figure 4.15.
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Figure 4.15: Ratio between maximum power in motor and generator mode for the asymmetric
machines compared with the symmetric 2V N42 machines shown with the black dashed line.

The same story can be seen for the power but the effect is smaller due to the back-EMF also
getting smaller, which allows for a higher knee point speed in generator mode. The ratio of
the asymmetric machines is always lower than the ratio of the symmetric, however, they are all
above one which may seem counter intuitive. The reason for them above one is that the plotted
power is the mechanical power of the machine, so, the difference comes from the direction of the
losses in the machine.

4.1.5 Reluctance Versus Magnet Torque

The torque components for a current angle swept from 0◦ to 180◦ is shown for the 3V N52
machine in Figure 4.16. The same thing can be seen for all the machines in Appendix C.
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Figure 4.16: Reluctance and magnet torque components for the asymmetric 3V N52 machine.

The purpose of introducing asymmetry in the rotor is to bring the peak of the reluctance and
magnet torque close and therefore have a higher peak of the total torque without necessarily
increasing either of the components. With the peaks closer the torque also drops off faster with
an increased load angle since the slope gets steeper. This may also explain why in Figure 4.13a
and 4.13b the load angle needs to be increased less in the asymmetric machine during field
weakening since the same happens with the voltage from the respective flux components. The
peak of the respective torques for all machines can be seen in Figure 4.17.
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Figure 4.17: Comparison of the peak magnet, reluctance and total torque for all rotor topologies
and magnet grades.

The U-machines gets considerably less reluctance torque than their respective V-shaped counter
parts most likely due to the longer path of the q-axis flux in a U-shaped rotor. There is a trend
for both V- and U-shaped rotors that more layers give more reluctance torque and higher magnet
grades also gives more reluctance. The more layers blocks the d-axis flux more which results
to more saliency, which in turn gives more reluctance torque. Higher magnet grade might for
the same reason seem counter intuitive that it results in a higher reluctance torque since higher
magnet grade allows for smaller magnets and thereby less blocking of the d-axis flux. However,
it also results in wider flux paths in the q-axis since the magnets can be thinner which decreases
the q-axis reluctance and thereby increases saliency and the reluctance torque.
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There is a correlation between the magnet torque in Figure 4.17 and the asymmetry ratio in
Figure 4.14. More reluctance torque correlates with more asymmetry. The V-shaped machines
become more asymmetric from the optimisation due there is more performance to be found for
the V compared to the U. One reason could be that there is more benefit with an asymmetric
rotor topology for a machine that utilises more reluctance torque and since the U-shaped rotors
don’t have that much reluctance torque. The benefit from having the reluctance and magnet
torque peaks closer in load angle is smaller than for the v-shaped rotors.

4.2 Efficiency and Low Cost Concept

The following section presents and analyses the results of the second part of the study where
the focus of the optimisation shifted to reducing the cost and increasing the efficiency for the
best topologies from the first part. The selected topology and magnet grade combinations to
proceed with is 2V N35, 2V N42, 2V N52, 3V N35, 3V N42, 3V N52 and 2U N35.

4.2.1 Efficiency and Power Factor

The efficiency maps for the cost and efficiency optimised machines are as excepted very similar
to their respective performance optimised machines. The efficiency and power factor map for
the 2V N52 machine can be seen in Figure 4.18a and 4.18b.

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

To
rq

ue
 [p

.u
.]

95.5 %
95.5 %

96 %
96 %

96.5 %

96.5 %

97 %

97 %

97.5 %

97.5 %

90

91

92

93

94

95

96

97

98

99

100

Ef
fic

ie
nc

y 
[%

]

(a) Efficiency.
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(b) Power factor.

Figure 4.18: Efficiency and power factor for asymmetric 2V N52 machine at 600V DC-link
voltage.

Since the 2V N52 just managed to surpass the power target for the cost and efficiency optimi-
sation in the performance optimisation, the result of the cost and efficiency optimisation will
be similar to the performance optimisation. The efficiency maps for all the efficiency optimised
machines, except 2V N35 since it did not reach the performance targets, can be seen in Ap-
pendix D. The performance optimised machine is compared to the cost and efficiency optimised
machine in Figure 4.19a and 4.19b.
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(a) Cost and efficiency optimised.
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(b) Peak performance optimised.

Figure 4.19: Comparison of efficiency map between an asymmetric 2V N52 machine optimised
for peak performance and an asymmetric 2V N52 machine optimised for low cost and efficiency
at 600V DC-link voltage.

The cost and efficiency optimised 2V N52 machine clearly has a higher efficiency in large parts of
the operating range. The biggest gain is seen with higher speeds which indicates that optimising
the rotor for efficiency has greatly reduced the iron losses. There is not any visible difference at
low speed, but the efficiency is probably marginally worse since the peak torque is reduced and
therefore there will be more copper losses to achieve the same torque.

The peak torque for the cost and efficiency optimised machines can be seen in Figure 4.20a and
the peak power in Figure 4.20b.
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(a) Peak torque.
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(b) Peak power.

Figure 4.20: Peak torque and power for the efficiency and low cost optimised machines compared
to their respective peak performance counter parts shown with the dashed bars.

Many of the machines have a much higher peak torque than the optimisation target of 1 pu
because they are all limited by the power they can produce and they need the extra torque to
be able to produce the power target with the given space constrain. The dashed bars represent
the results from the performance optimisation to show how the different targets has affected
the optimisation. 2V N42 have kept similar peak torque and power and 3V N35 and 2U N35
have increased both to be able to comply with the constrain of the optimisation. Note that
it is only 2V N52 that actually has enough torque and power to meet the constrains from the
optimisation. However, since the optimisation was run with a simplified model and the results
presented here are run with the post-process model described in section 3.1. The simpler model
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may have underestimated the voltage or overestimated the torque at the peak operating point
and therefore overestimated the power and therefore allowing solutions that do not meet the
requirements after the post-processed model. This is however not a problem and is accounted
for, since some margin is included in the torque and power targets.

The used magnet mass of the cost and efficiency optimised machines can be seen in Figure 4.21.
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Figure 4.21: Magnet mass for the efficiency and low cost optimised machines compared to their
respective peak performance counter parts shown with the dashed bars. The three allowed
magnet masses for the respective magnet grades during the performance optimisations is shown
with the dash-dotted lines. A lower magnet grade allowed for a higher magnet mass. 1 pu is the
magnet mass of the original reference machine.

2V N52, 3V N35 and 3V N52 have managed to lower the magnet mass and 3V N35 machines
did so while increasing both the power and torque. 2U N35 had to increase the magnet mass
considerably to achivie marginal gains in torque and power and is now over the limit set during
the performance optimisation. It again shows that the U rotor topologies are ill-suited for this
size of machine with this slot, pole combination.

4.2.2 WLTP Efficiency and Cost

The efficiency map for the 3V N35 machine with a WLTP drive cycle overlaid is shown in Figure
4.22.
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Figure 4.22: 3V N35 efficiency map with WLTP drive cycle overlaid in white as well as OP1
and OP2 highlighted in red.

WLTP does not utilise the full performance of this machine and is never in the highest effi-
ciency region. All the machines and the performance targets for the optimisations are very over
dimensioned for the WLTP cycle and a much better efficiency could be achieved with a design
optimised for WLTP. The total WLTP efficiency calculated according to 3.3.3 is shown in Figure
4.23.
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Figure 4.23: WLTP efficiency for the efficiency and low cost optimised machines compared to
their respective peak performance counter parts shown with the dashed bars.

2V N52, 3V N42 and 3V N52 are the only machines that have a higher efficient compared to
their performance optimised counter parts. They are also the only machines that could lower
the power when optimising for cost and efficiency. The others had to sacrifice the efficiency for
the cost that had a higher weight during the optimisation. The losses for OP1 and OP2 are
shown in Figure 4.24.
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Figure 4.24: OP1 and OP2 losses for the efficiency and low cost optimised machines compared
to their respective peak performance counter parts shown with the dashed bars.

The machines that had to increase the power all saw an increase in OP2 losses which impacts
the WLTP efficiency negatively since the WLTP efficiency seems to be very dependant on the
OP2 losses, more so than the OP1 losses. Shown by 2V N52 being able to sacrifice some OP1
efficiency, which is a side effect of the lower peak torque and thereby needing more current for
OP1, for OP2 efficiency and in total gaining WLTP efficiency. The higher magnet grades also
get penalised slightly by using MTPA compared to Maximum Torque per Loss (MTPL) since
MTPA only minimises the current, therefore ignoring the iron losses. Seen by Figure 4.24 higher
magnet grade results in higher losses in OP2 which mostly consists of iron losses and therefore
would the higher grade magnets premiere more from running a MTPL control scheme. However,
the difference is marginal and the study will proceed with MTPA.

The material cost for the machines is shown in Figure 4.25.
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Figure 4.25: Material cost for the efficiency and low cost optimised machines compared to their
respective peak performance counter parts shown with the dashed bars. 1 pu is the cost of the
original reference machine.

The cost optimisation has succeeded in greatly reducing the cost of most machines except the
2V N42 that remains the same as before and the 2U N35 that has increased considerably in cost.
The increase in cost for 2U N35 is most probably due to the extra magnets needed to reach the
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desired power seen in Figure 4.21. The 3V N42 is the second cheapest machine and the most
efficient making it interesting for future studies. The cost presented only includes material cost
calculated from the mass of each element and does not consider the extra cost from having more
magnet sizes and the extra work of assembly. Therefore, the 2V N42 could also be of interest
since one less magnet layer reduces complexity of the assembly and requires fewer different sizes
of magnets. There may also be more space for introducing flux blocking holes and in the rotor
to further optimise the rotor and reduce the rotor iron cost. The cost divided into the different
parts can be seen in Figure 4.26.
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Figure 4.26: Material cost divided into copper, magnets, stator and rotor iron for the efficiency
and low cost optimised machines. 1 pu is the cost of the original reference machine.

The magnet cost makes up for roughly a third of the total material cost of the machine and
significant cost savings can be made from reducing the magnet mass.

4.2.3 Change of Gear Ratio for Better Efficiency

The gear ratio was fixed for the optimisations since the intention was to keep gear box unchanged
but if the gear ratio is reduced it could result in higher drive cycle efficiency since all the machines
achieves more torque than the target torque. The newWLTP efficiency for the cost and efficiency
with a gear different gear box ratio is shown in Figure 4.27.
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Figure 4.27: WLTP efficiency for the efficiency and low cost optimised machines with 1.143
times lower gear ratio compared to their respective peak performance counter parts shown with
the dashed bars.

The efficiency has gone up across the board by reducing the gear ratio. The ratio is lowered
by 1.143 times so that the peak torque of the 3V N35 machine now meets the torque target of
1 pu. This reduces the iron losses by reducing the speed of the machine but increases the copper
losses since more machine torque is required to get the same torque on the wheels. Just from
this quick analysis it can be seen that it could be beneficial to lower the gear ratio with these
machines torque and power targets. A lower gear ratio most often also results in a lower cost
and higher efficiency which would further improve the overall drive train efficiency. However,
it would require more investigation to exactly determine the gains and since the scope of this
study doesn’t involve a change in gear box, it will not be investigated further.

4.2.4 Shortened Machine for Lower Cost

Instead of changing the gear ratio for marginally better drive cycle efficiency the active length of
the machine can be shortened since the peak torque is over dimensioned. For each of the shown
machines the active length is scaled so that the peak torque is 1 pu, that is the target for the
optimisation. The power will still remain the same as the machines active length is shortened.
The OP1 and OP2 losses and the cost of the shortened machines are shown in Figure 4.28a and
4.28b respectively.
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(a) OP1 and OP2 losses.
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Figure 4.28: Losses and cost for shortened variants of the best efficiency and low cost optimised
machines.

All machines have seen a major increase in the OP1 losses while the OP2 losses have degreased
all the while the cost is considerably lower than any of the other efficiency and low cost optimised
machines. The shorter machines sees a major savings potential since much less material is used
with a minor decrease in the WLTP efficiency. However, the increased OP1 losses are the result
of more current being needed for getting the same OP1 torque and since the inverter losses
aren’t accounted for in the figure and the WLTP efficiency is the efficiency of only the electric
machine. Since the optimisation accounted for the inverter losses in the objective functions the
optimisation results are not wrong, this just shows that a much lower cost can be achieved if
the weights between efficiency and cost favoured cost more.

4.3 Control and MTPA

Shifting of the magnets poses the question of how the d-axis is defined and how it affects the
current control of the inverter. The circumferential shift of the peak permanent magnet flux in
reference to the reluctance flux will change due to the asymmetric magnet layout. The angle
shift is so big so that it can not be neglected, but the effect will not matter in practice since it
will be accounted for when calculating the MTPA angle. It does not matter what the MTPA
angle is in reference to, as long as it is known and the resolver, or what ever position sensor is
used, can be calibrated for it. However, the traditional torque equation for an IPM in (2.25) can
not be used since the permanent magnet flux linkage no longer only is in the d-axis direction.
Instead (2.22) in section 2 can be used to calculate the torque and the flux maps of the machine
can be utilised instead of inductance.

The flux map over the id and iq will also no longer a mirror for positive and negative q-currents,
that is motor mode and generator mode, so the MTPA line no longer is a mirror for motor mode
for generator mode. The MTPA lines for the low cost and efficiency optimised 3V N35 machine
can be seen in Figure 4.29.
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Figure 4.29: MTPA for low cost and efficiency optimised 3V N35 machine in motor and generator
mode. The generator mode the q-current is flipped around the d-axis so that the values are
positive instead of negative. This to enable an easier comparison between motor and generator
mode.

The asymmetry results in that a smaller load angle delivers more torque per ampere in generator
mode compared to motor mode due to the lower contribution from the reluctance torque. Note
that the d-axis direction in this plot is defined as the middle of the simulated pole and that may
no longer be in-line with the magnetic flux, but as stated earlier, it doesn’t matter when flux
mapping is used. Where to define the d-axis direction can as usual be found by either simulating
or measuring the back-EMF at no-load and then it is known that the flux linkage is 90◦ behind
and the link between simulation and motor control in reality can be made that way.

4.4 Demagnetisation Investigation

The following section presents and analyses the results from the brief study done on the risk of
demagnetisation during normal operation and ASC.

4.4.1 Normal Operation

The maximum magnetic field strength in the six magnets in the fourth skew layer in the low
cost and efficiency optimised 3V N35 machine is shown in Figure 4.30a, 4.30b, 4.30c, 4.30d,
4.30e and 4.30f. The magnetic field strength in the magnets in all six skew layers can be seen
in Appendix E.
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(a) Outer layer, upper magnet.

0°

30°

60°
90°

120°

150°

180°

Current [p.u.]
0.0 0.2 0.4 0.6 0.8 1.0

0
80
160
240
320
400
480
560
640
720
800
880

M
ax
im
um

 M
ag
ne
tic
 Fi
el
d 
St
re
ng
th
 [k

A/
m
]

(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.

0°

30°

60°
90°

120°

150°

180°

Current [p.u.]
0.0 0.2 0.4 0.6 0.8 1.0

0
80
160
240
320
400
480
560
640
720
800
880

M
ax
im
um

 M
ag
ne
tic
 Fi
el
d 
St
re
ng
th
 [k

A/
m
]

(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure 4.30: Maximum magnetic field strength in all magnets in fourth skew layer in low cost
and efficiency optimised 3V N35 machine for all current amplitudes and angles.

The two outer and the upper middle magnet sees the highest magnetic field strength during
normal operation. Both outer layer magnets experience similar but mirrored reverse magnetic
field strength with the lower magnet being worse during generator mode and the upper magnet
during motor mode. The rotation direction is anti-clockwise to the upper magnets are leading.
All magnets have relatively low levels and there is no risk of demagnetisation during normal
operation with the current magnets.

4.4.2 ASC

The magnets can be permanently demagnetised during ASC if the magnetic field strength is
higher than the coercivity of the magnet. The maximum magnetic field strength of each magnet
in the 3V N35 machine during eight periods of ASC operating at the negative knee point is
shown in Figure 4.31a, 4.31b, 4.31c, 4.31d, 4.31e and 4.31f. The negative knee point is chosen
due it being the worst case for this machine out of the studied operating points.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure 4.31: Maximum magnetic field strength in the six magnets for all six skew slices before,
during and after ASC of 3V N35 machine at the negative knee point operation.

The maximum magnetic field strength surpasses the coercivity of the magnets at the maximum
temperature of the used magnets in all of the upper magnets and is very close in the lower
magnets. There will be some harm and demagnetisation due to the ASC. The extent of the
harm can be seen in Figure 4.32a and 4.32b.
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(a) The whole machine. (b) Zoomed in on the upper magnets showing the
demagnetised region.

Figure 4.32: Demagnetisation ratio contour plot of 3V N35 machine after eight periods of ASC
at the negative knee point operation.

There are some demagnetisation on the edge of the magnets but the area is relatively small and
the demagnetisation ratio is also very low with the highest level of 30% in the corner of the
upper magnet in the middle layer. To see if the demagnetisation has harmed the performance
of the machine a period of normal operation is simulated and is shown and the torque is shown
in Figure 4.33.
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Figure 4.33: Torque before, during and after ASC of 3V N35 machine at the negative knee point
operation.

The torque before and after ASC is unchanged and the marginal demagnetisation does not have
a meaningful impact on the machines performance. The current during ASC is shown in Figure
4.34.
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Figure 4.34: Current before, during and after ASC of 3V N35 machine at the negative knee
point operation.

The current is much greater during worst case ASC than the maximum current during normal
operation and could harm the machine with excessive temperature of the windings, but since
the thermals of the machines is not part of this study. The effects of the ASC current will not
be investigated.
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Chapter 5

Conclusions

From the study it can be concluded that asymmetric machines can achieve more torque per
magnet mass than a comparable symmetric machine in motor mode, but less torque in generator
mode. The lower torque in generator mode is an effect of the worse alignment of the reluctance
and magnet torque which also results in a considerable worse power factor for the asymmetric
machine. This is not a big problem since the required torque in generator mode is much smaller
than the motor mode torque for automotive applications and when only considering the losses
of the electric machine the WLTC efficiency is not notably affected. However, it will lower the
inverter efficiency and with a worse power factor so it should be investigated further with the
full drivetrains efficiency in mind.

More layers does in general give more torque with some diminishing returns between two and
three layers and a higher magnet grade results in a higher torque as well. The magnet torque
sees a reduction with more layers but the increased reluctance makes up for it. The reluctance
torque increases both with the number of layers and with higher magnet grade since the higher
magnet grade has thinner magnets and therefore blocks less of the q-axis flux. The V-machines
have a higher reluctance torque than the U and therefore become more asymmetric from the
optimisation. Since there is more benefit for bringing the reluctance and magnet torque closer
together when the there is more reluctance torque.

The short demagnetisation study during normal operation and ASC showed that there is no
apparent risks of demagnetisation in the designed machine. However, it is only one example
and it can not say if asymmetric machines in general are better or worse when it comes to
demagnetisation.

From the study it is found that there can be benefits with having an asymmetric rotor for IPMs
in an automotive and there has not been any findings against the suitability for the application.
It will however have to be studied further in terms of how it affects aspects that has not been
covered by this study.
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Appendix A

Peak Performance: Max Line
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Figure A.1: Asymmetric 1U N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.2: Asymmetric 1U N42 machine torque and power max lines at different DC-link
voltages.
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Figure A.3: Asymmetric 1U N52 machine torque and power max lines at different DC-link
voltages.
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Figure A.4: Asymmetric 2U N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.5: Asymmetric 2U N42 machine torque and power max lines at different DC-link
voltages.
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Figure A.6: Asymmetric 2U N52 machine torque and power max lines at different DC-link
voltages.
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Figure A.7: Asymmetric 3U N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.8: Asymmetric 3U N42 machine torque and power max lines at different DC-link
voltages.
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Figure A.9: Asymmetric 3U N52 machine torque and power max lines at different DC-link
voltages.
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Figure A.10: Asymmetric 1V N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.11: Asymmetric 1V N42 machine torque and power max lines at different DC-link
voltages.
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Figure A.12: Asymmetric 1V N52 machine torque and power max lines at different DC-link
voltages.
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Figure A.13: Asymmetric 2V N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.14: Asymmetric 2V N42 machine torque and power max lines at different DC-link
voltages.

55



APPENDIX A. PEAK PERFORMANCE: MAX LINE

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

To
rq

ue
 [p

.u
.]

400V 500V 600V 700V 800V

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Po
we

r [
p.

u.
]

Figure A.15: Asymmetric 2V N52 machine torque and power max lines at different DC-link
voltages.
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Figure A.16: Asymmetric 3V N35 machine torque and power max lines at different DC-link
voltages.
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Figure A.17: Asymmetric 3V N42 machine torque and power max lines at different DC-link
voltages.
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Figure A.18: Asymmetric 3V N52 machine torque and power max lines at different DC-link
voltages.
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Appendix B

Peak Performance: Efficiency and
Power Factor
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(a) Efficiency.

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

To
rq

ue
 [p

.u
.]

−0.98 −0.96

−0.94

−0.92
−0.90

−0.88

−0.86

−0.84

−0.82 −0.80 0.00

0.80

0.80

0.82

0.82

0.82

0.84

0.84

0.84

0.86

0.86

0.86

0.88

0.88

0.88

0.
88

0.90

0.90

0.90
0.92

0.92

0.92
0.94

0.94

0.94

0.96

0.96
0.96

0.98

0.
98

0.98

−1.00

−0.96

−0.92

−0.88

−0.84

−0.80

0.80

0.84

0.88

0.92

0.96

1.00

Po
we

r F
ac

to
r [

]

(b) Power factor.

Figure B.1: Efficiency and power factor for symmetric 2V N42 machine at 600V DC-link voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.2: Efficiency and power factor for asymmetric 1U N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.3: Efficiency and power factor for asymmetric 1U N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.4: Efficiency and power factor for asymmetric 1U N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.5: Efficiency and power factor for asymmetric 2U N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.6: Efficiency and power factor for asymmetric 2U N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.7: Efficiency and power factor for asymmetric 2U N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.8: Efficiency and power factor for asymmetric 3U N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.9: Efficiency and power factor for asymmetric 3U N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.10: Efficiency and power factor for asymmetric 3U N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.11: Efficiency and power factor for asymmetric 1V N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.12: Efficiency and power factor for asymmetric 1V N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.13: Efficiency and power factor for asymmetric 1V N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.14: Efficiency and power factor for asymmetric 2V N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.15: Efficiency and power factor for asymmetric 2V N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.16: Efficiency and power factor for asymmetric 2V N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.17: Efficiency and power factor for asymmetric 3V N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.18: Efficiency and power factor for asymmetric 3V N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure B.19: Efficiency and power factor for asymmetric 3V N52 machine at 600V DC-link
voltage.
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Appendix C

Peak Performance: Reluctance
Versus Magnet Torque
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Figure C.1: Reluctance and magnet torque components for the asymmetric 1U N35 machine.
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Figure C.2: Reluctance and magnet torque components for the asymmetric 1U N42 machine.
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Figure C.3: Reluctance and magnet torque components for the asymmetric 1U N52 machine.
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Figure C.4: Reluctance and magnet torque components for the asymmetric 2U N35 machine.
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Figure C.5: Reluctance and magnet torque components for the asymmetric 2U N42 machine.
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Figure C.6: Reluctance and magnet torque components for the asymmetric 2U N52 machine.
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Figure C.7: Reluctance and magnet torque components for the asymmetric 3U N35 machine.
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Figure C.8: Reluctance and magnet torque components for the asymmetric 3U N42 machine.
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Figure C.9: Reluctance and magnet torque components for the asymmetric 3U N52 machine.
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Figure C.10: Reluctance and magnet torque components for the asymmetric 1V N35 machine.
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Figure C.11: Reluctance and magnet torque components for the asymmetric 1V N42 machine.
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Figure C.12: Reluctance and magnet torque components for the asymmetric 1V N52 machine.
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Figure C.13: Reluctance and magnet torque components for the asymmetric 2V N35 machine.
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Figure C.14: Reluctance and magnet torque components for the asymmetric 2V N42 machine.
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Figure C.15: Reluctance and magnet torque components for the asymmetric 2V N52 machine.
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Figure C.16: Reluctance and magnet torque components for the asymmetric 3V N35 machine.
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Figure C.17: Reluctance and magnet torque components for the asymmetric 3V N42 machine.
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Figure C.18: Reluctance and magnet torque components for the asymmetric 3V N52 machine.
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Appendix D

Efficiency and Cost: Efficiency and
Power Factor

0.0 0.2 0.4 0.6 0.8 1.0
Speed [p.u.]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

To
rq

ue
 [p

.u
.]

95.5 %

95.5 %

95
.5 

%

96 %
96 %

96.5 %

96
.5 

%

97 %

97 %

97
.5 

%

97.5 %

90

91

92

93

94

95

96

97

98

99

100

Ef
fic

ie
nc

y 
[%

]

(a) Efficiency.
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(b) Power factor.

Figure D.1: Efficiency and power factor for asymmetric 2U N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure D.2: Efficiency and power factor for asymmetric 2V N42 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure D.3: Efficiency and power factor for asymmetric 2V N52 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure D.4: Efficiency and power factor for asymmetric 3V N35 machine at 600V DC-link
voltage.
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(a) Efficiency.
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(b) Power factor.

Figure D.5: Efficiency and power factor for asymmetric 3V N42 machine at 600V DC-link
voltage.
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(b) Power factor.

Figure D.6: Efficiency and power factor for asymmetric 3V N52 machine at 600V DC-link
voltage.
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Appendix E

Demagnetisation Current Sweep

0°

30°

60°
90°

120°

150°

180°

Current [p.u.]
0.0 0.2 0.4 0.6 0.8 1.0

0
80
160
240
320
400
480
560
640
720
800
880

M
ax
im
um

 M
ag
ne
tic
 Fi
el
d 
St
re
ng
th
 [k

A/
m
]

(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.1: Maximum magnetic field strength in all magnets in first skew layer in 3V N35 low
cost and efficiency optimised machine for all current amplitudes and angles.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.2: Maximum magnetic field strength in all magnets in second skew layer in 3V N35
low cost and efficiency optimised machine for all current amplitudes and angles.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.

0°

30°

60°
90°

120°

150°

180°

Current [p.u.]
0.0 0.2 0.4 0.6 0.8 1.0

0
80
160
240
320
400
480
560
640
720
800
880

M
ax
im
um

 M
ag
ne
tic
 Fi
el
d 
St
re
ng
th
 [k

A/
m
]

(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.3: Maximum magnetic field strength in all magnets in third skew layer in 3V N35 low
cost and efficiency optimised machine for all current amplitudes and angles.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.4: Maximum magnetic field strength in all magnets in fourth skew layer in 3V N35
low cost and efficiency optimised machine for all current amplitudes and angles.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.5: Maximum magnetic field strength in all magnets in fifth skew layer in 3V N35 low
cost and efficiency optimised machine for all current amplitudes and angles.
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(a) Outer layer, upper magnet.
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(b) Outer layer, lower magnet.
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(c) Middle layer, upper magnet.
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(d) Middle layer, lower magnet.
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(e) Inner layer, upper magnet.
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(f) Inner layer, lower magnet.

Figure E.6: Maximum magnetic field strength in all magnets in sixth skew layer in 3V N35 low
cost and efficiency optimised machine for all current amplitudes and angles.
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