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Abstract

Triplen harmonics are a key concern in delta connected machines, primarily because
they lead to circulating currents which decreases the e Lciehcy of the machine. This
thesis presents a comprehensive analysis, employing both analytical and numerical
methods, to enhance the understanding of triplen harmonic generation in relation
to rotor design. Specifically, the study focuses on a delta connected double-layer in-
terior permanent magnet synchronous machine (DIPMSM), where the phenomena
of circulating currents is analyzed as a consequence of the triplen harmonics in the
generated flux linkage.

In the study, eight rotor parameters are thoroughly investigated individually, in pairs
and through interconnected influence on the circulating currents. The parametric
research was conducted numerically in Ansys Maxwell. It is concluded that the arc
angles and the inner extension spacing length are the most significant parameters
with respect to the third harmonic current amplitude.

Furthermore, the study identifies the iron core saturation as having the greatest
impact on the amplitude of the circulating currents. This is found due to the rea-
son of the specific third harmonic enhancement with increasing levels of saturation.
Spectral analysis is employed to break down current harmonic components in the
delta loop, leading to the construction of an optimization strategy for minimizing
circulating current based on rotor parameters. The optimal rotor design reduced
the third harmonic by 95.5% in no-load conditions and 5.7% in maximum load con-
dition, highlighting that the saturation e[edt inducing the third harmonic cannot
be eliminated by optimal rotor parametric alignment.

Keywords: Circulating currents, triplen harmonics, delta connected PMSM.
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Introduction

The role of electrical machines in traction applications is drastically increasing. Long
haul trucks and buses, as well as transit buses, are responsible for more than 25%
of all greenhouse gas emissions from the road transport section within the Euro-
pean Union (EU), and responsible for over 6% of all greenhouse gas emissions in
the EU [1]. This has severe consequences for humans and ecosystems. Increased
occurrences of extreme weather, irreversible damage to ecosystems, and negatively
impacting human and animal health living in a ected areas.

The European Commission has set the goal that all member states of the EU should
be climate-neutral as a whole by 2050 [2]. Speci cally, Volvo Group has set the goal
for 2035 that 35% of all sold vehicles should be fully electric. And by 2040, the goal
Is set to have a net-zero value chain, enabling the customers to have a zero-emission
eet by 2050 [3].

In this context, the research and development of electrical machines play a pivotal
role in realizing these sustainability goals. Among these electrical traction machines
is the permanent magnet synchronous machine (PMSM) who stands out for its power
density. Leading to size-saving, weight, and material reduction which are factors of
high importance for sustainable traction components. To further enhance the usage
of PMSMs, delta connections can assure machine scalability by voltage instead of
the common core active length adjustments, thus simplifying production. However,
circulating currents are inherent characteristics of delta connected PMSM which are
problematic due to the risk of increased power losses thus reducing the e ciency.

1.1 Background

PMSMs are commonly used in heavy duty applications due to their high power
density and e ciency. Scalability of these machines becomes of great importance
to reduce manufacturing costs for mass production. There are several ways of scal-
ing the characteristics of PMSMs. In order to scale the power output, the induced
voltage needs to be adjusted, where the ux linkage is serving as the driving factor.
Scaling the core length or changing the number of magnets in the rotor are meth-
ods that are easily adopted but comes with a high cost. However, by changing the
connection type from star to delta, the phase voltages can be changed with a much
lower cost. In fact, even though star connection is commonly used in traction ap-
plications, switching to delta connection have several advantages regarding the cost
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of manufacturing since the neutral point is not needed, no bus-bar will be needed,
ultimately reducing manufacturing costs [4].

Using a delta connection the exibility of scaling the ux linkage is increased. But
due to the lack of a neutral point typically found in wye connection. The non-
sinusoidal waveform of the ux linkage will generate back-electromotive force (back-
EMF) harmonics in the three phase windings, which in turn generates circulating
currents. These circulating currents can lead to additional copper losses and heat-
ing, thus reduced e ciency [4].

1.1.1 Aim

The project aims to investigate circulating currents within delta connected PMSMs
as a function of rotor design, by analyzing rotor parameters individually and their
interconnection. The goal is to gain insights into the emergence of circulating cur-
rents and how to mitigate them.

SpeC| cally, the aim of this thesis encompasses:

Identifying the relationship between circulating current and the triplen har-
monic generated in the air-gap ux.

De ning the rotor parameters under investigation.

Numerically evaluating the correlation between the de ned rotor parameters
and circulating current in the delta connection.

Identifying speci c rotor design aspects a ecting the enhancement of the third
harmonic.

Minimizing circulating current in a numerical delta connected permanent mag-
net synchronous machine.

1.1.2 Limitations

ThIS thesis is constrained to cover:

Numerical and analytical models exclusively, precluding testing on a real ma-
chine.

Permanent magnet machine rotor design.

Load condition represented solely as pure sinusoidal line current.

Full pitch winding con guration.

Copper winding losses.

Solely circulating currents, no further performance or e ciency evaluation is
covered.

1.2 Previous work

The research on the reduction of circulating currents in a delta connected double-
layer interior permanent magnet synchronous machine (DIPMSM) is relatively un-
explored. Existing literature, while investigating surface mounted magnets [5] and

2



1. Introduction

single layer interior magnets [6], [7] provides important groundwork and insight into
this study. Notably, the work done by [8] provides valuable context and has paved
the path for the continuing work of investigating circulating currents in a delta con-
nected DIPMSM. In [8] it is concluded that the magnet location within the rotor as
well as the magnet characteristics, such as thickness and pole angle directly impacts
the air-gap ux waveform and can be adjusted to lower the third harmonic. A sec-
ond important conclusion is that the third harmonic present in the air-gap ux is
transferred to the back-EMF.

1.3 Societal, ethical and ecological aspects

Electric traction machines, including DIPMSMs, have a signi cant advantage in
reducing reducing green house emission, noise pollution and energy consumption
compared to traditional combustion engines. An increase in scalability of DIPMSM
and the reduction in component numbers have the capability of lowering the cost of
these machines and to accelerate the transition of the transport industry into net
zero carbon emissions. Itis di cult to anticipate any direct negative societal impact
stemming from the use of delta connected con guration.

From an ethical standpoint, while no immediate issues are evident in the develop-
ment and application of electric machines or the methodologies employed in this
research, broader ethical considerations do emerge. Speci cally, the sourcing of ma-
terials for permanent magnets, such as rare-earth elements (REE) which are critical
for the performance of DIPMSM. The mining and processing of these materials pose
signi cant environmental and social challenges, including habitat destruction as well
as water and air pollution causing health problems for nearby residents. Moreover,
the common REE neodymium-iron-boron (NdFeB) is non-biodegradable and por-
trays troublesome challenges in recycling processes [9]. As further discussed in [9],
innovative recycling methods are being explored, where each method primarily aims
to purify the REEs and improve the extraction processes. These methods have a
potential to enhance the recyclability of permanent magnet, thereby reduce the re-
liance on mining processes.

From an ecological perspective, if delta connected machines can be developed with
the knowledge of circulating currents and how to reduce them, this would lead to a
decrease in energy consumption and material usage which is only bene cial from an
ecological perspective.
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Theory

This chapter covers the underlying theories used in the thesis. First, theories regard-
ing harmonics in three phase systems are presented followed by electrical machine
connection types. Then, relevant theories for the permanent magnet synchronous
machine are listed speci ed for the v-shaped rotor topology. Finally, theories ex-
plaining optimization methods and techniques used in the thesis are displayed.

2.1 Harmonics

Harmonics refer to elements within a complex waveform, that occur at frequencies
that are integer multiples of the fundamental frequency. The fundamental frequency

is the supply frequency and is equal to the rst, as well as the lowest frequency com-
ponent. Harmonics can lead to increased power losses and dielectric losses as well
as unwanted capacitive currents [10]. In three phase power systems, harmonics are
a consequence of imbalances between the phases and occur due to many di erent
reasons. Harmonic components are categorized based on their phase sequence and
harmonic order.

A harmonic component has a phasor rotation in relation to the fundamental wave.

The relation describes a harmonic components phase sequence. In three phase sys-
tems there are three separate sequences, positive-sequence, negative-sequence, and
zero-sequence. Depending on system and load, the di erent sequences can have dif-
ferent impact.

The positive-sequence harmonics have the same phase rotation as the fundamental
frequency and are the harmonics in order of 1st, 4th, 7th, etc. multiples of the
fundamental frequency are generated. The negative-sequence harmonics have the
opposite phase rotation in relation to the fundamental frequency, creating harmon-
ics in the order of 2nd, 5th, 8th, etc. multiples of the fundamental frequency.

The zero-sequence harmonics have zero rotational phase sequence meaning that
zero-sequence harmonics are de ned by the same magnitude and phase angle as the
fundamental signal at a speci c instant in time. These harmonics are represented by
the a multiple of three time the fundamental frequency (3rd, 6th, 9th, etc.). These
are denoted as the triplen harmonic, or sometimes as the third harmonic multiple.

In a three phase system with each phase shifte%l radians the expression for the
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2. Theory

phase currents including a third harmonic are,

1o = ['sin(it ) + I'sin(3t ) (2.1a)
I, = ('sin It 23 + ['sin(3t ) (2.1b)
lc= Isin 1t + 23 + ('sin(31t ) (2.1c)

The resulting third harmonic multiples are equal in each phase, since the phase angle
of each third harmonic multiple component equals to 0 as,

jz—j 3=] 2—j 3=2 rad =0 rad (2.2)
3 3
In a perfectly balanced three phase system, the zero-sequence components are ide-
ally zero, since the sum of the phases cancel out. However, in systems containing
harmonic distortion, zero-sequence components are present. In systems with a neu-
tral conductor, the zero-sequence components are the apparent voltage and current
owing in the neutral. In Figure 2.1, an example of a signal consisting of triplen
harmonics is shown as components of a signal as well as a complete composite signal
distorted for the same harmonics.

(a) Decomposed harmonic signal  (b) Distorted signal

Figure 2.1: Triplen harmonics distortion

2.1.1 Fast Fourier transform

Fourier transform is a tool for transforming signals from the time domain to a repre-
sentation in the frequency domain. The transformation decomposes complex signals
into simpler sinusoidal components, making them easier to understand and manipu-
late. The Fast Fourier Transform (FFT) is an algorithmic technique that builds upon
the principles of the Fourier Transform, enhancing its e ciency in signal-processing
applications. While the Fourier Transform provides a valuable means of converting
signals from the time domain to the frequency domain, however, it entails a high level
of computational complexity. FFT utilizes the Fourier transform and signi cantly
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2. Theory

reduces the number of arithmetic operations required to perform the transformation.

In electrical traction machine models, FFT can be used to in a su cient way calcu-
late the harmonic content in the generated electromagnetic quantities.

2.1.2 Hairpin

The winding type has gotten its name from the shape it forms when being bent
into a hairpin shape. It yields higher copper |l factor than conventional stranded
winding type, ultimately leading to higher power density [11]. In turn, higher power
density means that a machine can produce more power while being smaller in size.
This is a highly desirable attribute due to its space saving bene ts as well as the
reduction in cost due to material saving.

Moreover, the process of manufacturing hairpin winding type can be automated in
an easier process, and thereby bene cial in large scale production [12]. However,
the type has a relatively low electromagnetic exibility since the number of variants
of series and parallel conductors are decreased compared with stranded winding.

2.1.3 Star connection

Star connection, sometimes also denoted as wye or Y connection is the most com-
monly used connection type in electrical machines. If the the connection is made
without a neutral return path the zero sequence current is simply eliminated. If
there would be a neutral return path the zero sequence current would ow through
the neutral. Either way, the zero sequence current can not ow through the phase
windings due to Kirchho 's current law where the sum of currents owing in to one
node is equal to the sum of the currents owing out of the same node.

However, the wye connection uses more copper as it is in need for a neutral point
connection ring bar as well as the need for high amount of winding turns per slot to
adjust for the low phase voltage [4].

Figure 2.2 shows how a wye connection connects to an electrical machine, where the
colors represent di erent phases in a three phase con guration.

Figure 2.2: Wye connection
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2.1.4 Delta connection

Delta connections provide higher phase voltage than wye connection and therefore
needs less winding turns per slot. There is also no need for a neutral point connec-
tion ring bar. Consequently a delta connection machine can use less copper [4].

On the other hand, in a delta connection the phase currents and line currents are
unequal as,
p_
line = 3 Iphase (2.3)
Figure 2.3 shows how a delta connection connects to an electrical machine with three
phases.

Figure 2.3: Delta connection

Despite having some clear advantages, the delta connection can su er from circu-
lating currents [13]. A phenomena that occurs in delta winding con gurations due
to zero sequence harmonics as explained in 2.1. Compared to wye-con guration,
the circulating currents can not be cancelled in delta-con guration. Due to the fact
that the back-EMF voltage have zero relative phase between the individual phase
winding. Instead the phase harmonics are added together and circulate within the
delta loop. Hence, the relationship between the circulating currents in the delta
winding and the harmonic content is the zero order triplen harmonics.

2.1.5 Circulating Currents

The zero sequence currents circulates within the delta loop, and are therefore often
denoted as circulating currents. In Figure 2.4, the phenomena is visualized.

These circulating currents lead to increased heating and thus reduced performance
as the power losses are a function of current. Even though the circulating current is

induced by the triplen harmonics in the back-emf, there are several causes increas-
ing the circulating current. Such causes are eccentric rotor and stator as well as
asymmetric loading and phase balancing [4].

In [6], P. Pramod expresses an equation for the circulating current de ned by the
harmonics in the ux linkage as an extension of Faraday's law.

o h'enh
TRZH (N (L 2M))?

ICC_

(2.4)
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Here, | represents the magnet ux linkage harmonic multipleh is the harmonic

order, n is the number of phases! . is the rotational speed in electrical radians,
and the stator resistanceRs together with the self and mutual inductanced. and

M represents the impedance.

Figure 2.4: Circulating current in a delta connection

As the circulating current is a function of the resistance and the inductance, the cir-
culating current will have a frequency dependency, hence a rotational speed depen-
dency. This is shown in [6], where the magnitude changes with speed for low speeds
but ceases to be impacted by speed variances in speeds stretching over 1000rpm.
This is because the inductive component in the impedance becomes much larger
than the resistive component with increased speed. In high speeds, the expression
for the circulating current can therefor be reduced to,

nn

lee= oM (2.5)

Further, the ux linkage can be describe as a function of the ux densit irgap

in the air-gap making circulating current directly dependent on the air-gap ux
harmonics. The expression can be stated as,

Nsrp
airgap n;
Nparallel
whereAigap IS the air-gap areaNs the number of turns, Npaaier parallel branches.

Number of winding layersr as well as pole pairg needs to be taken into consider-
ation.

= BairgapA (26)

Moreover, the most signi cant impact on the circulating current is the core satu-
ration in the machine [4], [13], and [14]. The saturation impacts the inductance
and rapidly decreases the impedance, which according to (2.5) makes the circulat-
ing current increase drastically with increased level of saturation. High circulating

9



2. Theory

currents will further impact the saturation, increase the machine temperature, and
can have a severe e ect on magnet demagnetization under peak load conditions [7],
thus decreasing the machine performance.

2.1.6 Lenz's Law

Lenz's Law is a fundamental law of physics commonly seen in electric machines.
It states that the direction of an induced current in a conductor due to a changing
magnetic eld is such that the induced current will create its own magnetic eld,
opposing the initial magnetic eld that produced it.

In a delta connection, the zero sequence currents present in the windings, will pro-
duce its own magnetic eld, opposing the initial eld in the stator windings according
to Lenz's Law. This is denoted as the minus sign in Faraday's Law from [14] as,

@B
‘@t
Reducing the triplen harmonic amplitudes in the ux linkage will in turn reduce the
triplen harmonic amplitudes of the back-EMF. In [15], a delta connected motor had
slightly lower hysteresis losses compared to a wye-connected motor.

E = 2.7)

2.2 Permanent Magnet Synchronous Machine

The permanent magnet synchronous machine have various rotor topologies. Some
are, the V-shaped, U-shaped and surface-magnet, seen in Figure 2.5a, 2.5b, and
2.5¢, respectively.

(@ V-shaped rotor de-(b) U-shaped rotor de-{c) Surface-magnet rotor
sign sign design

Figure 2.5: Various rotor designs

The various topologies of PMSMs yield di erent traits. E ciency stands as a corner-
stone criterion, de ning how the PMSM converts electrical input power to mechan-
ical output power. Moreover, power density is another crucial consideration since it
re ects on the overall cost of the machine. A PMSM with high power density enables
more compact and lightweight rotor design, ultimately leading to space-saving and
material reduction. Also, the ability of the rotor to suppress undesirable harmonic
components in the generated magnetic ux is a key design aspect to minimize the

10



2. Theory

extensive heating and vibration caused by harmonics. Other factors such as demag-
netization and environmental impact are equally crucial and are typically addressed
through careful selection of magnet materials.

In recent years, the interior permanent magnet synchronous machine (IPMSM) has
gained favor over the surface-mounted PMSM owing to several notable advantages.
First, the IPMSM can reach higher speeds due to superior force withstand ability
gained by the placements of the magnets. Moreover, interior magnets can yield
more torque bene ting from the added reluctance torque generated from its salient
attribute. Also, easier manufacturing processes since the process of gluing and
magnet bending are simpli ed [16].

2.2.1 Saturation

Saturation occurs in ferromagnetic materials such as iron when the linear relation-
ship between magnetic ux (B- eld) and magnetic eld strength turns (H- eld)
non-linear. When the B- eld no longer increases linearly with the applied H- eld,
or the other way around. This phenomena can be clearly seen in a material BH-
curve where the attening occurs at high H- eld magnitudes, visualized in Figure
2.6.

Figure 2.6: Saturation curve

In detail, when the ux density increases above the materialistic knee point, its
relative permeability is heavily decreases resulting in an increased magnetic eld
strength since,

B
H = (2.8)
or
thus linkage of the ux gradually decrease. Consequently, at positive as well as neg-

ative peaks of the B- eld the magnitude is reduced below the peak it would reach

11



2. Theory

considering ideally sinusoidal conditions. As the B- eld is in direct correlation with
the back-EMF seen in (2.7) the attening of the B- eld peak will be included in the
back-EMF wave shape as well. Ultimately, this distortion-phenomena is leading to
the triplen harmonic characteristic of the back-EMF wave shape. Further saturation
will increase the triplen harmonics in relation with the reduced relative permeability
[14].

Saturation impacts several aspects of the PMSM. The torque production is directly
related to the magnetic ux generated by the stator and the interaction between
the rotor magnets. Saturation limits the maximum ux density in the stator core
thereby limiting the torque output.

2.2.2 Inductance

The PMSM has a inductive characteristic, therefor its inductive components are
pivotal for its performance. Fundamentally, the inductance can easily be separated
in two components. First the self-inductance explicitly de nes the inductive property
as a function of the machine design, speci cally relating to the magnetic in uence
within an individual series of coils as,
_ N&
Ls= - (2.9)

where Ng; represents one individual series of coils and is the reluctance.

With saturation, the inductive properties are decreasing rapidly as a function of the
decreasing relative permeability of the saturated material, thus making the material
reluctance increase leading to decreased inductance [14].

The second inductive component is the cross-coupled inductance, also de ned by the
design properties. However, the cross-coupled inductance referrers to the mutual
inductive attributes between two individual series of coils as,

N2ZN2
Lec = % (2.10)

whereNg, represents any second individual series of coils.

Moreover, the cross-coupling inductance can enhance the saturation e ect as cross-
saturation. This can be seen for high negativey currents, where the ux linkage

in the Q-direction is a ected. Hence, in accurate modelling the mutual inductive

e ects must be taken in to considerations as described in [17] as,

a= La(la;lg)+ m (2.11a)
a= Lq(lgila) (2.11b)
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2. Theory

2.3 V-shape rotor topology

The geometric design of a V-shaped rotor can vary in terms of shapes and con-
gurations. Nonetheless, by establishing de nitions for magnetic characteristics, it
becomes possible to describe the primary electromagnetic attributes of such rotors.
The rotor pole pitch is de ned by the angular position between two consecutive
magnetic poles in the rotor. It is mathematically described a%, whereP is the
number of magnetic poles in the rotor. Furthermore, the magnetic pole arc, also
known as rotor pole pitch angle, is the angular distance along the circumference of
the rotor that is covered by a single pole. The ratio between the rotor pole pitch
and the magnetic pole arc de nes as the rotor pole coverage. Moreover, the pole
angle denotes as the angle between two magnets of the same pole.

2.3.1 Harmonic content

The harmonic content produced by a electrical machine can be found in the back-
emf waveform. Since the back-emf is generated as a function of the machine ux,
the harmonic content can therefore be seen in the ux density of the air-gap, as de-
scribed. There are several factors in uencing the characteristics of the air-gap ux
density in the V-shape rotor topology which in turn in uence the harmonic content
in the back-emf according to Faraday's law (2.7). The pole angle, relative width,
and height of the permanent magnets have de nitive in uence over the air-gap ux
density. The relative magnet width a ects the ux magnitude, the height a ects
the inductance in the direct axis (D-axis), and the pole angle a ects the harmonics
in the rotor-generated ux density [18].

The textbook way of controlling the third harmonic content in the back-emf is to
chose a specic winding pitch factor. However, when only considering the rotor
topology the focus should be to control the level of saturation [14]. Naturally, the
saturation level for the ux density should be as high as possible in order to ensure
the highest possible force density, but also from an triplen harmonic perspective
since it is highly in uenced by the level of saturation. A core material with high
saturation threshold is iron. Usually, a mixture of iron and silicon is used as core
material since silicon reduces the iron losses, however the mixture decreases the
saturation threshold. Consequently, a trade-o between saturation threshold and
iron losses is needed [19].

2.3.1.1 Pole coverage

It can be considered well-known that a pole coverage of two-thirds of the rotor
surface for a surface mounted PMSM suppresses the third harmonic multiples in the
air-gap ux density [5]. This is evident when assuming the triplen harmonic is of
sinusoidal heritage, the third harmonic will be a multiple of three

Bairgapjae = Bsin(n ) (2.12)

whereh = 3, 9, 15... andB is the magnitude of the air-gap ux density.
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As the pole pitch stretches 180for %th of a eight pole model as,

o= g . (2.13)
two-thirds pole coverage will be 120 Assigning . = 120 , the resulting air-gap
ux density will be zero, for any h-third harmonic multiple.

Baigapjad = Bsin(3  120) =0 (2.14)

However, for the V-shaped rotor topology the complexity increases. In [20] the the-
ory of minimizing harmonic content in a V-shaped single magnet layer PMSM using
analytical representation is presented. Using the theory, each magnetic ux gener-
ating segment in the rotor directly impacting the air-gap ux density is evaluated
separately. As the V-shaped magnet alignment generates a trapezoidal ux density
wave in the air-gap, the breakdown of each segment describes the wave, hence in-
depth analysis of the harmonic content can be made.

In detail, the theory describes the relation between the magnet position and the
wave shape, visualized in Figure 2.7, where the position of the magnet is divided
into sections of angular pole coverage, measured in radians. One part magnet pole
pitch in the V-shaped topology is equal to one half pole pitcly. Thereby also equal

to the sum of the magnetic pole arc segmentsy, », and 3.

(b) Segmented rotor
(@) Segmented air-gap ux density model

Figure 2.7: Corresponding air-gap ux density in segmented rotor model

From angle 0 to 4, it was assumed that the rotor reluctance is independent of the
reluctance path length, and due to the very low reluctance value, as a factor of the
high relative permeability in the rotor material, therefore neglected. This part could
thereby be assumed to generate the square-shaped part of the trapezoidal wave ux
density in the air-gap. The angular divisions were done in the rib of the magnet,
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2. Theory

in the corners of the ux barriers, since it was assumed that the magnetic ux in
the ux barrier is aligned with the ux of the magnet, thereby neglecting any mag-
netic ux leakage. This assumption was made concerning the increased reluctance
within the ux barriers directly minimizing the magnetic ux leakage and reducing
the saturation e ects. In the rib, in segment ,, seen in Figure 2.7a, the magnetic
ux density gradually decreases along the angular length. The last sectiong, has
zero ux density within the air-gap, due to the opposing ux density generated from
neighboring reversed-pole magnets.

The resulting analytical air-gap ux density as a function of the magnet position
over one half pole pitch, is expressed from [20] as

8
EBm (O < 1)

Bairgap = BB%( 1t 2 ) (1 < 1t ) (2.15)
0 (1+ 2 < 1+ 2+ )

Moreover, the theory presents an analytical expression of the harmonic content in
the air-gap ux density by the use of FFT. By implementing an expression of the
harmonic content as a function of the magnetic pole arc the harmonic content based
on the pole coverage segments can be analyzed from [20], according to

Zal pZa1+aZB

P hp, P Bm hp
Bmjh = . Bmncog > )+ " a2(a1+ a2 )cogq > ) (2.16)
where, h denotes the harmonic order, is the angular position in relation to the
pole pitch, andp is the number of poles.

2.3.1.2 Pole arc angle

Connected with the pole coverage is the pole arc angle. The angle is de ned as the
angle stretching across the outer arc between two magnets with the same orientation,
Figure 2.8. As the angle is used in the permanent magnet rotor typologies to regulate
the pole coverage it determines the speci c space harmonics in the rotor to stator
relation as it in uences the magnetic ux path. In [21] the in uence of pole arc
angle is describes to impact the triplen harmonics and in [22] the optimal pole arc
angle reducing the speci c third harmonic was found for the analyzed model.

Figure 2.8: Magnet arc angle
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2.3.1.3 Pole angle

The magnetic pole angle, often denoted as magnetic span angle, represents the angle
between two magnet of the same orientation in the V-shaped geometry, Figure 2.9.
The pole angle contributes to the air-gap ux density waveform. As the interaction
between the magnets in the V-shaped pole depends on the distance between them,
the concentration of magnetic ux intensi es with the decreased pole angle, conse-
guently increasing the harmonic distortion in the air-gap ux density [23]. Therefore,
adjustments of the pole angle will impact the sinusoidal degree of the air-gap ux
density. Moreover, the pole angle impacts the relation between the inductances in
direct and quadrant frame (DQ-frame),L4 and L, because the permeance in the
quadrant axis (Q-axis) which is a factor of the magnetic ux path geometry, specif-
ically the area and relative length of the ux path [23]. Also the permeance can be
described as the inverse of reluctance

p= ="~ (2.17)

1_ A
<

Figure 2.9: Magnet pole angle

2.3.1.4 Flux barriers

Flux barriers are used in permanent magnet machines to in uence the path of the
magnetic ux and thereby impact the waveform of the resulting air-gap ux density.
By adjusting the geometry of the ux barriers the characteristics of the leakage ux
can be altered ultimately in uencing the harmonic content. The ux barriers have
a much lower relative permeability (, = 1) than the iron core ( , * 6000at 99.8%
purity) in the rotor thus drastically increasing the local reluctance according to

I
o rA

Furthermore, rotor ducts are introduced in the rotor geometry to alter the concen-
tration of magnetic ux in order to impact the level of saturation. Moreover, ducts

can also be used for mechanical purposes. The most common mechanical purposes
are cooling and reduction of material[24].

<= (2.18)
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In terms of electromagnetic purpose, a rotor duct placed in a single or double V-
shaped topology is often located in alignment with the D-axis, Figure 2.10.

Figure 2.10: Rotor duct in D-axis

The duct, with air as material has a much lower relative permeability than the sur-
rounding rotor iron. Consequently, the duct works as a magnetic ux barrier, hence
the distribution and local concentration of magnetic ux changes in the D-axis due
to the increased reluctance, in other words, the divergence ux is reduced.

2.4 Optimizing and statistical methods

This section covers the optimizing and statistical methods used. It begins with a de-
scription of the optimization method used for the analytical part, the 'scipy.optimize.minimize'
function. Continuing with the presentation of the theoretical foundation of the

Taguchi design methodology. Lastly, the statistical method analysis of variance
(ANOVA) is presented, where the p-value and F-value metrics are described.

2.4.1 SciPy optimization

Optimization methods are often used to solve or give hints in complex mathemati-
cal problems. The 'scipy.optimize.minimize' function is part of the SciPy libray in
Python, within the optimization module. The function utilizes various optimiza-
tion algorithms, one of many are the Simplex algorithm is used in the Nelder-Mead
method. The algorithm is well-suited for solving simple boundary-constrained op-
timization problems fast and in a robust manner. It utilized a heuristic search
method and is used to nd the maximum or minimum value of an objective function
of several variables [25].

2.4.2 Taguchi design methodology

The Taguchi optimization method is a statistical technique developed by Genichi
Taguchi for improving the quality of manufactured goods. It has since been widely
applied in engineering, product design, and process optimization to achieve robust
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and reliable products. The core of Taguchi's approach lies in the design of experi-
ments (DOE) and the concept of robust design.

The main tool for the Taguchi optimization method is the orthogonal array (OA).
An OA is a balanced array where all parameter levels are equally weighted. This in
turns lead to each factor can be assessed independently from all other factors. This
reduces time and cost as the e ect from one parameter does not intervene with the
estimation of the other parameters.

The user can use one of the prede ned orthogonal tables given by the Taguchi
method. Depending on how many factors, levels for these factors and if there are
interactions or not [26].

Finite element analysis (FEA) can be very time consuming, especially with multi-
objective goals and multiple adjustable parameters. The advantage of using the
Taguchi method combined with FEA is the signi cantly reduced number of simula-
tions. To conduct a Taguchi experimental design there are generally ve steps that
are followed:

1. De ne parameters to be analysed, their constraints and the objective/s.

2. Select an OA based on number of parameters and their levels.

3. Using nite element method (FEM), simulate each run based on the OA and

calculate the response variable/s.

4. Calculate the signal-to-noise ratio for each parameter and its levels.

5. Determine the best combination of the parameters.
The simulations in Ansys Maxwell will be conducted with the Taguchi method. For
objectives that should be minimized. The SN ratio is calculated as,

: X
Smaller the better S=N ratio = 10log, o y? (2.19)

i=1

where n is the number of simulations ang; is the value for that simulation [26].

2.4.3 Analysis of variance

ANOVA is a statistical method used to analyze di erences among group means in
a sample. Its primary purpose is to test if the null hypothesis, which states that all
group means are equal, holds true. This implies that any observed variation in the
response variable among groups could be attributed to random chance rather than
the e ect of the independent variable. The null hypothesis is tested by calculating
the p-value, which indicates the probability of observing the data, or something
more extreme, if the null hypothesis were true. A p-value below 0.05 typically leads
to rejecting the null hypothesis, suggesting that the group means di er in a statisti-
cally signi cant way, not attributable to random chance. Conversely, a high p-value
suggests insu cient evidence to reject the null hypothesis, indicating no signi cant
di erence in means [27].
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The F-value, another important metric in ANOVA, measures the ratio of the vari-
ance between groups to the variance within groups. It re ects how much the group
means deviate from the overall mean relative to the variation within the groups. A
higher F-value indicates a greater di erence in means, suggesting signi cant vari-
ability between groups. Calculating both the p-value and F-value provides a com-
prehensive understanding of the data, allowing researchers to assess the signi cance
and magnitude of di erences between group means [27].
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Case set-up

The case set-up of the thesis project will be divided into two cases. Analytical
and numerical analysis, both based on an eight-pole DIPMSM with V-shaped rotor
topology but with di erent complexity. First, in the analysis case, emphasis will be
placed on expanding and assessing the analytical relationship with the third har-
monic present in the air gap ux density and rotor pole arrangement. Subsequently,
a numerical case will be established through FEM modeling to simulate the relevant
parameters, saturation e ects, and numerical optimization.

Finally, even though the main part of the study is aimed at the rotor parameters,
a minor study of the stator saturation will be investigated to nd the relationship
between the triplen harmonic and the machine core saturation. The primary ob-
jective of the case set-up is to generate systematically organized data clarifying the
dependency of circulating currents on the analyzed parameters, analytically and
numerically.

3.1 Analytical case

The analytical case will generate the underlying foundation of the numerical case.
First it will aim towards analyzing the third harmonic multiple contents in the air
gap ux density, based on theory presented in section 2.3.1.1 but with an extension
involving double magnet layers. The case is limited to only analyzing the third
harmonic content in the air gap ux density as a function of the rotor pole coverage.

3.1.1 Model

The analytical analysis of the magnitude of the third harmonic in the air gap ux
density as a function of the rotor pole coverage will initially be conducted on an eight-
pole IPMSM. The IPMSM will be characterized by a single interior magnet layer
and a V-shaped rotor topology, to validate the underlying theory. Subsequently, the
analysis will be expanded to incorporate the complexity of a double magnet layer
using the same rotor topology. It is important to note that this analytical focus
is exclusively directed toward the rotor, with the stator assumed to be slotless for
the purpose of this study. Furthermore, all materials in the model are considered
linear, thus no saturation e ect can occur. Also, the overall rotor parameters such
as outer and inner rotor diameter, do not impact the solely theoretical calculation,
hence they can be seen as arbitrary.
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3. Case set-up

Figure 3.1 displaysl—lﬁth of the two models to be analyzed in the analytical case. The
rst magnet layer denoted asL 1 represents the magnet closest to the rotor shaft,
and the second layet 2 is the layer closest to the air gap.

(@) Single magnet layer (b) Double magnet layer

Figure 3.1: Analytical model with di erent magnet layers

3.1.2 Segmented pole coverage method

The method to be used for the analytical relation between air gap ux density and
pole coverage will be referred to as the segmented pole coverage method. The seg-
mented pole coverage method will require segmentation of the pole pitch in order to
nd the relation of each magnetic ux generating part and the magnetic pole arc.
This to discern the relationship between each magnetic ux-generating section and
the magnetic pole arc.

The methodology involves a comprehensive analysis of the contribution made by
the primary magnetic ux-generating segments within a magnetic pole. Since the
length of each segment has an impact on the harmonic content, identifying optimal
segmented lengths becomes crucial.

A segment is de ned by a magnetic vector aimed toward the air gap. In other words,
the magnetic ux vector is directed along the D-axis as can be seen in Figure 3.2a.
Conversely, Figure 3.2b depicts a magnet with highlighted sides facing the air gap.

A single-layer magnet V-shaped pole, only considering half of the pole pitch repre-

senting %ﬁth of the IPMSM model, will have three segments. Thus, the double-layer
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(@) Flux vectorsin D-axis(b) Highlighted ux- (c) Magnetic ux seg-
direction generating boundaries mentation lines

Figure 3.2: Magnetic ux segmentation

model will require ve segments. By only segmenting one-half of the V-shaped pole,
the number of segments is minimized, thereby also the number of calculations. This
reduction is achievable due to the symmetrical geometry inherent in a V-shaped
pole. This is highlighted in Figure 3.2c, which illustrates the magnet sides facing
the air gap and delineates the resulting ve segments.

Moreover, the computational process will entail iterative procedures using the Python
programming language. The determination of segment boundaries will depend on
the placement of magnets, ensuring the establishment of relevant limits for each
segment.

To ascertain the optimal segment lengths that yield the minimal third harmonic
content in air-gap ux density, an optimization algorithm will be employed. Speci -
cally, the algorithm is a basic optimization function sourced from the scipy.optimize
library, recognized asminimize in python. The theoretical ground of this optimiza-
tion process is further described in section 2.4.1.

3.2 Numerical case

In contrast to the analytical case, where only one parameter is analyzed, the numer-
ical case aims to analyze multiple parameters. This to nd interactions between the
parameters and which parameters have a signi cant impact on the third harmonic
current amplitude. From this investigation, optimal rotor parametric values can be
determined in terms of reducing the third harmonic amplitude and increasing ro-
bustness. In addition, analysis of saturation in the machine iron core will be made
as a function of di erent D-and Q-currents.
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3.2.1 Model

The numerical case involves the creation of a FEM DIPMSM model with a V-shaped
rotor topology using Ansys Maxwell. The DIPMSM is commonly used topology in
the automotive industry due to its high torque to weight ratio. The model is to be
created as a Maxwell 2D design. The overall setup in Ansys Maxwell can be variate
depending on the objective of the simulations. By selecting a solution type to be
transient, dynamic simulations can be made. However, by selecting magnetostatic,
static eld simulations can be made. The numerical case will require both solution

types.

Furthermore, the model is to be designed with the same principles as the analytical
case model but with increased complexity to make it more realistic. The winding
con guration will be single-layered full pitch with the number of slots per pole per
phase equal to two. The winding is to be modeled as a hairpin type and the model
Is to be created with a focus on the parameters arranging the magnet positions in
the rotor. Therefore the speci c diameters and lengths are arbitrary for the purpose
of the thesis. The relevant design parameters for the model are shown in Table 3.1.

Table 3.1: Model parameters

I Parameter | Variable | Value | Unit |
Number of series windings Ng 8 -
Number of parallel windings Np 4 -
Number of poles p 8 -
Number of stator slots Q 48 -
Number of stator slots per pole per phase q 2 -
Number of phases n 3 -
Fill factor kfi|| 70 %
DC link voltage Vbc 650 \Y
Current limit | peak 800 A

3.2.1.1 Material assignment

The materials can be found in the existing material library or de ned by the user.
The project model is to be built by combining the two methods. The materials in the
model are copper for the coils, electric steel (M19-29G) for the rotor and stator core,
and neodymium-iron-boron (N42UH) for the magnets. The shaft is to be modeled
with stainless steel. The materials are commonly used in the automotive industry,
such as in the 2004 Toyota Prius IPMSM.

3.2.1.2 Mesh Generation

To ensure the right accuracy of the simulation results as well as maximized computa-
tional e ciency in a FEM model, it is imperative to establish precise and well-de ned
mesh settings tailored to each element within the model.
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The de nition of mesh parameters, such as element size, shape, and re nement
criteria, plays a central role in achieving reliable simulations. However, the selection
of mesh needs to be a balance between accuracy and computational time. Given
that the model will have areas that can contain high levels of magnetic ux density,

it is paramount to de ne a ner mesh within these speci c regions. A ner resolution

is particularly signi cant for accurately computing saturation levels, being a critical
factor in studying harmonics. In Table 3.2, the mesh settings for each element are
displayed where the rotor bands are areas with potential high local saturation.

Table 3.2: Mesh

I Part \ Mesh type | Size | Surface deviation|

Coils Length based 3mm -

Stator Surface Approximation Based - 0.1mm
Rotor Length based 2mm -
Rotor bands Length based 0.5mm -
Rotor shaft Length based 10mm -
Magnets Length based 3mm -
Rotor duct Length based 0.5mm -

3.2.1.3 External circuit

In order to conduct measurement on the circulating currents in Ansys Maxwell,
an external circuit is to be created and added to the model. The external circuit
will represent the delta connection and links with the active winding in the model.
Therefore, calculations of the end winding parameters need to be conducted in order
to obtain a realistic external circuit.

3.2.2 Simulations

The simulations will be divided into two sections covering analysis of saturation
a ecting the circulating current, as well as rotor parameter evaluation.

3.2.2.1 Saturation evaluation

Saturation analysis in the model involves injecting sinusoidal three-phase currents
corresponding to distinct phase delays between the three-phase voltages and currents
waveform. These phase delays are referred to the DQ-frame as magnitude ratios
between the d-and g-axis current magnitude and represent typical load currents
using maximum torque per ampere (MTPA), placing the load current in the second
guadrant within the DQ-frame. The following phase delays are to be analyzed,;
30, 45,and 60. Figure 3.3 illustrates the ratios under examination as angles
in the DQ-frame. It should be recognized that while this injection method may
not precisely mirror realistic control scenarios, it e ectively captures the saturation
e ect in the model, and enables the study of circulating currents.
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Figure 3.3: Input current magnitude ratios in DQ-frame

3.2.2.2 Parametric evaluation

The parametric simulations will feature eight adjustable rotor parameters. These
are pole angle, arc pole angle, magnet thickness, and ux blocker extension length,
for each magnet layer, visualized in Figure 3.4. These parameters represent the
magnet ux generation in relation to the magnet layout. The arc pole angle will be
measured in electrical degrees in relation to the pole pitch of 180 electrical degrees,
whereas the magnet thickness and extension length are to be measured in mm. The
pole angle will be measured in mechanical degrees.

The initial values can be seen in Table 3.3, where the individual parameter simula-
tions are considered to provide the foundation for the boundaries in the optimization.

Table 3.3: Description of the parameters

| Parameter | Description | Initial Value | Unit |
L1y Flux barrier spacing extension 3.5 mm
L 2y Flux barrier spacing extension 12.5 mm
L 1arc Magnetic arc angle 134 electrical degrees
L 2arc Magnetic arc angle 78 electrical degrees
L1poe Magnet pole angle 92 degrees
L 2p 0l Magnet pole angle 120 degrees
L1y Magnet Thickness 4.2 mm
L2r Magnet thickness 3.2 mm
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(@) Magnet pole angle (b) Magnet arc angle

(c) Magnet thickness (d) Flux barrier spacing extension

Figure 3.4: Visualisation of changeable parameters

Each parameter's impact on the circulating current is rst simulated individually,
then in pairs, to model accurate boundaries. Thereafter, an optimization of the
combined impact of the mentioned parameters is computed. Generally, more than
one Taguchi optimization method is conducted. Due to the fact that a large value

di erence between each level leads to reduced accuracy. By incrementing the levels
to smaller values, the accuracy of the design experiment increases. The process can
be viewed in Figure 3.5. The parametric simulations are to be done in no load
condition in order to evaluate the result accurately by excluding as much saturation

e ect as possible.

3.2.3 Taguchi optimization method

In this study, the eight parameters are assigned with four di erent levels. An or-
thogonal array of 32 simulations and 4 levelk ;,(4%) is used.

Reducing the orthogonal array to three level ,7(3%) array will only reduce com-
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Figure 3.5: Parametric evaluation process

putational time by 15% while reducing the accuracy by 32%. Having a ve-level
orthogonal array like the Ls4(125%) array would only increase the accuracy by 20%
while the computational time would increase by 300%. Thies»(4%) is therefore con-
sidered the right choice in this case, taking both accuracy and simulation time into
consideration. The process of determining the boundaries and levels is explained in
subsection 3.2.2.2.

In this case, where 4 levels and 8 parameters are used, a full factorial would re-
quire 48 = 65 536 simulations. While using the orthogonal arrayl 3,(4%) reduces
this number down to 32 simulations. This saves the amount of computational time
required by around 99.95 %.

Since the objective is to reduce the circulating currents, Equation (2.19) will be
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used, provided in section 2.4.2.

3.2.3.1 Analysis of variance

After the Taguchi optimization method has been conducted, an ANOVA of the result
will be carried out to nd the most signi cant parameters impacting the circulating
currents. The ANOVA will also be used to nd potential interaction e ects between
parameters.

3.2.4 Rotor duct analysis

Once the model is optimized for the mentioned parameter using the Taguchi method,
further machine design is to be analysed by introducing a rotor duct. This to

evaluate the e ect of the permeance in the D-axis direction on the induced circulating
current. The duct will be shaped as an ellipse and its major radius will be swept to
analyze the e ect of change in circulating current.
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Analytical Analysis

The analytical calculations were conducted with the usage of the Segmented pole
coverage method. The method originates from [20] and is described in section 3.1.2.

Moreover, it is noteworthy that one pole pitch corresponds to the angular length
of % for the magnetic pole arc. Consequently, one half pole pitch represents an
angular length of5; given that the model comprises eight poles. In the analysis, one
half-pole pitch was considered equivalent to 100% pole coverage. This choice was
motivated by the fact that, while one half-pole pitch necessitates fewer calculations,

it yields the same results owing to the symmetrical nature of the model.

4.1 Single magnet layer

First, the model presented in section 3.1.1, Figure 3.1a, was analyzed. The harmonic
content in the air-gap ux density could be calculated using (2.16) from section
2.3.1.1. Since the model has eight poles the equation formulates as,

z zZ
Bmjz = 8 leCOE(i)"' 8 257m( 1t 2 )COS( ) (4.1)
0 2 1 2
By assigning boundaries for the angular length of the magnetic pole arc segments, it
was possible to calculate the third harmonic content for the pole coverage. When the
pole coverage is equal to one, the largest possible magnetic pole arg &f obtained,
suggesting the upper boundary of 1, at 100% pole coverage. The lower boundary
of ; was selected to be an arbitrary limit of; representing 20% pole coverage. As
for 5, itis afunction of the ux barrier width, since the ux density goes from high
to low along the barrier. Its limits were de ned to be fromy; to 55 magnetic pole
arc length. It is clear that segment ; never will reach an pole coverage of 100%
since , will always be greater than 0, thereby an speci ed upper limit will not be
necessary. The amplitude of the ux density produced by the magnef8,, was set
to 1 T in the analytical calculations, representing a nominal value. In Table 4.1, the
de ned boundaries are displayed.

The resulting dependence of the segment arc length as a function of the magnitude

of the third harmonic content in the air-gap ux density for both ;-and ,-segment
are displayed in Figure 4.1a and 4.1b respectively.
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Table 4.1: Pole coverage for each segment

H Segment| Min coverage [%]‘ Max coverage [%]H
1 20% 100%
2 2.5% 20%

Importantly, 4.1a represents the rst sums of (4.1) where only the dependence of
Is considered. Nevertheless, 4.1b represent the second sums of (4.1), where bpth
and , are considered.

(@) 1-segment relation toB gap j3e

(b) 2-segment relation toB rgap j3

Figure 4.1: Individual segment relation to B 4igap ja
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Furthermore, Figure 4.2 shows the absolute value of the combined sum of equation
(4.1), describing the third harmonic content in relation with the segmented pole
coverage.

Figure 4.2: Combined segment relation tdB ,jrgapjar

In addition, the third harmonic content closest to zero for the combined segments was
calculated with the implemented optimization algorithm resulting in a total third
harmonic contribution Bmjz = 2:684 10 ° T with an optimal segment distribution

in Table 4.2, where the sum of the segments is equal to the pole pitch.

Table 4.2: Optimal segment distribution

| Pole arc segment Pole coverage [%]

1 64.61%
2 8.26%
3 27.13%

As mentioned, the triplen harmonic content in the air-gap ux density produced in

a surface-mounted PMSM can be minimized by arranging the magnets with a pole
coverage ofl20deg. This was also shown in the result of the analytical calcula-
tions for one magnet layer, as the zero-crossing occurredl®#0deg (66:67 % pole
coverage for the ; segment, seen in Figure 4.1a. It replicates a surface-mounted
magnet since the reluctance in the rotor was neglected in the analysis.

However, for the V-shaped rotor topology, the width of the ux barriers impacted the
> segment. The resulting combined pole coverage exceed2® deg, as expected
due to the contribution from the gradient magnetic ux caused by the ux barriers.
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4.2 Double magnet layer

With two magnet layers, the complexity of the analytical expression for the air gap
ux density increases. By using the same method as for one magnet layer, one half
pole pitch was instead divided into ve segments, Figure 4.3.

Figure 4.3: Segmented pole coverage

As the expression for the harmonic content in the air-gap ux density presented
in the theory only covers a single magnet layer, it needed to be extended. With
the segmented pole coverage method, the amplitude of the air-gap ux density per
segment could be expressed for the double magnet layer model as,

5 ml+Bm2 (0 < l)
§8m1+8m2( 1t 2 ) (1 < 1+ )
Bairgap = _Bm1 (1+ 2 < 1+ 2t 3)
%Bml( 1+ 3t 4 ) (1+ 2+ 3 < 1+ o+ 3+ )
(1+ 2% 3+ 4 1+ 2+ 3+ 4+ 5)

(4.2)
and visualized in Figure 4.4.
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Figure 4.4: Analytical air-gap ux density over pole arc segments

Moreover, each component in (4.2) shapes the air-gap ux wave shape in di erent
ways, to analyze the impact from the components, they were calculated with di er-
ent values and visualized with respect to the pole pitch. First as a function of the
magnet layer thicknesse8,; and B, in three separate cases indicating its speci c
impact in Figure 4.5, while the segments were kept unchanged for each separate case.

Figure 4.5: Magnet layer thickness ratio - wave shape impact

In Figure 4.6, the impact of the width of segments ; and ; were visualized as
the other segments and amplitudes were kept unchanged. As can be seen, this were
heavily impacting the width of the wave.
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Figure 4.6: ; and 3 ratio - wave shape impact

Lastly, in Figure 4.7, the impact of the segments , and 4 can be seen a ecting the
trapezoidal slops. Here, the other segments and amplitudes were kept unchanged.

Figure 4.7:  , and 4 ratio - wave shape impact

The harmonic content per segment could be calculated using FFT, thereby trans-
forming the sum of the harmonics as,

Z
1 h
Bairgapjh = P . (Bm1+ Bmz)COS(%)

Z
1* 2B, + B h
v P %( 1t 2 )COS(%)
71
1+ 2+ 3 h
+ P Bmlcos%)
Zl+2
1+ 2+ 3+t 4 B h
P SN+ o+ gt 4 )ood D) (43

1t 2t 3 4
where, h denotes the harmonic order, is the angular position in relation to the
pole pitch, and p is the number of poles. In the double magnet layer calculations,
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segments ; and 3 were much larger than segments, and 4, hence the second
and fourth sums of (4.3) were neglected. This since they are having a much lower
impact on the resulting air-gap ux. It is also making it easier to visualize since the
number of dimensions decreases to three instead of ve.

The rst and third parts of (4.3) are represented visually in Figure 4.8a and 4.8b
respectively. The gure displays the amplitude of the third harmonic content in the

air-gap ux density, Bgigapjae, as a function of pole coverage for the;- and 3
segment.

(@) 1-segment relation toB 4igap jar

(b) 3-segment relation toB rgap j3

Figure 4.8: Individual segment relation to B irgap s
In addition, Figure 4.9 shows the absolute value of the combined amplitude of the
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third harmonic content in relation to ;- and 3-segment.

Figure 4.9: Combined segment relation to toB 4igap jar

The result indicates that the magnetic pole arc of the ; segment had the greatest
impact on the third harmonic content in the air-gap ux density. This was due to

it was covering the largest part of the pole pitch, as well as inducing the highest
amplitude of the air-gap ux density. The resulting Figures 4.8a and 4.8b as well as
4.9 are showing the magnitude of the ux density. Thereby, as seen when comparing
the lowest values generated from each part of the sum with the total sum, it is clear
that the total sum is lower than some parts of the sum, since the magnitude does
not show weather the value is positive or negative.

In addition, a minimization solution was made. The expression for two magnet lay-
ers, with the increased amount of changeable dependent parameters in (4.3) requires
mathematical optimization in order to nd the value closest to zero including all ve
segments.

An optimization algorithm extended for the model was used to solve the complex
optimization. In the algorithm, the implemented boundaries displayed in Table 4.3
were assumed as reasonable boundaries for the magnets to t within the pole pitch
in a V-shape rotor topology.

Table 4.3: Pole coverage for each segment

| Segment| Min coverage [%] Max coverage [%]]

1 20% 100%
2 8% 20%
3 10% 40%
4 8% 20%
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The objective function of the optimization was the function (4.3) where each com-
ponent in the sum had the mentioned speci ed boundaries. In Figure 4.10, each
objective function value per iteration can be seen from the heuristic search in Table
4.4,

Figure 4.10: Objective function value per iteration

The solution for the optimal segment pole coverage for each segment can also be
seen in Table 4.4. This combination was resulting iBjz« = 492 10 5T, where
the sum of the segments is equal to the pole pitch.

Table 4.4: Optimal segment distribution

H Pole arc segmenq Pole coverage [%]

1 52.70%
2 8.87%
3 20.67%
4 8.47%
5 9.29%

The optimal segment distribution could be found exceedinfj20deg, (66.:67%9 pole
coverage and resulting in163 deg (90:5%) pole coverage. This was due to the
contribution of magnetic ux from both magnet layers as well as the gradient mag-
netic ux outside of the ux barriers generated di erent ux magnitudes along the
pole pitch. The air-gap ux density wave shape formed by the optimal segment
distribution could be visualized in Figure 4.11.
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Figure 4.11:

40
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Numerical Analysis

In this section, the numerical analysis is presented as well as the corresponding
results. First the model was built using FEM in Ansys Maxwell. Thereafter, the
characteristics of the model were analyzed, followed by a detailed analysis of the
core saturation. Then, the rotor parametric evaluation was also computed together
with an optimization.

5.1 Model

The model used in the numerical case was built using the existing RMxprt-template
design tool in Ansys Maxwell. The option SlotCore was used for the stator geometry
and VPMcore for the rotor geometry. The shaft was drawn using the center point
arc option. By reducing the model symmetrically to one magnetic pole, resulting
in %th model, the computational time could be signi cantly reduced. In addition,

a ux barrier was positioned between the rst layer magnets in order to minimize
the local ux leakage. Moreover, the model was built with multiple rotor bands
increasing the mesh in highly saturated areas. This to increase the accuracy of the
FEA. The model is displayed in Figure 5.1.

Figure 5.1: Complete DIPMSM
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The resulting mesh ofg% part model can be seen in Figure 5.2. As can be seen,
the mesh grid is signi cantly ner along in areas where saturation are commonly
occurring and expected.

Figure 5.2: Resulting mesh grid ofg% model

5.1.1 External circuit

The circulating currents in the model, an external circuit was built to represent the
delta connection to allow for measuring. The model presented in Figure 5.1, was
built in Maxwell2D, hence the end winding resistance was not taken into consider-
ation. Therefore, an estimation of the end winding resistance was calculated using
(5.2)-(5.4).

Lew =2(1:2L pitch + 2L endext) (5.1)

Here Lich is calculated using the radius of the center of the stator slot together
with the number of polesN, as,

2r
L pitch = s;sltcenter (52)
p

The resulting end winding resistance was calculated using the resistivity of copper
«u and the winding con guration as

NsL
Reoilext = 7;:) '|S_I\TW (5.3)
coil =Ns

where Ay equals the product of the coil area and the Il factor,Ng is the number
of series connected coils, arglis the number of slots per poles per phases, resulting in

Rcoilext Npq
Rew = —=X P71 =3:10m (5.4)
2N2
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The estimation is based on an assumed end winding overhanggex: 0f 25mm. The
end winding resistance is implemented in the circuit aRe,g in Figure 5.3. Fur-
thermore, the circuit is fed by three separated current sources to mimic a balanced
three phase source. Each current source can be regarded as ideal due to its parallel
connected high omic resistor.

Figure 5.3: External circuit

The sources produces ideal sinusoidal waves and were chosen as load current for two
reasons. First, they will saturate the material implemented in the model. Second,
the ideal waves makes it easy to extract harmonic content, to be more precise,
the triplen harmonic content. For the purpose of the analysis, the current sources
were set to generate maximum 800 A, representing the maximum line current. The
maximum phase current could then be determined as,

| .
I max phase = ﬂﬁ%i =461:8 A (5.5)

5.2 Model characteristics

The rotor in the model is characterized by the parameters presented in section
3.2.2.2. The initial values for the parameters are presented in Table 5.1 and showed
in Figure 5.4. The magnet pair closest to the rotor shaft is noted as the rst layer
or L1, whereas the magnet pair furthest from the rotor shaft is noted as the second
layer or L2.

First, the model was simulated under no load condition at several speeds using the
initial set of values for the changeable parameters. This was done to analyze the
speed dependence of the circulating current. Figure 5.5 shows that the speed has
an impact on the circulating current magnitude in lower speed region. However at
higher speeds it ceases to impact the magnitude, in accordance with theory presented
in section 2.1.5. Therefore, 3000rpm is selected to be the speed used for the numerical
analysis as it provides a good representation for the circulating current.
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Table 5.1:

Figure 5.4:

Figure 5.5:

44

Initial rotor parameters

| Parameter | Value | Unit |
L1y 3.5 | mm
L 2e 125 | mm
L 1arc 134 | deg
L 2arc 78 | deg
L1poe 92 deg
L 2ple 120 | deg
L1 4.2 mm
L2r 3.2 mm

Initial rotor parameters

lec VS RPM
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In Figure 5.6 the the circulating current present in the delta loop for the initial rotor
design is displayed. Figure 5.7 displays the FFT of the circulating current extracted
form the external circuit measurement in the delta loop.

Figure 5.6: | in no-load at 3000rpm

Figure 5.7: I in no-load at 3000rpm

The resulting triplen harmonic content are presented in Table 5.2. Orders of triplen
harmonics higher than 15 were not considered due to its much smaller amplitude.

Table 5.2: Circulating current harmonics amplitude in no load at 3000rpm

| Harmonic order| Value | Unit ||

3d 2675 A
g 4914 A
150 0.5262| A
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5.2.1 Inductance

In order to track the saturation in the model, a mapping of the DQ-inductance were
done with reference to the DQ-current. A maximum DQ-current amplitude of 600
A was used as the boundary of the mapping, Figure 5.8.

(a) Ld (b) Lq
Figure 5.8: Ld and Lg mapping
The inductances shows how the model reacts to applied currents with di erent

magnitudes. Hence the mapping are useful for tracking the saturation behaviour of
the model.

5.2.2 Flux linkage

In addition, similar mapping of the ux linkage in D- and Q-direction was com-
puted to visualize the characteristics of the linked ux in the FE-model, Figure
5.9.

@ d (b) g

Figure 5.9: Mapping of 4and |
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5.2.3 Saturation

It has earlier been stated that the saturation e ect has the largest impact on the cir-
culating current, speci cally the third harmonic. In order to determine the impact

of saturation in the model, several simulations were made with di erent levels of
load current injected in the model through the external circuit. As mentioned, the
input current was de ned by ideal balanced three phase current sources generating
ideal sinusoidal waves, however, referring to DQ-frame, three di erent magnitude
ratios betweenl 4 and | 4 are introduced, 30, 45, and, 60. Here, the Q-axis is
the zero-reference. These magnitudes were selected to replicate typical MTPA oper-
ation for PMSM drive. Figure 3.3 in section 3.2.2.1, displays the chosen magnitude
ratios in a DQ-coordinate system.

Noteworthy is that the DQ-ratios were kept static for speeds below base speed for
simplicity reasons. Importantly, the optimal MTPA curvature is most likely not
static for every speed below base speed but often increased slightly with increased
speed.

In section 5.2.1, Figure 5.8, the saturation e ect for the modelled machine is ap-
parent for every possible current angle in the DQ-frame. The interesting saturation
e ect occurs for positivel 4 currents and negativel 4 currents, also noted as the sec-
ond quadrant in the DQ-frame. For this reason, the load current was swept over
three di erent DQ-magnitude ratios in order to visualize the relation between the
saturation and the current harmonics generating the circulating current in the delta
loop. The peak value of the load phase current in the delta phase winding can be
described as the max value dfy and |4 as,

q___
I'max = |02I+ |§ (5.6)

Figure 5.10, displays the circulating current as a function of the line input current
with di erent angles betweenly and | 4 generating di erent saturation e ects.

Figure 5.10: Saturation vs DQ-ratio
As the simulations allowed the extraction of the third and ninth harmonics, both
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5. Numerical Analysis

falling within the triplen harmonics category. These extracted harmonics reveal a
notable contrast in how saturation impacts speci ¢ harmonics, as portrayed in Fig-
ure 5.11. It is important to note that higher-order harmonics were excluded from
consideration due to having signi cantly lower current amplitudes.

(@) l¢gae at dierent load currents

(b) lcgon at dierent load currents

Figure 5.11: Harmonic amplitude at di erent load currents

The third harmonic experiences a notable surge with saturation. Nevertheless, in
scenarios of low load current, belov250A, the ninth harmonic surpasses it across
all current magnitude ratios.

In addition, in Figure 5.12, the operational points are shown with respect to the
inductance inL4 and L4 to highlight the speci c di erence in the inductive decay.

The variation in current magnitude ratios directly in uences the values oiL4 and

L4, thereby a ecting saturation levels. Notably, the current magnitude ratio asso-
ciated with the highest circulating current amplitude also experiences the quickest
decrease in inductance value. Hence, signaling the most pronounced saturation.
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Also, in Figure 5.13 the corresponding ux linkage can be seen to be reaching the
highest value for the current ratio with the highest circulating current, as higher
ux linkage indicates higher saturation impact.

(@ Lgq with current ratios (b) Lg with current ratios

Figure 5.12: Lg4 and Ly mapping with current ratios

(@ ¢ with current ratios (b) ¢ with current ratios

Figure 5.13: 4 and 4 mapping with current ratios

In order to track the saturation impact more in detail, linear iron were introduced
in both the stator and rotor separately. This was achieved by simply using a static
relative permeability of o = 6000 instead of a prede ned B-H curve as seen in Fig-
ure 5.14.

First, linearity was introduced in the stator iron while the rotor material was kept
as non-linear and simulated with line current ranging from 0 to 800 A peak, and a
selected DQ-magnitude ratio of 45 . Then, for the same set of simulations, the sta-
tor teeth width was decreased. Lastly, the material in the linearity was introduced
in the rotor material while the stator was kept non-linear, resulting in the circulating
current, hence solely represented by the third harmonic, showed in Figure 5.15.
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Figure 5.14: B-H curve for electric steel

Figure 5.15: Linear material comparison on circulating current

Implementing linear relative permeability in the stator material exhibits a compara-
tively minor e ect on reducing the circulating current, in contrast to the signi cant
impact observed in models employing linear material in the rotor. Linearity pre-
cludes material saturation, causing the ux to increase linearly. As seen in the
model with linear rotor material, the ux from the rotor generates high magnitudes
and thereby saturating the stator. The result was substantial circulating current
amplitudes. Moreover, in the model with linear rotor material and smaller stator
teeth width, the stator saturates notably quicker due to the increased reluctance in
the stator teeth leading to a higher ux and subsequently even greater circulating
current amplitudes.

The di erence in saturation is clearly visualized in Figure 5.16a and Figure 5.16b,
where both were loaded witiB00 A line current while having di erent stator teeth
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width. The stator with smaller teeth has a signi cantly higher magnetic ux density
present within the stator teeth.

(@) Initial stator teeth width

(b) Smaller stator teeth width

Figure 5.16: Stator teeth saturation
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5.2.4 Copper losses

The circulating currents generate unwanted copper losses in the machine. In order
to calculate the copper losses from the circulating currents, their harmonic ampli-
tudes and the winding resistance were used. The active winding resistamtg, was
calculated by dividing the per winding solid losg.ig by the square of the phase
current | phase,

Penii
7 = 12:27m (5.7)
phase

Raw =

The total resistanceR per phase then becomes the sum of the active winding resis-
tance and the end winding resistanc®,,, calculated in (5.4)

R = Raw + Rew = 12:27 +3:10 = 15:37m (5.8)
The copper losses due to the circulating currents. can then be calculated as
Pe.=R 12 (5.9)

The resulting copper losses generated by the circulating currents are displayed in
Figure 5.17, for a phase delay of 45 degrees.

Figure 5.17: Circulating current copper losses

Moreover, in Figure 5.18 the copper losses generated by the model with reduced
stator teeth width are presented. As expected from Figure 5.15, the increased cir-
culating current increase the copper losses drastically.
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Figure 5.18: Circulating current copper losses - Smaller teeth width

5.3 Parametric evaluation

The parameters was initially swept individually to determine the impact from each
of them. The boundaries for each sweep was determined by the geometrical and
mechanical constraints. In other words, the parameters were swept from largest
possible value to smallest possible values with respect to the geometry of the rotor,
and within reasonable mechanical limits.

5.3.1 Circulating current

The individual impact on the circulating current in no load condition is presented
in Figure 5.19a-5.19d for the angle parameters, and in Figure 5.20a-5.20d for the
length and thickness parameters. It should be noted that the parameters were set
to their initial values, seen in Table 5.1 while not being swept.

From the individual parameter evaluation, it was shown that the extension length

for the second magnet layer had a large impact on the circulating current amplitude
together with the arc angles for both magnet layers.
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