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Iron Loss Modelling for a Permanent Magnet Synchronous Motor

An analytical comparison of iron loss modelling in time- and frequency domain for
different feeding techniques.

EDO CAMPARA

ANES SOLAKOVIC

Department of Electrical Power Engineering

Chalmers University of Technology

Abstract

Iron loss modeling is a complex challenge in the applications of electrical machines.
In this project, an analytical comparison of the calculation of iron losses in a time-
domain model using the finite element method program ANSYS Maxwell to the
calculation of losses in two frequency-domain models is performed. The comparison
treats three different feeding techniques in three operating points for a model of a
permanent magnet synchronous motor. In addition, voltage and switched voltage
feeding are implemented, and a tool where other iron loss models, than the one used
in ANSYS Maxwell, can be evaluated is created.

Besides the important success of implementing multiple feeding techniques and other
iron loss models, the analytical findings of this report indicate that operating points
of higher velocities gave the highest losses, which was expected. The feeding tech-
nique with the highest losses was switched voltage, giving spikes in megawatt-order
for the high frequent switching events. Finally, the losses of the modified frequency-
domain mode, which gave consistent results in voltage- and current-feeding, indicate
more reliable results in comparison with the initially used model in ANSYS Maxwell.
For more certainty, all results have to be evaluated towards experimental data.

Keywords: Iron losses, PMSM, Ansys Maxwell, PWM, SPWM, frequency domain,
time domain
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1

Introduction

One of the most controversial topics of today is global warming and the widespread
challenges that comes with it. The transportation sector is one of the most significant
contributors to C'O, emissions, and many car companies have started to take action
towards emission-free transportation by rapidly increasing the market of electric
vehicles. The performance of electric vehicles has shown to outcompete combustion
engine vehicles in a high manner, except for the driving range where it still lags due
to the low energy density in today’s batteries. Thus, the optimization of the power
losses is of high importance for the driving range in electric vehicles. To optimize
the performance and to reduce the losses and correctly specify the exact driving
range for a commercialized car, a good model of the losses is highly valuable for the
analysis. This is strongly dependent on increasing the knowledge of the actual losses
in electrical machines. The power losses in an electric machine can be divided into
mechanical, copper, and iron losses. The latter have more complicated behavior
and are therefore more complicated to model precisely. In addition, there is no
existing method to directly measure the iron losses in an accurate and cost-efficient
way [1]. On the other hand, today’s finite element method (FEM) simulations allow
sophisticated modeling and analysis of an electrical machine and its losses. There
are some limitations to the modeling due to, for example, the manufacturing process
of the soft magnetic material, which changes its characteristics and the harmonic
content in inverter fed machines [1], which are difficult to include in the simulation.
These limitations are often compensated for by multiplying the estimated losses
with a correction factor that is obtained from previous prototype measurements [1].

1.1 Problem Definition

This report will focus on the modeling of iron losses in one of the most used motors
for electric vehicles - the permanent magnet synchronous motor (PMSM). Firstly, si-
nusoidal voltage feeding will be implemented to the default iron loss model (Bertotti
model) in the used FEM software, called ANSYS Maxwell. Secondly, the implemen-
tation of switched voltage feeding will be completed. At last, some modifications of
the Bertotti model in frequency domain will be tried out, and the calculated iron
losses will be compared depending on the type of voltage feeding and type of core
loss model.
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1.2 Aim

The project aims to study the behavior of the iron losses in a chosen PMSM for
both sinusoidal and sinusoidal pulse width modulated (SPWM) feeding signals for
multiple operating points by simulation in ANSYS Maxwell. From this, the final aim
is to create a tool where various iron loss models can be implemented and evaluated
in frequency domain.

1.3 Scope

As stated in the aim, the main objective of the project is to implement two types of
voltage feeding on a chosen PMSM and to compare the losses with the usage of a
different iron loss model in frequency domain. Further, the size of the PMSM will be
fixed and chosen for battery electric vehicle applications. Different sizes, designs, or
different types of electric machines will thus not be investigated. No experimental
data will be collected nor used to verify the calculations. The report will neither
focus on how the manufacturing process will affect the calculation of the iron losses;
neither will the choice of core material in the motor be evaluated. Many of these
aspects would be interesting to include in the analysis, yet they are placed outside
of the scope because of the given time constrain.
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Introduction to electrical drives
systems

The following sections provides a broad theory to enable a better understanding of
the coming chapters, where more focus will be directed to iron losses in detail. The
chapter will include the system description of a battery electrical vehicle and at last
the working principles of a PMSM and a switched voltage signal.

2.1 Battery electric vehicle (BEV) model

2.1.1 Dynamics

The purpose of vehicle dynamics is to describe the acting forces on a moving vehicle.
These physics belong to classical mechanics and are essential during the design of
a powertrain. From this type of study, an evaluation of the powertrains load and
vehicle performance can be evaluated. Newton’s second law states that the resulting
forces of a moving body equal the mass times the acceleration, which is very central
in vehicle dynamics. When it comes to on-road vehicles, mainly horizontal forces
are of importance. Further, they can be divided into tractive and resistive forces,
where the sooner contributes to the desired traction while the latter counteracts it,
as in

Fnet =ma = Eractive - Fresisti'ue[z} (21)

Typically, the aerodynamic drag and rolling resistance are the main resistive forces,
while the leading tractive force comes from the engine. Gravity can act as both a
tractive and resistive force, depending on if the vehicle is driving uphill or downhill

[2].

2.1.2 Powertrain

A typical electric vehicle powertrain consists of a drive system supplied by a recharge-
able Lithium-ion battery pack. Here, a drive system with an AC machine will be
considered, which is connected to the battery pack through a converter, as shown
in figure 2.1. The converter’s role is to reproduce AC voltage from the supplied
DC voltage that is provided by the stored energy in the battery. The converter
does this by switching the DC voltage on and off using a set of transistors, with the
so-called pulse width modulation (PWM) method. This technique is described in
more detail in section 2.10. Further, the electric machine converts electrical energy
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to mechanical energy in the form of a rotating shaft. A gearbox with a reduction
ratio is needed to slow down the very high speed of rotation of the machine, which
usually reaches above 10 000 rpm. To provide some perspective on this value, it is
worth to mention that 1200 rpm on a typical wheel of a car corresponds to a speed of
130 km/h. At last, the differential is used to enabling the wheels to spin at slightly
different speeds when turning by splitting the torque on the right and left traction

12].

Converter
Single Driving
Electric speed wheel
machine gearbox pair

Battery

%—O Differential

V dc

Figure 2.1: Illustration of a typical electric powertrain.

2.2 Working principle of PMSM

Permanent magnet synchronous motors (PMSM) as all-electric machines mainly
consists of two parts - a fixed stator and a moving rotor. Both parts are usually
built from a material with high magnetic permeability, i.e., a material with excellent
magnetic conduction. Since most magnetic materials also are good conductors of
electricity, the stator and rotor are built by stacking multiple thin lamination sheets
together. In between each sheet, there are even thinner insulation layers to prevent
current flow in axial direction [3]. To create movement in the rotor, a rotating
magnetic field is created in the stator by driving alternating three-phase currents
in the stator windings. The magnetic field in the rotor is provided by the magnets,
which are mounted in such a way that these assure that the flux goes from north to
south pole via the stator. The interaction of the stator and rotor fluxes results in a
movement of the rotor. One could explain it as that the flux from the rotor "locks'
into the rotating flux of the stator and starts to follow it in a synchronous rotating
speed.

2.2.1 Operating range

An advantage of the PMSM is the wide operating range, which is very suitable for
variable-speed drives. As can be seen in figure 2.2, the PMSM has a constant torque
region and a region where the torque is ideally inversely proportional to the speed.
The highest speed that can be achieved with maximum torque is called base speed.
In figure 2.2, basespeed occurs at approx. 4200 rpm. It is defined by, besides being

4
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the highest speed with maximum torque, is the speed where the back-EMF is equal
to the applied voltage, and therefore the applied voltage can no longer be increased
to increase the speed further. The relation is found as

V = ¢uw, (2.2)

where V' is the applied voltage from the inverter, ¢ is the flux, and w is the speed
of the rotor.

When the basespeed is exceeded, the field-weakening region begins. To further in-
crease the speed from base-speed and to keep a constant voltage according to (2.2),
the field has to be decreased. This will, in turn, decrease the maximum available
torque, which also is shown in figure 2.2.

Torque [Nm]

0 2000 4000 6000 8000 10000 12000

Mechanical rotational speed |rpml

Figure 2.2: Typical operating range of a PMSM for automotive industry.

2.2.2 Park Transformation

In order to easier control the alternating signals in an electrical machine, a rotating
coordinate system called "dq" is introduced. By using the Park transformation
matrix presented in (2.3), the three-phase alternating variables can be represented
on a coordinate system which is rotating at the same speed as the rotating field that
is created by the currents. This results in a two DC-components commonly called
iq and i, for the currents and u4 and u, for the voltages. The d-axis is set in line
with the magnet flux direction, and the g-axis is set to be orthogonal to the d-axis.
4
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[Z’d] _ 2 [ cosd  cos(0 — % cos(0 — )
3

lq
i —sinf)  —sin(0 — 2= —sin( —4”] b (2.3)

q 3 314,

The d- and g-axis values can easily be used to calculate the magnitude and angle of

the phase voltage by
Unag = \JUj + U2 (2.4)

Uangle = arctan (gq), (2.5)
d

where U,,q4 is the magnitude of the phase voltage and Uy is the angle. The same
calculations can be performed on the current.

2.2.3 Maximum Torque Per Ampere (MTPA)

Maximum torque per ampere is a control method that gives the lowest possible cur-
rent magnitude for the desired torque. In the dq reference frame, the mathematical
model of a PMSM can be expressed with the following expressions:

dig

Ud = Rsid + Ld dt — wTLqiq, (26)
. dig .
U, = Rsi, + an + wyLgig + ¥ ,w,, (2.7)
3 . .
T.,, = §p((Ld — Ly)ig+ VU,,)ig, (2.8)

where i4 and i, are the d- and g-axis stator currents, R, is the stator resistance, Uy
and Uy are the d- and g-axis stator voltages, Ly and L, are the d- and g-axis induc-
tances, w, is the electrical angular synchronous speed, T, is the electromagnetic
torque, p is the number of pole pairs and ¥, is the flux linkage of the permanent
magnet [5]. By neglecting the voltage drop over the stator resistance, R, and using
(2.6) and (2.7), the voltage and current limits can be defined as

I} e > 00402, (2.9)

max

Urznax 2/ \Ijm 2.:2
n Z Ld<2d + Td) + Lqu. (210)

As shown in figure 2.3, the current limit has a shape of a circle with its center in
origo, while the voltage limit has a shape of an ellipse due to saliency (i.e., Ly # L)
with its center in —‘12—2”. One can also observe that the radius of the voltage limit
ellipse decreases with increasing speed (w3 > wy > wi), meaning that the voltage

becomes the limiting variable for higher speeds.
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1g-aXxI1s

A

Current limit circle

-

4 . .
/ 14-ax1s

Figure 2.3: Illustration of the current and voltage constraints in the dg-current
plane, where w3 > wsy > wy.

To calculate the minimum current magnitude for a given electromagnetic torque, the
torque equation (2.8) can first be expressed in terms of stator current magnitude
and angle instead of i4 and 4, [5]. These equations are presented as

iqg = —1Isiny (2.11)
ig = Icosy (2.12)
3 1 2 .
Tem = 5p(=Wmlcosy + 5 (La = Lg)I*sin27), (2.13)

where [ is the stator current magnitude, and + is the stator current angle. Further,
the rewritten torque equation (2.13) can be derived in terms of v and set to zero
(% = 0) to find the angle of the stator current which ensures that a MTPA point
is chosen for the desired torque. Solving v from the derivation results in

— Wy + /W2, + 812(L, — Ly)?

T L7 (2.14)

v = arcsin(

2.2.4 Losses in PMSM

With its high degree of efficiency, the electric machine is significantly better than
the traditional combustion engine in converting energy to propel a vehicle forward.
Despite this, energy optimization and thereby, reduction of losses are still of high
interest due to the high costs of batteries and a low range of electric vehicles. The
losses of a PMSM can be divided into three categories: mechanical losses, copper
losses, and iron losses.
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The main mechanical losses occure due to friction in bearings and in the air-friction
in the airgap, more commonly know as windage. The mechanical losses are mainly
affected by the geometry and the speed of the machine’s rotating parts. The copper
losses are depending on the current and resistance in the windings of the machine. In
other words, the copper losses depend on the material and the size of the windings,
but most importantly, on the operating current. Iron losses in electrical machines
occur due to the time-varying electromagnetic field. Depending on the properties
of the material and operating speed, the ratio between the iron losses to the total
losses will differ. The iron losses will be a significant part of the total losses and
cannot be neglected. For further information regarding iron losses, the reader is
referred to section 3. Generally, for slower and larger machines, the copper losses
are dominating while mechanical losses, due to friction, and iron losses, due to fast-
changing magnetic field, take over with an increase in speed [3].

2.3 Switched Voltage

To supply an AC-machine in a vehicle with an appropriate voltage, an inverter
between the battery and the AC-machine is needed. The inverter switches the
DC-voltage from the battery on and off very quickly using transistors. A common
method used for electrical drives applications is called sinusoidal pulse width modu-
lation (SPWM). In a three-phase SPWM inverter, three reference sinusoidal signals
at the desired frequency output and 120° displacement to each other are compared
with a suitable high-frequency triangular carrier signal. When the reference signal
is higher than the carrier signal, the upper leg in the inverter is turned on while the
lower leg is turned off. When the reference signal becomes lower than the carrier
signal, the lower leg is turned on instead. The output signal, presented in the bot-
tom part of figure 2.4, will result in a pulse width modulated signal with the same
fundamental frequency as the reference signal.

2.3.1 Modulation index

The ratio between the amplitude of the reference signal, Vre ference, and the amplitude
of the carrier signal, V4 rier, is defining the modulation index according to

My = ieference (215)

carrier

Typically, m, is smaller or equal to one, giving a linear relationship between the
input and output signal. However, if the amplitude of the reference signal exceeds
the amplitude of the carrier signal, overmodulation will occur, resulting in a non-
linear relationship for the input and output voltage. This non-linear behavior will
give distorted output as well as unwanted harmonics, and the reference signal will
no longer be able to be reproduced.

Just as the amplitude is modeled, the frequency will also have a dependency between
the reference signal and the carrier signal. The frequency modulation my is defined

8
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Amplitude

‘—PW signall' hase AL

Amplitude

Il Il
01 04 [ 06 07

Time

Figure 2.4: The upper figure showing the comparison of the sinusoidal reference
signal in blue with a triangular carrier signal in black while the lower figure is
showing the resulting sinusoidal pulse width modulated output signal in one phase.

as
mf_ fcarrier 7 (216)

freference

where fearrier i the carrier signal frequency and frcference is the desired output
frequency. The modulation index should be a multiple of three and an odd integer
as well [6]. Generally, the carrier signal frequency should be as high as possible, since
high-frequency harmonics are easier to filter out. In contrast, the switching losses
for the inverter increase for higher frequencies. This creates a trade-off between
switching losses and harmonics. Typically for electric vehicles, my is chosen to
achieve a switching frequency of 10 kH z [7].

2.3.2 Third order harmonic injection

By injecting third-order harmonics to the reference signals, extending the range
for avoiding over modulation and reducing stress on the switches is possible. The
harmonic is added to each phase

Va = mg(sin((wt) + ésin(?)wt))

Vis = ma(sin((wt + 2;) + ésin(?:wt + 32;» (2.17)
4
)

4 1
Vo = mg(sin((wt + —|—§) + ésin(?)wt +3

Where V4, Vp and V¢ is the reference signal for each phase and m, the amplitude
modulation index, the addition of the third order, with the amplitude of one-sixth

9
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T
---Modulated signal
-—-Third order harmonic

—Reference signal
=

Amplitude

Time

Figure 2.5: By injecting third-order harmonics, the amplitude peak value of the
reference signal is flattened out, making it possible to utilize up to 15% more of the
DC-link voltage.

of the reference signal, has the effect of flattening the top and reducing the peak
value with a factor of 0.866 [8]. This makes it possible to extend the amplitude
modulation index up to 1.15 without exceeding Vcam-er, which in return enables
better utilization of the DC-link voltage. The effect of the injection on the reference
signal is visualized in figure 2.5, while the resulting three-phase reference signals can
be seen in figure 2.6. The main drawback with the injection of third-order harmonics
is the limitation in gain and the small increase in total harmonic distortion (THD).

10
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T T T
---Recerence signal Phase A

i+ e . p ---Recerence signal Phase B
’ Recerence signal Phase C

Amplitude

Time

Figure 2.6: The resulting reference signal in each phase after third-order harmonic
injection. The peak amplitude value of the phase signal has been flattened, while the
peak value never exceeds 1, which is the maximum amplitude of the carrier signal.
Thus, over-modulation is avoided to a greater extent, and the DC-link voltage is
better utilized.

11
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3

Iron Losses in Electrical Machines

As previously described in section 2.2.4, iron losses in electrical machines are a
significant part of the machine’s performance and efficiency and can therefore not
be neglected. Unlike both mechanical and winding losses, iron losses are difficult
to estimate in relation to the measured reality. The reason for this is that there is
no physical method to measure and determine the iron losses directly. This chapter
aims to describe in more detail what iron losses are, which factors may affect the
iron losses, and what analytical methods are available to estimate the losses.

3.1 Iron Loss Classification

Iron losses occur in the magnetic parts of the machine and are created due to the
altered magnetic flux in the stator and rotor. The losses can be divided into three
different sections, based on their physical meaning. They will be described one by
one in the following subchapters.

3.1.1 Hysteresis Losses

In ferromagnetic materials, the relationship between the magnetic flux density B
and the magnetic field H is a non-linear function that depends on previous H field
values. The relationship is often visualized as a curve, called hysteresis curve or
hysteresis loop. An initially de-magnetized material exhibits an originating curve
as H increases, the so-called virgin curve. At high values of H, the flux density will
be saturated, shown in point A in figure 3.1. When the magnetic field is reduced,
the flux density will follow. At some point, the field strength will reach zero, the
resulting curve in point B shows that the flux density has not itself reached zero. The
value of flux density remaining is called the remanence of the magnetic materials.
To remove any remanence, magnetic field strength has to be reversed and increased
in the opposite direction to point C'. The amount of negative magnetic field strength
necessary to completely remove the remanence is called coercivity. Soft magnetic
materials will have a smaller coercivity field. In contrast, hard magnetic materials
will have a higher, indicating that hard magnetic materials require a higher magnetic
field to be de-magnetized. If the magnetic field is further increased in the negative
direction to point D, the magnetic material returns to saturation in the opposite
direction. The new curve will be a mirror image of the one in the positive direction,
as can be seen in figure 3.1 [9].

13



3. Iron Losses in Electrical Machines

Figure 3.1: The hysteresis loop for a ferromagnetic material. The orange area
represents the energy required to magnetize and demagnetize the material and is
proportional to the hysteresis losses for the material.

The examined material will decide how the relationship between the magnetic flux
density and the field strength looks like. The loop will be affected by the perme-
ability of the material and its reluctance. The resulting loop area quantifies the
energy required to magnetize and demagnetize the material during a cycle. The
energy required to complete a cycle generates heat and is thus irreversible. This
required energy will represent the hysteresis losses for a material where a larger area
corresponds to more significant losses [10].

3.1.2 Eddy Currents Losses

According to Faraday’s law, when an electrically conductive material is exposed to a
changing magnetic field, voltages and currents will be induced. The induced current,
or the eddy currents, will circulate on the surface of the material and counteract
the magnetic field that caused the induced current. The magnitude of the induced
currents will determine the amount of losses that eddy currents generate [11].

An effective way to minimize the eddy currents, and thus the losses due to the eddy
currents, is to divide the core into thin layers along the axial length. By dividing it
into several thin layers, as shown in figure 3.2, the area for each layer will be smaller.
A smaller area results in a higher resistance and lower currents will be induced for
the same induced voltage. The thin layers are then laminated to prevent short-
circuiting between the layers. It is also common to construct the core of a material
with higher resistivity. A higher resistivity increases the resistance and will reduce
the eddy currents. Typically, it is possible to mix in silicon in the core to increase
resistivity.

14
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Figure 3.2: Eddy currents represented by the red loops in a solid core and a
laminated core. Due to the smaller area in the laminated core, the resulting eddy
currents will be lower, and thus the losses will be reduced.

3.1.3 Excess Losses

The last and the smallest contribution to iron losses in electrical machines are excess
losses or anomalous losses as they also are referred to [12]. The complexity of
understanding excess losses has led to the development of various theories that
describe the origin of excess losses. Some theories are based on the argument that
losses will occur due to the motion of the randomly distributed domain walls. Other
theories describe that the occurrence of excess losses is because of the nonuniform
electromagnetic flux distribution in the lamination sheets [13].

3.2 Iron Loss Modelling

The possibility to predict and investigate the iron losses is of utmost importance
during the design process of electrical machines. Research within electrical ma-
chines and their losses have made it possible to model iron losses in several ways
today. The models can mainly be classified into three different sets, depending on
the characteristics of the model. The first, and simplest, set of models is based on
the Steinmetz equation. The second group tries to separate the losses according to
their physical properties. The third set of models, and the one with the highest
complexity, is based on mathematical and empirical modelling of the magnetic ma-
terial’s hysteresis behavior. The three different sets will be described in more detail
in the following sub-headings.

The equations presented for the different models will only be given in the frequency
domain. Studies show that calculations in the frequency domain have been found
to give up to a few percent deviations compared to calculations in time domain [14].
Furthermore, Parseval’s theorem states that the sum of the frequency domain losses
corresponds to the average of the time domain losses, which is important to know
when comparing the two different methods [15].

3.2.1 Steinmetz Based Models

Steinmetz’s approach is the basis of the first type of analytical iron loss models. The
models are built on
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fmam

pre =Y kspf*BP, (3.1)
=0

where pp. corresponds to the iron losses in W/kg, f the frequency of the periodic
signal, and B the peak value of the flux density [16]. ksg, o and (3 are coefficients
that are obtained trough fitting to the experimental results. Initially, the Steinmetz
approach was only valid for sinusoidal flux density waveforms. To make the approach
more useful, a number of different modifications have been made to handle arbitrary
waveforms of the flux density. The various modifications can be found in [17], where
the different changes are motivated, derived, and described. Common for all variants
of the Steinmetz equation is that they are relatively easy to implement to calculate
the losses. The disadvantage is the coefficients’ dependence on the frequency, which
can give misleading results at high frequencies.

3.2.2 Separation Based models

While the models based on Steinmetz’s equations model the iron losses empirically,
the second group of models aims to model the losses based on their physical meaning.
The first separation model was presented by Jordan [18], where the losses were
separated into hysteresis losses and eddy currents losses, according to

fmam

PFe = Physt +ped = Z khystfé2 + kedf2B2 (32)
f=0

where kpys and keq represents the hysteresis and eddy current coefficients. The
losses due to the hysteresis, py, are assumed to be proportional to the area of the
hysteresis curve for the specific material. The losses due to the eddy currents, p.q are
approximated from Maxwell’s equations and depend on the alternating and time-
varying flux density, as well as the thickness, resistivity and the material density of
the lamination sheet. The Jordan approach has been shown to produce results with
lower accuracy for silicon-iron alloys. In contrast, it has been shown to reproduce
experimental results very accurately for nickel-iron alloys [18]. For this reason,
Bertotti improved (3.2) by introducing a third term, pe,., to give a physical meaning
to the excess losses [17]. The resulting equation

fmacc

PFe = physt + Ped + Pexze = Z khysth2 + kedsz2 + kexcflﬁBl.g) (33)
f=0

PFe = khyst(f)fB2 + ked(f)f2-§2 (3.4)

shows the dependency of the frequency and the flux density and the separation of
hysteresis, eddy current, and excess losses, respectively.

The models above assume an alternating magnetic field. In an electric machine, the
magnetic field will also rotate. The phenomenon occurs mainly in the heads/tips of
the teeth, but also the area between the yoke and the teethes. Thus, the rotation of
the magnetic field does not occur in the majority of teeth and yoke. This rotating
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magnetic field has been shown by various studies to affect iron loss [10]. Jacobs
added the effect of the rotating magnetic flux to Bertotti’s model (3.4), resulting in

f'maa:

pre =Y. aofB?+ (ke + asB**) B* (3.5)
=0
where
Bmin
0t = Epyar(1+ 2" (= 1)), (3.6)

Bmax

with 7 representing the rotational hysteresis factor, B,,i,, and B, representing the
minimum and maximum flux densities over one period. a3 and a4 are high order
loss factors, used to fit the iron losses at high flux densities [19].

3.2.3 Mathematical Models

Provided that there are good and reliable measurements on the hysteresis curve and
the material used, it is possible to make a mathematical hysteresis model with high
accuracy regarding the prediction of iron losses. Two commonly used mathemat-
ical models are the classical Preisach model, as well as Jiles/Atherton model [20]
[21]. Regardless of which mathematical hysteresis approach is chosen, the aim is to
approximate the area of the hysteresis curve with

1 T
pre= 7 /0 HdB. (3.7)

Some approaches have proven to be able to estimate minor loops inside the hysteresis
curve, increasing the accuracy considerably [22]. All mathematical hysteresis models
are rather complex and put a high demand on the number of parameters available.
Due to its complexity, this report will not consider mathematical hysteresis models
any further. The reader is referred to [17], [23] and [24], for further information on
how they can be implemented and used.

3.3 Impact of Manufacturing

The choice of method for the estimation of iron losses will primarily affect the iron
losses. Another factor that has a significant impact on iron losses is the manufactur-
ing part. When an electric machine is produced, it undergoes a series of processes
that all expose the magnetic material to various types of stress. The processes that
a machine laminate typically goes through are cutting, stacking, and final assembly.
During cutting, the dimensions of the laminated sheets are defined, which introduces
mechanical or thermal stress depending on if punching or laser is used as a technique.
The stress to which the machine is subjected will reduce the permeability of the
magnetic material, increasing the hysteresis loop and thereby the losses. The relative
effect from the cutting process will be more substantial for smaller and thinner sheets
since the affected area in relation to the total area will be more significant. When
the laminated layers are stacked together as seen in figure 3.3, it is primarily the
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applied pressure that exposes the magnetic material to mechanical stress. If the
sheets are welded together, local thermal stress also arises. This thermal stress can
cause damage to the insulation on each sheet, which can eventually lead to short
circuits and increased eddy currents. When the machine is to be placed in its housing
in the final assembly process, some stress can be introduced, which negatively affects
the iron losses [26].

O

Figure 3.3: A single laminated stator sheet and several lamination sheets stacked
together [25].

How much the magnetic and electrical properties are affected depends largely on
the tools and processes used. The impact usually increases for thinner materials as
they have less ability to cope with the externally applied stress. However, there is
a way to reduce the effects of the cutting process to some extent. By subjecting the
material to a heat treatment, called annealing, it is possible to reduce the impact of
the external stress to which the material has been exposed to. It is worth noting that
this annealing process typically only is applied to smaller machines and to machines
where high efficiency is a requirement [26].
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4

Modelling and Simulation Setup

The following chapters intend to explain the active choices that have been made
regarding the reference machine, operating points, and iron losses. Furthermore, a
essential description of how the input signal to the machine and how the modification
of the iron loss model have been designed and implemented.

4.1 Machine Performance

The selected requirements of the vehicle performance and thereby the performance
on the electric machine are based on the study made in [2]. In the mentioned report,
three cars were conceptualized depending on performance requirements and mainly
based on data found on currently top-selling BEV models. The study performed in
this report will, with some modification, use the requirements of the "Highway car,"
which is one of the conceptualized cars in [2].

The "Highway car" is specified as a high-speed family car. More specifically, it has
five seats and a top-speed that can handle highway driving in all countries (150
km/h). The main reason behind the selection is the wide speed range, which gives
a broader frequency spectrum to analyze the iron losses in, and that the car is de-
signed towards a broad area of use. In addition, the curb weight of 1700 kg is similar
to a Volvo V60 ICE, which is one of the most frequently sold cars in Sweden [27].
The specified characteristics of the highway car, together with the modified ones for
this project, are shown in table 4.1. As can be seen, the top speed and acceleration
time were modified to higher performance. The reason behind the modification is to
have a more similar performance to a combustion engine car with standard motor
and similar curb weight.

From table 4.1 one can see that the car has to be able to start in 25% ascent,
reach a speed of 130 km/h in 6% ascent, reach a top speed of at least 180 km/h
and accelerate from 0 to 100 km/h in less than eight seconds. To transform these
requirements from the car to the electric machine, the road load at different gradients
was analyzed together with different constant power graphs and the tractive force
to obtain the torque and power needed to fulfill the requirements. All graphs are
presented in figure 4.1. The tractive force is obtained by dividing the power with
the velocity of the vehicle. The net force, F)., is calculated by subtracting the road
load at 0% gradient from the tractive force, which results in the amount of force
that can be used to accelerate the car. From figure 4.1, one can observe that 58 kW
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Table 4.1: The table is showing the specified characteristics of the highway car
used in this project.

Highway car characteristics
Seats 5
Mass 1700 kg
Acceleration (0-100 km/h) | <8 s
Top speed >180 km/h
Starting gradeability 25%
Gradeability 130 km/h at 6%
Aerodynamic drag coeff. 0.28
Area 2.3 m?
Wheel radius 0.23 m
Rolling resistance coeff. 0.009

is needed to reach a speed of 130 km/h in 6% ascent and that 50 kW is needed to
reach 180 km/h. These will be the power requirements on the machine. Further,
one can also observe that there is enough net force to start in 25% ascent. This will,
together with the requirement of the acceleration time between 0 to 100 km /h, set
the torque requirement.

T T
oo \\ ---0% grad ||
X —6% grad

=" -—25% grad|]
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Ftractive
—Fnet

@
g
3
8

@
8
3
8
T
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Road Load & Wheel Force [N
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1000 —

100 120 140 160 180

Speed [km/h]

Figure 4.1: The road load at different gradients together with different constant
power graphs and the tractive force are presented the figure.

After transforming the car requirements into the machine, to fulfill the requirements,
the goal was to re-scale an electric machine published by the Chalmers University
of Technology [29]. After some analysis, the only change needed was to change
the maximum current from 300A4,,,s to 400A4,,,s;. The power and torque of the
final machine design are together with the power requirement points presented in
figure 4.2. The first three points from the left are set to reach to the acceleration
requirement. The two remaining are set from the maximum speed requirements and
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130km/h at 6% ascent.
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Figure 4.2: Plot of machine power and torque together with points of power
requirements.

4.2 Selection of Operating Points

Using the selected reference machine and associated performance requirements, the
machine’s operating region was calculated using a script that computes the different
operating points’ circuit parameters using various combinations of id and iq, ma-
chine performance and machine parameters as input. The circuit parameters were
then interpolated to find the entire operating region of the machine. The calculated
circuit parameters were then used as reference values during the execution of the
project.

All possible operating points for the machine should be examined to make a com-
plete evaluation of the machine’s performance when it comes to currents, voltages,
and losses. It is, on the other hand, incredibly time-consuming, and for that reason,
only three different operating points were selected. The selected operating points
with their characteristics and their positioning in the torque curve can be seen in
table 4.2 and with red markings in figure 4.3.

Table 4.2: The three different operating points and their characteristics in terms
of torque, current and voltage.

Operating point Mech. speed [rpm| Torque [Nm| [; [A] [, [A] U [V] U, [V]

Basespeed 4200 236.7 -441.41 353.78 -196.08 -37.28
Highest efficiency 8000 75.1 -192.7  120.41 -200.07 28.38
Maxspeed 12000 65.4 -342.01 7597 -183.51 -84.59

The motivation behind the operating point selection was to cover as much as possible
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Figure 4.3: The entire operating region for the selected reference machine marked
with blue colour with the three selected operating points marked with red circles.

of the operating range of the machine. Basespeed is interesting as it is the position
where the currents and associated torque are at their peak. The maximum speed is
of interest since the mechanical speed is the greatest, and the frequency is the highest
at this point in the operating range. The last selected point is where the losses, in
relation to the energy produced, are lowest. The reason for choosing this point is
to see how the behavior of iron losses is when the machine is at its efficiency peak.
Thus, these three points provide a rather comprehensive comparison of whether it is
the current mechanical speed or other factors that could have the strongest influence
on the iron losses.

4.3 Modelling the input voltages

This section will present the method of modeling the sinusoidal current and voltage
feeding and the SPWM feeding. The current feeding is not the focus of this project
since it is the default method and well known. It will instead be used as a reference,
meaning that the aim for both the sinusoidal voltage feeding and SPWM feeding
will be to regenerate the same results as the current feeding.

4.3.1 Sinusoidal feeding

To perform a sinusoidal current feeding at the selected operating points the d- and
g-axis current for each operating point (presented in tabel 4.2) were used to calculate
three sinusoidal time varying signals with 120 degrees shift according to
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Figure 4.4: The figure displays how the winding excitation window in ANSYS
Maxwell was used to perform current feeding.

io = (/15 + i2)cos(wt + v)
. . , 2T
iy = (y/1g + 12)cos(wt — 3 + ) (4.1)
4
ic = (\/i5 + 12)cos(w — %t +v)

where v is an angle computed from

v = arctan(z,—q). (4.2)
id

These were used to excite the machine in ANSYS Maxwell as presented in figure 4.4.

After having simulated with sinusoidal current feeding, the results were used to Park
transform the resulting induced phase voltages and by that obtaining the values
used for sinusoidal voltage feeding. The obtained values of the dg-voltages were
used to calculate the angle and magnitude of the phase voltage in the same way
as for the current. Figure 4.5 displays the set-up of a voltage excitation in ANSYS
Maxwell. Compared to the current excitation, more inputs are required where initial
current, stator resistance and end-winding inductance need to be specified. The
initial current is set to the initial value (t=0) of each phase current. Further, a
damping resistance, Rg.qq, Was created as

)+ Ry X (——)  (4.3)

t
Rde(zd - Rstatm’ + R]-dummy €xp (7 2
dummy

t1 dummy

to reduce the low frequent ripple in the torque. Rgq0r is the stator resistance,
Riummy are the damping resistances and tgymmy are the time constants. All the
values are presented in table 4.3.
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Figure 4.5: The figure displays how the winding excitation window in ANSYS
Maxwell was used to perform voltage feeding.

Table 4.3: All the values of the variables for the calculation of the total resistance

Rdead
Variable
Rtator 0.01236 €2
Rlgummy 4 Q2
R24ummy 0.8 Q
t]-dead 2 ms
t2dead 4.5 ms

4.3.2 Switched feeding

To be able to feed the machine model in Ansys Maxwell with an SPWM signal,
an external program was used for the generation of the SPWM signal. For this
project, MATLAB was used as the inverter generator. The reference signal for
each phase was created in the same way as for sinusoidal voltage feeding, where
the amplitude and phase shift was calculated from the dq voltages found from the
sinusoidal current feeding. The reference signals were compared with a carrier signal
whose frequency was determined according to the given theory in section 2.3.1,
to 10 kHz. The SPWM signal in each phase was generated by subtracting the
neutral voltage from the gate voltage in each phase. Figure 4.6 shows the workflow
used in MATLAB to generate the SPWM signal for phase A. In this project, the
SPWM signal was modified so that the first couple of periods consisted of pure sine
signals, corresponding to the reference signal. The reason for initially running the
reference signal was to allow the currents, and thus the torque, to stabilize faster.
The timestep for the reference signal was designed in such a way that it was larger in
relation to the SPWM signal’s timestep, significantly reducing the simulation times.
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Figure 4.6: Working methodology for the generation of the SPWM signal in MAT-
LAB

In conjunction with the creation of the SPWM signal, a new time vector was also
constructed. The time vector was constructed in such a way that the time of each
switch in voltage was found. This time of each switch was adjusted by a quarter of
the time step backward, and a quarter of the time step forward, thus giving twice as
many time steps as the number of switches. The reason for adding a time step after
and before the switching event, which was shifted by a quarter of a time step, was
that this would later turn out to have the lowest impact on the iron losses. Tests
with both more time steps and different distances from the actual switching event
were done but gave results with increased losses. In figure 4.7, the red mark shows
the time step occurring at each switch, while the green dots show the time steps of
the new time vector after correction. The reason for generating a time step before
the switching and a time step after switching was for the definition of a square pulse
wave. The procedure was repeated for all three phases to finally give a time vector
containing all the switching events. Both the SPWM signal for each phase, and the
new time vector were saved and imported in Maxwell. For information regarding
the implementation in Maxwell, the reader is referred to Appendix A.1 .

Figure 4.7: Red marks in the left pulse representing the constructed time vector
for each switch. The right pulse with the green marks represents the new time vector
after correction with one-quarter of a time step resulting in a more well-defined pulse
wave. The time-vector with the green markings was the one which later was used
in the project.

4.4 Implementation of frequency-domain Model

In order to enable the opportunity to calculate the iron losses using a different model
than ANSYS Maxwell, the time-varying magnetic flux density in every element had
to be obtained. This was done using the toolkit functionality in ANSYS Maxwell.
The output from the modified version of the toolkit was a matrix containing the
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value of the magnetic flux density for each element in the whole time series of the
simulation in a specified object of the machine.

ANSYS Maxwell uses the Bertotti model in time-domain with constant value of ks
and k.q to calculate the iron losses of the machine. By using given material data,
where the iron losses for a variation of flux densities at a given frequency is listed,
ANSYS Maxwell performs a regression to optimize the choice of kjys and keq. This
optimization can be difficult in the application of variable speed machines where
there is a high variety of frequency, leading to a less performing iron loss model.
Moving the calculation to frequency-domain enables the opportunity to use variable
values of ks and keq in the calculation of losses, where a optimization of the con-
stants has been performed for each frequency using a tool in Maxwell. The different
regressions are visualized in figure 4.8, where one can see that the benefit of deciding
the constant for each frequency. The figure displays a comparison of Maxwells de-
fault regression to the estimated regression in this project for the frequencies 100H z,
1000H z, 5000H z. The estimated regression is closer to the material data in general,
especially at lower frequencies. This means that for magnetic flux densities with
lower harmonic content, and therefore lower frequencies, the estimated regression
seems to perform better.

or Combined regression B
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10~ Material data /"” - 7
R
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Figure 4.8: Regression curves for the Maxwell and frequency model implemented,
compared to the material data for the iron used in the machine. The curves displayed
are for frequencies of 100H z, 1000H z, 5000H z, in that order starting from above.

After deciding to perform the iron loss estimation in frequency domain, the matrices
of each object from the toolkit were loaded into MatLab and used in a Fast-Fourier
Transform (FFT), where the amplitudes at each frequency in the elements of the
chosen object could be calculated. In the case of the SPWM signal, the signal had to
be resampled as each time step was not constant, which the FFT function requires.
The time vector was resampled after with different time-steps, to see how this affect
the losses.
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From here, the iron loss of each object in each operating point could be calculated
using (3.2) presented in a previous chapter. This equation was used with constant
values of kpysr and keq (Knyst = 336.882 keg = 0.26444) in order to verify the re-
sults since the same is used in ANSYS Maxwell but in time-domain. When the
implemented calculations in MatLab were verified a tool were a variety of iron loss
models could be used to perform the same calculations was obtained. The model
implemented was similar to (3.2), but with varying ks and k.q for each frequency.
From given material data the constants could be decided for the frequencies shown
in table 4.4. In the rest of the frequencies in the span of 75-7500 Hz the constants
were decided with linear interpolation. Outside the specified span the same values

as in Maxwell were used.

Table 4.4: The table presents the values of kpys and keq for different frequencies.

75 Hz | 150 Hz | 300 Hz | 600 Hz | 900 Hz | 1500 Hz | 3000 Hz | 7500 Hz
knyst | 115.180 | 131.677 | 118.564 | 127.875 | 210.027 | 200.673 583.920 432.512
keq | 0.5692 | 0.4042 | 0.4698 0.4465 | 0.3438 0.3532 0.1616 0.1169
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Results

In the following chapter, the different feeding techniques will be compared to each
other to see how they affect the results for the iron losses. The chapter will then
conclude by examining different iron loss models and how they stand against each
other.

5.1 Validation of input models

In the four following sub-chapters, the results from different feeding techniques will
be presented and compared to each other to see if one can reproduce the same result
regardless of the feeding method. The comparison will be based on the evaluation
of current, voltage, and the resulting torque. The results will be presented for all
operating points in the different tables. However, the visualization of the results
will only be done for the operating point at maximum speed. The reason is that
the shape of the current, voltage, and torque will be the similar, regardless of the
operating point.

5.1.1 Sinusoidal Current Input

Displayed in figure 5.1 are the graphs of phase currents and phase voltages with
sinusoidal current feeding at the operating point called "Maxspeed". As one can
observe, the harmonics are present in the voltages while the currents are perfectly
sinusoidal. In figure 5.2 one can observe the machine torque over time. The torque
varies around the mean value of 65.75Nm with a torque ripple of 9.91%.
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Figure 5.1: Graphs of voltage and current at the "Maxspeed" operating point.
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Figure 5.2: Graph of machine torque at the "Maxspeed" operating point.

In table 5.1, the results of all operating points are gathered and presented. These
values are used as a reference, and the goal of the voltage feeding is to reproduce
values that are as similar as possible.

Table 5.1: Sinusoidal current input characteristics for the different operating points

Operating point I, [A] I, [A] U, [V] U, [V] Torque [Nm] Torque ripple [%]

Basespeed -441.41 353.78 -190.81 -38.12  236.7 8.58
Highest efficiency -192.7 120.41 -1974 30.5 74.11 8.03
Maxspeed -342.01 7597 -181.6 -82.16 65.75 9.91
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5.1.2 Sinusoidal Voltage Input

Similarly, as in 5.1.1, the graphs of phase currents and phase voltages with sinusoidal
voltage feeding at the operating point called "Maxspeed" are visualized in 5.3. Now
the harmonics can be observed in the current while the voltage is perfectly sinusoidal.
Figure 5.4 displays the torque in the same operating point, where one can observe
a slightly lower mean value of 64.25 Nm and a higher ripple of 12.58 % compared
with the results of the current feeding.
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Figure 5.3: The input phase voltages and the output phase currents from the

sinusoidal voltage feeding.
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Figure 5.4: The resulting torque when feeding the machine with sinusoidal voltage

signal.

In table 5.2, the results of all operating points are gathered and presented. Generally,
the mean torque value is lower for voltage feeding at the chosen operating points.
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The ripple is higher for the MTPA points and increases with speed for both feeding
techniques.

Table 5.2: Sinusoidal voltage input characteristics for the different operating points

Operating point I, [A] I, [A] U, [V] U, [V] Torque [Nm] Torque ripple [%]

Basespeed -447.9 34599 -190.81 -38.12 235.13 7.53
Highest efficiency -190.4 118.6 -1974 30.5 72.5 5.45
Maxspeed -339.73  74.6 -181.6  -82.16 64.25 12.58

5.1.3 Switched Voltage Input

In figure 5.5 and 5.6, the input voltage as well as the resulting currents and torque
are visualized. As explained in the method section, the machine is initially fed with
a sine wave, which after four periods, switches to a corresponding SPWM signal. By
studying both figures, it can be seen that the transition to an SPWM signal does
not significantly affect the results for neither current nor torque.
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Figure 5.5: The input phase voltages and the output phase currents from the
SPWM feeding. The machine is initially fed with a sinusoidal signal after 7.5 ms
is changed to an SPWM signal. As in the case of sine-fed voltage, harmonics will
be visible in the current. The transition to SPWM makes no visible difference in
harmonics when studying the current.
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Figure 5.6: The resulting torque when feeding the machine with SPWM signal. In
relation to the other two feeding techniques, SPWM will lower the torque, as well

as increasing the ripple.

A closer look at the torque characteristics of the operating point at maxspeed indi-
cates a drop in the torque compared to previous feeding techniques. In addition, the
SPWM signal gives rise to an increased ripple, which amounts to just over 16 % for
the operating point at maxspeed. Table 5.3 summarizes the current, voltage, torque
and ripple for the various operating points. Similarly, as with both sine-fed current
and sine-fed voltage, the highest ripple will be generated during the operating point
at maximum speed.

Table 5.3: Switched voltage input characteristics for the different operating points

Operating point I, [A] [, [A] U, [V] U, [V] Torque [Nm] Torque ripple [%]

Basespeed -438.57 345.47 -196.26 -33.74 233.58 8.83
Highest efficiency -194.09 117.42 -199.78 31.98 7243 8.03
Maxspeed -343.09 70.81 -185.83 -81.22 62.32 16.5

5.1.4 Comparison of the different input models

Comparing table 5.4 with table 4.2 gives a deeper understanding of whether it is
possible to reproduce the calculations of circuit parameters made during the start-
up phase of the project (see section 4.2 for more information). The comparison
shows that all three feeding techniques succeed in recreating the chosen operating
point, with a certain margin of error. SPWM feeding is the technique that produces
the absolute greatest differences, mainly in the form of lower produced torque and
in the form of increased torque ripple. Furthermore, it appears that the choice of
operating point could be a factor of importance. Higher speeds, like SPWM, give a
larger ripple. However, no similar patterns can be seen for the other two operating
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points.

Table 5.4: Comparison of the different feeding characteristics for different operating
points.

Operating point Feeding technique I, [A] I, [A] U, [V] U, [V] Torque [N] Torque ripple [%)]

Sine-fed current -441.41 353.78 -190.81 -38.12 236.7 8.58

Basespeed Sine-fed voltage -447.9 34599 -190.81 -38.12 235.13 7.53
Switched voltage -438.57 34547 -190.81 -38.12 233.58 8.83

Sine-fed current -192.7 12041 -197.4 30.5 74.11 8.03

Highest efficiency Sine-fed voltage -190.4 1186 -1974 30.5 72.5 5.45
Switched voltage -194.09 11742 -1974 30.5 72.43 8.03

Sine-fed current -342.01 7597 -181.6 -82.16 65.75 9.91

Maxspeed Sine-fed voltage -339.73 746  -181.6 -82.16 64.25 12.58
Switched voltage ~ -343.09 70.81 -181.6 -82.16 62.32 16.5

It should also be mentioned that the reason why the voltages are the same for one
selected operating point, regardless of the feeding technique, is that the resulting
voltage from the current feeding was used as input in for the voltage and SPWM
feeding. Thus, it is not the voltages presented in table 4.2. This is one of the reasons
why the operating point’s characteristics will not be fully recreated. On the other
hand, it gives a better understanding of how the different feeding techniques stand
against each other, and what the effect will be of changing the feeding method.
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5.2 Iron losses due to different input models

In the following chapter, the behaviour of the iron losses will be presented for the
different input signals.

5.2.1 Losses with Sinusoidal Current Input

The calculated iron losses for the case of sinusoidal current feeding at the operating
point called "Maxspeed" are presented in figure 5.7. The upper graph displays the
total iron losses over time, while the lower visualizes the eddy and hysteresis losses
in percent of total iron losses. As can be seen, the total iron losses have a mean
value of around 1.6kW where the eddy losses are the major contributor. The total
iron losses for all operating points evaluated are presented in table 5.5.
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Figure 5.7: Total iron losses (upper graph) and the distribution of them in eddy
and hysterisis losses (lower graph) for the operating point called "Maxspeed" in the
case of current feeding.

Table 5.5: Total losses for sinusoidal current feeding at the three operating points
evaluated.

Operating point | Total losses [W]
Basespeed 888,16

Efficiency 841,73

Maxspeed 1558,52

5.2.2 Losses with Sinusoidal Voltage Input

In figure 5.8, the calculated iron losses for the case of sinusoidal voltage feeding at
the operating point called "Maxspeed" are presented. In like manner, the upper
graph displays the total iron losses over time while the lower visualizes the eddy

35



5. Results

and hysteresis losses in percent of total iron losses. The results are showing a mean
value of around 1.5kW for the total losses where, as for the current feeding, the
eddy losses are the major contributor. The total iron losses for all operating points
evaluated are presented in table ?77.
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Figure 5.8: Total iron losses (upper graph) and the distribution of them in eddy
and hysterisis losses (lower graph) for the operating point called "Maxspeed" in the
case of voltage feeding.

Table 5.6: Total losses for sinusoidal voltage feeding at the three operating points
evaluated.

Operating point Iron losses [W]

Basespeed 887.75
Efficiency 887.84
Maxspeed 1526.71

5.2.3 Losses with Switched Voltage Input

The total iron losses for the three different operating points during switched voltage
feeding are presented in figure 5.9. Looking at how the iron losses appear for switched
voltage inputs, deviant behavior can be distinguished from the other two feeding
techniques.
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Figure 5.9: Total iron losses for the three different operating points. Increasing
the speed will result in higher "spikes", which will give higher total losses.

At first, the losses look to be at a constant deficient value. When the supply switches
to an SPWM signal, the losse peaks immediately rise to the MW order, which
disturbs the visibility. By taking a closer look at the losses during SPWM feeding,
as in the upper part of figure 5.10, it becomes clear that what appeared to be a high
content of losses, is in fact "spikes" that occur at each switching event.
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Figure 5.10: Total iron losses, and total iron losses split into hysteresis and eddy
current content, for the operating point at maximum speed. The total iron losses
will be dominated by eddy current losses (up to 100%) at each switching event.
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These "spikes" are of MW order and will, even if they are for a short period, influence
the mean value of the total iron losses. The increase in total iron losses will increase
for all operating points, but it will be absolutely highest for the operating point at
maximum speed. The result can be seen in table 5.7, where the losses during the
initially sine signal and the descendants SPWM signal are presented. The deviation
in comparison with all work points is very high and should therefore be questioned.
If the results from the initial sine signal are compared with the result for the pure
sine signal in table 5.6, one will see that there is a certain difference. However, the
difference is considered to be small enough and in the correct order of magnitude to
indicate that the importing of an external voltage signal works. The difference may
be due to the fact that sampling frequency has been different in both tables.

Table 5.7: Total iron losses depending on if type of input signal. One can note that
the losses due to the SPWM signal will increase with mechanical rotational speed.

Operating point  Sinusoidal signal kW] SPWM signal kW] Increase (multiple of Sine signal)

Basespeed 0.770 32.548 42.2
Highest efficiency 0.685 29.632 43.2
Maxspeed 1.327 159.177 119.9

At a closer look at how the total iron losses are distributed between eddy current
and hysteresis losses (Ansys Maxwell estimates the excess losses to be equal to zero)
in the lower part of figure 5.10, it can be seen that the that eddy current losses are
the contributing factor to the high "spikes." For this reason, hysteresis losses will be
a fraction of total iron losses during these spikes when they are, in fact, more or less
constant during the simulation.

5.2.4 Comparison of losses between different input signals

Varying the feeding technology will have an impact on how the iron losses behave.
The difference between sine-fed current and sine-fed voltage is relatively small. Sine-
fed voltage has shown to give a variation as low as up to 5.5 %. If the machine instead
is feed with an SPWM signal, losses will increase drastically, as shown in table 5.8.
The big difference that arises is due to the "spikes" that occur at each switching
event, which was shown in 5.2.3.

Furthermore, the choice of operating point will have a significant impact on the
losses. As presented in theory, losses will increase for increasing speed, which is
also seen when comparing the different operating points. The most substantial
increase in losses thus becomes in the operating point at maximum speed during
SPWM feeding. The reason why the losses are so similar for the operating point at
basespeed and where the efficiency is highest, even though the mechanical speed is
almost double for the later, only confirms that the machine is very efficient in that
particular region.
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Table 5.8: Total iron losses depending on the feeding technique and in comparison
with sine-fed current, which is the default feeding technique in Maxwell. A value
lower then one indicates that the iron losses are lower than in the case for sine-fed
current.

Operating point Feeding technique Difference as a multiple of Sin-fed current

Sine-fed current -

Basespeed Sine-fed voltage 0.956
Switched voltage 36.665
Sine-fed current -

Highest efficiency Sine-fed voltage 1.055

Switched voltage 33.407
Sine-fed current -

Maxspeed Sine-fed voltage 1.020
Switched voltage 104.262

An operating point with the same mechanical speed, but outside the region where
the efficiency is so high, would most likely result in higher iron losses. In other
words, it is not only the choice of mechanical speed and feeding technology that
affects iron losses. Also, the location of the operating point in the torque curve, and
thus the efficiency mapping of the machine will affect the result.

5.3 Verification of frequency-domain calculation

A first step in modifying the loss calculation was to compare Ansys Maxwell’s calcu-
lations with the calculations made after extracting the time-varying magnetic flux.
Bertotti’s iron loss model in (3.4) was used for the calculation, where the excess
losses were set to zero, to recreate the calculations in Maxwell. The result in table
5.9 shows the difference in percentage between the calculations in Maxwell and the
calculations made with the Bertotti equation in frequency domain. The table shows
that by extracting the time-varying magnetic flux in all elements, it is possible to
recreate the calculations that Maxwell does for sine-fed current and sine-fed voltage
feeding with a relatively small error.

Table 5.9: The difference in percentage between Maxwell’s calculations of the total
losses for the machine and the total losses calculated in frequency domain using the
implemented toolkit. A negative percentage corresponds to the calculated losses
being lower than the calculation performed by Maxwell.

Current feeding Voltage feeding SPWM Feeding

Basespeed -3.45 % -7.21 % -
Highest efficency -0.91 % - 8.76 % -
Maxspeed 0.72 % 4.54 % -

The difference in percentage is smallest for sine-fed current, but where sine-fed volt-
age is not far off. Furthermore, the calculation always gives a lower estimate for
the two operating points with a lower mechanical speed while providing a small
overestimation of the operating point at maximum speed. For loss calculations,
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when the machine is fed with an SPWM signal, the result has not been included.
The reason for this is the difficulties in transforming the signal in time domain to
frequency domain. The simulation of the losses generated by an SPWM signal has
been found to be very sensitive to the selection of sampling frequency, which was
not experienced for the other two feeding techniques. In figure 5.11 it is possible to
see how the total iron losses are affected by the choice of sampling frequency, where
increased sampling frequency results in increasingly higher losses. Already at sam-
pling frequencies higher than 40 MHz, the calculated losses in the frequency domain
are higher than Maxwell calculates. One possible explanation for this behavior is
how the SPWM signal is resampled, as explained in 4.4. In other words, a higher
sampling frequency, or shorter time-step, results in larger spikes of iron losses than
Maxwell estimates the spikes, which results in higher losses.

T T
Calculated losses in frequency domain
—Losses in time-doamin from Ansys Maxwell

Total Iron Losses [MW]
\
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Figure 5.11: The behavior of total iron losses for different sampling frequencies.

5.4 Loss Calculation With Modified Iron Loss Model

In this section the calculated losses with the modified iron loss model in frequency
domain are presented where the values of ks and k.q were varied as in table 4.4.
Table 5.10 displays the results in all operating point for the three different feeding
techniques. A comparison to the frequency model with constant ke and keq is
made as well, where the difference is presented in percentage. As can be noticed,
the modified model has lower losses in all the points compared. Since the default
frequency model has lower losses compared to Maxwell’s model, the comparison
to Maxwell’s results to this modified frequency model will result in even higher
differences. This was expected considering that the regression curves in figure 4.8
shows that Maxwell overestimates the losses especially at lower frequencies where
the fundamental frequency will be at these machine velocities.
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Table 5.10: Total iron losses with modified iron loss model depending on the
feeding technique and in comparison with the results from the default Maxwell
model. Negative percentage implicates that the results from the modified model are
lower.

Diff in % vs frequency

Operating point Feeding technique Total iron losses [W] domain model with
constant kp,, and keq.

Sine-fed current 615 -33.9

Basespeed Sine-fed voltage 614 -34.0
Switched voltage -

Sine-fed current 679 -18.6

Highest efficiency Sine-fed voltage 675 -174
Switched voltage -

Sine-fed current 1229 -184

Maxspeed Sine-fed voltage 1172 -17.7

Switched voltage -
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Discussion

Firstly, and probably foremost, the results presented should be validated to exper-
imental data from the same machine used in the simulations. By comparing with
experimental data, it is possible to compare how different results stands against
each other with greater certainty. This is particularly important when evaluating
different iron loss models.

6.1 Selection off operating points

One central comparison during the project has been to compare the iron losses based
on feeding technology and the type of iron loss model. This has been done by com-
paring the results for three different operating points for the machine. The operating
points were initially chosen in an attempt to cover different areas of the machine’s
working environment. However, it has been found that that the analysis would had
benefited from evaluating more points. Given that only three points were evaluated,
it has been challenging to find any clear trends as to whether the feeding technology
or selection of the iron loss model has had any impact on the simulated results. In
the case where it has been possible to discern clear trends, it has not been possible
to confirm whether the patterns can be confirmed with certainty.

Comparing all operating points for the machine would be the optimal solution, and
would most likely provide a better overview of how specific parameters affect the iron
losses. It would, however, be incredibly time-consuming and resource-consuming.
It is, therefore, possible to discuss whether the choice of operating points fulfilled
its function, or whether other positions should have been chosen. In this project,
the operating points in the torque curve were chosen where the machines in vehicle
applications are rarely exposed to any great extent. On the other hand, it allowed a
comparison of how the losses appear for maximum mechanical speed, and where the
currents are at their peak. The operating point’s location could be located where
the machine is often operating, preferably at very low speeds corresponding to the
start-stop scenario. Another scenario is to place an operating point along with the
car’s road load, to investigate how the iron losses appear at a load that a vehicle
is commonly exposed to. One final scenario, and possibly the one that would give
the best result for an evaluation similar to the one in this report, could be to set a
fixed torque and only vary the mechanical speed by a few hundred rpm. Preferably,
these operating points would be located in an area where the machine’s efficiency
is constant. This would allow a better comparison of how the losses are affected by
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speed and different feeding techniques. The iron losses are thus still not neglectable,
which confirms that it is essential to study and consider the iron losses during ma-
chine design.

6.2 Effect off feeding technique

The choice of feeding technique has been found to have a significant impact on
the behavior of iron losses. The difference between sine-fed voltage and current
has been found to give minimal differences; in some cases, the sine-fed voltage has
caused slightly lower losses. However, switched voltage has shown to cause signifi-
cantly higher losses. Regardless of operating point, switched voltage causes losses
in megawatts order. This can be compared to losses in kilowatt sizes for the other
feeding techniques or the total power of the machine which is around 100 kW.
From these comparisons it is obvious that the iron losses shown in the modelling
of switched voltage feeding are unrealistic. The fact that these spikes also indicate
trends, where they increase in magnitude, with increasing speeds, makes this even
more problematic. The large increase in losses could be due to the fact that for
both sine-fed current and voltage, Ansys Maxwell itself generates the input signal,
while for switched voltage feeding, the externally generated input signal is imported.

The difference between feeding techniques is not entirely unexpected. Previous stud-
ies at the Chalmers University of Technology, among others, show that iron losses
can increase by more than 100 % for speeds at 3500 rpm and relatively low torque
values, when feeding technology is switched from sine-fed current to SPWM [28].
Simulations in this project also show that a change in feeding technology will affect
the results, and that it is the SPWM signal that will give highest contribution to
iron losses. However, the fact remains that the losses increase to unreasonably high
levels when the machine is fed with an SPWM signal if the results are compared with
the above given source.The losses for the operating point at the highest mechanical
speed may be considered too high and deviating. Simulations for this operating
point should therefore be investigated, where primarily the definition of the new
time vector should be investigated. In the project, as presented in section 4.3.2, one
point in the time vector was generated just before the switching event, and another
just after the switching event. Some simple simulations were done, where the num-
ber of points and the time from the switching event were varied. The results from
this simulations, which are those used according to section 4.3.2, gave the lowest
losses. In other words, the losses appear to be strongly dependent on how the time
vectors are generated. Besides this, it should be said that it is not excluded that
other constellations of the new time vector could give rise to less deviating losses.

By generating the feeding signal through the externally the right operating point
was obtained, while one could observe that the losses of the sine-fed voltage did
not reproduce similar results. As mentioned, the reason behind this deviation in
losses is unknown and has to be further investigated in order to obtain more reliable
results for the SPWM feeding. Changing the time-vector or the averaging of the
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signal could be possible solutions.

6.3 Verification in frequency domain

The importance of comparing simulations with experimental data is crucial for the
verification of the modified frequency model and the estimated regressions to ma-
terial data. With this data one could confidently state which model performs best.
From this, more iron loss models could easily be evaluated from the tool created by
extracting the magnetic flux density in all elements. Including rotational losses is a
recommended approach because of the machine’s rotational flux.

Another recommended improvement would be to implement a different tuning of the
values of ks and k.q for each frequency. The tool used to extract these constants is
not optimized for this usage, even though it uses the material data and has performed
a good regression. Writing a new script for this application could probably tune in
the constants even better, which would result in a even better regression giving more
accurate iron losses. In addition to this the material data available in this project is
given in a specific frequency span which limits the possibility to tune the constants
kpyst and keq outside this span. Finding material data for a broader frequency span
could generate some improvement to the iron loss calculations.

6.4 Ethical and Environmental aspects

The ethical and environmental discussion around this projects is centered in the
usage of a machine that is magnetized with permanent magnets. The rare earth
materials cobalt and neodymium which are used in magnets are in majority mined
in China and Congo where both child-labour and horrible working conditions are
a reality. Improving the iron loss modelling could promote the usage of electric
machines further and imply a higher demand of rare earth materials. This would
probably lead to more mines implying for instance more child-labour. The ongoing
electrification is facing these problems and the risks will hopefully be at least reduced
by companies taking responsibility and making sure that their supply-chain is fair
traded. On individual level one can contribute by choosing those car-manufacturers
that are showing awareness of these problems. The higher energy density of PMSM
compared to for example an induction machine (IM) which has the benefit of not
using magnets, will on the other hand reduce the usage of copper compared to the
IM. The mining of copper is also dangerous and done in countries with bad working
conditions.

The increased mines will affect the environment negatively because landscapes will
be destroyed. This can affect people living nearby and in worst case forcing them
to move. By destroying landscapes the habitat of some animals would probably be
lost, which could end up threatening the biodiversity in the area. At the same time,
this project attempts to contribute to the electrification of today’s transport and
reduce the greenhouse gases which are proven to threaten our climate.
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Conclusion

Three different feeding techniques have successfully been implemented in Ansys
Maxwell to compare the behavior of iron losses based on the feeding technology.

The result for the comparison of varying feeding techniques in different operating
points shows that the difference between sine-fed current and sine-fed voltage is
minimal. SPWM feeding, on the other hand, gives rise to an increase in iron losses.
The sharp increase in losses is due to the fact that spikes occur in megawatt orders
at every switching event. Furthermore, it can be stated that increasing mechanical
speed results in increased losses. In addition to mechanical speed and feed technol-
ogy, the choice of operating point has a contributing factor to the size of the iron
losses.

Finally, the existing iron loss model in Ansys Maxwell was modified by varying the
parameters kp,s and k.q, which reduced the losses up to 34 %. The results of the
modification are considered to be closer to reality, given that the parameters are
better parametrized to material data from manufacturers than before. Only when
the results of the simulations can be compared to the experimental data can it be
said with certainty whether the results are closer to reality or not. By providing
more accurate material data, the modification could be further developed.
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Appendix

A.1 Importing tab-files in Maxwell

Both the SPWM signal for each phase, and the new time vector were saved as tab-
files, a format supported by Maxwell. The files were imported to Maxwell and called
with the pwlz(y, time) command. The pwlx function interpolates tab-file y along
the x-axis, which henceforth will be the time vector. It should be said that the
tab-files must be imported under the Design level (Menu item > Mazwell 2D/3D >
Design Data set > Import), and not in the Project level (Menu item > Project >
Data set > Import). If they are imported under Project level, the pwlx command
cannot access the tab-files. The tab files are called in two places, both in Winding
setup and in Analysis setup. Figure A.1 and A.2 shows how the command was used,
as well as the setting options for each tab.

General | Defaults |

Mame: IF‘hase.&

— Parameter

Type: Voltage +| ¢ Solid &= Stranded
Initial Cumrent  [$i_peakcosi$v) [ =
Resistance:  [$Fi_dead [ =
Inductance: [0 frH =
Waolkage: [pralsfPadbt1 time) f =

Mumber of parallel branches: I4
Use Defaults |

Cancel |

Figure A.1: Available settings for the Winding setup. The settings are the same as
they are described for sinusoidal voltage, the slight difference is that in the Voltage
window the tab-file PWM1 is accessed with the pwlx command. In this case, PWM1
corresponds to the generated SPWM signal for phase A.
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Solve Setup

poitimetentime) || =

Figure A.2: Options available for the Analyse Setup. The stop time here is se-
lected to 0.1 seconds, but is usually set depending on the number of periods to
run, mechanical speed and number of polepairs. Timestepl is the imported tab-file
containing the constructed time vector.
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