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Electric machine loss measurement and modeling
PWM versus sinusoidal feeding

PHILIP LISEAU, ARVID MOANGE
Department of Electrical Engineering

Chalmers University of Technology

Abstract

As the electrification of the automotive industry continues, the importance of high
e [ciehcy electric machines increases significantly. The ability to accurately predict
the e [ciehcy and losses in the designing stage is therefore essential. This the-
sis studied the degradation in magnetic properties in silicon steel strips cut with
dilerknt widths. These pieces were then used to develop a model to implement
manufacturing e [edts due to cutting in to the electric machine simulations to more
accurately model the iron losses. The simulations were fed with both a sinusoidal
current and a pulse width modulated voltage feeding to compare the e[edt of the
di Lerent feeding types on top of the cutting degradation e [edt, and compared with
each other. For all points simulated, the core losses increased when a layer of de-
graded material closest to the cut edges of the stator was used, up to 25% with
the sinusoidal feeding. For the pulse width modulation case, five di Lerent operating
points were simulated, showing an increase in core losses of up to 7% when using
degraded material. Comparing the e[edt the feeding types had versus each other,
the pulse width modulation fed simulations had core losses up to 258% higher than
the sinusoidally fed case. One measurement of the actual machine was compared
with the pulse width modulated feeding simulations where the dilerence between
losses was 6.7%, showing promise in the model for the simulated points.

Keywords: iron losses, electric machine, degradation, manufacturing e [edts, pulse
width modulation
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1

Introduction

Today sustainability is of great importance and as a result electri cation is grow-
ing continuously, furthering the development of electric vehicles to combat climate
change. Sales of electric vehicles increased by 3.5 million in 2023 compared to 2022,
an increase in year-on-year sales of 35% [1]. Electric cars accounted for almost a
fth of all cars sold in 2023 and the weekly sale of electric cars was higher than the
annual sale ten years prior [1]. An increase in the e ciency of the electric machine
of the vehicle is therefore important to further reduce environmental impact.

1.1 Background

The iron losses in Electric Machines (EM) are di cult to model at higher frequencies
and with Pulse Width Modulation (PWM) feeding, where the models currently are
restricted. When modeling iron losses, the most common method is to use parame-
ters speci c to the steel used in the stator core. These data sheets do not include the
manufacturing e ects when creating the stator core. The steel materials magnetic
properties are degraded during manufacturing from things like heating and cutting.
This increases the losses compared to the data sheet values, along with magnetic
induction being reduced [2].

Another aspect of the data sheet parameters is that they are derived from sinu-
soidal ux density [3], whereas PWM is the most common type of feeding of an EM
for electric vehicles, providing disturbed sinusoidals [4].

1.2 Previous work

It is clear that degradation has an e ect on iron losses, as [5] discovered for the
punched cutting method the iron losses increased by 12-24%, which resulted in a
decrease of 0.11 percentage points in the total e ciency. The di erence in iron loss
increase can be due to di erent material and cutting techniques [5].

Attempts to model the degradation are done in [6], [7] where dierent functions
were used to model the damaged area of a cut sample. In [6] a toroidal core of
soft magnetic material was modeled in a Finite Element Method (FEM) model and
the width of the degraded area was determined, whereas [7] de ned a mathematical
equation to approximate how the relative permeability in a cut sample is changed.
Neither study applied their results to an EM.



1. Introduction

A previous master's thesis investigated the e ect of PWM feeding to an EM, where
the increased percentage di erence between sinusoidal feeding and PWM feeding
were 120 to 750 % [5]. The method used was extracting magnetic properties from
PWM fed measurements in an Epstein Frame. These new material magnetic prop-
erties were then incorporated into a FEM based program Ansys Maxwell, which
then was fed with sinusoidal feeding. This thesis will instead build a PWM circuit
with inverter and current controller to more accurately simulate PWM.

1.3 Purpose

The purpose of this thesis is to model the iron losses due to manufacturing e ects and
due to both sinusoidal and PWM feeding. To realize this, the following objectives
were set:
" Calculate the degradation e ect of cutting the material from measurements
on rectangular strips.

Model the degradation e ects in a FEM-based software.
" Model the e ect of PWM feeding in a FEM-based software.

Compare losses from simulations with non-degraded material to simulations
with degraded material for both sinusoidal and PWM feeding.

Measure the losses in an EM and compare them to degraded material PWM
simulations.
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Theory

2.1 Manufacturing e ects

Electrical machines are built with laminated electrical sheets that are joined to-
gether. The unprocessed electrical sheets have magnetic properties that are wors-
ened as the electrical sheet is cut and processed [8], called degradation or manufac-
turing e ects. The process of cutting is usually the largest part of the degradation

e ect [9]. The type of cutting used is signi cant for the level of degradation of the
magnetic properties. The method most commonly used for mass-production of EMs
Is punching [10]. Punching means that the material is stamped to the desired shape
with a tool that is geometry speci c. This leads to the initial cost being high, but

as larger-scale production is done, the total cost is lower compared to other cutting
methods. An advantage with the punching method is that there is no thermal stress
applied during punching. However, there will be mechanical stress. This degrada-
tion of magnetic properties impede the permeability and lower the ux density for

a specic eld strength, increasing core losses in an EM [10].

2.2 Measurement methods

There are several di erent techniques to measure magnetic properties in electrical
steel sheets. This project has narrowed its scope to just look at the most common
method, the Epstein Frame procedure. Magnetic properties include, but are not
limited to, the magnetic eld strength H, the magnetic ux density B, and the
speci c power lossPs. Ampere's law is used to calculate the magnetic eld strength

Nai (1)

Im

H(t) = (2.1)

where N, is the number of turns around the samplej(t) is the current owing
through the winding over time andl, is the length of the magnetic path. The
voltage induced over the secondary winding, can be used together with Faraday's
law to calculate the ux density as

dB Uyt 1 4
G NA) BOS g u(b (2.2)




2. Theory

where N, is the number of turns on the secondary side of the windings am, is
the cross-sectional area of the electrical steel sheet. Additionally, the speci ¢ power
loss of the materialPs can be calculated as

P.= — HdB (2.3)

wheref is the frequency, the density of the material, T is the time period, H is
the magnetic eld strength anddB is the magnetic ux density varying with time.

2.2.1 Epstein Frame

The Epstein Frame (EF) has four coils, formed as a square, with primary and sec-
ondary windings connected in series [11]. Steel strips are positioned in the square
with overlapping edges, which requires the number of samples to be a multiple of
four. Due to the overlapping edges, leakage ux occurs during testing. The EF
measurements follow the International Electrotechnical Commission's (IEC) stan-
dard IEC 60404-2, which states that the strips should be 30 mm in width and
between 280 mm and 320 mm in length [4].

Figure 2.1: Epstein Frame geometry from top perspective

4



2. Theory

2.3 Pulse Width Modulation

Instead of using sinusoidal feeding, a switching method commonly used for elec-
tric machines in propulsion is Pulse Width Modulation (PWM). Sinusoidal PWM
(SPWM) is shown in Figure 2.2. The principle of SPWM is to compare a trian-
gular carrier wave with a reference sinusoidal wave [12]. The way to modulate the
carrier wave is by changing the switching frequency compared to the reference wave
frequency

A (2.4)

f reference

and to change the amplitude of the carrier wave

‘Oreference (2 5)
Ocarrier

Where\'7reference is the peak reference voltage anﬁcamer is the peak carrier voltage.
The values ofm, are usually between 0 and 1, values over 1 are called overmodula-
tion, which could lead to unwanted harmonics in the PWM signal [13].

Figure 2.2: The carrier and reference wave and the resulting PWM induced voltage

2.3.1 Space Vector PWM

|The Sp?ce Vector PWM (SVPWM) principle is that six non-zero base vecto!r‘sgl,
Vs2 ,..., Vs Of @ half bridge three-phase inverter [12], are used to synthesize the
output reference voltage instead of using a carrier wave, as shown in Figure 2.3.
Vit 1S the output voltage required and the relationship between output voltage and
input voltage in the frame for one switching cycle is



2. Theory

Zt z T, Z T

S

! ! .
In order to lower harmonics in the signal, two more vectors/s; and Vgg, are inserted,

which both are zero voltage space vectors.

Figure 2.3: Voltage base vectors synthesizing.s

The main benet of SVPWM compared to SPWM is the utilization of the DC
voltage. For the SPWM case, the highest DC voltage utilization rate is 0.866,
whereas for SVPWM the highest DC voltage utilization rate is 1.155 [12]. This can
also be achieved by using SPWM with a zero-sequence addition to the reference
waves [14].

2.4 Losses in electrical machines

The losses in an EM can be divided into categories depending on where they oc-
cur, most common being separation into mechanical, copper, and iron losses. The
mechanical losses include bearing losses and windage losses, that are hard to model
[15], whereas the copper losses are calculated by

Peu = 3Rsl 2 (2.7)

whereR; is the stator resistance and ;s IS the rms value of the current.

2.4.1 Iron losses

The iron losses occur as a result of ux alternating in ferromagnetic material, such
as the stator and rotor core, and is why they are sometimes referred to as core losses.

6



2. Theory

They can be categorized into three di erent groups: hysteresis, eddy current, and
excess losses. The iron losses are especially di cult to model, as they are not easily
measured. The modeling is more of an engineering method to t the real life iron
losses [16].

2.4.1.1 Hysteresis losses

Hysteresis losses are related to the magnetization and demagnetization of the core.
When a ferromagnetic material is slowly magnetized with an increasindg- eld and

then demagnetized with a negativeH - eld, the path for the magnetization curve
does not align [17]. The area enclosed by the magnetization curve (hysteresis curve)
is equal to the energy loss for each cycle of magnetizing and demagnetizing [17]. For
PWM feeding, smaller hysteresis loops are also present inside the larger hysteresis
loop. These minor loops occur due to the switching on and o of the magnetic eld
[5]. When the switching frequency increases, the area of these minor loops decreases
[5], but the amount of minor loops increase, as can be seen in gure 2.5.

Figure 2.4: Example of hysteresis curve with sinusoidal feeding
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(@) Hysteresis curve of PWM feeding(b) Hysteresis curve of PWM feeding
when switching frequency is 9 times thewhen switching frequency is 199 times the
fundamental frequency {,=9) fundamental frequency {,=199)

Figure 2.5: Example of hysteresis curves with PWM feeding, where minor loops
appear

2.4.1.2 Eddy current losses

Eddy current losses occur due to the electrically conductive material being exposed
to a changing magnetic eld, inducing voltages and currents, according to Faraday's
law [18]. The induced currents in the material, eddy currents, circulate on the
surface and counteract the magnetic eld that made the induced current occur [18],
with power being dissipated as heat due to the resistivity of the material [19].

2.4.1.3 Excess losses

Excess losses are the losses when calculating the total magnetic losses and sub-
tracting the eddy current and hysteresis losses. These losses occur because the loss
modeling estimates the eddy current losses wrongly and does not predict the fre-
quency dependence correctly [20]. These losses are referred to as an anomaly of the
eddy current losses and are often called the "anomalous losses" [20].

2.4.1.4 lron loss modeling

There are numerous methods for modeling iron losses. The model used in the FEM
program Ansys Maxwell and in this thesis is based on a group of models called the
Steinmetz equation

Ps= Cnf B (2.8)

where Ps is the specic power lossB is the peak ux density of the material, f

is the fundamental frequency and , and C,, are tting coe cients and are all
determined by measurements. The Steinmetz model has been modi ed to a Gen-
eral Steinmetz equation and an Improved General Steinmetz equation. However,
the problem with the modi ed versions of the Steinmetz equation is that the tting
coe cients are varying with frequency, making it problematic to nd coe cients
applicable for all frequency ranges and signals with high harmonic content.

8



2. Theory

The model used in Ansys Maxwell is called the Bertotti model and builds on the
principle of separating the iron losses in three categories: hysteresis loss, eddy cur-
rent loss and excess loss. The total iron loss becomes

Ps = Pp+ Pec+ Pex = KnfB 2 + Kef °B2 + ket 1°BL® (2.9)

where Ky, Kec and kex are tting coe cients for the hysteresis-, eddy current- and
excess losses. When the frequency approaches 0, it can be assumed only the hys-
teresis losses are present and that the hysteresis losses are proportional to the area
of the hysteresis loop of the material.

Based on Maxwell's equations, the eddy current coe cienk.. can be calculated
as

2d2
6
where is the conductivity, is the density of the material andd is the thickness
of the electrical steel.

Kec = (2.10)

2.5 Degradation model

Since degradation due to manufacturing of sheets originates at the cut edge and
propagates inward into the material [21], functions were developed to model this
behavior by calculating the relative permeability, ,, and the speci ¢ power lossPs,

as functions of the distance from the cut edge.

2.5.1 Relative permeability modeling

The relative permeability of a material is governed by the magnetic ux density,
which tends to degrade near cut edges due to localized structural disturbances. Con-
sequently, the relative permeability decreases in proximity to the cut edge. Mea-
suring the exact ux density at a specic point inside the material is practically
impossible. Instead, what's typically measured is the average ux density over the
entire sample.

In [7], a model was proposed to describe the relative permeability as
r; calculated (X; B) = pristine (B) f (X) (2-11)
where the degradation function is de ned as

f(x)=1 ae™ ce™ (2.12)

Here, x is the distance from the cut edge, and . isine (B) represents the relative
permeability of the undamaged material, dependent on the ux densit.
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Because the measured ux densityBmneasureds IS @n average over the width of the
sample, it can be expressed as
12w
B=— o r(X;B)H dx (2.13)
W o
wherew is the sample width, o is the vacuum permeability, andH is the magnetic
eld strength. Substituting (2.11) into (2.13) yields

0 r;pristine (B)H z w

B = & (0 dx (2.14)

2.5.2 Specic power loss modeling

The speci ¢ power lossPs of a material describes its loss in relation to the weight or
volume of the material. More cuts in a single strip degrades the material, increasing
its speci c power loss compared to the uncut material, and can be described as a
unitless scale factoPs.qeg Where

IDCUt

Puncut

Ps;deg = (2.15)

and P is the speci c power loss for a cut sample and,,.; is the speci ¢ power loss
for an uncut sample, both that vary with di erent eld strengths and frequencies.
This makes a series of points foPs.qeq for eachB value and frequency that depend
on the width of the cut sample that can be curve- t towards with

Psaeg(X) = 85 € P+ ¢ (2.16)

where a,, b, and ¢, are tting coe cients and x is half the width of the strip,
corresponding to the distance from the cutting edge.

10
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Methods

3.1 Measurement

The physical measurements were done to investigate the e ects of degradation on
the material in sheet-form and to correlate the results to the iron losses in the built
machine. The tests were both done using sinusoidal feeding and PWM feeding.

3.1.1 Sheet testing

The electrical steel strips were measured in an Epstein Frame from Brockhaus with
software from Brockhaus Measurements. The winding con guration in the EF has
di erent limitations in terms of frequency, eld strength and ux density [22], which
are described in Table 3.1.

Table 3.1: Range of operation for the EF

EF frame | Frequencyf [Hz] | Flux Density B [T] | Field Strength H [A/m]
700 3-150 0.001-2 5-30 000
200 150-2 000 0.005-1.8 0-5 000
60 1 000-5000 0.001-2 5-3 000
20 2 500-20 000 0.001-2 0-1 000

The material used was a 27 mm silicon steel, cut in the rolling direction with a
punched cutting technique. The testing was done in the EF with 16 pieces of
lamination steel. For every frequency listed in Table 3.2, there were ve tests done.
Every test started at a high ux density to avoid remanent magnetization, and was
stepped down with 0.1 T steps down to 0.1 T. The changes in the starting values
of magnetic eld strength were due to the fact that losses were very large at higher
B-values for higher frequencies, leading to heating that could sabotage the EF by
melting di erent parts. Bgat Was chosen as the higher value for the measurement
because if the opposite was chosen such that the highest B-value would end the
experiment, the material would still be magnetized, which leads to remanence. The
changes in windings in the EF were chosen in accordance with EF recommendations
of frequency span of di erent windings. These ve data sets from each frequency
were then compared to each other and the averages of the ve data sets to discover
outliers, which were removed. The outliers were de ned such that any value that
di ered by more than 2% from the average were removed and if the whole data set
had a sum of di erences to equal larger than 5%, the whole data set was removed.

11



3. Methods

Table 3.2: Di erent start values for B- eld over di erent frequencies

Frequency [Hz]| Bstart [T] | Bstep | Bena [T] | EF frame
50 1.9 0.1 0.1 700
100 1.8 0.1 0.1 700
200 1.4 0.1 0.1 200
400 1.4 0.1 0.1 200
700 1.4 0.1 0.1 200
1000 1.1 0.1 0.1 60
2500 1.1 0.1 0.1 60
5000 0.9 0.1 0.1 20
10000 0.7 0.1 0.1 20

3.1.1.1 Dierent cuts

To get a model of degradation, the material was cut into di erent widths. The
material was cut in the rolling direction and then put together again to investigate
the degradation due to cutting material. With each cut, the distance from the edge
to the cut decreased, making it feasible to model degradation with distance from
the edge as the variable.

Figure 3.1: Investigated strips
As it is di cult to get the degradation in each point of the material, a simpli cation

12



3. Methods

was made to take the average degradation from the cutting edge, where distance to
cutting edge is half the distance from cutting edge to the last cut

X = > (3.1)

The name "uncut” is not entirely accurate as the sheets are cut down to t with
the IEC standard IEC60404-2. However, "uncut" refers to sheets with no additional
internal cuts. This served as a point of reference to compare the number of cuts and
how the closer the distance to the cutting edge a ects degradation. It should be
noted that this introduces some error, since there is degradation on the outer edges
of the so-called "uncut" sheet.

Table 3.3: Number of cuts and distance to cutting edge x for the di erent samples

Sample Uncut| A | B| C |D
Number of cuts 0 1|2 3 |4
Width w [mm] 30 15/10| 75 | 6
Distance from edgex [mm] | 15 75| 51375 3

3.1.2 Machine testing

To measure whether the results from degradation more closely represent the real
machine, testing on an actual machine was conducted. The setup was a Direct Cur-
rent (DC) supply connected to the grid which was connected to an inverter. The
inverter converted the DC into Alternating Current (AC) and then fed into the EM,
with SVPWM feeding. The EM was coupled with a coolant, which had a tempera-
ture sensor. On the actual machine, there were current, voltage, rotor position and
ow rate sensors. All this data was collected and sent to a computer which was
connected with the inverter through a controller. The program used to simulate the
driveline was CANalyzer.

As the test rig for the machine was not yet fully functional to run under load,
the tests were done at no-load. The tests were done at every 1000 rpm speed, where
the DC voltage supply increased in steps of 210 V, 290 V, 380 V and 460 V. Then
measurements were done at each step of voltage. When 5000 rpm was reached, the
lowest voltage, 210 V, was removed due to problems when operating in the eld
weakening region. This was done until 12 000 rpm was reached. The mechanical
power drawn of a machine is

Prans = Te ! (3.2)

where P is power, T, is torque and! is the angular frequency. Due to that the

EM being run at no-load, T, = 0, all the input power is equal to the losses of the
machine. All of these losses are however not iron losses, as when the machine is
spinning, friction losses occur which increase at higher speeds. Even during no-load
operation, small currents ow through the machine, leading to losses in the windings.
To ensure these don't get included in the comparison with simulation, the winding
losses were subtracted from the power owing into the machine, by (2.7). The iron
losses were then compared at two operating points to a simulation of a degraded

13



3. Methods

machine with PWM feeding at these two points, as the feeding into the machine
was PWM.

3.2 Modeling

Degradation starts at the cut edge and gradually spreads into the material, with a
reduced severity. To capture this e ect, models were created to describe how the
relative permeability, ., and the speci c power lossPs, change with distance from
the cut edge. The measurements collected data only down to a strip of 6 mm width,
meaning 3 mm from the cutting edge to the center, and therefore the models had
to be able to extrapolate values for smaller distances.

3.2.1 Relative permeability model

To keep the model physically reasonable, some constraints are necessary. Since the
permeability should approach the pristine value far from the cut edge and never
drop below zero near it, the parameters i (x) from (2.12) must satisfy

O<a+c<1 (3.3)

Additionally, both band d must be greater than zero to ensure that the permeability
decreases near the edge. To avoid overlap between the exponential terms,set to
always be smaller thand, which gives

O<b<d (3.4)

The expression in (2.14) was used to t the functionf (x) using a least squares
method in Python. Since the expression depends on the magnetic ux density this
was done for eactB value at each frequency generating a range of parameters. In
Figure 3.2 an example is shown of how the permeability in a 30 mm wide strip cut
at both edges is aected at 0.5 T and 50 Hz.

14



3. Methods

Figure 3.2: Normalized permeability in a 30 mm wide strip with cuts at both
edges, at 0.5 T and 50 Hz

The parameters for (2.12) over alB values at 50 Hz are shown in Figure 3.3.

To compare the model with measurements, the calculated relative permeability was
determined using

. z w
r; calculated = runeut f (X); dx (35)
w 0

resulting in a curve that could be compared with the measured values.

3.2.2 Specic power loss model

The degradation factorPs.4eq(x) from (2.16) does not have any real physical linking,
instead it is purely mathematically tted towards a series of points. Each measured
strip created a point of degradation varying with the distance from cut edge that
the model was t to with the least squares method. In Figure 3.4 the model for
B =0:5T at 50 Hz is shown in relation to the measured points.

15



3. Methods

@) ap (b) by

©) & (d) dp

Figure 3.3: Parametersay, b, ¢,, and d, for di erent ux densities at 50 Hz
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Figure 3.4: Curve tof Psgeq from measured points folB =0:5 T at 50 Hz

Since the degradation varies with ux densities and frequency, the tted model had
di erent parameters for each condition. In Figure 3.5 the parameters are shown
versus ux density at 50 Hz.

3.3 Simulation

The model was built in the FEM-based program Ansys Maxwell. To simulate PWM
feeding, an inverter with SPWM was built in Ansys Simplorer and connected through
Ansys Twin Builder.

3.3.1 EM model

The machine modeled was a Permanent Magnet Synchronous Machine (PMSM)
with eight poles. Since the machine's poles are symmetric, an eighth of the machine
could be represented, reducing the computational time. The geometry built in Ansys
Maxwell is shown in Figure 3.6.
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@) a (b) by

©) &

Figure 3.5: Parametersay, by, and ¢, for di erent ux densities at 50 Hz
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Figure 3.6: Geometry of EM-model simulated in Ansys Maxwell

The EM was modeled using general parameters that are disclosed in Table 3.4.

Table 3.4: General parameters for the modeled EM in Ansys Maxwell

Parameters Value
Stator Outer Diameter | 250 mm
Stator Inner Diameter | 170.4 mm
Rotor Outer Diameter | 168.2 mm
Rotor Inner Diameter 55.5 mm

Active Length 119.34 mm
Number of Poles 8
Number of Slots 48

3.3.2 EM model with degraded material

To simulate the degradation the EM is a ected by, a model with a layer of degraded
material in the stator core was made, as shown in Figure 3.7. Since the layer was
modeled by section 3.2 it was chosen to use one degradation layer of 3 mm. The
rest of the stator core was left as non-degraded material. The degradation model
was only implemented in the stator, to focus on the iron losses in the stator. To get
comparisons with the non-degraded machine that are under equal conditions (similar
mesh distances in each part of the machine for instance), the degraded model was
used for both simulations. When non-degraded was simulated, the degraded area
was kept as the same material as the rest of the stator.
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Figure 3.7: Geometry of EM-model with a degradation layer simulated in Ansys
Maxwell

3.3.3 SPWM modeling

To model the SPWM feeding of the current to the EM, an inverter, current controller
and SPWM generator was built in Ansys Simplorer. The Proportional Integral (PI)
controller for the current controller were blocks from Simplorer. The inverter built
was a three-legged inverter with ideal switches. The inverter losses were then not
considered as it is only the signal into the machine that was looked at. The circuit
built in Ansys Simplorer was then connected to the EM using Ansys Twin Builder
to connect Ansys Simplorer to Ansys Maxwell.

The full circuit is shown in gure 3.8, which might be dicult to see the dier-

ent small parts in the circuit. This is why the circuit is zoomed in at the di erent
interesting parts, shown in gure 3.9.

Figure 3.8: Full circuit of the SPWM model with inverter, current controller and
EM
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(@) SPWM generation and inverter

(b) Current feeding to the EM

(c) Current controller

Figure 3.9: The whole circuit zoomed in to three parts
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3.3.4 Simulation method

3.3.4.1 Sinusoidal feeding

The actual simulation was done after each step in sections 3.3.1-3.3.3 were done,
where the rst was sinusoidal feeding when the EM without degradation was built.
The method used was feeding diereniy and iy current sweeps to the machine,
described in Table 3.5. These dierent currents fed into the machine generated
inductance in both d and q direction, which in turn with post processing made a
torque-speed map. To generate these dierent currents, the Optimetrics setting
in Ansys Maxwell was used. This mapping was all done at 1000 rpm and then
extrapolated to all the di erent speeds.

Table 3.5: iy and iy sweep

ig [A] | iq[A]
start | O 0
stop | -700 700
step | -50 50

This resulted in a new Table ofig and iy currents that corresponded to di erent
operating points. The simulation was then rerun with these new currents for the
chosen speeds where the material was measured. This led to simulation results at 23
di erent torques at 6 di erent speeds. This was done to more accurately simulate
the losses in Ansys Maxwell as the rst sweep where thie map was done, the
losses were estimated at 1000 rpm and extrapolated to higher speeds. This rerun of
the simulation ensures a more accurate loss map for the samhe  map.

To more accurately simulate the material, the material was designed di erently
for each frequency by inserting measureB  H curves and calculating Bertotti
coe cients from the specic power loss and ux densities. For the nondegraded
simulations, the measurements used were the uncut steel, whereas for the degra-
dation the curves and coe cients were created with the modeling in section 3.2.
This was implemented during the rerun of the simulation, which more accurately
simulated losses.

To calculate the total transmitted power equation 3.2 was used. In order to calculate
the e ciency, the copper losses are calculated by (2.7) and added to the iron losses,
then subtracted from the transmitted power and then divided by the transmitted
power.

— F)trans I:)Ioss (3 6)

Ptrans

22



3. Methods

(@) Eciency map with new operating (b) E ciency map showing updated op-
points for EM with non-degraded mate- erating points for EM with degraded ma-
rial terial

Figure 3.10: E ciency maps with updated operating points using degraded and
non-degraded material

The di erence between the e ciencies range from 0.1 to 0.35 percentage points, seen
in Figure 3.11.

Figure 3.11: Dierence in e ciency from non-degraded material versus degraded
material simulation in percentage points

3.3.4.2 PWM feeding

To determine the losses with PWM feeding to the EM, di erent operating points
were chosen and simulated with PWM. This was done due to the much more time-
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consuming simulation that PWM has compared to sinusoidal feeding. The operating
points where chosen to have a range of di erent speeds and di erent torque-levels
to get a more comprehensive distribution and are shown in Table 3.6.

Table 3.6: Operating points for PWM simulation

Operating point [rpm] | ig [A] | iq [A] | Te [NM]
1 750 -23.7 | 91.3 40

2 750 | -118.8| 225.6| 120
3 1500 -7.0 | 479 20
4 1500 | -68.8 | 163.8 80
5 3000 | -44.6 | 128.9 60

A graph with the operation points marked out in an e ciency map of the EM, using
degraded materials, is visible in Figure 3.12.

Figure 3.12: E ciency map with degraded material and all operation points
marked out

The simulation result of the iron losses were then compared to either non-degraded
versus degraded material, to sinusoidal feeding to see how big impact the PWM
feeding has, or to the actual EM to reveal how realistic the simulation was. The
switching frequency was chosen to be the same as the machine measurement, which
was 10 kHz. The input current and torque generated at operation point 5 is shown

in gures 3.13 and 3.14. These have similar shapes with di erent current levels and
di erent torque at the di erent operating points.
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Figure 3.13: PWM input current signal to the EM at operation point 5

Figure 3.14: Torque generated at operation point 5

3.4 Drive cycle

To compare the impact of the di erent simulations in a more applicable manner

a drive cycle was established for the operation points in Table 3.6, where di erent
times were assigned to the di erent points. Operation point 1 has low torque and
low speed, corresponding to cruising at low speed. Then the second point has high
torque and low speed, like an acceleration case and therefore a shorter duration in
the drive cycle. Third point is medium speed and low torque, cruising at a higher
speed than the rst point. Then the fourth point is akin to accelerating from the
medium speed, before the last point being a high speed drive. The times used are
presented in Table 3.7.
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Table 3.7: Drive durations for all operation points

Operating point | Time at each point [s]
1 180
2 20
3 180
4 60
5 120

The durations were then used to calculate the energy by
X6
E = Pi ti (37)

where P; is the power andt; is the duration for each point, before calculating the

e ciency as
_ Eout

- Ein
where the energy in was the transmitted power times duration and the energy out
used transmitted power minus the total losses instead.

(3.8)
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Results

This chapter presents the results obtained to meet the objectives of the thesis,
which focus on modeling iron losses due to manufacturing e ects and comparing
the impact of sinusoidal and PWM feeding. The results are divided into two main
parts. Section 4.1 covers the outcomes of the model development, including the
relative permeability model and the speci c power loss model, both derived from
material degradation measurements. Section 4.2 presents simulation results based
on these models, including comparisons between sinusoidal and PWM feeding as
well as between simulation and measured losses in an EM.

4.1 Model results

The modeling described in Section 3.2 was evaluated against measured values for all
gathered data, both for the relative permeability modeling and the speci c power
loss modeling. The accuracy was assessed down to the same distance from the
cut edge as the existing measurements since the extrapolation towards lower values
could not be compared to any measurements.

4.1.1 Relative permeability model

To evaluate the relative permeability model (3.5) was used, and the results averaged
over ve di erent widths. This was done for a series of points and compared to the
measurements at the samB values, as shown in Figure 4.1.
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Figure 4.1: Measured and predicted relative permeabilities for di erent width of
strips at 50 Hz

Comparing each measured point with its calculated value the deviation for the model
was calculated to ensure the model was su ciently accurate. The average deviation
being between 1.5% and 3.7% was deemed tolerable, along with most maximum
deviations being below 6%, except for one lone value for the 10 mm sample where it
reached 9.0%. This was at the maximum ux density, 1.9 T and 50 Hz, where the
relative permeability was very low so a small numerical deviation generated a larger
deviation as a percentage. A summary of deviations is shown in Table 4.1.

Table 4.1: Maximum and average deviations for di erent sample widths for ,

Width of sample [mm] | Maximum deviation [%] | Average deviation [%)]
6.0 3.92 1.98
7.5 5.14 151
10.0 9.03 3.66
15.0 5.70 3.40
30.0 3.26 1.95

Using the model for the relative permeability, the magnetic eld strength was cal-

culated as
B
Hcalculated = ————— (4.1)

0 r;calculated
enabling the generation oB  H curves for further comparison and analysis along
with being used in de ning the materials used in the simulations. In Figure 4.2,
both the measured and calculate® H curves are visible, showing that the model
was capable of being used to calculate -values as well.
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Figure 4.2: Measured and predictecdH for di erent width of strips at 50 Hz

4.1.2 Specic loss model

For the speci c loss modelPs versusB curves were made to compare measurements
and calculated values for ve di erent distances from the cut edge. These are shown
in Figure 4.3.

Figure 4.3: Calculated and measureds curves at 50 Hz

The deviations between calculations and measurements were calculated, showing
great accuracy. In Table 4.2, the deviations are summarized.
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Table 4.2: Maximum and average deviations for di erent sample widths foPg

Width of sample [mm] | Maximum deviation [%] | Average deviation [%]
6.0 0.46 0.15
7.5 0.51 0.23
10.0 1.93 0.51
15.0 2.36 0.89
30.0 1.03 0.45

4.2 Simulation results

In this section, results from the FEM simulations on the EM will be presented,
divided into di erent cases. The losses from the simulations with both non-degraded
material, using material de ned straight from the data sheet, and degraded material
made with the degradation models, are compared when using sinusoidal feeding,
as well as using PWM feeding. Then, the e ect PWM feeding versus sinusoidal
feeding had on the losses for the EM with degraded material. Another simulation
case is comparing the core losses from the simulation with sinusoidal feeding and
non-degraded material, with the losses from the simulations with the more realistic
degraded material and PWM feeding. This is to visualize the increase in losses for
the most advanced simulation versus the most simpli ed simulation. Lastly one
machine measurement is compared to the simulation model in an attempt to give
more credibility to the results.

4.2.1 Sinusoidal feeding

For the non-degraded sinusoidal simulations the core losses are visible in Figure 4.4.
The maximum loss of 2.40 KW occurs at the operation point of 15 000 RPM and
118.09 Nm, where a high electrical frequency, due to the speed, and large magnetic
ux density, due to the torque, lead to high hysteresis losses and eddy current losses
as per (2.9).
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Figure 4.4: Iron losses in a torque map for the machine without degraded material

The total losses of the simulations with hon-degraded material was heavily dictated
by the stranded loss for the higher currents, as per (2.7). These total losses are
shown in Figure 4.5.

Figure 4.5: Total losses with no degradation in material

Introducing a degraded layer of material to the simulation increased core losses, the
degraded core losses are seen in Figure 4.6.
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Figure 4.6: Iron losses in a torque map for the machine with degraded material

To visualize the di erence as a percentage it was calculated by

Pfe;deg Pfe

Wincrease = 100 P,
e

(4.2)

where Pse 4eq IS the core loss with a degraded material layer anék. is the core loss
with non-degraded material. The core loss increased between 3 to 25%, and was
higher for every point simulated. In Figure 4.7 the increase in losses as a percentage
iIs mapped over the EM's operating range. The biggest percentage increase in iron
losses are in the low to medium torque area, with speeds from 3000 rpm to 5000
rpm.

Figure 4.7: Degraded core losses increase over non-degraded core losses in percent

The values for the core losses from the ve chosen operating points were extracted
and presented in Table 4.3.
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Table 4.3: Comparison of core losses for degraded versus non-degraded material

EM with sinusoidal feeding

Operating point | Core losses non-| Core losses Increase core loss in [%]
degraded mate-| degraded mate-
rial rial
W] W]

1 23.6 24.9 55

2 33.3 35.0 5.2

3 43.5 50.5 16.2

4 61.8 72.0 16.4

5 132.5 165.7 25.0

4.2.2 PWM feeding

For the rst operating point, iron losses for the degraded material EM and the non-
degraded material EM is visualized in Figure 4.8. The core loss graphs for the rest
of the operation points is placed in Appendix A.

(a) Core loss at operation point 1 degraded
versus non-degraded material

(b) Core loss zoomed

Figure 4.8. Core loss for degraded material versus non-degraded material with

PWM feeding for operating point 1
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From Table 4.4, it can be seen that the core losses increase at each operation point,
similarly to the sinusoidal feeding case. The percentage increase in core losses be-
tween degraded and non-degraded material is smaller when using PWM feeding
compared to sinusoidal feeding. This is likely because PWM already causes higher
overall core losses. As a result, although degradation still increases the core losses,
the relative increase is smaller under PWM, since the baseline loss is already higher
compared to the sinusoidal case.

Table 4.4: Comparison of core loss for degraded versus non-degraded material EM
with PWM-feeding

Operating point | Average core loss Average core loss Increase in core loss [%0]
non-degraded degraded mate-
material [W] rial [W]

1 88.3 88.9 0.8

2 120.7 123.2 2.1

3 130.3 138.9 6.6

4 174.0 185.6 6.7

5 352.3 377.9 7.3

In Table 4.5, the total losses calculated are the core losses added with the copper
losses, calculated from (2.7). The copper losses are the same for the degraded versus
non-degraded case for each point, making the only di erence between each case the
core losses. This is why the percentage increase in total losses is smaller than the
percentage increase in core losses, the overall total is larger, but the actual increase
is only in the core losses so it makes up a smaller part of the total.

Table 4.5: Comparison of total losses for degraded versus non-degraded material
EM with PWM-feeding

Operating point | Total losses non-| Total losses Increase in total loss [%]
degraded mate-| degraded mate-
rial rial
W] W]

1 193.6 194.3 0.4

2 891.0 893.5 0.3

3 158.0 166.7 55

4 548.0 559.6 2.1

5 575.1 600.7 4.5

To calculate the total e ciency decrease due to degradation with PWM feeding,
the total losses are subtracted from the transmitted power, then divided by the
transmitted power, as shown in (4.3), where the results of this are disclosed in Table
4.6. There it can be seen that the degradation has an e ect on the total e ciency,
where a decrease goes from 0.02 percentage points up to 0.28 percentage points.
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_ I:)trans I:)Ioss;tot (4 3)

Ptrans

Table 4.6: Comparison of e ciency for degraded versus non-degraded material EM
with PWM-feeding

Operating point | E ciency non- E ciency E ciency decrease
degraded material| degraded material| in percentage
[%] [%0] points

1 93.83 93.81 0.02

2 90.54 90.51 0.03

3 94.97 94.69 0.28

4 95.63 95.54 0.09

5 96.95 96.81 0.14

4.2.3 Sinusoidal versus PWM feeding

When comparing sinusoidal versus PWM feeding, the degraded material in the EM
was used for both sinusoidal and PWM feeding. The same method to calculate the
total losses and e ciency was used as in section 4.2.2. The e ect of PWM feeding

on core losses from the simulations are much higher than the degradation, as seen
from Table 4.7, where the biggest increase in percent is 257.9%. A trend to the core
losses are that as the speed increases, the increase in core loss in percent decrease.
This is only for these ve operation points, as when the speed increases over 3000
rpm, this trend might not be correct. A visualization of the core losses are seen in
Figure 4.9, where the PWM fed simulation has Itered core losses, to more easily
compare the sinusoidal feeding.

Figure 4.9: Sinusoidal core loss with degraded material simulation versus PWM
Itered core loss with degraded material simulation at operation point 1
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Table 4.7: Comparison of core losses with either sinusoidal or PWM feeding

Operating point | Average core loss Average core loss Increase in core loss [%0]
sinusoidal feed- PWM  feeding
ing [W] W]

1 24.9 88.9 257.9

2 35.0 123.2 251.6

3 50.5 138.9 175.0

4 72.0 185.6 157.8

5 165.7 377.9 128.0

The total loss increase, as seen in Table 4.8, are quite similar except for operation
point 2 and 3. For point 2, the torque is the highest that was simulated, meaning
the RMS value of the current is the largest, leading to the highest copper losses.
This means that the increase in core losses due to PWM are not as big fractionally
compared to other operating points. The same reasoning could be done for operating
point 3, but the opposite as the torque is the lowest, leading to lowest RMS current
values and lower copper losses. The core losses then make up a larger part of the
total losses and an increase in core losses is more noticeable.

Table 4.8: Comparison of total losses with either sinusoidal or PWM feeding

Operating point | Total losses si-| Total losses| Increase in total loss [%]
nusoidal feedingl PWM  feeding
(W] [W]

1 130.2 194.3 49.2

2 805.4 893.5 10.9

3 78.3 166.7 113.0

4 446.0 559.6 25.5

5 388.9 600.7 54.6

The decrease in e ciency is much more apparent for the PWM feeding versus sinu-
soidal feeding, compared to e ciency lost due to degradation, visible in Table 4.9.
From the simulations, the lowest decrease in e ciency is still 0.9%, with operation

point number 3 being at 2.8% decrease in e ciency. This shows the big di erence
in sinusoidal versus PWM feeding.

Table 4.9: Comparison of e ciency with either sinusoidal or PWM feeding

Operating point | E ciency E ciency PWM E ciency decrease
sinusoidal feeding | feeding [%0] in percentage
[%] points

1 95.6 93.8 2.0

2 91.4 90.5 0.9

3 97.5 94.7 2.8

4 96.5 95.6 0.9

5 97.9 96.8 1.2
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4.2.4 Sinusoidal feeding with non-degraded material versus
PWM feeding with degraded material

These simulation results were compared as the non-degraded material simulation
with sinusoidal feeding is the model that is the simplest and least realistic whereas
the degraded material with PWM feeding is the simulation with the most realistic
model that was built. This is to see how wrong the estimation for the simplest
model is, especially for core losses, resulting in a combination of degradation e ects
and PWM feeding losses.

From Table 4.10, it is shown that the core losses increased signi cantly, similar to
the sinusoidal degraded material simulation versus PWM degraded material. When
comparing Table 4.10 with Table 4.7, the increase in core loss percentage is not that
big. This is due to the losses being so heavily dictated by the PWM feeding.

Table 4.10: Comparison of core losses with sinusoidal feeding with non-degraded
material versus PWM feeding with degraded material

Operating point | Average core loss Average core loss Increase in core loss [%0]
sinusoidal feed- PWM feeding
ing [W] W]

1 23.6 88.9 276.7

2 33.3 123.2 270.0

3 43.5 138.9 219.3

4 61.8 185.6 200.3

5 132.5 377.9 185.2

The results from Tables 4.11 and 4.12 are similar to the degraded material sinu-
soidal feeding case, with an expected slight increase in losses and lower e ciency.
This means that when one wants to simulate an EM quickly, without considering
degradation of the material, when connected to PWM, similar results to the more
realistic simulation is achievable.

Table 4.11: Comparison of total losses with sinusoidal feeding with non-degraded
material versus PWM feeding with degraded material

Operating point | Total losses si-| Total losses Increase in total loss [%)]
nusoidal feedingl PWM feeding
W] W]

1 128.9 194.3 50.7

2 803.7 893.5 11.7

3 71.2 166.7 134.1

4 435.9 559.6 28.4

5 355.3 600.7 69.1
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Table 4.12: Comparison of e ciency with sinusoidal feeding with non-degraded
material versus PWM feeding with degraded material

Operating point | E ciency E ciency PWM E ciency decrease
sinusoidal feeding | feeding [%0] in percentage
[%] points

1 95.9 93.8 2.1

2 91.5 90.5 1.0

3 97.7 94.7 3.0

4 96.5 95.6 1.1

5 98.1 96.8 1.3

4.2.5 Drive cycle analysis

The losses for each simulation case was used in the drive cycle analysis to get the total
e ciency over the cycle, seen in Table 4.13, where the simulations using sinusoidal
feeding and non-degraded material had the best e ciency due to it having the lowest
losses. The simulations with PWM feeding and degraded material had the worst
e ciency, being 1.46 percentage points lower than the best case. The dierence
between using non-degraded material or degraded material was similar for both
feeding type, where the di erence for the PWM feeding was 0.12 percentage points
and 0.14 percentage points for the sinusoidal feeding.

Table 4.13: E ciency over the whole drive cycle for the di erent simulation setups

. . E ciency over whole
Simulation type drive cycle
Sinusoidal feeding with non-degraded material 97.29%
Sinusoidal feeding with degraded material 97.15%
PWM feeding with non-degraded material 95.95%
PWM feeding with degraded material 95.83%

4.2.6 Machine measurement versus simulation

For the simulation, the model used was the degraded material with PWM feeding,

as the machine was fed with PWM, making the comparison the most similar to the

real machine. When running the machine at 3000 rpm at no-load, smaller currents
are still drawn from the machine. The average of these currents are described in
Table 4.14. These currents are then used as input into the simulated model, to
replicate as much as possible for the simulation.

Table 4.14: iy and iq at machine no-load measurement at 3000 rpm

la [A] | 1q [A]
2.14 |0.19

In Figure 4.10, it can be seen that the simulated model had an average core loss of
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326.0 W, close to the measured loss of the machine at 361.3 W, where stranded loss
was subtracted from the total loss of the machine. It still includes friction losses
that are not included in the simulation which should increase the di erence. The

di erence in percent is

I:)fe'avera e;measured F)fe'avera e;simulated
= SR bk =6:7% (4.4)

Y
iffference
I:)fe;average;measured

which means the simulation of the degraded material with PWM feeding was realistic
for this operation point. To evaluate the model fully, more operating points need to
be studied to see how core losses for other points match with the real machine.

(a) Simulated core loss at 3000 RPM under no-
|Oad Operation,Pfe;average;simmated :3613 W

(b) Measured core loss at 3000 RPM under no-
load operation, Pre.average:measured =338.7 W

Figure 4.10: Simulated PWM with degraded material versus measurements from
actual EM, both at 3000 RPM under no-load operation
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4.2.7 Battery voltage e ect on PWM losses

The e ect di erent battery voltages had on the core losses was also examined, where
di erent voltages will lead to di erent timings for the PWM switching schedule.
Therefore the PWM simulation for 0 Nm and 3000 RPM was ran four times with
di erent voltages, seen in Table 4.15, to examine the trend.

Table 4.15: Di erent battery voltages used for no-load simulations

Voltage [V] | 210] 290 380 | 460

There was a clear trend in the simulations, where the lower voltages led to lower
losses. Fitting a curve to the simulated points gives a relation between the voltage
and core loss, where the slope is 0.72 and an interception at 32.6, but that is math-
ematical. With no voltage applied there would be no excitation in the machine and
no losses.

Figure 4.11: Simulated core loss at no-load operation and 3000 RPM with di erent
battery voltages
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Discussion

5.1 Modeling

The modeling used in this thesis was used to de ne materials in FEM-based sim-
ulations that showed promise. The magnetic properties worsened closer to the cut
edge and the losses increased. The full extent of how well the modeling works needs
to be studied more to draw any real conclusions on its validity.

Due to the widths of strips available, the modeling is fully based on values gathered
for distances between 3 to 15 mm from the cut edge, so to model closer than 3 mm
the results will be extrapolated. For example by looking at the speci ¢ power loss in
Figure 2.16 it increases exponentially closer to the cut edge. To validate the model
further more measurements on thinner strips should be done to compare with the
modeling.

Creating fewer thicker degraded layers with the model avoids extrapolating, de n-
ing materials with lower loss but higher volume. On the other hand when modeling
many thin layers the speci c power loss will be higher closest to the cut edge but a
lower volume will lead to less total loss. Which one generates more realistic results
was not examined, but is of high interest.

Looking at the parameters for the relative permeability modeling in Figure 3.3,
there is a general trend until 1.3 T where all parameters rapidly change. Sinag

and ¢, in (2.12) are both in front of exponentials they are intertwined, and whea,
increases, decreases. Therefore the rise &, at 1.3 T might be unnecessary and a
a,-value closer to the one at 1.2 T would generate a smoother curve tQrwithout a
large loss of accuracy. The expression used, (2.12), is also just one possible solution,
another expression could provide a better t.

5.2 Simulation

When comparing degraded and non-degraded material under sinusoidal feeding, the
outcome was as expected. The iron losses increased between 3 and 25% from the
non-degraded to degraded case. This result is similar to [5] where the result of
degradation went up to 24.1%, indicating the simulations to be accurate.
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When comparing sinusoidal feeding and PWM feeding simulations, the di erence
in iron losses were a lot higher for the PWM feeding, where one thing believed to
have increased the losses is the ripple in the input current creating minor hystere-
sis loops. The e ect of PWM is obvious, and has a much larger impact than the
degradation e ect for all operation points simulated. For the non-degraded material
sinusoidal feeding versus the degraded material PWM feeding, the losses in percent
does not increase that much, when compared to the degraded material sinusoidal
feeding simulation. This is due to the higher fraction of loss coming from PWM
simulations, meaning the degradation e ects are not as dominant.

The PWM simulation with degraded material iron losses compared to the machine
measurements are quite similar for the operating point simulated, no-load operation
at 3000 RPM. This indicates that the model has promise, but more studies need
to be done at di erent operating points to draw a conclusive answer. It would be
interesting to test a machine with a load to see how the simulated model would
compare. One aspect that was di erent was the di erent PWM methods used. For
the real machine, SVPWM was used and in the simulations, SPWM was used. If
SVPWM was used the di erence might decrease. The comparison also does not
include the friction losses in the real machine measurements, skewing the results a
small bit. The best way to eliminate this source of error would be to measure the
friction losses on the real machine and subtract this, to isolate the iron losses. This
Is because Ansys Maxwell does not include and does not have an obvious way to
include friction losses to the system.

5.3 Ethics and sustainability

As described in the introduction, the electric vehicle industry is growing rapidly.
The demand for high e ciency EMs is high, making accuracy on simulations es-
sential. In order to design realistic EMs with correct e ciency,a high demand for
simulation accuracy is necessary. From a sustainability perspective, high accuracy
simulations are important to minimize the environmental impact. From an ethical
standpoint, transparency from the business designing EMs is essential to build trust
from consumers.

Modeling iron losses correctly is also important from both ethical and sustainability
perspectives, as understanding how iron losses vary could contribute to reducing
losses when designing EMs. Having accurate simulation models make it so EM de-
signs can be evaluated without having to build the actual machine and more designs
can be compared before one is chosen and built, instead of having to manufacture
multiple designs. Reducing losses would also increase e ciency, leading to less en-
ergy waste, and ultimately less energy used per EM.
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Conclusion

The purpose of this thesis was to model the e ects of degradation of iron losses due
to manufacturing e ects and due to both sinusoidal and PWM feeding. This was
realized by measuring the degradation e ects on steel sheets, to model a degrada-
tion function to create B H curves which later was implemented into materials in
the FEM based software Ansys Maxwell. The PWM feeding was built using Ansys
Simplorer, then connected through Ansys Twin Builder. Furthermore, simulations
with similar conditions were done to compare to a real machine. When this was
completed, comparisons were made and conclusion of how iron losses di er during
di erent conditions were drawn.

The functions developed in the degradation modeling made it possible to create
materials with degraded magnetic properties in line with how those properties de-
graded in the single strips, for any distance from the cut edge. This was compared to
the measured values for the strips where the average deviation for the permeability
model was within 3.7% from the measured values, and the speci ¢ power loss model
was within 0.9% from the measurements. Therefore the models were considered
accurate and used to model a degraded layer of material with a distance of 3 mm
to the cut edge, and implemented in the model.

When looking at the degradation e ects due to manufacturing with the sinusoidal
fed simulation, the core loss increased at every point simulated over the EM's op-
erating range, where the increase of core loss ranged from 3 to 25%. For the PWM
fed simulations, ve di erent operating points were simulated, with both degraded
material and non-degraded material. The increase in core loss ranged from 0.8 to
7.3%, which resulted in an increase of 0.3 to 5.5% in total losses. The increase in
total losses resulted in a decrease in e ciency due to degradation from the PWM fed
simulation to between 0.02 to 0.28 percentage points. When comparing sinusoidal
feeding with PWM feeding for the degraded material EM, the increase in core loss
were between 128 to 257.9%, resulting in an increase in total losses of 10.9 to 113.0%.
The decrease in e ciency for these ve operating points ranged from 0.9 to 2.8 per-
centage points. When combining the e ects of degradation and PWM feeding, the
simulation with the EM with non-degraded material fed with sinusoidal feeding was
compared to the degraded material PWM fed EM. The core losses increased for the
PWM degraded material case by 185.2 to 276.7%, resulting in a total loss increase
of 11.7 to 134%. The e ciency decrease due to PWM and degradation ranged from
1.0 to 3.0 percentage points, where the e ect from PWM feeding contributed more
than the degradation.
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6. Conclusion

For the drive cycle simulations, the degraded material PWM fed EM was had the
worst e ciency, being 1.46 percentage points lower than the highest e ciency, being
the sinusoidal fed non-degraded EM. The di erence between using degraded mate-
rial and non-degraded resulted in a decrease in e ciency similar for the sinusoidal
fed and PWM fed simulations, being a decrease of 0.14 percentage points for the
sinusoidal feeding and a decrease of 0.12 percentage points for the PWM feeding.
When comparing the degraded material PWM fed EM simulation to a real machine
measurement, the average core losses were 361.3 W for the simulation and 338.7 W
for the machine measurement, leading to an error of 6.7% between simulation and
a real machine.
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Future Work

To gain a deeper understanding of the degradation of material in EMs, one could
examine dilerknt steps in the process to create a stator. For instance, measuring
the magnetic properties of a stator with windings and a dummy rotor, could further
reveal the e [edts of degradation. This could serve as a stepping stone between sheet
and full machine. Additionally, a more physical meaning to the specific loss mod-
eling would be interesting, enabling loss separation to see how the dilerent parts
of iron losses is aledted by degradation. For the simulation, a better circuit could
be built with current controllers using di Lerent techniques to have faster and better
responses to disturbances. Another thing is building a circuit with SVPWM instead
of SPWM to get closer to the measured machine setup. It would also be interest-
ing to investigate using more and smaller layers of degradation, closer to the cut
edge. Furthermore, accounting for the degradation in the rotor should be considered
during simulation to more accurately simulate iron losses. The drive cycle analysis
performed only included five drive points, a more comprehensive drive cycle analysis
like the Worldwide Harmonized Light-Duty Vehicles Test Procedure (WLTP) [23]
would be useful as it is a more standardized way to evaluate EM’s. Finally, com-
paring simulations with a machine operating under load conditions would widen the
range of the models validity.
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Figure A.1l: Core loss for degraded material versus non-degraded material PWM
feeding for operating point 2
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