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Experimental Magnetic and Iron Loss Degradation in Electrical Machines
Measurements and Analysis of Laser Cut Degradation with Sinusoidal and Non-
Sinusoidal Flux Distribution
VICTOR LIDSKOG
Department of Electrical Engineering
Chalmers University of Technology

Abstract
With the automotive industry increasingly transitioning towards a fully electric fleet
of vehicles, the development of highly efficient electrical machines has become a cru-
cial undertaking. In order to achieve precise simulation outcomes during the design
phase of these electrical machines, it is imperative to consider the impact of cutting
the lamination steel utilized in the stator and rotor. This research work focuses
on the utilization of an Epstein frame and a Single Strip Tester to evaluate the
effects of cutting on the electrical steel, specifically using a laser cut technique. The
study encompasses both sinusoidal and non-sinusoidal flux distributions. Magnetic
property degradation and iron losses were measured and subjected to comprehen-
sive analysis. A test sequence encompassed multiple fundamental frequencies and
varied flux density levels, resulting in over 1500 individual test measurements. The
outcomes of these measurements were extensively analyzed and discussed. To gen-
erate the non-sinusoidal flux, Pulse Width Modulation (PWM) was used, and the
effects of altering the amplitude modulation index and frequency modulation index
were measured and analyzed. The degradation of magnetic properties exhibited an
exponential pattern, with the greatest degradation occurring closest to the cut edge,
reaching an increase of 3.3 times as much magnetic field strength . Conversely, the
degradation of iron losses exhibited a more linear increase, with the highest degra-
dation reaching 1.5 times increase, near the cut edge. The magnitude of degrada-
tion depended on both the flux density level and the fundamental frequency, with
greater degradation observed at lower frequencies and reduced degradation at sat-
uration levels in the electrical steel. Based on the measured results, a model was
developed to incorporate the degradation into a Finite Element Method (FEM) sim-
ulation model of a Permanent Magnet Synchronous Machine (PMSM). The FEM
simulation was conducted at various frequencies, focusing on a single load point at
half the rated current. It is important to note that the degradation resulting from
non-sinusoidal flux is a highly intricate topic that necessitates further investigation.
Multiple factors, including fundamental frequency, frequency modulation index, am-
plitude modulation index, flux density level, distance from the cut edge, and more,
contribute to the degradation, resulting in a multitude of degrees of freedom and
increased complexity. The simulation outcomes indicated a decrease in torque and
an increase in iron losses when compared to a non-degraded model. Consequently,
the machine’s efficiency was reduced by approximately 0.5% to 2%, depending on
the fundamental frequency.

Keywords: PWM excitation, sinusoidal excitation, laser cut degradation, iron loss
degradation, Epstein Frame, FEM, IPMSM, Manufacturing process.
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1
Introduction

1.1 Background

As sales of electric vehicles is increasing [1] and around 50% of the global electricity
demand [2] is used by electric machines (EM), the design of highly efficient EMs is
a very important task.

This thesis work will compare the iron losses when feeding a sinusoidal flux den-
sity and non sinusoidal flux density. The work will also analyze the degradation of
the magnetic properties in the electrical steel material due to manufacturing effects
when shaping the rotor and stator of an EM, and more specifically the cutting effect
when using a laser.

One aspect of designing an efficient EM is considering the losses in the stator and
rotor due to the magnetic field which drives the EM, the so called iron/core losses.
Traditionally when designing an EM the estimations and simulations of iron losses is
based on the data sheet provided by the manufacturer of the electrical steel. These
data sheets however are based on sinusoidal shaped flux [3], they are also often
limited in frequency and amplitudes of magnetic flux density and magnetic field
strength [4]. Therefore its very difficult to accurately estimate iron losses.

Another difference from the data sheet is due to the manufacturing effects. This
could be from, cutting the stator and rotor into its final shapes from the mother
coil (MC), combining the multiple electrical steels to a core with different joining
processes, or other effects, such as shrink fitting and mechanical fixtures. These
manufacturing effects on the electrical steel will create a difference from the data
sheet due to the degradation in the materials magnetic properties. This will lead
to that the final iron losses will be higher compared to the simulated ones, and the
flux density in the machine will change due to its decrease in magnetic properties.

The industry standard for measuring the performance of electrical steels is using a
Single Sheet Tester (SST) [5] or Epstein frame [3]. By using these measurements
methods one could also perform measurements to evaluate the effects of the cutting
process on the electrical steel.

1



1. Introduction

1.2 Previous Work
Many research papers have investigated the effects of the cutting process on the
iron losses in EM [6–10], and proposed models to replicate these losses in FEM
simulations. Most research that has been done is regarding the mechanical cutting
process, and fed with a sinusoidal flux density. In [11], an extensive comparison
between multiple articles has been performed and the results vary drastically from
article to article. This is due to the fact that there are different measurement meth-
ods and different materials. But the conclusion is that the cutting process does
significantly affect the losses and magnetic properties in the EM.

In [9,11–14] the effect of laser cutting is analyzed. Although all these articles analyze
different parameters, degradation depth, laser, punching and so on, they all have in
common that they are fed with sinusoidal flux density.

Most data sheets regarding the electrical steel, has also been derived with a sinusoidal
flux. There will therefore be a difference from the final product losses and the
simulated losses. By taking the non-sinusoidal flux into consideration when looking
at the cut effect degradation, a more realistic loss simulation could be found.

1.3 Aim
The main aim in this thesis project is to compare the losses and magnetic properties
degradation in electrical steel sheets, feeding with a sinusoidal and a non sinusoidal
flux density wave. This is to be done with the help of measurements, using Epstein
frame and SST and then modelling an EM in a Finite Elements Method(FEM)-based
software.

2



2
Stator and Rotor Manufacturing

Processes, Losses and Testing

2.1 Manufacturing Process
The stator and rotor of an EM is built up from several laminates of electrical steel
sheets. These electric steel sheets are made up of an iron alloy, consisting of up to
6% silicon. This is done in order to improve the magnetic properties of the electri-
cal steel, such as decreasing eddy currents and limiting the width of the hysteresis
loop [15].

When manufacturing the electrical steel, the steel is rolled to a specific thickness on
the in a rolling machine. The direction that the steel is rolled in, is often referred
as rolling direction, and the perpendicular direction is often referred as transverse
or cross direction.

Figure 2.1: Manufacturing process of rotor and stator.

Electrical steels can be divided into grain-oriented and non-oriented steel. The dif-
ference between the two is that the grain-oriented is manufactured to have better
performance in rolling direction, while non/oriented is known as isotropic, with sim-
ilar performance in all direction of the steel. In EM design, non-oriented steel is

3



2. Stator and Rotor Manufacturing Processes, Losses and Testing

preferred [10], since the rotor and stator has a flux density that is rotating.

Figure 2.1, shows an example of the different manufacturing processes the electrical
steel goes through. Some the processes could be, the electrical steel sheet is rolled
onto a larger coil, then cut to its desired shape, interconnected and fitted in a stator
housing. The different manufacturing processes and how it affects the electrical steel
magnetic properties will be described briefly next.

2.1.1 Cutting Process
The cutting of electrical steel can be done in multiple different ways. According
to [6, 7, 9], cutting process has the largest effect on the magnetic properties of the
electrical steel out of all the manufacturing processes. Some of the cutting tech-
niques will be introduced next, starting with punching.

2.1.1.1 Punching

Punching is the most common method of cutting in mass production of EM, due
to its low cost [13, 14]. There is a high initial investment and every rotor/stator
shape needs its custom cutting tool, but the production cost to mass produce is low
compared to other cutting methods.

With punching, the electrical steel is under mechanical stress around the cut edge
which deteriorates the magnetic properties of the steel [6]. The effects of the punch-
ing is from the plastic deformation around the cut edge which leads to lower magnetic
permeability and therby higher iron losses [16].

The amount of effect on the electrical steel depends on multiple parameters, such
as but not limited to:

1. Sharpness of cutting tool.
2. Properties of the electrical steel.
3. Complexity of the cut.

Punching could lead to burr edges on the electrical steel [17] which could lead to
global eddy currents and thereby an increase of iron losses [10].

A way of measuring the degradation from punching is analyzing the micro hardness
at the cut edge. Using measurement tools to analyze the microhardness, it could
be seen that the micro hardness is increased drastically around the cut edge and
decreases exponentially moving away from the cut edge [16].

The depth of the deterioration in the micro structure is a very complex value to
achieve and it could vary from 100µm to a few of millimeters [18]. In [14], an exten-
sive comparison between multiple articles has been performed. Here the degradation
depth varies between 500µm up to 10mm. The large difference in these results could
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

be depending on how the results where achieved and different materials.

There is typically two different methods of achieving the degradation depth in the
electrical steel, direct and indirect measurements [6]. The direct measurements mea-
sure the flux density directly through sensors in the material, by drilling small holes
in the samples and inserting the sensor. Indirect measurements measures parameters
such that the flux densities can be derived from. The indirect measurements could
be microhardness, dark field image (DFI) or other measurement techniques [6].

2.1.1.2 Laser Cutting

Laser cutting method use a laser to cut the material into desired shape. The laser
can cut the material in different ways, by heating to vaporize the material or melting
and then remove material by blowing gas on the cut. Laser cutting is more common
to use in small batches of EM and in prototypes. Since the cut can be customized
every time, it is cheaper for these applications compared to the punching method.

The laser induce thermal stress to the material, which change its magnetic proper-
ties [12]. Laser cutting compared to punching does not affect the grain size of the
material as mentioned in [9]. Laser cutting also has a low affect on the microhard-
ness of the material, however the magnetic properties of the material is affected.
Laser cutting introduces plastic, thermal and residual stresses in the material [19].

Since the laser cutting does not cut all of the material simultaneously, there is a
difference from the first cut side to the second cut side [9], leading to a decrease in
magnetic flux density. The degradation depth model for distance from cut edge is
known to have a exponential degradation. [20]

Since the laser induces thermal stress in a large area of the material, the first cut
could potentially affect the second cut side depending on how distant the cuts
are [21]. At lower flux density levels mechanical cutting and laser cutting have
very similar degradation [19].

Laser cutting is not as well investigated as the punching method. The research re-
garding affect of laser cutting conclude that the degradation depth in the material
depends on a few different parameters [14]:

1. Electric steel material.
2. Geometry of cut.
3. Laser method.
4. Laser settings, such as speed and power.

In [14] it shows that the laser setting, such as the speed can increase the iron losses.
The thermal stress induced in the material will depend on the power of the laser
as well. The degradation depth could vary from 100µm up to 2mm. As mentioned
in [14], using a neutron grating interferometer combined with neutron dark field im-
age (NGI with nDFI) it can be noticed that the flux density of the whole electrical
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

steel is affected and reduced.

2.1.1.3 Water Jet Cutting

Water jet cutting uses high pressure to force water mixed with an abrasive powder
through a nozzle. The pressure can vary between 300-700 Bar. The advantage of
water jet cutting is that there is no thermal stress induced in the material being
cut. According to [22], the water jet cutting has little affect on deterioration of the
magnetic properties, and has a better performance for the permeability from 0.5
to 1.6T. However, as for the laser cutting, degradation is tied to cutting settings,
material, geometry cut, and water jet method, so this degradation is tied to the
specific settings in [22], and may vary compared to other water jet cuttings. The
water jet technique however is more expensive compared to the other techniques and
is therefore mainly used in prototypes and lower productions of electrical machines.

2.1.1.4 Electric Discharge Machining

Electric Discharge Machining (EDM), is a method of cutting where material is re-
moved by discharging between two electrodes, creating sparks [23]. This method is
considered having very low effect on the magnetic properties of the electrical steel
due to that there is no mechanical stress during the process as well as limiting the
thermal stress on the steel. The process is slower and more expensive compared to
the punching so it is not used in mass producing of EM.

2.1.2 Interconnection
The rotor/stator laminates are interconnected to create a rotor/stator core, this
interconnection creates degradation in its magnetic properties as well as iron losses.
This interconnection can be done in different ways, such as welding, gluing, inter-
locking or clamping. The interconnection can also lead to short circuits between the
different steel sheets leading to global eddy currents [13].

2.1.2.1 Welding

One way of interconnecting the electrical steel laminates and creating a rotor or
stator core, is to weld them together. Welding is the most common interconnection
method for mass producing stators and rotors [13]. The welds joins the laminates
creating short circuit paths, which results in an increase of global eddy currents [24].

The welding process not only increases the eddy current losses but also the hysteresis
losses due to the thermal and mechanical deterioration from the weld. The effect
from welding on the electrical steel magnetic properties depend on the material of
the steel and welds are used to interconnect the laminates [13]. A total increase of
iron losses from welding could be from 32% to 44% depending on the lamination steel
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

material according to [24] and 5% to 20% according to [25]. In [26], its mentioned
that core losses could increase up to 1% per weld spot.

2.1.2.2 Gluing

This joining process, uses glue or other adhesive material to join the lamination
steel together. Gluing can also be known as sticking the electrical sheets together.
According to [13] gluing has the lowest impact on the degradation out of the inter-
connection methods. This is also confirmed in [27], where the comparison between
welding and gluing is done, where its shown that the effect of gluing is a smaller
compared to the welding.

2.1.3 Other Manufacturing Processes
Some other manufacturing processes that affect the magnetic properties of the elec-
trical steel could be,

1. Interlocking
2. Annealing
3. Shrink fitting
4. Compressing
5. Mechanical fixtures

These different processes wont be discussed in this thesis but is good to keep in
mind when designing an efficient electrical machine.

2.1.4 Cutting Process Effects Summary
A short summary of the effects from cutting, and conclusions from the literature
survey,

• The cutting effect depend on the method used during cutting, for example,
laser, punching, water jet all have different degradation.

• Laser cutting depending on the material used, geometry of cut, laser method,
and settings, such as speed and power.

• Some literature claims that laser cutting does not affect the grain size of the
material.

• Deterioration depths from cutting can vary from 0.1 to 15 mm.
• The degradation is more dominant at lower flux densities.
• A common model for degradation versus distance from cut edge is an expo-

nential degradation.
• Laser has more severe permeability degradation compared to punching.
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

2.2 Measurement Methods
Data sheets provided by manufacturer of electrical steels, usually specific core loss
(Ps) in W/kg and a virgin magnetic flux density (B) vs magnetic field strength
(H). These are derived from standardized measurements using equipment such as
Epstein frame and Single Sheet Testers (SST). The International Electrotechnical
Commission (IEC), has derived two standards for these two measurement equip-
ment’s. IEC60404-2 [3] for the Epstein frame, and IEC60404-3 [5] for the SST.

Figure 2.2: Control loop for measuring magnetic properties with Epstein or SST.

Figure 2.2 shows an example of how a measurement for the electrical steel proper-
ties is done. The control computer sets up the desired frequency (f), H, or B to
measure the magnetic properties of the electrical steel. The computer can provide a
specific excitation desired from the user, sinusoidal, specific harmonics, Pulse Width
Modulation (PWM), and free form. The current from the desired shape is provided
from the amplifier [28].

The measurement method is based on Amperes law,

H(t)dl = N1i(t)
lm

(2.1)

where H is the time varying magnetic field strength, N1 is the number of turns in
the primary winding, lm is the mean flux path and i(t) is the time varying current.
The magnetic field strength is decided from these parameters. The number of turns
and mean flux length is from the geometry of the coils.

8



2. Stator and Rotor Manufacturing Processes, Losses and Testing

This signal is then fed from a power supply which applies H, to achieve a desired B
or H. The current is measured from a low inductance shunt resistor, or the field can
be measured by means of field coils. The control computer system then calculates
the magnetic field strength of the primary winding’s from the measured voltage [28].

H(t) = N1

Rnlm
u1(t) ⇒ Hi = N1

Rnlm
u1i (2.2)

where, Rn is the shunt resistor and u1 is the primary voltage. This is to control the
applied magnetic field strength H. The voltage measurement is digitised by a 14 bit
resolution AD converter and adjusted by automatic dynamic adjustments for high
precision.

To measure the magnetic flux or the polarisation B, the secondary winding voltage
is used. Using Faradays law, the induced voltage is integrated to calculate the B,

dB

dt
= − u2(t)

N2Am

⇒ B(t) = 1
N2Am

∫ t

0
u2(t)dt (2.3)

where u2 is the secondary voltage, N2 is the turns of secondary winding, Am is the
cross section of the electrical steel, and B is the polarisation or magnetic flux density
without air flux.

The specific power loss in the material can be calculated using

Ptotal[W/kg] = f

ρ

∫ T

0
Hdt

dB

dt
= f

ρ

∫ T

0
HdB (2.4)

where, Ptotal is the specific power loss, f is the frequency, ρ is the density of the
material, H is the magnetic field strength, T the time of a period, and dB is the
time varying magnetic flux density.

To control a perfect sinusoidal flux density, the control loop ensures that the voltage
at the secondary side has a form factor of 1.111 with an accuracy of 1% according
to the IEC standard. The form factor is calculated from the RMS voltage

VRMS =
√

1
T

∫ T

0
V̂ 2Sin(ωt)2dt (2.5)

where T is the period time, ω is the angular frequency in radians per second. The
form factor also use the rectified average voltage

VAverage = 1
T

∫ T

0
V̂ Sin(ωt)dt (2.6)

by then dividing the RMS voltage with the rectified average voltage

FormFactor = VRMS

VAverage

(2.7)

if the form factor is 1.111 the signal has perfect sinusoidal shape.
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

2.2.1 Epstein Frame
The Epstein frame is built up of four primary winding’s and four secondary wind-
ing’s, where primary and secondary each are connected in series. The primary
winding can also be called magnetizing winding and the secondary winding can be
called voltage winding. The measurements are based on the equations described in
previous section. As mentioned before the Epstein frame follows the international
standard IEC60404-2 [3]. Where the electrical steel under test is has a specific width
of 30mm and length of 280mm.

The electrical steel under test is placed in the Epstein frame as in Figure 2.3, where
two parallel sides have the rolling direction of the steel and the other two sides have
the transverse/cross direction of the steel. The corner is overlapped as in the right
side of Figure 2.3. The number of electrical steels must be a multiple of four and
the total weight of the test must at least be 240g [3].

The Epstein frame is controlled from the software MPG Expert, where the desired
magnetic field strength, magnetic flux density, frequency and shape is chosen. The
air flux in the Epstein frame is compensated with a mutual inductor in the center
of the winding.

(a) Top view Epstein. (b) Side view steel Epstein.

Figure 2.3: Epstein frame, top view and side view.

Since the Epstein is overlapped in the corners there consists some leakage flux there,
which is the main disadvantage with the Epstein frame.

2.2.2 Single Strip Tester
Another measurement method that is standardized by the IEC, is the Single Sheet
Tester. The Single Sheet Tester follows the standard IEC60404-3 which describes
how a measurement should be performed and what accuracy is needed [5]. The
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

Single Sheet Tester uses large electrical sheets with the minimum length of 500 mm.

In this thesis the measurement sensor is a Single Strip Tester, this sensor is based
on the same IEC standard as the sheet tester but is used for smaller strips of the
size 280 mm by 30 mm. The Single Strip Tester can also be called a SST.

The SST, as the name states only tests a single sheet of electrical steel, which is
pressed between two yokes with very low losses (<1 W/kg at 1.5 T and 50 Hz) of
ferromagnetic material.

The SST can be built in two different ways, with the primary and secondary winding
around the yoke, or with the primary and secondary around a bobbin and the
electrical steel sheet under test. This can be seen in Figure 2.4. Same as the
Epstein the SST consist of an inductor that compensates for the air flux.

Figure 2.4: Side view, Single Strip Tester measurement device.

Just as the Epstein frame, the SST is controlled from the software MPG Expert.

2.2.3 Other Measurement Methods
There are more measurements methods to measure the magnetic properties of an
electrical steel. Such as the Rotational Single Sheet Tester (RSST) and Ring Core
(Toroid tester). These will not be used in this thesis work.

2.3 Iron Losses in Electrical Machines
The losses in an EM can be divided into different sections depending on where the
losses occur. The losses that occur in the electrical steel is often referred as core
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

losses or iron losses. These losses can sometimes be split into three categories, hys-
teresis losses, eddy current losses and excess losses.

This separation of losses is mainly for engineering purpose and the fittings does
not justify the physical phenomena [29]. All iron losses come from Joule heating
which is from the change of magnetization in the material which creates movements
in the magnetic domains and thereby induce eddy currents which produce Joule
heating [30].

2.3.1 Hysteresis Losses
When applying a specific magnetic field strength to an electrical steel, the material
is highly non-linear and also depends on the past magnetic field strength, this is
known as hysteresis and can be seen in Figure 2.5. This results in the typical hys-
teresis loop of an electrical steel. The integral of the hysteresis loop is known as loss
per cycle, as in (2.4).

Figure 2.5: Hysteresis loop of NO25-1350H for different frequencies.

A fully demagnetized electrical steel, is built up of domains which have different
magnetization but the sum of the magnetization in the electrical steel i zero. When
applying an external magnetic field, these domains starts to change its magnetiza-
tion and aligning with the external magnetic field [31].

As the external magnetic field is increasing, larger domains are created where the
magnetization direction is following the external magnetic field. When the external
magnetic field starts to reduce, the domains will start to return to its reversible
state, but when the external field is reduced to zero the electrical steel is now mag-
netized, this is known as remanence magnetization.

12



2. Stator and Rotor Manufacturing Processes, Losses and Testing

Continuing reversing the external magnetic field with changed direction, the sum of
the electrical steel can now be fully demagnetized but the applied external field is
negative, this is called the coercive field.

The hysteresis losses originate from these domain motion and changes. When do-
mains with different magnetization direction get caught between the external field
direction and neighbouring direction it could lead to fast jumps in the magnetic
flux, these are also called Barkhausen jumps [31]. According to Lenz law, these fast
changes could induce eddy currents which would create eddy losses.

2.3.2 Eddy Current Losses
According to Faraday’s law a time varying flux will induce a time varying voltage
within the electrical steel which in its case create eddy currents circulating [31].
These eddy currents themselves induce a magnetic field which counters the original
field as per Lenz law.

Since these eddy currents are dependent on the rate of change of the magnetic flux
they increase with frequency and thus increasing the width of the hysteresis loop
and the magnetic field strength coercivity (Hc), which can be seen in Figure 2.5.
By separating the core into thinner laminations these circulating eddy currents are
limited [32].

2.3.3 Excess Losses
For some loss separation models a third component is considered, which is called
excess loss. These losses are contributed from the change in the domain walls when
the external magnetic field is applied. These changes in the domain walls leads to lo-
cal changes in B which creates eddy currents which in it turn create Joule losses [31].

Barkhausen jumps create the excess eddy currents and create extra Joule losses [33].
At lower frequency levels excess losses are small compared to hysteresis and eddy
current losses so they are usually neglected [32].
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2. Stator and Rotor Manufacturing Processes, Losses and Testing

2.4 Iron Loss Models
When designing electrical machines, one has multiple different options for choosing
iron loss models. There are both models for predicting losses in time domain as well
as frequency domain. In this section a few different loss models will be described.

2.4.1 Steinmetz Loss Model
The classical Steinmetz equation (SE) is an iron loss model that can be used for
sinusoidal flux distribution [34] and is calculated as

ploss = CmfαB̂β (2.8)
where ploss is the specific power loss in W/kg, f is the frequency, B̂ is the peak flux
density, and Cm, α, β are fitting coefficients for the model.

Since the model is only applicable for sinusoidal flux distributions the model has
been modified and extended to the Modified Steinmetz Equation [35] (MSE),

ploss = Cmfα−1
eq B̂βf (2.9)

where the the new equivalent frequency, feq can be calculated as

feq = 2
∆B2π2

∫ T

0
(dB/dt)2dt (2.10)

here, the ∆B is the difference between max B and min B. This modified version,
however has lower precision when the fundamental frequency signal is not as big
compared to its harmonics.

Continuing on with more modified versions of the Steinmetz, is the Generalized
Steinmetz Equation (GSE) [29], which has an increased DC-bias sensitivity. The
GSE can be calculated as

ploss = 1
T

∫ T

0
Cm | dB

dt
|α| B(t) |β−α dt (2.11)

where Cm, α, β are the fitting coefficients. This model is sensitive to third harmonics
in the B due to that the peaks occurs at the same time as the fundamental.

Minor loops, which are created by harmonics in the H and B, increase the losses
in the electrical steel. To take into account these minor loops, some modifications
were made to the GSE and the improved Generalized Steinmetz Equation [36] was
created. This splits the minor and major loops and calculated each separately with

ploss = 1
T

∫ T

0
Cm | dB

dt
|α| ∆B |β−α dt (2.12)

where ∆B is the peak to peak flux density for a major or minor loop in the hysteresis
loop. A downside with this model is that it does not take the DC bias into consid-
eration due to that the ∆B is just the peak and does not take into consideration
the time domain.
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2.4.2 Jordan’s Loss Model
Another loss separation model is called Jordan’s loss model [29], and can be calcu-
lated as

Ploss = khfB̂2 + kecf
2B̂2 = Ph + Pe (2.13)

here, the losses are split into two part hysteresis losses Ph, and eddy current losses
(dynamic) Pe. The curve fitting coefficients kh is for the hysteresis, and kec is for
eddy currents. As seen the in the equation, the hysteresis losses are proportional to
the frequency while the eddy currents are proportional to the frequency squared.

At 0 Hz and low frequencies only the hysteresis losses are present due to that no
eddy currents can be present. This loss model is not as accurate for silicon iron alloy
(SiFe), but works good for nickel iron (NiFe) [29].

Based on Maxwell’s equations, the coefficient kec can be calculated [37] as

kec = σπ2d2

6ρ
(2.14)

where σ is the conductivity, d is the thickness of the electrical steel, and ρ is the
density of the material.

2.4.3 Bertotti’s Loss Model
Another model which is similar to the Jordan’s model, is the Bertotti’s loss model.
The model is adding a third term, called excess losses.

P = khfB2
m + kecf

2B2
m + kexf 1.5B1.5

m = Ph + Pec + Pex (2.15)

where kex is the fitting coefficient for the excess losses. The sum is now the hysteresis
loss, eddy current losses and excess losses (Pex) together.

Bertotti [38] added the fitting coefficient for these excess losses which was a statistical
model with magnetic objects and domain wall movements, as in

kex =
√

AV0σG (2.16)

where A is the cross section area of the material, V0 is the statistical distribution
of the local coercive fields, σ is the conductivity of the material, and G is a dimen-
sionless coefficient of the eddy current damping, G ≈ 0.136.
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2.5 Pulse Width Modulation
Pulse Width Modulation (PWM) compares a desired reference signal to a triangular
carrier wave which has a higher frequency compared to the reference signal. This
frequency is referred as switching frequency. The PWM signal can be designed in
two different ways, using bipolar or unipolar switching. For bipolar switching, when
the reference signal is larger than the carrier wave the PWM is positive and when its
lower the PWM is negative. This creates very fast polarity switching from positive
to negative [39].

For unipolar switching, the PWM signal switches between zero to positive when the
reference signal is positive and for second half of period when reference signal is
negative the PWM switches between zero and negative values [39].

Figure 2.6: mf = 3 and ma = 0.5 PWM signal. Orange: Reference wave, Green:
Carrier wave, Blue: PWM

In the frequency spectrum, the signals lower frequency content is removed and the
harmonics are surrounded of the integer multiples of the switching frequency.

There are two parameters that commonly determines the shape of the PWM signal.
The first parameter, the modulation index of a PWM signal determines if the signal
is under-, full- or over-modulated. The modulation index ma [39] is calculated as

ma = VReference

VCarrier

(2.17)

where VReference is the peak reference sinusoidal signal and VCarrier is the peak car-
rier wave signal.

The three different region of modulation index can be explained as

1. ma > 1, Over modulation
2. ma = 1, Full modulation
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3. ma < 1, Normal modulation

If the ma is over modulated, the PWM signal look more like a square wave and the
higher frequency content is shifted to lower order harmonics. Over modulated is not
desired due to these lower order harmonics which are harder to filter out.

The second parameter is frequency modulation ratio mf [39] which corresponds to
the switching frequency in relation to the fundamental frequency. So for a mf of 3,
the carrier wave has a frequency 3 times the fundamental frequency. The mf can
be calculated as,

mf = fs

f1
(2.18)

where fs is the switching frequency, f1 is the fundamental. A normal modulated
PWM signal with a mf of 3 can be seen in Figure 2.6
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3
Experimental Testing and

Measurement Setup

3.1 Electrical Steel Samples
All the measurements were done with a modified version of the electrical steel NO25-
1350H [4] from Surahammar and all electrical steel used in this report is referred to
this. The virgin BH curve and specific power loss from the data sheet can be seen
in Figure 3.1.

(a) Specific power loss curve. (b) Virgin BH-curve.

Figure 3.1: Plotted data from NO25-1350H data sheet.

To test the cut degradation a few different steel samples with different amount of
laser cuts was developed. Since the Epstein needs several steel sheets as explained
in 2.2.1, the SST and Epstein have different cut sample types due to the practicality
of loading the samples in the Epstein.

The steel samples in this report is only cross/transverse direction steel, due to avail-
ability.

The steel samples in this thesis is cut using a TruLaser Cell 7040 from TRUMPF [40],
with an applied pressure of 11 bar, power of 600W and a speed of 1320 mm/min.
As described in Section 2.1.1.2, the cutting degradation of steel is dependent on
type of cutting, and more specific for laser the speed, power and pressure. So the
degradation in this thesis is tied to the laser specifications above.
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3. Experimental Testing and Measurement Setup

3.1.1 Epstein Frame Test Samples
For the Epstein frame, the test consisted of 6 different samples. These samples can
be seen in Figure 3.2, the standard Epstein sample (STD) of 30mm by 280mm is
there as size reference. From sample A-F the number of cuts increase from 2 to 12
cuts, all while still keeping the same effective cross section. The total number of
samples loaded into the Epstein frame for each cut sample was selected to be 20.

(a) Top view of Epstein cut samples.
(b) Mid-point cross section view
of Epstein cut samples.

Figure 3.2: Descriptive view of cut test samples used for measurements.

From the IEC standard IEC6404-2 [3], the effective mass of the test specimen is
calculated from the effective magnetic length, total material length and material
weight, in order to take into account where the flux passes through, since it wont
go all the way out into the corners of the material.

meff = lm
4l

· m (3.1)

where meff is the effective mass, lm is the effective magnetic path, l is the length of
one sample, and m is the total mass in kg. The effective magnetic path is the same
but the effective mass has changed, which can be seen in Figure 3.3.

Since the test material is no longer the standard size of 30mm, some sort of effective
mass of the material had to be calculated which is under the effective magnetic path,
since this is what the equipment calculates the magnetic flux density and specific
power loss from. By setting that the l = lm/4 one can then only take the total mass
into consideration to decide the active mass under test,

l = lm
4 ⇒ meff = m (3.2)

The effective mass is then calculated using the volume of the sample which is un-
derneath the lm, and the density of the material. Using the volume and density of
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Figure 3.3: The effective magnetic path is the same but the effective total mass
has changed.

the material under the effective magnetic path the active mass could be calculated
as

V olume = tx · wx · lx (3.3)

where tx is the thickness of the material, wx is the width of the material, and lx is
the length of the material. The x is the for each section underneath lm.

Table 3.1: Epstein sample total weight and weight difference from sample A.

Sample STD Aref B C D E F

Total weight [g] 313.86 199.61 197.48 196.73 195.24 196.12 193.79
Weight diff. [%] N/A 0 -1.07 -1.44 -2.19 -1.75 -2.92

No. Cuts 2 2 4 6 8 10 12
Width [mm] 30 15 7.5 5 3.75 3 2.5

The active mass of the material for the Epstein frame was then calculated to be
153.9 grams which will be used for all samples. This weight compared to its actual
measured weight which can be seen in Table 3.1. In the same table, the difference
compared to the reference sample A can also be seen, with a max difference of about
3% for sample F . Knowing this information this can be considered when comparing
the different samples later.

The cross section in IEC6404-2 [3] is calculated from mass of the material

A = m

4lρm

(3.4)

which resulted in an effective cross section of 21.54 mm2. The same effective weight
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and cross section is kept for all samples from A to F .

3.1.2 SST Test Samples
For the SST measurements, a different set of steel samples was tested. These sam-
ples were cut all the way through the material, as can be seen in Figure 3.4, and
the total surface area was the same for all samples.

Since the total surface area was the same as a standard steel sample, 30x280mm,
no extra calculations was needed for these measurements. These samples were only
possible to test in the SST since it only requires one sample between the yokes, and
it would not be practically possible create 20 of these samples to the Epstein.

Since the samples are different and the measurement method is different the Epstein
tests and SST tests should be compared with caution. The main result comparison
of the two tests was to see that they followed the same degradation curves, but
actual H, µr and Ps can not be compared directly.

(a) Top view of SST cut samples.
(b) Cross section view of SST cut
samples.

Figure 3.4: Descriptive view of SST cut test samples used for measurements.

The total weight of the different samples, and the weight difference can be seen in
Table 3.2. Sample G which is the smallest sample, with a width of 2mm, has the
highest weight difference of 8%, the smaller the sample width the harder it is to
keep accurate.
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Table 3.2: SST samples total weight and weight difference from sample STD.

Sample STDref A B C D E F G

Total weight [g] 15.55 15.54 15.21 15.37 15.20 15.19 14.7 14.23
Weight diff. [%] 0 -0.06 -2.19 -1.16 -2.25 -2.32 -5.47 -8.49

No. Cuts 2 4 6 8 10 12 16 30
Width [mm] 30 15 10 7.5 6 5 3.75 2

23



3. Experimental Testing and Measurement Setup

3.2 Epstein Test Setup
The measurement setup for this report consists of four different Epstein winding
configurations. The different limits for the winding’s are concluded in Table 3.3.
Each winding setting could handle different fundamental frequencies, magnetic field
strength and flux density.

Table 3.3: Epstein frame lab setup.

Winding No. Frequency limit H limit B limit
700/700 DC, AC 3-150 Hz 5-30,000 A/m 0.001-2 T
200/200 150-2000 Hz Max 5000 A/m 0.005-1.8 T
60/60 1-5 kHz 5-3000 A/m 0.001-2 T
20/20 2.5-20 kHz Max 1000 A/m 0.001-2 T

3.3 SST Test Setup
The SST test setup in this report is with its limits is specified in Table 3.4. The
SST only consists of one winding which had a wide range.

Table 3.4: SST lab setup.

Winding No. Frequency limit H limit B limit
90/90 50-10,000 Hz 1-10,000 A/m 0.001-2 T

3.4 MPG Expert PWM
Two parameter settings are needed for the PWM signal in the software MPG Ex-
pert. First is the parameter, number of pulses or Fha, which is the same as the
frequency modulation ratio in (2.18).

Fha = mf (3.5)
The second setting to control the PWM signal is mark to space ratio (V r). V r is
can be calculated from the inverse of the modulation index ma from (2.17), which
is

V r = 1
ma

(3.6)

So by setting V r to 2, the modulation index would be 0.5 and the PWM would
operate in the normal modulation. While setting V r to 0.5 would indicated a mod-
ulation index of 2 which corresponds to a over modulation and the harmonic content
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Figure 3.5: Fha = 10 and Vr = 0.5 PWM signal, over modulation. Orange:
Reference wave, Green: Carrier wave, Blue: PWM

is shifted to lower frequencies. This can be seen in Figure 3.5 where a over modu-
lation is applied.
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4
Equipment Testing, Repeatability

and Sensitivity to Parameters

4.1 Determine Repeatability of Measurements
To get a better understanding of the accuracy of the measurements using Epstein
and SST a repeatability test was performed. The test was performed both on the
SST and Epstein for multiple frequencies and different steps with B as reference.

Using standard deviation of each point and relative standard deviation, the result
could be analyzed and take conclusions. The standard deviation was calculated
using

SD =

√√√√ 1
N

N∑
i=1

(xi − xmean)2 (4.1)

where, SD is the standard deviation, N is the number of tests, xi is the measured
point and xmean is the mean of the measured points. The relative standard deviation
can then be calculated with

RSD = SD

xmean

∗ 100 (4.2)

where RSD is the relative standard deviation.

4.1.1 Repeatability of SST Measurements
The repeatability test for the SST was performed over two different frequencies, 50
Hz and 1000Hz. The test was performed using steps in B and as high as the SST
would allow for that specific frequency.

The specified B values and number of tests per frequency is shown in Table 4.1.
Each test was performed a total of 30 times, and after every 10 tests the steel was
removed from the SST and rested for 5 minutes. The steel that was used here was
the STD steel from Figure 3.4 and the weight can be seen in Table 3.2.
Once all the tests were performed, the relative standard deviation and the scattering
of the measurements was analyzed. Where the relative standard deviation was
calculated using equations (4.1) and (4.2). The result for 1000Hz is summarized in
table 4.2.
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(a) Bref vs Bdiff [%] scatter plot. (b) Bref vs Hdiff [%] scatter plot.

Figure 4.1: Residual plots for SST measurements of 50 Hz

Table 4.1: SST repeatability test.

Frequency [Hz] No. Tests Bstart [T] Bstep [T] Bstop [T]
50 30 0.1 0.1 1.8

1000 30 0.1 0.1 1.4

Table 4.2: SST repeatability test RSD result.

Frequency: 1000 Hz
B [T] BRSD [%] HRSD [%] PsRSD [%]
0.1 0.04 4.59 4.14
0.2 0.06 4.3 3.21
0.3 0.04 4.35 2.75
0.4 0.03 4.26 2.41
0.5 0.02 4.15 2.14
0.6 0.03 3.93 1.87
0.7 0.04 3.66 1.63
0.8 0.04 3.28 1.4
0.9 0.03 2.76 1.14
1.0 0.04 2.16 0.89
1.1 0.04 1.54 0.68
1.2 0.16 1.13 0.42
1.3 0.17 1.82 0.43
1.4 0.05 0.66 0.26

The result for 50Hz is summarized in Table A.1 in the Appendix. Another way of
confirming the accuracy of the measurements was to use scatter plots and see the
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difference from the reference value for the B and difference from the mean values
for the H. This can be seen in Figure 4.1, where on the x axis the reference steps is
plotted from 0.1 T to 1.8 T, and the difference for each measurement point can be
seen on the y axis. The difference in reference and measured value of B is very low,
meaning a good measure of repeatability.

The SST performed well during the repeatability test and no noticeable problems
was found. The full result regarding the SST repeatability test can be seen in
Appendix A.

4.1.2 Repeatability of Epstein Measurements
The repeatability test was also performed for the Epstein frame. As described in
chapter 2.2.1, the Epstein measurement setup is consisting of 4 different winding
settings, each of them able to handle different fundamental frequencies of the flux
density. To ensure the accuracy of the Epstein, all of the different winding settings
was tested. The different frequency and winding setup can be seen in Table 4.3,
where each test consist of steps in B from 0.1 T to highest allowed value. These
tests were performed 50 times each for each winding except winding 20, which was
performed 30 times due to the high losses at the higher frequency which results in
high heat, and thereby taking long time between each measurement.

After 10 consecutive tests, the steel samples were removed and rested for 5 min-
utes. This was repeated until all 50 tests were completed. The steel used for this
test was the 20 samples of STD steel from Figure 3.2 with the weight as in Table 3.1.

Table 4.3: Epstein repeatability test.

Frequency [Hz] Epstein winding No. Tests Bstart [T] Bstep [T] Bstop [T]
50 700 50 0.1 0.1 1.9
100 700 50 0.1 0.1 1.9
400 200 50 0.1 0.1 1.6
1000 60 50 0.1 0.1 1.4
2500 20 30 0.1 0.1 1.3

By looking at the relative standard deviation (RSD) as in the SST tests, some
conclusion of accuracy could be drawn. The result from the repeatability tests can
be seen in Appendix A.

4.1.2.1 Sensitivity to Settings

The Epstein with winding 200, 60 and 20 performed excellent with RSD around
0.04% for B. For the Epstein 700 larger variations was found. As seen in Figure 4.2,
around 1.4 T when the electrical steel starts to saturate, the measured B deviates
from the reference B. Looking at the figure, 45 out of the 50 tests where lower
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measured value compared to the reference value.

(a) Bref vs BMeasured scatter plot. (b) Bref vs Bdiff [%] scatter plot.

Figure 4.2: Scatter plots for Epstein 700 measurements of 50 Hz

Analyzing the results further, the 5 out of the 50 tests that was closer to the refer-
ence value all had a sinusoidal voltage at the secondary winding and a form factor
of around 1.111 which is desired. The 5 tests out of the sequence were number 20,
29, 35, 39, and 41. In Figure 4.3, the test number 20 and 21 can be seen. Where
test 20 has a sinusoidal polarisation and test 21 has a distorted polarisation.

Figure 4.3: Current and polarisation of EP700 at 50 Hz, with reference 1.3T, 1.4T,
1.5T.

Since the electrical steel samples were removed every 10th test, this seems like a ran-
domized consequence. By analyzing further the controller setting for the Epstein
700 had to be tuned. This is because the current was not allowed enough harmonics
to keep the secondary voltage a perfect form factor. By changing settings in the

30



4. Equipment Testing, Repeatability and Sensitivity to Parameters

controller for the Epstein 700, the accuracy problem was fixed, which can be seen
in Figure 4.4.

(a) Bref vs Bdiff [%] scatter plot. (b) Bref vs Hdiff [%] scatter plot.

Figure 4.4: Scatter plots for Epstein 700 measurements of 50 Hz, after regulator
settings fixed.

The conclusion from the repeatability test was that at least 5 tests should be per-
formed for a reliable measurement result. By taking 5 measurements and then
comparing the results and removing any outliers, then taking the average of the
results an accurate measurement could be accomplished.

4.2 Recreation of Data Sheet
To try both using H and B as reference steps for Epstein frame, and to test the
comparability to others measurement, the data sheet for NO25-1350H [4] was recre-
ated. The steps of B from the data sheet was 0.1T to 1.9T with step size 0.1T. And
the steps in H was from 20 to 20000 A/m, with different step sizes that can be seen
in the data sheet [4]. These steps was recreated for different frequencies as well, 50
Hz, 100 Hz, 200 Hz, 400 Hz, 700 Hz, 1000 Hz, 2500 Hz, 5000 Hz, and 10000 Hz. See
the data sheet for exact measurement points [4]. For some frequencies even higher
steps of B and H was possible.

The steps in H is used to create the virgin BH-curve, while the steps in B is used
for the specific power loss curve which can be seen in Figure 3.1.

The results from the measured tests can be seen in Figure 4.5, for the lower frequency
levels, 50Hz and 100Hz, the difference at higher B is significantly larger, as much as
24% increase. For the higher frequencies 200Hz-10kHz the measured results is closer
to the data sheet. All the measured power loss in the electrical steel was also larger
compared to the data sheet, with up to 33 % increase which can be seen in Figure 4.6
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Figure 4.5: Virgin BH curve for different frequencies. Dashed: Data sheet, Solid:
measured

Figure 4.6: Specific power loss curve for different frequencies. Dashed: Data sheet,
Solid: measured

The result may however not have to be considered wrong. First, the steel used
in this thesis is a modified version of the N025-1350H, so the magnetic properties
is not exactly the same. Second, the measured steel in this test was only cross
direction steel. When performing the industry standard measurement with Epstein
for example a data sheet, the steel is both rolling direction as well as cross direction
as explained in 2. This being said, continuing with measurements one should take
this result into consideration.
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4.3 Epstein and SST Comparison
Since the Epstein and SST have different cut samples due to the practicality of
loading the samples, a good test would be to see how a standard sample, STD in
3.2, would compare between SST and Epstein measurement.

The SST has a wide frequency range, and the Epstein uses different winding’s for
different fundamental frequencies, it would be a good test to check one fundamental
frequency per winding and compare with the SST. The frequencies tested was 50,
400, 2500 and 10000 Hz. The measurements showed very similar trend so the results
from the 400 Hz frequency will be shown here.

In Figure 4.7, the virgin BH curve and the resulting permeability is shown. It can
be seen that the relative permeability with SST is lower for all measured points
compared to the Epstein, but most drastic around the peak of the permeability.

(a) Measured Virgin BH curve 400 Hz.
Solid: Epstein, Dashed: SST.

(b) Measured Permeability curve. Solid:
Epstein, Circle: SST.

Figure 4.7: Comparison of SST and Epstein using a standard sample STD at 400
Hz.

Instead looking at the difference in percentage between the SST and Epstein as in
Figure 4.8, it can be seen that the largest relative difference is around 1.2-1.3 Tesla.
The difference in these results might be because of the amount of material that
is excited. Since the SST only needs one steel lamination the material might get
saturated earlier and the flux is going through the air instead. Which could also be
the reason for the lower permeability.

The last figure is looking at the measured specific power loss in the material. This
can be seen in Figure 4.9, where the difference between the Epstein and SST can
also be seen.

Conclusion from these tests are that the Epstein and SST is very hard to compare
with one another. To say which equipment is more accurate is also very hard to say.
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(a) (HSST − HEP )/HEP , between Ep-
stein and SST at 400 Hz.

(b) (µrSST − µrEP )/µrEP , between Ep-
stein and SST at 400 Hz.

Figure 4.8: The difference between SST and Epstein measurements at 400 Hz.

(a) Measured Specific power loss. Solid:
Epstein, Dashed: SST.

(b) (PSST −PEP )/PEP , between Epstein
and SST at 400 Hz.

Figure 4.9: The difference between SST and Epstein measurements at 400 Hz.

But the result at lower B levels would be expected to be closer to each other, while
the higher B levels might differentiate more. When comparing the SST and Epstein
later in this thesis, its important to remember that even using the standard sized
sample the result is different. But using the SST to check that the same pattern is
happening in the Epstein and SST samples could be possible since one is comparing
the increase from reference measurements.
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4.4 Loss Separation for Sinusoidal Feeding
To get a better understanding of the different iron losses that happens in the elec-
trical steel, and to try some iron loss models, a test was performed comparing the
Jordan’s loss model (2.13), and Bertotti’s loss model (2.15).

4.4.1 Jordan’s Loss Model
Starting with Jordan’s loss model, the test was performed with reference steps in
B between 0.5 and 1.2 T to be in a more "linear" region of the permeability. It
was measured over different frequencies from 5 Hz up to 1000 Hz. By using (2.13)
and dividing both sides with f a linear relation between power loss in Ws/kg and
frequency can be found,

Ploss

f
= kh

f

f
B̂2 + kec

f 2

f
B̂2 (4.3)

Ploss

f
= khB̂2 + kecfB̂2 (4.4)

By extrapolating (4.3) to 0 Hz, one could determine the hysteresis losses since there
would not be any eddy currents at 0 Hz. Then by subtracting the hysteresis losses
from the measured specific power loss one could separate the hysteresis and eddy
current losses,

Pec = Ps − Phy (4.5)

Using (4.3) and (4.5) in a linear curve fitting and loss separation which can be seen
in Figure 4.10, and the resulted loss separation can be seen in figure 4.11.

Figure 4.10: Linear regression of P/f and Jordan’s loss model.

As seen in Figure 4.10, the measured points of loss at different frequencies are not
quite as linear as expected for this loss separation. This leads to that losses for lower
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(a) Loss separation 10 Hz. (b) Loss separation 100 Hz.

(c) Loss separation 1000 Hz.

Figure 4.11: Loss separation for different frequencies using Jordans model. Dashed
is specific power loss in W/kg, Orange is hysteresis loss, and green is eddy current
loss.

frequencies the hysteresis loss part is larger than the measured total loss, leading to
negative eddy current loss. Which can be seen in Figure 4.11.
This also correlates to what was mentioned in Chapter 2, that the Jordan model
does not quite align with SiFe steel while it is more accurate for NiFe steel.

4.4.2 Bertotti’s Loss Model
The second loss separation test was with the Bertotti’s loss model. Using the same
data as for the Jordan’s loss model, and the equation (2.15), dividing both sides
with frequency

Ploss

f
= kh

f

f
B̂2 + kec

f 2

f
B̂2 + kex

f 1.5
f

B̂1.5 (4.6)

Ploss

f
= khB̂2 + kecfB̂2 + kex

√
fB̂1.5 (4.7)

one can see a relation that is not linear anymore by also depending on square root
of frequency. Using same method as before, extrapolating to 0 Hz one could find
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the hysteresis part of the losses. The fitting factor kec for the eddy currents is calcu-
lated as in (2.14). In Figure 4.12 one can see that the fitting is much more accurate
compared to the linear fitting.

Figure 4.12: Curve fitting of P/f and Bertotti’s loss model.

The loss separation can then be seen in Figure 4.13, where compared to the Jordan
model, the eddy currents are no longer negative for lower frequencies and it also
correlates to the theory that the eddy currents and excess losses are increasing as
frequency is increasing.

Using this curve fitting results in a different kh, kec, kex for each B level, this is
complicated for certain FEM based programs that specifies the k coefficients per
frequency and not per B level.
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(a) Loss separation 10 Hz. (b) Loss separation 100 Hz.

(c) Loss separation 1000 Hz.

Figure 4.13: Loss separation for different frequencies using Bertotti’s model.
Dashed is specific power loss in W/kg, Orange is hysteresis loss, Blue is eddy current
loss and Green is excess loss.
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4.5 Specifying PWM Signal in MPG Expert
As mentioned in earlier in Chapter 2.5, the PWM signal in the control software
MPG-Expert can be setup in many different ways. Since the comparison of sinu-
soidal flux density is to be compared with a PWM feeding, a specific PWM shape
had to be chosen. A test was performed, to decide three parameters of the PWM,

1. Switching technique, Bipolar or Unipolar.
2. Fh, Constant switching frequency or constant pulse ratio.
3. Vr, over-, full- or normal-modulated.

So a test sequence of different fundamental frequencies and B levels was completed
as in Table 4.4. For each point sequence in the table, 12 different PWM signals was
tested, which is summarized in Table 4.5.

Table 4.4: Unipolar and Bipolar testing.

Fundamental frequency [Hz] BStart [T] BStep [T] BStop [T]
50 0.1 0.1 1.9
400 0.1 0.1 1.6
1000 0.1 0.1 1.4
2500 0.1 0.1 1.3

Table 4.5: Unipolar and Bipolar testing.

Vr = 0.5 Vr = 1.0 Vr = 1.5
Fh = 10 Uni. & Bip. Uni. & Bip. Uni. & Bip.
Fh = 20 Uni. & Bip. Uni. & Bip. Uni. & Bip.
Fh = 30 Uni. & Bip. Uni. & Bip. Uni. & Bip.

Fs = 20 kHz Uni. & Bip. Uni. & Bip. Uni. & Bip.

By introducing a PWM voltage over the primary winding in the Epstein, which can
be seen as a large inductance, the current could theoretically be calculated from the
inductance current equation

iL = 1
L

∫
VLdt (4.8)

where iL is the inductance current, L is the inductance of the winding, and VL is the
voltage across the winding. The switching of voltage across the inductance would
generate some ripple in the current, where the amplitude of the ripple depends on
how much accumulation of voltage, or integral of voltage as in (4.8). This can be
seen in Figure 4.14, at point 0, the voltage switches to negative polarity, leading to
a decrease of current. At point 1 the voltage switches back to positive leading to
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the current increasing, all the way to point 2 when it switches polarity again.

This ripple in current, leads to a ripple in magnetic field strength, which leads to
a ripple in the magnetic flux density. This introduces more losses in the material,
as the magnetic domains in the material has to realign with the external magnetic
field which takes energy. So following this ripple in B and H, leads to the so called
minor loops in the hysteresis loop of the material. Since we are introducing new
smaller loops, this is increasing the area of the total hysteresis loop, meaning more
losses from (2.4).

(a) Top: Voltage switching, Middle: H
ripple, Bottom: B ripple. (b) Hysteresis loop with minor loops.

Figure 4.14: Visualization of how PWM introduce ripple in current and flux den-
sity, which leads to minor loops.

The width of the minor loop depends on the ripple magnitude in H, while the height
of the minor loop depends on the ripple magnitude in B. At lower switching fre-
quency, the loops have larger area, but fewer. At higher switching frequency its the
inverse, minor loops have smaller area, but increased amount.
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4.5.1 Unipolar Switching
The generated unipolar PWM signal which is sent to the amplifier can be seen in
Figure 4.15. Here the result of increasing V r and Fha can be observed. At the top
left corner in the figure, the PWM is over modulated and has very low switching
frequency, the result is some quasi square wave, with very little switching. This low
switching leads to no minor loops which can be seen in the top left of Figure 4.16.

Figure 4.15: Unipolar PWM signal to amplifier for different Fha and V r. Top:
Over modulation, Middle: Full modulation, Bottom: Normal modulation.

As we increase the switching frequency, by look more to the right in the figure, it can
be seen that more switching is introduced and thereby ripple in B and H leading
to minor loops. Looking more closely at the normal modulation in Figure 4.16, it
can be seen that the minor loops actually does not create full loops. This is due
to that the unipolar does not change polarity leading to these edges instead. This
is still more area compare to a pure sinusoidal, meaning more losses, but it is less
compared to bipolar.

The highest Fha of 50 and normal modulation leads to more ripple, but the ampli-
tude of the ripple is decreased due to the very fast switching, as mentioned with the
Figure 4.14.

In Figure 4.17, the time averaged specific power losses can be seen. Where the dif-
ferent modulation techniques and Fha are compared to a reference square wave and
sinusoidal wave. Similar conclusions can be drawn for Fha changing, the higher the
switching frequency the lower the losses.

In same figure, moving from over modulation to normal modulation, means more
losses due to more switching. All unipolar PWM leads to more losses compared
to sinusoidal and square wave, but the over modulation has the closest losses to
sinusoidal. The same loss conclusion can be seen over all fundamental frequencies
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Figure 4.16: Unipolar BH curves for different Fha and V r. Top: Over modulation,
Middle: Full modulation, Bottom: Normal modulation.

tested in Table 4.4.
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(a) V r = 0.5, over modulation. Com-
pared to sinusoidal and square wave.

(b) V r = 1, full modulation. Compared
to sinusoidal and square wave.

(c) V r = 1.5, normal modulation. Com-
pared to sinusoidal and square wave.

Figure 4.17: Specific power loss for different modulations and different pulse ratios,
for unipolar switching.
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4.5.2 Bipolar Switching
The same test was performed for bipolar PWM switching. Here the generated volt-
age signal which is sent to the amplifier can be seen in Figure 4.18. Where over
modulation is in the top row, full modulation is in the middle row, and normal
modulation is in the bottom row. Since its bipolar, the voltage switches polarity
every pulse, as described earlier this will introduce more ripple in the current.

Figure 4.18: Bipolar PWM signal to amplifier for different Fh and Vr. Top: Over
modulation, Middle: Full modulation, Bottom: Normal modulation.

The resulting hysteresis loops can be seen in Figure 4.19. The over modulated sig-
nal with Fha 10, leads to two minor loops. As the modulation moves from over
modulation to normal modulation, more minor loops are introduced and thereby
more losses. Looking instead at the higher switching frequency, Fha 50 and normal
modulation, it can be noticed that the area under a minor loop is reduced drastically
but the amount has increased. The height of the minor loop in this case is very small
due to the small ripple in the flux density.

Analyzing the time average losses in the material instead, in Figure 4.20, the same
conclusions as for the unipolar signal can be drawn. The over modulated signal has
more similar losses to the sinusoidal reference. While the normal modulation has
increased losses. As switching frequency is increasing the losses is reducing, still
more compared to the reference sinusoidal.

Comparing the worst case losses in bipolar, V r 1.5 and Fha, with the same signal
in unipolar, the bipolar has more losses. This is the case for all the fundamental
frequencies tested in Table 4.4.
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Figure 4.19: Bipolar BH curves for different Fh and Vr. Top: Over modulation,
Middle: Full modulation, Bottom: Normal modulation.

(a) Over modulation. (b) Full modulation.

(c) Normal modulation.

Figure 4.20: Specific power loss for different modulations for different pulse ratios,
bipolar switching.
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5
Cut Effects with Sinusoidal Flux

Density

5.1 Epstein Frame Testing

The testing of different cut samples was performed with two different sets of sam-
ples, as described in Chapter 3, one set for the Epstein frame and one set for the
SST. All tests were performed using B as reference values and a step size of 0.1
Tesla. For each sample the B was increased to equipment’s limitation for frequency,
current and voltage.

Each sample should undergo same test sequence of different B levels and frequency
levels. The desired test sequence for the sinusoidal flux density and Epstein frame
can be seen in Table 5.1. The stop level of the magnetic flux density is due to the
limitations of the equipment at those specific frequency points.

Table 5.1: Epstein sample test sequence.

Frequency [Hz] Epstein winding Bstart [T] Bstep [T] Bstop [T]
10 700 0.1 0.1 1.9
50 700 0.1 0.1 1.9
100 700 0.1 0.1 1.9
200 200 0.1 0.1 1.4
400 200 0.1 0.1 1.4
700 200 0.1 0.1 1.4
1000 60 0.1 0.1 1.2
2500 60 0.1 0.1 1.2
5000 20 0.1 0.1 0.9
10000 20 0.1 0.1 0.7

Using the test setup described above, the degradation in this thesis is divided into
two different parts, magnetic field strength degradation Hdeg and specific power loss
degradation Psdeg. Starting with Hdeg for sinusoidal flux distribution.
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5.1.1 Magnetic Field Strength Degradation
Using the data gathered from the sinusoidal flux density test, by looking at the
virgin BH curve of the different frequencies and cut samples, one could right away
notice that for the same level of B the different samples needed an increased amount
of H. This can be seen in Figure 5.2, where 100 Hz and 400 Hz virgin BH curves
have been visualized.

All the results have been analyzed but to reduce the amount of figures shown here
only 100 Hz and 400 Hz will be shown. The full result figures can be seen in
Appendix B.

(a) HMeasured vs Bref at 100 Hz. (b) HMeasured vs Bref at 400 Hz.

Figure 5.1: B/H Curves for different cut samples and frequency. Where A-F is
steel samples.

To relate the measured values to some sort of degradation, one could see how much
extra H is needed for the same B level by taking

Hdeg = H(x)
H(A) (5.1)

where x is each sample from A to F , H(A) is the reference sample, and Hdeg is field
strength of H(x) compared to measured H for sample A. Using this equation the
Hdeg is plotted over different B levels and samples. Which can be seen in Figure
5.2. In this figure, 100 Hz and 400 Hz, can be seen, but the same degradation trend
can be seen for all the frequencies mentioned in Table 5.1.

First observation that can be noticed in Figure 5.2, is that as sample width is de-
creasing, the Hdeg is increasing, with sample F having the largest Hdeg.

The second observation is that the largest increase of H happens between 0.3-1.1
Tesla, which is when the relative permeability is at largest. The µr can be seen
in Figure 5.3. This seems reasonable since the reference sample A has its largest
permeability around these values, and with the relation between B̂ and Ĥ as in

48



5. Cut Effects with Sinusoidal Flux Density

B̂ = µr · µ0Ĥ (5.2)

where µr is the relative permeability and µ0 is the permeability of free space, the
B̂ and Ĥ indicates that it is calculated from the peak values. The largest degra-
dation of the material would be at the highest permeability of the reference material.

The third observation is that at higher Tesla levels, when the material gets satu-
rated, the degradation is not as severe, about 20% increase compare to 100-200%.
This is the same for all fundamental frequencies tested.

(a) Bref vs Hdeg at 100 Hz. (b) Bref vs Hdeg at 400 Hz.

Figure 5.2: Hdeg for 100 Hz and 400 Hz. Where A-F is steel samples.

In Figure 5.3 where the µr can be seen, it can be noticed that as the sample width
is decreasing, the µr has a much flatter curve and is more and more degraded. Just
as in Figure 5.2, at higher B levels (1.3-1.9T) and as the material gets saturated the
µr is the same for all samples.

(a) Bref vs µr at 100 Hz. (b) Bref vs µr at 400 Hz.

Figure 5.3: µr for different cut samples and frequency. Where A-F is steel samples.
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Another way of visualizing the degradation is to determine a parameter which relates
the the distance from the cut edge of the samples, by dividing the width of each
sample. This can done by using

DistfromCE = wx

2 (5.3)

where CE is the distance from cut edge, wx is the width for each sample from Table
3.1.

Using (5.3) the different distance from CE is summarized in Table 5.2. The mea-
sured and calculated values for the different samples is the time averaged values, so
this "distance from cut edge" is just a simplification for visualization and not the
actual values of B and H at that specific distance. But this gives an easier way of
describing the degradation compared to referencing the samples as A to F , now it
is described as mm from cut edge instead.

Table 5.2: Distance from cut edge calculations.

Test Sample [x] A B C D E F
No. Cuts 2 4 6 8 10 12

Width [mm] 15 7.5 5 3.75 3 2.5
Dist. CE [mm] 7.5 3.75 2.5 1.875 1.5 1.25

In Figure 5.4, the Hdeg can now be seen versus the CE, the figure shows the Hdeg

for different B levels. What can be seen in this figure is that the Hdeg has more
of a exponential increase at highest degradation between 0.3-1.1 T. At very low B
levels and at saturation levels the Hdeg is more linear and not as severe. When
reviewing literature regarding degradation with laser cutting, the same degradation
is set over all B levels, this does not seem as accurate looking at this degradation.
The degradation seems to depend on the B level.

When implementing the degradation into some FEM based program one could curve
fit the degradation from cut edge for each B level. Then this would relate to the
increase of H at this specific distance from the cut edge, which would correlate to
some sort of degradation model.

Relative permeability is a measure of how well the magnetic material is functioning.
The relative permeability is calculated from the peak of H and B, so when looking
at degradation of H peak, which have been done so far, the degradation of relative
permeability follows the same trend but inverse. However, a different interesting
observation could be to look at the harmonic content in the H and B signal, not
only the peak values. In Figure 5.5, the degradation for the H can be seen both in
the frequency domain as well as the time domain.

To achieve a perfect sinusoidal B field, a distorted H field has to be applied. The
frequency domain of the B signal only contains a fundamental content because its
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Figure 5.4: Hdeg vs mm from cut edge, for different B levels.

controlled to be perfect sinusoidal with no harmonics. The harmonic content of the
H signal is significantly lower compared to the fundamental.

(a) H for different cut samples in fre-
quency domain for 400 Hz fundamental.

(b) H for different cut samples in time
domain for 400 Hz fundamental.

Figure 5.5: The H in frequency and time domain, for a 1.2 T sinusoidal B.

In Table 5.3 the fundamental component degradation of H can be seen. Compar-
ing this with the overall degradation, it can be noted that the peak is about the
same and at the same B levels. This will be an important comparison later when
investigating the PWM signal. The PWM signal contains more harmonics, higher
harmonic amplitude, and especially the harmonic around its switching frequency.

Looking at the degradation at the different fundamental frequencies can be seen in
Table 5.4. In the table which is specifically for 0.7 T, it can be seen that as the
fundamental frequency is increasing the degradation is actually decreasing. This
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Table 5.3: H1x/H1A where x is samples A-F, for fundamental H1 signal.
For sinusoidal flux at 400 Hz and different B levels.

Flux density [T] A B C D E F

0.1 1.0 1.35 1.42 1.45 1.41 1.39
0.2 1.0 1.42 1.56 1.68 1.73 1.72
0.3 1.0 1.51 1.72 1.93 2.08 2.1
0.4 1.0 1.57 1.82 2.11 2.36 2.42
0.5 1.0 1.62 1.91 2.26 2.59 2.69
0.6 1.0 1.66 1.98 2.38 2.78 2.91
0.7 1.0 1.69 2.03 2.46 2.92 3.07
0.8 1.0 1.7 2.06 2.52 3.01 3.19
0.9 1.0 1.71 2.07 2.56 3.07 3.27
1.0 1.0 1.71 2.07 2.56 3.08 3.31
1.1 1.0 1.67 2.02 2.53 2.95 3.27
1.2 1.0 1.52 1.82 2.24 2.43 2.82
1.3 1.0 1.3 1.5 1.77 1.81 2.12
1.4 1.0 1.19 1.33 1.52 1.51 1.75

change will be discussed later in this chapter.

Table 5.4: Degradation H1x/H1A where x is samples A-F, at the fundamental
frequency for B = 0.7 T and different tested frequencies.

Frequency A B C D E F

10 Hz 1.0 1.77 2.13 2.58 3.05 3.21
50 Hz 1.0 1.76 2.12 2.57 3.03 3.19
100 Hz 1.0 1.74 2.1 2.54 2.99 3.16
200 Hz 1.0 1.73 2.09 2.55 3.03 3.19
400 Hz 1.0 1.69 2.03 2.46 2.92 3.07
700 Hz 1.0 1.63 1.94 2.34 2.77 2.91
1000 Hz 1.0 1.58 1.87 2.23 2.62 2.77
2500 Hz 1.0 1.43 1.64 1.92 2.21 2.33
5000 Hz 1.0 1.31 1.48 1.67 1.91 2.0
10000 Hz 1.0 1.23 1.35 1.49 1.65 1.71

Another way of showing the severity of Hdeg could be with a contour plot as in
Figure 5.6, here its easy to see the same result with the highest degradation around
0.8 T and that at saturation levels the degradation is not as severe. The same trend
follows for all frequencies from 10Hz-10kHz which can be seen in Appendix B.
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(a) B vs CE at 100 Hz. (b) B vs CE at 400 Hz.

Figure 5.6: B vs mm from cut edge, where intensity is Hdeg.

It is also interesting to see at which frequencies the degradation is the highest, in
Figure 5.7 the B levels of 0.5 T and 0.7 T is selected and plotted the full frequency
range of 10 Hz to 10 kHz. What is noticed in this plot is that the highest degra-
dation happens at lower frequencies. This might come from the fact that at higher
frequencies the eddy currents are more severe leading to skin effect and thus the
flux is pushed further to the edges and using the degraded material even though its
higher permeability in the center [14].

(a) f vs CE at B=0.4T. (b) f vs CE at B=0.7T.

Figure 5.7: mm from cut edge vs frequency, where intensity is Hdeg.

By zooming in at the frequencies between 10-2500 Hz, as in Figure 5.8, it is clear to
see that the highest degradation happens between 10-500 Hz. The higher frequen-
cies has high degradation as well, but the highest is at the lower frequencies.

The max Hdeg for each frequency measured and specific B level is summarized in
Table 5.5. What can be noticed in the table is that as mentioned earlier, its higher
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(a) f vs CE at B=0.5T. (b) f vs CE at B=1.0T.

Figure 5.8: Frequency vs mm from cut edge, where intensity is Hdeg.

degradation at lower frequencies, with highest at 200 Hz and 0.8 T. Most degrada-
tion is around 0.8 T. There is a quite larger spread for the most narrow sample F ,
from 1.71 to 3.31. This an almost double increase between the two frequencies.

Table 5.5: Epstein Sinusoidal flux density Hdeg max at different samples. Where
red marks the highest Hdeg for specific sample.

f [Hz] B: Hmax
deg C: Hmax

deg D: Hmax
deg E: Hmax

deg F: Hmax
deg

10 1.73 @ 0.7 T 2.09 @ 0.7 T 2.55 @ 0.7 T 3.05 @ 0.8 T 3.24 @ 0.8 T
50 1.74 @ 0.7 T 2.10 @ 0.7 T 2.56 @ 0.7 T 3.06 @ 0.8 T 3.25 @ 0.8 T
100 1.74 @ 0.7 T 2.09 @ 0.7 T 2.55 @ 0.7 T 3.05 @ 0.8 T 3.25 @ 0.8 T
200 1.73 @ 0.7 T 2.09 @ 0.7 T 2.58 @ 0.8 T 3.11 @ 0.8 T 3.31 @ 0.8 T
400 1.70 @ 0.8 T 2.05 @ 0.8 T 2.53 @ 0.8 T 3.05 @ 0.8 T 3.26 @ 0.9 T
700 1.65 @ 0.9 T 1.99 @ 0.9 T 2.45 @ 0.9 T 2.95 @ 0.9 T 3.17 @ 0.9 T
1000 1.64 @ 1.0 T 1.95 @ 1.0 T 2.43 @ 1.0 T 2.87 @ 0.9 T 3.11 @ 1.0 T
2500 1.54 @ 1.1 T 1.82 @ 1.1 T 2.27 @ 1.1 T 2.52 @ 1.0 T 2.86 @ 1.1 T
5000 1.31 @ 0.4 T 1.46 @ 0.5 T 1.64 @ 0.6 T 1.86 @ 0.8 T 2.03 @ 0.9 T
10000 1.26 @ 0.4 T 1.39 @ 0.3 T 1.52 @ 0.4 T 1.66 @ 0.5 T 1.71 @ 0.5 T

In Figure 5.9 and Figure 5.10, hysteresis loop can be seen for different frequencies,
steel samples, and B levels. For lower frequencies, it can be noticed that the hys-
teresis loop has a very sharp peak, this is due to the phase angle between the H and
B. As frequency increases, the loops have a more dull shape. The width of the loop
is also increasing as the eddy currents are increasing with the increase of frequency.

The degradation can be seen from the tilting of the hysteresis loops, since to reach
the same B level, more H is needed. An interesting point is around 0.1 T, where
all the loops are crossing each other, this could perhaps be linked back to the lower

54



5. Cut Effects with Sinusoidal Flux Density

degradation at very low B levels introduced before. This will be discussed more in
a later chapter.

(a) B=0.5T, f=10Hz. (b) B=0.5T, f=100Hz.

(c) B=0.5T, f=400Hz. (d) B=0.5T, f=2500Hz.

Figure 5.9: Hysteresis loop for the different samples A-F and different frequencies.
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(a) B=1.2T, f=10Hz. (b) B=1.2T, f=100Hz.

(c) B=1.2T, f=400Hz. (d) B=1.2T, f=2500Hz.

Figure 5.10: Hysteresis loop for the different samples A-F and different frequencies.
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5.1.2 Specific Power Loss Degradation
The second degradation to investigate was the specific power loss degradation, or
Psdeg. Just as the Hdeg, the degradation was calculated as

Psdeg = Ps(x)
Ps(A) (5.4)

where the x is each sample for A to F , compared to the value of sample A. In
Figure 5.11 the measured specific power loss can be seen for two of the frequencies
measured. The losses increase as the sample width is decreasing.

(a) Bref vs PsMeasured at 100 Hz. (b) Bref vs PsMeasured at 400 Hz.

Figure 5.11: Ps loss for different cut samples and frequency. Where A-F is steel
samples.

Using (5.4) for different B levels, one can see that at lower B levels, the most narrow
samples E and F actually has lower losses compared to sample D. The maximum
degradation is also not at the highest permeability, instead it occurs at around 0.3-
0.4 T. There is still some sort of plateau at the higher B levels around saturation.
This same pattern happens over all the measured frequencies.

Moving from different samples to distance from CE again, in Figure 5.13 one can
easier see the decrease of degradation at more narrow samples, with some peak
around 1.875 mm. Compared to the Hdeg the Psdeg also is looking more linear than
exponential. Why the degradation is lower under 1.875 mm will be discussed in a
coming chapter.

Investigating the point 0.3 T which is the highest degradation, in Figure 5.14, the
spread of degradation is much more even compared to the same figure for Hdeg. In
the same figure the degradation for 0.7 T can be seen as well, where the degradation
is still more evenly spread across the frequencies.
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(a) Bref vs Psdeg at 100 Hz. (b) Bref vs Psdeg at 400 Hz.

Figure 5.12: Psdeg loss for different cut samples and frequency. Where A-F are
steel samples.

Figure 5.13: Psdeg vs mm from cut edge at 400 Hz, for different B levels.

The resulting degradation is summarized in the Table 5.6, where the maximum
degradation is shown for each sample, frequency and at what B level. Looking at
the degradation for sample F , the max degradation range over all frequencies tested
is between 1.4 to 1.48, comparing this to the Hdeg which was between 1.7 and 3.3,
its quite different.

With this information as a reference for cutting effect degradation, the PWM will
be introduced next.
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(a) f vs CE at B=0.3T. (b) B vs CE at B=0.7T.

Figure 5.14: f vs mm from cut edge, where intensity is Psdeg.

Table 5.6: Epstein Psdeg max at different samples. Where red is the max Psdeg

for that specific sample.

f [Hz] B: Psmax
deg C: Psmax

deg D: Psmax
deg E: Psmax

deg F: Psmax
deg

10 1.29 @ 0.3 T 1.36 @ 0.3 T 1.42 @ 0.3 T 1.45 @ 0.4 T 1.45 @ 0.4 T
50 1.29 @ 0.3 T 1.36 @ 0.3 T 1.40 @ 0.3 T 1.42 @ 0.3 T 1.41 @ 0.4 T
100 1.29 @ 0.3 T 1.35 @ 0.3 T 1.40 @ 0.3 T 1.41 @ 0.4 T 1.40 @ 0.4 T
200 1.30 @ 0.3 T 1.37 @ 0.3 T 1.42 @ 0.3 T 1.45 @ 0.4 T 1.43 @ 0.4 T
400 1.29 @ 0.2 T 1.37 @ 0.3 T 1.42 @ 0.3 T 1.45 @ 0.4 T 1.43 @ 0.4 T
700 1.28 @ 0.3 T 1.36 @ 0.3 T 1.42 @ 0.3 T 1.45 @ 0.4 T 1.44 @ 0.4 T
1000 1.26 @ 0.2 T 1.35 @ 0.3 T 1.40 @ 0.3 T 1.44 @ 0.4 T 1.43 @ 0.4 T
2500 1.24 @ 0.2 T 1.32 @ 0.3 T 1.39 @ 0.3 T 1.44 @ 0.4 T 1.44 @ 0.4 T
5000 1.22 @ 0.1 T 1.31 @ 0.3 T 1.38 @ 0.3 T 1.45 @ 0.3 T 1.47 @ 0.4 T
10000 1.18 @ 0.2 T 1.27 @ 0.3 T 1.37 @ 0.3 T 1.46 @ 0.4 T 1.48 @ 0.3 T
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5.2 SST Cut Effect Testing, Comparison and Ver-
ification

To verify the same cut effect pattern and to check the test samples, a test sequence
with the SST samples were created as in Table 5.7. The SST measurement and
Epstein frame is hard to compare since its two different measuring methods. With
the knowledge from Section 4.3, the results at higher B levels should be ignored,
since the result for the standard sample steel did not match.

Table 5.7: SST cut sample test sequence.

f [Hz] Bstart [T] Bstep [T] Bstop [T]
50 0.1 0.1 1.4
100 0.1 0.1 1.4
200 0.1 0.1 1.4
400 0.1 0.1 1.4
700 0.1 0.1 1.4
1000 0.1 0.1 1.4
2500 0.1 0.1 1.4

From the sample selection in Table 3.1 and in Table 3.2, there is 4 samples that have
the same width, 15 mm, 7.5 mm, 5 mm and 3.75 mm. Comparing some of these
samples at lower B levels could give some verification of the degradation and that
the effective cross section calculated from the effective mass calculated in (3.1), is
working correctly.

There would be three different measurements,

1. Epstein samples in Epstein Frame
2. Epstein samples in SST
3. SST samples in SST

Here the Epstein samples in the SST will be referred as SSTx1 where x is the spe-
cific Epstein sample A,B and D. The Epstein samples in the Epstein frame will still
be EPx and the SST samples will be SSTx.

Starting with the virgin BH curves for the materials, which can be seen in Figure
5.15, ignoring the result at higher B levels, the curves look very similar with the
same angle meaning same relative permeability.

An easier way of analyzing, is checking the difference comparing it to the Epstein’s
samples in the Epstein frame as reference. This can be seen in Figure 5.16, where its
very easy to see that the difference is very stable until about 1.0 Tesla, then it starts
increasing. This can be seen for all the frequencies in the measured sequence. The
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(a) The 15 mm samples H measured
at 400 Hz.

(b) The 7.5 mm samples H measured
at 400 Hz.

(c) The 3.75 mm samples H mea-
sured at 400 Hz.

Figure 5.15: Virgin BH curve of different SST and Epstein samples compared.
Blue: Epstein in Epstein, Orange: Epstein sample in SST, Green: SST in SST.

same Epstein steel sample, just measured with SST or Epstein, looks fairly close
at lower B levels. It has a difference of about 5 % at these lower B, for the three
samples shown.

Knowing this, one could expect an offset from the Epstein measurements, but since
the change is pretty constant we would expect about the same degradation at lower
B levels.

Looking at the specific power loss instead, which can be seen in Figure 5.17, the
different power losses seem to align well around lower B levels again. Looking at the
difference for the different samples compared to the Epstein measurement, it can be
noted that the result is closer compared to the H values, this might be due to some
parameter setting which is used when calculating the H value.

Same as the H values, the 15 mm width sample the SST B has closer values com-
pared to the SST A1, but for the 7.5 mm, and 3.75 mm, the B1, and D1 has closer
values. The Ps difference is over all closer, with a value of between -4 % to +2%
comparing the Epstein samples.
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(a) The 15 mm samples H difference
in % at 400 Hz.

(b) The 7.5 mm samples H difference
in % at 400 Hz.

(c) The 3.75 mm samples H differ-
ence in % at 400 Hz.

Figure 5.16: The percentage difference of H from comparing to the Epstein sample
in the Epstein Frame. Blue: Epstein in Epstein, Orange: Epstein sample in SST,
Green: SST in SST.
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(a) Ps vs B for the sample comparison.
(b) The 15 mm samples Ps difference
in % at 400 Hz.

(c) The 7.5 mm samples Ps differ-
ence in % at 400 Hz.

(d) The 3.75 mm samples Ps differ-
ence in % at 400 Hz.

Figure 5.17: Ps, and Ps difference for the comparison between SST and Epstein.
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5.2.1 H Degradation with SST
Knowing the difference between the SST and Epstein samples, one could look at the
degradation for the SST to check if it has the same characteristics as the Epstein.
Knowing that the SST has some difference at higher flux densities.

Calculating the same Hdeg as with the Epstein, just comparing with its reference
sample A instead as in

HSST
deg = H(x)

H(A) (5.5)

Looking at the degradation in Figure 5.18, one could notice the same pattern of
a curve that looks like the permeability, just that the peak of curve has change
to higher flux densities. For the sample G, the measurement might not have been
accurate. The material had the width of 2 mm, and due to these very thin strips
the material the damage during cutting might have been to severe. There was large
burrs on the edges and very delicate to handle. But even taking this into consider-
ation, the same degradation pattern can be seen.

(a) HSST
deg vs B for 400 Hz and SST.

(b) CE vs B, wher HSST
deg is intensity, for

400 Hz and SST.

Figure 5.18: HSST
deg for SST measurements at 400 Hz.

In Figure 5.19 the comparison of the degradation at different distances from cut
edges as from (5.3) is depicted. The same degradation is happening at 0.1 Tesla,
while also the same exponential degradation versus CE can be seen for the other
B levels. The degradation is looking different at higher B levels, which was to be
expected. The SST measuring equipment comparison in Section 4.3, showed that
there is a difference at higher B levels. The sample G here also shows some different
pattern, with peak degradation around 1.2 T, but this is probably also due to that
its sample was too narrow as explained earlier.
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Figure 5.19: HSST
deg vs mm from cut edge at 400 Hz, for different B levels.

Instead looking at the specific B level, 0.8 T and 0.9 T in Figure 5.20, to analyse the
degradation over different frequencies. This also have the same pattern as for the
Epstein, higher degradation at lower frequencies, further strengthening the theory
that skin effect pushing the flux further out in the material and counter act the
degradation due to cutting.

The Hdeg for both the Epstein and SST seems very similar which is a good base for
when moving onto PWM excitation and for verifying the measurements.

(a) CE vs f at B=0.8T. (b) CE vs f at B=0.9T.

Figure 5.20: Magnetic field strength degradation at different distances from cut
edge and over different fundamental frequencies. Where intensity is HSST

deg for SST
measurements.
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5.2.2 Ps Degradation with SST
The same degradation analyses was performed for the specific power loss, and using
the equation

PsSST
deg = Ps(x)

Ps(A) (5.6)

to determine the degradation. Keeping in mind the sample G could have some
doubt regarding the validity of this measurement due to the narrow width. Look-
ing at Figure 5.21, the degradation for the different samples can be seen as well as
the degradation for 0.7 T. Ignoring the measurement of the most narrow sample G,
there seems to be a degradation peak around 0.4 T, which is about the same as the
Epstein measurements. Since the SST was limited at measuring higher B levels, it
is hard to confirm the plateau at saturation levels.

Looking at the right side in same figure, the spread across frequencies looks about
the same as the Epstein measurement. Also that the intensity, meaning degradation,
is increasing evenly across the frequencies.

(a) PsSST
deg vs B for SST.

(b) CE vs f at B=0.7T for SST, PsSST
deg

is intensity.

Figure 5.21: PsSST
deg for 400 Hz SST measurement.

Moving to the distance from cut edge as in Figure 5.22, one can notice that the
Epstein is looking a bit more linear compared to the SST measurements. The
degradation is fairly similar with a difference between 10 to 15% increase at worst.

As mentioned in the beginning of this section, the SST and Epstein can never be
directly compared, there will be some measurement deviance. But with the methods
that is introduced here, one could see some sort of conclusion that even with differ-
ent cut steel samples, and different measurement methods the degradation is looking
fairly similar. This is a good result for moving forward with the PWM excitation
and also to verify the models that will be used in the FEM based simulation later.
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Figure 5.22: PsSST
deg vs mm from cut edge at 400 Hz, for different B levels.
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6
Cut Effects with PWM Excitation

6.1 Effect of Cutting with Non-Sinusoidal Flux
Distribution

Same as the sinusoidal testing in Chapter 5, the test sequence for each steel sample
did steps in B until the equipment’s limitation. Compared to Table 5.1, the PWM
could not perform at 10, 5000, and 10000 Hz. The B level was also limited more for
PWM due to higher H fields. The full test sequence for the PWM can be seen in
Table 6.1.

Two more columns have been added to this Table 6.1, Fha and V r. Taking into
account the results from Chapter 4, the V r is kept at normal modulation for all
frequencies, and Fha is kept at a constant switching frequency of 10 kHz, leading
to the resulting Fha in the table. The choice of constant switching frequency, is
from looking at inverters in electric vehicles, where it is mostly common to have a
constant switching frequency. The choice of 10 kHz is due to the limitations in the
measurement equipment.

In reality when controlling the electrical machine the V r would change depending
on the machines speed and load, but in order to keep the degrees of freedom down
this is an simplification and kept constant. To reduce the amount of figures, only a
few of the measured and calculated results will be shown in this chapter, the rest
can be seen in Appendix C.

Table 6.1: Epstein PWM sample test sequence.

f [Hz] V r Fha Epstein winding Bstart [T] Bstep [T] Bstop [T]
50 1.9 200 700 0.1 0.1 1.9
100 1.9 100 700 0.1 0.1 1.8
200 1.9 50 200 0.1 0.1 1.4
400 1.9 25 200 0.1 0.1 1.4
700 1.9 15 200 0.1 0.1 1.4
1000 1.9 10 60 0.1 0.1 1.2
2500 1.9 4 60 0.1 0.1 1.2
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Same as the sinusoidal flux measurements, both H degradation and Ps degradation
is investigated. Starting with H degradation.

6.1.1 Magnetic Field Strength Degradation
For the non sinusoidal flux density, there were a few different comparisons that was
of interest. The first comparison, was to see the degradation compared to sample A
with PWM. The second comparison would be with the measured sample of PWM
compared with sample A with sinusoidal excitation. The third and final comparison
was to compare cut sample PWM with cut sample sinusoidal, meaning A with A,
B with B and so on.

6.1.1.1 With PWM Sample A as Reference

Starting with the same method as for the sinusoidal measurements, looking at the
virgin BH curve of the the PWM together with the sinusoidal, the virgin BH curve
is created from the peak values of B and H during the measurement. In Figure 6.1,
the measured BH curve for 100 Hz and 400 Hz can be seen. In the 100 Hz measure-
ment, the BH curve with PWM signal is very similar to the measured sinusoidal,
but as fundamental frequency is increasing the two curves starts to deviate from
each other more at lower B levels, before the knee point.

(a) HMeasured vs Bref at 100 Hz. (b) HMeasured vs Bref at 400 Hz.

Figure 6.1: Virgin BH curves for different cut samples and frequency, where A-F
is steel samples. Solid: Sine, Dashed: PWM.

Since it is hard to see the difference by just looking at the BH curve, looking at the
relative permeability in Figure 6.2, it is easier to see that there is some deviation
from the sinusoidal measurement, with lower relative permeability for the PWM
signal.

The relative permeability is calculated using (5.2), using the peak B and H mea-
sured. The permeability is also deviating less and less when reaching the saturation
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region. As fundamental frequency is increasing, the switching frequency stays con-
stant, leading to a lower frequency modulation ratio or Fha, reduces the permeabil-
ity more and more compared to the sinusoidal permeability.

(a) µr vs Bref at 100 Hz. (b) µr vs Bref at 400 Hz.

Figure 6.2: Relative permeability for different cut samples and frequency, where
A-F is steel samples. Solid: Sine, Dashed: PWM.

Using the same method as for the sinusoidal measurement and degradation, the
equation for HP W M

deg can be written as

HP W M
deg = HP W M(x)

HP W M(A) (6.1)

where HP W M
deg is the degradation with PWM A as reference. Then looking at Figure

6.3 where the degradation is plotted for different B levels. When comparing to its
own reference the PWM degradation is actually lower compared to the Sinusoidal
degradation. It can also be seen that the degradation follows the same flux density
pattern, with the peak around 0.8 T and then plateauing at higher B levels. The
same pattern happens as the fundamental frequency is increasing.

Plotting the degradation over distance from CE instead, as in Figure 6.4, the same
conclusion can be drawn. The degradation looks similar for different B levels, and
at 1.2 T and above the Sinusoidal and PWM actually line up on each other.

Continuing with the peak degradation compared with the measured PWM A sam-
ple. The degradation from the CE, calculated with (5.3), this can be seen in Figure
6.5. Just like the sinusoidal degradation the max degradation looks to be around
0.4 T t 1.0 T and is decreasing as distance from CE is increasing.

Looking at the degradation at specific B levels instead, as in Figure 6.6, it can be
seen that the degradation is highest at the lower fundamental frequencies, which
also correlates to the sinusoidal degradation.
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(a) HP W M
deg vs Bref at 100 Hz. (b) HP W M

deg vs Bref at 400 Hz.

Figure 6.3: HP W M
deg for different frequencies. Where A-F is steel samples. Solid:

Sine, Dashed: PWM.

Figure 6.4: HP W M
deg vs mm from cut edge for different B levels. Solid: Sine, Dashed:

PWM.

Same as for the sinusoidal measurements, the max peak degradation for each sample
and at each specific B level can be seen in Table 6.10. Here its easy to see the highest
degradation for all samples actually happens at the fundamental frequency of 50 Hz.

When comparing degradation to the sinusoidal measurements, the highest degrada-
tion is expected to be at higher frequencies, due to the changing Fha.

Another interesting point from the table, is that the degradation over the different
frequencies is pretty wide spread, from 3.11 at 50 Hz, to 2.08 at 2500 Hz. This is
something to remember for later when comparing to the sinusoidal reference.
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(a) B vs CE at 100 Hz. (b) B vs CE at 400 Hz.

Figure 6.5: HP W M
deg is intensity, for different frequencies.

(a) CE vs f at B=0.5T. (b) CE vs f at B=1.0T.

Figure 6.6: HP W M
deg is intensity for different B levels.

Table 6.2: Epstein HP W M
deg max and at what B level. For different samples and

frequencies.

f [Hz] B: Hmax
deg C: Hmax

deg D: Hmax
deg E: Hmax

deg F: Hmax
deg

50 1.69 @ 0.7 T 2.04 @ 0.7 T 2.47 @ 0.7 T 2.94 @ 0.8 T 3.11 @ 0.8 T
100 1.66 @ 0.6 T 1.99 @ 0.7 T 2.4 @ 0.7 T 2.83 @ 0.8 T 3.0 @ 0.8 T
200 1.62 @ 0.7 T 1.94 @ 0.7 T 2.34 @ 0.7 T 2.79 @ 0.8 T 2.95 @ 0.8 T
400 1.55 @ 0.7 T 1.83 @ 0.7 T 2.18 @ 0.7 T 2.56 @ 0.8 T 2.71 @ 0.8 T
700 1.48 @ 0.7 T 1.73 @ 0.7 T 2.04 @ 0.8 T 2.38 @ 0.8 T 2.52 @ 0.8 T
1000 1.42 @ 0.8 T 1.65 @ 0.8 T 1.95 @ 1.0 T 2.25 @ 0.9 T 2.4 @ 1.0 T
2500 1.34 @ 0.3 T 1.49 @ 0.4 T 1.74 @ 1.2 T 1.86 @ 1.1 T 2.08 @ 1.2 T

A problem discovered when performing the analysis of the PWM measurement was
that the software controlling the desired signal in MPG Software controls the peak
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signal. So to achieve the desired B peak, a specific H peak was applied. From
this the permeability was calculated and other calculations. Problem with this is
that the PWM signal contains a lot of harmonics, due to the switching. So to
reach the B of 1.1 T for example, then the controller changes the H until the peak
of 1.1 T is achieved. This peak B for 400 Hz can be seen in Figure 6.7, where the
signal can be seen both in time domain as well as in frequency domain with an FFT.

In the figure the peak value of 1.1 T is achieved, but the actual fundamental signal
is lowered compared to the perfect Sinusoidal signal. This, as mentioned before, is
due to the harmonics which bring the peak value up to the 1.1 T. Since permeability
is calculated from these peaks of H and B the more harmonic content it is hard to
do comparison to a perfect sinusoidal signal.

For the B in the Figure 6.7, one interesting point is that the B for the different
samples are fairly similar, since this is what is being controlled. It can be seen
that the same fundamental component for the steel samples A − F as well as the
same harmonic content at the switching frequency, with some small variations. So
when looking at the H, the degradation could be analyzed in the frequency domain
between the samples, using FFT.

(a) FFT for B at 400 Hz. (b) Time domain for B at 400 Hz.

Figure 6.7: FFT and time domain for flux density at 400 Hz. Comparing pure
sinusoidal with PWM signal.

In Figure 6.8 the H field applied to reach the 1.1 T for the different samples can be
seen, both in time domain as well as in frequency domain measured at 400 Hz. In
the time domain the H increase as the samples width is decreasing, which has been
seen before.

Instead looking in the frequency domain, an interesting conclusion can be drawn.
The degradation is not the same at the fundamental component as at the switch-
ing frequency component. This means that the ripple magnitude in H for different
samples is not increasing as severe as for the fundamental component.
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(a) FFT for H at 400 Hz. (b) Time domain for H at 400 Hz.

Figure 6.8: FFT and Time domain for magnetic field strength at 400 Hz. Com-
paring pure sinusoidal with PWM signal.

Starting with an analysis of the degradation compared to the fundamental compo-
nent of H for sample A, this can be seen in Table 6.3. In table, the peak degradation
happens around 1.1 T for the fundamental degradation. Comparing this to the peak
degradation Figure 6.3, the max degradation seems to have shifted from 0.9 T for
the peak and 1.1 T for the fundamental degradation. Keeping this in mind for later
discussions.

Table 6.3: Hdeg for fundamental H1 signal. Where x is sample A-F, H1 is content
at fundamental.

For non-sinusoidal flux at 400 Hz.

Harmonic Flux Density [T] A B C D E F

H1x/H1A 0.2 1.0 1.42 1.56 1.64 1.68 1.7
H1x/H1A 0.3 1.0 1.51 1.71 1.9 2.04 2.08
H1x/H1A 0.4 1.0 1.58 1.83 2.11 2.36 2.42
H1x/H1A 0.5 1.0 1.63 1.93 2.28 2.61 2.71
H1x/H1A 0.6 1.0 1.68 2.01 2.41 2.81 2.94
H1x/H1A 0.7 1.0 1.71 2.06 2.5 2.97 3.12
H1x/H1A 0.8 1.0 1.73 2.1 2.57 3.08 3.26
H1x/H1A 0.9 1.0 1.75 2.13 2.62 3.16 3.36
H1x/H1A 1.0 1.0 1.75 2.14 2.65 3.21 3.44
H1x/H1A 1.1 1.0 1.74 2.13 2.67 3.19 3.53
H1x/H1A 1.2 1.0 1.65 2.06 2.59 2.81 3.34

In Figure 6.8, in the frequency domain, 9 different harmonics can be seen and the
fundamental, where all harmonics are odd harmonics. To limit the analysis to some
extent, only the fundamental (f1) degradation and the degradation at the switching
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frequency (fs) is analyzed. The content at the fs is the second highest component
of the signal and a significant component. This limitation is due to the time limit
in the thesis. But keeping in mind that there is more harmonic content in the H
signal and different degradation at each harmonic.

By zooming in at the degradation at the fundamental component of H and the fs

component, as in Figure 6.9, one can notice the degradation for the two different
components. The fundamental has significantly larger degradation compared to the
content at the fs. Looking at the degradation at the fs, comparing it to the sample
A harmonic content at the fs, can be seen in Table 6.4.

(a) Zoomed FFT for H around funda-
mental f1, measured at 400 Hz.

(b) Zoomed FFT for H around switching
fs, measured at 400 Hz.

Figure 6.9: Zoomed FFT of magnetic field strength, around the fundamental and
around the switching frequency, showing the degradation.

From the sinusoidal degradation, two different conclusions were drawn. First, that
the H degradation depends on the frequency, second that the H degradation depend
on the B level in the material. Knowing this, Table 6.4 also shows the B level at
harmonic frequency. So for example, at 0.7 T peak, the flux density level at fS is
0.04 T, shown as Bs in the table. In the table, it can be seen that the degradation
is not as severe as the fundamental, as mentioned earlier, with a max degradation
of 1.74 at fs compared to 3.44 at f1.

Looking at the fundamental degradation of the sinusoidal measurement at 10 kHz,
which is the same frequency as the switching frequency in this case, can be seen in
Table 6.5. Comparing the fundamental degradation in sinusoidal 10 kHz, the max
degradation is around 1.74, which for the PWM measurement at fs max also cal-
culated to 1.74. Which seems to be some correlation to the degradation for PWM
depends on the fs, and B level. The PWM does however also have that fundamental
part of B in the material, which will affect the saturation and degradation in the
material.
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Table 6.4: Hsx/HsA degradation and flux density at switching frequency, at 400
Hz.

BP eak [T] A B C D E F

Bs[T] 0.02 0.02 0.02 0.02 0.02 0.02
0.3T Hsx/HsA 1.0 1.24 1.33 1.4 1.45 1.46

Bs[T] 0.03 0.03 0.03 0.03 0.03 0.03
0.4T Hsx/HsA 1.0 1.24 1.33 1.42 1.49 1.51

Bs[T] 0.03 0.03 0.03 0.03 0.03 0.03
0.5T Hsx/HsA 1.0 1.23 1.32 1.42 1.52 1.54

Bs[T] 0.04 0.04 0.04 0.04 0.04 0.04
0.6T Hsx/HsA 1.0 1.22 1.32 1.42 1.52 1.55

Bs[T] 0.04 0.04 0.04 0.04 0.04 0.04
0.7T Hsx/HsA 1.0 1.21 1.31 1.41 1.52 1.55

Bs[T] 0.05 0.05 0.05 0.05 0.05 0.05
0.8T Hsx/HsA 1.0 1.2 1.3 1.41 1.51 1.56

Bs[T] 0.06 0.06 0.06 0.06 0.06 0.06
0.9T Hsx/HsA 1.0 1.2 1.3 1.41 1.51 1.56

Bs[T] 0.06 0.06 0.06 0.06 0.06 0.06
1.0T Hsx/HsA 1.0 1.21 1.3 1.42 1.52 1.59

Bs[T] 0.07 0.07 0.07 0.07 0.07 0.07
1.1T Hsx/HsA 1.0 1.22 1.33 1.47 1.54 1.67

Bs[T] 0.07 0.07 0.07 0.07 0.07 0.07
1.2T Hsx/HsA 1.0 1.23 1.37 1.54 1.52 1.74

Bs[T] 0.07 0.07 0.07 0.07 0.07 0.08

Table 6.5: H1x/H1A, Sinusoidal fundamental degradation where x is sample A-F.
For fundamental frequency of 10 kHz.

A B C D E F

0,1T Sine 1.0 1.25 1.35 1.4 1.41 1.4
0,2T Sine 1.0 1.26 1.38 1.49 1.56 1.57
0,3T Sine 1.0 1.26 1.4 1.52 1.64 1.67
0,4T Sine 1.0 1.26 1.4 1.54 1.68 1.72
0,5T Sine 1.0 1.26 1.39 1.54 1.69 1.74
0,6T Sine 1.0 1.24 1.37 1.52 1.68 1.74
0,7T Sine 1.0 1.23 1.35 1.49 1.65 1.71
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6. Cut Effects with PWM Excitation

As mentioned earlier the measurement sequence was performed over a couple of
different fundamental frequencies. The switching frequency was however kept con-
stant, therefore an interesting analysis would be to look at the degradation at of the
harmonic content at the switching frequency.

In Table 6.6 a few different measurements can be seen, first the B level at the fs

harmonic, second the fundamental degradation compared to sample A, third the
switching harmonic degradation compared to sample A, and finally the amount of
content at the fs compared to f1 related to its own signal. This also shown for
different fundamental frequencies.

Starting by looking at the switching frequency content related to the fundamental
(Hsx/H1x). As the f1 is increasing, and fs is kept constant, the Fha is lowered and
more content is at lower harmonics. This leads to more content at the fs. This
higher content at the fs leads to larger B at the fs. More B at fs leads to higher
degradation, which was noticed in the sinusoidal measurements.

Another interesting analysis that can be seen in the table, is that the fundamen-
tal degradation is largest at lower frequencies, and as fundamental frequency is
increasing, the fundamental degradation is decreasing, same as in the sinusoidal
measurement. The degradation at fs is increasing as degradation at f1 is decreas-
ing. This is possibly due to as explained above, the B content at the fs is increasing.
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6. Cut Effects with PWM Excitation

Table 6.6: Flux density at switching frequency, fundamental degradation
component, switching harmonic degradation component, and how large switching

harmonic is compared to fundamental. At 1.1T and different frequencies.

A B C D E F

50 Hz, Bs[T] 0.01 0.01 0.01 0.01 0.01 0.01
50 Hz, H1x/H1A 1.0 1.71 2.08 2.57 3.05 3.3
50 Hz, Hsx/HsA 1.0 1.15 1.21 1.28 1.29 1.34
50 Hz, Hsx/H1x 0.12 0.08 0.07 0.06 0.05 0.05
100 Hz, Bs[T] 0.03 0.03 0.03 0.03 0.03 0.03
100 Hz, H1x/H1A at f1 1.0 1.72 2.1 2.59 3.09 3.33
100 Hz, Hsx/HsA at fs 1.0 1.16 1.23 1.3 1.32 1.38
100 Hz, Hsx/H1x 0.21 0.14 0.13 0.11 0.09 0.09
200 Hz, Bs[T] 0.04 0.04 0.04 0.04 0.04 0.04
200 Hz, H1x/H1A at f1 1.0 1.74 2.15 2.69 3.21 3.54
200 Hz, Hsx/HsA at fs 1.0 1.2 1.29 1.39 1.43 1.51
200 Hz, Hsx/H1x 0.32 0.22 0.19 0.16 0.14 0.14
400 Hz, Bs[T] 0.07 0.07 0.07 0.07 0.07 0.07
400 Hz, H1x/H1A at f1 1.0 1.74 2.13 2.67 3.19 3.53
400 Hz, Hsx/HsA at fs 1.0 1.22 1.33 1.47 1.54 1.67
400 Hz, Hsx/H1x 0.45 0.31 0.28 0.25 0.22 0.21
700 Hz, Bs[T] 0.11 0.11 0.11 0.11 0.11 0.11
700 Hz, H1x/H1A at f1 1.0 1.69 2.07 2.57 3.06 3.35
700 Hz, Hsx/HsA at fs 1.0 1.22 1.33 1.47 1.55 1.66
700 Hz, Hsx/H1x 0.62 0.44 0.39 0.35 0.31 0.31
1000 Hz, Bs[T] 0.17 0.17 0.17 0.18 0.18 0.18
1000 Hz, H1x/H1A at f1 1.0 1.61 1.96 2.45 2.89 3.19
1000 Hz, Hsx/HsA at fs 1.0 1.23 1.35 1.54 1.68 1.82
1000 Hz, Hsx/H1x 0.78 0.59 0.54 0.49 0.45 0.45
2500 Hz, Bs[T] 0.35 0.35 0.35 0.35 0.35 0.35
2500 Hz, H1x/H1A at f1 1.0 1.41 1.65 2.0 2.28 2.51
2500 Hz, Hsx/HsA at fs 1.0 1.23 1.35 1.51 1.6 1.71
2500 Hz, Hsx/H1x 1.15 1.01 0.94 0.87 0.81 0.78
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6. Cut Effects with PWM Excitation

6.1.1.2 With Sinusoidal Sample A as Reference

Comparing the measured PWM signal with the sinusoidal sample A as reference
instead, was done with

HSine
deg = HP W M(x)

HSine(A) (6.2)

where HSine
deg is the peak degradation. Showing the same frequencies as for the other

degradation, 100 Hz and 400 Hz, the HSine
deg can be seen in Figure 6.10. Since all

the samples in the figure is compared with the same reference measurement, it can
be noticed that the degradation is higher compared to the sinusoidal for all PWM
measurements. The second thing that can be noticed, which was also seen for the
permeability, is that at the saturation point around 1.3 T, the degradation of PWM
and sinusoidal is same for the same steel samples. As the fundamental frequency is
increasing, the HSine

deg is increasing more and more due to the changing Fha.

(a) HSine
deg vs Bref at 100 Hz. (b) HSine

deg vs Bref at 400 Hz.

Figure 6.10: HSine
deg for different frequencies. Where A-F is steel samples. Solid:

Sine, Dashed: PWM.

Plotting the degradation as distance from CE, which can be seen in Figure 6.11,
a similar exponential degradation can be noticed but with an offset for the PWM
degradation. As mentioned before the degradation at higher B levels is lined up
and similar to the sinusoidal degradation.

An interesting difference from the sinusoidal H degradation was that degradation
spread was much more even across the different fundamental frequencies when com-
paring to sinusoidal sample A. In Figure 6.12, the degradation can be seen over
different fundamental frequencies, and colour is much more even across the frequen-
cies.

In Table 6.7 the same thing can be seen, here with the maximum degradation for
each sample, different fundamental frequencies, and at each B level it occurred.
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6. Cut Effects with PWM Excitation

Figure 6.11: HSine
deg vs mm from cut edge for different B levels. Solid: Sine, Dashed:

PWM.

(a) CE vs f at B=0.5T. (b) CE vs f at B=1.0T.

Figure 6.12: HSine
deg is intensity for different B levels.

Looking at sample F for example, the degradation ranges between 3.33 to 3.76
across different frequencies. The degradation compared to sinusoidal reference is
quite drastic as well, at the most narrow sample and maximum degradation its 3.76
times as much H needed to reach same B. This means 3.76 times as much current
to reach same point which is significant.

As mentioned earlier, these comparisons where using the peak values of H, but it
is also of interest to look at the degradation at the f1 and at fs. In Table 6.8, the
degradation is compared at f1 and fs to the measured sinusoidal content at f1. The
maximum degradation for the f1 can be seen at 1.0 T, while the maximum degrada-
tion for fs can be seen at 1.1 T. The degradation at the fs is varying up and down
and doesn’t have the same increase and decrease of degradation as the f1. Looking
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6. Cut Effects with PWM Excitation

Table 6.7: Epstein HSine
deg max and at what B level. For different samples and

frequencies.

f [Hz] A: Hmax
deg B: Hmax

deg C: Hmax
deg D: Hmax

deg E: Hmax
deg F: Hmax

deg

50 1.07 @ 0.7T 1.8 @ 0.7T 2.17 @ 0.7T 2.63 @ 0.8T 3.14 @ 0.8T 3.33 @ 0.8T
100 1.14 @ 0.8T 1.87 @ 0.8T 2.24 @ 0.8T 2.71 @ 0.8T 3.21 @ 0.8T 3.4 @ 0.8T
200 1.22 @ 0.8T 1.94 @ 0.8T 2.32 @ 0.8T 2.81 @ 0.8T 3.34 @ 0.8T 3.56 @ 0.9T
400 1.36 @ 0.9T 2.09 @ 0.9T 2.45 @ 0.9T 2.93 @ 0.9T 3.44 @ 0.9T 3.67 @ 0.9T
700 1.51 @ 0.9T 2.18 @ 0.9T 2.56 @ 0.9T 3.04 @ 0.9T 3.53 @ 0.9T 3.76 @ 0.9T
1000 1.55 @ 1.0T 2.2 @ 1.0T 2.54 @ 1.0T 3.02 @ 1.0T 3.47 @ 0.9T 3.71 @ 1.0T
2500 1.76 @ 1.0T 2.27 @ 1.0T 2.52 @ 1.0T 2.9 @ 1.0T 3.19 @ 1.0T 3.41 @ 1.0T

at the degradation as distance from CE, the fs degradation does have some sort of
exponential degradation still, just like the f1 degradation.

In Figure 6.13 the degradation from Table 6.8 can be seen. With a peak around 0.9
T and 1.0 T. Comparing this figure with the peak degradation Figure 6.10, it has
similar shape but the maximum peak is shifted some.

Figure 6.13: Degradation at fs and f1 with sinusoidal sample A as reference.
Dashed: fs degradation, Solid: f1 degradation.

This degradation of the fundamental content and switching frequency content was
also compared for all the different fundamental frequencies measured. This was
summarized in Table 6.9, which is specific for 1.2 T. What can be noticed here is
the fundamental degradation is decreasing as fundamental frequency is increasing,
and the opposite for the switching frequency degradation, increasing as fundamental
frequency is increasing. This is the same as for the calculations with PWM sample
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6. Cut Effects with PWM Excitation

Table 6.8: Hdeg for fundamental H1 and Hs signal.
For non-sinusoidal flux at 400 Hz.

Harmonic Flux Density [T] A B C D E F

H1x/HSine
1A 0.2 0.9 1.28 1.4 1.47 1.51 1.53

Hsx/HSine
1A 0.2 0.27 0.34 0.36 0.37 0.37 0.37

H1x/HSine
1A 0.3 0.9 1.35 1.54 1.71 1.83 1.86

Hsx/HSine
1A 0.3 0.3 0.37 0.4 0.42 0.43 0.43

H1x/HSine
1A 0.4 0.89 1.4 1.64 1.88 2.1 2.16

Hsx/HSine
1A 0.4 0.31 0.39 0.42 0.45 0.47 0.47

H1x/HSine
1A 0.5 0.89 1.45 1.72 2.03 2.33 2.42

Hsx/HSine
1A 0.5 0.33 0.4 0.43 0.47 0.5 0.5

H1x/HSine
1A 0.6 0.89 1.5 1.79 2.15 2.51 2.63

Hsx/HSine
1A 0.6 0.34 0.41 0.45 0.48 0.52 0.53

H1x/HSine
1A 0.7 0.89 1.53 1.84 2.24 2.66 2.79

Hsx/HSine
1A 0.7 0.35 0.42 0.46 0.5 0.53 0.55

H1x/HSine
1A 0.8 0.89 1.55 1.88 2.3 2.75 2.91

Hsx/HSine
1A 0.8 0.36 0.44 0.47 0.51 0.55 0.56

H1x/HSine
1A 0.9 0.89 1.55 1.89 2.33 2.81 2.99

Hsx/HSine
1A 0.9 0.37 0.45 0.48 0.53 0.56 0.58

H1x/HSine
1A 1.0 0.87 1.53 1.87 2.32 2.81 3.01

Hsx/HSine
1A 1.0 0.38 0.46 0.49 0.54 0.58 0.6

H1x/HSine
1A 1.1 0.83 1.44 1.76 2.21 2.64 2.92

Hsx/HSine
1A 1.1 0.37 0.45 0.49 0.54 0.57 0.62

H1x/HSine
1A 1.2 0.77 1.27 1.58 1.99 2.17 2.58

Hsx/HSine
1A 1.2 0.33 0.4 0.45 0.5 0.5 0.57

H1x/HSine
1A 1.3 0.98 1.31 1.55 1.88 1.87 2.31

Hsx/HSine
1A 1.3 0.28 0.32 0.35 0.39 0.38 0.44

H1x/HSine
1A 1.4 1.2 1.44 1.61 1.84 1.8 2.15

Hsx/HSine
1A 1.4 0.24 0.27 0.29 0.32 0.31 0.35

A as reference. This will be discussed further in discussions chapter and conclusions.
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Table 6.9: H degradation compared to sinusoidal fundamental sample A, at 1.2
T, and for different frequencies.

A B C D E F

H1x/HSine
1A at 50 Hz 0.89 1.39 1.66 2.01 2.29 2.52

Hsx/HSine
1A at 50 Hz 0.1 0.11 0.11 0.12 0.12 0.12

H1x/HSine
1A at 100 Hz 0.83 1.32 1.58 1.93 2.21 2.43

Hsx/HSine
1A at 100 Hz 0.17 0.19 0.2 0.22 0.21 0.23

H1x/HSine
1A at 200 Hz 0.81 1.31 1.62 2.04 2.23 2.64

Hsx/HSine
1A at 200 Hz 0.22 0.26 0.28 0.3 0.3 0.32

H1x/HSine
1A at 400 Hz 0.77 1.27 1.58 1.99 2.17 2.58

Hsx/HSine
1A at 400 Hz 0.33 0.4 0.45 0.5 0.5 0.57

H1x/HSine
1A at 700 Hz 0.67 1.08 1.33 1.67 1.86 2.19

Hsx/HSine
1A at 700 Hz 0.4 0.49 0.54 0.62 0.62 0.71

H1x/HSine
1A at 1000 Hz 0.71 1.13 1.41 1.77 1.91 2.27

Hsx/HSine
1A at 1000 Hz 0.51 0.65 0.75 0.88 0.89 1.04

H1x/HSine
1A at 2500 Hz 0.65 0.91 1.09 1.35 1.48 1.73

Hsx/HSine
1A at 2500 Hz 0.69 0.87 0.97 1.12 1.15 1.31
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6.1.1.3 Comparing PWM Sample’s with Sinusoidal Sample’s

The last comparison for the H degradation, was with comparing sample to sample.
This was done using

Hx
deg = HP W M(x)

HSine(x) (6.3)

where Hx
deg is the sample degradation, and x is sample A to F . Looking at this

degradation was interesting to see which of the samples had the highest impact of
going from sinusoidal B to non-sinusoidal B. The Hx

deg for 100 Hz and 400 Hz, can
be seen in Figure 6.15. Here the peak is very clear at 1.0 T for both frequencies.

The second conclusion from the figure is that the degradation is worst for sample
A, and then degradation is decreasing as sample width is decreasing. So going from
sinusoidal to PWM, the most impact is just changing signal. The degradation has
lower impact on the more narrow samples with PWM. But as the fundamental fre-
quency is increasing and Fha is decreasing the impact is increasing more, which can
be seen comparing 100 Hz to 400 Hz sample F . Sample F has a peak of 1.04 at 100
Hz and 1.12 at 400 Hz.

Confirming what has been noticed before is that at higher B levels, the degradation
plateaus and for 100 Hz is close to 1, meaning same measured H for both samples.

(a) Hx
deg vs Bref at 100 Hz. (b) Hx

deg vs Bref at 400 Hz.

Figure 6.14: Hx
deg for different frequencies. Where A-F is steel samples.

The same degradation pattern can be seen in Figure 6.15, where the intensity is
the degradation. Around 1.2 T, the color is very consistent and dark meaning no
difference between the samples. The degradation max is now at the widest sample,
just as mentioned above, and the degradation is decreasing as the distance gets
closer to the CE.
Lastly the maximum degradation comparing sample to sample can be seen in Table
6.10. Here, same as before, the maximum degradation for each sample, frequency
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(a) CE vs B at 100 Hz. (b) CE vs B at 400 Hz.

Figure 6.15: Hx
deg is intensity for different frequencies.

and at what specific B level can be seen. In the table, it can be noticed that the
degradation is increasing as fundamental frequency is increasing. This is due to the
Fha is decreasing and the harmonic content is appearing at closer to the fundamen-
tal. This is reducing the performance of the PWM and leading to an increase of
degradation comparing sample to sample.

Another point from the table, around 0.1 T the measurement did not seem very
reasonable due to control limits, so this point may be disregarded.

Table 6.10: Epstein Hdeg max at different samples Hx over Hx.

f [Hz] A: Hmax
deg B: Hmax

deg C: Hmax
deg D: Hmax

deg E: Hmax
deg F: Hmax

deg

50 1.07 @ 0.7T 1.04 @ 0.7T 1.05 @ 0.8T 1.04 @ 0.8T 1.03 @ 0.8T 1.03 @ 0.8T
100 1.14 @ 1.7T 1.09 @ 1.7T 1.08 @ 1.7T 1.07 @ 1.7T 1.06 @ 1.7T 1.05 @ 1.7T
200 1.22 @ 0.8T 1.14 @ 0.8T 1.13 @ 0.8T 1.1 @ 0.8T 1.08 @ 0.8T 1.08 @ 0.7T
400 1.36 @ 0.8T 1.23 @ 0.8T 1.2 @ 0.7T 1.16 @ 0.7T 1.13 @ 0.7T 1.12 @ 0.7T
700 1.51 @ 0.8T 1.33 @ 0.8T 1.29 @ 0.8T 1.24 @ 0.7T 1.2 @ 0.8T 1.19 @ 0.7T
1000 1.55 @ 0.7T 1.34 @ 0.7T 1.31 @ 0.7T 1.25 @ 0.7T 1.21 @ 0.7T 1.19 @ 0.7T
2500 1.76 @ 0.8T 1.53 @ 0.8T 1.44 @ 0.8T 1.36 @ 0.7T 1.27 @ 0.8T 1.25 @ 0.7T
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6.1.2 Specific Power Loss Degradation
Same as the H degradation, the Ps degradation is divided in three sections, com-
paring with PWM as reference, with sinusoidal as reference, and comparing sample
to sample. Starting with the PWM as reference.

6.1.2.1 With PWM Sample A as Reference

For degradation with PWM signal as reference the degradation was calculated as

PsP W M
deg = PsP W M(x)

PsP W M(A) (6.4)

where PsP W M
deg is the degradation, and x is measured sample A to F . Starting with

the measured specific power loss, which can be seen in Figure 6.16. The power loss
increase can be noticed quite easily comparing the PWM and sinusoidal, with PWM
having drastically larger losses. Which was to be expected, since the switching intro-
duced the minor loops and also increased the eddy currents in the material, higher
losses was to be expected.

(a) PsMeasured vs Bref at 50 Hz, Dashed:
PWM, Solid: Sinusoidal.

(b) PsMeasured vs Bref at 100 Hz, Dashed:
PWM, Solid: Sinusoidal.

Figure 6.16: Ps loss for different cut samples and frequency, comparing PWM
losses with Sinusoidal.

Then starting to look at the PsP W M
deg in Figure 6.17, first thing to notice is that

the PWM degradation compared to its own reference is actually lower compared
to the sinusoidal reference. This is the same as for the HP W M

deg , this is could be
meaning that due to the switching content from the PWM, the material is reaching
some sort of degradation saturation, meaning it cannot keep the same degradation
when under more magnetic field strength at different harmonics. Another thought
could be that the same as for the higher fundamental frequencies with the sinusoidal
measurement, the skin effect due to the switching in the PWM leads to skin effect
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which uses the material more even though its degraded.

(a) PsP W M
deg vs Bref at 50 Hz, Dashed:

PWM, Solid: Sinusoidal.
(b) PsP W M

deg vs Bref at 100 Hz, Dashed:
PWM, Solid: Sinusoidal.

Figure 6.17: Ps degradation for different cut samples and frequency, comparing
PWM losses with Sinusoidal.

Looking at the degradation at distance from CE, the same conclusions can be drawn.
With the lower degradation for the PWM compared to sinusoidal degradation. The
degradation does seem to have some sort of linear increase as distance from CE is
decreasing. It has the same peak as for the sinusoidal as well, around 0.3 T. The
degradation from cut edge here could be used to create some model that could be
implemented into the FEM program.

Figure 6.18: Psdeg vs mm from cut edge at 400 Hz, for different B levels.

In Table 6.11 the maximum degradation for the different samples, fundamental fre-
quencies and at what specific B level can be seen. When comparing to PWM as
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reference, the maximum degradation seems to be happening at lower fundamental
frequencies, except for 1000 Hz. This is an interesting analysis since the degradation
is reducing after 1000 Hz.

There is two key factors to this degradation pattern, first is that the PWM effect
does seem to have some peak of loss around Fha = 10-15, this is due to the increase
in ripple and minor loops. This will be seen in the coming section where the effect
of different Fha is analyzed.

The second factor is that since the fs is kept constant, this is changing the Fha and
leading to an even Fha for some of the fundamental frequencies. When Fha is an
odd integer, it will create and odd symmetry in the signal as well as a half-wave
symmetry and then only odd harmonics will be present in the frequency spectrum,
and thereby lower losses. So when when Fha is an even integer it will loose these
qualities and thereby an increase of losses.

The measurement at very high B levels have been questioned here as well. Analyz-
ing the points above 1.1 T, the controller does not seem to be able to control the B
to a sinusoidal fundamental and larger harmonics are introduced.

Another point in the table is that for some of the measurements the sample E has
larger degradation compared to sample F . This is due to that the sample F is so
narrow that after some point the material is seen as air.

Table 6.11: Epstein Psdeg max and at what B level. For different samples and
frequencies with PWM reference.

f [Hz] B: Psmax
deg C: Psmax

deg D: Psmax
deg E: Psmax

deg F: Psmax
deg

50 1.23 @ 0.3 T 1.28 @ 0.3 T 1.31 @ 0.3 T 1.31 @ 0.3 T 1.3 @ 0.3 T
100 1.2 @ 0.3 T 1.24 @ 0.3 T 1.27 @ 0.3 T 1.27 @ 0.3 T 1.25 @ 0.3 T
200 1.18 @ 0.3 T 1.22 @ 0.3 T 1.25 @ 0.3 T 1.24 @ 0.3 T 1.23 @ 0.3 T
400 1.22 @ 0.3 T 1.28 @ 0.3 T 1.32 @ 0.3 T 1.33 @ 0.4 T 1.32 @ 0.4 T
700 1.2 @ 0.3 T 1.26 @ 0.3 T 1.29 @ 0.3 T 1.31 @ 0.4 T 1.32 @ 1.1 T
1000 1.18 @ 0.3 T 1.26 @ 0.3 T 1.33 @ 1.1 T 1.42 @ 1.1 T 1.48 @ 1.1 T
2500 1.2 @ 0.3 T 1.27 @ 0.3 T 1.34 @ 0.3 T 1.38 @ 0.3 T 1.38 @ 0.3 T

From the table, disregarding the points at 1000 Hz, it can also be seen that the
degradation spread is closer compared Hdeg, with only varying between 1.23 and
1.38 times the reference sample. This can also be seen in Figure 6.19, where the
degradation is viewed at distance from CE over different fundamental frequencies.
The intensity of the degradation can be seen more evenly spread here.
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(a) PsP W M
deg vs Distance from CE at 0.3

T.
(b) PsP W M

deg vs Distance from CE at 0.7
T.

Figure 6.19: PsP W M
deg degradation for different cut samples and frequency.
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6.1.2.2 With Sinusoidal Sample A as Reference

Second comparison is with the sinusoidal measurement of sample A as reference.
Using this will lead to a degradation calculated as following,

PsSine
deg = PsP W M(x)

PsSine(A) (6.5)

where PsSine
deg , and x is the different steel samples A to F . The degradation can be

seen in Figure 6.20, where in the left side of the figure the degradation for PWM
does look quite different now, with a peak around 1.1 T and then coming to some
sort of plateau around 1.5 T.

The right side of the figure is showing the degradation at distance from CE com-
pared over different fundamental frequencies. Here the changing of Fha is very
prominent since the largest degradation is happening around 1000 Hz. This is again
due to the even harmonic and lower order harmonic.

(a) PsSine
deg vs B for fundamental f of 100

Hz.
(b) Distance from CE vs f where PsSine

deg

is intensity at 0.7 T.

Figure 6.20: PsSine
deg degradation for different samples, and for compared over

different fundamental frequencies.

Turning the view around and looking at the degradation over distance from cut edge
instead, the same linear degradation can be seen, but this time with an offset due
to the increase of minor loop losses. Using the different degradation here could be
used as a model when implementing the degradation in FEM simulations.

In Table 6.12, the maximum degradation for each sample, frequency and specific
B level can be seen. The maximum degradation can be seen around 1000 Hz, and
1.1 T. The degradation here is 3.51 which is a significant increase in iron loss. The
increase iron loss was to be expected due to the increase in ripple in the B and H.

In Figure 6.22 and Figure 6.23 the hysteresis loops for sinusoidal excitation and
PWM excitation can be seen. Here it can be noticed that the minor loops are in-
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Figure 6.21: PsSine
deg vs mm from cut edge at 100 Hz, for different B levels.

Table 6.12: Epstein PsSine
deg max at different samples with as Sine reference, and

at what specific B level.

f [Hz] A: Psmax
deg B: Psmax

deg C: Psmax
deg D: Psmax

deg E: Psmax
deg F: Psmax

deg

50 1.71 @ 1.1T 1.9 @ 1.1T 1.95 @ 1.0T 1.98 @ 1.0T 1.98 @ 1.0T 1.97 @ 1.0T
100 2.17 @ 1.1T 2.41 @ 1.1T 2.45 @ 1.1T 2.49 @ 1.1T 2.49 @ 1.1T 2.47 @ 1.0T
200 2.64 @ 1.1T 2.9 @ 1.1T 2.96 @ 1.0T 3.01 @ 1.0T 3.01 @ 1.0T 3.02 @ 1.0T
400 2.25 @ 1.1T 2.56 @ 1.1T 2.68 @ 1.1T 2.8 @ 1.1T 2.88 @ 1.1T 2.92 @ 1.1T
700 2.34 @ 1.1T 2.67 @ 1.1T 2.8 @ 1.1T 2.94 @ 1.1T 3.03 @ 1.1T 3.08 @ 1.1T
1000 2.37 @ 1.1T 2.73 @ 1.1T 2.92 @ 1.1T 3.16 @ 1.1T 3.36 @ 1.1T 3.51 @ 1.1T
2500 1.88 @ 1.1T 2.13 @ 1.1T 2.26 @ 1.1T 2.41 @ 1.1T 2.47 @ 1.1T 2.53 @ 1.1T

creasing as the fundamental frequency is increasing. The result of this changing
Fha will be analyzed in the next section.
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(a) Hysteresis loop for sinusoidal excita-
tion at 0.7 T and 100 Hz.

(b) Hysteresis loop for PWM excitation
at 0.7 T and 100 Hz.

Figure 6.22: Hysteresis loop for sinusoidal and PWM excitation, for different
samples A to F .

(a) Hysteresis loop for sinusoidal excita-
tion at 0.7 T and 400 Hz.

(b) Hysteresis loop for PWM excitation
at 0.7 T and 400 Hz.

Figure 6.23: Hysteresis loop for sinusoidal and PWM excitation, for different
samples A to F .

93



6. Cut Effects with PWM Excitation

6.1.2.3 Comparing PWM Sample with Sinusoidal Sample

The last comparison for the power loss degradation with PWM excitation is the
sample to sample comparison. The degradation can be calculated as,

Ps(x)deg = PsP W M(x)
PsSine(x) (6.6)

where Ps(x)deg is the degradation from sample to sample. In Figure 6.24, the
Ps(x)deg can be seen for different B levels to the left and compared at different dis-
tance from CE to the right. A key point here is that the largest difference for sample
A, and lower as sample width is decreasing. This would mean that the degradation
effect is lowered as the PWM is introduced. This is the same conclusion as for the
H(x)deg.

(a) Hysteresis loop for sinusoidal excita-
tion at 0.7 T and 400 Hz.

(b) Hysteresis loop for sinusoidal excita-
tion at 0.7 T and 400 Hz.

Figure 6.24: Hysteresis loop for sinusoidal and PWM excitation, for different
samples A to F .

Same as for the other degradation’s, Table 6.13 is a summarized table with the
maximum degradation for the different samples. At lower fundamental frequencies
largest degradation is at sample A. But as fundamental frequencies is increasing
and the Fha is decreasing and the degradation is shifting to being more affected
and higher at more narrow samples.
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Table 6.13: Epstein Ps(x)deg max for different samples, frequencies and at each
specific B level.

f [Hz] A: P max
deg B: P max

deg C: P max
deg D: P max

deg E: P max
deg F: P max

deg

50 1.71 @ 1.0T 1.66 @ 1.0T 1.65 @ 1.0T 1.64 @ 1.0T 1.63 @ 1.0T 1.62 @ 1.0T
100 2.17 @ 1.8T 2.09 @ 1.8T 2.07 @ 1.8T 2.06 @ 1.8T 2.05 @ 1.8T 2.04 @ 1.8T
200 2.64 @ 1.0T 2.47 @ 1.0T 2.42 @ 1.0T 2.36 @ 1.0T 2.33 @ 1.0T 2.3 @ 0.9T
400 2.41 @ 1.3T 2.45 @ 1.3T 2.53 @ 1.3T 2.65 @ 1.3T 2.62 @ 1.3T 2.79 @ 1.3T
700 2.52 @ 1.3T 2.53 @ 1.3T 2.56 @ 1.3T 2.63 @ 1.3T 2.61 @ 1.3T 2.71 @ 1.3T
1000 2.45 @ 1.1T 2.52 @ 1.1T 2.61 @ 1.1T 2.73 @ 1.1T 2.79 @ 1.1T 2.95 @ 1.1T
2500 1.97 @ 1.1T 2.03 @ 1.1T 2.09 @ 1.1T 2.13 @ 1.1T 2.09 @ 1.1T 2.13 @ 1.1T
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6.2 Effects of Changing Fha

As mentioned before, in EM’s there is usually a constant switching frequency and
therefore the Fha is changing with our machine increasing speed. The tests before
had that constant switching frequency, but the fundamental was changing as well
so to be able to see the impact of only changing Fha this test was performed.

The test was performed for two different fundamental frequencies, 50 Hz and 400
Hz, to confirm the changes. The 400 Hz had 6 different Fha points but ranging over
B values from 0.3 T to 1.1 T.

The 50 Hz measurement had all odd Fha between 1 and 49 to get a more detailed
resolution for Fha, but the measurement was only performed at 0.7 T.

6.2.1 Effects of Fha at 400 Hz
Starting with the 400 Hz measurement, as mentioned before the controller sets the
peak value of the desired signal, in this case B. For each of the different steel sam-
ples, the FFT of the B is almost identical. This means that as the steel samples
width is decreasing and is more affected by the degradation in the material, the
increase in H is still resulting in same B. Since it is the B that is controlled by the
controller, the very similar B is expected for all steel samples, and what is changing
is the H.

Figure 6.25: FFT of B = 1.1 T, for different Fha, where the legend in each figure
shows the Fha number.

The FFT of B in Figure 6.25 is for a peak value of 1.1 T. To achieve this B, the
H applied across the samples can be seen in Figure 6.26, here the signal is in time
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domain. What can be seen in this figure is that as Fha is increasing, the number
of ripples is increasing but the amplitude in ripple is decreasing, as explained in
Section 4.5. Here the interesting point is the different degradation at fundamental
versus at switching frequency for the different steel samples.

Figure 6.26: Time domain of H = 1.1 T, for different Fha, where the legend in
each figure shows the Fha number.

This can be analyzed looking at the FFT of the H for this point. The FFT can
be seen for the different Fha in Figure 6.27. Focusing on the fundamental content,
which is the largest peak, and the switching harmonic content which is the Fha
multiplied with the fundamental frequency, in this case 400 Hz.

First, the switching harmonic content can be seen moving higher in frequency as
Fha is increasing. Second, as the Fha is increasing, the amount of harmonic content
is lowered at fs and increased at f1. For Fha 5 the fundamental content is around
700 A/m, while for Fha 50 the content is around 1100 A/m.

Zooming in on the fundamental frequency content, in Figure 6.28, to analyze the
degradation, it can be seen that the degradation is changing as Fha is changing.
This seems to align with as for the sinusoidal degradation, the degradation is de-
pendent on how much B and at what frequency content.

Same for the switching frequency harmonic content, in Figure 6.29 it is zoomed
around this harmonic content. What can be noticed in this figure is that Fha 5
has the highest amount of degradation, and degradation is decreasing as Fha is
increasing.

This is summarized in Table 6.14, where a few different observations have been
noted. First, B1, which is the fundamental flux density content, second H1x/H1A
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Figure 6.27: FFT of H = 1.1 T, for different Fha, where the legend in each figure
shows the Fha number.

Figure 6.28: FFT of H = 1.1 T, for different Fha, zoomed around fundamental,
where the legend in each figure shows the Fha number.

which is the H degradation at the fundamental frequency. Third, Bs, which is the
switching frequency flux density content. Fourth, Hsx/HsA, which is the H degrada-
tion at the switching frequency, and fifth, Hsx/H1x, which is the amount of harmonic
content at the switching frequency compared to its own sample fundamental content.

Table 6.14, show that for a peak value of 1.1 T, the fundamental B1 is increasing
as Fha is increasing. If applying same logic as for the sinusoidal excitation, then
depending on B the degradation should increase as well. This is true until Fha 25,
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Figure 6.29: FFT of H = 1.1 T, for different Fha, zoomed around switching
frequency.

then at Fha 50, the degradation is actually decreasing again. Probably this is due
to that it is not only fundamental flux in the material but there is the harmonic flux
as well which is effecting the degradation.

For the degradation at fs, it can be noted that it is decreasing as the Fha is increas-
ing, with the highest at Fha 5. It can also be noted that the Bs is decreasing as
Fha is increasing, so this correlation can be seen that the degradation is dependent
on the B level.

Another interesting observation is that the harmonic content compared to its own
fundamental, Hsx/H1x, is always highest for sample A. Since the degradation at the
f1 is larger than degradation at fs, the content at fs is actually decreasing compared
to its own fundamental as sample width is decreasing.

Instead, looking at the power loss effect for different Fha, in Figure 6.30 the hys-
teresis loop can be seen for the different Fha at 1.1 T. This is also compared to the
sinusoidal same measurement, and the power loss is written in the figure.

The figure shows that power loss is almost double the loss compared to the sinu-
soidal measurement in most Fha. But an interesting observation is that the PWM
losses is actually increasing from Fha 5 until 15, and then decreasing again. This
means that as number of loops are increasing by the increase of Fha, the losses
are increasing, but then at some point, as the number of loops increase they also
decrease in size. This happens after Fha 15, and then losses are decreasing.
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Table 6.14: Flux density at switching frequency, fundamental degradation
component, switching harmonic degradation component, and how large switching

harmonic is compared to fundamental. At 1.1T and different Fha.

A B C D E F

FHA5, B1[T] 0.74 0.74 0.74 0.75 0.74 0.75
FHA5, H1x/H1A 1.0 1.73 2.12 2.62 3.08 3.36
FHA5, Bs[T] 0.3 0.3 0.3 0.3 0.29 0.3
FHA5, Hsx/HsA 1.0 1.41 1.63 1.93 2.19 2.38
FHA5, Hsx/H1x 0.79 0.64 0.61 0.58 0.56 0.56
FHA9, B1[T] 0.88 0.88 0.88 0.88 0.88 0.89
FHA9, H1x/H1A 1.0 1.75 2.15 2.68 3.18 3.47
FHA9, Bs[T] 0.19 0.19 0.19 0.19 0.19 0.19
FHA9, Hsx/HsA 1.0 1.3 1.44 1.65 1.81 1.95
FHA9, Hsx/H1x 0.65 0.48 0.44 0.4 0.37 0.37
FHA15, B1[T] 0.97 0.97 0.97 0.98 0.97 0.98
FHA15, H1x/H1A 1.0 1.74 2.15 2.69 3.21 3.52
FHA15, Bs[T] 0.12 0.12 0.12 0.12 0.12 0.12
FHA15, Hsx/HsA 1.0 1.25 1.38 1.54 1.66 1.8
FHA15, Hsx/H1x 0.55 0.4 0.35 0.32 0.28 0.28
FHA21, B1[T] 1.02 1.02 1.02 1.03 1.02 1.03
FHA21, H1x/H1A 1.0 1.74 2.14 2.68 3.2 3.53
FHA21, Bs[T] 0.08 0.08 0.08 0.08 0.08 0.08
FHA21, Hsx/HsA 1.0 1.22 1.33 1.47 1.55 1.66
FHA21, Hsx/H1x 0.5 0.35 0.31 0.28 0.24 0.24
FHA25, B1[T] 1.03 1.04 1.04 1.05 1.04 1.05
FHA25, H1x/H1A 1.0 1.74 2.13 2.67 3.19 3.53
FHA25, Bs[T] 0.07 0.07 0.07 0.07 0.07 0.07
FHA25, Hsx/HsA 1.0 1.22 1.33 1.47 1.54 1.67
FHA25, Hsx/H1x 0.45 0.31 0.28 0.25 0.22 0.21
FHA50, B1[T] 1.09 1.09 1.09 1.1 1.09 1.1
FHA50, H1x/H1A 1.0 1.71 2.09 2.63 3.09 3.44
FHA50, Bs[T] 0.03 0.03 0.03 0.03 0.03 0.03
FHA50, Hsx/HsA 1.0 1.17 1.25 1.36 1.4 1.5
FHA50, Hsx/H1x 0.26 0.18 0.16 0.13 0.12 0.11

This same thing can be viewed in Figure 6.31, where both the loss for sample A as
Fha is changing can be seen, as well as the loss for all samples for 1.1 T. Here the
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Figure 6.30: Hysteresis loop for different Fha at 1.1 T. This compared to sinusoidal
hysteresis loop at 1.1 T. Solid: PWM, dashed: Sinusoidal.

peak loss is easily seen at Fha 15. Another interesting observation is that the power
loss degradation stays very similar over all Fha, its linear but with different peak
degradation. This will be seen in the next section, where more points of Fha has
been measured to get a better resolution.

(a) Specific power loss for different Fha
and sample A, measured at 400 Hz.

(b) Specific power loss vs Fha, at B 1.1
T. The peak is at 15 Fha.

Figure 6.31: The impact of different Fha on specific power loss.
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6.2.2 Effects of Fha at 50 Hz
The second measurement to analyze the effect from changing Fha was measured at
50 Hz and 0.7 T as described earlier. The number of Fha measured was all odd
values between 1 and 49. The measured data was analyzed in frequency domain,
time domain, and the time averaged values. Notice that when Fha is equal to 1,
the amplifier signal is a square wave.

Starting by looking at the hysteresis loop for the different Fha levels, which can be
seen in Figure 6.32. In the figure the calculated power loss can also be seen, this
was calculated by (2.4), taking the surface integral over the hysteresis loop. Since
its hard to analyze the degradation here in the hysteresis loop, the time averaged
values were investigated as well.

Figure 6.32: Hysteresis loop for different Fha at 0.7 T. For different samples A to
F .

The measured H value for each of the Fha as well as the calculated H degradation
can be seen in Figure 6.33. Looking at the measured H first, it can be seen that to
reach the same B value, the square wave, or Fha 1, needs the lowest amount of H.
It also seems like as Fha is increasing, the H value looks very similar.

Looking at the H degradation instead then, using the peak values, it can be noticed
that for all the Fha values, the degradation looks very similar, an exponential func-
tion. It can also be seen that the degradation is very similar to each other. By only
looking at the maximum degradation for all Fha, the largest maximum degradation
is for Fha 1 and its around 3.2. The smallest maximum degradation happens at
Fha 31 and is about 3.07. So the spread fairly close to one another.

The impact of the Fha seems to have lower impact compared to changing the fun-
damental. What should be remembered here is that the degradation here is only
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compared to itself and not to sinusoidal, and also its using the peaks values. The
lowest H value is actually for Fha 1, but this is where the degradation is at its max
as well due to this larger fundamental signal.

(a) H vs Fha for different samples A to
F . Measured at 50 Hz.

(b) H degradation vs distance from CE
for different Fha. Measured at 50 Hz.

Figure 6.33: Impact of different Fha on magnetic field strength.

The same comparison was done for measuring the specific power losses, which can
be seen in Figure 6.34. Here loss for different Fha can be seen to the left, and loss
degradation for different Fha to the right. Compared to the H, the Ps changes
quite drastically over the Fha. Seeing the lowest losses at Fha 1, since its a square
wave and no minor loops are introduced. Then increasing and having some sort of
knee point around Fha 9. After this point the peak losses actually happens around
Fha 15 and then decreasing losses as Fha increases.

Looking at the degradation instead, same as the H degradation, its very similar for
all Fha. Looking again at the maximum degradation points, the largest maximum
degradation happens at Fha 1, which is the square wave and the degradation is
1.377. The smallest maximum degradation happens at Fha 49 and is 1.322. From
largest to smallest maximum its 0.055 which is quite small difference. The degrada-
tion doesn’t seem to change its shape, and looks quite linear.
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(a) Ps vs Fha for different samples A to
F . Measured at 50 Hz.

(b) Ps degradation vs distance from CE
for different Fha. Measured at 50 Hz.

Figure 6.34: Impact of different Fha on specific power loss.
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6.3 Effects of Changing V r

The last measurement that was done was to compare the effects of a changing V r.
As mentioned earlier, controlling EM’s with the PWM signal the V r will change de-
pending on the speed and load of the machine. Therefore, there is an interest to see
what the impact of changing V r has on the degradation of its magnetic properties.

The measurement was completed at V r from 1 to 2.25 with steps of 0.05. The Fha
is kept at a constant 49. All measured at 50 Hz and 0.7 T. At V r equal to 1 means
that the PWM is in full modulation, and as V r is increasing, it is going toward
normal modulation. The effect of over modulation was skipped due to time limit.

Starting with looking at the hysteresis loop of the measurement, where some of the
different cases with various V r values can be seen in Figure 6.34. Since Fha is
kept constant, the number of loops is always the same. What is changing as V r is
increasing is the depth of the minor loops, so thereby larger V r means more losses
due to more area under the hysteresis loop.

Figure 6.35: Hysteresis loop for different V r at 0.7 T. For different samples A to
F .

Looking at the peak values instead, starting with H in Figure 6.36, where the H
can be seen for different V r to the left, and to the right the H degradation for the
different V r can be seen. Noticing once again that the H degradation looks very
similar for each V r. With the largest maximum degradation at V r equal to 1, with
3.17 degradation, and the smallest maximum degradation of 3.06 at V r equal to
2.15. So here the degradation is actually lowering as the V r is increasing.

The values of degradation is very similar though and not as drastic as changing
fundamental frequency. Looking at the H values, it can be seen that the highest H
is at max V r, and lowest H at lowest V r. It also looks as a quite linear increase of
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H depending on V r.

(a) H vs V r for different samples A to F .
Measured at 50 Hz.

(b) H degradation vs distance from CE
for different V r. Measured at 50 Hz.

Figure 6.36: Impact of different V r on magnetic field strength.

The measurement of specific power loss, and degradation, which can be seen in Fig-
ure 6.37. This has very similar trend to the H, the power loss is increasing as V r is
increasing, this due to the increase of size of the minor loops. And the degradation
is largest at V r equal to 1 with Pdeg of 1.35, while lowest maximum degradation of
1.317 at V r equal to 2.15. Once again the degradation looks very similar and has a
linear increase.

(a) Ps vs V r for different samples A to
F . Measured at 50 Hz.

(b) Ps degradation vs distance from CE
for different V r. Measured at 50 Hz.

Figure 6.37: Impact of different V r on specific power loss.

The changing of V r and Fha does effect the degradation, but not as severe as the
fundamental changing of B and f . The more fundamental part the higher degrada-
tion, which can be seen both for the V r and Fha, since it had the most degradation
when it was a square wave and normal modulation which is closer to a square wave.
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The discussions and conclusions from all the measurements will be presented even
further in the coming chapters.
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7
Comparing losses in FEM based

simulations

7.1 Model of PMSM
To get an idea of the total impact from the laser cut degradation in an electrical
machine a FEM based simulation was performed. The designed machine parameters
can be seen in Table 7.1.

Table 7.1: PMSM Machine parameters.

Variable Value Unit
Number of pole pairs 4 n

Number of slots 48 n
Number of parallel branches 4 n

Number of conductor per winding 9 n
Yoke outer diameter 213.15 mm
Yoke inner diameter 52.5 mm

Stator inner diameter 141.75 mm
Rotor outer diameter 140.175 mm

Air gap length 0.79 mm
Active length 138 mm
Iron material NO25-1350H N/A
DC voltage 400.0 V

Peak phase current 400.0 A
Base speed 3000.0 RPM
Peak torque 321.6 Nm

To implement some sort of cut degradation model, the EM was designed with lay-
ers from the cut edge in the machine, where different material properties could be
assigned. There was 6 layers created from the cut edge, each layer having different
width, all the way up to a total of 2 mm distance from the edge. The 7th layer, was
the main part of the core with non degraded material. This can be seen in Figure 7.1.
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(a) PMSM Model in Ansys Maxwell.
(b) Zoomed in layers for cut edge
model.

Figure 7.1: The PMSM model in Ansys Maxwell.

Since the highest degradation is happening closest to the cut edge, the width is
designed to be most narrow there and then increasing for each layer. The different
layer widths can be seen in Table 7.2.

Table 7.2: Layer width for cut degradation model.

Layer No. 1 2 3 4 5 6
Layer Width [mm] 0.1 0.1 0.2 0.3 0.5 0.8

The material in the EM is based on the non-degraded material, meaning the mea-
sured sample of sinusoidal excitation in Epstein Frame sample A. From the measured
BH and Ps curves, the materials properties was calculated.

The degradation model is only implemented in the stator, to be able to only focus
on the impact of the losses in the stator. Further development could be performed
to see the whole impact of cut effect on stator and rotor in future studies.

Due to time limitations and complexity, the PWM degradation was performed with
sinusoidal current excitation but with the PWM degradation model. The complex-
ity of PWM excitation in FEM would take more time than allowed in this thesis
work. The measured PWM degradation model is however implemented to see the
impact from the PWM measurements.

7.2 Implementation of Degradation Models
To implement the degradation in the FEM simulation, some sort of model of degra-
dation at specific CE distance was desired. This was implemented both for the
sinusoidal degradation as well as for the non-sinusoidal degradation.

From the layers created in Table 7.2, the degraded material was implemented at the
center of each layer. These layers could then be translated to the distance from CE
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as in Table 7.3.

Table 7.3: FEM layers as distance from CE.

Layer No. 1 2 3 4 5 6
Distance from CE [mm] 0.05 0.15 0.3 0.55 0.95 1.6

These distances in Table 7.3 are the distances that the degradation model would be
implemented at.

7.2.1 Implementation of Sinusoidal Degradation
To implement the degradation in the FEM simulation, the degradation calculated
as distance from CE as in Figure 5.4 for Hdeg and Figure 5.13 for Pdeg. From these
figures, the degradation models can be curve fitted to each B level to calculate the
increase at that specific distance from CE. The two degradation models used here
is

HSine
degmod(B) = 1 + b · e−x·c (7.1)

where HSine
degmod is the degradation model for H, x is distance from CE in mm, b and

c are fitting coefficients. For the P model,

P Sine
degmod(B) = m · x + (1 − 7.5 · m) (7.2)

is used, where P Sine
degmod is the degradation model, x is distance from CE in mm, m

is fitting coefficient, 7.5 is from the reference sample A to set no degradation at
7.5mm. The two degradation models for sinusoidal degradation can be seen for a
specific B level in Figure 7.2. The model is a simplification to test the degradation
in the FEM simulations.

Applying these models as the same distances from the CE as the samples B to E,
to test the accuracy of the model, can be seen in Figure 7.3. The distances closer
to the CE has better accuracy compared to the ones further away, this can also be
seen in Figure 7.2, where there is larger deviation at higher distances.

Looking at the difference between the measured and modelled degradation can be
seen in Figure 7.4, here the max difference is around 7% for sample B and about
4% for sample E.

Applying the layer distances from Table 7.3 in (7.1) and (7.2), resulted in the degra-
dation models in the left side of Figure 7.5 and Figure 7.6.

From the degradation at the different distances, by multiplying the degradation with
the non degraded materials power losses and virgin BH curves, one would achieve
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(a) Power loss degradation and model. (b) H degradation and model.

Figure 7.2: Degradation models for 0.8 T and 100 Hz, same implementation used
for all B and frequencies.

Figure 7.3: Hdeg for different distances from CE, Upper left: Sample B, Upper
right: Sample C, Lower left: Sample D, Lower right: Sample E

the parameters that would be implemented in the FEM simulation. The Specific
power losses that will be implemented at the different layers can be seen in the right
side of Figure 7.5. The magnetic field strength for different flux densities that will
be implemented in the layers can be seen in the right side of Figure 7.6.
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Figure 7.4: Difference from measured and model for different distances from CE,
Upper left: Sample B, Upper right: Sample C, Lower left: Sample D, Lower right:
Sample E

(a) Ps degradation model at different dis-
tances for 50 Hz.

(b) Power losses at different distances for
50 Hz.

Figure 7.5: Power loss degradation and Power losses from the applied loss model.
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(a) H degradation model at different dis-
tances for 50 Hz.

(b) BH curves at different distances for
50 Hz.

Figure 7.6: Magnetic field strength degradation and Power losses from the applied
loss model.
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7.2.2 Implementation of PWM Degradation
As mentioned earlier in this chapter, the PWM simulation was performed with sinu-
soidal current excitation. The PWM degradation however was based on the PWM
measurements and compared to the sinusoidal reference sample A to include the
degradation both from the laser cut, as well as the PWM excitation during mea-
surements.

Starting with the magnetic field strength degradation, which was curve fitted using

HP W M
degmod(B) = a + b · e−x·c (7.3)

where HP W M
degmod(B) is the degradation model for different B levels, x is the distance

from cut edge, and a, b, c are fitting coefficients. The difference from the sinusoidal
degradation is the extra fitting coefficient a which is the offset due to the PWM
measurement.

The degradation for the iron losses was curve fitted using

P P W M
degmod(B) = m · x + (s − 7.5 · m) (7.4)

where P P W M
degmod(B) is the model for degradation for different B, m is the slope of the

degradation, and s is the new coefficient regarding the offset at the non degraded
material.

The HP W M
degmod was implemented on the different fundamental frequencies that was

desired to be tested in the FEM simulation, and one of the resulting fittings can be
seen in Figure 7.7. In this figure the different BH curves for the distances that was
implemented in the FEM simulation can be seen.

(a) H degradation and model. (b) Fitted BH curves at desired distances.

Figure 7.7: Degradation model for H, and resulting BH curves at 50 Hz.

The same can be seen in Figure 7.8, where the different fitted power loss curves can
be seen for the desired distances. From these BH and Ps curves, the coefficients for
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the loss models was calculated and implemented. In the discussions chapter, the
complexity of the degradation model is discussed some, and some thoughts on how
to improve the simulations.

(a) Power loss degradation and model.
(b) Fitted Ps curves at different distances
for PWM degradation model at 50 Hz.

Figure 7.8: Degradation model for Ps, and resulting Ps curves at 50 Hz.
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7.3 FEM Simulations of PMSM
The FEM simulations was performed for six different fundamental frequencies, and
these six fundamental frequencies was performed on four different types of models.
The fundamental frequencies ranged from 50 Hz up to 1000 Hz.

First model was the non degraded PMSM with sinusoidal current excitation, second
was with degradation model implemented and sinusoidal current excitation. The
third simulation was for sinusoidal current excitation and PWM non degradation
model, and fourth and final model was sinusoidal current excitation with the PWM
degradation model implemented.

Each of the models and fundamental frequencies were simulated at half rated peak
current, 200 A.

7.3.1 Non-Degraded Material Simulation with Sinusoidal
Flux

The non degraded magnetic properties that was implemented in the FEM simula-
tion can be seen in Table 7.4 where the BH values are the measured values from
sample A with sinusoidal excitation.

The FEM simulation use the Bertotti’s loss model for calculating the k coefficients.
This is the same as in (2.15). The three different coefficients was first calculated so
that each would have some physical meaning, as in Chapter 2, but the model did
not fit using the same method.

So instead, first the kec is calculated as in (2.14), and then the two other was curve
fitted using the Bertotti loss model, as best could fit. This meant that in this case
does not have any physical meaning, but is only for curve fitting the measured loss
curves. The iron losses was then only looked at as the total iron losses and not each
specific sub category of losses, due to these coefficients. The calculated k coefficients
in W/m3 can be seen in Table 7.5.

Running the simulation for all the fundamental frequency points led to the summa-
rized result Table 7.6. Here fe is the electrical fundamental frequency, Ptransmitted

is the power calculated from the Torque and mechanical angular velocity, Pcore is
the iron losses in the machine, Pcopper is the copper losses from the winding’s, Tem

is the electro-mechanical torque, and η is the efficiency of the machine calculated
from losses and transmitted power.

In the table, the Pcopper can be seen as constant over all the frequencies, since its only
depending on the resistivity of the winding and the RMS current running through
it, since all tests are ran at half rated current this will stay constant.
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Table 7.4: BH values for reference sample A, measured under sinusoidal
excitation.

B[T] H(50Hz) H(100Hz) H(200Hz) H(400Hz) H(700Hz) H(1000Hz)
0.1 58.5 59.4 63.2 65.7 70.9 75.1
0.2 85.3 87.1 91.1 97.0 105.1 112.6
0.3 109.8 111.4 115.5 121.8 132.0 141.9
0.4 133.4 134.3 138.4 145.4 156.3 167.4
0.5 155.6 156.1 160.3 167.1 178.3 190.6
0.6 177.1 177.5 181.3 187.9 199.5 212.6
0.7 198.5 198.8 202.8 209.2 221.1 234.6
0.8 221.9 222.2 226.7 233.1 245.0 258.6
0.9 251.8 252.2 258.1 263.9 275.6 288.8
1 300.9 301.6 312.7 318.1 328.4 340.6

1.1 427.3 428.0 477.4 482.0 492.1 502.8
1.2 821.5 822.0 1190.4 1197.3 1205.4 1214.4
1.3 1601.9 1611.1 3095.9 3120.6 3114.7 3142.8
1.4 2660.3 2669.6 6343.8 6321.7 6294.4
1.5 3871.1 3876.6
1.6 5181.0 5193.8
1.7 6618.2 6585.0
1.8 8067.1 8043.2
1.9 9585.8 9584.6

Table 7.5: Bertotti loss coefficients for non degraded material.

Frequency [Hz] kh [W/m3] kec [W/m3] kex [W/m3]
50 3.352e-08 0.174 26.51
100 2.109e-15 0.174 21.05
200 74.23 0.174 14.20
400 66.82 0.174 12.94
700 72.15 0.174 11.62
1000 134.62 0.174 9.14

The results from this machine is to have something to compare to as a reference
case. The difference and increase/decrease will be compared to these results.
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Table 7.6: Summarized results from non degraded sinusoidal excitation.

fe [Hz] Ptransmitted [kW] Pcore [kW] Pcopper [kW] Tem [Nm] η [%]
50 12.54 0.08 1.38 159.61 88.31
100 25.05 0.19 1.38 159.5 93.72
200 48.18 0.41 1.38 153.35 96.27
400 96.12 1.07 1.38 152.97 97.44
700 167.6 2.34 1.38 152.43 97.78
1000 242.65 3.94 1.38 154.47 97.81

7.3.2 Degraded Material Simulation With Sinusoidal Flux
The degraded simulation was implemented as described in the earlier section, with
the values for BH from Figure 7.6 and the values for Ps from Figure 7.5. The same
fundamental frequencies were tested and at the same operating point. The values
for B, H, and Ps for the different layers can be seen in Appendix B.

One observation from the flux distribution is that for some stator teeth the flux
distribution can be seen pushed to the middle of the tooth due to the degradation
closer to the edge. Another observation is that for the stator teeth that is under
higher flux densities, such as 1.4-1.7 T, the flux actually still runs in the degraded
material, and this would cause an increase of iron losses.

In Table 7.7, the summarized results from all the different simulations can be seen.
Here, same as for the non degraded, the copper losses stay the same due to the cur-
rent point and resistivity of the winding’s. For the non degraded the efficiency was
increasing as fundamental frequency was increasing. Here the efficiency is increasing
until 700 Hz, then its reducing, due to an increase of iron losses and that torque is
reducing.

Table 7.7: Summarized results from degraded sinusoidal excitation.

fe [Hz] Ptransmitted [kW] Pcore [kW] Pcopper [kW] Tem [Nm] η [%]
50 12.24 0.07 1.38 155.87 88.09
100 24.46 0.17 1.38 155.74 93.63
200 45.92 0.42 1.38 146.18 96.06
400 91.04 1.1 1.38 144.9 97.27
700 158.77 2.46 1.38 144.4 97.58
1000 225.05 4.2 1.38 143.27 97.52

Comparing the two results instead, can be seen in Table 7.8, here the difference has
been calculated as
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difference = xdeg − xnondeg

xnondeg

(7.5)

where the x represents the different measurements, power, torque and losses. In the
table the copper losses are removed since they stayed the same for both simulations.

In the table, starting with losses, the losses are actually lower at 50 and 100 Hz,
with about 7-9 % decrease. But after 100 Hz, the losses start to increase compared
to the non degraded and has a maximum of 6.7 % increase at 1000 Hz. This is
a questionable result, since the degradation model is implemented it would be as-
sumed that the should be an increase of iron losses for all frequencies. This will be
discussed further in the discussion chapter.

Looking at the torque, the torque is lowered for all frequencies, with a maximum
decrease at 1000 Hz of 7 %. Since the transmitted power is calculated from the
torque the power has the same trend as the torque. With the degraded model, the
decrease of relative permeability, would push the flux more to the center, to avoid
using the lower permeability parts. Since simulation was performed with current
excitation and the current is kept at a constant setting, with the degradation, a
different magnetic flux distribution would happen in the EM due to this degrada-
tion. This change in B would result in a lower torque in this case. There is also a
feedback of the iron loss calculations in the FEM program which then calculates the
torque in each time step, since the iron losses increase the torque will then decrease
due to this feedback. To get an even better understanding, more points should be
investigated in the EM’s FEM simulation.

Table 7.8: Difference between non degraded and degraded results.

fe [Hz] Ptransmitted diff [%] Pcore diff [%] Tem diff [%] η diff [%]
50 -2.349 -9.513 -2.349 -0.218
100 -2.355 -7.798 -2.355 -0.091
200 -4.679 2.684 -4.679 -0.207
400 -5.279 2.682 -5.279 -0.174
700 -5.269 5.307 -5.269 -0.202
1000 -7.25 6.765 -7.25 -0.29

Looking at the efficiency, it has the highest difference at 1000 Hz, with a decrease
of 0.29%. This due to the lower torque and higher losses at 1000 Hz.
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7.3.3 Non-Degraded PWM Model Simulation
Same as for the sinusoidal current excitation, the k coefficients was calculated using
Bertotti’s model on the iron losses, here again the loss separation does not have any
physical meaning, but is mainly used to curve fit the loss model.

The BH curves from the measured PWM excitation was implemented as the non-
degraded material in the FEM simulation. The BH curves can be seen in Table 7.9,
where 4 different fundamental frequencies were implemented.

Table 7.9: BH values for reference sample A, measured under PWM excitation.

B[T] H(50Hz) H(100Hz) H(400Hz) H(700Hz)
0.1 60 64 80 87
0.2 88 94 117 133
0.3 115 121 150 172
0.4 140 147 181 207
0.5 163 172 211 242
0.6 187 197 241 277
0.7 211 223 274 314
0.8 237 252 311 357
0.9 270 288 359 412
1.0 322 344 433 494
1.1 452 476 598 662
1.2 840 851 1219 1239
1.3 1616 1623 3025 2952
1.4 2674 2670 6105 5981
1.5 3883 3881
1.6 5201 5191
1.7 6596 6592
1.8 8059 8056
1.9 9588

Since the PWM degradation model is performed with sinusoidal current excitation,
the main interesting parameter to investigate is the core losses. The torque is not
really applicable here since it will be different when running with PWM voltage
excitation. So here the main parameter that was analyzed was the core losses. In
Table 7.10 the result is summarized from the simulation, with the core losses for the
different fundamental frequencies.

Some of the simulation results here will be continued to be discussed in the discus-
sion chapter.
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Table 7.10: Summarized results from non-degraded sinusoidal excitation with
PWM degradation model.

fe [Hz] Pcore [kW]
50 0.21
100 1.03
400 1.93
700 4.25
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7.3.4 Degraded PWM Model Simulation
The PWM degradation model was implemented as in Section 7.2.2, resulting in the
following BH curves which can be found in Appendix E.

The flux density levels has risen even further and have a larger part of the rotor
at 2 T. The degradation model can be seen implemented in the stator teeth as the
flux gets pushed to the center of the tooth due to the degraded magnetic properties
closer to the edge. Once again if the flux runs in the degraded material that would
also lead to an increase of core losses.

In Table 7.11 the summarized result for the different fundamental frequencies can
be seen. The result here is similar to the sinusoidal simulation, where there is an
decrease of core losses at the lower frequencies, and an increase for the higher. The
main idea here was to try implement the degradation model from the measurements.
But the execution could have been performed better if there was more time allotted.

Table 7.11: Summarized results from degraded sinusoidal excitation with PWM
degradation model

fe [Hz] Pcore [kW]
50 0.13
100 0.53
400 2.14
700 4.86

In Table 7.12, the difference of iron losses between the degraded and non degraded
is summarized. Here that increase is easy to see for the lower frequencies and the
increase at higher. This will be discussed further in the discussion chapter.

Table 7.12: Difference between non degraded and degraded results with PWM
degradation model.

fe [Hz] Pcore diff [%]
50 -36.579
100 -48.429
400 10.423
700 14.36
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Discussion

8.1 Measurement Uncertainty and Complexity
The laser cutting degradation analysis with non sinusoidal flux density is a newer
field and a very complex one. As mentioned several times in this report the mea-
surement of the magnetic properties is determined by peak values, and properties
such as relative permeability is calculated from this.

With PWM harmonics are introduced both in H as well as B, thereby its hard to
compare the same degradation with pure sinusoidal measurements. The amount of
degrees of freedom to look at, the PWM degradation is also a complex problem.
Since in our machines the modulation index, modulation frequency index, funda-
mental frequency, flux density, and more is constantly changing. To create a perfect
model that represents all the changes is a difficult task.

Another problem with the PWM measurement was the uncertainty at low B levels,
such as 0.1 T to 0.3 T, for certain fundamental frequencies. Same for higher B levels
above 1.2 T, it is very important to verify each measured point in the raw data, and
this leads to a lot of data handling when handling multiple points, samples, and
frequencies.

For all the measurements in this thesis its important to take this measurement un-
certainty into consideration. The degradation pattern seems to be similar for all
fundamental frequencies, but the actual peak values could be different from reality.

Another interesting measurement observation was the changing of Fha, the con-
troller seemed to have problems regulating even numbers of Fha, so the result for
2500 Hz and 1000 Hz, where the Fha is 4 and 10, might have some uncertainty as
well. As Fha was increasing above 20, the controller seemed to have less issues.

The measurement equipment and amplifier does however have limitations. For elec-
trical machines, inverters are typically switched with frequencies of around 10 kHz.
The controller in the MPG software tries to always keep a perfect square PWM
shape, but higher switching frequency means that there is very high harmonic dur-
ing the switch between negative and positive polarity, this leads to over voltage
across the inductor due to its characteristic. The controller cannot control a perfect
voltage at the secondary side. So here its important to always analyze the time
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domain signals, and ensure that the measurement is still as desired.

8.2 Degradation Models

To create a degradation model is also a complex task. Several different methods
was tested to find some sort of degradation model. A method of using lumped pa-
rameters with reluctance was tested but not succeeded. This was also due to time
limitations in this thesis project, and maybe with more time a better degradation
model could have been achieved. As mentioned the degradation model in this thesis
was a simplified version to be able to implement in a FEM simulation to see the
effect on the total machine, and not just the steel.

Here the complexity of the harmonics was also an issue, since the relative perme-
ability degradation was calculated with the peak values, the degradation at the
fundamental and switching frequency was lumped together. Here some improve-
ments could be implemented and dive deeper into the degradation at the different
harmonic levels.

The power loss degradation and loss models is another complex problem. Starting
with the loss models, using the Bertotti’s model worked great for sinusoidal exci-
tation without any degradation. One issue with this was that a k coefficient was
calculated for each B level instead for each fundamental frequency. This could un-
fortunately not be implemented in the FEM program that was used, Ansys, and
the loss model was not as accurate. Here, with more time maybe this could be
implemented which could have resulted in better loss coefficients.

Another issue was the PWM losses, and specifically the effects of minor loops. To
get a good working loss model here would take quite some time so this was not in
the scope for the thesis. This would be an interesting investigation for future studies
to see which loss model would fit best here, and probably working in the time domain.

For the loss degradation model, this comes back to the uncertainty of the measure-
ments around certain B levels measured. Here more investigation is needed in future
studies.

As mentioned earlier, there is so many different degrees of freedom here, the problem
becomes very complex. There is impact of steel samples, fundamental frequencies,
Fha, V r, H degradation, Ps degradation, comparing between samples, comparing
between PWM and PWM, comparing between PWM and sinusoidal, and the list
goes on. Here the possibilities are endless to improve and find more degradation
models than what has been found in this thesis.
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8.3 FEM Simulations

The FEM simulations was performed to be able to have some sort of impact of the
degradation in the electrical steel in the complete EM. Since only one operating
point was completed at different fundamental frequencies, there is more work to be
done here. Just noticing how the degradation has different impact at different fre-
quencies and B levels, it would be interesting to get a full mapping of the EM to get
better understanding of what the full impact is. The degradation model could also
be an continuous model as in [41], instead of discrete model of layers with different
magnetic properties. This could be done for better total overview of the magnetic
flux distribution.

Due to time limitations, it was better to get some result compared to none in the
FEM simulations so a decision was made to only do one operating point at different
fundamental frequencies. The study could be extended to include a whole torque
speed map, to see the full impact of the degradation due to cutting.

The FEM simulation did have some issues regarding the result for some of the fun-
damental frequencies. The main focus in this thesis was to measure and analyze the
degradation so there was some time limitations regarding the FEM simulations. If
some more debugging would have been completed for the FEM simulation maybe
some better results would have come out of the simulation. Here it is important to
just the that it is possible to implement the degradation model in the FEM simula-
tion. But the actual result from the FEM simulation could vary for if the simulations
were analyzed further.

To implement the degradation from the measured PWM experiment into the FEM
simulation some caution had to be considered as well. Since when measuring with
PWM excitation and then creating some model that can be used in the FEM pro-
gram, and then using PWM excitation in the FEM program, double effect for losses
and magnetic properties, from the higher harmonics might be applied. So here its
important to understand what the FEM simulation takes into consideration, and
what is the difference between running PWM with sinusoidal degradation model,
versus PWM with PWM degradation model.

The FEM simulations with the PWM degradation did have some questionable result
for some of the fundamental frequencies. This once again could be due to simulation
problems and could have been fixed if more time was allowed. The main key point
here is that with the help measurements a degradation model could be implemented
in a FEM based program.
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8.4 Ethics and Sustainability
As the automotive business is moving over to more electric vehicles (EV), the dis-
cussion regarding ethics and sustainability becomes an interesting topic. One in-
teresting topic regarding the design of more efficient electrical machines, is to have
better simulations during the design phase. Without taking the cutting effects into
consideration, the iron losses could vary quite drastically, and thereby even if the
design had high efficiency at simulation stage it could be different when building the
actual motor.

By building more efficient EM’s, electric vehicles could either have longer range
with same battery and power electronic specifications. Or with better efficiency,
less batteries could be used in the electric vehicles and thereby less impact extract-
ing material for this. Same for the EM, by creating simulations that are more
realistic, there would be less unnecessary reproducing of EM’s if they do not match
the expectations.

Therefore, its very important to understand all the different manufacturing effects
on the EM, so that those are taken into consideration and the design could be
changed ahead, to optimize the use of the electrical steel sheets.

Another question, as discussed earlier in this thesis, what is a valid measurement?
Just comparing the SST measurement with the Epstein Frame, the results vary quite
a bit at different flux density levels, and the question is, which of the measurements
are correct ? This is a very important observation, to always analyze measurements
and simulation with caution. For example, the degradation models in this thesis
has had some simplifications, but there is still some conclusions that can be drawn
from it. But regarding the amplitude of degradation, one should always validate
with own measurements and conclusions.
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The primary objective of this thesis was to quantitatively measure, analyze, and
develop a model for the degradation of cutting effects on iron losses and magnetic
properties. Through conducting over 1500 individual measurements, an extensive
analysis and multiple comparison methods were employed to ensure increased con-
fidence and accuracy in the results.

First, the measurement equipment underwent testing to ensure measurement re-
peatability and to gain a better understanding of the equipment’s sensitivity to
control parameters. To enhance comprehension of loss separation, a method was
devised to determine which loss model, Jordan’s or Bertotti’s, best aligned with
the measured losses. The addition of the excess loss coefficient in Bertotti’s model
yielded a more accurate fit for the measured iron losses. However, the developed
loss separation model generated fitting coefficients based on specific magnetic flux
densities rather than frequencies, which may restrict its implementation in certain
finite element method (FEM) simulations.

While the measurement of sinusoidal flux distribution has received significant atten-
tion in recent years, research on non-sinusoidal flux distribution and its impact on
cut degradation remains relatively unexplored. To deepen understanding of pulse
width modulation (PWM) and the minor loops it induces in the material, a com-
prehensive test was conducted across different frequencies, flux densities, amplitude
modulation ratios, and frequency modulation ratios. The results indicated that
iron losses and magnetic field strength were influenced by both the amplitude and
frequency modulation indices, with bipolar, normal modulation, and low-frequency
modulation exhibiting the most significant degradation in iron losses.

To establish a reference case for comparison, measurements and analysis were first
performed for sinusoidal flux distribution across different fundamental frequencies
and magnetic flux densities. Two types of degradation were examined: the impact
on magnetic properties, specifically the additional magnetic field strength required
to reach the same magnetic flux point in the material, and the increase in iron losses
resulting from cut effect degradation. It was observed that the degradation varied in
magnitude depending on the frequency and magnetic flux distribution in the mate-
rial. The peak magnetic field strength degradation occurred at approximately 0.8 T
to 1.0 T for all fundamental frequencies, with the degradation amplitude decreasing
as the fundamental frequency increased. This phenomenon was attributed to the
skin effect, which caused the flux to be pushed into the degraded material despite
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its lower permeability. At 200 Hz and a distance of 1.25 mm from the cut edge, the
degradation reached a peak of around 3.3 times increased magnetic field strength.
As the material approached saturation, the degradation of magnetic field strength
also reached a saturation point, exhibiting similar degradation across all distances
from the cut edge. When considering a simplified degradation analysis from the cut
edge, magnetic field strength degradation displayed an exponential trend, increasing
as the flux approached the cut edge. In contrast, iron loss degradation exhibited
a peak around lower magnetic flux densities, approximately 0.3 T to 0.4 T, and
displayed a more consistent degradation pattern across different fundamental fre-
quencies. The degradation in iron losses demonstrated a linear relationship with the
distance from the cut edge, with a peak degradation of 1.48 times increased losses
at 1.25 mm and 10 kHz.

Investigating the cut effect degradation under non-sinusoidal flux distribution and
PWM excitation presented a complex task. Non-sinusoidal excitation involves har-
monics, and the measurement equipment is designed to control peak signals, making
direct comparison with pure sinusoidal degradation challenging. Various comparison
methods were developed, including comparing PWM measurements to sinusoidal
measurements using Sample A as a reference, comparing PWM measurements to
PWM measurements using Sample A as a reference, and comparing different steel
samples, i.e., comparing PWM to sinusoidal measurements using the same sam-
ples. In terms of magnetic field strength peak degradation, PWM exhibited lower
degradation when compared to itself, but when compared to sinusoidal excitation, it
displayed higher degradation, reaching a peak of 3.76 at 700 Hz. This indicates that
transitioning from sinusoidal to PWM excitation inherently results in a decrease in
magnetic properties. The lower degradation observed when comparing PWM mea-
surements to itself can be attributed to the material already being subject to other
stresses due to higher harmonics, causing the degradation to approach saturation.

Another notable finding was the difference in degradation between the fundamen-
tal component and the harmonic components. This discrepancy was related to
the amount of flux density at each harmonic, which correlated with the sinusoidal
measurements. Therefore, as the fundamental component increased relative to the
ripple amplitude, i.e., higher frequency modulation index (Fha), the degradation at
the fundamental frequency also increased. Conversely, as Fha decreased, the har-
monic content shifted more towards the switching frequency component, resulting in
higher degradation. Comparing different samples, the most significant degradation
occurred when transitioning from sinusoidal to PWM excitation, indicating that the
largest impact stems from the shift in excitation type. Similar to the degradation
observed in sinusoidal flux distribution, the non-sinusoidal degradation also dis-
played an exponential degradation pattern when considering the distance from the
cut edge. The shape of the loss degradation with non-sinusoidal flux density closely
resembled that of the sinusoidal degradation. Comparing the loss degradation to
the sinusoidal reference sample, the peak shifted from 0.3 T to 1.0 T, resulting in
a peak degradation of approximately 3. This substantial increase in losses near the
cut edge highlights the significant impact of the degradation.
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Furthermore, an analysis was conducted to investigate the impact of changing the
modulation ratio index (Vr) and frequency modulation index (Fha). As Fha in-
creased from 1 to 49, iron losses exhibited a peak around Fha 15 due to the in-
creased ripple magnitude, which remained significant. However, as Fha increased
further, losses decreased. In contrast, magnetic field strength increased consistently
with higher Fha values. As mentioned earlier, different degradation occurred at
various harmonics, so altering Fha revealed that a higher content at the fundamen-
tal frequency (i.e., higher Fha) resulted in greater degradation at the fundamental
component. Conversely, decreasing Fha shifted the harmonic content towards the
switching frequency component, leading to increased degradation. The degrada-
tion in both losses and magnetic field strength maintained a consistent pattern,
with losses degrading linearly and magnetic field strength exhibiting an exponential
degradation trend for all Fha values. When adjusting Vr from full modulation to
normal modulation, both magnetic field strength and iron losses increased. How-
ever, the overall degradation pattern remained similar, yielding comparable results
to those obtained by varying Fha. Consequently, changing the fundamental fre-
quency had the most significant impact on degradation.

For electrical machines, typical magnetic flux densities in stator teeth range from 1.5
T at no load to 2 T or higher under load conditions. Consequently, the degradation
of H is expected to reach saturation more quickly, potentially exerting less influence.
The most common frequencies used in electrical machines range from 50 to 500 Hz,
which unfortunately align with the peak degradation observed. Consequently, an
assumption can be made that higher losses occur at these higher flux density levels,
and the degradation further exacerbates these losses. As the magnetic properties
degrade, the flux is pushed further into the material’s central region, reducing the
need for increased losses. However, if the flux is forced to utilize the degraded por-
tion of the material, losses will increase.

Additionally, a finite element method (FEM) simulation was conducted to evalu-
ate the overall impact of the degradation model on electrical machines. Initially, a
simulation comparing the degradation under sinusoidal current excitation was per-
formed, followed by a simulation incorporating PWM degradation model. Under
sinusoidal excitation, a torque decrease of approximately 5% and an efficiency de-
crease of around 0.3% were observed. It should be noted that this simulation was
conducted at a few different fundamental frequencies and at half-rated current, and
thus, the decrease may not be uniform across the entire torque-speed map. Since
the simulation used current excitation and half-rated current, the material could not
achieve the same flux density for the same current level due to degradation. Con-
sequently, as the magnetic flux decreases, so does the torque. Moreover, torque is
back-calculated from the iron losses, so increasing the losses leads to a corresponding
decrease in torque. The simulation was time limited and therefore there was some
issues regarding the result of the simulation. The main idea is that there is a possibil-
ity to implement the degradation in FEM program, using the degradation measured.
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Due to time constraints, sinusoidal current excitation was employed for the PWM
degradation model and to exclude the double loss effect from PWM excitation. Since
the PWM model was derived from PWM measurements, the harmonic effects were
already incorporated into the model. Running PWM excitation in FEM, which
would re-introduce the harmonic effects, could result in double loss effects. The
FEM simulation incorporating PWM excitation showed an increase in iron losses
ranging from 60% to 500%, depending on the fundamental frequency. Similar to the
sinusoidal degradation simulation, the PWM degradation model should be tested
across the entire torque-speed map to gain a more comprehensive understanding of
the laser cut effect with non-sinusoidal flux distribution. The simulation results here
had some doubts, due to some decrease in the iron losses for certain fundamental
frequencies. The main focus of this thesis report was the measurement and analysis
of the degradation, so the main idea with the PWM degradation model was to show
that it was possible to implement in a FEM program.
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A
Repeatability Test SST and

Epstein

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.1: Residual plots for SST measurements of 1000 Hz

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.2: Residual plots for EP700 measurements of 50 Hz
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A. Repeatability Test SST and Epstein

Table A.1: SST repeatability test, RSD result.

SST Frequency: 50 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.19 3.36 2.88
0.2 0.16 2.38 2.13
0.3 0.11 2.43 1.84
0.4 0.19 2.61 1.78
0.5 0.1 2.74 1.65
0.6 0.13 2.87 1.56
0.7 0.08 2.98 1.44
0.8 0.13 3.06 1.34
0.9 0.19 3.08 1.11
1.0 0.04 3.12 1.09
1.1 0.03 2.86 0.95
1.2 0.03 2.06 0.8
1.3 0.02 0.96 0.67
1.4 0.02 0.39 0.55
1.5 0.03 0.27 0.67
1.6 0.03 0.23 1.41
1.7 0.02 0.13 2.01
1.8 0.02 0.16 2.26

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.3: Residual plots for EP700 measurements of 100 Hz
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A. Repeatability Test SST and Epstein

Table A.2: Epstein repeatability test, RSD result.

EP700 Frequency: 50 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.04 2.88 2.29
0.2 0.02 1.23 0.78
0.3 0.01 0.75 0.5
0.4 0.01 0.62 0.41
0.5 0.01 0.54 0.35
0.6 0.01 0.46 0.31
0.7 0.01 0.36 0.27
0.8 0.01 0.26 0.23
0.9 0.01 0.15 0.19
1.0 0.01 0.09 0.16
1.1 0.01 0.2 0.12
1.2 0.01 0.34 0.11
1.3 0.01 0.36 0.11
1.4 0.99 14.03 1.69
1.5 0.01 0.07 0.1
1.6 0.01 0.06 0.1
1.7 0.01 0.09 0.11
1.8 0.01 0.09 0.15
1.9 0.01 0.06 0.18

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.4: Residual plots for EP200 measurements of 400 Hz
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A. Repeatability Test SST and Epstein

Table A.3: Epstein repeatability test, RSD result Fixed regulator settings.

EP700 Frequency: 50 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.02 1.75 1.65
0.2 0.01 0.56 0.43
0.3 0.01 0.29 0.14
0.4 0.01 0.15 0.06
0.5 0.0 0.06 0.05
0.6 0.01 0.05 0.06
0.7 0.0 0.04 0.05
0.8 0.0 0.04 0.03
0.9 0.0 0.03 0.02
1.0 0.0 0.02 0.02
1.1 0.0 0.02 0.01
1.2 0.0 0.01 0.01
1.3 0.0 0.06 0.02
1.4 0.0 0.05 0.04
1.5 0.0 0.03 0.03
1.6 0.0 0.02 0.04
1.7 0.0 0.02 0.08
1.8 0.0 0.02 0.08
1.9 0.0 0.01 0.07

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.5: Residual plots for EP60 measurements of 1000 Hz
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A. Repeatability Test SST and Epstein

Table A.4: Epstein repeatability test, RSD result.

EP700 Frequency: 100 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.01 3.01 2.31
0.2 0.01 1.27 0.78
0.3 0.0 0.66 0.41
0.4 0.0 0.45 0.29
0.5 0.0 0.35 0.24
0.6 0.0 0.26 0.21
0.7 0.0 0.19 0.17
0.8 0.0 0.12 0.16
0.9 0.0 0.1 0.14
1.0 0.0 0.16 0.12
1.1 0.0 0.28 0.1
1.2 0.0 0.44 0.08
1.3 0.0 0.45 0.08
1.4 0.24 2.57 0.34
1.5 0.46 4.16 0.39
1.6 0.69 5.04 0.26
1.7 0.91 5.43 0.12
1.8 1.06 5.47 0.48
1.9 1.2 5.47 0.83

(a) Jref vs Jdiff scatter plot. (b) Jref vs Hdiff scatter plot.

Figure A.6: Residual plots for EP20 measurements of 2500 Hz
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A. Repeatability Test SST and Epstein

Table A.5: Epstein repeatability test, RSD result.

EP200 Frequency: 400 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.02 1.67 1.24
0.2 0.01 0.79 0.47
0.3 0.01 0.57 0.34
0.4 0.01 0.5 0.28
0.5 0.0 0.45 0.24
0.6 0.01 0.35 0.18
0.7 0.0 0.48 0.23
0.8 0.01 0.29 0.17
0.9 0.0 0.16 0.13
1.0 0.01 0.12 0.1
1.1 0.01 0.23 0.09
1.2 0.01 0.35 0.08
1.3 0.01 0.38 0.07
1.4 0.0 0.24 0.08
1.5 0.0 0.15 0.09
1.6 0.0 0.12 0.16

Table A.6: Epstein repeatability test, RSD result.

EP60 Frequency: 1000 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.01 2.31 0.98
0.2 0.01 1.04 0.47
0.3 0.01 0.56 0.26
0.4 0.01 0.42 0.19
0.5 0.01 0.31 0.15
0.6 0.01 0.21 0.13
0.7 0.01 0.14 0.12
0.8 0.01 0.15 0.11
0.9 0.01 0.22 0.12
1.0 0.01 0.32 0.13
1.1 0.01 0.45 0.14
1.2 0.03 0.58 0.14
1.3 0.01 0.71 0.12
1.4 0.01 0.63 0.13
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A. Repeatability Test SST and Epstein

Table A.7: Epstein repeatability test, RSD result.

EP20 Frequency: 2500 Hz
J [T] JRSD [%] HRSD [%] PsRSD [%]
0.1 0.04 1.35 0.81
0.2 0.02 0.8 0.47
0.3 0.02 0.54 0.29
0.4 0.02 0.41 0.24
0.5 0.01 0.3 0.24
0.6 0.01 0.18 0.23
0.7 0.01 0.12 0.25
0.8 0.07 0.16 0.32
0.9 0.01 0.2 0.3
1.0 0.01 0.24 0.31
1.1 0.03 0.25 0.32
1.2 0.01 0.23 0.28
1.3 0.01 1.1 0.27

VII



A. Repeatability Test SST and Epstein
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B
Cut Effects with Sinusoidal Flux

Density

(a) H deg 10 Hz. (b) H deg 50 Hz.

(c) H deg 100 Hz. (d) H deg 200 Hz.

Figure B.1: H deg for sinusoidal excitation.
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B. Cut Effects with Sinusoidal Flux Density

(a) H deg 400 Hz. (b) H deg 700 Hz.

(c) H deg 1000 Hz. (d) H deg 2500 Hz.

Figure B.2: H deg for sinusoidal excitation.

(a) H deg 5000 Hz. (b) H deg 10000 Hz.

Figure B.3: H deg for sinusoidal excitation.
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C
Cut Effects with Non-Sinusoidal

Flux Density

(a) H deg PWM 50 Hz. (b) H deg PWM 100 Hz.

(c) H deg PWM 200 Hz. (d) H deg PWM 400 Hz.

Figure C.1: H deg for PWM excitation.
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C. Cut Effects with Non-Sinusoidal Flux Density

(a) H deg PWM 700 Hz. (b) H deg PWM 1000 Hz.

(c) H deg PWM 2500 Hz.

Figure C.2: H deg for PWM excitation.
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D
FEM Simulation with Sinusoidal

Excitation

Table D.1: Material properties for 50 Hz, B in [T], and H in [A/m], for different
layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 102.24 101.17 99.60 97.11 93.44 88.21
0.2 215.53 211.17 204.91 195.15 181.16 162.13
0.3 365.57 355.53 341.21 319.17 288.18 247.30
0.4 534.24 516.93 492.35 454.84 402.81 335.60
0.5 704.74 679.42 643.61 589.27 514.64 419.76
0.6 864.68 831.60 784.95 714.47 618.31 497.34
0.7 1018.15 977.20 919.58 832.86 715.28 568.86
0.8 1168.81 1120.02 1051.51 948.75 810.14 639.00
0.9 1329.55 1272.56 1192.67 1073.17 912.73 716.08
1 1526.20 1460.28 1367.98 1230.19 1045.76 820.83

1.1 1837.19 1761.32 1655.10 1496.53 1284.30 1025.48
1.2 2359.34 2280.67 2170.15 2004.23 1780.16 1502.94
1.3 3227.27 3145.62 3030.76 2858.01 2623.99 2333.02
1.4 4355.03 4269.41 4149.01 3968.03 3723.11 3419.05
1.5 5628.90 5540.63 5416.46 5229.69 4976.66 4662.03
1.6 7017.89 6926.25 6797.29 6603.18 6339.92 6011.98
1.7 8595.73 8489.88 8341.65 8120.21 7823.55 7461.21
1.8 10079.45 9976.34 9831.50 9614.11 9320.59 8957.63
1.9 11669.61 11564.81 11417.40 11195.72 10895.46 10522.25
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D. FEM Simulation with Sinusoidal Excitation

Table D.2: Material properties for 100 Hz, B in [T], and H in [A/m], for different
layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 105.42 104.24 102.53 99.82 95.83 90.18
0.2 216.42 212.06 205.80 196.05 182.09 163.12
0.3 365.88 355.79 341.41 319.29 288.24 247.37
0.4 536.24 518.66 493.71 455.67 403.01 335.20
0.5 706.41 680.80 644.61 589.74 514.49 419.03
0.6 865.52 832.15 785.11 714.11 617.35 495.90
0.7 1018.32 977.21 919.37 832.37 714.48 567.85
0.8 1168.59 1119.77 1051.22 948.40 809.76 638.63
0.9 1330.07 1273.07 1193.17 1073.66 913.20 716.53
1.0 1529.78 1463.50 1370.73 1232.27 1047.06 821.37
1.1 1838.54 1762.70 1656.51 1497.97 1285.76 1026.90
1.2 2371.07 2291.93 2180.72 2013.76 1788.23 1509.12
1.3 3235.11 3153.27 3038.18 2865.13 2630.84 2339.77
1.4 4371.51 4283.82 4160.69 3975.99 3726.86 3419.25
1.5 5642.22 5552.79 5427.08 5238.15 4982.57 4665.49
1.6 7015.32 6924.14 6795.86 6602.83 6341.18 6015.55
1.7 8521.21 8423.10 8285.18 8077.92 7797.56 7449.79
1.8 10054.26 9954.08 9813.09 9600.84 9312.89 8954.06
1.9 11686.45 11580.38 11431.22 11206.98 10903.45 10526.52
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D. FEM Simulation with Sinusoidal Excitation

Table D.3: Material properties for 200 Hz, B in [T], and H in [A/m], for different
layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 106.82 105.71 104.09 101.52 97.74 92.38
0.2 226.63 221.99 215.33 204.97 190.17 170.11
0.3 386.84 375.81 360.11 336.02 302.32 258.17
0.4 567.93 548.52 521.04 479.27 421.71 348.17
0.5 748.16 719.85 679.93 619.62 537.34 433.89
0.6 916.82 879.98 828.16 750.19 644.52 513.01
0.7 1076.28 1031.23 967.97 873.10 745.15 587.22
0.8 1236.55 1183.16 1108.33 996.39 846.08 661.84
0.9 1419.31 1356.42 1268.40 1137.11 961.59 747.95
1.0 1695.89 1618.78 1511.11 1351.01 1138.14 881.24
1.1 2360.75 2253.88 2104.84 1883.70 1590.67 1238.94
1.2 4055.11 3898.94 3680.50 3354.87 2920.09 2391.90
1.3 7379.75 7144.92 6816.59 6327.46 5675.04 4883.73
1.4 12477.66 12139.89 11667.79 10964.84 10028.01 8893.27

Table D.4: Material properties for 400 Hz, B in [T], and H in [A/m], for different
layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 109.72 108.74 107.31 105.02 101.63 96.73
0.2 229.62 225.23 218.92 209.08 194.97 175.72
0.3 387.71 377.06 361.88 338.56 305.87 262.93
0.4 567.83 548.67 521.55 480.34 423.58 351.14
0.5 748.97 720.68 680.81 620.65 538.69 435.88
0.6 921.84 884.59 832.22 753.55 647.15 515.24
0.7 1084.08 1038.45 974.42 878.50 749.41 590.56
0.8 1247.47 1193.39 1117.64 1004.42 852.64 667.03
0.9 1429.89 1366.70 1278.28 1146.38 970.08 755.53
1.0 1704.29 1627.49 1520.19 1360.54 1148.01 891.06
1.1 2360.08 2254.32 2106.76 1887.60 1596.76 1246.85
1.2 4067.84 3911.41 3692.60 3366.41 2930.85 2401.64
1.3 7422.22 7185.26 6854.06 6360.94 5703.79 4907.92
1.4 12651.23 12296.96 11802.39 11067.39 10090.84 8913.78
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D. FEM Simulation with Sinusoidal Excitation

Table D.5: Material properties for 700 Hz, B in [T], and H in [A/m], for different
layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 111.61 110.70 109.38 107.27 104.12 99.59
0.2 237.17 232.89 226.73 217.11 203.28 184.36
0.3 394.07 383.65 368.80 345.97 313.93 271.77
0.4 570.23 551.50 524.98 484.67 429.14 358.21
0.5 751.25 723.22 683.73 624.16 543.11 441.61
0.6 926.75 889.39 836.92 758.18 651.93 520.63
0.7 1094.25 1047.97 983.12 886.14 755.98 596.54
0.8 1264.35 1209.10 1131.79 1016.47 862.33 674.75
0.9 1454.91 1390.00 1299.28 1164.19 984.13 766.00
1.0 1726.05 1648.38 1539.91 1378.56 1163.89 904.57
1.1 2373.98 2268.12 2120.39 1900.97 1609.72 1259.21
1.2 4070.34 3914.09 3695.54 3369.77 2934.83 2406.51
1.3 7389.99 7154.41 6825.15 6334.94 5681.70 4890.63
1.4 12581.65 12228.60 11735.84 11003.81 10031.81 8861.41

Table D.6: Material properties for 1000 Hz, B in [T], and H in [A/m], for
different layers.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 109.72 108.74 107.31 105.02 101.63 96.73
0.2 229.62 225.23 218.92 209.08 194.97 175.72
0.3 387.71 377.06 361.88 338.56 305.87 262.93
0.4 567.83 548.67 521.55 480.34 423.58 351.14
0.5 748.97 720.68 680.81 620.65 538.69 435.88
0.6 921.84 884.59 832.22 753.55 647.15 515.24
0.7 1084.08 1038.45 974.42 878.50 749.41 590.56
0.8 1247.47 1193.39 1117.64 1004.42 852.64 667.03
0.9 1429.89 1366.70 1278.28 1146.38 970.08 755.53
1.0 1704.29 1627.49 1520.19 1360.54 1148.01 891.06
1.1 2360.08 2254.32 2106.76 1887.60 1596.76 1246.85
1.2 4067.84 3911.41 3692.60 3366.41 2930.85 2401.64
1.3 7422.22 7185.26 6854.06 6360.94 5703.79 4907.92
1.4 12651.23 12296.96 11802.39 11067.39 10090.84 8913.78
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E
FEM Simulation with PWM

Excitation

Table E.1: Material properties for 50 Hz, B in [T], and H in [A/m], for different
layers PWM model.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 101 101 100 99 97 93
0.2 199 196 193 188 179 166
0.3 342 335 325 309 286 252
0.4 509 496 476 445 401 342
0.5 682 660 629 582 516 428
0.6 845 816 774 710 622 508
0.7 1003 966 913 833 723 583
0.8 1160 1115 1051 954 822 657
0.9 1324 1271 1196 1083 929 738
1 1530 1467 1379 1246 1068 848

1.1 1842 1769 1666 1513 1306 1052
1.2 2349 2275 2170 2012 1796 1525
1.3 3205 3129 3022 2860 2637 2355
1.4 4329 4249 4137 3967 3733 3439
1.5 5610 5527 5409 5231 4988 4680
1.6 7012 6924 6800 6613 6356 6032
1.7 8495 8402 8272 8075 7806 7467
1.8 10029 9935 9801 9599 9322 8971
1.9 11640 11542 11403 11192 10903 10538
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E. FEM Simulation with PWM Excitation

Table E.2: Material properties for 100 Hz, B in [T], and H in [A/m], for different
layers PWM model.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 99 98 97 96 95 92
0.2 198 196 193 188 180 168
0.3 343 336 327 311 288 256
0.4 516 502 482 451 407 348
0.5 692 670 639 591 524 437
0.6 857 827 785 721 633 519
0.7 1015 978 926 846 736 597
0.8 1169 1124 1062 967 837 674
0.9 1337 1284 1211 1099 948 759
1 1542 1481 1394 1265 1089 872

1.1 1849 1778 1677 1527 1325 1074
1.2 2368 2293 2187 2027 1809 1536
1.3 3201 3126 3019 2857 2636 2355
1.4 4329 4249 4136 3965 3731 3435
1.5 5603 5520 5403 5225 4983 4676
1.6 7000 6913 6790 6604 6350 6028
1.7 8495 8402 8272 8074 7803 7463
1.8 10014 9920 9788 9588 9313 8965

XVIII



E. FEM Simulation with PWM Excitation

Table E.3: Material properties for 200 Hz, B in [T], and H in [A/m], for different
layers PWM model.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 105 104 104 102 101 98
0.2 215 213 209 204 195 182
0.3 375 367 356 338 312 276
0.4 557 542 519 485 436 371
0.5 743 718 684 631 558 462
0.6 921 888 841 770 672 548
0.7 1089 1048 990 902 782 630
0.8 1260 1210 1141 1036 893 714
0.9 1455 1396 1313 1189 1021 813
1 1735 1663 1562 1410 1207 958

1.1 2370 2268 2126 1915 1633 1294
1.2 4003 3854 3646 3335 2916 2403
1.3 7284 7059 6743 6270 5637 4862
1.4 12648 12289 11788 11042 10052 8858

Table E.4: Material properties for 400 Hz, B in [T], and H in [A/m], for different
layers PWM model.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 123 123 122 120 118 115
0.2 226 224 222 217 209 198
0.3 389 381 371 354 330 296
0.4 574 559 538 504 457 393
0.5 766 742 707 655 582 487
0.6 946 913 867 797 700 577
0.7 1121 1080 1022 935 816 665
0.8 1297 1248 1179 1075 934 756
0.9 1496 1438 1356 1234 1068 862
1 1770 1700 1602 1455 1257 1012

1.1 2351 2255 2121 1922 1655 1331
1.2 3945 3799 3595 3291 2881 2380
1.3 7103 6887 6583 6129 5519 4769
1.4 12261 11918 11439 10726 9777 8629
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E. FEM Simulation with PWM Excitation

Table E.5: Material properties for 700 Hz, B in [T], and H in [A/m], for different
layers PWM model.

B H(0.05) H(0.15) H(0.3) H(0.55) H(0.95) H(1.6)
0.1 127 127 126 125 123 120
0.2 249 247 244 239 231 219
0.3 416 409 398 381 357 322
0.4 603 588 567 534 487 423
0.5 796 772 738 687 615 520
0.6 988 955 908 837 739 614
0.7 1176 1134 1075 985 862 708
0.8 1374 1322 1250 1141 993 809
0.9 1593 1532 1446 1317 1143 928
1 1883 1810 1708 1554 1348 1093

1.1 2406 2314 2185 1991 1731 1412
1.2 3905 3761 3559 3258 2854 2362
1.3 7021 6802 6494 6035 5419 4667
1.4 11977 11651 11194 10513 9601 8490
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