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Analysis of Iron Losses in Electrical Machines

Measurements and Modelling of Electromagnetic Deterioration due to Laser Cutting
of Machine Core Steel Laminations

EMMA JOHANSSON

Department of Electrical Engineering

Chalmers University of Technology

Abstract

To improve the e Lciehcy of electrical machines there is a desire to model the changes
of the magnetic properties in the machine cores due to applied stress during man-
ufacturing. In this thesis the laser cutting of machine core steel laminations was
investigated as a manufacturing process by building and using a single sheet tester
setup for measurements. To emulate the deterioration of the steel sheets, one perme-
ability model and one iron loss model was developed based on measurements made
on steel laminations that had been cut into di [erent geometries. The mathematical
models were then used to implement the influence of laser cutting into an FEM-
model of a V-shaped IPM machine in COMSOL Multiphysics. The permeability
model and iron loss model had an average error of 10 % and 7 % respectively. The
machine simulation yielded a 40.45 % increase in hysteresis losses and 37.36 % de-
crease in eddy current losses for full load operation. For 75 % load operation the
results were similair with a 47.10 % increase in hysteresis losses and a 41.19 % de-
crease in eddy current losses. The result of the simulation was discussed extensively
in conjunction with the errors of the models and insecurities of the measurements.
In summary, the modelling technique of the deterioration of the magnetic properties
showed potential for a more precise prediction of iron losses in electrical machines.
Further development is needed for a precise and useful model customized to the
manufacturing processes and material of the machine in question.

Keywords: Single sheet tester, laser cutting, iron losses, FEM, IPM, manufacturing
processes, electrical machine.
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Introduction

As the rate of the electri cation of the vehicle industry is increasing so is the impor-
tance of designing e cient electrical machines. One impact that is usually overlooked
at the simulation stage is the increased core losses due to the shaping and stacking
techniques of the lamination sheets in the machine core. These additional losses can
originate from di erent processes during the assembly of the machine core such as
joining and cutting of the [1].

Extensive testing has been performed to determine the optimal cutting method
of steel laminations. In [2] it is found that water-jet cutting and electrical discharge
machining (EDM) has a lower impact on the magnetization and iron losses compared
to mechanical and laser-cutting. This is contradicted in the ndings of [3] where
the conclusion is that water-jet cutting results in higher iron losses for an electrical
machine compared to mechanical, laser and EDM cutting due to increased burr on
the cutting edges. In [4] it is concluded that while the increase in losses for laser
cutting is not insigni cant, it is relatively small compared to the e ects of guillotine
cutting. It is also noted that punching has no serious e ect on the iron losses. The
explanation for the discrepancies in these results can be related to factors of the
cutting equipment, the material of the laminations and the sheet geometry [5][6].
Additionally when investigating cutting techniques of laminations using single sheet
testers (SST) and Epstein frames the cut samples are commonly joined together
using glue. Thus this factor also needs to be taken into account when performing
tests to determine the magnetic properties of steel laminations.

There is a desire to quantify the impact of these manufacturing processes for a
more accurate simulation model in an early stage of the machine design process.
In [7] a mathematical model was proposed to simulate the changing loss proper-
ties due to mechanical punching by dividing the cores of an electrical machine into
layers with di erent material properties that represents di erent degrees of degra-
dation. Mathematical models for permeability and iron losses are presented in [8]
which utilizes high order elements to model the losses due to cutting of laminations.
The developed loss model in this thesis was greatly in uenced by these previously
mentioned modelling methods.

1.1 Tasks

Design and veri cation of SST setup



1. Introduction

Measurements of steel strips using SST

Development of mathematical model for manufacturing defects

Model implementation on an electrical machine(EM) simulated in COMSOL
Multiphysics®.

1.2 Aim

The aim of this thesis was to investigate how a manufacturing method impact the
steel sheets in the cores of electrical machines. Further, the aim was to model the
loss impact of this process and implement the model in the cores of an EM using a
nite element method (FEM)-based simulation software.

1.3 Scope

In this thesis the iron losses were modelled based on measurements made with a
custom SST that subject the steel sheets to a unidirectional ux. From the design
of the setup the SST is limited to only measure the unidirectional losses in the
sample strips. Therefore, the loss models are based on the assumption that the ux
in the electrical machines are unidirectional in each point i.e. rotational losses was
not considered in this project. Further, the design of an electrical machine is out
of scope for this thesis. Therefore, the FEM simulations were made on an existing
reference machine. The simulation models were only implemented and analysed
for discrete operating points of a interior permanent magnet (IPM) synchronous
machine due to time limitations.
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Ferromagnetic material properties

This chapter describes the origin of iron losses and frequently used loss models for
ferromagnetic materials.

2.1 Iron losses

Iron losses occur due to the alternating ux in the ferromagnetic material, usually

a core of a transformer or an electrical machine. Therefore also commonly denoted
core losses. The following relation yields how the iron loss density can be calculated
from instantaneous voltage and current [9]

Zq
TV o

whereT is the time period, is the mass densityV is the volume of the sample,

u andi are the measured voltage and current. The two main contributions of iron
losses are eddy current loss and hysteresis loss. Additional losses in the core are
commonly referred to as excess losses.

Pre u(t)i(t)dt (2.1)

2.1.1 Eddy current losses

From Faraday's law of induction it is known that a changing magnetic eld will
induce an electric eld. If that electric eld is occurring in a conductor, circulating
currents are induced known as eddy currents. Due to the resistance in the material
that the induced current experience, losses are generated through Joule heating [10].
To minimize these losses the cores of electrical machines are composed by insulated
laminations that contains the induced currents and thereby minimize the losses.

2.1.2 Hysteresis losses

Hysteresis loss is related to the magnetization and demagnetization of the core. The
current in the winding of a transformer or a machine is related to the magnetic eld,
or magnetic force, through Amperes law

Ni (t)
le

whereH is the magnetic eld, N is the number of turns of the excitation winding,
and |, is the e ective length of the sample. When the current in the circuit of a

H(t) =

(2.2)

3



2. Ferromagnetic material properties

demagnetized material increase, the magnetic ux density increase until magnetic
saturation occurs. During demagnetization the current decrease faster than the
magnetic ux. When the inserted ux change direction some amount of ux is
required to change the direction of the magnetization in the core [11]. Therefore
the magnetic ux density still has a positive value when the eld reaches zero,
the material is still magnetized. For a full time period of sinusoidal ux density
this yields a BH-loop where the width of the loop represents the hysteresis of the
material.

2.2 Loss models

In order to estimate iron losses several loss models have been developed over time.
One early model for iron losses presented by Steinmetz is found as

Pre = ksef B (2.3)

wherekse, , are loss coe cients,B and f are peak magnetic ux density and
frequency respectively. The model rely on the assumption that the magnetic ux
density is a sinusoidal waveform [12]. Based on Steinmetz equation a number of other
models have been developed, for instance Jordans separation model that separates
the losses into hysteresis losses and eddy current losses

Pre = physt + Pec = khystf @2 + kecf 2§2 (2-4)

where pryst represents hysteresis losseg,. is eddy current losseskyys: and ke are
the respective loss coe cients.

However, the discovery that the calculated eddy current losses di ered from the
measured eddy current losses lead to the introduction of a third term for excess
losses in Jordan's previous formula for iron losses. The following equation is called
Bertottis loss model and is considered the most widely used approach for estimation
of iron losses

Pre = physt + pec+ Pexc = khystf B\ + kecf 2§2 + kexcf l:5§1:5 (2-5)

where pex. denotes the excess losses akgl. the excess loss coe cient [13][14]. In
(2.5) excess losses represents the additional losses caused by the domain wall motion
due to the alternating magnetic eld [9]. Jordans model in (2.4) also allowed for the
development of one other separation model known as Pry and Beans loss model.

In electrical machines a signi cant amount of the iron losses around the stator
slots is caused by the rotational ux densities in the core laminations [15]. In [16]
Jacobs model was presented by rewriting (2.5) with a rotational loss factor to take
the rotational losses into account. For full hysteresis curves the Preisach and Jiles-
Atherton hysteresis models can be used for iron loss estimations [17]. These models
are of a higher complexity compared to the Steinmetz model and its successors and
generally have a higher accuracy which makes them suitable for more exact iron loss
calculations [18].

4



3

Manufacturing processes

This chapter present some manufacturing processes that are used in the produc-
tion of rotor and stator sheets of electrical machines and how they deteriorate the
magnetic properties of electrical steel sheets. Two main processes during manufac-
turing of machines that are considered when discussing electromagnetic changes in
the material are cutting and joining of laminations.

3.1 Cutting

There are several di erent factors that a ects the observations when studying the
deterioration of steel samples using di erent cutting techniques. Some of these fac-
tors are due to the settings of the tools for the cutting techniques, the grain size of
the steel material, cutting geometry and the measurement method used to deter-
mine the degradation depth [5][6].

Punching and guillotine are two mechanical cutting methods that are relatively
fast and does not apply any thermal stress to the steel. The material is punched
out or cut by a guillotine into the desired shape. Punching is reportedly the gen-
eral method used in large-scale production of electrical machines [19]. One mold
is developed with the desired geometry and can be reused for a long time which
reduce the manufacturing costs. Further, more than one lamination can be punched
at once and the whole geometry is cut instantly. Laser-, water-jet cutting and EDM
are common methods used to cut electrical steel sheets during development of pro-
totypes since no custom machine punching tool is required [2]. EDM only allows
for one sheet to be cut at a time compared to laser- and water cutting where mul-
tiple sheets can be stacked and cut simultaneously. The primary use of EDM is
the cutting of samples used to investigate the magnetic properties of the steel due
to the very small increase in loss. While all mechanical cutting techniques vyield
mechanical stress to the material, laser cutting has been shown to induce varying
levels of thermal stresses depending of the properties of the laser cutter.

3.2 Pressing and joining

After cutting the laminations are stacked and pressed together. The mechanical
stresses of pressing damages the insulation and deteriorates the the magnetic prop-
erties of the steel and results in higher eddy current and hysteresis losses [4]. The
pressed laminations are then joined together to form the machine cores. Joining

5



3. Manufacturing processes

methods can be categorized into welding, mechanical and glue join [20]. While
mechanical joining induce mechanical stress of the steel material as well as the insu-
lation, welding causes a thermal stress to the laminations. Gluing has the advantage
of not destroying the coating of the lamination and has overall been denoted the
best method for joining laminations with regards to the magnetic properties [20].



A

Experimental setups

When conducting measurements regarding the magnetic properties of steel sheets
there are several di erent approaches to be considered. For unidirectional losses a
SST, or Epstein frame can be utilized but if circular or rotational losses are taken
into consideration a toriod tester or rotational single sheet tester(RSST) can be
used.

4.1 Single sheet tester

A standard SST consists of two identical U-shaped laminated iron cores, a primary
excitation winding and a secondary winding. The windings are typically wound on
the top and bottom core or on top of each other on a bobbin that surrounds the
steel sample under test as displayed in Figure 4.1. To ful ll the standards of The
International Electrotechnical Commission (IEC) for SSTs the latter alternative is
required [21]. The secondary winding should in this case be wound underneath the
primary winding to minimize the leakage ux.

Figure 4.1: A single sheet tester can have the primary and secondary windigns
wound on the top and bottom core respectively(left) or on a bobbin that surronds
the sample(right).

Magnetic ux is induced in the steel sample and the two cores by applying a sinu-
soidal voltage to the excitation winding through Faradays law

EMF (rms) = 4:44fN BA (4.1)

7



4. Experimental setups

whereEMF is the rms value of the voltage applied to the primary winding4:44 is
the form factor considering sinusoidal ux,f is the electrical frequency of the sinu-
soidal voltage,N is the number of turns in the primary winding, B is the desired
ux density amplitude and A is the cross sectional area of the steel sample under test.

The hysteresis characteristics of the steel sheet can be determined by measuring
the voltage of the secondary winding and the current of the primary winding for
di erent frequencies and ux densities. By using Amperes law in (2.2) together
with the following expression, the magnetic ux density and the magnetic eld in
the steel sample can be found as
B Lo U,(t)d 4.2

t)= — t)at .

0=, YO (4.2)
whereB (t) is the magnetic ux density, N, is the number of turns in the secondary
winding, T is the time period of the voltage waveform andJ,(t) is the voltage mea-
sured at the secondary winding.

One alternate method of measuring the hysteresis characteristics using an SST uti-
lizes a B-coil and an H-coil. The B-coil acts as an secondary winding of the setup
but the length is typically much shorter and does not extend to the complete length
of the bobbin. According to the IEC standards air- ux compensation is neccesary in
the form of a mutual inductor for a standard SST to only evaluate the magnetic ux
density in the lamination. However, this can lead to over- and under compensation
of the air ux close to saturation. To avoid this it is suggested in [22] to use a
shorter B-coil for the detection of the magnetic ux density and neglect the air- ux.
By measuring the induced voltage over this coil and using (4.2) the ux density in
the magnetic circuit can be found.

In order to determine the magnetic eld one can place one additional coil close
to the sample under investigation. This coil is called an H-coil and is typically cre-
ated on a PCB or wound around a thin piece of insulating material to make it as
slim as possible while simultaneously having a large number of turns so that it can
be placed under the primary and secondary winding. By using an H-coil and B-caoill
placed at the center of the sample as is depicted in Figure 4.2, the measurements
are less a ected by the error caused by the magnetic eld distortion near the ends
of the excitation winding [22].



4. Experimental setups

Figure 4.2: An H-coil is placed as close to the sample as possible to estimate the
magnetic eld inside the sample. The B-coil is wound around the sample and the
H-coil.

The H-coil will have an induced voltage due to the eld close to the sample and
by using (4.2) and (4.1) in conjunction with the relationship between magnetic ux
density and the eld, the magnetic eld in the sample can be estimated through

B= | oH 4.3)

where | is the relative permeability, o is the permeability of vacuum andH is
the magnetic eld. The material in the center of the H-coil has an approximate
permeability of 1 and thus (4.3) is simpli ed to

B= oH (4.4)

Once the magnetic ux density and the magnetic eld is determined, the total
speci c iron loss can be calculated directly using
z f
HdB — (4.5)

wheref is the electrical frequency and is the mass density of the steel.

4.2 Epstein frame

In contrary to the SST the Epstein frame does not have a separate core, instead
samples are positioned in a square with overlapping edges. Therefore, the number
of samples required for testing with an Epstein frame is always a multiple of four.
The Epstein frame has four coils where each consist of a secondary winding wound
around a bobbin made of an insulating material and a primary winding winded on
top of the secondary winding [23]. The four primary windings and the four secondary
windings are series connected respectively as is shown in Figure 4.3.



4. Experimental setups

Figure 4.3: The Epstein frame use a multiple of four identical steel samples to
both serve the purpose of a core and being the samples under test.

Similarly to the standard SST, the magnetic ux density is obtained from the sec-
ondary winding and (4.2). From the primary winding and (2.2) the magnetic eld
is found.

4.3 Toroid tester

A toroid tester, also called ring core tester, is very similar to an Epstein frame.
The material under test is in the shape of a ring. The toroid tester can have both
primary and secondary windings or simply the primary as is seen in Figure 4.4 [24].
Due to its shape it has a higher resemblance to machine cores compared to the SST
or Epstein frame [25].

Figure 4.4: The toroid tester can have di erent con gurations of the windings;
a) only primary winding or b) both primary and secondary winding. Where the
primary or secondary voltage can be used for ux density characterisation.

10



4. Experimental setups

4.4 Rotational single sheet tester

The SST and Epstein frame presented previously does not take the rotational eld
into account. In order to do so an RSST can be used for measurements. The RSST
can be made into di erent shapes where laminated yokes form a closed path with a

centralized crossing point where generally a small sample is placed for investigation
[26].

11
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5

Building single sheet tester

In this thesis an SST test setup was constructed by a function generator, power
ampli er, ferrite cores, windings, sensing circuits, micro-controller and a frame. In
Figure 5.1 a schematic overview of the setup is presented.

Figure 5.1. Setup overview: The single sheet tester is excited by sinusoidal voltage
from a function generator in series with a power ampli er. The data is sampled by
a micro-controller connected to a PC.

A function generator and a power ampli er was connected in series and then con-
nected to the excitation winding as in Figure 5.1. From the function generator a
sinusoidal voltage was generated, fed into the ampli er and then ampli ed through
a knob on the ampli er and forwarded to the excitation winding.

5.1 Core

The two yokes of the SST was constructed from 5 I-shaped ferrite cores as in gure
5.2.

13



5. Building single sheet tester

Figure 5.2: The U-shaped ferrite yokes of the SST consisted of 5 I-shaped ferrite
cores. Depth in gure is 28 mm.

As mentioned in Chapter 4.1 a standard SST is constructed using laminated cores.
Similarly to transformers, laminated cores are usually preferred to ferrite cores due
to the insulating layers preventing circulating currents and thus they have lower eddy
current losses. However, for higher frequencies (generally above 1 kHz) ferrite cores
typically generate less losses due to higher resistance compared to laminated cores.
Another bene t of a solid core compared to a laminated core constructed with the
same material is that the saturation of the solid core would be slightly higher due to
the stacking factor of the laminated core. To summarize, a ferrite core would have
slightly higher losses compared to laminated core except for at operating frequencies
above roughly 1 kHz where the ferrite core would be the preferred option. Based
on this it was determined that due to its properties, a ferrite core could replace the
typical laminated core in the SST setup.

5.2 Windings

The sample under test was placed between the two yokes and inside a bobbin that
held the windings. The bobbin was designed to the full inner length of the U-shaped
cores and with a center large enough to t both a steel sample and an H-coil inside.
The bobbin was designed in a CAD program and 3D-printed. The shape of the
bobbin can be seen in Figure 5.3.

Figure 5.3: The bobbin which is required to hold the winding had to be large
enough to t both a sample and the H-coil inside.

14



5. Building single sheet tester

The secondary winding was wound directly around the bobbin with a copper wire
of a 0.4 mm diameter and 420 number of turns and is from now on referred to as
the B-coil. The length of the B-coil was approximately set to 190 mm. The primary
winding was wound with a copper winding in two layers with a diameter of 1.2 mm
and a total number of 327 turns and stretched across the entire bobbin. The number
of turns of the primary and secondary winding was roughly decided by using (4.1) in
conjugation with the inducing voltage range of the ampli er and the desired output
voltage. The diameter of the wire in the primary winding and secondary windings
was decided by the estimations of the setup impedance.

5.3 H-call

Finally an H-coil was created by winding a very thin copper wire around a thin piece
of plastic with a width of 30 mm designed to rest on top of the sample inside the
bobbin. The H-coil and its placement is displayed in Figure 5.4.

Figure 5.4. The H-coil on top of the sample inside the bobbin that holds the
secondary and primary winding.

5.4 Sensing circuit

The amplitudes of the voltages over the B-coil and the H-coil was altered so that the

signals could be received by a TIVA micro-controller by using amplifying circuits as
presented in Figure 5.5.

15



5. Building single sheet tester

R>
R1
—\VV\V out
Veoil Rl
+
R>

Figure 5.5: A di erential ampli er with four resistors and one operational ampli er

A PCB was designed for the sensor circuits and the micro-controller as shown in
Figure 5.6 where an additional sensor was added in series with a fuse to be able to
receive the current from the primary winding.

Figure 5.6: The ampli er circuits were built on a custom PCB designed with a
direct mount of the micro-controller.

Furthermore the signal amplitudes were shifted to alternate around 1.65 V instead of
0 V using 9 V batteries and potentiometers to enable the micro-controller to receive
the signals.

16



5. Building single sheet tester

5.5 LabVIEW

Each measurement was sampled manually from the H-coil and B-coil voltage of the
setup to LabVIEW. The program integrated the signals according to (4.2) to obtain
the magnetic ux density. They were then recalculated corresponding to the true
potentials at the coils by re-scaling the signals using the gain of the sensor circuits
and the number of turns in each of the coils. The magnetic eld was found by
utilizing (4.4) and the total speci c iron loss was found using (4.5). In Figure 5.7
an overview of the LabVIEW program is displayed.

Figure 5.7: Overview of the LabVIEW program used to sample the measurement
data.

56 Fame

In order to make the setup more robust a frame was designed using SolidWorks and
then milled from a solid piece of plastic. The frame was created so that the cores
could be xed in place in order to minimize the pressure by the cores on the test
specimen and the steel sample could be exchanged without removing the cores. In
Figure 5.8 the SST is shown mounted inside the plastic frame.

17
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