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Preface

This report represents the documentation of the project entitled ”Hysteresis losses
influence on the cogging torque of high-efficiency Surface Mounted PM Machines”.
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2011, at Aalborg University, Institute of Energy Technology, by the WPS semester
group 1051.

The project theme was proposed by the company Siemens Wind Power A/S.
Simulations scenarios in VectorFields Opera and experiments in the laboratory
have been implemented. The literature references are shown in square brackets by
numbers. The list of the references is presented in the chapter Bibliography. The
Appendix is presented at the end of the report. Figures and tables are numbered
in the following format: Figure Chapter.Number and Table Chapter.Number. The
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Chapter 1

Introduction

1.1 Background of the study

Electric motors have a broad use in industry, public service and household ap-
pliance, being responsible for a large proportion of the total power consumption.
[19] states that electric motors are generally responsible for about 23 of industrial
power consumption in each nation, or about 40% of overall power consumption.
Taking into consideration the depletion of conventional resources and the increased
environmental concern, it is obvious that a rational use of energy is needed. This
can be achieved by either reducing the total energy use or by increasing the pro-
duction rate per unit of energy used. moreover, improving energy efficiency is the
key to reducing greenhouse gas emissions.[19]

As it can be seen in Table 1.1 [19], the energy used to drive motors has a high
percentage from the total power consumption. This means that efficiency improve-
ments to electrical machines can have a very large impact on energy use.

Therefore, efficient use of energy is an important issue in the electrical engineering.
The efficiency of the electrical machines is directly related to losses. This translates
in a great interest in minimizing the losses. The first step in doing so is accurate
modeling of the machines.

This continuous increasing in energy production and requirements changed the pic-
ture of energy production worldwide. New clean and renewable sources of energy
are investigated with greater interest. From all these investigated sources, wind
energy is the one that experienced the sharpest emergence. Different topologies of
generators are used in wind turbines, but the trend is to refine overall turbine de-
sign for lower cost and higher availability [7]. Induction generators, also referred as
asynchronous generators, have dominated the wind-generator market for years due
to their low manufacturing costs and extensive experience in the power-generation
industry. However, in recent years generators implementing rare-earth, perma-
nent magnets made from neodymium have gained some market share. Accord-
ing to [7], permanent magnet generators provide greater overall system efficiency,
higher reliability, and fault ride-through capabilities. Additionally, they include
other valuable features such as low-speed electricity generation, and decreased size
and weight. Moreover, the generators producer The Switch, states that several
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Chapter 1. Introduction Hysteresis Losses

Country Motor energy use (%)
US 75
UK 50
EU 65
Jordan 31
Malaysia 48
Turkey 65
Slovenia 52
Canada 80
India 70
China 60
Korea 40
Brazil 49
Australia 30
South Africa 60

Table 1.1: Electrical motor energy uses in different countries

independent studies by industry specialists have concluded that permanent mag-
net generators and full power converters represent the preferred future drive train
technology. Reasons for this trend include lower costs across the entire system and
reduced maintenance requirements thanks to the elimination of the gearbox [21].

Electrical machines have been discovered in the 19th century and since then various
magnetic materials have been used as the cores of these electromagnetic devices.
The magnetic properties of the magnetic materials used have a strong impact on
the performance of these devices. Therefore, this topic should be carefully analyzed
and characterized. The magnetic properties of the core materials under rotational
magnetizations should be investigated, properly modeled, and employed in the
design and performance analysis of electrical machines.

Among the most important aspects regarding the optimization of a motor repre-
sents the determination of the size and distribution of the losses. This knowledge
of losses is essential in the estimation of efficiency and temperature rise, since
obtaining good temperature conditions will ensure a longer lifetime for the mo-
tor [17].

1.2 Aim of the work

The purpose of this thesis is to analyze hysteresis losses effects in ferromagnetic
materials. The investigation deals mostly with the effect of the hysteresis losses
on the electromagnetic forces developed by electromagnets. A Finite Element
Method (FEM) approach was derived in order to model the hysteretic materials
and to calculate the losses. An experimental part based on the simulation model
was developed. Further investigation comprised the study of hysteresis losses in-
fluence on the cogging torque of a Surface-Mounted Permanent Magnet Machine
(SMPMM). For this, a simulation model of the machine was implemented.
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Chapter 1. Introduction Hysteresis Losses

1.3 Outline of the thesis

The thesis is organized in the following manner:

� Chapter 1 forms an introductory part to the thesis and ponders the scope
and aim of the research. The question why this work has been carried out is
answered. The chapters of the thesis are highlighted.

� Chapter 2 provides background on the topics of ferromagnetic materials and
eddy and hysteresis losses. Some notes on FEM analysis in electromagnetics
are given, The chapter is intended to review and analyze the research relevant
to the thesis.

� Chapter 3 presents the methodology; firstly, an electromagnetic analysis
which represents the basis for all the derived models is made. The devel-
opment of the finite element models is given. The simulations of iron losses
are presented. The experimental setup is described. The FEM analysis done
in Vector Fields Opera and the way it was implemented is described next.
An application of the hysteresis losses, namely the effects of hysteresis on
the cogging torque of a SSMPMM is given.

� Chapter 4 focuses on the results from both simulations and experiments.
The effects of the losses on the electromagnetic force are presented both
from simulation results and experimental ones. Finally, the effect of the
hysteresis losses on the cogging torque of the SMPMM are presented and
analyzed.

� Chapter 5 concludes the work of the project. Different aspects, future work
and applications of the work are discussed.
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Chapter 2

Literature overview

2.1 Magnetization and Ferromagnetic Materials

The Chinese are accredit for being the first ones to have discovered that certain
types of iron could attract each other and certain metals. Suspended small pieces
of this material were found to point in the same direction, and so they were used
as compasses in navigation. This kind of materials get their name from the city
of Magnesia, in current Turkey, where the Greeks found this ore [23].

The use of magnetic materials was not very broad until the 19th-century. Until
then, magnetism and electricity were considered distinct phenomena. Everything
changed in 1820 when the Danish scientist Hans Christian Oersted made e dis-
covery that showed that current and magnetism are related, and so the industrial
revolution started. In his experiments, Oersted noticed that a compass needle is
deflected when placed close to a current-carrying wire. His discovery gave the
start to deep research in the field from other scientists. Right after that, Ampere
released his laws, relating electricity and magnetism. Faraday’s discovery that
magnetic fields changing with time create magnetic fields followed, while James
Clerk Maxwell postulated everything into what is known as Maxwell Laws - a
unified theory of the connection between electricity and magnetism.

Magnetic fields

A magnetic field consists of imaginary lines of flux coming from moving or spinning
electrically charged particles. A magnetic field is described by two quantities,
B and H. The flux density (B) can be thought of as the density of magnetic
field flowing through a given area of material, and is measured in Tesla [T]. This
quantity can be derived from the force acting on moving charges [10].

The field intensity (H) is the resulting change in the intensity of the magnetic
field due to the interaction of B with the material it encounters. This is defined
independent of the surrounding medium. the relationship between this quantities
is given in equation 2.1.

7



Chapter 2. Literature overview Hysteresis Losses

B = µH (2.1)

where µ is the permeability of the material and is determined by the relative
permeability and the one of free space.

Depending on the values of µ, a classification between different materials can be
made [10]:

� Diamagnetic, µr ≈ 1 and µr < 1

� Paramagnetic, µr ≈ 1 and µr > 1

� Ferromagnetic, µr >> 1

When being exposed to a strong magnetic field, diamagnetic materials induce a
weak magnetic field in the opposite direction. This can be regarded as a weak repel
when a strong magnet is in proximity. Some examples of diamagnetic materials
would be bismuth, carbon graphite, mercury, silver, water, diamonds, wood and
living tissue. Paramagnetic materials are metals that are weakly attracted to
magnets. These materials can become very weak magnets, but when being cold
their magnetic properties can increase. Some of this materials are aluminum and
copper. Since the attractive force of the paramagnetic materials is so small, they
are typically considered nonmagnetic [12].

Ferromagnetic Materials

The relative permeability of ferromagnetic materials (µr) depends on the magnetic
field strength, H. Values of µr typically range between 1000 and 10000. Ferromag-
netic materials, such as iron, cobalt, nickel and steel, contain small crystalline
magnetic dipoles that are known as Weiss domains [10]. When the material is not
magnetized, these domains are randomly distributed with the poles pointing in all
directions, so their individual magnetic fields cancel out and there is no detectable
overall magnetism.

When the magnetization takes place, by applying and an external magnetizing
field, these domains align with the direction of the field. The material follows
a non-linear magnetization curve. At one point, any further increase in H will
yields insignificant effect in the orientation of the domains - this happens when
saturation occurs and all the domains are already aligned. For ferromagnetic
materials the magnetizing curve is not reversible. When the magnetizing field is
no longer present, the magnetization will not go back to zero - this can be only
done if a field in an opposite direction is applied. If an alternating magnetic field is
applied to the material, its magnetization will trace out a loop called a hysteresis
loop [9].

The hysteresis loop shows the history dependant nature of the magnetization. This
can be better understood from the fact that once the material has been driven to
saturation, the magnetizing field can be dropped back to zero and the material
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Chapter 2. Literature overview Hysteresis Losses

will retain most of its magnetization. A typical hysteresis loop can be seen in
Figure 2.1.

Figure 2.1: Hysteresis loop [5]

Based on the hysteresis loop, one can see that as H increases, B increases following
the magnetization curve. At point 1 on the curve, the material has reached satu-
ration and B will no longer increase. Now the reverse process starts, by reducing
the applied field. As stated before, the graph will not follow the same path it did
when H increased, but instead it goes from point 1, through point 2 then down to
point 3. At point 2, when no external field is present (H=0), there is still some
remanent flux density, Br. This way the material is still partially magnetized.
By reversing H, a similar process is obtained. At point 3 the material is finally
demagnetized. The value of H at this point is called the coercive force, Hc.

Ferromagnetic materials that are used in electric generators, motors, and trans-
formers should have a large magnetization for a very small applied field; they
should have tall, narrow hysteresis loops. As the applied magnetic field intensity
varies periodically between Hmax, the hysteresis loop is traced once per cycle. The
area of the hysteresis loop corresponds to energy loss (hysteresis loss) per unit
volume per cycle. Since the coercive force must be applied to overcome the rema-
nent magnetism, work is done in completing the hysteresis loop and the energy
concerned appears as heat in the magnetic material. More details on the hysteresis
loss will be given next.

Ferromagnetic materials, which have tall, narrow hysteresis loops with small loop
areas, are referred to as soft ferromagnetic materials since they are easy to mag-
netize and demagnetize. They are usually well-annealed materials with very few
dislocations and impurities so that the domain walls can move easily [22]. On
the other hand, the materials with wide hysteresis loop are called hard ferromag-
netic materials and represent good permanent magnets, with a high resistance to
magnetization.
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Chapter 2. Literature overview Hysteresis Losses

Figure 2.2: Induced eddy currents [1]

2.2 Losses in Ferromagnetic Materials

Whenever an electrical steel sheet of a ferromagnetic material is exposed to a mag-
netic field, energy losses, so-called iron losses, will emerge in it. The mechanisms
behind these losses are generally considered to be separable into the hysteresis and
classical eddy current losses [2].

Eddy current losses

From Faraday’s law of induction, the changing magnetic field can induce circulating
loops of electric current in the conductive metal core. The energy in these currents
is dissipated as heat in the resistance of the core material. The amount of energy
lost increases with the area inside the loop of current.

When sinusoidal current is run through the coil, a magnetic field B will be induced.
Moreover, and e.m.f. is induced in the path abcd from Figure 2.2, according to
Faraday’s law. This will results in eddy currents following that path, dissipating
power.

Eddy current power loss, Pe, is approximately described by the relationship in
equation 2.2:

Pe = keh
2f 2B2 (2.2)

where h is the material thickness, ke is a material dependent constant, f is the
frequency of applied excitation and B is the flux density amplitude within the
material.

In this case, power loss is proportional to the square of frequency, flux density
amplitude, and material thickness in the plane perpendicular to the magnetic field
flow. The direction of the eddy current is so to oppose the change in magnetic
flux. The amplitude of these currents is dependant on the path resistance. A
reduction of eddy currents can therefore be done by increasing the resistance of
the path that they are following. The most straightforward way of doing this is by
using laminations. These laminations contain some amount of silicon, and when
they are coated with a thin layer of insulating material the resistivity increases
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Chapter 2. Literature overview Hysteresis Losses

significantly. It is of importance to keep in mind that it is necessary to orient the
lamination edges parallel to the desired flow of flux [8].

Hysteresis losses

The hysteresis losses are caused by the motion of the tiny magnetic domains the
materials is composed of when a changing magnetic field is applied. Every time
a hysteresis loop is traversed, energy is lost. This loss is directly proportional to
the size of the hysteresis loop of a given material. Therefore materials with low
coercivity have narrow hysteresis loops and so low hysteresis losses. In general,
hysteresis power loss is described by the equation 2.3:

Ph = khfB
n (2.3)

where kh , is a constant that depends on the material type and dimensions, f is
the frequency of applied excitation, B is the flux density amplitude within the
material, and n is a material dependent exponent usually between 1.5 and 2.5 [18].

By analyzing equations 2.2 and 2.3 one would expect hysteresis loss to dominate
at low frequencies and eddy current loss to dominate at higher frequencies. The
total core loss can be expressed by summing the eddy current losses and hysteresis
losses:

Pcore = Pe + Ph (2.4)

Different methods for measuring eddy current losses and hysteresis losses are
present in the literature.

2.3 Finite Element Method in Electromagnetics

The Finite Element Method (FEM) has been widely used in computational elec-
tromagnetics for the last 4050 years. It is a highly versatile numerical method
that has received considerable attention by scientists and researchers around the
world after the latest technological advancements and computer revolution of the
twentieth century. The main concept of FEM is based on subdividing the ge-
ometrical domain of a boundary-value problem into smaller subdomains, called
finite elements, and expressing the governing differential equation along with the
associated boundary conditions as a set of linear equations that can be solved
computationally using linear algebra techniques [16].

The analysis of electric and magnetic fields in electromagnetic systems is of utmost
importance for its efficient design. Computer aided programs are used for this, to
enable the design at a level as close to reality as possible.

There are various Finite Element Based analytical programs, like ANSYS, LS-
DYNA, FEM-Design, etc [24]. For this project, Vector Fields Opera is used. Opera
(OP

¯
erating environment for E

¯
lectromagnetic R

¯
esearch and A

¯
nalysis) is a suite

of finite element based programs which can be used as tools in the design of
electromagnetic devices of all kinds. With the use this software some of the next
analysis can be performed:
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� magnetostatic and electrostatic field analysis.

� steady-state and transient ac eddy current analysis.

� transient analysis of rotating machines.

� models the magnetization process.

� stress and thermal analysis.

� lossy dielectrics.

A benefit that Opera-2d has is that it can model hysteretic materials. For this, the
material should be set as type=hysteretic. The B-H curve for a hysteretic material
should be the demagnetization curve. It should start in the 3rd quadrant and
extend through the second quadrant into the first. The extreme values of B and H
should have the same magnitude, i.e. Bmin = −Bmax and Hmin = −Hmax. These
data may be obtained from in-house measurements or published data-sheets, and
are imported into Opera as standard B-H files.

Having defined the symmetric part of the loop, Opera reflects this to create the full
Static Hysteresis, B-H trajectory. From these data, the method uses the turning
points of the B(H) trajectory to predict the behavior of arbitrary minor hysteresis
loops, using a well controlled minor loop algorithm. The user cannot intervene in
the mathematical method employed for the computation of the minor loops. As the
computation progresses, the area subtended under the B-H loop (including minor
loops) is recorded in system variable HLOSS, in a cumulative fashion. Having
recorded and accumulated HLOSS, a minor loop is wiped out when the B(H)
trajectory goes through an earlier turning point. Moreover, the model recognizes
oscillating fields and minimizes the storage of turning points in that case. A further
feature is that the transition to saturation is treated automatically. This allows
the model to overcome the inevitable limitations in the user’s measurement data.

During analysis, the hysteresis energy loss in a material can be logged at every time
step using variables called MATEn HLOSS where n is the material number. In
post-processing, a table of element values of energy loss is available using the fore-
mentioned variable HLOSS. These energy loss values are the accumulated values
of hysteresis energy loss to the current value of time [14] [15].

2.4 Hysteresis Losses in SM-PMM - Analysis and

effects

Since the losses in the electrical machines produce heating and reduce efficiency,
they are of great interest in both design and analysis phase. For this reason,
the hysteresis losses are to be taken into account when talking about electric
machines losses and overall efficiency. This project does not intend to analyze
electrical machines or losses in electrical machines. For this, special literature can
be found [6]. The effects of the hysteresis losses are analyzed on a Surface Mounted
Permanent Magnet Machine (SMPMM), and that to the influence of the cogging
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Figure 2.3: Surface Mounted Permanent Magnet Motor [13]

torque of the machine. Some brief notes on the SMPMM and cogging torque are
given next

Surface Mounted Permanent Magnet Machine

First thing that has to be mention about the SMPMM is that is a brushless AC
motor. In Figure 2.3 a cross-section of a surface-mounted PM-motor is presented.
Radial or straight-through magnetized permanent magnets are fixed to an iron
rotor core. The magnets are normally glued to the rotor surface. More details on
the SMPMM can be found in [8].

Cogging torque

Although PM machines are high performance devices, there are two torque com-
ponents that affect their output performance. The first, called ripple torque, is
produced from the harmonic content of the current and voltage waveforms in the
machine. The second, called cogging torque, is due to the physical structure of
the machine [20].

Cogging torque is produced in a brushless PM machine by the magnetic attrac-
tion between the rotor mounted permanent magnets and the stator teeth. It is
the circumferential component of attractive force that attempts to maintain the
alignment between the stator teeth and the permanent magnets. More important,
it is an undesired effect that contributes to the machines output ripple, vibration
and noise. This torque is sometimes referred to as detent or cogging torque in
the literature. A detent position in the machine is one in which the resultant cog-
ging torque is zero. In this position there is a maximum amount of air gap space
between the rotor and stator. Thus, the maximum amount of air gap reluctance
exists. In other words, the cogging torque is the torque which attempts to pull
the rotor to a position of minimum reluctance. The cogging torque may also be
thought of as a reluctance torque due to the reluctance variation presented by the

13
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tooth and slot to the magnet current source.

Improper design of the machines results in cogging torque that may be as high as
25% of the rated torque [11]. Even if in many commercially available machines, the
cogging torque can have a nominal value of 5%10% of the rated torque, there are
application which require for the cogging torque not to exceed 1-2% of the rated
torque. Therefore, methods of analysis and computation of the cogging torque
and an understanding arising out of such analysis are required to design optimally
machines meeting the specifications.

The cogging torque is affected by many factors, such as [11]:

� magnet strength - the remanent flux density determines the air-gap flux
density which directly affects cogging’s torque magnitude.

� slot width - since the cogging torque is solely due to the interaction of the
magnets and slot openings, minimum slot openings are needed.

� manufacturing irregularities - good accuracy in placement of the magnets in
the rotor is needed.

� manufacturing impact on material - affecting the stator lamination isotropy.

Cogging torque minimization techniques

The cogging torque can be minimized by various techniques, most of them be-
ing applicable in the design phase. Some of these techniques, presented in the
literature, are [3] [11] [20]:

� skewing the stator laminations or rotor magnets.

� varying the magnet strength.

� varying the magnet arc length.

� varying slot width.

� varying the radial shoe depth

� using fractional slots per pole

Almost all the techniques used against cogging torque also reduce the motor
counter-electromotive force and so reduce the resultant running torque. There-
fore the key in designing the motors is to try to optimize the cogging torque while
maximizing the output torque. In the case of this project the minimization of
the cogging torque is desired so to have a clearer view of the hysteresis effect on
its magnitude. In the methodology, the optimization techniques that were imple-
mented are going to be described.

14



Chapter 3

Methodology

Before going into the description of the simulation and experiments, an electro-
magnetic analysis is done based on the setup and it is going to be presented next.
The force losses due to hysteresis and eddy currents are going to be depicted.

3.1 Electromagnetic analysis

Fundamental equations

The magnetic field created by an electromagnet is proportional to the number of
turns in the winding, N, and the current in the wire, I. For an electromagnet as the
one shown in Figure 3.1(a) and based on the equivalent circuit from Figure 3.1(b),
Ampere’s Law can be rewritten in the form given in equation 3.1.

NI = HcoreLcore +HgapLgap

NI = B(
Lcore
µ

+
Lgap
µ0

)

where µ = B
H

and µ0 is the permeability of free space.

The non-linearity of this equation is given by the fact that the permeability of the
core, µ, is a function of the magnetic field.

Since most materials have a relative permeability µr in the range of 2000-6000,
and since µr = µ

µ0
, the second term in equation 3.1 dominates. This indicates that

in a magnetic circuit with an air gap, the behavior of the magnet depends mostly
on the length of the air gap, while the core path is not of such importance.

The force exerted by the magnetic field, when no flux leakages are present (or are
ignored), can be described with the equation 3.1 [23]:

F =
B2A

2µ0

(3.1)

When the case of an electromagnet lifting a piece of iron, the magnetic field exerted
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Figure 3.1: Model for the electromagnetic analysis, simulation and experiment

by this electromagnet at distance g of the electromagnet can be described as [23]:

B =
NIµ0

g
(3.2)

From equations 3.1 and 3.2, the force can be derived as:

F =
µ0A(Ni)2

2g2
(3.3)

where N is the number of windings, I the current passing through the coil and g
is the distance at which that field is to be measured.

This force can be influenced by eddy-current losses and hysteresis losses. This is
the objective of the simulations and experiment, to get an understanding of how
these losses affect this force.

The way the experimental setup was built is in such a way that the attraction
force acts against the gravitational force. This means that the force exerted by
the electromagnet should be greater than the weight of the object in order to lift
it. This method was employed so no friction or other variables to be involved in
the analysis.

3.2 FEM analysis of hysteresis losses

The FEM analysis was done on several cases, which are going to be presented next.

DC and AC analysis (the second with and without eddy-current and hysteresis
effect) are performed to have a clear picture of the way the hysteresis losses occur
and their influence on the force exerted by the electromagnet. Different simulation
scenarios have been employed, which will be presented in this section, while the
results will be given in Chapter 4.

The model on which the analysis was performed has the same geometry as the
setup used in the laboratory (with the mention that this model is a 2-dimension
one). This 2-D model is given in Figure 3.2.

16



Chapter 3. Methodology Hysteresis Losses

Figure 3.2: FEM model of the setup

Region 1 represents the core, region 2 the test object (and has the same material
properties as Region 1), while Region 3 and 4 are the conductors (Go and Return);
the current through this two conductors is modeled in Circuit Editor. The air-gap
is region 6, while the surrounding is a background region, modeled as air. A fine
mesh was used around the air gap, for better results. The values for the geometry
of the model are given in APPENDIX.

A transient analysis was used for all the cases, except the DC model. This approach
was taken so that to be able to record the variable waveforms of the current, force
and flux density in the air-gap at different time-steps.

3.2.1 DC model

For the DC analysis, a DC current-source design using the Circuit Editor tool in
Opera was used as feeder in the circuit. The material type is chosen as isotropic
and has the BH-curve given in Figure 3.3.

For this case, a Static analysis was employed, since there are no quantities that
could vary. After running the analysis, the force acting on the test object is
calculated as the sum of a series of line integrals encircling the body. To be
noted that the line integrals must enclose the body on which the force are to
be calculated in a counter-clockwise direction. The results obtained are to be
presented in Chapter 4.
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Figure 3.3: BH-curve for an isotropic ferromagnetic material

3.2.2 Ideal AC model

Compared to the previous case, the only difference between the two is that instead
of a DC-source an AC-source was used. This implies an AC current flowing through
the circuit. Being an ideal model, the conductivity of the material was kept at 0,
so no losses are present.

A steady-state analysis would have been sufficient for this case, but a Transient
Analysis was adopted. The reason for this was to be able to monitor the quantities
of interest. For every AC analysis, 3 periods of the signals were recorded, with
a frequency of 20 samples per period (the number of samples was chosen so to
obtain smoother data). This model is only used for comparison, since is is not
being suitable for real applications. The results obtained in this case can be found
in Chapter 4.

3.2.3 AC model with eddy

The model developed in this section takes into account the effect of eddy-currents.
This was done by setting the conductivity of the material to a value of σ =
2 ·106 S

m
(this value was taken from [4]. The AC-source can feed current at different

frequencies. This is of great importance, so to check the influence of the eddy-
current at different frequencies on the force and flux density. This will be seen in
Chapter 4, where the results will be presented and analyzed.

3.2.4 AC model with hysteresis and eddy

In this last case, both eddy-current losses and hysteresis losses are taken into
account. The conductivity is set at the same value as in the previous case, that
is σ = 2 · 106 S

m
. On top of this, the material type is changed from isotropic to

hysteretic. Furthermore, a full BH-curve is provided (see Figure 3.4); based on
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Figure 3.4: BH-curve for a hysteretic ferromagnetic material

this curve, the software Opera builds the hysteresis loop along with all the small
loops that might occur. This static BH-curve is a default one for the materials of
the type. Usually this kind of data is provided by the supplier or manufacturer.
To be noted that the simulations can be performed with various curves, all it needs
to be done is set a different BH-curve for the materials of interest.

Except for the force and flux density, the hysteresis losses can be saved at each
time-step as well. The effect that the losses (both eddy and hysteresis) have on
the force and flux density can be analyzed and the results obtained and going to
be presented in section 4.1.2.

3.3 Experimental measurements of hysteresis losses

3.3.1 Experimental setup

A laboratory setup was build so that to test the methods described in previous sub-
chapter. The layout of the experimental setup is given in Figure ?? and comprises
the next components:

� Chroma programmable AC source.

� two Fluke 45 Dual Display multimeters.

� data acquisition board for analog readings of currents and voltages.

� PC with Matlab for data acquisition and processing.

� Keyence LK-G37 laser measuring system.

� laminated silicon steel E-I core.

19



Chapter 3. Methodology Hysteresis Losses

Keyence 

Lk-G37DC Power 

Supply

Chroma 

Programmable 

AC source

Data 

Aquisition 

system

A

V

Figure 3.5: Laboratory setup

� solid steel E-I core.

� DC Power Supply.

A communication between the PC and the source was established though a Matlab
GUI so that the Chroma AC source source can be controlled to provide different
currents at different frequencies. The measurements are performed by multimeters
and the values are read through Matlab. The displacement is measured with the
use of a laser measuring device, while the obtained measurements are saved into
.mat files so to be manipulated from Matlab. The distance between the E-core
and the object is variable and can be set to any value in the interval 0− 5mm.

The tests were performed on two objects - one solid steel E-I core pair and a
laminated one. The experiments conditions and test scenarios were the same in
both cases (distance between the E and the I core, applied current and frequency).
The way the levels of current were chosen was by finding the upper limit for which
the test object would still vibrate without being pulled all the way up. Once the
upper limit for the current was chosen, the only limitation was in the displacement
readings. This drawback will be discussed in Chapter 4, along with the obtained
results.
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Figure 3.6: Set rotor parameters in the following dialog box

3.4 Losses analysis in SMPMM

As presented before, the design of a machine is very important for determining
its efficiency and reliability. An attempt to such an analysis is done in this thesis.
For this reason, a SMPMM was designed and a FEM analysis performed on that
model. The reason why this topology of permanent-magnet machines was chosen
over others is that the initial interest of the project was towards the analysis of
hysteresis losses influence on the cogging torque of this machine. The design of the
machine was done in Machine Environment from Opera in such a way to optimize
the machine for a reduced cogging torque.

For the optimization of the cogging torque, different design techniques were tested.
The one that yielded the most results was by reducing the air-gap between the
stator yokes, keeping in mind that a slotless permanent magnet motor does not
have any cogging torque.

The steps in creating the machine are presented next.

Machine design

Machine Environment from Opera enables a user-friendly and intuitive way of
designing a SMPMM. The first step of the design consists of setting the geometry
of the rotor. Here, several parameter can be chosen, such as the number of poles,
the rotor tooth definition, the inner radius of the yoke, the outer radius of the
yoke, the outer rotor radius and the rotor magnet arc. A snapshot of this step is
presented in Figure 3.6.

After this, the geometry of the stator is given for editing, as it can be seen in
Figure 3.7. The number of slots, the yoke inner and outer radius, the thickness of
tooth-end are just some of the dimensions that can be modified.

Step 3 consists of selecting the winding arrangements. This can be distributed,
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Figure 3.7: Set stator parameters in the following dialog box

concentrated, concentrated fully pitched or concentrated fully pitched single phase.

The last step enables the user to attach BH-curves to the stator, rotor, for the
magnet poles and even for the shaft. Lamination packing factors are presented
as well and can be modified. Another option is to chose the magnetization of
the permanent magnet. This step that comprises the model data is presented in
Figure 3.8

After completing this step, the output machine design should be as the one given
in Figure3.9, except for the mesh, which was shown to have a better view of the
overall design of the machine.

Analysis

Proceeding to analysis implies that the user has to chose between the excitation
(DC or AC) and the solver (ST or RM). Depending on the chosen excitation,
corresponding settings can be prescribed. In Figure3.10 the analysis data for an
AC excitation can be chosen, such as frequency, phase voltage, phase resistance or
rotor position.

The output of the analysis are the cogging torque, the excitation torque and the
back-EMF (for one phase or all 3 phases, depending on the excitation). The
obtained results will be presented and discussed in Chapter 4.

It has to be noted that the material type cannot be chosen by following these design
steps. That is why the analysis had to be rerun for the case when the hysteresis
losses were taken into consideration, by setting the corresponding material types
to hysteretic.
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Figure 3.8: Step 4: Model data, containing BH Data, Lamination parameters,
Permanent Magnet magnetization and Mesh Control

Figure 3.9: Geometry and mesh of the machine
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Figure 3.10: Analysis data for AC excitation
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Chapter 4

Results

4.1 Losses in ferromagnetic materials

4.1.1 FEM results

The methods presented in Chapter 3 were implemented and the results for each
analysis are to be presented next.

DC model

The DC analysis was performed to test the reliability of the laboratory setup and
to have an idea about the magnitude of the force when no losses are present. The
force and the flux density in the air-gap were measured. The results obtained when
a DC current of 1A is used are as follows:

� F = 6.2334N

� Bg = 0.0551T

In Figure 4.1(a) the flux density distribution is presented. The maximum value for
the flux density (color magenta in figure) is 0.1359 T, while the median is 0.068 T.
One can notice that some flux leakage is present, but this has no significant effect
on the calculus of the force.

Ideal AC model

The ideal AC model was employed just to have an idea of the magnitude of the
force and flux density in the air gap for an ideal system. This can and will be
used as an etalon for analyzing the losses that appear when designing a non-ideal
system. As it would be expected, the ideal force is independent of frequency. This
can be understood by the shape of the signal, which is a sinusoidal one; therefore,
the mean just represents the offset to the x-axis.
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(a) DC model (b) Ideal AC model

Figure 4.1: Flux density distribution for the DC and the ideal AC model
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Figure 4.2: Ideal forces (mean values) for different current values

The force has been calculated for different current values. This shows the square
dependency of the force with the current. The different cases are analyzed next.
The results can be seen in Figure 4.2, where the mean values for the force are
plotted against different values of the current. The values that were chosen for the
current are (peak values): 1A, 2A, 3A and 4A and 5A. Choosing so many values
for the current was employed only for this case and had strictly the purpose to
show this dependance of the force to current.

To be noted that for all the AC analysis performed, the used solver was the Tran-
sient Solver. This facilitates saving the values of interest at different time-steps.
For all the models, a number of 20 samples per period was used. The frequencies
that were adopted were 15Hz, 50Hz and 100Hz. These values for the frequencies
were chosen to match the ones from the experiments, since the lower limit of the
AC source from the laboratory is 15 Hz, and for frequencies higher than 100 the
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Figure 4.3: Variation of force, current and flux density in the air-gap in time

displacement measurements were very distorted and unreliable.

In Figure??, the shape of the force and flux density in the air-gap are plotted versus
time. The current is plotted as well with the purpose of showing the dependance
of the force and flux density with current.

The force and flux density are plotted against the current in Figure ??, so to keep
in mind how the ideal behavior should be. This will be emphasized later on when
losses will be included in the model and so the behavior will change.

Figure 4.1(b) contains the flux density plot in the model. A maximum value
of 0.192 is attained, while the median value is about 0.096 T. The flux density
distribution for the ideal AC model is similar with the one for the DC model, since
there are no losses and the flux penetrates the material uniformly.

AC model with conductivity - eddy currents

For this case, the simulations were performed with a current of 1A and 2A, peak
values. As compared to the previous case, different frequencies were used. This
was done in order to check the influence of the frequency on the eddy-current
losses. The obtained values are compared with the ones obtained from the previous
example, to see how the eddy currents influence the force and the flux density.

The frequencies that were used are the same, namely 15Hz, 50Hz and 100Hz. In
Figure4.5 the calculated forces are presented for all these frequencies, along with
the ideal force waveform obtained in the previous case. Analyzing the results, it
can be seen that frequency has a direct effect on the reduction of the force: the
higher the frequency, the lower the force.

Next, the waveforms of the flux density are plotted in Figure4.6. The values for the
flux density were recorded in center of the air gap. As in the case of the forces, the
flux density decreases with frequency. An analysis how exactly the eddy-current
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Figure 4.4: Variation of force and flux density in the air-gap function of current
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Figure 4.5: Variation of force with frequency when taking eddy-current losses into
account
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Figure 4.6: Variation of flux density in air-gap with frequency when taking eddy-
current losses into account

losses affect the force and flux density will be done in section 4.1.1.

In Figure 4.7 and Figure ??, the force and flux density are plotted against the
current. Comparing this with the results from the ideal case, it can be noticed
that the eddy-current losses determined the trajectories of F and B. The BI-curve
area is a direct indicator of the eddy-current losses.

Even if the area of the BI curve indicates the eddy-current losses, this is not
the case in this simulations. The reason for this is that since the current was
kept constant, the maximum flux density was not kept at the same level for all
measurements; therefore the area of the BI curve gets smaller with increase in
frequency. This can be easily deducted since B ∝ V

f
. If the voltage stays at the

same level (in this case, current), B decreases with an increase in frequency. For
this reason this method was not used to calculate the eddy-current loss.

The plot of the flux distribution in the core is given in Figure 4.9(a). The maximum
and median values for B are of 0.5621 T and 0.281 T. What can be noticed from the
figure is the pronounced skin effect that appears when eddy-current are present.
The penetration depth encountered when eddy current are present depends on the
frequency, f, on the permeability, µ and on the conductivity, σ.

AC model with conductivity and hysteresis

The last case which was analyzed took into account both hysteresis and eddy
currents effects. The test scenarios are similar to the ones from the previous case
- same solver, same frequencies same current value.

First, the forces under eddy-current and hysteresis losses are shown in Figure 4.10.
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Figure 4.7: Force function of current when taking eddy-current losses into account
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Figure 4.8: Flux density function of current when taking eddy-current losses into
account
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(a) AC + eddy model (b) AC + eddy + hysteresis model

Figure 4.9: Flux density distribution for the AC model with eddy-current losses
and for the one with eddy-current and hysteresis losses

It can be noticed that the magnitude of the forces dropped even further, compared
to the previous case. For this reason, the ideal force waveform was not plotted for
comparison. Moreover, the waveforms are more distorted, due to the hysteresis
losses. The influence of the frequency and current on the force magnitude is going
to be analyzed in section 4.1.1.

The waveforms of the flux density for the three frequencies at which the experi-
ments were performed are given in Figure ??. The flux density magnitude drops as
compared to the previous case, when only the eddy-current losses were considered.
The frequency dependance of the flux density resembles the former case.

The losses can be represented by plotting F and B function of the current, I. These
plots are presented in Figure ?? and Figure ??. But as in the anterior case, the
same things have to be taken into consideration: Bmax is not constant, and so,
due to losses, the flux density decreases with frequency and so is the area of the
BI curve.

Figure 4.9(b) presents the magnetic flux distribution in the core when both hys-
teresis and eddy-current losses are taken into account. In this case, the maximum
value for B is of 0.0667 T, while the median value is of 0.0333 T. The skin effect
is present in this case as well, due to the presence of eddy-currents.

Comparison and analysis

A comparison between the 4 study cases analyzed in Opera and presented before
is made next.

First, a comparison between the exerted forces obtained from the FEM analysis
for various frequencies and a current of 1A is presented in Table 4.1. The total
power loss Pt and the hysteresis loss Ph are calculated for all the cases and can
also be visualized in Table 4.1

Before any discussions, it is important to remind that direct comparison between
the 2 models (AC + eddy and Ac + eddy + hys) is neither recommended nor
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Figure 4.10: Variation of force with frequency when taking eddy-current and hys-
teresis losses into account
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Figure 4.11: Variation of flux density in air-gap with frequency when taking eddy-
current and hysteresis losses into account
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Figure 4.12: Force function of current when taking eddy-current and hysteresis
losses into account
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Figure 4.13: Flux density function of current when taking eddy-current and hys-
teresis losses into account
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Table 4.1: Comparison of forces and power losses for different frequencies for a
current of 1A

Case f [Hz] Fmax[N ] Fmean[N ] Floss[%] Pt[W/cm] Ph[W/cm]

AC ideal all 6.2233 3.0503 0 0 0

AC + eddy 15 4.7615 2.1558 29.3256 0.0803 0
50 3.2407 1.4591 52.9475 0.2886 0
100 2.4741 1.0965 64.4371 0.5539 0

AC + eddy + hys 15 1.0739 0.5412 82.2570 0.0637 0.0135
50 0.7286 0.2902 90.6415 0.1478 0.0315
100 0.4234 0.1542 94.9985 0.175 0.0491

natural, since the magnetic flux density was not constant. This can be easily
observed by comparing two values of the total power loss for the two cases, Pt,
and see that the power loss is higher when only eddy-currents are present.

By analyzing the data from Table 4.1 one can see that the force decreases with
frequency. An increment in frequency from 15Hz to 50Hz yields a drop of the force
(in the AC eddy case) from 2.15N to 1.45N (32.31 %). The force experiments a
24.84 % reduction when the frequency is increased further to 100Hz. These data
show a direct relation between the quantities of interest, but they do not show the
overall dependance.

If the losses and forces are plotted against the frequency, their behavior can be
clearly observed. This is done in Figure 4.14.

A correlation between the forces and the losses can be easily spotted, and is as
follows:

� the total loss Pt increases exponentially with frequency.

� the force in the AC + eddy model, FEddy decays exponentially with frequency.

� total hysteresis loss Ph increases linearly with frequency.

� the loss from the AC + eddy + hys model, FEddyHys increases linearly with
frequency..

Therefore it can be concluded that the forces exerted are directly related to the
losses. Another conclusions that can be drawn is that the eddy-current losses, as
expected, have a greater influence on the exerted force.

4.1.2 Experimental

The results obtained from the experiments are going to be presented and analyzed
next.

34



Chapter 4. Results Hysteresis Losses

10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

2

2.5

frequency [Hz]

F
o

rc
e 

[N
]

 

 
AC + eddy
Ac + eddy + hys

10 20 30 40 50 60 70 80 90 100
0

0.05

0.1

0.15

0.2

frequency [Hz]

L
o

ss
 [

W
/c

m
]

 

 
P

t

P
h

Figure 4.14: Forces and losses plotted against frequency to show variation trend

Firstly, the fact how the data was processed needs to be highlighted. In order
to get the force, a double derivative of the displacement was used, displacement
measured with the laser device. Deriving the original measured signal yielded
invery distorted and unreliable signal; this could not be used to obtain the force,
so a different approach was taken. This was by polynomial fitting with the use of
Matlab. A number of samples from the displacement was chosen and a polynomial
fitting was performed. As it can be seen in Figure 4.15, the approximation is
reasonable, so not to affect the further calculus. The speed is calculated by deriving
the outcome of the fitting; another derivation yields the acceleration, from which
the force acting on the object is calculated.

Before presenting the results obtained, it is important to remind that the same
conditions were used for all the experiments. The current has a value of IRMS =
0.707A (Ipeak = 1A). The distance between the electromagnet and the test object
is of d = 3.5mm.

Laminated test object

For the case of the laminated silicon-steel core E-I core, the results are going to
be presented here. The mass of the test object is m = 372g. As in the case of the
simulation, measurements under different frequencies have been performed here as
well. They are going to be analyzed one at a time. Having a laminated test object
implies that no eddy-current losses are present. Therefore, any losses that might
occur are due to hysteresis.
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Figure 4.15: Polynomial fitting of displacement

f = 15Hz When applying voltage with the use of the Chroma source, the test
object start to vibrate at a frequency dependant on the frequency of the applied
voltage. The vibrations that occur are measured as presented in Chapter 3. The
waveform of the displacement is similar with the one presented in Figure 4.15;
based on this displacement, the force is obtained. For a better use of the value
of force, a certain limited amount of samples from its waveform was taken. These
samples were taken when the vibrations stabilized, because at the moment when
the output of the voltage source is set on and the current start running in the
circuit, the vibrations are larger and the measurements disturbed. The calculated
force based on the displacement is plotted in Figure 4.17.

f = 50Hz This case presents a waveform of the displacement similar to the one
plotted in Figure 4.15, only at a different frequency, i.e. 50Hz. It was noticed that
in this case, the vibrations reduced in amplitude. The resulted force can be found
in Figure 4.17.

f = 100Hz The highest frequency that was employed in the experiments was of
100Hz. going over this value, the readings of the displacement were not reliable
anymore. The noticeable thing is that the vibrations reduced even further. This
is due to the increase in frequency. The force values are presented in Figure 4.17.

Non-laminated test object

The solid steel E-I core used for this experiment weighed m = 384g. Having no
lamination, one would expect for the losses to be higher here, since both eddy-
current and hysteresis losses are present. As expected, the results are going to
confirm this.
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Figure 4.16: Measured force in the laminated test object experiment

f = 15Hz Performing the test in the same conditions as before, the displacement
readings had the same waveform as the ones from the laminated test object exper-
iments. The only difference is that the amplitude of the displacement The shape
of the calculated force based on the displacement is given in Figure 4.17. It can
be seen that in this case, the value of the force is reduced as compared to before.
The analysis between the two study-cases will be done in next section. The major
reduction in force is due to both eddy-current, since they were not present in the
previous experiment.

f = 50Hz For a frequency of 50Hz, the calculated force yielded even smaller
values. A number of cycles from the force waveform are plotted in Figure 4.17.
The increase in frequency from 15Hz to 50Hz induced even more losses, reducing
the amplitude of the displacement.

f = 100Hz Applying a current of I = 0.707 yielded very low vibrations, which
could could not be measured with accuracy. Therefore, the current was increased
to a value were readings were performed with a reasonable precision. The value
of the current was of IRMS = 0.8 (Ipeak = 1.13). But even with a larger current,
the vibrations have a very small amplitude. The corresponding calculated force
is smaller compared to the previous cases, for a smaller frequency. The result is
shown in Figure 4.17

Comparison and analysis

First, a comparison of the forces plots against current is given, for all the three
frequencies taken into consideration.
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Figure 4.17: Measured force in the solid test object experiment
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Figure 4.18: Measured force vs. current for different frequencies
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Case f [Hz] Fmax[N ] Fmean[N ] Floss[%]

AC ideal - 6.2233 3.0756 -

Laminated 15 2.3418 1.1394 62.9529
50 0.4750 0.2244 92.7053
100 0.1826 0.0943 96.9334

Solid 15 0.6234 0.2925 90.4894
50 0.1858 0.0826 97.3145
100 0.0740 0.0331 98.9231

Table 4.2: Experimental results comparison for different frequencies

Case f [Hz] IRMS[A] Fmean[N ]

Laminated 15 0.78 3.9951
50 0.78 0.8517
100 0.78 0.1110

Solid 15 1.05 4.6763
50 1.05 0.2158
100 1.05 0.0556

Table 4.3: Experimental results for different current values

From Figure 4.18 it can be noted the there is a clear dependance of the force on
the current, frequency and material. The forces for the laminated core are higher
compared with the solid one. The obtained results from the experimental part
follow the same pattern as the results from the simulation. This pattern implies
that the force decrease with frequency. Moreover, when both the eddy current and
the hysteresis losses are present, the force decreases even more.

A comparison result between the experimental results is given in Table 4.1.2.

Judging by the values of the forces, one can only tell that the values of the losses in
the solid core are considerable. As in the case of the data obtained from simulation,
a plot of the forces against the frequency is needed so to have a clear overview
how they relate. Since the forces obtained from the solid core experiment are
very small, they cannot be properly compared with the data obtained from the
laminated experiment. Similar values in magnitude are needed, so another set of
measurements is used. These values are presented in Table 4.1.2.

Plotting the data from Table 4.1.2 against the frequency yields the graph in Fig-
ure 4.19.

It can be seen from Figure 4.19 that the force exerted by the solid core is highly
dependant on the frequency. Since in this case both eddy-current and hysteresis
losses are present, this result is as expected. The shape of the curve of the force
exerted by the laminated core shows the dependance of the force with the losses,
since, in this case, the losses are reduced due to laminations. It can be concluded
that the eddy-currents have a greater influence than the hysteresis losses on the
magnitude of the force.
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Figure 4.19: Measured forces plotted against frequency to show variation trend

4.2 Analysis of losses in SMPMM

The objective of analyzing the effect of the hysteresis on the cogging torque is that
of giving a more accurate model of the machine. This is of importance since the
efficiency of the machine is of great interest, and in the design stage this can be
visualized.

The machine runs at a constant speed of 750RPM . The other parameters for the
simulations were presented in Figure ??. the optimization of the cogging torque
for the machine is presented, and after that the effect that the hysteresis losses
have on the quantities of the machine, with focus on the cogging torque.

4.2.1 Optimization

First, it has to be stated that the cogging torque is calculated when no current
goes through the windings. Event if the optimization technique of the cogging
torque for the SMPMM was not analyzed in depth, it yielded considerable results.
The cogging torque was reduced from a maximum of 0.1244 Nm to 0.0778 Nm.
This percentage represents a reduction of 37.46 %. In Figure 4.20, the two torques
are plotted together versus time.

As stated before, optimization of the cogging torque with design techniques might
influence the total output torque. In this case, the difference between the original
torque and the one of the optimized model is of 4.1125 %. The maximum initial
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Figure 4.20: Cogging torque comparison for the original model and the optimized
one

torque had a value of 11.7885 Nm while the new one measured a maximum of
11.3037 Nm. A plot of the total output torque for the two models in made in
Figure 4.21.

The back-EMF and currents are not significantly affected by this optimization.
Their plots can be seen in Figure 4.22.

The optimized model was further used for analysis. The material of the rotor and
stator were changed to hysteretic and a corresponding BH-curve was associated.
The results of the analysis are presented next.

4.2.2 Hysteresis losses effects

When taking the hysteresis into account, the waveforms for the quantities of in-
terest change. First, the back-EMF and the currents are influenced by this, as it
can be seen from plot 4.23.

The differences in currents are around 10.32%, while for the voltage around 6.5%.

The total output torque is influenced as well by having hysteretic materials in
stator and rotor. The shape of the two torques is given in Figure 4.24. The
difference can go up to 15%.

Lastly, the cogging torque is analyzed. In Figure 4.25, the cogging torque for the
optimized model along with the one taking the hysteresis into account are plotted.
One can see that the hysteresis introduces a displacement in the cogging torque.
Moreover, the amplitude increases. The original optimized cogging torque oscil-
lates between -0.0811 Nm and 0.0780 Nm. The cogging torque from the hysteretic
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Figure 4.21: Output torque comparison for the original model and the optimized
one
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Figure 4.22: Back-EMF and current comparison for the original model and the
optimized one
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Figure 4.23: Back-EMF and current comparison for the optimized model and the
one with hysteresis losses
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Figure 4.24: Total torque comparison for the optimized model and the one with
hysteresis losses
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Figure 4.25: Cogging torque comparison for the optimized model and the one with
hysteresis losses

model starts from a lower values and after about 1µs it reaches a values which
will remain as offset. This offset has a value of 0.2888 Nm - considering the xaxis
as axis of symmetry. Excepting the initial shape, the cogging torque oscillates
between 0.1648 Nm and 0.4128 Nm. Taking these values into account, the differ-
ence between the optimized cogging torque and the one resulted in this case is of
37.01%.

Based on the obtained results, the importance of the design of the machines be-
comes clear. This way, a good overview on machines’ performance can be obtained.
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Chapter 5

Conclusions and future work

5.1 Conclusions

Modeling, simulating and practical testing of the effects of the eddy-current and
hysteresis losses on the behavior of the ferromagnetic materials was of interest in
this project. This is due to their great influence on a motors’ performance. The
main focus was on analyzing the influence of the hysteresis losses in the overall
functionality and efficiency of the Surface Mounted PMM, with a high concern
towards cogging torque.

The analysis of the eddy-current and hysteresis losses in ferromagnetic materials
underlined that the most important factor in the total losses is the eddy-currents
losses. This is due to the fact that hysteresis losses are linear dependant on the
frequency, while eddy-current losses increase with the square of frequency. For the
analyzed system, the force losses went from a percentage of 30% of the ideal force
(in the case of a frequency of 15Hz and only with eddy-current losses) up to 95%,
when both the losses were taken into consideration. The simulations results are
sustained by the ones obtained from experiments. For a laminated silicon steel E-I
core, the force dropped 60% from the ideal value. A further increase in frequency
only decreased the force even more. The experiments performed on the solid steel
core, where eddy-current losses are present, showed a high reduction in the force.
Even for a higher current going through the windings, the force stayed at around
10% of the ideal value for a frequency of 100Hz and a current of 1.05ARMS. The
results obtained came only to sustain the fact that great attention should be put
in the design of the electric machine.

With this in mind, the analysis of the SMPMM could be performed. First, an
optimization of the machine was needed. A reduction in cogging torque of about
37% was obtained by altering the geometry of the stator. The process of opti-
mization did not influenced the output torque notably, nor the back-EMF or the
currents. Based on this model, an analysis taking into account the hysteresis losses
that might occur was performed. Attaching a full static BH-curve to both the sta-
tor and the rotor along with changing the material type to hysteretic yielded in
a noticeable influence on the quantities of interest in the machine. The output
torque encountered in some moments a drop up to 15% from the initial model.
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The back-EMF and current were slightly less influenced, with differences of around
10% and 6/5%, respectively. The higher influence of the hysteresis losses was on
the cogging torque. The hysteresis introduces an offset, which moves the cogging
torque at a mean value of 0.2888 Nm. The magnitude of the cogging torque was
influenced as well, increasing by 37%. This percentage is not negligible since there
are many application that request a small cogging torque.

This analysis showed how important the materials properties are in the design
and the overall efficiency of a machine. The losses that are induced can affect
considerably the cogging torque of the machine, and even the output torque. Even
if the BH-curve used in the simulation may not be from a real motor, the model
can be easily used for with different BH-curve. This way, a real overlook on the
machine performance can be obtain.

To increase the efficiency of the machine, the materials that are employed in the
stator and rotor should have low hysteresis losses. A reduction in the hysteresis
losses ca be made by increasing the purity of the material or by reduction in internal
and surface strain. Moreover, the eddy current losses should be minimized as well,
by reducing the thickness of laminations, by increasing the resistivity of the core
material with the use of more silicon content or by a reduction in grain size [17].

5.2 Future work

Due to the limited time available for the project some of the initial goals of the
project translated to future work; this would involve:

� simulations and experiments performed for different materials.

� calculation of eddy current losses and hysteresis losses.

� use of different BH-curves in the FEM models.

� better optimization of the cogging torque of the SMPMM

� further analysis on the influence of the hysteresis losses in SMPMM for dif-
ferent BH-curves and motor design.
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Appendix A

A.1

The Matlab code for loading the saved data from the experiment and process it
to calculate the force is given next:

%% Initialization
clear;
clc;

position = txt2mat('15Hz/laminated/d1.csv');
I = importdata('15Hz/laminated/I1.mat');
U = importdata('15Hz/laminated/U1.mat');

%% Position, Speed & Acceleration
pos = position;
y = pos(1:500);
x = 1:length(y);
p pos = polyfit(x,y',50);
f = polyval(p pos,x);
speed = gradient(f, 1/501);
acc = gradient(speed, 1/501);

%% Comparison forces
G = 372*1e−3*9.8;
F = 372*1e−3*acc(1:450);
F magn = G − F;

%% Scale current and shorten signals to 3 periods
j=1;
for k=1:(length(I)−40)

if mod(k,40)==1
out I(j) = mean(I(k:k+39));
out U(j) = mean(U(k:k+39));
j=j+1;

end
end

% calculate flux
dif = out U(155:length(out U)) − 2.6.*out I(155:length(out U));
t = 0:1/length(dif):1;
t = t(1:length(dif));
Phid = [t' dif'];
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% shorten signals
I short = out I(12:311);
U short = out U(12:311);
P = I short.*U short;
F short = smooth(F magn(100:400−1));
speed short = smooth(speed(100:400−1));
I final = I short;

%% Get absolute values of force
if (min(F short) < 0)

F abs = F short + abs(min(F short));
else

F abs = F short − abs(min(F short));
end
F final = F abs;

%% run simulink model for integration
sim('Integrator.mdl', 1);

%% Save data
I 15 L = I final;
F 15 L = F final;
Phi 15 L = Phi(1:length(I final));

A.2

Opera command file used to save in a text file the values for the current, force and
flux density at each step:

// create file if !exists; append otherwise
$EXIST DC 1.txt
$IF FILEEXISTS
$OPEN 2 DC 1.txt OVERWRITE
$ELSE
$OPEN 2 DC 1.txt WRITE
$END IF

$DO #I 1 2 1
READ CASE=%INT(#I) GEOMETRY=NO

// redraw flux density
SET ELEMENT=QUADRATIC | MESH +ERRORCHECK −DISPLAY
TOLERANCE=5.0E−05 | NO
RECONSTRUCT FILL=MATERIAL | CONTOUR COMPONENT=B LINES=100
STYLE=ZONE AUTOMATIC=YES REG1=1 REG2=* MATERIAL=ALL NOT=ANY
DEFORMED=NO HOMOGENEITY=NO ERASE=NO

// calculate and save force
INTLINE X1=−0.1 Y1=0 Y2=Y1 X2=9.7 TOLERANCE=0.01 CURVATURE=0
COMPONENT=POT TIME=0 XACTION=0 YACTION=0 ACCUMULATE=ZERO
AVERAGE=YES
INTLINE X1=−0.1 X2=X1 Y1=0 Y2=1.7 TOLERANCE=0.01 CURVATURE=0

52



Appendix A. Hysteresis Losses

COMPONENT=POT TIME=0 XACTION=0 YACTION=0 ACCUMULATE=ADD
AVERAGE=YES
INTLINE X1=9.7 Y1=1.7 Y2=Y1 X2=−0.1 TOLERANCE=0.01 CURVATURE=0
COMPONENT=POT TIME=0 XACTION=0 YACTION=0 ACCUMULATE=ADD
AVERAGE=YES
INTLINE X1=−0.1 X2=X1 Y1=1.7 Y2=0 TOLERANCE=0.01 CURVATURE=0
COMPONENT=POT TIME=0 XACTION=0 YACTION=0 ACCUMULATE=ADD AVERAGE=YES
#FORCE=TOTAL FY
#CURRENT=W1 I

// calculate and save flux density
POINT METHOD=CARTESIAN XP=4.8 YP=1.8 COMPONENT=Bmod HOMOGENEITY=NO
#Bcore=BMOD

POINT METHOD=CARTESIAN XP=0.8 YP=1.8 COMPONENT=Bmod HOMOGENEITY=NO
#Bleg=BMOD

POINT METHOD=CARTESIAN XP=2.4 YP=7.35 COMPONENT=Bmod HOMOGENEITY=NO
#Bmax=BMOD

// define display formats
$FORMAT 1 STRING 2
$FORMAT 2 EXPO 0
$FORMAT 3 INTEGER 3

//write to file
$ASSIGN 3 1 2 1 2 1 2 1 2 1 2
$WRITE 2 FREQ #CURRENT #FORCE #Bcore #Bleg #Bmax

$END DO

$CLOSE 2
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