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This thesis discusses important factors that affect the performance of a machine. These
are categorized based on the manufacturing processes of the magnetic steel and effects of

high-energy magnets on the rotor core of specific machines.

The first factor examines the effects of cutting process such as Punch, Laser-jet and Water-jet
on the magnetic properties of the core. The critical components such as relative permeability
and core loss characteristics of the ferromagnetic core are discussed to study their effect on

the overall performance of the machine.

The second factor as previously mentioned focuses on the influence of high-energy magnets on
the magnetic properties of steel laminations in Permanent Magnet Synchronous Machines
(PMSM). Relative permeability of the lamination is found to decrease when it is kept in

contact with high-energy magnets for a prolonged period of time.

The significance of these two factors on the design of motors has been highlighted. Experi-
ments and simulations are conducted to study the effects of these factors on the torque and

speed characteristics of the machine.
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CHAPTER 1

INTRODUCTION

1.1 Current Technology of Compact Motors

New motor technologies are trending towards higher efficiencies while keeping the size and
weight of the motor to be small. Compact motors are used for wide variety of applications
including automotive, medical, aerospace and domestic applications. The present demand
in market is to come up with compact motors that produce higher power density, torque
density and efficiency.

There are different factors that influence the efficiency of motors. It includes the Conduc-
tor Properties, Magnetic Steel, Thermal Design, Aerodynamic Design and Manufacturing
Processes [2].

The Conductor Properties primarily deals with the resistive losses caused due to the
conductor windings that account for 35% of the losses [2].

Magnetic steel is considered to be the most expensive component of the machine and the
losses associated with it mainly include hysteresis and eddy current losses.

Thermal design emphasizes on cooling design techniques that reduce the clearance dis-
tance and lower the copper losses in the system. This helps the motor to run at a lower
operating temperature and increases the service life of the motor.

Aerodynamic design is associated with the optimized design of the fan to produce more
efficient cooling with a lower noise level.

Manufacturing Processes deals with the introduction of extreme thermal and physical
stresses in the magnetic steel caused due to the different manufacturing processes such as
cutting, riveting, welding and motor assembly which is found to increase the iron losses by
up to 50% [2].

This thesis is mainly focused on the Magnetic Steel properties and the manufacturing

processes of machine core that influences the efficiency of the machine. Efforts are made to



showcase the effects of the different cutting techniques on the permeability and core losses
of the machine. In addition to the manufacturing processes, experiments are performed to
examine the influence of high energy magnets on the magnetic properties of the rotor core
of Permanent Magnet Synchronous Machines (PMSM). It is concluded through a series of
experiments that when magnetic steel is kept in contact with high energy magnets, it causes

significant ageing effects on the magnetic steel core.

1.2 Effects of Manufacturing Processes

The deterioration of the magnetic properties of the non-oriented magnetic steel lamination
caused by different manufacturing processes is a well-known issue. Efforts are needed to
address this problem and choose manufacturing techniques which may be less detrimental to
the overall efficiency of the machine. The manufacturing processes that cause the variation

in performance may include cutting, welding, riveting, etc.

1.2.1 Residual Stress

Manufacturing processes are known to induce stress on the magnetic material. For detailed
knowledge of how it may affect the machine, it is essential to know more about the stress
present in the material. Stress in a magnetic material are mainly classified into two types

[17]:

e Applied stress: Stress that is caused due to external forces.

e Residual stress: Stress that remains in the body after all the external forces are re-

moved.

It is important to focus on the residual stress since it remains in the material even after

removal of the external forces.



Residual stress are further divided into macro and micro stress. Macro stress are constant
over long distances while the micro stress change in magnitude at distances much lesser than
the normal grain diameter [17].

Macro stress is the main concern for the magnetic material since it causes fatigue and
fracture and mainly occurs due to the plastic flow that appear during the manufacturing
processes. This stress is overcome by post annealing methods. As discussed in Chapter 2,
experiments conducted clearly shows that post annealing processes improves the magnetic
properties of the magnetic material.

Microstress is mainly caused due to crystal imperfections and affects the domain wall

movement in the material. It cannot be removed completely even after annealing.

1.2.2 Effects of Surface Abrasion on the Magnetic Properties of Silicon Steel

The different manufacturing processes of steel causes surface abrasion which in turn produces
anisotropic strains in the steel samples. The effects can be explained by the domain theory of
ferromagnetism which states that a sufficiently higher tension in materials having a positive
magnetostriction can cause the domains to be oriented in parallel to the direction of applied
tension.

Magnetostriction is defined as the property of ferromagnetic material that causes it to
change shape or dimension when magnetized. It was first observed by Joule [28] who noted
that the amount of elongation occuring in an iron wire was reduced if the wire was under
tension. Magnetostriction occurs due to spin-orbit coupling.

A crystal of iron under no external strain, will have six possible directions of stable
domain orientation (paramagnetic state when material is above curie temperature). The
domains are magnetized to saturation [11].

When a field is applied in the easily magnetized direction of cube i.e [100], an increase in

volume of the magnetized domains is observed parallel to the direction of the applied field



in addition to a decrease in volume of domains in the reverse and lateral directions. The
iron then changes shape from a cubic structure to a tetragonal structure with a longer axis
at the [100] direction.

According to Ewing’s theory, the atoms present in a ferromagnetic material are permanent
magnets whose mutual interaction leads to the magnetic properties of the material. This
theory was then superseded by the modern domain theory which states that the atoms are
considered to have a magnetic moment due to “uncompensated spins” of electrons in the
outer shell of the atomic structure.

Therefore, it can be said that surface abrasion can cause defects in the crystal structure
of the material thus affecting its magnetic properties. According to [36], it was observed that
when a cold rolled silicon sheet sample with a thickness of .012 inches, underwent surface
abrasion of 100 micron-inches, there were still large changes in the magnetostriction and
permeability and the effects were dependent on the direction of abrasion. The author also
observed similar properties for hot-rolled silicon transformer sheet.

The observations were made under conditions of longitudinal, transverse and 45° angle
abrasions. A transverse abrasion was found to produce longitudinal tension and therefore
had reduction in magnetostriction and increase in permeability. On the other hand, the lon-
gitudinal abrasion produced transverse tension which means the tension was at right angles
to the direction of field. Therefore majority of the domains were directed at right angles to
the field which caused an increase in magnetostriction and a decrease in permeability.

Figure|1.1| [36] shows the magnetostriction for the samples of cold rolled silicon steel with
abrasion in longitudinal, transverse and 45° angle. It can be clearly observed that effects of
magnetostriction is completely dependent on the direction of abrasion.

The permeability of the samples were also noted in order to understand the effects of
abrasion on the magnetic steel samples. It was observed that the large increase in magne-
tostriction was accompanied by a reduction of permeability. Figure [36] shows the change

in permeability with respect to flux densities at different directions of abrasion.
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Figure 1.2. Change in permeability with respect to flux density for samples of cold-rolled
silicon steel with abrasions in different directions (Source: R. G. Martindale, ” Anisotropic
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Therefore, it was clear that the change in magnetostriction and permeability was depen-

dent on the direction of abrasion.



Surface abrasion on one side of the steel layer forced a state of compression both in the
direction of abrasion and at right angle to it, the latter stress being much higher whereas
abrasion in both sides of the steel sheet caused the central layer to be in a state of tensile
stress [36].

Manufacturing processes also cause tensile and compression stress in materials. Tensile
stress is considered to be positive and compression stress negative (by convention). Through
experiments conducted in [41], it was shown that tensile stress increased the slope of the
initial and remanent magnetization curve whereas compressive stress caused a decrease in
the slope of the curve.

Figure and Figure [4T]shows a direct comparison of the above mentioned phe-
nomenon. A tensile force of 100MPa is applied in the first case and a compressive force of

-200MPa is applied in the second case.
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Figure 1.3. B-H curve at a tensile stress of +100MPa (Source: K. C. Pitman, " The influence
of stress on ferromagnetic hysteresis,” in IEEE Transactions on Magnetics, vol. 26, no. 5,
pp. 1978-1980, Sep 1990)

1.2.3 Types of Cutting

The research in this thesis mainly focuses on the effects of two of the manufacturing processes,
cutting and annealing, on the properties of magnetic steel. The commonly adopted cutting
techniques are mechanical punching, laser cutting and waterjet cutting. These methods
cause either mechanical or thermal stress that deteriorates the permeability and increases

the core loss in the laminated steel.
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Figure 1.4. B-H curve at a compressive stress of -200MPa (Source: K. C. Pitman, ”The
influence of stress on ferromagnetic hysteresis,” in IEEE Transactions on Magnetics, vol. 26,
no. 5, pp. 1978-1980, Sep 1990)

This may affect crucial applications of motors in biomedical and aerospace industries
where even a minor increase in the core loss can affect the efficiency of the motor thereby
drastically affecting its performance.

The performance of samples produced through mechanical punching, laser cutting and
waterjet cutting are studied through different experiments and are explained in detail in

Chapter 2.

Mechanical Punching

Mechanical punching is the method that uses punch press to force a tool through the work-
piece to form the desired material. The punch tool and the die are used for this process, and
they are usually made of hardened steel or tungsten carbide.

Hammering or punching of steel sheets under high pressure causes surface compression.
Since the sheet is subjected to such a treatment only on one side, it would curve the surface
convex. When the load is removed, the boundaries of the sheet will not reverse back to the
original position and the compression on the surface is retained.

Usually, punching is the most cost effective method for cutting and the processing speed

is also quick. However, the precision is not as good as the other methods used [51] [33].



Laser-jet Cutting

Laser-jet cutting is a method that uses small laser beams to cut the materials. The laser is
focused to produce a high-energy laser beam that can heat a small zone of the material to a
very high temperature. The material in this zone is vaporized or melted.

There are several laser cutting methods applicable to different materials, such as vapor-
ization cutting, melt and blow and thermal stress cracking, etc. Laser cutting is non-contact
cutting, and has better precision and faster cutting speed but can cause heat-affected zones
and thus cause thermal stress to the material [25].

Thermal stress or increase in temperature during the manufacturing process can affect
the atomic structure of the material. In 1907 Weiss stated the idea of “molecular field” and
“saturated domains” in ferromagnetic materials. It was explained that the magnetization of
ferromagnetic materials occurred in discrete jumps. Heisenberg, Bethe and others concluded
this theory using quantum mechanics.

It was explained that, at low temperature, when an element existed in its normal crys-
talline form and when the ratio of distance between the adjacent atoms to the diameter of
the incomplete shell containing spinning electrons which caused the magnetic moment of the
atom lay in the range of prescribed limits, then the spins were observed to be in the same
direction with the spin axis parallel, thus spontaneously saturating the material.

However, when the temperature was increased, the alignment of the axis was disturbed
and therefore the saturation fell to a lower value. The material was known to revert to the
paramagnetic state at curie temperature.

Figure [19] shows the variation of saturation magnetization with the increase in
temperature for metals such as iron, cobalt and nickel. It can be clearly observed that with

the rise in temperature, the saturation magnetization was found to decrease.
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Figure 1.5. Change in saturation magnetization as a function of temperature (Source: Cul-

lity, B. D. and C. D. Graham (2009d). Ferromagnetism, pp. 115-149. Wiley-IEEE Press.)
It can therefore be stated that the increase in temperature during the laser-cutting pro-

cess can hamper the permeability and increase the core loss of the material as observed in

experiments conducted (Chapter 2).

Water-jet Cutting

Water jet cutting is a method that is widely used in the industry. Basically, a water jet
cutter uses high pressure water to cut materials. Depending on the application, the pressure
varies from 1 mega Pascal to 100 mega Pascal. For soft materials, such as rubber and wood,
a water jet cutter uses pure water as the cutting tool whereas for hard materials, such as
stone and metal, the cutter uses mixture of water and abrasive substance (e.g. garnet) as
the cutting tool.

The most important advantage of water jet cutting is that there is no heat-affected zone.
Hence, the materials to be cut will stay at low temperature to prevent changing its heat-

sensitive intrinsic properties [24].



1.2.4 Annealing

In addition to the cutting techniques, post-annealing processes also has an influence on the
magnetic properties of the steel core. Annealing is a heat treatment process that alters the
physical and chemical properties of a material in order to increase its ductility and reduce
the hardness. It helps in recovery, recrystallization and grain growth in magnetic materials.
The materials become magnetically softer after the annealing process.

According to [12], impurities present in the magnetic material can cause a decrease in its
magnetic properties. An exhaustive study by Yensen [52] showed the effects of impurities
such as carbon and sulphur on the magnetic properties of iron and silicon-iron. Figure (1.6

[52]shows the change in hysteresis losses due to impurities in iron at a maximum flux density

T

of 10000 gauss.
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Figure 1.6. Change in hysteresis loss due to presence of impurities in iron (Source: Yensen,
T. D. (1924, Jan). The magnetic properties of the ternary alloys fe-si-c. Transactions of the
American Institute of Electrical Engineers XLIII, 145-175)

It can be observed that even small percentage of carbon and sulphur can be harmful. An-

nealing helps in removing such impurities and remarkably improves the magnetic properties
of the sample.
In some experiments [12] annealing was performed in a hydrogen atmosphere at a high

temperature. The initial and maximum permeability was observed to improve after the

annealing process.
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Magnetic annealing has also been found to improve the directional magnetic properties
of magnetic steel [I2]. It increases the permeability in a preferred direction and decreases
the value in opposite and lateral directions. This is done by applying a magnetic field during
the cooling process at the curie temperature.

In the experiments explained in Chapter 2, annealing of laminations was conducted after
the cutting process. It was found to have a positive influence on the magnetic properties
of the laminations. It was observed that the post-annealing processes improved the relative
permeability of the core material, decreased the core-loss and also improved the surface finish

of the laminations.

1.2.5 Surface Imperfections due to cutting

In addition to the magnetic properties of the steel samples, it is observed that the different
cutting techniques have divergent effects on the surface of the sample particularly the edges.

In this thesis, the surface of different samples of steel cut by punching, laser-jet and
water-jet cutting techniques are studied with the help of a digital microscope. It is observed
through 3-D imaging that the Laser-jet sample is found to have the largest imperfections
in comparison to the punch and water-jet samples. It is also observed that post-annealing
process of the sample improves the surface finish and therefore reduces the core losses of the
machine.

This is a very important factor that needs to be considered while designing a machine
since the surface imperfections directly affect the air-gap of the machine. Larger air-gap

causes higher losses and reduces the power density of the machine.

1.2.6 Literature Review

Several papers have been published which emphasizes the importance of the cutting and

annealing techniques and its influence on the magnetic properties of the steel core.
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It is well-known that the punch-cutting technique causes plastic deformation at the edges
of the lamination and laser-cutting technique causes thermal-stress. In [22], Emura discusses
the influence of different cutting techniques (punching, guillotine, laser and photo corrosion)
before and after annealing at 1.5T. It is concluded that annealing before cutting does not
improve the efficiency but annealing after cutting the steel can improve the efficiency of the
steel core.

In [34], Lazari studies the influence of the laser cut on the performance of a Permanent
Magnet Assisted Synchronous Reluctance Machine especially those showing an excessive
cutting length per steel area. In [47], experiment shows the deterioration of the magnetic
property in magnetic steel with the laser cutting and mechanical punching. [7] talks about
the prediction of mechanical stress effects on the iron loss in electrical machines.

In [43], Rygal discusses about the influence of cutting stress on magnetic field and flux
density distribution in non-oriented electrical steels. The impact would be more profound for
small width of the strips such as stator teeth of electric machines. However, not much work
has been done to investigate the influence of waterjet cutting on the B-H characteristics of
electrical steel laminations.

In this study, experiments were performed to study the influence of the punch, laser-jet
and water-jet cutting technique on the magnetic properties of the non-oriented magnetic
steel. The experiments show that the water-jet cutting technique has the least influence on
the magnetic properties of the ferromagnetic core. Punched and laser-cut laminations have
higher core loss. Experiments and simulations show that post-annealing process conducted

on the laser-jet cut sample improves the magnetic properties of the lamination.
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1.3 Effects of ferromagnetic hysteresis loops on Inductive circuit

For the optimal design of electric motors, knowledge of core properties is of utmost impor-
tance. There are different factors that cause power losses in the ferromagnetic material.
These have been studied continuously since the first formulation of power loss [50].

The magnetic losses are decomposed into hysteresis loss, Py, which is directly proportional
to the frequency, eddy-current loss, P, which directly depends on the square of the frequency
[14] [26] and anomalous eddy current losses, Panomalous Caused by magnetic domain wall
movement [8] [9].

Pv:Ph+Pe+Panomalous (11)

P, is the total magnetic loss per unit volume. When iron loss separation techniques was
investigated [10], it was observed that the hysteresis loss were more likely to be influenced
by the deterioration caused due to the different manufacturing processes.

It was observed that the hysteresis loop of a laser-jet unannealed cut sample had the
highest coercivity and least retentivity in comparison to water-jet cut sample. Therefore,
it was important to study the characteristics of the hysteresis loop of the core and mathe-
matically model the soft ferromagnetic core to study its influence on the performance of a
machine.

Different models have been introduced in the past to study the non-linear hysteresis
behavior of ferromagnetic materials. One such model is the Preisach model which was
proved to accurately represent the hysteresis characteristics. But the implementation of the
model was highly complex and required considerable computational time [53]. The other
dynamic model that was widely accepted and easier to implement was the Jiles-Atherton
model. It described, from a physical point of view, the hysteresis phenomenon that took
place inside the soft ferromagnetic materials [27].

The parameters that are used in this model have physical significances and can be mod-

ified and obtained based on the manufacturing processes, materials used or change in the
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B-H curve. It is a simple first order differential equation that calculates the magnetization
of the sample with respect to the magnetic field based on these physical parameters.

Modified Jiles-Atherton equations were used to model the non-linear dynamic magnetic
losses in the laminated steel of machines and to study the influence of the ferromagnetic
hysteresis loop on the machine performance.

Different methods have been used to calculate the physical parameters of this model. One
such method is the non-linear least square method which is based on curve fitting technique
[29]. This method has been used in this thesis to calculate the Jiles-Atherton parameters.

A simple non-linear RL circuit was designed that displayed all the usual non-linear be-
havior. The influence of non-linear hysteresis was studied by comparing the exciting current
waveforms of the RL circuit under conditions of linearity, saturation and non-linear hystere-
sis.

It was observed that under conditions of non-linear hysteresis, the current waveform was
no longer perfectly triangular. The experiment was important to conclude the importance
of the effects of B-H curves on the current waveforms which in turn affected the performance

of the machine.

1.4 Influence of high-energy magnets on Magnetic Steel

In addition to the effects of different manufacturing processes, this thesis also focuses on the
influence of high-energy magnets on the magnetic properties of the steel core.

Through experiments and simulations, it was observed that prolonged contact of the
ferromagnetic core with high-energy magnets caused the relative permeability of the core
sample to decrease substantially.

This is of paramount importance in machines such as Interior Permanent Magnet Syn-
chronous Machines (IPMSM) and Surface Mount Permanent Magnet Synchronous Machines

(SPMSM) where the rotor core is in continuous contact with high energy magnets.
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1.4.1 High-energy rare earth magnets

For most applications, permanent magnet is used to produce a magnetic field because the
field is formed without the use of any additional electric power or the production of heat
that may cause losses [20]. For a material to be used as a permanent magnet, it needs to
have an uniaxial anisotropy, a curie temperature above the room temperature and a high
saturation magnetization. In addition, it is preferred to be inexpensive, have lower density
and a good resistance against corrosion [20].

To attain higher power density and torque density ratings in motors, high-energy rare
earth magnets are being used in machines. A magnetic field of a particular value can be pro-
duced by the geometrical configurations of these permanent magnets. Their large maximum
energy product, (BH)max helps to improve the performance of the machine.

Maximum energy product is the measure of magnetic energy which can be stored by
a magnetic material. The energy is measured per unit volume of the magnetic material.
According to [5] and [4] the samarium cobalt magnets have a maximum energy product of
33 MGOe and neodymium-iron-boron magnets can have maximum energy products of 52
MGOQe.

Figure|1.7|[20] shows the comparison of maximum energy product of NdFeB in comparison
to other magnetic materials.

For the experiments conducted in this thesis, Neodymium-iron-boron (NdFeB) were used.

They are known to have a curie temperature of 300°C [20]. Although the performance
benefits are undeniable but the use of rare earth magnets especially NdFeB has raised serious
concerns in number of areas.

One of the major concerns is the cost fluctuation of these materials. It is also known
to be susceptible to severe corrosion when used in moist conditions. But in addition to the
mentioned reasons, it has also been found through this research that high-energy magnets

affects the magnetic properties of the steel core.
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Figure 1.7. Comparison of maximum energy product of magnetic materials (Source: Cullity,
B. D. and C. D. Graham (2009¢). Hard Magnetic Materials, pp. 477-504. Wiley-IEEE
Press.)

It was found that when high energy magnets were kept in contact with the magnetic steel
for a period of four weeks, the permeability of the core decreased. It clearly showed that
high-energy magnets could cause potential ageing effects of the steel core. The study also
showed that these ageing effects had different influences on the motor at varied operating
points.

These have to be known in detail and taken into consideration while designing the motors
for different applications. It could therefore be concluded that it was very important to
consider these factors while designing the core of PM motors since the decrease in relative
permeability could lead to an increase in reluctance of the magnetic circuit which in turn
could affect the inductance and flux density, hence altering the performance of the machine
at a particular operating condition.

In the experiments conducted, three different criteria were considered in order to study

the influence of high-energy magnets on the relative permeability of magnetic steel:

e The high-energy magnets were kept in contact with the magnetic steel for a period of

four weeks. Data was collected every week and the change in permeability was noted.
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o After keeping the magnet in contact with the magnetic steel for three weeks, the polar-
ities of the magnets were reversed and the data was collected every week. Observations

were made on the effects of polarity change.

e After keeping the magnet in contact with the magnetic steel for four weeks, the high-
energy magnets were separated from the magnetic steel for the fifth week. Data was
collected and readings were noted. The purpose of the experiment was to note if the

magnetic steel regained its permeability after the separation of high-energy magnets.

Details of the experiment and results are discussed in Chapter 5 of the thesis.

1.5 Thesis Outline

The above sections mentioned a brief discussion about the contents of the thesis. The

different chapters of this thesis is outlined below:

e Chapter 1: In this chapter, the new technology of compact motors is discussed. The

problem statement is introduced and the content of the thesis is discussed.

e Chapter 2: This chapter discusses the effects of processing and cutting methods on the
permeability, core loss and B-H curves of the steel core. Experiments are performed
on the Punch, Laser-jet and Water-jet samples and results are discussed. Experiments
are also performed to show the effects of post-annealing processes on the magnetic

properties of the steel core.

e Chapter 3: In this section of the thesis, Effects of the hysteresis loop in an Inductive
circuit is investigated. Non-linear Jiles-Atherton hysteresis model is simulated using
MATLAB and excitation current waveforms are compared under different conditions

of linearity, saturation and non-linear hysteresis.
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e Chapter 4: This section of the thesis explains in detail the surface imperfections caused
due to the different cutting methods. The effects of the surface imperfections on the
machine performance such as air-gap length irregularities are explored and its influence

on the power density and torque density are examined.

e Chapter 5: In this chapter, the influence of high-energy magnets on the performance
of IPMSM and SPMSM machines are studied. Results of prolonged experiments con-
ducted to explore the ageing effect of steel core due to high energy permanent magnets
are discussed. ANSYS MAXWELL simulations are performed to show the effects of

decrease in permeability on the inductance and rotor torque of an IPMSM machine.

e Chapter 6: Finally, this chapter summarizes the thesis, discusses the results of the

experiments and simulations and outlines directions for future research.
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CHAPTER 2
EFFECTS OF PROCESSING AND CUTTING METHODS ON THE

MAGNETIC PROPERTIES OF FERROMAGNETIC CORE

In the first chapter of the thesis, a brief description of the problem statement and solution
was discussed. It included the two main factors that was needed to be considered while
designing motors, that is, the manufacturing processes of the laminations and the effects of
high-energy magnets on the motor performance.

This chapter will focus on details about the ferromagnetic steel used in motor core,
effects of different cuting techniques on the magnetic properties of these cores and in-depth

comparisons with respect to crucial factors such as relative permeability and core loss.

2.1 Ferromagnetic Steel

The properties of a machine depends crucially on the geometry of the stator and rotor core,
the air-gap between the stator and the rotor, properties of the core material such as hysteresis
and permeability, the operating temperature of the core and the width of the laminations
used to reduce the eddy currents. Ferromagnetic materials are used as cores in machines
due to their high magnetic permeability. In the experiments that follow, a soft ferromagnet
is used, which requires very less current to get magnetized.

Ferromagnetic materials consist of domains where the magnetic dipoles are parallel to
each other [48]. When a field is applied to the ferromagnetic core, it gets magnetized.

The theory which was explained by Weiss discussed that the domains of the ferromagnet
were spontaneously magnetized to a saturation value, but the direction of magnetization
were in such a way that the net magnetization added to zero. The domains were separated
by domains walls or a boundary. When a field was applied, the whole specimen shifted from

a multi domain system to a single domain system by pushing the domain walls right out of
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the considered region, thus magnetizing the specimen in the direction of the applied field
[19].

In most applications, it is undesirable for the core to retain the magnetization when the
field is removed. This property of the core is known as ‘hysteresis’ and can cause energy loss.
Therefore, ferromagnetic materials with lower hysteresis are preferred for the machine cores
and are known as soft magnetic materials. But through experimental results conducted in
this thesis, it is evaluated that the hysteresis losses of the core also depends on the cutting

techniques used for manufacturing the steel core.

2.2 Core Loss

The core loss is created by varying the magnetic field in the core of the machine. The three
main components of core loss is hysteresis loss, eddy-current loss and anomalous eddy current
loss. All these components cause heating of the core and therefore reduces the efficiency of

the machine.

2.2.1 Hysteresis Loss

Hysteresis loss depends on the microstructure of the ferromagnetic material [13]. The ferro-
magnetic material consists of uniformly magnetized structures that are known as domains.

Hysteresis in ferromagnetic materials is caused due to rotation of magnetization and
change in size or number of these magnetic domains. When no magnetic field is provided,
the sum of the magnetization is zero [30]. When a lower magnetic field is applied, the domain
walls do not overcome the pinning sites formed due to the impurities found in the core [6]
[30]. The impurities may include carbon, sulphur etc. At this point, if the field is removed,
the magnetization of the material returns to zero. The slope of the curve in this region is

known as the initial susceptibility [15].
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But if a higher field is applied to the material, the magnetization becomes irreversible.

Figure [15] shows a sample B-H curve of a ferromagnetic material.
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Figure 2.1. Initial susceptibility and B-H curve of Ferromagnetic Material (Source:
Chikazumi, S. and C. D. Graham (2009). Physics of Ferromagnetism 2e. Number 94.Oxford

University Press on Demand)

H. is the coercivity of the ferromagnetic material which is defined as the ability of the

material to withstand the external magnetic field without becoming demagnetized [1] and

B, is the retentivity or remanence which is defined as the residual magnetism left behind in

the material after the external magnetic field is removed.

Another important factor to understand the nature of the material is its permeability.

The ratio of magnetic flux density to the magnetic field applied is known as the permeability

of the material. Permeability is an important qualitative measure for soft ferromagnetic

materials due to below reasons [16]:

e Permeability varies with the magnetic field applied to the sample

e [t is structure sensitive which means that it depends on factors such as heat treatment,

deformation, purity etc.
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These are crucial factors which gives an idea about the hysteresis loss of a ferromagnetic

core.

2.2.2 Eddy Current Loss

Eddy current loss is caused due to closed loops of current induced in the ferromagnetic
material due to the changing magnetic field. According to Lenz law, eddy current opposes
the magnetic field that produces them [46]. Eddy current loss is harmful because they
decrease the flux and produce heat which is proportional to >R where ¢ is the eddy current
and R is the resistance of the magnetic path.

These losses can be reduced by dividing the magnetic core into thin sheets of laminations.
When the lamination sheets are electrically insulated to each other, the current is forced to
circulate with their own lamination. This reduces the resistance of the magnetic path and
the area of cross-section. The induced emf is also reduced and the net eddy current loss

decreases.

2.2.3 Mathematical Model

Different mathematical models have been defined in literature to explain the core loss and
to separate the hysteresis and eddy current loss. Details of the models can be found in [31].

Steinmetz equation and Bertotti’s model was used in this thesis in order to study the
effects of different cutting techniques on the hysteresis loss of the magnetic core.

According to the Steinmetz power law equation [50] [42]:

P,(t) = K,F*BP

max

(2.1)

P, (t) is the core loss in mW /cm?®, Ky, is the hysteresis constant, F' is the frequency in

Hz, Bax is the maximum flux density in Tesla and « and ( are the curve fitting coefficients.
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The total core loss was separated into hysteresis and eddy current loss using the Bertottis
model at a lower frequency of 50Hz where the hysteresis loss was dominant over the eddy
current loss.

According to the Bertotti’s model [9]:

P,(t) = KyFB? 4+ K.oF*B?  +8ocGSV,F**B.> (2.2)

max max max

o is the conductivity of the material, S is the cross-sectional area of the magnetic core,
G is a constant with value 0.1356 and V,, is curve-fitting coefficient. K. is the eddy current
loss constant and depends on the geometry of the material.

The first term of the equation stands for the hysteresis loss, the second term is the classical
eddy current loss and the third term stands for the extra eddy current loss/anomalous loss.

Bertotti’s model was used for the calculation since it took into account the eddy current

loss that occurred due to the domain wall movement.

2.3 Experimental Setup

In the experiments conducted, four samples of M-19 cores made with different cutting tech-
niques were used [32].

The first sample was cut using the punch process, the second sample was cut using laser-
jet cutting technique and the third sample was cut using the water-jet cutting technique. In
order to compare the influence of post-annealing process on the magnetic properties of the
ferromagnetic material, a fourth sample of annealed laser-jet cutting technique was used in
the experiment.

Each sample consisted of two E-cores which were combined together to form a magnetic
path. All four cores consisted of 28 pieces of 29 gauge M-19 steel laminations.

The E-cores were formed by welding the stack of lamination. Two coils were wound

around with 300 turns at the center leg of each E-core sample to create primary and secondary
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windings for the B-H analyzer. The magnetic center path length was 228.6 mm and the
cross-sectional area of the middle leg was 124.46 mm? for each sample.

Figure shows the test object and winding arrangement used for the experiment.

Figure 2.2. llustration of the E-core

Figure|2.3|shows the experimental setup used to determine the relative permeability, core
loss, and B-H curves for the different samples.
It comprised of a Hi-speed bipolar amplifier HSA 4014-IW and an IWATSU SY-955 B-H

analyzer. The gain of the power amplifier was set to 10 [32].

2.4 Experimental Process

The different E-core samples were tested using the B-H analyzer.
B-H analyzer implements the two coil method to calculate the magnetic field strength H
and a magnetic flux density B. Figure represents the circuit configuration used by B-H

analyzer to make the measurements.
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Figure 2.3. Experimental Setup

Primary turns were wound on the sample for providing excitation and the secondary
turns were used for detecting the magnetic flux density. Pulse input was provided in all four

cases.

Power Amplifier b > Ve (t)
Q) _
e > Valt)

Figure 2.4. Diagram outlining the measured sample

The power amplifier which was used along with the analyzer, helped amplify this signal
allowing the current to flow through the primary windings. The shunt resistor Rs was used
for output voltage V(t) measurement. The magnetic field strength and flux density was

calculated using the following equations:
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B(t) = N; < /0 V(r)dr (2.4)

L. is the magnetic path length, N is the primary winding, N is the secondary winding
and A, is the effective net core area of the steel sample.

Experiments were performed for flux densities from 0.2T to 1.4T at frequencies ranging
from 50Hz to 300 Hz. Graphs were plotted for the change in relative permeability and
core loss. The core losses were bifurcated into hysteresis and eddy current losses using the

Steinmetz and Bertotti’s model. The B-H curves are obtained from the B-H analyzer [32].

2.5 Results

The relative permeability, core loss, B-H curves, and current waveforms were obtained.

Comparison of B-H curves

The B-H curves of all four samples were compared using a B-H analyzer. Figure [2.5| shows
the comparison of the B-H curves of all four samples at a magnetic flux density of 1.2T and
a fixed frequency of H50Hz.

From the experiment performed, it was observed that the laser-jet unannealed sample
had the maximum B-H curve area in comparison to the other samples which proved that
it had the highest hysteresis losses. On the hand the water-jet sample had the least B-H
curve area. The punch cut sample had a lesser B-H curve area in comparison to the laser-jet
sample. In addition to the above observations, it was also noted that the sample that had

the highest core loss had the highest coercivity and the least retentivity.
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Figure 2.5. Comparison of B-H curves

On comparing the laser-jet samples before and after the annealing process, it was exam-
ined that there was a definite decrease in the hysteresis losses after the sample was annealed

therefore exhibiting the importance of annealing.

Comparison of Core Loss

The core loss of different cutting samples were compared using the results from the B-H
analyzer [32]. The results were noted by first varying the magnetic flux density and keeping
the frequency constant and then varying the frequency at a fixed magnetic flux density. The
core loss was divided into hysteresis and eddy current loss using the Steinmetz equation and
Bertotti’s model.

Figure shows the measurements of core loss per unit volume of the ferromagnetic

samples at a fixed frequency of 50Hz and a varying magnetic flux density from 0.27T to 1.4T.
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Core Losses at 50Hz
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Figure 2.6. Variation of core loss per unit volume with respect to flux density for different
cutting techniques

It was observed that the laser-jet unannealed sample exhibited the highest core loss per
unit volume and the water-jet sample showcased the least core loss per unit volume. As
expected through previous observation of the B-H curves, the annealing had a favorable
influence on the magnetic properties of the core and the losses decreased after annealing.

Upon dividing the core loss into hysteresis and eddy current loss at 50Hz, it was observed
that the core loss was dominated by the hysteresis loss at lower frequencies. Figure @, shows
the increase in hysteresis loss per unit volume with respect to the change in magnetic flux
densities at 50Hz for the different cutting techniques.

Even at a lower frequency of 50Hz, the hysteresis loss per unit volume for Laser-cut
unannealed sample was noted to be 16.03% higher than the Laser-cut annealed sample
thereby stressing the importance of annealing.

In the next section, observations were noted at a fixed flux density and by varying the
frequency of the pulse input. In Figure @ the core loss per unit volume was studied at a

fixed magnetic flux density of 0.2T and a changing frequency from 50Hz to 300Hz.
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HYSTERESIS LOSS COMPARISON AT 50Hz
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Figure 2.7. Comparison of hysteresis loss for different cutting techniques

It was observed that with increase in frequency, the core loss of all four samples increased.
This was due to the higher eddy current loss. At a higher frequency, the core loss was

dominated by the eddy current loss.
On further examination and mathematical calculation, it was noted that at 300Hz, the

core loss per unit volume of the laser-cut unannealed sample was 33.95% higher than the

water-jet sample.
As previously observed and noted, annealing improved the magnetic properties of the
laser-jet sample. It was examined that at 300Hz the laser-jet unannealed sample had 28.27%

higher core loss per unit volume in comparison to laser-jet annealed sample.

Comparison of Relative Permeability

Higher relative permeability in ferromagnetic cores is necessary to confine the magnetic
field lines in the core. Therefore, while choosing the type of steel for the machine core, a

ferromagnetic material of higher permeability is preferred.
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Core Losses at 0.2T
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Figure 2.8. Variation of core loss per unit volume with respect to frequency for different
cutting techniques

It is observed through experiments conducted that the different cutting techniques influ-
ences the relative permeability of the magnetic core material [32].

The relative permeability of the samples were obtained using the experimental process
explained above. The results were compared by varying the magnetic flux density at a
constant frequency. Figure shows the measurements of relative permeability with respect
to the magnetic flux density.

The water-jet sample was observed to have the highest permeability of 7000 at 0.4T. The
punch sample had a maximum relative permeability of 4000 at 0.8T. Laser-jet unannealed
sample had the a maximum permeability of approximately 2500 which was lesser than all
the other magnetic steel samples.

The permeability of the laser-jet sample was improved by annealing. After annealing,
the relative permeability increased to approximately 3200. Annealing was found to improve

the permeability of the core material by approximately 28% at 0.4T.
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Figure 2.9. Variation of relative permeability with respect to flux density for different cutting
techniques

2.6 Conclusion

Core loss estimation is an essential topic in electric motor design. The detrimental effects
caused due to different cutting techniques is a well-established problem.

In this chapter, experiments were conducted to compare the effects of punch, laser-jet
and water-jet cutting process on the magnetic properties of the ferromagnetic material. The
effects of annealing on the magnetic properties of the core was also studied and results were
compared.

Table shows a summary of core loss per unit volume, hysteresis loss per unit volume,
coercivity and relative permeability of magnetic materials cut by different techniques at a

fixed frequency and flux density of 50Hz and 1.2T respectively.
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Table 2.1. Loss, coercivity and relative permeability p, at 50 Hz and 1.2 T

Cutting type P.(mW/cm?) | P,(mW/cm?)) | Ho(A/m) | u,
Laser-cut unannealed | 9.2351 8.0030 47.248 2555.9
Punch 8.6088 7.5980 45.061 4024.7
Laser-cut annealed 7.4165 6.7888 36.741 3327
Water-jet 7.2872 6.5031 30.789 8488.9

Under the same experimental conditions, it was found that laser-jet sample had the
maximum core loss per unit volume and the least relative permeability in comparison to
punch and water-jet samples.

Water-jet sample was found to have the least core loss per unit volume and maximum
relative permeability thereby proving to be a reliable material for the machine core. It was
also observed that upon annealing of the laser-jet sample, the electromagnetic properties of
the core improved.

Thus, it can be concluded that water-jet cutting is the preferred technique for non-
oriented steel and laser-jet cutting technique has the most detrimental effect on the magnetic
properties of ferromagnetic material.

It can also be concluded that annealing of steel after the cutting process improves the

magnetic properties of the ferromagnetic material.
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CHAPTER 3

EFFECTS OF HYSTERESIS LOOP ON THE INDUCTIVE CIRCUIT

The previous chapter discussed about the influence of different cutting techniques and post
annealing process on the magnetic properties of ferromagnetic material.

It was concluded that the different cutting techniques affected the B-H curve of the
material along with its relative permeability and core loss. The water-jet cutting technique
that had the least hysteresis loss had the least coercivity and highest retentivity. It could
be observed that the B-H curve became less ‘S-shaped’ and more rectangular shaped as the
hysteresis loss decreased.

This chapter discusses the influence of hysteresis loop or B-H curve of the ferromagnetic
material on the machine performance. The Jiles-Atherton (J-A) model is applied to describe
the dynamics of a linear and nonlinear circuit with a pulse voltage input comprising of
a resistor and an inductor in series, whose core displays linear, saturation and hysteresis
conditions.

Jiles and Atherton concluded through their works that all the stress induced changes
observed move the state of magnetization towards the anhysteretic curve or energy mini-

mization.

3.1 The Circuit

The magnetic flux in a ferromagnetic core material is analogous to the current flow in a
conductor. For the magnetic flux to travel through the circuit, a force is required. This
motivating force in the magnetic circuits is known as Magnetomotive force (mmf).

The mmf is related to the flux ¢ by a property of the ferromagnetic material known as

the reluctance.

mmf = ¢R (3.1)

33



The mmf required to produce the flux is supplied by the changing current through the
coil. The mmf can be obtained by multiplying the number of turns of the coil and the amount
of current through the coil. This current is also referred to as the magnetizing current.

A pulse voltage produces a triangular changing current. It is observed that the magne-
tizing current through a ferromagnetic core inductor is not always perfectly triangular due
to the nonlinear saturation and hysteresis effects of the core.

In order to discuss the effects of non-linearity on the magnetizing current and therefore
on the magnetic flux, a simple non-linear circuit with a resistor and inductor in series that
displays the saturation and hysteresis behavior was simulated.

The circuit that was modelled is known as a ferroresonant circuit [21]. Figure [21]
shows a model ferroresonant circuit. This circuit model will also be helpful in studying
the influence of nonlinear inductors present in many power electronic circuits whose core

saturates and displays hysteresis.

Figure 3.1. Ferroresonant Circuit (Source: Deane, J. H. (1994). Modeling the dynamics of
nonlinear inductor circuits. IEEE Transactions on Magnetics 30 (5), 27952801.)

Referring to Figure the resistor used in the circuit was linear and capacitor was not

included in the simulation in order to mimic a simple machine model.
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For the simulations that will be discussed below, the resistance was fixed at R = 0.102.
The inductor core had an area of cross-section, A = 70 x 107 m?2. The winding had 700
turns and the magnetic path length of the core was [, = 25 x 1072m. The voltage input

was a pulse wave of 20V amplitude at a frequency of 50Hz.

3.2 Saturation and Hysteresis modeling using Jiles-Atherton Model of Ferro-

magnetic Hysteresis

Jiles and Atherton proposed a first-order non-linear differential equation to study the non-
linearity in ferromagnetic core materials based on the magnetization process [27].
The solution of the equation could be numerically solved to give the magnetization, M,

in terms of the external magnetic field, H. The differential equation is as follows:

dM(H) :(1_0)51\/{ Mafl(He)_M<H) +C(aMan(He)

H k(1 —c)sign(H) — a[Man(H.) — M(H)] o v (32

The two step functions sign(.) and dy; are defined as shown below:

1, ifx>0
sign(z) = (3:3)
—1, otherwise

and

0, if H<0and M,(H.) —M(H)>0

Om if 1>0and M, (H.) — M(H) <0 (3.4)

Il
o

1, otherwise
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Here ¢ is the ratio of initial normal to initial anhysteretic differential susceptibility; «
is the mean field parameter representing the domain coupling; k is a measure of hysteresis
in A/m. ksign(h) gives the width of the hysteresis loop, and when k& = 0, no hysteresis is
present.

M. (H,) is the anhysteretic magnetization function that determines the shape of the

hysteresis curve. It is represented by a Langevin function as follows:

M. (H) = M[coth(He/a) — (a/H,)] (3.5)

My denotes the the magnetic saturation in A/m and a is the scaling factor in A/m

[27]. These parameters were used to model the B-H curves for the ferroresonant circuit given

in Figure

3.3 Mathematical Equation for the Circuit

The differential equation of the circuit was derived using the Jiles-Atherton equations.

According to Kirchhoff’s voltage law:
V(t) =Vs+Vy, (36)

where V/(t) is the input pulse voltage. The resistor and inductor voltages are Vg and V7,

respectively.

Ve=IR (3.7)

where [ is the input current and R is the resistance of the circuit.
The value of V1, changed with conditions of linearity, saturation and hysteresis.
In the case of a linear inductor circuit:

dl

V(t)=IR+L— (3.8)
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When saturation of the inductor core was taken into consideration, the inductance of the
circuit was assumed to be current dependent and the circuit equation shown below was used

in the MATLAB Simulink model:

V() = IR + L(J)% (3.9)

Upon hysteresis, Jiles-Atherton model and Ampere circuital law was used to derive the
inductor voltage.
According to [27], the inductor voltage could be represented as:
_ ponAH dI dM

d

(3.10)

The value of % was obtained from equation . By substituting [3.10] in equation
.6 the non-linear magnetizing current due to non-linear B-H magnetization curve of the

ferromagnetic core was obtained.

d_] B I Vit)—1IR
dt  puonAH 1+ %

(3.11)

The magnetizing current under all three conditions of linearity, saturation and hysteresis
were compared using MATLAB Simulink model to showcase the effects of saturation and

hysteresis on the ferroresonant circuit.

3.4 MATLAB Simulation

MATLAB Simulink [37] was used to model the ferroresonant circuit. Three different circuits
were simulated based on equations and B-H curves were derived using the

Jiles-Atherton model.
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The parameters for the model were obtain by non-linear least square method [29]. The

parameters are summarized in Table [3.1]

Table 3.1. Jiles-Atherton Parameters

M, | 1.6x10° A/m
a | 1100 A/m

k| 400 A/m

a | 1.6x1073

c 0.20

The simulink model was incorporated with all the three conditions of linearity, saturation
and non-linear hysteresis to compare the magnetizing current waveforms and showcase the

effects of saturation and hysteresis on the circuit.

3.5 Results

The first circuit was simulated using a linear resistor and a linear inductor. Figure [3.2
shows the input pulse voltage of 20V and triangular magnetizing current in the absence of
saturation and hysteresis.

It was observed that the magnetizing current produced was a perfect triangular wave-
form with amplitude of TA. Jiles-Atherton model was used to create the B-H curves in the
simulation. Figure |3.3| shows the saturation B-H curve.

It can be observed that due to the Jiles-Atherton parameter Mg, the material saturates
at approximately 2T.

Figure shows the hysteresis B-H curve formed with respect to the Jiles-Atherton
parameters chosen. The hysteresis curve also shows the initial susceptibility which is the
point at which the magnetization is reversible.

The saturation and hysteresis magnetizing currents were obtained using the equations
3.9/ and [3.10] It was observed that the current waveforms were no longer triangular in both

the saturation and hysteresis case.
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Figure 3.2. Magnetizing Current under Linear condition

The magnitude of the magnetizing current was also greater than the linear case. This was
because, now more current was required to produce the mmf that would give the required
flux. Figure shows the comparison of magnetizing currents under linear, saturation and
hysteresis conditions. It can be clearly observed that hysteresis magnetizing current was
highly non-linear with a maximum magnitude of 10A. Therefore, it can be concluded that
the B-H saturation and hysteresis of ferromagnetic core material affects the performance of

the circuit.

3.6 Conclusion

MATLAB modelling of a simple R-L circuit was conducted to note the change in current

waveforms under different conditions of linearity, saturation and non-linear hysteresis.
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It was observed that during the linear condition the current waveform was perfectly
triangular with a maximum value of approximately 7A. During the saturation and non-linear
hysteresis conditions, the magnitude of the current waveform increases but the waveform is

observed to deviate from the triangular shape.
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Figure 3.5. Magnetizing Current under Linear, Saturation and Hysteresis condition

Therefore, it can be concluded that the B-H curve of magnetic steel affects the current

waveform of a machine thus affecting the overall performance of the machine.
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CHAPTER 4

AIR-GAP LENGTH IRREGULARITIES DUE TO CUTTING PROCESSES

The previous two chapters discussed about the influence of cutting techniques on the B-H
curve, core loss and permeability of ferromagnetic materials and the effects of B-H curve on
the magnetizing current and machine performance.

This chapter mainly focuses on the surface irregularities due to the different cutting
techniques that was introduced and discussed in Chapter 2. It highlights important aspects

of surface finishes that affects the power density and torque characteristics in a machine.

4.1 Surface Imperfections

As discussed, the laminations of core used in electric machines are cut using punch, laser-jet
and water-jet techniques. Previous research showed that the cutting techniques affected the
surface finish especially the edges of the laminations.

Schoppa [45] discussed the influence of punching and laser-jet cutting on the magnetic
properties of non-oriented magnetic steel. Moses [40] talked about the aspects of the cut-edge
stress on the power loss and flux density distribution in electrical steel sheets. In [35], Loisos
examined the effects of mechanical and Nd: YAG laser cutting on magnetic flux distribution
near the cut edge of non-oriented steels.

But past research did not focus on comparing the surface imperfections of commonly
used cutting techniques and post annealing processes.

The research and experiments conducted in this thesis focuses on comparing the surface
imperfections due to the punch, laser-jet and water-jet cutting techniques. It also studies
the improvements observed in the cutting surfaces due to post annealing process.

In addition, it examines the effects of surface imperfections on the machine performance

characteristics such as power density and torque.
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4.2 Effect of Air-gap on the Performance of Machines

The distance between the stator and rotor core is known as the air-gap of the machine. The
air-gap has effects on the performance of the machine, and is generally required to be kept
as small as possible because a larger air-gap may be a source of lower power factor. Very
small air-gaps may cause mechanical issues such as noise and losses.

In electric machines, power is produced by the magnetic flux that passes through the
air gap which has very low permeability. Air-gap length between the stator and rotor is an
important factor that also influences the torque production in a machine. A higher air-gap
requires more magnetizing current to produce the mmf. This leads to higher winding losses
which affects the performance of the machine.

In case of an Interior Permanent Magnet Synchronous machine (IPMSM), the permanent
magnets present in the rotor have a permeability value equal to that of air, and acts like an
air-gap along the d-axis of the rotor. A change in the air-gap length in case of an IPMSM
machine will not have much significance along the d-axis but will affect the inductance along
the g-axis. An increase in air-gap will lead to a decrease in inductance along the g-axis [49].

It is therefore necessary to understand the effects of the manufacturing processes on
the surface finish of the magnetic materials especially those used in cores of machines. In
observations described in following sections, it is noted that different cutting techniques may
cause mechanical damage or surface abrasions which may result in increase in air-gap when
used as laminations for electric machines.

Comparisons were made in order to note the manufacturing process that may have a

lesser detrimental effect on the performance of the machine.

4.3 Experimental Observation

A digital microscope with 2-D and 3-D imaging capabilities was used to study the surface

imperfections of the laminations.
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4.3.1 Digital Microscope

A VHX-5000 Keyence Digital Microscope was used to study the surface finish of the lam-
inations [3]. The HDR function of the microscope was used to gather additional color
information to render a detailed image since the samples had low color gradation.

Depth composition function was used to view the complete sample in focus in spite of
the significant height variations in some samples. The samples were viewed at a scale of
10pm since air-gap variation of even 100pum was known to have a significant impact on the
performance of machines.

The 3-D display function was used to view the crevice depth of each lamination and the
measurement, function was used to measure the irregularities of each lamination. The light

shift function was used to enhance the height variations by altering the angle of lighting.

4.3.2 Results

The surface finish of all four laminations were observed through the digital microscope and

the following results were obtained.

Punch-Cut Sample

Figure [4.1) shows the 2-D image of the punch-cut sample.

It was observed that the edges of the punch laminations were found to be highly damaged.

This could also affect the performance of the machine. 3-D image was captured using
the digital microscope to observe the possible additional air-gap or crevice depth due to the
imperfect surface finish of the sample.

Figure [4.2] shows the 3-D microscopic image of the punch-cut sample. From the figure, it
could be examined that the punch-cut sample had a maximum crevice depth of 43.12 um.

The crevice was found at the border of each lamination.
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Figure 4.1. 2-D Image of Punch-Cut Sample
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Figure 4.2. 3-D Image of Punch-Cut Sample

Laser-Jet Unannealed Sample

Laser-jet unannealed lamination sample was observed under the digital microscope. Figure

and Figure [4.4] shows the 2-D and 3-D images of the sample respectively.
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It was observed that the laminations had a maximum crevice depth of 146.49 pm. As
previously observed, the crevice was found to be at the edges of the laminations.

In comparison to the punch sample that was discussed, although the edges of the lam-
inations werent as damaged, but the crevice depth was much larger. This could be one of
the reasons for a higher core loss in comparison to the punch sample.

This factor might play a crucial role while designing cores for electric machines as it may

be responsible for increasing the air-gap between the stator and the rotor-core.

Figure 4.3. 2-D Image of Laser-Jet Unannealed Sample

Laser-Jet Annealed Sample

Chapter 2 of the thesis discussed the benefits of post-annealing process on the laminations.
It was found that annealing increased the relative permeability and decreased the core loss
of the machine.

The surface finish of the laser-jet annealed sample was compared with the unannealed

sample to note the benefits of post-annealing processes.
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Figure 4.4. 3-D Image of Laser-Jet Unannealed Sample

Figure 4.5 and Figure shows the 2-D and 3-D images of the annealed sample respec-
tively. It was noted that the maximum crevice depth or surface imperfection decreased from

146.49pm to 129.46pum.

Figure 4.5. 2-D Image of Laser-Jet Annealed Sample

47



100040
129, 46| 6 !‘:
110.97 0.00pr o -
¥ A i
247 p.00pm 0N

7398

500.00

S55.48

1500.00

1909.66

Figure 4.6. 3-D Image of Laser-Jet Annealed Sample

The surface of the laminations was also found to be smoother in comparison to the laser-
jet unannealed sample. Although, in comparison to the punch cut sample, the crevice depth

was still higher.

Water-Jet Sample

In Chapter 2 it was discussed that the water-jet sample was found to be the most suitable
since it had the highest relative permeability and the least core-loss.

The laminations of the water-jet sample were also observed under the digital microscope
and was compared with other lamination samples.

Figure [4.7| and Figure 4.8 shows the 2-D and 3-D images of the annealed sample respec-
tively. It was noted that the maximum crevice depth or surface imperfection was much lesser
than all the other samples.

It was found that, in comparison to punch, laser-jet unannealed and laser-jet annealed
sample, water-jet sample had the least imperfection. The maximum crevice depth was found

to be 41.78um for each sample.
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Figure 4.7. 2-D Image of Water-Jet Sample
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Figure 4.8. 3-D Image of Water-Jet Sample

4.4 Conclusion

The different samples which were cut by punching, laser-jet cutting and water-jet cutting
technique were observed under a digital microscope in order to understand the effects of the

manufacturing processes on the surface finish of the material.
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It was noted that a higher abrasion or crevice depth could cause a larger air-gap when
used as cores in electric machines.

It was observed that the laser-jet sample had the highest crevice depth and the water-jet
sample had the least crevice depth. When annealing was performed after the cutting process,
the surface finish of the magnetic materials improved and the crevice depth was reduced to
a lower value.

Therefore, it could be concluded that water-jet cutting technique was a better choice
in comparison to laser-jet and punch cutting techniques and caused lesser detrimental ef-
fects. It could also be concluded that post-annealing process improved the surface finish of

laminations.
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CHAPTER 5
EFFECTS OF HIGH-ENERGY MAGNETS ON THE PERFORMANCE OF

PERMANENT MAGNET SYNCHRONOUS MACHINES

Previous chapters of the thesis discussed in detail about the effects of manufacturing pro-
cesses on the magnetic properties and surface finish of ferromagnetic materials.

This chapter examines the effects of high-energy magnets used in Permanent Magnet
Synchronous Machines (PMSM) on the ferromagnetic core material especially the rotor core

which is also of paramount importance for the performance of the machine.

5.1 Introduction

PMSM and induction motors (IM) are extensively used for diverse applications. Although
the use of IM is on the rise due to cost inconsistency in high-energy magnets, PMSM motors
are still preferred due to their compact size, high power density, and efficiency.

In interior permanent magnet synchronous motor (IPMSM) and surface mounted per-
manent magnet synchronous motor (SPMSM), the magnetic steel rotor core is in permanent
contact with the high-energy magnets. This chapter discusses the effects of these high-energy
permanent magnets on the magnetic properties of magnetic steel core.

Through the experiments conducted, it is examined that the relative permeability of
the ferromagnetic core decreases when it is kept in contact with three sintered Neodymium
(NdFeB), grade N45 permanent magnet.

Simulations are performed to show the effects of relative permeability on the machine
performance of an IPMSM motor. It therefore characterizes a very critical concept which is

typically ignored while designing motors.
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5.2 Theory

The below sections describes two important factors that might be responsible for the high-

energy magnets to change the magnetic properties of the magnetic steel sample.

5.2.1 Demagnetizing Fields

A magnetic field can be produced by either applying current to a conductor or using magnetic
poles [18]. If the field is produced using current, closed loop magnetic lines are formed. If
the magnetic lines are formed using magnetic poles, the field lines begin at the north pole
and end at the south pole.

If a sample is magnetized by a field from left to right, then the north pole is formed on
the right and the south pole is formed on the left side of the sample as shown in Figure |5.1}
[18].

/ S £ ]

Figure 5.1. Magnetic field lines in Sample bar magnet (Source: Cullity, B. D. and C. D.
Graham (2009¢). Experimental Methods, pp. 23-86. Wiley-IEEE Press.)

It can be observed that some magnetic field lines are also observed to move from north
to south pole inside the bar magnet. This tends to demagnetize the magnet. It is found to
be in opposite direction to that of magnetization.

It is found that the field lines and flux density are found to diverge at the edges of the

sample. This is due to the the fact that the demagnetizing field is greater at the poles than at
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the center of the sample [18]. In addition to the geometry of the sample, the demagnetization
factor may also depend on the permeability and susceptibility of the sample. When the high-
energy magnets are kept in contact with the magnetic steel, it might have caused an increase
in the demagnetizing fields at the poles which in turn led to the decrease in permeability.
When the polarities of the magnets were changed in one of the cases discussed in section
5.4, the demagnetizing field may have decreased at the poles which helped the magnetic steel

regain its magnetic properties and thus increase the permeability.

5.2.2 Effect of Soft magnetic material on Magnetic field

It is a known fact that when a soft magnetic material is placed in a existing magnetic field,
the shape of the parallel field lines are altered. The flux lines tend to move towards the
magnetic material as it is more permeable in comparison to the air. Figure [18] shows

the effect of a magnetized soft magnetic sample in a uniform field.

Figure 5.2. Magnetized body in uniform field (Source: Cullity, B. D. and C. D. Graham
(2009¢). Experimental Methods, pp. 23-86. Wiley-IEEE Press.)

Since the high energy magnets form uniform field lines, the flux lines tend to crowd to-
wards the center of the magnetic steel sample. This may be another factor that is responsible
for the change in magnetic properties.

A third reason may be the change in crystal lattice structure due to the presence of
high-energy magnet. As discussed in previous chapters, a single crystal of iron has the easy
magnetization direction of [100]. This may be also affected due to the strong magnetization

caused due to the presence of the high-energy magnets.
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The experiments performed in the next section focuses on the observations made af-
ter prolonged experiments were conducted using M-19 silicon steel and NdFeB high-energy

magnets.

5.3 Experimental Setup and Process

5.3.1 E-core description

In the experiments performed, three samples of M-19 cores made with different cutting
techniques used for previous experiments mentioned in Chapter 2 were reused. The punch,
annealed laser-jet and unannealed laser-jet samples are represented as Sample 1, Sample 2,
and Sample 3 respectively [44].

Each E-core sample was arranged in the same way as mentioned in Chapter 2. The
purpose of using three samples for this experiment was to have more data points under
varied conditions. Different criteria were examined.

All three cores used, consisted of 28 pieces of 29 gauge M-19 laminations. The E-cores
were formed by welding the stack of laminations. Two coils of 300 turns were wound around
the center leg of each E-core sample to create primary and secondary windings for the B-H
analyzer.

The magnetic center path length was measured to be 228.6 mm and the cross-sectional
area of the middle leg was 124.46 mm? for each sample. These dimensions were used as

inputs in the B-H analyzer during analysis.

5.3.2 High-energy Magnets

Three sintered Neodymium (NdFeB), grade N45 high-energy permanent magnets were used

for the experiment [44]. Table 5.1/ shows the details of the magnets used for the experiment.
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Table 5.1. Details of High-energy magnets

Material Sintered neodymium rare earth magnet

Size 3/47x3/47x1/8”

Gauss rating 13,500 Gauss

Pole orientation | Magnetized through the thickness, the poles are on the 3/4” x 3/4” surfaces.

Tolerance +/- 0.002 in

5.3.3 Experimental Setup

The samples were tested on a B-H analyzer. The setup and working of the B-H analyzer
are explained in Chapter 2. The experimental setup was used to determine the relative

permeability under different conditions.

5.3.4 Experimental Process

The E-core samples were kept in contact with the magnets for four weeks and measurements
were taken every week to observe the change in magnetic properties of the cores, using the

described B-H Analyzer. Figure [5.3] shows the test object with three Neodymium magnets.

Figure 5.3. Illustration of the Sample with High-Energy Magnets

The magnets were placed with careful consideration of the orientation to allow the flux
to pass through the core material. The experiment was performed for flux densities from 0.2
T to 1 T at frequencies ranging from 50 Hz to 300 Hz. Graphs were plotted to observe the

change in relative permeability [44].
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5.4 Experimental Results

The relative permeability and B-H curves were obtained using the B-H analyzer. The samples

were tested under three different test conditions.

Case 1: Polarity Reversal

Figure [5.4] shows relative permeability of Sample 1 with respect to the magnetic flux density

at 50 Hz observed for a time period of four weeks.

It was observed that during the first three weeks of the experiment, the relative perme-
ability of the ferromagnetic core decreased due to the presence of high-energy magnets. The

reduction was less significant at higher flux densities [44].

Sample-1 Permeability at 50 Hz
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Figure 5.4. Change in Relative Permeability of Sample 1 at 50Hz

Before the fourth week of the experiment, the polarities of the magnets were reversed.

This was done to observe if the ferromagnetic core regained its magnetic properties upon

reversal.
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The core was observed to get magnetized at the opposite direction and the ferromagnetic
core regained its magnetic properties. The permeability increased during the fourth week.

The core loss was measured and was approximately constant in all the cases.

Case 2: Influence of High-Energy Magnets for Four Week Experimental Period

For Sample 2, the permanent magnets were kept in contact with the ferromagnetic core for a
four-week period. At the end of every week, observations were noted to examine the effects
of the magnet on the steel core. It was observed that at the end of the fourth week, there
was a 15% decrease in the relative permeability of the ferromagnetic core [44].

Figure shows the change in relative permeability of Sample 2 with respect to the
magnetic flux density at 50 Hz. It was observed, as expected, that the relative permeability
gradually decreased during the four-week test period. Figure [5.6] shows the comparison of
B-H curves of all four weeks at 50 Hz and 0.2T.

The area of the B-H curves remained approximately equal. In[5.6] it was observed that

week-4 had the maximum coercivity and minimum retentivity in comparison to week-1.

Case 3: Observations after removal of magnets

In the case of Sample 3, the ferromagnetic core was exposed to the magnet for a four-week
period as performed in previous cases. At the end of the fourth week, the magnets were
removed. This was done in order to examine if the magnetic properties of the magnetic steel
core could be regained [44].

At the end of the fifth week, it was observed that the core regained its magnetic properties.
The value of the relative permeability was approximately equal to that of week-1. Figure
[5.7] shows the change in relative permeability with respect to changing flux density at a

frequency of 50 Hz.
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Figure 5.5. Change in relative permeability of Sample 2 at 50 Hz

It was observed that during the first four weeks, the relative permeability decreased as
expected due to the influence of the high-energy magnets and at the end of the fifth week, the

core regained its magnetic properties when it was separated from the high-energy magnets.

Effect of Increase in frequency

By examining the experimental results, it was noted that at higher frequencies the influ-
ence of high-energy magnets on the relative permeability of magnetic core was much less in
comparison to lower frequencies.

The observation at lower frequency of 50 Hz and higher frequency of 300 Hz was noted
down for each sample to emphasize that the effects of the high-energy magnets was dominated
by the effects of increased frequency at 300 Hz. Table shows the change in relative
permeability at 50 Hz and 300 Hz [44].
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Figure 5.6. Comparison of B-H curves of Sample 2 at 50Hz and 0.2T

Table 5.2. Change in Relative Permeability of M-19 Samples at 50 Hz and 300 Hz

M-19 core sample | Frequency [Hz| | Flux density [T] | Initial p, | % decrease in p,
Sample 1 50 0.6 4380.1 21.34%
300 0.6 3704.6 16.60%
Sample 2 50 0.6 3690.8 15.17%
300 0.6 3116 8.60%
Sample 3 50 0.6 2790.8 15.69%
300 0.6 2454 11.16%

It can be clearly observed from Table |5.2| that with the increase in frequency the influence
of the magnets on the magnetic properties of ferromagnetic core decreased substantially.

Hence, it could be concluded that frequency also plays a major role in IPMSM machines.
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Sample-3 at 50 Hz
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Figure 5.7. Change in relative permeability of Sample 3 at 50 Hz
5.5 ANSYS Simulation to study the effects of decrease in relative permeability

In order to study the effects of decrease in permeability on the inductance and therefore
the machine performance, Finite element analysis (FEA) was performed. It investigated the
impact of change in relative permeability of ferromagnetic core on the overall properties of

the machine. IPMSM machine was used for the simulation.

5.5.1 Theory

The electromagnetic torque of an IPMSM motor is calculated by the following equation [38],
[39]:

T = 322 par I, — (Ly — La)I, 1) (5.1)
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3

3
Ly=Li+ (Lo = L) (5.3)

The self-inductance of the machine is given by the following equation [23]:

L= Lo + Ll + LQCOSQ@ (54)

Lyg is the inductance due to space fundamental air-gap flux, L; is the leakage flux compo-
nent Ls is the second harmonic component and 6 is the rotor electrical angle. N, and Apys
are the number of poles and flux linkage, respectively. L,, Lq, I, and I, are the d and q total
inductances, and current respectively.

FEA analysis of an IPMSM machine model was conducted to observe the effects of
decrease in permeability on the rotor performance. It was observed that, with the decrease
in permeability of the rotor core, Ly and L, decreased due to the increase in reluctance of

the rotor steel leg which was in contact with the magnet.

5.5.2 ANSYS Simulation

A transient simulation analysis was conducted on an IPMSM model made available by Ansys.
Figure [5.8 shows the model used to study the change in inductances with decrease in relative
permeability [44].

The 360 W, 4 pole pair machine with an exterior diameter of 290 mm, rotating at a speed
of 1500 rpm was used for the simulation. The stator had 24 slots and was divided into three
phases, powered by 220 V rated voltage.The air-gap between the stator and rotor was fixed
at 1.5mm.

The relative permeability values were taken from the experimental results for Sample 3

laminations at 50 Hz and 0.6 T, over a four week period.
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Figure 5.8. IPMSM Machine Model in Maxwell Ansys

The stator and shaft was maintained at week-1 permeability value, whereas the rotor
permeability was changed for each simulation. The L, and L, values were calculated from
the simulation by running a parametric analysis.

Figure shows the decrease in inductance along the d-axis of the IPMSM motor.

It was observed from the graph that the inductance along the d-axis decreased by ap-
proximately 2% by the end of the fourth week.

Figure [5.10[ shows the decrease in inductance along the g-axis of the IPMSM motor.

The inductance along the g-axis was also found to decrease by the end of the fourth week.
It can be observed from Figure [5.9| and Figure that the decrease in inductance along
the d-axis was much higher in comparison to the decrease in inductance along the g-axis.

Figure |5.11] shows the change in rotor torque at a fixed operating condition. The speed
of the IPMSM machine was fixed at 1500 rpm and the maximum current of -30A was given

as the input. The rotor angle was fixed at 52.5 degrees.
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Figure 5.9. Decrease in Inductance along d-axis

It was observed that the rotor torque was highest for week-4 and was minimum for week-
1. It could thus be concluded that high-energy magnets do have effects on the machine and
it varies with change in operating conditions.

It was also observed that (L,-L,) increased with the decrease in relative permeability
of the rotor core. From , it can be calculated that increase in (L,-Lg) would lead to a
decrease in the electromagnetic torque thus having an effect on the machine. As previously
mentioned, this effect is different depending on the operating conditions of speed and torque.

The simulations were conducted with a fixed air-gap of 1.5mm. According to [49], change
in the air-gap length in case of an IPMSM machine was found to affect the inductance along
the g-axis significantly while it did not have much effect on the d-axis.

Therefore, it can be concluded that for machines with air-gap lesser than 1.5mm, the
influence of high-energy magnets would be much more significant thus affecting the perfor-

mance of the machine.
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Figure 5.10. Decrease in Inductance along g-axis
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Figure 5.11. Comparison of Rotor Torque at -30A
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5.6 Conclusion

Three samples of M-19 gage 29 non-oriented magnetic steel were studied using a B-H analyzer
to find the effects of high-energy Neodymium permanent magnets on the magnetic properties
of the samples.

The samples were tested under different conditions and it was concluded that the presence
of high energy magnets reduced the relative permeability of the ferromagnetic core. The
relative permeability of the magnets was regained under two conditions, when the polarity
of the magnets was changed, and when the cores were no longer exposed to the high energy
magnets.

It could therefore be concluded that it is very important to consider this factor while
designing the core of PM motors since the decrease in relative permeability leads to increase
in reluctance of the magnetic circuit which in turn affects the inductance and flux density,
hence compromising the performance of the machine.

Future work in this area of study can be focused on selecting closed cores for the experi-
ment in order to calculate the exact decrease in permeability and to increase the precision of
the experiment. Further experiments can be conducted by placing the magnets in different

positions of the steel core and noting down its effects on the performance of the machine.
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CHAPTER 6

THESIS CONCLUSION

In this research, two critical factors were considered that affected the performance of a ma-
chine. The first factor was the effect of manufacturing techniques on the magnetic properties
of the lamination that changed the relative permeability and core loss of the core and the
second factor was the influence of high-energy magnets on the magnetic properties of the
rotor laminations in IPMSM and SPMSM machines.

This research also studied the effects of change in B-H curves on a machine performance
by comparing the magnetizing currents under linear, saturation and non-linear hysteresis
conditions.

In order to study the effects of cutting techniques on the relative permeability and core
loss of a machine, experiments were conducted using samples of different cutting techniques
and results were obtained using a B-H analyzer. The surface finish of each cut was examined
using a digital microscope and the relevance of the same was proved with respect to the
air-gap between the rotor and the stator cores.

Comparisons were made between the different cutting techniques and conclusion was
drawn that the water-jet cutting technique had the least detrimental effects on the perfor-
mance of the machine.

Experiments were also conducted to note the influence of post annealing process on the
magnetic properties of steel laminations. It was concluded that the post-annealing process
improved the relative permeability and decreased the core loss of the machine.

With reference to the second factor related to the high-energy magnets, experiments
were conducted for a prolonged period of five weeks. The samples were tested under various
conditions. It was concluded that in every condition, the relative permeability of the sample

decreased when it was kept in continuous contact with high-energy magnets.
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The magnetic properties of the core were regained under two conditions. The first was
when the polarity of the magnets were changed and kept in opposite direction in comparison
to the first case and the second was when the magnets were removed and the core was kept
in isolation.

The torque and inductance characteristics were studied and it was concluded that this
decrease in the relative permeability had different effects under different operating conditions.

The d-axis and g-axis inductances were found to decrease when the core was kept in
contact with the high-energy magnets. But under certain conditions of maximum current of
-30A and torque angle of 52.5 degrees, the rotor torque increased when the core was kept in
prolonged contact with the high-energy magnets.

Thus it is concluded that it is important to study these effects and take it into consider-

ation while designing motors as it may have effects on the performance of the machines.
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