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Abstract

The goal of this thesis is to investigate the possibility of making an
electrical machine part in one production step, by moulding a finished
stator core together with a winding. As new mouldable core materials are
developed, with very low core losses, the opportunity arises for a different
approach to the manufacturing of electrical machines. Moulding the stator
core potentially allows for decreasing the production cost during the
manufacturing process, by minimizing the manual work in the production
of the machine. This thesis therefore focuses on simplifying the production
of electrical machines, and covers aspects including the different kinds of
moulding techniques and winding designs suitable for moulding.

When moulding an electrical machine, it is possible to create a complex
3D core in the stator, during moulding the core forms in the available
space the winding in the mould don’t occupy. This creates challenges in
the winding design and means that it is essential to control the geometrical
form of the winding in order to achieve the intended result of the
moulding. The closeness of the core to the winding also benefits the
thermal dispersion in the machine, but can affect the dielectrical strength
in the machine.

This thesis describes a number of practical winding experiments
performed in pursuit of a deeper understanding of winding design for
moulded machines. The experiments build an understanding of winding
configuration and its impact on the performance of the moulded machine.



In addition to these experiments, a generator intended for automotive
applications was designed and prototyped. This generator is a three-phase
axially stacked machine with an electrically magnetized rotor. A few
different stator segments were prototyped and evaluated. In addition,
different multi-turn windings were used: two hand-made windings and a
pressed winding made in a fixture. The results of the evaluation are
presented, and an additional investigation and discussion of the design is
made based on the evaluation results.

During the intensive winding investigation, a laminated winding was
invented. This type of winding gives good geometrical tolerances, and has
a high conductor fill factor as a result of an easy manufacturing process,
making it a perfect winding for moulding. Furthermore, the winding
production process allows selection of the conductor fill factor in the
winding, which in turn makes direct cooling possible. The possibility for
an enhanced cooling directly in the winding slot is a very interesting aspect
of this winding. Several prototypes of the winding were made, and the
possibilities for enhanced cooling were tested.

Vi
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Chapter 1
Introduction

1.1 Background

When work began on this licentiate thesis, there was a great deal of
interest in moulding electromagnetic energy converters, and these are still
of interest in several applications. The moulding technique has the
potential to make energy-efficient and production-friendly electrical
machines, and the goal of the present thesis is to advance this technique in
order that electrical machine production can take a step forward in
evolution. During the thesis work, the focus moved from the moulding
techniques and their practical realization in electrical machine production
towards production-friendly winding designs for moulded electrical
machines as well as unconventional winding designs and applications.
This change of research focus was actually due to the early discovery of
winding utilization problems in geometric accuracy, production-
friendliness, and copper fill factor, and was necessary if the intended
research goal was to be achieved.

After extensive hours of experimental work, design, and analysis of the
results, the idea of laminated winding was developed. The idea came to me
in a car on a snowy dark road with my two friends and colleagues Avo
Reinap and Kenneth Frogner. Since then, my research has focused on the
potential of laminated winding, and so this thesis covers my results from
the development of winding and moulding production methods, through
the design of electrical machines, to the production of electrical machines.

1.2 Objectives

The objective of this thesis is to describe production methods that
contribute to a production-friendly environment and solutions for using
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soft magnetic mouldable composite (SM?C) core materials in electrical
machines. The aspects discussed include winding arrangements, design,
and practical constructions for moulds and electrical machines. The thesis
also includes the production and validation of a variety of moulded powder
core electrical machines with a focus on manufacturability and
performance.

This thesis also discusses the usability of SM*C materials in the design of
electrical machines, and considers in which applications the material will
utilize its potential. The potential and utilization of the laminated winding
technique are described, and several prototypes and measurement results
of the laminated winding are shown.

1.3 Outline of the Thesis

Chapter 2 gives an overview of the moulding technique, and explains why
moulding could be beneficial in building electrical machines. SM*C
materials are described, and the different kinds of iron compression
moulding techniques are discussed. One of the most important aspects of
moulding (and one that is very easy to forget) is the design of the mould,
which is also described here.

Chapter 3 describes winding design goals and a number of winding
geometric layouts along with their suitability (or lack thereof) for
moulding. It also presents winding configurations for moulding, such as
circumferentially distributed windings and axially distributed windings.

Chapter 4 describes a number of winding experiments and the
experimental platform that was used. These experiments were performed
to get a deeper understanding of the winding design for machines moulded
with SM?C, and to understand the impact of winding configuration on the
performance of the moulded machine. This chapter summarizes the
knowledge and understanding gained during these experiments and
knowledge from prior machine prototypes with SM?C.

Chapter 5 is divided into three parts:

1)  The electromagnetic design, including stator segment design and
rotor design.

2) A thermal investigation comparing the existing generator design
with the three electromagnetic designs that fulfil the requirements.
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3) Prototyping the generator with three different stator windings and an
electromagnetic rotor.

Chapter 6 is divided into two parts, the first of which gives the results of
tests on moulded dummy windings and the two moulded segments. Some
unanswered questions came up during these tests, and so the second part of
the chapter consists of further analysis and discussion of the design of the
generator.

Chapter 7 gives a full view of laminated winding: background, production,
thermal advantages, and material selection for the laminated winding. The
possibility of a rapid cooling is also presented.

Chapter 8 comprises conclusions and suggestions for future work.

1.4 Contributions

The main contribution of this thesis is the investigation of the possibility to
incorporate windings in the making of the stator by moulding the stator
iron core in electrical machines.

This thesis explains the winding configurations suitable for moulding the
stator in electrical machines and explains a number of guidelines for the
design of the mould.

This thesis investigates the possibility of a moulded stator for generators in
heavy vehicles both in design and in experimental work.

This thesis also investigates the new laminated winding and its promising
feature in rapid cooling by forcing air thru the lamination of the winding.
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Chapter 2

Moulding electrical machines

This chapter covers the challenges related to a production process which
uses soft magnetic composite powder to mould the magnetic core of
electrical machines. The moulding techniques used to create this magnetic
core (i.e. the “conductor” for the magnetic field in electrical machines) are
described. The chapter also includes an explanation of why moulding can
be beneficial in the manufacturing process of electrical machines.

2.1 Different core materials

Electrical machines are built with a structure of electrical and magnetic
conductors. The magnetic conductors, usually called the core of the
electrical machine, should have high magnetic permeability; that is, they
should be much better magnetic conductors than air, and have low or no
losses related to magnetic flux variations.

Core materials based on iron are used due to the high magnetic
permeability of iron, which at its best is several thousand times better than
air. To limit the losses related to flux variations, the iron is alloyed with
other metals and split into sheets isolated from each other in a direction
perpendicular to the flux direction, the latter to reduce eddy current
induction. There is a limitation on how thin the sheets can be while still
being capable of being manufactured at a low cost. When the thickness of
the sheets is decreased, the insulation layer becomes a relatively larger part
of the sheet’s final thickness, and this leads to a decreased iron fill factor
in the core.

To decrease the core losses, it is also possible to use iron powder pressed
together with a binder. These composites are generally called soft
magnetic composites (SMC). However, the advantage of reduced core
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losses is accompanied by decreased permeability compared to a laminated
core. Since SMC material is pressed, there are also limitations on the
possible geometric shapes of the pressed SMC parts.

A special form of SMC is the soft magnetic mouldable composite (SM*C).
In comparison to pressed SMC, SM?C is characterized by having a large
enough binder content that the mixture is able to flow into a mould. As
will be shown in this thesis, the resulting iron density in the moulded core
can be increased significantly, compared to the iron content in the
moulding mix, by an intentional use of gravitation or of extended
gravitation via centrifugation.

The use of SM?C makes it possible to create the intended geometric shape
of the core and reduce the core losses further, but again at the cost of
permeability. Figure 2.1 gives a comparison of the relative permeability of
different core materials.

SM2C-G
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\ —*— Som3P@1.1Gpa

o .3 6{ —6— M235-35A
5 10 \
= K \
< N
[
£
Q 2
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Figure 2.1 Differences in permeability of four different core materials. M235-
35A is laminated sheets, Som 3P @ 1.1GPa is an SMC material, and
SM?C-R and SM?C-G are two SM?C materials.
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2.2 Why moulding?

There are already several high-performing materials for conducting
magnetic flux, and so it could be asked why there is a need to introduce
yet another; can SM?C bring new and useful material parameters for
machine construction? The material has a low capability to conduct
magnetic flux, with a relative permeability p, around 15 times larger than
the permeability of air. This number can be compared to laminated steel,
which has a p, equal to 8000, and SMC materials, which have a p, that
peaks at 800 [2].

The explicit answers to the question of “why moulded cores?” are divided
between two major discussion points: 1) the production of the electrical
machine, and Il) the electromagnetic design and function of the flux
conductor.

From a manufacturing point of view, the moulding process introduces the
possibility for an automated process to produce a large number of items
per unit of time. From an electromagnetic point of view, moulded cores
have a considerably higher permeability then air and considerably lower
core losses than other core materials commonly used today. These aspects
mean that SM?C materials are highly appealing for electromagnetic
component production. They are further discussed in the next sections.

Why moulding?
Production Electromagnetic

. Automation-friendly

Low permeability

o Integration of sensors, driver
applications, cooling, and so
on

High power density

. Decreased production costs o Low AC losses

o Simplified winding o Substantially increased
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production electrical frequency

o Fewer processing steps o Decreased impact of
magnetic saturation

o Complex 3D flux conductors

Electromagnetic design

Low permeability. The bulk permeability of SM*C is significantly lower
than that of most other core materials, typically with a relative
permeability p, < 20. This leads to a preference for short magnetic flux
paths in circuits with large air gaps, to limit the impact of this low
permeability.

Complex 3D core shapes. The ability to mould the core makes it easy to
create complex core shapes. This can be used to simplify the winding
design, as long as the permeability limitations are taken into account.

Low magnetization losses/high excitation frequency. The core losses of
SM®C are very low — from the point of view of traditional electrical
machine design, they are almost non-existent up to fundamental
frequencies of tens of kilohertz. This opens up the possibility to run
machines at high fundamental frequencies and thus obtain high power
densities. Since low permeability may cause high leakage inductances,
high reactive voltage drops at high frequencies must be considered.

Production

Automation friendly. The SM?C moulding process is ideal for automated
production. The production steps consist of 1) filling the mould, II)
centrifugation to increase the density, Ill) thermal acceleration of the
hardening process, and 1V) cooling.

Integration. Other elements can be introduced in the moulding process,
such as the stator winding, primitive pieces of other core materials,
sensors, thermal conductors, fastening elements, and so on. This further
contributes to efficient production, since many aspects of a machine design
can be finished in the same moulding step.

Simplified winding production. In laminated machines, the assembled
core acts like a “bobbin” for the windings, and thus the windings are not
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required to have a certain consistency in shape prior to insertion in the
core. With SM?C cores, the winding shape must be consistent before the
moulding, otherwise the moulding process is likely to distort the winding
shape. This requires special attention to the winding design and production
in relation to moulding with SM*C.

Insulation. Since the winding comes in very close contact with the core
material, if moulded together with the core, special attention needs to be
applied to guarantee the electric isolation capabilities of the moulded
machine.

There are some drawbacks in using SM?C material in electrical machines,
both from a production and an electromagnetic point of view, but there are
possible solutions or guidelines to minimize their impact.

2.3 Moulding theory

This section describes the manufacturing methods called moulding in this
thesis, where the floating substance is filled or forced into the cavities of
the mould. The production of SM?C is described, and four different
moulding methods are discussed.

SM*C

SM’C is produced by mixing SMC powder with a binder to create a
mouldable mixture (see Figure 2.2). The SMC is there to conduct the
magnetic flux, and the binder is there to hold the magnetic conductor
together and provide lubrication during moulding. Several different kinds
of SMC materials are available today, not least those produced by
Hoganas. SM?C should not be confused with the SMC materials produced
by Hbganas; the latter are created by high pressure compaction leading to
higher iron density, higher permeability, higher losses, and a lower
freedom of geometric shape compared to SM?C.
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Figure 2.2 SMC and binder are mixed together to create SM*C for moulding.

The work described in this thesis does not include development of the
SM?C material for machine cores; it is based on previous material and
production development at the Division of Material Engineering and
Production, Faculty of Technology, Lund University. The goal here is to
increase the understanding of this material and thereby contribute to
further development. However, the outcome of the moulding process may
be influenced by the premix of the SM?C powder, the selection of the
binder, the moulding technique, the moulding process parameters, and not
least the design of the mould. Future improvements of the material
composition may improve results, and change some of the conclusions
drawn in this thesis.

There are several parameters to consider in the attempt to optimize the
SM°C material for moulding and thereby increase the fill factor of the
magnetic flux path. The inputs to the moulding process, techniques, and
parameters are described separately below.

The SMC powder

The SMC powder can be described with the following parameters:

. Material combination in the powder and thermal treatment. The
alloy used in the powder particles influences both permeability and
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losses in the final product. The losses are also influenced by heat
treatment of the core material.

. Geometric size and shape of the powder particles. The viscosity and
ability to fill a mould is influenced by the shape of the particles. The
best particle shape for mould filling is spherical, corresponding to
gas-atomized powder. Furthermore, the particle sizes in the powder
must be optimized in the mixture for the best iron filling factor in
the moulded core.

The binder

When selecting the binder for SM*C, it is necessary to consider several
aspects:

) Heat endurance of the binder. This is vital for the mechanical
endurance of the machine over time.

° During moulding, the viscosity of the binder at different
temperatures plays a large role in the end result. The binder has two
major functions during moulding. First, it decreases the friction
between the soft magnetic particles and thus increases the fill factor.
Second, it slows down the separation process of the main part of the
binder and the soft magnetic powder, thereby helping the soft
magnetic powder to reach its destination.

° Lead time for the moulding to reach a solid state plays a vital role in
the production time of the machine.

. Environmental impact during the moulding process involves both
the highly allergenic nature of several binders, and consideration of
future recycling of the machine.

During the work with the SM°C material described in this thesis, the
understanding of the magnetic properties in the material has changed. The
permeability of the material was initially overestimated, which affected the
results of the simulations versus the results from the prototype
measurements. Over time, work with the material has corrected this
misunderstanding. The development of the understanding of the material is
illustrated in Figure 2.3, which shows the different magnetic properties
used in simulation and describes the results of prototype production for
different SM?C mixtures. The numbering of the different materials
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explains the order of the understanding in the material development
evaluation.

25
220001 SM2C-I1
220002 SM2C-I2
220003 SM2C-GM
20 5220004 SM2C-R ||
—b— 220005 SM2C-G

=
[4)]

=
o

relative magnetic permeability,  [-]

[é)]

0 0.5 1 1.5 2 2.5 3 3.5
magnetic flux density, B [T]

Figure 2.3 SM?C-I1 is the first permeability measurement of the light compressed
SM2C material and SM?C-12 is the second. SM?C-GM s a relative
permeability measurement from mixing and moulding with iron
powder of size 100um-200um, using gravity for compression; this is a
mixture for rapid prototyping. At the time of writing, SM2C-R has the
“best” material properties achievable. It is produced by the rotocast
process with sorted particle sizes and heat-treated powder. SM?C-G is
an extrapolation of SM’C-GM based on the shape of the characteristic
measurements for SM2C-R.

Moulding techniques

The basic moulding technique is to feed the SM?C material into a mould
while in liquid state. The intended components for the finished stator, such
as winding, core inserts, and sensors, are placed in the mould prior to
moulding. The desired outcome of this procedure is a magnetic core with
high density, low mechanical stress, and high electric resistivity in the
manufactured part, resulting in a relatively high permeability core with
low specific core losses. During the moulding, a local increase of the iron
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content is accomplished by selection of an optimal premix and local
compression of the SMC powder in the SM?C. Several techniques can be
used for moulding and compressing the powder:

. Injection moulding (gives no local increased SMC density)
. Gravity moulding (can increase local SMC density)

° Vibration moulding (boosts previous method)

° Rotational moulding (maximizes local SMC density)

All of these techniques are low-pressure moulding techniques. This means
that there will be no deformation of the soft magnetic particles in the
compression process [2]. It also means that the size of the iron particles in
the SM?C material will have an increased impact on the end result of the
iron content in the magnetic conductor.

The moulding techniques used with SM°C are different from the high-
pressure techniques used to produce SMC materials. In such materials, for
example the Somaloy manufactured by Hoganads, the high-pressure
compression technique is in one axis, which can give a density of up to
98% of the iron content [2]; this should be compared to the best mouldable
techniques which create SM?C that peaks at a density of 67% [3].
However, SM*C allows the creation of complex 3D forms for the flux
conductor, via the design of the winding and mould. This is less easy when
using the high-compression technique in one axis.

Injection moulding

Injection moulding is a production method that uses SMC powder and
thermoplastic mixture for the flux conductor. This mixture is injected into
a mould under high temperature and pressure, and allows for an iron fill
factor of 60% in the flux conductor [2]. The winding can be placed in the
mould prior to the injection of the SMC thermoplastic mixture. The
foremost advantage of this technique is that it can be realized in a
conventional injection moulding machine. The high pressure during the
injection makes the iron particles in the mixture act as a grinding material.
At the same time, the temperature of the mixture weakens the insulation of
the winding. This harsh moulding environment places increased demand
on the winding insulation to avoid short-circuits. Although injection
moulding is a fast and production-friendly method, its advantages are
outweighed by the disadvantages of wear and tear on the winding during
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the production process and the low relative permeability.

Gravitational force

The gravitational force of the Earth is the simplest and least strenuous way
to compress the iron particles. After the winding, sensor, inserts, and other
components have been placed in the mould, the SM?C is fed in to create
the magnetic flux pathway. Once the mould is filled, the force of gravity
makes the powder particles migrate downwards and thus increase the local
iron density in that direction. There are many similarities between the
vibration technique and the gravity-moulding technique, and the latter of
these is best utilized to achieve a rapid prototype production for testing
different electrical machine configurations.

The vibration technique

With the vibration technique, the mould is prepared with the winding and
the SM?C mix is fed inside. When the mixture has settled to a dense iron
mass, a vibration force is applied in order to release bound air in the
mixture and vibrate the iron particles into an optimum configuration, very
much like vibration of concrete in civil engineering. This will increase
both the iron density and the relative permeability in the material, and as a
result decrease the reluctance in the flux conductor core.

Rotational moulding technique

In the rotational moulding technique (also known as rotocast), a centripetal
force is created by rotating the mould at a significant velocity; this
accelerates the SM”C mix toward the inner surfaces of the mould. The iron
powder in the mix will then compress at the inside of the mould, and a
separation will take place between the iron powder and the redundant part
of the binder. Although similar to that seen with gravitational moulding,
the separation here is more extended, and thus the core fill factor is higher.
There are two major types of rotational moulding techniques:

° Radial compression
° Lateral linear axial compression
With radial compression, the mould rotates around its own central axis.

With lateral linear axial compression, the mould rotates around an external
axis (Figure 2.4).
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el

Figure 2.4 Above: radial moulding. Below: lateral linear moulding.

The iron fill factor of the magnetic flux conductor is the most influential
property when it comes to achieving the intended torque density in the
electrical machine. The maximization of iron fill factor in the moulded
component depends on process factors such as centripetal force,
compression time, and mould temperature [3], as well as aspects of the
mould design. The following aspects are important:

The centripetal force, which is in the range of 5g to 100g.
Centripetal force is kept low during the filling of the form in radial
rotation, and increases in the compacting state.

The radial difference between the inner and outer parts of the
intended SM?C component. This can affect the iron compaction
variations throughout the mould.

The moulding temperature, which ranges from 20°C to 80°C. A
higher temperature will accelerate the solidification process, but
increasing the temperature will affect the viscosity of the binder,
which in turn can affect the ability of the SM°C to create the
intended flux path during moulding.

The time that the mould spends in rotation; this depends on whether
the mould is of an open or closed design. If the mould is of a open
design, it can be necessary to continue rotating the mould until the
SM?C mixture reaches a solid state.

The design of the mould and inserts such as windings. There must
be paths for the mixture to flow into and fill the mould; it must not
be blocked by these inserts.

The rotocast technique seems to be best utilized in building outer rotor
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machines, since the SM?C mix will be geometrically well-defined by the
shape of the mould, thus increasing the accuracy of the geometry. If the
mould is designed carefully, it is also possible to manufacture inner rotor
machines with this technique. An example of a rotocast rig is shown in
Figure 2.5.

sy, . 3 ”:ﬁ:‘;"' !
Figure 2.5 Rotocast rig with a thermal device on top.

2.4 Mould design

Mould designs incorporate several design parameters that will influence
the end results of a moulding:

1)  The material used in a mould depends on whether the mould will be
integrated into the machine, or disassembled, or a combination of
both. However, all materials used in the mould must remain stable
as the temperature increases. An integrated mould should also use
materials that are easy to glue. Conversely, if the mould or part of
the mould is designed to be disassembled after moulding, the
disassembling parts need to use a material that is difficult to glue.
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2)

3)

4)

The complexity of assembling and disassembling the mould also has
an effect. If the mould is not to be fully integrated in the machine, it
needs to have a design that is easy and fast to assemble and
disassemble during production. This means that the mould has few
parts and the parts have a small release angle in the disassembly
direction.

Handling of the insert placements is of vital importance in the
mould.

Handling of the winding connections during moulding is both
important and difficult. The difficulty is mostly determined by the
winding design.

Materials for moulds

The complexity in mould design can be overwhelming. The level of
complexity corresponds to the specific machine design that is intended for
moulding. The four points above are examples of considerations in
designing moulds.

There are also a number of considerations when it comes to materials for
the mould. The major ones are:

1)

2)

3)

4)

5)

The size of the mould. The larger the mould is, the more important
are the thermal expansion, structural mechanics, and weight of the
mould.

Possible integration of the mould in the final product. This is one of
the more interesting aspects of moulding, and can decrease the
number of production steps.

How the binder in SM?C reacts with the mould, and whether the
mould needs an added film to stop the SM?C binding to the mould.

The ability of the mould materials to secure repeated geometric
accuracy during moulding.

Whether the mould will be used once only, or repeatedly.

Several of these considerations can interact; for example, number 1 has a
large impact on number 4. Number 4 is the most important consideration
when choosing material for the mould. The air gap between the rotor and
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the stator in the electrical machine is of significant importance, not only in
magnetic performance but also in mechanical aspects.

There is a difference between prototype production and an automated
production. In prototype production, it is possible to compensate for
geometric abnormalities produced during the moulding procedure (e.g.
from thermal expansion of the mould’s material). This simplifies the
selection of material for the mould in prototype and test production.
However, the material chosen for test or prototype production may not be
appropriate for use in a series production where repetition of geometric
tolerances is of highest value.

Mould construction

The physical aspects of mould construction can be divided into three main
areas: 1) integration of the mould into the finished product, 2) disassembly
of the mould to acquire the finished product, and 3) the choice between
one-time or repeated use of the mould.

1) Integration of the mould into the finished product is an interesting
aspect of moulding with SM?C, and worth striving for. This would
minimize production costs, as the design of the mould would be
identical to the design of the housing of the machine. Some
constructions take this to its limit (see Figure 2.6), but most
applications require the mould to include a removable part, in order
to define the air gap in the finished machine.
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Figure 2.6 An axial flux machine containing no moving parts inside the stator;
this means that the stator house is the mould.

2)  When the mould needs to be disassembled to some extent in order to
collect the moulded product, there are a number of points to
consider during the construction:

. The order and direction of the disassembly.

o An angle in the geometry inside of the mould, so it is
possible to disassembly the finished product when the
moulding have cured.

o Securing the centring of air gap definition in the finished
moulded stator, so that the rotor can rotate and have an even
air gap between it and the stator.

3)  For moulds that will be used only once, there is the option of
simplifying the disassembly process by breaking the mould to
extract the moulded part. Moulds that will be used repeatedly
require more careful handling.

The materials considered for moulds can be divided into two groups,
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corresponding to moulds that will be disassembled and moulds for one-
time use.

Materials for moulds that will be disassembled

As a material for prototypes, the thermoplastic polymer POM-C is
excellent. It has several good qualities: for example, it is very hard to glue,
it is easy to work with, and it has a low weight. It is stable and stiff, but its
high thermal expansion must be taken into consideration before use.

Aluminium can be a good material for moulds, if treated with a coating of
Teflon. It is relatively hard to glue, and has a low weight and high
strength.

Materials for moulds for one-time use

There are two ways to use the mould as a permanent part of the machine.
The first is to use a material that is easy to glue. The second is to
manufacture the mould in such a way that the SM°C will be unable to
escape the mould if it is loosened; this can be achieved with a negative
angle in the mould/housing. Materials that are easy to glue usually have a
low heat conductivity, which can affect the ability to cool the machine.
Two materials that can be used in the integration of the mould in the
machine are aluminium and glass fibre polyester.

Inserts

One of the more interesting and beneficial aspects of moulding electrical
machines is the possibility to place inserts in the mould during moulding,
such as windings, parts of other core materials, sensors, cooling circuits,
fastening elements, and so on. To handle the inserts during moulding, a
number of design configurations need to be considered, depending on
which of the four different moulding techniques is to be used. The design
configurations to be considered are:

o Control and precision of the winding position during moulding, and
handling the winding connections.

° The ability to secure the flow and filling of SM°C in the mould
during moulding.

. Placement control of inserts other than windings, such as sensors,
blocks of SMC, and integrated cooling.
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2.5 Summary

This chapter describes the basics of moulding principles and different
kinds of moulding technigques. There are advantages to all four of the
moulding techniques described here, and when it comes to choosing which
method is the “best” there must be some consideration of the machine
construction and its designed application. For the rotocast technique, outer
rotor designs are overrepresented in made prototypes [11] [12]. At the time
of writing, only inductors and industry induction heaters use the vibration
technique during moulding. The most commonly used compression
technique in prototype and winding test production is gravitational
compression, due to its simplicity and its capability for a rapid prototype
production. This is discussed in more detail in Chapter 4.



Chapter 3
Winding design

When moulding the magnetic core of electrical machines, some properties
of the windings that are to be moulded are especially important, such as
physical stability and electric isolation. This chapter describes some
common winding types for conventional electrical machines, and discusses
the arrangement of winding configurations suitable for moulding.

In this context, the term “winding” refers to the electrical stator or rotor
circuit in a conventional three-phase electrical machine, such as a radial
flux induction machine or a permanently magnetized synchronous
machine. It is assumed that the winding arrangement is made in a tooth-
slot structure in either the stator or the rotor.

3.1 Winding design goals

When building a machine with the moulding technique, the construction
and insulation of the winding has the highest priority. A premade winding
gives the possibility to control fill factor, geometry, and insulation of the
winding. The main goal is to combine the two major design factors in a
premade winding — the physical geometry and the electromagnetic
properties of the winding — to achieve a winding with high conductor fill
factor and good repeatable geometric shape. Since SM?C has a low relative
permeability, it is necessary to compensate for this with a high fill factor
of the winding. This increase in fill factor can be achieved by making the
winding design production-friendly by carefully selecting conductor
geometry, winding geometry, and production method. When considering
production methods, the possibilities to compress a winding to shape in a
fixture are very interesting.

23
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3.2 winding overlapping and coil shapes

The geometric layout of the multiphase winding in a machine can be
designed in several different ways; these can be classified in terms of two
different groups of coils, overlapping and non-overlapping coils [7].
Overlapping coils are less attractive in moulded machines, as it is difficult
to achieve geometric accuracy in the complete winding. Non-overlapping
coils are significantly simpler to produce, and offer greater possibilities for
achieving the geometric shape necessary for a moulded machine. Figure
3.1 shows several different designs for the winding layout in a machine.

-

Figure 3.1 From left to right: three-phase overlapping winding, three-phase non-
overlapping winding, one-phase winding, and three stacked one-phase
windings.

3.3 windings not suitable for moulding

The stator winding design for traditional three-phase machines is probably
the most commonly used winding design in the world (see Figure 3.2).

During moulding of a core, the winding present in the mould is exposed to
significant forces when the core material fills the mould and under the
compression phase of the core. These forces may wear or damage the
winding isolation. For the winding to retain its shape and isolation during
the filling of the mould, which may include centrifugation or high pressure
injection, it must have a stable shape and be well fixed inside the mould.

This means that traditional winding designs, where the winding is spun “in
the air” and then transferred to the tooth-slot structure to be bandaged and
impregnated in order to obtain structural integrity, cannot be used in a
moulding process.

One example is the distributed winding that can be run in one or more
slots, depending on the degree of distribution. Figure 3.2 shows an
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example of such a distributed three-phase winding. The stator is made of a
stack of iron sheets with slots, and acts as a bobbin for the winding. The
windings are placed thread by thread in the isolated slots when assembling
the stator. The resulting conductor fill factor is around 0.4.

Figure 3.2 Distributed overlapping winding placed in a stator. Here, the stator
acts as a bobbin.

3.4 windings designs suitable for moulding

With traditional windings like the one shown in Figure 3.2, one can say
that the core defines the winding via the tooth-slot structure. When
moulding a machine, the geometric structure of the winding together with
the mould will define the space for the core of the machine. The space in
the mould not occupied by the winding will be filled with a material such
as SM?C, thus creating the core of the machine. This places a number of
important requirements on the winding:

° The winding must have structural integrity in order to retain its
shape and its position in the mould throughout the moulding
process.

. The winding must have an insulation layer strong enough to
withstand the moulding process and to provide the required isolation
in the final product.

o The winding must follow geometric tolerances in order to prevent
the core material filling unintended spaces and must retain the
specified external dimensions in all cases, even at elevated
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temperatures or speeds.

. The winding production method should be simple, low cost, and
suitable for automation.

For a SM”C moulded electrical machine, the winding specifications imply
that the winding must be carefully designed. There are two aspects of this
related to production. The first is the quality of the moulded core. During
the moulding, the SM?C material will create the core of the machine, and
the core geometry will adapt to the cavities of the winding. This behaviour
means that the winding design is important for the intended outcome in
terms of machine performance (e.g. power conversion). The second aspect
is that the predetermined coil specifications and constraints must be
fulfilled.

It is therefore reasonable to start by looking at a single coil when designing
a winding suitable for a moulded machine. The single coil can be
simplified to a solenoid as in a claw-pole machine. From a production
point of view, as the solenoid has a simple geometry, it enables the highest
possible conductor fill factor with the least production effort. However, the
low relative permeability of SM*C materials is a hindrance to this kind of
machine topology, as the flux leakage will dominate.

This does not hinder the use of solenoid coils in other machine topologies,
such as concentrated-winding machines or torus machines. Using a non-
overlapping coil structure in the winding makes it possible to increase the
control of both the winding geometry and the conductor fill factor. This
leads to the goal of the winding design — the least complex production and
the highest fill factor achievable. A good example of a machine fulfilling
this is the torus machine; see Figure 3.3 [12].
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Figure 3.3 Left: A three-phase stator winding made of 60 single solenoid coils.
Each coil is simple to make, but a complex geometry can be created
by using many coils together. Right: The stator after radial rotocast
moulding.

Different winding coil shapes can also be derived from a machine
topology where the simple solenoid in a transversal flux machine is
formed towards a wave-winding (see Figure 3.4). This not only creates a
higher material utilization but also decreases the flux leakage, leading to a
higher electromagnetic performance especially in the case of a low-
permeability SM?C core [8][9].

I

Figure 3.4 Left: Axially stacked three-phase winding with concentric coils in a
radial flux machine. Middle: Solenoids axially stacked in a three-
phase transversal flux machine. Right: Axially stacked three-phase
wave-windings to form a combination of radial-to-transversal flux
machine.

There are at least two winding configurations that can fulfil the primary
winding specifications of high conductor fill factor and a compatible
geometric shape for moulding. Both of these windings have the potential
to be production-friendly. They are based on a circumferential distribution
of coils or modular segments of coils and axially-stacked wave windings
(see Figure 3.5).
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Figure 3.5 Left: Three-phase windings based on modular arrangements and
circumferentially distributed coils. Right: Axially stacked three-phase
wave winding.

Manufacturability plays a large part in the winding design for moulded
machines, but there are other criteria that are at least as important, such as
a good geometric design and a high fill factor in the winding. These
criteria are mainly focused on the qualitative and quantitative aspects of
the energy conversion in an electrical machine:

1)  Torque capability (a quantitative aspect) is an outcome of the
magnetic and electric loading in the machine. The torque capability
is limited by the thermal loading in the machine.

2)  Torque quality is at least as important as torque capability. This is
an outcome of the magneto-mechanical alignments in the machine.
Torque quality is expressed in terms of cogging and ripple.

3)  Power conditioning of the machine, by specification of winding
parameters such as number of winding turns, conductor area, and
insulation which are related to speed, frequency, and terminal
voltage in the machine.

Circumferentially distributed windings

Using the same number of rotor poles (N,) and stator coils (Ns) will give a
high torque capability, but the magneto-mechanical alignment will also
give a high cogging torque. The cogging torque can be decreased by using
a three-phase circumferentially distributed winding. The winding have N,
coils and rotor N, poles, where the greatest common divisor between N
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and N, is close to 1. Practically speaking, this results in a winding
arrangement with a number of coils that is N; = N, £1, £2 coils; see
Figure 3.6. Where the coils are arranged in Ng/3 or Ny/6 respectively to
divide the phase coils in one or two modules— modular windings [10].

Circumferential distribution of windings is thus a very useful configuration
to have in moulded machines, especially when the number of poles and the
cogging will be high. If used correctly, it can minimize cogging torque and
simplify production when moulding a complete stator. The windings can
be serially produced with good geometric tolerances, by being pressed to
final shape in a fixture. For circumferentially distributed windings, the
fixing of the winding is of special importance as the pole pitch is small. A
minor misalignment when placing the winding in the mould is likely to
have a major impact on the electric angle between the phases.

Figure 3.6 Three-phase windings based on modular arrangements and
circumferentially distributed coils. Left: Two modules in each phase
(represented by the same colouring). Right: One module in each
phase.

Axially distributed windings

During moulding of a machine, the SM*C material is a semi-floating mass;
this can create problems in filling up all the spaces designed for the iron
core in the winding. Wave winding seems to be one of the best winding
types for dealing with this problem.

These windings are manufactured as a one-phase winding, and the
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machine is assembled by stacking three moulded winding segments axially
(see Figure 3.5). These three winding segments are individually turned by
120° to create a three-phase winding. The segments are magnetically
independent from each other, and each uses approximately 1/3 of the
magnetization in the rotor.

The main advantage of this type of coil is the possibility to achieve simple
winding production by pressing a basic circular coil to a wave winding;
this gives a good chance of gaining a high repeatability in geometric
tolerance. The challenge is to get the dimensions of the three different
coils to such a standard that when the coils are axially stacked they will
define the length of the stator during the moulding procedure in such a
way that the voltage amplitude and the phase angle between the three
phases do not differ from a symmetric split.

3.5 Summary

This chapter describes winding layouts in general, as well as the specific
winding layouts that are suitable for moulding: circumferentially
distributed windings and axially distributed windings. Wave winding
seems to be especially interesting for axially distributed windings, which
have the potential to be production-friendly with high fill factor and good
geometric tolerances.



Chapter 4

Winding configuration
experiments and moulding
experience

This chapter describes a number of winding experiments and the
experimental platform that was used. The experiments were performed to
get a deeper understanding of winding design/configuration for machines
moulded with SM?C, and the impact of this on the performance of the
moulded machine. The practical experience gained during these
experiments and previous production of moulded machines is summarized
below.

4.1 Background and test setup

The investigations of moulding electromagnetic circuits presented in this
thesis started with two machines manufactured with SM°C material and
several different kinds of inductors. One of these machines was a claw-
pole machine with a hoop coil, and the other was a torus-shaped machine
with several independent coils connected together to create a three-phase
winding. The windings for these two machines are simple to manufacture,
and there are no direct problems in producing the two machines with good
geometric outcome. The technical problems with the design and
production of the windings started with a prototype production of a
machine intended to pump cooling water for vehicle applications. The
difficulty arose from the physical design of the winding, which was a type
of circumferentially distributed winding; specifically, there were problems
with producing this in a cost-effective way with good geometric
tolerances.

Another SM’C machine in a parallel project exhibited similar problems

31
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with the physical design and manufacturability of the windings, even
though it had a completely different size and rotor construction. This
started a series of discussions about windings and how to manufacture
them. Even though the winding problem of the intended pump machine
was solved to the extent of making it possible to create two working
prototypes, it became evident that windings can create problems during
moulding and will be a challenge for producing future machines.

A series of experiments was conducted to get a broad perspective of
winding designs suitable for use in SM?C machines. The focus of these
experimental winding designs is to test a wide range of shapes and types of
windings, and to evaluate their manufacturability and possibility of
magnetic flux linkage. The different winding configurations are moulded
in the existing mould from the previous production of the intended pump
machine, since there is already a functional rotor and mould to use as a
platform in the winding experiments. Table 4.1 presents the dimensions of
the pump machine used as a platform, known as the P-machine.

Table 4.1 Dimensions of the P-machine

Rotor diameter 89 mm
Machine length 30 mm
Stator inner diameter 90 mm
Stator outer diameter 130 mm
Number of poles 22
Number of winding slots 21-24
Active magnet length 20 mm

The experiments are performed with 14 different moulded stators,
including the two original designs, which worked as a reference for the
tests. The electromagnetic force (EMF) was measured from each test, and
the possibility of production of the windings is evaluated.

4.2 Winding experiments

The experiments are based on three winding concepts: |) three-phase
circumferentially distributed windings, 1) three-phase axially distributed
windings, and Il1l) one-phase windings. The main goal of the tests is to
investigate the different winding configurations suitability for moulding
and flux linkage, and a secondary goal is investigation of torque quality. In
all of the tests, the windings were made by hand and moulded with the
same 100-200um iron powder except the first two ordinary prototypes of
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the pump machine, which used sorted and prepared iron powder. Figure
4.1 presents a small collage of pictures of the most interesting
experiments, and Table 4.2 presents the stator (St) configurations and the
results of the tests.

Figure 4.1 Three-phase windings based on modular arrangements and
circumferentially distributed coils. Stator (St) configurations from top
to bottom: St2, St4, St6, St9.



Table 4.2 Evaluation results of distributed concentrated winding (C), single-phase wave-winding (W), three-
phase axially distributed wave-winding (WA) and three-phase circumferentially distributed wave-winding (WC)
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Stl St2 St3 St5 St6 St7 St8 St9 Stl0 | Stll | St12 | Stl3 | Stl4
W-type C C wC WA WA WC wWC wWC wWC wC W wWC WC
N-slots 24 24 24* 22 22 24* 24 24 21 21 22 21 21
N-turns/lavers 3 3 3 1 1 1 1 1 1 2 2 3 3
N-module/group 2%3 2x3 1=3 1=3 1=3 1=3 2x3 %3 1=3 1=3 1=3 1 1=3
W-diameter 0.2 0.2 0.8 08 0.8 0.8 08 0.8 0.8 08 0.8 08 08
N-strands 200 200 12 6 G 7 7 7 7 7 7 15 15
N-phases 3 3 3 3 3 3 3 3 3 3 1 3 3
El, mVs 033 | 037 028 035 031 028 0.35 032 | 021 051 014 | 010
0.11 0.15
E2, mVs 036 | 0.36 027 0.11 0.15 0.33 034 | 031 0.20 012 | 0.09
0.11 0.27
E3, mVs 035 | 039 029 041 0.37 0.25 034 | 032 | 023 015 | 0.09
0.12 0.39
Ethd, % 04 0.1 0.2 0.8 0.8 0.2 0.2 0.7 0.3 0.0 0.1 0.1
shift 1, deg 0 0 0 6 0 183 0 0 0 0 0 0 0 0
shift 2, deg 117 115 |-103 - 139 125 93 121 -126 | -109 232 195
95 322
shift 3, deg -121 | 122 | 163 - 239 66| 242 205 -115 230 119 92 43
184
Tcg, Nmm 100 110 100 70 40 30 10 3 30 60 60 40 50
Hsmia, mm 13 11 18 5 3 18 16 20 18 16 7 N N
Hsmas, mm 18 17 24 8 4 22 18 22 19 18 9 N N
WS gin, MM 5 5 8 10 10 9 8 9 10 10 9 N N
WS max, MM 6 7 12 12 12 11 10 11 12 12 11 N N
Hw, mm 25 N 28 9-13 7-9 24 21 26 25 25 15 30 29
Hoff, mm 5T1 N 1.5 0 2 371 5 5 4 4 10 1 1
AH, mm +1 N T2 +1 +05 +2 1 +05 1 1 *1 t2 T2
A8, mm +1 2 N +1 sy | 13 T05 | T05 | X05 1 *15 N N

experience

34
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4.3 Moulding experience

When moulding a machine, there is a set of rules to follow and consider
that will make the end result more predictable. This set of rules always
starts with the geometric shape of the winding. In a conventional
laminated machine, the iron core acts as a bobbin for the winding while at
the same time defining the magnetic flux path. When moulding an
electrical machine, the geometric form and placement of the winding
define the structure of the iron core. Thus the geometric tolerances of the
winding and the placement of the winding in the mould are of vital
importance to the end result, as will be shown in the coming sections.

The fact that the winding determines the geometry of the iron core, and
thus the flux path in the machine, can lead to several problems; these are
described below.

Winding geometry

When making a winding intended to be moulded, the geometry of the
winding is of significant importance to the end results. The winding is a
bundle of conductors, and this makes it hard to control the winding
geometry during production in such a way that it has a good fit in the
mould during moulding. The winding usually becomes bigger than
intended due to the springiness of the materials; if this is allowed to
happen, it will decrease the space intended for the iron core and thereby
decrease the power of the machine. When SM*C is in a liquid state it will
fill up every unintended gap in the winding, which may create shortcuts in
the flux path.

Winding fixation

For repeatability, the winding needs to be fixed in a well-defined way. The
SM?C material is best utilized with high electric frequency, which means
using a high number of poles in the machine. However, as the number of
poles increases, the angular pole pitch becomes small, which in turn
increases the physical tolerances of the winding. This means that if the
three-phase winding is not aligned and fixed correctly, there will be a large
difference in electric phase angle between the winding segments. If the
machine is to function as required, it is of great importance to fix the
winding with high precision. This can be achieved with different moulding
techniques and machine layouts.
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Winding connections

One of the more difficult aspects of moulding machines is the handling of
winding connections during the moulding process. A three-phase winding
will usually have six connections. Depending on the design of the winding,
the thickness of the conductor, and the moulding method, the handling of
the winding connections can be completely different from case to case.

Selection of moulding method

There are two basic rules for selecting the moulding method. First, if the
machine is an outer rotor machine, then a radial rotocast technique is
usually preferable. Second, if the machine is an inner rotor machine, then
lateral linear moulding is a well-tested technique but carries the difficulty
of handling the winding connections during moulding and thereby the
requirements on surface smoothness of the moulded stator sides. There is a
method using radial rotocast for an inner rotor machine that will give good
surface requirements, but this needs to be tested further as it has only been
used once.

4.4 Summary

The winding is a highly important aspect of moulded machines, and is the
one thing that can influence the result of the moulding the most. The
geometry and placement of the winding affects phase angles, size and
tolerances of the mould, cogging torque, and the power rating of the
moulded machine. It is thus recommended to start the design with a
consideration of the winding, and to let the winding influence the rest of
the machine design.
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Design and construction of a
three-phase prototype generator

51 Motivation

The three-phase automobile generator is one of the most common types of
generator. The automobile generator works at high electric frequency; this
makes it an interesting application for the SM’C material, since the
material has low high-frequency losses. It is also possible that the SM°C
material could improve the performance of the machine.

5.2 Specification

The specification of the automobile generator used as a design goal in this
chapter is given in Table 5.1.

Table 5.1 Specifications for an automobile generator

Power 3 KW
Working rotational speed 4000-14000 rpm
Number of phases 3

Rotor Electric magnetized

Stator segments Phases axially placed
Available stator length 80 mm
Rotor diameter 110 mm
Stator inner diameter 112 mm
Stator outer diameter 142 mm
Stator segment length 25 mm
DC voltage (after rectification) 28.8 V'
DC current 110 A
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The reference generator is specified in Table 5.2.

Table 5.2 Specifications for the reference automobile generator

Power 3 KW
Working rotational speed 4000-14000 rpm
Number of phases 3
Number of poles 12
Rotor Electric magnetized
Stator segments Overlapping three-phase wave
winding
Stator length 80 mm
Active length 36 mm
Rotor diameter 110 mm
Stator inner diameter 112 mm
Stator outer diameter 142 mm
Voltage (after rectification) 28.8 V!
DC current 110 A

In the reference generator, the physical length of the stator is 80 mm
including the end turns, but the active length of the stator is only 36 mm.
Thus there is a possibility to increase the usage of the existing stator length
by moulding the stator in order to increase the active length.

5.3 Generator design

Since the stator is to be moulded, it is designed for a simplified production.
In this context, the stator winding configuration is altered from a
conventional complex three-phase stator to a stator made of three
segments of a single phase in each segment. These segments are placed
axially in the stator house, one after each other; see Figure 5.1. Similar
designs have previously been used with SMC material [13][14]. The
electromagnetic design simulates a single phase and is recalculated to
correspond to a three-phase machine, as the phase output power times
three is the total amount of output power from the three-phase machine.
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Figure 5.1 Three stator segments stacked axially to create a three-phase stator.

The simulations are performed with the free program Finite Element
Method Magnetics (FEMM) together with several MATLAB scripts to
configure the machine dimensions, material properties, and electrical
properties, to post-process the FEMM data, and to present the results.
FEMM is a 2D simulation program (see Figure 5.2) which is chosen for its
ability to give quick results and its compatibility with MATLAB. The
major parts of the MATLAB scripts were developed by Avo Reinap, Dan
Hagstedt, and Francisco Marques at the Division of Electrical Engineering
and Automation, Lund University.



40 Chapter 5. Design and construction of a three-phase prototype
generator

17626000 : >1.855e+000
16696000 : 1.762e+000
1.5776+000 : 1.669¢+000
1.484€000 : 1.577e+000
1.391e+000 : 1.484¢+000
1.298e-+000 : 1.391e+000
1.206e-+000 : 1.298e+000
1.113e+000 : 1.206e+000
1.0206+000 : 1.113e+000
9.2756-001 : 1.020e+000
8.347e-001 ; 9.275e-001
7.420-001 : 8.347-001
6.4926-001 : 7.420e-001
5.5656-001 : 6.492-001
4.637€-001 : 5.565€-001
3.710e-001 : 4.637e-001
2.782e-001 : 3.710e-001
1.8556-001 : 2.782-001
9.2756-002 : 1.855¢-001
<2.338-006 : 9.2756-002

Density Flot: |8, Tesla

\

Figure 5.2 A plot from the Finite Element Method Magnetics (FEMM) program.

The use of MATLAB with FEMM allows one to make several iterations of
simulations with different machine configurations such as material
selections, number of poles, slot sizes, current settings, and rotor positions,
all in a relatively short time span. It could be argued that it would be better
to use a 3D simulation program to get a more exact representation of the
machine, but this would be considerably more time consuming. Hence, in
this part of the machine design, 2D simulations were preferred as the
purpose is to determine winding and stator dimensions for the mechanical
design of the machine.

Rotor configuration

The simulations described below used the default values for rotor
configuration; there is no attempt at optimization of the rotor in this stage
of the design.

Number of slots versus number of poles

The first three simulations are performed in pursuit of an initial rough
design for the generator and to get an indication of how different relations
between rotor pole and stator slot numbers can be used to optimize the
electric design of the machine. It should be remembered that the magnetic
coupling between rotor and stator will generally decrease with mismatch
of poles and slots, but this mismatch also has the advantage of minimizing
the cogging torque in the generator and thereby reducing generated sound.

The simulation is performed in three steps, with the number of stator slots
differing from the number of rotor poles by -1, +1, and O, respectively. The
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number of poles is varied from 8 to 24 in order to decide the pole range to
be used in further simulations to investigate tooth tip design, rotor design,
and to perform a full evaluation of the complete generator. In the
simulations, the torque is calculated for one phase and at a fixed angle of
90 electrical degrees for the rotor/stator position, instead of varying the
position to get an average value of the torque. This is done to minimize
time consumption in the simulations while still getting a rough idea of the
performance of the generator.

In Figures 5.3-5.5, the x-axis is the number of poles and the y-axis is the
relative stator slot width, defined as:

_ slot width
* dot pitch
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Figure 5.3 Simulation results for the generator with -1 stator slot relative to rotor
pole number. Top left: the calculated torque for one phase. Top right:
the rotor winding width. Bottom left: the stator winding width.
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Bottom right: a representation of the machine configuration that gives
the maximum torque.
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Figure 5.4 Simulation results for the generator with +1 stator slot relative to rotor
pole number. Top left: the calculated torque for one phase. Top right:
the rotor winding width. Bottom left: the stator winding width.
Bottom right: a representation of the machine configuration that gives
the maximum torque.
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Figure 5.5

Simulation results for the generator with equal numbers of stator slots
and rotor poles. Top left: the calculated torque for one phase. Top
right: the rotor winding width. Bottom left: the stator winding width.
Bottom right: a representation of the machine configuration that gives
the maximum torque.

Table 5.3 A summary of the simulation results.

Number of stator Max torque | Winding Number of
slots compared to [Nm] for width of the poles at max
number of rotor one phase stator [mm] torque

poles

-1 5.23 9.6 20

+1 5.58 9.8 16

Equal 8.12 10.8 14
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These initial simulations showed that an equal number of slots and poles is
to be preferred in the machine design, even though there is a possibility
that this will increase the cogging torque and thus increase the noise
produced by the machine when in operation. There is also the practical
issue of the active length in the machine to consider. For lower numbers of
poles, the end turn of the winding will be relatively large and will take up
an increased amount of the length of the stator segment. This will decrease
the active length, and in practice the machine will become a full claw pole
machine instead of a semi claw pole machine. For this reason, the
simulations described below used a pole range of 16-20 poles.

Tooth tip design

The tooth tip collects the magnetic flux which links with the stator
winding. Simulations are performed to investigate how the tooth tip width
affects the ability of the magnetic flux created in the rotor to link with the
winding. The tooth tip width was varied in steps, in order to evaluate
which width gives the highest torque and therefore the highest flux
linkage. The tooth tip width is simulated with a current density of 7 A/mm?
in the rotor and 12A/mm? in the stator. The relative tooth tip width is
varied in steps from 0.9 down to 0.1 (see Figure 5.6), where a tooth tip
width of 0 corresponds to straight teeth and a tooth tip width of 1
corresponds to no slot opening at all.

Table 5.4 Results of the simulations with varying relative tooth tip width.

Relative tooth tip width Torque [Nm]
0.9 2.6320
0.8 2.7854
0.7 2.8739
0.6 2.9368
0.5 2.9766
0.4 3.0039
0.3 3.0111
0.2 2.9897
0.1 2.9664
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Figure 5.6 Left: relative tooth tip width of 0.9. Right: relative tooth tip width of
0.1.

As can be seen in Table 5.4, the torque values and thus the flux linkage
remain similar when the tooth tip width varies between 0.5 and 0.1, with a
maximum value at 0.3.

Rotor design

The rotor is intended to cover all three stator segments, and so each stator
segment had 1/3 of the total rotor area. In the following simulations, the
torque is calculated by sweeping the rotor from n/2 to -1/2 in steps of n/30,
and then calculating an average value of the torque. The torque is
calculated for one phase. The relative radial rotor slot length measured
from the centre of the rotor axes (K,) is set to 0.4, 0.5, and 0.6, in
combination with relative rotor slot widths (K;) of 0.35, 0.45, and 0.55,
respectively. The number of poles varied from 14 to 22 and the stator slot
width varied from 0.25 to 0.60 in steps of 0.05. The simulations are
presented in order from Figure 5.7 to Figure 5.9.
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Set of rotor design parameters: K, = 0.4, K; = 0.35
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Figure 5.7 Simulations with K, = 0.4 and K = 0.35. Top left: simulated torque.
Top right: rotor winding width in mm. Bottom left: stator winding
width in mm. Bottom right: machine diagram. The y-axes show
relative stator slot width and the x-axes show the number of poles.
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Set of rotor design parameters: K, = 0.5, K; = 0.45
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Figure 5.8 Simulations with K, = 0.5 and K = 0.45. Top left: simulated torque.
Top right: rotor winding width in mm. Bottom left: stator winding
width in mm. Bottom right: machine diagram. The y-axes show
relative stator slot width and the x-axes show the number of poles.
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Set of rotor design parameters: K, = 0.6, K; = 0.55
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Figure 5.9 Simulations with K, = 0.6 and K, = 0.55. Top left: simulated torque.

Top right: rotor winding width in mm. Bottom left: stator winding
width in mm. Bottom right: machine diagram. The y-axes show
relative stator slot width and the x-axes show the number of poles.

Summary of the simulation results:

The rotor configuration with K, = 0.4 and K, = 0.35 gives a
maximum phase torque of 5.6637 Nm with 16 poles and a stator slot
relative angular width of 0.45. The coil width at maximum torque is
11.9 mm.

The rotor configuration with K, = 0.5 and K, = 0.45 gives a
maximum phase torque of 5.5231 Nm with 18 poles and a stator slot
relative angular width of 0.5. The coil width at maximum torque is
10.7 mm.

The rotor configuration with K, = 0.6 and K; = 0.55 gives a
maximum phase torque of 5.0924 Nm with 18 poles and a stator slot
relative angular width of 0.5. The coil width at maximum torque is
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11.3 mm.

The following simulations used a pole range of 16 to 20 poles. Selection of
a rotor configuration is a combination of torque and the size of the rotor
winding. Since the available space in the machine is limited, the rotor
winding size has a considerable influence on the decision. The rotor
configuration used in the simulations is K, = 0.5 and K, = 0.45, and the
conductor fill factor is assumed to be 0.7.

Generator performance simulations

In order to investigate copper losses, torque, efficiency and temperature at
continuous operation, a fixed current density in the stator is assumed. The
current density in a stator segment is calculated from the intended
maximum current output from the complete generator and the conducting
area of the copper wire that is suggested for the stator segment winding in
the generator. In these simulations, a square copper wire with a 2 x 2 mm
cross-section is chosen, giving an increased chance for a conductor fill
factor of 0.7 in the slot. The generator is assumed to have a rectified output
voltage of 28.8V and a maximum rectified current of 110 A. The generator
is delta connected, and so the peak current density in a stator segment
winding is given by:

. 110
I, =——= =63.5A
"B
i = 83515 e75a/ mm?
A, 4

In the generator performance simulations, the stator segment peak current
density is fixed at 16 A/mm? with a fill factor of 0.7. The tangential stator
coil width is changed from 0.40 to 0.70, where 0.40 is the narrowest coil
width and 0.70 is the widest coil width. The current density in the rotor
varied from 5 A/mm? to 15 A/mm?with a fill factor coefficient of 0.7.

The results of the simulations are presented in Figure 5.10-Figure 5.12 and
summarized in Table 5.5.
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Simulation results with 16 poles

Ks=0.5 I/mm?2=15 Tmax=8.4294 Nm Ks=0.5 Imm?=15 Pin=4351.1149 W Ks=0.5 Np=15 Pfstator=407.7819 W

0.7 8 0.7 4000 0.7
6 3000
. 0.6 .
4 2000
. 0.5 .
2 1000
0.4 0 0.4 0
5 10 15

5 10 15 5 10 15

Ks=0.5 /mm?=15 Pfrotor=412.4285 W Ks=0.5 /mm?=15 Put=3530.9045 W Ks=0.5 yImm?=15 n=0.81149
0.7 400

0.4

0.7
300
0.6
200
0.5
100
0.4 0 0.4 0
5 10 15 5 10 15
Ks=0.5 /mm?=15 CuSW=10.3845 mm
0.7 14

CJar  Aw=[78 183] mm?
12 [ Acl Sm2C
AL

Figure 5.10 From top left to bottom right: torque, power in, power loss in stator,
power loss in rotor, power out, efficiency, stator segment winding
width, and machine diagram. The x-axes correspond to the rotor
current density and the y-axes correspond to the stator slot width.
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Simulation results with 18 poles
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Figure 5.11 From top left to bottom right: torque, power in, power loss in stator,
power loss in rotor, power out, efficiency, stator segment winding
width, and machine diagram. The x-axes correspond to the rotor
current density and the y-axes correspond to the stator slot width.
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Simulation results with 20 poles

Ks=0.55 I/mm?=15 Tmax=8.4095 Nm Ks=0.55 Imm?=15 Pin=4295.1727 W Ks=0.55 Np=15 Pfstator=405.0959 W

0.7 8 4000 0.7 400

0.65 0.65

0.65
3000
0.6

6 300

0.6 0.6

0.55 4 0.55 2000 0.55 200

0.5 0.5 0.5
2 1000 100
0.45 0.45 0.45
0.4 0 0.4 0 0.4 0
5 10 15 5 10 15 5 10 15
Ks=0.55 /mm?=15 Pfrotor=367.5284 W Ks=0.55 I/mm?=15 Put=3522.5484 W Ks=0.55 /mm?=15 n=0.82012

0.7 0.7

0.7
3000

0.65 300 0.65 2500 0.65

0.6 0.6 0.6

200 2000
055 055 1500 0-55

05 05 05
100 1000

0.45 0.45 500 0.45

0.4 0 04

15 5 10 15

0.4 0
5 10 15

o
=
o

Ks=0.55 /mm?=15 CuSW=9.0192 mm
07 11

] air
0.65 0 Ac1 SM2Aw=[68 143] mm?
[ Ain

[ Aw1

0.6

0.55

5 10 15

Figure 5.12 From top left to bottom right: torque, power in, power loss in stator,
power loss in rotor, power out, efficiency, stator segment winding
width, and machine diagram. The x-axes correspond to the rotor
current density and the y-axes correspond to the stator slot width.

Table 5.5 Simulation results using 16-20 poles

Number of poles 16 18 20
Torque (max) 8.4294 Nm 8.51 Nm 8.41 Nm
Stator Pcu 407.8 W 421.1W 405.1W
Rotor Pcu 4125W 387.8W 367.5W
Efficiency 0.812 0.815 0.82
Coil width 10.4 mm 10.1 mm 9.0 mm
Pout 35309 W 3562.7 W 35225 W

The three designs appear to be almost equal in torque performance and in
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efficiency. The stator coil width in these simulations is 10.4 mm for 16
poles, 10.1 mm for 18 poles, and 9 mm for 20 poles. As shown in Table
5.5, the 18-pole design has a slight advantage in torque and thus also in
output power, but the 20-pole design has the highest efficiency and lowest
losses, especially in the rotor, where heat removal is more difficult.

5.4 Thermal calculations

Thermal calculations of the steady state temperature in the designed
moulded generators are based on a simulated temperature study of the
conventional automotive generator with 12 poles at steady state (Figure
5.13). The existing 12-pole generator has a specific cooling capability, and
the expectation of the new generator is that it will be able to handle the
same temperature rise as the existing 12-pole generator. This was
investigated by examining the steady state temperature of the existing 12-
pole generator with natural convection is used for cooling, and then
comparing the information from this simulation with the simulations of the
three models of the new generator with 16, 18, and 20 poles.

Figure 5.13 Heat simulation in the existing 12-pole generator.

The heat simulation of the existing 12-pole automobile generator use a
rotor current density of 7 A/mm?, a stator current density of 25 A/mm?
and a fill factor of 0.5 in the stator and rotor. A FEMM program is used to
simulate the thermal steady state in the design of the generators. The
simulation results suggest that the heat radiation from this generator will
have a value of 800 W/(m**°K) given a surrounding air temperature of
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70°C. This corresponds to a surface power dissipation from the stator
yoke of 13947W/m? The hot spot in the stator coil is 176 °C and the hot
spot in the rotor is 147.5 °C. This may seem quite high, but if it is possible
to cool down the 12-pole generator it should be possible to cool down the
new design if it has similar temperature values.

The thermal simulations of the 16, 18, and 20 pole generators use a rotor
current density of 11 A/mm? and a stator current density of 16 A/mm? (see
Figure 5.14-Figure 5.16). The heat radiation from the stator yoke is set to
800 W/(m**°K), in line with the results from the 12-pole generator. With a
surrounding air temperature of 70 °C, the hot spots in the stator coils were
as given in Table 5.6.

Thermal simulation results with 16 poles
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Figure 5.14 Thermal simulation in the 16-pole generator with a surrounding air
temperature of 70 °C and the thermal radiation from the stator yoke

set to 800 W/(m2*°K). The hot spot in the stator coil is 188 °C and
the hot spot in the rotor is 205 °C.



5.4. Thermal calculations 55

Thermal simulation results with 18 poles
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Figure 5.15 Thermal simulation in the 18-pole generator with a surrounding air
temperature of 70 °C and the thermal radiation from the stator yoke
set to 800 W/(m**°K). The hot spot in the stator segment coil is
188 °C and the hot spot in the rotor is 196 °C.

Thermal simulation results with 20 poles
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Figure 5.16 Thermal simulation in the 20-pole generator with a surrounding air
temperature of 70 °C and the thermal radiation from the stator yoke
set to 800 W/(m?*°K). The hot spot in the stator coil is 177 °C and
the hot spot in the rotor is 187 °C.
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In all three thermal simulations, the hotspot in the rotor is larger than the
hotspot in the stator segments. This could be considered a problem, as it is
usually more difficult to remove heat from the rotor due to the air gap
between rotor and stator. Although these thermal simulations do not
represent the whole truth, they still give helpful guidance regarding the

important aspect of how to cool the generator.

Table 5.6 Results from thermal simulations

Design 16 poles 18 poles 20 poles
Torque (Nm) 7.2 7.2 7.2
Pout (W) 3000 3000 3000
Efficiency 0.812 0.815 0.82
Hot spot S (°C) 189 188 177
Hot spot R (°C) 205 196 187

5.5 Summary of the design

Table 5.7 summarizes the simulated performance of the designed SM*C

generator in comparison with the original/reference generator.

Table 5.7 Design comparisons of designed and reference generator

Reference Designed Unit
generator generator
Total length, 0.08 0.08 [m]
including end
windings
Active length 0.036 0.053 [m]
Stator outer 0.142 0.142 [m]
diameter
Air gap length 0.0005 0.0005 [m]
Rotor base speed 4000 4000 [rpm]
Rotor max speed 14000 14000" [rpm]
# poles 12 20
Air gap flux 0.58 0.40 [T @ RMS]
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speed

140

197

(W]

Rotor iron losses
at base speed

170°

50°

(W]

Max torque at
base speed

9.55

7.2

[Nm]

Max torque at
nominal speed

3.5

[Nm]

Max torque at
max speed

1.8

[Nm]

Max power at
base speed

3000

3000

(W]

Efficiency at max
power at base
speed

0.68

0.79

Efficiency at max

0.68

0.85°
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power at nominal
speed

1. This limitation does not consider mechanical stress in rotor
structure due to the high rotation speed.

2. Rough estimation of tooth tip losses in rotor.

3. Rough estimation of efficiency due to decreased DC losses in
rotor.

5.6 Building the prototype stator

The production of the stator prototype began with production of the
winding. The most difficult part of this was to design the stator winding
for manufacturability. Three different windings are manufactured; two of
them handmade, and one produced within a fixture by pressing the copper
wire to its designed shape.

windings

The first winding is handmade from a round copper conductor with a
diameter of 2.3 mm and 15.5 turns. The particular difficulty with making
the handmade prototype winding lay in the approach of bending the whole
wire into a pattern that would upon being wound up create the winding
(see Figure 5.17). This bending can be done by machine, and so it is not
particularly difficult to produce this kind of winding as there are a number
of wire bending machines available today.
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Figure 5.17 A handmade winding with a round conductor and 15.5 turns for the
first stator segment.

The second winding is very similar to the first winding, the main
difference being that instead of a round conductor with 15.5 turns, it is
constructed from a rectangular conductor with dimensions 1.5 x 3.2 mm
and 18 turns (see Figure 5.18). The intention behind using this kind of
conductor in the winding is to maximize the conductor fill factor in the slot
of the stator.
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Figure 5.18 A handmade winding with a square conductor (to increase the
copper fill factor) and 18 turns.

The third winding is manufactured in a fixture by pressing a hoop coil into
a wave winding. This conductor has the same dimensions and the same
number of turns as the second winding. The main difference is the shape
of the winding; this winding is pressed to a sinusoidal shape (see Figure
5.19). The pressing caused some damage to the winding insulation,
especially in the corners of the slots.
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Figure 5.19 A fixture-pressed sinusoidal wave winding with 18 turns.

There are some differences between these three windings. Using a
rectangular wire instead of a round wire increases the copper fill factor in
the winding, and thereby decreases the losses depending on the current in
the winding. The fixture-pressed third winding is probably the easiest to
produce in mass production, but since it does not have the desired
geometric rectangular shape there is a significant risk that the flux linkage
will be decreased and the machine will not be able to produce the required
output power. There is also a significant risk that the fixture-pressing
process will damage the insulation and the conductors in the winding layer
closest to the press fixture.

Moulding of segments

The mould consists of two parts. The first is a central piece (see Figure
5.20) to define the air gap between rotor and stator and create the moulded
teeth in the stator. The second part of the mould defines the outer diameter
of the segment and the 120° phase difference between the stator segments.
This mould does not include a lid to define the upper side of the segment,
due to the geometric differences in winding length between the prototype
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windings. The material in the mould is POM-C; this is a plastic that is easy
to work with and very hard to glue, making it suitable for a prototype
mould for the segments. The downside of POM-C as a mould material is
its large thermal expansion.

Two moulded segments are produced with windings 1 and 3, using
gravitational moulding and an iron powder with a particle size of 100-200
pm. The epoxy used in the moulding is Araldit LY 5052 mixed with
Aradur 5052. The iron powder is heated to 65°C to make the mixture more
viscose and facilitate the moulding. The mixture is injected into the mould,
and the mould is placed in an oven at 60°C in order to decrease the time
taken for the mixture to cure and develop a solid state. The material
classification from the moulding is SM°C-G.

Figure 5.20  The mould with stator winding 1 plat:ed in it just before moulding.

5.7 Building the prototype rotor

The rotor constructed for the prototype is a compromise between the
intended full-length rotor and a rotor with decreased length which allowed
testing of the different segments separately. The rotor is limited in active
length to one segment length, and is made of four parts: an axis, two semi
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claw-pole structures, and a winding for magnetization of the rotor. The
material in the rotor core is a weldable material equivalent to Swedish
standard steel 1672. The two semi claw-pole structures are based on a
solid round core with milled slots for the correct positioning of the teeth,
and the teeth are welded into the slots (see Figure 5.21). Four screws are
used to assemble the rotor, making it possible to quickly assemble and
disassemble the rotor as required.

The dimensions of the rotor core are based on the FEMM calculations
described earlier in this chapter; see diagrams in appendix A.

Lk il
Figure 5.21 The prototype rotor, disassembled.

The rotor core is magnetized using a winding made of 8 turns of a spun
wire consisting of 7 parallel conductors, each with a diameter of 0.8 mm.
The conductors in the spun wire are series-connected to form a winding
with 56 turns. This give the rotor a copper fill factor of 0.218, which is low
compared to the simulated value but is considered sufficient for the testing
of the different moulded stators. Figure 5.22 shows the assembled rotor
together with a stator segment.
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Figure 5.22  The prototype rotor assembled together with a stator segment.

5.8 Summary

This chapter describes the electromagnetic design of the intended
automobile generator and a thermal investigation of the same. The top
three generator configurations showed almost equal behaviour in the
simulations, but the thermal load was lowest in the 20-pole generator. The
chapter also describes the production of the prototype with three different
stator windings and an electrically magnetized rotor.



Chapter 6
Generator measurements

This chapter presents the measurement results from the two prototype
generator segments, including several different tests with dummy
windings. Dummy windings are particularly useful in measuring flux
linkage and flux leakage in a moulded segment, to get a deeper
understanding of the design without building a full machine. This chapter
also includes a discussion of the results and further analyses.

6.1 The test bench

During the production of the prototype generator, several tests of the
electromagnetic coupling between rotor and stator are performed using
dummy windings (see Figure 6.1). The electromagnetic coupling is
measured by the EMF in the test coils. The tests used a machine housing
and an electric magnetized rotor. To create the rotor excitation speed, a
handheld drilling tool with two different rotation speeds is used to run the
rotor.

The dummy windings are made in plastic with a 3D printer, with two EMF
pickup test coils attached: one on the inside of the dummy winding close
to the air gap to measure incoming flux in the segment, and the second on
the outside of the dummy winding next to the yoke to measure the flux
passing through the yoke. These test coils are used to measure the amount
of flux leakage through the winding in a segment.

65
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Figure 6.1 The 3D-printed dummy winding with two EMF pickup test coils, one
on the inside and one on the outside.

In the power conversion tests of the two finished stator segments, a direct
current machine capable of 4000 rpm and 500 W is used to create the
excitation speeds, and two parallel-connected variable resistors are used as
variable load. Two separate voltage supplies are used to apply magnetizing
current in the DC machine and in the rotor of the generator. Multimeters
are used to measure the voltage and current from the generator (see Figure
6.2).
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Figure 6.2 Setup for power conversion tests of the generator.

6.2 Electromagnetic measurements

During the tests, the focus is on two major goals:

1. To find a winding design with good electromagnetic properties
suitable for production.

2. To investigate the impact of different SM?C materials on the
finished stator.

The dummy windings provided a fast way to elicit comparable test results
for evaluation of material configurations, as the EMF test coils on these
windings allows measurement of the induced voltage and thus calculation
of the flux linkage.
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The dummy winding tests are listed below, and described further in
appendix C.

1. Moulded core of powder size 100-200 um and epoxy NM FW 3070
mixed with NM 150B (ST1)

2. Moulded core of powder size 100-200 um and epoxy Araldit LY
5052 mixed with Aradur 5052 (ST2)

3. Moulded core of “sorted and prepared” powder and epoxy Araldit
LY 5052 mixed with Aradur 5052 (ST4)

4, Moulded core halves (Figure 6.4) of powder size 100-200 um and
epoxy Araldit LY 5052 mixed with Aradur 5052 (ST5)

Table 6.1 Data from tests with dummy windings, where the colours is to mark the
change in excitation current used with each moulded dummy winding.

Case Ymt, Yrms, Em, | Ems | Freq, | lfieis, | Usiela,
mve] | [mvs] | (V] | (mV] | [He] | [A] | V]

SHSC o6 012|016 o011 |e72 |401 |75

STELSLE oo 007|010 |007 672

SHHSLS 016 011|016 |o011 | 2208 [405 |75

STIHSLC loao 007|009 |007 | 2208

S real |030 021 [028 [021 |688 |7.96 |150

STLLSHE o018 013|017 |012 | 688

S 030 o021 027 [o020 |2222 | 790 | 150

STLHSHC o018 o012 o016 |012 | 2222

STELSLE 1021|014 [019 |04 |682 |402 |75

STALS1C 013|009 [012 |009 |682

ST2HSLC 1450 1014 |o018 |014 |2203 402 |75

inner coil

STEHSLC 013 009|011 |009 | 2203
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ST2-LS-HC

e | 039 027|033 [027 |681 [793 |149
ST2-LS-HC

12LSHC 024 017 o021 | 017 | 681

STzi'n':eSr'HC 038 |026 |032 |026 |2160|794 |149
ST2-HS-HC

1ars e {024 017 o020 |o017 | 2160

STA-LSLC

TALSLE lo2s 017|020 |047 |674 |468 |75
ST4-LS-LC

TSt loas 010|012 |010 | 674

ST‘:;\':;‘LC 023 |016 |019 |016 |2146 | 407 |75
STA-HS-LC

1eHSLC 013 009|011 | 009 | 2146

ST‘};";E;HC 042 030 |033 [020 |671 |785 |149
ST4-LS-HC

1eLSTC o2 017 o019 |0a7 671

ST“i'n*r']Sr'HC 043 030 |033 |030 |2096 790 |14.9
STA-HS-HC

TenstC {024 017 Jo1s |o017 | 2006

ST?;;SELC 015 |010 |014 |010 |671 |405 |75
ST5-LS-LC

>LSLC oo 007|010 |007 |67

ST?;];';"—C 014 |010 |014 |010 |2132 |412 |75
ST5-HS-LC

1oHSLC 010 007 010 |007 | 2132

ST5-LS-HC

orSEC 1027 019 026 |019 |686 |800 |150
ST5-LS-HC

1oLSTC loae 013|019 [013 686

STsi::Sr'HC 026 018 |026 |018 |2137|7.96 | 150
ST5-HS-HC

1S HC [o19 013|018 |013 | 2137

The measurements made with the moulded dummy windings are
comparable to the two real moulded stator windings if they are converted
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to the right winding turns for the two segments. Flux linkage values for a
real winding will usually lie between the values for the inner and the outer
EMF pickup coils in the dummy windings. The following observations can
be made regarding the tests:

1. The moulding process and the quality of the binder have a
remarkable influence on the magnetic characteristics of the core.
This means that even if the moulding process is the same during
every moulding, the results from each moulding can be different; the
outcome is not predictable. The binder has two functions. The first
is to ensure that the iron powder mixed in a liquid state reaches the
intended area during filling of the mould. Second, after the fill, the
non-essential binder should separate from the iron powder as the
iron powder compresses (see Figure 6.3). If this does not occur,
there will be a lower iron fill factor in the moulded segment. The
first of these functions can create problems during the moulding
process, which makes it hard to predict the outcome of each separate
moulding. This problem results in a lower iron fill factor at local
places in the moulded part, and can in some cases only be
discovered by cutting through and thereby destroying it. Problems
with the second function are easier to discover, as there will be no
visible separation between iron powder and binder.

Figure 6.3  Left: Incomplete separation of excess binder from the iron core. The
non-essential binder is still mixed with the iron powder. Right:
Proper separation of excess binder from the iron core. The
clear/yellowish layer at the top is the separated binder.

2. The difference in flux linkage between the powder of size 100-
200 pum and “sorted and prepared” powder is relatively small, and is
more noticeable in the inner test coil in the dummy winding (close
to the air gap) than in the outer test coil (close to the yoke of the
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stator).

3. In comparison to the stator moulded as a single piece, the stator
made of two halves of SM?C (Figure 6.4) showed a smaller
difference between the near and far sensor coils and also
considerably lower values in the near coil. This could be due to the
moulding and the additional small air gap between the two halves in
the yoke of the stator.

Figure 6.4 One of the two moulded core halves.

Further electromagnetic tests were performed with the completed stator
segments, as described below.

Segment 1 included a handmade winding with 15.5 turns of a 2.3 mm
diameter round conductor (Figure 5.17). The moulded segment has a
measured resistance (with four terminal sensing) of R = 0.052 Q,. The
inductance of the segment are measured with an LCR-meter at 120 Hz and
1000 Hz. Table 6.2 gives a comparison of the measured inductance with
calculated inductance from measurements of open circuit EMF and short-
circuit current. The inductance is calculated with the equation
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U %oc 2
——R
(Izscc SJ

L=
27f
1)
Table 6.2 Measured and calculated inductance from tests with segment 1.
R = measured with rotor, UR = measured without rotor.
Ifieldy Ufieldy
Case L[mH] Xs[] | Freq, [Hz] N V]
Measured-R 0.178 - 120 - -
Measured-R 0.1674 - 1000 - -
Measured-UR 0.163 - 120 - -
Measured-UR 0.1623 - 1000 - -
Calculated 0.1910 0.4000 333 10.0 6.36
Calculated 0.1839 0.4814 416.67 10.0 7.88
Calculated 0.1786 0.5612 500 10.0 9.26
Calculated 0.1709 0.6265 583.3 10.0 10.4
Calculated 0.1676 0.7019 666 10.0 11.7

Segment 2 included a pressed winding made in a fixture for repeated
production, giving the winding good geometric tolerances (see Figure
5.19). This winding has 18 turns and use a square conductor in order to
maximize the conducting fill factor in the winding. The winding have a
resistance of 0.042 Q. Table 6.3 presents measured and calculated
inductance with the same methods as in segment 1. Due to its small active
length, the winding has a sinusoidal geometric form from the compression
in the fixture; this could be avoided with an increased active length.

Table 6.3 Measured and calculated inductance from tests with segment 2.
R = measured with rotor, UR = measured without rotor.

Case L[mH] X [Q] | Freq, [Hz] 'EX‘i U”[vfd :
Measured-R 0.2510 - 120 - -
Measured-R 0.2425 - 1000 - -
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Measured-UR 0.198 - 120 - -

Measured-UR 0.1976 - 1000 - -
Calculated 0.2069 0.4334 333 10.0 4,52
Calculated 0.2028 0.6370 500 10.0 6.51

Further tests are performed with an excitation speed of 1000-2500 rpm and
a rotor magnetizing current of 2-10 [A]. The rotor has 56 turns in its
winding, giving a magneto motive force of 112-560 [Awms] during the
tests. The intended operating speed for the generator is 4000-14000 rpm,
and the measurements are recalculated to match this. The flux linkage in
the two stator segments is presented in Table 6.4, and the no-load voltage
from the segments is presented in Figure 6.5 and Figure 6.6.

Table 6.4 Data from tests with segments 1 and 2

Case Wrms; Erms, Freq, Iied Ufield,
[mVs/Hz] | [mV/Hz] | [HZ] [A] V]
Segment 1 0.088 0.088 166.7 4.0 75
Segment 1 0.159 0.159 166.7 | 8.0 15
Segment 2 0.06 0.06 166.7 | 4.0 7.5
Segment 2 0.107 0.107 166.7 | 8.0 15.0

The total flux linkage in stator segment 1 matched the size of the flux
linkage in the outer pickup coils in the dummy winding tests.
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No Load Voltage of Segment 1
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Figure 6.5 No-load voltage calculated from flux linkage measurements on
stator segment 1 recalculated to fit the generator speed range.
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Figure 6.6  No-load voltage measurement calculated for stator segment 2.

As can be seen in Figures 6.5 and 6.6, neither of the segments would be
capable of reaching 28.8 V at 4000 rpm without an increased magneto
motive force, but Segment 1 with the handmade winding is closest to the
target.

6.3 Power conversion tests

The factor of greatest interest when testing a generator is whether it can
meet the power output specifications. During the electromagnetic tests of
the stator, it became clear that the SM?C-based generator would not be
able to meet expectations regarding the induced flux linkage; however, it
was still considered worth evaluating power output in stator segment 1,
which had the most flux linkage.

The tests are performed with an excitation speed of 2000-4000 rpm and a
rotor current of 2-10 [A]. The rotor has 56 turns in its winding, giving a
magneto motive force of 112-560 [Awms]. The no-load voltage and short-
circuit current are measured, and the values used to calculate the maximum
output power considering the resistive and reactive voltage drops in the
stator. The results are presented in Figure 6.7.
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Calculated Power Segment 1
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Figure 6.7  Calculated output power based on no-load voltage and short-cut
current measurements on segment 1.

As shown in Figure 6.7, with calculated output power at 4000 rpm the
generator segment would not be capable of producing the required output
power required from the generator segment even if the excitation current is
four times higher. The flux linkage in the stator segment is limited by the
lack of ability of SM?C to conduct magnetic flux, and the rotor saturation
problem. As for now, there is no interest in evaluating the efficiency of the
stator segment, as the excitation power is larger than the output power of
the machine.

When these results are compared to the simulations in chapter 5, it is clear
that the machine will not meet the requirements. The test results show that
the induced voltage in a segment did not reach expectations.

6.4 Discussion and further analyses

It is clear that the intended generator design cannot fulfil the expectations
of the design. To investigate why the design in Chapter 5 failed, new
simulations investigating flux linkage are performed to allow a direct
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comparison with measured values from the moulded segment 1. It is of
interest to see where in the design process the mistake was made. The
simulations are performed with excitation currents giving a magneto
motive force of 100-1500 [Awms]. The main purpose of the simulations is
to investigate the design of the generator and see if it is possible to verify
the results from the EMF measurements of segment 1. This is achieved by
comparing the flux linkage calculated from several new simulations. The
simulations are performed with the three different SM?C materials, one
SMC P5 material from Hoganas, and laminated sheets M235-35A. Figure
6.8 presents a comparison of the results of these simulations with the flux
linkage measured from segment 1 moulded with material SM*C-G.

Total flux linkage
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Figure 6.8  Simulated flux linkage with different core materials, compared with
flux linkage measurements from segment 1. The “combined”
material is a combination of different core materials where M250-
35A is in the stator yoke, Som5P in the teeth, and SM?C in the tooth
tips.

The difference between the measured and simulated flux linkage results
for the SM’C-G material is due to an unexpected early saturation
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phenomenon at a low magnetisation current. The conclusion that can be
drawn from this is that the simulation setup works, and the problems with
power output in the generator design are not due to the selection of
simulation program. There is a difference in material properties between
the SM?C-1 and SM?C-G materials, but this is not the major factor. It is
likely that the problem lies in the selection of the mechanical design
process of the generator.

6.5 Relative permeability and inductance

The intention of the generator design is to increase the usage of the 80 mm
space available for the stator. A simulation comparing SM“C material with
several other core materials (Figure 6.8) showed that the highest flux
linkage would be achieved by using M235-35A, also known as laminated
sheets. The magnetic material in the core plays a significant role in the
machine design. If the relative permeability is decreased, the output power
will also decrease. This is more noticeable when generating power than
when using power, as in motor applications.

The use of SM?C material in the stator, with its low relative permeability,
means that there is no possibility to take advantage of the low
magnetisation current in the rotor to create a corresponding gain in EMF,
as can be seen in Figure 6.9. The high rotor current density will lead to an
increased rotor temperature as the magnetisation loss increases (see the
thermal simulations in Chapter 5).
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EMF with different core materials at 4000 Rpm
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Simulated EMF,,s with different core materials. The combined
material is in stator yoke: M250-35A, teeth: Som5P and tooth tip:

SMZ?C.

Assume that the core material changes from SM?C to a high permeability
material like M250-35A and the EMF increases roughly four times (see
Figure 6.15) at an excitation current of 500 Ay,ms. The question is whether
using the magnetic properties of M250-35A in the stator core will meet the

requirements of the intended generator.

A large relative permeability in the core material will increase the flux
linkage and give a higher EMF in the winding. The excitation EMF in a
generator is crucial for the possible amount of power conversion,
especially if it is not connected to a grid from which it could use reactive

power.
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Figure 6.10 The three simulation models for calculating flux linkage and
inductance.

With an increased permeability the inductance in the machine will change.
The end turns in the generator design have a significant influence on the
total inductance in a stator segment, especially in the segments moulded
with SM?C. To show this, a number of simulations are performed with
three separate models: the first with stator and rotor aligned, the second
with stator and rotor unaligned, and the third focusing on the end turns
(see Figure 6.10). Figure 6.11 shows the inductance of the end turns and
Figure 6.12 shows the total simulated inductance.
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Figure 6.11 End turn inductance for different core materials.

As shown in Figure 6.11, the inductance in the end turns does not change
significantly when different core materials are used. Hence, when using a
core of high relative permeability, less of the voltage is used by the end
turns.
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Figure 6.12 Total inductance in a segment with different core materials.

As shown, the end turn inductance is about half of the total inductance in
the case of SM?C materials. This would not be a problem if the contributed
flux linkage in the end turns was large, but this is not the case (see Figure
6.13 compared to Figure 6.14). The end turns account for too large a
proportion of the inductance without adding to the performance of the
machine, and so this specific construction with three short axially placed
segments in the generator is not compatible with SM?C materials.

The question still remains of whether there is a possibility to save the
generator construction by increasing the relative permeability in the core
material in order to increase the flux linkage.
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Figure 6.13 Flux linkage in the end turns for a segment with a winding of 15.5
turns, for core materials.

As shown in Figure 6.13, the flux linkage in the end turns does not change
significantly with different core materials. This means that the inductance

in the end turns does not play a significant role in total inductance as
relative permeability increases.
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Figure 6.14 Total flux linkage in a segment with 15.5 turns in the winding, for
different core materials.

The impact of different core materials in the generator design is
investigated using the circuit design simulator LT-Spice. Two models
were constructed: one for the phase equivalent circuit of the synchronous
generator (see Figure 6.15) and the other for the full generator model (see
Figure 6.16).
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Figure 6.15 The equivalent phase circuit for the synchronous generator.

With current direction references, the equivalent circuit equation of the
model becomes:

Uout:Ea_(Ra+ sz)'ra (2)

In a synchronous generator, the winding reactance is usually much larger
than the resistance in the winding, and so this equation can be rewritten as:

Uoutzéa_jxs'ra (3)

The phase equivalent circuit is used to verify the full generator model, as it
is easy to compare with the measured no-load voltage used to calculate the
power in Figure 6.7. The comparison is presented in Table 6.5.

Table 6.5 Verification of the phase model with an external load resistor.

EMF, rms Freq Inductance Measured Simulated
[V] [Hz] [mH] output power | output power
[W] W]
6.36 333 0.191 44 44.4
7.88 416 0.184 57.5 57.7
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9.26 500 0.179 69.3 69.3
10.4 583 0.171 79.2 79.1
11.7 666 0.168 90.3 90.0

Verifying the phase model and making comparison with several measured
values allows use of the full generator model for further investigation of
whether the required output power might be achieved by using a different
core material with higher relative permeability in the segments.

E Ri L

4©—/\/\/—\M/ pD2| D3| D4
FANEERVANRENFAN
E2 Ri L | Battery
= = C p1| D5| D6
: ! AN AN

Figure 6.16 Model of the automobile generator with rectifier bridge and battery.

The two LT-Spice models make it possible to calculate the output power
with the rectifier bridge and the maximum output power with a resistor as
a load without the battery and the rectifier bridge.

Table 6.6 Simulated output power with different core materials at a nominal speed
of 666 Hz and a maximum three-phase output power without the
battery and rectifier bridge as comparison.

Core material | EMF,rms | Inductance | Output power | Maximum
[V] [mH] with rectifier output
bridge power
W] [W]
SM’C-G 27.5 0.217 830 1170
SM*C-R 35 0.263 1350 1584
SM?C-| 43 0.310 1650 2361
Som5P 70.5 0.475 2080 3645
Combined 63 0.418 2100 3270
M250.35A 73 0.512 2010 3618
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The difference in output power when the rectifier and battery are used is
related to the clamping of the terminal voltage that the battery applies and
the number of turns in the winding. Since the impedance in the generator
is basically inductive, the voltage level corresponding to the maximum
output power is the EMF divided by the square root of 2, as seen in Figure
6.17. The battery has a significantly lower voltage than the voltage level at
maximum output power. This gives a current level close to the short-
circuit current, which cannot fulfil the requirement for the generator.

Field current, If=1500A, speed, n=4000rpm
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Figure 6.17 Power versus voltage curve for the different core materials at
maximum excitation current.

The answer to the question of whether changing the material in the core
will meet the requirements of the generator is thus yes! By adjusting the
number of turns in the winding to fit an output voltage of 28 V (see Figure
6.18), it is possible to meet the output requirement of 3000 W using M250-
35A and Som5P (see Table 6.7).
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Field current, If=1500A, speed, n=4000rpm
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Figure 6.18 Adjusted PV curve for the different core materials at maximum
excitation current.

Table 6.7 Simulated output power with different core materials with conditioned
number of turns in the winding for 28 V at nominal speed 666 Hz and
maximum three-phase output power without the battery and rectifier
bridge as comparison.

Core material | EMF, rms | Inductance | Output power | Maximum

[V] [mH] With rectifier Output

bridge power
(W] (W]
SM’C-G 31.9 0.252 988 1170
SM’C-R 35 0.263 1350 1584
SM*C-I 38.8 0.253 1659 2361
Som5P 40.9 0.16 2951 3645
Combined 40.6 0.174 2744 3270
M250.35A 42.4 0.173 2979 3618
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It is possible that the decreased number of turns in the winding will create
problems in the manufacturing of the winding, but at least it is
theoretically possible.

The original SM?C design described in Chapter 5 did not meet the
requirement because the simulations focused on the maximum torque at
nominal speed, in order to calculate the nominal output power. This
method of designing the machine is not suitable, since the armature
reaction is not accounted for. When this is corrected, the result is also in
accordance with the experiments and the need for high excitation levels is
correctly accounted for.

6.6 Summary

It is clear from the tests described in this chapter that the generator
designed with SM”C as core material does not fulfil the requirements. The
design process is at fault here, as the low flux linkage in combination with
the large end turn inductance cannot sustain the amount of required output
current. Furthermore, the SM?C material is not compatible with the
prototype generator construction due to its low relative permeability.
However, the axially-stacked stator segment design still has several
interesting aspects, especially with a different selection of core material in
the stator, making it possible to achieve the intended output power. One of
these interesting aspects is manufacturability, which is especially
interesting to investigate further with a laminated winding.



Chapter 7

Laminated Windings

This chapter describes a winding that has outstanding geometric accuracy
and good conductor fill factor, and that is very suitable for production.
These are all characteristics that are needed in a winding for a machine
made of soft magnetic composite. However, this winding is not limited to
SMC applications alone; the magnetic core of the machine can be made
from a combination of different materials such as lamination sheets, SMC,
SM?C, and air.

7.1 Winding design

Laminated windings are based on an ordinary copper foil. Sections are
punched in the foil to shape the winding, and then the foil is rolled up to
form a finished winding with outstanding accuracy in geometric shape and
form compared to ordinary windings (see Figure 7.1). This geometric
accuracy makes the laminated winding highly suitable for use in electrical
machines with core materials such as SMC and SM°C.

When designing a laminated winding, the distance between each punched
section will grow with each winding layer. To adjust for this and align the
winding turns to fit together with the magnetic core, the distance between
the punches needs to increase with every turn. With this winding design
method, there is a possibility to predetermine the slot fill factor in the
machine, depending on the intended application of the machine. With a
high slot fill factor, the winding will be suitable for SMC and SM*C
machines.

90
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Figure 7.1 A laminated winding made from a rolled-up punched/cut strip.

This production method allows for space to be incorporated between each
winding turn to create a rapid cooling capability, by means of air blown in
between the winding turns. There is also the possibility to choose where in
the windings the cooling will be applied. This can be accomplished by
controlling the distance between the layers to create one or several larger
openings in the winding, which need not necessarily be equally
distributed. The cooling medium can thus be applied specifically where the
heat develops. However, all this comes at the expense of the slot fill factor
in the winding. See Figure 7.2.
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Figure 7.2 Openings in the laminated winding to create channels for the
cooling air flow.

The incorporation of an effective cooling method directly into the
laminated winding means that the active length of the machine can be
increased by minimizing the winding end turns, which would not be
possible with an ordinary winding made of continuous round conductors.
This is achieved by varying the cross-sectional area of the conductor; one
size is chosen in the area where the cooling is applied and another cross
section area size in the end turns of the winding (see Figure 7.3). The
thermal stress in the end turns is increased, but this problem is limited by
the fast transport of heat to the cooling area.



7.2. Winding materials 93

End irn
Acnve Length

Canling Widdh

Figure 7.3 Increasing the active length in a punched-foil laminated winding.

7.2 winding materials

The production process of the laminated winding, along with the
possibilities it offers for effective cooling of the machine, suggests that
aluminium could be an interesting material to use. There are several
advantages of using aluminium as winding material instead of copper:

. The market price difference between copper and aluminium,
together with the difference in density and resistance between the
two materials, means that at the time of writing copper is about 7
times as expensive as aluminium.

. A good insulation can be achieved by enhancing the natural
oxidization layer on the aluminium conductor [6]. Using this
oxidation layer as insulation has the advantage of an increased
thermal conductivity in the insulation, compared to other common
types of coating.
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. Aluminium has 64% more resistivity than copper, which provides a
natural defence against eddy current losses with increased electric
frequency [5].

. The density of aluminium compared to copper contributes to
lightweight windings and thereby less weight in the finished
machine.

All of these advantages make aluminium highly appealing as a winding
material. However, it also has some drawbacks, the most significant being
its 64% increase in DC resistance compared to copper. This indicates that
when aluminium is used in windings without an increased cooling
capability, in order to avoid increasing the power loss in the winding the
slot fill factor needs to be increased by 64%.

7.3 Prototype production

A prototype laminated winding is created for the generator design
described in Chapter 5. The geometry of the winding is given in Table 7.1.

Table 7.1 Prototype laminated winding

Property Value [unit]
Thickness of winding 0.5 [mm]
material

Thickness of winding 8 [mm]
Number of turns 12

Thickness of electric 0.03 [mm]
isolation material

Thickness of air layer 0.05-0.15 [mm]
between turns

The prototype windings are made with a two-stage punching/cutting
method. In the first stage, the space allocated for the magnetic core in the
electrical machine is punched on one side of the strip with the distance of a
pole-pair between the punches. Compensation was made for the fact that
this distance increases with each winding turn, depending on the size of
the winding and thickness of the strip. In the second stage, the winding is
completed by punching the second side to the strip and placing the
winding slots between the first punches on the opposite side (see Figure
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7.4). After finishing the strip, any burrs were removed. Two of the
prototype windings are electrically insulated turn to turn with a thin tape
and tested regarding the possibility of rapid cooling.

Figure 7.4  Cutting the second side to finish the strip before using it to form a
winding.

7.4 Cooling tests

A number of transient thermal measurements were performed on two
laminated windings: one made of aluminium and one of copper. The test
bench for the thermal measurements is made up of one variable
transformer connected to a 230 Vac grid on the primary side. On the
secondary side, two transformers connected in series to deliver a
70A/50Hz current at very low voltage are connected to the winding. An
infrared camera is used to measure thermal events, together with two
multimeters to give an overview of the power applied to the winding and
to compare the thermal measurement from the infrared camera with a
thermo element. Two ampere meters are used to measure the current on
the primary side and on the secondary side. See Figure 7.5.
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Figure 7.5  Setup for the thermal tests.

During the tests, the current densities in the conductors were 10-14.4
A/mm? and the air flow through the winding has a velocity of 0-1.5 m/s.
The heating processes are observed using a temperature sensor and an
infrared camera (see Figure 7.6).

Figure 7.6  An infrared picture of the thermal development in the machine
without cooling.
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The infrared camera greatly facilitated the measurement, allowing
visualization of the thermal processes in the assembled winding to help
understand the thermal development of the machine. A MATLAB script
was used to analyse the film and plot the thermal development from the
tests. The thermal measurement results are presented in Figure 7.7.
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Figure 7.7 Thermal test results with current densities of 10-14.4 A/mm? and air
flow velocities of 0-1.5 m/s.

The average air speed is measured just after it leaves the winding. Due to
the winding geometry, the air speed between the turns can be calculated
as:

Ay Wy - Iy
VLair =Vout S
Arh
Where:
V\.ir = Air speed between the layers in the winding

V,,: = Air speed outside the winding

A, = Air layer thickness between the winding turns
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W;,, = Winding turn thickness
I, = Insulation thickness

7.5 Summary

This chapter shows that laminated windings offer the possibility of
increasing the accuracy of the geometric winding tolerances, which in turn
will improve the performance of electrical machines moulded from SMC
and SM?C. With the production method described here, the laminated
winding also has the ability to give a high coil fill factor.

It appears to be possible to remove the heat that develops directly in the
winding slot by passing air through the winding. While aluminium
windings develop more heat than copper windings, due to the increased
resistance of aluminium compared to copper, the aluminium winding still
has a significant possibility for enhanced cooling. The weakness of the
punching/cutting production method is the possibility of burrs, which will
weaken the dielectric strength in the insulation layer if anodizing is used as
insulation. Aluminium is a very interesting material for creating laminated
windings, due to the simplicity of making the winding combined with the
price difference between the two materials. Some aspects of laminated
windings still remain to be investigated, such as the cooling properties of
the winding as a function of the length of the winding, since length
increases the air flow resistance.
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Conclusions

This thesis presents the challenges and benefits in designing electrical
machines using a moulding technique with SM?C. The thesis also
describes the moulding technique, winding layouts, and practical
suggestions for increasing the possibility of small-scale production. The
development in winding technology led to the design of the laminated
winding, which has a great potential in direct efficient cooling.

8.1 Summary of results

The main conclusion is that at the time of writing, the relative permeability
of the SM?C material is too low for it to make a serious contribution to
electrical machine designs, even though it has several interesting features.
However, the laminated winding shows promising results in terms of
production suitability, heat dissipation by cooling directly in the winding
slot, and the possibility to utilize aluminium as winding material.
Aluminium has a number of advantages, including the option of using
aluminium oxide as a dielectric protection and thereby increasing the
thermal conductivity in the winding.

Moulding

During the experimental moulding work it became clear that it is not a
simple task to control the end result of moulding a magnetic core for
electrical machines. The relative permeability in the material can change
from one moulding to the next due to the iron powder placement in the
mould, which affects the density of the SM?C material. The geometric
form of the mould is highly unconstrained, and the moulding process
would be easily controllable if the task were only to mould separate
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building blocks from which to build a stator. The introduction of inserts
into the mould increases the complexity of the moulding and makes it
more difficult to achieve consistent results.

Windings

The winding in moulded machines are constructed before the core, and
play a crucial role in controlling the machine topology to achieve
repeatable results in terms of the performance of a moulded machine. The
winding thus needs to have a stable geometry with good geometric
tolerances. The winding design should be selected with care, and the
mechanical machine design should always start with the winding; the
machine should be built from the perspective of the winding. When
selecting the winding layout for moulding, it is important to keep in mind
the manufacturability of the winding or the winding segments.

Laminated winding

Laminated windings fulfil many of the aspects needed in windings for
moulding electrical machines, but they also offer the possibility of direct,
efficient cooling directly in the winding slot, which will be lost if the
winding is incorporated into a moulded machine. The geometric accuracy
of the winding is outstanding, which will give a high conductor fill factor.
The geometric accuracy of the winding should also make it possible to
make a high-efficiency compact machine, but this remains to be
investigated further. The use of aluminium to construct the winding makes
it possible to reduce the material cost and thereby to decrease the
production cost of the machine. The laminated winding has a very stable
form. Ways to build the magnetic core around the winding also need to be
investigated further.

8.2 Future work

If SM°C materials are to be used in moulded rotated electrical machines,
some way must be found to increase their relative permeability. It would
be interesting to see whether using the SM?C material in air winded
machines would give an advantage to their kind of machine topology.

There are several interesting aspects of laminated windings that remain to
be investigated, not least their cooling capabilities and the possibilities
they offer for the mechanical design of the iron core. In terms of cooling
the winding, the possibility should be explored of cooling with different
media such as air, oil, and so on. There is also a need to investigate how
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the length of the machine affects the air cooling in the machine.

Another aspect of cooling that would be of interest to explore is the issue
of how the cooling is applied in the winding. The cooling openings in the
winding can be one larger opening or several smaller openings. It would
also be useful to see whether the cooling needs to be applied over the
whole winding, or if it will be enough to cool only in several selected
areas. The choice of material from which to construct the winding is also a
highly interesting aspect for further investigation; particularly aluminium,
and the advantages it can give both in money savings and in the possibility
to use aluminium oxide as dielectric insulation.

It would be interesting to investigate more mechanical designs of a
laminated winding, where the winding layout is based on modular and
circumferentially distributed coils.

The mechanical design of an iron core that is compatible with the
laminated winding is a particularly important challenge, especially in
combination with the requirement for manufacturability. The possibility to
use combinations of different core materials in the core design can be an
advantage in machine design.
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Appendix A

Analysis and tests of a transversal flux machine (TFM)
with wave-winding

The test object is analysed in two ways: on the one hand as a stator
segment with soft magnetic mouldable core and on the other as an
electrically magnetized synchronous machine. Either way, the practical
experiments on a single-phase motor segment are useful in evaluating the
assembly process of the designed machine: a three-phase electrically
magnetized synchronous machine made of a number of modular semi-claw
pole stator segments.

Some reflections on the tests, and future possibilities:

e Improve the magnetic coupling in order to get more out of the
machine; consider inserts in the stator.

e Analyse the rotor core geometry and material properties in order to
extend the linear relationship between the excitation field and
current.

e Once again, consider the manufacturability of the high-fill high-
tolerance winding that reduces the DC power loss in the windings.
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Chronology and outcome of experimental verification

Starting from the formation of a winding and a stator core, the introductory
work is followed up with an evaluation of the core by using a provisional
permanent-magnet  excited surface-mounted magnet ring. After
construction of the first provisional electrically magnetized rotor the
permanent-magnet rotor is excluded from the experiments. The next main
steps of the experimental development are as follows:

1. Formation of wave winding by using different conductor profiles
a. Pro: Successful deform and wind up concept, acceptable
fill factor.
b. Contra: A non-industrial process which takes advantage of
3D-printed dummy windings.
2. Learning the quality of moulding processes for a complex core
(ST1, ST2, later ST4)
a. Pro: Perfect formation of core parts such as tooth-tips.
b. Contra: Magnetic permeability approximately 30% lower

than in test tubes, huge leakage, considerable difference
between the batches.

3. Moulding and  testing the actual winding (ST3)
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electromechanically and thermal.

a. Pro: Improved knowledge of material properties by
involving the thermal experiments and verifying the EMF
measurements.

b. Contra: Discrepancy between theoretically expected (test
geometry) and practically verified (application geometry)
material properties.

4. Focus on spectral characteristics of moulded windings

a. Pro: The winding works as an inductive load on a wide
scope of low frequencies (below 1Mhz).

b. Contra: Incomplete knowledge on frequency response for
higher frequencies.

5. Investigation of electrically-magnetised rotor including the

development of stator windings and segments (ST5)

a.

b.

Pro: Modular construction for the rotor core.

Contra: prototyping of rotor windings with an intended
high fill factor; the first two tests ended with fill factors of
7% and 21%, respectively. The rotor core becomes
saturated faster than expected at 500 Aturns. The rotor
core has unknown material properties, which should be
investigated.

6. Focus on increasing the magnetic coupling by improving the
magnetic permeability of the core parts

a.

Pro: Parallel production of the magnetic core and winding
by introducing modular stator halves.

Contra: The implementation of two stator halves may
result in lower performance due to the axial air-gap
between the core halves.
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Prediction of generator characteristics at 4krpm

As the final goal of the design is an electrically magnetized synchronous
machine (EMSM) in generator operation, the corresponding loading
characteristics are predicted at the nominal speed of 4krpm. A TFM with
wave-winding, a resistance of 0.052Q and an inductance of 163.9uH, is
analysed as a 20-pole generator winding at 4krpm. The flux linkage is
modelled at two different levels (10 and 5 mVs), which are shown as solid
and line thickness respectively in the figure below.
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By doubling the flux linkage, the output power of the winding will be
achieved.

Imax=[42.9 & 21.5] A, Umax=[29.6 & 14.8] V, Pmax=[586.3 & 145.5]
VA

Other test goals to be analysed are lacking experimental flux linkage data.
N=16, R=0.037 Ohm (0.034 Ohm), L=58uH, 57.7 uH, C=8.14 mF, 0,4 mF

N=18, R=0.049 Ohm, L=72mH, 73mH
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First generator test with permanent-magnet rotor

A prototype rotor is constructed with 12 of the total 20 magnets to
magnetize a permanent-magnet rotor. The permanent magnets are shifted
so that the first and the last of the 12 magnets have the outer edge in the
angular direction aligned with the outer edge of the tooth-tip. This causes
the back EMF to be more sinusoidal and also slightly smaller, compared to
a magnet arrangement where the middle line of each magnet is perfectly
aligned with the middle lines of the tooth-tips see figure below.
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mVs | mVs | % mVs mVs % A Vv Hz

05 315 | 221 | 0.0 | 3.15 2.20 0.1 0 0 29.9
06 311 | 218 | 0.0 | 3.11 2.18 0.1 0 0 74.9
07 330 | 231 | 00 | 3.27 2.29 0.1 0 0 75.1
110302

Considering the presence of all magnets, the corresponding maximum flux
linkage is 5.35 mVs. By increasing the amount of permanent-magnet
material so that there is no lateral air-space between the magnets, the
maximum flux linkage can be increased to 8.92 mVs.

First generator test with electromagnetic rotor

The slot area of the rotor core intended for the winding is estimated to be
128 mm?. The rotor winding is made of 18 turns and thereby establishes an
conductor area on 9 mm? of pure copper with a 7% fill factor (see figure
below). The highest excitation current used in the tests, which is above 8.5
A, gives a current density of 17 A/mm? and more than 153 A of magneto
motive force.




Back EMF measurements at different excitation currents for the stator
module with 15.5 turns (ST3).

15p

induced voltage e/2:f [mVs]

— 4111

Induced voltage per excitation speed (fft, thd, rms)
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3
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Test WY1 Wrms Wihd Unmi Urms Uthg If Uf F

mVs | mVs % | mVs | mVs % A V Hz
11 0.26 | 0.18 00 | 025 | 0.18 0.6 2.24 1 75.4
12 0.25 | 0.18 00 | 025 | 0.18 0.7 2.24 1 243.3
13 049 | 0.34 00 | 048 | 0.34 0.5 4.27 2 73.3
14 049 | 0.34 00 | 048 | 0.34 0.6 4.27 2 2433
15 0.71 0.50 0.0 | 0.71 0.50 0.5 6.34 3 73.4
16 0.71 0.50 0.0 | 0.71 0.50 0.5 57 3 2433
17 094 | 0.66 00 | 093 | 0.66 0.6 8.3 3.9 73.9
18 1.02 | 0.72 0.0 | 1.01 0.71 0.6 8.78 4.1 243.3

110609

Second generator test with electromagnetic rotor

The rotor winding is made of 8 turns of 7 twisted parallel strands that are
coupled in series, resulting in 56 turns, and thereby establish a conductor
area on 28 mm’ of pure copper and 21.8% fill factor. The highest
excitation current, which is 10 A, gives 20 A/mm2 and more than 560
Awrmns OF magneto motive force. Remarkably a magneto motive force above
500 Aums brings the rotor core into saturation.
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Back EMF measurements at different excitation currents for the stator
module with 15.5 turns (ST3).
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Induced voltage per excitation speed (fft, thd, rms)

Test Wt Wms | Wihd Un1 Urms Uthg If Uf F

mVs | mVs % mVs mVs % A Vv Hz
19 1.01 | 0.71 | 0.0 1.01 0.71 0.6 2.1 3.8 76.2

20 1.04 | 072 | 0.0 | 1.02 0.7 0.6 2.1 3.8 2451

21 194 1136 | 00 | 1.92 1.35 0.6 3.97 7.3 75.3

22 190 1 1.33 | 00 | 1.88 1.32 0.6 3.9 7.3 244.5

23 | 282|198 ] 00 | 279 1.96 0.5 5.84 113 75.3

24 12831198 ] 0.0 | 280 1.96 0.5 5.92 113 | 2445

25 | 358|251 ] 00 | 354 249 0.5 7.54 15.6 73.6

26 | 350 | 245 | 0.0 | 348 244 0.5 7.46 156 | 2445

27 397 | 278 | 00 | 3.92 2.75 0.4 9.97 175 74.3

28 397 | 278 | 0.0 3.94 2.76 0.4 10.17 175 | 2457

110615

In a comparison of the latest results to the permanent-magnet rotor with all

the magnets present, where the corresponding maximum flux linkage is

5.35 mVs, the electromagnetic rotor suffers under magnetic saturation and

also shows high excitation losses (above 200W) compared to the expected
output power (well below 150 W).

EMF measurements of stators with dummy windings

The target geometry of the winding is 3D-printed where the sensor coils
are added. The dummy winding has two coils that are follow the profile of
the coil on the innermost and outermost surface, respectively, of the
winding body seen from the air-gap. The coils are placed in the middle of
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the corresponding surfaces as measured from the edges of the surfaces.
The measurement coils each contain only a single turn. The first real
winding differs from the dummy winding in that it is larger in the radial
and axial direction due to the available size of the copper wire and the
mounting tolerances. This leaves a slightly smaller space for the stator
yoke in the mould.

The test objects are:

1. Moulded core of powder size 100-200 um and epoxy NM FW 3070
mixed with NM 150B (ST1)

2. Moulded core of powder size 100-200 um and epoxy Araldit LY
5052 mixed with Aradur 5052 (ST2)

3. Moulded core of “sorted and prepared” powder and epoxy Araldit
LY 5052 mixed with Aradur 5052 (ST4)

4. Moulded core halves (Figure 6.4) of powder size 100-200 pm and
epoxy Araldit LY 5052 mixed with Aradur 5052 (ST5)

The electrically magnetized rotor with a low field current (LC;
approximately 4 A), and a high field current (HC; approximately 8 A), is
driven at two different speeds: low (LS) and high (HS) speed,
corresponding to 66 and 200 Hz, respectively.

High speed (HS) and low current (LC)

induced voltage e/2f [mVs]
induced voltage e/2f [mVs]

c ¢ c ¢ ¢
0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 6 7 8
relative period T [-] harmonic content

Induced voltage per excitation speed (fft, thd, rms)
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Case W yms | wmo | Emi[ | Ems, | Emp | Freq | lfed, | Ufeld

mVs] | [mVs] | [%] | mVl | (mV]| [%l | [H7] | [A] | [V]
ST1-LS-LC inner 016 | 012 | 0.0 | 016 | 011 | 00 | 672 | 401 | 75
ST1-LS-LC outer 010 | 0.07 | 01 | 010 | 0.07 | 0.6 | 67.2
ST1-HS-LCinner | 0.16 | 011 | 0.0 | 0.16 | 0.11 | 0.0 | 2208 | 405 | 75
ST1-HS-LCouter | 0.10 | 0.07 | 0.1 | 0.09 | 0.07 | 0.6 | 220.8
ST1-LS-HC'inner | 030 | 021 | 00 | 028 | 0.21 | 0.0 | 688 | 7.96 | 15.0
ST1-LS-HC outer | 0.18 | 0.13 | 00 | 0.17 | 012 | 04 | 68.8
ST1-HS-HCinner | 030 | 021 | 00 | 027 | 020 | 0.0 | 2222 | 7.90 | 15.0
ST1-HS-HCouter | 0.18 | 012 | 0.0 | 0.16 | 012 | 04 | 222.2
ST2-LS-LC inner 0.21 014 | 00 | 019 | 014 | 0.0 | 682 | 402 | 75
ST2-LS-LC outer 013 | 009 | 00 | 012 | 0.09 | 0.5 | 68.2
ST2-HS-LCinner | 020 | 014 | 00 | 0.18 | 014 | 0.0 | 2203 | 402 | 75
ST2-HS-LCouter | 013 | 0.09 | 00 | 0.11 | 0.09 | 0.5 | 220.3
ST2-LS-HC'inner | 039 | 027 | 00 | 033 | 027 | 0.0 | 681 | 7.93 | 14.9
ST2-LS-HCouter | 024 | 017 | 00 | 021 | 017 | 0.6 | 68.1
ST2-HS-HC'inner | 0.38 | 0.26 | 00 | 032 | 0.26 | 0.0 | 216.0 | 7.94 | 14.9
ST2-HS-HCouter | 024 | 017 | 00 | 020 | 017 | 0.6 | 216.0
ST4-LS-LC inner 024 | 017 | 00 | 020 | 017 | 0.0 | 674 | 468 | 75
ST4-LS-LC outer 014 | 010 | 0.0 | 012 | 010 | 06 | 674
ST4-HS-LCinner | 023 | 0.16 | 00 | 019 | 016 | 0.0 | 2146 | 407 | 7.5
ST4-HS-LCouter | 0.13 | 009 | 00 | 0.11 | 0.09 | 0.6 | 2146
ST4-LS-HCinner | 042 | 030 | 00 | 033 | 029 | 0.0 | 671 | 7.85 | 14.9
ST4-LS-HC outer | 024 | 017 | 00 | 019 | 017 | 0.6 | 67.1
ST4-HS-HC inner | 043 | 030 | 00 | 033 | 030 | 0.0 | 209.6 | 7.90 | 14.9
ST4-HS-HCouter | 024 | 017 | 00 | 0.18 | 0.17 | 0.7 | 209.6
ST5-LS-LC inner 015 | 010 | 01 | 014 | 010 | 08 | 671 | 405 | 7.5
ST5-LS-LC outer 010 | 0.07 | 0.0 | 0.10 | 0.07 | 0.0 | 67.1
ST5-HS-LCinner | 0.14 | 010 | 01 | 014 | 010 | 0.8 | 2132 | 412 | 75
ST5-HS-LC outer | 0.10 | 0.07 | 0.0 | 0.10 | 0.07 | 0.0 | 213.2
ST5-LS-HCinner | 027 | 019 | 00 | 026 | 019 | 06 | 68.6 | 8.00 | 15.0
ST5-LS-HC outer | 0.19 | 013 | 00 | 0.19 | 013 | 0.0 | 68.6
ST5-HS-HC inner | 026 | 018 | 0.1 | 026 | 0.18 | 0.7 | 213.7 | 7.96 | 15.0
ST5-HS-HCouter | 0.19 | 013 | 00 | 0.18 | 0.13 | 0.0 | 213.7

110628 and 110630

The measurement results are comparable to the real winding when
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considering 15.5 winding turns instead of one. The values for the real
winding usually lie between those for the inner and the outer test coils.
The following observations can be made:

1. The moulding process and the quality of the binder have a
remarkable influence on the magnetic characteristics of the core.

2. The difference between the 100-200 um powder and the “sorted
and prepared” powder is relatively small, and is more noticeable in
the inner (“near”) test coil than in the outer (“far”) test coil. This
may rather be to do with the unpredictability of the magnetic
properties of the moulded core.

3. The stator made of two halves shows a smaller difference between
the near and far sensor coils and also considerably lower values in
the near coil. This could be due to the moulding and the additional
small air gaps.

Stator made of compact coils and core halves

A new compact coil is created with 12 turns. The coil is mounted between
two identical core halves that might have an additional small air gap in the
axial direction. As the first experimental core halves are produced from
separate parts — the main core with teeth and yoke integrated, along with
a number of tooth-tips — the speculative question of the real magnetic
permeability in different parts cannot be answered. Furthermore there is an
additional small air gap between the main core and the tooth-tips.

Back EMF measurements at different excitation currents for the stator
module with 12 turns (ST5) are recalculated to 15.5 turns in order to make
the measurements easily comparable to previous results (ST3).
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induced voltage e/2:f [mVs]

Induced voltage per excitation speed (fft, thd, rms)
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Test WYt Wrms WYihd Unmi Urms Uthd If Uf F

mVs | mVs % mVs | mVs % A V Hz
41 092 | 0.65 0.1 091 | 0.64 0.8 2.0 3.6 64.9
42 090 | 0.63 0.1 090 | 0.64 0.8 1.96 3.6 165.6
43 180 | 1.26 0.1 178 | 1.25 0.7 4.02 74 66.2
44 179 | 1.25 0.1 177 | 1.24 0.7 4.05 7.5 166.7
45 259 | 1.81 0.1 255 | 1.79 0.6 6.06 11.0 65.3
6 250 | 1.75 0.1 248 | 1.74 0.6 6.03 11.0 164.7
47 3.36 | 2.35 0.1 333 | 234 0.5 8.21 15.1 65.4
48 325 | 228 0.1 322 | 226 0.5 8.01 15.0 169.8
49 386 | 2.70 0.0 382 | 2.68 05 9.85 18.5 63.9
50 383 | 2.68 0.0 378 | 265 0.5 9.83 18.5 188.3

110629

The difference between the actual moulded winding segments is relatively
small compared to moulded dummy windings. When considering the
single-piece moulded core and the stator made of two core halves, the
results are similar. The explanation could be that the newest compacted
winding is near to the desired winding geometry that leaves more space for
the stator yoke, compared to the first winding that is moulded into the

core.

Remarks on further development

A number of aspects can be discussed concerning further development.
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1. Stator core: The magnetic permeability of the core or core parts

must be increased in order to improve the performance of the
machine. As the implementation of the core halves gives results
comparable to the complete one-step moulded core, which is so far
to do with the more ideal winding shape as it gives a smaller
mounting tolerance. It is worth considering adding magnetic high-
permeability inserts to improve the magnetic coupling. It is also
expected that the high-permeability core parts with well-defined
magnetic properties will reduce the sensitivity of the material
properties related to the moulding process or even the material
inputs to the process.

Rotor core: It is wise to investigate the geometry and material
properties in order to reduce the magnetic overloading that brings
the core to saturation. Currently, the low compacted winding
brings the core to saturation, and it would be worth considering
reducing the winding slot area by increasing the core rather than
by improving the compaction of the rotor winding. Another
suggestion would be to investigate the rotor core by using
magnetic bandage and field sensor alone, in order to focus on the
magnetic characteristics of electrically magnetized rotor only
when evaluating the relation between the magnetic flux and the
excitation current.

Stator and rotor windings: It is worth increasing the conductor fill
factor to make the copper/conductor losses smaller; as the copper
volume grows the DC losses becomes lower, as the resistive losses
are the resistance multiplied by the square of the current density.
The risk of high fill factor is that the mounting tolerances will
grow faster and the size of the winding will become considerably
larger, having an impact on the final size of the magnetic core.
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Symbol list

Acl Material in the stator core.
Acu Stator winding cross section area.
Ail Insulation area stator slot.
Awl The stator winding cross section area.
Bcl Material in the rotor core.
Bil Insulation area rotor slot.
Bwl The rotor winding cross section area.
C Capacitance.
CuRW Rotor winding width.
Cusw Stator winding width.
Emil EMF fundamental peak value
EMF Electromagnetic force.
EMSM Electric magnetized synchronous machine.
Eims Electromagnetic force root mean square.
Etho Total harmonic distortion.
frequency.
FEMM Finite element method magnetics.
Iscc Current in stator closed circuit.
Tw Maximum peek current in a phase.
Jed Current density in stator winding.
Ks Relative stator/rotor slot width defined as slot width
divided by slot pitch.
Ky Relative stator/rotor radial slot length.
L Inductance.
M235-35A Laminated sheets from Surahammar Bruks AB
N Number of stator winding turns.
n Efficiency.
N-slots Number of slots.
N-turns number of winding turns.
Np Number of poles.
Ns Number of slots.
Pcu current losses in stator/rotor winding.

P; stator Losses in the stator winding.
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Pin Power in to the machine.

Put Output power on the axes.

POM-C A thermo plastic polymer.

R Resistance.

Rpm Revolutions per minute.

SMC Soft magnetic composite.

SM*C Soft magnetic mouldable composite.

SM*C-G Soft magnetic mouldable composite gravitational
moulding.

SM?C-I Soft magnetic mouldable composite initial material
properties.

SM2C-R Rotocasted soft magnetic mouldable composite.

Som-3P Somaloy from Hoganés AB.

Som-5P Somaloy from Hoganés AB.

St’nr’ Stator winding configuration test.

Tmax Maximum torgue in a simulation.

TFM Transversal flux machine (claw pole machine).

Uoc Voltage open circuit.

pr Relative permeability.

W-type Winding type.

T Pi.

Y1 Flux linkage fundamental peak value

Yims Linked flux root mean square.

Yind Flux linkage total harmonic distortion



