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Summary

Analytical design of a transverse ﬂux machine
Energy production from renewable sources uses a geared or direct drive generator system: (double fed) induction generators, electrically excited synchronous generators
and/or permanent magnet (PM) generators. Sites for renewable energy generation
with high yields, such as offshore wind farms, are often difﬁcult to access, which makes
reliability of the generator system of great signiﬁcance. When reliability is considered
besides efﬁciency, direct drive permanent magnet generator systems are propitious.
Energy generation by direct drive generators requires operation at low speeds, with
nominal speeds in the range of 10 to 90 rpm. A machine topology with a high number
of poles and high force density is needed in order to keep mass, losses, and size limited. As such, the Transverse Flux Machine (TFM) is selected, since it has the inherent
characteristic to increase the power proportional to the number of poles for the same
circumference. However, the structure of the TFM results in a fully 3-D magnetic ﬁeld
distribution, requiring 3-D models to accurately predict the performance. Up to date,
mostly 2-D models or 3-D ﬁnite element models are used, resulting in less accurate
or very time consuming models. The aim of this thesis is to investigate and develop
analytical 3-D analysis tools for TFMs, allowing for fast and accurate performance prediction and design of TFMs. These tools are used to design a TFM with a very high
power factor.
From the theoretical point of view, the magnetic charge method (MCM) is investigated
for the TFM. The MCM is a fully 3-D method, allowing fast and accurate calculation of
the magnetic ﬁeld distribution of complex and unbounded electromagnetic problems.
The solution of the magnetic ﬁeld in air is obtained for each magnet separately. The
obtained magnetic ﬁelds can be summated under the assumption of a linear system
to obtain the total magnetic ﬂux distribution in air. Although, publications in the
literature have shown the potential of MCM for unbounded ironless problems, the
application of MCM in problems with regions of different material properties in the
V
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considered domain are scarce. One of the difﬁculties with the implementation of MCM
is to account for material properties different from air.
In this thesis the MCM is extended to take relative permeability of permanent magnet
materials into account. The relative permeability of the magnetic material is modeled
as a secondary magnetization of the region. The proposed method is directly veriﬁed
with 3-D FEM and indirectly by force measurements. Secondly, the MCM is applied in
combination with the imaging technique to model the (salient) iron structure of the
machine and to obtain the magnetic ﬁeld distribution in the air gap of the machine.
Finally, the coil layout is modeled by a current sheet description of the coil in the air
gap. This equivalent representation of the magnetomotive force (MMF) in the stator
projected on a 2-D surface at the air gap boundary allows the application of the Lorentz
force to this complex 3-D structure. These steps combined result in an analytical 3-D
model which can be used to obtain the performance of the TFM in terms of propulsion
force and electromotive force (emf) directly.
The analytical framework is used for the analysis of the TFM. The inﬂuence of the geometrical design parameters on the performance is identiﬁed. The tradeoff between
torque density and power factor for TFMs is shown. The framework is used to design
a TFM suitable for operation at low speed with high power factor. Physical constraints
are established based on an existing hydro power plant. The optimal design is found by
a parametric search of the geometrical parameters. The performance of the obtained
design is validated against 3-D FEM simulations. Further, the effects of the assumption of inﬁnite permeable soft-magnetic material and the linear approximation of the
curved structure of the TFM are identiﬁed through 3-D FEM simulations.
From the practical point of view, measurements on a small scale prototype of the TFM
are performed to verify the results obtained by the analytical modeling framework
and three dimensional ﬁnite element analyses. A second prototype is constructed
to verify the high power factor machine design obtained by the parametric search.
Measurements on both prototypes prove the applicability of the developed modeling
framework for the design of TFMs. The results in this thesis show that the developed analytical framework is a fast and accurate method to design a TFM balancing
requirements on torque density and power factor.
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Background
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Research objectives

The background of the research topic, the current status of research and research
goals are introduced

Introduction

1.1

Background

Energy is a measure of the ability to perform work. It can be present in many forms,
e.g. as mechanical, chemical, electric, magnetic, thermal, etc. For each of these situations, a different deﬁnition of work and energy is used, which makes it a difﬁcult
to grasp the concept. However, power is a more comprehensible deﬁnition. Power is
deﬁned as energy per unit of time, which can be regarded as a measure of how fast a
deﬁned amount of work can be done. The unit for power, Watt, is named after James
Watt, who played a key role in improvement of the steam engine. An alternative,
well-known unit for power is horsepower, which was introduced by him in order to
compare the power of steam engines with horses. Both units indicate that power is
a measure for the productivity of a machine or beast of burden and the amount of
manual labor that can be replaced [1]. All through history man has constantly looked
to reduce the energy needed from manual labor. A well-known early example is the
invention of the wheel, which reduced the energy needed to transport goods.
Exactly this constant drive to replace manual labor has played a key role in the period
known as the Dutch Golden Age. The Dutch Golden Age is a period where the Dutch
trade, science, military, and art were among the most renowned in the world. The
Dutch Golden Age, roughly between 1580 and 1650, was based on a combination of
investment climate and beneﬁcial physical circumstances: the geographical location,
the vast peaty soil and windy climate. The geographical location provided an excellent
for international trade that mainly used trade routes over water, providing a leading
economy mainly based on investment money [67]. The water ways also allowed blocks
of peat to be easily transported to the industrial regions to provide a relatively cheap
and abundant source of thermal energy. The windmills exploited windy climate on
large scale to provide mechanical energy for production and drainage. Technology
played a key role in realization of the Dutch Golden Age [115].
In the second half of the eighteenth century, the dominance of the Republic of the
Seven United Provinces diminished. The international trade cut out the market in
Amsterdam and took place directly between cities, regions and countries. The industry
lost productivity due to the many war conﬂicts in the south. This is also the period
where the ﬁrst industrial revolution started.
The ﬁrst industrial revolution initiated the transition from manual labor to mechanical
labor. This period is well known for the introduction and usage of steam engines in
industry. In the eighteenth century they were mainly used as a pump to drain water
from the mines. In the nineteenth century the textile and metal industry followed
[114]. However, their application in the Kingdom of The Netherlands was limited.
Up to 1850, 90% of energy in the Dutch industry came from wind energy [70]. In
contrast to Belgium and England, there was neither mining industry in the Kingdom
of The Netherlands nor machine or iron industry. Here, agriculture dominated the
economical development [114].
2
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The second industrial revolution further developed mechanical labor. This period was
characterized by the great increase in usage of steam power, large scale iron and steel
production, widespread mechanization in manufacturing and the beginning of electricity. The development of the electric motor can be regarded as a key development
of the second industrial revolution. Electriﬁcation of the Netherlands caused a powerful economic development, since electric motors could be easily applied in sectors
which were strongly developed in the Netherlands, but hardly relied on steam power.
The application of the electric motor raised industrial production during the period of
1916 to 1970 by over 50% [151].
Also in the Netherlands, up to the oil crisis in the 1970s, the energy supply depended
on fossil fuels. Renewable energy was not considered, despite several warnings that
the economy depended too much on fossil fuels. The ﬁrst warning about the dependency on coal was given as early as 1865 by UK economist William Stanley Jevons.
A well-known example is the peak-oil theory developed in 1956 by US geologist and
oilman Marion King Hubbert [124].
From the oil crisis on, a considerable amount of money worldwide was spend on research on renewable energy [92]. The implementation of wind power has the highest
relative growth, although the growth in absolute numbers is still low. The relatively
unpredictable and ﬂuctuating nature of most renewable sources does require some
form of energy storage when they are used as the main source of electricity. As such,
for example, pumped hydro storage plants were built to deal with the ﬂuctuations in
power demand [10].
In the Netherlands ir. L.W. Lievense also considered a pumped hydro storage solution,
despite the lack of mountainous terrain. In his plan he proposed to build a 12 meter
high dike in the Markerwaard in order to create a 165 km2 pumped hydro storage
surrounded by wind turbines [152]. Although, the plan was received as a good opportunity to be less dependent on fossil fuels and the associated variation in price, it
was abandoned due to economic reasons and that it would be used to store nuclear
energy instead of renewable energy [170].
It was not until 2007 before the plan was revived by bureau Lievense and KEMA [52].
This time the plan was adjusted to an “energy island” in the sea. The inverse hydro
storage plant would ﬁll with water to generate electricity, while it would be emptied
during times with excess energy production. The energy island would be used for peak
shaving, just like the NorNed cable. Peak shaving would allow a more efﬁcient use of
wind turbines and coal power plants, thereby reducing CO2 emissions. An alternative
idea for pumped hydro storage was to use the closed coal mines in the south of the
Netherlands. Both hydro power storage options were investigated and considered too
expensive [150]. Furthermore, in an investigation by the government it was concluded
that 10 GW of wind power could be integrated in the grid without the need for energy
storage. Although energy storage would reduce the costs of the electricity system as
a whole, since it would lead to increased CO2 emissions [4].
3
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However, if the plans to develop a more sustainable electricity production are followed, the connection of 40% intermittent renewable power in 2020 will not be feasible without stronger grid connections to other countries, more ﬂexible energy demand,
or additional energy storage [154].
The increase in renewable energy production will reduce the role of thermal power
plants. They will operate less hours, which reduces their proﬁtability. It is expected
that both energy storage and controlling energy demand will be required in the future,
when the share of renewable energy production increases [9]. Hydro power storage
is the most mature, high power, energy dense, and cheapest form of energy storage
in maintenance and installation [9]. This may be the reason why the idea of the
energy island was proposed in Germany and Belgium. In Germany an engineering
ﬁrm proposed a hydro storage plant [141]. The Belgian version “iLand” resembles the
plan of bureau Lievense and KEMA and is an inverse hydro storage plant in front of
the coast [9].
At the moment the Netherlands is lagging behind the targets for production of renewable energy sources [7]. The share of renewable energy grew from 2.3% in 2005 to
4.5% in 2013. This is far from the target of 14% renewable energy in 2020. A recent court ruling ordered the Dutch government to make more effort to meet the set
targets [144]. The set target for renewable energy may be met by increasing hydro
power production, although in 2015 only 0.09% of the electricity consumption in the
Netherlands is supplied by hydro power [42]. The estimated potential for the long
term, after 2035, is up to 10%, which consists mainly of tidal energy and osmosis
[8].
Tidal energy and, more general, marine current energy is currently at its development
stage. This results in a wide variety of marine current energy converters [146]. However, the operating conditions for these machines are the same, since they are placed
under water at locations which are difﬁcult to access. This makes reliability and low
need for maintenance key requirements in their design.
The application of gearboxes is remarkable in this respect, as it lowers the reliability.
Maximum reliability is most closely achieved by direct drive generators [156]. Direct
drive marine energy converters favor the use of permanent magnet (PM) synchronous
generators [146]. These PM generators have the advantages of a higher efﬁciency,
higher energy yield and improved thermal performance [156]. However, direct drive
generators tend to be larger and heavier [184].
The topology of the transverse ﬂux machine allows a large number of poles without
compromizing the space available for the winding [179]. This is the consequence
of the transverse ﬂux conﬁguration, resulting in a structurally uncoupled magnetic
and electric circuit [157]. Therefore, an increase in pole number increases the output
torque proportionally, when ﬂux leakage is not considered. This principle allows the
transverse ﬂux machine to exhibit a very high torque density [66, 120] at low speeds
4
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[157]. Hence, the machine can be designed to offer a higher torque and torque density than conventional radial or axial electrical machines [86, 179], reducing the size
and weight of the machine. This makes the machine ideally suited for direct drive
applications. Therefore, the transverse ﬂux machine is selected for the application in
a direct drive marine energy converter

1.2

Modeling of transverse flux machines

As discussed before, the advantages of the transverse ﬂux machine are well known.
However, the machine conﬁguration is not widely used despite its inherent beneﬁts.
This is due to some drawbacks that prevent the commercial application of this machine. The most signiﬁcant drawback is the low power factor due to the segmented
core of the transverse conﬁguration. This open core construction leads to high ﬂux
leakage, resulting in a low power factor [82, 157]. An additional challenge is posed
by the 3-D ﬂux pattern in this machine. The main force producing ﬂux ﬂows in the
plane transverse to the motion direction, while the main leakage ﬂux is oriented along
the moving direction. Accurate modeling of the magnetic ﬁelds in this machine is
necessary to be able to accurately design these machines and calculate their performance.

1.2.1

Overview of modeling methods

All modeling methods calculate the magnetic ﬁeld distribution based on Maxwell’s
equations. However, in most cases it is not possible to ﬁnd an exact analytical expression for the magnetic ﬁeld distribution, especially within an unbounded space. The
analytical magnetic ﬁeld distribution in a problem, or a part of the problem, can be approximated by accepting limitations or making assumptions. Numerical methods are
more accommodating in the nature of problems that can be modeled. Depending on
the method, there are hardly any restrictions on the geometrical complexity and material properties that can be modeled. All numerical methods approximate the Poisson
equation into a system of linear equations by discretization of the domain. Therefore,
a dense discretization or mesh generally results in an increasingly accurate solution
over a coarse discretization, but also an increase in computational effort.
Each of the methods has its merits and demerits based on the assumptions which are
used during the derivation of the model. Based on these properties a suitable modeling
method can be selected. An overview of the available modeling methods is given in
this section.

MEC
A commonly used analytic model is the magnetic equivalent circuit (MEC). The MEC
is constructed from elements which model the various ﬂux paths and ﬂux sources in
the machine. The ﬂux paths in the machine are conﬁned to predeﬁned elements or
5
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“ﬂux tubes” with a constant ﬂux density. The ﬂux through these tubes is determined
by dividing the MMF over the tube by the reluctance of the tube. The ﬂux distribution in the machine is obtained by solving the system of equations describing the
constructed MEC of ﬂux tubes and MMF sources. However, the accurate description
of the ﬂux paths with ﬂux tubes is speciﬁc for each machine geometry. With a change
in geometrical parameters, the ﬂux distribution may change. As a result, a new reluctance network and new reluctances may be needed. Furthermore, the construction of
such a reluctance network requires the pre-knowledge of the ﬂux paths in the machine
[162].

Harmonic method
The harmonic method (HM) uses Fourier series to express the solution of the Poisson equation for vector and scalar potential formulation. The problem is divided into
orthogonal domains. The coefﬁcients of the Fourier series can be obtained by applying boundary conditions to the neighboring domains. When the neighboring domains
have a different fundamental frequency, a special boundary condition has to be applied
in order to ﬁnd the harmonic coefﬁcients shaping the electromagnetic ﬁeld distribution. The HM is capable to take all linear material properties into account and a start
with incorporation of saturation has already been made [159]. The method can be
used to model magnetic ﬁelds in 2-D [76] and 3-D [98, 129]. The method is applicable to static as well as quasi-static formulation of Maxwell’s equations. The resulting
electromagnetic ﬁeld distribution is accurate and can be obtained fast as it is available
in analytical form.

Equivalent current method
The equivalent current method uses integrals to solve Maxwell’s equations. Volume
integrals are used to obtain the magnetic vector potential. The magnetization of regions can be expressed as an equivalent current density. This implicates that both the
magnetic ﬁelds due to currents from a free external source and the equivalent current
densities, originating from the magnetization of permanent magnets, can be obtained.
These magnetic ﬁelds can be superimposed to obtain the total ﬁeld solution in linear
homogeneous media. Differences in relative permeability between the regions are
usually not taken into account. For regions with a relative permeability close to that
of air, such as magnets, unity relative permeability is commonly assumed. Although, it
can be taken into account under the condition that the boundary between the permanent magnet and surrounding is formed by straight parallel lines [149]. For regions
with a high permeability, the Dirichlet or Neumann boundary conditions for the magnetic ﬁeld can be satisﬁed by applying the method of images [29]. The unbounded
ﬁeld expressions make this method especially suited for force and torque calculation
between coils and/or magnets in free space [96].
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Magnetic charge method
An alternative method resulting from the use of integrals to solve Maxwell’s equations is the magnetic charge method (MCM). Volume integrals are used to obtain the
magnetic scalar potential in the domain, from which the magnetic ﬁeld strength is
obtained. However, the scalar potential is derived using the equations for a currentfree region. Hence, the modeling of the magnetic ﬁeld due to a current is not possible.
However, it can be taken into account by introducing the reduced scalar potential [40].
The permanent magnet is replaced by its magnetization, which is used to derive the
equivalent magnetic charges. The equivalent magnetic charge consists of a volume
charge and surface charge term. An equal amount of positive charge and negative
charge is present in the complete problem because of the divergence free property for
magnetic ﬁelds. Similar to the equivalent current method, a constant permeability
in the whole domain is considered [65]. The regions of high permeability are represented by the method of images, whereas the permanent magnets are assumed to
have a unity relative permeability.
Boundary element method and method of moments
The use of integrals to solve Maxwell’s equations is known as the boundary integral
method. These boundary integrals, used to obtain the magnetic ﬁelds, are derived
from a potential. The potential is preferably a scalar potential as it results in simpler
integrals than the vector potential [13]. The potential can be derived in two ways, both
resulting in different modeling methods: the use of the surface integral approach results in the boundary element method (BEM) and the use of volume integral approach
results in the method of moments (MoM).
The method of moments also uses integrals to solve Maxwell’s equations. Therefore,
the ferromagnetic regions and permanent magnets are discretized into elements with
a uniform magnetization, called moments. In contrast to the ﬁnite element method
(FEM) and ﬁnite difference method (FDM), the air region does not require a mesh.
The method is very suitable for unbounded problems [43]. When using tools based on
the differential approach (FEM, FDM), the unbounded problem requires an additional
bounding box around the object of interest, which has a negative impact on both mesh
size and computation error.
The meshed ferromagnetic and permanent magnet elements are each described by a
volume integral. The resulting integrals can be described by a system of linear equations, evaluating the potential values between the nodes of the mesh elements through
polynomial interpolation functions. The resulting system matrix is densely populated,
resulting in an intense memory usage.
In case of the boundary element method (BEM), the integrals and their weighting
functions are only deﬁned and evaluated on a boundary surface [89]. This requires
the material properties in the domain to be linear and homogeneous, making BEM
unsuitable for nonlinear materials. The other properties of BEM are similar to the
7
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properties of MoM.

Diﬀerential methods
The use of differential equations to solve Maxwell’s equations results in a local solution of the magnetic ﬁeld instead of a global solution by the use of integral equations.
The methods are based on the discretization of the complete domain space. The partial differential equations are expressed as a discrete differentiation between adjacent
nodes in case of the ﬁnite difference method (FDM) [65] or elements in case of ﬁnite
element method (FEM) [185].
FDM
The grid of nodes used to solve the Poisson equation is orthogonal, resulting in a
rectangular mesh. The partial differential equation is transformed into a set of linear
equations that can be solved to obtain the potential value at each node subject to
the boundary conditions. Nonlinear material properties can be accounted for by an
iterative solving procedure of the set of linear equations. The mesh of the FDM requires
the problem to be bounded in order to limit the number of nodes. Furthermore, the
orthogonal placement of nodes makes the handling of non-orthogonal shapes with
slanted or curved boundaries more difﬁcult to handle. These shapes require a nonorthogonal mesh distribution
FEM
The geometry is usually discretized in elements with triangular of tetrahedral shapes
for 2-D or 3-D FEM, respectively, as these elements allow for the approximation of
slanted and curved boundaries. Other shapes of mesh elements are possible, but not
commonly applied. The Poisson equation is transformed into a set of linear equations
by an interpolation function that expresses the potential values at the nodes of an element as a function of the spatial variables. The energy function is determined, which
describes the energy in the model based on the stored electromagnetic energy and the
energy from sources. The solution to the set of equations is obtained by minimizing
the energy function with respect to the potential values of the nodes. Nonlinearity of
material properties can be taken into account by using a nonlinear iterative solving
algorithm. The number of mesh elements is limited by bounding the problem with a
modiﬁed boundary condition.

1.2.2

Methods used to model TFMs

Not all of the previously introduced methods are used to model TFMs. An overview of
the results obtained in literature by the different modeling methods used to calculate
the performance of a TFM is given in this section. The modeling methods that have
been found in literature used to model the transverse ﬂux machine are: analytical
models, magnetic equivalent circuits, or in majority, ﬁnite element models.
8

1.2 Modeling of transverse flux machines
Analytic models
The analytic models generally use the assumption of a sinusoidally varying magnetic
ﬂux density in the air gap. General “sizing equations” are used to obtain the permanent
magnet ﬂux linkage and derive the performance of the machine in terms of emf and
force. This is done in 2-D or quasi 3-D.
The 2-D approach calculates the ﬂux in the plane perpendicular to the machine axis
[33, 80, 112, 174]. Due to the 2-D approximation of the ﬂux density, the ﬂux leakage
in the axial direction is not taken into account, resulting in a signiﬁcant error [16].
Therefore, these models are used to determine the inﬂuence of design parameters on
the performance of the machine, in order to reduce the number of 3-D FEM simulations
needed in the design process [33].
The quasi 3-D analytical models use two cross sections of the machine for the calculations. In addition to the plane perpendicular to the axis, an additional plane along
the axis and radial dimension is considered to calculate the ﬂux leakage in the axial
direction [120]. The combination of the ﬂux pattern in the two planes results in a
quasi 3-D ﬂux pattern. However, as the iron is assumed to have inﬁnite depth in both
planes, the end effects due to the ﬁnite iron dimensions are not modelled. The quasi
3-D approach resulted in 32% deviation in calculated ﬂux leakage compared to the
2-D approach [120].
Another approach to reduce the number of FEM calculations is to combine analytical
and numerical models. Analytical models based on the voltage equations are derived
to calculate the performance of the machine based on the ﬂux linkage amplitude. The
amplitude of the ﬂux linkage is obtained by a 3-D FEM model of the machine in aligned
position. The analytical models use this input to obtain the ﬂux linkage proﬁle and
calculate the emf and force. The ﬂux linkage proﬁle may be assumed to be sinusoidal
[118], or is obtained from a fourier series constructed using the geometry parameters
and FEM simulations of two rotor positions [119].

Magnetic equivalent circuits
A MEC of a TFM can be constructed in 2-D or 3-D. The 2-D MEC is not widely used.
Some examples are [20, 174]. The 2-D approximation of the machine does not allow
for modeling of all the leakage ﬂux, which results in an inaccurate solution [20]. The
3-D MEC models achieve an accuracy of an error of 10 to 30% for ﬁxed geometries,
respectively [24, 25, 26, 56, 161]. The accuracy of the MEC model changes with the
rotor position, in [56] the error is 10% when the rotor is in aligned position and 30%
error in unaligned position. However, the combination of a Fourier series description
of the air gap permeance in combination with an extra dense MEC can lead to more
accurate results for speciﬁc designs [155].
Attempts to increase the accuracy of a MEC model using numerical procedures, resulted in more complex models. The combination of MEC with numerical iterative
solvers does increase the accuracy at the cost of calculation time [59].
9
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Finite element method
The most widely used numerical modeling method is the ﬁnite element method (FEM).
Again, 2-D and 3-D models can be used to determine the performance of the transverse
ﬂux machine. Examples of a 2-D analysis are given in [33, 84, 120, 125]. In [125] it
is mentioned that an accuracy of less than 10% error of the results obtained with 3-D
FEM was possible, ‘with effort’. The other authors all mention unsatisfactory results
with deviations as large as 50%.
The deviations in 3-D FEM are much smaller. Hence, 3-D FEM is often used as a design
tool despite the fact that it is a computational expensive method. The method does
predict the performance accurately. Examples of the use of 3-D FEM are described in
[27, 53, 66, 99, 120, 160, 164, 171].

1.3

Research objectives

The modeling methods discussed in the previous section all have a different calculation intensity and accuracy. For the design of a transverse ﬂux machine, or in fact
any machine, it is important that the modeling leads to an accurate performance prediction of the design. However, it is undesired that the evaluation of a single design
takes a long time when numerous geometries have to be evaluated in order to ﬁnd the
optimal machine design. The fact that the majority of the transverse ﬂux machines
are exclusively designed with 3-D FEM implies that the accuracy and versatility of the
other methods leave much to be desired. The elaborate use of 3-D FEM during the
design phase makes the development process of new machines a lengthy task. An
alternative method that combines an accuracy close to 3-D FEM with the computational efﬁciency of the mentioned analytical methods would signiﬁcantly accelerate
this process.
The magnetic charge method has been selected as an interesting alternative for the
modeling of the transverse ﬂux machine. This method results in intrinsic 3-D analytical expressions for the magnetic ﬂux density distribution. These expressions are
useful to model non-periodic magnetic structures [93]. However, the method does not
consider relative permeability of materials. Furthermore, only iron structures with inﬁnitely permeable boundaries of inﬁnite length are considered. Therefore, a number
of research challenges need to be addressed, before the magnetic charge method can
be applied in a design method:
Extend the magnetic charge method to include relative permeability
The magnetic charge method assumes that the relative permeability in the whole
model is equal to that of vacuum. Permanent magnets are modeled as a region with a
magnetization and relative permeability of vacuum. Although the relative permeability of rare-earth permanent magnets is low, the assumption of a relative permeability
of vacuum introduces an error in the obtained magnetic ﬂux distribution.
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In Chapter 2 of this thesis a method is developed to take the relative permeability
into account in the magnetic charge method. The relative permeability of a region in
combination with the magnetic ﬁeld in the region is modeled as a secondary magnetization of the region. Expressions are derived to model the primary and secondary
magnetization of the region with magnetic surface charges. The obtained expressions
are recursive and require an iterative solving procedure. The obtained expressions
are simpliﬁed to achieve a non-recursive analytical expression for regions with a low
relative permeability, for example rare-earth permanent magnets.
Investigation of the capabilities of the magnetic charge method for iron cored
machine analysis
The magnetic charge method is mostly used to model situations in which only regions
with a low relative permeability are present. If regions with high permeability are
present, they are considered to have inﬁnite length. The transverse ﬂux topology does
not result in a region with high permeability of inﬁnite length. The segmented and
toothed nature of the iron core results in ﬁnite dimensions of the region with high relative permeability. A proposal for modeling of the core is discussed in Chapter 3.
The interaction between the permanent magnets and the highly permeable core results
in a parasitic force, known as the cogging or detent force. The method to calculate
this force is explained and the obtained results are validated with 3-D FEM and measurements.
The machine rotates due to the interaction between the magnetic ﬁelds of the permanent magnets and the coil. This interaction is usually modeled by the Lorentz force
equation, which requires a known magnetic ﬁeld at the position of the coil. The embedded coil of the transverse ﬂux machine is not suited for this method. Based on the
ﬂux pattern in the machine, a modeling method to obtain the ﬂux linkage of the coil is
derived. The obtained ﬂux linkage is used to calculate the performance of the machine
in terms of alignment force and emf. The calculated performance is compared with
3-D FEM and measurements.
Implementation of the analytical modeling framework
The analytical modeling framework combines the performance calculation methods
derived in Chapter 3 with the ﬂux leakage calculation in Chapter 6. These calculations
are used to obtain the magnetizing inductance and power factor of the machine. The
combination of all these calculations leads to a fast and accurate prediction of magnetic
ﬁeld distribution, force, emf, power factor and phase voltage.
Design of a transverse ﬂux machine with high power factor
The developed analytical framework is used to design a transverse ﬂux machine with
a power factor of cos ϕ = 0.95. A brute force parameter sweep is used to ﬁnd the
machine design with the highest torque density that satisﬁes the constraints. From
the dimensions of a single segment, the total machine geometry is extrapolated in
11
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Chapter 6.
Realization of a prototype for veriﬁcation of the modeling framework
Two prototypes are constructed to verify the validity of the results obtained by the
modeling framework. The ﬁrst prototype is a small stator of a single pole with a mover
of ﬁve pole pairs. This prototype is used for veriﬁcation of the performance calculations in Chapter 3. The second prototype is used for veriﬁcation of the performance
and power factor of the transverse ﬂux machine designed for hydro power generation.
This machine with a power factor of cos ϕ = 0.95 is veriﬁed in Chapter 6.
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Analytical modeling framework

Part

I

For the analytical modeling of the transverse flux machine the magnetic charge
method is selected. In this part of the thesis the magnetic charge method is used
to create an analytical modeling framework. The modeling of the soft and hard
magnetic materials and their permeability is discussed. Furthermore, methods
for performance calculation are introduced.
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Magnetic charge method

Maxwell’s equations
Magnetic fields

For the design of fully 3-D machines, accurate and fast electromagnetic field
modeling tools are required. One of such tools is the magnetic charge method
that provides accurate analytical expressions for the magnetic field. The results
are fully three-dimensional, which allows the modeling of non-repetitive structures and structures with strong 3-D-effects.

Magnetic charge method
For the design of fully 3-D machines, accurate models of the electromagnetic ﬁelds
are required. The electromagnetic ﬁeld expressions can be derived from Maxwell’s
equations. In this chapter, the magnetic ﬁeld equations are derived using the scalar
potential, which is known as the magnetic charge method. The analytical results are
fully 3-D, which allows for the modeling of non-repetitive structures and structures
with strong end-effects. Therefore, this modeling method is considered especially
suited for open 3-D structures.

2.1

Maxwell’s equations

Electric and magnetic ﬁelds are the foundation of the operation of electromagnetic
systems. These ﬁelds and their interaction are described with a set of four Maxwell
equations [65]. These equations are in differential form given by


Ampère’s circuital law:
Gauss’ law for magnetism:

∂D
∇×H = J +
,
∂t

∇ · B = 0,




(2.1)
(2.2)



Faraday’s law of induction:
Gauss’ ﬂux theorem:

∂B
,
∂t

∇ · D = ρe .


∇×E =−

(2.3)
(2.4)



The magnetic ﬁeld strength is represented by the vector H [A/m], the electrical ﬁeld


strength by E [V/m], the magnetic ﬂux density by B [T] and the electric ﬂux density by

D [C/mm2 ]. These ﬁelds are dependent on time t [s] and space (x, y, z) [m]. The cur
rent density is given by J [A/mm2 ] and the electric charge density by ρe [C/m3 ].
However, this set of ﬁeld equations is not complete. In order to solve the equations,
three additional equations, describing the material properties, should be considered.
These provide constitutive relations which complete the set of equations.
 

B = μ0 H + M ,






D = 0 E + P,




J = σ E.

(2.5)
(2.6)
(2.7)

Here, μ0 = 4π × 10−7 [H/m] and 0 = 8.854 × 10−12 [F/m] are the natural permeability and permittivity constant of free space, respectively. The magnetization of the

material is given by M [A/m] representing the net magnetic dipole moment per unit

volume, whereas the polarization is given by P [C/m2 ] representing the electric dipole
moment per unit volume. Further, the electric conductivity of the material is given by
σ [S/m].
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2.1.1

Magnetostatic

To reduce the complexity of the electromagnetic ﬁeld description, the magnetostatic
set of Maxwell’s equations may be considered. The justiﬁcation of this approach is undertaken by estimating the error in the obtained magnetic ﬁeld solution. The approximation is valid if the error in the obtained magnetic ﬁeld solution is small compared
to the original ﬁeld solution. In order to consider the magnetostatic set of Maxwell’s


equations, the electric displacement current


∇·J =0


∂D
∂t

should be neglected.
(2.8)



∇×H = J

(2.9)



∇ · μ0 H = 0

(2.10)

In the resulting equations there are no time derivatives present. This means that given
the sources at a certain time instant, the ﬁelds at the same time instant are determined without the values of the sources at a time instant earlier. The complete set of
Maxwell’s equations resulting from this quasistatic approximation are








∇×H = J

(2.11)

∇·B =0

(2.12)




∇×E =−


∂B
∂t

∇ · D = ρe

(2.13)
(2.14)

Assuming that the system dimensions are all of the same order of magnitude, a typical
length scale L [m] is used to approximate the spatial derivatives that constitute the curl
and divergence operators by 1/L. Thus it follows from Ampère’s law, Equation (2.1),


that typical values of H and J are related by





H
= J ⇒ H = J L.
L

(2.15)

Assuming that the system is excited with a sinusoidal current with a characteristic

time τ, the time-varying current implies a time varying H. This characteristic time
τ [s] corresponds to the inverse of the angular frequency ω [1/s]. The time varying

magnetic ﬁeld intensity H results, according to Faraday’s law Equation (2.3), in an

induced electric ﬁeld intensity E. Using equation Equation (2.15), the magnetic ﬁeld

intensity is replaced by J.




μ0 H
E
=
⇒
L
τ



μ0 H L
μ0 J L 2
E=
=
τ
τ

(2.16)
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Neglecting the electric displacement currents introduces an error in the obtained mag
netic ﬁeld solution. This error, H er , originates from the neglected magnetic ﬁeld which
is induced by the displacement current itself. It is estimated from Ampère’s law, by
using Equation (2.16) to evaluate the displacement currents that were originally neglected in Equation (2.11).




H er
0 μ 0 J L 2
⇒
=
L
τ2


0 μ 0 J L 3
H er =
τ2

(2.17)

From the obtained expression and Equation (2.15) the error ratio in the magnetic ﬁeld
to the magnetostatic ﬁeld is obtained by


H er


H

=

0 μ 0 L 2
.
τ2

(2.18)

The magnetostatic approximation is justiﬁed if the magnetic ﬁeld error is small compared to the magnetostatic ﬁeld. In other words, the quasistatic approximation is valid
for a system having sufﬁciently slow time variations and sufﬁciently small dimensions
so that
μ 0 0 L 2
L
1⇒ τ
τ2
c

(2.19)


where c = 1/ 0 μ0 [m/s] is the time taken by an electromagnetic wave to propagate
at a speed c over a distance L. This is represented by the ratio τem = L/c. This leads to
the conclusion that the quasistatic approximation is valid if an electromagnetic wave
can propagate a characteristic length L in a time which is short compared to the time
of interest, τ.
For a situation where eddy currents can be neglected, the time-varying magnetic ﬁeld
in the quasistatic set of equations can be omitted. This decouples the obtained equations for the electric and magnetic ﬁeld, reducing the problem to a magnetostatic or
electrostatic problem. In this case, the set of magnetostatic Maxwell equations, Equation (2.20)-2.23, sufﬁces to describe the physics of electromagnetic machines and will
therefore be used as a starting point for the magnetic charge modeling technique used
in this thesis.








∇×H = J

∇·B =0


∇×E =0


∇ · D = ρe
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(2.20)
(2.21)
(2.22)
(2.23)

2.1 Maxwell’s equations

2.1.2

Magnetization


Magnetization, M , is due to the tendency of the atomic components of matter to behave as magnetic dipoles. This magnetization is a sum of two parts: the magnetization
due to the magnetic polarization present in the material and the induced polarization.

The ﬁrst is the primary magnetization, M pr i , and the latter the secondary magnetization, sec. Thus, the magnetization is given as:






M = M pr i + Msec

(2.24)

The primary magnetization is the magnetic ﬁeld associated with the matter without
any external excitation. This magnetic ﬁeld originates from the magnetic dipoles in
the matter.




M pr i =

Br
μ0

(2.25)


The remanent ﬂux density of the matter is represented by B r [T].
The secondary magnetization of the material is the polarization induced in the matter
due to external ﬁelds. This magnetization is parallel to the magnetic ﬁeld strength
vector and is in linear isotropic media deﬁned by the relation




Msec = χm H,

(2.26)


where χm is the magnetic susceptibility of the material and independent of H. In
an-isotropic media the magnetic susceptibility is represented by a tensor.
The constitutive relation of the magnetic ﬂux density, Equation (2.5), can be expressed
as

 




Br
= μH + Br ,
(2.27)
B = μ0 H + χ m H +
μ0
in which the magnetic permeability, μ, is the combination of the magnetic permeability
in free air, μ0 , and the relative permeability, μ r given by
μ = μ0 (1 + χm ) = μ0 μ r .

2.1.3

(2.28)

Potentials

The obtained quasistatic Maxwell’s equations can be solved directly for the ﬁelds when
the constitutive relations Equation (2.5) and Equation (2.6) are taken into account.
However, the four coupled ﬁrst-order equations can be rewritten to two second-order

equations by introducing the vector and scalar potentials A and ϕ [65].
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Magnetic vector potential

The magnetic vector potential, A [Vs/m], is deﬁned by Equation (2.12) and the relation
to the magnetic ﬂux density




B = ∇ × A.

(2.29)

Substituting Equation (2.29) in themagnetostatic
Ampère’s circuit law Equation (2.11)




using the equality ∇ × ∇ × A = ∇ ∇ · A − ∇2 A, it can be derived that


 




∇2 A − ∇ ∇ · A = −μ0 μ r J + ∇ × M pr i .

(2.30)



From the Coulomb Gauge condition ∇ · A = 0 the expression is reduced to
 



∇2 A = −μ0 μ r J + ∇ × M pr i .

(2.31)

The primary magnetization can be expressed as an equivalent volume current density




JV = ∇ × M pr i .

(2.32)

Hence, the magnetic vector potential can be expressed in integral form [65] as
  
μ0
A x =
4π



∞

  

μ r J x  + JV x 

−∞

| x − x |





d v

(2.33)





in which x is the position vector, x  is the position vector on the charged surface, and
v  is the volume of the considered region.

Magnetic scalar potential
The magnetic scalar potential, ϕ, is linked with the magnetostatic ﬁeld equations for
current-free regions, J = 0. This reduces Equation (2.11) to


∇ × H = 0.

(2.34)

The magnetic scalar potential is deﬁned as


−∇ϕ = H.
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2.1 Maxwell’s equations


Using the deﬁnition for H in Equation (2.5), it follows that


∇2 ϕ = ∇ · M .

(2.36)

The
scalar potential can be solved using the free space Green’s function
  magnetic
 

G x, x under the condition that the entire volume has a constant permeability.
 
ϕ x =



  


G x, x  ∇ · M x  d v 

1
=−
4π



∇ · M x 





|x −



x |

d v.

(2.37)

For a magnetization which is limited to a ﬁnite volume V , the expression for the magnetic scalar potential consists of a volume integral and a surface integral over the

surface S of the volume V with the normal vector, n, pointing outwards.
 
1
ϕ x =−
4π



∇ · M x 





|x −

V



x |

dV  +

1
4π




n · M x 
S



|x −



x |

ds .

(2.38)

For this expression a magnetic volume charge density, ρm , and a magnetic surface
charge density, σm , can be deﬁned as


ρm = −∇ · M ,


(2.39)



σm = M · n.

(2.40)

If the magnetization of the volume V is uniform, the divergence within the volume is

zero, ∇ · M = 0. Hence, only a magnetic surface charge density remains.

2.1.4

Magnetostatic boundary conditions

The boundary conditions on an interface between two magnetic media can be derived
from the two governing equations for a steady-state situation


∇ · B = 0,


(2.41)



∇ × H = J.

(2.42)

Consider the Gaussian pill-box in Figure 2.1 with a width w much larger than the
height h. Integrating Equation (2.41) over the thin surface S enclosing a part of the
interface between the two magnetic media gives










B1 · nds −
S1



B2 · nds = 0.

(2.43)

S2
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Figure 2.1: Gaussian pill-box

For a sufﬁciently small surface this reduces to
 


B1 − B2 · n = 0.

(2.44)


Hence, the normal component of the magnetic ﬂux density B is continuous at the
boundary between the magnetic media.
The boundary condition which applies to the magnetic ﬁeld intensity can be derived
in a similar way. Using the Gaussian pillbox with w  h such that h → 0, the integral
form of Equation (2.42) gives










H1 × ndl −
l1





H2 × ndl = js ,

(2.45)

l2


in which l1 and l2 are the integration paths along the width of the pillbox, and js is
the surface current density.
If the sides of the Gaussian pillbox are chosen sufﬁciently small, the current on these
sides can be considered negligible. This reduces the boundary condition to
  


H1 − H2 × n = 0.

(2.46)


Hence, the tangential component of the magnetic ﬂux intensity H is continuous at the
boundary between the magnetic media.

Mirroring of magnetic charges
The mirroring of magnetic charges is also known as the method of imaging introduced
by Lord Kelvin [165]. In his paper he showed that the ﬁeld of a charge in front of a
conducting sheet could be represented by the ﬁeld of the charge itself and the ﬁeld
of an image charge mirrored in the conducting sheet. The derivation of the method
of images by Lord Kelvin and Maxwell was conﬁned to electrostatic problems. The
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method of images for magnetostatic problems was discussed by Hague in [77]. However, he did not explain how the solution was obtained. The mathematical derivation
of the method of images is presented in [78] for electrostatic ﬁelds and magnetostatic
ﬁelds. The derivation of the method of images for magnetostatic ﬁelds generated by
magnetic dipoles is summarized below.
A magnetostatic ﬁeld can be described with a scalar potential ϕ as is shown in Section 2.1.3. In order to describe the relation between the surface ﬁeld and volume ﬁeld
the Gauss identity can be used








M ·n=
S

∇ · M dv.

(2.47)

V




In this identity M is an arbitrary vector, n is a unit vector drawn from within V normal

to S. The surface S completely encloses volume V . If M = φ∇ψ is chosen, where φ
and ψ are two scalar functions, then


∂ψ
= φ  dS =
(2.48)
φ∇2 ψ + (∇φ · ∇ψ) dV,
∂n
S
V
which is known as Green’s theorem. For the case where φ = ψ, this expression simpliﬁes to


∂ψ
ψ  dS =
ψ∇2 ψ + (∇ψ)2 dV.
(2.49)
∂n
S
V
Consider two scalar potentials ψ1 and ψ2 satisfying Equation (2.49). It follows that
∇2 ψ1 = −ρm /μ0 and ∇2 ψ2 = −ρm /μ0 , where ρm is the magnetic charge density
within volume V . Deﬁne χ = ψ1 − ψ2 so that ∇2 χ = 0. Using Equation (2.49) with
the function χ results in


∂χ
χ  dS =
(∇χ)2 dV.
(2.50)
∂
n
S
V
The ﬁeld is unique, when the ﬁeld derivable from ψ1 equals the ﬁeld derivable from
ψ2 . It can be seen that the criterion for a unique ﬁeld solution is that either χ is

constant or ∂ χ/∂ n = 0 along the surface S.
If χ = ψ1 − ψ2 is constant, it holds that the integrand on the right hand side, (∇χ)
must be zero. This means that the ﬁeld is unique, since the ﬁeld derivable from ψ1
equals the ﬁeld derivable from ψ2 .


Equation (2.50) shows that the ﬁeld is unique if ∂ χ/∂ n = 0 along the surface S, since
this results in



∂χ
∂χ
χ  dS = χ
∇2 χdV = 0.
(2.51)
 dS = χ
∂
n
∂
n
S
S
V
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Figure 2.2: Illustration of a magnetic point charge above a boundary

Hence, either the normal or the tangential components of the magnetic ﬁeld must be
speciﬁed everywhere on S.
If these conditions are met, the expression for the magnetic image charge can be derived analogously as is written in [29] for electric charges. The normal component of
the magnetic ﬁeld observed in point p due to a magnetic point charge at the position
y = h, illustrated in Figure 2.2, is given by:
Hn =

σm h
.

2πμ0 μ r1 x 02 + h2

(2.52)

The point charge induces a magnetic charge along the boundary. The normal component of the magnetic ﬁeld due to the induced magnetic charge is given by


μ r2 − μ r1
σm μ r2 − μ r1
h

Hn = Hn
.
(2.53)
=
μ r2 + μ r1
2πμ0 μ r1 μ r2 + μ r1 x 02 + h2
There are two possible images charges which result in the same magnetic ﬁeld on
the boundary. These charges are a charge of magnitude −σm
y = −h and a charge of magnitude σm

μ r2 −μ r1
μ r2 +μ r1

μ r2 −μ r1
μ r2 +μ r1

positioned at

positioned at y = h. Depending on

the observation point, only one of these mirror charges is suitable for obtaining the
correct magnetic ﬁeld distribution in the observed region. The magnetic charge has
to be positioned outside of the observed region, otherwise the charge distribution in
Equation (2.14) changes in the observed region.

2.2 Magnetic fields
Two sources of magnetic ﬁelds are considered: permanent magnets and current in
conductors. The magnetic ﬁelds from these sources can be obtained from the potentials presented in Section 2.1.3.

2.2.1

Field of a permanent magnet

There are two methods to obtain an analytic 3-D expression for the magnetic ﬁeld of a
permanent magnet in free space: the surface current method and the magnetic charge
24

2.2 Magnetic fields
method. Both methods provide a fully 3-D, mesh-free computation of the magnetic
ﬁeld, resulting in a highly accurate and computationally inexpensive ﬁled calculation
compared to numerical methods [128].
The surface current model puts ﬁctitious currents on the surfaces of the magnet with
a vector potential formulation. The magnetic charge model puts magnetic surface
charges on the surfaces of the magnet using a scalar potential. Both methods assume
that throughout the whole volume of the model, the relative permeability is equal to
μ r = 1. The total permeability within the model, μ = μ0 μ r is equal to that of vacuum.
This provides a linear system which enables the use of superposition for the modeling
of multiple magnets. A way to include relative permeability of the magnets in the
magnetic charge model and the effect on the obtained magnetic ﬁeld is discussed in
Section 2.2.1.
Both models obtain the magnetic ﬁeld fast with high accuracy and provide great insight in the inﬂuence of the geometrical parameters. The linearization of the material
properties enables the use of superposition to model the total ﬁeld in the air gap due
to the magnets and images with any magnetization direction.

Surface current model
The surface current model uses equivalent currents to describe the magnetization of a
region [65]. These are considered a source in the magnetostatic ﬁeld equations. The
magnetic ﬁeld is obtained using standard methods for steady currents.
The expression for the magnetic vector potential in integral form given by Equa is conﬁned to a volume V and
tion (2.33) can be reduced if the magnetization M
falls abruptly to zero outside of V . The reduced form of the magnetic vector potential
and magnetic ﬂux density are given by

jm (
Jm (
x )
x )
μ
μ0

 x) = 0
A(
dv
ds ,
+
(2.54)
4π V |
x − x  |
4π S |
x − x  |
and
 (
B
x) =

μ0
4π


V

  (
μ0
x − x  )
Jm x  ×
dv  +

3
|
x − x |
4π

 
x − x  ) 
jm x  × (
ds ,
|
x − x  |3
S

(2.55)

respectively.
The equivalent magnetization current volume density, Jm , and surface density, jm are
deﬁned as

Jm = ∇ × M

(2.56)

jm = M
 ×n
.

(2.57)

For a homogenious and uniform magnetization the magnetic ﬂux density can be expressed as
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μ0
 (
B
x) =
4π




 
jm x  × x − x ds .

|
x − x |3
S

(2.58)

Surface charge model
The magnetic charge model reduces the permanent magnet to a distribution of equivalent magnetic charge. This charge distribution is used as a source term in the magnetostatic ﬁeld equations, so that the ﬁeld can be obtained using standard methods.


For a magnetization M , which is conﬁned to a volume V of permeability μ0 , and
abruptly goes to zero outside this volume, the scalar potential can be represented in
the integral form given in Equation (2.38) [65, 91].
The general equation describing the magnetic ﬁeld of a permanent magnet can be
derived from this equation by using the relation




B = μ0 H = −μ0 ∇ϕ.

(2.59)

The magnetic volume charge density is zero for a magnetization within volume V
which is homogeneous and uniform. For such a region only the term with the magnetic
surface charge σm remains. The resulting magnetic ﬂux density is written as


B=

μ0
4π

     
σm x  x − x 







| x − x  |3

S

dS 

(2.60)

The magnetic surface charge density σm is deﬁned in Equation (2.40) and can be
rewritten as
 
 

1    
 
Br · n x .
σm x = M · n x =
μ0

(2.61)

For a magnet with magnetization along the z-axis and the following dimensions: an
height of 2hm , a width of 2w m and a length of 2l m , the integral expression for the
resulting magnetic ﬂux density is given as



B=

l m
1
B rz 
4π

l=0

w m

x=−l m y=−w m





(x − x  ) ê x + ( y − y  ) ê y + z − (−1)l hm êz  
d y dx .


2 3
2
2
l
(x − x  ) + ( y − y  ) + z − (−1)
(2.62)

The remanent magnetic ﬁeld along the z-axis is given by Brz , and the unity vectors



along the x-, y-, and z-axis are given by ê x , ê y , and êz , respectively.
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Solving the integrals analytically using the standard integrals in [72] gives the ﬁnal form for the magnetic ﬂux density vector of the magnet, which are presented in
[93]:


Bx =


By =


Bz =

1
1 
1 
B rz 

4π

j=0 k=0 l=0

1 
1
1 
B rz 

4π

(−1) j+k+l log (R − S) ,

j=0 k=0 l=0

1
1 
1 
B rz 

4π

(−1) j+k+l log (R − T ) ,

j=0 k=0 l=0



(−1)

j+k+l


ST
arctan
.
RU

(2.63)

in which the arctan is the four-quadrant inverse tangent. The intermittent variables
are given as

(2.64)
R= S+T +U
S = x − (−1) j l m

(2.65)

k

T = y − (−1) w m

(2.66)

l

U = z − (−1) hm .

(2.67)

Relative permeability
The equivalent magnetic surface charge method and the equivalent magnetic surface
current method demand an unbounded volume. Hence, it is not possible to include
multiple material permeabilities in one volume. The assumption that the relative permeability of the permanent magnets is equal to μ r = 1, made in Section 2.1.3, introduces an error in the resulting magnetic ﬁeld. For example, rare-earth permanent
magnets have a relative permeability of 1.03 − 1.07.
There are two ways to include the relative permeability of the magnetic material in the
charge model. The ﬁrst approach is to use the mirroring technique, which is explained
in [148]. A second approach is to use the constitutive relation for the magnetic ﬂux
density, Equation (2.5), for modeling the inﬂuence of the relative permeability on the
external magnetic ﬁeld [45].
The magnetic ﬂux density in the region with the original permeability can be expressed
as






B = μ0 μ r H + μ0 M0 ,


(2.68)


where H is the magnetic ﬁeld strength in the considered region and M0 is the magnetization of the considered region. The magnetization can be expressed in terms of


remanence by B r = μ0 M0 .
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In case of the equivalent charge model, the permeability is μ r = 1 and the following
expression for the magnetic ﬂux density is obtained






B = μ0 H + μ0 M .

(2.69)

By combining equations 2.68 and 2.69, the equivalent magnetization of the region
can be found and is expressed as


 

M0
1
B
M = 1−
+
.
μ r μ0
μr

(2.70)

H2 +
+
+
+
n1 +
+
+
σm+2

H1
- n2
-σ
m1

Figure 2.3: Illustration of the boundary between two regions with the induced magnetic
charge

The equivalent magnetization of the region and the expressions for the magnetic ﬁeld
in both regions are used to calculate the equivalent magnetic charge on both sides of
the boundary. These induced magnetic charges are illustrated in Figure 2.3 with σm1




and σm2 , the magnetic ﬁeld intensity in the regions with H1 and H2 .
The equivalent charge models the material properties of the regions. Both the magnetization and relative permeability are included in the equivalent magnetic charge.
With the expression for the equivalent magnetization, Equation (2.70), an equivalent
charge can be calculated as
   


1 B · n Br · n

σm = M · n = 1 −
+
.
μr
μ0
μ0 μ r

(2.71)

The magnetic ﬁeld density in a region can be expanded to a sum of several sources.
Equation 2.68 for the two regions can be written as





B1 = μ0 μ r H ex t + H1up + H2up + B r n1
(2.72)





B2 = μ0 μ r H ex t + H1down + H2down + B r n2 ,
(2.73)


in which H ex t is the magnetic ﬁeld intensity due to sources in regions besides the two




regions under consideration and H1up , H1down , H2up , and H2down are ﬁelds due to the
magnetic charges on either side of the boundary.
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The resulting magnetic ﬁeld intensity from the equivalent magnetic charges can be
expressed as
σ m1 
n1 ,
2


H1d own = −H1up ,
σm2 

H2up =
n2 ,
2


H2d own = −H2up .


H1up = −

(2.74)
(2.75)
(2.76)
(2.77)

Region 1 and Region 2 are considered to have a magnetization which is not necessarily
in line with the normal on the boundary surface. The relative permeability of both
regions is included in the equations. Additionally, an externally applied magnetic ﬁeld
is considered. The situation is illustrated in Figure 2.4.

H ex t

μ2 ≥ 1

H2
n1 n2

B r2

B r1

H1
μ1 ≥ 1

Figure 2.4: illustration of the general situation of two regions with material properties
in an external magnetic ﬁeld

First, the equation of the equivalent magnetization of both regions is obtained




σm1 = M1 · n1
σ m1 

H1down =
n1
2




1 B1 M pr i1
M1 = 1 −
+
μ r1 μ0
μ r1






σm2 = M2 · n2
σm2 

H2up =
n2
2




1 B2 M pr i2
M2 = 1 −
+
,
μ r2 μ 0
μ r2

(2.78)
(2.79)
(2.80)



where M1 and M2 are the equivalent magnetization of region 1 and 2 respectively,


and M pr i1 and M pr i2 are the primary magnetization of region 1 and 2 respectively. The


magnetic ﬁeld strength H iup is the ﬁeld strength in region i in line with the normal of


region i, whereas H idown is the ﬁeld strength in the direction opposite to the normal of
region i.




Using these equations, H1down and H2up can be expressed as
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H1down =

=

1





H2up =

=



M1 · n1 
n1
2

1 − μ1r





B1
μ0

+

M o1
μ r1





· n1



n1

2

(2.81)



M2 · n2 
n2
2


B
1 − μ1r μ20 +
2



M o2
μ r2

2





· n1



n2 .

(2.82)



The expression for H1down in terms of the magnetic ﬁeld strength and magnetization
can be simpliﬁed to:







M o1  
1 μ r1 H1 · n1 + Mo1 · n1
+
=− 1−
· n1 n1
μ r1
2
2μ r1
 



μ r1 − 1 H1 · n1 + Mo1 · n1 
=−
n1 .
2




H1down

(2.83)



The expression for H2up is derived in a similar way. Using these expressions the mag

netic ﬁeld strength in region 1, H1 , can be expressed as








H1 = H ex t + H1up + H2up
 



μ r1 − 1 H1 · n1 + Mo1 · n1 

= H ex t +
n1
2

 


μ r2 − 1 H2 · n2 + Mo2 · n2 
−
n2 .
2

(2.84)

In this expression H1 s a function of itself. By using the method of separation of
variables, H1 can be expressed in terms of the ﬁeld strength in region 2 and the mag
netization in region 1 and 2. Separating H1 gives:
 
μ r1 − 1 H1 · n1 
H1 −
n1
2

 




M o1 · n 1 
μ r2 − 1 H2 · n2 + Mo2 · n2 

=H ex t +
n1 −
n2 .
2
2




(2.85)

In this equation the induced magnetic charge due to the magnetic ﬁeld in region 1 is
represented by


 
μ r 1 − 1 H 1 · n1
2

30
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the magnetic charge due to the magnetization in region 1 by




Mo1 · n1
2

.

(2.87)

and the equivalent magnetic charge due to the magnetic ﬁeld in region 2 and the
magnetization in region 2 by


 


μ r2 − 1 H2 · n2 + Mo2 · n2 
n2 .
2

(2.88)







The obtained equation for H1 , Equation (2.85), expresses H1 in terms of H2 and the


magnetization vectors. In turn, H2 is expressed in terms of H1 and the magnetization

vectors. In order to express the magnetic ﬁeld H1 in a single expression, it needs to



be expressed in terms of H ex t and the magnetization of the regions Mo1 and Mo2 only.


By using the following vector relation the magnetic ﬁeld H1 can be separated and
expressed in the other vectors.
     
a · b b = ca
(2.89)
in which
⎛

b12
c = ⎝ b1 b2
b1 b3

b1 b2
b22
b2 b3

⎞
b1 b3
b2 b3 ⎠ ,
b32

(2.90)


where bi is the i-th element of the vector b.
Equation 2.85 can be rewritten as


μ r1 − 1
μr − 1





1
1
H1 I −
N 1 = H ex t + N 1 Mo1 − 2
N 2 H2 − N 2 Mo2
2
2
2
2
where I is the 3 by 3 identity matrix,
⎛
⎞
n11
n11 n12 n11 n13
n12
n12 n13 ⎠
N 1 = ⎝n11 n12
n11 n13 n12 n13
n1 3 ,
⎛

n2 1
N 2 = ⎝n21 n22
n21 n23

n21 n22
n22
n22 n23

(2.91)

(2.92)

⎞
n21 n23
n22 n23 ⎠ ,
n23

(2.93)


and ni j is the j-th element of the normal-vector ni .
31

Magnetic charge method


Hence, H1 can be separated and expressed in the other components, resulting in




H1 = I −


μ r1 − 1
2

−1
N1

···


μ r2 − 1



1
1
H ex t + N 1 Mo1 −
N 2 H 2 − N 2 M o2 .
2
2
2


(2.94)

The expression for the magnetic ﬁeld in region 2 is similar to Equation 2.85 and can
be written as
 
μ r2 − 1 H2 · n2 
H2 −
n2
2
 





μ r1 − 1 H1 · n1 + Mo1 · n1 
M o2 · n 2 

=H ex t +
n2 −
n1 .
2
2




(2.95)

Inserting Equation 2.94 gives the expression:




H2 = I −
−


μ r2 − 1
2

μ r1 − 1
2

−1 


N1



H ex t −

N2
I−

μ r1 − 1
2



1
1
N 1 Mo1 + N 2 Mo2
2
2
−1

···

N1

 
μ r2 − 1



1
1
H ex t + N 1 Mo1 − N 2 Mo2 −
N 2 H2
.
2
2
2


(2.96)

Separating the magnetic ﬁeld in region 2 results in an expression in terms of magnetizations and external ﬁeld components




−1  

1
1
M o1 N 1 + M o2 N 2
2
2

 

1
1
,
− A ( A + I)−1 H ex t + Mo1 N 1 − Mo2 N 2
2
2

H2 = I − B − A B ( I − A)

−1





H ex t −

(2.97)

in which the matrices A and B can be expressed as
A=
B=
32

μ r1 − 1
2
μ r2 − 1
2

N1 ,

(2.98)

N2 .

(2.99)
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The magnetic ﬁeld in region 1 is derived in a similar way.
−1  




1
1
−1
H1 = I − A − A B ( I − B)
H ex t − Mo1 N 1 + Mo2 N 2
2
2



1
1
− B ( I − B)−1 H ex t − Mo1 N 1 + Mo2 N 2 .
2
2

(2.100)

These expressions for the magnetic ﬁeld in region 1 and 2 are valid for a single boundary between the regions. In case a volume of magnetic material in air is considered,
the number of boundaries is increased. Not only the top surface should be modeled,
but also the sides and bottom surface. This means that the magnetic ﬁeld of one
boundary inﬂuences the magnetic ﬁeld on the other boundaries. This inﬂuence can
be accounted for, but results in a process where the ﬁeld of one boundary inﬂuences
the ﬁeld, and thus magnetic charges, on the other boundaries. This can be solved in
an iterative process as is presented in [37].
Under the assumption that the externally applied magnetic ﬁeld is zero and the magnetization direction of one region is perpendicular to one of the boundary surfaces
of the region, for example a cuboidal magnet, the obtained expression can be further
simpliﬁed.


Assume that region 1 is a magnet with magnetization B r1 in line with the normal vector

n1 , region 2 is vacuum or air, and no external magnetic ﬁeld is applied. This situation
is illustrated in Figure 2.5.

H2
μ2 = 1

n1 n2

H1

B r1

μ1 > 1

Figure 2.5: Illustration of the simple situation with a magnet surrounded by air

Equation (2.72) for the magnetic ﬂux density in region 1 and Equation (2.73) for the
magnetic ﬂux density in region 2 can be expressed as


σm1 
n1 +
2
σm1 + σm2 
n1
−
2

σm1 
H ex t +
n1 −
2
σm1 + σm2 
n2
−
2


B1 = μ0 μ r1 H ex t −
= μ0 μ r1


B2 = μ0 μ r2
= μ0 μ r2


σm2 
n2 + B r n1
2


+ B r n1

(2.101)


σm2 
n2 + B r n2
2


+ B r n2 .

(2.102)
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Filling out Equation (2.101) into Equation (2.71) under the assumption that H ex t = 0
results in




B r n1 
σm1 + σm2  
1
1

σm1 =
1−
n1 · n1 + B r n1 · n1 +
· n1
μ0 μ r1 −
μ0
μ r1
2
μ0 μ r1
(2.103)
The expression for the equivalent magnetic charge in region 2 is




σm1 + σm2  
B r n2 
1
1

1−
σm2 =
n2 · n2 + B r n2 · n2 +
· n2 .
μ0 μ r2 −
μ0
μ r2
2
μ0 μ r2
(2.104)

Filling out equation Equation (2.104) in equation Equation (2.103), while using the



property n1 = −n2 and the assumptions that μ r2 = 1 and B r n2 = 0, gives the value for
the equivalent magnetic charge in region 2:
σm2 = 0.

(2.105)

The ﬁnal expression for the equivalent magnetic charge in region 1 can be obtained
by using the value of the charge in region 2 and is given by
σm1 =

2B r n1
.
μ0 (μ r1 + 1)

(2.106)

In order to verify the resulting magnetic ﬁeld, a comparison is performed between
the surface charge model with μ r = 1 [97], the surface charge model with μ r = 1.03
using the simpliﬁed expression for the equivalent magnetic charge given above, and
3-D FEM with μ r = 1.03. Both the surface charge models calculate the magnetic ﬂux
density by using Equation (2.63). The obtained magnetic ﬂux density along the zaxis for a permanent magnet magnetized along the z-axis is compared. The magnet is
shown in Figure 2.6.
2a I
2c I
zI
xI
yI

2b I

Figure 2.6: A magnet in free space

The magnet has a length of 2a I = 26 mm along the x-axis, a width of 2b I = 26 mm
along the y-axis and a height of 2c I = 10 mm along the z-axis, respectively. The
remanent ﬂux density of the magnet is B r = 1.23T in all models. The magnetic ﬁeld
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is calculated on a surface S of 3a I by 3b I at a height of 1 mm above the top surface of
magnet I.
Figure 2.7(a) shows the obtained magnetic ﬁeld in the z direction for the surface
charge model with μ r = 1.03 and Figure 2.7(b) shows the difference of the analytically obtained magnetic ﬁeld in the z direction and the ﬁeld from 3-D FEM. From
Figure 2.7(a) it is clear that the surface charge model obtains a smooth magnetic ﬁeld,
even at the edges of the magnet. Figure 2.7(b) shows that the obtained magnetic ﬁeld
differs from the result of the 3-D FEM model at the edges of the magnet. The difference is considered to be numerical noise, as FEM has difﬁculties modeling the large
gradients near the magnet edges.

0.4
Bz [T ]

Bz [T ]

0.4
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0
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0
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−5
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(b)

Figure 2.7: Obtained magnetic ﬂux density along the z-axis for the surface charge model
with a relative permeability of μ r = 1.03 at a height of z = 8mm on the left
in (a); The difference with 3-D FEM on the right in (b)

In order to compare the accuracy of the surface charge model with μ r = 1 and the
surface charge model with μ r = 1.03, the difference between the analytically obtained
solution and FEM is plotted along a line over the magnet. This line has a length of 2
a I along the x axis and is centered at the origin of magnet I at a height of 1 mm above
the surface of the magnet.
From Figure 2.8 can be seen that the surface charge model which accounts for the relative permeability of the magnet has little deviation from the result obtained with the
3-D FEM model that includes relative permeability. As expected, the surface charge
model which neglects the relative permeability of the magnet matches with the FEM
model with a relative permeability for the magnet of μ r = 1. The surface charge model
which neglects the relative permeability of the magnet has a deviation of 7.5 mT for
the calculated magnetic ﬂux density in comparison with the FEM model that includes
relative permeability. The surface charge model which accounts for the relative permeability of the magnet deviates 0.5 mT.
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Figure 2.8: Two analytically obtained and two 3-D FEM magnetic ﬁelds in the z direction along line L

2.2.2

Field of a skewed magnet

In [95], the skewed magnets are divided into two triangular-shaped and a cuboidal
volume in order to analytically calculate their magnetic ﬁeld. For each of these surfaces
the ﬁeld is calculated and superimposed to obtain the magnetic ﬁeld of the skewed
magnet. However, by modifying the integration limits, a single integral is obtained for
the whole volume of the skewed magnet.
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Figure 2.9: Illustration of the dimensions and skewing of the magnet; (a) indication of
the dimensions, (b) idealized surface charge distribution for magnetization
in the y-direction and the numbering of the surfaces

The magnetic ﬁeld created by the uniformly charged quadrangular surface can be
obtained by analytic calculation. In this section a magnet will be considered with a
width of the base of 2a = 5mm, a length of 2b = 10mm and a height of 2d = 5mm,
illustrated in Figure 2.9(a). The skewing angle of the magnet is expressed as the
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horizontal distance between the center of the bottom surface and the center of the
magnet, 2Δ = 2a = 5mm. The remanent ﬂux density is B r = 1.11T.
The integration limits for the ﬁeld components in x-,y- and z-direction are derived for

magnetization in x-, y-, and z-direction. The analytic solution to B in Equation (2.60)
is obtained for magnetization in the x, y and z-direction respectively by rewriting the
expressions to a standard integral [72]. An illustration of a surface charge distribution
for magnetization along the y-axis is shown in Figure 2.9(b).
The resulting expressions and derivation are given in Equation (A.1) to Equation (A.9)
in Appendix A. The magnetic ﬂux densities obtained with these expressions are given
in Figure 2.10, Figure 2.11, and Figure 2.14. In each of these ﬁgures the lefthand
column with (a), (c), and (e) shows the magnetic ﬂux density along the x, y, and
z-axis, respectively. The righthand column with (b), (d), and (f) shows the difference
in the magnetic ﬂux density calculated with the charge model and obtained with FEM
along the x, y, and z-axis, respectively.
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Figure 2.10: The analytically calculated magnetic ﬁeld along the x, y, and z-axis of a
skewed magnet magnetized in the x-direction are shown in (a), (c), and
(e) respectively. The difference with the magnetic ﬁeld along the x, y, and
z-axis obtained with FEM is shown in (b), (d), and (f)

38

2.2 Magnetic fields

0.2
Bx [T]

Bx [T]

0.2
0
−0.2
−0.4
5

0
−0.2
−0.4
5

0
z [mm]

−5

0
−5
x [mm]

5

0
z [mm]

(a)

0.4
By [T]

By [T]

5

(b)

0.4
0.2
0
−0.2
5

0.2
0
−0.2
5

0
z [mm]

−5

0
−5
x [mm]

5

0
z [mm]

(c)

−5

0
−5
x [mm]

5

(d)

0.2
Bz [T]

0.2
Bz [T]

−5

0
−5
x [mm]

0
−0.2
−0.4
5

0
−0.2
−0.4
5

0
z [mm]

−5
(e)

−5

0
x [mm]

5

0
z [mm]

−5

−5

0
x [mm]

5

(f)

Figure 2.11: The analytically calculated magnetic ﬁeld along the x, y, and z-axis of a
skewed magnet magnetized in the y-direction are shown in (a), (c), and
(e) respectively. The difference with the magnetic ﬁeld along the x, y, and
z-axis obtained with FEM is shown in (b), (d), and (f)
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Figure 2.12: The analytically calculated magnetic ﬁeld along the x, y, and z-axis of a
skewed magnet magnetized in the z-direction are shown in (a), (c), and
(e) respectively. The difference with the magnetic ﬁeld along the x, y, and
z-axis obtained with FEM is shown in (b), (d), and (f)
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2.2.3

Field of a coil

Magnetic ﬁelds are not only generated by permanent magnets. The other source of

magnetic ﬁelds is current. The resulting magnetic ﬂux density B of a coil is obtained
using the Biot-Savart law is given by [65]:
   μ0
B x =
4π

     

J x × x − x



C





| x − x  |3

dv 

(2.107)
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Figure 2.13: Illustration of the dimensions of the straight coil segment; (a) side view,
(b) cross section

Consider a current carrying volume as shown in Figure 2.13 with dimensions l c in the
x-direction, w c in the y-direction and hc in thez-direction. Along the length of the

volume a uniform current density J = 0, J y , 0 is directed in the y-direction. The
Biot-Savart law for the cuboidal volume can be evaluated analytically, resulting in
[167]:
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(2.108)
The resulting magnetic ﬂux densities along the x, y and z-axis are plotted in Figure 2.14(a), Figure 2.14(b), and Figure 2.14(c) respectively.
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Figure 2.14: The analytically calculated magnetic ﬂux density components of a straight
coil conductor segment with a current along the y-axis; (a) x-component,
(b) y-component, (c) z-component
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Linearization of the TFM
Modeling of the iron parts
Modeling of the coil
Flux linkage
Electromotive force
Force calculation
Synchronous inductance

The magnetic charge method is used to model the 3-D magnetic fields in the
TFM. This chapter describes and derives the approach, using magnetic charge
method, which is capable to predict the force components and electromotive
force of the TFM.

Analytical performance calculation
The analytical transverse ﬂux machine (TFM) model is build using the charge method
as introduced in Chapter 2. This chapter describes various ways to employ this charge
method to model the stator core, stator coil and rotor and which assumptions have
to be considered to allow for this analytical modeling. The obtained model calculates, with relative accuracy, the TFM performance. To illustrate this accuracy, model
veriﬁcation is undertaken with 3-D FEM and measurements.

3.1

Linearization of the TFM

To illustrate the modeling capability a TFM is considered which consists of a single
u-core as stator and a back-iron with two rows of ﬁve alternating permanent magnets
as a mover, as indicated in Figure 3.1. The permanent magnets have a length and
width of 2l m = 2w m = 26 mm, a height of 2hm = 10 mm, a relative permeability of
μ r = 1.03 and a remanance of B r = 1.28 T, respectively. The teeth of the u-core have
the same length and width as the magnets and are placed at a height of g = 6 mm
above the magnets, as shown in Figure B.6. The width and height of the coil are
hc = 54 mm and w c = 28 mm, respectively.

3.2 Modeling of the iron parts
Iron, or more precisely soft magnetic materials, can be represented by magnetic charges
either by the method of images, Section 2.1.4 and [77], or by representing the magnetic effect of the material’s relative permeability in the region’s surface charge density, Section 2.2.1 and [45]. The method of images for regions with high relative
permeability gives results quickly, but is limited to modeling iron of inﬁnite length.
In Section 3.2.1 it is explained how this method is used to model iron parts of ﬁnite
length. An alternative method to model the iron is presented in Section 3.2.2.

3.2.1

Modeling by images

The method of images, introduced in Section 2.1.4, represents the material’s relative
permeability by placing additional magnetic charges in vacuum [77]. In this way, the
system can be analyzed with the complete space being given a single relative permeability. However, the method assumes inﬁnite material lengths, where the stator core
has a ﬁnite length that has to be accounted for.
During the movement of the mover, three situations can occur depending on the geometry of the TFM: (1) the permanent magnets are not covered by stator cores, (2)
the permanent magnets are fully covered by the stator core and (3) the permanent
magnets are partially covered by the stator core. For the ﬁrst situation the imaging
technique does not have to be applied. For the two other cases the imaging technique
can be applied under some assumptions which will be addressed in the following sections.
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Stator core

Coil

z

Rotor iron
y
Permanent magnet
x

Figure 3.1: A single segment of a transverse ﬂux machine (linear representation due to
large diameter)

Magnets fully covered
For a mover position where the magnets are fully covered by a stator U-core, the
complete magnet is mirrored in the boundary of the core, as illustrated in Figure 3.2.
Here, the ﬁnite core boundary length does not affect the placement of the mirrored
charges. Up to three sets of images per boundary are placed to obtain the ﬁnal charge
distribution. The addition of a fourth image would change the obtained magnetic ﬂux
density with less than 1%.
Stator core
μr

μ0

μ0

μ0
M

Rotor
M

M
μr

M
M

μ0

M
M

Figure 3.2: Illustration of the method of images for magnets fully covered by the stator
core

The resulting ﬂux density from the original and image charges, along the z-axis in
middle of the air gap for a mover position of y = 0 mm, is shown in Figure 3.3 (a).
The difference with the results obtained by FEM are shown in Figure 3.3 (b). The
difference between the obtained magnetic ﬂux densities occurs only at the edges of
the tooth and is maximum 0.05 T, respectively less than 10% difference. This small
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difference results from the assumption that the iron is inﬁnite long. Hence, the method
does not account for the ﬂux focusing that occurs from the magnets towards the stator
core [94].
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Figure 3.3: Magnetic ﬂux density along the z-axis for a mover position of y = 0 mm (a)
calculated with the charge model (b) difference between the charge model
and FEM

Magnets partially covered
For a mover position where the magnets are not fully covered by a stator U-core, only
the part of the permanent magnet which is covered by the core is mirrored in the
boundary of the core, as illustrated in Figure 3.4. Here, like the fully covered case,
also up to three images in each boundary are used. The obtained positions of the
magnetic charges which model the core are shown in Figure 3.5.
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Figure 3.4: Illustration of the method of images for magnets partially covered by the
stator core

The resulting ﬂux density from the original and image charges along the z-axis in the
middle of the air gap for a mover position of y = −20 mm is shown in Figure 3.6 (a).
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The difference with the results obtained by FEM are shown in Figure 3.6 (b). In this
case the calculated ﬂux density above the magnets which are partially covered by the
stator core differs maximum 0.1 T from the results obtained with FEM. This increased
difference is caused by neglecting the ﬂux focussing from the parts of the magnets that
are not covered by the stator core. Those parts of the magnets are not represented by
image charges, resulting in a too low magnetic ﬂux density in the air gap.
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Figure 3.5: Distribution of the surface charges modeling the stator core of the TFM with
the mover at position y = 18 mm
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Figure 3.6: Magnetic ﬂux density along the z-axis for y = −20 mm (a) calculated with
the charge model (b) difference between the charge model and FEM
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3.2.2

Modeling by variable charge

The ﬂux focussing towards the core can be modeled by accounting for the relative
permeability of the iron in the charge model. The magnetic ﬁeld on the boundary of
the iron will result in surface charges on this boundary. The surface charge density
can be written as


1
σi = M · ni = 1 −
μr














Bi · ni B r · ni
+
.
μ0
μ0 μ r

(3.1)

A fully analytical expression for the magnetic ﬂux density is obtained in Section 2.2.1
[105] for regions with low relative permeability, such as permanent magnets. Calculating the magnetic charge density for regions with high permeability results in a
semi-analytical solution of Equation (2.100), which is obtained iteratively for each
surface [37]. This method is summarized below.
Figure 3.7 shows the magnetic charge distribution of a material(region I) in air(region
II). On each surface a charge, σi , is present. This charge is, according to Equa
tion (3.1), dependent on the magnetic ﬂux density on that surface, B i .








Due to the boundary conditions between two regions, B I · n = B I I · n, the magnetic
ﬂux density on both sides of the surface can be used. For simplicity, the ﬂux density in


region II, where μ r = 1 and B r = 0, is used in this paper. This results in the following
magnetic ﬂux density on a given surface



B Ii I =
B ij,I I = μ0
H ij,I I ,
(3.2)
j

j







where B Ii I is the total magnetic ﬂux density on surface i in region II and B ij,I I and H ij,I I
are the ﬂux density and ﬁeld strength induced by surface j on surface i, respectively.
The summation over j accounts for all the sources of interest. The magnetic ﬁeld,

H ij,I I , is calculated by:
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(3.3)

This means that the charge is dependent on the ﬁelds generated by the different surface charges. This recursive relationship makes it difﬁcult to calculate the charges directly. Therefore, an iterative process is used to calculate the magnetic charges.
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Figure 3.7: Magnetic charge distribution on the interface between a material and air.

where σin describes the charge on surface i for the nth iteration. Note that the summation does not include the ﬁeld of its own surface i. This “self-ﬁeld” is calculated as
σi
2μ r and is already present in the ﬁrst part of the equation.
For a constant surface charge density, the magnetic ﬁeld can be calculated analytically. For position dependent surface charge densities, the H-ﬁeld is calculated numerically, as the obtained surface charge density is not described with an analytic
function.
Both the C-core and the back-iron of the considered TFM have a large relative permeability and should be modeled using Equation (3.4). This is, however, very time
consuming due to the amount of numerical integrations. To simplify the model, only
the C-core is modeled using Equation (3.4) and the back-iron is modeled using the
method of images. To calculate the charge of the C-core, the magnetic ﬁeld of the
magnet and its images are used. The C-core itself should also be imaged in the backiron, this, however, increases the computational time drastically. Therefore, the image
of the C-core is not used for determining the charge on the core. The resulting surface
charge after 30 iterations is shown in Figure 3.8.
The resulting ﬂux density along the z-axis in the air gap for a mover position of
y = −20 mm is shown in Figure 3.9 (a). The difference with the results obtained
by FEM are shown in Figure 3.9 (b). The calculated ﬂux density above the magnets
differs maximum 0.05 T from the results obtained with FEM at the edges of the teeth.
Rather than ﬂux focussing, this difference is caused by the discretization in the surface
charge density at the surface of the magnets and the limited number of steps in the
iterative procedure of calculating these surface charges.

3.3 Modeling of the coil
The coil, in the TFM, is embedded in the salient structure of the stator. However, the
open nature of the stator structure implies that the coil can not be treated as a coil
embedded in a slot in order to calculate the resulting ﬁeld. Therefore, the current sheet
model, commonly used in the Fourier series modeling technique [75], is investigated
in order to come up with a solution for this problem.
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Figure 3.8: Distribution of the surface charges on the stator core of the TFM after 30
iterations for the mover at position y = 18 mm

3.3.1

Modeling with current sheets

Current sheets are commonly placed on the boundary between the air gap of the machine and the iron core. This position implies that a precise magnetic ﬂux density
distribution in the air gap only is sufﬁcient to obtain accurate results. The mirroring
of charges used to model the core in Section 3.2.1 results in a reasonably accurate
magnetic ﬂux distribution in the air gap, whereas the magnetic ﬂux distribution in the
core and coil is of limited accuracy or cannot be calculated.
The current sheets represent the coil of the TFM and are placed on the boundary between the air gap and the stator core. The dimensions of the current sheets can be
determined from the ﬂux density distribution in the air gap. Therefore, to determine
the appropriate size of the current sheets, the ﬂux pattern in the air gap is investigated.

Flux pattern
The ﬂux paths determining the size of the current sheets are shown in Figure 3.10 for
the mover at position y = 0 mm and Figure 3.11 for the mover at position y = −20 mm.
Both Figure 3.10(a) and Figure 3.11(a) show that the main ﬂux leakage paths of the
magnet array are between the alternatingly magnetized magnets along the longitudinal direction of the magnet array. These leakage paths span only one pole pitch, so
the leakage pattern is periodic over 2 pole pitches. The magnets on each side of the
core also have a part of their ﬂux linking to the core, thereby lowering the net ﬂux
through the core. In order to account for these ﬂux paths, the current sheets should
span two pole pitches along the longitudinal direction. The lateral ﬂux paths shown
in Figure 3.10(b) and Figure 3.11(b) show symmetrical ﬂux paths regardless of the
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Figure 3.9: Magnetic ﬂux density along the z-axis for y = −20 mm (a) calculated
with the variable charge method (b) difference between the variable charge
method and FEM

position of the mover. The ﬂux in the air gap changes signs at the center, resulting in
a mirrored ﬂux density of opposite sign. Hence, the current sheets only need to span
the area from the edge of the machine to the center of the machine along the x-axis.
The ﬂux outside of the machine is neglected, as it is very small.

Resulting current sheets
The ﬂux pattern dictated the outer dimensions of the current sheets by deﬁning the
size of one magnetic period. The place and size of the current sheets within this period
can be determined from the requirements for the Lorentz force method. The obtained
force components are the result of the cross product of the current components in
the coil and magnetic ﬁeld density in the air gap due to the magnet array. In TFMs,
the current in the coil only has a component along the y-axis. This will result in the
calculation of forces along the x-axis and the z-axis, but not along the y-axis. In order
to calculate the force in the direction of motion, along the y-axis, an alternative coil
layout has to be determined. The proposed layout as derived in [107] is shown in
Figure 3.12.
This alternative coil layout consists of two coils carrying half of the current of the each.
The opposite directed currents between the teeth of the U-cores cancel each other’s
magnetic ﬂux density at a small distance from the coil. Hence, the total current seen
by the ﬂux in the core remains the same. However, the current component along the
x-axis can be used to calculate the force generated in the TFM along the y-axis. This
current component is modeled with the current sheets shown in Figure 3.13, which
are placed directly below the teeth of the stator core. These current sheets can be used
to calculate the ﬂux linkage, emf and propulsion force of the TFM.
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Figure 3.10: Arrows indicating the ﬂux paths in the TFM for the mover at position
y = 0 mm

3.3.2

Modeling by surface current model

Although current sheets can be used to determine the performance of the TFM in terms
of emf and force, they cannot be used to calculate the ﬂux density distribution in the
air gap due to the current in the coil. In order to model this ﬂux density, a model is
constructed which represents the teeth as magnets. An illustration of the constructed
model is given in Figure 3.14.
The modeling of the teeth as magnets originates from the current sheet model of the
coil presented in [107]. In order to calculate the magnetic ﬂux in the tooth, the coil is
modeled as current sheets surrounding the tooth, effectively creating a surface current
model of a magnet. The magnetization of this region can be derived from the surface
current density
JS =

NI
 ×n
=M
,
hcs

(3.5)

in which hcs is the height of the current sheet. The height of the current sheet is equal
to the height of the tooth, h t . The obtained magnetization can be used to calculate the
equivalent remanent ﬂux density for the magnet modeling the tooth with a magnetic
charge model. The equivalent remanent ﬂux density is given by
 = μ0
 r = μ0 M
B

NI
ht

(3.6)

and the magnetic ﬂux density in the air gap can be calculated using Equation (2.58)
[77].
The magnetic ﬂux density in the air gap due to the coil can be obtained using the
analytical expression in [148], which is derived from the Biot-Savard law.
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Figure 3.11: Arrows indicating the ﬂux paths in the TFM for the mover at position
y = −20 mm

Furthermore, the inﬂuence of the back iron of both the stator and rotor core is taken
into account using the method of images. The iron is taken into account by 3 images
of the coil and magnets representing the teeth. Adding more images has little effect,
as the contribution of additional images will be less than 1% to the magnetic ﬂux
distribution in the air gap. The magnetic ﬂux density in the air gap is obtained by
adding the magnetic ﬂux density of the coil and its images to the magnetic ﬂux density
calculated by the model of the teeth and their images. The obtained z-component
of the magnetic ﬂux density for the core with a length of l c = 10 mm is shown in
Figure 3.15. The ﬂux density is shown on a surface spanning half of the width of the
TFM along the x-axis and two pole pitches along the y-axis.
The analytically obtained results show good agreement with the results obtained by
FEM. The results obtained by FEM show a larger magnetic ﬂux density near the edges
of the tooth than the analytically obtained results. This is due to the chosen magnetic
charge model for the tooth with a relative permeability of μ r = 1. Modeling the tooth
as a magnet while taking into account the high relative permeability of the material
results in an iterative numerical model [37].

3.4 Flux linkage
The ﬂux entering the core of the TFM is only a part of the ﬂux present in the air gap
as is shown in Section 3.3.1. A signiﬁcant other part of the ﬂux in the air gap is the
armature leakage ﬂux [120]. Two current sheets are deﬁned at the bottom of each
tooth of the core for the calculation of the ﬂux entering the core of the TFM. Each
surface spans one pole pitch. This is illustrated in Figure 3.16.
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Figure 3.12: Schematic top view of the u-core and the coil on the left; equivalent current
paths on the right
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Figure 3.13: Alternative coil layout on the left and the current sheets used for the
Lorentz force calculation on the right


The ﬂux, Φ, entering the core is calculated by taking the surface integral of the x, y,
and z-components of the magnetic ﬂux density obtained with the charge model.






Φ=

B dS

(3.7)

S

The ﬂux components on these surfaces pointing towards the iron core are then added
and the magnitude of the ﬂux in the leg of the core is obtained:

Φcor e =


 2
 
k=1

2
k

(−1) Φk y


+

2


2
Φkz

,

(3.8)

k=1

where i is the number of the ﬂux integration surface indicated in Figure 3.16. In
this calculation the armature ﬂux leakage components on sheet 1 are canceled by
the ﬂux leakage components on sheet 2 in the integration and summation due to the
periodicity of the ﬂux leakage pattern.
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Figure 3.14: Illustration of a cross section of the machine on the left and the model used
for the modeling of the magnetic ﬂux density due to the current in the coil
on the right

3.4.1

Compare ﬂux linkage with plane in core

Due to the armature ﬂux leakage, not all the ﬂux produced by the magnets enters
the core and actually links the coil. A FEM model is created to verify the resulting
calculated ﬂux linkage within the charge model. Several planes in the leg of the stator
core are deﬁned, which is illustrated in Figure 3.17. The ﬂux through these planes is
calculated and the results are shown in Figure 3.18.
The results obtained with FEM show that there is signiﬁcant armature ﬂux leakage
in the bottom part of the stator tooth. The ﬂux through the core calculated with
the charge model matches the result of the surface at a position of 10 mm from the
bottom of the tooth. Hence, a small part of the ﬂux leakage in the TFM is included in
the model.

3.5

Electromotive force

The electromotive force (emf) generated by the TFM can be derived from the ﬂux
linkage calculated in the previous section. The emf is given as
e=N

−dΦcor e
dt

(3.9)

in which N is the number of turns of the coil and Φ is the ﬂux linking the coil.
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Figure 3.15: The magnetic ﬂux density distribution in the air gap (a) obtained with the
analytical model, (b) the error with FEM

The emf generated by the TFM-segment is calculated and measured for a core with a
length of 10 mm and 26 mm, a coil with 100 turns and a mover velocity of 1 m/s. The
measurement setup is shown in Figure 3.19 and described in Appendix B.4. The stator
core and coil are attached to a positioning stage, whereas the mover consisting of the
5 pole pair magnet array and back iron is attached to a linear motor. The measured
emf is ﬁltered by a low-pass ﬁlter with a cutoff frequency of 1.5 kHz.
The emf obtained with the charge model, FEM and measurements for the core with
a length of 10 mm is shown in Figure 3.20(a), the results for a core with a length of
26 mm are shown in Figure 3.20(b). The emf obtained with the charge model is within
15% of the measured emf. The emf simulated by FEM is within 5% of the measured
emf. The difference in the shape of the emf waveform calculated by the charge model
and the waveform obtained with measurements is due to the absence of ﬂux focussing
towards the core in the charge model.

3.6 Force calculation
The interaction between magnetic ﬁelds of multiple sources, such as permanent magnets and coils, and a magnetic ﬁeld and highly permeable region results in a mechanical force and torque. The force resulting from the interaction between multiple
magnets, a coil and a magnet, and a magnetic ﬁeld and highly permeable region is
discussed in the following sections.

3.6.1

Calculation methods

Three methods are available to determine the force resulting from the interaction between the magnetic ﬁelds in an electromechanical system. These methods are the
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Figure 3.16: Side view of the TFM with the current sheets used to calculate the ﬂux
linkage
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Figure 3.17: Position of the cross sections in the core where the ﬂux is calculated

Lorentz force method, Maxwell stress tensor and the Virtual Work method. The three
methods are based on the magnetic ﬁeld descriptions obtained in the previous section.

Lorentz force method
The force acting on an electrical current down a wire placed in a magnetic ﬁeld is
the result of the forces acting on the individual moving charges. The Lorentz force
law, Equation (3.10), states that the force acting on a charged particle consists of two
parts. The electric force on the particle which is parallel to the local electric ﬁeld and
the magnetic force on the particle which is perpendicular to the local magnetic ﬁend
and the particle’s direction of motion.








F = qE + qv × B

(3.10)






With the assumption that E is zero and a volume current density J = qn v, the force
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Figure 3.18: Flux components in the z-direction calculated with FEM and Charge Model
at several heights in a single core

density and the force on the current carrying volume can be written as
  
  
  
f x =J x ×B x ,
(3.11)



  
 
  
  

  

F x =
f x  dv  = J x  × Bex t x  dv  + j x  × Bex t x dS  .

V

S

(3.12)
  
The deﬁnition of magnetic scalar potential lacks the free current density J x . Using
the expression for the ﬁctious equivalent magnetic volume current in Equation (2.32),
the expression for the Lorentz force can be written as [64, 91]:



F x = −


V



      

∇ · M x  Bex t x  dV +



         
M x  · n Bex t x  dS  .

(3.13)

S

This expression can be used to calculate the forces between a region with a magnetization and an external magnetic ﬁeld.

Maxwell stress tensor
The Lorentz force equation can be used to calculate the force on a current carrying
wire or an object which magnetization can be described by magnetic volume and/or
surface charges. A more general approach involves the Maxwell stress tensor [65].
The force density and the force on a body are given by
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Figure 3.19: The setup for measurement of the emf of the core with a length of 10 mm

1
∇ · ,
μ



1
∇ ·  x  dv  .
F=
μ


f =

(3.14)
(3.15)

V

In these equations μ is the magnetic permeability of the medium where the integration
takes place and  is the Maxwell stress tensor. The Maxwell stress tensor is a matrix
and given by
⎛
=⎝

B 2x − 12 |B|2
B y Bx
Bz B x




Bx B y
B 2y − 12 |B|2
Bz B y

⎞

B x Bz




B y Bz
Bz2

−

1
2
2 |B|



⎠.

(3.16)

The Divergence theorem can be used to rewrite the volume integral into a surface
integral [65]:
 
 x  · nds .

  
1
F x =
μ

(3.17)

S
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Figure 3.20: emf of a single core with a width of (a) 10 mm, (b) 26 mm

Virtual work
The virtual work method is based on the gradient of the mechanical energy in the
system. The method is the most general of the three mentioned methods, since it is not
exclusively compatible with the electromagnetic domain but also with the mechanical
electrical and thermal domains. The method is based on the principle of conservation
of energy.
Consider a lossless system to which an energy Win is added. Part of this energy is
converted into mechanical energy Wmech and a part is stored in the system as electromagnetic energy Wem . The conservation of energy gives the energy balance of this
system
dWin = dWmech + dWem .

(3.18)

in the case that there is no energy added to the lossless system, the total of mechanical
and electromagnetic energy in the system is constant. Hence, the force can be written
as


F = ∇Wmech = −∇Wem .

(3.19)


The potential energy of a magnetized body in an external ﬁeld H ex t is given by



Wex t = −μ0



M · H ex t d v.

(3.20)

V

The force on the magnetized body is along the gradient of the magnetic ﬁeld





F = ∇μ0
V
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M · H ex t d v.

(3.21)
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3.6.2

Force between two cuboidal permanent magnets

The interaction between magnetic ﬁelds result in forces. The magnetic ﬁelds can be
generated by magnets and by coils. Hence , the magnetic ﬁelds of several magnets
results in forces between these magnets. Consider two permanent magnets in free
space, shown in Figure 3.21. Magnet m1 with dimensions a1 × b1 × c1 and magnet m2
with dimensions a2 × b2 × c2 with a distance between the centers of these magnets of

x = (α, β, γ).
2a I I
2a I

II

I
α

2c I

2c I I

β

γ

zI
xI

yI

2b I

2b I I

xII
yI I

zI I

Figure 3.21: Dimensions of both magnets and the distance between their centers

The expression for the interaction force between magnets with parallel magnetization
is proposed in [12]. The analytical equations for the interaction force between two
magnets with magnetization along the z-axis were obtained using the virtual work
method:
 

F = −∇W x ,
   
 
σm1 σm2
dxd ydX dY,
W x =
4πμ0 r
!
r = (α + X − x)2 + (β + Y − y)2 + γ2 .

(3.22)
(3.23)
(3.24)

Alternatively the force can be calculated using Lorentz force as described in [97],
which results in the same expression.
The magnetic surface charge densities of the two magnets σm1 and σm2 account for
the relative permeability of the permanent magnet and are obtained using the method
presented in Section 2.2.1. The resulting analytical expressions for the interaction
force between the magnets have the form of
1 
1 
1 
1 
1 
1
   B r1 B r2 

F x =
(−1)k+l+m+n+p+q ζ (u, v, w) .
4πμ0 k=0 l=0 m=0 n=0 p=0 q=0


(3.25)
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Figure 3.22: Test-setup used to measure the force between two magnets

In this equation B r1 and B r2 are the remanent ﬂux density of the permanent magnets


along the z-axis. The intermediate variable ζ is an analytical function obtained in [12]
and is given by

1 2
uv
1
v − w2 log (r − u) + uv log (r − v) + vw arctan
+ ru,
2
rw
2

1 2
uv
1
2
ζy =
u − w log (r − v) + uv log (r − u) + uw arctan
+ r v,
2
rw
2
uv
ζz = −uw log (r − u) − vw log (r − v) + uv arctan
− rw
rw
ζx =

(3.26)
(3.27)
(3.28)

for the force in the x-, y-, or z direction, respectively.
These intermediate variables depend on the dimensions and distance between the two
magnets, which are accounted for in the intermediate variables:
u = α − (−1)k a1 + (−1)l a2 ,
w = γ − (−1) p c1 + (−1)q c2 ,

v = β − (−1)m b1 + (−1)n b2 ,
"
r = u2 + v 2 + w2 .

(3.29)
(3.30)

To validate the performance of the analytic model which accounts for the relative
permeability of the magnet described above, the results are compared with the FEM
model and experiments. The test setup is shown in Fig. 3.22. The ﬁgure shows that
one of the magnets is attached to a linear machine and is moved horizontally along
the x-axis, while the other magnet is at a ﬁxed position and moved manually.
The dimensions and magnetization of the setup are given in Table 3.1. The relative
permeability of the magnets is μ r = 1.03 and the remanent ﬂux density B r = 1.23 T.
Fig. 3.23 shows the results of the analytical model with accounting for the relative
permeability of the magnet, FEM model and measurements.
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Table 3.1: Dimensions of the measured permanent magnets
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10 mm
26 mm
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14 mm
26 mm
10 mm
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α
β
γ

0 mm
-8 mm
15 mm

Figure 3.23: Results for the force between two magnets obtained by the improved surface charge model, 3-D FEM, and measurements

The obtained maximum values for the force in the x-direction at position x = 0 mm
are 29.97 N for the charge model, 30.29 N for the FEM-model and 31.23 N for the
measurements. This means that the results of the analytical model at peak force deviate only 0.86% from the results obtained by FEM and 4.03% from the measurements.
The FEM model deviates 3.01% from the measurements at peak force. In comparison,
the analytical model which neglects the relative permeability gives a force in the xdirection at position 0 mm of 30.85 N. This is a 1.85% difference with the FEM model
and 1.22% with the measurements.

3.6.3

Force between a magnet array and a salient iron structure

The presence of iron in the vicinity of magnetic ﬁeld sources changes the magnetic
ﬁeld distribution. For a system consisting of an iron u-core and a magnet array with
back iron, the presence of the iron u-core is modeled with the mirroring of magnetic
charges as is explained in Section 3.2.1, or using a variable charge distribution as in
Section 3.2.2. Hence, the effect of neglecting ﬂux focussing due to the ﬁnite length is
visible as the difference in force obtained by the two methods.
A schematic 3-D view of the system is shown in Figure 3.24, where the dimensions
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Figure 3.24: Schematic 3-D view of the considered salient iron structure and magnet
array

of the TFM are indicated in Figure B.6. The core has a length of 2l m = 10mm or
2l m = 26mm, illustrated in Figure 3.25. The inside height of the legs is hcin = 54mm
and the distance between the legs is w cin = 28mm. The magnets used in the magnet
array all have a width of 2w m = 26mm, a length of 2l m = 26mm, and a height of
2hm = 10mm. The remanent ﬂux density of the magnets is B r = 1.23T and the
relative permeability is μ r = 1.03. The length of the back iron is l i = 170mm and the
width is w i = 80mm. The spacing along the y-axis of the magnet array is g m = 10mm
and the air gap length is g = 6mm.

lc

z
x

y

2l m

(a) l m : 26 mm, l c : 10 mm

lc

z
x

y

2l m

(b) l m : 26 mm, l c : 26 mm

Figure 3.25: The side-view of the two considered TFM topologies for the force calculations

For the force calculation, the expressions of Section 3.6.2 are used. The force is calculated between the magnetic ﬁeld of the magnets in the magnet array and the images
representing the iron u-core. The calculated force is shown in Figure 3.26 and Figure 3.27 and is compared with measurements and FEM results.
The results for the charge model using the method of imaging in Figure 3.26(a)
show an accurate prediction the force in the y-direction, whereas the results in Figure 3.26(b) for the TFM with the wider core are less accurate. The most deviation in
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Figure 3.26: The force between the magnet array and the u-core of the TFM obtained
using the method of images, FEM and measurements (a) in the y-direction
with 2l m : 26 mm, l c : 10 mm, (b) in the y-direction with 2l m : 26 mm, l c :
26 mm

the obtained force occurs at positions where two neighboring magnets are partially
covered by the u-core. This deviation is due to the fact that the method of imaging is
only used for charges underneath the boundary. Surface charges near this boundary
but not covered by the boundary due to the ﬁnite length of the boundary are not taken
into account. Hence, the magnetic ﬁeld solution obtained with the charge model and
method of images does not take ﬂux focussing towards iron structures in account. This
is the main cause for the error in the predicted force.
The results in Figure 3.26(a) show a low prediction of the force in the y-direction
for the variable charge method, whereas the results in Figure 3.26(b) for the TFM
with the wider core are highly accurate. The variable charge method includes the ﬂux
focussing towards the iron core in the surface charge distribution. This results in a
much more accurate result for the force in the y-direction on the wide core.
The results in Figure 3.27 show a more accurate solution for the variable charge
method, compared to the method of imaging. The shape of the force in the z-direction
is in agreement with 3-D FEM and measurements for both core widths. There is a
difference in amplitude due to the discretization in surface charge density and the
number of iterations for the calculation of these surface charges.
The charge model using the method of images shows deviation in the shape of the
obtained force due to the fact of not modeling ﬂux focussing towards the iron core.
This is especially visible in Figure 3.27(b), where the peaks and troughs are opposite
to the peaks and troughs in the results obtained with FEM and measurements.
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Figure 3.27: The force between the magnet array and the u-core of the TFM obtained
using the method of images, FEM and measurements, (a) in the z-direction
with 2l m : 26 mm, l c : 10 mm, (b) in the z-direction with 2l m : 26 mm, l c :
26 mm

3.6.4

Propulsion force in a transverse ﬂux machine

The propulsion force is determined using the principle of Lorentz force. In order to obtain the Lorentz force the alternative coil layout modeled by current sheets presented
in Section 3.3.1 is used.
The coil is represented by four (red) current sheets with current along the x-axis,
shown in Figure 3.13. The current sheets span an entire pole pitch of the machine,
covering the magnets generating the desired ﬂux linking the coil and the magnets
counteracting this ﬂux linkage, illustrated in Figure 3.16. Integration of the magnetic
ﬂux density over these surfaces results in the ﬂux through the stator core linking the
coil.
The propulsion force of the TFM is calculated by:





F=



J × BdS

(3.31)

S


in which S is the surface of a current sheet, J is the current density on the current

sheet and B is the magnetic ﬂux density in the air gap on the current sheet due to the
permanent magnets.
In order to prove that the alternative coil layout for the Lorentz force has a physical
meaning, it is compared to the force obtained by the virtual work method. The Lorentz
force expression can be rewritten into the expression of the force obtained by the
virtual work method for coreless motors [32]. The alternative coil layout implemented
66

3.6 Force calculation
by current densities under the teeth can be considered coreless, as the coil is now
modeled below the teeth instead of between the teeth.
The magnetic ﬂux density on the current sheets along the z-axis over a period of two
pole pitches can be expressed as a Fourier series of sines and cosines:
Bz =

∞
∞ 

m=0 n=0

in which ω x,n =
by:

Fy =







+ bm,n cos ω x,n x  + x sin ω y,m y  + y






+ cm,n sin ω x,n x  + x cos ω y,m y  + y






+dm,n sin ω x,n x  + x sin ω y,m y  + y
,

nπ
2w m

∞ 
∞ 

m=0 n=0

=







am,n cos ω x,n x  + x cos ω y,m y  + y

and ω y,m =

τp



mπ
τp .

The Lorentz force on the current sheets is given
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∞
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(3.32)
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J x · Bz dx  d y 

−wm
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− cos ω y,m y bm,n cos ω x,n x + dm,n sin ω x,n x






+ sin ω y,m y am,n cos ω x,n x + cm,n sin ω x,n x
.

m=0 n=0





(3.33)

The virtual work method calculates the force based on the current and change in ﬂux
linkage from the permanent magnets:


F = I∇Ψ pm .

(3.34)

The differentiation of the ﬂux linkage can be approximated by taking the difference
between two positions divided by the displacement:

Ψ pm y +
∂
Ψ pm ( y) ≈ lim
Δ y→0
∂y

Δy
2




− Ψ pm y −

Δy

Δy
2


.

(3.35)

The current sheets in the TFM model are displaced by a pole pitch. Assuming that the
displacement between the two positions for the calculated ﬂux linkage is Δ y = τ p
results in the positions y1 = y − Δ y/2 and y2 = y + Δ y/2. The force obtained by
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virtual work can be expressed as:
F y =I

Ψ pm ( y2 ) − Ψ pm ( y1 )
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(3.36)

Hence, the obtained force with the virtual work method is twice the force obtained
with the Lorentz force calculation in Equation (3.33). However, the force calculated
in Equation (3.33) is obtained for one side of the stator core, whereas the virtual work
method calculates force based on the ﬂux linkage of the total core. When the Lorentz
force of the other side of the core is also taken into account, both methods result in the
same calculated force. Therefore, it can be concluded that the Lorentz force calculated
by the alternative coil layout is the force obtained by the virtual work method using
a displacement of a pole pitch Δ y = τ p . The effect of this large displacement on the
accuracy of the force prediction is underestimation of the peak value of the force. The
difference between two peak values of the ﬂux linkage divided by a pole pitch is lower
than the maximum value of the derivative of the ﬂux linkage.
The total propulsion force, including commutation, of the TFM is calculated for a
commutated sinusoidal current. Both cores have a single phase coil of 100 turns. The
sinusoidal current has an amplitude of 5A and is commutated to the position of the
mover in such way that the current is zero when a magnet and tooth are aligned. The
setup used for measurements on the propulsion force is described in Appendix B.3.
The obtained results for the alignment force with the sinusoidal current are shown in
Figure 3.28. The propulsion force calculated with the charge model using the method
of images for the core with a length of 2l m = 10 mm is much lower than the results
obtained with FEM and from the measurements, shown in Figure 3.28(a). This is
due to the absence of ﬂux focussing. The amplitude of the ﬂux density in the air
gap for the position of maximum force is around 65% of the amplitude obtained with
FEM. This leads to a much lower ﬂux linkage and force. For the core with a length of
2l m = 26 mm the results of the charge model with the method of images and variable
charge are in good agreement with the results obtained with FEM and measurements.
This is shown in Figure 3.28(b).

3.6.5

Total force

The total force along the y-axis is obtained by summation of the force between magnets and salient iron and the propulsion force. The accuracy of the obtained total force
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Figure 3.28: Propulsion force of the TFM excited with sinusoidal current (a) 2l m : 26
mm, l c : 10 mm (b) 2l m : 26 mm, l c : 26 mm

for the TFM depends on the accuracy of the calculated cogging force. The calculated
force for the core with a length of l c = 10 mm, shown in Figure 3.29(a), is accurate
despite the large error made in the calculation of the propulsion force due to the dominant cogging force. The large error made in the calculation of the cogging force for
the core with a length of l c = 26 mm leads to a large error in the total force, as is
shown in Figure 3.29(b).

3.7

Synchronous inductance

One of the design challenges of a TFM is to obtain a reasonable power factor. TFMs
are known to have high torque density at the expense of a low power factor. This low
power factor in the TFM is caused by the high amount of ﬂux leakage in the machine,
hence a high synchronous inductance. The synchronous inductance of a machine is the
inductance seen by the power source. Thus, by calculating the synchronous inductance
for a TFM design, the power factor of the machine can be calculated. This can be used
to ﬁnd a design with a good balance between torque density and power factor.
For the calculation of the synchronous inductance of the TFM the ﬂux through the
core due to the current in the coil is needed. The magnetic charge model does not
include the modeling of current. Hence, a different modeling technique needs to be
employed.
The synchronous inductance of the TFM can be calculated using the magnetic ﬂux
density in the air gap. The synchronous inductance is the self inductance plus the
mutual inductance. However, as the phases of the TFM are assumed to be uncoupled,
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Figure 3.29: Total force of the TFM along the y-axis (a) 2l m : 26 mm, l c : 10 mm (b)
2l m : 26 mm, l c : 26 mm

the mutual inductance can be neglected.
The self inductance is the summation of the magnetizing inductance with the leakage
inductances.

3.7.1

Magnetizing inductance
Direct air gap path

Lateral air gap path

Stator U-core

Rotor core

z
x

y

z
x

y

Figure 3.30: Side view of the U-core indicating the direct and lateral ﬂux paths

The magnetizing inductance indicates how much ﬂux crosses the air gap as a function
of the current in the winding. The ﬂux crosses the air gap in a direct path and a lateral
path. The contribution of the lateral path to the ﬂux crossing the air gap is negligible.
Both paths are illustrated in Figure 3.30.
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The equation for the magnetizing inductance is given as
#
 dS
N B
Lm =

S

I ph

,

(3.37)

 is the magnetic ﬂux density due to
in which N is the number of turns of the coil, B
 , S the surface over which B
 is integrated and I ph is the phase
the current in the coil, B
current in the coil. The magnetic ﬂux density in the air gap due to the current in the
coil can be calculated using ﬂux tubes or the model described in Section 3.3.2.

3.7.2

Leakage inductance
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Figure 3.31: Top view of the U-core indicating the direct and lateral ﬂux leakage paths

The leakage inductance can be obtained from the two main ﬂux leakage paths [182]:
the direct leakage path and the lateral leakage path, both illustrated in Figure 3.31.
The direct leakage is determined by calculating the equivalent permeance between
the two stator teeth under the assumption that the MMF increases linearly along the
height of the coil, which is illustrated in Figure 3.32. The ﬂux density as a function of
the height along the coil is given by:
$h c
N Ih $$
,
B(h) =μ0 H = μ0
hc w c $h=0

(3.38)

in which Nt is the number of turns of the coil, I is the current through the coil, hc
is the height of the coil and w c is the width of the coil. The tips of the teeth have a
constant MMF difference between the bottom of the coil and the bottom of the teeth.
Therefore, the magnetic ﬂux density between the tips of the teeth is constant. This
magnetic ﬂux density an be expressed as
$h t
N I $$
,
μ0
w c $h=h

(3.39)

c
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Figure 3.32: Side view of the U-core indicating the MMF over the slot along the height
of the stator teeth

in which h t = hc + hss is the total height of the tooth of the U-core.
The inductance and permeance of the direct leakage path can be calculated from the
magnetic ﬂux density by:

L d ir =N 2 Pdir

l t wc
=
μ0 I 2

h t
B 2 (h) dh

(3.40)

0

l t wc 2 N 2 I 2
=
μ
μ0 I 2 0 h2c w2c

hc
0

l t wc 2 N 2 I 2
h2 dh +
μ
μ0 I 2 0 w2c

dh

(3.41)

hc

l t μ0 N
l t μ0 N
hc +
(h t − hc ) .
3w c
wc
2

2

=

ht

(3.42)

The permeance of the lateral path can be calculated in a similar way and is given
by:
L lat =N 2 Pl at =

 


πw t
μ0 N 2
2
h t − hc ln 1 +
π
3
wc

(3.43)

The synchronous inductance can be calculated by
Ls = L m + L dir + 2L l at .

(3.44)

The obtained values for the synchronous inductance of the two cores are given in
Table 3.2.
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Table 3.2: Obtained synchronous inductance for two cores of the TFM

Core length
10 mm
26 mm

Analytically
7.0623 · 10−4 H
10.99 · 10−4 H

FEM
9.421 · 10−4 H
12.526 · 10−4 H
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Application to a hydropower generator

Part

II

This part of the thesis focusses on the application of the transverse flux machine.
First, an overview of the different forms of hydropower is given and possible applications within the Netherlands are identified. Second, the different types of transverse flux machines are discussed and the key properties are given. Finally, the
specifications for a small-scale prototype are derived and the analytical modeling framework derived in Part I is used to design the prototype. The performance
is verified by means of both linear and nonlinear 3-D FEM, and measurements.
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Types of hydropower
Hydropower generation in the Netherlands

This chapter gives an overview on hydropower, i.e. a sustainable manner to extract power from water. As such, a direct-drive hydropower solution that is capable to operate at variable speed is selected, and possible hydropower applications within the Netherlands are identified.

Introduction to hydropower
Hydropower is the commonly used term for the extraction of energy from water to
perform useful actions. Energy may be present in the water as kinetic energy in the
form of water ﬂow, and potential energy by means of head, i.e. the difference in
height along the trajectory of the water. Hydropower has been used since the times
of the ancient Greeks. The ﬁrst turbines to extract power from a water ﬂow are socalled water wheels. Depending on the available head, water wheels were constructed
in such way that they use the kinetic, using an undershot water wheel, or potential
energy of the water, using an overshot water wheel. The earliest evidence indicating
the use of hydropower dates back to possibly the ﬁrst half of the third century BC for
a horizontal-wheeled mill in Byzantium, Turkey and possibly 240 BC for a verticalwheeled mill in Alexandria, Egypt [176].
From the 20th century on the term hydropower is mainly used to refer to hydro-electric
power, generation of electricity by using the energy available in water. Water makes
up 70% of the earth’s surface. Hence, hydropower has a vast potential in fulﬁlling the
energy demand.

4.1

Types of hydropower

The energy in water is stored in different forms. It is partly stored as kinetic energy (waves and currents), potential energy (height differences), thermal energy and
chemical energy. Numerous techniques to extract this energy from the water have been
developed, or are being developed. The potential and kinetic energy can be harvested
using a variety of turbines and/or generators. The energy present in water currents
can be extracted using conventional turbines, whereas the energy present in waves is
being extracted using a wide variety of experimental designs. Thermal energy can be
extracted using a heat engine at locations where large differences in temperature are
present [116, 133]. Chemical energy can be extracted by cultivating biomass for electricity generation [158] or using salinity gradients to generate electricity by osmosis
[116, 147].
Numerous sites with an attractive kinetic energy density in the form of waves and
tidal currents can be found along the European coast. Furthermore, marine and tidal
current energy has the potential to play a major role in the electricity market [31, 122].
The most attractive features are the predictable nature and substantial resource along
the coast. The tide causing the tidal currents is caused by gravitational attraction of
the moon and sun with the earth’s oceans and occurs in highly predictable patterns.
Although the currents generally move slowly, water has a density which is 800 times
greater than air. Hence, a current of 2 m/s corresponds to the energy density at a
wind speed of 18 m/s. Wind turbines are economically viable at energy densities of
8 to 10 m/s [34], which is a lower energy density than what is considered for marine
turbines [181].
In comparison with other forms of renewable energy such as wind turbines and photo78
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voltaic, the utilization of hydropower turbines is already very high [61]. Although that
cost effective, lower capacity hydropower turbines would further increases their utilization [46]. These costs are characterized by high initial capital costs and low operating costs. Further, the high utilization of hydropower turbines allows for higher costs
per unit power than other forms of renewable energy while still being economically viable. However, reliability remains a key requisite for hydropower systems. Compared
to domestic, or easily reachable, renewable energy systems, access for maintenance
is usually limited and costly. In offshore wind turbines reliability and efﬁciency is increased by using direct drive systems [156], as the gearbox is most prone to failure
[145]. Therefore, this thesis will research a direct-drive hydropower solution that is
capable to operate at variable speed.

4.1.1

Wave energy

Many wave energy converters have been developed over the years. Over 1000 of
these prototypes have been constructed worldwide and these devices can be classiﬁed
in three categories [117]: Oscillating water columns, overtopping devices, and wave
activated bodies.

Oscillating water columns
Oscillating water columns (OWC) exploit a pressure differential to generate electric
energy. Waves cause the water column to rise and fall, which alternately compresses
and depressurize an air column. The energy is extracted from the resulting oscillating
air ﬂow by using a Wells turbine [163]. There are land based and sea based varieties
of OWCs. An example of a land based OWC is shown in Figure 4.1.
air chamber
turbine

air ﬂow

wave movement

Figure 4.1: An oscillating water column
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Overtopping devices
Overtopping devices (OTD) use a ﬂow of water to generate electricity. Ocean waves
are elevated into a reservoir above the sea level, which stores the water and increases
its potential energy. The water is fed back in the ocean through a turbine. The energy
is extracted by using the difference in water level between the reservoir and the sea
[63, 168]. The operating principle is illustrated in Figure 4.2.
overtopping
reservoir

turbine

turbine outlet

Figure 4.2: An example of an overtopping device

Wave activated bodies
Wave activated bodies (WAB) can be subdivided in four categories: pressure differential, oscillating wave surge, attenuator and point absorber. Examples of these devices
are shown in Figure 4.3.
The pressure difference WAB uses the Archemedes effect to generate an oscillatory
motion. The crest of a wave increases the water pressure on the air inside of the
device, moving the device down. A through lowers the pressure on the air in the
device, resulting in an upward motion [139].
Oscillating wave surge devices oscillate with the circular motion of the water due to
the waves. The devices are positioned perpendicular to the wave direction, moving
backwards and forward due to the impact of the waves [36].

Figure 4.3: Wave activated bodies, from left to right: a device using pressure differential, oscillating wave surge, attenuator, and a point absorber

80

4.1 Types of hydropower
Attenuator devices ﬂoat on the water surface parallel to the waves. The devices are
usually long and consist of multiple sections. The sections are hinged and rotate relative to each other due to the amplitude of the waves. The movements of these sections
along the length of the device are used to generate power [85, 104].
Point absorbers also ﬂoat on the water surface. In contrast to attenuators, point absorbers convert the motion of the single body along a single axis into electric energy
[111]. However, they harvest energy from all directions with their movement at the
water surface.

4.1.2

Energy in water ﬂows

Energy in water ﬂows is not only present as kinetic energy, the velocity of the water, but also in the form of potential energy, the height difference along the trajectory
of the ﬂow. The design of hydropower turbines used to extract this energy from the
water ﬂow depends on the site where the turbine is placed. The main difference in
the operation of the turbines is determined by the presence of structural works which
conﬁne the ﬂow of water. Structural works enable the turbine to use the potential energy of the water by increasing the available head and to locally increase the velocity
of the water ﬂow. The structural works enable the conversion of a large part of the
energy present in the water, albeit at relatively high construction costs. Therefore, hydropower turbines without structural worksto conﬁne the water ﬂow, i.e. less capital
costs, aim to convert the kinetic energy present in the water. However, in general, only
a limited part of the energy in the water can be converted into electrical energy.

Conﬁned ﬂow of water
Turbines for a conﬁned ﬂow of water are selected based on the available head. Impulse
turbines are used for situations with a high head (>50m), whereas reaction turbines
are used for medium (10-50) to low head (<10m) [60].
Impulse turbines
Impulse turbines like the Pelton turbine are suited for applications where the water
obtains a very high speed as it drops. The water is directed onto the Pelton wheel by
nozzles onto the spoon-shaped buckets, also known as impulse blades. This is shown
in Figure 4.4. The Pelton wheel extracts the energy of the impulse of the water by
changing the direction of the water ﬂow as it hits the bucket and exits decelerated to
a low velocity.
Reaction turbines
Reaction turbines are used in situations where the water obtains a lower velocity than
is the case for the Pelton turbine. The lower water velocity is compensated for by using
a higher ﬂow rate of the water. The reaction turbines extract energy by changing the
pressure of the ﬂow as it passes through the turbine rotor blades. The turbine must be
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Valve adjusters

Runner

Penstock
Nozzles

Figure 4.4: A Pelton wheel turbine, [169]

encaged to contain the water pressure. For medium head the Francis turbine, shown in
Figure 4.5(a), is commonly used, whereas the Kaplan turbine, shown in Figure 4.5(b),
is used for sites with low head.

Free ﬂow
Free ﬂow turbines are placed in an unrestricted water ﬂow. Hence, these turbines cannot use head to extract energy from water. Only the kinetic energy can be used. The
kinetic energy is proportional to the square of the water velocity. The turbines require
water with a high velocity of preferably 1.3 − 1.5 m/s and more, with a minimum
of 0.8 − 1.0 m/s [73]. The turbine designs are reaction turbines, but many experimental varieties exist in an effort to gain maximum efﬁciency in the local situation
[100]. Maintenance on a submerged systems is more difﬁcult than maintenance on
systems in the structural works. Therefore, reliability and maintenance-free operation
is more important and direct drive solutions and permanent magnet generators are
more common than in the case of the turbines in the structural works. These free-ﬂow
turbine designs can be grouped in three major categories: axial ﬂow turbines, cross
ﬂow turbines and oscillating devices.
Axial ﬂow turbines
Axial ﬂow turbines are reaction turbines, extracting energy from the water by changing
the pressure of the ﬂow as it passes through the turbine rotor blades. The water ﬂows
along the axial direction of the turbine rotor. Due to the absence of constructions
blocking alternative paths of water ﬂow this change in pressure is low. However, the
change in pressure can be increased by adding a venturi duct. This added venturi
duct reduces tip losses on the turbine blades [103]. An example of a turbine with and
without a duct is illustrated in Figure 4.6. Examples of the axial ﬂow turbines can be
found in [47, 54, 121, 135, 153].
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Guide vanes
Penstock
Runner
Draft tube

(a)

Wicket gate
Propellor
Penstock
Draft tube
(b)

Figure 4.5: Two reaction turbines: (a) Francis turbine, [169], (b) Kaplan turbine, [169]

(a)

(b)

Figure 4.6: Two axial ﬂow turbines: (a) turbine without duct, (b) turbine with duct

Cross ﬂow turbines
Cross ﬂow turbines are reaction turbines where the water ﬂow is perpendicular to
the axis of the turbine rotor. Two examples are the Darrieus turbine and the Gorlov
turbine. The Gorlov turbine has a higher efﬁciency than the axial ﬂow turbines. The
higher efﬁciency can be explained from contributions of both the front and the back
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(a)

(b)

Figure 4.7: Two cross ﬂow turbines: (a) Gorlov turbine, (b) Darrieus turbine

parts of the cross ﬂow turbine to the power output [71]. Examples of cross ﬂow
turbines are [50, 51, 134, 172].

Oscillating devices

(a)

(b)

Figure 4.8: Two oscillating turbines: (a) Turbine using the principle of lift, (b) Turbine
inducing vortexes

Oscillating devices are aiming to harvest energy from shallow [102] or slow water
ﬂows [28]. Electricity is generated from the linear motion of the device. The linear
motion is induced by using the principle of lift [30] and [102], or by inducing vortexes
[28]. The main advantage of oscillating devices over rotating devices is that its rectangular extraction plane allows to scale up the rated power by simply increasing the
turbine hydrofoil span, whereas for rotating turbines this span is equal to the height
of the turbine.
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4.2 Hydropower generation in the Netherlands
Hydropower is generally accepted as an effective form of renewable energy. In Scandinavian countries a large proportion of energy originates from hydropower (Norway
95.3% in 2010 [138]). In the Netherlands only a small portion (0.09%) of the total
electricity originates from conventional hydropower generated by turbines in dams
[42]. Alternative techniques, such as extracting energy from saline gradients (Blue
Energy [142]), tidal energy (C-Energy project in Borsele [22] and Tocardo in the Oosterschelde [166]) are less mature, and applied on experimental basis.
The potential for hydropower generation in the Netherlands is investigated in [2, 3,
5, 6]. Two situations are distinguished: run-of-river and tidal hydropower.

4.2.1

Run-of-river

In the Netherlands the generation of energy out of water ﬂows is only possible on
a small scale. With respect to other countries, there is little drop, i.e. head, in the
watercourses. Further, the rivers in the Netherlands supply a seasonable ﬂuctuating
ﬂow of water. This supply ﬂuctuates with the rain and thawing of snow and ice and
the geographic dispersal of these phenomena. The river Maas is mostly inﬂuenced
by the amount of rain, the Rijn is inﬂuenced by both rain and the thawing of snow
[6].
Run-of-river hydropower installations need a constant ﬂow of water to operate. In
mountainous areas these ﬂuctuations are damped, i.e. energy is stored, by dams.
Reservoirs collect the water and dampen the ﬂuctuations in the water supply. However,
within the Netherlands there are little possibilities to dampen these ﬂuctuations due to
the limited space and difference in height available to collect water. Additionally, the
rivers are used for multiple purposes which makes a combination with hydropower
of some magnitude impossible. Furthermore, due to economic considerations it is,
usually, not desirable to install capacity which is rarely used, although it can be used
to stabilize the grid in certain circumstances. At large ﬂow rates the layout of the Dutch
waterways is such that all the obstacles, e.g. dams, should be removed or bypassed
[6]. Hence, at large ﬂow rates it is impossible to extract energy from the river ﬂow
as the structural works with the hydropower plant are bypassed. Besides, at high
ﬂow rates there is a lot of sediment in the water which leads to sedimentation in the
turbine, inlet and outlet channels, hence wear of the turbine.
Another important aspect is the effect of hydropower turbines on the ﬁsh migration
and mortality. Fish mortality not only depends on species, but also on the type of
turbine. The high efﬁciency turbines which use head to create an under pressure or
turbines which operate at high speeds are, usually, ﬁsh unfriendly. Fish which are
hit by turbine blades can get fatally injured. Manufacturers of turbines conducted
research on adjustments to lower ﬁsh mortality with some success. Measures can be
taken to divert the ﬁsh from the turbine inﬂow. Fish ladders can be used to divert
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upstream and downstream ﬁsh migration. However, naturally, the water ﬂow over
the ﬁsh ladders is at the expense of the ﬂow through the turbines. Low speed turbines
without under pressure are in general more ﬁsh friendly, but less efﬁcient. However,
some favorable exceptions exist, such as the VLH-turbine which claims a nearly 80%
efﬁciency [62, 113].
In general, large investments in necessary constructions, like dams, will signiﬁcantly
increase the kWh-price of electricity generated by hydropower, making hydropower
generation, within the Netherlands, only a competitive option at high energy prices
or when dams are already required due to other constraints.
However, many structural works are already present in Dutch rivers and can possibly
provide suited locations for hydro power generation. These locations are investigated
in [6]. The advantages of using the structural works are that most of the civil structure
needed already exists and that hydro power and shipping are not at cross-purposes.
Furthermore, since every structural work has energy demands, there is also a possibility to feed energy into the grid. However, for large amounts of power a new
connection to the grid may be necessary and should be accounted for in the costs of
the project.
Existing run-of-river hydropower plants in the Netherlands are located at:
• Lith at the river Maas; The hydropower plant has a capacity of: 14 MW
• Linne at the river Maas; The hydropower plant has a capacity of: 11.5 MW
• Maurik at the river Nederrijn; The hydropower plant has a capacity of: 10 MW
• Hagestein at the river Lek; The hydropower plant has a capacity of: 1.8 MW
• Roermond at the river Roer; The hydropower plant has a capacity of: 0.2 MW
• Gramsbergen at the river Vecht; The hydropower plant has a capacity of: 0.1
MW
Potential sites for run-of-river hydropower plants are:
• The barrages in the river Maas near Borgharen, Roermond, Belfeld, Sambeek,
and Grave.
• The barrages in the river Nederrijn near Driel and Hagestein.
• The drainage sluices and ﬂood barriers Afsluitdijksluices, and Haringvlietsluice
• The locks with a ﬂow rate > 5 m3 /s near Wijk bij Duurstede, Tiel Bosscherveld,
Born, and Maasbracht
• Bridges over the Oude Maas, Noord, Dordtsche Kil, Waal, and Grensmaas
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4.2.2

Tidal Energy

Besides the river discharge, there is a second source for energy from a water ﬂow: the
tides along the coast and estuaries. This source is highly predictable, but more difﬁcult
to augment than a river. As a result of this, the available head for energy generated
from tides are limited. Furthermore, energy generation is only possible during certain
periods of the day. Two forms of energy can be harvested from the tides of the sea:
potential energy and kinetic energy.

Potential energy
Potential energy from tides is present from the difference between high and low tide.
This energy can be harvested by ﬁlling a basin during high tide and emptying it during
low tide through a turbine [14]. Due to the low difference of 5 meters in water level
between high and low tide, the potential for energy from tidal differences is very low
in the Netherlands. Furthermore, most of the places suitable for this form of energy
generation are in a busy waterway [5]. This severely restricts the possibilities for the
construction of a needed basin or barrage.
Kinetic energy
Kinetic energy from tides is present in the ﬂow of the water due to the change in tides.
In order to generate sufﬁcient power, the cut-in ﬂow speed for a water turbine is 0.7
m/s. With a lower speed it is not possible to use the turbine for power generation.
Actually, to generate a reasonable amount of power, a minimal ﬂow speed of 1 m/s
is required [73]. The study on the Westerschelde showed that although most of the
locations which meet this criterion are in the shipping lane and therefore not suitable,
there are still locations which can be used and for which the cost price is lower than
the price of wind energy [3]. Furthermore, generators can be placed in one of the
barrages of the Netherlands. These barrages increase the speed of the water ﬂow and
lower the civil costs of constructing a tidal power plant [5], however they affect the
tidal range and thus the ecosystem [2].
Potential sites are:
• Closure dams without run-off from rivers: the Brouwersdam, Lauwersmeer and
Oosterscheldekering
• Closure dams with run-off from rivers: Afsluitdijk and Haringvlietdam
• Polders: Westerschelde and Eems-Dollard estuary
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Types of transverse flux machines
Key properties of transverse flux machines

Transverse flux machines are introduced, where this class of machines is further
divided into subcategories with their individual characteristics. The key properties
of the transverse flux machine class are introduced, and design guidelines are
provided for the design of such machines.

Transverse flux machines
The term Transverse Flux (TF) is introduced in 1986 by Weh [175]. The term is used
in a later paper to deﬁne the class of Transverse Flux Machines (TFM) in the following
way [173]:

Q

‘ Here the magnetic ﬂux closes itself mainly in a direction transverse to the
direction of motion. From this the term “transverse ﬂux” (TF) machine is
derived. ’

In conventional machines, ﬂux crosses the air gap orthogonally to the rotor and, the
majority of the ﬂux in the stator follows a path in the same direction, i.e. circumferential, as the rotor movement. As in conventional machines, the ﬂux in the TFM crosses
the air gap orthogonally to the rotor, but the majority of the ﬂux follows a path through
the stator core transverse to the movement of the rotor. Here, the circumferential ﬂux
due to fringing and leakage should be kept to a minimum. An alternative deﬁnition
of a TFM is given by Weh in [174], where he states that the force producing magnetic
circuit is positioned in a plane orthogonal to the motion direction:

Q

‘ Zur Erzeugung von Kräften zwischen elektrischen Strömen und beweglich
angeordneten Permanent-magneten lassen sich Magnetkreise mit Flußrichtung quer zur Bewegungsrichtung verwenden. ’

Although both deﬁnitions of Weh separate the transverse ﬂux machine from other
machine classiﬁcations, more distinguishing properties are also identiﬁed in literature.
For example, TFMs all have three-dimensional ﬂux ﬂows [130, 160]. In contrast to
most conventional machines, the TFM phases are independent of each other [130, 143,
177]. The majority of the three phase TFMs have positioned the individual phases
next to each other on the same axis, while some machines have a circumferential
distribution of phases. All of these conﬁgurations have in common that the magnetic
circuits of the phases are not coupled.
Hence, a transverse ﬂux machine can be deﬁned as a machine which has:
• the main ﬂux ﬂow transverse to the direction of rotor motion
• a three-dimensional ﬂux ﬂow
• no coupling between different phases

5.1

Types of transverse flux machines

Within the class of transverse ﬂux machines, there are different design conﬁgurations.
The earliest designs of a TFM, patented in the end of the 19th century [131] and
beginning of the 20th century [15], were induction machines. Although they may
still be used today for special applications [69], most of the designs use permanent
magnets to increase torque density.
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The designs employing permanent magnets can be categorized in different types with
their own merits and demerits. An overview of the different permanent magnet TFM
types is given in Figure 5.1. The properties of each type are brieﬂy discussed in the
subsections and a 3-D sketch of the machine topology is provided. As stated in the
previous section, TFMs have little to no coupling between phases. Hence, the different
types of magnetic circuit arrangements are discussed for a single phase design. The
discussion of multi-phase designs is limited to different possibilities of positioning of
the phases within the stator.
Single
phase
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Figure 5.1: Schematic representation of the different types of TFM designs with permanent magnets

5.1.1

Surface mounted magnets

One of the three arrangements of the permanent magnets is surface mounted magnets
on the rotor. The machines using surface mounted magnets can be further divided into
single sided or double sided use of the rotor, commonly referred to a single sided transverse ﬂux machine or double sided transverse ﬂux machine, respectively. In contrast to
the double sided transverse ﬂux machine, which always needs to employ ﬂux bridges
to close the magnetic circuit, the single sided topology may use ﬂux bridges, but it is
not required. The utilization of these ﬂux bridges does not affect the achievable power
density [83].

Single sided without ﬂux bridge
The single sided transverse ﬂux machine without ﬂux bridges is the simplest arrangement of all the TFMs as shown in Figure 5.2. A single coil is wound peripherally. The
ﬂux produced by the current in the coil is guided by the stator cores, which are placed
over the coil. On the rotor side, the back iron guides the ﬂux from one row of magnets
to the other in the axial direction. The stator cores are only placed over every other
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rotor pole, resulting in ﬂux linkage of the other magnets with the core counteracting
the torque production [21].
It is preferable that the core dimension in the peripheral direction is equal to the
magnet in order to minimize leakage [21]. Furthermore, an outer rotor conﬁguration
should be used in order to obtain the highest torque density [80]. The rotor height
is lower than the stator height, resulting in a lower machine volume for the same air
gap circumference and torque of the motor.

Stator core
Coil

Permanent magnets
Rotor backiron
Figure 5.2: Single sided transverse ﬂux machine without ﬂux bridges

Single sided with ﬂux bridge
The single sided transverse ﬂux machine with ﬂux bridges is shown in Figure 5.3. In
contrast to the single sided machine without ﬂux bridges the rotor back iron does not
need to be a single solid part. The magnet ﬂux which is not linked to a stator pole
uses the ﬂux bridge as a path between the two rows of magnets. This prevents that
the leakage ﬂux from these magnets counteracts the linked ﬂux and thereby would
lower the performance of the machine. However, this reduced magnet ﬂux leakage
due to the ﬂux bridges comes with a few disadvantages: The space for the winding
is reduced by the presence of the ﬂux bridge, leading to a reduced stator excitation
MMF [16] and higher current densities [83]. Furthermore, the ﬂux bridge provides
an additional leakage path for the ﬂux in the adjacent stator cores.

Coil

Stator core

Flux bridge

Permanent magnets
Rotor backiron
Figure 5.3: Single sided transverse ﬂux machine with ﬂux bridges
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Z-TFM
Both the previously discussed single sided transverse ﬂux machines only employ half
of the magnets for torque production at any given time. The other half is not used or
even counteracting the machine performance due to leakage. Svante von Zweygbergk
patented a conﬁguration which uses all the magnets for torque production while at
the same time [186]. The machine is named after him, called the Zweygbergks transverse ﬂux machine or Z-TFM. The utilization of all the magnets provides a magnetic
circuit with less magnet ﬂux leakage. The reduction of magnet ﬂux leakage leads to
a higher torque density and increased power factor [19]. However, it is reported that
the machine only produces 10% of the calculated torque. Investigation showed that
this was due to signiﬁcant armature ﬂux leakage.

Coil

Stator core
Coil

Rotor iron
Permanent magnets

Permanent magnets

Figure 5.4: Two cross-sections of the Z-TFM to show the stator core conﬁguration

Double sided
An alternative layout to employ all the magnets in the machine is to use two stators,
one on each side of the rotor. Flux bridges are placed between the stator cores in
order to provide a return path for the magnetic ﬂux. The double sided structure of
the machine uses all of the magnets at any given time, increasing the performance of
the machine compared to a single sided design by a factor two [174]. However, the
machine is difﬁcult to construct and tends to be mechanically weaker.
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Coil

Stator core

Flux bridge

Permanent magnets

Figure 5.5: Double sided transverse ﬂux machine

5.1.2

Flux concentrating structures

The inset magnets in the ﬂux concentration setup allow a signiﬁcant increase in the
air gap ﬂux density, as the magnetic ﬂux is concentrated to a ﬂux path with a smaller
cross-section than the magnet. The air gap ﬂux density can rise above the remanent
ﬂux density of the permanent magnets used in the magnetic circuit [157]. The ﬂux
concentrated design has a 20 to 50% higher speciﬁc torque than the surface magnet
design [82]. This increase in performance is obtained by the extra degree of freedom
in design by the steel rotor components. It allows for optimization of the dimensions
of rotor poles and teeth independently of the shape and size of the magnets [81].
Furthermore, the power factor of ﬂux concentrating topologies is higher compared to
surface mounted topologies [82, 183].

Single sided
The single sided ﬂux concentrating setup only uses half of the magnets at each time,
requiring ﬂux bridges to close the magnetic circuit. The advantage of a ﬂux concentration conﬁguration using inset magnets is an increase in performance and reduction of
active material over the surface mounted magnet conﬁguration. However, inset magnets make assembly of the rotor more complex than surface mounted magnets. The
usage of a toothed rotor construction can be used to increase the mechanical stability
in case of a rotating machine [57].
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Coil

Stator core

Flux bridge
Rotor core

Permanent magnets

Figure 5.6: Single sided transverse ﬂux switching machine

Claw pole
The claw pole TFM topology tries to combine the simplicity of the single sided topology
with the increased power density of the double sided TFM [132]. This stator arrangement uses all the magnets in the rotor, while there is only one stator. However, the stator also provides a short circuit part for the magnetic ﬂux. This limits the performance
of the machine [55, 126]. Further, the complex geometry of the claw pole machine
presents a challenge during manufacturing. One stator core has to link two magnets,
resulting in a shape which is not conﬁned to a 2-D surface. The shape is unsuitable
for laminations, hence a soft magnetic composite (SMC) material is most often used
for the core [74]. The lower relative permeability of this material can be compensated
for by the use of lower no-load ﬂux densities and larger core volumes.

Coil

Rotor core

Stator core

Permanent magnets

Figure 5.7: Claw pole transverse ﬂux switching machine

Double sided
The double sided ﬂux concentrating topology uses all the permanent magnets at any
given time [173]. This gives a better performance in terms of force density [21]. In
contrast to the claw pole design, the soft magnetic parts can be built using laminations,
as the shape is deﬁned in a 2-D plane [87].
However, the structure of the moving magnets tends to be mechanically weak. The
machine in [20] used the inset magnets design to obtain a transverse ﬂux machine with
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a minimum of ﬂux leakage. However, the design suffered from mechanical instability
due to the complex construction [161]. Very limited space is available for retaining
the magnets and ﬂux concentrators [58].

Coil

Rotor core

Stator core

Permanent magnets

Figure 5.8: Double sided transverse ﬂux switching machine

5.1.3

Flux switching structures

The ﬂux switching topology differs from the previous mentioned topologies by locating
all the MMF sources on the stator of the machine. The rotor has a salient structure
and is designed to switch the permanent magnet ﬂux clockwise or counter-clockwise
around the coil, depending on the position of the rotor poles. The ﬂux switching
conﬁguration combines the high power density of transverse ﬂux permanent magnets
machines with the mechanical robustness of the rotor of transverse ﬂux reluctance
machines [84]. The ﬂux switching conﬁguration has a better utilization of space for
the magnetic circuit than a surface mounted permanent magnet topology [178]. The
selection of suitable stator material depends on the amount of magnets used at any
time, as is the case for the ﬂux concentrating topologies. Core parts of laminated steel
can be used for a topology which uses 50% of the magnets at any time [179], while
soft magnetic composite is needed for a topology which uses all the magnets at any
time [11].
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Coil

Permanent magnets
Rotor core

Stator core

Figure 5.9: Single sided transverse ﬂux switching machine

5.1.4

Multi phase

The TFM is in principle a single-phase machine. However, in order to obtain a selfstarting machine and achieve “smooth” performance a multiple of phases is advantageous. These multi-phase topologies can be realized by using transposed segments of
a single phase machine. These segments can be arranged in two ways: axial or circumferential. Segmentation in axial direction means that three identical single phase
machines are placed on the same shaft. These machines are shifted in such way that
a balanced 3 phase motor is obtained [68, 155]. This arrangement is shown in Figure 5.10(a). The alternative is to use segmentation in the circumferential direction
of the machine, illustrated in Figure 5.10(b). In this case the three phases act on the
same rotor, making the machine more compact in the axial direction. However, two
disadvantages of a sector wise distribution of phases must be taken into account. Only
speciﬁc number of poles in the rotor can be used, such that a balanced mechanical shift
between the segments is obtained [27]. Furthermore, each phase has to be divided
into at least two segments, such that balanced mechanical stresses in the machine are
obtained. The axially stacked variant is preferable in terms of active material weight,
whereas the sector wise stacked variant results in smaller amount of magnetic material
and thus costs [21].
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(a)

(b)

Figure 5.10: Multi phase TFM topologies; (a) Axial multi phase, (b) Circumferential
multi phase

5.2 Key properties of transverse flux machines
5.2.1

Power density

The different types of transverse ﬂux machines all have their own advantages and
disadvantages, as discussed in the previous section, as has the whole class of transverse
ﬂux machine compared to other classes of (synchronous) machines. The most wellknown advantage of the transverse ﬂux machine is the high power density of the
machine. In contrast to other types of machines, transverse ﬂux machines have an
electric circuit that is decoupled from the magnetic circuit [21, 44, 99, 175]. This
decoupling means that the current loading and magnetic loading of the transverse
ﬂux machine can be set independently. The magnetic loading is set by the magnet size
and stator cores in the circumferential direction, while the MMF is set by the width of
the coils in the axial direction. This makes small pole pitches possible. In the other
machine types the stator cores and coils are competing for the available space, thus
cannot be set independently.
This independence between pole pitch and coil width has another advantage that leads
to the increase in power density: the torque of the machine increases with number
of poles [88, 125, 174, 180]. Consider a stator of a machine without ﬂux leakage.
Doubling the number of poles while keeping dimensions in the axial direction ﬁxed
reduces the magnet ﬂux per pole to 50%, as both the length of the magnet and teeth
is reduced by 50%. However, the magnet ﬂux linking the winding does not change.
Furthermore, the coil dimensions are not affected and thereby the number of turns
and current in the coil. The doubling of the number of poles increases the rate of
change of the ﬂux by a factor two, thereby doubling the power and torque. Although
that care needs to be taken, since increasing the number of poles can also lead to large
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leakage ﬂux.

5.2.2

Winding

The decoupling between the electric and magnetic circuit results in the possibility
to use coils with larger cross-sections and favorable slot shapes to reduce slot leakage [175]. For rectangular slots, a square slot shape gives the minimum slot leakage
[143].
The layout of the stator core results in an efﬁcient winding [125, 174, 175]. The
toroidal shape of the winding follows the shortest path in the machine, resulting in
the lowest copper losses. In comparison with conventional machines it could be said
that there is no end winding in the TFM. However, the winding passes through air
between the stator core segments. These sections of the winding do not link with the
ﬂux in the stator cores nor contribute to the emf. However, they do contribute to the
winding leakage inductance and length of the wire, thus resistive losses. Therefore,
the winding in between stator cores may be considered an end winding [21].

5.2.3

Power factor

The advantages are met by the main disadvantage of the TFM, being the low power
factor. The low power factor of the TFM is caused by the large armature inductance
[120]. The segmented nature of the stator core results in a considerable amount of
armature current-exited ﬂux leakage components. The isolated stator core pieces (Ucores and ﬂux bridges) cause large ﬂux leakage and fringing ﬂux in between these
pieces, which are not present in conventional machines. This ﬂux originate from the
sides of the stator core pieces facing air [21]. These leakage paths are fully 3-D and
contribute greatly to the armature inductance [119]. Accurate 3-D modeling is, therefore, needed to correctly estimate the leakage paths, otherwise the armature inductance is easily underestimated [130]. The advantage of an increase in power proportional to the increase in pole number is only valid if ﬂux leakage is neglected, since
this is proportional to the number of poles. Since the power factor is related to the ﬂux
leakage within the machine, an increase in pole number will result in a decrease in
power factor. Hence, the power factor of the machine can be improved at the expense
of power density [21, 44].
The usual low power factor of a transverse ﬂux machine requires an inverter with a
higher power rating than for conventional machines. A higher power rating means
extra system costs, which are expected to be two or three times higher than for conventional machines [21].

5.2.4

Saturation

The ﬂux leakage and fringing result not only in a low power factor, but may also result
in saturation of the stator core [81]. The power factor for a non-saturated machine
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can be given by cos ϕ = cos [arctan (I X /E)]. Besides the high magnetic loading due
to high energy rare earth permanent magnets [125, 174], the ﬂux in the magnetic
circuit produced by the stator windings is much larger for a machine with a low power
factor. Hence, saturation in the magnetic circuit is dominated by the ﬂux produced by
the windings. This is the opposite of what usually occurs in conventional machines
[82].

5.2.5

Eﬃciency

The transverse ﬂux machine is an efﬁcient machine with little conduction losses due
to the short windings [123]. However, the high current and magnetic loading of the
machine pose a risk for the efﬁciency, especially for machines with a high speciﬁc
torque. The designs which exhibit the highest speciﬁc torque tend to have a high
number of poles. This produces a high operating frequency of the magnetic ﬁeld and
associated core losses, resulting in a loss of efﬁciency. This makes the machine more
suited for medium and low speed applications when iron laminations are used for the
magnetic core [81].
The use of soft magnetic composite (SMC) material for the magnetic core may be advantageous in case of a high operating frequency. Soft magnetic composite material is
formed by compacting and bonding iron powder particles. These particles are coated
with an electrically insulated layer. Hence, there is little conduction between the particles. Although eddy-currents can exist in individual particles, the material tends to
have much lower eddy current losses than laminated steels [90, 127]. However, for
low operating frequencies the magnetic losses are dominated by hysteresis, which is
higher for the SMC material than for laminated steels due to the particle deformation
during compacting [137].
Besides the lower eddy current losses, SMC material has another advantage. The
powdered nature gives the material isotropic magnetic properties [74]. This allows
the design of magnetic circuits with 3-D ﬂux paths in a single core element, as the
constraints on the magnetic ﬂux paths imposed by the usage of laminated steels can
be ignored. This allows the use of complex shapes to achieve high motor performance
and full usage of the permanent magnet material, as is the case in for example a claw
pole transverse ﬂux machine [55].
The drawback of the SMC material is the much lower permeability in comparison with
laminated steel sheets. Thus, a lot more ampere turns are required in order to obtain
similar performance to the same magnetic circuit produced from laminated steels.
Furthermore, the material saturates at a lower ﬂux density. Replacing the laminated
steel core by SMC will result in a poorer performance. SMC material would be appropriate for motors in which the reluctance of the permanent magnets is dominant
in the magnetic circuit. This reduces the effect of the permeability of the core on the
performance of the machine [90].
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Verification of the performance

The chosen application for the transverse flux machine is introduced and the corresponding design requirements are derived. The design methodology for the
transverse flux machine is introduced, and the obtained design is presented.

Design and testing of a TFM
This chapter describes the design of the transverse ﬂux machine using the models
as presented in Chapter 3. This design procedure starts by calculating the performance of the linear equivalent of a single magnetic period of the TFM, which is used
to derive the ﬂux linkage due to the permanent magnets within this 3-D structure.
Consequently, this ﬂux linkage is used, in combination with the constraints on power
factor and current density, to calculate the coil dimensions. Following this single segment performance, a full rotary TFM is evaluated. The ﬁnal machine dimensions are
obtained from the number of segment and rotary equivalent of the linear segment dimensions. The inﬂuence of using a linear segment on the performance of the rotary
design is investigated with 3-D FEM. Finally, the full TFM design is presented and the
performance and losses are calculated.

6.1

Design specifications

The ﬁrst stage of making a machine design is the formulation of design speciﬁcations
and constraints. These machine speciﬁcations should represent the selected benchmark application and consider all the geometrical or physical limitations.

6.1.1

Benchmark application

The benchmark application for the TFM, presented in this thesis, is its application for
a hydro power generation. Section 4.2 provided an overview of possibilities for hydro
power generation within The Netherlands. Although several hydro power generation stations have been identiﬁed, most of the applications for kinetic energy power
generation and tidal power generation are using experimental setups of which little information is available. Hence, in this thesis, the benchmark application for the
transverse ﬂux machine design is the hydro power plant at Alphen aan de Maas, of
which more information is available due to the cooperation of the owner of the station,
Nuon.
The hydro power plant in Alphen aan de Maas has the largest installed capacity within
the Netherlands. This hydro power plant is located to the top right of the complex
shown in Figure 6.1 next to the barrage. The plant consists of 4 turbines each driving
their own generator via a gearbox. The speciﬁcations of the turbine and generators
are given in Table 6.1. To extract energy from water, during the heavily ﬂuctuating
water ﬂow, Kaplan-Rohr turbines are used that have adjustable blades and wicket
gates. This allows the turbines to operate at a ﬁxed speed of 88 rpm. The number
of turbines in operation depends on the available ﬂow and head. This ensures highly
efﬁcient operation over a range in head and ﬂow of 1.5m to 4.5m and 50 m3 /s to 118
m3 /s per turbine, respectively. The turbine-generator sets are individually set to an
operating point at which maximum system efﬁciency is achieved within the efﬁciency
boundaries of the ﬁxed speed synchronous generator and Kaplan-Rohr turbine.
The advantages of replacing the electrically excited synchronous generators by perma102
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Figure 6.1: The benchmark hydro power plant and the barrage in the Maas near Alphen
aan de Maas

nent magnet synchronous generators is the increase in efﬁciency of 94% to 96–98%
at full load and further increase at partial load, a 25% reduction in weight and no
need for an external power source [35]. The drawbacks are that the phase voltage
cannot be controlled with the rotor excitation current, requiring either a strong grid,
with ﬁxed voltage and frequency, and damper windings in the rotor or a full-scale
power converter for operation in the grid, and the increased costs of the generator
due to the presence of rare-earth materials. The application of damper windings has
major disadvantages in generator operation and the rotors are complicated to design
and manufacture. Furthermore, the synchronous torque has to be low compared to
the torque produced by the damper windings in order to have line-start capability and
the emf of a generator with damper windings is generally very low [101]. Although
the solution with the full-scale power converter is more complex, it has the beneﬁts of
controllability of the voltage and reactive power supplied to the grid. The generator
can operate at variable frequency or speed that suits the conditions best. Additionally,
it has a better fault ride-through capability as it can absorb or provide a large amount
of reactive power. The generator is not subjected to grid faults, as the generator is
decoupled form the grid [79].
Opting for a direct drive solution eliminates the gearbox in the system with its losses
of at least 1% per stage at full load, resulting in a higher efﬁciency and reliability
[49, 140].
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Table 6.1: Speciﬁcations of the hydro power plant in Alphen aan de Maas

Turbine type
Flow rate per turbine [m3 /s]
Maximum water ﬂow rate [m3 /s]
Maximum head [m]
Turbine nominal speed [rpm]
Turbine operating speed [rpm]
Turbine nominal power [MW]
Generator type
Generator rotor speed [rpm]
Nominal voltage [V]
Nominal current [A]
Nominal power [kW]
Nominal power factor [-]

6.1.2

Kaplan-Rohr bulb turbines
25 - 120
450
4.4
93.33
88
3.50
Electrically exited synchronous generator
750
10700
200
3340
0.9

Requirements

Considering a mix of speciﬁcations from the benchmark application aided by practical
considerations, the desired nominal speed and power factor of the system have been
determined. To ensure maximum efﬁciency at the operating speed of 88 rpm, a direct
drive generator topology would have the highest efﬁciency, though also the largest
volume. The required power factor by the grid code [23] for generators connected to
the grid varies from a minimum of cos ϕ = 0.8 for a connection to the high voltage
(≥ 110 kV) grid to a minimum of cos ϕ = 0.9 for a connection to the low voltage
grid (≤ 1 kV). Therefore, the constraint on power factor of the prototype is set to a
minimum of cos ϕ = 0.95, to obtain a prototype design that meets these minimum
requirements of the grid code for both low and high voltage. In literature, the issue
of low power factor is mentioned and addressed during the design. This results in
designs with a maximum power factor of 0.6 [161] up to 0.7 [17]. These are, to the
best of the author’s knowledge, the transverse ﬂux machine designs with the highest
power factor.
Within this thesis, the practical considerations mostly apply to a realistic prototype
size within the project budget and available lab equipment. The output power of
the prototype is set to 1 kW at 90 rpm, which results in a shaft torque of 106.1 Nm.
Furthermore, the RMS supply voltage of the machine is limited to 380 V line-to-line,
and the fundamental electrical frequency is limited to 300 Hz. In order to eliminate
the need for active cooling, the maximum current density in the winding is set to
5 A/mm2 . The peak magnetic ﬂux density in the iron cores is limited to 1.6 T to
avoid saturation, since this would lead to an increase in ﬂux leakage which ultimately
reduces the power factor.
To conﬁne the design space, the magnet dimensions are bound to a minimum length
and width of 1 mm and a maximum beyond which the air gap ﬂux density does not
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increase. The magnet height is limited to 0.0025 ≤ hm ≤ 0.007 m. The lower magnet
height boundary is chosen such that the magnet might be partially demagnetized,
where an increase in magnet height beyond the upper boundary increases air gap
ﬂux density at considerably material cost. The gap between the magnets along the yaxis, g m , is constrained to a minimum distance of 0.2 mm, respectively. This magnet
gap is needed for gluing the magnets to the rotor iron. The maximum distance is set
to a value for which the average magnetic ﬂux density in the air gap is signiﬁcantly
reduced [106]. For this maximum value of g m it should be possible to achieve the
same performance with a smaller machine. The minimum height and the width of the
slot lead to slot dimensions where the required MMF is not obtained. The maximum
leads to a machine with a too large MMF. Taking into account that the magnetic ﬂux
density generated by magnets is much higher than a coil of the same volume meeting
the current density constraint, the optimization of the TFM should not lead to a coil
of maximum size.
An overview of the resulting requirements is given in Table 6.2.
Table 6.2: Design requirements for the TFM prototype

description
Angular speed
Power factor
Power
Torque
Maximum peak supply phase voltage
Maximum frequency
Maximum current density
Maximum magnetic ﬂux density in iron core
Minimum magnet height
Minimum magnet length
Minimum magnet width
Maximum magnet height
Maximum magnet length
Maximum magnet width

parameter
cos ϕ
P
T
V
f
J
Bcore
2hm
2l m
2w m
2hm
2l m
2w m

value
90
0.95
1
106
325
300
5
1.6
5
1
1
14
40
40

unit
[rpm]
[kW]
[Nm]
[V]
[Hz]
[A/mm2 ]
[T]
mm
mm
mm
mm
mm
mm

6.2 Transverse flux machine
6.2.1

Topology

A surface mounted permanent magnet rotor conﬁguration has been chosen to demonstrate the potential of the TFM to have a high power factor. Further, the surface
mounted conﬁguration results in the highest torque/Ampere and allows commutation to be performed at zero current angle [136]. The stator consists of U-cores combined with ﬂux bridges, which virtually eliminates the permanent magnet leakage ﬂux
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linkage in the stator [16, 53]. However, it normally does increase the ﬂux leakage between stator poles and limits the winding volume in the radial direction. Due to the
required high power factor of the demonstrator design, the limitation on winding volume is not a highly restrictive property in the design, albeit more important for future
applications. A beneﬁt of the reduced permanent magnet ﬂux leakage is that more
ﬂux reaches the back of the U-core and links with the coil. This results in higher ﬂux
linkage [160] and a higher emf [81]. Especially for TFMs designed to have a high
power factor it is key to maximize the permanent magnet ﬂux linkage, as the magnet
ﬂux should be considerately be larger than the coil ﬂux. In case of the desired power
factor of cos ϕ = 0.95 it is more than 3 times larger.

6.3 Design criteria and strategy
The transverse ﬂux machine consists of a number of periodic segments, where each
segment equally contributes to the machine performance. Therefore, the total machine design can be limited to a single segment. Based on the performance of such a
segment, the number of segments required to meet the performance requirements is
determined. Finally, the dimensions of the total machine are obtained from the design
of the segment and the required number of segments. The optimization objective is
to obtain a TFM design with a power factor of at least 0.95, which also satisﬁes the
other constraints. The procedure for obtaining a design of a TFM segment that meets
this requirement starts by calculating the power factor and thereby the ratio between
the magnet ﬂux and coil ﬂux. The magnet dimensions of the TFM are varied in a
parameter sweep and the corresponding ﬂux linkage due to the permanent magnet is
calculated. The corresponding ﬂux due to the current in the coil can be determined
from the required power factor. The current induced ﬂux is used to calculate the dimensions of the coil. The reluctance of the TFM as seen by the coil is calculated from
the parameter sweep over the magnet array dimensions. With the obtained reluctance
and the maximum allowable ﬂux, the MMF can be calculated. Using the total MMF
required and the speciﬁed current density, the height of the coil is calculated for a
parameter sweep over the width of the coil. The obtained six dimensions of the TFM
segments and the required number of segments are used to determine the dimensions
of the full machine.
The parameter sweep over 5 variables results in the same number of machine designs
as there are steps. The machine designs that satisfy the constraint on the power factor,
have been checked for the other constraints. Finally, the machine design with the
lowest total volume which satisﬁes the imposed constraints can be selected from the
designs obtained by the parameter sweep.
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6.4 Volume optimization
The volume optimization of the TFM is performed by means of a parameter sweep over
the key parameters. Some key parameters of the TFM are identiﬁed in [33, 86]: the
magnet height hm , length l m , width w m , and mechanical air gap g m . Two additional
key parameters are the coil height hc and width w c , respectively. These key parameters
are illustrated in Figure B.7. The TFM power factor depends on the ratio of magnet
and coil ﬂux. Hence, one of the key parameters is a driven dimension depending on
the power factor and the other parameters. The magnetic charge method of the TFM
is used during this sweep to calculate the magnetic ﬁeld due to the magnets in the
air gap. The performance of the TFM is determined using current sheets to determine
the ﬂux linkage in combination with the current in the coil to determine the Lorentz
force. The height of the coil is selected as the driven dimension, as this parameter does
not have any inﬂuence on the size of the air gap and the magnetic ﬂux distribution in
the air gap due to the magnets. It can be varied without inﬂuence on the ﬂux due to
the permanent magnets and chosen to match the required power factor. Following the
calculation of the coil height, the Lorentz force of a single segment of the TFM is calculated. Based on this force, the number of segments needed to meet the requirements
is obtained and the machine dimensions can be calculated. The three steps of magnet
ﬂux linkage, coil ﬂux, and machine dimensions calculation, are explained in the following sections. Subsequently the parameter sweep is described and the inﬂuence of
the key parameters on the resulting machine volume is shown.

6.4.1

Magnet ﬂux linkage

The ﬂux through the core is considered to link the coil. The ﬂux considered to go
through the core is calculated using current sheets, as is explained in Section 3.3.1.
However, the dimensions of these current sheets are changed due to the added ﬂux
bridges in the stator and thereby changed ﬂux pattern in the air gap. The added
ﬂux bridge provides a path of low reluctance for the ﬂux of the magnets not used to
produce ﬂux through the U-core, linking the coil. This path prevents ﬂux from these
magnets to counteract the ﬂux linking the coil. Hence, the ﬂux surfaces can be limited
in length to span −τ p /2 to τ p /2, so they only include the ﬂux linking the coil. This is
illustrated in Figure 6.2.
The magnet ﬂux in the core is calculated from the ﬂux density in the air gap. Integrating the vertical component of the ﬂux density under one tooth results in the net ﬂux
passing to the other side of the TFM. Furthermore, it can be assumed that this ﬂux
passes through the core, as this path has much less reluctance than any path through
air.
The magnet width along the axial direction has no signiﬁcant inﬂuence on the magnetic ﬁeld in the air gap, provided that the magnets are large enough so that the ﬂux
leakage to itself is minor. Neglecting very small end-effects, the model for calculating
the ﬁeld in the air gap can be constructed in 2-D. A 2-D FEM model is built for the
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Figure 6.2: New deﬁnition of the current sheets for the TFM with short-circuit iron

calculation of the ﬂux in the air gap. The results of the charge model are compared
to the results obtained by FEM. In case the ﬂux linkage calculated by FEM is lower
than calculated by the charge model, the ﬂux linkage obtained by FEM is used for the
performance calculation.
The ﬂux linkage is calculated in both methods by integrating the ﬂux density in the
air gap over two pole pitches, from minus one polepitch to plus one polepitch from
the center of the stator tooth. The ﬂux density in the air gap depends on the following parameters of the TFM: magnet height, magnet length and gap between the
magnets. Hence, the models are solved for parameter sweeps over those parameters.
The obtained magnetic ﬂux density along the y-direction of the TFM is considered to
be constant over the width of the magnet. This results in a quasi 3-D ﬂux density
distribution in the air gap for a parameter sweep over four variables: hm , l m , w m , and
gm.

6.4.2

Coil ﬂux

The maximum allowable ﬂux due the current in the coil can be easily calculated from

the desired power factor, cos ϕ, and the ﬂux linkage, Ψ, due to the ﬁeld of the permanent magnets. For machines without saturation in the iron parts, the phase shift
between the ﬁrst harmonic of the voltage and current, ϕ, can be expressed as


ΦI
ϕ = arctan
.
(6.1)
Φm
Hence, the expression for the maximum ﬂux due to the current in the coil to meet a
required power factor is given by
Φ I = Φm tan (arccos [cos ϕ]) .
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6.4 Volume optimization
This maximum ﬂux in the core due to the current in the coil is used to determine the
coil dimensions. A MEC model is used to calculate the permeance for the leakage ﬂux
and ﬂux crossing the air gap. The maximum MMF and coil dimensions are determined
using the speciﬁed current density, the constructed MEC and the maximum ﬂux due
to the current.

Air gap ﬂux
The reluctance of the iron in the stator U-core and rotor back iron are neglected for the
calculation of the ﬂux crossing the air gap. The reluctance for the ﬂux path through
the air gap and permanent magnet between one tooth of the core and the rotor back
iron including fringing is given by:


h g + 2hm /μ r
Rg = %
(6.3)

 
2 & ,
μ0 2w t 2l t + (2w t + 2l t ) h g + 2hm /μ r + h g + 2hm /μ r
in which 2w t is the tooth width, 2l t the tooth length, h g the height of the air gap, 2hm
the height of the permanent magnet, and μ r the relative permeability of the permanent
magnet. The ﬂux path of the air gap ﬂux due to the current crosses the air gap twice.
Hence, the air gap ﬂux due to the current in the coil can be expressed as:
Φcoil =

F
,
2Rg

(6.4)

in which F is the MMF produced by the current in the coil and R g the air gap reluctance which is introduced above.

Leakage ﬂux
The leakage ﬂux in the TFM has two paths: from one tooth of the U-core directly
to the other tooth, called inter-pole leakage, or a path where the ﬂux goes from one
tooth of the U-core to the ﬂux bridge and back to the other tooth of the U-core, called
inter-core leakage. The inter-pole leakage is described in Section 3.7.2.
Inter-core leakage
The main ﬂux leakage path is between the stator U-core and the ﬂux bridge. The
distance between both cores, g m is inverse proportional to the inter-core leakage ﬂux.
An accurate prediction of the inter-core leakage is key in obtaining an optimum value
for g m . The leakage ﬂux can be split in a direct path and a lateral path, indicated in
Figure 6.3.
The permeance of the direct leakage path can be calculated with the expression for a
ﬂux path including fringing:
 2

+ g m (w t + hss ) + w t · hss
μ0 g m
Pleakdir =
,
(6.5)
gm
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Figure 6.3: Side view of one magnetic period of the TFM indicating the direct and lateral
ﬂux leakage paths between the two stator core types

in which g m is the gap between two adjacent magnets, and 2w t is the width of the
stator tooth. The height of the ﬂux bridge, hss , is chosen to result in a ﬂux density of
1.6 T in the iron and is given by:
hss =

Φm
,
1.6 · 2l m

(6.6)

in which Φm is the ﬂux in the ﬂux bridge due to the permanent magnets. It is assumed
that the ﬂux fringing only takes place along the stator width. The lateral inter-core
leakage paths account for fringing along the height of the stator.
Keeping in mind that the return path of the inter-core leakage is identical to the path
shown in the ﬁgure, it can be seen that the lateral paths have the same shape as is the
case for inter-pole leakage. Hence the expression for the lateral leakage permeance is
given by:


2πw
hc μ0 ln 1 + gm m
Pleaklat,top =
.
(6.7)
3π
It is assumed that this lateral leakage only occurs from the tooth next to the coil.
Hence, the MMF varies linearly over the height, whereas there is a height with constant
MMF for the lateral inter-pole leakage.

Total coil ﬂux
The total permeance seen by the coil is a combination of the permeances of the air
gap and leakage ﬂux paths. The air gap permeance considers the total ﬂux path of
the ﬂux crossing the air gap. The inter-pole leakage ﬂux has three paths: one direct
path and two lateral paths on each side of the core. The inter-core leakage ﬂux has
a direct path and a lateral path. For both permeances the double air gap crossing is
considered. Hence, the total permeance seen by the coil can be expressed as:
Ptotal = Pgap /2 + Pdir + 2Plat + Pleakdir + Pleaklat,in + Pleaklat,top .
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6.4 Volume optimization
The obtained expression for the permeance can be used with the previously determined maximum ﬂux in the core to determine the maximum MMF of the TFM. The
MMF of the TFM is a function of the current density, J, speciﬁed in the constraints,
and the coil height, hc , and width, w c . The expression for the ﬂux in the core as a
function of the TFM parameters can be written as
Φ I =Jhc w c Ptotal
⎛


μ0 4 (hc + hss ) log 1 +
⎝
=Jhc w c
12

2l m π
gm




+ 8 (hc + 3hss ) log 1 +

2w m π
wc



π

+

g m (g + 2hm ) (8 (hc + 3hss ) l m + 3 (g + 2 (2g m + hm + 2hss + l m )) w c )
g m (g + 2hm ) w c
⎞

+

6 ((g + 2hm ) (5g m + 4hss ) + 2g m l m ) w c w m
⎠
g m (g + 2hm ) w c

(6.9)

The expression can be rearranged to obtain a quadratic equation for hc :
⎛ 



 ⎞
2l m π
2πw m
μ
π
+
w
ln
1
+
ln
1
+
2l
+
2w
0
m
c
c
ΦI
gm
wc
⎠
=h2c ⎝
J
3π
+


hc μ0 3g m (g + 2hm ) π (8hss l m + (g + 2 (2g m + hm + 2hss + l m )) w c )
12g m (g + 2hm ) π

+6 ((g + 2hm ) (5g m + 4hss ) + 2g m l m ) πw c w m
 



2l m π
2πw m
+ 4g m (g + 2hm ) hss w c ln 1 +
+ 6 ln 1 +
.
gm
wc

(6.10)

This quadratic formula can be used to determine the value of hc as a function of hm ,
l m , w m , g m and w c .

Synchronous inductance
The synchronous inductance of an electrical machine is a measure of the effective
amount of ﬂux produced by a winding as a function of the current. The ﬂux produced
by the winding in the machine is given by:
ΦI = LI/Nt

(6.11)

in which I is the peak phase current and Nt the number of turns of the winding.
The synchronous inductance of the TFM can be obtained from the total permeance
seen by the coil, the number of magnetic periods or segments, Ns , and the number of
turns:
Lph = Ns Nt2 Ptot .

(6.12)
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6.4.3

Machine dimensions

The dimensions of the section of one magnetic period of the TFM are used to determine the design of the total TFM. To establish the dimensions of the full machine, the
straight segment design needs to be transformed into a cylindrical design. This is done
under the assumption that the dimensions of the resulting machine are large enough,
so that the curvature of a single magnetic period remains small and has a negligible
inﬂuence on the performance of the design. Furthermore, it is assumed that the force
production of a single segment acts on the surface of the magnets adjacent to the air
gap. Thus, the dimensions of the segment are mapped to the outer radius of the rotor
of the total TFM, illustrated in Figure 6.4.

rrot
gm

g
gm

g

(a)

(b)

Figure 6.4: Mapping of the linear structure into a rotary structure

Firstly, the performance of each design, resulting from the parameter sweep given
in Section 6.4, is determined. The propulsion force generated by a single section
is computed using the method described in Section 3.6.4. The number of segments
required to obtain the required torque output of the machine is calculated from the
force of a single segment. The circumference of the rotor can be expressed in terms
of the number of segments. Hence, the radius of the machine can be expressed by the
number of segments:
2τ p n = 2πr.

(6.13)

Using this expression, the torque can be expressed in terms of force and pole pitch of
a single segment and the numbers of segments:
T =nF yl

nτ p
π

.

(6.14)

The required number of segments to reach the minimum required torque is thus given
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by
n=

'
T

req π

F τp

(
,

(6.15)

where Treq is the minimum required torque. The result is rounded up to an integer, as
only an integer number of whole sections can be used to form a machine. The outer
rotor radius, r r ot , and outer machine radius, rout , can be expressed as
rrot =

nτ p

(6.16)

π

rout =rrot + g + hc + 2w m .

(6.17)

The axial length of the machine and the total machine volume are calculated by
laxial =4w m + w c

(6.18)

2
rout
.

(6.19)

vmach =laxial ·

The volume of each of the machine designs in the parameter sweep is calculated. All
the machine designs are designed to meet the requirements on torque, current density and power factor. In order to meet the requirement on frequency, the maximum
number of segments can be determined. The nominal speed of the machine is 90 rpm,
which equals ωm = 3π [rad/s]. The number of magnetic periods in the machine is
equal to the number of segments. Hence, the electric frequency of the machine is
equal to
f =

3n
[Hz].
2

(6.20)

The requirement on maximum ﬂux density in the stator core is checked for both the
ﬂux due to the magnets and ﬂux due to the coil individually. It is assumed that each
ﬂux has a sinusoidal shape as a function of the position. Furthermore, the magnet ﬂux
is maximum when the ﬂux due to the coil is zero and viceversa. The maximum ﬂux
due to the coil is related to the maximum ﬂux due to the magnets by the power factor.
For a power factor of 0.95, the ﬂux due to the coil is 3 times smaller than the ﬂux
due to the magnets. Under the assumption that the angle between both ﬂuxes is 90
degrees, the maximum ﬂux in the core due to both ﬂuxes is 1.044 times the maximum
ﬂux due to the magnets. The ﬂux due to the magnets is calculated in Section 6.4.1
1.6
and should be smaller than Φm ≤ 1.044
to satisfy the constraint on ﬂux density.

6.4.4

Parameter sweep

The performance of the TFM is calculated over a 5 dimensional parameter sweep, of
which four parameters of the magnet array and one parameter of the coil, the width
w c . The second parameter of the coil, height hc , is obtained from the required coil
ﬂux. The 5 parameters of the sweep are listed in Table 6.3 with their corresponding
values.
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Table 6.3: Parameter range during parameter sweep

Parameter
hm [mm]
l m [mm]
w m [mm]
g m [mm]
w c [mm]

6.4.5

Range
2.5, 3, 4, 5, 6, 7
0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20
0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20
0.5, 1, 1.5, 2, 3, 4, 5
4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30

Key performance parameters

The results from the parameter sweep are used to determine the inﬂuence of the parameters on the performance of the design. This inﬂuence is discussed per parameter
below.

Magnet height
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Machine volume [dm3 ]
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Figure 6.5: Isolines of the machine volume as a function of the magnet height and
length

An increase in magnet height leads, up to certain extend, to an increase in ﬂux density in the air gap. However, due to the low permeability of the permanent magnets,
the reluctance of the magnets increases proportionally. Hence, only very limited increase in ﬂux density occurs for large values of hm , as the increasing reluctance of the
magnets starts to dominate the magnetic circuit. Figure 6.5 and 6.6 show no clear optimum for hm , as an increase hm results in a higher ﬂux density in the air gap. Hence,
a further increase in hm beyond the values of the parameter sweep may result in further reduction of the machine volume. However, the increase in permanent magnet
material from a machine with minimum volume for a magnet height of 2hm = 10 mm
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Figure 6.6: Isolines of the machine volume as a function of the magnet height and width

to a machine with minimum volume for a magnet height of 2hm = 14 mm is 54%,
whereas the reduction in machine volume is only 2.8%.

Magnet length
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Figure 6.7: Isolines of the machine volume as a function of the magnet length and width

The magnet length is one of the two parameters determining the cross-section of the
permanent magnet and teeth in the main ﬂux path and thus the main ﬂux. Furthermore, it is proportional related to two of the ﬁve leakage permeances: the direct inter
pole leakage permeance Pdir and the inner inter core leakage permeance Pleakl at,in ,
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which is split into three separate paths. The dominating leakage path in case g m is
small compared to w c is the inter core leakage path. Two of these three leakage paths
are independent of the magnet length. Thus, the magnet length has a minor inﬂuence
on the ﬂux due to the current in the coil.
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Figure 6.8: Isolines of the machine volume as a function of the magnet width and gap
between consecutive magnets
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Figure 6.9: Isolines of the machine volume as a function of the magnet width and coil
width
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The magnet width is the other of the two parameters determining the cross-section of
the permanent magnet and teeth in the main ﬂux path. Thus, proportional to the ﬂux
crossing the air gap. The magnet width is related to the height of the ﬂux bridge, hss ,
described by the relation in Equation (6.6). Hence, the magnet width is proportional
to four of the ﬁve leakage ﬂux paths. The greater inﬂuence of the magnet width on
the coil (leakage) ﬂux can be seen in Figure 6.7. This plot shows a minimum machine
volume for a magnet width smaller than the magnet length. Thus, the width of the
magnet is reduced with respect to the length in order to reduce the leakage ﬂux for a
constant ﬂux due to the permanent magnets.
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Figure 6.10: Isolines of the machine volume as a function of the magnet length and gap
between consecutive magnets

The magnet ﬂux increases linear with the pole pitch for a ﬁxed ratio between magnet
length and magnet gap. However, for small pole pitches the inter pole leakage or stray
ﬂux is increased, reducing the magnet ﬂux more than what can be expected from the
change in area. This effect is shown in Figure 6.10, where a large machine volume for
small values of l m and g m is obtained.

Magnet gap
The magnet gap is the pole pitch minus the magnet length, so the spacing between
two consecutive magnets. During the pole change of the rotor, the magnets are short
circuited by the stator. Furthermore, closely spaced magnets suffer from inter pole
leakage. These phenomena allow a reduction of magnetic material in a pole pitch
without penalty on the volume or performance of the machine. This effect is shown
in Figure 6.8, 6.10, and 6.12, where the minimum volume of the machine occurs at a
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pole clearance larger than zero and increasing with l m .

Coil width
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Figure 6.11: Isolines of the machine volume as a function of the magnet length and coil
width
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Figure 6.12: Isolines of the machine volume as a function of the gap between consecutive magnets and coil width

The coil width and coil length are the two dimensions that determine the MMF of
the coil in combination with the chosen current density. Equation (6.2) gives the
maximum ﬂux from the coil, which can be expressed as a function of the MMF of
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the coil and the permeance seen by the coil, Equation (6.9). The coil width directly
inﬂuences the axial length of the machine and the inter pole leakage permeances of
the stator. An increase in coil width results in an equal increase in axial length. This
results in a much more severe penalty on the machine volume than an increase in
coil height to reach the required MMF. However, an increase in coil width lowers the
inter pole leakage permeances, whereas an increase in coil height increases the inter
pole and inter core leakage permeances. Hence, the increase in coil width lowers the
required MMF at the expense of a greater increase of machine volume. The resulting
coil width and height are a compromise between torque density (machine volume)
and power factor (leakage permeance).

6.4.6

Relation between power factor and torque density

Figure 6.13: Power factor versus torque density

The relation between the required power factor of the machine and the machine volume is shown in Figure 6.13. The resulting machine volume of the design that satisﬁes
the constraints on the number of poles and ﬂux density in the teeth as a function of
the power factor is indicated in blue. Remarkably, this line indicates a minimum volume of the machine for a power factor between 0.6 & 0.8. For lower power factors,
the machine volume increases, considering the constrained analysis (blue line). This
increase in volume is due to the constraint on ﬂux density in the teeth. The teeth
are assumed to have the same length and width as the permanent magnets. With a
power factor lower than cos ϕ = 0.53, the coil ﬂux is more than 1.6 T, which is about
1.6 times larger than the magnet ﬂux, respectively. For the chosen air gap length of
g = 1 mm, the maximum magnet ﬂux in the teeth of the U-core is approximately 1 T.
Hence, for power factors below cos ϕ = 0.53, the magnet dimensions are chosen small
enough to reduce the maximum ﬂux density crossing the air gap while the ﬂux density
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due to the coil remains at the limit of 1.6 T. The decrease in magnet ﬂux reduces the
torque density and thus increases the required volume of the machine. The effect of
neglecting the maximum ﬂux density in the teeth of the U-core is indicated by the red
line. The torque density of the machine can be increased at the expense of reduction
in power factor [68]. However, the charge model of the TFM does not account for
saturation of the iron parts, which may reduce the torque density.

6.4.7

Number of turns

The winding in the machine is simple and consists of a single coil. The design results
in a volume for the coil and a speciﬁed current density. The number of turns can be
determined without having inﬂuence on the performance of the machine. The total
phase voltage of the machine, Vph can be calculated from

Vph =



eph + Rph iph

2


2
+ ωLph iph ,

(6.21)

in which eph is the emf per phase, Lph is the synchronous inductance, iph is the phase
current, and Rph is the phase resistance of the coil.
For the calculation of the emf, the TFM design with the smallest volume that satisﬁes
the constraints is considered. The emf of a segment of a single magnetic period is
calculated with the charge model of the TFM and compared with the results obtained
with 3-D FEM.
The emf calculated with the charge model is ephst = 0.06 V per segment per turn. The
phase emf is obtained by multiplying with the number of segments, Ns , and number
of turns, Nt , resulting in an emf of epht = 2.10 V.
The synchronous inductance per segment can be calculated from the total permeance
for the coil ﬂux which is determined in Section 6.4.2. The total permeance of the
ﬁnal design is Ptot = 1.0486 · 10−7 H. Hence, the synchronous inductance per turn is
Lpht = 3.6702 · 10−6 H.
The resistance of the coil is given by

ρcu Nt 2π rrot + g + hss +
lc
Rph =ρcu
=
k
Ac
(hc wc ) ﬁll

hc
2


(6.22)

Nt

=Nt2 Rpht ,

(6.23)

with the coil cross section area Ac , and the length of a single turn l c determined at the
average radius of the coil. The resistivity of the copper, ρcu , is temperature dependent.
The resistivity of the copper is set to ρcu = 2.073 · 10−8 Ωm, which corresponds to a
temperature of the copper of 80◦ C. The phase resistance per turn of the winding for a
constant winding volume is given by Rpht = 446 · 10−6 μΩ.
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By recognizing that the required current through the winding is inversely proportional
to the number of turns of the winding, the phase voltage can be expressed as


2 
2
Vph =Nt Vpht = Nt
(6.24)
epht + Rpht ipht + ωLpht ipht ,
in which epht is the phase emf for a winding with a single turn, Ipht is the current
for a winding with a single turn, Lpht is the synchronous inductance of the machine
for a single turn, and Rpht is the resistance of the winding with a single turn. The
phase voltage can be expressed as a function of the number of turns by Vph = Nt ·
2.5412 V.
The number of turns is chosen as Nt = 100. This gives a phase voltage of Vph = 254 V
and results in a effective slot ﬁll factor of 0.61 for a wire diameter of 1.1mm, with an
effective copper diameter of 1.0 mm.

6.4.8

Material selection

The performance and size of the TFM depends on the properties of the selected materials. The choice of iron inﬂuences the permeability of the core and the value of
magnetic ﬂux density where saturation in the iron occurs. Furthermore, the material
properties and thickness of the laminations inﬂuence the magnetic losses in the rotor
and stator core. The permanent magnet material inﬂuences the permeability of the
magnet, the remanence and coercivity. These properties inﬂuence the magnetization
of the magnets. The conductivity of the permanent magnet material is proportional
to the losses in the permanent magnets.
The high magnetic loading in the machine requires a core material of high permeability, even at high ﬂux densities. For the iron laminations of the machine, M270-35A
is selected as the material. M270-35A has a high saturation limit with low magnetic
losses per kilogram [48]. The saturation limit is set to 1.6 T, respectively. The TFM
is designed to operate with ﬂux densities below this saturation limit in order to avoid
additional leakage and as a consequence a reduction in power factor.
In order to obtain a high power factor for the machine design, a high magnetic loading is required. A high magnetic loading in combination with an appropriate electric
loading to meet the constraint on power factor reduces the volume required to obtain
a speciﬁed output torque. In order to achieve a high magnetic loading, the permanent magnets on the mover are made from rare-earth materials. Typically, Neodiumiron-boron magnets have the highest remanence in the order of 1.2 − 1.4 T. For the
magnets, N42UH material is selected [18].

6.5

Final design

The design of the full machine is based on the parameters of the design with the lowest
machine volume for a magnet height of 2hm = 10 mm. As said in Section 6.4.5 further
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increase of the magnet height results in a volume reduction of 2.8% at the expense of
54% more permanent magnet material. The dimensions of the ﬁnal design are listed
in Table 6.5.
Table 6.4: Performance of a single segment of the obtained TFM design

Parameter
cos ϕ
em fpeak [V]
Vpeak [V]
Ipeak [A]
f [Hz]
F yalign [N]

6.5.1

Charge model
0.95
6.39
7.65
6.44
52.5
12.71

Linear 3-D FEM
0.96
5.45
7.54
6.44
52.5
14.56

Nonlinear 3-D FEM
0.96
5.78
7.32
6.44
52.5
15.45

Performance

The performance of a single segment of the TFM is calculated with the charge model,
linear 3-D FEM and nonlinear 3-D FEM. The charge model uses the magnetic properties of the selected N42UH material for the permanent magnets to calculate the
magnetization. This magnetization is also used in the linear FEM model in combination with a relative permeability of μ r = 1000 for the iron parts. The nonlinear
FEM model accounts for the operating points of the iron parts and permanent magnets. The obtained values of propulsion force, phase voltage, emf and power factor
are listed in Table 6.6. The resulting emf waveform and propulsion force are shown
in Figure 6.14. The charge model obtains results which have a similar proﬁle as the
results obtained with FEM. The difference between the linear FEM model and the
charge model is 14.7% for the emf and 12.7% for the propulsion force. The difference
with nonlinear FEM model is 9.6% for the emf and 17.7% for the propulsion force.
The difference in calculated force between the linear and nonlinear 3-D FEM model
indicates that the assumed relative permeability of μ r = 1000, corresponding to a
ﬂux density of B = 1.4 T, for the linear model is too low. Depending on the operating point of the BH-curve of M270-35A, the relative permeability may range between
1000 ≤ μ r ≤ 7750 for a magnetic ﬂux density lower than B ≤ 1.4 T. [48].
The dimensions of the full machine are calculated based on the parameters of the TFM
segment using the equations presented in Section 6.4.3. This results in the dimensions
for the full machine listed in Table 6.5. During the calculation of the machine parameters for the full prototype it is assumed that the mapping from a linear to a rotary
structure, illustrated in Figure 6.4, does not have any inﬂuence on the performance of
the machine. However, the obtained design contains details that cause manufacturability issues when transformed from linear to rotary: the stator cores are laminated
in the radial-axial plane, the resulting design requires an uneven thickness of these
laminations in the radial direction. Furthermore, the curved bottom of the teeth requires that every second lamination in a single core is unique. The design is adjusted
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Figure 6.14: Performance of the linear segment

for easier manufacturability as is illustrated in Figure 6.15.
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Figure 6.15: Mapping of the rotary structure into the structure of the prototype

These adjustments result in a design with parts of the same dimensions as in the segment. The magnets are cuboidal and of the same size as calculated for the linear
segment. Also, the stator U-cores and ﬂux guides are of the same dimension. The
resulting design of the full prototype is shown in Figure 6.16.
In order to determine if this inﬂuence is negligible, the performance of the machine is
compared in terms of torque, phase voltage and emf in Figure 6.17. The emf shows
little difference between the value obtained with the charge model, the FEM results
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Table 6.5: Design parameters of the obtained TFM design

Parameter
magnet height [mm]
magnet length [mm]
magnet width [mm]
gap between magnets [mm]
coil height [mm]
coil width [mm]
ﬂux bridge height [mm]
total volume [dm3 ]
outer radius [mm]
air gap inner radius [mm]
air gap height [mm]
axial length [mm]
number of segments
angular speed [rpm]
number of turns

Value
10
20
12
3
9.2
14
7.5
9.4564
281.4
256.2
1
38
35
90
100

Figure 6.16: The design of the prototype
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Figure 6.17: Performance of the linear and rotary prototype structure: (a) phase emf,
(b) alignment torque, (c) phase voltage, (d) cogging torque

of the linear segment model, and both rotary TFM designs. The match between the
emf obtained with nonlinear FEM of a segment extrapolated for a full machine, and
the full machine with the rotary design, is excellent with a deviation of only 0.6%,
respectively. The difference with the adjusted structure is 5.9%. For the voltage the
difference is 3.6% and 1.6%, respectively.
The torque shows larger differences between the nonlinear FEM results of the linear
and two circular designs. The alignment torque of the linear design and the adjusted
design is in good agreement, with a difference of 0.7%. The rotary design results in a
higher alignment torque, resulting in a difference of 7.4%, respectively.
The main difference between the rotary design and the adjusted design is the gap
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Table 6.6: Performance of the full TFM

Parameter
cos ϕ
em fpeak [V]
Vpeak [V]
Ipeak [A]
f [Hz]
Talign [N]
Tcogging [N]

Charge model
0.95
223.6
273.5
6.44
52.5
114.0
329.2

Segment
0.96
202.3
260.4
6.44
52.5
138.5
33.7

Rotary
0.96
201.1
251.1
6.44
52.5
137.6
38.7

Adjusted
0.96
214.3
264.5
6.44
52.5
148.7
53.0

between the U-cores and ﬂux bridges. The gap is identical to the gap in the linear
segment in the machine with rotary design. Hence, the emf is almost identical to the
emf of the segment design. In case of the adjusted design, the gap between the U-cores
and ﬂux bridges is longer. This results in a higher emf and propulsion torque due to a
higher ﬂux linkage. The downside is that the cogging torque is increased as well, as
is shown in Figure 6.17(d).

6.5.2

Losses

The losses in the TFM occur in three separate parts of the machine: the permanent
magnets, the iron cores, and the coil. These losses are calculated individually for the
adjusted machine design of the full TFM.

Permanent magnet losses
The eddy current losses in the permanent magnets are calculated using transient 3-D
FEM with the resistivity of the permanent magnets set to the lowest value speciﬁed for the N42UH material: ρ = 1.2 · 10−6 Ωm. The iron is assumed to be nonconducting. The resulting eddy current losses in the permanent magnets are maximum Pmag = 9.35 mW for one segment, resulting in total losses of 0.327 W for the
machine.
Iron losses
The iron losses are calculated in 3-D FEM using the Bertotti iron losses module [41].
For the calculation of the eddy current losses, the worst-case stacking factor of k f = 1 is
2

assumed. Hence, the eddy currents factor is given as kedd y = σd
12 , with a conductivity
of σ = 1.92 MS/m. The eddy current losses are calculated by

Peddy = keddy

dB
dt

2
.

(6.25)

The factors for the hysteresis and excess losses are obtained by curve-ﬁtting using the
losses speciﬁed at 50 Hz in the data sheet of the M270-35A material. The hysteresis
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losses can be approximated by
Ph ys = k f kh ys B̂ α f ,

(6.26)

in which B̂ is the maximum magnetic ﬂux density in a sinusoidal varying ﬁeld, alpha is
a coefﬁcient assumed to be equal to 2 and f is the frequency of the sinusoidal varying
ﬁeld. The excess losses are given as

Pex c =

k f kex c

T 

T

∂B
∂t

1.5
dt.

(6.27)

0

The obtained coefﬁcients from curve ﬁtting are:
kh ys =139.2

(6.28)

kex c =0.3849.

(6.29)

The total iron losses per segment are 0.15 W, resulting in total losses for the machine
of 3.75 W.

Copper losses
The resistance of the winding is calculated for copper at an operating temperature of
80 ◦ C. The effective copper diameter of the chosen wire for the coil is 1 mm. The
length of the winding is calculated by 100 times the circumference of a turn with the
average radius of the coil.
The resistance of the coil consisting of hundred turns is given by
R=ρ

l
100 · 2π (0.2692)
= 4.46 Ω.
= 2.073 · 10−8
A
π0.00052

(6.30)

This results in copper losses of Pcu = RI 2 = 5.29 W per segment, or 185.2 W for the
full machine.

Total losses
The peak values of the individual loss components are listed in Table 6.7. The total
losses of the machine are Ploss = 198.7 W, resulting in an efﬁciency of η = 0.88. Most
losses are ohmic conductor losses due to the large circumference of the machine. If
the power factor is set to cos ϕ = 0.9, the volume and circumference of the machine
reduces signiﬁcantly, shown in Figure 6.13. This would reduce the copper losses and
improve the efﬁciency of the TFM.
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Table 6.7: Overview of the calculated losses of the TFM

Conductor
losses
Ohmic losses
185.2 W

Iron losses
Hysteresis
losses
10.672 W

Eddy current
losses
1.282 W

Magnet losses
Excess losses

Eddy current
losses
0.27 W

1.2596 W

6.6 Verification of the performance
A prototype is realized to verify the performance of the obtained design of the TFM
with a high power factor. Due to budget constraints, only a linear section of the rotating prototype is realized. The appurtenant beneﬁt is that the measurements are
directly correlated to the results obtained with the analytical model.

6.6.1

Coil and cores

The coil and cores assembly of the TFM is shown in Figure 6.18. The assembly consists
of a single coil, two U-cores and three ﬂux bridges. The segments begins and ends with
a ﬂux bridge in order to make the magnetic ﬁeld seen by the U-cores similar to the
magnetic ﬁeld in a rotary machine. The end effects mainly act on the ﬂux bridges.
The ﬂux bridges hardly contribute to the performance of the machine in terms of emf
and alignment force, hence the end effects will only be visible in the cogging force of
the machine.
Coil
Stator core
supports

Core spacers
U-cores
Flux bridges
Figure 6.18: Exploded view of the coil and cores assembly

The coil and cores assembly is ﬁxed by aluminum supports. The bulges of the iron
cores ﬁt in the slots of the aluminum supports. The cores are separated by aluminum
128

6.6 Verification of the performance
spacers. The supports and spacers are joined together by threaded rods. The whole
assembly is mounted on 4 carriages of linear guides. In this case, the “stator” segment
of the TFM is moved by the y-stage as it is signiﬁcantly smaller than the magnet array.
The inertia is lower and the effective stroke can be longer within the set area for the
measurement setup. These features enable testing of the segment at a speed of 2 m/s,
which is close to the designed operating speed of 2.4 m/s.

6.6.2

Magnet array

Permanent magnets

Backiron
Support beam
Leaf springs

Figure 6.19: Magnet array assembly

The magnet array of the TFM is mounted on a solid back iron. This back iron is
mounted on the baseplate by two leaf springs. These leaf springs have a stiffness of
only 25 N/mm, which is much smaller than the stiffness of the force transducer of
7.4 kN/mm. This enables an accurate measurement of the force on the magnet array
without disturbances from acceleration and deceleration of the y-stage. In order to
assure accurate placement of the magnets, a positioning guide of PVC is glued to the
back iron. The permanent magnets are glued in the slots of this guide. The back iron
is reinforced by a steel support beam attached underneath, to prevent bending of the
permanent magnet array due to the attraction force towards the iron cores.
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6.6.3

Measurement setup

The measurement setup consists of the coil and cores assembly, permanent magnet
array and a y-stage. This is shown in Figure 6.20 and the conﬁguration is described in
Appendix B.5. The y-stage is used for the positioning of the coil and cores assembly
over the magnet array, and can be used to provide either mechanical load or input
power to the TFM, enabling motor or generator operation of the TFM.

y-stage

permanent magnet
array
coil and iron cores
assembly

force transducer

Figure 6.20: Test setup for emf, power factor and force measurements on a small-scale
prototype of the designed TFM with high power factor

6.6.4

Force

The force in the moving direction of the TFM consists of two components, namely
cogging and alignment force. The alignment force is reconstructed by subtracting the
measured cogging force from the measured total force. The cogging force of the TFM
is shown in Figure 6.21(a). There is little difference between the force obtained by
linear and nonlinear FEM simulations. The linear FEM simulation gives a peak value
of 19.2 N, whereas nonlinear FEM gives a value of 18.8 N, respectively. The peak value
obtained by measurements is 14.1 N. The difference between the peak values of the
measurement results with linear and nonlinear FEM is 5.1 N and 4.7 N or 26.7% and
25.2%, respectively.
The alignment force of the TFM is calculated be 25.7 N, resulting in a difference of 7.6
N or 22% with the force obtained by measurements. The difference between linear and
nonlinear FEM with the measurements is 4.2 N 12.6% and 2.4 N or 7.3%, respectively.
The larger difference between linear and nonlinear FEM in alignment force than in
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cogging force can be explained from the operating point at the BH-curve. The ﬂux
produced by the coil is 1/3 of the ﬂux produced by the magnets, resulting in a much
lower ﬂux density, and thus higher relative permeability in the cores for the nonlinear
FEM model at the position where maximum force is generated.
CM
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Figure 6.21: Forces of the TFM: (a) the cogging force; (b) the alignment force

6.6.5

Synchronous inductance

The synchronous inductance of an electrical machine is a measure of the effective
amount of ﬂux produced by a winding as a function of the current. The ﬂux produced
by the coil is ΦI = LI/N .
The synchronous inductance is determined by a locked mover test. During the test a
phase current is applied to the coil while the mover is kept still and the phase current
and voltage are measured. The peak value of voltage and current are used to calculate
the apparent power, S:
S = V I.

(6.31)

The phase shift between the voltage and current, ϕ, is determined so that the reactive
power, Q, can be calculated as:
Q = V I cos ϕ.

(6.32)

The inductance measurement is performed at 4 positions in the center of the magnet
array, which are shifted by a quarter pole pitch. The frequency of the applied current
is varied in steps between 50 and 500 Hz. One period of the measured voltage and
current waveform is shown in Figure 6.22.
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Figure 6.22: Phase voltage and current of the TFM during the locked mover test at a
frequency of 250 Hz

The synchronous inductance is calculated using
Q = Lph ωI 2 ,

(6.33)

which results in a value of 3.3 mH for the prototype of two pole pitches. The measured
inductance is virtually independent of the position and frequency. The inductance obtained with the analytical model is 2.1 mH, a difference of 1.2 mH or 36%, respectively.
The inductance obtained with linear and nonlinear FEM is 2.73 mH and 2.76 mH, resulting in a difference of 0.57 mH and 0.54 mH, or 17% and 16%, respectively. The
difference between FEM and measurements is due to the shape of the coil in the prototype. The return path of the coil is at a small distance of the cores. This results in
extra ﬂux production due to the current in the coil, increasing the inductance.
Table 6.8: Obtained synchronous inductance of the prototype TFM

Lph [mH]

6.6.6

Charge model
2.1

Linear FEM
2.73

Nonlinear FEM
2.76

Measurements
3.3

Voltages

The emf of the TFM is measured at a velocity of 2 m/s, the maximum velocity achievable with the industrial linear motor of the y-stage. The calculated peak value of the
emf is 10.6 V, the measured value is 10.7 V. The maximum difference in measured and
analytically calculated emf is 0.5 V or 5% of the peak value. The peak values obtained
with linear and nonlinear FEM are 9.0 V and 9.6 V, resulting in a difference of 1.7 V
and 1.2 V, or 16% and 11%, respectively.
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The measurement of the terminal voltage resulted in a peak value of 20.0 V at a velocity of 2 m/s. The calculated peak phase voltage with the analytical model is 17.1
V, resulting in a difference of 2.9 V or 14%. The peak values for the phase voltage
obtained with linear and nonlinear FEM are 17.4 V and 17.9 V, giving an error of 2.6
V and 2.1 V, or 13% and 10%, respectively. This increased error is due to the deviation
between the calculated and measured value of the synchronous inductance.
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Figure 6.23: Voltages of the TFM: (a) the emf; (b) the phase voltage

6.6.7

Power factor

The power factor is determined from the angle between the phase voltage and phase
current. However, in the prototype a phase resistance is present, which affects the
phase angle between voltage and current. This resistance is not accounted for during
the design phase of the TFM. In order to calculate the power factor for a situation
without phase resistance, the voltage drop over the phase resistance is subtracted from
the measured phase voltage. The angle between the phase current and this calculated
voltage is determined, resulting in the corrected power factor. The phase voltage and
current for the nominal current are shown in Figure 6.24.
The power factor of the TFM is measured at a velocity of 2 m/s with currents of
1.6 A up to 8.0 A, or 25% to 125% of the nominal current. The measured angles
between voltage and current and the resulting power factors are shown in Table 6.9.
The corrected power factor for nominal current is cos ϕ = 0.92, which is 0.03 lower
than the speciﬁed value of cos ϕ = 0.95.
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Figure 6.24: Phase voltage and current of the TFM at a velocity of 2 m/s

Table 6.9: Measured and corrected power factor of the TFM

Phase current amplitude
ϕ (measured)
cos ϕ (measured)
cos ϕ (corrected)
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1.6 A
9.6◦
0.984
0.982

3.2 A
10.5◦
0.983
0.973

4.8 A
11.1◦
0.981
0.963

6.4 A
15.0◦
0.966
0.923

8.0 A
16.8◦
0.957
0.891

Closing

Part

III

The final part of the thesis gives a reflection on the work in conclusions, contributions and suggestions for future research. Additionally, appendices and references provide additional information related to the work.

136

7
Conclusion

Conclusions
Contributions
Recommendations

This chapter shortly summarizes the research as presented in this thesis and highlights its main conclusions. Supplementary, the scientific contributions are identified and recommendations for future research are provided.

Conclusion

7.1

Conclusions

This thesis is focused on “gaining electromagnetic insight” into an electrical machine
with an open and non-periodic structure for which, according to common understanding, the magnetic and electric loading can be set independently, i.e. the transverse ﬂux
machine (TFM). Its main research goal has been, therefore, to model, design and build
a 3-D TFM with a high power factor. The thesis, thus conclusions, is divided into two
parts:

Analytical modeling framework
The derivation of the 3-D analytical modeling framework, based on the presented extended magnetic charge method, is discussed in the ﬁrst part. The framework proved
suitable to model unbounded and non-periodic iron cored electrical machines. The
framework has been used in the second part to “gain electromagnetic insight” by designing and analyzing of a high power factor TFM.

Design of a high power factor TFM
The design of the high power factor TFM has required minimization of the leakage
ﬂux. The inherent 3-D ﬂux pattern of the TFM was difﬁcult to model without time
consuming, and often restricting, 3-D ﬁnite element software. The developed framework modeled this 3-D ﬂux pattern throughout an extensive automated parameter
search. The obtained design has shown the appropriateness of the framework to analyze the complex 3-D TFM ﬂux in such detail that its performance, i.e. most specially
high power factor, can be pre-assessed before prototyping and/or tedious 3-D Finite
Element Analyses.

7.1.1

Analytical modeling framework

The major challenge for the analysis and design of TFMs has been set in Chapter 1,
i.e. the development of a fast and accurate alternative framework instead of tedious
3-D FEM simulations. Before this thesis, the design of (high power factor) TFMs has
been severely hampered by the availability of suitable (analytical) modeling techniques, e.g. some authors have even reported extensive modeling techniques with a
30% error [56]. This analytical modeling framework is based on the magnetic charge
method, which has accurately determined the electromagnetic ﬁelds in open, hence
unbounded, 3-D structures. Albeit, limited to spaces that contain solely unity permeable materials and electromagnetic sources that can be represented by a uniform
magnetic charge. However, accurate electromagnetic ﬁelds determination requires
the inclusion of non-unity permeabilities. Furthermore, engineering techniques were
needed to represent the ﬁnite iron core length and interaction between coil and permanent magnets for performance calculation.
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Relative permeability
The magnetic charge method has been extended to include non-unity relative permeabilities by the derived system of recursive equations. This recursive system of
equations can only be solved iteratively. A non-recursive system has been derived under the assumption of zero external ﬁeld and a magnetization perpendicular to the
outer surfaces of the material region. This has led to an analytical expression for low
permeable materials which lowers the magnetic ﬂux density calculation error from 7.5
mT to 1.0 mT, i.e. 1.6% and 0.2%, respectively. This approach provides more freedom
in the geometrical structure that can be modeled compared to the method of images,
as the obtained magnetic ﬁeld solution is valid in the whole space.

Iron core
The soft magnetic core, with ﬁnite length, has been modeled using two techniques.

The method of images
The application of the method of images has resulted in an accurate ﬁeld prediction
in the air gap under the iron parts albeit with discrepancies at the edges of the iron
parts. This discrepancy is caused by the negligence of ﬂux focusing towards the iron
core. Despite this, the discrepancy in the magnetic ﬂux density is still less than 10%,
respectively. However, the use of the method of images did restrict the structure to
rectangular shapes of the iron parts. This has limited the possible geometric variations within the derived analytical modeling framework. Further, the negligence of
ﬂux focusing towards the iron core has resulted in a poor prediction of the cogging
force.

Method that includes a ﬁxed permeability of materials in the charge method
The non-uniform charge distribution model did include ﬂux focusing towards the core
[39]. Hence, the peak difference in ﬂux density has been lowered to less than 5%, respectively. Furthermore, it has increased the accuracy of the calculated cogging force
to less than 7% error. However, the non-uniform charge distribution has been obtained by an iterative procedure, which, to date, ensued in a slower and more complex
model.

Coil representation
Within any permanent magnet machine, the interaction between permanent magnets
and coil provides means to design and analyze the performance, e.g. the emf and
propulsion force. For 3-D iron-cored electrical machines, i.e. the TFM, the representation of the coil within the magnetic charge method has been developed using two
approaches:
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Coil representation using an equivalent surface current model
The coil is represented by surface currents on the stator core. The obtained average
magnetic air gap ﬂux density is in good agreement, with a deviation of 0.05 T, i.e.
8%. However, a discrepancy of up to 0.2 T is present at the edges of the tooth as its
high permeability has not been accounted for. This magnetic ﬂux density discrepancy
renders it unsuitable for performance calculations.
Coil representation using equivalent ﬂux sheets
The coil ﬂux linkage is calculated using the integration of the ﬂux density in the equivalent coil area, so-called “ﬂux sheets”. The performance of the machine in terms of
force and emf has been calculated using the obtained coil ﬂux linkage. This has led to
calculations with a deviation of less than 10% for the emf and less than 18% for the
alignment force. The use of ﬂux sheets to obtain the performance of the TFM does not
model the 3-D ﬂux in the machine induced by the current in the coil. Hence, a MEC
model is added to estimate this ﬂux.

7.1.2

Design of the TFM

The second part of this thesis is focused on the design of the transverse ﬂux machine,
as direct-drive generator for a hydro power application. A prototype section of a transverse ﬂux generator with a high power factor was built and measurements have been
carried out to assess the accuracy of the developed analytical modeling framework.
This framework has been used in a parametric search to ﬁnd an adequate design of a
TFM with a power factor of 0.95 and an output power of 1 kW at 90 rpm. The error
in the calculation of ﬂux linkage between the developed analytical method and nonlinear, transient, 3-D FEM of the prototype design results in a discrepancy in the emf
of 9.6%. The discrepancy in the propulsion force is 17.7%, mainly due to the Lorentz
force equation approach. The resulting power factor of the optimal design obtained
by non-linear, transient, 3-D FEM is 0.96, respectively.

Performance veriﬁcation
The performance of the design obtained with the analytical modeling framework has
been veriﬁed with measurements on a small scale linearized prototype. These measurements were in good agreement with the calculations. The calculated versus measured alignment force, of 25.7 N and 33.6 N, has resulted in a difference of 7.6 N
or 22%. The maximum difference in measured and calculated emf is 0.5 V or 5%.
The phase voltage has been calculated with a maximum difference of 2.9 V or 14%.
Finally, the obtained displacement power factor of the prototype is 0.96, or 0.92 if the
contribution of the phase resistance is eliminated, respectively. The derived modeling
framework, as presented in this thesis, has illustrated, for the ﬁrst time, the capability of analytical techniques to determine, with relatively high accuracy, the TFM performance in terms of force, emf, inductance, phase voltage and most notably power
factor.
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In retrospect, the required power factor of cos ϕ = 0.95 did result in a machine where
torque density is sacriﬁced in favor of high power factor. This is the result of a relatively
low MMF and large space between stator cores to reduce “slot” or “core” ﬂux leakage.
This relatively large space between the cores has resulted in a relatively long winding
and therefore a high copper loss. An inverse relationship between power factor and
torque density has been identiﬁed following a detailed parametric search to ﬁnd the
optimal machine design for a range of power factors. It needs noting that indeed the
design with the highest torque density that satisﬁes the constraints has a low power
factor of cos ϕ = 0.6.

7.2

Contributions

The main contributions presented in this thesis can be summarized as:
Including low relative permeable materials in the magnetic charge method
Expressions are derived to include the magnetic material properties in the surface
charge description of the region. These expressions are simpliﬁed to an analytical
expression for materials with a relatively low permeability, such as permanent magnets. A discrepancy in the magnetic ﬂux of a permanent magnet between the proposed
method and ﬁnite element analysis within 1% is achieved [105].
Modeling of an unbounded iron cored machine
The soft magnetic TFM core is represented using the method of images; the coil is
implemented by equivalent current sheets within the air gap. This is described in
Chapter 3. By itself, both approaches are not new. However, the combination of
both methods to represent an iron cored machine with the magnetic charge method is
unique. This is included in an analytical modeling framework, to provide an accurate
tool to preliminary design a TFM with a speciﬁed (high) power factor. Such a tool is
a contribution [107, 108].
Design of TFM with high power factor
The analytical framework is used for the analysis of the TFM. The tradeoff between
torque density and power factor for TFMs is shown. The framework is used to design a
TFM suitable for operation at low speed with high power factor. Electromagnetic constraints are established based on commercially available renewable energy generator
systems [109, 110].
Realization of prototypes
Two prototypes were realized during this research. The ﬁrst prototype is used to validate the performance calculations. The second prototype is built to validate the design
process of the TFM with a high power factor. Measurements conﬁrmed the accuracy of
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the developed framework for the calculation of power factor and emf, which are both
obtained within 5% error. The force is obtained with an error of less than 22%.

7.3

Recommendations

The results, obtained in this thesis with respect to the analytical modeling of 3-D magnetic ﬁelds in electrical machines, are very promising, but, as mentioned before, have
several limitations. The research has provided numerous opportunities to continue
research. The recommendations that are considered to lead to the most signiﬁcant
improvements are given.

7.3.1

Analytical modeling framework

Modeling of highly permeable materials
The developed analytical modeling framework provides an accurate and fast tool for
use in the design process of transverse ﬂux machines. It has proven to be a fast alternative for tedious 3-D FEM calculations. However, the results would be improved if
the material properties of high permeable regions could be taken into account more
accurately. For example, the use of a polynomial description presented in [38] could
be a starting point for the development of a non-iterative method to approximate
the material properties in the magnetic charge method. This would reduce the time
needed for the approach shown in Chapter 3, making it more suitable for use within
the analytical modeling framework.
Alternative applications of the modeling framework
The magnetic charge method is usually limited to ironless problems. This thesis has
demonstrated that 3-D machine topologies containing a soft magnetic core can be
accurately modeled. Another example of machine with a 3-D magnetic ﬁeld is the
claw pole machine. The analytical framework may reduce the modeling efforts for
this machine, and any other machines with unbounded structures, as well.

7.3.2

Design of the TFM

TFM with high torque density and power factor
The analytical modeling framework presented in this thesis has focused on the design
of a TFM with high power factor. This high power factor has been obtained at the
expense of torque density. However, solely a rather rudimental stator core shape has
been considered. Mainly due to the use of the method of images, the stator teeth
have been limited to “simple” cuboidal shapes. Naturally, this shape is not optimal
in terms of material usage, magnetic ﬂux leakage and slot geometry. Further optimization of the stator teeth, with respect to minimization of ﬂux leakage, may result
in better performance, higher torque density, and lower material usage. In addition,
more accurate modeling of the current induced ﬂux would improve the geometric op142
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timization of the stator to increase the torque density and reduce ﬂux leakage, hence
increase the power factor.
Volume and costs optimization of the TFM system
The main reason to focus on the TFM design with a high power factor is to eliminate
the need of large power electronics needed to provide the reactive power. A high
power factor reduces the power rating and costs of the required power electronics.
Furthermore, the losses in the power converter are reduced. However, the high power
factor also reduced the torque density and thereby increased the phase resistance.
The required amount of magnetic materials is increased as well, as is the price of the
machine. Finding a balance between power converter and machine costs, efﬁciency
of the total system, and the power factor of the machine may help the commercial
development and application of TFMs, especially for low speed applications such as
direct-drive hydropower stations.
Transient behavior
The framework in this thesis is based on magnetostatic equations in order to obtain
the steady state performance of the TFM. Hence, it does not calculate eddy currents,
iron losses nor armature reaction. The modeling of these transient effects would allow
a more accurate analysis of TFMs, as these effects becomes stronger during operation
at higher frequency and current loading.
Flux bridges
The TFM can be designed to have ﬂux bridges. These reduce the leakage ﬂux due to the
magnetic loading at the expense of leakage due to the electric loading. Therefore, the
preference for ﬂux bridges is likely to depend on the required power factor, thus ratio
between magnetic loading and electric loading. The investigation of the turning point
between these topologies as a function of power factor would allow the maximization
of torque density.
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A
Flux density of a skewed magnet

This appendix shows the derivation of the analytical expressions for the magnetic
flux density of a skewed permanent magnet

Flux density of a skewed magnet
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Figure A.1: Illustration of the dimensions and skewing of the magnet

The integration limits for the ﬁeld components in x-,y- and z-direction are derived for

magnetization in x-, y-, and z-direction. The analytic solution to B in Equation (2.60)
is obtained for magnetization in the x, y and z-direction respectively by rewriting the
expressions to a standard integral [72]. Table A.1 shows the integration limits for
each ﬁeld component and magnetization direction. It shows what the inner and outer
integration variable is given by the integration boundaries. In order to calculate the
ﬁeld components for magnetization in the y direction, the integral has to be integrated
over the four integration surfaces with each different integration boundaries. These
are given in Table A.2. An illustration of the numbering of the surfaces is shown in
Figure A.1(b).
Furthermore, the integration boundaries for the ﬁeld component in the y-direction for
magnetization along the z-axis are also given, since this integration order results in a
shorter expression of the magnetic ﬁeld component. The resulting expressions of the
different integration surfaces or boundaries are added in order to obtain the analytical
expression of the magnetic ﬁeld.
Using the determined integration order and integration limits, the expressions for the
magnetic ﬁeld components of the different magnetization directions are given in Equation A.1 to A.9. The expressions contain intermittent variables which become imaginary and/or imaginary parts. However, due to the summation over m the results
remain real; the multiplication with (−1)m i results in a cancelation of the imaginary
parts.
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Table A.1: Deﬁnitions of the integrands and integration limits of Equation 2.60


M
x
x
x
y
y
y
z
z
z

Axis
x
y
z
x
y
z
x
y
z

Inner integral
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
Split into 4 integrals
Split into 4 integrals
Split into 4 integrals
y  Δb − a ≤ x  ≤ y  Δb + a
Split into 4 boundaries
y  Δb − a ≤ x  ≤ y  Δb + a

Outer integral
−b ≤ y  ≤ b
−b ≤ y  ≤ b
−b ≤ y  ≤ b
Split into 4 integrals
Split into 4 integrals
Split into 4 integrals
−b ≤ y  ≤ b
Split into 4 boundaries
−b ≤ y  ≤ b

Table A.2: Deﬁnitions of the integrands and integration limits of Equation 2.60


M
y
y
y
y
y
y
y
y
y
y
y
y
z
z
z
z

Axis
x
x
x
x
y
y
y
y
z
z
z
z
y
y
y
y

Side
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Inner integral limit
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
−d ≤ z  ≤ d
y  = (x  + a) Δb
y = b
y  = −b

y = (x  − a) Δb

Outer integral
−a − Δ ≤ x  ≤ Δ − a
−a + Δ ≤ x  ≤ a + Δ
−a − Δ ≤ x  ≤ a − Δ
a − Δ ≤ x ≤ a + Δ
−a − Δ ≤ x  ≤ Δ − a
−a + Δ ≤ x  ≤ a + Δ
−a − Δ ≤ x  ≤ a − Δ
a − Δ ≤ x ≤ a + Δ
−a − Δ ≤ x  ≤ Δ − a
−a + Δ ≤ x  ≤ a + Δ
−a − Δ ≤ x  ≤ a − Δ
a − Δ ≤ x ≤ a + Δ
−a + Δ ≤ x  ≤ a + Δ
−a + Δ ≤ x  ≤ a + Δ
−a − Δ ≤ x  ≤ a − Δ
−a − Δ ≤ x  ≤ a − Δ
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B
Test setups

Force between magnets
Cogging force
Alignment force
emf
TFM with high power factor measurements

This appendix describes the different measurement setups that were used during
the research.

Test setups
This appendix describes the test setups used to verify the developed models and methods to calculate the performance of the TFM in Chapter 2, 3 and 6.

B.1 Force between magnets
This test setup is used to measure the force between two magnets with perpendicular
or parallel magnetization. The dimensions of the magnets are given in Table B.1. The
force is measured using a 6-DOF force transducer. The top magnet is mounted on the
x-stage, while the bottom magnet is mounted on non-magnetic spacers on top of the
6-DOF force transducer. The position of the bottom magnet is aligned with the top
magnet by means of the θ -stage and y-stage. The air gap distance is set using the
z-stage. The speciﬁcations of the setup are given in Table B.2.
Table B.1: Dimensions of the measured permanent magnets

2a I
2b I
2c I
MI

10 mm
26 mm
14 mm
M ez

2a I I
2d I I
2c I I
MI I

14 mm
26 mm
10 mm
M ex

α
β
γ

0 mm
-8 mm
15 mm

x-stage
permanent magnets

force transducer
θ-stage
y-stage
z-stage

Figure B.1: Test setup for force measurements between two magnets
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B.1 Force between magnets

Table B.2: Apparatus used

Force transducer
Linear drive
Power ampliﬁer
Horizontal displacement stage
Rotational displacement stage
Vertical displacement stage
Data acquisition system

ATI MINI40 SU-80-4
Philips 8122 284 0328.3
Copley Controls Corp 7425AC
OptoSigma 122-0115
OptoSigma 124-0055
OWIS HV 100
dSPACE CLP 1104
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B.2 Cogging force
This test setup is used to measure the cogging force for the two core lengths of the
small prototype used in Chapter 3. The force is measured using a 6-DOF force transducer. The magnet array is mounted on the y-stage, while the core is mounted on
non-magnetic spacers on top of the 6-DOF force transducer. The laminations of the
core are held together by aluminium supports. The speciﬁcations of the setup are
given in Table B.3.

y-stage
mover
permanent magnets
stator core
force transducer

Figure B.2: Test setup for cogging force measurements on a small-scale prototype of a
TFM
Table B.3: Apparatus used

Force transducer
Linear drive
Power ampliﬁer
Data acquisition system
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JR3 45E15A4 400N calibrated for 100 N
Philips 8122 284 0328.3
Copley Controls Corp 7425AC
dSPACE CLP 1104

B.3 Alignment force

B.3

Alignment force

This test setup is used to measure the alignment force for the two core lengths of
the small prototype used in Chapter 3. The force is measured using a 6-DOF force
transducer. The magnet array is mounted on the y-stage, while the core is mounted
on non-magnetic spacers on top of the 6-DOF force transducer. The laminations of the
core are held together by aluminium supports. A coil of 100 turns of insulated wire is
wound around one tooth of the stator core. The speciﬁcations of the setup are given
in Table B.4.

y-stage
mover
permanent magnets
coil
stator core
force transducer

Figure B.3: Test setup for alignment force measurements on a small-scale prototype of
a TFM
Table B.4: Apparatus used

Force transducer
Linear drive
Power ampliﬁer
Voltage probe
Voltage probe ﬁlter
Current probe
Current probe ampliﬁer
Data acquisition system

JR3 45E15A4 400N
Philips 8122 284 0328.3
Copley Controls Corp 7425AC
Tektronix P6103B
Krohn-Hite 3384
Tektronix TCP312
Tektronix TCPA300
dSPACE CLP 1104
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B.4 emf
This test setup is used to measure the emf for the two core lengths of the small prototype used in Chapter 3. The magnet array is mounted on the y-stage, while the core is
mounted on non-magnetic spacers on top of the x- and θ -positioning stages, used for
alignment of the core and magnet array. The laminations of the core are held together
by aluminium supports. A coil of 100 turns of insulated wire is wound around one
tooth of the stator core. The emf is measured with a voltage probe over the terminals
of the coil. The speciﬁcations of the setup are given in Table B.6.

y-stage
mover
permanent magnets
coil
stator core
θ-stage
x-stage

Figure B.4: Test setup for emf measurements on a small-scale prototype of a TFM
Table B.5: Apparatus used

Linear drive
Power ampliﬁer
Voltage probe
Voltage probe ﬁlter
Horizontal displacement stage
Rotational displacement stage
Data acquisition system
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Philips 8122 284 0328.3
Copley Controls Corp 7425AC
Tektronix P6103B
Krohn-Hite 3384
OptoSigma 122-0115
OptoSigma 124-0055
dSPACE CLP 1104

B.5 TFM with high power factor measurements

B.5

TFM with high power factor measurements

This test setup is used to measure the performance of the prototype used in Chapter 6.
The stator cores of the machine (U-cores and ﬂux bridges) and the coil are clamped
in an aluminium support structure. The magnet array is mounted on an iron support
beam, which is supported by leaf springs on both ends. The magnet array is connected
to the force transducer by an adjustable aluminium rod. It is chosen to move the
stator rather than the mover, as the mass of the stator assembly is much lower. This
enables higher acceleration of the TFM by to the linear drive. Hence, the mover is
mounted on linear guides and connected to the linear drive by a leaf spring to allow
for small movements in x- and z-direction. The speciﬁcations of the setup are given
in Table B.6.

y-stage

permanent magnet
array
coil and iron cores
assembly

force transducer

Figure B.5: Test setup for emf, power factor and force measurements on a small-scale
prototype of the designed TFM with high power factor
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Table B.6: Apparatus used

Linear drive
Power ampliﬁer (linear drive)
Voltage probe
Current probe
Current probe ampliﬁer
Voltage and current probe ﬁlter
Force transducer
Force transducer ampliﬁer
Data acquisition system
Power ampliﬁer (prototype)
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Philips 8122 284 0328.3
Copley Controls Corp 7425AC
Tektronix P5200A
Tektronix TCP312
Tektronix TCPA300
Krohn-Hite 3384
Futek LCM 300
Futek CSG110
dSPACE CLP 1104
up to 3 Toellner TOE 7621-40

Physical constants

Nomenclature

Physical constants
Symbol
Greek
c
0
μ0

Description

Value

Speed of light in free space
Permittivity of free space
Permeability of free space


1/ 0 μ0 [m/s]
8.854 · 10−12 [As/Vm]
4π · 10−7 [H/m]

Physical quantities
Symbol
Greek
χm
μ
μr
ω

Φ
ϕ
cos ϕ
ϕ

Ψ
ρe
ρm
σ
σe
σm
τ
Roman

A

B

Description

Unit

Magnetic susceptibility of the material
Permeability
Relative permeability
Angular frequency
Magnetic ﬂux
Phase shift
Displacement power factor
Magnetic scalar potential
Magnetic ﬂux linkage
Electric charge density
Magnetic volume charge density
Electric conductivity
Electric surface charge density
Magnetic surface charge density
Characteristic time

[H/m]
[rad/s]
[Wb]
[rad]
[Wb/m]
[Wb]
[C/m3]
[A/m2]
[S/m]
[C/m2]
[A/m]
[s]

Magnetic vector potential
Magnetic ﬂux density

[Wb/m]
[T]
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Nomenclature
Symbol

Br

D

E
e
F

F
f

f

H
I

J

js

JV
keddy
kf
kfill
khys
L

M

M0
P

P
Q
q
R
S
T
t
V
W

Description
Remanent ﬂux density
Electric ﬂux density
Electric ﬁeld intensity
Electromotive force
Magnetomotive force
Force
frequency
Force density
Magnetic ﬁeld intensity
Current
Current density
Surface current density
Equivalent volume current density
Eddy current factor
Stacking factor
Fill factor
Hysteresis factor
Inductance
Magnetization
Original magnetization
Active power
Polarization
Reactive power
Electric charge
Reluctance
Apparent power
Torque
Time
Voltage
Energy

Unit
[T]
[C/m2]
[V/m]
[V]
[A]
[N]
[Hz]
[N/m3]
[A/m]
[A]
[A/m2]
[A/m]
[A/m2]
[H]
[A/m]
[A/m]
[W]
[C/m2]
[VAr]
[C]
[H−1 ]
[VA]
[Nm]
[s]
[V]
[J]

Geometrical symbols
Symbol
Greek
τp
Roman
A
C

Description

Unit

Pole pitch

[m]

Area
Closed Contour

[m]
[m]

ê

Unit vector

-
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Subscripts
Symbol
h
I
L
l
Nt

n
N

n
Ns
r
s
S

V

v
v
w

x
x

Description
Height
Identity matrix
Typical length scale
Length
Number of turns
Normal vector
Normal matrix
Source normal
Number of segments
Radius
Source area
Surface
Maxwell stress tensor
Volume
Velocity
Source volume
Width
Position vector
x-Axis coordinate

Unit
[m]
[m]
[m]
[m]
[m2]
[m2]
[m3]
[m/s]
[m3]
[m]
[m]
[m]

x
y
z

Source position vector
y-Axis coordinate
z-Axis coordinate

[m]
[m]
[m]



Subscripts
Symbol
1
2
ax
c
cs
dir
down
em
er
ext
fb
g
in
lat
m
mech

Description
In region 1
In region 2
Axial
Coil
Current sheet
Direct
Downward from the boundary; opposite to the normal
Electromagnetic
Error
External
Flux bridge
Air gap
Input
Lateral
Magnetizing
Mechanical
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Nomenclature
Symbol
n
o
out
ph
pht
pm
pri
rec
rot
S
s
sec
st
t
tot
up
V
x
y
z

Description
In the normal direction
Original
Outer
Phase
Per phase per turn
Permanent magnet
Primary
Recoil
Rotor
(On the) surface
Synchronous
Secondary
Stator core
Tooth
Total
Upward from the boundary; in line with the normal
(In the) volume
Along the x-axis
Along the y-axis
Along the z-axis

Abbreviations
Abbreviation
2-D
3-D
AC
BEM
BIE
BIM
DC
DOF
emf
FDM
FEM
MCM
MEC
MMF
MoM
OTD
OWC
PM
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Description
Two dimensional
Three dimensional
Alternating current
Boundary element method
Boundary integral equation
Boundary integral method
Direct current
Degrees of freedom
Electromotive force
Finite difference method
Finite element method
Magnetioc charge method
Magnetic equivalent circuit
Magnetomotive force
Method of moments
Overtoppling device
Oscillating water column
Permanent magnet

Abbreviations
Abbreviation
RMS
rpm
SMC
TF
TFM
WAB

Description
Root mean square
Revolutions per minute
Soft magnetic composite
Transverse ﬂux
Transverse ﬂux machine
Wave activated body
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Nomenclature

Coordinate system definitions
2wm

wc

2lm

2wm

2wm

2wm

hc

hc
g

g

2hm

2hm
2wm

z
x

y

2lm

gm lm
2wm

z
y

x
(a)

(b)

Figure B.6: Geometrical parameters as used in the TFM analysis in Chapter 3

2wm

wc

lm gm

2wm

2lm

wm

wm

hc

hc

hss

hss

g

g
2hm
wm

z
y

x

2hm

x
(a)

2lm

z

gm lm

y
(b)

Figure B.7: Geometrical parameters as used in the TFM design procedure in Chapter 6
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Samenvatting

Analytisch ontwerp van een transversaleﬂuxmachine
Energieproductie uit duurzame bronnen maakt gebruik van energieopwekkingsystemen met een aandrijving zonder (direct) of met versnellingsbak. Deze kunnen zijn
uitgevoerd met (dubbelgevoede) inductiegeneratoren, elektrisch bekrachtigde synchrone generatoren en/of permanentmagneetgeneratoren. Plekken voor duurzame
energieopwekking met een hoge opbrengst, zoals windmolenparken in zee, zijn vaak
moeilijk te bereiken. Dit maakt betrouwbaarheid van het energieopwekkingssysteem
van groot belang. Wanneer betrouwbaarheid naast efﬁciëntie in overweging wordt
genomen, hebben permanentmagneetgeneratorsystemen de voorkeur. Energieopwekking door generatoren met directe aandrijving resulteert in lage snelheden, met een
nominale snelheid tussen de 10 en 90 toeren per minuut. Een machinetopologie met
een hoog aantal poolparen en hoge krachtdichtheid is nodig om massa, verliezen en
afmetingen te beperken. Daarom is de transversaleﬂuxmachine (TFM) geselecteerd,
omdat deze de eigenschap heeft om het vermogen evenredig met het aantal poolparen
te verhogen voor een gelijkblijvende omtrek. Echter, de structuur van de TFM resulteert in een volledig driedimensionale (3-D) magnetischvelddistributie, waardoor er
3-D modellen nodig zijn om de prestaties nauwkeurig te voorspellen. Tot nu toe werden er voornamelijk 2-D en 3-D eindige-elementenmodellen gebruikt, wat resulteerde
in minder nauwkeurige of erg tijdsintensieve simulaties. Het doel van dit proefschrift
is om analytische 3-D modelleringstechnieken voor TFM’s te onderzoeken en te ontwikkelen, die geschikt zijn voor het snel en nauwkeurig voorspellen van de prestaties
van een TFM-ontwerp. Deze technieken zijn vervolgens gebruikt voor het ontwerpen
van een TFM met een zeer hoge arbeidsfactor.
Vanuit theoretisch oogpunt wordt de toepassing van de magnetischeladingmethode
(MLM) voor de TFM onderzocht. De MLM is een volledig 3-D methode, welke snelle
en nauwkeurige berekening van de magnetischvelddistributie voor complexe en onbegrensde problemen mogelijk maakt. De oplossing van het magnetische veld in lucht
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wordt voor elke magneet apart berekend. Om het totale magnetische veld in lucht te
verkrijgen kunnen de berekende velden opgeteld worden onder de aanname dat het
een lineair systeem betreft. Hoewel publicaties in de literatuur de kracht van de MLM
voor onbegrensde ijzerloze problemen hebben aangetoond, zijn er weinig voorbeelden
van het toepassen van de MLM op problemen met regio’s met verschillende materiaaleigenschappen. Een van de moeilijkheden bij het toepassen van de MLM is het in
beschouwing nemen van materiaaleigenschappen die afwijken van lucht.
In dit proefschrift wordt de MLM uitgebreid om de relatieve permeabiliteit van permanente magneten in beschouwing te nemen. De relatieve permeabiliteit van een regio
wordt gemodelleerd als een secundaire magnetisatie. De voorgestelde methode is
direct geveriﬁeerd met eindige-elementenberekeningen en indirect door middel van
krachtmetingen. Daarnaast is de MLM toegepast in combinatie met de spiegelingstechniek om de ijzeren structuur van de machine te modelleren en de magnetischvelddistributie in de luchtspleet te berekenen. Ten slotte wordt de spoel gemodelleerd
door middel van stroomvlakken in de luchtspleet. Door deze equivalente representatie van de magnetomotorische kracht in de stator, geprojecteerd op een 2-D vlak in de
luchtspleet, kan de Lorentz krachtberekening op deze complexe 3-D structuur toegepast worden. De combinatie van deze stappen resulteert in een analytisch 3-D model
dat gebruikt kan worden om de prestaties van de TFM in termen van krachtcomponenten en elektromotorische kracht direct te berekenen.
Het analytische model is gebruikt voor de analyse van de TFM. De invloed van de
geometrische parameters op de prestaties is geïdentiﬁceerd. De relatie tussen krachtdichtheid en arbeidsfactor wordt getoond. Het model is gebruikt om een TFM met
een hoge arbeidsfactor te ontwerpen die geschikt is voor gebruik bij lage toerentallen. De fysieke randvoorwaarden zijn afgeleid van een bestaande waterkrachtcentrale. Een geoptimaliseerd ontwerp is verkregen door middel van een parameterstudie. De prestaties van het verkregen ontwerp zijn geveriﬁeerd door middel van 3-D
eindige-elementensimulaties. Daarnaast zijn de effecten van de aanname van oneindige permeabiliteit van het zachtmagnetische materiaal en de lineaire benadering van
de gekromde structuur van de TFM door middel van 3-D eindige-elementensimulaties
onderzocht.
Vanuit een praktisch oogpunt zijn er metingen verricht op een kleinschalig prototype
van de TFM om de resultaten die behaald zijn met het analytische model en de 3-D
eindige-elementensimulaties te veriﬁëren. Een tweede prototype is gebouwd om de
prestaties van het ontwerp van de TFM dat verkregen is door middel van de parametrische verkenning te veriﬁëren. De resultaten van de metingen op beide prototypes
bewijzen de toepasbaarheid van de ontwikkelde modellen voor het ontwerpen van
TFM’s. De resultaten in dit proefschrift tonen aan dat het ontwikkelde model een
snelle en nauwkeurige methode is om een TFM te ontwerpen met een afweging tussen krachtdichtheid en arbeidsfactor.
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