
On Analytical Modeling and Design of a Novel

Transverse Flux Generator for Offshore Wind Turbines

DMITRY SVECHKARENKO

Licentiate Thesis

Stockholm, Sweden 2007



TRITA-EE 2007:021
ISSN 1653-5146
ISBN 978-91-7178-682-1

Elektriska Maskiner och Effektelektronik
Skolan för Elektro- och Systemteknik, KTH

Teknikringen 33, SE-100 44 Stockholm
SWEDEN

Akademisk avhandling som med tillst̊and av Kungl Tekniska högskolan framläg-
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Abstract

The object of this thesis is to develop a cost effective direct-driven wind generator
suited for offshore wind turbines. As the generator price is a complicated function depen-
dent on many parameters, the emphasis is mainly put on reduction of the weight of active
materials, such as copper, laminated steel, permanent magnets, and electrical insulation.

The higher specific torque and power density of a transverse flux permanent magnet
(TFPM) machine in comparison to conventional radial-flux machines make it a promising
solution for direct-driven wind turbine generators. The novel TFPM generator investigated
in this work due to its possibly more compact construction would allow a better utilization
of the available nacelle space.

The analytical model, including evaluation of the synchronous inductance, is developed
and applied in parametric study of a 5 MW wind turbine generator. The influence of the
design variables with respect to the analyzed characteristics is investigated. A number of
machines that have approximately the same performances are found. These machines are
compared and the optimal ranges for the main parameters are suggested.

One possible design topology is presented in more details with dimensions and main
characteristics. This generator is compared with radial-flux generators with surface-
mounted and tangentially-polarized magnets. It is found that the analyzed TFPM genera-
tor would favor a smaller outer diameter, reduced total active weight, and reduced weight
of the magnet material. The TFPM would however require a longer axial length.

TFPM generators with a broader range of output power have also been investigated.
Generators rated 3, 5, 7, 10, and 12 MW are analyzed and their characteristics with
respect to the output power are compared.

The novel transverse flux topology has been found to be promising for low-speed high-
torque applications, such as direct-driven wind turbines in the multi-megawatt range.

Keywords: Transverse flux machines, permanent magnet machines, direct-driven gen-
erator, offshore wind turbine, renewable energy, global warming.
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Chapter 1

Introduction

1.1 Background

Wind power is one of the fastest growing sustainable energy resources over the
past decade. Due to the increased number of wind turbines installed, the energy
production by means of wind power is increasing by approximately 30% annually [1].
This trend is likely to continue even in the future since wind power became more
economically beneficial, as the so-called fixed feed-in tariffs (in Germany, Denmark,
Spain) and green certificates (in Sweden, UK) were introduced by the governments.

Despite all the recent advances, the average annual wind power penetration
level hardly exceeds 5% even in countries with large installed wind capacity [1].
To increase the share of power produced by wind, larger and more reliable power
generating units with high availability are required. Wind turbines with high rated
power are primarily intended for regions with high wind speeds, as the shaft power
of a turbine is proportional to the cube of wind speed. The wind speeds offshore
are often significantly higher than onshore and as a result the offshore installation
of large-scale wind farms became a new tendency in wind power development that
eventually led to a number of projects, mainly in Europe.

With the further development of wind energy and increased wind power pene-
tration level in power systems, the issues of availability and reliability of generating
units become of great importance. This particularly applies for stand-alone and
offshore applications due to their often hard-to-reach locations. The overall relia-
bility of a wind turbine is somewhat reduced by using a gearbox, which is applied
for adjustment of a low-speed turbine shaft to a higher rotational speed of a con-
ventional generator. As reported in [2], about 20% of all the downtime is caused
by gearbox failure. Furthermore, a gearbox is subject to mechanical wear, vibra-
tions, requires lubrication and more frequent maintenance at considerable cost. As
a result, a gearless wind energy system has drawn the attention of wind turbine
manufacturers (Enercon, Made, Harakosan).

A number of studies have been conducted to examine different types of gen-
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2 CHAPTER 1. INTRODUCTION

erators suited for direct-driven wind turbine applications. In the last couple of
decades, a reduced magnet price has made synchronous generators with permanent
magnet excitation (PMSG) an attractive alternative. The permanent magnet exci-
tation favors a reduced active weight, decreased copper losses, yet the energy yield
is somewhat higher than that with electrical excitation [3].

Several authors have been investigating different topologies of PMSG suited for
direct-driven low-speed wind generators [4, 5]. A possibility of utilizing a transverse
flux permanent magnet (TFPM) topology in the gearless wind energy system was
discussed by Professor Weh in [6] as early as in 1990. An attractive feature of
the TFPM is that with an increasing number of poles, the machine rating can be
increased. This results in a higher value of the torque density [7]. The higher
specific torque and power density of a transverse flux permanent magnet (TFPM)
machine in comparison to conventional radial-flux machines makes it a promising
direct-driven wind turbine generator.

This work deals with the design and analysis of a novel TFPM topology which
is believed to have a better utilization of the available nacelle space.

1.2 Objectives

To make the gearless energy system competitive with the geared-driven one, the
cost of a direct-driven generator has to be lower than a cost of the conventional
generator and the gearbox together. The objective of this thesis is to take the first
step towards the development of a cost effective direct-driven wind generator suited
for offshore wind turbines and evaluate the potential of the novel TFPM topology
for that application. The generator price, however, is a complex function dependent
on many different parameters, such as the price of active and inactive materials,
manufacturing cost, the number of generators produced and sold, etc. The inclusion
of all these factors in the calculations would require an extended economic analysis
which is beyond the scope of research of this work. The emphasis will instead be put
mainly on the reduction of the weight of active materials, such as copper, laminated
steel, permanent magnets, and electrical insulation.

1.3 Thesis Outline

The outline of the thesis is presented below:

Chapter 2 discusses the prerequisites to the development of renewable energy
sources and distinguishes them depending on their origin. The particular
emphasis is put on development and recent advances in wind power. The
modern wind turbine configurations and wind generators are presented.

Chapter 3 gives an introduction to transverse flux machines; the most common
transverse flux machines (TFM) are discussed. A short review of the existing
TFM topologies is presented as well.
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Chapter 4 describes in detail the novel transverse flux permanent magnet topology
employed in the analyzed direct-driven wind generator. It evaluates the gen-
erator parameters and presents the developed analytical inductance model.
The analytical estimation of the losses generated in iron and copper parts is
presented.

Chapter 5 summarizes the assumptions and simplifications applied in the design
procedure. To be able to analyze the characteristics of the obtained design
and to select the most appropriate solution, several important criteria are
chosen and described. The design procedure based on the analytical model
presented in Chapter 4 is also discussed.

Chapter 6 presents the results of a parametric study, where the objective is to de-
termine the parameters with the greatest impact on the generator design and
obtain the intervals within which these parameters are allowed to vary. A gen-
erator with the output power of 5 MW considered in the analysis is also com-
pared with radial-flux generators with the surface-mounted and tangentially-
polarized magnets.

Chapter 7 investigates the characteristics of the novel transverse flux topology for
generators with a broader range of the output power. Generators rated 3, 5,
7, 10, and 12 MW are analyzed and their characteristics with respect to the
output power are compared.

Chapter 8 concludes this thesis by summarizing the presented work. Some guide-
lines for future work are given.

1.4 List of Publications

Some parts of the presented in the thesis have previously been published in the
following papers:

1. D. Svechkarenko, J. Soulard, and C. Sadarangani. A Novel Transverse Flux
Generator in Direct-Driven Wind Turbines. In Proc. Nordic Workshop on

Power and Industrial Electronics, Lund, Sweden, June 2006.

2. D. Svechkarenko, J. Soulard, and C. Sadarangani. Analysis of a novel trans-
verse flux generator in direct-driven wind turbines. In Proc. International

Conference on Electrical Machines, Chania, Greece, September 2006.

The author has also published:

3. A. Cosic, C. Sadarangani, and D. Svechkarenko. A prototype design of a
novel transverse flux machine for the free piston energy converter. In Proc.

Nordic Workshop on Power and Industrial Electronics, Lund, Sweden, June
2006.





Chapter 2

Renewable Energy Development

The environmental and social concerns about the wide use of diminishing fossil fuel
resources and nuclear power have resulted in the increased interest in renewable
energy sources. As a result of raised public awareness, a number of political deci-
sions on environmental protection have been made. Although some improvements
can be noticed, a lot of efforts still need to be made for a sustainable future. This
chapter discusses the prerequisites to the development of renewable energy sources
and distinguishes them depending on their origin. Particular emphasis, though, is
put on development and recent advances in wind power. The modern wind turbine
configurations and wind generators are presented.

2.1 Environmental Concern

The increase in the average temperature of the Earth’s atmosphere and oceans
became quite noticeable over the past decades. According to the estimate reported
by the Intergovernmental Panel on Climate Change1 (IPCC), the global average
temperature rose by approximately 0.6 ± 0.2 ◦C (with 95% confidence interval) in
the 20th century (Fig. 2.1) [8]. The increased public concern resulted in a large
number of studies conducted to investigate the possible impact of global warming
on mankind and the environment in general and to propose various options for
adaptation and mitigation.

Following the scientific consensus on global warming summarized by IPCC, it
was generally agreed that the observed warming is likely to have been caused by
the increased concentration of so-called greenhouse gases in the Earth’s atmosphere.
These gases are the ones that contribute to the greenhouse effect. The major gases
included in the list of greenhouse gases are carbon dioxide (72% of total), methane
(18% of total), nitrous oxide (9% of total), sulfur hexafluoride, haloalkanes, and

1Intergovernmental Panel on Climate Change was established in 1998 by the World Meteo-
rological Organization (WMO) and the United Nations Environment Program (UNEP) to assess
the potential risk of climate changes due to human activity.
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6 CHAPTER 2. RENEWABLE ENERGY DEVELOPMENT

Figure 2.1: Global average surface temperatures 1856 to 2005 [9].

perfluorocarbons. A large amount of gas is discharged in the atmosphere as a result
of human activity by burning of traditional fossil fuels, such as coal, oil, and natural
gas. For example, the concentration of carbon dioxide in the atmosphere between
the pre-industrial (1750) and the present (1998) years rose by approximately 31 %
(from 278 ppm2 to 365 ppm) and methanol by 167% (from 1 045 ppb to 1 745 ppb).
If this trend is to continue, according to the forecast issued by IPCC [10], the average
global temperature is projected to increase by 1.4 to 5.8 ◦C between 1990 and 2100,
causing a broad range of adverse global changes. The sea level is anticipated to
rise due to the thermal expansion of seawater and melting of ice. Concurrently, the
number and intensity of extreme weather events, such as floods, hurricanes, and
tornadoes, is quite likely also to increase.

Kyoto Protocol

As a result of increased public awareness, the Kyoto protocol was signed by the
overwhelming majority of the world nations (over 160 countries). The amount of
emission produced by each signatory was specified. The agreement came into force
on February 16, 2005. According to the protocol, the industrialized countries are
supposed to reduce their collective emission of greenhouse gases by an average of
5% as compared to 1990. For example, the European Union countries aim for 8%
reduction of carbon dioxide and five other greenhouse gases. Russia, China, and
India are able to retrain their current discharge level. Some countries were actually
permitted to increase their emission, such as Iceland by 10%.

2ppm = parts per million, ppb = parts per billion.
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Figure 2.2: Greenhouse gas emission by sector [9].

2.2 Renewable Energy Sources

The largest amount of man-made greenhouse gases worldwide is emitted into the
atmosphere due to power generation, some industry processes, and road transporta-
tion (Fig. 2.2). A decreased emission level can be achieved by reducing consumption
of fossil fuels, introducing a more efficient filtering system, and replacing the con-
ventional energy sources with renewable ones.

Renewable energy is referred to as energy obtained from the sources that can
either be regenerated or cannot be depleted. Renewable energy is environmentally
friendly and compared to combustion of oil, coal or natural gas, produces no or
little greenhouse gases. The replacement of power plants whose operation is based
on burning of fossil energy carriers with environmentally friendly ones is another
possibility for achieving the aimed decrease in emission of greenhouse gases.
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The following renewable energy sources are recognized:

Wind power . The kinetic energy stored in airflows is used to turn the blades of a
windmill. The obtained mechanical energy could be either applied directly for
crushing grain and pumping water (ancient technology) or, as it is normally
done nowadays, to generate electricity. A more detailed explanation could be
found in Section 2.4.

Water power . There are many possible ways to generate electricity from water.
One of the most common is to utilize the potential energy of dammed water by
driving a hydro turbine and generator. The energy stored in tides and waves
is also used for electricity generation. The so-called blue energy is retrieved
from the difference in the salt concentration that exists between seawater and
the river water by use of reverse electrodialysis3.

Solar energy is collected from sunlight by use of photovoltaic solar panels and can
be converted into electric energy or heat.

Biofuel can be in liquid form, for example bioalcohol (ethanol, biodiesel), which for
instance, can be used for the road transport operation. It can also be in form
of combustible solids or biogases. Biogases are released through metabolisa-
tion of organic materials by bacteria. The gases can be used for example to
generate electricity and heat.

Geothermal energy is obtained by tapping the heat of the earth, which can be used
to run turbines to generate electricity or used for heating.

Nuclear power is rarely referred to as being renewable mainly due to the problem
of storage of radioactive waste.

Despite all the positive aspects of green energy, it has a number of disadvantages.
One of them is that most renewable energy sources are not available all the time. For
example, sunlight is only available during the daytime. Wind energy is available
less than half of the time, though this value is normally larger offshore. Due to
stochastic nature of wind, meteorology plays an important role when selecting the
place for a new wind park.

The reliability of generating units is also an increasingly important issue in the
modern power systems. To allow for failures of power plants, the storage of energy
is required. In the short term, it can be stored for example in batteries, whereas
for the longer term, such as a day time variation, pumped-storage hydro systems
can be used. However, it is generally believed that with further development and
more advanced energy management, renewable energy sources will become more
economically viable on the electricity market.

3Electrodialysis is a process used to transport ions from one solution to another under the
influence of a potential gradient.
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2.3 Economic Aspects

Apart from the environmental issues, the exhaustion of fossil fuels should be taken
in account as well. It is projected, if the current level of oil consumption continues,
its storage can be depleted in 35-40 years. Therefore, it is vitally important for the
world economy that alternative energy sources are introduced.

Economic Support

The further development of environmentally friendly energy sources is promoted in
different ways by local governments and organizations. In some countries, such as
Germany, Spain and Denmark, fixed feed-in tariffs have been introduced. These
tariffs specify the purchase price that the local transmission or distribution com-
panies are supposed to pay for the electricity generated using renewable energy
sources. The fixed purchase prices are introduced to reduce the potential risk in-
volved in the investment into the new technologies and by this means making it
economically attractive to investors.

In other countries, for example, in Sweden, the UK and the Netherlands, green
certificates have been adopted in the electricity market. A green certificate repre-
sents a certain amount of electricity that is generated by renewable energy sources.
A typical value of one green certificate is 1 MWh. The governments of these coun-
tries specify an amount of green energy that should be fed into the grid and pur-
chased by the local utilities.

2.4 Wind Power

Wind power is one of the fastest growing renewable energy sources over the past
decade. Wind energy production is increasing by approximately 30% annually.
This growth accounts for both the amount and the size of new turbines installed.
The increase in size and output power of a typical wind turbine for the last 20
years is depicted in Fig. 2.3. A typical size of a recently installed turbine exceeds
2 MW. Several wind turbines above 3 MW are being tested at the time of writing
and in a few years the turbines up to 5 MW should be reasonably expected on the
market. At the same time, the cost of electricity produced by wind has dropped
quite considerably since it re-emerged in the beginning of the 1980s. A value of
up to one sixth of the initial price has been reported [1]. This trend is likely to
continue in the foreseeable future as more cost effective wind turbines are being
developed and installed worldwide.

Wind turbines with high rated power (above 1.5 MW) are primarily intended
for the regions with high wind speeds, as the power of wind Pwind is proportional
to the interception area of the turbine blades Aturb and the cube of wind velocity
vwind

Pwind =
1

2
ρair Aturb v3

wind, (2.1)
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1985 1987 1989 1991 1993 1995 1997 1999 2001 2003

0.05 0.3 0.5 1.3 1.6 2.0 4.5 MW

12m �

120 m�

Figure 2.3: Growth of wind turbine size during the last 20 years [11].

where ρair is the air density.

Normally, the wind turbines are worth building in areas where the average wind
speed exceeds 4.5 m/s. Depending on the location, the following three types of sites
can be distinguished:

Onshore. An onshore wind turbine is typically installed in the hilly or mountain-
ous areas at three kilometres or more inland from the shoreline. The wind
characteristics in this area are very much dependent on the roughness of the
terrain surface. Therefore, extra attention should be put when planning a
wind turbine as this affects the amount of energy produced.

Near-shore. A wind turbine is considered to be sited near-shore if it is situated
in the zone from three kilometres on land and up to ten kilometres on water.
Wind in this zone has both onshore and offshore characteristics. Siting of
near-shore wind turbines can be sometimes highly unfavorable as coastal sites
are often picturesque and important from the environmental point of view,
eg. used for bird nesting. As a result, offshore wind farm siting are preferred
instead.

Offshore. Wind turbines of this type are sited on water at a distance of ten kilo-
metres or more from land where wind speed is often significantly higher than
onshore. This results in a potentially higher energy production. Because of
stronger winds and a smoother surface, an offshore wind turbine can also be
manufactured with a lower tower. The accessibility of offshore wind farms is
however worse than those onshore, thereby significantly increasing the oper-
ation and maintenance costs.
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2.5 State of Wind Energy Worldwide

As at the end of 2005, 58 982 MW of wind power was installed worldwide, including
11 310 MW, added in 2005 [12]. If the current global rate of growth continues,
than, as projected by the World Wind Energy Association, wind power capacity
will exceed 120 000 MW by the year 2010.

As can be observed in Fig. 2.4(a), Europe is the world leader in the development
and production of wind power, accounting for approximately 69% of all installed
wind power capacity as at the end of 2005. This share has actually dropped by a
few per cent as compared to the end of 2004 (Fig. 2.4(b)), mainly due to the recent
advances in Asia and America.

Germany is the leading country (Fig. 2.4(c)), where as much as one third of the
global wind power capacity is installed. It covers 6% of Germany’s electricity need.
The average size of a wind turbine installed here in 2003 was 1650 kW, which is
about 25 times larger than 15 years before [1]. Following the official target, the
share of electricity produced by means of renewable energy sources is planned to
increase to 12.5% by 2010. Three of the world’s largest wind turbines (Enercon
4.5 MW [13], Multibrid 5 MW [14], and REpower 5 MW[15]) are also located in
Germany.

Although Denmark is placed in the fifth place in the world ranking (Fig. 2.4(c)),
it still can be considered as quite unique, as over 20% of its electricity is coming from
wind. This is partly due to the decision made on the development of wind power
and partly due to Denmark’s advantageous geographical position with shallow wa-
ters particularly suited for offshore wind farm siting. At the moment, however,
stagnation in the development can be observed, which resulted in the loss of the
international fourth place to India.

Spain, Italy, and the United Kingdom are other European countries where wind
power is playing an increasing role. At the time of writing, the largest offshore
wind turbines are being installed off the cost of Scotland in the North Sea [16]. The
Beatrice demonstration project comprises two 5 MW REpower 5M turbines with a
hub height of 87 m and a rotor diameter of 61.5 m. After completion scheduled for
summer 2007, a 2-3 year testing period will be followed to estimate the effectiveness
of the wind farm. If the project turns to be economically viable and effectiveness
is proved, 198 more turbines will be added to the site, extending the total installed
capacity to 1000 MW.

Among non-European countries, the US and India should be mentioned for their
recent advances. As for 2005, the US, ranked third, had the fastest growing wind
power sector (Fig. 2.4(d)). The international number four is held by India, where
installed wind power capacity was almost doubled between 2003 and 2005.

State of Wind Energy in Sweden

In 2005, the Swedish government announced its plans of becoming the first country
to break their dependence on oil and other hydrocarbon based fossil energy carriers,
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Europe 69%
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Australia-Pacific 1%

(a)

Europe 73%

Africa < 1%

America 16%

Asia 10%
Australia-Pacific 1%

(b)
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Figure 2.4: Wind power development. The capacity of wind power installed per
continent for 2005 (a) and for 2004 (b). The capacity of wind power installed per
country by the end of 2005 (c) and for the duration of 2005 (d).
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such as coal and natural gas by 2020 [17]. The objectives of this decision are in
diminishing the impact of oil prices on the Swedish economy, a reduction of the
emission of greenhouse gases, and the further development of Sweden’s potential in
renewable energy.

The reduction of greenhouse gases is to be performed by more efficient utilization
of fuel and introducing new types of fuel for road transport. At the same time, oil
consumption will be excluded in heating of residential and commercial buildings
and to a large extend decreased (up to 40%) in industry.

The development of renewable sources coincides with the considered decommis-
sioning of nuclear power plants scheduled for 2010, as following the results of the
referendum on the future of nuclear power in Sweden held in 19804. However, at
the moment, half of all generated power in the country is produced by nuclear fis-
sion whose substitution with green energy would require a drastic increase in the
installed amount and capacity of renewable sources.

According to the bill on planning objectives for wind power issued by the
Swedish government in 2001 [18], the annual production of wind power should
be extended by about 10 TWh of annual production by 2015. Furthermore, other
renewable sources, such as solar and wave energy are to play an increasing role
in the electricity market. To increase the economic attractiveness of rather costly
green energy, the government adopted the green certificates.

The growth of wind power in Sweden is not as intensive as that in Denmark,
Germany, or Spain. At the time of writing, wind energy amounts only to 0.6%
of electricity production, which corresponds to 0.93 TWh. One of the possible
reasons is that almost half of electric power is already generated by means of an
environmentally friendly source – hydro power.

Recently, construction of several large offshore wind parks (mostly in the South
of Sweden) has been announced. The construction of Stora Middelgrundet in the
North Sea with 108 generating units and potential to produce annually up to 3
TWh is scheduled to start in 2010. Two large wind farms are planned to be sited in
the Baltic Sea. The wind park Kriegers flak located between Sweden and Germany
with 128 wind turbines is projected to generate about 2.1 TWh annually when in
service. The construction is planned to start by 2008. Another planned wind park
is Södra Midsjöbanken situated between the Swedish islands of Gotland and Öland
and will comprises approximately 180-230 wind turbines.

The development in this area is continuing and according to estimations, there
is a potential to produce annually approximately 58 TWh in Mid and North Swe-
den [19].

4Later it was agreed that the final decision on decommissioning of the nuclear power plants
in the country is to be taken in 2010.
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2.6 Technology of Wind Turbines

Wind turbines can be operated either at fixed or variable speed. Fixed-speed wind
turbines use an older and relatively simple technology with a constant-speed me-
chanical input. They are often intended only for a certain wind speed at which the
maximum efficiency can be achieved. The rotational speed of an electrical generator
can be changed in a stepwise manner by changing the pole number. For example,
the synchronous speed can be changed from 1500 rpm to 1000 rpm by switching
the pole number from four to six. Because of the fluctuations of generated power,
fixed-speed turbines have a less positive impact on power systems, as compared
to the variable speed turbines. Turbines of this type have a possibility to control
the amount and the frequency of produced electricity, although it requires a more
complicated electrical system. Variable-speed wind turbines can also be designed
for a broader wind speed range.

Wind Turbines with a Gearbox

The basic wind turbine configuration with a fixed-speed mechanical input is illus-
trated in Fig. 2.5(a). The shaft of the electric generator (typically, a squirrel cage
induction generator) is connected to the turbine shaft through a step-up gearbox.
The gearbox is introduced to adjust a low-speed turbine shaft (in the range of tens
of rpm) to the higher rotational speed of a conventional generator (up to several
thousands rpm) with the gear ratio of approximately 100. To compensate the reac-
tive power consumed by the induction generator, a capacitor bank is integrated into
the system. The soft-starter is used to assure a softer connection to the grid. The
configuration presented in Fig 2.5(a) with a squirrel cage induction generator and
an active stall control is for example employed by Siemens Power Generation [20].

The wind turbine configuration presented in Fig. 2.5(b) comprises a wound
rotor induction generator with a soft-starter and a capacitor bank incorporated in
the system for reactive power compensation. The stator winding of the generator
is connected to the grid, whereas the rotor winding is connected to the variable
resistance bank. By varying the rotor resistance, the generator rotational speed
can be adjusted. The interval of these adjustments is however relatively small
– typically, not more than 10% above the synchronous speed. Turbines of this
type are often said to have a limited variable speed. This configuration is used by
Vestas [21].

The configuration depicted in Fig. 2.5(c) uses a doubly-fed induction generator
concept, where the stator winding of a wound rotor induction generator is directly
connected to the grid whereas the rotor winding is connected through a frequency
converter. The power converter, rated only for a part of the generator nominal
output power (about 30 %), is used to regulate the production of reactive power and
to smoothen the grid connection. In comparison with the concept in Fig. 2.5(b),
the speed of the doubly-fed induction generator can vary within a larger range.
Depending on the converter nominal power, it can vary within the interval between
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Figure 2.5: Common wind turbine configurations.
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40% below and 30% above the synchronous speed. This configuration is widely
used by wind turbine manufacturers. It is for instance adopted in one of the largest
wind turbines the 5 MW 5M wind turbine manufactured by REpower [15].

The wind turbines shown in Figs. 2.5(d,e) have similar electrical parts in which
the generator is connected to the grid through the frequency converter. The me-
chanical parts are however quite different. In the topology in Fig. 2.5(d), the turbine
shaft and generator shaft are coupled to each other through a step-up gearbox, in
this way making it similar to the previously discussed wind turbines. This arrange-
ment with a permanent magnet synchronous generator is used in the 5 MW M5000

Multibrid wind turbine [14]. The gear ratio between the turbine and generator
speed is only about 10, which results in a generator that has a medium torque and
rotational speed. It can therefore be considered as an intermediate step between
conventional high-speed/low-torque generators and the low-speed/high-torque gen-
erator applied in the gearless system in Fig. 2.5(e).

Gearless Wind Turbines

With further development of wind turbine technology and increased wind power
penetration level in power systems, the issues of availability and reliability of gen-
erating units become of great importance. This particularly applies for stand-alone
and offshore applications due to their often hard-to-reach locations. The overall
reliability of a wind turbine is somewhat reduced by gearbox used in wind energy
systems depicted in Figs. 2.5(a-d). In addition, the gearbox is subject to me-
chanical wear, vibrations, requires lubrication and more frequent maintenance at
considerable cost [22]. As a result, the gearless wind energy system has drawn the
attention of wind turbine manufacturers. A schematic of such system is presented
in Fig. 2.5(e).

For the connection of a generator to the network, a converter scaled for the full
output power is required. This introduces extra cost and additional losses. Yet the
efficiency of such a system can be somewhat higher than the efficiency of the system
containing a gearbox and an induction generator directly connected to the grid [4].
On the other hand, a full-scaled converter offers an opportunity of a variable speed
control over a large speed range. This allows a better utilization of the available
wind power and therefore has a potentially higher energy yield. The interest in
gearless energy systems is likely to continue growing in the near future as larger
power converters become available at decreasing cost.

A direct-driven low-speed generator with a large number of poles and larger
than conventional generator outer diameter is required in the gearless wind system.
Electrically excited direct-driven synchronous and induction generators are utilized
by a number of wind turbine manufacturers. Wound rotor induction generators
are for example used by Enercon in large E-112 wind turbines with 4.5 MW rated
power.

In the last few decades, a reduced magnet price has made synchronous gen-
erators with permanent magnet excitation (PMSG) an attractive alternative. In
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comparison to the electrical excitation, the permanent magnet excitation favors a
reduced active weight, decreased copper losses, yet the energy yield is somewhat
higher [3]. This topology is for example utilized by Harakosan in its 2 MW wind tur-
bine Z72, making it one of the largest direct-driven permanent magnet generators
commercially available [23].

Besides the existing ones, some PMSGs for direct driven wind turbines are
currently under development. One of them is designed and produced at VG Power
in Väster̊as. The main feature of this generator is that by placing the bearings in
the airgap, reduced weight can be achieved [24]. The 144 kW downscaled prototype
has been built and tested proving viability of the concept. A 3 MW prototype with
a 9 m diameter is intended to be manufactured for installation on the Swedish
island of Gotland [25].

A number of studies have been conducted investigating different topologies of
PMSG suited for direct-driven low-speed wind generators [4, 5]. A possibility of
utilizing a transverse flux permanent magnet (TFPM) topology in the gearless
wind energy system was discussed by Professor Weh in [6] as early as in 1990. An
attractive feature of the TFPM is that with an increasing number of poles, the
machine rating can be increased and as a result a higher value of specific torque
density can be achieved [7].

A novel transverse flux permanent magnet topology for wind power generation
up to 12 MW is discussed in this work. Further description of this topology, its
features and design possibilities are presented in detail in Chapters 3 and 4.





Chapter 3

Transverse Flux Topology

The direct-driven synchronous generator analyzed in the present work employs a
transverse flux topology (Fig. 3.1). Unlike in conventional radial-flux machines, the
flux lines in this topology lie in the perpendicular or, in other words, transversal
plane to the direction of movement and that of current flow.

One of the main benefits of using such a topology is the possibility to attain
a high torque density [6]. By increasing the number of poles (thus decreasing
the pole pitch) for given dimensions and current loading, the machine rating can
be increased and, consequently, higher values of specific torque density can be
achieved. However, the pole pitch cannot have an infinitely small thickness and

Stator core

Stator coil

Permanent
magnet

Rotor core

��+Movement

Current
Flux path

Figure 3.1: Basic single-phase transverse flux topology with permanent magnet
excitation.
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therefore should be checked for mechanical rigidity while designing a transverse
flux machine (TFM). Furthermore, the amount of flux leakage produced in the
third (axial) direction is also very much related to the pole pitch length.

Another attractive feature of a TFM is that it allows current and magnetic
loading to be set almost independently. The pole length sets the magnetic loading,
whereas the machine width determines the current loading. This advantageous
feature of TFM results in a more favorable construction as the magnetic circuit
and armature winding are not competing for the same space.

One of the major drawbacks of a TFM is its high flux leakage, resulting in a
poor power factor. The amount of leakage flux can be reduced to a certain extent by
increasing the pole width at the cost of relinquished high torque density. Therefore,
the machine designer has to consider this trade-off between machine performance
and utilization of active materials and find an optimal solution [26]. On the other
hand, the large reactance would limit the short-circuit current, in case of a failure.

Another significant disadvantage of a TFM is the complicated mechanical struc-
ture of the magnetic circuit. It consists of a large number of separate small-size
components, thereby resulting in a relatively weak construction and more complex
manufacturing. The novel TFM concept analyzed in this work can likely overcome
this shortcoming, by adopting a less complex construction of the stator core.

3.1 Basic TFM Topologies

The geometry depicted in Fig. 3.1 is a basic TFM arrangement referred to as single-
sided TFM [27]. It consists of a rotor core (or translator in case of linear machine)
with permanent magnets (in magnetically excited system). The stator is made of C-
shaped iron cores. The winding is placed in the stator slots. The magnets polarized
with alternating polarity are displaced on the rotor surface, thereby producing an
alternating flux in the stator iron. The winding is global as the same coil links the
fluxes produced by each pole pair.

A number of various topologies of TFM were presented and described in the lit-
erature since it first drew the attention of machine researchers in the early 1970s [28]
and later re-emerged in the mid-1980s [7]. Nevertheless, research in this area con-
tinues and new topologies are being introduced.

In the topology shown in Fig. 3.1, only half of the magnets are being utilized at
one instance while the others generate fluxes that partially weaken the flux linked
to the winding. To reduce the stray fluxes generated by unused magnets, guiding
iron bridges could be placed between the stator cores as illustrated in Fig. 3.2. In
such a way, closed magnetic paths are provided for the fluxes originated by each
magnet that is not involved in the development of the main magnetic flux. In this
TFPM arrangement, the output power would likely be higher [29]. However, the
iron bridges increase the active weight of the machine and decrease the available
space for the stator winding.
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Figure 3.2: Single-sided transverse flux topology with iron bridges, where ωm is the
direction of movement, φm the flux line, i is the armature current.

��+ωm

φm

i

i

Figure 3.3: Double-sided transverse flux topology with iron bridges.
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To increase the utilization of the magnets, the transverse flux machine can be
manufactured double-sided, as shown in Fig. 3.3. The output power of such machine
can be increased even further, as each magnet contributes to the main stator flux.
Considerably increased complexity and a relatively weak mechanical construction
are the main disadvantages of this topology.

Besides the mentioned TFM topologies, a number of others exist. Their de-
scriptions can be found in various literature dealing with TFM, as for example [30]
or [27], and therefore will not be discussed in the present work.

3.2 Inner and Outer Rotor

Most electrical machines can be manufactured in two different ways: with inner
rotor (external stator) or outer rotor (internal stator). For the given torque, the
airgap area remains the same in either case. However, from the design point of
view, an outer rotor is preferable, as the machine outer diameter becomes smaller.
This results in a better utilization of the available volume. The windings are also
easier to place in the slots of the internal stator. On the other hand, it requires a
considerably more complex supporting structure (bearings, mounting) in order to
keep the airgap constant. The internal stator design might also have a poorer heat
transfer capability as the main heat source – copper losses in the conductors – are
located further away from the cooling surface in case of air-cooled machine. The
heat transfer can be improved by introducing an internal water cooling system.

3.3 Permanent Magnet TFM

Depending on the type of excitation, a transverse flux machine can be either electri-
cally excited or magnetically excited [31]. An electrically excited machine normally
has a more massive rotor and larger weight as compare to magnetically excited
one. The reduced magnet prices have made permanent magnet machines more fea-
sible than before. Depending on the way the permanent magnets are placed in the
rotor (translator), the permanent magnet machine has several design possibilities.
The most common designs used in the conventional radial-flux machine are the
surface-mounted, inset, and buried. Selection of either design would affect the ma-
chine performance, its weight and overall production cost. The three rotor designs
illustrated in Fig. 3.4 are described below.

Surface-magnet Design

In the configuration with the surface-mounted magnets (Fig. 3.4(a)), the magnets
are polarized radially or sometimes circumferentially. The bandaging of such a
machine is often necessary in order to protect magnets from the centrifugal forces.
The reactances in the d- and q-axis are nearly the same. The construction of such
rotor is relatively simpler, in comparison to the other rotor designs.
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Figure 3.4: Rotor configurations: (a) surface-mounted magnets, (b) inset magnets,
(c) buried magnets.

Inset-magnet Design

The inset-magnet rotor (Fig. 3.4(b)) has radially polarized magnets embedded in
the slots on the rotor surface. The q-axis synchronous reactance is larger than in
the d-axis. The emf induced by the magnets is generally lower than in surface
mounted design due to larger flux leakage [32]. The rotor is likely to be lighter in
this case.

Buried-magnet Design

In the buried-magnet rotor (Fig. 3.4(c)) the magnets are circumferentially mag-
netized. The synchronous reactance in the q-axis is larger than in d-axis. The
thickness of the bridge between the magnets should be carefully chosen. In this
configuration a nonmagnetic shaft should preferably be used. The advantage of
this rotor design is that the airgap flux density can be greater that the remanent
flux density of the permanent magnets.

3.4 Multi-phase TFM

A transverse flux machine has basically a single-phase structure. Therefore several
single-phase machines are stacked together in a way producing a desirable multi-
phase shift.

A cross-section of a three-phase TFPM and a possible magnet arrangement
are depicted in Fig. 3.5. The TFM has no common rotating field built by the
three-phase winding. Instead, three independent alternating fields shifted by 120
electrical degrees exist (three single-phase machines stacked together). The shift is
created by the magnets mechanically displaced on the rotor surface. The advantage
of shifting the magnets rather than stator core pieces is that the stator cores can
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Figure 3.5: Three-phase TFPM with: cross-section (a) and displacement of magnets
(b).

be joined together, thus reducing the number of separated parts and consequently
the complexity of production.

3.5 Rotational TFPM

Besides the previously discussed linear arrangements, a number of rotational TFPM
machines were presented and described in different publications. One early attempt
to design a rotational TFPM was described by Professor Weh in [6]. The machine
had a higher force density as compared to conventional machines. Due to large
number of poles and, as a result, relatively low rotational speed, the TFPM topology
was suggested for a wind generator in a gearless wind turbine.

The rotational TFPM concept in [29] (Fig. 3.6) presents three single-phase ma-
chines of the type illustrated in Fig. 3.2. While having the magnets displaced on
the rotor surface, the stator core pieces are aligned and the passive iron bridges
placed amid. In that way, the stray fluxes produced by the unused magnets can
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Figure 3.6: Schematic representation of transverse flux permanent magnet machine
presented in [29] in stack (radial) (a) plane, rotational (peripheral) plane (b) and
general view of the machine (c).

be reduced. An internal stator design was selected in this TFPM machine, which
allowed reducing the machine output diameter. The prototype was built and tested
proving the viability of the adopted concept, especially in low-speed applications.

A number of academic researches have been conducted in the past few years,
investigating different TFPM topologies suited for direct-driven wind generators.
Attempts to reduce active weight, decrease price and complexity of production were
made.

In [4], different permanent magnet synchronous generators (PMSG) suited for
direct-driven wind turbine generator have been analyzed. A rotational TFPM gen-
erator was considered to be an interesting alternative due to its high efficiency,
light weight and compactness. The research started in [4] with a focus on TFPM
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generators in particular was continued in [33]. TFPM generators were found to be
also economically viable, especially with decreasing prices of power electronics.

A flux-concentrating TFPM topology with toothed rotor was proposed in [5].
The author claimed that analyzed topology favors the conventional PMSG for outer
diameters lower than 1 m. The machines were however compared only with respect
to the active portion of the total weight. It was therefore uncertain if this conclusion
would still be valid if the inactive portion is taken into consideration.

The new TFPM topology described in Chapter 4 is believed to favor a reduced
total weight of nacelle due to its compact structure and comparably low outer
diameter.



Chapter 4

Design of a Novel Direct-driven

TFPM Generator

This chapter describes in detail the novel transverse flux permanent magnet topol-
ogy employed in the analyzed direct-driven wind generator. This topology was
invented by Prof. Chandur Sadarangani in the spring of 2004 [34, 35]. Evaluation
of the generator parameters is performed and the inductance model is developed.
The analytical estimation of the losses generated in the iron and copper parts is
presented as well.

4.1 Description of the Novel TFPM Topology

Compared to the rotational TFM topology described in [29] and presented in Chap-
ter 3, a single-phase stracture (Fig. 4.1(a)) in the novel TFPM is placed along the
circumference rather than a straight line, thereby obtaining circular cross-section.
A general view of the novel TFPM generator is shown in Fig. 4.1(c). It employs
a single-sided topology with the inner rotor and surface-mounted magnets. The
generator consists of a hollow toroidal rotor with permanent magnets embraced by
the laminated stacks with the windings placed in the slots.

The original idea of the analyzed generator is to use lamination sectors for the
stator cores as in conventional radial flux rotational machine of a large diameter
where the stator sectors are welded to each other, in order to obtain circumference.

The high current loading allowed in a TFPM could result in considerable values
of armature reaction, which cause the eddy current losses. To decrease this effect,
the iron parts should be made of a laminated material. Moreover, the transverse
flux concept implies that the magnetic fluxes should be carried in the plane per-
pendicular to the direction of movement. Therefore, the laminated material would
decrease the flux in the peripheral (rotational) direction and the fringing effect.

27
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Figure 4.1: Schematic representation of the novel transverse flux permanent magnet
machine in stack (radial) (a) plane, rotational (peripheral) plane (b) and general
view of the generator (c).

Arrangement of Magnets and Windings

To be able to use conventional converters for the grid connection of the generator,
a three-phase system is adopted in the machine. The TFPM allows using a stator
winding of a simple mechanical structure, thus making it possible to facilitate high
voltage insulation. This could be an attractive feature in the future since the
voltage of wind generators has been continuously increasing in the past few years
and voltage levels of up to 5 kV can reasonably be expected in the forthcoming wind
generators [36]. The stator slots have a rectangular shape, as well as the conductors
in the windings.

Two possible magnets and windings arrangements are shown in Figs. 4.2 and
4.3. In the case of the separated flux paths (see Fig. 4.2), the winding has a three-
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Figure 4.2: Arrangement of winding in case of separated flux paths.
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Figure 4.4: Cross-section of the novel TFPM generator in the stack plane with the
main dimensions.

time single phase structure. However, in the case when the flux paths are mixed
(see Fig. 4.3), the three-phase winding distribution is obtained naturally, as it is
done in the radial-flux machines with concentrated windings. These two possible
windings will be referred to as separated and mixed windings, respectively. The
separated winding structure is considered in the analyzed generator.

4.2 Dimensions of Magnetic Circuit

The main machine radius Rm and the tube radius Rs are shown in Fig. 4.4. The
cut required for the mechanical assembling of the rotor on the shaft is defined by
2 ξ.

The number of stator teeth per stack Qs should be a multiple of the number
of phases and a multiple of two in order to ensure the closed paths for the flux
generated by the magnets of opposite polarity. Due to the introduced cut, the
lateral slots (closest to the axis of rotation) contain only one winding.

The toroidal structure of the geometry results in a relatively complex analysis. It
is therefore important to identify each design parameter with respect to its location.
For this purpose, the subscripts ‘s’ and ‘r’ were introduced in the notations, which
stand for the stack (radial) plane and rotational (peripheral) plane, respectively.

The main dimensions of the generator in the stack and rotational planes are
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Figure 4.5: Schematic representation of the generator in the stack (radial) (a) and
rotational (peripheral) (b) planes.

presented in Fig. 4.5. For simplicity, this figure depicts the machine in a linear
representation.

The pole angle αp,r in the rotational direction is given by

αp,r =
2π

p
, (4.1)

τp,r = αp,r Rr, (4.2)

where p is the pole number and Rr is the radius on the rotor surface. As can be
observed in Fig. 4.4, the radius Rr varies depending on the considering position on
the rotor surface, thus the pole pitch τp,r varies as well. The radius Rr for each
tooth can be calculated as

Rr(i) = Rm − Rs cos

[(
i − 1

2

)
αp,s + ξ

]
, (4.3)

where i is in the interval (1, Qs). As illustrated in Fig. 4.4, Rrmin corresponds to
i = 1, whereas Rrmax to i = Qs/2. The mechanical pole angle αp,s in the stack
plane is given by

αp,s =
2π − 2ξ

Qs

. (4.4)

However, manufacturing of Qs/2 magnets, each with different thickness, would
considerably increase their cost. Furthermore, it would be difficult and expensive
to manufacture stacks with a varying thickness. Therefore, it was decided to divide
the stator stacks into sectors (6 sectors are shown in Fig. 4.4), while keeping the
thickness of each sector constant. The number of teeth per sector should be a
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multiple of 6 and the number of sectors should be selected even, thus reducing the
number of magnets of different thickness to Qs/12.

The desired maximum value of the maximum flux density B̂g in the airgap of
length g is linked to the magnet height by

hm =
µpm g

Br,pm

B̂g

− 1
, (4.5)

where Br,pm is the magnet remanent flux density and µpm is the magnet relative
permeability. These parameters are specified for the selected type of the permanent
magnet material.

The maximum allowed flux density created by the magnet in the tooth B̂ts is
used to calculate the tooth thickness bts1

bts1 =
Br,pm

B̂ts

lm,s. (4.6)

It is assumed that the entire flux from the magnet concentrates in the opposing
stator tooth.

In conventional radial-flux permanent magnet machines, the rotor and stator
yokes have normally half of a tooth thickness, since the magnetic flux is split after
it leaves the teeth. However, this is not the case in the TFM as the yoke carries
the complete flux from the teeth. Therefore, the stator yoke should be at least as
thick as tooth. If the same maximum flux density is assumed in all iron parts of
the machine, the heights of rotor and stator yokes are

B̂ts = B̂ys = B̂yr, (4.7)

bts1 = hys = hyr. (4.8)

When the main dimensions are defined, the operation and performance of the
studied generator could be expressed as well.

4.3 Calculation of the Induced Emf

The instantaneous value of the induced emf per coil per stator stack is given by

e = ns

dΦtm

dt
= ns

dΦtm

dΘ

dΘ

dt
= ns e(Θ)ωm, (4.9)

where dΘ/dt = ωm is the angular velocity of the rotor, with Θ being the angular
displacement. dΦtm/dΘ = e(Θ) is the derivative of the flux Φtm created by the
magnets in one tooth with Θ, and ns is the number of conductors in series per coil
per slot.
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Figure 4.6: Distribution of the flux in the teeth Φtm (dashed line) and induced emf
e (solid line) with respect to the angular displacement Θ. Angular displacement of
the rotor between neighboring points and the induced flux at each point are listed
as well.

As was mentioned earlier, the dimensions in the rotational plane are subject
to changes with respect to the radius Rr, resulting in a variation of the induced
emf in different windings. Therefore, the flux variation with the angular displace-
ment should be considered separately for each tooth. The case when αm,r = αst,r

and αp,r = 2 αm,r is illustrated in Fig. 4.6 (corresponding to the view depicted in
Fig. 4.5(b)). The angular displacement Θ is along the x-axis, Φtm and e are along
the y-axis. The dashed line shows the distribution of Φtm(Θ), whereas the solid
line is e(Θ).

At point 1 (Fig. 4.6), the flux in the tooth is equal to Φt = 0, as the stack
is located in the slotting between two magnets of opposite polarity. When the
rotor starts moving, the flux in the tooth gradually increases until it reaches its
maximum in point 2. After that, the flux starts to diminish until it becomes zero
at point 3. In the second half-period, the variation of the main flux will repeat the
form described for the first half-period, yet with the negative sign as the magnet
has a reversed polarity. The value of the flux at each point as well as the angular
displacement are calculated and summarized for convenience in Fig. 4.6. The flux
and emf distribution for other possible geometry combinations are presented in
Appendix A. The induced emf is obtained by numerical derivation of the flux in
the teeth.

The rms value of the fundamental of the function e(Θ) is equal to

Ef1 =
nsωm√
2 αp,r

∫ 2 αp,r

0

e(Θ) sin

(
πΘ

αp,r

)
dΘ. (4.10)
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4.4 Derivation of the Synchronous Inductance

The synchronous inductance Ls of an electric machine comprises a magnetizing
inductance of the core and the leakage inductance appearing due to the leakage
magnetic fields. The analytical model for calculation of Ls is presented below.

Main Inductance

The inductance of a coil is defined as the ratio of the flux linkage λ of this coil to
the current i flowing through it

L =
λ

i
=

nsΦ

i
=

n2
s

R
, (4.11)

where Φ is the flux in the magnetic circuit which has the sum reluctance R and
ns is the number of conductors in series per coil. The magnetic field caused by the
armature reaction and the magnetic circuit are depicted in Fig. 4.7. By analyzing
the magnetomotive force in the airgap and taking into account the mutual effect of
the other two phases, the main inductance La per each phase can be calculated as
follows

La =
4n2

s

2(Rg + Rpm)

Qs

6

p

2
, (4.12)

where the airgap reluctance Rg and the permanent magnet reluctance Rpm are
given by

Rg =
g

µ0Ag

=
g

µ0bts1 lst,r

, (4.13)

(a)

hm

g

⊗ ⊗

i i

(b)

2nsi

+ −

RgRg

RpmRpm

Figure 4.7: Main inductance geometry (a) and the equivalent magnetic circuit (b).
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Rpm =
hm

µ0µpmApm

=
hm

µ0µpmlm,s lm,r

. (4.14)

Airgap Leakage Inductance

The calculation of the airgap leakage inductance is similar to the calculations of the
main inductance. The currents in the coils produce the magnetic field in the airgap,
without entering the rotor iron, as illustrated in Fig. 4.8. Taking into account the
new magnetic path, the airgap leakage inductance Lag per phase can be found as

Lag =
4n2

s

2R′

g + Rgpm

Qs

6

p

2
, (4.15)

where the reluctances R′

g and Rgpm can be calculated as

R
′

g =
g + hm

2µ0Ag

=
g + hm

2µ0bts1 lst,r

, (4.16)

Rgpm =
τp,s

µ0Agpm

=
τp,s

µ0hm lm,r

. (4.17)

(a)

⊗ ⊗

i i

(b)

2nsi

+ −

R
′

gR
′

g

Rgpm

Figure 4.8: Airgap leakage inductance geometry (a) and the equivalent magnetic
circuit (b).

Slot Leakage Inductance

The current flowing in the winding creates a magnetic field not only in the airgap,
but also in the slot, as depicted in Fig. 4.9. This magnetic field creates the so-
called slot leakage inductance. By applying the coenergy equation and integrating
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bss

hss

H
⊗ ⊗

i i

Figure 4.9: Slot leakage geometry.

the magnetic field intensity in the slot volume occupied by the winding [37], the
slot leakage inductance can be calculated as follows

Lss =
n2

sµ0hsslst,r

3bss

Qs

3

p

2
. (4.18)

Between-stack Inductance

The between-stack inductance is created by the magnetic field H that surrounds
a conductor in the space between two neighboring stacks. If the infinitely long
conductor carrying a surface current i as shown in Fig. 4.10(a) is assumed for
simplicity, then the inductance for a conductor of length le and the conductor
radius Rc < r is given by [37]

L =
µ0len

2
s

2π
ln

(
r

Rc

)
. (4.19)

For the conductor geometry and the magnetic field distribution shown in Fig. 4.10(b),
the effective radii and the length can be calculated as follows






Rc = Rbs =

√
τp,s(hss + bts1)

π
,

r = rbs =

√
hssbss

π
,

le = lbs = 2 τp,r − lst,r.

Finally, the between-stack inductance per phase is

Lbs =
µ0lbs n2

s

2π
ln

(
rbs

Rbs

)
Qs

3

p

2
. (4.20)
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(a)

Rc

r

H

i

(b)

⊗ ⊗

i i

Figure 4.10: Magnetic field about a cylindrical conductor (a) and a coil while it is
between two neighboring stacks (b).

End-winding Inductance

The end-winding inductance is created by the magnetic field about a coil when it
makes a turn between two slots, as shown in Fig. 4.11. Eq. 4.19 is applied for the
derivation of the end-winding inductance. Recognize that






Rc = Rew =

√
bsshss

2π
,

r = rew =
τp,s

2
,

le = lew =
πτp,s

2
.

the end-winding inductance per phase can be calculated as

rew

end-winding

stack

Figure 4.11: End-winding geometry.
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Lew =
µ0τp,sn

2
s

4
ln

(
τp,s

√
π√

2bsshss

)
2Qs

3
. (4.21)

4.5 Calculation of Losses

The total iron losses in the machine can approximately be estimated by applying
the empirical equation provided by [38]

Pfe = 0.078 Wfe(100 + fe)B̂ts Gfe · 10−3, (4.22)

where the loss factor W (W/kg) is an empirically determined loss factor that varies
depending on the iron sheet quality1, flux density and electrical frequency, and Gfe

is the total iron weight, which together with total active weight is calculated in
Appendix B.

The total copper losses are

Pcu = 3 I 2
ph Rph. (4.23)

The phase resistance where Rph can be expressed as a function of the winding
dimensions as

Rph = ρcu

ns lph

kfill Ass/2
= 2 ρcu

lph

kfill bsshss

. (4.24)

where ρcu is the electric resistivity of copper at winding temperature, Ass = bsshss

is the stator slot area, kfill is the slot fill factor, and lph is the coil length per phase.
The presented model is to be applied in the following chapters to study the

influence of the design variables on the characteristics selected for analysis, as well
as for the evaluation of the generator performance and efficiency. In the next
chapter, the assumptions and design considerations are outlined.

1Depending on the thickness of sheet wsheet, the maximum flux density bBsteel, and the
quality of the steel, the loss factor could for example attain 0.92W/kg for wsheet = 0.35mm and
bBsteel = 1.0T and 13.5W/kg for wsheet = 1.0mm and bBsteel = 1.5T [39].



Chapter 5

Design Criteria and Assumptions

Design of a new electric machine is a multifaceted and time consuming task. This
is particularly true when a novel transverse flux topology is employed as in this
study. It is therefore important to define some parameters in advance. Based upon
previous electric machine design experiences and literature review, a number of
assumptions and simplifications have been made. They are summarized in this
chapter. Furthermore, to be able to analyze the characteristics of the obtained
designs and to select the most appropriate solutions among them, several important
criteria are chosen and described. The design procedure based on the analytical
model presented in the previous chapter is discussed as well.

5.1 General Assumptions and Simplifications

The following has been assumed in the design procedure:

The flux leakage in the axial plane (direction of movement) is neglected in the
model. This implies that the flux produced by the magnets is concentrated
in the opposing tooth, i.e. no fringing effect is considered. Furthermore,
no allowance for between-pole axial leakage was made. These assumptions
could result in saturation in some parts, increased leakage inductance and,
consequently, in a drop of the power factor.

The non-linearity of the magnetic materials is not considered as saturation is
limited by selecting a maximum flux density created by the magnets B̂iron

in different parts of the machine. In the conducted study, B̂iron is chosen as
1.4 T. The same maximum flux density is allocated in the stator teeth, stator
and rotor yokes, i.e. B̂iron = B̂ts = B̂ys = B̂yr.

A maximum airgap flux density created by the magnets B̂g = 0.9 T is adopted
based on the magnetic properties of iron and the magnet material, as well as
from prior experience.

39
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The magnet properties, such as remanent flux density Br,pm and magnet relative
permeability µpm are selected and listed in Table 5.1. The NdFeB permanent
magnets are considered in the analysis.

The copper losses Pcu in the model is a predefined parameter specified as a percent-
age of the output power. While thermal model is not included, the limitation
of the copper losses is an alternative way to introduce the thermal constraints.
In that way, different design solutions can be compared on a similar basis.

Stray losses are not included in the developed model.

No minimum thickness for the teeth and magnets are set in the model. The
obtained geometries have to be checked for mechanical rigidity.

For simplicity reasons, the coils are selected series connected. To be able to adapt
the induced emf Eph with the terminal voltage Vt, a number of conductors
per coil per slot ns can be chosen [40]. Since the choice of ns has no influence
on the generator characteristics, it has been decided to keep ns = 1. The fill
factor kfill = 0.55, i.e. 55% of the slot is used by copper, while the rest is
filled with conductor and slot insulations.

Table 5.1: Predefined Design Parameters for Analysis

Property & Unit Value

Maximum flux density in the iron B̂iron (T) 1.4

Airgap flux density B̂g (T) 0.9

Magnet remanent flux density at 100 ◦C Br,pm (T) 1.1

Magnet relative permeability µpm 1.05

Copper losses Pcu 0.02Pout

Fill factor kfill 0.55

Number of conductors in series per coil per slot ns 1

Nominal Speed

The nominal speed of turbine nm is dependent on a number of properties, such as
the applied control method (fixed or variable), wind speed, radius of the blades,
rated power, etc. As calculation of these characteristics is out of the scope of this
work, the rotational speed is selected based on review of the existing wind turbines.
A survey of wind turbines with different configurations described in Chapter 2 is
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presented in Fig. 5.1. Markers denotes the existent wind turbines and the solid line
represents the adopted variation of nm, described by

nm1

nm2

=

(
Pout2

Pout1

)1.5

. (5.1)

Control Modes

The classical electric circuit model of a synchronous generator shown in Fig. 5.2(a)
is considered. The voltage drop due to winding resistance is relatively small in
large synchronous machines, and therefore it is disregarded. Thus, only the phase
reactance Xs, which consists of two components: magnetization reactance Xsm and
leakage reactance Xsσ is considered.

As the magnetization of the PM machines cannot be decreased at reduced loads
(unless field weakening is applied), the induced emf Eph would retain its no-load
value. By selecting the magnitude of the armature current and the current angle, the
terminal voltage Vt can be controlled. Three different phasor diagrams that could
be applied for the control of the generator are presented in Figs. 5.2(b-d) [4, 33]. For
all three modes, the forced-commutated converter is required for the grid connection
of the generator [33]. The back-to-back converter depicted in Fig. 5.3 is suggested
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Figure 5.1: Variation of the mechanical speed nm with the output power Pout,
where markers denote the mechanical speed of the existent wind turbines and the
solid line shows the adopted variation of nm.
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(a)
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+

−

Vt

(b)

j(Xsm + Xsσ)Iph

Eph Vt
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φ
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Eph Vt

Iph

δ

Figure 5.2: The single-phase equivalent circuit of the generator (a) and the phasor
diagrams for the cases when δ = 0 (b), φ = δ (c) and φ = 0 (d).

for the wind turbine applications [1]. It consists of a rectifier and an inverter with
an intermediate dc-link capacitor.

The first control mode in Fig. 5.2(b) corresponds to the case when the load angle
δ = 0, and thus terminal voltage Vt is higher than the induced emf Eph. The power
factor would be quite poor in this case, which would result in increased converter
rating and would contribute to the increase of the total system cost.

In Fig. 5.2(c), a compromise control mode is presented, where the phase current
is placed between the induced emf and the terminal voltage. The load angle δ and
the phase angle φ are equal in this case and Eph ≈ Vt. This control mode could help
to find out a reasonable compromise between the generator rating and converter
rating.

The control mode employing the phasor diagram shown in Fig. 5.2(d) has the
current in phase with the terminal voltage, thus φ = 0. The unity power factor has
an advantage of the reduced converter rating.

A compromise control strategy shown in Fig. 5.2(c) has been selected for the
further analysis.



5.2. DESIGN PROCEDURE 43

Grid

Generator

Rectifier DC-link Inverter

Figure 5.3: Back-to-back frequency converter.

5.2 Design Procedure

The calculation procedure of the TFPM generator is presented as a flowchart in
Fig. 5.4. The parameters listed in Table 5.1 are assumed beforehand. The output
power Pout has a major influence when selecting the main machine radius Rm, the
number of poles p, the number of teeth per stator stack Qs, etc. The radii ratio
kR and cut angle ξ are the free variables that can vary within specified ranges
independently of the other machine characteristics.

Slot Dimensions

Once the type of the winding connection (series, parallel or mixed) and the control
mode are selected, the phase emf can be calculated. For simplicity, the coils in each
phase are assumed to be series-connected.

The output power Pout of the generator is given by

Pout = 3VtIph cosφ = η3EphIph cos δ, (5.2)

where Iph is the phase current, cosφ is the power factor, and η is the efficiency
of the generator. The three-phase winding is assumed to be Y-connected. As the
control mode when δ = φ is selected, the output power can be derived as

Pout = η 3 EphIph cosφ. (5.3)

The height of the slot can be derived by combining Eqs. 5.2, 4.23 and 4.24 and
setting values for Pout, kfill, and assuming values for η and cosφ

hss =
2

3

ρcu lph

Pcu bss kfill

(
Pout

Eph cosφη

)2

. (5.4)
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Set the predefined parameters
listed in Table 5.1

Vary the design variables
listed in Table 5.2

Calculate the main dimensions
of magnetic circuit

Calculate the induced emf
by integrating the flux in the teeth

Set the power factor cos φ
and the efficiency η

Calculate the required copper area

Calculate the synchronous inductance
and evaluate the machine performance

Calculate the active weight
and the iron losses

Recalculate the power factor
and efficiency

Check
cos φ and η

OK

NO

Further analysis

Figure 5.4: Flowchart showing the design procedure of the TFPM generator.
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Table 5.2: Design Variables

Property & Unit

Main machine radius, Rm (m)

Tube radius Rs (m)

Cut angle ξ

Number of teeth per stator stack Qs

Pole number p

When all dimensions are derived, the equivalent parameters and the performance
can be evaluated. The active weight and the iron losses can be obtained as well.
The new values for the power factor cosφ and the machine efficiency η are given by

cosφ =

√
E2

ph −
[
(Xsm + Xsσ)Iph/2

]2

Eph

, (5.5)

η =
Pout

Pout + Pfe + Pcu

. (5.6)

If the differences between the initially imposed and recalculated cosφ and η are
relatively large (i.e. more than 5%), corrected values can be used to refine the
calculations.

5.3 Criteria to Analyze Results

A number of criteria should be considered while designing a wind turbine. The
most important ones are listed bellow

Cost

Production and operating costs of a wind turbine are one of the most important
criteria, which determine whether it is technically feasible and economically viable.
The operating cost often includes the maintenance costs. As no economic calcula-
tion is considered, the comparison will be made based on comparison of the total
active weight and the weight of the permanent magnets, as it is the most expensive
material.

Weight

The weight of active materials involved in the energy conversion process is an impor-
tant characteristic. Apart from the active portion of the total weight, the inactive
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portion, such as weight of the supporting structure, driving train, and nacelle of a
wind turbine, should also be considered.

Performance

The power factor determines the rating of the converter used for the grid connection
of the generator. The increased converter rating could considerably increase the
total cost of the wind energy conversion system.

Overall efficiency

The overall efficiency is determined by the system losses, such as copper Pcu, iron
Piron, and stray losses of the generator, switching losses of the power converter. By
eliminating the gearbox from the system, the mechanical losses could be excluded
from the total system losses. In this study, the efficiency will be determined based
on the contribution of the copper and iron losses.

Torque density

The torque density Tm/Gtotal, (Nm/kg) is an important characteristic, which is
often used to compare different electric machines. As the outer diameter and weight
of an electric machine increases with its torque, the torque density can become a
quite decisive characteristic for the analyzed direct-driven generator.

The described design procedure together with assumptions and simplifications are
applied in the parametric study of a 5 MW wind turbine presented in the following
chapter.



Chapter 6

Parametric Study of a 5-MW

TFPM Generator

The objective of the study presented in this chapter is to determine the parameters
with the greatest impact on the generator design and obtain the intervals within
which these parameters are allowed to vary. A generator with the output power
of 5 MW is chosen for the analysis, since this size coincides with the rating of the
lately developed wind turbines [15, 21, 14].

6.1 Predefined Parameters

The characteristics described in the previous chapter are used to investigate the
influence of the design parameters in the studies presented below. The predefined
design parameters for a 5 MW wind generator listed in Table 6.1 are kept unchanged
throughout the study.

6.2 Stack and Magnet Dimensions in Rotational Plane

This analysis is performed to investigate the effect that dimensions in the rotational
plane lst,r and lm,r (or in angular representation αst,r and αm,r) have on the gen-
erator characteristics. Possible magnet-stack combinations and the corresponding
magnetic flux and induced emf curves are presented in Chapter 4 and Appendix A.
For the current study, angles αst,r and αm,r are varying in the interval (0, αp,r),
in such way covering all possible magnet/stack arrangements. The other design
parameters are kept constant during the simulations, thus the main machine radius
Rm = 1.65 m, the tube radius Rs = 0.85 m, the cut angle ξ = 60◦, the number of
teeth per stator stack Qs = 36 and the pole number p = 600. The results of the
performed simulations are shown in Fig. 6.1. The machines whose solution could
not converge, or in the other words, the difference between the imposed and the
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Table 6.1: Predefined design parameters for a 5 MW wind turbine

Property & Unit Value

Specified output power Pout (MW) 5

Turbine speed nm (rpm) 13.2

Copper losses Pcu 0.02Pout

Maximum flux density in the teeth B̂ts (T) 1.4

Maximum airgap flux density B̂g (T) 0.9

Magnet remanent flux density at 100 ◦C Br,pm (T) 1.1

Magnet relative permeability µpm 1.05

Fill factor kfill 0.55

Number of conductors in series per coil per slot ns 1

Initial value of power factor cosφ0 0.92

Initial value of efficiency η0 0.97

calculated values were larger than 5%, have deliberately been excluded from the
analysis.

The induced emf per weight depends to a large extent on the stack/magnet
dimensions. The distribution of the induced emf per magnet weight Eph/Gpm with
respect to the stack and magnet angles is shown in Fig. 6.1(a). As can be seen, the
characteristic, in general, tends to improve with increasing αm,r and αst,r and has
its local maximum at αst,r = αp,r. This behavior could be explained by studying
the curve shown in Appendix A (Combination 8). A nearly sinusoidal shape of
the induced emf results in a higher fundamental component and consequently less
harmonic distortions.

The distribution of ratio Eph/Gtotal is depicted in Fig. 6.1(b). The character-
istic, as before, tends to improve with the increasing thickness of the stator stack
and magnet. It has its maximum along the diagonal line, i.e. when αmr = αst,r. A
similar pattern can also be observed for the mechanical torque density Tm/Gtotal

shown in Fig. 6.1(d). The generator efficiency depicted in Fig. 6.1(c) is acceptably

high and has the maximum at αm,r = αst,r in the interval
(

1
2
, 5

6

)
αp,r.

A similar behavior of the analyzed characteristics has also been observed while
performing the simulations for various design parameters. It has therefore been
decided to keep the stator stack angle αst,r and the magnet angle αm,r equal during
all of the continued analysis.

To determine the optimum value of the magnet/stack angles, the frequency anal-
ysis of the induced emf could be performed. As only the fundamental component
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Figure 6.1: Distribution of the induced emf per weight of the permanent magnets
Eph/Gpm (V/kg) (a) and per total active weight Eph/Gtotal (V/kg) (b), generator
efficiency η (c), and torque density Tm/Gtotal (Nm/kg) (d) with respect to the
magnet αm,r and stator stack αst,r angles. The distribution is shown for Rm =
1.65 m, Rs = 0.85 m, ξ = 60◦, Qs = 36, and p = 600.
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contributes to the power production, it could be worth to estimate the amount of
distortions in the induced emf. The index called total harmonic distortion (THD)
could be used for this purpose.

The THD for the induced emf is defined as [41]

THD =

√
E2

f − E2
f1

Ef1

, (6.1)

where Ef1 is the rms value of the induced emf at fundamental frequency derived in
equation 4.10. The rms value of the induced emf Ef is defined as

Ef =

√
1

2 αp,r

∫ 2 αp,r

0

e2(Θ)dΘ. (6.2)

The THD in percentage as a function of the magnet angle αm,r is shown in
Fig. 6.2. The curve consists of two zones, which correspond to the following mag-
net/stack arrangements:

αm,r < 1
2
αp,r Combination 3 in Appendix A;

αm,r = 1
2
αp,r Combination 1 in Fig. 4.6;

αm,r > 1
2
αp,r Combination 2 in Appendix A.
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Figure 6.2: Variation of total harmonics distortion THD (%) with magnet angle
αm,r, when the magnet and stack have the same thickness αm,r = αst,r.
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As can be seen in Fig 6.2, the induced voltage has larger THD in the region
αm,r < 1

2
αp,r and tends to improve in the region αm,r ≥ 1

2
αp,r. The lowest value of

THD = 23% is obtained at αm,r ≈ 7
9
αp,r or approximately 140◦ electrical degrees.

As a matter of fact, the whole interval between 120◦ and 160◦ might be considered
when selecting the magnet angle, as the THD is relatively low. In the further
analysis, the value of 120◦ electrical degrees has been selected, which was also
proposed in different literature, for example in [39].

To optimize the magnet angle, a more thorough investigation of the amount of
the flux contributing to the torque development, as well as the between-pole axial
flux leakage is required, using three-dimensional finite element models.

6.3 Pole Number

The advantageous feature of a transverse flux machine is that with the increasing
pole number, a higher torque density can be achieved. In practice, however, the
maximum pole number is limited by the allowed thickness of the magnets and
stacks and by the flux leakage occurred in the peripheral direction. To include
these constraints in the model, a finite element analysis should be performed. The
results of analytical calculations presented here give a qualitative description of
the wind generator with an increasing pole number. Fig. 6.3 shows the results of
simulations for a machine with Rm = 1.65 m, Qs = 36, ξ = 60◦ and the pole number
p1 = 100, p2 = 300, p3 = 600 and p4 = 900.

As was anticipated, the TFPM machine characteristics are improving with the
increasing pole number. This is due to the fact that the rate of change of flux is
increasing with pole number, while the amount of linking flux is kept unchanged.
The induced emf per total active weight Eph/Gtotal shown in Fig. 6.3(b) reaches
its maximum at approximately Rs = (0.7 − 0.9)m in 900-pole machine and at
Rs ≈ 0.85 m in a 600-pole machine.

In general, all the machines have acceptably high efficiency and power factor
(Figs. 6.3(c,d)). As can be seen in Fig. 6.3(e), the torque density is basically
larger for a lower tube diameter Rs, as the machine total weight is reducing, while
magnetic loading is increasing.

As can be observed in Figs. 6.3(a,b,e), the generator has relatively poor char-
acteristics for p < 400. At the same time, a larger outer diameter is required.
By performing the simulations for various machine geometries, it was found that
depending on the main radius Rm, 400 to 700 poles seemed to be a good design
choice.

6.4 Number of Teeth per Stator Stack

This study is performed to determine the possible effect of the number of teeth
per stator stack Qs. As was mentioned earlier, the number of teeth should be a
multiple of two in order to provide the close magnetic paths for the pair of magnets
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Figure 6.3: Distribution of Eph/Gpm (V/kg) (a), Eph/Gtotal (V/kg) (b), η (c),
cosφ (d), and Tm/Gtotal (Nm/kg) (e), with respect to Rs. Valid for Rm = 1.65 m,
ξ = 60◦, Qs = 36 and pole number p1 = 100, p2 = 300, p3 = 600, p4 = 900.
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of different polarity. At the same time, Qs should be divisible with the number
of phases, as the emf in each phase should be similar. To decrease the number
of sectors of different thickness, Nsec should be selected even. In the employed
three-phase configuration, the number of teeth per stator stack should therefore be
a multiple of 12. The machines with Qs1 = 24, Qs2 = 36 and Qs3 = 48 are analyzed
in this study. The other parameters are kept unchanged and equal Rm = 1.65 m,
ξ = 60◦ and p = 600. The analyzed characteristics with respect to the tube radius
Rs are shown in Fig. 6.4.

As can be seen in Fig. 6.4(a), the number of teeth per stator stack has no effect
on the induced emf per weight of magnet material. This is due to the fact that
neither induced emf nor magnet weight are affected by the number of stator teeth
(magnets). The characteristic tends to improve with a smaller tube diameter Rs.
A similar tendency can be observed in Fig. 6.4(b), where ratio Eph/Gtotal is also
increasing with decreasing Rs till it reaches the maximum.

Unlike the weight of the permanent magnets, the total weight of the generator
is in fact affected by Qs. An increasing amount of flux produced by the magnets
and entering the teeth (assuming no leakage) would require a wider tooth in order

to keep the same maximum flux density B̂ts. The same is applied for the stator
and rotor yokes whose widths should be at least as thick as the tooth width. An
increasing iron portion of the active weight results in a more massive weight of
the generator and higher iron losses, resulting in decreased efficiency, as can be
observed in Fig. 6.4(c). Independently of the number of teeth per stator stack, the
maximum efficiency is attained at Rs = (0.6− 0.85)m. The power factor, depicted
in Fig. 6.4(d), is high in the region Rs > 0.65 m. The torque density in Fig. 6.4(e)
has a similar pattern as the ratio Eph/Gtotal, though selecting a machine with a
tube radius Rs < 0.85 would be preferable here.

Even though the thermal analysis is not yet included in the model, it could be
mentioned that a larger copper area would result in a poorer cooling capability
of the machine. This makes the machine with smaller slots more attractive. On
the other hand, the increased number of teeth per stator stack would considerably
increase the number of magnets in the generator, resulting in a more complicated
structure. Therefore, at this point, it was decided to keep the number of teeth per
stator stack Qs = 36.

6.5 Cut Angle and Tube Radius

The influence of the cut angle ξ and the tube radius Rs on the generator design is
investigated for a 5 MW wind turbine with a 600-pole transverse flux direct driven
generator that has the main radius of Rm = 1.65 m and 36 teeth in each stator
stack. The cut angle is allowed to vary ξ = (0, π) and the tube radius is changing
within the interval Rs = (0, Rm). The results of the simulations are presented in
Fig. 6.5. As no mechanical constraints are considered in the analysis, the solutions
for ξ = 0 are deliberately left in the plots.
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Figure 6.4: Distribution of Eph/Gpm (V/kg) (a), Eph/Gtotal (V/kg) (b), η (c),
cosφ (d), and Tm/Gtotal (Nm/kg) (e), with respect to Rs. Valid for Rm = 1.65 m,
ξ = 60◦, p = 600 and Qs1 = 24, Qs2 = 36, Qs3 = 48.
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Figure 6.5: Distribution of Eph/Gpm (V/kg) (a), Eph/Gtotal (V/kg) (b), η (c),
cosφ (d), and Tm/Gtotal (Nm/kg) (e), with respect to the tube radius Rs and cut
angle ξ. Valid for Rm = 1.65 m, p = 600 and Qs = 36.
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Although both the induced emf and the magnet weight are depending on the cut
angle, the relationship Eph/Gpm is varying merely with the tube radius, as it is seen
in Fig. 6.5(a). This is due to the fact that the induced emf is directly proportional to
the weight of the permanent magnets, which makes the ratio Eph/Gpm independent
of ξ.

The ratio Eph/Gtotal is affected by ξ and Rs. A certain pattern can be noticed
in Fig. 6.5(b), which is characterized by the high value of Eph/Gtotal valid for
machines with various ξ and Rs. Similar behavior can be observed in the variation
of the generator efficiency in Fig. 6.5(c) and the torque density in Fig. 6.5(e). The
four machines denoted with diamonds on this maximum line have been selected
for a more detailed analysis. Their schematics are depicted in Fig. 6.6 and related
quantities are summarized in Table 6.2.

As can be seen, all four machines have high efficiency η = 0.97 and power factor
cosφ = 0.99. The large power factor should be treated as provisional here, since
only the analytical inductance model presented in Chapter 4 is used in the model.
It is however difficult to accertain whether the cut angle of 30◦ would be sufficient
to provide the necessary space for the supporting structure of the rotor. A more
detailed investigation of the generator mechanical structure would be required. The
preliminar investigation has shown that machines with a smaller outer diameter
would require a comparably lighter supporting structure, which makes Machines 1,
2, 3 more attractive [42].

Geometry presented in Fig. 6.6(d), in principal, is similar to the cylindrical
TFPM (Fig. 3.6) described in [29]. Machine 4 has a larger airgap diameter and
requires almost twice as much magnet material as compared to Machine 1 and
about 35% more than Machine 2.

At this point in the analysis, it could be concluded that owing to a more com-
pact design and smaller weight of magnet material, the machines with the toroidal
geometry (as in Figs. 6.6(a,b)) could be preferred for further studies. In quanti-
tative representation it means ξ ≤ 60◦ and Rs = (0.65 − 0.85)m for the assumed
values of Rm, Qs and p.

6.6 Main Machine Radius

The analysis of the main machine radius Rm is finalizing the parametric study of a
5 MW wind turbine. To assess the effect that the main radius has on the analyzed
characteristics, two generators – one with smaller Rm = 1.3 m and one with larger
Rm = 2 m radii – have been selected in the following study.

To assure similar analyzing conditions, a number of assumptions has been made.
As the amount of the flux leakage in the peripheral (rotational) direction is mainly
dependent on the dimensions in that direction, the magnet and stack thickness were
resolved to be unchanged for a given tube radius Rs throughout the study. The
changed machine radius and the same pole pitch imply that the pole number should
vary with Rm according to
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Table 6.2: Analyzed Machine Geometries

Property & Unit 1 2 3 4

Main machine radius Rm (m) 1.65 1.65 1.65 1.65

Tube radius Rs (m) 0.67 0.85 1.00 1.31

Machine outer diameter Dout (m) 5.00 5.35 5.66 6.28

Machine axial length lm (m) 1.70 2.05 2.35 1.88

Cut angle ξ (deg) 29◦ 60◦ 93◦ 127◦

Induced emf Eph (V) 903 971 1013 957

Phase current Iph (A) 1 907 1 771 1 697 1 797

Efficiency η 0.97 0.97 0.97 0.97

Power factor cosφ 0.99 0.99 0.99 0.99

Phase inductance Ls (mH) 0.220 0.205 0.207 0.231

Torque density Tm/Gtotal (Nm/kg) 96 92 99 107

Magnet weight Gpm (kg) 2 725 3 690 4 570 5 030

Total active weight Gtotal (kg) 38 650 40 280 37 540 34 790

(a) Machine 1 (b) Machine 2

2ξ

Rs

Rm

(c) Machine 3 (d) Machine 4

Figure 6.6: Scaled cross sections of the four selected TFPM generators.
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p1 =
Rm1

Rm2

p2. (6.3)

The pole number for Rm equal 1.3 m and 2 m are therefore 470 and 730, re-
spectively. As the number of teeth per stator stack had no decisive effect on the
analysis, it was decided to keep it equal to 36. The results of the simulations for
Rm1 are presented in Fig. 6.7 and for Rm3 in Fig. 6.8.

The characteristics are, in general, similar to the ones obtained for Rm = 1.65 m
(Fig. 6.5). Thanks to a larger tube radius, a 2 m machine has more parameter com-
binations for a 5 MW generator. With the increasing Rs and low ξ, the properties
of the machine are getting poor, as it becomes overweighted. By comparing the in-
duced emf per total weight and the torque per weight, it can be seen that machines
with larger outer radius can be preferred.

To be able to compare generators with varying outer radius, the cut angle ξ was
chosen equal to ξ = 60◦.

The three torque density curves, depicted in Fig. 6.9 have a maximum. These
points are denoted with the diamonds in the plot. The machines with the high
torque density are attractive, especially in the low-speed applications, where this
property is quite important. The machine characteristics are summarized in Ta-
ble 6.3 and their schematics are shown in Fig. 6.10.

As can be observed in Table 6.3, the weight of the permanent magnets in Ma-
chine 5 is considerably higher (by approximately 20%) than in the other two, thus
making it a less attractive alternative. Furthermore, with decreasing Rm, the rotor
is becoming more massive, which could result in a heavier mechanical structure
(shaft, bearings, etc.).

The induced emf and the torque density are increasing with the machine radius,
making Machines 6 and 7 more attractive in the further analysis. As compared to
Machine 6, Machine 7 requires 20% more magnets of a smaller size. At the same
time, the outer diameter of Machine 6 is approximately 0.6 m smaller, which could
result in a lighter mechanical structure and a smaller nacelle. The generator with
the main radius in the range of (1.5, 2)m could be suggested for the analyzed 5 MW
wind turbine.

The final decision on the most suitable parameter combination should however
be made by considering the contribution of the inactive portion on the total weight.
The preliminar results of the study conducted in collaboration with the Department
of Mechanics at the Royal Institute of Technology showed that machines with a
larger outer diameter and higher values of cut angle ξ are not recommended [42].

6.7 Proposed Geometry for a 5 MW Wind Generator

Taking into account all the previously discussed assumptions and observations,
Machine 6 schematically shown in Fig. 6.10(b) is proposed for a 5 MW wind gen-
erator. Scaled schematics in rotational and stack planes are shown in Fig. 6.11.
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Figure 6.7: Distribution of Eph/Gpm (V/kg) (a), Eph/Gtotal (V/kg) (b), η (c),
cosφ (d), and Tm/Gtotal (Nm/kg) (e), with respect to the tube radius Rs and cut
angle ξ. Valid for Rm = 1.3 m, p = 470 and Qs = 36.
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Figure 6.8: Distribution of Eph/Gpm (V/kg) (a), Eph/Gtotal (V/kg) (b), η (c),
cosφ (d), and Tm/Gtotal (Nm/kg) (e), with respect to the tube radius Rs and cut
angle ξ. Valid for Rm = 2 m, p = 730 and Qs = 36.
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Figure 6.9: Torque density as a function of the tube radius Rs for ξ = 60◦ and
Rm1 = 1.3 m, Rm2 = 1.65 m and Rm3 = 2 m.

Table 6.3: Analyzed Machine Geometries

Property & Unit 5 6 7

Main machine radius Rm (m) 1.3 1.65 2

Tube radius Rs (m) 0.87 0.73 0.67

Machine outer diameter Dout (m) 4.8 5.1 5.7

Machine axial length lm (m) 2.2 1.8 1.7

Pole number p 470 600 730

Induced emf Eph (V) 654 837 1085

Phase current Iph (A) 2 636 2 061 1 589

Efficiency η 0.97 0.97 0.97

Power factor cosφ 0.99 0.99 0.99

Phase inductance Ls (mH) 0.182 0.225 0.243

Torque density Tm/Gtotal (Nm/kg) 89 100 107

Magnet weight Gpm (kg) 3 170 2 530 2 690

Total active weight Gtotal (kg) 41 870 37 240 34 720
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(a) Machine 5

Rm1

(b) Machine 6

Rm2

(c) Machine 7

Rm3

Figure 6.10: Scaled cross sections of TFPM generators with ξ = 60◦ and the main
machine radii Rm1 = 1.3 m, Rm2 = 1.65 m and Rm3 = 2 m.

The machine characteristics are outlined in Table 6.3 and the main dimensions are
summarized in Table 6.4.

The magnet thickness in the stator stack lm,s is in average four times thicker
than lm,r. Thin magnets and stacks could considerably increase the manufacturing
complexity of the generator. Furthemore, the number of magnets might become
a shortcoming, as for example in the selected 600-pole generator, the number of
separate magnet pieces that should be mounted on the rotor surface totals 21 600.
These undesirable features could be overcome by either decreasing the pole number
or increasing the outer diameter. The first option would lead to the drop of the

18.9
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45.6 42.0

45.6

45.6

58.1 13.7

13.7

64.7

(a) (b)

Figure 6.11: Scaled schematic representation of a selected 5 MW generator geometry
in the stack (radial) (a) and rotational (peripheral) (b) planes with the dimensions
in mm.
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Table 6.4: Dimensions of the analyzed 5 MW wind turbine.

Property Value

Stack (radial) plane:

Slot height hss (mm) 64.7

Slot thickness bss (mm) 42.0

Tooth thickness bts1 (mm) 45.6

Stator yoke height hys (mm) 45.6

Rotor yoke height hrs (mm) 45.6

Magnet length lm,s (mm) 58.1

Magnet height hm (mm) 18.9

Airgap thickness g (mm) 4.0

Rotational (peripheral) plane:

Minimum magnet/stack length lm,r,min (mm) 11.0

Maximum magnet/stack length lm,r,max (mm) 16.0

Average magnet/stack length lm,r,av (mm) 13.7

generator performance and losing the advantageous feature of a TFM topology –
high torque density, while the second one would result in a larger magnet weight
and more massive mechanical structure. To find out a reasonable compromise, the
magnet thickness, as well as the distance between neighboring magnets, both in the
rotational and stack planes, should be more thoroughly investigated by performing
three-dimensional finite element analysis.

As the cut angle ξ in the selected topology is lower than 90◦, the placing of rotor
into the stator should be investigated thoroughly. The stator is symmetrical and
therefore could be manufactured in two separate pieces by cutting in the median
in the peripheral plane. As the generator employs global windings, it could also be
possible to place the windings in the slots beforehand, by this means making this
procedure less complicated.

6.8 Comparison with the Radial-flux Direct-driven

Generators

The proposed TFPM generator is compared with the radial-flux direct-driven gener-
ators whose geometry and performance have been evaluated by the design procedure
described in [40].
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Table 6.5: Comparison of proposed TFPM generator with radial-flux generators.

Property & Unit TFPM SMPM TMPM

Rated power Pout (MW) 5.0 5.0 5.0

Machine outer diameter Dout (m) 5.10 6.49 6.59

Axial length lm (m) 1.80 1.10 1.15

Efficiency η 0.97 0.98 0.98

Power factor cosφ 0.99 0.96 0.92

Torque density Tm/Gtotal (Nm/kg) 100 71 87

Magnet weight Gpm (kg) 2 530 5 735 5 200

Total active weight Gtotal (kg) 37 240 51 610 42 345

Two direct-driven radial-flux permanent magnet (RFPM) generators with the
same output power and nominal speed have been considered. The first radial-flux
generator has a surface-mounted PM rotor design (SMPM), whereas the second
employs the buried tangentially-magnetized PM (TMPM). The comparison between
different machines is performed with respect to their dimensions, weight of active
materials, and performance. The same amount of copper losses – 2% of the output
power – is selected.

The comparison of TFPM and RFPM generators is shown in Table 6.5. As
can be observed, the novel TFPM topology offers quite compact design. The outer
diameter is approximately 1.5 m smaller than the outer diameter of the radial-flux
machines. Although the proposed TFPM generator is 0.7 m longer, the nacelle
volume and the inactive weight would probably be reduced compared to the RFPM
generators.

The proposed TFPM generator requires less than half the permanent magnet
weight of RFPMs, as well it favors a lighter active weight – by 14% compared to
TMPM and by 49% compared to SMPM. The power factors would be rather difficult
to compare as different control strategies have been applied in different designs. The
overall efficiency would be quite similar if the iron losses were included.

As it can be concluded, the novel transverse flux topology studied in this chapter
shows promising characteristics for a 5 MW direct-driven wind generator. The next
chapter investigates how the characteristics of TFPM geneartors are influenced by
the output power.



Chapter 7

Investigation of TFPM Generators

with Various Output Powers

The size of wind turbines has been continuously increasing in the last few decades.
The rated power of generators has grown from a few kilowatts back in the 1980s to a
few megawatts nowadays. At the moment, wind turbines rated up to approximately
3 MW are commercially produced by a number of manufacturers worldwide. The
lately developed 5 MW turbines are currently being tested and expected to become
commercial products in the foreseeable future. Enercon’s E-112 direct-driven wind
turbine was initially rated for 4.5 MW output power, but after successful testing it
was updated to 6 MW, thus making it the first wind turbine reaching this output
power [13]. However, with an increasing power, the generator weight becomes an
important issue, mainly due to a complicated manufacturing and transportation.
The largest multimegawatt generators are often manufactured in several sectors
and separately transported to the site and lifted into the nacelle.

The growth of the wind turbine rating is likely to continue in the future, by
this means increasing the share of wind energy (and green energy in general) on the
electricity market. The larger wind turbines can also contribute to a decreased price
of a rather costly wind energy, thus making it more competitive. The challenges
that came with the increasing wind turbine size initiated a number of projects in
different areas, such as wind modeling, mechanics, aerodynamics, and in electric
power engineering where new cost-effective wind generators, electric power convert-
ers, more advanced control strategies, and network integration of wind farms and
stand-alone turbines have been investigated.

The study presented in this chapter is aimed at investigating the novel transverse
flux topology applied in a 5 MW direct-driven wind generator in Chapter 6 for
generators with a broader range of the output power. Generators rated 3, 5, 7, 10,
and 12 MW are analyzed and their characteristics with respect to the output power
are compared.
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7.1 Predefined Parameters

As the output power is subject to variation in this chapter, the mechanical speed
nm should vary as well. The speeds are chosen according to the distribution shown
in Fig. 5.1. In order to keep the flux leakage at a constant level, the dimensions
in the rotational (peripheral) plane are kept constant during this study. Thus, the
pole number p is varying according to Eq. 6.3.

At first, the assumption to vary the number of teeth per stator stack Qs was
made and generator characteristics have been investigated. However, lately, this
assumption will be removed, making Qs vary in such a way that the current loading
is nearly constant.

7.2 Simulation Results

The predefined parameters for the analysis are summarized in Table 7.1. A similar
study to the one presented in Chapter 6 has been conducted for different values
of the output power. The analyzed characteristics were found to vary in a similar
manner as for 5 MW, i.e. torque density has been increasing with the pole number
and has a maximum for given Rs, Rm, and ξ. It has therefore been decided to
select one topology from each power class for a more detailed investigation.

Table 7.1: Predefined Parameters

Property 1 2 3 4 5

Output power Pout (MW) 3 5 7 10 12

Mech. speed nm (rpm) 18.6 13.2 10.6 8.3 7.4

Number of teeth per stator stack Qs 24 36 48 72 84

To provide similar conditions for the supporting structure for all the generators,
the ratio Rs/Rm and ξ have been selected the same as in Machine 6 in Chapter 6,
i.e. kR = (0.73/1.65) and ξ = 60◦. The main machine radius is varying in the
interval from 1 to 4 metres.

Variation of the specific torque density Tm/Gtotal with respect to the main
machine radius Rm has been examined for the generators with different output
power. The results of this study are shown in Fig. 7.1. As can be seen, each
machine attains a maximum specific torque density at different Rm. The data
for the five selected machines denoted with diamonds and interconnected with the
dashed line are listed in Table 7.2. Advantageously, the torque density is improving
with the output power, eg. the 3 MW and 12 MW wind generators distinguished
by approximately 60%. A similar trend has also been shown in [26].
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Figure 7.1: Variation of the specific torque density Tm/Gtotal with the main ma-
chine radius Rm with ξ = 60◦ and kR = (0.73/1.65). The study is performed for
the output power Pout1 = 3 MW, Pout2 = 5 MW, Pout3 = 7 MW, Pout4 = 10 MW,
Pout5 = 12 MW. The maximum values are denoted with diamonds and intercon-
nected with the dashed line.

The variation of the generator outer diameter with the rated power is presented
in Fig. 7.2(a). For an easier comparison, the scaled schematics of the generators
are shown as well. The relationship shows that the outer diameter of the analyzed
direct-driven wind generator is almost linearly increasing with its rating. An opti-
mized 3 MW generator has an outer diameter of 3.8 m, while a 12 MW generator
would require a 9.3 m outer diameter. The corresponded axial length is increasing
from 1.4 m in a 3 MW generator to almost 3.1 m for the generator rated 12 MW.
However, the length-to-diameter ratio is nearly the same in either case, as the axial
length lm ≈ 2Rm and the radii ratio Rs/Rm are constant.

An assumption to vary the number of teeth per stator stack Qs proportionally
with the output power was made. This implies that more single-phase TFMs are
stacked together in the stack (radial) plane with increasing power. As the stator
windings are chosen to be connected in series, the induced emf is increasing not only
with the peripheral length, but also with the number of stator teeth. This results
in the decreased current rating Iph and a lower current loading S of the machine.
As generator becomes larger, the synchronous inductance is increasing as well.
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Table 7.2: Data of the Five Selected Designs with the Number Of Teeth per Stator
Stack Varying with the Output Power

Property 3M 5M 7M 10M 12M

Output power Pout (MW) 3 5 7 10 12

Outer diameter Dm (m) 3.81 5.24 6.41 8.42 9.30

Axial length lm (m) 1.41 1.84 2.21 2.82 3.10

Pole number p 440 620 760 1 020 1 130

Number of teeth per stack Qs 24 36 48 72 84

Induced emf Eph (V) 454 921 1 384 2 593 3 158

Phase current Iph (A) 2 290 1 870 1 740 1 330 1 310

Efficiency η 0.97 0.97 0.97 0.97 0.97

Power factor cosφ 0.99 0.99 0.99 0.99 0.99

Phase inductance Ls (mH) 0.138 0.231 0.326 0.536 0.667

Current loading S (A/cm) 459 409 415 361 376

Current density J (A/mm2) 1.54 1.48 1.35 1.26 1.19

Torque density Tm/Gtotal (Nm/kg) 82 101 113 123 130

Magnet weight Gpm (kg) 1 000 2 690 5 125 12 775 17 980

Total active weight Gtotal (kg) 19 390 36 775 57 330 96 385 123 075

Magnet dimensions:

Average length in RPa lm,r, (mm) 14 14 14 14 14

Length in SPb lst,r, (mm) 63 60 55 49 47

Height hm, (mm) 14 19 24 33 38

a RP = Rotational (peripheral) plane.
b SP = Stator stack (radial) plane.
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Figure 7.2: Variation of the outer diameter Dout (a), weight of the permanent
magnets Gpm (b) and the total active weight (c) with the output power Pout listed
in Table 7.2.
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As could be observed in Fig. 7.2(c), the total active weight is increasing slightly
larger than linear. This non-linearity is pronounced even more for the permanent
magnet weight (Fig. 7.2(b)). This is due to the fact, that the airgap thickness g is
increasing with the outer diameter Dout (Eq. 4.5). As Dout is getting larger, the
thicker magnets would be required to keep selected maximum airgap flux density
B̂g unchanged.

7.3 Evaluation of the Torque with the Outer Diameter

Assuming Constant Current Loading

The following study has been conducted to investigate the torque with the outer
diameter assuming constant current loading. The number of teeth per stator stack
Qs is subject to a slight variation in order to keep the pole pitch in the stack plane
τp,s and, hence, the magnet size, nearly constant. The main machine radius Rm

is selected in such a way that the current loading is approximately the same and
equal 410 A/cm (as in the 5 MW generator in the previous study).

The data for the chosen generators are summarized in Table 7.3. By allowing
a higher current loading, the generator can gain a decreased outer diameter Dout

and reduced active weight. In comparison to the 12 MW wind generator 12M in
Table 7.2, the generator with the higher current loading in Table 7.3 12MS would
require 1.3 m smaller outer diameter, 18% less total active weight and 37% less
magnet material.

The torque development with the output diameter is shown in Fig. 7.4 where
the solid line represents the simulated results and dashed line corresponds to Tm ∝
D3

out. As can be observed, the torque varies nearly cubically with the outer diame-

2 3 4 5 6 7 8 9 10 11 12 13 14
0

2

4

6

8

10

3MS

5MS
7MS

10MS 12MS

Pout (MW)

D
o
u

t
(m

)

Figure 7.3: The outer diameter Dout with the output power of wind turbines Pout

listed in Table 7.3.
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Table 7.3: Data of the Five Selected Designs with the Constant Current Loading

Property 3MS 5MS 7MS 10MS 12MS

Output power Pout (MW) 3 5 7 10 12

Outer diameter Dm (m) 3.89 5.24 6.03 7.48 8.02

Axial length lm (m) 1.43 1.84 2.11 2.56 2.74

Pole number p 450 620 710 890 960

Number of teeth per stack Qs 24 36 36 48 48

Induced emf Eph (V) 486 921 1 119 1 742 1 903

Phase current Iph (A) 2 135 1 870 2 153 1 974 2 167

Efficiency η 0.97 0.97 0.97 0.97 0.97

Power factor cosφ 0.99 0.99 0.99 0.99 0.99

Phase inductance Ls (mH) 0.142 0.231 0.248 0.366 0.370

Current loading S (A/cm) 419 409 409 403 413

Current density J (A/mm2) 1.61 1.48 1.56 1.45 1.48

Torque density Tm/Gtotal (Nm/kg) 82 101 124 143 158

Magnet weight Gpm (kg) 1 050 2 690 4 450 8 440 11 215

Total active weight Gtotal (kg) 19 400 36 775 52 400 82 750 100 400

Magnet dimensions:

Average length in RP1 lm,r, (mm) 14 14 14 14 14

Length in SP2 lst,r, (mm) 65 60 69 65 70

Height hm, (mm) 14 19 24 28 33

ter. That same behavior has also been described in the patent application written
by Professor Chandur Sadarangani [35].

With the developed analytical model, the generator parameters can be esti-
mated for a specified output power. Unfortunately, the actual active weights and
dimensions of the existing wind generators are not freely available. Data for one ex-
isting permanent magnet direct-drive wind generator were found in [43]. The 2 MW
generator has approximately a 4 m diameter and the rotor and stator weight to-
gether 37 500 kg. As can be seen in Table 7.3, a 3 MW transverse flux direct-driven
generator has a nearly the same outer diameter, yet lighter active weight. The
investigated topology would be even more advantageous for the powers exceeding
5 MW.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

A novel transverse flux permanent magnet (TFPM) synchronous generator for the
direct-driven offshore wind energy system has been developed and analyzed in this
work. The design features have been described and analytical models have been
developed. The analytical method for the evaluation of the synchronous induc-
tance in the TFPM has been developed and applied for the evaluation of machine
performance. Adopted assumptions and simplifications have been highlighted as
well.

A parametric study of a 5 MW wind turbine has been conducted. The mag-
net/stack angles have been varied in order to identify their influence on the gen-
erator characteristics. A 120 electrical degrees magnet coverage and equally thin
stacks have been adopted in all followed designs. The influence of the design vari-
ables, such as main machine radius Rm, tube radius Rs, cut angle ξ, pole number
p, number of teeth per stator stack Qs with respect to the analyzed characteristics
has been investigated. It has been confirmed, that with the increased pole number,
the specific torque density is improved. The actual torque density may however be
somewhat overestimated, as no flux leakage in the third (axial) direction has been
considered. A number of machines with various ξ and kR with approximately the
same performances have been found. These machines have been compared and the
optimal ranges have been suggested for further analysis.

A reduced value of ξ allowed a lower outer diameter. Therefore, this study
proved the advantage of the novel topology compared to the TFPM design where
three single-phase structurs are stacked to each other along a straight line, as the
inactive portion of the total weight could be considerably reduced.

One possible design topology has been presented in more details. Its dimensions
and main characteristics have been outlined as well. The developed machine has
been compared with radial-flux generators with surface-mounted and tangentially-
polarized magnets. It was found that the analyzed TFPM generator would favor
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a smaller outer diameter, reduced total active weight and reduced weight of the
magnet material. The TFPM would however require a longer axial length.

While keeping the same radii ratio kR and the cut angle ξ as in the 5 MW design,
generators with a broader range of output power have been investigated. Generators
rated 3, 5, 7, 10, and 12 MW have been investigated and their characteristics
with respect to the output power have been compared. Compared to the existing
permanent magnet wind generator [23], the investigated TFPM generator offered
a more compact design and a lower active weight, yet unconventional mechanical
structure would contribute to the increased manufacturing complexity.

The topology has been found to be promising for low-speed high-torque appli-
cations. It is also believed that the investigated TFPM generator would be even
more advantageous for power outputs exceeding 5 MW.

8.2 Future Work Guidelines

To account for the leakage in the axial direction, fringing effects, and between-
pole axial leakage, a more advanced model is required. For this purpose, three-
dimensional finite element (FE) analysis of the investigated topology is required.
With the developed FE model, the magnet αm,r, the stack αst,r angles, and the
pole pitch in the rotational direction τp,r could be optimized to reach an acceptable
compromise of cosφ and torque density.

The calculation of the inactive portion of the total generator weight should be
included, in order to select the tube radius and the cut angle that give a lower
weight of the supporting construction. Some mechanical aspects have already been
considered in the study conducted in collaboration with the Department of Me-
chanics at KTH. The study has shown that the weight of the mechanical structure
increased drastically with the inner diameter of the generator [42]. It is believed
that the reduced weight of the mechanical structure, due to its toroidal shape, could
be one of the main advantageous of the novel TFPM topology.

In the performed analysis, the thermal constraints have been introduced by
limiting the copper losses. To improve the accuracy of a predicted performance,
a thermal model should be developed. As a simple analytical expression for the
evaluation of iron losses has been used, a more advanced model should also be
developed and tasted.

A linear prototype of the analyzed TFPM geometry is under construction at
the Lab of Electrical Machines and Power Electronics. FE simulations should be
validated with the measurements. However, if further studies will show that the
optimum dimensions are significantly different with the prototype, a new rotational
version of the TFPM should be built.



List of Symbols and Abbreviations

Roman Letters

Ass stator slot area [m2]
Aturb interception area of the turbine blades [m2]

B̂g maximum flux density in the airgap [T]

B̂iron maximum flux density in iron [T]
Br,pm magnet remanent flux density [T]
bss stator slot width [m]

B̂ts maximum flux density in the tooth [T]
bts1 tooth thickness in the narrow part [m]
bts2 tooth thickness in the wide part [m]

B̂yr maximum flux density in the rotor yoke [T]

B̂ys maximum flux density in the stator yoke [T]
Dout machine outer diameter [kg]
e instantaneous value of the induced emf per coil [V]
Eph induced emf per phase [V]
fe frequency [Hz]
g airgap length [m]
Gcu copper weight [kg]
Gfe iron weight [kg]
Gins weight of the winding insulation [kg]
Gpm magnet weight [kg]
Gtotal total weight of active materials [kg]
Gts weight of the stator teeth [kg]
Gyr weight of the rotor yoke [kg]
Gys weight of the stator yoke [kg]
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H magnetic field intensity [A/m]
hm magnet height [m]
hss stator slot height [m]
hyr rotor yoke height [m]
hys stator yoke height [m]
Iph phase current [A]
J current density [A/m2]
kfill fill factor —
kR radii ratio Rs/Rm —
La main inductance [H]
la coil length in phase a [m]
Lag airgap leakage inductance [H]
lb coil length in phase b [m]
lbs conductor length between two neighboring stacks [m]
lc coil length in phase c [m]
le conductor length [m]
Lew end-winding inductance [H]
lew end-winding length [m]
lm machine axial length [m]
lm,s magnet thickness in the stack plane [m]
lph coil length per phase [m]
Ls phase inductance [H]
Lss slot leakage inductance [H]
lst,r stack thickness in the rotational plane [m]
nm rotational speed of the rotor [rpm/min]
ns number of conductors in series per coil per slot —
Nsec number of sector per stator stack —
p pole number —
Pcu copper losses [W]
Pfe iron losses [W]
Pout output, rated power [W]
Pwind power of wind [W]
Qs number of stator teeth per stack —
Rm main machine radius [m]
Rph phase resistance [Ohm]
Rr radius on the rotor surface [m]
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Rs tube radius [m]
Rg airgap reluctance [At/Wb]
R′

g airgap and magnet reluctance [At/Wb]
Rgpm between-magnet reluctance [At/Wb]
Rpm magnet reluctance [At/Wb]
S current loading [A/m]
t time [s]
Tm torque [N kg]
Vt phase terminal voltage [V]
vwind wind velocity [m/s]
W empirical loss factor [W/kg]
Xs phase reactance [Ω]
Xsm magnetization reactance [Ω]
Xsσ leakage reactance [Ω]

Greek Letters

αm,r magnet angle in the rotational plane [rad]
αp,r pole angle in the rotational plane [rad]
αp,s pole angle in the stack plane [rad]
αst,r stack angle in the rotational plane [rad]
δ load angle [rad]
η efficiency —
Θ angular displacement [rad]
λ flux linkage [Wb]
µpm magnet relative permeability —
ξ cut angle [rad]
ρair air density [kg/m3]
ρcu copper density [kg/m3]
ρcu copper resistivity [Ω m]
ρfe iron density [kg/m3]
ρins insulation density [kg/m3]
ρpm magnet density [kg/m3]
τp,r pole pitch in the rotational plane [m]
τp,s pole pitch in the stack plane [m]
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φ phase angle [rad]
Φm flux generated by magnet [Wb]
Φtm flux drawing stator tooth created by magnets [Wb]
ωm angular velocity of the rotor [rad/s]

Acronyms

AC Alternative Current
DC Direct Current
EMF Electro-Motive Force
FE Finite Element
FEM Finite Element Method
NdFeB Neodymium Iron Boron
PM Permanent Magnet
PMSG Permanent Magnet Synchronous Generator
RFPM Radial-Flux Permanent Magnet
SMPM Surface Mounted Permanent Magnet
THD Total Harmonic Distorion
TFM Transverse Flux Machine
TFPM Transverse Flux Permanent Magnet
TMPM Tangentially-Magnetized Permanent Magnet



Appendix A

Calculation of the Induced Emf

A number of various magnet/stack/pole pitch geometries exist, which should be
considered separately before including in the analysis. Combination 1 (Fig. 4.6)
with αm,r = αst,r and αst,r = (αp,r −αm,r) was discussed in Section 4.3. The other
eight possibilities are listed bellow. The flux in the stator teeth and the induced emf
as a function of angular displacement Θ are illustrated and its expressions derived.

Combination 2. αm,r = αst,r and αst,r > (αp,r − αm,r)

αp,r αm,r

αst,r

Θ

e(Θ)

Φtm(Θ)

-ωm

1

2

3

4

Θ12 = αst,r + αm,r − αp,r Φtm1 = −αst,r + αm,r − αp,r

αm,r
Φm

Θ23 = αp,r − αm,r Φtm2 =
αst,r + αm,r − αp,r

αm,r
Φm

Θ34 = αp,r − αm,r Φtm3 = Φm

Φtm4 =
αst,r + αm,r − αp,r

αm,r
Φm
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Combination 3. αm,r = αst,r and αst,r < (αp,r − αm,r)

1

2

3 4

Θ12 = αm,r Φtm1 = 0

Θ23 = αm,r Φtm2 = Φm

Θ34 = αp,r − 2 αm,r Φtm3 = 0

Φtm4 = 0

Combination 4. αm,r > αst,r and αst,r = (αp,r − αm,r)

1

2 3

4

Θ12 = αst,r Φtm1 = 0

Θ23 = αm,r − αst,r Φtm2 =
αst,r

αm,r
Φm

Θ34 = αp,r − αm,r Φtm3 =
αst,r

αm,r
Φm

Φtm4 = 0
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Combination 5. αm,r > αst,r and αst,r > (αp,r − αm,r)

1

2

3 4

5

Θ12 = αst,r + αm,r − αp,r Φtm1 = −αst,r + αm,r − αp,r

αm,r
Φm

Θ23 = αp,r − αm,r Φtm2 =
αst,r + αm,r − αp,r

αm,r
Φm

Θ34 = αm,r − αst,r Φtm3 =
αst,r

αm,r
Φm

Θ45 = αp,r − αm,r Φtm4 =
αst,r

αm,r
Φm

Φtm5 =
αst,r + αm,r − αp,r

αm,r
Φm

Combination 6. αm,r > αst,r and αst,r < (αp,r − αm,r)

1

2 3

4 5

Θ12 = αst,r Φtm1 = 0

Θ23 = αm,r − αst,r Φtm2 =
αst,r

αm,r
Φm

Θ34 = αst,r Φtm3 =
αst,r

αm,r
Φm

Θ45 = αp,r − αm,r − αst,r Φtm4 = 0

Φtm5 = 0
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Combination 7. αm,r < αst,r and αst,r = (αp,r − αm,r)

1

2 3

4

Θ12 = αm,r Φtm1 = 0

Θ23 = αst,r − αm,r Φtm2 =
αm,r

αst,r
Φm

Θ34 = αp,r − αst,r Φtm3 =
αm,r

αst,r
Φm

Φtm4 = 0

Combination 8. αm,r < αst,r and αst,r > (αp,r − αm,r)

1

2

3 4
5

Θ12 = αst,r + αm,r − αp,r Φtm1 = −αst,r + αm,r − αp,r

αm,r
Φm

Θ23 = αp,r − αst,r Φtm2 =
αst,r + αm,r − αp,r

αm,r
Φm

Θ34 = αst,r − αm,r Φtm3 =
αm,r

αst,r
Φm

Θ45 = αp,r − αst,r Φtm4 =
αm,r

αst,r
Φm

Φtm5 =
αst,r + αm,r − αp,r

αm,r
Φm
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Combination 9. αm,r < αst,r and αst,r < (αp,r − αm,r)

1

2 3

4 5

Θ12 = αm,r Φtm1 = 0

Θ23 = αst,r − αm,r Φtm2 =
αm,r

αst,r
Φm

Θ34 = αm,r Φtm3 =
αm,r

αst,r
Φm

Θ45 = αp,r − αm,r − αst,r Φtm4 = 0

Φtm5 = 0





Appendix B

Calculation of the Active Weight

Once the main dimensions of the machine are determined, the weight of the active
materials can be calculated. The copper weight Gcu is obtained by multiplying the
active copper area kfill Ass and the length of the phase windings with its density
ρcu, i.e.

Gcu = ρcu (la + lb + lc)hssbsskfill. (B.1)

The weight of the winding insulation Gins is calculated as previously, but the
area taken by the winding insulation is considered instead, i.e. (1 − kfill)Ass

Gins = ρins (la + lb + lc)hssbss(1 − kfill). (B.2)

The magnet weight Gpm is defined as a sum of volumes of all the magnets in
one row, where i is in interval (1, Qs), times the number of poles p and the magnet
density ρpm

Gpm = ρpm p

Qs∑

i=1

lm,s lm,r(i)hm. (B.3)

The weight of the rotor yoke Gyr can be derived as

Gyr = ρfe

{
2πRm(π− ξ)

[
R2

s − (Rs −hyr)
2
]
+

4π sin ξ

3

[
R3

s − (Rs −hyr)
3
]}

. (B.4)

The weight of the stator yoke Gys

Gys = ρfe

p

2

Nsec∑

k=1

1

2

π − ξ

Nsec

[
R2

ys,out − R2
ys,in

]
lst,r(k), (B.5)

where the outer and inner stator yoke radii are

Ryr,out = (Rs + g + hm + hss + hys),

Ryr,in = (Rs + g + hm + hss).
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The tooth thickness in the wide part bts2 can be found as

τss2 = αp,s(Rs + g + hm + hss), (B.6)

bts2 = τss2 − bss. (B.7)

The weight of the stator teeth Gts equals to

Gts = ρfe

p

2

Nsec∑

k=1

1

2

(
bts1 + bts2

)
hss lst,r(k). (B.8)

The total weight of iron Gfe is now obtained as

Gfe = Gyr + Gys + Gts. (B.9)

The total active weight Gtotal of the machine can finally be calculated as

Gtotal = Gcu + Gfe + Gpm + Gins. (B.10)
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