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Abstract

This thesis deals with the analysis of a permanent magnet synchronous
generator suited for direct-driven wind turbines in megawatt class. The higher
specific torque and power density of a transverse flux permanent magnet ma-
chine in comparison to conventional radial-flux machines make it a promis-
ing solution for direct-driven wind turbine generators. The novel transverse
flux generator investigated in this work would allow a better utilization of the
available nacelle space due to its more compact construction.

The major part of the thesis deals with the finite element analysis and an-
alytical calculations of transverse flux generators. The computations are per-
formed for single units of the basic transverse flux topology (BTFM) and the
one utilizing iron bridges (IBTFM). As the selection of the pole length in a
transverse flux machine affects the pole-to-pole flux leakage and thus its per-
formance, the topologies have been analyzed with respect to the varying di-
mensions in the direction of movement. The topologies utilizing IBTFM have
been found to be superior to the BTFM with respect to the flux linkage (by
110%) and utilization of the magnets (by 84%). The machines with longest
magnets gave the largest flux linkage, while machines with short magnets
should be preferred for better magnet utilization. The four sets of dimensions
have been selected for a dynamic finite element analysis.

The power factor is evaluated for the topologies with the varying dimen-
sions in the peripheral plane in static finite element analysis. The performance
of the topologies with the best power factor in the studied range (0.62 in the
BTFM and 0.57 in the IBTFM), as well as the topologies that give the highest
power factor to magnet volume ratio, is compared with the dynamic simula-
tions.

The electromagnetic and cogging forces of the transverse-flux generator
are estimated. The IBTFM is superior to the BTFM with respect to the force
production, where the three-phase electromagnetic force is twice as large as in
the BTFM. The force ripples of the three-phase electromagnetic force are found
to be insignificant in both topologies.

An analytical procedure based on the results from the finite element sim-
ulations is applied for evaluation of the transverse flux generators with differ-
ent shapes and topologies. The effectiveness of each topology is investigated
based on the estimation of the torque production in a certain nacelle volume.
A toroidal generator with the iron-bridge topology is the most compact alter-
native for a wind turbine as it has the highest torque-per-volume ratio.

Furthermore, the analytical model, including evaluation of the synchronous
inductance, is developed and compared with the results obtained in the three-
dimensional finite element analysis. The model provides a good agreement for
the studied set of dimensions.
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Chapter 1

Introduction

Design of any electromechanical energy converter, often referred to as simply an
electrical machine, is a complex and time-consuming task that requires an exten-
sive knowledge of different scientific disciplines. Electromagnetism, thermody-
namics, mechanics and acoustics are only some examples of the fields that are
brought together inside an electrical machine. The complexity of analysis is in-
creased even further, as the physical processes taking place inside the machines
are interrelated. Thus, the assumptions considered in the electromagnetic design
would inevitably affect the outcome of, for example, the thermal computations.

A good example of these multidisciplinary correlations would be a selection of
the airgap diameter D of an electrical machine. The torque produced in the rotat-
ing machines is proportional to the square of the airgap diameter, which makes
machines with the larger D favorable. However, if a compact machine with a
small outer diameter and a high power density is to be designed, the cooling sur-
face of the machine would get smaller while the loss density, on the other hand,
will increase. To account for the increased heat flow and therefore prevent the ma-
chine from a possible overheating, the cooling system must be designed carefully.
In other words, the temperature and the pressure drop, or even the type of the
coolant used to extract the heat, could be affected by constraints adopted in the
electromagnetic design. Therefore, the design of an electrical machine should be
done very cautiously and with realistic assumptions.

In addition, as in any commercial product, the economic analysis of electrical
machines is of a great importance. Not only does the cost of the active materials,
e.g. iron, steel, magnets, insulation, contribute to the final price of an electrical
machine, but also the complexity of the manufacturing processes and installation,
price of the supporting structure and the control unit, as well as the number of
pieces produced and delivered. This analysis is mainly related to the field of the
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industrial economics and therefore is out of the scope of the work described in this
thesis. Instead, the emphasis is placed on the electromagnetic design and analysis
of an electrical machine with the thermal and mechanical limitations included as
constraints in the calculations.

The physical and mathematical description of the processes involved in the en-
ergy conversion in conventional electrical machines can be found in a great variety
of literature dealing with this broad area. The analysis becomes somewhat more
complicated if the design concerns an electrical machine whose structure or com-
ponents can be described as unconventional or novel. In this case, the information
is generally quite limited, if available at all, resulting in extra time and effort to be
spent on the problem description and its consequent solution.

At this point, one can ask a legitimate question: Why do we actually need to
design something new and unusual, if we have an existing technology whose ben-
efits are widely recognized and reliability is proved throughout the years? Well,
the forces behind this development of novel electrical machines are the same as
for any other development: we would like to improve existing products and cre-
ate new ones that are cheaper, serve longer, have lower environmental impact and
are more beneficial to society.

1.1 Objectives

An attempt to develop such a new product is made in this doctoral thesis, which
deals with the design and analysis of a novel direct-driven permanent magnet
transverse flux synchronous generator in the multi-megawatt class suited for the
offshore wind turbine applications. In this work, we will try to understand the
driving forces behind the development of wind energy worldwide; we will give
the reasons to the increased interest in the gearless wind energy systems among
wind turbine manufacturers and researchers; we will argue about different con-
figurations employed by the wind generators and discuss the pros and cons of
the transverse-flux configuration adopted in the generator that is the focus of this
work.

The major part of the thesis deals with the finite element analysis and analyti-
cal calculations of transverse flux generators. The computations are performed for
single units of the basic transverse flux topology (BTFM) and the one utilizing iron
bridges (IBTFM). The results of the finite element analysis are thereafter adopted
for the entire generator. The performance is analyzed with respect to varying out-
put powers.
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1.2 Main Contributions of the Thesis

In this thesis, it is shown that the generators with the transverse flux topology uti-
lizing iron bridges and toroidal shape are superior to the other studied options.
The generators of that type offer a reduced outer diameter for a given output
power and thus have a larger torque-per-volume ratio. The reduced outer diame-
ter contributes to a smaller inactive portion of the total weight.

Three-dimensional static and dynamic finite element simulations of the gener-
ators with the various transverse flux topologies are performed. The influence of
dimensions of the magnetic circuit on the pole-to-pole flux leakage, flux linkage,
force production and power factor is studied. This analysis can help the design-
ers of transverse flux machines to select the appropriate set of dimensions when
opting for the desired performance.

The power factor of the studied generators is estimated with the help of static
and dynamic finite element method (FEM) calculations and analytical expressions.
The developed methods show good agreement between each other and thus could
be used depending on the availability of data or when selecting the shortest calcu-
lation time.

A semi-analytical approach to estimate the electromagnetic force in the trans-
verse flux machines is proposed and compared with the dynamic 3D FEM sim-
ulations. This method shows a good agreement with the FEM analysis and thus
can be used to reduce calculation time, as the need for the rather time consuming
dynamic FEM simulations is eliminated.

The analytical models for the BTFM and IBTFM at no load and with the arma-
ture current are developed. The models can be used to estimate the dimensions of
the magnetic circuit or be applied in an optimization procedure.

1.3 Thesis Outline

The thesis is organized in the following order:

Chapter 2 discusses the environmental, economic and political driving forces
of renewable energy sources. Particular emphasis is placed on wind power. The
use of renewables is analyzed with respect to the existing energy technologies.

Chapter 3 introduces the principles of energy conversion in a wind energy sys-
tem. It gives an overview of the most common wind energy systems and their
electrical and mechanical components. Various types of generators available com-
mercially and those reported in literature are described.

Chapter 4 provides a general overview of various permanent magnet syn-
chronous machines. The emphasis is placed on the transverse flux topology and
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its principles of operation. Various configurations of transverse flux topologies are
reviewed and their properties are outlined.

Chapter 5 deals with three-dimensional static and dynamic finite element anal-
yses of a transverse flux permanent magnet generator at no-load condition. The
dimensions of the magnetic circuit are analytically computed and then inserted
into a FEM-software. The generators employing two transverse flux topologies:
the basic topology and the one utilizing an iron bridge are evaluated.

Chapter 6 comprises calculations of the power factor and the electromagnetic
force of a transverse flux generator with the use of three-dimensional finite ele-
ment analysis. The power factor is calculated by three different methods and the
results are compared. The alternative way to estimate the electromagnetic force
based on the static simulations is described.

Chapter 7 applies the results of the studies conducted in the two previous
chapters to estimate the outer dimensions and performance of transverse flux gen-
erators with toroidal and cylindrical shapes. The generators are analyzed with
respect to the electromagnetic torque production in a given nacelle volume. Vari-
ation of the outer diameter and some other key values are investigated for the
various output powers.

Chapter 8 presents an improved analytical model that could be used to analyze
generator performance. The results of this study are compared with the results of
the finite element calculations from the previous chapters.

Chapter 9 concludes this thesis by summarizing the presented work. Some
guidelines for future work are outlined.

1.4 List of Publications

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

1. D. Svechkarenko. On Analytical Modeling and Design of a Novel Transverse
Flux Generator for Offshore Wind Turbines, Licentiate thesis, Royal Institute of
Technology, Stockholm, Sweden, June 2007.

2. D. Svechkarenko, J. Soulard, C. Sadarangani, Performance Evaluation of
a Novel Transverse Flux Generator with 3D Finite Element Analysis, In-
ternational Conference on Electrical Machines and Systems, Tokyo, Japan, 15-18
November, 2009.
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. D. Svechkarenko, ]. Soulard, C. Sadarangani, Parametric Study of a Trans-
verse Flux Wind Generator at No-load using Three-dimensional Finite El-
ement Analysis, International Conference on Electrical Machines and Systems,
Tokyo, Japan, 15-18 November, 2009.

. D. Svechkarenko, A. Cosic, J. Soulard, C. Sadarangani, Transverse Flux Ma-
chines for Sustainable Development — Road Transportation and Power Gen-
eration, 7th International Conference on Power Electronics and Drive Systems,
Bangkok, Thailand, 27-30 November, 2007.

. D. Svechkarenko, J. Soulard, C. Sadarangani, Analysis of a Novel Trans-
verse Flux Generator in Direct-driven Wind Turbines, International Conference
on Electrical Machines, Chania, Greece, 2-5 September, 2006.

. A. Cosic, C. Sadarangani, D. Svechkarenko, A Prototype Design of Novel
Transverse Flux Machine for the Free Piston Energy Converter, 5th Nordic
Workshop on Power and Industrial Electronics, Lund, Sweden, 12-14 June, 2006.

. D. Svechkarenko, J. Soulard, C. Sadarangani, A Novel Transverse Flux Gen-
erator in Direct-driven Wind Turbines, 5th Nordic Workshop on Power and In-
dustrial Electronics, Lund, Sweden, 12-14 June, 2006.






Chapter 2

Prerequisites for the Development of
Renewable Energy

The share of wind power in the world electricity mix has been continuously grow-
ing during the last decades. Apart from the technological advances, there are num-
ber of other factors that contribute to this progress. The environmental concerns
about the wide use of fossil fuels and nuclear power, as well as the unsolved is-
sues of energy security has led to the increased public awareness. As a result, a
number of political decisions have been made that have promoted development
of renewable energy sources through different mechanisms, thus making a rather
costly and still developing technology more economically feasible. The environ-
mental, economic and political driving forces of the renewable energy sources are
discussed in this chapter, with an emphasis on wind power. The use of renewables
is analyzed with respect to the existing technologies.

2.1 Overview of Wind Power Worldwide

Although wind energy has been used for thousands of years for crushing grain
and pumping water, its application as a means of electricity generation is rather
new and still developing. Wind turbine technology has undergone a quite spec-
tacular development during the past decades. The increase in size and output
power of a typical wind turbine over the last 20 years is depicted in Fig. 2.1 [1]. A
typical size of a recently installed turbine is 3-5 MW. Some wind turbines exceed-
ing 5 MW are being tested nowadays and should reasonably be expected on the
market in the foreseeable future. At the same time, the cost of electricity produced
by wind has dropped considerably since wind power re-emerged in the 1980s.
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T T

1985 1987 1989 1991 1993 1995 1997 1999 2001 2003

0.05 0.3 0.5 13 16 20 45MW
Figure 2.1: Growth of wind turbine size during the last 20 years [1].

In spite of the relatively low recent price of fossil fuels, wind is one of the most
economically feasible methods of electricity generation available.

Wind power is one of the fastest growing renewable energy sources over the
past two decades with an approximate increase of 30% per annum. Fig. 2.2 shows
the total wind capacity installed worldwide between 2001 and 2009 with the last
bar representing the predicted value for 2010 [2]. This growth accounts for both
the amount and the size of new turbines installed. As 38.3 GW was added in 2009,
the total worldwide wind capacity has reached 159.2 GW. As much as 340 TWh of

250

‘ 203.5

200 -

159.2

150 1

100 1

Installed capacity (GW)

50

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Figure 2.2: World total installed wind-power capacity (in GW) [2].



2.2 Environmental Concern 9

France

UK Portugal Denrr:ark
26%  22% 22%

Italy
3.0%

India
6.8%

Spain

11.5
& China

16.3%

Rest of world
14.3% Germany
16.2%

Figure 2.3: Country share of installed wind power capacity for year 2009 [2].

the world electricity mix has been generated by the wind turbines worldwide in
2009.

The United States is the world’s leading country with 35.2 GW or 22.1% of wind
power capacity installed, see Fig. 2.3; during the last two years, it has doubled its
capacity and taken the first place from the former leader Germany:.

Recent advances in China and India have allowed these countries to hit top
five in the ranking list with the second and the fifth places respectively. China
has continued its impressive development and by the end of the year 2009 its total
capacity exceeded that of Germany.

Germany is the leading country in Europe, where 25.8 GW or 16.2% of wind
power capacity is installed. Three of the world’s largest wind turbines (Enercon
4 5MW, Multibrid 5MW, and REpower 5MW) are also located in Germany. About
9% of the country’s electricity supply comes from wind.

There are number of driving forces that have ensured this spectacular develop-
ment of renewable sources in general and wind power in particular. Besides the
advances in technology, the main contributors are the environmental and security
concerns, as well as the economic stimulation.

2.2 Environmental Concern

According to the estimate reported by the Intergovernmental Panel on Climate
Change (IPCC), the global average temperature rose by approximately 0.6 £0.2°C
(with 95% confidence interval) in the 20th century. 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.
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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 atmo-
sphere. 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.

As a result of increased public awareness, the Kyoto protocol was signed by the
overwhelming majority of the world’s nations (over 160 countries). The amount
of emission produced by each signatory is specified. 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 20% reduction of carbon dioxide and five other
greenhouse gases by year 2020 [3]. Russia, China, and India are able to retain their
current discharge level. Some countries were actually permitted to increase their
emissions, such as Iceland by 10%.

The largest share of anthropogenic greenhouse gases is emitted into atmo-
sphere due to power generation, some industry processes, and road transporta-
tion. The main producers of CO, within the electric power generation sector are
the power plants whose operation is based on burning of fossil energy carriers.
Coal is the most widely used energy source of electricity generation, supplying
about 41% of the world’s annual electricity output. At the moment, the coal-
burning power plants are one of the largest sources of man-made carbon dioxide
emissions. Although economically feasible, they are the least efficient in terms of
CO3 discharge per unit of electricity generated.

Replacement of fuel-burning power plants with the environmentally friendly
alternatives implies that each kilowatt-hour that is produced by renewables will
replace one kilowatt-hour produced otherwise. Generally speaking, the renewable
sources, among which wind power starts to play an increasingly important role,
can potentially replace fossil fuel-burning power plants. There are two possible
ways of this replacement: direct and indirect [4]. A direct approach is when the
generation of electricity in the fossil fuel-burning power plant is reduced as a result
of the increased generation by renewables. In case of wind power, the generation
can be increased during the windy hours, while coal-burning power plants are
operated when it is not the case. An indirect approach is to operate wind turbines
while storing water in the water reservoirs of hydro power plants. The stored
water can then be used to generate electricity by hydro instead of burning fossil
fuels.

Another way to decrease concentration of the anthropogenic greenhouse gases
in the atmosphere is to expand the share of nuclear power, as this discharges no
CO3 during electricity generation. This scenario is, however, less desirable, partly
due to the problem of storage of the radioactive waste.
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Existing coal
HIGH technologies
no gas cleaning

Biomass
technologies

New coal
Natural gas technologies
LOW Nuclear technologies

Air pollution impacts (PM;o) and other impacts

LOW HIGH

Greenhouse gas impacts

Figure 2.4: Air pollution and greenhouse gas impacts of different technologies [6].

Construction of new hydro power plants can arguably contribute to green-
house gas mitigation. As recent studies suggest, the water reservoirs significantly
contribute to greenhouse gas emission, primarily due to CO, and CHy from de-
caying flora [5]. The construction of dams and creation of water reservoirs has
also the cumulative impact on the world’s rivers causing a severely increased age
of river runoff and decreased temperature of downstream flows [5].

In recent years, various studies have made an attempt to determine the dam-
age cost of electricity generated by different power plants, e.g. [6, 7]. It was found,
that impact varies considerably depending on fuel choice, technology and loca-
tion. In [7], this comparison has been made for coal, gas, nuclear and wind elec-
tricity. The summary of this study is depicted in Fig. 2.4. As study showed, wind
energy is the most environmentally friendly alternative compared to the others.
It is favorable from both air pollution and greenhouse gases mitigation points of
view.

Apart from the air pollution and the effect on the global warming, there are
number of other environmental issues that should be taken into account while
making a comparison between impacts of different energy sources for electric-
ity generation. Noise and visual intrusion are one of the most disputable issues
among opponents and proponents of wind energy. Both impacts can however be
considerably reduced through a thorough planning of the installation sites and
consultations with the local authorities. The offshore wind farms, in this regard,
can be considered as more advantageous alternatives. Although a few studies



12 Chapter 2: Prerequisites for the Development of Renewable Energy

24000

Hydro Other**
15.6% 2.6%

Coal/peat
41.5%
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16 000

12000

8000 Nuclear
13.8%
4000
Gas Ol
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I Thermal [T Nuclear [ Hydro I Other** 19 771 TWh
(a) Evolution of electricity generation (b) Fuel shares

Figure 2.5: (a) Evolution from 1971 to 2007 of electricity generation by fuel (TWh)
and (b) fuel shares of electricity generation as for 2007 [8]. *Excluding pump stor-
age, **Other includes geothermal, solar, wind, combustible renewables and waste,
and heat.

suggest the opposite, the impact of wind turbines on wildlife is generally consid-
ered to be negligible when quantified and thus is not an obstacle to the further
development of the wind energy.

2.3 Security of Energy Supply

Another important driving force for the development of the renewables is the issue
of energy security. Taking the year 2007 as an example, fossil fuels supplied as
much as two thirds of the world’s electricity output, see Fig. 2.5; of which coal
supplies 41.5%, natural gas 20.9% and oil 5.6% [8].

Crude oil has the smallest share among fossil energy carriers and thus its im-
pact on the security of energy supply is rather limited. About one quarter of the
annual oil-fired electricity is produced in the oil-rich Middle East.

On the other hand, coal has the largest share, which has been continuously
increasing, mainly due to the low price of extraction and the availability from the
politically stable regions. Even though coal is a fossil fuel, its reserves are expected
to last much longer than those of oil or natural gas.

Although having a low investment cost, gas turbines run on expensive fuel
with an unpredictable cost. The further expansion of gas in electricity generation
might threaten energy security of a country dependent on imported gas.

Among non-fossil energy sources, nuclear and hydro contribute to about 13.8%
and 15.6% of the world’s total electricity mix respectively. The further develop-
ment of nuclear power is still questionable mainly due to a lack of public support.
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The main concerns are storage of the radioactive waste as well as nuclear prolifera-
tion and terrorism. The further increase of hydroelectricity has also some negative
aspects, such as a potential threat to a continuous water supply in different places
in the world, and a mass resettlement of people caused by construction of large
dams.

On the other hand, the increased share of renewable energy in electricity gener-
ation could offer an improved security of supply, mainly due to the decreased de-
pendency on imported fuel, as electricity can be generated by, for example, wind
turbines installed locally. In some places, geographically concentrated power plants
and other infrastructures can jeopardize energy security as a result of natural dis-
asters. The distributed nature of many renewable sources can thus offer a reduced
risk of grid failures.

Reliance on a solitary source of electricity generation could become a threat
to the national energy security. As for example hydro generation is very much
dependent on weather conditions of a particular year; nuclear and thermal power
plants can be shut down due to unexpected faults or shortages in fuel supply;
wind power is dependent on wind conditions and solar panels on the sun, and so
on. Therefore, diversity in electricity generation becomes an important issue when
energy security of a country is concerned.

To promote the further development of renewables in the European Union, the
directive 2001/77/EC [8] has been established. It aims at generating as much as
20% of EU energy by means of renewable energy sources by 2020, among which
wind energy is expected to play an increasingly important role. As it stated in the
directive [3]

The promotion of electricity produced from renewable energy sources is a high
Community priority. .. for reasons of security and diversification of energy
supply, of environmental protection and of social and economic cohesion.

24 Economic Support

Following the increased public awareness about the wide use of diminishing fossil
fuels and nuclear power and their impact on the environment, a number of politi-
cal decisions on promotion of the renewable alternatives have been made. One of
the main driving forces of the development of wind power nowadays is the eco-
nomic support provided by the local governments, authorities and organizations.
A number of different support systems exist in various countries [9]. Some of them
are outlined below.

e Feed-in tariffs. These systems specify the certain power purchase price that
must be paid by the local distribution or transmission companies to local
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producers of renewable electricity. The main advantage of the feed-in tariffs
is that they offer a reduced investment risk since the purchase price is usually
set for a period of around seven years, thus contributing to promotion of the
mid and long-term renewable technologies.

o Green certificates is a market-based system which obliges consumers of elec-
tricity to purchase a specified amount of electricity produced by renewable
sources. A typical value of one green certificate is 1 MWh. In Sweden, the
green certificates specify not an amount but a proportion of a total consump-
tion of electricity that should come from renewable energy sources. In both
cases, a producer of renewable electricity receives an additional bonus from
the sold certificates.

o Tenders. The tendering procedure is initiated by the state, which places a
series of tenders for supply of renewable electricity on a contract basis at
the price resulting from tenders. The final consumers of electricity are then
obliged to cover the increased price of electricity through a specific levy.

o Tuax incentives are introduced by the governments to make investments in
renewable energy sources more attractive. The tax incentives can be in the
form of reductions of energy taxes or in the form of special grants.

o A quota system is based on setting a certain amount (quota) of installed capac-
ity from renewable electricity that should be generated in the country within
a year.

Different policies and measures at present adopted in Europe have mainly been
aimed at promotion of renewable energy sources in the total electricity mix. As no
specific instrument has been recommended or harmonized within the EU, each
country has implemented its own instruments of economic support depending
on the national goals that include environmental commitments, increased security
supply, establishment of new jobs, etc.

The feed-in tariffs system is the most popular support approach used among
the European countries. It has been successfully implemented in Germany, Spain
and Denmark, where the proportion of installed capacity is the largest in Europe.

Quota systems combined with green certificates is the second most popular
measure of support for renewable technologies, which among others countries
has been implemented in Sweden. In spite of the additional investment incentives
and environmental bonuses available for wind energy, the technology is still un-
dergoing a development stage. The improvements could however be expected in
the near future, as the new target to increase the capacity of the installed wind
power up to 30 TWh by 2020 has been recently set in the country [10].
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Other support systems seem to be less popular among the European countries,
as, for example, the tender system is employed only in France, a quota based sys-
tems without certificate systems is used in Latvia, while Malta and Finland rely
only on the tax incentives.

The further development of renewable energy sources can be achieved by over-
coming the administrative and social barriers that make the process for permis-
sion to construct new renewable power plants too time consuming. This can be
achieved through creation of ‘one-stop authorization agencies’ where the decision
on commissioning of a new power plant can be made in one place.

2.5 Conclusions

Different driving forces that in the past few decades have contributed to the rapid
development of renewable energy sources in general and wind power in particular
have been addressed in this chapter. It was found that the share of renewables in
the world electricity mix has mainly been increased due to the three following
factors: environmental concern and issues of energy security, which prompted the
governments in different countries to make decisions on economic support.

As far as the environment is concerned, renewable energy sources are prefer-
able to the existing technologies. Fuel-burning power plants are least efficient
in terms of CO, discharge per unit of electricity generated. Large hydro power
plants also contribute to the CO, and CH,4 emission as a result of the decaying
vegetation. Although nuclear power has the lowest emission level of greenhouse
gases into the atmosphere, its further expansion is less desirable mainly due to the
problem of storage of radioactive waste.

Renewable energy sources can also increase the security of energy supply, mainly
due to decreased dependency on the imported fuel supply. Although coal is avail-
able from politically stable regions and the use of oil in electric power generation
is limited, the use of natural gas might threaten the energy security of a country
dependent on this fuel. Nuclear power has a dual effect on energy security: on the
one hand, installation of new nuclear power plants can increase it; on the other
hand it can be hazardous, mostly due to the issues of nuclear proliferation and
terrorism. The distributed nature of renewable energy sources can offer a reduced
risk of grid failures.

Economical support of renewable energy sources is one of the main driving
forces to their recent developments. Different measures and policies have mainly
been aimed at promotion of the renewable energy sources in the total electricity
mix. The implementation of a support scheme is dependent on the national goals
that included environmental and social targets and establishment of new jobs. The
challenges are, however, in overcoming the administrative and social barriers, as
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well as in the further development of technologies and their integration in the
electric power systems. The recent advances and the development of wind turbine
technology are presented in the following chapter.



Chapter 3

Wind Power Technology

This chapter introduces the principles of energy conversion in a wind energy sys-
tem. The characteristics of wind turbines are distinguished. Namely, the onshore,
near-shore and offshore siting of wind turbines is discussed. An overview of the
most common wind energy systems and their electrical and mechanical compo-
nents is presented. Various types of the commercially available generators and the
generators reported in literature are described.

3.1 Introduction to Wind Power

Wind turbines with high rated power are primarily intended for the regions with
high wind speeds, as the power of wind P,;,q is proportional to the interception
area of the turbine blades Ay, and the cube of wind velocity vyinqa. The power in
airflows can be extracted through conversion by the blades of a wind turbine into
mechanical power at the shaft. The power of wind of the speed vyinq transferred
through the interception area of the blades Ay, is given by

1

Pwind - 5 Pair Aturb vi}inda (31)

where pq;, is the air density.

Normally, the wind turbines are feasible to build in areas where the average
wind speed exceeds 4.5 m/s. Depending on the location, the following three types
of sites are recognized:

e Onshore. An onshore wind turbine is typically installed in the hilly or moun-
tainous areas at three kilometers or more inland from the shoreline. The
wind characteristics in this area are very much dependent on the roughness
of the terrain surface. Therefore, the siting of the onshore wind turbines

17
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should be planned carefully as this, to a large extent, will affect the amount
of energy produced.

e Near-shore. A wind turbine is considered to be near-shore if it is sited in
the zone starting from three kilometers on land and up to ten kilometers 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, for example used for bird nesting.

o Offshore. Wind turbines of this type are sited on water at a distance of ten
kilometers or more from land where wind speed is often significantly higher
than onshore. This results in a potentially higher energy production. Be-
cause 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, which can significantly
increase their operation and maintenance costs.

3.2 Constant and Variable Speed 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 gen-
erator 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 the latter type have the possibility to control the frequency and the
amount of produced electricity, although that would require a more complicated
electrical system. Variable-speed wind turbines can also be designed for a broader
wind speed range.

3.3 Geared and Gearless Wind Turbines

Depending on the type of the drivetrain and electromechanical energy converter,
all wind turbines are divided into geared, which are more common, and gearless,
also referred to as direct-driven. An overview of available wind energy systems is
presented below.
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Geared Wind Turbines

The basic wind turbine configuration with a fixed-speed mechanical input is illus-
trated in Fig. 3.1(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 of rpm) with the gear ratio of approximately 100. To compensate the re-
active power consumed by the induction generator, a capacitor bank is integrated
into the system. The soft-starter is used to provide a softer connection to the grid.
The configuration presented in Fig 3.1(a) with a squirrel cage induction generator
and an active stall control was for example employed by Bonus Energy A /S which
has been later acquired by Siemens Power Systems [11].

The wind turbine configuration presented in Fig. 3.1(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 windings of the generator
are connected to the grid while the rotor windings are 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. Among others, this configuration
is used by Vestas [12] in their V90 wind turbines.

The configuration depicted in Fig. 3.1(c) uses a doubly-fed induction gener-
ator 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 reac-
tive power and to smoothen the grid connection. In comparison with the concept
in Fig. 3.1(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 40% below and 30% above the synchronous speed. This config-
uration is widely used by wind turbine manufacturers. It is for instance adopted
in one of the largest wind turbines — the 5 MW wind turbine 5M manufactured by
REpower [13].

The wind turbines shown in Figs. 3.1(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. 3.1(d), the tur-
bine shaft and generator shaft are coupled to each other through a step-up gear-
box, in this way making it similar to the previously discussed wind turbines. This
arrangement with a permanent magnet synchronous generator is used, for exam-
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Figure 3.1: Common wind turbine configurations.
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ple, in Vestas V112 3 MW wind turbine.

A permanent magnet synchronous generator is also employed in the 5 MW
M5000 Multibrid wind turbine [14]. However, in this concept, the gear ratio be-
tween the turbine and generator speed is only about 10, resulting in a generator
with the 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 generator applied in the gearless system in Fig. 3.1(e).

Gearless Wind Turbines

With further development of wind turbine technology and increased wind power
penetration level in power systems, the issues of reliability of generating units be-
come of greater 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 reduced by the use of a gearbox in wind energy systems depicted
in Figs. 3.1(a-d). Although the rate of failures in the direct-driven wind turbines
depicted in Fig. 3.1 (e) is higher, mainly due to the failures in the electrical system,
the annual downtime is yet lowest [15]. As compared to the turbines with the vari-
able speed control in Fig. 3.1(c,d), the gearless concept can reduce the downtime of
the generating unit by three to four times, thus improving its overall availability.

In addition, the gearbox is subject to mechanical wear, vibrations, requires lu-
brication and more frequent maintenance at considerable cost [16]. As a result, the
gearless wind energy system has drawn the attention of wind turbine manufac-
turers. A schematic of such system is presented in Fig. 3.1(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 higher than the efficiency of the system contain-
ing a gearbox and an induction generator directly connected to the grid [17]. 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 in the near future as larger power
converters become available at decreasing cost.

3.4 Direct-driven Wind Generators

A direct-driven low-speed generator with a large number of poles and an outer di-
ameter larger than conventional generator is required in the gearless wind system
presented in Fig. 3.1(e). Electrically excited direct-driven synchronous and induc-
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Figure 3.2: Nacelle of the gearless energy system with the permanent-magnet
direct-driven generator STX72 as described in [20].

tion generators are used by a number of wind turbine manufacturers. Wound rotor
induction generators are for example used by Enercon.

In the last few decades, a reduced magnet price has made synchronous genera-
tors with permanent magnet excitation an attractive alternative. In comparison to
the electrical excitation, the permanent magnet excitation favors a reduced active
weight and decreased copper losses, yet the energy yield is higher [18].

This topology is for example employed by STX Windpower B.V. in its 2 MW
wind turbine STX72 (formal Zyphyros Z72) whose nacelle is depicted in Fig. 3.2,
making it one of the largest direct-driven permanent magnet generators commer-
cially available [19]. The generator employs a radial-flux permanent magnet con-
figuration [20].

Besides the existing ones, some permanent magnet generators for direct-driven
wind turbines are currently under development. One of them is designed and pro-
duced at VG Power in Visteras, Sweden. The main feature of this generator is that
by placing the bearings in the airgap, reduced weight can be achieved [21]. The
144 kW downscaled prototype shown in Fig. 3.3 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 [22].

A number of studies have been conducted investigating different topologies
of permanent magnet synchronous generators suited for direct-driven low-speed
wind generators [17, 23]. A possibility of utilizing a transverse flux permanent
magnet topology in the gearless wind energy system was discussed by Profes-
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Figure 3.3: A prototype of the direct-driven generator developed by VG Power as
illustrated in [21].

sor Weh in [24] as early as in 1990. An attractive feature of the transverse flux
machines is that with an increasing number of poles, the machine rating can be in-
creased and as a result a higher value of specific torque density can be achieved [25].

A. Grauers in [17] has considered different permanent magnet synchronous
generators suited for a direct-driven wind turbine generator. The author analyzed
radial, axial and transverse flux generators in the range from 30 kW to 3 MWA.
The study showed that transverse flux generator was superior to others due to its
high efficiency, light weight and compactness.

The research started in [17] with a particular focus on the transverse flux gener-
ators was continued by J. Hystad in [26]; generators with the iron bridge structure
and the double-sided topologies were analyzed in his thesis. The double-sided
configuration was found to be the most economically feasible alternative, espe-
cially with the decreasing price of the power electronics. The author however
stresses that an extra emphasis should be put on reducing the manufacturing cost
of the magnetic parts.

A more detailed description of different configurations of permanent-magnet
machines, their principles of operation and areas of application are discussed in
the next chapter.
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3.5 Conclusions

In this chapter, the basics of wind energy conversion have been introduced. The
siting of wind turbines is of importance as far as the components of the wind
turbine and their maintenance are of concern. As for example, the wind turbines
sited offshore would most probably experience higher winds which would lead
to a higher annual energy yield. The accessibility of these turbines is however
generally reduced due to their remote location.

The basic difference between the turbines with the fixed and variable speed
control has been described. Five different configurations of wind energy systems
have been presented, four of which utilized a gearbox in order to adjust the slow
turbine shaft to a generally higher rotational speed of the generator. Examples
of manufacturers using these configurations have been given. The emphasis has
been placed on the direct-driven wind turbines and the topologies that could be
employed in the energy converters. Following the literature review, the transverse
flux topology has been found to be a promising alternative for the direct-driven
wind turbine.



Chapter 4

Transverse Flux Machines

A general overview of various permanent magnet synchronous machines is pro-
vided in this chapter. The prominent features of different configurations are high-
lighted and discussed: radial flux, axial flux and transverse flux. The emphasis
is however placed on the transverse flux topology and its principles of operation.
Various configurations of transverse flux topologies are reviewed and their prop-
erties are outlined.

4.1 Configurations of Permanent Magnet Synchronous
Machines

Depending on the direction of the flux lines crossing the airgap, the following
configurations of permanent-magnet machines are recognized: radial flux, axial
flux and transverse flux. Their principles of operation and possible arrangements
are discussed below.

Radial Flux Configuration

A radial flux configuration is the most common configuration of permanent-magnet
synchronous machines (PMSM). The machines of this type are widely used in var-
ious applications, such as traction [28, 29], ship propulsion systems, wind power
generation [20], robotics, and many others.

An overview of the radial flux PMSM is shown in Fig. 4.1(a). The flux lines are
in the radial plane, while the current flows in the axial direction. The stator of the
radial flux PMSM resembles that of a conventional AC machine, which makes it
easier to manufacture due to existing and well-proven technology and availability
of tools and machinery.

25
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(a) (b)

Figure 4.1: An overview of permanent magnet machines with (a) the radial flux
and (b) the axial flux configurations [27]

Depending on the way the permanent magnets are placed in the mover, 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 a design affects the machine performance, its weight
and overall production cost.

Surface-magnet Design

In the configuration with the surface-mounted magnets (Fig. 4.2(a)), the magnets
are polarized radially or sometimes along the circumference. The bandaging of
such a machine is often necessary in order to protect magnets from the centrifugal
forces. The reactances in the d- and g-axes are nearly the same. The construction
of such a rotor is simpler than for the other rotor designs.

Inset-magnet Design

The inset-magnet rotor (Fig. 4.2(b)), has radially polarized magnets embedded in
the slots on the rotor surface. The synchronous reactance is larger in the g-axis
than in the d-axis. The emf induced by the magnets is generally lower than in the
surface-mounted rotor design, due to larger flux leakage [30]. The rotor in this
design is likely to be lighter.
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(a) (b) (c)
Figure 4.2: Rotor configurations: (a) surface-mounted magnets, (b) inset magnets,
(c) buried magnets.

Buried-magnet Design

In the buried-magnet rotor (Fig. 4.2(c)) the magnets are magnetized circumferen-
tially. The synchronous reactance in the g-axis is larger than in d-axis. The thick-
ness of the bridge between the magnets should be carefully chosen. In this con-
figuration a non-magnetic 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.

Permanent magnets

Rotor discs

Figure 4.3: Axial flux machine “TORUS’ [31].
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Axial Flux Configuration

The machine shown in Fig. 4.1(b) employs an axial flux configuration. The flux
lines are crossing the airgap in the axial direction, while the windings are ar-
ranged radially. As can be seen in the figure, the machine with this topology has a
larger diameter-to-active-length ratio as compared to the earlier discussed radial
flux machines. The axial flux PMSM consists of two discs: the rotor disc with the
permanent magnets and the stator disc with the armature winding placed in the
slots. Similarly to the radial flux PMSM, the rotor can have either axially-polarized
magnets placed on its surface or radially-polarized magnets embedded in its core.
The machines of this type are used in traction and servo applications, distributed
generation and propulsion systems [27].

A number of various axial flux configurations have been proposed. Among
them the following topologies can be distinguished: single and double sided,
multi-disc and “TORUS’ [32, 33]. An overview of this machine is depicted in
Fig. 4.3. It consists of double-sided rotor with the permanent magnets and the
stator with the toroidal winding placed amid.

The possible use of the axial flux PMSM of the type “TORUS’ for a direct-driven
wind generator has been investigated by numerous researchers since it was pro-
posed in [32]. The machine was found to be a competitive alternative due to large
available torque-per-volume ratio.

Transverse Flux Configuration

The direct-driven synchronous generator analyzed in the present work employs
a transverse flux topology (Fig. 4.4). Use of transverse flux machines has been
investigated in different areas where the high torque density or a multi-pole ma-
chines were required [34]. These areas include wind energy [24, 23], free-piston
generators for hybrid vehicles [35, 36], ship propulsion systems, etc.

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 move-
ment and that of current flow. The pros and cons of the transverse flux topology
are described in the following section.

4.2 Description of Transverse Flux Topology

One of the main benefits of using a transverse flux topology is the possibility to
attain a high torque density [24]. By increasing the number of poles (thus decreas-
ing the pole length) for given dimensions and current loading, the machine rating
can be increased and, consequently, higher values of specific torque density can
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be achieved. Values of current loading up to 300 kA/m and force density up to
150 kN/m?® have been reported [37]. However, the pole pitch has a lower bound
and therefore should be checked for mechanical rigidity when designing a trans-
verse flux machine (TFM). Furthermore, the amount of the flux leakage produced
in the direction of movement, as shown in the following chapters, is also very
much related to the pole length.

Another attractive feature of a TFM is that it allows current and magnetic load-
ing to be set almost independently. The pole length sets the magnetic loading,
whereas the machine width determines the current loading. This advantageous
feature of the 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 ex-
tent 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 [38].
On the other hand, the large leakage reactance would limit the short-circuit cur-
rent, 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 com-

Stator core

Stator coil

Flux path Permanent
Current magnet
Mover core
Movement

Figure 4.4: Basic single-phase transverse flux topology with permanent magnet
excitation.
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plex manufacturing.

4.3 Variety of Transverse Flux Topologies

Depending on the type of excitation, a transverse flux machine can either be elec-
trically excited or magnetically excited [39]. An electrically excited machine nor-
mally has a more massive rotor and larger weight as compared to a magnetically
excited one. The reduced magnet prices have made permanent magnet machines
more feasible than before.

A number of various topologies of TFM are presented and described in the lit-
erature since it first drew the attention of machine researchers in the early 1970s [40]
and later re-emerged in the mid-1980s [25]. Nevertheless, research in this area
continues and new topologies are being introduced. An overview of the existing
transverse flux topologies is summarized below.

Basic Transverse Flux Topology

The geometry depicted in Fig. 4.4 is a basic arrangement referred to as single-sided
TFM [41]. It consists of a mover core with permanent magnets. The stator is made
up of C-shaped iron cores of laminated steel. 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. In the following
text, this topology is refereed to as BTFM (basic transverse flux machine).

Generally speaking, transverse flux machines have a single-phase structure
which is comprised by a number of separate units depicted in Fig. 4.4. The sep-
arate units are subsequently attached to each other in the direction of movement
to produce a multi-pole machine, and in the lateral direction in order to produce
a multi-phase machine. In case of a three-phase machine, the single-phase units
should be displaced by 120 electrical degrees and the number of units should be
multiple of three. The electromagnetic properties of a single unit are therefore
inherited by the entire machine.

A cross-section of a three-phase TFM and a possible magnet arrangement are
depicted in Fig. 4.5. The TFM has no common rotating field built by the three-
phase winding. Instead, three independent alternating fields shifted by 120 elec-
trical degrees exist (three single-phase machines stacked together). The shift is cre-
ated 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 be
joined together, thus reducing the number of separate parts and consequently the
complexity of production.
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Transverse Flux Topology with Iron Bridges

In the topology shown in Fig. 4.4, only half of the magnets are being utilized at one
moment, while the others generate fluxes that can 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. 4.6. In this
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 TFM
arrangement, the output power would likely be higher [42]. However, the iron
bridges increase the active weight of the machine and decrease the available space
for the stator winding. The abbreviation IBTFM used in this thesis stands for the
transverse flux machine with iron bridges.

The rotational TEM concept in [42] (Fig. 4.7) presents three single-phase ma-
chines of the type illustrated in Fig. 4.6. The magnets displaced on the rotor sur-
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Figure 4.5: Three-phase TFM with (a) cross-section and (b) displacement of mag-
nets, where v,,, shows direction of movement.
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face, while the stator core pieces are aligned. The passive iron bridges placed amid
the stator stacks. An internal stator design was selected in this TFM 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.

Double-sided Transverse Flux Topology

To increase the utilization of the magnets even further, the transverse flux machine
can be manufactured double-sided, as shown in Fig. 4.8. This configuration con-
sists of two sets of C-shaped cores per pole pair, with windings placed in the slots.
The magnets are embedded in the rotor core. 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.

The topology presented in Fig. 4.8 can also be produced with only one winding
with nearly the same torque production as in the double-sided TFM with two
windings. It has an advantage of the reduced outer diameter and has a more
simple mechanical structure [43].

The research within the area of transverse flux machines continues and new
topologies and arrangements are being introduced. A review of several existing

Figure 4.6: Single-sided transverse flux topology with iron bridges, where v,, is
the direction of movement, ¢,,, the flux line, ¢ is the armature current.
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Figure 4.7: Schematic representation of transverse flux permanent magnet ma-
chine presented in [42] in (a) stack (radial) plane, (b) rotational (peripheral) plane
and (c) general view of the machine.
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Figure 4.8: Double-sided transverse flux topology with iron bridges.

configurations is presented below.

Flux-switching Transverse-Flux Topology

One of this novel concepts is the flux switching transverse flux permanent magnet
machine in Fig. 4.9, which has been described by J. Yan et al. in [44]. This topology
inherits the properties of both transverse flux and switching reluctance machines,
allowing a higher power density. The machine consists of a rotor core attached
to a non-magnetic support and the stator core with the axially-polarized magnets.
To produce a three-phase machine, the adjacent phases are displaced on the rotor
surface by 120 electrical degrees. In [44], the computations of this machine have
been performed at no-load condition showing its capability to attain a high airgap
flux density.

Toothed-rotor Transverse Flux Topology

A flux-concentrating TFM topology with toothed rotor was proposed in [23]. The
author claims that the analyzed topology favors the conventional permanent-magnet
generator for outer diameters lower than 1 m. The machines were however com-
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Figure 4.9: General view (a) and a cross section (b) of the flux switching transverse
flux permanent magnet generator presented in [44].

pared 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.

Pereenr

(a) General view (b) Detailed view

Figure 4.10: General (a) and detailed view (b) of the transverse flux machine with
the toothed rotor described in [23].
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Figure 4.11: Schematic of the free piston energy converter.
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Figure 4.12: 3-D view of the Low Leakage linear TFM (a) view of a one phase (b)
detailed view of the mover.

Transverse Flux Topology with Flux Concentration

In [35], the use of transverse flux machine in a linear arrangement for the free-
piston generator in a hybrid vehicle has been investigated. The free-piston gen-
erator shown in Fig. 4.11 can be used in the vehicle in order to increase the effi-
ciency of the internal combustion engine by reducing the fuel consumption. The
free piston generator combines a combustion engine, crankshaft, connecting rod,
and rotating electrical generator into a single unit; thus, making the system more
efficient and reliable with a lighter weight [45].

A three-way flux concentration topology of the mover depicted in Fig. 4.12
has been employed. This arrangement offered a substantially reduced axial flux
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Figure 4.13: Layout of the transverse flux machine presented in [36].

leakage, but suffered from mechanical instability as a result of its complex con-
struction.

Tubular Arrangement of TFM

The implementation of the transverse flux machines as a part of a free-piston en-
ergy converter started in [35] has been continued in [36] with the aim of improv-
ing the mechanical stability of the system. The desired mechanical stability was
achieved by arranging the single-sided transverse flux units illustrated in Fig. 4.6
along a circumference, as shown in Fig. 4.13. This tubular arrangement has been
patented and description can be found in [46].

4.4 Novel Transverse-Flux Arrangement

Compared to the rotational TFM topology described in [42] and depicted in Fig. 4.7,
a single-phase structure (Fig. 4.14(a)) in the novel TEM is placed along the cir-
cumference rather than a straight line, thereby obtaining circular cross-section. A
general view of the novel TFM arrangement is shown in Fig. 4.14(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.
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Figure 4.14: Schematic representation of the novel transverse flux permanent mag-
net machine in stack (radial) (a) plane, rotational (peripheral) plane (b) and general
view of the generator (c).

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, all along the circumference.

The high current loading allowed in a TFM could result in considerable values
of armature reaction, which cause eddy current losses. To decrease this effect, the
iron parts should be made of laminated material. Moreover, the transverse flux
concept implies that the magnetic fluxes should be carried in the plane perpen-
dicular to the direction of movement. Therefore, the laminated material would
decrease the flux in the peripheral (rotational) direction and the fringing effect.
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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 TEM 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 volt-
age of wind generators has been continuously increasing in the past few years and
voltage levels of up to 5kV can reasonably be expected in the forthcoming wind
generators [47]. The stator slots have a rectangular shape, as well as the conduc-
tors in the windings.

Two possible magnets and windings arrangements are shown in Figs. 4.15 and
4.16. In the case of the separated flux paths (see Fig. 4.15), the winding has a three-
times single phase structure. However, in the case when the flux paths are mixed
(see Fig. 4.16), 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.

Dimensions of the Magnetic Circuit

The main machine radius R,, and the tube radius R, are shown in Fig. 4.17. The
cut required for the mechanical assembling of the rotor on the shaft is defined by
2¢.

The number of stator teeth per stack @), 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 analy-
sis. 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 nota-
tions, 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
presented in Fig. 4.18. For simplicity, this figure depicts the machine in a linear
representation.

4.5 Conclusions

In this chapter, an overview of permanent-magnet synchronous generators with
the different ways of the force production has been presented. The pros and cons
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Figure 4.17: Cross-section of the novel TFM generator in the stack plane with the
main dimensions.
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Figure 4.18: Schematic representation of the generator in the stack (radial) (a) and
rotational (peripheral) (b) planes.
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of each topology have been discussed. The emphasis was however placed on the
transverse flux configurations and the principle of its operation. Various trans-
verse flux topologies have been outlined and their possible applications have been
discussed as well. The novel concept of arranging transverse flux units has been
presented. A more detailed analysis of the novel concept can be found in the fol-
lowing chapters.



Chapter 5

3DFEM Analysis at No-load

This chapter deals with three-dimensional static and dynamic finite element anal-
yses of a transverse flux permanent magnet generator suited for offshore wind
turbines, at no-load. At first, dimensions of the magnetic circuit are analytically
computed and then inserted into a FEM-software. Generators employing two
TFM topologies are evaluated: the basic topology (BTFM) and that utilizing the
iron bridge (IBTFM). The calculations are reduced to a geometry containing one
pole pair with a C-shaped stator core and a slot. The flux linked to the wind-
ing obtained in the FEM simulations is compared with the flux calculated analyti-
cally in [48]. The pole-to-pole flux leakage in the topologies with the various pole
length combinations is estimated. The results from the measurements of the lin-
ear prototype with the basic transverse flux topology are compared with the FEM
simulations.

5.1 Model Description

A transverse flux topology has basically a single-phase structure. Therefore sev-
eral single-phase units could be stacked together in such a way that a desirable
multiphase machine is produced. The performance of one unit determines the
performance of the entire generator, making one pole-pair model sufficient for fi-
nite element analysis.

Two transverse flux topologies — the basic topology (BTFM) and that utiliz-
ing iron bridges (IBTFM) — are considered in the wind generator described in this
chapter. Their prominent features are presented in Fig. 5.1. A number of other
TFM arrangements exist. Their descriptions can be found in Chapter 4 and vari-
ous literature dealing with TFM, as for example in [41].

43
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Figure 5.1: Analyzed single-phase transverse flux topologies with permanent
magnet excitation.

TFM with the Basic Topology

The simulated model in Fig. 5.1(a) consists of two poles: one full and two half-
poles. Different views of the model can be found in Appendix A. The model
comprises a mover core with permanent magnets, the stator consisting of a C-
shaped iron core and a coil placed in the stator slot. The magnets with alternating
polarities are placed on the mover surface. The positive and negative polarities of
the magnets are shown in light and dark gray respectively in Fig. 5.1.

To analyze the influence that the adjacent magnets have on the flux linked to
the winding, the model with only two full magnets is considered for comparison.
The four half-magnets are thus replaced with air. This topology could be used to
quantify the magnetic flux drop due to the flux leakage in the direction of move-
ment (a pole-to-pole leakage). In the text below, this topology is also referred to as
homopolar.
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TFM with the Iron Bridges

In the topology shown in Fig. 5.1(a), only half of the magnets are utilized at one
instant while the others generate fluxes that partially weaken the flux linked to the
winding. To reduce the stray fluxes generated by the unused magnets, guiding
iron bridges could be placed between the stator cores as illustrated in Fig. 5.1(b)
(Fig. A.2 in Appendix A). 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. As previously, for comparison, a model with only two
working magnets is considered for this topology.

To provide the space for the iron bridges, the tooth height must be conse-
quently increased by the height of the iron bridge (plus some extra space, which
in the analysis is assumed to be 1 mm).

5.2 Analytical Calculation of Dimensions

To be able to study the generator with the use of the three-dimensional finite el-
ement method (3D FEM), the dimensions of the magnetic circuit are at first esti-
mated analytically as described in [48]. Assuming certain input (generator rating,
rotor speed, etc.) and deciding on the desired performance, the dimensions can
be calculated. The assumptions outlined below are made while estimating the
dimensions:

° Blron at no load is limited to 1.2 T. The same maximum flux den51ty is allo-
cated in the stator teeth, stator and rotor yokes, i.e. an = Bté = By‘S = Byr

e A maximum airgap flux density created by the magnets Bg = 0.8T is as-
sumed based on the magnetic properties of iron and the magnet material, as
well as from prior experience.

The initial dimensions of the basic geometry corresponded to Fig. 4.18 are tab-
ulated in Table 5.1. The dimensions with no particular topology specified are valid
for both topologies.

5.3 Static Modeling in FEM

The goal of the static FEM analysis at no-load condition is to analyze the flux leak-
age for the given geometry, as well as to study the influence of the axial pole length
on the flux linkage.
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Table 5.1: Dimensions of the initial geometry in (mm).

Property Value
Stack (radial) plane:

Slot height in the BTFM h, 42.5
Slot height in the IBTFM h; 57.3
Slot thickness b, 11.2
Tooth thickness by, 13.8
Stator yoke height A, 13.8
Rotor yoke height h,,. 13.8
Pole length 7, ¢ 25.0
Magnet length [,,, s 15.0
Magnet height A, 8.4
Airgap thickness g 3.0
Iron bridge height in IBTEM h;; 13.8
Movement (peripheral) plane:

Pole length 7, , 15.0
Magnet thickness /,,, , 10.0
Stack thickness /5 , 10.0

Iron bridge thickness in IBTFM [, 10.0

General Considerations

The following considerations are made while modeling TFM in 3D FEM software
FLUX3D:

o A single-phase model is assumed; thus, no mutual effect of the other phases
is included.

e D-axis simulations, i.e. the position at which the stack is aligned with the
permanent magnets, are conducted (as shown in Fig. 5.2).

o As the periodic boundary conditions are applied, an identical mesh is re-
quired at the boundaries in the direction of movement (periodic boundary
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conditions in Fig. 5.2). This can be attained through propagation of the
boundary surfaces and associated linked mesh.

e A better control over the mesh in the airgap is achieved by dividing it into
two layers: the upper layer —attached to the stator surface, and the lower one
—appended to the mover. The divided airgap is also required in the dynamic
3D FEM analysis.

e An air volume surrounding the analyzed geometry is assumed. The Dirich-
let boundary conditions with the normal magnetic field are manually speci-
fied on the external surfaces (Fig. 5.2).

e A non-meshed coil with one turn is used. It carries no current as no-load
simulations are conducted. The coil length should be selected large enough
to ensure that the end effect has negligible influence on the flux linkage. In
Fig. 5.2, only a part of a non-meshed coil is shown.

e Data for magnetic steel M600-50A is employed in the iron parts and data
for NdFeB with B,p,, = 1.1 T and pypm = 1.05 is used for the permanent
magnet material.

Analysis of the Initial Geometry

The models have been built in the 3D FEM software according to the guidelines
summarized above, and the dimensions have been selected as outlined in Ta-
ble 5.1. The flux linked with the winding (or the flux linkage as the winding has
only one turn) ®.inq4ing Obtained for the four different topologies is listed in Ta-
ble 5.2. The flux obtained by integrating the flux density over the tooth base area
Dyo0in is also tabulated.

The airgap flux leakage can be estimated by comparing the flux entering the
tooth base in TFM models with two and four working magnets. In the BTFM, 20%
of the flux produced by the magnets leaks in the airgap to the neighboring mag-
nets, i.e. a magnitude 79.4 Wb is reduced to 62.7 Wb. Thanks to the iron bridges
used in the IBTFM topology, the airgap flux leakage can be decreased to 12% of
the magnetic flux (magnitude 79.7 Wb is reduced to 70.0 Wb).

The airgap flux leakage can also be studied by analyzing the flux density in the
airgap. The z, y, z components as well as the modulus of the magnetic flux density
in the middle of the airgap are plotted in Fig. 5.3. The stack plane (SP), or radial
plane, of the geometry corresponds to the z-direction in Fig. A.1 Appendix A,
while the movement plane (RP), or peripheral plane, aligns with the y-direction.
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Figure 5.2: Model used in the FEM software.

Table 5.2: Fluxes in different parts of the studied models in Wb

Model q)winding Diooth

BTFM with four working magnets 36.6 62.7
BTFM with two working magnets 98.9 79.4

IBTEM with four working magnets 74.6 70.0
IBTFM with two working magnets 97.8 79.7

The maximum values of the flux densities in the different directions are tabulated
in Table 5.3.

The useful flux produced by the magnets is in the z-direction. The maximum
flux density in the airgap obtained in FEM for the given geometry is Eg ~ 06T
(Table 5.3, Fig. 5.3(c)). The machine was however analytically designed for Eg =
0.8T.
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Figure 5.3: Flux density in the middle of the airgap for the TFM with the basic
topology.

Table 5.3: Maximum flux density in the middle of the airgap in (T)

~ ~ ~ ~

Model B, By B, B,

BTFM with 4 working magnets 025 0.33 0.59 0.59
BTFM with 2 working magnets  0.14 0.13 0.64 0.64

IBTFM with 4 working magnets 0.16 020 0.61 0.61
IBTFM with 2 working magnets 0.15 0.13 0.64 0.64
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Figure 5.4: Variation of the flux density B, in the airgap just above the magnets, in

the middle of the airgap, and just below the tooth base.

The difference in the analytical and FEM results can be explained by numerous
reasons. One reason for this is that the leakage flux from the adjacent magnets in
the direction of movement (y-direction) was omitted in the analytical calculations.
Fig. 5.3(b) shows the distribution of B, in the middle of the airgap. As can be
observed, the topology suffers from a substantial pole-to-pole flux leakage, with a
maximum of 0.33 T. This is confirmed by comparing the results with the values
obtained in the homopolar topology, where B, attains only 0.13 T.

Another source of discrepancy is the variation of the maximum flux density in
the airgap B which varies depending on the distance from the magnet. The B.
distribution for the three locations: just above the magnets, in the middle of the
airgap, and below the tooth base is depicted in Fig. 5.4. The peak values of the
z-component attain 0.69, 0.59 and 0.57 T, for the three locations respectively.

The flux that is actually linked with the winding is reduced even further in
the BTFM topology. In the model with four working magnets the flux linkage is
approximately 40% lower than the flux entering the tooth base. However, the flux
linkage in the IBTFM is higher. To explain this, the variation of the flux along the
tooth is studied. The fluxes are calculated by integrating the flux density over the
slices as shown in Fig. 5.5(a).

The flux variation along the tooth for the four different models is shown in
Fig. 5.5(b). Due to the absence of the adjacent magnets in the one-pole or two-
magnets models (models marked “2pm’” in the figure), the flux linkage increases
gradually for the first 10 mm as a result of fringing and retains its value thereafter.
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Figure 5.5: Model used in FEM for calculation of the flux in the tooth (a) and flux
evolution along the tooth length (b).

The flux linkage in these topologies is thus around 25% higher as compared to the
flux at the tooth base.

In the BTFM with two poles (‘BTEM, 4pm’), the adjacent magnets generate
stray fluxes that weaken the useful magnetic flux, causing a drop of around 40%
(as mentioned earlier) as illustrated by Fig. 5.6(a) and Fig. 5.6(b). The iron bridges
in the IBTEM with two poles ('IBTFM, 4pm’) short-circuit the adjacent magnets,
increasing the flux linkage for this topology (see Fig. 5.6(c)). This implies that
smaller magnets can be used in IBTFM as compared to BTFM to produce the same
amount of flux, which makes the IBTFM a more favorable topology as far as the
utilization of the magnet material is concerned.

To validate the last statement, the calculations performed for one set of dimen-
sions (see Table 5.1) are extended to varying dimensions in the movement plane
for both topologies.

Parametric Study of BTFM

The flux linkage ®.inding, flux linkage per magnet volume (®.inding/Vpm) and the
pole-to-pole flux leakage are calculated for the following dimensions:

Pole pitch 7, , = [8, 15] mm.
Magnet thickness l,,, » = [5, (7p,» — 2)] mm.

Stack thickness I, = [5, (Tp,r — 2)] mm.
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(c) IBTFM with 4 working magnets

Figure 5.6: Flux density in the cross section of the stator stack for (a) BTFM with
four working magnets, (b) BTFM with two working magnets, and (c) IBTFM with
four working magnets. The arrows in figures show the space distribution of the
flux density: the yellow color corresponds to the highest values of the flux density

and dark-blue to the lowest values.
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The pole-to-pole flux leakage is obtained by comparing the flux linked with
the winding ®.inding in the geometries with four and two working magnets per
pole pair. The variation of ®in4ing With the stack and magnet thicknesses in the
direction of movement for various pole lengths 7, , = [8,15] mm is depicted in
Fig. 5.7(a). The lowest surface in figures correspond to 7,, = 8mm, while the
upper for 7, , = 15 mm.

The flux linkage increases with the magnet size, making these machines more
favorable. Although this implies that the number of poles should be reduced if the
same machine dimensions are assumed.

Variation of the pole-to-pole flux leakage is shown in Fig. 5.7(e). As the distance
between the adjacent magnets gets larger, the flux leakage decreases. This, for
example, can be seen in topologies with [, , = ls;, = 5mm and varying 7, ,, in
which the flux leakage between 7, , = 15 mm and 7, , = 8 mm is decreased almost
threefold.

The maximum flux linked with the winding per volume of the magnet material
should be investigated to determine the effectiveness of the magnets being used.
As can be seen in Fig. 5.7(c), the usage of shorter magnets and longer poles is
recommended to maximize the utilization of the magnet material.

The topology with 7, , = 15mm, l,,, , = 13mm and l; , = 8 mm is found to
have the largest flux linkage ®winding = 42.6 pWb (marked with “x” in Fig. 5.7(b)),
and the topology with 7,, = 15mm, l,,, = 5mm and [y, = 7mm utilizes per-
manent magnets at their best with 8.5 Wb/m? as can be seen in Fig. 5.7(d). These
two sets of dimensions are selected for further studies in the dynamic 3D FEM
calculations.

As the electromagnetic torque is directly proportional to the flux linkage, the
combinations with the larger magnets should be preferred. However, as far as the
utilization of the magnet material is concerned, the combinations with the shortest
magnets are of interest. To obtain a reasonable compromise between these two
criteria, an optimization procedure is necessary.

Parametric Study of IBTFM

Similar as before analyses are conducted for the TFM with the iron bridges (see
Fig. 5.1(b)). The dimensions in the movement plane are varied as previously and
the iron bridge thickness is chosen to be equal to the magnet thickness l;y » = ..
The dependency of the flux linkage with the dimensions in the direction of move-
ment is shown in Fig. 5.8(a). As the flux produced by the adjacent magnets has
less impact on the main magnetic flux, the level of the flux leakage is considerably
lower and thus larger values of the flux linkage ®inding are achieved. The maxi-



54

Chapter 5: 3DFEM Analysis at No-load

Flux, (#Wb)

9

Stack 1
thickness, (mm) 13 5

(a) Flux linkage due to magnets acting alone

for 7p,» = [8,15| mm

Flux per magnet volume, (Wh/m?)

11

7 Magnet
thickness, (mm) 13 5

thickness, (mm)

7
Magnet
thiciness, (mm)

(c) Flux linkage due to magnets acting alone

per magnet volume for 7, - = [8, 15] mm

100

Tpr = S

Flux, (#Wb)

7
9

Stack u

thickness, (mm) 13

Magnet thickness, (mm)

T 40
38

36

34

. 32
30

28

26

24

22

20

5 6 7 8 9 10 11 12 13
Stack thickness, (mm)

(b) Flux linkage due to magnet acting
alone for 7 » = 15mm

Magnet thickness, (mm)

6 7 8 9 10 11
Stack thickness, (mm)

(d) Flux linkage due to magnets acting
alone per magnet volume for 7, , =
15 mm

13

7 Magnet
thickness, (mm)

(e) Flux leakage at no-load

Figure 5.7: Results of static 3DFEM simulations of the BTFM at no-load.
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mum value of ®yinding = 89.6 pWb is attained for 7, , = 15 mm, l,, , = 13 mm and
ls¢,» = 13 mm as shown by the marker in Fig. 5.8(b).

The utilization of the magnet material in the IBTFM is also better than in the
BTFM. The topology with 7, , = 15mm, l,;, , = 6 mm and [s; , = 11 mm has the
best utilization of the magnets with 15.6 Wb/m? (see Fig. 5.8(d)), which in com-
parison to the BTFM, is larger by more than 80%.

5.4 Calculation of the Flux Linkage for Varying Airgap Length
and Magnet Height

The aim of the study presented in this section is to investigate how the flux link-
age at no-load is related to the airgap length in BTFM and IBTFM topologies. In
the work presented in [17, 26], the transverse flux generators had a relatively small
outer diameter, which allowed to keep the airgap length small (up to 3 mm). How-
ever, when designing a generator with a large rated power, the outer diameter and
thus the airgap length can get larger. In order to determine this correlation, the two
sets of dimensions are analyzed in this study. The machines with the pole lengths
of 7, = 15mm and 7, , = 30mm and the magnet/stack coverage of 2/3 of the
pole length are considered. The airgap length varies in the interval g = [2,10] mm
and the magnet height in the interval h,, = [2,15] mm.

The graphs in Fig. 5.9 illustrate the variation of the flux linkage with the airgap
length and magnet height. As can be seen, the flux linkage decreases considerably
with the airgap length for the both selected sets of dimensions. This undesired
correlation can be explained by the fact that more flux is being leaked between
poles, as the attraction of the adjacent magnets becomes larger.

The analytical Eq. 5.1 would suggest that the magnet height can be adjusted in
order to keep the same flux density in the stator teeth, i.e.

h/m — Bu’l“pmg , (5‘1)
rpm
=~ —1
B

g

For example, topology with a 3 mm airgap would require a magnet with the
height of h,,, = 8.4 mm in order to produce the maximum flux density in the airgap
]§g = 0.8T. Consequently, if the airgap length is to be increased to 5 mm, the
magnet height, according to the Eq 5.1, should be increased to h,, = 14.0mm. If
fringing is disregarded, the flux linked to the winding should be proportional to
the airgap flux density Eg. However, the flux linkage for this set of dimensions,
as calculated in FEM, accounts only for 45% of the analytically expected value, i.e.
36.6 £Wb is expected but only 20.1 Wb is linked to the winding (see Table 5.4).
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Figure 5.10: Flux linkage as a function of the airgap length and magnet height for
the IBTFM topology for (a) 7p, = 15mm, l,,, = 10mm, [y, = 10mm and (b)

Tpr = 30, mm Iy, , = 20, mm Iy, = 20 mm.

The rate of the flux linkage somewhat improves with the increased pole length,
as can be seen in Fig. 5.9(b) and summarized in Table 5.4. For the topology with
a 5 mm airgap and a 14 mm magnet, the flux linked to the winding is 95.2 u Wb,
which is still around 29% lower than could be expected by applying Eq. 5.1.

The variation of the flux linkage in the machines employing IBTFM topology
is illustrated in Fig. 5.10. The same sets of dimensions as in the BTFM topology
are selected, i.e. g/h,, = 3/8.4 and g/h,, = 5/14 as shown in Table 5.4. The
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Table 5.4: Influence of the airgap length and the magnet height on the flux linkage.

Model 7,, (mm) ¢(mm) hy, (mm) ®,, (WWD)

BTFEM 150 3.0 8.4 36.6
15.0 5.0 14.0 20.1
30.0 3.0 8.4 134.1
30.0 5.0 14.0 95.2

IBTFM  15.0 3.0 8.4 74.6
15.0 5.0 14.0 47.0
30.0 3.0 8.4 189.3
30.0 5.0 14.0 149.9

comparison of the results shows that although the flux linkage is decreasing with
the larger airgap length, its value is still higher than in the machines with the basic
topology. For example, in the topology with 7,,, = 15mm and g/h,, = 5/14 mm
the pole-to-pole flux leakage accounts for 37%. With the increasing pole length, the
portion of the flux linked to the winding improves even further, where as much as
150.0 pWb or 79% of the flux expected from Eq. 5.1 can be linked to the winding.

The flux linkages calculated in this section are used to assess the electromag-
netic force production in the machines with the varying airgap length in the fol-
lowing chapter.

5.5 Dynamic Modeling in FEM

Thus far, the transverse flux topologies were examined at one instant of time, at
which the stack was aligned with the magnets. The static analysis can provide
some quantitative understanding of how the generator performance is intercon-
nected with the physical dimensions of the magnetic core. However, as far as the
induced voltage and its harmonic content are concerned, the variation with time
(or angular displacement) becomes of great importance; hence, the dynamic sim-
ulations are necessary.

In addition to the general considerations made while modeling TEM in the
static 3DFEM, the following two are made for the dynamic studies:
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Figure 5.11: Comparison of the flux linkage due to magnets acting alone (a) and
induced emf (b) as a function of the angular displacement in the analytical and
FEM calculations.

e A linear motion is considered throughout the simulation. This assumption
is valid for machines with large diameters, which is the case in this study.

e The simulations are performed for a full electric period with 50 steps.

Comparison with the Analytical Results

This section provides a comparison between the analytical and dynamic 3D FEM
calculations at no-load condition. The variation of the flux linkage with the rotor
position is illustrated in Fig. 5.11(a).

The flux linkages obtained earlier in the static FEM simulations in the d-direction
are virtually the same as the magnitudes of the flux linkages calculated in the dy-
namic analysis’. The difference in the magnitudes of the two analyzed topologies
was discussed earlier. However, the sinusoidal shape of the flux differs from the
triangular of the analytically predicted one. The flux waveform owes its sinu-
soidal shape to the stray fluxes from the adjacent magnets, which smoothen the
triangular waveform obtained when the pole-to-pole flux leakage is neglected.

The induced emf per pole pair obtained from the FEM simulations is illustrated
in Fig. 5.11(b). Unlike the square-shaped waveform of the analytically determined
emf, the FEM-calculated emfs vary sinusoidally. The analytically calculated rms
value of the fundamental component is 0.49 V. Only a third of this emf, i.e. 0.16

1" A minor discrepancy of less than 1% was encountered due to a less dense mesh used in the
dynamic models. The less dense mesh was necessary to reduce the computation time.



60 Chapter 5: 3DFEM Analysis at No-load

V, is induced in the BTEM. This value is larger in the IBTFM with the iron bridge
- 0.32V, yet it accounts only for two thirds of the analytically determined value.
The emf reduction follows the reduction of the flux linked with the winding (see
Fig. 5.11(a)).

As can be observed in Fig. 5.11(b), the emf in the IBTFM flattens at the posi-
tion when the stack is located between the magnets, i.e. around 90°. This can be
explained by analyzing the flux linkage variation in Fig. 5.11(a). As the flux link-
age varies with the nearly constant slope at this position, the top of the emf curve
flattens following Faraday’s law:

d¢winding (ﬁ)
e(t) = —ns——7" (5.2)
where n, is the number of conductors per slot.

Influence of Dimensions in the Direction of Movement

In the static analysis, the magnitude of the flux linked with the winding was de-
termined with respect to the dimensions varying in the direction of movement. To
extend this study in time, dynamic simulations are performed for the topologies
with the largest flux linkage or the best utilization of the magnet material.

The variation of the flux linked with the winding and the induced emf for the
selected sets of dimensions with angular displacement are calculated and the re-
sults are presented in Fig. 5.12. The magnitudes of the flux linkages in Fig. 5.12(a)
differ from their fundamentals at most by 2% for IBTFM and around 0.5% for
BTEM, while other components are insignificant (around 2.5% for the third har-
monic in the IBTFM topology). This makes static FEM simulations sufficient if
only the flux linkage is of concern. The flux linkage of the IBTFM with [,,, , =
lst» = 13mm, however, has a linear sector between approximately 70° — 110°.
This linear variation of the flux linkage following Eq. 5.2 results in the flattening
of the induced voltage as shown in Fig. 5.12(c).

The amplitudes of the first five harmonics for the four selected topologies are
shown in Fig. 5.12(d). The fundamental harmonics are clearly the dominating
components here. The presence of other components is limited in the BTFM and
more pronounced in the IBTFM. The amplitude of the third harmonic in the IBTFM
is the largest one, at about 6-7% of the fundamental.

Although the static simulations can give a good estimation of the flux linkage
magnitude, the use of Eq. 5.2 for calculation of the induced emf is insufficient and
thus dynamic simulations are required to obtain the correct waveforms.
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Figure 5.12: Variation of the flux linkage and induced emf with the angular dis-
placement and their harmonic content for the four selected sets of dimensions.

5.6 Measurements at No-load

In order to verify the results of the finite element analyses at no-load, measure-
ments of the linear synchronous machine with the basic transverse flux topology
have been performed. The machine has been manufactured at the Department of
Electrical Machines and Power Electronics, Royal Institute of Technology, as a part
of the doctoral thesis work presented in [36]. The description of the machine and
its overview can be found in Chapter 4 of this work.

The tested machine had 16 poles and 12 stator slots with the three-phase wind-
ing placed inside. To be able to compare the finite element model with the mea-
surements, the same set of dimensions is adopted in the model analyzed in the
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finite element software.
The measurements at no-load condition aim to compare the flux linkage, in-
duced emf and cogging force with the FEM simulations.

Flux Linkage

The flux linkage is one of most important figures of merit when estimating the
machine performance. The force production is proportional to the flux linkage.
To measure the flux linkage in the tested machine, a flux meter has been used.
It consists of the coils mounted around the stator yoke. Later, the induced emf
measured in the coils is integrated in order to obtain the flux linkage.

The comparison of the results is presented in Fig. 5.13. The measured flux
linkage in different phases is compared with the corresponding results from the
finite element simulations. As can be seen both the shape and the amplitude of
the curves correspond well.

No-load Emf

The induced emf is obtained through differentiation of the flux linkage with time.
As the results in the previous section had a good agreement, the induced emf
obtained in FEM and through the measurements would also correspond well with
each other. This comparison of emfs for one phase is depicted in Fig. 5.14.
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Figure 5.15: Comparison of the cogging force obtained in FEM and through mea-
surements.

Cogging Force

The variation of the cogging force with the mover position is shown in Fig. 5.15.
The simulations were performed with no armature current injected in the winding.
The position of the mover varies with time, while the force is measured with the
force meter Burster Compression Load Cell 2 KN that has precision of 0.5%.

The force measurements are performed for the three-phase machine. As can be
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seen in Fig. 5.15, the results of the measurements agree well with those obtained
in FEM.

A more detailed explanation of the measurements at no-load, as well as the
measurements of the loaded machine, can be found in [36].

5.7 Conclusions

The finite element static and dynamic analyses of a direct-driven generator em-
ploying a basic transverse flux topology and that utilizing iron bridges have been
presented in this chapter. At first, the topologies with the initial dimensions were
studied. As the selection of the pole length in the transverse flux machines affects
the pole-to-pole flux leakage and thus its performance, the topologies have been
analyzed with respect to the varying dimensions in the direction of movement.

The topologies utilizing IBTFM have been found to be superior to the BTFM
with respect to the flux linkage (by 110%) and magnet utilization (by 84%). The
machines with the longest magnets gave the largest flux linkage, while machines
with the short magnets should be preferred for better magnet utilization. Four sets
of dimensions have been selected for a dynamic finite element analysis.

Unlike the triangular waveform of the analytically calculated flux linkages, the
flux linkages obtained in FEM have been found to vary almost sinusoidally with
time, which is due to the flux leakage between the adjacent magnets. A difference
of up to 2% between the magnitude of the flux linkage from the static FEM analysis
and its fundamental component from the dynamic simulations has been found,
which shows the static simulations to be sufficient for an approximate analysis.
The variation of emfs proved to be less sinusoidal, especially in the IBTFM, with
the third harmonic prevailing.

The measurements of the linear prototype at no-load have been performed and
the results were compared with the finite element simulations. The flux linkage,
induced voltage and the cogging torque had a good agreement with each other.

As the transverse flux machine consists of a number of identical units, the stud-
ies that have been conducted in this chapter can be applied for generators with
different shapes, such as toroidal, cylindrical, etc (see Chapter 7).



Chapter 6

3DFEM Analysis at Load

The calculation of the power factor and the electromagnetic force of a transverse
flux generator with the use of three-dimensional finite element analysis is pre-
sented in this chapter. First, the analysis is performed for two different single-
phase transverse flux topologies. The influence of the dimensions in the periph-
eral plane on the force production and power factor is estimated. The power factor
is calculated by three different methods and the results are compared. An alter-
native way to estimate the electromagnetic force based on the static simulations is
described.

6.1 Power Factor Calculation

Power factor (PF) is an important figure of merit of any electrical machine. The
value of PF determines the size of power electronic components, transformers and
transmitting equipment as their rating is given in volt-amperes (VA) rather than in
watts (W). In this way, the cost of the entire system is largely affected by the value
of the power factor. The following analysis is conducted in order to investigate the
variation of power factor in the studied transverse flux topologies with varying
dimensions.

To estimate the power factor of the transverse flux generator analyzed in this
work, the classical electric circuit model of a synchronous generator shown in
Fig. 6.1(a) is considered. The winding resistance is R, and the armature induc-
tance consisting of magnetization and leakage inductances is denoted by L,; the
back emf is Iy and the terminal voltage is V;.

As the magnetization of PM machines cannot be decreased at reduced loads
(unless flux weakening is applied), the induced emf E is constant and equal to its

65
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(a) Single-phase equivalent circuit (b) Phasor diagram

Figure 6.1: Single-phase transverse flux topologies with permanent magnet exci-
tation.

no-load value. By selecting the magnitude of the armature current and the current
angle as shown in Fig. 6.1(b), the terminal voltage V; can be controlled.

Three different phasor diagrams that could be applied for the control of the
generator are presented in Fig. 6.2 [17, 26]. For all three modes, the forced-commutated
converter is required for the grid connection of the generator [26]. The back-
to-back converter depicted in Fig. 6.3 is suggested for the wind turbine applica-
tions [4]. It consists of a rectifier and an inverter with an intermediate dc-link
capacitor.

—jwlLgl,
Ef Efl
Vi

(@) (b) ©

Figure 6.2: The single-phase equivalent circuit of the generator when (a) ¢» = 0, (b)
¢ =1 and (c) ¢ = 0.

The first control mode in Fig. 6.2(a) corresponds to the case when the load
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Figure 6.3: Back-to-back frequency converter.

angle 1) = 0, and thus terminal voltage V; is higher than the induced emf E¢. The
power factor is low in this case, which results in increased converter rating and
total system cost.

In Fig. 6.2(b), a compromise control mode is presented, where the phase current
is placed between the induced emf and the terminal voltage. The load angle ¢ and
the phase angle ¢ are equal in this case and E; ~ V;. 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. 6.2(c) has the
current in phase with the terminal voltage, thus ¢ = 0. Unity power factor has an
advantage of the reduced converter rating.

The control mode presented in Fig. 6.2(a) has been adopted in the analyzed
generators. Although the selection of a control mode will inevitably affect the elec-
tromagnetic design, this mode has deliberately been selected to be able to estimate
the feasibility of the transverse flux concept.

FEM Models for Power Factor Calculation

The three following FEM models are analyzed while estimating the power factor
in the TFM:

e No-load model, where the armature current is turned off and the flux linkage
m (t) is due to the magnet flux acting alone. In this model, the induced emf
ef(t) can be calculated through derivation of the flux linkage ., (t) with
time, i.e.

es(t) = 7dw$(t>_ 6.1)
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Magnets are turned off and the flux linkage 1), (t) is due to the sinusoidal ar-
mature current acting alone. The reactive voltage drop (X,/,) can be found
by differentiating the armature flux linkage with respect to time.

o depa(t)
(Xola) = ——4; (6.2)
The armature inductance L, can consequently found as
odye(t) 1
Lo = dt 2nf.l, 63)

Load model in which the flux linkage v, (t) is due to the interaction of the
magnet flux and the flux due to armature current. The terminal voltage v (t)
is thus given by:

dy(t)

vy = e (t) + whqia(t) + Raia(t) = T

. (6.4)

Power Factor Calculations in the TFM with the Initial Geometry

Power factor in TFM machines can be calculated by a number of methods when
conducting the three-dimensional finite element analysis. The three following ap-
proaches are treated in this section:

1. The straightforward approach consists in determining the phase shift ¢ be-

tween the armature current /, and the terminal voltage V; (or, alternatively,
between the flux from the magnets ¢,, and resultant flux ¢, if the armature
resistance is negligible) in the dynamic simulations with the rated sinusoidal
current flowing in the winding. For this purpose, the circuit depicted in
Fig. 6.1(a) is used.

Fig. 6.4(a) and Fig. 6.5(a) show variations of the induced emf, the reactive
voltage drop, and the terminal voltage with respect to the angular displace-
ment of the rotor in the BTFM and IBTFM. To calculate the power factor,
the phase shift between the fundamental components of the terminal voltage
and the current should be determined, i.e. angle ¢ as illustrated by Fig. 6.4(b)
and 6.5(b). For the selected cases the PF are the following: 0.52 for the BTFM
and 0.47 for the IBTEM topologies.

. The second approach is based on the dynamic calculations, where the am-

plitudes of the values of the internal voltage drop and the emf are used to
estimate the PF according to Eq. 6.5. As the phase current I, is chosen to
be in phase with the induced emf Ey, i.e. current is in the g-axis direction,
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and assuming the sinusoidal distribution of currents and voltages, the power
factor can be calculated as follows:

Ef — R,
PF =cosp = ———. (6.5)
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Figure 6.4: (a) Variation of the induced emf, reactive voltage drop and terminal
voltage with the angular displacement and (b) phase shift between the terminal
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Figure 6.5: (a) Variation of the induced emf, reactive voltage drop and terminal
voltage with the angular displacement and (b) phase shift between the terminal
voltage and the armature current in the IBTFM topology.
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By computing the fundamental components of the induced emf and the ter-
minal voltage, the power factor in the TFM with the initial geometry has
been obtained, as 0.50 in the BTFM and 0.46 in the IBTFM.

. Unlike the previous two approaches, the third method uses the flux linkages

to calculate the power factor in the TFM machines. If the winding resistance
R, is very small (which is often the case in large synchronous machines), the
terminal voltage is nearly the same as the internal voltage V;, ~ V/ and thus
the power factor can be obtained from Eq. 6.6 and Eq. 6.7:

PF = coswzﬂz%d—fz%—m (6.6)
Vioodtdo, o,

= cos ltanl <§—a>] (6.7)

Eq. 6.7 is however valid only if the fluxes vary sinusoidally with time and the
magnetic core of en electrical machine is not saturated at load condition [49].
If the opposite is true, Eq. 6.6 should be used instead.

At first, the power factor is estimated with the use of static analysis per-
formed in the finite element software FLUX 3D using Eq. 6.7.

The results of the static simulations are summarized in Table 6.1. It seen that
the flux due to the armature current acting alone results in a flux linkage
larger than that due to magnets. However, to obtain a machine with a high
PF (e.g. larger than 0.90), the quotient should be below 0.5 as can be under-
stood from Eq. 6.7. Although the flux linkages obtained in the IBTFM for
the same amount of the magnet material are almost twice as high as in the
BTFM, the power factor is larger in the machine with the basic topology (see
Table 6.1).

Table 6.1: Power factor calculation in the static FEM analysis

Topology Do (LWD) da; (uWb)  PF
Basic TEM 36.6 60.1 0.52
TFM with iron bridges 74.6 140.8 0.47

To complement the static analysis, 3D FEM dynamic simulations have been
performed for the studied topologies, where the power factor is calculated
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according to Egs. 6.6 and 6.7. The results for the BTFM and IBTFM with the
initial geometry are shown in Fig. 6.6(a) and Fig. 6.6(b), respectively. The
magnitudes of the flux linkages obtained in the static simulations are shown
for convenience with markers.
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Figure 6.6: Flux variation with the angular displacement in (a) BTFM and (b)
IBTEM topologies.

As can be seen, the flux linkage varies sinusoidally with time in all three
modes for both studied topologies. The magnitudes obtained in the static
simulations agree well with the dynamic simulations. These results show
almost the same PF independent of the way it is calculated, as summarized
in Table 6.2. The magnetic core showed no presence of saturation in either of
the topologies.

Table 6.2: Power factor calculation by different methods

Topology Static (6.7) Dynamic (6.6) Dynamic (6.7)

Basic TFM 0.52 0.50 0.51
TFM with iron bridges 0.47 0.46 0.47
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Influence of the Dimensions in the Direction of Movement on the
Power Factor

The power factor and its value per volume of magnet material (PF/V,,,) are cal-
culated for the following dimensions:

Pole pitch 7, - = [8, 15] mm.

Magnet thickness l,,, , = [5, (7, — 2)] mm.
Stack thickness I » = [5, (Tp,» — 2)] mm.
Iron bridges lip.» = lim,r-

The variation of the power factor with the dimensions in the peripheral plane
is calculated with the use of static FEM analysis. The variation of PF with the
stack and magnet thicknesses for various pole lengths 7,, . = [8, 15] mm is depicted
in Fig. 6.7(a). The lowest surface in figure corresponds to 7, , = 8 mm, while the
upper shows variation of the power factor for 7, , = 15 mm. The variation of the
power factor for 7, , = 15 mm is also presented in Fig. 6.7(b). The highest values of
the PF are attained for topologies with the longest pole and magnet, and shortest
stack. The BTFM topology with 7,,,, = 15mm, [,,,, = 13 mm and [y, = 5mm has
PF = 0.62 (depicted with marker in Fig. 6.7(b)).

The ratio of PF per magnet volume is of interest when estimating the effec-
tiveness of the magnet material used in the machine with respect to the power
factor (see Fig. 6.7(c)). Although the topology with 7, , = 15mm, [/, , = 5mm
and /s, = 5 mm has the highest magnet utilization with respect to the power fac-
tor (153400 m~?), as shown by the marker in Fig. 6.7(d), the power factor in this
machine is low, at 0.39.

These two topologies are selected for the further studies in the dynamic 3D
FEM analysis.

A similar analysis is performed for the IBTEM topology. The results are de-
picted in Fig. 6.8. The same dimensions as in the BTFM give the best power factor
0.57 and magnet utilization of 144 700 m~3 (with PF = 0.36).

Power Factor Calculations with Dynamic 3D FEM Analysis

The four topologies selected during the parametric study are analyzed further
with the aid of time-dependent 3D FEM simulations. Power factors obtained from
Egs. 6.6 and 6.7 as well as the results of the static simulations are tabulated in Ta-
ble 6.3. The results have a good agreement independent of the method applied for
the BTFM topology (machine 1 and 2) and machine 4 with the IBTFM topology.
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Figure 6.7: Power factor and its value per magnet volume in the BTFM topology.

The difference becomes significant in machine 3, where the power factor differs by
as much as 10% depending on the calculation method used.

To analyze this machine in more detail the variation of the flux linkages with
time is depicted in Fig. 6.9. As can be seen, the magnitudes of the flux linkages
due to magnet ¢m and armature current ¢, acting alone obtained in the static
simulations shown by markers in the figure correspond well with the dynamic
simulations. The sum of ¢, and ¢, should give the resulting flux linkage at load
conditions ¢,.. This is however not the case in this topology, as ¢, is reduced due
to saturation of the stator core.

Due to a lower pole-to-pole flux leakage in the IBTFM as compared to the
BTEM, the total flux linkage can attain higher values in this topology [50]. Thus,
for the same dimensions of the stator stack (machines 1 and 3 in Table 6.3), the
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Figure 6.8: Power factor and its value per magnet volume in the IBTFM topology.

iron core carries more flux and can therefore be saturated. Consequently, the use
of Eq. 6.7 should thus be limited to topologies with no or little saturation, while
Eq. 6.6 can be used in all the topologies.

As a result of the reduced flux linkage at load condition in the saturated ma-
chines, the power factor could be erroneous when calculated by Eq. 6.7. The per-
formed parametric study can still be used to obtain the set of dimensions that
gives the largest power factor, yet the value of PF should be verified by Eq. 6.6 in
the dynamic simulations.
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Table 6.3: Power factor calculation for four topologies using different methods

# Topology Static (6.7) Dynamic (6.6) Dynamic (6.7)
1 BTFM, PF,ax 0.62 0.60 0.62
2 BTEM, (PF/Vpm)max 0.39 0.37 0.38
3 IBTEM, PF ax 0.57 0.63 0.57
4 IBTEM, (PF/Vpm)max 0.36 0.37 0.36

6.2 Electromagnetic Force

Another important characteristic of any electrical machine is the electromagnetic
torque and its time variation, i.e. force ripple. As the linear motion is considered
throughout the study, the word “force’ is used in this section. The three following
sources of force in a permanent magnet machine are generally recognized [51],

[52]:

e Alignment (or mutual) force is the prevailing source of the electromagnetic
force in surface-mounted PM machines. It is derived from the interaction
of the stator mmf produced by the armature current and the rotor magnetic

field.

e Reluctance force is produced as a result of the interaction between the stator
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Figure 6.9: Flux linkage variation with the angular displacement in the IBTFM

with 7, , = 15mm, l,,, , = 13mm and /4 , = 5 mm.
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Figure 6.10: Torque variation with time.

magnetic field and variation of the rotor magnetic reluctance. Reluctance
force is normally insignificant in surface mounted PM machines, but it is one
of the main sources of force in, for example, PM machines with embedded
magnets.

e Cogging force is produced due to the interaction of the rotor magnetic field
and variation in the stator reactance as a result of slotting.

To be able to calculate these forces in FEM, the studied topologies should be
analyzed at no-load to obtain the cogging force and load condition for the electro-
magnetic force calculation.

Force Calculation in Machines with the Initial Geometry

At first the BTFM and IBTFM topologies with the initial geometries are investi-
gated. The single-phase electromagnetic and cogging forces calculated with the
aid of 3D FEM are depicted in Fig. 6.10(a) and Fig. 6.10(b). The resultant three-
phase electromagnetic forces and their mean values obtained by adding three
times single-phase forces and taking into account the phase shift between them
are shown as well.

Due to cogging, the instantaneous value of the single-phase electromagnetic
force can be negative. The effect of cogging can be however significantly reduced
in the three-phase machine, where the force ripple is in the range of a few per cent
of the electromagnetic force.

By comparing the force production in the two topologies with the initial di-
mensions, it can be observed that: (a) the mean value of the three-phase electro-
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magnetic force is twice as much in the IBTEM (17.3 N) as in the BTEM (8.5 N); (b)
the magnitude of the single-phase cogging force is lower in the BTFM (1.1 N) as
compared to the IBTFM (4.6 N); (c) both cogging and electromagnetic forces in a
single-phase model have a frequency equal to twice the electrical frequency.

From the force production point of view the IBTEM is superior to the BTFM,
as for the same outer dimensions and magnet material, the force is higher in the
TFM utilizing iron bridges.

Force Calculation in Topologies with Varying Dimensions in the
Direction of Movement

The electromagnetic force in an electrical machine can be obtained with the aid of
time-dependent finite element analysis at load condition, i.e. when the nominal
armature current is injected in the winding. These calculations can however be-
come rather time consuming, especially when conducting 3D FEM, as the analysis
should be performed with a small time-step. For example, 50 steps per electrical
period were used in the conducted studies. The simulations complexity can in-
crease even further if the magnetic core is saturated as the problem then becomes
truly non-linear. To simplify the analysis, the following method to evaluate the
force in machines with the different sets of dimensions is proposed.
The fundamental of the magnetic flux is given by

~

¢mf1 = q)mfl Sin(wet)7 (68)

where ®,, ¢ is the value of the flux linkage due to magnets acting alone and w, =
27 f, is the angular velocity (electrical) with the electrical frequency fe..
The instantaneous value of the emf induced at no-load is
_p démp _p &

) = —new.P . .
ef =5y 5 TlsWe mf1 cos(wet) (6.9)

The rms value of the emf is therefore,

~

Pnswe q)mfl
By = ——r—. 6.10
! 22 ( )
The mechanical power of the generator is given by
Pm = LemUm = 3E1fIa CcOs w7 (611)

where F.,, is the electromagnetic force, v is the angle between the armature cur-
rent I, and emf Ey, and vy, is the mechanical angular velocity which is defined
as
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— Lm

T

where L,, is the axial length of the machine.
By combining Eq. 6.10 and Eq. 6.11, the electromagnetic force can be derived

Jes (6.12)

as

3 2 5 =
Fopp = —= — p“ns®,, p11, cos. 6.13

Eq. 6.13 can be rewritten for the electromagnetic torque T, in the following
form:

3 ~
Topy = ——=p?nsD,, 111, cOS V. 6.14
4\/517 f1 (0 ( )

Influence of the Airgap and Magnet length on Force Production

By observing Eq. 6.13, it can be noticed that the force production in transverse flux
machines is proportional to the square of the pole number. As a consequence, it
can be erroneously assumed that the force in the TFM can be quadrupled by sim-
ply halving the pole length, which would lead to a more compact and light design
of a direct-driven generator. The latter statement is however valid only under one
condition: that the rate of the flux linked to the winding >, 71 is independent of
the pole length 7, ,.. In reality, the flux leakage is strongly dependent on the dis-
tance between adjacent magnets, in this way penalizing topologies with a short
pole pitch or a large pole number. Furthermore, as was described in Section 5.4,
the flux linked to the winding is to a large extent related to the airgap length and
magnet height. To account for this variation of the flux linkage in the machines
with varying pole lengths, the following study is conducted.

At first, the electromagnetic force is calculated with the help of Eq. 6.13, where
the flux linkage due to magnets acting alone >, 71 is computed in the static fi-
nite element analysis as described in Section 5.4. To assure similar conditions for
topologies with the various pole lengths, the total axial length of the machine L,,
and the magnet/stack coverage are kept constant throughout the study. This im-
plies that the pole number is subject to variation depending on the pole length 7,, .
selected.

If the magnitude of the armature current and the angle 1) are fixed (3 = 0°) in
Eq. 6.13, the electromagnetic force becomes proportional to

Fem X p2(/I;mf17 (615)

The variation of the normalized electromagnetic forces with the airgap length
and magnet height for the machines with BTFM and IBTFM topologies are pre-
sented in Fig. 6.11 and Fig. 6.12 respectively. The general trend of the forces fol-
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lows the variation of the flux linkages obtained in Section 5.4. The normalization
is common for all the studied models.

When the airgap is relatively small, the machines with the pole length of 15 mm
is the best option, as it gives the largest values of the normalized torque. For the
machines with the larger airgaps, the electromagnetic force production is reduced
following the general trend of the flux linkage.

To analyze variation of the normalized force with the airgap length in more
detail, the topologies with g = 3,7, 10 mm are studied more closely. The results for
the BTFM and IBTFM topologies are depicted in Fig. 6.13(a-c). As can be seen, for
machines with the airgap length below 7 mm, the topologies with 7, , = 15mm
are the best choice. The IBTFM topology is generally prevailing over the BTFM.
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Once the airgap length exceeds 7 mm, the machines with the longer poles should
be preferred. However, to achieve larger values of the electromagnetic force for
these machines, magnets of larger height are required.

To compare machines with the same volume of the magnets utilized, topolo-
gies with h,, = 8 mm are plotted in Fig. 6.13(d). As can be seen, the electromag-
netic force in the IBTFM with 7, , = 15 mm for ¢ = 3 mm is around 3 pu, while for
machines with ¢ = 10 mm its value drops to 0.55 pu, almost a six-times reduction.

6.3 Conclusions

The performance evaluation of the transverse flux generator with the basic topol-
ogy and that utilizing the iron bridges has been conducted with the aid of the
three-dimensional static and dynamic simulations. At first, the power factor is es-
timated in the static model for the topologies with the initial geometry. The study
has shown that the BTFM has a slightly higher power factor as compared to the
IBTEM, as well as a somewhat better utilization of the magnetic material with re-
spect to the power factor. The results from time-dependent analysis has proved
to be consistent with the static simulations as the power factors were nearly the
same.

The power factor has been evaluated for the topologies with varying dimen-
sion in the peripheral plane using static FEM analysis. The performance of the
topologies with the best power factor in the studied range (0.62 in the BTFM and
0.57 in the IBTFM), as well as the topologies that gave the highest PF to magnet vol-
ume ratio have been compared with the dynamic simulations. A good agreement
of PF calculated by the different methods has been achieved for the unsaturated
machines.

The electromagnetic and cogging forces have been obtained in the topologies
with the initial dimensions. The IBTFM was superior to the BTFM with respect
to the force production, where the three-phase electromagnetic force was twice as
much as in the BTFM. The force ripples of the three-phase electromagnetic force
were found to be insignificant in both topologies.






Chapter 7

Performance Evaluation of Transverse
Flux Generators

The results of the studies conducted in chapters 5 and 6 are applied in this chap-
ter to estimate the outer dimensions and performance of transverse flux generators
with toroidal and cylindrical shapes. First, the four types of generators with differ-
ent structures are analyzed with respect to the electromagnetic torque production
in a given nacelle volume. Then the variation of the outer diameter and some other
key values are investigated for the various output powers.

7.1 Torque Calculation in Generators with Different Structures

The aim of the study described in this section is to investigate the torque produc-
tion of transverse flux generators with various topologies and shapes for a spec-
ified nacelle volume. To ensure equal condition for the studied generators, the
axial length L,, varies proportionally with the outer diameter D,,:. In this way,
the effectiveness of each topology can be investigated. As the armature current is
kept constant (both amplitude and angle) and the pole number is the same for a
given outer diameter, the electromagnetic torque becomes dependent only on the
rate of change of flux linked to the winding. In other words, the better utilization
of the magnets is achieved, the smaller is the outer diameter that the generator
would require.

Design Procedure Description

To produce a multiphase machine, single-phase units are placed (stacked) together
in the radial direction and the magnets are shifted by 120 electrical degrees. If the
stacking is done along a straight line, the generator will have a cylindrical shape, as

83
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Figure 7.1: Possible arrangement of the single phase units: (a) cylindrical and (b)
toroidal.

shown in Fig. 7.1(a). Else, if the units are stacked along a circumference, the shape
of the generator would be toroidal (Fig. 7.1(b)). The four following generators are
considered in the analysis:

1. Toroidal generator with the basic topology.
2. Toroidal generator with iron bridges.
3. Cylindrical generator with the basic topology.

4. Cylindrical generator with iron bridges.

The dimensions of the single phase-units in the radial (stack) plane are chosen
as in Table 5.1. Sinusoidal armature current /, is injected in the winding with the
rms value of 545 A. The current is set in phase with the no-load voltage E, thus
the angle ¢ = 0 (see Fig. 6.2(a)). The number of conductors per slot is selected
ng = 1 for simplicity and the fill factor is chosen as ky;; = 0.45.
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The ratio between the main radius R,, and the tube radius R, in the toroidal
TEM is kept constant, i.e. kg = 0.73/1.65. The angle £ required for the supporting
structure should be selected as & > 60°. These values are adopted based on the
analysis conducted in [48]. The exact value of £ can be obtained from:

QsTp,s
Ry + hy,’
where @), is the number of slots per stator stack and should be a multiple of the
number of phases.

To determine the pole number for the chosen machine radius, the maximum
radius of the rotor core R,..max is calculated, as:

f=m— (7.1)

ch max — Rm + Rs + hyr- (72)

Adopting the maximum pole length in the peripheral direction as 7, , max =

15 mm (for details see Chapter 5), the pole number can be obtained from:
2 RTC max
p > Tremex (7.3)
Tp,r max

And the closest even number thus selected as the pole number of the machine.

The pole length varies depending on the position on the rotor surface. To de-
termine the pole length for each single-phase unit, the radius R, for each stator
slot should be calculated

R, (i) = Ry, — Rycos [(i — 1)y s + &, (7.4)

where i is in the interval [1, Q;] and the pole angle in the radial direction «, s is
given by

2 - &)

Qs = 7.5
P, Qs ( )
The pole length for each slot can thus be calculated, as:
N 2mR.(i
Tpr (i) = Y 0} (7.6)

Once the pole length is determined for each single-phase unit, the combination
of dimensions l,, , and [y, that gives the largest flux linkage ¢,,(7) is selected
according to the results obtained in sections 5.3 and 5.3. The magnet and stack
thicknesses are constant within a sector. Equation 6.14 is then used to calculate the
electromagnetic torque 7.
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To calculate the torque density the volume and the weight of the machine
should be defined. The outer diameter and axial length of the machine are given

by

{ Dout = Q(Rm+Rs +hy7+hm+g+hss +hys)7 (7 7)

Lout = Q(Rs + hyr + hm +g9+ hss + hys)

To be able to compare generators with different shapes, the outer dimensions
of cylindrical generators are kept the same as the generators with toroidal shape.
The dimensions of the single-phase units, the amplitude of the armature current
and the winding parameters are also adopted as in the toroidal generators. The
number of slots per stator stack () and the pole number p are calculated for the
outer dimensions as given by Eq. (7.7).

Calculation of the active portion of the total weight of generators with various
shapes and topologies is summarized in Appendix B.

Results

The results of the electromagnetic torque computations in the four studied gener-
ators are illustrated in Fig. 7.2. The outer diameter in this study varies in the range
of 2 to 10 meters while the airgap varying with the diameter as g = 0.001D,,,; and
magnet height is constant. As the figure shows, the highest torque production for
a given nacelle volume is obtained in the generators with the iron bridge trans-
verse flux topology. For the outer diameter of 10 m, the electromagnetic torque
in the IBTFM with toroidal shape is approximately 25% larger than in the IBTFM
with cylindrical shape. The advantage of using iron bridge topology becomes even
more evident when compared to the basic topology.

Fig. 7.3 shows variation of the electromagnetic torque per volume occupied by
generator and the electromagnetically active portion of the generator weight. Al-
though generators with cylindrical shape have generally higher torque-per-weight
ratio for a specified outer diameter, toroidal generators have higher utilization of
the space available in the nacelle in terms of the torque production.

Another important merit for analysis of large wind generators is the electro-
magnetic torque produced in a certain volume. With higher value of Nm/m? the
nacelle volume and thus its total weight can be reduced. Thanks to a more com-
pact arrangement of the toroidal structure together with the high flux linkage of
the IBTEM topology, this type of generators has the highest utilization of the avail-
able space, as shown in Fig. 7.3(b). This is a very important implication as the
amount of inactive materials needed in a generator is strongly dependent on the
diameter or volume of the generator.
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7.2 Evaluation of Generators with Various Output Power

The outer dimensions and performance of the four transverse flux generators de-
scribed previously are analyzed in this study with respect to the output power
varying in the range of 1-10 MW. The axial length of the generators L,, is kept
constant for a given output power. In order to be able to compare generators with
various shapes and topologies on the same basis, the dimensions of the magnetic
circuit in the radial plane are selected as in the initial geometry in Chapter 5.

Design Procedure Description

Generally, the design procedure in this section follows the one described previ-
ously. The axial lengths of generators for a given output power are selected as
close to the axial length of the toroidal generator with the iron-bridge topology
as possible. In this case, toroidal generators would have the same tube radius R,
while the main machine radius R,, would vary depending on the required elec-
tromagnetic torque. A minor difference in the axial lengths of generators with
toroidal and cylindrical shapes can exist. This is due to the fact that L,, in cylin-
drical generators is given by L,, = 3Qs7, s, where the pole length 7, , is constant.
The generator’s efficiency is assumed to be n = 0.97, i.e. output power is

defined as
Pout = nTemwm. (7.8)

—S— BTFM (toroidal)
12F —B— IBTFM (toroidal)
—¥— BTFM (cylindrical)
—&— IBTFM (cylindrical)

Outer diameter, (m)

Figure 7.2: Variation of the electromagnetic torque with the outer diameter D,
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Figure 7.3: Variation of the torque per machine volume (a) and torque density (b)
with the output diameter.

Nominal Speed

The nominal speed of the turbine n,, depends on a number of properties, such
as the applied control method (fixed or variable speed), wind speed, radius of the
blades, rated power, etc. As calculation of these characteristics is beyond the scope
of this thesis, the rotational speed is selected based on review of the existing wind
turbines. A survey of wind turbines with different configurations is presented
in Fig. 7.4, where markers denotes the existent wind turbines and the solid line
represents the adopted variation of n,,, described by

M1 _ <Pout2)1'5 (7.9)

Tm?2 Poutl

Results

The six important characteristics selected for a more detailed analysis are shown
in Fig. 7.5. Some key values for 5 and 10 MW wind turbines are summarized in
Tables 7.1 and 7.2.

Outer Diameter

As can be observed in Fig. 7.5(a), the toroidal generator with the iron-bridge trans-
verse flux topology requires the smallest outer diameter to produce the required
torque. This implies that generators of this type would favor a reduced volume



7.2 Evaluation of Generators with Various Output Power 89

90
80
701
60
501
401
301
201

Rotational speed, (rpm)

10

% 1 2 3 4 5 6 7 8 9 10
Mechanical power, (MW)
Figure 7.4: Speed variation with the output power P,,;.

and weight of the nacelle. For a 5 MW wind turbine (see Table 7.1), D, is around
10.5m. Itis by 1.6 m (or 15%) smaller than D, required for a cylindrical generator
with IBTFM and by 4.3 m (or 41%) as compared to the toroidal BTFM (for com-
parison see Fig. 7.6). The least attractive alternative in this regard is the cylindrical
generator with the basic TFM topology which requires a 17.5 m outer diameter.
The difference becomes even more pronounced in the wind turbine rated 10 MW
(see Table 7.2), where the toroidal IBTFM allows D, to be decreased by more
than 2.5 m as compared to the IBTFM with the cylindrical shape.

Torque Density

Cylindrical generators have the best utilization of the active materials, as shown in
Fig. 7.5(b). The torque-per-weight ratio of active materials tends to increase with
the generator rating, as for example in the cylindrical IBTFM rated 5 MW, it is
82.1 Nm/kg and nearly 1.5 times more in a 10 MW wind turbine (123.5 Nm/kg).
Toroidal generators in this regard have a lower utilization of active material.

Weight

The weight of active materials involved in the energy conversion process is an im-
portant characteristic of wind generators. Comparison of the total active weight
and weight of the most expensive material used in the machine — permanent mag-
nets — with respect to the output power is illustrated in Fig. 7.5(c) and 7.5(d), re-
spectively. The weight tends to increase linearly with the output power. The cylin-



90 Chapter 7: Performance Evaluation of Transverse Flux Generators
30r 140
—5— BTFM (toroidal) —5— BTEM (toroidal)
—B— IBTFM (toroidal) —_ —B— IBTFM (toroidal)
25| % BTFM (cylindrical) 80 1201 | BTRM (cylindrical)
’E\ —&— IBTFM (cylindrical) Ay —&— IBTFM (cylindrical)
= £
§~ 20 %
Q =
5 5
— o
L 10 g
=
o Iy
5 £
0 A R R S S Pi i
1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Output power, (MW) Output power, (MW)
(a) Outer diameter as a function of Pyt (b) Torque density as a function of Poy¢
1601 20
—5— BTFM (toroidal) 18 —5— BTEM (toroidal)
1401 | —=— IBTEM (toroidal) —5— IBTFM (toroidal)
—%— BTFM (cylindrical) 16 —%— BTFM (cylindrical)
120 —&— IBTFM (cylindrical) —&— IBTFM (cylindrical)
—_ . 14
§ o § n
£ 80 £ 10
=y .20
6
40
4
20
A 2
& é
0 A R R S S Pi 0 P T R S S S SR S
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Output power, (MW) Output power, (MW)
(c) Total active weight as a function of Pyt (d) Weight of magnets as a function of Pyt
80 1800
—6— BTFM (toroidal) e —&— BTFM (toroidal)
70t | B IBTEM (toroidal) & 1600 —5 IBTFM (toroidal)
—%— BTFM (cylindrical) % —%— BTFM (cylindrical)
60k | o IBTEM (cylindrical) g 1400 | _s— IBTFM (cylindrical)
= £ 1200
g 50 "
= 2 1000
£ 40 )
50 & 800
= 5 600
20 ko]
é 400
10 5 200
8 A N S U S N R

é 3 4 5 6 7 8 9 10
Output power, (MW)

(e) Rotor weight as a function of Pyt

Figure 7.5: Relationship of the outer diameter (a), torque density (b), total active
weight (c), weight of magnet material (d), rotor weight (e) and the number of

magnets with the output power (f).

=]
-

2 3 4 5 6 7 8 9 10
Output power, (MW)

(f) Number of magnets as a function of Pyt



7.2 Evaluation of Generators with Various Output Power 91
Table 7.1: Data for 5 MW generator with different topologies
Property and unit Toroidal Cylindrical
BTFM IBTEM BTFM IBTEM
Outer diameter, (m) 14.8 10.5 17.5 12.1
Axial length, (m) 34 34 35 35
Total active weight, (ton) 70.6 66.8 50.8 45.6
Weight of magnets, (ton) 8.8 5.7 6.4 4.4
Torque density, (Nm/kg) 53.1 55.9 73.6 82.1
Torque per machine volume, (kNm/m?) 6.5 12.9 45 9.4
Pole number 3068 2162 3638 2508
Number of magnets, (thousand) 810 571 502 346
Copper losses, (kW) 157 114 111 90
Heat flow on the cooling surface, (W/m?) 1010 1040 590 470
—
) —

/(\N

W oe | Rm

(a) Toroidal BTFM (b) Toroidal IBTFM (c) Cylindrical BTFM

(d)Cylindrical IBTFM

Figure 7.6: Scaled cross sections of four 5 MW wind transverse flux generators

with various structure.
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Table 7.2: Data for 10 MW generator with different topologies

Property and unit Toroidal Cylindrical
BTFM IBTFEM BTFM IBTFM
Outer diameter, (m) 21.6 15.3 26.0 18.0
Axial length, (m) 4.8 4.8 5.0 5.0
Total active weight, (ton) 153.5 144.3 108.5 96.3
Weight of magnets, (ton) 19.1 12.4 13.7 94
Torque density, (Nm/kg) 77.7 82.3 109.7 1236
Torque per machine volume, (kNm/m?) 6.7 13.3 45 9.5
Pole number 4502 3176 5416 3732
Number of magnets, (thousand) 1756 1239 1072 739
Copper losses, (kW) 340 240 237 182

Heat flow on the cooling surface, (W/m?) 1033 1032 587 451

drical IBTFM offers the lowest total active weight as well as the weight of the PMs
per given output power.

A more detailed comparison of the weight of different parts of the generators
for 5 and 10 MW can be found in Fig. 7.7 and in Tables 7.1 and 7.2. A vast part
of the active weight of the generators with iron-bridge topology consists of the
weight of the stator iron, (around 45% in toroidal and 38% in cylindrical), which,
in contrast to the BTFM topology, has iron bridges and longer teeth. The weight
of the rotor iron is a major part of the total active weight in the TFM generators
with the basic topology (around 38%). The best utilization of magnet material can
be achieved in the IBTFM generators where the flux linkage is higher than in the
BTEM.

Apart from the active portion of the total weight, the inactive portion, such as
weight of the supporting structure, driving train, and nacelle of a wind turbine
are also of great importance. Therefore, as the ratio of inactive/active material
increases rapidly with size and volume, the toroidal IBTFM is expected to have
a reduced total weight when the inactive portion of the total weight of large-size
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generators is included in the calculations. This is confirmed in the study con-
ducted in [53] which showed that the weight of the mechanical support increases
drastically with the airgap diameter.

The comparison of the rotor weight is depicted in Fig. 7.5(e). As the rotor
weight is also one of the characteristics that defines the size and the weight of
the supporting structure, it is preferable to have it as light as possible. The cylin-
drical generator, closely followed by the toroidal generator, both with iron-bridge
topology, has the lightest weight as compared to other generators in the studied
interval of the output powers.

Magnets

One of the drawbacks of large transverse flux machines is the large number of per-
manent magnets. As the size of single-phase units and thus the magnets dimen-
sions should be kept unchanged with increasing diameter of the TFM, the total
number of magnets becomes quite large. The comparison of number of magnets
in 5 and 10 MW turbines is shown in Tables 7.1 and 7.2. The cylindrical IBTFM
generator requires the lowest number of magnets for a given output power. In the
generators of the other types, this value can exceed one million pieces.

Efficiency

Another important characteristics of any electrical machine is the efficiency. As
winding length varies with outer diameter, the winding resistance and thus the
copper losses would vary as well. Estimation of copper losses in the studied gen-
erators is tabulated in Tables 7.1 and 7.2. The copper losses are lowest in the cylin-
drical IBTFM (less than 2%) and largest in the toroidal BTFM (more than 3%). Al-
though toroidal machines produce more losses that should be extracted to avoid
overheating, the total heat flow from the outer (cooling) surface is relatively low
(around 1kW/m?) and thus should not become a problem when designing the
cooling system.

7.3 Conclusions

An analytical procedure based on the results from the FEM simulations has been
applied for evaluation of the transverse flux generators with different shapes and
topologies. The effectiveness of each topology has been investigated based on the
estimation of the torque production in a certain nacelle volume. The toroidal gen-
erator with the iron-bridge topology has proved to be the most compact alternative
for a wind turbine as it has the highest torque-per-volume ratio.
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Figure 7.7: Weight in different parts of the machine.

The study has followed by investigation of four types of generators with vari-
ous output power. The toroidal IBTFM requires the smallest diameter for a given
electromagnetic torque, although the utilization of active materials is lower than
in the cylindrical generator with the same topology. However, as the ratio of in-
active to active material increases rapidly with increasing size and volume, the
toroidal IBTFM is expected to have the lowest total weight compared to the other
alternatives. The total number of magnets has been shown to be one of the main
challenges in the transverse flux machines with a large diameter.



Chapter 8

Improved Analytical Model

The analytical model described in [48] has accounted only for the flux leakage tak-
ing place in the radial plane of the machine. As was shown in the previous chap-
ters, the flux linkage due to the previously disregarded flux leakage was overesti-
mated by a factor of three in the machines with the basic transverse-flux topology
and by a factor of two in the topology utilizing iron bridges. The aim of the study
presented in this chapter is to improve the analytical model in [48] by taking into
consideration the pole-to-pole flux leakage. The flux linkage is calculated for two
cases: when the machine is at no-load condition with the permanent magnets act-
ing alone and when the magnets are turned-off and the flux is due to armature
reaction alone. The results of this study are compared with the results of the finite
element calculations described in the previous chapters.

8.1 Analytical Model at No-load

Analytical modeling of the transverse flux machines is a complex task as the flux
paths in these machines are truly three-dimensional. The flux paths can change
with dimensions, which implies that the analytical model should be adjusted ac-
cordingly. Therefore, it would be difficult to develop a universal analytical model
that could work successfully for the whole span of dimensions used in Chapter 5
and Chapter 6. If a more detailed model is required, the analytical calculations can
be combined with FEM simulations as was done in [54] and [55].

The reluctance circuits are derived for both analyzed transverse flux topolo-
gies. The model presented for the BTFM topology is adopted with all necessary
adjustments from the analytical model described in [36]. As the flux linkage varia-
tion with position is nearly sinusoidal in the unsaturated machines, the analytical

95
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calculations load are reduced for the model when the stack is aligned with the
magnets, i.e. d-axis simulations.

BTFM

At first, the flux paths and corresponding reluctances are identified for the trans-
verse flux topologies with the basic configuration. The useful flux that is linked to
the winding and contributes to the force production is in the radial direction. The
fluxes between the adjacent poles in the peripheral direction are the leakage fluxes
that partially weaken the main flux.

At first, the reluctances of the C-shaped core constituting the stator of the trans-
verse flux machine with the basic topology are described. The flux originating
from the magnets crosses the stator teeth and the stator yoke. In the following
text, subscript ‘m” stands for the ‘no-load” model. The reluctance circuit for the
BTFM is depicted in Fig. 8.1.

The reluctance of the stator yoke Z,,,s is calculated as

bss + bys
MO,U/fehysT7

where 19 = 47 x 1077 H/m is the permeability of free space and s . is the relative
permeability of the iron. Due to symmetry only half of the stator yoke is mod-
eled, thus the denominator includes (s, ,/2). The same rule is applied for all the
reluctances in the radial plane.

In a similar way, the reluctance of the stator teeth %,,,;s can be obtained from:

h
hss + =2
oty = 2

,UO,UfebtsT

Rotor reluctances consist of the radial and the axial components. The reluc-
tance of the magnet with the positive polarity Z,,mp1 belongs to the radial com-
ponents as the flux is in the radial direction:

fon (8.3)

%mmpl = lm N
)

2

As the magnet with the negative polarity and the magnets of adjacent poles
have the same physical dimensions, the reluctances of those magnets are defined
in the same way as in Eq. 8.3, i.e.

MOMpmlm,s
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Figure 8.1: Reluctance circuit of the BTFM at no-load calculations.

%mmnl = %’mmzﬁ = %mmn2 = %mmpl- (84)

The reluctance of the rotor yoke in the radial direction %, is

T o
Rryr = ———22 8.5
Y MO,U/fehyslm,r ( )

The rotor leakage reluctance in the axial direction between the adjacent mag-
nets Zmyrq is given by

lm,r
% T (8.6)
e MOMfehyslm,s . '

Similarly to the reluctance of the rotor iron, the airgap reluctance consists of
the radial component %,,, that can be calculated as:

g
%mg = ?, (87)
Ho 2’ lm,s

and the axial component %, 4,1 that consists of three components, which describe
the leakage path between the stator tooth and the magnets of the adjacent pole
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Rmgart = — (8.8)
,u()lm,s 77;.,7“
Tl
%mga12 = I (89)
4/LOZm,s T?;T
L lm T
%mga13 = 2 i ’ (810)
,u()lm,s%
Finally, the axial component of the airgap reluctance is derived as
%mgal = %mgall + %mga12 + %mgal& (811)

The airgap leakage reactance between the magnets of the same pole %, a2 is
given by:

lm a
«%mgaQ = - l2 5 (812)
,u()lm,s 77;.,7“

where the path for the leakage reluctance [,,,442 is defined as

Th s
— b,s
Kmga2 = 2arctan |s=———"2"—-+—
g Q(h‘yr + hm) ,
_ hyr + han
T"mga2 = Rmga?2
COS ———
2
lmga2 =  Kmga2 Tmga2-

The magnetomotive force originating from the magnet is given by
Fpm = b He, (8.13)

where H. is the magnet coercive field strength that can be obtained from

By pm
H, = 2w (8.14)
o o, pm

where B, ,n, and ji, pm, are the magnet remanent flux density and magnet relative
permeability, respectively.
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Figure 8.2: Reluctance circuit of the IBTFM for no-load calculations.

IBTFM

The reluctance model used for the analytical calculations of the transverse flux
topology with the iron bridges is presented in Fig. 8.2. Most of the reluctances
here are derived in the same way as in the BTFM.

To account for the increased height of the stator tooth, the reluctance %,,+s; is
defined as

hys
hss+ :2y +hzb

%mtsi = (815)
/LOMfebts ls£
2
The reluctance of the iron bridge is given by
Rty = —— 2, (8.16)
topfehiy %

with h;; being the height of the iron bridge and I, . its thickness.
The airgap leakage reactance between the stator stack and the iron bridge can
be calculated as
Romga = 20 st (8.17)

Im,r
:U/Obts 2’
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8.2 Analytical Model with the Armature Current

In this model, the sinusoidal armature current is flowing in the winding, while the
permanent magnets are turned off; thus, the source of the magnetic flux H, = 0.

BTFM

The reluctance model used for these calculations is shown in Fig. 8.3.
The radial component of the stator back reluctance %,,s equals

Tr o
Roys = —22 8.18
Y Moufehyslst,r ( )

The axial component of the stator back reluctance in the air between the stacks
Haysq can be obtained from:

T
Raysa = L . 8.19
Y ,U/Ohys (27-;0,7' - lst,r) ( )

The reluctance of the upper part of the stator tooth %51 is given by

hts + hys

RBops1 = ——2—— (8.20)
,UONfebtslst,r

The corresponding axial reluctance Z,tsq1 is

hts + hys

2
c%a sal — . 8.21
teal /L()bts(27—p,r - lst,r) ( )

The reluctances in the radial and axial directions of the lower part of the tooth
are the same as for the upper part of the tooth, i.e.

c%ats2 - %atsla (822)
Ratsaz = Ratsal- (823)
The slot leakage reluctance is divided into two parts
bss
hSS '

Mo TZst,T

%asl = %asﬂ = (824)

The axial component representing the flux leakage in the axial direction is
given by

%asal - %asaQ - Tp.s . (825)
MO? (27-1),7' - lst,r)
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The airgap reluctance in the radial direction %, is defined by

9

=— 8.26
MObtslm,r ( )

Rag

And the leakage in the airgap in the axial direction is described by the reluc-
tance Zaga

g
c%a a — . 8.27
J IU/Obts(QTp,T - lm,r) ( )

The reluctance in the air between the stator teeth in the radial direction %,
can be calculated as follows. Recognize that:

Kasti = 2arctan (%)7
1
Tasl = 5\/(b55+bts)2+h58,
lasl =  Kasl Tasl-
Therefore,
Z(ZS
Rt = —22—. (8.28)
uobtslst,r

The corresponding leakage reluctance in the axial direction %, is defined as

lasl
c%as a — . 8.29
: tobes(27p,r — Lst,r) ( )

The magnet reluctance in the radial direction %, is
I

Ram = ————.
IU/Obtslm,r

(8.30)

The leakage reluctance between the adjacent magnets in the axial direction
Hama 1s given by

h
Rama = — . 8.31
,LLObts(2Tp,r - lm,r) ( )
The mover yoke reluctance %, can be calculated as
Ry = —— 25 (8.32)

l’l’Ol’LfGQTp,T'hyT

The source of the electromotive force .%, in this case is derived from the Am-
pere’s law:

o = Ngia. (8.33)

As the stator slot is modeled in two parts, the source of the electromagnetic
force in Eq. 8.33 should be also divided by a factor of two.
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IBTFM

The reluctance model for the IBTFM topology with the armature current alone is
shown in Fig. 8.4. The reluctance of the iron bridge is described by

Ry = ——25 (8.34)
MO,U/fehyrlib,r

The reluctance of the lower part of the stator tooth is represented by the radial
Rarsz and axial Zqisq3 components. The radial component is found from

hip
MO,U/febtslst,r '
The axial component %,+sq3 consists of several parts connected in parallel.
They represent the leakage paths from the different sides of the tooth to the neigh-
boring iron bridges. The reluctances are derived as follows.
From the side of the tooth closest to the iron bridge:

Ratss = (8.35)

Tpr — lst r
Rosazl = ————00 8.36
T S hohipbes (8.36)

From the tooth base to the iron bridge base:

TTp,r

Rotsazp = ———. 8.37
feadz 4M0btslst,r ( )
From the inner side of the tooth to the iron bridge:
T,
Ropsass = ——L0—. 8.38
roads SMOhiblst,r ( )
From the outer side of the tooth to the side of the iron bridge:
T,
Rotsazs = —20 . 8.39
Ty - (8.39)

An extra leakage path from the upper side of the iron bridge to the stator tooth:

TTp,r

RKatsazs = m. (8.40)
Finally, the reluctance %3 can be calculated as
Bt = o Tt Tyt Tt Ty 9D
The leakage reluctance between the inner sides of the teeth is given by
Tosti = — (542

Mo hiblst,r ’
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8.3 Analytical vs. FEM Calculations

The models described above are used for calculations of the magnetic fluxes in
the basic transverse-flux topology and that utilizing iron bridges with the initial
geometry. By applying the dimensions of the initial geometries the circuits can be
solved by Ohm’s law. The comparison of the results is summarized in Table 8.1.

As can be seen, the flux in the BTFM at no-load was overestimated by around
8%, i.e. in FEM simulations 36.6 ©Wb has been obtained while in the analytical
calculations this value reached 39.5 uWh. The difference between the FEM and
analytical results is less in the simulations with the armature current alone.

In the IBTFM the difference between the FEM and analytical results was quite
small, although the circuit became more complicated. The difference here is 6%
for the no-load case and 2% for the armature current alone.

Table 8.1: Comparison of the flux in (¢#Wb) obtained in FEM and analytically

Topology FEM  Analytical
BTEFM at no-load 36.6 39.5
BTEM with the armature current  60.1 63.2
IBTFM at no-load 74.6 79.4

IBTFM with the armature current 140.8 137.8

8.4 Conclusions

The reluctance model developed in [48] has been extended in the direction of
movement. The flux linkage has been estimated at no-load conditions and with
the armature current alone. The comparison of the results with FEM simulations
for the initial geometry showed a rather good agreement for the selected sets of
dimensions. The analytical model can be used to provide a general idea of how
the transverse-flux machine performance is dependent on its physical dimensions.

As compared to the three-dimensional finite element simulations, the analyti-
cal procedure described in this chapter is much less time consuming and thus can
be used for the preliminary calculations or for the optimization procedure. How-
ever, if more precise results are required, FEM simulations should be conducted
instead.






Chapter 9

Conclusions and Future Work

This chapter summarizes the work presented in this thesis. Some guidelines for
the future work are given.

9.1 Conclusions

Introduction

This thesis has presented the analysis of a permanent magnet synchronous gener-
ator suited for direct-driven wind turbines in the megawatt class.

Different driving forces that in the past few decades contributed to the rapid
development of renewable energy sources in general and wind power in particu-
lar have been addressed. It was found that the share of renewables in the world
electricity mix has mainly been increased due to environmental concern and issues
of energy security, which in turn prompted the governments in different countries
to make decisions on economic support.

As far as the environment is concerned, renewable energy sources are better
than the existing technologies. Renewable energy sources can also increase the
security of energy supply, mainly due to decreased dependency on the imported
fuel supply. Increased security is also achieved due to the distributed nature of
renewable energy sources that can offer a reduced risk of grid failures.

Economic support of renewable energy sources is one of the main driving
forces to their recent development. Different measures and policies have mainly
been aimed at promoting renewable energy sources in the total electricity mix.

The basic difference between the turbines with the fixed and variable speed
control has been described. Five different configurations of wind energy systems
have been presented, four of which were utilizing a gearbox in order to adjust the
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slow turbine shaft to a generally higher rotational speed of the generator. Exam-
ples of manufacturers using these configurations have been given. The emphasis
has been placed on the direct-driven wind turbines and the topologies that could
be employed in the energy converters. Following the literature review, the trans-
verse flux topology has been found to be a promising alternative for the direct-
driven wind turbine.

An overview of permanent-magnet synchronous generators with different means
of force production has been presented. The pros and cons of each topology have
been discussed, with an emphasis on the transverse flux configurations and their
principle of operation. Various transverse flux topologies have been outlined and
their possible applications have been discussed. The novel concept of arranging
transverse-flux units has been presented.

Analysis at No-load

The finite element static and dynamic analyses of a direct-driven generator em-
ploying a basic transverse flux topology and that utilizing iron bridges have been
presented. At first, the topologies with the initial dimensions were studied. As the
selection of the pole length in the transverse flux machines affects the pole-to-pole
flux leakage and thus its performance, the topologies have been analyzed with
respect to the varying dimensions in the direction of movement.

The topologies utilizing IBTFM have been found to be superior to the BTFM
with respect to the flux linkage (by 110%) and magnet utilization (by 84%). The
machines with the longest magnets gave the largest flux linkage, while machines
with the short magnets should be preferred for better magnet utilization. Four sets
of dimensions have been selected for a dynamic finite element analysis.

Unlike the triangular waveform of the analytically calculated flux linkages
in [48], the flux linkages obtained in FEM have been found to vary almost sinu-
soidally with time, which is due to the flux leakage between the adjacent magnets.
A difference of up to 2% between the magnitude of the flux linkage from the static
FEM analysis and its fundamental component from the dynamic simulations has
been found, which made the static simulations sufficient for an approximate anal-
ysis. The variation of emfs proved to be less sinusoidal, especially in the IBTFM,
with the third harmonic prevailing.

As the transverse flux machine consists of a number of identical units, the stud-
ies could be applied for generators with different shapes, such as toroidal and
cylindrical shapes.
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Analysis at Load

The performance evaluation of the transverse flux generator with the basic topol-
ogy and that utilizing the iron bridges has been conducted with the aid of the
three-dimensional static and dynamic simulations. At first, the power factor is es-
timated in the static model for the topologies with the initial geometry. The study
has shown that the BTFM has a slightly higher power factor as compared to the
IBTEM, as well as a somewhat better utilization of the magnetic material with re-
spect to the power factor. The results from time-dependent analysis have proved
to be consistent with the static simulations as the power factors were nearly the
same in both simulations.

The power factor has been evaluated for the topologies with varying dimen-
sion in the peripheral plane using static FEM analysis. The performance of the
topologies with the best power factor in the studied range (0.62 in the BTFM and
0.57 in the IBTFM), as well as the topologies that gave the highest PF to magnet vol-
ume ratio, have been compared with the dynamic simulations. A good agreement
of PF calculated by the different methods has been achieved for the unsaturated
machines. The PF in the saturated machine was underestimated.

The electromagnetic and cogging forces have been obtained in the topologies
with the initial dimensions. The IBTFM was superior to the BTFM with respect
to the force production, where the three-phase electromagnetic force was twice as
much as in the BTFM. The force ripples of the three-phase electromagnetic force
were found to be insignificant in both topologies.

Performance Evaluation of the Transverse Flux Generator

An analytical procedure based on the results from the FEM simulations has been
applied for evaluation of the transverse flux generators with different shapes and
topologies. The effectiveness of each topology has been investigated based on
estimation of the torque production in a certain nacelle volume. Toroidal generator
with the iron-bridge topology has proved to be the most compact alternative for a
wind turbine as it has the highest torque-per-volume ratio.

The study was followed by investigation of four types of generators with vari-
ous output power. The toroidal IBTFM requires the smallest diameter for a certain
electromagnetic torque, although the utilization of active materials is lower than in
the cylindrical generator with the same topology. However, as the ratio of inactive
to active material increases rapidly with increasing size and volume, the toroidal
IBTEM is expected to have the lowest total weight compared to the other alterna-
tives. The total number of magnets has shown to be one of the main challenges in
the transverse flux machines with a large diameter.
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Improved Analytical Model

The flux linkage has been estimated at no-load conditions and with the armature
current alone with the derived analytical model. The comparison of the results
with FEM simulations for the initial geometry showed a rather good agreement
for the selected sets of dimensions. The analytical model can be used to provide
a general idea of how the transverse-flux machine performance is dependent on
its physical dimensions. The analytical procedure described in this chapter can be
used for the preliminary calculations or for the optimization procedure. However,
if more precise results are required, FEM simulations should be conducted instead.

9.2 Future Work

In this thesis, the loss model has considered the copper losses by assigning a per-
centage of the output power of the studied generators. To account for the iron
losses, as well as to improve the estimation of the copper losses, a more advanced
loss model should be developed. Furthermore, the other potential sources of
losses, e.g. losses in magnets due to eddy currents, friction losses in bearings, etc.
should be examined. Once the loss model is developed, the thermal analysis of
the generator should also be performed. The thermal analysis can help to improve
the accuracy of the predicted generator performance.

To calculate the power factor of the machine, a control mode with the armature
current aligned with g-axis has been used. To be able to optimize the price of the
wind generator together with the power electronics, the current angle + and its
influence on the entire system should be studied.

A linear prototype of the transverse flux generator studied in this work has
been built and no-load measurements have been performed and compared. In
order to verify the analytical and finite element analyses of the rotating TFM a
downscaled prototype of the toroidal transverse flux generator should be built
and tested.
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Figure A.1: Basic TFM topology.
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Figure A.2: TFM topology with the iron bridge.



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 calculation of weight is estimated for toroidal and
cylindrical generators.

The copper weight G, is obtained by multiplying the active copper area k ¢;;; Ass
and the length of the phase windings with its density pc,,.

ch = Pcu (la + lb + lc) hssbsskfill- (Bl)

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

Gins = Pins (la + lb + lc) hssbss(l - kfill)- (Bz)

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

density ppm,
Qs

Gpm = 2ppmplm,s hm Z lm,7(l) (BB)
i=1
The weight of the rotor yoke G, in the toroidal generator is given by

4msin
Gyr = pe {%Rm(w ~©)[R2 = (By = hy)?| + Tg R (R, = Dy )] } (B4)
and in the cylindrical generator as:

2

Gyr = 2pse Qs Ty [wRic — 71(Rre — hyy) } (B.5)
The weight of the stator stacks G

D Qs

Gss - pfe§ |:(hts + hys) (bss + 2bts) - bsshss:| ; lst,r(i)v (B6)
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In the generators with transverse flux topology utilizing iron bridges, the weight
of the iron bridges G is calculated as

Qs
Gibs = PfeP hib Tp,s Z lib,r (Z) (B7)
i=1
The total weight of iron Gy, is now obtained as
Gfe = Gyr + Gss + Gibs- (B8)

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

Gtotal = ch + Gfe + Gpm + Gzns (B9)
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