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Nomenclature and abbreviations

A Tm Magnetic potential k0 Nm/rad Rotational stiffness

Aairgap m2 Area in airgap l m Cable length

Ac Tm Magn. pot. at bound. Lend
s H Coil end inductance

ACu m2 Cable area M Nm Torque

At m2 Cross section area M0 Nm Torque amplitude

B T Magn. flux density n - Gear ratio

Be f f T Eff. magn. flux dens. N - No. of turns

Bmax T Max.magn.flux dens. NB - No. of blades

Br T Remanence p(v) s/m Probability dens. fcn.

c Nms/rad Damping constant P W Power

d m Sheet thickness Pel W Electric power

c0 m Chord length Ploss W Power losses

CP - Power coeff. Ped
loss,P

ex
loss,

D C/m2 Displacement field P
hy
loss,P

rot
loss W/m3 Diff. iron losses

E V/m Electric field PFe
loss,P

Cu
loss W Diff. losses

Ei V No load voltage P
Cu,ed
loss W Cu losses (eddies)

f Hz Electric frequency Q VAr Reactive power

fdd , fg Hz Rotational freq. Ri Ω Inner resistance

fe,dd , fe,g Hz Eigen frequencies RL Ω Load resistance

hpm m Magnet height R0 m Turbine radius

H A/m Magnetic field s m Airgap length

Hc A/m Coercivity S VA Apparent power

I A Current t s Time

Ipm A Coil current (PM) T SR - Tip speed ratio

J0 A/m2 Current dens. (cable) U V Voltage

J f A/m2 Free current density Ui V Voltage amplitudes

Jm kgm2 Mass mom. of in. v m/s Wind speed

Jm,eq kgm2 Equiv.mass mom. Vs m3 Volume

Jpm A/m2 Coil Current dens. V V Electric potential

kh,k
eddy

,ke n.a. Loss coefficients WE J Magnetic energy

k f - Stacking factor Xd Ω Machine reactance
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γ rad Phase angle σ0,HAWT - HAWT solidity

δ rad Load angle σ0,VAWT - VAWT solidity

δs m Skin depth τ m3 Volume

ηel - Electric efficiency φ Wb Magnetic flux

θ rad Angular displace- ϕ rad Power factor angle

ment cosϕ - Power factor

µ Vs/Am Permeability ω rad/s Angular frequency

ξ - Damping ratio ωd rad/s Eigen frequency

ρ kg/m3 Density (damped)

ρ f C/m3 Free charge density ωel rad/s Electric frequency

σ A/Vm Conductivity ωn rad/s Eigen frequency

σ0 - Solidity ωmech rad/s Rotational frequency

AC Alternating Current PM Permanent Magnet

DAQ Data Acquisition PMSG Permanent Magnet Syn-

DC Direct Current chronous Generator

FEM Finite Element Method p.u. per unit

HAWT Horizontal Axis Wind Tur- rms root mean square

bine TSR Tip Speed Ratio

IG Induction Generator VAWT Vertical Axis Wind Turbine
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1. Introduction

A wish to make better use of the freely available energy sources surround-
ing us spurs an increasing interest in renewable energy sources such as wind
power, solar power, marine current power and wave power. This thesis deals
with wind power.

There are a few issues to worry about regarding the future energy produc-
tion in the world. The most obvious concern is the society’s dependence of
oil. Different estimations have been presented on when the oil will start to de-
plete or become too expensive to extract [1]. The need for oil makes countries
with no domestic oil-sources more dependent on politically insecure states,
such as several of the countries in the Middle East, where a large amount
of the known oil reserves exist. However, the most acute problem with the
large oil consumption in the world is not the end of the resource but rather the
environmental concerns associated with oil, i.e. the greenhouse effect. The
greenhouse effect is also contributed to by the coal power. The old coal plants
discharge large amounts of carbon dioxide, the dominating greenhouse gas.
The greenhouse effect and the climate threat have been discussed substan-
tially during the last years and the discussions were spurred by the report by
the International Panel on Climate Change (IPCC) from 2007 stating that the
climate change noticed in the last 50 years very likely is due to increased
emissions caused by human activity [2].

Another issue, debated in Sweden, is the future of nuclear power. Nuclear
power is an energy source without any immediate discharges and is therefore
a good energy source when the greenhouse effect is considered. However, a
nuclear plant accident could be catastrophic and give a large environmental
impact. Furthermore, the ethical right to leave nuclear waste for future gener-
ations is debated.

More electricity needs to be produced as the electricity consumption in the
world increases. Wind power and other renewable energy sources are an al-
ternative to increasing the use of environmentally damaging energy sources.
Wind power is an established form of renewable energy with an installed
capacity of almost 20 000 MW in the world, covering about 1 per cent of
the global electricity consumption in 2007 [3]. Countries like Denmark and
Germany receive a large part of their electricity from wind power. In 2007
wind power covered 21.7 per cent of the Danish electricity consumption1. In

1http://www.windpower.org/composite-105.htm, Danish Wind Industry Association 2008-
07-31
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Sweden plans have been made to increase the number of wind turbines sub-
stantially. In 2007 Swedish wind turbines produced 1.4 TWh electricity2. The
Swedish goal2 is to facilitate the planning and installation of wind turbines
producing 10 TWh electricity yearly in 2015. In March 2007, the European
leaders set a goal for the European Union of having 20 per cent of the energy
supply coming from renewable energy sources3 such as biomass, hydropower
and wind power etc, by 2020. In 2005, 8.5 per cent of the energy in EU3 came
from renewable energy sources.

The wind resource in the world is large. According to a study by the Euro-
pean Wind Energy Association, the total available wind resource that is tech-
nically recoverable is 53 000 TWh per year [4], 3.4 times the world’s entire
electricity consumption4 in 2005. The world’s wind resources are therefore
unlikely to be a limiting factor in the utilisation of wind power for electricity
generation.

The many different types of wind turbines can be divided into two groups
of turbines depending on the orientation of their axis of rotation, namely the
most common horizontal axis wind turbines (HAWTs) and vertical axis wind
turbines (VAWTs).

1.1 Aim of the thesis
Direct driven permanent magnet synchronous generators for vertical axis wind
turbines are studied in this thesis. The aim has been to get increased under-
standing of how this type of generator works with a VAWT, to verify the nu-
merical model for this type of electrical machine, to study generator design
and design optimization and to show that a VAWT with this type of generator
can be controlled by the generator. The goal was to increase the understand-
ing of this wind turbine concept in general and the generator in particular,
especially from an electromagnetic point of view.

The method has been to design and construct a generator, currently used
together with a VAWT and to perform experiments to verify simulations. Em-
phasis was given to the electromagnetic design process and experimental ver-
ification. The simulations were performed by a method where field and circuit
equations are combined and solved by using the finite element method.

The work within the wind power group at the division for electricity has
been performed as a team, especially concerning the experimental setups. A
system approach has been applied on the whole wind turbine, i.e. each part has
not been optimized separately but as a part of a whole turbine. The generator
has been designed to work with a particular variable speed wind turbine at a
chosen site with specified wind resources. The grid interface and the electrical

2http://www.regeringen.se/sb/d/2448/a/47768 2008-07-31
3http://www.energy.eu/#energy-focus 2008-07-31
4http://www.eia.doe.gov/iea/elec.html 2008-07-31
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system properties for the suggested wind turbine design are not covered in this
thesis. Apart from the work included in this thesis, two papers on aerodynam-
ics [5, 6], a study on thermal overloading of the generator [7] and a licentiate
thesis [8] have been made within this project.

The purpose of studying the VAWT is to better understand if it can be an al-
ternative to the HAWT in a longer time perspective. There are several apparent
advantages with a VAWT design. For instance it could have a simple design
and has potentially a lower investment cost, a high drive train efficiency and
requires little maintenance.

1.2 Outline of the thesis
The thesis is based on eight papers with the aim to give a context and a sum-
mary of the papers. The thesis is divided into different sections. This first
chapter gives an introduction to wind energy and presents the VAWT concept
studied in the thesis. The second chapter gives the background to VAWTs, the
PM synchronous generator and the simulation method, as well as presenting
some current VAWT projects.

The third chapter gives the theoretical background to the papers and the
fourth chapter presents the method used in this work, by presenting the simu-
lation method and the experiments.

The fifth chapter gives a summary of the most important results and a dis-
cussion, chapter six presents conclusions drawn from this work and chapter
seven gives some suggestions for future work. Finally, chapter eight consists
of a summary of the included papers.

The eight papers are attached to the thesis as appendices. The first paper
is a review and a comparison between VAWTs and HAWTs. The second is a
dynamic study of the drive shaft in a VAWT. Paper III to V are conference pa-
pers introducing the design, construction and experimental results of a small
VAWT. Paper VI to VIII focus on the generator, where paper VI and VII com-
pare experimental results to simulations and paper VIII is a theoretical study
of electromagnetic losses in the generator.

1.3 The concept
1.3.1 Turbine
The studied wind energy converter is a VAWT, which is a less common type
of wind turbine. The VAWT is omni-directional, i.e. it accepts wind from all
directions and does not need a yawing mechanism. In addition, the VAWT
is expected to produce less noise than a HAWT [9]. The studied concept has
a turbine with straight blades, which are attached to the drive shaft via sup-
port arms. This configuration is commonly called an H-rotor, see fig. 1.1. The
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drive shaft, usually secluded by a tower or supported by guy wires, is directly
connected to the rotor of the generator. A comparison between HAWTs and
VAWTs can be found in paper I.

Figure 1.1: An H-rotor.

Simplicity is the main advantage with this wind turbine concept. The wind
turbine consists of few parts and will only have one rotating part. The omis-
sion of the gearbox, yawing system and pitch system is expected to reduce
maintenance [10]. The blades will be fixed, i.e. it will not be possible to turn
them out of the wind. The absorbed power will be controlled by an electri-
cal control system combined with passive stall control, i.e. the blades will be
designed to stall to limit power absorption at high wind speeds.

The vertical rotational axis of a VAWT allows the generator to be located
at the bottom of the tower. This is expected to simplify installation and main-
tenance. The tower can be lighter for a VAWT since the nacelle is excluded,
which reduces structural loads and problems with erecting the tower [11]. The
generator design can be focused on efficiency, cost and minimizing mainte-
nance, as the size of the generator is not the main concern. Furthermore, the
control system can also be located at ground level facilitating access [12].

There is an apparent difference in the drive train between a HAWT and
a VAWT with a ground based generator (apart from turbine configuration):
the length of the drive shaft. The long drive shaft of this type of VAWT is
interesting to study. However, the long drive shaft is not unique for this system;
it has also been used in hydropower. In Järnvägsforsen, Sweden, a hydropower
station with two turbine-generator systems of the long shaft type is installed,
each having a rated power of 60 MVA, a drive shaft length of 45 meters and a
shaft outer diameter of 1.4 meters [13].
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1.3.2 Generator
The generator is an important component in a wind turbine, since it converts
the mechanical energy in the rotating wind turbine to electricity. In this work,
the design strategy of adapting the generator to the turbine has been chosen.
The turbine is designed with respect to the desired control strategy and the
wind conditions at a planned site. In this concept, the generator will not only
be used for energy conversion but it will also electrically control the turbine ro-
tational speed and thus turbine power absorption through stall control. There-
fore, the generator have to be strong and robust, which also means that it have
to be rather large.

The turbine is connected, through a shaft directly to the rotor of the gen-
erator, i.e. the generator is direct driven. The generator will have a slow rota-
tional speed compared to conventional generators. The generator is therefore
designed with a large number of poles in order to achieve good induction and
high efficiency. Direct drive eliminates losses, maintenance and costs associ-
ated with a gearbox. A case study has shown that the gearbox is the part in a
wind turbine responsible for most downtime due to failures [10]. Furthermore,
the direct drive reduces the torsional constraints on the drive shaft imposed by
eigen frequency oscillations, see paper II. Thereby it enables the shaft to be
slimmer than if a gearbox had been used, which for an H-rotor means that
the supporting tower mass also can be reduced. Gearless wind turbines are
becoming increasingly popular [14]. Since a direct driven machine is more
bulky and has a larger diameter than a conventional generator there are poten-
tial advantages in using a vertical axis turbine and placing the generator on the
ground, where the size and weight issue is not of structural concern.

The direct driven generator will deliver an output with a varying voltage
level and a varying frequency. Therefore, a full converter is needed as an in-
terface to the grid. The system layout for the permanent magnet synchronous
generator (PMSG) and for a conventional induction generator (IG) can be seen
in fig. 1.2. The grid interface and system properties for the suggested wind tur-
bine design will not be covered in this thesis, but will be similar to the system
described in [15].

The generator’s rotor will have permanent magnets (PMs) instead of elec-
tromagnets, which is motivated by the simpler rotor construction, i.e. no field
coils have to be electrified. Furthermore, the efficiency is improved, as ro-
tor losses are practically eliminated. However, the disadvantage is that the
magnetization is constant and not controllable. The PMs are surface-mounted,
high-energy magnets made of Neodymium-Iron-Boron [16]. The magnets are
chosen to be wide and flat, since the wide magnets decrease the amount of in-
active area in the airgap and thereby reduce generator size. The magnets are as
wide as possible without getting too much leakage flux between the adjacent
magnets. An example of a generator layout can be seen in fig. 1.3.
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Figure 1.2: System layout for a direct driven permanent magnet synchronous genera-
tor (PMSG) to the left and for an induction generator (IG) to the right.

The stator winding consists of circular cables, instead of rectangular con-
ductors, which are commonly used in generators. In rectangular conductors,
high electric field strength is reached in the corners, which is avoided in cir-
cular cables [17]. The cables normally consist of several copper strands. The
cables have been selected to allow the generator to handle a higher current and
also a higher voltage than rated. The turbine’s power absorption can thereby
be controlled electrically, which is important in strong and gusty winds. This
electrical power control makes an active mechanical power control of the wind
turbine, such as pitch control, superfluous.

Figure 1.3: Part of a generator.
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A cable-wound generator enables the use of higher operating voltage than
for traditionally wound machines. For large scale generators the main advan-
tage with high voltage is the possibility to reduce or exclude a transformer
from the system [15]. A more efficient system is accomplished, by reduc-
ing resistive losses (by having low current) and excluding losses in the trans-
former as well as losses in the gearbox. Furthermore, a simpler system with
fewer parts is expected to require less maintenance, which would reduce the
operational costs.
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2. Background

2.1 Historical overview of wind power and VAWTs
In this section a short historical overview of wind power with emphasis on the
development of VAWTs is presented. For an overview of the status of wind
power in 2002, mainly focusing on HAWTs, see [18]. For an overview of
wind turbine technologies with emphasis on HAWTs, see [19]. A review of
the development of horizontal and vertical axis wind turbines can be found in
[20]. VAWTs have during the last years received attention in several journals,
see [21–24].

Figure 2.1: Basic VAWT configurations. To the left is a Savonius rotor, in the middle
is a Darrieus rotor and to the right is a straight-bladed Darrieus rotor also known as an
H-rotor.

The wind has been used as an energy source for a very long time for ex-
ample in sailing boats. The first windmills were used by the Persians approxi-
mately 900 AD. These first windmills were vertical axis wind turbines. During
the Middle Ages horizontal axis windmills were built in Europe and used for
mechanical tasks such as pumping water or grinding grain. These were the
classical four bladed windmills that had a yawing system and were mounted
on a big structure. These windmills lost popularity after the industrial revolu-
tion. At about the same time water pumping windmills became popular in the
United States, recognizable for their many blades and typically situated on a
farm. [26]

One of the first attempts to generate electricity by using the wind was made
in the United States by Charles Brush in 1888. Among the most important
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Figure 2.2: A Sandia turbine with 34 m diameter [25].

early turbines was the turbine developed by Marcellus Jacobs. Jacobs’ turbine
had three airfoil shaped blades, a battery storage and a wind wane keeping
the turbine facing the wind. During the 20th century the horizontal axis wind
turbines continued to evolve, which resulted in bigger and more advanced
turbines, leading to the modern horizontal axis wind turbines. [26]

Vertical axis wind turbines have been developed in parallel with HAWTs,
but with less financial support and less interest. The Finnish engineer S.J.
Savonius invented the Savonius turbine in 1922, see fig. 2.1 [27]. In 1931
Georges Darrieus patented his idea to have a vertical axis wind turbine with
straight or bent lifting blades, see fig. 2.1 [28].

During the 70’s and 80’s vertical axis machines came back into focus when
both Canada and the United States built several prototypes of Darrieus tur-
bines, see fig. 2.2, which proved to be quite efficient and reliable [22]. How-
ever, according to a report from Sandia National Laboratories (USA), the
VAWTs fell victims to the poor wind energy market in the USA [29]. The last
of the Sandia VAWTs was dismantled in 1997 after cracks had been found in
its foundation. In the 80’s the American company FloWind commercialized
the Darrieus turbine and built several wind farms [30], see fig. 2.3. The ma-
chines worked efficiently but had problems with fatigue of the blades, which
were designed to flex [31]. More than 500 commercial VAWTs were operating
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Figure 2.3: A FloWind wind farm [25].

in California in the mid 80’s [25]. The Eole, a 96 meters tall Darrieus turbine
built in 1986, is the largest VAWT ever constructed with a rated maximum
power of 3.8 MW [32]. The North American Darrieus turbines used in the
80’s mostly had induction generators with gearboxes. However, the Eole had
a direct driven generator with a diameter of 12 meters. It produced 12 GWh of
electric energy during the five years it was running and reached power levels
of up to 2.7 MW. The machine was shut down in 1993 due to failure of the
bottom bearing.

The straight-bladed VAWT was also an invention included in the original
Darrieus patent [28]. This turbine is usually referred to as the straight-bladed
Darrieus turbine or the H-rotor, but has also been called giromill or cyclotur-
bine (different concepts of the same invention). In the United Kingdom the H-
rotor was investigated by a research team led by Peter Musgrove [23, 33, 34].
The biggest H-rotor built in the U.K. was a 500 kW machine, which was de-
signed in 1989 [35]. This machine had a gearbox and an induction generator
inside the top of the tower. One of the machines had blades that could be
folded in high wind speeds, see fig. 2.41,2. In the 90’s the German company
Heidelberg Motor GmbH worked with development of H-rotors and they built
several 300 kW prototypes [36, 37], see fig. 2.41,2. These turbines had direct
driven generators with large diameters. In some turbines the generator was
placed on top of the tower as seen in fig. 2.41,2, and in some turbines the
generator was situated on the ground.

1http://www.hvirvelvinden.dk 2008-08-13
2http://www.ifb.uni-stuttgart.de/∼doerner/Darrieus.html 2008-08-01
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Figure 2.4: To the left is an H-rotor developed in the U.K. and to the right is one of
the Heidelberg rotors.

From this short historical review it is clear that the first windmill was a
VAWT but that later HAWTs received most attention.

2.2 Current VAWT projects
The University based research on VAWTs is very limited. Today development
of VAWTs is most common in the many small companies producing and mar-
keting small VAWTs.

There is a large number of commercial companies developing small
VAWTs. Two research teams, working with turbine geometries somewhere
between the Darrieus turbine and the H-rotor, have commercialized their
products, both rated at a few kW. The first turbine, called Wind-Sail3, is
Russian. The second turbine is called Turby4 and is from the Netherlands,
see fig. 2.54 and [38]. Turby is developed in collaboration with the Technical
University in Delft. The Finnish company Windside5 sells curved Savonius
rotors with a special appearance. Another company is Ropatec6, which sells
VAWTs of different configurations with the largest with a rated power of
20 kW and five straight blades. Ropatec has had serial production of their
products since 2001 and a worldwide market has been addressed. There are

3http://www.wind-sail.com 2008-08-01
4http://www.turby.nl 2008-08-01
5http://www.windside.com 2008-08-01
6http://www.ropatec.com 2008-08-01
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Figure 2.5: Turby

several companies7,8,9,10,11,12 selling small wind turbines similar to the
H-rotor. Only a few of them are referred to here.

There are also a few companies focusing on larger VAWTs. A North Amer-
ican company13 sells Darrieus turbines rated at 200 kW. Another American
company sells multi-bladed H-rotors with a rating of up to 4MW 14. Further-
more, a Chinese company15 markets VAWTs of different sizes with a rating
of up to 3 MW.

2.3 Generator
There are several types of generators available for wind turbines. According to
a study of the world market share of wind turbine concepts in the years 1998
to 2002, induction machines dominate the market for wind power generation,
but the fixed speed, squirrel cage induction generator is slowly being replaced
by the variable speed, doubly-fed induction generator [39]. The use of the
synchronous generator is slowly increasing as well and it had a world market
share of about 20 per cent in 2002 [39]. Germany’s market leading manu-
facturer of wind turbines, Enercon16, uses direct driven synchronous electro-

7http://www.pacwind.net 2008-08-03
8http://www.quietrevolution.co.uk 2008-08-03
9http://www.alvestaenergy.com/news.php 2008-08-03

10http://www.energycreationuk.co.uk 2008-08-03
11http://www.neuhaeuser.com 2008-08-03
12http://www.vweltd.co.uk 2008-08-01
13http://web.mckenziebay.com 2008-08-01
14http://www.fswturbines.com/giromill.html 2008-08-01
15http://www.vawtmuce.com 2008-08-04
16http://www.enercon.de 2008-08-03
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magnetized generators and had a market share of 14 per cent in 2007 [3].
Another German company, Vensys17, manufactures wind turbines in the MW-
range with PM generators [40]. The market share for direct driven PM syn-
chronous generators was less than one per cent in 2006 but it is slowly in-
creasing [40]. Historically PMs have been very expensive but the price has
decreased over the last years, which makes it economically viable to use them.
Permanent magnet machines are especially common in small wind turbines.
Several studies have been conducted on direct driven PM synchronous gener-
ators, see [41–45]. Furthermore, several studies of iron losses in wind turbine
generators have been made [44–48]. A more extensive overview of different
electrical conversion systems for wind turbines can be found in [49].

In 2000, the company ABB made an attempt to commercialize a large, di-
rect driven PM synchronous generator with a cable wound stator for wind
power. The invention was called Windformer and was based on the Power-
former technology [15,17,50]. Several of the recently launched generators for
wind power generation use a similar technology with few components, direct
drive and permanent magnets, see for instance [40].

The generator presented here is a radial flux machine but other designs have
been used for wind turbines, for instance axial flux machines and outer ro-
tor designs [51–53]. Furthermore, innovative designs, for instance to have an
ironless stator, have been suggested [54].

2.4 The Finite Element Method
The finite element method (FEM) is a numerical method to solve partial differ-
ential equations or integral equations. FEM is commonly used in areas such as
electromagnetism, structural mechanics etc. where complex sets of equations
need to be solved in a simplified way. The method is based on division of the
geometry into small triangular parts for a two-dimensional problem. The sets
of equations are solved in each little element, where they can be simplified
due to the finite geometry.

The finite element method has many roots and has been developed by sev-
eral researchers in parallel, for instance Turner et al., who published a paper in
1956 [55,56]. FEM was first used to solve problems in structural mechanics in
the 1940s and 1950s. Among the first published papers on FEM were work by
Argryris (1965) [57] and Marcal et al. (1967) [56, 58]. Some important early
work was also made by Clough, who is known for having named the method
in 1960 [59, 60]. Hannalla and Macdonald [61] were the first to couple field
equations to external circuits and Hannalla continued to develop and simplify
the coupled field and circuit model for electrical machines [62]. Today, FEM is
a common tool for electric machine design, see for instance [45,51,53,63,64].

17http://www.vensys.de 2008-08-03
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A review of coupled field and circuit problems was made by Tsukerman et al.

in 1993 [65]. A historical review of matrix structural analysis including FEM
was made by Felippa in 2001 [66].

2.5 Dynamics
Structural vibrations are an important aspect in wind turbine design. The tor-
sional vibrations in the drive train between the turbine and the generator ro-
tor in some cases represent the fundamental frequency of a HAWT i.e. have
the lowest eigen frequency [67]. For a VAWT where the generator is placed
on the ground this is an issue of even more concern since the shaft is much
longer. Several studies have been made on torsional vibrations on HAWTs,
see [68–74]. For VAWTs, at least two studies have been made concerning tor-
sional vibrations and torque ripple [75, 76].

To fully understand the drive train dynamics and its interaction with the
electrical system, a complete "wind to grid" model needs to be developed. An
example of a model for a HAWT with a PMSG can be found in [77].
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3. Theory

This chapter gives a theoretical background to the different areas presented in
this thesis. The first and the second section in this chapter concern the wind
resource and some basic wind turbine theory respectively. The third section
deals with generator theory, where alternative ways to describe generators are
discussed as well as magnetic materials, generator losses and harmonics. The
fourth section covers generator modelling and describes the model used here.
Finally, the fifth section covers dynamic theory and discusses torsional vibra-
tions in the drive shaft of a wind turbine.

For derivations and further explanations of the equations and general theory
presented in this section, see [16, 26, 78–84].

3.1 The wind as an energy source
The wind is an intrinsically varying energy source, which puts high demands
on the technology trying to access it. The wind is varying all the time both
in wind speed and wind direction. The wind speed variations can be divided
into different time scales [26]. Annual variations refer to differences during
one year due to different seasons. Diurnal variations cover differences during
one 24 hour period, for instance the wind speed is usually higher during the
day than during the night. Short-term variations refer to variations over time
intervals of 10 minutes or less, normally related to turbulence or wind gusts.
In addition, the wind speed varies with height, referred to as the vertical wind
shear. The wind shear is usually modelled with a logarithmic profile or with a
power law profile [26]. The vertical wind shear is much easier to predict over
a sea surface than over land since there are no obstacles. Furthermore, the
offshore wind variations are more predictable and the wind speed is usually
higher than over land.

The power that can be absorbed by a wind turbine is expressed as

P =
1
2

CPρAtv
3 (3.1)

where P is the absorbed power, CP is the power coefficient (which is a function
of the tip speed ratio, T SR, see section 3.2.1), ρ is the density of the air, At

is the cross section area of the turbine and v is the wind speed. The power
coefficient, CP, states how big part of the power in the wind that is absorbed by
a wind turbine. The theoretical maximum value of CP for a HAWT is 16/27 ≈
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Figure 3.1: The top figure shows the wind speed variation with time. The bottom figure
shows the power content in the wind.

0.59, and is called the Betz limit [85]. It has been questioned whether this limit
is applicable to VAWTs [5]. The power in the wind is proportional to the wind
speed cubed, as can be seen in equation (3.1), so if the wind speed is increased,
the wind power is increased more. Therefore, the amount of power available
for a wind turbine is highly variable. An example of the wind variations can
be seen in fig. 3.1, where both the wind speed and the wind power are plotted
during a short wind gust. It is clear from observing fig. 3.1 that the variations
in power content are larger than the variations in wind speed.

3.1.1 Statistical wind distribution
The wind is a varying energy source and the amount of data from wind
measurements is usually huge. Therefore, statistical methods are used to
describe the wind. The statistical methods can be used to predict the energy
potential at a site where the statistical wind distribution is known. The two
distributions commonly used in wind analysis are the Rayleigh distribution
and the Weibull distribution. The Rayleigh distribution is based on the
mean wind speed whereas the Weibull distribution can be derived from the
mean wind speed and the standard deviation and is therefore more exact
but demands more information about the site. A Rayleigh distribution is a
simplified Weibull distribution for which the standard deviation is 0.523
times the mean wind speed. Here, the Rayleigh distribution has been used for
modelling due to its simplicity. The probability distribution function, p(v),
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Figure 3.2: A Rayleigh distribution for a mean wind speed of 7 m/s.

for a Rayleigh distribution is

p(v) =
π

2
v

v2 e−
π
4 (

v
v)

2

(3.2)

where v is the wind speed and v is the mean wind speed. The probability
function for a Rayleigh distribution with a mean wind speed of 7 m/s can be
seen in fig. 3.2.

3.2 Wind turbine theory
3.2.1 Basic aerodynamics
The power coefficient, CP, of eqn (3.1), is a function of the tip speed ratio,
T SR, which is the ratio between the blade tip speed of the turbine and the
wind speed,

T SR =
ωmechR0

v
(3.3)

where ωmech is the rotational speed of the turbine, R0 is the turbine radius and
v is the wind speed. A HAWT is normally operated at a tip speed ratio of
5-7. A VAWT normally has a lower tip speed ratio. A CP-T SR curve can be
seen in fig. 3.3. The turbine should be operated at optimum tip speed ratio for
maximized power absorption, as can be seen in fig. 3.3. If the tip speed ratio
decreases an aerodynamic phenomena called stall will occur, where eddies
will develop at the blade tip. The blade therefore absorbs less power, which
explains why the CP-T SR curve goes down. This phenomenon can be used as
a power regulation strategy, see section 3.2.2.

The solidity, σ0, is the relation between the blade area and the turbine cross
section area and has different definitions for different types of turbines. For a
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Figure 3.3: The power coefficient as a function of the tip speed ratio.

HAWT it is defined as
σ0,HAWT =

NBc0

πR0
(3.4)

where NB is the number of blades, c0 is the chord length, and R0 is the radius
of the turbine. For a VAWT, where each blade sweeps the cross section area
twice, the solidity is defined as

σ0,VAWT =
NBc0

R0
. (3.5)

The VAWT considered here has a low solidity and is therefore not self-
starting. This can be seen in fig. 3.3 by observing that the CP goes down below
zero for low TSR values, i.e. energy needs to be supplied for the turbine to
start rotating. The start-up of a VAWT can be achieved in several ways, for
instance by having pitchable blades. Another option is to have a hybrid of
a straight-bladed VAWT and a Savonius turbine, since the Savonius turbine
is self-starting [86]. In the concept considered here, the generator is used to
electrically speed up the turbine.

The aerodynamic theory used in correlation to this work to predict the aero-
dynamic behaviour of the straight-bladed VAWT is an in-house made simula-
tion tool, which is shortly explained in paper III and more deeply explained
and further developed in [6].

3.2.2 Wind turbine operation and control
A wind turbine absorbs the most energy when operated at optimum TSR.
However, the rotational speed of the turbine is chosen to have a maximum
value. For a fixed rotational speed and with increasing wind speed, the TSR
will decrease and the turbine will go into stall, which is a convenient power
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control. The power is usually kept constant when the rated power has been
reached and then a power control strategy has to be used to limit the ab-
sorbed power at increasing wind speeds. For most HAWTs pitch control is
used, where the turbine blades are mechanically turned to absorb less power.
An alternative is active stall control where the blades are mechanically turned
in the opposite direction so that stall is achieved. In the concept discussed
here, a strategy called passive stall control is used where a powerful generator
controls the rotational speed of the turbine so that the TSR decreases and the
turbine gradually stalls.

A wind turbine can be operated according to different control rules depend-
ing on the wind speed. The example shown here is taken from paper VIII, see
table 3.1. Passive stall regulation is used as power control. The turbine is op-
erated at wind speeds between 4 and 20 m/s and is rated at 12 m/s. The turbine
is started when the wind speed exceeds 4 m/s. It is operated at optimum TSR,
see eqn (3.3), until the wind speed exceeds 10 m/s. At wind speeds above 10
m/s the rotational speed is kept constant. The CP will decrease slightly in wind
speeds between 10 and 12 m/s. At wind speeds above 12 m/s the power will
be kept constant and the wind turbine will start to stall resulting in reduced
power absorption. The rotational speed might need to be reduced slightly, de-
pending on the efficiency of the stall control. The power curve for a turbine
operated according to this strategy can be seen in fig. 3.4. The rotational speed
is limited not only to stall control the turbine, but also for structural reasons
such as blade strength and vibrations and to limit the aerodynamic noise level.
For a HAWT, operating at a higher TSR, the rotational speed limit is usually
set by the allowed noise level.

Table 3.1: The different operational modes for a 50 kW wind turbine.

Mode Wind speed (m/s) Rot. speed (rpm) Control rule

1 0-4 0 Not operated

2 4-10 26-64 Optimum TSR

3 10-12 64 Stall regulation

4 12-20 60-64 Constant power reg.

5 >20 0 Shut down

A wind turbine operated at variable speed with passive stall control will
put some demands on the generator. Firstly, it is important that the gener-
ator has a high efficiency over a wide range of loads and speeds, i.e. it must
have good performance at both part load operation and overload. Secondly, the
generator must be strong and robust since the passive stall control means that
the power is controlled electrically, by the generator controlling the rotational
speed, instead of mechanically which is the usual way to control the power.
The need to control the turbine at high wind speeds requires a generator with
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Figure 3.4: Example of a power curve for a 50 kW wind turbine following the control
rules from table 3.1.

high overload capability. The overload capacity of the generator depends on
the pull-out torque, which is the maximum torque that the generator can han-
dle before becoming desynchronised. The pull-out torque is usually between
1 to 5 times the rated torque. A good measurement of the pull-out torque is
the load angle at rated power, see section 3.3.5. A low load angle implies a
pull-out torque several times the rated torque and thereby good overload ca-
pability. However, the overload capability is also determined by the maximum
temperatures reached in the generator. The main heat source in the generator
type used here are the cables [7].

3.3 Generator theory
This section presents generator theory for the generator type in focus here,
i.e. a radial-flux, cable-wound, permanent magnet, direct driven synchronous
generator. The section begins with an introduction to magnetic materials and
their characteristics followed by a presentation of general generator theory.
The following part discusses different types of losses in the generator. The
fourth part discusses harmonics and armature winding. Finally, the fifth part
of this section presents the circuit theory, which is a simplified way to describe
a generator.

3.3.1 Magnetic materials
A permanent magnet synchronous generator has two important magnetic ma-
terials as part of its active material. These are a hard magnetic material; the
permanent magnets and a soft magnetic material; the stator steel. Magnetic
materials are usually described by their B-H curve, where B is the magnetic
flux density and H is the magnetic field. The B-H curve describes the magneti-
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Figure 3.5: Representative B-H curves for a soft magnetic material to the left and a
hard magnetic material to the right. Br is the remanence and Hc is the coercivity.

sation process of a material. Representative B-H curves for a hard and a soft
magnetic material can be seen in fig. 3.5. The permeability, µ , is a measure
of how large magnetic flux density is reached in a material when a magnetic
field is applied and is defined according to the equation

B = µH (3.6)

A hard magnetic material is represented by high remanence, Br, see fig. 3.5.
The remanence is a measure of the remaining magnetisation when the driving
field is dropped to zero. A permanent magnet holds, as its name suggests a per-
manent magnetisation, i.e. it has a high remanence. The magnet is magnetised
in the factory and will under normal operation never be de-magnetised. The
coercivity, Hc, is a measure of the reverse field needed to reduce the magneti-
sation to zero after a material have been saturated. Consequently, a permanent
magnet should also have high coercivity. However, there can be problems with
de-magnetisation in generators, if the current or temperature is too high.

A soft magnetic material has a low remanence, which means that the re-
maining magnetization is low when the applied field is turned off. This is a
desired property for the stator steel of the generator which will be magnetised
in different directions with every pole that passes by it. This means that the
material travels along the line on the B-H curve, up and down, with the same
frequency as the poles pass it, for instance with 50 Hz for a constant speed
machine connected directly to the grid. On the contrary, a permanent mag-
net will under normal operation never complete one lap on the B-H curve.
When a magnetic material moves one lap on the B-H curve, it is subject to
a phenomenon called hysteresis, due to the non-reversible process along the
B-H curve. The hysteresis yields losses in the magnetic material which are
proportional to the area inside the closed B-H curve. For a soft-magnetic ma-
terial, where the remanence is low, B and H are close to proportional, and the
area between them can be described as a function of B2. Hysteresis losses are
discussed more in section 3.3.3.
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An important property for a soft magnetic material used as stator steel in a
generator is high permeability. Furthermore, a soft magnetic material should
have a high magnetic saturation and low power loss. Magnetic materials can
become saturated when the magnetic flux density reaches the saturation mag-
netic flux density. The magnetic circuit becomes inefficient when a material is
saturated.

3.3.2 General theory
Generator theory is based on electromagnetism. Maxwell is the one who first
explained the relationship between electric fields and magnetism in Maxwell’s
equations; the four fundamental equations of electromagnetism

∇ ·D = ρ f (3.7)

∇ ·B = 0 (3.8)

∇×E = −∂B

∂ t
(3.9)

∇×H = J f +
∂D

∂ t
(3.10)

Here, D denotes the electric displacement field, ρ f is the free charge density, B

is the magnetic flux density, E denotes the electric field, H is the magnetic field
and J f is the free current density. Gauss’ law, eqn (3.7), expresses how electric
charges produce electric fields. Eqn (3.8) shows that the net magnetic flux
out of any closed surface is zero and that magnetic monopoles do not exist.
Faraday’s law of induction, eqn (3.9), describes how time changing magnetic
fields produce electric fields. Ampere’s law states how currents and changing
electric fields produce magnetic fields, eqn (3.10).

The conductivity, σ , relates the free current density to the electric field ac-
cording to

J f = σE (3.11)

The principle theory explaining a generator is Faraday’s law of induction,
eqn (3.9), which can be rewritten as eqn (3.12) for a coil with N turns. Eqn
(3.12) states that the induced (no load) voltage, Ei, in the electric machine
depends on the number of turns, N, of the conductor and the time-derivative
of the magnetic flux, ∂φ/∂ t.

Ei = −N
∂φ

∂ t
(3.12)

Analytical calculations on generators can be performed by using eqn (3.12)
and eqn (3.14). The required generator dimensions for a certain voltage level
can be found using eqn (3.12) by assuming an effective value of the magnetic
flux density in the stator teeth and by making appropriate design choices for
a few variables. However, losses are not included in this calculation, so the
resulting generator dimensions will be slightly smaller than what is realistic.
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The magnetic energy, WE , in a volume, τ , is defined as

WE =
1
2

∫∫∫

τ

H ·Bdτ (3.13)

In a generator, the magnetic energy is dominated by the energy in the airgap
and in the PMs as the permeability for the other materials in the magnetic
circuit is very high. Thus, the magnetic energy in the airgap can be written as

WE ≈
B2

e f f

2µ
sAairgap (3.14)

where Be f f is the effective magnetic flux density in the airgap, µ is the perme-
ability in the airgap, s is the airgap length and Aairgap is the cross section area
of the airgap.

The required dimensions of the generator in order to achieve the desired
power level, can be found by using eqn (3.14) and by making assumptions
of the values of the load angle (see section 3.3.5), the effective value of the
magnetic flux density in the airgap and the rotational speed.

When a current is run in the armature of a generator a magnetic field op-
posing the field from the magnets is induced. This field, the armature reac-
tion, increases with increasing current and causes a voltage drop in the arma-
ture voltage. The voltage drop depends on the machine reactance, see section
3.3.5. It is therefore desired to design generators with low machine reactance.
A generator designed with a low load angle will have a small voltage drop at
rated operation.

3.3.3 Generator losses
Generators suffer from electromagnetic and mechanical losses. The electro-
magnetic losses consist of losses in the copper conductor and iron losses. The
latter are divided into hysteresis losses, eddy current losses, excess (or anoma-
lous) losses and rotational losses. The mechanical losses are, in the absence
of a gearbox, dominated by losses in couplings and bearings. Furthermore,
windage losses in the generator are usually included in the mechanical losses.

The iron losses in the stator can be represented by the expressions following
below [87, 88]. The iron losses are caused by complicated magnetic phenom-
ena and the formulas presented below are based on empirical studies. The
losses are given in W/m3 and have to be multiplied with the volume to find
the total losses in W.

As was discussed in section 3.3.1, hysteresis describes the phenomenon
that a physical process does not follow the same path when its direction is
reversed. The area enclosed by the B-H curve represents the hysteresis losses,
P

hy
loss, which are a function of B2 and the electric frequency, f , and usually are

expressed as
P

hy
loss = k f khB2

max f (3.15)
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where Bmax is the maximum magnetic flux density, f is the electrical fre-
quency, k f is the stacking factor and kh is the hysteresis loss coefficient. The
stacking factor is a non-dimensional factor indicating how much of the stator
volume that is filled up with stator steel. Usually, the product of the number
of steel plates and the thickness of each plate is smaller than the height of the
stator.

Eddy currents are induced by changing magnetic fields in conducting mate-
rial. The eddy current losses are efficiently minimized by having a laminated
stator steel core. The eddy current losses, Ped

loss, can be written as

Ped
loss = k f keddy(Bmax f )2 (3.16)

where keddy is the eddy current loss coefficient and is defined as

keddy = π2 σd2

6
(3.17)

where σ is the conductivity and d is the sheet thickness of the stator steel.
The calculated values of hysteresis losses and eddy current losses will differ

slightly from measured values. The difference is attributed to the excess losses
if rotational losses can be omitted [89,90]. The excess losses, Pex

loss, depend on
domain-wall motion as the domain structure changes when a magnetic field is
applied and are described as

Pex
loss = k f ke(Bmax f )1.5 (3.18)

where ke is the excess loss coefficient.
The rotational iron losses are a result from the rotating B vector. No rota-

tional losses occur if a B vector alternating with 180 degrees can be assumed.
However, if the B vector in the steel is rotating less than 180 degrees, losses
will occur [91, 92]. For a well designed generator the rotational losses can be
minimized to only constitute a few per cent of the iron losses. The place in a
generator that usually has highest rotational losses is the tooth root region in
the stator yoke [92, 93].

Parts of the stator steel with a high B value will have large power loss. The
power loss yields heat and these parts can become hot spots, which need to be
cooled or, preferably, avoided.

The total iron losses, PFe
loss, are

PFe
loss = (Phy

loss +Ped
loss +Pex

loss +Prot
loss)Vs (3.19)

where Vs is the stator steel volume and Prot
loss denotes the rotational losses.

The losses in the conductors of a generator consist of resistive losses and
eddy current losses. The eddy current losses in the copper windings are usually
small. The losses in the conductors of a three-phase generator, PCu

loss, can be
written as

PCu
loss = 3RiI

2 +P
Cu,ed
loss (3.20)
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where Ri is the inner resistance in the cable, I is the current and P
Cu,ed
loss denotes

the eddy current losses in the cables. The inner resistance, Ri, is defined as

Ri =
l

σACu
(3.21)

where l is the cable length and ACu is the conductor area. The conductors are
usually stranded due to the skin effect. According to the skin effect there will
be an accumulation of electrons at the surface of a conductor, which can lead
to higher resistance than expected and less effective use of the conductor if
the conductor thickness is too large. The skin depth is defined as the distance
during which the current density has declined to 1/e of its value at the surface1.
The frequency dependent skin depth, δs, is defined as

δs =
1√

π f µσ
(3.22)

The eddy current losses are decreased in stranded conductors. Another reason
for the low amount of eddy current losses in the copper conductors is the low
permeability of copper.

The eddy current losses in the PMs and in the iron ring that the PMs are
mounted on can usually be neglected. The magnetic flux density in the PMs
and in the iron ring is not time-changing but rather constant and does not
induce eddy currents. However, there is a small time-dependent part of the
magnetic flux density in the rotor resulting from harmonics but it is usually
omitted [94].

The total electromagnetic losses, Ploss, are found from

Ploss = PCu
loss +PFe

loss. (3.23)

The electric efficiency, ηel , of the generator is determined by finding the
losses of the generator and becomes

ηel =
Pel

Pel +Ploss

. (3.24)

where Pel is the electric power.
The resistive losses can be determined by measuring the current and the

inner resistance in the cables. The losses in the stator steel can be determined
by measuring the no load torque, which also includes mechanical losses.

3.3.4 Harmonics and armature winding
The voltage from a generator may contain harmonics. Harmonics are parts
of a signal that have frequencies that are integer multiples of the fundamental

1e = 2.718... and 1/e ≈ 0.37
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frequency. Harmonics can cause problems on the grid, for instance by disturb-
ing electric equipment and can induce large frequency dependent losses. Fur-
thermore, harmonics have negative effects on the generator such as increased
losses and pulsating torques [95]. Therefore, it is important to analyse the har-
monic content of the generator voltage. The voltage can be divided into its
different components i.e. the sinus-curves of each harmonic as shown in eqn
(3.25).

U(t) = U1 sin(ωelt)+U2 sin(2ωelt)+U3 sin(3ωelt)+ ... (3.25)

where U(t) is the total voltage signal, ωel is the fundamental frequency and
Ui (i = 1,2,3...) is the amplitude of each harmonic. Normally, only odd har-
monics are present in the terminal voltage of the generator due to half-wave
symmetry. The 3rd harmonic is present in the phase voltage but will be sup-
pressed in the line voltage for a three phase system. The voltage harmonic
content can be decomposed through Fourier analysis of the voltage signal.

The harmonics originate from the shape of the magnetic flux density in
the airgap, which is affected by the geometry of the stator. Harmonics will
always be present to some extent, since the windings are embedded in slots
which can not be perfectly sinusoidally distributed. Furthermore, the magnet
geometry can also affect the shape of the output.

Harmonics can be reduced by incorporating distributed windings and frac-
tional pitch windings. However, apart from reducing the harmonics, this also
causes a small decrease in the fundamental tone of the voltage. Distributed
windings means that the windings of all phases are distributed throughout the
entire circumference of the generator, as opposed to concentrated windings
where the windings for each phase are concentrated. Fractional pitch wind-
ings means that the number of slots per pole and phase differs from one. The
number of slots per pole and phase can be chosen so that the result is a com-
plete suppression of a chosen harmonic. [95]

A number of slots per pole and phase of one, will give ripple in the torque
due to the attracting forces between each magnetic pole on the rotor and an
electric pole on the stator. The ripple has the same frequency as the electrical
frequency and is usually called cogging. The cogging can be reduced substan-
tially by choosing a number of slots per pole and phase different from one.

3.3.5 The circuit theory
The synchronous generator can be represented by an equivalent circuit and a
phasor diagram, see fig. 3.6. The equivalent circuit has the equation

Êi = Û + ÎRi + jÎXd (3.26)

where ˆ denotes phasors and Ei is the no load voltage, U is the terminal
voltage, I is the output current, Ri is the inner resistance and Xd is the machine
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Figure 3.6: The equivalent circuit and the phasor diagram for a synchronous generator.

reactance. By writing out the complex numbers, eqn (3.26) is written as

Ei(cosδ + j sinδ ) = U +(Ri + jXd)I(cosϕ − j sinϕ). (3.27)

The power factor angle, ϕ , is the phase angle between the voltage and the
current. If the generator is connected to a purely resistive load the power factor
angle measured over the electrical load is zero. The load angle, δ , is the phase
angle between the no load voltage and the load voltage. It represents the small
tilt of the magnetic field lines in the airgap due to the loading of the generator,
i.e. the angle between the rotor and the resultant field.

The power output from the generator is found from

Ŝ = Û Î∗ = |U | |I|(cosϕ + j sinϕ) = Pel + jQ (3.28)

where Ŝ is the apparent power, Pel is the electric power and Q is the reactive
power. The factor, cosϕ , is called the power factor.

3.4 Electromagnetic modelling
The electromagnetic model used here is described by a combined field and cir-
cuit equation model, which is a common approach to solve electromagnetic
problems in electric machine design [96]. The magnetic field inside the gener-
ator, assumed to be axi-symmetrical, is modelled in two dimensions. The field
model describing the generator is based on Maxwell’s equations, eqn (3.7)-
(3.10). Here, the time derivative of the electric displacement field, ∂D/∂ t,
can be neglected due to the low frequencies. For the stationary condition the
electric field, E, can be written as

E = −∇V (3.29)

where V is the electric potential.
The magnetic flux density, B, can be written in terms of a magnetic vector

potential, A, according to
B = ∇×A (3.30)
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By combining Maxwell’s equations with the relations from eqn (3.6),
(3.11), (3.29) and (3.30), the field equation is found [62]

σ
∂Az

∂ t
−∇ ·

(

1
µ

∇Az

)

= −σ
∂V

∂ z
(3.31)

where Az is the axial magnetic potential, µ is the permeability, σ is the con-
ductivity and ∂V/∂ z is the applied potential. The field equation will give a
solution for the magnetic vector potential Az and thereby gives the magnetic
flux density, B. The term σ ∂Az

∂ t
, which usually is small, represents the induced

eddy currents in the conductors and depends on the skin depth, see eqn (3.22).
The right-hand term in eqn (3.31) represents the applied currents in the ẑ-
direction and can be rewritten as [62]

−σ
∂V

∂ z
= J0 + Jpm (3.32)

where J0 is the current density in the conductors and Jpm is the current density
that represents the permanent magnets and is described in the next section.

Circuit equations represent the stator. Three-dimensional effects such as
end region fields are taken into account by coil end impedances in the circuit
equations of the windings. The circuit equations are defined as

Ia + Ib + Ic = 0 (3.33)

Uab = Ua +RiIa +Lend
s

∂ Ia

∂ t
−Ub −RiIb −Lend

s

∂ Ib

∂ t
(3.34)

Ucb = Uc +RiIc +Lend
s

∂ Ic

∂ t
−Ub −RiIb −Lend

s

∂ Ib

∂ t
(3.35)

where a, b and c denotes the three phases, Ia, Ib, Ic are the conductor currents,
Uab and Ucb are the terminal line voltages, Ua, Ub, Uc are the terminal phase
voltages, Ri is the inner resistance and Lend

s is the coil end inductance. For a
pure resistive, Y-connected load the external circuit equations are

Uab = RLIa −RLIb (3.36)

Ucb = RLIc −RLIb (3.37)

where RL is the load resistance.

3.4.1 Permanent magnet and stator steel modelling
The permanent magnets are modelled according to the current sheet approach
[97, 98], where the PM is modelled as a current carrying coil with the same
dimensions as the PM. The magnet is modelled with a current sheet on its
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surfaces. The current sheet should be oriented so that it magnetizes the ma-
terial in the same direction as the magnetization of the original magnet. The
magnetising current is decided by the equation

Ipm = Hchpm (3.38)

where, Ipm is the coil current representing the magnet, Hc is the coercivity and
hpm is the height of the PM. However, the magnetisation profile for the PM
used in the model has to be shifted so that the curve passes through origin, to
be valid. When the curve is shifted, the value of Hc will equal Br/µ so that the
current becomes

Ipm =
Brhpm

µ
(3.39)

where Br is the remanence. The current density Jpm used in eqn (3.32) is found
from the current Ipm.

The nonlinear behaviour of the laminated stator steel, as exemplified in fig.
3.5, requires a nonlinear representation. The B-H curve is modelled as a non-
linear, single-valued curve and the hysteresis effect is thereby neglected [99].
However, the hysteresis losses are taken into account according to the proce-
dure explained in section 3.4.2 by using the equations from section 3.3.3.

3.4.2 Loss modelling
The electromagnetic losses are modelled by using the equations described in
section 3.3.3. The copper losses are easier to simulate than the iron losses.
For the iron losses, data from the steel manufacturer for a couple of frequen-
cies (usually 50, 100 and/or 200 Hz) is used to estimate the loss distribution
between the different types of losses and to interpolate the results for all dif-
ferent frequencies. In the data from the manufacturer the rotational losses are
not present, since the steel has been tested with a B vector alternating with ex-
actly 180 degrees. There are several ways to model the rotational losses. The
method used here is described in [100].

In the simulations a loss correction factor of 1.5 is used for all iron losses,
i.e. the total iron losses are multiplied by 1.5. The loss correction factor repre-
sents differences in the theoretical modelling of iron losses and experimental
measurements [88]. The choice of a loss correction factor of 1.5 is taken from
the experimental verification of the simulation method using measurements
on several large generators used for hydropower.

Possible reasons for the problems with the theoretical model of the iron
losses are:
1. Only the maximum magnetic flux density, Bmax, is used in the modelling,
i.e. B is modelled as a perfect sinusoidal waveform, which it is not, i.e. the
harmonics of B are not included in the modelling.
2. The steel might have other properties than stated by the manufacturer.
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3. The characteristics of the steel can change during laser cutting and prepa-
ration.
4. A two-dimensional model is used to model a three-dimensional generator,
i.e. end effects are omitted. The iron losses might be higher than expected at
the ends.

3.5 Dynamic theory
3.5.1 Torsional vibrations
Many fractures in machines and other mechanical structures originate from
vibrations. If an external torque affects the vibrations of a structure the system
is subject to forced vibrations. The equation of motion for a damped system
subject to a time-dependent torque, M(t), is.

M(t)− k0θ − c
dθ

dt
= Jm

d2θ

dt2 (3.40)

where θ is the angular displacement, k0 denotes the rotational stiffness, c is
the damping constant and Jm is the mass moment of inertia of the object. The
time-dependent torque, M(t), can be written as

M(t) = M0 sin(ωt) (3.41)

where M0 is the amplitude and ω is the angular frequency. Eqn (3.40) has the
solution

θ(t) =
M0

k0

sin(ωt − γ)
√

[1− (ω/ωn)2]2 +[2ξ (ω/ωn)]2
(3.42)

where ωn is the eigen frequency of the vibrations, γ is a phase angle and ξ is
the non-dimensional damping ratio described as

ξ =
c

2Jmωn
(3.43)

From eqn (3.42), a dimensionless amplitude can be derived, as in eqn (3.44).

θk0

M0
=

1
√

[1− (ω/ωn)2]2 +[2ξ (ω/ωn)]2
(3.44)

This dimensionless amplitude can be plotted against a dimensionless
frequency, to study the damping of the vibrations caused by the applied
torque, see fig. 3.7. When the frequency of the applied torque equals the
eigen frequency of the vibrations, i.e. when ω = ωn, a phenomenon called
resonance is reached and the amplitude in fig. 3.7 increases suddenly. This
increase implies an increase in the angular displacement of the object,
which might cause a fracture or in a longer time-frame fatigue. The increase
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Figure 3.7: Dimensionless amplitude versus dimensionless frequency for different
values of the non-dimensional damping ratio ξ . When ξ is zero, the dimensionless
amplitude goes to infinity at ω/ωn=1.

in amplitude depends on the non-dimensional damping ratio, ξ , which
represents the damping of the system. If a system has sufficient damping,
resonance is less dangerous for the system survival. However, resonance is
not always a phenomenon that is avoided. In some applications it is desired
to reach resonance.

The eigen frequency, ωn, of the torsional vibrations can be approximated
by

ωn =

√

k0

Jm
. (3.45)

For the damped vibration considered here, the eigen frequency actually be-
comes

ωd =
√

1−ξ 2ωn. (3.46)

However, since the term
√

1−ξ 2 usually is very close to one, it can be ne-
glected and eqn (3.45) is valid.

The drive shaft of a wind turbine has to be constructed to avoid resonant
vibrations, so that the smallest eigen frequency of the torsional vibrations, ωn,
is larger than the angular frequency of the applied torque, ω . The mass mo-
ment of inertia of the shaft can be neglected, since it is much smaller than the
mass moments of inertia of the two oscillating masses. The torsional vibra-
tions concerned here can be described by eqn (3.40). For a vertical axis wind
turbine shaft the triggering torque usually has the frequency of ωmech, NBωmech

or 2NBωmech, where ωmech is the rotational frequency of the turbine and NB is
the number of blades. NBωmech represents the large torque oscillation due to
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Figure 3.8: Campbell diagram. The solid line represents the rotational speed (ωmech),
the dashed line represents three times the rotational speed (NBωmech for NB = 3) and
the dotted lines represent possible excitation frequencies.

the alternating angle of attack on the turbine blades and 2NBωmech originates
from that the torque for each blade oscillates twice per revolution, where the
upwind torque is larger than the downwind torque.

In order to find points of correspondence between eigen frequencies, ωn,
and possible excitation frequencies, ω , a Campbell diagram can be drawn,
see fig. 3.8. In a Campbell diagram critical speeds can be found, i.e. rota-
tional speeds for which the lines coincide. Critical speeds might be avoided
by quickly speeding the turbine past these speeds. The acceptable value of the
ratio ω/ωn, without the risk of failure, depends on the generator damping, see
fig. 3.7.

A conventional generator will be connected to the turbine shaft through
a gearbox, since the rotational speed has to be increased for the generator
to work properly. For geared systems, the inertias can be referred to their
equivalent values on a single shaft. If the speed ratio between the two shafts is
n, the equivalent value of the inertia, Jm,eq, will be n2 times the inertia of the
generator. This can be expressed as

Jm,eq = n2Jm. (3.47)

Thus, the use of a gearbox will have a great impact on the mass moment of
inertia connected to the rotor shaft, as is shown in paper II. According to eqn
(3.45), a larger mass moment of inertia results in a lower eigen frequency.

The model used here based on eqn (3.40) is a one-mass model, where
the mass of the turbine and the generator are lumped into one single ro-
tating mass. However, a more precise model would be to use a two-mass
model [73, 74]. The shaft can be modelled as a torsional spring between two
oscillating masses, the turbine and the generator. The two types of models are
compared with experimental data in [74] and the one-mass model is shown to
be limited in giving correct results and in modelling the situation correctly.
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4. Method

The work presented in this thesis is based on both simulations and experi-
ments. This chapter presents the simulation method and experimental setups
used in this work. The first part describes the simulation method, which is
based on the model discussed in the previous chapter. The second part de-
scribes the design procedure by presenting the methodology used to design
the 12 kW generator. The first part in the section on experiments presents the
generator experimental setup and experiments in the laboratory and the last
part of this chapter presents the VAWT setup and the experiments on the com-
plete wind turbine.

4.1 Simulations
4.1.1 Simulation method
When simulating a generator, the electromagnetic model presented in sec-
tion 3.4 is solved in the finite element environment ACE [101] by using the
method1 described here. The simulation method has been experimentally ver-
ified by using measurements from several large 50 Hz hydropower generators.
Simulations can be performed either in the stationary mode where the results
are given for a fixed rotor position or in a dynamic mode including the time-
dependence and thereby giving more accurate results.

Geometry and material properties

The geometry of the two-dimensional cross section in which the problem is
solved is specified before the simulations begin. However, the height of the
generator is one of the resulting parameters from the simulations and is set by
the desired, specified voltage that should be obtained. All other geometrical
parts are specified and separated from each other since they will have different
material properties such as conductivity, permeability, density, sheet thickness
etc. A sketch showing an example of a geometry and the different materials,
indicated by different colours, is shown in fig. 4.1.

The finite element method

The finite element method (FEM) is based on that the geometry is divided into
small triangular parts, where the sets of equations are solved in each element.

1Arne Wolfbrandt and Karl-Erik Karlsson are acknowledged for doing the programming.
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Figure 4.1: Example of a simulated geometry. The different materials are indicated by
different colours.

Here, the set of equations presented in section 3.4 is solved with FEM for the
generator geometry discussed above. A mesh is generated based on the chosen
accuracy, see fig. 4.2. The mesh is finer close to critical parts such as airgap
and cables and coarser in areas like the yoke of the stator. The possibility to
increase the precision in more important parts of the geometry is one of the
benefits with FEM. The problem can be solved using FEM after the geometry
has been set and a mesh has been generated, dividing the geometry into small
elements.

Figure 4.2: Example of mesh for one pole.
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Suitable interpolation polynomials, called shape (or basis) functions are
used to approximate the unknown function within each element [60]. Different
degrees of the shape functions can be used. The accuracy of the calculations
depends on the shape function used, linear with 3 nodes (one node in each cor-
ner of the triangle), quadratic with 6 nodes (corner nodes and mid-side nodes)
or cubic with 10 nodes (corner nodes, nodes on the sides and in the middle of
the triangle). Polynomials of higher orders generate better approximations of
the exact solution but require longer computational time.

Boundary conditions

One of the benefits with using the finite element method for simulating a gen-
erator is that the computational time can be decreased substantially by using
the symmetry of the generator. Only one pole has to be modelled if the number
of slots per pole and phase is one. If it is larger than one, usually only a few
poles have to be modelled to simulate the complete generator. The cell that is
modelled have the boundary conditions of the vector potential set to zero at
the outside of the stator and at the inside of the rotor ring, see fig. 4.3. Cyclic
boundary conditions for the magnetic vector potential on the adjacent sides of
the cell are required. The absolute values of the boundary conditions have to
be equal and differ in sign depending on the number of poles modelled (fig.
4.3).

When a dynamic simulation is performed, the dynamic behaviour would
demand a remeshing of the mesh each time the rotor moves one step. However,
this can be avoided by using a moving boundary technique. The stator has a
different coordinate system than the moving rotor. The boundary condition for

Figure 4.3: Boundary conditions for a cell with one pole, where A is the magnetic vec-
tor potential and Ac is the cyclic boundary condition for the magnetic vector potential.
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the middle of the airgap (fig. 4.3) is set at the same value for the stator and the
rotor. For each time-step this value is kept identical in both geometries. In this
way the whole mesh does not have to be reconstructed for every time step.

Design procedure

When a generator is designed using the simulation method described here, a
problem with many degrees of freedom has to be handled. In order to model
the generator and find the design parameters, a number of parameters have
to be decided initially. For instance, at the start of a simulation, values for the
desired power level, voltage level and some geometrical constraints have to be
preset. The length of the generator required to achieve the desired voltage level
is a result from the simulations. The fixed parameters can be varied between
different simulations. Results from a dynamic simulation of a generator, can
be seen in fig. 4.4, where the magnetic flux density is shown for one pole.

When optimising the design of a generator, several simulations need to be
performed. Different designs are tested through an iterative process. Thus, the
design procedure is based on several simulations. In order to find a satisfy-
ing design, it is preferable to concentrate the design process on changing one
parameter at a time and on optimising a few specific parameters.

The dynamic (time-stepping) simulations take far longer time than the sta-
tionary simulations. It has therefore been incorporated to use stationary simu-
lations for designing generators when plenty of computations have to be per-
formed through the iterative design process. The geometry is always found
from performing a stationary simulation. For a fixed geometry, the dynamic
model is used to achieve more accurate solutions and to simulate different
situations, for instance to perform tests at part load and overload.

Figure 4.4: Magnetic flux density with field lines shown for one pole. Lighter areas
indicate a higher magnetic flux density and darker areas indicate a lower flux density.
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4.1.2 Design of the experimental generator
In this section, the design process used when the 12 kW direct driven PM
synchronous generator was designed is presented and several of the design
choices are motivated and explained. However, since the design process was
to solve a multi-variable problem, a different approach could have been used.
An example of the layout of the generator can be seen in fig 1.3.

The turbine of the VAWT was designed to absorb 12 kW at a rotational
speed of 127 rpm and a wind speed of 12 m/s. The simulation method de-
scribed in section 4.1.1 was used to design a generator suitable for this turbine.
The resulting generator characteristics can be seen in table 4.1.

The designed turbine set the power level and the rotational speed of the gen-
erator. The first considerations were mechanical, electrical or material limita-
tions on the design. Here, it was decided to use 16 mm2 cable, partly since this
cable was in the right regime for a 12 kW design and partly since the cable had
already been tested in a previous generator constructed in the laboratory. The
generator design was not optimised on lowering the generator weight or cost,
rather to have an efficient generator that would be straightforward to construct.
Therefore, a relatively wide airgap of 10 mm was chosen in order to simplify
the mechanical construction of the generator. A wide airgap reduces the flux
density and therefore larger magnets are required. The choice of current den-
sity set the voltage level, since the cable size was already decided. A current
density of 1.6 A/mm2 was chosen after thermal considerations concerning the
desired overload capability. It was desired to overload the generator in current
up to 30 kW, i.e. having a current density of, at least, 2.5 times the rated cur-

Table 4.1: Generator characteristics from stationary simulations.

Rated power (kW) 12.0

Phase voltage (V) rms 156

No load phase voltage (V) rms 161

Current (A) rms 25.7

Electrical frequency (Hz) 33.9

Electrical load (Ω) 6.08

Load angle (◦) 5.3

Efficiency (%) 95.9

Rotational speed (rpm) 127

Number of poles 32

Number of slots per pole and phase 5/4

Stator inner diameter (mm) 760

Stator outer diameter (mm) 859/886

Airgap width (mm) 10

Generator length (mm) 222
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rent density (compensating for the voltage drop due to the increased armature
reaction), which was expected to be acceptable after considering thermal in-
vestigations already made [7]. The current was thereby set to 25.7 A and the
phase voltage to 156 V.

The simulation method was then used to find an appropriate design. Design-
ing a generator is an iterative problem with several degrees of freedom. The
design objective was to find a good magnetic circuit in the generator where all
magnetic materials were used properly and to avoid areas with too high mag-
netic flux density, which could lead to magnetic saturation. The target was to
achieve suitable values for the magnetic flux density in the airgap, stator teeth
and the yoke.

Two rows of cables per slot were used instead of one. The magnetic prop-
erties would be similar for both designs. The choice of two rows of cables
per slot might lead to heat pockets between the cables that would be difficult
to model and thereby predict. However, two rows of cables might simplify
the winding of the generator and would be cheaper to laser cut. The choice
of using two rows of cables was taken mostly from a research point of view
since other generators under construction at the division had one row per slot.
A design of four cables per row was set after evaluating different options and
finding that the choice of four cables per row gave the best performance and
not too long teeth, which might give structural problems.

The inner stator diameter was set to 760 mm. This was also a compromise
between different features. A large diameter gives a good magnetic circuit and
a low weight since the airgap velocity then is high. However, the frequency in-
creases, which leads to more frequency dependent iron losses when the diame-
ter is increased. A generator with a large diameter requires a more complicated
support structure which might increase the weight substantially. Furthermore,
a large diameter might increase the costs for manufacturing, transportation
and generator housing. The number of slots per pole and phase was chosen
to be close to one, mainly for constructional issues, since a reasonable size of
PMs was desired. A number of slots per pole and phase of 5/4 was chosen to
reduce cogging, which is usually high if one slot per pole and phase is used
and since this fitted well in with the planned design. The electrical frequency
was set to 33.9 Hz. The number of poles on the rotor was then set to 32.

The magnet dimensions were also investigated thoroughly. Through simu-
lations it was found that the magnets should be as wide as possible without
having too much leakage flux. From the diameter and the number of poles the
pole width was found. The magnet width was set to 54 mm, covering 74% of
the pole width. The height of the magnet was chosen to be 14 mm after care-
ful consideration. When the magnet height is increased, the generator becomes
more compact; the length decreases and the load angle decreases. However,
the iron losses increase since more stator yoke is needed and the PM weight
increases. The PMs constitute the largest cost in a mass produced machine.
However, in a one-off machine the laser cutting of the stator steel is more ex-
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pensive. For this generator, the total mass was minimized when the magnet
height was set to 16mm. The PM weight decreased when the magnetic height
was decreased. However, the total rotor weight was minimized for a magnet
height of 12 mm, which is important when shaft vibrations are concerned. A
height of 14 mm was chosen as a compromise between reducing the weights
and thereby considering the costs.

The stator steel has a thickness of 0.5 mm, chosen as a compromise be-
tween the increased cost of laser cutting more steel and the eddy current
losses that increase quadratically with increasing thickness. The chosen steel
is M270_50A2, which has rather good loss characteristics. The magnets are
made of Neodymium-Iron-Boron of the type N403. The magnets are slightly
curved and are mounted on an iron ring. The thickness of the iron ring was
chosen so no magnetic saturation would occur. The magnets are separated and
fixed by Aluminium wedges (see fig. 4.6).

The cables are of the type MK164, which have a cross section area of 16
mm2, have PVC insulation and are stranded. The order of the three phase
stator windings was derived by the established 5/4 slots per pole and phase. A
winding scheme was found by trying to limit the cable in the end windings. An
auxiliary winding was introduced in the back of the stator slot. The auxiliary
winding was to be used for starting the wind turbine, since the turbine is not
self-starting. It was also wound with MK16 cable and is electrically insulated
from the main winding.

The outer diameter of the generator was set to 859 mm in the design pro-
cess. However, in the final design of the generator an extra winding hole for
the auxiliary winding was introduced. Furthermore, bolt holes and holes for
wedges were needed. Therefore, the outer diameter was extended to 886 mm.
In the simulations the auxiliary winding and the holes for bolts and wedges
are omitted. An outer diameter of 875 mm was used for the simulations, since
the simulated stator area then is the same as for the constructed stator steel.

4.2 Experiments
4.2.1 Generator experimental setup and experiments
The generator was constructed according to the design presented in section
4.1.2. In addition, the design was completed with supporting material con-
sisting of an interior rotor including the drive shaft, as well as beams, a top
plate and a bottom plate for the stator. The construction of the generator is
covered more in paper IV. The purpose of having an experimental setup with
a generator was to calibrate simulations and to demonstrate the technology.

2http://www.sura.se 2008-07-17
3http://www.suramagnets.se/pdf/suramagnets_sintered_nd-fe-b.pdf 2008-07-17
4http://www.draka.se/Portals/0/Produkter/Pdf/MK_450750_V.pdf 2008-07-17
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The generator was tested in the laboratory before being mounted in a 12 kW
VAWT, see fig. 4.5. A close-up view of the airgap can be seen in fig. 4.6. A
second experimental generator setup, identical to the first one, was recently
finished in the laboratory.

Figure 4.5: The first experimental generator.

The first and the second experimental setups are identical and consist of an
electric motor, a gearbox, a frequency converter, the 12 kW generator and an
electrical load, see fig. 4.7. An asynchronous 30 kW, 1500 rpm motor5 is used
together with the frequency converter6 to run the generator at variable speed.
A right angle spur gear7 is connected between the motor and the generator due
to their different rotational speeds. The generator is connected to an electrical
load. The whole experimental setup is mounted on a support structure, which
was made of wood for the first setup and is made of steel for the second setup.

5A squirrel cage aluminium motor of type M2AA 200 L from ABB.
6A standard frequency converter from ABB of type ACS550-01-072A-4.
7Type IB123 from Motovario.
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Oscilloscopes8 and probes9 are used to measure the voltages and currents10

for all phases. The generator is tested with a pure resistive load, consisting
of oil filled radiators11. Four 2 kW radiators are parallel connected for each
phase and the three phases are Y-connected. The loads can be adjusted so that
the desired resistance is achieved. The experimental setup and the generator
characteristics are thoroughly described in paper VI. For the second generator,
a new measurement system is under development that will record longer time-
series. Furthermore, it will be carefully calibrated to reduce the measurement
error. The accuracy of the measurements on the first generator are discussed
in paper VII.

Figure 4.6: Close view of the generator taken on the first experimental generator.

Figure 4.7: Sketch of the experimental setup.

8TDS 2024 and TPS 2014 from Tektronix with four channels each.
9Voltage probe Tektronix P2220.

10Measured as voltage over a current shunt of the type Cewe Instrument shunt 6112.
11Electric radiator heaters of type CZ-190820E from Duracraft.

51



4.2.2 VAWT setup and experiments
The construction of a VAWT was finalised in December 2006, see fig. 4.8. It
is a 12 kW straight-bladed Darrieus turbine with a cross section area of 30 m2

and a hub height of 6 m, see table 4.2 for further specifications. The generator
is placed in the generator housing on ground level after being tested in the
laboratory, see paper VI and VII. The drive shaft is enclosed by a tubular tower
and directly connected to the generator rotor. Strain gauges12 have been placed
on the shaft to measure the torque. The VAWT design is further described in
paper III and the construction and the first experimental results are presented
in paper IV. It is situated at Marsta Meteorological Observatory outside of
Uppsala, which is a well characterized wind site where wind measurements
have been performed since 1994. A presentation of the mechanical design of
the tower and foundation of the wind turbine can be found in [102].

Table 4.2: Data for the VAWT.

Rated rotational speed (rpm) 127

Rated blade tip speed (m/s) 40

Rated wind speed (m/s) 12

Number of blades 3

Cross section area (m2) 30

Hub Height (m) 6

Turbine radius (m) 3

Blade Length (m) 5

Chord length (m) 0.25

Solidity 0.25

Aerodynamic control Passive Stall

Blade Airfoil Section NACA0021

The turbine is placed close to a building where all the electrical equipment
is kept. The resistive electrical load consists of 12 electrical radiators, which
previously were used for the first generator experimental setup, see section
4.2.1. The generator AC output was directly connected to the switchable loads
to get the first experimental results presented in paper IV. Since then, a con-
trol system has been developed. The AC output is rectified and the electrical
radiators are used as a DC load. The voltage level, and thereby also the ro-
tational speed, can be controlled manually, see paper V. The next step under
development is an automatic control system enabling the turbine to be run
without supervision. Furthermore, a computer based measurement system us-
ing a DAQ card has recently been developed. For the first experimental data

12Two sets of strain gauges of the type QFCT-2-350-11-6F-1LT.
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presented in paper IV, probes13 were used to measure the currents14 and volt-
ages. The rotational speed was found from the electrical frequency. The probes
were connected to two oscilloscopes15. The oscilloscopes could save a limited
number of data points so only short time measurements could be performed.
For the new measurement system the voltages and currents are measured with
LEM transducers16 in order to avoid electrical interference.

The VAWT is not self-starting and an auxiliary winding is included in the
stator of the generator, which can be used as a start motor. The auxiliary wind-
ing has to be fed with an AC voltage adopted according to the poles of the
generator in order to make it spin. Hall latches placed in the generator airgap
gives feedback to the start circuit, see paper V.

A cup anemometer17 mounted on a five meter pole is used to measure the
wind. The anemometer is portable and is placed in front of the turbine de-
pending on wind direction. However, the wind direction usually fluctuates
and changes direction. The distance between the anemometer and the wind
turbine is measured and the wind speed data is analysed with a time delay in
order to compare it to the wind turbine output.

Figure 4.8: The VAWT.

13Voltage probe Tektronix P2220.
14Measured as voltage over a current shunt of the type Cewe Instrument shunt 6112.
15TDS 2024 and TPS 2014 from Tektronix with four channels each.
16LEM Current transducer HAL 50-S and LEM Voltage transducer LV25-P.
17Type VAISALA WMS302.
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5. Summary of results and discussion

5.1 Generator design and simulations
Several generators have been designed using the simulation method described
in section 4.1.1. The design of a 100 kW generator is presented in paper II. The
design of a 12 kW generator is described in paper III and VI. The latter gener-
ator has been constructed according to the design. The magnetic flux density
in the 12 kW generator from simulations can be seen in fig. 5.1. Furthermore,
several 50 kW generators have been designed in paper VIII. The presented
generator designs show direct driven PM synchronous generator designs for
VAWTs, which all have a high efficiency and an acceptable size.

Figure 5.1: Magnetic flux density shown for one section of the 12 kW generator. The
scale is in Tesla.
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Figure 5.2: Simulated results of power as a function of rotational speed, for both
operation at optimum TSR and operation with a constant resistive load.

In paper II, an analytical description of the 100 kW generator has been
included, as described in section 3.3.2. The results show that the voltage re-
quirement sets the dimensions of the machine, i.e. a more compact machine
had been achieved if a lower voltage had been used. However, it is not desired
to decrease the voltage level since this would venture overload capacity as
well as increase the resistive losses.

It is important to test a designed generator as it will be used in a variable
speed wind turbine and not only for a constant resistive load in order to study
the behaviour of the generator. The 12 kW generator has been simulated for
different loading conditions according to operation at optimum tip speed ratio,
as the generator will be run when mounted in a wind turbine. For this design,
the rotational speed will be held fixed at wind speeds above 10 m/s. The rated
wind speed is 12 m/s. Results comparing power output at optimum TSR and at
simulations for constant resistive load is shown in fig. 5.2. The figure indicates
that the rotational speed will be different for a given power level depending
on if the electrical load is controlled or constant.

In paper VIII, six generators are compared to each other. A number of char-
acteristics are held constant in the six generators and the rated voltage is in-
creased. The resulting trends in different characteristics can be seen in table
5.1. It can be seen that the PM weight is constant whereas the total generator
weight is decreased. The load angle is decreased when the rated voltage is
increased, indicating a better overload capability for higher rated voltage. The
iron losses are increased with increasing rated voltage since the frequency is
increased, whereas the copper losses are decreased due to the lower current.
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Table 5.1: Results from simulations of six generators for increasing rated voltage. The

arrows indicate trends.

Changed characteristic Trend

Line voltage (V) ⇑
Fixed characteristics Trend

Power (kW) →
Rotational speed (rpm) →

Current density (A/mm2) →
Slots per pole and phase →
Length to diameter ratio →

B airgap (T) →
B tooth (T) →
B yoke (T) →

Number of cables →

Resulting characteristics Trend

Current (A) ↓
Electrical frequency (Hz) ↑

Number of poles ↑
Magnet geometry (mm) ↓

Stator inner diameter (mm) ↑
Stator outer diameter (mm) ↑

Airgap width (mm) ↓
Generator length (mm) ↑
Conductor area (mm2) ↓

Load angle (◦) ↓
Steel weight (kg) →
Cable weight (kg) ↓
PM weight (kg) →

Total weight (kg) ↓
Iron losses (kW) ↑

Copper losses (kW) ↓
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5.1.1 Electromagnetic losses
The six generators from paper VIII are compared considering efficiency and
overload capability. A program was written that simulated a generator under
variable speed operation using realistic control rules and stall regulation
of the turbine to limit the power. A Rayleigh distributed wind speed was
assumed. The results give the statistical distribution of the iron and copper
losses in the generator which can be seen in fig. 5.3 together with the actual
losses at different wind speeds for one of the simulated generators. The iron
losses seem to have a small influence on the total losses when looking at the
figure to the left. However, the right figure shows that the iron losses have a
larger influence on the total losses than expected, due to the dominating low
wind speeds.

Figure 5.3: Results for a 50 kW generator rated at 334 V. To the left: The generator
losses at different wind speeds. To the right: The probability of losses at different wind
speeds at a mean wind speed of 7 m/s. The solid lines represent the total losses, the
dashed lines represent the iron losses and the dotted lines represent the copper losses.

A comparison is performed between the six generators using the
calculated average losses. The generators are defined by their different rated
voltage level. Depending on the mean wind speed at the specific site, different
results for the efficiencies are found, see fig. 5.4. The rated efficiencies differ
from the results for the average efficiencies, especially at low average wind
speeds. The overload capability is also compared by calculating the pull-out
torque for the six generators, see fig. 5.5. It can be seen that the overload
capability increases with higher rated voltage.
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Figure 5.4: The rated efficiency (dashed) and the average efficiencies (solid) at differ-
ent average wind speeds. The average wind speeds are shown in the figure (m/s).

Figure 5.5: Pull-out torque in per unit of rated torque for the six generators.
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5.2 Torsional vibrations
In paper II, the torsional vibrations of the drive shaft are studied for a vertical
axis wind turbine. The use of a direct driven generator and a geared genera-
tor is compared in the aspect of torsional vibrations of the drive shaft. In fig.
5.6 the eigen frequency of vibrations for the two cases and the rotational fre-
quency for the shaft is shown. The eigen frequency of the vibrations for the
geared generator is dangerously close to the rotational speed, whereas the di-
rect driven generator would ensure safe operation. In order to use the geared
generator a thicker shaft must be used. It is concluded that the shaft mass
in this case can be reduced by 42 per cent by using a direct driven genera-
tor. However, when studying torsional vibrations, a two-mass model would be
more correct to use than the simplified one-mass model used here.

Figure 5.6: Frequency diagram for two different generators, which shows the eigen
frequencies (direct-drive, fe,dd , geared, fe,g) and the shaft rotational frequencies
(direct-drive, fdd and geared, fg).

5.3 Experimental results for the generator
The 12 kW generator which has been designed and constructed works satis-
factory, see paper V, VI and VII. Experimental results for the generator have
been compared with dynamic simulations, see table 5.2. Results from exper-
iments correspond closely to simulations. However, the experimental voltage
and current are slightly lower than expected from simulations.

The simulated and the experimentally obtained phase voltages show good
correspondence, see fig. 5.7. Both curves have a shape that is similar to a sine
wave. However, the curves are slightly flatter, due to the third harmonic. The
harmonics present in the voltages can be seen in fig. 5.8. Most harmonics have
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Table 5.2: Results from dynamic simulations and experiments at rated conditions.

Dynamic simulation Experiment

Power (kW) 12.2 11.4

Phase voltage (V) rms 162.6 157.1

No load phase voltage (V) rms - 161.3

Current (A) rms 25.0 24.2

Electrical frequency (Hz) 33.9 33.9

Rotational speed (rpm) 127 127

Electrical load (Ω) 6.5 6.5

Phase angle (◦) 0 0

Inner resistance (Ω) 0.155 0.151

a very low occurrence in the phase voltage apart from the third harmonic.
The 7th harmonic is present but fairly low. The results correspond to what
was expected from simulations, see paper VI. The third harmonic is present
in the phase voltage but will be suppressed in the line voltage. In the phase
voltage, the third harmonic is from experiments 5.75 % and from simulations
5.6 %, given in percentage of the fundamental tone, which is 100 % by default.
Furthermore, the experimental 7th tone is 0.21 % and from simulations 0.3 %.

The power obtained from experiments and the simulated power is com-
pared in fig. 5.9. The experimental power is lower than the simulated power,
as was expected since both voltage and current were lower in the experiments.

Figure 5.7: The phase voltage as a function of time from experiments and simulations.

61



Figure 5.8: Harmonics for the experimental load phase voltage displayed as a function
of the order of harmonic. The occurrence is presented as per cent of the first harmonic.
The two figures show the same results with different scales.

These deviations probably have to do with differences between the experi-
mental setup and the simulated generator as discussed in paper VI. One phase
of the generator is delivering slightly less power than the others, which might
explain why the experimentally obtained power curve has an uneven shape.
The fluctuations in the power outputs are due to the harmonics.

The generator has also been tested for different loads and different rota-
tional speeds. The results have been compared to simulations and the measure-
ment errors on the experimental results have been calculated and displayed as
error bars, see fig. 5.10. The measurements correspond well with simulations.
The armature reaction can be seen in fig. 5.10b). It is shown that the voltage
drop is rather small, showing that the machine reactance in the generator is
low, which is a good characteristic.

Figure 5.9: The total power from experiments and from simulations.
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Figure 5.10: The left-hand figures show voltage, current and power as a function of
rotational speed for constant resistive load of 6.5 Ω. The right-hand figures show volt-
age, current and power for changing load at constant rotational speed of 127 rpm.
The solid lines are results from simulations and the dots represent experimental re-
sults. The error bars represent the accuracy of the measurement and indicate possible
maximum and minimum values of the measured variable.

63



5.4 Experimental results for the VAWT
The constructed VAWT has been tested experimentally. The first tests were
performed during a highly turbulent day and the results are presented in paper
IV. An example of the power absorption can be seen in fig. 5.11, where a
power of 4 kW is reached momentarily. The CP, calculated for a large number
of measurements, is presented in fig. 5.12. However, these data are taken for
short time intervals, which might deteriorate the results. The results between
a TSR of 3 and 4 are considered most reliable. A couple of curve fittings have
been included in the figure for comparison. The curve fittings indicate a higher
optimum TSR than 4, as was expected from simulations, see paper III.

Figure 5.11: The power from the VAWT.

Figure 5.12: The power coefficient as a function of the tip speed ratio.
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A control system and a start up system was developed, see paper V. The
control system will electrically control the rotational speed of the wind tur-
bine so it can be run at a variable speed adjusted to the varying wind speed,
see section 3.2.2. The control system manages to keep the rotational speed
constant when the wind speed changes, see fig. 5.13. The rotational speed was
adjusted manually but an automatic control system is under development.

Figure 5.13: The rotational speed held constant by the control system.
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6. Conclusions

The demand for a reliable wind power technique with a minimized need for
maintenance, yields an interest in investigating different options for wind
power. The wind turbine business in the world today mostly revolves around
horizontal axis wind turbines with pitch control and a geared generator. Here,
the option to use a vertical axis wind turbine with a direct driven generator
has been explored. This thesis is focused on PMSGs for VAWTs. A cable
wound PMSG used together with a straight-bladed VAWT represents a novel
concept. The concept has been investigated both with simulations and through
experiments. The strength of the H-rotor concept is the possibility to keep the
structure simple. The H-rotor does not require any yaw mechanism, pitch reg-
ulation or gearbox and therefore has few movable parts, which is expected to
demand less maintenance.

Several generators have been designed using the same FEM based simula-
tion method. In particular, the design concerning a 12 kW generator has been
in focus as a case study allowing general conclusions for PMSGs for VAWTs.
The 12 kW generator has been designed to rotate with 127 rpm at rated power
and to have a rated phase voltage of 156 V. It has been designed with 16
pole pairs and a height to diameter ratio in the airgap of 0.30. A theoretical
electrical efficiency at rated power of 94.8 per cent has been achieved. All
constructional challenges have been solved and an experimental setup have
been finalised. The generator has been adapted to the vertical axis wind tur-
bine and dimensioned to handle both mechanical and thermal overload, which
has been possible thanks to elaborate FEM simulations of the generator elec-
tromagnetic design. The simulations indicate possibility of implementing a
generator controlled stall regulation to limit power absorption for high wind
speeds.

The generator has first been tested at rated power. Special attention has been
paid to the waveform of the voltage, i.e. the harmonic content of the output.
Furthermore, the generator has been tested for different rotational speeds (0.2
to 1.4 p.u.) and different resistive loads (1.08 to 4.34 p.u.). The results from
the experiments on the prototype have been compared with FEM simulations.
The high agreement between experimental results and FEM based simulations
confirm the accuracy of the simulations. The generator will be run at optimum
TSR in the wind turbine for the turbine to absorb the most power. The high
agreement between simulations and experiments during experiments at varied
speed and load, leads to the conclusion that the simulated results for opti-
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mum TSR should be applicable also to the experimental generator. According
to simulations, the 12 kW generator has a high overload capability and high
electromagnetic efficiency. Together with values from simulations for opti-
mum TSR, the generator can be said to be well characterised. The tested gen-
erator is currently used in a wind turbine. To correctly analyze results from
the operating wind turbine it was important to test the generator extensively
before mounting it in the wind turbine. In addition, the experimental setup for
the new, identical generator can be used for more extreme generator tests such
as long-term overload tests as well as short-circuit tests.

The design of a 12 kW VAWT has been completed and the VAWT has
been constructed accordingly. The first experimental data in terms of gener-
ated electrical power and aerodynamic efficiency show promising results. A
CP of 0.23 has been found at a T SR of 4 for highly turbulent wind conditions.
It has been shown that a vertical axis wind turbine can be controlled electri-
cally through the generator. Furthermore, with an electric drive circuit and an
auxiliary winding the wind turbine does not need to be self starting.

A method to calculate the yearly average of electromagnetic losses in a gen-
erator has been presented. The method takes the statistical wind distribution,
control scheme and aerodynamic efficiency (CP-T SR dependency) into con-
sideration in order to evaluate the losses properly. It has been shown that the
iron losses usually are larger when looking at the average losses as compared
with the losses at rated speed. This can be explained by common part load
operation of the generator. However, optimizing a generator for high average
efficiency might lower the overload capability. The design optimization pro-
cess results in a compromise between maximizing the efficiency and having a
high overload capability. The relation between iron losses and copper losses
are roughly dependent on the relation between rated voltage and current. For a
fixed output power the increase in rated voltage will give a larger machine vol-
ume, a higher frequency and thereby increased iron losses, whilst the current
will decrease and thereby reduce the copper losses.

Torsional vibrations in the drive shaft of a VAWT have been studied. It
has been shown that a direct driven synchronous generator is preferable to an
induction generator connected through a gearbox. In the performed case study,
the use of a direct driven generator would reduce the required shaft mass by
42 per cent.
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7. Suggestions for future work

This project has recently started and there are a large number of interesting
things to study. A few of those are suggested below and some are already in
the planning stage. This section covers suggestions for future work for the
wind power project in general and not only direct continuation on the work
presented here.

Further tests will be conducted on the generator experimental setup re-
garding the behaviour of the generator. Several specific experiments will be
conducted such as torque measurement, short circuit tests, determining the
pull-out torque and thermal overload investigation. The generator experimen-
tal setup will also be used for further calibration of the simulation method.
Furthermore, a rectifier will be built for experiments.

When the long-time control and measurement systems for the VAWT are
completed, the turbine will be running automatically and long-time tests will
be performed on the wind turbine. These tests will give a more correct result
on the CP according to standards. Results from analyzing the generator in
the laboratory will be useful at this stage. Several strain gauges have been
mounted on the shaft of the wind turbine to measure the torque and detect
vibrations. The torque will be measured and the torque harmonic content will
be decomposed and analysed in terms of eigen frequencies. When the torque
measurement system is completed the wind turbine can be used to calibrate
the aerodynamic model. The wind turbine experimental setup will also be
improved by the development of a more complex wind speed measurement
system to give better measurements of turbulence. The system will give better
data on how the turbine responds to turbulent winds, changes in wind direction
and gusts.

Several studies based on simulations can be performed with the power-
ful FEM simulation method, for instance a deeper study on different gener-
ator losses and on design optimization. Furthermore, rectification could be
included in the simulations to develop a model for the electrical system.

A two-mass model to study torsional vibrations could be developed. Vibra-
tions should be studied for all different triggering frequencies, transients etc.
Furthermore, a "wind to grid" model should be developed in order to study
dynamical interaction with the electrical system and the grid.
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8. Summary of papers

All the work presented here is based on the same concept, an H-rotor with a
direct driven PM synchronous generator. The papers can be divided into two
parts, where the first part deals with the whole wind turbine and the second
part is more focused on the generator. Paper I motivates the choice of the H-
rotor concept by comparing different types of turbines from many different
points of view. This paper also includes a review of previous VAWT projects.
Paper II deals with the drive train of a VAWT and motivates the use of a direct
driven generator instead of a geared generator. This theoretical paper studies
vibrations in the drive shaft connecting the turbine to the generator. Paper III,
IV and V are conference papers describing the development of the vertical axis
wind turbine prototype: from design to experimental results and development
of a control system.

Paper VI presents the generator design and the experimental setup as well
as the first experiments. Paper VII presents results on further experiments on
the generator that were performed in the laboratory before the generator was
mounted in the VAWT. In both these experimental papers the results from
experiments have been compared to simulations. Paper VIII is a theoretical
study of electromagnetic losses in generators and discusses how to optimize
the generator efficiency.

The author’s contribution to each paper is given below. For all papers, the
planning and interpretation have been done together with the co-authors.

Paper I
Evaluation of different turbine concepts for wind power.

This is a review paper focusing on the differences between vertical axis
wind turbines and horizontal axis wind turbines. A historical background and
a short review of active VAWT projects are presented. Two different types of
VAWTs are compared to HAWTs. The paper aims at making a comparative
study of these three different wind turbines from different aspects including
structural dynamics, control systems, maintenance, manufacturing, electrical
equipment, environmental impact and cost. A case study is presented where
three different turbines are compared to each other. Furthermore, a study of
the size of blade areas for different turbines is presented. The vertical axis
wind turbine appears to be advantageous to the horizontal axis wind turbine
in several aspects.
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The author has done the review and the case studies. The comparative study
was performed together with the co-authors. The author has written the whole
paper.

Published in Renewable and Sustainable Energy Reviews.

Paper II
Generator-damped torsional vibrations of a vertical axis wind turbine.

In this paper, torsional vibrations of the drive shaft of a VAWT are studied.
First, the design of a 100 kW generator is presented, which is suggested to be
used together with a specified VAWT. The simulation method described in sec-
tion 4.1.1 has been used. Second, another option of a generator is presented,
which is an induction generator with a gearbox. Finally, the two generators are
compared concerning the risks for harmful torsional vibrations. Direct driven
generators are shown to be preferred when torsional vibrations are considered,
since the eigen frequency of the fundamental vibration is greater for a direct
driven generator than for a geared generator. The generator damping of vibra-
tions for the simulated, direct driven synchronous generator is also studied.

The intention with this paper is to show the difference between a direct
driven generator and an induction generator with a gearbox, not to give a full
description of shaft vibrations. The dynamic model used in this paper could
be improved as was discussed in section 3.5.1.

The author has done the generator simulations. The dynamic calculations
were done together with the co-author. The author has written the whole paper.

Published in Wind Engineering.

Paper III
Design of a 12kW vertical axis wind turbine equipped with a direct driven

PM synchronous generator.

This paper describes the design of a complete 12 kW VAWT, from generator
to blades. The electric design as well as aerodynamic and structural design has
been performed using different simulation methods. For the generator design,
the simulation method described in section 4.1.1 has been used.

The author has taken a major part in designing the generator and to some
extent taken part in designing other parts of the turbine. The author has written
part of the paper.

Presented with a poster at the European Wind energy Conference & Exhibi-

tion 2006.
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Paper IV
Experimental results from a 12 kW vertical axis wind turbine with a direct

driven PM synchronous generator.

This paper presents the construction of the generator and the complete 12
kW VAWT. It also presents the site where the turbine is situated, which has a
well characterized wind climate. The data treatment method is explained. Ex-
perimental data on rotational speed and electrical power is presented. Further-
more, a preliminary CP-T SR curve is presented with data from measurements
on a day with high turbulence. These first experimental data is as expected
considering the highly turbulent wind conditions.

The author has taken part in design and construction of the wind turbine.
The author has taken part in experiments and data treatment. The author has
written part of the paper.

Presented with a poster at the European Wind energy Conference & Exhibi-

tion 2007.

Paper V
Progress of control system and measurement techniques for a 12 kW ver-

tical axis wind turbine.

This paper presents parts of the electrical system of the 12 kW VAWT. The
first part is the voltage control load that keeps the rotational speed constant.
The rotational speed is adjusted manually and can be adapted to the prevail-
ing wind conditions. The second part of the electrical system is the electri-
cal starter, which accelerates the turbine until it is rotated by the wind. The
paper includes experimental results showing control of the rotational speed,
both during operation and during start-up. Furthermore, the paper presents the
measurement system that is under development.

The author has taken part in design and construction of the wind turbine.
The author has taken a small part in developing the load control system and
taken part in experiments and data treatment. The author has written part of
the paper.

Presented orally by J. Kjellin at the European Wind energy Conference &
Exhibition 2008. Published in proceedings. Reviewed conference paper.

Paper VI
Simulations and experiments on a 12 kW direct driven PM synchronous

generator for wind power.

This paper presents measurements on the constructed generator, with the
design presented in paper III. The generator design and characteristics are
presented as well as the experimental setup. The first experimental results for
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rated speed are presented. The voltage is analysed considering harmonics and
the results are compared to simulations. The simulation method described in
section 4.1.1 is used. The generator works as expected and the experimental
results are in good agreement with simulations.

The author has taken a major part in designing the generator. The author
has taken part in constructing the generator and in preparing the experimen-
tal setup. The author has performed all the experiments and simulations and
written the whole paper.

Published in Renewable Energy.

Paper VII
FEM simulations and experiments of different loading conditions for a 12

kW direct driven PM synchronous generator for wind power

The generator that has been presented in paper VI is here studied further.
The generator has been tested with different loads and at different speeds. The
results from experiments correspond well with simulations. The measurement
errors in the experimental results are evaluated and the results are presented
with error bars. Furthermore, the generator behaviour at operation at optimum
tip speed ratio is investigated through simulations. The simulation method
described in section 4.1.1 is used.

The author has taken a major part in designing the generator. The author
has taken part in constructing the generator and in preparing the experimental
setup. The author has performed all the simulations and written most of the
paper.

Conditionally accepted for publication in International Journal of Emerging

Electric Power Systems.

Paper VIII
Loss evaluation and design optimization for direct driven permanent mag-

net synchronous generators for wind power

This paper investigates electromagnetic losses in a permanent magnet syn-
chronous generator. The iron losses and copper losses are compared. The av-
erage losses are calculated using the statistical wind distribution, the aerody-
namic efficiency curve and a realistic operational scheme. A comparison is
made with conditions at rated power. Furthermore, six 50 kW generators are
designed with different rated voltage levels, which are compared consider-
ing losses. The simulation method described in section 4.1.1 is used for the
electromagnetic simulations of the generators. The pull-out torque for all six
generators is also calculated. The results show that it is important to consider
the average losses and not only consider rated losses. It is concluded that the

74



design optimization process becomes a compromise between reducing the av-
erage losses and having a high overload capability.

The author has done all the simulations and written the whole paper.
Submitted in July 2008 to IEEE Transactions on Energy Conversion.

8.1 Errata to papers
1. In paper II, eqn (7) should be

M(t) = M0 sin(ωt)

2. In paper II, p.452. The sentence before eqn (14): "The frequency of the
tower movement is" should be replaced by "The rotational frequency of the
shaft is".
3. In paper II, reference [22], the authors order should be: Roynarin,W., Leung,
P.S. and Datta, P.K.
4. In paper III, p.6, eqn (1) should be

σ
∂Az

∂ t
−∇ ·

(

1
µ0µr

∇Az

)

= −σ
∂V

∂ z

5a) In paper III, p.7, eqn (2), Rend
s should be replaced by Rs at all occasions.

In the sentence below "Rend
s is the coil end resistance" should be replaced by

"Rs is the cable resistance".
b) In paper VI, p.675, column 2, row 3-4, "Rend

s is the coil end resistance"
should be replaced by "Rs is the cable resistance".
c) In paper VII, p.2, last row "Rend

s is the coil end resistance" should be
replaced by "Rs is the cable resistance".
6. In paper III, p.7, table 2, row 2: "Phase voltage" should be replaced by
"Line voltage".
7. In paper IV, p.10, reference [17] has not been published.
8. In paper VII, the acknowledgements1 were not inserted in the submitted
version of the paper. It will be included in the paper when it is published.

1

Acknowledgements: Funding agencies Stiftelsen Olle Engkvist Byggmästare, Civilingenjörs-
förbundets Miljöfond, Swedish Energy Agency and VINNOVA are acknowledged for contribut-
ing funds making this work possible. Furthermore, Draka Kabel AB and SKF are acknowledged
for contributions. Dr. A. Wolfbrandt and Dr. K.E. Karlsson are acknowledged for assistance
with electromagnetic FEM modelling of generator. Erik Brolin and Paul Deglaire are acknowl-
edged for their work with the experimental setup. Andreas Solum is acknowledged for good
collaboration with setting up the experiment and obtaining experimental data.
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10. Summary in Swedish

Direktdrivna generatorer för vertikalaxlade vindkraftverk
Vinden är en förnybar energikälla som har använts av människor under lång
tid, exempelvis i segelbåtar. Man började omvandla vindenergi till elektricitet
i slutet av 1800-talet men det är inte förrän på 70-talet som den stora utbyg-
gnaden av vindkraftverk påbörjades. Idag bygger de flesta länderna i EU ut
vindkraften. Den traditionella vindkraften består av en teknik som utveck-
lades i Danmark på 80-talet och består av en trebladig horisontalaxlad turbin,
en växellåda och en snabbroterande generator.

Tekniken som utvecklats vid avdelningen för elektricitetslära består av
en vertikalaxlad turbin med en direktdriven generator som är placerad på
marknivå. På så sätt behöver man inte ha en växellåda som kan ge förluster
och kräva underhåll eller i värsta fall gå sönder. En vertikalaxlad turbin har
fördelen att den inte är beroende av vindriktning för att kunna rotera. Den
behöver alltså inte giras in mot vinden såsom ett traditionellt horisontalaxlat
vindkraftverk behöver göras.

Fokus i denna doktorsavhandling ligger på generatorn. Denna generator är
en direktdriven, och därmed långsamtgående synkron elektrisk maskin. Den
har en kabellindad stator och rotorn är permanentmagnetiserad. Generatorn
har designats och studerats med hjälp av en simuleringsmetod som innebär
att fältekvationer kopplas med kretsekvationer. Det komplexa problemet löses
med hjälp av finita elementmetoden. Med den utvecklade simuleringsmetoden
kan man både optimera en design samt göra simuleringar på en fix design och
exempelvis studera olika lastfall.

En 12 kW generator har designats och konstruerats. En komplett
experimentuppställning har färdigställts och experiment har verifierat
simuleringarna. Tester har gjorts vid olika laster och rotationshastigheter.
Dessutom har förekomsten av övertoner analyserats. Generatorn fungerar
som förväntat och de experimentella resultaten stämmer väl överens med
simuleringarna.

Förluster och verkningsgrad på denna typ av generator har studerats med
hjälp av simuleringar. Förlusterna i olika delar av generatorn undersöktes, det
vill säga järnförluster i statorstålet och kopparförluster i kablarna. Det visar sig
att järnförlusterna vanligen blir dominerande vid låga vindhastigheter medan
kopparförlusterna växer snabbt vid höga vindhastigheter.

Inom projektet har även en 12 kW prototyp av ett vindkraftverk konstruerats
och testats. De första experimentresultaten visar att det fungerar som förvän-
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tat. Ett kontrollsystem har utvecklats till vindkraftverket för att det ska kunna
användas optimalt, det vill säga att rotationshastigheten ska vara optimalt an-
passad efter rådande vindhastighet vid normaldrift.

De två experimentuppställningarna ger goda möjligheter att fortsätta un-
dersökningen av konceptet med ett vertikalaxlat vindkraftverk med en direkt-
driven generator i framtiden.
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