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Abstract

The main focus of this work is the performance and the economical assessment of a radial
flux generator that is used in wave power applications. The wave energy converter (WEC) used
in this work is a point absorber, that is considered to move only in heave. The generation unit
of the WEC consists of a permanent magnet machine and a power electronic converter.

The straight and v-shaped interior mounted permanent magnet generators, surface mounted
permanent magnet generator and neodymium and ferrite assisted synchronous reluctance gen-
erators are selected as the main generator designs to be studied in this work. These designs are
analysed using finite element method (FEM) and the annual energy productions and losses are
quantified. Furthermore, some design variations such as, different iron materials, stator slot ge-
ometries and a SiC MOSFET based converter are investigated,in order to assess the impact of
a specific design variation on the energy efficiency. An economical evaluation of these variants
using the life cycle cost (LCC) analysis is performed, in order to quantify the economical con-
sequences of the energy losses during the operational life time, as well as determining the costs
of the initial generator investment. The results obtained suggest favorable WEC generator types
and design alterations for LCC improvements.

An important finding is that the PM assisted SRM generator provides the best energy per-
formance, given the same geometry and material limitations. The annual energy production
achieved by the SMPM generator is fairly similar to that of the IPM generator, despite not be-
ing able to provide the required torque at high speed operations, since the high speed operations
occur rarely. Moreover, it is found that the poor field weakening trajectory of the SMPM can be
improved by placing iron pieces at magnet sides. Another interesting result is that even though
the annual energy production is increased when the rotor material is replaced by a cobalt-iron,
due to its high costs, this design was not found economicallyfavorable. The design variation
that improves the electric generation system of the WEC to the highest degree is found to be the
SiC MOSFET based converter design, rather than the IGBT variant. The annual energy losses
decrease by 5MWh, due to up to 3 times lower converter losses. Owing to the substantial
energy improvement, the SiC MOSFET case is the economicallyfavorable choice compared to
the generation system that uses an IGBT converter, despite the MOSFET modules being 7 times
more costly than its IGBT counterpart.
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Chapter 1

Introduction

1.1 Background

Due to the increasing population, the higher life standardsand the technological developments,
the electricity demand has been growing steadily. In order to supply the growing energy demand,
whilst not contributing to more greenhouse gas emissions, the popularity of the sustainable
energy sources for electricity generation has been increasing. The European Union 2020 climate
and energy package aims to reduce the greenhouse gas emissions and increase the amount of
energy produced by the sustainable resources in Europe [1].

Solar power and wind power are popular sustainable energy sources and are widely available
for electricity production. Another promising renewable energy source, ocean wave power, is
currently at the developing stages. The power from the sun that heats the earth’s surface causes
a heat difference, which generates winds. Winds, that are generated by solar heating, blow over
large bodies of water and generates ocean waves, therefore the wave energy can be considered
as a concentrated form of the solar energy [2]. Once generated, waves can travel significantly
long distances with little energy loss, until they interactwith the seabed at near shore areas
[3]. A recent study states that ”the wave energy provides 15-20 times more available energy
per square meter than either wind or solar” [4]. The theoretical gross wave energy resource is
estimated to be 3.5TW , excluding the wave areas that have less than 5kW/m wave power and
the net resource, where the ice covered areas are eliminatedfrom calculation, is estimated to be 3
TW . The gross and net theoretical resources in Europe are 381GW and 286GW , respectively,
according to [5]. It is estimated that the global wave energypotential is approximately 2000
TWh annually, in [6]. Portugal, France and the UK are identified as some of the European
countries that have the highest wave energy potential. In the UK, the practical offshore resource
is found to be 50TWh per year [7].

Compared with the solar and wind energy sources, ocean waveshave smaller power fluc-
tuations over a long period of time, therefore it can be considered as a more stable renewable
energy source. Furthermore, it is economically comparableto solar and wind energies [8]. How-
ever, despite the large potential and promising aspects of the wave energy, currently there are
very few commercial wave energy projects in operation or under construction. In 2016, it is
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Chapter 1. Introduction

determined that the total commercial ocean energy capacityin operation is 0.5GW , whilst 1.7
GW is under construction. Most of this capacity is achieved by tidal power applications and
only 1% is accounted for by wave energy applications [9]. Oneof the main challenges regard-
ing electricity production through ocean waves is the development of a mechanical system that
can harness the wave energy effectively. Another importantissue is the fluctuating power lev-
els, since the available wave power can significantly differfrom calm sea states to extreme sea
states. This brings up the challenge of designing a wave energy converter (WEC) that can oper-
ate efficiently at the sea states with highest energy potentials, yet is able to withstand the highly
excited sea states [10]. Furthermore, the requirements on the system components in order to
be able to operate in the harsh ocean environment and/or wet devices, lead to high investment
costs. Therefore, in order for the wave energy to be an attractive energy source, reducing the
component cost and increasing the efficiency of the WEC technologies are highly important.

1.2 Previous Work and Challenges

There are many studies regarding the WEC generation unit, such as [7], where an overview of
the current electric generator technology for the WECs are presented, however this work does
not focus any specific operation and is rather a theoretical comparison.

The point absorber technology is fairly popular amongst other WEC types, due to the sim-
plicity of the design. [11] presents an effective model predictive control of a point absorber in
order to maximize the energy capture, however the electrical generation system is not specified.
Furthermore, many studies using the point absorbers consider a linear electric generator, such
as [12], which suggests an optimization of the linear PM generator of the WEC for a fairly ba-
sic buoy type WEC and [13], where results from an experiment regarding the Seabased system
linear generator are presented.

The point absorber systems that use a rotational generator for electric power generation are
not as available in literature. There are mere a handful of studies using this configuration, one
of which is presented in [14], where, a constrained PTO and anoversized unconstrained PTO
for a single capture and a double capture point absorbers arecompared. Another valuable pa-
per using the same system is presented in [15], where a tunable control strategy is introduced
in order to suggest an effective trade off between the unconstrained high power extraction and
a constrained PTO for a viable electrical device rating. Despite the very few valuable studies
mentioned, there is a lack of investigations incorporatingthe radial flux machines for a point
absorber type WEC. There are however some other marine energy concepts that use rotational
machines as the electrical generator. In [16], a doubly fed induction generator is used for a surge
WEC and in [17] a permanent magnet synchronous generator is used in a fixed pitch vertical
axis marine current turbine. The main focus in the mentionedstudies are not on the machine
design, rather on the machine performance or overall devicecontrol for a pre-decided generator.
However, an important aspect regarding the sustainable energy or any other industry application
that needs adequate investigation is the design and evaluation of the electrical generation unit.
The selection of an appropriate electric generator is crucial, since the generation system effi-
ciency is highly dependent on the electrical machine efficiency. A usual practice regarding the
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1.2. Previous Work and Challenges

suitable generation selection for a specific application isthe comparison of different options.
such a comparison is presented in [18], where the performances of a surface mounted perma-
nent magnet (SMPM) generator and an interior mounted permanent magnet (IPM) generator
used in a 5 MW wind power application is investigated.

The SMPM and IPM are very common types of permanent magnet machines and used
widely in various industrial applications. In [19] a comparison between SMPM and IPM motor
drives for an electric vehicle application is presented, whereas [20] shows a similar compar-
ison for high speed applications. Although valuable, the results are not applicable to a lower
speed application like the wave energy. In [21] five different interior mounted PM machine
topologies including surface mounted PM, straight, v-shaped and w-shaped interior mounted
PM motors, are investigated for a hybrid electric vehicle. Moreover, in [22] a straight, v-shaped
and u-shaped interior mounted PM motors with different stator designs are compared. Both
studies include varying magnet volumes, which makes it challenging to economically quantify
the energy performances.

Wave power studies regarding the synchronous reluctance generator is almost non existent,
yet it is a promising machine type and is used for electric vehicle and other renewable energy
applications. [23] compares the performance of a synchronous reluctance generator and [24]
compares the permanent magnet assisted synchronous reluctance generator with an IPM gener-
ator performance for a wind power application. The mentioned two studies present very valu-
able insight, however they are conducted for a very high power level and lower rated speed. A
performance assessment for ferrite and neodymium assistedsynchronous reluctance machines
is studied in [25] for an unspecified operation.

An extensive generator study for a wave power application ispresented in [26], where an
efficiency comparison between the brushed dc, induction, brushless dc and synchronous reluc-
tance generators and drives is presented, yet the investigated average power rating is quite low,
circa 100 W. In another extensive study [27], SMPM, inset mounted and three interior mounted
(conventional, v-shaped and spoke) permanent magnet motors are compared for a specific ve-
hicle application, yet the focus in this article is limited to fault-tolerance when the machines are
used as in-wheel motors.

Performance studies are easy to come by in the literature forelectrical machines, however,
the energy efficiency comparison of different designs are not entirely sufficient in order to de-
termine a favorable one, since the design with highest energy efficiency might not be the most
economically favorable. In order to select the design that is both economically and energy-wise
favorable for an application, a life cycle cost analysis is needed to be performed. In [28], a life
cycle cost analysis for IGBT and SiC MOSFET wind power converters is conducted, however
the study does not include the electric generator. [29] presents the life cycle cost as well as
the environmental costs of a synchronous reluctance machine, where the construction, energy
losses, emission and the end of life costs are included in theanalysis, however the main focus
is on the environmental costs rather than the cost of the generator performance. A life cycle
assessment study on wave energy is shown in [30], where the emission costs, life cycle assess-
ment and life cycle cost analysis is performed for the WaveStar WEC, In this work the electrical
generation unit is not specified and the LCC analysis is only available for the cost of energy for
the whole system.
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Missing in available literature is an extensive electricalgeneration unit investigation for wave
energy applications, where various materials, rotor geometries and the power electronic convert-
ers are quantified from an energy point of view, as well as the life cycle cost aspect, in order to
obtain an economically favorable solution.

1.3 Purpose of the Work and Contributions

The purpose of this work is to evaluate different generator design with various rotor topologies
and materials from an energy perspective and economically quantifying the impacts of these
design variations through LCC analysis in order to select aneconomically favorable generator
design for a specific wave energy application.

This work considers surface mounted and interior permanentmagnet machines, both tradi-
tional designs and variations, as well as the permanent magnet assisted synchronous reluctance
machine, with neodymium and ferrite magnets. The generation unit is dimensioned based on the
power level obtained from a single point absorber simulation. The surface mounted, straight and
v-shaped interior mounted and the neodymium permanent magnet assisted synchronous reluc-
tance generators are selected to be the four main types of theinvestigated WEC generators. The
outer diameter and axial length, the electric steel material and volume, copper and permanent
magnet volumes of the main designs are kept identical, for a fair comparison of the generator
performance. Following the initial assessment, a series ofgeometric and material alterations are
to be investigated in order to understand the correspondingimpacts of these alteration on the
generation performance.

All main designs and alterations are economically evaluated through the life cycle cost anal-
ysis, in order to determine the relation between the life cycle cost and energy performance, as
well as the costs of construction and materials.

The main contributions of this work are,

• Quantifying the life cycle cost of different generator designs that are investigated through-
out the work.

• Quantifying the energy capture of using different types of permanent magnet and perma-
nent magnet assisted synchronous reluctance machine WEC generators.

• Evaluating the economic impact of a SiC MOSFET based converter instead of the tradi-
tional IGBT based one, using life cycle cost analysis.

• Establishing the performance difference between the ferrite and neodymium permanent
magnet assisted synchronous reluctance machines used as WEC generators.

• Determining the impact of different electric steels materials, as well as different stacking
factors of the investigated laminations, on generator performance.

• Establishing the performance variation of different insetgenerator designs, based on the
main surface mounted permanent magnet generator design.
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Chapter 2

Hydrodynamic Theory

2.1 Wave Energy Converter Technologies

Ocean waves contain a tremendous energy potential. The device that captures the ocean wave
energy, (usually for electric power generation) is called the wave energy converter. Some of
the main parts of the wave energy converters are the power takeoff (PTO) and the electrical
generation unit, which consists of the electric generator and the power electronic converter.
This thesis focuses on the electrical generation unit of a single point absorber type WEC with a
rotational electric generator.

The power takeoff of a wave energy converter is the mechanismthat transfers the absorbed
wave energy into usable electricity [31] and is the most distinctive part of the WEC, therefore
the WECs are usually classified according to their PTO technologies. Some of the most com-
mon types of PTOs are oscillating water column [32],[33], hinged contour devices [34] and
overtopping devices [35], [36]. The WECs using the mentioned PTOs are generally quite large.

Another WEC type, which has a smaller size compared with the aforementioned WECs is
the Archimedes wave swing (AWS). AWS is a submerged hydraulic device that has an air filled
chamber with a floater, which resembles a buoy, that moves vertically with the coming waves.
The power takeoff of the AWS is a direct drive and a case study regarding a full scale prototype
is presented in [37]. In [38] and [39], the design of the linear generator and a comparison
between the conventional and the transverse flux permanent magnet linear generators are shown.
A wave park of AWS is discussed in [40].

The type of WEC that is used in this project is a single point absorber, which is a relatively
compact and simple system that can harness a substantial amount of energy. There are many
studies regarding the point absorbers, however many of theminclude a direct drive linear gen-
erator. One of the few commercial wave parks, Seabased, usespoint absorbers and it is located
outside Lysekil, Sweden. This wave park consists of 36 WECs with an installed capacity of 3
MW [41], where each WEC has a buoy and a linear PM generator forthe electric generation.
[42], [13], [43] and [44] present detailed analyses on the Seabased technology.
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Chapter 2. Hydrodynamic Theory

2.2 Wave Description

2.2.1 Linear Wave Theory

Linear, or Airy wave theory is the linearized description ofthe propagation of the ocean waves
that occur on the homogenous water surface. In linear wave theory, ocean waves are considered
to be sinusoidal waves that have a single frequency. Furthermore the linear theory assumes that
the wave amplitude is small compared to the wave length and the slope of the free surface is
neglected [45]. These assumptions are reasonable when analyzing moderate sea states at deep
water conditions, however linear theory cannot be used whenanalyzing extreme sea states or
shallow water conditions since the aforementioned simplifications lead to inaccuracy.

Single frequency sinusoidal waves are named regular waves and are defined using a set of
parameters. Figure 2.1 shows a basic representation of regular waves.

crest

T
trough

H

λ

a

Figure 2.1: Regular wave representation

Here,λ represents the horizontal distance between two following wave crests and is called
the wave length. The point where the wave has the maximum upward displacement within a
cycle is called a wave crest and the opposite is the wave trough. The wave period,T , is the time
during which the wave completes one full oscillation. The wave height,H, is defined as the
vertical distance from crest to trough, whereas the wave amplitude,a, is the height between the
mean water surface to the wave crest, as seen in the figure.

The free surface wave elevation above the static water level, η, for a single frequency regular
wave is described as,

η = a cos(ωt− kx+ ǫ) (2.1)

where,k is the wave number,ω is the angular frequency inrad/s, x is the position on the x-axis
in m at timet, ǫ is the phase shiftrad anda is

8



2.2. Wave Description

a =
H

2
(2.2)

The angular frequency of the wave is

ω =
2π

T
= 2πf (2.3)

wheref is the cyclic frequency of the wave. The number of radians perunit distance, also
known as the wave number,k, is

k =
2π

λ
(2.4)

The wave celerity that linear waves propagate with is

C =
gT

2π
tanh(

2πd

λ
) (2.5)

whereg is the gravitational acceleration inkgm/s andd is the water depth [46].

The real ocean waves are random, however they can be represented as several linearized reg-
ular waves. The individual regular waves can be studied using linear wave theory and the overall
effect is the linear summation of these individual calculations. Important wave parameters of
the random ocean waves such as free surface elevation, position, velocity and acceleration can
be determined using this method.

2.2.2 Irregular Waves

In reality, waves in the oceans and seas are not repeating sinusoids with infinitely long crests,
but rather random oscillations. Waves that are containing several frequencies and amplitudes
are called irregular waves. Figure 2.2 shows the general representation of irregular waves.

Figure 2.2: Irregular wave representation

The wave height is the difference between the highest crest and the lowest trough in a wave;
the wave length is the distance between the zero-crossings and the period is the time interval

9



Chapter 2. Hydrodynamic Theory

between them. Since an irregular sea-state contains several wave lengths, heights and periods,
it is not possible to fully model it analytically using only asingle wave height and period,
as in the case of regular waves. However, it is possible to characterise the severity of a sea-
state using empiric parameters. These parameters are significant wave height,Hs and mean
wave period,Tz. Significant wave height is the average of the highest third of the recorded
waves and mean wave period is the average period. In order to determine the most common sea
states, i.e. significant wave heights and mean wave periods,of a given location, observations
are to be collected over several years. The diagram that shows the significant wave heights
and mean wave periods occurring at a given location and the probability of occurrence of each
combination is called a scatter diagram.

Irregular waves cannot be analyzed with ease, however they can be broken down into several
regular waves, which can be analyzed using linear theory. The wave height, wave period and the
phase shift of the irregular wave can be estimated through Fourier analysis. The Fourier series,
resulting from the analysis of the wave records can be illustrated graphically as amplitude and
phase spectra.

The Pierson - Moskowitz (PM) spectrum is the fundamental spectrum for a fully devel-
oped sea, when a constant wind blowing for infinitely long time, therefore the energy transfer
is balanced by dissipation, however the energy of the wave remains constant. The Pierson -
Moskowitz spectrum is described only by the wind speed, i.e aone-parameter spectrum. It is
represented as,

SPM(ω) = αg2ω−5e−0.74(ωo
ω

)4 (2.6)

where,α is the Phillips constant and is equal to 0.0081,U19.5 is the wind speed that occurs19.5
m above the water surface andωo is

ωo =
g

U19.5

(2.7)

The Pierson - Moskowitz Spectrum however cannot be used to reproduce a realistic spec-
trum of a developing sea, therefore a multi-parameter spectrum is to be used, which is called
the Joint North Sea Wave Project (JONSWAP) spectrum. This spectrum is similar to the PM
spectrum however a peak enhancement factor is added in orderto better fit the collected North
Sea measurements. JONSWAP spectrum is described as [46]

SJONSWAP (ω) = αg2ω−5e−1.25(ωm
ω

)4γe−
1
2 (ω−ωm

σωm
)2 (2.8)

whereγe−
1
2 (ω−ωm

σωm
)2 is the shape parameter.ωm is the modal angular frequency, which is the

maximum frequency of the spectrum and is

ωm = 22(
g2

U10F
)
1
3 (2.9)
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2.2. Wave Description

whereU10 is the wind speed at10 m above the water surface andF is the distance over which
the wind blows with constant speed and is named fetch andα is

α = 0.076(
U2
10

Fg
)0.22 (2.10)

σ is a spectral width parameter and is

σ =

{

0.07, if ω ≤ ωm

0.09, if ω > ωm

Figure 2.3 shows the Pierson - Moskowitz and JONSWAP spectrausing the sameHs.
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Figure 2.3: Pierson - Moskowitz and JONSWAP Spectra with thesame significant wave height

It can be seen that the peak in the JONSWAP spectrum is much more prominent than the
PM spectrum, due to the peak enhancement factor applied in order to achieve the JONSWAP
relation. The JONSWAP spectrum represents a sea state that never reaches the fully developed
state, therefore it is better suited for developing seas, such as the North Sea.

For practicality, wave analysis can be defined as a function of frequency instead of angular
frequency, as well as by using the sea state parameters rather than wind speed and fetch. Ac-
cordingly, the JONSWAP spectrum can be described based on the significant wave height,Hs

and the peak period,Tp, as,

SJONSWAP (f) =
H2

sf
4
p

B
f−5e

−1.25( f

fp
)−4

γe

0.5(
f
fp

−1)2

σ2

(2.11)

where,fp is the peak frequency of the sea state and is equal to1/Tp [47]. B is
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Chapter 2. Hydrodynamic Theory

B = 16(0.06533γ0.8015 + 0.13467) (2.12)

The shape factor,γ, is 3.3 for oceans and large seas and is1 for smaller seas [48].

The average wave power per unit wave front for irregular waves is

Pwave = ρg

∞
∫

0

Cg(f)S(f)df (2.13)

where,ρ is the water density andCg is the group celerity. The equation for deep waters, which
is generally where the point absorbers are located becomes

Pwave =
ρgTeH

2
s

64π
(2.14)

andTe, the energy period is

Te ≈ 1.162Tz (2.15)

whereTz is the mean wave period.

2.3 Equation of Motion of the Single Point Absorber

When a rigid floating body is placed in water, there are six possible motions that can occur,
which are commonly referred as the six degrees of freedom. Inthe three dimensional plane,
a linear and a rotational motions is possible on each axes. The linear motions on the x,y and
z axes are surge, sway and heave respectively. Similarly therotational motion on the x axis is
called roll, on the y axis it is pitch and on the z axis direction is named yaw. Figure 2.4 shows
the six degrees of freedom on a floating body.

Here, the center of buoyancy is the center of the submerged volume of the floating body.
For wave energy applications, it is common to assume that a point absorber only moves in the
heave direction. Figure 2.5 shows a representation of the mechanical system of a floating object
in heave.

It can be seen that the floating object is a mass-spring-damper system. Not unlike an electri-
cal RLC circuit representation, the mass represents the inertia of the system resisting the change
of current state, the damper dissipates the energy and the hydrostatic stiffness stores an energy
based on the displacement. The mass-spring-damper system can be represented as

(M + A)ξ̈(t) +Bξ̇(t) + Cξ(t) = F (t) (2.16)
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heave

yaw
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surgerollstatic water line

Figure 2.4: The six degrees of freedom of a rigid floating body

F

C B

M+A

Figure 2.5: Mechanical representation of a floating body forthe heave motion

whereM is the mass of the body,A is the added mass,B is the radiation damping coefficient,C
is the hydrostatic stiffness andF is the total of the wave induced forces.ξ is the displacement,
thereforeξ̇ is the velocity and̈ξ is the acceleration of the body. The total wave induced forceis

F (t) = ηcw cos(ωt+ θw) (2.17)

wherecw is the wave force coefficients andθw is the phase shift between the wave elevation and
the wave induced forces.

A, B andcw represent the hydrodynamic effects on the floating body due to the oscillating
motion of the body and the water, therefore these parametersare dependent on the oscillat-
ing frequency as well as the geometry of the floating object. For very basic geometries, there
are analytical solutions for determining these parameters, however they are usually determined
through experimentation or simulation. On the other hand,M andC only depend on the geom-
etry of the body and are therefore independent of the frequency. The hydrostatic stiffness,C,
is

13



Chapter 2. Hydrodynamic Theory

C = ρgAb (2.18)

here,Ab is the area of the floating body.

The motion of the floating body, using the equation of motion is to be sinusoidal and the
frequency of the motion is equal to the wave frequency. Accordingly, the displacement of the
body is

ξ(t) = ξ̂ cos(ωt+ φ) (2.19)

where ξ̂ is the amplitude of the displacement andφ is the phase shift between the incoming
wave and the displacement. Using derivation, the velocity and the acceleration of the body can
be calculated as

ξ̇(t) = υ(t) = −ωξ̂ sin(ωt+ φ) (2.20)

ξ̈(t) = −ω2ξ̂ cos(ωt+ φ) (2.21)

Additional external forces that are linear can be added in (2.16), such as the power extraction
force of the electric generator for WEC applications. Note that the equation of motion is only
valid for single frequency sinusoidal oscillations.

2.4 Electric Power Extraction

The electric generator that is coupled to the point absorberintroduces a force that has the same
frequency as the buoy movement. The power extraction force is

Fp(t) = −Rpξ̇(t) = −Rpυ (2.22)

whereRp is the power extraction coefficient and is dependent on the electric generator. The
extracted power simply becomes

Pp(t) = Fp(t)υ(t) = Rpυ
2(t) (2.23)
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Chapter 3

The Electric Drive System

3.1 Electromagnetic Theory

This chapter explains the electromagnetic background necessary to explain the operation princi-
ples of a permanent magnet machine. Ampere’s Law dictates the relation between the magnetic
field and the enclosed current and is represented as

∮

Hdl =

∫ ∫

JdS = Ienclosed (3.1)

whereH is the field intensity inA/m, dl is the differential length in meters.J is the current
density. Here, the magnetic flux density is related to the magnetic field intensity as

B = µH (3.2)

µ is the permeability of the material and defined as

µ = µ0µr (3.3)

whereµ0 is the permeability of free space andµr is the relative permeability. Relative perme-
ability for air is approximately 1, whereas the iron material has a very high permeability, up to
10000. Due to this fact, the field intensity is much higher in the air gap, than it is in the iron
core. Relative permeability varies strongly with the flux density and for very high flux levels
it will go towards 1. In an electric machine which has a complicated iron geometry, the flux
density will differ strongly with regards to the geometry, as well as the relative permeability of
the material. Observe that the relative permeability is a function of the flux. This makes ana-
lytical calculations for an electric machine quite complicated. Therefore, typically for machine
analysis, Finite Element Method (FEM) calculations are used. An important quantity is the total
flux linkage and it is related to the flux according to

Ψ = NΦc (3.4)
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Φc is the flux in the coil andΨ represents the total flux linkage. The flux linkage is relatedto
the induced voltage in the coil as

e = −dΨ

dt
(3.5)

wheree is the electromotive force (emf). This means that the induced emf in a closed circuit
is equal to the negative value of the time derivative of the enclosed magnetic flux and is called
Faradays Law of Induction. The inductance of the electromagnetic circuit is formulated as

L =
Ψ

I
(3.6)

The winding can be represented as a resistance and an inductance, which causes a voltage
drop over it. The current-voltage relation can be calculated as

v = L
di

dt
+Ri (3.7)

whereR is the resistance of the wire. The current-voltage relationnow becomes

v = L
di

dt
+Ri+ ωrΨmcos(ωrt) (3.8)

whereΨm is the flux linkage of the magnet andωr is the angular speed of the magnet rota-
tion. This voltage expression can be applied to any kind of electrical machine based on the
corresponding topography and is usually the basis for analyzing an electrical machine.

In this work, permanent magnet machines are predominantly used. Figure 3.1 shows a sim-
plified representation of the permanent magnet generator.

Phase A, Phase B and Phase C lines show the magnetic axes for each stator current phase
and they are oriented120o apart from each other. The winding of Phase A is schematically
displayed in the figure, where the magnetic direction is dictated through the right hand rule. It
is important to know that the coils typically have several turns and might also be distributed in
more than one slot. The induced voltage outlet for the A phase, where (3.5) is applicable when
the resistance is ignored, is depicted in the figure.

In order to simplify the three phase analysis of the generator, d-q transformation can be used.
d-q transformation is a method which reduces the three AC quantities regarding each phase into
two DC quantities, when the AC system is considered to be symmetrical. The flux linkage in the
machine is represented in the d-q axis where the d-axis represents the direction of the magnet
flux [49]. For no load operation, the d-axis flux linkage is thesame as the magnet flux linkage,
which also is the total flux linkage of the generator. However, for the loaded case, a flux linkage
on the q-axis will be formed, which then contributes to a resulting total flux linkage together
with the magnet flux linkage as well as the d-axis flux linkage component created by the d-axis
current.
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Figure 3.1: Simplified electromagnetic scheme of the permanent magnet machine. Direct and
quadrature directions are displayed.

3.2 Permanent Magnet Machines

The permanent magnet (PM) machine rotor consists of permanent magnets for creating the ro-
tor excitation. In a PM machine, the rotor losses are greatlylowered compared to those in an
induction machine, due to the absence of windings in the rotor. The permanent magnets can
be placed in several different ways and the permanent magnetmachines can be divided into
three categories based on the magnet placement. These are, the surface mounted permanent
magnet(SMPM) if the magnets are fastened to the outer surface of the rotor, inset permanent
magnet if the magnets are attached into the rotor surface andinterior mounted permanent mag-
net (IPM) if the magnets are placed into ducts that are cut outoff the rotor laminations. Figure
3.2 shows some of the different PM type designs [50].

The PM machine used in this work, which is also the most commonvariant for the kW level
power applications, is a 3-phase machine operated with sinusoidal input current. The stator
equations for the PM machine in d-q directions are

usd = Rsisd + Lsd

disd
dt

− ωrLsqisq (3.9)
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Figure 3.2: Three types of the permanent magnet machines, surface mounted, inset and interior
permanent magnet machines respectively.

usq = Rsisq + Lsq

disq
dt

+ ωrLsdisd + ωrΨm (3.10)

whereRs is the stator resistance,Lsd andLsq are the stator inductances in d and q directions,
respectively. The initial value ofΨm can be determined by a no load test but it is dependent
on the q-axis current and it is determined for various q-axiscurrents when the d-axis current is
zero. Therefore, while performing the machine analysis it is represented as a function of the q-
axis current. For a broader description, [51] can be studied. The magnet flux linkage decreases
with increasing q-axis current due to saturation. The d and qaxis inductances also vary, due to
the same reason [51]. The current derivatives in (3.9) and (3.10) indicate electrical dynamics.
However, since the mechanical system has a much longer time constant than the electrical ones,
the electrical behaviour is considered to be in steady stateonwards in this work. The steady
state stator voltages thus become

usd = Rsisd − ωrLsqisq (3.11)

usq = Rsisq + ωrLsdisd + ωrΨm (3.12)

The principle inductance determinations are shown in (3.6), so in order to calculateLsd and
Lsq, the flux linkages in the corresponding directions are to be obtained. Using measurements,
analytical calculations for simplified cases or as in this work FEM calculations, the flux linkages
in d and q directions can be determined for various operatingpoints. The stator inductances in
the d-q axis can be calculated as

Lsd =
Ψd −Ψm

isd
(3.13)

Lsq =
Ψq

isq
(3.14)

whereΨd andΨq are the flux linkages in d and q directions.
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The electromagnetic torque of the permanent magnet machineis

Te =
3np

2
(Ψmisq + (Lsd − Lsq)isdisq) (3.15)

Here,np is the number of pole pairs. It can be observed that the electromagnetic torque de-
pends on the magnet flux linkage as well as the machine parameters. For a better understanding,
the electromagnetic torque can be divided in two parts that represents one dependency. It can
be formulated as

Te = Tm + Tr (3.16)

whereTm represents the torque component that depends on the permanent magnet flux, is named
magnet torque in this work.Tr is the torque component that is produced by the difference in
reluctance of the d and q directions, and is called reluctance torque. The concept of reluctance
is explained in coming section.

The magnet torque is

Tm =
3np

2
(Ψmisq) (3.17)

and the reluctance torque is

Tr =
3np

2
(Lsd − Lsq)isdisq (3.18)

3.3 Reluctance - Inductance Relation and Concept of Saliency

It is mentioned before that three types of permanent magnet rotor topologies are considered
in this work. The main difference between these is the machine reluctance (ℜ). The magnetic
reluctance of a uniform magnetic circuit is

ℜ =
l

µ0µrA
(3.19)

wherel is the length of the reluctance path andA is the cross sectional area of the circuit. Figure
3.3 shows the d and q axis reluctance paths.

If the flux travels through different materials in series, the total reluctance is the sum of the
individual reluctance values of these materials, as

ℜ =
l1

µ0µr1A1

+
l2

µ0µr2A2

+ ... +
ln

µ0µrnAn

(3.20)

It can be seen in Figure 3.3 that the magnetic flux travels through, ferromagnetic material
(iron, electric steel or steel laminations), permanent magnets and air. The relative permeability
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d d d

q q q

Figure 3.3: Direct and quadrature directions axes of the different type of permanent magnet
machines .

of the permanent magnet is slightly above1 and that of air is1. The ferromagnetic materials typ-
ically have high relative permeability values, e.g. relative permeability of cobalt-iron is18000,
that of iron is5000 and electrical steel is4000. Since the cross sectional of the a rotational ma-
chine is uniform, the reluctance depends on the length of themagnetic circuit through different
materials.

The d-axis of the SMPM machine forms over the rotor yoke, the permanent magnet over the
magnet length and the airgap, until the flux reaches the stator. The q-axis flux travels through
the same rotor length and an air pocket that is as long as the magnet length together with the
airgap. Since both air and permanent magnet material has aµr of approximately 1, the resulting
ℜd andℜq values are equal for SMPM machines. For the inset and IPM machines this is not so,
thereforeℜd andℜq have different values. The machines that have different reluctance values
in d and q axes paths are called salient machines, i.e. inset and IPM machines are salient and
SMPM machine is non-salient. The inductance of any given axis is inversely related to the
corresponding reluctance,

L ∝ 1

ℜ (3.21)

which means that the d and q axis inductances would be equal for a non-salient machine and
vice versa. Due to (3.18), the reluctance torque is only present if the machine is salient.

3.4 PM Assisted Synchronous Reluctance Machine

The PM assited Synchronous Reluctance Machines (SRM) can beseen as a variant of the IPM
machines with multi layer magnets or as a SRM machine that is fortified with permanent mag-
nets, therefore they offer a good combination of the benefitsof the high flux linkage supplied
by the permanent magnets and the high reluctance torque of the reluctance machine design. The
PM assisted SRM drives can be often found in electrical vehicle applications in the industry.

The PM assisted SRM has the same torque relation as the PM machines, as presented in the
previous section, differing only regarding the value of thed and q inductances. The difference
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between the d and q inductances for the PM assisted SRM is higher than the salient IPM and
VPM designs, which causes a higher reluctance torque, basedon (3.18), however the magnet
torque is generally lower than the PM generators, due to the factors such increased leakage
magnetic flux.

3.5 Machine Control Strategy

The torque required by the load can be achieved by many different current vectors, however for
an energy efficient operation, a control strategy that provides low losses is preferable. One of
the most common control strategies is called Maximum Torqueper Ampere (MTPA), where the
required torque is achieved with the shortest current vector, which minimizes the copper losses.
The MTPA current vector can be expressed as

~I = I∠β = isd + jisq (3.22)

which means

isd = I cos(β) (3.23)

and

isq = I sin(β) (3.24)

whereβ is the MTPA angle. The torque relation for the permanent magnet generators is given
in (3.15). The angle that maximizes the torque, i.e. the MTPAangle can be found analytically
through

dTe

dβ
= 0 (3.25)

Equation (3.12) shows that the q-voltage is dependent on theangular speed and the magnet
flux linkage, therefore the increasing speed causes an increase in the voltage. However the
voltage increment is limited by the maximum converter voltage. Once the converter limit is
reached, neither the voltage nor the current vector can be increased anymore. The speed where
the voltage limit is reached, which is also where the maximumtorque is achieved, is the rated
speed of the generator. If the operating point demands speeds higher than the rated speed, the
original MTPA strategy cannot be used anymore. To be able to operate at speeds higher than
the rated speed where the voltage provided by the converter is not sufficient, the flux linkage in
the machine is to be decreased according to (3.12). This is called the flux or field weakening.
Figure 3.4 depicts a generic torque-speed relation for a drive system that is controlled using
MTPA and Field weakening control. The solid line depicts themaximum operating trajectory.
At low speeds, the maximum torque operation is achieved. Foroperating points with higher
speeds than the rated, the maximum torque cannot be reached anymore, due to the decreased
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flux linkage in order to cope with the available voltage level. The power is ideally constant in
the field weakening operation, but this is rarely achieved inreal operations.

Torque

Rotor speed
rated

speed

maximum 

speed

MTPA FW

A

B

C

rated

torque

Figure 3.4: An example of torque-speed relation for the MTPAand Field Weakening Control.

Figure 3.5 shows an illustration of the current vector for a machine operation ranging from
zero to the maximum speed for generator operation. The MTPA operation is between points
A and B, and the field weakening operation is depicted betweenpoints B and C. The constant
torque lines are specified withT and the number indicates the value, i.eT1 is the lowest torque
andT5 is the highest. It can be observed that the lower torque values require lower currents
and that the MTPA angle is low. With increasing torque, both the current and the current angle
increase. Here, the current vector is constant in magnitude, therefore the increasing d-current
causes the q-current to decrease, which leads to a reduced maximum torque, as can be seen
from the figure. The voltage limit lines are indicated withU and they represent the maximum
voltage values for a given speed. Here, the number indicatesthe rotor speed, meaning thatU1 is
the voltage limit at the lowest speed and the speed increaseswith increasing number.

For a given torque value, the described current trajectory can be determined through a current
minimization procedure using appropriate constraints. Here, the objective function defining the
current vector is

f0 =
√

i2d + i2q (3.26)

which is the function that is to be minimized. The machine control is valid as long as the
machine voltage does not exceed the converter DC-link voltage, therefore it can be expressed
as an inequality constraint,

(
√

u2
d + u2

q)−
VDC√

3
≤ 0 (3.27)

To be able to solve the objective function for the desired torque, the electrodynamic torque
of the machine needs to be equal to this torque reference, which is an equality constraint and
can be expressed as
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Figure 3.5: The current trajectory for the MTPA and Field Weakening Control.

3np

2
(Ψmisq + (Lsd − Lsq)isdisq)− Tref = 0 (3.28)

The resulting current vector for the whole operating regioncan thus be determined as

minimizef0 for

{

(
√

u2
d + u2

q)− VDC√
3

≤ 0
3np

2
(Ψmisq + (Lsd − Lsq)isdisq)− Tref = 0

In order to be able use this method,Lsd, Lsq andΨm are to be determined.Ψm is a function
of the q-axis current and is determined when the d-current iskept zero, as

Ψm(iq) = Ψd(iq) (3.29)

Ψd is the flux on the d-direction. The inductance, as seen in (3.6), is the ratio between the flux
linkage and the current. The d-axis inductance is thereforeexpressed as

Lsd(id, iq) =
Ψd(id, iq)−Ψm(iq)

id
(3.30)

since the magnet flux is aligned with the d-axis of the machinein this work. Similarly, the
q-axis inductance is

Lsq(id, iq) =
Ψq(id, iq)

iq
(3.31)
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3.6 Winding Placement and resistance calculation

Figure 3.6 depicts an illustration of the machine cross section and the d and q axes and the
windings for two poles. The machine depicted here has doublelayer windings, as the stator
considered in this project. The d and q axes are selected as shown in the figure and the angle
between them is90o electrical.

q-axis

d-axis

phase +

phase -

phase axis

mechanical 

angle

Figure 3.6: d-axis, q-axis and the phase axis depicted on themachine cross section.

The three phase axis lies between the positive and the negative coils of the same phase. One
important issue for FEM calculations is to align the reference phase axis with one of the mag-
netic axes at the start of the simulation. In this example, the depicted phase is the reference axis
and in order to align the d-axis to the reference, an initial mechanical angle is to be considered,
which would mechanically align the rotor to a common electrical reference axis.

The phase sequence is generally a-b-c for the electric driveapplications and the currents are
set as

ia = Î cos(ωt+ β) (3.32)

ib = Î cos(ωt+ β − 2π

3
) (3.33)

ic = Î cos(ωt+ β +
2π

3
) (3.34)
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The current density,J , is

J =
I

Sc

(3.35)

whereSc is the cross sectional area of the conductor and is

Sc =
Scoil

N
(3.36)

whereScoil is the cross sectional area of the coil andN is the number of turns. Note that the
area considered here is solely that of the copper material and the fill factor is to be considered
if the stator slot area is more available for calculating thearea of the conductor. A typical fill
factor for an electrical machine with round wire windings ranges approximately between 40 -
50 %.

The rated current of the application is determined using a suitable current density value.
For example, the current density for large machines with insignificant air circulation is roughly
4 A/mm2, whereas it rises to6 A/mm2 for air cooled systems. The current density value
increases for the forced cooled application and a lower current density is advised for compact
designs. Appropriate selection of the rated current is of great concern, since the resistive losses
manifest themselves as temperature increase and are quadratically proportional to the current.
The resistive losses are

Presistive = RI2 (3.37)

and the general expression of the resistance is,

R = ρcu
l

Sc

(3.38)

whereρcu is the electrical resistivity(Ωm) andl is the conductor length. The electrical resistivity
the copper is usually given for20oC and it is a temperature dependent parameter. The resistivity
for any given temperature is

RT = ρ0[1 + α(T − T0)] (3.39)

where,T is the present temperature,T0 is the reference temperature (as mentioned usually
20oC), ρ0 is the resistivity at the reference temperature andα is the temperature coefficient.

Applying the general expression to the electrical machine,the resistance of the conductor
becomes

R = ρcu
2N(la + lew)

NpbSc

(3.40)
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wherela is the active length, which is double the machine length,lew is the total length of the
end windings for one conductor andNpb is number of parallel branches. The length of the end
winding can be determined as

lew = 2(lpitch + loverhang) (3.41)

wherelpitch is the winding pitch, which is the length of the phase arc between the two points
where it leaves and enters the machine frame.loverhang is the axial overhang, due to the needed
bending of the end windings.

3.7 Two Level Inverter

Two level inverters are widely used for machine control. As it can be observed from Fig. 3.7, the
inverter has six semiconductor switches and a diode in anti-parallel for each switch, with a DC-
link voltage ofVDC . The current will flow through the anti-parallel diode when the switch ori-
ented in the direction of the current is blocked. Each two switches, together with the anti-parallel
diodes form a phase leg. The converter is typically controlled through pulse width modulation.
To obtain the switching pattern, one method is to use voltagereferences that are compared with
a carrier wave, which typically is a triangular signal. The upper switch is turned on when the
reference is higher than the carrier wave for the corresponding phase and vice versa.

C

      +

Vdc

       - Electrical

Machine

Figure 3.7: Topology of the two level inverter.

In order to utilize the DC-link voltage more effectively, the zero sequence signal injection
method can be used. Addition of the zero sequence signal doesnot affect the machine operation,
since the machine neutral point is not connected so that the line to line voltages remain sinu-
soidal. Using this method, the reference voltage signal is altered from the sine-wave. Here, the
zero sequence method using the odd multiples of the third harmonics is used as a default. Fig.
3.8 shows the PWM modulation with zero sequence method, using the same line to line voltage
magnitude. Another strategy of achieving the same voltage output is Space Vector Modulation.
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Figure 3.8: PWM modulation waveforms using zero sequence signal injection method.

The required DC-link voltage is

VDC =

√
3V̂ph

0.95
(3.42)

which is approximately15% higher than the traditional pure sinusoidal reference voltage mod-
ulation.0.95 is a factor that adds a control margin and compensates for theeffects of blanking
time, minimum on and off times of the switches and the voltagedrop in the modules.

There are several semiconductor component options that canbe used as the switches of the
power electronic converter. One of the most common semiconductor switches is the IGBT. The
conduction loss for a single IGBT switch is

PcondIGBT
= (

1

2π
+ (

M cos(ϕ)

8
))VT Î1 + (

1

8
+ (

M cos(ϕ)

3π
)−

1
6
cos(3ϕ)

15
)RT (̂I1)

2 (3.43)

wherecosϕ is the displacement power factor,VT is the offset voltage of the switch andRT is
the internal resistance.̂I1 is the peak current. Here,1/6 represents the magnitude of the third
harmonic signal.M is the modulation index and is defined as

M =
ˆUmax

VDC

(3.44)

Here, ˆUmax is the peak line-to-line voltage. The switching loss of a single IGBT is

PswIGBT
= fsw(EonIGBT

+ EoffIGBT
)(
1

π

Î1
Iref

)ki(
VDC

Vref

)kv (3.45)
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Chapter 3. The Electric Drive System

wherefsw is the switching frequency,ki andkv are exponents of the current and voltage depen-
dency of the switching losses and are selected to be1 and1.35 respectively [52].EonIGBT

is the
on state losses andEoffIGBT

are the off-state losses.Iref andVref are the reference current and
voltage in which the switching loss data is given. The conduction loss of a single diode is

PcondD = (
1

2π
+ (

M cos(ϕ)

8
))VF0Î1 + (

1

8
− (

M cos(ϕ)

3π
) +

1
6
cos(3ϕ)

15
)RF (̂I1)

2 (3.46)

whereVF0 is the constant forward voltage drop andRF is the internal resistance of the diode,
i.e the forward voltage drop of the diode is

VF = VF0 +RF I(t) (3.47)

The diode switching loss is

PswD
= fsw(EswD

)(
1

π

Î1
Iref

)ki(
VDC

Vref

)kv (3.48)

Here,EswD
is the diode switching energy loss,ki is 1 andkv is 0.6 [52]. It is to be noted that

all loss components are defined based on the zero sequence injection method, as in [53].

Another semiconductor switch option is the Sic MOSFET. The MOSFET based converters
tend to have lower losses than the IGBT based ones, furthermore the diode switching losses for
the MOSFET converter are zero. The SiC MOSFET losses can be calculated using (3.43), 3.45
and 3.46, however the reverse conduction of the SiC MOSFET switches are not considered.

Compensating for the reverse conduction, the MOSFET conduction losses for one switch
are

Pc,MOS =
RT

4π
Î2((1− 2tblfsw)(π/2 + β − sinβ

2
) + 2Mcosϕ(cosβ − cos3β

3
))+

RT

4π(RT +RF0)2
[R2

F0Î
2((1− 2tblfsw)(π/2 + β − sinβ

2
)− 2Mcosϕ(cosβ − cos3β

3
))+

V 2
F0((π−2β)(1−2tblfsw)−2Mcosϕcosβ)+2RdÎVd(2cosβ(1−2tblfsw)−Mcosϕ(π/2+β−sinβ

2
)

(3.49)

and the diode conduction losses for one diode are
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Pc,MOS =
RF0

4π(RT +Rd)2
(Î2R2

T (π/2− β +
sinβ

2
− 2Mcosϕ(cosβ − cos3β

3
))+

V 2
F0(π − 2β − 2Mcosϕcosβ)− 2ÎRTVF0(2cosβ −Mcosϕ(π/2− β +

sinβ

2
)))−

VF0

4π(RT +RF0)
(MÎRT cosϕ(π/2−β+

sinβ

2
)+2RT Îcosβ−VF0(π−2β)+2VF0Mcosϕcosβ)+

tblfswÎ(RF0Î/2 + 2VF0/π) (3.50)

whereRT , RF0 andVF0 represents the same parameters as for IGBT loss calculationexpres-
sions.tbl is the blanking time andϕ is the angle of displacement power factor.β is the parallel
conduction angle and is

sin β =
VF0

RT Î
(3.51)

In the case of third harmonic injection, the following statement is to be added to (3.49) in
order to compensate for non-sinusoidal phase voltage control

− MRT Î
2

60π
cos3ϕ(4sin4βcosβ + cosβ − cos3β

3
)(

R2
F0

(Rt +RF0)2
− 1)−

MRT ÎRF0VF0

24π(RT +RF0)2
cos3ϕ(

sin4β

2
− sin2β)− MRTV

2
F0

36π(Rt +RF0)2
cos3ϕcos3β (3.52)

and

− MRT ÎVF0

96π(RT +RF0)
(cosϕ(2sin2ϕcos2β−sin4ϕcos4β)−sinϕ(2sin2ϕcos2β+sin4ϕcos4β)+

MV 2
F0

36π(RT +RF0)
cos3ϕcos3β (3.53)

is to be added to (3.50). It is important to note that these expressions compensate for the reverse
conduction of the MOSFET components, as well as the zero sequence signal injection method,
as shown in [54].

3.8 Life Cycle Cost Determination

The life cycle cost is the discounted cost of an application over the life time. The life cycle cost
of the losses of the WEC system is expressed as
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LCCloss = NPV L+ Ci (3.54)

whereNPV L is the net present value of energy losses andCi is the investment cost. The
investment cost realistically includes purchase, acquisitions and construction costs. In this work,
the investment cost only includes the machine constructioncosts, i.e the cost of the material and
manufacturing. The investment cost used in this project is expressed as

Ci =
∑

mmρm + Cmanufacturing (3.55)

wheremm is the material weight,ρm is the material price andCmanufacturing is the manufactur-
ing cost. The NPVL is

NPV L =
t

∑

n=1

Rt

(1 + r)t
(3.56)

whereRt is the net cash outflow,r is the discount rate andt is the life time. The net cash outflow
is

Rt = Wρel (3.57)

whereW is the total annual energy loss andρel is the electricity price perMWh.

A common approach for economical evaluation of electric power generation is the levelized
cost of energy (LCoE). The LCoE is the average total cost to build and operate a power gen-
erating unit over a life time per unit produced energy, i.e itis expressed as the cost per MWh
energy. This is particularly useful when assessing a power generating unit, since the LCoE of
the unit can be compared to the energy price, meaning that theLCoE is the minimum price to
sell energy in order to break even. However, in order to have areasonable assessment many
factors such as the investment cost of the whole plant, operation and maintenance costs, cost of
the grid connection components must be known.
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Chapter 4

Point Absorber Simulation Setup

4.1 Wave Availability and Single Point Absorber Simulation

4.1.1 Determining the Available Energy

Theoretically, in order to determine the available wave energy, the wave heights and periods
must be known. These parameters are not obtained in a straight forward manner for a real
location, since the ocean waves are irregular. An ocean waveconsists of various sinusoidal
components that have different frequencies and amplitude values. However, the sea-state char-
acteristics can be determined empirically, using statistical parameters that are, significant wave
height,Hs and mean wave period,Tz. Sea-state data is collected over several years in order to
determine the range of the most common waves and how often they occur. The statistical data
of the most commonHs andTz combinations and their respective probability of occurrences
can be represented in a, so called, scatter diagram. The scatter diagram considered in this work
is presented in Table 4.1 and it is assumed that it representsa typical location in the North Sea.

It can be seen that some combinations have very low probability of occurrence (many rounded
to 0%) and will not impact the energy potential greatly. Figure 4.1 shows the probability occur-

TABLE 4.1: The considered scatter diagram based observations of the studied location at North
sea.

3,75 4,25 4,75 5,25 5,75 6,25 6,75 7,25 7,75 8,25

0,75 0,00% 0,40% 1,20% 1,60% 1,10% 0,70% 0,20% 0,00% 0,00% 0,00%

1,25 0,10% 4,90% 5,70% 6,20% 4,60% 4,30% 1,20% 0,30% 0,00% 0,00%

1,75 0,00% 0,70% 6,10% 9,60% 7,30% 5,20% 2,20% 0,80% 0,10% 0,00%

2,25 0,00% 0,00% 0,10% 3,20% 6,70% 5,10% 1,60% 0,70% 0,30% 0,00%

2,75 0,00% 0,00% 0,00% 0,10% 2,40% 5,00% 1,10% 0,60% 0,20% 0,10%

3,25 0,00% 0,00% 0,00% 0,00% 0,10% 1,60% 1,70% 0,70% 0,60% 0,20%

3,75 0,00% 0,00% 0,00% 0,00% 0,00% 0,10% 0,90% 0,50% 0,30% 0,10%

4,25 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,50% 0,30% 0,10%

4,75 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,30% 0,10%

5,25 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,10%

Hs [m]

Tz[s]
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Chapter 4. Point Absorber Simulation Setup

rence of all sea-states. It can be seen that the probability of sea states that haveHs higher than
3.75m to occur is very low. These sea states are depicted as grey in the scatter diagram as well.
Due to the low probability of occurrence level of the aforementioned sea states, all significant
wave heights over 3.75 meters are neglected in this work. Thelimit is shown as the white dashed
line in Figure 4.1.
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Figure 4.1: Probability of occurrence.

Figure 4.2 shows the cumulative wave energy distribution for the significant wave heights
rows of the scatter diagram. The available wave energy is calculated using JONSWAP spectrum.
It can be seen that by neglecting the wave heights over 3.75 meter, the average available wave
energy is decreased less than 10%.
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Figure 4.2: Wave energy distribution with relation to the significant wave height.

Fig. 4.3 shows the available wave power and wave energy per unit length. It can be observed
that the power increases with increasingHs andTz. Furthermore, it is shown that the highest
power areas do not correspond to the highest energy areas, since the waves with the highest
powers have less than 1% probabilities of occurrence. Accordingly, an important issue is to
find a trade-off between the sizing of the mechanical design and the energy capture. The WEC
generation would be significantly oversized if it is designed to accommodate the highest power
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4.2. Single Point Absorber WEC

TABLE 4.2: Properties of the wave energy converter

Diameter 15m
Height 10m
Draft 4.5m
Mass 813386.9kg

Displacement 793.55m3

x-radius of gyration 4.5m
y-radius of gyration 4.5m
z-radius of gyration 50m

Centre of gravity - y position −0.7m
Centre of buoyancy - y position −2.25m

Water plane area 176.34m2

Water plane inertia 2474.65m4

wave, however using the most energetic wave as the design criteria might cause a drastic loss in
energy capture.
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Figure 4.3: Available wave power and energy per meter wave front.

4.2 Single Point Absorber WEC

Fig. 4.4 shows the general scheme of the single point absorber, which is a cylindrical buoy of
15 m diameter and10 m height. At equilibrium4.5 m of the buoy height is submerged. The
water depth is50m, therefore deep sea conditions can be used for calculations. Table 4.2 shows
further properties of the buoy.

The electrical generation unit can be placed at the sea bottom or on a platform on the sea sur-
face, however in this work the placement of the generation unit is not specified as it is assumed
to have a negligible impact on the results.

Here, the buoy is considered to be an ideal cylinder and the viscous damping is neglected.

As seen in (2.16), in order to simulate the buoy motion one needs the frequency dependent
hydrodynamic coefficients, namely added mass, radiation damping and the amplitude and phase
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Chapter 4. Point Absorber Simulation Setup
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Figure 4.4: Buoy Shape and placement.

TABLE 4.3: Power extraction coefficient for different mean wave periods

Mean wave period [s] 3.75 4.25 4.75 5.25 5.75 6.25 6.75 7.25 7.75 8.25
Power extraction coefficient [kNs/m] 346 354.6 411.2 504.8 632.9 788.3 960.2 1139 1319 1497.6

of the wave excitation. These hydrodynamic coefficients arecomputed through Ansys AQWA,
by guest researcher Dr. Guilherme Moura Paredes and can be seen in Appendix B.

The average extracted power and energy can be estimated through spectral analysis, however
the peak extracted power can only be estimated through time domain simulations, therefore
that is the preferred method to obtain the extracted power. The time domain simulations are
performed using WEC-Sim 2.1, an open source MATLAB base toolbox.

According to (2.23), a power extraction coefficient is needed in order to determine the ex-
tracted power. The power extraction coefficient,Rp, can be optimized for each sea state or it
can be a single value that maximizes the total extracted energy.

In order to determine an optimalRp for each sea state, differentRp values are tried for
power extraction calculation and the value that gives the maximum average power is selected,
for each sea state. The yearly extracted energy while using the sea state optimizedRp method is
higher than the single coefficient method, since the WEC has optimal performance at each sea
state. However, this method requires a complex control algorithm since the power extraction
coefficient needs to be tuned for each different sea state.

For determining the singleRp value, differentRp values are swept for the extracted average
energy calculation and theRp that maximizes the average extracted energy is selected. The
single power coefficient method requires a simple control strategy, however, as mentioned, the
average extracted energy will be lower than the tunedRp strategy.

The singleRp value in this work is calculated to be739.7 kNs/m. The sea state optimized
Rp can be seen in Table 4.3.
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4.2. Single Point Absorber WEC

Figure 4.5 shows the difference in the energies obtained using tuned and singleRp values,
for differentTz values. It can be seen that the energy difference between thetuned and single
Rp cases is fairly small. The total average extracted energy for a singleRp value is 478.5 MWh,
and it is increased to 490.5 MWh if the tunable control is performed, which is an increase of
2.5%. The tunable control is not utilized in this work.
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Figure 4.5: Energy differences between the tuned and singleRp for differentTz values.

The values presented here are the average values, however the instantaneous power of each
sea state includes significantly higher peaks. In order to beable to harness the previously cal-
culated total average extracted energy, the WEC generator needs to be designed for the highest
peak power, which means that the WEC unit would be over 10 times oversized. The oversized
WEC generation unit would not only be costly, but also most probably operate with a lower
efficiency for the sea states with high probabilities of occurrence, which are the sea states that
contribute the most to the overall energy capture. In order to remedy this issue, a peak power
limit can be introduced, which means that all power peaks exceeding this value will be limited
to it. This is called power curtailment. In order to decide the power curtailment limit, the aver-
age extracted energy for different power curtailment levels are calculated. Figure 4.6 shows the
energy extraction variation for different power curtailment values. Based on this investigation,
the rated power of the WEC unit in this work is selected to be335 kW, which causes a mere
energy loss of7.5%, roughly.

Figure 4.7a shows the non-curtailed instantaneous and the average power for the sea state
Hs = 3.25 m andTz = 8.25 s. It can be seen that the average power for this sea state is
184 kW and maximum peak power can be over 10 times this value. Figure 4.7b shows the
described power limitation. It can be seen that even though all the peaks are limited to the power
curtailment level, 335kW , the average power is decreased from 184kW to 143kW , for the
selected high energy sea state. Due to the low probability ofoccurrence of the high power sea
states as well as the insignificant impact of it on the averageextracted power value, the power
curtailment manages to decrease the WEC generation unit size by approximately 7 times. Note
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Figure 4.6: Energy loss percentage dependent on the peak power curtailment level.

that the power curtailment study is performed using the previously limited sea states, meaning
that the average available wave energy is circa 90% of the unlimited value. In the case of using
all sea states depicted in Table??, the downsizing would be significantly more pronounced.
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Figure 4.7: Non-curtailed and curtailed instantaneous andaverage power values forHs = 3.25
m andTz = 8.25 sea state.

4.3 Linear to Rotational Motion

The WEC system used in this work consists of the single point absorber to harness the wave
energy, a stiff rod together with an ideal gearbox in order totranslate the linear motion into
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4.3. Linear to Rotational Motion

rotational and this is coupled to the WEC generator shaft. The generator is controlled through
a two level three phase power electronic converter. Figure 4.8 shows an overview of the WEC
system that is considered.

Power Take-off

Electric Generation

single point 

absorber

ideal gearbox

WEC Generator

Power Electronic 

converter

Figure 4.8: An overview of the WEC system.

The power take-off of the WEC is assumed to be designed to havea maximum power capture
of 335kW . Figure 4.9a shows the power and Figure 4.9b shows force obtained for the heave
motion of the buoy as a function of vertical speed, both for the unlimited and the 335kW
maximum power capture cases.
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Figure 4.9: Curtailed and non-curtailed power and force from the buoy as a function of the buoy
speed.

It can be observed that for the non-curtailed buoy power the force-speed relation is linear
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and for the curtailed case, the force decreases for the increasing speed at the constant power
values, based on (2.23).

The WEC generators in this project are radial flux machines, therefore the characteristic
parameters are rotational vectors. Given that the mechanical losses of the power train are ne-
glected, the output power from the buoy is transferred entirely to the generator input,

Pbuoy = Pgen (4.1)

which states that the power of the buoy is equal to the input power of the electric generator at
any given time, therefore

fbuoyυbuoy = Tgenωgen (4.2)

The rated rotational speed of the WEC generators are selected to be 1500rpm. The maxi-
mum generator torque can be calculated as

Tgenmax
=

Pmax

ωrated

(4.3)

wherePmax is 335kW and the rated speed is 1500rpm, which results in a maximum torque
of 2.14 kNm. The required torque-speed relation of the buoy motivates the use of the field
weakening strategy for high speed operation, which is an effective way to utilize the electric
drive. The linear motion is translated to rotational motionthrough a mechanical translation
gear. The translation ratio is expressed as

kgb =
fbuoymax

Tgenmax

(4.4)

The translation ration for this application is calculated to be 22301/m.
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Chapter 5

Generator Design and Verification

In this chapter, four main generator designs, IPM, VPM, SMPMand the PM assisted SRM, are
evaluated for the task of being the WEC generator. These fourdesigns are selected due to their
popular use in variable speed drives, such as the electric vehicle and wind power applications.
The stack length - outer diameter ratio of the generators areselected based on the previous work
conducted on this project, which is presented in [55]. It canbe argued whether the selected
generators are the most optimal designs. In this thesis, themain focus is on investigating and
quantifying the impact of various design and material possibilities, therefore the main aspects
of the variations will remain even though another starting point is selected.

The four main generators have the same steel lamination material, same stator geometry as
well as the axial length and the same magnet weight per volume. The electrical steel used in the
main designs is M400-50A [56], the dysprosium NdFeB magnet is NMX-37F [57]. The IGBT
modules that are used in this work have 225A nominal current and 1700V voltage blocking
ability [58], and each half phase leg consists of two parallel modules in order for the converter
to be able to operate at the rated current of the generator. More information regarding the semi-
conductor components used in this work can be found in Appendix A. The key geometry data
and the rated operation parameters of the machines is given in Table 5.1.

TABLE 5.1: Key Geometry and Operational Parameters of the WEC Generators

Stator outer diameter 400 mm

Stator inner diameter 282 mm

Rotor outer diameter 280 mm

Rotor inner diameter 140 mm

Axial length 600 mm

Number of pole pairs 4
Number of slots 48

Number of turns per layer 6
Number of parallel branches 4

Slot body height 30 mm

Slot body width 12 mm

Magnet area per pole 450 mm3

Rated Power 335 kW

Rated Speed 1500 rpm

Rated Current RMS 305 A

Peak line to line Voltage RMS 1100 V
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Chapter 5. Generator Design and Verification

The stator outer diameter is 400mm and the axial length is 600mm. The cross sectional
magnet area per pole is 450mm2. All machines have 8 poles and 48 stator slots with dou-
ble layer windings. The axial overhang is considered to be 35mm and the length of the end
windings is 440.7mm, based on (3.41).

5.1 Default WEC Generator: Interior Permanent Magnet Gen-
erator

The original machine is selected to be an interior permanentmagnet machine, which was proven
to be a favorable design at earlier stages of this work [59]. Figure 5.1 shows a cross sectional
illustration of the default IPM generator used in this work.

Figure 5.1: The cross sectional depiction of the IPM generator

Here, the phase-A coils are highlighted.

5.2 No-load Performances of the WEC Generators

5.2.1 Interior Permanent Magnet Generator

In order to study the adequacy of the permanent magnet amountand strength, no load simula-
tions are performed. Figure 5.2 shows the flux density field for a cross-section of the generator.
It can be seen that the flux density in the stator tooth and the yoke is 1.5T which is an appro-
priate value. The rotor iron at the magnet corners is saturated, which prevents a great part of the
magnetic flux to go in the iron bridges instead of over the air gap into the stator.
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5.2. No-load Performances of the WEC Generators

In Figure 5.3a and 5.3b, the three phase flux linkages and the induced voltages are depicted.
It can be seen that the flux linkages have the desired cosine behaviour and the phase sequence
is correct. The induced voltages are fairly sinusoidal.

Figure 5.2: No load flux density distribution of the IPM generator
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Figure 5.3: No load three phase flux linkages and induced voltages of the IPM generator

5.2.2 V-shaped Interior Permanent Magnet Generator

Another type of interior permanent magnet generator is the v-shaped permanent magnet ma-
chine, where a pair of magnets that resembles a v-shape are interior mounted to the rotor, in
order to form one machine pole. Due to the rotor geometry, theVPM generator has a higher
saliency compared to the IPM generator. Figure 5.4 shows theflux density distribution through
the cross section of the machine. It can be seen that the flux density in the stator tooth is reduced.
The flux density at the stator yoke reaches 1.5T .
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Figure 5.4: No load flux density distribution of the VPM generator

5.2.3 Surface Mounted Permanent Magnet Generator

Surface mounted permanent magnet generators are one of the most common types of permanent
magnet generators, and therefore such a design is considered in this work. Figure 5.5 shows the
no load flux density field of the surface mounted generator. Once again the 1.5T flux density at
the stator tooth is reached.

Figure 5.5: No load flux density distribution of the SMPM generator

5.2.4 PM Assisted Synchronous Reluctance Generator

The no load flux density field of the PM assisted synchronous reluctance (SRM) generator is
shown in Figure 5.6. In this thesis, when the notation PM assisted SRM is used the magnets are
of the same type as the previous designs. In later chapters when a ferrite magnet used as the
SRM magnets, it is named Ferrite assisted SRM.

It is shown that the flux density in the stator teeth is approximately 1T , which is considerably
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lower than the previously mentioned generators, due to the deep-set placement of the magnets.
However, the magnet flux linkage does not affect the overall torque as severely as for example
the SMPM generator, since the reluctance torque is the prominent torque component given the
highly salient rotor design.

Figure 5.6: No load flux linkage density of the PM assisted SRMgenerator.

5.3 Operating Point Comparison of the Permanent Magnet
Generators

Figure 5.7 shows the flux linkage on the d-axis in relation to the q-axis current, when d-current
is kept zero, i.e the magnet flux linkage according to (3.29).It is observed that the no load
flux linkage of the IPM is approximately 0.87Wb and it decreases with increasing current,
i.e. increasing saturation level. The no load magnet flux linkage of the VPM is 0.75Wb and
the saturation is fairly prominent for this generator. It can be also observed that the permanent
magnet of the SMPM design supplies a no load flux linkage of 0.96 Wb, which is significantly
higher than the IPM and VPM generators. Even though the high no load flux linkage level of
the surface mounted design, a drawback of this magnet placement is that the magnet losses are
higher compared to the interior magnet variants. The no loadflux linkage of the PM assisted
SRM generator is 0.71Wb which is lower than the previous machines.

Figure 5.8a shows the analytically calculated operation diagram of the IPM generator. The
dashed current trajectory describes that the generator is gradually loaded from no load to maxi-
mum current level, 305A RMS. The current angle is calculated based on maximum torqueper
ampere control strategy until 1500rpm and based on a field weakening algorithm until 3000
rpm, which is approximately the maximum translated rotationalspeed of the buoy. Figure 5.8b
shows the d-q current variation within the operating range of the WEC for the VPM generator.
The current magnitude and the angle is calculated based on the MTPA control strategy until the
maximum voltage is reached and the field weakening algorithmdetermines the current angle
while the magnitude is the maximum.
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Figure 5.7: Flux linkages as a function of q-axis current forzero d-current.

The SMPM generator is simulated for the same operating conditions as mentioned earlier.
The d-q currents within the operating range is shown in Figure 5.8c. It is observed that the cur-
rent angle is much smaller compared with the interior machines viewed earlier, only deviating
a few degrees from the−90o current angle even at high current operations. Theoretically, the
surface mounted machine is non-salient, meaning that the values of the d and the q inductance
are equal. However due to the saturation of the magnetic pathin the rotor iron, the reluctance
paths end up having different permeability values, therefore there is a slight difference between
the inductances. Traditionally, SMPM machine is controlled only by the q-current, however, in
this work due to the slightly non-ideal behaviour, MTPA control strategy is used for this design
as well.

Figure 5.8d shows the d and q current variations for different operating points for the PM as-
sisted SRM generator. It is observed that the current angle is higher than those of the previously
studied permanent magnet generators, which indicates a higher saliency.

Figure 5.9a shows the torque requirement of the buoy and the electrodynamic torque that can
be supplied by the machines. Similarly, Figure 5.9b shows the power requirement of the buoy
and the machine power that is available.

It can be seen that all the machines have adequate torque during the linear-load operation,
and only the SMPM generator torque fails to fulfill the buoy requirement at field weakening
operation. This is due to the fact that the SMPM torque depends greatly on the magnet torque
due to its very low saliency (theoretically non-salient). Since the current angle must increase in
order to operate in the field weakening region, as well as the fact that the added reluctance torque
originating from the increased current angle is very low, the SMPM machine has a poor field
weakening performance. Accordingly, it can be expected that the more salient machines can
achieve a better performance during the field weakening operation. The most salient generator
amongst the investigated is the PM assisted SRM generator, which is the design that supplies
the greatest rated torque and has the best field weakening performance.

Table 5.2 shows the d and q axis inductances and the no load fluxlinkages of the investigated
WEC generators at rated operation. It can be seen that the SMPM inductances are quite close in

44



5.3. Operating Point Comparison of the Permanent Magnet Generators

-600 -400 -200 0

i
sd

 [A]

-600

-500

-400

-300

-200

-100

0

100

i sq
 [

A
]

Current Limit

-2500

-2000

-1500

-1000

-500

0

500

(a) IPM

-600 -400 -200 0

i
sd

 (A)

-600

-500

-400

-300

-200

-100

0

100

i sq
 (

A
)

Current Limit

-2000

-1500

-1000

-500

0

500

(b) VPM

-600 -400 -200 0

i
sd

 [A]

-600

-500

-400

-300

-200

-100

0

100

i sq
 [

A
]

Current Limit

-2000

-1500

-1000

-500

0

500

(c) SMPM

-600 -400 -200 0

i
sd

 [A]

-600

-500

-400

-300

-200

-100

0

100
i sq

 [
A

]
Current Limit

-2500

-2000

-1500

-1000

-500

0

500

(d) PMa SRM

Figure 5.8: Operation diagram of the WEC generators.

value and the most salient machine is the PM assisted SRM generator.
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Figure 5.9: Torque and Power trajectories of the permanent magnet generators and the buoy
requirement of the WEC generator designs.

TABLE 5.2: d-q inductances and the no load flux linkages of the studied WEC generators at rated
operation

Generator Type d-inductance mH q-inductance mH No load flux linkage Wb
Interior Permanent Magnet Generator 1.016 2.672 0.87

V-shaped Interior Permanent Magnet Generator 1.375 3.03 0.75
Surface Mounted Permanent Magnet Generator 1.135 1.09 0.96
PM Assisted Synchronous Reluctance Generator 1.19 4.686 0.71
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WEC Unit Operation

6.1 Operating Point Determination

The WEC generators are to be able to operate on the maximum operating trajectory required
by the buoy. Figure 6.1 shows the torque-speed requirement of the buoy and the PTO, which is
the ideal operating trajectory, the maximum torque-speed capability of the generators and the
resulting operating trajectory. It can be seen that IPM, VPMand SRM generators can follow the
required trajectory, however the SMPM generator cannot supply enough torque at the highest
speeds (see Figure 6.1c), therefore it has a different operating trajectory with a slightly lower
torque value for the higher speeds. The lower torque trajectory of the SMPM generator results
in a 0.14% decrease in the annual energy production, which isa very slight impact, therefore
this design can be used as a WEC generator.

Figure 6.2a shows the magnet torque values and Figure 6.2b shows the reluctance torque
values of the different generator designs. The magnet torque is dependent of the flux linkage,
based on (3.17) and the reluctance torque depends on the difference between the d and q induc-
tances, as shown in (3.18). The reluctance and magnet torquevalues are in correspondence with
the expected results that are based on Table 5.2. It can be seen that the SMPM generator, which
has the highest flux linkage, has the highest magnet torque. The magnet torque increases in
order to accommodate the increasing load torque until the rated speed is reached and decreases
drastically for increasing speeds. Moreover the slight increase of the reluctance torque during
the field weakening operation can be seen. The most salient design, the PM assisted SRM has
the highest reluctance torque throughout the operation. Itis also observed that for the designs
that have high magnet torques, the reluctance torque is lower and vice versa.
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Figure 6.1: Machine capability and operating points of the WEC generators.
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Figure 6.2: Comparison of the torque components of the WEC generators.
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6.2 Determination of the Power Losses and the Energy

Once the operating trajectory is decided, the required d-q currents and the electrical frequency
are calculated for each selected operating point. These parameters are fed to the FEM software
in order to assess the operation of the corresponding point and the machine losses are obtained.
It is to be noted that the core losses obtained through the FEMcalculations are expected to be
lower than the realistic results (such as the core losses obtained through experimentation), due
to the methods used by the FEM software and more importantly the neglected material degra-
dation caused by the punching or laser cutting of the electric steel sheets. More information
about the degradation depth and determination of the non-degraded and fully degraded mag-
netic characteristics of the sheets can be found in [60] and [61]. In this work, no compensation
is performed for adjusting the core loss values, since each different generator design is analysed
using the same FEM software and the main objective is to compare their behaviour. Further-
more, the mesh size and the time steps of the FEM simulations are kept unchanged throughout
the work in order to eliminate all software based factors that could affect the results.
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Figure 6.3: Power losses of the main WEC generators.

Figure 6.3a shows the copper, core and magnet losses of the WEC generators. It can be seen
that the machine losses vary with the power level, e.g. the SMPM has the lowest losses for low
power levels (i.e. lowHs andTz), yet the losses grow with the increasing input power. A very
distinct result is that the magnet losses are drastically higher for the SMPM generator, which is
typical for surface mounted machines. Figure 6.3b shows theconduction and switching losses
of the IGBT switches and the diodes of the power electronic converter. The switching losses
of the IGBTs are dominating, and the conduction losses of theIGBTs are roughly 50% lower
than the switching losses. The switching frequency is selected to be2 kHz for all generators.
It can be seen in these figures that at maximum power there are several values of losses. This is
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due to the wide range of speed and thus operating points that have the same power at the field
weakening operation.

Figure 6.4a shows an overall comparison of the total losses of the WEC generators. Up until
70 kW input power the SMPM generator has the lowest losses, however they increase with
increasing power. The VPM generator has the poorest performance throughout the operation
range. The SRM generator has the lowest losses for the higherpower levels, due to its effective
performance during field weakening. Figure 6.4b, shows the total losses of the WEC generators
as a function of the rotor speed. The constant torque and fieldweakening regions can be clearly
seen. The losses increase with the increasing speed until the rated speed. Here, the field weaken-
ing control replaces MTPA control, since the converter voltage limit is reached. First, the losses
decrease due to the decreasing fundamental flux, however since both the current magnitude and
the rotor speed are increasing, the total losses increase for higher speeds of the field weakening
region.
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Figure 6.4: Comparison of overall losses of the WEC generators as a function of mechanical
power and rotor speed.

Figure 6.5 shows the efficiency comparison of the WEC generators for the whole operating
range and for the low power operation. It is again seen that the efficiency relations between
the generators vary with the level of input power. For lower power levels, the SMPM has the
highest efficiency and for higher power levels the PM assisted SRM has the best performance.
The IPM generator has consistently high performance throughout the operation range and the
VPM has the poorest. This finding was unexpected, since the VPM design is favorable for many
applications. Due to this variation in efficiencies it is notintuitive to realize which generator
could capture the most energy, since the WEC most often is active at the low power region, yet
better efficiency at high power levels can cause a distinct increase in energy generation. In order
to be able to quantify the generator operations from an energy point of view, the WEC generator
energy production and loss are studied.

Figure 6.6 shows the total annual energy production and lossvalues of the generators. As
speculated, there is no distinct difference between the IPM, SMPM and SRM generators en-
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Figure 6.5: Efficiency comparison of the WEC generators.

ergy productions and losses. The VPM generator has the lowest production, due to having the
highest losses. This is expected due to the fact that the VPM generator has the lowest efficiency
throughout the WEC operation.
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Figure 6.6: Annual energy productions and losses.
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6.2.1 Instantaneous Behavior of the IPM Generator

The operating points of the generators are selected using the buoy operation trajectory, however
for simplicity, several speed equidistant points are selected for detailed simulations and the
simulation results would be reference points. The instantaneous performance of the generators
are achieved by interpolating the reference points with theinstantaneous buoy requirement.
Figure 6.7 shows the instantaneous power from the buoy and the IPM generator at1.75 m Hs

and5.75 s Tz, which is one of the most occurring sea states and at3.25 m Hs and8.25 s Tz,
which is a high power sea state. It can be seen for the medium sea state, except for some peaks,
the power curtailment level is not reached, however for the maximum sea state the power level
is almost consistently at the curtailment level. The probability of occurrence of the medium
sea state is7.3% and of the high power sea state considered in this work is0.2% therefore the
constant curtailment of the maximum level does not impact the energy capture greatly, whereas
even small power limitations on the most occurring states might have significant effects.

0 2000 4000 6000 8000 10000

time [s]

0

100

200

300

400

500

600

P
ow

er
 [k

W
]

H=1.75 T=5.75

Original
Curtailed

(a)Hs = 1.75 m andTz = 5.75 s

0 2000 4000 6000 8000 10000

time [s]

0

500

1000

1500

2000

2500

P
ow

er
 [k

W
]

H=3.25 T=8.25

Original
Curtailed

(b) H=3.25 m and T=8.25 s of IPM

Figure 6.7: Instantaneous power of IPM at different sea states.

Figure 6.8(a) shows the instantaneous machine losses and Figure 6.8(b) is zoomed in for
better understanding the instantaneous behaviour. The redline in instantaneous plots indicate
the mean value of the parameter. Similar to the instantaneous power, the instantaneous losses
also have a high ratio between the peak and the average values. The peak values of the copper
and core losses are approximately 4kW and 2kW respectively, whilst the average values of
these losses are 0.8 and 0.4kW .
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Figure 6.8: Instantaneous machine losses at H=1.75 m and T=5.75 s of IPM.
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6.3 Economical Evaluation of the Main Designs

In order to select the most favorable WEC generator, the economical impacts of the generator
performances are to be quantified, using the life cycle cost analysis. For simplicity, only the
electric generation unit is investigated economically, since the price information of the mechan-
ical part, grid connection components and the maintenance is expected to be the same for all
WEC systems. Due to this, the economical evaluation is studied using the LCC method purely
for the electric drive, rather than the Levelized Cost of Energy (LCoE).

In order to calculate the LCC values of the investigated generators, the investment cost of the
generator needs to be determined. Table 6.1 shows the pricesof the materials that are used for
the WEC generator construction. The VACODUR 48 cobalt-ironmaterial and Stronium Ferrite
permanent magnet are used in the coming chapters.

TABLE 6.1: Price of the materials used in machine construction ase/kg.

M400-50A NeFeB copper wire VACODUR 48 Stronium Ferrite
2.5 50 8 20 5

The weight of the copper, iron and neodymium magnets used to construct the WEC genera-
tors are shown in Table 6.2. The copper and magnet weights of all four designs are equal, since
the magnet volume is constant and all generators have the same stator configuration. Moreover,
the iron volume that is purchased for construction is also considered to be the same for all de-
signs in this work. This is due to the fact that, even though the rotor configurations are different,
the stator and rotor for each material are punched out from a circular sheet that has the stator
outer diameter. The unused parts are discarded, therefore the rotor design does not affect the
volume of the purchased electric steel. Approximately 77% of the machine is made of electric
steel, 22% is constructed of copper wire and 2% is the permanent magnet content.

TABLE 6.2: Weights of different materials used in machine construction in kg.

M400-50A NMX-37F copper wire
577 16.2 158

Figure 6.9 shows the components of the investment cost. The most costly material is the
electrical steel, due to its high volume, and is followed by the copper wire and the permanent
magnets. The manufacturing cost is selected to be half of thetotal investment cost. The total
cost of one generator is 5300e and the price of the IGBT converter is 1265e [62].

Figure 6.10a shows the NPVL comparison of the four main WEC generator designs. In this
work, the electricity price is assumed to be 30e/MWh [63]. The WEC life time is considered
to be 20 years and the discount rate is set to be 9%. The NPVL shows expected results, since it
reflects the energy loss comparison of the generators. The IPM, SMPM and PM assisted SRM
generators have similar NPVLs, whereas the VPM has approximately 10% higher cost of losses
than the other designs. By using the PM assisted SRM generator as the WEC generator, instead
of the default IPM generator, the NPVL decreases by 660e, which is an expected result since
the NPVL is to a great extent dependent on the energy losses.
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Figure 6.10b shows the LCC comparison of the four main designs. Since the investment
cost is kept constant, the LCC variation is only dependent onthe NPVL and the results can be
explained in a similar fashion. Based on the LCC analysis of the four main generator types of
this work, the PM assisted SRM generator is the favorable WECgenerator.
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Figure 6.10: Net present value of losses and the life cycle cost of the WEC generators.
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Chapter 7

Design Variations

In this chapter, various geometric and component designs are investigated in order to better un-
derstand the effect of different parameters of the machine geometry and construction materials
on the machine performance. The main focus of these investigations is to determine the impact
of a specific variation and to what degree it affects the machine performance. The motivation is
that the knowledge obtained through these investigations aids a systematic optimization analysis
to achieve the ultimate performance for a chosen wave energyapplication.

7.1 Effect of the Electric Steel Lamination

Electrical machine bodies are manufactured from steel laminations that are stacked together.
These materials have different thicknesses and core-loss characteristics, as well as different B-
H relations. In this work, the default lamination is selected to be M400-50A, and in this section,
M270-35A, M350-50A, M470-50A and M700-50A laminations arestudied. Here, the first part
of the material name represents the approximate core loss value of the material at 1.5T and
50Hz. The second part of the material represents the thickness. The core losses of the electric
steel material is decreased by increasing the silicon content of the material, since the added
silicone increases the electrical resistivity of the material, therefore the eddy current losses will
be decreased [56]. For example, the M270-35A has the lowest core losses and its thickness is
0.35mm, however this procedure results in a reduced B-H characteristic. In Figure 7.1 the B-H
relations of the studied materials can be observed.

It can be seen that all materials have similar trends, yet theM470-50A and M700-50A ma-
terials have higher induction levels than the others. The reason might be that the silicon content
of these materials are lower than those of the low core loss variants.

Figure 7.2a shows the torque-speed relations, as well as thebuoy requirement and Figure
7.2b shows a close up on the rated torques. It can be seen that there is no significant deviation
from the original M400-50A design regarding the torque performance, which is as expected. A
slight reduction of maximum torque for the M270-50A design is noted.

Figure 7.3a displays the eddy and hysteresis losses of the mentioned designs. It can be ob-
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Figure 7.2: Overall and close-up torque trajectories of different steel lamination designs.

served that the eddy losses for the M270-35A, M350-50A and M400-50A are fairly comparable,
however the M470-50A and M700-50A materials have significantly higher eddy current losses.
A similar trend is present for the hysteresis losses, however the change is not as drastic. Fig-
ure 7.3b shows the copper and core losses of different designs. It can be seen that the steel
lamination variation has the biggest impact on the core losses.

Figure 7.4 shows the efficiency comparison of the aforementioned designs. Once again, it is
not possible to observe a significant change in efficiency of M270-35A, M350-50A and M400-
50A designs, however the efficiency decreases for the lamination designs with higher core loss
characteristics.

Since all variants have similar performance, the difference is best quantified through the
annual energy production and loss. Figure 7.5 shows the annual energy productions and losses
of each design variation. It can be seen that using the lowestcore loss material results in a 430
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Figure 7.3: Power losses for different steel lamination designs.

kWh annual energy production surplus and the highest core loss material has approximately 2
MWh higher annual losses compared with the default design.

Another important aspect to note is that the annual energy loss of the M350-50A lamination
design is slightly lower than that of the M270-35A design, even though it is a higher core loss
lamination. Owing to the better B-H performance, the M350-50A design can achieve the same
operation with lower current due to better induction, compared to the M270-35A design. This
would result in lower copper losses, even though using this material increases the core losses,
as it is seen in Figure 7.3b. Since the core losses are approximately half of the copper losses, a
slight decrease in copper losses have a bigger impact on overall energy losses than the increased
core losses. It can be concluded that the M350-50A lamination has the lowest annual energy
losses, therefore is the preferable lamination choice froman energy point of view, however the
favorable design must be determined based on the LCC results.

Figure 7.6 shows the NPVLs of the WEC generator designs usingdifferent lamination ma-
terials. It is seen that the M350-50A material has the lowestcost of the energy losses, meaning
that as long as the extra cost of this material is less than 3900 e, compared with the default
material, using M350-50A generator gives the lowest LCC.

59



Chapter 7. Design Variations

-300 -250 -200 -150 -100 -50 0

Mechanical Power [kW]

92

93

94

95

96

97

E
ff

ic
ie

n
cy

 w
it

h
 I

G
B

T
 C

o
n

v
er

te
r[

%
]

M400-50A

M270-35A

M350-50A

M470-50A

M700-50A

Figure 7.4: Efficiency comparison of different steel laminations
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Figure 7.5: Annual energy productions and losses for different steel laminations.
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Figure 7.6: NPVL comparison of the WEC generator designs using different laminations.
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7.2 Cobalt-Iron Rotor

In this section, the rotor of the IPM generator is constructed using cobalt-iron material, VA-
CODUR 48. Cobalt-iron alloys have the highest saturation polarization of all magnetic alloys,
measuring up to 2.35T [64]. In this work, the cobalt-iron material is used only forthe rotor
construction in order to increase the air gap flux. The statoris constructed of M400-50A. The
cobalt-iron material is not initially preferred for the stator, due to higher core losses compared
to the ordinary silicon based electrical steel, however theresults are presented for this case for
a more extensive comparison. Figure 7.7 presents the B-H curve of the cobalt-iron material in
comparison with the M400-50A material.
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Figure 7.7: B-H curves of the cobalt-iron and the M400-50A materials

The high saturation point of the cobalt-iron material can beclearly seen in this figure. Figure
7.8 shows the torque and power trajectories of the cobalt-iron rotor and totally cobalt-iron WEC
generator designs.
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Figure 7.8: Torque and power trajectories of the cobalt-iron designs.
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It can be seen that due to the higher induction levels, the design that uses only cobalt-iron
material has the highest rated torque, whereas the cobalt-iron rotor design has similar torque-
speed and power-speed relations to the default generator design. Figure 7.9a shows the copper
and core losses comparison of the investigated designs. It can be seen that the copper losses
are decreased for the cobalt-iron rotor design, due to the lower maximum current. However,
the core losses are increased, due to the core loss characteristic of the cobalt-iron material. It
can also be seen that when both the rotor and the stator of the machine is constructed of the
cobalt-iron material, the core losses are doubled, compared to the original design. This is due
to the fact that the high flux in the stator teeth combined withthe poor core loss characteristic
of the cobalt-iron material result in significantly higher core losses.

Figure 7.9b shows that the core loss increase is predominantly caused by the hysteresis
losses.
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Figure 7.9: Power losses of the cobalt-iron rotor IPM generator designs.

Figure 7.10 shows the efficiency comparison of the studied designs. It can be seen that the
cobalt-iron rotor design has a higher efficiency throughoutthe operation, due to the lower overall
losses. Due to the significantly higher core losses, the fully cobalt-iron generator has the lowest
efficiency.

The impact of the improved efficiency on the annual energy is shown in Figure 7.11. It can be
seen that the annual energy loss is decreased approximately1.3%. Furthermore, it is observed
that using the total cobalt-iron machine, the energy lossesincrease almost up to 20%, therefore
it is omitted from further investigations.

Figure 7.12a shows the NPVL of the IPM design with VACODUR 48 rotor in comparison
with the original design. It can be seen that using cobalt-iron material decreases the NPVL by
1.6%. Figure 7.12b shows the investment cost of the cobalt-iron rotor WEC generator, together
with investment cost of the default design. It can be seen that the investment cost of the cobalt-
iron rotor design is significantly higher than the original IPM generator, due to the high material
price.
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Figure 7.10: Efficiency comparison of cobalt-iron and the initial IPM generator designs.
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Figure 7.11: Annual energy for the cobalt-iron rotor IPM generator design.

Figure 7.13 shows the LCC comparison of the cobalt-iron rotor and the default IPM genera-
tors. It can be seen that, even though the NPVL is lower, due tothe high investment costs, using
the cobalt-iron rotor WEC generator increases the LCC by 8%.
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Figure 7.12: NPVL and investment cost comparison of the WEC generator designs with M400-
50A and VACODUR 48 rotor.
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Figure 7.13: LCC comparison of the WEC generator designs with M400-50A and VACODUR
48 rotor.
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7.3 Effect of the Stacking Factor

Electrical machines are often made up of laminated sheets ofelectrical steel, in order to reduce
the eddy losses. The laminations are stacked together to construct the machine body. The steel
laminations are insulated with a non-magnetic and non-conductive coating and furthermore
the sheets are not perfectly flat due to the construction, meaning that the total volume of the
laminations, apparent volume, does not have flux carrying capacity. Stacking factor (SF) is the
ratio between the effective magnetic volume and the apparent volume.

Stacking factor generally ranges between 90 - 99%, and a theoretical 100% SF means that
there is no coating on the sheets. Thick laminations can havehigh stacking factors, whereas the
SF decreases for thinner laminations.

A rule of thumb that estimates the SF based on the lamination thickness is

SF = 0.0425δFE + 0.6032 arctan(108.16δFE) (7.1)

whereδFE represents the lamination thickness [65]. Using this method, the SF values are
calculated to be 96% and 94% for the 0.5mm and 0.35mm thick laminations, respectively. In
[66], it is shown that the SF values calculated using the ruleof thumb is roughly 2% lower than
actual, therefore the stacking factors of 0.5mm and 0.35mm thick laminations are selected to
be 98% and 96%, accordingly.

Figure 7.14 shows the copper and core losses of the M400-50A,M350-50A and M270-35A
designs. The solid case is analyzed as a lamination with infinitely large SF (99.999% in the
FEM software). The M350-50A steel lamination has a thickness of 0.5mm, which means that
its SF is 98%, as the M400-50A lamination. The M270-35A is 0.35 mm in thickness, hence a
SF of 96% is selected, as determined previously.
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Figure 7.14: Power losses of the different stacking factorsfor different steel materials IPM
generators.

It can be seen that M350-50A with 98% SF has the lowest copper loss compared with the
other laminations, except the infinitely large SF variant, which is not a realistic design. Further-
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more, the lowest core loss operation is achieved by the M270-35A with 96% SF, due to the core
loss characteristic of this material and lower SF value.

In Figure 7.15, the efficiencies of the investigated designsare depicted. Besides the solid SF,
the highest efficiency design is the M350-50A with 98% SF, which is expected since this design
has the lowest copper losses amongst all the investigated lamination designs and furthermore,
the M350-50A material is earlier determined to be the most efficient material.
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Figure 7.15: Efficiency comparison of the different stacking factors for different steel materials
IPM generators

Figure 7.16 shows the annual energy production and loss of the different stacking factor
lamination designs. It can be seen that the lowest energy loss is achieved by the solid electrical
steel, however it is not possible to apply an infinitely thin layer of coating, therefore the best
operation from an energy efficiency point of view is achievedby the M350-50A material with
98% SF.
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Figure 7.16: Annual energy production and losses for the different stacking factors for different
steel materials IPM generators.
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7.4 Effect of the Stator Slot Height

In this section, the effect of the stator slot dimensioning is investigated. The slots height is
increased and decreased by25% and10%. The airgap and outer radius is kept constant, meaning
that the stator yoke is adjusted to accommodate the slot height variations. Figure 7.17a shows
the torque-speed and Figure 7.17b shows the power-speed relation of the different slot geometry
designs. The maximum current is kept constant and the coil area is varied with the slot size. It
can be seen that decreasing the slot size improves the torque-speed or power-speed relation.
Furthermore,25% bigger slot design has significantly lower maximum torque, which is less
than the required torque of the buoy, which results in an insufficient power profile as well. The
torque profile of the generator designs can also be translated into the current values, meaning
that the lower the rated torque, the higher the rated currentin order to achieve the same operating
points.
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Figure 7.17: Comparison of the electrodynamic torque and the power trajectories for different
stator slot heights.

The25% higher slot design is ruled out due to its insufficient performance.10% higher and
shorter designs, as well as the 25% shorter slot design are used as the WEC generator. Figure
7.18a displays the copper and core losses of the IPM generator with different slot heights and in
7.18b the corresponding total machine and converter lossesare shown. When the slot height is
increased, the slot area is also increased, therefore the resistance is decreased based on (3.38),
and similarly the resistance increases for smaller slot heights.

It can be seen that the 25% smaller slot design has the highestcopper losses, since the
resistance for this design is the highest amongst the investigated variants. The copper losses
however, are increased only by 10% instead of 25%, since the current is decreased for the
same torque level, for the 25% slot size. The reduced slot height designs lead to an improved
induction, i.e the flux linkage, and thus lower current for the same torque value. Furthermore,
this design has the lowest core loss, due to the increased iron area for the stator yoke. For the
10% smaller slot design, the resistance increase is not as drastic and the current is decreased, so
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Figure 7.18: Power losses of different slot height designs.

the overall effect on the copper losses is positive, i.e the copper losses are decreased. Similar to
the 25% smaller slot case, the core losses are decreased due to the increased stator yoke area.

The full-torque current of the 10% increased slot height case is increased compared to the
original design, however the resistance is decreased, therefore the resulting copper losses are
decreased. The core losses are increased slightly, due to the smaller stator yoke.

Figure 7.19 shows the comparison of the corresponding efficiencies of the IPM generator
variants with different slot sizes. It can be seen that the 10% lower slot height design has the
highest efficiency throughout the operation.
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Figure 7.19: Efficiency comparison of different slot heightdesigns

The annual energy productions and losses of the different slot height designs are displayed
in 7.20. As expected, the 10% smaller slot height design has the lowest annual energy losses.

Figure 7.21 shows the NPVL comparison between the designs with different slot height
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Figure 7.20: Annual energy productions and losses of different slot height designs.

designs. It can be seen that decreasing the slot height by 10%results in a 3900e decrease in
energy loss cost, which corresponds to 4.8%. Furthermore, the investment for the copper wire
would also decrease by 10%, which causes the total investment cost to decrease by 3.8%.
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Figure 7.21: NPVL comparison of the WEC generator designs with different slot heights.
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7.5 Effect of the Stator Slot Width

In this section, the effect of the slot width on the overall generator performance is investigated.
Here the cases of 5% and 10% larger slot widths, as well as the 5% smaller slot width is studied.
The fill factor is kept unchanged. The torque-speed relationis depicted in Figure 7.22a and the
power-speed relation can be seen in Figure 7.22b.
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Figure 7.22: Comparison of the electrodynamic torque and the power trajectories for different
stator slot widths.

The aforementioned figures show that the power-speed relations of the different slot width
designs are significantly similar, as well as the torque-speed relation at the field weakening
operating region. Furthermore, it is seen that for the same rated current, the 5% smaller width
design has the highest rated torque, followed by the original design and the 5% and 10% wider
slot designs, respectively. For the smaller slot width design, the stator teeth width increases.
The increased iron area results in a better induction, whichmeans that the 5% smaller slot
width design can achieve a higher rated torque for the same maximum current.

Figure 7.23 shows the copper and core losses of the differentslot width designs. There is
no significant difference between different designs, this is due to the fact that the change in the
iron mass of the machine is fairly small in order to accommodate the slot width changes. The
copper losses of the studied designs differ more as the speedincreases until the rated operat-
ing point and the difference is more prominent in the field weakening region. The 5% smaller
slot width case only slightly deviates from the copper loss of the original generator, since the
maximum current for this design is lower, however the resistance is increased due to the de-
creased slot area. The rated current is improved only 1.5%, whereas the resistance is increased
approximately by 6%. Similarly, despite the current increase for larger slot width designs, the
resistance decreases due to the increasing slot area, hencethe copper losses are decreased. The
5% wider slot design has an increased rated current of 1.5%, and the resistance is decreased
roughly 5.5%. The rated current of the 10% wider slot design is increased by 4%, however the
resistance is decreased by 10%. Since the change in resistance is much more drastic than that
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of the current, the copper losses are predominantly affected by the resistance for the slot width
variations. Using the 10% wider slot design decreases the copper losses by 13% at the rated
operating point.
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Figure 7.23: Copper and core losses of the different slot width designs.

Figure 7.24 shows the efficiency comparison of the differentslot width generator designs.
Here, it can be seen that the efficiency of the designs have a strong dependency on the copper
losses, and since all designs have lower copper losses than the original design, the efficiencies
are as well improved. As expected, the 10% larger slot width design has the highest efficiency.
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Figure 7.24: Efficiency comparison of different slot width designs

The annual energy productions and losses obtained by using the different slot width gener-
ators are depicted in Figure 7.25. The copper loss dependency of the annual energies can be
observed in this figure, as the lowest copper loss design, 10%larger slot width, has also the
lowest annual energy losses. The difference between the 10%and 5% larger slot width designs
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are minuscule, however the annual energy losses decrease approximately by 3.3% if the original
slot width is increased by 10%.
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Figure 7.25: Annual energy productions and losses of different slot width designs.

The economical impact of the slot width variations are shownin Figure 7.26. Here, only the
NPVL of the studied designs are shown, since investment costis unchanged. It can be seen that
the NPVL of the variations are consistent with the annual energy loss results, as expected. The
10% larger slot width variant decreases the NPVL by 2870e for the lifetime operation. The
investment cost increases due to the increased copper volume, however the difference is only
40e .
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Figure 7.26: NPVL comparison of the WEC generator designs with different slot widths.
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7.6 Effect of the Rotor Diameter

In this section, the rotor diameter is increased and decreased by 5mm. It should be noted that
there are several ways to adjust the stator geometry for rotor diameter alterations, and in this
work the outer diameter and the stator yoke dimensions are kept unchanged, meaning that the
slots are adjusted in order to accommodate the rotor diameter variations. The designs where the
stator yoke is altered is not investigated within this project.

The torque and power trajectories as a function of the rotor speed are shown in Figure 7.27.
It can be seen that the 5mm shorter rotor diameter design has the lowest rated torque and the 5
mm longer rotor diameter case has the highest, however the torque obtained using this design
is lower for the field weakening operation.
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Figure 7.27: Comparison of the electrodynamic torque and the power trajectories for different
rotor diameter designs.

Figure 7.28 shows the copper and core losses of different rotor diameter designs. It can
be seen that while there is no drastic change in the core loss,the copper losses vary signifi-
cantly. The design with 5mm shorter rotor diameter has the lowest copper losses, despite that
it achieves the rated torque at a higher current, since the resistance of this design is approxi-
mately 8% lower than the original generators. During the MTPA operation, the 5mm longer
rotor design has slightly lower copper losses than the original design. This is due to the fact that
the lowest rated current of the design, however there is no drastic decrease since the resistance
of this design is increased due to the smaller slot area. The copper losses of the longer rotor
diameter design is increased during the field weakening operation, due to the decreased rated
torque during field weakening.

Figure 7.29 shows the efficiencies of the studied rotor diameter designs. It can be seen that
the efficiencies of the generators are predominantly affected by the copper losses. The high
copper loss of the longer rotor design at higher rotor speedsdoes not have a great impact on the
efficiency, since the high speed operation seldom occurs.

The resulting annual energy productions and losses are depicted in Figure 7.30. It is seen
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Figure 7.28: Copper and core losses of the different rotor diameter designs.
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Figure 7.29: Efficiency comparison of different rotor diameter designs.

that using both design instead of the original design results in a decrease in the annual energy
losses. The longer rotor diameter case has approximately 2%lower losses and the shorter rotor
diameter design improves the energy losses by approximately 3.3%.

The economical impact of different designs are investigated by comparing the NPVL, since
the investment costs are unchanged. The results are presented in Figure 7.31. It can be observed
that the NPVL of the 5mm shorter rotor diameter design is 2580e lower than the original
design.
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Figure 7.30: Annual energy productions and losses of different rotor diameter designs.
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Figure 7.31: NPVL comparison of the WEC generator designs with different rotor diameters.
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7.7 SiC MOSFET Converter

The converter losses impact the overall energy losses. In this section, a SiC MOSFET converter
is investigated. In this work, a 1700V module with a current rating of 225A is selected [67],
which has the correct blocking voltage for the application,however the current rating is too
low. Therefore, for each half phase leg of the converter, twoparallel SiC MOSFET modules are
used, in order to be able to operate at the rated generator current. Note that the IGBT modules
of the original converter are also selected to have the same voltage and current rating as the SiC
MOSFET and two parallel modules are used for each half phase leg, for a better comparison,
since a SiC MOSFET converter that could operate for the generator rated current could not be
found commercially.

Figure 7.32 shows the components of the converter losses of the IGBT and SiC MOSFET
converters. It can be seen that the IGBT converter losses areover 2 times higher than that of the
SiC MOSFET converters at the highest power, furthermore allconduction and switching losses
of the SiC MOSFET converter are significantly lower than thatof the IGBT converter and the
diode switching losses are zero for the SiC MOSFET converter. The drastic improvement in the
converter losses results in a significant improvement in thesystem efficiency, as seen in Figure
7.33.
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Figure 7.32: Comparison of converter losses for the WEC generating unit using an IGBT and a
SiC MOSFET converter

Figure 7.34 shows the energy production and loss of the WEC system with different convert-
ers. It can be seen that the annual energy losses of the WEC system decreases by approximately
5 MWh for the SiC MOSFET converter case.

Figure 7.35a shows the investment costs of WEC generation unit using the SiC MOSFET
and the IGBT converters. The price of a single IGBT module used in this work is 105e and the

76



7.7. SiC MOSFET Converter

-300 -250 -200 -150 -100 -50 0

Mechanical Power [kW]

93

94

95

96

97

98

E
ff

ic
ie

n
cy

 [
%

]

IGBT

SiC MOSFET

Figure 7.33: Efficiencies of the WEC generating unit using anIGBT and a SiC MOSFET con-
verter

IGBT SiC MOSFET

Converter type type

0

50

100

150

200

250

300

350

400

E
n

er
g

y
 [

M
W

h
]

366.5 370.8

Production

(a) Production

IGBT SiC MOSFET

Converter type

0

2

4

6

8

10

12

14

16

E
n

er
g

y
 [

M
W

h
]

15.29

10.99

Loss

(b) Losses

Figure 7.34: Annual energy productions and losses of the WECgenerating unit using an IGBT
and a SiC MOSFET converter.

price of a single SiC MOSFET module is 730e[62]. The total IGBT converter price is 1260
e , as previously mentioned and the total SiC MOSFET convertercosts 8760e , since each
converter consists of 12 modules. It can be seen that the investment cost of the SiC MOSFET
design supersedes the IGBT variant vastly. Figure 7.35b shows the NPVL values for WEC
generating systems using IGBT and SiC MOSFET converters.

It can be seen that using the SiC MOSFET converter significantly decreases the NPVL and
approximately23000 e can be saved in energy costs.

Figure 7.36 shows the LCC comparison of the investigated variants. It can be seen that
despite the higher investment costs, the SiC MOSFET converter design has a lower LCC, due
to its lower annual energy losses.

77



Chapter 7. Design Variations

IGBT SiC MOSFET

Converter Type

0

5

10

15

6.543

14.03

(a) Investment Cost

IGBT SiC MOSFET

Converter type

0

20

40

60

80

100

81.87

58.84

(b) NPVL

Figure 7.35: Semiconductor investment cost and NPVL comparison of the WEC generator de-
signs using IGBT and SiC MOSFET components
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Figure 7.36: LCC comparison of the WEC generator designs using an IGBT and a SiC MOSFET
converter.
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7.8 Inset Permanent Magnet Generator

Another popular permanent magnet machine design is the inset design. The permanent magnets
are placed as in the SMPM, however instead of being placed outside the rotor yoke, they are
placed into the groves that are cut out of the rotor yoke. The magnet dimensions are unchanged.
The main visible design difference is the iron pieces at the magnet sides. Figure 7.37 shows a
cross sectional view of the inset machine.

Figure 7.37: Cross sectional view of the inset WEC generator

In this work, four different variations are considered. Forthree of the variations, the iron side
widths are selected as2o, 3o and5o arc pieces and the fourth variation has a5o arc piece iron side
with half the thickness. Figure 7.38a shows the torque-speed comparison of the studied designs.
It can be seen that increasing the iron side width increases the maximum torque. Figure 7.38b
shows the power variation in relation to the speed. It can be seen that the5o iron piece variation
not only is the design that can achieve the highest maximum torque, but also that the operation
during the field weakening is improved.
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Figure 7.38: Comparison of the torque and power trajectories for different inset designs.

In Figure 7.39, the magnet and reluctance torque comparisons of the5o iron side inset vari-
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ation and the SMPM generator are shown. It can be observed that the SMPM generator has a
very low reluctance torque as expected, since it is a theoretically non-salient machine, and the
increased saliency of the inset design causes a reluctance torque increase. However, it can be
seen that the magnet torque of the SMPM generator is higher than that of the inset generator,
since the inset design uses a higher negative d-current, which reduces the magnet flux linkage.
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Figure 7.39: Comparison of the torque components of different generator designs.

Even though the torque-speed curve seemingly is improved, it does not indicate any clear
trend towards the energy production and loss. Figure 7.40a shows the copper and core losses
and Figure 7.40b shows the efficiency of the inset design compared to the SMPM generator. It is
seen that the inset design has higher core losses than those of the SMPM generator. The SMPM
generator has higher copper losses for power levels exceeding 100kW due to its torque-speed
relation, however since the WEC operates often at low power points, it can be seen that the
SMPM generator has a higher efficiency than the Inset design.
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Figure 7.40: Power loss and efficiency comparisons of the Inset and SMPM generators.

The 5o iron side design is simulated as the WEC generator and Figure7.41a shows the
energy production, whilst Figure 7.41b shows the energy loss of the previous generators and
the inset generator. It can be seen that the inset generator is comparable to the other generators,
however, even though the torque-speed curve is improved, due to the power distribution and
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the corresponding efficiency, the inset generator has lowerenergy production than the SMPM
generator, which is unexpected, since the inset design has ahigher rated torque.
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Figure 7.41: Annual energy production and loss of the inset generator compared to the main
designs.

Figure 7.42 shows the NPVL of the best performing inset WEC generator design, compared
with the four main designs of WEC generators. It can be seen that inset generator has a NPVL
of 85.3 ke, which means that the energy losses of this design cost 3440e more than the default
SMPM design. Still, the inset design has a lower NPVL than theVPM generator.

The investment costs of the two generators are equal, since they have the same stator ge-
ometry, the same axial length and the same magnet volume. TheLCC is fully dependent on
the NPVL. It can be decided that the SMPM generator is the favorable choice between the two
investigated machines.
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Figure 7.42: NPVL of the selected inset design in comparisonwith the main designs.
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7.9 Ferrite Assisted Synchronous Reluctance Generator

Ferrite is a ceramic compound and it is both non-conductive and ferromagnetic, therefore it can
be used as a permanent magnet in electrical machines. The ferrite magnets have a coercivity
ranging between 100 -300kA/m, whereas coercivity of neodymium magnets is 800 - 950
kA/m, therefore the ferrite magnets have a tendency to demagnetize at lower magnetic fields.
Furthermore, the magnetic flux output per volume of the ferrite magnets are significantly lower
compared with the neodymium magnets, therefore a machine with ferrite magnets has a much
lower power density. The ferrite magnet used in this work is astronium ferrite type, STRO-30-
26 and the magnet characteristics can be seen in [68].

The surface mounted and the interior mounted permanent magnet generators rely heavily on
the magnet torque, due to their non or low saliency, therefore in order to replace the neodymium
magnets with ferrite magnets and achieve a similar performance, the generators need to be
much larger. However, since the PM assisted SRM generator isa highly salient design and
the reluctance torque component is predominant, the Ferrite assisted SRM does not need to be
scaled up as much as the SMPM or the interior mounted variants.

In this work, the Ferrite assisted PM generator is 60% longerin axial length and the number
of turns is decreased by one turn in order to lower the max voltage, to fit the converter require-
ments. The magnet area is increased to circa 685mm2. Figure 7.43 shows the no load flux
density distribution over the machine cross section. It canbe seen that the flux density in the
stator teeth is approximately 0.25T , which is much lower than the neodymium design, due to
the lower magnetic flux output of the ferrite magnets.

Figure 7.43: No load flux linkage distribution of the Ferriteassisted SRM generator

Figure 7.44 shows the magnet flux linkage in relation to the q-axis current. It can be observed
that the no load magnet flux linkage is approximately 4 times lower than the PM assisted SRM
generator.

Figure 7.45 shows the current trajectory of the Ferrite assisted SRM generator. It can be
observed that similar to the PM variant, the current angle isfairly high, which can be explained
through the magnet and reluctance torque comparisons of thedesigns.
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Figure 7.44: Magnet flux linkage of the Ferrite assisted SRM generator
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Figure 7.45: Operation diagram of the Ferrite assisted SRM generator

In Figure 7.46b the maximum power trajectories and in Figure7.46a the maximum torque
trajectories of the PM assisted and Ferrite assisted SRM generators, as well as the buoy require-
ment are displayed. It can be seen that the Ferrite assisted SRM barely achieves the rated torque
required, and the field weakening operation starts at a lowerspeed compared to the PM assisted
SRM. As mentioned before, the number of turns of the Ferrite assisted SRM generator is de-
creased in order to decrease the maximum voltage of the machine, therefore the rated speed is
now 1400rpm instead of 1100rpm.

The reluctance and magnet torque values of the SRM designs are depicted in Figure 7.47.
The magnet torque of the PM assisted SRM is higher than that ofthe Ferrite assisted variant
as seen in 7.47a, since the neodymium magnets have a much better magnetic performance.
Since the total electrodynamic torque is dictated by the buoy, the Ferrite assisted generator
compensates for the lower magnet torque with a higher reluctance torque value.
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Figure 7.46: Operating range comparison of the PM and Ferrite assisted SRM generators.
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Figure 7.47: Comparison of the torque components of the PM and Ferrite assisted SRM Gener-
ators.

Figure 7.48a shows the copper and core losses of the Ferrite assisted SRM in comparison
with the losses of the PM assisted SRM. The copper loss of the Ferrite assisted SRM is high for
low speeds, since the current is higher. For the higher speeds, at field weakening operation, the
Ferrite assisted SRM requires less d-axis current since theflux linkage in the machine is already
low, and the overall current is lower, compared to the PM assisted SRM. This causes the copper
losses of the PM assisted generator to be higher than those ofthe Ferrite assisted design, for
higher speeds. The Ferrite assisted SRM has higher core lossvalue, since the longer axial length
of the generator increases the iron volume of the machine. The fact that the fundamental flux
linkage being lower for the Ferrite assisted design does nothelp, since the core losses are to
a great extent caused by the harmonics. Figure 7.48b shows the efficiencies of the Ferrite and
PM assisted SRM generators. It can be seen that the Ferrite assisted SRM generator has a lower
efficiency compared to the PM assisted design, however the Ferrite assisted machine operates
fairly efficiently despite the significantly lower magnet flux linkage.

Figure 7.49 shows the annual energy production and the losses of the Ferrite and PM assisted
SRM generators. It can be seen that the annual energy losses of the Ferrite variant are over 25%
higher.

84



7.9. Ferrite Assisted Synchronous Reluctance Generator

-300 -250 -200 -150 -100 -50 0

Mechanical Power [kW]

0

1

2

3

4

5

P
o
w

er
 L

o
ss

 [
k

W
]

Pcu SRM-N

Pfe SRM-N

Pconv SRM-N

Pcu SRM-F

Pfe SRM-F

Pconv SynRM-F

(a) Copper and core losses

-300 -250 -200 -150 -100 -50 0

Mechanical Power [kW]

95

95.5

96

96.5

97

97.5

98

E
ff

ic
ie

n
cy

 w
it

h
 I

G
B

T
 C

o
n

v
er

te
r[

%
] SRM-N

SRM-F

(b) Power

Figure 7.48: Power loss and efficiency comparisons of the PM and Ferrite assisted SRM gener-
ators.
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Figure 7.49: Annual energy production and losses of the Ferrite assisted SRM generator.

Figure 7.50a shows the investment cost values of the PM and Ferrite assisted SRM genera-
tors. It can be seen that the Ferrite variant costs roughly 500e more, even though the per unit
price of the ferrite magnet is much less the neodymium price,since the Ferrite assisted SRM
generator is60% longer in axial direction which increases the total volume of all materials.
Figure 7.50b presents the NPVL comparison of the PM and Ferrite assisted SRM generators. It
is once more seen that the lower energy losses results in a lower NPVL value. Here, the NPVL
of the PM assisted SRM generator is approximately 80 ke and the NPVL for the Ferrite variant
is circa 100 ke, which means using the PM assisted SRM generator decreases the NPVL of the
WEC generation system by20%.

Figure 7.51 shows the results of the LCC analysis for the PM and Ferrite assisted SRM
generators. It can be seen that even though the investment costs of the generators differ, the
LCC is still predominantly dependent on the NPVL. Here, the LCC of the PM assisted SRM
is again circa20% lower, as the NPVL, since the investment cost is very small compared to
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Figure 7.50: Investment cost and NPVL comparisons of the PM and Ferrite assisted SRM Gen-
erators.

the NPVL, therefore it does not impact the LCC significantly.To sum up, the Ferrite assisted
SRM cannot compete with the neodymium magnet equipped variant for the studied wave energy
application.
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Figure 7.51: LCC comparison of the PM and Ferrite assisted SRM Generators.
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Conclusions and Future Work

8.1 Conclusions

In this work, several WEC generator variants using different permanent magnet rotor topologies
and design alterations regarding these topologies are investigated. The aim of the investigation is
to understand the effect of the studied designs and alterations on the generator performance. The
economical impact of the different generator performancesare quantified using LCC analysis
and compared, in order to assess the favorable design, within each investigation.

The available wave energy is obtained using spectral analysis and the extracted wave energy
is determined through hydrodynamic simulations. Due to their low probabilities and high power
levels that require a large PTO, sea states with aHs higher than 3.75m are omitted from
the available energy calculations. The omitted sea states account for approximately 10% total
available wave energy. Furthermore, the highest peak powervalues of the irregular waves are
over 10 times the average power for a given sea state, therefore a limitation for the high power
peaks is introduced in order to limit the generator size. Thepower curtailment level is selected
to be 335kW , which results in a 7.5% loss of the extracted energy, and this value is the rated
power of the WEC generator.

IPM, VPM, SMPM and PM assisted SRM generators are designed based on the 335kW
rated power, and the machine performances are compared. It is found that the VPM generator
has the poorest performance for this application and the PM assisted SRM has the highest
energy efficiency. Moreover, using the PM assisted generator instead of the default IPM design
decreases the annual energy losses from 15MWh to 14.86MWh, which causes a 660e
decrease in the LCC. The annual energy losses of an inset generator design based on the SMPM
generator, are increased 600kWh, compared to the SMPM generator. Similarly, the WEC unit
with a Ferrite assisted SRM generator, that is scaled up to deliver the rated power, has 30%
increased annual energy losses.

Regarding the iron material of the generators, the best energy performance is achieved using
the lamination material M350-50A, which is also undoubtedly the favorable design economi-
cally. This is due to the fact that the second best performance is achieved for the M270-35A
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material, which is suspected to have a higher purchase pricedue to its lowered thickness and
core losses. An important finding of this investigation points out that the B-H characteristic of
the steel lamination has a more prominent impact on the performance compared to the core loss
characteristic. Similar findings are obtained for the stacking factor variations, however, since
the M270-35A has a lower SF due to its smaller thickness, a better performance when using
the M350-50A material with 98% SF is obtained. The annual energy loss is improved by 2.7%
when the M350-50A is used instead of the M270-35A and when thestacking factors are taken
into consideration the improvement is roughly 9%, for the same comparison.

Another material investigation is done in order to assess the use of cobalt-iron material. It
is concluded that due to its high core losses, the cobalt-iron is not preferred in the stator. The
high core loss characteristic of this material however, does not result in a significant increase
when used only for rotor construction, since the flux in the rotor yoke mainly is a DC flux.
The machine with the cobalt-iron rotor has better performance than the original design, which
lowers the annual energy losses by 1.5%, however the investment cost of the cobalt-iron rotor
design is more than twice the cost of the original generator,which increases the LCC by 7 ke.

A study on the stator design investigates the effect of the stator slot size on the LCC of the
WEC generator. The slot height is increased and decreased by25% and 10%, and the results
dictate that the 10% lower slot height design has the best energy efficiency. Using this variant,
the annual energy losses decrease by 4.8%, furthermore the investment cost of the generator
decreases due to the lowered copper volume, which results ina 200e lower investment costs.
Furthermore, increasing the slot width by 10% results in a 3.3% decrease in the annual energy
losses.

The converter losses of the IGBT converter is comparable to the copper losses at the rated
power operation. In order to increase the WEC generation unit efficiency, the converter losses
can be improved. In this work, when a SiC MOSFET based converter replaces the default IGBT
converter, the converter losses are drastically lowered. The annual energy losses of the WEC
are decreased by 30%. Despite the investment cost being several times higher when using a SiC
MOSFET instead of an IGBT converter, the LCC of the WEC that isequipped with the SiC
MOSFET converter is decreased significantly.

To sum up, the favorable machine out of the main four designs is the PM assisted SRM and
the most significant improvement is caused by using a SiC MOSFET based converter. The high-
est LCC is obtained when using the Ferrite assisted SRM. The LCC throughout the work ranges
between circa 70 ke to 106 ke. The cobalt-iron investigation presents that some alterations
that improve the energy efficiency, might be a poorer choice from an economical point of view.
To conclude, an economical assessment of the performance variation when evaluating different
generator designs is crucial, in order to gauge the impact ofthe energy variations on the life
cycle cost of the system and therefore select a favorable generator.

88



8.2. Future Work

8.2 Future Work

A valuable continuation to the work would be to investigate some of the studied design alter-
ations by using finer steps, such as the stator slot height andwidth cases and different rotor
diameter designs. It is also interesting to perform a systematic optimization, using for instance
genetic algorithms and investigate how the findings tie in with the results of this work. Further
investigation regarding the generator size, mainly obtaining an ideal stack length-outer diameter
ratio depending on the primary objective of the optimization would provide valuable findings.

To establish the economical consequences of using rectangular hair pin windings instead of
round wires as well as quantifying the impact of the skin effect would be a significant contribu-
tion, both regarding the active part of the machine and the end-winding size. Furthermore, for
applications where the machine size is limited, studying the thermal limitations would prove
useful.

An important issue with FEM based investigation is that the core losses are usually too low,
since the punching effects are not taken into consideration. A method that accounts for the ma-
terial degradation is an interesting subject to further study. To perform verifying measurements
is always an important task, however, here it would be important to find a special feature to
validate, in case a machine is build and subjected to a measurement campaign. A further study
regarding the demagnetization risk, in particular the ferrite magnet designs would provide im-
portant findings.

The WEC generators are selected to be radial flux machines in this project, however, other
flux path machines such as the axial flux and transversal flux machines, as well as other concepts
such as the electrically magnetized machine, switched reluctance and the induction machine are
worthy to be investigated. Furthermore, another permanentmagnet rotor topology, the spoke
generator, is worth looking into.

One of the important findings of this work was that the power electronic converter has a sig-
nificant impact on the machine performance. Studying the energy efficiency and the economical
evaluation of the multilevel inverters, such as the NeutralPoint Clamped (NPC) and Modular
Multilevel Converter (MMC) would provide insightful results.

Here, the economical investigation focused only on the electric drive of a WEC and is per-
formed using the LCC method. An important work to conduct is the investigating the full WEC
system that consists of the hydrodynamic and mechanical parts. Even though the electrical sys-
tem efficiency is worth optimizing, optimizing the point absorber can increase the efficiency
of the WEC application substantially. Using a reactive power control of the buoy is a highly
interesting possibility, as mentioned in [15], the energy gain can be increased. The obvious
challenge regarding wave energy is the high costs of the PTO and PTO suspension systems.
Further study upon these subjects in order to effectively reduce the WEC system costs can lead
to a break-through for the future wave energy applications.
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Appendix A

Semiconductor Parameters

The key parameters of the investigated semiconductor components are listed in this chapter.

TABLE A.1: Parameters of Semiconductor Modules

Module type IGBT SiC MOSFET
Device Name Infineon FF225R17ME4 Cree CAS300M17BM2

Blocking Voltage 1700V 1700V
IC,nom 225A 225A
VT0 0.8 0
Rs 7.7mΩ 16mΩ
E∗

on 105mJ 13mJ

E∗

off
103mJ 10mJ

kiT 1 1
kvT 1.35 1.35
kiD 1 1
kvD 0.6 0.6
T ∗

j 150oC 150oC

V ∗

ref
, I∗

ref
(900V, 300A) (900V, 300A)

Vd0 0.8V 0.7V
Rd0 5.8mΩ 5.3mΩ
E∗

swD 53mJ 0mJ
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Appendix B

Frequency Dependent Hydrodynamic
Coefficients

The frequency dependent hydrodynamic parameters, added mass, radiation damping and wave
excitation force phase and magnitude are computed using Ansys AQWA, for heave motion. The
results are shown in this chapter.

Figure B.1: Heave added mass values for the investigated WEC.
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Figure B.2: Heave radiation damping values for the investigated WEC.

Figure B.3: Heave excitation force magnitude values for theinvestigated WEC.
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Figure B.4: Heave excitation force phase shift values for the investigated WEC.
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