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Abstract

The main focus of this work is the performance and the ecocalnaissessment of a radial
flux generator that is used in wave power applications. Theeveaergy converter (WEC) used
in this work is a point absorber, that is considered to moug mnheave. The generation unit
of the WEC consists of a permanent magnet machine and a pteegmomic converter.

The straight and v-shaped interior mounted permanent magmerators, surface mounted
permanent magnet generator and neodymium and ferritdebsignchronous reluctance gen-
erators are selected as the main generator designs to hedsituthis work. These designs are
analysed using finite element method (FEM) and the annuafgmpeoductions and losses are
quantified. Furthermore, some design variations such fisreht iron materials, stator slot ge-
ometries and a SiC MOSFET based converter are investigatedjer to assess the impact of
a specific design variation on the energy efficiency. An eotnal evaluation of these variants
using the life cycle cost (LCC) analysis is performed, inesrtb quantify the economical con-
sequences of the energy losses during the operationahtiés &s well as determining the costs
of the initial generator investment. The results obtaineghest favorable WEC generator types
and design alterations for LCC improvements.

An important finding is that the PM assisted SRM generatoviges the best energy per-
formance, given the same geometry and material limitatidhg annual energy production
achieved by the SMPM generator is fairly similar to that & tRM generator, despite not be-
ing able to provide the required torque at high speed omgrsitsince the high speed operations
occur rarely. Moreover, it is found that the poor field weakgrirajectory of the SMPM can be
improved by placing iron pieces at magnet sides. Another@sting result is that even though
the annual energy production is increased when the rotagmahis replaced by a cobalt-iron,
due to its high costs, this design was not found economidallgrable. The design variation
that improves the electric generation system of the WECadntghest degree is found to be the
SiC MOSFET based converter design, rather than the IGBBrarThe annual energy losses
decrease by 3/Wh, due to up to 3 times lower converter losses. Owing to thetaunbal
energy improvement, the SiC MOSFET case is the economifzaltyrable choice compared to
the generation system that uses an IGBT converter, deBpitd ©SFET 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 standardsthe technological developments,
the electricity demand has been growing steadily. In omsupply the growing energy demand,
whilst not contributing to more greenhouse gas emissidres popularity of the sustainable
energy sources for electricity generation has been incrgabhe European Union 2020 climate
and energy package aims to reduce the greenhouse gas @siasibincrease the amount of
energy produced by the sustainable resources in Europe [1].

Solar power and wind power are popular sustainable energgss and are widely available
for electricity production. Another promising renewableeggy source, ocean wave power, is
currently at the developing stages. The power from the satnhbats the earth’s surface causes
a heat difference, which generates winds. Winds, that arergéed by solar heating, blow over
large bodies of water and generates ocean waves, therbtowaie energy can be considered
as a concentrated form of the solar energy [2]. Once gerkras/es can travel significantly
long distances with little energy loss, until they interacth the seabed at near shore areas
[3]. A recent study states that "the wave energy provide2@%mes more available energy
per square meter than either wind or solar” [4]. The theoca¢tjross wave energy resource is
estimated to be 3.5V, excluding the wave areas that have less thal3m wave power and
the netresource, where the ice covered areas are elimiinatedalculation, is estimated to be 3
TW . The gross and net theoretical resources in Europe aré&B8hnd 286G, respectively,
according tol[5]. It is estimated that the global wave engrgiential is approximately 2000
TW h annually, in [6]. Portugal, France and the UK are identifiedsame of the European
countries that have the highest wave energy potentialdtJt, the practical offshore resource
is found to be 5@'Wh per year([7].

Compared with the solar and wind energy sources, ocean virwessmaller power fluc-
tuations over a long period of time, therefore it can be abergd as a more stable renewable
energy source. Furthermore, it is economically compar@axdelar and wind energies [8]. How-
ever, despite the large potential and promising aspectseoivave energy, currently there are
very few commercial wave energy projects in operation oreurwbnstruction. In 2016, it is
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determined that the total commercial ocean energy capaecdgeration is 0.5/, whilst 1.7
GW is under construction. Most of this capacity is achievedibgltpower applications and
only 1% is accounted for by wave energy applications [9]. Ohine main challenges regard-
ing electricity production through ocean waves is the dgwelent of a mechanical system that
can harness the wave energy effectively. Another imporsasoie is the fluctuating power lev-
els, since the available wave power can significantly difflem calm sea states to extreme sea
states. This brings up the challenge of designing a waveggmenverter (WEC) that can oper-
ate efficiently at the sea states with highest energy patisntiet is able to withstand the highly
excited sea states [10]. Furthermore, the requirementi@gyistem components in order to
be able to operate in the harsh ocean environment and/orevetes, lead to high investment
costs. Therefore, in order for the wave energy to be an &tteaenergy source, reducing the
component cost and increasing the efficiency of the WEC wolgires are highly important.

1.2 Previous Work and Challenges

There are many studies regarding the WEC generation uwci, &si[7], where an overview of
the current electric generator technology for the WECs aesgnted, however this work does
not focus any specific operation and is rather a theoretaralparison.

The point absorber technology is fairly popular amongseoWEC types, due to the sim-
plicity of the design.[[111] presents an effective model etk control of a point absorber in
order to maximize the energy capture, however the elettya@eration system is not specified.
Furthermore, many studies using the point absorbers cenaitinear electric generator, such
as [12], which suggests an optimization of the linear PM gatioe of the WEC for a fairly ba-
sic buoy type WEC and [13], where results from an experimegérding the Seabased system
linear generator are presented.

The point absorber systems that use a rotational genematetefctric power generation are
not as available in literature. There are mere a handfulufiss using this configuration, one
of which is presented in_[14], where, a constrained PTO anovansized unconstrained PTO
for a single capture and a double capture point absorbersoanpared. Another valuable pa-
per using the same system is presented in [15], where a ®icabtrol strategy is introduced
in order to suggest an effective trade off between the uricained high power extraction and
a constrained PTO for a viable electrical device rating.dteshe very few valuable studies
mentioned, there is a lack of investigations incorporathegradial flux machines for a point
absorber type WEC. There are however some other marineyeoengepts that use rotational
machines as the electrical generatorl I [16], a doublyridddtion generator is used for a surge
WEC and in[17] a permanent magnet synchronous generatset in a fixed pitch vertical
axis marine current turbine. The main focus in the menticstedies are not on the machine
design, rather on the machine performance or overall degotol for a pre-decided generator.
However, an important aspect regarding the sustainablggoeany other industry application
that needs adequate investigation is the design and enxaduatthe electrical generation unit.
The selection of an appropriate electric generator is afusince the generation system effi-
ciency is highly dependent on the electrical machine effiye A usual practice regarding the

2
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suitable generation selection for a specific applicatiothéscomparison of different options.
such a comparison is presented(in!/[18], where the perforezaota surface mounted perma-
nent magnet (SMPM) generator and an interior mounted pezntanagnet (IPM) generator
used in a 5 MW wind power application is investigated.

The SMPM and IPM are very common types of permanent magnehimex and used
widely in various industrial applications. In [19] a comjzsan between SMPM and IPM motor
drives for an electric vehicle application is presentederghs|([20] shows a similar compar-
ison for high speed applications. Although valuable, treilts are not applicable to a lower
speed application like the wave energy. [Inl[21] five différgrierior mounted PM machine
topologies including surface mounted PM, straight, v-gltaand w-shaped interior mounted
PM motors, are investigated for a hybrid electric vehicl@rdbver, in[[22] a straight, v-shaped
and u-shaped interior mounted PM motors with differentostdesigns are compared. Both
studies include varying magnet volumes, which makes itlehging to economically quantify
the energy performances.

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

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

Performance studies are easy to come by in the literatureléotrical machines, however,
the energy efficiency comparison of different designs ateentarely sufficient in order to de-
termine a favorable one, since the design with highest greffigiency might not be the most
economically favorable. In order to select the design thabth economically and energy-wise
favorable for an application, a life cycle cost analysisaesaed to be performed. In [28], a life
cycle cost analysis for IGBT and SiC MOSFET wind power coteraris conducted, however
the study does not include the electric generator. [29]gmssthe life cycle cost as well as
the environmental costs of a synchronous reluctance machiimere the construction, energy
losses, emission and the end of life costs are included iarnhd/sis, however the main focus
is on the environmental costs rather than the cost of thergtreperformance. A life cycle
assessment study on wave energy is shown in [30], where tlssiemcosts, life cycle assess-
ment and life cycle cost analysis is performed for the WaareBtEC, In this work the electrical
generation unit is not specified and the LCC analysis is ovaylable for the cost of energy for
the whole system.
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Missing in available literature is an extensive electrg@heration unit investigation for wave
energy applications, where various materials, rotor geneseand the power electronic convert-
ers are quantified from an energy point of view, as well asifaecycle 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 generagsigh with various rotor topologies
and materials from an energy perspective and economicabytfying the impacts of these
design variations through LCC analysis in order to selea@momically favorable generator
design for a specific wave energy application.

This work considers surface mounted and interior permamaget machines, both tradi-
tional designs and variations, as well as the permanent etagsisted synchronous reluctance
machine, with neodymium and ferrite magnets. The generaitiit is dimensioned based on the
power level obtained from a single point absorber simutafitne surface mounted, straight and
v-shaped interior mounted and the neodymium permanent enagsisted synchronous reluc-
tance generators are selected to be the four main types mibstigated WEC generators. The
outer diameter and axial length, the electric steel mdtand volume, copper and permanent
magnet volumes of the main designs are kept identical, fairacbmparison of the generator
performance. Following the initial assessment, a seriggeometric and material alterations are
to be investigated in order to understand the correspondipgcts of these alteration on the
generation performance.

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

The main contributions of this work are,

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

e Quantifying the energy capture of using different typesearhpanent magnet and perma-
nent magnet assisted synchronous reluctance machine WieCagers.

e Evaluating the economic impact of a SIiC MOSFET based coewerstead of the tradi-
tional IGBT based one, using life cycle cost analysis.

e Establishing the performance difference between thetéeamd neodymium permanent
magnet assisted synchronous reluctance machines used@g¥vierators.

e Determining the impact of different electric steels matistias well as different stacking
factors of the investigated laminations, on generatorgoernce.

e Establishing the performance variation of different ingeterator designs, based on the
main surface mounted permanent magnet generator design.
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e Evaluating the effect of the stator slot size variation anglenerator performance.
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Chapter 2

Hydrodynamic Theory

2.1 Wave Energy Converter Technologies

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

The power takeoff of a wave energy converter is the mechathiattransfers the absorbed
wave energy into usable electricity [31] and is the mostmlisive part of the WEC, therefore
the WECs are usually classified according to their PTO teldgnes. Some of the most com-
mon types of PTOs are oscillating water column! [32],[33hd&d contour devices [34] and
overtopping devices [35], [36]. The WECSs using the mentibR€Os are generally quite large.

Another WEC type, which has a smaller size compared with tbeementioned WECSs is
the Archimedes wave swing (AWS). AWS is a submerged hydralgvice that has an air filled
chamber with a floater, which resembles a buoy, that movegaly with the coming waves.
The power takeoff of the AWS is a direct drive and a case stadgnding a full scale prototype
is presented in_[37]. In[38] and [39], the design of the linganerator and a comparison
between the conventional and the transverse flux permaregrienlinear 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 poirsioaber, which is a relatively
compact and simple system that can harness a substantiahwfoenergy. There are many
studies regarding the point absorbers, however many of thelode a direct drive linear gen-
erator. One of the few commercial wave parks, Seabasedposgsabsorbers and it is located
outside Lysekil, Sweden. This wave park consists of 36 WE(Is an installed capacity of 3
MW [41], where each WEC has a buoy and a linear PM generatdhéelectric generation.
[42], [13], [43] and [44] present detailed analyses on thalfased technology.
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2.2 Wave Description

2.2.1 Linear Wave Theory

Linear, or Airy wave theory is the linearized descriptiortlod propagation of the ocean waves
that occur on the homogenous water surface. In linear waayhocean waves are considered
to be sinusoidal waves that have a single frequency. Fumibrerthe linear theory assumes that
the wave amplitude is small compared to the wave length amdltpe of the free surface is
neglected([45]. These assumptions are reasonable wheyzemgpaimoderate sea states at deep
water conditions, however linear theory cannot be used vamatyzing extreme sea states or
shallow water conditions since the aforementioned singplifons lead to inaccuracy.

Single frequency sinusoidal waves are named regular wanéesi@ defined using a set of
parameters. Figufe 2.1 shows a basic representation daregaves.

Figure 2.1: Regular wave representation

Here, \ represents the horizontal distance between two followiageacrests and is called
the wave length. The point where the wave has the maximum ngpdiaplacement within a
cycle is called a wave crest and the opposite is the wave lirote wave periodl’, is the time
during which the wave completes one full oscillation. Thevevaeight,H, is defined as the
vertical distance from crest to trough, whereas the wavdiardp, 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, levigr a single frequency regular
wave is described as,

n = acos(wt — kx + €) (2.1)

where k is the wave numbey, is the angular frequency irud/ s, x is the position on the x-axis
in m at timet, e is the phase shiftad anda is

8



2.2. Wave Description

(2.2)

|

The angular frequency of the wave is

2
W= % — o f (2.3)
where f is the cyclic frequency of the wave. The number of radiansypetr distance, also

known as the wave numbdr, is

2w
k=— 2.4
< (2.4)
The wave celerity that linear waves propagate with is
T 2
¢ = 9L a2 (2.5)
27 A

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

The real ocean waves are random, however they can be refgéserseveral linearized reg-
ular waves. The individual regular waves can be studiedyusiear wave theory and the overall
effect is the linear summation of these individual caldola. Important wave parameters of
the random ocean waves such as free surface elevationpposelocity and acceleration can
be determined using this method.

2.2.2 lrregular Waves

In reality, waves in the oceans and seas are not repeatingasds with infinitely long crests,
but rather random oscillations. Waves that are containg@vgral frequencies and amplitudes
are called irregular waves. Figure 2.2 shows the generedseptation of irregular waves.

/N
Zero up-crossing
> /N ™ VANV
- VN [ [\ R N
\ v/ \ A \ ~ A ] P
,i" g \"\ "‘I \'/ ~ \\)"‘J I‘ﬂ ."/ / "‘ / t
/- ".‘. .‘" I". #.a‘ / I". | /
\V4 \ L/
Voo
Zero down-crossing /

Figure 2.2: Irregular wave representation

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

9
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between them. Since an irregular sea-state contains sewara lengths, heights and periods,
it is not possible to fully model it analytically using onlysangle wave height and period,
as in the case of regular waves. However, it is possible toackerise the severity of a sea-
state using empiric parameters. These parameters ardicaghiwave height/, and mean
wave period,7,. Significant wave height is the average of the highest thirthe recorded
waves and mean wave period is the average period. In ordetéondine the most common sea
states, i.e. significant wave heights and mean wave peraddsgiven location, observations
are to be collected over several years. The diagram thatskiwsvsignificant wave heights
and mean wave periods occurring at a given location and thigapility of occurrence of each
combination is called a scatter diagram.

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

The Pierson - Moskowitz (PM) spectrum is the fundamentatspe for a fully devel-
oped sea, when a constant wind blowing for infinitely longejitherefore the energy transfer
is balanced by dissipation, however the energy of the waneires constant. The Pierson -
Moskowitz spectrum is described only by the wind speed, ba@&parameter spectrum. It is
represented as,

Spur(w) = agiw e 0T (2.6)

where,« is the Phillips constant and is equal to 0.0081, 5 is the wind speed that occur8.5
m above the water surface anglis

g
Wy = 2.7
Ulg.s @7

The Pierson - Moskowitz Spectrum however cannot be usedptodace a realistic spec-
trum of a developing sea, therefore a multi-parameter specis to be used, which is called
the Joint North Sea Wave Project (JONSWAP) spectrum. Thestepm is similar to the PM
spectrum however a peak enhancement factor is added intorfetter fit the collected North
Sea measurements. JONSWAP spectrum is describedlas [46]

wm e*l w—wm \2
Sjonswap(w) = 0492&75671'25(7)4’7 *Com) (2.8)

-1 w—wWm . . . .
where~¢ > Coon ” is the shape parametey,, is the modal angular frequency, which is the
maximum frequency of the spectrum and is

92

Ui F

=

wm = 22(

)s (2.9)
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2.2. Wave Description

wherelUy, is the wind speed at) m above the water surface aidis the distance over which
the wind blows with constant speed and is named fetchnaisd

o= 0.076(U—12°)°-22 (2.10)
Fg

o is a spectral width parameter and is
0.07, ifw<wp,
o =
0.09, ifw>w,

Figure[2.8 shows the Pierson - Moskowitz and JONSWAP spastray the samé/,.

50

JONSWAP

Spectral Density [m?s /rad]
20 30 40

10

A4

0 0.2 0.4 0.6 0.8
Angular Frequency [rad/s]

Figure 2.3: Pierson - Moskowitz and JONSWAP Spectra withstrae significant wave height

It can be seen that the peak in the JONSWAP spectrum is mucé prominent than the
PM spectrum, due to the peak enhancement factor appliedlar tw achieve the JONSWAP
relation. The JONSWAP spectrum represents a sea stateeet reaches the fully developed
state, therefore it is better suited for developing sead) as the North Sea.

For practicality, wave analysis can be defined as a functidrequency instead of angular
frequency, as well as by using the sea state parameters th#imewind speed and fetch. Ac-
cordingly, the JONSWAP spectrum can be described basedessighificant wave height,
and the peak period,, as,

H2f4 05(%4)2
_5 —1.25(L)-4 o
Sjonswap(f) = %f 510 Ve

(2.11)

where, f,, is the peak frequency of the sea state and is equiglp [47]. B is

11
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B = 16(0.065337°%"° 4-0.13467) (2.12)

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

The average wave power per unit wave front for irregular wase

(e o]

Pre = pg / C,(F)S(f)df (2.13)

0

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

T.H?
Pwave = P9 % (214)
647
andT,, the energy period is
T, ~ 1.162T, (2.15)

whereT’, 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 sixsfiids motions that can occur,
which are commonly referred as the six degrees of freedorthdrthree dimensional plane,
a linear and a rotational motions is possible on each axeslifibar motions on the x,y and
Z axes are surge, sway and heave respectively. Similarlgotatonal motion on the x axis is
called roll, on the y axis it is pitch and on the z axis dirextis named yaw. Figurile 2.4 shows
the six degrees of freedom on a floating body.

Here, the center of buoyancy is the center of the submergkenineoof the floating body.
For wave energy applications, it is common to assume thatra pbsorber only moves in the
heave direction. Figuie 2.5 shows a representation of ttelhamécal system of a floating object
in heave.

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

(M + A)E(t) + BE(L) + CE(t) = F(t) (2.16)

12



2.3. Equation of Motion of the Single Point Absorber

Z
heave 1 1
y
NEAN /" sway
pitch
» X
roll  surge

Figure 2.5: Mechanical representation of a floating bodyHerheave motion

where) is the mass of the body is the added mas# is the radiation damping coefficiertt,
is the hydrostatic stiffness ardis the total of the wave induced forcesis the displacement,
thereforet is the velocity and is the acceleration of the body. The total wave induced firce

F(t) = nec,, cos(wt + 6,,) (2.17)

wherec,, is the wave force coefficients afg is the phase shift between the wave elevation and
the wave induced forces.

A, B andc,, represent the hydrodynamic effects on the floating body dulkee oscillating
motion of the body and the water, therefore these paramatergependent on the oscillat-
ing frequency as well as the geometry of the floating objeat.\lery basic geometries, there
are analytical solutions for determining these paramghensever they are usually determined
through experimentation or simulation. On the other haddandC' only depend on the geom-
etry of the body and are therefore independent of the frequdrhe hydrostatic stiffness;,
is

13



Chapter 2. Hydrodynamic Theory

C = pgA, (2.18)

here, A, is the area of the floating body.

The motion of the floating body, using the equation of moti®o be sinusoidal and the
frequency of the motion is equal to the wave frequency. Adiogly, the displacement of the
body is

£(t) = € cos(wt + @) (2.19)
where¢ is the amplitude of the displacement ands the phase shift between the incoming

wave and the displacement. Using derivation, the velocitythe acceleration of the body can
be calculated as

E(t) = v(t) = —wé sin(wt + @) (2.20)

£(t) = —w*E cos(wt + ¢) (2.21)

Additional external forces that are linear can be addeld.ifq)2 such as the power extraction
force of the electric generator for WEC applications. Ndi&t 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 absanbexduces a force that has the same
frequency as the buoy movement. The power extraction farce i

Fy(t) = —Ry&(t) = —Ryv (2.22)

whereR,, is the power extraction coefficient and is dependent on thetrét generator. The
extracted power simply becomes

By(t) = Fy(t)u(t) = Ry*() (2.23)
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Chapter 3

The Electric Drive System

3.1 Electromagnetic Theory

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

%Hdl://JdS: enclosed (31)

where H is the field intensity inA/m, di is the differential length in meterg. is the current
density. Here, the magnetic flux density is related to thermatig field intensity as

B =uH (3.2)

w1 is the permeability of the material and defined as

= floftr (3.3)

wherey, is the permeability of free space apgdis the relative permeability. Relative perme-
ability for air is approximately 1, whereas the iron matehias a very high permeability, up to
10000. Due to this fact, the field intensity is much higherhia &ir gap, than it is in the iron
core. Relative permeability varies strongly with the flunsigy and for very high flux levels
it will go towards 1. In an electric machine which has a cowgied iron geometry, the flux
density will differ strongly with regards to the geometrg,waell as the relative permeability of
the material. Observe that the relative permeability isrection of the flux. This makes ana-
lytical calculations for an electric machine quite comatexd. Therefore, typically for machine
analysis, Finite Element Method (FEM) calculations aredug@ important quantity is the total
flux linkage and it is related to the flux according to

¥ = N, (3.4)
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Chapter 3. The Electric Drive System

®. is the flux in the coil andl represents the total flux linkage. The flux linkage is related
the induced voltage in the coil as

dv

- (3.5)

e =
wheree is the electromotive force (emf). This means that the indua®f in a closed circuit
is equal to the negative value of the time derivative of thed@sed magnetic flux and is called
Faradays Law of Induction. The inductance of the electrometig circuit is formulated as

v
L=— 3.6
: (36)

The winding can be represented as a resistance and an indectahich causes a voltage
drop over it. The current-voltage relation can be calcdai®

di
=L— ' 3.7
) 7 + Ri (3.7)

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

v = L% + Ri + w,V,,cos(w,t) (3.8)
whereV,, is the flux linkage of the magnet ang is the angular speed of the magnet rota-
tion. This voltage expression can be applied to any kind ettelcal machine based on the
corresponding topography and is usually the basis for amajyan electrical machine.

In this work, permanent magnet machines are predominasélg.uFiguré 311 shows a sim-
plified representation of the permanent magnet generator.

Phase A, Phase B and Phase C lines show the magnetic axesliostator current phase
and they are orientet20° apart from each other. The winding of Phase A is schemaicall
displayed in the figure, where the magnetic direction isadéxt through the right hand rule. It
is important to know that the coils typically have severahtuand might also be distributed in
more than one slot. The induced voltage outlet for the A phakere [3.5) is applicable when
the resistance is ignored, is depicted in the figure.

In order to simplify the three phase analysis of the generdiq transformation can be used.
d-g transformation is a method which reduces the three AQtijies regarding each phase into
two DC quantities, when the AC system is considered to be sstmical. The flux linkage in the
machine is represented in the d-q axis where the d-axisgeptethe direction of the magnet
flux [49]. For no load operation, the d-axis flux linkage is #a@ne as the magnet flux linkage,
which also is the total flux linkage of the generator. Howefaarthe loaded case, a flux linkage
on the g-axis will be formed, which then contributes to a Itasy total flux linkage together
with the magnet flux linkage as well as the d-axis flux linkagmponent created by the d-axis
current.
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3.2. Permanent Magnet Machines

Figure 3.1: Simplified electromagnetic scheme of the peenaamagnet machine. Direct and
guadrature directions are displayed.

3.2 Permanent Magnet Machines

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

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

di,
oy = Ruing + Lsd% — w, Lyjisg (3.9)
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ZAREN
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N

Figure 3.2: Three types of the permanent magnet machingagceunounted, inset and interior
permanent magnet machines respectively.

Usqg = Rsisq + qu% + wp Lsgisqg + wp ¥y (310)
whereR; is the stator resistancé,, and L, are the stator inductances in d and q directions,
respectively. The initial value o¥,, can be determined by a no load test but it is dependent
on the g-axis current and it is determined for various g-aMisents when the d-axis current is
zero. Therefore, while performing the machine analysis iepresented as a function of the g-
axis current. For a broader descriptian,/[51] can be studied magnet flux linkage decreases
with increasing g-axis current due to saturation. The d aadigjinductances also vary, due to
the same reasoh [61]. The current derivatives in| (3.9) adlj3ndicate electrical dynamics.
However, since the mechanical system has a much longer tngtant than the electrical ones,
the electrical behaviour is considered to be in steady stateards in this work. The steady
state stator voltages thus become

Usq = Rglsqg — ersqisq (311)

Usq = Rslsq + wrLsqlsqg + wr Vo, (3.12)

The principle inductance determinations are showf id (3®)n order to calculaté,; and
L4, the flux linkages in the corresponding directions are tolitained. Using measurements,
analytical calculations for simplified cases or as in thiskaA€EM calculations, the flux linkages
in d and q directions can be determined for various opergtoigts. The stator inductances in
the d-q axis can be calculated as

U, —U,,
Lo = dlid (3.13)
)}
Ly = Z—q (3.14)
sq

whereV¥, and¥, are the flux linkages in d and q directions.
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3.3. Reluctance - Inductance Relation and Concept of Salien

The electromagnetic torque of the permanent magnet machine

3n ) ..
Te - TP(\IIstq + (Lsd - qu)lsdzsq) (315)

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

T.=T, +T, (3.16)

whereT,, represents the torque component that depends on the permaagnet flux, is named
magnet torque in this worKr,. is the torque component that is produced by the difference in
reluctance of the d and q directions, and is called reluegtaoiue. The concept of reluctance
is explained in coming section.

The magnet torque is

T = —(Upnisg) (3.17)
and the reluctance torque is

_ 3

Tr - 9 (Lsd - qu)isdisq (318)

3.3 Reluctance - Inductance Relation and Concept of Saliegic

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

l
a /"LOI“’LT‘A

wherel is the length of the reluctance path a#ds the cross sectional area of the circuit. Figure
[3.3 shows the d and g axis reluctance paths.

(3.19)

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

ll l2 ln
R= + + ot
ot A1 fofhr, A2 fho b, An

(3.20)

It can be seen in Figufe_3.3 that the magnetic flux travelsutiiipferromagnetic material
(iron, electric steel or steel laminations), permanentmetgand air. The relative permeability
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Figure 3.3: Direct and quadrature directions axes of thiemdifit type of permanent magnet
machines .

of the permanent magnet is slightly abdvand that of air iS.. The ferromagnetic materials typ-
ically have high relative permeability values, e.g. refagpermeability of cobalt-iron i$8000,
that of iron is5000 and electrical steel i$000. Since the cross sectional of the a rotational ma-
chine is uniform, the reluctance depends on the length ofnhgnetic circuit through different
materials.

The d-axis of the SMPM machine forms over the rotor yoke, grey@anent magnet over the
magnet length and the airgap, until the flux reaches therstte g-axis flux travels through
the same rotor length and an air pocket that is as long as tigaeh&ngth together with the
airgap. Since both air and permanent magnet material hasfapproximately 1, the resulting
R, andR, values are equal for SMPM machines. For the inset and IPM mestthis is not so,
thereforelt, and ¥, have different values. The machines that have differentctahce values
in d and q axes paths are called salient machines, i.e. ingeliPM machines are salient and
SMPM machine is non-salient. The inductance of any gives &xinversely related to the
corresponding reluctance,

1
L x — 3.21
x5 (3.:21)
which means that the d and q axis inductances would be equalrion-salient machine and
vice versa. Due td (3.18), the reluctance torque is onlygurei§ the machine is salient.

3.4 PM Assisted Synchronous Reluctance Machine

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

The PM assisted SRM has the same torque relation as the PMmaagchs presented in the
previous section, differing only regarding the value of thend q inductances. The difference
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between the d and g inductances for the PM assisted SRM igthilgan the salient IPM and
VPM designs, which causes a higher reluctance torque, las€8l.18), however the magnet
torque is generally lower than the PM generators, due todhtifs such increased leakage
magnetic flux.

3.5 Machine Control Strategy

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

[ =148 =i+ jisg (3.22)
which means
isq = I cos(B) (3.23)
and
isq = Isin(f) (3.24)

whereg is the MTPA angle. The torque relation for the permanent regenerators is given
in (3.15). The angle that maximizes the torque, i.e. the MBR§le can be found analytically
through

dT,
s~

Equation[[3.1IR2) shows that the g-voltage is dependent oarthalar speed and the magnet
flux linkage, therefore the increasing speed causes anaserm the voltage. However the
voltage increment is limited by the maximum converter vg¢taOnce the converter limit is
reached, neither the voltage nor the current vector candseased anymore. The speed where
the voltage limit is reached, which is also where the maximarque is achieved, is the rated
speed of the generator. If the operating point demands sgegher than the rated speed, the
original MTPA strategy cannot be used anymore. To be ablg&rate at speeds higher than
the rated speed where the voltage provided by the conventetisufficient, the flux linkage in
the machine is to be decreased according o (3.12). Thidleddhe flux or field weakening.
Figure[3.4 depicts a generic torque-speed relation forawediystem that is controlled using
MTPA and Field weakening control. The solid line depicts ti@ximum operating trajectory.
At low speeds, the maximum torque operation is achieved.operating points with higher
speeds than the rated, the maximum torque cannot be reanfietbiee, due to the decreased

0 (3.25)
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flux linkage in order to cope with the available voltage leviéie power is ideally constant in
the field weakening operation, but this is rarely achieveal operations.

Torque
N
rated
torque
MTPA | ' FW
A ' A
- A N— » Rotor speed
rated maximum
speed speed

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

Figure[3.b shows an illustration of the current vector forachine operation ranging from
zero to the maximum speed for generator operation. The MTi&ation is between points
A and B, and the field weakening operation is depicted betweanrs B and C. The constant
torque lines are specified withi and the number indicates the value,fias the lowest torque
andTj5 is the highest. It can be observed that the lower torque saleguire lower currents
and that the MTPA angle is low. With increasing torque, b c¢urrent and the current angle
increase. Here, the current vector is constant in magnitir@eefore the increasing d-current
causes the g-current to decrease, which leads to a reducgchuma torque, as can be seen
from the figure. The voltage limit lines are indicated wifhand they represent the maximum
voltage values for a given speed. Here, the number inditla¢a®tor speed, meaning that is
the voltage limit at the lowest speed and the speed incredtesicreasing number.

For a given torque value, the described current trajectampbe determined through a current
minimization procedure using appropriate constraintseHene objective function defining the

current vector is
fo=1/i2+ z'g (3.26)

which is the function that is to be minimized. The machinetoanis valid as long as the
machine voltage does not exceed the converter DC-link gelttherefore it can be expressed

as an inequality constraint,
Vbe
\Jud+u?) — —= <0 3.27
( d q) \/g — ( )

To be able to solve the objective function for the desireduer the electrodynamic torque
of the machine needs to be equal to this torque referencehvidian equality constraint and
can be expressed as
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Figure 3.5: The current trajectory for the MTPA and Field Wé&ang Control.
3n, , o
T(Wmlsq + (Lsd — qu)lsdlsq) — Tref = O (328)

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

/)2 2) _ Ve <0
minimize f, for {( U+ ug) = <75 =

3np

T(\Ijmisq + (Lsd - qu)isdisq) - Tref =0

In order to be able use this methadd,, L., andV,, are to be determined:,, is a function
of the g-axis current and is determined when the d-currekeps zero, as

U, (i) = Waliy) (3.29)

U, is the flux on the d-direction. The inductance, as seen in),(&#éhe ratio between the flux
linkage and the current. The d-axis inductance is therefppeessed as

b
Lua(ia,ig) = d(””q)id aa (3.30)

since the magnet flux is aligned with the d-axis of the macmrtéis work. Similarly, the
g-axis inductance is

\Ilq (ida iQ>

g

Ly(ia,iq) = (3.31)
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3.6 Winding Placement and resistance calculation

Figure[3.6 depicts an illustration of the machine crossigecnd the d and q axes and the
windings for two poles. The machine depicted here has ddagkr windings, as the stator
considered in this project. The d and g axes are selectedoassh the figure and the angle
between them i80° electrical.

i

Figure 3.6: d-axis, g-axis and the phase axis depicted om#ahine cross section.

The three phase axis lies between the positive and the negaiis of the same phase. One
important issue for FEM calculations is to align the refeephase axis with one of the mag-
netic axes at the start of the simulation. In this exampledipicted phase is the reference axis
and in order to align the d-axis to the reference, an initiathanical angle is to be considered,
which would mechanically align the rotor to a common eleetrreference axis.

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

TES fcos(wt +B) (3.32)
, A 2
ip = I cos(wt +  — ?) (3.33)
. - 2
i. = I cos(wt + B + §> (3.34)
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The current density/, is

J= = (3.35)

(3.36)

whereS,,; is the cross sectional area of the coil aNds the number of turns. Note that the
area considered here is solely that of the copper materiatranfill factor is to be considered
if the stator slot area is more available for calculatingdhea of the conductor. A typical fill
factor for an electrical machine with round wire windingagas approximately between 40 -
50 %.

The rated current of the application is determined usingitalsle current density value.
For example, the current density for large machines witlgimigcant air circulation is roughly
4 A/mm?, whereas it rises t6 A/mm? for air cooled systems. The current density value
increases for the forced cooled application and a lowereatensity is advised for compact
designs. Appropriate selection of the rated current is edggconcern, since the resistive losses
manifest themselves as temperature increase and are ticaltirgoroportional to the current.
The resistive losses are

Presistive = RIQ (337)
and the general expression of the resistance is,

[
R = pey— 3.38
pey (3.38)
wherep,, is the electrical resistivityf2m) andl is the conductor length. The electrical resistivity
the copper is usually given f@°C and it is a temperature dependent parameter. The resistivit
for any given temperature is

Ry = po[l + (T — Tp)) (3.39)

where, T is the present temperaturé; is the reference temperature (as mentioned usually
20°C"), po is the resistivity at the reference temperature anslthe temperature coefficient.

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

2N (lg + lew)

R = cu
P prSc

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

lew = 2(lpitch + loverhang) (341)

wherel,;., is the winding pitch, which is the length of the phase arc leetwthe two points
where it leaves and enters the machine fraiyg..., 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. tksan be observed from Fig. 3.7, the
inverter has six semiconductor switches and a diode ingaradlel for each switch, with a DC-
link voltage of V. The current will flow through the anti-parallel diode whée switch ori-
ented in the direction of the current is blocked. Each twdaves, together with the anti-parallel
diodes form a phase leg. The converter is typically corgtbthrough pulse width modulation.
To obtain the switching pattern, one method is to use voltafgrences that are compared with
a carrier wave, which typically is a triangular signal. Thepar switch is turned on when the
reference is higher than the carrier wave for the correspgnehase and vice versa.

g ds L5 (3

Vde —— —/—C —— |

- Electrical

151515 =

Figure 3.7: Topology of the two level inverter.

In order to utilize the DC-link voltage more effectivelygtlzero sequence signal injection
method can be used. Addition of the zero sequence signahdbe#fect the machine operation,
since the machine neutral point is not connected so thairikdd line voltages remain sinu-
soidal. Using this method, the reference voltage signdtesexd from the sine-wave. Here, the
zero sequence method using the odd multiples of the thinshdwaics is used as a default. Fig.
[3.8 shows the PWM modulation with zero sequence methodg tissnisame line to line voltage
magnitude. Another strategy of achieving the same voltageud is Space Vector Modulation.
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Figure 3.8: PWM modulation waveforms using zero sequergi@asinjection method.
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The required DC-link voltage is

V3V
0.95

DC = (3.42)
which is approximately 5% higher than the traditional pure sinusoidal referenceagatmod-
ulation.0.95 is a factor that adds a control margin and compensates faftbets of blanking
time, minimum on and off times of the switches and the voltdggp in the modules.

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

1 M cos(y) - 1 Mcos(go)) B %cos(i%gp)

T7T\2
_ 1 4
PcandIGBT (27T _'_ ( 8 ))VT[l _'_ <8 + ( 37T 15 )RT([1> (3 3)

wherecos p is the displacement power factdf; is the offset voltage of the switch arf¢lr is
the internal resistancé, is the peak current. Heré/6 represents the magnitude of the third
harmonic signal)M is the modulation index and is defined as

~

U,
M=% 3.44
Vbe (3:44)
Here,U,... is the peak line-to-line voltage. The switching loss of ay®rGBT is
1L,V
SwIGBT fsw< onrgpr T EOffIGBT)( — )k Dc)kv (345)

7T[ref ‘/ref
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wheref,, is the switching frequency; andk, are exponents of the current and voltage depen-
dency of the switching losses and are selected tbdoed1.35 respectively[[52] E,,,, .., IS the

on state losses anfd, s, ., are the off-state losses..; andV,.; are the reference current and
voltage in which the switching loss data is given. The cotidndoss of a single diode is

1 Mcos(p)

! M))VFofl + (g — (

Lcos(3p). -
PcondD:<%+( 3 _'_6

o)+ B RN (3.46)

whereVy is the constant forward voltage drop aRg is the internal resistance of the diode,
i.e the forward voltage drop of the diode is

Vi = Vro+ Rpl(t) (3.47)
The diode switching loss is

71-L"ef V;"ef

Pst = fsw(Est)( (348)

Here,E,,,, is the diode switching energy lods,is 1 andk, is 0.6 [52]. It is to be noted that
all loss components are defined based on the zero sequeectonjmethod, as in [53].

Another semiconductor switch option is the Sic MOSFET. ThHeSFET based converters
tend to have lower losses than the IGBT based ones, furthiertihhe diode switching losses for
the MOSFET converter are zero. The SiC MOSFET losses canlbdated using[(3.43), 3.45
and3.46, however the reverse conduction of the SiC MOSFEfElses are not considered.

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

) 3
FPeros = %fQ((l — 2y fow)(T/2+ B — Sl;lﬁ) + 2Mcosp(cosp — CO; 6))_,_
R . ) 5
T Rb (= 2t (/2 + 6 = 252 = 2Meosgleoss - 50+
VI%O((77—25)(1—2tblfsw)—QMCOS(PCOSﬁ)+2Rdj‘/d(20086(1—2tblfsw)—M005(p(7T/2+5_ Sl;lﬁ)
(3.49)

and the diode conduction losses for one diode are
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Rpo
47T(RT + Rd)2

cos33

3

sinf

(I*R%(n/2 — B + — 2Mcosp(cosf — )+

sin

-

)+2RrIcosB—Vio(m—28)+2VigMcospcos3)+

P.vos =

V2,(m — 28 — 2Mcospcos3) — 21 RpVipg(2cosf — Mcosp(m/2 — B +

VFO
47T(RT —+ RFO)

(MIRpcosp(m/2—B+ sinf

tblfswj(RFOf/2 + QVFQ/W) (350)

where Ry, Rro andVpq represents the same parameters as for IGBT loss calcukatpmes-
sions.ty, is the blanking time ang is the angle of displacement power factéis the parallel
conduction angle and is

sin § = VFOA (3.51)
Ryl
In the case of third harmonic injection, the following statnt is to be added td (3/49) in
order to compensate for non-sinusoidal phase voltageaontr

MR f2 3 RQ
- 4 cos3p(4sin*Bcosf + cosf — CO; ﬁ)((Rt +F];Fo)2 —1)—
M Ry IRpo Vi sind3 . MRy V,
3p(—5— — sin2p) — 3pcos3f  (3.52
247T(RT+RF0)QCOS o( sin23) 367T(Rt—|—RF0)QCOS @cos33 (3.52)
and
MRz1V,
96 (RT+ ;0 )(00590(23in2¢00525—3in4¢00545)—Sinso(28in2<p00525+5m4g000345)+
T\ FO
MV,
3 35 (3.53
S6m(Ry + Rpg) 002P0530 (3:53)

is to be added td_(3.50). It is important to note that theseasgions compensate for the reverse
conduction of the MOSFET components, as well as the zercesegusignal injection method,
as shown in[[54].

3.8 Life Cycle Cost Determination

The life cycle cost is the discounted cost of an applicatioer the life time. The life cycle cost
of the losses of the WEC system is expressed as
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Chapter 3. The Electric Drive System

LCCioss = NPVL + C, (3.54)

where NPV L is the net present value of energy losses ahds the investment cost. The

investment cost realistically includes purchase, actjars and construction costs. In this work,
the investment cost only includes the machine constructists, i.e the cost of the material and
manufacturing. The investment cost used in this projectpsessed as

Ci - Z MmPm + Cmanufacturing (355)

wherem,, is the material weighty,, is the material price an@’,, 4., facturing 1S the manufactur-
ing cost. The NPVL is

t
NPVL = Z

n=1

Ry
— 3.56
(1+r)t ( )
whereR; is the net cash outflow,is the discount rate ands the life time. The net cash outflow
is

Rt = Wpel (357)

wherelV is the total annual energy loss ang is the electricity price pet/ W h.

A common approach for economical evaluation of electric grogeneration is the levelized
cost of energy (LCoE). The LCoE is the average total cost tlullaund operate a power gen-
erating unit over a life time per unit produced energy, i.is gxpressed as the cost per MWh
energy. This is particularly useful when assessing a poweeating unit, since the LCoE of
the unit can be compared to the energy price, meaning thaiGb& is the minimum price to
sell energy in order to break even. However, in order to haveaaonable assessment many
factors such as the investment cost of the whole plant, parand 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 wavergnethe wave heights and periods
must be known. These parameters are not obtained in a dtfaigtard manner for a real
location, since the ocean waves are irregular. An ocean wamsists of various sinusoidal
components that have different frequencies and amplitatiees. However, the sea-state char-
acteristics can be determined empirically, using staatparameters that are, significant wave
height, H, and mean wave period,. Sea-state data is collected over several years in order to
determine the range of the most common waves and how oftgrotiwair. The statistical data

of the most commort/, and7., combinations and their respective probability of occucesn
can be represented in a, so called, scatter diagram. Thersdi@igram considered in this work

is presented in Table 4.1 and it is assumed that it repreadmgfscal location in the North Sea.

It can be seen that some combinations have very low probadiloccurrence (many rounded
to 0%) and will not impact the energy potential greatly. Fajd.1 shows the probability occur-

TABLE 4.1: The considered scatter diagram based observations ofutied location at North
sea.

Hs [m 375 425 475 525 575 625 675 725 775 825
075 000% 040% 120% 1,60% 110% 070% 020% 000% 000%  0,00%
125 010%  490% 570% 620% 460% 430% 120% 030% 000%  0,00%
1,75 000% 070%  610%OECA  7,30%  520%  2,20% 0,80%  0,0%  0,00%
2,25 000% 000% 010% 3,20% 670% 510% 160% 070%  030%  0,00%
2,75 000% 000% 000% 010% 240% 500% 1,10% 060% 020%  0,10%
325 000% 000% 000% 000% 010% 160% 170% 070% 0,60%  0,20%
3,75  000% 000% 000% 000% 000% 010% 090% 050% 030% 0,10%
425  000% 000% 000% 000% 000% 000% 000% 050% 030% 0,10%
475  000% 000% 000% 000% 000% 000% 000% 000% 030% 0,10%
525 000% 000% 000% 000% 000% 000% 000% 000% 000% 0,0%
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Chapter 4. Point Absorber Simulation Setup

rence of all sea-states. It can be seen that the probabilggastates that havé, higher than

3.75m to occur is very low. These sea states are depicted as grieg statter diagram as well.
Due to the low probability of occurrence level of the aforemn@ned sea states, all significant
wave heights over 3.75 meters are neglected in this worklifitiigs shown as the white dashed

line in Figure 4.1.
H

1 2 3 3754 5
Significant wave height [m]

Mean wave period [s]

o - N w B w o ~N © O

Figure 4.1: Probability of occurrence.

Figure[4.2 shows the cumulative wave energy distributiarttie significant wave heights
rows of the scatter diagram. The available wave energy csitatbd using JONSWAP spectrum.
It can be seen that by neglecting the wave heights over 3.7érntlee average available wave
energy is decreased less than 10%.

100 |

80
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40

20

Yearly avaliable energy [ %]

1 2 3 4 5
Significant wave height [m]

Figure 4.2: Wave energy distribution with relation to thgrsficant wave height.

Fig.[4.3 shows the available wave power and wave energy pieagth. It can be observed
that the power increases with increasiAig and7’.. Furthermore, it is shown that the highest
power areas do not correspond to the highest energy areas, thie waves with the highest
powers have less than 1% probabilities of occurrence. Alagly, an important issue is to
find a trade-off between the sizing of the mechanical desightlae energy capture. The WEC
generation would be significantly oversized if it is desigib@ 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 176.34m?
Water plane inertia 2474.65m*

wave, however using the most energetic wave as the destgn&might cause a drastic loss in

energy capture.

Mean wave period [s]

11 S Average wave power [kW/m]

Mean wave period [s]

° Average wave energy [MWh/m]

1

1.5 2 2.5 3 3.5 1 1.5 2 2.5 3 3.5
Significant wave height [m] Significant wave height [m]
(a) Wave power (b) Wave energy

Figure 4.3: Available wave power and energy per meter wawe fr

4.2 Single Point Absorber WEC

Fig.[4.4 shows the general scheme of the single point absavbéh is a cylindrical buoy of
15 m diameter and 0 m height. At equilibrium4.5 m of the buoy height is submerged. The
water depth i$0 m, therefore deep sea conditions can be used for calculatiabte 4.2 shows
further properties of the buoy.

The electrical generation unit can be placed at the searbhatt@n a platform on the sea sur-
face, however in this work the placement of the generationisinot specified as it is assumed
to have a negligible impact on the results.

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

As seen in[(2.1l6), in order to simulate the buoy motion on@lsdiee frequency dependent
hydrodynamic coefficients, namely added mass, radiatiorpitag 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 pésio

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 6329 788.3 960.2 1139 1319 1497.6

of the wave excitation. These hydrodynamic coefficientscaraputed through Ansys AQWA,
by guest researcher Dr. Guilherme Moura Paredes and carbésappendixB.

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

According to [2.2B), a power extraction coefficient is nekdeorder to determine the ex-
tracted power. The power extraction coefficieR}, can be optimized for each sea state or it
can be a single value that maximizes the total extractedygner

In order to determine an optimdt, for each sea state, differeift, values are tried for
power extraction calculation and the value that gives thgimam average power is selected,
for each sea state. The yearly extracted energy while usengda state optimizeg, method is
higher than the single coefficient method, since the WEC pémal performance at each sea
state. However, this method requires a complex controlrdlgo since the power extraction
coefficient needs to be tuned for each different sea state.

For determining the singl&, value, differentR, values are swept for the extracted average
energy calculation and th&, that maximizes the average extracted energy is selectetl. Th
single power coefficient method requires a simple contraksgy, however, as mentioned, the
average extracted energy will be lower than the tuRgdtrategy.

The singleR, value in this work is calculated to 589.7 kNs/m. The sea state optimized
R, 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 obtaineljusined and singl&, values,
for different T, values. It can be seen that the energy difference betweenitied and single
R, cases is fairly small. The total average extracted enengy $ingleR, value is 478.5 MWh,
and it is increased to 490.5 MWh if the tunable control is peried, which is an increase of
2.5%. The tunable control is not utilized in this work.

30 Tuned Rp Tz=4.75s
= = = Single Rp Tz=4.75s
25 Tuned Rp Tz=6.75s
= = = Single Rp Tz=6.75s I' N
Tuned Rp Tz=7.75s ’ N
§ 20 Single Rp Tz=7.75s / N
N
4 §
> ’
— ’
) 15 4
b ’
2 e
= 10 ¢
5 L
N T |
1 1.5 2 2.5 3 3.5

Significant wave height [m]

Figure 4.5: Energy differences between the tuned and sigfer differentT’, values.

The values presented here are the average values, howevastantaneous power of each
sea state includes significantly higher peaks. In order talbe to harness the previously cal-
culated total average extracted energy, the WEC generasalsito be designed for the highest
peak power, which means that the WEC unit would be over 10stioversized. The oversized
WEC generation unit would not only be costly, but also mostpbly operate with a lower
efficiency for the sea states with high probabilities of aoence, which are the sea states that
contribute the most to the overall energy capture. In ordeemedy this issue, a peak power
limit can be introduced, which means that all power peakeeding this value will be limited
to it. This is called power curtailment. In order to decide gower curtailment limit, the aver-
age extracted energy for different power curtailment leaeé calculated. Figure 4.6 shows the
energy extraction variation for different power curtailme&alues. Based on this investigation,
the rated power of the WEC unit in this work is selected ta3B& kW, which causes a mere
energy loss of.5%, roughly.

Figure[4.7a shows the non-curtailed instantaneous andvrage power for the sea state
H, = 3.25 mandT, = 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 vaigerd{4.7b shows the
described power limitation. It can be seen that even tholigfheapeaks are limited to the power
curtailment level, 33%WW, the average power is decreased from 184 to 143%W, for the
selected high energy sea state. Due to the low probabilibcofirrence of the high power sea
states as well as the insignificant impact of it on the aveeagy@cted power value, the power
curtailment manages to decrease the WEC generation uaibgiapproximately 7 times. Note
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Figure 4.6: Energy loss percentage dependent on the peak povtailment level.

that the power curtailment study is performed using theiptaly limited sea states, meaning
that the average available wave energy is circa 90% of thenitetl value. In the case of using
all sea states depicted in Taldi@ the downsizing would be significantly more pronounced.
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Figure 4.7: Non-curtailed and curtailed instantaneousaametage power values féf, = 3.25
m and7, = 8.25 sea state.

4.3 Linear to Rotational Motion

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

rotational and this is coupled to the WEC generator shak. Jénerator is controlled through
a two level three phase power electronic converter. Figu#esdows an overview of the WEC
system that is considered.

Electric Generation

|

I Power Electronic
| ‘converter |

| |

|

|

|

|
(WEC G?nerator

single point
absorber

Figure 4.8: An overview of the WEC system.

The power take-off of the WEC is assumed to be designed todmeaximum power capture
of 335 kWW. Figure[4.9A shows the power and Figure %#.9b shows forcenelotéor the heave
motion of the buoy as a function of vertical speed, both fa timlimited and the 335/
maximum power capture cases.
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(a) Buoy power (b) Buoy force

Figure 4.9: Curtailed and non-curtailed power and forcenftbe buoy as a function of the buoy
speed.

It can be observed that for the non-curtailed buoy power dheetspeed relation is linear
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Chapter 4. Point Absorber Simulation Setup

and for the curtailed case, the force decreases for theasioig speed at the constant power
values, based o (Z123).

The WEC generators in this project are radial flux machinesiefore the characteristic
parameters are rotational vectors. Given that the mechlaosses of the power train are ne-
glected, the output power from the buoy is transferred elytio the generator input,

Pbuoy - Pgen (41)

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

fbuoyvbuoy = Tgenwgen (42)

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

Pmam
Tgenmax = (43)

Wrated

whereP,,.. is 335kW and the rated speed is 1560m, which results in a maximum torque
of 2.14 kNm. The required torque-speed relation of the buoy motivaiesuse of the field

weakening strategy for high speed operation, which is agct¥e way to utilize the electric

drive. The linear motion is translated to rotational motthrough a mechanical translation
gear. The translation ratio is expressed as

beO max
kgb - Tiy (44)

geNmax

The translation ration for this application is calculatedbe 22301 /m.
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Chapter 5

Generator Design and Verification

In this chapter, four main generator designs, IPM, VPM, SMé&t the PM assisted SRM, are
evaluated for the task of being the WEC generator. Thesedesigns are selected due to their
popular use in variable speed drives, such as the electiicleeand wind power applications.
The stack length - outer diameter ratio of the generatorselested based on the previous work
conducted on this project, which is presented_ in [55]. It banargued whether the selected
generators are the most optimal designs. In this thesisnthe focus is on investigating and
guantifying the impact of various design and material gukses, therefore the main aspects
of the variations will remain even though another startiompis selected.

The four main generators have the same steel laminatiorrislatame stator geometry as
well as the axial length and the same magnet weight per vallimeelectrical steel used in the
main designs is M400-50A [56], the dysprosium NdFeB magn&tvMX-37F [57]. The IGBT
modules that are used in this work have 22%mominal current and 1700 voltage blocking
ability [58], and each half phase leg consists of two paratiedules in order for the converter
to be able to operate at the rated current of the generatoe Mfmrmation regarding the semi-
conductor components used in this work can be found in AppéRidThe key geometry data
and the rated operation parameters of the machines is givEabig 5.1.

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

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 mm?3
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 40@m and the axial length is 60@:m. The cross sectional
magnet area per pole is 450m?. All machines have 8 poles and 48 stator slots with dou-
ble layer windings. The axial overhang is considered to be:3% and the length of the end
windings is 440.7nm, based on(3.41).

5.1 Default WEC Generator: Interior Permanent Magnet Gen-
erator
The original machine is selected to be an interior permamaginet machine, which was proven

to be a favorable design at earlier stages of this work [5igute[5.1 shows a cross sectional
illustration of the default IPM generator used in this work.

[fime=1] 0 50 100 (mm)

Figure 5.1: The cross sectional depiction of the IPM gewoerat

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 anandnétrength, no load simula-
tions are performed. Figure 5.2 shows the flux density fielcfoross-section of the generator.
It can be seen that the flux density in the stator tooth andoke 15 1.57" which is an appro-
priate value. The rotor iron at the magnet corners is sadrathich prevents a great part of the
magnetic flux to go in the iron bridges instead of over the ap opto the stator.
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5.2. No-load Performances of the WEC Generators

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

00 (mm)

Figure 5.2: No load flux density distribution of the IPM gester
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Figure 5.3: No load three phase flux linkages and induce@ge# of the IPM generator

5.2.2 V-shaped Interior Permanent Magnet Generator

Another type of interior permanent magnet generator is tshaped permanent magnet ma-
chine, where a pair of magnets that resembles a v-shapetar®@immounted to the rotor, in
order to form one machine pole. Due to the rotor geometryMAB generator has a higher
saliency compared to the IPM generator. Figuré 5.4 showBukelensity distribution through
the cross section of the machine. It can be seen that the fhsitgén the stator tooth is reduced.
The flux density at the stator yoke reachesTL.5
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Chapter 5. Generator Design and Verification

Figure 5.4: No load flux density distribution of the VPM gesuer

5.2.3 Surface Mounted Permanent Magnet Generator

Surface mounted permanent magnet generators are one ocbfteommon types of permanent
magnet generators, and therefore such a design is corsidetas work. Figuré 5J5 shows the
no load flux density field of the surface mounted generatoce@mgain the 1.3’ flux density at
the stator tooth is reached.

A

100 (mm)

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

5.2.4 PM Assisted Synchronous Reluctance Generator

The no load flux density field of the PM assisted synchronougtance (SRM) generator is
shown in Figuré5l6. In this thesis, when the notation PMsésdiSRM is used the magnets are
of the same type as the previous designs. In later chaptezs wlierrite magnet used as the
SRM magnets, it is named Ferrite assisted SRM.

Itis shown that the flux density in the stator teeth is apprately 17, which is considerably

42



5.3. Operating Point Comparison of the Permanent Magne¢ka&ars

lower than the previously mentioned generators, due to¢lep-det placement of the magnets.
However, the magnet flux linkage does not affect the ovevadjue as severely as for example
the SMPM generator, since the reluctance torque is the pramhiorque component given the
highly salient rotor design.

100 (mm)

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

5.3 Operating Point Comparison of the Permanent Magnet
Generators

Figurel5.T shows the flux linkage on the d-axis in relatiorhd-axis current, when d-current
is kept zero, i.e the magnet flux linkage according[fo (3.R9) observed that the no load
flux linkage of the IPM is approximately 0.8#h and it decreases with increasing current,
i.e. increasing saturation level. The no load magnet flukage of the VPM is 0.75Vb and
the saturation is fairly prominent for this generator. Ihdg also observed that the permanent
magnet of the SMPM design supplies a no load flux linkage & O/, which is significantly
higher than the IPM and VPM generators. Even though the higload flux linkage level of
the surface mounted design, a drawback of this magnet pEmamthat the magnet losses are
higher compared to the interior magnet variants. The no fhedlinkage of the PM assisted
SRM generator is 0.71/b which is lower than the previous machines.

Figure[5.8h shows the analytically calculated operatiag@m of the IPM generator. The
dashed current trajectory describes that the generatoadasiglly loaded from no load to maxi-
mum current level, 3031 RMS. The current angle is calculated based on maximum tqrque
ampere control strategy until 1509m and based on a field weakening algorithm until 3000
rpm, which is approximately the maximum translated rotati@paded of the buoy. Figure 518b
shows the d-q current variation within the operating ranigth® WEC for the VPM generator.
The current magnitude and the angle is calculated basededTIRPA control strategy until the
maximum voltage is reached and the field weakening algordketermines the current angle
while the magnitude is the maximum.
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Figure 5.7: Flux linkages as a function of g-axis currentzem d-current.

The SMPM generator is simulated for the same operating tiondias mentioned earlier.
The d-g currents within the operating range is shown in FEgL8¢. It is observed that the cur-
rent angle is much smaller compared with the interior maehiriewed earlier, only deviating
a few degrees from the 90° current angle even at high current operations. Theorétidake
surface mounted machine is non-salient, meaning that thevaf the d and the g inductance
are equal. However due to the saturation of the magneticipatte rotor iron, the reluctance
paths end up having different permeability values, theeefioere is a slight difference between
the inductances. Traditionally, SMPM machine is contbaly by the g-current, however, in
this work due to the slightly non-ideal behaviour, MTPA aohstrategy is used for this design
as well.

Figure[5.8d shows the d and g current variations for diffeoperating points for the PM as-
sisted SRM generator. It is observed that the current asdigher than those of the previously
studied permanent magnet generators, which indicateshahsgliency.

Figure[5.9h shows the torque requirement of the buoy andeébg@dynamic torque that can
be supplied by the machines. Similarly, Figlre 5.9b showspthwer requirement of the buoy
and the machine power that is available.

It can be seen that all the machines have adequate torquegdba linear-load operation,
and only the SMPM generator torque fails to fulfill the buogugement at field weakening
operation. This is due to the fact that the SMPM torque depegneatly on the magnet torque
due to its very low saliency (theoretically non-salienih¢® the current angle must increase in
order to operate in the field weakening region, as well asattiiat the added reluctance torque
originating from the increased current angle is very low, 8MPM machine has a poor field
weakening performance. Accordingly, it can be expectedttimmore salient machines can
achieve a better performance during the field weakeningabiper The most salient generator
amongst the investigated is the PM assisted SRM generatichws the design that supplies
the greatest rated torque and has the best field weakenifugrpance.

Table5.2 shows the d and g axis inductances and the no loakhtkages of the investigated
WEC generators at rated operation. It can be seen that thé/SMRIctances are quite close in
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Figure 5.8: Operation diagram of the WEC generators.

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

TABLE 5.2: d-g inductances and the no load flux linkages of the studi&fC\Wenerators at rated
operation

Generator Type d-inductance mH  g-inductance mH  No load fluxinkage Wb
Interior Permanent Magnet Generator 1.016 2.672 0.87
V-shaped Interior Permanent Magnet Generator 1.375 3.03 75 0.
Surface Mounted Permanent Magnet Generator 1.135 1.09 0.96
PM Assisted Synchronous Reluctance Generator 1.19 4.686 71 0.
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Chapter 6

WEC Unit Operation

6.1 Operating Point Determination

The WEC generators are to be able to operate on the maximuratygetrajectory required
by the buoy. Figure 611 shows the torque-speed requireni¢iné duoy and the PTO, which is
the ideal operating trajectory, the maximum torque-spegrhbility of the generators and the
resulting operating trajectory. It can be seen that IPM, Vidid SRM generators can follow the
required trajectory, however the SMPM generator cannoplsugnough torque at the highest
speeds (see Figure 6l1c), therefore it has a different tpgraiajectory with a slightly lower
torque value for the higher speeds. The lower torque trajedf the SMPM generator results
in a 0.14% decrease in the annual energy production, whiahvezy slight impact, therefore
this design can be used as a WEC generator.

Figure[6.2h shows the magnet torque values and Figuré 6atissime reluctance torque
values of the different generator designs. The magnet éoigjdependent of the flux linkage,
based on(3.17) and the reluctance torque depends on teeedife between the d and g induc-
tances, as shown in(3]18). The reluctance and magnet teadues are in correspondence with
the expected results that are based on Table 5.2. It can bétsgehe SMPM generator, which
has the highest flux linkage, has the highest magnet torgue.nfagnet torque increases in
order to accommodate the increasing load torque until tteel rgpeed is reached and decreases
drastically for increasing speeds. Moreover the slightease of the reluctance torque during
the field weakening operation can be seen. The most salieigrdehe PM assisted SRM has
the highest reluctance torque throughout the operatias.diso observed that for the designs
that have high magnet torques, the reluctance torque ig lamebvice versa.
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6.2. Determination of the Power Losses and the Energy
6.2 Determination of the Power Losses and the Energy

Once the operating trajectory is decided, the required drpnts and the electrical frequency
are calculated for each selected operating point. Thesaneders are fed to the FEM software
in order to assess the operation of the corresponding padhtree machine losses are obtained.
It is to be noted that the core losses obtained through the E&ldlilations are expected to be
lower than the realistic results (such as the core lossesraut through experimentation), due
to the methods used by the FEM software and more importamtlyeglected material degra-
dation caused by the punching or laser cutting of the etestael sheets. More information
about the degradation depth and determination of the ngraded and fully degraded mag-
netic characteristics of the sheets can be found in [60]&#f [n this work, no compensation
is performed for adjusting the core loss values, since edigteht generator design is analysed
using the same FEM software and the main objective is to coengbeir behaviour. Further-
more, the mesh size and the time steps of the FEM simulatrensegpt unchanged throughout
the work in order to eliminate all software based factors toald affect the results.
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Figure 6.3: Power losses of the main WEC generators.

Figurel6.3h shows the copper, core and magnet losses of tizgaterators. It can be seen
that the machine losses vary with the power level, e.g. th@EMas the lowest losses for low
power levels (i.e. low{, andT}), yet the losses grow with the increasing input power. A very
distinct result is that the magnet losses are drasticadjigdri for the SMPM generator, which is
typical for surface mounted machines. Figure 6.3b showsdneuction and switching losses
of the IGBT switches and the diodes of the power electronioreder. The switching losses
of the IGBTs are dominating, and the conduction losses of @&T's are roughly 50% lower
than the switching losses. The switching frequency is seteto be2 £ H - for all generators.

It can be seen in these figures that at maximum power thereaeeas values of losses. This is
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Chapter 6. WEC Unit Operation

due to the wide range of speed and thus operating points élvatthe same power at the field
weakening operation.

Figure[6.4h shows an overall comparison of the total losEd®dVEC generators. Up until
70 kW input power the SMPM generator has the lowest losses, hovwkeg increase with
increasing power. The VPM generator has the poorest peaimcethroughout the operation
range. The SRM generator has the lowest losses for the hpginear levels, due to its effective
performance during field weakening. Figlre 6.4b, showsdtes kosses of the WEC generators
as a function of the rotor speed. The constant torque andfieddkening regions can be clearly
seen. The losses increase with the increasing speed wntdtéd speed. Here, the field weaken-
ing control replaces MTPA control, since the converteragétlimit is reached. First, the losses
decrease due to the decreasing fundamental flux, howewerisath the current magnitude and

the rotor speed are increasing, the total losses increabégtoer speeds of the field weakening
region.
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Figure 6.4: Comparison of overall losses of the WEC genesaie a function of mechanical
power and rotor speed.

Figure[6.5 shows the efficiency comparison of the WEC geaesdibr the whole operating
range and for the low power operation. It is again seen thaefficiency relations between
the generators vary with the level of input power. For lowewpr levels, the SMPM has the
highest efficiency and for higher power levels the PM asgiSieM has the best performance.
The IPM generator has consistently high performance througthe operation range and the
VPM has the poorest. This finding was unexpected, since tié 8xign is favorable for many
applications. Due to this variation in efficiencies it is mafuitive to realize which generator
could capture the most energy, since the WEC most ofteniigeaaitthe low power region, yet
better efficiency at high power levels can cause a disticeamse in energy generation. In order
to be able to quantify the generator operations from an gt of view, the WEC generator
energy production and loss are studied.

Figure[6.6 shows the total annual energy production andvakes of the generators. As
speculated, there is no distinct difference between the, IBMPM 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 {graduction, due to having the
highest losses. This is expected due to the fact that the V&dmtor 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 useiguibly operation trajectory, however
for simplicity, several speed equidistant points are setefor detailed simulations and the
simulation results would be reference points. The instadas performance of the generators
are achieved by interpolating the reference points withitiséantaneous buoy requirement.
Figure[6.7 shows the instantaneous power from the buoy antPt¥d generator at.75 m H,
and5.75 s T, which is one of the most occurring sea states anti2itm H, and&8.25 s T,
which is a high power sea state. It can be seen for the mediarstate, except for some peaks,
the power curtailment level is not reached, however for th&mum sea state the power level
is almost consistently at the curtailment level. The praigof occurrence of the medium
sea state i8.3% and of the high power sea state considered in this wodki& therefore the
constant curtailment of the maximum level does not impaetttergy capture greatly, whereas
even small power limitations on the most occurring stateghirihave significant effects.
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Figure 6.7: Instantaneous power of IPM at different seastat

Figure[6.8(a) shows the instantaneous machine losses gnceF8.8(b) is zoomed in for
better understanding the instantaneous behaviour. Thieneeth instantaneous plots indicate
the mean value of the parameter. Similar to the instantanpower, the instantaneous losses
also have a high ratio between the peak and the average vahepeak values of the copper
and core losses are approximatelyW and 2k respectively, whilst the average values of
these losses are 0.8 and @/ .
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Chapter 6. WEC Unit Operation
6.3 Economical Evaluation of the Main Designs

In order to select the most favorable WEC generator, theaoaral impacts of the generator
performances are to be quantified, using the life cycle coalyais. For simplicity, only the
electric generation unit is investigated economicallygsithe price information of the mechan-
ical part, grid connection components and the maintenanegpected to be the same for all
WEC systems. Due to this, the economical evaluation is studsing the LCC method purely
for the electric drive, rather than the Levelized Cost of igg€LCoE).

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

TABLE 6.1: Price of the materials used in machine constructiof/ks.

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

The weight of the copper, iron and neodymium magnets usedrtsteict the WEC genera-
tors are shown in Table 6.2. The copper and magnet weightsfotiadesigns are equal, since
the magnet volume is constant and all generators have the Stamor configuration. Moreover,
the iron volume that is purchased for construction is alswsimtered to be the same for all de-
signs in this work. This is due to the fact that, even thougirtiior configurations are different,
the stator and rotor for each material are punched out froimcalar sheet that has the stator
outer diameter. The unused parts are discarded, therdfermtor design does not affect the
volume of the purchased electric steel. Approximately 77% e machine is made of electric
steel, 22% is constructed of copper wire and 2% is the permanagnet content.

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

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

Figure[6.9 shows the components of the investment cost. Td& costly material is the
electrical steel, due to its high volume, and is followed hg topper wire and the permanent
magnets. The manufacturing cost is selected to be half ofotiaé investment cost. The total
cost of one generator is 53@and the price of the IGBT converter is 1265[62].

Figure[6.10a shows the NPVL comparison of the four main WE@ggor designs. In this
work, the electricity price is assumed to beSpV W h [63]. The WEC life time is considered
to be 20 years and the discount rate is set to be 9%. The NPMAsséxpected results, since it
reflects the energy loss comparison of the generators. THeSMPM and PM assisted SRM
generators have similar NPVLs, whereas the VPM has appairign10% higher cost of losses
than the other designs. By using the PM assisted SRM genastbe WEC generator, instead
of the default IPM generator, the NPVL decreases by®6@hich 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 dssi§ince the investment
cost is kept constant, the LCC variation is only dependertherNPVL and the results can be
explained in a similar fashion. Based on the LCC analysiheffour main generator types of
this work, the PM assisted SRM generator is the favorable Wé&t&rator.
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Figure 6.10: Net present value of losses and the life cycdéaicthe WEC generators.
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Chapter 7

Design Variations

In this chapter, various geometric and component designmeaestigated in order to better un-
derstand the effect of different parameters of the mach&wagrgetry and construction materials
on the machine performance. The main focus of these inasilits is to determine the impact
of a specific variation and to what degree it affects the nrecperformance. The motivation is
that the knowledge obtained through these investigatimisssesystematic optimization analysis
to achieve the ultimate performance for a chosen wave eraggljcation.

7.1 Effect of the Electric Steel Lamination

Electrical machine bodies are manufactured from steelratidns that are stacked together.
These materials have different thicknesses and core-lessacteristics, as well as different B-
H relations. In this work, the default lamination is selelctie be M400-50A, and in this section,
M270-35A, M350-50A, M470-50A and M700-50A laminations atadied. Here, the first part
of the material name represents the approximate core ldge vathe material at 1.3 and
50 Hz. The second part of the material represents the thicknégscdre losses of the electric
steel material is decreased by increasing the silicon abmtethe material, since the added
silicone increases the electrical resistivity of the matetherefore the eddy current losses will
be decreased [56]. For example, the M270-35A has the loveestlosses and its thickness is
0.35mm, however this procedure results in a reduced B-H charatierin Figuré 7.1l the B-H
relations of the studied materials can be observed.

It can be seen that all materials have similar trends, yei#e0-50A and M700-50A ma-
terials have higher induction levels than the others. Thear might be that the silicon content
of these materials are lower than those of the low core losanis.

Figure[7.2h shows the torque-speed relations, as well alsuibye requirement and Figure
[7.2B shows a close up on the rated torques. It can be seeménatis no significant deviation
from the original M400-50A design regarding the torque perfance, which is as expected. A
slight reduction of maximum torque for the M270-50A desigmoted.

Figure[7.3h displays the eddy and hysteresis losses of théaned designs. It can be ob-
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Figure 7.1: B-H curves of the considered steel laminations
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Figure 7.2: Overall and close-up torque trajectories dedént steel lamination designs.

served that the eddy losses for the M270-35A, M350-50A an@®/0A are fairly comparable,
however the M470-50A and M700-50A materials have signitigdrigher eddy current losses.
A similar trend is present for the hysteresis losses, howiaeechange is not as drastic. Fig-
ure[7.3b shows the copper and core losses of different designan be seen that the steel
lamination variation has the biggest impact on the coreglass

Figurel 7.4 shows the efficiency comparison of the aforernaptl designs. Once again, itis
not possible to observe a significant change in efficiency 27 8435A, M350-50A and M400-
50A designs, however the efficiency decreases for the laramédesigns with higher core loss
characteristics.

Since all variants have similar performance, the diffeeerscbest quantified through the
annual energy production and loss. Figuré 7.5 shows theahenergy productions and losses
of each design variation. It can be seen that using the logeestloss material results in a 430
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Figure 7.3: Power losses for different steel laminatiorigtes

kW h annual energy production surplus and the highest core lassrial has approximately 2
MW h higher annual losses compared with the default design.

Another important aspect to note is that the annual enegg/ddthe M350-50A lamination
design is slightly lower than that of the M270-35A desigrerthough it is a higher core loss
lamination. Owing to the better B-H performance, the M3B&%5lesign can achieve the same
operation with lower current due to better induction, corepao the M270-35A design. This
would result in lower copper losses, even though using tlaitenal increases the core losses,
as itis seen in Figurle 7.Bb. Since the core losses are appately half of the copper losses, a
slight decrease in copper losses have a bigger impact oalbeeergy losses than the increased
core losses. It can be concluded that the M350-50A lamindtas the lowest annual energy
losses, therefore is the preferable lamination choice farenergy 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 uliffegent lamination ma-
terials. It is seen that the M350-50A material has the lowest of the energy losses, meaning
that as long as the extra cost of this material is less tha® @@ompared with the default
material, using M350-50A generator gives the lowest LCC.
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7.2 Cobalt-lron Rotor

In this section, the rotor of the IPM generator is constrdaising cobalt-iron material, VA-
CODUR 48. Cobalt-iron alloys have the highest saturatidanmation of all magnetic alloys,
measuring up to 2.3%" [64]. In this work, the cobalt-iron material is used only e rotor
construction in order to increase the air gap flux. The statoonstructed of M400-50A. The
cobalt-iron material is not initially preferred for the &ig due to higher core losses compared
to the ordinary silicon based electrical steel, howeverésealts are presented for this case for

a more extensive comparison. Figlrel 7.7 presents the B¢ afrthe 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 M400-50Aemials

The high saturation point of the cobalt-iron material carlearly seen in this figure. Figure

[7.8 shows the torque and power trajectories of the cobattrintor and totally cobalt-iron WEC
generator designs.
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Figure 7.8: Torque and power trajectories of the cobalt-adesigns.
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It can be seen that due to the higher induction levels, thigdekat uses only cobalt-iron
material has the highest rated torque, whereas the cabaltator design has similar torque-
speed and power-speed relations to the default generatmmndé&igurd 7.9a shows the copper
and core losses comparison of the investigated designanlbe seen that the copper losses
are decreased for the cobalt-iron rotor design, due to terlenaximum current. However,
the core losses are increased, due to the core loss chatictef the cobalt-iron material. It
can also be seen that when both the rotor and the stator of dlehine is constructed of the
cobalt-iron material, the core losses are doubled, condp@aréhe original design. This is due
to the fact that the high flux in the stator teeth combined wighpoor core loss characteristic
of the cobalt-iron material result in significantly highere losses.

Figure[Z.9b shows that the core loss increase is predonhyneatised by the hysteresis
losses.
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Figure 7.9: Power losses of the cobalt-iron rotor IPM getogrdesigns.

Figure[7.10 shows the efficiency comparison of the studieibds. It can be seen that the
cobalt-iron rotor design has a higher efficiency throughlo@bperation, due to the lower overall
losses. Due to the significantly higher core losses, thg @albalt-iron generator has the lowest
efficiency.

The impact of the improved efficiency on the annual energhiasvs in Figuré 7.111. It can be
seen that the annual energy loss is decreased approxima®éty Furthermore, it is observed
that using the total cobalt-iron machine, the energy lossgease almost up to 20%, therefore
it is omitted from further investigations.

Figure[Z.12h shows the NPVL of the IPM design with VACODUR 48&r in comparison
with the original design. It can be seen that using cobahl-material decreases the NPVL by
1.6%. Figure 7.12b shows the investment cost of the colmitrotor WEC generator, together
with investment cost of the default design. It can be seettligainvestment cost of the cobalt-
iron rotor design is significantly higher than the origin@M generator, due to the high material
price.
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Figure 7.10: Efficiency comparison of cobalt-iron and thiéahlPM generator designs.
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Figure 7.11: Annual energy for the cobalt-iron rotor IPM geator design.

Figure[7.18 shows the LCC comparison of the cobalt-ironrrata the default IPM genera-
tors. It can be seen that, even though the NPVL is lower, dtfeetbigh 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 WEGegator designs with M400-
50A and VACODUR 48 rotor.

100 95.37
80

60

LCC [k€]

40

20

M400-50A VACODUR 48 Rotor
Material

Figure 7.13: LCC comparison of the WEC generator designs M#00-50A and VACODUR
48 rotor.
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7.3 Effect of the Stacking Factor

Electrical machines are often made up of laminated sheetkecfrical steel, in order to reduce
the eddy losses. The laminations are stacked together strachthe machine body. The steel
laminations are insulated with a non-magnetic and non-gcinge coating and furthermore

the sheets are not perfectly flat due to the constructionnmgahat the total volume of the

laminations, apparent volume, does not have flux carryipgcigy. Stacking factor (SF) is the

ratio between the effective magnetic volume and the appacinme.

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

A rule of thumb that estimates the SF based on the lamindtickriess is

SF = 0.04250pg + 0.6032 arctan(108.166 p ) (7.1)

whered g represents the lamination thickness![65]. Using this ndtiioe SF values are
calculated to be 96% and 94% for the @ and 0.35nm thick laminations, respectively. In
[66], it is shown that the SF values calculated using the atitaumb is roughly 2% lower than
actual, therefore the stacking factors of @52 and 0.35nm thick laminations are selected to
be 98% and 96%, accordingly.

Figurel7.14 shows the copper and core losses of the M400MBB0-50A and M270-35A
designs. The solid case is analyzed as a lamination withitelfinarge SF (99.999% in the
FEM software). The M350-50A steel lamination has a thickrn&.5mm, which means that
its SF is 98%, as the M400-50A lamination. The M270-35A i50:3n in thickness, hence a
SF of 96% is selected, as determined previously.
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(a) Copper losses (b) Core losses

Figure 7.14: Power losses of the different stacking factorddifferent steel materials IPM
generators.

It can be seen that M350-50A with 98% SF has the lowest comgssrdompared with the
other laminations, except the infinitely large SF variaritioli is not a realistic design. Further-
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more, the lowest core loss operation is achieved by the N85®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 desagagiepicted. Besides the solid SF,
the highest efficiency design is the M350-50A with 98% SF,clihis expected since this design
has the lowest copper losses amongst all the investigat@ddéion designs and furthermore,
the M350-50A material is earlier determined to be the mdstieht material.

97.5

— M400-50A Solid
— M400-50A 98 %
—— M270-35A 96 %
M350-50A 98 %

97

96.5 1

Efficiency with IGBT Converter[%]

96

-300 -250 -200 -150 -100 -50 0
Mechanical Power [KW]

Figure 7.15: Efficiency comparison of the different stagkiactors for different steel materials
IPM generators

Figure[7.16 shows the annual energy production and losseoflifferent stacking factor
lamination designs. It can be seen that the lowest energyisaechieved by the solid electrical
steel, however it is not possible to apply an infinitely thagdr of coating, therefore the best
operation from an energy efficiency point of view is achiebagdhe M350-50A material with

98% SF.
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Figure 7.16: Annual energy production and losses for tHeriht 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 dimensioniggnvestigated. The slots height is
increased and decreased2yy; and10%. The airgap and outer radius is kept constant, meaning
that the stator yoke is adjusted to accommodate the slobhheggiations. Figuré 7.1¥a shows
the torque-speed and Figlire 7.117b shows the power-spetidnedf the different slot geometry
designs. The maximum current is kept constant and the ceal igrvaried with the slot size. It
can be seen that decreasing the slot size improves the tsppse or power-speed relation.
Furthermore25% bigger slot design has significantly lower maximum torquajch is less
than the required torque of the buoy, which results in anffitsent power profile as well. The
torque profile of the generator designs can also be tradsiate the current values, meaning
that the lower the rated torque, the higher the rated cumertier to achieve the same operating
points.
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Figure 7.17: Comparison of the electrodynamic torque aegthwer trajectories for different
stator slot heights.

The 25% higher slot design is ruled out due to its insufficient paerfance.10% higher and
shorter designs, as well as the 25% shorter slot design attassthe WEC generator. Figure
[7.18a& displays the copper and core losses of the IPM gemnevalodifferent slot heights and in
the corresponding total machine and converter Iaageshown. When the slot height is
increased, the slot area is also increased, therefore srstamece is decreased based[on (3.38),
and similarly the resistance increases for smaller slagttiei

It can be seen that the 25% smaller slot design has the higbpper losses, since the
resistance for this design is the highest amongst the iigatst variants. The copper losses
however, are increased only by 10% instead of 25%, since uhert is decreased for the
same torque level, for the 25% slot size. The reduced slghheiesigns lead to an improved
induction, i.e the flux linkage, and thus lower current fog #ame torque value. Furthermore,
this design has the lowest core loss, due to the increasedisa for the stator yoke. For the
10% smaller slot design, the resistance increase is noaacand 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 Upper losses are decreased. Similar to
the 25% smaller slot case, the core losses are decreased tiiedricreased stator yoke area.

The full-torque current of the 10% increased slot heighedasncreased compared to the
original design, however the resistance is decreased:ftherthe resulting copper losses are
decreased. The core losses are increased slightly, due sorthller stator yoke.

Figure[7.19 shows the comparison of the corresponding &fiiegés of the IPM generator
variants with different slot sizes. It can be seen that thH 1@wer slot height design has the
highest efficiency throughout the operation.

97.5
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+10%

Efficiency with IGBT Converter[%]

-300 -250 -200 -150 -100 -50 0
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Figure 7.19: Efficiency comparison of different slot heigbsigns

The annual energy productions and losses of the differehthsight designs are displayed
in[Z.20. As expected, the 10% smaller slot height designtatotvest annual energy losses.

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

designs. It can be seen that decreasing the slot height byr&é8dis in a 3906 decrease in
energy loss cost, which corresponds to 4.8%. Furthermioeenvestment for the copper wire
would also decrease by 10%, which causes the total investosthto decrease by 3.8%.
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Figure 7.21: NPVL comparison of the WEC generator desigtis different slot heights.
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Chapter 7. Design Variations
7.5 Effect of the Stator Slot Width

In this section, the effect of the slot width on the overalhegetor performance is investigated.
Here the cases of 5% and 10% larger slot widths, as well a®thengaller slot width is studied.
The fill factor is kept unchanged. The torque-speed relasatepicted in Figure_7.2Pa and the
power-speed relation can be seen in Figure 7.22b.
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Figure 7.22: Comparison of the electrodynamic torque aegtiwer trajectories for different
stator slot widths.

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

Figure[7.2B shows the copper and core losses of the diffstentvidth designs. There is
no significant difference between different designs, thidue to the fact that the change in the
iron mass of the machine is fairly small in order to accomnmedae slot width changes. The
copper losses of the studied designs differ more as the speezhses until the rated operat-
ing point and the difference is more prominent in the field kezeng region. The 5% smaller
slot width case only slightly deviates from the copper losthe original generator, since the
maximum current for this design is lower, however the rasise is increased due to the de-
creased slot area. The rated current is improved only 1.3%reas the resistance is increased
approximately by 6%. Similarly, despite the current ineseéor larger slot width designs, the
resistance decreases due to the increasing slot area, themmapper losses are decreased. The
5% wider slot design has an increased rated current of 1.58btlee resistance is decreased
roughly 5.5%. The rated current of the 10% wider slot dessgnéreased by 4%, however the
resistance is decreased by 10%. Since the change in resissamuch more drastic than that
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7.5. Effect of the Stator Slot Width

of the current, the copper losses are predominantly afldoyehe resistance for the slot width
variations. Using the 10% wider slot design decreases thpezdosses by 13% at the rated
operating point.
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Figure 7.23: Copper and core losses of the different slothwdesigns.
Figure[7.24 shows the efficiency comparison of the diffesdott width generator designs.
Here, it can be seen that the efficiency of the designs havemrgstiependency on the copper

losses, and since all designs have lower copper losseshbanmiginal design, the efficiencies
are as well improved. As expected, the 10% larger slot wid#igh has the highest efficiency.
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Figure 7.24: Efficiency comparison of different slot widiasigns
The annual energy productions and losses obtained by usengjfferent slot width gener-
ators are depicted in Figure 7125. The copper loss dependsrtbe annual energies can be

observed in this figure, as the lowest copper loss design, [a@3ér slot width, has also the
lowest annual energy losses. The difference between theat@%% larger slot width designs
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are minuscule, however the annual energy losses decrgasxapately 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 @iffeslot width designs.

The economical impact of the slot width variations are showFigure[7.26. Here, only the
NPVL of the studied designs are shown, since investmenigsosichanged. It can be seen that
the NPVL of the variations are consistent with the annuatgnioss results, as expected. The
10% larger slot width variant decreases the NPVL by 2&7for the lifetime operation. The

investment cost increases due to the increased copper @ohowever the difference is only
40€.
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Figure 7.26: NPVL comparison of the WEC generator desigtis gifferent slot widths.
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7.6 Effect of the Rotor Diameter

In this section, the rotor diameter is increased and deedelg 5mm. It should be noted that
there are several ways to adjust the stator geometry for dimneter alterations, and in this
work the outer diameter and the stator yoke dimensions greutehanged, meaning that the
slots are adjusted in order to accommodate the rotor diamvat@tions. The designs where the
stator yoke is altered is not investigated within this pcaje

The torque and power trajectories as a function of the rgiteed are shown in Figure 7127.
It can be seen that therbm shorter rotor diameter design has the lowest rated torgai¢henb
mm longer rotor diameter case has the highest, however thadartained using this design
is lower for the field weakening operation.
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Figure 7.27: Comparison of the electrodynamic torque aetthwer trajectories for different
rotor diameter designs.

Figure[7.28 shows the copper and core losses of different chameter designs. It can
be seen that while there is no drastic change in the core tless;opper losses vary signifi-
cantly. The design with &m shorter rotor diameter has the lowest copper losses, edbpait
it achieves the rated torque at a higher current, since sistamce of this design is approxi-
mately 8% lower than the original generators. During the MTPeration, the 5nm longer
rotor design has slightly lower copper losses than themaigiesign. This is due to the fact that
the lowest rated current of the design, however there is astidrdecrease since the resistance
of this design is increased due to the smaller slot area. ©ppear losses of the longer rotor
diameter design is increased during the field weakeningatiper, due to the decreased rated
torque during field weakening.

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

The resulting annual energy productions and losses aretddpin Figurd 7.30. It is seen
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Figure 7.28: Copper and core losses of the different rommeter designs.
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Figure 7.29: Efficiency comparison of different rotor dideredesigns.

that using both design instead of the original design resnla decrease in the annual energy
losses. The longer rotor diameter case has approximatelp®es losses and the shorter rotor
diameter design improves the energy losses by approxiyzuedo.

The economical impact of different designs are investidjatecomparing the NPVL, since
the investment costs are unchanged. The results are pedseriiguré 7.31. It can be observed
that the NPVL of the 5nm shorter rotor diameter design is 2580lower than the original
design.
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Figure 7.30: Annual energy productions and losses of @ifferotor diameter designs.
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Figure 7.31: NPVL comparison of the WEC generator desigtis different rotor diameters.
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7.7 SIC MOSFET Converter

The converter losses impact the overall energy lossesidisdietion, a SiC MOSFET converter
is investigated. In this work, a 1700 module with a current rating of 228 is selected [67],
which has the correct blocking voltage for the applicatioowever the current rating is too
low. Therefore, for each half phase leg of the converter,ga@llel SIC MOSFET modules are
used, in order to be able to operate at the rated generat@ntuNote that the IGBT modules
of the original converter are also selected to have the saftege and current rating as the SiC
MOSFET and two parallel modules are used for each half plegsddr a better comparison,
since a SiC MOSFET converter that could operate for the gémerated current could not be
found commercially.

Figure[7.32 shows the components of the converter lossd®edf3BT and SiC MOSFET
converters. It can be seen that the IGBT converter lossesvare times higher than that of the
SiC MOSFET converters at the highest power, furthermorecadtiuction and switching losses
of the SiIC MOSFET converter are significantly lower than thfathe IGBT converter and the
diode switching losses are zero for the SIC MOSFET converter drastic improvementin the

converter losses results in a significant improvement irsyils¢em efficiency, as seen in Figure
[7.33.
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Figure 7.32: Comparison of converter losses for the WEC iggiimng unit using an IGBT and a
SiC MOSFET converter

Figure 7.34 shows the energy production and loss of the WE@sywith different convert-
ers. It can be seen that the annual energy losses of the WE€rsgiscreases by approximately
5 MW h for the SIC MOSFET converter case.

Figure[7.35ha shows the investment costs of WEC generatidrusimg the SiC MOSFET
and the IGBT converters. The price of a single IGBT moduleluséhis work is 105€ and the
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Figure 7.33: Efficiencies of the WEC generating unit using@BT and a SiC MOSFET con-
verter
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Figure 7.34: Annual energy productions and losses of the \§y&i@rating unit using an IGBT
and a SiC MOSFET converter.

price of a single SiC MOSFET module is 7&J62]. The total IGBT converter price is 1260
€, as previously mentioned and the total SiC MOSFET convextsts 876G<, since each
converter consists of 12 modules. It can be seen that thetmeat cost of the SIC MOSFET

design supersedes the IGBT variant vastly. Figure 7.35shbe NPVL values for WEC
generating systems using IGBT and SiC MOSFET converters.

It can be seen that using the SIC MOSFET converter significdecreases the NPVL and
approximately23000 € can be saved in energy costs.

Figure[7.36 shows the LCC comparison of the investigatethnts. It can be seen that

despite the higher investment costs, the SIC MOSFET cosvdesign has a lower LCC, due
to its lower annual energy losses.
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Figure 7.35: Semiconductor investment cost and NPVL comsparf the WEC generator de-
signs using IGBT and SiC MOSFET components
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Figure 7.36: LCC comparison of the WEC generator desigmgesi IGBT and a SiC MOSFET
converter.
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7.8. Inset Permanent Magnet Generator
7.8 Inset Permanent Magnet Generator

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

In this work, four different variations are considered. Boee of the variations, the iron side
widths are selected &8, 3° and5° arc pieces and the fourth variation ha® arc piece iron side
with half the thickness. Figute 7.38a shows the torquegspemparison of the studied designs.
It can be seen that increasing the iron side width incredsemaximum torque. Figufe 7.38b
shows the power variation in relation to the speed. It carele shat thé&° iron piece variation
not only is the design that can achieve the highest maximugué but also that the operation
during the field weakening is improved.
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Figure 7.38: Comparison of the torque and power trajecddaedifferent inset designs.

In Figure[7.39, the magnet and reluctance torque comparisbiines° iron side inset vari-
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ation and the SMPM generator are shown. It can be observethin&MPM generator has a
very low reluctance torque as expected, since it is a thieailst non-salient machine, and the
increased saliency of the inset design causes a reluctarggetincrease. However, it can be
seen that the magnet torque of the SMPM generator is highertttat of the inset generator,
since the inset design uses a higher negative d-currenthwlduces the magnet flux linkage.
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Figure 7.39: Comparison of the torque components of diffiegenerator designs.

Even though the torque-speed curve seemingly is improvethes not indicate any clear
trend towards the energy production and loss. Figure 7. A0asthe copper and core losses
and Figuré 7.40b shows the efficiency of the inset design enedto the SMPM generator. Itis
seen that the inset design has higher core losses than thibeeSMPM generator. The SMPM
generator has higher copper losses for power levels exagd00k1V due to its torque-speed
relation, however since the WEC operates often at low powenrtg, 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 thetlassd SMPM generators.

The 5° iron side design is simulated as the WEC generator and Figdea shows the
energy production, whilst Figufe 7.41b shows the energy tdshe previous generators and
the inset generator. It can be seen that the inset genesatoniparable to the other generators,
however, even though the torque-speed curve is improvesltathe power distribution and
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7.8. Inset Permanent Magnet Generator

the corresponding efficiency, the inset generator has lewergy production than the SMPM
generator, which is unexpected, since the inset design highar rated torque.
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Figure 7.41: Annual energy production and loss of the inseegator compared to the main
designs.

Figure7.42 shows the NPVL of the best performing inset WER=gator design, compared
with the four main designs of WEC generators. It can be sesnirtket generator has a NPVL
of 85.3 k€, which means that the energy losses of this design cost84#0re than the default
SMPM design. Still, the inset design has a lower NPVL tharMR& generator.

The investment costs of the two generators are equal, dimgehtave the same stator ge-
ometry, the same axial length and the same magnet volumelLCBeis fully dependent on
the NPVL. It can be decided that the SMPM generator is therédle choice between the two
investigated machines.
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Figure 7.42: NPVL of the selected inset design in comparigitimthe main designs.
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Chapter 7. Design Variations
7.9 Ferrite Assisted Synchronous Reluctance Generator

Ferrite is a ceramic compound and it is both non-conductigefarromagnetic, therefore it can
be used as a permanent magnet in electrical machines. Tite feagnets have a coercivity
ranging between 100 -300A/m, whereas coercivity of neodymium magnets is 800 - 950
kA/m, therefore the ferrite magnets have a tendency to demagregtiower magnetic fields.
Furthermore, the magnetic flux output per volume of theteemagnets are significantly lower
compared with the neodymium magnets, therefore a machitmefevrite magnets has a much
lower power density. The ferrite magnet used in this workssranium ferrite type, STRO-30-
26 and the magnet characteristics can be seenin [68].

The surface mounted and the interior mounted permanent@hggnerators rely heavily on
the magnet torque, due to their non or low saliency, theegfoorder to replace the neodymium
magnets with ferrite magnets and achieve a similar perfoomathe generators need to be
much larger. However, since the PM assisted SRM genera@rhighly salient design and
the reluctance torque component is predominant, the Eersgisted 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% longexial length and the number
of turns is decreased by one turn in order to lower the maxageltto fit the converter require-
ments. The magnet area is increased to circa/68%. Figure[7.48 shows the no load flux
density distribution over the machine cross section. Itloarseen that the flux density in the
stator teeth is approximately 0.25 which is much lower than the neodymium design, due to
the lower magnetic flux output of the ferrite magnets.
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Figure 7.43: No load flux linkage distribution of the Ferritesisted SRM generator

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

Figure[7.45 shows the current trajectory of the FerritestsdiSRM generator. It can be
observed that similar to the PM variant, the current anglaiiy high, which can be explained
through the magnet and reluctance torque comparisons osigns.
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Figure 7.45: Operation diagram of the Ferrite assisted SRMeator

In Figure[7.46b the maximum power trajectories and in Figud®a the maximum torque
trajectories of the PM assisted and Ferrite assisted SRMrgts, as well as the buoy require-
ment are displayed. It can be seen that the Ferrite assiBigldo@arely achieves the rated torque
required, and the field weakening operation starts at a lspeed compared to the PM assisted
SRM. As mentioned before, the number of turns of the Fersgsted SRM generator is de-
creased in order to decrease the maximum voltage of the mgdhierefore the rated speed is
now 1400rpm instead of 110@pm.

The reluctance and magnet torque values of the SRM desigrdemicted in Figurg 7.47.
The magnet torque of the PM assisted SRM is higher than thiteoFerrite assisted variant
as seen in_7.47a, since the neodymium magnets have a mueh meignetic performance.
Since the total electrodynamic torque is dictated by theyptle Ferrite assisted generator
compensates for the lower magnet torque with a higher @haet torque value.
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Figure 7.46: Operating range comparison of the PM and eassisted SRM generators.
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Figure 7.47: Comparison of the torque components of the RiVFanrite assisted SRM Gener-
ators.

Figure[7.48a shows the copper and core losses of the Fessigted SRM in comparison
with the losses of the PM assisted SRM. The copper loss ofeah@éassisted SRM is high for
low speeds, since the current is higher. For the higher speg¢dield weakening operation, the
Ferrite assisted SRM requires less d-axis current sincéuthénkage in the machine is already
low, and the overall current is lower, compared to the PMsaisdiSRM. This causes the copper
losses of the PM assisted generator to be higher than thabe éferrite assisted design, for
higher speeds. The Ferrite assisted SRM has higher coredhss since the longer axial length
of the generator increases the iron volume of the machine.fa¢t that the fundamental flux
linkage being lower for the Ferrite assisted design doeshalt, since the core losses are to
a great extent caused by the harmonics. Figure ¥.48b shenefftbiencies of the Ferrite and
PM assisted SRM generators. It can be seen that the FesisteatsSRM generator has a lower
efficiency compared to the PM assisted design, however thréd-assisted machine operates
fairly efficiently despite the significantly lower magnetflinkage.

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

Figure[7.50R shows the investment cost values of the PM amideFassisted SRM genera-
tors. It can be seen that the Ferrite variant costs roughly&@nore, even though the per unit
price of the ferrite magnet is much less the neodymium psoee the Ferrite assisted SRM
generator i50% longer in axial direction which increases the total volunfi@lb materials.
Figure[7.50b presents the NPVL comparison of the PM andtEassisted SRM generators. It
is once more seen that the lower energy losses results inea MRVL value. Here, the NPVL
of the PM assisted SRM generator is approximately@kd the NPVL for the Ferrite variant
is circa 100 k€, which means using the PM assisted SRM generator decrémsB&YL of the
WEC generation system (20 %.

Figure[7.51 shows the results of the LCC analysis for the PM Ferrite assisted SRM
generators. It can be seen that even though the investmstst abthe generators differ, the
LCC is still predominantly dependent on the NPVL. Here, tl@&0_of the PM assisted SRM
is again circa20% lower, as the NPVL, since the investment cost is very smatimgared to
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Figure 7.50: Investment cost and NPVL comparisons of the RIFeerrite assisted SRM Gen-
erators.

the NPVL, therefore it does not impact the LCC significanily.sum up, the Ferrite assisted

SRM cannot compete with the neodymium magnet equippedntdaathe studied wave energy
application.
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Figure 7.51: LCC comparison of the PM and Ferrite assisted &Rnerators.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this work, several WEC generator variants using diffeparmanent magnet rotor topologies
and design alterations regarding these topologies arstigated. The aim of the investigation is
to understand the effect of the studied designs and albesatin the generator performance. The
economical impact of the different generator performararesquantified using LCC analysis
and compared, in order to assess the favorable designnweisitih investigation.

The available wave energy is obtained using spectral aisaysl the extracted wave energy
is determined through hydrodynamic simulations. Due to tber probabilities and high power
levels that require a large PTO, sea states witH ahigher than 3.75n are omitted from
the available energy calculations. The omitted sea statgsuat for approximately 10% total
available wave energy. Furthermore, the highest peak pealaes of the irregular waves are
over 10 times the average power for a given sea state, therafiamitation for the high power
peaks is introduced in order to limit the generator size. fdwer curtailment level is selected
to be 335k, which results in a 7.5% loss of the extracted energy, argdvidue is the rated
power of the WEC generator.

IPM, VPM, SMPM and PM assisted SRM generators are designgedban the 33% 11/
rated power, and the machine performances are comparedolind that the VPM generator
has the poorest performance for this application and the Bdisied SRM has the highest
energy efficiency. Moreover, using the PM assisted geneirsgtead of the default IPM design
decreases the annual energy losses fromVI% A to 14.86 MW h, which causes a 66&€
decrease in the LCC. The annual energy losses of an insatgengesign based on the SMPM
generator, are increased 600k, compared to the SMPM generator. Similarly, the WEC unit
with a Ferrite assisted SRM generator, that is scaled up lteede¢he rated power, has 30%
increased annual energy losses.

Regarding the iron material of the generators, the besggmarformance is achieved using
the lamination material M350-50A, which is also undoubyetile favorable design economi-
cally. This is due to the fact that the second best performanachieved for the M270-35A
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material, which is suspected to have a higher purchase gueeo its lowered thickness and
core losses. An important finding of this investigation peiout that the B-H characteristic of
the steel lamination has a more prominent impact on the peédioce compared to the core loss
characteristic. Similar findings are obtained for the stagkactor variations, however, since
the M270-35A has a lower SF due to its smaller thickness, &bperformance when using
the M350-50A material with 98% SF is obtained. The annuatgnkss is improved by 2.7%
when the M350-50A is used instead of the M270-35A and wherstheking factors are taken
into consideration the improvement is roughly 9%, for theeaomparison.

Another material investigation is done in order to assesau#e of cobalt-iron material. It
is concluded that due to its high core losses, the cobaitigaot preferred in the stator. The
high core loss characteristic of this material howeversduogt result in a significant increase
when used only for rotor construction, since the flux in thargoke mainly is a DC flux.
The machine with the cobalt-iron rotor has better perforceahan the original design, which
lowers the annual energy losses by 1.5%, however the ineesgtoost of the cobalt-iron rotor
design is more than twice the cost of the original generatbich increases the LCC by &k

A study on the stator design investigates the effect of thsslot size on the LCC of the
WEC generator. The slot height is increased and decreas28%yand 10%, and the results
dictate that the 10% lower slot height design has the besggmdficiency. Using this variant,
the annual energy losses decrease by 4.8%, furthermoreubstiment cost of the generator
decreases due to the lowered copper volume, which resudt@9€ lower investment costs.
Furthermore, increasing the slot width by 10% results in3/@decrease in the annual energy
losses.

The converter losses of the IGBT converter is comparablbdéabpper losses at the rated
power operation. In order to increase the WEC generatiohafiiciency, the converter losses
can be improved. In this work, when a SIiC MOSFET based coaewerplaces the default IGBT
converter, the converter losses are drastically loweréé. dhnual energy losses of the WEC
are decreased by 30%. Despite the investment cost beingakenees higher when using a SiC
MOSFET instead of an IGBT converter, the LCC of the WEC thatdsipped with the SiC
MOSFET converter is decreased significantly.

To sum up, the favorable machine out of the main four desigttss PM assisted SRM and
the most significant improvement is caused by using a SiC M&EX3¥ased converter. The high-
est LCC is obtained when using the Ferrite assisted SRM. Tt throughout the work ranges
between circa 70€ to 106 k€. The cobalt-iron investigation presents that some alterat
that improve the energy efficiency, might be a poorer chaimafan economical point of view.
To conclude, an economical assessment of the performanegimawhen evaluating different
generator designs is crucial, in order to gauge the impatite@tnergy variations on the life
cycle cost of the system and therefore select a favorablergtar.
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8.2 Future Work

A valuable continuation to the work would be to investigateng of the studied design alter-
ations by using finer steps, such as the stator slot height\adith cases and different rotor

diameter designs. It is also interesting to perform a syatEnoptimization, using for instance

genetic algorithms and investigate how the findings tie ithwhe results of this work. Further

investigation regarding the generator size, mainly olngian ideal stack length-outer diameter
ratio depending on the primary objective of the optimizatieuld provide valuable findings.

To establish the economical consequences of using redtartwair pin windings instead of
round wires as well as quantifying the impact of the skinafieould be a significant contribu-
tion, both regarding the active part of the machine and tlikveinding size. Furthermore, for
applications where the machine size is limited, studyirgttiermal limitations would prove
useful.

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

The WEC generators are selected to be radial flux machinégsiptoject, however, other
flux path machines such as the axial flux and transversal flichimes, as well as other concepts
such as the electrically magnetized machine, switchedtatce and the induction machine are
worthy to be investigated. Furthermore, another permamagnet rotor topology, the spoke
generator, is worth looking into.

One of the important findings of this work was that the powectbnic converter has a sig-
nificant impact on the machine performance. Studying theggrefficiency and the economical
evaluation of the multilevel inverters, such as the NeuR@iht Clamped (NPC) and Modular
Multilevel Converter (MMC) would provide insightful redsl

Here, the economical investigation focused only on thetetedrive of a WEC and is per-
formed using the LCC method. An important work to conduchesinvestigating the full WEC
system that consists of the hydrodynamic and mechanictd.garen though the electrical sys-
tem efficiency is worth optimizing, optimizing the point apser can increase the efficiency
of the WEC application substantially. Using a reactive poaa@ntrol of the buoy is a highly
interesting possibility, as mentioned in_[15], the energyngcan be increased. The obvious
challenge regarding wave energy is the high costs of the RIIOPAO suspension systems.
Further study upon these subjects in order to effectiveluce 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 coergse are listed in this chapter.

TABLE A.1: Parameters of Semiconductor Modules

Module type

Device Name
Blocking Voltage

IC’,nom
Viro
Rs
Esn
Eory
kiT
va
kip
ka

V* T]*I*
ref’ ref
Vo
Rao

*
Est

IGBT
Infineon FF225R17ME4
1700V
225A
0.8
7.7mS2
105mJ
103mJ
1
1.35
1
0.6
150°C
(900V, 300A)
0.8V
5.8mS2
53mJ

SiC MOSFET
Cree CAS300M17BM2
1700V
225A
0
16mS)
13mJ
10mJ
1
1.35
1
0.6
150°C
(900V, 300A)
0.7V
5.3mQ
0omJ
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Appendix B

Frequency Dependent Hydrodynamic
Coefficients

The frequency dependent hydrodynamic parameters, addesi nagliation damping and wave
excitation force phase and magnitude are computed usingsf@QWA, for heave motion. The
results are shown in this chapter.

Line A: Added Mass, Global Z - Global Z (hull) [kg]
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Figure B.1: Heave added mass values for the investigated WEC
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Line A: Radiation Damping, Global Z - Global Z (hull) [N/{m/s)]
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Figure B.2: Heave radiation damping values for the investéig WEC.

Line A: Diffraction and Froude-Krylov - Global Z, -180* {hull) [N/m]
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Figure B.3: Heave excitation force magnitude values foinnkestigated WEC.
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Line A: Diffraction and Froude-Krylov - Global Z, -180° (hull) [
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Figure B.4: Heave excitation force phase shift values ferlestigated WEC.
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