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SUMMARY

Ocean wave energy has a huge potential to make a contribution to global energy transi-
tion. However, the high Levelized Cost of Energy (LCOE) is currently a big hurdle to the
development of wave energy converters (WECs). This thesis is motivated to improve the
techno-economic competitiveness of WECs. It focuses on the effects of systematic sizing of
WECs. "Systematic sizing" is reflected in this thesis by considering the effects of sizing on
the two main components of WECs, namely the buoy and PTO system.

The main body of this thesis starts with a literature review. First, it is intended to pro-
vide an overview of current wave energy technologies and the application of power take-off
(PTO) systems. Secondly, the studies relevant to sizing of WECs are reviewed, and sizing
methods used in the context are discussed and compared. It indicates that the existing
studies mainly focus on the effects of buoy sizing and there is a lack of consideration of PTO
sizing. In addition, the sizing methods based on the Budal diagram and Froude scaling can
only be used to conduct sizing of buoy but the influence of PTO sizing cannot be covered.
Numerical simulation can be applied to take into account both effects of buoy sizing and
PTO sizing, but it is usually associated with low computational-efficiency. As sizing can be
regarded as a kind of optimization which normally requires a number of iterations, an effi-
cient method is beneficial for accelerating the design process of WECs. Followed up by the
literature review, Chapter 3 to Chapter 7 of this thesis are dedicated to accomplishing two
main research objectives.

Establish a systematic sizing method for WECs

The first step of this study is to build a framework of the systematic size optimization
method for a generic point absorber. The collective influence of buoy sizing and PTO sizing
are covered in the framework, and the optimization is aiming at minimizing the LCOE. In
the framework, frequency domain modeling is adopted to calculate the power production
of WECs in different sizes, since it has high efficiency. The influence of the PTO size is sim-
plified as force constraints, and the constraints are complied by tuning the PTO parameters.
A preliminary economic model is established to calculate the cost of the WEC. A case study
carried out based on the established sizing method shows that both buoy sizing and PTO
sizing are significant to the LCOE. Downsizing the PTO size is beneficial for the reduction of
the LCOE. In the considered case, it could reduce the LCOE by 24 % to 31 %. In addition, the
size determination is highly resource-specific. The wave resource with higher mean wave
power is not necessarily associated with a larger buoy or PTO size, but it contributes to the
lower LCOE.

The second step of this study is to enhance the systematic size optimization, since the
nonlinear effect of PTO sizing on the power estimation was not considered in the frame-
work. A spectral domain model incorporating the PTO force saturation is then developed.
It allows for the inclusions of nonlinearity by statistical linearization but maintains high
computational efficiency. Verified against the results from nonlinear time domain model,

xi



xii SUMMARY

the proposed spectral domain model shows adequate accuracy. Compared with the fre-
quency domain model, the spectral domain model remarkably reduces the relative errors in
predicting the power performance of WECs with force constraints, while the computational
demand is much lower than the nonlinear time domain model. Furthermore, a case study is
conducted to size the PTO capacity in a chosen wave site. The frequency domain, nonlinear
time domain and spectral domain models are applied respectively. The frequency domain
model could lead to a poor estimate of the optimal PTO capacity, with a maximum relative
error on the prediction of the annual energy production (AEP)of 24 %. In contrast, the spec-
tral domain model indicates the same optimal PTO size with the time domain modeling,
and its relative errors on the prediction of the AEP are within 4.3 %.

To make the sizing method more concrete, the third step shifted the focus from the
power absorption stage to power conversion stage of WECs. As a dominating type of PTO
system in wave energy conversion, the linear permanent magnet (PM) generator is chosen
as the research object. The influence of the variation of the PTO size on the efficiency of
linear PM generator is analyzed. Three different methods for sizing the linear generator are
applied and compared. The results show that the overall power conversion efficiency has
a notable dependence on the size of generators. Thus, the assumption of a constant gen-
erator efficiency leads to an obviously poor estimate on the AEP, LCOE and the PTO size
determination. In particular cases, its relative errors on the estimation of the AEP and the
optimal PTO size reaches 10 % and 29 %. Compared with the method based on the scaling
law, the scaling with implementing the optimization of main machine parameters could
better reflect the techno-economic potential of WECs when conducting PTO sizing. There-
fore, it is highly recommended to take into account the variation of the generator efficiency.

Investigate the performance of the adjustable draft system on improving power produc-
tion of point absorbers with constrained PTO capacities

Downsized PTO capacities are proved to be beneficial for reducing the LCOE in the in-
vestigation attributed to the first objective. A novel design, namely the adjustable draft
system, is then proposed in this thesis to further improve the power production of point
absorbers with constrained PTO capacities. Both a frequency domain model and a non-
linear time domain model are established to reveal the performance of the concept. From
the frequency domain analysis, two potential advantages are identified by installing the ad-
justable draft system. Firstly, the excitation force can be controlled by adjusting the buoy
draft, which could be utilized to reduce the required PTO force. This is helpful for downsiz-
ing the PTO capacity. Secondly, the relevant natural frequency of the point absorber can be
adapted to the operating wave states by varying the buoy draft, which improves the power
absorption. A nonlinear approach is adopted specifically for the spherical buoy to include
the nonlinear Froude–Krylov force and viscous drag force. The results show that the non-
linear forces have a significant influence on the power absorption when operating close to
resonance regions. However, the advantages resulting from the proposed system still can be
observed while considering the nonlinear forces. The power absorption can be improved
by 27 % and 12 % in particular cases of regular and irregular wave states respectively.

The draft adjustment of the buoy changes the dynamics of the device, which could also
make a difference to the performance of the PTO system. Thus, a wave-to-wire model is es-
tablished to provide an in-depth insight into the systematic performance of the adjustable
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draft point absorber integrated with a linear PM generator. Based on the established model,
wave-to-wire responses of the novel concept are obtained and analyzed. The results show
that, on the one hand, the draft adjustment results in negative effects on the power pro-
duction, since it varies the symmetry of the stroke and the overlap between the stator and
translator of the generator. On the other hand, the draft adjustment leads to the increased
buoy speed, which contributes to the improvement of the generator efficiency. For the WEC
considered in this thesis, the advantage of the adjustable draft system is more dominating
than the disadvantage with regard to the power production. At particular operating con-
ditions, the delivered electrical power of the adjustable-draft WEC is over 20 % and 10 %
higher than that of the conventional fixed-draft WEC for regular and irregular wave condi-
tions respectively.





SAMENVATTING

Oceaangolfenergie heeft een enorm potentieel om een bijdrage te leveren aan de wereld-
wijde energietransitie. De hoge Levelized Cost of Energy (LCOE) is momenteel echter een
grote hindernis voor de ontwikkeling van golfenergieconverters (WEC’s). Dit proefschrift is
gemotiveerd om het technisch-economische concurrentievermogen van WEC’s te verbete-
ren. Het richt zich op de effecten van de grootte van WEC’s. Het hoofddoel van dit proef-
schrift is dus gedefinieerd als:

Verbeter de technisch-economische prestaties van WEC’s vanuit het perspectief van syste-
matische dimensionering.

"Systematische maatvoering"wordt in dit proefschrift weerspiegeld door de effecten van
maatvoering op de twee hoofdcomponenten van WEC’s, namelijk de boei en het aftakassys-
teem, te beschouwen.

Het hoofdgedeelte van dit proefschrift begint met een literatuuronderzoek. Ten eerste is
het bedoeld om een overzicht te geven van de huidige golfenergietechnologieën en de toe-
passing van PTO-systemen. Ten tweede worden de onderzoeken die relevant zijn voor de
dimensionering van WEC’s beoordeeld en worden de in de context gebruikte meetmetho-
den besproken en vergeleken. Het geeft aan dat de bestaande onderzoeken zich voorname-
lijk richten op de effecten van de maatvoering van boeien en dat er onvoldoende rekening
wordt gehouden met de maatvoering van de aftakas. Bovendien kunnen de maatbepaling-
smethoden op basis van het Budal-diagram en Froude-schaling alleen worden gebruikt om
de maatbepaling van de boei uit te voeren, maar de invloed van de aftakasmaatbepaling kan
niet worden afgedekt. Numerieke simulatie kan worden toegepast om rekening te houden
met zowel de effecten van de grootte van de boei als van de grootte van de aftakas, maar
wordt meestal geassocieerd met een lage rekenefficiëntie. Aangezien dimensionering kan
worden beschouwd als een soort optimalisatie die normaal gesproken een aantal iteraties
vereist, is een efficiënte methode gunstig om het ontwerpproces van WEC’s te versnellen.
Gevolgd door het literatuuronderzoek, zijn Hoofdstuk 3 tot Hoofdstuk 7 van dit proefschrift
gewijd aan het bereiken van twee hoofdonderzoeksdoelen.

Stel een systematische dimensioneringsmethode op voor WEC’s

De eerste stap van deze studie is het bouwen van een raamwerk van de systematische
methode voor grootte-optimalisatie voor een generieke puntabsorbeerder. De collectieve
invloed van de maatvoering van de boei en de maatvoering van de aftakas wordt behan-
deld in het raamwerk, en de optimalisatie is gericht op het minimaliseren van de LCOE. In
het raamwerk wordt frequentiedomeinmodellering toegepast om de stroomproductie van
WEC’s in verschillende groottes te berekenen, omdat het een hoog rendement heeft. De

xv



xvi SAMENVATTING

invloed van de PTO-afmetingen wordt vereenvoudigd als krachtbeperkingen, en aan de be-
perkingen wordt voldaan door de PTO-parameters af te stemmen. Er wordt een voorlopig
economisch model opgesteld om de kosten van het WEC te berekenen. Een case study die is
uitgevoerd op basis van de gevestigde maatmethode laat zien dat zowel de maatvoering van
de boeien als de maatvoering van de aftakas belangrijk zijn voor de LCOE. Het verkleinen
van de aftakas is gunstig voor de verlaging van de LCOE. In het beschouwde geval zou het
de LCOE met 24 % tot 31 % kunnen verminderen. Bovendien is de bepaling van de grootte
zeer resource-specifiek. De golfbron met een hoger gemiddeld golfvermogen is niet nood-
zakelijkerwijs geassocieerd met grotere boei- of aftakasafmetingen, maar draagt bij aan de
lagere LCOE.

De tweede stap van deze studie is het verbeteren van de systematische optimalisatie van
de grootte, aangezien het niet-lineaire effect van PTO-afmetingen op de vermogensschat-
ting in het raamwerk niet werd overwogen. Vervolgens wordt een spectraal domeinmo-
del ontwikkeld waarin de PTO-krachtverzadiging is opgenomen. Het maakt het opnemen
van niet-lineariteit mogelijk door statistische linearisatie, maar handhaaft een hoge reken-
efficiëntie. Geverifieerd tegen de resultaten van het niet-lineaire tijddomeinmodel, toont
het voorgestelde spectrale domeinmodel voldoende nauwkeurigheid. Vergeleken met het
frequentiedomeinmodel, vermindert het spectrale domeinmodel opmerkelijk de relatieve
fouten bij het voorspellen van de vermogensprestaties van WEC’s met krachtbeperkingen,
terwijl de rekenvraag veel lager is dan het niet-lineaire tijddomeinmodel. Verder wordt
een case study uitgevoerd om de PTO-capaciteit in een gekozen golflocatie te bepalen. De
frequentiedomein-, niet-lineaire tijdsdomein- en spectrale domeinmodellen worden res-
pectievelijk toegepast. Het frequentiedomeinmodel zou kunnen leiden tot een verkeerde
inschatting van de optimale PTO-capaciteit, met een maximale relatieve fout op de voor-
spelling van de jaarlijkse energieproductie (AEP) van 24 %. Daarentegen geeft het spectrale
domeinmodel dezelfde optimale PTO-grootte aan met de tijdsdomeinmodellering, en de
relatieve fouten bij de voorspelling van de AEP liggen binnen 4.3 %.

Om de dimensioneringsmethode concreter te maken, verlegde de derde stap de focus
van de stroomabsorptiefase naar de stroomconversiefase van WEC’s. Als dominerend type
PTO-systeem bij golfenergieconversie, is de lineaire permanente magneet (PM) generator
gekozen als onderzoeksobject. De invloed van de variatie van de PTO-grootte op de effici-
ëntie van de lineaire PM-generator wordt geanalyseerd. Drie verschillende methoden voor
het dimensioneren van de lineaire generator worden toegepast en vergeleken. De resul-
taten laten zien dat de algehele efficiëntie van de stroomconversie sterk afhankelijk is van
de grootte van de generatoren. De aanname van een constant generatorrendement leidt
dus tot een duidelijke misschatting van de AEP-, LCOE- en de PTO-afmetingsbepaling. In
bepaalde gevallen bereiken de relatieve fouten op de schatting van de AEP en de optimale
PTO-grootte 10 % en 29 %. Vergeleken met de methode op basis van de schaalwet, zou de
schaalvergroting met het implementeren van de optimalisatie van de belangrijkste machi-
neparameters het technisch-economische potentieel van WEC’s beter kunnen weerspiege-
len bij het uitvoeren van PTO-maatvoering. Daarom wordt het ten zeerste aanbevolen om
rekening te houden met de variatie in het generatorrendement.

Onderzoek de prestaties van het instelbare treksysteem bij het verbeteren van de stroom-
productie van puntabsorbers met beperkte aftakascapaciteiten
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In het onderzoek dat aan de eerste doelstelling werd toegeschreven, is bewezen dat ver-
kleinde aftakascapaciteiten gunstig zijn voor het verminderen van de LCOE. In dit proef-
schrift wordt vervolgens een nieuw ontwerp, namelijk het instelbare treksysteem, voorge-
steld om de energieproductie van puntabsorbers met beperkte PTO-capaciteiten verder te
verbeteren. Zowel een frequentiedomeinmodel als een niet-lineair tijddomeinmodel zijn
opgesteld om de prestaties van het concept te onthullen. Uit de analyse van het frequentie-
domein worden twee potentiële voordelen geïdentificeerd door het installeren van het re-
gelbare treksysteem. Ten eerste kan de excitatiekracht worden gecontroleerd door de diep-
gang van de boei aan te passen, die kan worden gebruikt om de vereiste aftakaskracht te
verminderen. Dit is handig voor het verkleinen van de aftakascapaciteit. Ten tweede kan
de relevante eigenfrequentie van de puntabsorbeerder worden aangepast aan de golftoe-
standen in bedrijf door de diepgang van de boei te variëren, wat de vermogensopname ver-
betert. Specifiek voor de sferische boei wordt een niet-lineaire benadering gevolgd om de
niet-lineaire Froude-Krylov-kracht en viskeuze weerstandskracht te omvatten. De resulta-
ten laten zien dat de niet-lineaire krachten een significante invloed hebben op de vermo-
gensopname bij het werken in de buurt van resonantiegebieden. De voordelen die voort-
vloeien uit het voorgestelde systeem kunnen echter nog steeds worden waargenomen wan-
neer rekening wordt gehouden met de niet-lineaire krachten. De vermogensopname kan in
bepaalde gevallen van respectievelijk regelmatige en onregelmatige golftoestanden met 27
% en 12 % worden verbeterd.

De diepgangaanpassing van de boei verandert de dynamiek van het apparaat, wat ook
een verschil kan maken voor de prestaties van het aftakassysteem. Zo is een wave-to-wire-
model opgesteld om eendiepgaand inzicht te geven in de systematische prestaties van de
instelbare diepgangspuntabsorber die is geïntegreerd met een lineaire PM-generator. Op
basis van het gevestigde model worden wave-to-wire-reacties van het nieuwe concept ver-
kregen en geanalyseerd. De resultaten tonen aan dat enerzijds de diepgangaanpassing ne-
gatieve effecten heeft op de stroomproductie, aangezien deze de symmetrie van de slag en
de overlap tussen de stator en de vertaler van de generator varieert. Aan de andere kant
leidt de aanpassing van de diepgang tot een hogere boeisnelheid, wat bijdraagt aan de ver-
betering van het generatorrendement. Voor de in dit proefschrift behandelde WEC is het
voordeel van het instelbare treksysteem meer overheersend dan het nadeel met betrekking
tot de stroomproductie. Onder bepaalde bedrijfsomstandigheden is het geleverde elektri-
sche vermogen van de WEC met instelbare trekkracht meer dan 20 % en 10 % hoger dan dat
van de conventionele WEC met vaste trekkracht voor respectievelijk regelmatige en onre-
gelmatige golfomstandigheden.





NOMENCLATURE

Below follows a list of the most frequently used symbols and notations in this thesis.

ROMAN SYMBOLS
a acceleration in heaving direction (m/s2)
ACus cross-sectional area of a phase winding (m2)
AD characteristic area of the buoy (m2)
bp magnet pole pitch (m)
bs slot width (m)
bt tooth width (m)
B0 magnetic flux density at the calibrated condition (T)
B̂g m fundamental space harmonic of the magnetic flux

density in the air gap (T)
Br m remanent flux density of the magnets (T)
B̂st fundamental space harmonic of the magnetic flux

density in the stator teeth (T)
B̂s y fundamental space harmonic of the magnetic flux

density in the stator yoke (T)
CD drag coefficient (−)
CM ass mass-related capital cost (Euros)
CPower power-related capital cost (Euros)
CP cost of PTO system (Euros)
CS ,CF ,C I ,CC cost of the structure, foundation, installation and grid

connection of the WEC (Euros)
Cmat ,Cman cost of active material and manufacture of the

generator (Euros)
CFe ,CCu ,Cpm unit cost of iron, copper and permanent magnet used

in the generator (Euros/kg)
D water depth (m)
Ep No-load voltage (V)
fe excitation force coefficient (N/m)
fel e electrical generator frequency (Hz)
f0 electrical generator frequency at the calibrated condition (Hz)
Fe excitation force in heaving direction (N)
Fe,i excitation force in mode i (N)
Fr radiation force in heaving direction (N)
Fhs hydrostatic force in heaving direction (N)
Fvi s viscous drag force in heaving direction (N)
Fpto PTO force (N)
FF K Froude-Krylov force in heaving direction (N)

xix
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FF Ks t static Froude-Krylov force (N)
FF Kd y dynamic Froude-Krylov force (N)
FF Kd y (r e ) dynamic Froude-Krylov force in regular waves (N)
FF Kd y (i r r ) dynamic Froude-Krylov force in irregular waves (N)
FD diffraction force in heaving direction (N)
Fes end-stop force in heaving direction (N)
Fmax maximum generator force (N)
Fg e generator force (N)
Fm PTO force limit (N)
Fl i mi t designed maximum generator force (N)
g gravitational acceleration (m/s2)
gl air gap length (m)
G characteristic length (m)
h0 buoy draft in still water (m)
ha the range of the adjustable buoy draft (m)
hs slot height (m)
hs y slot yoke height (m)
H wave height (m)
Hs significant wave height (m)
HD wave height in the representative wave state (m)
Is stator phase current (A)
Isq quadrature component of the stator phase current (A)
Isd direct component of the stator phase current (A)
Ism maximum generator side phase current of the converter (A)
Iconm rated phase current of the converter (A)
Jr e wave power transport per unit frontage of regular

waves (W/m)
Ji r r wave power transport per unit frontage of irregular

waves (W/m)
JT wave power threshold of the concerned sea site (W/m)

k wave number (1/m)
kw winding factor (−)
ks f i l l copper fill factor (−)
Khs hydrostatic stiffness (N/m)
Kpto PTO stiffness (N/m)
Kes stiffness of end-stop spring (N/m)
Kr ad radiation impulse response function (Ns/m)
Kdi f f diffraction impulse response function (N/m)
lact actual length of the overlap between the translator and stator (m)
lCus phase winding length (m)
ls stack length of the generator (m)
lm magnet thickness (m)
Lm magnet length (m)
Lst a stator length of the generator (m)
Ltr a translator length of the generator (m)
Lt stator inductance of the generator (H)
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m phase number of the generator (−)
M mass of the buoy (kg)
Mr added mass in heaving direction (kg)
MCu mass of copper (kg)
MFe mass of iron (kg)
Mpm mass of permanent magnets (kg)
MFest mass of the stator teeth (kg)
MFes y mass of the stator yoke (kg)
n normal vector to the surface (−)
Np number of pole pairs (−)
Ns number of conductors per slot (−)
NY lifespan of the WEC (year)
p pressure (Pa)
P power (W)
Pa absorbed power (W)
Pad j ust abl e absorbed power of the adjustable draft WEC (W)
P A high-frequency power limit in the Budal diagram (W)
PB low-frequency power limit in the Budal diagram (W)
Pcopper copper losses (W)
Pcon converter losses (W)
Pconm converter losses at the rated power (W)
Pe electrical power (W)
Pexc excitation power (W)
P f i xed absorbed power of the fixed draft WEC (W)
Pr radiation power (W)
Pa,max maximum absorbed power (W)
PFes iron losses of the generator (W)
PFes0 iron loss per unit mass at a frequency f0 and flux density B0 (W)
Pr ated rated power of the electrical machine (kW)
Pwd power taken by the generator winding (W)
q probability density function of Gaussian distribution (−)
Q exceedance probability (−)
r discount rate (−)
R radius of the spherical buoy (m)
Rr hydrodynamic damping in heaving direction (Ns/m)
Rpto PTO damping (Ns/m)
Rt stator phase resistance (Ω)
Rpto,mi n minimal PTO damping complying with constraints (Ns/m)
Rpto,max maximum PTO damping complying with constraints (Ns/m)
Rpto,opt optimal PTO damping (Ns/m)
Req,pto equivalent PTO damping (Ns/m)
Req,vi s equivalent viscous damping (Ns/m)
s displacement (m)
sm maximum motion amplitude (m)
S stroke (m)
Swl water-plane area (m2)
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Sζa wave energy spectrum (m2/Hz)
Su spectral density of the velocity

[
m2/(s2Hz)

]
Sconm rated apparent power of the scaled converter (W)
t time (s)
T wave period (s)
Tp peak period (s)
Te energy period (s)
Tz zero-crossing period (s)
Ttot total time of the appearance of a certain sea state (hours)
u velocity (m/s)
ui velocity in mode i (m/s)
um maximum velocity of the buoy (m/s)
u0 undisturbed flow velocity (m/s)
umax maximum velocity of the translator (m/s)
Us terminal voltage (V)
Uconm rated terminal voltage of the converter (V)
V volume (m3)
Xm mechanical reactance (Ns/m)
Xpto PTO reactance (Ns/m)
Y the evaluated year (−)
Zm mechanical impedance (Ns/m)
Zpto PTO impedance (Ns/m)
z vertical position (m)
z
′

corrected vertical position (m)

GREEK SYMBOLS

αS ,αF &M ,αI percentage of cost of structure, foundation mooring and
installation in the total capital expenditure (−)

αC ,αP percentage of cost of grid connection and power take-off
system in the total capital expenditure (−)

β phase angle of excitation force to the incoming wave (rad)
δ phase angle between the current and terminal voltage (rad)
γ phase difference between the

excitation force and the body velocity (rad)
ζa wave amplitude (m)
η wave elevation (m)
θ,σ angular coordinate and coordinate of the longitudinal axis

in cylindrical coordinate system (rad,m)
κ weighting factor (−)
λ scale factor of the buoy (−)
λe scale factor of the generator (−)
µ overall conversion efficiency (−)
µr m recoil permeability of the magnets (−)
ρ material density (kg/m3)
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ρ f or ce force density of electrical machine (N/m2)
σζa standard deviation of wave elevation (m)
σu standard deviation of velocity (m/s)
σF standard deviation of PTO force (N)
τ intermediate variable in convolution (−)
φ phase angle of the incoming wave to the origin (rad)
χ operation availability of the WEC (−)
ω wave frequency (rad/s)
ωo natural frequency of the WEC (rad/s)
ωe generator frequency (rad/s)
ω j wave frequency of jth wave component (rad/s)

LIST OF MATHEMATICAL OPERATORS
The following mathematical operation are used in this thesis:

x̂ complex amplitude of x
Re{x̂} real part of x
x time-averaged value of x
|x| absolute value of x
x vector of x
< x > expected value of x

LIST OF ABBREVIATIONS
The following abbreviations are used in this thesis:

AEP Annual energy production
AWS Archimedes’ Wave Swing
BIMEP Biscay Marine Energy Park
CAPEX Capital expenditure
CFD Computational Fluid Dynamics
DK 2 DK North Sea Point 2
FD Frequency domain
LCOE Levelized cost of energy
OPEX Operating expenditure
OWC Oscillating water column
PM Permanent-Magnet
SD Spectral domain
SPD Submerged pressure differential
TD Time domain
PTO Power take-off
RAO Response amplitude operator
WEC Wave energy converter





1
INTRODUCTION

Threatened by global warming and energy crisis, developing renewable energy is becoming
a topic of utmost importance to our human-being in the next decades. Ocean waves carry
a huge mount of clean energy, and exploiting energy from waves is expected to make a sig-
nificant contribution to the energy transition. After being investigated and developed more
than two hundred of years, most wave energy technologies are still not approaching a stage
of being commercial.

This chapter gives a background of the energy transition and ocean wave energy, and the
history of wave energy technologies is briefly introduced. As the high levelized cost of en-
ergy is hindering the commercialization of wave energy technologies, the research motivation
is then presented and a primary research goal is defined as improving the techno-economic
performance of wave energy converters from the perspective of systematic sizing. Particularly,
systematic sizing in this thesis covers both buoy and power take-off sizing. In order to accom-
plish the primary research goal, two main research objectives are identified. Furthermore, the
principal contributions, research scope, outline and approach of this thesis are presented in
this chapter.

1
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1.1. BACKGROUND: THE ROLE OF OCEAN WAVE ENERGY TOWARDS

ENERGY TRANSITION

W ITH the development of human society and industry, the global demand of energy has
increased sharply during the last 70 years, as is shown in Figure 1.1. Currently, energy

from fossil resources still plays the most important role in energy supply worldwide. For
instance, in 2019, fossil fuels still account for 84 % of the global primary energy sources [1].
However, there are an amount of issues connected to fossil fuels, such as air pollution, cli-
mate change, energy crisis and sea level rise. In order to handle these problems and find a
sustainable solution for human beings, it is necessary to put more efforts on the develop-
ment of renewable energy.

Figure 1.1: Global Primary Energy Consumption [2].

Over 70 % surface area of our planet is covered by seas and oceans. The oceans con-
tain a variety of renewable energy resources, including offshore wind energy, tidal energy,
ocean thermal energy, ocean salinity energy and wave energy. As stated in [3], the global
potential of electricity generation from ocean energy is estimated to be between 20, 000
TWh and 80, 000 TWh per year, while the current annual energy consumption is around 16,
000 TWh worldwide. Thus, the exploitation of ocean energy is of significance to the global
energy transition. Among these resources, ocean wave energy has a number of attractive
properties. First, with an estimated worldwide theoretical potential around 8, 000 - 80, 000
TWh/year, ocean wave energy is one of the highest energy dense renewable resource [4].
Secondly, wave energy can be regarded as a kind of continuous input regardless of daytime
or nighttime, which could be used as a supplementary resource to solar energy. Thirdly,
wave energy is widely distributed across the world, which makes it generally accessible.
The distribution of the global ocean wave energy resource is depicted in Figure 1.2.

The history of the human beings attempting to exploit ocean wave energy is long, and
the first patented wave energy converter (WEC) is traced back to 1799 [6]. In modern times,
wave energy has been receiving international attention since 1974 when Stephen Salter
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Figure 1.2: The global annual average wave energy transport [5].

demonstrated the feasibility of absorbing energy from ocean waves and proposed a concept
of WEC known as "Salter Duck" in [7]. Later on, the exploitation of wave energy resource
attracted much interest because of the global energy crisis that happened in the 1970s. Var-
ious wave energy converter concepts were proposed and patented at that time [8]. Entering
1980s, the dropping price of petroleum oil significantly slowed down the pace of wave en-
ergy research since the relevant funding was reduced [9]. After 2000, under the concern of
climate change, the global society started to pay more attention to the development of re-
newable energy. Wave energy communities, therefore, received financial support to further
investigate and test their concepts. Recently, towards the target of energy transition, devel-
oping wave energy technologies has been highlighted in the energy development plans of
various countries, and a set of supporting policies were released nationwide or worldwide.
For instance, both Wave Energy Scotland (WES) in UK and Department of Energy (DOE) in
USA indicated that they are aiming at advancing wave energy technologies toward commer-
cial viability by continuing funding relevant projects [10]. In the Netherlands, the Wadden
Fund which is backed by the government has also provided financial support to demon-
strate a wave energy pilot, namely the Slow Mill, in Texel island which is off the Dutch coast
[11].

1.2. RESEARCH MOTIVATION: SIZING MATTERS TO THE TECHNO-
ECONOMICS OF WECS?

A number of WEC concepts have been patented and some of the wave energy projects
have reached the prototype stage and performed sea trial. However, the techno-economic
competitiveness of WECs is much lower than other renewable energy technologies, such
as wind, solar and tidal energy [12]. As estimated in Ocean energy technology development
report 2018 [13], the levelized cost of energy (LCOE) of wave energy ranged between 0.47 Eu-
ros/kWh and 1.4 Euros/kWh, with a reference value of 0.72 Euros/kWh; The LCOE of tidal
energy was estimated to range between 0.47 and 1.02 Euros/kWh, with a reference value of
0.62 Euros/kWh. In [14], the LCOE of floating offshore wind technologies was estimated to
be around 0.095 to 0.135 Euros/kWh. The high price of wave energy technologies is hin-
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dering their advance towards the large-scale commercialization. In addition, as stated in
the EU Offshore Renewable Energy Strategy [15], the targets of the LCOE for wave energy
are 0.20 Euros/kWh by 2025 and 0.15 Euros/kWh by 2030. It clearly shows that wave energy
technologies still have a long way to go toward the reduction of the LCOE.

In [16]–[18], it has been suggested that sizing is influential to the techno-economic per-
formance of WECs. For WEC technologies, sizing or scaling refers to the procedure of deter-
mining the suitable scale of an individual WEC device for a given wave resource. Different
from design optimization in the research and development phase, sizing hardly accounts
for the variation of the buoy geometry or the principle of system components. Sizing is
more relevant to the stages of commercialization or pre-commercialization of WECs. For
instance, even for a mature technology, it is necessary to implement sizing before deploy-
ment. Because the characteristics of wave resources differ with the geographical location,
the original scale of the device is only optimized for a specific sea site or a limited number
of sea states. In addition, device-site paring is an important procedure prior to deployment
[19], in which the techno-economic metrics of various WECs are evaluated for the sea sites
and the optimal pair is then searched. However, the performance of WECs could vary with
their size. Thus, in pursuit of a fair evaluation, it is important to conduct sizing of WECs for
each wave resource during the evaluation. In this sense, the potential of each type of WEC
can be better reflected.

Independently or integrated with other studies, sizing of WECs has been discussed in re-
cent literature [17], [18], [20]–[25], in which the importance of sizing was identified for WECs
which work as wave activated bodies. However, there is still a lack of analysis and methods
of systematic sizing of WECs. The operating process of WECs is composed of two main
stages: the power absorption stage and power conversion stage. The first stage is accom-
plished by the captor (or the buoy), in which the captor interacts with the incoming waves
and absorbs the wave power typically as mechanical energy. The second stage is mainly
achieved by the power take-off (PTO) system, where the absorbed power is converted into
usable electricity during this stage. But the above-mentioned literature regarding sizing of
WECs concentrated mainly on buoy sizing and the effects of PTO sizing are hardly consid-
ered. This inevitably weakens the effect of sizing on the improvement of techno-economic
performance of WECs. On the one hand, as a core component in charge of power con-
version, the PTO size is associated with the maximum force and power limits that the sys-
tem could sustain. These limits could directly affect the power production. On the other
hand, the PTO system accounts for a considerable proportion of the total capital expen-
diture (CAPEX), and it was normally estimated to be over 20 % [12], [26]. To improve the
contribution of sizing to the techno-economic performance, it is essential to include both
buoy and PTO sizing in a systematic manner.

To conclude, the core motivation of this thesis is to improve the feasibility of WECs be-
cause the current techno-economic competitiveness of WECs is clearly lower than other re-
newable technologies. Despite various factors affecting the techno-economic performance,
this research focuses on the effects of sizing of WECs.

1.3. RESEARCH OBJECTIVES
In response to the motivation, the primary research goal of this thesis is defined as

To improve the techno-economic performance of WECs from the perspective of systematic
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sizing.

The method is called "systematic sizing" because both the buoy and the PTO sizing are
covered and implemented independently. The LCOE is used as the indicator for evaluating
the techno-economic performance in this thesis. To accomplish the primary goal, two main
research objectives need to be addressed:

Objective 1: Establish a systematic sizing method for WECs

In order to specify such a systematic sizing method, several challenges have to be addressed.
First, since the buoy sizing and the PTO sizing have hardly been considered collectively in
the techno-economic analysis, the first challenge is to build up a framework of the system-
atic sizing method for reducing the LCOE. Secondly, sizing could be considered as a kind of
optimization requiring a number of iterations, where fast numerical models are preferred
for saving computational time. To maintain both high efficiency and adequate accuracy,
an alternative modeling technique, namely spectral domain (SD) modeling [27], to conven-
tional time domain (TD) and frequency domain (FD) modeling is adopted for PTO sizing
in this thesis. SD modeling can be regarded as an extension of FD modeling, is established
based on statistical linearization and random phase assumption [28]. It could efficiently
take nonlinear effects into account, and it is highly suitable for estimating statistical re-
sponses. But the particular nonlinear effects related to PTO sizing have not been consid-
ered in existing SD modeling. Thus, the second challenge is to further develop SD modeling
to incorporate the nonlinear effect of PTO force constraints. Thirdly, PTO sizing will not
only affect the dynamics of the device but also influence the electric generator efficiency
and therefore this can make a difference to the delivered power output. Thus, the third
challenge is to reveal the influence of the variation of the PTO size on its power conversion
efficiency and further the PTO size determination. Therefore, corresponding to these three
challenges, the first main objective can be divided into three sub-objectives:

• Establish a framework of the systematic sizing method of WECs to minimize the LCOE.

• Establish a computational-efficient numerical model for PTO sizing.

• Analyze the influence of PTO sizing on the power conversion stage.

Objective 2: Investigate the performance of the adjustable draft system on the power pro-
duction of point absorbers with constrained PTO capacities.

This objective follows up the first objective, and it is intended to explore the possibility of
improving the power production while maintaining the constraints of PTO capacity. Be-
cause the importance of downsizing PTO capacities has been suggested in the findings of
the first objective.
In response to the second objective, a novel concept, namely the adjustable draft system,
is proposed for point absorbers to improve the power production with constrained PTO
capacities. This system enables the variation of the dynamic properties by regulating the
buoy draft, which expands the suitability of WECs to different wave conditions. As a novel
design, its impacts on the dynamics and power production of WECs remains to be studied.
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In this thesis, the effects on both the power absorption and the power conversion stages of
the novel concept are covered.

1.4. PRINCIPAL CONTRIBUTIONS
The main contributions of this thesis can be summarized as

• Analysis of the collective influence of buoy sizing and PTO sizing on the techno-
economic performance of WECs.

• Development of spectral domain modeling to incorporate the nonlinear effect of the
PTO sizing in an efficient manner.

• Analysis of the PTO sizing effects on the power conversion efficiency of linear PM
generators in WECs.

• Proposal and investigation of the adjustable draft system for improved power produc-
tion of point absorbers with constrained PTO capacities.

1.5. RESEARCH SCOPE
The main scope of this research is defined as follows. First, despite the variation of wave
energy technologies, this work focuses on heaving point absorbers. Thus, the main dis-
cussions and conclusions drawn in this thesis are limited to this particular type of device.
However, the sizing method proposed in this thesis is applicable to other types of WECs.
Secondly, this thesis is intended to investigate the sizing of a single WEC. The hydrody-
namic interaction between WECs in wave farms and the influence of the device number on
the economic modeling are not taken into account. However, a good understanding of a
single WEC sizing is crucial to the sizing of WEC farms. Thirdly, the linear PM generator
is the main interest of this thesis when investigating the influence of sizing on the power
conversion efficiency of PTO systems. The variation of the application of PTO systems is
not considered. Fourthly, only a simplified economic model is applied in this thesis. The
influence of economic parameters on the sizing of WECs is not considered, but it is real-
ized that economic modeling could play a role in size determination. Fifthly, the numerical
models applied in this work focus on the operational regions of WECs. Thus, the represen-
tation of wave resources is simplified to be unidirectional linear waves. The hydrodynamic
coefficients of WECs are derived based on linear potential flow theory, in which the fluid is
assumed to be irrotational, inviscid and incompressible [29].

1.6. OUTLINE AND APPROACH
Figure 1.3 illustrates the outline of this thesis. Chapter 1 introduces the background, mo-
tivation, research objectives, questions and structure of this thesis. Chapter 2 reviews the
development and challenges of wave energy technologies. Chapter 3 to 5 are constructed
to achieve the first main objective, and Chapter 6 to 7 are concentrated on the second main
objective. The following text details the functions of each chapter.

• Chapter 2: Wave Energy Technology and Sizing of Wave Energy Converters
The main purpose of this chapter is to present an overview of wave energy conversion,
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Ch.1 Introduction

Ch.2 Literature review

Ch.3 Collective sizing 

method

Ch.4 Spectral domain 

model of the PTO sizing 

effect 

Ch.5 Influence of sizing on 

generator performance

Ch.6 A novel design of the 

adjustable draft system for point 

absorbers 

Ch.7 Adjustable draft WEC 

integrated with a linear generator 

Improve the feasibility of WECs

Ch.8 Conclusions and 

suggestions 

Systematic sizing for WECs
Improve the power production 

 with downsized PTOs

Figure 1.3: The outline of this thesis.
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in which the wave energy concepts and PTO systems are reviewed respectively. The
second purpose is to review the recent studies related to sizing of WECs.

• Chapter 3: A Collective Sizing Method for WECs
In this chapter, the effect of sizing on the techno-economic performance will be dis-
cussed with a focus on a generic spherical point absorber. A collective sizing method
is proposed to minimize the LCOE of the WEC, in which the PTO sizing and buoy siz-
ing are simultaneously considered. The benefits of PTO downsizing are identified.
Furthermore, a comparison between the proposed method and existing sizing meth-
ods is made.

• Chapter 4: A Spectral Domain Model for PTO Sizing
In the previous chapter, PTO sizing was performed based on the FD approach which
is efficient but not able to contain nonlinear terms. To improve the accuracy of the
PTO sizing and retain the computational efficiency at the same time, a spectral do-
main model is developed in this chapter to incorporate the PTO force saturation. The
proposed model is verified against the results obtained from the nonlinear TD model.
Furthermore, a case study is made to demonstrate the performance of this model in
the application of a techno-economic analysis. The chapter aims to provide an effi-
cient and accurate tool for the PTO sizing.

• Chapter 5. The Influence of PTO Sizing on the Power Conversion Efficiency
This chapter is dedicated to improving the accuracy of the proposed sizing method.
In previous chapters, PTO sizing has been discussed and its importance to the techno-
economic performance has been shown. However, the effects of PTO sizing on the
power production of WECs contain two aspects. First, the PTO sizing implies the
physical limits like force, power and stroke constraints which actually limit the max-
imum energy absorbed by WECs. Secondly, for electrical generators, the PTO sizing
also has an influence on their conversion efficiency. The last aspect is not considered
in the previous chapters where the PTO efficiency is assumed to be constant regard-
less of its size. Focusing on the linear permanent magnet (PM) generator, this chapter
investigates the influence of linear generator sizing on its conversion efficiency and
finally the techno-economic performance.

• Chapter 6: Improving the Power Production with a Downsized PTO Capacity: Ad-
justable Draft System
The previous chapters indicate that suitably downsizing PTO capacity is beneficial
for improving the techno-economic performance of WECs. The work in this chapter
is dedicated to improving the power production of point absorbers especially with
the downsized PTO capacities. A novel design, namely the adjustable draft system,
is proposed for point absorbers. This chapter covers the conceptual design and nu-
merical analysis of the power production. In the numerical analysis, a FD model and
a nonlinear TD model are implemented respectively, and their results then are com-
pared. The power production of this proposed design is calculated for different wave
conditions.

• Chapter 7: The Performance of the Adjustable Draft Point Absorber Integrated with
a Linear PM Generator
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As an extension of the previous chapter, this chapter is intended to exploring the per-
formance of the adjustable draft point absorber coupled with a linear PM generator.
A wave-to-wire model is established to comprehensively evaluate the usable power
delivered to grid and the overall efficiency of the WEC. Subsequently, a close look on
the negative effects resulting from the draft adjustment on the power production of
WECs is presented. Furthermore, the power production of the integrated system with
downsized PTO capacities is identified for both regular and irregular waves. Finally,
a power comparison is performed between the integrated system and conventional
point absorbers.

• Chapter 8. Conclusions and recommendations
This chapter summarizes all the work in this thesis and indicates the future work of
interest in the closely related research directions.





2
WAVE ENERGY TECHNOLOGY AND

SIZING OF WECS

In this chapter, two main aspects are addressed. Firstly, WEC technologies are reviewed and
classified. The operating principle of each type of WEC is introduced. Subsequently, PTO
mechanisms commonly utilized in wave energy conversion are briefly reviewed. The advan-
tages and disadvantages of each category of PTO systems are summarized. Particularly, a lit-
erature review of the application of linear generators in wave energy conversion is presented,
since in the following up chapters the influence of PTO system sizing on its power conversion
efficiency is investigated with regard to linear generators. Secondly, as an approach to im-
prove the techno-economic performance, the function and importance of sizing of WECs are
introduced. Three common methods applicable for sizing are reviewed and compared.

Parts of this chapter have been published in the paper: Tan J, Polinder H, Wellens P, et al. The Fair Evaluation of
Wave Energy Converters [C]//The 39th International Conference on Offshore Mechanics and Arctic Engineering
(OMAE). American Society of Mechanical Engineers, 2020. [30].
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2.1. INTRODUCTION

A S introduced in Chapter 1, the history of research and development of wave energy con-
version has been more than two hundred of years. However, compared with other re-

newable technologies, wave energy technologies haven’t shown a tendency of convergence.
For instance, it is known that the technical development way of wind turbines has quickly
converged to the current technology of three blades. Comparatively, as reported in [31],
over one thousand of WEC concepts have been patented worldwide. As the design of the
PTO system is inherently related to the principle of power capture of the technology, vari-
ous types of PTO systems exist. To have an insight into wave energy conversion, it is neces-
sary to provide an overview on the classification and working principles of the typical wave
energy technologies and PTO systems. Thus, a brief review of wave energy technologies is
given in subsection 2.2.

It has been introduced in Chapter 1 that the high LCOE is hindering the development
of WECs. With an aim to improve the feasibility, this thesis is intended to investigate the
influence of sizing on the techno-economic performance of WECs. The effects of sizing
should be considered from two perspectives:

• On the dynamics of WECs
Sizing could make a difference to the motion of WECs under the excitation of ocean
waves. Natural frequency is an important parameter reflecting the dynamic charac-
teristics of a system. It is described as the frequency at which the system tends to
oscillate in the absence of any driving or damping force. For a floating heaving buoy
consisting of a rigid body, its natural frequency is proportional to the square root of
the hydrostatic stiffness and inversely proportional to the square root of the mass.
Further, the hydrostatic stiffness is proportional to the water-plane area of the buoy,
while mass is proportional to the volume if assuming a constant buoy density. Then,
if the device is resized based on geometrical similarity principles, the scaling ratios for
the volume and area are different. In this sense, the natural frequency is also changed.
In addition, sizing varies the buoy volume as well as the wetted surface, which leads
to changes in hydrodynamics of WECs, including excitation force, added mass and
radiation damping. As electricity generation of WECs relies on their movement, the
changes in dynamics are subsequently reflected in the power production.

• On the cost of WECs
It can be expected that the cost is strongly related to the size of the devices. For the
same technology, the larger size of devices implies more materials, labour, a higher
requirement on transportation and deployment. As a result, the cost is correspond-
ingly higher.

The influence of sizing on the economic viability of WECs has been discussed in the
existing literature. In [17], [18], the techno-economic indicators of different types of WECs
were investigated and compared, and various sea sites were considered. It was indicated
that the sizing could make a notable difference to the economies of WECs, and the optimal
size of the WEC is dependent on the wave resource, principle of the technology and the
estimation of the operational expense (OPEX). Recent studies [32], [33] suggest that smaller
WECs are more likely to contribute to economic success. Because the response nature of
downsized WECs could better match the inherent oscillatory characteristic of ocean waves,
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the capacity factor which is defined as the average power production by the rated power of
the WEC [23] can be increased by downsizing. To include sizing into the techno-economic
assessment of WECs, it is essential to adopt an efficient approach to estimate the power
performance of WECs in a range of scales. Thus, subsection 2.3 of this chapter presents a
review of sizing methods applied in the field of WECs.

2.2. REVIEW OF WAVE ENERGY TECHNOLOGIES

2.2.1. OVERVIEW OF WAVE ENERGY CONVERTERS

The classification of WECs has been discussed in a number of papers, and existing WECs
can be categorized by various criteria [9], [35]–[37]. Based on the working principle and ori-
entation of devices to the incoming waves, WECs can be categorized as eight different types
of devices, and their schematics are illustrated in Figure 2.1. It should be acknowledged that
first five types of WECs shown in the figure are also often categorized as one more type of

(7) Oscillating water column

(1) Point absorber

(4) Attenuator

(3) Submerged pressure  differential

(6) Overtopping device

(2) Oscillating surge converter

(5) Rotating mass

(8) Bulge wave

Figure 2.1: The classification of WECs [34]. (Images from The European Marine Energy Center LTD)
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devices, namely "oscillating bodies" [36]. Each type of devices is introduced in more detail
in the following text.

• Point absorber
The horizontal dimension of point absorbers’ captors is small compared with the in-
coming wavelength, and therefore they are not sensitive to the wave direction. The
relative motion between the captor and PTO system is converted to useful energy. De-
pending on the operating region with regard to the sea surface, point absorbers can
be further divided into the floating type and submerged type. CETO is a typical sub-
merged point absorber [38] and Wave Star is an example of floating point absorbers
[39]. Figure 2.2 and 2.3 illustrate these two WECs.

Figure 2.2: Artist impression of CETO 6 WECs [40].

Figure 2.3: Artist impression of Wave Star WECs [41].

• Oscillating surge converter
Oscillating wave surge converters extract energy from the surge motion of waves. The
arm of the device rotates as a pendulum mounted on a joint in response to the action
of waves. This type of WECs is thought of as a solution for nearshore regions. Oyster
is an example of oscillating wave surge converters [42], which is shown in Figure 2.4.
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Figure 2.4: Artist impression of Oyster WEC [42].

• Submerged pressure differential
SPD (Submerged pressure differential) WECs could also be regarded as a kind of point
absorbers. SPD devices are operating under the sea surface. In ocean waves, the free
surface is oscillating, which leads to a pressure change on the top cap of the captor. As
a result, the pressure difference between the inside and outside surfaces of the buoy
drives the captor to move up and down. Archimedes’ Wave Swing (AWS) is a SPD
device [43], which is shown in Figure 2.5.

Figure 2.5: AWS WEC [44].

• Attenuator
Attenuators are a kind of WECs in which the floater is parallel to the dominant incom-
ing wave direction. This type of devices could absorb energy from the relative motion
between their pitching bodies when waves pass through. Pelamis is an example of the
attenuator [45], which is shown in Figure 2.6.

• Rotating mass
Rotation mass devices usually contain two main components: a hull and a rotating
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Figure 2.6: Pelamis WEC [45].

mass object inside the hull. Subjected to incoming waves, the dynamic coupling of
these two parts results in the gyroscope-like or pendulum-like movement of the in-
side mass. This movement drives the electric generator to produce electricity. Wello
Penguin, shown in Figure 2.7, is a typical rotating mass wave energy converter [46].

Figure 2.7: Wello Penguin WEC [46].

• Overtopping device
Overtopping devices capture water as incoming waves break into their storage reser-
voir. The water is then returned to the sea passing through a conventional low-head
hydro turbine, by which electricity is generated. WaveDragon is known as one type of
overtopping WECs [47], and it is shown in Figure 2.8.

• Oscillating water column
Oscillating water column converters comprise two key elements: a collector cham-
ber and an air turbine. When the incoming waves approach the devices, the water is
driven into the chamber and air in the chamber is compressed. Then the air inside the
chamber is forced to pass through the turbine, in which the energy can be converted.
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Figure 2.8: WaveDragon WEC [47].

OWC converters can be either integrated with a fixed structure or a floating platform
[48]. Figure 2.9 shows the OWC wave power plant integrated into a breakwater located
in Mutriku.

Figure 2.9: OWC power station of Mutriku [40]

• Bulge wave WEC
The main body of a Bulge WECs is a flexible rubber tube filled with water. The pres-
sure change resulting from incoming waves creates a bulge wave inside the tube. The
bulge wave propagates as the incoming wave moves, and the rectified flow is then
built. The PTO system is located at the end of the tube to capture the kinetic energy
gathered by the flow [49].

Figure 2.10 depicts the proportion of different categories of WECs worldwide. It sug-
gests that the point absorber is the most popular type of WECs [50]. Compared to other
technologies, this type of WECs has the main advantages of low design complexity and high
absorption efficiency [51]. Therefore, in the following chapters of this thesis, the point ab-
sorber is considered as a suitable research reference.
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Figure 2.10: Distribution of existing WEC projects by the classification [50].

In addition to the above classification, WECs can also be sorted by other criteria. De-
pending on the location of deployment, WECs can be classified as onshore, nearshore and
offshore devices [52]. According to the orientation of the WECs to the incoming waves,
WECs can be classified as terminators, attenuators and point absorbers [31]. WECs can also
be categorized up to the adopted PTO systems, in which pneumatic, hydro, hydraulic and
direct drive PTO systems are included [37]. Although the classification differs in scientific
publications, this thesis is not intended to address or compare the classification criteria.

2.2.2. OVERVIEW OF POWER TAKE-OFF SYSTEMS
The PTO system is in charge of converting the absorbed power to usable electricity in wave
energy conversion. The PTO systems in WECs can be divided into five types according to
the characteristics of their transmission stages. Figure 2.11 is commonly used to illustrate
the power flow in different PTO systems. A general overview of these PTO systems is given
below.

• Hydraulic PTO
In hydraulic PTO systems, the motion of a buoy drives the hydraulic piston to increase
the pressure of the working medium. Then the pressure of the medium is raised suf-
ficiently high in an accumulator to rotate the hydraulic motor. The hydraulic PTO
is robust and able to provide large forces at low frequencies, which highly matches
the dynamic characteristics of WECs. Hydraulic PTO systems were widely used in
WECs, such as Pelamis and Edinburgh Duck [53]. However, hydraulic PTO systems
contain plenty of moving parts, which results in their complex structure. As a conse-
quence, regular system maintenance and inspection are normally required, which is
time-consuming and costly [37]. In addition, conversion efficiency of hydraulic PTO
systems are relatively low with regard to mechanical PTO systems and linear genera-
tors [54].

• Hydro PTO
The hydro PTO mainly refers to the hydro turbines. This type of PTO systems is com-
monly employed in overtopping devices, such as WaveDragon [47]. The water col-
lected by the device is stored in the reservoir and flow back to the ocean through
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Figure 2.11: Typical PTO mechanisms applied in wave energy conversion [5].

the hydro turbine. Although medium-head to high-head hydro turbines have been
adopted in the field of power conversion over a long time and their technologies are
mature, the main applications in WEC are low-head hydro turbines which are cur-
rently associated with low technological maturity. [37], [55]. Another big challenge of
the hydro PTO based systems is not related to itself but the low power capture effi-
ciency of overtopping devices [24].

• Pneumatic PTO
The pneumatic PTO systems refer to air turbines, and they are generally employed in
OWC converters. The air turbines are driven by the oscillating air pressure in the air
chamber [56], and the generator coupled with the turbines is rotated to produce elec-
tricity. Similar with the hydro PTO systems, air turbines are also a mature technology.
However, due to the bi-directional air flow, traditional air turbine can not be directly
used in OWC converters. To solve this problem, non-return valves could be applied
to rectify the air flow. However, the addition of non-return valves increases the com-
plexity of the system and make the maintenance of the system harder. Another lim-
itation of the non-return valve systems is that they are not suitable for devices with
large power rating. Alternatively, self-rectifying air turbines can be implemented as
the pneumatic PTO system in OWC converters. This kind of air turbines can rotate
in the same direction regardless of air flow directions. Among self-rectifying turbines,
Wells turbines and impulse turbines are two commonly reported ones.

• Mechanical PTO
In the mechanical PTO system, a gearbox is used to convert the linear movement of
the buoy to rotary motion for fitting conventional rotary generators. The oscillation
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of the buoy of WECs is of low speed due to the characteristics of ocean waves. For
improving the efficiency, another important function of the gearbox is to increase the
speed of motion. In [57], a point absorber equipped with a bidirectional gearbox and
rotary generator was introduced.

• Direct-drive linear generator
The linear generator could be used as the direct-drive PTO system in the oscillating
body WECs, and they are usually used in point absorber wave energy converters, such
as AWS [58]. In direct-drive linear generators, intermediate transmission interfaces,
such as gearbox and hydraulic motors, are not necessary. Instead, the oscillating buoy
is directly coupled with the translator of the linear generator. The linear generators
are commonly associated with higher efficiencies compared with other PTO systems.
This is because there are fewer transmission losses resulting from a reduced number
of energy conversion steps [37], [58]. In addition, the reduced number of components
in the PTO system increases the reliability of the whole WEC system [59]. The linear
generator has been thought of as an appealing solution for wave energy technolo-
gies among all types of PTO systems because of the mentioned advantages. Hence,
this thesis concentrates on the WECs with a linear generator when investigating the
influence of PTO sizing on power conversion efficiency in Chapter 5.

2.2.3. LITERATURE REVIEW OF LINEAR GENERATORS IN WAVE ENERGY CON-
VERSION

The focus of this thesis is on the linear generator among different PTO systems when in-
vestigating the influence of the PTO sizing on the overall sizing and the techno-economic
performance in the following chapter. Therefore, the application of linear generators in
wave energy conversion is particularly reviewed here. Linear generators have been inves-
tigated and developed for application in WECs over many years. Several WEC prototypes
equipped with a linear generator have been successfully designed and tested in real oceanic
environments [60], [61]. So far, three full-scale WEC technologies equipped with the linear
generator, excluding their updated versions, have been successfully tested in real oceanic
climates. The key information of their prototypes is presented in Table 2.1.

Table 2.1: WECs applying the linear generator tested in the oceanic environment.

Parameters AWS Uppsala concept SeaBeavI
Rated power 2 MW 10 kW 10 kW

WEC type Submerged PA Floating PA Floating PA

Generator structure Bottom founded Bottom founded Floating

Generator topology Flat and double sided Flat and four sided Tubular

First tested time 2004 2006 2007

Testing site Portugal Sweden USA

The AWS was the first large-scale WEC project using the linear generator [58]. It is a fully
submerged WEC device, and it produces energy relying on the pressure difference on the
moving part of the device when the ocean wave passes above. The linear generator in the
AWS was designed to be doubled-sided to avoid huge attractive forces between the stator
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and translator. The first full-scale AWS prototype was tested in 2004 in Portugal, as shown
in Figure 2.5 [44]. The maximum peak power of the tested prototype was 2 MW, which is
remarkably high in the field of wave energy conversion [61]. Uppsala university developed
a floating point absorber WEC concept, and the first full-scale prototype was deployed and
tested at the Lysekil research site in Sweden in 2006. Figure 2.12 shows the prototype prior
to installation. Since then, thirteen follow-up prototypes have been deployed [62]. This
WEC consists of a floating buoy and a linear generator founded on the seabed. The buoy
is connected to the translator of the generator through a connection line. In the genera-
tor, the translator moves vertically along the rail, and four stator packages are mounted on
a pillar fixed at the foundation structure [60]. Oregon State University developed a dual-
body WEC in which a linear generator was incorporated, called SeaBeavI Project [63]. The
ocean testing of its 10 kW prototype was performed in Yaquina Bay in 2007, and the photo of
the prototype just before installation is shown in Figure 2.13. This WEC includes a moored
cylindrical spar and a floating buoy. The heave motion of the spar is restrained by the moor-
ing system, but the buoy is free to move vertically relative to the spar. In this concept, the
spar and buoy act as the translator and stator of the linear generator respectively. The coils
are wound on the interior surface of the spar and permanent magnets are placed on the
buoy. Furthermore, this generator was configured as a tubular geometry [59]. These three
linear generators share some common features. First, all of them are permanent-magnet
(PM) synchronous machines. Second, they are all longitudinal flux machines. Since the
successful tests of these three concepts, a series of extensive studies have been performed.
They were mainly intended to address the negative characteristics of linear generators when
serving WECs.

Figure 2.12: The first prototype of Uppsala concept before it was installed at Lysekil research site [64].

The application of linear generators in wave energy conversion also faces some chal-
lenges. Firstly, the dimensions of linear generators are much larger than standard electrical
machines for sustaining a similar power level. This results from the low typical speed of
WECs. One solution to reduce the dimension is the use of transverse flux linear machines.
The advantage of the transverse flux machines is the high force density, which results from
the flux concentration and decoupled magnetic and electrical circuits [65]. In [66]–[68],
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Figure 2.13: The prototype of SeaBeavI project prior to installation in Yaquina Bay [63].

WECs with transverse flux linear generators were investigated, in which a lower cost of per-
manent magnets and higher force/power density were indicated. However, their fabrication
is much more complex than the longitudinal flux machines, and their leakage paths also
lead to low power factors [65]. As a consequence, they have not been as of much interest as
the longitudinal flux machines in the field of WECs. Another possible solution is to increase
the movement speed of WECs. For example, a speed amplified linear generator was pro-
posed for a WEC concept in [69], and the relative speed between the stator and translator
was therefore increased. The second challenge is a general one for all PTO systems applied
in WECs, that is, the power conversion efficiency is still limited. This is because the motion
of the object excited by ocean waves is normally in low speed. In linear generators, the in-
duced voltage is also low because of the low motion speed of the captor, and then a large
current is required to produce the desired generator force. In this case, the resistive losses
on the conductors are high. In [70]–[72], superconducting linear generators were studied to
improve it. The results showed that superconducting generators could clearly contribute to
the high efficiency and force density. This is because they are associated with less resistivity
and a stronger magnetic field compared to conventional machines. However, the difficulty
and high expense of making the cryogenic temperature in an oceanic environment are still
hurdles in practice.

2.3. REVIEW OF SIZING METHODS OF WECS
The relevant sizing methods have been discussed independently or integrated with evalu-
ation studies. In 1978, an analytical method was first derived to depict the relation of the
theoretical power limit of point absorbers with the buoy volume, and it is known as Budal
diagram [73]. By means of this method, the power capture potential of a certainly sized
WEC can be approximated, which could be supportive for the size determination [20], [21].
In the techno-economic assessment or site-matching studies, the power performance of
the considered WECs in their original scales is normally given explicitly by previous work
and described in the form of a power matrix. Therefore, Froude similarity can be applied
to efficiently obtain power production of scaled devices. Then, combining with economic
models to estimate the cost, the techno-economic metrics are revealed for differently sized
WECs [17], [18]. Sizing has also been taken into account in studies addressing geometry op-
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timization and performance identification, in which numerical modeling is majorly used to
predict the power performance of WECs in each size. The biggest advantage of using the nu-
merical simulation for each device size is to enable the incorporation of the variation of de-
sign parameters during sizing. In this subsection, literature related to the above-mentioned
three sizing methods is reviewed.

2.3.1. FROUDE SIMILARITY
Froude scaling is commonly used in the field of ocean engineering to achieve the dynamic
similarity between full-scale prototypes and scaled models. During Froude scaling, the
Froude number of the concerned models should be maintained consistent. The Froude
number (Fr ) is a dimensionless quantify which is defined as the ratio between inertial force
and gravitational force imposed on the object [74]. The Froude number is calculated as

Fr = u√
gG

(2.1)

where u is the local flow velocity, g is the gravitational acceleration and G is the character-
istic length of the object.

If the power performance of originally sized WECs has been identified and the WECs are
scaled following Froude scaling, the power performance of resized devices can be directly
predicted based on Froude similarity. Mostly, the performance of the originally sized WECs
is characterized by the form of a power matrix [75]. This method enables efficient estimates
of power matrices of WECs at various scales. If scale factor is λ=Gc /Go , in which Gc and Go

represent the characteristic lengths of scaled and original WEC respectively, other parame-
ters could be related as shown in (2.2) to (2.6) [74].

Force :
Fc

Fo
=λ3 (2.2)

Velocity :
uc

uo
=λ0.5 (2.3)

Power :
Pc

Po
=λ 7

2 (2.4)

Wave height :
Hc

Ho
=λ (2.5)

Wave period :
Tc

To
=
p
λ (2.6)

where subscripts c and o embody the scaled model and original model respectively. Given
its high efficiency, this method has been widely applied to conduct sizing of WECs in techno-
economic studies. In Table 2.2, an overview of the literature of using Froude similarity to
account for sizing effects of WECs is presented.

However, this method is associated with some limitations. Firstly, the environment pa-
rameters in the power matrix, which are normally Tz and Hs , are accordingly scaled during
Froude scaling. In order to calculate the power production, the scaled power matrix needs
to match the scatter diagram of the concerned wave resource, and then data fitting tech-
niques, namely the interpolation or extrapolation, have to be applied [18]. This inevitably
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Table 2.2: Sizing studies of applying Froude similarity to calculate the power performance.

Authors Year WEC type Sizing range Sea sites

M. O’Connor,
et al. [18]

2012 Pelamis and WaveStar 250 to 1000 kW
6 European
sites

S. Bozzi, et al.
[76]

2014
AquaBuOY, Pelamis
and Wave Dragon

Scaling factor
of 0.1 to 1

2 sites in Ital-
ian offshore

C. Iuppa, et al.
[77]

2015 10 devices
Scaling factor
of 0.1 to 1

West side of
Sicily

A. de Andres, et
al. [17]

2016 Floating PA 25 to 2000 kW
6 European
sites

S. Bozzi, et al.
[78]

2018 8 devices
Scaling factor
of 0.1 to 1

Mediterranean
coastline

M. Majidi
Nezhad, et al.
[79]

2018
WaveStar, Oyster,
Wave Dragon and AWS

290 kW to 2400
kW

Western coast
of Sicily

W. Monteiro, et
al. [80]

2018
Wave Dragon , Pelamis
and AquaBuoy

Scaling factor
of 0.2 to 1

Leeward is-
lands of Cabo-
Verde

Joao Morim, et
al. [81]

2019 10 devices
Scaling factor
of 0.1 to 1

Central coastal
shelf of New
South Wales
in Southeast
Australia

S. Oliveira-
Pinto, et al.
[82]

2020
CETO, Langlee,
Pelamis and Wave-
bob

± 30 % deviat-
ing from 1

Global Oil and
Gas offshore
platform site

A. Majidi, et al.
[33]

2021 15 devices
Scaling factor
of 0.1 to 1

Southwestern
coast of the
Black Sea

brings some uncertainties, especially when the scaling ratio is largely deviating from one.
Secondly, Froude scaling is not typically applicable for losses in power conversion stages,
such as mechanical bearing losses and electrical losses in generators or power electronic
components. It could be argued that these losses don’t account for a significant portion,
but it also depends on the design and sizing of electric machines [83]. Thirdly, the rated
force and power of the scaled devices are inherently assigned during Froude scaling, and
consequently, the adaptation of PTO rating to different wave resources is strongly limited.
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In this sense, the PTO rating of the scaled devices is dependent on the original rating, but
the original PTO system is only sized for a specific wave resource. PTO systems cannot only
make a difference to energy absorption and conversion but also make up a notable propor-
tion of the total CAPEX. As a result, the lack of considering the PTO system sizing could lead
to a poor estimate of the overall sizing of devices and further unfair evaluation of WECs.

2.3.2. BUDAL DIAGRAM
The Budal diagram was originally proposed to describe the power absorption bounds of
point absorbers. It consists of two bounds in regular wave conditions, namely P A and PB .
P A bound is related to the maximum amount of energy that could be extracted from the
incoming wave, while PB reflects the bound of energy that could be absorbed by realistically
sized WECs. The derivation is briefly introduced below, and more details are given in [21],
[84]

In harmonic waves, the excitation force, displacement and velocity of the moving buoy
of a WEC could be expressed as

Fe,i (t )= Re{F̂e,i e iωt } (2.7)

si (t )= Re{ŝi e iωt } (2.8)

ui (t)= Re{ûi e iωt } (2.9)

where F̂e , ŝ and û are complex amplitudes of the excitation force, displacement and velocity
of the body respectively, and ω is the angular frequency of incoming waves. In addition, i
represents the degree of freedom, equations (2.7), (2.8) and (2.9) describe the motion of
the buoy in mode i . Assuming the device is only moving in heaving direction (along z-
axis), hereafter the derivation is only discussed in this degree of freedom. Then, the time-
averaged absorbed power of the moving body could be expressed as (2.10).

P a=P exc−P r = 1

2

∣∣F̂e
∣∣ |û|cosγ−1

2
Rr |û|2 (2.10)

where P a is time-averaged absorbed power, P exc is time-averaged excitation power, and P r

is time-averaged radiated power.
∣∣F̂e

∣∣, |û| and γ are the amplitude of the excitation force,
the amplitude of the body velocity, and the phase difference between the excitation force
and the body velocity respectively. Rr is the hydrodynamic damping of the body. If the
optimum phase is selected, the phase difference is 0 with cosγ =1, and the global optimal
velocity amplitude could be expressed as

|û|OPT =
∣∣F̂e

∣∣
2Rr

(2.11)

Hence, in this optimal condition, the relation between P a , P exc and P r could be ex-
pressed as

P a,max=
∣∣F̂exc

∣∣2

8R
=

(
P r

)
OPT

=1

2

(
P exc

)
OPT

(2.12)

here, P a,max is the maximum absorption power. Corresponding to the conditions of high
wave frequency and low wave frequency, two theoretical power limits P A and PB can be
further derived based on (2.10) and (2.12).
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• P A : power limit in high frequency waves
At high frequency wave conditions, the |û|OPT can easily be reached. This is because
the maximum velocity amplitude of the oscillating body is related to the wave fre-
quency and the maximum motion amplitude |ŝm |, which can be expressed as

|ûm | =ω|ŝm | (2.13)

where ω is the wave frequency, |ûm | is the maximum velocity amplitude of the oscil-
lating body. With the optimal velocity |û|OPT , the optimal absorbed power could be
obtained as expressed in equation (2.12). Based on Haskind relation [21], the heav-
ing excitation force of an axisymmetric body relates to the hydrodynamic damping in
heaving direction as

Rr = (
k

8Jr e
)|F̂e |2 (2.14)

where k is the wave number; Jr e is the wave-power transport per unit frontage of the
incident regular waves. Then, if the deep water condition is assumed, the first power
bound PA for heaving point absorbers could be expressed as

P A=P a,max= Jr e

k
= ρg 3H 2T 3

128π3 (2.15)

here, ρ is the water density; g is the gravity acceleration; H is the wave height, and T
is the wave period.

• PB : power limit in low frequency waves
In low frequency wave conditions, according to (2.13), it can be deduced that the max-
imum velocity amplitudes would be too low to meet the optimal velocity |û|OPT in
(2.11). Then, the maximum velocity that the buoy could actually achieve plays a role
in the estimation of the power limit. The maximum velocity is dependent on the de-
signed motion limit (maximum motion amplitude) which is associated with the size
of the buoy. A fair assumption can be made that the heaving motion amplitude of the
buoy is designed to be lower than the half of its vertical dimension [84]. Assuming a
constant cross-sectional area of the buoy in vertical direction, the maximum motion
limit and the maximum heaving velocity can be reasonably approximated as

|ŝm | < V

2Swl
, |ûm | =ω V

2Swl
(2.16)

where Swl and V embody the water-plane area and the volume of the buoy. In low
frequency waves, the wavelength is also large relative to the body, and the diffraction
force is negligible. Then, the small-body approximation [85] can be applied to esti-
mate the excitation force as

|F̂e | < ρg Swlζa (2.17)

where ζa is the wave amplitude. In low frequency waves, only a little power is dis-
sipated in radiation, and thus the radiation power P r is much smaller than the ex-
citation power P exc . Then, according to (2.10), the time-averaged power P a can be
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approximated by the excitation power P exc . Combining (2.16) and (2.17) gives an ap-
proximation of the excitation power, namely the power bound in low wave frequen-
cies, as

PB≈P exc=πρg HV

4T
(2.18)

The schematic of the Budal diagram is depicted in Figure 2.14. Relying on the Budal di-
agram, the theoretical power limits of a point absorber with a given size throughout various
wave frequencies can be efficiently characterized.
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Figure 2.14: Schematic of the Budal diagram for a floating vertical cylinder.

As the effect of the size on the power absorption of WECs can be reflected in the Budal
diagram, it is possible to be applied in sizing WECs. In [84], the Budal diagram was intro-
duced as a tool to conduct the sizing of WECs for the first time. More recently, in [20], the
Budal diagram was further developed to be applicable for submerged WECs, and it was used
to investigate and compare the effects of sizing on the submerged WECs and floating WECs.
The size of WECs is reflected in the Budal diagram as the volume V in PB of (2.18). In order
to calculate the volume V , the designed working condition (H and T) has to be explicitly
defined. In [20], [84], WECs were assumed to be commercially viable if the amount of work-
ing time at full capacity exceeds one third of the annual time. So the size of WECs should
match the so-called "one third wave power threshold" of the given wave resource. Based on
the power threshold, a representative wave state, including the wave height HD and wave
period TD , can be derived as the designed working condition for sizing the buoy. More
specifically, the selection of the suitable size of WECs is conducted as following procedures
[20].

1. Calculate the wave power threshold JT (W/m) which is being exceeded one-third of
the annual time in the concerned wave climate;

2. Choose the most frequent wave period in scatter diagram as the TD in PA and PB ;

3. Since T D and JT are already known from step 1 and 2, in harmonic waves, the wave
height HD can be calculated;
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4. The suitable volume of WECs, V in PB , can be calculated by solving PA=PB ;

5. According to different control strategies and types of PTO systems, the PTO capac-
ity is selected as the maximum absorbed power of WECs at the representative wave
condition (HD and TD ).

Relying on the Budal diagram, the suitable size of WECs can be approximated for a par-
ticular sea site in a significantly efficient way, since it doesn’t require the identification of
the power performance of WECs of different sizes. In addition to buoy sizing, the selection
of the PTO capacity can also be included in this method, as stated in the fifth of the sizing
procedures shown above. However, there are some limitations associated with the method.
First, the sizing result is dependent on the selection of the representative wave state. How-
ever, using a representative wave state to represent the wave resource clearly simplifies the
variability of the characteristics of ocean waves. In other words, a WEC successfully de-
signed for a particular wave state is not necessarily viable in a realistic sea site consisting of
various wave states. In addition, the selection of the representative wave state is associated
with such an assumption that to be viable, the WEC has to operate at full capacity over a
certain amount of time, such as the above-mentioned "one third wave power threshold".
This is a big simplification of the economics of WECs. Secondly, the Budal diagram can only
be used to estimate the absorbed power but not the losses in other conversion phases. For
instance, PTO conversion efficiency is highly related to the operating conditions of WECs,
and therefore the tendency of the actual delivered power curves might be different from
the bounds predicted by the Budal diagram. Then, the intersection of actual power curves
could shift from that of P A and PB in the Budal diagram, which results in an erroneous esti-
mate on the size determination. Thirdly, the Budal diagram was derived based on harmonic
wave conditions, which cannot indicate the ability of the sized WECs to respond to irregu-
lar waves. However, sizing could play a role in the ability, since the size of WECs generally
increases the resistive term and further the absorption bandwidth [86]. For instance, as re-
ported in [87], increasing the diameter of a floating cylinder (with a draft of 7.5 m) from 4
m to 9 m could extend the absorption bandwidth by approximately 1.8 times. From this
point of view, the relatively larger sized WECs are preferred in realistic wave conditions, and
the sizing method based on the Budal diagram tends to underestimate the optimal size of
WECs. Moreover, the Budal diagram was derived based on the assumption of deep water
conditions, and its current form is not applicable for incorporating the shallow water effect
on the power absorption of WECs.

2.3.3. NUMERICAL SIMULATION
Alternatively, numerical simulation can be used to identify the power performance of WECs
in different sizes. Compared with Froude scaling and the Budal diagram, the numerical
simulation could offer the information of the power performance with higher fidelity. For
differently sized WECs, it is possible to incorporate the variation of other design parameters
and the effect of sizing on power conversion stages in numerical modeling. For instance,
different PTO forces and power limits can be implemented in numerical modeling to rep-
resent the effect of the PTO sizing on the power performance of WECs. However, numerical
simulation is not commonly used in sizing studies of WECs. The first reason is that numeri-
cal modeling is more computationally time-demanding compared to the above-mentioned
methods, but the sizing normally requires a large number of iterations. The second reason
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is that most WECs are not yet at a stage of being mature and commercial. Consequently, the
main research focus is still located on the technological improvement, but the overall sizing
of WECs has not been widely treated as a mandatory procedure in the current phase. With
the increasing development of WECs towards commercialization, the sizing is expected to
be in larger demand for improving the economic competitiveness. At that point, a more
refined sizing method will be needed, in which numerical simulation would be a more suit-
able tool than the two above-mentioned methods.

The most commonly used numerical models in the field of WECs can be classified as
FD models, TD models and Computational Fluid Dynamics (CFD) models. Their computa-
tional efficiency decreases in the sequence, while the fidelity increases. CFD models are a
kind of fully nonlinear numerical models, in which Navier-Stokes equations are solved nu-
merically. Navier-Stokes equations are derived from the conservation of mass and momen-
tum and is generally considered to be the most fundamental fluid flow equations. Thus, vis-
cous effects and turbulence are taken into account in CFD models. On the other hand, CFD
models are significantly more time-consuming compared to nonlinear TD models, which
is the main limitation of extensive application of CFD models. Therefore, CFD models are
mostly used in the assessment of the survivability of WECs in severe wave conditions, but
they are hardly used to estimate the power production. Instead, the power performance of
WECs is commonly estimated by FD models and TD models.

In the context of WECs, FD models and TD models are commonly established based on
linear potential theory [88]. The linear potential flow theory has been used to solve wave-
structure interaction problems in offshore engineering over decades. In the theory, fluid
is assumed to be inviscid, irrotational and incompressible, and thus vortexes and viscos-
ity are neglected. In addition, in order to simplify the problem, the boundary conditions
of the free surface and body are linearized as the mean free surface and the mean wetted
surface. Linear potential flow theory is computationally efficient to derive hydrodynamic
coefficients. Given the explicit coefficients, FD models can be easily formulated according
to physical principles to estimate the dynamics of WECs. External forces can be taken into
account, but all the components in the conventional FD models are required to be linear.
The most important advantage of FD models is their simplicity and thus high efficiency.
Further, based on the Cummins equation [89] describing the memory effects of radiation
forces, TD models can be established and the time-dependent responses of WECs can be
solved. In TD models, nonlinear external force components can be considered, such as the
nonlinear mooring force, PTO force and viscous drag force. It is also possible to extend TD
models to cover weakly nonlinear hydrodynamics. For instance, the mean wetted surface
assumption can be corrected by integrating incident pressure over instantaneous wetted
surface when calculating the nonlinear Froude-Krylov force and nonlinear hydrostatic force
[90], [91]. The mean free surface assumption can be corrected by Wheeler Stretching the-
ory to rebuild the wave pressure field in each time step [92]. Even though TD models are
associated with higher fidelity than FD models, the computational demand of TD models
is typically three orders of magnitude higher than that of FD models [93]. In scenarios re-
quiring a large amount of iterations, such as design optimization and sizing, FD models are
more appealing, since the application of TD models could make the process significantly
time-consuming.

As an alternative to FD models and TD models, spectral domain models have only been
proposed to estimate the statistical responses of WECs in recent years [27]. They can be
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regarded as an extension of FD models, but they are capable of including nonlinear force
components. Therefore, it combines high computational efficiency and adequate reliabil-
ity. As a newly proposed numerical technique, it has not been widely used in the field of
WECs. However, considering its characteristics, spectral domain models have high poten-
tial to be used in the sizing of WECs.

2.4. SUMMARY AND CONCLUSIONS
Based on the review of WECs, it can be concluded that the operational principles and de-
signs are rather divergent with regard not only to the aspect of the power capture technol-
ogy but also to the application of PTO systems. As wave resources also vary from one sea
site to another, towards the commercialization of WECs, the divergence makes it challeng-
ing to evaluate and subsequently compare the techno-economic performance of different
WECs at the sea sites potential for the deployment. Sizing of WECs could not only make a
difference to the dynamics but also to the cost of the WEC devices, and further to the eval-
uation of the techno-economic performance. The sizing of WECs is commonly conducted
based on the Budal diagram and Froude similarity since their computational loads are sig-
nificantly low. However, these two methods have limited capacities in accounting for the
effect of PTO sizing, which implies that the consideration of the PTO sizing is lacking in
the existing sizing studies. As an alternative, WECs sizing can also be implemented based
on numerical simulation, in which the flexible variation of PTO sizes can be incorporated.
Compared with the Budal diagram and Froude scaling, the numerical simulation is asso-
ciated with lower computational efficiency, which is hindering its extensive application in
the sizing of WECs where a large number of iterations is normally required. Among numer-
ical models applicable for WECs, FD models are characterized by their high efficiency, but
it is constrained by linear theory limitations. Its accuracy would be challenged when non-
linear effects are not negligible. Therefore, developing a numerical model combining both
high efficiency and adequate accuracy could make a significant contribution to the sizing of
WECs. As a recently proposed modeling technique in the context of WECs, the application
of the spectral domain model is still limited but it is expected to be a promising numerical
tool in supporting the sizing of WECs.
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A COLLECTIVE SIZING METHOD FOR

WECS

As discussed in Chapter 2, sizing could make a difference to the techno-economic perfor-
mance of WECs. However, in existing literature, sizing of the PTO system was hardly consid-
ered in overall sizing of WECs. In this chapter, a collective sizing method is established based
on the numerical simulation for a generic point absorber, in which the buoy and the PTO sys-
tem can be sized independently to reduce the LCOE. FD modeling is adopted to estimate the
power production of WECs in different sizes. FD modeling neglects nonlinear effects but it is
associated with high computational efficiency. Force constraints are used to represent the ef-
fects of PTO sizing on the absorbed power, in which passive and reactive control strategies are
considered respectively. Furthermore, an economic model is established to estimate the cost of
WECs. The proposed method is implemented for three realistic sea sites, and the dependence
of the optimal size of WECs on wave resources and control strategies is analyzed. Moreover, a
comparison is made between the proposed method and other sizing methods with respect to
the determination of the optimal size and the lowest LCOE of WECs. The importance of PTO
sizing on the reduction of the LCOE is identified.

Parts of the chapter have been published in the paper: Tan J, Polinder H, Laguna A J, et al. The Influence of Sizing
of Wave Energy Converters on the Techno-Economic Performance[J]. Journal of Marine Science and Engineering,
2021, 9(1): 52. [94].
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3.1. INTRODUCTION

I N Chapter 2, the importance of sizing to the techno-economic performance of WECs
was highlighted, and the related literature was reviewed. However, those studies concen-

trated mainly on buoy sizing without addressing PTO system sizing. As a core component,
PTO systems are significantly influential to the performance of WECs [95]. On the one hand,
its cost normally accounts for over 20% of the total CAPEX [26]. On the other hand, the PTO
size is highly related to the rated power and the force constraint, which could directly affect
the power absorption [95]–[98]. To the author’s knowledge, there is a lack of studies consid-
ering both PTO and buoy sizing of WECs. Thus, the aim of this chapter is to investigate the
influence of PTO sizing on the overall sizing and the LCOE.

In this chapter, a size optimization method considering both buoy and PTO sizing is
established, and it is applied to a generic heaving point absorber. The optimization is per-
formed based on an exhaustive search algorithm. Firstly, FD modeling is used to calculate
the power performance of WECs with different buoy and PTO sizes. The implementation of
the PTO sizing using passive and reactive control is demonstrated, respectively. In addition,
a preliminary economic model is described to build a cost function with the aim to mini-
mize the LCOE. Next, based on the proposed method, size optimization of WECs is carried
out for three realistic sea sites. The interaction between buoy and PTO sizing is analyzed,
and the dependence of size determination on wave resources and control strategies is pre-
sented. Furthermore, a comparison between this proposed size optimization method and
other methods is performed. Finally, conclusions are drawn based on the obtained results.

3.2. WEC CONCEPT AND CONCERNED SEA SITES

A generic heaving point absorber [99], [100] is used as a WEC reference throughout this
thesis. The diameter of the buoy in the original size is 5.0 m. The average density of the
buoy in all sizes is assumed to be identical and with a value of half of the water density
(1025 kg/m3). The schematic of the concept is shown in Figure 3.1. In practice, the am-
plitude of the buoy motion has to be limited to protect the mechanical structure, and the
displacement limit of this WEC is set as 0.8 times the radius of the buoy. In addition, WECs
have to be stopped from operating at severe sea states. Thus, there must be a maximum op-
erational wave height for protection. A similar prototype to the WEC in this work is WaveS-
tar, which is a semi-spherical heaving point absorber [39]. The maximum operational wave
height of WaveStar is 6 m and the diameter of WaveStar is 5 m. Therefore, the maximum
operational wave height for the original WEC, in this case, is estimated as Hs = 5 m , in a
conservative way.

In this chapter, three realistic sea sites are selected to investigate the techno-economic
performance of WECs. They are Yeu Island, in the oceanic territory of France, Biscay Marine
Energy Park (BIMEP) in Spain, and DK North Sea Point 2 (DK2) in Denmark. The scatter
diagrams of these sea sites are taken from Reference [17], which are shown in Figure 3.2–
3.4. In these scatter diagrams, Hs and Tz represent the significant wave height and the mean
zero-crossing wave period, respectively, and the time of the corresponding occurrence are
depicted in each cell as the number of occurrence hours in a year for that particular sea
state. It should be pointed out that Yeu, BIMEP, and DK2 are geographically far from each
other and their most frequent wave heights and periods differ significantly. Hence, these
three sea sites are chosen to be the representatives of European wave characteristics. The
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scatter diagrams of hours of the occurrence of wave states of Yeu island, DK 2 and BIMEP
are shown below.
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Figure 3.1: Schematic of the heaving point absorber concept.

Figure 3.2: Hours of occurrence of each wave state of Yeu island [101].
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Figure 3.3: Hours of occurrence of each wave state of DK 2 [17].

Figure 3.4: Hours of occurrence of each wave state of BIMEP [17].

3.3. METHODOLOGY
This section starts with the framework of the collective sizing method. Next, the equations
of motion and FD modeling of WECs are presented, and the approaches to incorporate the
effects of buoy and PTO sizing are introduced. Finally, a preliminary economic model is
established to predict the cost of WECs.

3.3.1. COLLECTIVE SIZING METHOD

The framework of the collective sizing method is presented in this part. The flowchart of this
sizing method is shown in Figure 3.5. This method aims at improving the techno-economic
performance of WECs through the combined contribution of the buoy and PTO size opti-
mization. The cost function of the size optimization adopted in this thesis is the LCOE. The
method is mainly composed of two models: a FD model is applied to estimate the power
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Figure 3.5: Flowchart of the size optimization method of Wave Energy Converters (WECs).

production of WECs in each buoy and PTO size, and an economic model is established to
calculate the corresponding costs. These two models are explained in more detail in the
following subsections.

An exhaustive search algorithm is used in the optimization. The buoy scale factor λ and
a normalized factor for PTO sizing, namely PTO sizing ratio, are treated as the optimization
variables. The buoy scale factor λ is specified as

λ= Gc

Go
(3.1)

where G is the characteristic length of the WEC, and the subscript c and o represent the
"scaled device" and the "original device", respectively. The specification of the original de-
vice has been described in Subsection 3.2, in which the diameter of the spherical buoy is
decided as 5 m. The PTO sizing ratio is defined as

PTO sizing ratio = PTO force limit

Maximum required PTO force
(3.2)

where the relevant terms are explained as follows.

• PTO force limit: the nominal force that the chosen PTO system could sustain during
operation.

• Maximum required PTO force: the PTO force required to maximize the annual en-
ergy production (AEP) of the WEC at the given sea site. It is calculated as the largest
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value of unconstrained PTO forces within all the operational sea states of the sea site.
Where the unconstrained PTO force corresponds to the maximum theoretical power
absorption without any force limits for a given sea state.

It can be deduced that the maximum required PTO force occurs at the operational sea
state with the largest wave power density. It varies with the wave resource, the buoy size, and
the control strategy. Thus, in each case, the maximum required PTO force is pre-calculated
for each sea site and buoy scale factor λ. In the following section, Figure 3.10a will illustrate
the relation of the unconstrained PTO force to the sea states, and Figure 3.10b will presents
the values of the maximum PTO force obtained for different buy scale factors at the three
different sea sites.

During the size optimization, the initial searching bounds of the buoy scale factor λ and
PTO sizing ratio are set as [0.3,2.0] and [0.1,1.0], respectively. If the the optimal solution
is not found within these ranges during iterations, the bounds would be automatically ex-
tended until a solution is obtained. A discrete iteration step of 0.1 is used in the exhaustive
searching algorithm for both buoy scale factors λ and PTO sizing ratios. The proposed size
optimization method is also compatible with other optimization algorithms, which may
provide more precise solutions or save computational costs. However, it is beyond the scope
of this work to discuss the relative impacts of optimization algorithms in detail.

3.3.2. FREQUENCY DOMAIN MODELING
In this subsection, a FD model of WECs is presented based on linear wave theory. For a
single rigid floating body subjected to ocean waves, its motion can be described based on
Newton’ second law as

M a(t ) = Fhs (t )+Fe (t )+Fpt o(t )+Fr (t ) (3.3)

where M represents the 6×6 inertial matrix of the oscillating buoy, a is the 1×6 vector of
the buoy’s acceleration, Fhs is the 1×6 vector of hydrostatic force, Fe is the 1×6 vector of
wave excitation force, Fr is the 1×6 vector of wave radiation force, Fpt o is the 1×6 vector of
PTO force.

In this thesis, the device is assumed to oscillate only in heave motion, the FD model of
the WEC is only discussed for the heaving degree of freedom. Then, if the body is assumed
to perform harmonic motion and a linear PTO model is used to simulate the behavior of the
PTO system, (3.3) could be rewritten in the form of complex amplitudes [21], as

F̂e (ω) = [Rr (ω)+Rpto]û + iωû[M +Mr (ω)]+ iû[−Kpto

ω
− Khs

ω
] (3.4)

where Rr (ω) is the hydrodynamic damping coefficient, Rpto is the PTO damping coefficient,
ω is the wave frequency, Mr (ω) is the added mass of the WEC, û is complex amplitude of
the vertical velocity, Kpto is the PTO stiffness coefficient, and Khs is the hydrostatic stiffness.
The intrinsic impedance of the heaving buoy and PTO impedance can be introduced as

Zm(ω) = Rr (ω)+ iXm(ω) (3.5)

Xm(ω) =ω[M +Mr (ω)]− Khs

ω
(3.6)
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where Zm(ω) is the intrinsic impedance of the heaving buoy, and Xm(ω) is the intrinsic
reactance. Similarly, the impedance of PTO can be given as:

Zpto(ω) = Rpto(ω)+ iXpto(ω) (3.7)

Xpto(ω) =−Kpto

ω
(3.8)

where Zpto(ω) is the PTO impendence, and Xpto(ω) is the PTO reactance. So, (3.4) is rewrit-
ten as

F̂e (ω) = [Zm(ω)+Zpto(ω)]û (3.9)

The hydrodynamic characteristics of WECs, including Mr (ω), Rr (ω), and Fe (ω), are cal-
culated using the Boundary Element Method through the open source software Nemoh [102].
The mesh convergence analysis of the hydrodynamic calculation and the corresponding
hydrodynamic coefficients used in this work are presented in Appendix A.1 and A.2. Then,
by solving (3.9), the complex amplitude of velocity û could be obtained as

û(ω) = F̂e (ω)

Zm(ω)+Zpto(ω)
(3.10)

Then, the complex amplitude of the motion displacement is expressed as

ŝ(ω) = F̂e (ω)

iω
[

Zm(ω)+Zpto(ω)
] (3.11)

For regular wave conditions, the time averaged absorbed power can be obtained and
expressed as

P a = 1

2
Rpto |û|2 (3.12)

The above analysis is based on the assumption of harmonic motion, but incoming waves
in real sea states are always irregular. In this work, the calculation of power absorption in
irregular waves is conducted based on the superposition of regular waves [103]. If the ocean
wave inputs are assumed to be Gaussian processes, then the stochastic waves can be repre-
sented by the linear superposition of a set of frequency components with a random phase.
Hence, the wave elevation is expressed as

η(t ) =
N∑

j=1
ζa(ω j )cos(ω j t +ϕ(ω j )) (3.13)

where t is time, ω j is the wave frequency of jth wave component; ζa(ω j ) and ϕ(ω j ) are
the wave amplitude and phase of the regular wave component corresponding to ω j . In a
predefined wave spectrum, the amplitude of the wave component is related to the wave
energy spectrum Sζa , as

ζa(ω j ) =
√

2Sζa (ω j )∆ω (3.14)

The variance of the wave elevation σ2
ζa is calculated as

σ2
ζa =

N∑
j=1

Sζa (ω j )∆ω (3.15)
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where σζa is the standard deviation of the wave elevation. Similarly, as the velocity ampli-
tude of WEC corresponding to each wave component can be obtained by (3.10), the stan-
dard deviation and spectral density of the WEC response can be calculated. Then, the mean
absorbed power can be derived as

P a =
N∑

j=1

1

2
Rpto

∣∣û(ω j )
∣∣2 =

N∑
j=1

RptoSu(ω j )∆ω= Rptoσ
2
u (3.16)

where Su and σu denote the spectral density and standard deviation of the velocity of the
WEC. In this thesis, the irregular waves are considered to be unidirectional. In addition,
JONSWAP spectrum, together with the peakedness factor of 3.3, is used to represent the
irregular waves in this thesis [104].

It must be acknowledged that FD modeling has limited applicability. Firstly, it is re-
stricted to the linear theory. The accuracy of this approach around the resonance of WECs is
limited where the motion amplitude is too high and the linear assumption is violated [105].
However, the displacement limit is considered here, which could ease this problem [22].
Secondly, FD modeling does not allow the implementation of real-time control strategies
by which PTO parameters can be adjusted instantaneously with the PTO force saturation
and buoy displacement constraints [106], [107]. Although there are limitations in FD mod-
eling, it is considered reasonable given the purpose of this chapter to provide an insight
into the role of the PTO sizing on the techno-economic performance. FD models are more
computationally efficient compared to TD approaches, which makes it highly suitable in
optimization studies that require a large number of iterations. In addition, the energy pro-
duction of WECs in different buoy and PTO sizes is calculated based on the same FD model,
which is fair for the size determination and techno-economic analysis.

BUOY SIZING

During the iterations of the size optimization, the buoy size of WECs are scaled following
geometrical similarity. Therefore, the hydrodynamic coefficients of buoys in different sizes
and the corresponding wave conditions can be obtained by means of Froude scaling [74],

ωc =ωoλ
−0.5

Hc = Hoλ

Fec = Feoλ
3

Rrc = Rroλ
2.5

Mrc = Mroλ
3

(3.17)

where ω is the wave frequency and H is the wave height; Fe , Rr and Mr are the excitation
force, the radiation damping, and the added mass coefficients, respectively. Hence, this
allows the hydrodynamic coefficients of the original buoy to be transferred to the scaled
buoy instead of using BEM approach to calculate the hydrodynamic coefficients in each
iteration. In this way, the computing efficiency can be significantly improved. The density
of the buoy structure in different sizes are assumed to be same. The maximum operation
wave height and the displacement limit of WECs are scaled with the buoy scale factor λ.
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PTO SIZING

PTO sizing implies the implementation of determining the optimal PTO size for different
sea sites. The PTO size is directly related to the rated power, PTO force limits, displacement
limits, and PTO peak power constraints of WECs [59]. In this work, the PTO force limit is
used to characterize the PTO size. According to (3.7) and (3.10), the PTO force amplitude
can be expressed as

∣∣F̂pto
∣∣= ∣∣ûZpto

∣∣= ∣∣Zpto
∣∣∣∣Zm +Zpto

∣∣ ∣∣F̂e
∣∣= ∣∣F̂e

∣∣
√

R2
pto +X 2

pto√
(Rpto +Rr )2 + (Xm +Xpto)2

(3.18)

As is shown in (3.18), the PTO force amplitude is a function of Rpto and Xpto . Therefore,
one approach to restrict the PTO force amplitude is to adjust PTO parameters. Reactive
control and passive control are typical control strategies in WECs. In the reactive control,
both the PTO reactance and the PTO damping coefficient could be varied to tune the device.
However, in the passive control, only the PTO resistance load (damping force) is provided.
Next, the methods to determine the PTO parameters for limiting the PTO force amplitude
in the passive control strategy and the reactive control strategy are explained, respectively.

• The determination of PTO parameters in passive control:
Here, the PTO force amplitude is constrained by means of adjusting the PTO param-
eters. Furthermore, the PTO parameters are also expected to be determined to limit
the stroke and maximize the absorbed power.
First, let us discuss the PTO force constraints. In the passive control strategy, only
PTO damping can be varied and the PTO reactance equals zero. Therefore, the PTO
force amplitude expressed in (3.18) can be simplified as

∣∣F̂pto
∣∣= ∣∣F̂e

∣∣ Rpto√
(Rpto +Rr )2 +X 2

m

(3.19)

To reveal the relationship between |F̂pto | and Rpto , the derivation of (3.19) with re-
spect to Rpto is calculated and gives

d(|F̂pto |)
dRpto

= ∣∣F̂e
∣∣ RptoRr +X 2

m +R2
pto[

(Rpto +Rr )2 +X 2
m

] 3
2

(3.20)

It can be deduced that (3.20) is always positive as Rpto and Rr are greater than 0,
which also implies that

∣∣F̂pto
∣∣ is a monotonic function of Rpto . In other words, de-

creasing the PTO damping coefficient can directly constrain the PTO force amplitude.
During size optimization, the PTO sizing ratio and buoy scale factor λ are used as
optimization variables. However, to determine PTO parameters with the force limit,
the PTO force limit should be derived to be explicit. According to the definition of the
PTO sizing ratio, the PTO force limit can be calculated by multiplying the given PTO
sizing ratio with the maximum required PTO force for the particular buoy scale factor
and considered sea site. Therefore, the PTO force limit is directly related to each set of
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optimization variables. Here, the PTO force limit is represented by Fm , and the maxi-
mum allowed PTO damping Rpto,max can be obtained by solving (3.21), in which only
the positive solution should be retained.

∣∣F̂e
∣∣ Rpto,max√

(Rpto,max +Rr )2 +X 2
m

= Fm (3.21)

Therefore, for constraining the PTO force amplitude, Rpto should satisfy

Rpto ≤ Rpto,max (3.22)

Secondly, except PTO force constraints, the displacement limit should be considered
during the selection of PTO parameters. It can be deduced from (3.10) that the |û|
decreases with Rpto increasing. If the stroke constraint of the buoy, Sm , comes to
play, the PTO resistance should be increased to limit the velocity amplitude, which is
shown as

|û| =
∣∣F̂e

∣∣∣∣Rpto +Zm
∣∣ ≤ |um | (3.23)

In this way, for constraining the stroke amplitude, Rpto should satisfy

Rpto ≥
√

(
F̂e

um
)2 −X 2

m)−Rr = Rpto,mi n (3.24)

where um is the velocity limit of the buoy, which is equal to ωsm . Therefore, it can be
seen from (3.22) and (3.24) that the upper bound and the lower bound of the available
PTO damping are decided by the PTO force limit and the stoke limit, respectively,
which could also be expressed as

Rpto,mi n ≤ Rpto ≤ Rpto,max (3.25)

Thus, the PTO damping should be selected from the range expressed in (3.25) to sat-
isfy the constraints.

According to Reference [106], in regular waves, the optimal PTO damping for maxi-
mizing the absorbed power without any constraint is expressed as

Rpto,opt = |Zm | =
√

R2
r +X 2

m (3.26)

To maximize the absorbed power of WECs, Rpto should be as close to Rpto,opt as pos-
sible. So, the principle of PTO damping selection in PTO sizing can be presented as:

– If Rpto,mi n ≤Rpto,opt ≤Rpto,max , the optimal Rpto should be selected as Rpto,opt .

– If Rpto,opt < Rpto,mi n or Rpto,opt > Rpto,max , the optimal Rpto should be selected
as the one of Rpto,mi n and Rpto,max which is closer to Rpto,opt .
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– In case Rpto,max < Rpto,mi n , there is no feasible PTO damping coefficient satis-
fying both of the constraints. This case would happen when the PTO force limit
is very low or the wave power is very high, which realistically means the device
has to be stopped from operation for protecting itself from frequently violating
the physical constraints.

• The determination of PTO parameters in reactive control:
Unlike PTO sizing in passive control, both Rpto and Xpto can be varied to meet the
requirement of the motion and PTO force constraints. Given the complexity of the
multivariable optimization with nonlinear constraints, a numerical optimization tool
is used to select the optimal combination of Rpto and Xpto , and it can be expressed in
the form as

maxi mi ze f = P a(Rpto , Xpto)

sub j ect to


|F̂pto(Rpto , Xpto)| ≤ Fm

|û(Rpto , Xpto)| ≤ um

Rpto ≥ 0
Xpto ∈R

(3.27)

The optimization is performed based on the "interior point" algorithm in MATLAB
environment, and the tolerance of the function is set as 1e-4. To avoid the local
optimal solution, the "MultiStart" solver is adopted. In this solver, iterations start
with multiple random points, in which the global optimal solution is expected to be
found [108]. In this work, the number of multiple starting points is set as 20, and the
bounds of the PTO damping and PTO reactance are set as [0,10 Rr (ω)] and [-10Xm(ω),
10Xm(ω)] for each sea state. In case that no feasible solution is found in the optimiza-
tion, the PTO absorbed power would be treated as 0. To make sure the selected num-
ber of starting points in the optimization is sufficient in this case, a verification has
been conducted and shown in Appendix A.3.

Based on the above method, PTO parameters subjected to different PTO force con-
straints can be obtained for each wave condition. Then, the corresponding power perfor-
mance of WECs can be calculated. In this sense, the effects of PTO sizing on the power
performance of WECs are taken into account. However, it has to be clarified that the above
PTO sizing method is established based on regular wave conditions. To constrain the buoy
displacement and PTO force in irregular wave conditions, it is necessary to calculate their
instantaneous solutions, in which TD modeling is required. However, the inefficiency of
TD simulation would make the iteration process much more time consuming, which is not
preferable for the optimization problem. To simplify this problem, in this chapter PTO pa-
rameters are selected only to suit the typical characteristics of irregular wave conditions,
referring to Reference [98]. According to Reference [21], the time-averaged power transport
per unit length of wavefront of incoming waves at regular wave conditions and irregular
wave conditions can be calculated as

Jr e = 1

32π
ρg 2H 2T (3.28)

Ji r r = 1

64π
ρg 2H 2

s Te (3.29)
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By equating (3.28) to (3.29) at the case of the same energy period, namely T equating Te ,
the corresponding wave height in regular wave condition is solved as Hs /

p
2. To transfer

the Tz in scatter diagrams to Te , the wave period ratio between Te and Tz is selected as 1.18
given the JONSWAP spectrum and the peakedness factor of 3.3 [109]. Then, PTO parame-
ters for irregular wave conditions can be selected to suit regular wave conditions whose pe-
riod and height correspond to Te and Hs /

p
2, respectively [98]. The purpose of the transfer

between irregular wave conditions and regular wave conditions is to simplify the determi-
nation of PTO parameters for PTO sizing. However, the selected PTO parameters based on
regular wave conditions cannot strictly guarantee that the PTO force and stroke constraints
would not be violated at the corresponding irregular wave conditions. Considering the pur-
pose of this study to investigate the impacts of sizing on the techno-economic performance,
it is considered to be acceptable. In this work, all the power absorption of WECs are calcu-
lated based on irregular wave conditions, and the PTO parameters are optimized for each
sea state. As an example, the optimized PTO parameters of WEC in the original buoy size
for different sea states are shown in Figures 3.6 and 3.7.
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Figure 3.6: Optimized Power Take-Off (PTO) damping of the WEC with passive control for various sea states (λ= 1
and PTO force limit = 50 kN).

Therefore, as the PTO parameters are determined, the absorbed power of WECs at each sea
state can be obtained and the AEP (Annual Energy Production) at the specific sea site is
calculated as

AEP =
x=n∑
x=1

µ ·χ ·P a(x) ·Ttot (x) (3.30)

where µ is the overall conversion efficiency from the annual absorbed energy to the AEP
and is assumed 70% [110]; χ is the availability of WECs to work, and it is set as 90% due to
the necessary operation and maintenance [39]; Ttot represents the total hours of the ap-
pearance of a certain sea state, which is presented in the scatter diagram in Figures 3.2–3.4;
x represents the sea state in scatter diagrams.
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(a) PTO damping

2 4 6 8 10 12 14 16 18

Tz(s)

–100

0

100

200

300

400

500

600
Hs=1.0 m
Hs=2.0 m
Hs=3.0 m
Hs=4.0 m

(b) PTO reactance

Figure 3.7: Optimized PTO parameters of the WEC with reactive control for various sea states (λ= 1 and PTO force
limit = 250 kN).

ECONOMIC MODELING FOR COST ESTIMATION

LCOE is an important techno-economic metric of WECs. For evaluating the LCOE, it is of
essence to establish an economic model to estimate the CAPEX and OPEX of WECs. Fol-
lowing Reference [12], the steel price is selected as 1.6 British Pounds (GBP)/kg and the
structure cost is calculated by assuming that all the structure cost comes from the steel
cost. Based on the inflation calculator tool [111], the cumulative inflation rate of GBP from
2017 to 2020 is 5.89% and the exchange rate of Euros to GBP is set as 0.87. Referring to Ref-
erence [12], the statistical percentages of CAPEX-related components in total LCOE can be
found. The percentage values are recalculated as the average percentage in total CAPEX,
shown in Table 3.1. According to Table 3.1, the cost of “Foundation and Mooring” and “In-
stallation” accounts for 19.1% and 10.2% averagely of CAPEX, respectively. Comparatively,
the cost of the structure accounts for 38.2% of CAPEX in average. Therefore, mass-related
capital cost can be calculated as

CM ass =CS +CF +C I = (
αF &M

αS
+ αI

αS
+1)CS (3.31)

where CM ass represents the Mass-related-capital-cost; CS , CF , and C I are the cost of the
structure, foundation, and the installation, respectively, and αS , αF &M , and αI are their
corresponding percentages in the total LCOE . It can be seen from Table 3.1 that the cost
of “Connection” and “PTO” averagely accounts for 8.3% and 24.2% of CAPEX, respectively.
Similarly, power-related capital cost can be calculated as

CPower =CPT O +CC = (
αC

αP
+1)CPT O (3.32)

where CPower represents the power-related capital cost; CP and CC are the cost of the PTO
and the connection, respectively; andαP andαC are their corresponding percentages in the
total LCOE. Therefore, the CAPEX is calculated as

C APE X =CM ass +CPower (3.33)

In this work, PTO is assumed to be a direct drive generator and all PTO costs come from
the generator. The generator cost is divided into the cost of the active material and the cost
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Table 3.1: Percentages of Capital Expenditure (CAPEX)-related components of WECs in total CAPEX.

CAPEX Categories Average Percentage

Mass-related capital cost Structure αS =38.2%
Foundation and mooring αF &M =19.1%
Installation αI =10.2%

Power-related capital cost PTO component αP =24.2%
Connection αC =8.3%

of manufacturing. The amount of active material required is approximately related to the
PTO force limit and the force density of generators. Referring to Reference [112], the maxi-
mum force density in this work is assumed as 44 kN/m2, which generally ranges from 30 to
60 kN/m2 depending on the design. The cost of active material of this generator in series
production is estimated as 12,000 Euros/m2 based on the currency value in 2006. The cu-
mulative inflation rate from 2006 to 2020 is 22.1% [111]. Taking the inflation into account,
the active material of this generator in this work is estimated as 14,655.31 Euros/m2. Re-
garding the manufacturing cost, it is approximately assumed as half of the total cost of the
generator [113]. So, the cost of PTO can be expressed as

CPT O =CM at +CM an (3.34)

where Cmat and Cman represent the cost of required material and manufacturing. In this
work, the annual OPEX is assumed as 8% of the CAPEX, and the discount rate r is assumed
as 8% with the lifespan of 20 years, referring to Reference [17]. Then, the LCOE of WECs is
calculated as

LCOE =
C APE X +∑NY

Y =1
OPE XY
(1+r )Y∑NY

Y =1
AEPY

(1+r )Y

(3.35)

where NY represents the total years of the lifespan, and Y represents the evaluated year.
It has to be clarified that it is a preliminary economic model, and the parameters in the

model differ from one to another project in practice. For instance, reactive control is associ-
ated with negative power flow, which could lead to larger losses and related wear. Therefore,
control strategies in practice are able to affect the OPEX and conversion efficiency. How-
ever, the specific effects are related to the PTO design and maintenance strategy, which is
outside the scope of this chapter. Given the purpose of this work to identify the influence
of sizing on the techno-economic performance, the assumption on the constant OPEX per-
centage and conversion efficiency for both control strategies is considered reasonable. Fur-
thermore, the survivability of WECs in practice is complex and related to many affecting
factors. For instance, the increase of the buoy size results in the larger exerted force and
input power flow, which could make the WEC more vulnerable. However, it is also depen-
dent on the mooring design, material and even control strategies of WECs. For simplicity,
the lifespan for WECs in all sizes is assumed to be constant. Nevertheless, our aim based
on the economic analysis is not to give a final judgment of the optimal size of the WEC but
to use the LCOE as an indication for providing an insight into the effects of sizing on the
techno-economic performance. Overall, the proposed size optimization method has pure
theoretical characteristics, and a more complex size optimization study is required in prac-
tical applications.
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3.4. RESULTS
This section starts with a discussion about the effects of buoy sizing and PTO sizing on the
performance of the WEC. Next, the size optimization results for the sea sites are presented.
The interaction between PTO sizing and buoy sizing and the benefits of downsizing PTO size
for decreasing LCOE are analyzed. Finally, a comparison between this proposed method
and other existing methods for the size optimization is performed.

3.4.1. THE EFFECTS OF SIZING ON THE PERFORMANCE OF THE WEC
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(b) Proportion of power-related cost to total cost
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(c) Selected PTO damping

Figure 3.8: Performance of the WEC with passive control under different PTO sizes and buoy scale factor λ,
at Hs = 1.5 m and Tz = 5 s.

Taking one single sea state (Hs = 1.5 m, Tz = 5 s) as an example, the effects of PTO siz-
ing and buoy sizing on the performance of the WEC are investigated. In Figures 3.8 and
3.9, the effects on the absorbed power, economic performance and PTO parameters of the
WEC with passive control and reactive control are presented, respectively. The horizontal
axis in Figures 3.8 and 3.9 is expressed as “PTO force limit/unconstrained PTO force”. Here,
the unconstrained PTO force corresponds to the PTO force required to maximize the power
absorption for the considered sea state (Hs = 1.5 m, Tz = 5 s). The PTO parameters corre-
sponding to each PTO size and buoy size were calculated following the method described
in Section 3.3.2. From Figures 3.8 and 3.9, it is noted that both the power performance and
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Figure 3.9: Performance of the WEC with reactive control under different PTO sizes and buoy scale factor λ,
at Hs = 1.5 m and Tz = 5 s.

the economic performance are highly related to the sizing of the WEC. In Figures 3.8a and
3.9a, it can be seen that the absorbed power of the WEC increases with the PTO size and
the buoy size. In Figures 3.8b and 3.9b, the proportion of the power-related capital cost
to the total CAPEX increases with the PTO size, but it decreases with the rise of the buoy
scale factor λ. Therefore, at a certain PTO sizing ratio, the CAPEX would be more domi-
nated by the mass-related capital cost than power-related capital cost with the increase of
the buoy scale factor λ. Comparing Figures 3.8 and 3.9, it can be found that the effects of
sizing on the WEC are also related to the control strategy. Firstly, the absorbed power of the
WEC with reactive control is significantly higher than that in the passive control. Secondly,
the proportion of power-related capital cost to the total CAPEX in the WEC with reactive
control is much higher than that with passive control. This phenomenon can be explained
by that the reactive control strategy is associated with higher PTO force limits than the pas-
sive control strategy. The higher PTO force then leads to the increase of the proportion.
Thirdly, the trends of PTO parameters changing with the force limit depend on the control
strategy. In Figure 3.8c, the PTO damping coefficient increases with the ratio “PTO force
limit/unconstrained PTO force” when the passive control strategy is used. This is logical as
the PTO force monotonically increases with the PTO damping, which has been explained
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in (3.20). Comparatively, it can be seen from Figure 3.9c,d, with the increase of “PTO force
limit/unconstrained PTO force”, the PTO damping coefficient tends to decrease, while the
PTO reactance increases. The reason is that the PTO in reactive control would act more like
a pure damper to reduce its required force when the force constraint becomes tighter.

3.4.2. SIZE OPTIMIZATION FOR TYPICAL REALISTIC SEA SITES

RESULTS OF SIZE OPTIMIZATION

Based on the proposed method, the size optimization of the WEC for three sea sites is per-
formed. First, to define the PTO sizing ratio, it is necessary to obtain the maximum required
PTO forces corresponding to each buoy size. They are calculated by (3.18), and the results
are shown in Figure 3.10. Figure 3.10a shows the relation of unconstrained PTO forces of
the WEC in original buoy size to sea states, and the maximum required PTO forces for dif-
ferent sea sites are picked. It can be found from Figure 3.10b that the maximum required
PTO force increases dramatically with the increase of the buoy size. In addition, the max-
imum required PTO forces in the WEC with reactive control are much higher than those
with passive control. This is to be expected as PTO forces in reactive control consist of
PTO damping-induced forces and PTO reactance-induced forces, while there are only PTO
damping-induced forces in the case of passive control.
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Figure 3.10: Maximum required PTO forces for various sea sites and buoy scale scale factor λ.

The size optimization results of the WEC using passive and reactive control for the three
sea sites are depicted in Figures 3.11 and 3.12, respectively. It can be clearly seen from these
figures that both the LCOE and the AEP can be significantly influenced by sizing of the WEC,
no matter in which sea site or with what kind of control strategies. Therefore, for improving
the viability of the WEC, it is highly suggested to conduct size optimization of the WEC for
the considered wave resources. Next, it can be noted that upscaling buoy size is able to im-
prove the AEP, while it cannot necessarily reduce the LCOE of the WEC. Similarly, the AEP
is highly sensitive to the PTO sizing ratio, and the increase of the PTO size can make a sig-
nificant contribution to the improvement of the AEP. However, from the techno-economic
point of view, enlarging PTO size does not necessarily result in a lower LCOE. In this case, it
can be noted that downsizing the PTO size to a suitable level is beneficial for reducing the
LCOE. Hence, to improve the techno-economic performance, it is significant to conduct
PTO sizing for compromising the AEP and the cost.
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Figure 3.11: Size optimization of the WEC with passive control.

In Figure 3.13, the dependence of size optimization of the WEC on wave resources and
control strategies is shown. From Figure 3.13a,d, it can be found that there is not a direct re-
lationship between the buoy size determination and the mean wave power density of wave
resources. In other words, the optimal buoy size cannot be indicated by the mean wave
power density. For instance, the mean wave power density in BIMEP is almost twice as
much as that in DK2, but DK2 corresponds to a higher optimal buoy scale factorλ. As is seen
in Figure 3.13a, control strategies do not have a notable influence on the buoy size determi-
nation for a given sea site. The reason is that the trends of the AEP changing with the buoy
scale factor λ are comparable in both cases of reactive and passive control. Though control
strategies lead to a notable difference in the absolute values of the AEP. Regarding PTO siz-
ing, it can be found from Figure 3.13b that the optimal PTO sizing ratios in the WEC with
the reactive control are slightly higher than those with passive control in BIMEP and Yeu.
The only exception occurs in DK2 where the reactive and the passive control are associated
with the same optimal PTO sizing ratio. In addition, it is noteworthy that the optimal PTO
sizing ratio is relatively independent of wave resources, and it converges at around 0.4 to
0.5.

Different from the size determination, the optimized LCOE is highly related to wave
resources and control strategies. It can be found from Figure 3.13c that the LCOE of the WEC
with reactive control is much lower than the WEC with passive control, and the reduction
can reach 35 % on average for these sea sites. The optimized LCOE of the WEC with reactive
control ranges around 0.2 to 0.35 Euros/kWh, while this value ranges around 0.35 to 0.55
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Figure 3.12: Size optimization of the WEC with reactive control.

Euros/kWh in the case of passive control. This is to be expected since the WEC with reactive
control produces much more power than the WEC with passive control at the same sea
state. From Figure 3.13c,d, it can be found that the higher the mean wave power density,
the lower the optimal LCOE.

After the optimal buoy and PTO size have been determined for each sea site, the opti-
mal cost proportion of the WEC can be obtained. The proportion of the PTO cost to the
total CAPEX at the optimal sizing condition is shown in Figure 3.14. It can be seen that this
cost proportion tends to be relatively independent of wave resources, while it is highly re-
lated to the control strategy of the WEC. In this case, the PTO cost of the WEC with reactive
control accounts for 45% to 50% of the total CAPEX. Comparatively, for the WEC with pas-
sive control, this proportion decreases dramatically to around 30%. This can be explained
by the fact that the required PTO forces in the WEC with reactive control are much higher
than those with passive control. It also implies that the PTO size in the WEC with reactive
control should be designed larger than that with passive control. Furthermore, it is noticed
that the optimized cost proportion of PTO is much higher than the statistical value of 24.2%
depicted in Table 3.1. The reason is that the WECs investigated in the literature [12] are gen-
erally in large scales, and the costs of the structure are dominating. However, the optimized
buoy size of the WEC, in this case, is relatively small, with the diameter ranging around 2.5
m to 4 m (λ = 0.5−0.8). As a consequence, the PTO cost is more weighted compared with
the structure cost. This phenomenon has also been explained in subsection 3.4.1 as the
proportion of power-related capital cost decreases with the buoy scale factor λ.
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(a) Optimal buoy size (b) Optimal PTO size

(c) Lowest LCOE (d) Mean wave power density

Figure 3.13: The dependence of size optimization on wave resources and control strategies.

Figure 3.14: The proportion of cost on PTO to total CAPEX at the optimal buoy size and PTO size.
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THE BENEFITS OF PTO DOWNSIZING FOR THE TECHNO-ECONOMIC PERFORMANCE

Increasing the PTO sizing ratio could reduce the negative effect of the PTO force limit on the
power production of the WEC but it is clearly associated with the rise of the total CAPEX. A
good illustration is shown in Figure 3.15. It is visible that the AEP increases up dramati-
cally with the PTO sizing ratio at the range of relatively small values of the PTO sizing ratio.
However, with the increase of the PTO sizing ratio, the increasing tendency becomes slower
and the margin of the AEP is limited. Comparatively, the CAPEX is proportional to the PTO
sizing ratio. Hence, from the economic point of view, downsizing the PTO sizing ratio to a
certain extent is expected to be more beneficial.
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Figure 3.15: The variation of the AEP and the total CAPEX of the WEC with the PTO sizing ratio in Yeu island. The
buoy scale factor λ is 0.8 which has been optimized for the sea site, and the passive control strategy is considered.
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Figure 3.16: The effects of PTO downsizing on the Levelized Cost Of Energy (LCOE) of the WEC at the optimal
buoy size.

To better illustrate the benefit of PTO sizing on the LCOE of the WEC, Figure 3.11 and
Figure 3.12 could be presented in a different way with only looking at the results of the
WEC at the optimal buoy sizes, shown as Figure 3.16. It can be seen that the LCOE can
be significantly reduced by downsizing the PTO size even though the buoy sizes have been
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optimized. In this case, downsizing the PTO sizing ratio to around 0.4 to 0.5 is preferable to
minimize the LCOE. For the WEC with the passive control, downsizing the PTO size is able
to reduce the LCOE by 24% to 31%, and it could reduce the LCOE by 24% to 25% in the case
of reactive control. Hence, it is essential to take PTO size optimization into account when
conducting sizing of the WEC. It also indicates that the techno-economic performance of
WECs is generally underestimated due to the absence of PTO sizing in evaluation studies.

THE INTERACTION BETWEEN PTO SIZING AND BUOY SIZING

The interaction between PTO sizing and buoy sizing is shown in Figure 3.17. It can be seen
that the optimal buoy size generally declines with the corresponding PTO sizing ratio. How-
ever, this effect is limited and the optimal buoy size tends to be constant as the PTO sizing
ratio is higher than 0.3 or 0.4. Hence, in this case, it can be noted that the buoy size opti-
mization can be influenced by PTO sizing, but only to a limited extent. However, it should
be pointed out that the interaction between PTO sizing and buoy sizing is related to wave
resources, WEC principles, and economic parameters. Therefore, for avoiding a poor esti-
mate of the optimal buoy size, it is suggested to conduct PTO sizing simultaneously with
buoy sizing. Furthermore, comparing Figure 3.17a,b, it is observed that there is no notable
difference between the WEC with passive control and reactive control regarding the impact
of PTO sizing on the buoy size determination.
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(a) The WEC with passive control
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(b) The WEC with reactive control

Figure 3.17: The interaction between PTO and buoy sizing.

3.4.3. THE PROPOSED METHOD VERSUS OTHER SIZE OPTIMIZATION METH-
ODS

BUDAL DIAGRAM

As introduced in Chapter 2, Budal diagram is a useful tool to estimate the theoretical ab-
sorbed power of the WEC. According to Budal diagram, there are two upper absorbed power
bounds in regular wave conditions, namely P A and PB . P A bound is related to the maximum
amount of power that could be extracted from incoming waves, while PB reflects the bound
of power that could be absorbed by the realistically sized WEC [20], [22]. P A corresponds to
the maximum absorbed power at the high wave frequency limit and is expressed as

P A = Jr e /k = ρg 3H 2T 3

128π3 (3.36)
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Another power bound PB corresponds to the maximum absorbed power at the low wave
frequency limit and is expressed as

PB = πρg HV

4T
(3.37)

where V is the volume of the buoy.
The size of WECs should match the wave resource to enable viability. Therefore, com-

bined with the information of wave resources, Budal diagram could be used to select the
suitable size of the WEC [20], [22]. However, for calculating V in (3.37), the designed work-
ing condition (H and T ) should be explicit. In Reference [22], the WEC is assumed to be
commercially viable if the amount of working time at full capacity exceeds one third of the
annual time. Thus, the size of the WEC should match “one third wave power threshold”
of the wave resource. Based on the power threshold, the wave height HD and wave period
TD in the designed wave condition can be calculated. The detailed procedures using Bu-
dal diagram in sizing have been described in Chapter 2. With the defined designed wave
condition, V can be easily calculated by equating (3.36) and (3.37) as the most suitable size
of the WEC. However, it should be realized that, in this method, the calculation of volume
V depends on the assumption of viable conditions, such as working at full capacity over
one third of the annual time” [22]. In this case, the size selection of the WEC is shown in
Table 3.2.

Table 3.2: Size selection based on Budal diagram.

Sea Site Wave Power Density TD HD Buoy Volume PTO Force Limit
Threshold Reactive Passive

Yeu Island 30.4 kW/m 7.8 s 2.00 m 224 m3 985 kN 216 kN
BIMEP 14.6 kW/m 8.4 s 1.33 m 206 m3 946 kN 145 kN

DK2 8.2 kW/m 5.4 s 1.24 m 33 m3 142 kN 36 kN

THE SIZE OPTIMIZATION WITHOUT PTO DOWNSIZING

As has been reviewed, the majority of existing literature regarding size optimization of WECs
focused only on buoy sizing without considering PTO sizing. In those studies, the buoy size
was optimized for the chosen sea sites, but the PTO size was simply scaled with the buoy
scale factor λ [17], [18]. This kind of buoy size optimization is conducted based on Froude
scaling. With the aim to compare different size optimization methods, the size optimization
without PTO sizing is conducted as a reference in this work. The original buoy diameter is
still defined as 5 m, the original PTO size is selected to sustain the maximum required force
for the considered sea site, namely without PTO downsizing. Then, PTO force limits of the
WEC in other buoy scale factors λ are scaled following Froude scaling, as (3.38).

Fmc = Fmoλ
3 (3.38)

The power performance and the cost of the WEC at each buoy size are calculated by FD
modeling and economic modeling, respectively. Therefore, the LCOE of the WEC at each
buoy scale factor λ can be obtained. The optimization results are shown in Figure 3.18.
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Figure 3.18: The size optimization of the WEC without PTO sizing.

COMPARISON OF SIZE OPTIMIZATION METHODS

As is explained above, there are several methods available to conduct size optimization
for improving the techno-economic performance of the WEC. A comparison among these
methods is performed and the results are shown in Figure 3.19. Firstly, from Figure 3.19a,b,
it can be observed that Budal diagram is not capable of determining the suitable sizes of the
WEC. The deviation of the selected size between Budal diagram and the proposed method
differs with wave resources, and this deviation tends to be random. For instance, the se-
lected buoy scale factor λ for BIMEP is three times as much as that estimated by this pro-
posed method, while the difference of selected sizes for DK2 is relatively small. However,
as a theoretical and efficient approach, Budal diagram can be used to narrow the scope of
size selection for potential sea sites. Secondly, compared with Budal diagram, size opti-
mization without PTO downsizing shows a better ability to estimate the suitable buoy size
of the WEC. Generally, without PTO sizing, the buoy size optimization can still acquire the
suitable buoy size. This phenomenon also verifies the finding in Section 3.4.2. Thirdly, it can
be seen from Figure 3.19c,d that the LCOE of the WEC optimized by this proposed method
is clearly lower than those by the other two methods, no matter which control strategy is
adopted. Hence, it can be concluded that this proposed method is able to result in a further
improvement on the techno-economic performance of the WEC.

3.5. DISCUSSION

From an economic perspective and for the sake of simplicity, this study is limited to the
analysis of a single device using general values of OPEX costs derived from existing liter-
ature. It should be acknowledged that one of the important factors affecting the LCOE is
related to the system survivability and safety of WECs. Therefore, the techno-economic
performance in practice is strongly related to the recurrence of extreme conditions, such as
the roughest sea state for 50 or 100 years in the deployment site. In this way, the total LCOE
could be significantly higher than the optimized value based on the current study, which
could mitigate the effects of sizing on the techno-economic performance. However, a bet-
ter understanding of the collective influence of buoy and PTO sizing of WECs can clearly
contribute to a more suitable WEC design. In addition, sizing of a single WEC could make
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(a) Buoy size determination, passive control (b) Buoy size determination, reactive control

(c) Lowest LCOE, passive control (d) Lowest LCOE, reactive control

Figure 3.19: Comparison among different size optimization methods.

a difference in the total number of units selected for a wave farm or array, where the oper-
ation and maintenance costs are directly influenced by the number of WECs. For instance,
a wave farm with a large number of small individual WECs is expected to result in an in-
creased number of operation and maintenance activities, leading to higher operation and
maintenance costs. On the other hand, larger WECs can reduce the number of units in the
wave farm, but their requirements for service operation vessels could be higher [17]. Thus,
as stated in Reference [114], estimating an accurate value for OPEX is a difficult task since
there is not enough available information in practical projects.

In this thesis, two types of PTO control strategies are taken into account, namely the
passive control and reactive control. However, they are not implemented in a real-time
scale when calculating the power absorption. Instead. the PTO parameters are tuned to
constant values for each sea state. It is realized that applying real-time control strategies al-
lows instantaneous tuning of PTO parameters, and it could improve the power absorption
of WECs particularly in irregular wave conditions. In this sense, the techno-economic per-
formance of WECs can be better reflected. In recent years, real-time control strategies have
been extensively studied and tested for the use in WECs. In [115], [116], the real-time pas-
sive control strategy was implemented for point absorbers, in which the PTO damping was
adapted instantaneously to the frequency of the excitation force of the incoming waves.
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In the studies, the velocity and displacement constraints were taken into account in the
control methods. The reference indicated that the real-time passive control could increase
the power absorption by 21 % compared to conventional tuning method with a constant
PTO damping [116]. Even though the passive control strategies are only sub-optimal with
respect to the reactive control strategies in principle, the passive control strategies were
characterized by simpler implementation, lower peak-to-average power ratios, and avoid-
ance of the negative power flow. The reactive control strategies make it possible for WECs
to achieve both the optimal phase and amplitude of the velocity [106]. The application of
real-time reactive control strategies to WECs has also been investigated [117]–[120]. Both
the PTO damping and the PTO stiffness are tuned in the reactive control, from which even
higher power absorption can be expected as compared with the passive control strategies.
However, the use of the reactive control strategies is associated with drawbacks including:

• complex PTO mechanisms due to additional actuators or electronic components;

• negative power flow which reduces the power conversion efficiency;

• larger rated PTO systems, which could lead to higher cost;

• higher computational loads to obtain the optimal solutions for controllers in irregular
wave conditions.

As an alternative, the latching control strategy can also be used to match the phase of the
WEC with the incoming waves but without resulting in negative power flow. Real-time
latching control strategies applied in irregular wave conditions have been investigated in
[121]–[124]. These studies implied that the maximum capture width of WECs can be in-
creased by 70 % in particular cases through applying the latching control strategies. But a
major issue resulting from the latching control is the remarkable increase of the structural
fatigue on the WEC [23], [124]. In addition, a general challenge in the real-time control of
WECs is the prediction of the incoming wave forces, which significantly affects the control
performance. As discussed above, real-time control strategies can be expected to improve
the power production of WECs, but it still faces challenges towards a reliable, maintenance-
friendly and cost-effective solution in practical application [23]. Thus, the performance of
WECs with the constant PTO parameters tuned for each sea site can be thought as a simple
but realistic reflection of current development level of wave energy technologies.

3.6. SUMMARY AND CONCLUSIONS
In this chapter, a size optimization method of the WEC is proposed for improving the techno-
economic performance and applied to a spherical heaving point absorber. Both buoy siz-
ing and PTO sizing are taken into account. Based on the proposed method, A case study
is carried out for three typical sea sites. Both buoy sizing and PTO sizing are able to affect
the techno-economic performance of the WEC. To improve the techno-economic perfor-
mance, it is highly suggested to perform the buoy size optimization and PTO size optimiza-
tion collectively. A comparison between the proposed method and other size optimization
methods is performed. The following conclusions are drawn:

• The optimal buoy size differs with wave resources, but it is not necessarily propor-
tional to the mean wave power density. In this case, the optimal buoy scale factor λ
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ranges from 0.5 to 0.8. Furthermore, in most sea sites, the optimal PTO sizing ratios in
the WEC with reactive control are slightly higher than those with passive control. The
optimal PTO sizing ratios converge at around 0.4 to 0.5 for different sea sites. More-
over, the higher mean wave power density and reactive control can clearly contribute
to the reduction of the LCOE.

• Downsizing the PTO size would penalize the AEP, but it is beneficial for reducing the
LCOE. In this case, the LCOE can be reduced by 24% to 31% through downsizing the
PTO sizing ratio from 1 to around 0.4 to 0.5.

• The corresponding optimal buoy size tends to slightly decrease with the PTO sizing
ratio, but the influence of PTO sizing on the buoy size determination is limited.

• The sizing method based on Budal diagram relies on the definition of the designed
wave condition, and it could result in an obvious deviation in the determination of the
buoy size. The size optimization without PTO sizing can provide a relatively accurate
prediction of the buoy size. Compared with these two methods, a further reduction
in the LCOE can be achieved by including PTO sizing.

This chapter suggested the significance of PTO sizing, but there are two major limita-
tions in addressing the effects of the PTO size. Firstly, nonlinear effects are neglected be-
cause of the application of FD modeling. Particularly, PTO sizing is highly associated with
the PTO force limits, which can be characterized as the effect of PTO force saturation and
is influential to the power absorption. Secondly, the PTO efficiency was considered to be
constant regardless of the variation of the PTO size. In the following two chapters these
two issues will be discussed and addressed in sequence, for a further improvement of the
collective sizing method.





4
A SPECTRAL DOMAIN MODEL FOR

PTO SIZING

In Chapter 3, the importance of PTO sizing was identified in reducing the LCOE of WECs, in
which the power production of differently sized WECs was predicted by FD modeling. But
FD modeling is not able to cover the relevant nonlinear effects, which limits the accuracy of
the sizing method. As an extension, this chapter is intended to develop a computationally-
efficient SD model incorporating a nonlinear component highly related to PTO sizing, namely
the PTO force saturation. Compared with the FD model, the SD model remarkably reduces
the relative errors in predicting the power performance of WECs with force constraints, while
the computational demand is much lower than the nonlinear TD model. Furthermore, a case
study is conducted in this chapter to size the PTO capacity for reducing the LCOE in a chosen
wave site. The three different models are applied respectively, and a comparison is made with
respect to their accuracy and efficiency in PTO sizing.

Parts of the chapter have been published in: Tan J, Polinder H, Laguna A J, et al. The application of the spectral
domain modeling to the power take-off sizing of heaving wave energy converters[J]. Applied Ocean Research, 2022,
122: 103110. [93].
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4.1. INTRODUCTION

T HE PTO size implicitly indicates the maximum force it could sustain during normal
operation. Therefore, it has to be considered as a physical constraint in the numeri-

cal modeling when calculating the power performance of WECs with differently sized PTO
systems. In mild wave states with sufficiently large PTO sizes, the violation of the force con-
straint is limited, and the dynamic response of the WEC can be thought linear. For linear
systems, the conventional FD modeling is considered to be a suitable numerical tool. When
the force constraint comes to play, the force saturation becomes relevant and the system
then is nonlinear. In this case, the TD modeling is required to include nonlinear behavior.
However, the TD modeling is much more computationally time-demanding than the FD
models. In this sense, the TD modeling is not an appealing solution since the PTO size op-
timization requires a large number of iterations through different wave states. To deal with
the force constraint and save the computational efforts simultaneously, some assumptions
were made in previous studies. For instance, a PTO sizing method based on the FD model-
ing was presented in [94], in which the irregular wave states were transferred to harmonic
waves by equating the wave power transport. Then, the PTO parameters were tuned to
make the PTO force amplitude in the corresponding harmonic waves lower than the de-
fined constraint. In [125], a hydrodynamic optimization of a point absorber was conducted
subjected to different physical constraints based on the FD modeling. The constraints were
handled based on probabilistic analysis. The probability of exceeding the constraints was
calculated by assuming that the responses obey a Rayleigh distribution. In the formulation
of the Rayleigh distribution, the probability can be related to the standard deviation of the
considered response. Therefore, given a defined tolerance on the exceedance probability,
the PTO parameters were optimized to maximize the extracted power within the allowed
range of the standard deviation of the response. Although these two methods ease the FD
modeling’s problem of lacking the consideration of the force constraint, they are still in-
sufficient to model the contribution of the constraints to the power absorption. As an al-
ternative, the SD modeling can be used to take nonlinear components into account, while
its computational demands are significantly less than the TD modeling. The SD modeling
could be regarded as an extension of the FD modeling, and the nonlinear terms are incor-
porated by statistical linearization. Therefore, the SD modeling is not able to predict the
transient response, such as the peak displacement and extreme loads. However, it could ef-
fectively provide the estimates of statistical parameters, such as the mean absorbed power,
which makes it highly suitable for the early-stage conceptual design and performance eval-
uation of WECs.

Although statistical linearization has been widely used in dynamic engineering for long
time, the SD modeling was only introduced into the field of wave energy in 2010 [27]. In the
work, a SD model considering the quadratic damping and wave force decoupling was de-
rived for a flap-type WEC. Afterwards, follow-up studies were conducted to develop the SD
modeling for taking more types of nonlinear components into account. In [126], a SD model
including nonlinear damping terms for oscillating water column WECs was developed and
validated by physical wave tank tests. In [127], a SD model of nonlinear hydrostatic stiffness
was established for a semi-sphere point absorber. Recently, in [128]–[131], the SD modeling
was further developed to incorporate the linearized representations of the end stop force,
mooring force, viscous drag force, Coulomb damping and partial overlap effect between the
stator and translator of the direct-drive PTO.
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To the author’s knowledge, a SD model considering the PTO force saturation has not
been reported yet, but it is expected to serve as an powerful tool in PTO sizing. In addition,
most of previous literature regarding the SD modeling mainly focused on model develop-
ment or validation, and there is limited practical application of the SD modeling reported
in the field of wave energy. Hence, the objective of this chapter is to develop a SD model of
the PTO force saturation and demonstrate its relevance to the application of PTO sizing.

In this chapter, the representation of the PTO force saturation is derived for the SD mod-
eling by statistical linearization. Next, for comparison, a FD model and nonlinear TD model
are established. The proposed SD model is verified by the nonlinear TD modeling along
various PTO force limits and wave states. Furthermore, the estimates of the power capture
from three models are compared, in which the relative errors and computational efficien-
cies are presented. Moreover, the proposed SD model is applied to a case study of reducing
the LCOE by optimizing the PTO size. A realistic wave site and preliminary economic model
are considered. The impact of the numerical modeling on the tuning of PTO damping coef-
ficients is analyzed. The reliability of the SD model on the prediction of the AEP, LCOE and
optimal PTO size is demonstrated.

4.2. NUMERICAL MODELING
This section first presents the formulations of the FD modeling, TD modeling and SD mod-
eling respectively. Then, the representations of the PTO force saturation are derived for
these models. Finally, the three models are applied to a case study relevant to PTO sizing, in
which the accuracy and efficiency of the SD modeling are identified.

4.2.1. FREQUENCY DOMAIN MODELING
FD modeling has been introduced in Chapter 3, the equations are briefly presented here for
a clearer comparison with the TD and SD modeling. In FD, the motion of the WEC could be
described as

F̂e (ω) = [Rr (ω)+Rpto]û + iωû[M +Mr (ω)]+ iû(−Khs

ω
) (4.1)

Then, by solving (4.1), the complex amplitude of velocity û could be obtained as

û(ω) = F̂e (ω)

Rr (ω)+Rpto + iω[M +Mr (ω)]− i Khs
ω

(4.2)

In irregular waves, the mean absorbed power can be derived as

P a =
N∑

j=1

1

2
Rpto

∣∣û(ω j )
∣∣2 =

N∑
j=1

RptoSu(ω j )∆ω= Rptoσ
2
u (4.3)

where Su and σu denote the spectral density and standard deviation of the velocity of the
WEC.

4.2.2. TIME DOMAIN MODELING
The above FD modeling is built based on the assumption that the system is fully linear.
In the TD modeling, nonlinear terms can be taken into account. In the TD modeling, the
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Cummins equation [89] is applied to describe the dynamic response of the floating body by
the expression:

(M +Mr (∞))a(t ) = Fe (t )+Fpto(t )+Fhs (t )+
∫ t

0
Kr ad (t −τ)u(t )dτ (4.4)

where Mr (∞) is the added mass evaluated at the infinite frequency and Kr ad is the radia-
tion impulse function, and they can be calculated based on the results of Rr (ω) and Mr (ω)
[89], [132]. The representation of wave excitation force Fe is expressed according to the
predefined incident wave spectrum and random phase assumption, as

Fe (t ) =
N∑

j=1
fe (ω j )ζa(ω j )cos(ω j t +ϕ(ω j )+β(ω j )) (4.5)

where fe represents the excitation force coefficient which is the excitation force normalized
to the wave amplitude of the harmonic wave component, ζa is wave amplitude of each fre-
quency component, and β(ω j ) is the phase angle of the excitation force to the correspond-
ing wave component.

0 0.5 T T

Time

- Fm

0

Fm Force saturationForce saturation

Force saturation

Figure 4.1: An example of the time-dependent PTO force response with the saturation.

The PTO force saturation can be included, and a typical force saturation effect is de-
picted in Figure 4.1. Once the PTO force limit is set to Fm , the Fpto is expressed as

Fpto(t ) =


−Rptou(t ), f or |Rptou(t )| ≤ Fm

sign[−Rptou(t )]Fm , f or |Rptou(t )| > Fm

(4.6)

The time averaged absorbed power is calculated as

P a = 1

t0

∫ t0

t=0
−Fpto(t )u(t )d t (4.7)

The only nonlinear behavior addressed in this TD model is the PTO force saturation,
and all the other force components are considered to be linear. It is realized that the non-
linear hydrodynamic and hydrostatic forces would also be relevant to the reliability of the
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modeling when wave heights are large relative to the diameter of the WEC. However, this
paper is intended to demonstrate the relevance of PTO force saturation and therefore other
nonlinearities are omitted.

4.2.3. SPECTRAL DOMAIN MODELING
As an extension of FD modeling, SD modeling is formulated based on the assumption that
the system is linear and that the inputs and outputs are uncorrelated among different fre-
quency components. Therefore the superposition principle is valid. Furthermore, all the
dynamic responses of the system are assumed to have a Gaussian distribution. The SD
modeling introduces quasi-linear coefficients to include the considered nonlinear effects.
The derivation of the quasi-linear coefficients is based on statistical linearization, in which
the contributions resulting from the nonlinear effects of the considered frequency compo-
nents are taken into account.

The derivation of the quasi-linear coefficients in the SD modeling is briefly introduced
here, and more details can be found in [27], [28], [126]. Assuming a general differentiable
nonlinear function f (x) and its linear equivalent function fe (x) are given as

f (x) = g (x) (4.8)

fe (x) = cx +b (4.9)

where a and b are the quasi-linear coefficients, and g (x) denotes a general nonlinear func-
tion with respect to x. Then, the error of the linearization can be expressed as

ϵ= f (x)− fe (x) = g (x)− cx −b (4.10)

The average value of errors can be calculated in the statistical form of expected value, de-
noted as < · >. By definition, the expected value of a random variable is the weighted aver-
age of all its possible outcomes. In statistical theory, the weight is represented by the prob-
abilities of realizing each outcome. The expected value of the error squared is expressed
as

< ϵ2 >=< (g (x)− cx −b)2 > (4.11)

To minimize the squared error, c and b should satisfy

∂

∂c
< ϵ2 >= 0 and

∂

∂b
< ϵ2 >= 0 (4.12)

The solutions to (4.12) are derived as

c = < xg (x) >
< x2 > and b =< g (x) > (4.13)

If the nonlinear function g (x) satisfies the zero-mean Gaussian distribution, its expected
value is as zero and then only c to be solved.

According to the derivation of statistical linearization, the quasi-linear damping to rep-
resent the PTO force saturation can be calculated as

Req,pto = < uFpto(u) >
< u2 > (4.14)
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where < · > denotes the expected value of a variable.
As the upper and lower limits of the PTO force in expressed in (4.6) are symmetric with

regard to the horizontal axis, then substituting (4.6) into (4.14) gives

Req,pto = 2
∫ Fm /Rpto

0

Rptou2q(u)du

σ2
u

+2
∫ ∞

Fm /Rpto

Fmuq(u)du

σ2
u

(4.15)

where q(u) is the probability density function of Gaussian distribution, which is expressed
as

q(u) = 1

σu
p

2π
exp(− u2

2σ2
u

) (4.16)

where σu is the standard deviation of the buoy velocity. Then, (4.15) can be solved as

Req,pto = 2Rpto

σ3
u
p

2π
[

p
πσ3

uerf( u1p
2σu

)
p

2
−σ2

uu1 exp(
−u2

1

2σ2
u

)]+ 2Rptou1
p

2π

σu
exp(

−u2
1

2σ2
u

) (4.17)

where “erf" represents the error function, and u1 is the ratio between the PTO force limit
and the PTO damping coefficient, expressed as

u1 = Fm

Rpto
(4.18)

Therefore, (4.1) in the SD modeling is adjusted in order to include the quasi-linear damp-
ing coefficient Req,pto , as

F̂e (ω) = [Rr (ω)+Req,pto]û + iωû[M +Mr (ω)]+ iû(−Khs

ω
) (4.19)

However, (4.19) cannot be solved directly since the standard deviation σu in (4.17) is
unknown, and an iteration process is required. As demonstrated in [86], a relatively simple
iteration solver is normally sufficient for the SD modeling of WECs to achieve the conver-
gence. Because the nonlinear effects are not dominating in the operation of WECs and the
responses of WECs are conditioned. Detailed discussion about the application of the itera-
tive process in the SD modeling can be found in [86].

During the iteration of this work, the standard deviation of the velocity calculated by
the FD modeling is taken as the initial guess to estimate the the quasi-linear damping co-
efficient Req,pto used in the first iteration of the SD modeling. Then, the revised responses
solved by (4.19) are updated in each iteration and a new value of the standard deviation of
the velocity σ+

u can be calculated. Next, a refined approximation of σu is obtained as the
weighted sum of the previous estimate σ−

u and the renewed estimate σ+
u , as

σu = κσ+
u + (1−κ)σ−

u (4.20)

where κ is the weighting factor. The refined approximation σu is then used to formulate a
updated value of Req,pto for the next iteration. The iteration continues until the difference
between the previous and iterative value converges within a certain margin. The conver-
gences are checked for the all simulation cases implemented in this work.

After (4.19) is solved by iteration, the standard deviation of the velocity can be derived
and the mean absorbed power in the SD modeling is then calculated as

P a = Req,ptoσ
2
u (4.21)
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4.2.4. IMPLEMENTATION OF SIMULATION
The simulation set-up is presented in this subsection. This chapter is focused on the PTO
sizing, thus the variation of the buoy size is not addressed. The diameter of the float-
ing spherical buoy is fixed to be 5 m in this chapter. A JONSWAP spectrum together with
peakedness factor of 3.3 is applied to represent the irregular waves. For each wave state,
500 individual harmonic wave components with a random phase between frequency com-
ponents are considered. The angular frequencies of the wave components are uniformly
spaced from 0.05π to 4π rad/s.

In the TD modeling, directly computing the convolution integral of radiation force in
(4.2) is computationally expensive [28]. However, it can be represented using an state-space
approximation. In this paper, the FD identification method [133] is used to determine the
state-space parameters and Mr (∞) as well. The TD simulation was implemented in the
commercial Matlab environment and solved using a numerical integration scheme based
on the ODE45 solver. The initial displacement and velocity of the buoy are set to zero. The
simulation time duration and time step are set to 200 times and 0.01 times the considered
peak period Tp respectively. A ramp function is used to avoid strong transient flow at earlier
time steps, and the ramp time is chosen as 25 Tp [134]. The duration of the ramp time is not
included in the calculation of the average power absorption. To mitigate random errors, the
TD model is re-run 10 times for each case, and the mean values are calculated. In the SD
simulation, as the iterative process is required to solve the standard deviation of the buoy
velocity, a convergence criteria of 0.01 % is selected [126], [130].

4.3. VERIFICATION OF SPECTRAL DOMAIN MODELING
The TD modeling is used as the verification reference in this chapter. The SD modeling is es-
tablished based on Gaussian assumption, but the addition of nonlinear force components
makes the assumption less valid. Hence, it is necessary to have an insight into the validity
of the assumption when the considered nonlinear components take effect. Figure 4.2 and
4.3 show the normalized probability density of the buoy velocity calculated by the nonlinear
TD modeling for different wave heights and PTO force limits. Furthermore, in these figures,
the probability density of the Gaussian distribution with the standard deviation calculated
by the TD modeling accordingly is also shown as the reference. In general, the responses of
the WEC remain Gaussian to a suitable extent. However, the Gaussian assumption tends to
be relatively less valid when the wave height turns higher or the PTO force limits become
stricter, which implies a reduction of the reliability of the SD modeling. For instance, in
Figure 4.3, the difference of the probability density for the PTO force limit of 30 kN is larger
than those for the PTO force limit of 50 kN and 100 kN. This happens since the highly con-
strained force limit makes the PTO force frequently saturated, in which the nonlinearity is
highly intensified. This results in a decrease of the validity of the Gaussian assumption,
even though the quantitative difference is hardly noticeable at the low PTO force limit of 30
kN. Nevertheless, the SD modeling is commonly applied for the performance evaluation or
early-stage design of WECs, where the contribution of the highly powerful wave states and
strong force saturation is limited. Therefore, the use of Gaussian assumption is thought to
be reasonable.

To verify the SD modeling, its calculated power spectral density, standard deviation of
the responses are compared with those obtained by the nonlinear TD modeling. For the
results of the TD modeling, Fourier analysis is used to obtain the response components
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Figure 4.2: The probability density of velocity of the WEC for different wave heights, Tp = 12.87 s, Fm = 50 kN and
Rpto = 100 kNs/m.
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Figure 4.3: The probability density of velocity of the WEC for different PTO force limits, Tp = 12.87 s, Hs = 1.5 m
and Rpto = 100 kNs/m.

in different frequencies. Figure 4.4 shows the power spectral density of the buoy velocity
obtained by three different models. The shaded area in Figure 4.4 represents the standard
deviation of TD results by running the model multiple times. It can be seen that the SD
modeling has a good agreement with the TD modeling, and its accuracy is clearly better
than the FD modeling. Figure 4.5 and 4.6 show the standard deviations of the buoy velocity
calculated by the TD and SD modeling, and different wave states and PTO force constraints
are considered. In Figure 4.5 and 4.6, the standard deviations predicted by the SD and TD
modeling tend to converge as the PTO force limit keeps increasing to the point when the
system can be considered linear. Furthermore, it can be found that changes in the standard
deviations predicted by the SD modeling are more notbale from those calculated by the TD
modeling with the increase of Hs and the decrease of the PTO force limit. In Figure 4.5, the
maximum difference is 2.4 % occurring at Tp of 7.28 s and Hs of 5 m, and it is 3.2 % at the
PTO force limit of 20 kN and Hs of 3.5 m in Figure 4.6. In mild wave states and PTO force
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constraints, the difference is even more limited. Therefore, the proposed SD modeling is
thought to be reliable for the use in the PTO sizing.
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Figure 4.4: The power spectral density of velocity of the WEC (Hs = 2 m,Tp = 7.28 s), Fm = 20 kN and
Rpto = 400 kNs/m. The shaded area is used to represent the standard deviation of the TD domain results.
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Figure 4.5: The standard deviation of velocity of the WEC at different wave states, Fm = 50 kN and
Rpto = 100 kNs/m.

4.4. COMPARISON OF THREE MODELS ON THE PREDICTION OF

THE POWER ABSORPTION
In this section, the accuracy and computational efficiency of three models are compared.
Figure 4.7 and 4.8 depict the capture width ratio (CWR) predicted by the three models and
the average relative errors of the FD and SD modeling with respect to the TD modeling. Dif-
ferent wave heights and PTO force constraints are taken into account. In Figure 4.7b and
4.8b, the resulting errors are averaged over the three considered wave periods. The CWR is
defined as the absorbed power divided by the wave power per unit length of wavefront and
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Figure 4.6: The standard deviation of velocity of the WEC for different PTO force limits, Tp = 10.24 s and
Rpto = 100 kNs/m.

characteristic length of the WEC. It can be seen from Figure 4.7 and 4.8 that the FD model-
ing has an acceptable reliability at low wave heights or large PTO force limits even though
the force constraint effect is not included at all. This is because the PTO force constraint
is not significant in these cases. When the force limit turns tighter or the wave height be-
comes higher, the force saturation occurs more often, and then the FD modeling can hardly
give a reliable prediction. For instance, when Hs is 5 m and Tp is 7.28 s in Figure 4.7a, the
CWR predicted by the TD modeling is approximately only half of that given by the FD mod-
eling. In Figure 4.7b and 4.8b, the average relative error of the FD modeling even reaches
100 % and 200 % when the Hs is 5 m and the PTO force limit is 20 kN respectively. As for
the SD modeling, it presents comparable results with the TD modeling throughout all the
considered conditions. At relatively low wave heights and large force limits, the prediction
difference on CWR between the SD and TD modeling is negligible. It can be noted that the
accuracy of the SD modeling tends to decrease with the wave height and the strictness of
the PTO force limit where the nonlinearity is stronger. However, the relative errors of the SD
modeling are dramatically lower than those of the FD modeling, and the maxima is around
20 % which only occurs at the extreme PTO force limit of 20 kN. This is an obvious improve-
ment on the accuracy compared with the FD modeling. Furthermore, it can noticed that
the CWR shown in these two figures are relatively lower than the reported values for point
absorbers in literature [101]. This is because the PTO damping coefficient is not optimized
here for the considered operating conditions.

The relative computational time of the three models is compared in Table 4.1, and all
the simulations are run in the same machine with an Intel i7/2.80 GHz processor. The TD
modeling computational time is counted as the time of running one single simulation. It is
seen that the computational efficiency of the SD modeling remains in a similar level with
the FD modeling, and the TD modeling is dramatically more time-demanding. Therefore,
compared with the FD and TD modeling, the SD modeling could clearly improve the ac-
curacy of power prediction and still retain sufficient computational efficiency. It should
be clarified that the computational time of the TD modeling depends on the run length and
time step length of the simulation. However, the setup of these two parameters is important
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to the accuracy of the modeling. One comparable example is given in [134] where the run
length was set to 125 Tp with a time step of 0.01 Tp in the TD modeling for calculating the
motion response and power production while the run length in this paper is set to 200 Tp .
Nevertheless, the computational time of the TD modeling is several orders of magnitude
higher than the SD modeling.
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(a) Capture width ratio predicted by different models
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Tp = 12.87 s)

Figure 4.7: Comparison of capture width ratio predicted by three models along different wave heights, Fm = 50 kN
and Rpto = 100 kNs/m.

Table 4.1: Comparison of the computational time in the simulation case with Hs = 1.5 m,Tp = 10.24 s and
Fm = 50 kN.

Numerical modeling FD SD TD (single-run)
Computational time (s) 1.88 ·10−3 3.22 ·10−3 6.71
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Figure 4.8: Comparison of capture width ratio predicted by three models along different PTO force limits,
Fm = 50 kN, Hs = 3.5 m and Rpto = 100 kNs/m.

4.5. CASE STUDY: DETERMINING THE OPTIMAL PTO SIZE FOR

YEU ISLAND

In this section, three models are implemented to do the PTO sizing for Yeu island. It is
intended to demonstrate the performance of the SD modeling in a practical application.
The impacts of the numerical modeling on tuning of the PTO damping coefficients, techno-
economic performance and determination of the PTO size are identified.

4.5.1. INCORPORATION OF VISCOUS DRAG FORCE

In the AEP calculation, the viscous drag force is taken into account in the SD and TD mod-
eling for better accuracy of the techno-economic assessment. In the TD simulation, the
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viscous drag force can be represented by a quadratic damping term [130] as

Fvi s =−1

2
ρCD AD |u|u (4.22)

where ρ is the water density, CD is the drag coefficient and AD is the characteristic area of
the buoy perpendicular to the moving direction. The drag coefficient is selected as 0.6 to
minimize the error of the power estimate based on the investigation reported in [135], in
which the research reference is also a sphere.

For the SD modeling, the linearized viscous damping has been derived in [27], [126],
[130], and it is expressed as

Req,vi = 1

2
ρCD ADσu

√
8

π
(4.23)

Then (4.19) can be updated as

F̂e (ω) = [Rr (ω)+Req,pto +Req,vi ]û + iωû[M +Mr (ω)]+ iû(−Khs

ω
) (4.24)

After including the viscous drag force into the SD and TD modeling, other set-ups and the
solution process remain identical as demonstrated in Section 4.2. The CWR calculated by
the models with and without considering the viscous drag forces are compared in Figure
4.9. It is clearly reflected in the SD and TD modeling that the incorporation of the viscous
drag force decreases the power absorption. In addition, the SD modeling still presents fairly
close results to the TD modeling even though two nonlinear effects, namely the PTO force
saturation and nonlinear viscous drag force, are taken into account at the same time. It
also indicates that more nonlinear effects can be effectively considered in the SD modeling
to further improve the accuracy. However, this is out of the scope of this work which is in-
tended to focus on the effect of the PTO force saturation. The derivation of other commonly
concerned nonlinear effects in the SD modeling can be found in [27], [127], [130].
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Figure 4.9: Comparison of capture width ratio predicted by different models, Fm = 30 kN, Rpto = 70 kNs/m and
Tp = 5.15 s. In the legend, ’saturation’ represents the models including PTO force saturation as the only

nonlinearity, and ’saturation + vis’ represents the models with both nonlinear effects of the PTO namely force
saturation and viscous drag force.
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4.5.2. THE TUNING OF PTO PARAMETERS
The PTO damping coefficients are significant to the power absorption of WECs. To provide
an insight into the dependence of the optimization of the PTO damping coefficients on the
numerical modeling, a comparison is made among the models. In addition to maximizing
the power capture, the probability of occurrence of the PTO force saturation also needs to be
considered in the determination of the PTO damping coefficients. Taking the direct-drive
generator as an example, the PTO force saturation is associated with large currents, and the
highly frequent PTO force saturation might lead to overheating conditions. Two methods
are introduced below to incorporate the probability of occurrence when tuning the PTO
parameters of WECs.

• Probabilistic method

As the WEC is subjected to random wave inputs, the probability of occurrence can be
estimated by the probabilistic analysis. If the dynamic process is assumed to be Gaus-
sian with zero mean, the amplitude of the variables can be characterized by Rayleigh
distribution [104]. Hence, the probability of PTO force saturation can be calculated
by

Q(s) = exp(
−F 2

m

2σ2
F

) (4.25)

where σF represents the standard deviation of PTO force. Then, a tolerance on the
probability should be defined, and it is tackled as a constraint in the optimization
of PTO parameters. This method has been used in [125] for the hydrodynamic opti-
mization of WECs. However, the tolerance on the probability is dependent on plenty
of factors, such as the PTO type and design, scale of the WEC, severity of the load, ma-
terial strength, maintenance frequency and so on. It is expected that the tolerance on
the probability of the PTO force saturation would differ from one project to another
in practice. Therefore, it is challenging to properly determine the tolerance due to the
lack of information from practical WEC projects.

The relation of the absorbed power and probability of the force saturation to the PTO
damping coefficient is calculated by the three models respectively, as depicted in Fig-
ure 4.10. It is noticed that the selection of the numerical model makes a notable dif-
ference to the PTO damping optimization. For instance, the PTO damping coefficient
with the highest power absorption is 75 kNs/m in the FD modeling. Comparatively,
in the SD and TD modeling, the power absorption tends to be saturated with the in-
crease of the PTO damping without reaching a certain peak point. This is because the
PTO force is highly limited by the saturation effect when the PTO damping coefficient
is large. The further increase of the PTO damping has a limited effect on the stan-
dard deviation of the PTO force or the system dynamics. Furthermore, it is observed
that the maximum power predicted by the FD modeling is higher than other models,
and this can be explained by the existence of the viscous drag force in the SD and TD
modeling. In addition, compared with the SD and TD modeling, the FD modeling
overestimates the probability of the PTO force saturation. The reason is that the PTO
force saturation does not take effect in the FD modeling, and hence the resulting PTO
forces are accordingly higher. Moreover, the difference between the probabilities cal-
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culated by the SD and TD modeling is negligible, which implies the good reliability of
the SD modeling on predicting the standard deviation of the PTO force.
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Figure 4.10: The absorbed power and probability of PTO force saturation as a function of PTO damping
coefficient, Hs = 1.5 m, Fm = 30 kN and Tp = 5.15 s.

Figure 4.11 shows the PTO damping and absorbed power optimized by the three mod-
els, and different allowable probabilities of the PTO force saturation are considered.
It can be seen that both the optimal PTO damping and absorbed power increase with
the allowable probability. In addition, the PTO damping optimized by the FD model-
ing is lower than those corresponding to the SD and TD modeling, and the difference
becomes larger with the increase of the probability. For instance, the optimal PTO
damping of the SD and TD modeling is around twice the value of the FD modeling
when the probability is 40%. The reason is that the FD modeling overestimates the
standard deviation of the PTO force as well as the probability of the exceedance, thus
its optimized PTO damping should be correspondingly lower under certain tolerance.
Comparatively, the SD and TD modeling result in similar optimal PTO damping coef-
ficients throughout all the considered allowable probabilities.

It is noticed in Figure 4.11 that the FD modeling only presents a slightly higher power
estimate than the SD and TD modeling, although its optimal PTO damping is very dif-
ferent. This observation can be explained by analyzing how the optimal PTO damping
is found during the optimization. In most of cases, the optimal absorbed power is ob-
tained when the allowable probability of the PTO force is reached. Then, the standard
deviations of the PTO force at the optimal conditions are identical for the SD and FD
modeling, and the standard deviations of the PTO force are expressed as

σF = Rptoσu , for FD modeling (4.26)

σF = Req,ptoσu , for SD modeling (4.27)

As the PTO force is significantly more dominating than the viscous drag force in the
SD modeling, the equivalent PTO damping Req,pto in (4.27) is close to Rpto in (4.26)
after the PTO damping optimization. In this way, the dynamics estimated by the two
models tend to be similar. Then, the absorbed power of the SD and FD modeling are
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Figure 4.11: The optimized PTO damping coefficients and absorbed power as a function of the allowable
probability of the PTO force saturation, Hs = 1.5 m, Fm = 30 kN and Tp = 5.15 s.
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Figure 4.12: The PTO damping coefficients optimized by the FD and SD modeling, the corresponding equivalent
PTO and viscous damping in the SD modeling as a function of the allowable probability of the PTO force

saturation, Hs = 1.5 m, Fm = 30 kN and Tp = 5.15 s.

also comparable, and the slight difference results from the viscous drag force. This
explanation can be verified by Figure 4.12, which depicts the Req,pto for the SD mod-
eling and Rpto for the FD modeling after the PTO damping optimization. It is seen
that the equivalent viscous damping is highly limited in this case. Furthermore, the
equivalent PTO damping Req,pto is very similar with the PTO damping Rpto optimized
by the FD modeling, even though the value of the optimized PTO damping by the SD
modeling is much larger. This explains why the values of the optimal absorbed power
of the three models are close after the PTO damping optimization. However, it should
be noted that this observation is limited to this particular case. When other nonlinear
effects are considered or the viscous damping is more influential, the difference in
dynamics estimated by the SD and FD modeling could become higher with the op-
timized PTO damping coefficients. As a result, the values of the optimal absorbed
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power from the FD and SD modeling are also expected to have higher variations.
However, further investigation is out of the scope of the present paper.

• Transferred method

A simplified method can also be used to determine the PTO coefficients without defin-
ing the tolerance and calculating the exceedance, and this method has been used
in [94], [98]. Specifically, in this method, the irregular wave states are transferred
to corresponding regular wave states by equating their time-averaged power trans-
port per unit length of wave front. Then, the PTO parameters are selected to suit
the transferred regular wave states, namely energy period Te and Hs /

p
2. As the PTO

force amplitude and time average power can be explicitly derived for the regular wave
states, the optimal PTO damping coefficient can be obtained to maximize the ab-
sorbed power and guarantee the PTO force amplitude to be lower than the PTO force
constraint. For convenience, it is called the transferred method in the following text.
It is realized that this tuning method is only an approximation. Therefore, in irregular
wave states, the maximization of the power absorption cannot be guaranteed and the
violation probability of the force constraint is not necessarily within a certain toler-
ance either.
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Figure 4.13: The optimal PTO damping coefficients with different probabilities of force saturation obtained by the
FD and SD modeling normalized to those obtained by the transferred method, Hs = 3.5 m, Fm = 50 kN.

In Figure 4.13, the optimal values of PTO damping obtained by the probabilistic method
are normalized to those obtained by the transferred method. For comparison, the SD
and FD modeling are applied in the probabilistic method respectively. Different wave
periods and tolerances on the probability of the force saturation are considered. It is
seen from Figure 4.13 that the tolerance has a remarkable impact on the PTO damping
determination, and easing the tolerance increases the selected optimal damping co-
efficients. In this case, the transferred method implies a tolerance on the probability
of approximately 20 %, if the results of the SD modeling are taken as the reference. In
addition, the PTO damping optimization is highly dependent on the numerical mod-
eling, and the difference between the optimal damping coefficients selected by the
FD and SD modeling increases proportionally to the tolerance. In particular cases,
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the difference reaches up to 100 %.

4.5.3. THE TECHNO-ECONOMIC ANALYSIS
To search for the optimal PTO size, the techno-economic performance of the WEC is calcu-
lated for different PTO force limits. The step length of the PTO force limit is selected to be
10 kN. In the AEP calculation of the techno-economic analysis, both of the above methods
are used to tune the PTO parameters for comparison. The PTO parameters are updated for
each sea state.

LCOE USING THE PROBABILISTIC METHOD

In this method, the PTO parameters are optimized by each model independently, and hence
the effect of the numerical modeling on tuning the PTO is reflected in the AEP and LCOE
calculation. The allowable probability of the PTO force saturation acts as a constraint dur-
ing optimization, and it is defined as 20 % here for a preliminary assessment. Regarding the
PTO damping optimization by the SD and FD modeling, the "interior point" algorithm in
Matlab environment is used, and the tolerance of the function is set as 1e-5. The bound of
the PTO damping is set as [0,20Rr (ωp )] for each sea state, in whichωp is the peak frequency
of the irregular wave state.

Table 4.2: The comparison of AEP (MWh) predicted by three models and the relative errors of the FD and SD
modeling to the TD modeling, and PTO parameters are tuned based on the probabilistic method.

PTO force TD FD SD Errors Errors
limit Fm (kN) (standard deviation) of FD of SD

20 27.29 (0.19) 28.31 27.63 3.7 % 1.2 %
30 38.78 (0.14) 40.08 39.22 3.4 % 1.2 %
40 48.80 (0.27) 50.50 49.50 3.5 % 1.4 %
50 57.26 (0.18) 59.68 58.54 4.2 % 2.2 %
60 64.86 (0.33) 67.78 66.52 4.5 % 2.6 %
70 71.69 (0.45) 74.86 73.47 4.4 % 2.5 %
80 77.53 (0.44) 80.99 79.50 4.5 % 2.5 %
90 81.87 (0.51) 86.26 84.66 5.4 % 3.4 %

100 86.25 (0.51) 90.71 89.02 5.2 % 3.2 %
110 89.67 (0.66) 94.36 92.59 5.2 % 3.3 %
120 92.22 (0.71) 97.30 95.45 5.5 % 3.5 %
130 95.15 (0.70) 99.60 97.70 4.7 % 2.7 %
140 97.07 (0.69) 101.38 99.44 4.4 % 2.4 %

As for the optimization using the TD modeling, an exhaustive searching process is used
for a range around the optimal PTO damping optimized by the SD modeling Ropt ,sd , namely
[0.9Ropt ,sd ,1.1Ropt ,sd ], and the searching step is selected to be 0.01Ropt ,sd . The selected
searching range is thought to be fair, since the deviation between the PTO damping opti-
mized by the SD modeling and by the TD modeling is observed to be limited, as shown in
Figure 4.11. This is intended to save the optimization time given the low computational
efficiency of the TD modeling.

Table 4.2 and Figure 4.14 present the AEP and LCOE of the WEC with different PTO force
limits respectively. It can be seen that the relative errors of the SD modeling to the TD mod-
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Figure 4.14: LCOE of the WEC predicted by three different models, and PTO parameters are tuned based on the
probabilistic method.
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Figure 4.15: The weighted mean values of the PTO damping optimized by the FD and SD modeling normalized to
those obtained by the TD modeling.

eling are less than those of the FD modeling. Regarding the AEP prediction, the maximum
error of the SD modeling is 3.5 % while it is 5.5 % for the FD modeling. However, the three
models generally indicate similar results, and they also lead to the same optimal PTO siz-
ing in this case. This can be expected, because the difference of the absorbed power of the
three models is limited when using the probabilistic method to tune the PTO parameters.
The detailed explanation can be found in subsection 4.5.2. However, this conclusion could
not be simply extended to other scenarios, particularly when other nonlinear effects are
more influential than the PTO force saturation.

To provide an insight into the difference among the three models on the determination
of the PTO parameters, the weighted mean values of the optimal PTO damping coefficients
are calculated. In the calculation, the value of hours of the occurrence of each sea state
is considered as the weight. Figure 4.15 shows the weighted mean of the optimized PTO
damping coefficients estimated by the FD and SD modeling normalized to that estimated
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by the TD modeling. It is noticed that the SD modeling has a good reliability on tuning PTO
parameters, and the discrepancies are limited to 2 %. In contrast, the optimal PTO damping
estimated by the FD modeling is much lower, with an error of more than 12 % relative to the
TD modeling when the PTO force limit ranges from 20 to 30 kN. This implies that the FD
modeling is insufficient to identify the optimal PTO parameters.

LCOE USING THE TRANSFERRED METHOD

In the transferred method, the PTO damping coefficients applied in the three models are
kept identical, and they are updated to each sea state. In the sense, the relative errors on the
AEP and LCOE estimates of the FD and SD modeling only result from the modeling itself.

The AEP of the WEC predicted by different models is shown in Table 4.3. It can be seen
that both the FD modeling and SD modeling result in an overestimation of the AEP com-
pared with the TD modeling. However, the predication deviation between the FD modeling
and TD modeling is significant, and the relative error increases as the PTO force limit turns
stricter. When the PTO force limit is 20 kN, the deviation is over 24 %. In this sense, the
reliability of the FD modeling in tackling cases where the PTO force saturation is relevant
is clearly insufficient. In contrast, the SD modeling presents a much better accuracy on the
prediction of the AEP, the relative errors are observed to be no more than 4.3 %, ranging
from 2.0 % to 4.3 %, along all the considered cases.

Table 4.3: The comparison of AEP (MWh) predicted by three models and the relative errors of the FD and SD
modeling to the TD modeling, and PTO parameters are tuned based on the transferred method.

PTO force TD (σ) FD SD Errors Errors
limit Fm (kN) of FD of SD

20 29.35 (0.11) 36.50 29.95 24.4 % 2.0 %
30 41.01 (0.21) 49.93 42.06 21.8 % 2.6 %
40 50.99 (0.22) 61.20 52.60 20.0 % 3.2 %
50 59.87 (0.19) 70.70 61.80 18.1 % 3.2 %
60 67.29 (0.38) 78.65 69.80 16.9 % 3.8 %
70 73.56 (0.42) 85.27 76.70 16.0 % 4.3 %
80 79.66 (0.29) 90.69 82.62 13.9 % 3.7 %
90 84.39 (0.46) 94.99 87.60 12.6 % 3.8 %

100 88.33 (0.52) 98.29 91.66 11.3 % 3.8 %
110 91.45 (0.61) 100.74 94.88 10.2 % 3.8 %
120 93.85 (0.67) 102.50 97.39 9.2 % 3.8 %
130 95.76 (0.63) 103.73 99.30 8.3 % 3.7 %
140 97.36 (0.79) 104.55 100.68 7.4 % 3.4 %

Figure 4.16 shows the LCOE predicted by these three models. The FD modeling shows
an over-optimistic result, and its corresponding lowest LCOE is around 0.362 Euros/kWh
which is 11.3 % lower than that predicted by the TD modeling, namely 0.408 Euros/kWh.
The SD modeling presents a close result with that obtained by the TD modeling, and its
resulted lowest LCOE is 0.394 Euros/kWh, with a deviation of 3.4 % from the TD modeling.
In addition, it is seen that the FD modeling indicates a slightly lower optimal PTO size than
the SD modeling and TD modeling do. The FD modeling corresponds to the optimal PTO
size of 80 kN while the SD modeling and TD modeling are associated with 90 kN. In this case,
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Figure 4.16: LCOE of the WEC predicted by three different models, and PTO parameters are tuned based on the
transferred method.

considering the step length of the PTO force limit, the difference between the FD modeling
and TD modeling on the PTO size determination is not significant. However, the PTO sizing
differs with the wave resource and types of WECs, and the insufficient accuracy of the FD
modeling might lead to an unacceptable poor estimate of the optimal PTO size in other
scenarios.

Regardless of the PTO tuning method, the SD modeling always presents a good agree-
ment with the TD modeling on estimating the AEP and LCOE. At the same time, the ap-
plication of the SD modeling contributes to a huge reduction in computational time in the
techno-economic assessment. Specifically, with the explicit PTO parameters, the FD and
SD modeling consume 1.02 s and 2.11 s to complete the AEP calculation for the consid-
ered thirteen PTO force limits in this case. However, the TD modeling takes more than 1.6
hours if the simulation is run single time for each sea state, and this is approximately 3000
times the duration for the SD modeling. Regarding the optimization time in the probabilis-
tic method, it takes over 30 hours with counting the single-run time for the TD modeling to
find all the necessary optimal PTO parameters, but it is only 75 s for the SD modeling.

4.6. DISCUSSION
This chapter suggests that the PTO force saturation can be incorporated into the SD mod-
eling of WECs. As SD modeling combines the high efficiency and adequate reliability, it
could make a contribution to the WEC optimization related to the PTO sizing. However, in
this work, the PTO force saturation is only derived for the ideal PTO system behaving as a
passive component or damper. In practice, the modeling of practical PTO systems could be
more complicated depending on their designs and types, which might lead to different lin-
earization solutions. For instance, in hydraulic PTO systems, the coupling of the hydraulic
circuit with the rest of the components makes the PTO force profile highly nonlinear even
without the force saturation [136], [137]. Therefore, further development is needed to in-
corporate the effect of the force limit in SD modeling for more realistic PTO systems, and
then the accuracy and computational efficiency also remain to be investigated.

In this work, only a single WEC is considered in the case study for a preliminary as-
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sessment. Given the high computational efficiency when compared to other approaches,
it is attractive to apply SD modeling to the optimization or design of WEC farms, which are
characterized by large computational loads. The reliability of SD modeling in predicting the
performance of a WEC farm has been validated in [138]. Thus, the next phase of this work is
to extend the representation of the PTO force saturation to SD modeling for WEC farms. In
addition, the present SD model has only been developed for a point absorber with a single
degree of freedom, but it is feasible to extend the modeling to multiple degrees of freedom,
as demonstrated in [130].

The current SD model is formulated based on linear wave theory with a Gaussian pro-
cess, which limits the method to be used extensively. For instance, the relevance of the
wave nonlinearity becomes more important in large wave heights, and then Gaussian as-
sumption would be challenged. Although the assumption of the Gaussian distribution can
be thought adequately valid in most operational regions of WECs, the source of the error
resulting from the assumption is still unavoidable. To ease the limitation, as stated in [28],
the consideration of non-Gaussian responses will be a promising future work, which could
contribute to a more accurate estimation.

4.7. SUMMARY AND CONCLUSIONS
To improve the accuracy of PTO sizing, a SD model is developed in this chapter to include
the effect of the PTO force saturation. The SD model is constructed based on the framework
of the FD modeling, and the nonlinear effect is incorporated by a quasi-linear term. The
quasi-linear term is derived by statistical linearization, which is based on the assumption
that all the responses of the system follow Gaussian distribution. Based on the investigation,
the following concluding remarks are drawn.

• The assumption of Gaussian distribution is fair for most operating conditions of the
WEC even thought the validity decreases with the increase of wave height and tight-
ness of the PTO force limit. The proposed SD model is verified against the nonlinear
TD modeling, and a reliable accuracy is identified over a range of relevant wave con-
ditions and force constraints.

• A comparison among the FD, SD and TD modeling is conducted regarding the predic-
tion of power performance. In low significant wave heights or large PTO force limits,
three models present similar power performance. With the increase of the significant
wave heights and strictness of the PTO force limit, the FD modeling tends to be in-
sufficiently reliable and the highest error can reach values up to 200 % relative to the
nonlinear TD modeling. However, the SD modeling shows a good reliability, and its
error relative to the nonlinear TD modeling is only around 20 % even at the strict PTO
force constraint. At the same time, the computational efficiency of the SD modeling
is comparable with the FD modeling and significantly higher than the TD modeling.

• A case study of the PTO sizing is performed to demonstrate the potential of the SD
modeling in practical applications. A realistic sea site and preliminary economic
modeling are considered. The SD modeling proves to be a desired alternative for the
PTO sizing and other similar applications of performance evaluation or early-stage
design optimization. It combines the high computational efficiency and the high ac-
curacy on the performance prediction. Its errors on the prediction of the AEP are no
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more than 4.3 % relative to the TD modeling, and it shows an agreement on the op-
timal PTO size with respect to the TD modeling. In contrast, the FD modeling could
lead to a poor estimate on the PTO sizing, and its prediction of the AEP and LCOE is
questionable, especially with strict PTO force limits. The relative error of the FD mod-
eling on the predication of the AEP is over 24 % in the particular case. In addition,
with considering nonlinear effects, the SD modeling suggests an adequate reliability
on tuning the PTO parameters, while the FD modeling is found to be insufficient.

To improve the systematic sizing method of WECs, a SD model of the PTO force saturation
was developed and verified in this chapter. It combines adequate accuracy and efficiency,
which is highly suitable for the application of PTO sizing. But this model addresses the pre-
diction of the energy absorption. In the next chapter, the influence of sizing on the energy
conversion will be identified to further consolidate the sizing method.





5
THE INFLUENCE OF PTO SIZING ON

THE POWER CONVERSION

EFFICIENCY

In the previous chapters, the numerical models were developed to incorporate the effect of
PTO sizing on the power absorption. But, the effect on the power conversion is not addressed.
Thus, this chapter shifts the focus from the power absorption to the power conversion stage.
The influence of PTO sizing on the generator efficiency and further the techno-economic per-
formance are investigated, in which a PM linear generator is considered as the research refer-
ence for the PTO system.

Parts of the chapter have been published in: Tan J, Wang X, Laguna A J, et al. The Influence of Linear Permanent
Magnet Generator Sizing on the Techno-Economic Performance of a Wave Energy Converter[C]//2021 13th Inter-
national Symposium on Linear Drives for Industry Applications (LDIA). IEEE, 2021: 1-6. [83]
Tan J, Wang X, Polinder H, et al. Downsizing the Linear PM Generator in Wave Energy Conversion for Improved
Economic Feasibility[J]. Journal of Marine Science and Engineering, 2022, 10(9): 1316. [139].
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5.1. INTRODUCTION

I N Chapter 3, a collective sizing method considering both buoy and PTO sizing was pro-
posed, and the importance of PTO sizing was emphasized. In Chapter 4, to improve the

accuracy of PTO sizing, a SD model was established to account for the nonlinear effect of
the PTO force limit. However, some assumptions in the last two chapters need to be further
studied when evaluating the power performance of WECs with differently sized PTO capac-
ities. The influence of PTO sizing could play a role at two conversion stages in the power
extraction. Firstly, the PTO capacity is highly related to the physical limits, which deter-
mines the maximum absorbed power. Secondly, the PTO sizing inevitably brings changes
to its design, which might make a difference to the conversion efficiency from the absorbed
power to the electrical power. The second aspect was not taken into account in chapters
discussing the PTO sizing, in which the PTO efficiency was assumed to be constant regard-
less of its size. Hence, a better understanding of the effect of the sizing on PTO conversion
efficiencies is expected to make contribution to the sizing of WECs.

Among various types of PTO systems in WECs, linear generators have received signifi-
cant attention because of the high efficiencies and low maintenance demands [37], [140].
However, there is limited literature addressing the influence of the sizing on the perfor-
mance of linear generators of WECs even though downsizing the PTO capacity has shown
the potential to reduce the LCOE. Therefore, the objective of this chapter is to identify
the impact of the sizing on the generator efficiency and techno-economic performance of
WECs with a linear permanent magnet (PM) generator.

The present chapter starts with the description of the linear PM generator reference are
presented. Next, an analytical generator model is presented to calculate the generator per-
formance. Rather than designing a complete new generator, the scaling principle is applied
to resize generator with respect to different designed maximum forces. For a fair compar-
ison, several main design parameters are optimized for each sized generator to minimize
the LCOE. The effects of the PTO sizing on the generator efficiency, as well as the techno-
economic performance of the WEC are analyzed. Moreover, the dependence of the genera-
tor efficiency on the characteristics of wave resources is discussed. Finally, conclusions are
drawn.

5.2. CONCEPT DESCRIPTION

In this section, the WEC concept and the design of the reference linear PM generator are
described. Figure 5.1 illustrates the concept of the investigated heaving point absorber,
and the PTO mechanism of the concept is considered to be a linear PM generator. Figure 5.1
also depicts the connection scheme of the PM generator with the electrical converter and
the grid. A three-phase back-to-back voltage source converter is applied here to regulate
the stator current and terminal voltage because of its high efficiency [61]. The converter is
connected to the output side of the linear generator. In the concept studied in the present
paper, the translator of the bottom-founded machine is directly connected to the floating
buoy. The radius of the spherical floater was designed to be 2.5 m, and the buoy draft is
2.5 m as well in still water. During operation, the incoming wave force excites the floater
to oscillate in the heaving direction. The stroke of the point absorber is set as 4 m, and the
maximum allowed velocity umax is 1.25 m/s. To avoid excessive motion, the generator has
end stop mechanisms mounted on both the top and bottom. More details about modeling,
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design and the sea trial test of the reference generator can be found in [61], [141].

Sea Floor

Spherical Buoy

Ø 5.00 m

Sea Surface

Linear 
Generator
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Rod

AC/DC

Grid

DC/AC
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Figure 5.1: Schematic of the heaving point absorber WEC, and the connection scheme of the PM linear generator
with the back-to-back converter and the grid.

In Figure 5.2a, a photo of the reference linear PM machine applied in the prototype of
the AWS wave energy converter is shown. Figure 5.2b illustrates the cross-section of the
reference linear PM generator, which indicates that it is a three-phase machine. The ma-
chine was designed to be double-sided so as to counteract the force of attraction between
the translator and stator [43]. Magnets are placed on the translator segments, and coils are
wound on the stator segments. Different from rotary electrical machines, the partial overlap
between the translator and stator could happen to the linear generator. This phenomenon
makes a part of the material of the machine unproductive during operation, which is neg-
ative to the conversion efficiency. It is known that a longer translator is able to reduce the
occurrence of the partial overlap, but it could clearly increase the cost. Hence, a compro-
mise always has to be made, and the translator was 3 m longer than the stator in the design
of the reference machine.

The key design parameters of the reference linear PM generator are specified in Ta-
ble 5.1. As the design parameters of the original reference machine were not fully dis-
closed, some parameters (including the air gap length, slot width, pole width, tooth width
and magnet thickness) were referred to the design of a direct-drive wind turbine genera-
tor design [112]. The referred generator has a similar power rating and maximum designed
force to the reference machine studied in this paper. It is considered fair since this work is
focused on the effect of the generator sizing instead of its design phases.
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(a) Photo of the reference machine

x

yz

(b) Cross-Section of the machine

Figure 5.2: The photo of the reference linear electrical machine in the pilot of the AWS WEC, and the cross-section
of the linear PM generator of the AWS plant. In subfigure (b), a/a’, b/b’ and c/c’ are the current directions [43], and

the "z" axis in the coordinate is perpendicular to the ground plane.

Table 5.1: SPECIFICATION OF THE REFERENCE GENERATOR.

Parameters Symbol Reference machine
Rated power Pr ated 1 MW

Maximum force Fmax 933 kN
Maximum velocity umax 2.2 m/s

Stroke S 7 m
Translator length Ltr a 8 m

Stator length Lst a 5 m
Air gap length gl 5 mm

Slot width bs 15 m
Stack length ls 1 m

Magnet pole width bp 79 mm
Tooth width bt 19 mm

Magnet thickness lm 15 mm
Number of conductors per slot Ns 6

5.3. GENERATOR MODELING

The performance of variously sized generators is calculated based on an analytical gener-
ator model. The model has been validated by a full-scale experiment [141]. As magnetic
saturation only plays a very limited role in this linear generator design [97], and the effect is
neglected in this study.

The fundamental space harmonic of the magnetic flux density in the air gap due to the
magnets is calculated as

B̂g m = lm

µr m ge f f
Br m

4

π
sin(

πbp

2τp
) (5.1)

where lm is the magnet length in the magnetization direction, ge f f is the effective air gap,
µr m is the recoil permeability of the magnets and Br m is the remanent flux density of the
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magnets. The no-load phase voltage induced by this flux density in the stator winding is

Ep =p
2Np ls Ns kw uB̂g m

lact

Lst a
(5.2)

where u is the floater velocity, Np is the number of pole pairs, lact is the actual length of the
overlap between the stator and translator, and kw is the winding factor. lact is a function of
translator displacement, and it can be calculated as,

lact (s) =


Lst a , f or |s| < 0.5(Ltr a −Lst a)

0, f or |s| > 0.5(Ltr a +Lst a)

0.5(Ltr a +Lst a)−|s|, el se

(5.3)

where s is the displacement of the translator (or the floater). The stator phase resistance
is calculated from the machine dimensions, the number of turns in a slot and the cross-
section of a slot:

Rt = ρCu
lCus

ACus
= ρCu

2N 2
s (ls +2τp )

Np hs bs ks f i l
(5.4)

where Rt is the resistivity of copper, and ks f i l is the copper fill factor of the slots. lCus and
ACus are the phase winding length and the cross-sectional area of a phase winding. The
iron losses are calculated as

PFes = PFe0
(
mFest

( B̂st

B0

)2 +mFes y
( B̂s y

B0

)2) fel e

f0
(5.5)

where PFe0 is the iron loss per unit mass at a frequency f0 and flux density B0, mFest and
mFes y are the mass of the stator teeth and the stator yoke respectively, and fel e is the elec-
trical generator frequency. B̂st and B̂s y embody the fundamental space harmonic of the
magnetic flux density in the stator teeth and yoke respectively. This is a rough approxima-
tion of the iron losses, in which the iron losses are assumed to be only proportional to the
frequency.

After the PTO damping coefficient is derived, the required generator force Fg e (or Fpto)
is calculated based on (3.19). Then, the power taken by the generator winding is calculated
as

Pwd = Fg e u −PFes (5.6)

For the sake of higher system efficiency, the operating points of the generator are deter-
mined by the method demonstrated in [61]. The current Is can be divided into quadrature
(or force making) component Isq and direct (or flux making) component Isd . The current Is

is initially assumed to be in phase with the no-load voltage Ep , which implies that there is
no direct component as seen in the first phasor diagram in Figure 5.3. To extract this power,
the current can be calculated as

Is = Isq = Pwd

mEp
(5.7)

When the current is greater than the maximum current of the converter Iconm , the cur-
rent is limited to the maximum current. As a result, the actual generator force is decreased
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to be lower than the required generator force. In this sense, the terminal voltage is derived
as

Us =
√

(Ep − Isq Rt )2 + (ωe Lt Isq )2 (5.8)

where Lt is the stator inductance of the machine.
If the terminal voltage is about to violate the rated converter voltage Uconm , it would

be limited by a direct component Isd separated from the current, as shown in the second
phasor diagram of Figure 5.3. If the resulting current under this condition is larger than
the maximum converter current, the operating point is defined by the maximum converter
current and voltage. In these situations, the actual generator force would also be penalized.

The converter losses are dependent on three factors. The first one is the constant power
dissipation, resulting from control, cooling and power supplies. The second is proportional
to the current, representing the switching losses and conduction losses. The third is related
to the current squared, including conduction losses. Besides, only the losses from the gen-
erator side are considered in this model. Therefore, the converter losses can be calculated
as

Pcon = Pconm

31

[
1+20

Is

Ism
+10

( Is

Ism

)2] (5.9)

where Pconm is the dissipation in the converter at the rated power, which is assumed to
be 3% of the converter’s rated power [142]; Ism is the maximum generator side current of
the converter, which is set to be equal to Iconm . The rated power of the converter for the
reference generator (single double-sided machine) equals to the rated power of the plant,
namely 1 MW, and the maximum line voltage and phase current are 1500 V and 400 A re-
spectively [61].

Figure 5.3: Equivalent circuit of the generator and the phasor diagram with the converter [61]. Rt , Lt and Xt
embody the stator phase resistance, stator phase inductance and stator phase reactance.

5.3.1. GENERATOR SIZING

As characteristics of wave climate vary with locations, sizing of WECs could result in devices
better fitting the local wave resource. In the existing literature, PTO systems are commonly
sized by the same scaling ratio as the buoy, in which PTO sizing is only playing a limited
role. To allow for independently sizing of the PTO system, three sizing methods different in
complexity are applied in this chapter for comparison.
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• Method 1: Scaling law

In this method, the generator is resized based on the principle that the force density
(the force acting per unit surface area of the air gap) is rather constant for differently
sized machines [112]. Two factors affect the force density: the air-gap flux density and
the linear current density. The former is limited by the saturation of magnetic flux
and the latter is limited by the maximum allowed heat dissipation. In this chapter,
the machine is resized to suit different designed maximum forces. The force density
of resized machines remains identical to the reference machine.

For convenience, a scale factor λe for electrical machines is introduced here as

λe = Gc

Go
(5.10)

where Gc and Go embody the geometrical lengths of the scaled machine and the orig-
inal machine. In this method, stator, translator and stack length are sized based on
an identical scale factor. But, in principle, they can be sized independently as im-
plemented in the method 2 introduced in the following text. In this work, only the
stator, translator and stack lengths are considered in scaling, and other geometrical
parameters of the machine are kept identical. For a fair comparison of differently
sized generators, the stroke and speed limits are maintained to be the same. Then the
other parameters are scaled as follows:

Force :
Fmaxc

Fmaxo

=λe
2 (5.11)

Velocity :
umaxc

umaxo

= 1 (5.12)

Current :
Iconmc

Iconmo

= 1 (5.13)

where Fmax is the maximum generator force, umax is the maximum translator veloc-
ity, and Iconm is the maximum phase current of the converter; subscripts "c" and "o"
indicate the scaled machine and original machine.

The rating of the converter is accordingly scaled for each machine. The rated appar-
ent power, current and terminal voltage should be selected during the rating. As the
linear current density is assumed to remain identical for differently sized machines,
the maximum phase current of the scaled converter is selected to be unchanged,
namely Iconm of 400 A. At the rated operating condition, the velocity of the buoy is
umax of 1.25 m/s, and then the resulting no-load voltage can be obtained by (5.2).
Furthermore, the no-load voltage at the rated point is assumed to be in phase with
the current. As a consequence, the rated terminal voltage of the scaled converter,
Uconms , and the phase angle between the current and terminal voltage, namely δ, can
be calculated according to the first phasor diagram in Figure 5.3. Therefore, the rated
apparent power of the scaled converter is obtained as

Sconmc = mIconmUconmc (5.14)
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• Method 2: Scaling with optimization

In this method, the main parameters of the machine, including the translator length,
stator length and stack length are optimized during sizing for the lowest LCOE. The
optimization for each designed maximum generator force is expressed as

mi ni mi ze f = LCOE(Ls ,Ltr a , lst a)

sub j ect to


2ρ f or ce_r e f Lst a ls = Fl i mi t : constr ai nt 1

1.2Lst a ≤ Ltr a : constr ai nt 2

(5.15)

where ρ f or ce_r e f is the force density of the reference machine, and Fl i mi t is the de-
signed maximum generator force. In (5.15), constraint 1 is associated with the force
density. The force density adopted here is considered as 46 kN/m2 which is calculated
based on the performance identification of the AWS generator in [61]. A factor of 2 is
included on the left side of the constraint 1 because the machine is double-sided.
Constraint 2 indicates that the translator length is required to be larger than 1.2 times
the stator length, which is used to mitigate the effect of partial overlap between stator
and translator. The maximum phase current, voltage and the rated apparent power of
the scaled converter are calculated based on the same way as introduced in Method 1.
As the objective function is computationally expensive in this case, the surrogate al-
gorithm is adopted. In the algorithm, the objective function is approximated by a sur-
rogate function, and therefore the optimization speed can be significantly improved
[143]. The optimization is implemented in Matlab environment (version 2020). The
tolerance of the function and the maximum iteration steps are set to 1e−5 and 3000 re-
spectively, and the iteration process is terminated when any of the criteria is crossed.

• Method 3: Scaling with assuming a constant generator efficiency

For simplification, in studies discussing the effects of sizing of WECs, sizing of WECs
was commonly implemented in the absence of the consideration of the variation of
generator efficiencies. Instead, a constant energy conversion efficiency from the ab-
sorption stage to the grid was assumed. In this method, the generator size acts simply
as a PTO force constraint in the hydrodynamic modeling. This method is discussed
in this chapter for a comparison with the other two above methods to demonstrate
the effects of this simplification on the generator size determination and the LCOE
estimation. In this chapter, this constant efficiency is considered to be 70 %, as usu-
ally used in literature [12], [144]. Moreover, as the design of the generator is not taken
into account in this method, the cost could not be derived explicitly. To evaluate the
techno-economic performance of WECs, the PTO related cost in this method is as-
sumed to be the same as that estimated in the method 2 for each designed maximum
generator force limit.

5.3.2. COST ESTIMATION OF THE LINEAR GENERATOR
The techno-economic metrics are calculated based on the economic model established in
Chapter 3. All the economic parameters in this chapter remain same as the chapter 3 except
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the PTO cost. This is because the detailed generator design has been considered and the
required material of the generator can be estimated for a more accurate cost calculation.
Regarding this WEC concept, the PTO cost totally comes from the linear generator cost,
which is calculated as

CPT O = 2(CFe MFe +CCu MCu +Cpm Mpm) (5.16)

where a factor 2 is considered to include the manufacturing cost and converter cost; MFe ,
MCu and Mpm are the mass of iron, copper and permanent magnet respectively; CFe , CCu

and Cpm are the unit price of iron, copper and permanent magnet respectively.

5.4. GENERATOR PERFORMANCE
The performance of the linear PM generator is calculated for a particular regular wave state,
which is depicted in Figure 5.4. The concerned generator is sized by method 2 with a maxi-
mum designed generator force of 200 kN, and the resized parameters will be shown in Fig-
ure 5.5 and discussed in the following text. It is seen from Figure 5.4 that the root mean
square (RMS) of the no-load voltage doesn’t present a sinusoidal curve, which results from
the partial overlap between the translator and stator. A negative effect of the partial over-
lap can be observed as that the stator current is driven relatively higher for maintaining the
required generator force. Consequently, the copper and converter losses are also increased.

5.5. COMPARISON OF SIZING METHODS

5.5.1. ON THE GENERATOR PERFORMANCE

The reference linear generator is resized corresponding to the designed maximum genera-
tor forces ranging from 60 kN to 280 kN. The machine parameters scaled by method 1 and
method 2 are compared in Figure 5.5. It can be seen that all of the translator, stator and
stack lengths show a trend to increase with the designed maximum generator force regard-
less of the sizing method. However, these two methods result in very different machine
parameters. The stack lengths obtained using the method 2 are clearly longer than those by
the method 1, but the translator and stator lengths resulting from the method 2 are shorter.
Noteworthy, based on the method 2, the length difference between the translator and the
stator is limited if compared to the cases using the method 1. This indicates that the neg-
ative effect of the partial overlap is not significant for the combination of the machine and
the considered wave resource. This can be interpreted as the fact the displacement of the
WEC is relatively small in the wave states dominating energy production.

Figure 5.6 shows the efficiency maps of linear generators with the designed maximum
force of 100 kN, 160 kN and 200 kN respectively, in which regular wave states are considered.
Sizing method 1 and method 2 are both applied for comparison. The efficiency at each
wave state is calculated as the ratio between the electrical power and the absorbed power
of the floater. It is visible in Figure 5.6 that larger generators generally correspond to higher
efficiencies. Furthermore, the efficiency tends to increase with the wave height and decline
with the wave period. For the generator with a designed maximum force of 100 kN, a few
empty cells can be noticed at low wave periods and very high wave heights. This is because
the buoy velocity tends to be high in these operating conditions. Then, the PTO damping
has to be increased to lower the velocity, but the larger PTO damping values are necessarily
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Figure 5.4: Generator performance over a half of wave period with a displacement of 0.85 m and a wave period of
10.0 s. The considered machine is sized with a maximum designed generator force of 200 kN based on sizing

method 2.

related to the larger PTO force. Therefore, with a relatively strict designed maximum force,
it is not feasible to satisfy both the defined force constraint and velocity constraint.

The overall conversion efficiency of the differently sized generators operating in Yeu is-
land are shown in Figure 5.7, which is defined as the yearly energy yield delivered to the grid
divided by the yearly energy absorbed by the buoy. First, the overall efficiency has a clear
dependence on the generator size no matter which sizing method is applied. Generally,
larger generators present higher conversion efficiencies. In this particular case, the over-
all conversion efficiencies are around 60 % to 65 % for the generator sized with a designed
maximum force of 60 kN, while they increase to be higher than 75 % for generators with a
designed maximum force of 280 kN. This observation clearly reflects the inaccuracy of the
assumption used in previous sizing studies [17], [33], [144] that the generator efficiency is
not changing during PTO sizing. Secondly, even though the optimization procedure is in-
corporated in method 2, it does not necessarily lead to higher efficiency. For instance, the
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Figure 5.5: Scaled translator, stator and stack lengths for different designed maximum generator forces. ’M1’ and
’M2’ embody the method 1 and method 2 for generator sizing.

overall efficiency of the generator scaled based on the method 2 is associated with slightly
lower efficiency compared to that using the method 1 when the designed maximum force is
larger than 250 kN. Nevertheless, the contribution of the optimization can be found in Fig-
ure 5.8 as the method 2 gives a lower PTO cost when the designed maximum force is higher
than 100 kN. For instance, the PTO cost of the generator with a designed maximum force of
280 kN is 160,000 Euros and 12,000 Euros for the method 1 and 2 respectively, while their
generator efficiencies are comparable.

5.5.2. ON THE TECHNO-ECONOMICS AND THE PTO SIZE DETERMINATION

The AEP and the LCOE of the WEC with differently sized generators are depicted in Figure
5.9 and Figure 5.10, in which three different sizing methods are applied respectively. From
Figure 5.9, it is visible that the method 1 and method 2 result in similar values of the AEP,
but the relative discrepancy of the method 3 is noticeable. For example, when the designed
maximum force is 280 kN the AEP is approximately 130 MWh for the method 1 and method
2, but the AEP is calculated to be around 117 MWh by using the method 3. In this sense,
the relative error reaches 10 %. However, unlike the trends of the AEP, these three methods
results in very different values of the LCOE, as shown in Figure 5.10. For instance, when the
designed maximum force of the generator is 280 kN, the LCOE is estimated to be around
0.45 Euros/kWh, 0.38 Euros/kWh and 0.42 Euros/kWh for the method 1, 2 and 3 respectively.
In this sense, the optimization of generator parameters leads to the reduction of the LCOE
of around 15 % and 10 % with regard to method 1 and 3. In addition, as a consequence of
the optimization of the main parameters, the method 2 is always related to a lower value
of the LCOE compared to the method 1. Furthermore, the selection of the generator sizing
method is significant to the PTO size determination. In this case, the optimal PTO force
limit corresponding to the lowest LCOE is 120 kN, 140 kN and 100 kN for the method 1, 2 and
3 respectively. In this sense, the relative error resulting from the assumption of a constant
generator efficiency on the PTO size determination is around 29 %. It can be concluded that
the method 3, which assumes the constant generator efficiency during sizing, could lead to
a notably erroneous estimate of the AEP, LCOE and the optimal PTO size. Thus, it is highly
recommended to take the effect of sizing on the generator efficiency into account when
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conducting PTO sizing. The method 2, namely scaling with the optimization of the main
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Figure 5.6: Comparison between efficiency maps of generators scaled based on different methods.
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parameters could better reflect the techno-economic potential of the WEC, since it presents
a lower LCOE compared to the method 1 which is based on the scaling law. However, it has
to be acknowledged that the optimization requires higher computational efforts, while the
scaling law requires negligible computational loads with a given reference machine.

5.6. DEPENDENCE OF THE GENERATOR SIZING ON WAVE RESOURCES
To demonstrate the dependence of the generator sizing and techno-economic performance
of the WEC on different characteristics of wave resources, two more wave sites are consid-
ered as a comparison in this subsection. They are DK North Sea Point 2 (DK2) and Biscay
Marine Energy Park (BIMEP) located in the oceanic territory of Denmark and Spain respec-
tively. Their detailed information can be found in [144]. The mean wave power density
of Yeu island, DK 2 and BIMEP are 26 kW/m, 12 kW/m and 21 kW/m respectively. Only
the method 2 is applied in this subsection for PTO sizing. Figure 5.11 shows the optimized
design parameters of the linear generator in different wave sites, and the parameters are
normalized to the optimized values for Yeu island. It can be found that the wave resource
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Figure 5.10: The LCOE of the WEC as a function of the designed maximum generator force.

makes a difference to the optimization of the design parameters.
Figure 5.12 shows the overall efficiencies of the differently sized linear generators in the

three wave sites. It can be seen that the overall efficiency is highly related to the wave re-
source. The overall efficiencies in Yeu island and DK 2 are clearly higher than that in BIMEP.
For instance, when the designed maximum generator force is 60 kN, the efficiencies in Yeu
island and DK 2 are around 65 % while it is only 45 % in BIMEP. This can be explained by the
fact that the wave states in BIMEP are concentrated in relatively long wave periods which
are associated with low translator velocities. Therefore, it is seen that the efficiency of the
linear generator is not only related to the generator size but also to the wave resource, and it
is unrealistic to be represented by a constant value. Figure 5.13 depicts the LCOE of WECs in
different wave sites. The LCOE in Yeu island is the lowest among the three. The LCOE in DK
2 is lower than that in BIMEP while BIMEP corresponds to a higher mean wave power den-
sity. Hence, more powerful wave resources do not necessarily contribute to better techno-
economic performance. In addition, the optimal generator size differs with wave resources.
The lowest LCOE values in Yeu island, DK 2 and BIMEP correspond to the designed maxi-
mum generator force of 120 kN, 100 kN and 160 kN respectively.
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5.7. CONCLUSION
This chapter studies the effects of the PTO sizing on generator efficiencies and the techno-
economic performance of WECs. Both hydrodynamic modeling and generator modeling
are presented. Different methods are applied to sizing the linear PM generator for various
designed maximum generator forces. Based on the results, the following conclusions are
drawn.

• The sizing of the generator is important to the LCOE of WECs. The overall conversion
efficiency has a notable dependence on the size of generators. Thus, the assump-
tion of a constant generator efficiency leads to an obvious poor estimate on the AEP,
LCOE and the PTO size determination. In particular cases, the relative errors on the
estimation of the AEP and the optimal PTO size reaches 10 % and 29 %.

• Compared with the method based on the scaling law of electrical machines, the scal-
ing with implementing the optimization of main machine parameters could better
reflect the techno-economic potential of WECs when conducting PTO sizing. In par-
ticular cases, the LCOE can be reduced by 15 % by optimizing the generator parame-
ters.

• The overall generator efficiency and the LCOE are notably related to the wave re-
source. The wave resource has a clear influence on the LCOE and overall efficiencies
of the linear generator. As the overall efficiency of the generator is far from being con-
stant, it is highly suggested to consider the variation of the generator performance
when performing PTO sizing for WECs in different wave sites.

The influence of sizing on the generator efficiency is not negligible, and it is highly sug-
gested to consider the detailed efficiency map of the generator when performing PTO siz-
ing of WECs. Based on the results obtained in Chapter 3 to 5, it indicated that downsizing
the PTO system is beneficial for reducing the LCOE. In response to this finding, in the next
two chapters, the focus will be put on the exploration of improving the power production of
WECs with downsized PTO capacities.
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SYSTEM

Previous chapters have indicated that downsizing the PTO capacity to a suitable level is ben-
eficial for improving the techno-economic competitiveness of WECs. However, it is clear that
the improvement results from the compromise between the cost and power production, and
the reduced PTO capacity inevitably penalizes the power production. To mitigate the nega-
tive effect of the downsized PTO capacity on the power performance, a novel WEC, namely
the adjustable draft system, is proposed in this thesis. In this chapter and next chapter, the
potentials of the design are explored by a numerical study. This chapter focuses on the hy-
drodynamic performance, and the investigation is performed based on the FD model and an
algebraic nonlinear TD model. In the next chapter, a wave-to-wire model will be established
to further study how the addition of the novel system affect the overall performance of the
WEC.

The results in this chapter show that the relevant natural frequency of the point absorber can
be adapted to the operating wave states by varying the buoy draft, which amplifies the RAO
and the buoy velocity. With the constrained PTO force, the increased velocity is necessarily
associated with the higher power absorption. In addition, the results from the nonlinear TD
model show that the nonlinear forces have a significant influence on the power absorption
when operating close to resonance regions. However, the advantages resulting from the pro-
posed system can still be observed in both regular and irregular waves while considering the

Parts of the chapter have been published in:
Tan J, Polinder H, Wellens P, et al. A feasibility study on downsizing of power take off system of wave energy con-
verters[C]//Developments in Renewable Energies Offshore. CRC Press, 2020: 140-148.[145]
Tan J, Polinder H, Laguna A J, et al. A numerical study on the performance of the point absorber Wave Energy
Converter integrated with an adjustable draft system[J]. Ocean Engineering, 2022, 254: 111347.[146]
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nonlinear forces.



6.1. INTRODUCTION

6

101

6.1. INTRODUCTION

The impact of PTO sizing on the techno-economic performance of WECs has been investi-
gated in previous chapters. It is indicated that suitably downsizing the PTO capacity could
result in a good compromise between the power production and the cost, and further lead
to a lower LCOE. However, the downsized PTO capacities are inevitably associated with
tighter force constraints, which could penalize the power absorption. To further reduce the
LCOE, it is reasonable to mitigate the negative effect of the downsized PTO capacity on the
power absorption. Possibilities for improving the power performance of WECs subjected
to constraints of the PTO capacity have been explored. The first type of methods concen-
trates on the aspect of PTO control strategies. Elisabetta Tedeschi and Marta Molinas [95],
[98], [100], [147] investigated the impacts of control strategies on the PTO rating of WECs.
A generic point absorber was used as the research object. It was found that the reactive
control strategy clearly improves the power absorption but requires higher PTO capacities.
In contrast, the passive control strategy could reduce the required PTO capacities while it
corresponds to low power absorption. In order to reach a suitable PTO rating and retain an
adequate level of the power production at the same time, they came up with a trade-off tac-
tic by adapting the PTO control strategy to different wave states. The second type of meth-
ods is to increase the speed of the buoy by means of adding an intermediate transmission
mechanism, such as a gearbox. For instance, a linear generator coupled with a speed am-
plifying gearbox was designed for a WEC concept in [69], and the relative speed between the
stator and translator was therefore increased. In this sense, a smaller PTO force is sufficient
to supply a similar output power level with the low-speed PTO systems. However, the addi-
tion of transmission stages in the PTO system could decrease the reliability and conversion
efficiency. Alternatively, an adjustable draft system is proposed in this thesis to improve
the power performance of point absorbers operating in conditions with constrained PTO
forces [145]. The system was deigned to implement the buoy draft adjustment by changing
the ballast water inside the buoy. In this way, both the hydrostatic stiffness and mass of the
buoy can be regulated, which enables the variation of the buoy’s natural frequency. Then,
the increased displacement and speed of the buoy can be achieved over a range of wave
periods. As a consequence, the power absorption of WECs coupled with the ADD system
tends to be less affected by the downsized PTO capacity with regard to the conventional
fixed-draft point absorbers.

A key feature of the adjustable draft system is to enable the regulation of the hydrostatic
stiffness and mass of the buoy through the draft adjustment. To create a strong dependence
of the hydrostatic stiffness on the buoy draft, it is reasonable to have a varying horizontal
cross-sectional area in the vertical direction such as the spherical geometry considered in
this thesis. The effect of the buoy draft on the performance of WECs has been investigated
in literature [148]–[153]. Generally, the effect was discussed in studies focusing on geome-
try optimization of the WEC’s floating buoy. In most cases, the buoy draft has been proven
to be related to the energy absorption efficiency and the absorption bandwidth of WECs,
although the specific effect differs with the buoy geometry and size [148]–[152], [154]. Fur-
thermore, the influence of the buoy draft adjustment on the hydrodynamic performance
of WECs was investigated in [153], which was intended to explore the possibility for limit-
ing the heaving motion of WECs in extreme waves by the buoy draft adjustment with upper
surface immersion. Their results showed that the increase of the buoy draft causes the in-
crease of both the natural period and the hydrodynamic damping, and the buoy motion
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can be reduced efficiently by increasing the floater’s mass. In [153], a valuable insight about
the possibilities of making the hydrodynamic performance of WECs variable by the buoy
draft adjustment was provided, which also inspired the work in this paper. However, the
utilization of the buoy draft adjustment for downsizing the PTO capacity and improving the
power performance has not been widely discussed. In the work [145] related to this thesis,
the adjustable draft system for the use of PTO downsizing was introduced for the first time.

This chapter aims at investigating the power performance of a point absorber integrated
with an adjustable draft system by means of a numerical approach. For this purpose, this
chapter first provides an insight into the influence of the buoy draft adjustment on the hy-
drodynamic performance of a spherical heaving point absorber. Then, it reveals the contri-
bution of the adjustable draft system to the adjustment of the required PTO force. Finally,
this chapter looks at the improvement resulting from integrating the adjustable draft system
with a point absorber on the power absorption.

This chapter starts with the description of the point absorber concept and the adjustable
draft system. Both FD modeling and nonlinear TD modeling are used to investigate the
performance of the adjustable draft WEC. Based on the FD analysis, the effects of the draft
adjustment on PTO performance and natural frequencies of the buoy are discussed. The
variation of the required PTO force and absorbed power with the buoy draft is presented.
In addition, a comparison between power performance of the adjustable draft WEC and
fixed draft WEC is made. Furthermore, in the nonlinear TD analysis, the nonlinear Froude-
Krylov force and viscous force are taken into account. The impact of the nonlinear forces on
the absorbed power of the adjustable draft WEC is shown. The improvement on the power
performance resulting from the adjustable draft system is evaluated based on the nonlinear
TD model, and both regular and irregular wave states are considered.

6.2. CONCEPT DESCRIPTION
This section describes the concept of the adjustable draft WEC. A generic heaving point
absorber is used as the WEC reference in this study. The geometry of the floating buoy is
a sphere with a diameter of 5.0 m. The schematic of the adjustable draft WEC concept is
shown in Figure 6.1. In this concept, a ballast pump is installed inside the buoy for imple-
menting the buoy draft adjustment. The minimal and the maximal adjusted buoy draft are
defined as 0.50 and 0.75 times the buoy diameter respectively. In principle, it is possible
to extend the adjustable draft to a wider range by this adjustable draft system. However,
further increasing the buoy draft could result in the occurrence probability of the floating
buoy’s being fully submerged and breaching the water surface during the operation, which
could bring in excessive losses due to surface tension. On the contrary, by means of the ad-
justable draft system, it is possible to decrease the draft to less than 0.5 times the diameter.
But the lower buoy drafts improve the chances of the buoy leaving and then impacting on
the water, causing slamming loads harmful to the structure [125]. As a consequence, both
these two phenomena should be avoided as much as possible in designing WECs. In addi-
tion, both the effects are coupled with highly nonlinear behaviours [20], which are outside
the scope of this study. Thus, the adjustable range of the buoy draft is defined between 2.50
m and 3.75 m in the present study and the adjustable range of the draft ha is 1.25 m. This
designed range could be varied according to the buoy geometry and size.

The total mass of the buoy can be changed by varying the ballast water inside the buoy.
It is assumed that the buoy without ballast water naturally floats at the minimum draft of



6.2. CONCEPT DESCRIPTION

6

103

Sea Floor

Buoy

ha

Ballast Pump

Sea Surface

PTO

h0

,σ

x

y

z

θ

Rod

R 

Figure 6.1: Schematic of the spherical point absorber with the adjustable draft system. R, ha and h0 represent the
buoy radius, the adjustable draft range and the buoy draft.

2.50 m in still water. To reach each desired buoy draft, the ballast water inside the buoy is
regulated by the pump to make the buoy float in equilibrium. It is realized that the ballast
water inside the buoy could cause sloshing during the movement of the buoy. Sloshing
affects the dynamics of the buoy, which might reduce the stability and controllability of
the system. To avoid this issue, one possible solution is to install multiple ballast segments
inside the buoy. To implement the buoy adjustment, each segment can only be fully loaded
or drained out. In this way, sloshing inside the buoy can be expected to be mitigated.

The floating buoy is connected to the moving part of the PTO system, and the moving
part could be a piston or generator translator depending on the PTO type. However, the
draft adjustment varies the equilibrium position of the buoy and moving part of the PTO
system. Since the PTO position is fixed, the draft variation could make a difference to the
symmetry of the buoy stroke during the movement. As a result, the allowable stroke of the
buoy would be limited at one side, which might affect the power absorption. This issue can
be avoided by two ways, which are depicted in Figure 6.2. If the buoy and the PTO are rigidly
connected, such as by a rod, a hydraulic clamp could be used, as shown in Figure 6.2a. When
the buoy draft varies, the clamp adjusts the rod length correspondingly and stores the addi-
tional part of the rod inside the buoy. If they are connected by a rope, a mooring winch can
be applied to play a same role as the hydraulic clamp, as shown in Figure 6.2b. However,
it should be realized that the addition of the auxiliary equipment increases the complexity
of the whole system. This negative effect of the draft adjustment on the symmetry will be
investigated in detail in the next chapter, and the power performance of the system with
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Figure 6.2: Schematic of two possible revised designs for avoiding the non-symmetry of the PTO stroke.

non-symmetric PTO stroke will be discussed. Nevertheless, in the present chapter, it is as-
sumed that a good symmetry of the buoy stroke can be maintained by two ways when the
buoy draft changes. Furthermore, the control strategy and efficiency of the ballast pump
and hydraulic clamp have in practice an influence on performance of the adjustable draft
system, but it is assumed that the draft could always be adjusted to the expected value in
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each wave state. In addition, the displacement of the buoy is limited to protect the struc-
ture, and it is limited to 0.4 times the diameter of the buoy in this paper. Moreover, a passive
control strategy is implemented for the studied point absorber, which implies that only a
force proportional to buoy velocity is applied by the PTO system.

6.3. NONLINEAR TIME DOMAIN MODEL
Scientific literature [155], [156] has indicated that the non-uniform buoy cross-sectional
area could make the effect of the nonlinear Froude–Krylov force pronounced. In addi-
tion, the draft adjustment of the buoy is expected to affect the significance of the nonlinear
Froude-Krylov force. Therefore, it is necessary to investigate the influence of the nonlin-
ear Froude–Krylov forces on the performance of the studied WEC. In [155], a computation-
ally efficient nonlinear model was proposed for axisymmetric and prismatic geometries,
and the model uses an algebraic solution to the Froude–Krylov force integral. The pro-
posed nonlinear Froude–Krylov model is adopted in the present paper for the adjustable
draft WEC. Regarding more complex geometries, numerical approaches can be applied to
compute the nonlinear Froude-Krylov force [88]. For example, in the open-source software
WEC-Sim, the nonlinear Froude-Krylov force is calculated by integrating the pressure over
each pre-meshed panel of the instantaneous wetted surface [157]. However, compared with
the analytical model, the numerical routines are inevitably associated with higher compu-
tational times. The formulation of the analytical nonlinear Froude-Krylov model is briefly
presented in the following text, and more details can be found in [155].

In the model, the incoming waves are represented based on the linear wave theory, and
all the considered waves are assumed to be unidirectional. The responses of the WEC in
both regular and irregular wave conditions are investigated. The regular wave input is de-
scribed as harmonic waves which can be expressed as

η(t ) = ζa cos(kx −ωt ) (6.1)

where t is time, k is the wave number, ω is the angular frequency of the incoming wave and
ζa is the wave amplitude. Given the linear wave theory, irregular waves can be represented
by the superposition of a set of regular wave components, as

η(t ) =
N∑

j=1
ζa(ω j )cos(k(ω j )x −ω j t +ϕ(ω j )) (6.2)

where k(ω j ), ζa(ω j ) and ϕ(ω j ) are the wave number, wave amplitude and phase of the reg-
ular wave component corresponding to the frequency component ω j . Regarding irregular
wave conditions, the JONSWAP spectrum together with peakedness factor of 3.3 is applied
[109]. For each wave state, 500 individual harmonic wave components with a random set
of phases between frequency components are considered. The angular frequencies of the
wave components are uniformly spaced from 0.1 to 4.0 rad/s.

The Froude–Krylov force can be divided into static and dynamic terms. The static Froude–Krylov
force is equivalent to the hydrostatic force, and calculated by the balance between the grav-
ity force and the buoyancy force:

FF Ks t = Mg−
Ï

S(t )

pst ndS (6.3)
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where FF Ks t , S(t ), pst and n represent the static Froude–Krylov force, submerged surface,
hydrostatic pressure and normal vector to the geometry surface. The dynamic Froude–Krylov
force is expressed as:

FF Kd y =−
Ï

S(t )

pd y ndS (6.4)

where FF Kd y and pd y represent the dynamic Froude–Krylov force and the dynamic pres-
sure. The excitation force in (3.3) in heaving direction is calculated by the sum of the dy-
namic Froude–Krylov force and the diffraction force. The viscous drag force is also consid-
ered in the nonlinear TD model. Therefore, the equation of motion of the buoy in heaving
direction can also be expressed as

M a(t ) = FF Ks t +FF Kd y +FD +Fr +Fpto +Fvi s (6.5)

where FD is the diffraction force.
According to [21], in deep water condition, the pressure resulting from the regular wave

can be obtained based on Airy wave theory as

p(x, z, t ) = ρgζaekz cos(ωt −kx)−ρg z (6.6)

where the positive x-axis is the direction of wave propagation. For axisymmetric geome-
tries, parametric cylindrical coordinates can be used to describe the geometry surface:

x(σ,θ) = f (σ)cos(θ)

y(σ,θ) = f (σ)sin(θ), θ ∈ [0,2π)∧σ ∈ [σ1,σ2]

z(σ,θ) =σ
(6.7)

where f (σ) is the function describing the geometry profile. For the heaving point absorber,
only the force in the vertical direction is considered. In regular waves, the magnitude of the
total Froude–Krylov force in vertical direction can be expressed as

FF K =
∫ 2π

0

∫ σ2

σ1

p(x(σ,θ), z(σ,θ), t ) f
′
(σ) f (σ)dσdθ

=
∫ 2π

0

∫ σ2

σ1

(
ρgζa ekσ cos(ωt −k f (σ)cos(θ))−ρgσ

) · f
′
(σ) f (σ)dσdθ

(6.8)

The integral limits of the wetted surface is defined as{
σ1 = s(t )−h0

σ2 = η(t )
(6.9)

where η is the elevation of the free surface at x = 0 and h0 is the draft of the buoy. The depen-
dence of the pressure on x in (6.6) can be neglected in the long wave approximation which
assumes that the wave length is much longer than the characteristic dimension of the buoy.
Then the term cosθ in (6.8) can be neglected correspondingly. The integral calculation of
(6.8) for the heaving point absorber with centroid at the still water level has been explicitly
derived in [155]. In regular waves, the static and dynamic Froude-Krylov force in heaving
direction for the spherical geometry with a given draft can be calculated as
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FF Ks t =
∫ 2π

0

∫ σ2

σ1

pst dσdθ =−2πρg

[
σ3

3
+ (

s(t )−h0 +R
)σ2

2

]σ2

σ1

(6.10)

FF Kd y (r e ) =
∫ 2π

0

∫ σ2

σ1

pd y dσdθ

=−2π

k
ρgζa(cosωt )

[(
s(t )−h0 +R

)+ 1

k
−σ)ekσ

]σ2

σ1

(6.11)

where R is the radius of the buoy. The superposition theory can be applied to calculate the
dynamic Froude-Krylov force in irregular waves, while it is noted that (6.10) is also applica-
ble for the calculation of the static Froude-Krylov force in irregular waves. In addition, the
formulation for computing other forces remain same in irregular waves. According to (6.2)
and (6.11), in irregular waves, the dynamic Froude-Krylov force in heaving direction can be
expressed as

FF Kd y (i r r ) =
N∑

j=1
− 2π

k(ω j )
ρgζa(ω j )

(
cos(−ω j t +ϕ(ω j ))

)
[(

(s(t )−h0 +R)+ 1

k(ω j )
−σ)

ek(ω j )σ
]σ2

σ1

(6.12)

According to Cummins equation [89], the radiation force is calculated as

Fr (t ) =−
∫ t

−∞
Kr ad (t −τ)u(τ)dτ−Mr (∞)a(t ) (6.13)

where Mr (∞) is the added mass evaluated at the infinite frequency, Kr ad is the radiation im-
pulse function, and they can be calculated based on the results Ri (ω) and Mr (ω) obtained
from Nemoh. To compute the convolution integral efficiently, the state-space approxima-
tion is used [133]. According to [155], the diffraction force is calculated as

FD (t ) =−
∫ ∞

−∞
Kdi f f (t −τ)η(τ)dτ (6.14)

where Kdi f f is the diffraction impulse function.
In the nonlinear TD simulation, an end-stop mechanism is applied to limit the excessive

displacement. The end-stop force is expressed as

Fes (t ) =
{

0, |s(t )| ≤ sm

−Kes
s(t )−sm
|s(t )−sm | |s(t )− sm |, |s(t )| > sm

(6.15)

where Kes is the stiffness coefficient of the end stop spring, and it is set as 500 kN/m in this
work.

The viscous drag force is represented by a quadratic damping term which is similar to
the drag component in Morison’s equation [101], as

Fvi s =−1

2
ρCD AD |u −u0|(u −u0) (6.16)
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where ρ is the water density, CD is the drag coefficient, AD is the characteristic area of the
buoy, and u0 is the undisturbed flow velocity at the centroid of the buoy. The drag coefficient
is selected as 0.6 to minimize the error of the power estimate based on the investigation
reported in [135], in which the research reference is also a sphere.

During the calculation of the nonlinear Froude-Krylov force, the static and dynamic
pressures are integrated over the wetted surface of the buoy. The pressure is obtained based
on linear wave theory, and the pressure field is described by (6.6). It is clear that the val-
ues of the pressure would be overestimated when the surface area of interest moving above
the mean free surface, since z is in the exponential term in (6.6). To enhance the accuracy
of the model, Wheeler stretching theory is used to correct the pressure expression. In this
sense, the flow velocity and pressure at the initial vertical position z is replaced by those in
a corrected vertical position z

′
, and it can be expressed as

z
′ = D(D + z)

D +η −D (6.17)

where D is the water depth. D is set as a sufficiently large value of 1000 in the numerical
set-up, considering the deep water assumption in this work.

As nonlinear forces are taken into account, the optimal PTO damping coefficients could
not be obtained theoretically. Thus, in the nonlinear TD analysis, the PTO damping coef-
ficients are selected through an exhaustively search approach. Specifically, the PTO damp-
ing is searched over the range [0.01|Zm(ω)|, 2|Zm(ω)|] for regular waves or [0.01|Zm(ωp )|,
2|Zm(ωp )|] for irregular waves, in whichωp stands for the peak period of the irregular waves.
The range was defined on the basis of linear hydrodynamics, |Zm(ω)| has been proven to be
the optimal damping for an unconstrained heaving point absorber with the passive control
strategy in regular waves [99]. In this paper, 200 evenly spaced values are considered in the
range, and the PTO damping is selected to maximize the power absorption while complying
with the PTO force limits.

The TD simulation is performed based on the numerical integration scheme. The initial
displacement and velocity of the buoy is set to zero. The simulation time duration and time
step is set to 125 and 0.01 times the considered wave period (or peak period) respectively. A
ramp function is used to avoid strong transient flow at earlier time steps, and the ramp time
is chosen as 25 times the wave period [134]. The duration of the ramp time is not included
in the calculation of average power absorption. To mitigate random errors in the simulation
with irregular waves, the TD model is re-run ten times to calculate the mean value in each
case.

6.4. RESULTS
This section is divided into two subsections. The first subsection presents the results from
the calculation of FD modeling. The effects of the buoy draft adjustment on hydrodynamic
performance and PTO performance are analyzed. Next, the power performance of the fixed
draft WEC and the adjustable draft WEC are compared. The second subsection presents
the results obtained from the nonlinear time modeling. The influence of the nonlinear
Froude–Krylov force on the power absorption is discussed. Taking into account nonlinear
Froude–Krylov forces, the benefits from the adjustable draft system are re-evaluated.

6.4.1. FREQUENCY DOMAIN ANALYSIS
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THE INFLUENCE OF THE BUOY DRAFT ON THE HYDRODYNAMIC PERFORMANCE

Based on FD modeling, the effect of the draft adjustment on the hydrodynamic perfor-
mance of the floating spherical buoy is investigated. First, the hydrodynamic coefficients of
the spherical floating buoy in heave motion are calculated for different buoy drafts. The cor-
responding excitation force coefficients, added mass and radiation damping are depicted in
the Appendix A.2. Then, in the case without the PTO force applied on the buoy, the heave
response amplitude operators (RAO) of the spherical floating buoy in different drafts are
shown in Figure 6.3. It can be noted that the heave RAO is highly dependent on the buoy
draft. An increase of the buoy draft leads to a larger peak value of the heave RAO.
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Figure 6.3: Heave RAO of the floating spherical buoy of 5.0 m diameter in different drafts without PTO force.

Figure 6.4 presents the relative power absorption of the WEC with different buoy drafts,
in which the PTO damping is tuned to maximize the absorbed power at the wave period of
5.0 s. The power absorption bandwidth is defined as a frequency range within which the
WEC could absorb power higher than 50 % of the maximum absorbed power. This measure
effectively indicates the ability of the WEC responding to the incoming waves of frequencies
rather than its natural frequency. Figure 6.4 suggests that increasing the buoy draft reduces
the power absorption bandwidth and a buoy with very large drafts could result in a narrow-
banded device. However, the real sea conditions are normally characterized by irregular
waves, in which a range of wave frequencies is included. As a result, a compromise is needed
between pursuing a higher RAO in the peak period and a wider bandwidth when adjusting
the buoy draft in irregular waves.

The total mass, water plane area, natural frequency and natural period of the WEC with
different buoy drafts are shown in Figure 6.5 and 6.6. It can be seen that the buoy draft
adjustment makes a difference to these properties. The water-plane area and the natural
frequency decrease with the increase of the buoy draft, but the total mass increases with the
buoy draft.

THE INFLUENCE OF THE BUOY DRAFT ON THE PTO PERFORMANCE

In this part, the effect of the buoy draft on the PTO performance is discussed. The PTO
force amplitude and average absorbed power are calculated. It can be seen from Figure 6.7
that the buoy draft significantly affects the PTO performance. Figure 6.7a shows that the
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Figure 6.5: The water plane area and total mass of the buoy as a function of the draft.

required PTO force amplitude can be reduced by increasing the buoy draft. As shown in
Figure 6.7b, the impact of the draft adjustment on the average power is dependent on the
wave period. The buoy drafts of 3.0 m and 3.5 m and 3.75 m correspond to natural periods
of 3.5 s, 4.1 s and 4.5 s respectively. Thus, their average power are higher than that of the
buoy draft of 2.5 m around the range of their natural wave periods. When the wave period is
higher than 5.0 s, the buoy draft of 2.5 m is associated with a higher average power than that
of other larger buoy drafts. It can be deduced that the buoy draft adjustment can be used to
regulate the required PTO force. Therefore, adjusting the buoy draft is expected to enable
downsizing of the PTO capacity. In addition, adapting the buoy draft to wave periods is able
to improve the average power, because the natural frequency of the WEC can be controlled
to match the wave period. For instance, the average power of the WEC with a buoy draft of
2.5 m is higher than that of other buoy drafts over a wide range of wave periods. However,
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Figure 6.6: The natural frequency and corresponding period of the heaving buoy as a function of the draft.

it becomes lower than the average power of the WEC with larger buoy drafts along the wave
period from 3.5 s to 4.8 s which matches the natural periods of larger buoy drafts as seen in
Figure 6.6.

POWER PERFORMANCE WITH PTO FORCE LIMITS

As is shown before, the required PTO force of the WEC is related to the buoy draft. Thus,
the effect of the PTO force constraints on power performance differs with the buoy draft.
A good example is shown in Figure 6.8, which presents the relationship between the PTO
force, the average power and the PTO damping coefficient. The calculation is performed
based on a regular wave state, in which the wave height and wave period are 2.5 m and 5.0
s respectively. It can be noted that a buoy draft of 2.5 m corresponds to a higher average
extracted power than a buoy draft of 3.75 m without PTO force constraints. However, the
implementation of the PTO force constraint would limit the available range of PTO damping
coefficients, and the solid curves in the middle plot of Figure 6.8 correspond to the available
range of PTO damping coefficients. In this way, the absorbed power of the buoy draft of 3.75
m overtakes that with the buoy draft of 2.50 m, and they are 38 kW and 28 kW respectively
with the PTO force limit of 40 kN. Therefore, it can be deduced that reasonably adjusting the
buoy draft could mitigate the negative effect of PTO force limits on the power absorption.

To identify the influence of PTO force limits on the power performance of the WEC with
different buoy drafts, various PTO force limits are implemented. The root mean square
(RMS) value is commonly used in PTO rating, since it allows the PTO system, such as an
electrical machine, to work in a sustainable condition on a longer time scale [158]. Thus,
the PTO force limit is considered in the form of RMS value. Taking the wave state with a
wave height of 1.0 m and wave period of 5.0 s as an example, the percentage of the absorbed
power with force constrains to that without force constraints and the absorbed power per
RMS of the required PTO force are presented in Figure 6.9. It can be seen from Figure 6.9a
that PTO force limits have a notable negative influence on the power absorption. The per-
centage value increases with the PTO force limit. Furthermore, it can be seen that the per-
centage values of the WEC with the larger buoy drafts are generally higher than those with
lower buoy drafts. This is expected since the WEC with the larger buoy drafts correspond to
the lower required PTO forces at the unconstrained force condition, which has been shown
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Figure 6.7: PTO performance as a function of the buoy draft without force constraints, and the considered wave
height is 1.0 m.

in Figure 6.7. In Figure 6.9b, it is seen that the absorbed power per RMS of the required
PTO force tends to decrease with the force limit until the force limit is sufficiently high for
the power absorption. It can also be noticed that the absorbed power per RMS of the PTO
force differs with the buoy draft, and the buoy drafts of 3.75 m and 3.5 m are associated with
higher values than that of the buoy draft of 2.5 m.

The power performance with force constraints is calculated for different wave periods,
which is shown in Figure 6.10. It can be noted that increasing the buoy draft contributes to
higher power absorption at low wave periods. With the increase of the wave period, the dif-
ference between the power performance of different buoy drafts tends to vanish. It should
be realized that the power performance discussed in this paper is the absorbed power by
the WEC instead of the grid power. This implies that the PTO efficiency is not taken into
consideration. However, the force limit in reality represents the PTO size which could make
a difference with respect to the PTO efficiency [159]. For instance, the relation of the PTO
conversion efficiency to the size of linear generators in wave energy conversion has been
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Figure 6.8: The PTO force amplitude, average power and displacement as a function of PTO damping for two
different buoy drafts. The considered wave height is 2.5 m and the wave period is 5.0 s.

investigated in [83]. This study indicated that the overall power conversion efficiency gen-
erally increases with the dimension of linear generators, which mainly results from the re-
duction of copper losses in power conversion.

PERFORMANCE COMPARISON BETWEEN THE ADJUSTABLE DRAFT WEC AND THE FIXED DRAFT

WEC
To present the benefits of the adjustable draft system, a comparison is made between the
power absorption of the adjustable draft WEC and the fixed draft WEC. In this paper, four-
teen buoy drafts evenly spaced along the adjustable range are considered when identifying
the performance of the adjustable draft WEC. However, it should be realized that a contin-
uous adjustment can be achieved in practice by the adjustable draft system. Regarding the
fixed draft WEC, the buoy draft is fixed at 2.5 m. The ratios of power absorbed by the ad-
justable draft WEC to that by the fixed draft WEC are calculated, and the results are shown
in Figure 6.11. In the calculation, three different PTO force limits are implemented, and
regular wave states with a wave height of 1.0 m are considered. It can be observed from
Figure 6.11 that the adjustable draft WEC is clearly associated with an improvement of the
power absorption, compared with the fixed draft WEC. For instance, at the RMS of the PTO
force limit being 10 kN, the absorbed power of the adjustable draft WEC is 3.5 times that
of the fixed draft WEC. The improvement occurs over a wider range of wave periods with
the stricter PTO force constraints. With the RMS of the PTO force limit of 10 kN, the im-
provement can be noticed from the wave period of 3.5 s until 6.5 s. However, it is observed
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Figure 6.9: The influence of PTO force limits on the power performance. The results are calculated in a regular
wave state with the wave height of 1.0 m and the wave period of 5.0 s.

only until around 4.8 s when the RMS of the PTO force limit increases to 20 kN. Therefore,
it is concluded that the adjustable draft system is beneficial for the power absorption, es-
pecially with the downsized PTO capacity. It has to be acknowledged that the improvement
of power absorption concentrates on the low wave periods (from 3.0 to 6.5 s). Thus, given
the considered buoy size and geometry, its contribution for realistic wave sites where long
wave periods are significantly dominating is relatively limited.

THE INFLUENCE OF BUOY SIZE ON THE PERFORMANCE OF THE ADJUSTABLE DRAFT SYSTEM

The effect of the draft adjustment on the hydrodynamics and PTO performance of the sys-
tem depends on the buoy geometry and size. Here, the influence of the buoy size on the
performance of the adjustable draft WEC is demonstrated.

Figure 6.12 depicts how the buoy scaling affects the ratio between the power absorption
of the adjustable draft WEC and the fixed draft WEC. It can be seen that the profile of the
ratio does not change with the scaling factor, but the wave period changes accordingly. With
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fixed draft of 2.5 m.

the increase of the buoy size, the improvement of the power absorption moves to larger
wave periods. Therefore, buoy scaling can be used to adapt the adjustable draft WEC to
different wave climates.

6.4.2. NONLINEAR TIME DOMAIN ANALYSIS

THE EFFECT OF NONLINEAR FORCES ON POWER PERFORMANCE

For simplification, only the buoy with a diameter of 5.0 m is discussed in the nonlinear TD
analysis, although the buoy size has been proven influential in Figure 6.12. To verify the
reproduced nonlinear TD model, a comparison is made between the results of RAOs from
the reproduced model and the results from [155], which can be found in Appendix A.4.

To identify the influence of the nonlinear forces on power performance of WECs, the
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Figure 6.12: Ratio of the power absorbed by the adjustable draft WEC to that by the fixed draft WEC for different
buoy sizes, the wave heights and the RMS of the PTO force limit are 1.0 ·λ m and 10 ·λ3 kN. Pad j ust able and

P f i xed embody the power absorbed by the adjustable draft WEC and the power absorbed by the WEC with a fixed
draft of 2.5 ·λ m.
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results of the power absorption estimated by the nonlinear TD model and linear model are
compared, as shown in Figure 6.13. The considered wave height is 1.0 m, and the RMS of
the PTO force limit is 10 kN. The selection of the PTO damping is different for each model,
thus the influence of the numerical model response on the optimization of the PTO damp-
ing is also reflected in the figure. It can be seen from Figure 6.13 that the power estimated
by the nonlinear TD model is much lower than that by the FD model around the resonance
regions, but the difference is negligible at other wave periods. For instance, the buoy draft
of 3.75 m is associated with 17 kW at the wave period of 4.5 s in the FD analysis, while it
decreases to around 4 kW in the nonlinear TD analysis. Therefore, the linear model overes-
timates the power performance around the resonance. The variation of the instantaneous
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wetted surface is expected to be the main contributor to the difference between the lin-
ear and nonlinear models. To reflect the variation, the standard deviations of the instanta-
neous displacement of the buoy relative to the wave elevation and the standard deviation of
the instantaneous variation of the water-plane area are calculated for different buoy drafts,
shown in Figure 6.14 and Figure 6.15. It is visible that the standard deviation of the rela-
tive displacement is clearly higher in the wave periods of resonance for each buoy draft. In
addition, it is observed from Figure 6.13 that the difference of power estimation between
these models turns out to be larger for larger buoy drafts. This is expected since larger buoy
drafts essentially correspond to larger variations of the water-plane area, as shown in Fig-
ure 6.15. The variation of the water-plane area effectively implies the nonlinearity of the
Froude-Krylov force.
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Figure 6.14: The standard deviation of the displacement of the buoy relative to the wave elevation. The results are
calculated in regular wave states with a wave height of 1.0 m, and the RMS of the PTO force limit is 10 kN.
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Figure 6.15: The standard deviation of the variation of the water-plane area. The results are calculated in regular
wave states with a wave height of 1.0 m, and the RMS of the PTO force limit is 10 kN.

Furthermore, as a consequence of the addition of nonlinear force components, the nat-
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ural frequency is shifted to be lower. As can be seen in Figure 6.13, the wave periods when
maximum power is obtained deviate from those presented by the FD analysis. Taking the
buoy draft of 3.75 m as an example, the maximum power is obtained at 4.5 s in the FD mod-
eling, while it is at around 5.0 s in the nonlinear TD analysis.

THE INFLUENCE OF PTO FORCE LIMITS ON POWER PERFORMANCE

The power performance of the WEC with different buoy drafts is calculated by the nonlinear
TD model, and various PTO force limits are implemented. The results are shown in Figure
6.16, and the considered wave height and period are 1.0 m and 5.0 s respectively. It can
be noted from Figure 6.16a that the PTO force limit reduces the power absorption, but the
effect differs with the buoy draft. For example, at the RMS of the PTO force limit of 10 kN,
the percentage of the buoy draft of 3.75 m reaches nearly 100% while it is only around 55%
for the buoy draft of 2.50 m. This observation generally agrees with the results obtained by
the FD analysis. Then, comparing Figure 6.16b and Figure 6.9b, it is seen that both their

5 10 15 20 25

RMS of PTO force limit (kN)

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

P
e
rc

e
n
ta

g
e
 o

f 
p
o
w

e
r

draft=2.50m

draft=3.00m

draft=3.50m

draft=3.75m

(a) Percentage of PTO absorbed power with force limits to that without force limits

5 10 15 20 25

RMS of PTO force limit (kN)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

P
o

w
e

r 
p

e
r 

R
M

S
 o

f 
P

T
O

 f
o

rc
e

 (
W

/N
) draft=2.50m

draft=3.00m

draft=3.50m

draft=3.75m

(b) PTO absorbed power per RMS of PTO force
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profiles suggest the similar trend, in which the power per RMS of the PTO force generally
decreases with the PTO force limit. However, an obvious difference can be observed with
regard to the buoy draft of 3.75 m. In the nonlinear TD analysis, its absorbed power per
RMS of the PTO force is higher than that in the FD analysis. Specifically, the ultimate value
stays at approximately 0.58 W/N in the nonlinear TD analysis, but it is nearly 0.5 W/N in the
FD analysis. This can be supported by the fact explained in Figure 6.13 that the nonlinear
components shifted its natural frequency to around 5.0 s. As a consequence, the power
estimated by nonlinear TD modeling is higher than the one obtained by the FD analysis at
this concerned wave period.

PERFORMANCE COMPARISON BETWEEN THE ADJUSTABLE DRAFT WEC AND THE FIXED DRAFT

WEC

• In r eg ul ar w aves

The absorbed power of the adjustable draft WEC is calculated by the nonlinear TD
model for regular wave conditions, as shown in Figure 6.17. For comparison, the
power performance of the semi-submerged fixed draft WEC is also presented in the
figure. The calculation is performed based on the regular wave state with a wave
height of 1.0 m, and the RMS of the PTO force limit is set as 10 kN. It can be seen from
Figure 6.17 that the adjustable draft WEC could absorb higher power over a range
of wave periods. The gain of the power resulting from the adjustable draft system
is mainly observed from the wave period of 3.5 s to 6.5 s. For instance, the highest
power for the adjustable draft WEC is around 7 kW at the period of 4.0 s while it is
only around 5.5 kW for the fixed draft WEC. The improvement is as high as 27 %.
When the wave period is below 4.0 s or above 6.5 s, the adjustable draft WEC and the
fixed draft WEC tend to absorb the similar amount of power.
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Figure 6.17: Comparison between the power absorbed by the adjustable draft WEC and that by the WEC with a
fixed draft of 2.5 m, and the considered wave height is 1.0 m and the RMS of the PTO force limit is 10 kN.

Figure 6.18 shows the adjusted drafts for the maximum delivered power in different
wave periods. It is clear that the draft selection is strongly dependent on the wave
period. The trend of the optimal draft is generally to first increase with the wave pe-
riod and then to be relatively constant. This is because the natural period of the buoy
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increase with the buoy draft, which has been depicted in Figure 6.3. At their natu-
ral periods, the larger drafts are associated with higher values of the RAO as well as
higher buoy velocities. When the PTO force constraint starts to be a limiting factor
of the power absorption, the higher velocity could contribute to the increase of the
power absorption.
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Figure 6.18: The adjusted buoy drafts corresponding to the highest power for different wave periods, and the wave
height is 1.0 m and RMS of the PTO force limit is 10 kN.
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Figure 6.19: Ratio of the power absorbed by the adjustable draft WEC to that by the fixed draft WEC in different
RMS of the PTO force limit. The results are calculated in regular waves with a wave height of 1.0 m. Pad j ust able

and P f i xed embody the power absorbed by the adjustable draft WEC and the power absorbed by the WEC with a
fixed draft of 2.5 m.

Figure 6.19 shows the ratios of the power absorbed by the adjustable draft WEC to
that by the fixed draft WEC. The calculation is performed based on regular wave states
with a wave height of 1.0 m. The corresponding ratios of power absorption in Figure
6.19 is generally lower than those predicted by the FD modeling, shown in Figure 6.19.
For instance, when the RMS of the PTO force limit is 10 kN, the highest ratio reaches
3.5 in Figure 6.11 while it declines to around 1.45 in Figure 6.19. However, even with
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considering nonlinear forces including the drag force, the adjustable draft WEC still
suggests an obvious improvement of the power absorption, and the improvement is
more significant when the PTO force limit becomes stricter. For example, when the
RMS of the PTO force limit is 10 kN, the absorbed power of the adjustable draft WEC
is 1.45 times that of the fixed draft WEC at the wave periods around 5.0 s. But it is
only around 1.15 and 1.1 times as the RMS of the PTO force limit increases to 15 kN
and 20 kN respectively. Therefore, it suggests that the adjustable draft system could
improve the power performance of the spherical heaving point absorber in regular
wave states, especially with the downsized PTO capacities.

• In i r r eg ul ar w aves

The power performance of the adjustable draft WEC and the fixed draft WEC in irreg-
ular wave states is calculated, shown in Figure 6.20. As the simulation with irregular
waves is run ten times for each case using different seeds, the mean values and error
bar of the estimated power are presented. It can be seen that the power improve-
ment resulting from the adjustable draft system in irregular waves is less noticeable
than the results from regular waves. The reason is that increasing the buoy draft re-
duces the absorption bandwidth of the buoy, and the narrower bandwidth reflects the
incapability to respond to broad wave frequencies other than the natural frequency.
Although the power absorption of the buoy with larger drafts in irregular waves is
relatively weakened with regard to that in regular wave states, there is still power im-
provement resulting from the application of the adjustable draft system. For instance,
the highest mean values of the absorbed power for the fixed draft WEC and adjustable
draft WEC are approximately 5.7 and 6.4 kW, and the improvement is around 12 %. In
addition, it is observed that the gain of power absorption is mainly located between
the peak periods of 4.5 and 6.0 s. When the peak period is above 7.0 s, the difference
between the power absorption of the adjustable draft WEC and the fixed draft WEC is
negligible. One possible approach to improve the power performance of this concept
in irregular waves is to optimize the buoy geometry, by which the issue of narrow ab-
sorption bandwidth is expected to be mitigated. As indicated by [86], the absorption
bandwidth increases with the resistive term, and thus the buoy geometries with the
radiation damping increasing with the draft might be desirable.

The adjusted buoy drafts corresponding to the maximum power absorption for dif-
ferent peak periods in irregular wave states are shown in Figure 6.21. The tendency of
the adjusted draft with the peak period is first to increase and then to be stabilized at
around 3.2 m in spite of the small fluctuations. Comparing the results with the draft
adjustment in regular waves from Figure 6.18, the values of the adjusted draft in ir-
regular waves are accordingly lower. For instance, the adjusted draft in regular waves
is higher than 3.6 m for the wave period between 4.5 and 8.2 s, while the largest ad-
justed draft is 3.3 m in irregular waves. This is also because the larger buoy drafts have
a narrower bandwidth, which penalizes its power absorption in irregular waves.

As suggested in Figure 6.21, the adjusted buoy draft is 2.8 m for the peak period of 4.0
s. Thus, the instantaneous responses of the WEC with the buoy drafts of 2.5 and 2.8 m
are depicted in Figure 6.22 to represent the performance of the adjustable draft WEC
and fixed draft WEC. For a fair comparison, the generated profile of the wave elevation
is maintained identical for these two buoy drafts in the simulation. It can be seen from
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Figure 6.20: Comparison between the power absorbed by the adjustable draft WEC and that by the WEC with a
fixed draft of 2.5 m, and the considered significant wave height is 1.5 m and the RMS of the PTO force limit is 10

kN.
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Figure 6.21: The adjusted buoy drafts corresponding to the highest power for different wave periods, and the
considered significant wave height is 1.5 m and the RMS of the PTO force limit is 10 kN.

Figure 6.22a and Figure 6.22b that the buoy draft of 2.8 m is generally related to higher
velocities than that of 2.5 m at the same PTO force constraint. Therefore, the power
absorbed by the buoy draft of 2.8 m is accordingly higher, as shown in Figure 6.22c.

As the buoy draft increases, the possibility of the buoy being fully submerged could be
higher. As a consequence, the prediction accuracy of the power performance would
decrease, since the effect is not considered in the numerical model. To justify the
accuracy of the performance identification, the instantaneous relative displacement
of the buoy to the wave elevation is calculated for an adjusted buoy draft, shown in
Figure 6.23. The adjusted buoy draft of 3.2 m in the peak period of 5.0 s is consid-
ered as a particular case. This case is sufficiently representative since the relative dis-
placement is rather high at the wave periods between 3.5 and 5.0 s (shown in Figure
6.14), and the buoy draft of 3.2 m is almost the largest value used in the irregular
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Figure 6.22: The TD responses of the buoy with the draft of 2.5 m and 2.8 m, corresponding to the wave elevation
as input. The simulation is performed based on an irregular wave state with a significant wave height of 1.5 m and

peak period of 4.0 s. The PTO damping is optimized subjected to the force constraints of RMS of 10 kN, with the
values of 17600 kg/s and 16200 kg/s for the buoy draft of 2.5 m and 2.8 m. σż and σF embody the standard

deviation of the velocity and PTO force.

wave states (shown in Figure 6.23). It is observed from Figure 6.23 that the relative
displacement hardly gets close to the two values indicating the cases of leaving wa-
ter or being fully submerged within a simulation time duration of 1000 s. Thus, the
current model is thought to be verified for the considered simulation cases in the TD
analysis. However, it should be realized that the possibility of the occurrence could
increase if higher wave heights are considered, and then the accuracy of the current
model would be challenged.
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Figure 6.23: The relative displacement of the buoy to the wave elevation, and the buoy draft is adjusted to 3.2 m.
The results are calculated in an irregular wave state with a significant wave height of 1.5 m and peak period of 5.0

s, and the RMS of the PTO force limit is 10 kN.

6.5. DISCUSSION
This thesis is focused on the conceptual study of the adjustable draft system. Thus, the reg-
ulation of ballast water is assumed to be implemented ideally, which means that the draft
can always be instantly adjusted to the desirable level. But, loading or discharging ballast
water inside the buoy takes time, which is of essence to be considered in the following de-
velopment towards practical application. Considering the typical operating capacities of
small and medium sized centrifugal pumps commonly used in marine engineering for bal-
lasting [160], the consumed time of the ballasting is calculated for the flow rates ranging
from 150 liter/min to 750 liter/min. The result is shown in Figure 6.24. For the flow rate of
450 liter/min, the process would take a period of time around 50, 45, 30, 25 and 10 minutes
if the draft is adjusted from 2.5 m to 3.75 m, 3.5 m, 3.25 m, 3.0 m 2.75 m respectively. It
should be noticed that the buoy draft adjustment is designed to be sea-state based, thus
ballasting is only required in the frequency of order of hours or even longer. Furthermore,
the variation of the desired buoy draft is observed gradual by the wave period as shown in
Figure 6.18 and 6.21. It implies that the required change of the buoy draft is relatively lim-
ited in each adjustment operation, and the consumed time wouldn’t be long. In this sense,
it is expected that the buoy draft adjustment can be managed timely and effectively in re-
ality. However, it is acknowledged the efficiency of the draft adjustment also depends on
the design of the ballast management system, wave resource, buoy size and shape. Thus, a
further analysis is needed in the next-stage of this conceptual design.
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Figure 6.24: The relative displacement of the buoy to the wave elevation, and the buoy draft is adjusted to 3.2 m.
The results are calculated in an irregular wave state with a significant wave height of 1.5 m and peak period of 5.0

s, and the RMS of the PTO force limit is 10 kN.

6.6. SUMMARY AND CONCLUSIONS
In this chapter, an adjustable draft system is proposed for the heaving point absorber con-
cept. By means of this system, the buoy draft can be adapted to the wave state. First, the
proposed system and the considered WEC concept are described. Next, a FD model is es-
tablished to study the effect of the draft adjustment on performance of the WEC. The power
performance of the adjustable draft WEC and the fixed draft WEC are compared for differ-
ent PTO force constraints considerations. Furthermore, to take into account the nonlinear
forces, an algebraic nonlinear TD model is used to re-evaluate the performance of the WEC
integrated with the adjustable draft system, in which both regular waves and irregular waves
are considered. Based on the results, the following concluding remarks are drawn.

• The draft adjustment of the spherical buoy has a significant influence on its hydrody-
namic coefficients in heave mode. The excitation force can be reduced by increasing
the buoy draft. The larger buoy drafts correspond to the higher peak value of the heave
RAOs but the narrower bandwidth. However, this conclusion is limited to the spher-
ical floating buoy geometry, and the dependence of the hydrodynamic performance
on the draft adjustment would differ with the buoy geometry. It is therefore recom-
mended to conduct further investigation on the relevance of the buoy geometry to
the performance of the adjustable draft system.

• The PTO force amplitude and average power of WECs are highly related to the buoy
draft. Adapting the buoy draft to wave states makes it possible to control the required
PTO force. The required PTO force can be reduced by increasing the buoy draft.
Therefore the adjustable draft system can be used to implement the downsizing of
PTO capacity.

• The buoy draft adjustment varies the natural frequency of the WEC, and thus adapt-
ing the buoy draft to wave states could improve the power absorption. Reasonably ad-
justing the buoy draft is able to mitigate the negative effect of PTO force constraints on
power performance. In addition, the performance of the adjustable draft system is re-
lated to the buoy size, and the wave periods when the power absorption can be clearly
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gained is increased by scaling the buoy up. Furthermore, nonlinear forces could make
a difference to power absorption of the WEC, and the power absorption from the non-
linear model is remarkably lower than that estimated in the FD analysis at the reso-
nance regions. With regard to the fixed draft WEC, the application of the adjustable
draft system is able to improve the power performance of a spherical point absorber,
especially in the cases with the downsized PTO capacities. In the considered regu-
lar wave states, the power absorption could be improved around 27 % in particular
cases. In irregular wave states, less power improvement is observed since the absorp-
tion bandwidth is relatively narrowed by the increase of the buoy draft. Nevertheless,
in the considered irregular wave conditions, the power absorption can be improved
by approximately 12 % in particular wave state.

The performance of the adjustable draft WEC was studied in this chapter, but the focus
was lied on the hydrodynamic performance and power absorption. In the next chapter, the
implications of the addition of the adjustable draft system on the whole system, including
the electrical generator, will be identified based on a wave-to-wire model.



7
THE PERFORMANCE OF THE

ADJUSTABLE DRAFT POINT

ABSORBER INTEGRATED WITH A

LINEAR PM GENERATOR

In the previous chapter, the effect of the draft adjustment on the power absorption was demon-
strated. As an extension, a wave-to-wire model is established in this chapter to comprehen-
sively evaluate the systematic performance of the adjustable draft point absorber integrated
with a linear permanent magnet generator. The developed wave-to-wire model is capable
of simulating the complete process from the wave power input through the whole system to
the usable electricity produced by the generator. In addition, the negative effects of the draft
adjustment on the stroke and overlap between the stator and translator are demonstrated.
Subsequently, a comparison is made between this novel WEC and conventional WEC, and
both regular and irregular wave states are considered. The results show that the adjustable
draft system could not only increase the absorbed power but also the generator efficiency. At
particular wave states, the delivered electrical power of the adjustable-draft WEC is over 20
% and 10 % higher than that of the conventional fixed-draft WEC for regular and irregular
wave conditions respectively.
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7.1. INTRODUCTION

A LTHOUGH the conceptual design of the adjustable draft system has been proven to be of
much potential in the last chapter, it was only investigated with assuming a simplified

damper-like PTO model. Thus, the effects of the draft adjustment on the PTO efficiency and
overall performance of the adjustable draft WEC still remain unclear. To comprehensively
evaluate the performance of WECs, a wave-to-wire model can be used as the numerical tool.
It could cover all the system responses in the whole energy conversion stages, including
the wave-buoy hydrodynamics, energy transmission and electricity generation. Recently,
a variety of wave-to-wire models have been developed. Regarding the power absorption
stage, the wave-buoy hydrodynamics can be calculated by the linear potential modeling,
weakly nonlinear modeling or fully nonlinear modeling. From the perspective of the en-
ergy transmission, wave-to-wire models differ by using the pneumatic, hydraulic or me-
chanical PTO modeling. For the electricity generation stage, wave-to-wire models could be
mainly divided by applying the rotary or linear electric generator model. For instance, a
high-fidelity wave-to-wire model was proposed and validated in [161]–[163]. The nonlinear
Froude-krylov force and viscous force were incorporated in the hydrodynamic model, and a
hydraulic PTO model coupled with a rotary electric generator model were used to mimic the
power transmission and generation stages. By means of the proposed model, the influence
of the configuration of the hydraulic PTO system was investigated. In [164], a wave-to-wire
model was presented for studying an array of point absorbers. It was established by a in-
tegration of a hydrodynamic model including the nonlinear hydrostatic force, a hydraulic
PTO model, an induction rotary generator model and an electric network model. The in-
teraction between electric network and the dynamic responses of the array was studied,
and the importance of the wave-to-wire model in the whole system design was identified.
A fully-coupled model was applied in [165] to demonstrate the power improvement of the
point absorbers with a linear generator by using a field weakening control strategy in the
PTO system. A linear hydrodynamic model and an electric model of linear generators are
included in the wave-to-wire model, and the power production of the WECs at various wave
states were revealed.

The objective of this chapter is to establish a wave-to-wire model for the adjustable draft
WEC and to thoroughly evaluate its power performance. The chapter starts with the de-
scription of the integration of the adjustable draft WEC with the linear PM generator. Next,
the formulation of the wave-to-wire model is presented. The algebraic nonlinear TD model,
introduced in the Chapter 6, is applied to simulate the dynamic behavior of the WEC. The
responses of the linear generator are calculated by the analytical model which was pre-
sented in Chapter 5. To match the wave resource of Yeu island, the diameter of the spherical
buoy is increased to 3.5 m and the parameters of the linear generator are re-specified. The
potential negative effects resulting from the draft adjustment on the power performance
are studied, including the non-symmetry of the stroke and partial overlap between the sta-
tor and translator. The delivered electrical power and PTO conversion efficiency of the WEC
are identified in both regular and irregular wave conditions. A performance comparison be-
tween the adjustable absorber and the semi-submerged fixed draft point absorber is made.
Furthermore, a improved design of the adjustable draft WECs is demonstrated with an aim
to reduce the negative effects associated with the draft adjustment.
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Figure 7.1: Schematic of the integration of the adjustable draft point absorber with a bottom founded linear
generator.

In the last chapter, the PTO system in the adjustable draft WEC is simplified as a linear
generic PTO model to mimic the behavior. In this chapter, it is further specified as a lin-
ear PM generator, and the schematic of the integration is shown in Figure 7.1. The buoy is
directly connected to the translator of the generator without through any auxiliary equip-
ment, thus the influence of the non-symmetric PTO stroke is taken into account.

7.2.1. THE SPECIFICATION OF THE BUOY SIZE AND POSITIONING

The spherical buoy is resized in this chapter to match the most frequent wave state of the sea
site Yeu island. The wave state is with the crossing-zero period Tz of 5.5 s and significant
wave height Hs of 1 m, as shown in Figure 3.2. The relevance of the performance of the
adjustable draft WEC to the buoy size has been illustrated in Figure 6.12. For the originally
sized buoy with a diameter of 5 m, the maximum ratio between the power absorbed by the
adjustable draft WEC and the fixed draft WEC is located at 4.5 s. In order to increase the
wave period where the maximum ratio is obtained, the buoy size needs to be scaled up and
the scale factor λ can be approximated as 1.4 to make it occur at 5.5 s, based on Figure
6.12. Same with the last chapter, it is assumed that the buoy without ballast water would be
naturally semi-submerged in still water.

The linear generator is bottom founded serving as the PTO system, and the translator
is directly connected to the buoy. As the allowable stroke is unchangeable for a certain
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generator, increasing the buoy draft reduces the lower half of the stroke. For a compromise,
the translator is therefore placed at the position where the horizontal center lines of the
translator and stator are aligned when the buoy draft is 4.25 m. The effects of the draft
adjustment on the motion of the buoy and overlap between stator and translator will be
demonstrated in more detail in the following text.

7.2.2. SPECIFICATION OF THE ELECTRIC GENERATOR

In the present chapter, the generator is rated to supply the sufficient force for maximizing
the power absorption in the most frequent wave state of the sea site Yeu island. The buoy
is considered to be semi-submerged during this generator rating process. Figure 7.2 shows
the relationship among absorbed power, RMS value of the PTO force and PTO damping
coefficient at that wave state. It can be observed that a value of the RMS PTO force of 40 kN
is required to achieve the maximum absorbed power.
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Figure 7.2: Absorbed power and RMS PTO force as a function of PTO damping coefficient, with Hs = 1 m and
Tz = 5.5 s.

In irregular wave states, the dynamic response of the system is stochastic, and therefore
the probability of exceeding the force limit should be reduced to a certain level. For ex-
ample, the PTO force saturation is associated with large currents, and highly frequent PTO
force saturation might lead to overheating conditions. Thus, defining a tolerance on the
exceedance is important to the generator design. In this paper, the tolerance on the ex-
ceedance of the deigned generator force is considered as 10 %. If the dynamic process of
the WEC is assumed to be Gaussian with zero mean, the amplitude of the variables can be
characterized by Rayleigh distribution [104]. Hence, the probability of exceeding the PTO
force limit can be calculated by

Q(s) = exp(
−F 2

max

2σ2
F

) (7.1)

where σF represents the standard deviation of PTO force which is equal to its RMS value in
this case, and Fmax is the designed maximum generator force. Given the σF of 40 kN, the
designed maximum generator force is calculated by (7.1) as 85 kN.
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The size of the linear generator is determined based on the force density of the machine
(the force acting per unit surface area of the air gap). The designed maximum generator
force is calculated as

Fmax = 2ρ f or ce Lst a ls (7.2)

where ρ f or ce is the force density of the generator, Lst a and ls are the stator length and
stack length, and a factor of 2 is included since the machine is double sided. The generator
adopted in this paper is scaled based on the design of the linear generator of the AWS [43].
The scale factor of the generator λe has been introduced in (5.10). For simplification, the
stator, translator and stack length are scaled together in this work while they are in practice
independent sizing parameters. As stated in [112], the force density is rather constant for
differently sized generators. Therefore, the designed maximum generator force is thought
proportional to the surface area of the machine. Then, according to (5.11), the maximum
force of the scaled machine is related to the reference machine by

Fmaxc =λ2
e Fmaxo (7.3)

As in [61], the maximum force of the reference generator is 933 kN for two installed ma-
chines, and the translator, stator and stack length are reported as 8 m, 5 m and 1 m. As the
WEC in this paper only adopts a single machine, then the scale factor λe is calculated as
around 0.43. Therefore, the values of the translator, stator and stack length of the scaled
machine can be obtained by (5.10). In addition, the rated phase current and voltage of the

Table 7.1: Specification of the sized generator.

Parameters Symbol Quantities
Rated power Pr ated 187 kW

Maximum force Fmax 85 kN
Maximum velocity umax 2.2 m/s

Stroke S 5.6 m
Translator length Ltr a 3.5 m

Stator length Lst a 2.2 m
Stack length ls 0.45 m

Air gap length gl 5 mm
Slot width bs 15 m

Magnet pole width bp 79 mm
Tooth width bt 18.3 mm

Pole pitch τp 100 mm
Slot pitch τs 33.3 mm

Stator yoke height hs y 50 mm
Slot height hs 85 mm

Magnet thickness lm 15 mm
Recoil permeability of the magnets µr m 1.1

Remanent flux density of the magnets Br m 1.1 T at 85 ◦C
Iron loss per unit mass PFe0 4.9 W/kg at 50 Hz and 1.5 T

Copper resistivity ρCu 0.0252 µΩm at 120 ◦C
Copper fill factor ks f i l 0.6

Number of conductors per slot Ns 6



7

132
7. THE PERFORMANCE OF THE ADJUSTABLE DRAFT POINT ABSORBER INTEGRATED WITH A

LINEAR PM GENERATOR

converter of the scaled machine can be calculated based on scaling law of generator siz-
ing, which has been presented in Method 1 of subsection 5.3.1. For the original reference
generator, the rated phase current Iconmo and voltage are Uconmo are 400 A and 1500 V [61].
Other parameters of the scaled generator remain unchanged with respect to the reference
machine, and the specification of the generator used in this paper is shown in Table 7.1.

7.3. WAVE-TO-WIRE MODELING
The wave-to-wire model established in this chapter comprises two main components: the
nonlinear hydrodynamic modeling and the analytical generator modeling. The diagram
of the model is shown in Figure 7.3. Regarding the hydrodynamic modeling, the nonlin-
ear algebraic Froude-Krylov model is adopted, and the formulations have been detailed in
Chapter 6. The analytical generator model presented in Chapter 5 is used here to mimic the
electrical responses. The position and velocity of the buoy are taken as inputs to the gener-
ator, and the generator makes the corresponding PTO force to interact with the dynamics
of the buoy.

7.4. RESULTS
This section starts with studying the effect of the draft adjustment on the hydrodynamic
feature of the buoy. Then, the wave-to-wire responses of the WEC are presented. Next, the
negative effects of the draft adjustment on the buoy motion and partial overlap between
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Back-to-Back voltage source inverter.

Figure 7.3: Diagram of the established wave-to-wire model.
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the stator and translator of the linear generator are demonstrated. Finally, the performance
of the adjustable draft WEC in both regular and irregular waves is identified and compared
with the conventional fixed draft WEC. The delivered electrical power, PTO conversion ef-
ficiency and the optimal buoy draft in relation with the wave state are covered in the com-
parison.

(a) Displacement and speed (b) Instantaneous and RMS No-load voltage

(c) RMS phase current and terminal phase voltage (d) Power and losses

Figure 7.4: Wave-to-wire response of the WEC in a mild wave state (H = 1.5 m, T = 5.5 s), and Rpto = 50 kNs/m.

7.4.1. WAVE-TO-WIRE RESPONSE OF THE WEC
The systematic responses of the WEC calculated by the established wave-to-wire model is
presented in Figure 7.4 and 7.5, in which the buoy draft is selected to be 4.0 m as an exam-
ple. A mild and powerful wave states are considered respectively. The profiles of the RMS
no-load voltage in Figure 7.4b and 7.5b are not sinusoidal because of the partial overlap
between the stator and translator of the generator. As a consequence, the resulting phase
current and terminal voltage in Figure 7.4c and 7.5c are not varying sinusoidally either. The
effect is more obvious in the powerful wave state, where the amplitude of the displacement
is larger. In addition, in Figure 7.5c, it is seen the profiles of the voltage and current is not
symmetrical with respect to the dashed center line for a half oscillation period. The reason
is that the geometry center of the translator in still water is not located in parallel with the
vertical center line of the stator. This results in the difference of the partial overlap between
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(a) Displacement and speed (b) Instantaneous and RMS No-load voltage

Centerline

(c) RMS phase current and terminal phase voltage (d) Power and losses

Figure 7.5: Wave-to-wire response of the WEC in a powerful wave state (H = 3.0 m, T = 8.5 s), and Rpto = 50
kNs/m.

the buoy’s moving upwards and downwards. This effect will be demonstrated in more detail
in subsection 7.4.2. Furthermore, it can be found from Figure 7.4d and 7.5d that the copper
losses account for a major proportion of losses during the power conversion in this case.

7.4.2. NEGATIVE EFFECTS OF THE DRAFT ADJUSTMENT

In the current concept, the buoy and translator are connected in a rigid way. Then, two ef-
fects need to be considered after the adjustable draft system is adopted. Firstly, the draft ad-
justment makes the stroke of the buoy non-symmetrical, and thus the end-stop force takes
effect at one side earlier than at the other side. Secondly, the draft adjustment makes the
duration of the partial overlap between the stator and translator non-symmetrical, which
affects the profile of the induced voltage and current. Figure 7.6 illustrates how the relative
position of the buoy and translator to the stator changes with the buoy draft. It can be seen
that the displacement limits of the adjustable draft WEC, except for the buoy draft of 4.25
m, are not symmetrical with respect to the horizontal center line of the stroke. Thus, when
the buoy draft is adjusted to be smaller than 4.25 m, the distance between the top of mov-
ing parts and the upper end of the stroke is less than that between the bottom of moving
parts to the lower end of the stroke. The effect is vice-verse for cases with buoy drafts larger
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Figure 7.6: The schematic of the relative positions of the buoy, translator and stator in different buoy drafts. Su
and Sl represent the upper and lower part of the stroke relative to the buoy centroid. Tu and Tl represent the

upper and lower part of the translator relative to the center line of the stator.

than 4.25 m. In addition to stroke, it is seen that if the buoy draft is smaller than 4.25 m,
the overlap between the translator and stator is reduced when the buoy moves in upwards
direction. The following two subsections are intended to demonstrate these two effects on
the responses as well as the power performance of the WEC.

THE EFFECT ON THE STROKE

Figure 7.7 shows the ratio of the maximum displacement of the semi-submerged fixed draft
WEC to that of the adjustable draft WEC with the buoy draft adjusted to 3.5 m. Figure 7.8
shows the ratio between the absorbed power of these two WECs. In the calculation, differ-
ent motion limits are considered, ranging from 0.6R to 1.0R. The fixed draft WEC is a good
reference for comparison, since it is not subjected to the effect of non-symmetrical stroke.
It can be seen that, for mild wave states or large motion limits, the influence is highly lim-
ited. However, it is noticeable for cases with short motion limits and large wave heights. The
displacement ratio (in Figure 7.7) and power ratio (in Figure 7.8) even reaches 1.14 and 1.07
respectively when the motion limit is 0.6R and wave height is 4 m. The longer strokes could
mitigate this effect, but the cost is also correspondingly higher. Thus, the motion limit is se-
lected as 0.8R in the current design of the adjustable draft WEC as a compromise. However,
it is acknowledged that the non-symmetry stroke effect on the response of the WEC could
be more remarkable if the motion is amplified by real-time control strategies.

THE EFFECT ON THE PARTIAL OVERLAP

The buoy draft adjustment has an influence on the duration of the overlap between the
stator and translator, as depicted in Figure 7.6. In Figure 7.9, the RMS no-load voltage and
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Figure 7.7: The maximum displacement of the fixed draft WEC with the draft of 3.5 m normalized to that of the
adjustable draft WEC with the draft of 3.5 m at the undamped condition, and T = 5.0 s. The considered motion

limits range from 0.6R to 1.0R.
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Figure 7.8: The average absorbed power of the fixed draft WEC with the draft of 3.5 m normalized to that of the
adjustable draft WEC with the draft of 3.5 m, and Rpto = 30 kNs/m and T = 7.0 s. The considered motion limits

range from 0.6R to 1.0R.

phase current profiles of the semi-submerged fixed draft WEC and adjustable draft WEC are
compared, in which the buoy draft of the adjustable draft WEC is adjusted to 3.5 m in this
case. It is visible in Figure 7.9a that the adjustable draft WEC has a lower RMS no-load volt-
age profile than the fixed draft WEC over a proportion of each oscillation. This is because the
upper part of the translator Tu is larger than Tl in the case with the draft of 3.5 m as shown
in Figure 7.6. The complete overlap of the adjustable draft WEC is therefore shorter when
the buoy is moving in upwards direction, and then the resulting no-load voltage is lower
than the fixed draft WEC. As a consequence, the phase current needs to be correspondingly
increased for supplying the required generator force, as is shown in Figure 7.9b.

The effect of the non-symmetrical partial overlap on the power generation in different
wave periods and heights is depicted in Figure 7.10. The electrical power of the fixed draft
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WEC is normalized to that of the adjustable draft WEC. It can be seen that the effect gener-
ally tends to be stronger with the increase of the wave height. In addition, the normalized
power ratio slightly decreases from the wave height of 3.5 m to 4 m for the wave period of 5
s. It can be explained by the fact that the partial overlap comes to play in both upwards and
downwards buoy motion in large wave heights, and the adjustable draft WEC has a longer
duration of the complete overlap in the downwards motion. Figure 7.11 suggests that en-
larging the translator length could effectively mitigate the effect of the non-symmetrical
overlap. For instance, increasing the translator length from 3.2 m to 4 m could reduce the
normalized power ratio from 1.05 to 1.01 at the wave height of 1.5 m. However, longer trans-
lators imply more materials and thus the higher cost on the generator, and a compromise
needs to be made for this issue. In the current design of the adjustable draft WEC, the trans-
lator length is determined as 3.5 m.
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Figure 7.9: The effect of the non-uniform partial overlap on the profile of generator responses, and H = 2 m, T = 7
s and Rpto = 30 kNs/m.
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Figure 7.10: The average electrical power of the fixed draft WEC with the draft of 3.5 m normalized to that of the
adjustable draft WEC with the draft of 3.5 m, and Rpto = 30 kNs/m.
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Figure 7.11: The average electrical power of the fixed draft WEC with the draft of 3.5 m normalized to that of the
adjustable draft WEC with the draft of 3.5 m in wave states of T = 7.0 s, and Rpto = 30 kNs/m. Different values of

the translator length Ltr a are considered.

7.4.3. PERFORMANCE IDENTIFICATION
The power performance of the adjustable draft WEC is demonstrated in this part. It is as-
sumed that the buoy draft can always be suitably and effectively adjusted to each wave state
for maximizing the delivered power. The power performance of the WEC with the fixed buoy
draft of 3.5 m, namely the semi-submerged WEC, is also presented for comparison.

PTO DAMPING OPTIMIZATION

The PTO damping is important to the power extraction. However, the optimal PTO damping
for the absorbed mechanical power is not necessarily associated with the maximum elec-
trical power since the influence of the PTO damping on the generator efficiency also plays a
role [166]. In Figure 7.12, the relationship between the PTO damping, absorbed power, elec-
trical power and generator efficiency is depicted. The maximum generator efficiency is 70
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% and it occurs at the PTO damping of around 25 kNm/s. However, the maximum absorbed
power is obtained at the PTO damping of 150 kNm/s which is associated with the generator
efficiency of approximately 45 %. So, there is an obvious mismatch, and the maximization of
the absorbed power doesn’t necessarily result in the maximum delivered electrical power.
As a collective consequence of the generator efficiency and absorbed power, the optimal
PTO damping corresponding to the maximum electrical power is 100 kNm/s. In this case,
the deviation of the PTO damping optimal to the absorbed power from that optimal to the
electrical power reaches 50 %.
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Figure 7.12: The absorbed power, electrical power and generator efficiency of the WEC with the buoy draft of 3.5
m as a function of the PTO damping coefficient, and H = 1 m and T = 5.5 s.
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Figure 7.13: The percentage of different types of losses to the total losses of the WEC with the buoy draft of 3.5 m
as a function of the PTO damping coefficient, and H = 1 m and T = 5.5 s.

Figure 7.13 shows the influence of the PTO damping on the proportion of losses. It could
explain the tendency of the generator efficiency with the PTO damping shown in Figure
7.12. At very small PTO damping coefficients, the iron losses make up a major part of the
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total losses. This is because the movement speed of the translator is high, which results in
high generator frequencies. The iron losses are directly related to the generator frequency.
With the increase of the PTO damping coefficient, the required PTO force increases, but the
movement speed decreases. Thus, the no-load voltage decreases, and the current has to be
improved to a higher level to supply the required generator force. In this way, copper losses
tend to be more relevant. This explains why the generator efficiency tends to first increase
and then decrease with the PTO damping coefficient.

It can be noticed that the generator efficiency is strongly related to the PTO parame-
ters. Optimizing the PTO damping for the absorbed power is clearly insufficient for the
maximization of the final delivered power output, namely the delivered electrical power.
Hereafter, the power performance of the adjustable draft WEC is identified based on the
optimized PTO damping for the delivered electrical power.

IN REGULAR WAVES

The delivered electrical power of the adjustable draft WEC is calculated for regular wave
conditions, as shown in Figure 7.14. For comparison, the power performance of the semi-
submerged fixed draft WEC is also presented in the figure. It can be seen that the adjustable
draft WEC is associated with a higher power output over a range of wave periods. This
mainly results from the increased buoy velocity, which is depicted in Figure 7.15. The gain
of the power resulting from the adjustable draft system is mainly observed from the wave
period of 4 s to 6 s. For instance, the highest power for the adjustable draft WEC is around
47 kW at the period of 4.5 s while it is only around 38 kW for the fixed draft WEC. The im-
provement is as high as 24 %. When the wave period is below 4 s or above 6 s, the adjustable
draft WEC and fixed draft WEC tend to deliver a similar amount of electrical power.
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Figure 7.14: Comparison between the delivered electrical power of the adjustable draft WEC and of the fixed draft
WEC, with H = 2 m and σF = 40 kN.

The electrical losses and the overall generator efficiencies in are calculated for the ad-
justable draft WEC and the fixed draft WEC respectively, as shown in Figure 7.16. It is re-
flected that the copper losses and converter losses make up the major losses in the power
conversion stage of this generator. The maximum values of the copper losses, converter
losses and iron losses are approximately 5 kW, 3 kW and 1 kW respectively. When the wave
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Figure 7.15: Standard deviation of the buoy velocity of the adjustable draft WEC and of the fixed draft WEC, with
H = 2 m and σF = 40 kN.

periods are below 4 s, the adjustable draft WEC presents larger copper and converter losses
and the fixed draft WEC has a slightly higher generator efficiency than the adjustable draft
WEC. This mainly results from the negative effects of the draft adjustment on the symmetry
of the stroke and the partial overlap between the stator and translator, which causes a larger
current in the generator and further larger copper and converter losses. At the wave periods
from 4 s to 6.5 s, the increased generator efficiencies of the adjustable draft WEC result from
the larger buoy velocity. During these wave periods, the iron losses of the adjustable draft
WEC overtakes those of the fixed draft WEC due to the higher buoy velocity, and the ad-
justable draft WEC is associated with relatively higher copper and converter losses than the
fixed draft WEC. But, given the significantly larger power absorption, the adjustable draft
WEC shows a higher generator efficiency than the fixed draft WEC. For instance, at the wave
period of 4.5 s, the generator efficiency of the adjustable draft WEC is 83 % while it is 80 %
for the fixed draft WEC. When the wave period is beyond 7 s, there is not any noticeable dif-
ference observed between the generator efficiencies of the adjustable draft WEC and fixed
draft WEC.

IN IRREGULAR WAVES

Figure 7.18 shows the standard deviation of the buoy velocity in irregular wave states, and
the adjustable draft WEC contributes to a higher velocity within the peak periods between
4.5 s and 6.5 s. For instance, at the peak period of 5 s, the standard deviation of the buoy
velocity is 0.69 m/s and 0.74 m/s for the fixed draft WEC and the adjustable draft WEC re-
spectively. The electrical power delivered by the adjustable draft WEC and the fixed draft
WEC in irregular wave states is presented in Figure 7.17. It can be seen that the power im-
provement resulting from the adjustable draft system in irregular waves is less noticeable
than that in regular waves. The highest values of the electrical power for the fixed draft WEC
and adjustable draft WEC are approximately 22 kW and 24.5 kW, and the improvement is
around 10 %. When the peak period is above 6.0 s, the difference between the electrical
power output of the adjustable draft WEC and the fixed draft WEC is negligible. This is
because increasing the buoy draft reduces the absorption bandwidth of the buoy, and the
narrower bandwidth reflects the incapability in responding to broad wave frequencies other
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Figure 7.16: Comparison between the generator performance of the adjustable draft WEC and of the fixed draft
WEC, with H = 2 m and σF = 40 kN.

than the natural frequency. Therefore, the power absorption of the buoy with larger buoy
drafts in irregular waves is weakened with regard to that in regular wave states.

Figure 7.19 shows the generator efficiencies of the adjustable draft WEC and fixed draft
WEC in irregular wave states. the adjustable draft WEC presents comparable generator ef-
ficiencies with the fixed draft WEC when the peak period is higher than 4.5 s. At the peak
period below 4.5 s, the fixed draft WEC is clearly associated with a higher generator effi-
ciency. For instance, at the peak period of 3.5 s, the generator efficiency is 74 % for the
fixed draft WEC, while it is only 70 % for the adjustable draft WEC. This can be attributed to
the negative effects of the draft adjustment on the symmetry of the stroke and the overlap
between the translator and stator.
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Figure 7.17: Comparison between the delivered electrical power of the adjustable draft WEC and of the fixed draft
WEC, with Hs = 2.5 m and σF = 40 kN. The shaded area represents the standard deviation.
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Figure 7.18: Standard deviation of the buoy velocity of the adjustable draft WEC and of the fixed draft WEC, with
Hs = 2.5 m and σF = 40 kN.

7.5. SUMMARY AND CONCLUSIONS
In this chapter, a wave-to-wire model is established to investigate the systematic perfor-
mance of the adjustable draft WEC. The established model integrates the nonlinear hydro-
dynamic model presented in Chapter 6 with the analytical generator model presented in
Chapter 5. Based on the model, the negative effects of the draft adjustment on the stroke
and partial overlap between the stator and translator of the generator are analyzed. The
performance of the proposed WEC is studied for both regular and irregular wave condi-
tions. The following conclusions are drawn.

• The draft adjustment leads to the non-symmetry of the stroke and partial overlap of
the generator, which could reduce the power absorption and conversion efficiency of
the system. These negative effects could be mitigated by increasing the stroke and
translator length, but the cost will also be higher. The wave-to-wire modeling reveals
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Figure 7.19: Comparison between the generator efficiency of the adjustable draft WEC and of the fixed draft WEC,
with Hs = 2.5 m and σF = 40 kN.

the fact that the maximization of the absorbed power and the electrical power result
in significantly different selections of the PTO damping coefficients. The large PTO
damping coefficient optimal for maximizing the absorbed power is associated with
the high copper losses. It suggests the importance to consider the effect on the PTO
efficiency during the tuning of the PTO parameters.

• Compared with the conventional fixed draft WEC, the adjustable draft WEC is bene-
ficial for the electrical power production over a range of the wave periods in regular
wave states in spite of the negative effects of the draft adjustment. The maximal im-
provement is around 24 %. The optimal buoy draft of the adjustable draft WEC differs
with the wave period, and it tends to first increase and then to be relatively constant
with the wave period. The generator efficiency of the adjustable draft WEC is higher
than the fixed draft WEC for some particular wave periods since adjustable draft WEC
could contribute to the increased buoy velocity. At very low wave periods, the gen-
erator efficiency of the adjustable draft WEC is lower because of the negative effects
resulting from the draft adjustment. In irregular wave states, the power improvement
by applying the adjustable draft system is reduced because the semi-submerged fixed
draft WEC has wider absorption bandwidth than the buoy with larger drafts. Never-
theless, a 10 % gain of the electrical power can be achieved by using the adjustable
draft system in particular wave states.

Together with the previous chapter, the performance of the adjustable draft point ab-
sorber was systematically investigated. The findings indicate the potential of this system in
improving the power production with the downsized PTO capacities.



8
CONCLUSIONS AND

RECOMMENDATIONS

This chapter presents the conclusions and recommendations based on the results achieved in
the previous chapters.
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8.1. CONCLUSIONS
In this thesis, the potential of systematic sizing in improving the techno-economic perfor-
mance of heaving WECs is studied. The structure of the work is arranged in correspondence
with the two research objectives. First, a sizing method covering both buoy sizing and PTO
system sizing is established. To consolidate the sizing method, a SD model is derived and
verified to incorporate the nonlinear effects related to PTO sizing. In addition, the effects of
PTO sizing on the generator efficiency are identified. Secondly, a novel system, namely the
adjustable draft system, is proposed for point absorbers to improve the power performance
of WECs with downsized PTO capacities. The benefits resulting from the proposed system
are analyzed by a numerical study.

8.1.1. TO THE FIRST RESEARCH OBJECTIVE

The first main research objective was defined in Chapter 1 as

Objective 1: Establish a systematic sizing method for WECs.

To achieve this main objective, Chapter 3 to Chapter 5 were accomplished for three sub-
objectives. First, a sizing method collectively incorporating both effects of buoy and PTO
sizing was proposed based on the FD approach. A case study was performed based on the
proposed method, which suggested that PTO sizing has a positive effect on the reduction
of the LCOE. In particular cases, the reduction reached 30 % compared to the WECs with
PTO system sized to work at full capacity in all operating conditions. Regarding the heaving
type of WEC and economic modeling considered in this thesis, the optimal PTO force limit
converges at around 0.4 to 0.5 times the maximum PTO force to operate at full capacity
for all operational sea states in different sea sites. In addition, compared with the sizing
methods based on the Budal diagram and Froude scaling, the proposed collective sizing
method could contribute to a better reflection of the techno-economic potential of WECs.
This is mainly because PTO sizing is included in the collective sizing method.

Secondly, a SD model was established based on stochastic linearization to cover the
nonlinear effect of the PTO force limit, also known as the PTO force saturation. The SD
model is highly suitable for the scenarios associated with PTO sizing, because it combines
both adequate accuracy and computational-efficiency. Specifically, with regard to the FD
modeling, the maximum relative errors in the prediction of the AEP can be reduced from
24.4 % to 4.3 % by applying SD modeling. Furthermore, the computational time of SD mod-
eling is in the same order of magnitude with FD modeling and around a thousand times less
than that of TD modeling.

Thirdly, the influence of PTO sizing on the power conversion efficiency of the WEC was
analyzed with a focus on the linear PM generator. The generator efficiency is highly related
to the size of the generator, and the overall efficiency tends to increase with the genera-
tors’ size. The assumption of a constant generator efficiency which is normally used in
sizing studies leads to a poor estimate of the AEP and LCOE, as well as further determina-
tion of the PTO size. Specifically, the resulting relative errors on the AEP estimation and
the optimal PTO size reach 10 % and 29 %, compared to the sizing method of incorporat-
ing detailed generator efficiency. Therefore, it is highly recommended to take the generator
performance into account when conducting PTO sizing. Moreover, during sizing, the geo-
metric optimization of the linear generator is notably related to the wave resource. As could
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be expected, the wave resource has a clear influence on the LCOE and overall efficiencies of
the linear generator.

8.1.2. TO THE SECOND RESEARCH OBJECTIVE
The second main research objective was defined in Chapter 1 as

Objective 2: Explore the possibility to improve the power performance of WECs with
downsized PTO sizes.

Chapter 6 and 7 are dedicated to achieving this objective. An adjustable draft system
was proposed for spherical point absorbers with an aim to improve the power performance
when the PTO capacities are constrained. The draft adjustment enables the variation of the
relevant natural frequency of the WEC, which could lead to a higher motion and buoy speed
over a range of wave frequencies. Consequently, with the constrained PTO force, a higher
power absorption can be gained. The performance of the adjustable draft WEC was inves-
tigated by both linear and nonlinear modeling, and both regular and irregular wave condi-
tions were considered. Compared with the results of the nonlinear Froude-Krylov model,
the linear model overestimates the performance of the WEC around the resonance regions,
and the discrepancies increase with the increase of buoy draft. Based on the results from
the nonlinear TD modeling, the adjustable draft system could improve the power absorp-
tion for the studied cases by approximately 27 % and 12 % for regular and irregular waves
respectively. In addition, a wave-to-wire model was established to analyze the performance
of the studied WECs. Wave-to-Wire modeling is a numerical tool applied in the context
of WECs. It can be used to reveal the responses of all energy conversion stages, covering
the wave-buoy hydrodynamics, energy transmission and electricity generation. Based on
the established wave-to-wire model, it showed that the adjustable draft system leads to im-
provement of the generator efficiency, resulting from the increased buoy speed.

8.2. RECOMMENDATIONS
In this thesis, the relevance of systematic sizing to the techno-economic performance of
WECs has been identified. To further consolidate this research, several topics are to be in-
vestigated. Corresponding to the outline of this thesis, the recommendations for future
work are divided into two parts in the following text. This first part addresses the topics
related to the systematic sizing method, and the second part discusses the topics related to
the adjustable draft system.

8.2.1. TO THE SYSTEMATIC SIZING METHOD
A systematic sizing method based on numerical simulation was proposed in this thesis. In
the method, both buoy sizing and PTO sizing are considered, and a SD model was estab-
lished to improve the accuracy of PTO sizing. In addition, the influence of PTO sizing on
the energy conversion efficiency was identified, and it indicated the importance of consid-
ering the generator performance during sizing. To further consolidate this research, the
following topics are recommended to be investigated.

• Expand the coverage of sizing studies on more types of WECs and wave resources
This thesis mainly focuses on one particular type of WECs, namely the heaving point
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absorber, and only three different sea sites with deep water conditions are consid-
ered. However, one challenge that the wave energy communities are facing the lack of
technology convergence for different types of WECs. Because of the variation of wave
climates and water depths, the suitability of WECs could also change. As the proposed
method is generally applicable, an extended database of the LCOE prediction of more
different WECs in various sea sites is expected to accelerate the convergence of WECs.

• Extend the sizing method of a single WEC to cover WEC arrays
This thesis focuses on the sizing of a single WEC, but WEC arrays would be more re-
alistic in large-scale commercialization. Two more aspects need to be considered for
sizing the devices in a WEC array. First, hydrodynamic interactions between multiple
WECs are an important factor, which are related to the size of each WEC. The hydro-
dynamic interaction can be reliably incorporated in SD modeling, as stated in [138].
However, the further verification needs to be done when the SD model with the PTO
force saturation is extended to WEC arrays. Secondly, economic modeling of a single
WEC might be different from that of WEC arrays, which is normally reflected in the
estimation of OPEX. For a WEC array, several maintenance and operation strategies
could be applied to achieve a better balance between total maintenance expense (or
frequency) and overall operation availability [167].

• Extend the SD model to cover more nonlinearities
This thesis shows that the SD model of the PTO force saturation is promising in the
application of sizing WECs. This modeling technique has been developed by previ-
ous studies to incorporate a set of nonlinear force components, but some relevant
effects are still pending to be covered. For instance, the nonlinear hydrostatic force
has been derived for SD modeling [127], but the wave elevation was assumed to be
constant. Hence, a SD model of the nonlinear hydrostatic force considering the rela-
tive displacement is expected to improve the accuracy.

• Study the relevance of sizing to the variation of PTO control strategies
In this thesis, real-time PTO control strategies were not implemented. Instead, the
PTO control parameters were tuned to be constant for each sea state during sizing. It
can be expected that applying real-time control strategies could increase the power
production of WECs in irregular sea state, which might make a difference to the siz-
ing of either the buoy or PTO system. However, the resulting complexity added to the
WEC system should also be carefully taken into account. In addition, the SD model
was derived based on the passive control strategy, in which the PTO force can be de-
scribed as a single variate function of velocity. Thus, it is not applicable for reactive
control strategy where the PTO force is a multivariate function of the buoy velocity
and displacement. As reactive control strategies are also commonly utilized, it is valu-
able to extend the SD model in this direction in the future.

• Study the relevance of sizing to different types of PTO systems
The thesis only investigated the influence of sizing on the performance of the linear
generators, and the related conclusions are only limited to this type of electrical ma-
chine in the PTO system. As the principle and characteristics of other PTO systems
differ significantly from the linear generators, the sensitivity of their performance to
sizing is also worth further investigation.
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8.2.2. TO THE ADJUSTABLE DRAFT SYSTEM
The conceptual design of the adjustable draft system was proposed, and its performance
was studied through numerical modeling. Several directions can be considered to consoli-
date this novel design.

• Experimental validation
The performance of the novel design was investigated only by the numerical approach.
An experimental study could further validate the assumptions of the numerical mod-
eling. In addition, as a novel concept, an experimental test could contribute to a bet-
ter understanding of the behaviour of the system, such as the effect of sloshing inside
the buoy and the full submergence of the buoy with large drafts. Given the fact that
the concept is still in a initial phase, small-to-medium scale tests would be sufficient
for the purposes to improve the understanding of the system and validate the relevant
numerical models. However other challenges may arise such as the instrumentation
and the proper scaling of the wave conditions and WEC device depending on the fo-
cus of the experiments.

• Optimize the buoy geometry
In this thesis, the adjustable draft system was only considered to be integrated with a
spherical point absorber. Thus, the conclusions are limited to the spherical floating
buoy geometry. An important function of the adjustable draft system is to enable the
variation of the mass, and the hydrodynamic characteristics by the draft adjustment.
The relation of these properties to the buoy draft is highly dependent on the buoy
geometry. To exploit the potential of the adjustable draft system, it is recommended
to conduct optimization of the buoy geometry which is to be used in the integration
with the adjustable draft system.
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A.1. CONVERGENCE VERIFICATION OF HYDRODYNAMIC CALCU-
LATION

A mesh convergence study is performed to verify the hydrodynamic results calculated by
Nemoh. As an example, Figure A.1 depicts the influence of the number of panels in the
mesh on the prediction of the added mass coefficients of the heaving buoy with a buoy draft
of 3.0 m. It is observed that the difference among mesh solutions with more than 646 panels
is negligible. However, it is known that the computational time increases with the number
of panels. To achieve a compromise between the accuracy and computational loads, the
number of panels is maintained between 700 and 900 when calculating the hydrodynamic
coefficients of the buoy with different buoy drafts.
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Figure A.1: Mesh convergence analysis of Nemoh with regard to the added mass coefficients of the considered
heaving spherical buoy with a buoy draft of 3.0 m.
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Figure A.2: Hydrodynamic coefficients of the heaving spherical buoy of a diameter of 5 m for different buoy drafts.
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A.3. THE VERIFICATION OF THE SELECTED NUMBER OF STARTING

POINTS IN THE MULTISTART OPTIMIZATION
With the reactive control strategy, the Multistart optimization algorithm is applied to search
for the optimal PTO parameters for the maximum absorbed power. During the optimiza-
tion, the number of random starting points is set as 20. To verify that the selected number is
sufficient for the studied case, the resulted optimal power estimate is calculated for various
numbers of starting points, as shown in Figure A.3. The optimization problem considered
in this work is relatively simple, and only two variables are involved, namely the PTO resis-
tance and the PTO reactance. Thus, it can be seen that the optimal power estimate doesn’t
show a clear sensitivity to the number of starting points in this particular case. In this work,
the number of starting points is selected as 20 to avoid potential local optimal solutions.
More starting points are associated with fewer possibilities of local optimums but increase
the computational loads.
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Figure A.3: The variation of the estimated power of the WEC with different number of random starting points in
the Multistart optimization algorithm for optimizing the PTO parameters in reactive control strategy. (λ= 1,

Tz = 10 s and PTO force limit = 100 kN.)
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A.4. THE VERIFICATION OF THE REPRODUCED NONLINEAR TIME

DOMAIN MODEL
To verify the reproduced nonlinear Froude–Krylov time domain model, a comparison is
made between RAOs estimated by the reproduced model and referred to [155]. As in [155],
the calculation is performed for the buoy with a draft of 2.50 m, and the wave steepness is
0.018. As is shown in Figure A.4, a good agreement between the reproduced model and the
reference is observed. In this RAO comparison, the viscous force and Wheeler stretching
correction are not considered in the reproduced model, which is intended to maintain con-
sistency with the model reported in the reference [155]. Thus, it can be concluded that this
nonlinear time domain model is reformulated correctly in the present paper.
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