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Abstract

The holistic aim of this thesis is to broaden knowledge on the coupled behaviour of a
combinedfloating offshore energy syste(CFOES)that supports three differewtffshore
renewable energyORE) systemsin this work, a CFOES concept is innovated &sttdusing
numerical simulatiomnder typical design load casd$e three systems include a catamaran
type floating wind turbine, a wave energy converter system, and a tidal turbine system.
Currently, no numerical tools exist explicitly for the design and analysis of such a system.
Thus,numerical tools usedurposed fopure ORE systemsareintegraed together in order to
create a sophisticated numericabdel of theCFOES.The numerical model is built within
FAST2AQWA (F2A). F2Ais an aerenhydro-servoelastic toolused for the design and analysis
of floating wind turbinesThe tool is based on the integrationao€ommercial wind turbine
simulator,FAST, into a commercial hydrodynamic analysis software tadlSYS AQWA.

AQWA is effective at studying multibody hydrodynamarsdhas modelling featuresich as
fenders and joints whichllow the simulabn of linear WEC PTO sytems AQWA also
providesa builtin DLL capability which is usetbr external force calculati@n This function
permitsthe calculation ofhe aerodynamic forces of the wind turbine bpdrodynamic forces

of the tidal turbine. Togethey the combination of these capabilitiesableghe construction

of an integratechumerical model of a triplEFOES The numecal model isused tgperform
integrated loads analysis for operational and extreme conditions. It was found in rated and
above rated conditions, the performance of the wind turbittee CFOESimprovescompared

to a floating wind turbineThe power output is greater and smoother and there is less variability
in aerodynamic thrust, rotor torque and blade pitch. The WEC system significantly reduces
platform rolling and pitchingn more energetic sea states. For certainditions the WEC
system reduces the raliotionof the platformby 66%. Consequently, the sidele towetbase

bending momentf the wind turbines reduced. A reduction of 35% and 40% in the maximum



and minimum was observed. When the tidal turbines are in operation a hydrodynamic thrust is
produced. As a result of this, the global surge response is increased and so is mooring line
tension. However, the variability about the mean surge is reduced sbecdwadded
hydrodynamic damping. Finally, tmeean additional powehat could be generated by timal

and wave energy systemas up to 30%lhenumericaresultsdemonstrated several important
advantages ORE hybridizationncluding increased energyeld, reduced structurédading,

and improved floating platform stability.his work provides a solid basis for futurstudy
involving advanced design and analysisCFOESshatare comprised of three or motdRE

systems.
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Chapter 1. Introduction

1.1 Background

The dependence on energy in human society to function is enormouiléheeserves
of fossil fuek are continuously depleting. The consequences of climate change are growing in
severity. These argome of thenostdifficult challenges energy companies worldwidee
today The current agenda to mitigate the impact of climate changenmintain the global
temperature within + 2° since the prelustrial eraTo achieve thighe emission of greenhouse
gasesmustbe reducedApproximately one quarter of global greenhouse gas emissions are
produced from the power sector with coal being the greatest e(ifeGovernment 2021)
This large contribution from the power sectigpictsthe urgeng to replace fossil fuels with
renewable energgesourcesin the pursuit of lowcarbon electricity generatiothe offshore
environmenis being recognised as a viable solution, and as a resulithessing increased

exploitation

The offshore environment represemts untappedand enormousenergy source. It is
abundant in both variety and quantity of renewable enddifferent forms of Offshore
Renewable Energy (ORE) includéshore wind, waves, marine currents, tides, ocean thermal
energy and salinity gradien{RPérezCollazo et al. 2015)Out of all forms ofORE, only the
offshore windindustry is an establishe@&nergyindustry. Since 2015 the deployment of
offshore windurbineshasincreased significantlgcross the globe. This is becausenaturing
technology, rapidly developing supply chains, increasacketcompetition and experience
gained from utilityscale installabns By the end of 2020, the cumulative global offshore wind
installed capacityncreased by 5.82W to react82.91GW from 200 operating projecte/alter
et al. 2021)Much of thisadded global capacityas comdrom Europearand Asianmarkets.

Conversely, all the other forms ORE, oroceanrenergy, is far from commercialisatiohidal
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and waveare showing the greatgsotentialconsideringtechnologcal readinessand project
developmentEven thenthese marketsignificantly lagbehindoffshore wind with the most
advanced conceptnly in the demonstration phaséligh capital investment and low rated
power capacities of current installations are the main factorsldar maturity(Lerch et al.

2019)

The latesttechnologicalinnovationin the offshore wind industry iEloating Offshore
Wind Turbine(FOWT)technologyAp pr oxi mately 80% of the worl d
potentialis in waters deeper than B0(Equinor 2020a) From an economic perspective,
bottomfixed foundations e.g., monopil&lo not represenivorthwhile solutions for wind
turbine applications in water depths greater than GGoupee et al. 2014As suchalternative
support structurefor wind turbineswvhich have better economics aegjuiredfor application
in deep weers. This is a primary reason for theajor focus in research ¢fOWT technology
in recent yeargYang et al. 2021) Offshore wnd farms in deeper watatsohaveadditional
advantages including exposure to better quality wind resowied,farm space availability
andredu®d noise and visual constraifBae 2013)In ashort space of timehe floating wind
industry has evolved quickly with 15 units currently online representing 9 pragjlettally
including demonstrator§Quest Floating Wind Energy 2021hlowever, despite this rapid
developmenbf floating wind the industry is stillhascentonly 0.085W (0.25 %) of the
32.91GW cumulative global fishore wind installed capacity can be attributedfltating

installationgWalter et al. 2021)

A major design challenge prohibiting the commercialisation of FOWTSs isetfestive
concepts which are capable of penetrating a competitive energy market. Some issues which
need to be addressed are increasing understanding on coupled dynamic chasgcterist
economic viability, and acceptable motion and stability assessment dtieeeaal. 202Q)In
relation to these issuespncepts need to demonstratanufacturabilityand installatioron a

2
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utility -scale andwvater depth applicability,. FOWTs can belassifiedinto one offour types
depending on how they achieve static stabil§pars ardong cylindrical structures with
excellent hydrodynamic stability owing to its deep draught anccEmtreof gravity (Meng et

al. 2020) On the other hand, the draught of the spar is a constraint whteehgsembly of

the structure must be completed inshore thiete is aminimum water depth for application
(Zheng et al. 2020A TensionLeg Platform (TLP)uses a system of taut vertical tendons to
keep the platform in upright and in position. The platform has excessive positive buoyancy
which keeps the mooring system constantly in tenstomrently, he costsand risks ofTLP
applicationremain unknown unless fedicale sea testing is conduc{dturfet and Abdussamie

2019) Semisubmersibles and barge platforms are stabilized by buoyancy by taking advantage
of their large waterplane areas. Semisubmersibles are usually composed of several columns
connected to each other through braces. The hydrodynamic behaviour of the Hatigon

to wind load excitations is considered particularly good. However, in contrast to other FOWTSs,
the construction of them is more difficult even though it can be fabricated on the dockside.
Furthermore, the design of semisubmersibles is far ni@léeaging due to complexity in their
dynamic responses, caused by the combinedtsftf windwave coupled loadf.iu et al.

2016) Barge platforms possess good advantages in their fabrication, assembly, deployment
and anchoring when compared to other platform types. However, the uptake of barge platforms
for intermediateand deepvater application is limited by problems that include its sensitivity

to pitch stability in waves and complex requirements for its operational c(@tawidriz et al.

2018)

It is evidentthen thathere is no FOWT clagbat hasadvantages all aspects over the
other classe®s suchinnovative desigsolutions are still required féloating wind andcean
energy technologiete achieve cost reductions in ordefd@competitiveenergytechnologies

in thefuture Thus this is where an opportunity presents itself:
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ACan hybridizationof floating offshore windwvith marine energy be achievesdb that
collectivelyoffshore renewable energy applications eaxelerate towards commercialisation

through innovating integrated infrastructited .

The concept of an offshore floating platfothat facilitates more than on@RE assets
referred tan this thesisas a Combined Floatir@ffshore Energy System (CFOES). A CFOES
offers a multitude of benefits. Consideriqgpwer generation, the energy yield can be
substantially enhanced,and the power wput is smoother withreduced intermittency.
Considering physical integratipmajor cost reductionsan be achievetly eliminating the
need for multiples of the same component for example floaters, mooring systems and electrical
infrastructure such as power cablésfloating platform which can hosnultiple energy
systemscreatesother synggies that exist in installation, transportation, operation and
maintenance, decommissionirggislation,and surveyingThis is because the cost of these
processes can lspreadover multiple assetéSkene et al. 2021 5pecifically,for wind-wave
systemswith proper desigrnintegration could improve platform dynamics by reducing wave
loads or introducing positive damping or extrstoging moments to the systgBi et al. 2021)

For windtidal systems, a tidal turbine systean introduce additionalydrodynamic damping
and reducevariability in mooring line tension(Yang et al. 2020b)Considering the
environmental impact of offshore energy paiksgegrated applications optimize the usage of

marine space enabling full sustainable exploitation of the offshore environment.

However,the integration ofORE technologiesn a single floating platfornss not fully
understoodT here isextremely limitedresearch on floating power plants which facilitate more
than two dfferent types oORE system Incorporatingmultiple dynamic systemsto a single
floating platform increase the structuralcomplexity significantly. Each dynamic system
influencesthe dynamics of thglobal structure,and it is vital that they function in harmony
rather than disruptivel\As such, there is a need for further research in this area in oghent

4
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knowledge onthe complex coupling effects between floating wind andrine energy
hybridization Moreover, esearch isftenconducted usinggphisticated numerical toolghich

allow enginees to performdetailed design and analysfnother problem arises in thtitere

are no numerical tools explicitly for thieesign andanalysis of CFOES$f no tools currently
exist,then the process is not trivial. Therefore, additional research is necessary in order to build
a numerical model of a CFOES which can accurately predict the coupled dynamics of the
integrated structurdzinally, Technology Readiness Levels (TRL) are a type of measurement
system used to assess the maturity level of a particular technology. Therefore, any research in

the field of CFOESs is classed as fundamental research which is categorised b3.TRL 1

1.2 Aim, objectives, and project novelty

Based on the above introductiohetaim of thigesearchs toinnovate a CFOES concept
which can exploit thredifferentformsof ORE using technology based on latest trends and to
develop a numerical modef this concepso thatthe performancecan be evaluated under

typical design load cases

Within the framework of this aim, theork has beesplit into sevenobjectiveswhich are

summarised as follows

1. To review the current state of knowledga the topicsof ORE and CFOESS,
focussing specifcally on the floating windwave,andtidal energy industries

2. Toinnovate &£FOES conceptased on lates¢chnologytrendswhich canexploit
wind, wave, and tidal energy resources through systematic engineering design
approach.

3. To reviewcurrentnumerical modelling methods ORE systems and to devise a

methodologythatcan be implemented in orderstudythe CFOES concept
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4. To build a sophisticatednumerical modelof the CFOESconcept within a
comprehensive simulation tool

5. To validate the numerical modelgainsteither published experimentand/or
numericaldatawhere possible

6. To use the numerical model frerformintegrated loadanalysison the CFOES
concepin the context of normal operatiamd extremeonditions

7. To critically analysethe outputs of the numerical model in order to evaluate the
performance of the CFOES&nd to determineif the hybridiation of ORE

technologies is beneficiand theCFOESconcept has merit

The novelty of the conducted research is achieved frontdhwletion of thesseven
objectives. The main novelty of this work is the development of a numerical model of a CFOES
that can extract power from three different OBMes(objective 4. To achieve thignain
objective, supplementary numerical models are develofwch startsimplerand increase in
the level of complexity. In other words, the first numerical model built is of a pure FOWT
system(Figure 1-1). The design of the support platform for the FOWT is based on a catamaran
vessel, which is unique and provides first insights into the viability of ahwiinplatform to
function as a support platform for floating wind energy application. This uniquendesilger
adds to the novelty of this workhe second and third numerical modeévelopedare ofa
Wave Energy Convert¢WEC) system and tidal turbine system. The fourth and fifth numerical
modek areof the FOWT and WC systemand the FOWT and tidal turbine systefimese
numerical models can be used independently to better understand the coupling of the FOWT
concept withtwo differentmarine renewable energy systemagqually, the research will be the
first study into a twinhull support platform combined with marine renewable energy
technologiesFinally, the sixthandmost novehumerical model is ahe FOWT/WEC system

and tidal turbine system. The numerical mazdel be used to improve scientific understanding
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into thecoupleddynamic behaviour of CFOE$sat combine three anore systems. This is a
research area witbxtremely limitedknowledge and any research would be a contribution to
this field.Furthermored t he aut hor 6s knowledge, only one
that integratesthree different energy system has been publicly presdhieet al. 2018)
However, in this numerical model, the elasticity of flexible elements including the blades and
tower of the wind turbine were neglected. Furthermore, no blade pitch or rotor speed control
was applied in the numerical model. This med#mest the power performance cannot be
sufficiently assessed. Thaesentedvork aims to build upon these shortfalig including
structural flexibility of the wind turbine and include a seoamtrol scheme in the modl
adequately evaluate the performancehef wind turbine Finally, the literature surveyhich
wascarried out in thénitial stagesof this projectcan be used as a strorgjerence for future

work in this scientific area
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Figure 1-1. Numerical model development of a CFOES concept.

1.3 Thesisstructure

This thesis is structuradto 7 chaptersvhich are describedsfollows:

Chapter 1providesan overviewto the project andstatesthe engineering challenge
addressed by this resear@heoverviewprovidesbackgroundnthe scientificcopics ofORE
andCFOESsThis chapteralsodeliverstheams and objectives dhe projectthe noveltythe

structure of tk thesisandnotable publications generated frdine project.

Chapter 2s a stateof-the-art literature survepn the current state 0ORE and CFOESs.
The survey focusesn the floating wind, wave and tidal energydustries and there is strong

emphasis of market and technoldgy eachORE industryand CFOESs
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Chapter 3considersthe main numericalmodelling methodsavailableto simulateand
analyse ORE systemslinitially, mathematical models of environment conditions within
engineering tools ardiscussedThe mathematical models within engineering tools used to
capture the dynamic behaviour in the different physics domainseaiewed Finally, a
strategy on adaptingommonengineering tooldor pure ORE system®r the purpose of

designing and analysing a CFOE®ievided

Chapter 4introducesan innovativeFOWT conceptwhich is the central systemo the
CFOESconcept presented fDhapter 6 The chapter showke development of the numerical
model in a comprehensive engineering toidthe FOWT concepiNext, the numerical model
is used to perform coupled analysis on the FOMiceptand the results and discussene

presented in the chapter

Chapter 5s dedicated tohe development and integrationmafmerical models ahe WEC
system and tidal turbine systeémto the numerical model of the FOVg€paratelyThe chapter
begins with the development of themerical models of the pure marine renewable energy
systems.The coupling of these numerical modelwith the FOWT numerical model is
presentedBoth models are used to perforfurther coupled analysis on the FOWT concept
integratechowwith amarine renewable energy system. The redudim the numericahodels
are compared to the pure FOWT concept presented in Chapter 4 to gain insight into the

consequences aftegration.

Chapter 6couples togethethe three numerical models of three different types of ORE
systens to create one numerical m@ of theCFOES.The numerical model is then used to
performthe finalcoupled analysi®or common design load cases which reftga¢rational and

extreme conditions. Another CFOES concepisspresented in the second part of this chapter
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which aims to reinforce the methodology derived from this vebdoupling numerical models

of ORE systems.

Chapter 7summarises the work completed in the project, presents conclusions and

suggestions for future work.

1.4 Publications generated

Notablepublications generated as a result of thigearchnclude:

1. Cutler, J., Bashir, M., Yang, Yang., Wang, J., Loughney, S., 2884essment of
dynamic responses of 5 MW floating offshore wind turbine platforms in intermediate
water depthin: CORE 2021 Conference Proceedings (5th International Conference
on Offshore Renewable Ener@pth-27th August 2021, Virtual Event).

2. Cutler, J., Bashir, M., Yang, Yang., Wang, J., Loughney, S., 2022. Preliminary
development of a novel catamaran floating offshore wind turbine platform and
assessment of dynamic behaviours for intermediate water depth appli€xtiam

Engineering 258. ISSN 0028018

10



Chapter 2. Combined floating offshore energy systems

This chaptepresentsa literature surveyon the scientifictopicsof OREand CFOESsTo
completelyunderstand theconceptof a CFOES, knowledge requiredon the pure ORE
technologieswhich comprisetheseintegrated systemsThe ORE types reviewed-depth
include floating offshore wind, wavand tidal energyThepresentediterature aims toprovide

a solid backgroundbn theséOREforms in terms of market and technology.

Therefore, he chapter is organised into thllowing sections:Section 2.lis an
introductionto ORE Sectios 2.2, 2.3, and 2.4 present a review of floating offshore wind,
wave, and tidal energy, respectivelfsection 2.5 introduces the main topic of this work
CFOESs.n this sectiorboth commercialand academic CFOES concepts and synergies of
hybridization arecritically discussedSection 2.presenthapter conclusioniighlighting a

summary okeyfindingsfrom the survey of literature on the chosen topics
2.1 Offshore renewable energy

Wat er makes up approximately 71% @fS. the
Geological Survey (USGS) Water Science School 2019 offshore environment isvast
natual deposit of renewable enerdyRE encompasseall renewable energy resources found
in the offshore environmenthe different energy formsan begroupedinto two: offshore
wind energy (bottonrfixed and floating) and ocean ener@érezCollazo et al. 2015)0cean
energyincludesall renewable energy forms present in oceans and Skase energy forms
makeuseof the kinetic, potential, chemical, or thermal properties of seawBberenergy
forms include ocean waves, ocean currents, tidal currents, tidal range, thermal gradients, and
changes in salinity. Eaglesourcecan be exploited using different technolagwehich convert

theenergy into a useful form, electrici(ilofor et al. 2014)
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One of the most activeolutionsto reducing carbon emissions and the rate of climate
changes to increase the development of renewable energy syst#Risis now considered a
viable and attractive branch of renewable enemipych can significantly contribute to the
growing demand of green energy developm@tiropean Commission 2023Jhe rapid
growth of ORE is mainly attributable to botteiired offshore wind energyHowever, he last
decade has witnessed the conceptualization and commercial application of a number of floating
platforms for wind energy conversiggquinor 2020b)Principle Power 202Q)ldeol 2020a)
(Murfet and Abdussamie 2019The success of demonstrat@sd precommercialscale
projects has placeftbating platform technology fowind turbine application ahe forefront
of academic research and industry innovaftmmkman 2010)Robertson and Jonkman 2011)

(Robertson et al. 2014a)

In contrastto offshore windocean energindustries collectively havstruggled to gain
traction andreach commercialiation The fundamentalproblemis the highinitial costs
associated with concept development dechonstratoinstallation. The power ratings of ocean
energy technologies create an unattractive payback pe&rfodh can be as long as decades.
This deters investorand hinders thenecessaryoptimised development of ocean energy
technology For ocean energy to reach commercial status and become dorepstinificant
scalabilityneeds to be demonstrat@dofor et al. 2014 Uihlein and Magagna 2016pn the
other hand, due to the success of floating wind, questions have arisen concerning the possibility
of ORE hybidization. In sites whereffshorewind andoceanenergyresources coexist, an
offshore floating platform that can support ltiple renewable energy systernss a bright
solution toreducing the LCOE for alintegrated ORE assetdmongst other factorghe
reduction in the LCOEan be achieved througicreasing power production atite sharing

of expensive infrastructur&his includes theupport platform, mooringystemand electrical
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infrastructure. ORE hybridization is the next natural stepldeelopingan optimized and

sustainableffshore environment.

Therefore, this chapter presents a stditthe-art literature review on ORE hybridazion.
The first part of this chapter willeparatelyreview floating wind energy, wave energnd
tidal energy in terms of the resourcearket,and technology. The second part of this chapter
will review CFOESs, synergies of hybridtion, and review previously proposed pre
commercial concepts and concepts from key academic groups within the field. The discussion
will also highlight why the present research is novel and how it is relevant in improving

scientific understanding on the chogepics.

2.2 Floating offshore wind energy

The offshore wnd industry is rapidly growingvhich has beestimulated by the urgent
need to produce electricity fronrenewablesnergy sources. The offshore environment offers
attractive advantages over the onshore enwent for wind power generation. These
advantagesnclude resource availability and stability, optimum wind speeds, relatively low
wind shear and turbulence intensity, and increased probatigilifgherenergy densityLiu et
al. 2021) As defined in thdnternational Electrical CommissiohEC) 614003 standard, a
wind turbine is classed an offshore wind turbine, if theupport structure is subject to

hydrodynamic loadinginternational Electrotechnical Commission (IEC) 2009)

2.2.1 Offshore wind market

In 2017, Europe recorded an upswing in investment in offshore thatchpproximately
reached 7.5bion Euros. As a result of thiswvestment, 560 offshore wind turbines were
succeskllly connected to the grid. Thisncr eas ed Eeneratpdeetecricity byn d
3.15GW (Shi et al. 2019)Two years later, a further 502 offshore wind turbine installations

were completedThis provided an additional capacity of 33@& to bring theoverall capacity
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in Europeto 22.1GW (Wind Europe 2020)Although fewer offshore wind turbines were
installed in 2019 compared to 2017, a 15% increase in installed capacity was reported. This
increase was achieved because of improvements in blade, drivatrdicontrol technologies

It enabled the deployment of larger wind turbines with higher power raiiRgNA 2019)

By the end of 2020, the cumulative global offshore wind installed capacity indrégse

5.52GW to reach 32.@4W from 200 operating projecfgvalter et al. 2021)

The dfshore windindustry has two marketshich areseparated byhe foundatiorused
to support the wind turbine. The foundation simply cafixeesl to the seabed or floatiniglost
existing offshore wind farms employ bottedired foundation technology to support wind
turbines in shallow waters (< B(). However, viable nearshore sites beeoming exhausted.
Inevitably, thedevelopment of wind farms will have to move further from shore deeper
waters(Loughney et al. 2021Pn the other handpproximatey8 0 % of t he wor | d 6 ¢
wind resource potential is located in waters deeper thar(BQuinor 2020a)Theengineering
problem is thabottomfixed foundationsare notviable economicsolutions for wind turbine
applications in water depths greater than §@Boupee et al. 2014)Consequently, floating
platforms have become the favoured option for supporting windbinesin deegr waters

(Yang et al. 2021)

The floating windindustry is nascemwith only threeoperational wind farms worldwide
These arédywind Scotland29km off Peterhead, ScotlapdWVindfloat Atlantic(off the coast
of Viana do Castelo, Portugand Windfloat Kincardine (15km off the coast of Aberdeen,
Scotland) The contribution ofthe installed capacity of floating wind with respecto the
cumulative global fishore wind installed capacity anly 0.085W (0.2%%) of the 32.906GW
(Walter et al. 2021)NonethelessiFOWTSs are the next generation of offshore wind turbines.
The technology wasispired byoffshoreplatformspurposedor use in the oil and gas industry
to harvest the fuel reservesdeepwater fields. The offshore wind industry is now following
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suit and utilizing floating platform technology to exploit tieundantvind resource available

out at sea. FOWTSs can be placed kilometres away from shore in depths we)000en tvhere

they can benefit from much higher quality wind resou(@eémd Europe 2017)FOWTs will

create new markets and unlock acres of marine space where depth and poor bathymetry

previously constrained bottefixed offshore wind farms.

2.2.2 Wind turbine technology

A wind turbine isa complex systenof many structuralcomponentgFigure 2-1). The
main componentsnclude the blades and hitvhich togetherform the rotoy, nacelle,and
tower. h the case of offshore wind turbines, substructurecan be considered a main
component The nacelle is located at the top of the tower @mthects althe partsused to
generate electricitywhich includethe rotordrivetrain,and generator. The drivetrain is a system
of mechanical components such as gears, bearamgbk shaftsthat comects the primary
converter(rotor) to the secondary conver{gieneratoy. The first componenin a drivetrainis
typically the lowspeed shaft, or main shaft. One end of the shaft is connected to the rotor whilst
the otherend is connected to the slawtating side of the gearbowhen the wind blows over
the blades, they are lifted causing the rotor to spie. function of the gearbox is to increase
the rotational spedad orderto drive a generatahatis situatedat theotherend of the drivetrain.
A generator converts the mechanical energy of the wind turbine rotale@tticity. A large
brake disc is alsatached to the drivetrain whidteesthe turbinan standstill when required
or whenthe turbine needs to lshut downn an emergencylhere are also a series of sensors
that measure the incoming wind speed and direction so that the turbine can be positioned

accordingly to optimise power generatidtadvar et al. 2019)
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Yaw motor — ‘g High-speed Nacelle
' shaft

Blades Tower —a—

Figure 2-1. The internal system of a wind turbine (Madvar et al., 2019).

The generated power from a wind turbine can be calculated using the following equation:

60w (1]

where” is the density of aird is the power coefficient) is the swept area of the rotor;

andw is the relative wind velocity.

Modern wind turbines are variabépeed and pitcbontrolled. Blade pitch control
continuously adjusts tH#ade pitch angle to optimize the angle of attack to the wind spged
doing so,maximum lift force is generatedand maximum power is produce@he hub
componenis whatpermits thepitching of the blades. The blades are mounted on to special
bearings within the hulf.he blades can produce maximum lift force for a range of wind speeds
without stalling. Fast pitching of the blades to zero degdffeashering)provides an effective

means to stop the turbine in emergendi&aimirad 2014)

16



Combinedloating offshore energy systems Chapter 2

2.2.3 Support platforms

A wind turbine isexposed to a new range of motions whmeounted orto a floating
platform (Hall et al. 2014)This creats a modern desigproblem involving complex coupled
aerchydro-elastic dynamicsSpecifically, two modes of motion introduced by the floating
platform can increase critical structural loads of a wind turbine. The two matorespond
to fore-aft translation (surge) and feedt rotation (pitch) of the platfornirfhese motionsan
induce large bending moments in the tower and blades. Motions mainly occur \@aeeto
excitationor bythe aerodynamiforcesactingon thewind turbine. To reduce otions resulting
from hydrodynamic loading isto designastructure at i s fAhydr odymami cal
other words,a floating structure witha small watgslane area andnoment of inertia to
minimizeloading from wavesConverselythe simplest way to resist an overturning moment
as a result of aerodynamic thrust is by using a large waterplane area and moment of inertia
The waterplane area and moment of inertia p
ability to resist hydreand aerodynamic loadinghe difficulty in floating wind turbine design
becomes apparemthen considering ttse propertieslf the waterplane area and moment of
inertia is large then the platform has bettererodynamiaesistancebut the hydrodynanu
loadingis greaterIf the waterplane area and moment of inertia is sntlaéin the platfornis
more transpareitydrodynamicallybut is more susceptible to aerodynamic loadkigll et al.

2014)

FOWTs are classified based on their rotational (pitch and roll) hydrostatic stability
characteristicgJonkman and Matha 201{)hiagarajan and Dagher 2014hese platform
characteristics govermow thefloating platformcounteracts the overturning momenainly

due to the hydrodynamic forces acting on the platform and aerodynamic forces acting on the
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wind turbine. The total restoring moment counteracting the overturning mamreiit(d )

and pitch{ j; can be calculated as the sum of three contributions:

b, "D O® 4@ 6 O B 2]

¢

0 f "D OO & "o 0 OB+ [3]

¢

wherd i s the édbuoyancyd contri buti ohthddensittn t he
of seawater;Q thegravitational acceleration constant; a@d or O , the second moment of

the waterplaneardai s commonly referred to as the Obal
the relative position of theentreof gravity @ ) and the centref buoyancy(a ); "O is the

buoyancy force; and , is the total mass of the support structiirés the contribution due to

the mooring system. While this contribution can be considered negligible for catenary mooring
systems, it can be the main roll/pitch restoring mechanismdasionLeg Platform (TLP)

systemslf the main contribution is to the total restoring moment, the support structure is
said to be 6buoly &nhe ynainscordaributidn, tzeesdppart stiudture is
consi der ed as Hnallg iffl imtbetmais domtribution] thre estcuicure is said to

be &émoor i n(GolllsanhdaBorg 201 64-iguted®-2).
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Ballast
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Buoyancy Mooring

Figure 2-2. Stability triangle with annotation of common floating offshore wind types

(Thiagarajan and Dagher, 2014).

Within the stability triangle, there are four main groups of FOWFIgufe 2-3). Spars are
simple cylindrical structures with excellent hydrodynamic stability owing to its deep draught
and lowcentreof gravity (Meng et al. 2020)On the other hand, the draught of the spar is a
constraint whereby the minimum water depth for application is restiiZtezhg et al. 2020)
Hywind in Scotland, developed by Statoil (now Equin@&guinor 2020b) s t he wor | d 0 ¢
fully operational floating offshore wind farm. The farm consists of five 6 MW wind turbines

using spar platforms.

A TLP uses a system of taut vertical tendons to keep the platform in upright and in position.
The platform has excessive positive buoyancy which keeps the mooring system constantly in
tension. TLPs are typically smaller structures geometrically comparddetother types
(Taboada 2016)This platform type has good potentials for application due to its limited

motions derived from the use of restraint tenddfisrfet and Abdussamie 2013)espite these
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positives, thecosts,and risks of application of a TLP remain unknown unlesssitdle sea

testing is conducted.

Semisubmersibles and barge platforms are stabilized by buoyancy by taking advantage of
their large waterplane areas. Semisubmersibles are usually composed of several columns
connected to each other through braces. The hydrodyreehayviourof the platform subject
to wind load excitations is considergarticularly good Application of semisubmersible
platforms is regarded more achievable due to ease in their installation and tendency to have
lower costs of installatio{Shi et al. 2019) However, in contrast to other FOWTSs, the
construction of them is more difficult even though it can be fabricated on the dockside.
Furthermore, the design of semisubmersibles is far more challenging due to complexity in their
dynamic responses, causedthg combined effects of wirdlave coupled loads. In addition,
the heave response of the platform is also another source of concern because of its influence
on general platform stabilitLiu et al. 2016) Currently, there are three 8.4 MW
semisubmersible FOWTs developed by Principle PgRenciple Power 2020)s part of the
WindFloat Atlantic project in full operation off the coast of Portugal. These platforms are
currently the largest FOWTs in the world with power generated capacity that is capable of

supplying up to 60,000 users each year.

Barge platforms possess good advantages in their fabrication, assembly, deployment and
anchoring when compared to other platform types. However, the uptake of barge platforms for
intermediate water application is limited by problems that include its s&tysio pitch
stability in waves and complex requirements for its operational cd@fohdriz et al. 2018)
Although the ITIEnergybarge concept has been around for a while, the luglycapacity
barge FOWTs in operation are the Ideol demonstrators of its Damping Pool concept, Floatgen

(Ideol 2020aprnd Hibiki (Ideol 2020b) off the coasts of France and Japan, respectively.
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Figure 2-3. Foundation types of offshore wind turbines: a) monopilgrayity-basect)

jacket d) tripod e) spar f) semisubmersible g) tentegrplatform h) barge.

2.3 Wave energy

2.3.1 Resource

Converting wave energy into electricity has been an idea for cenffaalees 2007)Wave
energy is a powerfuDRE resourcewhich is considered as a derivative of solar and wind
energy. The natural rotation of the earth results in differedm@iing by theusn. Consequently,
an uneven distribution of higland lowpressure regions exist in the atmosphere. Air moves
between these pressure fields in the form of wind. When wind blows over the oceans and seas,
waves are generated through friction betweenthewindd wat er 6 s sur face an
transfer of energyMattiazzo 2019) Some distinct advantages of this physical phemame
include high energy densitdéfined as the available resource power per meter ability of
travelling large distances with minimal energy losses, and a high degree of predictability.
Despite these positives, the wave energy industry has found it difficult to develop a technology

that is cosefficient and reliabléSandberg et al. 2016)
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2.3.1.1 Quantification of wavenergyresource

An important initial step towards investor confidence and market deployment of wave
energy technology is the characterization and mapping of the resource. Such assessment
includeidentification ofgeographicaareas with high wave energy, the quantification of energy
(e.g, total annual wave energyand the description of the resource usilegignparameters
such as significant wave height, wave energy period and mean wave diréci@mnments,
private organisations, and researchers have all conduoidssto estimate the wave energy
resource at global and regional scales. The European Comn{B&ida)juantified the global
potential wave energy to #9500r'Wh/year. Gunn and StodWilliams (2012)estimated the
worl dés theoretical wa \0.85TWYW W% confidenceasing the t o
tool WAVEWATCH-III. PerezCollazo et al. (2015) stated the best wave conditions for
harvesting as an energy resource are found in mekligmlatitudes and on deep waters (>
40m), with maximunpower densities between-G0kW/m. Rusa and One@018)suggested
the most attractive areas from an energy aspect are found betwed03@titudes in both
hemispheres, a similar finding to the previous study. They estimated the total theoretical energy
potential to be around IWATWh/year. This estimation is slightly higher than others but is in
the same order of magnitude. Aderinto and(2018) provide a general overview for the
theoretical potential of the wave energy resource in different regions of the worlthtdee

2-1.

Table 2-1. Theoretical potential of wave energy resource in different regions of the

world (Aderinto and Li 2018)

Regions Wave Energy Potential (TWh/yr)
Africa 3,500
Europe 4,100
South America 4,600
North America and Greenland (inc. Central Ameri 5,500
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Oceania 5,600
Asia 6,200
TOTAL 29,500

Carbon Trus{(2011)and the Crown Estat@012)estimated the total recoverable wave
enagy resource in the UK to be 50TWh/yr andT&8h/yr, respectivelyWeiss et al(2018)
conducted a wave and wind global resource assessment and identified that Brazil and New
Zealand were the countries with the highest estimated extractable wave power inlthe wor
with an output exceeding 25Wh/month. Moreover, Weiss et §2018)additionally assessed
the combined estimated extractable power of both resources for tisgda/orhey found that
the combined power output exced®#5T'Wh/month for each site. Arinaga et@012)found
monthly median significant wave heights mirror the spatial pattern and seasonal trends of winds
and that significant wave heights are generated as a result of strong westerlies in mid latitudes.
The importance of the frequency content of oceans svawveelation to available power was
also highlighted. Essentially, longer wave periods increase wave power. Furthermore, it was
reported that wave periods increase in magnitude generally from west to east in each basin.
This is because of the mldtitudeswells generated in the northwest and southwest parts of the

northern and southern hemispheres respectively, propagating east.

2.3.2 Wave energy converter technology

Devices used to convert wave energy into electricity are known as WECs. No commercial
WEC concepts currently exist, however, some companies are testing their concepts at sea
which deliver small amounts of power to the grid. Engineers and researchersnavbave
continuously innovated and developed WEC concepts. This has amounted to a large number
of them. The lack of design convergence is primary factor to why the industry has staggered.
Significant technological progress can only be made once a cascepitually recognised

(Gao et al. 2016)
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A WEC is designed to harvest wave energy for a range o$tages defined byave
periods and wave heighs. According to thelaw of conservation of energg device which
extracts energy through the interaction with ocean wawest reduce the amount of wave
energy that is otherwise present in the oc@aaines 2007)In other words, wave energy
absorption should principally be understood as watexference. T@bsorb the energy from
a wave, the device must be capable of generating a wave that interferes destructively with the

incident wavg Todalshaug 2017)

WECs can be classified based distinctive characteristicsuch as shape and size,
working principles and installation locatiging et al. 2015§Figure 2-4). The most common
classification is based on working principles. Drew e{2009) classified WECSs into three

main classes: attenuators, terminators, and point absorbers.

~

| - fi%j
iy

<) d) e)

Figure 2-4. WEC types: a) oscillating water column b) oscillating wave seaererter c)

attenuator d) point absorber e) overtopping device/terminator.

Attenuators are long structures with their principal axis positioned parallel to the incident
wave. The structure typically comprises multiple floating segments connected together by

hinges which o0fl ex 6 wThis flexirig metiondrives @ Powar Takef a | |
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Off (PTO) system. PTO systems connect the primary converter and electrical generator; it is

the system which converts the captured wave energy into useful electricity. A disadvantage of

attenuators is that if positioned incorrectly, their efficiency caadwersely affected. Pelamis

(Henderson 20068)as a famous example of an attenuator WEC.

Terminators have their principal axis positioned perpendicular to the incidesmt, so

these WEC types physically intercept ocean waves. Overtopping devices and oscillating wave

surge converters (OWSCs) can be considered terminator WECs. Overtopping devices collect

seawater in a reservoir situated above the mean leatdrandrelease the seawater back out

through a chamber at the bottom of the reservoir. Within the chamber are hydro turbines which

generate electricity as the seawater flows through. OW&e€stypically large, hinged
deflectors which rotate about a fixed point exploiting the horizontal water wave particle

velocity. It is this rotary motion which drives a generator to produce electricity.

Point absorbers are small in dimension relativéht other two WEC classesd the
wavelengths of thencident wares This enables a strong advantarjeéoeing able taexploit
wave energy from all direction®0int absorbers generatéedricity through the relative
moti on between a body that heaves up and
Submerged pressure differentials can be considered point absorberstexttbptdifference
between the twes that they are fully submerged devic€bey exploithe pressure differential

above the device as a resulfpafssingvave crests and troughs.

Oscillating Water Columns(OWCSs) are another type of WE@hich canbe classed as

both apoint absorber and terminator clagsn OWC consists of a column with an opening

bel ow the wateroés surface. As wawwslownthet er act

column This forces aitin the column upwards and downwards as the waves rise and fall

Within the column is a turbine which generates electricity from the airfRivdirectional
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turbines are typically installed in OWCs which can take advantage of the oscillating airflow in

both directions.

2.3.3 Power takeoff system

The PTO system is the mechanism that transforms energy absorbed from the primary
converter into electricity. The primary converter is the working principle to capture engrgy
apoint absorber. The importance of a PTO system is significant as it strongly influences the
efficiency of energy conversioof the WEC. Moreover, the PTO systaontributesto the
mass,size,and structural dynamics of the WEC. The PTO systan be anywhere between
20-30% of the total cost of the WEC which means it has a dinggaict on the LCOEThis
highlights the important relatiship between the PTO system and WEC econoifticselcan
and Kukner 2014)Tétu 2017) Designing a cosgffective PTO system is one of the main
challenges in developing a WEGNncept The PTO system must be durable and reliable enough

to survive extremsea stateonditionswhilst operating mmoothly on a dayo-day basis.

The type of PTO system selected for WEC is offemerned by the primary converter.

The types of PTO systems are as follows:

1 Hydro turbine

1 Air turbine

1 Hydraulic system

1 Direct mechanical drive system

91 Direct electrical drive system

Hydro turbines for power generation have been around for decades and are a mature
technology which are used in overtopping devices. Kaplin and Francis turbines are common

types of hydro turbine and the main difference between them is the design of &rewhian
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is either axial or radiaKaplan turbines have preference in wave energy devices because the
design allows for sufficient head and flow for the turbine to be economical. Hydro turbines
have the capability to operate at 90% efficiency or higiret require little maintenance
(Escaler et al. 2006Air turbines are used in OWCHie challenge for this PTO system is the
bi-directionalairflow. Selfrectifying air turbines are one solution that converts energy from
the alternating air flow into mechanical unidirectional rotational endrggre arenumerous

types of selrectifying air turbines with the most common being the Wells air turthiakcdo

et al. 2014) Others include impulse turbines and Denkigd turbines.Hydraulic PTO
systems are typically used in WE®@kich have aworking principle of oscillatory movement.
Hydraulic converters are designed to absorb energy when dealing with large forces at low
frequencies. The movement of the WEC creates the linear/rotary motion of the hydraulic motor
which subsequentlgdrivesanelectrical generator. Direct mechanical drive systems transfer the
mechanical energy of an oscillating body to an electrical generatan\additional mechanical
systemsuch as gearbox. If the direct mechanical drive system is rotary then flywheels can be
added to in order to store rotational energy, thus smoothing power output. These types of
systems are usually very efficient as transmission losses are minimal due tastisidgsign.
However, reliability of these types of PTO systems are in question. Direct electrical drive PTO
systems use the principles of electromagnetic induction to generate electricity. The mechanical
energy aptured by the primary converter is directly coupled to the moving part of a linear
electrical generator. This is encompassed by magnets creating a magnetic field. The movement
of the primary converter cuts the magnetic flux thereby inducing an altercatiregt (Tétu

2017)
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2.3.4 Wave energy market

This section presenteviews WECtechnologies being developadross the globe at the
time ofauthoringthis thesisIrish WEC company Seapowdrasdesigned an attenuator called
the Seapower PlatforniSea Power 2022(Figure 2-5). The concept consists of hollow
pontoons making up two separate bodies connected via a hinge. The concept has good cost
efficiency due to itsstraightforward desigrand it makes for easier manufacturing and
installation. The PTO system @amechanical direatlrive, andthe concept has aMW rated

power capacity.

Figure 2-5. Seapower Platforr{Sea Power 2022)

Mocean EnergyMocean Energy 2022 anotherWWEC compary with an attenuator
concept. The Blue Horizon concdptigure 2-6)i s a hinged raft that fe
I i ke d f .orhiemeanghdtth@dystem can dive through the largest waassly The
concept has undergone extensive experimental and numerical testing and secured funding from

Wave Energy Scotland to test a scaled prototype.
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Figure 2-6. Mocean Energy Blue Horizon concéptocean Energy 2022)

Finnish company AMEnergy have pioneered an OWSC called WaveRON&/-Energy
2022) (Figure 2-7). The machine operates nearshore in shallow watefs2@m) and its
submerged and anchored to the seabedb@bleandforth movement of water driven by wave
surge puts WaveRoller into motion. A singleaVéRoller unit is rated up toMW power

capacity wih a capacity factor of 2650% depending on site conditions.

Figure 2-7. AW-Energy WaveRolle(AW-Energy 2022)

Australian firm Carnegie Clean Enerffyarnegie 2022are developing a fully submerged
pressure differential WEQ~igure 2-8). CETO technology has completed thousands of hours
of sea testing. Some advantages of CETO include adaptability to ocean depth, swell directions

and seabed conditions and great storm survivability due to full submergence of device.
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Figure 2-8. Carnegie CETO @Carnegie 2022)

Swedish company CorPower Ocg@orPower Ocean 20223 also developing a point
absorber WECHowever this design igmore traditional featuring a heaving buoy on the
waterodos surface connected to the@igwe®)fA oor u:
unique phase control system that makes the device oscillate in resonance with incident waves
is used. Usually, resonance wants to be avoided as WECs have limited maximum offset and if
the device exceeds this limit, great stress can be put on the si&iemver, CorPower have
developed their WEC with high structural efficiency to allow operation with strongly amplified
motion; the benefit is greater quantity of energy available (up to five times more energy per
ton of device). Furthermore, the concegs$ mproved storm survivability; the system can cope

with large wave amplitudes.

o

Figure 2-9. CorPower WEQCorPower Ocean 2022)
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Wavestar(Wavestar 2016and Eco Wave PowglEco Wave Power 2022)eveloped
similar WEC conceptéFigure 2-10). The systems harvest wave energy by a ropaofially
submergedbuoys which rise and fall in sequence as the wave propagates through the system.
The buoys are attached to a main structure via an arm which rotates about a fixed point. Each
individual buoy produces a small amounpofver,but the cumulative power can tosaeable,
rated power capacities. Both concepts were initially developed for nearshore application,
however with new research, possibilities are being explored of combining these WEC concepts

with offshore wind.

Figure 2-10. Wavestai(Wavestar 2016{left) and Eco Wave Pow€Eco Wave Power 2022)

(right).

OceanEnergyOceanEnergy 20223 another Iris’WEC company which hawieveloped
an OWC, namely OE BuofFigure 2-11). Recently, the company have just completed their
demonstrator which will be deployed off the coast of Hawaii. The figastructure is
exceptionally largg¢826on) and has agtential power capacity of 1.B8N. Because it ian
OWC, the turbine is the only moving part of the system which mé@tOE Buoy has

particularly goodeliability and can easily be maintained offshore.
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Figure 2-11. OE Buoy(OceanEnergy 2022)

2.4 Tidal energy
2.4.1 Resource

Tidal energy is anothdorm of ocean energy with good potential to contribute to global
power generation. Tidal energy can be separated intcategoriestidal current energy and
tidal potential energy. Tidal current energy exploits the kinetic energy of tidal curfetdb
potential energy exploits the potential energy associated with the lea¢édifference during
ebb and flood (typically exploited using dams or barragés)eimani et al. 2015)Tidal
currents have excellent losigrm predictability; it is possible to predict tidal currents t8098
acairacy for many years ahead. Thuss ibne of the most reliable forms of renewable energy
available Thepredictabilityof renewable energy sourds<ritical tothesuccessful integration
into the electrical griqBen Elghali et al. 2007)The underlying driving mechanism of tidal
currents are gravitational forces of the moon and sun. The strength of these gravitational forces
depends on distance rather than mass which means the moon has much greater influence (the
impact of the moon is 8.times more than the sugKhan et al. 2017)Tides move around the
earth as nAbul ge sHightides aee creayess the areah bulges towaedrthe .

moon

The available tidal current power the world and Europe is estimated about 75GW and
11GW, respectively(Zhou et al. 2017)The total power extracted by a tidal turbine is similar

to a wind turbine:
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0 2 [4]
q

where” is seawater density; is crosssectional area of the turbine amds fluid velocity. Just
like wind turbines, only a certain fraction of power can be harvested due to losses during

conversion into electricity. Thus, the above equation becomes:

@ [9]

whered; is the power coefficient. For wind turbings, is generally between 0.250.3 but
some wind turbines can reach up to. &dr tidal turbines); is estimated to be in the range of

0.3571 0.5(Ben Elghali et al. 2007)

The UK has around 50% of Europeds tidal
capacity was 35.5MWWalker and Thies 2021)Primary factors folimited deployment
includehigh initial cost ofprojectsand difficulty with operation and maintenance. Tidal power
plants have few optimal locations where the plant can be s@thgpnstallations have been
challenged with reliability issues resulting in lovikanexpected power generation, shortened
deployments or even failure. Consequently, the investment landscape is chaberigirestor
risk is high. As suchiidal energy has a high LCO&mpared tother forms ofrenewable

erergywhich reduceds overall competitiveness
2.4.2 Tidal energy technology and market

Technology used to generate electricity from tidal currents can be referred to as Tidal
Energy Converters (TECs). TECs are typically one of the following technologiesflawal
turbine,crossflowturbine, oscillating hydrofoi(Laws and Epps 201Khan et al. 2009)or

tidal kite (Figure 2-12).
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The majority of TEC conceptare axialflow turbineswith rotation axis parallel to the
current flow directiorakinto conventional wind turbines. Similarly, active control can be used
to yaw the turbine to the flow direction, and to pitch the blades based on flow conditions to
optimise hydrodynamic performance and maximise power generation. Furthermoréoaxial
turbines can be open or ducted (venturi) and can be positioned anywhere in the water column
(fixed to the seabed or floatind)loating tidal tubines are used to exploit tidal energy in deep
waters.Additionally, i d a | fl ows are str orsgmorepawverganbe he w;
generated by a floating tidal turbine compared to a traditional tidal turbine fixed to the seabed

at the same locatiofsanchez et al. 2014)

<5kl =
(==

a) b) ) d) e)

Figure 2-12. TEC types: a) axidllow turbine b) verticaimountedcrossflowturbine c)

horizontatmountedcrossflowturbine d) oscillating hydrofoil e) tidal kite.

Other advantages of floating tidal turbines include no bathymetric or subsurface
topography requirementand ease in accessibility and maintenance because all the electrical
components can be set inside the floater. On the other hand, floating tidal turbines are exposed

to the harshness of the ocean surfadwiths whi c
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waves and turbulent current inflows. Floater motions are another new design challenge as they
could induce dynamic loads on the turbines potentially resulting in unexpected structural

failure (Guo et al. 2018)

SIMEC ATLANTIS ENERGY arecurrentlydeveloping the MeyGen project which is the
largest tidal farm project in the world and is the only commercial fiwrbine array to have
commenced construction. The first pbasf the project is a MW demonstation array
comprising four 1.MMW turbines which are fully submerged and installed on grehatye
foundations resting on the seab@egure 2-13). They are all upstream, thrééaded,
horizontataxis machines wit a rated power capacity of 1.5MW ati®/8 and a rotor diameter
of 18m. Only two of the four turbines are installed and since 2017 have exportedhaore t
25.5G5Wh of electricity to the grid. SAE have now secured £2.5million from Scottish
Enterprise, which will enable completion of the demonstration array within the next year

(SIMEC ATLANTIS ENERGY 2022)

Figure 2-13. SIMEC ATLANTIS ENERGY tidal turbindSIMEC ATLANTIS ENERGY

2022)

Verdant Power (Verdant Power, 2021) are another TEC developer who have designed their

turbines to sit on the seabed. Their concept the Free Flow System (Bfi®gitdal turbines

35



Combinedloating offshore energy systems Chapter 2

mounted to a triangular structure which for a single unit giffagure 2-14). The turbines in

the FFS are conventional horizongadis turbinesTheyconsist of three fixegitch blades that

rotate slowly capturing the energy frdast underwater currents (+inds), a rotor and nacelle
assembly typical of that of a wind turbine, and the drivetrain and generator that is enclosed

within the nacelle that converts the captured energy by the turbine into electricity.

Figure 2-14. Verdant power free flow system (FFS) turb{iverdant Power, 2021)

Orbital Marine Power(Orbital Marine Power 2022)at present, have developed the
worl dés most power ful f |(Fegaré 2-18)grhecondeptlfeattirasr b i n e
two bi-directional twebladed turbines mounted on a unique 74m floating platform which is
moored via anchors to the seabed where the underwater rotors capture the kinetic energy of
seawater. The turbines have a diameter of 20m aothhrated capacity of 2MW. Orbital
Marine Power are leading a consortiumdigdiver the FORWARD2030 project. The project

aim isto accelerate the commercial deployment of floating tidal energy.
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Figure 2-15. Orbital Marine Power, Orbital O@rbital Marine Power 2022)

Crossflowturbines are alike to verticalxis wind turbines meaning their axis of rotation
is oriented perpendicular to the flow direction. They can be installed vertically or horizontally,
can be open or ducted, and installed anywhere in the water column. Gereecabflow
turbines are less efficient compared to afli@lv turbines. hey do possess certain advantages
over their counterpart§hey can generate power from any flow direction that is perpendicular
to axis of rotationAlso, arrays ofcrossflowturbines can be more efficiently groupedeto
the blades having a rectangular cresston. However, the workingrinciple of crossflow
turbinesmeanthey are inherently subject to cyclic loading. Cyclic loading increases fatigue on
thestructure or structural components, which in teses theturbineblades. Although, ithe
turbineblades are of a helicahapethen cyclic loading can be reduced. Ocean Renewable
Power Companyb6s ( ORPC) (Ockan P&emRerewabhle Com@ayys t e m

(ORPC) 2022)is an example of horizontal mountexssflowturbine(Figure 2-16).
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Figure 2-16. ORPC RivGen Power Systegf@cean Power Renewable Company (ORPC)

2022)

There are othainconventional types of tidal turbines which include oscillating hydrofoils
and tidal kites. Oscillating hydrofoils comprise of one or more hydrofoils that rotate about a
fixed point Theyoscillatedue to induced lift and drag forces caused by the fluid flow over the
hydrofoil (Dahmani and Sohn 202@Esmaeilifar et al. 2017jKinsey and Dumas 2010)idal
kites consist of @aurbine mounted to a hydrodynamic wing aethered by a cable to a fixed
point that leverages flow to lift the wing. As the kite followsdistinctshaped trajectory
sweeping a large area, the relative speed of the kite can reach several times the actual speed of
the underwater currenfAt certain pointsthis increases thgeneratedoower significantly.
Electricity production is typically via a g
Class(Minesto 2022)is a precommercial tidal kite concept that has completed a 0.5MW
demonstrator phase and Minesto now plan to expand to a 10MW commercial demonstrator

(Figure 2-17).
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Figure 2-17. Minesto Dragon Class tidal kite concéptinesto 2022)

2.5 Combined floating offshore energy systems

This section begins the second part of this chapter which is dedicated to the main subject
of this thesis, CFOESs. The chapter is organised into the follseictgpns (1) the concept of
a CFOES; (2) the benefits of hybridization; (3) a market review; and (4) a reviéve of

literature

2.5.1 Concept of CFOES

Holistically, the development @®RE parks is restricted by cost. Thignsinly because
deploying a pwer generation system offshaexjuires sophisticated and robust designs which
typically come at high expense. In deep sea areas, where multiple ORE resources are available

in good quantities for power generation, a CFOES is a unique solution to reducing the LCOE.

Before exploring different concepts GFOES, it is important to first understand the
motives for combining ORE systems (floating wind and ocean energy) into a single
infrastructure Floating offshore wincdhasan est abl i s h eydin botpafixeelnt 6 i n
offshore wind. This means tmascent industry can take advantage of existing supply chains

and infrastructure, and grid connectiqiMofor et al. 2014) For ocean energy technologies,
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no specific supply chains are readily availafleis means that developers often have to take

on more roles than initially gected whichcan be costly and time consuminghus,
development is hindered asean energy technology developeften have limited resources
(International Renewable Energy Agency (IRENA) 2020)e existence of a parent industry

has proven to boost momentum concerning deployment and the maturity rate of technology.
Floating wind hasvertakenocean energyn terms of installed capacityven though these
industries have beeastablishedfor much longer. Therefore, this accelerated success of
floating offshore wind has prompted companies, academics, and researchers alike to question
the posibility of ORE hybridizationThe motives include: (1) ORE developers share the same

goal which is to prodweelectricity for the cheapest price possible; (2) all ORE systems operate

and must survive in the same environment, thus share the same design chéfénges
Collazoetal.201%5) (3) is there a possibility that oc
floating windds growt h bsinplace(Maioget al.l12@4)&nd i st i n
(4) marine space is becoming increasingly congested with users including established
industries such as fishing and shippiag well asemerging industries such as offshore
aguaculture, seabed mining, and marine biomass cultivé@iciupp et al. 2019)n relation

to these factors, the incentive to explore and research the feasibility of CFOESSs is warranted.

2.5.2 Synergies of hybridization

The main objective of a CFOES is to increase power production at the same location by
exploiting more than on@RE source compared to a pure system which can only exploit one.
However, with proper design theigan array of other synergies associated with CFOESs
Theseinclude: (1) intermittencyaninherentcharacteristic of most renewable energy sources,
can be reduced resulting in a snwot more reliable power output; (B)s enables the creation

of an integrated energy mix;)(8ignificant cost redttions can be achieved through the sharing
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of a common substructure, grid infrastructure and mooring system, shared logistics,
installation, transportation vesse#sd operation & maintenance;)(4n the context of
combining floating wind turbines with WECSs, it has been discovered that some WEC devices
can dampen the platform motions of floating wind turbines thereby improving the stability and
thus the performance of the wind turbiiZdnu and Hu 2016)(5) similarly, tidal turbines can
introduce additional hydrodynamic damping resulting in reduced variability of platform
motions and mooring line tensiofang et al. 2020h)and (§ sustainable development, the
optimization of marine space can prevent conflicts amongst offshore users and alleviate
pressure on fragile ecosysterftisarimirad 2014) The potential advantages gained from
floating wind and ocean energy hybridization has led to this scientific field becoming a hot
research topic in recent years. Now, there are even a few concepts undergoing prototype

development and open sea testing.

2.5.3 Pre-commercial concepts andemonstrators

Fl oati ng P(fleatng Powér ®lartt 208 PP pl at form i s the
successfully offshorgested combined wind and wave deViEggure 2-18). The substructure
is a semisubmersible platform which can support a singld turbine(4 1 15MW) and up to
AMW of wave power depending on the available resource. The platform is kept in position by
a singlepoint mooring system which permits platform weathervaning (the platform can
passively rotate to face incoming wind and waves). The WE@ycan absorb between 60
T 80% of incident wave energy and creates a safe landing zone in the wake of the platform
which eases operation and maintenance. Floating power plant aims to operétst the
commercial plant by 2022ollowed by anumber of plants that accumulatesatoapacityof

50MW by 2030.
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Marine Power Systems (MP$Marine Power Systems 202Bave devised a flexible
solution called PelaFlext can be configured to harness wind and wave erierdgep water
either as a combined solution or on theim. Their concept has been tested through a series
of scale prototypes and they have proved it can generate grid compatible electricity. MPS are
currently in progress of deploying a commercial megasadte device at Biscay Marine
Energy PlatformSpain. They alsplan for a multimegawatt array at European Marine Energy

Centre, Scotland.

Figure2-18 F1 oati ng Power HloaimtPéwer PR Z02%eft) and f or m
Marine Power Systemsdé Pel aFl ex f(Marimet i ng pl ¢

Power Systems 202®jght).

Excipio Energy(Excipio Energy 20223onceptualised platform capablef integrating a
full spectrum of ORE technologieslled Excibuoy Theconcepthosts wind turbines, WECs,
tidal turbines and ocean thermal energyvaters giving a totadrojected rated power capacity
of 29MW (Figure 2-19). This is equivalent to mukinit floating wind farms e.g., Hywind
Scotland. The concept ambitious,but it potentially symbolizesthe future of optimised
renewablepower generation iithe offshore environment. The Excibuoy platform for now

remains in the conceptual design phase as Excipio Energy pursue funding to support
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experimental tank testing and computer modelling required to confirm the integrated power

output.

Figure2-19.Ex ci pi o Ener gy 0 ¢Exchin Energyl?@22) pl at f or m

German company Sinn Pow@&inn Power 2022X)ave irstalled an 80kW demonstrator of
theirfloating hybrid multipurpose platformoncept, SOceafirigure 2-20), in Heraklion. The
concept extracts energy from three different renewable energy spwaee, wind, and solar
energy A novelty of the concept thatit is designed to be used in a modular approach to build
large floating solar plants with a combined capeoitup to 10AW at full scale. Additional
electricity can be produced by small wind turbines at each of the corner points of the solar
panel arrays. The system can also be powered by WECs, depending on the maritime conditions
and power demand. Sinn Power has succdgsfaitried out testing in Heraklion and is actively

marketing its saltions to project developers worldwide.
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Figure 2-20. Sinn Powerd s cedd Hybrid PlatfornSinn Power 2022)

Principle Power i major foating wind platform developer whexplored the integration
of WECSs into their semisubmersible FOWT concept, WindFloat. The project, WindWaveFloat
(Roddier and Banister 201, 23ssessed the technical and economic viability of three different
WEC concepts installed on WindFloat with a focus on maximizing power output and reducing
the overall LCOE. The three WECs selected for assessment were point absorber, OWC and
OWSC Figure 2-21). The WECs were chosen to represent promising concepts in line with
current developments at the time of the project. The performance of the CFOESs were
evaluated in terms of dynamic responses and power output. Considering dynamic responses,
all three conepts had minimal effect on the overall platform motion. The OWSCs had the most
significant impact increasing the surge motion amplitude of the WindFloat platform.
Calculations from Principle Power showadnaximum average power of 38/m? could be
extracted in these configurations. Several of the resulting system designs demonstrated
technical feasibility, however, the size and design constraints of the WECs (technical and
economic) meant the WindWaveFloat concept was economically urieeasithis timeNot
enough additional power was generated to cover the additional expense associated with wave

energy integration to make WindWaveFloat worthwhile.
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Figure 2-21. From left to right: WindFloat, WindFloat and two OWCs, WindFloat and point

absorber and WindFloat and three OW$Rsddier and Banister 2012)

2.5.4 Funded research programmes

In the past some EU funded projects focused on researching sustainable solutions for the
advanced development of the offshore sector. In particular, five projects H20OCEAN
(H2OCEAN (European Commission 2014aMARINA (European Commission 2014b)
MERMAID (European Commission 2015MpRECCA (European Commission 2011and
TROPOS(European Commission 2015tad a common theme of integration of various user
functions into a single infrastructure. Functions could include energy generation, hydrogen

generation, offshore aquaculture, shipptogrism,and leisure.

2.5.4.1 ProjectMARINA

Project MARINA is aimed specificallyat accelerating ORE applications to utilisgale
through hybridization. Three combined concepigre 2-22) were selected to have their
feasibility assessed through physical modelling and numerical simulation. The concepts were
the SparTorus Combination (STC), th&emisubmersibld-lap Combination (SFC), and the

larger floater with multiple oscillating water columns and one wind turbine (OWC array).
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sean

a) b) c)

Figure 2-22. a) STC concepb) SFC concept) OWC array concefdEuropean Commission

2014b)

The STC concept combines a spar FOWT with a point absorber WEC inspired by the
model s OHywi nd éespactivdly. BheVd/ECeidaddrgé dorsitae buoy which
is known as a torus arslirrounds the body of the spar FOWT. Power is generated from two
ORE sources: (1) the incident waves by the WEC, through the relative heave motion between
the WEC and FOWT platform, and (2) the wind by the wind turbine supported by the spar
substructureMuliawan et al.(2013) performed a tim@omain coupled analysis to study the
dynamic responses and estimate the power production of STC cohcEgt enhancement
in power output could be achieved and the variability of platform motions decreased compared
to a pure spar FOWT. Wan et 4R015) studied the STC concept experimentally and
investigated the concept subject to extreme conditions in order to fully assess concept
feasibility. Several nonlinear phenomena were observed during the experimental campaign

including vortexinduced motion, Mdtieu instability and wave slamming.

The SFC concept is a semisubmersible FOWT which is made up of a central column,

which supports the wind turbine, three side columns which provide restoring stiffness, and
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three pontoons which connect the side columns to the central column. Mounted onto the
pontoons are three flagpe WECs with elliptical cylinders which exploit the horizontal water
wave patrticle velocity. Luan et §2014)presented a numerical modelling method for the SFC
concept and carried out a sensitivity study on the PTO damping coefficients and mass of the
elliptical cylinders. Michailides et a{2014)investigated the effect of the flappe WECs on

the dynamic responses of the semisubmersible FOWT. Two different layouts were considered
and comparisons of responses in terms of stability, motions and internals loads were made.
Michailides et al.(2016) experimentally investigated the functionality of the SFC concept.
Results showed produced power increased without significant impact on platform motions and

there wasagood agreement between experimental and numerical results.

Gao et al(2016)numerically and experimentally compared the dynamic responses of STC
and SFC concepts. Based on a preliminary comparison of dynamic responses including
motions, power generation, and the WEC PTO systems, they found the STC concept had a
lower cost of engy compared to the SFC concept. However, whilst the results showed that
the numerical models can reasonably predict the responses of the CFOESSs, for most cases, the
linear hydrodynamic model was not adequate for the STC concept in extreme wave conditions,
due to the occurrence of slamming. On the other hand, the results found that compared to a
pure wind energy concept, the combined concepts were more expensive due to the immaturity

of wave energy technology, a similar finding to that of Principle Power.

The OWC array concept is large floater supporting an array of OWCs and a wind turbine.
In contrast to the previous two concepts, the displacement of the structure is ten times larger in
order to accommodate for the array of OWCs. One purpose of this tevefo investigate
the viability of extremely large floating platforms. It was found that the power performance of

the WECs was comparable to that of wind turbirmsMW scale, however, it came at a much
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higher cost of energy as a result of the enormous structure despite the significantly increased
power production. Moreover, the size of the structure meant it was subject to extreme structural

loadings. larther details can be found hé&ojo and Auer 2014)

2.5.5 Academic research

There is a good quantity gdurnal publicationson the topic oCFOES. However, most
of these publications are within the context of floating wind and wave hybridization with only
a small number of publications focussing on floating wind and tidal hybridization. There is
extremely limitedresearch on CFOESs with more than two energy systems integrated within
the same platform/structure. Most studies concentrate on the power production capabilities of

the energy systems as well as the resultant dynamibhe @FOES.

2.5.5.1 Academiaeviewsof CFOESs

Ding et al.(2015) presented an overview of hybrid wiwave energy systems; WEC
technology and FOWT platform technology were briefly described. Two CFOES concepts
were discussed including the STC concept and WindWaveFloat to provide insight into the
flexibility of combining FOWTs with WECs. McTiernan and Sharm@920) publisheda
concise reviewon the types of hybrid floating offshore wind and wave energy systems, their
advantages and design challenges. Compared to these two worksC8laea et al(2015)
conducted a comprehensive review of offshore wind and wave energy hybridization. An
overarching analysiwas presentedn the most relevant aspects related to hybridization such
as resource, synergies, possibilities, and suitable technology (substruatdred/EeC
technology) A novel classification was also proposed based on how the technologies are
integrated. The classification distinguishedaoated, hybrid, and island systems. Dong et al.
(2022) have published the most recent staft¢he-art review on hybrid windvave energy

converters. The review follows a similar structure to the work of Feadiazo et al(2015)
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providing upto-date information on joint wind and wave energy resources, and suitable
offshore wind foundation types including floating foundations. The paper reviews the most
recent concepts and devices within the context of combined wind and waveagixpipand a
preliminary assessment of synergies is made. Existing methods to study such systems are
summarized and this work provides a comprehensive guide for future developments of

combined windwave systems.

2.5.5.2 Barge FOWT and WEC

Aboutalebi et al.(2021) developed a numerical model of a novel platform design to
investigate if undesired oscillating motions of a barge floating platform, particularly in
rotational modes, can be reduced with the integration of OWC WECs. The academic group
focused on RAOs of latform motions to understand the behaviour of the system in the
frequencydomain. Then, from the RAOs four periods were chosen to analyse the system in
the timedomain. A comparison between the CFOES and a generic barge FOWT was made to
assess the perfoance of the CFOES. The results showed that the proposed concept could
efficiently decrease oscillatis for low wave periods (6 12s), however dér larger wave
periods (127 20s) the pure barge system displayed better performance. To improve the
performance of the CFOES in larger wave periods, Aboutalebi €021)recommend the

implementation of a specific control strategy for the WECs in fidtudies

2.5.5.3 TLPFOWTand WEC

Bachynski and Moa(R013)examined the resultant responses of a TLP FOWT combined
with three point absorbers, in terms of structural loads, platform motions and WEC PTO
system, for operational and y@ar extreme environmental conditions. Zhou e2fl16)and
Ren et al(2020)analysed the performance of a CFOES integrating a-shraiged heavtype

WEC onto a TLP FOWT. They explored different PTO parameters and wave periods on WEC
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performance to determine preliminary optimal values for the WEC PTO. -damain
simulations were conducted &ssesshe main dynamicharacteristicof the CFOES under

typical operational combined wingdave loads.

Konispoliatis et al(2022) performed a coupled analysis in both tinaed frequency
domain on a CFOES exploiting wind and wave energy. The concept is a TLP FOWT
encompassed by an array of hydrodynamically interacting OWC WECs. The concept was
assessed for two offshosttes: a Mediterranean site and a North Sea site. Fundamental
hydrodynamicproperties such as hydrodynamic coefficients and RAOs of platform motions,
as well as the ultimate and fatigue loads from several load cases are presented. As expected,
the timedomain analysisound that the concept had increasedeoand tendon DELs (50%
and 590, respectively) at the North Sea site. There was a slightiseia the blade moment
DELs (26 in edgewiseand 14% in flapwise direction). Under normal sea state conditions

however, the tower and blade loads remained almost unaffected.

2.5.5.4 Semisubmersiblend WEC

Hallak et al.(2018) proposed a novel CFOES concept made uprofinconventional
semisubmersible platform (a larger number of columns) and point absorbers. In this numerical
study, only the platformbés hull was consi der
and seakeeping performance was assessed and eohipgoerimentsvere conductedh a
wave basin were conducted and results were compared to the numerical ones. It was discovered
the CFOES would benefit with stronger and smoother power output, and stabisitycentent
compared to a pure semisubmersible system. Lee(@0aB)developed a numerical model to
investigate the hydrodynamic interaction of a CFOES containing 24-glosorber WECS in
the frequencydomain. Hu et al(2020) conducted aroptimizationstudy and performance

analysis of a semisubmersible FOWT combined with multiple point absorber WECs. The
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results provide guidance for the optimized design of WECs in the context of floating wind and
wave hybridization Wang et al.(2020) proposed a CFOES comprising a braceless
semisubmersible FOWT and point absorber WEC. The effects of different PTO parameters on
hydrodynamic performance and wave energy production were investigated. On the same
concept, Li et al(2021)used a newly developed numerical tool FAST2AQWA (F2A) (this
numerical tool is used as the foundation tool for this present work), which is arsapee
aerchydro-servoeelastic framework, coupling numerical tools FAST and AQWA, to examine
the power pedrmance and fully coupled dynamic responses of the CFOES, subject to

operational and extreme conditions.

Chen et al(2022)also using F2A, conducted a dynamic response analysis of a CFOES
(FWWP), which is a semisubmersible FOWT and a point absorber WE@hoFoughly
investigatehe performance of the FWWP, three numerical models are developed of the single
point absorber, the pure FOWT and the combined system, to compare results and observe the
performance of the FWWP system. The model of the FWWP is system is validated by
compaing results with OpenFAST. Fully coupled analyses of the FWWP is carried out for

regular and irreglar waves in the operational ssiates.

2.5.5.5 Spar and WEC

Karimirad and Kousha(R017)studied the feasibility of combining a spar FOWT with a
WEC system, inspired by Hywind and Wavestar, respectively. The results showed the WEC
system did not impact the power performance of the FOWT and there was an incpeager in
production, albeit only %. Ghafari et al.(2021) investigated a novel WavestAywind
combined system. The effect of WEC unit addition on produced wave power and platform
responses was investigated in the frequeang timedomains. Skene et §2021)developed

a generalised study for combining a FOWT with a point absorber WEC. In the concept/early
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development phase, research on CFOESs focuses on a specific design instead of a more general
perspective. This is because designs can vary significantly, for instance, floating platform can
be of bargesemisubmersibleor spar type, and for WECs there are point absorber, OWC,
OWSC and other WECs to select from. There is a small convergence towards using point
absorber WECs for the purpose of floating wind and wave energy hybridization because of its
breadth of possilties when integrating its structurettva FOWT. Therefore, the work of
Skene et a[2021)explored the integration of floating wind and wave using general established
designs and investigated the overall general consequencest &a{2020) carried out a
comparative response analysis of three different CFOES concepts. The concepts were STC
concept, a semisubmersible platform with conmdinder point absorbers mounted on the
columns, and a TLP platform integrated with a teshaped poirabsorber. Tim@&omain aere
hydro-serveelastic simulations was used to study the motion behaviour of the CFOESs.
Considering all the structurphrameterand coupled dynamiegesponseghey concluded that

the STC concept has better stability and perfmceacompared to the other two concepts.

2.5.5.6 Floatingwind and tidal

Only a few notable publications exist on the topic of floating wind andhidaidization
Ma et al.(2019) proposed a concept which mounted two vertgas tidal turbines on the
underside of théop deckof a twin-hull semisubmersibleplatform, which supported a wind
turbine fFigure 2-23), and conducted a hydrodynamic analysis of the concept in ANSYS
AQWA. The platform motionResponse Amplitude fi@rators (RAOsyand hydrodynamic
coefficients of the platform were obtained from a hydrodynamic diffraction analysis
(frequencydomain). The results indicated the concept had good hydrodynamic performance
based onall modes of motion. A hydrodynamic response analysis {toreain) was

subsequently carried out in which the platform motions and mooring line tensions were studied.
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The timedomainsimulationsshowed the concept had good hydrodynamic performance as the
platform motion responses were well within acceptable limits under all design load cases.
Ashglaf(2019)published a thesis on the development of hybridization concept for horizontal
axis wind and tidal systems using functional similarities and advancetimeaémulation
methods. Yang et a2020b)conducted a performance evaluation of a CFOES consisting of a
spar FOWT and two tidal turbines installed
FAST2AQWA (F2A) wasused to investigate the power performance and dynamic responses

in operational conditions. It was found that power output increased by 3.84% to 6.46%,
transient behaviourmproved, and mooring line tension fluctuation was reduced due to

hydrodynamic damping provided by tidal turbinds.addition, the tidal turbines had no

negative affecon the aereelastic responses or power performance of the wind turbine

~

Figure 2-23. Combined winetidal floating power generation platfor{ia et al.(2019)).
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2.5.5.7 Floating wind, wave energy and tidal enegystems

To the authordés knowledge at the present
development of a numerical model combining three ORE systems into a single floating
structure. Li et al(2018) investigated the dynamic responses of a novel floating platform
consisting of a spar FOWT, a point absorber WEC and two tidal turiitiggse 2-24). The
CFOES i s r eHywimdWawtbolNA CAs 688 xx Combi nati on (F
expands on the STC concept by including the additional tidal turfinasmerical model was
developed to assess the power production capabilities of this CFOES in addition to other
dynamic responses such as platform motions and mooring line tensions. Results indicated pitch
and surge motions of the HWNC were reduced inethwperational conditions which is
attributed to the damping force produced by the underwater turbines. The reduced motions
proved beegficial to wind turbine power output enhancing quality. The overall power
production increased between 2245% depending on environmental conditions. Mean
mooring line tensions also increased due to forces acting on underwater turbines. However, the
numeical model only considered the aerodynamics, hydrodynamics, and mooring line
dynamics. The model excluded the elasticity of flexible elements, and negitelder rotor
speed control was applied. In essence, the adequacy of the study is limited #soatresse
exclusions. Therefore, an opportunity is presented whereby any new research on the topic of
ORE hybridization in this particular argae., when threer more systems are involved, would
be new and contributing research. Thus, the work in this thesis is intended to provide greater
insight into the coupled dynamics of a CFOES when considering the structural dynamics of
flexible components and the implemeraatof a wind turbine controller within the numerical

model.
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Figure 2-24. HWNC concep(Li et al. (2018).

2.6 Chapter summary

A summary of thischapter is given through consideratiohtwo parts (1) aliterature
survey on ORE, specificallgn floating wind, wave and tidal energyndustries andwith a
focus on market and technology, af@} aliterature surveyon CFOESswith emphasis on
combined conceptsomposed ofloating wind turbine integrated with either a WEC or a tidal
turbine system or botlinitially, the firstpartof this chapters areviewonthe current state of
ORE Then, surveyed literaturestablishes reasoning fORE hybridzation which is the focus
of the present researcBefore the main subject of this thesis is introduced, it is important to
have a thorough understandingvdiat comprises a CFOES, hertbe critical review on the
individual ORE industries. For each ORiEdustry, the literature survey reviews information
on the resource, the types of machines used to convert the energy form into electricity, or in
the case of floating wind the platform technology, and the latest market developments within
the industries. Té secongbartof this chapter is dedicated to a staféhe-artliterature survey

on CFOESs. Theecond parbeginsby definition ofa CFOES andhe discussion adynergies
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of hybridization. Then, an hdepth review of preommercial concepts and demonstrators,

funded research programmasd academic research on CFOESwresented

The survey of literature concluded the following points:

1 Floating wind turbines have 4 main types: barge, semisubmersible, spar and TLP
Bargetype floaters havadvantages in construction and deployment, which could
ease utilityscale production providing excessive pitching motion can be mitigated.

1 WECs have a large spread of technologies but there isiadmstryconsolidation
towards the point absorber concefhis technology can absorb wave energy from
all directions,and they have much smaller structural size compared to other
concepts.

1 Tidal turbine systems follow suit to the wind turbine industry with axial flow
turbinesasthe most advanced technology

1 CFOES concepts that compriE®WT combined withwave energy technologye
more prevalent tha€@FOES concepts made up BOWT combined with tidal
energy technologyThere are even some prototypes in developrsenh as
Floating Power Plant

T Only one numerical modebf, no experimentaldata for and only one
conceptualised commercial conceptaoCFOESwhich integrates three or more
ORE systems existhere is an opportunity for research to significantly contribute

to knowledge in the scientific area.
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Chapter 3. Theory, numerical modelling, and simulation

Engineers must setup the numerical environment wehigineeringtools in order to
simulateORE systesiin a range of operational and survivatenarios. A knowledge of the
different environment condition models is required so that the correct environment can be
calibrated.Specifically, taoffshorestructures, environment conditions are often referred to as
Metocearct ondi t i ons 6, comtdinedetiiect of éha meteordldyyeand oceanography
(wind, ocean waves andcurren) (Subrata K. Chakrabarti 2005)Once thenumerical
environment has beaonfigured the environment condition kinemate® used as input into
dynamic models which solwbe equations of motionn order to calculate the dynamic
responses of theRE system. The dynamic response ouigmassuallyin terms of forces and
moments andnotionsof important structural componentand generated powéfao et al.
2016) Similarly, different modelsire available within numerical toots predict the loads and
responses foan OREsystenfor eachphystcal domaine.g., aerodynamiand hydrodynamic.
The engineer mugtave a strong understanding of ttleeory, governing assumptionsnd
differencesbetween models order to develop a sophisticated numerical model of an ORE

system that caproduce reliable results

Therefore, this chapter is organised into the following sections: Sectiopr@videsa
comprehensive summay modding the offshore environment within an engineering tool
ORE system design and analy$Sections 3.1.1, 3.1.2, and 3.2/ dedicated tanodelling
the wind, ocean waws and current respectivelySection 3.4s a critical discussion on the
mathematical models uséar modelling the structure(s) IORE systemdesign and analysis
Section 3.2 begins with an overview of current numetaas which is presented in Section
3.2.1. Sections 3.2.2 3.2.6 present the theory and modelling techniques concerning the

different physics domains e.g., aerodynamic, hydrodynamic. Sections 3.2.7 describes how the
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mathematical equations are solved in order to obtain the dynamic responses of the ORE system.
Section 3.2.8 presents the thedoymodelling and integrating the WEC and tidal turbine
systems. The importance of validating and verifying numerical models is presented in Section

3.2.9 and ahapter summary is provided in Section 3.2.10.

3.1 Modelling the offshore environment

An offshore structure will be subject to many different types of loading and the
corresponding load effects. The structumast survive in the hstile offshore environment
throughout its service lifelt needs to be able to withstamcktreme conditions without
compromising performance during operation. Loads can be broadly categorised into static and
dynamic loadsStatic loads areonstant loads whicimcludeloads such agravity, hydrostatic
pressure, andoads fromthe structure itself including equipmie Dynamic loads are of
consequence of variable environment loalseh as wind, ocean waves, and currents
(Karimirad 2014)A schematic of theffshore environment ishownin Figure 3-1illustrating

the important environment loads
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Turbulent
wind

Figure 3-1. Schematic of theffshore environmenPetrini et al. 2010)

Other environment loadaclude tsunamis, earthquakes, and(figure 3-2). In practice,
all theseneed to be considered in ORE system desigméver,oftenfor preliminaryconcept
developmenbnly the driving load¢aerodynamic and hydrodynarpiceed to be considered

(Petrini et al. 2010)
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Figure 3-2. Categorisation of load$etrini et al. 2010)

3.1.1 Wind

The foundation to calculating the aerodynamic loads is formulating a representation of
wind velocities. Typically, wind velocities are not constant, but vary over time. These
variations can be annual or seasonal variations, synoptic or diurnal variatichanges over

seconds and minutes oftenaetd to as turbulend&arimirad 2014)

T T ] L
45 L Synoptic Peak

Turbulent Peak

Diurn Peak

Variance [m'/s’]

) | | l l 1| | | | | L1}
0.Q
10d 44d 24h 10h 2h 1h 30 min 10min 3min Tmin 30s 105 53
Frequency, log(f)

Figure 3-3. Spectral wind densit{Karimirad 2014)

Figure 3-3 shows how wind energy concentrates around two disfiequency ranges
separated by a spectral gaan der Hoven 1957)The lowfrequency peaks represent quasi
static wind,6 (mean wind speed).RE highfrequency peak represents dynamic wiad,0
(turbulent wind). A quasstatic load is a load that can be assumed as time independent. Thus,
time-varying wind speed) 0, consists of a steady valu®,and fluctuations about the steady
value,6 0. By assuming the steady part of the timaying wind as quasstatic,numerical

modelling andsimulationof wind aresimplified.

A dynamic load is time dependent for which inertial effects cannot be neglébiesk
wind speed variations can be describgdlburbulence intensity and a Power Spectexigity
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(PSD).Theturbulenceantensity (‘Qis a characterization of the overall level of turbulence and

is defined as:

0 [6]

6
where, is the standard deviation of the variation of wind speed aladbe mean wind speed
(taken as 1éninute average). Thigurbulence intensity only captures non temporal
information. The temporal information of the turbulence i.e., the frequency of wind speed

fluctuations is captured in the turbulence PSD from which a time series can then be constructed.

Typicalwind spectrums include von Karmakaimal,and Mann.
3.1.1.1 TurbSim

TurbSim is a stochastic, fdfleld, turbulentwind simulator. It employs a statistical model
to simulate the time series of threemponent winespeed vectors at points in a two
dimensional vertical rectangular grid that is fixed in space. Spectra oftyaitomponents and
spatial coherence amefined in the frequency domaend an inverse Fourier transform
produces the time serié¥onkman 2009)TurbSimis used to create therbulentwind fields
which are used as input intbe numerical models developkder onin this thesis The IEC
Kaimal model angbower law modelvere selected as the models to generate the wind iirelds

the turbulent wind simulator.
3.1.1.1.1 IEC Kaimal model

The Kaimal model is defined in IEC 614068 and assumes neutral atmospheric stability.

The spectra for the three wind componeats, 6Fbh) are given by
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T, O
0

P gO—

where6 s the steady state wind speed at hub hei@istthe cyclic frequengyandd is an

integral scale parameter. The IEC 61406tandard defines the integral scale parameter to be

wWwoh 0 o
0 ¢gg@h 0 U (8]
™eh 0 0
where the turbulence scale paraméeger, is
Q mxd Elp 1 h0o6 00 [9]

From this spectrum a wind velocity time series is constructed, and it is this time history of

wind speed that is fed into simulation so that the aerodynamic loads acting can be determined.
3.1.1.1.2 Wind speed profile

The wind speed profile determines the méasomponent wind speeds at each height for
the length of the simulation. The poweaw wind profile calculates the average wind speed at
heighta using the equation

a

D QOEQEHDY FQQ a 6 a T [10]

where U is pode isthénean wnd gpeedat heighandd  is a reference

height above ground where the mean wind sgeéd is known (typically 10X ).
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3.1.2 Ocean waves

Oceans waves form due to perturbations of the free surface and propagate due to gravity.

Several typesf ocean waves exist which can be characteriseddvgheightandwaveperiod

(Figure 3-4).
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Figure 3-4. Types of ocean wavébsolley 2017)

Themost o mmon di sturbance of t . HFgue3édluwstratess sur f
how perturbationo f t he oceands surface fWaeesbegnasad f or
small ripples and grow due to sustained energy input from the sisdme point vaves reach
a limit beyond which they cannot growhis is becauséhe energy being transferred in is
balanced out by the losses due to gravity. Waves that have reached this condition are considered
fully developed. Br a sea tbefully developed, iis dependenin the wind speed and the fetch
(distance) over which the wind blows. Aftee wind ceases to blothe formedceans waves
will continue to exist and can travel for exceptionally large distances with minimal energy
losses; these waves are referred to as swell wavesa ttoisimon representation to separate
ocean waves into wind waves (waves created by local winds) and swell waves (waves created
by winds that are no longer blowing that have typically travelled from another area). This can

be useful for describing the conditis of a particular sea state; however, it must be noted, this
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is simply an abstraction and there is no fundamental difference in the hydrodynamics of wind

and swell wavegFolley 2017)

/
Wind } Direction of
wave propagation

Figure 3-5. Formation of ocean waves by wiigolley 2017)

3.1.2.1 Modelling ocean waves

3.1.2.1.1 Regular wave

Linear wave theoryor Airy theory) is the simplesmathematicarepresentation of an
ocean wave. It ishe core theory for modelling ocean surface waves in offshore engineering
and other similar fields. Ancean wave is representbyd a sine (or cosine) function; this is

termed a 6regul ar wavebd. A r egFigme36wave can

1 Wave height©
1 Wave period{Y

1 Wavelength (
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wawve length A [m]

.
-

crest wave period T [5]

4(t) -

wave height

L 4
ht trough t

time history: x=fixed
Figure 3-6. Regular wave definition.

The wave height is the vertical distance from the wave trough to the wave crest; the wave
period is the time taken for the wave to repeat cycles; and the wavelength is the distance
between two similar points of the wave i.e., two peakegular waves defined byEquation

11 (Karimirad 2012)

o )
oo £ 0Eo Qo [11]

where— ¢fp is thespace andtime-dependent wave elevation.

Regular waves have a characteristic of having a period of the same form for every cycle.
This means regular waves properties can be described in one cycle with properties invariant
from cycle to cycle. There are other useful parameters used to descaber@sas which are
derivatives of the three main parameters defined abbOwey include wave frequency J,
wave celerity ¢), wavenumber'Q the number of wave cycles, in radians, that existper

and wave steepneds {

WAL QO oE &Y [12]
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WOLQE O BB QIT_ [13]
o 0 OO a Chio "QOTQ [14]
0O UIQ6 'Q'QHfie 'GONL [15]

Ocean waves are governed by water degstlthe seabed influences the water particle
motion.(Figure 3-7). Water particlanotionfrom ocean waves does not occur at depths greater
than half a wavelagth. Therefore, in deep watdise water particles move in an orbishlape
and the seabed does radtect the waves. Howevegs depth decreases the seabed causes a

change irthe pattern of motioof the water particle from orbital shapeo elliptical shape

wavelength ¢

No perceptible motion due to
waves down here

Deep Intermediate Shallow
water water water

Figure 3-7. Motion of water particles in waters of varying deffolley 2017)

Another important characteristic of ocean waves is that they are dispérsiseneans
tha for a given depth, waves of different frequencies travel at different speeds. Therefore, for
a given frequency, the wavelength, and hence wave speed, must change with depth. This
phenomenon is known as dispersion and the importance of this phenomenorssedisdter

the theory of a regular wave which is presented next.
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Regular waves can be modelled by different theoR&gjre 3-8 shows the applicability
of different wave theorieghich aredetermined by relative water depth and wave steepness.
Linear wave theory is valid for wave steepness below 0.001. Above this véheetheory
begins to lose accuracy and higloeder wave models such &% @rder Stokes theory become
more appropriate. On the other hand, the application of hmyder wave models when
analysinganything other than regular waves is extremely strendsusf consequencénear
wave theory is widely used for modelling ocean waves beyond its bound, eeenwakie
steepness exceeds 0.001. It needsetoecognizedhoughthat this is not entirely correeind

is a limitation of wave theory applicabiliffrolley 2017)

The main purpose of modelling ocean waves is to obtain the dynamic and kinematic
properties such as dynamic pressure, velocities, and accelerations which are used to calculate
the hydrodynamic loads. Linear wave theory can be used to represent wave iksanthis
based on the assumptions of homogenous, incompressible, inviscid fluid and irrotational flow.
With such assumptions, a velocity potential exists which satisfies the Laplace equations. The
velocity potential and wave kinematics can be found Iplyamy the kinematic boundary
conditions and the dynamic frserface conditions. A derivation is not provided here, however
more information can be found in most offshore engineering or fluid mechanics textbooks.
Before the kinematics are calculated, the effect of water depth must be considered; this is

known as the dispersion relation.
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Figure 3-8. Chart of wave model suitability.

The wavenumbe®is equal toc“ ¥ _ where_ is the wavelength; the angular frequency,

1 isequal ta;“ T"Y¥iwhere"Yis the period. The dispersion relation relates wavelength and period:
1 QO ATE [16]

whereQis the water depth. Depending on the classification of water depth in relation to the
wavelength, simplified versions of the dispersion relation may be adopted, for example, if the

water is deep@ T@_ :

[17]
PR QY

and if the water is shalloi _J¥¢ 1T
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[18]

Once the water depth has been classified considering the wavelength, the wave kinematics

can be calculatedsing the appropriate formula.

3.1.2.1.2 Irregular wave

In reality an oceandés surface is a compos
directions. The interaction of waves from different directions creates difficulty when
mathematically modelling wawnditions. A significant development in the representation of
the oceands sur f ace Thespradialfwaynof modetimy odean wavess p e c t
assumes the ocean surface forms a stochastic wave field that can be assumed to be stationary
in a shortterm period. The stationary assumption of the wave isdependent, and this
assumption works well for mosffshore engineering applications and gives good agreement
with full-scale measurements. To understand the concept of the wave spectruimsit is f
necessary to accept that the variation in water surface can be represented as the linear
superposition of sinusoidal waves (regular waves) of different frequencies, amplitudes,

directions, and phaséBigure 3-9). The wave spectrum is generally used to fully define any
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seastate, with the assumption that there is a random phase between all the individual wave

componentsa natural consequence of the assumption of linear superposition.

B A Ny time
g Final wave profile
1 —— — e —
2 _—‘--..______________.-—""___""--..
3
-
i <>
- .
a e e T
10 R e e e
crest wave period T
‘
mean sea level
(1) - (ML)

wave height
H 9 \trough .

time history: x=fixed

Figure 3-9. Superpositioning of waves to create water surface elevation and irregular wave

definition.

The most applied mathematical models to represent the ocean wave spectrum include the
PiersonMoskowitz (PM) and Joint North Sea Wave Project (JONSWAP) spectra. The PM
spectrum is used for a fully developed sea and assumes that the wind has been bitogsng ac
a sufficiently large expanse of water for extendegeriod that the waves are in equilibrium
with the wind i.e., the sea state is fully developed and so that the spectrum is dependent only
on wind speed. The JONSWAP spectrum is commonly appliegptesent sea states that are

not fully developed, or a growing wind sea. The Torsethaugen spectrunpébked wave
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spectrum) is used to define seas comprising wiegerated waves and sweflsarimirad

2012)
3.1.2.1.2.1PiersonaMoskowitz spectrum

The PM spectrum is formulated in terms of two parameters: the significant wave height
and the average (mean zarossing) wave period.he form of the PM spectrum used here is
considered of more direct use compared to the classic form (in terms of the single parameter
wind speed), and the form involving peak frequency. The spectral ordinate at a frequency (in

rad/s) is given by:

. . Op pPY p
Y| U Aob N [19]

where'Q is the significant wave heighty is mean zero crossing period;is wave frequency
in rad/s. It was found that a good estimate of the significant wave h€&ghtas given using
the average height of the third highest waves. The following relationships exist bétiveén

and”Y:
Y p8 MY

[20]
Y p8tyy

where”Y is the peak period and is the mean wave period. Furthermore, the start and end

frequencies of the PM spectrum can be specified using the following definitions:

Start frequency (in rad/s):

1T s [21]
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End frequency (in rad/s):

c“
1 g p Th? [22]
3.1.2.1.2.2JONSWAP Spectrum

The JONSWAP spectrum can account for the imbalance of energy flow in the wave
system, for instance when the seas are not fully developed. Energy imbalance is nearly always

the case when there is a high wind speed. The spectral ordinate at a frequeresy iy gi

| Qr Ul
) —AgDp — 23
Y] : T [23]

wheregl is the wave frequency (rad/s); is peak frequency; is a constant that relates

to the peak frequency of the wave spectrum and wind spegdhe peak enhancement factor

(this parameter defines the shape of the peak of the spedtthen the peak enhancement
factor equals 1.0, the spectral shapes of both the JONSWAP and PM spectra are identical. Thus,
it can be inferred that the bandwidth of the spectrum is dependent on its state development with
new and developing seas having a naaobandwidth so that the wave components are all at
similar frequencieand fully developed seas having a broader bandwidth, with the wave energy
spread over a larger range of frequencies.); and

o Agp L

[24]
MY V'NITQ ]
” MIwLMITQ

72



Theory, numerical modelling, and simulation Chapter 3

3.1.3 Current

Currents can be driven by several factors including tides, wind, and thermohaline
circulation. The rise and fall of tides create currents in the oceans, near the shore, and in bays
and estuaries. Modelling current is typically done by defining a uniforreriwvelocity and/or

a current profile with depth (which is similar to a wind profile with height):

f  Uniform current is defined by eurrent velocityY,; and a headings (in degrees)
in a fixed referencexis. Uniform current is constant from the seabed to the water
surface.

f Current profile is defined by a series of current velocities with an amplitifde (

and direction-{) at specific depthsy(.

The change in current speed with depth normally follows a 1/7 power law decay. The total
current velocity at a specified positiojdxis) is the sum of uniform current and the profiled

current velocity:
Ya YAT-OhYOEHhT TYAT-OnY OEdhm [25]
3.1.4 Wavecurrent interaction

The interaction betweewaves and currents is important in the simulation of offshore
structures. The fluid drag force on slender members of a floating structure can be significantly
increased from the combined fluid particle velocity of currents and waves. In addition, currents
also affect the diffraction and radiation forces on the floating structure. Under the assumptions
of constant water depth and steady current with depth, a regular wave propagating on the
current can be modelled by linear wave theory, except the wave pelatide to a stationary

observer should be shifted as:
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YAT-© [26]

where_ is the wavelength’Y is the wave period relative to stationary obserids, the wave
period relative to currenty is the current speed amplitude; ands the angle between the

waves and currefANSYS 2020)
3.2 Theory, modelling, and simulation of a CFOES

Sophisticated numerical tools are required for the detailed design and analysis of ORE
systems. Mathematical models and simulation code are the foundations to a numerical tool,
and a comprehensive understanding of these is required in order to buildcalmedels of
complex systems, which can produce representative results. Additionally, in numerical model
development, a range of modelling approaches exist so it is important to know the differences
between these approaches to ensure adequate modég} fidielally, to ensure the predictions
made by the numerical model are credible, validation and verification of numerical models is
compulsory. Thus, thisectionexplains the numerical tools available to perform concept
modelling, the underlying mathematical models and simulation code of these numerical tools,
and the modelling approaches which can be used to develop models withimttrentontext
of a CFOESThesectionconcludes with a discussion on how to validate and verify numerical

models.
3.2.1 Numerical tools

Several numerical tools are available for the advanced design and analysis of pure ORE
systems such as wind turbines or WECs. On the other hand, no tools exist explicitly for the
design and analysis of CFOESs. To develop a numerical model of a CFOE&quitke

modifying the tools purposed specifically for the analysis of the pure ORE systems, in a way
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which can predict the fully coupled responses of a CFOES. A FOWT can be considered the
central system of a CFOES due to its rated power capacity and structural size, and the other
renewable energy systems are an addition which make up the CFOES. Thand&tes
through to numerical modelling: at the centre of the numerical model will be the computational
modules representing the different dynamic domains of a FOWT, then, to incorporate other
energy generation systems into the model, either some ef thedules will be expanded, or

an additional module will be needed and coupled to the main numerical model. As such, this
section,and thesubsequent sectiondescribe the mathematical models underlying the core
computational modules within the numerical tools available for a FOWT. -@lon&in
methods are almost exclusively used for wind turbine calculations today. This is because of the
ready availability ofcomputing power which means the superior efficiency of frequency

domain methods is no longer anpiartant consideratio(Burton et al. 2011)

Within each numerical tool are various modelling options to choose from which represent
certain aspects of the structure or environment. Generally, making a decision on a numerical
modelling method is a trad®f between model fidelity, accuracy, and congiional
efficiency(Otter et al. 2022Model fidelity describes the level of detail that a numerical model
can represent the physics. Accuracy is the difference between the measured physical responses
from experimentation and the predicted responses from the numerical model. Computational
efficiency refers to the amount of time required for a numerical simulation to complete.
Typically, numerical models can have three levels of fidelity:-Janid-, and highfidelity.

The level of fidelity is chosen based on the objective function of the afiomiland the
accuracy that is required. In the design of ORE structuresfidimhity models are typically
used for preliminary concept design, sizing analysis and optimizationfidi&iity models, or
engineeringevel tools, are used for loads analysiexamine the concept design in operational

and extreme environment conditions. Hitgdrelity models are used for detailed and specific
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investigations. Higkidelity models provide a level of confidence that a certain degree of
accuracy is achieved during simulation which comes at the expense of computational resources.

Moreover, higher fidelity tools may also be used to tune lower fydeties.

Engineering tools, or mifldelity software, are typically used for global dynamics and

loads analyses of FOWTs. Some popular options include:

1 Bladed

1T HAWC2

1 OpenFAST
1 Orcaflex

1 SIMA

Most engineering tools follow a similar approach to model a FOWT which is the coupling
of different computational codes, or fAmodul e
form the numerical tool. Models built within these engineering tools aiealy referred to
as aerehydroservee | ast i ¢ model -Bydroséree | @ £t imc @ aiempl i e s
coupling between the codes: at each time step, the model simultaneously calculates the
aerodynamic loads and responses (aero), the hydrodynaexis &nd responses (hydro), the
control system responses (servo) and the deformation response of the structure due to elasticity
(elastic)(National Renewable Energy Laboratory (NREL) 2022}ypical interface scheme
for an aerehydro-serveelastic numerical tool is depicted kigure 3-10. Simulations within
these tools use numerical techniques to integrate the equations of motion over time, by
subdividing the time into short time steps. In this way, all nonlinearities andtatonary
aspects of the system can be dealt with to anyetkekrel of accuracyn terms ofintegrating
the equations of motion, there are a number of different algorithms or solvers. Some use a fixed

time step (which has to be short enough to account for all modal frequencies which are
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considered important), while others use a variable time step which is continually adjusted
during the simulation, keeping it as long as possible to maximise simulation speed while still
keeping all the integrated states within a certain error toleraneeudéhof variable time step
methods also allows accurate modelling of discontinuities because close to a discontinuity the
time step can be adjusted to find the exact moment when the characteristics of the system

changgBurton et al. 2011)

External I Applied ' Wind Turbine
Conditions I Loads
Co ntro | Syste m & Actuators
InflowWind I AeroDyn l
AB IO Drive Power
A D 5
dyra g g Generation
I ServoDyn
! 0 Dyra CS
? A HydroDyn '
as & dro
Flatfo Dyra
TR ElastoDyn
l 1 2
| Mooring Dyramics MAP++, MoorDyn,
I or FEAMooring

Figure 3-10. OpenFAST schemati®National Renewable Energy Laboratory (NREL) 2022)

For each domain, different modelling approaches are available to represent the
environment phenomena such as the wind, or the dynamics of the different structural
components of a FOWT. However, often there
each.However because of such differences, discrepancies between engineering tools arise
which is why it is imperative that there is validation and verification of numerical models and
tools. Table 3-1 details some engineering tools and the modelling approache$Bmgdand
Bredmodes 2015or FOWTs, most engineering tools will require input from a frequency
domain potential flow solver such as AQWA, Nemoh, WAMIT, or Wadam. The potential flow
solvers will calculate the hydrodynamic coefficients which are subsequently used to solve the
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hydrodynamic radiation/diffraction problems during simulation. The next sections will discuss
the dynamic domains in detail individually, reviewing the modelling approaches, and their

advantages and disadvantages.

Table 3-1. Examples of ergineering tools and modelling methods.

Structural Mo_onng Controller

Engineering tool Aerodynamics Hydrodynamics dynamics . line _ modelling
ynamics
GSM or
AQWA i PF K/I'\é'D or F;E\‘/’Ir QSM or i
FEM
RB or
WAMIT - PF Modal GSM -
GSM or
Bladed BEMT + DI + PF + MD or Modal or QSM or DLL
DS ME MBS
FEM
GSM or
HAWC? BEMT + DI + PF + MD or MBS/FEM QSM or DLL or
DS ME ubD
FEM
GSM or
BEMT + DI+ PF+ MD or Modal or DLL, UD,
OPeNFAST  'bs or GDW ME vBs MO orsm
Orcaflex Coupled to PF+ MD or Coupled to ng 8; Coupled
FAST ME FAST to FAST
FEM
SIMA BEMT + DI+ PF+ MD or MBS ggm 8: DLL or
(SIMO/RIFLEX) DS ME ub

FEM

3.2.2 Aerodynamic modelling

There are numerous methods available for computing the aerodynamic loads on a wind
turbine rotor which vary in simulation fidelity. They incluBadeElementMomentumrheory
(BEMT), GeneralizedDynamic Wake Theory (GDWT), Computational Fluid Dynamics
(CFD) andfreevortexwake methodgYu et al. 2020)For the aerodynamics, all these codes
generally use BEMT, as this is currently the only way to achieve rapid enough simulations for
the standard sets of load calculations which are normally needed. More advanced aerodynamic

methods such as vortex wake grahel methods are starting to be used to examine specific
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cases where BEM is not sufficiently accurate. Such cases might intdixilgle rotors,
dynamic wakes, and skewed flows the toplevel are CFD methods based on direct solution

of the NavierStokes equation which could be used, and some general commercial CFD codes
are now available such as STAFCM+, but the downside to these methods is the
computational cost and in practice, the number of simulations that can be performed are limited
meaning application of these methods is only used for specific dietaide studiegShaler et

al. 2020)
3.2.2.1 Blade element momentum theory

BEMT is the most employed method for calculating the wind turbine rotor aerodynamic
loads. The computational requirement is low, and it is proven to give reliable results for steady
state operating conditions which is why in the wind turbine industnthieisnain method for
aerodynamic load analysf{Bangga 2018)BEMT originates from two other theories: blade

element theory and momentum theory.
3.2.2.1.1 Blade element theory

Blade element theory assumes that the turbine blades can be discretized into a finite
number of small elements that each act independently of one another and work
aerodynamically as twdimensionabherofoilsso that the elemental aerodynamic forces can be
calculated based on the local flow conditioBach of the blade's elements will experience a
slightly different flow as they have different rotational spegd)(chord lengthd), and twist
angle [ ). These elemental forces are integrated acrosdalle bpan to determine the overall
performance of each blade and the total forces and moments applied on the rotor. From blade

element theory, the thrust distributed around an annulus of Widthequivalent to:
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QY "0 O0ELD 01 QeERQI [27]

wherew is the relative velocityd is the lift coefficient;andd is the drag coefficient. ie

torqgue produced by the elements in the annulus is equal to:

" 01 Q& O 0Eidl Qi [29]

all ko)

3.2.2.1.2 Momentum theory

Momentum theory assumes that the pressure differential across the rotor plane is attributed
to the work done by the airflow passing through the rotor. As air nears the rotor it slows down
gradually, resulting in an increase in static pressure in the rggfoont of the turbine. As air
flows through the rotor, static pressure is reduced which causes the fluid in the region behind
the rotor to have a reduction in pressure compared to the free stream conditions. As the fluid
proceeds downstream, the presstiimbs back to the free stream resulting in a further slowing
down of the flow. Consequently, there is a reduction in the kinetic energy of the flow, some of
which is converted into useful energy by the turbine. To understand this further, consider the

relation between flow velocity at the rotor digk and the upstream wind velocity :

Yo P OV [29]

The reduced flow velocity at the rotor is dependentuotine axial flow induction factor. By
applying Bernoullidéds equation andhe#thaus¥ mi ng

acting on the rotor disk can be derived to give:

Y ¢ OYOp ®© [30]

whereo is rotor swept area aridis fluid density.
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Similarly, the powed  generated by the wind turbine, can be found:
0 ¢ BYOhp © [31]
The total wind power available is:

5 2oy [32]
C

The efficiency of a wind turbine  can then be given in terms of the axial induction factor:

., 0 ¢dYop & .,
— 0] v 0 iy Twp [33]
EO

and

0 - T(I)p ) [34]

The value ofa that maximizes wind turbine efficiency is determined by setting the
derivative o~  with respect t@anequal to zero and solving far It givescd -. Substituting

this value ofwinto the wind turbine efficiency relation gives an efficienéy9.3% (Hansen
2008) This is known as the Betz limit and is the theoretical upper limit for the efficiency of
turbines. The axial induction factor describes how well the wind turbine affects the wind
velocity. An induction factor of 1 means that the wind turbine does nettaifie upwind

velocity at all, whereas a value of 0 means that the turbine completely blocks/stops the wind.
The thrust coefficiendt has a maximum value of 1 whens -. In practice, turbines typically

operate hanefficiency between 30 40% with a naximum limit of 50%.

The theory above provides an estimate of the energy extracted from the wind flow without

considering that the power absorbed by the rotor is the product of foapeangular velocity
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m of the rotor. The torque developed by the rotor must impart an equal and opposite rate of
change of angular momentum to the flow and therefore induces a tangential velocity to the
flow. The change in tangential velocity is expressed in terms of an anyluation factoree

If the conservation of angular momentisnappliedto this annular stream tube, an equation

for the tangential force on an annular element of fbad be derivedThe blade wake rotates

with an angular velocity and the blades tate with an angular velocityy For a small

elementthe corresponding torque will be:

Q0 Q4i1 Qa
T \ 3
V" 9% Q6 Qb | 35

Q7Y i i [36]
For a rotating annular element:
@ " 8Y [37]
[0’ BN G B 0! [39
Q0 "¢* i i "Y1 1 ¢t 1 Qi [39

Define angular induction factoa, :6

[40]

h|—‘

Recall thafY *Y p &:

QO THhp O'Ym “ Qi [41]

Momentum theory has therefore yielded equations for axial (Equa@oand tangential
(Equation36) force on an annular element of fluithe axial and tangential induced velocities

can be calculated from the momentum lost in the flow, and these affect the inflow and therefore
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also the forces calculated by blade element theory. Relating the induced velocities in the rotor

plane to the elemental forces, the thrust extracted by each rotor annulus is equal to:
QY T“IY p GOQI [42]
and the torque extracted from each annular section is equivalent to:

Q0 1 "Ymp wa@i 43

Equation®277 28and42i 43form BEMT and when the twdimensionakerofoiltables
of lift and drag coefficients as a function of angle of attack are included, an iterative process
has been set up to determine the aerodynamic forces and induced velocities on each blade
element. However, before solving the system of equationsgatimns need to be applied to
consider other aerodynamic effects. These corrections include Prandihliploss models
which account for vortices shed at these locations, Pitt and Peters skekadonaction to
model the effects of incoming flow that is not perpendicular to the rotor plane and Beddoes

Leishman dynamic stall model to consider unsteady aerodynédhias et al. 2021)
3.2.3 Hydrodynamic modelling

A floating structure is subject to hydrostatic and hydrodynamic loads whiclrdapiive
modelling. Hydrostatic loads are the fluid loads acting on a body when placed in still water.
Hydrodynamic loading is mainly the result of kinematics of water particles in waves,

interactions between waves and the structure, and motions of the st(AM&¥éS 2020)
3.2.3.1 Hydrostatic loads

The volume of water displaced by a body which is partially or fully submerged can be

calculated by integrating over the wetted surface area of the body:
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n QY [44]

where"Y is the wetted surface of the body in still water; & FE FE is the unit normal
vector of the body surface pointing outwards; ant the vertical coordinate of a wetted

surface point.

The buoyancy force is the vertical upthrust as a result of this displaced water by the

structure:

[49]

where” is density of seawater.

The hydrostatic force and moment can be determined by integrating the hydrostatic

pressure over theubmerged area of the body:

L2 n&eQTy

[46]

i ne BQY

wheren "Qaind represents the hydrostatic pressureeand® @Prepresents the

position vector of a point on the hull surface.
3.2.3.2 Hydrodynamic loads

Among all the environmental loads, the dynamic wiankiced load is the one of the most
significant and plays a critical role in ORE structural desiggdrodynamic loading is
primarily waveinduced with main contributions coming from water particle kinematics, the

interaction between waves and the structure, and motions of the structure. In other words, wave
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loading can be loosely separated into three load types: a diffraction load, an inertia load, and a
drag load. The diffraction load arises from the existence of the structure which modifies the
ambient fluid flow and pressure field, the inertia load istexeby disturbed waves induced by

the structure motions, and viscosity gives rise to (Bagltrop 1988)Waveinduced loads can

be further subdivided into different frequency ranges depending on the dyretmaidourand

flexibility of the structure. The low frequency loads are the second order wave exciting force
which are relatively small in magnitude but results in free drifting motions to unrestrained
structures or slowly varying rigid body motions to moored $tineés. Responses at wave
frequencies are the first order rigid body motions and accelerations. Loads in this case are due
to first order hydrodyamic pressures around the hull which induce local loads, and when
integrated results in global loads. High frequency loads arise from impact type of localized
hydrodynamic pressures that the structure experiences during events such as slamming. These
high frequency loads are for example the springing and whipping loads inducing dynamic and
transient vibratory responses on the hull. Among these three broad classes of loads in the three
frequency ranges, the global loads induced by the first order-freeancy hydrodynamic
pressure remain the most significant for overall ORE structural de&sangutation of wave

induced motions and loads on catamaran hulls with forward speed (Sen and Negi)).

Two main methods can be wused for model l ir
eqguation and potential flow theory. The applicability of these two theories is dependent on the
size of the structure being modelled and the water flow re¢ffobertson et al. 2014band
can be assessed through three dimensionless parameters: (1) the K€alggemer number;
(2) the Reynolds number; and (3) the diam&tervavelength ratio. These parameters define
the relative importance of inertia, diffraction, and drag for d#iférflow regimes. For codes
which enable using a combindteory approach such as AQWA, the potert@al solution

is used to model the radiation and diffraction loads of laajeme components by diffracting
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panel s, whil e Morisonds e q-ragloadsnof small crassed t o
sectional components by Morison elements (Offshore Code Comparison Collaboration
Continuation Within IEA Wind Task 30: Phase Il Results Regarding a Floating
Semisubmeible Wind System).Figure 3-11 graphically shows the validity of each
hydrodynamic loading model and when is most appropriate depending on the design case. It

can be seen as the diametemwavelength ratio increases viscous effects become less
important and vice versa. In some cages possible to combined both theories where potential
flow theory is used to model the radiation ¢
used to model the viscous drag loads. This is often the approach used for semisubmersibles
which have a @mbination of slender components as well as large volume components

comprising its floater.

23

Viscous |
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Figure 3-11. Regions of validity of Morison's equation and potential flow theory.

3.2321Mori sonds equation

In offshore hydrodynamics, Mori sonds equat

hydrodynamic loads on slender structures when flow separation occurs, and the viscous effects
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are prevalent. Mori sonds equation i s an empi
includes excitation from waves (with a long wavelength approximation), added mass effects,

and viscous forces. The theory can be enhanced by integrating the Morises up to the
instantaneous water surface elevation using a wave stretching approach such as Wheeler
stretching (reference) and/or by applying the forces at the instantaneous position of the
displaced body in the water. The inclusion of these methesldts in higher order loads
(including a meadrift force) on the structur&he relative form of Morisons equation can be

broken down into 3 contributions:

“0O “0O
O 0 P K TO O O " TOO gé " ’Oﬁ O$<> e}

[47]

whered is the inertia coefficient 0  p); ¢ is the velocity vector of water particle and

o is the structural velocity vector.

The added mass contribution accounts for the additional mass of water surrounding a body
that must be accelerated with the relative movement of the body to the fluid. This force is
applied onto the body through the action of pressure and is frequencyddepdaenerally,
added mass coefficients can be found in literature to inform simulation predictions. The
FroudeKrylov contribution is analogous to hydrostatic pressure and arises due to a pressure
gradient in the fluid inducing the acceleration in thevevaAs such this is only a function of
the acceleration of the fluid and is independent of the movement of any body and cross
sectional shape i.e., a circle with the same esestional area as a square will have the same
FroudeKrylov force. The viscoudrag contribution arises as a result of a drag force as the fluid
flows past the structure. Most structural elements are cylindrical, although this is certainly not
always the case, and so the drag on the member in steady flow is highly dependent atsReynol

number. In oscillatory flow the perceived drag coefficient is also dependent on KC number
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with relations for drag coefficients found in literature. Both numbers have applicable ranges
where they can be applied. Furthermore, the quadratic model of drag is a simplification
whereby the loading is actually unsteady in reality and therefore doexhuate effects that

could be important such as vortex shedding and resulting structural resonance.

3.2.3.2.2 Linear potential flow theory

When the size of the structure in the water is large compared to the incident wavelength,
the water will remain attached as it flows past the structure which means diffraction/radiation
effects become significant. This means a different approach mustedetaishe Morison
eqguation as this model is no longer valid. Linear potential flow theory can be used to represent
external flows around bodies which do not sepam@aféen, only the linear portion of the
potential flow solution is used in offshore windnsilations. Some codes, offer the option of
including second order terms but generally these are neglected except for specific analyses.
For a bluff body in waves, its radiation and diffraction problems must be solved to obtain the
hydrodynamic coefficiestrequired for subsequent analysis of its dyndmaltavioursThree
dimensional panel methoder Boundary Element Methods (BEM)e the most common
numerical tools to analyse the hydrodynamic behaviour of large volume structures in waves
such as AQWA aniiVAMIT. These methods are based on potential flow theory and represent
the structure surface by a series of diffraction pamelgeneral, BEM apply source or dipole
functions on the surfaces of submerged bodies and solve for their strength so that all boundary
conditions are met. Once these velocity potential fields have been solved, excitation forces,
added mass and damping nis in addition to wave field pressure, velocity and surface
elevation can be foun@Bosma et al. 2012)The computations may be performed directly in
the time domain, or they may provide frequedgynain transfer functions to be used in

another time domain simulation code using the Cummins equation for example OpenFAST.
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Application of potential flow theory is done based on the assumption that the fluid is
irrotational (without vorticity), incompressible (constant density), and inviscid (zero viscosity).
The fluid field velocity around the floating body is calculated dheevelocity potentiabse as
a function of spatial displacemeatudty and time,0 and the relevant boundary conditions
satisfy the conservation of mass and momentum condit@nisnown better as thieaplace

equation (Egation 49:

N % TT [48]

In addition, he total velocity potential induced by fluid flow around the body be
expressed as a combination of incident wave, diffraction (incoming waves would scatter due
to existence of floating body) and radiation (waves are radiated due to structure motions). This

is represented bgquation49:

%o GILIOID %o GhID %o chihIP %o adrdtid [49]

%o GHuharp — %0 ohoharp [50]

where%o. ¢huharp is the incident wave component of velocity potential in space and time,
% oiud is the spatial diffraction wave potential as a function of thfe chuddrp is the
radiation potential also in space and tifée. chuharp is the radiation potential of the floating
body induced by the platform movement in t&h mode,— r epr esents t he
displacement in thémode under the action of a unit wave amplitude, @hdplt 8 fp

represents the floating bodyds six degrees

Detailed representation of the incident wave potefgabiciold is given in equation

(Equation 51ps:
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% Ao ——0 0 [51]

where"s the imaginary unit component of the incident wases the unit incident wave
amplitude, gravitational acceleration is represente@Qwhile 'Q is the wave number, and-

is the incident wave angle.

When the wave velocity potentials are known, the -firsker hydrodynamic pressure

distribution may be calculated using the linearized Bernoulli equgii@m inEquation 52.

~

; %60Nd
h ” o ' v [52]

T O

Following the prediction of the water pressure distribution, the various fluid forces may

be obtained by integrating the pressure over the wetted surface of the body.

The first order hydrodynamic force and moment components can be represented in a

generalized form:
"OGfufirp N3 ouhap QY

[53]
Q" %octtdd 3 ahddP QY

where” is the seawater density (kghySi s t he fl oating body®s wet't

and¢e i s the wetted body sthniodeceds nor mal vecto

FromEquation 49 and 5@he total first order hydrodynamic wave force can be written as:

"0 "0 O -0 O'mi @ phy [54]
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whereEquation55 defines théQ FroudeKrylov force,”O, due to incident wave:

"O Q7 % chuhid 3 ahuap QY [55]

Equation 5&lefines the diffracting forc€D , due to diffraction:

0 QT % duhp 3 oafuharp QY [56]

Equation 5Hefines the radiation forc&) , due to the radiation wave induced by e unit

amplitude body rigid motion:

O Q7 % oo 3 chuhap QY [57]

The hydrodynamic wave force can be further characterized in terms of active and reactive

components. The active force, or the exciting force, is the combination of the fnyliole
force and diffraction force. The reactive force is the radiation forceadthe radiated waves

induced by body motions.

If the radiation wave potential is expressed in terms ofégland imaginary part§Oaq,

then the added mass and radiation damping coefficients can be obtained:

O Q7Y% oo Q0% duhad X ahuharp QY

17 00% o 3 ahihap QY (59
Q7Y X i & ahuharp QY

1 O Q16
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0 {—‘mmodmmm:EGMﬁmQW [59]

0 " Y e ohuhip X ahoharp QY [60]

whereo is the added masmefficient andd is the damping coefficientLin and Yang

2020)

A potentiaiflow model will capture excitation from waves (including diffraction) and
radiation (including added mass and damping effects) but does not capture the viscous drag on
the structure resulting from flow separatiddlobal damping coefficients are commonly
applied in floating offshore industry to add damping to the global motions of the floater in
order to match tank test resulRegardless of whether Morison's equation or potential flow
theory is used, the represented wave loads will not bg ¢olirect. When using Morison's
eqguation, the wave radiation effect is disregarded, and when using potential flow theory, the
viscous drag is missing. Therefore, a combination of the methods is sometimes used: potential
theory plus viscous effects from Mson's equation. Often a slender model is used together

with a panel method to introduce the effect of viscosity by drag forces on the Morison elements.
3.2.3.2.3 Other methods

It has become increasingly common to apply CFD when solving strongly nonlinear fluid
structure interaction problems. Examples of such problems are wave impact (slamming) and
ringing loads in steep waves. CFD methods solve the N&wkes equations in tiendomain
by various numerical schemes, offering a more correct way to compute strongly nonlinear wave
loads as well as dealing more properly with viscosity than other methods. CFD is also the most

appropriate tool if one is to study vortex induced motimn®erically.
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3.2.4 Structural dynamic modelling

With the development of larger rotors and more powerful generators, the rated power
capacity of modern wind turbines is growing. MingYang Smart Energy, a Chinese wind turbine
manufacturer, currently holds the record for the biggest wind turbine in the. Wwbe MySE
16.0-242 is an offshore hybrid drive wind turbine with 118 m long blades and a total rotor
diameter of 242 m. For machines of this size to remaineftsttive, typically, the weight of
the turbine is reduced which increases the flexibilityhef structure and makes them more
dynamically active(van der Tempel and Molenaar 2002) this circumstance amongst,
integrated structural design is required to ensure the additional flexibility of critical wind
turbine components does not have a negative impact on the wind turbine performance. Just like

aerodynamic and hydrodynamic modwdl, structural dynamic models vary in sophistication.

In statics and dynamics, the simplest representation of a structure is to assume it is a single
rigid body with a point mass and corresponding inertial characteristics. A rigid body model
restricts deformation other than rigid body motions which are sides@f motion, three
translational and three rotational. This model type is suitable for structures with low flexibility

e.g., wind turbine hub and nacelle, and some types of floating platforms and WECs

To improve on the accuracy and fidelity of a rigid body model would be to split a single
rigid body representing a global system into a finite number of smaller rigid bodies, for
example, to divide a FOWT system represented as a single rigid body it tader rigid
bodies representing theoB®r-Nacelle Assembly (RA), tower, and floater. Forces acting on
the connections between these rigid bodies could then be investigated. For parts of a wind
turbine that have significantly greater flexibility e.g., blades and tower, more sophisticated
models are required. For theskender components flexibility can be introduced through a

linear modal representation. This means a flexible structural component is represented by a
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finite number of nodes, each able to move in six degrees of freedom. In linear modal
representation small local deflection is assumed and the response of each node is determined
from mass, stiffness, and damping matridd®e limitations of these models are that they are

not strictly valid for largeamplitude displacements and deflections, often experienced by larger

wind turbines

The two principal approaches to the modelling of the structural dynamics of a FOWT in
time-domain simulation packages Fnite ElementModels (FEM) and the modal analysis
method. These methods have been widely applied in commerciglastic codes and proven
to provide reliable results. FEM decomposes the structural component into small elements and
the equations of motion are solved &ach element with the boundary conditions matched at
the interfaces between the elements. This can be computatiorniafigive since it results in
thousands of equations to be solved simultaneously, but depending on applied formulation, this

method can consider structural nonlinearities and large deformations.

To reduce this large computational requirement, modal models, or reduced order models,
may be implemented to represent the wind turbine structural components. They apply a modal
reduction scheme to reduce the number of degrees of freedom and prediut flust few
modes of vibration of the main components, such as the blades and tower. The equations of
motion are derived for the entire coupled system which is traditionally done by constructing
the Lagrangian for the system including all degrees of r@ed/Vhilst modal models are
computationally efficient, they are not suited to handle effects such as nonlinearities occurring

at large deflections within each body.

More recently, modal reduction models combined with a multibody model have been used.
A multibody formulation divides the model into a specified number of different bodies that are

coupled using algebraic equations as constraints. Each of the bodiesltethadth a finite
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element model or a finite element with a modal reduction model. This provides a powerful
technique which is capable of handling nonlinear deflections and other nonlinearities, because
the flexible components have been subdivided into a number of bodrge. lcdations are
accounted for by the coupling interfaces while small deflections are assumed within the bodies.
To model the motion and flexible behaviour, the multibody formulation introduces a moving
frame of reference to each body. This allows fostedadeformations of each component to be
solved linearly since the relative displacements (to the moving reference frame) a(Bsrgall

et al. 2014) However, the structural component must be divided into a sufficient number of
bodies so that smadingle assumption holds true and increasing the number of bodies comes

at an expense of computational resources.

One example o widely usedcommercial code based on the component mode approach
is Bladed. Originally built using a Lagrangian approach, this code has been converted to use a
multibody approach. Beam elements models for the blades and tower are combined with
elements representingther components of the transmission system, the yaw and pitch
actuators etc. The control system, which has major influence on the performance as well as the
loads, can be modelled in full detail. By using a limited number ofes\atie modal approach
results in rapid calculations, so that a complete set of design or certification load cases, typically
amounting to several hundred load cases each consisting efrenigie simulation, can be run
in a few hours on a standard conmgrutA small number of modes is generally adequate for
predicting the loads as the higher frequency modes generallyhbgiigible effect However,
to model the deflections accurately it would be necessary to model more modes, because the
modelled deflectin is a linear combination of the mode shapes used, and a small number of
mode shapes may not be sufficient to model the actual deflected shape (wind turbine handbook

reference).
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Another example of a wind turbine tirgi®main simulator is OpenFAST which is an open
source code and employs a combined modal and multibody formulation. OpenFAST has two
structural dynamics codes: ElastoDyn and BeamDyRlastoDyn, blade and tower flexibility
arecharacterised using a linear modal representation and by specifying distributed mass and
stiffness properties that flexibility characteristics can be determined along the length of the
component. In addition, ElastoDyn requires mode shapes tordseribed as equivalent
polynomials. ElastoDyn permits two flapwise and one edgewise bending mode DOFs per blade
and two foreaft and two sideside bending mode DOFs in the tower. Even though there is a
limited number of structural degrees of freedom, tmosnventional wind turbine

configurations can be modellédbnkman 2007)

3.2.5 Mooring system modelling

Floating structures must be kept in position at all times which is the function of the mooring
system. A mooring system is made up of multiple mooring lines, anchors, and fairleads
(connectors to the platformThe mooring system provides restoring forces against external
loads caused by windurrentsand nonlinear hydrodynamicshere are variety of variety of
mooring line types and systems. Chain and wire are the most popular materials currently
available; chain provides weight and the catenary efféttstwire rope provides greater
elasticity and significantly reduced cost per unit length. There are six types of mooring systems

which include catenary, taut leg, setaut, spread, singlpoint and dynamic positioning.

Figure 3-12 illustrates a typical singipoint turret moored ship and a spread moored
semisubmersible. All mooring lines connect to the vessel at the turret base. The kink in the
catenary shape shows that a midwater buoy is present in each of the lines. The ad¥antage
single-point mooring systems is generally the structure is able to weathervane by rotating about

the turret. This can reduce the environmental loads by streamlining the structure into the wind
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and waves. In the context of wind power production, this can also optimize production by
aligning better with the incoming wind. The spread moored system comprises mooring lines
emanating from the four corner columns of the semisubmersible. The mooesddlilow the

shape of &atenaryand the mooring lines are guided through fairleads which could either be

sheaves (pulleys) or of bending shoe type (curved guides).

Figure 3-12. Turret moored ship (left) and spread moored semisubmersible (Sghtata

K. Chakrabarti 2005)

Global platform motions are directly impacted by the design of the mooring system which
subsequently effect the loads on the other structural components such as the turbine. There the
design of a mooring system is critig@lzcona and Vittori 2019)Additionally, in view of
economics it is important to keep limit mooring systems costs whilst ensuring drift constraints
and mooring line break strength limits are niBtommundt et al. 2012)This requires
modelling techniques so that mooring system configurations can be studied and optimised.
Three main modelling methods are used for a mooring system during the preliminary design
of an offshore floating structure: (1) static; (2) qestsitc; or (3) dynamigDavidson and

Ringwood 2017)
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3.2.5.1 Static mooring line model

Static modelling of mooring lines is typically performed at the early design stages and can
be used as a sanity check before taking the configuration further for study incatiguening
dynamic analysis. A mooring line is defined by its end points lbeation of anchor and
fairlead, its line length, diameter, weight, and axial stiffness. A static model considers constant
loads only and determines the equilibrium between the loads and the restoring force of all the
mooring lines in the system. Then alat®nship between mooring line tension and
displacement is calculated by displacing the platform through prescribed horizontal distances.

An example of this relationship is representefigure 3-13 (Subrata K. Chakrabarti 2005)
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Figure 3-13. Example of static design: fora@isplacement graph.

3.2.5.2 Quaststatic model

Quaststatic methods are the next tier of mooring line models in terms of fidelity. The
quaststatic model permits mulsegment elastic catenary lines. Each catenary segment is
defined by its length, weight, diameter, and axial stiffness propertieserative procedure is
involved in simulation based on the catenary segment solution with either linear or nonlinear
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axial elasticity. However, quastatic methods ignore current drag and inertia forces on the

line itself; this can sometimes produce inadequate results when predicting mooring line

tensions.

A standard schematic of a mooring line is presenté&iigare 3-14. For any single line of
a mooring system, the catenary equations can be used to derive the shape and lineAensions.
summary of the catenary equatiesnpresented next which has beslapted fronfSubrata K.

Chakrabarti 2005)n the development that follows, some assumptions are made:

1 The seabed isorizontal.
i Cabile is in the vertical plane coinciding with the2plane.
1 Bending stiffness of cable lineignored.

1 Dynamic effects argnored.

plane

.|r!

Seafloor

¥

Figure 3-14. Schematic of a mooring line.
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Figure 3-15is a diagram of a single mooring line element. In this schematic representation
0 defines the submerged weight per unit length of the mooring Mwthe line tensiony is
the crosssectional area; an@is the elastic modulus. The mean hydrodynamic forces on the

element are given b and"Oper unit length.

T+dT-pgzA-pgAdz

¢ +d¢

dz

L4 dx

T-pgzA

Figure 3-15. Forces acting on a single mooring line element.

Considering tangential and normal forces, two equations can be derived:

AT Y
,Q uY ” "Qﬁ 'Q dl’) O %b nO — ’Qi [61]
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Considering line elasticityo('O H and ignoring the hydrodynamic forces can simplify
the two equations. It is noted for large valueshobr deep waters, elastic stretch can be
especially importantand needs to be considered under such circumstances. With these
assumptions, and applying boundary conditions at the seabed and the top connection, formula

for the suspended line lengtland vertical heighdcan be obtained:
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These equations are the recognised solutions to the catenary equation. Using these two
eguations, a mooring line profile for any single mooring line can be pldiigdré 3-16). The
mooring line system is compared for different lengths. A change in length means that the pre
tension can be increased or decreased. As tension increases and line length reduces, more
length of line is lifted off the seabed. The higher thetpresia, the stiffer the systeire.,less
excursion for the same amount of force. However, higher stiffness also means higher line forces

and a risk of breaking of highest loaded lines. Therefore, a balance between platform stiffness

vs. excursion must be found to ensure safe mooring design.

180

—— 444m/S06IN
160 T | —— 45430010
464m/325KN
140 b —47amisan

—
=
=

=)
=

Vertical span (m)

=3
=

] 50 100 130 200
Horizontal span (m)

Figure 3-16. Example of quasstatic analysis.

3.2.5.3 Dynamic model

The need for a dynamic mooring line model depends on the importance of drag and inertia

forces on the mooring lines. The magnitude of the dynamic effects increases with larger
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transverse velocities and accelerations of the mooring line integrated over the line length which
means dynamic effects are typically more important for catenary systems in deep waters. In a
dynamic analysis, the mooring lines are modelled as slenderrgkeseethat mass and drag
forces acting along the length of the line may be includediséretization along the mooring

line length is used and the solution is fully coupled ttee motions of the floating structure

and cable tensions are considerelbganutually interactive, where motions affect cable tension
and vice versa. In a dynamic analysis the forces on the mooring line will vary in time, and the
mooring line will typically exhibit nonlinear behaviour. To find total mooring line tension, the
elemental mass and forces are determined and assembled for intedfafion.3-17 shows

the configuration of a dynamic mooring lind: G RO K  denotes the unit axial vector
from the @h node to the’®@1)-th node andY is the unstretched mooring line length from

anchor point to th&h node. The seabed is assumed horizontal and flat.

Seabed

Anchor

Figure 3-17. Dynamic modelling of a mooring line.

A single mooring line element subject to external hydrodynamic loadings and structural

inertial loading is also shown Figure 3-17. Each mooring line element is Moristype,and
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each mooring line is modelled as a chain of Morison elements. The equation of motion of an

arbitrating mooring line element is:

TY TR “® R 4
Ty oy @ e
(65
Tub 17V
v oy 9B

whered is structural mass per unit lengthis shear force vectoi®is the tension force vector;
0P is the bending moment vectd®is the position vector all at the first node of the mooring

line element;® is element weight per unit lengtf® is the external hydrodynamic loading

vector per unit lengthpis distributed moment loading per unit length; arié element length.

Tension is related to the axial stiffne€s0 of the mooring line material through the

following relation:

Y 06 - [66]

and bending moment related to the bending stiffizs3

o I!i T b 7]
- : — 6
v TaY T"Y [

where - is the axial strain of the elementhe LumpMass model is used in AQWA to
numerically solve the dynamic responses of the mooring lines with bending governed by the
above equations. The solution is an extensive procedure which shall not be detailed here but
can be viewed iIPANSYS 2020) In a mooring analysis, it is sufficient to consider the anchor

points as being prescribed and fixed.
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3.2.6 Control modelling

The control system on a wind turbine processes inputs to generate outputs which will affect
the performance of the wind turbine. The control system usually consists of a computer or
micro-processobasedcontroller which carries out the normal control functions needed to
operate the turbine. The main control system is supplementaddigblehardwired safety
system in case of malfunctions. The safety system must be capable of overriding the normal

controller in order to bring the turbine to a safe sfasesevere problemccurs.

3.2.6.1 The powercurve

Before discussing some control features of a wind turbine, it is important to understand
the relationship between power produced by the turbine and sgedd so that control
methods, optimisation, or limitation can be determined. A power curve specifies how much

power you can extract from the incoming witkdgure 3-18).
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Figure 3-18. Wind turbine power curve for avBN turbine.
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The cutin/out speeds are the operating limits of the wind turbine. Within this operating
window, it is ensured that the available energy is above the minimum threshold and structural
health is maintained. The rated speed and power are provided by the taenufacturer. In
the graph, the power curve is split into three regions. Region | is called theta¢dolvegion;
the turbine is run at maximum efficiency to extract as much power as possible from low wind
speeds. Region Il is a transition regionviln low wind speed and high wind speed regions.

In this region, rotor torque imaintainedand noise is kept low. Region Il is the abaaged

wind speed region whilst maintaining rated power. Once a wind turbine hits its rated power,
control is used to maintain this power up to the point obeit Blade pitch control is one such
method to raintain rated power as wind speed increases.

3.2.6.2 Functions of a controller

The main functions of a wind turbine controller can be broadly grouped into three: (1)

supervisory control, (2) closddop control, and (3) the safety syst@Burton et al. 2011)

3.2.6.2.1 Supervisory control

Supervisory control can be considered as the means whereby the turbine is brought from

one operational state to another. The operational states include:

1. Standby, when the turbine is available to run if external condifiensit.
2. Startup.

3. Powerproduction.

4. Shut down

5. Stopped with a fault.

As an example, the sequenmantrol for stadup of a pitch regulated wind turbine may

consist of the following steps.
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8.

9.

Power up the pitch actuators and oth@psystems.

Release the shdfrake.

Ramp the pitch position demand at a fixed rate to some staitaig
Wait until the rotor speed exceeds a certain suzlie.

Engage the closed loop pitch controkpked.

Ramp the speed demand up to the generator minispeed.

Wait until speed has been close to the target speed for a spanited
Close the generata@ontractors.

Engage power or torqumntroller.

10. Ramp the power/torque/speed set points to the rated level.

The supervisory controller must check that each stage is completed successfully before

moving on to the next. If any stage is not completed within a spetifiedlimit or if faults

are detected, then controller should initiate stawn mode.

3.2.6.2.2 Closed loogontroller

The closed loop controller is usually a softwhesed system that automatically adjusts

the operational state of the turbine in order to keep it on some predefined operating curve or

characteristic. Examples include:

Control of blade pitch in order to regular power output or rotational speed of the
turbine to a fixed slowly varying set point (e.g., the rated level in above rated wind
speeds)

Control of generator torque in order to regulate rotational speed of a variable speed
turbine.

Control of yaw motors in order to minimise yaw tracking error.
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3.2.6.2.3 The safety system

The safety system function is to bring the turbine to a safe condition in the event of a
serious or potentiallgevere problenThis usually means bringing the turbine to rest or to a

slow idling speed with blades feathered and generator switched off.

The normal supervisory controller should be capable of starting and stopping the turbine
safely in all foreseeabl e finormal 06 circumst
network, and most fault conditions which are detected by the contiidiesafety system acts
as backup to main control system, which takes over if main system appears to be failing to do

this. It can also be activated by operatontrolled emergency stop bottom.

Thus, safety system must be independent from main control system as far as possible and
must be designed to be faihfe andeliable Rather than utilising any form of computer or
microprocessebased logic, the safety system would normally consist of awiaed fail-safe
circuit linking a number of normally open relay contacts that are held closed when all is healthy.
Then if any oe of the contacts is lost, the safety system trips, causing the appropriatédail
actions to operate. This might inckidisconnecting all electrical systems from the supply and
allowing fail-safe pitching to pitch position. The safety system might, for example, be tripped

if:

1 Rotor overspeed reaching hardware overspeed lirthiis is set higher than the
software overspeed limit, which would cause the normal supervisory controller to
initiate a shuddown.

1 Vibration sensor trip, which may indicate major structéamdire.

1 Controller watchdog hasxpired.

1 Emergency stop pressed tyerator.
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9 Other faults that indicate main controller cannot coritrddine.

3.2.6.3 Modelling the controller

To incorporate a wind turbine control system within a numerical model, either a simple
algorithm can beimplemented or most tools provide interfaces to include a controller
DynamicLink Library (DLL). Some engineering tools can provide interfaces for control
design software such as Matlab. OpenFAST for example allow analysts to include control
system logic for actively controlling nacelle yaw, generator torque, and blade pitch, among
other actuairs. The controller outputs can be based on inputs that can be developed from the
feedback of any number of previously calculated model states or other derived parameters

(Jonkman 2007)

3.2.7 Equations of motion and coupled dynamioodelling.

The structural components of a FOWT such as the turbine blades, hub, nacelle, tower, and
support platform can be considered as separate entities which are mechanically connected to
create a multibody system. Compared to onshore and bdittech offshore tubines, the
addition of the support platform creates six rMeegreef Freedom (DOF) in the system as a
result of the support platform motions. For wind turbines with fixed foundations, the-tower
base reference frame is the inertial frame which meansesmple the kinematics expression
for the position, velocity, and acceleration vectors of a point in the nacelle, depends only on
the tower bendingnode, and nacelgaw DOF. For floating wind turbines, the towease
reference frame now moves with thgport platform which affects the kinematics expressions
for all points and reference frames in the systgmnkman 2007)As such, a dynamic coupling
is introduced between the motions of the wind turbine and the motions of the support platform
which needs to be captured in the numerical model. To simulate the coupled dynamics motions,

two conventional analytical methods &ypically employed which are the Newt&uler (NE)
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equations or Eulekagrange (EL) equation@Vang and Sweetman 2012hese equations
model the motion of every structural component within the system and collectively formulate
an equation of motion for the entire system. This equation can then be solved to calculate the
time history of displacement, velocity and accdieraof the FOWT system under the actions

of wind, waves, and current, and external forces such as mooring cable(8alsdg/ar et al.

2017) The coupling between the different dynamic domains is usually represented by loads

and moments at the towbase (interface with the support platforf@pttura et al. 2021)

The NE equations are conventionally established by separating tHeofigeliagrams of
each rigid body in the system. Matsukurrad Utsunomiyg2008) use the NE equations
together with constraint conditions representative of the joints connecting the rigid bodies, to
evalude the dynamic responses of BI\& downwind turbine supported by a spar floating
platform, for pitch amplitudes up to 10rhe EL equations apply energy methods to establish
the equations of motion for generalized degrees of freedom. This method is efficient for the
solution of motion, however, the derivation of partial derivatives of energy about related
generalized DOFs itaborious. Kaneds met hod combines the adyv
which was used by Jonkm#&R007)within the numerical tool FAST, to derive the equations
of motion for the complete floating wind turbine system with maximurtfgsta rotations of

20°.

The nonlinear equations of motion are deri

follows:

=IZ> J» T [68]

wheres . is the generalized inertia force vector ands the generalized active force vector.
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Kaneds method allows the complexity of a
simpler equations of motion when a choice is made for motion variables. This is carried out for
all rigid subsystems such as the hub and nacelle. As an example, the masellgawDOF
with respect to the towdop and so the generalized inertia can be represented using the

following formula:

I L L A R [69]

where( is the totalnumber ofDOFs examinedD ; +.and]  are the partial velocity and
angular velocity of the nacelle contributed by faeDOF of the wind turbine, respectively;
a. +%ndd’1 4+ are the mass and acceleration of the nacelle, respectivel{Qangb the time

derivative of angular momentum of the nacelle about its mass centre.

The flexible components such as the blades and tower, are represented by geometrically
exact, mixed, beam finite elements derived from formulation. As an example, the mixed
formulation leads to compact equations of motion for the nonlinear structuraidehaivthe
blades. The blade equations are coupled to thebigily equations via connection points, i.e.,
the boundary conditions. The generalized active forces are composed of aerodynamic, elastic

restoringgravity,and damping loads:

0 G Gr G Gr [70]

As anexamplethe generalized active aerodynamic force acting on a Bde is denoted

as:
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jo3 Op 1 00 1 i [71]
whereYandY are the radii of the rotor and hub, respectively; i is the partial velocity
of the local blade section contributed by 2eDOF of the wind turbine€ O i is the total

force acting on the local blade section. A full development of all these local generalized inertia
force and active force vectors is out of the scope of this thesis. However, further information

is presented in the publication by Lee eflaée et al. 2002)

In conjunction with the generalized active and inertia forces, the partial velocity vectors
are established from the derived kinematics expressions which formulate the complete
nonlineartime-domain equations of motion of the coupled wind turbine and support platform
system. This results in a general form of the complete nonlineardomain equation of

motion of the coupled wind turbine and support platform system:

0 AR Qrmbid [72]

whereld is the inertia mass matrix as a function of the system D@-sgntrol inputsq ,
and time ¢ ; 1] is the second time derivative of DAFand’Qis the component of the forcing

function associated with DOR
3.2.7.1 FAST2AQWA

In this work, the numerical models are built withinnawly developedool called
FAST2AQWA (F2A).F2A is an aerdwydro-serveelastic coupled tool which can predict the
coupled dynamic responses of FOWTs in the {domain. F2A has a unique approach to
modelling the dynamics of a FOWT,; the tool is based on the integration of ®&KmMan
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and Buhl Jr 2005nto a commercial hydrodynamic analysis software tool, AQWNSYS
2012) The new tool operates by implementing the FAST-gergoelastic modules only into
AQWA, removing the need for the FAST hydrodynamic module, known as HydroDyn.
HydroDyn is replaced by AQWA to calculate the hydrodynamic loads of a FOWT. The
justificationfor the choice of F2A is that it uses the superior predictive capabilities of AQWA
to calculate the hydrodynamic loads acting on the FOWT. FASTFsseveelastic simulation
capabilities are implemented within F2A via a coupling framework to synchroncalslylate

the effects of wind induced loads and hydrodynamic forEles.coupling of F2A is achieved
through the user_force64.dll interface, which is a boilDLL of AQWA for external force
calculation. The coupling framework is represented by a flowchart preserfaglne 3-19

(Yang 2020)

AQWA Incident wave {[" Drivetrain »  Control
i|_responses | system
+ Y + ¥ Y .
Restoring || Diffraction ||Froude-Krylovl| Radiation ! P oior Wind turbine B
force force force foree responses ™ ] profile :
Mnorir?g B B et ! Nacelle Aerodynamic | _[ | Airfoil :
dynamics responses loads performance |:
1 i
i Y
Platform External Tower | | | Turbulent
responses force i| responses wind
! i ;
DLL | Tower-base loads & Turbine mass [*+———— FAST Capabilities

[ Platform position, velocity & acceleration —————

Figure 3-19. Flowchart of F2A (Yang, 2020).

The flowchart illustrates how the dynamic responses of a FOWT are predicted within
different modules. More explicitly, the upper structure of the wind turbine (towater, and
nacelle) is modelled in FAST, and the coupled dynamic responses are predicted within the DLL

using the platform kinematics calculated by AQWA as input. The terms within both AQWA
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and FAST are transformed to coincide with tfF
respective inertial coordinate systems. This transformation becomes necessary to enable FAST
to correct the kinematics of PpativimbGesponsgsp er s
calculated in reference to its local coordinate system. Therefore, a transformation is needed as

the platform responses predicted by AQWA are referred to its inertial coordinate system.
Following successful transformation of the cooedine sy st em, t daselgatisat f or
are subsequently calculated by FAST subroutines. The lower structure of the FOWT, which
consists of the platform and mooring lines, is modelled in AQWA. The resulting dynamic
responses, mainly hydrodynamic, aadcalated in AQWA by solving the equation of motion

of the platform using the calculated towsase loads as an external force. The governing

equation of motion of the platform is defineddquation 73

A

© | o | cws Jo TotQt o 5 [73

wherel is the inertial mass matrix is the added mass matrix, algicy ware the unknown
FOWT platformés displacement, velocity, and
degree of freedom| and| are the linear and quadratic viscous damping coefficients

respectively, typically obtained from model tesls‘) is the radiation impulse function defined

by:

lo = | 1 Adoq [74

Where|| 1 isthe potential damping matrix corresponding to the wave frequencyaofd
F is the stiffness matrix with contributions from hydrostatic and the mooring line restoring
forces. Matrix= and || can be computed numerically using the potential thbased

solver. in AQWA. This, in turn, can provide the total external force vector denotgd hy
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For more information on the F2A coupling framework and coordinate system transformations

refer to(Yang et al. 2020a)

3.2.8 Additional systems

3.2.8.1 Tidal turbine

To predict therotor forces and power of the tidal turbines, AeroDwas been integrated
into F2A numerical too(Yang et al. 2020b)Figure 3-20 illustrates tlis integration; in this
instance AeroDyn is a standalone module used to compute the rotor force and power of the
tidal turbinesThe coupling between F2A and AeroDyn happens through the interaction of the
platform and the tidal turbines in terms of platform motion and the inflowing current velocity.
At each time step the platform response calculated by the AQWA solver in conjunithion
the instantaneous relative current speed are used as input into AeroDyn to return the tidal

turbine rotor force and power, which are fed back into F2A and included in the external force

term.
Servo- | Control |« Drivetrain Floating platform
actuators | system » responses
T Hydrodynamic Mooring
Wind turbine| - Rotor Y loads dynamics
profile > responses [ y
v Y
A d . Y i Y
Airfoil B | Nacelle
» loads and power |_ - Platform responses
performance : = responses
production I n
Turbulent | | 1 Y
wind field - Tower [+—
responses > External force
X
Current Relative Rotor force of the tidal turbines I
inflow current speed Rotor power of the tidal turbines |

Figure 3-20. F2A with tidal turbine moduléYang et al. 2020hb)
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The platform motions (surgeijtch, and yaw) affect the relative inflow current velocity,
therefore, a correction must be applied to the relative inflow veld¥ity,; , to consider the
effects due to platform motionét each time stepY is calculated according to the hub
depth and instantaneous current velocity at the MS$hus, assuming smadingle

approximation for platform rotations:

Y or Y A O Y 6 o Y ® & Y [79
where™Y s the inflow current velocity at tidal turbine hub depth., Y , 7Y is body 1
(platform) surge,pitch, and yaw velocities, respectively. and @ are the x
coordinates and®w  are the ycoordinates, andh &  are the zoordinates of
the CMs of the tidal turbine and platform respectivélyeach time stepyY s calculated

according to the hub depth and instantaneous current velocity at the MSL. The current profile

follows a power law distribution with an exponent of 1/7.
3.2.8.2 Wave energy converter

It was briefly stated that ANSYS AQWA has superior capabilities calculating
hydrodynamic loads. This is particularly true when modelling the hydrodynamic interaction
between multiple bodies. In AQWA, approaches based on-thmeensional potential flow
theory are employed for hydrodynamic analyses of complex multibody systems.
Hydrodynamic interaction concerns the infl ue
importance of interaction will depend on both the body separation distances and the relative
size of the bodies. The hydrodynamic interaction includes the radiation coupling and shielding

effects.
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In the multiple structure hydrodynamic interaction, the tbX@Fsof rigid body motions
are@ 0, whereb is the number of structurethe total unsteady potential @éxpressed as a

superpositiorby Equation 49

%o CILHDD _ % iR [76]

where— is the amplitude of motion of theth degree of freedom of tée-th structure and
%  ofudoip is the radiation potential due to the unihjmotion of thef -th structure while

other structures remain stationary. Once the unsteady potential is calculated, the wave exciting

forces and radiation force related added mass and damping coefficients are expressed as:
0O O O Q" %o chudd P %o chudap 3 Ghddrp QY [77]

L T]

0 —0 — % oftded 3 ahup QY (78]

where the subscripts, £ correspond to thé -th andé -th structures, and the subscrif@Q

refer to the motion modes.

Additionally, the time domain equations of multiple floating bodies, considering their

hydrodynamic interaction, is expressed by:

1= g = wo | E m @o | E m oo os
é E é 8 & E & 8 & E & é
= E 1 = oo E | ® 0 E | o owm os  [79
l ot E ] ot ot F E m w0 3 0
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wherel!  are the inertial mass matrices, are the added mass matrices, and , 0 , 0 0

are the displacement, velocity, and acceleration matrices of the floating bodies. The subscripts

1 and 11 denote variables of body 1 (platform), subsasiged0 0 denote variables of body

0 (WEC), and subscriptsiland0 1 denote the coupling terms, or hydrodynamic interaction,

between the two bodies| and |  are the linear and quadratic damping matrices,

| 0 is the radiation impulse response function defined by
1o 2 | 1 Alooq

(801

Where|| 1 is the radiation damping matrix corresponding to the wave frequenagd r
are the restoring matrices with contributions from hydrostatic and mooring line forces. Matrix
= and || can be computed by a numerical code based on the potential flow theory in the

frequencydomain, in this case AQWA, which are later used to calculate the total external force

in the timedomain denoted by 0

Tp ,b ﬁp'of% 7 E b =IpG "Y,Gb 7 ® Yo
é é é é é 81
9 0 15 00D m 15" "% i [81]
where 3 0 represents the hydrodynamic loads of the respective floating body, a

breakdown of hydrodynamic loads is presented in the previous secjions; 0 is the
mooring line loadsy 0 are the PTO forces; angl 0 is the external force
received from the DLL, including forces from the wind turbine and tidal turbines. Therefore,
as a result of the additional systems into the numerical model the updated workflow for F2A is

presented ifrigure 3-21.

117



Theory, numerical modelling, and simulation Chapter 3

AeroDyn

¥
Hydrostatic Added RadLatmn Wave Relative current 3 -
restormg Mass Da.mpmg Excitation Force * speed

h}d'oa&mm time response :
responses tidal turbines tidal turbines loads on
Mo ormg blades and
.

PTO forces
- External Platform kinematics
force
Suppor{pamfom + F’EC

AOWA

Figure 3-21. Workflow of F2A for a combined floating offshore energy system.

3.2.9 Model validation

Numerical modelling allows for quantitative representation of physical systems which
make complex analyses and sound design practices possible. However diffeiremt
assumptions and idealizations, such representations are rarely perfect when comparing to the
actual physical system. Therefore, numerical models are required to be validatedfeuil
(Coulling et al. 2013)Model validation and verification is an enabling methodology for the
development of numerical models that can be used to make engineering predictions with
guantified confidence-dowever, the scarcity giublicly available test data creates difficulty
in accomplishing numerical code validatifor ORE systems with low technical maturity
(Stewart and Muskulus 2016J0 address this issue there have beemes international
research projecterganised such ase¢ Offshore Code Comparison Collaboration projects
(Jonkman and Musial 20LQRobertson et al. 20148)Vendt et al. 2019)Thesefocused on
validation and verification of numerical codés analysis of FOWTghrough comparison
against tank test data and other codes. In 2016, Phase Il of the International Energy Agency

Wind Task 30 Project, also known as OC5, used data from a test campaign in 2013 of a 1:50
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scale model of a semisubmersible FOWT. This model was subsequently used to compare

simulation results with coupled response test data.

3.2.10 Chapter summary

A summary of this chapter is provided in this sectiord he findings ardisted as

followed:

1 At present, o numericatools existexplicitly for modelling CFOESThis resulted
in the integration ofmumericaltools that could modethe independent ORE
systemsThe floating wind turbineis consideredhe central system (in terms of
rated power capacity and structural siz®)thiswas the basis for theumerical
tool coupling i.e., omerical models of the marine renewable energy systems would
be integrated into a numerical model of the FOWT.

1 Software used to design and analf€WVTscan be categorised based on the level
of fidelity required by the numerical model. Engineering tools are considered mid
fidelity and are commonly used for loads analysis to examine concept designs for
operational and extreme conditions. THe2A wasused toconstruct anumerical
model of a CFOES.

1 Engineering tools areomprised oftomputationalmodules thatan numerically
represent theffshore environment and structuf@ffshore structures are exposed
to a wide variety of external conditions. The main external conditions relevant to
offshores structures are wind, ocean waves, and curiiffexent mathematical
modelscan be selectetb represent theffshoreenvironment to suit the needs of
the analysis e.gregular wave owave spectrumhich representully developed

or developing seas.
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1 For each physical domaisjmilarly a range of models can be implemented to
represent the applied load or system respoosasFOWT The aerodynamics is
commonly computed within engineering tools using BEMT theory. Corrections
can be added to this model to capture other aerodynamic effects suchaasl tip
hub-losses, skewedakesand dynamic stall. Morisonos
theory can be used to calculate the wave loading within engineering tools. The
choice of model is dependent on size oé tetructure relative to incident
wavelength. For commercial aeetastic codesFEM models and modal analysis
methods are employed to model the structural dynamics of a FON®Te are also
multiple modelling options for the controller and mooring systensiifwlatethe
coupled dynamics motolkaneds met hod is employed in
equation of motion for the entire system.

1 WECs can be modelled in ANSYS AQWA owingtohe soft wareds e
capabilities of calculating hydrodynamic loads and modelling complex multibody
systemsAddi ti onally, AQWA has 6jointd feat
PTO system of some WEGS2A uses AQWA a#s corehydrodynamic module
which meant coupling of FOWT numerical model and WEC numerical could be
achievedTo modelthetidal turbines, a module for calculating aerodynamic loads
in FAST is repurposed to calculate the hydrodynamic loads of tidal turbines and

integratedwvithin the RRA via the externatill.
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Chapter 4. Development ofcatamaran FOWT numerical

model

To meet the objective of developing a fully coupled modeCHQ@ES, this project is split
into three key stageshis chapter presents the first of the three stagash is thalevelopment

of a numerical model in F2A of a catamarampe FOWT.

Therefore,the chapteris organised into the following sections: Sections 4.1 and 4.2
presentthe inspiration behind the research and tleasoning for thehoice of a catamaran
for use as a support platform for a FOWT. Hoeeelconcept andlevelopment of the numerical
model is presented aftar Section 4.3A number otonsideredlesign load cases are simulated
to comprehensivelyassess the concepthich are described in Section 4.A detailed
explanation of the hydrodynamic ppeocessing calculations providel. Typical performance
indicators of a FOWRre used to examine the concept includmatform motions, bladeoot,
and towerbase bending momenend generated powerhe resultsare presented in Sections
4571 4.7and a chapter summagnd conclusionsire presenteat the end of this chaptén

Section 4.8

4.1 Introduction

A major design challenggrohibiting the commercialisation of FOWTSs is caxftective
concepts which are capable of penetrating a compegtieegymarket. Someissues which
need to be addressete increasingunderstanding orcoupled dynamic characteristics,
economic viability, and acceptable motion and stability assessment dfiteret al. 202Q)
Considering economic viability, concepts need to demonstrate significtaritialfor utility -
scde productionBargetype platforms have advantages over other FOWT types in terms of
easy fabrication, fagteploymentand installationThe simple geometry of a barge allows for
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uncomplicatecplatform constructionsimilarly, a wind turbine can be easily mounted onto a
barge at quaysid@he transportation process is also simpleugboatscan be usetb tow the
entire assembly tineoffshore site. This operation can eliminate any need for specialist vessels.
Such operations meatiat bargetype FOWTs have lower overall costs of fabrication
transportation, anthstallation compared to otheasid show good suitability fartility -scale
production However, the uptake of barggpe platforms isrestrictedby stability problems
mainly related tahe pitch degree of freedom. This can resalcomplex requirements for its
operational contro(Olondriz et al. 2018)Therefore, fi a new bargeype platform concept
could be innovatedvhichhaduncomplicated desigso thatheaforementioneddvantagem
fabrication, transportation, and installation could be maintaiaed,improve upomlatform
pitch stability of conventional bargéype platformsthen thisFOWT conceptvould holdsome

worth.

The use of catamarans in the maritime transportation and leisure incha$rigseion the
risesince the turn of the centu(ifang et al. 1997)This vessel type waselectedo build the
largest construction vessel in the wo(hllseas 2021)Figure 4-1) and green power boats
such as ECO SLIMDrassanes Dalmau 2028 catamaran is a type of vessel comprised of

two demihulls connected by a beam, often referred to as a-stassture(Bashir 2014)
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Figure 4-1. ThePioneering Spirit (formerly thRieter Schelfg an offshore (multpurpose)

catamararsupport vessel constructed by Alls¢Aiseas 2021)

This upwardtrendcan be attributetb the good hydrodynamic performance #melarge
usable deck arehat catamarans offéenabled by the crosdructure) Both of thesefactors
would also bebeneficial for ORE platforms. The deck areattractivebecausét can enhance
safety when carrying out operation and maintenance ,vemtthere is potentialo support
infrastructure for other functions such as wind generation, ocean energy generation, solar
panels, hydrogen generatjatesalination plantstc There havealreadybeen some studies
Asia investigating the retrofitting oh conventional catamaran vessel into a tidal energy
platform (Qasim et al. 2018)Junianto et al. 2020§Brown et al. 2021)Yet therehas been
little to no publicresearchon themodification ofa catamararfior FOWT application This
presents an opportunity farovel researchand in relation to this and the other factors

mentioned abovehe primary incentive for thiwork is established

4.2 The round bilge hull form

Therearea variety of catamaran and other tviinll concepts currently in existens®mme
of which include displacement and sedisplacement, Small Waterplane Area Twin Hull
(SWATH), wavepiercing,andfoil -assistedDisplacement catamarsiare acommonly used
design for applications which requsefficient excess buoyancyhe seakeeping performance
and dynamic flow characteristics around the vessel are heavily dependent on the geometry of
these hullsThere are different hull forms availalde displacementtype catamaransith the
most common hull form desigheing theRound Bilge hull form. This design has been
prominently used over many yeanshe design omonohull naval craft and multihull vessels.

The Round Bil ge cat amarSma pceodnoc elpu |l |i Bfuoersns egnet o
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4-2) (Bashir 2014) Thesimplicity in its geometry is aadvantagéor FOWT applicationThis

hull form was chosen for treatamarastype FOWT which is presenteth the next section

Figure 4-2. Round Bilge hull form(Bashir 2014,

4.3 The catamaran FOWT concept

Theproposedconceptin this workis inspired by ayenericcatamaran vessel with a with a
large deck mounted atop two equally spaced darits with a round bilge hull form. The wind
turbine is situated in the middle of the platform so that the tower centreline and platform
centreline align and pass through thigio (0, 0, 0) Figure 4-3 shows thecatamaraf-OWT
concepiabelled withrelevantdimensionsThe main components of the FOWT system are the

following: (1) wind turbine, (2) floating platform, ar{@) mooring system.
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| Front view | | Isometric view

| Side view |

Figure 4-3. Preliminary catamaran FOWT concept schematics.

The model wind turbine in this worktise NREL 5 MW reference wind turbine (properties
given inTable 4-1) which is usedo assess theapacityof the proposed concept to function as
a FOWT. The wind turbine is a conventional thbd@ded horizontaéxis, upwind variable

speed wind turbine and comprises of blades, hub, nacelle, and tower.

Table 4-1. Properties of NREL 5MW reference winarline.

Parameter (Units) Value
Rated Power (MW) 5
Rotor & hub diameter (m) 126 & 3
Cutin, rated, cubut wind speed (rs?) 3,11.4,25
Hub height (from the bottom of the tower) (m) 90
CM (Centre of Masslpcation (from bottom of the tower) (i 64
Rotor mass (kg) 110,000
Nacelle mass (kg) 240,000
Tower mass (kg) 347,460
Total mass (including tower) (kg) 697,460

As a preliminary design, the dimensions of the catamaran platform were seletiiat so

thegeomety, mass, andhertia properties of the platform were similar to that of a conventional
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barge FOWT.Any improvement or deterioration in performanzan be attributable to the
platform design. The barge concept that was used as a comparistire WBlsEnergy barge,

a preliminary barge concept developed by the Universities of Glasgow and Strathclyde, and
ITI Energy. Further details of the platform can be foun@onkman 2007)Additionally, the

barge FOWTis alsoused for benchmarking, validation, and verificatiocatimararoncept.

To prevent drifting from installed location, each floating platform is moored by a system of
eight slack, catenary lines. For both platforms, at every bottom corner two mooring lines
connect to the platform separated by aattgle. The mooring system properties are given in

Table 4-3. Figure 4-4 showsthe mooring system configurations of both platforms created in

ANSYS AQWA.
Table 4-2. Platform poperties.
Catamaran ITI Energy barge
Diameter or width length (m), 45 60, 40 40
(LOA = length overall) (m) (LOA =77.3)
Spacebetween demhulls (m) 25 -
Draught (m) 4 4
Elevation to platform top (tower base) above SWL ( 6 6
Total volume () 15,684 16,000
Water displacement (in 5,480 6,400
Mass (kg) 4,901,080 5,452,000
CM location (m) (0,0, 1.51) (0, 0,-0.2818)
Roll inertia about CM (kg H) 4,672,683,194 726,900,000
Pitch inertia about CM (kg fh 6,800,310,371 726,900,000
Yaw inertia about CM (kg A 11,190,569,09€¢ 1,454,000,000
Table 4-3. Mooring g/stem poperties.
Catamaran Barge
Number of mooring lines 8 8
Depth to fairleads & anchors (m) 4 & 150 4 & 150
Radius to fairleads & anchors (m) 42.436, 429.095 & 439.566 28.28 & 423.4
Section length (m) 474.1 473.4
Mooring line diameter (m) 0.0809 0.0809
Line mass density (kg ™ 130.4 130.4
Line extensional stiffness, EA (N) 589,000,000 589,000,000
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Anchor 2 Anchor 1

Anchor 2 st 4 (190.64 m, 384.42 m, 150 m) (405.58 m, 169.48 m, -150 m)

(171.9 m, 384.42 m, -150 m) (386.92 m, 171.98 m, -150 m)

Figure 4-4. Mooring system configurations in ANSYS AQWA: barge (left),

catamaran(right).

4.4 Simulation

4.4.1 Load cases and environment

Table 4-4 details thepreliminary tests performeasing the developed numerical model
F2A and Load CasgLCs) simulated. The first set of analyses focus on system identification,
including frequencydomain analysis to obtain hydrodynamic coefficients, -tteeay
simulations to find natural frequencies, hy@iastic response with regular waves in absence
of wind, and RAOs for a complete assessment of hydrodynamic characteristics. The next set
of simulations are fully coupled aehydro-servoeelastic timedomain simulations used to
investigate the performance of the catamaran floating wind turbine systemaoaamaeined
wind and wave excitatioror these simulations, tiMetoceardata used is from a site located
off the north coast of Scotlanghich has a water depth of 0LC 171 7 are definedn
accordance with IEC 614®whereY i s t he | ocationsd turbul ent
F OWT 6 s-heighti (in/s),0 is the significant wave height (m) aid is the spectral peak

period (s). The wind characteristics of the selected site are modelled aslitheesional

turbulent wind fields based on the Kaimal turbulence model for IEC Class C and using
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TurbSim, a sufprogram in FAST(Jonkman and Buhl Jr 20Q6)he site wave conditions are
modelled as irregular waves using tRéersonMoskowitz wave spectrum in AQWA.
Furthermore, the length of each simulation is 4s6®ath the first 1,008 discarded to remove

transient effects potentially interfering with final results.

Table 4-4. Load &ases.

LC Description Y [m/s] "O[m] "“Y][s]
HDC Frequencydomain analysis to obtain hydrodynam - - -
coefficients

FD Free decay analysis - - -

RW Regular wave - 2.1155 5.2555

RAO Response amplitude operators - 2 10

(White-noise wave)

e Wind only (steady) 3-25 - -
1 Cutin 4 1.6146 3.4985
2 Below rated 8 1.8037 4.2657
3 Rated 11.4 2.1155 5.2555
4 Above rated 18 2.9585 7.1203
5 Cutout 25 4.0257 8.8897
6 Rated (Wave Dir 30°) 11.4  2.1155 5.2555
7 Rated (Wave Dir 90°) 11.4 2.1155 5.2555

4.4.2 Validation

The novelty of the catamaran FOWT concept means that no experimental or numerical
data, or benchmark model is available in public domain, yet the numerical model requires
verification and validation for results to attain credibility. Consequently, theotelibgy used
to verify the catamaran is based on a comparison of results of the ITI Energy barge model with
published research. Good agreement between the results of the barge numerical model and
published research reassures the credibility of this newepbiy verifying the procedure to
obtain the results. Following verification, tbehaviourof the catamaran model is validated

through comparisons with published results of similar models.
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4.5 Assessment of hydrodynamic characteristics

4.5.1 Hydrodynamic coefficients

The hydrodynamic coefficients of the catamaran and barge are calculated using ANSYS
AQWA and presented ifrigure 4-5 and Figure 4-6. The coefficients are obtained in six
degreesof-freedom for a wae frequency range of 0.054.0rad/s at intervals of 0.@4d/s and
incident angles varying betweeni090° at intervals of 30°The calculated hydrodynamic
coefficients of the barge platform were validated against the results publisk@tbhyriz et
al. 2018) Overall, there is good agreement between the results which ensures the 3D analysis
method used to obtain the hydrodynamic coefficients for both platforms is accurate and
reliable. However, there is some discrepancy for heave and yaw radiation damffiogpotse
Concerning heave damping coefficient, the pkoltow a similar trend, however the peak
amplitude of the present numerical model occurs at a higher frequency to the published results
and concerning yaw, the plots follow an identical trend hewdire curve does not fall as
sharply as frequency increases. Next, the trend of the hydrodynamic coefficient plots of the
catamaran follows a similar pattern to the hydrodynamic coefficients plots of three catamarans
modelled by(Fang 1996)and one catamaran modelled fiellicome et al. 1995)The
successive occurrence of peaks at discrete frequencies is inherently a characteristic of
catamaran vessels. The similarity in results provides additional reassurance that the model is

behaving as expected.

Catamarans experience a phenomenon known as dynamic amplification which is caused
by entrapped wave action between its dénlls. This phenomenon can lead to enhanced
motion behaviours. A series of characteristic frequenciesexist where dervnull oscillation
strongly excites the motion of the entrapped fluid; these frequencies can be identified by the

following formula:

129



Development of catamaran FOWT numerical model Chapter 4

Symmetric interaction: | ce “ 70 for n = 1[82

Antisymmetric interaction: 1 ¢ p“ IR for n = 1][83

whereQ is the demihull separation (mand n is the characteristic frequency ordering

The characteristic frequencies can be either separated into symmetritspmametric
interaction. Symmetric interaction affects the vertical plane motions (surge, heave, pitch) and
antisymmetric interaction affects the horizontahn@ motions (sway, roll, yaw)hese
frequencies are analogous to the resonant modes of a standing wave between two vertical walls
(Fang 1996) Moreover, the fact that catamarans have negative added mass in a stationary
condition suggests that the effect of hydrodynamic interaction between théalésms strong.

The frequency of the standing wave depends on the distance between thelkdkefine wider
the distance is between the ddmils, the lower the frequency at which the phenomenon

occurs(Dabssi et al. 2008)

In Figure 4-5 & Figure 4-6, the characteristic frequencies are distinct. Ugiggation 83
and Equation 840 calculate the characteristic frequencies, for heave and pitch plots of added
mass and radiation damping coefficis, small peaks occur at 1r&d/s due to symmetric
interaction. For the added mass coefficients, a smaller peakecapen at a frequency of
2.22ad/s. Peaks also exist for surge mode, however due to the scaling of the axis, they are not

visible.

For horizontal plane motions, peak responses occur at 1.11, 14822203, 3.33 and
3.68ad/s due to mtisymmetric interaction between the demoils. Only the first two
frequencies are dominant for the added mass and radiation damping coefficients of sway, roll,
and yaw motions. Similar to pitch, a small peak occurs before the first characteristic frequency

for roll. This peak corresponds to the roll resonant frequency.
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Comparison of hydrodynamic coefficients show that the catamaran exhibits lower surge

and heave, and higher sway, roll, pitch, and yaw added mass and damping coefficients. This

observation suggests that the platform has lower hydrodynamic restoring stiifriggotential

damping for surge and heave modes. At the same time, hydrodynamic restoring stiffness and

damping for sway, roll, pitch, and yaw modes are higher. Moreover, it is expected that the

barge platform will be more sensitive to aerodynamic Iaadure to smaller pitch coefficients,

whilst the catamaran will be more sensitive to wave loading as a result of smaller surge

coefficients.
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Figure 4-5. Hydrodynamic added mass coefficients a) catamaran b) barge.
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Figure 4-6. Hydrodynamic radiation damping coefficients a) catamaran b) barge.

4.5.2 Free decay

A free decay analysis was conducted for both platforms in six degrees of freedom. The

natural periods of the platforms are presente@iable 4-4 and plotted graphically ifigure

4-7. Typically, the first step in performing a dynamic analysis is determining the natural
frequencies and mode shapes of the structure with damping neglected. These results
characterize the basic dynantiehaviourof the structure and are an indication of how the
structure will respond to dynamic loading. The natural frequencies of a structure are the
frequencies at which the structure naturally tends to vibrate if it is subjected to a disturbance.
The deformed shme of the structure at a specific natural frequency of vibration is termed its
normal mode of vibration. Each mode shape is associated with a specific natural frequency.
Natural frequencies and mode shapes are functions of the structural propertiesratatybou
conditions. There are many reasons to compute the natural frequencies and mode shapes of a
structure. One reason is to assess the dynamic interaction between a component and its
supporting structure. Another is decisions regarding subsequent dyaratyises can be based

on the results of a natural frequency analysis. Also, the results of the dynamic analyses are
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sometimes comparable to physical test results. All of these reasons are based on the fact that
real eigenvalue analysis is the basis for many types of dynamic response analysis. Therefore,
an overall understanding of normal modes analysis as well as ldgevigf the natural
frequencies and mode shapes for your particular structure is important for all types of dynamic

analysis.

Table 4-5. Natural periods (s) of the FOWT systems.

Surge Sway Heave Roll Pitch Yaw

Catamarar 121.6 157.1 54 10.6 9.8 109.5

Barge 137.7 137.7 7.1 11.8 11.8 525
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Figure 4-7. Free decay results.

4.5.3 Hydro-elastic response under regular waves

Figure 4-8 shows the time histories of platform surge, heave and pitch displacements,
towertop foreaft displacement, towdrase force in the-girection, and fairlead tensions
(MB4/MC4) of both platforms subject to a regueave with properties H =2.1155mand T =
5.2555. The results show the barge exhibits greater surge and pitch displacementppower
fore-aft displacement, towdyase force, and mooring line tension, whilst the catamaran has

greater heave displacement.
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Figure 4-8. Hydro-elastic response with regular wave in absence of wind.

4.5.4 Responsamplitude operators

RAOs are used in hydrodynamic analysis to initially assess the freqdenwin linear
wave response of floating platform®&obertson et al. 2014b)n FOWT design, the
hydrodynamic loads coupled with wind induced aerodynamics, structural dynamics, and servo
controller dynamics must be accounted in order to quantify their contribution and effects on
platform response@boutalebi et al. 2021)Simulations to predict the RAOs were performed
in OpenFAST (National Renewable Energy Laboratory (NREL) 20&d)h the process
described infRamachandran et al. 2018)d (Aboutalebi et al. 2021)The RAOs for both
catamaran and barge platforms are plotteéigure 4-9. Similar to the methodology adopted
in validating hydrodynamic coefficients, published numerical results for the RAOs of the barge
exist; these have been used for validation. The RAO outputs in this study for the barge FOWT

agree with the results publighey (Aboutalebi et al. 2021)

RAOs are plotted foa frequency range of 0i11.25ad/s and they show considerable
excitation in surge, heave, and pitch modes. Since only wave response hilegreheading
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was simulated, the responses for sway, roll and yaw are considerably less in magnitude due to

the wave heading and absence of wind forcing.

When onsidering the surge mode, there is a shift iakpedrom 0.52rad/s to 0.68/s.
These peaks are attributable to the pitch resonant frequency of the corresponding platform.
Furthermore, the catamaran RAO is slightly lower which suggests it is less responsive than the
barge. The actual surge resonant frequency of both platfameussoat a much lower frequency,

hence why as frequency decreases the RAOs increase.

The heave RAO plots of both platforms are identical in the lower frequency range and
follow the incident wave untdpproximately 0./ad/s. The RAO of the catamaran in the higher
frequency range falls more sharply than the bakymvever, at approximately Xd&/s the
barge RAO begins to level out whereas the catamaran experiences another peak. This peak

corresponds to the frequency of thhllsstanding

For pitch mode, iis observed that theatamaran exhibits close to a%Qeduction in
response compared to the barge. As mentioned above, the pitch resonance frequency of the
catamaran is higher than the bamylso, the peak response of the catamaran has a wider band
compared to the barge, which means the catamaran is more responsive to a greater frequency

range, whereas for the barge the peak rises and falls more sharply.
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Figure 4-9. RAOs for 6 degrees of freedom of catamaran and barge platforms.
4.5.4.1 Varyingangle of incidencavave

The RAOs of the catamaran platform for varying angles of incident wave are plotted in
Figure 4-10. These results aim to provide a better understanding into the behaviour of the

platform subject to wave misalignment.

The response of the platform in surge and sway are similar in magnitude of peaks and
shape. The largest response occurs in wave heading angles parallel to the direction of motion
i.e., 0° for surge and 90° for sway, and the smallest response occurs iheeaveg angles

perpendicular to the direction of motion i.e., 90° for surge and 0° for sway. For sway mode, a
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small peak ocurs at approximately Ira&d/s for a wave heading angle of 90 °, this response is

due to standing wave phenomenon between the-Heltsi

Considering the heave mode, inetfrequency range 0.85 1.25md/s hydrodynamic
interference caused by the entrapment of wave between the twdndksrs prevalent. For a
wave heading angle of 90°, this phenomenon is most significdritaa maximum response
of 1.8m/m. At approximately 1r&d/s, another peak occurs which corresponds to the

characteristic frequency for vertical plane motions due to symmetric interaction.

Similarly, to surge and sway, roll and pitch follow the trend that the largest response occurs
in wave heading angles parallel to the direction of maten0° for pitch and 90° for roll, and
the smallest response occurs in wave heading angles perpendicular to the direction of motion
i.e.,90° for pitch and 0° for roll. One major difference is that the roll maximum amplitude is
three times that of pitch; this is because the catamaran is-gésged and when exposed to

oblique waves significant rollingan be induced.

Considering yaw mode, for wave heading angles 0° and 90° there is insignificant response,
and for 30° and 60° one peak and two peaks occur, respectively, explained by the characteristic

frequencies for horizontal plane motion due to antisymmetric interacti
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Figure 4-10. RAOs of catamaran for varying angle of incidence.

4.6 Steady wind

A series of steady wind only simulations were run to identifyd turbine characteristics
and peak loads in a steadtate, and to ensure the numerical model is behavingpasted. A
wind speed step ofl/s wasusedfor the whole wind turbine operating windowi(25m/s).
The simulation lagth for each wind step was 300s, but only the lastdd@lata was used to
ensure steady state condition has been rea¢hgdre 4-11 shows the maimwind turbine
characteristics under steadate wind conditiongcluding rotor thrust, speed and torque in

addition to generator power and blade pitch anbie rotor thrust reaches a peak throist
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0.8MN at approximately 11m/s which is the rated wind speed of the turbine. The blade pitch
control becomes active ontlee wind speed reaches theted condition The windturbine
maintainsrated power as wind speed increases beyond the rated windtlspmegh pitching

of the wind turbine bladeS he gerrator power is maintained at%V whilst the rated rotor

torque is approximately 40N.

Figure 4-12showsthe responses of the bladmt and toweibase bending moments under
steadystatewind conditions. The peak loads are observed at rated wind;dpeehe flap-
wise bladeroot bending moment anB-A towerbasebending momenthe mean peak loads
are IMNn and 60MNn, respectivelyFor the edgewise blageot bending moment art
Stowerbase bending momethetrendis different The edgewise blad®ot bending moment
reaches peakalueat ratedvind speedut therthe loads relatively constards the wind speed
continues to increase remaining atvalue of 1.BINIn. For theS-S towerbase bending
moment the value steadily riseas wind speed increases. The pegk ®werbase bending

moment isapproximately 8 NIn at a wind speed of &¥s.
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Figure 4-11. Wind turbine characteristics under steatigte wind conditions.
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4.7 Dynamic responses

4.7.1 Platform motions

4.7.1.1 Statistical results

The statistical motions of the two platforms are presenté&dlte 4-6. For LC1 andLC2,
the surge statisticare almost identical. Under I3C some differences are observed, it is
predicted the catamaran has a smaller mean surge with greater fluctuation and a greater
maximum surge. The highest mean surge for bd#tfggms was predicted under BC
corresponding to the rated wind speed condition. A wind turbine operating at rated wind speed
produces maximum tor thrust (approx. 800kN forN8W wind turbine), which significantly
influences the surge of FOWTs. Under £@ndLCS5, the catamaran has a greater mean and
maximum surge and increased fluctuation compared to the barge. Both platforms experience
their greatest maximum surge under®.Because of the largest wave loads. For all five LCs,
the heave statistics of the two platforms are indistinguishable apart from the maximum
responses for the last 3 LCs. This was expected due to the comparable dimensions of the water
plane areas. Consideg pitch, for all LCs the catamaran platform has the smallest mean. The

elongated geometry of the catamaran compared to the peogiles a greater restoring
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moment about the-gixis. The highest mean pitch responsebfith FOWTSs is observed under

LC3. The fluctation of the catamaran under 4£@& noticeably greater compared to the barge.
This is most likely due to combined wind and wave loading exciting the catamaran at its natural
pitch period, nonetheless performance of the catamaran is good with a predicted mean pitch of

0.2° and maximum fgh of 8.52°.

Table 4-6. Statistical results of platform motion responses (10860Gs).

Surge (m) Heave (m) Rel. Pitch (°)
LC Type Catamarar Barge Catamarar Barge Catamarar Barge
Max 16.96 16.35 0.066 0.300 0.314 1.025
1 Mean 8.343 8.490 -0.125 0.123 0.067 0.328
Std.dev 2.734 3.198 0.059 0.059 0.080 0.179
Max 3468 3335 0456 0.645 1.581 2.153
2 Mean 22.25 2232 -0.115 0.115 0.295 1.094
Std.dev 3.809 3.674 0.114 0.156 0.312 0.226
Max 48.14 4552 0410 1.149 2.936 3.826
3 Mean 27.18 29.29 -0.143 0.108 0.370 1.726
Std.dev 11.31 7.050 0.151 0.308 0.712 0.545
Max 4441  30.08 1.720 2.148 8.519 4.243
4  Mean 21.92 1930 -0.134 0.118 0.200 0.997
Std.dev 8.046 4.298 0.398 0.593 2.492 1.026
Max 50.03 37.19 2727 3.352 12.770 12.190
5 Mean 20.60 8583 -0.104 0.122 0.179 0.862
Std.dev 10.78 1153 0.733 0.895 4.046 3.775
(BOLD = minimum)

4.7.1.2 Time & Frequencydomain results

The time and frequencydomain platform reponses of both models under 3.Gre
presented ifrigure 4-13 andFigure 4-14. Considering tima&lomain platform responses, it is
obvious the catamaran has increased fluctuation from mean surge compared to barge. The
mooring system is mainly responsible for surge stability, therefore in future research the
mooring system is one aspehat will be further investigated. Considering heave, the stability

of the catamaran is excellent, whilst the barge experiences greater fluctuation. The mean pitch

142



Development of catamaran FOWT numerical model Chapter 4

of the catamaran is smaller compared to the barge; however greater variation is observed. Even

with increased fluctuation, the maximum pitch of the catamaran does not e&’eed

Consideringfrequencydomain platform responses, the amplitude of surge response in
frequencydomain for the catamaran and bargktforms is dominant near 0.@6l/s,
corresponding to the resonant frequency of this mode for both platforms. Smaller geaks ar
observed at approximately @adl/s andd.54ad/s for the barge and catamaran, respectively,
which equate to the pitch natural frequency of each platform. The response suggests the
coupling between surgatch for both platforms is somewhat sm&lihen casideringheave,
there isa limitedresponse in lower frequency region. Peaks occur atdail80and 1.1&d/s,
for the barge and catamaran, respectively, which is due to the heave natural frequency of the
respective platform. Considering pitch, an obvious peak can be sggm@timately 0.4ad/s,
which corresponds pitch resonant frequency of the barge platform. The pitch resonant
frequency of the catamaran platfoisrapproximately 0.54d/s and the amplitude of the peak

is slightly higher compared todlpeak at resonant frequency of the barge.
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Figure 4-13. Time-domain responses of FOWT concepts under LC3 (rated wind speed).
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Figure 4-14. Frequencydomain (spectral) responses of FOWT concepts under LC3 (rated

wind speed).

4.7.2 Mooring line responses

Figure 4-15 preserd the mean and maximum fairlead tensions of the two FOWTs. Both
mooring system configurations use eight catenary lines to keep the platform in position. The
symmetric nature of the mooring systems requires only certain mooring lines to be examined.
Therefoe, four mooring lines of the barge (MB1, MB3, MB5, MB7) and catamaran (MC1,
MC3, MC5, MC7) mooring systems are selected. Due to incident waves, prevailing wind and
rotor thrust all acting or travelling downstream, the fairleads upstream of the origin will
experience the greatest tension. This is because such external forces cause the platform to drift
downstream. As this happens, the mooring lines upstream will stretch increasing tension in the

lines, in order to prevent drifting, whilst the mooring lineswdstream will slack.
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Consequently, MB5 and MC5, exhibit the greatest tension. The barge and catamaran mooring
lines have similar mean tensions under all LCsepkfor mooring line MC5 in L& andLC5

where MC5 is fractionally higher than MB5. Under these two LCs, the maximum tension of
mooring line MC5 is approximately 1.5 times the tension of MB5 under LC4 and 2 times the

tension under LE. This can be explained by the large surge response of the catamaran platform

under these two LCs.
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Figure 4-15. Fairlead tension (MB1 = barge line 1, MC1 = catamaran line 1).
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4.7.3 Power production

The generator power statistics ford G- 5 are charted iRigure 4-16and the timedomain
generator power under LC3 is presentedrigure 4-17. For LC1 andLC2, the results are
incomparable. Under L€3 - 5, the catamaran has greater maximum generator power but larger
standard deviation, whilst the barge has greater minimum and mean generator péigareln
4-17, it can be seen both FOWTs follow similar trends for the entire simulation, however the

barge has better quality power because of less fluctuation.
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Figure 4-16. Comparison of generated power between catamaran and barge FOWTSs.
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Figure 4-17. Generator power of the catamaran and barge FOWTs under LC3.

4.7.4 Blade,rotor, and tower responses

Figure 4-18 and Figure 4-19 plot the rotor thrust, Owf-Plane (Go-P) bladetip

deflection and towebase bending moments of both platforms. Rotor thrustFObladetip
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deflection and Foréft (F-A) towerbase moment all follow a similar trend because of the
direct and indirect influence of the incoming wind. The rotor thrust, being the axial force, is
applied by the wind kinematics on the wind turbine rotor and it isidih@nant load acting on

each FOWT. The @-P bladetip deflection is the result of winmhduced force on the wind
turbine blades. The-A tower-base bending moment is mainly caused by the rotor thrust and
has the most prominent influence on stress atdier base. The peak thrust acting on both
wind turbine rotorsoccur under LC3. This is also true fopeak FA tower-base bending
moment and &-P bladetip deflection. Comparing the two FOWTSs, for all LCs, the barge
platform ha& higher rotor thrust. Under L3 the barge and catamaran platforms have an
approximate mean rotor st of 750kN, and 70N, respectiely, which is a difference of%.

The maximum rotor thrust of the barge and catammrd®66&N and 1L.23KN, respectively.

The mean FA towerbase bending moment is AN and 52NIn for the barge and
catamaran, respectivelyepresenting a differencef 23%. The maximum fA towerbase
bending moment is 140N and 104MNbn for the barge and catamaran, respectively. The
mean QGo-P bladetip deflection of both concepts for all LCs is similar. For L& LG, the
standard deviation is higher for the catamaran compared to the barge. For all LCs, the barge
has the greate§& S towerbase bending moment, which stems from the tangential forces, or
aerodynamic drag, that tend to bend the blades and tower in the rotor plane. Comparing the two

platforms, the dikerences in the first two LCs are insignificant. ForsL&® - 5, there is
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approximately a 15% difference between th8 ®werbase bending moments of the barge

and catamaran platforms.
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Figure 4-18. Comparison of mean rotor thrust and bhigedeflection.
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4.7.5 Incident wave angle at 30° and 90°

This next sectiopresent&and discusses the results of LC6 &@¥ which were simulated

to investigate the dynamic responses, in terms of platform motions, mooring line tensions,
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produced power and towbase bending moments, of the two FOWTs when the alignment

between the incoming wind and waves change.

4.7.5.1 Platform motions

Figure 4-20 charts the platform motion statistiesxd Figure 4-21 and Figure 4-22
compare the platform motion time histories of the two platforms undéd &l LC7.
Considering surge, the mean of both platforms is similar for all wave headings which is
approximatey a 2530m offset. As the wave heading angle goes around the compass, the
variation in surge of the catamaran reduces whereas for the barge it increases. For sway mode,
this is mirrored with the catamaran fluctuating more compared to the barge. However, the
amplitude of catamaran sway when the waves are incoming at 90° isnabéswith a
maximum amplitude of Ih. The heave response of the barge is similar for all wave headings,
meanwhile the variation in heave response of the catamaran noticeably increases when the
waves are incoming perpendicular to wind inflow. This is due to entrapped water between the
demthulls amplifying the heave response as discussed in the pre@otisns. A maximum
heave of 1.6 is observed which means the effect of this dynamic amplification is insignificant.
For roll and pitch motion of the catamaa similar but opposite trends occur. The roll response
increases whilst pitch response decreases as the wave heading angle increases towards 90°. The
roll behaviour of the barge is similar to the catamaran; however, the pitch behaviour is slightly
different in that the response is nearly identical for varying wave headings. This suggests the
pitch response of the barge is dominated by wind loading whilst the catamarans pitch response
is dependent on wave loading. The yaw response of the catamaran whaveheeading is
90° is much larger compared to the barge. This is because the catamaran is much longer which
means it will tend to yaw with incident waves perpendicular to thgix Figure 4-23 and
Figure 4-24 show the effect of yawing on power generation for the catamaran. When the

platform is positioned directly facing the incoming wind, plosver produced is 4MW. This
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is the maximum power the turbine can produce given its efficiency. When the platform is
yawed 5°, 10°, and5°, the produced power is 4.85MW, 4ViW, ard 4.5(MW, equating to

a reduction of 1%, 3.82%, and 8% in generated power, respectively. Therefore, it can be said
that if the platform does not yaw more than 15°, then reduction in power cannot exceed 8%,
and for 10°3.82% and for 5°, 1%. Under [ACthe catamaran only experiences a maximum
yaw of 6° during the onbour simulation fora brief periodof time which means that the

produced power is not significantly affected.
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Figure 4-20. Platform statistics for varying angle of wave incidence.
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Figure 4-21. Time-domain platform motions under LC6.
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Figure 4-24. Wind turbine efficiency vs platform yawing.

4.7.5.2 Mooringtensions

Figure 4-25 compares théme-domain fairlead tensions of both platforms unde6labd
LC7. When onsidering LC6, therare negligible differences in the fairlead tension of all
mooring lines between both platforms. The maximum fairléansion is approximately
0.84VIN. Under L7, the waves are incoming perpendicular to the direction of wind flow. The
surge response for the catamaran under this load case reduces. As a result, the predicted
maximum fairlead tension is lower. Conversely, the surge response of the barge is aimilar f

both load cases and the mooring line tension follows a simgad in both simulations.
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Figure 4-25. Time-domain fairlead tensions under 6@ndLC?7.

4.7.5.3 Powerproduction

Table 4-7 tabulates the power production statistics under B86LC7, whilst Figure
4-26 graphs the generator power time histories of both platforms. Fedbie 4-7, it can be
said that the quality of power produced by the catamaran improves as the misalignment
between the incoming wind and waves increases up to 90°. This is because the minimum and
mean power produced increases whilst the standard deviation decréasemaximum
produced power alsdecreasefiowever, this is by a small amount. On the other hand, the
quality of power produced by the wind turbine supported by the barge is constant foreall wav
heading angles. Subject to 6d-igure 4-26 shows the produced power by the wind turbines
supported byperate similarly. Under LT the power generated by the wind turbines follow a
similar trend, however the power produced by the wind turbine supported by the catamaran

platform is of betteguality power due to less fluctuation.
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Table 4-7. Power production of both platforms under varying wave headings.

0° 30° 90°
Catamaran Barge Catamarar Barge Catamarar Barge
Min. 1.961 1.967 1.955 1.933 2.007 1.917
Mean  4.507389 4.52403 4.520281 4.523217 4.542581 4.518437
Max. 5.184 5.125 5.18 5.111 5.085 5.09

Std. Dev. 0.711707 0.673443 0.694152 0.672026 0.648891 0.674523
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Figure 4-26. Time-domain generator power of both platforms under BG8LC?7.

4.7.5.4 Towerbase bending moments

Figure 4-27 presents the towdyase bending moments about theard yaxis of both
platforms for 30° and 90° wave headings. The results show that the bending moments at the
towerbase of the wind turbine supported by the catamaran are smaller and experience less
fluctuation compared to the barge for both wave headings. In addition, as the misalignment
between the incoming wind and waves increase, the bemdomgentabout the yaxis
decreases whilst the bending moment about thris increases for both platforms. This as

expected as the wave hydrodynamic loading is the dominant loading.
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Figure 4-27. Time-domain towetbase bending moments of both platforms under &b

LC7.

4.8 Chapter summary and conclusions

This chapter has presented the develeptof a novel catamaratype FOWT concept
The hydrodynamic characteristics and dynamic responséseaatamarastype FOWT is
assessedn intermediate water deptim common operational conditionshé& results are
compared with a weknown bargeype FOWT, the ITI Energy barge. The FOWTs are
modelled using OpenFAST and ANSYS AQWA numerical tools coupled via a DLL, namely

F2A, to conduct efficient fully coupled aehydro-elasticservo simulations.

The results of thecurrent researcihave revealed advantages which a catamdyae

floater has over a conventional batgpe floater

1 The catamaran has a large deck area; this can be used for other functions such as
marine power generation, solar panels, or hydrogen conversion. If utilised properly
the additional functionalitgould lead to cost reductions.g., through increased

power generation
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1 Evaluation of hydrodynamic characteristics has shown that the catamaran has
better hydrodynamic performance over the barge. The catamaran platform has
higher sway, roll, pitch, and yaw hydrodynamic coefficients compared to the barge.
This meansthe catamaran floater has increased hydrodynamic restoring stiffness
and damping for these modes of motion.

1 The catamaraplatform responds distinctively at certain frequencies for vertical
and horizontal plane motions due to symmetric otisgmmetric interaction,
respectively. These frequencies are analogous to the resonant modes of a standing
wave between two vertical walls. Moreover, the frequencies are characteristic to
the individual platform and depend on demil separation.

1 Findings from the free decay results show that the catamaran thaaiacreased
natural damping in the system for roll and pitoledes compared to the barge
floater. This wasespeciallythe casefor pitch, where observedlamping was
increased considerablyhis was confirmed in the RAO analysis; the amplitude
observed at the pitch natural frequency of the catamaran floater was reduced by
50% compared to amplitude observed at the pitch natural frequency of the barge.

1 The timedomain simulations showed the response of both platforms were similar
for simulatedoad casesvhich meanthe expected improvement in pitch stability
was not necessarily reflected. The reason for this was that the simulated wave
periods coincided with the natural pitch period of the catamaran which amplified
the platformdés dynamipichresmenpemfithe eatamdiam v e r t
was similar to that of the barge. The fact that the catamaran behaves similarly to
the barge whilst beingexi t ed at I ts natur al frequen
good hydrodynamic performance. One future avenue for research could be how the

geometric characteristics of the catamaran floater affect its pitch natural period.
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1 The results of this study also showed that the catamaran floater had reduced tower
base bending moments (bothAFand SS) for all simulated conditions. For rated
wind speed (LC 3) and corresponding wave condition, {Addwer-base bending

moment was rasted by 22%.

Considering this research was a preliminary investigation into cataityp@fioaters and
the design was a first iteration, thereuisambiguous evidendbat a catamaran floater has
advantages over a conventional barge. With optimizatioradwanceaoncept development,
it would be anticipated that the performance can be further enhanced which makes this a

promising concept to support a wind turbine in intermediate water depths.

The next chapterepresents the second stage of prigect, which is the development,
integration, and testing of two marine renewable energy system types with the catiyparan
FOWT individually. The first half of the chapter is the development of separate numerical
models of the marine renewable energy systand,the second half of the chapter is the
integration of these numerical models into the numerical model of the catatyaeafOWT

developed in F2A.
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Chapter 5. Tidal and waveenergy systennmumerical model

development and integration

This chapter presents the second stage of this project which isutherical model
developmenand integrationof tidal and wave energy systeni$ie chapters organised into
two parts: Section 5.1 is theumerical model development of thédal and wave energy
systems, and Section 5.2 is thenerical model integration with the numerical model of the
catamarantype FOWTIn Section 5.1numerical models of the tidal turbine syst$ection
5.1.1)and wave energy converter systgaction 5.1.2are built withinthe appropriate tools
The models are validated against available experimental or numerical Bation 5.2
develops: (1) a model of@lcatamaran FOWT integrated with tidal turbines (CTT) and (2) a
model of the catamaran FOWT integrated with a WEC system (CV#eCijon 5.2.1 and
Section 5.2.2 is dedicated to the CTT concept and CWEC concept, respettiestymodels
are used to improveinderstandthg on thecoupked dynamic®of the catamaran FOWWhen
separatelyintegrated withtwo differenttypes ofoceanenergy systesn Specifically, he
numerical models are used studythe overall platform motion and structural component
responsesn addition to total generated power. Additionally, any possible negative effects
arising from the presence of tbeeanenergy systeawill also bereported Theresults ofwill
be beneficial in understanding the coupled dynamics dirtaemodel of theriple integrated
CFOES.Section 5.2.3 presents a summary of the chapter and conclusions drawn from the

obtained results.
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5.1 Numerical model development of marine renewable energy systems

5.1.1 Tidal turbine

The tidal turbine system is a reference model design (RM1) developed by a consortium
led by Sandia National Laboratorif@ideary et al. 2014)The RM1device is a dual variable
speed variablpitch axiatflow tidal turbine deviceThe turbines were originallgiesignedo
be mounteanto a monopile foundationia a crossarm assembly. The cressm assembly is
nearly neutrally buoyant which eases maintenance operations. The dimensions of the RM1
device aregrovidedin Figure 5-1 and tke main properties are listed Trable 5-1. Each rotor
has a diameter &Om, and they are offset by &8from each rotocentreline The hub dejn
is 20m which reduces cavitation potentidlhe controller is based on the NREL 5 MW

reference wind turbine controller developed by Jonk(Yamg et al. 2020b)

Figure 5-1. RM1 device dimensions.

Table 5-1. Design properties of tidal turbines.

Property (Unit) Specification
Rated power per rotor/ total rated power (MW) 0.55/1.1
Rated current velocity (m/s) 2.0
Operational current velocities (m/s) 0.57 3.0
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Hub diameter (m) 2.0
Total mass per turbine (kg) 61,300

5.1.1.1 Verification and validation of numerical model

Steadycurrent simulationsvere run to test theumericalmodelof thetidal turbines for
knowninflow conditions.The turbines werexaminedfor the full turbine operating window
and the inflow current was increased in steps of 0.Ihhs.rotor speed and generator power
were measuredor eachstep incurrent speedrigure 5-2 presents theesultsand compares
them tothe results published by Yang et @ang et al. 2020b)There is goodagreement
between theesults of the present numerical modet the published results. The agreement
verifiesthe numerical modetan produc@adequateesultsandthatthetidal turbinecontroller

is working as expected

600.00 18

50000 | 115

(W)
L o
2 3
=] =]
= =]

Eotor speed (rpm)

Generator power (KW

[
2
(=]
(=]

Present study (Gen. power) ]
— Yang et al (Gen. power) ]
— Present study (Rot. speed)
—Yang et al (Rot speed)

10000 |~

wa |

05 1 15 2 23
Current speed (m/s)

Figure 5-2. Comparison of rotor speed and generator power under steady conditions.

In addition to the steady curreieists simulationswere runwhich varied theidal turbine
rotor speedunder steady currenbf constantvelocity. Suchtestsprovide insight into the

optimum performance of the tidal turbsa&igure 5-3 plots the power coefficient against the
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tip-speed ratioThecalculatedoerformance curvef the tidal turbine rotorBom the numerical
model are compared to the experimental performance curves of the tidal turbine rotors
publishedby Hill et al.(Hill et al. 2020) Hill et al. physically modelled the RM1 device in the
Main Channel facility at St. Anthony Falls Laboratory at the University of Minnesota. It is
noted that Hill et al. modified the blade profile of the RM1 device to cope with low Reynolds
numbers during >@eriments. Moreover, only one performance curve is plotted from the

numerical model because the tidal turbines are identically modelled.
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04 f
503 F

02 [

0.1 F

0 L L L L 1 L L L L 1 1 1 L
0 2 4 6 8 10

Figure 5-3. Calculatedd vs_ (coefficient of power vs tispeed ratio).

The comparison to experimentidtaoffers opportunity to validate the numerical model
as long as satisfactory agreement is observed between the results of the numoeletahd
experimentaimodel. The maximumpower coefficientof the tidal turbines predicted by the
numerical modeis 0.45 whereagshe maximum power coefficients of the physical model are
0.43 and 0.48 for the left and right tidairbine, respectively There are some differences
between the numerical and experimental datageitsh include the tigspeed ratio at which the
maximum power coefficients are obsengew the rate at which the power coefficient fakls
tip-speed ratiancreasesFor the present studgpnaximumo occurswhen_ = 6, whilst for the

physical model the maximum is observed when = 5.This means thahe numerical model
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is predictingthe optimum performance of thidal turbines for slightly higher rotor speeds.
The reason for this is because in orttemchieve a rated power of 550kW endhe rated
current speed ofrd/s, the roto speed was increased from 11.5rpm toph® The second
difference washerate at which the power coefficient decreassthe tip-speed ratio increases.
In the present studythe performance curvdoes not decrease as sharpbmpared to the
performance cung calculated from the experimental model It is expected that the
modifications inturbine blade profilehave marginally altered thg@erformance of the tidal
turbines. Generally the performance curvetiow satisfactorapgreement across the-Speed
ratio range andhere is good agreement the magnitude ofmaximum 0 0.45 The
combination of these two factgosovides assurandkatthe numerical model of tHeM1 tidal

turbinesystem is satisfactory

5.1.2 Wave energy converter

The WEC systems a series of poirdibsorberswvhich arecollectively known as the
Wavestar concep(Figure 5-4). An individual Wavestarunit is a partially submerged
hemispherical buowhich isrigidly connected to an arm that is attached to the main structure
via a hinge. Each floatan rotate about the pivot poimith the action of the waves. The relative
motion between the floats amvot pointsmotivateshydraulic PTO pistons which in turn
produce electrical poweWhilst a single Wavestar unit is a peaitsorber WEC, the collective
Wavestarsystem caralsobe consideredsan attenuator WECThis means Wwen the wave
propagates through the system each flwatorked one after the othérhereforethe system
should be aligned wih the dominant wave direction to maximize energy conversion. The
advantages of thigrethatthe produced power is smoother compared to other-pbsurber

WECs.
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Figure 5-4. Wavestar concegadapted fronfKramer et al. 201))

A single Wavestaunnit is illustrated inFigure 5-5 with main geometric dimensiomgven
at 1/5 scaleising Froude scaling law§he inertial properties of the Wavestar at both 1/5 scale
and full scale are given ihable 5-2. At full scale, each float has a dimetérson which is
rigidly connected to an arm at inéabove MSL. The arm is conned to the hinge situated
8.425m above the MSL. A 500kW rated Wavestar system would contain 20 floats with the
same diameter, therefore one float can be assumed to havel poater of approximately
25kW (Babaritetal.2011) I't must be noted though this is
in reality units at the end of the system will have a lower power output than the units at the
front of the system. An additional linear damping value q78807 a 7i in heave was
augmented to the model to account for viscous effects. For verification and valiofatiten
numerical modelresults are compared to the data measured during a tank test campaign at the
Coastal, Ocean and Sediment Transfo@aST)Ocean Wave Basin at Plymouth University
when & experimental model of the Wavestar system was tested at 1:&sdalgpublished

numericalresultsfrom a studyconductedy Ghafari et al(Ghafari et al. 2021)Ghafari et al.
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integratedhe WavestaWWVEC system into a spar FOWT system. The validation andaatidn

exercisearepresented irsection5.1.2.1.2and the results amnverted tdull-scale.

Figure 5-5. Wavestarffloat created in Solidworkiscaled model 1:5).

Table 5-2. Wavestar inertial properties.

Property (Unit) 1/5 (Froude scaling.  Full Scale
Mass (float and arm, kg) 220 27,500
Mass moment of inertia (kgn 124 387,500
Centre of mass (CM) (m) (0.18 00.355) (0.9,0,1.779
Additional heavdinear dampindN/(m/s) - 35769

5.1.2.1.1 PTO System

The mechanical power generated by ribi@ationof each float is converted into electrical
power by means of a hydraulic cylinder. In AQWAmodel ahydraulics PTO piston, a hinge
joint can be used. A rotational damping coefficiemt ( is specifiedand he PTO force

(O )and power§ ) can be determined by the following equations:

o) 5 — [84]

0 —0 [85]

where—is angular velocity.
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Figure 5-6 is a simple schematic of the hinge location, arm attachment poictat@of
mass location adisingle Wavestar unit. The presence of the arm means thagrtreof mass

location is slightlyoff-centre

@ Hinge(-785,0,8425m &
N
\
\\
\\\. \\ //
‘.\ ‘ /
. ‘ //"
COM (-0.9,0,1.775)m Arm attachment point ,
‘@ ©016m

Figure 5-6. Hinge and arm connectiaf a single Wavestar unit.

5.1.2.1.2 Verification andvalidation of numerical model

Figure 5-7 showstime histories of heavdisplacemenand heave velocity for varying
PTO damping coefficients and presents@anparison othe kinematics betweethe present
numerical modelthe numerical results published (@hafari et al. 2021 and the experimental
resultsrecorded atCOaST Ocean Wave Basin at Plymouth Universitiie results were
obtained from a regular wave telst£ 0.1Im, T = 1.4s) and presented in fudicaleafter applying
Froude scaling laws. There is good agreement between thed#teesetsvhich verifies and

validatesthe presennumerical model ofhe WavestaWEC systemThe results show a clear

trend as the damping coefficient increases, the heave position and velocity amplitude decrease.
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Figure 5-7. Validation of Wavestar kinematics against varying damping coefficients.

5.1.2.1.3 RAOs

Figure 5-8 show theheave and pitcimotion RAOs of the single Wavestar unit.hese
were obtained from a frequendpmain analysis in ANSYS AQWARAOSs are plotted foa
frequency range of 0.056radk for a wave heading angle ¢f @ broad peak can be observed
at frequency 1.2d/sin the pitch RAOwhich corresponds to the pitch resonance frequency.

The amplitude of motion at the resonance frequenappsoximatelyl.25/m.
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Figure 5-8. Pitch RAO of single Wavestar unit computed with frequetiasnain model.
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5.1.2.1.4 Free decay

A free decay analysis was conducted for pitch mode only.°Adt@tion is appliecand
then theWavestar is released and allowed to come toFegire 5-9 shows the pitchesponse

of the single Wavestar unit. The free decay test shows theahpéiod is approximately 453

which correspondi a natural frequency of 1./gl/s.
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Figure 5-9. Pitch free decay of single Wavestar unit attached to hinge.

5.2 Coupling of numerical models ofmarine renewable energy systemwith

numerical model ofcatamaran FOWT

The second part of this chapter is dedicated toadklingof the numerical models of the
marine renewable energy systemith the numerical model of the catamaitsgpe FOWT .The
result is two numerical models: (@)numerical model afatamaran with tidal turbines, and (2)
a numerical model ofatamaran with WEC system. Sectim2.1describes the development
of model 1 and Sectioh2.2describes the development of modeTBen, using the integrated

models simulations are conducted to provide insight into the behaviour of the catatyaean

FOWT combined with the marine renewable energy systems.
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5.2.1 Catamaran with tidal turbines

Figure 5-10 is a schematic of theatamaran with tidal turbines (CTT) concept.
Considering the tidal turbine systeame tidal turbine is installei thekeel ofeach demhull
of the @atamaran support platforim place of the monopile foundation and crass assembly
The rotorcentrelinesremain submerged B0 below the mean seawater level to minimize
cavitation potential and the rotors are offseBby2m from each rotocentreline The presence
of the turbines increases the platform mass by 2% support platform is also the foundation

for the windturbine,and it is held irposition by areightline spread catenampooring system

configuration.
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Figure 5-10. Schematic of CTT concept

TheNREL 5MW reference wind turbine, theatamararsupport platform anthe stationt
keeping systememain identical to thaumericalmodel presented i@hapter 4vhich means

the only differenceis the integrationof the numerical model of th&dal turbines.Table 5-3
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comparesnass andnertia properties of the pure catamaran FOWT and CTT corfeigpte

5-11 showsthe CAD model of the CTT concept developed in Solidworks.

Table 5-3. Properties of the CTT concept.

Catamaran CTT
Mass (kg) 4,901,080 5,023680
CM location (m) (0, 0, 1.51) (-0.01, 0,1.32)
Roll inertia about CM (kg R) 4,672,683,194 4,781,318,142
Ixy (kg nr) 0 -618
Ixz (kg nv) 0 2,353,966
Pitch inertia about CM (kg f 6,800,310,371 6,861,694,688
lyz(kg n?) 0 -33

Yaw inertia about CM (kg R 11,190,569,09¢ 11,240,002,08¢

Figure 5-11. CAD model of CTT concept.

Similarly, F2A is usecdkvaluate the performance of the CTT concaptadditional module
is implementedvithin the engineering tool to calculate the hydrodynamic loading of the tidal

turbines considerinthe dynamic inflow effectsvhich arise because pfatform motions
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5.2.1.1 Simulation

5.2.1.1.1 Testing of the coupled model

Since the numerical model of the catamasgre FOWT was validated ihapter 4
(Cutler et al. 2022and the numerical model of the tidal turbines has been validated in Section
5.1.1.1 The numerical model of the CTT concept has hedidatedthrough partial validation
of the two integrated numerical modelsen, providing thecouplednumerical model can
produce a set of expected results from kn@enditions the coupling of numerical models
can be proven successflllo demonstrate thigesults of the coupledumerical model is
compared to a similar concept whigreviouslyintegrated thesametidal turbine system. This
concept isthe IntegratedFloating Energy System (IFES) concept presented {ivang et al.
2020b) Howeverthe IFES concept features a spgre platform rather than a catamatgpe
platform. Sobefore direct comparisonsan be made with the IFES concept, some small
adjustments to the CTT numerical modek applied. The first adjustment to tHeTT
numerical model was to increase the water depth from 150m to B20rder to model the
same water depth in both mode#ss a result, a&hange in the position of the anchors and
mooring line section lengtls applied to reflect the increase in water depthe third
adjustment was to the hub depth of the tidal turbiméise CTT numerical modethe depth of
the turbineswas increased from 20.2 to 415 These modifications to tHeTT numerical
model permit a comparison to the results obtained from numerical model of the IFES concept.
In essence, these changes mean that the tidal turbine system is positioned at exactly the same
position in the water column bwupported bydifferent platforms Two current only
simulations were run to test thmerformance otthe coupled numerical modeTlhe first
simulation rundisablel platform motions in all degrees of freedom. By disabling platform

motions the effects from platform dynamics on the tidal turbine responses are eliminated. This
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was important because of the different support platform types which cannot be easily
compared. Therefore, the performance of the tidal turbiaasbe evaluatethirly, and the
resultsshould besimilar. The second simulation permitted platform motions to provide insight
into the influence of platform dynamics on the performance of the tidal turlpilgese 5-12
compares the tidal turbine responses between the CTT concept and IFES concept when
platform motions are disablednd Figure 5-13 compares the tidal turbine responses when
platform motions are enableligure 5-12 showsthatthere is no difference in tidal turbines
responses when mounted on either the catamarapartype platformwhenplatform motions

are disabled. The strong agreement in the results infer that the tidal turbine numerical model
has been coupled appropriately in the present stiigyre 5-13 shows the tidal turbines
responses when platform motions are enalfledxpected, the different floating wind turbine
platforms influence the tidal turbine respondédse time histories show the mean rotor speed,
rotor thrust, and generated power is similar between the two concepts. However, the variability
is somewhat different. The tidal turbines installed to the catamaran support platform exhibit

greater fluctuationas a result of increased platform motions.

10.00 160.00 100.00

800 -

12000 [ 75.00

6.00 -

80.00 | s0.00 |

4.00

Rotor speed (rpm)
Rotor thrust (kN)
Generator power (kW)

L 2 [
200 | 40.00 | 5.00

Catamaran + TT —— Spar = TT [ Catamaran + TT —— Spar+ TT [ Catamaran + TT —— Spar+ TT

N T S S S S S T L N Y I O | 0.00 P S T
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (s) Time () Time (s)

0.00

Figure 5-12. Comparison of tidal turbine responses between CTT concept and IFES concept

when platform motions are disabled.

172



Tidal and wave energy system numerical model development and integratio€hapter 5

Figure 5-13. Comparison of tidal turbine responses between CTT concept and IFES concept

when platform motions are enabled.

5.2.1.1.2 Tidal turbinehubdepthstudy

A study was conducted to investigate the influence of tidal turbine hub depth on power
production and global platform motiorfsgure 5-14 andFigure 5-15 show the results of this
study. As turbine hub depth increases, the inflow current velocity decreases because of the
profile of thecurrent velocity. Consequently, the amount of power produced by the turbines
also reduces with depth. Therefore, with the aim to maximize power production from the tidal
turbines,a tidal turbine hub depth of B0was optimum for the catamargype platform. The

position of the tidal turbines also had negligible effect on the global platform motions.

Figure 5-14. The influence of tidal turbine hub depth on tidal turbine responses.
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