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Abstract

The holistic aim of this thesis is to broaden knowledge on the coupled behaviour of a
combined floating offshore energy system (CFOES) that supports three different offshore
renewable energy (ORE) systems. In this work, a CFOES concept is innovated and tested using
numerical simulation under typical design load cases. The 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 used purposed for pure ORE systems are integrated together in order to
create a sophisticated numerical model of the CFOES. The numerical model is built within
FAST2AQWA (F2A). F2A is an aero-hydro-servo-elastic tool used for the design and analysis
of floating wind turbines. The tool is based on the integration of a commercial wind turbine
simulator, FAST, into a commercial hydrodynamic analysis software tool, ANSYS AQWA.
AQWA is effective at studying multibody hydrodynamics and has modelling features such as
fenders and joints which allow the simulation of linear WEC PTO systems. AQWA also
provides a built-in DLL capability which is used for external force calculations. This function
permits the calculation of the aerodynamic forces of the wind turbine and hydrodynamic forces
of the tidal turbines. Together, the combination of these capabilities enables the construction
of an integrated numerical model of a triple CFOES. The numerical model is used to perform
integrated loads analysis for operational and extreme conditions. It was found in rated and
above rated conditions, the performance of the wind turbine in the CFOES improves compared
to a floating wind turbine. The 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 pitching in more energetic sea states. For certain conditions, the WEC
system reduces the roll motion of the platform by 66%. Consequently, the side-side tower-base

bending moment of the wind turbine is 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 because of added
hydrodynamic damping. Finally, the mean additional power that could be generated by the tidal
and wave energy systems was up to 30%. The numerical results demonstrated several important
advantages in ORE hybridization including increased energy yield, reduced structural loading,
and improved floating platform stability. This work provides a solid basis for future study
involving advanced design and analysis of CFOESs that are comprised of three or more ORE

systems.



Acknowledgements

I would like to state my sincerest gratitude to my supervisory team which was formed of
Dr Musa Bashir, Professor Jin Wang, and Dr Sean Loughney. | am deeply indebted to them for
their invaluable support and guidance during this project. It has been a great honour to have

collaborated towards this monumental achievement.

I would also like to thank my family, who include my mother, father, grandparents, and
surprisingly even my brothers (Sam, James, and Zach), for their continuous motivation

throughout this project for me to complete my education.

Finally, I would like to thank my friends for distracting me too many times to count during
the busy periods. However, it was with the best intentions and without them | could not have

completed this thesis.



Contents

[Tl Fo =L o PSSR U PP PRPRPN i
Y 0] 1 - To! S TP ROSSO PR PR TP ii
ACKNOWIBAGEMENTS ...ttt b et n e iv
LISE OF FIGUIES ...ttt b bbb et e et b e bt benn e nenn e X
LISE OF TADIES ... bbbttt ettt bbbt nre s xviii
F AN o] o] 1= - [0 SRR XiX
N0 T g ol LU (PSSR XXi
Chapter 1. 1T T0 Vo1 AT ] B S 1
L1 BACKOIOUNG ...cuioiiiicie ettt sttt e st e e e st e eseesbesbeebesbeeneeseesteenbesaeas 1
1.2 Aim, objectives, and ProjeCt NOVEILY ...........ccoiiiiiiiiieieee e 5
IR T I 4 1o tS] 1 o) (PR PRSSP 8
A N | o] T Tor= V[ T (=] 0 =T L SO 10
Chapter 2. Combined floating offsShore eNergy SYStEMS.........ccviiiirirerieeeeee e 11
2.1 OffShore renewable BNEIGY .......ccoeiiieiiiiiiieri et 11
2.2 Floating offsShore WiNd ENEIQY ......coviiuiiiiiiiece et re e 13
2.2.1 OFfShore Wind MAarket ..........oviiiiiiiiie e 13
2.2.2 Wind turbing teCANOIOGY .........ooveiiieiii i 15
2.2.3 SUPPOIE PIALFOIMIS....cviiie e et sre b e steere s 17

B2 T VA oAV = 01T (o S SPRPTRTI 21
231 RESOUICE......eeei ettt e e sab e s be e e sbbe e s be e e sabeesneeas 21
2.3.1.1  Quantification Of WaVe ENErgy MESOUITE ........ccerveieeririerienrereeseeeeesesie e seeeenes 22

2.3.2 Wave energy converter teChNOIOGY ........c.cceiviiiiiiicic e 23
2.3.3 POWer taKe-0ff SYSTEIM.......iiiiicc e e e re e 26
2.34 WaVe ENErgy MATKET .......coueiiiieieieieie st 28

N W10 TV T 0 YOS SRR 32
24.1 RESOUICE......ee ettt b e bt et a ettt et e e b e e st et e bbeenbeebeenne e e 32
2.4.2 Tidal energy technology and Market...........cccooeieiiiiii e 33

2.5  Combined floating 0ffSNOre nergy SYSIEMS.........coeirieiriiiie e 39
251 CoNCEPL OF CROES ...ttt ettt sbe e seesreenaeaneas 39
2.5.2 Synergies of NYDIIZATION .........ccoiiiii 40
2.5.3 Pre-commercial concepts and demonStrators. ..........oouvvierenereneieieese e 41
254 Funded research Programimes .......ccoceooeieerereeie e eeer et esee e see st eesteeseeseesreeeesee e 45
2.5.4.1  ProjeCt MARINA ...ttt ne st sae e e s 45

255 ACAUBMIC FESEAICH ...ttt esaesbeeaesaeereeseenne s 48
2.55.1  Academic revViews OF CFOESS.......cccccoviiiiie ettt 48



2.55.2 Barge FOWT @NA WEC ........ooi ittt s 49

2.5.5.3  TLP FOWT @Nd WEC........coiiiiiiiiiise sttt 49
2.5.5.4  Semisubmersible and WEC ..ot 50
2555  SPAr @GN0 WEC ... ...t 51
2.5.5.6  Floating wind and tidal .............ccoeiiiiiiiiii s 52
2.5.5.7 Floating wind, wave energy and tidal energy SYStemMS........cccccevvrvieveseeresieariesenneas 54

2.6 Chapter SUMIMAIY .....ccieieiiectieie st et te st et e st e st e st e s te et esbeese e besaeesaesbeeseesaestaentesteeseestesneensenreans 55
Chapter 3. Theory, numerical modelling, and SImulation ...............ccociiviiiieicice 57
3.1  Modelling the offshore ENVIFONMENL............cccoiiiiiiie e 58
311 LA/ T TSP RT TP 60
L LL  TUIBSIM ettt a e 61
3.1.1.1.1  IEC Kaimal MOEL .....ccvveeieiiciiee e 61
3.1.1.1.2  WINd SPeed Profile........ooec e e 62

3.1.2 OCBAN WAVES ...t ieie sttt ettt sttt te e bt sb e sb b e s s et e et e e nb e e sbe e e bb e e nbe e nbe e sbeesneeanbeanes 63
3.1.2.1  MOOEliNG OCEAN WAVES. .....c.eeuveuieiiiiiitesiestesieseeieeeie sttt sttt 64
3.1.2.0.1  REQUIAI WAVE.......ocuiciiiecc ettt et sre e e 64
3.1.2.0.2  IITEQUIAT WAVE ....vivieieciectie ettt ettt sttt ae et st s beete et saeennenre e 69

3.1.3 (OT ] =] o] TSP U PP 73
314 Wave-CUITENT INTEFACTION........oviie ettt st e e nre s 73
3.2 Theory, modelling, and simulation of a CFOES..........cccccoc i 74
3.2.1 N U Ty o 1 (o] LSS 74
3.2.2 AerodynamiC MOTEHING........ooeiiiiiii s 78
3.2.2.1 Blade element momentum thEOIY ..o 79
3.2.2.1.1 Blade element tNEOIY .....c.coviiiiiiiiie e s 79
3.2.2.1.2  MOMENTUM TNEOTY ....eiiiiiiieieeiiee sttt 80

3.2.3 Hydrodynamic MOAEIIING .......coveiiiiiie i 83
3.2.3.1  HydrostatiC [0a0S.........c.coiiiiiiiiiiie e s ns 83
3.2.3.2  HydrodynamiC l080S .........cooueieiiiiieiiiesie e 84
3.2.3.2.1  MOTISON’S EQUALION ..veuvieeeiistiestesteesee st siee sttt sb et e bt sn e sre e sresbe e b sneesnenne e 86
3.2.3.2.2 Linear potential fIow theOrY........cccoiiiiiii i 88
3.2.3.2.3  Other MELNOAS .......c.eeeiieiee ettt nee e 92

3.24 Structural dynamic MOAEHING .........ccoceiiiiiiiii s 93
3.25 Mooring system MOCelliNg .........ccooiiiie e s 96
3.2.5.1  Static mooring liNe MOl ...........oo i 98
3.2.5.2  QUASI-STALIC MOUEL........coiiiieiicice e e 98
3.2.5.3  DYNAMIC MOTEL ......ccuiiiiiiiiiiee s 101
3.2.6 (@0 g 1ol I aTo o =11 T o SR 104

Vi



3.2.6.1  THE POWET CUIVE....c.eieiiiiieiie ettt sttt ettt ettt st eseesae s e sbesneeeesneaneeseeereenaenneas 104

3.2.6.2  FUuNCtions OF @ CONIOIIET ..........cviiiiiiiee s 105
3.2.6.2.1  SUPEIVISOIY CONIOL......uiiiiiiiiiiiiecie sttt st sre s 105
3.2.6.2.2 Closed 100P CONLIOHEN .........cviiiiiieie e 106
3.2.6.2.3  The SAFELY SYSTEM .. .iiiiiieicieie e 107

3.2.6.3  Modelling the CONLIOIIEr.........ccvoeieceee e 108

3.2.7 Equations of motion and coupled dynamic modelling...........cccocovvveviiiiiciiincccnee 108
3.2.7. 1 FAST2AQWA ..ottt sttt e et n et sttt nes 111
3.2.8 AdItIoNal SYSTEMS ......eciiiie et nre e 114
3.2.8. 1 T TUFDING ...ttt e 114
3.2.8.2  WaVe ENEIGY CONVEITET ...oueiiiieieieiieeieie et nr e nre s 115
3.2.9 MOTEI VAIIAALION ..ottt enrenre s 118
3.2.10  Chapter SUMIMAIY .....ccveiuiiieeeiiteiee e stesteestesteetesteesa e besaaeaesbeaseesrestaeseesbeeseentesreeseessenns 119
Chapter 4. Development of catamaran FOWT numerical model ...........cccccooovviiiviiiinnieeeiees 121
4.1 11 0o 1 4T o SR 121
4.2 The round bilge Ul FOMM ......oooiiii e e e 123
4.3 The catamaran FOWT CONCEPL ....cviiiiiiiiiieie ettt sttt sre b b sae s 124
O 11101 =LA o] o PR 127
441 Load cases and ENVIFONMENT .........c.ccviveiiiiieeriese e seese e ree e e e sae e see e ereenresnes 127
4.4.2 VAlIAALION ... e ettt e 128
45  Assessment of hydrodynamic CharaCteriStiCs..........coovveiririrerineneseeee e 129
451 HydrodynamiC COBTTICIENTS .........oviiiiiiiieieee e 129
45.2 [ =Tl T | USRS 132
45.3 Hydro-elastic response under regular WaVeS...........c.ccveveieieeiiesiesieese e sie e snes 134
454 Response amplitude OPEIALOIS ..........ccuiiiiriirierieieee e 135
45.4.1 Varying angle of INCIABNCE WAVE..........ccceivcieiecicie et 137

O I (=Y U0 VAV o o SRRSO 139
A7 DYNAMIC TESPONSES ....vititeeeteeeseeseeseateste st st st et e s eseese s b e s besbe st et e sb e e e seeseab e e bt et e sbe b e b e e e 141
4.7.1 (o =V 0] 0 0 100 110 T USSR 141
4.7.1.1  SEatiStICAl FESUILS ..c.voveieieeee e 141
4.7.1.2 Time- & Frequency-domain reSUILS .........cccveeiieeieniiiec e 142
4.7.2 MOOFING 1INE TESPONSES ...ttt sttt b 144
4.7.3 0T o oo 1 Tod A o] o USRS 146
474 Blade, rotor, and tOWEF FESPONSES ........eeeiruirieeiieieaee e eteeie e esee e e eseeseeaneeseeeneeneesneas 146
4.75 Incident wave angle at 30° and 90°........ccoiiiiiiiiiiee e 148
4.7.5.1  Platform MOLIONS.......ccoueiiiiee st saeenee 149
4.7.5.2  MOOIING TENSIONS. .. .veeitieiteesieesteestesteeteeseesteesteesreeaeeesteesteesreesseesneesnbeenteenseessesssneas 153

vii



T T o 1LY g o] (oo ¥ ot A o] o SR 154

4.75.4 Tower-base bending MOMENTS .........cccveiiiiieie it 155
4.8  Chapter summary and CONCIUSIONS ........ccooiiieiiiiiiie e se e sre e see e 156
Chapter 5. Tidal and wave energy system numerical model development and integration.......... 159
51  Numerical model development of marine renewable energy Systems............ccocevvvervenene. 160
511 THA TUMDING ... 160
5.1.1.1 Verification and validation of numerical model .............ccccoviviiiinininiincee 161
512 WaVE ENEIGY CONVEITET .....eiiiiiiiiieeieste et 163
B5.1.2.1.1  PTO SYSIBIM cciiiiieiiecee ettt et te sttt et et e enneeteeneee e 165
5.1.2.1.2 Verification and validation of numerical model ............cccoocevviniiininiiienennn. 166
B.L2.1.3  RADS. ..ttt ettt ae e ne et 167
5.1.2.1.4  FrEE TECAY ...vcvviveeeeteieeete ettt 168

5.2  Coupling of numerical models of marine renewable energy systems with numerical model
OF CALAMArAN FOWT ... ettt bttt b ettt e s 168
521 Catamaran with tidal tUrDINES .........cocveiiiiiiee e 169
LT I R 1 T - L4 o ) o SRS PRSR 171
5.2.1.1.1 Testing of the coupled MOGEL..........ccccoveiiiieiiii e 171
5.2.1.1.2 Tidal turbine hub depth StUAY ..........ccoeiiieiiiii e 173
5.2.1.1.3  FrEE TECAY ...vcveeveieiete ettt 174
5.2.1.1.4 Operational CONAITIONS .......c.ccviiiieiiiiiiie it 175
5.2.2 Catamaran With WEC SYSIEIM .......c.ciiiiiiiiiiec et 184
LI R 1 01 - L4 o ) o USSR 186
5.2.2.1.1 Multibody hydrodynamic interaction.............ccocveerirereneieesese e 186
5.2.2.1.2 Free decay analysiS .......ccveiiiiiiieiiieie sttt 194
5.2.2.1.3 Regular Wave analySiS..........ccoouriiiiiiiiiieeiese e 195
5.2.2.1.4 Irregular Wave analIYSIS ..ot 199
5.2.3 Chapter summary and CONCIUSIONS .........cccooieiiiiiiiie e 201
Chapter 6. Integrated numerical model of a combined floating offshore energy system............. 204
6.1  Combined floating offShOre nergy SYSTEIM .........coeiveiiiiiiiie s 205
6.1.1 Integrated numerical MOEl ..o 205
6.1.2 RESUILS AN QISCUSSTON .....ouviiieieeeeee ettt nne s 207
TN O =11 01T =T SR 208
TN O R | T [ U SP 212
6.1.2.3  ADOVE FALEA ... .ottt e r et e nee e 217
B.1.2.4  SNULHOWN ..ottt te st et e ee e 221
TR T (1 {110 TSRS 225
6.2 Braceless combined floating offshore energy System. ........ccccceveieniecic v, 227
6.2.1 Hydrodynamic MOGEIING ......ccveiiiiiie e e s 230



6.2.1.1  IMOIISON ClEMENTE FOICES...cei ittt ettt ettt et e e e e e e et e e e e e se s eeeeeesenaaes 230

6.2.2 Power-take-0ff SYSTEIM ......ccviiii e 231
6.2.3 VAlIOBLEION. ...t 232
6.2.4 RESUILS aNd QISCUSSTON .....oviieieiieciiee ettt s e e nne s 233
6.2.4.1  Free decay @nalYSIS .......ccccoriirerieiiinisese e 234

6.2.4.2  PlatfOrm MOTIONS.......ccoiiiiiiiieieee e 236
6.2.4.3  MOOFNG lINE TENSIONS........ociiiiieici et st s re e 238
6.2.4.4  ROUOI [BSPONSES ......veeurereareenrerieeresresseesresreassesresse e sesre e e e sresseesresreennesreaneenresreennenrens 239
I R o0 1V g o] oo [0 Tox o S S 240

6.3  Chapter summary and CONCIUSIONS .........cccecveiieiieeicie et ns 241
Chapter 7. CONCIUSIONS ...ttt 246
7.1 OVErall SUMMANY ...ttt 246
7.2 MaIN CONCIUSIONS ..ottt ettt ettt sttt e s 248
7.2.1 LITEIATUIE SUMVEY ...ttt bbbttt ettt b 248
7.2.2 Development of catamaran FOWT numerical model ... 251
7.2.3 Marine renewable energy system numerical model development and integration .....253
7.2.4 Development of CFOES numerical model ... 255

7.3  Limitations of present study and recommendations for future research.............ccoceevevenee. 259

L C T =) T S PRT 262



List of Figures

Figure 1-1. Numerical model development of a CFOES CONCEPL. ......ccovvvveriviiieiieiecie e, 8
Figure 2-1. The internal system of a wind turbine (Madvar et al., 2019)..........c.ccocvvivviieiennn. 16
Figure 2-2. Stability triangle with annotation of common floating offshore wind types
(Thiagarajan and Dagher, 2014). ........cce et sre e ens 19
Figure 2-3. Foundation types of offshore wind turbines: a) monopile b) gravity-based c)
jacket d) tripod e) spar f) semisubmersible g) tension-leg platform h) barge............c.ccco........ 21
Figure 2-4. WEC types: a) oscillating water column b) oscillating wave surge converter c)
attenuator d) point absorber e) overtopping device/terminator............ccccevereneienenisieeee, 24
Figure 2-5. Seapower Platform (Sea POWer 2022). ........cocceiiiiriniiieieie s 28
Figure 2-6. Mocean Energy Blue Horizon concept (Mocean Energy 2022). .......c.ccccceveunane. 29
Figure 2-7. AW-Energy WaveRoller (AW-Energy 2022).........cccovevieieeieeieeieesesiee e 29
Figure 2-8. Carnegie CETO 6 (Carnegie 2022). .......c.cccveveeieieeieiieiiese e seesie e see e ene s 30
Figure 2-9. CorPower WEC (CorPower OCean 2022)...........cccuiieieieienenene s 30
Figure 2-10. Wavestar (Wavestar 2016) (left) and Eco Wave Power (Eco Wave Power 2022)
(T L TSP S 31
Figure 2-11. OE Buoy (OCeaNENErgy 2022). ......ccueiuiruerieiieniesiesiesieieiesee e 32

Figure 2-12. TEC types: a) axial-flow turbine b) vertical-mounted crossflow turbine c)
horizontal-mounted crossflow turbine d) oscillating hydrofoil €) tidal Kite. ................c.......... 34

Figure 2-13. SIMEC ATLANTIS ENERGY tidal turbine (SIMEC ATLANTIS ENERGY

7202 Y 35
Figure 2-14. Verdant power free flow system (FFS) turbine (Verdant Power, 2021)............. 36
Figure 2-15. Orbital Marine Power, Orbital O2 (Orbital Marine Power 2022)....................... 37
Figure 2-16. ORPC RivGen Power System (Ocean Power Renewable Company (ORPC)

7202 OO 38
Figure 2-17. Minesto Dragon Class tidal kite concept (Minesto 2022).........ccccccceevvevveennnne, 39

Figure 2-18. Floating Power Plant’s FPP platform (Floating Power Plant 2022) (left) and
Marine Power Systems’ PelaFlex floating platform and wave energy converter (Marine
Power Systems 2022) (FIGNL). ...ooiviiiieiieiie s 42



Figure 2-19. Excipio Energy’s Excibuoy platform (Excipio Energy 2022). ....cccccovvvvevvvenenne. 43
Figure 2-20. Sinn Power’s Ocean Hybrid Platform (Sinn Power 2022)........cccccvevvvvveiivenenne. 44

Figure 2-21. From left to right: WindFloat, WindFloat and two OWCs, WindFloat and point
absorber and WindFloat and three OWSCs (Roddier and Banister 2012). .........c.cccoeevevveenenn. 45

Figure 2-22. a) STC concept b) SFC concept c) OWC array concept (European Commission
L0 o ) USROS 46

Figure 2-23. Combined wind-tidal floating power generation platform (Ma et al. (2019))...53

Figure 2-24. HWNC concept (Li et al. (2018)).....c.cccueiieiriiieieeieiie e 55
Figure 3-1. Schematic of the offshore environment (Petrini et al. 2010). ........cccccoovvvevvennnne. 59
Figure 3-2. Categorisation of loads (Petrini et al. 2010)..........cccccveiiiiieiiiicieece e 60
Figure 3-3. Spectral wind density (Karimirad 2014). ........ccccoiiririiiieiieieiese e 60
Figure 3-4. Types of ocean waves (FOIeY 2017).......cccooiiiiiiiiiiiiieee e 63
Figure 3-5. Formation of ocean waves by wind (Folley 2017)........ccooeiiniiiiiiiniinieeien, 64
Figure 3-6. Regular wave definition. ...........ccooiioiiiic i 65
Figure 3-7. Motion of water particles in waters of varying depth (Folley 2017). .................. 66
Figure 3-8. Chart of wave model suitability. ...........ccccooveiiiiiiicie e 68

Figure 3-9. Superpositioning of waves to create water surface elevation and irregular wave
(012 1 0 LU o OSSPSR 70

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

Figure 3-11. Regions of validity of Morison's equation and potential flow theory................ 86

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

K. Chakrabarti 2005). ......c.oiuiieiiiiiiieieieie ettt 97
Figure 3-13. Example of static design: force-displacement graph............ccccccevovriniiinniieienn. 98
Figure 3-14. Schematic of @ MOOriNG lNe.........c.ccoiiiiiiiiie e 99
Figure 3-15. Forces acting on a single mooring line element. ............ccccoovevieiiic e, 100
Figure 3-16. Example of quasi-static analysis. ........cccccovieiiiiiieiiie e 101
Figure 3-17. Dynamic modelling of a mooring line. ..o, 102

Xi



Figure 3-18. Wind turbine power curve for a 5SMW turbine...........cccccovvvvveieviiesieenc e, 104

Figure 3-19. Flowchart of F2A (Yang, 2020).........cccveieiieieiieieese e 112
Figure 3-20. F2A with tidal turbine module (Yang et al. 2020D). .........cccooceiiiiiiiiiieee, 114
Figure 3-21. Workflow of F2A for a combined floating offshore energy system................ 118
Figure 4-1. The Pioneering Spirit (formerly the Pieter Schelte), an offshore (multi-purpose)

catamaran support vessel constructed by Allseas (Allseas 2021)........ccccccevvvevvevieiieeieeriennnn 123
Figure 4-2. Round Bilge hull form (Bashir 2014). .........cccooiiiiiiieiieeceeee e 124
Figure 4-3. Preliminary catamaran FOWT concept SChematics. ..........ccccooeniiinviinnenienen, 125

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

CAtAMATAN(FIGNT). ... st e s re et e e e e saeesteereesreenteeneesres 127
Figure 4-5. Hydrodynamic added mass coefficients a) catamaran b) barge. .............cc......... 131
Figure 4-6. Hydrodynamic radiation damping coefficients a) catamaran b) barge. ............. 132
Figure 4-7. Free decay reSUILS. ..ot 134
Figure 4-8. Hydro-elastic response with regular wave in absence of wind. ......................... 135
Figure 4-9. RAOs for 6 degrees of freedom of catamaran and barge platforms................... 137
Figure 4-10. RAOs of catamaran for varying angle of incidence. .........c.ccccoccevvvevveveiinennenn, 139
Figure 4-11. Wind turbine characteristics under steady-state wind conditions. ................... 140

Figure 4-12. Blade-root and tower-base bending moments under steady-state wind
(07010 11 10 1 TSRS PSRRI 141

Figure 4-13. Time-domain responses of FOWT concepts under LC3 (rated wind speed)...144

Figure 4-14. Frequency-domain (spectral) responses of FOWT concepts under LC3 (rated

LT L0 IS o 1=T=T ) TSSOSO 144
Figure 4-15. Fairlead tension (MB1 = barge line 1, MC1 = catamaran line 1). ................... 145
Figure 4-16. Comparison of generated power between catamaran and barge FOWTSs. ....... 146
Figure 4-17. Generator power of the catamaran and barge FOWTs under LC3. ................. 146
Figure 4-18. Comparison of mean rotor thrust and blade-tip deflection. ............ccccevvennnneee. 148
Figure 4-19. Comparison of barge and catamaran tower-base bending moments................ 148

Xii



Figure 4-20. Platform statistics for varying angle of wave incidence. ...........c.cccocvevvrnennenn. 150

Figure 4-21. Time-domain platform motions under LCB. ..........cccccveveviieiiiie i, 151
Figure 4-22. Time-domain platform motions under LC7. .......ccoovviiiieienincneeeeeeee, 152
Figure 4-23. Effect of yawing on pOWer generation. ..........cocooereeeeierienenienesiesesesee e 152
Figure 4-24. Wind turbine efficiency vs platform yawing..........cccccooeveiennnieninieeee, 153
Figure 4-25. Time-domain fairlead tensions under LC6 and LC7.........cccccevvvivevveicinenenn, 154
Figure 4-26. Time-domain generator power of both platforms under LC6 and LC7. .......... 155
Figure 4-27. Time-domain tower-base bending moments of both platforms under LC6 and

O TP PSPPSR 156
Figure 5-1. RM1 deVvice diMENSIONS. .......cccueiueiieiieiieeieseeste e sie et sneeane e 160
Figure 5-2. Comparison of rotor speed and generator power under steady conditions. ....... 161
Figure 5-3. Calculated Cp vs A (coefficient of power vs tip-speed ratio).............cccceevvenenn. 162
Figure 5-4. Wavestar concept (adapted from (Kramer et al. 2011)).......ccccceviririniiinniennnn, 164
Figure 5-5. Wavestar float created in Solidworks (scaled model 1:5). ........c.ccocvoviviiinennnn. 165
Figure 5-6. Hinge and arm connection of a single Wavestar unit............c.ccocovovnerininenennnn, 166
Figure 5-7. Validation of Wavestar kinematics against varying damping coefficients. ....... 167

Figure 5-8. Pitch RAO of single Wavestar unit computed with frequency-domain model..167

Figure 5-9. Pitch free decay of single Wavestar unit attached to hinge............c..ccccccevnen. 168
Figure 5-10. SchematiC OF CTT CONCEPL. .....eiuiiiiiiiieieriesie e 169
Figure 5-11. CAD model of CTT CONCEPL. ..eeiurieriiiiiieiiiiiiieiie e 170

Figure 5-12. Comparison of tidal turbine responses between CTT concept and IFES concept
when platform motions are disabled. ...........cccoviiiiiiiiii 172

Figure 5-13. Comparison of tidal turbine responses between CTT concept and IFES concept
when platform motions are enabled. ... 173

Figure 5-14. The influence of tidal turbine hub depth on tidal turbine responses. ............... 173

Figure 5-15. The influence of tidal turbine hub depth on global platform motions of
catamaran-tyPe FOWT ... ..ot 174

Xiii



Figure 5-16. Free decay analysis of CTT concept and comparison against pure catamaran

O 1 TP TP UPRRUPOPRPRRTOT 175
Figure 5-17. Comparison of wind turbine rotor responses between CTT concept and

catamaran FOWT concept SUDJECE t0 LC2.........coviiiiieece e 176
Figure 5-18. Tidal turbine rotor responses under LC2...........ccoveiiiiienenencne e, 177

Figure 5-19. Comparison of time-domain tower-top F-A displacement and tower-base force
in X-direction under LC 2 and comparison of statistics for all LCs between CTT concept and

CALAMAIAN FOW T ..ttt ettt s e bt e e e e be e naneenes 179
Figure 5-20. Comparison of time-domain platform motions under LC2 and comparison of

platform motion statistics between CTT concept and catamaran FOWT...........ccccoeeviiennn. 180
Figure 5-21. Comparison of spectral amplitudes of platform motions subject to LC2. ....... 181

Figure 5-22. Comparison of tension in mooring lines between CTT concept and catamaran
(O3 110 Lo [=T ol I SR RSPUSTRRSS 182

Figure 5-23. Comparison of spectral amplitudes of mooring line tension between the two
CONCEPLS UNUBT LC2. ...ttt bbbttt bbbt n s 183

Figure 5-24. Comparison of the time-histories of the electrical power produced by the wind
turbines and the time-domain history of total power produced by the tidal turbines under
LC2, and a statistical comparison of the total power generated under all LCs. .................... 184

Figure 5-25. CWS concept developed in AQWAL ........cooviiiiiiiiiii 186

Figure 5-26. Hydrodynamic added mass and radiation damping coefficients of a single
L VS - LT T ST 187

Figure 5-27. Catamaran support platform and single Wavestar unit installed to the fore of the

[0 E LA 0] 11 TSSO U PO ST PP PRURPRPPRPIN 188
Figure 5-28. Comparison of hydrodynamic coefficients between single Wavestar and

Wavestar mounted to the fore of the catamaran support platform..............ccccoooveiiiiinenee 189
Figure 5-29. Symmetric vs antiSymmetric interaction...........c.cocvevveieienenene s, 189

Figure 5-30. Catamaran support platform and single Wavestar unit installed to the port side
OF the PIALFOrM.....ec et saee s 190

Figure 5-31. Comparison of hydrodynamic coefficients between single Wavestar and
Wavestar mounted to the port side of the catamaran support platform. ............cc.ccocvvirinnen. 191

Figure 5-32. Comparison of hydrodynamic coefficients between catamaran as part of CWS
concept and pure catamaran support platform. ... 192

Xiv



Figure 5-33. Comparison of hydrodynamic coefficients between single Wavestar and
Wavestar mounted to the fore of the catamaran support platform (full CWS concept). ....... 193

Figure 5-34. Comparison of hydrodynamic coefficients between single Wavestar and
Wavestar mounted to the port side of the catamaran support platform (full CWS concept). 193

Figure 5-35. Free decay analysis of CWS concept and comparison against catamaran FOWT.

Figure 5-36. Power production of WECS for various PTO damping coefficients. .............. 196
Figure 5-37. The effect of wave period on the average power of individual WEC units. ....197
Figure 5-38. The effect of wave period on the total average power of the WEC system.....198

Figure 5-39. Comparison of hydro-elastic response between CWS concept and pure
catamaran subject to regular wave in absence of Wind.............cccoceiiiiiiiiiicicc e 199

Figure 5-40. Comparison of spectral amplitudes of different structural responses between
CWS concept and pure catamaran FOWT subject to irregular wave (rated). ..........ccccevnee. 200

Figure 5-41. Comparison of spectral amplitudes of different structural responses between
CWS concept and pure catamaran FOWT subject to irregular wave (above rated). ............. 201

Figure 6-1. The CFOES CONCEPL. ..ottt 207

Figure 6-2. Comparison of wind turbine generated power and rotor responses under LC1. 209

Figure 6-3. Comparison of wind turbine blade-root bending moments under LC1. ............ 209
Figure 6-4. Comparison of wind turbine tower-base bending moments under LC1. ........... 209
Figure 6-5. Comparison of platform motions under LCL. ..........cccoeiiiiiiieninenineeeee, 210
Figure 6-6. Comparison of mooring line tensions under LCL. ........ccccooeiiiinininenicieee, 211
Figure 6-7. Generated power by the WEC system under LCL. .......cccooceiiiiiininenieieee, 212
Figure 6-8. Tidal turbine rotor speed and generated power under LCL...........cccccovevveivnenenn. 212

Figure 6-9. Comparison of wind turbine generated power and rotor responses under LC2. 213

Figure 6-10. Comparison of wind turbine blade-root and tower-base bending moments under

L 2 ettt er e Rt e te R e R e e Rt e te Rt e Re e et Rt e nae e teeneenreenreans 214
Figure 6-11. Comparison of platform motions under LC2. .........ccccoovevieiiieiic i 215
Figure 6-12. Comparison of mooring line tensions under LC2. ..........cccccoveviviiieviie e 216

XV



Figure 6-13. Generated power by the WEC system, and rotor response and generated power
Of tidal tUrDINES UNCEI LC2. ...ttt nre s 217

Figure 6-14. Comparison of wind turbine generated power and rotor responses under LC3.

................................................................................................................................................ 218
Figure 6-15. Comparison of wind turbine blade-root and tower-base bending moments under
3 TSP PRSPPI 219
Figure 6-16. Comparison of platform motions under LC3. ..........ccceoevieevieie v, 220
Figure 6-17. Comparison of mooring line tensions under LC3. ..........ccccovvvvveviieieccic s, 220
Figure 6-18. Generated power by the marine renewable energy systems under LC3. ......... 221

Figure 6-19. Comparison of wind turbine generated power and rotor responses under LCA4.

................................................................................................................................................ 222
Figure 6-20. Comparison of wind turbine blade-root and tower-base bending moments under
L . et bt b e R et bt R e e bt e R et e be e nhe e e be e teeare e 223
Figure 6-21. Comparison of platform motions under LC4. ..........ccoooeieiiiie i, 224
Figure 6-22. Comparison of mooring line tensions under LC4. ..........cccccevvevevievvccieieeneen, 225
Figure 6-23. Generated power from the WEC system under LCA4...........ccccooevvvivvcvciinenenn, 225
Figure 6-24. Comparison of blade-root and tower-base bending moments under LCS5. ...... 226
Figure 6-25. Comparison of platform motions under LC5. ..., 227
Figure 6-26. Comparison of mooring line tensions under LC5. ..........cccccevveveiieie e, 227
Figure 6-27. Schematic 0f the BCFOES. .........ccccoiiiiie e 229
Figure 6-28. Mesh of BCFOES concept generated in ANSYS AQWA.........coeiveieeieenen, 230
Figure 6-29. PTO system developed in ANSYS AQWA. ..., 232
Figure 6-30. Validation of BCFOES numerical model - simulation of regular wave condition
(H =2m, T = 9s) and comparison against numerical results of Li et al (Li et al., 2021). .....233
Figure 6-31. Free decay analysis of BCFOES. .........ccccocoiiiii i 235

Figure 6-32. Comparison of platform motion statistics between BCFOES and pure braceless
semisubmersible FOWT fOr LCL-3. .....cooiiiiiiieieeiecee et 237

Figure 6-33. Mooring line tensions of BCFOES and pure braceless semisubmersible FOWT
for all LCs: LC1 (Top), LC2 (Middle), LC3 (BOMOM)......cciririiriieiiiieiiene e 239

XVi



Figure 6-34. Time-domain rotor responses of BCFOES for all LCs and comparison to
braceless semisUDMErSIDIE FOWT .......c.ooiiiiiiiie e 240

Figure 6-35. Power contributions of the BCFOES for all LCs and comparison against
braceless sSemisSUbMErSIDIE FOWT .......c.ociiiiiiiec et 241

XVii



List of Tables

Table 2-1. Theoretical potential of wave energy resource in different regions of the world
(Aderinto and Li 2018). ....c.civeieiieiieie ettt nreereanes 22
Table 3-1. Examples of engineering tools and modelling methods. ...........cccooveveiiiieiiennnn, 78
Table 4-1. Properties of NREL 5MW reference wind turbine. ...........ccccoovveiveiniccveinene 125
Table 4-2. PIatform Properties. ..o e 126
Table 4-3. M0Oring SYStEM PrOPEITIES. ........eiiiieiieieieeerte sttt 126
TaDIE 4-4. LOAA CASES. .....eeveiiiiieiieieie sttt bbbttt bbbttt 128
Table 4-5. Natural periods (s) of the FOWT SYStemS. .......ccccovevieiiiiiiicc e 133
Table 4-6. Statistical results of platform motion responses (1000 — 4600S). ..........c.cccvervenne. 142
Table 4-7. Power production of both platforms under varying wave headings. ................... 155
Table 5-1. Design properties of tidal tUrbINES. ..........ccoviiiiiiiii 160
Table 5-2. Wavestar inertial Properties. ..o 165
Table 5-3. Properties of the CTT CONCEPL. ....cevvveeiriiiieiiicece e 170
Table 5-4. Load cases for analysis of CTT concept in operational conditions. .................... 175
Table 5-5. Statistical wind turbine rotor responses of the two concepts under operational load
(07 ] PP PUPPUTPRRTT 177
Table 5-6. Statistical tidal turbine rotor responses under operational load cases. ................ 178
Table 6-1. Properties of the CFOES CONCEPL. .....c.ecviiieiiiieiicce e 207
Table 6-2. Load €ases fOr CFOES..........cccooiiiiiee e 208
Table 6-3. Load cases for BCFOES. ... e 234
Table 6-4. Natural periods of the four concepts: braceless semisubmersible, braceless +
WEC, braceless + TT, and braceless + WEC + TT (triple) and comparison to available

L1 =] 2= LT =TSSR RSP 235
Table 6-5. Rotor response statistics of BCFOES for all LCs and comparison to braceless
SEMISUDMErSIDIE FOWT . ..o e 240

Xviii



Abbreviations

BCFOES Braceless Combined Floating Offshore Energy System

BEM Boundary Element Method

BEMT Blade Element Momentum Theory

CFD Computational Fluid Dynamics

CFOES Combined Floating Offshore Energy System

CTT Catamaran floating wind turbine integrated with tidal energy system
concept

CWS Catamaran floating wind turbine integrated with wave energy conversion

system concept

DOF Degree Of Freedom

EL Euler-Langrange

F2A FAST2AQWA

FEM Finite Element Model

FOWT Floating Offshore Wind Turbine

F-A Fore-Aft

GDWT Generalized Dynamic Wake Theory

HWNC Hywind-Wavebob-NACA 638xx Combination
IEC International Electrotechnical Commission

JONSWAP  Joint North Sea Wave Project

LC Load Case

LCOE Levelized Cost of Energy
NE Newton-Euler

O-o0-P Out-of-Plane

XiX



ORE

ORPC

owcC

OWSC

PM

PSD

PTO

RAO

RNA

S-S

SFC

STC

TEC

TLP

TRL

WEC

Offshore Renewable Energy

Ocean Renewable Power Company
Oscillating Water Column
Oscillating Wave Surge Converter
Pierson-Moskowitz

Power Spectral Density

Power Take-Off

Response Amplitude Operator
Rotor-Nacelle Assembly

Side-Side

Semisubmersible Flap Combination
Spar-Torus Concept

Tidal Energy Converter
Tension-Leg Platform

Technology Readiness Level

Wave Energy Converter

XX



Nomenclature

A
A
Bext

BPTO

Bpot(w)

Area
Axial stiffness
Linear damping coefficient

PTO damping coefficient

Potential damping for distinct wave frequency

Quadratic damping coefficient
Added mass coefficient

Drag coefficient

Lift coefficient

Inertia coefficient

Power coefficient

Thrust coefficient

Diameter

Young’s modules

Force

Buoyancy force

Wave height

Turbulence intensity

Second moment of area
Linear spring stiffness coefficient
Length

Integral scale parameter

Moment

XXI



Ps

Restoring moment
Power

Torque

Spectral ordinate at wave frequency

Tension

Thrust

Wave period

Mean zero crossing period
Peak period

Mean wave period
Velocity

Relative wind speed
Acceleration

Chord length

Hydrostatic stiffness
Wave celerity

Water depth

Demi-hull separation
Cyclic frequency

Gravity

Radiation impulse function
Wavenumber

Mass

Hydrostatic pressure

XXIi



ép
¢
br

Radius

Time

Mean flow speed

Wave steepness

Displacement

Vertical position of centre of buoyancy
Vertical position of centre of gravity
Turbulence scale parameter

Angle

Angular velocity

Peak enhancement factor

Axial strain

Wavelength

Density

Standard deviation

Velocity potential

Diffraction wave potential

Incident wave potential

Radiation potential

Wave frequency

Displacement

xXXiii



Chapter 1. Introduction

1.1 Background

The dependence on energy in human society to function is enormous. The finite reserves
of fossil fuels are continuously depleting. The consequences of climate change are growing in
severity. These are some of the most difficult challenges energy companies worldwide face
today. The current agenda to mitigate the impact of climate change is to maintain the global
temperature within + 2° since the pre-industrial era. To achieve this, the emission of greenhouse
gases must be reduced. Approximately one quarter of global greenhouse gas emissions are
produced from the power sector with coal being the greatest emitter (UK Government 2021).
This large contribution from the power sector depicts the urgency to replace fossil fuels with
renewable energy resources. In the pursuit of low-carbon electricity generation, the offshore
environment is being recognised as a viable solution, and as a result, is witnessing increased

exploitation.

The offshore environment represents an untapped and enormous energy source. It is
abundant in both variety and quantity of renewable energy. Different forms of Offshore
Renewable Energy (ORE) include offshore wind, waves, marine currents, tides, ocean thermal
energy and salinity gradients (Pérez-Collazo et al. 2015). Out of all forms of ORE, only the
offshore wind industry is an established energy industry. Since 2015, the deployment of
offshore wind turbines has increased significantly across the globe. This is because of maturing
technology, rapidly developing supply chains, increased market competition, and experience
gained from utility-scale installations. By the end of 2020, the cumulative global offshore wind
installed capacity increased by 5.52GW to reach 32.91GW from 200 operating projects (Walter
et al. 2021). Much of this added global capacity has come from European and Asian markets.

Conversely, all the other forms of ORE, or ocean energy, is far from commercialisation. Tidal
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and wave are showing the greatest potential considering technological readiness and project
development. Even then, these markets significantly lag behind offshore wind with the most
advanced concepts only in the demonstration phase. High capital investment and low rated
power capacities of current installations are the main factors for slow maturity (Lerch et al.

2019).

The latest technological innovation in the offshore wind industry is Floating Offshore
Wind Turbine (FOWT) technology. Approximately 80% of the world’s offshore wind resource
potential is in waters deeper than 60m (Equinor 2020a). From an economic perspective,
bottom-fixed foundations e.g., monopile, do not represent worthwhile solutions for wind
turbine applications in water depths greater than 60 m (Goupee et al. 2014). As such, alternative
support structures for wind turbines which have better economics are required for application
in deep waters. This is a primary reason for the major focus in research on FOWT technology
in recent years (Yang et al. 2021). Offshore wind farms in deeper water also have additional
advantages including exposure to better quality wind resources, wind farm space availability
and reduced noise and visual constraints (Bae 2013). In a short space of time, the floating wind
industry has evolved quickly with 15 units currently online representing 9 projects globally
including demonstrators (Quest Floating Wind Energy 2021). However, despite this rapid
development of floating wind, the industry is still nascent; only 0.08GW (0.25 %) of the
32.91GW cumulative global offshore wind installed capacity can be attributed to floating

installations (Walter et al. 2021).

A major design challenge prohibiting the commercialisation of FOWTS is cost-effective
concepts which are capable of penetrating a competitive energy market. Some issues which
need to be addressed are increasing understanding on coupled dynamic characteristics,
economic viability, and acceptable motion and stability assessment criteria (Le et al. 2020). In

relation to these issues, concepts need to demonstrate manufacturability and installation on a

2
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utility-scale and water depth applicability. FOWTs can be classified into one of four types
depending on how they achieve static stability. Spars are long cylindrical structures with
excellent hydrodynamic stability owing to its deep draught and low centre of gravity (Meng et
al. 2020). On the other hand, the draught of the spar is a constraint whereby the assembly of
the structure must be completed inshore and there is a minimum water depth for application
(Zheng et al. 2020). A Tension-Leg 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 tension. Currently, the costs and risks of TLP
application remain unknown unless full-scale sea testing is conducted (Murfet 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 platform subject
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 more challenging due to complexity in their
dynamic responses, caused by the combined effects of wind-wave coupled loads (Liu 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 intermediate and deep water application is limited by problems that include its sensitivity
to pitch stability in waves and complex requirements for its operational control (Olondriz et al.

2018).

It is evident then that there is no FOWT class that has advantages in all aspects over the
other classes. As such, innovative design solutions are still required for floating wind and ocean
energy technologies to achieve cost reductions in order to be competitive energy technologies

in the future. Thus, this is where an opportunity presents itself:
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“Can hybridization of floating offshore wind with marine energy be achieved so that
collectively offshore renewable energy applications can accelerate towards commercialisation

through innovating integrated infrastructure?”.

The concept of an offshore floating platform that facilitates more than one ORE asset is
referred to in this thesis as a Combined Floating Offshore Energy System (CFOES). A CFOES
offers a multitude of benefits. Considering power generation, the energy yield can be
substantially enhanced, and the power output is smoother with reduced intermittency.
Considering physical integration, major cost reductions can be achieved by eliminating the
need for multiples of the same component for example floaters, mooring systems and electrical
infrastructure such as power cables. A floating platform which can host multiple energy
systems creates other synergies that exist in installation, transportation, operation and
maintenance, decommissioning, legislation, and surveying. This is because the cost of these
processes can be spread over multiple assets (Skene et al. 2021). Specifically, for wind-wave
systems, with proper design, integration could improve platform dynamics by reducing wave
loads or introducing positive damping or extra restoring moments to the system (Si et al. 2021).
For wind-tidal systems, a tidal turbine system can introduce additional hydrodynamic damping
and reduce variability in mooring line tension (Yang et al. 2020b). Considering the
environmental impact of offshore energy parks, integrated applications optimize the usage of

marine space enabling full sustainable exploitation of the offshore environment.

However, the integration of ORE technologies in a single floating platform is not fully
understood. There is extremely limited research on floating power plants which facilitate more
than two different types of ORE system. Incorporating multiple dynamic systems into a single
floating platform increases the structural complexity significantly. Each dynamic system
influences the dynamics of the global structure, and it is vital that they function in harmony
rather than disruptively. As such, there is a need for further research in this area in order to gain

4
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knowledge on the complex coupling effects between floating wind and marine energy
hybridization. Moreover, research is often conducted using sophisticated numerical tools which
allow engineers to perform detailed design and analysis. Another problem arises in that there
are no numerical tools explicitly for the design and analysis of CFOESs. If 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 structure. Finally, 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 by TRL 1-3.

1.2 Aim, objectives, and project novelty

Based on the above introduction, the aim of this research is to innovate a CFOES concept
which can exploit three different forms of ORE using technology based on latest trends and to
develop a numerical model of this concept so that the performance can be evaluated under

typical design load cases.

Within the framework of this aim, the work has been split into seven objectives which are

summarised as follows:

1. To review the current state of knowledge on the topics of ORE and CFOESs,
focussing specifically on the floating wind, wave, and tidal energy industries.

2. Toinnovate a CFOES concept based on latest technology trends which can exploit
wind, wave, and tidal energy resources through systematic engineering design
approach.

3. To review current numerical modelling methods of ORE systems and to devise a

methodology that can be implemented in order to study the CFOES concept.



Introduction Chapter 1

4. To build a sophisticated numerical model of the CFOES concept within a
comprehensive simulation tool.

5. To validate the numerical model against either published experimental and/or
numerical data where possible.

6. To use the numerical model to perform integrated loads analysis on the CFOES
concept in the context of normal operation and extreme conditions.

7. To critically analyse the outputs of the numerical model in order to evaluate the
performance of the CFOES and to determine if the hybridization of ORE

technologies is beneficial and the CFOES concept has merit.

The novelty of the conducted research is achieved from the completion of these seven
objectives. The main novelty of this work is the development of a numerical model of a CFOES
that can extract power from three different ORE types (objective 4). To achieve this main
objective, supplementary numerical models are developed which start simpler and 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 a twin-hull platform to
function as a support platform for floating wind energy application. This unique design further
adds to the novelty of this work. The second and third numerical models developed are of a
Wave Energy Converter (WEC) system and tidal turbine system. The fourth and fifth numerical
models are of the FOWT and WEC system and the FOWT and tidal turbine system. These
numerical models can be used independently to better understand the coupling of the FOWT
concept with two different marine renewable energy systems. Equally, the research will be the
first study into a twin-hull support platform combined with marine renewable energy
technologies. Finally, the sixth and most novel numerical model is of the FOWT/WEC system

and tidal turbine system. The numerical model can be used to improve scientific understanding
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into the coupled dynamic behaviour of CFOESs that combine three or more systems. This is a
research area with extremely limited knowledge and any research would be a contribution to
this field. Furthermore, to the author’s knowledge, only one other numerical model of a CFOES
that integrates three different energy system has been publicly presented (Li et 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 means that the power performance cannot be
sufficiently assessed. The presented work aims to build upon these shortfalls by including
structural flexibility of the wind turbine and include a servo-control scheme in the model to
adequately evaluate the performance of the wind turbine. Finally, the literature survey which
was carried out in the initial stages of this project can be used as a strong reference for future

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

1.3 Thesis structure

This thesis is structured into 7 chapters which are described as follows:

Chapter 1 provides an overview to the project and states the engineering challenge
addressed by this research. The overview provides background on the scientific topics of ORE
and CFOESs. This chapter also delivers the aims and objectives of the project, the novelty, the

structure of the thesis, and notable publications generated from the project.

Chapter 2 is a state-of-the-art literature survey on the current state of ORE and CFOESs.
The survey focuses on the floating wind, wave and tidal energy industries, and there is strong

emphasis of market and technology for each ORE industry and CFOESs.
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Chapter 3 considers the main numerical modelling methods available to simulate and
analyse ORE systems. Initially, mathematical models of environment conditions within
engineering tools are discussed. The mathematical models within engineering tools used to
capture the dynamic behaviour in the different physics domains are reviewed. Finally, a
strategy on adapting common engineering tools for pure ORE systems for the purpose of

designing and analysing a CFOES is provided.

Chapter 4 introduces an innovative FOWT concept which is the central system to the
CFOES concept presented in Chapter 6. The chapter shows the development of the numerical
model in a comprehensive engineering tool of the FOWT concept. Next, the numerical model
is used to perform coupled analysis on the FOWT concept, and the results and discussion are

presented in the chapter.

Chapter 5 is dedicated to the development and integration of numerical models of the WEC
system and tidal turbine system into the numerical model of the FOWT separately. The chapter
begins with the development of the numerical models of the pure marine renewable energy
systems. The coupling of these numerical models with the FOWT numerical model is
presented. Both models are used to perform further coupled analysis on the FOWT concept
integrated now with a marine renewable energy system. The results from the numerical models
are compared to the pure FOWT concept presented in Chapter 4 to gain insight into the

consequences of integration.

Chapter 6 couples together the three numerical models of three different types of ORE
systems to create one numerical model of the CFOES. The numerical model is then used to
perform the final coupled analysis for common design load cases which reflect operational and

extreme conditions. Another CFOES concept is also presented in the second part of this chapter
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which aims to reinforce the methodology derived from this work of coupling numerical models

of ORE systems.

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

suggestions for future work.

1.4 Publications generated

Notable publications generated as a result of this research include:

1. Cutler, J., Bashir, M., Yang, Yang., Wang, J., Loughney, S., 2021. Assessment of
dynamic responses of 5 MW floating offshore wind turbine platforms in intermediate
water depth. In: CORE 2021 Conference Proceedings (5th International Conference
on Offshore Renewable Energy, 26th-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 application. Ocean

Engineering, 258. ISSN 0029-8018
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Chapter 2. Combined floating offshore energy systems

This chapter presents a literature survey on the scientific topics of ORE and CFOESs. To
completely understand the concept of a CFOES, knowledge is required on the pure ORE
technologies which comprise these integrated systems. The ORE types reviewed in-depth
include floating offshore wind, wave, and tidal energy. The presented literature aims to provide

a solid background on these ORE forms in terms of market and technology.

Therefore, the chapter is organised into the following sections: Section 2.1 is an
introduction to ORE. Sections 2.2, 2.3, and 2.4 present a review of floating offshore wind,
wave, and tidal energy, respectively. Section 2.5 introduces the main topic of this work,
CFOESs. In this section both commercial and academic CFOES concepts and synergies of
hybridization are critically discussed. Section 2.6 presents chapter conclusions highlighting a

summary of key findings from the survey of literature on the chosen topics.
2.1 Offshore renewable energy

Water makes up approximately 71% of the Earth’s surface as oceans and seas (U.S.
Geological Survey (USGS) Water Science School 2019). The offshore environment is a vast
natural deposit of renewable energy. ORE encompasses all renewable energy resources found
in the offshore environment. The different energy forms can be grouped into two: offshore
wind energy (bottom-fixed and floating) and ocean energy (Pérez-Collazo et al. 2015). Ocean
energy includes all renewable energy forms present in oceans and seas. These energy forms
make use of the kinetic, potential, chemical, or thermal properties of seawater. The energy
forms include ocean waves, ocean currents, tidal currents, tidal range, thermal gradients, and
changes in salinity. Each resource can be exploited using different technologies which convert

the energy into a useful form, electricity (Mofor et al. 2014).

11
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One of the most active solutions to reducing carbon emissions and the rate of climate
change is to increase the development of renewable energy systems. ORE is now considered a
viable and attractive branch of renewable energy which can significantly contribute to the
growing demand of green energy development (European Commission 2023). The rapid
growth of ORE is mainly attributable to bottom-fixed offshore wind energy. However, the last
decade has witnessed the conceptualization and commercial application of a number of floating
platforms for wind energy conversion (Equinor 2020b) (Principle Power 2020) (Ideol 2020a)
(Murfet and Abdussamie 2019). The success of demonstrators and pre-commercial scale
projects has placed floating platform technology for wind turbine application at the forefront
of academic research and industry innovation (Jonkman 2010) (Robertson and Jonkman 2011)

(Robertson et al. 2014a).

In contrast to offshore wind, ocean energy industries collectively have struggled to gain
traction and reach commercialisation. The fundamental problem is the high initial costs
associated with concept development and demonstrator installation. The power ratings of ocean
energy technologies create an unattractive payback period, which can be as long as decades.
This deters investors and hinders the necessary optimised development of ocean energy
technology. For ocean energy to reach commercial status and become competitive, significant
scalability needs to be demonstrated (Mofor et al. 2014) (Uihlein and Magagna 2016). On the
other hand, due to the success of floating wind, questions have arisen concerning the possibility
of ORE hybridization. In sites where offshore wind and ocean energy resources coexist, an
offshore floating platform that can support multiple renewable energy systems is a bright
solution to reducing the LCOE for all integrated ORE assets. Amongst other factors, the
reduction in the LCOE can be achieved through increasing power production and the sharing

of expensive infrastructure. This includes the support platform, mooring system, and electrical
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infrastructure. ORE hybridization is the next natural step to developing an optimized and

sustainable offshore environment.

Therefore, this chapter presents a state-of-the-art literature review on ORE hybridization.
The first part of this chapter will separately review floating wind energy, wave energy, and
tidal energy in terms of the resource, market, and technology. The second part of this chapter
will review CFOESs, synergies of hybridization, 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 chosen topics.

2.2 Floating offshore wind energy

The offshore wind industry is rapidly growing which has been stimulated by the urgent
need to produce electricity from renewable energy sources. The offshore environment offers
attractive advantages over the onshore environment for wind power generation. These
advantages include resource availability and stability, optimum wind speeds, relatively low
wind shear and turbulence intensity, and increased probability of higher energy density (Liu et
al. 2021). As defined in the International Electrical Commission (IEC) 61400-3 standard, a
wind turbine is classed as an offshore wind turbine, if the support structure is subject to

hydrodynamic loading (International Electrotechnical Commission (IEC) 2009).

2.2.1 Offshore wind market

In 2017, Europe recorded an upswing in investment in offshore wind that approximately
reached 7.5billion Euros. As a result of this investment, 560 offshore wind turbines were
successfully connected to the grid. This increased Europe’s wind generated electricity by
3.15GW (Shi et al. 2019). Two years later, a further 502 offshore wind turbine installations

were completed. This provided an additional capacity of 3.63GW to bring the overall capacity
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in Europe to 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, drivetrain, and control technologies.
It enabled the deployment of larger wind turbines with higher power ratings (IRENA 2019).
By the end of 2020, the cumulative global offshore wind installed capacity increased by

5.52GW to reach 32.91GW from 200 operating projects (Walter et al. 2021).

The offshore wind industry has two markets which are separated by the foundation used
to support the wind turbine. The foundation simply can be fixed to the seabed or floating. Most
existing offshore wind farms employ bottom-fixed foundation technology to support wind
turbines in shallow waters (< 50m). However, viable nearshore sites are becoming exhausted.
Inevitably, the development of wind farms will have to move further from shore into deeper
waters (Loughney et al. 2021). On the other hand, approximately 80% of the world’s offshore
wind resource potential is located in waters deeper than 60m (Equinor 2020a). The engineering
problem is that bottom-fixed foundations are not viable economic solutions for wind turbine
applications in water depths greater than 60m (Goupee et al. 2014). Consequently, floating
platforms have become the favoured option for supporting wind turbines in deeper waters

(Yang et al. 2021).

The floating wind industry is nascent with only three operational wind farms worldwide.
These are Hywind Scotland (29km off Peterhead, Scotland), Windfloat Atlantic (off the coast
of Viana do Castelo, Portugal) and Windfloat Kincardine (15km off the coast of Aberdeen,
Scotland). The contribution of the installed capacity of floating wind with respect to the
cumulative global offshore wind installed capacity is only 0.08GW (0.25%) of the 32.906GW
(Walter et al. 2021). Nonetheless, FOWTs are the next generation of offshore wind turbines.
The technology was inspired by offshore platforms purposed for use in the oil and gas industry
to harvest the fuel reserves in deep-water fields. The offshore wind industry is now following
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suit and utilizing floating platform technology to exploit the abundant wind resource available
out at sea. FOWTs can be placed kilometres away from shore in depths well over 1,000m where
they can benefit from much higher quality wind resources (Wind Europe 2017). FOWTs will
create new markets and unlock acres of marine space where depth and poor bathymetry

previously constrained bottom-fixed offshore wind farms.

2.2.2  Wind turbine technology

A wind turbine is a complex system of many structural components (Figure 2-1). The
main components include the blades and hub (which together form the rotor), nacelle, and
tower. In the case of offshore wind turbines, a substructure can be considered a main
component. The nacelle is located at the top of the tower and connects all the parts used to
generate electricity which include the rotor, drivetrain, and generator. The drivetrain is a system
of mechanical components such as gears, bearings, and shafts that connects the primary
converter (rotor) to the secondary converter (generator). The first component in a drivetrain is
typically the low-speed shaft, or main shaft. One end of the shaft is connected to the rotor whilst
the other end is connected to the slow-rotating side of the gearbox. When the wind blows over
the blades, they are lifted causing the rotor to spin. The function of the gearbox is to increase
the rotational speed in order to drive a generator that is situated at the other end of the drivetrain.
A generator converts the mechanical energy of the wind turbine rotor into electricity. A large
brake disc is also attached to the drivetrain which keeps the turbine in stand-still when required
or when the turbine needs to be shut down in an emergency. There 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 generation (Madvar et al. 2019).
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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:

1
P = EpaiGCAsVﬁel [1]

where pg;, is the density of air; C, is the power coefficient; A; is the swept area of the rotor;

and V...; is the relative wind velocity.

Modern wind turbines are variable-speed and pitch-controlled. Blade pitch control
continuously adjusts the blade pitch angle to optimize the angle of attack to the wind speed. By
doing so, maximum lift force is generated, and maximum power is produced. The hub
component is what permits the pitching of the blades. The blades are mounted on to special
bearings within the hub. The blades can produce maximum lift force for a range of wind speeds
without stalling. Fast pitching of the blades to zero degrees (feathering) provides an effective

means to stop the turbine in emergencies (Karimirad 2014).
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2.2.3 Support platforms

A wind turbine is exposed to a new range of motions when mounted on to a floating
platform (Hall et al. 2014). This creates a modern design problem involving complex coupled
aero-hydro-elastic dynamics. Specifically, two modes of motion introduced by the floating
platform can increase critical structural loads of a wind turbine. The two motions correspond
to fore-aft translation (surge) and fore-aft rotation (pitch) of the platform. These motions can
induce large bending moments in the tower and blades. Motions mainly occur due to wave
excitation or by the aerodynamic forces acting on the wind turbine. To reduce motions resulting
from hydrodynamic loading is to design a structure that is “hydrodynamically transparent”. In
other words, a floating structure with a small waterplane area and moment of inertia to
minimize loading from waves. Conversely, the 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 properties directly affect the floating platform’s
ability to resist hydro- and aerodynamic loading. The difficulty in floating wind turbine design
becomes apparent when considering these properties. If the waterplane area and moment of
inertia is large, then the platform has better aerodynamic resistance, but the hydrodynamic
loading is greater. If the waterplane area and moment of inertia is small, then the platform is
more transparent hydrodynamically but is more susceptible to aerodynamic loading (Hall et al.

2014).

FOWTs are classified based on their rotational (pitch and roll) hydrostatic stability
characteristics (Jonkman and Matha 2011) (Thiagarajan and Dagher 2014). These platform
characteristics govern how the floating platform counteracts the overturning moment mainly

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 moment in roll (Mp, 44)

and pitch (Mg, 55) can be calculated as the sum of three contributions:

Mg s = | pglax + Fg " Zcg — Mg * ZcG + Caamoor |SINGD [2]
a B ¥

MR,SS =\p Iyy + Fg*zZcg —mg " Z¢g + CSS,moor sin 6 [3]
a B Y

where « is the ‘buoyancy’ contribution from the waterplane area, proportional to p, the density

of seawater; g, the gravitational acceleration constant; and I, or I, , the second moment of

yy o
the waterplane area. 8 is commonly referred to as the ‘ballast’ contribution which results from
the relative position of the centre of gravity (z.¢) and the centre of buoyancy (z.g); Fj is the
buoyancy force; and m, is the total mass of the support structure. y is 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 mechanism for Tension Leg Platform (TLP)
systems. If the main contribution is a to the total restoring moment, the support structure is
said to be ‘buoyancy stabilized’. If § is the main contribution, the support structure is

considered as ‘ballast stabilized’. Finally, if y is the main contribution, the structure is said to

be ‘mooring stabilized” (Collu and Borg 2016) (Figure 2-2).

18



Combined floating offshore energy systems Chapter 2

Ballast
stabilized

Barge
O Semisubmersible O

@

stabilized stabilized

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 FOWTs (Figure 2-3). Spars are
simple cylindrical structures with excellent hydrodynamic stability owing to its deep draught
and low centre of 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 restricted (Zheng et al. 2020).
Hywind in Scotland, developed by Statoil (now Equinor) (Equinor 2020b) is the world’s first
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 compared to the other types
(Taboada 2016). This platform type has good potentials for application due to its limited

motions derived from the use of restraint tendons (Murfet and Abdussamie 2019). Despite these
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positives, the costs, and risks of application of a TLP remain unknown unless full-scale 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 hydrodynamic behaviour of the platform subject
to wind load excitations is considered particularly good. Application of semisubmersible
platforms is regarded more achievable due to ease in their installation and tendency to have
lower costs of installation (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, caused by the combined effects of wind-wave coupled loads. In addition,
the heave response of the platform is also another source of concern because of its influence
on general platform stability (Liu et al. 2016). Currently, there are three 8.4 MW
semisubmersible FOWTSs developed by Principle Power (Principle Power 2020), as 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 sensitivity to pitch
stability in waves and complex requirements for its operational control (Olondriz et al. 2018).
Although the ITI Energy barge concept has been around for a while, the only high-capacity
barge FOWTs in operation are the Ideol demonstrators of its Damping Pool concept, Floatgen

(Ideol 2020a) and 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) monopile b) gravity-based c)

jacket d) tripod e) spar f) semisubmersible g) tension-leg platform h) barge.

2.3 Wave energy

2.3.1 Resource

Converting wave energy into electricity has been an idea for centuries (Falnes 2007). Wave
energy is a powerful ORE resource which is considered as a derivative of solar and wind
energy. The natural rotation of the earth results in differential heating by the sun. Consequently,
an uneven distribution of high- and low-pressure 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 between the wind and water’s surface and the progressive
transfer of energy (Mattiazzo 2019). Some distinct advantages of this physical phenomena
include high energy density (defined as the available resource power per meter), the 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 cost efficient and reliable (Sandberg et al. 2016).
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2.3.1.1 Quantification of wave energy resource

An important initial step towards investor confidence and market deployment of wave
energy technology is the characterization and mapping of the resource. Such assessments
include identification of geographical areas with high wave energy, the quantification of energy
(e.g., total annual wave energy), and the description of the resource using design parameters
such as significant wave height, wave energy period and mean wave direction. Governments,
private organisations, and researchers have all conducted studies to estimate the wave energy
resource at global and regional scales. The European Commission (2015a) quantified the global
potential wave energy to be 29500TWh/year. Gunn and Stock-Williams (2012) estimated the
world’s theoretical wave power resource to be 2.11 + 0.05TW to 95% confidence using the
tool WAVEWATCH-III. Perez-Collazo et al. (2015) stated the best wave conditions for
harvesting as an energy resource are found in medium-high latitudes and on deep waters (>
40m), with maximum power densities between 60-70kW/m. Rusa and Onea (2018) suggested
the most attractive areas from an energy aspect are found between 30 — 60° latitudes in both
hemispheres, a similar finding to the previous study. They estimated the total theoretical energy
potential to be around 32,000TWh/year. This estimation is slightly higher than others but is in
the same order of magnitude. Aderinto and Li (2018) provide a general overview for the
theoretical potential of the wave energy resource in different regions of the world, see Table

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 America) 5,500

22



Combined floating offshore energy systems Chapter 2

Oceania 5,600
Asia 6,200
TOTAL 29,500

Carbon Trust (2011) and the Crown Estate (2012) estimated the total recoverable wave
energy resource in the UK to be 50TWh/yr and 69TWh/yr, respectively. Weiss 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 in the world
with an output exceeding 250TWh/month. Moreover, Weiss et al. (2018) additionally assessed
the combined estimated extractable power of both resources for the two sites. They found that
the combined power output exceeded 345TWh/month for each site. Arinaga et al. (2012) 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 waves in relation 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 mid-latitude swells 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 researchers over time have
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 concept is mutually recognised

(Gao et al. 2016).
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A WEC is designed to harvest wave energy for a range of sea states defined by wave
periods and wave heights. According to the law of conservation of energy, a device which
extracts energy through the interaction with ocean waves, must reduce the amount of wave
energy that is otherwise present in the ocean (Falnes 2007). In other words, wave energy
absorption should principally be understood as wave interference. To absorb the energy from
a wave, the device must be capable of generating a wave that interferes destructively with the

incident wave (Todalshaug 2017).

WECs can be classified based on distinctive characteristics such as shape and size,
working principles and installation location (Ding et al. 2015) (Figure 2-4). The most common
classification is based on working principles. Drew et al. (2009) classified WECs 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 surge converter c)

attenuator d) point absorber €) 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 ‘flex’ with the rise and fall of waves. This flexing motion drives a Power Take-
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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 can be adversely affected. Pelamis

(Henderson 2006) was a famous example of an attenuator WEC.

Terminators have their principal axis positioned perpendicular to the incident wave, 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 water level and release 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. OWSCs are typically 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 relative to the other two WEC classes and the
wavelengths of the incident waves. This enables a strong advantage of being able to exploit
wave energy from all directions. Point absorbers generate electricity through the relative
motion between a body that heaves up and down on the water’s surface and a fixed point.
Submerged pressure differentials can be considered point absorbers except that the difference
between the two is that they are fully submerged devices. They exploit the pressure differential

above the device as a result of passing wave crests and troughs.

Oscillating Water Columns (OWCs) are another type of WEC which can be classed as
both a point absorber and terminator class. An OWC consists of a column with an opening
below the water’s surface. As waves interact with the device, water is forced up and down the
column. This forces air in the column upwards and downwards as the waves rise and fall.

Within the column is a turbine which generates electricity from the airflow. Bi-directional
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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 take-off 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 energy e.g.,
a point absorber. The importance of a PTO system is significant as it strongly influences the
efficiency of energy conversion of the WEC. Moreover, the PTO system contributes to the
mass, size, and structural dynamics of the WEC. The PTO system can be anywhere between
20-30% of the total cost of the WEC which means it has a direct impact on the LCOE. This
highlights the important relationship between the PTO system and WEC economics (Erselcan
and Kukner 2014) (Tétu 2017). Designing a cost-effective PTO system is one of the main
challenges in developing a WEC concept. The PTO system must be durable and reliable enough

to survive extreme sea state conditions whilst operating smoothly on a day-to-day basis.

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

The types of PTO systems are as follows:

e Hydro turbine

e Airturbine

e Hydraulic system

e Direct mechanical drive system

e 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 the runner which
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is either axial or radial. Kaplan 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 higher and require little maintenance
(Escaler et al. 2006). Air turbines are used in OWCs; the challenge for this PTO system is the
bi-directional airflow. Self-rectifying air turbines are one solution that converts energy from
the alternating air flow into mechanical unidirectional rotational energy. There are numerous
types of self-rectifying air turbines with the most common being the Wells air turbine (Falcéo
et al. 2014). Others include impulse turbines and Dennis-Auld turbines. Hydraulic PTO
systems are typically used in WECs which have a working 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 subsequently drives an electrical generator. Direct mechanical drive systems transfer the
mechanical energy of an oscillating body to an electrical generator via an additional mechanical
system such as a 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 to a simplistic design.
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 captured 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 alternating current (Tétu

2017).
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2.3.4 Wave energy market

This section presents reviews WEC technologies being developed across the globe at the
time of authoring this thesis. Irish WEC company Seapower has designed an attenuator called
the Seapower Platform (Sea 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 its straightforward design and it makes for easier manufacturing and
installation. The PTO system is a mechanical direct drive, and the concept has a 1MW rated

power capacity.

Figure 2-5. Seapower Platform (Sea Power 2022).

Mocean Energy (Mocean Energy 2022) is another WEC company with an attenuator
concept. The Blue Horizon concept (Figure 2-6) is a hinged raft that features ‘digger bucket-
like’ fore and aft. This means that the system can dive through the largest waves easily. The
concept has undergone extensive experimental and numerical testing and secured funding from

Wave Energy Scotland to test a scaled prototype.

28



Combined floating offshore energy systems Chapter 2

Figure 2-6. Mocean Energy Blue Horizon concept (Mocean Energy 2022).

Finnish company AW-Energy have pioneered an OWSC called WaveRoller (AW-Energy
2022) (Figure 2-7). The machine operates nearshore in shallow waters (8 — 20m) and its
submerged and anchored to the seabed. The back-and-forth movement of water driven by wave
surge puts WaveRoller into motion. A single WaveRoller unit is rated up to 1MW power

capacity with a capacity factor of 25 — 50% depending on site conditions.

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

Australian firm Carnegie Clean Energy (Carnegie 2022) are developing a fully submerged
pressure differential WEC (Figure 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 6 (Carnegie 2022).

Swedish company CorPower Ocean (CorPower Ocean 2022) is also developing a point
absorber WEC. However, this design is more traditional featuring a heaving buoy on the
water’s surface connected to the seafloor using a tensioned mooring system (Figure 2-9). A
unique phase control system that makes the device oscillate in resonance with incident waves
is used. Usually, resonance wants to be avoided as WECSs have limited maximum offset and if
the device exceeds this limit, great stress can be put on the system. However, 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 concept has improved storm survivability; the system can cope

with large wave amplitudes.

A

Figure 2-9. CorPower WEC (CorPower Ocean 2022).
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Wavestar (Wavestar 2016) and Eco Wave Power (Eco Wave Power 2022) developed
similar WEC concepts (Figure 2-10). The systems harvest wave energy by a row of partially
submerged buoys 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 amount of power, but the cumulative power can total sizeable,
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.

i “

Figure 2-10. Wavestar (Wavestar 2016) (left) and Eco Wave Power (Eco Wave Power 2022)

(right).

OceanEnergy (OceanEnergy 2022) is another Irish WEC company which have developed
an OWC, namely OE Buoy (Figure 2-11). Recently, the company have just completed their
demonstrator which will be deployed off the coast of Hawaii. The floating structure is
exceptionally large (826ton) and has a potential power capacity of 1.25MW. Because it is an
OWC, the turbine is the only moving part of the system which means that OE Buoy has

particularly good reliability 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 another form of ocean energy with good potential to contribute to global
power generation. Tidal energy can be separated into two categories: tidal current energy and
tidal potential energy. Tidal current energy exploits the kinetic energy of tidal currents. Tidal
potential energy exploits the potential energy associated with the water-level difference during
ebb and flood (typically exploited using dams or barrages) (Soleimani et al. 2015). Tidal
currents have excellent long-term predictability; it is possible to predict tidal currents to 98%
accuracy for many years ahead. Thus, it is one of the most reliable forms of renewable energy
available. The predictability of renewable energy sources is critical to the successful integration
into the electrical grid (Ben 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 2.6 times more than the sun) (Khan et al. 2017). Tides move around the
earth as “bulges” in a cyclical pattern. High tides are created as the ocean bulges toward the

moon.

The available tidal current power in 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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1
where p is seawater density; A is cross-sectional area of the turbine and V is 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:
1 3
P == CppAV [5]
where C, is the power coefficient. For wind turbines, C, is generally between 0.25 — 0.3 but
some wind turbines can reach up to 0.4. For tidal turbines, C, is estimated to be in the range of

0.35 - 0.5 (Ben Elghali et al. 2007).

The UK has around 50% of Europe’s tidal energy resource, yet as of 2019 the installed
capacity was 35.5MW (Walker and Thies 2021). Primary factors for limited deployment
include high initial cost of projects and difficulty with operation and maintenance. Tidal power
plants have few optimal locations where the plant can be set up. The installations have been
challenged with reliability issues resulting in lower-than-expected power generation, shortened
deployments or even failure. Consequently, the investment landscape is challenging as investor
risk is high. As such tidal energy has a high LCOE compared to other forms of renewable

energy which reduces its 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 technologies: axial-flow
turbine, crossflow turbine, oscillating hydrofoil (Laws and Epps 2016) (Khan et al. 2009), or

tidal kite (Figure 2-12).
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The majority of TEC concepts are axial-flow turbines with rotation axis parallel to the
current flow direction akin to 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. Furthermore, axial-flow
turbines can be open or ducted (venturi) and can be positioned anywhere in the water column
(fixed to the seabed or floating). Floating tidal turbines are used to exploit tidal energy in deep
waters. Additionally, tidal flows are stronger near the water’s surface SO more power can be
generated by a floating tidal turbine compared to a traditional tidal turbine fixed to the seabed

at the same location (Sanchez et al. 2014).
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Figure 2-12. TEC types: a) axial-flow turbine b) vertical-mounted crossflow turbine c)

horizontal-mounted crossflow turbine d) oscillating hydrofoil e) tidal Kite.

Other advantages of floating tidal turbines include no bathymetric or subsurface
topography requirements, and 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 surface’s which requires rigorous designs to be able to deal with
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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 are currently developing the MeyGen project which is the
largest tidal farm project in the world and is the only commercial multi-turbine array to have
commenced construction. The first phase of the project is a 6MW demonstration array
comprising four 1.5MW turbines which are fully submerged and installed on gravity-base
foundations resting on the seabed (Figure 2-13). They are all upstream, three-bladed,
horizontal-axis machines with a rated power capacity of 1.5MW at 3.0m/s and a rotor diameter
of 18m. Only two of the four turbines are installed and since 2017 have exported more than
25.5GWh 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 turbine (SIMEC 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 (FFS) is three tidal turbines
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mounted to a triangular structure which for a single unit array (Figure 2-14). The turbines in
the FFS are conventional horizontal-axis turbines. They consist of three fixed-pitch blades that
rotate slowly capturing the energy from fast underwater currents (+1.8m/s), 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) turbine (Verdant Power, 2021).

Orbital Marine Power (Orbital Marine Power 2022), at present, have developed the
world’s most powerful floating tidal turbine called the O2 (Figure 2-15). The concept features
two bi-directional two-bladed 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 and a total rated capacity of 2MW. Orbital
Marine Power are leading a consortium to deliver the FORWARD2030 project. The project

aim is to accelerate the commercial deployment of floating tidal energy.
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Figure 2-15. Orbital Marine Power, Orbital O2 (Orbital Marine Power 2022).

Crossflow turbines are alike to vertical-axis 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. Generally, crossflow
turbines are less efficient compared to axial-flow turbines. They do possess certain advantages
over their counterparts. They can generate power from any flow direction that is perpendicular
to axis of rotation. Also, arrays of crossflow turbines can be more efficiently grouped due to
the blades having a rectangular cross-section. However, the working principle of crossflow
turbines mean they are inherently subject to cyclic loading. Cyclic loading increases fatigue on
the structure or structural components, which in this case is the turbine blades. Although, if the
turbine blades are of a helical shape, then cyclic loading can be reduced. Ocean Renewable
Power Company’s (ORPC) RivGen Power System (Ocean Power Renewable Company

(ORPC) 2022) is an example of horizontal mounted crossflow turbine (Figure 2-16).
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Figure 2-16. ORPC RivGen Power System (Ocean Power Renewable Company (ORPC)

2022).

There are other unconventional 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. They oscillate due to induced lift and drag forces caused by the fluid flow over the
hydrofoil (Dahmani and Sohn 2020), (Esmaeilifar et al. 2017), (Kinsey and Dumas 2010). Tidal
kites consist of a turbine mounted to a hydrodynamic wing and tethered by a cable to a fixed
point that leverages flow to lift the wing. As the kite follows a distinct shaped trajectory
sweeping a large area, the relative speed of the kite can reach several times the actual speed of
the underwater current. At certain points this increases the generated power significantly.
Electricity production is typically via a generator coupled to the turbine. Minesto’s Dragon
Class (Minesto 2022) is a pre-commercial 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 concept (Minesto 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 following sections: (1) the concept of
a CFOES; (2) the benefits of hybridization; (3) a market review; and (4) a review of the

literature.

2.5.1 Concept of CFOES

Holistically, the development of ORE parks is restricted by cost. This is mainly because
deploying a power generation system offshore requires 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 of CFOESs, it is important to first understand the
motives for combining ORE systems (floating wind and ocean energy) into a single
infrastructure. Floating offshore wind has an established “parent” industry in bottom-fixed
offshore wind. This means the nascent industry can take advantage of existing supply chains

and infrastructure, and grid connections (Mofor et al. 2014). For ocean energy technologies,
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no specific supply chains are readily available. This means that developers often have to take
on more roles than initially expected which can be costly and time consuming. Thus,
development is hindered as ocean energy technology developers often have limited resources
(International Renewable Energy Agency (IRENA) 2020). The existence of a parent industry
has proven to boost momentum concerning deployment and the maturity rate of technology.
Floating wind has overtaken ocean energy in terms of installed capacity even though these
industries have been established for much longer. Therefore, this accelerated success of
floating offshore wind has prompted companies, academics, and researchers alike to question
the possibility of ORE hybridization. The motives include: (1) ORE developers share the same
goal which is to produce electricity for the cheapest price possible; (2) all ORE systems operate
and must survive in the same environment, thus share the same design challenges (Pérez-
Collazo et al. 2015); (3) is there a possibility that ocean energy can effectively “piggyback” on
floating wind’s growth by using the existing supply chains in place (Mofor et al. 2014); and
(4) marine space is becoming increasingly congested with users including established
industries such as fishing and shipping as well as emerging industries such as offshore
aquaculture, seabed mining, and marine biomass cultivation (Schupp et al. 2019). In 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 one ORE source compared to a pure system which can only exploit one.
However, with proper design there is an array of other synergies associated with CFOESs.
These include: (1) intermittency, an inherent characteristic of most renewable energy sources,
can be reduced resulting in a smoother, more reliable power output; (2) this enables the creation

of an integrated energy mix; (3) significant cost reductions can be achieved through the sharing
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of a common substructure, grid infrastructure and mooring system, shared logistics,
installation, transportation vessels and operation & maintenance; (4) in the context of
combining floating wind turbines with WECs, 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 turbine (Zhu and Hu 2016); (5) similarly, tidal turbines can
introduce additional hydrodynamic damping resulting in reduced variability of platform
motions and mooring line tensions (Yang et al. 2020b); and (6) sustainable development, the
optimization of marine space can prevent conflicts amongst offshore users and alleviate
pressure on fragile ecosystems (Karimirad 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 and demonstrators

Floating Power Plant’s (Floating Power Plant 2022) FPP platform is the world’s first
successfully offshore-tested combined wind and wave device (Figure 2-18). The substructure
is a semisubmersible platform which can support a single wind turbine (4 — 15MW) and up to
4MW of wave power depending on the available resource. The platform is kept in position by
a single-point mooring system which permits platform weathervaning (the platform can
passively rotate to face incoming wind and waves). The WEC system can absorb between 60
— 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 operate the first
commercial plant by 2022, followed by a number of plants that accumulates to a capacity of

50MW by 2030.
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Marine Power Systems (MPS) (Marine Power Systems 2022) have devised a flexible
solution called PelaFlex. It can be configured to harness wind and wave energy in deep water,
either as a combined solution or on their own. 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 megawatt-scale device at Biscay Marine
Energy Platform, Spain. They also plan for a multi-megawatt array at European Marine Energy

Centre, Scotland.

Figure 2-18. Floating Power Plant’s FPP platform (Floating Power Plant 2022) (left) and
Marine Power Systems’ PelaFlex floating platform and wave energy converter (Marine

Power Systems 2022) (right).

Excipio Energy (Excipio Energy 2022) conceptualised a platform capable of integrating a
full spectrum of ORE technologies called Excibuoy. The concept hosts wind turbines, WECs,
tidal turbines and ocean thermal energy converters giving a total projected rated power capacity
of 29MW (Figure 2-19). This is equivalent to multi-unit floating wind farms e.g., Hywind
Scotland. The concept is ambitious, but it potentially symbolizes the future of optimised
renewable power generation in the 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.

Figure 2-19. Excipio Energy’s Excibuoy platform (Excipio Energy 2022).

German company Sinn Power (Sinn Power 2022) have installed an 80kW demonstrator of
their floating hybrid multipurpose platform concept, SOcean (Figure 2-20), in Heraklion. The
concept extracts energy from three different renewable energy sources; wave, wind, and solar
energy. A novelty of the concept is that it is designed to be used in a modular approach to build
large floating solar plants with a combined capacity of up to 10MW 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 successfully carried out testing in Heraklion and is actively

marketing its solutions to project developers worldwide.
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Figure 2-20. Sinn Power’s Ocean Hybrid Platform (Sinn Power 2022).

Principle Power is a major floating wind platform developer who explored the integration
of WECs into their semisubmersible FOWT concept, WindFloat. The project, WindWaveFloat
(Roddier and Banister 2012), assessed 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 concepts 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 showed a maximum average power of 150kW/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 unfeasible at this time. Not
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 OWSCs (Roddier 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 H2OCEAN
(H20CEAN (European Commission 2014a), MARINA (European Commission 2014b),
MERMAID (European Commission 2015b), ORECCA (European Commission 2011), and
TROPOS (European Commission 2015¢) had a common theme of integration of various user
functions into a single infrastructure. Functions could include energy generation, hydrogen

generation, offshore aquaculture, shipping, tourism, and leisure.

2.5.4.1 Project MARINA

Project MARINA is aimed specifically at accelerating ORE applications to utility-scale
through hybridization. Three combined concepts (Figure 2-22) were selected to have their
feasibility assessed through physical modelling and numerical simulation. The concepts were
the Spar-Torus Combination (STC), the Semisubmersible Flap Combination (SFC), and the

larger floater with multiple oscillating water columns and one wind turbine (OWC array).
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Figure 2-22. a) STC concept b) SFC concept c) OWC array concept (European Commission

2014b).

The STC concept combines a spar FOWT with a point absorber WEC inspired by the
models ‘Hywind’ and ‘Wavebob’, respectively. The WEC is a large donut-shape buoy which
is known as a torus and surrounds 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
substructure. Muliawan et al. (2013) performed a time-domain coupled analysis to study the
dynamic responses and estimate the power production of STC concept. A 15% enhancement
in power output could be achieved and the variability of platform motions decreased compared
to a pure spar FOWT. Wan et al. (2015) 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 vortex-induced motion, Mathieu 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 flap-type WECs with elliptical cylinders which exploit the horizontal water
wave particle velocity. Luan et al. (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 al. (2014) investigated the effect of the flap-type 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 was a good 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 energy compared to the SFC concept. However, whilst the results showed that
the numerical models can reasonably predict the responses of the CFOESs, 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 concept was to investigate
the viability of extremely large floating platforms. It was found that the power performance of

the WECs was comparable to that of wind turbines i.e., MW 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. Further details can be found here (Sojo and Auer 2014).

2.5.5 Academic research

There is a good quantity of journal publications on the topic of CFOESs. 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 limited research 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 dynamics of the CFOES.

2.5.5.1 Academic reviews of CFOESs

Ding et al. (2015) presented an overview of hybrid wind-wave 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 Sharman (2020) published a
concise review on the types of hybrid floating offshore wind and wave energy systems, their
advantages and design challenges. Compared to these two works, Perez-Collazo et al. (2015)
conducted a comprehensive review of offshore wind and wave energy hybridization. An
overarching analysis was presented on the most relevant aspects related to hybridization such
as resource, synergies, possibilities, and suitable technology (substructures and WEC
technology). A novel classification was also proposed based on how the technologies are
integrated. The classification distinguishes co-located, hybrid, and island systems. Dong et al.
(2022) have published the most recent state-of-the-art review on hybrid wind-wave energy

converters. The review follows a similar structure to the work of Perez-Collazo et al. (2015),
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providing up-to-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 wave exploitation, and 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 wind-wave 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 WECSs. The academic group
focused on RAOs of platform motions to understand the behaviour of the system in the
frequency-domain. Then, from the RAOs four periods were chosen to analyse the system in
the time-domain. A comparison between the CFOES and a generic barge FOWT was made to
assess the performance of the CFOES. The results showed that the proposed concept could
efficiently decrease oscillations for low wave periods (6 — 12s), however for larger wave
periods (12 — 20s) the pure barge system displayed better performance. To improve the
performance of the CFOES in larger wave periods, Aboutalebi et al. (2021) recommend the

implementation of a specific control strategy for the WECs in future studies.

2.55.3 TLP FOWT and WEC

Bachynski and Moan (2013) 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 50-year extreme environmental conditions. Zhou et al. (2016) and
Ren et al. (2020) analysed the performance of a CFOES integrating a torus-shaped heave-type

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. Time-domain
simulations were conducted to assess the main dynamic characteristics of the CFOES under

typical operational combined wind-wave loads.

Konispoliatis et al. (2022) performed a coupled analysis in both time- and 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 offshore sites: a Mediterranean site and a North Sea site. Fundamental
hydrodynamic properties 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 time-domain analysis found that the concept had increased tower and tendon DELSs (50%
and 59%, respectively) at the North Sea site. There was a slight increase in the blade moment
DELs (2% in edgewise and 14% in flapwise direction). Under normal sea state conditions

however, the tower and blade loads remained almost unaffected.

2.5.5.4 Semisubmersible and WEC

Hallak et al. (2018) proposed a novel CFOES concept made up of an unconventional
semisubmersible platform (a larger number of columns) and point absorbers. In this numerical
study, only the platform’s hull was considered in this first analysis and the platform stability
and seakeeping performance was assessed and compared. Experiments were conducted in 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 stability enhancement
compared to a pure semisubmersible system. Lee et al. (2018) developed a numerical model to
investigate the hydrodynamic interaction of a CFOES containing 24 point-absorber WECs in
the frequency-domain. Hu et al. (2020) conducted an optimization study 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 WECSs 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 an open-source
aero-hydro-servo-elastic framework, coupling numerical tools FAST and AQWA, to examine
the power performance 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 WEC. To thoroughly
investigate the 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
comparing results with OpenFAST. Fully coupled analyses of the FWWP is carried out for

regular and irregular waves in the operational sea-states.

2.5.5.5 Spar and WEC

Karimirad and Koushan (2017) 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 increase in power
production, albeit only 6%. Ghafari et al. (2021) investigated a novel Wavestar-Hywind
combined system. The effect of WEC unit addition on produced wave power and platform
responses was investigated in the frequency- and time-domains. Skene et al. (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 barge, semisubmersible, or 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 possibilities when integrating its structure with a FOWT. Therefore, the work of
Skene et al. (2021) explored the integration of floating wind and wave using general established
designs and investigated the overall general consequences. Sai et al. (2020) carried out a
comparative response analysis of three different CFOES concepts. The concepts were STC
concept, a semisubmersible platform with conical-cylinder point absorbers mounted on the
columns, and a TLP platform integrated with a torus-shaped point absorber. Time-domain aero-
hydro-servo-elastic simulations was used to study the motion behaviour of the CFOESs.
Considering all the structural parameters and coupled dynamics responses, they concluded that

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

2.5.5.6 Floating wind and tidal

Only a few notable publications exist on the topic of floating wind and tidal hybridization.
Ma et al. (2019) proposed a concept which mounted two vertical-axis tidal turbines on the
underside of the top deck of a twin-hull semisubmersible platform, which supported a wind
turbine (Figure 2-23), and conducted a hydrodynamic analysis of the concept in ANSYS
AQWA. The platform motion Response Amplitude Operators (RAOs) and hydrodynamic
coefficients of the platform were obtained from a hydrodynamic diffraction analysis
(frequency-domain). The results indicated the concept had good hydrodynamic performance
based on all modes of motion. A hydrodynamic response analysis (time-domain) was

subsequently carried out in which the platform motions and mooring line tensions were studied.
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The time-domain simulations showed 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 advanced real-time emulation
methods. Yang et al. (2020b) conducted a performance evaluation of a CFOES consisting of a
spar FOWT and two tidal turbines installed approximately 46 m below the water’s surface.
FAST2AQWA (F2A) was used 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 behaviour improved, and mooring line tension fluctuation was reduced due to
hydrodynamic damping provided by tidal turbines. In addition, the tidal turbines had no

negative affect on the aero-elastic responses or power performance of the wind turbine.

Figure 2-23. Combined wind-tidal floating power generation platform (Ma et al. (2019)).
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2.5.5.7 Floating wind, wave energy and tidal energy systems

To the author’s knowledge at the present time, only one publication presented the
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 turbines (Figure 2-24). The
CFOES is referred to as ‘Hywind-Wavebob-NACA 638xx Combination (HWNC)’, which
expands on the STC concept by including the additional tidal turbines. A numerical 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 in three operational conditions which is
attributed to the damping force produced by the underwater turbines. The reduced motions
proved beneficial to wind turbine power output enhancing quality. The overall power
production increased between 22 — 45% depending on environmental conditions. Mean
mooring line tensions also increased due to forces acting on underwater turbines. However, the
numerical model only considered the aerodynamics, hydrodynamics, and mooring line
dynamics. The model excluded the elasticity of flexible elements, and no blade-pitch or rotor
speed control was applied. In essence, the adequacy of the study is limited as a result of these
exclusions. Therefore, an opportunity is presented whereby any new research on the topic of
ORE hybridization in this particular area, i.e., when three or 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 implementation of a wind turbine controller within the numerical

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

2.6 Chapter summary

A summary of this chapter is given through consideration of two parts: (1) a literature
survey on ORE, specifically on floating wind, wave, and tidal energy industries, and with a
focus on market and technology, and (2) a literature survey on CFOESs, with emphasis on
combined concepts composed of floating wind turbine integrated with either a WEC or a tidal
turbine system or both. Initially, the first part of this chapter is a review on the current state of
ORE. Then, surveyed literature establishes reasoning for ORE hybridization which is the focus
of the present research. Before the main subject of this thesis is introduced, it is important to
have a thorough understanding of what comprises a CFOES, hence the critical review on the
individual ORE industries. For each ORE industry, 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. The second part of this chapter is dedicated to a state-of-the-art literature survey

on CFOESs. The second part begins by definition of a CFOES and the discussion of synergies
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of hybridization. Then, an in-depth review of pre-commercial concepts and demonstrators,

funded research programmes, and academic research on CFOESs is presented.

The survey of literature concluded the following points:

¢ Floating wind turbines have 4 main types: barge, semisubmersible, spar and TLP.
Barge-type floaters have advantages in construction and deployment, which could
ease utility-scale production providing excessive pitching motion can be mitigated.

e WECs have a large spread of technologies but there is some industry consolidation
towards the point absorber concept. This technology can absorb wave energy from
all directions, and they have much smaller structural size compared to other
concepts.

e Tidal turbine systems follow suit to the wind turbine industry with axial flow
turbines as the most advanced technology.

e CFOES concepts that comprise FOWT combined with wave energy technology are
more prevalent than CFOES concepts made up of FOWT combined with tidal
energy technology. There are even some prototypes in development such as
Floating Power Plant.

e Only one numerical model of, no experimental data for, and only one
conceptualised commercial concept of a CFOES which integrates three or more
ORE systems exist. There is an opportunity for research to significantly contribute

to knowledge in the scientific area.
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Engineers must setup the numerical environment within engineering tools in order to
simulate ORE systems in a range of operational and survival scenarios. A knowledge of the
different environment condition models is required so that the correct environment can be
calibrated. Specifically, to offshore structures, environment conditions are often referred to as
‘Metocean conditions’, which means the combined effect of the meteorology and oceanography
(wind, ocean waves and current) (Subrata K. Chakrabarti 2005). Once the numerical
environment has been configured, the environment condition kinematics are used as input into
dynamic models which solve the equations of motion in order to calculate the dynamic
responses of the ORE system. The dynamic response outputs are usually in terms of forces and
moments and motions of important structural components, and generated power (Gao et al.
2016). Similarly, different models are available within numerical tools to predict the loads and
responses for an ORE system for each physical domain e.g., aerodynamic and hydrodynamic.
The engineer must have a strong understanding of the theory, governing assumptions, and
differences between models in order to develop a sophisticated numerical model of an ORE

system that can produce reliable results.

Therefore, this chapter is organised into the following sections: Section 3.1 provides a
comprehensive summary to modelling the offshore environment within an engineering tool for
ORE system design and analysis. Sections 3.1.1, 3.1.2, and 3.1.3 are dedicated to modelling
the wind, ocean waves, and current, respectively. Section 3.2 is a critical discussion on the
mathematical models used for modelling the structure(s) in ORE system design and analysis.
Section 3.2 begins with an overview of current numerical tools 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 theory to modelling and integrating the WEC and tidal turbine
systems. The importance of validating and verifying numerical models is presented in Section

3.2.9 and a chapter 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 structure must survive in the hostile offshore environment
throughout its service life. It needs to be able to withstand extreme conditions without
compromising performance during operation. Loads can be broadly categorised into static and
dynamic loads. Static loads are constant loads which include loads such as gravity, hydrostatic
pressure, and loads from the structure itself including equipment. Dynamic loads are of
consequence of variable environment loads such as wind, ocean waves, and currents
(Karimirad 2014). A schematic of the offshore environment is shown in Figure 3-1 illustrating

the important environment loads.
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Figure 3-1. Schematic of the offshore environment (Petrini et al. 2010).

Other environment loads include tsunamis, earthquakes, and ice (Figure 3-2). In practice,

all these need to be considered in ORE system design. However, often for preliminary concept

development only the driving loads (aerodynamic and hydrodynamic) need to be considered

(Petrini et al. 2010).
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Figure 3-2. Categorisation of loads (Petrini 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 variations, or changes over

seconds and minutes often referred to as turbulence (Karimirad 2014).
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Figure 3-3. Spectral wind density (Karimirad 2014).

Figure 3-3 shows how wind energy concentrates around two distinct frequency ranges
separated by a spectral gap (Van der Hoven 1957). The low-frequency peaks represent quasi-
static wind, & (mean wind speed). The high-frequency peak represents dynamic wind, uy(t)
(turbulent wind). A quasi-static load is a load that can be assumed as time independent. Thus,
time-varying wind speed, u(t), consists of a steady value, u, and fluctuations about the steady
value, u,y(t). By assuming the steady part of the time-varying wind as quasi-static, numerical

modelling and simulation of wind are simplified.

A dynamic load is time dependent for which inertial effects cannot be neglected. These

wind speed variations can be described by a turbulence intensity and a Power Spectral Density
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(PSD). The turbulence intensity (I) is a characterization of the overall level of turbulence and

is defined as:

~
I
Il Q

[6]

where o is the standard deviation of the variation of wind speed about %, the mean wind speed
(taken as 10-minute average). This turbulence 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.

Typical wind spectrums include von Karman, Kaimal, and Mann.

3.1.1.1 TurbSim

TurbSim is a stochastic, full-field, turbulent-wind simulator. It employs a statistical model
to simulate the time series of three-component wind-speed vectors at points in a two-
dimensional vertical rectangular grid that is fixed in space. Spectra of velocity components and
spatial coherence are defined in the frequency domain and an inverse Fourier transform
produces the time series (Jonkman 2009). TurbSim is used to create the turbulent wind fields
which are used as input into the numerical models developed later on in this thesis. The IEC
Kaimal model and power law model were selected as the models to generate the wind fields in

the turbulent wind simulator.

3.1.1.1.1 IEC Kaimal model

The Kaimal model is defined in IEC 61400-1-3 and assumes neutral atmospheric stability.

The spectra for the three wind components, K = u, v, w are given by
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40f Ly

S (f) = — 7]
(1+6F )

Upub

w|u

where iy, IS the steady state wind speed at hub height, f is the cyclic frequency, and Ly is an

integral scale parameter. The IEC 61400-1 standard defines the integral scale parameter to be

8.104;, K=u
Ly ={2.704,, K=v [8]
0.664;, K=w
where the turbulence scale parameter, Ay, is
Ay = 0.7 - min (60m, HubHt) [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 mean u-component wind speeds at each height for
the length of the simulation. The power-law wind profile calculates the average wind speed at

height z using the equation

a
z
Mean wind speed, U(z) = U(Zres) <Z—> [10]
ref

where a is power law exponent; i(z) is the mean wind speed at height z; and z,.f is a reference

height above ground where the mean wind speed #(z,.) is known (typically 10 m).
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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 types of ocean waves exist which can be characterised by wave height and wave period

(Figure 3-4).
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Figure 3-4. Types of ocean waves (Folley 2017).

The most common disturbance of the ocean’s surface is from wind. Figure 3-5 illustrates
how perturbations of the ocean’s surface from wind form into ocean waves. Waves begin as
small ripples and grow due to sustained energy input from the wind. At some point waves reach
a limit beyond which they cannot grow. This is because the energy being transferred in is
balanced out by the losses due to gravity. Waves that have reached this condition are considered
fully developed. For a sea to be fully developed, it is dependent on the wind speed and the fetch
(distance) over which the wind blows. After the wind ceases to blow, the formed oceans waves
will continue to exist and can travel for exceptionally large distances with minimal energy
losses; these waves are referred to as swell waves. It is a common 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 conditions 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 waves (Folley 2017).

Ripples to wind Fully developed Swell waves
wave: seas S M

/
Wind } Direction of

/ wave propagation

/ Length of fetch ;

Figure 3-5. Formation of ocean waves by wind (Folley 2017).

3.1.2.1 Modelling ocean waves

3.1.2.1.1 Regular wave

Linear wave theory (or Airy theory) is the simplest mathematical representation of an
ocean wave. It is the core theory for modelling ocean surface waves in offshore engineering
and other similar fields. An ocean wave is represented by a sine (or cosine) function; this is

termed a ‘regular wave’. A regular wave can be defined by three parameters (Figure 3-6):

e Wave height (H)
e Wave period (T)

e Wavelength (1)
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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 peaks. A regular wave is defined by Equation
11 (Karimirad 2012):

nx,t) = gsin(wt — kx) [11]

where n(x, t) is the space- and time-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 describe ocean waves which are
derivatives of the three main parameters defined above. They include wave frequency (w),
wave celerity (c), wavenumber (k, the number of wave cycles, in radians, that exist per m),

and wave steepness (s):

Wave frequency,w = 2n/T [12]
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Wavenumber, k = 2n /A [13]
Wave celerity,c = w/k [14]
Wave steepness,s = H/A [15]

Ocean waves are governed by water depth as the seabed influences the water particle
motion. (Figure 3-7). Water particle motion from ocean waves does not occur at depths greater
than half a wavelength. Therefore, in deep waters the water particles move in an orbital shape
and the seabed does not affect the waves. However, as depth decreases the seabed causes a

change in the pattern of motion of the water particle from orbital shape into elliptical shape.

wavelength c

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 depth (Folley 2017).

Another important characteristic of ocean waves is that they are dispersive. This means
that 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 phenomenon is discussed after

the theory of a regular wave which is presented next.
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Regular waves can be modelled by different theories; Figure 3-8 shows the applicability
of different wave theories which are determined by relative water depth and wave steepness.
Linear wave theory is valid for a wave steepness below 0.001. Above this value the theory
begins to lose accuracy and higher-order wave models such as 2" order Stokes theory become
more appropriate. On the other hand, the application of higher-order wave models when
analysing anything other than regular waves is extremely strenuous. As of consequence, linear
wave theory is widely used for modelling ocean waves beyond its bound, even when wave
steepness exceeds 0.001. It needs to be recognized though that this is not entirely correct and

is a limitation of wave theory applicability (Folley 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 kinematics and is
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 by applying the kinematic boundary
conditions and the dynamic free-surface 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 wavenumber k is equal to 2/ A where A is the wavelength; the angular frequency,

w isequal to 2t /T where T is the period. The dispersion relation relates wavelength and period:

w? = gk tanh(kd) [16]

where d is 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 (d > 0.54):

[17]

A =1.56T?

and if the water is shallow (d < 1/20):
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wz\/ﬁk

[18]

A=Tygd

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

can be calculated using the appropriate formula.
3.1.2.1.2 lrregular wave

In reality an ocean’s surface is a composition of waves with different frequencies and
directions. The interaction of waves from different directions creates difficulty when
mathematically modelling wave conditions. A significant development in the representation of
the ocean’s surface is definition by a spectrum. The practical way of modelling ocean waves
assumes the ocean surface forms a stochastic wave field that can be assumed to be stationary
in a short-term period. The stationary assumption of the wave is site-dependent, and this
assumption works well for most offshore engineering applications and gives good agreement
with full-scale measurements. To understand the concept of the wave spectrum it is first
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 phases (Figure 3-9). The wave spectrum is generally used to fully define any
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sea-state, with the assumption that there is a random phase between all the individual wave

components, a natural consequence of the assumption of linear superposition.
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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
Pierson-Moskowitz (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 blowing across
a sufficiently large expanse of water for an extended period 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 applied to represent sea states that are

not fully developed, or a growing wind sea. The Torsethaugen spectrum (two-peaked wave
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spectrum) is used to define seas comprising wind-generated waves and swells (Karimirad

2012).

3.1.2.1.2.1 Pierson-Moskowitz spectrum

The PM spectrum is formulated in terms of two parameters: the significant wave height
and the average (mean zero-crossing) wave period. The 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:

2 16m3 1
S(w) = 4n3?ﬁexp - 73 s [19]

where H; is the significant wave height; T, is mean zero crossing period; w is wave frequency
in rad/s. It was found that a good estimate of the significant wave height, H, was given using
the average height of the third highest waves. The following relationships exist between T, Ty,
and Tj:

T, = 1.408T,

[20]
T, = 1.086T,

where T, is the peak period and T; 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):

2T
ws; = 0.58 — [21]
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End frequency (in rad/s):

21
wr = 5.1101T—Z [22]

3.1.2.1.2.2 JONSWAP 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 frequency is given by:

agzya 5(1)4
S(w) = o5 €XP <_4_a)z‘)‘ [23]

where w is the wave frequency (rad/s); w, is peak frequency; a is a constant that relates

to the peak frequency of the wave spectrum and wind speed; y is the peak enhancement factor
(this parameter defines the shape of the peak of the spectrum. When 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 narrower bandwidth so that the wave components are all at
similar frequencies and fully developed seas having a broader bandwidth, with the wave energy

spread over a larger range of frequencies.); and

2
w— W
@ =exp <_( 202(»%) )

B 0.07 where w < w,
7= {0.09 where w > w,

[24]
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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 uniform current velocity and/or

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

e Uniform current is defined by a current velocity U, and a heading 8, (in degrees)
in a fixed reference axis. Uniform current is constant from the seabed to the water
surface.

e Current profile is defined by a series of current velocities with an amplitude (U,)

and direction (8,) at specific depths (z).

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

current velocity:

ﬁc(z) = (Uycosb,,U,sinb,,0) + (U, cosb,,U,sinb,,0) [25]

3.1.4 Wave-current interaction

The interaction between waves 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 period relative to a stationary

observer should be shifted as:
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A2
T_e=T+ U.cos @ [26]
where A is the wavelength; T, is the wave period relative to stationary observer; T is the wave

period relative to current; U, is the current speed amplitude; and 6 is the angle between the

waves and current (ANSYS 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 build numerical models 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 model fidelity. Finally, to ensure the predictions
made by the numerical model are credible, validation and verification of numerical models is
compulsory. Thus, this section explains 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 within them, in the context
of a CFOES. The section concludes 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 CFOES, will require

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. This idea translates
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 of these modules will be expanded, or
an additional module will be needed and coupled to the main numerical model. As such, this
section, and the subsequent sections, describe the mathematical models underlying the core
computational modules within the numerical tools available for a FOWT. Time-domain
methods are almost exclusively used for wind turbine calculations today. This is because of the
ready availability of computing power which means the superior efficiency of frequency-

domain methods is no longer an important consideration (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 trade-off between model fidelity, accuracy, and computational
efficiency (Otter et al. 2022). Model 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: low-, mid-, and high-fidelity.
The level of fidelity is chosen based on the objective function of the simulation and the
accuracy that is required. In the design of ORE structures, low-fidelity models are typically
used for preliminary concept design, sizing analysis and optimization. Mid-fidelity models, or
engineering-level tools, are used for loads analysis to examine the concept design in operational

and extreme environment conditions. High-fidelity models are used for detailed and specific
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investigations. High-fidelity 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 fidelity ones.

Engineering tools, or mid-fidelity software, are typically used for global dynamics and

loads analyses of FOWTs. Some popular options include:

e Bladed

e HAWC2

e OpenFAST
e Orcaflex

e SIMA

Most engineering tools follow a similar approach to model a FOWT which is the coupling
of different computational codes, or “modules”, representing the different dynamic domains to
form the numerical tool. Models built within these engineering tools are typically referred to
as aero-hydro-servo-elastic models. The term ‘aero-hydro-servo-elastic’ implies there is a
coupling between the codes: at each time step, the model simultaneously calculates the
aerodynamic loads and responses (aero), the hydrodynamic loads and responses (hydro), the
control system responses (servo) and the deformation response of the structure due to elasticity
(elastic) (National Renewable Energy Laboratory (NREL) 2022). A typical interface scheme
for an aero-hydro-servo-elastic numerical tool is depicted in Figure 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 and non-stationary
aspects of the system can be dealt with to any desired level of accuracy. In terms of integrating
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 tolerance. The use of 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

change (Burton et al. 2011).
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Figure 3-10. OpenFAST schematic (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 is a “most common” modelling approach for
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 approaches used (Borg and
Bredmodes 2015). For FOWTSs, 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 engineering tools and modelling methods.

L i . Structural MO.O ring Controller
Engineering tool  Aerodynamics Hydrodynamics . line :
dynamics q . modelling
ynamics
GSM or
AQWA i PF +M|véD or Flzzlzl\c;lr 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 FEM ubD
GSM or
BEMT + DI + PF + MD or Modal or DLL, UD,
OpenFAST b or GDW ME mBs  OSM O orsm
Orcaflex Coupled to PF+MDor  Coupledto ggm 8: Coupled
FAST ME FAST FEM to FAST
SIMA BEMT+DI+  PF+MD or MBS ggm or  DLLor
(SIMO/RIFLEX) DS ME FEM uD

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 include Blade Element Momentum Theory

(BEMT), Generalized Dynamic Wake Theory (GDWT), Computational Fluid Dynamics

(CFD) and free vortex wake methods (Yu 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 and panel methods are starting to be used to examine specific
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cases where BEM is not sufficiently accurate. Such cases might include flexible rotors,
dynamic wakes, and skewed flows. At the top-level are CFD methods based on direct solution
of the Navier-Stokes equation which could be used, and some general commercial CFD codes
are now available such as STAR-CCM+, 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 detailed case studies (Shaler 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 industry it is the main method for
aerodynamic load analysis (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 two-dimensional aerofoils so that the elemental aerodynamic forces can be
calculated based on the local flow conditions. Each of the blade's elements will experience a
slightly different flow as they have different rotational speed (Q2r), chord length (c), and twist
angle (y). These elemental forces are integrated across the blade span 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 width dr is equivalent to:
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1
dT = 5 pW?2(Cycosp + Cpsing)cdr [27]

where W is the relative velocity; C; is the lift coefficient; and C, is the drag coefficient. The

torque produced by the elements in the annulus is equal to:
1
dQ = > pW?2(Cysing — Cpcos@)crdr [28]

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 region in front 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 pressure climbs 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 disk U, and the upstream wind velocity U,:
Ud=(1—a)U0 [29]

The reduced flow velocity at the rotor is dependent on a, the axial flow induction factor. By
applying Bernoulli’s equation and assuming uniform and incompressible flow, the thrust T

acting on the rotor disk can be derived to give:
T = 2pAUZa(1 — a) [30]

where A is rotor swept area and p is fluid density.
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Similarly, the power Py, generated by the wind turbine, can be found:
Pyr = 2pAUSa(1 — a)? [31]

The total wind power available is:

1
P = E,4pU03 [32]

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

Pyr 2pAUSa(1 — a)?
Nwr = Cp = = 10 = 4a(1 - a)? [33]

P

and

2pAUEa(1 - a)
T = 1 )

=4a(1-a) [34]

The value of a that maximizes wind turbine efficiency is determined by setting the
derivative of iy, with respect to an equal to zero and solving for a. It gives a = % Substituting

this value of a into the wind turbine efficiency relation gives an efficiency of 59.3% (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 not affect the upwind

velocity at all, whereas a value of 0 means that the turbine completely blocks/stops the wind.
The thrust coefficient C has a maximum value of 1 when a is % In practice, turbines typically

operate at an efficiency between 30 — 40% with a maximum 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 torque Q and angular velocity
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Q 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 angular induction factor a'.
If the conservation of angular momentum is applied to this annular stream tube, an equation
for the tangential force on an annular element of fluid can be derived. The blade wake rotates
with an angular velocity w and the blades rotate with an angular velocity Q. For a small

element, the corresponding torque will be:

dlw d(mr’w) dm
=T dt ac 135]

dT = drivwr? [36]

For a rotating annular element:

drin = pAU, [37]
dm = p2nrdrU, [38]
dQ = p2nrdrUzwr? = pUywr?2nrdr [39]

Define angular induction factor, a
= 40
a = [40]

Recall that U; = Uy(1 — a):

dQ = 4a’'(1 — a)pUyQrindr [41]

Momentum theory has therefore yielded equations for axial (Equation 30) and tangential
(Equation 36) force on an annular element of fluid. The axial and tangential induced velocities

can be calculated from the momentum lost in the flow, and these affect the inflow and therefore

82



Theory, numerical modelling, and simulation Chapter 3

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:

dT = 4nrpU4(1 — a)adr [42]

and the torque extracted from each annular section is equivalent to:

dQ = 4nr3pU,Q(1 — a)d'dr [43]

Equations 27 — 28 and 42 — 43 form BEMT and when the two-dimensional aerofoil tables
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 equations, corrections need to be applied to
consider other aerodynamic effects. These corrections include Prandtl hub- and tip-loss models
which account for vortices shed at these locations, Pitt and Peters skewed wake correction to
model the effects of incoming flow that is not perpendicular to the rotor plane and Beddoes-

Leishman dynamic stall model to consider unsteady aerodynamics (Zhao et al. 2021).

3.2.3 Hydrodynamic modelling

A floating structure is subject to hydrostatic and hydrodynamic loads which both require
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 structure (ANSYS 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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V= f ZnsdS [44]

So
where S, is the wetted surface of the body in still water; 77 = (n,,n,,n3) is the unit normal
vector of the body surface pointing outwards; and Z is 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:
Fg = pgV [45]
where p is density of seawater.
The hydrostatic force and moment can be determined by integrating the hydrostatic
pressure over the submerged area of the body:

ﬁhys = —f psﬁdS
S

0
[46]
Mhys = _f ps(7 X )dS
S

0

where p, = —pgZ and represents the hydrostatic pressure and 7 = X - )Tg represents the

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

Among all the environmental loads, the dynamic wave-induced load is the one of the most
significant and plays a critical role in ORE structural design. Hydrodynamic loading is
primarily wave-induced 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 is exerted by disturbed waves induced by
the structure motions, and viscosity gives rise to drag (Barltrop 1988). Wave-induced loads can
be further subdivided into different frequency ranges depending on the dynamic behaviour and
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 structures. Responses at wave-
frequencies are the first order rigid body motions and accelerations. Loads in this case are due
to first order hydrodynamic 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 wave-frequency hydrodynamic
pressure remain the most significant for overall ORE structural design (Computation of wave-

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

Two main methods can be used for modelling these hydrodynamic loads: Morison’s
equation and potential flow theory. The applicability of these two theories is dependent on the
size of the structure being modelled and the water flow regime (Robertson et al. 2014b), and
can be assessed through three dimensionless parameters: (1) the Keulegan-Carpenter number;
(2) the Reynolds number; and (3) the diameter-to-wavelength ratio. These parameters define
the relative importance of inertia, diffraction, and drag for different flow regimes. For codes
which enable using a combined-theory approach such as AQWA, the potential-flow solution

is used to model the radiation and diffraction loads of large-volume components by diffracting
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panels, while Morison’s equation is used to model the viscous-drag loads of small cross-
sectional components by Morison elements (Offshore Code Comparison Collaboration
Continuation Within IEA Wind Task 30: Phase Il Results Regarding a Floating
Semisubmersible 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 diameter-to-wavelength ratio increases viscous effects become less
important and vice versa. In some cases, it is possible to combined both theories where potential
flow theory is used to model the radiation and diffraction loads, while Morison’s equation is
used to model the viscous drag loads. This is often the approach used for semisubmersibles
which have a combination of slender components as well as large volume components

comprising its floater.
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Figure 3-11. Regions of validity of Morison's equation and potential flow theory.

3.2.3.2.1 Morison’s equation

In offshore hydrodynamics, Morison’s equation is commonly employed to calculate the

hydrodynamic loads on slender structures when flow separation occurs, and the viscous effects
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are prevalent. Morison’s equation is an empirically derived hydrodynamic loading model that
includes excitation from waves (with a long wavelength approximation), added mass effects,
and viscous forces. The theory can be enhanced by integrating the Morison forces 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 methods results in higher order loads
(including a mean-drift force) on the structure. The relative form of Morisons equation can be

broken down into 3 contributions:

Fe@r 1o L)+ p" o lit +CopDLIu— ]
=l —Dp—-Lu—-v p——Lu +5CpDLliu—v|(u-—7v) 47
Added mass Froude—Krylov Viscous drag

where C,, is the inertia coefficient (C,,, = C, + 1); u is the velocity vector of water particle and

v 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 frequency dependent. Generally,
added mass coefficients can be found in literature to inform simulation predictions. The
Froude-Krylov contribution is analogous to hydrostatic pressure and arises due to a pressure
gradient in the fluid inducing the acceleration in the wave. As 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 cross-sectional area as a square will have the same
Froude-Krylov force. The viscous drag 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 on Reynolds

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 does not include 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 must be used to the Morison
equation as this model is no longer valid. Linear potential flow theory can be used to represent
external flows around bodies which do not separate. Often, only the linear portion of the
potential flow solution is used in offshore wind simulations. 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 coefficients required for subsequent analysis of its dynamic behaviours. Three-
dimensional panel methods, or Boundary Element Methods (BEM) are the most common
numerical tools to analyse the hydrodynamic behaviour of large volume structures in waves
such as AQWA and WAMIT. These methods are based on potential flow theory and represent
the structure surface by a series of diffraction panels. In general, 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 matrices in addition to wave field pressure, velocity and surface
elevation can be found (Bosma et al. 2012). The computations may be performed directly in
the time domain, or they may provide frequency-domain 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 once the velocity potential, ¢, as
a function of spatial displacement x,y,z and time, t and the relevant boundary conditions
satisfy the conservation of mass and momentum conditions, or known better as the Laplace

equation (Equation 48):

V2 =0 [48]

In addition, the total velocity potential induced by fluid flow around the body can 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 by Equation 49:

¢(x!yrZ; t) = d)l(xly'Z; t) + ¢D(x'y'Z; t) + ¢R(xﬂy'2; t) [49]
6
br(x, 3,70 = ) it (3,9, [50]
j=1

where ¢,(x,y,z; t) is the incident wave component of velocity potential in space and time,
¢p(x,y,z; t) is the spatial diffraction wave potential as a function of time, ¢z (x,y, z; t) is the
radiation potential also in space and time. br; (x,y, z; t) is the radiation potential of the floating
body induced by the platform movement in the j-th mode, {; represents the platform’s
displacement in the j mode under the action of a unit wave amplitude, and j = 1,2...,6

represents the floating body’s six degrees of freedom (surge, sway, heave, roll, pitch and yaw).

Detailed representation of the incident wave potential ¢;(x,y, z,t) is given in equation

(Equation 51) as:
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—iga . .
9 ekozel(koxcose+k0ysm9—w0t) [51]

0

¢1(X,y,Z,t) =

where i is the imaginary unit component of the incident wave, a is the unit incident wave
amplitude, gravitational acceleration is represented by g, while k, is the wave number, and 6

is the incident wave angle.

When the wave velocity potentials are known, the first-order hydrodynamic pressure

distribution may be calculated using the linearized Bernoulli equation given in Equation 52.

dp(x,y,z,t)
=—p — 52
p=-p ¢ [52]
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:

POy 70 = [[ e y,z00ds =
S

[53]
= —iwp ff[(j)(x,y,z; )] -ni(x,y,z t)dS

where p is the seawater density (kg/m®), S is the floating body’s wetted body surface area (m?)

and n; is the wetted body surface’s normal vector in the j-th mode.

From Equation 49 and 50, the total first order hydrodynamic wave force can be written as:

F =

) wherej=1,6 [54]

6
(F’j + FD}') + Z Sk

k=1
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where Equation 55 defines the j* Froude-Krylov force, Fi, due to incident wave:

F,j = —iwp ﬂ.[qb,(x,y,z; t)]-n;j(x,y,z t)dS [55]

Equation 56 defines the diffracting force, Fp, due to diffraction:

FD]. = —iwp ﬂ.[qu(x, v,z )] -ni(x,y,z;t)dS [56]

Equation 57 defines the radiation force, Fy, , due to the radiation wave induced by the k" unit

amplitude body rigid motion:

Fr;, = —iwp ff[d)Rk(x,y,z; )] - nj(x,y, z t)dS [57]

N

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 Froude-Krylov
force and diffraction force. The reactive force is the radiation force due to the radiated waves

induced by body motions.

If the radiation wave potential is expressed in terms of real (Re) and imaginary parts (Im),

then the added mass and radiation damping coefficients can be obtained:
Fr, = —iwp ff{Re[tka(x,y, z; )] + ilm[dg, (x, ¥,z )]} - nj(x, y, 2, t)dS
S

= wp ﬂ]m[¢Rk(x, v, z;t)] - ni(x,y,z; t)dS [58]
—iwp ffRe[d)Rk(x, v,z t)] - nj(x,y,z; t)dS

= (,L)zAjk + l(,l)B]k
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Aj = %ff Im[¢g, (x,¥,2;t)] " n;(x,y,2; t)dS [59]
B = o [[ Relpa,(e.3,2:01 1y (v, 0as 0

where A is the added mass coefficient and Bj is the damping coefficient (Lin and Yang

2020).

A potential-flow 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 separation. Global 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 results. Regardless of whether Morison's equation or potential flow
theory is used, the represented wave loads will not be fully correct. When using Morison's
equation, 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 Morison'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 Navier-Stokes equations in time domain
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 motions numerically.
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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 world. The 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 remain cost-effective, typically, the weight of
the turbine is reduced which increases the flexibility of the structure and makes them more
dynamically active (van der Tempel and Molenaar 2002). In 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 modelling, 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 six modes of 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 into three smaller rigid
bodies representing the Rotor-Nacelle Assembly (RNA), 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 these slender 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 matrices. The limitations of these models are that they are
not strictly valid for large-amplitude 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 is Finite Element Models (FEM) and the modal analysis
method. These methods have been widely applied in commercial aero-elastic codes and proven
to provide reliable results. FEM decomposes the structural component into small elements and
the equations of motion are solved for each element with the boundary conditions matched at
the interfaces between the elements. This can be computationally intensive 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 predict just the first 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 freedom. Whilst 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 bodies is modelled with 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 bodies. Large rotations 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 for elastic deformations of each component to be
solved linearly since the relative displacements (to the moving reference frame) are small (Borg
et al. 2014). However, the structural component must be divided into a sufficient number of
bodies so that small-angle assumption holds true and increasing the number of bodies comes

at an expense of computational resources.

One example of a widely used commercial 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 representing other 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 of modes, the 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 of a ten-minute simulation, can be run
in a few hours on a standard computer. A small number of modes is generally adequate for
predicting the loads as the higher frequency modes generally have negligible effect. However,
to model the deflections accurately it would be necessary to model more modes, because the
modelled deflection 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 time-domain 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 BeamDyn. In ElastoDyn, blade and tower flexibility
are characterised 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 to be prescribed as equivalent
polynomials. ElastoDyn permits two flapwise and one edgewise bending mode DOFs per blade
and two fore-aft and two side-side bending mode DOFs in the tower. Even though there is a
limited number of structural degrees of freedom, most conventional wind turbine

configurations can be modelled (Jonkman 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 platform). The mooring system provides restoring forces against external
loads caused by wind, currents, and nonlinear hydrodynamics. There 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 effect whilst wire rope provides greater
elasticity and significantly reduced cost per unit length. There are six types of mooring systems

which include catenary, taut leg, semi-taut, spread, single-point and dynamic positioning.

Figure 3-12 illustrates a typical single-point 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 advantage of
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 mooring lines follow the
shape of a catenary, and 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 (right) (Subrata

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 critical (Azcona 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 met (Brommundt 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) quasi-static; or (3) dynamic (Davidson 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 in a time-consuming
dynamic analysis. A mooring line is defined by its end points i.e., location 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 a relationship between mooring line tension and
displacement is calculated by displacing the platform through prescribed horizontal distances.

An example of this relationship is represented in Figure 3-13 (Subrata K. Chakrabarti 2005).
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Figure 3-13. Example of static design: force-displacement graph.

3.2.5.2 Quasi-static model

Quasi-static methods are the next tier of mooring line models in terms of fidelity. The
quasi-static model permits multi-segment elastic catenary lines. Each catenary segment is
defined by its length, weight, diameter, and axial stiffness properties. An iterative procedure is
involved in simulation based on the catenary segment solution with either linear or nonlinear
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axial elasticity. However, quasi-static 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 presented in Figure 3-14. For any single line of
a mooring system, the catenary equations can be used to derive the shape and line tensions. A
summary of the catenary equations is presented next which has been adapted from (Subrata K.

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

e The seabed is horizontal.
e Cable is in the vertical plane coinciding with the X-Z plane.
e Bending stiffness of cable line is ignored.

e Dynamic effects are ignored.

.|r!

plane

Seafloor

¥

Figure 3-14. Schematic of a mooring line.
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Figure 3-15 is a diagram of a single mooring line element. In this schematic representation
w defines the submerged weight per unit length of the mooring line; T is the line tension; A is
the cross-sectional area; and E is the elastic modulus. The mean hydrodynamic forces on the

element are given by D and F per 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:

dT — pgAdz = [W singg — F (%)] ds [61]
Tdg — pgAzde = [W cos¢p + D (1 + %)] ds [62]

Considering line elasticity (AE = o) and ignoring the hydrodynamic forces can simplify
the two equations. It is noted for large values of w or deep waters, elastic stretch can be
especially important and 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 length s and vertical height h can be obtained:
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s = (%) sinh (V;—If) [63]
h= (CTH) [cos h (%) - 1] [64]

These equations are the recognised solutions to the catenary equation. Using these two
equations, a mooring line profile for any single mooring line can be plotted (Figure 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 the pre-tension, the stiffer the system i.e., 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 quasi-static 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 slender elements so that mass and drag
forces acting along the length of the line may be included. A discretization along the mooring
line length is used and the solution is fully coupled i.e., the motions of the floating structure
and cable tensions are considered to be mutually 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 integration. Figure 3-17 shows

the configuration of a dynamic mooring line: @; = (a4, a,, az) denotes the unit axial vector
from the j-th node to the (j+1)-th node and S; is the unstretched mooring line length from

anchor point to the j-th 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 in Figure 3-17. Each mooring line element is Morison-type, 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:

oT oV _ . 0°R
ase+ase+W+Fh mw
[65]
oM oR .
a5, tas, <V =1

where m is structural mass per unit length; V is shear force vector; T is the tension force vector;
M is the bending moment vector; R is the position vector all at the first node of the mooring

line element; W is element weight per unit length; F_,{ is the external hydrodynamic loading

vector per unit length; ¢ is distributed moment loading per unit length; and S, is element length.

Tension is related to the axial stiffness EA of the mooring line material through the

following relation:

T = EAe [66]

and bending moment related to the bending stiffness E1:

dR 0%R
M=¢cl—X

67
aS,~ 8sz 1671

where ¢ is the axial strain of the element. The Lump-Mass 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 in (ANSYS 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-processor-based controller which carries out the normal control functions needed to
operate the turbine. The main control system is supplemented by a reliable hard-wired 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 state if a severe problem occurs.

3.2.6.1 The power curve

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

power you can extract from the incoming wind (Figure 3-18).
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Figure 3-18. Wind turbine power curve for a 5SMW turbine.

104



Theory, numerical modelling, and simulation Chapter 3

The cut-in/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 turbine manufacturer. In
the graph, the power curve is split into three regions. Region | is called the below-rated region;
the turbine is run at maximum efficiency to extract as much power as possible from low wind
speeds. Region Il is a transition region between low wind speed and high wind speed regions.
In this region, rotor torque is maintained, and noise is kept low. Region Il1 is the above-rated
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 of cut-out. Blade pitch control is one such
method to maintain 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) closed-loop control, and (3) the safety system (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 conditions permit.
2. Start-up.

3. Power production.

4. Shut down.

5. Stopped with a fault.

As an example, the sequence control for start-up of a pitch regulated wind turbine may

consist of the following steps.
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8.

9.

Power up the pitch actuators and other subsystems.

Release the shaft brake.

Ramp the pitch position demand at a fixed rate to some starting pitch.
Wait until the rotor speed exceeds a certain small value.

Engage the closed loop pitch control of speed.

Ramp the speed demand up to the generator minimum speed.

Wait until speed has been close to the target speed for a specified time.
Close the generator contractors.

Engage power or torque controller.

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 specified time limit or if faults

are detected, then controller should initiate shut-down mode.

3.2.6.2.2 Closed loop controller

The closed loop controller is usually a software-based 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 potentially severe problem This 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 foreseeable “normal” circumstances, including extreme winds, loss of electrical
network, and most fault conditions which are detected by the controller. The safety 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 operator-controlled emergency stop bottom.

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

if:

e Rotor overspeed reaching hardware overspeed limit — this is set higher than the
software overspeed limit, which would cause the normal supervisory controller to
initiate a shut-down.

e Vibration sensor trip, which may indicate major structural failure.

e Controller watchdog has expired.

e Emergency stop pressed by operator.
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e Other faults that indicate main controller cannot control turbine.

3.2.6.3 Modelling the controller

To incorporate a wind turbine control system within a numerical model, either a simple
algorithm can be implemented, or most tools provide interfaces to include a controller
Dynamic-Link 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 actuators. 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 dynamic modelling.

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 bottom-fixed offshore turbines, the
addition of the support platform creates six new Degrees of 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 means as an example the kinematics expression
for the position, velocity, and acceleration vectors of a point in the nacelle, depends only on
the tower bending-mode, and nacelle-yaw DOF. For floating wind turbines, the tower-base
reference frame now moves with the support platform which affects the kinematics expressions
for all points and reference frames in the system (Jonkman 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 are typically employed which are the Newton-Euler (NE)
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equations or Euler-Lagrange (EL) equations (Wang and Sweetman 2012). These 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 acceleration of the FOWT system under the actions
of wind, waves, and current, and external forces such as mooring cable forces (Salehyar et al.
2017). The coupling between the different dynamic domains is usually represented by loads

and moments at the tower-base (interface with the support platform) (Cottura et al. 2021).

The NE equations are conventionally established by separating the free-body diagrams of
each rigid body in the system. Matsukuma and Utsunomiya (2008) use the NE equations
together with constraint conditions representative of the joints connecting the rigid bodies, to
evaluate the dynamic responses of a 2MW downwind turbine supported by a spar floating
platform, for pitch amplitudes up to 10°. The 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 is laborious. Kane’s method combines the advantages of both methods
which was used by Jonkman (2007) within the numerical tool FAST, to derive the equations
of motion for the complete floating wind turbine system with maximum platform rotations of

20°.

The nonlinear equations of motion are derived & implemented using Kane’s method as

follows:

F.+F, =0 [68]

where F;. is the generalized inertia force vector and F,. is the generalized active force vector.
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Kane’s method allows the complexity of a rigid subsystem to be minimized leading to
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 nacelle has a yaw DOF
with respect to the tower-top and so the generalized inertia can be represented using the

following formula:

N
F:,nac = z vi,nac(_mnac ’ anac) + (‘)i(_Hnac) [69]

i=1

where N is the total number of DOFs examined; v; ,,. and w; are the partial velocity and
angular velocity of the nacelle contributed by the i** DOF of the wind turbine, respectively;
Myqc aNd a,,4. are the mass and acceleration of the nacelle, respectively; and H,q4, is 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 structural behaviour of the
blades. The blade equations are coupled to the rigid-body equations via connection points, i.e.,
the boundary conditions. The generalized active forces are composed of aerodynamic, elastic

restoring, gravity, and damping loads:

F;" = E’,aero + Fr,elastic + Fr,gravity + Fr,damping [70]

As an example, the generalized active aerodynamic force acting on a blade F,. 4, is denoted

as:
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N
Fr,aero =
=1

R=Rpyp
f Vip1a(T) * Faero (1) - dr [71]
0

i

where R and Ry, are the radii of the rotor and hub, respectively; v; ,,4(7) is the partial velocity
of the local blade section contributed by the i®* DOF of the wind turbine; F,.,, (r) 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 et al. (Lee 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
nonlinear time-domain equations of motion of the coupled wind turbine and support platform
system. This results in a general form of the complete nonlinear time-domain equation of

motion of the coupled wind turbine and support platform system:
Mij(q,ll, t)q'j = fl(q' q'u' t) [72]

where M;; is the inertia mass matrix as a function of the system DOFs (g), control inputs (u),
and time (t); ¢; is the second time derivative of DOF j; and f; is the component of the forcing

function associated with DOF i.
3.2.7.1 FAST2AQWA

In this work, the numerical models are built within a newly developed tool called
FAST2AQWA (F2A). F2A is an aero-hydro-servo-elastic coupled tool which can predict the
coupled dynamic responses of FOWTSs in the time-domain. F2A has a unique approach to
modelling the dynamics of a FOWT; the tool is based on the integration of FAST (Jonkman
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and Buhl Jr 2005) into a commercial hydrodynamic analysis software tool, AQWA (ANSYS
2012). The new tool operates by implementing the FAST aero-servo-elastic 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
justification for the choice of F2A is that it uses the superior predictive capabilities of AQWA
to calculate the hydrodynamic loads acting on the FOWT. FAST aero-servo-elastic simulation
capabilities are implemented within F2A via a coupling framework to synchronously calculate
the effects of wind induced loads and hydrodynamic forces. The coupling of F2A is achieved
through the user_force64.dll interface, which is a built-in DLL of AQWA for external force

calculation. The coupling framework is represented by a flowchart presented in Figure 3-19

(Yang 2020).
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Figure 3-19. Flowchart of F2A (YYang, 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 (tower, rotor, 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 the platform’s local coordinate system from their
respective inertial coordinate systems. This transformation becomes necessary to enable FAST
to correct the kinematics of FOWT’s upper structures in relation to the platform responses
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 coordinate system, the platform’s tower-base loads
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, are calculated in AQWA by solving the equation of motion
of the platform using the calculated tower-base loads as an external force. The governing

equation of motion of the platform is defined in Equation 73:

t
(M + A)% + B, % + Byx|x| + f h(t — T)x(t)dt + Cx = F,,, [73]
0

where M is the inertial mass matrix, A is the added mass matrix, and x, x, X are the unknown
FOWT nplatform’s displacement, velocity, and acceleration vectors, respectively, for each
degree of freedom. B,,; and B, are the linear and quadratic viscous damping coefficients

respectively, typically obtained from model tests, h(t) is the radiation impulse function defined

by:

(o]

h(t) = ;f Bp,:(w) cos(wt) dw [74]
0

where B, (w) is the potential damping matrix corresponding to the wave frequency of w, and
C is the stiffness matrix with contributions from hydrostatic and the mooring line restoring
forces. Matrix A and Bp,; can be computed numerically using the potential theory-based

solver. in AQWA. This, in turn, can provide the total external force vector denoted by F,,;.
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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 the rotor forces and power of the tidal turbines, AeroDyn has been integrated
into F2A numerical tool (Yang et al. 2020b). Figure 3-20 illustrates this integration; in this
instance AeroDyn is a standalone module used to compute the rotor force and power of the
tidal turbines. The 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 conjunction with
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 . Y i \i
Airfoil crodynamic | 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 module (Yang et al. 2020b).
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The platform motions (surge, pitch, and yaw) affect the relative inflow current velocity,
therefore, a correction must be applied to the relative inflow velocity, U,y re;, t0 consider the
effects due to platform motions. At each time step, U, is calculated according to the hub
depth and instantaneous current velocity at the MSL. Thus, assuming small-angle

approximation for platform rotations:

Ucurr,rel = Ucurr - (XTTCM - XPCM)Ull - (ZTTCM - ZPCM)U15 + (YTTCM - YPCM)U16 [75]

where U, 1S the inflow current velocity at tidal turbine hub depth. U;4, U;s, U;¢ is body 1
(platform) surge, pitch, and yaw velocities, respectively. Xprey and Xpep are the x-
coordinates, Yrrcpy and Ypey, are the y-coordinates, and Zprepy Zpey are the z-coordinates of
the CMs of the tidal turbine and platform respectively. At each time step, U, is 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 three-dimensional potential flow
theory are employed for hydrodynamic analyses of complex multibody systems.
Hydrodynamic interaction concerns the influence of one body’s flow field on another’s. The
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 total DOFs of rigid body motions
are 6 X M, where M is the number of structures; the total unsteady potential is expressed as a

superposition by Equation 49:

M 6
DR 2,20 = DY Cmtn, (63,2:0) [76]

m=1j=1

where {;, is the amplitude of motion of the j-th degree of freedom of the m-th structure and
®r,,, (x,y,z; ) is the radiation potential due to the unit j-th motion of the m-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:

i = Fip + Foyyy = =00 [[ (91065,50) + 65007, 2:0) myn(,7, 048 77
Sm
[ ip
Ajm,kn + aBjm,kn = - Z Jj [¢Rkn(x: y,z;t)] - njm(x: y,z;t)dS [78]
Sm

where the subscripts m, n correspond to the m-th and n-th structures, and the subscripts j, k

refer to the motion modes.

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

hydrodynamic interaction, is expressed by:

M+4); -~ Ay Ix ©] [BIu = 0 [fcl(t) (Bo),, = 0 xl(tml(m]
: : : + : : : + H H H
ANl (M+A)NN J'C'N(t) 0 (BL)NN J.CN(t) 0 (BQ)NN XN(t)lxN(t)l [79]
e[hit—1) - Ryt —D)][%@) Cy - 0 x1 (1) Fi()
+ f : : foldr+| s o } [ N S
0 lhy(t—1) - hyy(t—D)]Liy(@) 0 - Cynllxy(® F,(8)
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where M;; are the inertial mass matrices, A;; are the added mass matrices, and x(t), x(t), X(t)
are the displacement, velocity, and acceleration matrices of the floating bodies. The subscripts
1 and 11 denote variables of body 1 (platform), subscripts N and NN denote variables of body
N (WEC), and subscripts 1N and N1 denote the coupling terms, or hydrodynamic interaction,
between the two bodies. (B,,);; and (B);; are the linear and quadratic damping matrices,

h;;(t) is the radiation impulse response function defined by

(0]

2
hi;(t) = ;jo B;;(w) cos(wt) dw [80]

where B;;(w) is the radiation damping matrix corresponding to the wave frequency w, and C;;

are the restoring matrices with contributions from hydrostatic and mooring line forces. Matrix

A;; and B;; can be computed by a numerical code based on the potential flow theory in the

frequency-domain, in this case AQWA, which are later used to calculate the total external force

in the time-domain denoted by F;(t):
[Fl(t)] [Fl”yd(t)
Fy()l L™

where F;¥(t) represents the hydrodynamic loads of the respective floating body, a

Fmoor (t) F1 PTO (t))

+ + +

FOWHD),, ©
' [81]

0 Fy" @ 0
breakdown of hydrodynamic loads is presented in the previous sections; F™°°"(t) is the
mooring line loads; F;,"7°(t) are the PTO forces; and F(W+Dext(t) 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 in Figure 3-21.
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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, using different
assumptions and idealizations, such representations are rarely perfect when comparing to the
actual physical system. Therefore, numerical models are required to be validated and verified.
(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
quantified confidence. However, the scarcity of publicly available test data creates difficulty
in accomplishing numerical code validation for ORE systems with low technical maturity
(Stewart and Muskulus 2016). To address this issue there have been some international
research projects organised such as the Offshore Code Comparison Collaboration projects
(Jonkman and Musial 2010), (Robertson et al. 2014a), (Wendt et al. 2019). These focused on
validation and verification of numerical codes for analysis of FOWTSs through 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 section and the findings are listed as

followed:

e At present, no numerical tools exist explicitly for modelling CFOES. This resulted
in the integration of numerical tools that could model the independent ORE
systems. The floating wind turbine is considered the central system (in terms of
rated power capacity and structural size), so this was the basis for the numerical
tool coupling i.e., numerical models of the marine renewable energy systems would
be integrated into a numerical model of the FOWT.

e Software used to design and analyse FOWTSs can 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. Thus, F2A was used to construct a numerical
model of a CFOES.

e Engineering tools are comprised of computational modules that can numerically
represent the offshore environment and structure. Offshore structures are exposed
to a wide variety of external conditions. The main external conditions relevant to
offshores structures are wind, ocean waves, and currents. Different mathematical
models can be selected to represent the offshore environment to suit the needs of
the analysis e.g., regular wave or wave spectrums which represent fully developed

or developing seas.
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For each physical domain, similarly a range of models can be implemented to
represent the applied load or system responses of a FOWT. The aerodynamics is
commonly computed within engineering tools using BEMT theory. Corrections
can be added to this model to capture other aerodynamic effects such as tip- and
hub-losses, skewed wakes, and dynamic stall. Morison’s equation or potential flow
theory can be used to calculate the wave loading within engineering tools. The
choice of model is dependent on size of the structure relative to incident
wavelength. For commercial aero-elastic codes, FEM models and modal analysis
methods are employed to model the structural dynamics of a FOWT. There are also
multiple modelling options for the controller and mooring system. To simulate the
coupled dynamics motion, Kane’s method is employed in FAST to formulate an
equation of motion for the entire system.

WECs can be modelled in ANSYS AQWA owing to the software’s excellent
capabilities of calculating hydrodynamic loads and modelling complex multibody
systems. Additionally, AQWA has ‘joint’ features which can be used to model the
PTO system of some WECs. F2A uses AQWA as its core hydrodynamic module
which meant coupling of FOWT numerical model and WEC numerical could be
achieved. To model the tidal turbines, a module for calculating aerodynamic loads
in FAST is repurposed to calculate the hydrodynamic loads of tidal turbines and

integrated within the F2A via the external.dll.
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Chapter 4. Development of catamaran FOWT numerical

model

To meet the objective of developing a fully coupled model of a CFOES, this project is split
into three key stages. This chapter presents the first of the three stages which is the development

of a numerical model in F2A of a catamaran-type FOWT.

Therefore, the chapter is organised into the following sections: Sections 4.1 and 4.2
present the inspiration behind the research and the reasoning for the choice of a catamaran
for use as a support platform for a FOWT. The novel concept and development of the numerical
model is presented after in Section 4.3. A number of considered design load cases are simulated
to comprehensively assess the concept which are described in Section 4.4. A detailed
explanation of the hydrodynamic pre-processing calculations is provided. Typical performance
indicators of a FOWT are used to examine the concept including platform motions, blade-root,
and tower-base bending moments, and generated power. The results are presented in Sections
4.5 — 4.7 and a chapter summary and conclusions are presented at the end of this chapter in

Section 4.8.

4.1 Introduction

A major design challenge prohibiting the commercialisation of FOWTSs is cost-effective
concepts which are capable of penetrating a competitive energy market. Some issues which
need to be addressed are increasing understanding on coupled dynamic characteristics,
economic viability, and acceptable motion and stability assessment criteria (Le et al. 2020).
Considering economic viability, concepts need to demonstrate significant potential for utility-
scale production. Barge-type platforms have advantages over other FOWT types in terms of
easy fabrication, fast deployment, and installation. The simple geometry of a barge allows for

121



Development of catamaran FOWT numerical model Chapter 4

uncomplicated platform construction, similarly, a wind turbine can be easily mounted onto a
barge at quayside. The transportation process is also simple as tugboats can be used to tow the
entire assembly to the offshore site. This operation can eliminate any need for specialist vessels.
Such operations mean that barge-type FOWTs have lower overall costs of fabrication,
transportation, and installation compared to others and show good suitability for utility-scale
production. However, the uptake of barge-type platforms is restricted by stability problems
mainly related to the pitch degree of freedom. This can result in complex requirements for its
operational control (Olondriz et al. 2018). Therefore, if a new barge-type platform concept
could be innovated, which had uncomplicated design so that the aforementioned advantages in
fabrication, transportation, and installation could be maintained, and improve upon platform
pitch stability of conventional barge-type platforms, then this FOWT concept would hold some

worth.

The use of catamarans in the maritime transportation and leisure industries has been on the
rise since the turn of the century (Fang et al. 1997). This vessel type was selected to build the
largest construction vessel in the world (Allseas 2021) (Figure 4-1) and green power boats
such as ECO SLIM (Drassanes Dalmau 2021). A catamaran is a type of vessel comprised of

two demi-hulls connected by a beam, often referred to as a cross-structure (Bashir 2014).
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Figure 4-1. The Pioneering Spirit (formerly the Pieter Schelte), an offshore (multi-purpose)

catamaran support vessel constructed by Allseas (Allseas 2021).

This upward trend can be attributed to the good hydrodynamic performance and the large
usable deck area that catamarans offer (enabled by the cross-structure). Both of these factors
would also be beneficial for ORE platforms. The deck area is attractive because it can enhance
safety when carrying out operation and maintenance work, and there is potential to support
infrastructure for other functions such as wind generation, ocean energy generation, solar
panels, hydrogen generation, desalination plants etc. There have already been some studies in
Asia investigating the retrofitting of a conventional catamaran vessel into a tidal energy
platform (Qasim et al. 2018), (Junianto et al. 2020), (Brown et al. 2021). Yet there has been
little to no public research on the modification of a catamaran for FOWT application. This
presents an opportunity for novel research, and in relation to this and the other factors

mentioned above, the primary incentive for this work is established.

4.2  The round bilge hull form

There are a variety of catamaran and other twin-hull concepts currently in existence, some
of which include displacement and semi-displacement, Small Waterplane Area Twin Hull
(SWATH), wave-piercing, and foil-assisted. Displacement catamarans are a commonly used
design for applications which require sufficient excess buoyancy. The seakeeping performance
and dynamic flow characteristics around the vessel are heavily dependent on the geometry of
these hulls. There are different hull forms available for displacement-type catamarans with the
most common hull form design being the Round Bilge hull form. This design has been
prominently used over many years in the design of monohull naval craft and multihull vessels.

The Round Bilge catamaran concept is essentially a “U-Shaped” hull form geometry (Figure
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4-2) (Bashir 2014). The simplicity in its geometry is an advantage for FOWT application. This

hull form was chosen for the catamaran-type FOWT which is presented in the next section.

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

4.3 The catamaran FOWT concept

The proposed concept in this work is inspired by a generic catamaran vessel with a with a
large deck mounted atop two equally spaced demi-hulls 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 the origin (0, 0, 0). Figure 4-3 shows the catamaran FOWT
concept labelled with relevant dimensions. The main components of the FOWT system are the

following: (1) wind turbine, (2) floating platform, and (3) 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 work is the NREL 5 MW reference wind turbine (properties
given in Table 4-1) which is used to assess the capacity of the proposed concept to function as
a FOWT. The wind turbine is a conventional three-bladed horizontal-axis, upwind variable-

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

Table 4-1. Properties of NREL 5MW reference wind turbine.

Parameter (Units) Value
Rated Power (MW) 5
Rotor & hub diameter (m) 126 & 3
Cut-in, rated, cut-out wind speed (m-s™) 3,11.4,25
Hub height (from the bottom of the tower) (m) 90
CM (Centre of Mass) location (from bottom of the tower) (m) 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 selected so that

the geometry, mass, and inertia properties of the platform were similar to that of a conventional
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barge FOWT. Any improvement or deterioration in performance can be attributable to the
platform design. The barge concept that was used as a comparison was the 1Tl Energy barge,
a preliminary barge concept developed by the Universities of Glasgow and Strathclyde, and
ITI Energy. Further details of the platform can be found in (Jonkman 2007). Additionally, the
barge FOWT is also used for benchmarking, validation, and verification of catamaran concept.
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 a 45° angle. The mooring system properties are given in

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

ANSYS AQWA.
Table 4-2. Platform properties.
Catamaran ITI Energy barge
Diameter or width xlength (m), 45 x 60, 40 x 40
(LOA = length overall) (m) (LOA=77.3)
Space between demi-hulls (m) 25 -
Draught (m) 4 4
Elevation to platform top (tower base) above SWL (m) 6 6
Total volume (m?) 15,684 16,000
Water displacement (m%) 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 m?) 4,672,683,194 726,900,000
Pitch inertia about CM (kg m?) 6,800,310,371 726,900,000
Yaw inertia about CM (kg m?) 11,190,569,096 1,454,000,000
Table 4-3. Mooring system properties.
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 m™) 130.4 130.4
Line extensional stiffness, EA (N) 589,000,000 589,000,000

126



Development of catamaran FOWT numerical model Chapter 4

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 the preliminary tests performed using the developed numerical model in
F2A and Load Cases (LCs) simulated. The first set of analyses focus on system identification,
including frequency-domain analysis to obtain hydrodynamic coefficients, free-decay
simulations to find natural frequencies, hydro-elastic 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 aero-hydro-servo-elastic time-domain simulations used to
investigate the performance of the catamaran floating wind turbine system under combined
wind and wave excitation. For these simulations, the Metocean data used is from a site located
off the north coast of Scotland which has a water depth of 150m. LC 1 — 7 are defined in
accordance with IEC 61400-3 where U,, is the locations’ turbulent wind speed, measured at
FOWT’s hub-height (m/s), H is the significant wave height (m) and T, is the spectral peak
period (s). The wind characteristics of the selected site are modelled as three-dimensional

turbulent wind fields based on the Kaimal turbulence model for IEC Class C and using
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TurbSim, a sub-program in FAST (Jonkman and Buhl Jr 2006). The site wave conditions are

modelled as irregular waves using the Pierson-Moskowitz wave spectrum in AQWA.

Furthermore, the length of each simulation is 4,600s, with the first 1,000s discarded to remove

transient effects potentially interfering with final results.

Table 4-4. Load cases.

LC Description Uy [mis] Hg[m] T, [s]
HDC Frequency-domain analysis to obtain hydrodynamic - - -
coefficients
FD Free decay analysis - - -
RW Regular wave - 2.1155 5.2555
RAO Response amplitude operators - 2 10
(White-noise wave)
WO Wind only (steady) 3-25 - -
1 Cut-in 4 1.6146 3.4985
2 Below rated 8 1.8037 4.2657
3 Rated 114 2.1155 5.2555
4 Above rated 18 2.9585 7.1203
5 Cut-out 25 4.0257 8.8897
6 Rated (Wave Dir 30°) 114 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, the methodology 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 new concept by verifying the procedure to

obtain the results. Following verification, the behaviour of 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 in Figure 4-5 and Figure 4-6. The coefficients are obtained in six
degrees-of-freedom for a wave frequency range of 0.05 — 4.0rad/s at intervals of 0.05rad/s and
incident angles varying between 0 — 90° at intervals of 30°. The calculated hydrodynamic
coefficients of the barge platform were validated against the results published by (Olondriz 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 damping coefficients.
Concerning heave damping coefficient, the plots follow 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 however the 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 by (Wellicome 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 demi-hulls. This phenomenon can lead to enhanced
motion behaviours. A series of characteristic frequencies, w, , exist where demi-hull oscillation
strongly excites the motion of the entrapped fluid; these frequencies can be identified by the

following formula:
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Symmetric interaction: wy = 2nmg/d; forn=1,2,3... [82]
Antisymmetric interaction: Wy = \/(Zn —1nrg/d, forn=1,2,3... [83]

where d,- is the demi-hull separation (m) and n is the characteristic frequency ordering.

The characteristic frequencies can be either separated into symmetric or antisymmetric
interaction. Symmetric interaction affects the vertical plane motions (surge, heave, pitch) and
antisymmetric interaction affects the horizontal plane motions (sway, roll, yaw). These
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 the demi-hulls is strong.
The frequency of the standing wave depends on the distance between the demi-hulls. The wider
the distance is between the demi-hulls, 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. Using Equation 83
and Equation 84 to calculate the characteristic frequencies, for heave and pitch plots of added
mass and radiation damping coefficients, small peaks occur at 1.57rad/s due to symmetric
interaction. For the added mass coefficients, a smaller peak can be seen at a frequency of
2.22rad/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, 1.92, 2.48, 2.93, 3.33 and
3.68rad/s due to antisymmetric interaction between the demi-hulls. 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 stiffness and potential

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 loading due 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.

131



Development of catamaran FOWT numerical model Chapter 4

2.0E+08 1LIE+10 6.0E+08

— Bl - — B4 . l' —_BI5
2 | . ] B H | —BM
& 15e+08 | 2 0gE+00 [ w4 SE+08 [
ot —B33 %’n —B&6 =, ‘
g | ¥ ]
g LOE+08 [ %-6.0E+09 [ £30E408 [ |
” : f ﬂ
2 508407 | 23.08+09 [ £ 15E+08 [ |
o | 2 \ b \
| E AV & |
N — T .
0.0E+00 L= ‘—“—\"—l\ J = " 0.0E+00 A v | ! 0.0E+00 e L
0 1 2 3 4 0 1 2 3 l 0 1 2 3 4
Frequency (rad’s) Frequency (rad/s) Frequency (rad’s)
a)
8.0E+06 Preseatstudy (ATT) HEOE’OB F Present study (A55) OEHT ¢ Present study (B15)
n —Qlondriz et al. (A11) @ F ——Olondriz et al. (A55) @ F —— Present study (B24
z —— Present sty (A33) S SOEHS | bty sty | B 208407 oA
& 6.0E+06 Olondriz et al. (A33) :ﬂ E / Olondriz et al. (A66) E] r
o & 40E+08 | = 10E+07 |
4 o F ] F
E. - . L
£ 4.0E+06 Biom0s [ 2 00EH0 < =
a g [ g £y
] a £ Q £ \
£ 2 20B+08 [ §-10E+07 |
§ 2.0E+06 B F 3 E \
2 F 10E+08 [ 20E+07 | S
3 3 2 3
0.0E+00 e 0.0E+00 L . 3.0B+07 L . . .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Frequency (rad’s) Frequency (rad’s) Frequency (rad’s)

b)

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 presented in Table 4-4 and plotted graphically in Figure
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 dynamic behaviour of 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 shape 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 properties and boundary
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 dynamic analyses 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 knowledge of 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

Catamaran 121.6 1571 54 106 9.8 109.5

Barge 137.7 1377 71 118 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,
tower-top fore-aft displacement, tower-base force in the x-direction, and fairlead tensions
(MB4/MC4) of both platforms subject to a regular wave with properties H=2.1155mand T =
5.2555s. The results show the barge exhibits greater surge and pitch displacement, tower-top
fore-aft displacement, tower-base 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 Response amplitude operators

RAOs are used in hydrodynamic analysis to initially assess the frequency-domain linear
wave response of floating platforms (Robertson et al. 2014b). In 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 responses (Aboutalebi et al. 2021). Simulations to predict the RAOs were performed
in OpenFAST (National Renewable Energy Laboratory (NREL) 2021) with the process
described in (Ramachandran et al. 2013) and (Aboutalebi et al. 2021). The RAOs for both
catamaran and barge platforms are plotted in Figure 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 published by (Aboutalebi et al. 2021).

RAOs are plotted for a frequency range of 0.1 — 1.25rad/s and they show considerable
excitation in surge, heave, and pitch modes. Since only wave response in a zero-degree heading
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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 considering the surge mode, there is a shift in peaks from 0.52rad/s to 0.62rad/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 platforms occurs at 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 until approximately 0.4rad/s. The RAO of the catamaran in the higher
frequency range falls more sharply than the barge. However, at approximately 1.0rad/s the
barge RAO begins to level out whereas the catamaran experiences another peak. This peak

corresponds to the frequency of the standing wave created by the catamaran’s demi-hulls.

For pitch mode, it is observed that the catamaran exhibits close to a 50% reduction in
response compared to the barge. As mentioned above, the pitch resonance frequency of the
catamaran is higher than the barge. Also, 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 Varying angle of incidence wave

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 in wave heading 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 occurs at approximately 1.3rad/s for a wave heading angle of 90 °, this response is

due to standing wave phenomenon between the demi-hulls.

Considering the heave mode, in the frequency range 0.85 — 1.25rad/s hydrodynamic
interference caused by the entrapment of wave between the two demi-hulls is prevalent. For a
wave heading angle of 90°, this phenomenon is most significant and has a maximum response
of 1.8m/m. At approximately 1.6rad/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 motion i.e., 0° 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 vessel-shaped and when exposed to

oblique waves significant rolling can 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 interaction.
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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 identify wind turbine characteristics
and peak loads in a steady-state, and to ensure the numerical model is behaving as expected. A
wind speed step of 1m/s was used for the whole wind turbine operating window (3 — 25m/s).
The simulation length for each wind step was 300s, but only the last 50s of data was used to
ensure steady state condition has been reached. Figure 4-11 shows the main wind turbine
characteristics under steady-state wind conditions including rotor thrust, speed and torque in

addition to generator power and blade pitch angle. The rotor thrust reaches a peak thrust of
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0.8MN at approximately 11.4m/s which is the rated wind speed of the turbine. The blade pitch
control becomes active once the wind speed reaches the rated condition. The wind turbine
maintains rated power as wind speed increases beyond the rated wind speed through pitching
of the wind turbine blades. The generator power is maintained at 5MW whilst the rated rotor

torque is approximately 40MN.

Figure 4-12 shows the responses of the blade-root and tower-base bending moments under
steady-state wind conditions. The peak loads are observed at rated wind speed; for the flap-
wise blade-root bending moment and F-A tower-base bending moment, the mean peak loads
are 10MN-m and 60MN-m, respectively. For the edgewise blade-root bending moment and S-
S tower-base bending moment, the trend is different. The edgewise blade-root bending moment
reaches peak value at rated wind speed but then the load is relatively constant as the wind speed
continues to increase remaining at a value of 1.6MN-m. For the S-S tower-base bending
moment, the value steadily rises as wind speed increases. The peak S-S tower-base bending

moment is approximately 8MN-m at a wind speed of 25m/s.
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Figure 4-11. Wind turbine characteristics under steady-state wind conditions.
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Figure 4-12. Blade-root and tower-base bending moments under steady-state wind

conditions.

4.7 Dynamic responses

4.7.1 Platform motions

4.7.1.1 Statistical results

The statistical motions of the two platforms are presented in Table 4-6. For LC1 and LC2,
the surge statistics are almost identical. Under LC3, 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 both platforms was predicted under LC3,
corresponding to the rated wind speed condition. A wind turbine operating at rated wind speed
produces maximum rotor thrust (approx. 800kN for 5MW wind turbine), which significantly
influences the surge of FOWTs. Under LC4 and LC5, the catamaran has a greater mean and
maximum surge and increased fluctuation compared to the barge. Both platforms experience
their greatest maximum surge under LC5 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. Considering pitch, for all LCs the catamaran platform has the smallest mean. The

elongated geometry of the catamaran compared to the barge provides a greater restoring
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moment about the y-axis. The highest mean pitch response for both FOWTs is observed under
LC3. The fluctuation of the catamaran under LC4 is 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 pitch of 8.52°.

Table 4-6. Statistical results of platform motion responses (1000 — 4600s).

Surge (m) Heave (m) Rel. Pitch (°)

LC Type Catamaran Barge Catamaran Barge Catamaran 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 34.68 33.35 0.456 0.645 1.581 2.153

2  Mean 22.25 22.32 -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 45.52 0.410 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 44.41 30.08 1.720 2.148 8.519 4.243

4 Mean 21.92 19.30 -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 2.727 3.352 12.770  12.190

5 Mean 20.60 8.583 -0.104 0.122 0.179 0.862

Std.dev 10.78 11.53 0.733 0.895 4.046 3.775
(BOLD = minimum)

4.7.1.2 Time- & Frequency-domain results

The time- and frequency-domain platform responses of both models under LC3 are
presented in Figure 4-13 and Figure 4-14. Considering time-domain 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 aspect that will be further investigated. Considering heave, the stability

of the catamaran is excellent, whilst the barge experiences greater fluctuation. The mean pitch
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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 exceed +3°.

Considering frequency-domain platform responses, the amplitude of surge response in
frequency-domain for the catamaran and barge platforms is dominant near 0.06rad/s,
corresponding to the resonant frequency of this mode for both platforms. Smaller peaks are
observed at approximately 0.4rad/s and 0.54rad/s for the barge and catamaran, respectively,
which equate to the pitch natural frequency of each platform. The response suggests the
coupling between surge-pitch for both platforms is somewhat small. When considering heave,
there is a limited response in lower frequency region. Peaks occur at 0.80rad/s and 1.14rad/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 seen at approximately 0.4rad/s,
which corresponds pitch resonant frequency of the barge platform. The pitch resonant
frequency of the catamaran platform is approximately 0.54rad/s and the amplitude of the peak

is slightly higher compared to the peak 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. Frequency-domain (spectral) responses of FOWT concepts under LC3 (rated

wind speed).

4.7.2 Mooring line responses

Figure 4-15 presents 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.

Therefore, four mooring lines of the barge (MB1, MB3, MB5, MB7) and catamaran (MCL1,

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 lines downstream will slack.

144



Development of catamaran FOWT numerical model Chapter 4

Consequently, MB5 and MC5, exhibit the greatest tension. The barge and catamaran mooring
lines have similar mean tensions under all LCs, except for mooring line MC5 in LC4 and LC5
where MCS5 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 LC5. 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 for LCs 1 - 5 are charted in Figure 4-16 and the time-domain
generator power under LC3 is presented in Figure 4-17. For LC1 and LC2, the results are
incomparable. Under LCs 3 - 5, the catamaran has greater maximum generator power but larger
standard deviation, whilst the barge has greater minimum and mean generator power. In Figure
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 4-17. 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, Out-of-Plane (O-0-P) blade-tip

deflection and tower-base bending moments of both platforms. Rotor thrust, O-o-P blade-tip
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deflection and Fore-Aft (F-A) tower-base 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 is the dominant load acting on
each FOWT. The O-0-P blade-tip deflection is the result of wind-induced force on the wind
turbine blades. The F-A tower-base bending moment is mainly caused by the rotor thrust and
has the most prominent influence on stress at the tower base. The peak thrust acting on both
wind turbine rotors occur under LC3. This is also true for peak F-A tower-base bending
moment and O-o0-P blade-tip deflection. Comparing the two FOWTs, for all LCs, the barge
platform has higher rotor thrust. Under LC3, the barge and catamaran platforms have an
approximate mean rotor thrust of 750kN, and 700kN, respectively, which is a difference of 7%.
The maximum rotor thrust of the barge and catamaran is 1066kN and 1123kN, respectively.
The mean F-A tower-base bending moment is 64MN-m and 52MN-m for the barge and
catamaran, respectively, representing a difference of 23%. The maximum F-A tower-base
bending moment is 140MN-m and 104MN-m for the barge and catamaran, respectively. The
mean O-0-P blade-tip deflection of both concepts for all LCs is similar. For LC4 and LCS5, the
standard deviation is higher for the catamaran compared to the barge. For all LCs, the barge
has the greatest S-S tower-base 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 differences in the first two LCs are insignificant. For LCs 3 - 5, there is
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approximately a 15% difference between the S-S tower-base bending moments of the barge

and catamaran platforms.
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Figure 4-18. Comparison of mean rotor thrust and blade-tip deflection.
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Figure 4-19. Comparison of barge and catamaran tower-base bending moments.

4.7.5 Incident wave angle at 30° and 90°

This next section presents and discusses the results of LC6 and LC7 which were simulated

to investigate the dynamic responses, in terms of platform motions, mooring line tensions,
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produced power and tower-base bending moments, of the two FOWTSs when the alignment

between the incoming wind and waves change.

4.75.1 Platform motions

Figure 4-20 charts the platform motion statistics and Figure 4-21 and Figure 4-22
compare the platform motion time histories of the two platforms under LC6 and LC7.
Considering surge, the mean of both platforms is similar for all wave headings which is
approximately a 25-30m 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° is reasonable with a
maximum amplitude of 15m. 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
demi-hulls amplifying the heave response as discussed in the previous sections. A maximum
heave of 1.5m is observed which means the effect of this dynamic amplification is insignificant.
For roll and pitch motion of the catamaran 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 when the wave heading 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 the x-axis. 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, the power produced is 4.9MW. This
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is the maximum power the turbine can produce given its efficiency. When the platform is
yawed 5°, 10°, and 15°, the produced power is 4.85MW, 4.71MW, and 4.50MW, 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 LC7, the catamaran only experiences a maximum
yaw of 6° during the one-hour simulation for a brief period of 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 4-23. Effect of yawing on power generation.
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Figure 4-24. Wind turbine efficiency vs platform yawing.
4.7.5.2 Mooring tensions

Figure 4-25 compares the time-domain fairlead tensions of both platforms under LC6 and
LC7. When considering LC6, there are negligible differences in the fairlead tension of all
mooring lines between both platforms. The maximum fairlead tension is approximately
0.84MN. Under LC7, 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 similar for

both load cases and the mooring line tension follows a similar trend in both simulations.
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Figure 4-25. Time-domain fairlead tensions under LC6 and LC7.

4.7.5.3 Power production

Table 4-7 tabulates the power production statistics under LC6 and LC7, whilst Figure
4-26 graphs the generator power time histories of both platforms. From Table 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 decreases. The maximum
produced power also decreases however, 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 for all wave
heading angles. Subject to LC6, Figure 4-26 shows the produced power by the wind turbines
supported by operate similarly. Under LC7, 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 better-quality 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  Catamaran Barge  Catamaran  Barge
Min. 1.961 1.967 1.955 1.933 2.007 1.917
Mean 4507389 452403 4.520281 4.523217 4542581 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 LC6 and LC7.

4.7.5.4 Tower-base bending moments

Figure 4-27 presents the tower-base bending moments about the x- and y-axis of both
platforms for 30° and 90° wave headings. The results show that the bending moments at the
tower-base 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 bending moment about the y-axis
decreases whilst the bending moment about the x-axis 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 tower-base bending moments of both platforms under LC6 and

LC7.

4.8 Chapter summary and conclusions

This chapter has presented the development of a novel catamaran-type FOWT concept.
The hydrodynamic characteristics and dynamic responses of the catamaran-type FOWT is
assessed in intermediate water depth in common operational conditions. The results are
compared with a well-known barge-type 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 aero-hydro-elastic-servo simulations.

The results of the current research have revealed advantages which a catamaran-type

floater has over a conventional barge-type floater:

e 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 functionality could lead to cost reductions e.g., through increased

power generation.
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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 means the catamaran floater has increased hydrodynamic restoring stiffness
and damping for these modes of motion.

The catamaran platform responds distinctively at certain frequencies for vertical
and horizontal plane motions due to symmetric or antisymmetric 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 demi-hull separation.

Findings from the free decay results show that the catamaran floater has increased
natural damping in the system for roll and pitch modes compared to the barge
floater. This was especially the case for pitch, where observed damping was
increased considerably. This 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.
The time-domain simulations showed the response of both platforms were similar
for simulated load cases, which meant the 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 platform’s dynamic response. Nevertheless, the pitch response of the catamaran
was similar to that of the barge. The fact that the catamaran behaves similarly to
the barge whilst being excited at its natural frequency highlights the platform’s
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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e The results of this study also showed that the catamaran floater had reduced tower-
base bending moments (both F-A and S-S) for all simulated conditions. For rated
wind speed (LC 3) and corresponding wave condition, the F-A tower-base bending

moment was reduced by 22%.

Considering this research was a preliminary investigation into catamaran-type floaters and
the design was a first iteration, there is unambiguous evidence that a catamaran floater has
advantages over a conventional barge. With optimization and advanced concept 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 chapter represents the second stage of this project, which is the development,
integration, and testing of two marine renewable energy system types with the catamaran-type
FOWT individually. The first half of the chapter is the development of separate numerical
models of the marine renewable energy systems, and the second half of the chapter is the
integration of these numerical models into the numerical model of the catamaran-type FOWT

developed in F2A.
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development and integration

This chapter presents the second stage of this project which is the numerical model
development and integration of tidal and wave energy systems. The chapter is organised into
two parts: Section 5.1 is the numerical model development of the tidal and wave energy
systems, and Section 5.2 is the numerical model integration with the numerical model of the
catamaran-type FOWT. In Section 5.1, numerical models of the tidal turbine system (Section
5.1.1) and wave energy converter system (Section 5.1.2) are built within the appropriate tools.
The models are validated against available experimental or numerical data. Section 5.2
develops: (1) a model of the catamaran FOWT integrated with tidal turbines (CTT) and (2) a
model of the catamaran FOWT integrated with a WEC system (CWEC). Section 5.2.1 and
Section 5.2.2 is dedicated to the CTT concept and CWEC concept, respectively. These models
are used to improve understanding on the coupled dynamics of the catamaran FOWT when
separately integrated with two different types of ocean energy systems. Specifically, the
numerical models are used to study the overall platform motion and structural component
responses in addition to total generated power. Additionally, any possible negative effects
arising from the presence of the ocean energy systems will also be reported. The results of will
be beneficial in understanding the coupled dynamics of the final model of the triple 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 Laboratories (Neary et al. 2014). The RM1 device is a dual variable-
speed variable-pitch axial-flow tidal turbine device. The turbines were originally designed to
be mounted onto a monopile foundation via a cross-arm assembly. The cross-arm assembly is
nearly neutrally buoyant which eases maintenance operations. The dimensions of the RM1
device are provided in Figure 5-1 and the main properties are listed in Table 5-1. Each rotor
has a diameter of 20m, and they are offset by 28m from each rotor centreline. The hub depth
is 20m which reduces cavitation potential. The controller is based on the NREL 5 MW

reference wind turbine controller developed by Jonkman (Yang 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) 0.5-3.0
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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

Steady current simulations were run to test the numerical model of the tidal turbines for
known inflow conditions. The turbines were examined for the full turbine operating window
and the inflow current was increased in steps of 0.1m/s. The rotor speed and generator power
were measured for each step in current speed. Figure 5-2 presents the results and compares
them to the results published by Yang et al. (Yang et al. 2020b). There is good agreement
between the results of the present numerical model and the published results. The agreement
verifies the numerical model can produce adequate results and that the tidal turbine controller

IS working as expected.

600.00 18

50000 | 11

(¥

£ 400.00 i 112

5 _ F
7 £
2 3
a, 300000 141 9 2
8 2
a =
g &
& 200.00 16

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

10000 |~

000 L . —
05 1 15 2 23
Current speed (m/s)

wa |

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

In addition to the steady current tests, simulations were run which varied the tidal turbine
rotor speed under steady current of constant velocity. Such tests provide insight into the

optimum performance of the tidal turbines. Figure 5-3 plots the power coefficient against the
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tip-speed ratio. The calculated performance curve of the tidal turbine rotors from the numerical
model are compared to the experimental performance curves of the tidal turbine rotors
published by 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 experiments. Moreover, only one performance curve is plotted from the

numerical model because the tidal turbines are identically modelled.
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Figure 5-3. Calculated C, vs A (coefficient of power vs tip-speed ratio).

The comparison to experimental data offers opportunity to validate the numerical model
as long as satisfactory agreement is observed between the results of the numerical model and
experimental model. The maximum power coefficient of the tidal turbines predicted by the
numerical model is 0.45, whereas the maximum power coefficients of the physical model are
0.43 and 0.48 for the left and right tidal turbine, respectively. There are some differences
between the numerical and experimental datasets which include the tip-speed ratio at which the
maximum power coefficients are observed and the rate at which the power coefficient falls as
tip-speed ratio increases. For the present study, maximum C,, occurs when 4 = 6, whilst for the
physical model the maximum C, is observed when A = 5. This means that the numerical model
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is predicting the optimum performance of the tidal turbines for slightly higher rotor speeds.
The reason for this is because in order to achieve a rated power of 550kW under the rated
current speed of 2m/s, the rotor speed was increased from 11.5rpm to 13rpm. The second
difference was the rate at which the power coefficient decreases as the tip-speed ratio increases.
In the present study, the performance curve does not decrease as sharply compared to the
performance curves calculated from the experimental model. It is expected that the
modifications in turbine blade profile have marginally altered the performance of the tidal
turbines. Generally, the performance curves show satisfactory agreement across the tip-speed
ratio range and there is good agreement in the magnitude of maximum C, =~ 0.45. The
combination of these two factors provides assurance that the numerical model of the RM1 tidal

turbine system is satisfactory.

5.1.2 Wave energy converter

The WEC system is a series of point-absorbers which are collectively known as the
Wavestar concept (Figure 5-4). An individual Wavestar unit is a partially submerged
hemispherical buoy which is rigidly connected to an arm that is attached to the main structure
via a hinge. Each float can rotate about the pivot point with the action of the waves. The relative
motion between the floats and pivot points motivates hydraulic PTO pistons which in turn
produce electrical power. Whilst a single Wavestar unit is a point-absorber WEC, the collective
Wavestar system can also be considered as an attenuator WEC. This means when the wave
propagates through the system each float is worked one after the other. Therefore, the system
should be aligned with the dominant wave direction to maximize energy conversion. The
advantages of this are that the produced power is smoother compared to other point-absorber

WECs.
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Figure 5-4. Wavestar concept (adapted from (Kramer et al. 2011)).

A single Wavestar unit is illustrated in Figure 5-5 with main geometric dimensions given
at 1/5 scale using Froude scaling laws. The inertial properties of the Wavestar at both 1/5 scale
and full scale are given in Table 5-2. At full scale, each float has a dimeter of 5m which is
rigidly connected to an arm at 1.6m above MSL. The arm is connected 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 have a rated power of approximately
25kW (Babarit et al. 2011). It must be noted though this is an assumption or “average” because
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 of 35,769 N/(m/s) in heave was
augmented to the model to account for viscous effects. For verification and validation of the
numerical model, results are compared to the data measured during a tank test campaign at the
Coastal, Ocean and Sediment Transport (COaST) Ocean Wave Basin at Plymouth University
when an experimental model of the Wavestar system was tested at 1:5 scale and to published

numerical results from a study conducted by Ghafari et al. (Ghafari et al. 2021). Ghafari et al.
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integrated the Wavestar WEC system into a spar FOWT system. The validation and verification

exercise are presented in Section 5.1.2.1.2 and the results are converted to full-scale.

Figure 5-5. Wavestar float created in Solidworks (scaled 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 (kg m?) 124 387,500
Centre of mass (CM) (m) (0.18, 0,0.355) (0.9,0, 1.775)
Additional heave linear damping N/(m/s) - 35769

5.1.2.1.1 PTO System

The mechanical power generated by the rotation of each float is converted into electrical
power by means of a hydraulic cylinder. In AQWA, to model a hydraulics PTO piston, a hinge
joint can be used. A rotational damping coefficient (Bpro) is specified and the PTO force

(Fpro) and power (Ppro) can be determined by the following equations:

Fpro = —Bpro 6 [84]

Ppro = _éFPTO [85]

where @ is angular velocity.
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Figure 5-6 is a simple schematic of the hinge location, arm attachment point and centre of
mass location of a single Wavestar unit. The presence of the arm means that the centre of mass

location is slightly off-centre.
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Figure 5-6. Hinge and arm connection of a single Wavestar unit.

5.1.2.1.2 Verification and validation of numerical model

Figure 5-7 shows time histories of heave displacement and heave velocity for varying
PTO damping coefficients and presents a comparison of the kinematics between the present
numerical model, the numerical results published by (Ghafari et al. 2021), and the experimental
results recorded at COaST Ocean Wave Basin at Plymouth University. The results were
obtained from a regular wave test (H = 0.1m, T = 1.4s) and presented in full-scale after applying
Froude scaling laws. There is good agreement between the three data sets which verifies and
validates the present numerical model of the Wavestar WEC system. The 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 the heave and pitch motion RAOs of the single Wavestar unit. These

were obtained from a frequency-domain analysis in ANSYS AQWA. RAOs are plotted for a

frequency range of 0.05 — 6rad/s for a wave heading angle of 0°. A broad peak can be observed

at frequency 1.2rad/s in the pitch RAO which corresponds to the pitch resonance frequency.

The amplitude of motion at the resonance frequency is approximately 1.25°/m.
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Figure 5-8. Pitch RAO of single Wavestar unit computed with frequency-domain model.
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5.1.2.1.4 Free decay

A free decay analysis was conducted for pitch mode only. A 10° rotation is applied and
then the Wavestar is released and allowed to come to rest. Figure 5-9 shows the pitch response

of the single Wavestar unit. The free decay test shows the natural period is approximately 4.3s

which corresponds to a natural frequency of 1.46rad/s.
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Figure 5-9. Pitch free decay of single Wavestar unit attached to hinge.

5.2 Coupling of numerical models of marine renewable energy systems with

numerical model of catamaran FOWT

The second part of this chapter is dedicated to the coupling of the numerical models of the
marine renewable energy systems with the numerical model of the catamaran-type FOWT. The
result is two numerical models: (1) a numerical model of catamaran with tidal turbines, and (2)
a numerical model of catamaran with WEC system. Section 5.2.1 describes the development
of model 1 and Section 5.2.2 describes the development of model 2. Then, using the integrated

models, simulations are conducted to provide insight into the behaviour of the catamaran-type

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 the catamaran with tidal turbines (CTT) concept.
Considering the tidal turbine system, one tidal turbine is installed to the keel of each demi-hull
of the catamaran support platform in place of the monopile foundation and cross-arm assembly.
The rotor centrelines remain submerged 20m below the mean seawater level to minimize
cavitation potential and the rotors are offset by 35.2m from each rotor centreline. The presence
of the turbines increases the platform mass by 2.5%. The support platform is also the foundation
for the wind turbine, and it is held in position by an eight-line spread catenary mooring system

configuration.
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Figure 5-10. Schematic of CTT concept.

The NREL 5MW reference wind turbine, the catamaran support platform and the station-
keeping system remain identical to the numerical model presented in Chapter 4 which means

the only difference is the integration of the numerical model of the tidal turbines. Table 5-3
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compares mass and inertia properties of the pure catamaran FOWT and CTT concept. Figure

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

Table 5-3. Properties of the CTT concept.

Catamaran CTT
Mass (kg) 4,901,080 5,023,680
CM location (m) (0,0,1.51) (-0.01,0,1.32)
Roll inertia about CM (kg m?) 4,672,683,194 4,781,318,142
Ixy (kg m?) 0 -618
Ixz (kg m?) 0 2,353,966
Pitch inertia about CM (kg m?) 6,800,310,371 6,861,694,688
lyz(kg m?) 0 -33
Yaw inertia about CM (kg m?) 11,190,569,096 11,240,002,086

Figure 5-11. CAD model of CTT concept.

Similarly, F2A is used evaluate the performance of the CTT concept. An additional module
is implemented within the engineering tool to calculate the hydrodynamic loading of the tidal

turbines considering the dynamic inflow effects which arise because of platform motions.

170



Tidal and wave energy system numerical model development and integration Chapter 5

5.2.1.1 Simulation

5.2.1.1.1 Testing of the coupled model

Since the numerical model of the catamaran-type FOWT was validated in Chapter 4
(Cutler et al. 2022) and the numerical model of the tidal turbines has been validated in Section
5.1.1.1. The numerical model of the CTT concept has been validated through partial validation
of the two integrated numerical models, then, providing the coupled numerical model can
produce a set of expected results from known conditions, the coupling of numerical models
can be proven successful. To demonstrate this, results of the coupled numerical model is
compared to a similar concept which previously integrated the same tidal turbine system. This
concept is the Integrated Floating Energy System (IFES) concept presented in (Yang et al.
2020b). However, the IFES concept features a spar-type platform rather than a catamaran-type
platform. So before direct comparisons can be made with the IFES concept, some small
adjustments to the CTT numerical model are applied. The first adjustment to the CTT
numerical model was to increase the water depth from 150m to 320m in order to model the
same water depth in both models. As a result, a change in the position of the anchors and
mooring line section length is applied to reflect the increase in water depth. The third
adjustment was to the hub depth of the tidal turbines in the CTT numerical model: the depth of
the turbines was increased from 20.2 to 46.5m. These modifications to the CTT 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 but supported by different platforms. Two current only
simulations were run to test the performance of the coupled numerical model. The first
simulation run disabled 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 turbines can be evaluated fairly, and the
results should be similar. The second simulation permitted platform motions to provide insight
into the influence of platform dynamics on the performance of the tidal turbines. Figure 5-12
compares the tidal turbine responses between the CTT concept and IFES concept when
platform motions are disabled, and Figure 5-13 compares the tidal turbine responses when
platform motions are enabled. Figure 5-12 shows that there is no difference in tidal turbines
responses when mounted on either the catamaran- or spar-type platform when platform motions
are disabled. The strong agreement in the results infer that the tidal turbine numerical model
has been coupled appropriately in the present study. Figure 5-13 shows the tidal turbines
responses when platform motions are enabled. As expected, the different floating wind turbine
platforms influence the tidal turbine responses. The 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 fluctuations as a result of increased platform motions.
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Figure 5-12. Comparison of tidal turbine responses between CTT concept and IFES concept

when platform motions are disabled.
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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 turbine hub depth study

A study was conducted to investigate the influence of tidal turbine hub depth on power

production and global platform motions. Figure 5-14 and Figure 5-15 show the results of this

study. As turbine hub depth increases, the inflow current velocity decreases because of the

profile of the current 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 20m was optimum for the catamaran-type platform. The

position of the tidal turbines also had negligible effect on the global platform motions.
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Figure 5-14. The influence of tidal turbine hub depth on tidal turbine responses.
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Figure 5-15. The influence of tidal turbine hub depth on global platform motions of

5.2.1.1.3 Free decay

catamaran-type FOWT,

A numerical free decay analysis was carried out to determine if the tidal turbines impact

the natural periods of global platform motions when in stand-still condition. The results of the

free decay analysis are presented in Figure 5-16. When the tidal turbines are in stand-still, the

effect on the platform natural periods of the system for all degrees of freedom is negligible. It

can be implied that when there no current or extreme current occurs, thus, the tidal turbines are

in stand-still condition, the responses of the CTT concept would be similar to that of a pure

catamaran FOWT.
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Figure 5-16. Free decay analysis of CTT concept and comparison against pure catamaran

5.2.1.1.

FOWT.

4 Operational conditions

The power production, wind turbine rotor and tower, support platform, mooring system,

and tidal turbine rotor responses of the CTT concept are assessed and compared against a pure

catamaran FOWT for three operating conditions: below-rated, rated, and above-rated. Analysis

of these responses will provide insight into the behaviour of a floating wind and tidal turbine

system when both energy systems are functioning. Table 5-4 defines the operational load cases.

Table 5-4. Load cases for analysis of CTT concept in operational conditions.
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Load Turbulent wind Significant wave Spectral wave Current velocity at
Case velocity (m/s) height (m) period (s) MWL (m/s)

1 8.0 1.316 8.006 1.14

2 11.4 1.836 7.441 1.25

3 16.0 2.598 7.643 1.37

5.2.1.1.4.1 Rotor responses

Figure 5-17 presents the time-domain wind turbine rotor responses including rotor speed,
rotor thrust, and rotor torque under LC2. The time-domain tidal turbine rotor responses are
presented in Figure 5-18. Comparing against the responses of a pure catamaran FOWT system,
insignificant differences are observed in the rotor responses for rated wind speed condition.
The results show that the addition of the tidal turbines has negligible effect on the wind turbine
aerodynamic performance. Similarly, it is noted that the cumulative hydrodynamic thrust

produced by the tidal turbines is of a similar magnitude to the aerodynamic thrust produced by

the wind turbine rotor.
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Figure 5-17. Comparison of wind turbine rotor responses between CTT concept and

catamaran FOWT concept subject to LC2.
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Figure 5-18. Tidal turbine rotor responses under LC2.

The wind turbine rotor response statistics are given in Table 5-5 and the tidal turbine rotor

response statistics are given in Table 5-6. There are some differences in the rotor responses,

but these are minor and do not exceed 3% difference. This confirms that the tidal turbine system

has weak influence on the wind turbine rotor dynamic responses.

Table 5-5. Statistical wind turbine rotor responses of the two concepts under operational load

cases.
LC1 LC2 LC3

Catamaran Catamaran Catamaran Catamaran Catamaran Catamaran
+TT +TT +TT
Min. 751 7.47 9.86 9.85 8.99 9.08
Rotor Mean 9.48 9.48 11.82 11.83 12.10 12.10
if;;‘; Max. 12.92 12.87 14.23 14.14 15.58 1557
Std. Dev. 0.99 1.00 0.64 0.64 1.00 0.99
Min. 0.19 0.18 0.06 0.06 -0.18 20.18
Rotor Mean 0.50 0.50 0.69 0.68 0.48 0.48
Zl;ﬁ)t Max. 0.98 0.96 1.08 111 1.09 1.08
Std. Dev. 0.11 0.11 0.15 0.14 0.21 0.20
Min. 0.54 0.52 2.25 2.20 253 2.45
T'?)?;Zre Mean 2.04 2.04 3.69 3.70 4.18 4.18
oNm) | Max 4.48 4.60 5.08 5.09 5.60 5.71
Std. Dev. 0.59 0.60 057 0.57 0.47 0.46
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Table 5-6. Statistical tidal turbine rotor responses under operational load cases.

LC1 LC2 LC3
Min. 3.03 591 505
Mean 742 819 824
Rotor speed (rpm)
Max. 9.75 1177 12.97
Std. Dev. 0.75 0.76 1.00
Min. -0.03 0.08 0.04
Mean 031 038 0.38
Rotor thrust (MN)
Max. 028 041 050
Std. Dev. 0.04 0.04 0.06

5.2.1.1.4.2 Tower responses

Figure 5-19 presents the time histories of the wind turbine tower-top F-A displacement

and tower-base force in the x-direction for LC2. A histogram plot of the mean values for both

variables is also presented for all LCs. The CTT concept has a slightly reduced response in

both tower-top displacement and tower-base force compared to the catamaran concept. The

reduction in displacement and force infers the tidal turbine system has fractionally improved

the stability of the platform.
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Figure 5-19. Comparison of time-domain tower-top F-A displacement and tower-base force
in X-direction under LC 2 and comparison of statistics for all LCs between CTT concept and

catamaran FOWT.

5.2.1.1.4.3 Platform motion responses

The time-domain platform motions of the CTT concept and the pure catamaran FOWT is
shown in Figure 5-20. In addition, the platform motion statistics for both concepts for all LCs
are presented. The integration of the tidal turbines affects the surge response of the global
system. The extra hydrodynamic thrust exerted on the platform due to turbine operation
increases the mean surge of the CTT concept. However, compared to the pure catamaran
FOWT, the variation in surge has significantly improved. The tidal turbines produce
hydrodynamic damping which makes the CTT concept more stable. The heave and pitch
response of the CTT concept are more similar to the pure catamaran FOWT. The pitch response
of the CTT concept has marginally improved which is as a result of the hydrodynamic thrust
reducing the moment of the aerodynamic thrust. However, the overall results show that these

platform degrees of freedom are not notably impacted when the tidal turbines are operating.

179



Tidal and wave energy system numerical model development and integration Chapter 5

60.0

h
<
[=]

— Catamaran —— Catamaran+ TT |

45.0 £
vv“*V'""\,\"{/V‘" /RTV Waas »w m.r»'v me\ NJm / u,,w
A A | \ 1 A ha
r!\flﬂ‘p II“‘ W UI‘IIH\“‘J\IVI\MI JM“I\JI‘“J ‘|"W\I IJIHH J‘|JWI‘ Iuiu‘\lu

-

Surge (m)
[
o
o
Surge (m)
[*] % -
(SR
o o o
T T T
—
—p—e
—
(L ol
—
.

—
w

=]

T
—
2 =
(=]

T

i

ha
hal:

¥}
(=]

Heave (m)
— b
(=] =]
—H—
-
—H—e
——

Heave (m)

Pitch ()

b

Catamaran Catamaran
+TT

c1

Pitch (°)

Catamaran Catamaran
+TT

Catamaran Catamaran
+TT

LC2
Load Case

LC3

Q 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 5-20. Comparison of time-domain platform motions under LC2 and comparison of

platform motion statistics between CTT concept and catamaran FOWT.

The platform motion spectral responses for LC2 are presented in Figure 5-21. It can be
clearly observed that the tidal turbines have had an effect on the surge response. The red curve
(catamaran) has a distinct peak at a frequency of 0.1rad/s which corresponds to the surge natural
frequency. Conversely, the blue curve (CTT concept) does not have a peak in this region. This
peak has been damped by the operation of the tidal turbines. For the other two modes of motion,
there are insignificant differences in the spectral responses. For all three modes, there is

significant energy content between 0.5 — 0.7 rad/s which is the wave spectrum frequency range.
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Figure 5-21. Comparison of spectral amplitudes of platform motions subject to LC2.

5.2.1.1.4.4 Mooring lines responses

Figure 5-22 plots the time-domain mooring line tensions under LC2. The major
differences are observed in the upwind mooring lines (ML3 and ML4). It was expected due to
the increased surge displacement that the upwind mooring lines of the CTT concept would be
larger compared to the catamaran. The maximum tension recorded in ML4 of the CTT concept
is approximately 0.9MN whereas the maximum tension in the equivalent mooring line of the
pure catamaran concept is 0.7MN. On the other hand, a positive is that as a result of the

hydrodynamic thrust, the variation in the mooring line tension has reduced.
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Figure 5-22. Comparison of tension in mooring lines between CTT concept and catamaran

(C) under LC2.

Figure 5-23 is a comparison of spectral amplitudes of mooring lines tension between the
two concepts under LC2. The frequency-domain mooring line tension was analysed to show
the impact of the hydrodynamic thrust generated by the tidal turbines. This impact is evident
when observing the surge resonant frequency which is approximately 0.1rad/s. The operation

of the turbines is damping the energy content at this frequency for the CTT concept.
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Figure 5-23. Comparison of spectral amplitudes of mooring line tension between the two

concepts under LC2.

5.2.1.1.4.5 Power generation

Figure 5-24 presents the generated power from the wind turbine and tidal turbine systems.
The figure provides good insight into one of the main advantages of the CTT concept, which
is the generation of additional electrical power from the tidal turbines. The extra mean power
generated by the tidal turbines is 0.21, 0.28, and 0.29MW, respectively for each LC. This
equates to an increase in electrical power of 10.1, 6.0, and 5.6%, respectively for each LC,
compared to the pure catamaran FOWT. In sites where there is a good current resource, the
additional power generated by the tidal turbines could be a substantial addition to the overall
system power output. Furthermore, the simulated current velocity was considered below rated
for the tidal turbine system. If there was a stronger current, then the increase in electrical power

would be substantially higher.
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Figure 5-24. Comparison of the time-histories of the electrical power produced by the wind
turbines and the time-domain history of total power produced by the tidal turbines under

LC2, and a statistical comparison of the total power generated under all LCs.

5.2.2 Catamaran with WEC system

Figure 5-25 shows the hydrodynamic model constructed in ANSYS AQWA of the
catamaran with WEC system (CWS) concept. The figure is labelled with appropriate
dimensions to illustrate the integration of the WEC system onto the support platform of the
FOWT. Eighteen Wavestar units have been installed to the superstructure; six units each on
the port and starboard sides, and three units each installed to the fore and aft of the platform.
Each WEC unit is offset by 7m from the adjacent WEC unit(s). Wave power is generated
through relative displacement between the Wavestar units and catamaran platform. Each WEC
PTO system is located on the superstructure of the catamaran platform outside of the water at
a height of 8.425m. This is a strong advantage compared to other types of WEC as it eases
routine operation and maintenance. The model of the wind turbine, the catamaran support
platform, and the station-keeping system remain identical to the numerical model presented in
Chapter 4. Therefore, the only difference is the addition of the WEC system model. The WEC

system model has been validated at the start of this chapter, as such no further validation work

184



Tidal and wave energy system numerical model development and integration Chapter 5

is required for the CWS concept. F2A is used to study the technical feasibility of the CWS
concept. Multibody hydrodynamic interaction is a complex task which concerns the influence
of one body’s flow field on another’s (ANSYS 2020). The significance of the interaction will
depend on both the relative sizes of the bodies and the separation distances between them. F2A
has excellent capabilities for numerical analysis of multibody offshore structures because
ANSYS AQWA is the underlying hydrodynamic code. ANSYS AQWA accounts for the wave
radiation coupling and shielding affects in the hydrodynamic interaction. A number of
numerical simulations are performed to thoroughly assess the CWS concept. The
hydrodynamic interaction between the catamaran support platform and WEC system will be
studied through hydrodynamic coefficients. Several numerical models are developed, each one
progressively becoming more complicated in terms of the number of structures present. It will
be obvious to see the effect of hydrodynamic interaction in this manner. Then, to determine if
the integration of the WEC system affects the catamaran support platforms natural periods a
free decay analysis is completed. Regular wave studies are conducted to find the optimum
damping coefficient for the WEC PTO system, to observe the amount of produced power as a
function of wave period and to observe the dynamic responses of the combined structure for a
regular wave. Irregular wave simulations are carried out to test the CWS concept in realistic
wave conditions in the absence of wind. The performance of the CWS concept is assessed
through an evaluation of platform motions, tower-top displacement, tower-base force, and

mooring line tension.
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Figure 5-25. CWS concept developed in AQWA.

5.2.2.1 Simulation

5.2.2.1.1 Multibody hydrodynamic interaction

Hydrodynamic interacting structures will have altered hydrodynamic coefficients as a
result of changes in radiation and diffraction forces due to the presence and influence of the
other structure(s). To gain an understanding of the hydrodynamic interaction between the
catamaran support platform and the WEC system, an investigation into the hydrodynamic
coefficients was conducted. Several models are developed: (1) single Wavestar unit only, (2)
catamaran support platform and single Wavestar unit installed to the fore of the platform, (3)
catamaran support platform and single Wavestar unit installed to the port side of the platform,
and (4) the complete CWS concept. Initially, the size difference between the two systems
indicates the dominant influence the catamaran will have upon the WEC units. The influence
of the full WEC system on the catamaran support platform and the influence of adjacent WEC
units will also be of interest. Hydrodynamic diffraction analyses are performed in ANSYS

AQWA to calculate the hydrodynamic coefficients. The frequency range is 0.05 - 4.0rad/s with
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an interval frequency of 0.05rad/s, thus the hydrodynamic coefficients are calculated for a total

of 80 wave frequencies.

5.2.2.1.1.1 Single Wavestar unit

The hydrodynamic added mass and radiation damping coefficients of a single Wavestar
unit without the presence of the catamaran support platform are presented in Figure 5-26.
There is a distinct peak at approximately 3.3rad/s for heave and pitch radiation damping
coefficients corresponding to the heave natural frequency of the structure. Generally, the curves

are smooth as there is no interaction from other structures.

6.00E+04 Surgze Sway Heava 6.00E+04 Surge Sway —Heave
_ 430E+04 [ D450E+04 |
g r L
= 2
@ [ & ¥ i
g 3.00E+04 [——u § 3.00E+04 | |
- r ~ S [
g [ \"\._ 2 L e | |
. L — = [ P — {
< 150E-04 [ — | =S 150E.04 [ p ~ o
- — U e
\
[ i
000E+00 Lo v o L 000E+00 Lo e
0 1 2 3 4 0 1 2 3 4
Frequency (rad/s) Frequency (rad/s)
6.00E+04
——Rell Pitch — Yaw . 8.00E+04 —Rall Pitch Yaw
_ i < ;
CU4S0EHM [ —— — E' 6.00E+04
] i - g [
g . =
% 3.00E+04 [ I AN §.4.00E+O4 .
E 11— N :
[ ~ T [
g. 1.50E+04 r \..""“"---.h__ § 2 00E+04 r
: B ;
000E+00 0.00E+00
0 1 2 3 4 0 1 2 3 4
Frequency (rad’s) Frequency (rad's)

Figure 5-26. Hydrodynamic added mass and radiation damping coefficients of a single

Wavestar unit.

5.2.2.1.1.2 Catamaran and single Wavestar unit attached to the fore of the platform.

Next, the hydrodynamic coefficients are calculated for a single Wavestar unit mounted to

the fore of the catamaran support platform as shown in Figure 5-27 and the results are
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presented in Figure 5-28. A comparison is made to the hydrodynamic coefficients of the single
Wavestar (e.g., WS All). The hydrodynamic interaction between the Wavestar unit and
catamaran support platform is obvious. There are numerous peaks which have appeared in the
hydrodynamic coefficient curves throughout the analysed frequency range. These peaks follow
the catamaran’s resonant frequencies caused by entrapped wave action between its demi-hulls
(see Section 4.5.1). The results show the catamaran’s hydrodynamic behaviour strongly
influences the hydrodynamic behaviour of a Wavestar unit positioned at the fore (or aft) of the
platform. This is confirmed in Figure 5-29 where the hydrodynamic coefficients have been
grouped to highlight the symmetric and antisymmetric interaction, a behaviour unique to
catamarans. The hydrodynamic coefficients of the Wavestar at the fore of the platform is

strongly affected by both symmetric and antisymmetric interaction.

Figure 5-27. Catamaran support platform and single Wavestar unit installed to the fore of the

platform.
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Figure 5-28. Comparison of hydrodynamic coefficients between single Wavestar and

Wavestar mounted to the fore of the catamaran support platform.
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Figure 5-29. Symmetric vs antisymmetric interaction.
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5.2.2.1.1.3 Catamaran and single Wavestar unit attached to the port side of the platform

The hydrodynamic coefficients are now calculated for a single Wavestar unit mounted to
the port side of the catamaran support platform as shown in Figure 5-30 and the results are
presented in Figure 5-31. Compared to when the Wavestar unit is positioned at the fore of the
platform, the roll added mass and radiation damping coefficients are distinctly different. As the
catamaran rolls and waves radiate from the demi-hull, these waves will interact with the WEC
unit. For horizontal plane motions, peak responses occur at 1.11, 1.92, 2.48, 2.93, 3.33 and
3.68rad/s due to antisymmetric interaction between the demi-hulls. This has caused large peaks
to be present in the hydrodynamic coefficients at some of these frequencies reflecting this
interaction. This behaviour is also observed in sway radiation damping curve. On the other
hand, when the Wavestar unit is positioned on the port side and in line with the y-axis,

symmetric interaction (surge, heave, pitch) does not have a strong effect.

Figure 5-30. Catamaran support platform and single Wavestar unit installed to the port side

of the platform.
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Figure 5-31. Comparison of hydrodynamic coefficients between single Wavestar and

Wavestar mounted to the port side of the catamaran support platform.

5.2.2.1.1.4 Catamaran and WEC system

Finally, the hydrodynamic coefficients of the full WEC system mounted to the catamaran
support platform are calculated. Using this model, the hydrodynamic interaction effect on the
catamaran support platform from the full WEC system and the effect of adjacent Wavestar
units can be investigated. Figure 5-32 presents the catamaran support platform hydrodynamic
coefficients in the CWS concept and compares them to a pure catamaran support platform. The
sway added mass and radiation damping of the catamaran noticeably increases at 1.9rad/s.
Similarly, the roll added mass and radiation damping also significantly increases at this
frequency as a result of the WEC system. The WEC system has improved the hydrodynamic
performance of the catamaran support platform for these two modes of motion. Figure 5-33
and Figure 5-34 present the hydrodynamic coefficients of the Wavestar units when considered
in the full CWS concept. Considering the hydrodynamic coefficients of the Wavestar

positioned at the fore of the platform, the effect of the adjacent Wavestar units becomes
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apparent. The behaviour is no longer dominated by the catamaran, instead, there are many

small peaks which shows the shielding effect of the two adjacent units. Considering the

hydrodynamic coefficients of the Wavestar positioned at the port side of the platform, the roll

hydrodynamic coefficients have increased significantly in magnitude and because of the

adjacent Wavestar units, there are now peaks in the surge, heave, and pitch radiation damping

curves. However, these peaks still follow the characteristic hydrodynamic behaviour of the

catamaran support platform signifying the hydrodynamic dominance of the support platform
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Figure 5-32. Comparison of hydrodynamic coefficients between catamaran as part of CWS

concept and pure catamaran support platform.
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Figure 5-33. Comparison of hydrodynamic coefficients between single Wavestar and

Wavestar mounted to the fore of the catamaran support platform (full CWS concept).
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Figure 5-34. Comparison of hydrodynamic coefficients between single Wavestar and

Wavestar mounted to the port side of the catamaran support platform (full CWS concept).
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5.2.2.1.2 Free decay analysis

The natural periods of the catamaran FOWT system will be affected by the integration of
the WEC system. Therefore, a free decay analysis was conducted to assess the significance. In
the free decay tests, the WEC units are free to rotate about their individual hinge axis relative
to the position attached to the platform. This means that hydrodynamic interactions and
mechanical couplings are considered. Figure 5-35 presents the results of the free decay
analysis of the CWS concept and a comparison to a pure catamaran FOWT system. For surge
and sway modes, the response of the CWS concept is similar to the pure catamaran FOWT.
The addition of the WEC system slightly increases the surge and sway natural period of the
platform. Considering heave mode, the natural period remains unchanged but the presence of
the WEC system provides additional damping in this mode. This is also the same for roll and
pitch modes, particularly roll mode where significant additional damping is observed. For yaw
mode, the WEC system does not affect the natural period nor damping. The effect of combining
the WEC system with the catamaran FOWT on the platform natural periods and system

damping is positive, particularly for heave, roll, and pitch modes.
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Figure 5-35. Free decay analysis of CWS concept and comparison against catamaran FOWT.

5.2.2.1.3 Regular wave analysis

5.2.2.1.3.1 Optimum PTO damping

To determine the optimum PTO damping coefficient in the context of power production,
the CWS concept was subject to regular wave (H = 1.8m and T = 8s) whilst the PTO damping
coefficient was varied. The PTO stiffness was zero for the regular wave simulations. From
Figure 5-36, it can be observed that the maximum power generated from a Wavestar unit for

the given incident regular wave is 20.8kW for when the damping coefficient is
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7.50E+06kN-m/(rad/s). Therefore, this value is taken as the optimum damping coefficient for

future simulations.
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Figure 5-36. Power production of WECS for various PTO damping coefficients.

5.2.2.1.3.2 Mean power

For insight into the power production performance of the WEC system, a series of regular
wave tests were simulated which varied the wave period whilst the incident wave height
remained constant (H = 1.8m) for a wave direction of 0°. The wave period was increased
incrementally in steps of 1s for a range of 3 — 16s. Figure 5-37 presents the measured individual
mean power of selected WEC units and Figure 5-38 presents the total mean power of the WEC
system. Only 10 WEC units needed to be measured due to system symmetry. WEC units 7 and
8 produce the most power in the WEC system. These two units produce a maximum mean
power of 120kW for a wave period of 10s. The large quantity of power is as a result of the
pitch natural period of the catamaran. As the catamaran pitches, the amount of power which

the WEC units generate is amplified. This effect is also observed for the equivalent units at the
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aft of the platform (WEC units 16 and 17). For the port and starboard side units, power is
mainly produced for wave periods between 4 — 6s, with WEC units 5 and 6 generating the
most. This is because these units are nearer to the fore of the platform. Power production ranges
between 0 — 40kW for the port and starboard units. Looking at Figure 5-38, there are three
regions where the total mean power has peaks: (1) for a wave period of 5s, (2) for a wave period
of 7s, and (3) for a wave period of 10s. The peaks at 5 and 7 s are a combination of WEC unit
natural period (4-5s) and the heave natural period of the catamaran (5.4s). The peak at 10s is
due to the catamaran pitch natural period (9.8s). The maximum total mean power is
approximately 680kW for a wave period of 10s. It is evident, a synergy between the WEC
system and catamaran support platform exists in terms of power production due to the relative

motion between the two systems.
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Figure 5-37. The effect of wave period on the average power of individual WEC units.
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Figure 5-38. The effect of wave period on the total average power of the WEC system.

5.2.2.1.3.3 Regular wave

Figure 5-39 compares the platform surge, heave and pitch displacements, tower-top fore-
aft displacement, tower-base force in the x-direction, and fairlead tensions (ML4), in the time-
domain, between the CWS concept and the pure catamaran FOWT, subject to a regular wave
which has the properties H = 2.1155m and T = 5.2555s. The results show the CWS concept
travels further downwind, has a slightly larger tower-top F-A displacement, and larger mean
mooring line tension in the upwind line, whilst the heave displacement has been reduced. The
pitch displacement and tower-base force in the x-direction are indistinguishable between the

two concepts.
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Figure 5-39. Comparison of hydro-elastic response between CWS concept and pure

catamaran subject to regular wave in absence of wind.

5.2.2.1.4 Irregular wave analysis

5.2.2.1.4.1 Rated wave condition.

Figure 5-40 compares the platform surge, heave and pitch displacements, tower-top fore-
aft displacement, tower-base force in the x-direction, and fairlead tensions (ML4), in the
frequency-domain, between the CWS concept and the pure catamaran FOWT, subject to an
irregular wave which has the properties H = 2.1155m and T = 5.2555s. The results show the
CWS concept has reduced amplitudes compared to the pure catamaran concept for all analysed

responses except for surge displacement.
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Figure 5-40. Comparison of spectral amplitudes of different structural responses between

CWS concept and pure catamaran FOWT subject to irregular wave (rated).

5.2.2.1.4.2 Above-rated wave condition

Figure 5-41 compares the platform surge, heave and pitch displacements, tower-top fore-
aft displacement, tower-base force in the x-direction, and fairlead tensions (ML4), in the
frequency-domain, between the CWS concept and the pure catamaran FOWT, subject to an
irregular wave which has the properties H = 2.9585m and T = 7.1203s. The results show the
CWS concept has reduced amplitudes compared to the pure catamaran concept for all analysed
responses except for surge displacement. For above-rated irregular wave condition, the surge
and heave responses are more similar. The CWS concept has much better stability in pitch and

consequently the tower responses exhibit a smaller response compared to the catamaran.
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Figure 5-41. Comparison of spectral amplitudes of different structural responses between

CWS concept and pure catamaran FOWT subject to irregular wave (above rated).

5.2.3 Chapter summary and conclusions

This chapter was dedicated to the development of numerical models of two types of marine
renewable energy systems and integration into a numerical model of a catamaran-type FOWT.
The two marine renewable energy systems were a tidal turbine system and a WEC system. The
numerical model of the tidal turbines was constructed in AeroDyn and the numerical model of
the WEC was constructed in AQWA. Then, the two numerical models were separately
integrated into the numerical model of the catamaran-type FOWT. Using the newly integrated
numerical models, the dynamic behaviour of the catamaran FOWT was studied with the
addition of these marine renewable energy systems and the results were compared to the
responses of a pure catamaran-type FOWT. The conclusions of this chapter are summarised in

the following points:

For the CTT concept:

e The tidal turbines when positioned higher up in the water column produced more
power. The position of the turbines had negligible effect on global platform

motions.
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When the tidal turbines are in stand-still, they do not affect the platform motion
natural periods.

When operating, the turbines do not negatively affect the performance of the wind
turbine. In fact, the tower-top displacement and tower-base force in the x-direction
are slightly reduced. The hydrodynamic thrust reduces the moment produced by
the aerodynamic thrust.

The extra hydrodynamic thrust exerted on the platform due to turbine operation
increases the mean surge of the CTT concept. However, the variation in surge has
significantly reduced. The tidal turbines produce hydrodynamic damping which
makes the CTT concept more stable.

As a result of the increases surge displacement, the maximum mooring line tension
in ML4 increases by approximately 28 %. The fluctuation though is much better.
The extra mean power generated by the tidal turbines is 0.21, 0.28, and 0.29 MW,
respectively, for the examined LCs. This equates to an increase in electrical power
of 10.1, 6.0, and 5.6 %, respectively for each LC, compared to the pure catamaran

FOWT.

For the CWS concept:

Hydrodynamic interaction between the catamaran support platform and Wavestar
units is strong. The hydrodynamic behaviour of the Wavestar units is governed by
the characteristic hydrodynamic behaviour of the catamaran support platform. The
integration of the WEC system increases the sway and roll radiation damping
coefficients of the catamaran at its characteristic frequencies.

The effect of combining the WEC system with the catamaran FOWT on the
platform natural periods and system damping is positive, particularly for heave,

roll, and pitch modes where additional hydrodynamic damping is observed.
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There is a synergy between the WEC system and catamaran support platform in
terms of power production due to the relative motion between the two systems. The
platform pitching of the catamaran support platform amplified the amount of the
power the WEC system can produce.

The CWS concept displays reduced amplitudes for the observed responses subject
to regular and irregular wave except for surge displacement. The integration of the
WEC system is beneficial due to the additional hydrodynamic damping provided

by the system.
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Chapter 6. Integrated numerical model of a combined

floating offshore energy system

This chapter presents the work and results from the final stage of this project which is to
build an integrated numerical model of a CFOES comprised of three ORE systems. The novel
system integrates a catamaran-type FOWT, a WEC system, and a tidal turbine system. The
primary objective of combining three ORE systems using one floating platform is to increase
the overall energy yield. However, the integration of the three systems needs to be harmonious
and not result in the reduced performance or increased structural loading of the systems.
Therefore, the constructed numerical model is used for integrated load analysis to evaluate the
performance of the CFOES in typical operational and extreme conditions. The performance of
the CFOES will be assessed in terms of total and individual system power production, rotor
responses (wind and tidal), global platform motions, blade-root and tower-base loads of the
wind turbine, and mooring line tensions. Comparisons of the key performance indicators are
made to a pure catamaran FOWT system to determine the advantages and disadvantages of

the hybrid concept.

In addition to the CFOES that features a catamaran-type support platform, another
numerical model is built of a CFOES which comprises a braceless semisubmersible-type
support platform which connects a 5SMW wind turbine, a heave-type point absorber, and three
tidal turbines. The development of this second numerical model demonstrates that the
methodology devised in this project can be applied to other CFOES configurations with

confidence for integrated loads analysis.

As such, this chapter is organised into the following sections: Section 6.1 presents the

integrated numerical model of the CFOES and the results obtained from an integrated loads
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analysis using the integrated numerical model. Section 6.1.1 describes the integrated
numerical model of the CFOES and Section 6.1.2 presents and discusses the results for design
load cases. Section 6.2 presents the second integrated numerical model of the BCFOES
concept. Section 6.2.1 describes the approach to model the hydrodynamics of the concept and
Section 6.2.2 describes the modelling of the WEC PTO system. Validation of the integrated
numerical model is presented in Section 6.2.3 and the results of the coupled analysis are

presented in Section 6.2.4. The chapter summary and conclusions are presented in Section 6.3.

6.1 Combined floating offshore energy system

6.1.1 Integrated numerical model

The main objective of a CFOES is to increase energy yield at the same location by
exploiting more than one ORE source compared to a pure system which can only exploit one.
However, with proper design there is an array of other synergies associated with CFOESs
including better quality of power output, substantial cost reductions related to shared
infrastructure, reduced platform motions and structural loading, and increasing sustainability.
For a proposed CFOES concept to be successful, the systems need to be seamlessly integrated
without affecting the operational or survival performance of the pure systems. The proposed
CFOES concept is illustrated in Figure 6-1 and the main components of the system include:
(1) wind turbine, (2) floating platform, (3) mooring system, (4) WEC system, and (5) tidal
turbine system. The advantages of the floating platform used in this CFOES concept were
established in Chapter 4. The main advantages of using a catamaran support platform include
inherent platform stability and a large usable deck area enabled by the cross-structure. Other
FOWT concepts such as spars, semisubmersibles and TLPs do not have the deck area capability
to use. This makes using a catamaran support platform in a CFOES attractive. For the proposed

concept, the deck area permits the WEC PTO system to be mounted to the superstructure, thus,

205



Integrated numerical model of a combined floating offshore energy system Chapter 6

easing operation and maintenance. In the CFOES concept, eighteen Wavestar units have been
installed to the superstructure; six units each on the port and starboard sides, and three units
each installed to the fore and aft of the platform. Additionally, one tidal turbine is installed to
the keel of each demi-hull of the catamaran support platform. The proposed CFOES concept
can exploit energy from wind, ocean waves, and underwater currents. Table 6-1 presents the
structural properties of the proposed CFOES concept. The total power rating of the proposed
CFOES concept is 7TMW; 5MW contribution is from the wind turbine and the tidal and WEC
systems provide LMW each. The addition of the tidal and WEC systems increase the power
rating by 40% compared to a pure 5SMW FOWT. Considering the numerical modelling of the
CFOES, the final constructed integrated numerical model couples the numerical models
presented in the previous chapters. These include the numerical model of the catamaran FOWT
(Chapter 4), the tidal turbine system (Section 5.1.1), and the WEC system (Section 5.1.2). The
coupling has been completed in the same manner as the CTT and CWEC concepts. However,
rather than separate integration of the tidal turbine and WEC system with the FOWT system,
all the models are coupled together to create the integrated numerical model of the CFOES
concept. The numerical model constructed within F2A is used to perform integrated loads
analysis on the CFOES concept in the context of normal operation and extreme conditions. The
outputs of the numerical model are critically analysed in order to evaluate the performance of
the CFOES. Comparisons are made against a pure catamaran FOWT to determine if the

hybridization of ORE technologies is beneficial and the CFOES concept has merit.
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Integrated numerical model of a combined floating offshore energy system
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Figure 6-1. The CFOES concept.
Table 6-1. Properties of the CFOES concept.
Property (Unit) CFOES
Mass (kg) 5,023,680
CM location (m) (-0.01, 0, 1.32)
- - 2
FOWT and Roll |nert|2a about CM (kg m?) 4,781,318,142
tidal Ixy (kg m?) -618
wrbines X2 (kg m?) 2,353,966
Pitch inertia about CM (kg m?) 6,861,694,688
lyz(kg m?) -33
Yaw inertia about CM (kg m?) 11,240,002,086
Mass (float and arm, kg) 27,500
WEC Mass moment of inertia (kg m?) 387,500

Centre of mass (CM) (m) (0.9,0,1.775)
Additional heave linear damping N/(m/s) 35769

6.1.2 Results and discussion

Table 6-2 describes the simulated LCs to test the performance of the CFOES concept. The

wind and wave energy resource design parameters have been obtained from a grid point close

to Hywind Scotland [-1.5°E, 57.5°N], which is the site of the world’s first floating offshore

207



Integrated numerical model of a combined floating offshore energy system Chapter 6

wind farm. These site-specific LCs were created using published research whereby
meteorological data from 1991 to 2020 was characterised using a cluster analysis and reduced
into a computationally affordable number of simulation cases (Saenz-Aguirre et al. 2022). The
LCs were selected in accordance with IEC 61400-3 to appropriately cover typical operational

and extreme conditions for an adequate analysis of the CFOES concept.

Table 6-2. Load cases for CFOES.

LC Description U, [m/s] Hs[m] T,[s] €[] U.[mi/s]

1 Below rated 6 0.9 55 30 1.3
2 Rated 11.4 2.2 7.8 45 1.3
3 Above rated 20 3 8.3 75 1.3
4 Shutdown 27 3 8.3 0 -
5 Extreme 42.5 51 14.2 0 -

6.1.2.1 Below rated

LC1 reflects mild weather conditions simulating a below-rated wind speed (U,, = 6m/s)
and benign sea state (Hy, = 0.9m, T,, = 5.5s). The incident waves propagate with a 30° heading

and a steady current flows at a speed of 1.3m/s. All three systems are in power production
mode. Figure 6-2 and Figure 6-3 show the time-domain wind turbine generated power, rotor
responses, and blade-root bending moments of the CFOES for LC1. The responses are
compared to a pure catamaran FOWT system. The power produced by the wind turbines is
indistinguishable and similar responses of the rotor and blade-root bending moments are
observed. The performance of the wind turbine is not affected by the installation of either

marine energy system for below rated wind conditions.
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Figure 6-2. Comparison of wind turbine generated power and rotor responses under LC1.
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Figure 6-3. Comparison of wind turbine blade-root bending moments under LCL1.

Figure 6-4 presents the time-domain wind turbine tower-base bending moments. The
overall trend of the two curves for both bending moments is similar. There are points during
the simulation where the CFOES appears to have a reduced side-side tower-base bending
moment (e.g., 2,400-3,000s) compared to the catamaran concept. The presence of the WEC
system increases the rolling stability of the platform, as a result the tower-base bending moment

is reduced.
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Figure 6-4. Comparison of wind turbine tower-base bending moments under LC1.
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Figure 6-5 presents a comparison of the platform motions under LC1. For rigid body
modes sway, heave, roll, and yaw, the responses of both concepts are similar. For surge and
pitch motions, differences in responses between the CFOES and pure catamaran FOWT are
observed. The differences are attributable to the operation of the tidal turbines. When the tidal
turbines are in power production state, they produce a hydrodynamic thrust. Three effects arise
because of this hydrodynamic thrust: (1) the additional force in the x-direction causes the
CFOES to travel further downstream before finding equilibrium. Thus, the CFOES exhibits a
greater surge response (approximately 32m), (2) the variability of surge is improved compared
to the pure catamaran concept because of increased hydrodynamic damping, and (3) the total
hydrodynamic thrust produced by the tidal turbines is approximately 400kN which is
comparable in magnitude to the aerodynamic thrust produced by the wind turbine. The
hydrodynamic thrust repels the overturning moment produced by the aerodynamic thrust, so
the platform maintains an upright position. Consequently, the mean pitch is smaller for the

CFOES compared to the pure catamaran concept.
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Figure 6-5. Comparison of platform motions under LC1.

Figure 6-6 presents a comparison of the mooring line tension time histories between the

two concepts under LC1. A notable difference is observed in the upwind mooring line (ML4).
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Naturally, the mooring line tension in the upwind line will increase with larger surge

displacements downwind as the line stretches with the moving platform.
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Figure 6-6. Comparison of mooring line tensions under LCL1.

Figure 6-7 and Figure 6-8 detail the power produced by the marine renewable energy
systems. Concerning the WEC system, a small amount of power is produced which is due to
the benign sea condition and the fact the sea is travelling with a 30° wave heading. The total
additional electrical power produced by the WEC system is approximately 57kW. The main
WEC units contributing to the total power are units 7, 8, 9, and 10 which are positioned fore of
the platform and on the port side. Limited power is produced by units 1 - 6 as they are located
on the starboard side of the platform and being shielded by the catamaran support platform.
The mean total additional power produced by the tidal turbines is approximately 300kW. The
power remains relatively stable during the simulation considering platform motions, which
means the neither the wind turbine nor WEC system is negatively affecting the performance of

the tidal turbine system. Therefore, an additional 355kW of mean power is produced by the
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marine renewable energy systems under LC1. This represents an increase of 30% compared to

the pure catamaran concept.
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Figure 6-8. Tidal turbine rotor speed and generated power under LC1.

6.1.2.2 Rated

LC2 tests the performance of the CFOES under rated wind turbine conditions. For LC2,
the wind speed at the hub height is 11.4m/s. The sea state is moderate with a wave height of
2.2m and a wave period of 7.8s. A steady current flows which has a velocity of 1.3m/s. The
waves propagate with a heading of 45°, whilst the wind and current travel downwind in line
with the x-axis. LC2 represents the wind condition that produces maximum aerodynamic
thrust. At rated wind speed, the aerodynamic thrust is expected to fluctuate around 800kN; this
load will transfer to key structural components such as the wind turbine blades and tower.

Figure 6-9 presents a comparison of the time-domain wind turbine generated power and rotor
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responses between the CFOES and the pure catamaran-type FOWT under LC2. Visibly, the
generator power and rotor responses of the CFOES vary less compared to the catamaran
FOWT. The wind turbine on the catamaran support platform combined with the marine
renewable energy system produces greater amounts of power and the output is smoother
compared to the wind turbine supported by the catamaran platform only. Additionally, the wind
turbine blades of the CFOES pitch less compared to the wind turbine blades of the catamaran
FOWT. The marine energy systems in the CFOES improve overall platform stability and
produce these positive effects for the wind turbine. Moreover, it can be suggested that for the
full-service life of the wind turbine, the additional aerodynamic thrust, and blade rotation
experienced by the pure catamaran FOWT, would lead to greater accumulated fatigue loading
in structural components. This could cause the structure to fail earlier than the CFOES subject

to the same conditions.
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Figure 6-9. Comparison of wind turbine generated power and rotor responses under LC2.

Figure 6-10 shows the blade-root and tower-base bending moments for the two concepts
under comparison when subject to LC2. No obvious differences are observed in the edgewise

blade-root bending moment. For the flapwise blade-root bending moment, the response of
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CFOES is more constant compared to the response of the catamaran FOWT. For the S-S tower-
base bending moment, distinct differences are observed in the responses of the two concepts.
The pure catamaran FOWT experiences greater response in its S-S bending moment compared
to the CFOES concept. The maximum and minimum bending moment of the pure catamaran
concept is approximately 35 and -20 MN-m, respectively. The maximum and minimum
bending moment of the CFOES is approximately 22.5 and -12 MN-m, respectively. This is a
reduction of 35% and 40% in the maximum and minimum S-S tower-base bending moment,
respectively. The WEC system significantly dampens the rolling motion of the catamaran

support platform when subjected to oblique waves.
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Figure 6-10. Comparison of wind turbine blade-root and tower-base bending moments under

LC2.

The platform motions of the CFOES and pure catamaran FOWT under LC2 are presented
and compared in Figure 6-11. For sway and heave degrees of freedom, relatively unimportant
differences are observed. For surge, similar behaviour in LC1 is observed in LC2. For the other
three degrees of freedom, the integration of the WEC system has reduced the motion
amplitudes of the CFOES. Under LC2, the pure catamaran FOWT exhibits considerable rolling

due to the 45° wave heading angle. The rolling range of the catamaran FOWT is 15°. The
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advantage of integrating a catamaran-type FOWT with the proposed WEC system is clearly
demonstrated here. The presence of the WEC system dampens the rolling of the platform via
the PTO system generating electrical power in the process. The WEC system reduces the
rolling range from 15° to approximately 5°, a reduction of 66%. For pitch and yaw modes,
similar observations occur in that the CFOES has smaller motion amplitudes, but the effect is

not as prevalent.
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Figure 6-11. Comparison of platform motions under LC2.

The mooring line tension time histories of the two concepts under LC2 are presented in
Figure 6-12. The tensions in ML3 and ML4 of the CFOES are higher than the tensions in the
equivalent mooring lines of the catamaran FOWT concept. This is due to the operation of the
tidal turbine system which increases the surge motion of the CFOES. The variability in the
upwind mooring lines is reduced however due to the additional damping being created from

the tidal turbines.
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Figure 6-12. Comparison of mooring line tensions under LC2.

Figure 6-13 presents the power produced by the marine renewable energy systems under
LC2. On average, an additional 300kW of electrical power is produced by both the WEC
system and the tidal turbine system. At a few instances, the peak power produced by the tidal
turbine system is approximately 625kW. The combined total average power produced by the
marine renewable energy systems is approximately 600kW under LC2. Therefore, the CFOES
can produce an extra 12% of additional electrical power compared to the pure catamaran

FOWT.
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Figure 6-13. Generated power by the WEC system, and rotor response and generated power

of tidal turbines under LC2.

6.1.2.3 Above rated

LC3 tests the CFOES in above rated wind conditions; in this simulation the wind turbine
controller maintains rated power through adjustments in the blade pitch angle and rotor torque.
LC3 simulates the highest wind speed and roughest sea state out of the operational LCs (LC1-
3). The wind speed is 20m/s, and the irregular sea state has a significant wave height of 3m and
a peak wave period of 8.3s. The waves propagate with a heading of 75° which means the
behaviour of the CFOES in obligue seas can be appropriately examined. Additionally, a steady
current is present in the simulation which has a speed of 1.3m/s and flows downwind in line
with the wind and x-axis. The generator power and the rotor responses of the wind turbine of
the CFOES for LC3 are shown in Figure 6-14. It can be observed that the turbine maintains its
rated power of 5 MW throughout the simulation. The wind turbine blades have a pitch range

of approximately 12.5°. The blades of the CFOES pitch slightly less compared to the wind

turbine blades of the pure catamaran concept. Consequently, the quality of power produced by
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the wind turbine in the CFOES is smoother compared to the power produced by the catamaran
FOWT. The mean rotor thrust is similar between the two concepts which is approximately
375kN. However, the pure catamaran FOWT has a higher maximum thrust of approximately

800KN compared to the CFOES which has a maximum rotor thrust of 750kN.
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Figure 6-14. Comparison of wind turbine generated power and rotor responses under LC3.

The time-domain wind turbine blade-root and tower-base bending moments of the two
concepts under LC3 are compared in Figure 6-15. The aerodynamic thrust produced by the
wind turbine rotor directly affects the flapwise blade-root bending moment and the F-A tower-
base bending moment. Consequently, the variation of these two responses of the CFOES is less
compared to the catamaran FOWT. Similarly, to LC2, the S-S tower-base bending moment of

the CFOES compared to the catamaran FOWT is much steadier due to the presence of the WEC

system.

218



Integrated numerical model of a combined floating offshore energy system Chapter 6

—Catamaran — CFCES |

——Catamaran —— CFOES

Blade-root bending moment (Mx.
Blade-root bending moment (My.

110.00

7000 |

-10.00

Tower-base bending moment (M.
Tower-base bending moment (My.
MNm)

| —Catamaran —CFOES

_ | —Catamaran —CFOES
-50.00 T S S e o S Y Y Y S Y S
0 1000 2000 3000 0 1000 2000 3000

Time (s) Time (s)

Figure 6-15. Comparison of wind turbine blade-root and tower-base bending moments under

LC3.

Figure 6-16 presents the platform motions of the two concepts subject to LC3.
Considering surge mode, the tidal turbine system increases the mean surge due to the
hydrodynamic thrust and reduces the deviation about the mean as a result of hydrodynamic
damping. For sway and heave, the two concepts show a similar response. The rotational mode
responses of the CFOES compared to the catamaran FOWT clearly demonstrate the advantages
ORE hybridization. The roll and pitch response has been significantly improved owing to the
presence of the WEC system which dampens the rolling and pitching motion of the platform.
The mean yaw between the two concepts is similar, however, the standard deviation of the
catamaran FOWT is much greater. The maximum and minimum yaw of the catamaran FOWT

is 8 and -8°, respectively, whereas for the CFOES, these are approximately 6.4 and -4.8°

respectively.
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Figure 6-16. Comparison of platform motions under LC3.

The mooring line tensions of the two concepts under LC3 are plotted in Figure 6-17. The
behaviour of fairlead tension is similar to that observed in LC1 and LC2, except that because
of the larger hydrodynamic loading the tensions observed are somewhat higher. The peak
tension in the upwind mooring line for the CFOES is approximately 0.875MN and the peak

tension in the same mooring line for the pure catamaran concept is 0.625MN.
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Figure 6-17. Comparison of mooring line tensions under LC3.
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Figure 6-18 shows the power generated by the marine renewable energy systems under
LC3. The WEC system achieves a mean power output of approximately 660kW under LC3.
The Wavestar unit which produces the most power is WEC10 generating approximately 90kW
of power. Considering the incident wave angle is 75°, the starboard units produce a reasonable
amount of power, approximately 35-40kW, even though they are shielded by the catamaran
demi-hull. The relative rolling motion between the platform and units is what creates this
additional power. The tidal turbine system produces a mean power of approximately 300kW
and the instantaneous maximum power is 500kW. This means that marine renewable energy
systems within the CFOES can produce 1MW of additional mean power which represents a

20% increase compared to the pure catamaran FOWT system.
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Figure 6-18. Generated power by the marine renewable energy systems under LC3.

6.1.2.4 Shutdown

LC4 tests the CFOES behaviour during a shutdown routine. The wind speed in this

simulation is 27m/s which is above the maximum operating range of the NREL 5SMW reference
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wind turbine (> 25m/s). The sea state has significant wave height of 3m and a peak wave period
of 8.3s. The wind and wave are co-aligned and travel along the x-axis. No current is present in
this simulation; thus, the tidal turbines are in idling state during the shutdown of the wind
turbine. The WEC system remains in operation and the shutdown of the wind turbine is initiated
after 300s of simulation time. Figure 6-19 presents generator power and rotor responses of the
wind turbine under LC4. At 300s, the rotor speed is reduced to Orpm, the blades begin to feather
towards 90° (idling pitch angle) at a rate of 10°/s and the wind turbine stops generating power.
There are negligible differences in the rotor responses of the two concepts after the shutdown

is initiated. This is expected as the wind turbine controller is the same in the two concepts.
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Figure 6-19. Comparison of wind turbine generated power and rotor responses under LC4.

Figure 6-20 shows the blade-root and tower-base bending moments for LC4. The CFOES
and catamaran FOWT display similar responses for the I-P blade-root and F-A tower-base
bending moments. However, different responses for the O-o-P blade-root and S-S tower-base

bending moments are observed during the initial period after the shutdown routine. When the
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turbine is shut down, aerodynamic thrust ceases. Then, the O-o-P blade-root bending moment
will be influenced by platform pitching only. However, this will only be for a brief period as
feathering of the blades is occurring. Once the blades are feathered, limited response is
observed. In the period before the blades are fully feathered, the response of the CFOES is
better compared to the catamaran FOWT. This is of consequence of the WEC system which
improves platform stability. Also, when the turbine is shut down, rotor torque is no longer
being applied to the shaft of the wind turbine. Rotor torque contributes to the S-S tower-base
bending moment. Therefore, after the shut down the bending moment will reduce. However,
there will still be a contribution from the platform rolling. The WEC system improves the S-S

tower-base bending moment for the CFOES by damping the motion of the platform.
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Figure 6-20. Comparison of wind turbine blade-root and tower-base bending moments under

LC4.

Figure 6-21 shows the time-domain platform responses of both concepts during the
shutdown routine. The surge displacement of both concepts reduces as a result of aerodynamic

thrust no longer being exerted on the rotor. The roll displacement also decreases due to rotor
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torque no longer being applied. Compared to the pure catamaran concept, the WEC system
dampens the rolling motion of the CFOES. Moreover, because aerodynamic damping is no
longer present, the pitch displacement of both concepts is governed by the incident waves and
noticeably increases compared to LC3. Figure 6-22 shows the mooring line tensions and
Figure 6-23 shows the generated power by the WEC system under LC4, respectively. The
surge displacements are somewhat similar between the concepts, consequently, the tension in
the mooring lines is also similar. In the upwind mooring line of the pure catamaran concept, a
high frequency component is more observable compared to the CFOES. This is because of the
platform pitching. The CFOES has a reduced response because of the additional damping
produced by the WEC system. The generated power by the WEC system is minor compared to
other LCs, which suggests small relative motion between the catamaran support platform and

WEC system.
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Figure 6-21. Comparison of platform motions under LC4.
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Figure 6-22. Comparison of mooring line tensions under LC4.
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Figure 6-23. Generated power from the WEC system under LC4.

6.1.2.5 Extreme

LC5 examines the performance of the CFOES subject in extreme weather conditions. The

wind speed recorded at the wind turbine hub height is 42.5m/s. The sea state is severe with a
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wave height of 5.1m and a wave period of 14.2s. The wind and waves propagate in line with
the x-axis and there is no sea current present. The wind turbine and tidal turbines are idling
with blades feathered to 90°. Figure 6-24 presents a comparison of the blade-root and tower-
base bending moments, Figure 6-25 presents a comparison of platform motions, and Figure
6-26 shows the comparison of mooring line tensions under LC5, respectively. The responses
between the two concepts are fairly similar which shows the presence of the marine renewable
energy systems does not positively or negatively impact the catamaran FOWT in extreme

conditions.
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Figure 6-24. Comparison of blade-root and tower-base bending moments under LC5.
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Figure 6-26. Comparison of mooring line tensions under LC5.

6.2 Braceless combined floating offshore energy system.

A second CFOES concept is introduced in this chapter which comprises a
semisubmersible-type support platform as the common connection for three different ORE
systems. The concept (see Figure 6-27), referred to as the Braceless Combined Floating
Offshore Energy System (BCFOES), features a braceless 5-MW semisubmersible floating

wind turbine (Luan et al., 2016) integrated with three tidal turbines and a point absorber WEC.
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The support platform type is a braceless semisubmersible whereby 3 columns surround a
central column separated by 120°, the distance between the centre and side columns is 41 m,
all columns are 6.5m in diameter, the columns are supported by three pontoons which connect
together at the centre, each pontoon is 9m wide, 6m high and has a radius of 45.5m. The wind
turbine is the NREL 5 MW reference wind turbine which has a cut-in, rated, and cut-out speed
of 3, 11.4 and 25ml/s, respectively. The wind turbine is mounted on the floating platform’s
central column 10m above sea level. The mooring system is comprised of three mooring lines
each separated by an angle of 120°. The fairleads are attached to the pontoons at a depth of
18m and the anchors have a radius of 1084.4m and depth of 200m. The WEC is attached to the
central column and is free to translate up and down. All other degrees of freedom are
constrained by a guide-roller system so that the WEC moves with the floating platform (see
section 6.2.2). The three tidal turbines are reference model turbines designed by the Sandia
National Laboratories (Yang et al. 2020b) and attached to the keel of the semisubmersible
platform so that the hubs of the turbines are 43.5m below mean seawater level. The vertical
axes of the support beams of the turbines are aligned with the vertical axes of the side columns
of the platform. The tidal turbines have a cut-in, rated, and cut-out speed of 0.5, 2.0 and 3.0m/s,
respectively. The tidal turbine controller is a variable-speed, variable-pitch controller based on

the NREL 5MW reference wind turbine controller developed by Jonkman (Yang et al. 2020b).
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Figure 6-27. Schematic of the BCFOES.

229



Integrated numerical model of a combined floating offshore energy system Chapter 6

6.2.1 Hydrodynamic modelling

The braceless semisubmersible is a large-volume structure with slender body components;
in the developed numerical model a hybrid method is employed in ANSYS AQWA to calculate
the hydrodynamic loads using diffracting panels for the pontoons and Morison elements for

the columns (see Figure 6-28).

Morison elements

Diffracting panels

Figure 6-28. Mesh of BCFOES concept generated in ANSYS AQWA.
6.2.1.1 Morison element forces

Morison elements are used to model the columns of the braceless semisubmersible in the
hybrid model. Morison’s equation for the fluid forces exerted on a slender structural member

is:
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1
dF = pACyiy — pA(Cy — Dits + EpDCDluf — us | (up — us)
[86]
1
= pA(1 + Cp)1y — pAC,us + EpDCDluf — us | (up — us)

where Cj, is the drag coefficient, D is the characteristic drag diameter, uy is the transverse
directional fluid particle velocity, u, is the transverse directional structure velocity, C, = C, +
1 is the inertia coefficient where C, is the added mass coefficient and A is the cross-sectional
area. In this study, the values of the inertia coefficient and drag coefficients are 2.0 (or C, =

1.0) and 1.2 respectively (ANSY'S 2020).
6.2.2 Power-take-off system

The power-take-off (PTO) system (Figure 6-29) physically connects the semisubmersible
platform and the WEC. The PTO system is simplified as a linear spring-damper system which
is modelled in ANSYS AQWA using fender connections. Fenders allow the user to model
material contact between two structures; the horizontal contact is also modelled using fenders.
Depending on the relative positions of the structures and the fender positions on the structures,
they create a varying force acting on the structure (WEC) which is added to the other forces
used for computing the structures’ motions. A contact plane, this is the plane which the fender
will impact, and attachment point is defined for each fender. In this study, the fenders allow
WEC heave motion up to 3m from resting position. To ensure consistent results and validation
of results of this study, the damping and stiffness coefficients were kept identical with the work
of Lietal (Li etal. 2021). These values were obtained from an optimization of the PTO system

in the work of Wang et al (Wang et al. 2020).
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Figure 6-29. PTO system developed in ANSYS AQWA.

The force, Fpro, and power, Ppro, Of the PTO system are found using the following

equations:

Fpro = Bpro (Vwec — Vrowr) + Kpro (Xwec — Xrowr)
[87]
Ppro = Fpro(Vwec — Vrowr)
where Bpr IS linear damping coefficient; Kpr( is the linear spring stiffness coefficient; Viy g

and Vgowr is the heave velocity of the WEC and FOWT, respectively; and xy gc Xpowr 1S the

heave displacement of the WEC and FOWT, respectively.

6.2.3 Validation

Similar to the CFOES concept, there is no numerical or experimental data available for the
full BCFOES concept which means partial validation of independent systems is required to
validate the numerical model. The tidal turbines have previously been validated in this thesis,
they are positioned slightly lower down in the water column compared to the CFOES concept,
however no further validation of this system is necessary. To validate the FOWT and WEC
components, the work of Wang et al. (Wang et al. 2020) and Li et al (Li et al. 2021). is used as

a means of comparison with the results from the present numerical model for a regular wave
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simulation. The regular wave has a wave height of 2m and a wave period of 9s. The results of
the simulation are presented in Figure 6-30. There is excellent agreement between the two data
sets. There is slight discrepancy in the mooring line tensions, the differences however are small.
These results confirm the FOWT and WEC coupling has been correctly modelled, and the

numerical model can be used for advanced integrated loads analysis of the BCFOES concept.
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Figure 6-30. Validation of BCFOES numerical model - simulation of regular wave condition

(H =2m, T = 9s) and comparison against numerical results of Li et al (Li et al., 2021).

6.2.4 Results and discussion

Table 6-3 describes the LCs which have been simulated to test the performance of the
BCFOES concept. This section then presents the numerical results which include free decay
results and the responses of the BCFOES when subject to below-rated, rated and above-rated
wind conditions. The findings are discussed and compared with respect to a pure braceless

semisubmersible FOWT.
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Table 6-3. Load cases for BCFOES.

LC Description U, [m/s] Hs[m] T,[s] U.[m/s]
FD Free decay - - - -

1 Below rated 8 2.3 10 1.8
2 Rated 114 3.4 135 2.0
3 Above rated 16 5.3 17.7 2.2

6.2.4.1 Free decay analysis

A free decay analysis was conducted to observe the influence of the marine renewable
energy systems on the platform natural periods of the BCFOES. Only free decay simulations
for surge, heave, and pitch degree of freedoms were run. For sway and roll, the behaviour is
similar to the surge and pitch, respectively, due to platform symmetry. For yaw, it is predicted
the marine energy systems will not have a significant effect. Four configurations were run in
the free decay analysis: (1) a pure braceless semisubmersible FOWT, (2) braceless
semisubmersible FOWT and WEC, (3) braceless semisubmersible FOWT and three tidal
turbines, and (4) BCFOES. The influence of the marine renewable energy systems on the
platform natural periods will easily be identified in this manner. Figure 6-30 presents the
results of the free decay analysis and Table 6-4 quantifies the natural periods of the four
configurations and compares them to results presented across literature for the same
configurations. Considering surge, the WEC slightly increases the surge natural period due to
the increase in total mass, whilst the damping remains the same. For the present model, it seems
that the mooring system is stiffer compared to other models in literature. The surge natural
period for the present models is 70s whereas for published results it is 80s. For heave, the
presence of the WEC has significant positive impact in terms of damping. Semisubmersibles
are known to have limited inherent damping in heave within the system, so the integration of
the WEC is a good damping mechanism solution. For configurations with the WEC, the system

returns to equilibrium after approximately 125s whilst the other configurations without the
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installed WEC oscillate for a significant amount of time after. On the other hand, the heave
natural period is fractionally reduced for those configurations with a WEC. The heave natural
period agrees well for all models. For pitch, the presence of the WEC has negligible effect on
the pitch natural period but it does marginally increase damping. Instead, it can be observed
that the tidal turbines increase the platform pitch natural period. There is generally a good
agreement in pitch natural periods between the present models and published results. The
agreement in results from the free decay analysis is another strong indicator that the present

model has been adequately constructed.
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Figure 6-31. Free decay analysis of BCFOES.

Table 6-4. Natural periods of the four concepts: braceless semisubmersible, braceless +
WEC, braceless + TT, and braceless + WEC + TT (triple) and comparison to available

literature.

Numerical model Surge (s) Heave (s) Pitch (s)
Braceless semisubmersible only 68.9 26.3 29.9
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Braceless semisubmersible only (Luan et al. 2016) 79.5 25.8 31.32
Braceless + WEC 70.2 23.6 29.7
Braceless + WEC (F2A, (Li et al. 2021)) 80.55 24.54 26.29

Braceless + WEC
(AQWA, (Li et al. 2021))
Braceless + WEC
(Wang et al. 2020)
Braceless + Tidal 68.8 26.4 32.1
BCFOES 70.2 23.8 31.8

80.55 24.54 29.91

83.78 24.74 29.77

6.2.4.2 Platform motions

The platform motion statistics of the BCFOES for all LCs are presented in Figure 6-32
and compared to a pure braceless semisubmersible FOWT. Considering surge, the
displacement of the BCFOES is greater compared to the pure FOWT equivalent. This increase
is approximately 45%, 28%, and 20%, for below-rated, rated, and above-rated conditions
respectively, and is as a result of the hydrodynamic thrust produced by the tidal turbines. The
decreasing percentage suggests that for rougher environments i.e., greater wind speeds and
larger waves, the impact of the tidal turbines on the surge displacement becomes less. An
interesting find is that the variability of the BCFOES is greater than the pure FOWT system
for rated and above-rated conditions. Results from the free decay analysis showed that the WEC
increased damping in heave and thus reduced the heave response of the BCFOES. The
statistical results display a similar trend; the range in heave of the BCFOES is smaller than the
pure braceless semisubmersible for below-rated and above-rated conditions, 1.01 and 6.77m
compared to 1.46 and 7.6m, respectively. For above-rated condition, the range in heave is
reduced by 10%. For rated condition, the heave range is the same for both concepts, 2.8m. The
wave period in this LC coincides with the WEC heave natural period which amplifies the
response of both WEC and semisubmersible. However, even with this amplification the heave
response is the same as the pure braceless semisubmersible FOWT. Considering pitch, the

mean pitch of the BCFOES is smaller than the pure braceless equivalent for all LCs. The
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hydrodynamic thrust being produced by the tidal turbines is of similar magnitude to the
aerodynamic thrust produced by the wind turbine. Consequently, when the wind drops the
opposing moment from the hydrodynamic thrust becomes the dominant moment which causes
the platform to pitch forward into negative pitch. The tidal turbines increase the pitching range
of the BCFOES in LCs 1, 2, and 3 by 27, 52, and 25%, respectively. On the other hand, the
tidal turbines make the BCFOES more upright which increases the rotor area exposed to wind.

Therefore, the wind turbine on the BCFOES will produce more power.
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Figure 6-32. Comparison of platform motion statistics between BCFOES and pure braceless

semisubmersible FOWT for LC1-3.

237



Integrated numerical model of a combined floating offshore energy system Chapter 6

6.2.4.3 Mooring line tensions

The mooring line tensions of the BCFOES and braceless semisubmersible in the time-
domain for all LCs are presented in Figure 6-33. It is clear that the hydrodynamic thrust of the
tidal turbines increases the surge displacement. Consequently, the mooring line tension in the
upwind line(s) will experience greater tension and the mooring line resists the platform motion.
For LC1, ML2 of the braceless concept has an average tension just below 3MN. The BCFOES
has an average tension of approximately 3.75MN. For LC2, ML2 of the braceless concept has
an average tension of approximately 3.3N compared to an average tension of just below 4.5MN
for the BCFOES concept. For LC3, ML2 of the braceless concept has an average tension of
3.75MN whereas the average tension in ML2 of the BCFOES concept is approximately 4.5MN.
This represents an increase of 25, 36, and 20% in mooring line tension for LC1, LC2, and LC3,
respectively, as a result of the integration of tidal turbines. Additionally, the variation in
mooring line tension of ML2 the BCFOES is greater than the braceless concept. As an example,
for LC3 it can be observed that the maximum mooring line tension experienced by ML2
restraining the BCFOES system is approximately 7.2MN. There is a point at the start of the
simulation where the tension exceeds 7.5MN but this can be disregarded to account for
transient effects. The maximum mooring line tension experienced by the same mooring line

restraining the braceless concept is approximately 5SMN.
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Figure 6-33. Mooring line tensions of BCFOES and pure braceless semisubmersible FOWT

for all LCs: LC1 (Top), LC2 (Middle), LC3 (Bottom).

6.2.4.4 Rotor responses

The statistics of rotor speed, rotor thrust, and rotor torque of the BCFOES are given in

Table 6-5 and the time-domain results are presented in Figure 6-34. The influence of the WEC

and tidal turbines on the performance of the wind turbine is minimal.
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Table 6-5. Rotor response statistics of BCFOES for all LCs and comparison to braceless

semisubmersible FOWT.

Rotor speed Rotor thrust Rotor torque
Braceless BCFOES Braceless BCFOES Braceless BCFOES
Mean 9.21 9.28 0.53 0.49 1.92 1.97
LC1 Maximum 12.06 12.11 0.99 0.98 4.26 4.29
SD 1.34 1.35 0.13 0.14 0.60 0.61
Mean 11.85 11.89 0.80 0.75 3.71 3.75
LC2 Maximum 14.60 14.67 1.06 1.08 6.40 6.40
SD 0.72 0.77 0.11 0.13 0.55 0.53
Mean 12.10 12.10 0.55 0.51 4.18 4.18
LC3 Maximum 15.48 15.91 1.03 1.11 6.33 6.34
SD 1.06 1.09 0.12 0.13 0.15 0.15
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Figure 6-34. Time-domain rotor responses of BCFOES for all LCs and comparison to

braceless semisubmersible FOWT.

6.2.4.5 Power production

For all LCs, the power generated by the several energy systems within the BCFOES is
presented in Figure 6-35. The results are compared to the power production of a pure braceless

semisubmersible wind turbine. The collective tidal turbine system generates an additional total
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mean power of 1.15, 1.38, and 1.44MW for LC1, LC2, and LC3, respectively. The WEC
generates an additional total mean power of 0.04, 0.07, and 0.09MW for LC1, LC2, and LC3,
respectively. The wind turbine in the BCFOES has improved power production performance
compared to the wind turbine supported by the pure braceless semisubmersible. For LC1 and
LC2, the wind turbine produces an additional 0.06 MW. Therefore, the BCFOES produces 1.25,
1.51, and 1.53MW of additional power for LC1, LC2, and LC3, respectively. In percentages,
this is an increase of 69, 35, and 31%. The advantage of combining different ORE systems in

a single platform is obvious when considering the power production capabilities.
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Figure 6-35. Power contributions of the BCFOES for all LCs and comparison against

braceless semisubmersible FOWT.

6.3 Chapter summary and conclusions

This chapter presents the work from the final phase of this research project which is the
development of a numerical model of a CFOES. The novel concept integrates three different
types of ORE technologies: a catamaran-type FOWT, a WEC system, and tidal turbine system.
The numerical model is used to evaluate the performance of the CFOES in operational and
extreme conditions. The responses of the CFOES are compared to the responses of a pure
catamaran FOWT. From the comparison, the advantages and disadvantages of ORE

hybridization are determined. Additionally, a second numerical model of a CFOES is presented
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in this chapter. The second CFOES concept is referred to as the BCFOES concept. The

BCFOES comprises a braceless semisubmersible-type FOWT, heave-type point absorber, and

three tidal turbines. The development of a second numerical model of a CFOES demonstrates

the methodology can be applied to other CFOES configurations for integrated loads analysis.

The conclusions of this chapter have been separated into two parts. The parts are based on the

results of the respective numerical model. Conclusions are drawn from comparisons of the

CFOES compared to the equivalent pure FOWT system. The conclusions are as follows:

(1) CFOES:

(a) Wind turbine:

The performance of the wind turbine in below rated conditions is not affected by
the addition of marine energy systems to the floating platform. In rated and above
rated conditions, the performance of the wind turbine improves. The 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 pitching more
energetic sea states. Consequently, the tower-base bending moments are reduced.
Under LC2, a reduction of 35% and 40% in the maximum and minimum S-S tower-
base bending moment is observed. Under LC3, the S-S tower-base bending
moment exhibits similar behaviour to LC2 and the F-A tower-base bending
moment is steadier.

After a shutdown routine the rotor responses of the wind turbine are not impacted
by the marine renewable energy systems. During the period after the shutdown
routine, the O-0-P blade-root and S-S tower-base bending moment display a

reduced response albeit a small reduction.
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¢ In extreme conditions, the marine renewable energy systems do not positively or

negatively impact the blade-root or tower-base bending moments.

(b) Platform motions:

e When the tidal turbines are in operation a hydrodynamic thrust is produced. Three
main effects on global platform motions arise due to this hydrodynamic thrust: (1)
the surge response is increased, (2) the variability about the mean surge is reduced
because of hydrodynamic damping, and (3) the total hydrodynamic thrust produced
by the two tidal turbines is approximately 400kN. For below rated conditions, this
is comparable to the aerodynamic thrust which means the pitch displacement is
reduced for the CFOES.

e The integration of the WEC system greatly increases the stability in roll and pitch
for the CFOES. Under LC2, the WEC system reduces the rolling range from 15°

to approximately 5°, a reduction of 66%.

e The tidal turbine system dampens platform yawing during operation.

e Without the tidal turbines operating, the surge and yaw response is similar to a pure
catamaran FOWT.

e In extreme conditions, overall, the platform motions are similar to the global
motion responses of the pure catamaran FOWT. The CFOES displays a reduced

pitch response.

(c) Mooring line tensions:

e The tension in the upwind mooring lines increase due to greater surge

displacement.
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The tidal turbines exert hydrodynamic damping which reduces the variability in
the mooring line tensions for rated wind condition. In above rated wind condition,
the variability appears to increase. This suggests the wave excitation force begins
to dominate the mooring line responses.

Without the tidal turbines operating, the mooring line tensions are similar.

In extreme conditions, there is negligible differences in the mooring line tensions

for all mooring lines.

(d) Generated power of marine energy systems:

For LC1 the WEC system generates 57kW of additional power. The WEC units
producing this power are the units that interact with the incident waves first. The
generated power from the individual Wavestar units in the global system strongly
depend on the position in relation to the incident wave direction. The tidal turbines
produce 300kW of additional power. For LC1 the total generated power is
increased by 30%.

For LC2, the combined total average power produced by the marine energy systems
is approximately 600kW, representing an increase of 12% additional generated
power.

For LC3, the WEC system produces a mean power output of 660kW. The Wavestar
unit which produces the most power is WEC10 generating approximately 90kW of
power. The tidal turbine system produces a mean power of approximately 300kW
and the instantaneous maximum power is 500kW. This means that marine
renewable energy systems within the CFOES can produce 1MW of additional
mean power which represents a 20% increase compared to the pure catamaran

FOWT system.

244



Integrated numerical model of a combined floating offshore energy system Chapter 6

(2) BCFOES:

The free-decay analysis shows surge and pitch are not affected by the integration
of the marine renewable energy systems. The WEC positively impacts the heave
response by damping the response significantly.

For the simulated LCs, the surge displacement of the BCFOES is greater compared
to the pure FOWT equivalent. This increase is approximately 45 %, 28 %, and 20
%, for below-rated, rated, and above-rated conditions respectively, and is as a result
of the hydrodynamic thrust produced by the tidal turbines. For above-rated
condition, the range in heave is reduced by 10 %. The tidal turbines increase the
pitching range of the BCFOES in LCs 1, 2, and 3 by 27, 52, and 25 %, respectively.
On the other hand, the tidal turbines make the BCFOES more upright which
increases the rotor area exposed to wind. Therefore, the wind turbine on the
BCFOES will produce more power.

An increase of 25%, 36%, and 20% in mooring line tension is observed for the
BCFOES for LC1, LC2, and LC3, respectively, as a result of the integration of
tidal turbines.

The influence of the WEC and tidal turbines on the performance of the wind turbine
is minimal.

The collective tidal turbine system generates an additional total mean power of
1.15,1.38, and 1.44MW for LC1, LC2, and LC3, respectively. The WEC generates
an additional total mean power of 0.04, 0.07, and 0.09MW for LC1, LC2, and LC3,
respectively. Therefore, the BCFOES produces 1.25, 1.51, and 1.53MW of
additional power for LC1, LC2, and LC3, respectively. In percentages, this is an
increase of 69, 35, and 31%. The advantage of combining different ORE systems
in a single platform is obvious when considering the power production capabilities.
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Chapter 7. Conclusions

This chapter presents an overall summary of the study and the main conclusions from the
research on evaluating the performance of a CFOES in operational and extreme conditions.

The chapter also discusses the limitations of the research and recommendation for future work.

This chapter is organised into the following sections: Section 7.1 presents the overall
summary of the whole study. Section 7.2 presents the main conclusions of the research and

Section 7.3 presents recommendations for future study.
7.1 Overall summary

The main aim of this thesis was to innovate and develop an CFOES concept that supported
three different ORE technologies and to construct a numerical model in order to perform
integrated loads analysis to assess concept performance under typical design load cases. The
research presented in this thesis contributes to broadening knowledge depth on the coupled

dynamic behaviour of ORE systems when integrated within a single floating platform.

The first chapter of this thesis gave an overview to the research, explained the motivation
for the research and the engineering problem it tackles. The introduction provided initial
background on the scientific topics ORE and CFOESs. The chapter stated the aims and
objectives of the thesis. The first objective was to critically review the current state of
knowledge on ORE and CFOESs. This objective was met through the material presented in

Chapter 2.

The second thesis objective was to review design methods and numerical tools available
for the design and analysis of a CFOES system. No tools exist explicitly for the design and

analysis of CFOESs. Therefore, tools which were available for the advanced design and
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analysis of pure ORE systems such as wind turbines or WECs were considered. Using these
tools, a method was devised to couple the tools to accurately predict the coupled responses of
the CFOES concept subject to design load cases. Chapter 3 was dedicated to this objective; the
consideration was presented in the form of theoretical background of mathematical models

underpinning the engineering tools.

The third objective of the thesis was to implement the methodology and construct a
sophisticated numerical model of the CFOES in an engineering tool. The fourth objective was
to subsequently validate the numerical model. The numerical model of the CFOES has been
presented in Chapter 6. The model can be decomposed into three individual numerical models
of the pure ORE systems (FOWT, WEC and tidal turbine). The separate development and
validation of these numerical models have been presented in Chapter 4 and Chapter 5. Chapter
4 introduced the catamaran-type FOWT which is the central system in the CFOES concept.
The numerical model of the FOWT was built within F2A. The validation of the numerical
model was successful with results showing good agreement with published work. The
numerical model was used to simulate a set of design load cases and the outputs from the model
were presented and analysed in the chapter. Chapter 5 was dedicated to the development of the
numerical models of the marine renewable energy systems. In the chapter, the results of the
validations for both numerical models have been presented. The numerical models were
separately integrated into the FOWT numerical model and used to investigate the coupled
responses of the FOWT combined with a WEC system and a tidal turbine system. Finally, all
three numerical models were coupled together to create the numerical model of the CFOES
which has been presented in Chapter 6. The fact that CFOES are conceptual and extremely
novel meant no numerical or experimental data exists. As such, validation of the numerical

model of the CFOES was achieved through partial validation.
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The fifth objective was to use the numerical model to perform coupled analysis on the
CFOES concept so that the performance of the concept in the context of normal operation and
extreme situation can be examined. The sixth objective was to critically analyse the dynamic
responses of the CFOES to determine if the hybridization of ORE technologies in a single
floating platform is beneficial and if the CFOES concept has merit. The results of the study on
these objectives have been presented in Chapter 6. In addition, another CFOES was introduced
in Chapter 6. The development of the BCFOES numerical model confirmed that the devised

methodology can be implemented for other CFOES configurations.

The conclusions from the research in this thesis have been presented in this chapter. The
conclusions are provided in both a general summary and the main findings that were made

during the course of the research.

7.2 Main conclusions

The following are the main conclusions drawn from this thesis based on the calculated

results and the observations made from the results.

7.2.1 Literature survey

A survey of literature was conducted on ORE and CFOESs and there was emphasis on
combined concepts composed of a FOWT with either a WEC system, a tidal turbine system,
or both. For each ORE industry, the literature survey reviewed information on the ORE
resource, the types of machines used to convert the energy form into electricity, and the latest
market and technology trends within the industry. The survey of literature progressed by
establishing motives for ORE hybridization, defining a CFOES, and discussing main synergies
of hybridization. An in-depth review of pre-commercial concepts and demonstrators, funded

research programmes, and academic research on CFOESs was presented. Additionally, the
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survey of literature covered theory, modelling and simulation of CFOESs. The survey of

literature concluded the following main points:

e Floating wind turbines have 4 main types: barge, semisubmersible, spar and TLP.
Barge-type floaters have advantages in construction and deployment, which could
ease utility-scale production providing excessive pitching motion can be mitigated.

e WECs have a large spread of concepts but there is some industry consolidation
towards the point absorber concept. This technology can absorb wave energy from
all directions, and they have much smaller structural size compared to other
concepts.

e Tidal turbine systems follow suit to the wind turbine industry with axial flow
turbines as the most advanced technology.

e CFOES concepts that comprise FOWT combined with wave energy technology are
more prevalent than CFOES concepts made up of FOWT combined with tidal
energy technology. There are even some prototypes in development such as
Floating Power Plant.

e Only one numerical model of, no experimental data for, and only one
conceptualised commercial concept of a CFOES which integrates three or more
ORE systems exist. There is an opportunity for research to significantly contribute
to knowledge in the scientific area.

e At present, no numerical tools exist explicitly for modelling CFOES. This resulted
in the integration of numerical tools that could model the independent ORE
systems. The floating wind turbine is considered the central system (in terms of
rated power capacity and structural size), so this was the basis for the numerical
tool coupling i.e., numerical models of the marine renewable energy systems would
be integrated into a numerical model of the FOWT.
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Software used to design and analyse FOWTs can 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. Thus, F2A was used to construct a numerical
model of a CFOES.

Engineering tools are comprised of computational modules that can numerically
represent the offshore environment and structure. Offshore structures are exposed
to a wide variety of external conditions. The main external conditions relevant to
offshores structures are wind, ocean waves, and currents. Different mathematical
models can be selected to represent the offshore environment to suit the needs of
the analysis e.g., regular wave or wave spectrums which represent fully developed
or developing seas.

For each physical domain, similarly a range of models can be implemented to
represent the applied load or system responses of a FOWT. The aerodynamics is
commonly computed within engineering tools using BEMT theory. Corrections
can be added to this model to capture other aerodynamic effects such as tip- and
hub-losses, skewed wakes, and dynamic stall. Morison’s equation or potential flow
theory can be used to calculate the wave loading within engineering tools. The
choice of model is dependent on size of the structure relative to incident
wavelength. For commercial aero-elastic codes, FEM models and modal analysis
methods are employed to model the structural dynamics of a FOWT. There are also
multiple modelling options for the controller and mooring system. To simulate the
coupled dynamics motion, Kane’s method is employed in FAST to formulate an

equation of motion for the entire system.
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WECs can be modelled in ANSYS AQWA owing to the software’s excellent
capabilities of calculating hydrodynamic loads and modelling complex multibody
systems. Additionally, AQWA has ‘joint’ features which can be used to model the
PTO system of some WECs. F2A uses AQWA as its core hydrodynamic module
which meant coupling of FOWT numerical model and WEC numerical could be
achieved. To model the tidal turbines, a module for calculating aerodynamic loads
in FAST is repurposed to calculate the hydrodynamic loads of tidal turbines and

integrated within the F2A via the external.dll.

7.2.2 Development of catamaran FOWT numerical model

A numerical study on using a catamaran vessel as a support platform for a FOWT was

performed using OpenFAST and ANSYS AQWA numerical tools coupled via a DLL, namely

F2A, to conduct efficient fully coupled aero-hydro-elastic-servo simulations. The results of the

research revealed advantages of a catamaran-type platform compared to a conventional barge-

type platform:

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 functionality could lead to cost reductions e.g., through increased
power generation.

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 means the catamaran floater has increased hydrodynamic restoring stiffness

and damping for these modes of motion.
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The catamaran platform responds distinctively at certain frequencies for vertical
and horizontal plane motions due to symmetric or antisymmetric 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 demi-hull separation.

Findings from the free decay results show that the catamaran floater has increased
natural damping in the system for roll and pitch modes compared to the barge
floater. This was especially the case for pitch, where observed damping was
increased considerably. This 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.
The time-domain simulations showed the response of both platforms were similar
for simulated load cases, which meant the 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 platform’s dynamic response. Nevertheless, the pitch response of the catamaran
was similar to that of the barge. The fact that the catamaran behaves similarly to
the barge whilst being excited at its natural frequency highlights the platform’s
good hydrodynamic performance. One future avenue for research could be how the
geometric characteristics of the catamaran floater affect its pitch natural period.
The results of this study also showed that the catamaran floater had reduced tower-
base bending moments (both F-A and S-S) for all simulated conditions. For rated
wind speed (LC3) and corresponding wave condition, the F-A tower-base bending

moment was reduced by 22%.
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7.2.3 Marine renewable energy system numerical model development and integration

A numerical study on combining a catamaran-type FOWT system with two different type
of marine renewable energy systems separately was carried out. The two marine renewable
energy systems were a tidal turbine system and a WEC system. Two numerical models were
developed of the two types of marine renewable energy systems. The numerical model of the
tidal turbines was constructed in AeroDyn and the numerical model of the WEC was
constructed in AQWA. The two numerical models were separately integrated into a numerical
model of a catamaran-type FOWT system. Using the two integrated numerical models, the
dynamic behaviour of the catamaran FOWT was studied with the addition of the marine
renewable energy systems. The results were compared to the responses of a pure catamaran-

type FOWT. The main conclusions of the study are summarised in the following points:

For the CTT concept:

e The tidal turbines produce more power when positioned higher up in the water
column. The tested hub heights had negligible effect on global platform motions.

e Platform motion natural frequencies are not affected when the tidal turbines are in
stand-still.

e The turbines do not negatively affect the performance of the wind turbine when
operating. In fact, the tower-top displacement and tower-base force in the x-
direction are slightly reduced. The hydrodynamic thrust reduces the moment
produced by the aerodynamic thrust.

e Hydrodynamic thrust is exerted on the platform due to tidal turbine operation. This
increases the mean global surge of the CTT concept. However, the variation about
the mean surge is reduced. The tidal turbines produce additional hydrodynamic
damping.
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The maximum mooring line tension in the upwind mooring line of the CTT concept
increases by approximately 28% compared to the pure catamaran concept.

The mean power generated by the tidal turbines is 0.21, 0.28, and 0.29MW,
respectively, for the examined LCs. This equates to a percentage increase in
electrical power of 10.1, 6.0, and 5.6%, respectively for each LC, compared to the

pure catamaran FOWT.

For the CWS concept:

Hydrodynamic interaction between the catamaran support platform and Wavestar
units is strong. The hydrodynamic behaviour of the Wavestar units is governed by
the characteristic hydrodynamic behaviour of the catamaran support platform. The
integration of the WEC system increases the sway and roll radiation damping
coefficients of the catamaran at its characteristic frequencies.

The effect of combining the WEC system with the catamaran FOWT on the
platform natural periods and system damping is positive, particularly for heave,
roll, and pitch modes where additional hydrodynamic damping is observed.

There is a synergy between the WEC system and catamaran support platform in
terms of power production due to the relative motion between the two systems. The
platform pitching of the catamaran support platform amplifies the amount of the
power the WEC system can produce.

The CWS concept displays reduced amplitudes for the observed responses subject
to regular and irregular wave except for surge displacement. The integration of the
WEC system is beneficial due to the additional hydrodynamic damping provided

by the system.
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7.2.4 Development of CFOES numerical model

A numerical study was conducted to evaluate the performance of a CFOES. Three different
types of ORE technologies are integrated within the novel concept: a catamaran-type FOWT
system, a WEC system, and tidal turbine system. A numerical model was constructed using
previously developed numerical models of the respective ORE system. The integrated
numerical model was used to assess the CFOES in operational and extreme conditions. The
responses of the CFOES are compared to the responses of a pure catamaran FOWT. The
comparison determined the advantages and disadvantages of ORE hybridization. Additionally,
a second numerical model of a CFOES was presented. The second CFOES concept was the
BCFOES concept. The BCFOES comprises a braceless semisubmersible-type FOWT, heave-
type point absorber, and three tidal turbines. The development of the BCFOES demonstrated
the methodology can be applied to other CFOES configurations for integrated loads analysis.

The conclusions are as follows:

For the CFOES concept:

a) Wind turbine:

e The performance of the wind turbine in below rated conditions is not affected by
the addition of marine energy systems to the floating platform. In rated and above
rated conditions, the performance of the wind turbine improves. The power output
is greater and smoother and there is less variability in aerodynamic thrust, rotor
torque and blade pitch.

e The WEC system significantly reduces platform rolling and pitching in more
energetic sea states. Consequently, the tower-base bending moments are reduced.

Under LC2, a reduction of 35% and 40% in the maximum and minimum S-S tower-
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base bending moment is observed. Under LC3, the S-S tower-base bending
moment exhibits similar behaviour to LC2 and the F-A tower-base bending
moment is steadier.

After a shutdown routine the rotor responses of the wind turbine are not impacted
by the marine renewable energy systems. During the period after the shutdown
routine, the O-0-P blade-root and S-S tower-base bending moment display a
reduced response albeit a small reduction.

In extreme conditions, the marine renewable energy systems do not positively or

negatively impact the blade-root or tower-base bending moments.

b) Platform motions:

When the tidal turbines are in operation a hydrodynamic thrust is produced. Three
main effects on global platform motions arise due to this hydrodynamic thrust: (1)
the surge response is increased, (2) the variability about the mean surge is reduced
because of hydrodynamic damping, and (3) the total hydrodynamic thrust produced
by the two tidal turbines is approximately 400kN. For below rated conditions, this
Is comparable to the aerodynamic thrust which means the pitch displacement is
reduced for the CFOES.

The integration of the WEC system greatly increases the stability in roll and pitch
for the CFOES. Under LC2, the WEC system reduces the rolling range from 15°

to approximately 5°, a reduction of 66%.

The tidal turbine system dampens platform yawing during operation.
Without the tidal turbines operating, the surge and yaw response is similar to a pure

catamaran FOWT.
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In extreme conditions, overall, the platform motions are similar to the global
motion responses of the pure catamaran FOWT. The CFOES displays a reduced

pitch response.

c) Mooring line tensions:

The tension in the upwind mooring lines increase due to greater surge
displacement.

The tidal turbines exert hydrodynamic damping which reduces the variability in
the mooring line tensions for rated wind condition. In above rated wind condition,
the variability appears to increase. This suggests the wave excitation force begins
to dominate the mooring line responses.

Without the tidal turbines operating, the mooring line tensions are similar.

In extreme conditions, there is negligible differences in the mooring line tensions

for all mooring lines.

d) Generated power of marine energy systems:

For LC1 the WEC system generates 57kW of additional power. The WEC units
producing this power are the units that interact with the incident waves first. The
generated power from the individual Wavestar units in the global system strongly
depend on the position in relation to the incident wave direction. The tidal turbines
produce 300kW of additional power. For LC1 and the total generated power is
increased by 30%.

For LC2, the combined total average power produced by the marine energy systems
is approximately 600kW, representing an increase of 12% additional generated

power.
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For LC3, the WEC system produces a mean power output of 660kW. The Wavestar
unit which produces the most power is WEC10 generating approximately 90kW of
power. The tidal turbine system produces a mean power of approximately 300kW
and the instantaneous maximum power is 500kW. This means that marine
renewable energy systems within the CFOES can produce 1MW of additional
mean power which represents a 20% increase compared to the pure catamaran

FOWT system.

For the BCFOES concept:

The free-decay analysis shows surge and pitch are not affected by the integration
of the marine renewable energy systems. The WEC positively impacts the heave
response by damping the response significantly.

For the simulated LCs, the surge displacement of the BCFOES is greater compared
to the pure FOWT equivalent. This increase is approximately 45%, 28%, and 20%,
for below-rated, rated, and above-rated conditions respectively, and is as a result
of the hydrodynamic thrust produced by the tidal turbines. For above-rated
condition, the range in heave is reduced by 10%. The tidal turbines increase the
pitching range of the BCFOES in LCs 1, 2, and 3 by 27, 52, and 25%, respectively.
On the other hand, the tidal turbines make the BCFOES more upright which
increases the rotor area exposed to wind. Therefore, the wind turbine on the
BCFOES will produce more power.

An increase of 25%, 36%, and 20% in mooring line tension is observed for the
BCFOES for LC1, LC2, and LC3, respectively, as a result of the integration of

tidal turbines.
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e The influence of the WEC and tidal turbines on the performance of the wind turbine
Is minimal for examined load cases.

e The collective tidal turbine system generates an additional total mean power of
1.15, 1.38, and 1.44MW for LC1, LC2, and LC3, respectively. The WEC generates
an additional total mean power of 0.04, 0.07, and 0.09MW for LC1, LC2, and LC3,
respectively. Therefore, the BCFOES produces 1.25, 1.51, and 1.53MW of
additional power for LC1, LC2, and LC3, respectively. In percentages, this is an
increase of 69, 35, and 31%. The advantage of combining different ORE systems

in a single platform is obvious when considering the power production capabilities.

7.3 Limitations of present study and recommendations for future research

CFOESs comprised of energy conversion systems which produce power from three
different ORE sources remain conceptual. This study has revealed benefits of a triple CFOES
including increased energy yield and reduced global platform motions. The study also
demonstrated the advantages of using a catamaran-shaped support platform for offshore wind
turbine application. However, there were limitations in the present study and aspects which
require more understanding in order to develop the concept further. In light of this, each item
below describes a limitation of the study or an area needing further understanding, and then a

recommendation is provided for future work.

1. The dimensions of the catamaran-type platform were selected based on the geometry, mass,
and inertia properties of a conventional barge FOWT. The reason for this was any
improvement or deterioration in performance is attributable to the platform design. A
limitation of the design was that it was not optimized. With optimization of platform design

and further advanced conceptual development, it is expected that the performance can be
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enhanced. Therefore, an investigation into the platform’s hydrodynamic performance
whilst varying parameters such as length, width and demi-hull separation is recommended.

2. The present study has developed a concept for a CFOES. The technology readiness level
of the concept is between TRL 1-3 (fundamental research). As a result of the concept having
a low TRL level, the levelised cost of energy of the concept has not been quantified in this
study. A recommendation for future work is to investigate the economics of the concept.

3. Model testing is an essential compliment to numerical modelling. Model testing permits
full validation of a certain aspects of a numerical model such as the hydrodynamic model.
At the time of the study, no experimental data existed for the studied concept nor could a
experimental campaign be conducted. As such, the developed model in this study is limited
by unidentified hydrodynamic characteristics only obtainable through model testing such
as damping coefficients. If a model testing campaign could be conducted, then this would
allow for appropriate validation of the numerical model developed in this work.

4. To predict the rotor forces and electrical power of the tidal turbines, AeroDyn has been
integrated into F2A numerical tool. At each time step, the platform response calculated by
the AQWA solver in conjunction with the instantaneous relative current speed are used as
input into AeroDyn. The AeroDyn code calculates the tidal turbine rotor force and power
which are then fed back into F2A and included in the external force term. However, the
AeroDyn model does not account for hydro-elasticity of the tidal turbine towers. In order
to better understand the complete dynamics of the coupled system, a recommendation for
future work is that the structural dynamics of the tidal turbine towers are included in the
numerical model.

5. The numerical model developed in this study permits accurate calculation of the global
platform motions and wave-induced load characteristics of the catamaran FOWT.

However, no internal platform loads were calculated and thus the loads effects on the
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structural integrity of the catamaran hull and superstructure were neglected. A
recommendation for future work would be to conduct a structural analysis of the concept
to assess the structural integrity of the support platform to the applied loads.

6. The arrangement of the WEC system was based on the assumption that more power can be
generated with more units in the system (Ghafari et al. 2021). However, due to shielding
effects, it was observed that the units at the end of the system may not generate optimum
power. This was a limitation of the WEC arrangement. Therefore, a recommendation for
future work would be to investigate the effect on power generation of the layout of the
WEC system.

7. The PTO system of the WEC system is modelled as a linear PTO. For the CFOES. the
linear PTO system was modelled using hinge features within AQWA. For the BCFOES,
the linear PTO system was modelled using fender features. No implementation of wave
energy control was included. Implementation of a control scheme for wave energy

conversion could be considered for wave power optimisation.
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