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ABSTRACT

The negative effects of anthropogenic climate change has led to an increase in
electricity generated from renewable energy sources. Within this, offshore wind
is currently one of the fastest growing markets, and industry is now looking
towards the role that floating offshore wind turbines (FOWT) may play in the
future. However, FOWT are often subjected to increased tower loads, up to 1.6
times those experienced by their fixed-to-seabed counterparts. Reducing these
loads would help to decrease the costs of this fledgling technology, by diminishing

the tower strengthening requirements.

In the present work, as a possible technological solution to reduce the above
mentioned loads, a variable speed, variable pitch-to-stall (VSVP-S) control
strategy, is proposed for wind turbines. The 5 MW turbine is applied to both a
semi-submersible and a spar floating platform, as these floaters both suffer from
increased tower fore-aft oscillations. The VSVP-S control configuration avoids
negative damping by design, allowing higher controller gain settings and hence
a more regulated power output, than a pitch-to-feather controlled floating
scenario. The FOWTs are further altered to incorporate back twisted blades, to
decrease the blade bending moment response. This was seen to decrease the
tower fore-aft moment range, creating an increase in the turbine tower life

expectancy, when compared to their respective feather base models.

To predict the overall tower axial fatigue life, the frequency of anticipated wind
speeds are required. The likely occurrence of the different wind speed cases was
accounted for through a weighted analysis. This took account of the distribution
of probability of occurrence at three mean turbulent wind speeds: 8, 13 and 18
m/s. FOWT analysis highlighted trends in terms of back twist angle initiation point
and magnitude were similar for both VSVP-S models (i.e. semi-submersible and
a spar floating platforms). When a back twist angle to -6° at the tip was imposed,
starting at 75% along the blade length, increases in the tower axial fatigue life of
10.2% for the semi-submersible and 18.8% for the spar were achieved, with the

VSVP-S controlled turbines, compared to their feather controlled counterparts.



Keywords: Floating offshore wind turbine (FOWT); tower fore-aft moments;
negative damping; blade flapwise moment; tower axial fatigue life; spar; semi-

submersible

Funding: This work was funded by the United Kingdom Engineering and Physical
Sciences Research Council (EPSRC), grant EP/L016303/1, for Doctoral Training
in Renewable Energy Marine Structures (REMS).



ACKNOWLEDGEMENTS

My sincere thanks are extended to my two supervisors, Dr Maurizio Collu and Dr
Joy Sumner for all their invaluable advice and guidance throughout this work. 1
feel | was particularly lucky to have had Maurizio as my main supervisor for the
first three years, until he left for greyer waters up North, as he always encouraged
and allowed me to approach and expand the research in my own way, which was
a big benefit to my nature. Joy, took a role in the later stages and has provided
very thorough and detailed feedback, which was much appreciated. | would also
like to thank Maurice Nimmo, who passed in 1998 having lived a full and amazing
live. He took me under his wing when | was 13 and helped me through difficult
times and became a great friend, | love you old man. | would also like to thank
my extensive family. The humans Aurora and Harry, Daisy, Alana and Benji,
Arran and Evie, Ari, Monica, Aisla, Lennox and Keir. My non-human rescue family
that have been a big part of my life during this EngD and provided love, affection
and balance when most needed. The rats: Acorn and Marmalade; Sweety, Wildy
and Biscuit; Meg, Gwen and Cuddles; Mama B, Tink and Nelly Belly; Muffin, Tiny
Tots, Maizy and Dookie; Sugar Plum and Blue, and Sunshine and Shadow. The
rabbits: Sid, Littlun, Rhubarb, Rosemary and Snuggles. The sheeoats (sheep and
goats) Bluebell, Lambie, Blackberry, Willow, Burdock and Matilda and lastly but

not least the cat Bong.



TABLE OF CONTENTS

Y = 1S Y ¥ AN O PP [
ACKNOWLEDGEMENTS.....coitiiiiiiiiiiiiiiieteieeeeeeeeeeeeeeeeeeeeeeaeeeeeeaeseeeeeeeeeaeseesnseneees il
TABLE OF CONTENTS ..., iv
LIST OF FIGURES. .......ootitiiitiieiieieteeeeeeeeeeeeeeeeeeeeeeeetae e aeeeseseseessaseesseseeeesssenennnnees Vil
LIST OF TABLES ..ottt e e e e eeeeeeees X
LIST OF EQUATIONS . ..ottt e e eeeeeeeeeeeeeeeees Xii
LIST OF ABBREVIATIONS ......ootttiiiiiiiiiitiiieiieeeieeieeeeeeieeeeeseeeeeeeeseeeeeeeeeseeeeeeneees Xiii
LIST OF NOMENCLATURE .....cotttiiiiiiiiiiiiiieiieteiiee ettt eeeeeeeeeeeees XV
1 INTRODUCTION ...t 1
1.0 CONEEXE .ot e e e e e e a e e e eaa s 1
1.2 Problem Statement...........uuuiiiii e 4
L.2.0 A 6
1.2.2 ODJECHIVES ...eniiee et e e e e e e e e e 6

IR N 01T LS o] = T o PR 7
1.3.1 Intellectual contribution to knowledge............ccccoovviieiiiiiiiciciieeeeeee 10
1.3.2 Potential impact of the research............ccccvvviiiiii e, 11

1.4 REIEIENCES ... 12

2 EXTENDED LITERATURE REVIEW ... 16
2.1 Floating platform CONCEPLS......covuiiiiiei e 16
2.2 Tower loads specific to floating platforms ... 25
2.2.1 Negative damPiNg .. .coooeeeeeeeiiiiiieae e et e e e e eeerarea e e e e e eeeeeneens 29

2.3 FOWT tower fore-aft load mitigation methods ..........cccceevvviiiiieieeeeeeeenne 31
2.3.1 Detuning the gaiNS ........ccoveeiiiiiiiie e e e e aeaannnes 31
2.3.2 Individual blade pitch control...........ccoovveviiiiiiiie e 32
2.3.3 Pitching tO Stall ........oieieeiieee e 33
2.3.4 Signal feedback............ooooiii s 36
2.3.5 Rotor blade manipulation ... 37
2.3.6 TUNEA TAMPEIS ...eviiieeee ettt e e e e e et e e e e e e e eeeannnes 42

2.4 SIMulating FOWT I8SPONSES .....uvvuuieieeeeeeeieiiiiiaaa e e e e e eeeeeaiiiaaaeeeeeeeeesnnens 43
2.5 Summary of the key literature findingsS............ccoeviiiiiiiiiiiiiii e 46
2.6 ldentifying the current knowledge gaps..........cceeeeeeeeeeeveeiiiiiiiee e 48

P A (= (=T (=T o PP PPPPPPPP 49
SBPAPER L. 56
3.1 Title page and abStracCt ..........cceuuuiiiiiii e e e e e 56
G228 1 11 oo [F{ox 1o o [ SRUPPPPPRRRRN 57
IR |V =1 T Lo £ SRRPPPPPRRRRN 63
3.3.1 Model PArameters .......ccooiiiiiiiiiiee e 64



3.3.2 Blade back twist configuration.................uuuiiiiiniiiiiiiiii e 67

BiA RESUILS ... e 68
3.4.1 Periodic steady wind characteristics of a blade pitching-to-stall....... 68
3.4.2 Integrator SAtUration ISSUE.........coieieiieieieiiiiie e e e et eeeeeeeeeens 70
3.4.3 Normalized outputs in turbulent wind conditions ................cccceeveneees 71
3.4.4 Performance characteristics in turbulent winds..................ccceeeens 74

3.5 DISCUSSION ....cceieeeeeetiee e ettt e e e e e e e e e et e e e e e e e e e e eeesann e e aeeeeeeeeennnnns 76

3.6 CONCIUSIONS ...t e e e e e e e e e et e e e e e eeeeeennnnns 78

3.7 REIEIEINCES ... e et a e e e e e e eeenannes 80

APAPER 2. 84

4.1 Title page and abStract .............ooiii i 84

4.2 INTFOAUCTION ... e e e e e e et e e e e e e e eeenes 85

4.3 SIMUIAtioN MOAEI ......iiei e 89
4.3.1 Dynamics model approach..........cccovvviiiiiiiie e 89
VG P20 \V/ =1 g o T (o] [ T |20 90
4.3.3 Control strategy approach ..........ccoveeviiiiiiei et 92

v 1) A oo o 110 1S USRS 93

A5 RESUIS ... oot aaa 96
4.5.1 Constant pitch angle below rated trends .............ccceeiiiiiiiiiiiiiiicenenn. 96
4.5.2 Back twist angle and initiation point trends............ccccoevvviiiiiiiiiiiinnnn. 98

G Yo 0 7 o] o U 101

o G @ T 11 13 o 1 1 R 103

B = (=T (=1 (o = R 106

S PAPER 3 .o 111

5.1 Title page and abStracCt ...........ceuuviiiiiii e e e 111

22 | o1 £ £oT o (3T ox 1o o I PP 112

5.3 SIMUIAtion MOAEIS........oiii e 115
5.3.1 Spar MOAEL........uuieieee e 115
5.3.2 Semi-submersible Model.............ooooiiiiiiii s 116
5.3.3Wind turbine model ... 116
5.3.4 Blade pitch controller design for the VSVP-S models .................... 117
5.3.5 Blade designs for the VSVP-S models...........cccevvvviiiiiiiiiecceeeei, 117

S 8 \V 111 g To (0] (o o Y UUSRPPPPPRRR 118

DD RESUILS ... 119
5.5.1 Weighted turbulent wind test compariSons...............eeeeeeeeereeeennnnns 119
5.5.2 Platform response characteristics in turbulent winds ..................... 121
5.5.3 Turbine response characteristics in turbulent winds....................... 125
5.5.4 Responses’ Power Spectral DensitieS.........ccceevvvevvvviiiieeeeeeeeeeiinnns 127

5.6 DISCUSSION ....ceeieeeeiiiiiiee e e e e e e ettt e e e e e e e et et s s e e e e e e e eeasannnaeeeeeeeaeennnnns 129

5.7 CONCIUSIONS ...ttt e e e e e e e e e e e e e e e e aeenennn 134

5.8 REIEIEINCES ... oot e e e e e e e e eaanaae 136



6 VERIFICATION AND COMPARISON OF RESULTS......ccoiiiiieeiieeeeieeee, 140
6.1 Verification and comparison of the semi-submersible model and FAST

programming Capabilities ..........coooiiiiiiii e 140
6.2 Verification and comparison of the performance benefits due to VSVP-
o 0] 211 o ] USSR 142
RGN L= (=T (=] o= 145
7 GENERAL DISCUSSION ...t 146
7.1 Enhanced performance through VSVP-S control..........ccccccccceeeeeeeee, 146
7.2 Platform load damping ........ccooeiiiiiiiiii e 149
7.3 Wind and wave seeds and simulation time selection............................ 150
7.4 Rotor blade manipulation ... 151
7.5 REIEIENCES ...t e e 154
8 CONCLUSIONS AND FURTHER WORK ......coiiiiiii s 155
8.1 MaiN CONCIUSIONS ....vviiiiieeeee et e e e e e e e e e e e e e e e e e e e e eeeenennns 155
8.2 Meeting the ODJECHIVES ......ccooveeeeie e e 157
8.3 FUIMNEI WOIK....ccoeieeeeie e e e e e e e eaaeanns 159
8.4 REIEIBINCES ...t e e e e e e e eeeeannas 160
APPENDICES ......ooiiiiiiiiiitieieeeeteeee ettt ettt et eeeeeeeeeeeeseeaessseeaeenennnnes 161
Appendix A Supplementary Material - Paper 1..........ccooeeiiniiiiiiiieiiiiiennn. 161
A.1 Semi-submersible platform ... 161
y N 1 - To o0 AT ] £ 162
A.3 Platform damping ratioS..........cccovviieiiiiiiiie e 163
A.4 Wind and wave seeds and simulation time............cccoeeeeevvviiiiinnnnnn. 168
A5 REFEIENCES ...t 170
Appendix B Supplementary Material - Paper 2............oveeeieeeeeeeveeviiiieennnn 171
B.1 Blade tWISTS .. ..t 171
B.2 Tower axial fatigue life at each wind speed ..........cccoooieieiiiiiiiiiiinnnnn. 173
B.3 REEIENCES ....eeiee e 175
Appendix C Supplementary material - Paper 3..........oooiiiiiiiiiiiiiiiinn 176
C.1 Spar Platform ... 176
C.2 Blade tWISES ....ceeeeiiiiiie et e e e e e e e e e e e e e e e e eeannna 177
C.3 Performance characteristics in turbulent winds .................cooeevvvnnnnns 177
C.4 REFEIBNCES ...t e e e e e e e e eeanaaa 179

Vi



LIST OF FIGURES

Figure 1-1 Tower axial fatigue life extension analysis method for variable speed,
variable pitch-to-stall controlled FOWTs with back twisted blade profiles............. 8

Figure 2-1 Depiction of the forces and the moments acting upon a floating

platform for the rotational moment in PItCh...........cooooiiiiiiiiiii e 17
Figure 2-2 Six degrees of freedom acting on a floating wind structure................ 19
Figure 2-3 Floating platform types ... 20

Figure 2-4 Capital expenditure breakdown per MW for each floating offshore
PIAtFOIM CONCEPL ... e e e e e e 24

Figure 2-5 The sea-to-land ratios of the fatigue loads experienced by several
floating pPlatforms ... ..o 0. 28

Figure 2-6 Propagation of the oscillation of the tower fore-aft motion under pitch-
to-feather control, due to the negative damping cycle. ................................30

Figure 2-7 Blade pitching direction for pitch-to-feather control and pitch-to-stall
(070 1 (o ) 34

Figure 2-8 Blade sweep curve imposed during manufacture ..............ccc.oc...... 38

Figure 2-9 Blade pre-bend imposed during manufacture to alter the deformed
blade shape experienced during normal turbine operation ........................... 39

Figure 2-10 Blade twist from root to tip and back twist imposed at some initiation
point back towards the original twist Origin............coovi i, 40

Figure 2-11 Schematic highlighting the direction of the flapwise and tower
bending moments as they occur on a HAWT ..o, 41

Figure 2.12 The control volumes within FAST that are associated with each
module, as applicable to a FOWT ...t e e e 45

Figure 3-1 Tower oscillation propagation in a pitch-to-feather horizontal axis wind
turbine (HAWT) due to the negative damping cycle..............cccoeiivviiriieiiiinnnnes 59

Figure 3-2 Pitch-to-stall proportional-integral (PI) controller for the ‘Pitch-to-Stall
Model’ and all ‘Back Twist Pitch-to-Stall Models'................oo i 65

Figure 3-3 Twist profiles for pitch-to-stall blades in the tower axial fatigue life

vii



Figure 3-4 Simulated FOWT characteristics from periodic steady winds for two
different blade models: (blue) pitch-to-feather and (red) pitch-to-stall.............. 69

Figure 3-5 Simulated responses of the 'Pitch-to-Stall Model' with and without anti-
windup at 13 m/s mean turbulent Winds.............cooovvviiiiiiiiiiiice e 71

Figure 3-6 Simulation outputs for pitch-to-stall blade models with and without
back twist. Outputs were normalized against the 'Feather Base Model' and given
for 8 (left), 13 (centre), and 18 m/s (right) mean turbulent winds..................... 73

Figure 3-7 Simulation outputs for pitch-to-feather and pitch-to-stall blade models
without and with 9° back twist at 8 (left), 13 (centre), and 18m/s (right) mean
TUMDUIENT WINGS.....oeiiiiieeee e 75

Figure 4-1 Pitch-to-stall feedback proportional-integral controller ..................... 93

Figure 4-2 Normalized ratios to the ‘Feather Base Model’ of various outputs with
increasing constant pitch angle below rated wind speed (PBR) and an increasing
initiation point (IP), as measured from the blade root at 8 mps (left) and 13 mps
(right) mean turbulent WINAS. .........cooooiiiiiiiiii s 97

Figure 4-3 Normalized ratios to the ‘Feather Base Model’ of various outputs with
increasing back twist angles (BT) and an increasing initiation point (IP), as
measured from the blade root at 8 mps (left), 13 mps (centre) and 18 mps (right)
mean turbulent WINdS.. ... ..o 99

Figure 5-1 Artist's impression of the main FOWT platform types for HAWTSs.....113

Figure 5-2 Fatigue loads as experienced by six FOWT platforms presented as
SeA-10-1and ratios .........c.oeiii i e e 114

Figure 5-3 Simulation outputs for the platform responses of the spar ‘OC3
Hywind’ and semi-submersible ‘OC4-DeepCwind semi’ floating platforms, when
coupled to either a pitch-to-feather or VSVP-S BT 4 turbine at 8 m/s (left), 13 m/s
(centre), and 18 m/s (right) mean turbulentwinds.. ...............coooi i 123

Figure 5-4 Simulation outputs for turbine responses of the spar ‘OC3 Hywind’ and
semi-submersible ‘OC4-DeepCwind semi’ floating platforms, when coupled to
either a pitch-to-feather or VSVP-S BT 4 turbine at 8 m/s (left), 13 m/s (centre),
and 18 m/s (right) mean turbulent winds...............ccooi i, 126

Figure 5-5 Power spectrum densities for the rotor thrust, platform pitch and tower
base fore-aft bending moment of the spar ‘OC3 Hywind’ and semi-submersible
‘OC4-DeepCwind semi’ floating platforms, when coupled to either a pitch-to-
feather or VSVP-S BT 4 turbine at 8 m/s (left), 13 m/s (centre), and 18 m/s (right)
mean tUrbUleNt WINAS. ... e 128

viii



Figure 6-1 Comparison of PSD results with OC4 to verify user programming
capabilities and validate the semi-submersible model ................................ 141

Figure 6-2 Comparison of RAO results with OC4 phase Il results to validate user
programming capabilities and semi-submersible model ............................ 142

Figure 6-3 Turbine responses presented by Larson and Hanson (left) and the
Spar Feather Base Model (right) when operating in 12 m/s mean turbulent winds
with a turbulent intensity of 20% and pitching towards feather........................ 143

Figure 6-4 Turbine responses presented by Larson and Hanson (left) and the
Spar Feather Base Model (right) when operating in 12 m/s mean turbulent winds
with a turbulent intensity of 20% and pitching towards stall ........................ 144

Figure 7-1 Rotor speed and generated power produced by a pitch-to-feather or a
pitch-to-stall control method in 13 m/s (left) and 18m/s (right) mean turbulent
winds, when coupled to a semi-submersible floating platform...................... 147

Figure 7-2 Rotor speed and generated power produced by a pitch-to-feather and
a pitch-to-stall control method in 13 m/s (left) and 18m/s (right) mean turbulent
winds, when coupled to a spar floating platform.................ooiiiiiienenns 148

Figure A-1 Semi-submersible platform ..., 161
Figure A-2 Semi-submersible platform couple to the 5 MW NREL HAWT....... 162

Figure A-3 Platform pitch damping ratios for the semi-submersible floating
platform relative to the ‘Feather Base Model’ and Pitch-to-Stall Model’, where the
solid line is the damping for the feather system and the broken line is the damping

Of the Stall SYStEM.....eeeeiie e e e e e e 167
Figure A-4 Platform pitch damping ratios with pitch-to-feather and pitch-to-stall
active blade pitch control for the barge FOWT...........cociiiiiiiii v en....... 168
Figure C-1 Spar platform couple to the 5SMW NREL HAWT...........oovvvivvicinennn. 178

Figure C-2 Simulation outputs for pitch-to-feather and pitch-to-stall blade with
back twist at 8 (left), 13 (centre), and 18 m/s (right) mean turbulent winds...... 178



LIST OF TABLES

Table 1-1 Addressing individual ObjJectives...........c..co i, 9
Table 2-1 Platform constraints due to type..........ccovviiiiiiiiiii e e e, 25
Table 3-1 Model parameters in terms of back twist, pitch below rated setting, and
blade pitch CONtroller QaiNS........c.vi i e e e 68
Table 4-1 Model parameters..........uu i e e e 92

Table 4-2 Average annual environmental conditions at grid point 59.300N

Table 4-3 Weighted tower axial fatigue life and generated power for each back
EWIST MOAEL .. e e 101

Table 5-1 Model parameters for the FOWT utilizing the ‘OC3 Hywind’

0] F= 18 0 0 118
Table 5-2 Weighted tower axial fatigue life and average generated power for each
Spar VSVP-S Back Twist (BT) Model........coooiiiiiiiii e e 120
Table 5-3 Weighted tower axial fatigue life and generated power for each Semi-
submersible VSVP-S Back Twist Model.............coooiiiiiiii e, 121
Table A-1 Blade twist profiles presented insection 3..............ccocoviiive e, 163

Table A-2 Damping ratios with respect to the thrust sensitivity to wind changes
for both open loop and ideal closed loop blade pitch controllers as applied to the
‘Feather Base Model'............coooi i i 165

Table A-3 Damping ratios with respect to the thrust sensitivity to wind changes
for both open loop and ideal closed loop blade pitch controllers as applied to the
‘Pitch-to-Stall Model...........coooi i e 166

Table A-4 Variability in the tower axial fatigue life of the pitch-to-feather with 1 hr
wind and wave seed SIMUIatioNS........ ...t 169

Table A-5 Variability in the tower axial fatigue life of the pitch-to-stall with 1 hr
wind and wave seed SIMUIAtIONS...........uviie i e e 169

Table A-6 Variability in the tower axial fatigue life of the pitch-to-feather with 3 hr
wind and wave seed SIMUIatioNS............oou et e e e 169

Table A-7 Variability in the tower axial fatigue life of the pitch-to-stall with 3 hr
wind and wave seed SIMUIatioNS. ... ... ...t 170



Table B-1 Semi-submersible blade twist profiles presented in section 4.......... 172

Table B-2 Tower axial fatigue life for each back twist model at mean turbulent
wind speeds 0f 8, 13 and 18 M/S.......c.oiiii i 174

Table C-1 Blade twist profiles for both the spar and semi-submersible floating
platform configurations presented in section 5...........ccocvvvvii i, 177

Xi



LIST OF EQUATIONS

[EQ 2-L] et et 17
[EQ 2-2] et e e e 17
[EG 23] oo 18
[Eq 2-4] 18
[Eq 2-5] 26
[ 3] e e, 66
[ B2 e e e, 66
[ B3] et ettt e, 66
[EQ AL e oo e e 95
[EG AL e, 163
[EG A2] .o, 164
[EG A3 e et 164
[EG AA]. e el 164

Xii



LIST OF ABBREVIATIONS

AHSE
CAPEX
CB

CG

Cp
DOF
DTU
Eq
FAST
FORCE
FOWT
HAWT
IEC
IPC

LC
LCOE
MARIN
NREL
Pl
RMS
SWL
TFB

TLCD

aero-hydro-servo-elastic

capital expenditure

centre of buoyancy

centre of gravity

coefficient of power

degree(s) of freedom

Technical University of Denmark
equation

Fatigue, Aerodynamics, Structures, and Turbulence
For Reduced Cost of Energy

floating offshore wind turbine

horizontal axis wind turbines
International Electrotechnical Commission
individual pitch control

load case

levalised cost of energy

Maritime Research Institute Netherlands
National Renewable Energy Laboratory
proportional-integral

root mean square

sea water level

tower-top acceleration feedback

tuned liquid column damper

Xiii



TLP

TMD

TRL

UNFCCC

VAWT

VPPC

VSVP-S

tension-leg platform

tuned-mass damper

technology readiness levels

United Nations Framework Convention on Climate Change
vertical axis wind turbines

variable power collective pitch control

variable speed, variable pitch-to-stall

Xiv



LIST OF NOMENCLATURE

Ass

Br

Bss

Clines
Css

Css, Moor
Cx

Fs

FenV

g

Hs
IpRIVETRAIN
lGen
[roTOR

Ix

Iss

Kx

LHH

the added mass with respect to the pitch hydrodynamic radiation

the damping with respect to the pitch hydrodynamic radiation

the linearized damping with respect to the pitch hydrodynamic

viscous drag

the linearized hydrostatic restoring of the mooring lines in pitch
the pitch hydrostatic restoring

the total stiffness in pitch

the damping coefficient

the buoyancy force

the sum of all the environmental forces

gravity

the significant wave height

the driveshatft inertia

the generator inertia

the rotor inertia

the second moment of area of the initial waterplane

the pitch inertia with respect to the combined turbine and platform

masses
the stiffness coefficient
the hub height

mass
Wohler material exponents

the inclining moment (in the x-z plane)

XV



MR,c
Mg moor

Mg, we

Zg

Zcp (env)

Zg

Zmia

§o

Wd)n
dP/d@

dT/dv

{x

the restoring moment due to gravity and buoyancy
the restoring moment due to the mooring system
the restoring moment due to the water plane

effective mass coefficient

the number of cycles

the gearbox ratio
the stress amplitude

the spectral peak period

the distance from centre of buoyancy to the coordinate centre

along the z-axis

the distance from centre of pressure of Fenv to the coordinate

centre along the z-axis

the distance from the centre of gravity to the coordinate centre
along the z-axis where the coordinate system is taken to have an

origin at mean sea level and in the centre of floatation

the distance from centre of mooring line action to the coordinate

centre along the z-axis

the rotational speed

the damping ratio related to the rotor speed error control system
the natural frequency of the control system

the sensitivity of the aerodynamic power to the blade pitch angle
the change in thrust with change in wind speed

density
the angle of change in submersion for the DOF under analysis

the platform pitch damping ratio

XVi



1 INTRODUCTION

1.1 Context

Renewable energy from natural sources has been harvested by humans for over
2000 years, since the Byzantium’s first utilized a simple waterwheel to irrigate
their fields (Ward 2002). Over time renewable energy devices expanded to utilize
the mechanical motion created by the waterwheel’s turning, firstly to grind grain,
then to perform other industrial activities such as paper and cloth production,

wood mills and laundry.

The first use of wind energy was on the waters to power sailing ships, and
although there has been some evidence of vertical axis wind turbines (VAWTS)
being in use in 1700 BC in the Orient (Gasch & Twele 2002), it was not until the
10™ century that horizontal axis wind turbines (HAWTS), in the form of post mills,
became established. These performed the same tasks that waterwheels had
been fulfilling for a long time, but opened up locations to industry that were not
reliant on a good, flowing water source. Power to provide irrigation has also
utilised localized renewable energy sources, with nowhere more prominent than
the Netherlands who used wind to control the sea level. It has been estimated
that over 10,000 wind turbines were operated for this, and other industrial
activities, during their peak period of use between the 1300 and 1800s (Cleveland
2009).

For the last 100 years, all forms of renewable energy have been harnessed to
enable electricity generation. For water power, this has included run-of-the-river
systems, reservoirs, tidal and wave generation. Energy from the sun has been
directly converted to electricity generation using either solar photovoltaics that
convert photons from sunlight or concentrated solar power systems that collect
the thermal heat of the sun in large farms, often utilizing parabolic troughs. Waste
and purposefully grown crops are used in anaerobic and aerobic biomass
converters. For wind, the rise from mechanical energy harvesting to the modern,
large multi-megawatt electricity generating wind turbine has been relatively slow;
held back by lack of vision, economics and the ease of generating electricity from

1



both coal and oil. In fact it wasn't until the oil crisis in the early 1970s that research
into the use of wind power to create electricity for the grid really got underway.
This lead towards the current trend for large megawatt wind turbines grouped
together to create extensive wind farms both on land and out at sea (Gasch &
Twele 2002).

The necessity to produce more electricity from renewable sources has also been
driven by a number of other factors in the last few decades. These have included:
an increased rise in energy requirements as consumerism and populations rise;
uncertainty due to dwindling natural ‘carbon rich’ resources in financially
accessible formations (James and Ros 2015); security of the energy supply in a
world where oil resources are often found to be at the root of wars and atrocities;
a desire for more environmental 'green’ solutions; prevention of irreversible
climate chance; the need to avoid further habitat extinction and damage to the

planet’s eco-system; and local and international governmental requirements.

In the present day, the requirement to increase the renewable portion of the
energy supply worldwide is becoming more imperative each day. Across the
globe, environmental events are increasing in their frequency and scale, making
the anthropogenic contribution to climate change indisputable (Knutson et al
2018). Unfortunately, this disproportionately effects the world’s poorest people,
which has likely contributed to the lack of adequate, speedy action on the part of
some of the world’s economic leaders, although it is worth noting that there are
also individuals in positions of extreme power who still deny anthropogenic
climate change, such as the current president of the United States of America. If
power generation continues as it has until today, then it is predicted that by 2030
the planet will experience a 1.5 °C human-orchestrated global warming increase,
due to the level of greenhouse gases in the atmosphere (Masson-Delmotte et al
2019). It has been predicted that this would cause widespread issues with food
supply, water security, flooding, rises in sea level, droughts and storm conditions,
which will overshadow the devastating impact from global warming that has

already been seen in recent years (Masson-Delmotte et al 2019).



There have been many attempts to implement fixed targets to reduce energy
production emissions, including global commitments as well as individual country
led incentives. The UK is committed to reducing emissions of greenhouse gas,
relative to 1990 levels, by a minimum of 80% by 2050 (The UK government 2008).
The Contracts for Difference scheme, to support low-carbon energy generation
such as by new offshore wind farms, is another example of a UK-led incentive
(Contract for Difference 2019). Within the European Union's (EU) ‘policy
framework for climate and energy in the period from 2020 to 2030’, mandatory
targets are set for 32% of the energy consumed within the EU, to be provided
from renewable energy sources by 2030 as a minimum (European Commission
2014).

On a larger scale, the Paris Agreement calls on all participating countries within
the United Nations Framework Convention on Climate Change (UNFCCC) to
reduce their emissions from energy production to achieve the overall aims set out
within Article 2, which includes the proviso that global temperatures should be
prevented from increasing by more than 2 °C in comparison to pre-industrial
temperatures (United Nations 2015). The Paris Agreement was much celebrated
as a great success in the fight to reduce anthropogenic climate change
worldwide, however, it should also be noted that the Paris Agreement will not
become binding until the end of 2020 and then only if 55 countries accounting for
at least 55% of global emissions have joined the agreement (United Nations
2015). As the pledges to reduce emissions are all voluntary, the Paris Agreement
has not had much positive impact to date (Clémencon 2016; Watson et al 2019),
and there is also the question of whether the Article 2 aims can now be achieved
at all with the planned withdrawal of the US from the UNFCCC, and hence the
Paris Agreement. This is problematic because the US is the world’s 2" largest
emitter of all greenhouse gases globally. There are no clear guidelines of what
the protocol will be if the 55% requirements have not been achieved by the end
of 2020.

Despite the failings of the Paris Agreement, other climate policies have
encouraged the development of energy from renewable resources, such that
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within Europe 11.6% of energy demand was provided solely from wind energy in
2018 (WindEurope 2019). Whilst some countries have embraced onshore wind
turbines, sometimes against the desires of the local inhabitants, others have had
to contend with local objections as part of the planning process (Burningham et
al 2006). Within the UK a small handful of outspoken locals, opposed to a site
due to perceived detrimental effects on birds or visual impact, have often
managed to prevent a viable farm from being developed, or have delayed the
process by many years, increasing costs for developers drastically and making
funding agreements harder to achieve (Burningham et al 2006). Therefore, the
move from land-based turbines towards offshore wind farms has created a more
definable planning and financing process, allowed larger turbines and farms to
be developed, and has also gained more public support. The wind resource is
also better at sea, as it is generally stronger due to less surface roughness at sea
and more consistent than it is on land, including high sites (Robertson and
Jonkman 2011).

The installed capacity of offshore wind turbines increased globally by 24% in
2018, achieving a total global capacity of 23 GW (Ohlenforst et al 2019).
Currently, floating offshore wind turbines (FOWTS) only play a small part, with the
world’s first floating farm (with a capacity of 30 MW) coming online in 2017.
However, due to limited sites with shallow bed and low seabed slope, the offshore
wind industry is looking towards floating solutions for the future, with predictions
of an additional 5 GW of installed energy coming from floating wind by 2030. This

would amount to 5% of the offshore wind market (Fried et al, 2017).

1.2 Problem statement

Moving to floating wind farms requires a better understanding of potential failure
mechanisms, e.g. tower fatigue. In the first instance, this understanding is
generated through modelling. For economic reasons, the HAWTSs specifics used
for prototype, model experimentation, and simulation purposes on FOWTs are
generally those that were originally designed for use on onshore locations.

Although these HAWT models are modified for the offshore environment,



including increasing the tower strength to withstand the additional loads due to
the waves (Jonkman and Buhl 2007), they are generally designed to be installed
on a foundation fixed into the seabed. The same is true of most components and
controllers for the turbine. However turbine loads, specifically the induced tower
base bending moments, are often increased for FOWTSs. This can be by a factor
as high as 1.6 times more than those seen in a fixed land-based turbine,
depending upon the floating structure type and individual designs (Robertson &
Jonkman 2011). These increased tower moments would cause a reduction in the

expected life of the turbine.

Currently all HAWTSs that pitch-to-feather to control the rotor speed, whether fixed
on dry land, the seabed, or floating offshore, experience a phenomenon generally
referred to as 'negative damping', where the tower fore-aft motions can increase
due to the rotor thrust decreasing as the wind speed increases above rated (the
wind speed at which the turbine achieves the maximum ‘rated’ power output).
This cyclical increase in loads due to the tower fore-aft movement can be avoided
by ensuring that the chosen blade pitch controller bandwidth avoids the first
resonance modes of the tower. However, for FOWTSs, the frequency of the
motions in surge, sway, roll and pitch are one or more orders of magnitude lower
than those seen with a fixed foundation, therefore the blade pitch controller
bandwidth must be set at a lower frequency to avoid the first resonance modes
of the turbine tower, and thus avoid negative damping (Fleming et al 2019). The
generated power output is however negatively affected by the lower frequency
setting, which results in FOWTs delivering a lower performance compared to
fixed turbines. This occurs as the rotor speed regulation does not maintain a
smooth response to wind speed changes that occur above the rated wind speed,
when the lower frequency setting is applied (Larsen & Hanson 2007). Unless
undesirable motions of the FOWT's tower (specifically the tower base fore-aft
bending moment) can be significantly reduced, to create a more stable platform,
then the strength of the tower must be increased which will increase costs and
weight (Henderson & Patel 2003; Lackner 2009).



This research is therefore concerned with reducing the excessive motions and
loads associated with FOWTs, whilst improving the regulation of the energy
generated. This will be through the utilization of a turbine pitching-to-stall strategy,
instead of a pitching-to-feather strategy, to control the rotor speed, which avoids

the negative damping issues by design.

1.2.1 Aim

The main aim of this research is to investigate the potential of a variable speed,
variable pitch-to-stall (VSVP-S) control FOWT that incorporates a back twisted
blade, to increase the tower axial fatigue life. An optimum set of criteria, in terms
of the back twist magnitude at the tip, and the back twist initiation point along the
blade radius, will also be identified. Hence, a design will be proposed that
provides good mitigation of the increased undesirable loads experienced, without

undue power loss, thus making floating wind solutions more economically viable.

1.2.2 Objectives

1. Select a suitable floating platform type and configuration that is subject
to higher tower loads and that could benefit from reduced tower fore-
aft responses.

2. Evaluate and compare the state-of-the-art methodologies utilised for
the simulation, analysis and control of loads as they propagate on a
wind turbine tower fixed to a floating platform.

3. Select a reference site with appropriate environmental conditions, and
hence define the load case for the aerodynamic and hydrodynamic
models.

4. Select appropriate aerodynamic, hydrodynamic, structural dynamic
and control models for the analysis of the selected FOWT system, and
validate them by comparison with model data from a variety of other
projects.

5. Develop a VSVP-S control model, and implement it into the aero-hydro-

servo-elastic (AHSE) model.



6. Identify, define and create blade models to reduce tower fore-aft
responses and perform simulations to derive the dynamic responses
of the FOWT under the different environmental and operational
conditions specified.

7. Analyse the findings in terms of the effects of back twist angle, initiation
point and also the constant pitch angle for the below rated wind speeds.

8. ldentify the most appropriate active-stall blade profile modifications for
fatigue reduction at the tower base.

9. Determine if the wind turbine with blade modifications would provide
benefit to another floating platform type.

1.3 Thesis plan

This research is presented as a ‘Thesis by Paper’, comprising of seven chapters,
including an extended literature review and three journal articles. Each research

section builds upon the previous findings as illustrated in Figure 1-1.

Each of the three papers has been reformatted to match the overall thesis style,
including the renumbering of sections, figures and tables to match their section

placement.

Abbreviations used within each paper have however been retained, regardless
of an earlier appearance within the thesis, to facilitate the stand-alone reading of
each individual journal article. The objectives met by each of the studies are
presented in Table 1-1, and the outline of each section of the thesis are as follows:

In section 1, the context behind FOWTs is presented, including both the historic
pathway to the modern wind turbines of today and the political incentives in place
to support their further growth. This section also addresses the problem

statement, aims and objectives, and presents the thesis outline.

Section 2 contains an extended literature review that provides background
information on FOWT types, dynamic responses to the offshore environmental
loads, and the increased loads a wind turbine can experience when coupled to a
floating platform. Different methods to mitigate undesirable turbine tower loads
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are examined along with the simulation techniques utilized to examine their
effectiveness. A summary of the key literature findings are presented and the

knowledge gaps this research will address are also identified.

Development of

Verification of the Analysis of the dynamic
VSC\{;'trSOﬁé?de performance improvement response of a VSVP-S
and responses with the FOWT coupled to a semi-
(paper 1)
pap literature (paper 1) submersible (paper 1)
Analysis of the dynamic
response and tower fatigue of
D?v_el?glmgnt cif ]?I"mk ) a VSVP-S configuration
Wist blade Ero e coupled to a semi-submersible
(paper 1) FOWT with a back twisted
blade (paper 1)

w Further analysis of the dynamic
Expansion of back twist response and trends of the

blade profiles (paper 2) VSVP-S FOWT with 12 back
twisted blade profiles (paper 2)

v

Comparative study of several
VSVP-S FOWTSs with back
twist profiles when coupled to a
spar or semi-submersible
platform (paper 3)

Further development of w
back twist blade profiles J

on a spar (paper 3)

Figure 1-1. Tower axial fatigue life extension analysis method for variable speed,
variable pitch-to-stall controlled FOWTs with back twisted blade profiles.

Section 3 presents the first paper: ‘Reducing Tower Fatigue through Blade Back
Twist and Active Pitch-to-Stall Control Strategy for a Semi-Submersible Floating
Offshore Wind Turbine’. This addresses the negative damping challenge present
for FOWTs, and how, with the present solutions, tackling this issue can lead to a
reduction in the quality of the generated power. It therefore presents a VSVP-S
controller that can mitigate the effects by design. Possible reductions to the tower
fatigue, through a back twisted blade profile for a turbine coupled to a semi-

submersible floating platform, are also examined through a preliminary study.
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Additional information related to the research presented in section 3 can be found
within Appendix A.

Table 1-1. Addressing individual objectives

Objective | Main Section Title Specific Section N°

1 Extended Literature Review 21,23&2.6
Paper 1 3.2

2 Extended Literature Review 22&24

3 Paper 1 3.3.1

4 Extended Literature Review 2.4
Verification and Comparison of 6.1
Results

5 Paper 1 3.3.1

6 Extended Literature Review 2.3.5
Papers 1 3
Appendices A,B&C

7 Paper 2 4

8 Paper 2 4

9 Paper 3 5

Within section 4 the paper entitled: ‘Analysis of the effect of a series of back twist
blade configurations for an active pitch-to-stall floating offshore wind turbine’ is
presented. This builds on the study presented in section 3, expanding to examine
12 different back twist configurations. The trends seen due to the back twist angle
magnitude and twist initiation point are identified and discussed. An ideal blade

profile for tower axial fatigue life extension of the FOWT couple to the semi-
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submersible is presented. Additional information related to the research
presented in section 4 can be found within Appendix B.

Section 5 contains the paper: ‘Back Twisted, Active Pitch-to-Stall Blade for
Floating Offshore Wind Turbine Tower Damping’. This study examines if the
benefits of a back twisted blade, developed for the semi-submersible platform,
are transferable to other floating platform types, and takes the six most promising
blade profiles, seen within the study presented in section 4, and applies them to
a turbine coupled to a spar type floating platform. Additional information related

to the research presented in section 5 can be found within Appendix C.

Section 6 covers the verification and comparison of the semi-submersible model
and FAST programming capabilities and the performance benefits due to VSVP-

S control.

Section 7 contains a general discussion on the interconnecting outcomes of the
three studies, including their additional supplementary material presented within
the relevant Appendices. The discussion also takes account of the relevant
findings within the literature.

In section 8 the conclusions are presented, and suggested recommendations for

further investigation are also proposed.

1.3.1 Intellectual contribution to knowledge.

To the author's knowledge, there have been no advancements in large
commercial, actively pitching-to-stall regulated turbines, in the last two decades.
The last such turbine commercially produced was the fixed, land-based Bonus 2
MW wind turbine, which ceased production in 1996. Only two simulation-based
studies, for FOWTs, have explored the potential of large 5 MW (and above) full
variable speed, variable pitch-to-stall blades, to control the rotor speed at wind
speeds above rated, but these limited findings have been encouraging on the

whole.
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Therefore, at a broad level, this research provides useful data for the next big
change in turbine environment; from fixed offshore turbines to floating structures.
This will advance understanding of possible tower fore-aft moment range
reduction through the increased blade drag and rotor thrust generated by a rotor

model, designed for stall control, resulting in tower axial fatigue life extension.

A part of the intellectual contribution from this research is the detailed and
comprehensive modelling of the coupled dynamics of a FOWT actively pitching-
to-stall, and the critical assessment of the main advantages and disadvantages
of this rotor-speed control strategy for a FOWT (Ward et al 2019).

From the matured understanding gained through the assessment of a pitch-to-
stall FOWT, an innovative study of the effects on tower axial fatigue and hence
lifetime increase of a VSVP-S FOWT was undertaken. This enabled trends
arising due to variations in the initiation point and magnitude of a back twist to be
identified when the FOWT was coupled to a semi-submersible floating platform
(Ward et al 2020a).

This understanding was then further extended to determine if the VSVP-S wind
turbine, with blade modifications, could also provide benefit (in terms of tower
fatigue reductions), when the turbine is coupled to other floating platform types.
Hence the FOWT was coupled to a spar type floating platform, which also
enabled comparisons to be made between the turbine responses due to platform
type (Ward et al 2020b). This will, therefore, provide further potential solutions to

make pitch-to-stall a techno-economically viable solution for FOWTSs.

1.3.2 Potential impact of the research

Within industry, the use of turbines pitching-to-feather is well established, and the
priority has been to adapt these designs to the new environmental conditions
found offshore, rather than conduct research that involves major component

changes such as to the blades and rotor as required for active stall.

However, for a turbine mounted on a spar type floating platform, tower fore-aft

fatigue loads can be 2.5 times those seen by the same turbine supported by a
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fixed-to-seabed platform, whilst semi-submersible are subjected to increases of
up to 1.8 times. If these loads cannot be reduced, the towers will need to be

strengthened, which will result in increased costs and weight.

This, therefore, is the ideal time for research into the possibilities of reducing
loads through active pitch-to-stall blade control, as making changes to the blades
and controls may be more attractive to industry than having to strengthen the

tower.
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2 EXTENDED LITERATURE REVIEW

Floating platforms have been used to support offshore operations within the oil &
gas sector for many years, however, their scale is well beyond the requirements
needed to support a single wind turbine (IRENA 2016). Also, the oil & gas sector
has a very high revenue relative to offshore wind, and many of the platforms are
under habitation at all times, meaning that their design constraints and
requirements differ from those of the wind industry greatly (Butterfield et al 2005).
Due to these factors, floating platforms for use within the wind industry have
required designers to look at the issues anew, with cost and weight being

paramount constraints for the fledgling industry (IRENA 2016).

This extended literature review therefore starts, in section 2.1, by defining how
the responses of a specific platform are used to categorise the different floating
platform concept types, such as a barge, spar or tension leg platform (TLP), and
how those responses act upon the coupled wind turbine. This then leads on to a
review of the prominent floating platform concepts suitable for individual HAWTS.
Section 2.2 looks at the specific load increases that are seen on a turbine tower
when it is coupled to a floating platform rather than fixed rigidly to the seabed or
land. The added complexities, in terms of negative damping due to lower
frequencies of motion for floating platforms, are also explored. Section 2.3 then
examines different methods to mitigate these increased tower loads. This is
followed by section 2.4, which looks at simulation methods to analyse FOWT
responses. A summary of the key literature that is most relevant to this research
thesis can be found in section 2.5, and is followed by section 2.6 which identifies

the knowledge gaps addressed.

2.1 Floating platform concepts

Floating platforms for wind turbines can broadly be categorised into three types,
depending upon whether the structure's restoring moment is mainly due to the
waterplane area, the mooring system, or the platform’s gravity and buoyancy
(Borg and Collu 2014). The restoring moment of a platform can be derived

adopting a simplified single degree of freedom (DOF) approach, such as the
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rotational moment in pitch as given by Equations 2-1, 2-2 and 2-3 respectively
(Borg and Collu 2014) and depicted in Figure 2-1.

Figure 2-1. Depiction of the forces and the moments acting upon a floating platform for
the rotational moment in pitch (Borg and Collu 2014).

Sin©
MR,WP = 0.8. IX@ [Eq 2-1]

Mg moor = Css,mo0r- O [Eq 2-2]

17



MR,G = FBZB Slne _ngGSlne [Eq 2'3]

where Mg wp is the restoring moment due to the water plane area (N-m), Mg moor
is the restoring moment due to the mooring system (N-m), Mg ¢ is the restoring
moment due to gravity and buoyancy (N-m), o is the seawater density (kg/m?3), g
is the gravitational acceleration constant (m/s?), 1, is the second moment of the
waterplane area in initial conditions (m#), © is the pitch inclination angle change
for the DOF under analysis (°), Css moor IS the stiffness in pitch due to the mooring
system (N-m), Fgis the buoyancy force (N), Zg is the vertical coordinate of the
centre of buoyancy (CB) (m), mis the mass (kg), and Z; is the vertical coordinate
of the centre of gravity (CG), where the coordinate system is taken as at mean

sea level at the centre of floatation (m).

The inclining moment in pitch can be defined by Equation 2-4 (Borg & Collu
2014).

M = Feny- (ZCP(enV) - ZMLA)- Cos6 [Eq 2-4]

where M; is the inclining moment (in the x-z plane) (N-m), F,,, is the sum of all
the environmental forces (N), Zcp(env) IS the vertical coordinate of the centre of

pressure of F,p,, (M), and Zy;.4 is the vertical coordinate of the mooring line action

(m).

When analysing the loads created on a turbine due to it being situated on a
floating structure, it is usual to define the rigid-body dynamics as combinations of
the six DOFs shown in Figure 2-2. These are defined as the three linear (or
translation) motions, surge (forward/backward), sway (side/side) and heave
(up/down), and the three rotational (or angular motions), roll (side/side moment),

pitch (forward/backward moment), and yaw (vertical moment) (Olav et al 2015).
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These DOF are usually represented as one to six respectively (Wayman et al
2006). The most detrimental loads seen by a FOWT therefore come from the
different motions induced depending on the structure's main restoring moment,
individual design and the environmental conditions experienced. However, the
overall requirement remains the same; cost effective methods to control and
mitigate the unwanted motions that can lead to undesired loads, without
disproportionally decreasing the overall performance of the controller and hence
energy production and revenue. Thus, load mitigation can prevent damage that
would cause excessive stress and fatigue, and allows the turbine to continue to
operate and generate energy in situations where it would otherwise have to be

shut down.

Figure 2-2. Six degrees of freedom acting on a floating wind structure
(Tran et al 2014).

19



From the broad categorisation of a platform’s stability, as defined by the
predominant restoring moments (found utilizing Equations 2-1 to 2-3):

e Barges and semi-submersible are defined as structures that are
stabilised primarily by buoyancy (waterplane stabilised). However,
semi-submersibles have also been defined as hybrid systems, due to
the combined effects of waterplane area, draft and ballast (Butterfield
et al 2005; Thiagarajan & Dagher 2014).

e ATLP is stabilised predominantly through its mooring system.

e A spar is stabilised mainly by the relative position of the CG with
respect to the CB, whose separation is enhanced through the utilisation

of a large draft and ballast material to lower the CG.

A representation of the main visual characteristics of the different floating types
are depicted in Figure 2-3.

Figure 2-3. Floating platform types (WindEurope 2017)

A barge by definition has a large waterplane area, hence the floating structure's
pitch and roll motion usually causes the predominant unwanted loads, but

unfavourable heave loads can also be high (Butterfield et al 2005). Barge
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systems were used in the early analysis of FOWTSs, as they were seen to have
less complicated designs, hence leading to fabrication and installation
advantages. However, simulations indicated excessive rolling and pitching,
causing loads on the tower that were unacceptable except in smooth calm waters
(Jonkman 2007; Robertson & Jonkman 2011).

A TLP is much more rigid in pitch, heave and roll than the other types of FOWTSs,
due to the tensioned mooring cables that provide high stability such that the
horizontal component of the mooring system counteracts the forces from the
environment (Borg & Collu 2014). The predominant motion, causing the most
undesirable loads, is generally surge. A comparison study by Robinson and
Jonkman (2011) that included the three basic floating systems plus a semi-
submersible, showed that the TLP generally experienced less extreme loads than
all the other FOWT types as seen in the loads presented in Figure 2.5. The
tensioned cable and anchors, along with a shallow draft, allow the platform to
have a smaller mass than other platform types as well as no requirement for
active ballast. The outcome was reduced motion, which can be equivalent to the
motion seen by fixed turbines. However this is at the expense of high mooring
and anchoring costs, due to the tensioned cables experiencing larger stresses as
the seabed depth increases (Myhr et al 2014). Installation is also negatively
affected by sea depth and, in general, can be more complex for a TLP, as they
usually require a purpose-built barge for deployment and servicing. Risks are also
higher for both installation and operation, due to the possibility of tensioned cable
failure (James & Costa Ros 2015). Thiagarajan and Dagher (2014) also identified
that tension loss in cables could lead to a TLP capsizing.

A spar mainly uses ballast in the form of high density material to achieve a low
CG, so that the weight and buoyancy force predominantly provide the restoring
moment. The floating structure's pitch motion usually causes the predominant
unwanted loads, but heave and roll loads can also be high (Butterfield et al 2005).
Therefore a large draft is necessary which can be greater than the height of the
hub (Thiagarajan & Dagher 2014). The installation of spar structures can be

complex, with a requirement for heavy duty cranes and vessels with dynamic
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positioning (James & Costa Ros 2015). It is also commonly stated that spar
structures are suitable for depths greater than 120 m. However as this was the
requirement for the 2.3 MW Hywind demonstration, which had a draft of 100 m
(International Consulting Ltd 2012), it is not unrealistic to expect depths
exceeding 150 m to be required for the larger 7 MW+ turbines currently being
deployed, as the 7.5 MW ENERCON E-126 has a hub height of 135m (Windblatt
2017) and Siemens Gamesa recently launched a 10 MW offshore turbine with a

rotor diameter of 193m (Siemens Gamesa 2019).

Current seabed fixed designs are applicable up to 50 m, TLPs and semi-
submersibles above 40 m, and spars (as well as TLPs and semi-submersibles)
are suitable when water depths are greater than 120 m (James & Costa Ros
2015; Arapogianni & Genachte 2013). The spar platform type, for 5 MW+
turbines, could therefore be classed as within the third range of water depths, as
they are generally not applicable for sites where depths are below 120 m. In terms
of technology readiness levels (TRL), the spar is arguably the most mature FOWT
concept to date, with Statoil (now Equinor) first deploying their 2.3 MW spar
'Hywind' off the coast of Norway in 2009 and a 30 MW farm comprising of five
6 MW turbines that went operational at the end of 2017.

Reducing the draft was identified as one of the key technological challenges for
spars within the Carbon Report (James & Costa Ros 2015), whilst Olav et al
(2015) highlighted that the blade pitch angle control was identified as a principal
challenge during the design of the 2.3 MW Hywind, as it increased both the pitch
and surge motions of the floater. Thiagarajan and Dagher (2014) further proposed
that the increased platform pitch motion adversely affected the ‘gyroscopic
stability’ of the spar due to the changing angle of thrust acting upon the tower.

This observation was also applicable to a semi-submersible.

Currently, the most common floating structure is that defined as a semi-
submersible, which has historically been classed as a hybrid system as the
platform’s second moment of waterplane area is large (a characteristic of a barge)

but they also utilise a large draft and ballast (characteristics of a spar). However,
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more recently they have tended to be reclassified as a new barge design. Semi-
submersibles have a smaller draft (20-30 m) than a spar, often in the form of
specifically spaced columns or pontoons which can be flooded with water to
provide additional stability through water ballast (Principle Power 2013). The
column spacing can be considered to be the predominant contributor to the
overall stability of the platform (Thiagarajan & Dagher 2014), which can be
enhanced by controlling the water ballast such that it is moved between columns
during different environmental conditions and thus actively increases the stability
of the platform (Olav et al 2015). As the name suggests, it is semi-submersed
and anchored non-rigidly to the seabed, generally utilizing a catenary mooring
system. As the draft is not overly deep, it has been proposed that assembly could
be initiated at suitable shorelines and then transported to the operational site,
which could eliminates the requirement for specialist assembly vessels. The
Carbon Trust produced an in-depth report for the Scottish government that found
that semi-submersibles on the whole had a lower LCOE and capital expenditure
(CAPEX) (Figure 2-4) per MW than other types (James & Costa Ros 2015), which

was mainly down to reduced complexities in the installation methods.

Thiagarajan and Dagher (2014) propose that the ease with which a semi-
submersible could be towed back to shore for maintenance and repair, along with
commissioning advantages, make them an attractive option. However semi-
submersibles tend to need a large structural mass to achieve adequate stability
and buoyancy, and fabrication can also be complex due to shape and welding

requirements.

Myhr et al (2014) also looked into the CAPEX of different concepts and identified
that the higher costs of one semi-submersible concept, the WindFloat, were
primarily down to the quantity and hence costs of steel. The WindFloat platform
size is however dictated by metocean conditions rather than turbine size,
therefore steel and hence cost reductions are expected as turbine sizes increase
(Maciel 2010).
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Figure 2-4. Capital expenditure breakdown per MW for each floating offshore platform concept (James & Costa Ros 2015).
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It is also worth noting that concrete structures have been shown to have a lower
CAPEX than steel versions (James & Costa Ros 2015) and a further reduction in
costs of 6% has been projected from the substitution of 10% of the steel for
composite and concrete (Maciel 2010). A summary of the main constraints

applicable to each platform type are presented in Table 2-1.

Table 2-1. Platform constraints due to type (James & Ros 2015)

Platform Water Stability Main constraints
type depth
>40 m Mainly from waterplane Excessive motions
Barge area
Semi- >40 m Mainly from waterplane Increased material costs
submersible area due to large waterplane
area
TLP >40 m Mooring High mooring costs,
High risks
Spar >120m Distance between centre of | Increased cable costs
gravity and centre of associated with water depth
buoyancy

2.2 Tower loads specific to floating platforms

Currently, most floating platforms, whether close to commercialisation,
undergoing model experimentation, or at the preliminary simulation stage, utilize
a turbine that has been adapted from an onshore design for a fixed offshore
scenario. This is mainly because, by utilizing turbine designs that are well
understood, the risks associated with new technology are reduced. This
approach also allows more freedom in the turbine choices available (Olav et al
2015), as there are many fully commissioned offshore fixed turbines at a
researcher or designer’s disposal. However, this leads to the use of turbines that
are not directly optimised for the loads induced on them through the platform from
the combined wave and wind forces. This is not the ideal solution, and in the
project 'FORCE' (For Reduced Cost of Energy), Dobbin et al (2014) examined a
typical fixed offshore wind turbine project, suggested cost savings of around 10%

could be realised. These suggested cost reductions were achieved through
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integrating the designs of the wind turbine’s monopile or jacket support structures
with the turbines. Although it is likely that a more integrated approach to turbine
designs for floaters will arise as the industry matures (Olav et al 2015), the
predominant emphasis is on applying fewer changes to the controls or turbine
components that will allow a FOWT to achieve the desired standard design life of

25 to 30 years.

To identify which turbine responses are the most effected when coupled to a
specific floating platform type, Robertson and Jonkman (2011) undertook a study
on six different floaters (two TLP floaters, two spars, plus a barge and a semi-
submersible). Figure 2-5 presents their findings in terms of different fatigue loads
on the turbine, as fatigue must be examined if the design life time is the focus.
These were derived from simulated responses utilizing the non-linear, time-
domain, aero-hydro-elastic-simulation tool FAST (Fatigue, Aerodynamics,
Structures, and Turbulence) (Jonkman and Jonkman 2016b). The results are
given as ratios to the corresponding land-based fatigue loads of the NREL
(National Renewable Energy Laboratory) 5 MW HAWT. Data is seen for each
specific set of Wohler material exponents (m), where the first number after ‘m’ in
the legend of the figure refers to the blade, and the second to the tower as well
as to the shaft. Hence, for example, for ‘m’ values shown in Figure 2-5 as m=8/3,
the Wohler material exponent is eight for the blades and three for the tower and

shaft. The Wohler material exponent, m can be defined by Equation 2-5.

log(N) = m.log(S) + ¢ [Eq 2-5]

where N is the number of cycles, m is the Wohler material exponent, S is the

stress amplitude and c is a constant term.

Firstly, from the results presented in Figure 2-5, it is clear that the induced loads
vary in both magnitude and origin, depending upon the platform dynamics. The
barge experienced tower fore-aft fatigue loads that were 8-9 times higher than
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those seen by the land based turbine, and are therefore not suitable for most
offshore environmental conditions. For all floater types, the increased fatigue due
to the tower base fore-aft bending moment is the most significant. Fatigue
reaches almost x2.5 that seen by the land-based turbine for all spar scenarios;
approach x2 for the semi-submersible; and x1.5 for the TLPs. The tower fore-aft
moment also significantly increased, compared to the loads seen on fixed
turbines, in several other FOWT studies (Li et al 2017; Bachynski et al 2014;
Lackner 2013; Jonkman & Marth 2011). Thus, the increased tower base axial
fatigue will cause a reduction in the design life of the turbine, dominated by the

axial stress range (Li et al 2017).

The results from the study by Robertson and Jonkman (2011) also highlighted
the importance of examining the fatigue responses directly, as the ratio of the
tower base fore-aft bending moment for the UMaine TLP indicated that the
ultimate load was equivalent to that seen by the land-based turbine, even though
the tower fore-aft bending moment fatigue exceeded x1.5. It was also observed
that during extreme turbulent events, higher loads on the tower and other system
components were seen around the rated wind speed, due to the peak in the rotor
thrust for the pitch-to-feather control scenario analysed (Robertson & Jonkman
2011). This caused specific problems for the OC3-Hywind spar where increased
surge motion created platform pitch instability.

Therefore, to account for the prominent increase in tower axial fatigue from the
induced tower base bending moments, one solution would be for the tower to be
strengthened. However, increasing the tower strength and hence weight is likely
to require a corresponding increase in the platform size and structural weight,
which could lead to a sizable rise in costs for both manufacturing and deployment
(James & Costa Ros 2015). This has naturally lead to research to find suitable
solutions that can reduce these undesirable tower base fore-aft response

increases.
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Figure 2-5. The sea-to-land ratios of the fatigue loads experienced by several floating platforms (Robertson & Jonkman 2011)
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Many of the proposed methods examined within the rest of this section have
however focused on controlling the platform pitch motion, which is generally
presented as creating a reduction in the tower fore-aft response and hence tower
axial fatigue. However, tower axial stress is created when a relative displacement
occurs between the mass of the platform and the mass of the tower. The
platform’s displacement and acceleration create gravitational and inertial loads
upon the tower, respectively (Lackner 2013). Therefore, reductions in the
platform pitch do not automatically decrease the tower loads, thus proposed
tower fore-aft moment reduction methods should focus on directly reducing the
tower motion (Lackner 2013). This reduction in excessive stress and fatigue also
needs to be achieved without disproportionally decreasing the overall
performance of the controller, thereby protecting energy production and revenue

from being adversely affected.

2.2.1 Negative damping

Most large variable speed, variable pitch HAWTs (3 MW+) currently pitch toward
feather, such that the angle of attack is reduced to control the rotor speed and
hence power output when operating at wind speeds above rated. Pitch-to-feather
has become the preferred control strategy as the output is more predictable in
the region before the maximum lift coefficient has been reached. However, all
pitch-to-feather controlled HAWTSs, whether fixed on dry land, the seabed, or
floating offshore, experience a phenomena when wind speeds exceed the rated
wind speed, generally referred to as the 'negative damping', which is associated
with the pitch-to-feather control loop (Fleming et al 2014). As the tower moves
towards the wind, the turbine sees a rise in the wind speed and hence rotor
speed. Therefore, to attempt to achieve the constant rotor speed set point desired
at above rated wind speeds, the blade’s angle increases and rotor speed
decreases again. This results in a reduction in both the thrust and torque loads,
which causes the tower to move further forward into the wind. The opposite effect
happens if the tower moves backward, away from the wind. Therefore, this tower
fore-aft oscillation would increase the loads on the tower and nacelle if it were not
controlled as illustrated by Figure 2-6 (van der Veen et al 2012). For fixed
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turbines, the cyclical increase in loads due to the tower fore-aft movement is
usually prevented, without creating a reduction in performance, as the pitch
control bandwidth has been chosen so that the first resonance modes of the tower

are avoided.

Figure 2-6. Propagation of the oscillation of the tower fore-aft motion under pitch-to-
feather control, due to the negative damping cycle (adapted from van der Veen et al
2012).

As discussed in section 1.2, generally the turbines used for floating platforms are
those have been designed to have a fixed base and are therefore offshore
environment adaptions of the onshore designs. However, the frequency of the
motions in surge, sway, roll and pitch of a FOWT are one or more orders of
magnitude lower, and therefore they will be within the bandwidth of the pitch
controller originally designed for fixed turbines. One approach is to use a band-
pass filter to dampen the system, such that the inputs to the blade pitch controller
avoid the resonant frequencies of the platform (Olav et al 2015). However this
can lead to a less regulated rotor speed and output (Fleming et al 2019). Another
method is to lower the natural frequency of the blade pitch controller to below the
natural frequency of the platform pitch, hence the gains of the PI (proportional-
integral) blade pitch controller are reduced (Larsen & Hanson 2007).
Unfortunately, the slowing of the pitch control action created by the lowering of
the gains comes at the cost of a reduction in the performance such that, as with

the band-pass filter, more variation is seen around the desired constant rotor
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speed, which leads to more fluctuations in the power generation (Larsen &
Hanson 2007).

2.3 FOWT tower fore-aft load mitigation methods

2.3.1 Detuning the gains

The first step to optimise the performance of a mechanical system that already
exists usually involves changing the gain (Harrison & Bollinger 1969). Fleming et
al (2014) performed an analysis through numerical simulations using the time-
domain AHSE-coupled model of dynamics, FAST, which combined detuning the
gains in series with a Pl compensator and filters as part of the pitch controller.
The first tower base load controlling method utilized involved changing the
bandwidth of the controller, often called detuning, so that the dominant surge
mode of the floating platform was avoided (Fleming et al 2014). This was done
by changing the PI gains and filter parameters, so that the bandwidths were
reduced. Greater stability was achieved even though this was utilizing an already
stable TLP floating design, but the rotor speed accuracy was also reduced as
expected. Also more shutdowns occurred due to over speeding (Fleming et al
2014).

A similar study where the detuning was applied by reducing the natural frequency
of the pitch controller was undertaken by Larsen and Hanson (2007). The
responses from this research were derived from a specifically designed
simulation tool developed from the simulation tools SIMO/RIFLEX and HAWC2.
This was for a turbine situated on a spar platform and the detuning provided good
tower motion stability, but found that the power and speed varied by +/- 30%
compared to the nominal values. They noted that, for stability to be achieved, the
controller's natural frequency needs to be below the critical vibration frequency of
the tower. Jonkman (2007) suggests that this strategy makes the floating system
act more like an open-loop controller rather than the ideal closed-loop one. The
Risoe-DTU research (Larsen & Hanson 2007) was further expanded to include
non-linear adjustment of the gains and scheduled detuning. Their findings
indicated that the same improvements in tower stability could be achieved with
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non-linear adjustment, but with a desirable reduction in the power and speed

variation down to +/- 15%.

Fleming et al (2014) found that the main benefit of scheduled detuning was to
allow a faster controller response time at higher winds, where the pitch angle was
greater and where de-tuning was not deemed to be necessary which reduced or
eliminated the over-speed. As the thrust sensitivity to collective rotor blade pitch
angle is related to the wind and rotor speeds as well as blade pitch angle,
scheduled detuning is necessary to achieve a continual increase in damping ratio

for a pitch-to-feather controlled turbine (Bossanyi 2003; Jonkman 2007).

2.3.2 Individual blade pitch control

Thapa and Balas (2014) showed through simulation that fast speed individual
pitch control (IPC) of each rotor blade could provide damping and reduce the
structures pitching motion without undue performance loss when applied to a spar
platform. The displacement of the pitch of the platform was fed back to produce
an output in terms of the IPC blade angles to provide compensation for the
platform pitching motion. A collective blade pitch controller was also utilized to
regulate the speed of the rotor. However this study was only carried out with a
calm water simulation. Further research during turbulent environmental
conditions would therefore be necessary for an assessment of the damping
achievable in realistic offshore environment. The simulation tool utilized was not
given within this paper, however it states the model was that developed by
Jonkman (2007) and therefore was probably achieved utilizing the FAST

simulation tool.

Lackner’s (2009) research into IPC primarily focused on blade load reduction and
was performed on the Jonkman (2007) barge using FAST. The simulations were
performed with an irregular sea state and turbulent mean winds of 18 m/s. The
IPC angle required was determined using the Coleman transformation which
utilizes the blade root flapwise bending moment as an input (Lackner 2009). This
approach however was shown to increase the platform roll and tower side-to-side

motions with a minor reduction of only 0.3% in the tower fore-aft damage
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equivalent load. It was suggested that this may be due to the increased variation
in rotor thrust loads created by the platform pitch motion, producing blade loads

that overpower any possible reduction from the IPC.

An IPC method was proposed by Namik and Stol (2010) which, by incorporating
a feedback controller that returned the platform pitch velocity and included a cost
function, improved the overall efficiency. This method also used the periodic
gains of the blades as they altered throughout the azimuth angle for each blade
(Namik & Stol 2010). The platform motion was controlled as the IPCs produced
a tilt moment about the rotor hub which corresponded to a reduction in both
pitching and rolling. This control design produced high reductions in the tower
fore-aft (19%) and side-to-side (36%) fatigue loads whilst maintaining good power
control with fluctuations reduced by 33% (Namik & Stol 2010). However the
operational requirements of the blade actuators were greatly increased which
could cause saturation of the actuators. The FOWT platform used for this
research was the same barge used in the study by Jonkman (2007), which
highlighted the excessive motions of this platform design and which was later
shown to be unsuitable for offshore conditions (Robertson & Jonkman 2011).
Hence, the extent of the fatigue reductions seen were likely influenced by the
already-unstable condition of the platform, in other words it is easier to reduce
the motion on a platform when it experiences excessive motion to start with.

These simulated responses were also generated using FAST.

2.3.3 Pitching to stall

The tower fore-aft moment response range could be reduced by increasing the
rotor thrust by actively pitching the blades in the opposite direction to feather,
when the wind speeds are above rated (Figure 2-7) (H6lling M 2011). A VSVP-S
control methodology therefore works by slowing down the rotor by inducing
aerodynamic stall of the blade, as the angle of attack is increased. Active VSVP-
S can also be utilized at wind speeds below rated as shown by Maheswari and
Tamilvendhan (2012). However, this active pitch control method has generally

been put to the side by researchers and industry alike (for 3 MW+ turbines), due
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to several actual and perceived problems relating to pitch-to-stall blades, mainly
arrived at through passive stall analysis.

One problem seen on passive stall blades, which dictates that they need to be
heavier, is the increased deflections and loads that they experience, especially
for the softer, larger blades in use on many large turbines (Macquart & Maheri
2019). One aspect of this, which is unlikely to apply to a regulated VSVP-S
controlled FOWT, are peak loads occurring on the blades. These arise when the
power, extracted by the blades from the wind, at wind speeds above rated, is not
being shed as quickly as desired, as often occurs with passive pitch-to-stall blade
operation. Another is the unpredictable nature of the aerodynamic behaviour in
stall (Bossanyi 2003). However, Bossanyi (2003) also observes that thrust loads
vary less and more slowly with changes to the blade pitch angle in stall, therefore,
although the thrust loads rise with an increasing angle of attack, the stability of
the torque and thrust is increased. Thus the reduced range in their responses

tends to lead towards a reduction in the tower axial fatigue.

Figure 2-7. Blade pitching direction for pitch-to-feather control and pitch-to-stall control
(adapted from Holling M 2011).
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One real benefit of a VSVP-S control strategy is that negative damping can be
avoided with this design, as the rotor thrust does not drop as wind speeds rise,
allowing for a higher control frequency that results in a more regulated rotor speed
and power output. This was confirmed by the two studies that have been
conducted to date on large VSVP-S control of a FOWT (Larsen & Hanson 2007;
Jonkman 2007). The first of these two simulation studies was conducted on a
floating spar in 12 m/s turbulent mean wind speeds that, along with the power
regulation improvements, also found that stability problems caused by the
coupling of the tower movement, aerodynamics, and the control system, were
avoided when using active pitch-to-stall (Larsen & Hanson 2007). These
responses were achieved regardless of the fact that the research utilized a blade
that was designed for a pitch-to-feather blade controller. The stall results were
obtained as the authors accidently made a sign error when entering the pitch
angle into the controller. As VSVP-S was not the actual focus of the Larsen &
Hanson (2007) study, it is difficult to compare the stall responses with those seen
when pitching-to-feather for the same FOWT design, particularly as the results
presented for each control system at the same mean wind speed are clearly in
different environmental conditions, with a much more turbulent wind shown for
the pitch-to-stall scenario. Further investigation into the feasibility of VSVP-S as

a solution to the stability problems for large 5 MW FOWT was proposed.

Jonkman (2007) also explored a VSVP-S system, specifically the platform pitch
damping effects on a barge system in turbulent mean winds of 18 m/s. The
research derived no benefit in platform damping from this control strategy, in fact
the range of platform pitch was greatly increased to 27° compared to 15° pitch-
to-feather. Unfortunately, no tower responses were presented in the study for
VSVP-S, hence a comparison with those experienced with pitch-to-feather
control could not be made. As stated previously, the rotor speed and regulation
of the power output were both greatly improved with VSVP-S. Jonkman (2007)
also suggested that if the rotor and aerofoils of the turbine used to explore the
damping effects were redesigned to ensure that the rotor thrust increased

continually within region 3 (from rated to cut off wind speeds), then it may be
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possible to achieve an increase in damping that would exceed that seen with a
pitch-to-feather strategy. Part of this research was also concerned with the
development of the FAST simulation tool to ensure it was upgraded to become
suitable for FOWTs. This tool has been used by many researchers (Lobitz &
Veers 2003; Jonkman 2007; Lackner 2009; Namik & Stol 2010; Fleming et al
2014), partly due to its open source availability, as highlighted throughout the

studies examined as part of this literature review.

The opposing conclusions arrived at by the two studies on the impact of VSVP-S
such that it was seen as beneficial on a spar and detrimental on a barge, highlight
how the responses may be very platform type specific. Also, as the barge design
has since been discounted as a possible open sea FOWT solution, this further
emphasises the gap in knowledge on whether suitable VSVP-S systems could
provide the much desired reduction in tower axial fatigue needed by FOWTS,
specifically by spar and semi-submersible types which seem to suffer the most

from induced tower axial fatigue increases (Robertson & Jonkman 2011).

2.3.4 Signal feedback

There are many different controllers that have utilized a feedback signal from
some area of a FOWT, with the aim of increasing the damping. Three different
signal feedback systems for IPC were outlined in section 2.3.2. Thapa and Balas
(2014) utilized the displacement of the platform in pitch, Namik and Stol (2010)
the platform pitch velocity, and Lackner (2009) fed back the blade root flapwise

bending moment.

A study by Lackner (2013) examined the simulated responses (using FAST) of a
control strategy where the platform pitch velocity was fed back, but the power
was allowed to vary to produce more load reductions for a collective pitch-to-
feather scenario. This damping method is known as a variable power collective
pitch control (VPPC) strategy. This achieved a reduction in the platform pitch
angle of up to 20% at the cost of a root mean square (RMS) power variance error

increase, of up to 7%. However, as this also utilized the barge with an extreme
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platform pitch range of 15°, it is not certain if this system would translate to a more

viable, stable platform type.

Fleming et al (2019) achieved a reduction in the tower base bending moment
damage equivalent loads by up to 20% by combining the feedback of the platform
pitch velocity with the feedback from the nacelle velocity on a semi-submersible
floating platform. Bossanyi (2000) highlighted that the nacelle acceleration is
generally proportional to the tower base loads. Therefore there were three loops
in the blade pitch control system: the standard speed controller, the platform pitch
velocity, and the nacelle velocity (Fleming et al 2019). The nacelle loop was
designed to only feedback at lower wind speeds as, during initial research, it was
seen to increase loads at the higher speeds (Fleming et al 2019). An open-loop
function was also used to tune the gain. The semi-submersible was based on the
WindFloat which utilizes active water ballast such that water is moved between
the platform columns in different environmental conditions (Maciel 2010). It was
however unclear as to whether active ballast was initiated within the simulation
study, which utilized FAST coupled to OrcaFlex (Fleming et al 2019).

Tower-top acceleration feedback (TFB) was found to act against the blade pitch
controller for the pitch-to-feather controlled barge investigated by Jonkman
(2007). This happens because the relative wind speed is higher when the floating
turbine is pitching towards the wind. To reduce the speed, the blades pitch more
to feather. However the TFB controller wants to pitch towards stall to generate
more damping by increasing the thrust. Hence the speed controller and TFB

controller oppose each other.

2.3.5 Rotor blade manipulation

Blade manipulation at the design and manufacturing stage can produce tower
load reductions during operation, due to the desired response created in terms of
aerodynamic load, and hence rotor thrust response that will directly affects the
tower fore-aft motion. Different techniques have been applied to both pitch-to-
feather control and passive (fixed-pitch) stall configurations, often with the

specified design criteria primarily focusing on reducing loads, vibration, and

37



hence fatigue of the blades, by ensuring that the power coefficient is maximized.
Figures 2-8 to 2-10 present three blade manipulation methods: applying a sweep
to the blade such that the blade curves along its length (Figure 2-8) (Larwood
2016), a pre-bend along the whole blade length (Figure 2-9) (Sartori et al 2016),
and a back twist which starts at a pre-determined point along the blade length
and then twists back to the blade tip (Figure 2-10) (Mecaflux Heliciel 2019).
Material properties and layering can also be manipulated to produce load
reductions, especially when the effects of the blade material under load are

coupled to a twist or bend.

Stablein et al (2017) investigated the effects of a bend-twist coupling on the
10 MW DTU (Technical University of Denmark) pitch-to-feather land-based
turbine, and compared blades with a twist to feather flapwise and edgewise and
blades with a twist to stall flapwise and edgewise when compared to the reference
blade twist. This was through simulations generated by the aero-servo-elastic tool
HAWCStab2. Reductions in the tower fore-aft bending moment were achieved
with a flapwise twist to feather blade, as the bend-twist coupling reduced the
blade root flapwise bending moment response to the variation in the mean wind
speed. The opposite effect was seen with the flapwise twist to stall blade. During
edge-twist coupling the blade became unstable due to an increase in flutter.
Figure 2-11 shows both the blade flapwise bending moment and tower (fore-aft)
bending moment as applied to a turbine, such that it can be seen that by reducing
the blade bending moment and hence aerodynamic thrust, the tower fore-aft

response will also be reduced (LTI Motion 2019).

Figure 2-8. Blade sweep curve imposed during manufacture (Larwood 2016).
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Lobitz and Veers (2003) looked into the twist effects of a blade that has been
designed to twist towards feather under load, when applied to blades that have a
pre-twisted to stall when unloaded, with simulations utilising ADAMS and
FAST_AeroDyn. Three different control strategies were compared: constant
speed with passive stall control, variable speed with passive stall control, and a
pitch-to-stall controlled variable speed turbine. The focus was on blade loads, but
load decreases in the order of 10% across the turbine were stated from this twist

coupling response method.

Figure 2-9. Blade pre-bend imposed during manufacture to alter the deformed blade
shape experienced during normal turbine operation (Sartori et al 2016).
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The bend-twist coupling response of four blades of different length, varying from
30 m (1.6 MW) up to 90 m (12-14 MW) were analysed under load for passive stall
blades, hence rigidly fixed at the root (Coxa & Echtermeyera 2013). The obtained
results were derived from finite element simulations. As with the Lobitz and Veers
(2003) study, a twist towards feather under load was the desired response.
Although tower loads were not part of the analysis, the blade flapwise bending
moment range was reduced by between 10 and 11% for all blades, hence a
reduction in the tower fore-aft moment would be a logical assumption.
Unfortunately, a reduction in the coefficient of power (Cp) was also seen with the
desirable reduction in the blade flapwise moment and hence the researchers
suggested that an active pitch-to-stall controller may help to increase the Cp to

ensure a better power output (Coxa & Echtermeyera 2013).

Figure 2-10. Blade twist from root to tip and back twist imposed at some initiation point
back towards the original twist origin (adapted from Mecaflux Heliciel 2019).
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Figure 2-11. Schematic highlighting the direction of the flapwise and tower bending
moments as they occur on a HAWT (LTI Motion 2019).

Merz (2011) performed an in-depth numerical study using both ADAMS and
FAST_AeroDyn, on large passive stall blades with the aim of designing a series
of optimised designs that would minimize the unit cost of energy through
simulation in the frequency domain. A high level of aerodynamic damping was
seen through the application of the back twist at all wind speeds within the
operational range, for twists initiating at different points along the blade length
from 5 to 22% from the tip. The back twist was towards feather in the region

nearer the tip, such that the air flow would remain attached to the blade tip when
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operating in higher mean winds speeds. This therefore created the desired power
increase that Coxa and Echtermeyera (2013) had suggested could be achieved
with a pitching control system. However, Merz (2011) stated that, as the platform
pitch frequency needs to be set below 0.05 Hz for a FOWT so that the frequencies
of the (1 order) wave excitation are avoided, an active rotor speed control would
be required if damping the platform motion was one of the objectives. Also, as
the stall aerodynamic behaviour is very similar whether it is achieved passively
or through active pitch, Merz (2011) also suggested that this back twist method
would be directly transferable, with increases in the aerodynamic damping and
constant power above rated being the objective.

Ostachowicz et al (2016) presents two methods to determine the blade twist, as
they highlighted that as the twist distribution on a blade is reliant on wind speed,
the blade cannot be designed with a constant tip speed ratio. The first method
takes the ideal twist for a chosen tip speed ratio and uses an iterative procedure
to compare the unloaded pre-twist necessary to achieve the ideal at a particular
wind speed. However problems with this method have been encountered when
the angle of attack was not within the range of operation (Lobitz & Veers 2003).
The second method proposes the optimisation of the blade twist for a specific
wind speed, although the authors felt this method was as yet unexplored
(Ostachowicz et al 2016).

2.3.6 Tuned dampers

Research on a FOWT using the FAST simulation tool was performed using two
tuned-mass dampers (TMDs) in the nacelle, one to reduce the fore-aft motion
and one the side-to-side motion (Lackner & Rotea 2011). This provided a
reduction in both tower fore-aft and side-to-side fatigue loads of just over 8%. The
blade pitch rate was also reduced. This study was however on a barge, where

motions are easier to reduce as previously highlighted in section 2.3.3.

Research has also been carried out using a tuned liquid column damper (TLCD)

within the floating structure, tuned to its natural frequency (Coudurier et al 2015).
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Motions were controlled; however values were not given within the report, so its

effectiveness is hard to judge. This study also utilized a barge.

2.4 Simulating FOWT responses

Although some of the instabilities seen in simulations established to predict the
responses of a FOWT may not be significant in a real scenario, the most
appropriate computer-aided engineering simulation tools to capture as many
responses as accurately as possible are very much desired (Thiagarajan &
Dagher 2014). Simulations conducted on floating platforms in the linear
frequency domain have been seen to not predict possible instabilities in yaw
(Thiagarajan & Dagher 2014), and also other non-linear responses such as tower
shadow, wind shear, and dynamic shear (Henderson & Patel 2003). The use of
simulations in the linear frequency domain has therefore become practically
obsolete for full FOWT dynamic analysis, emphasised by the possibility of also
incorrectly predicting natural frequencies and component resonances (Cordle &
Jonkman 2011). This has therefore led to the development or upgrading of
several time domain simulation packages applicable to the non-linear analysis of
FOWTs. The FAST simulation code, developed by NREL, is arguably the most
attractive to researchers, not only due to the simulation capabilities, but also due
to its worldwide free, open source availability. Both FAST v8 and the more

recently available OpenFAST versions are applicable to FOWT analysis.

The FAST code enables coupled AHSE simulations to be generated, which can
predict both extreme loads and fatigue loads under different environmental
conditions for HAWTs that are either fixed on land, fixed offshore, or floating
offshore. Two forms of analysis can be performed, either simulation or
linearization. The simulation mode utilizes nonlinear equations of motion in the
time domain to produce the predicted turbine responses. Users can specify a
range of different control methods which can also be operated within Simulink.
The linearization mode allows for a full linearized depiction of the wind turbine
system to be extracted. This is specifically useful for control design but also for

deriving the system modes utilizing an eigenanalysis. The linearization mode
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cannot however be operated through the Simulink interface (Jonkman & Buhl
2005).

The aerodynamic models rely on user specified wind data and can provide
solutions for the wake effects of the rotor and the blade element loads
incorporating dynamic stall (Jonkman & Buhl 2005). A quasi-steady blade
element momentum theory is used for operating wind turbines within AeroDyn
v15, which calculates the local 2D forces acting on the wind turbine rotor and
tower. These are then integrated to derive the aerodynamic 3D behaviour, taking
account of corrections captured in the model such as those created by the
skewed wake, tip-losses, hub-losses, tower shadow and dynamic stall. In Figure
2-12, this is represented by the AeroDyn module. Some wind conditions, such as
steady winds, are directly entered into this module. Turbulent stochastic winds
however need to be externally generated using a wind generator such as the
TurbSim code (Kelley & Jonkman 2007).

Both regular and irregular waves, as well as steady and turbulent marine currents,
can be simulated by the hydrodynamics models, defined within HydroDyn, and
may provide solutions accounting for radiation, diffraction, viscous and
hydrostatic loads on the structure. Within HydroDyn, calculation of the
hydrodynamic loads can be solved by strip theory, potential flow theory or a
combined approach. The waves are generated using either first order (linear Airy
theory) or second order wave theory. The potential flow theory implemented in
this study requires the first and second order hydrodynamic coefficients, which
are frequency dependent, to be independently generated through a frequency
domain code such as WAMIT. The forces and motions of the body are generated
within WAMIT relative to the un-displaced platform’s global coordinate system in
HydroDyn. Generated data from WAMIT includes 6x6 matrices for linear
hydrostatic restoring forces, hydrodynamic added-mass (frequency dependant)
and damping due to linear wave radiation as defined in depth by Jonkman et al
(2017Db).
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The electrical and control models of the system account for the actuators,
controller logic and sensors of the blade pitch to either feather or stall, the nacelle
yaw, generator torque and the generator and power converter and can be entered
directly into the ServoDyn module or externally through an interface with
Simulink. The mooring system dynamics can be modelled through a number of
modules such as MAP++ or MoorDyn. The mooring system was modelled using
MoorDyn which assumes that each mooring line is a series of lumped masses.
Mooring system dynamics are therefore predicted based on this premise. The
MoorDyn model also incorporates the effects from weight and buoyancy forces,
axial stiffness and damping, spring damper forces that arise from the contact that
the mooring has with the seabed and hydrodynamic forces derived from
Morison’s equation. Within ElastoDyn, the dynamic structural models then apply
the reactions from the mooring conditions, the electrical and control systems, the
hydrodynamic and aerodynamic and gravitational loads and simulate the rotor,
support structure and drivetrain elasticity. Full details of the simulation capacity
of FAST are provided by Jonkman and Buhl (2005) and Jonkman and Jonkman
(2016b).

Figure 2-12 The control volumes within FAST that are associated with each module,
as applicable to a FOWT (Jonkman & Jonkman 2016b)
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2.5 Summary of the key literature findings

The exact magnitude and origin of loads acting upon a floating turbine
tower vary, depending upon the dynamics of each FOWT platform type
(Robinson & Jonkman 2011).

For all platform types, the most significant load increase when passing
from fixed to floating wind turbines is the tower base fore-aft bending
moment, which negatively effects the tower life. One solution to mitigate
the increased tower loads would be for the tower to be strengthened,
however, this could lead to a sizable rise in tower costs due to the
additional material, manufacturing and higher deployment complexity. A
more suitable solution would be to reduce the undesirable tower base fore-
aft response increase, in particular focusing on reducing tower axial
fatigue, thus the benefits of a reduction in the tower fore-aft moment can
be quantified (Robinson & Jonkman 2011; James & Costa Ros 2015; Li et
al 2017). Many methods focused on controlling the platform pitch motion,
however, reductions in the platform pitch do not automatically lead to a
decrease in tower loads, thus proposed tower fore-aft moment reduction
methods should focus on directly reducing the tower motion (Lackner
2013).

Any reduction in excessive stress and fatigue needs to be achieved
without disproportionally decreasing the quality of the energy produced
(Fleming et al 2019).

All pitch-to-feather controlled HAWTs experience a phenomena called
'negative damping'. The frequency of the motions in surge, sway, roll and
pitch of a FOWT are one or more orders of magnitudes lower than for a
fixed wind turbine, hence the avoidance of the negative damping leads to
more fluctuations in the power generation (Fleming et al 2014; van der
Veen et al 2012).

A VSVP-S control strategy avoids negative damping of the turbine tower,
hence, providing a more regulated rotor speed and power output than the
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one achieved with a pitch-to-feather strategy (Larsen & Hanson 2007;
Jonkman 2007).

The opposing conclusions on the impact of VSVP-S (that it was seen as
beneficial on a spar and detrimental on a barge) highlight how the tower
responses may be very platform type specific. Also, as the barge design
has been seen to experience excessive tower loads during operation, this
emphasises the gap in knowledge on whether suitable VSVP-S systems
could provide the much desired reduction in tower axial fatigue needed by
FOWTSs, specifically by spar and semi-submersible types which see the
most increase in the tower fore-aft loads (Larsen & Hanson 2007,
Jonkman 2007; Robinson & Jonkman 2011).

Blades manufactured with a pre-twist to stall that then twist towards feather
under load, could decrease turbine loads by the order of 10% when the

blades are passively or actively pitching-to-stall (Lobitz & Veers 2003).

Back twist towards feather in the blade region nearer the tip also created

a desired power increase (Merz 2011).

Blade twist cannot be designed with a constant tip speed ratio
(Ostachowicz et al 2016).

The optimisation of the blade twist for a specific wind speed has as yet

been unexplored (Ostachowicz et al 2016).

Blade root flapwise moment reductions can decrease the tower base fore-
aft moments and therefore increase tower axial fatigue life (Stéablein et al
2017; Coxa & Echtermeyera 2013).

An active rotor speed controller would be required if damping the platform

motion was one of the objectives (Merz 2011).

FAST provides coupled AHSE simulations that can predict the behaviour
of fully coupled FOWTs in the non-linear time domain (Jonkman & Buhl
2005; Jonkman & Jonkman 2016a).
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2.6 Identifying the current knowledge gaps

No studies on VSVP-S control of a turbine coupled to a semi-submersible

floating platform have been explored to date.

The study of a turbine coupled to a barge (Jonkman 2007) found that the
responses were negatively increased with a VSVP-S control system,
however the study only looked at a mean wind speed of 18 m/s, when
damping would be likely to be decreased and the frequency of the wind

speed would be reduced.

The previous study (Larsen & Hanson 2007) that gave favourable findings
with VSVP-S control of a turbine coupled to a spar were for only one wind
speed very close to the rated wind speed, where damping could be

expected to be more beneficial.

No studies on possible tower load response reductions from blade back
twist have been performed on a VSVP-S turbine coupled to a floating

platform.

To summarize, optimisation of a back twisted blade when operating at a distinct

mean wind speed has not been explored. As will be detailed in Chapters 3, 4 and

5, this research aims to expand the knowledge and hence fill some of those gaps

as outlined below:

Provide further information on tower axial fatigue propagation relative
to platform, tower and blade profiles when operating with VSVP-S
control (addressed by objectives 6, 7, 8 & 9).

Increase the data on the effects of a VSVP-S control strategy for
different FOWT platform types, and the benefits of avoiding negative
damping in terms of a more regulated rotor speed and power output
(addressed by objective 6).
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o Determine if tower axial fatigue reductions can be achieved utilizing a
back twist towards feather blade on a VSVP-S blade pitch control
system (addressed by objective 8).

o Present the most appropriate blade back twist configuration in terms of
magnitude and initiation point along the blade radius, through a
weighted wind frequency analysis for a specific set of environmental
conditions, for both a semi-submersible and a spar FOWT platform

(addressed by objectives 8 & 9).
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Abstract: The necessity of producing more electricity from renewable
sources has been driven predominantly by the need to prevent irreversible
climate chance. Currently, industry is looking towards floating offshore
wind turbine solutions to form part of their future renewable portfolio.
However, wind turbine loads are often increased when mounted on a
floating rather than fixed platform. Negative damping must also be avoided
to prevent tower oscillations. By presenting a turbine actively pitching-to-
stall, the impact on the tower fore—aft bending moment of a blade with back
twist towards feather as it approaches the tip was explored, utilizing the
time domain FAST v8 simulation tool. The turbine was coupled to a floating

semi-submersible platform, as this type of floater suffers from increased

56



fore—aft oscillations of the tower, and therefore could benefit from this
alternative control approach. Correlation between the responses of the
blade’s flapwise bending moment and the tower base’s fore—aft moment
was observed with this back-twisted pitch-to-stall blade. Negative damping
was also avoided by utilizing a pitch-to-stall control strategy. At 13 and 18
m/s mean turbulent winds, a 20% and 5.8% increase in the tower axial
fatigue life was achieved, respectively. Overall, it was shown that the
proposed approach seems to be effective in diminishing detrimental
oscillations of the power output and in enhancing the tower axial fatigue
life.

Keywords: floating offshore wind turbine (FOWT); pitch-to-stall; blade
back twist; tower fore—aft moments; negative damping; blade flapwise

moment; tower axial fatigue life

3.2 Introduction

Worldwide, climate policies have encouraged the development of energy from
renewable resources, such that, within Europe, 11.6% of energy demand was
provided solely from wind energy in 2018 (WindEurope 2019). The installed
capacity of offshore wind turbines has increased globally by 87%, between 2016
and 2017, rising to a total of nearly 19 GW (Fried et al. 2017), of which floating
turbines currently play only a small part. Indeed, the world’s first floating farm,
with a capacity of 30 MW only came online in 2017. However, due to the limited
availability of offshore sites with shallow beds and low seabed slope, the industry
is looking towards floating solutions in the future, with predictions of 5 GW of
installed energy from floating wind by 2030. This would amount to 5% of the
offshore wind market (Fried et al. 2017).

Generally, for floating platforms, the horizontal axis wind turbine (HAWT)
specifics used for prototypes, model experimentation, and simulation purposes
are largely those that have been originally designed for onshore locations.
Although they are further modified for the offshore environment, the turbines,

including most components and the controllers, have generally been optimized
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for a foundation fixed into the seabed. This has implications for the applicability
of these simulations to floating platforms. Turbine loads, for example, are often
increased when the HAWT is mounted on a floating platform, although the exact
load, magnitude, and origin will vary, depending upon the platform design and
environmental factors. Prominent load increases are usually the induced tower
base bending moments, with extreme loads increasing by a factor as high as 1.6
times that seen in a fixed, land-based turbine (Robertson & Jonkman 2011).
Thus, the increased tower base axial fatigue could cause a large reduction in the
expected life of the turbine, and therefore, there is a need to have more costly
tower and platform structures in order to align with the standard 25-30 year

design life of modern offshore wind farms.

Currently, all large (3 MW+), variable speed, variable pitch, employ HAWTSs pitch-
to-feather to control the power output above rated wind speeds. Whether these
turbines are fixed on dry land, the seabed, or floating offshore, they can
experience a phenomenon when wind speeds exceed the rated wind speed,
which is generally referred to as ‘negative damping‘. This is due to a decrease in
rotor thrust at constant rotor speed as the wind speed increases. This can then
lead directly to tower fore-aft oscillation, hence, decreased tower axial fatigue life
if not controlled, as illustrated in Figure 3-1 (van der Veen et al. 2012). Fixed
turbines can avoid the negative damping effect without a loss in performance as
the natural frequency of the blade pitch control system is lower than the first
resonance modes of the tower. However, for floating offshore wind turbines
(FOWTSs), the frequency of the motions (surge, sway, roll, and pitch) are one or
more orders of magnitudes lower than for a fixed-base turbine, and therefore, the
pitch controller frequency must be lower to avoid negative damping. This causes
a reduction in the performance of the rotor speed when operating at above rated
wind speeds, such that the ideal constant rotor speed fluctuates around the
desired output, leading to more undesirable fluctuations in the generated power
output (Larsen & Hanson 2007).

Horizontal axis wind turbines with variable speed and variable pitch are now

considered the industrial standard for large turbines. However, utilising active
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pitch-to-stall rather than pitch-to-feather control, where the blade is rotated so
that the induced aerodynamic stall slows down the rotor to produce constant rotor
speed, has largely been ignored. This omission is because the pitch-to-stall
configuration can lead to increased blade deflections in larger, softer blades and
reduced predictability in terms of induced lift and drag at a specific angle of attack.
The issues related to the negative damping phenomenon can, however, be
avoided by design when in pitch-to-stall operation, as the rotor thrust at constant
rotor speed does not decrease as the wind speed increases. This increasing
thrust allows the control frequency to be higher than typically expected on an
FOWT, resulting in a much improved rotor speed performance and high-quality,
regulated power. As such, utilising pitch-to-stall configurations could thus offer a
solution to the performance reduction seen by current, industry-standard pitch-

to-feather floating turbines.

Figure 3-1. Tower oscillation propagation in a pitch-to-feather horizontal axis wind
turbine (HAWT) due to the negative damping cycle (adapted from van der Veen et al.
(2012)

Only two studies, by Larsen and Hanson (2007) and Jonkman (2007), have been
conducted on large, variable speed, floating HAWTs that consider actively
pitching the whole blade towards stall as a means to provide a near constant rotor
speed at above rated wind speeds. This is partly due to the ambiguity that
remains on the aerodynamic behaviour of stalled blades (Bossanyi 2003).
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Increased loads and deflection on stalling blades can also dictate that the blades
are heavier (Macquart & Maheri 2019), which would have a negative impact upon
the rotor and turbine. The peak loads that can occur on a passive stall blade when
power is not shed fast enough would, however, be more controlled when the stall
blade is being actively pitched as the power control is more regulated at higher
wind speed than in a pitch-to-feather control system. Therefore, although the
thrust loads acting on a turbine are increased as the angle of attack increases, it
also varies less with pitch angle changes, such that the thrust and the torque
have increased stability when operating with pitch-to-stall blades (Bossanyi
2003). This reduced variance in the thrust and torque responses will tend to have
an overall benefit in terms of tower axial fatigue life. One of the studies simulated
turbine, platform, and mooring responses of the Hywind spar concept for a 12
m/s mean turbulent stochastic wind, using a non-linear time domain simulation
tool based on SIMO/RIFLEX, developed by Marintex, Trondheim, Norway and
HAWC2 , developed by DTU (Technical University of Denmark), Risg Campus,
Denmark (Larsen & Hanson 2007). The simulation results for active pitch-to-stall
control indicated not only improved regulation of rotor speed and power
generation, but also saw more tower stability. These results were obtained even
though the simulations used a blade designed for pitch-to-feather control. In fact,
the authors, by accidentally making a pitch angle sign error in the pitch-to-feather
control strategy, were using a pitch-to-feather wind turbine system in a pitch-to-
stall mode. Hence, the design of the blades, controller, controller gains, and all
components were from that original pitch-to-feather system. In the second study,
Jonkman (2007) looked at simulated responses for a floating barge in 18 m/s
mean turbulent stochastic winds when actively pitching-to-stall as well as when
actively pitching-to-feather. The results were generated with the aero-servo-
elastic simulation package, FAST 7. In the simulations, rotor speed and power
regulation again increased with stall control, as compared to feather control.
However, this was at the expense of an increase in the tower motion. This
difference in the impact of pitch-to-stall on tower stability between the two studies,
such that for a spar response changes were beneficial, yet they were detrimental
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to the barge, indicates that the responses were very platform-type specific. The
question of whether tower stability would be improved for a semi-submersible
platform operating with a pitch-to-stall rotor has not been addressed to date. The
impact of the platform-type is supported by the fact that the barge design also led
to instability of the tower in pitch-to-feather control (Jonkman 2007). Although the
blade used was also of a pitch-to-feather design (comparable to that used in the
Larsen and Hanson (2007) study), it had altered aerofoil lift coefficients, leading
to a smoother change in lift coefficient being experienced over the range of angle-
of-attack experienced along the blade length, during pitch-to-stall control. It was
suggested by Jonkman (2007) that a higher level of damping in pitch-to-stall could
possibly be achieved if the aerofoil coefficients and rotor design were altered such

that the rotor thrust continually increased from cut-in to cut-out wind speeds.

The optimisation of blade twist and its resultant effects have been extensively
studied for pitch-to-feather and fixed-pitch stall configurations using a number of
methods (Merz 2011; Stablein et al. 2017; Méndez & Greiner 2009). In such
instances, the design criteria commonly focuses on maximising the power
coefficient and reducing blade vibrations and fatigue. Stablein et al. (2017)
achieved increased platform damping, and hence, reductions in tower fore—aft
moment from blade twist modifications. For fixed-stall blades, a back twist was
employed (the blade twists back towards feather at the tip for a proportion of the
blade’s length) which resulted in the air flow remaining attached at the blade tip
for higher wind speeds, thus increasing the power production capabilities of these
sections of the blade (Merz 2011). By contrast, the benefits of actively pitching
blades are often obtained at the expense of an increased blade pitching rate, and
hence, actuator action which can impact on component life and operational costs.
However, damage to the pitch bearing was not found to be adversely proportional
to pitch rate increase when the blade flapwise loading was also reduced (Barlas
et al. 2015). Merz (2011) performed in-depth research on fixed-pitch stall blades
and designed a family of optimised blades to minimize the cost of a unit of energy
using simulations in the linear frequency domain. Investigation of the effects of

including a back twist of a few degrees, originating at different points along the
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blade’s length were performed (starting from 5 to 22% of the blade length as
measured from the tip). This resulted in a high level of aerodynamic damping at
all operational wind speeds. Stablein et al. (2017) analysed the effect of additional
blade twist from simulations produced utilizing the non-linear time domain aero-
servo-elastic simulation tool HAWCStab2, developed by DTU, Risg Campus,
Denmark, specifically for wind turbines designed by DTU . This applied a twist to
the blades of a land-based 10 MW DTU turbine under pitch-to-feather control.
Models investigated changing the blade twist towards both feather and stall from
as high up the blade as 70% of the blade radius from the tip. Reductions in both
the blade root’s flapwise moment and the tower base’s fore—aft moment were
seen, however, this study was not carried out for a floating turbine. Floating
platforms need platform pitch frequencies to be below 0.05 Hz to avoid the wave
excitation frequencies, thus the rotor speed would need to be actively controlled
to dampen the platform’s pitch motion (Merz 2011).

The question of whether a variable pitch-to-stall, variable speed FOWT could
reduce the tower base’s fore—aft moment through blade design manipulation has
not as yet been studied. Reductions in the blade root flapwise moments could
decrease the tower base fore—aft moments, and therefore increase tower fatigue
life. Improved rotor speed performance, and therefore higher quality energy
regulation would also be anticipated due to the higher control frequency available
to a variable pitch-to-stall controller. It is also worth noting that, whilst a dominant
wind turbine floating platform type has not yet materialised on the market, it is

desirable for research to have the potential to benefit more than one platform

type.

To investigate the potential of active pitch-to-stall on a semi-submersible floating
platform, this study investigates its possible benefits in terms of rotor speed
performance, power generation, and tower base fore—aft moment-induced fatigue
reduction. This study was conducted for a 5-MW floating turbine with a stall blade
incorporating back twist (towards feather) nearer the tip. This research did not
concern itself with the optimization of an actively pitching-to-stall blade or other
systems loads, but rather focused on the effects of increasing back twist on tower
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fore—aft fatigue life, which can in turn be used to optimise the back twist for turbine
life extension. This twist optimization was carried out for three specific wind and
wave conditions. This is a method proposed by Stablein (2016), as designing
around an optimum tip speed ratio is not possible for a back-twisting blade. The
5 MW turbine was coupled to a floating semi-submersible platform, as this type
of floater has not been previously investigated with an active pitch-to-stall control
strategy and suffers from increased fore—aft oscillations of the tower, and
therefore could benefit from this alternative control approach. Furthermore, the
Carbon Trust's report for the Scottish government also found that semi-
submersibles had a better levelised cost of energy (LCoE) overall, compared to
other platform types (James & Ros 2015). Thus, in combination with other
benefits (e.g., that a semi-submersible could possibly be towed back to shore for
maintenance, repair, and commissioning), this floating platform type is an

attractive option (Thiagarajan & Dagher 2014).

3.3 Methods

The properties of a semi-submersible floating platform coupled to a 5 MW HAWT
are investigated by running simulations utilizing the non-linear time domain FAST
v8 simulation tool. The FAST v8 allows aero-hydro-servo-elastic analysis of land,
offshore fixed, and offshore floating HAWTs and was developed by NREL
(National Renewable Energy Laboratory), Colorado, USA (Jonkman & Buhl
2005). The FAST v8 solves equations of motion by numerical integration utilizing
the rigid bodies of the system and from these, expressions for velocity and
acceleration are derived. The aerodynamic models within FAST v8 require the
user to specify a particular wind data profile, which FAST v8 uses to solve the
aerodynamic loads on the blades, including dynamic stall and rotor and wake
effects. For the analysis of offshore floating turbine analysis, the aerodynamic
models not only generate the previously mentioned outputs, but are also linked
to hydrodynamic models of the floating structure as well as dynamic structural
and control models. This allows fully-coupled non-linear aero-hydro-servo-elastic

simulations to be performed within the time domain.
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3.3.1 Model parameters

For the purposes of this study, the semi-submersible floating platform was
modelled with a three line catenary mooring system. This was based on a 1/50th
scale experimental model tested in the MARIN (Maritime Research Institute
Netherlands) wave basin, as part of the US DeepCWind project (Goupee et al.
2014). As a result of this, the platform model was used for the offshore simulation
code comparison in the international OC4 Phase Il study (Robertson et al. 2014;
Robertson et al. 2012).

The wind turbine coupled to the semi-submersible was based on the NREL 5MW
three-bladed HAWT (Jonkman et al. 2009), but with tower mode shapes that
depict the expected flexibility of the tower when coupled to the semi-submersible
floating platform (Robertson et al. 2014). The turbine had a hub height above sea
water level (SWL) of 90 m, a rotor diameter of 126 m, and was rated at a wind
speed of 11.4 m/s, which corresponded to a rated rotor speed of 12.1 rpm. It was
designed to cut-in at 3 m/s (rotor speed of 6.9 rpm) and cut-out at 25 m/s. More
details on the parameters of both models can be found in Robertson et al. (2014).
The tower to platform coupling was represented in the turbine model as a
cantilevered connection to capture the motions where the tower base joins to the
platform. The environmental conditions were based on a site in the North Sea
100 miles northeast of Aberdeen with estimated water depths of 200 m. Such

depths were, therefore, unsuitable for fixed base turbines (Geos 2001)

Three main floating offshore wind turbine models were compared in this study:

1. A conventional ‘Feather Base Model’ with a pitch-to-feather gain
scheduling blade pitch controller. This model was used in the OC4 Phase
Il code comparison investigation (Robertson et al. 2014). The other
models developed were compared to this baseline data.

2. A ‘Pitch-to-Stall Model’ where the blade aerofoil lift coefficients were
manipulated for stall operation in line with the blades used by Jonkman
(2007) such that a smoother change in lift coefficient occurred over the

range of angle-of-attack experienced during pitch-to-stall control.
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3. Three ’'Back Twist Pitch-to-Stall Models’ further build on the blade
properties of the 'Pitch-to-Stall Model’ by additionally imposing a back twist
towards feather on the blade (of 3, 6, and 9°). This third model type
operated below rated at a set pitch angle of -4°, as changing the setting of
the constant pitch angle below rated wind speed had also been employed
to reduce fatigue and optimize the energy output on passive stall turbines
(Wright & Fingersh 2008).

The collective blade pitch-to-stall control system that was designed for both the
'Pitch-to-Stall Model” and the 'Back Twist Pitch-to-Stall Model’, was a relatively
simple feedback proportional-integral (PI) controller with constant gains derived

at 18 m/s steady wind conditions, as shown in Figure 3-2.

Figure 3-2. Pitch-to-stall proportional-integral (PI) controller for the ‘Pitch-to-Stall
Model’ and all ‘Back Twist Pitch-to-Stall Models'.

Utilizing a gain scheduler that relies upon the pitch angle at any moment in time
to predict the gain change required would be much more complex with an active
pitch-to-stall control. This is due to the double-valued nature of the pitch angle
within region 3, as highlighted within section 3.4.1. This controller pitches the
blades to achieve a constant rotor speed when winds are above 11.4 m/s and
incorporates a pitch-rate limiter set to +/- 8°/sec. This pitch-to-stall controller was
implemented in Simulink, which was coupled directly with the FAST v8 simulation
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code. It expanded upon a simple ‘constant gains feedback’ PI pitch controller
designed for pitch-to-feather control by Wright and Fingersh (2008).

To derive the pitch-to-stall controller gains that will ensure that the performance
of the turbine results in a higher quality regulated power output over the full range
of operational wind speeds from rated to cut-out, a single degree of freedom
(DOF) system (the angular shaft rotation speed) was considered as presented by
Larsen and Hanson (2007) and Jonkman (2007). From this, Equations 3-1 and
3-2 can be derived when the derivative gain, Kp, neglected for simplicity, as
proposed by Hansen et al. (2005).

5P
Ky = (2 " IpriveTraIN " 8¢ * Wen)/Ngear " (— (%)) [Eq 3-1]
5P
Ki = (IpriveTRAIN * £ * Won?)/NgEar * (— (%)) [Eq 3-2]

where Iprivetran is the driveshaft inertia (kg/m?) found from Equation 3-3; Q is
the rotational speed (rad/s); &y is the damping ratio related to the rotor speed error
control system; wgn is the natural frequency of the control system (rad/s); Ncear
is the gearbox ratio, and dP/d@ is the sensitivity of the aerodynamic power to the
blade pitch angle (W/rad).

Ipriverraiv = Irotor + (Ngear” * Igen) [Eq 3-3]

where IroTor is the rotor inertia (kg/m?) and lcen is the generator inertia (kg/m?).

The sensitivity of the aerodynamic power to the blade pitch angle for each model

was derived in FAST v8.16.00 a-bjj through linearization of the turbine simulation
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model utilizing the pitch angles and rotor speed of each wind speed, as predicted
in the periodic steady-state simulations detailed in section 3.4.1. This followed
the procedure presented for aerodynamic derivatives by Jonkman and Jonkman
(2016) such that all the structural DOF were disabled to eliminate convergence
issues and frozen wake was applied. Values of 0.6 rad/s were used for the natural
frequency of the control system and 0.7 for the damping ratio related to the rotor
speed error control system as suggested in Hansen et al. (2005). This system
frequency of the pitch-to-stall controller (0.6 rad/s) is much higher than the 0.2
rad/s used by the 'Feather Base Model' pitch-to-feather controller, as negative
damping is avoided with the pitch-to-stall control regime.

3.3.2 Blade back twist configuration

The back twists employed in this study were chosen after investigative research
of the altered dynamic coupling effects on the tower, due to the changes in the
blade geometry, specifically in terms of tower base fore—aft moment. The initial
selection process looked at back twist applied at initiation points from 5% to 35%
in 10% intervals along the blade length (measured from the tip), with a 'best
guess’ back twist angle of 3°, based on previous research involving back twist on
passive stall blades (Merz 2011) and blades that pitch-to-feather (Stablein et al.
2017).

Responses during mean turbulent winds of 18 m/s for short 600 s simulations
were examined. The effects on tower fore-aft bending moment were then
analysed when both increasing and decreasing the back-twist angle, which
indicated a reduction in tower fore-aft moment range could be achieved with a
higher back twist angle of 9°. The initiation point of the back twist was chosen to
be at 25% along the blade length, from the tip. Figure 3-3 gives a visual reference
to the three back twist angles applied to the 'Back Twist Pitch-to-Stall Model’,
alongside the original twisted NREL 5 MW blade which is used for both the
'Feather Base Model’ and the 'Pitch-to-Stall Model'.
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Figure 3-3. Twist profiles for pitch-to-stall blades in the tower axial fatigue life study.

A constant -4° pitch angle was also applied at all winds below rated to the three
'Back Twist Pitch-to-Stall Models’. This was introduced as both fatigue life and
energy generation, which were increased when it was incorporated into the back-
twist designs, as compared to a constant pitch angle of 0° or -2.5°. Model

specifications and controller gains for each stall model are shown in Table 3-1.

Table 3-1. Model parameters in terms of back twist, pitch below rated setting, and
blade pitch controller gains.

Feather | Pitch-to- | 3° Back | 6° Back | 9° Back
Model ID Base |Stall (P-S)| twist P-S | twist P-S | twist P-S
Model Model Model Model Model
Constaont pitch angle below 0 0 4 4 4
rated (°)
Twist starting distance from
blade root (%) N/A N/A 75 75 75
Back twist angle increase
towards feather at the tip (°) 0 0 3 6 o
Proportional gain at 18m/s, . 0865 -0917| -1105| -1414
Kp (s) Inbuilt gain
. . heduler*
Integral gainat 18 m/s, Ki | - o C | 0371  -0.391]  -0474]  -0.606

* As applicable to the OC4 (Offshore Code Comparison Collaboration Continuation)

Phase Il simulation model

3.4 Results

3.4.1 Periodic steady wind characteristics of a blade pitching-to-stall

To compare the FOWT characteristics of the 'Feather Base Model’, represented
by the blue dashed lines in Figure 3-4, with the 'Pitch-to-Stall Model’, represented

by the solid red lines, periodic steady-state curves were derived from simulations.
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The periodic nature of the steady state was created as the variables did not have
a constant value but a range of values that repeat over a given period. For all of
the FOWT models presented here, the periodic influence was due to the tilt
applied to the rotor shaft and the variables were repeated after each full rotation
of the rotor. These simulations were run with steady uniform wind speeds from
cut-in to cut-out, in 1 m/s increments, with all the platform DOF disabled (i.e., like
a fixed land-based wind turbine) as suggested by Jonkman (2007) to ensure that
the semi-submersible floating platform is not excited by the applied wind and

waves.

Figure 3-4. Simulated FOWT characteristics from periodic steady winds for two
different blade models: (blue) pitch-to-feather and (red) pitch-to-stall.

Figure 3-4a highlights the difference in the pitch angles required for both control
methods. For feather control, a continuous, smooth rise in the blade pitch angle
required was seen from 0° at the rated wind speed of 11.4 m/s, to just exceeding
23° at the cut-out wind speed of 25 m/s. For stall control, the negative pitch angle
requirement rose steeply at wind speeds just above rated, the area of operation
often referred to as Region 2.5, and a maximum negative pitch angle
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(approaching —-8°) was experienced at wind speeds as low as 15 m/s. The pitch
angle then slowly decreased in magnitude again as wind speeds increase to over
20 m/s, after which the required blade pitch angle was maintained at a fairly

constant level of approximately —-3.5° before the FOWT cut-out at 25 m/s.

From the simulated rotor thrusts in Figure 3-4b, it can be seen that, at wind
speeds above rated, the rotor thrust curves were the inverse of the required pitch
angle curves for both the pitch-to-feather and pitch-to-stall control methods. The
tower fore—aft deflections curves, shown in Figure 3-4d, followed the same
pattern as the rotor thrusts experienced by the relative control method. The
outputs of all other parameters observed in Figure 3-4 were identical and are

presented to show the specific responses for both control methods.

3.4.2 Integrator saturation issue

Initial investigation into the response and load analysis of the 'Pitch-to-Stall
Model in turbulent winds, when the floating wind turbine was operating near to
the rated wind speed, highlighted a problem with the rotor speed increasing with
simulation time to velocities beyond the design limit, as seen in Figure 3-5a. As
rotor speed directly influences the generated power, this was also negatively
affected, as seen in Figure 3-5b. This rotor speed increase occurred during
sudden changes from wind speeds below rated to wind speeds above rated and
was due to the pitch controller actuator reaching its upper limit. When this
occurred, it caused the feedback loop to become an open loop, thus the saturated
actuator remained at its upper limit even when the output changed. This error
then continued to be integrated by the PI controller, which caused the integrator

to be 'wound up’, as observed by Wright and Fingersh (2008).

As well as a large overshoot in the blade pitch angle, such that the angle
increases from around —-8° to nearly —-12° (Figure 3-5e), oscillations were also
seen as the system returned to a stable state. This can clearly be seen by the
response shown in red in Figures 3-5c,d for the platform pitch motion and the
tower fore—aft bending moment, respectively. These oscillations lasted for up to

100 s after each rotor over-speed occurrence. These undesirable responses,
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along with rotor speeds far exceeding the design limit, cannot be tolerated by the
turbine, hence, an anti-windup filter was incorporated to feed back into the pitch-
to-stall controller design (Figure 3-2). The anti-windup filter changes the gain
value of the integral during saturation and prevents the rotor speed from
erroneously over-shooting. The anti-windup filter is inactive except when the
floating wind turbine is operating near to the rated wind speed, as the pitch angle
is the same at the input and output of the pitch-limit control box under these

conditions (Figure 3-2).

Figure 3-5. Simulated responses of the ‘Pitch-to-Stall Model’ with and without anti-
windup at 13 m/s mean turbulent winds.

3.4.3 Normalized outputs in turbulent wind conditions

A selection of the most relevant load analysis results are presented as ratios
against the 'Feather Base Model’, in Figure 3-6, obtained with all the DOF
enabled except for the rotor-teeter DOF, which is not applicable to a three-bladed
turbine. Each output was calculated from 3 x 3 hr simulations each generated

with three different random wind and wave seeds, compiled from periodic winds
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files, such that the wind distribution was repeated every 10 mins throughout the
full simulation time. The 3 hr simulation length was chosen to improve the fatigue
analysis, as the responses of FOWTs vary more with time than fixed turbines.
The tower axial fatigue life was derived using a Rainflow cycle counting algorithm
and Miner's Rule within MATLAB, developed by The MathWorks, Natick,
Massachusetts, USA (Kvittem & Moan 2015). The stochastic turbulent mean
winds were generated using the Kaimal wind spectrum. Results presented as a
range represent the full range of motion experienced from the maximum to the
minimum values for the combined simulations. Simulations are presented under
mean winds of 8, 13, and 18 m/s each with an IEC (International Electrotechnical
Commission) turbulent intensity model B (0.14) (EN 2006), a power law exponent
of 0.14, and a surface roughness length of 0.03 m. The significant wave heights
(Hs) were 1.25, 2.5 and 4.5 m, at 8, 13 and 18 m/s mean wind speeds respectively
and the spectral peak periods (Tp) were 5.5, 8 and 10 s. The significant wave
height is calculated by finding the mean of the highest third of all the waves
experienced and the spectral peak period is derived from the highest energy
waves. All environmental conditions are the same for each model at each mean
wind speed. The first 300 s of each simulation was discarded to avoid transient

responses.

At 8 m/s mean wind speed, the tower base axial fatigue life of the untwisted Pitch-
to-Stall Model, was seen to be identical to the 'Feather Base Model’ and higher
than all 'Back Twist Pitch-to-Stall Models’ (Figure 3-6a). For mean winds of
13 m/s, seen in Figure 3-6b, the tower axial fatigue life increased for all stall
scenarios, with a maximum extension in life of over 20% when the back twist was
3°. However, at the 18 m/s mean wind speed, shown in Figure 3-6c, it was only
with the more extreme back twist of 9° that the tower life expectancy exceeded
that achieved with pitch-to-feather control. The increase in tower axial fatigue life
for this high back twist was 5.8%; however, the average generated power had a
slight decrease for the back twisted pitch-to-stall models at the below rated wind
speed (Figure 3-6d).
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Figure 3-6. Simulation outputs for pitch-to-stall blade models with and without back
twist. Outputs were normalized against the ‘Feather Base Model' and given for 8 (left),
13 (centre), and 18 m/s (right) mean turbulent winds.
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The rotor thrust was higher for all the blade models with a back twist for mean
winds of 8 m/s (Figure 3-6g); however, the thrust decreased as the twist angle
increased. The variation in rotor thrust was higher when moving from pitch-to-
feather to pitch-to-stall at both mean wind speeds above rated; an increase of
around 1.7x at mean winds of 13 m/s (Figure 3-6h), rising to 2.7x at 18 m/s
(Figure 3-6i).

The variation between pitch-to-stall models, however, was negligible. The
platform pitch response at mean wind speeds of both 8 and 13 m/s, as seen in
Figure 3-6j,k, was in accordance with the tower base fore—aft moment range
(Figure 3-6m,n), and hence corresponded inversely to the tower base axial

fatigue life (Figure 3-6a,b).

At the higher mean wind speed of 18 m/s, the platform pitch range, shown in
Figure 3-61, was much lower for all stall blades than for the 'Feather Base Model’
at a ratio of approximately 0.67 with only a 1.2% variation between stall blades’
responses. Reductions in tower base fore—aft moment range were seen with back
twist angle increases (Figure 3-60). The blade flapwise bending moment was
much reduced by the introduction of back twist when simulated in 18 m/s mean
turbulent winds (Figure 3-6r) by over 20% for the most extreme back twist angle
of 9°, when compared to the 'Feather Base Model'.

3.4.4 Performance characteristics in turbulent winds

Relevant turbine responses for the 'Feather Base Model’ are shown alongside
the original 'Pitch-to-Stall Model’ and the 9° 'Back Twist Pitch-to-Stall Model’ in
Figure 3-7. These were derived with all DOF enabled (excluding rotor-teeter). The
presented data are for one randomly selected wind and wave seed combination
and highlight the performance of the relevant responses arising from mean wind
speed, model, and controller variations. However, all numerical comparisons are
the averages from the 3 x 3 hr simulations, as detailed in section 3.4.3. It should
be noted that the results between the two stall models are within 1% of each other
for the variables presented in Figure 3-7g-l, making no apparent distinction

visible.
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In Figure 37e, at mean turbulent winds of 13 m/s, the blade pitch angle range was
reduced by over 2° with the 9° 'Back Twist Pitch-to-Stall Model’ compared to the
'Pitch-to-Stall Model'. At 13 m/s, the variation in the rotor speed response seen
in Figure 3-7h was 4.7 rpm for the 'Feather Base Model’ and 1.4 rpm for all pitch-
to-stall models. The rotor speed range at 18 m/s was approximately 0.2 rpm for
the pitch-to stall models, whereas the 'Feather Base Model’ range was 4.8 rpm

(Figure 3-7i).

Figure 3-7. Simulation outputs for pitch-to-feather and pitch-to-stall blade models
without and with 9° back twist with mean turbulent winds and sea states of 8 m/s,
Hs=1.25 m, Tp=5.5 s (left), 13 m/s, Hs=2.5 m, T,=8.0 s (centre), and 18 m/s, Hs=4.5 m,
Tp=10.0 s (right).

The generated power also had a smoother response with pitch-to-stall control in
above rated winds, with an average variance for all pitch-to-stall controlled
models of 1980 kW compared to 3718 kW for pitch-to-feather control at 13 m/s
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(Figure 3-7k). The variation in generated power at 18 m/s was approximately 101
kW for all pitch-to-stall models, compared to 1997 KW with pitch-to-feather control
(Figure 3-71).

The rotor thrust response range shown in Figure 7n at 13 m/s was not lower
overall for the pitch-to-stall models; however, the variation was reduced with the
implementation of the 9° 'Back Twist Pitch-to-Stall Model’, which smoothed the
response by 10% compared to the 'Pitch-to-Stall Model’. At 18 m/s mean winds
shown in Figure 3-70, the rotor thrust was more constant overall with pitch-to-stall
control, with the 9° 'Back Twist Pitch-to-Stall Model’ again have a further 10%

thrust reduction compared to the 'Pitch-to-Stall Model’ response.

3.5 Discussion

For stall operation, a big reduction in the blade pitch actuation range (defined as
the pitch angle) was seen (Figure 3-4a), a requirement of approximately 8°
compared to a 23° for feather pitch control. This does not, however, correlate into
a reduction in blade pitch actuation rate, as this tends to increase whenever

control frequencies are higher, as allowed in pitch-to-stall control.

For the 'Feather Base Model’, the continuous reduction in rotor thrust for above
rated wind speeds (Figure 3-4b) would contribute to negative damping, and
hence turbine tower instabilities and oscillations, if negative damping was not
avoided by reducing the natural frequency of the pitch-to-feather control system.
The 'Pitch-to-Stall Model’ also experiences a dip in the rotor thrust seen at around
17 to 18 m/s wind speeds. This negative derivative of the thrust versus the wind
speed could introduce negative damping of the platform pitch mode, as the thrust
does not increase within this section because excess power is discarded to keep
the rotor speed constant. Ideally a pitch-to-stall model could be designed to

produce a continuous rise in rotor thrust.

All turbine responses at 8 m/s mean turbulent winds, shown in the left hand
column of Figure 3-6, are not influenced by the blade pitch control method as the

pitch angle is constant below 11.4 m/s. Therefore, the increase in the simulated
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platform pitch response in Figure 3-6j and decrease in blade flapwise bending
moment range in Figure 3-6p experienced by the 'Pitch-to-Stall Model’ compared
to the 'Feather Base Model’, must be solely due to the changes in blade aerofoil
lift coefficients. The 'Back Twist Pitch-to-Stall Models’ are further influenced at
8 m/s mean wind speeds by the -4° constant blade pitch angle and the specific
back twist angle for each model.

When operating in mean winds of 13 m/s, all the pitch-to-stall models experienced
a beneficial increase in the tower axial fatigue life, shown in Figure 3-6b, when
compared to the 'Feather Base Model’. This was further increased by the
introduction of a back twist that extended the tower axial fatigue life by over 20%
when the back twist was 3°. At this mean wind speed, a correlation between tower
fore—aft moment’s range reduction (Figure 3-6n) and platform pitch (Figure 3-6k)

and blade flapwise bending moment (Figure 3-6q) reductions can be made.

At 18 m/s mean turbulent winds, the tower axial fatigue life of the 'Pitch-to-Stall
Model’ was very low and the influence of applying and then increasing the back
twist are very apparent. However, it is only with the more extreme 9° 'Back Twist
Pitch-to-Stall Model’ that the tower axial life expectancy was exceeded, achieved
by the 'Feather Base Model’ (Figure 3-6c¢). The increase in tower axial fatigue life
Is a very desirable 5.8%. A strong correlation between the tower fore-aft base
moment (Figure 3-60) and the blade flapwise bending moment (Figure 3-6r) was
apparent at 18 m/s mean winds, such that as the flapwise bending range reduces
so does the tower base fore—aft moment, and hence the fatigue life increases.
However, this does not hold true when compared against the 'Feather Base
Model’, as there are scenarios where the blade flapwise bending moment range
is higher than that seen for feather control, but the fatigue life is still improved for
the stall cases and vice versa. This could be due to the different profile shapes of
the blade relative to the axial bending direction, when pitching-to-feather versus
pitching-to stall. Further investigation would be necessary to explore this theory.
The platform pitch range seen in Figure 3-61 does not influence the tower fore-aft

moment, and hence the tower fatigue life at this mean wind speed.
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An account of the site wind speed probability density function for the three wind
profiles was taken, such that the tower axial fatigue life was weighted depending
upon its frequency of occurrence for the three mean wind speeds examined. A
larger increase in tower base axial fatigue life was achieved with this weighting;
with the higher 9° 'Back Twist Pitch-to-Stall Model’, a 2.8% increase was
achieved compared to the 'Feather Base Model'. This came at the expense of a

decrease in the power generation of 1%.

Pitch-to-stall control of the HAWT coupled the semi-submersible floating platform
provided a more regulated energy output than was achieved with the 'Feather
Base Model'. The average variance for both pitch-to-stall models was 1980 kW
compared to 3718 kW for the 'Feather Base Model’ at 13 m/s (Figure 3-7k), and
101 kW compared to 1997 KW at 18 m/s (Figure 3-71). This is due to the higher
pitch-to-stall control system frequency setting allowed, as negative damping is

avoided by design.

3.6 Conclusions

In the present day, the requirement to increase the renewable portion of our
energy supply worldwide is becoming more imperative each day. The offshore
wind capacity has been increasing rapidly, by 87% between 2016 and 2017, in
order to meet these needs (Fried et al. 2017) and due to the limited shallow bed
and low seabed slope, the industry is looking more towards floating offshore wind
solutions in the future. However, turbine tower loads are often increased when a
turbine is mounted on a floating platform and unless these undesirable motions

can be significantly reduced, then the strength of the tower must be increased.

This research is therefore concerned with reducing excessive motions and loads
associated with FOWTs and their effects on the turbine tower, while improving
energy generation by pitching the turbine to stall, instead of feather, to control
rotor speed which avoids the negative damping issues by design, resulting in an
improvement in the regulation of the power generated. The example FOWT
presented is a semi-submersible floating platform, coupled to a 5 MW HAWT,

investigated through simulation.
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Overall, it has been shown that the proposed approach seems to be effective in
diminishing detrimental oscillations of the power output and in enhancing the
tower axial fatigue life. This is achieved by variable speed, variable pitch-to-stall
control, reducing the negative damping phenomenon (more regular power
output), and through manipulating the blade design by the introduction of a back
twist towards feather (reductions in the blade root flapwise moment leading to
reductions in the tower bending moments, and hence increasing the tower axial
fatigue life). This research, therefore, highlights that active variable speed and

variable pitch-to-stall control has potential benefits specific to FOWTSs.

More specifically, tower base axial fatigue life was increased for all pitch-to-stall
scenarios, when operating in 13 m/s mean turbulent winds. The introduction of a
back twist added an additional desirable increase of over 20% when the back
twist was 3°. This correlated with a corresponding decrease in both platform pitch

and blade flapwise bending moment ranges of motion.

At 18 m/s mean winds, the more extreme 9° ‘Back Twist Pitch-to-Stall Model’
provided a tower base life expectancy that exceeded that achieved by the
‘Feather Base Model’ by 5.8%. No correlation between the platform pitch
response and tower base fore—aft moment was apparent at this mean wind
speed. However, a strong correlation between the ranges of motion from the
blade flapwise bending and the tower base moment was seen, which strongly
indicates that decreasing the blade flapwise bending range decreases the tower

fore—aft moment range.

Overall, the 9° ‘Back Twist Pitch-to-Stall Model” achieved the best tower base
axial fatigue life with a 2.8% increase on the 'Feather Base Model’ when
accounting for the relevant frequencies of occurrence of the three mean turbulent
wind speed profiles, for the specific site, at the expense of a decrease in the
power generation of 1%. At wind speeds above rated, the performance of pitch-
to-stall in terms of rotor speed regulation and generated power output far exceeds
that achieved with pitch-to-feather.
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Further investigation with more variations in terms of twist initiation point, back
twist angle, and constant pitch below rated angles would be recommended.
Additional research on a complete back-twisted stall blade design would also be
required to enable an in-depth analysis of all the blade loads as well as loads on
the nacelle, gearbox, drive train, and other system components. Hence, enabling
an overall assessment of the pros and cons of a back twist blade for a FOWT
with active pitch-to-stall control. A study on the benefits of this blade and pitch

control system on other FOWT types would also be beneficial.
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Abstract. For a turbine mounted on a floating platform, extreme induced
loads can be increased by up to 1.6 times those experience by a turbine
situated on a fixed base. If these loads cannot be reduced, towers must
be strengthened which will result in increased costs and weight. These
tower loads would be additionally exasperated for a pitch-to-feather
controlled turbine by a phenomenon generally referred to as 'negative
damping’, if it were not avoided. Preventing negative damping from
occurring on a pitch-to-feather controlled floating platform, negatively
affects rotor speed control and regulated power performance. However,
minimising the blade bending moment response can result in a reduction
in the tower fore-aft moment response, which can increase the tower life.
A variable speed, variable pitch-to-stall floating semi-submersible wind
turbine, which does not suffer from the negative damping and hence

provides a more regulated power output, is presented. This incorporates
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a back twist blade profile such that the blade twist, starting at the root,
initially twists towards stall and, at some pre-determined ‘initiation’ point,
changes direction to twist back towards feather until the tip. Wind
frequency weighting was applied to the tower axial fatigue life trends of
different blade profiles and a preferred blade back twist profile was
identified. This had a back twist angle of -3° and started at 87.5% along

the blade length and achieved a 5.1% increase in the tower fatigue life.

Keywords: floating offshore wind turbine (FOWT); pitch-to-stall; blade

back twist; tower axial fatigue life

4.2 Introduction

Increasing the proportion of our energy that comes from renewable sources is
imperative. Across the globe, extreme environmental events are increasing
driven by indisputable anthropogenic contributions to climate change (Knutson et
al 2018). Unfortunately, this disproportionately effects the world’s poorest people,
which has likely contributed to the lack of adequate speedy action on the part of
the world’s economic leaders. If greenhouse gas emissions continue to rise, then
it is predicted that the planet will experience a 1.5 °C human-orchestrated global
warming impact by 2030 (First 2018). This will cause wide spread issues with
food, water security, flooding, droughts and storm conditions, which will shadow
the devastating impact from global warming, that has already been seen in recent

years.

Some countries are moving towards renewable energy faster than others and,
within Europe, over 11% of energy was derived from wind power in 2018, with an
increasing proportion of nearly 10% of that wind energy coming from offshore
farms (Europe 2018). Floating offshore wind turbines (FOWTSs), which permit the
use of a wider range of offshore sites, thus increasing global offshore wind
potential, are still in the developmental stage. However, worldwide predictions
are for a 5% contribution of the global offshore wind energy market by 2030 (Fried
et al 2017).
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The loads experienced by turbines situated on floating platforms, rather than a
fixed base, are often increased, varying in both magnitude and origin, depending
upon the platform design as well as on environmental conditions. Extreme
induced tower base bending moments of a FOWT, have been shown to increase
by up to 1.6 times those experienced by the same turbine with a fixed base
(Robertson and Jonkman 2011). If these loads cannot be reduced, towers will

need additional strengthening, resulting in increased costs and weight.

As the frequencies of the floating platform’s motions (surge, sway, roll and pitch)
are generally one or more orders of magnitudes lower than for fixed turbines,
when the turbine pitches-to-feather to control the rotor speed above rated wind
speeds, a reduced performance is seen. This results in the rotor speed regulation
not achieving a smooth response, and hence, negatively effecting the generated
power output (Larsen and Hanson 2007). This performance drop is caused by
the need to set the pitch control bandwidth at a lower frequency to avoid the first
resonance modes of the turbine tower and thus avoid the negative damping,
which can occur due to the continuous reduction in rotor thrust seen when
pitching-to-feather. If unchecked, negative damping can create instability in the
tower fore-aft response, as well as oscillations and hence increased tower
fatigue. One solution to improve the regulation of the rotor speed and power
generation of floating turbines could be to utilise turbines that still provide
variable-speed, variable-pitch control but by, instead, pitching towards stall. This
is because, as found by Larsen and Hanson (2007), this control method is not
susceptible to ‘negative damping’ issues. The avoidance of negative thrust issues
occurs since, as the wind velocity increases (in the above rated wind speed
range), the rotor thrust increases for a stall controlled turbine, whereas for a
feather controlled turbine the thrust diminishes, creating a negative derivative
with respect to the wind speed (Ward et al 2019). Hence, active pitch-to-stall
control enables a higher control frequency setting to be employed within the blade
pitch controller, which improves both rotor speed regulation and power quality.
However, pitching to stall often results in higher blade loads as well as deflection

(Macquart and Maheri 2019), although the peaks seen in passive stall blades are
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less likely to occur on an actively pitching-to-stall turbine. Also, thrust and torque
are more stable as the pitch angle variations during operation in Region 3 are

small for stall control compared to feather (Bossanyi 2003).

There have been only two studies (unrelated to this research), which have looked
at the simulated responses of a floating turbine with active variable speed,
variable pitch-to-stall (VSVP-S) control. However, these both utilized blades
predominantly designed for feather control (Larsen and Hanson 2007; Jonkman
2007). Also, although reducing the tower response is often highlighted as a main
design criteria for floating turbines due to the increased loads, research has
generally focused on platform pitch damping (Jonkman 2007; Lackner 2013;
Fleming et al 2019). However, reducing the blade bending moment response can
also dampen the tower response, as has been observed with bend-twist coupled
blades. These blades can be created by changes to the curved blade geometry
in terms of twist, pre-bending, or the deflection that occurs under loads (Stéablein
et al 2017). Twist, pre-bending or sweep are generally designed into the blade
and implemented during manufacture and, under load, additional twist and bend
will also be experienced. The blade can also be designed such that a deflection
under load creates a reduction in the blade bending moment as the wind speed
increases. Blade twist is standardly employed on large blades (Stablein et al
2017; Merz 2011; Méndez and Greiner 2009) and has been shown to reduce
blade vibrations and fatigue as well as tower fore-aft frequency response on the
10 MW DTU (The Technical University of Denmark) turbine, when pitching-to-
feather (Stéblein et al 2017). Reversal of the direction of the blade twist profile at
some point along the length, referred to as ‘back twist’ throughout the remainder
of this study, has also been employed for fixed-stall blades. Thus, the blade twist,
starting at the root, initially twists towards stall and, at some pre-determined
‘initiation’ point, changes direction to twist back towards feather until the tip. This
helps to keep the airflow attached to the blade nearer the tip at higher wind
speeds, which increases the power production for that section of the blade (Merz
2011). Generally the back twists explored have been of only a couple of degrees

but have varied in initiation point from approximately 5 to 70% along the blade
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radius, measured from the tip (Merz 2011; Stablein et al 2017). The design criteria
of blade twist often focuses on maximising the turbine’s power, as such, changing
the setting of the constant pitch angle below rated wind speed has also been
employed to optimize the energy output (Bossanyi 2003). This work builds on the
research presented on a VSVP-S FOWT by Ward et al (2019), which investigated
the effect on tower axial fatigue of a blade back twist that started at a distance of
75% along the blade radius, as measured from the root. For the semi-submersible
platform analysed, an increase in the tower axial fatigue life of over 20% was
achieved when operating in turbulent mean winds of 13mps. These results
highlighted the requirement for a further systematic investigation into the benefits
in terms of tower life extension, due to changes in the back-twist magnitude or on
the role of its initiation point on a VSVP-S controlled FOWT.

Ostachowicz et al (2016) state that, as the twist distribution of a coupled blade is
dependent upon the wind speed, the blade cannot therefore be designed with a
set tip-speed-ratio. Two methods to determine the non-optimal blade twist are
proposed by (Ostachowicz et al 2016). The blade twist of a coupled blade is
classed as non-optimal since fatigue is often reduced, but this may be at the
expense of a reduction in the power generated. The first method is an iterative
procedure that starts with the ideal blade twist for a specific tip-speed ratio, and
which is then compared to the pre-twist required to achieve this at a specific wind
speed. Iterative procedures used to optimise both blade twist and chord of a site
specific passive stall blade, have however experienced difficulty at the early
stages of the process, as the required angle of attack was outside the operational
range (Lobitz and Veers 2003). The second method suggested was to optimise
the blade twist at a specific wind profile. However, the authors that proposed this
approach believed it has not yet been explored (Ostachowicz et al 2016).
Currently there are no large, VSVP-S blade designs in use on floating platforms,
partly because of a lack of understanding of a stalled blades aerodynamic
behaviour (Bossanyi 2003). Thus the iterative procedure would be more complex

to apply than optimisation at a specific wind speed, as assessing the suitability of
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a specific twist is not a question of optimising an already commissioned blade
design with an ideal twist for a specified tip-speed ratio.

This paper therefore aims to explore the effects of both the back twist's initiation
point and its twist angle under a specific wind profile. The main desired outcome
of presenting a preferred blade back twist for a specific site, is to reduce the tower
fore-aft moment response and hence increase the tower fatigue life of a floating
offshore semi-submersible wind turbine without overly adversely affecting the
energy generated. The effect on both tower fatigue and energy generation of the
constant pitch angle below rated wind speed setting will also be examined. A
comprehensive optimisation would be beyond the scope of this work, since it

should include a more advanced aero-elastic model of the blades and tower.

4.3 Simulation Model

4.3.1 Dynamics model approach

The aero-hydro-servo-elastic simulation models used in this study are based on
the open source semi-submersible floating platform coupled to a 3 bladed 5 MW
horizontal axis wind turbines (HAWT) and moored with 3 catenary mooring lines
modelled utilizing MoorDyn. The mooring system dynamics are predicted
assuming that each of the 3 mooring lines are a lumped mass and also accounts
for the effects due to the buoyancy forces, weight, damping and axial forces as
well as the hydrodynamic forces that have been derived utilizing Morison’s
equation. More details of the mooring system design can be found in the
international OC4 Phase Il study (Robertson et al 2014a; Robertson et al 2014b;
Jonkman et al 2009). This OC4 Phase Il study compared several offshore
simulation code packages. The open source aero-hydro-servo-elastic fully
coupled time domain simulation code package, FAST v8 (Jonkman and Buhl
2005), was employed to generate a range of platform and turbine responses in
different environmental settings. FAST v8 can predict aerodynamic loading as
well as rotor and wake effects on the blades and, for a floating structure, the
aerodynamic models are linked to hydrodynamic, dynamic structural and control

models, allowing fully-coupled nonlinear aero-hydro-servo-elastic simulations
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within the time domain to be performed. FAST utilizers the Leishman-Beddoes
dynamic stall model executed through AeroDyn. The potential flow theory
hydrodynamic approach was implement in this study and utilized the frequency
domain code WAMIT to derive the 15t and 2" order hydrodynamic coefficients
(Robertson et al 2014a; Robertson et al 2014b; Jonkman et al 2009). Identifying
errors within aero-hydro-servo-elastic simulation codes and/or models can be
challenging due to the complex nature of the loads under analysis, however the
OC4 Phase Il study simulation results from the different simulation code
packages are all open source, which allowed for model and initial response
validation. More details of the capabilities of the FAST simulation code can be

found in the documentation by Jonkman and Buhl (2005).

4.3.2 Methodology

The 1/50" Froude-scaled experimental model as used as part of the US
DeepCWind project (Goupee et al 2014), is the foundation of the simulation
model of the semi-submersible floating platform, and is connected to the seabed
by three catenary mooring lines. The tower of the 5 MW NREL (National
Renewable Energy Laboratory) turbine was amended as part of the OC4 phase
Il study (Robertson et al 2014a), such that the mode shapes of the tower were
altered to make them suitable for the additional flexibility required when coupled
to this type of floating platform. Hence, the connection between the tower base
and the platform is represented as a cantilever beam rather than the rigid
connection used for a fixed base turbine. The turbine has a rotor diameter of
126 m and a hub height of 90 m above sea water level (SWL). The rated rotor
speed is 12.1 rpm, which is achieved at a wind speed of 11.4 mps and it is a
variable speed, variable pitch-to-feather wind turbine. Further details on all
aspects of the simulation models can be found in Robertson et al (2014a) and
Jonkman et al (2009).

There are three main models defined in the present work.
1. A conventional ‘Feather Base Model' against which all other models are

compared and which pitches-to-feather utilizing a constant-torque pitch
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controller with gain scheduling that avoids negative damping, as defined
within the OC4 Phase Il study (Robertson et al 2014a).

2. A VSVP-S wind turbine, which has all the same simulation model
characteristics as the ‘Feather Base Model’, with the exception that the lift
coefficients of the blade aerofoils, which have been altered so that a
smoother transition occurs with changes in the angle-of attack, as
suggested and provided by (Jonkman 2007). This model, which pitches-
to-stall is generally referred to as the ‘Stall Test Model'.

3. A ‘Stall Back Twist Model’, which pitches-to-stall and which incorporates
the changes made to the blade lift coefficients of the ‘Stall Test Model’ and
further imposes a linear back twist towards feather. Thus, the blade initially
starts to twist at the root, first towards stall and then at some pre-
determined point changes direction to twist back towards feather until the
tip, whereupon the specified back twist angle is reached. The basic ‘Stall
Back Twist Model’ is further divided into a series of 12 models, each with
a unigue equispaced combination of back twist angle and initiation point

as outlined in Table 4-1.

Initially, short 600s simulations were carried out at twist distances (at equally
spaced intervals) for most of the blade length. However, at higher initiation points
from the tip more blade vibrations were observed along with other simulation
problems. Hence, the twists initiated have been confined to the last 25% of the
blade (closer to the tip). Further details on the rotor thrust, power curves and pitch
angles for the Feather Base Model and Stall Test Model, as derived through
steady state analysis over the full range of operational wind speeds, are provided
by Ward et al (2019).
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Table 4-1. Model parameters

Active | Twist starting . Proportional| Integral
: . Twist angle ) .
variable | distance from |. gain at gain at
Test ID . increase at
pitch blade | blade root the tip (°) 18mps, Kp | 18mps,
control | (%) | (m) i (s) Ki
Feather Base Feather 0 0 0 Inbuilt gain scheduler
Model
Stall Test Model |Stall 0 0 0 -0.865 -0.371
Stall Back Twist Stall 7501 461 3 -0.917 -0.393
Model 1
Stall Back Twist Stall 875 53.8 3 -0.895 -0.383
Model 2
Stall Back Twist Stall 928 570 3 -0.880 -0.377
Model 3
Stall Back Twist Stall 7501 461 6 -1.105 -0.474
Model 4
Stall Back Twist Stall 875 538 6 -0.981 -0.421
Model 5
Stall Back Twist Stall 928 570 6 -0.934 -0.400
Model 6
Stall Back Twist Stall 750 461 9 -1.414 -0.606
Model 7
Stall Back Twist Stall 875 53.8 9 -1.104 -0.473
Model 8
Stall Back Twist Stall 928 570 9 -1.000 -0.429
Model 9
Stall Back Twist
Model 10 Stall 75.0f 46.1 -12 -1.706 -0.731
Stall Back Twist
Model 11 Stall 875 53.8 -12 -1.216 -0.521
Stall Back Twist
Model 12 Stall 928/ 57.0 -12 -1.016 -0.435

4.3.3 Control strategy approach
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To pitch the turbine blades towards stall to control rotor speed by keeping the
rotor torque constant when wind speeds are above the rated speed of 11.4 mps,
a feedback Proportional-Integral (PI) controller was built in Simulink and coupled
to the FAST code as depicted in Fig 4-1. The controller gain settings are constant
throughout the wind speed range with values derived at 18 mps steady winds for
each model. The controller also incorporated a pitch rate limiter set to the

industrial norm of +/- 8 °/s (Namik and Stol 2010) and an anti-windup filter (Wright




and Fingersh 2008). At wind speeds below rated, the controller did not change
the pitch angle for either the feather or stall designs. More details of this controller

and the process to obtain the gain settings can be found in Ward et al (2019).

The proportional and integral gains were unique to each stall model and were
derived using a single degree of freedom (DOF) model of the angular shaft
rotation as detailed by Larsen and Hanson (2007), and Jonkman et al (2009). The
derivative gain, Kp, has been set to zero as proposed by Hansen et al (2005). A
constant gain derived at steady winds of 18 mps was chosen for each model that
was actively pitching-to-stall, as the pitch angle becomes double-valued , such
that the same blade pitch angle is seen at different wind speeds within Region 3
which would make the implementation of a gain scheduler more complex
(Jonkman et al 2009).

Figure 4-1. Pitch-to-stall feedback proportional-integral controller

4.4 Test conditions

To better understand the trends and effects of both back twist magnitude (BTM)
and back twist initiation point (BTIP), a selection of relevant responses at 3
separate mean turbulent wind speeds were analysed. The specific environmental
conditions were for a site based in the North Sea approximately 100 miles north-
east of Aberdeen (Geos 2001). The sea depth for the site was unmeasured and
so has been estimated at 200 m. Table 4-2, shows the conditions applicable for
a turbine with a hub height of 90 m above SWL, as derived from the data
accumulated by Geos (2001), with the highlighted pathways applicable to the 3

mean stochastic turbulent wind speeds analysed.
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Table 4-2. Average annual environmental conditions at grid point 59.300N 0.475E

Hub height | Hub Hellman Wind Wind Significant | Spectral |Windspeed % of total
wind speed | heiaht | exoonent measureme | measureme Wave Peak Band operatin
(m 2) (rr?) (uns'?able air) nt height nt at site | Height Hs | Period Tp | Range at ptime 9
P (m) (mps) (m) (s) | site (mps)
0.3-1.6
1.6-34
3 90 0.06 10 2.63 1.92
4 90 0.06 10 3.51 0.5 5.0
5 90 0.06 10 4.38 34-55 13.72
6 90 0.06 10 5.26 10 6.0
7 90 0.06 10 6.14
8 90 0.06 10 7.01 195 55 55-8 23.11
9 90 0.06 10 7.89
10 90 0.06 10 8.76
11 90 0.06 10 9.64 15 7.0 8-10.8 25.72
12 90 0.06 10 10.52
13 90 0.06 10 11.39
14 90 0.06 10 12.27 2.5 8.0 10.8 - 13.9 20.03
15 90 0.06 10 13.15
I
- . 13.9-17.2| 11.33
18 90 0.06 10 15.78 45
19 90 0.06 10 16.65 '
20 90 0.06 10 17.53 10.0
21 90 0.06 10 18.41 50 17.2-208 301
22 90 0.06 10 19.28
23 90 0.06 10 20.16
24 90 0.06 10 2L04 - 70 120 |208-245| 026
25 90 0.06 10 21.91

The mean turbulent wind speed of 8 mps was chosen to represent the below
rated wind speed conditions, as the 15 tower fore-aft bending natural frequency
occurs when the rotor speed is estimated to be approximately 9.2 rpm. The
second mean turbulent wind speed chosen was 13 mps, as this is representative
of the wind speed region around the rated wind speed of 11.4 mps. Lastly, a
mean turbulent wind of 18 mps represents the upper operational range of the
turbine, where the wind speed reached, due to turbulence, an upper limit
approaching the 25 mps cut off wind speed, at which the turbine would be
expected to close down to prevent damage occurring.

For the wind files the Kaimal wind spectrum and IEC turbulent intensity model B
was used throughout (EN 2006), along with a power law exponent of 0.14 and a
surface roughness length of 0.03 m. These turbulent wind velocity time histories

were derived from 10 minute periodic stochastic turbulent mean winds, as
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recommended in the IEC 61400-3-1 standard (EN 2017). The 10 minute interval
Is based on the wind variation spectral gap between the diurnal and turbulent
peaks. However, analysis was conducted on 3 hour simulations, after the first
300 seconds was discarded to avoid transient responses. The choice of 3 hour
simulation length was made partly due to the results presented by Li et al (2017)
where the relative error for 1 hour simulations exceeded 23% compared to two
hour simulations. The other factor in this choice was that the statistical content of
1 x 3 hour simulation resembles that of 3 x 1 hour simulations, allowing the
random seed requirement to be reduced (Kvittem and Moan 2015). This enabled
the wind inflow to remain the same throughout a long simulation, but the floating
turbine’s response to vary, thus allowing adequate estimations of the fatigue of
the tower to be obtained from the axial stress at different wind speeds, using a

Rainflow cycle counting algorithm within MATLAB (Niestony 2009).

As the cross sectional area of the tower base is symmetrical, the axial stress can
be found utilizing Equation 4-1 (Li et al 2017).

Axial Stress = (Fu/A)+((Myt.Cos(9)-Mx:.Sin(D))*(ro/1)) [Eq 4-1]

where; Fz is the axial force at the base of the tower (kN), A is the cross-sectional
area of the tower base (0.55 m?), Myt is the fore-aft moment at the base of the
tower (kN/m), @ is the wind angle, Mx: is the side to side moment at the base of
the tower (kN/m), ro is the tower base cylinder central radius (3.24 m) and | (as Ix

= ly) is the sectional moment of area (m*).

Outputs are normalised with respect to the ‘Feather Base Model’ results, and are
from the combined results from 3 x 3 hour simulations, each with 3 unique sets
of random wind and wave seeds. The significant wave height and spectral peak
period for each sea state are those specified in Table 4-2 at the relevant wind

speed of a specific simulation run. All responses in turbulent wind conditions were
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obtained with all of the 16 wind turbine and six platform DOF enabled as detailed
in depth by Jonkman et al (2009).

4.5 Results

4.5.1 Constant pitch angle below rated trends

To enable the analysis of the effects of BTM and BTIP on tower axial fatigue life,
an initial study on the effects on the constant pitch angle setting below rated was
performed at mean turbulent winds of 8 and 13 mps. The responses at 18 mps
winds were unaffected as the wind speed did not drop below the rated speed of
11.4 mps, throughout the simulations. These were obtained with all the DOF
relative to a 3 bladed HAWT enabled. Fig 4-2 shows the normalized ratio outputs
as compared to the ‘Feather Base Model’ of a selection of load responses for a
blade with a back twist angle of -6° as measured at the blade tip and applied at 3
initiation points along the blade length. The three initiation points presented are
75%, 87.5% and 92.75% as measured along the blade length from the root. Three
different constant pitch angles below rated were analysed, 0°, -2° and -4°.

When winds of 8 mps were experienced, the tower axial fatigue life was highest
when the constant pitch angle was set at 0° and when the back twist initiation
point started higher up the blade (Fig 4-2(a)). However the average generated
power was only equal to the ‘Feather Base Model' when the twist was either
initiated close to the tip at a constant pitch angle of 0° or when the angle was
increased to -2° and closer to the root (Fig 4-2(c)). The rotor thrust, platform pitch,
blade deflection and blade flapwise bending moment ranges decreased as the
tower axial fatigue life increased, when the constant pitch angle was either 0° or
-2° (Fig 4-2(e, g, i, k)).

The tower axial fatigue life at 13 mps steadily increased as the constant pitch
angle increased from 0° to -4°, with the maximum seen at the initiation point of
92.75%, hence the point closest to the tip (Fig 4-2(b)). However the generated
energy was slightly reduced compared to that available from the ‘Feather Base
Model at the higher fatigue life (Fig 4-2(d)).
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Figure 4-2. Normalized ratios to the ‘Feather Base Model’ of various outputs with
increasing constant pitch angle below rated wind speed (PBR) and an increasing
initiation point (IP), as measured from the blade root at 8 mps (left) and 13 mps (right)
mean turbulent winds.
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The rotor thrust, platform pitch, blade deflection and blade flapwise bending
moment range responses all decreased with a corresponding increase in the
tower axial fatigue life (Fig 4-2(f, h, j, )). The decision was therefore made to have
an intermediary constant pitch angle, such that the analysis stipulated a constant
pitch angle setting of 0° when the mean turbulent wind was 8 mps and -4° when
the mean was 13 mps.

4.5.2 Back twist angle and initiation point trends

Fig 4-3 shows the normalized ratio outputs as compared to the ‘Feather Base
Model’, of a selection of relevant load analysis results at four different BTMs and
3 different BTIPs along the blade radius (measured from the blade root). The
tower fore-aft bending moment range was not included as this duplicated the
trend of the tower axial fatigue life for all scenarios and hence was well
represented by the fatigue life responses. The four different equispaced back
twist angles were -3°, -6° -9° and -12°, as measured from the blade tip such that
they all start to twist back towards feather at a specific initiation point. Three
BTIPs are presented at 75%, 87.5% and 92.75% as measured along the blade
length from the root. A constant pitch angle below rated of -4° was also imposed
at 13 mps as higher fatigue reductions were achieved with this setting. The
original constant pitch angle of 0° was applied when the mean winds conditions
were lower at 8 mps. The constant pitch angle was not relevant when the higher
18 mps winds were experienced as conditions remained within Region 3

throughout the simulations.

At mean turbulent winds of 8 mps, the tower axial fatigue life decreased as the
back twist initiation point became closer to the blade tip at all back twist angles
and increased as the back twist angle increased (Fig 4-3(a)). Therefore, a
maximum fatigue life increase of over 12% compared to the ‘Feather Base Model
was realised at a back twist angle of -12° and an initiation point of 75%. However,
the trend clearly showed that increases in the tower axial fatigue life came at the
expense of the generated power for all models, with an unacceptable drop in

generated energy of 16% at the maximum fatigue life (Fig 4-3(a, d)).
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Figure 4-3. Normalized ratios to the ‘Feather Base Model’ of various outputs with
increasing back twist angles (BT) and an increasing initiation point (IP), as measured
from the blade root at 8 mps (left), 13 mps (centre) and 18 mps (right) mean turbulent

winds.
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Decreases in the rotor thrust, platform pitch, blade deflection and blade flapwise
bending moment ranges, all resulted in tower axial fatigue life increases (Fig 4-

3(g, j, m, p)).

The tower axial fatigue life at 13 mps mean turbulent winds achieved an increase
+20% compared to the ‘Feather Base Model’ for all back twist angles initiated at
92.75% from the blade root, hence the initiation point closest to the tip (Fig 4-
3(b)). The back twist angle had little influence except for a notable drop for both
-9° and -12° at the initiation point of 75%, the point closest to the blade root. A

slight drop of less than 1% in generated energy was also seen (Fig 4-3(e)).

The rotor thrust, platform pitch, blade deflection and blade flapwise bending
moment range responses followed the same trend as at 8 mps, such that a
decrease in all these ranges generally corresponded with an increase in the tower

axial fatigue life (Fig 4-3(h, k, n, q)).

At 18 mps the variation in tower axial fatigue life due to blade twist angle and
initiation point was more pronounced such that the fatigue life increased by 12%
compared to the ‘Feather Base Model’ as the BTM increased to 12° but reduced
as the BTIP approached the tip (Fig 4-3(c)). Generated energy was unaffected
by both back twist angle and initiation point (Fig 4-3(f)).

Decreases in the rotor thrust, blade deflection and blade flapwise bending
moment ranges had corresponding increases in tower axial fatigue life (Fig 4-3(i,
0, 1)), however the platform pitch response range varied little, although the fatigue

life variation between models was up to 44% in range.

In order to take into account the likely occurrence of the different wind speed
cases, a weighted analysis that takes account of the distribution of probability of
occurrence was conducted. This was applied to the tower axial fatigue life and
average generated power for each model, corresponding to the ‘% of total
operating time’ seen in Table 4-2 within the section 4.4, for each of the 3 mean
turbulent wind speeds analysed. These results were then compared against the
weighted ‘Feather Base Model’ results and are presented in Table 4-3. For each
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back twist model an overall increase in fatigue life was seen, ranging from
approximately 3% to 12%. The higher fatigue life increases were seen when the
twist was initiate closer to the root at a distance of 75% along the blade and with
higher back twist angles. However, increases in fatigue life was at the expense
of the generated power, with a maximum loss from the combined results over all

three wind speeds of 3.88%.

Table 4-3. Weighted tower axial fatigue life and generated power for each back twist
model.

Test ID for VSVP-S 'Stall Back
Twist Models'

Initiation point along the blade,
measured from the root (%)
Back twist angle at the tip (°)

BT1|BT2|BT3|BT4|BT5|BT6(BT7|BT8|BT9|BT10/BT 11|BT 12

75.00(87.50(92.75|75.00|87.50(92.75|75.00(87.50{92.75|75.00(87.50|92.75

-3 -3 -3 -6 -6 -6 -9 -9 9 | -12 | -12 | -12

[Tower axial fatigue life change
from 'Feather Base Model' (%) (+ve
number means a longer tower life)
I/Average generated power change
from 'Feather Base Model' (%)

8.29 | 5.10 | 3.14 |10.22| 6.50 | 4.11 {10.98| 7.53 | 4.94 |12.09| 8.85 | 5.91

-0.47|-0.14|-0.55|-1.14|-0.81|-0.80|-2.36|-1.36 | -1.16 | -3.88 | -2.03 | -1.58

4.6 Discussion

From the analysis of the effects on the tower axial fatigue life of varying the
constant pitch angle setting (when the winds are below the rated wind speed of
11.4 mps), it was clearly highlighted that reductions in the variance of both blade
flapwise bending moment and blade deflection created a corresponding reduction
in the range of the rotor thrust (Fig 4-2). The reduced thrust force range then
reduced the range of both the platform pitch and tower fore-aft motion, which
consequently increased the tower axial fatigue life. Although the range of the
thrust force is lower, there is a significant rise in the thrust force from rated wind
speed to the cut-out wind speed of 25 mps. This could cause the mean inclination
of the floating turbine to increase. To account for this a semi-submersible floating
turbine can incorporate an active water ballast system that can be adjusted as

required during the different environmental operating conditions.

The responses in mean winds of 8 and 13 mps winds to the constant pitch angle

changes were opposed to each other. Hence, the rotor thrust range decreased
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as the constant pitch angle became smaller and the angle of attack induced at
8 mps was reduced, but the opposite response was observed when operating in
13 mps such that increasing the angle of attack at the higher wind speeds

reduced the thrust range and hence increased the tower axial fatigue life.

At both 8 and 18 mps mean turbulent winds, the tower axial fatigue life decreased
as the back twist initiation point became closer to the blade tip at all back twist
angles and increased as the back twist angle increased (Fig 4-3(a,c)). Thus the
aerodynamic damping and hence thrust reduction provided by the back twist
angle was at its highest for an angle of -12° initiated at the point closest to the
blade root for both environments. However, the damping provided by this blade
profile is lower at 18 mps than at 8 mps when compared to the ‘Feather Base
Model responses at these wind speeds. Also, although the tower axial fatigue life
increase with this back twist blade profile is 12% higher at 8 mps than for pitch-
to-feather control, this comes at an unacceptable loss of 16% in the average
energy generated. Thus the chosen back twist profile must find a compromise
between tower fatigue life increase and energy generation.

For all blade profiles a large increase in fatigue life was seen for all the pitch-to-
stall back twist models at 13 mps winds, which exceeded 20% for all back twist
angles initiated at 92.75%, compared to the ‘Feather Base Model’ (Fig 4-3(b)).
There was no noticeable trend however, as changes to the back twist angle and
initiation point had much less influence at 13 mps, except for a notable drop in
fatigue life for the higher back twist angles when the initiation point was closest
to the blade root. This drop corresponds to an increase in the platform pitch, blade
deflection and blade flapwise bending moment response ranges, however, the
same increases were seen at lower back twist magnitudes nearer the root without
causing a fatigue life reduction. A slight drop (of up to 1%) in generated energy
was also seen for all back twist models at this wind.

The rotor thrust, blade deflection and blade flapwise bending moment range

responses followed the same trends, such that if their response to variations in
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the wind speed was reduced, a corresponding increase was seen in the tower

fatigue life as the tower motion was also reduced.

Reductions in the platform pitch response at 8 and 13 mps also created an
increase in the tower axial fatigue life. However, at 18 mps the platform pitch
response was unaffected by rotor thrust reductions, even though these
reductions directly translated into reduced tower fore-aft motion and hence
increased tower axial fatigue life that varied by up to 44% in range. This therefore
concurs with the findings of Lackner (2013), where tower load reductions are not
always achieved through decreases in the platform pitch response, and hence
tower motion reduction, that impedes the inertial and gravitational loads, should

be the target.

A weighted analysis of all the back twist profile results allowed a compromise
between tower fatigue life increase and energy generation reduction to be
considered. From that weighted analysis an optimum back twist profile for the
presented semi-submersible FOWT in the defined environment conditions can be
identified. When specifying maximum energy generation, then a back twist angle
of -3° initiated at 87.5% along the blade from the root is optimum, with a tower
axial fatigue life increase compared to the ‘Feather Base Model' of 5.1%,
achieved with just a 0.14% reduction in energy. However, if an energy loss of up
to 1% was acceptable then although this would stipulate that the back twist angle
did not exceed -6°, suggesting an optimum initiation point would be more complex

as a defined trend does not appear within the weighted results.

4.7 Conclusions

Within most numerical studies, the turbines mounted on floating platforms are
generally those that have been designed for fixed bases, however the induced
tower base bending moments of a FOWT have been shown to increase by up to
1.6 times. If these loads are not reduced, then towers must be strengthened
which results in increased costs and weight for both the tower and floating
platform. The regulation of the power generation is also seen to suffer for a
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FOWT, due to the need to avoid the negative damping created by the drop in
rotor thrust of a turbine with pitch-to-feather control.

The aim of this research was to investigate the effects on the tower axial fatigue
life of both increasing the back twist angle and the point along the blade where
the back twist initiates at, for a VSVP-S controlled 5 MW HAWT. This was coupled
to a semi-submersible floating platform with a constant pitch angle setting below
rating. Then, through examination of the aerodynamic damping, and hence
changes to the rotor thrust created by the different blade profiles, the trends were
identified when the FOWT was operating in three different mean turbulent wind
environments. This then allowed a further weighted analysis accounting for wind
frequency at the specific site, so that an optimum blade profile for minimum
energy loss could be presented. Also, by utilizing VSVP-S control, the issues

relating to the negative damping phenomenon were avoided.

The proposed approach has achieved its aim by highlighting the trends at each
mean wind speed analysed, due to the introduction of a back twist towards
feather along part of the blade length, which then allowed an optimum blade
profile for tower fatigue reduction, with minimum energy loss to be presented from

combined weighted responses.

The rotor thrust range was seen to decrease when the constant pitch angle
decreased, and hence the angle of attack decreased at 8 mps winds, which
resulted in a reduction in the fore-aft motion of the tower. Hence, the optimum
constant pitch angle of 0° was the most appropriate at this wind speed. For
13 mps winds, the trend from the effects of a constant pitch angle were the
complete opposite, such that increases in the angle of attack reduced the thrust
range and hence increased the tower axial fatigue life. Therefore, the optimum
constant pitch angle of -4° was the most applicable for this environment. Two
constant pitch angles were therefore imposed, that came into effect when the
turbine was operating in winds below rated, such that at wind speed between
8 mps and 13 mps, the constant pitch angle setting would increase from 0° to -4°.
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The trends for both increases in the back twist angle and in the initiation point
distance along the blade were the same in both 8 and 18 mps winds, such that
the tower axial fatigue life was seen to decrease as the back twist initiation point
moved closer to the blade tip (for all of the back twist angles), and increased as

the back twist angle increased.

There were no noticeable trends seen due to changes in either the back twist
angle or initiation point at 13 mps. However, the tower fatigue life was seen to
exceed that achieved by the ‘Feather Base Model’ for all the back twist models
at 13 mps winds, with a 20% increase achieved for all back twist angles initiated
at 92.75% along the blade length.

At 18 mps the platform pitch response was unaffected by rotor thrust reductions,
which agrees with the findings of Lackner (2013) such that decreased tower loads

do not always correspond to reductions in the platform pitch response range.

A weighted analysis, where maximum energy generation was chosen as the
overriding constraint, identified the optimum blade profile, for this FOWT in this
specific environment, to have a back twist angle of -3° that initiated at a point
87.5% along the blade as measured from the root. This is identified as ‘Stall Back
Twist Model 5’ in Table 4-1 of section 4.3.2. This provided a tower axial fatigue
life increase compared to the ‘Feather Base Model’ of 5.1%, achieved with just a

0.14% reduction in energy.

The effect of a higher constant pitch angle below rated for operation in mean
winds around 13 mps could identify even higher reductions in tower fatigue. This
knowledge could also be particularly applicable for turbine life increase, as the
decommissioning date approaches, such that the constant pitch angle below
rated of a VSVP-S blade could be increased to extend the life of a turbine tower,
a situation where the energy loss may be deemed to be worth the increased
operational life achieved.

The blade profiles presented in this study give an initial indication of the trends
and possible benefits for turbine towers mounted on floating platforms that utilize
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a VSVP-S and back twisting blades. However, the blade designs are preliminary,
and a fully detailed design that could provide a smoother transition in the thrust-
speed curve could be beneficial, as would more detailed analyse of the loads
experienced by the rotor and all of the other turbine systems, by the introduction
of a back twist to the blade. A future study would also need to examine the effects
on the tower fatigue life from shear stress due to torsion. Further analysis on
acceptable energy loss for tower fatigue life increase would also be beneficial in

selecting an optimum back twist blade profile for a specific site.
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Abstract: Floating offshore wind turbines are subjected to higher tower
fatigue loads than their fixed-to-seabed counterparts, which could lead to
reductions in turbine life. The worst increases are generally seen in the
tower axial fatigue, associated with the tower fore-aft bending moment.
For a spar type platform this has been shown to increase by up to x2.5
and, for a semi-submersible platform, by up to x1.8. Reducing these loads
would be beneficial, as the alternative of strengthening the towers leads to
increases in cost. Here, two offshore floating wind turbine systems, of the
spar type, are analysed and selected responses and tower fatigue
compared: one incorporates a variable speed, variable pitch-to-stall blade
control system and a back twisted blade, and the other a conventional
pitch-to-feather control. The results are then compared to those obtained

in an earlier study, where the same turbine configurations were coupled to
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a semi-submersible platform. A weighted wind frequency analysis at three
mean turbulent wind speeds of 8, 13 and 18 m/s highlights that the impact
of the back twist angle magnitude and initiation point on tower axial fatigue
life extension was the same for both platform types. Compared to their
respective feather base models, an increase in the tower axial fatigue life
of 18.8% was seen with a spar platform and 10.2% with a semi-
submersible platform, when a back twist angle to the tip of -6° was

imposed along with the variable speed, variable pitch-to-stall control.

Keywords: floating offshore wind turbine (FOWT); spar; semi-

submersible; pitch-to-stall; blade back twist; tower axial fatigue life

5.2 Introduction

The amount of energy harvested directly from wind has been increasing around
the world at a tremendous rate, with 11.6% of the electricity requirement of
Europe being provided from wind energy during 2018 (WindEurope, 2019).
Offshore wind farms can have many advantages, compared to land-based
turbines, including a higher energy resource, as the wind is more constant and
stronger off shore than onshore (Robertson and Jonkman 2011). Also, as such
farms are situated away from inhabited areas, the individual machines and overall
farm sizes can be bigger. This has led to a global increase in offshore wind
resources of nearly 24% in 2018 with a total global capacity of 23 GW (Ohlenforst
et al 2019). Most of the offshore wind turbines adopt a ‘fixed-to-seabed’ support
structure, such as a monopile or jacket. However interest and research and
development into floating offshore wind turbines (FOWT) are growing, with
predictions that an additional 5 GW will be provided from floating devices by 2030
(Fried et al, 2017). This has arisen as technological advances have enabled
floating devices to be situated at depths or on seabed conditions that would not
be suitable for fixed-to-seabed devices.

The floating platforms used to support wind turbines have been categorised by
the restoring moment that dominates the design. Hence barges and semi-
submersibles are classed as being water stabilised (buoyancy); tension leg
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platforms (TLP) are predominantly stabilised through their mooring system; and
spars utilize a long draft filled with ballast material, and so are stabilised by the
relative position of the centre of gravity to their centre of buoyancy. Historically,
semi-submersibles were often classed as hybrid systems as they tend to have a
large second moment of the waterplane area (a feature of a barge) and a large
draft (a feature of a spar) and also utilize ballast for further stabilization
(Butterfield et al 2005; Thiagarajan & Dagher 2014). A depiction of the different
floating platform types for single horizontal axis wind turbines (HAWTS) can be

seen in Figure 5-1.

Figure 5-1. Artist's impression of the main FOWT platform types for HAWTs
(WindEurope 2017)

One area of concern for researchers, designers and industry is the increased
system loads that a floating turbine can be subjected to in comparison to a fixed
base device. Robertson and Jonkman (2011) conducted a comprehensive study
on six platform types, and analysed how their responses would be likely to
increase extreme and fatigue loads on the NREL (New and Renewable Energy
Laboratory) 5 MW HAWT system. The study included two types of TLP, two
spars, a barge and a semi-submersible. The simulation results for the fatigue

loads of these six platforms are given in Figure 5-2; quoted as a ratio between
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the floating wind turbines’ responses to that of the corresponding land-based wind
turbine. The fatigue for each device was generated with three different sets of
Wohler material exponent (m) values (Robertson & Jonkman 2011). The first of
the two ‘m’ numbers given for each floating platform on the legend within Figure
2 refers to the value adopted for the blades and the second number is for the
tower and shaft. Hence, where the ‘m’ values are given as m==8/3, the Wohler
material exponent value for the blades is eight and for the tower and shaft it is
three (Robertson & Jonkman 2011).

Figure 5-2. Fatigue loads as experienced by six FOWT platforms presented as sea-to-
land ratios (Robertson & Jonkman 2011)

From these results and other studies (Li et al 2017; Bachynski et al 2014; Lackner
2013; Jonkman & Marth 2011), it was clear that the tower base fore-aft induced
fatigue loads were those that increased the most for all types of platform, when
moving from a land-based to floating structure. From the Robertson & Jonkman
(2011) study, the tower base fore-aft fatigue loads were around x1.5 times higher
for TLPs than land-based turbine fatigue, x2.5 higher for spars, x1.8 higher for

the semi-submersible and up to x8-9 higher for the barge. If these fatigue loads
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are not reduced, through such measures as control, blade design or tower
strengthening, the lifetime of the turbine will be dramatically reduced (Li et al
2017).

This paper aims to investigate possible mechanisms for tower axial fatigue
reduction for a wind turbine tower on a spar platform. Simulations of the
responses of the turbine and platform will be compared to those experienced by
a semi-submersible in similar environmental conditions. The study builds on the
previous work carried out by Ward et al (2019, 2020), which analysed the effects
on the tower axial fatigue of a back twisted stall blade with active variable speed
and variable pitch-to-stall (VSVP-S) control, when applied to the NREL 5 MW
turbine coupled to a semi-submersible platform. A VSVP-S blade pitch control
system was chosen, as this avoids negative damping problems. Negative
damping becomes more of an issue with floating platforms, as the frequencies of
the platforms' responses in surge, sway, pitch and roll are generally lower than
those experienced by a fixed wind turbine. Thus, for a pitch-to-feather control

system on a FOWT, a less regulated rotor speed and power output are produced.

5.3 Simulation models

5.3.1 Spar model

The aero-hydro-servo-elastic simulation model for the spar platform is the open
source model identified as the ‘OC3 Hywind’ configuration, provided by NREL
(Jonkman 2010), which was based upon the ‘Hywind’ spar-buoy full-scale
prototype, designed by Statoil (now Equinor) of Norway. The OC3 (Offshore Code
Comparison Collaboration) study examined the accuracy of the simulated
responses produced by six different contributing companies or research facilities,
each using different simulation approaches (Jonkman & Musial 2010). The draft
of the ‘*OC3 Hywind’ is 120 m below sea water level (SWL), with the platform top
10 m above the SWL. Its total mass (including ballast) is 7,466,330 kg, and its
centre of mass (CM) is just under 90 m below the SWL. The mooring system

utilized three catenary lines.
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5.3.2 Semi-submersible model

The simulation model for the semi-submersible platform is also an open source
model provided by NREL, and identified as the ‘OC4-DeepCwind semi’
configuration (Robertson et al 2014a). The ‘OC4-DeepCwind semi’ model was
based upon the 1/50" scale experimental prototype, which was part of the US
DeepCWind project and which had undergone tests in the MARIN (Maritime
Research Institute Netherlands) wave basin (Goupee et al 2014). The ‘OC4-
DeepCwind semi’ configuration was used for the OC4 (Offshore Code
Comparison Collaboration Continuation) Phase Il study, which was a
continuation of the OC3 project, but that had been extended to include
simulations from 23 participants using 19 different codes (Robertson et al 2014Db).
The draft of the ‘OC4-DeepCwind semi’ is 20 m below SWL, and the platform top
is 10 m above SWL. The structure’s total mass is 13,473,000 kg (including
ballast) and the CM is at 13.46 m below SWL. Three catenary lines were used

for mooring.

5.3.3 Wind turbine model

The turbine models coupled to both the spar and semi-submersible platforms are
based upon the NREL three-bladed 5 MW HAWT. There were minor variations
between the turbine towers used for each platform, such that the mode shapes
of each tower was altered. This was due to the difference in the boundary
conditions between the tower and the support structure, due to the individual
platform designs and mooring system conditions (Jonkman 2010; Robertson et
al 2014a). Further changes were made to the controller and the blade for all
VSVP-S control models, as outlined in sections 5.3.4 and 5.3.5 respectively. The
two pitch-to-feather base models identified within this study, are the ‘Spar Feather
Base Model’ that utilizes the ‘OC3 Hywind’ platform, and the ‘Semi-sub Feather
Base Model’ that employs the ‘OC4-DeepCwind semi’ control configurations
provided by NREL. The blades for these two baseline models are the same as
the blades used on the open source NREL 5 MW turbine. The hub height of the

turbine is 90 m above SWL for both platforms and it has a 126 m rotor diameter.
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The turbine cuts-in at a wind speed of 3 m/s (rotor speed of 6.9 rpm), and cuts-
out at 25 m/s. The rated wind speed is 11.4 m/s, corresponding to 12.1 rpm
(Jonkman et al 2009).

5.3.4 Blade pitch controller design for the VSVP-S models

The VSVP-S collective blade controller is a proportional-integral (PI) control
system implemented within Simulink, which feeds back the actual rotor speed
and uses the error relative to the rated rotor speed to derive and set the required
pitch angle. Each blade model and platform configuration has a unique pair of
gain settings, derived when steady winds were at 18 m/s. A constant gain setting
has been imposed throughout Region 3 (from the rated to cut-out wind speed),
as a gain scheduler blade pitch control system would be more complex for pitch-
to-stall control. This is because the pitch angles required for the VSVP-S can be
double-valued, such that the same pitch angle is required at different wind speeds
(Ward et al 2019).

5.3.5 Blade designs for the VSVP-S models

This study builds upon previous research presented by Ward et al (2019, 2020).
A study on tower axial fatigue loads and other prominent responses was
presented for twelve different back twist (BT) blade configurations for the NREL
5 MW turbine coupled to the ‘OC4-DeepCwind semi’ floating platform (Ward et al
2020). These BT blades were all initially twisted towards stall from the root
towards the tip. A back twist was then applied such that, at a pre-determined
distance from the root, the twist direction reversed. This back twist then continued

until the tip of the blade was reached.

From analysis of the tower axial fatigue life extension and power generated, the
six blade profiles that did not exceed a BT angle of -6° were seen to be the most
favourable variants (Ward et al 2020). These six blade profiles, as shown in Table
5-1, have been chosen for further analysis in this paper to address their potential

benefits when used in a turbine coupled to a spar platform. This then allows an
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assessment to be made on the suitability of specific back twisted blade profiles
for more than one type of FOWT.

Table 5-1. Model parameters for the FOWT utilizing the ‘OC3 Hywind’ platform

Active Twist starting distance| Twist angle| Proportional Integral
Test ID variable pitch from bade root increase at |gain at 18mps, |gain at 18mps,
blade control (%) (m) the tip (°) Kp (s) Ki

Spar Feather Base Model |Feather 0 0 0 Inbuilt gain scheduler
Spar VSVP-S BT 1 Stall 75.0 46.1 3 -0.903 -0.387
Spar VSVP-S BT 2 Stall 87.5 53.8 -3 -0.893 -0.383
Spar VSVP-S BT 3 Stall 92.8 57.0 -3 -0.878 -0.376
Spar VSVP-S BT 4 Stall 75.0 46.1 6 -1.120 -0.480
Spar VSVP-S BT 5 Stall 87.5 53.8 6 -0.979 -0.420
Spar VSVP-S BT 6 Stall 92.8 57.0 6 -0.933 -0.400

5.4 Methodology

Simulations during turbulent winds were carried out utilizing the FAST v8
(Fatigue, Aerodynamics, Structures, and Turbulence), time domain aero-hydro-
servo-elastic (AHSE) simulation tool. Throughout each simulation, all of the
degrees of freedoms (DOF) (excluding rotor-teeter) were enabled within the
FAST code. Three hour simulations were generated (the first 300 s of each
simulation was removed to ensure that no transient effects were considered in
the analysis). Three hour simulations were chosen as this is recommended as
the minimum by the DNV-0S-J103 standard (DNV 2013), to allow more accurate
fatigue analysis, as responses vary more over time for a FOWT than a fixed
turbine. Periodic 10 minute wind files were generated, using TurbSim, for three
different mean turbulent, stochastic, wind speeds: 8, 13 and 18 m/s. These were
generated using the Kaimal wind spectrum and an IEC (International
Electrotechnical Commission) turbulent intensity of 0.14 (model B) (EN 2006).
The sea depth was 320 m for the spar configuration (as used within the OC3
study (Jonkman 2010)) and 200 m for the semi-submersible (as used in the OC4
study (Robinson et al 2014a)). The sea state was generated using the JONSWAP
spectrum (DNV 2004). The significant wave heights (Hs) were 1.25, 2.5 and 4.5
m, respectively at 8, 13 and 18 m/s mean wind speed and had 5.5, 8 and 10 s
peak periods (Tp), as extrapolated from the environmental conditions in Geos

(2001), for a northern North Sea location. All of the environmental and simulation
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test conditions were the same as those used for the earlier semi-submersible
studies (Ward et al 2019, 2020). The constant pitch angle setting, applicable for
all wind speeds below rated, was 0° when the mean turbulent wind speed was 8
m/s and -4° when the wind had a mean speed of 13 m/s. Fatigue was generated
using Miner’s Rule and a rainflow cycle counting algorithm provided as MATLAB
code by Niestony (2009).

5.5 Results

5.5.1 Weighted turbulent wind test comparisons

Simulations for each of the six spar VSVP-S models (based on the six blade
geometries) were generated for the three separate mean turbulent wind speeds
of 8, 13 and 18 m/s. Each of these models had a back twisted angle of -3° or -6°
at the blade tip, each BT being applied at one of three different initiation points
(IPs) along the blade length, 75%, 87.5% or 92.75%, as presented in Table 5-1.
The results at each mean turbulent wind speed, for each model, were then
weighted according to the wind frequency at the site, as outlined in Ward et al
(2020). The individual and total weighted results, as compared to the feather base

model for each spar VSVP-S model, are presented in Table 5-2.

From the results at each wind speed, it can be seen that the VSVP-S control with
a back twisted blade produces a beneficial increase of the tower axial fatigue life
for all BT profiles when operating at both 8 and 13 m/s mean turbulent winds. The
range of benefit seen at 8 m/s, in terms of tower axial fatigue life percentage
increase from the feather base model due to the different BT profiles, varies from
1.1 to 18.7%. At mean winds of 13 m/s, the variation in tower axial fatigue life is
small between the BT profiles, with all BT profiles leading to an estimated 21.5 to
22.8% fatigue life increase. By contrast, only the BT 4 profile produces an
increased fatigue life at the higher mean wind speed of 18 m/s. From a
comparison with the weighted ‘Spar Feather Base Model’, all VSVP-S models
with a back twisting blade experienced an increase in the total weighted tower
axial fatigue life (beneficial effect): for example, an increase of up to 18.8% is
obtained with the blade used in the ‘Spar VSVP-S BT 4’ model. This model had
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a BT angle of -6° which initiated at 75% along the blade length (from the root).
This large increase in fatigue life came at a reduction in the average overall power
by 0.8%, when compared to the power generated by the ‘Spar Feather Base
Model'.

Table 5-2. Weighted tower axial fatigue life and average generated power for each
Spar VSVP-S Back Twist (BT) Model.

Spar Spar Spar Spar Spar Spar
Test ID VSVP- | VSVP- | VSVP- | VSVP- | VSVP- | VSVP-
SBT1|SBT2 | SBT3 |SBT4|SBT5| SBT6

75.0 87.5 92.8 75.0 87.5 92.8

Initiation point along the blade,
measured from the root (%)
Back twist angle at the tip (°)

-3 -3 -3 -6 -6 -6

Tower axial fatigue life change
from Spar Feather Base Model at 5.9 13 1.1 18.7 7.4 4.7
8 m/s mean wind speed (%)*
Tower axial fatigue life change
from Spar Feather Base Model at 21.9 21.5 22.1 21.8 22.3 22.8
13 m/s mean wind speed (%)*
Tower axial fatigue life change
from Spar Feather Base Model at -5.8 -16.6 -23.1 8.4 -6.6 -17.1
18 m/s mean wind speed (%)*
Total weighted tower axial fatigue
life for each scenario (years)
Tower axial fatigue life change
from Spar Feather Base Model 8.8 4.9 4.5 18.8 10.0 7.6
(%)*

Total generator power average for
each scenario (kW)

Average generated power change
from Spar Feather Base Model -0.2 -0.2 -0.3 -0.8 -0.5 -0.5
(%)
* (-ve number means a shorter tower life, i.e. detrimental effect.)

22.8 22.0 21.9 24.9 23.1 22.6

1897 1897 1896 1885 1891 1891

The results for the same blade BT models, when the VSVP-S turbine was coupled
to a semi-submersible FOWT as used in the earlier study by Ward et al (2020),
are presented in Table 5-3. Comparison between the spar and semi-submersible
platforms show that the same trend occurs in the total weighted tower axial
fatigue life, i.e. the life is extended as the BT initiation point gets closer to the
blade root and as the BT magnitude increases. Thus, the same ‘BT 4’ profile that
produces the highest total weighted tower axial fatigue life in the spar, also

produces the highest total weighted tower axial fatigue life increase for the semi-
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submersible (10.2%, as compared to the semi-submersible feather base

configuration).

Table 5-3. Weighted tower axial fatigue life and generated power for each Semi-
submersible VSVP-S Back Twist Model.

Semi- | Semi- Semi- Semi- | Semi- Semi-
sub sub sub sub sub sub
VSVP- | VSVP- | VSVP- | VSVP- | VSVP- | VSVP-
SBT1|SBT2 |SBT3|SBT4|SBT5| SBT6

75.0 87.5 92.8 75.0 87.5 92.8

Test ID for semi-submersible
variable-speed variable-pitch-to-
stall models

Initiation point along the blade,
measured from the root (%)

Back twist angle at the tip (°) -3 -3 -3 -6 -6 -6

Tower axial fatigue life change
from Semi-sub Feather Base
Model at 8 m/s mean wind speed
(%)*

Tower axial fatigue life change
from Semi-sub Feather Base
Model at 13 m/s mean wind
speed (%)*

Tower axial fatigue life change
from Semi-sub Feather Base
Model at 18 m/s mean wind
speed (%)*

Total weighted tower axial

4.3 0.2 -1.3 6.5 1.0 -11

20.5 20.9 20.1 18.5 20.5 20.5

-14.3 -25.3 -32.3 -1.8 -16.3 -27.1

fatigue life for each scenario 27.6 26.8 26.3 28.1 27.2 26.6
(years)

Tower axial fatigue life change

from Semi-sub Feather Base 8.3 51 3.1 10.2 6.5 4.1
Model (%)

Total generator power average
for each scenario (kW)

Average generated power change
from Semi-sub Feather Base -0.5 -0.1 -0.5 -1.1 -0.8 -0.8
Model (%)
* (-ve number means a shorter tower life, i.e. detrimental effect.)

1901 1907 1899 1888 1894 1895

5.5.2 Platform response characteristics in turbulent winds

In Figure 5-3 the platform responses for the spar ‘OC3 Hywind’ (in red) and semi-
submersible ‘OC4-DeepCwind semi’ (in blue) are presented for each of the three
mean wind speeds. The feather baseline models are represented with the dashed
lines and the VSVP-S BT 4 models, which achieved the highest fatigue life

extension for both platform types, are represented by the solid lines. To eliminate

121



as many potential source of difference in platform response as possible, identical
wind and wave realisations were used for all the models. The responses seen in
Figure 5-3 are time signals, so only one set (only one wind and one wave seed)
are considered. Response range values, however, are those derived from three
different combinations of random wind and wave seeds for each wind speed. A
reduction in the range of a response indicates a more stable platform which would

be beneficial.

In Figures 5-3(d-f), the platform surge is seen to be higher for the feather spar
platform configuration at all mean wind speeds than that experienced by the semi-
submersible feather configuration. The introduction of the ‘Spar VSVP-S BT 4’
turbine creates a further increase in surge when the conditions are above the
rated wind speed. With 8 m/s mean winds, (Figure 5-3(d)), the surge response
range decreased by nearly 6% when the spar ‘OC3 Hywind’ platform was coupled
to the ‘Spar VSVP-S BT 4’ turbine model instead of the spar feather base model.
The average surge response at 13 m/s was nearly 30 m (Figure 5-3(e)), rising to
33 m at 18 m/s for the ‘Spar VSVP-S BT4 Model' (Figure 5-3(f)). The surge
response range at 13 m/s increased by nearly 9% with the introduction of the
‘Spar VSVP-S BT4 Model’ when compared to the response with feather control
(Figure 5-3(e)), however, at 18 m/s it was reduced by nearly 28% (Figure 3(f)). At
18 m/s the variation in the platform surge range between the semi-submersible
models was over 22%, with the reduction achieved with the introduction of the
VSVP-S BT 4 configuration (Figure 5-3(f)).

For the sway responses, the VSVP-S BT 4 configurations reduce the sway
ranges for both platforms, by over 9% for the ‘Spar VSVP-S BT 4’ and by 30%
for the ‘Semi-sub VSVP-S BT 4’, when compared to their respective feather base
models and when operating in mean winds of 8 m/s (Figure 5-3(g)). With 13 m/s
winds, an increase in the sway response range of motion occurred for both VSVP-
S BT 4 models of up to 18% (Figure 5-3(h)). An increase in the sway response of
the ‘Spar VSVP-S BT 4’ was also experienced at 18 m/s (Figure 5-3(i)). However,
the ‘Spar VSVP-S BT 4’ model’s sway response at 18 m/s also changed much
more frequently with time (Figure 5-3(i)).
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Figure 5-3. Simulation outputs for the platform responses of the spar ‘OC3 Hywind’
and semi-submersible ‘OC4-DeepCwind semi’ floating platforms, when coupled to
either a pitch-to-feather or VSVP-S BT 4 turbine with mean turbulent winds and sea
states of 8 m/s, Hs=1.25 m, T,=5.5 s (left), 13 m/s, Hs=2.5 m, T,=8.0 s (centre), and 18
m/s, Hs=4.5 m, T,=10.0 s (right).
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The average platform heave response was lower for both spar configurations
compared to the semi-submersible platform configurations at both 8 and 13 m/s
winds (Figures 5-3(k,l)). However, at 18 m/s winds this only applied to the ‘Spar
VSVP-S BT 4’ configuration (Figure 5-3(j)). The heave response range also
increased for the ‘Spar VSVP-S BT 4’ model, by over 20% at 13 m/s winds and
by 17% at 18 m/s.

Although some variation was seen in the platform roll ranges, the actual change
at all wind speeds was small, with the variations for all models being less than 1°
(Figures 5-3(m-0)). In 18 m/s winds however, the range of the roll response was
reduced by over 61% for the ‘Semi-sub VSVP-S BT 4’ model as compared to the
‘Semi-sub Feather Base Model’ (Figure 5-3(0)).

The platform pitch response range was seen to reduce by nearly 6% at 8 m/s
winds for the ‘Spar VSVP-S BT 4’ compared to the ‘Spar Feather Base Model’
(Figure 5-3(p)), with the average pitch angle also reducing marginally. No
significant change was seen at 8 m/s between the semi-submersible
configurations (Figure 5-3(p)). At 13 m/s the pitch range increased by over 15 %
with the VSVP-S BT 4 turbine coupled to the spar platform and by 4% with the
semi-submersible stall model (Figure 5-3(q)). At 13 and 18 m/s winds the average
platform pitch angle was higher for both models when the VSVP-S BT 4 was
employed (Figures 5-3(q,r)). The platform pitch response range however,
reduced for both VSVP-S BT 4 models at 18 m/s, by nearly 40% and 34% for the
spar and semi-sub models respectively, compared to their feather base models
(Figure 5-3(I)).

The yaw response range was much lower at 18 m/s for the ‘Semi-submersible
VSVP-S BT4’ configuration (Figure 5-3(u)) but no significant variation was seen
at lower wind speeds. For the ‘Spar VSVP-S BT 4’, at 13 m/s the yaw range
increased by 21% although this amounted to less than a half degree change and
at 18 m/s it decreased by 6%. The frequency of the yaw response was
significantly increased by the introduction of stall and BT to the spar platform, for
both 13 and 18 m/s mean winds (Figures 5-3(t,u)).
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5.5.3 Turbine response characteristics in turbulent winds

The most relevant turbine responses when analysing the tower axial fatigue life
are presented in Figure 5-4, again with the spar ‘OC3 Hywind’ shown in red; while
the semi-submersible ‘OC4-DeepCwind semi’ in blue; and each feather model
has dashed lines while each stall model has solid lines. As detailed in section 4.2,
the response values are generated from the combined results of three different
random wind and wave seeds for each mean wind speed which are all 3 hrs in
length. The figure’s second row (Figures 5-4(d-f)) refers to the ‘blade out-of-plane
deflection” (BOoPDef); the third row (Figures 5-4(g-i)) to the ‘blade out of plane
bending moment at the blade root’ (BOoPBmBr); the fourth row (Figures 5-4(j-1))
to the ‘blade flapwise bending moment’ (BFwBm); the fifth row (Figures 5-4(m-
0)) to the ‘tower base side-to-side bending moment’ (TwrBsSSBm); and the last
row (Figures 5-4(p-r)) to the ‘tower base fore-aft bending moment’ (TwrBsFABm).
As with the platform responses, a reduction in the range of a turbine response
also indicates more stability which would be beneficial.

The ‘BOoPDef response range is beneficially reduced by 12 and 18%
respectively for the spar and semi-submersible VSVP-S BT 4 configurations at
mean wind speeds of 8 m/s, compared to their respective feather base models
(Figure 5-4(d)). Their averages also drop. At 13 m/s, both the range and the
average ‘BOoPDef" are higher for both VSVP-S BT 4 models (Figure 5-4(e)),
giving an undesirable increase in the deflection of over 3 m. This increase in the
average ‘BOoPDef’ values with the VSVP-S BT4 configurations is carried through
for both platforms and all three of the blade responses presented, when winds
are at a mean of 13 m/s or above (Figures 5-4(e,f,h,i,k,l)). At 18 m/s, again, the
BT models’ average ‘BOoPDef response is higher than that of the feather models
but the ranges of motion are practically the same (Figure 5-4(f)).

The ‘BOoPBmMBr’ range reduces by over 5% and 10% at 8 m/s wind speed, for
the VSVP-S BT 4 spar and semi-submersible configurations respectively (Figure
5-4(g)). At 13 m/s there is more variation in the ‘BOoPBmMBTr’ responses of the two
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VSVP-S systems, with nearly a 3% reduction in range for the spar platform but a
16% increase for the semi-submersible (Figure 5-4(h)).

Figure 5-4. Simulation outputs for turbine responses of the spar ‘OC3 Hywind’ and
semi-submersible ‘OC4-DeepCwind semi’ floating platforms, when coupled to either a
pitch-to-feather or VSVP-S BT 4 turbine with mean turbulent winds and sea states of 8

m/s, Hs=1.25 m, T,=5.5 s (left), 13 m/s, Hs=2.5 m, T,=8.0 s (centre), and 18 m/s,
Hs=4.5 m, T,=10.0 s (right).
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At 18 m/s both VSVP-S BT 4 models experience an increase in BOoPBmBr
range; this is just 2% for the spar but, again, a larger increase (of nearly 9 %) is

observed for the semi-submersible (Figure 5-4(i)).

A reduction approaching 11 and 17% in the ‘BFwBmM’ response range is seen for
the VSVP-S spar and semi-submersible configurations respectively at 8 m/s
mean winds (Figure 5-4(j)). This trend continues for the ‘BFwBm’ response range
at both 13 and 18 m/s, with reductions of over 9 and 12% experienced at 18 m/s

for the spar and semi-submersible BT VSVP-S systems (Figures 5-4(k,l)).

From the responses for the “TwrBsSSBm’, shown in Figures 5-4(m-o0), it can be
clearly seen that the ranges reduce with the introduction of a VSVP-S BT 4
configuration, regardless of which platform it is coupled to. Thus the
‘TwrBsSSBm’ range saw a 50% reduction for the semi-submersible and 29% for
the spar at 18 m/s, compared to their feather counterparts (Figure 5-4(0)). A
reduction of approximately 5% in the ‘TwrBsFABmM’ response range was seen for
the semi-submersible VSVP-S BT 4 configuration at winds of both 8 and 18 m/s.
The same trend was seen in the spar VSVP-S BT 4 model, but with a 4 or 8%

decrease occurring at 8 and 18 m/s respectively (Figures 5-4(p,r)).

5.5.4 Responses’ Power Spectral Densities

The power spectral densities for the rotor thrust, platform pitch, and tower base
fore-aft bending moment are presented in Figure 5-5, as these responses all have
a strong impact on the tower base axial fatigue. As in Figures 5-3 and 5-4, the
spar ‘OC3 Hywind’ is depicted in red and the ‘OC4-DeepCwind semi’ is in blue.
The VSVP-S BT 4 models have a solid line and the feather baseline models are
depicted by dashed lines.

The maximum amplitude of rotor thrust is reduced for the VSVP-S BT4
configurtations, as compared to that seen with each corresponding feather base
model by nearly 19% for the spar and 20% for the semi-submersible at mean
wind speeds of 8 m/s (Figure 5-5(a)). At 13 m/s, the rotor thrust maximum

amplitude is over 50% higher with the VSVP-S systems, and remains higher up
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until 0.023 Hz, after which it drops below that seen by the feather configurations
until around 0.04 Hz (Figure 5.5(b)). At the higher mean wind speed of 18 m/s,
the rotor thrust amplitude is greatly reduced with both VSVP-S systems, until the

frequency exceeds 0.2 Hz, after which all systems approach zero (Figure 5.5(c)).

Figure 5-5. Power spectrum densities for the rotor thrust, platform pitch and tower
base fore-aft bending moment of the spar ‘OC3 Hywind’ and semi-submersible ‘OC4-
DeepCwind semi’ floating platforms, when coupled to either a pitch-to-feather or VSVP-
S BT 4 turbine with mean turbulent winds and sea states of 8 m/s, Hs=1.25 m, T,=5.5s
(left), 13 m/s, Hs=2.5 m, T,=8.0 s (centre), and 18 m/s, Hs=4.5 m, T,=10.0 s (right).

For the platform pitch and the tower base fore-aft bending moment spectrums,
the introduction of a back twisted blade with VSVP-S control at 8 m/s mean winds

resulted in a reducion in the amplitude peak (that occurs at approximatly
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0.0017 Hz) by nearly 16% or 19% for the spar and semi-submersible respectively
(Figures 5.5(d,g)). At 13 m/s each of the 4 systems experiences two noticeable
spikes in the amplitude of the platform pitch spectra. The maximum of both
platform pitch spectra is higher for the VSVP-S systems, however they occur at
the lower frequency of 0.017 Hz compared to 0.0283 Hz for the ‘Spar Feather
Base Model’ or 0.0317 Hz for the ‘Semi-submersible Feather Base Model’ (Figure
5.5(e)). Also, between approximatly 0.2 to 0.5 Hz, the VSVP-S systems platform
pitch spectrum peaks are up to 88% or 77% lower for the spar and semi-
submersible VSVP-S BT4 configurations respectively (Figure 5.5(e)). The
maximum tower base amplitudes occur at 0.017 Hz for all systems at the 13 m/s
wind speed, however the two feather systems are also subjected to another spike
occuring at the same frequencies as the corresponding peaks seen in platform
pitch (Figures 5.5(e,h)). At 18 m/s the reduction in the maximum peak amplitude
of the platform pitch for both VSVP-S systems is over 82% for the spar and 76%
semi-submersible platforms when compared to their respective feather base
models (Figure 5.5(f)). This again results in a higher amplitude for the tower base
fore-aft bending moment at the corresponding frequencies of 0.0283 Hz for the
‘Spar Feather Base Model’ and 0.0383 Hz for the ‘Semi-submersible Feather
Base Model’ (Figure 5.5(i)). For the VSVP-S model on the spar platform, a
noticeable decrease compared to feather control is also seen at the higher

frequencies (from approximately 0.08 to 0.13 Hz; Figure 5.5(i)).

5.6 Discussion

The analyses of the tower axial fatigue life for both the spar and semi-submersible
platforms, at each mean turbulent wind speed, and with combined weighted
results that take account of the wind frequency estimated at the specific site,
highlight how each turbine model performs (Tables 5-2 & 5-3).

The responses in terms of the total weighted tower base axial fatigue life for the
spar VSVP-S BT models (Table 5-2) were aligned with those of the semi-
submersible VSVP-S BT models (Table 5-3). Hence, the fatigue life increased by

up to 18.8% and 10.2% for the spar and semi-submersible BT models
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respectively, as the BT initiation point moved higher up the blade, towards the
root, and as the BT angle became larger. The weighted power generated was
slightly reduced as the BT angle increased with a drop of 0.8% for the spar VSVP-
S BT model and 1.1% for the semi-submersible VSVP-S BT model. However, if
the fatigue life increase was realised, a longer overall life expectancy of the
turbine would allow for a higher energy generation on the whole.

The tower axial fatigue results at each wind speed, as provided in Tables 5-2 &
5-3, indicate the benefits or disadvantages gained from each back twist profile
throughout the operational range. At 8 m/s mean turbulent winds, the fatigue life
trend matches the total weighted fatigue life trend, such that the tower axial life
increases with increased BT angle and as the initiation point moves closer to the
blade. The same trends at this wind speed were seen for both VSVP-S systems
in terms of lower range and averages in the ‘blade out-of-plane deflection’
(BOoPDef), ‘blade out of plane bending moment at the blade root’ (BOoPBmBTr)
and ‘blade flapwise bending moment’ (BFwBm) (Figure 5-4). As there is no pitch
control at this mean wind speed, due to the wind not exceeding rated throughout
the simulation, this indicates that the blade profile facing the wind at 8 m/s

experiences a reduced aerodynamic force with the BT 4 profile.

At 13 m/s mean wind, the rotor is subjected to more variation than at either of the
other two wind speeds analysed. This occurs as the wind speed is seen to drop
below the rated wind, hence the control system goes from a constant pitch angle
of -4°, below rated, to a continuously varying pitch angle designed to shed power,
at winds above rated, throughout the simulation. However, for both the spar and
semi-submersible, introducing a VSVP-S BT profile produces a large increase in
tower axial fatigue life of around 20% for all BT profiles (Tables 5-2 & 5-3). This
indicates that the benefits are mainly due to the VSVP-S control, which creates
an increase in rotor thrust just above rated, instead of the decrease seen with
pitch-to-feather control. This is because, although the rotor thrust during stall
control increases, it also experienced a reduction in the range of the oscillations,
which corresponded to a reduction in the amplitude of the power spectrum

densities at frequencies above 0.023 Hz (Figure 5-5(b)). The platform pitch
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spectra also decreased at corresponding frequencies, creating a reduction in the
tower axial fatigue (Figure 5-5(e)).

At the higher wind speeds around 18 m/s, it is only the spar, when it has the
VSVP-S BT 4 system, that shows benefit in terms of tower axial fatigue life (Table
5-2), however the same blade profile has the lowest detrimental effect on the
semi-submersible (Table 5-3). It is only with the BT 4 profile that the range of the
BFwBm is lower for both platforms (Figures 5-5(j-1)). However, as the higher wind
speed occurs less frequently in a wind turbine’s lifetime, its impact on the tower
fatigue is decreased compared to the fatigue induced by the more frequently
occurring lower speed winds. This is highlighted by the overall wind frequency

weighted results seen in Tables 5-2 and 5-3.

From the total weighted tower axial fatigue life results presented in Tables 5-2
and 5-3, it is shown that the same BT profile produces the most benefits for both
platforms. This was achieved when a BT was applied at a distance of 75% along
the radius of the blade, as measured from the root, and which twisted back to -6°
at the blade tip. These BT models are identified as the ‘Spar VSVP-S BT 4’ and
‘Semi-sub VSVP-S BT 4’ models, and achieved an increase in the tower axial
fatigue life of 18.8% or 10.2% respectively, when compared to their respective

feather base models.

A comparison of the platform and tower responses are presented in Figures 5-3
and 5-4, to show the difference in the responses due to platform type. As
expected from previous literature (Thiagarajan and Dagher 2014; Bachynski et al
2014), the average surge responses of the spar platform were seen to be
generally higher than those of a semi-submersible platform, and appear to
correspond to increases in the average platform pitch angle (Figures 5-3(d-f, p-
r)). The average surge response increases further with the VSVP-S BT 4 spar
model at both 13 and 18 m/s winds, due to the increased rotor thrust. However,
at the higher wind of 18 m/s the surge range was reduced by approximately 28%
when compared to the spar feather model (Figures 5-3(d,f)). The overall effect of

changes in both the sway and roll motion are minimal, as the variation is small.
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However, the variation in the sway response is greater for both the spar
configurations, when compared to both semi-submersible models (Figures 5-3(g-
1)). The average heave response was below zero for both spar platform
configurations with the VSVP-S BT 4 configuration creating an increased
lowering of the turbine, which like the surge response, also seems to correspond
with changes in the average platform pitch angle. One possible explanation for
this is that the vertical (downward) component of the thrust is higher, due to the
higher thrust (due to stall) and higher pitch angle, and therefore 'pushes’ the
platform down more. At 13 m/s this was around double that seen when operating
in pitch-to-feather (Figure 5-3(k)). The average platform pitch response was
higher with the spar platform than the semi-submersible regardless of the control
system utilized. Both stall models also increased the platform pitch average at
both 13 and 18 m/s mean winds. However, the ranges of the platform pitch were
also reduced (Figures 5-3(q,r)). The yaw response variation was small at the
lower wind speeds, however, an increase in the frequency of the response was
seen for the spar platform coupled to the VSVP-S BT 4 turbine at 18 m/s mean
winds (Figure 5-3(u)).

At 8 m/s mean winds, all the blade responses presented in Figure 5-4, for both
platform types, were reduced by the introduction of the BT 4 blade, as the VSVP-
S control has no effect for wind speed below rated (Figures 5-4(d,g,j)). At both
13 and 18 m/s, only the ‘BFwBmM’ response range was reduced, as compared to

their feather configurations (Figures 5-3(k,l)).

The ‘TwrBsSSBm’ range is reduced at all wind speeds for both VSVP-S BT 4
configurations with the semi-submersible benefiting from a 50% reduction at
18 m/s (Figures 5-4(m-0)). The ‘TwrBsFABmM'’ response is reduced in range by
between 4 and 8% for both platforms with a VSVP-S BT 4 model at both 8 and
18 m/s (Figures 5-4(p,r)). Although a reduction in the response range of the
‘TwrBsFABmM'’ was not seen with either of the VSVP-S BT 4 models at 13 m/s, the
tower axial fatigue life was increased the most at this wind speed due to the rise

in rotor thrust seen with active stall control, which highlights the complexities in
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predicting the nature of the random loading experienced by a wind turbine under

turbulent wind conditions, from time signal data alone.

At 8 m/s mean turbulent wind speeds, the tower base axial fatigue life was
increased (positive effect) with the introduction of both VSVP-S control and a
back twisting blade with profile BT 4, for both the spar and semi-submersible
platforms, by 18.7% (Table 5-2) and 6.5% (Table 5-3) respectively. The tower
axial fatigue life increasing for both VSVP-S systems correlates with the
reductions seen in the peak amplitudes of the tower base fore-aft bending
moment spectrums at this mean turbulent wind speed (Figure 5-5(g)). The higher
fatigue life increase achieved by the spar, with the VSVP-S control approach, as
compared to feather control, could be due to the lower amplitude experienced
when the frequency reaches 0.4 Hz. Therefore, although the spar has a higher
amplitude initially at the lower frequency, when compared to the semi-
submersible, the percentage reduction with the introduction of the VSVP-S BT4
is not greater for the spar platform (Figure 5-5(g)). Again, it is worth noting that
all effects at this wind speed are down to the BT 4 profile change as the VSVP-S
blade pitch control does not operate within the range of wind speeds experienced

at this mean wind speed.

Both VSVP-S systems at 13 m/s mean winds experienced lower tower base axial
fatigue, a 21.8% reduction or a 18.5% reduction for the spar and semi-
submersible platforms respectively (Tables 5-2 & 5-3). This indicates that
beneficial fatigue reductions are experienced in the 0.02 to 0.05 Hz range, where
the platform damping is increased (Figure 5-5(e)). An increase in the platform
damping around the rated wind speed, and hence a corresponding fatigue life
increase, is a phenomenon mainly due to the introduction of the pitch-to-stall
control system, as platform pitch damping is increased as the rotor thrust
increases (Ward et al 2019). A further benefit is then seen from the back twisted
blade profile. Both semi-submersible control methods also have a higher tower
axial fatigue life compared to the corresponding spar control system at the 13 m/s

mean wind speed, which correlates with the reduced amplitude experienced by
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the semi-submersible’s tower base fore-aft bending moment spectrum between
0.075 and 0.27 Hz (Figure 5-5(h)).

At 18 m/s mean wind speed the spar experiences an 8.4% increase in the tower
axial fatigue life, due to the introduction of the VSVP-S BT4 configuration,
whereas the semi-submersible VSVP-S system was seen to reduce the tower
axial fatigue life by 1.8% compared to its corresponding feather system. One
explanation for the reduction in the fatigue life of the semi-submersible VSVP-S
system compared to the feather model could be due to a higher amplitude in both
the rotor thrust and tower fore-aft bending moment at frequencies between 0.4 to
0.45 Hz, outside of the range seen in Figures 5-5(c,i). However, the fatigue life of
the semi-submersible was nearly three times higher than the spar, regardless of
the control method utilized, which corresponds with the much lower tower base

fore-aft bending moment spectrum amplitudes seen at all frequencies (Figure 5-

5(i)).

5.7 Conclusions

Previous studies have highlighted that FOWTs experience higher tower fatigue
loads than the same turbines with a fixed base. Several studies have found that
the tower axial fatigue associated with the tower fore-aft bending moment was
the most negatively affected by the turbine being coupled to a floating platform
(Robertson & Jonkman 2011; Li et al 2017; Bachynski et al 2014; Lackner 2013;
Jonkman & Marth 2011). A spar platform was shown to experience increased
tower fore-aft fatigue loads of x2.5 whilst those on a semi-submersible increased
by x1.8 (Robertson & Jonkman 2011). Not controlling these increased loads will
result in a reduced tower life unless the tower is strengthened, which would lead

towards increased material costs and weight (Li et al 2017).

The present work’s aim was to analyse whether the positive effects on tower axial
fatigue life extension, seen by the introduction of a VSVP-S BT 5 MW HAWT
coupled to the semi-submersible platform ‘OC4-DeepCwind semi’ (Ward et al
2020), was also of benefit to the spar ‘OC3 Hywind' floating platform

configuration. A weighted wind frequency analysis was conducted on the two
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platform types, that compared a VSVP-S controlled turbine with a range of back
twisted blades with their respective feather base models. This allowed a VSVP-
S BT model to be selected, for further comparison between the responses and
PSDs of both platform types (as compared to those seen with a pitch-to-feather

configuration). The main conclusions from this research are:

e The same BT trends were seen for both the spar and semi-submersible
platforms, with more fatigue life benefit being experienced with a 6° BT

initiated close to the blade tip.

e Fatigue life increases seen in the BT VSVP-S models at a mean wind
speed of 8 m/s can be directly attributed to the effect from the back twist,

as the blade will not be pitching within this range of operation.

e The power spectral densities at 8 m/s mean wind showed a noticeable
reduction in the peak amplitudes with the introduction of the BT VSVP-S
models for both the spar and semi-submersible platforms, which correlated

with an increase in tower axial fatigue life.

e At 13 m/s mean winds, the fatigue life increases are very high, which could
indicate that large fatigue reductions are occurring in the 0.02 to 0.05 Hz

range, where platform damping is higher.

e At 18 m/s mean winds, the spectral density of the spar was higher than the
semi-submersible for most frequencies, hence an increase in fatigue life is

more noticeable for the spar platform at these high mean winds.

This approach has shown that the introduction of a VSVP-S BT turbine achieves
a noticeable and desirable increase in the tower axial fatigue life for the spar
configuration. The tower axial fatigue life, both at each mean wind speed and with
a total weighted with the frequency of the wind occurrence at each speed, have
been presented as compared to the respective feather base models. The

responses of the platform motions and a selection of turbine responses for both
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platform types have also been presented and analysed, along with the most
relevant PSDs for analysis of the tower axial fatigue life.

For both platform types, the same trends were seen with a weighted wind
frequency analysis, such that when the BT angle increased and as the initiation
point moved closer to the root, the tower axial fatigue life was extended. Thus,
for a BT of -6° initiated 75% along the blade from the root, increases in tower
axial fatigue life of 18.8% and 10.2% were achieved with the ‘Spar VSVP-S BT 4’
and ‘Semi-sub VSVP-S BT 4’ configurations respectively, compared to that
experienced with a corresponding pitch-to-feather turbine (Tables 5-2 & 5-3).

Even though the semi-submersible VSVP-S suffered more fatigue overall at the
18 m/s wind speed than its feather model, it still achieved a fatigue life
approximately 3 times higher than the spar, as would be expected by the much

lower amplitudes on the tower fore-aft bending moment spectrum densities.

Further investigation into any additional system loads induced by the introduction
of both the VSVP-S control and the BT blade are recommended. This would then

make a full assessment of the VSVP-S BT configuration possible.
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6 VERIFICATION AND COMPARISON OF RESULTS

Verification and comparison of the results obtained in the three papers presented,
on the initiation of a back twisted blade on a turbine that incorporates VSVP-S
control when coupled to a floating platform, are difficult to achieve as there has
been no previous research either in simulation or experimental form on this
specific combination. However, verification of the models utilized without the back
twist has been performed where possible. Verification of the original semi-
submersible feather base model has been performed by correlation of a specific
set of simulated outputs with simulated outputs presented as part of the OC4
phase Il study (Robertson et al 2012) is presented in section 6.1. This also
provides verification on the FAST simulation process as this aero-hydro-elastic-
servo time-domain simulation code was utilized for both studies. Verification of
the spar model when coupled to a turbine operating with the blades pitching
towards feather and also with VSVP-S control has been carried out through
comparison with results presented within the Larsen and Hanson (2007) study,

as presented in section 6.2.

6.1 Verification and comparison of the semi-submersible model
and FAST programming capabilities

To provide verification of both the user’'s understanding and programming ability
in the FAST code, the requirements to match the environmental and FOWT
parameters for the OC4 Phase Il Load Case (LC) 2.6 were identified. These were
then inserted into the relevant aerodynamic, hydrodynamic and FOWT control,
mooring and dynamic sections of the FAST code. From time domain simulation
results for the platform and tower motions and loads of interest, the Power
Spectral Density (PSD) and Response Amplitude Operators (RAOs) were
derived. The PSDs identify the distribution of the power of each signal (the
squared of the response) over the frequency range and the RAOs illustrate the
ratio of the system response to the wave amplitude. As this is a linear analysis,
the OC4 Phase Il LC 2.6 parameters, without wind was the most relevant, as with
wind as in LC 3.7, it is not strictly linear (Robinson et al 2012). In particular, the
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platform, tower and mooring are set as flexible whilst the rotor, nacelle and
drivetrain are specified as rigid. The generator is also specified as locked, as
there is no rotor rotation. Although FAST has a dynamic mooring code, the static
code was used throughout the verification. The turbine and platform system was
excited by implementing a banded white noise spectrum, used as it is a
broadband frequency excitation, for PSD=1 m?/Hz for 0.05 to 0.25 Hz without
wind. Most of the energy in waves is within the specified wave period range of
four (0.25 Hz) to 20 seconds (0.05 Hz). The responses of the semi-submersible
platform in surge, heave and pitch, the tower base fore-aft bending moment and
the mooring tension, to the wave elevation response were analysed. There are
no noticeable platform responses in sway, roll and yaw as the wave direction was
at zero degrees (in line with the direction of surge) and no wind was present. A
comparison of the generated results was then made with the PSDs (Figure 6-1)
and RAOs (Figure 6-2) result for the three companies that utilised the FAST
simulation code as part of the OC4 phase Il project: NREL, IST, and Goldwind.

GOLDWIND IST NREL GENERATED_WS1

Figure 6-1. Comparison of PSD results with OC4 Phase Il LC 2.6 to verify user
programming capabilities and validate the semi-submersible model with no wind,
Hs=1.26 m, T,=10s
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The level of variation for the generated data depicted visually in Figures (6-1 &
6.2), was within the boundaries of the variations seen between the three OC4
phase Il contributors presented. Therefore, the comparison of the raw responses,
along with the PSDs and the RAOs, gave confidence in the ability to correctly

define the load case and model parameters within FAST.

GOLDWIND IST NREL GENERATED_WS1

Figure 6-2. Comparison of RAO results with OC4 phase Il results to validate user
programming capabilities and semi-submersible model

6.2 Verification and comparison of the performance benefits
due to VSVP-S control

In order to confirm the increased regulation of the generated power of a turbine
controlled by VSVP-S when compared to the performance of the same turbine
with pitch-to-feather control, a verification analysis was performed against the
results obtained from the study presented by Larson and Hanson (2007). This
study utilized the Hywind spar concept, designed for sea water depths between
200 and 700 m, coupled to an unspecified 5 MW turbine. The simulations were
performed with coding developed utilizing both the SIMO/RIFLEX code designed
by MARINTEK and the HAWC2 code designed by Risoe National Laboratory.

The research does not specify what sea depth was used in the simulations.
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Larson and Hanson’s (2007) research aim was to increase the stability of turbine
pitching-to-feather by altering the natural frequency of the controller. During their
research however a sign error occurred causing the turbine to pitch-to-stall. The
resulting responses were shown to be quite stable and have provided one of only
two sets of results that examine VSVP-S control of a floating turbine. Figure 6-3
presents both the results derived by Larson and Hanson when the turbine was
pitching to feather and corresponding results derived with the spar feather base
model used within this study. The mean wind for both data sets is 12 m/s, with a
turbulent intensity of 20% as this was the only wind speed conditions presented
for the pitch-to-stall system. Figure 6-4 presents the results for the same turbines
in the same environmental conditions, but now operating with VSVP-S control.
No other changes were made to either the system presented by Larson and

Hanson or the spar feather base model utilized by the current research.

Figure 6-3. Turbine responses presented by Larson and Hanson (left) and the Spar
Feather Base Model (right) when operating in 12 m/s mean turbulent winds with a
turbulent intensity of 20% and pitching towards feather.
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Considering the response results presented within Figure 6-3, a degree of
correlation can be seen between the simulated rotor speed responses of the two
systems when pitching-to-feather, such that the range of each rotor speed is
between 9 and 15 rpm. A slight decrease in the variance of both the electrical
power and the generator torque is experienced by the feather base model
configuration, but this is likely to be due to the differences between the two 5 MW
turbine systems, as well as other unknown differences between the two simulated

environments.

Figure 6-4. Turbine responses presented by Larson and Hanson (left) and the Spar
Feather Base Model (right) when operating in 12 m/s mean turbulent winds with a
turbulent intensity of 20% and pitching towards stall.

When examining the results presented in Figure 6-4, when both systems are
operating with VSVP-S control, an anomaly is seen in the wind profile presented
by Larsen and Hanson. Thus, the 12 m/s mean turbulent wind appears to have a
turbulent intensity far exceeding the 20% specified within the study as seen in the

results presented in Figure 6-3. Any comparisons made between the two sets of
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simulated responses when pitching-to-stall would therefore be impossible to
verify. However, even with the more intense wind profile, it can clearly be seen
that the rotor speed and electrical power are both more regulated with VSVP-S

control.
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7/ GENERAL DISCUSSION

The main aim of this research was to investigate the potential of a VSVP-S
controlled FOWT that incorporates a back twisted blade, to increase the tower
axial fatigue life and present an optimum set of criteria, in terms of (1) the back
twist magnitude at the blade tip and (2) the back twist initiation point along the
blade radius. This has been achieved and a blade back twist design has been
proposed that provides good mitigation of the increased undesirable tower fore-
aft loads experienced when moving to floating platforms, as detailed within the

following sub-sections.

7.1 Enhanced performance through VSVP-S control

Examination of the rotor thrust steady wind curves for both feather and stall
control highlighted the issue of negative damping for a pitch-to-feather design
(Figure 3-4). The rotor thrust reduction, seen with pitch-to-feather when operating
in winds above rated, leads to the thrust vs windspeed having a negative

derivative, which could lead to negative damping of the platform pitching mode.

In reality, negative damping must be avoided to prevent tower oscillations that
would increase the tower fore-aft fatigue loads; this results in a low control
frequency setting for pitch-to-feather control of a floating platform. Thus the main
benefits in terms of rotor speed and power generation seen by a pitch-to-stall
system actually arise from the higher control system frequency allowed. This
higher setting is possible as negative damping is not an issue that needs avoiding

in a pitch-to-stall system.

The enhanced performance that is seen with the higher controller gain setting is
highlighted by the comparison of the two control systems in turbulent winds,
shown in Figure (7-1). These are the responses of the ‘Feather Base Model’ and
the ‘Pitch-to-Stall Model’, presented in section 3.3.1, which follow the same test
conditions as detailed in section 3.4.3. The responses from both systems clearly
highlighted that the energy produced by the VSVP-S control system was more
regulated, with a variation of just 2% around the nominal generated power at

146



18 m/s when compared to a 40% variation seen with pitch-to feather control
(Figure 7-1 (d)).

Figure 7-1 Rotor speed and generated power produced by a pitch-to-feather or a pitch-
to-stall control method with mean turbulent winds and sea states of 13 m/s, Hs=2.5 m,
Tp=8.0 s (left), and 18 m/s, Hs=4.5 m, T,=10.0 s (right) when coupled to a semi-
submersible floating platform.

Similar benefits were seen in the later study utilizing a spar floating platform with
a VSVP-S control system, which also had a variance of 2% around the nominal
at 18 m/s compared to 41% with pitch-to feather control (Figure 7-2 (d)). It can
however also be seen that the semi-submersible suffered from more pronounced
drops in power than seen by the spar when comparing both feather systems at
13 and 18 m/s winds (Figures 7-1 (c, d) & 7-2 (c, d)). The differences between
the stability of the two floating platform systems is a likely cause but full
identification of the effects would require a more in-depth analysis of the two

feather systems which is beyond the scope of this study.

Comparison between the results seen for a barge with VSVP-S control within the
study by Jonkman (2007) and the semi-submersible presented here highlights
that the semi-submersible has much less variation in the range of rotor speed

and generated power and hence provides an improved level of regulation. One
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factor is that the semi-submersible experiences a much smaller range of platform
oscillations when operating in stall (approximately 3°), compared to the 26° pitch
range experienced by the barge. Hence the reduced platform pitching motion will
ensure more consistent energy generation, and the rotor area will be more
constant throughout the operational range, which is also beneficial in terms of
lower accelerations at nacelle level. In general, the generated power of the
turbine with a VSVP-S system coupled to a barge platform, as presented by
Jonkman (2007), was comparable to that generated for the most part by the semi-
submersible. However, the barge was also seen to suffer from intermittent large
energy dips that can be seen to only occur when the blade pitch became zero.
This was a response that the semi-submersible had also suffered from until the
introduction of an anti-windup filter into the pitch-to-stall controller. It is also of
some concern that the generated power, presented by Jonkman (2007), was
seen to initially start at zero. This could indicate that transient effects were not

removed from the presented results.

Figure 7-2 Rotor speed and generated power produced by a pitch-to-feather and a
pitch-to-stall control method with mean turbulent winds and sea states of 13 m/s,
Hs=2.5 m, T,=8.0 s (left) and 18 m/s, Hs=4.5 m, T,=10.0 s (right) when coupled to a
spar floating platform.
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The simulated responses of the rotor speed and power regulation for both the
spar feather base model, used within this study, and the pitch-to-feather spar
configuration, presented by Larsen and Hanson (2007), were shown to compare
favourably as seen in Figure 6-3. This was when both were operating in a mean
turbulent wind of 12 m/s with a turbulent intensity of 20%. However, verification
between the results presented by Larsen and Hanson when pitching-to-stall with
the increased regulation achieved by the spar feather base model turbine
operating with VSVP-S control was not achieved. This was due to anomalies
seen within the wind profile (Figure 6-4) presented by Larsen and Hanson which
appears to have a turbulent intensity much higher than the 20% shown in Figure
6-3.

From the results presented in section 3.4.4 it can be concluded that the improved
regulation is achieved solely by the pitch-to-stall configuration and the higher
control system frequency setting the pitch-to-stall control method allows, and not
by the back twisted blades. Due to the higher gain setting, the more regulated
responses would come at the expense of an increased pitch actuation rate, which
could increase operational and maintenance costs. It is also worth noting that the
gains used for each stall model investigated were constant regardless of changes
in the wind speed. Hence, the gain setting was the same whether the turbines
were operating at 13 m/s mean winds or at 18 m/s. This is because most gain
schedulers rely upon the actual change in blade pitch angle to predict the required
gain, which is not easily achievable with an active pitch-to-stall configuration due
to the double-valued nature of the stall controlled pitch angle. However, wind
measurements using LIDAR systems could see gain scheduling for stall operated
turbines becoming more possible, if accurate real time wind measurements can

be used instead of the blade pitch angles.

7.2 Platform load damping

The thrust to wind speed sensitivity of the semi-submersible floating platform was
investigated through the calculation of the open loop and ideal closed loop

platform pitch damping ratios, for both rotor speed control methods (Appendix A-
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3). From Figure A-2 it was seen that the control systems are identical below rated
as the pitch angle of the blades are constant. However, once the rated wind is
exceeded, the blades start to pitch to shed power and the predictions of the two
control systems now vary greatly. The ideal closed loop system more closely
resembles what might be expected from the rotor thrust curves (Figure 3-4(b)),
such that as the rotor thrust initially increases for stall so does the platform pitch
damping ratio and vice versa for feather control. The actual platform damping
would be expected to fall somewhere within the open and ideal close loop
boundaries, but it would be reasonable to predict that the stall system could
produce enhanced damping in the wind speed region from 11 to 14 m/s and that
the feather could provide better damping than stall between 15 and 19 m/s. This
indicated that a stall configuration may experience an increase in useful platform
pitch damping compared to a feather model, as the wind frequency will be higher
at the lower winds were stall sees more possible benefits. However, although
platform pitch damping can be a good indicator, it also important to recognise that
the design criteria was to reduce the tower base fore-aft response and hence

increase tower fatigue life directly.

7.3 Wind and wave seeds and simulation time selection

Verification of the selection of three simulations each three-hours in length, for
the analysis of the tower fore-aft fatigue seen with different configurations, has
been presented within Appendix A.4. This found close correlation with the
responses seen using the more standard six simulations with a length of one-
hour each. Three-hour simulations for the analysis of tower base fore-aft fatigue
could be more appropriate for FOWTSs, as more variation is seen in the structural
responses of turbines on floating platforms with time, compared to fixed base
turbines. The analysis examined both pitch-to-feather and pitch-to-stall control
(as presented in Tables A-4 and A-5 respectively for one-hour simulations, and
Tables A-6 and A-7 respectively for three-hour simulations). The pitch-to-feather
combined results of the six one-hour simulations, compared to the combined
three three-hour simulations, were within 0.35% of each other and the pitch-to-

stall control results were within 0.91% of each other.
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7.4 Rotor blade manipulation

The literature had indicated that reducing the blade bending moment through
changes to the blade geometry could result in a reduction in the tower motion and
hence could aid in the aim of increasing the tower fore-aft fatigue life (Stablein et
al 2017; Merz 2011; Méndez and Greiner 2009). Initial results for a back twisted
blade, for the VSVP-S semi-submersible design, showed that reductions in the
range of the blade deflection and the flapwise bending moment were seen by
implementing a back twist (Figure 3-6). These reductions were also observed
with a corresponding reduction in the rotor thrust variance and an increase in
tower axial fatigue life (Figure 4-2). However, at different mean turbulent wind

speeds, different back twist profiles were seen to be the most beneficial.

Recognising that different factors play an increased or decreased role in different
environmental conditions made the idea of examining the tower axial fatigue
experienced by different blade twists at one specific wind speed, as suggested
by Ostachowicz et al (2016), less viable. A weighted analysis that takes account
of the distribution of probability of occurrence of the different wind speeds could
give a better indication of the overall performance of a back twisted VSVP-S
turbine over its full operational range. This study however, only took account of
three different mean turbulent wind speeds as this was sufficient to indicate
possible benefits but would not be sufficient for a full fatigue life analysis to be

made.

From examination of the combined weighted tower base fatigue life increases
available with VSVP-S control, interestingly the trends seen were the same for
both floating platform types, even though the responses of each system at each
wind speed was different. Thus the back twist profile was seen to be the most
effective when it started higher up the blade at 75% radius from the root and when
the back twist angle was 6° at the tip. This corresponded to the BT 4 profile, as

seen for the spar in Table 5-2 and the semi-submersible in Table 5-3.

When examining any of the results presented, it is also important to understand

when the turbine blade pitch control system will not be operating. This particularly
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applies to the lower wind speed simulations (at a mean of 8 m/s), since the pitch
angle will be constant during these times, and therefore the VSVP-S control
systems, (or pitch-to-feather systems), will not be a factor in any of the FOWT
response changes seen. This understanding, allows for a more informed analysis
of the effects seen at the different mean turbulent wind speeds. Range reductions
were seen at 8 m/s in ‘blade out-of-plane deflection’ (BOoPDef), ‘blade out of
plane bending moment at the blade root’ (BOoPBmBYr), ‘blade flapwise bending
moment’ (BFwBm), ‘tower base side-to-side bending moment’ (TwrBsSSBm) and
‘tower base fore-aft bending moment’ (TwrBsFABm) for both the spar and semi-
submersible VSVP-S configurations (Figure 5-4), which resulted in a beneficial
increase in the tower base axial fatigue life for both floating systems. With the
profile defined as BT 4 this increase was 18.7% for the spar (Table 5-2) and 6.5%
for the semi-submersible (Table 5-3). This correlates with the decrease seen in
peak amplitude for the tower fore-aft bending moment spectrums at 8 m/s, when
VSVP-S BT4 control was implemented (Figure 5-5(g)). The spar VSVP-S BT4
configuration achieves a higher increase in tower fatigue life at this wind speed,
which may be due to the lower amplitudes seen after 0.4 Hz. These beneficial
changes must be mainly due to the back twist profile utilized, as the control
system is not operating at wind speeds below rated.

At 13 m/s mean winds, benefits in terms of reduced tower axial fatigue came from
both the VSVP-S control action and was also dependent upon the specific blade
back twist profile. With the BT 4 blade profile reductions in tower fatigue of 21.8%
and 18.5% were seen by both the spar (Table 5-2) and semi-submersible (Table
5-3) respectively. From the power spectrums, this indicates that sizable
reductions in the fatigue must be gained when operating in the 0.02 to 0.05 Hz
range, as the platform can be seen to be more damped in this region with the
VSVP-S BT4 configurations. Less fatigue is experienced by both the feather and
stall semi-submersible configurations at 13 m/s when compared to the
corresponding spar control design. This correlates with the reduction in amplitude
seen by the semi-submersibles between 0.075 and 0.27 Hz (Figure 5-5(h)).
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At 18 m/s mean winds the back twist profiles had a major influence on both
systems, with more benefit seen when the back twist was initiated higher up the
blade, and when the twist angle was increased to 6°. However, the response of
the platform pitch was not seen to be influenced by reductions in the rotor thrust,
even though it could be seen in Figure (4-3 (i & I)) that they translated into a more
regulated tower fore-aft motion and fatigue life increase. These results therefore
align with the analysis presented by Lackner (2013), who reiterated the
importance of examining changes in tower motion, rather than platform pitch, as
reductions in the latter are not always directly transferable to the tower. With the
BT4 blade profile, the spar gained an increase of 8.4% in the tower fatigue life
whereas the semi-submersible experienced a reduction in the fatigue life of nearly
2%. This increase in fatigue for the semi-submersible could be seen to be quite
surprising when examining the reductions in the amplitude below 0.05 Hz. As
although below 0.05 Hz corresponds to wave periods of 20 seconds or above
where the wave loads tend to be low, the platform pitch natural frequency is within
this frequency range. Hence, more benefits could be expected from the VSVP-S
control system. However, it may be that the higher fatigue is due to a higher
amplitude that was seen at frequencies higher than those depicted in Figure 5-

5().

Overall more benefit was seen by the spar platform with an increased axial tower
life of 18.8% when compared to its feather base model, compared to 10.2% for
the semi-submersible. However the semi-submersible tower base axial fatigue
life was higher overall. In reality it is not appropriate to compare the two systems
with each other as the environmental scenarios were not identical. The spar was
situated in water at a depth of 320 m and the semi-submersible was in water at a
depth of 200 m. Also, although they both incorporated a similar 3-line catenary
mooring system, their pre-tension and elastic stiffness requirements were
different. The semi-submersible platform also has a mass that is approaching
double that of the spar, which would increase manufacturing costs especially for

a steel construction. It should also be noted that the increases in fatigue life came
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at the expense of a weighted power reduction of 0.8% and 1.1% for the spar and
semi-submersible VSVP-S systems, respectively.
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8 CONCLUSIONS AND FURTHER WORK

8.1 Main conclusions

The expected move from fixed base to floating offshore wind turbines comes with
several challenges, such as those due to the increased turbine tower loads
experienced. To make floating platforms financially viable, these loads need to
be reduced. The induced tower base bending moments are negatively affected
when a turbine is coupled to a floating platform, with bending moment increases
of up to 1.6 times higher than those that a tower on a fixed base may experience
(Robertson & Jonkman 2011). This specific tower fore-aft motion is also
associated with the phenomenon known as ‘negative damping’, which can occur
when a turbine is pitching to feather, due to the reduction in the rotor thrust that
occurs when wind speeds exceed rated. Generally negative damping is avoided
by reducing the frequency of the blade pitch controller. However, when this
method is applied to a FOWT, the actuation frequency must be made low enough
to avoid the frequencies of the platform’s motions in surge, sway, roll, and pitch,
as well as the natural frequency of the turbine tower vibration Eigen frequencies
(Fleming et al 2019). As such, much lower control frequencies must be chosen.
Furthermore, the lower control frequency setting creates an undesirable increase
in fluctuations in rotor speed and generated power, and hence leads to a reduced

performance (Larsen & Hanson 2007).

This thesis has examined the possible benefits to both the performance, by
improving the energy regulation, and to the reduction of tower fore-aft loads,
through the implementation of a back twisted blade that actively pitches towards
stall to control the rotor speed at higher winds. The following novel contributions

to knowledge have also been fulfilled:

o Provide further information on tower axial fatigue propagation relative
to platform, tower and blade profiles when operating with VSVP-S

control.
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o Increase the data on the effects of a VSVP-S control strategy for
different FOWT platform types, and the benefits of avoiding negative

damping in terms of a more regulated rotor speed and power output.

o Determine if tower axial fatigue reductions can be achieved utilising a
back twist towards feather blade on a VSVP-S blade pitch control
system.

o Present the most appropriate blade back twist configuration in terms of
magnitude and initiation point along the blade radius, through a
weighted wind frequency analysis for a specific set of environmental
conditions, for both a semi-submersible and a spar FOWT platform.

Useful data has been provided on the increased energy regulation achievable
through VSVP-S control on two types of floating platform, a semi-submersible
and a spar. This data has allowed a comparison to be made between the
regulation of energy generated by a VSVP-S controlled FOWT and that achieved

by a similar FOWT with a standard pitch-to-feather control configuration.

This research has achieved its aim and has shown that a VSVP-S control turbine
with a BT blade can both increase the regulation of the energy and reduce tower
base fore-aft induced fatigue when coupled to either a spar or semi-submersible
floating platform type. The proposed design, that provides good mitigation of
undesirable loads without undue power loss, has a BT magnitude at the tip of -6°
and a twist initiation at 75% from the blade root. With a weighted wind frequency
analysis at three mean turbulent wind speeds, this configuration has been shown
to provide possible increases in the tower axial fatigue life of up to 18.8% for the
spar type and 10.2% for the semi-submersible, when compared to their

respective feather base models.

The findings from the two studies on different floating platform types has also
enabled a comparison of the effects on tower fatigue due to both VSVP-S control
and has also enabled trends in the back twist profiles at different wind speeds to
be identified. This data therefore provides increased knowledge that could help

provide further potential solutions and make VSVP-S a more viable, techno-
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economically solution for future FOWT designs. Reducing the increased tower
loads could also result in decreased costs and weight rather than increased

fatigue life, depending upon the specific requirements of a FOWT configuration.

8.2 Meeting the objectives

The initial investigation into the possible benefits of a VSVP-S control system, in
terms of avoiding negative damping by design, was conducted on the semi-
submersible floating platform used in the OC4 Phase Il project, as outlined in
section 3.3.1. The semi-submersible platform type was chosen partially due to
possible benefits in assembly and maintenance. The main selection criteria
however, was the increased fore-aft tower loads that both semi-submersibles and
spars were seen to experience as detailed in section 2.3 and seen in Figure 2.5.
Thus, semi-submersibles and spars would both benefit from a reduction in the
tower fatigue loads experienced. The choice of the open source OC3 phase IV
spar and OC4 phase Il semi-submersible floating platform configurations,
coupled to the NREL 5 MW turbine, further allowed the research to concentrate
on tower fatigue load reduction, rather than model development. Thus the first
objective of this thesis, to ‘select a suitable floating platform type and

configuration’, was achieved.

The second objective, to ‘evaluate and compare the state-of-the-art
methodologies utilised for the simulation, analysis and control of loads as they
propagate on a wind turbine tower fixed to a floating platform’, was achieved
through the extended literature review in section 2.2. From further analysis in
section 2.4, the FAST v-8 aero-hydro-servo-elastic code was chosen to simulate

both the turbine and platform responses in the time domain.

A site in the Northern North Sea off the Scottish coast and relatively close to the
first commercial floating wind farm ‘Hywind Scotland’, was chosen to accomplish
objective three ‘a reference site with appropriate environmental conditions, and
hence define the load case for the aerodynamic and hydrodynamic models’. The
selected site, as specified in section 3.3.1, had data collected on the mean wind

speeds and significant wave heights at hourly intervals over several years (Geos
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2001) allowing an informed decision when defining the load cases for the

aerodynamic and hydrodynamic models’.

The selection of two fully open source floating platform models, compiled within
FAST, benefited this research by providing fully developed aerodynamic,
hydrodynamic, structural dynamic and control models for the analysis of both the
semi-submersible and spar FOWT systems when operating in pitch-to-feather.
Details of the verification of those models and also the programming capabilities
within FAST, can be seen within section 6.1, thus completing objective four.

Objective five was achieved utilising Simulink within MATLAB to develop a
variable speed, variable pitch-to-stall control model, with constant gains between
the rated and cut-out wind speeds, as detailed in section 3.3.1. This was linked
into the FAST v8 aero-hydro-servo-elastic model utilizing the FAST S-Function,

as provided by the simulation code.

The first part of objective six, to identify blade models to reduce tower fore-aft
responses, was realised through the extended literature review, specifically within
section 2.3.5. This allowed suitable blade manipulations, in the form of a back
twist, to be defined and implemented. Simulations confirmed that the model was
capable of positively reducing tower fore-aft responses, under the different
environmental and operational conditions specified, as detailed in the first paper,

presented in section 3.

The second paper, presented in section 4, fulfils objectives seven and eight by
both analysing and presenting the findings in terms of the effects of back twist
angle, initiation point and constant pitch angle below rated and also by identifying
the most appropriate active-stall blade profile modifications for fatigue reduction

at the tower.

The final ninth objective, to ‘determine if the wind turbine with blade modifications
would provide benefit to another floating platform type’, was achieved within the
third paper, presented in section 5, which analysed the effects on a spar type
platform.
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8.3 Further work

This initial study, through a numerical investigation of the potential advantages
arising from the implementation of a back twisted blade, imposed a parametric
sweep of the twist distance along the blade length. This was applied to a blade
with characteristics that were mainly relevant to a pitch-to-feather control system,
rather than the variable speed, variable pitch-to-stall control system imposed.
Further analysis on a back twisting blade, aerodynamically designed for active
pitch-to-stall control and that could provide a smoother transition in the thrust-
speed curve would be beneficial. Investigation of three-dimensional flows in back
twist turbine blades employing Computational Fluid Dynamics techniques would
provide further knowledge and may also highlight more appropriate back twist
profiles to achieve not only tower axial fatigue reduction, but also increased power

generation.

Further research would also need to analyse the structural loads imposed on the
blades by the incorporation of a back twisting blade, both individually and upon
the rotor as a whole. Full system load analysis, including loads on the nacelle,
gearbox and drive train would also be recommended. A future study should also
include the effects of shear stress due to torsion, on the overall tower fatigue life.
It may also prove useful if the two components of this study, the VSVP-S control

and the back twist blade, were separately analysed.

A study of possible energy loss over the turbine life would also provide useful
additional information for wind turbine developers and would be an essential
component towards the possible selection of the most preferable back twist

design for a specific environmental scenario and floating turbine type.

A more complete analysis, initially through simulation, of the effects of both
VSVP-S and BT on a specific FOWT type, that covered all operational mean wind
speeds, each analysed with 10 variable wind and wave seeds would also be
advisable. This would ensure that all possible variations in the motions of a FOWT

are more adequately captured.
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From this more thorough investigation of a VSVP-S BT configuration, a scaled
experimental FOWT could provide validation of the simulated responses.
Experimental testing would also provide real time results that would further

indicate the pros and cons of the proposed VSVP-S BT FOWT configuration.
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APPENDICES

Appendix A Supplementary Material - Paper 1

Appendix A contains supplementary data relating to the first paper, ‘Reducing
Tower Fatigue through Blade Back Twist and Active Pitch-to-Stall Control
Strategy for a Semi-Submersible Floating Offshore Wind Turbine’. This includes
additional detail on the semi-submersible platform (section A.1); the blade twists
(section A.2); the platform damping ratios (section A.3) and wind and wave seeds

and simulation time (section A.4).

A.1 Semi-submersible platform

Paper 1, makes reference to a semi-submersible platform; more detail on this
platform is provided here. A depiction of the semi-submersible platform utilized
within the paper can be found in Figure A-1 (adapted from Robertson et al
2014).The total height of the ‘offset columns’ is 30 m. This comprises of 10 m
above the SWL and 20 m below it. The platform has a mass of 13,473,000 kg,
which is the total mass that includes ballast. The CM is at a depth below SWL of
13.46m. Mooring is provided by three catenary lines. Figure A-2 illustrates the
semi-submersible floating platform coupled to the 5 MW NREL HAWT (Robertson
et al 2015).

Figure A-1 Semi-submersible platform. (Adapted from Robertson et al 2014).
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Figure A-2. Semi-submersible platform couple to the 5 MW NREL HAWT (Robertson
et al 2015).

A.2 Blade twists

Details of the blade twists analysed in Paper 1, are provided here. The original
blade twist of the NREL 5 MW HAWT, as used for both the ‘Feather Base Model’
and ‘Pitch-to-Stall Model’, has been defined as the ‘original blade twist’ in Table
A-1 (Jonkman 2007). How this twist has been altered, in terms of an imposed

back twist that starts at 75% along the blade span, can be seen by the further
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given blade span (as measured from the root).

three back twist models (for 3°, 6° and 9°) relative to the specific twist angle at a

Table A-1. Blade twist profiles presented in section 3

Blade span Orlglnql blade 3° back twist | 6° back twist | 9° back twist
from the root twist
(m) (deg) (deg) (deg) (deg)

0.00 13.31 13.31 13.31 13.31

1.37 13.31 13.31 13.31 13.31

4.10 13.31 13.31 13.31 13.31

6.83 13.31 13.31 13.31 13.31
10.25 13.31 13.31 13.31 13.31
14.35 11.48 11.48 11.48 11.48
18.45 10.16 10.16 10.16 10.16
22.55 9.01 9.01 9.01 9.01
26.65 7.80 7.80 7.80 7.80
30.75 6.54 6.54 6.54 6.54
34.85 5.36 5.36 5.36 5.36
38.95 4.19 4.19 4.19 4.19
43.05 3.13 3.13 3.13 3.13
47.15 2.32 2.55 2.75 2.95
51.25 1.53 2.68 3.68 4.68
54.67 0.86 2.79 4.45 6.12
57.40 0.37 2.87 5.07 7.27
60.13 0.11 2.96 5.69 8.42
61.50 0.11 3.00 6.00 9.00

A.3 Platform damping ratios

Background research relevant to section 3 and the possible benefits to the semi-

submersible with a VSVP-S control system are presented here. To initially

analyse the difference in the platform pitch damping of the semi-submersible

platform, the damping ratios of the semi-submersible platform coupled to turbines

with pitch-to-feather and pitch-to stall control were derived using equations A-1
to A-4 (Jonkman 2007).

& = Co/(2.VKxMyx)

[Eq A-1]

where, {x is the platform pitch damping ratio, Cx is the damping coefficient

(N/(m/s)), Kx is the stiffness coefficient (N/m), and My is the effective mass

coefficient (kg).
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Cx = ((Br + Bss)/Lun®)+ (dT/dv) [Eq A-2]

where, Br represents the damping with respect to the pitch hydrodynamic
radiation (kg.m?/s?), Bss represents the linearized damping with respect to the
pitch hydrodynamic viscous drag (kg.m?/s?), Lun is the hub height (m) and dT/dv

is the change in thrust with change in wind speed (N/m/s).

NOTE: Br has been approximated as the amount of linear radiation damping at
the platform pitch natural frequency of wxn = 0.037 Hz as suggested by Jonkman
(2007).

KX:(C55 + C]ines)/LHHZ [Eq A-3]

where, Css is the pitch hydrostatic restoring (Nm/rad) and Ciires is the linearized

hydrostatic restoring of the mooring lines in pitch (Nm/rad).

My = (Is5 + Ass)/Lun? [Eq A-4]

I55 is the pitch inertia with respect to the combined turbine and platform masses
(kg.m?), and Ass is the added mass with respect to the pitch hydrodynamic

radiation (kg.m?).

The thrust sensitive to changes in wind speed has been derived by two methods
as detailed by Jonkman (2007). The method identified as the ‘ideal closed loop’
in Tables A-1 and A-2, derives the change in thrust seen with steady winds at
1 m/s incremental steps. Hence, no value are derived at either the initial cut-in
wind speed of 3 m/s or the cut-out speed of 25 m/s. The term ‘ideal’ is used as
the blade pitch controller actually uses the rotor speed change rather that the
wind speed change used in the platform pitch damping ratio analysis. The ‘open
loop’ values have been derived from linearization in FAST v8 with AeroDyn 15,
performed with a steady wind speed for each incremental wind speed change.
The linearization method requires the specific pitch angle and rotor speed to be

provided for each wind speed, which was derived from the steady wind
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simulations used to obtain the ‘ideal closed loop’ values. Further details of both
the open and closed loop methods are presented in Jonkman (2007). More
information on the other specific elements required to obtain the platform pitch
damping ratios can be found in the definition of the OC4 Phase Il semi-

submersible system (Robertson et al 2014).

Table A-2. Damping ratios with respect to the thrust sensitivity to wind changes for
both open loop and ideal closed loop blade pitch controllers as applied to the ‘Feather

Base Model'.
X-direction | Feather dT/dv |Feather - Open| Feather dT/dv | Feather - Ideal
wind velocity | Open Loop Loop Ideal Closed | Closed Loop
Loop
(m/s) (N/m/s) x (N/m/s) {x
3 5.62E+04 1.32E-01
4 5.76E+04 1.35E-01 4.79E+04 1.17E-01
5 5.96E+04 1.39E-01] 5.67E+04 1.33E-01
6 6.24E+04 144E-01] 6.52E+04 1.49E-01
7 6.60E+04 1.51E-01 7.45E+04 1.67E-01
8 6.95E+04 1.58E-01 8.94E+04 1.95E-01
9 7.80E+04 1.74E-01] 1.04E+05 2.24E-01
10 8.64E+04 1.90E-01] 1.03E+05 2.22E-01
11 8.48E+04 1.87E-01 5.26E+03 3.53E-02
12 9.37E+04 2.04E-01| -8.53E+04 -1.37E-01
13 9.38E+04 2.04E-01] -6.78E+04 -1.04E-01
14 9.33E+04 2.03E-01] -4.48E+04 -6.00E-02
15 9.29E+04 2.02E-01] -3.36E+04 -3.87E-02
16 9.21E+04 2.01E-01] -2.67E+04 -2.55E-02
17 9.14E+04 1.99E-01| -2.17E+04 -1.60E-02
18 9.23E+04 2.01E-01] -1.79E+04 -8.79E-03
19 9.24E+04 2.01E-01] -1.50E+04 -3.26E-03
20 9.06E+04 1.98E-01| -1.28E+04 9.10E-04
21 8.89E+04 1.95E-01| -1.11E+04 4.21E-03
22 8.84E+04 1.94E-01| -9.62E+03 6.99E-03
23 8.86E+04 1.94E-01| -8.36E+03 9.39E-03
24 8.87E+04 1.94E-01| -7.29E+03 1.14E-02
25 8.83E+04 1.93E-01

The semi-submersible platform pitch damping ratios for both feather and stall are
presented in Figure A-3. Below rated the open loop predictions (shown in blue as
a solid line for feather and a broken line for stall) are identical, regardless of the
control type. This is as no pitch control is implemented at these lower wind

speeds. When the blade is pitched to feather to shed power as the wind
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increases, the open loop damping ratio remains fairly constant at approximately
0.2. However, with active pitch-to-stall control, there is an initial drop directly after
the rated wind speed is exceeded. This takes the open loop damping ratio down

to 0.05 at 13 m/s. It then remains steady until cut out at a wind speed of 25 m/s.

Table A-3. Damping ratios with respect to the thrust sensitivity to wind changes for
both open loop and ideal closed loop blade pitch controllers as applied to the ‘Pitch-to-

Stall Model'.
X-direction Stall dT/dv Stall - Open Stall dT/dv Stall - Ideal
. . Ideal Closed
wind velocity | Open Loop Loop Loop Closed Loop
(m/s) (N/m/s) {x (N/m/s) Cx

3 5.62E+01| 1.32E-01

4 5.76E+01 1.35E-01 4.79E+04 1.17E-01

5 5.96E+01| 1.39E-01 5.67E+04 1.33E-01

6 6.24E+01| 1.44E-01 6.52E+04 1.49E-01

7 6.60E+01| 1.51E-01 7.45E+04 1.67E-01

8 6.95E+01 1.58E-01 8.94E+04 1.95E-01

9 7.80E+01| 1.74E-01 1.04E+05 2.24E-01
10 8.64E+01| 1.90E-01 1.03E+05 2.22E-01
11 8.48E+01| 1.87E-01 1.96E+05 3.99E-01
12 3.51E+01 9.21E-02 1.73E+05 3.54E-01
13 1.42E+01| 5.23E-02 3.57E+04 9.32E-02
14 1.34E+01 5.08E-02 1.29E+04 4.99E-02
15 1.29+01|  4.98E-02 -3.85E+03 1.80E-02
16 1.37E+01 5.13E-02 -2.02E+04 -1.31E-02
17 1.53E+01| 5.44E-02 -2.53E+04 -2.29E-02
18 1.69E+01|  5.74E-02 -8.89E+03 8.38E-03
19 1.77E+01|  5.90E-02 1.50E+04 5.39E-02
20 1.62E+01| 5.62E-02 2.63E+04 7.53E-02
21 1.51E+01| 5.41E-02 3.26E+04 8.74E-02
22 1.36E+01| 5.13E-02 3.97E+04 1.01E-01
23 1.22E+01|  4.85E-02 4.32E+04 1.07E-01
24 1.14E+01 4.69E-02 4 50E+04 1.11E-01
25 1.01E+01|  4.46E-02

The ideal open loop predictions are also identical for both feather and stall control
at the lower winds. However, at higher winds the two damping ratio prediction
methods vary greatly. For the feather system an initial drop occurs, resulting in a

negative damping of nearly -0.15. This then slowly rises to become positive again
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at a wind speed of 20 m/s and then remains just above zero until 24 m/s. The
stall configuration has an opposite effect initially, due to the increased rotor thrust
seen in this region as shown in Figure 3.4(b) within section 3.4.1. This then drops
gradually until it falls just below zero between 16 and 18 m/s wind speeds, then
rises again to just above 0.1 by the time 24 m/s winds are reached. The actual
damping ratios for both systems can be expected to be somewhere in between
those found from both the open and ideal closed loops, however this contains a

large range of possible values.

Figure A-3 Platform pitch damping ratios for the semi-submersible floating platform
relative to the ‘Feather Base Model' and Pitch-to-Stall Model’, where the solid line is the
damping for the feather system and the broken line is the damping of the stall system

Jonkman (2007) found that the stall configuration for a barge floating platform, as
shown in Figure A-4 for easy comparison, gave a lower damping ratio at winds
above 15 m/s than when feather control was initialized. This was confirmed by
the increased response of the barge platform pitch at a mean turbulent wind of
18 m/s. However, for the semi-submersible, this is likely to only be applicable for

a small range of wind speeds around 16 to 18 m/s. Therefore, as the frequency
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of occurrence is much lower for winds around 18 m/s than for those around rated

and below; an overall fatigue reduction is expected.

Figure A-4 Platform pitch damping ratios with pitch-to-feather and pitch-to-stall active
blade pitch control for the barge FOWT (Jonkman J 2007).

A.4 Wind and wave seeds and simulation time

Simulation lengths and wind and wave seed number analysis prior to the
selection utilized within section 3 are presented here. To validate the selection of
three individual simulations in terms of varying random wind and wave seeds
(while retaining three hours in lengths for each) a comparison study was
conducted against the more standard use of six times one-hour simulations. The
use of three hour simulations for the fatigue analysis of FOWTs was seen to be
preferable, due to more variation in the responses of FOWTs with time, compared
to fixed base turbines. Each of the simulations presented had a mean turbulent
wind of 18 m/s, a significant wave height of 4.5 m and a spectral peak period of
10 s. To ensure transient responses were avoided, the first 300 s of each
simulation was also discarded. Tables A-4 and A-5 present the results of six
simulations, each one hour in length and each with a different set of random wind
and wave seeds. The values within Table A-4 are with feather control and those
presented in Table A-5 are for stall control. The average tower base axial fatigue
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life from all the simulations for each control type were then compared against
their respective averages from three times three-hour simulations, as presented
in Table A-6 for feather and Table A-7 for stall. The results from both methods
were within 0.35% for feather control, and 0.91% for stall control. Therefore, the

use of three times three-hour simulations was validated.

Table A-4. Variability in the tower axial fatigue life of the pitch-to-feather with 1 hr wind
and wave seed simulations

Feather | Feather | Feather | Feather | Feather | Feather | Average
TOvl8 | TOv18 | TOv18 | TOvl8 | TOv18 | TOv18 |of 6 x lhr
1hr WS1 | 1hr WS2 | 1hr WS3 | 1hr WS4 | 1hr WS5 | 1hr WS6 | sims

Tower Base Axial

Fatigue Life (days) 10584| 10744| 11174| 10282 11984  11246| 11003
Tower Base Axial

Fatigue Life (years) 29.0 29.4 30.6 28.2 32.8 30.8 30.14
Variable from the

Averaged Fatigue Life -3.80 -2.35 1.56 -6.55 8.92 2.22

Table A-5. Variability in the tower axial fatigue life of the pitch-to-stall with 1 hr wind
and wave seed simulations

Stall TO | Stall TO | Stall TO | Stall TO | Stall TO | Stall TO | Average
v18 1hr | vi8 1hr | v18 1hr | vi8 1hr | v18 1hr | v18 1hr |of 6 x 1hr
WS1 WS2 WS3 WS4 WS5 WS6 sims

Tower Base Axial

Fatigue Life (days) 6193 7081 6529 6569 6855 5859 6514
Tower Base Axial

Fatigue Life (years) 17.0 19.4 17.9 18.0 18.8 16.1 17.85
Variable from the

Averaged Fatigue Life -4.93 8.69 0.22 0.84 5.23| -10.06

Table A-6 Variability in the tower axial fatigue life of the pitch-to-feather with 3 hr wind
and wave seed simulations

Feather | Feather | Feather | Average
TOvl8 | TOv18 | TOv18 |of 3x3hr
3hr WS1 | 3hr WS2 | 3hr WS3 | sims

Tower Base Axial

Fatigue Life (days) 10593 11227 11071 10964
Tower Base Axial

Fatigue Life (years) 29.02 30.76 30.33 30.04
Variable from the

Averaged Fatigue Life -3.39 2.40 0.98
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Table A-7. Variability in the tower axial fatigue life of the pitch-to-stall with 3 hr wind
and wave seed simulations.

Stall TO | Stall TO | Stall TO | Average
v18 3hr | v18 3hr | v18 3hr |of 3 x 3hr
WS1 WS2 WS3 sims

Tower Base Axial

Fatigue Life (days) 6384 6823 6160 6455
Tower Base Axial

Fatigue Life (years) 17.5 18.7 16.9 17.69
Variable from the

Averaged Fatigue Life -1.10 5.69 -4.58
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Appendix B Supplementary Material - Paper 2

Appendix B contains supplementary data relating to the second paper, ‘Analysis
of the effect of a series of back twist blade configurations for an active pitch-to-
stall floating offshore wind turbine’. This includes additional detail on the blade
twists (section B.1) and the tower axial fatigue life at each wind speed (section
B.2).

B.1 Blade twists

Details of the blade twists analysed in Paper 2, are provided here. Table B-1
presents the ‘original blade twist’ of the feather configuration (Jonkman 2007) and

the 12 back twists imposed on the stall controlled turbine.
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Table B-1. Semi-submersible blade twist profiles presented in section 4

Blade Original | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back | Stall Back
Span from | Blade Twist Twist Twist Twist Twist Twist Twist Twist Twist Twist Twist Twist
the Root Twist Model 1 | Model 2 | Model 3 | Model 4 | Model5 | Model 6 | Model 7 | Model 8 | Model 9 | Model 10 | Model 11 | Model 12
(m) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg)
0.00 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31
1.37 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31
4.10 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31
6.83 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31
10.25 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31 13.31
14.35 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48
18.45 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16 10.16
22.55 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01 9.01
26.65 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80 7.80
30.75 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54 6.54
34.85 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36
38.95 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19
43.05 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13
47.15 2.32 2.55 2.32 2.32 2.75 2.32 2.32 2.95 2.32 2.32 3.15 2.32 2.32
51.25 1.53 2.68 1.53 1.53 3.68 1.53 1.53 4.68 1.53 1.53 5.68 1.53 1.53
54.67 0.86 2.79 1.25 0.86 4.45 1.58 0.86 6.12 1.91 0.86 7.79 2.25 0.86
57.40 0.37 2.87 1.95 0.64 5.07 3.35 0.88 7.27 4.75 112 9.47 6.15 1.37
60.13 0.11 2.96 2.65 2.21 5.69 5.12 4.29 8.42 7.58 6.37 11.16 10.05 8.46
61.50 0.11 3.00 3.00 3.00 6.00 6.00 6.00 9.00 9.00 9.00 12.00 12.00 12.00
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B.2 Tower axial fatigue life at each wind speed
The average tower axial fatigue life utilised within Paper 2, are provided here.
Table B-2 presents the tower axial fatigue life seen at each mean turbulent wind

speed for each of the 12 back twist models analysed within section 4. This data

along with the wind frequencies presented in Table 4-2 of section 4 was used to

derive the weighted values seen in Table 4-3.

173



Table B-2. Tower axial fatigue life for each back twist model at mean turbulent wind speeds of 8, 13 and 18 m/s.

Test ID for semi-submersible
variable-speed variable-pitch-to-stall BT1|BT2| BT3 | BT4 | BT5 | BT6 | BT7 | BT8 | BT9 | BT10 | BT 11 | BT 12
models

Initiation point along the blade,

measured from the root (%) 750 | 875 | 928 75.0 87.5 92.8 75.0 87.5 92.8 75.0 87.5 92.8

Back twist angle at the tip (°) -3 -3 -3 -6 -6 -6 -9 -9 -9 -12 -12 -12

Total weighted tower axial fatigue life

. 276 | 26.8 26.3 28.1 27.2 26.6 28.3 27.4 26.8 28.6 27.8 27.0
for each scenario (years)

Tower axial fatigue life change from

‘Semi-sub Feather Base Model’ (%) 8.3 5.1 3.1 10.2 6.5 4.1 110 7.5 4.9 121 8.8 59

Total generator power average for each

4 1901 | 1907 | 1899 | 1888 | 1894 | 1895 | 1865 | 1884 | 1888 | 1836 | 1871 | 1880
scenario (kW)

Average generated power change from

‘Feather Base Model' (%) -05 | 0.1 -0.5 -1.1 -0.8 -0.8 -2.4 -1.4 -1.2 -3.9 -2.0 -1.6

* (+ve number means a longer tower life)
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Appendix C Supplementary material - Paper 3

Appendix C contains supplementary data relating to the third paper, ‘Back
twisted, active pitch-to-stall blade for floating offshore wind turbine tower
damping’. This includes additional detail on the spar platform (section C.1) and
the blade twists (section C2).

C.1 Spar platform

Paper 3, makes reference to a spar platform; more detail on this platform is
provided here. Figure C-1 depicts the OC3 Hywind spar when coupled to the
5 MW NREL HAWT (Xu & Srinil 2015).

90 m

Figure C-1. Spar platform couple to the 5 MW NREL HAWT (Xu & Srinil 2015).
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C.2 Blade twists

The blade twists analysed in Paper 3, are presented here. The blade twist profiles
used within the study presented in section 5 can be found in Table C-1. The six
back twisted blades are the same for both the spar and the semi-submersible
platforms. The ‘original blade twist’ is that utilized by the feather configuration
(Jonkman 2007). These back twist profiles also correspond to the stall back twist
models one to six seen in Table B-1 of Appendix B, as part of the supplementary

material for the study presented in Paper 2, as laid out in section 4.

Table C-1. Blade twist profiles for both the spar and semi-submersible floating platform
configurations presented in section 5.

Blade Original Back Back Back Back Back Back
Span from | Blade Twistl | Twist2 | Twist3 | Twist4 | Twist5 | Twist6
the Root Twist
(m) (deg) (deg) (deg) (deg) (deg) (deg) (deg)

0.00 13.31 13.31 13.31 13.31 13.31 13.31 13.31

1.37 13.31 13.31 13.31 13.31 13.31 13.31 13.31

4.10 13.31 13.31 13.31 13.31 13.31 13.31 13.31

6.83 13.31 13.31 13.31 13.31 13.31 13.31 13.31
10.25 13.31 13.31 13.31 13.31 13.31 13.31 13.31
14.35 11.48 11.48 11.48 11.48 11.48 11.48 11.48
18.45 10.16 10.16 10.16 10.16 10.16 10.16 10.16
22.55 9.01 9.01 9.01 9.01 9.01 9.01 9.01
26.65 7.80 7.80 7.80 7.80 7.80 7.80 7.80
30.75 6.54 6.54 6.54 6.54 6.54 6.54 6.54
34.85 5.36 5.36 5.36 5.36 5.36 5.36 5.36
38.95 4.19 4.19 4.19 4.19 4.19 4.19 4.19
43.05 3.13 3.13 3.13 3.13 3.13 3.13 3.13
47.15 2.32 2.55 2.32 2.32 2.75 2.32 2.32
51.25 1.53 2.68 1.53 1.53 3.68 1.53 1.53
54.67 0.86 2.79 1.25 0.86 4.45 1.58 0.86
57.40 0.37 2.87 1.95 0.64 5.07 3.35 0.88
60.13 0.11 2.96 2.65 2.21 5.69 5.12 4.29
61.50 0.11 3.00 3.00 3.00 6.00 6.00 6.00

C.3 Performance characteristics in turbulent winds

Turbine responses to highlight the performance differences between the 'Spar
Feather Base Model’ and the ‘Pitch-to-Stall BT4 Model’ are presented in Figure
C-2. These were generated when all the DOF were enabled.
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Figure C-2. Simulation outputs for pitch-to-feather and pitch-to-stall blade with back
twist at 8 (left), 13 (centre), and 18 m/s (right) mean turbulent winds.

For the pitch-to-feather system, utilizing the spar platform, the maximum rotor
speed is over 23% higher than the nominal rotor speed, when operating in mean
turbulent winds of 18 m/s (Figure C-2(i)). At the same mean turbulent wind the
rotor speed variance was reduced to just 1% higher than the nominal by the
introduction of the stall back twist model. A similar pattern was also seen in the
power generated at 18 m/s winds, with the stall providing a very smooth output
within 1% of the nominal at all times, compared to a maximum nearly 24% higher

than the nominal when the spar is under pitch-to-feather control (Figure C-2(l)).
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