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An ever-increasing demand for electricity pushes the wind energy industry to deep waters that 

favor floating concepts. Vertical axis wind turbines (VAWTs) failed for onshore applications 

in the 1980s, but its advantages raise the potential for competitive floating designs and 

ultimately lowering the cost of energy. This thesis aims to (1) better understand the dynamic 

response characteristics of such floating concept and (2) critically evaluate numerical tools able 

to perform fully coupled dynamic analysis on floating VAWTs. 

The studied wind energy converter is a combination of DeepWind’s two-bladed Darrieus rotor 

and the OC3 spar floater. A comparative study is made between this spar concept and the 

equivalent land-based VAWT in both steady and unsteady wind-wave environments. The 

dynamic responses are calculated by the aero-hydro-servo-elastic code SIMO-RIFLEX-AC, 

designed to model physical phenomena as accurately and efficiently as possible. Efficiency-

driven design solutions imply simplifications in the field of aerodynamic, hydrodynamic and 

structural modeling. The effect of modeling theories on the calculated dynamic response of the 

spar VAWT is studied in a code-to-code comparison between HAWC2 and SIMO-RIFLEX-

AC. Special attention is devoted to the aerodynamic models, which are both based on the 

Actuator Cylinder (AC) flow theory. 

The model-comparison shows high energy content at the 2P frequency in most responses, this 

characterizes the two-bladed Darrieus rotor. Aerodynamic loads excite the first tower modes 

(close to 2P) of the land-based VAWT, whereas the spar VAWT hints to a tower mode around 

the 4P frequency. Tower tilt of the spar concept – pitch offset extends up to !" – induces 

gravitational loads at the tower base and blades, and also reduce the generated power up to 5%. 

Dynamic content from hydrodynamic loads is strongly felt at the tower base, but the effect of 

wind turbulence is more significant in terms of platform motions and rotor speed. Introducing 

wind turbulence reduces the aerodynamic and structural loads. 

The code-to-code comparison shows that HAWC2’s aerodynamic model calculates lower 

loads in steady wind, but higher aerodynamic torque in turbulent wind. Dynamic stall 

significantly increases the lift force in the downwind half of the rotor, causing an overall 

increase of aerodynamic load at low tip-speed ratios. The wave-induced platform response is 

stronger in HAWC2, which is also felt at the tower base. The physical mooring system in 

SIMO-RIFLEX-AC endures an increased mean tension, but its standard deviation is lower. 
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This Master’s thesis is carried out in order to obtain the degrees Offshore Engineering from 

TU Delft and Wind Energy from NTNU. I have gotten familiar with the topics through a 

specialization project that took place in Fall 2015 in Trondheim. The major work that is 

presented in this thesis has been carried out from February 2016 through September 2016 in 

Delft. My daily supervisors Carlos, Zhen and Zhengshun have assisted me in this period 

through regular (Skype) meetings and conversations via email. I owe my gratitude to them for 

each in their own way. Carlos, thank you for your general guidance on writing and structuring 

this thesis. Zhen, thank you for your input on designing (and adjusting) the approaches and 

methods applied in this thesis. Zhengshun, thank you for your countless efforts on solving my 

problems related to the numerical tools, I appreciate it. 

With this thesis I close off a truly well-spend two years of my life. The European Wind Energy 

Master has put me in a very international program that takes place at the technical universities 

in Copenhagen, Delft and Trondheim. After a rough start, I was forced to work extra hard at 

TU Delft and NTNU in order to remain with my fellow students and finish in time. I would 

like to thank my fellow students – everyone around it – for this unforgettable experience. 

Last but not least, I would like to show my appreciation and love to my girlfriend and family. 

They have not been able to help me out on any technical issues, but they did provide me with 

moral and emotional support that shaped me to the person I have become today.  

 

 

Delft, the Netherlands       September 29th 2016 
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Boy S. Koppenol  

 



 

 iv 

7$9*2(,-(;,#/2#/+(
!! "#$%&'()$*&#+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!!
!-!! .//01&%2+3*#'+4#2%56+ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!!
!-7! 89&:$*#5+;2%$*):9+<=*0+3*#'+>(%?*#20+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!!
!-@! A&$*B:$*&#+&/+$1*0+>120*0+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+@!

"#$#"! %&'()*+,-!.*'&-,/*01!200-3!44444444444444444444444444444444444444444444444444444444444444!$!
"#$#5! 6*'!,17!.+08(!44444444444444444444444444444444444444444444444444444444444444444444444444444!9!

!-C! .B2%B*2D+&/+$12+E2F&%$+G$%()$(%2+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+H!

7! >12&%2$*):9+8%:I2D&%J+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+K!
7-!! L6#:I*)0+&/+:+89&:$*#5+;2%$*):9+<=*0+3*#'+>(%?*#2+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+M!

5#"#"! :*;*7<=07>!?0/*01!61,->3*3!0@!,!A-0,/*1;!B*17!2&)C*1(! 444444444444444444444444444444!D!
5#"#5! ./)&+/&),-!?07(-*1;!0@!,!E()/*+,-!6F*3!B*17!2&)C*1(!44444444444444444444444444444444!""!
5#"#$! %&'()*+,-!G1/(;),/*01!?(/H07!444444444444444444444444444444444444444444444444444444444!"9!

7-7! <2%&'6#:I*)+A&'29*#5+&/+:+;2%$*):9+<=*0+3*#'+>(%?*#2+,,,,,,,,,,,,,,,,,,,,,,,,,,,+!N!
5#5#"! IJ()J*(K!0@!6()07>1,'*+!?07(-3!44444444444444444444444444444444444444444444444444444!"L!
5#5#5! 6+/&,/0)!M>-*17()!A-0K!2H(0)>!44444444444444444444444444444444444444444444444444444444!"D!

7-@! L6#:I*)0+&/+$12+89&D+8*29'+*#+:+L:%%*2(0+E&$&%+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+7K!
5#$#"! N13/(,7>!%01<N1*@0)'!A-0K!A*(-7! 4444444444444444444444444444444444444444444444444444!5O!
5#$#5! G1@-0K!M017*/*013!@0)!,!E6B2!:0/0)!44444444444444444444444444444444444444444444444444!5P!
5#$#$! Q>1,'*+!./,--!4444444444444444444444444444444444444444444444444444444444444444444444444444!$R!

7-C! 3:B2+>12&%6+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+@C!
5#9#"! =,3*+!S0/(1/*,-!A-0K! 44444444444444444444444444444444444444444444444444444444444444444444!$9!
5#9#5! T*1(,)!6*)>!B,J(!2H(0)>!444444444444444444444444444444444444444444444444444444444444444!$9!
5#9#$! .(+017<0)7()!./0U(3V!B,J(!2H(0)>! 444444444444444444444444444444444444444444444444444!$W!
5#9#9! ./,/*3/*+,-!=(H,J*0)!0@!B,J(3! 4444444444444444444444444444444444444444444444444444444444!$L!

7-H! O6'%&'6#:I*)+P&:'*#5+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+@M!
5#W#"! S0/(1/*,-!A-0K!2H(0)>!444444444444444444444444444444444444444444444444444444444444444444!$P!
5#W#5! ?0)*301!XY&,/*01!44444444444444444444444444444444444444444444444444444444444444444444444!$D!

7-N! Q&#$%&9+>12&%6+/&%+;2%$*):9+<=*0+3*#'+>(%?*#20+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+CR!
5#L#"! M01/)0-!./),/(;>!4444444444444444444444444444444444444444444444444444444444444444444444444!9R!
5#L#5! M01/)0-!6-;0)*/H'!44444444444444444444444444444444444444444444444444444444444444444444444!9"!

@! A2$1&'&9&56+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+C@!
@-!! G*$2+Q&#'*$*&#0+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+CC!

$#"#"! G1/)07&+/*01!/0!/H(!.*/(!44444444444444444444444444444444444444444444444444444444444444444!99!



 

 v 

$#"#5! M0))(-,/*01!0@!/H(!B*17<B,J(!X1J*)01'(1/! 44444444444444444444444444444444444444444!99!
@-7! 3*#'+>(%?*#2+A&'290+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+CN!

$#5#"! T,17<=,3(7!E6B2!?07(-! 44444444444444444444444444444444444444444444444444444444444444!9L!
$#5#5! .8,)!E6B2!?07(-!44444444444444444444444444444444444444444444444444444444444444444444444!9D!

@-@! S(I2%*):9+G*I(9:$*&#+>&&90+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+H@!
$#$#"! 6()07>1,'*+3!444444444444444444444444444444444444444444444444444444444444444444444444444!W$!
$#$#5! Z>7)07>1,'*+3!44444444444444444444444444444444444444444444444444444444444444444444444444!W9!
$#$#$! ./)&+/&),-!Q>1,'*+3!44444444444444444444444444444444444444444444444444444444444444444444!WW!
$#$#9! M01/)0-!Q>1,'*+3!44444444444444444444444444444444444444444444444444444444444444444444444!WL!

@-C! P&:'+Q:020+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+HK!
$#9#"! M0'8,)*301!0@!T,17<=,3(7!E6B2!,17!.8,)!E6B2!4444444444444444444444444444444444!WO!
$#9#5! M0'8,)*301!0@!Z6BM5!,17!.G?I<:GATX[<6M!4444444444444444444444444444444444444444!WD!

C! E20(9$0+:#'+L*0)(00*&#T+Q&IF:%*0&#+&/+P:#'UV:02'+;<3>+:#'+GF:%+;<3>+,+N@!
C-!! G$2:'6+3*#'+&/+PQ!T+V:0*0+/&%+W#'2%0$:#'*#5+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+NC!

9#"#"! \-0C,-!Q>1,'*+!:(38013(!44444444444444444444444444444444444444444444444444444444444444!L9!
9#"#5! 6()07>1,'*+!XF+*/,/*01!T0,73!444444444444444444444444444444444444444444444444444444444!LD!
9#"#$! \(1(),/0)!S0K()!S()@0)',1+(!444444444444444444444444444444444444444444444444444444444!O$!
9#"#9! G1/()1,-!./)&+/&),-!T0,73!444444444444444444444444444444444444444444444444444444444444444!OL!

C-7! G$2:'6+3*#'+:#'+"%%25(9:%+3:B20+&/+PQ7T+3:B2U"#'()2'+E20F&#02+,,,,,,,,,,,,,+M7!
9#5#"! Q(3+)*C*1;!/H(!G))(;&-,)!B,J(!X1J*)01'(1/!44444444444444444444444444444444444444444!P5!
9#5#5! \-0C,-!Q>1,'*+!:(38013(!44444444444444444444444444444444444444444444444444444444444444!P$!
9#5#$! G1/()1,-!./)&+/&),-!T0,73!444444444444444444444444444444444444444444444444444444444444444!PO!

C-@! >(%?(92#$+3*#'+:#'+"%%25(9:%+3:B20+&/+PQ@T+>(%?(92#)2U"#'()2'+E20F&#02+,+X7!
9#$#"! Q(3+)*C*1;!/H(!./0+H,3/*+!B*17<B,J(!X1J*)01'(1/!444444444444444444444444444444444!D5!
9#$#5! \-0C,-!Q>1,'*+!:(38013(!44444444444444444444444444444444444444444444444444444444444444!D9!
9#$#$! N13/(,7>!6()07>1,'*+!T0,7*1;!4444444444444444444444444444444444444444444444444444444!DP!
9#$#9! G1/()1,-!./)&+/&),-!T0,73!444444444444444444444444444444444444444444444444444444444444444!DD!

H! E20(9$0+:#'+L*0)(00*&#T+Q&IF:%*0&#+&/+O<3Q7+:#'+G"A.UE"8P4YU<Q+,,,,,,+!R@!
H-!! G$2:'6+3*#'+&/+PQCT+Q&IF:%*0&#+&/+$12+<2%&'6#:I*)+A&'29+ ,,,,,,,,,,,,,,,,,,,+!RC!

W#"#"! G138(+/*1;!/H(!B*17!X1J*)01'(1/!4444444444444444444444444444444444444444444444444444!"R9!
W#"#5! :(38013(!0@!:0/0)!.8((7!44444444444444444444444444444444444444444444444444444444444444!"RW!
W#"#$! M0'8,)*1;!/H(!6()07>1,'*+!?07(-3!4444444444444444444444444444444444444444444444444!"RL!

H-7! G$2FF2'+3*#'+8*29'+&/+PQHT+Q&IF:%*0&#+&/+$12+L6#:I*)+G$:99+A&'29+ ,,,,,,,,,,+!!@!
W#5#"! G138(+/*1;!/H(!B*17!X1J*)01'(1/!4444444444444444444444444444444444444444444444444444!""$!
W#5#5! :(38013(!0@!:0/0)!.8((7!44444444444444444444444444444444444444444444444444444444444444!""9!



 

 vi 

W#5#$! M0'8,)*1;!/H(!Q>1,'*+!./,--!?07(-3! 444444444444444444444444444444444444444444444444!""9!
H-@! >(%?(92#$+3*#'+:#'+"%%25(9:%+3:B20+&/+PQNT+>12+8(996+Q&(F92'+Q&'20+,,,,,,,+!!X!

W#$#"! G138(+/*1;!/H(!B*17!,17!B,J(!X1J*)01'(1/!4444444444444444444444444444444444444444!""D!
W#$#5! \-0C,-!Q>1,'*+!:(38013(!4444444444444444444444444444444444444444444444444444444444444!"55!
W#$#$! X1J*)01'(1/,-!XF+*/,/*01!T0,73!444444444444444444444444444444444444444444444444444444!"5L!
W#$#9! G1/()1,-!./)&+/&),-!T0,73!44444444444444444444444444444444444444444444444444444444444444!"5P!

N! Q&#)9(0*&#0+:#'+E2)&II2#':$*&#0+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!@7!
N-!! Q&#)9(0*&#0+/%&I+"#B20$*5:$*#5+$12+GF:%+;<3>+Q1:%:)$2%*0$*)0+,,,,,,,,,,,,,,,,+!@7!
N-7! Q&#)9(0*&#0+/%&I+$12+Q&'2U$&UQ&'2+Q&IF:%*0&#+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!@@!
N-@! E2)&II2#':$*&#0+/&%+8($(%2+3&%J+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+!@C!

 

 (



 

 vii 

>&+/(,-(.&0832+(
BNFOPH!8&8>!?QLLQR!SKTU!PQUQP!?QRBNFOPKUNQR%!V3W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!3!
BNFOPH!8&3>!HXKLDIH!QB!NRRQSKUNSH!BIQKUNRF!SKTU!?QR?HDU%!VYW!VZW!V[W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!Z!
BNFOPH!3&8>!,HBNRNUNQR!QB!U\H!DIKUBQPL!LQUNQR%!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4!
BNFOPH!3&3>!,]RKLN?!KLDINBN?KUNQR!BPQL!IQK,NRF!TNU\!K!BPH^OHR?]!?QRUHRU!V_W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87!
BNFOPH!3&Z>!NIIO%UPKUNQR!QB!"KP!HIHLHRU!V`W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!83!
BNFOPH!3&Y>!NIIO%UPKUNQR!QB!"HKL!HIHLHRU!V`W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!83!
BNFOPH!3&[>!,HBQPLKUNQR!QB!K!UNLQ%\HR'Q!"HKL!HIHLHRU!V87W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!8Z!
BNFOPH!3&9>!SN%OKINEKUNQR!QB!U\H!LOIUNa"Q,]!%UPO?UOPKI!LQ,HI!V88W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!8Y!
BNFOPH!3&_>!PK]IHNF\!,KLDNRF!K%!BOR?UNQR!QB!BPH^OHR?]!V83W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!8[!
BNFOPH!3&`>!%?\HLKUN?!QB!U\H!,L%!LQ,HI!NR!U\H!FHQLHUP]!QB!K!,KPPNHO%!PQUQP!V8_W!&&&&&&&&&&&&&&&&&&&&&!8_!
BNFOPH!3&4>!PHDPH%HRUKUNQR!QB!K!3,!SKTU!"]!KR!K?UOKUQP!?]INR,HP!V84W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!8`!
BNFOPH!3&87>!,HBNRNUNQR!QB!U\H!?QQP,NRKUH!%]%UHL!O%H,!BQP!U\H!K?!BIQT!LQ,HI!&&&&&&&&&&&&&&&&&&&&&&&&&&&&!37!
BNFOPH!3&88>!K?UOKUQP!?]INR,HP!BIQT!LQ,HI!TNU\!U]DN?KI!"Q,]!BQP?H%!#$!KR,!#%!V33W!&&&&&&&&&&&&&&&&&&!33!
BNFOPH!3&83>!NIIO%UPKUNQR!QB!U\H!IQ?KI!HIHLHRU!BQP?H!K?UNRF!QR!U\H!"IK,H!QB!K!,KPPNHO%!PQUQP!

V38W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!3Z!
BNFOPH!3&8Z>!NIIO%UPKUNQR!QB!K!TNR,!UOP"OIHR?H!KR,!TNR,!%\HKP!V39W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!3_!
BNFOPH!3&8Y>!NIIO%UPKUNQR!QB!U\H!?OPSH,!NRBIQT!QR!K!SKTU!"IK,H!HIHLHRU!V33W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!34!
BNFOPH!3&8[>!INBU!?QHBBN?NHRU!OR,HP!%UKUN?!%UKII!b,QUUH,!INRHc!KR,!,]RKLN?!%UKII!b?QRUNROQO%!INRHc!

BQP!KUUK?\H,!BIQT!VZYW!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!Z7!
BNFOPH!3&89>!%?\HLKUN?!QB!U\H!BIQT!U\PQOF\!K!SKTU!PQUQP!OR,HP!,]RKLN?!%UKII!?QR,NUNQR%!KU!K!

UNDa%DHH,!PKUNQ!QB!&' ()6!RQUH!U\KU!U\H!BPHH%UPHKL!SHIQ?NU]!HRUHP%!KU!U\H!UQD!%N,H!V8_W!&&&&&&!Z8!
BNFOPH!3&8_>!%?\HLKUN?!QB!UPKNINRF!H,FH!%UKII!VZ_W!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!Z3!
BNFOPH!3&8`>!DHK'!HR\KR?HLHRU!NR!@QR%TKD!%DH?UPOL!PHIKUNSH!UQ!U\H!DL!%DH?UPOL!VY7W!&&&&&&&&&&!Z_!
BNFOPH!3&84>!FHRHPKUQP!UQP^OH!KFKNR%U!PQUQP!%DHH,6!BQP!LKXNLNENRF!*+!"HIQT!,-./!VY8W!&&&&&&&&&!Y7!
BNFOPH!3&37>!%?\HLKUN?!QB!?QRUPQI!KIFQPNU\L!BQP!K!SKTU!"K%H,!QR!K!DN,!KP?\NUH?UOPH!V3W!&&&&&&&!Y8!
BNFOPH!Z&8>!IQ?KUNQR!QB!%UO,NH,!%NUH!VYZW!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!YY!
BNFOPH!Z&3>!IKR,a"K%H,!SKTU!?QR?HDU!TNU\!,HHDTNR,d%!UTQa"IK,H,!,KPPNHO%!PQUQP!&&&&&&&&&&&&&&&&&!Y9!
BNFOPH!Z&Z>!%DKP!SKTU!?QR?HDU!TNU\!UTQa"IK,H,!,KPPNHO%!PQUQP!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!Y4!
BNFOPH!Z&Y>!HXUHPRKI!BQP?H%!KR,!LQLHRU%!KDDINH,!QR!U\H!%DKP!SKTU!BQP!U\H!BPHH!,H?K]!UH%U%!&![8!
BNFOPH!Z&[>!DIKUBQPL!LQUNQR%!QB!%DKP!SKTU!,OPNRF!U\H!BPHH!,H?K]!UH%U%!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&![3!
BNFOPH!Z&9>!PHBHPHR?H!PQUQP!%DHH,!?OPSH!BQP!U\H!?QR%UKRU!PQUKUNQRKI!%DHH,!KR,!?QR%UKRU!

DQTHP!?QRUPQIIHP!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&![9!
BNFOPH!Y&8>!PQUQP!%DHH,!QB!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8&Z6!I?8&8Z!KR,!I?8&8Yc!&&&&&&&&&&&&&&!9Y!
BNFOPH!Y&3>!PNFN,a"Q,]!LQUNQR%!QB!U\H!%DKP!SKTU!KU!0123 4 56-78!bI?8&Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!9[!
BNFOPH!Y&Z>!%UHK,]a%UKUH!%UKUN%UN?%!QB!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8c!&&&!99!
BNFOPH!Y&Y>!%UHK,]a%UKUH!%UKUN%UN?%!QB!PNFN,a"Q,]!LQUNQR%!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!9_!
BNFOPH!Y&[>!FIQ"KI!PQUKUNQRKI!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!NR!I?8&88!&&&&&&&&&&&&&&&&&&&&&!9`!
BNFOPH!Y&9>!KHPQ,]RKLN?!UQP^OH6!FHRHPKUQP!UQP^OH!KR,!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!SKTU!

bI?8&8Yc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!94!



 

 viii 

BNFOPH!Y&_>!U\PO%U!BQP?H!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8&8Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_7!
BNFOPH!Y&`>!LHKR!RQPLKINEH,!DPQ@H?UH,!PQUQP!KPHK!BQP!%UO,]NRF!U\H!HBBH?U!QB!UQTHP!UNIU!QB!U\H!

%DKP!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_8!
BNFOPH!Y&4>!%UHK,]a%UKUH!%UKUN%UN?%!QB!U\PO%U!BQP?H!KR,!KHPQ,]RKLN?!UQP^OH!BQP!U\H!IKR,a"K%H,!

KR,!%DKP!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_3!
BNFOPH!Y&87>!%UKUN%UN?KI!PH%OIU%!QB!KHPQ,]RKLN?!PQUQP!BQP?H%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!

SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_Z!
BNFOPH!Y&88>!FHRHPKUQP!DQTHP!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8&8Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_Y!
BNFOPH!Y&83>!%UHK,]a%UKUH!%UKUN%UN?%!QB!FHRHPKUQP!UQP^OH!KR,!DQTHP!BQP!U\H!IKR,a"K%H,!KR,!

%DKP!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_Y!
BNFOPH!Y&8Z>!%UKUN%UN?KI!PH%OIU%!QB!FHRHPKUQP!DQTHP!O%NRF!U\H!?QR%UKRU!DQTHP!?QRUPQIIHP!BQP!

U\H!IKR,a"K%H,!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_[!
BNFOPH!Y&8Y>!FHRHPKUQP!DQTHP!O%NRF!U\H!?QR%UKRU!DQTHP!?QRUPQIIHP!KR,!RQ!,]RKLN?!%UKII!BQP!

U\H!IKR,a"K%H,!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_9!
BNFOPH!Y&8[>!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8&8Yc!&&&&&&&&&&&&&!__!
BNFOPH!Y&89>!%UKUN%UN?KI!PH%OIU%!QB!BQPHaKBU!KR,!%N,Ha%N,H!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!

IKR,a"K%H,!KR,!%DKP!SKTU!bI?8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_`!
BNFOPH!Y&8_>!UNLH!%HPNH%!QB!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!

bI?8&8Yc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!_4!
BNFOPH!Y&8`>!%UKUN%UN?%!QB!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?8c

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ 7!
BNFOPH!Y&84>!UNLH!%HPNH%!QB!TKSH!HIHSKUNQR!NR!I?3&8K6!I?3&3K!KR,!I?3&ZK!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ 3!
BNFOPH!Y&37>!D%,!QB!TKSH!HIHSKUNQR!NR!I?3!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ Z!
BNFOPH!Y&38>!UNLH!%HPNH%!QB!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?3&8Kc!&&&&&&&&&&&&&&&&&!̀ Y!
BNFOPH!Y&33>!%OPFH!KR,!DNU?\!DIKUBQPL!LQUNQR%!bI?3&8K6!I?3&3K!KR,!I?3&ZKc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ Y!
BNFOPH!Y&3Z>!D%,!QB!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ [!
BNFOPH!Y&3Y>!%UKUN%UN?%!QB!PNFN,a"Q,]!LQUNQR!NR!NU%!%NX!,QB%!bI?3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ 9!
BNFOPH!Y&3[>!D%,!QB!PNFN,a"Q,]!LQUNQR!NR!NU%!%NX!,QB%!bI?3&3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ _!
BNFOPH!Y&39>!BQPHaKBU!KR,!%N,Ha%N,H!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!

SKTU!bI?3&8Kc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ _!
BNFOPH!Y&3_>!%UKUN%UN?KI!SKIOH%!QB!U\H!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!

SKTU!bI?3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ `!
BNFOPH!Y&3`>!D%,!QB!BQPHaKBU!"HR,NRF!LQLHRU%!NR!U\H!IKR,a"K%H,!KR,!%DKP!SKTUd%!UQTHP!"K%H!

bI?3&3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!̀ 4!
BNFOPH!Y&34>!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?3&3Kc!&&&&&&&&&&&&&&&&!̀ 4!
BNFOPH!Y&Z7>!D%,!QB!LN,a"IK,H!BIKUTN%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!

bI?3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!47!
BNFOPH!Y&Z8>!D%,!QB!LN,a"IK,H!IHK,aIKF!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!

bI?3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!48!
BNFOPH!Y&Z3>!SN%OKI!QB!TNR,!%DHH,!KU!\O"!\HNF\U!NR!I?Z&8K6!I?Z&3K!KR,!I?Z&ZK!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!43!



 

 ix 

BNFOPH!Y&ZZ>!D%,!QB!TNR,!%DHH,!NR!U\H!HRSNPQRLHRU%!QB!I?Z!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4Z!
BNFOPH!Y&ZY>!TNR,!%DHH,!KU!\O"!KFKNR%U!ROL"HP!QB!%HH,%!bI?Z&3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4Z!
BNFOPH!Y&Z[>!%UKUN%UN?%!QB!TKSH!HIHSKUNQR!KFKNR%U!ROL"HP!QB!%HH,%!NR?IO,H,!bI?Z&3c!&&&&&&&&&&&&&&&&&&!4Y!
BNFOPH!Y&Z9>!UNLH!%HPNH%!QB!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?Z&8Kc!&&&&&&&&&&&&&&&&&!4[!
BNFOPH!Y&Z_>!UNLH!%HPNH%!QB!%OPFH!KR,!DNU?\!DIKUBQPL!LQUNQR!BQP!U\H!%DKP!SKTU!bI?Z&8K6!I?Z&3K!

KR,!I?Z&ZKc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4[!
BNFOPH!Y&Z`>!%UKUN%UN?KI!SKIOH%!QB!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?Zc!&&&&&&&&&&!49!
BNFOPH!Y&Z4>!%UKUN%UN?%!QB!PNFN,a"Q,]!LQUNQR!NR!NU%!%NX!,QB%!bI?Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!49!
BNFOPH!Y&Y7>!D%,!QB!PNFN,a"Q,]!LQUNQR!NR!NU%!%NX!,QB%!bI?Z&3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4_!
BNFOPH!Y&Y8>!PQUQP!U\PO%U!KR,!KHPQ,]RKLN?!UQP^OH!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?Z&3Kc

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!4`!
BNFOPH!Y&Y3>!%UKUN%UN?KI!PH%OIU%!QB!KHPQ,]RKLN?!IQK,%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?Zc

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!44!
BNFOPH!Y&YZ>!%UKUN%UN?%!QB!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!SKTU!bI?Zc

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!877!
BNFOPH!Y&YY>!D%,!QB!U\H!BQPHaKBU!UQTHP!"K%H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a"K%H,!KR,!%DKP!

SKTU!bI?Z&3c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!877!
BNFOPH!Y&Y[>!LHKR!SKIOH%!KR,!%UKR,KP,!,HSNKUNQR!QB!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!IKR,a

"K%H,!KR,!%DKP!SKTU!bI?Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!878!
BNFOPH![&8>!TNR,!%DHH,!KU!\O"!\HNF\U!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?Y&86!I?Y&3!KR,!I?Y&Zc

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87Y!
BNFOPH![&3>!PQUQP!%DHH,!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?Y&8!KR,!I?Y&Zc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87[!
BNFOPH![&Z>!PHBHPHR?H!PQUQP!%DHH,!BQP!U\H!IKR,a"K%H,!SKTU!KU!I?Y&8!NR!\KT?3!KR,!%NLQa

PNBIHXaK?!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!879!
BNFOPH![&Y>!HLDNPN?KI!PHIKUNQR%\ND!"HUTHHR!U\H!KXNKI!NR,O?UNQR!BK?UQP!KR,!U\H!UNLHaKSHPKFH,!

U\PO%U!?QHBBN?NHRU!*9!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87_!
BNFOPH![&[>!?QPPH?UNQR!BK?UQP!:.!NR!U\H!LQ,NBNH,!INRHKP!%QIOUNQR!QB!U\H!K?!BIQT!LQ,HI6!K%!

NLDIHLHRUH,!NR!\KT?3!KR,!%NLQaPNBIHXaK?!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87`!
BNFOPH![&9>!BIQT!SHIQ?NU]!KR,!,HBIH?UNQR!KU!U\H!LN,a"IK,H!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?Yc

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!87`!
BNFOPH![&_>!PQUQP!U\PO%U!BQP!\KT?3!KR,!%NLQaPNBIHXaK?!bI?Y&8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!887!
BNFOPH![&`>!KHPQ,]RKLN?!UQP^OH!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?Y&8c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!887!
BNFOPH![&4>!%UKUN%UN?%!QB!PQUQP!U\PO%U!KR,!KHPQ,]RKLN?!UQP^OH!BQP!U\H!IKR,a"K%H,!SKTU!NR!

\KT?3!KR,!%NLQaPNBIHXaK?!bI?Yc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!888!
BNFOPH![&87>!TNR,!%DHH,!KU!\O"!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?[c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!88Z!
BNFOPH![&88>!PQUQP!%DHH,!NR!\KT?3!KR,!%NLQaPNBIHXaK?!TNU\!KR,!TNU\QOU!,]RKLN?!%UKII!bI?[c

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!88Y!
BNFOPH![&83>!UNDa%DHH,!PKUNQ!NR!\KT?3!KR,!%NLQaPNBIHXaK?!TNU\!KR,!TNU\QOU!,]RKLN?!%UKII!

bI?[c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!88[!



 

 x 

BNFOPH![&8Z>!INBUa!KR,!,PKF!?QHBBN?NHRU%!KFKNR%U!KRFIH!QB!KUUK?'!NR!\KT?3!TNU\!KR,!TNU\QOU!

,]RKLN?!%UKII!bI?[c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!88[!
BNFOPH![&8Y>!INBU!BQP?H!KFKNR%U!KRFIH!QB!KUUK?'!NR!\KT?3!TNU\!KR,!TNU\QOU!,]RKLN?!%UKII!bI?[c

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!889!
BNFOPH![&8[>!PQUQP!U\PO%U!NR!\KT?3!KR,!%NLQaPNBIHXaK?!TNU\!,]RKLN?!%UKII!bI?[c!&&&&&&&&&&&&&&&!88_!
BNFOPH![&89>!KHPQ,]RKLN?!UQP^OH!NR!\KT?3!KR,!%NLQaPNBIHXaK?!KU!TNU\!,]RKLN?!%UKII!bI?[c

!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!88`!
BNFOPH![&8_>!TNR,!HRSNPQRLHRU!QB!I?9&3K!NR!\KT?3!KR,!%NLQaPNBIHXaK?!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!837!
BNFOPH![&8`>!LHKR!TNR,!%\HKP!NR!UOP"OIHRU!TNR,!HRSNPQRLHRU!QB!I?9!FHRHPKUH,!"]!UOP"%NL!&&&&!838!
BNFOPH![&84>!PQUQP!%DHH,!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9&8!KR,!I?9&3Kc!&&&&&&&&&&&&&&&&&&&&&&&&&&&!833!
BNFOPH![&37>!LHKR!SKIOH!KR,!%UKR,KP,!,HSNKUNQR!QB!PQUQP!%DHH,!BQP!U\H!%DKP!SKTU!NR!\KT?3!

KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!83Z!
BNFOPH![&38>!D%,!QB!PQUQP!%DHH,!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!83Y!
BNFOPH![&33>!%UKUN%UN?%!QB!U\H!%DKP!LQUNQR%!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&!83Y!
BNFOPH![&3Z>!D%,!QB!DIKUBQPL!LQUNQR%!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&!83[!
BNFOPH![&3Y>!KHPQ,]RKLN?!UQP^OH!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9&8K!KR,!I?9&3Kc!&&&&&&&&&&&!839!
BNFOPH![&3[>!%UKUN%UN?%!QB!KHPQ,]RKLN?!UQP^OH!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&!83_!
BNFOPH![&39>!D%,!QB!KHPQ,]RKLN?!UQP^OH!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&&&&&!83`!
BNFOPH![&3_>!%UKUN%UN?%!QB!UQTHP!"K%H!"HR,NRF!LQLHRU!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&!83`!
BNFOPH![&3`>!D%,!QB!BQPHaKBU!"HR,NRF!LQLHRU!KU!U\H!UQTHP!"K%H!NR!\KT?3!KR,!%NLQaPNBIHXaK?!

bI?9c!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!834!
BNFOPH![&34>!LQQPNRF!INRH!UHR%NQR!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9&8Kc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!8Z7!
BNFOPH![&Z7>!%UKUN%UN?%!QB!LQQPNRF!INRH!UHR%NQR!NR!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&!8Z8!

 

 (



 

 xi 

>&+/(,-(7$9*2+(
UK"IH!Z&8>!FHRHPKI!NRBQPLKUNQR!K"QOU!U\H!%UO,NH,!%NUH!NR!U\H!RQPU\HPR!RQPU\!%HK!VYYW!&&&&&&&&&&&&&&!YY!
UK"IH!Z&3>!%UPO?UOPKI!DPQDHPUNH%!QB!U\H!UTQa"IK,H,!,KPPNHO%![LT!PQUQP!"]!,HHDTNR,!VZW!&&&&&&!Y_!
UK"IH!Z&Z>!QDHPKUNQRKI!?QR,NUNQR%!BQP!U\H!UTQa"IK,H,!,KPPNHO%![LT!PQUQP!"]!,HHDTNR,!VZW!&&&!Y_!
UK"IH!Z&Y>!BOR,KLHRUKI!HNFHRLQ,H%!QB!U\H!IKR,a"K%H,!SKTU!"]!\KT?36!PNBIHX!KR,!K"K^O%6!U\H!

PHIKUNSH!HPPQP!bNR!"PK?'HU%c!N%!FNSHR!TNU\!PH%DH?U!UQ!U\H!HNFHRBPH^OHR?]!?QLDOUH,!"]!

K"K^O%!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!Y`!
UK"IH!Z&[>!DPQDHPUNH%!QB!U\H!Q?Z!BIQKUHP!LQ,NBNH,!BQP!U\H!%DKP!SKTU!?QR?HDU!VY9W!VY_W!&&&&&&&&&&&![7!
UK"IH!Z&9>!NRDOU!,HUKNI%!BQP!U\H!BPHH!,H?K]!UH%U!QB!U\H!%DKP!SKTU!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&![7!
UK"IH!Z&_>!RKUOPKI!BPH^OHR?]!KR,!DHPNQ,!QB!U\H!PNFN,a"Q,]!LQUNQR%!QB!U\H!%DKP!SKTU!&&&&&&&&&&&&&&![3!
UK"IH!Z&`>!DPQDQPUNQRKINU]!?QHBBN?NHRU%!BQP!PK]IHNF\!,KLDNRF!NR!\KT?3!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&![9!
UK"IH!Z&4>!FHRHPKI!?QR,NUNQR%!U\KU!KDDI]!BQP!U\H!IQK,!?K%H%!NR!U\H!LQ,HI!?QLDKPN%QR!&&&&&&&&&&&&&&![_!
UK"IH!Z&87>!IQK,!?K%H%!I?86!I?3!KR,!I?Z!BQP!U\H!LQ,HI!?QLDKPN%QR!"HUTHHR!U\H!IKR,a"K%H,!

SKTU!KR,!%DKP!SKTU!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&![`!
UK"IH!Z&88>!IQK,!?K%H%!I?Y6!I?[!KR,!I?9!BQP!U\H!?Q,HaUQa?Q,H!?QLDKPN%QR!"HUTHHR!\KT?3!KR,!

%NLQaPNBIHXaK?!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!97!
UK"IH!Y&8>!DHP?HRUOKI!NR?PHK%H!NR!%UKR,KP,!,HSNKUNQR!QB!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!%DKP!

SKTU!KU!I?3!PHIKUNSH!UQ!I?8!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!47!
UK"IH!Y&3>!DHP?HRUOKI!,H?PHK%H!NR!%UKR,KP,!,HSNKUNQR!QB!LN,a"IK,H!"HR,NRF!LQLHRU%!BQP!U\H!

%DKP!KR,!IKR,a"K%H,!SKTU!KU!I?Z!PHIKUNSH!UQ!I?3!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!878!
UK"IH![&8>!KENLOU\!KRFIH!QB!"IK,H!8!KR,!PQUQP!%DHH,!KU!NR,O?UNQR!QOUDOU!b(;<<68c!NR!\KT?3!KR,!

%NLQaPNBIHXaK?!bI?Yc!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!874!
UK"IH![&3>!KSHPKFH!U\PO%U!KR,!DQTHP!?QHBBN?NHRU!BQP!U\H!IKR,a"K%H,!SKTU!KU!I?Y!NR!\KT?3!

KR,!%NLQaPNBIHXaK?!&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&!883!
UK"IH![&Z>!%UKUN%UN?%!QB!NR%UKRUKRHQO%!TNR,!%DHH,!KU!\O"!\HNF\U!"]!\KT?3!KR,!UOP"%NL!bI?9c837!
UK"IH![&Y>!%UKUN%UN?%!QB!TKSH!HIHSKUNQR!"]!\KT?3!KR,!%NLQaPNBIHXaK?!bI?9c!&&&&&&&&&&&&&&&&&&&&&&&&&!838!

 



 

 xii 

>&+/(,-(?"%9,*+(
 

 

 

  Latin Symbols  Greek Symbols 

=6 Area ! > Rotor speed 

? Added mass matrix ! >@  Global rotational speed 

ABC ADC AEC AFC AG Lift, drag, moment, thrust, 

power coefficient 

+ H Azimuth angle 

I Diameter + J Angle of attack 

KCL Force, Moment + M Wave amplitude 

NCOCP Internal structural mass, 

damping, stiffness matrix 

! MQ Platform motions 

RS Significant wave height ! T Excitation frequency 

U Volume force + TV Natural frequency 

WG Peak period ! X Potential flow 

Y Wind speed + Z Density 

[\[ Dynamic response amplitude ! ] Standard deviation 

^ Axial induction factor + _ Time constant 

` Chord    

ab Correction factor    

c time    

d Particle velocity    

eC eC e Displacement, velocity, 

acceleration 

   

eSfbfgh Static response amplitude    



 

 xiii 

)'3,#"%+(
 

1P, 2P, 3P, 4P 1,2,3,4-per-revolution 

3D Three dimensional 

AC Actuator Cylinder 

AD Actuator Disk 

BEM Blade Element Momentum 

CFD Computational Fluid Dynamics 

DMS Double Multiple Streamtube 

DOF Degree of Freedom 

DTU Technical University of Denmark 

HAWT Horizontal Axis Wind Turbine 

NTNU Norwegian University of Science and Technology 

PSD Power Spectral Density 

TU Delft Technical University of Delft 

VAWT Vertical Axis Wind Turbine 





 

 1 

@( A#/3,68'/&,#(
@B@( C--+:,32(5&#6(D#230"(
The global increase in energy consumption and the depletion of fossil fuels create an important 

demand for large-scale alternative energy sources. In Europe this problem is recognized and 

targets are set to realize a renewable energy contribution of 20% in 2020 and 27% in 2030. 

Wind energy is a clean energy source that can significantly contribute in reaching these targets, 

currently the wind energy sector makes up more for than 8% of Europe’s energy consumption 

with ijk6lm of installed capacity in 2015 [1]. 

In order to fulfill the large demand for renewable energy the industry is moving towards 

offshore wind energy. In the open sea there is widely available space, better wind conditions 

and less visual and auditory pollution. On top of this, it is shown that offshore wind farms are 

a great addition to marine life. In 2015 the offshore wind energy capacity added up to ii6lm, 

although this number is rapidly growing.  

Some countries around the globe contain little opportunity for the installation of bottom-fixed 

structures due to deep waters and/or severe environmental conditions. These countries, for 

instance Norway and Japan, have a current interest in floating wind energy converters. 

Additionally, the rapid installation of bottom-fixed wind turbines in the North Sea create a 

trend towards deeper waters that eventually will favor floating wind turbines as well. There is, 

however, a big challenge involved with respect to the cost of energy. In order for the floating 

wind turbine industry to contribute at a large-scale, the cost of energy has to be reduced to a 

competitive level. This creates a re-emerging interest in vertical axis wind turbines (VAWTs) 

that show potential in realizing this cost reduction.  

@BE( .*,$/&#0(123/&'$*()4&+(5&#6(7839&#2+(
Vertical axis wind turbines are characterized by a rotor shaft that is orientated vertically. In 

contrast with the conventional horizontal axis wind turbines (HAWTs), the vertical axis rotor 

has a three dimensional swept volume that extends in the streamwise direction as well. Three 

common rotor configurations – the Savonius, Darrieus and H-type rotors – are shown in Figure 

1.1. The working principle of a VAWT as wind energy converter is very different than the 

conventional HAWT. Its three dimensional swept volume makes that the incoming wind flow 

is crossed twice by each blade, once in the upstream half and once in the downstream half of 

the rotor. This may seem like an opportunity for exceeding the Betz limit that describes a 
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theoretical maximum power that can be extracted from the wind, however, practice has shown 

the opposite with relatively low efficiencies. The VAWT was popular in North-America during 

the 1970s and 1980s, in this period considerable efforts were made to develop the Darrieus 

rotor. A commercialized device was made available in two diameters and installed over 500 

times [2]. Though, its popularity vastly diminished when the Darrieus VAWTs started 

collapsing from fatigue-related issues. Until recently, the wind energy industry did not consider 

the vertical axis designs and therefore it lacks long track records as opposed to HAWTs. 

 

Figure 1.1: Common VAWT rotor configurations [2] 

The reason why a re-emerging interest exits for floating VAWTs can be summarized through 

the following points. 

!! Simplicity of design 

!! Lower center of gravity 

!! Independence of wind direction 

!! Lower installation, operation and maintenance costs 

!! (potentially) Lower manufacturing costs 

!! (potentially) Higher power-extracting efficiency 

Many of the above points can be related to machinery position, that can be placed at (or below) 

the waterline. A great advantage of the Darrieus and H-type rotor design is that its blades can 

be manufactured through the cost-effective pultrusion technique [3]. An optimized blade 

profile along the length is less important here because loads can be transferred through multiple 

joints. On the whole, its potential for extracting more energy at a lower cost has lead to several 

innovative floating VAWT designs shown in Figure 1.2. 
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Figure 1.2: Example of innovative floating VAWT concepts [4] [3] [5] 

From left to right, the floating concepts are named SKWID [4], the DeepWind concept [3] and 

Spinfloat [5]. The SKWID concept is a hybrid design by MODEC Inc. that extracts energy 

from both the wind and current. A 500 kW prototype was installed in 2014 off the coast in 

South-West Japan. The DeepWind concept is from a project coordinated by Risø DTU and has 

an innovative rotating platform with the generator acting as ballast. A 1 kW demonstrator was 

installed in the Roskilde Fjord in 2012. The third concept is Spinfloat by Eolfi and is a pitch-

blade innovation. A full-size 6 MW demonstrator is scheduled to be build in 2019.   

@BF( G,/&H$/&,#(,-(/:&+(7:2+&+(

@BFB@( I8%23&'$*(?&%8*$/&,#(7,,*+(
A lengthy detailed design process takes place before building a large structure such as the 

innovative concepts in Figure 1.2. In general, the basic floating VAWT system consists of three 

main components being (1) a turbine for extracting wind power, (2) a floating structure to 

support the turbine and (3) a mooring system for stabilizing and positioning the floater. In order 

to minimize the amount of conservatism used in the design of these components, numerical 

tools are required that can predict environmental loads and the structural responses accurately. 

The theory and modeling of hydrodynamics and structural dynamics is fairly developed, but 

the aerodynamics of a VAWT rotor is more complex and introduces challenges with respect to 

load prediction. Vita [3] categorizes the existing numerical tools for modeling VAWT 

aerodynamics into the blade element momentum (BEM) codes and vortex codes. Aerodynamic 

models that are able to predict loads accurately include vortex models, panel models and CFD 
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models. However, these methods go parallel with high computational costs that make them 

unsuitable for aero-elastic simulations. Presently, the following simulation tools are publicly 

available that are capable of modeling floating VAWTs in a fully coupled way.  

!! FloVAWT by Cranfield University 

!! CALHYPSO by EDF R&D 

!! OWENS toolkit by Sandia National Laboratories 

!! HAWC2 by DTU Wind Energy 

!! SIMO-RIFLEX-DMS and SIMO-RIFLEX-AC by NTNU/MARINTEK 

A large difference between VAWTs and HAWTs is the amount of track record that is available. 

For instance, some of the above codes have been verified using data from measurements on a 

nj6o onshore VAWT by Sandia in the 1980s. This illustrates why it is common to verify newly 

developed numerical methods using other (verified) simulation tools. 

@BFBE( )&%($#6(?',J2(
It has become evident that there is an interest to broaden the understanding of floating VAWTs. 

This thesis aims to form a basis of understanding for the dynamic response characteristics of a 

floating VAWT concept from fully coupled time-domain simulations in SIMO-RIFLEX-AC. 

The concept is constructed from DeepWind’s Darrieus rotor and the OC3 spar platform. The 

basic understanding of the dynamic behavior will be created through analysis of the excitation 

loads and the structural response of the spar VAWT in a steady environment. Whereas most 

previous research deal with steady wind environments only, this thesis also aims to understand 

the dynamic responses in fully turbulent wind and irregular wave environments. The 

aerodynamic load calculations are based on the Actuator Cylinder (AC) flow theory and the 

hydrodynamics will be computed from potential flow theory. 

The second part of this thesis consists of a code-to-code comparison between SIMO-RIFLEX-

AC and HAWC2. Here the main scope is to understand the effect of different implementations 

of the AC flow theory, but also to understand the impact of other physical phenomenon such 

as dynamic stall and structural modeling. The study aims to achieve this through isolating the 

aerodynamic model from any structural and hydrodynamic influences. The tests consist of 

multiple steady environmental conditions and uses an equivalent rigid land-based VAWT 

model. Additionally, it is aimed to understand differences that could exist between the codes 

in a fully dynamic environment using the spar VAWT model.  
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The report is structures through six chapters. Starting with the introduction, in Chapter 1, 

outlining the motivation and aim of this thesis work. A solid theoretical framework is created 

in Chapter 2 by explaining the dynamics of floating VAWTs, AC flow theory, flow dynamics, 

wave theory, hydrodynamics and VAWT control theory. This is followed by a description of 

the studied VAWT models, numerical tools and designed load cases in Chapter 3. The results 

of the first part of this thesis, related to understanding the dynamic response characteristics of 

the spar VAWT, are presented and extensively discussed in Chapter 4. The same is done for 

the results from the code-to-code comparison in 5. The thesis is concluded in Chapter 6, where 

also recommendations for future work are given.
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Chapter 2 provides the theoretical framework on which the discussed concepts in this thesis 

are built. First a description of the dynamic equilibrium, rigid-body motion analysis and 

structural modeling of floating VAWTs is given in Section 2.1. This is followed by a detailed 

explanation of the Actuator Cylinder flow theory formulation in Section 2.2, which will help 

understanding the aerodynamic load calculation applied in this thesis. Modeling the effect of 

dynamic stall and inflow in a VAWT rotor is covered Section 2.3. Potential wave theory and 

methods for hydrodynamic load calculation are described in Section 2.4 and Section 2.5, 

respectively. At last the relevant theory on control strategies and control algorithms are 

presented in Section 2.6. 
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A floating wind turbine can be considered as a separate system on which external loads are 

applied that together induces a dynamic response. The system is subjected to aerodynamic, 

hydrodynamic and internal structural loads that are satisfied by a dynamic equilibrium. This 

equilibrium essentially means that the forces or moments in each degree of freedom (DOF) of 

the system are in balance with the dynamic response (acceleration, velocity and displacement) 

of that DOF. The dynamic equilibrium of a floating wind turbine system can be described by 

the following equation of motion. 

Np? e c 4 qO r e c q P r e c p KstfueC eC cv (2.1) 

Here N, O and P describe the internal structural mass, damping and stiffness matrix of the full 

system. Written on the left-hand-side is also the added mass matrix ?, which is a frequency-

dependent characteristic related to hydrodynamic wave radiation. All external loads are 

included in Kstf, which is not only dependent on time but also on the dynamic response of the 

structure. The latter is related to using velocities relative to the structure in aerodynamic and 

hydrodynamic load calculation. Additionally, hydrostatic forces on the hull and (seabed) loads 

on the anchors of the mooring system are related to the instantaneous displacement eucv of the 

floating system. The external loads can be categorized into the components given by Equation 

(2.2). 

Kstf eC eC c 4 Kbswx eC eC c p KyzDwxDzVbEgh eC eC c p

KyzDwxSf{fgh eC c +KbVhyxw eC c  
(2.2) 

In numerical solvers the presented dynamic equilibrium is often simplified to restrict 

computational efforts. As an approximation, the floater is often considered rigid which largely 

reduces the system. This makes the floating platform a large element described by ‘only’ six 

DOFs. For structural components such as the blades and tower of a VAWT the structural 

elasticity plays an important role, hence elastic deformations should not be ignored [6]. Rigid-

body motion analysis is described in Section 2.1.1, structural dynamics at the element-level is 

explained in Section 2.1.2 and numerical integration methods are discussed in Section 2.1.3.  
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A rigid floating platform knows six DOFs, which can be further distinguished into three 

translational and three rotational DOFs. The platform motions are referred to as surge, sway, 

heave, roll, pitch and yaw. In this thesis work it is chosen to set the surge parallel to the 

streamwise direction and sway perpendicular to the wind direction. Heave is defined positively 

upwards. The rotational DOFs are rotating about their corresponding translational DOFs 

according to the conventions. The definitions and orientations of the platform motions are 

illustrated by Figure 2.1. The definition of the platform motions is in line with the global 

coordinate system used throughout.  

 

Figure 2.1: Definition of the platform motions 

*+345$%&'+#'65.(#+,2'7+($+%1'
Due to the geometrical nature of a floating platform some DOFs are coupled to each other. 

This means that a platform response in one DOF can induce a response in another DOF. Hence 

the translations and rotations of the platform are not always independent and can be connected 

by coupling constraints. For instance, a floating platform moored by catenary mooring lines 

will experience a (small) heave response when displaced in surge or sway. The platform 

motions can be coupled through acceleration, velocity and displacement. The coupling 

constraints are represented by the off-diagonal elements in the structural and added mass 

matrices N, O, P and ?. 

8.(3,.5'9,":3"%;0'
On a global level, the platform motions are very dominant when compared to the elastic 

deformations of the rest of the structure. For this reason, it is often of interest to analyze the 
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natural frequency of the platform in each DOF in order to recognize and/or avoid resonance 

conditions. The natural frequency of a floating wind turbine is dependent on all terms found in 

the equation of motion (see Equation (2.2)), except for the pure influence from environmental 

conditions such as the wind-induced aerodynamic loads and wave-induced hydrodynamic 

loads. The natural frequencies of a floating platform can by computed by means of a free decay 

test. Here the floating wind turbine is given an initial displacement in the analyzed DOF for a 

windless and still water environment. The dynamic response of the platform motion will reveal 

information about the damping and natural frequency of the floating system in the 

corresponding DOF. A numerical decay test is performed in this thesis work and presented in 

Section 3.2.2.  

In structural design it is essential to keep the loads to a minimum, hence a fully coupled analysis 

should be performed to learn about the structure’s response to dynamic loading. The dynamic 

response amplitude is dependent on the frequency of the loading. The general variation of the 

dynamic amplitude with the loading frequency is shown in Figure 2.2. The dynamic response 

amplitude [\[  and loading frequency T  are non-dimensionalized with the static response 

amplitude eSfbfgh and natural frequency TV, respectively. 

 

Figure 2.2: Dynamic amplification from loading 
with a frequency content [7] 

It can be seen that for relatively slow varying loads (T | TV) the dynamic response is equal 

to the static response. The reason for this is that the load is so slow that the structural response 

follows statically. On the other hand, for relatively quick varying loading (T } TV ) the 

structure has no time to respond to variations and hence the dynamic amplitude tends to zero. 
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The most important phenomenon occurs when the loading frequency is equal or close to the 

natural frequency (T ~ TV ), because in theory the dynamic amplitude could then tend to 

infinity. This phenomenon is called resonance and can impose large amplitude loading on a 

floating wind turbine. The actual dynamic amplitude for the resonance condition is dependent 

on the amount of damping that is present in the system. 

EB@BE( ?/38'/83$*(G,62*&#0(,-($(123/&'$*()4&+(5&#6(7839&#2(
In this thesis, a vertical axis wind turbine is mounted on top of the floating platform. It was 

mentioned previously that the elastic deformations within the tower and blades are significant 

and should not be neglected. The actual structure can be broken down to the atom level, 

however, this is not very convenient for numerical solvers. A method is required to model the 

structure as accurately and as efficiently as possible. The finite element method is a widely 

applied modeling technique that allows for sufficient freedom in the weighing between 

accuracy and numerical efficiency. This section describes the theory behind the structural 

modeling of a VAWT. 

9$%$("'<5"2"%('7"()+-'
A structure can be divided into a number of small elements in order to form a finite element 

model, as the name suggests. The elements can be of arbitrary shape and size. Each element 

has its own DOFs, such as the floating platform described previously. By introducing interface 

conditions, it is possible to describe how an element behaves with respect to another element. 

This concept is similar to the coupling of motions as described before. If all interface conditions 

are defined, then the internal structural response can be calculated upon the displacement of 

one of the elements. However, in order fix the structure in space, boundary conditions have to 

be introduced. In case of the land-based VAWT in this thesis, it is assumed that the basis is 

rigidly connected to the ground. This boundary condition essentially defines that the elements 

directly in contact with the ground are constraint in all DOFs. Accordingly, the elements 

connected to these rigidly connected elements would respond according to the interface 

conditions when the structure is excited. At last, it is required to know the initial conditions in 

order to be able to solve the equation of motion. When the system is provided with enough 

information to solve or calculate the dynamic response, the system is referred to as well-

conditioned. 

Elements can be further classified according to their characteristics or properties in order to 

realize system reduction. Here there will be distinguished between bar and beam elements. Bar 
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elements are assumed to be straight with a constant cross-sectional area. The element has three 

translational DOFs at each node (end of the element), and loads can only be transferred in the 

axial direction (see Figure 2.3). This means that no bending moments are present and that no 

bending or torsional deformations can take place.  

 

Figure 2.3: Illustration of bar element [8] 

Small strain is commonly assumed, which is then calculated from a normal force, initial 

configurations and material properties. Equation (2.3) describes this relation, where �Ä�Å
�Å

 is the 

strain and = the deformed cross-sectional area. 

KÇ 4
É q ÉÑ
ÉÑ

r Ö r = (2.3) 

A beam element is slightly more complex in its formulation. It has six DOFs at each node, 

hence both translational and rotational deformations are possible when modeling a beam 

element. A schematic of a beam element is illustrated in Figure 2.4.  

 

Figure 2.4: Illustration of beam element [8] 
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The beam can be modeled according to an extension of the classical beam theory, which is the 

Timoshenko beam theory [9]. An example is shown in Figure 2.5. Taking into account both 

shear deformation and rotational effects allows the beam elements to model a wide variety of 

structural parts of a VAWT.  

 

Figure 2.5: Deformation of a Timoshenko beam element [10] 

Similar as the bar element theory, the strains are assumed to be small for the beam theory to be 

valid. For linear elastic beam theory, the shear force K6and bending moment L as function of 

displacement Ü and rotation X are given by Equations (2.4) and (2.5). 

Ktt 4 á r = r l r uqX p
àÜ
àe  (2.4) 

Ltt 4 qÖ r â r
àX
àe6

(2.5) 

735($=>+-0'/01("2'
The multi-body system formulation is a variation of the FEM by dividing the structure into a 

number of (mechanical) bodies. Each body has its own coordinate system and they are 

interconnected by joints. The joints represent constraints that limit the bodies’ DOFs. A visual 

representation of such system is shown in Figure 2.6. The bodies are constructed of a finite 

amount of Timoshenko beam elements, modeled according to the finite element method theory 

described in the previous section. Here small deflections are assumed within the bodies, so that 

the dynamic behavior can be determined by linear Timoshenko beam theory. On a global level 

however, a structure like a wind turbine cannot be assumed to behave linearly. The multi-body 

system accounts for non-linear effects (such as large deformations) in the coupling constraints 

between the bodies. It is therefore required that a sufficient amount of bodies is used to build 
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the structure, especially for the flexible and lengthy blades of a VAWT. The mass and moment 

of inertia can be specified for each body in its local coordinate system. 

 

Figure 2.6: Visualization of the multi-body 
structural model [11] 

/(,3;(3,.5'!.24$%&'
Internal structural damping – O in the equation of motion – accounts for energy dissipation in 

the structure itself. It is strongly dependent on the cross-sectional properties of the structure. 

Measurements have shown that different structural damping levels can be related to axial, 

torsional and bending deformations [8]. A popular and efficient method that is applied in 

practice is Rayleigh damping. This calculates the internal structural damping through a linear 

combination of mass and stiffness. Equation (2.6) shows the degree of structural damping in 

an element with mass - and stiffness :. 

3 4 J r - p ä r : (2.6) 

Since the mass and stiffness are respectively inversely and directly proportional to frequency 

T, the total Rayleigh damping becomes a non-linear function of frequency. This is illustrated 

by Figure 2.7. The method can be extended to account for the full structure, in which the 

Rayleigh coefficients J and ä would become vectors describing the modal damping. 

EB@BF( I8%23&'$*(A#/203$/&,#(G2/:,6(
In time-domain analysis it is required to satisfy the dynamic equilibrium of the system at every 

time step. When non-linear behavior is involved, it is required to estimate the structural 

response at the next time step by numerical integration. The predicted response also influences 

the external loads, since these are a function of the structural velocities and displacements. 
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Interpolating functions are used for describing the acceleration between the current and next 

time step. A simple method is the constant average acceleration method. This would assume a 

constant acceleration which is the average between the current acceleration eg  and the 

acceleration at the next time step egãå. The corresponding velocities and displacements would 

then be calculated through basic physics. This method is unconditionally stable. However, it 

does not allow the user to express the amount of ‘thrust’ in the predicted structural response at 

the next time step. A numerical integration tool that is able to do this is the Newmark-ä method. 

 

Figure 2.7: Rayleigh damping as function of frequency [12] 

The Newmark-ä method is described by the factors ç and ä ranging between é and i. The 

factor ç specifies the assumed percentual acceleration of next time step, and ä specifies the 

degree at which the displacement at the next time step egãå is influenced by egãå. The resulting 

displacement egãå and velocity egãå can then be formulated as following. 

egãå 4 eg p èc r eg p èc ê r
i
k q ä r eg p ä r egãå  (2.7) 

egãå 4 eg p èc r i q ç r eg p ç r egãå 6 (2.8) 

Due to the amount of factors involved in the dynamic equilibrium it is often not possible to 

predict the structural response at the next time step correctly in one attempt. Hence in numerical 

analysis an iterative procedure is applied for the solution to converge within the set accuracy.
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EBE( )23,6"#$%&'(G,62*&#0(,-($(123/&'$*()4&+(5&#6(7839&#2(
An aerodynamic model describes the interaction between a structure and the surrounding flow 

field. The conventional method of calculating aerodynamic loads on a wind turbine is the 

Actuator Disk (AD) model based the Blade Element Momentum (BEM) theory. Whereas this 

model is applicable on HAWT aerodynamics, VAWT aerodynamics is more complex and 

requires an alternative approach. The 3D trajectory of the VAWT rotor imposes several 

challenges on the field of aerodynamics. For instance, the blade elements experience a 

continuous change of relative speed and direction, encounter their own wakes and operate both 

in stalled and unstalled conditions [13]. A short overview of aerodynamic models that can deal 

with these challenges is given in Section 2.2.1, this is followed by an extensive description of 

the AC flow theory in Section 2.2.2.  

EBEB@( CH23H&2<(,-()23,6"#$%&'(G,62*+(
Currently, the aerodynamic models can be categorized into five types: vortex models, cascade 

models, panel models, streamtube models and the AC flow model [14]. The prior three 

aerodynamic models are more complex and have high computational demands. For the 

application of time domain simulations of VAWTs the streamtube models and AC flow model 

are more suitable, hence these are covered in more detail for being more relevant to this thesis 

work. 

?+,("@'7+-"5'
The vortex models assume potential flow and calculate the velocity field through the vortices 

in the wake of blades, the lift is calculated through the strength of the bound vortices.  

*.1;.-"'7+-"5'
The cascade models originate from the turbo machinery industry and positions the blades in a 

row on a plane surface separated by their circumferential distance. The wake velocity and free 

stream velocity are related through Bernoulli’s equation, whilst a semi-empirical expression 

relates the induced velocity to the wake velocity.  

6.%"5'7+-"5'
The panel models have been widely applied in naval hydrodynamics and aircraft aerodynamics. 

Its principle is to discretize a 3D surface into non-penetrable panels and solve the Laplace 

equation in terms of velocity potential by placing a source or doublet on each panel. The panel 
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model is recently extended into a 2D panel model that is more suitable for simulating an 

unsteady 2D flow past a VAWT. 

/(,".2(3A"'7+-"5'
The streamtube models are derived from the classical BEM theory and are based on the 

conservation of mass and momentum in the streamwise direction. The most comprehensive 

streamtube model is the Double Multiple-Streamtube model (DMS model) developed by 

Paraschivoiu [15] [16]. As the name reveals, there is multiple streamtubes that make up the 

swept area of the VAWT rotor. Additionally, the upwind and downwind half of the rotor is 

divided by introducing a tandem of Actuator Disks (ADs) in the streamwise direction. A 

schematic of a streamtube and ADs in tandem in the DMS model is shown for a Darrieus rotor 

in Figure 2.8. 

 

Figure 2.8: Schematic of the DMS model in the 
geometry of a Darrieus rotor [17] 

The multiple streamtubes have the capability to independently model different aerodynamic 

phenomena across the swept volume of the rotor. This is a valuable addition compared to the 

simplest streamtube model, because a continuously changing angle of attack and relative flow 

velocity – with height and azimuth angle – characterizes a VAWT. The addition of modeling 

two ADs in tandem allows one to consider the variation of induced velocity as function of 

azimuth angle for each streamtube. Moving towards the design of floating wind turbines, Wang 
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et al. [18] reformulated the traditional DMS model to account for the effect of tower tilt. This 

is done by splitting the freestream velocity into a component parallel and perpendicular to the 

tower caused to tilt by rolling and pitching motions of the floating VAWT. Generally, the DMS 

model is widely used in aeroelastic analysis due to its simplicity and computational efficiency. 

B;(3.(+,'*05$%-",'95+C'7+-"5'
The AC flow model is developed by Madsen [19] during 1979 to 1982, this was done in an 

effort to extend the Actuator Disk concept for HAWTs into an approach coinciding with the 

2D swept area of a VAWT. The 2D cylinders are stacked to model the swept volume of a 

VAWT rotor. Blade element theory is used to calculate the aerodynamic loads on the blade, 

which are then applied as volume forces on the AC both normal and tangential to the rotor 

plane. The AC representation and the (expected) blade element and volume forces are shown 

in Figure 2.9. 

 

Figure 2.9: Representation of a 2D VAWT by an Actuator 
Cylinder [19] 

The induced velocities in the flow field are related to the volume forces through combining the 

equation of continuity with the Euler equations. In the solution there exists both a linear and 

non-linear part. For a more efficient model Madsen [19] suggested a modified linear solution 

that excludes the non-linear terms in the induced velocity calculation. However, Madsen et al. 

[20] argued that the accuracy of the modified linear solution could be improved by an additional 
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correction factor. Recently Cheng et al. [21] proposed a different correction factor to further 

improve the accuracy of the modified solution at higher tip-speed ratios. The linear solution 

with modifications from Madsen [19], Madsen et al. [20] and Cheng et al. [21] are from now 

on referred to as modified solution I, II and III, respectively. There are still uncertainties with 

the accuracy of the AC flow model. One of these is that it neglects discrete vortices from the 

upwind blade circulation. This affects the downstream blade but the overall consequences are 

expected to be minor according to Larsen & Madsen [22]. 

7+-"5'*+24.,$1+%'
In a comparison between six different numerical models that deal with VAWT aerodynamics, 

it is argued by Ferreira et al. [23] that the AC flow model is more accurate than the DMS model. 

This code-to-code comparison is designed such to isolate the aerodynamic models and to make 

distinction between instantaneous (azimuth dependent) results and integral (rotor-averaged) 

results. When compared against the other numerical codes, including more complex 2D and 

3D vortex models, the DMS model came forward as fundamentally incorrect. Larsen & 

Madsen [22] confirm this by stating that the AC flow model physically gives a more correct 

solution, arguing that a tandem of ADs do not coincide with the actual swept volume of a 

VAWT rotor. Additionally, the influence of the downstream half of the rotor on the upstream 

half is not captured by the DMS model. The AC flow model takes into account the interaction 

of a blade segment with its full surrounding. It is suggested that without an empirical correction 

the DMS model should be discontinued in VAWT aerodynamics [23]. For the previous 

arguments, the aerodynamics in this thesis work are calculated by the modified linear solution 

II and III of the AC flow model. The theoretical formulation underlying the AC flow model is 

explained in the following. 

EBEBE( )'/8$/,3(;"*&#623(.*,<(7:2,3"(

*++,-$%.("'/01("2'
In order to understand the basic working principles of the AC flow theory a coordinate system 

should be defined. The formulation of the coordinate system as presented in Larsen & Madsen 

[22] is considered logical and will be used throughout. All together the VAWT is described by 

the four coordinate systems shown in Figure 2.10. 
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Figure 2.10: Definition of the coordinate system used for the AC flow model 

The global coordinate system (l) has the y-axis aligned with the freestream velocity Yë and 

the z-axis pointing vertically down. The disc coordinate system (I) has the z-axis along the 

shaft rotation vector TS and its x-axis is aligned with the projection of Yë on the disc plane, 

named Yëí. The polar coordinate system (ì) describes the blade path in radial coordinates. At 

last, the local coordinate system (É) is defined such that the e�-axis is parallel to the chord of 

the airfoil. The coordinate systems are interrelated with transformation matrices 9?O (from 

system A to B), the letter in variable subscript refers to the coordinate system in which the 

variable is defined. 

B",+-0%.2$;'D+.-'*.5;35.($+%'
The AC flow model assumes an ideal VAWT rotor and by that it considers an infinite amount 

of blades, similar as done in the classic BEM theory. Through blade element theory the 

aerodynamic loads on the blades can be calculated using the lift coefficient AB, drag coefficient 

AD  and the relative wind speed YwsB . To fully describe the aerodynamic forces it is also 

necessary to know the moment coefficient AE [24]. However, the moment coefficient has no 

direct influence on the lift- and drag forces – which are of interest in the AC flow model – and 

are therefore left out of the formulation. The performance coefficients (AB  and AD ) are a 

function of the angle of attack, Reynolds number and Mach number. Due to the complex flow 

around the blade, the airfoil data or performance coefficients are often determined in a wind 

tunnel [24]. The angle of attack is found when examining the direction of YwsB relative to the 

chord of the blade element, this is shown by the airfoil in Figure 2.10. The magnitude and 
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direction of the local inflow velocities (two components of YwsB ) are dependent on the 

freestream velocity YëC@ , induced flow velocity YgVDîhC@  and profile velocity Y�C@ . The index l 

indicates that the velocity components are defined in the global coordinate system. The local 

inflow velocity YgVïBC�  in the local coordinate system is found from the superposition in 

Equation (2.9). 

YgVïBC� 4 69ñó YëC@ p6YgVDîhC@ q6Y�C@  (2.9) 

The freestream velocity is determined when generating the wind kinematics of either a steady 

or turbulent wind environment. The induced wind velocity is based on the calculated induced 

velocity in a previous time step. At last, the profile velocity is determined from the 

instantaneous rotor speed and structural deformations. 

The magnitude YwsB and direction J of the relative wind velocity can be determined utilizing 

Equations (2.10) and (2.11). 

YwsB 4 YgVïBC� i ê p YgVòBC� k ê (2.10) 

J 4 ôöõÄå YgVïBC�uiv
YgVïBC�ukv

 (2.11) 

At last, the radial loading Kw and tangential loading Kf for any point on the circumference can 

be calculated in polar coordinates. 

Kw 4 i
kZbgw6`6YwsB

ê6AB (2.12) 

Kf 4 i
kZbgw6`6YwsB

ê6AD (2.13) 

The aerodynamic loading in polar coordinates are used as input to the 2D flow problem 

described in the following. 

E!'95+C'6,+A5"2'
The aerodynamic loads from Equations (2.12) and (2.13) are made non-dimensional with the 

basic dimensions ú, Zbgw, Yë and then imposed as body forces Uw and Uf onto the flow. The 

body forces are illustrated in Figure 2.11, which shows the typical direction of the force along 

the rotor periphery. 
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Figure 2.11: Actuator Cylinder flow model 
with typical body forces #$ and #% [22] 

The non-dimensional body forces are given by Equations (2.14) and (2.15), here the radial 

force Uw is defined positively outwards. 

Uf 4 qù
`6ADCû
jü6ú r

6YwsBê

6Yëê  (2.14) 

Uw 4 ù
`6ABCû
jü6ú r

6YwsBê

6Yëê  (2.15) 

The body forces presented are based on the local element being parallel to the rotating shaft. 

However, this is not the case when considering a VAWT rotor with curved or helical blades as 

shown in Figure 2.12.  

An addition to the body forces is suggested by Cheng et al. [21] that takes into account the 

inclination of the local element. The body force formulation is presented in Equations (2.16) 

and (2.17).  Note that here the blade loads KVC† and KfC† are defined in the cross-section plane 

of the airfoil, whereas the volume forces presented previously are utilizing KVC° and KfC° (see 

Figure 2.12). The addition made for the local element inclination is physically more correct 

and shows good agreement with experimental results [21]. 

Uf 4 qù
KVC†

kü6Zbgwú6Yëê¢£õ6uäv
 (2.16) 

Uw 4 ù
KfC†

kü6Zbgwú6Yëê¢£õ6uäv
 (2.17) 
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Figure 2.12: Illustration of the local element 
force acting on the blade of a Darrieus rotor 
[21] 

In order to solve the 2D quasi-static flow problem the methods of Madsen et al. [20] are 

followed. The solution is built on the Euler equations in 2D, where the velocity component in 

e-direction §t is written as i p Üt in order to create a linear and non-linear term. The equation 

of continuity is then combined with the Euler equations. Rewriting this solution yields a 

Poisson type equation for the pressure • given by Equation (2.18). 

¶ê•
¶eê p

¶ê•
¶eê 4

¶ßt
¶e p

¶ßz
¶® p

¶©t

¶e p
¶©z

¶®  (2.18) 

Here ß is volume force and © is the induced or second-order force defined in the following. 

©t 4 q Üt
¶Üt

¶e p Üz
¶Üt

¶®  (2.19) 

©t 4 q Üt
¶Üt

¶e p Üz
¶Üt

¶®  (2.20) 

The solution to the pressure field described by Equation (2.18) is found when integrating over 

the region where the volume forces are non-zero. This is realized by a double integral over the 

streamwise direction and the lateral direction. The pressure field induced by the volume forces 

ß and the second-order forces © can be kept separated, and are named respectively •ußv and 

•u©v.  

Now that the pressure field is known, the velocities can be derived from the previously 

mentioned Euler equations. The final solution is shown in Equations (2.21) and (2.22). It should 
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be noted that the solution is a summation of a linear and non-linear part, which are terms 

dependent on respectively ß and ©. 

Üt 4 q• ß p ßt™eí
t

Äë
q • © p ©t™eí

t

Äë
 (2.21) 

Üz 4
¶
¶® •ußv™eí

t

Äë
p ßz™eí

t

Äë
q

¶
¶® •u©v™eí

t

Äë
p ©z™eí

t

Äë
 (2.22) 

A linear solution can be worked out from the normal force loading, as its magnitude is much 

larger than the tangential loading [20]. Assuming piece-wise constant loading a linear solution 

can be found containing time-independent integrals. This allows for minimal computational 

efforts. Cheng et al. [21] presented a linear solution of the induced velocities that considers the 

tangential loading as well. The linear solution with and without the tangential loading term is 

compared and the difference is minor. However, including the tangential term is physically 

more correct and therefore adopted in the aerodynamic model of SIMO-RIFLEX-AC by Cheng 

et al. [25]. 

7+-$#$"-'D$%".,'/+53($+%'
In order to perform aeroelastic simulations in numerical tools it is essential that the full AC 

flow model is linearized. As discussed previously, Madsen [19] provided a modified linear 

solution that was corrected by Madsen et al. [20] in 2013 for implementation in HAWC2. 

Further corrections were made by Cheng et al. [21] in 2016 for the implementation of modified 

solution III in SIMO-RIFLEX-AC. Initially, the accuracy of modified linear solution I by 

Madsen [19] was argued to be too low at higher loading.  

Madsen et al. [20] performed a comparison between the results from the fully non-linear and 

modified linear solution I, it was found that the shape of the velocity induction curves correlate 

well. For this reason, it is suggested to only amplify the induced velocities computed by the 

linear model with correction factor ab. The solution with this correction will be referred to as 

modified linear solution II. The amplification factor can be derived from the 2D Actuator Disk 

theory. When rewriting the linear AC flow model in notation of the AD theory, the relationship 

between the thrust coefficient AF and induction factor ^BgV appears to be as following. 

AF 4 j^BgV (2.23) 

Correcting this according to the induction in the BEM theory, it requires ^BgV to be multiplied 

by ui q ^vÄå. This is set as the correction factor ab for modified linear solution II and given 
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by Equation (2.24). In an effort to predict the power coefficient more accurately at higher tip-

speed ratios, Cheng et al. [21] proposed and adopted the correction factor ab  as given by 

Equation (2.25) for modified linear solution III. 

ab 4
i

i q ^ (2.24) 

ab 4
å

åÄb
C6666666666666666666666666666666666666666666666666666666666666666666u^ ´ é'i¨v

6 å
åÄb

r é'≠¨ p é'n¨ r ÆÄØ'∞r bÄÑ'å∞ C66666666666 ^ ± é'i¨ 6
 (2.25) 

Modified linear solution II for induced velocities then becomes as following. 

ÜtCQ 4
i

i q ^ UVCgú≤≥CgCQ

g¥Ç

g¥å

q UVCµ
∂ p UVCuÇÄQv

∂  (2.26) 

ÜzCQ 4
i

i q ^ UVCgú≤∑CgCQ

g¥Ç

g¥å

 (2.27) 

The inclusion of the tangential loading term, a different correction factor ab and inclination of 

the local elements makes modified linear solution III as described by Equations (2.28) and 

(2.29). 

ÜtCQ 4 ab UVCgú≤≥CgCQ

g¥Ç

g¥å

p UfCgú≤∑CgCQ

g¥Ç

g¥å

q UVCÇãåÄQ
∂ 6q UfCÇãåÄQ

z∏

åÄz∏
π

∂

 (2.28) 

ÜzCQ 4 ab UVCgú≤∑CgCQ

g¥Ç

g¥å

q U∫Cgú≤≥CgCQ

g¥Ç

g¥å

 (2.29) 

The terms marked with a ∂  in Equations (2.26) and (2.28) should only be added for the 

downstream half of the rotor. The term N represents the modeled amount of sections along the 

rotor periphery. The influence coefficients ú are time independent integrals and written as 

given by Equations (2.30) and (2.31). 

ú≤≥CgCQ 4
q eQ p ¢£õ H ¢£õ H p ®Q q ªº¢ H ªº¢ H

eQ p ¢£õ H ê p ®Q q ªº¢ H ê

Ωæãå
êøΩ

ΩæÄå
êøΩ

™H (2.30) 
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ú≤∑CgCQ 4
q eQ p ¢£õ H ªº¢ H q ®Q q ªº¢ H ¢£õ H

eQ p ¢£õ H ê p ®Q q ªº¢ H ê

Ωæãå
êøΩ

ΩæÄå
êøΩ

™H (2.31) 

The terms eQ and ®Q are defined as following. 

eQ 4 q ªº¢ ¿ø¡ q i
kø¡ 6666666¿ 4 iCkC ¬ C √ (2.32) 

®Q 4 ƒ≈∆u¿ø¡ q i
kø¡v666666666666¿ 4 iCkC ¬ C √ (2.33) 
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The rapidly changing angle of attack and 3D swept volume of an operational VAWT introduces 

challenges with respect to modeling the dynamic behavior of the flow. When simulating a more 

realistic environment with wind shear and atmospheric turbulence, it is important to account 

for dynamic inflow and a delayed equilibrium. The continuously varying angle of attack and 

different Reynolds numbers in the flow field stresses the requirement for a well-designed 

dynamic stall model. The wind kinematics of an unsteady non-uniform flow field are described 

in Section 2.3.1, the dynamic inflow phenomenon for VAWTs is discussed in Section 2.3.2 

and the concept of dynamic stall on VAWTs is explained in Section 2.3.3. 

EBFB@( O#+/2$6"(I,#MO#&-,3%(.*,<(.&2*6(
In a realistic environment, the wind field is unsteady and non-uniform. The local wind speed 

is effected by turbulence and wind shear, an illustration of such wind field is shown in Figure 

2.13.  

 

Figure 2.13: Illustration of a wind turbulence 
and wind shear [26] 

Wind shear essentially is a variation of mean wind speed with height, and is a consequence of 

the flow feeling the presence or friction of the ground surface. A power law formulation can 

be used in order to scale the wind speed Ywsï  from a reference height «wsï  to any desired 

reference height «.  

Yu«v 4 Ywsï r
«

«wsï

»… ÀÃÕ

 (2.34) 

The coefficient JSysbw describes the degree of wind shear and depends on the roughness of the 

ground surface. Factors that influence ground surface roughness in the open sea are wave 

height, fetch and wave age [27]. The wind shear model that is applied in this thesis work is the 
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Normal Wind Profile (NWP), which specifies to use JSysbw 4 é'ij  according to the design 

standards of IEC61400-3 edition 1 [28]. 

The turbulence in a wind field describes local variations in wind speed and direction in space 

and time. The turbulence field is a system of vortices that vary in size and location, where the 

vector sum of velocities is zero in any direction. New vortices are mainly created by surface 

friction, but also partly by temperature effects. The friction generated turbulence covers 

vortices sized from é'ié6o to ¨éé6o with a duration ranging between i6ƒ and ≠éé6ƒ [26]. The 

sizes of the vortices are important when considering the impact on an operational wind turbine. 

For example, a large vortex covers a significant part (or all) of the blade and generally causes 

a low-frequent variation in the local inflow. This means that a VAWT blade can feel the locally 

varying wind speed and direction twice on every revolution, for as long as the vortex is there. 

There are different analytical expressions that can describe the power spectral density of the 

atmospheric boundary layer [24]. One of these is the Kaimal spectrum, as given by Equation 

(2.35) [29]. 

Œ Y 4 ]ê
j r ß r É

Y

i p ≠ r ß r É
Y

∞7œ (2.35) 

Here the wind speed Y is averaged over 10-minutes and frequency ß is in R«. The standard 

deviation ] relates to the amount of turbulence present in the wind field. The length scale É is 

set to njé'k6o for larger turbines («yî– ± ≠é6o) when applying the Normal Turbulence Model 

(NTM) from the IEC61400-1 standard [30]. Equivalent power spectral densities can be 

achieved using the formulation of e.g. the Mann turbulence model or Von Karman isotropic 

model. 

EBFBE( A#-*,<(;,#6&/&,#+(-,3($(1)57(L,/,3(

!0%.2$;'F%#5+C'
The modified linear solution of the AC flow model calculates the induced velocities shown in 

Equation (2.26) through (2.29). These solutions are based on a steady-state equilibrium and 

hence only contains time-independent terms for a given set of body forces. Due to the 

substantial mass flux passing through the rotor it would incorrect to assume an instant new 

equilibrium when the rotor loading (or body forces) are changing. For this reason, it is essential 

to introduce a dynamic flow model that accounts for the time delay before the induced 

velocities are in equilibrium with the aerodynamic loads. 
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As to date there is no sophisticated dynamic flow model for VAWTs, hence the flow model 

proposed by Larsen and Madsen [22] is taken. This dynamic flow model is originally designed 

to model transient aerodynamic loads during the blade pitching process for HAWTs [31], 

where the calculated steady-state induced velocities are low-pass filtered. More specifically, 

two first-order filter functions are applied in parallel that represent the near- and far-wake effect 

with a non-dimensional time constant _∂ of respectively é'¨ and k'é. The weight of the near-

wake filter is é'≠ and the weight of the far-wake filter is é'j. The first-order filter can be 

formulated in discrete time domain as shown by Equation (2.36). 

ÜïgBf—wsD cg 4 ÜïgBfswsD cgÄå r ÆÄ“∫ ” p ÜîVïgBfswsDucgv r ui q ÆÄ“∫ ”v (2.36) 

The time constant _ is related to the non-dimensional time constant _∂ through rotor radius ú 

and average wake velocity. 

_ 4 _∂ r
ú

Y≤b‘s
 (2.37) 

Larsen and Madsen [22] suggest that improvements to this model are still to be done, especially 

with respect to finding the right time constants. 

*3,G"-'F%#5+C'
An additional effect of the vertical axis rotor is that the individual blade sections experience a 

curved inflow. This occurs due to the rotational velocity of the blades and essentially means 

that the angle of attack varies over the chord length. The influence of stream-curvature effects 

for VAWTs is covered in study by de Vries in 1979 [32]. It is found that the negative effective 

angle of attack is induced by stream curvature, which means more lift in the upstream blade 

positions and less lift in the downstream blade positions. A correction is suggested that takes 

the angle of attack 75% down the chord of the airfoil or JÑ'’∞, as illustrated by Figure 2.14.  

 

Figure 2.14: Illustration of the curved inflow on a 
VAWT blade element [22] 
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This correction is in line with the approach used HAWC2 for HAWTs, hence it is also adopted 

in the VAWT aerodynamic model to use JÑ'’∞. On the other hand, the aerodynamic model in 

the recently developed SIMO-RIFLEX-AC uses the angle of attack in the middle of the airfoil 

at JÑ'∞Ñ.  

EBFBF( !"#$%&'(?/$**(
Dynamic stall is an effect that occurs by changing the angle of attack within a considerably 

small amount of time. This effect does not appear instantaneously on the aerodynamic loads, 

but will take place with a time delay proportional to `7YwsB  [24]. The response of the 

aerodynamic load depends on whether the viscous boundary layer of the flow is attached or 

partly separated.  

<##";('+#'/(.($;'.%-'!0%.2$;'/(.55'
For attached flow the time delay can be estimated using the Theodorsen theory [33]. The 

attached flow region is shown in Figure 2.15 on the left side of the static stall angle of 

approximately !". When rapidly changing the angle of attack the lift is delayed, meaning that 

for a decreasing angle of attack the aerodynamic load is higher and vice versa.  

 

Figure 2.15: Lift coefficient under static stall (dotted line) 
and dynamic stall (continuous line) for attached flow [34] 

On the contrary, dynamic stall occurs on airfoils in detached flow conditions. For VAWTs this 

effect is increasingly important at lower tip-speed ratios, when the amplitude of angle of attack 

becomes large making the flow detach from the blade surface [14]. This means that the 

downstream half of the rotor is more sensitive to flow detachment, due to already being in the 
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unsteady wake of the upstream half. Figure 2.16 illustrates typical flow conditions around the 

rotor periphery of a VAWT at a tip-speed ratio of k'ij. 

 

Figure 2.16: Schematic of the flow through a 
VAWT rotor under dynamic stall conditions at a 
tip-speed ratio of &' (), note that the freestream 
velocity enters at the top side [17] 

When considering the delay of aerodynamic loads in dynamic stall conditions there is referred 

back to Figure 2.15. Dynamic stall occurs in the region on the right side of the static stall angle 

of !" for this case. Opposite to the Theodorsen effect, the lift coefficient decreases significantly 

with a (rapidly) decreasing angle of attack. 
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The mechanism of dynamic stall was first identified on helicopters, in which the inclusion of a 

dynamic stall model is essential. For the (smaller) variations of angle of attack in HAWT 

aerodynamics it is suggested to use at least a dynamic stall model for the lift, this is to avoid 

stability issues with respect to flapwise vibrations [24]. For VAWT aerodynamic load 

prediction it is even more important to include the effect of dynamic stall, which is also brought 

forward by this thesis work in Section 5.2. Under normal operating conditions the Mach 

number and rotational frequency are significantly lower for a wind turbine than for a helicopter, 
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this has lead to the development of specific dynamic stall models for wind turbines. In this 

thesis work the Stig Øye dynamic stall model is applied, developed by Øye in 1991 [35]. The 

type of stall that is included in this model is trailing edge stall, this is argued to be the most 

important phenomenon in terms of dynamic airfoil data [24]. 

Trailing edge stall starts with flow separation at the trailing edge and gradually increases 

upstream for increasing angles of attack. From the flow’s point of view, trailing ege stall can 

be explained using Figure 2.17 [36]. Starting at the leading edge, the boundary layer will 

become turbulent at the transition point k . In case of a bubble, the boundary layer will become 

turbulent and reattach. At the separation point n  the flow separates from the airfoil and forms 

a turbulent shear layer at j . The pressure recovers in the region indicated by ¨  and a vortical 

wake is formed at ≠ . Trailing edge stall causes lift force to drop (smoothly) at larger angles of 

attack.  

 

Figure 2.17: Schematic of trailing edge stall [37] 

The degree of stall in trailing edge separation is described by Øye through a separation function 

ßS. Equation (2.38) shows how the lift coefficient under dynamic stall AB is formulated as a 

function of the lift coefficient for inviscid flow without separation ABCgV÷ and the lift coefficient 

for fully separated flow ABCïS. Here ABCgV÷ is often derived using static airfoil data in the linear 

region [24]. 

AB 4 ßS r ABCgV÷ J p i q ßS r ABCïSuJv (2.38) 

The separation function ßS is found through a formulation of the separation function from static 

airfoil data and a time delay. The assumption is made that, given a sufficient amount of time, 

the value of the separation function ßS  wil always try to get back to the static value ßSSf  as 

described by Equation (2.39). 
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™ßS
™c 4

ßSSf q ßS
_  (2.39) 

This can be integrated analytically into Equation (2.40). 

ßS cgãå 4 ßSSf p ßS cg q ßSSf r ÆÄ◊f
”  (2.40) 

As mentioned previsouly, the time delay or time constant _ is approximately proportional to 

`7YwsB. Using this method the dynamic airfoil data is always ‘chasing’ the static airfoil data. 

Physically this describes the time delay that is needed for the viscous boundary layer to develop 

from one state to another upon a (sudden) change in the angle of attack. It should be kept in 

mind that the dynamic stall effect is more signficant at a higher freestream velocities. With a 

constant rotational speed this implies lower tip-speed ratios, and hence the amplitude of 

oscillation (or rate of change) of the angle of attack increases. 
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In fluid dynamics a potential flow is described as a function of space and time by the velocity 

potential X. The gradients of the velocity potential describes the velocity field, for example 

dt 4 àX7àe. Hereby a characteristic is that the velocity field is irrotational. In the offshore 

practice it is common to assume the potential flow theory to be representative for the fluid. 

This means that an additional assumption of the fluid being incompressible and inviscid is 

made and that the Laplace equation can be satisfied. The pressure field, with respect to the 

ambient pressure, is described on the basis of Bernoulli’s equation [38]. 

• p Z r © r « p Z r
àX
àc p

Z
k r ÿX r ÿX 4 é (2.41) 

By introducing the kinematic boundary conditions and the dynamic free-surface condition 

Equation (2.41) can be solved. For a velocity potential oscillating harmonically in time with a 

circular frequency T, the solution at the mean sea level (« 4 é) is as following. 

qTê r X p © r
àX
à« 4 é (2.42) 

The free-surface conditions are non-linear and can be simplified by linearizing the problem. 

Linear theory means that the velocity potential is proportional to the wave amplitude Mb. This 

is valid when the wave amplitude is small compared to the (characteristic) wavelength and the 

body dimensions. Higher-order wave theory is discussed afterwards in Section 2.4.3.  
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Linear theory, often referred to as Airy wave theory, is valid until the mean sea level due to the 

simplifications that are made. For a propagating sinusoidal wave (component) the velocity 

potential can be described by Equation (2.43). This result is obtained from combining the free-

surface condition with the impermeability condition at the sea bed and the Laplace equation. It 

should be noted that only the terms proportional to Mb are considered here.  

X 4
© r Mb
T r

ªº¢Ÿ a r « p ⁄
ªº¢Ÿ a r ⁄ r ªº¢uT r c q a r ev (2.43) 
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When differentiated with respect to the horizontal or forward e-direction, the velocity field can 

be found. A further differentiation with respect to time results in the acceleration field 

according to linear theory.  

d 4 T r Mb r
ªº¢Ÿua r « p ⁄ v

¢£õŸua r ⁄v r ¢£õuT r c q a r ev (2.44) 

d 4 Tê r Mb r
ªº¢Ÿua r « p ⁄ v

¢£õŸua r ⁄v r ªº¢uT r c q a r ev6 (2.45) 

The velocity and acceleration fields can be superimposed in order to describe the fluid flow in 

an irregular wave environment, which is a summation of regular waves with different phases, 

amplitudes and frequencies. As mentioned previously, the wave kinematics are only valid until 

the mean sea level. There are extrapolation methods design to compute the wave kinematics 

until the instantaneous surface level. Amongst these are assuming the kinematics constant 

above mean sea level, extrapolating the velocity/acceleration profile and (Wheeler) stretching 

the wave kinematics to the instantaneous surface level.  

EBKBF( ?2',#6M,3623(?/,=2+Q(5$H2(7:2,3"(
The second-order potential flow is found by utilizing the Stokes’ expansion and essentially 

means that all terms up to Mbê are considered. As incident waves become steeper, higher-order 

effects become more significant. It is seen that by inclusion of the non-linear effects the wave 

crests are sharpened and the wave troughs are flattened [38]. The second-order wave effects 

can be illustrated by considering the quadratic velocity term in Bernoulli’s equation. 

Z
k r ÿX r ÿX 4

Z
k r

àX
àe

ê

p
àX
à®

ê

p
àX
à«

ê

 (2.46) 

When considering an idealized sea state consisting of two wave components oscillating with 

frequencies Tå  and Tê , the horizontal or e -component of the velocity can be written as 

following. 

àX
àe 4 =å r ¢£õuTå r c p €åv p =ê r ¢£õuTê r c p €êv (2.47) 

Here =å and =ê describe the amplitude of the velocities based on the factors water depth, wave 

amplitude, wave number wave frequency and instantaneous position (see Equation (2.44)). The 
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€  represents a random phase. By considering the wave as a sum of two components the 

following squared velocity term is obtained and re-written. 

àX
àe

ê

4
=å p =ê

k p
=å
ê

k r ¢£õuk r Tå r c p k r €åv p
=ê
ê

k r ¢£õuk r Tê r c p k r €êv

p =å=ê r ¢£õu Tå p Tê r c p €å p €êv

p =å=ê r ¢£õu Tå q Tê r c p €å q €êv 

(2.48) 

In the square velocity term presented by Equation (2.54) there is three types of effects that can 

be recognized. The first type is the mean wave effect and corresponds to the term without an 

oscillatory component or u=å p =êv7k, this is also known as Stokes’ drift velocity. The second 

type is the sum frequency effect and corresponds to the terms oscillating with k r Tå, k r Tê 

and Tå p Tê. The third type is the difference frequency effect and corresponds to the last term 

oscillating with a frequency of Tå q Tê . The latter is only present when Tå ‹ Tê  and 

introduces a slowly-varying velocity component. 

It should be kept in mind that the second-order wave effects go with the square of the wave 

amplitude, this means that the significance is also of a lower magnitude in some situations. To 

illustrate this an example using a floating hemisphere – up-scaled to a ¨é6o diameter – is given 

by Faltinsen [38]. The second-order horizontal drift force is found to be iéê r Mbê6a√, whereas 

the linear wave excitation force is found as iéØ r Mb6a√. Hence for a wave amplitude Mb 4

i6o this translates to a second-order force that is 100 times smaller, but Mb 4 ié6o would 

translate this force being just 10 times smaller. Other than the magnitude, it is also important 

to note that the second-order wave theory introduces different forms of hydrodynamic loading 

on an offshore structure. A mean drift force can for example stress the mooring system of a 

floating wind turbine, whilst the sum- and difference frequency effects may excite modes that 

would not be excited when applying linear wave theory. 

EBKBK( ?/$/&+/&'$*(N2:$H&,3(,-(5$H2+(
Previously it is explained how the wave kinematics can be computed from given wave 

characteristics. This section discusses the theory behind modeling a set of harmonic 

components forming an irregular wave environment. The wave amplitude can be expressed by 

a wave spectrum. 

i
k MbCQ

ê 4 Œ TQ r èT (2.49) 
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Ocean waves are produced by wind, and when it blows for long enough a fully developed sea 

is reached. Based on the assumptions of a fully developed sea and anemometer measurements 

in the North Atlantic, the Pierson-Moskowitz (PM) spectrum was developed in 1964 and found 

to have the following form and constants [39]. 

Œ T 4
J›fi r ©ê

T∞ r ÆÄflr ‡Å
‡

·

 

Jûfi 4 !'i r iéÄœ6R«C ä 4 é'‚jC TÑ 4
©

i'ék≠ r YåÑ
 

(2.50) 

 

 

Later in 1973 it was discovered during the Joint North Sea Wave Observation Project 

(JONSWAP) that the wave spectrum is never fully developed. In order to correct for this a 

peak enhancement factor is introduced that would better fit the measured data on the North Sea 

[40]. The JONSWAP spectrum and corresponding definitions are shown in Equation (2.51). 
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(2.51) 

 
 

The spectral and form parameter are given by J„‰ and ä, respectively. The significant wave 

height RS is defined as the average of the one-third highest waves in the spectrum, whereas the 

peak period WG defines at which frequency or period there is the highest energy content (peak) 

in the waves. The peakedness parameter ç  is typically n'n for the North Sea. Figure 2.18 

illustrates the addition that is made by Hasselmann et al. [40] in the JONSWAP spectrum. 

 

Figure 2.18: Peak enhancement in JONSWAP 
spectrum relative to the PM spectrum [40] 
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The hydrodynamic loads can be calculated by considering Bernoulli’s equation for pressure in 

the potential flow theory. The order of terms that are considered in the pressure equation 

determine the accuracy of the hydrodynamic load predictions. The solution to the 

hydrodynamic problem can be obtained by integrating the pressure over the wetted body 

surface. In practice, this problem is often divided into the contributions of the incident waves 

and body motions on the pressure fields.  

The incident waves restrain the body from moving and the pressure-contribution of this 

phenomenon is often referred to as the diffraction problem. The hydrodynamic loads caused 

by the incident waves are the wave excitation loads, these are composed of the Froude-Krylov 

and diffraction forces.  

When the body is moving with the wave excitation frequency, the pressure field of the fluid is 

influenced by this. This is often referred to as the radiation problem. The effect of rigid-body 

motions can be described by considering the body motions in still water. When the body 

accelerates then waves are radiated away normal to the body’s surface, this is called 

hydrodynamic added mass. The body’s velocity induces radiation damping, which damps the 

motion as the name indicates. The hydrodynamic added mass and (linear) damping loads can 

be formulated as follows [38]. 

K‘ 4 q?‘Q r
™êMQ
™cê q O‘Q r

™MQ
™c  (2.52) 

Here ?‘Q  and O‘Q  describe the added mass and (linear) damping coefficients of rigid-body 

motion ¿ on the considered direction a. The coefficients are a function of the body shape, 

frequency of oscillation and the boundary conditions. At last there is the hydrodynamic 

restoring force that is an integral of the hydrostatic pressure on the body at its instantaneous 

position. The hydrodynamic restoring force is most significant for structures with a large water-

plane area. 

It should be noted that the potential flow theory is not able to compute viscous drag forces due 

to the assumption of an inviscid flow. Often this method is combined with the viscous drag 

forces as computed by the Morison equation, which is described in the next section. 
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The Morison equation is a popular method for hydrodynamic load calculation due to its 

simplicity and efficiency. It is applicable on cylindrical elements in an oscillatory flow. This 

hydrodynamic model omits the effect of the body on the flow, but for slender structures 

(Ü^§Æ6Æ∆©c⁄ ± ¨ r I≈^oÆcÆÏ) this effect is insignificant and hence the assumption of an 

undisturbed flow field can be justified. The Morison equation consists of two terms, being the 

inertial load and viscous drag load term. The inertial load is composed of the hydrodynamic 

added mass and Froude-Krylov force. The viscous forces describe the layer and fluid-skin 

friction present in the flow causing flow separation. The hydrodynamic force ™K is calculated 

normal to the cylindrical body and is given per unit length utilizing Equation (2.53). Note that 

= refers to the cross-sectional area of the body and not the added mass coefficient. 

™K 4 Z r = r AE p i r d≤ q Z r = r AE r e p
Z r I r AD

k r d≤ q e r d≤ q e  (2.53) 

There are three terms that can be distinguished in the Morison equation. The first represents 

the inertial load from water particle’s acceleration d≤ and is composed of the added mass term 

Z r = r AE r d≤  and the Froude-Krylov term Z r = r d≤ . The second term describes the 

contribution from the body’s acceleration e on the radiation of outgoing waves. The third (non-

linear) term represents the viscous drag force that is proportional to the (signed) square of the 

relative velocity d≤ q e between the water particles and body. The added mass coefficient and 

drag coefficient are given by AE and AD, respectively. Sometimes the inertia coefficient is used 

in Morison’s formulation, this is defines as Afi 4 AE p i. 
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The geometry and involved aerodynamics of a vertical axis wind turbine require an alternative 

control approach. Theories regarding the control strategy and control algorithm are discussed 

in the following sections. 

EBUB@( ;,#/3,*(?/3$/20"(
In order to perform fully coupled aero-hydro-servo-elastic analyses a control strategy is 

required to regulate the rotor speed at all operational regions. As compared to a modern HAWT, 

the considered design does not have an active pitch system and hence the power output must 

be controlled through variable-speed operation. The baseline and improved controller will be 

discussed, hereafter referred to as respectively the constant rotational speed and constant 

power controller.  

The constant rotational speed controller is developed by Merz and Svendsen [41] and 

recognizes two regions. The first region is before reaching maximum rotational speed >Ebt, 

in which the it aims to operate in optimal conditions or maximizing AG. The second region 

considers wind speeds after reaching >Ebt , here the aim is to keep the rotor speed at 

approximately >Ebt. In order to obtain a maximum power coefficient in the first region, an 

optimum is found between the generator torque and rotor speed. The variation of the rotor-

averaged generator torque against rotor speed is shown in Figure 2.19. The resulting reference 

rotor speed curve is presented in Section 3.3.4. 

 

Figure 2.19: Generator torque against rotor 
speed, for maximizing *+ below ,-./ [41] 
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The constant power controller is designed by Cheng et al. [42] in an attempt to control the 

power output after rated wind speed and match the operational conditions of the NREL 5MW 

wind turbine. It is designed by simulating steady-wind operational conditions above rated wind 

speed at various (constant) rotational speeds.  
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A control strategy would be useless if there is no algorithm that can control the desired value 

of rotor speed. The architecture of the control algorithm is based on a proportionality-integral 

(PI) controller that minimizes the error between the measured rotor speed >EsS and reference 

rotor speed >wsï. A schematic of the the control algorithm is shown in Figure 2.20. 

 

Figure 2.20: Schematic of control algorithm for a VAWT based on a PID architecture [2] 

The measured rotor speed is passed through a notch filter and low-pass filter in order to take 

out high-frequent variations. The measured generator torque is also low-pass filtered in order 

to isolate the cyclic variations of aerodynamic loading. For turbulent wind conditions, the wind 

speed is low-pass filtered and used instead. The corresponding reference rotor speed is 

determined from a look-up table, such as the one for wind speed presented in Figure 3.6. The 

difference is then minimized by a PI controller (ÒÚ 4 é) and a resulting generator torque WÛsV 

is then fed back into the system. The formulation of the PI controller is as follows. 

WÛsV 4 Ò@ r Òû r > q >wsï p ÒÙ r > q >wsï ™c
f

Ñ
 (2.54) 

Here Ò@  is the generator stiffness, Òû  the proportionality coefficient and ÒÙ  the integral 

coefficient. The proportional term accounts for the present value of the error and the integral 

term accounts for a past value of the error. For example, an error will accumulate over time if 

the correction is not strong enough in the previous loops. This is recognized by the integral 

term and will apply a stronger correction to account for this error accumulation. 
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Chapter 3 is devoted to the approach and methods applied in this thesis work. Starting with a 

short description of the site in Section 3.1, the Darrieus rotor and the spar platform are 

introduced in Section 3.2. This introduction includes the presentation of results from a modal 

analysis for the land-based VAWT and free decay test for the spar VAWT concept. Two fully 

coupled simulation tools HAWC2 and SIMO-RIFLEX-AC used for the dynamic analyses in 

this thesis work are described in Section 3.3. The comparison is done to identify differences 

and possible sensitivities in the codes, which are then used to formulate a logic set of load cases 

in Section  0.
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The area that is considered in this study is the northern North Sea, a potential candidate for 

floating wind turbines off the Norwegian coast due to its large water depths. A site is selected, 

because then the dynamic responses of the spar VAWT can be evaluated under realistic 

environmental conditions. Wind-wave data is available from measurements at the semi-

submersible oil platform Vestlefrikk, owned by Statoil. The oil platform has been operational 

since 1989 in the area west of Bergen (Norway), the location is shown in Figure 3.1. 

 

Figure 3.1: Location of studied site [43] 

Some general information about the considered site is given in Table 3.1. 

Table 3.1: General information about the studied site in the northern North Sea [44] 

Location Vestlefrikk, Norway 

Mean 1-hour wind speed at (<6- ‚'¨6o7ƒ 

Water depth nké6o 
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Johanessen et al. [44] has performed a study on the correlation of wind-wave data at the oil 

platform. Measurements in the period 1973-1999 are analyzed and a joint probability density 

function was proposed that correlates the significant wave height RS and peak period WG for a 

given 1-hour mean wind speed at ié6o reference height YåÑ. The conditional distribution of 

RS for a given YåÑ is described by a set of Weibull parameters. 

^SybGs 4 k'é p é'in¨ r YåÑ (3.1) 
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ùShbBs 4 i'! p é'iéé r YåÑ Ñ'åœêê (3.2) 

As indicated by the subscripts, ^SybGs  and ùShbBs  denote respectively the shape and scale 

parameters of the distribution. The conditional distribution can be used to calculate the 

expected value for RS through a gamma-function as shown by Equation (3.3). The peak period 

WG is estimated for a given wind speed and correlated RS as formulated by Equation (3.4). 

RS 4 ùShbBs r ıu
i

^SybGs
p iv (3.3) 

WG 4 j'!!n p k'≠! r RS
Ñ'∞êˆ r i q é'iÓ r

YåÑ q i'‚≠j p n'jk≠ r RS
Ñ'’˜6

i'‚≠j p n'jk≠ r RS
Ñ'’˜  (3.4) 

The given joint distribution by Johannessen et al. [44] requires the mean wind speed at ié6o 

height. This height is a common reference value in onshore and offshore engineering due to 

measurement instruments being installed at ié6o. If necessary, the mean wind speed can be 

scaled with respect to height using the wind shear formulation described in Section 2.3.1. As 

an example, a wind speed of YåÑ 4 ‚'¨6o7ƒ  would scale up to a wind speed of Yyî– 4

ié'én6o7ƒ at ‚Ó'‚!6o. In this thesis work, the hub height is defined as the vertical center of 

the VAWT blades and used as the reference height for wind speed. 
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The dynamic analysis performed in this study involve two wind turbine models, referred to as 

the land-based VAWT and spar VAWT. A description of the models is given in Sections 3.2.1 

and 3.2.2, respectively. Included in the introduction of the land-based VAWT model is the 

results from a modal analysis, presenting the fundamental eigenmodes and corresponding 

eigenfrequencies of the structure. Additionally, a decay test is conducted in order to find the 

natural frequencies of the spar VAWT model, this is presented in the respective section.  
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The land-based VAWT considered is the 5MW Darrieus rotor developed by Vita in 2007 

through 2011 [3] in the DeepWind project. There are several aspects that have driven the choice 

of this concept, being (1) the simplicity of design, (2) possibility of using blades with 

Troposkien shape, (3) power extraction efficiency and (4) a relatively long track record of 

research and development. The baseline design comprises a rated power of ¨6Lm in order to  

 

Figure 3.2: Land-based VAWT concept with 
DeepWind’s two-bladed Darrieus rotor 

compete with the market for offshore wind energy (in 2011) and allowing for comparative 

studies with the NREL 5MW reference turbine (HAWT). An illustration of the design is shown 

in Figure 3.2. It should be noted that this design is the land-based equivalent of the spar VAWT 

concept presented in Section 3.2.2, and not a design optimized for the onshore application. 
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Table 3.2: Structural properties of the two-bladed Darrieus 5MW rotor by DeepWind [3] 

Rotor radius ≠n'‚j6o 

Hub height ‚Ó'‚!6o 

Rotor height ikÓ'¨≠6o 

Swept area iéC‚jn6oê 

Airfoil type NACA0018 

Chord ‚'j¨6o 

Rotor mass né¨'é6cÎ∆∆Æ 

Shaft / Tower mass jjÓ'k6cÎ∆∆Æ 

Center of mass (é'é6o, é'é6o, ‚¨'≠6o) 

The design uses the NACA0018 airfoil due to the wide availability of data. Using this airfoil, 

it is found that maximum power is obtained at a rotor solidity ù6`7ú between é'ké and é'k¨. 

The solidity of the current design is é'kn. The operational conditions for the VAWT are 

presented in Table 3.3. It should be noted that the DeepWind rotor is designed without the 

inclusion of a dynamic stall model. 

Table 3.3: Operational conditions for the two-bladed Darrieus 5MW rotor by DeepWind [3] 

Rated power ¨6Lm 

Cut-in wind speed ¨6o7ƒ 

Cut-out wind speed k¨6o7ƒ 

Rated wind speed ij6o7ƒ 

Maximum rotational speed é'¨¨i6Ï^™7ƒ (ni'≠6™Æ©7ƒ or é'é!‚‚6R«) 

93%-.2"%(.5'<$&"%2+-"1'#,+2'7+-.5'B%.501$1'
In order to learn more about the characteristics of the land-based VAWT a modal analysis is 

performed, revealing information about the eigenmodes and eigenfrequencies of the rotor 

configuration. The modal analysis is done in HAWC2 and compared against the results 

obtained in Riflex and Abaqus by Wang [14]. Abaqus is the most sophisticated tool for 

investigating the structural dynamics, hence the differences are presented using the Abaqus 

results as benchmark. The six fundamental eigenmodes and corresponding eigenfrequencies 

are presented in Table 3.4. It should be noted that for this analysis the turbine is considered 

without transmission and generator components and with the shaft brake engaged [45]. 
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Table 3.4: Fundamental eigenmodes of the land-based VAWT by HAWC2, Riflex and Abaqus, 
the relative error (in brackets) is given with respect to the eigenfrequency computed by Abaqus 

The overview of the modal analysis results in Table 3.4 shows the first tower modes (Mode 1 

and 2), the first flatwise blade modes (Mode 3 and 4) and the first lead-lag blade modes (Mode 

5 and 6). The agreement between the three codes is quite good for the first four modes however, 

HAWC2 shows a significant difference in the natural frequencies of the lead-lag modes. This 

can be related to the different structural formulation that is implemented in HAWC2, as further 

described in Section 3.3. At last it is important to note that the modal analysis is done for non-

operational conditions, hence with a stationary rotor. Centrifugal stiffening and gyroscopic 

effects are phenomena that occur when the blades start rotating. The centrifugal stiffening is 

most important for the flatwise blade modes, since the percentual increase in stiffness is much 

greater than for lead-lag bending [45]. On the other hand, gyroscopic effects can create 

significant frequency shifts with respect to the tower modes and lead-lag blade modes. 

 Modeshape Eigenfrequency [¯˘] 

Abaqus [14] HAWC2 Riflex [14] 

Mode 1 
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FBEBE( ?J$3(1)57(G,62*(
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Where the land-based VAWT is assumed to be rigidly connected to the ground, the spar VAWT 

comprises a design with the Darrieus rotor fixed on a spar floater. The floater is based on the 

OC3 spar floating originally designed to support the NREL 5MW reference turbine [46]. A 

spar floater with heavy ballast located at the bottom provides good stability characteristics with 

respect to pitching and rolling motions. The mooring system consists of catenary chains with 

delta lines and added clump weights to resist the aerodynamic yaw moment. The mooring 

system provides the restoring stiffness. An illustration of the spar VAWT is shown in Figure 

3.3. Additionally the definition of the mooring system is given [42]. 

  

Figure 3.3: Spar VAWT concept with two-bladed Darrieus rotor 

As mentioned previously, the spar floater is originally designed for a 5MW HAWT. In order 

to compensate for the difference in mass with the concept in Figure 3.3, the original ballast was 

modified by Cheng et al. [47] to maintain an equal draft and displacement with the 5MW 

Darrieus rotor mounted on top. A conical section is implemented between j6o  and ik6o 

below MSL in order to reduce hydrodynamic loads [46]. The properties of the modified spar 

floater are summarized in Table 3.5. 
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Table 3.5: Properties of the OC3 floater modified for the spar VAWT concept [46] [47] 

Draft iké6o 

Diameter below taper Ó'j6o 

Waterline diameter ≠'¨6o 

Hull mass, including ballast and generator ‚Cné!'n6cÎ∆∆Æ 

Center of mass (floater) (é'é6o, é'é6o, q!Ó'!6o) 

Displacement !Cék‚6oœ 

Center of buoyancy (é'é6o, é'é6o, q≠k'i6o) 

Moment of inertia in roll and pitch ≠'n≠ r ié’6cÎ∆∆Æ7oê 

Moment of inertia in yaw i'¨Ó r ié∞6cÎ∆∆Æ7oê 

8.(3,.5'9,":3"%;$"1'#,+2'9,""'!";.0'H"1('
A free decay test is done to determine the natural frequencies of the platform motions. The spar 

VAWT is placed in an environment with virtually no wind (Y 4 é'i6o7ƒ) and no waves (RS 4

é'éi6o, WG 4 ié'é6ƒ). An external force or moment is applied at the combined center of mass 

of the floater and rotor, located at (é'é6o, é'é6o, q‚j'n6o) in the global coordinate system. 

The external force or moment is applied in the examined degree of freedom in order to give it 

an initial displacement. The force or moment consists of a ramp starting at c 4 ¨é6ƒ and is then 

held constant until the structure is ‘released’. At this moment the decay test starts and the 

platform motions are recorded for a sufficient amount of time to capture multiple oscillations. 

More specific details about the magnitude and length of the external forces and moments are 

summarized in Table 3.6. 

Table 3.6: Input details for the free decay test of the spar VAWT 

 External force %8˙- [8] %$.-+ [8]( %˚¸˝8 [8](

Surge and Sway ¨éé6a√ iééé! iéé! kéé!

Heave ≠ééé6a√ ≠éé 50 iéé 

Roll and Pitch j!ééé6a√o jéé 50 iéé 

Yaw i‚ééé6a√o jéé 50 iéé 
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Due to the symmetry of the spar VAWT, the force or moment required for realizing an initial 

displacement is identical for some of the platform motions. The external forces and moments 

are illustrated in a time series in Figure 3.4. 

 

Figure 3.4: External forces and moments applied on the 
spar VAWT for the free decay tests 

The free decay tests are conducted in the fully coupled numerical tool SIMO-RIFLEX-AC. 

After releasing the spar VAWT from its initial position, the motion response is analyzed to 

evaluate the natural period. Figure 3.5 shows the platform response of the spar VAWT. The 

red line indicates the rigid-body motions from time-domain simulations and the black dots 

represent the detected peaks. The time period in between the peaks gives the natural period of 

the corresponding DOF. The resulting natural periods and frequencies are summarized in Table 

3.7. Due to the axisymmetric properties of the spar floater, the platform motions of sway and 

roll are very similar to respectively surge and roll. The natural periods in Table 3.7 are 

compared to the results presented by Cheng [2]. Generally, the results seem to agree well with 

an exception of the yaw natural period. The natural period presented by Cheng is !'¨6ƒ, which 

is 14.5% longer than the ‚'jk6ƒ obtained in this thesis work. This difference is unexpected 

since the same spar VAWT model and same numerical tool is used to conduct the free decay 

test. The difference may be explained by the absence of mechanical braking in the decay test 

presented here. Nevertheless, the order of magnitude seems correct and the absence of 

mechanical braking would not be relevant during operational conditions.  
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Figure 3.5: Platform motions of spar VAWT during the free decay tests 

 

 

Table 3.7: Natural frequency and period of the rigid-body motions of the spar VAWT 
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FBF( I8%23&'$*(?&%8*$/&,#(7,,*+(
The amount of publicly available simulations tools capable of performing fully coupled 

analyses on floating VAWTs is limited. In this thesis work two of these simulation tools are 

used to conduct fully coupled aero-hydro-servo-elastic analyses on the land-based and spar 

VAWT. The wind turbine models were presented in Section 3.2. The selected tools are the 

HAWC2 by DTU Wind Energy and the SIMO-RIFLEX-AC code by NTNU/MARINTEK. A 

description of the codes is given in the sections hereafter in which the aerodynamic, 

hydrodynamic, structural and control models are discussed individually. 

FBFB@( )23,6"#$%&'+(

B",+-0%.2$;'7+-"5'
The aerodynamic loads are calculated using the AC flow model. A set of né stacked cylinders 

is used to cover the swept volume of the two-bladed Darrieus rotor. As described in Section 

2.2, a modified linear solution to the 2D flow problem has been proposed (and improved) for 

the implementation in aeroelastic codes. Reference has been made to the modified linear 

solution I, II and III. To date HAWC2 works with the modified linear solution II and SIMO-

RIFLEX-AC implemented modified solution III. To recapitulate, both aerodynamic models 

use the modified linear solution as initially proposed by Madsen in 1982 [19]. The modified 

linear solutions implemented in the codes differ on the improvements that have been adopted 

more recently. HAWC2 corrects the induced velocities with a simple correction factor ab (see 

Equation (2.24)) resulting in the induced velocities described by Equations (2.26) and (2.27). 

The SIMO-RIFLEX-AC code adopts the proposal by Cheng et al. [21] and accounts for the 

tangential loading term, inclination of blade elements and an additional correction to the 

induced velocities at higher tip-speed ratios. All together this results in the modified solution 

III given by Equations (2.28) and (2.29) and the correction factor ab given in Equation (2.25). 

!0%.2$;'F%#5+C'7+-"5'
The unsteady and non-uniform wind environment is modeled by the NWP and a turbulence 

model. The wind turbulence in HAWC2 is generated internally based on the Mann turbulence 

model. SIMO-RIFLEX-AC uses TurbSim [46] to generate a wind field based on the Kaimal 

spectrum. 

The dynamic inflow is modeled using the proposed solution by Larsen and Madsen [22]. This 

is not a tailored solution for VAWT aerodynamics, because the dynamic inflow model is taken 

from HAWT aerodynamics. Nevertheless, it is used in HAWC2 and SIMO-RIFLEX-AC to 
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account for the delayed equilibrium between aerodynamic loads and induced velocities because 

a better alternative is lacking. 

As the path of the VAWT rotor is curved, research has brought forward that the blade may 

experience a curved inflow. In order to account for this, HAWC2 takes the angle of attack at 

‚¨˛ of the chord or JÑ'’∞. SIMO-RIFLEX-AC does not account for curved inflow and uses 

the angle of attack at the midpoint of the airfoil or JÑ'∞Ñ. It is expected that this difference 

causes a slight delay of loads in HAWC2. To be more precise, it corresponds to a delay of 

i'≠‚" with respect to the azimuth angle. 

!0%.2$;'/(.55'7+-"5'
It has become evident that a dynamic stall model is essential for an accurate prediction of 

aerodynamic loads. Due its significance, it is chosen to modify the Beddoes-Leishman dynamic 

stall model in SIMO-RIFLEX-AC such to match the Stig Øye dynamic stall model 

implemented in HAWC2. This means that a new set of dynamic airfoil data is used in SIMO-

RIFLEX-AC and that the static airfoil data is provided for one Reynolds number only due to a 

limitation in HAWC2. 

FBFBE( S"63,6"#$%&'+(
Introducing a spar floater adds hydrodynamic loads into the system. The hydrodynamic model 

in HAWC2 and SIMO-RIFLEX-AC is quite different in terms of complexity. Wave kinematic 

in HAWC2 are computed using Airy wave theory, whereas in SIMO-RIFLEX-AC potential 

flow theory is applied. It was discussed in Section 2.4 that Airy wave theory is not able to 

model non-linear wave effects. The irregular wave climate is modeled according to the 

JONSWAP wave spectrum in both codes. Wheeler stretching is an option but not applied in 

this thesis work. 

HAWC2 uses the Morison equation to calculate all hydrodynamic loading on the hull of the 

spar floater. The Morison equation is given by Equation (2.53) and described in Section 2.5.2. 

The added mass coefficient and drag coefficient used by HAWC2 are AE 4 é'Ó‚ and AD 4

é'≠. The spar VAWT design contains a non-physical simplified mooring system, hence no 

hydrodynamic loads are acting on this. With no current present this should have a minor effect 

on the overall hydrodynamic loading, since wave kinematics are most significant near the water 

surface.  

As mentioned earlier, the SIMO-RIFLEX-AC code contains a more sophisticated 

hydrodynamic model by combining the potential flow theory with the Morison equation. The 
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added mass, radiation damping and first order wave forces for the spar hull are obtained from 

a potential flow model. Additionally, the mean drift forces and second-order difference-

frequency wave forces are also included in the hydrodynamic model for the spar VAWT. The 

difference-frequency forces are estimated using Newman’s approximation [2]. Morison 

equation is applied to slender elements that are not included in the potential flow model, for 

the spar VAWT concept this refers to the the mooring lines. SIMO-RIFLEX-AC uses the 

hydrodynamic coefficients as given by Bachynski et al. [48]. Here it is proposed to use AE 4

i'é and AD 4 i'é for the mooring lines, the spar hull uses a AE from the frequency-dependent 

potential flow results and AD 4 é'≠. 

FBFBF( ?/38'/83$*(!"#$%&'+(
The structural formulation in HAWC2 and SIMO-RIFLEX are both based on a finite element 

method. HAWC2 applies the multi-body system described in Section 2.1.2. The current model 

of the Darrieus rotor uses 75 elements for each blade and 10 elements to model the tower. 

RIFLEX is the module in SIMO-RIFLEX-AC that models the blades, tower, shaft and mooring 

system. The structural model uses a finite element method to construct the spar VAWT as 

computationally efficient as possible. The blades are modeled as flexible beam elements with 

two symmetric planes to distinguish between the flatwise and edgewise stiffness. The tower 

and shaft are modeled as axisymmetric beam elements, and the mooring lines are constructed 

as non-linear bar elements. The spar floater is considered as a rigid body and master-slave 

definitions are used to connect the motions between the tower base and fairleads [14]. 

Structural damping is included through Rayleigh damping in both codes. The theory on 

Rayleigh damping is covered in Section 2.1.2. The damping model can be described by the 

mass- and stiffness-proportionality coefficients, which are respectively é'é  and é'én  in 

RIFLEX. This is different than in HAWC2 where the Rayleigh coefficients are specified for 

the individual structural components and degrees of freedom. An overview of the 

proportionality coefficients implemented in HAWC2 is given in Table 3.8.  

The numerical integration is performed utilizing the Newmark-ä method in both HAWC2 and 

SIMO-RIFLEX-AC. The time step is taken as é'éék¨6ƒ in all types of simulations to ensure 

that the iterations will converge. The Newmark-ä factors in HAWC2 are ç 4 é'¨i and ä 4

é'k¨≠, whilst SIMO-RIFLEX-AC utilizes ç 4 é'¨é¨ and ä 4 é'k¨≠. The values lay close to 

the integration method of constant average acceleration method, which is equivalent to the 

Newmark-ä method with constants ç 4 é'¨ and ä 4 é'k¨. 
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Table 3.8: Proportionality coefficients for Rayleigh damping in HAWC2 

 Proportionality coefficient 

N/+ Nˇ N˘ P/ Pˇ P˘ 

Basis é'¨ é'¨ é'¨ é'én é'én é'én 

Bearing é'é é'é é'é é'én é'én é'én 

Shaft é'é é'é é'é é'één é'één é'één 

Tower é'é é'é é'é é'één é'één é'één 

Blades é'é é'é é'é é'éékn é'éék é'éék 

Spar é'é é'é é'é é'ééi é'ééi é'ééi 

FBFBK( ;,#/3,*(!"#$%&'+(
Two controller models regulating the rotor speed of a VAWT were presented in Section 2.6 

with the corresponding control algorithm. A baseline controller keeps the rotational speed 

constant after rated wind speed, and an improved version attempts to keep the aerodynamic 

power constant in the higher wind speed region. Generally, the constant power controller is not 

used in this thesis work because it introduces sensitivities to rotor speed when comparing the 

VAWT models and numerical simulation tools. Nevertheless, its functionality is shortly 

addressed in Section 4.1.3 and the reference rotor speed curve is presented together with the 

curve from the constant rotational speed controller in Figure 3.6.  

 

Figure 3.6: Reference rotor speed curve for the constant 
rotational speed and constant power controller 

With reference to the control algorithm formulation in Section 2.6.2, the constants are defined 

as Ò@ 4 i'¨6L√oƒ7Ï^™, the gain values are ÒG 4 é'é≠ and ÒÙ 4 é'ééé¨ in both codes.
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At this point the site is introduced, the wind turbine models are presented and the numerical 

tools are described. This section contains the last part of the methodology in which the load 

cases are identified. In selecting load cases it is important to keep in mind the expected and 

desired output of the time-domain analyses. More details on the environmental conditions in 

the model comparison and code-to-code comparison are discussed in Sections 3.4.1 and 3.4.2, 

respectively. 

FBKB@( ;,%J$3&+,#(,-(>$#6MN$+26(1)57($#6(?J$3(1)57(

832",$;.5'H++5'/"5";($+%'
In the first part of this study the land-based VAWT is compared against the spar VAWT. This 

is done to investigate the effect of fixing the Darrieus rotor on a spar floater and hence 

introducing a wave environment and floater motions to the system. With respect to numerical 

tool requirements, it is important that a sophisticated hydrodynamic model is available for an 

accurate prediction of the (added) hydrodynamic loading and platform response. Furthermore, 

an optimal comparison between the wind turbine models requires that numerical instabilities 

are at a minimum. Based on the previous requirements, the SIMO-RIFLEX-AC code is 

selected for conducting the fully coupled analysis in part one of this thesis work. As discussed 

in Section 3.3.2, the addition of potential flow theory in the hydrodynamic module SIMO is 

more comprehensive than only the Airy wave theory and Morison equation in HAWC2. Also, 

Verelst et al. [49] encountered numerical instabilities with fully coupled analysis of a spar 

VAWT in HAWC2. It is important to note here that the spar VAWT considered is the 

DeepWind concept with a rotating platform, which obviously poses complex (numerical) 

challenges to the structural and hydrodynamic models. 

Table 3.9: General conditions that apply for the load cases in the model comparison 

Simulation tool SIMO-RIFLEX-AC 

Controller Constant rotational speed 

Dynamic stall model Yes 

Structural elasticity Flexible 

Wind shear NWP 
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Before presenting the load cases, there is some general conditions that are valid in all 

simulations of the model comparison. These are summarized in Table 3.9.  

D+.-'*.1"'K'(+'L'
Load cases should be selected to investigate variables that are expected to be influenced by the 

hydrodynamic loading and the platform motions of the spar VAWT. However, at first it is 

important to create understanding of the performance of the wind turbine models through its 

steady-state conditions. The load cases are presented in Table 3.10 and discussed hereafter. 

The value in brackets for the simulation time cSgE refers to the spar VAWT in case it is different 

from the land-based VAWT. 

Table 3.10: Load cases LC1, LC2 and LC3 for the model comparison between the land-based 
VAWT and spar VAWT 

 0123 [-78] Turbulence( ¯8 

[-] 

9! [8] Seeds %8˙- [8] 

LC1.1 – LC1.13 iCnC¨C ¬ Ck¨ - - - - i≠éé (jééé) 

LC1.14 ij - - - - i≠éé (jééé) 

LC2.1a – LC2.1c ! -+ k'¨¨ Ó'!≠ n! nééé (jééé) 

LC2.2a – LC2.2c ij -+ n'≠k ié'kÓ n nééé (jééé)!

LC2.3a – LC2.3c ké -+ j'!‚ ié'!≠ n nééé (jééé)!

LC3.1a – LC3.1c ! NTM! k'¨¨ Ó'!≠ n+ jééé 

LC3.2a – LC3.2j ij NTM! n'≠k ié'kÓ ié+ jééé 

LC3.3a – LC3.3c ké NTM+ j'!‚ ié'!≠ n+ jééé 

Load case 1 (or LC1) considers a steady wind field only, with wind speeds ranging from i6o7ƒ 

to k¨6o7ƒ (cut-out) with intervals of k6o7ƒ. Also LC1.14 with rated wind speed is added. The 

main interest goes out to the general behavior of the VAWT aerodynamics and AC flow model. 

Also the power performance of the Darrieus rotor, mean offsets of the spar VAWT motions 

and the resulting structural loads are interesting to study and compare.  

Load case 2 (LC2) adds an irregular wave environment into the system. A mild (LC2.1), 

medium (LC2.2) and severe (LC2.3) environment is created. Each environmental state is 

repeated three times using a different wave seed, the seed is denoted by the letter behind the 



   3 Methodology 

 59 

load case (e.g. LC2.1b). Obviously, this addition of waves only influences the spar VAWT 

response, which shows the intention of this load case to investigate the influence of the 

hydrodynamic loading. The effect of the hydrodynamic loading on the platform motions and 

structural loads is studied. With this the significance of the wave-induced loading is evaluated 

against the wind-induced loading. It is expected that mainly the standard deviations in 

structural loading and responses are affected by the introduction of a wave environment. 

Load case 3 (LC3) represents a realistic environment with turbulent wind and irregular waves. 

The medium environment of LC3.2 is repeated for 10 different seeds, this is in order to study 

the sensitivity to the number of seeds used. However, the main addition in LC3 is the added 

wind turbulence which introduces a stochastic component to the wind inflow in space and time. 

From the equations and theories presented in Section 2.2 it is hard to tell how the Darrieus rotor 

responds to such highly dynamic environment. Hence first the dynamic response of the rotor 

and floater is studied, followed by an assessment of the aerodynamic excitation loads. The 

model comparison will be concluded by comparison of the internal structural loads at the blades 

and tower base. It is expected that LC3 will reveal the relative impact of the aerodynamic and 

hydrodynamic loads on the spar VAWT. 

FBKBE( ;,%J$3&+,#(,-(S)5;E($#6(?AGCMLA.>DVM);(
Whereas the previous load cases were set up to study the general behavior of the VAWT and 

the spar platform, load cases 4 to 6 consider a comparison between two numerical tools. The 

models used in HAWC2 and SIMO-RIFLEX-AC to conduct fully coupled dynamic analyses 

on a spar VAWT were extensively described in Section 3.3. The challenge in designing a set 

of load cases for the code-to-code comparison lays in isolating the different models. 

J"%",.5'*+%-$($+%1'
All load cases 4 to 6 consider a mild, medium and severe environment, similar to what was 

done in LC2 and LC3. Also, wind shear is again modeled by the NWP and the rotor speed 

controller by the constant rotational speed controller.  

However, it is not possible to get the input conditions in HAWC2 and SIMO-RIFLEX-AC 

identical, as would be desired for comparative reasons. Turbulent wind and irregular waves are 

both stochastic phenomena that contain a factor of randomness, also referred to as the seed 

being used. The wind environment is generated internally by HAWC2 and externally in SIMO-

RIFLEX-AC, hence it is not possible to make the stochastic event identical in both codes. The 

same goes for the irregular wave environment climate, where SIMO-RIFLEX-AC generates a 
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wave field internally through SIMO and HAWC2 uses a DLL to compute Airy wave 

kinematics. To conclude, the comparisons in this second part of the thesis will be limited to 

statistical values and power spectra. These analyses should not be affected significantly by the 

use of a different seed in the stochastic events. 

D+.-'*.1"'M'(+'N'
Load cases in the second part of this thesis work are designed such to isolate the different 

models implemented in the two codes. The resulting load cases are presented in Table 3.11 and 

explained afterwards. 

Table 3.11: Load cases LC4, LC5 and LC6 for the code-to-code comparison between HAWC2 
and SIMO-RIFLEX-AC 

 0123 [-78] ¯8 [-] 9! [8] Turbulence Seeds %8˙- [8] 

LC4.1 – LC4.3 !C ijC ké - - - - i≠éé 

LC5.1 ! q kk - - - - jééé 

LC6.1a – LC6.1c ! k'¨¨ Ó'!≠ NTM n! jééé 

LC6.2a – LC6.2c ij n'≠k ié'kÓ NTM n jééé!

LC6.3a – LC6.3c ké j'!‚ ié'!≠ NTM n jééé!

Load case 4 (LC4) simulates the land-based VAWT in a steady wind environment. The 

structural elasticity is set to stiff and the dynamic stall model is disabled. These steps are all 

taken to isolate the aerodynamic models in HAWC2 and SIMO-RIFLEX-AC to the extent that 

is possible. LC4 considers three different wind speeds, which allows us to compare the 

functionality of the aerodynamic models at a low, moderate and high tip-speed ratio. 

Load case 5 (LC5) is aimed at comparing the dynamic stall model in the two codes. The original 

Beddoes-Leishman dynamic stall model in SIMO-RIFLEX-AC is modified to perform equally 

to the Stig Øye dynamic stall model in HAWC2, however this is not yet verified. A stepped 

wind environment is modeled in order to introduce sudden shifts in the angle of attack. The 

response to this sudden shift should assess the performance of the dynamic stall models. The 

significant effect of dynamic stall in VAWTs was already mentioned in Section 2.3.3, and LC5 

provides the opportunity to show this effect in fully coupled time-domain simulations. For this 

purpose, LC5 is simulated with and without dynamic stall. It should be noted that the structural 

elasticity is also set to stiff in order to exclude the influence of the structural models. 
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Load case 6 (LC6) is dealt with last before concluding this thesis. Essentially it considers the 

same turbulent wind and irregular wave environment as presented for LC3. However, for 

providing a clear overview it is shown again in Table 3.11 and here with 3 seeds for LC6.2 

rather than the 10 seeds for LC3.2. Also, LC6 is now implemented in the HAWC2 code and 

applied to the spar VAWT only. To summarize, this ultimate load case tests and compares the 

fully coupled aero-hydro-servo-elastic capabilities of HAWC2 and SIMO-RIFLEX-AC. As 

addressed previously, the results from the dynamic analyses considering LC6 can be compared 

on a statistical- and spectral power density level only. 
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The first part of this thesis work studies the influence of mounting the two-bladed Darrieus 

rotor on the modified OC3 spar floater. Three load cases LC1, LC2 and LC3 are carefully 

designed and applied on both the land-based and spar VAWT models. Fully coupled dynamic 

analysis is performed using the SIMO-RIFLEX-AC code. Generally, the constant rotational 

speed controller and modified Beddoes-Leishman dynamic stall model is used throughout 

Chapter 4. The results from LC1, LC2 and LC3 are presented and extensively discussed in the 

respective Sections 4.1, 4.2 and 4.3. 
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Load case 1 contains a steady wind field that is applied on the land-based and spar VAWT in 

order to understand the dynamic response characteristics of a (floating) vertical axis wind 

turbine in steady-state conditions. The results and discussions of the dynamic analyses 

involving LC1 are divided into four sections. Section 4.1.1 introduces the global dynamic 

response of the Darrieus rotor and spar platform in transient and steady-state conditions. The 

aerodynamic excitation forces are compared in Section 4.1.2, and the resulting power 

performance of the VAWT models are analyzed in Section 4.1.3. The internal structural 

response in terms of bending moments at the tower base and in the blades is covered by Section 

4.1.4. Generally, the dynamic analyses in LC1 considers the responses of the land-based and 

spar VAWT models at 14 wind speeds individually. Where necessary, a selection of the most 

critical or interesting results is presented. 

KB@B@( X*,9$*(!"#$%&'(L2+J,#+2(
The steady wind environment in LC1 allows for analysis of the steady-state conditions as a 

function of wind speed. Steady-state conditions are reached after the transient response of the 

rotor and platform motions are damped out, and essentially describes the stable dynamic 

equilibrium between the (floating) VAWT system and the environment. 

 

Figure 4.1: Rotor speed of the land-based and spar VAWT (LC1.3, LC1.13 and LC1.14) 

H$2"'/",$"1'+#'O+(+,'/4""-'.%-'65.(#+,2'7+($+%1'
The rotor speed of the land-based and spar VAWT is presented at a low, medium and high 

wind speed Figure 4.1. The response shows that the Darrieus rotor takes up to iééé6ƒ to reach 

steady-state conditions, where the cut-in wind speed of ¨6o7ƒ is most critical. It is seen that 
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the spar VAWT experiences a smoother response in the transient region with respect to rotor 

speed. When considering the spar VAWT it is not only the rotor that experiences start-up 

behavior. The floating platform is initially located where it would be for a stress-free 

configuration and introducing aerodynamic loads would shift the equilibrium position. The 

steady-state responses of the spar floater at cut-in wind speed (LC1.3) are shown in Figure 4.2. 

The first ¨éé6ƒ are intentionally left out to improve the readability of the results.  

 

Figure 4.2: Rigid-body motions of the spar VAWT at 0123 4 56-78 (LC1.3) 

The platform response is found to be more critical than the rotor response for determining the 

transient duration. Whereas steady-state conditions of the rotational DOFs are reached at 

approximately iééé6ƒ, the translational DOFs require a longer time period of approximately 

kééé6ƒ. The length of the transient response is related to the natural frequency and degree of 

damping in the corresponding rigid-body motion. With respect to natural frequency, surge and 

sway have the relatively longest natural periods with ikÓ6ƒ. The heave response amplitude is 

small and can be related to the coupling with surge and sway.  

The steady-state response can also be presented in terms of a statistical mean and standard 

deviation. For this reason, it is important to define the time period at which the response is 

analyzed. It is determined that the land-based VAWT is in steady-state after ultimately iééé6ƒ, 

hence the last ≠éé6ƒ can be used. For the spar VAWT it is important that not only the drivetrain, 

but also the platform motions are in stable equilibrium with the surroundings. Reaching steady-
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state is governed by the surge and sway platform motions, and occurs ultimately at kééé6ƒ. 

The exact time period that is analyzed differs per load case and is slightly shortened. This is to 

make sure that the analyzed time period consists of an integer number of rotational cycles. The 

land-based VAWT steady-state period is approximately ≠éé6ƒ  and covers more than ¨é 

rotational cycles. This is sufficient for statistical analysis. 

/(.($1($;'B%.501$1'+#'O+(+,'/4""-'.%-'65.(#+,2'7+($+%1''
The mean value and standard deviation of rotor speed are presented for both the land-based 

and spar VAWT in Figure 4.3. The results from the individual load cases or wind speeds are 

connected by a trending line.  

 

Figure 4.3: Steady-state statistics of rotor speed for the land-
based and spar VAWT (LC1) 

For the steady wind cases of LC1 it is seen that the mean rotor speed agrees with the 

implemented control strategy of the constant rotor speed controller (see Section 2.6.1). 

Virtually no differences are found in the statistical results of the VAWT rotor when mounted 

on the spar floater. The standard deviation of rotor speed increases with wind speed, up to 

i'≠6™Æ©7ƒ at the cut-out wind speed. 

The platform motions of the spar VAWT are presented in a similar style in Figure 4.4. The 

response shows that the standard deviations are relatively small compared to the mean offsets. 

The mean offsets of surge, sway, pitch and yaw increase quadratically with wind speed in the 

optimal operational region (up to Ó6o7ƒ). Surge results in the largest mean displacement 

leading up to n!'Ó6o at the cut-out wind speed. Pitch and yaw come forward with the largest 

steady-state rotational offsets, up to respectively ‚'¨" and ié'é". The magnitude of offsets – 
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especially surge and yaw – may indicate that the mooring system should be re-designed for 

increased stiffness. However, it is important to keep in mind that the constant rotational speed 

controller results in higher aerodynamic loads above rated wind speed than what the (spar) 

VAWT concept is designed for. 

 

Figure 4.4: Steady-state statistics of rigid-body motions (LC1) 

The coupling of motions in translational DOFs seems insignificant, the surge- and sway 

induced in heave is not noticeable at the scale presented here. The variation of yaw offset can 

be observed in the responses of all other DOFs except heave. This can be explained from a 

reference point of view. Whereas the wind direction is aligned with the surge DOF in the zero-

stress configuration, a yaw offset rotates the reference system relative to the wind. This induces 

sway and roll responses from aerodynamic thrust. 

<##";('+#'P.C'O"14+%1"'+%'O+(+,'/4""-'
Figure 4.4 shows a standard deviation of the yaw response that should not be ignored. The 

variations in yaw are excited by generator torque and therefore indirectly influenced by 

variations in rotor speed. It is interesting to investigate how this yaw response relates to rotor 

speed with time or azimuth angle. Ultimately, the wind flow observes a rotational speed that is 

a summation of the rotor speed and yaw response. This is referred to as the global rotational 

speed >@  and formulated as following. 

>@ucv 4 " c p M#ucv (4.1) 

The global rotational speed >@  is compared to the rotor speed > in Figure 4.5. Time series and 

corresponding azimuth angles are presented at a wind speed of ki6o7ƒ , where the yaw 
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variations are strongest. The land-based VAWT is presented by the solid lines and the spar 

VAWT by the dashed lines. This is the convention applied throughout all time series snapshots 

in which the two VAWT models are compared. It should be noted that the yaw displacement 

of the spar VAWT is not included in the azimuth position, because azimuth is defined in the 

shaft’s reference system. 

 

Figure 4.5: Global rotational speed for the land-based and spar VAWT in LC1.11 

Obviously, the global rotational speed of the land-based VAWT is unchanged with the 

inclusion of yaw. It is seen that both the rotor speed and global rotational speed (thus yaw) 

respond at the 1P frequency. Interestingly enough it shows that the variation of rotor speed is 

i!é" out of phase with yaw response. On another note, the flattened peaks on the rotor speed 

curve of the land-based VAWT are likely related to dynamic stall. Dynamic stall occurs at low 

tip-speed ratios, hence the combination of a high wind speed of ki6o7ƒ and high instantaneous 

rotor speed may trigger this phenomenon. One can wonder why the (higher) peaks on the global 

rotational speed curve of the spar VAWT are not flattened, this is because dynamic stall relates 

to the changing rate of the angle of attack. The rate of change is likely smoothened or decreased 

due to the DOF in yaw, which could lead to a reduction in aerodynamic loads at high wind 

speeds.  
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KB@BE( )23,6"#$%&'(D4'&/$/&,#(>,$6+((
In a wind-only environment it is aerodynamic loading that causes a structural response. The 

excitation forces in LC1 can therefore be recognized as aerodynamic thrust and aerodynamic 

torque. The thrust force is parallel to the wind direction and torque is defined similarly as the 

rotor shaft and yaw DOF. 

Q%-",1(.%-$%&'O+(+,'/4""-'.%-'H+,:3"'?.,$.($+%1'
In order to understand the variation of rotor speed and generator torque from the aerodynamic 

excitation, time series for the land-based VAWT is shown in Figure 4.6. The results of rotor 

speed, aerodynamic- and generator torque are presented at the rated wind speed of ij6o7ƒ. As 

a general remark, when the explanation of a certain concept does not require to show specific 

wind speeds or load cases, then the results at the rated wind speed are presented. This 

convention is used throughout Chapters 0 and 5. 

 

Figure 4.6: Aerodynamic torque, generator torque and rotor speed for the land-based VAWT 
(LC1.14) 

The variation of the aerodynamic torque is a consequence of the VAWT rotor geometry and 

the rotor response itself. The blade path causes the angle of attack to vary from a (negative) 

minimum to a (positive) maximum. This induces cyclic variations in aerodynamic loads that 

accelerate the Darrieus rotor. The rotor inertia makes that time is needed for the rotor speed to 

get into a new equilibrium with the instantaneous aerodynamic loads. This results in a reduction 

of amplitude and introduces a lag in the rotor speed response, as illustrated by the arrows in 

Figure 4.6. For the generator torque this means an amplitude reduction of approximately ié 
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times with respect to the aerodynamic torque amplitude at rated wind speed. This indicates that 

a very heavy rotor would benefit the generator power output by making it nearly constant in 

time. 

H),31(=F%-3;"-'H+C",'H$5('
In this chapter the focus lays in understanding the global dynamic response of the spar VAWT, 

this means that rotor-averaged aerodynamic loads are of main interest. An effect of a mean 

thrust force on the spar VAWT is that it responds with a mean offset in the roll and pitch 

platform DOFs. In return, the mean platform offsets affect the aerodynamic loads and that is 

investigated in this section. The thrust force is presented against time and azimuth angle in 

Figure 4.7. In order to capture the most significant effect of the spar offsets, the results are 

shown at cut-out wind speed. 

 

Figure 4.7: Thrust force for the land-based and spar VAWT (LC1.13) 

It is interesting to observe that the thrust force maxima are notably lower for the spar VAWT. 

The peaks occur at an azimuth angle just under Óé". Note that the rotor thrust is given in the 

global coordinate system, hence a rotation of the shaft or platform reference system is not 

relevant for explaining the differences in Figure 4.7. Instead, the reduction of these peaks is 

expected to relate to both tower tilting and the yaw response. The effect of the yaw response 

was discussed with respect to rotor speed in Section 4.1.1. 

Let us look at tower tilting. Wang et al. [18] concluded that the effect is negligible for steady 

tilt angles lower than ié". The roll and pitch offsets peak at respectively qk'n" and ‚'¨" when 
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subjected to the cut-out wind speed. In order to make a better evaluation of tower tilt the 

projected rotor area is investigated. The rotor area is projected in the vertical plane and 

normalized with rotor area. Due to the symmetry of the rotor it is only depending on the roll 

and pitch angles. The relationship is given by Equation (4.2), which is based on the assumption 

that the rotor area can be described by an ellipse. 

=GwxQ

=wxf
4 i q ¢£õê MØ p ¢£õê M∞  (4.2) 

Figure 4.8 presents the mean normalized projected rotor area of the land-based and spar VAWT 

against wind speed. 

 

Figure 4.8: Mean normalized projected rotor area for studying 
the effect of tower tilt of the spar VAWT (LC1) 

Obviously, the land-based VAWT shows no sensitivity to tower tilt as it is only subjected to 

elastic deformations. The normalized projected rotor area of the spar VAWT gradually 

increases with wind speed up to a maximum of approximately é'ÓÓi . There are two 

consequences of tower tilt on aerodynamic loading, being (1) a diminished ‘wind area’ 

captured by the rotor and (2) a different velocity component normal to the blade elements. This 

affected velocity component is not necessarily lower, but it is for instance reduced in the 

upstream area of the top half of the rotor. Here the blade elements are ‘tilted’ away from the 

inflowing wind. It should be noted that induced velocities are most significant at this rotor part 

due to wind shear. The aerodynamic model of SIMO-RIFLEX-AC accounts for this through 

local blade element inclination.  
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The time-averaged aerodynamic loads can be defined in both the rotor (or platform) and global 

reference system. The prior is interesting for analysis of structural loads such as tower base 

bending moments, whereas the latter is useful for assessing the global aerodynamic 

performance. The statistical results of thrust force and aerodynamic torque are presented 

against wind speed in Figure 4.9. 

 

Figure 4.9: Steady-state statistics of thrust force and aerodynamic torque for the land-based and 
spar VAWT (LC1) 

After rated wind speed the mean value (and standard deviation) of both thrust and torque is 

lower for the spar VAWT when compared to the land-based VAWT. In Figure 4.4 it was seen 

that the roll and pitch continue to increase after this wind speed. Also, the standard deviation 

of the yaw response becomes significant. The results generally agree well with the theories 

discussed previously for explaining the reduced aerodynamic loads at higher wind speeds for 

the spar VAWT. 

Similar behavior is found in the analysis of the fore-aft rotor force, which is presented together 

with the side-side rotor force in Figure 4.10. As expected, the side-side rotor force has a near-

zero mean at lower wind speeds. At higher wind speeds the side-side direction of the spar 

VAWT has a component in the streamwise direction, this is caused by the yaw offset. Figure 

4.10 shows that significant standard deviations of aerodynamic loads are acting on both the 

side-side and fore-aft direction of the Darrieus rotor. 
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Figure 4.10: Statistical results of aerodynamic rotor forces for the land-based and spar VAWT 
(LC1) 

KB@BF( X2#23$/,3(P,<23(P23-,3%$#'2(

O"14+%1"'+#'J"%",.(+,'H+,:3"'.%-'6+C",'
The rotor speed and generator torque together form the power that the Darrieus rotor extracts 

from the wind flow. The actual electrical power output is also dependent on mechanical and 

electrical losses, although these are neglected in this study. The variation of generator torque 

with rotor speed was discussed previously, the resulting generator power is compared between 

the VAWT models in Figure 4.11. Once again, the results are presented at cut-out wind speed 

because the floater-induced response is most noticeable here. From the time series two 

observations can be made, being that (1) the generator power of the spar VAWT is lower at all 

azimuth angles and that (2) the spar VAWT introduces a 1P variation in the generator power 

response. The 1P variations is a side effect that was seen earlier in the (global) rotational speed 

of Figure 4.5 as well.  

Interestingly enough, the additional 1P variations are not reflected by the standard deviations 

of generator power in Figure 4.12. The 1P variations are induced by the yaw response, and 

perhaps do contribute to the lower mean generator torque and power. The mean generator 

power is up to 4.9% lower for the spar VAWT at cut-out wind speed. Generally, the differences 

in generator torque and power directly relate back to the curves of aerodynamic loading in 

Figure 4.9. 
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Figure 4.11: Generator power for the land-based and spar VAWT (LC1.13) 

Thinking about the rated power of the VAWT studied here, one may notice that the generated 

power shown in Figure 4.12 significantly exceeds the design capacity. The mean value reaches 

up to ik6Lm, which is a consequence of the controller that is applied here. The constant 

rotational speed control strategy does not fulfill the design’s requirements, but is useful for 

comparative means.  

 

Figure 4.12: Steady-state statistics of generator torque and power for the land-based and spar 
VAWT (LC1) 
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Another effect of applying a constant rotational speed after rated wind speed is that the 

aerodynamic loads are larger than anticipated. This introduces large platform offsets which 

ultimately could mean that the differences between the land-based and spar VAWT are smaller 

than presented here. Also, phenomena such as dynamic stall may occur in a different fashion 

around the rotor periphery. Nevertheless, as mentioned previously, the constant rotational 

speed controller is being used for research purposes rather than simulating desirable operating 

conditions. 

*+%1(.%('6+C",'*+%(,+5'
As discussed in Section 3.3.4, there is an improved controller that is designed to generate a 

constant power output. In the scope of creating a broad basis of understanding of the Darrieus 

rotor, the functionality of this improved controller is presented here. The land-based VAWT 

(only) is placed in the same steady wind environment of LC1. However, now the rotor speed 

is managed by a different control strategy. The resulting power curve is shown in Figure 4.13. 

 

Figure 4.13: Statistical results of generator power using the 
constant power controller for the land-based VAWT (LC1)  

The resulting power curve seems promising, as the generator power tends to a constant value 

above rated wind speed. The value it tends to is, however, higher than expected with a mean 

of ≠'≠6Lm. The functionality of the controller seems stable, since the standard deviations are 

not (significantly) larger than for the constant rotational speed controller. The higher power 

output can be related to two conditions that were different in the design process of this 

controller. More specifically, the look-up tables of reference rotor speed are based on (1) 

aerodynamic loads as calculated by the DMS model and (2) the exclusion of dynamic stall. It 

is expected that the exclusion of dynamic stall is responsible for the larger part of the difference. 
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It should be noted that the controller is originally designed to deliver a constant aerodynamic 

power of ¨'kÓ≠6Lm, similar to the NREL reference turbine [42]. At last, the power curve 

resulting from the constant power controller and excluding dynamic stall is shown by Figure 

4.14. 

 

Figure 4.14: Generator power using the constant power 
controller and no dynamic stall for the land-based VAWT (LC1)  

It can be seen that the exclusion of dynamic stall results in large shift of the power curve in this 

higher wind speed region. Reducing the rotor speed results in an even larger variation of angle 

of attack, which increases the importance of including dynamic stall in the aerodynamic load 

prediction of VAWTs. In general, the power curve shows a desirable trend and keeps the mean 

electrical power output under the ¨6Lm  rated power. Despite this section on the constant 

power controller, it should be reminded that any further results are based on the constant 

rotational speed controller. 

KB@BK( A#/23#$*(?/38'/83$*(>,$6+(
The dynamic properties of a wind turbine change when mounting it on a floating platform. This 

creates interest to analyze the internal structural response between the spar VAWT and its 

equivalent land-based VAWT. The aerodynamic excitation loads were presented in Section 

4.1.2, the resulting bending moments at the tower base and mid-blade are discussed here. This 

is the last section and concludes the analysis of LC1.  

H+C",'>.1"'>"%-$%&'7+2"%(1'
Time series of the tower base bending moments at rated wind are presented for both VAWT 

models in Figure 4.15.  
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Figure 4.15: Tower base bending moments for the land-based and spar VAWT (LC1.14) 

The steady-state response amplitude of both the fore-aft and side-side tower base bending 

moment are significant reduced for the spar VAWT. Due to the aerodynamic load variation 

around the rotor periphery, the fore-aft and side-side moments are approximately Óé" out of 

phase. A 1P component is observed in the fore-aft moment of the spar VAWT, which is likely 

induced by the yaw response. Additionally, the spar VAWT shows a significantly higher mean 

value of the fore-aft tower base bending moment compared to the land-based VAWT. This 

shift in mean value is related to gravitational loads induced by an offset in platform pitch.  

Results from statistical analysis of the tower base bending moments in the full wind speed 

range of LC1 are presented by Figure 4.16. The fore-aft and side-side bending moments are 

shown separately. 

The same phenomena found for the response at rated wind speed are observed at other wind 

speeds too. The mean tower base bending moments of the land-based VAWT follow the trends 

of aerodynamic rotor forces presented in Figure 4.10. The spar VAWT is subjected to 

additional gravity-induced loads from platform offsets, where the additional mean fore-aft and 

side-side bending moments follow the trend of respectively pitch and roll (see Figure 4.4). 
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Figure 4.16: Statistical results of fore-aft and side-side tower base bending moments for the 
land-based and spar VAWT (LC1) 

Regarding the standard deviation of tower base bending moments, a significant reduction is 

found in the tower of the spar VAWT at all wind speeds. This is because the foundation below 

the tower of the land-based VAWT is modeled as rigid whilst the spar VAWT’s ‘foundation’ 

stiffness is governed by the mooring system and hydrostatic forces (shift in metacentric height). 

This means that the energy from the fore-aft and side-side load cycles is mainly stored in the 

platform displacements for the spar VAWT, whilst it is stored in elastic deformations for the 

land-based VAWT. The latter is much stiffer introducing higher loads and lower displacement 

amplitudes. It is important to realize that this difference in stiffness also leads to a different set 

of eigenvalues. The first (stationary) tower modes are é'kéj6R« and é'kké6R« as computed by 

RIFLEX, whilst the pitch and roll natural frequencies are both é'ékÓ6R«. The 2P frequency at 

maximum rotor speed is é'i‚¨6R«, which means that the aerodynamic rotor forces excite 

resonance conditions of the first tower modes (see Figure 2.2 for dynamic amplification). This 

explains the sudden increase of the tower-base bending moment standard deviations after the 

wind speed Ó6o7ƒ – where maximum rotor speed is reached – for the land-based VAWT. 

7$-=>5.-"'>"%-$%&'7+2"%(1'
A second critical structural component of the VAWT system is the blades. In order to analyze 

the effect of the platform motions on the structural response, the bending moments at the mid-

position of the blade are investigated. It would be interesting to compare the blade deflections 

as well, however, the element displacements are only available in the global coordinate system. 
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Tracing the global displacements back to local deformations is a tricky process (through floater 

displacement, azimuth position and tower deformations) and would lead to an unreliable 

estimate, hence it is excluded from this comparison.  

The flatwise and lead-lag bending moments at the mid-blade are presented as time series in 

Figure 4.17. Please note that for the considered symmetrical airfoil the flatwise and lead-lag 

directions are equivalent to the flapwise and edgewise directions, respectively. 

 

Figure 4.17: Time series of mid-blade bending moments for the land-based and spar VAWT 
(LC1.14) 

The variations of the bending moments at the mid-position of blade 1 are very different than 

the regular 2P variations in the responses presented earlier in this chapter. The structural 

properties play an important role in the response of a lengthy Darrieus blade subjected to the 

(high) aerodynamic loading. This means that it is likely that one or more eigenmodes of the 

blades are excited. The individual blades are exposed to 1P loads, which dominates the 

response shown in Figure 4.17. 

The statistical mean and standard deviation of the two bending moments are presented in Figure 

4.18. First a general understanding of the flatwise and lead-lag responses is formed, this is 

followed by comparing the differences between the responses of the land-based and spar 

VAWT blade. 
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Figure 4.18: Statistics of mid-blade bending moments for the land-based and spar VAWT (LC1) 

The mean flatwise moment remains fairly constant with change in mean wind speed. At the 

higher wind speed region, a slight increase is found for the land-based VAWT. This indicates 

that the mean flatwise moment is governed by its self-weight and that a smaller component is 

caused by aerodynamic loading. The standard deviation seems to be a result of both the 

aerodynamic normal force (1P) and one or several blade modes, as depicted by Figure 4.17. 

The flatwise response induced by centrifugal forces is likely negligible due to the (modified) 

Troposkien blade shape, because no trend gives this indication at lower rotor (or wind) speeds.  

The magnitude of lead-lag moments is lower than the flatwise moments, and seems to be 

governed by the aerodynamic tangential loads (or aerodynamic torque). When the VAWT is 

upright, there is no gravitational components in the lead-lag moments. The general trends 

follow that of the aerodynamic torque (see Figure 4.9). Additionally, a sudden increase in 

standard deviation – such as for the tower base bending moments – is found for the lead-lag 

moments in the maximum rotor speed region. The first lead-lag modes correspond to mode 5 

and 6 presented in Table 3.4, with eigenfrequencies of é'n¨i6R« and é'jk!6R« as computed 

by RIFLEX at stationary conditions. With limited damping present in the blades this possibly 

points to resonance in the lead-lag response. In analysis of the internal structural response at 

LC2 the power spectra are presented, hence this will tell us more about the energy content at 

different frequencies. 
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Now that a better comprehension of the blade structural response is formed, there is good basis 

to compare the mid-blade bending moments of the land-based and spar VAWT. It was seen 

earlier that significant platform offsets take place at higher wind speeds, this causes that 

gravitational loads are transferred differently through the VAWT structure. This effect of is 

noticeable in both the mean value and standard deviation of the flatwise bending moment. The 

standard deviation of the lead-lag bending moment is likely reduced by the introduction of the 

yaw DOF for the spar VAWT. 
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Load case 2 consists of a steady wind environment with an irregular wave environment 

correlated to the mean wind speed. Three different cases are considered with a low wind speed 

of !6o7ƒ (LC2.1), rated wind speed (LC2.2) and high wind speed of ké6o7ƒ (LC2.3). The 

correlated wave environments are each computed for three different seeds. The statistical 

accuracy of using three seeds is studied in Section 4.3 for LC3.  

The results considering LC2 focus on the addition of an irregular wave environment, and hence 

only influences the spar VAWT with respect to LC1. The explanations that relate to general 

VAWT phenomena are kept to a minimum here, the basis of understanding was formed through 

the (steady) wind-only environment in Section 4.1. Many output parameters can be presented 

for describing the dynamic response of the spar VAWT, but the following sections will only 

present results that are relevant and interesting to the studied subject. For LC2 this means that 

the addition of waves – presented in Section 4.2.1 – is studied through the global dynamic 

response (Section 4.2.2) and the internal structural loads (Section 4.2.3) only. 

KBEB@( !2+'3&9&#0(/:2(A33208*$3(5$H2(D#H&3,#%2#/(
In order to understand the influence of the waves on the dynamic responses it is important to 

describe the wave environment in more detail. Time series of the wave elevation at LC2 (seed 

a) are shown in Figure 4.19. The wave environment is characterized with a mean elevation of 

é6o, whereas the (rate) of variation describes the severity of the sea state. 

 

Figure 4.19: Time series of wave elevation in LC2.1a, LC2.2a 
and LC2.3a 
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Generally, the power spectral density of a time series describes the distribution of power as 

function of frequency. This is also referred to as PSD or simply power spectrum. The ‘power’ 

here is not a physical power, but its magnitude relates to the amount of energy that is present 

in the analyzed signal at the corresponding frequency. It is useful for distinguishing between 

the frequency content of time-varying responses such as the many presented in this thesis. The 

power spectrum of wave elevation is shown in Figure 4.20. Here the results of the different 

seeds are combined into one power spectral density.  

 

Figure 4.20: PSD of wave elevation in LC2 

The energy content of the wave elevation grows with significant wave height RS. The peak 

period WG describes where peak of the spectrum is located, for the load cases considered this is 

all around approximately é'ié6R«. Generally, energy content in the wave elevation stretches 

from approximately é'é¨6R« to é'k¨6R«. In power spectral analysis of for instance the tower 

base bending moments it is expected that the hydrodynamic load spectrum will show. The 

spectra presented here are from the wave elevation time series, but are taken as representative 

for the wave-induced hydrodynamic loads. This is because first-order wave loads are 

proportional to the wave amplitude. 

KBEBE( X*,9$*(!"#$%&'(L2+J,#+2(
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The environmental conditions have changed with respect to LC1. Waves are added to the 

system and the mildest load case has a wind speed of !6o7ƒ. This means that a different 

transient duration is expected, which is shortly analyzed by means of rotor speed and the 
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platform response. Time series of rotor speed at the governing load case is shown in Figure 

4.21. 

 

Figure 4.21: Time series of rotor speed for the land-based and 
spar VAWT (LC2.1a) 

As the dashed line indicates, the transient response of rotor speed is well damped out at iééé6ƒ. 

Additionally, it is noticed here that the steady-state value is slightly higher for the spar VAWT. 

This may be related to wave-induced rigid-body motions.  

Regarding the transient response of the platform motions, it is surge and pitch that are 

governing. The full time series of these platform responses are given by Figure 4.22. The 

transient duration takes no longer than iééé6ƒ, hence this is the time period that is left out in 

statistical and spectral analysis. 

 

Figure 4.22: Surge and pitch platform motions (LC2.1a, LC2.2a and LC2.3a) 
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The addition of waves does not pose a direct excitation on the rotor speed. However, the 

response may be influenced indirectly by platform motions. It can be checked whether the wave 

environment influences the rotor through analyzing the frequency content from spectral 

analysis. The power spectrum of rotor speed is given in Figure 4.23.  

 

Figure 4.23: PSD of rotor speed for the land-based and spar VAWT (LC2) 

The result shows that none of the platform motions (presented hereafter) or the wave spectrum 

has a significant presence in the rotor speed response. Only the 2P frequency is dominantly 

present in all results. The spar VAWT also shows a peak at 1P, this is related to the yaw DOF 

and may be enhanced by the wave spectrum that also covers this frequency. Interestingly 

enough there is also a low-frequent variation present in the spar VAWT rotor speed response 

at LC2.1. A spectral peak with this frequency content normally points to turbulent wind or 

second-order difference-frequency forces. However, the wind is steady and the platform 

responses show no such peak from hydrodynamic loads. It is therefore deducted that low-

frequent variations are a result from the rotor speed controller. Note that LC2.1 lays in the 

operational region that maximizes AG. 

O"14+%1"'+#'65.(#+,2'7+($+%1'
Next is to analyze the spar motions. The mean values and standard deviations are given in 

Figure 4.24. The results are roughly compared to the mean offsets at LC1 in Figure 4.4, no 

significant differences are observed here. The results presented in Figure 4.24 form a basis of 

comparison with LC3, which adds wind turbulence to the system. 
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Figure 4.24: Statistics of rigid-body motion in its six DOFs (LC2) 

The time-varying platform motions can be described through its power spectral density, same 

as done for wave elevation and rotor speed. This tells us about the coupling of motions, and 

also about the significance of the aerodynamic- and hydrodynamic-induced platform response. 

The power spectra of platform motions are shown for LC2.2 in Figure 4.25. 
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Figure 4.25: PSD of rigid-body motion in its six DOFs (LC2.2) 

As indicated by the labels, many peaks can be recognized in the power spectra of platform 

motions. The natural frequency of each DOF can be found back in its own spectrum, except 

for the yaw natural frequency (é'in¨6R«). Perhaps the latter is shown when plotting the power 

spectrum on a log-scale, however, this makes distinguishing between the significance of peaks 

less obvious. The natural frequencies of roll and pitch can be traced back in the power spectra 

of respectively sway and surge. This describes the coupling of platform motions. The wave 

spectrum is found in surge, heave and pitch, and has ‘merged’ with the 1P excitation that lays 

close to the peak period and within the wave spectrum. Energy content at the 2P frequency is 

present for all the floater motions. The results that are presented here consider the dynamic 

response at LC2.2. It should be noted that for LC2.1 and LC2.3 the power spectra are similar 

(i.e. same peaks), but the magnitude of peaks relative to each other are slightly different due to 

a change of energy content in the environment. 

KBEBF( A#/23#$*(?/38'/83$*(>,$6+(
The wave environment induces a structural response of the spar VAWT which is studied 

through the bending moments at the tower base and mid-point of blade 1. 

 

Figure 4.26: Fore-aft and side-side tower base bending moments for the land-based and spar 
VAWT (LC2.1a) 

H+C",'>.1"'>"%-$%&'7+2"%(1'
As observed in the previous section, the waves add new harmonic components to the platform 

motions. It is expected these additional motions are also felt at the tower base. The tower base 

bending moments are first illustrated through a time series in Figure 4.26. Here not only the 
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stochasticity in the spar VAWT response is shown, but also the significant amplitude in the the 

land-based VAWT response. The cause of the large difference in amplitude was discussed in 

Section 4.1.4. It is for this reason that the response is presented at LC2.1a (Yyî– 4 !6o7ƒ), 

where the resonant response of the land-based is smallest and the plot is clearer to read. 

From analysis of the statistical results in Figure 4.27 it is found that the mean values of both 

bending moments are unchanged with the introduction of waves. The standard deviation, 

however, is increased significantly for the fore-aft bending moments at the tower base of the 

spar VAWT. In numbers, the standard deviation has increased by a factor k'i for LC2.1 and a 

factor i'¨ for LC2.2 and LC2.3. The additional standard deviation in the side-side bending 

moments are minimum with a change of less than i6L√o. The side-side bending moment is 

only affected slightly because the wave direction is perpendicular to the side-side direction 

when the platform is not yawed.  

 

Figure 4.27: Statistical values of the tower base bending moments for the land-based and spar 
VAWT (LC2) 

Knowing that the standard deviation of fore-aft bending moment is increased for the spar 

VAWT, it is of great interest to investigate its frequency-dependency. The power spectrum is 

presented at LC2.2 (rated wind speed) in Figure 4.28. The power spectra of the other two load 

cases are similar in shape but only different in magnitude. It is chosen to present the power 

spectral density of the spar VAWT again – but separately – on the right side of the figure. This 

is such that the peaks in the spar VAWT response are not dissolved under the large 2P peak in 

the land-based VAWT response.  
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Figure 4.28: PSD of fore-aft bending moments in the land-based 
and spar VAWT’s tower base (LC2.2) 

It becomes evident that the wave spectrum is present in the PSD of the fore-aft bending moment 

at the tower base of the spar VAWT. Nevertheless, the 2P excitation from aerodynamic loads 

is still dominant for this response. There is also energy content at higher frequencies, but these 

are difficult to distinguish, possibly related to the blade modes. More on these higher frequent 

peaks are discussed for LC3 in Section 4.3.4. 

7$-=>5.-"'>"%-$%&'7+2"%(1'
Similar to the rotor speed, the hydrodynamics do not directly act on the blades, but they are 

indirectly felt through platform motions. There stochastic influence of the wave environment  

on the mid-blade bending moments are shown through a time series in Figure 4.29. 

 

Figure 4.29: Mid-blade bending moments for the land-based and spar VAWT (LC2.2a) 
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It is seen that the flatwise mid-blade bending moment has a higher amplitude content for the 

spar VAWT. This may be unexpected – knowing that the wind field is steady – but actually 

shows that the gravity-induced loads contribute to a large part of the response. The close up in 

Figure 4.29 shows the responses of the spar VAWT blade are fairly periodical within a shorter 

time interval. From statistical analysis is it found that the mean values are unaffected with 

respect to the wind-only environment of LC1. The standard deviations of the bending moment 

responses at the mid-blade are increased at all loads cases. The results are summarized in terms 

of a percentual increase with respect to LC1 in Table 4.1. 

Table 4.1: Percentual increase in standard deviation of mid-blade bending moments for the spar 
VAWT at LC2 relative to LC1 

 $% N&'.%(˙8) ( $% N').*Ä'.+ (

LC2.1 +50.1%! +5.7%!

LC2.2 +7.6% +2.6%!

LC2.3 +1.2%! +2.5%!

It is mainly the flatwise bending moment at the mild wind-wave environment that is affected 

by the waves. This can also be observed in the power spectrum of the flatwise bending moment 

response in Figure 4.30. Hereafter the opportunity is taken improve the understanding of 

bending moments in the blades through the discussion of the spectral analysis. 

 

Figure 4.30: PSD of mid-blade flatwise bending moments for the land-based and spar VAWT 
(LC2) 
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series presented earlier (see Figure 4.29). The flatwise response is generally governed by the 

1P, 2P, 3P and 4P frequencies. The first flatwise modes are close to the 3P frequency, but 

possibly shifted due to centrifugal stiffening. Upon comparison of the land-based and spar 

VAWT it shows that the latter contains higher energy content at almost all peaks. The increase 

in standard deviation of the flatwise response was mentioned before, it can be related to the 

gravitational loads being in phase with the aerodynamic loads and adding to the 1P excitation. 

The power spectra of the side-side bending moment is presented in Figure 4.31 and shows the 

opposite behavior.  

 

Figure 4.31: PSD of mid-blade lead-lag bending moments for the land-based and spar VAWT 
(LC2) 

With an exception at LC2.1, the land-based VAWT contains higher peaks for the side-side 

bending moments at the mid-blade. This can be related to the yaw DOF of the spar VAWT. 

The peaks are found at the 1P, 3P and 5P frequencies. The aerodynamic loading can excite the 

‘twisting’ lead-lag mode and the gravity-induced loads of the spar VAWT could excite the 

‘butterfly’ lead-lag mode. These modes were presented in Table 3.4 as mode 5 and 6, 

respectively. It should be noted that it is difficult to comment on the eigenfrequencies of the 

lead-lag modes during operational conditions, since stiffening can occur from gyroscopic 

effects.
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KBF( 78398*2#/(5&#6($#6(A33208*$3(5$H2+(,-(>;FW(78398*2#'2M
A#68'26(L2+J,#+2(

The last load case in the model-comparison considers fully turbulent wind and irregular waves. 

It was seen previously that aerodynamic loading greatly affects the dynamic response of the 

(floating) VAWT, hence wind turbulence is an interesting addition to the analysis. Section 

4.3.1 characterizes the turbulent wind field and presents a sensitivity study to the number of 

seeds that are used. This is followed by the global dynamic response of rotor speed and the 

spar floater motions in Section 4.3.2. The effect of wind turbulence on the aerodynamic loads 

and the internal structural loads is discussed in Sections 0 and 4.3.4, respectively. 

KBFB@( !2+'3&9&#0(/:2(?/,':$+/&'(5&#6M5$H2(D#H&3,#%2#/(

H3,A35"%('R$%-'9$"5-'
The wind turbulence is modeled according to the NTM. The turbulent field is then described 

by a set of parameters that can be used to generate the wind field. For a better understanding 

of what this actually looks like, Figure 4.32 shows the time series of wind speed at hub height 

at each of the three wind environments for one seed.  

 

Figure 4.32: Visual of wind speed at hub height in LC3.1a, 
LC3.2a and LC3.3a 

The time history shows that the turbulent wind field contains both high-frequent and low-

frequent variations with time. The low-frequent variations can cause short-term shifts in mean 

wind speed, whereas the high-frequent components can induce large-amplitude variations in 

local instantaneous wind speed. The wind environment is described by its PSD in Figure 4.33. 
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The power spectrum shows us that the wind turbulence contains most energy in the low-

frequent variations. 

 

Figure 4.33: PSD of wind speed in the environments of LC3 

/"%1$($G$(0'(+'832A",'+#'/""-1'
The seed that is used in generating the unsteady wind and wave environment is essentially just 

a set of random numbers that create stochasticity. A stochastic excitation can influence the 

statistics and spectral density of the resulting responses. For this reason, it is of great interest 

to investigate how the number of seeds influences the statics of the wind and wave 

environment. Load case 3.2 (rated wind speed) was repeated for 10 different seeds. The 

sensitivity to number of included seeds is shown for wind speed in Figure 4.34 and for wave 

elevation in Figure 4.35. 

 

Figure 4.34: Wind speed at hub against number of seeds (LC3.2) 

0 0.05 0.1 0.15 0.2 0.25
Frequency [Hz]

0

5

10

15

20

25

30

35

S(
V

hu
b

) [
m

2
/s

3
]

LC3.1 (V = 8 m/s)
LC3.2 (V = 14 m/s)
LC3.3 (V = 20 m/s)

1 2 3 4 5 6 7 8 9 10
     Number of seeds included

0

5

10

15

20

   
  

W
in

d 
sp

ee
d 

[m
/s]

±2.08 ±2.05 ±2.00 ±1.95 ±1.94 ±1.94 ±1.93 ±1.92 ±1.90 ±1.90

mean value  +/- 1 st. dev.



4.3 Turbulent Wind and Irregular Waves of LC3: Turbulence-Induced Response 

 94 

The 10 seeds that used in LC3.2 are selected randomly. The first three seeds are the same ones 

used for the analysis of any stochastic event in this thesis. It is seen that the mean values of 

wind speed and wave elevation are respectively ij'é6o7ƒ and é'é6o, regardless of the amount 

of seeds included. On the other hand, the standard deviation does shows a dependency on the 

number of seeds for in particular the wind speed. The standard deviation of the individual seeds 

used here ranges between i'‚i6o7ƒ  and k'é!6o7ƒ , hence it would require a substantial 

number of seeds to balance the stochasticity.  

 

Figure 4.35: Statistics of wave elevation against number of 
seeds included (LC3.2) 

KBFBE( X*,9$*(!"#$%&'(L2+J,#+2(
It has been illustrated that the turbulent wind environment introduces significant low-frequent 

and high-frequent variations to the wind field. These fluctuations are felt by the VAWT rotor 

and are expected to induce different responses in rotor speed and platform motions as opposed 

to the steady wind cases. First the response is illustrated through a time series, which is 

followed by a presentation of the results of statistical and spectral analyses. 

H$2"'/",$"1'+#'O+(+,'/4""-'.%-'65.(#+,2'7+($+%1'
The time series of rotor speed at the mean wind speed of !6o7ƒ (LC3.1a) is shown in Figure 

4.36. It can be seen that the rotor speed is not sensitive to the large (local) instantaneous 

fluctuations that were observed in the wind speed time series. This is likely due to turbulence 

being a function of both time and space, which implies that the high-frequent variations from 

small eddies are different throughout the rotor surface. The large eddies that cause low-frequent 

variations can cover the full VAWT rotor. The enlarged time series between iiéé6ƒ  and 
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i¨éé6ƒ shows that additional high-frequent fluctuations are present in the spar VAWT rotor 

speed, this is likely due to the platform response. 

 

Figure 4.36: Time series of rotor speed for the land-based and 
spar VAWT (LC3.1a) 

The time series of surge and pitch are shown in Figure 4.37. Again, both platform responses 

contain a highly dynamic content different from the responses in a steady wind-only 

environment in Figure 4.2. The fluctuations in the pitch motions seem more frequent than the 

surge motions, this is related to the natural frequency of the DOFs. 

 

Figure 4.37: Time series of surge and pitch platform motion for the spar VAWT (LC3.1a, 
LC3.2a and LC3.3a) 

The unsteady nature of the response makes it more difficult to determine when the transient 

effects have damped out. The unsteady environment generally increases the amount of 

damping in the system, hence it is save to stay with the transient duration determined for the 
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steady wind environment of LC2. The first iééé6ƒ of all responses are ignored, as marked by 

the dashed lines in the time series above. 

 

Figure 4.38: Statistical values of rotor speed for the land-based 
and spar VAWT (LC3) 
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Statistical analysis is performed for rotor speed and it shows that turbulent wind increases the 

standard deviation. In contrast to the response at LC1 and LC2, the standard deviation at LC3 

is of similar magnitude at all wind speeds. Overall, the standard deviation increased by a factor  

 

Figure 4.39: Statistics of rigid-body motion in its six DOFs (LC3) 
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of approximately ! for LC3.1 and approximately i'¨ for LC3.2 and LC3.3. Likely this is 

related to the slowly-varying rotor speed response, which is (most of the time) not limited to a 

maximum value by the controller at LC3.1. Spectral analysis has brought forward that the 

dominance of the 2P effect is much diminished with the introduction of wind turbulence, 

particularly for the milder environmental conditions. 

The statistical analysis of platform motions shows no change in mean values, but also the 

standard deviations of these responses have significantly increased. The prior is sensible, 

because the mean wind speed is unchanged with the introduction of turbulence. From Figure 

4.39 it is seen that surge is affected most when compared to the platform motions at LC2 (see 

Figure 4.24). Furthermore, the pitch DOF is also excited by the turbulent wind. Overall, the 

standard deviation of surge and pitch are increased by a factor of approximately ié and n, 

respectively. 

 

Figure 4.40: PSD of rigid-body motion in its six DOFs (LC3.2) 
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more about the frequency content of the variations in the response. From a general comparison 
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has made space for the wind spectrum instead. As concluded from the statistical analysis, the 

wind spectrum is most dominant in the surge and pitch response. On top of this, the yaw is also 
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affected by the wind turbulence. It is interesting to notice that the significant energy in the 

surge response has left its traces in the heave response too. At last, the wave-induced platform 

responses have become insignificant with respect to LC2, with the exception in the heave DOF. 

KBFBF( O#+/2$6"()23,6"#$%&'(>,$6&#0(
It was seen in the responses of rotor speed and platform motion that turbulent wind introduces 

quite a significant change. The excitation loads of these responses is still governed by the wind, 

hence this section presents the aerodynamic loads in the turbulent wind field environment of 

LC3. The wind-induced excitation loads on the system are rotor thrust and aerodynamic torque, 

the variation in time at (mean) rated wind speed is shown by Figure 4.41. 

 

Figure 4.41: Rotor thrust and aerodynamic torque for the land-based and spar VAWT (LC3.2a) 

The response of the two aerodynamic loads is very similar in time and also the responses 

between the VAWT models follow the same trends. The spar VAWT seems to be subjected to 

an additional 1P component. The minima of aerodynamic loads always tend to approximately 

zero. 

Statistical analysis is done for the rotor-averaged aerodynamic loading at all load cases, the 

results are presented in Figure 4.42. It is interesting to observe that the statistical values of 

aerodynamic loading for the spar VAWT decrease with respect to the land-based VAWT at 

higher wind speeds. The reasoning was discussed for LC1 and it was concluded that it relates 

to tower tilting and the yaw DOF of the spar floater. Upon comparison of aerodynamic loading 

between LC3 and LC2, a slight increase in mean thrust is found for the lower wind speeds 

(LC3.1 and LC3.2). The mean rotor thrust at the higher wind speed of LC3.3 and the mean 

aerodynamic torque at all wind speeds decreased with values ranging between 0.7% – 5.9%, 
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considering both VAWT models. The standard deviation of aerodynamic loading decreased 

for all turbulent load cases (relative to LC2), with a decrease up to 4.2% for rotor thrust and 

10.7% for aerodynamic torque. 

 

Figure 4.42: Statistical results of aerodynamic loads for the land-based and spar VAWT (LC3) 

Results from spectral analysis shows that variation in aerodynamic loads is still dominated by 

the 2P effect. The wind spectrum is present in all power spectra, and a smaller peak at the 1P 

frequency is also found in the PSD of the spar VAWT’s aerodynamic torque. The 2P peak for 

LC3.1 is wider than for LC2, because the short-term rotor speed response – and hence also the 

2P frequency – varies slightly with time in the turbulent cases. 
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In the previous section it was discovered that wind turbulence generally decreases the standard 

deviation of aerodynamic loads. The influence of the more realistic wind environment on the 

internal structural loads is studied in this section. A comparison is made with the steady wind 

and irregular wave environment of LC2, with respect to the bending moments at the tower base 

and mid-blade. 

H+C",'>.1"'>"%-$%&'7+2"%(1'
Upon a first glance of the statistical analysis of the tower base bending moments in Figure 4.43 

it shows the same trends as for the environment in LC2 (see Figure 4.27). Although, a more 

careful comparison shows that all standard deviations have decreased similarly as for the 

aerodynamic loading. With decreased values up to 11.9%, the land-based VAWT tower is 

slightly more affected by the turbulent wind than the spar VAWT tower with standard 

deviations reduced up to 9.1%. The mean fore-aft moments are not significantly changed. 
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Figure 4.43: Statistics of tower base bending moments for the land-based and spar VAWT 
(LC3) 

The power spectrum of fore-aft bending moments in turbulent wind contains additional peaks 

when compared to the response at LC2.2. Figure 4.44 shows that the PSD at LC3.2 contains 

(significant) energy at the wind speed spectrum for the spar VAWT. Even in turbulent wind, 

the land-based VAWT is still governed by the resonant 2P tower response. At last, the spar 

VAWT shows a peak at é'né6R« in the fore-aft bending moment spectrum. The smaller group 

of peaks in the same frequency region were difficult to distinguish for LC2.2 in Figure 4.28, 

but LC3.2 shows a better defined peak. Energy at this frequency has not been recognized in 

any other response. Also, it is present for the spar VAWT only. From this it is reasoned that it 

must be a (higher) tower mode of the rotor-spar combination. 

 

Figure 4.44: PSD of the fore-aft tower base bending moments 
for the land-based and spar VAWT (LC3.2) 
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The mean values and standard deviations from statistical analysis for mid-blade bending 

moments are given by Figure 4.45.  

 

Figure 4.45: Mean values and standard deviation of mid-blade bending moments for the land-
based and spar VAWT (LC3) 

A notable decrease in mean flatwise bending moments occurs for the spar VAWT, this was 

also encountered earlier and related to the mean roll and pitch offset. The mean values are not 

affected significantly with respect to LC2, except a reduction of approximately 5% in the lead-

lag moment at LC3.3. This is a result of the reduced aerodynamic torque discussed in the 

previous section. In contrast to the mean values, the standard deviations are significantly 

decreased with respect to the steady wind environment of LC2. For both the land-based and 

spar VAWT, the percentual changes in standard deviation of the mid-blade bending moments 

are summarized in Table 4.2.  

Table 4.2: Percentual decrease in standard deviation of mid-blade bending moments for the 
spar and land-based VAWT at LC3 relative to LC2 

 $% N&'.%(˙8) ( $% N').*Ä'.+ (

Land-based Spar Land-based Spar 

LC3.1 -62.0%! -28.4%! -20.6%! -4.9%!

LC3.2 -25.2% -20.0% -15.4%! -3.6%!

LC3.3 -21.7%! a25.8%! -10.4%! -13.1%!

Turbulent wind adds not only a stochastic variation in time, but also in space. In the steady 

wind field there is only spatial variation from wind shear. Such steady sheared wind induces 
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higher normal and tangential loads at the upper half of the blade than at the bottom half. This 

loading profile can for instance excite the first flatwise modes. It is therefore reasoned that the 

additional variation in space in a turbulent wind field is less likely to excite the blade modes. 
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The second part of this thesis studies and compares the behavior of the numerical tools HAWC2 

and SIMO-RIFLEX-AC. Three load cases are carefully designed in order to isolate different 

parts in the codes. LC4 and LC5 are set up to study the implementation of the AC flow theory 

and dynamic stall model, respectively, and both consider the rigid land-based VAWT in a 

steady wind field. LC6 simulates a realistic environment with fully turbulent wind and 

correlated irregular waves and considers the flexible spar VAWT. The constant rotor speed 

controller is applied in all load cases, which is done to minimize the sensitivity that would 

otherwise be introduced by the constant power controller. The results corresponding to LC4, 

LC5 and LC6 are presented and discussed in the respective Sections 5.1, 5.2 and 5.3.
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LC4 models the rigid land-based VAWT in a (sheared) steady wind environment. The focus 

lays in comparing the aerodynamic model as implemented in HAWC2 and SIMO-RIFLEX-

AC. The environmental conditions are checked in Section 5.1.1. Prior to comparing the 

resulting aerodynamic loads in Section 5.1.3, understanding of the rotor response is gained by 

analyzing the rotor speed in Section 5.1.2. The effect of dynamic stall is not included in the 

analyses of LC4. 

RB@B@( A#+J2'/&#0(/:2(5&#6(D#H&3,#%2#/(
Considering that in the second part of the study two different codes are used for generating the 

external environment, it is wise to check the resulting wind environment. It may seem 

unnecessary for steady wind cases, but a short check avoids unforeseen differences in the 

VAWT response. Time series of the three wind speeds !, ij and ké6o7ƒ at hub height in 

respectively LC4.1, LC4.2 and LC4.3 are shown by Figure 5.1. 

 

Figure 5.1: Wind speed at hub height in HAWC2 and SIMO-
RIFLEX-AC (LC4.1, LC4.2 and LC4.3) 

The wind is found to be steady as expected. There are no differences in the wind speed at hub 

height between HAWC2 and SIMO-RIFLEX-AC. Wind shear is more critical for a turbulent 

wind environment, therefore a correct implementation of the NWP is checked for LC6 in 

Section 5.3.1 (see Figure 5.18). There is shown good agreement between the codes with regard 

to the wind profile. 
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The steady wind field of LC4 is applied to a rigid land-based VAWT. The structure contains 

only one degree of freedom in the rotational direction of the rotor. This narrows the system 

down to an equilibrium between aerodynamic loads, rotor inertia and generator torque from 

the controller. Figure 5.2 shows a time series of rotor speed at the low and high wind speeds of 

respectively LC4.1 and LC4.3. 

 

Figure 5.2: Rotor speed in HAWC2 and SIMO-RIFLEX-AC (LC4.1 and LC4.3) 

Generally, the rotor speed response of the two codes agree well in terms of shape. In terms of 

magnitude however, a different steady-state response is found at LC4.1 for the low wind speed 

of ! o7ƒ. Here the mean rotor speed in steady-state is k!'! ™Æ©7ƒ6for HAWC2 and né'! 

™Æ©7ƒ for SIMO-RIFLEX-AC.  

As addressed previously, LC4 isolates the aerodynamic model, structural formulation and 

controller model of the codes. The considered Darrieus rotor at a wind speed of !6o7ƒ operates 

in a region where the AG is optimized by the controller. The power optimization is done through 

a generator torque algorithm that aims to minimize the error between the reference and 

measured rotational speed. The performance of the controller is compared here by observation 

of the reference rotational speed in time. As shown by Figure 5.3, the steady-state reference 

rotational speed is lower for HAWC2 than for SIMO-RIFLEX-AC. 



5.1 Steady Wind of LC4: Comparison of the Aerodynamic Model 
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Figure 5.3: Reference rotor speed for the land-based VAWT at 
LC4.1 in HAWC2 and SIMO-RIFLEX-AC 

From comparison of the reference rotational speed and the actual (measured) rotor speed, it is 

concluded that the controller performs correctly in both codes. This implies that the measured 

generator torque causes the different rotor speed at LC4.1. A difference in the standard 

deviation of generator torque (thus rotor speed) would point towards rotor inertia. However, a 

difference in the mean rotor speed implies that the aerodynamic excitation loads are different. 

RB@BF( ;,%J$3&#0(/:2()23,6"#$%&'(G,62*+(
This section focusses on the outputs of the aerodynamic model in HAWC2 and SIMO-

RIFLEX-AC. First the differences in the aerodynamic models are described, which is followed 

by a presentation of the resulting induced flow velocities. Then the rotor-averaged aerodynamic 

loads are compared, and the analysis on LC4 is concluded with a presentation of the overall 

aerodynamic performance in terms of the power and thrust coefficients. 

F245"2"%(.($+%'+#'()"'B*'95+C'H)"+,0'
It was brought forward in Section 3.3.1 that the modified linear solution of the AC flow model 

is slightly different in HAWC2 and SIMO-RIFLEX-AC. There is distinguished between 

modified linear solution II (HAWC2) and modified linear solution III (SIMO-RIFLEX-AC). 

The theoretical background on these solutions of the AC flow model is extensively covered in 

Section 2.2.2. The differences between the modified linear solutions are highlighted here. To 

summarize, modified solution III considers three additional elements being (1) another 

correction factor ab  at high tip-speed ratios, (2) local blade element inclination and (3) 
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inclusion of the tangential loading terms. The consequences of the additional correction factor 

are expected to be most direct and significant, hence a more detailed description is given below. 

In the modified linear solution II the induced velocities are amplified by a correction factor ab. 

Cheng et al. [21] suggested an addition to the correction factor ab at high tip-speed ratios, 

which is implemented in modified linear solution III. The additional correction is based on 

experimental data and corrects the induced velocities based on the following relationship 

between the axial induction factor ^ and average thrust coefficient AF. 

^ 4 é'é!Óké‚j r AF
œ p é'é¨jjÓ¨¨ r AF

œ p é'k¨ii≠n r AF q é'ééi‚é‚‚ (5.1) 

The value of the induction factor as function of thrust coefficient is visualized in Figure 5.4. 

 

Figure 5.4: Empirical relationship between the axial induction 
factor and the time-averaged thrust coefficient *9 

Figure 5.5 presents the correction factor ab as function of the axial induction factor (left) and 

the average thrust coefficient (right). The curves are based on Equation (2.24) for HAWC2 and 

Equation (2.25) for SIMO-RIFLEX-AC. Figure 5.5 points out that the correction factor at high 

induction factors –and thus high thrust coefficients – is lower in SIMO-RIFLEX-AC. This 

implies that the induced velocities computed in HAWC2 are expected to be higher than in 

SIMO-RIFLEX-AC. From the thrust coefficients presented later in this section, it means that 

the induced velocities in LC4.1 are corrected differently. The induced velocities at LC4.2 and 

LC4.3 are computed by the same set of equations, but the correction factor ab in HAWC2 and 

SIMO-RIFLEX-AC is equal at these operating conditions. 
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Figure 5.5: Correction factor :. in the modified linear solution of the AC flow model, as 
implemented in HAWC2 and SIMO-RIFLEX-AC 

 

 

 

Figure 5.6: Flow velocity and deflection at the mid-blade in HAWC2 and SIMO-RIFLEX-AC 
(LC4) 

0 0.1 0.2 0.3 0.4 0.5
     Axial induction factor [-]

1

1.2

1.4

1.6

1.8

2
   

  
C

or
re

ct
io

n 
fa

ct
or

 k
a 

[-]

0 0.2 0.4 0.6 0.8 1
     Thrust coefficient [-]

1

1.2

1.4

1.6

1.8

2

   
  

C
or

re
ct

io
n 

fa
ct

or
 k

a 
[-]

HAWC2 SIMO-RIFLEX-AC

0 90 180 270 360
      Azimuth angle [deg]

0

0.2

0.4

0.6

0.8

1

   
   

   
   

N
on

-d
im

en
sio

na
l f

lo
w

 v
el

oc
ity

 [-
]

 LC4.1 
0 90 180 270 360

      Azimuth angle [deg]

0

0.2

0.4

0.6

0.8

1

 LC4.2 
0 90 180 270 360

      Azimuth angle [deg]

0

0.2

0.4

0.6

0.8

1

 LC4.3 

HAWC2 SIMO-RIFLEX-AC

0 90 180 270 360
      Azimuth angle [deg]

-10

-5

0

5

10

15

   
   

 
Fl

ow
 d

ef
le

ct
io

n 
[d

eg
]

 LC4.1 
0 90 180 270 360

      Azimuth angle [deg]

-10

-5

0

5

10

15

 LC4.2 
0 90 180 270 360

      Azimuth angle [deg]

-10

-5

0

5

10

15

 LC4.3 



5 Results and Discussion: Comparison of HAWC2 and SIMO-RIFLEX-AC 

 109 

F%-3;"-'95+C'?"5+;$(0'B5+%&'()"'O+(+,'6",$4)",0'
The simulations in HAWC2 and SIMO-RIFLEX-AC are set up such that induction output is 

recorded at a desired time, for LC4 this is at inéé6ƒ. The induction output is then computed 

along the whole rotor periphery using the instantaneous value of rotor speed. Upon analysis of 

the induced velocities in HAWC2 and SIMO-RIFLEX-AC several unexpected findings are 

encountered. The induced velocities are represented by flow velocity magnitude and flow 

deflection at the mid-blade and shown in Figure 5.6. 

The velocity magnitude is very similar for both codes at LC4.1, whilst being significantly 

different in the downwind half of the rotor at LC4.2 and LC4.3 (i!é" ´ H ´ n≠é"). These 

results are notably different from the previously mentioned expectations. At this stage it is 

important to know the initial conditions at the time that the induction output is computed in 

HAWC2 and SIMO-RIFLEX-AC. The initial conditions of the land-based VAWT rotor are 

described by azimuth angle and rotor speed in Table 5.1. 

Table 5.1: Azimuth angle of blade 1 and rotor speed at induction output ((;<<68) in HAWC2 
and SIMO-RIFLEX-AC (LC4) 

 Azimuth angle blade 1 [*)+] Rotor speed [*)+78] 

HAWC2 SIMO-RIFLEX-AC HAWC2 SIMO-RIFLEX-AC 

LC4.1 ÓÓ'i! ini'!! k!'‚i né'¨k 

LC4.2 i≠‚'n! iii'‚! ni'n! né'‚i 

LC4.3 ÓÓ'!! in!'n! ni'ki né'‚é 

It is important to keep the differences in rotor speed in mind when analyzing the induction 

output. Whereas the rotor speed is assumed constant in computing the induction output along 

the rotor periphery, it actually fluctuates with the 2P frequency for a steady wind field as shown 

in Chapter 4. 

H$2"'/",$"1'+#'B",+-0%.2$;'D+.-1'
In order to make a more valuable comparison between the aerodynamic models in HAWC2 

and SIMO-RIFLEX-AC the rotor thrust and aerodynamic torque can be analyzed. The normal 

and tangential force on the blade elements of the VAWT rotor serve as an input to the velocity 

induction calculation, hence the rotor-averaged loads can potentially reveal differences in the 

aerodynamic models of the codes. A time series of rotor thrust in steady-state conditions is 
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presented in Figure 5.7. Here the results are shown at the lower wind speed of LC4.1, because 

this is where differences are found between HAWC2 and SIMO-RIFLEX-AC. 

 

Figure 5.7: Rotor thrust for HAWC2 and SIMO-RIFLEX-AC (LC4.1) 

Figure 5.7 shows that rotor thrust maxima at LC4.1 are higher in SIMO-RIFLEX-AC, this is 

because the VAWT rotor observes higher flow velocities in the downwind half of the rotor due 

to a lower correction factor ab. The aerodynamic torque, presented in Figure 5.8, shows similar 

behavior.  

 

Figure 5.8: Aerodynamic torque in HAWC2 and SIMO-RIFLEX-AC (LC4.1) 
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The aerodynamic torque maxima in HAWC2 are lower than in SIMO-RIFLEX-AC. 

Additionally, the aerodynamic torque minima are higher in HAWC2 than in SIMO-RIFLEX-

AC. This may point to the inclusion of the tangential terms in the modified linear solution of 

SIMO-RIFLEX-AC. Figure 5.8 shows that the minima in aerodynamic torque take place at the 

azimuth positions H 4 é" and H 4 i!é". At these positions the tangential terms are drag forces 

that accelerate the flow at H 4 i!é" and decelerate the flow at H 4 é". Aerodynamic drag goes 

with the square of the inflow velocity, hence the overall (negative) drag-induced aerodynamic 

torque at these azimuth positions would become larger.  

/(.($1($;.5'B%.501$1'+#'IG",.55'B",+-0%.2$;'D+.-$%&'.%-'6",#+,2.%;"'
In the previous chapter valuable observations were made from statistical analyses. The same is 

done here to compare the aerodynamic loads at all environmental conditions of LC4. The mean 

values and standard deviations of rotor thrust and aerodynamic torque are shown in Figure 5.9. 

 

Figure 5.9: Statistics of rotor thrust and aerodynamic torque for the land-based VAWT in 
HAWC2 and SIMO-RIFLEX-AC (LC4) 
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power coefficient is also presented, which reflects the significant effect of the correction factor 

ab on the calculated power output. 

Table 5.2: Average thrust and power coefficient for the land-based VAWT at LC4 in HAWC2 
and SIMO-RIFLEX-AC 

 *9 [q] *+ [q] 

HAWC2 SIMO-RIFLEX-AC HAWC2 SIMO-RIFLEX-AC 

LC4.1 é'≠≠i é'‚≠¨ é'n!Ó é'j≠¨ 

LC4.2 é'j¨≠ é'j¨‚ é'niÓ é'nkj 

LC4.3 é'kj¨ é'kj¨ é'ikj é'ik≠ 

It should be noted that the results presented in Section 4.1 or for LC4 are calculated with the 

exclusion of the dynamic stall effect. At higher wind speeds the dynamic stall effect becomes 

more important and can significantly increase the aerodynamic loads on the VAWT rotor. If a 

dynamic stall model is included it is possible that LC4.2 (and perhaps LC4.3) would also 

exceed the ^ Ô é'i¨ and AF Ô é'¨é boundary. This would mean that the induced velocities at 

higher wind speeds would also be subjected to a different correction factor ab  between 

HAWC2 and SIMO-RIFLEX-AC. 
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RBE( ?/2JJ26(5&#6(.&2*6(,-(>;RW(;,%J$3&+,#(,-(/:2(!"#$%&'(?/$**(
G,62*(

Dynamic stall is a phenomenon that occurs when the flow separates from the surface of the 

blade. For a VAWT it is likely to occur at low tip-speed ratios where the angle of attack changes 

more rapidly. Research has shown that it is essential to include the effect of dynamic stall for 

a more accurate prediction of the aerodynamic loads [35]. As described in Section 3.3.1, the 

modified Beddoes-Leishman dynamic stall model in SIMO-RIFLEX-AC should perform equal 

to the Stig Øye model in HAWC2. A stepped wind environment at a range of wind speeds is 

introduced in order to create sudden changes in the angle of attack, this environment is 

visualized in Section 5.2.1. The rotor speed response is compared for cases with and without 

dynamic stall between HAWC2 and SIMO-RIFLEX-AC in Section 5.1.2. The effect of 

dynamic stall is explained and compared through aerodynamic loading in Section 5.1.3. 

RBEB@( A#+J2'/&#0(/:2(5&#6(D#H&3,#%2#/(
The load case designed for investigating differences in the dynamic stall model considers a 

stepped wind environment. The wind field is first held constant for transient effects to damp 

out and then followed by wind speed steps of k6o7ƒ. The wind speed at hub height is visualized 

by Figure 5.10. 

 

Figure 5.10: Wind speed at hub in HAWC2 and SIMO-
RIFLEX-AC (LC5) 

The wind environment in both codes appears to be identical. After each step the wind speed is 

held constant for ¨éé6ƒ, this is for the system to reach a new steady-state equilibrium before 

exposing the VAWT to the next wind step.  
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RBEBE( L2+J,#+2(,-(L,/,3(?J226(
The wind turbine model that is considered for LC5 is the rigid land-based VAWT. Again, this 

means that the only degree of freedom of the system is the rotation of the rotor. The resulting 

rotor speed is compared between the codes with and without dynamic stall in Figure 5.10. 

 

Figure 5.11: Rotor speed in HAWC2 and SIMO-RIFLEX-AC with and without dynamic stall 
(LC5) 

The rotor speed responses agree well between the numerical codes. At high wind speeds and 

inclusion of dynamic stall the VAWT in HAWC2 seems to rotate slightly faster. As a general 

remark, the rotor speed amplitude remains fairly constant when applying no dynamic stall 

model. However, when including the dynamic stall effect the amplitudes increase significantly 

with wind speed. 

The tip-speed ratio is a function of rotor speed and wind speed. Both are changing throughout 

LC5, hence to create a reference point the tip-speed ratio is presented against time in Figure 

5.11. It is seen that the tip-speed ratio varies from approximately n'¨  at ié6o7ƒ  to 

approximately i'≠ at kk6o7ƒ. 

RBEBF( ;,%J$3&#0(/:2(!"#$%&'(?/$**(G,62*+(
As addressed previously, the Beddoes-Leishman dynamic stall model has been modified such 

to perform the same as the Stig Øye model in HAWC2. Ideally, the similarities and differences 

would be analyzed by comparison of the angle of attack and the lift- and drag coefficients in 

both codes right after the increase of wind speed. However, the parameters related to 

aerodynamics are only stored as part of the induction output at one time instant in SIMO-

RIFLEX-AC. For this reason, the effect of dynamic stall will be discussed using results solely 
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from HAWC2. A code-to-code comparison on dynamic stall is done using the rotor-averaged 

aerodynamic loads. 

 

Figure 5.12: Tip-speed ratio in HAWC2 and SIMO-RIFLEX-AC with and without dynamic 
stall (LC5) 

<##";('+#'!0%.2$;'/(.55'
For investigating the effect of dynamic stall in general, the airfoil performance coefficients are 

plotted as a function of angle of attack in Figure 5.13. The results are shown for the midpoint 

of blade 1. 

 

Figure 5.13: Lift- and drag coefficients against angle of attack in HAWC2 with and without 
dynamic stall (LC5) 

It becomes evident that the dynamic stall effect is very significant when determining the lift 

coefficient at the larger angles of attack. The outer paths or rings in the left of Figure 5.13 

represent the higher wind speed regions. At the high wind speed of kk6o7ƒ, the angle of attack 
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at mid-blade changes from qn¨" to pjé" in half a rotational period of ¨'‚6ƒ when considering 

dynamic stall. At the low wind speed of ié6o7ƒ, the angle of attack ranges between qi¨" and 

pié". The lower wind speed gives a lift coefficient curve that is not significantly affected by 

dynamic stall, it agrees well with lift coefficients under static stall. The drag coefficient is 

unchanged when using the Stig Øye dynamic stall model, the same goes for the moment 

coefficients. The effect of dynamic stall on these two coefficients are not considered by the 

Stig Øye model. Other dynamic stall models, such as the original the Beddoes Leishman model, 

do include this effect.  

The lift coefficient directly affects the calculation of lift force on the blade elements. The 

resulting lift force (per unit length) at the mid-blade can be plotted against angle of attack using 

data from the full time series. Figure 5.14 shows the resulting plots for the case where the 

dynamic stall is included and excluded. 

 

Figure 5.14: Lift force against angle of attack in HAWC2 with 
and without dynamic stall (LC5) 

It can be seen that the effect of dynamic stall is strongest in the upwind half of the rotor, where 

the angle of attack is defined positive in HAWC2. Here the lift force is much reduced from the 

effect of flow separation at higher wind speeds (outer paths). In the downwind half of the rotor 

the lift forces are significantly higher when including the dynamic stall model. This is due to a 

lower velocity induction in the upwind half and hence a higher inflow velocity in the downwind 

half of the VAWT rotor.  
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*+-"=(+=*+-"'*+24.,$1+%'+#'!0%.2$;'/(.55'
The performance of the dynamic stall models in HAWC2 and SIMO-RIFLEX-AC will be 

compared by assessment of the rotor-averaged aerodynamic loads. A time series of the rotor 

thrust is presented in Figure 5.15. The time series are deliberately shown in the last part of 

LC5, where the wind speed changes from ké6o7ƒ to kk6o7ƒ 

 

Figure 5.15: Rotor thrust in HAWC2 and SIMO-RIFLEX-AC with dynamic stall (LC5) 

Generally, it is seen that the amplitude of rotor thrust is increased with the inclusion of dynamic 

stall when compared to the results from Section 4.1. The amplitude of rotor thrust at LC4.3 

(steady wind of ké6o7ƒ) was recorded at ikéé6a√ in both codes. At LC5, the trend of rotor 

thrust is similar in HAWC2 and SIMO-RIFLEX-AC. The amplitude is slightly different. The 

aerodynamic torque acting on the VAWT rotor is shown in Figure 5.16. The same amplitude 

difference is found for the aerodynamic torque as for rotor thrust. It is likely that the differences 

between the rotor-averaged aerodynamic loads at higher wind speeds are caused by the 

aerodynamic models.  

The step in the wind field was originally designed to compare the response between the codes 

from a sudden change in angle of attack. The sudden change in angle of attack occurs, but it 

was unforeseen that the input conditions (azimuth, rotor speed) would have to match as well 

for a valid comparison. An additional difference in the aerodynamic load calculation makes it 

more difficult to isolate the dynamic stall model. Nonetheless, a conclusion that can be made 

in Section 4.2 is are that the inclusion of dynamic stall induces significantly higher 
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aerodynamic loads. This can be up to a factor k at high wind speeds, whereas the effect is 

minimal at a low wind speed of ié6o7ƒ. At last, the Stig Øye model and modified Beddoes-

Leishman model in respectively HAWC2 and SIMO-RIFLEX-AC seem to agree. The 

differences observed between the codes is significantly smaller than the general difference 

induced by dynamic stall. 

 

Figure 5.16: Aerodynamic torque in HAWC2 and SIMO-RIFLEX-AC at with dynamic stall 
(LC5) 
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RBF( 78398*2#/(5&#6($#6(A33208*$3(5$H2+(,-(>;UW(7:2(.8**"(;,8J*26(
;,62+(

The last load case of this thesis work considers a fully turbulent wind field and irregular wave 

environment using the spar VAWT. LC6 is with regards to environmental conditions (almost) 

the same as LC3, although here the focus lays of comparison of the numerical tools. The spar 

VAWT is placed in a realistic environment, hence the fully coupled capabilities of HAWC2 

and SIMO-RIFLEX-AC are compared. Structural elasticity (of the rotor) and dynamic stall is 

both accounted for, and the rotor speed is regulated by the constant rotational speed controller. 

The fully coupled code comparison is structured as following. First the wind- and wave 

environment is compared in Section 5.1.1 to ensure that the input conditions match. Secondly, 

the dynamic response of the rotor and floater is analyzed in Section 5.3.2. The excitation loads 

are presented in Section 5.3.3 and the internal structural loads are compared in Section 5.3.4. 

RBFB@( A#+J2'/&#0(/:2(5&#6($#6(5$H2(D#H&3,#%2#/(
LC6 consist of a mild, medium and severe wind environment with correlated wave conditions. 

Each load case is simulated for three different seeds in order to minimize stochastic effects. It 

is not possible to give HAWC2 and SIMO-RIFLEX-AC the exact same input conditions, 

because the wind and waves are generated by different programs and therefore the stochastic 

component cannot be matched. Also a check is performed whether the desired wind shear 

profile (NWP) is obtained in the turbulent wind fields of HAWC2 and SIMO-RIFLEX-AC.  

/(.($1($;.5'B%.501$1'+#'R$%-'/4""-'.%-'R.G"'<5"G.($+%'
The stochastic component is different in the environment of the codes, nevertheless the 

statistical values are specified by the input conditions of LC6 and should match. To give an 

impression of the wind field generated by both codes, Figure 5.17 shows the time series at 

LC6.2a. This describes an environment with a mean wind speed of ij6o7ƒ. Throughout this 

last section the time series at the medium sea state of LC6.2a are presented (when possible) to 

provide consistency. 
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Figure 5.17: Wind environment of LC6.2a in HAWC2 and 
SIMO-RIFLEX-AC 

When observed carefully, Figure 5.17 shows that the wind environment of HAWC2 repeats 

itself every !éé6ƒ. This is due to a limitation of the computational requirements for the internal 

generation of the wind field. Nevertheless, this should not have an effect on the resulting 

statistical values and power spectral density. The same goes for using a different set of random 

numbers (or seeds) in the two numerical simulations. The statistical values of the prior and 

other wind environments are compared between HAWC2 and TurbSim (used for SIMO-

RIFLEX-AC) in Table 5.3.  

Table 5.3: Statistics of instantaneous wind speed at hub height by HAWC2 and TurbSim (LC6) 

 -).˝u0123v          

[-78](
%u0123v    

[-78](
-˙˝u0123v 

[-78] 

-./u0123v 

[-78] 

HAWC2 

LC6.1 !'éi! i'n‚! n'iÓ ij'éj 

LC6.2 ij'éé k'éé! ¨'¨¨ ki'Ók 

LC6.3 ké'éé! k'n!! Ó'¨Ó k!'ÓÓ 

TurbSim 

LC6.1 !'éé i'nÓ! k'n≠! ik'j! 

LC6.2 ij'éé i'Ón ≠'k!! ki'nk!

LC6.3 ké'éé k'j≠ ié'‚i kÓ'ji!

An insignificant difference is shown between the mean values and standard deviations of wind 

speed of the codes. From the seed sensitivity study (Section 4.3.1) it showed that this order of 

differences can also occur between the individual seeds.  



5 Results and Discussion: Comparison of HAWC2 and SIMO-RIFLEX-AC 

 121 

The same comparison is made for the wave environment through wave elevation, as shown in 

Table 5.4. It is concluded that also the wave environment computed by HAWC2 and SIMO-

RIFLEX-AC are sufficient for comparison purposes. 

Table 5.4: Statistics of wave elevation by HAWC2 and SIMO-RIFLEX-AC (LC6) 

 -).˝u,v'S-T' %u,v'S-T' -˙˝u,v [-] -./u,v [-] 

HAWC2 

LC6.1 é'éé! é'≠j! qk'!Ó k'!¨ 

LC6.2 qé'éé é'Óé! qn'Ók n'Ón 

LC6.3 é'éé! i'kk! qj'!n j'!k 

SIMO-

RIFLEX-

AC 

LC6.1 é'éé é'≠¨! qk'n‚! k'≠é 

LC6.2 é'éé é'Ók qj'éÓ! n'nk!

LC6.3 qé'éé i'kj q¨'ji j'j≠!

F%14";($+%'+#'()"'/)".,"-'R$%-'6,+#$5"'
The statistical values of wind speed presented in Table 5.3 are measured at hub height. The 

variation over height or wind shear should also be checked, since this can have a severe 

influence on overall rotor loading. The NWP is applied in LC6, which corresponds to a power 

law profile with parameter JÇ-û 4 é'ij according to the standards of IEC61400-3 edition 1 

[28]. Both codes should produce the same wind speed curve against height, however, it is good 

to check and avoid unforeseen differences. The turbulent wind files generated by HAWC2 and 

TurbSim are compared with each other, but also against the NWP power law as defined by  

 

Figure 5.18: Mean wind shear in turbulent wind environment 
of LC6 generated by TurbSim 
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Equation (2.34). The result is illustrated by Figure 5.18. The five measurement points of 

HAWC2 agree adequately with the power law formulation. The measurements in TurbSim 

agree even better, except for the differences are observed close to the ground (or water). Here 

the power law formulation tends to é6o7ƒ and the last measurement in TurbSim is just above 

the ground or water. Figure 5.18 indicates at what height the VAWT rotor is situated, and in 

this area the mean wind speeds are similar to the specified wind profile. 

RBFBE( X*,9$*(!"#$%&'(L2+J,#+2(
The wind-wave environment is carefully defined and the next step is to perform a dynamic 

analysis on the spar VAWT in both HAWC2 and SIMO-RIFLEX-AC. This section separately 

discussed the response of rotor speed and platform motion. 

O"14+%1"'+#'O+(+,'/4""-'
The time series of rotor speed at a low and medium wind speed is shown in Figure 5.19. It 

should be noted that the transient duration is taken as iééé6ƒ in LC6. 

 

Figure 5.19: Rotor speed in HAWC2 and SIMO-RIFLEX-AC (LC6.1 and LC6.2a) 

Various differences are indicated by the time series. First of all, the rotor speed response at the 

lower wind speed of LC6.1a (left) is more subject to variations in the wind field. This is because 

the VAWT mostly operates in the region before the maximum rotational speed is reached. 

Furthermore, the repetitive trend of the wind field of HAWC2 is found back in its rotor speed 

response. The smaller close ups show that the HAWC2 response contains a high frequent 

vibration. This can be due to a numerical instability or a higher structural mode.  

When taking the statistical average of rotor speed, see Figure 5.20, it shows that the mean rotor 

speed in SIMO-RIFLEX-AC is lower. This is an unexpected result, because Section 4.1 pointed 
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out that the aerodynamic model in SIMO-RIFLEX-AC sets equilibrium at a higher rotor speed 

for a steady wind field of !6o7ƒ. Perhaps the reason can be found in the repetitive wind field 

of HAWC2. Due to a shorter duration the wind field has less chance to create higher (and 

lower) short-term mean wind speeds, which implies that the wind speed (thus rotor speed) 

remains closer to the specified mean value. On the contrary, the TurbSim’s wind field may 

reach more short-term highs and lows. For rotor speed, the short-term highs are limited by 

maximum rotation speed, which could reduce the overall mean value. This conclusion agrees 

with the response in Figure 5.19. 

 

Figure 5.20: Mean value and standard deviation of rotor speed 
for the spar VAWT in HAWC2 and SIMO-RIFLEX-AC (LC6) 

The standard deviation of the rotor speed corresponds well, a higher value at LC6.3 is observed 

for HAWC2. In order to learn more about the reason for this larger standard deviation spectral 

analysis is done. The results are presented in Figure 5.21. It shows that the wind spectrum in 

LC6.1 is more dominant for SIMO-RIFLEX-AC, this indicates that the wind field contains 

larger low-frequent variations as speculated before. On the other hand, the wind field of 

HAWC2 is more dominant for the rotor speed response at LC6.3. Additionally, HAWC2 shows 

no peak at the 1P frequency. In Chapter 4 it was concluded that the 1P peak in rotor speed is 

related to the yaw and/or blade response, hence the mooring system or structural model may 

cause the difference here. At last, a (very) small peak at é'!n6R« and i'ék6R« is found in the 

spectral density of HAWC2 that represents the high-frequent response found in Figure 5.11. It 

is likely related to a structural mode, because no rotor speed (1P) dependency is found when 

comparing this peak between LC6.1 and LC6.2/LC6.3. 
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Figure 5.21: PSD of rotor speed in HAWC2 and SIMO-RIFLEX-AC (LC6) 
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The response of the spar floater in its six DOFs is described in a similar manner through 

statistical and spectral analysis. The platform motions are excited by aerodynamic and 

hydrodynamic loads, and offsets are counteracted by the restoring force from the mooring 

system and hydrostatic pressure differences. The results from the statistical analysis are 

presented in Figure 5.22. 

 

Figure 5.22: Statistics of the spar motions in HAWC2 and SIMO-RIFLEX-AC (LC6) 
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The platform response shows many differences, many which are likely related to the different 

(unphysical) mooring system of HAWC2. In general, it is observed that the platform response 

in HAWC2 contains a larger standard deviation in all DOFs at all load cases. The most 

important difference is found in heave and yaw, where also the mean offset is increased. Sway, 

roll and pitch are also affected.  

The power spectra of the platform motions is given for LC3.2 in Figure 5.23, this tells us more 

about the frequency content of the energy in the response. 

 

Figure 5.23: PSD of platform motions in HAWC2 and SIMO-RIFLEX-AC (LC6) 
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RBFBF( D#H&3,#%2#/$*(D4'&/$/&,#(>,$6+(
The spar VAWT structure is excited by aerodynamic and hydrodynamic loads. It was shown 

in Section 4.1 that the aerodynamic model contains differences between HAWC2 and SIMO-

RIFLEX-AC that are notable in the rotor-averaged loading. The aerodynamic loads in the fully 

coupled simulations are presented here. Due to a limitation in HAWC2 the presented output is 

limited to aerodynamic torque. It was shown in Section 3.3.2 that the hydrodynamic model in 

SIMO-RIFLEX-AC is more sophisticated and also includes second-order wave effects. Ideally, 

the calculated hydrodynamic loading on the spar floater would be compared here, however, the 

output data from both codes restricts this. The hydrodynamic loads, represented by the wave 

spectrum, was shown to have little effect on the platform response in LC6. Perhaps this is the 

reason for HAWC2 applying a simpler hydrodynamic model and benefit the computation 

efficiency without compromising on accuracy. 

Figure 5.24 presents the aerodynamic torque acting on the rotor in the unsteady environments 

of LC6.1a and LC6.2a. 

 

Figure 5.24: Aerodynamic torque in HAWC2 and SIMO-RIFLEX-AC (LC6.1a and LC6.2a) 

Obviously the aerodynamic torque response is different in the codes, this is due to the seeds in 

the wind and wave environment. It seems that some of the high-frequent vibrations observed 

in the rotor speed response are also present in the aerodynamic torque calculated by HAWC2. 

However, the small variations observed in Figure 5.24 seem more stochastic and can also relate 

to turbulence in HAWC2’s wind field at the instance of the snapshot. It can be said that in 

general the magnitude and variation between the codes is similar. Better comprehension on the 
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statistic results can be obtained through the mean values and standard deviations presented in 

Figure 5.25 

 

Figure 5.25: Statistics of aerodynamic torque in HAWC2 and 
SIMO-RIFLEX-AC (LC6) 

The standard deviation of the aerodynamic torque agrees well between the codes. On the 

contrary, a lower mean value is observed for SIMO-RIFLEX-AC. The difference can be 

explained by the aerodynamic loads calculated at the é" and i!é" azimuth angles. Here the 

rotor-averaged aerodynamic loads tend to zero in SIMO-RIFLEX-AC, whereas HAWC 

calculates small positive values at the torque minima. It is concluded that this is related to the 

exclusion of tangential terms in the calculated induced velocities by HAWC2’s aerodynamic 

model.  

The spectral densities of aerodynamic torque are presented in Figure 5.26. The peaks are 

marked with the source of the frequency contents. The 2P peak at LC6.1 is wider in the SIMO-

RIFLEX-AC response, this is due to a larger variation in rotor speed (thus 2P frequency). 

Furthermore, there is several peaks that do not come forward in one code or the other. There is 

the 1P response – related to yaw – that is only present for SIMO-RIFLEX-AC. The wave 

spectrum is found in the HAWC2 PSD at LC6.1, likely due to the stronger heave-surge 

coupling. At the same load case (LC6.1) structural modes are recognized around the 4P 

frequency in HAWC2. It was found in Section 3.2 that the eigenmodes between the codes agree 

well, but possibly the structural formulations cause a different significance in the aerodynamic 

torque response. The first lead-lag mode is found at the 4P frequency in the severe environment 

of LC6.3, but only in the spectral density of the SIMO-RIFLEX-AC response. 
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Figure 5.26: PSD of aerodynamic torque in HAWC2 and SIMO-RIFLEX-AC (LC6) 

RBFBK( A#/23#$*(?/38'/83$*(>,$6+(
The previous results in this fully coupled code-to-code comparison showed indications of an 

influence by the different structural models in HAWC2 and SIMO-RIFLEX-AC. The structural 

impact is studied through analysis of the bending moments at the tower base and mooring line 

tension of the spar VAWT. Section 4.3.4 analyzed LC3 and made us understand the bending 

moment response at this location, hence this section mainly focusses on the differences that are 

observed between each numerical tool. Additionally, the resulting tensions in mooring line 1 

and 2 are presented in this section. This does not directly reflect on the different structural 

formulations, but shows the effect of the platform motion on the mooring system. 

 

Figure 5.27: Statistics of tower base bending moment in HAWC2 and SIMO-RIFLEX-AC (LC6) 
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The results from statistical analysis of the moments at the tower base as presented by Figure 

5.27. Both the fore-aft and side-side directions are considered here. The fore-aft bending 

moment shows a good agreement for the mean values, whereas the standard deviation is 

smaller in the SIMO-RIFLEX-AC response. The side-side moments show both higher mean 

values and standard deviations for HAWC2, where the mean is likely affected by the larger 

yaw offset that turns the side-side direction into the wind. The higher standard deviations in 

the tower base bending moments are partly related to the more energetic platform responses in 

HAWC2. However, some of the platform variation is possibly induced by the structural 

response in HAWC2, which is brought forward in the following.  

In Chapter 4 it was brought forward that the spar VAWT reduces the tower base bending 

moments significantly (relative to the land-based equivalent) due to the extra DOFs introduced 

by the floater. Additionally, the land-based VAWT model has its first tower modes close to the 

2P excitation frequency, causing a large dynamic variation. In the code-to-code comparison a 

similar phenomenon occurs for the spar VAWT in HAWC2, which seems to excite a tower 

mode of the structural rotor-spar combination. The result from spectral analysis is shown in 

Figure 5.28 and discussed hereafter. 

 

Figure 5.28: PSD of fore-aft bending moment at the tower base in HAWC2 and SIMO-RIFLEX-
AC (LC6) 
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in HAWC2 are dominated by a response at the 4P frequency (é'nj6R«). A similar peak was 

observed for the spar VAWT model in SIMO-RIFLEX-AC at é'né6R«, this indicates that the 

response is resonated by a tower mode of the spar VAWT structure with an eigenfrequency 

close to the 4P frequency. 

7++,$%&'D$%"'H"%1$+%'
The tension in the mooring lines are mainly governed by the response of the platform motions. 

The mooring system   provides the stiffness for the restoring forces that keeps the spar VAWT 

in place. The mooring system consists of three catenary lines connected to the spar through 

two  delta lines each, see Figure 3.3 for the reference system. Mooring line 1 is located ‘behind’ 

the spar floater when considering the streamwise direction. A time series of the tension in 

mooring line 1 and 2 is shown in Figure 5.29. 

 

Figure 5.29: Mooring line tension in HAWC2 and SIMO-RIFLEX-AC (LC6.1a) 

The response shows that the tension is governed by the surge motion, which accordingly 

follows the short-term mean wind speed. HAWC2 computes a lower tension than SIMO-

RIFLEX-AC in the mild wind-wave environment of LC6.1a. A vibration-like response can be 

seen in tension of SIMO-RIFLEX-AC, this is likely related to the spar’s yaw response. The 

results from statistic analysis is presented by Figure 5.30. An interesting finding is made with 

respect to the mean values. The mean values are lower for HAWC2 in both mooring lines at 

all load cases. This could be related to the fact that no hydrodynamic loads are acting on the 

mooring lines in HAWC2. As mentioned before, the mooring system is modelled by a set of 

matrices. On the contrary, SIMO-RIFLEX-AC models a physical mooring system from non-

linear bar elements that are subjected to hydrodynamic loads as calculated by the Morison 
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equation. The exclusion of hydrodynamic loads in HAWC2 is also likely to be responsible for 

a lower standard deviation in the tension of mooring line 1. The standard deviation of the 

tension in mooring line 2 is higher for HAWC2. This may be related to the more energetic 

response of the spar platform. 

 

Figure 5.30: Statistics of mooring line tension in HAWC2 and SIMO-RIFLEX-AC (LC6) 
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This thesis deals with understanding the dynamic response characteristics of a spar VAWT and 

analyzes the fully coupled methods that can model this floating concept. A solid basis of 

understanding is created by comparison of the spar VAWT with an equivalent land-based 

VAWT in a variety of (un)steady wind- and wave environments. The numerical tool that is 

used for performing the fully coupled aero-hydro-servo-elastic simulations is SIMO-RIFLEX-

AC, a verified code with its aerodynamic model based on the AC flow theory. The 

implementation of this theory – and modeling methods of other physical phenomena – is 

subjected to a code-to-code comparison against HAWC2. This is done through dynamic 

analysis of the rigid land-based VAWT in steady wind environments and the spar VAWT in 

unsteady wind-wave environments. This chapter presents the conclusions of the work related 

to the VAWT model comparison in Section 0 and the code-to-code comparison in Section 0. 

The recommendations for future work are given in Section 6.3. 

UB@( ;,#'*8+&,#+(-3,%(A#H2+/&0$/&#0(/:2(?J$3(1)57(;:$3$'/23&+/&'+(
The basic understanding is formed from a steady wind-only environment at wind speeds in the 

full operational range of the VAWT rotor. The structure is excited by aerodynamic loads that 

oscillate with a 2P frequency from zero to a maximum value. The 2P effect is found in the rotor 

speed response, whereas the yaw motion of the spar floater absorbs some of the energy and 

responds with the 1P frequency. The aerodynamic thrust excites the first tower mode of the 

land-based VAWT, an effect that is strongly reduced by the spar VAWT. Rotor thrust also 

causes tower tilt, which in return decreases the aerodynamic loading and introduces additional 

gravitational loads at the tower base and mid-blade. The flatwise blade bending moments are 

mainly governed by gravity, whereas lead-lag blade bending moments are mostly induced by 

aerodynamic torque. Mean platform offsets can be significant at higher wind speeds, up to 

n!'Ó6o for surge, ‚'¨" for pitch and ié'é" for yaw. The 1P yaw response and mean tower tilt 

ultimately affects the generator power, which is 4.9% lower at cut-out wind speed as compared 

to the land-based VAWT. 

Irregular waves are introduced to investigate the influence of hydrodynamic loading on the 

dynamic response. The stochastic components in the wave environment add excitation loads 

on the spar floater in a broader frequency range. The wave-induced platform response is mostly 
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noticeable in heave and strengthens the 1P effect in surge and pitch, which increases the 2P 

effect in the fore-aft tower base bending moments by a factor up to k'i with respect to its 

standard deviation. The flatwise blade bending moments are also affected by the wave-induced 

response, mostly for low wind speeds. 

Turbulence in the wind field introduces extra frequency content in the aerodynamic excitation 

loads that significantly affect the dynamic response of the spar VAWT. The 2P effect is 

reduced, but standard deviations increase with a factor up to ! for rotor speed, ié for surge and 

n for pitch. The increased platform response also brought forward motion coupling in surge-

heave and sway-roll. The variation of wind speed in space and time (turbulence) decreases the 

variation of rotor-averaged aerodynamic loads, the standard deviation is reduced by 4.2% for 

rotor thrust and 10.7% for aerodynamic torque. 

UBE( ;,#'*8+&,#+(-3,%(/:2(;,62M/,M;,62(;,%J$3&+,#(
Before performing dynamic analysis in HAWC2 and SIMO-RIFLEX-AC, the generation of 

the wind and wave fields is inspected to ensure the land-based and spar VAWT are subjected 

to similar input conditions. It is concluded that wind turbulence, wind shear and waves are 

modeled correctly. The first part of the code-to-code comparison isolates the aerodynamic 

model, the different implementation of the AC flow theory is notable at the tip-speed ratio of 

approximately j'é. The induced velocities in the codes are corrected differently, causing lower 

mean aerodynamic loads in HAWC2 in a steady wind environment. The aerodynamic torque 

is generally higher in SIMO-RIFLEX-AC at all tip-speed ratios, which can be related to the 

inclusion of tangential terms.  

The effect of dynamic stall is studied through a stepped wind field. Dynamic stall significantly 

amplifies the 2P effect on rotor speed and becomes increasingly important at lower tip-speed 

ratios. Using the Stig Øye model it is shown that the lift force at the mid-blade is decreased in 

the upwind rotor half and increased in the downwind half. Comparison of the dynamic stall 

models in HAWC2 and SIMO-RIFLEX-AC shows in general a good agreement, but output 

parameters and the influence of the aerodynamic models constrained a detailed analysis.   

The fully coupled capabilities of the numerical tools are compared by placing the spar VAWT 

in realistic environments. Analysis of the platform motions shows higher standard deviations 

in all DOFs for HAWC2, also a stronger coupling in surge-heave and sway-roll is found. The 

yaw response is at 1P in SIMO-RIFLEX-AC and at 2P in HAWC2. Differences in the platform 

response is likely related to the mooring system design. The introduction of turbulent wind 
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shows higher mean aerodynamic torque for HAWC2, whereas this was opposite in the steady 

wind cases. With respect to the internal structural loads, HAWC2 models larger tower base 

bending moments and shows a larger wave-induced response. A concentration of energy at the 

4P frequency is found in the PSD of the fore-aft moment. This could indicate the first tower 

mode of the rotor-spar combination is around é'nj6R« in HAWC2, where a similar peak is 

found at é'né6R« in SIMO-RIFLEX-AC. The mooring line tension in SIMO-RIFLEX-AC is 

higher in mean value but generally lower in standard deviation. This can be related to the less 

energetic platform response (standard deviation) and the inclusion of hydrodynamic loads on 

the mooring lines (mean) in SIMO-RIFLEX-AC. 

At last a comment on computational efficiency of the numeral tools. HAWC2 is approximately 

2 to 3 times faster than SIMO-RIFLEX-AC, but is also more storage intensive due to saving 

the output parameters at every time step. 

UBF( L2',%%2#6$/&,#+(-,3(.8/832(5,3=(
There is many fields and modeling methods in the dynamic analysis of floating VAWTs that 

remain uncertainties, such as the aerodynamic and dynamic stall phenomena. This thesis 

included a comparison in fully coupled methods of one code to another, because limited 

experimental data is available. It would be interesting to verify the numerical tools with field 

tests at the multi-megawatt scale. 

Until such field measurements are available, it is required to perform research with the 

currently available tools. This study addressed the differences in the hydrodynamic models of 

HAWC2 and SIMO-RIFLEX-AC, but analysis on the induced responses was limited by the 

dominant aerodynamic loading. A load case with an isolated hydrodynamic model could be 

designed for this. Also the effect of the non-physical mooring system in HAWC2 could be 

addressed in future work. In such study it would be desirable to subject the spar floater and 

mooring system to the exact same environmental conditions, which requires an extension in 

the compatibility of the codes.  

With regards to the aerodynamics it is seen that the modeling of dynamic stall and dynamic 

inflow has a significant influence. It would benefit the accuracy of the aerodynamic load 

prediction if methods are developed for modeling these unsteady phenomena specifically for 

VAWTs. Here is is important that the aerodynamic model used is accurate and that the method 

is also sufficiently efficient for implementation in fully coupled time-domain analysis. 
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This thesis work brought forward a couple of aspects that can be used in further developing the 

spar VAWT model. First of all, a reduction in the dominant 2P loading can be realized by 

inclusion of more blades and/or introducing a helical shape. The influence of multiple blades 

in a H-type rotor is addressed in recent research, this can be extended by studying the effect of 

helical shaped blades. The 2P effect excites the tower modes of the land-based VAWT. If the 

current design is converted to an onshore concept, the inclusion of stiffening guy wires should 

be considered. Simulations using the spar VAWT showed a strong structural response at the 

tower base of around é'né6R«, a frequency that is not observed in the land-based VAWT 

response. It would be interesting to perform a modal analysis on the spar VAWT, and 

investigate the response characteristics around this frequency. The spar floater is originally 

designed for a HAWT concept, general optimization can be done to improve the dynamic 

behavior of the floating VAWT. 
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