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Abstract

Increasing energy demand coupled with pollution free production of energy has

found a viable solution in wind energy.
Land based windmills have been utilized for power generation for more than
two thousand vears. In modern times wind generated power has become popular
in many countries. Offshore wind turbines are being used in a number of
countries to tap the energy from wind over the oceans and convert to electric
energy. The advantages of offshore wind turbines as compared to land are that
offshore winds flow at higher speed than onshore winds and the more available
space. In some land based settings, for better efficiency, turbines are separated
as much as 10 rotor diameters from each other.

Among all the components of offshore wind turbines, the foundation and tower
play a key role in the stability of whole system because it is the most affected
by complex environmental conditions such as the wind, wave, current, tidal etc.
And the foundation cost is a larger percentage of the overall cost structure for
the offshore wind turbine system. This thesis is aimed to investigate the wave
effect on the wind turbine system. The bMW NREL reference wind turbine with
the monopile foundation is chosen for the load calculation. Various wave load
cases are applied on the offshore wind turbine system to evaluate stability and
economy. Wind and wave loads are calculated using the FAST CODE software.
Quantitative and qualitative analyse are performed. This work is to simulate

systematic and optimized load cases for wind turbine system.
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2.1.1 FAST CODE

FAST v7.00 AZEdoj&= NRELAA w23 2oz FHEHIe 2d A

A, AR 2 2E Y T AEdolde] Jted Y Zrados FH

Hulg AEsE J¥E 23

I Qqth[3] FASTE Fatigue, Aerodynamics,
Structures, Turbulence®] <Az 3 =2

HlZ © FFASTY &= F¥

S 28, F2H A4sE Z2agold o

3 AeroDyn(v12.58)AF8-2 T} [4] Fig. 49 %]

El =
Ao FAHAAS AX FF ZHE dA du o] F TEaPS FEo FAST
CODEz&} &kt

AL
1=

System .| User-Defined
Properties Routines
v Yy
FAST AeroDyn
Input Files Input Files
FAST |[«—— AeroDyn
Simulation ‘
(exe or Linearizatior
Simulink DLL)“ v (exe only)
Time-Series Periodic State
Data Matrices

Fig. 4 FAST CODE Mode of Operation [3]

2 HY & FAST CODEZ #4387 YA e Ed ol =(Blade),Z & E (Flatform),

et 9 (Tower), Alo](Linearization Control) 28 i o] o] £ (airfoil) & Z-&

System PropertioesE H o] E{(dat) JLZ ZA o HB o]E A&l
35342 v} Fig. 53 22 Y= (input data)S BIE 22 AeroDynol A
Ed oz FEE ALtEA B0 old EEoAY FE&HEHI 2aR st

B dToME TubSim AZEAE A3 IECY 1A t= THUoHE

AT 6=



HEIL AREET6,7] TurbSimel Wid 432 tg o 49st=s o

Inputs read in from ascodyn.ipt:

AHT-2TCR asrodynamic parameters for FRET cartlficatlon test #1.

[H3 Fitching Homents calcoulated]

[Hormal and Radial flow inductlon factors calcoculated]

81 Unita for input and output
BEDDCES Dynamic atall modal [ Baddoas |

KO CH Ampodynanic pitching monent model

DYNIN Inflow model [Mymamic Inflow]
SHIRL Induction factor model

0,004 Convergence tolerance for induction factor

[Hot Usad) Tip-loss modal

[Not Usad) Hub-lass modal

"Hind/ARTZ2T/50el2 30 wnd™ is the Hub-height wind filae

42,672  Wind reference (hub) height, m

0.3 Towar shadow centerline veloolty deficit

1 Towar shadow half width, m

2,432 Towwr shadow reference point, m

1.22% Alr density, kgq/m*3

1.463%-5 Kinematic alr wviscoalty, mt2/'ses

0,004 Tima interval for asrodynamic calculations, sec

10 Humber of alefoll £iles wsed. Flles listed below:

*Rarobata/MHT2T/MRT2T 05 . dat®
"RaroData,NHTZT/MRT2T 15 .dat”
=Rarobata NHT2T/MRT2T 285 dat”
"RaroData/WHT2T/MNRT2T 385 dat”
=Rarobata NHT2T/MAT2T 45 dat”
*RaroData/MNHTZT/MNRT2T 5% dat®
"harobata/NHTET/MRT2T BY.dat”
"RaroData/MNHTZT/MNRT2T 78 .dat”
"Rarobata,NHTET/MRT2T 85 .dat”
"harobata/AWTET/MAT2T 9% . dat®

pii} Kumber of blade elements per blade
RELH {m] Twiat (dag) DR [} Chardim) Flla ID  Elam Data RELM ard Twiat ignored by ADAMS  (but
present)
1.8128% 5.8 1.2573 [ L] 1
.07 5.2 1.2573 1.04% z
432730 4.66 1.2573 1.14% 3
S.EE4RE 0 393 1.2573 1.124 4
G 841 Z.64 1.2573 1.084 5
E.l 1.53 1.2573 0,976 &
9.35545% 0.3 1.2573 0.38% T
10.61305 D.23 1.2573 (L] E
11.87108 D.08 12573 0,651 £l
13,1235 0.03 1.2573 0,433 1
Hub~helght wind file info:
Initial horizontal wind speed = 12 mps
Initlal wind direction = M) deg
Initial wertical wind spead = 0 mps
Initial horiz. wind shear coeff. =0
Initlal power law wert. wind shear coeff., = 0.2
Initlal linear vert. wind shear coeff. =0
Initlal gust wind apaad = 0 mpa
EEDDOES DYMAMIC STALL FARRKETERS:
CH ELOFE E.0090 E.0130 E.0ZED E.0340 E.1ZED E.2040 E.Z2T10 E.ZRED E.15ED
STALL CH [UFFER) 1.8030 1.B13D 1.B17TD 1.8z200 1.7430 1.67TT0 1.61ED 1.7310 1.7430
ATALL CH [LOWER) -1.0000 =1.0000 =1.0000 =1.0000 =1.0000 =1.0000 =1.0000 =1.0000 =1.0000
ZERD LIFT ROX =4. 2450 =4. 2560 =4.2T30 =4.ZESD =3.297T0 =2.4E4D =1.TEZD =1.4010 =1.ZTED
HIK DRAG ROR 0, 000D D.0non D000 D.ooon D.ooop D ooop D.000n D000 D.ooon
HIK DRAG COEFF D.o1oy D.0101 D.o094 D.o0al D.ODED 0.0071 D.ooEd D.0o0&2 D.00E4
WORTEY TRANEIT TIME FROM LE TO TE 11.00000
FRESSURE TIME CONETANT 1. 700000
WORTEX TIME CONSTRHNT &.000000
F-FARMMETER TIHE CONSTRNT 1.000000

Fig. 5 AeroDyn AXE o]

Input file [4]

placeholders must ba

E.11ED
1.8400
=1.0000
=1.2320
D.ooon
D.oonsk

FASTE 5% A% Z7& Fig. 63 20] 2¢ & 9o Adg F7hse] 48t
33 53 e AREL 2942 = A



FAET certification test #1 for AWT-Z27CRZ with many DOFs.

uliind Zzimuth TeetDefl BootMycl BootMucl BotTorg YawBrMzn TTDspFR

(m/=ac) (deg] (deg) (kN m) (kM= m) (kT m) (m}
1. 1.180E401 1.031E+00 2.035E+01 3_€13E+01 -2 _ZROE+400 4.%2Z7E-02
1. 1.B31E+01 5.g97E-01 2.085E+01 3_558E+01 -1.%%cE+400 4.%20E-02
1. 2.482E401 £2.%46E-01 2.238E+01 32 _E2EE+01 -2 _.42€E+00 4.%20E-02
1. 3.134E+01 8.081E-01 2.447E+01 3.514E+01 -3.Z8€E+00 4.%20E-02
1. T.116E-01 2.6TZE+01 4 ZHZE+0O0 4.9%1BE-0Z
1. & 0&e7E-01 2.Be2E+01 J124E400 4_.%13E-02
1. 4 %43E-01 3.011E+01 .GHA1E4+00 4.

1. 3.751E-01 3.110E+01 4 _S0JE-02
1. 2 .45BE-01 3.1%1E+01 J143E400 4_8%7E-02
1. 1.1%EE-01 3.2T71E+01 .134E400 4_8%6E-02
1. -1_301E-02 3.353E+01 J121E400  4_8%6E-02
1. -1.483E-01 3.424E+01 .S08E+00 4_8%5E-0Z2
1. B_.5899%7E+01 -2 _775E-01 3.485E+01 .54gE+4+00 4.8%3E-02
1_038E+01 9.E45E+01 -4 _041E-01 3. 4€28E+01 JOZ2TE400  4_85ZE-0Z2
1.03%E+01 1 -5 _241E-01 3.431E+01 4 _Q5ZE-02
1. -&.357E-01 3.3€5E+01 4 _Q55E-02
1. -T7.37BE-01 3.27TeE+01 R 4_BAS3E-02
1. 1.228E+02 -8.296E-01 3.1TO0E+01 1. 4_20ZE-02
1. 1.2%1E+02 -5.103E-01 3.045E+01 1. 4 S05E-02
1. 1.356E+02 -5.793E-01 2.902E+01 g 4. E-02
1. 1_421E402 -1_036E+00 2.743E+01 1 4_%03E-02
1. 1. 486E4+02 -1.079E+00 2.5T0E+01 1. 4 _S1ZE-02
1. 1.551E+02 -1.107E+00 2.384E+01 2. 4 5S14E-02
1. 1.617E+02 -1.121E+00 4_054E+01 2.178E+01 3_7TeZE+01 2. 4_%17E-02

Fig. 6 FAST CODE® Output file [3]

A &% 2(Simulink)¥® MATLAB7| 9] AZEg o2 AojdA RN 743 I
AHEETh oo FASTE ANEHAS} 4239 AHEE & =S A4 Hiuoh

E dFddME FASTOA AF3e DLLAYS o] &3te] HUE Aojsty &3}
S th.[3]



2.1.2 TurbSim v1.50

FeEe

e} v}

[-'E
o
ol

=S A8 93iA IEC 61400-1 ed. 39 AATFEZANTM)
A ob sttt oo TurbSim v1.50& AF&-3stE Tt [6]

tl
mlo

Turbin Input File, Valid for TurbSin vl.5,

--------- unting (ptjg=--mmmmrmmmmemme e
BT RandSeed ! - First randon seed (-2147B9B4A to 21 4BTRAT)

RAALLY RendSesd? - Sacond randon seed (-214PBB4A t 02\47483547) for intringic pRNG, or an alternative oANG: Ranlu” or "ASNLY"

False el - Qutput hub-height turbulence paraneters In binary forn? (Generates Poathane.bin

False Rl - (utput hub-height turbulence paraneters in foruatted forn? (Generates Pootlane dat)

trig BrilHH - Output hub-heisht tine-series data in deralin fom? (Generates Pootane.th)

False el - Qutput ful -f1eld tine-series data in TurbSin/beralyn forn? (Generates Paotnane bts)

tri IrBLFF = Qutput full-field tine-sertes data in BLAED/AeraDin fors? - (Benerates Roothane. )

false IriTi - Qutput tover tine-series datal (Generates Roothane, tor)

False BrAe - Qutput ful -field tine-series data in fornatted (readable) fora? (Generates Footane.u, FootMame.y, Poothane.v)

Tre Irict - (utput caherent turbulence tine stens in deroDin fore? (Generates Poathane, ots)

Tre Clockvise - Clockvise rotation laoking downwind? (used only for full-field binary files - not necessary for derolyn)

I Stalel B - Seals IEC turbulence nodels to evact tarset standard deviation? (0=no additional scaling; 1=use hub scale wnifornly; 2=use individual scales]
-------- TurbineHode | Spec fcationg———————m

15 fubridZ - Yertical grid-paint natrix dinension

15 Hunbrid. ¥ - Horfzontal grid-point watri dinension

i3 Tinedtes - Tine step [seconds]

il hnalysisTine - Lenath of mnalysls tine series [seconds] (pragran oi 11 add tive if necessary: AnalysisTine = WAX(hnalysisTine, UsableTinesGridbidth MearHhiS) )
il lsableline - Lsable length of output tine series [seconds] (orogran il| add Grickidth/NeanthS seconds)

bl Hubt - Hub bt [m]( fould be » 0,5<Gridtsiht)

.00 Gridfeigt - Grid hew il

.00 Gridbidth - Grid width [u] (should be »= 2+(RotorRadiug+ShaftLength))

1 WFlovkng - Vertical nean flov (uptilt) angle [degress]

1 Hloving - Harizantal nean flow (ske) angle |degress]

-------- Heteoralogical Boundary Ennditinns------------------{

“|Er Turblodel - Turbalence nodel ("IEOKAL" <l *IECYO0"=1on Karven, “GPAL", “IWTCLE", "SHOOTH, “VE LRV, “WF 0", “WE_LAD", or WOKE')
|- ECstandard - uuber of IEC BI400-» standard (+=1,2, or 3 vith optional 61400- 1 ition puter {i.e, 1) )

W [ECturbe - B turbulence characteristic (*4", '8, C" or the turbulence Intensity In percent) ("KHTET" option vith MVTCUP nodel, nat used for other nodels)
R EC¥indTyee - IEC turbulence tyne (WIH'=norual, "WETN"=sstrene turbulence, "EWNI"=ewtrene 1-year vind, "sEWWED"=sstrane S0-year wind, where vvind turbine class 1, 2, or 3)
fafault Elle - B Extrene Turbulence odel “c" paraneter [b/s]

i FindProf ileType - Wind prafile type ("JET", "LOB"=logar ithuic, "PL"=power law,"IEC"=PL on rotar disk,LOG elseuhere, or ‘default’)

o ReHt - eight of the reference wind speed [o]

u [Pef Mean ( tot a\) yind speed at the reference heldht [n/s] (or ‘default” for JET wind profile)

fefault Tletha et height [n] {used only for JET wind profile, valid T-430 4)

L ALEp P aiponent [-] (or “default”)

iy il - Qrface roughness [ength ] (or “default’)

-------- Hor-1EC Weteralogical Boundary Condit fong-mmmmmmnmnmv

fefault Latitude - fite latitude [degrees] (or “default’)

T RITHAO - Gradient Richardson nusber

fefault Btar - Friction or shear welocity v/ (or “default’)

fefault 1 - Wising Layer depth [n] {or “dfalt)

tefault ol - Hib nean 'y Revnolds stress (or “default’)

fefanlt ] - Hib nen 'y eynolds stress (or “default’)

fefault P - b oean v'v" Revnalds stress (or “default’)

fefault IncDec] - u-cowponent coherence paraneters (g9, “10.0° 0.%-3" in quntes) (o ‘default’)

tefault Ineec? - y-coupanent coherance paraneters (2.9, “10.0° 0.3 in quntes) (or “default’)

tefault Incfecd - v=cunponent coherence paraneters (2.8, "10.0 0.3 In quntes] {or "default”)

fefanlt [ofkvp - Caherence exponent (or “default”)

-------- Coerant Turbulence Scaling Paraneterg-mnmmmmmmmmmnmnmn
Mestheventdate” ClEventPath - Mane of the path where event data files are located

Rendn™ Cleventfile - Tvne of went files ('LES", "DNE", or "RANDOH")

trug Randunize - Bandunize the disturhance scale and locations? (true/false)

10 Distsel - Disturbance scale (ratio of wave belght to rotor disk). (Inored when Rendonize = trus,)

0.5 [y - Fractional lacation af tover centerline from right (looking downwind) to left side of the datasat, (lanored when Pencomize = true.)
0.5 i - Fractional lacation af hub height fron the botton of the dataset. (Ianored when Pandonize = true.)

00 UTStartTine - Ninfuun start tine for caherent structures in Roothane.cts [sewn k]

Fig. 7 TurbSim A£XE o9 input file [6]

Fig. 7& w7 9 THHHE 8457 A% TwbSime 943 #<S Hedth
SEzolet dFEAcEE 102 ool AZho] dHEH ok ek F 630% 9
& A3t 30278 6309 tolE ks AREETE[T]
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Table. 1 TurbSimol A AF&7}53 GHHAHAES] 24 [(]

6-Character Input Value Description

GP_LLJ NREL Great Plains low-level jet

IECKAI IEC Kaimal

IECVKM IEC von Karman

NWTCUP NREL National Wind Technology Center
SMOOTH Rise smooth terrain

WF_07D NREL wind farm: 7 rotor-diameters downwind
WF_14D NREL wind farm: 14 rotor-diameters downwind
WF_UPW NREL wind farm: upwind

T Zo] TurbSime Kaiman® 9, von Karman 29 X33 & 871A

0

<,

DA EZ0A von Karman Edo] B W& 2do 13
B F43%% Z2xE dux AMEFHAY. Table2o] whet

A 71E 48 ZAolm=E Power Low Exponent <

.

Roughness length #< 27 0.14 , 0.032 AF&3l%t).

Table. 2 Y&

AEHo]| w2 Meteorological Boundary Conditions [6]

TurbModel

IECKAI, IECVKM

PLExp Z0 (m)

0.11 for EWM
0.14 for offshore (61400-3) NTM, 0.03
0.2 otherwise

SMOOTH 0.143 0.01
GP_LLJ 0.143 0.005
0.08-0.15, increasing with RICH_NO,
NWTCUP 0.3 for KHTEST option 0.021
WEF_UPW same as NWTCUP 0.018
WF_07D 0. 13-0 18, increasing with RICH_NO 0 064
WF_14D same as WF_07D 0.233
olZEA e HFE FASTY AeroDynE 3t Edolx=e F3E AAtstx
AddE TS oo E FHERY 5 S e B0
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222 A4 ¥4 =299 29 (Normal Wind Speed Profile Model)

£223d Ve ARo2RHe ¥ol 29 $+24 BTEES vhehdnh

b

A7|1A, A5 o € 014 & A&

rl

GREFUAY NERES o7 koo E&o UF 0% EHF RO
~o) BN E Bet 2o,

0, = 1. ;(0.75V,,, +b);  b=5.6 m/s

GFETHA 0% GFAE 0/ V,, © Fig. 8% 22T [ & Table 394 F

>
e —
H 3 ——NTM Class A

i oo ETM Class 14
‘ 3 ETM Class lIA

i ~—ETM Class llIlA
\ \ NTM Class B

\

i
A

ETM Class 18

4 ETM Class IIE

A ETM Class B
LRNY — NTM Class C
\ kY e ETM Class IC

\ ETM Class IIC

~——ETM Class lliC

Fig. 8 AT HFEDNTMe et (a) FFEZAA} (b) FHRAE
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Table .3 TELH7] 829 7|2 dstvy

SES el e~ I 11 111 S
Vies (m/s) 50 42.5 375
A L) 0.16 A Z= A7}
B Lot (=) 0.14 sk #
C Les(—) 0.12
Viep 102 B3 7|&55
A B AR I S A
B & WHdEe oigh 7hH e
C A e gk FhH aLE]
L. %] 15m/s ¢ Wl FFAEe 7|HGk
223 FAFTEHZE

& %74 (Extreme Wind Condition)

—L
=

il

o
I
Mo

TERE, F5 9 Hu TS

Ll
Hd
%
ok,
i)
i,
ol
Ap
::l,
ofd
Qe,(-:
o,
il
[
(o
(L
)

2.23.1 S X F&£ 2 Y (Extreme Wind Speed Model)

AF71E e FHES Vi & 19 A

GEFANESELEWMAAE 504 2 199 AGF7E AXE 10879 BF

&g 88 B0 2 9 52 e To] Yehdnh
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P 0.11
o= Ve o)

V,(2)=0.8V5(2)

T WY EFEFHA 0=0.11V, 9 2T

Vi) = { V(z)=0.37V,,sin 3t/ T)(1— cos 2wt/ T)

V(z)

2.2.3.2 ZAIF5F 29 (Extreme Turbulence Model)

I/a’ue )( V'hub
+3)| —=—
Cc

odzcgd@om( .

_14_
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for0<t=<T
otherwise
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23 3% 3%

T3 3 (Regular Wave) AAS Y3 dwtdel steo] F7)9 o] =7 & o] &3
of At AF AFddAE 3tF BAS 7] HIAME A9 o R 27kA] o
MARFE o] & EF& dH(Irregulan) & AHE3M=dl 8 A 9A 22 ~¥EH
T E AHSRTLE] 27HA] miAR e HE 2

H, : Significant wave height (2] 3} 1)

T, : Peak period(+¢ #57])

A2 AA Fe 134A HFE9 AF78 FTE Fol
A T 2¥EY REe AGYE 9A% 527 Hug s HPH A=A
2 #d $EEok] My g2t 4P AF AsEE mde g gl A3
%tk

o)
=
[
14,
{m
ot
rlo
e
Y
e
i
i,
2
oy
filo
do
o
bt

dojth. HFe] Hgel HEAYE
ARHA e $A BIH AP Hg T & Atk oA AGN GRBe 7
&

Spa(f)==0.3125H f1f exp|— 1.25(

%

A7 He F719%2(m), T, JZLF7(sec), f,£ HZ F3A5[1/7,] (Hz),
fe F35Hz) olth
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2.3.2 Jonswap =¥ EZH (JS)

N
o,
o

Adel wet sa B
Fsh =T geld A% ()& EYSFET oi7)A wARS 4 & F2 ¥ 5

5
217 B} (Peak shape parameter) ©]th 3¢9 9 ~¥9EY e o2 Fojxith
S (f) = C(’Y)SPM(f)'Ya
[ 8, (as

0

Cly) = —=
S Smtprar

o) YA e G2 2

B ( <ffp>2j
a = exXp| —

20°f%

A71A, o9 g2 o&F 2.

o= 0.07 for f<fpr
0.09 for f>fp

g =284 320 B (Peak shape parameter) LS th&3 7o}

T
5 for L < 3.6
\/HS
(575 L15—F )f 3.6 Tr _ 5
y=4exp(5.75— 1. or < <
\/HS \/Hs
7,
1 for >5
VA,

_16_



Aol Ak, 9le) A v A e B 2dAEY e £

_ 2 f\° fe\!
SJS(f)—O.325HSTP(— exp|—1.25(—] [|(1—0.287In~)
fr f
Fig. 92 PM 2HEZHZ JONSWAP AHEZHE vludt RHo|th F
o SFI(T1)7F 33s, FYTFIL(H)7 15m ¥ o JONSWAPS

~HEGo|t}, T Cly) =1¥ & PM 2= EZc] "} [12]

exp[ 0.5[ fpg

._kll

Cly)gkel 3.3%

L

Jo

T
1
i
1
1
i
1
1
1
|
1
1
1
—— e m e e ———— =
1
1
1
1
1
1
1
I
o ] ] .
|
!
1
1
o ] = ]
1
1
1
1
H

=g
e

wave spoctral density [m ZHz)

Fig. 9 Pierson-Moskowits Vs JONSWAP spectrum [12]
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7198 #EH FAE AT AoAzde] dsith[9] FHETAVIE AAY HE
qiA FeiZ HEFIH T FHHoE HA - f

A dA) 2ol mEFHolof I} FHLAY] AA S AHEH FAFE, H7], A
of, 729, A2HT IF - 25, 7ITEHEYL T THES HET €2 AT

go] 95l o3 Uk olFd /FEIG AL LAY FFEH B
%

B

HoF AN BAstE RAE Add Fo3 JFE 0 dFE uge EFH
A& Fo2 Ud F sled 3L dAHeE A7) & 52
=L
-1

sE dgold. $Euge BEo ERsl: gEome

2

]_
37
EREEE:

E

e ARF H7, F1, 7% 2= dde RFoz HF F2E Yz 4
B 7 A EA 7bF 4A 2 9L A A 27 o] 4

BHY 222 A§¢Th HFY Y F8E 5L BFIYlnE 29

2o ow 4 4UE BASE AEsL v, oYt T2 JNE

Moz Sasolcl $Thl10] T BANY R4 1 FXY FPo HE

FHRAE A T2 4A A FGW Ao 93

o Wy mde AAd Agduibe 4, FEE ¥4, 48 Ju ol we

_/r_

2ot oA AdeEd #E dA Tt sted dASe W

ol
PN ofy

a

s

Al

X!,

i)

A



2del A AAE qEEn o MARERY FzES 7 Bie] LsE 2
ol mele BANonRE FHH BE Fo o

A £59 AEEE AL

HFEHoE H¥e 57 2dg oz AASA v

_19_



31 34 8 T A7 »d

2 dTdA

assembly)2t v 2A7] FAHEF XA FZE(Supporting structure) 2 T4 E

2

gAaecg 373 Axde 2y -v4d 2 (Rotor-nacelle

NREL(National Renewable Energy Laboratory) SMW Baseline model Phase IIE
AAste] AlgA AAFZELS FiglloA € ¢ 5] Ex3<U(monopile)
A& AbEsit[11]

From [m] |To [m] Diameter [m] | Thickness [mm]
387m 1 <
------------- = cememememeeeo-o. B46m Monopile -3 -10 7 70
Transition piece |-10 10 1275 §7.5
Buttom tower 10 19 1.275-6 87.5-26
Tower 19 5.6 6-3.787 §8-26.2
Tower 25.6 84.6 5.787-3.87 26.2-19

6.0m

19.0m

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 10.0m

0.0m

7.275
_______________________________________ -10.0m

7.0m

Fig. 11 NREL 5MW Offshore Baseline model Phasell Properties [11]

Table. 4 NREL 5-MW Baseline Wind Turbine®] =2 #|¥

Rating 5 MW
Rotor Crientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3mis, 11.4 mis, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80 m/s
Overhang, Shaft Tilt, Precone 5m, 5° 2.5°
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg
Coordinate Location of Overall CM (-0.2m, 0.0m, 64.0 m)

_20_



Fig. 12 Figure of SMW Baseline model Phase II

Table. 49} Fig. 129 F€EHH Y FoALdT 4 742 JeERAATH
Ed o] =(Blade)®} A (Nacelle), =zto] B E# ¢l (DriveTrain), EFY(Tower)e &

A% % WBET 2& E4S Table 578 AP

Table. 5 Blade structural Properties

Length (w.r.t. Root Along Preconed Axis) 615 m
Mass Scaling Factor 4.536 %
Overall (Integrated) Mass 17,740 kg
Second Mass Moment of Inertia (w.r.t. Root) 11,776,047 Kg-wf2
First Mass Moment of Inertia (w.r.t. Root) 363,231 kg-m
CM Location (w.r.t. Root along Preconed Axis) 20475 m
Structural-Damping Ratio (All Modes) 0477465 %

_21_



Table. 6 Nacelle and Hub Properties

Elevation of Yaw Bearing above Ground 87.6 m
Vertical Distance along Yaw Axis from Yaw Bearing to Shaft 1.96256 m
Distance along Shaft from Hub Center to Yaw Axis 5.01910 m
Distance along Shaft from Hub Center to Main Bearing 1.912 m
Hub Mass 56,780 kg
Hub Inertia about Low-Speed Shaft 115,926 kg-m2
Nacelle Mass 240,000 kg
Nacelle Inertia about Yaw Axis 2,607,890 kg-m2
Nacelle CM Location Downwind of Yaw Axis 1.9 m
Nacelle CM Location above Yaw Bearing 1.75 m

Equivalent Nacelle-Yaw-Actuator Linear-Spring Constant

9,028,320,000 N+m/rad

Equivalent Nacelle-Yaw-Actuator Linear-Damping Constant

19,160,000 Nem/(rad/s)

Nominal Nacelle-Yaw Rate 0.3 %s
Table. 7 Drivetrain Properties
Rated Rotor Speed 12.1 rpm
Rated Generator Speed 1173.7 rpm
Gearbox Ratio 97 1
Electrical Generator Efficiency 94.4 %

Generator Inertia about High-Speed Shaft

534.116 kgem’

Equivalent Drive-Shaft Torsional-Spring Constant

867,637,000 N-m/rad

Equivalent Drive-Shaft Torsional-Damping Constant

6,215,000 N-m/(rad/s)

Fully-Deployed High-Speed Shaft Brake Torque 28,116.2 N-m
[High-Speed Shaft Brake Time Constant 0.6 s
Table. 8 Tower Properties
Height above Ground 876 m
Overall (Integrated) Mass 347,460 kg
CM Location (w.r.t. Ground along Tower Centerline) 38.234 m
Structural-Damping Ratio (All Modes) 1 %
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321 A2FH Z=29%d 294 (NWP)

A4 2 (Power Law)dl] 93 Z2dRAL =014 AAIIIDR o]= ZHY
AHA Y AR FEHS] AL Figl3S 34 gAY FEEd77

oA slEEHe FAZA Fol7F 90 m o] oW HYFTE ZEHA B

£0[(m)

100

20
80

70 /
60 /

50 /

40
3a /
20 /
10
/ . | | _ EE

6 7 8 9 10 11 1z 13

Fig. 13 3] HEo](90m)dlA F4o] 12m/s BF43ESE5 Z209Y = (NWP)
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322 AddFE4d (NTM)

GREDL Fig. 149 Zo] 2282 Yehd F vk 8 =EXE Class A
At AlE(Bm/s), AZA(12m/s), TH(@5m/s) F& A Von Karman EE& A}
3o} o} 9] Fig. 14, 15¢ Zo] ¥/ E B3I AF, B4, T2dA G/
£ 217} 41.86%, 19.46%, 1558% = 4 22U52 R/l AdAE 2L 2 +

frt oo

s
n

E5(m/s)
45 - =——3m/s NTM (Turbulence Intensity =41.867%) ——12ms NTM (Turbulence Intensity =19.467%) ———25m/s NTM (Turbulence Intensity =15.584%)

- LY .'nilh‘ g ik AN T LK RSP AR AL L
AL lﬂl..ilnﬂ“ AL LT mun.umu..x ,r'm

B

ER R R R i e P R R g Rt R I R R e - e B R (P

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 12k (sec)
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

S (deg) ——3m/sNTM —12m/sNTM —25m/sNTM
100
80
ol 4 | |
40 L | n |
20
0
; AlZH(sec)
-20 = = 5
-0 it LI ! '
-60 l
-80
-100

Fig. 15 Class IAA Als, A7, S FHAA Y AYIFEAINTM ] F3Fst

_24_



33 g =4

A EAsgT,

3.3.1 39 o gF(Wave Height Effect)

57 & g (Irregular)®] 332 (Wave Height)¥He HEAA 23 (Monopile) 71%
ZEI FHEEHIC wAE 5 TS Hrhgn A4 g Frle 10%,
FAL 20m AT FH, Im T 10m E BFAA FFY Fo|E Lol FIT A
AL A E(Cut-in) 4m/s , BB F%(Rated speed)d! 12m/s, = (Cut-out) 25m/s 3
7HA] F&E AL oen, A4 4F ZE(Normal Turbulence Mode) & AH&-319)
}.

3.3.2 ¥ F719] 4 F(Wave Period Effect)

.l

B3 3 (Irregular)®] IF7](Wave Period)5Hg WA A Z 33U (Monopile) 7] %
o uAE 3FY L FUtet 4% FFV= FIe 2m, TS 20mol A
12 7 122712 ¥3t A a5 238 Hrtein. F52 AE, 44, FE¥S5E
dAsRen, A vy ZdE AREE R

3.3.3 49 93 (Wave Load Effect of Different Water Depth)

F£e 43 $52 A% IR FUs 48%n EFI%E 448 F=9 g
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rlr
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34 3t554 HAA

Fig.17& 3244 7]

lo,
W

Hlol = (-20m)¢t s+ ® 2P fFEE VIFLE +£10m APES TFHE F 4329

A #Fe BHSRET % GAR F3 sEst Beols, JARE, Edels
=

FERET 8 Woigdn 3

o
2
e
ol
pots
kY

(Fig. 18) st &4 10& HolHE

& AHgstel Haast

XK horizontal in direction of the rotor axis,
fixed to the tower

ZK  vertically upwards

YK horizontally sideways, so that XK, YK ZK
rotate clockwise

XF horizontal

ZF wertically upwards in direction of the tower axis

¥F horizontally sideways, so that XF, YF, ZF
rotate clockwise

Fig. 17 8247 F3EA[5]

(Tower top)

"‘ E4.6m
7
7=
— 7/{;‘% . L ——p Blade# 1 Root

| !

(Tower height 3 |50,
lean sea level (Tower height 2} o
{Tower height 1 150,

(Tower base) 20.0m

Fig. 18 Edlo|=2} g9 3t5 54 1A
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1 49 4%

Fig. 1991 = &5 4m/s, 12m/s, 24m/sol A Ao 5mol A4 30m7tA] 5m 7H
o= FVMAA FEHEHI M FAHo] mAE JFS HATEQT AEEHY =4
AS d3zet g7 474 Im, 10s & 23 AT

b

lo,

Time Series Plots of Wind Speed

40 T T T
4m/s
i H : 12mis
35 : H : 24mis
FT N W I —C 1T R AT S——| N | Y SN NP | I S S S PR S SN S _
§ 25
L]
E
'E P S | | NN IR O S S | SR ) YL R )| A _
&
E
515
1
PP S SRS SO | (T Ll WA ATE B, LTI S Bl Bl BLR F R R U _
5
o i I i i i
0 100 200 300 400 500 600 700

Time (sec)

Fig. 19 Time series plots of Wind Speed (4m/s, 12m/s, 24m/s)
Ef o= FEA FF WHI= Fig. 200217 Y. Edols FEF 3359

BF wAe W gl FEHo] THEHITH2Um/)EH A FETS(12m/s)ol A
=

Zre Bt ols % glulo] 7|E2F o2 3¢ AE (power Curve)d &9
o
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kN £ H510] 2 Blade Root FMxy

Fig.20 S5 F4dste] uhg Sdo]= FEF|A FMxy &5 3}

Time Series Plots of Blade Loads (Water Depth :20m)

TR N'i A —=
WJM:‘JW '}w \W‘ }n ":v ;wwmmf :

RootFMxy (kN)
]
-g’i‘ .

RootMMxy (kN) 00
o - = ~ w N w
< h 2 © & © o
~ o &8 & &8 & =8
' o
3
N

g s
5_""‘|"’r W I'{m"d mb Mﬂwfﬁ{% ‘l” i 'l“ W N

Fig 21 4] 20mollAd &0 w Ego=FE &5 W3}

Aol & F&5HE ol whet Fig. 229 o] 37HA] Aol R=2 ZAFHAT. A ®
A, vkgE YA FF Z2€9 AUt HEE FEEE] AoEE 9 (Region Do
o F HA, 38 ERElY £ 397 B4 F(rated power), P E FAHE

% 9 (Region IIDolth o] FFelMe LH718 &Fo e FYPE FA 7L 7
A4E 2He 2es oA Hu AHHer HF FH(rated wind speed) ©]
e 97 dAFA KA ok s AR o2 A ojg H(Region DF 9] F
2 949 (Region III) Aol o] & 4 (transition region)o|th, F FHo] A= g
HEE A7t #dHE Fholy 7 EQMAT AHolth o wWEd FAFE
A 7Hg & sk #%E vERdth[14,15]
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Region]  Regioill Region Il
Rated dlecirical power

Electrical power

rﬁ/ i i i i i i i | i

|
T T T T T T T T T 1

i
2 4 6 8 10 12 14 16 18 20 2 24 %
Hub wind speed [m/s]
Fig. 22 ¥2w7)e) 8 207 Alo] 4

TEETSAA A

I

& z7AdqA & #Wolg(Yaw Bearing)oll A dt5S ZZAEE
<% 23 e EAT Edol=9 34T FMxy #2 5 a5l Aud |9F
F€ 29FH A= gF 9Fo] HEA de Es5E BoEn.(Fig

F= 559 FFo] APHeZ HE3E FMxy, MMxy#d & &

BEel UeuE AL ¢ F vk BY A& HF) oA B4 10m AA7
A A9 AT e BAFA, B EF(-20m)¢ -10m, Om, +10m A3 9] 3

s

[\)
“
[\V]
NN
p—g
ol

ol
Y
)

Fe $40 FHEFE BYHEE 243 AFH02 3o TRE A2 2
g &tk HAW -10melF BRAN  FAlo]l GFo] @o| ZolEm F HFY

A g wrol 2718 F7HF Bol #AAF AES & F Uth(Fig. 25 729, Table. 9)

H310f| [}2 Yaw Bearing FMxy

2500

2000

W3m/s

1500
W12m/s

W24m/s
1000

500 -

5 10 15 20 25 30

Fig. 23 $5%3 4 W3lo] w2 2 wojy oA FMxy stsH3}
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§

Time Series Plots of Yaw Bearing Loads (Water Depth :20m)

T T

— 4m/fs
Z 1500 | T—
= 24mis
E‘.xa I .l i |I | ! | l | i
E ] : I Jl L | | I f
S - .
3 500 i 11k : A | i #
! 1 . il I 1 " |
(]
% oA 200 300 § 400 500 600 700
Time (sec)
- B0 i | | .
T Gk e !
2 : W g h ,hﬂ I-N il ]. i f E | .I- '1'
X 4000 § P A |.lul. I ' Vi | N et Pl 1
H ER | Tl il { Tu
= 2000 bl ' R P PN 1 i rl! oy
3 Ll
o 200 300 400 500 600 700
Time (sec)
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Table. 9 B9 91A9¥ sls X @ 24m/s

Water Depth(m) Minimum | Mean | Maximum | StdDev | Skewness | Range
Htl (-10m) | -127600 |24319| 146600 | 35407 | -0.087866 | 274200

3 Ht2 (0m) | -114600 |22036| 132200 | 31841 | -0.087806 |246800
Ht3 (+10m) | -101600 (19747 | 117800 | 28284 | -0.08794 |219400

Hil (-10m) | -169500 [25655| 189000 | 38174 | -0.18465 |358500

10 Ht2 ( Om) -151800 | 23229 170200 | 34311 | -0.18418 |322000
Ht3 (+10m) | -134100 | 20814 | 151400 | 30468 | -018394 |285500

Ht1 (-10m) | -183800 |27051| 195200 | 40833 | -0.25718 |379000

15 Ht2 ( Om) -165200 | 24448 | 175700 | 36614 | -0.25847 |340900
Ht3 (+10m) | -146600 | 21904 | 156000 | 32499 | -0.25841 |302600

Htl (-10m) | -166900 |28502 | 173300 | 42599 | -0.15836 |340200

20 Ht2 ( Om) -150000 | 25726 153500 | 37997 | -0.17285 303500
Ht3 (+10m) | -132500 |23041| 137000 | 33713 | -0.17316 |269500

Htl (-10m) | -146800 |29929 | 203600 | 45251 | -0.082339 |350400

25 Ht2 ( Om) -132900 | 27017 175700 | 40099 | -0.10904 | 308600
Ht3 (+10m) | -117100 | 24161 | 154500 | 35541 | -0.11464 |271600

Htl (-10m) | -145000 |31349 | 218900 | 49314 | -0.046901 | 363900

30 Ht2 (0m) | -132700 |28300| 188300 | 43361 | -0.070856 |321000
Ht3 (+10m) | -117500 | 25266 | 163200 | 38295 | -0.08193 |280700
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42 FA%s Bt W

BE 5o APHOR FFE ¥ gYHolzdA FAFYG EFFH HE v
3] Bt A4S 20mE AR LM Adm/s, 12m/s, 24m/s 37FA] F & F A
Frol g aHs) St 7 FF7(Tp), BRAFN S DTUNA E£9FE B 3
47 Z=7(Table. 100 o] &3tAth[16] T 4dm/s & o 993z Eole
1.18m, Y #F7]= 4.23s, FAATE 36& H&3 A

Table. 10 ¥% &= ¥ 3de7d =1 (DTU)
Wind speed [m/s] Wave height [m] | Wave period [s] Peak-shape parameter
4 1.18 4.23 3.60
6 1.28 4.20 440
8 1.50 4.26 5.00
10 1.71 4.35 5.00
12 1.99 4.51 5.00
14 2.32 4.72 5.00
16 2.68 5.01 5.00
18 3.10 532 5.00
20 3.54 5.62 5.00
22 3.92 5.95 5.00
24 4.40 6.16 5.00
26 4.83 6.41 5.00
28 5.64 6,90 5.00
30 5.34 0.88 5.00

Zm/s & W frejsaier w9 #F7], FRATE A 19m, 451s, 5 otk FE
T 24m/sY W HARA L 440met 6.16s FAAFE 52 AASA A
t}.(Fig. 30)
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Time Series Plots of Wave Elevation
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27 AR FE £5& dBU] BEe AU = A5 Fo R of

Ehel w0 £ 9] FMxyae &

Jlet,

Table. 11 BFgH o]~ FMxyol A & atot B2 9o 943 njal

Wind Speed Minimum | Mean | Maximum | StdDev | Skewness | Range
Irregular | 0.35969 | 186.22 896.65 14327 | 11576 | 896.29

am/s Regular | 0.062171 | 247.72 784.6 15776 | 053728 | 78454
12m/s Irregular | 15052 | 58477 | 20159 | 358.09 | 064206 | 20144
Regular | 24277 | 62415 2012 407.37 | 0431258 | 20096

24m/s Irregular | 29917 | 70648 | 29534 |530.38 | 14861 3867
Regular | 15796 895.9 3870 520,74 | 047016 | 29518
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Table. 12 BFfuo]= MMxyol A s 2 ako} &t 2 oko] J3F vjal

Wind Speed Minimum | Mean | Maximum | StdDev | Skewness | Range
Iregular | 26368 |13940| 52920 10167 | 11081 52894

s Regular | 31583 |13985| 58216 | 10484 | 1.029 | 58184
12mys Irreqular | 119.85 |61423| 196330 | 31249 | 0.38786 |196220
Regular | 40323 |61476| 183650 | 31401 | 0.28212 |183240

24m/s Irreqular | 14476 |51575| 197240 | 31563 | 1.0687 |197090
Regular | 35506 |51865| 202850 | 31346 | 10451 |202490

24m/se A 7032%8 HAE Reltd ok 1 F&% URW We) Jgoz
od FAAt FAsE AAe 2 FHAY A9 BRARRT &7 Hy

S 2 AAT BYHlo] 2(FMxy)e] FFAQ 2 4m/s, 12m/s, 24m/sol A
133%, 106.7%, 127.2% & 247k ZF718t 5 th(Table. 11712) o] AL Hxe) F7)9 &
o|7}F dA3A 283t WE BHEAHL st B EFAAERY A A=
g &+ Aok (Fig. 3D

o
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43 ¥31 g (Wave Height)
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Table. 13 E}Y Aol wh& Fare] 43F : +10m, Om, -10m

Wind Speed Load Point Wave Height(m) Minimum Mean Maximum

2 -12220 11002 48500

4 -15550 11050 49040

Htl (-10 m) 6 -24150 11184 49640
8 -33050 11460 51800

10 -48100 11964 75160

12 -66840 12796 117700

2 -10790 9806.8 43740

4 -11590 9810.7 44300

4 Ht2 (0 m) 6 -15560 9827.5 44860
8 -22020 9875 45760

10 -33080 9988.3 46570

12 -49900 10213 63440

2 -9667 8616.9 38910

4 -10490 8618.3 39390

Ht3 (+10 m) 6 -13640 8621.5 39890
8 -19590 8627.4 40710

10 -29180 8638.4 41460

12 -44110 8656.4 52790

2 -46680 53784 174300

4 -48590 53833 174800

Htl (-10 m) 6 -50780 53967 175200
8 -52860 54242 175500

10 -54670 54746 175800

12 -57310 55573 194700

2 -41380 48547 156500

4 -41780 48552 156800

12 Ht2 ( 0 m) 6 -42290 48568 157100
8 -43270 48615 157400

10 -44500 48728 157600

12 -46020 48948 157900

2 -36300 43302 138900

4 -36760 43303 139200

Ht3 (+10 m) 6 -37480 43307 139500
8 -38310 43311 139700

10 -39390 43322 139800

12 -40720 43335 140100

2 -167100 28392 172300

4 -167100 28440 174400

Htl (-10 m) 6 -167100 28573 178200
8 -167100 28849 183100

10 -167100 29350 190400

12 -167100 30176 200200

2 -149600 25715 154200

4 -149800 25719 154100

24 Ht2 ( 0 m) 6 -150100 25735 154300
8 -150300 25782 154600

10 -150500 25893 155300

12 -150700 26111 156900

2 -132000 23038 137600

4 -132300 23039 137500

Ht3 (+10 m) 6 -132500 23042 137200
8 -132700 23047 136600

10 -132800 23056 136000

12 -133000 23068 135100
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