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Abstract

A series of coupled time domain simulations considering stochastic waves and wind based on
five 1-h time-domain analyses are performed in normal operating conditions. Power performance
and tower base Fore-Aft bending moment and pitching motion response of the floating
spar-buoy wind turbine with 2 MW direct-drive PMSG have been analyzed by using HAWC2
that account for aero-hydro-servo-elastic time domain simulations. When the floating spar-buoy
wind turbine is tilted in the wind direction, maximum of platform pitching motion is close to 4°.
Statistical characteristics of tower base Fore-Aft bending moment of floating spar-buoy wind
turbine are compared to that of land-based wind turbine. Maximum of tower base Fore-Aft
bending moment of floating spar-buoy wind turbine and land-based wind is 94,448 kNm,
40,560 kNm respectively. This results is due to changes in blade pitch angle resulting from
relative motion between wave and movement of the floating spar-buoy wind turbine.

Keywords: —‘?——‘E’r” =8 ¥A7](Floating wind turbine), 2 & & 27| (Direct drive
generator), 2I}-Fo](Spar-buoy), ZHE F ES?L(Platform pitch), Oﬂ—?l}/—‘i 717
(Permanent Magnet Synchronous Generator)
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Fig. 2 Floater top position (zero equals to 10 m above mean sea level) as a function of time in static equilibrium condition:

no wind, still water.

Fig. 10 2 MW §-+4] A5} 50| (Spar buoy) 24 & @ LA A w2 =& AA|5HSIt. Fig. 1914
ol (Mean sea level) $19] 992 2 MW & G124 24 159 5 L4710 i3t -9} 512 =o] 2§ 2170
T, 3 ofdls A Ant ol ZE 0] 771 Zo](Draft), 277} W AE Q] FA9} Zo] thste] LRIt 4
A B (Static equilibrium) ATE}E YJ5te] HEFZ AL F4:0] 0 m/s, THe 2 AL o7} Q1 ZH2eE B (Still water) ol A

05-2000 s¢] AIZFESF ARRS ABshct. HABAA Slotel LMW G744 48 75 FALA7]9 ofel2 %
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Fote o FAEY, 33 21719 AL AR FAF)E AFste] 912 H8ots 544 Azt o] ZHF &
H(F) S Dt A 2449 Zojo} M AES] RS 285191 242 Table 19] AT Fig, 2=

AL (Floater top) ol 4] A7t w2 AFolE 8 2% (Heave)-S YERH Ao|tt, 25025 AoE 2252 0.0035
2 744 Stk 5002 9 12819) Aot 58 950 (.02429) 7715 Zheth,

ofst

Table 1 Mass per length according to floater length

Floater length(m) Mass per length (kg/m)

0 139,501

5135 139,501

51.45 139,501
100.08 4,420
107.98 4,420
108.08 13,767
122.08 13,767

3. H[O]A| A%

Table 2 Baseline control system properties

Peak power coefficient 0.482
Tip speed ratio at peak power coefficient 7.17
Rotor-collective pitch angle at peak power coefficient 0°
Rated mechanical power 2179 kW
Optimal Cp tracking K factor 0.132 MNmy/(rad/s)2
Kp of torque controller 1.742 MNm/(rad/s)
Ki of torque controller 0.391 MNm/rad
Kp of pitch controller 0.123 rad/(rad/s)
Ki of pitch controller 0.624 rad/rad
Coefficient linear term in aerodynamic gain scheduling 4.835°
Maximum generator torque 848.9 KNm
Minimum pitch angle setting 0°
Maximum pitch angle setting 90°
Maximum absolute blade pitch rate 4%/s

Table 200 2 MW 214 758 344 F237]9] melof ot 23] A2 o] 4o)4 Alol7] 582] o1l kg AN
shick. o] B4 59 9] o] AAg2 0|8 AN SASHAE S44] Aol A2 Hg etk 44
o A2 2 MW 4% 15 F2 PH/ADL FASHL 14 A% 2R Sle] 448 FHLa7] 2

ARE ZoR ofglt). o] $8 ¥y Bdl9] 15 A= (Operational data)2FEH HAWC2 Alof7] T2 T3S

il
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HS2PIDE AF&-stith. HS2PID+=

2 MW BT 2 TS R ATHRO| B2 237|0| T3 2S5 _ S

FHEA719 P Aloj7]o] tiste] parameterd] g 2ol ZRIHO = A

Table 29 A 27317] 912 Aok 7] w]2] A|ofof vl A|] Al (ke), A A€ (ki), Optimal Cp tracking factor

Fig. 32 32 goloflA W S5 AAE ZHZE et Zloltt. F50] B ¥4 8 m/sE 7HAHA 85

(Fluctuation)she 7€ HelZth B $42 9 £ 9158 2 W 71 4 4 Qi Foldl 71719] e 52449 3
r

stoict. ol2ig S7he] 147 e

23709} £ (3-25 m/s)E 7HAHA i $55 0171 5t Rise

NS A Sk 225t] 100158 100574 5719 B2 U5 doleE 44
o|El7} £ 51502 H o] 9T HAWC2 2 AXs]olx] A} gro] A, 22,

B3 288 249} 5o}t U2 288 Mann turbulence 298 AF251%tH. Mann turbulence 292 €712
E 37 oA SRS ARt 2 37 HEH A2 33 u, v, w SEHEE] HaE Atolof| A A= At

AE 7HIT o ollA 7t Mz9] Aol 247 150 m, 150 m =4 2 MW 4 53 88 §4719 =5, 897t

ezt ot ZaHE| L 2 5otk MW A 158 Ho Al el uha 7] o) 27T (Tref) = TEC 61400104 A 2] =)o)
20145 =5tglet. 5719 1A17E dlof8 o i k2 &ls}7] S1sto] Fig. 49 2ol = Anhe FUt A o= A4t

oJ
S
Q)1 vpgte] Hioka} nh o] Hheke Al x| 6l= COD(Co—directional) = A5}t

S

Wind velocityimss)

S L = T B R T =]

=

(=]

Fig.
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Time(3ec)

3 Wind speed at hub height[m/s]: seed number 1001
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5. I&5ts
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Fig. 4 Water surface time history

HAWC2 codeof| A £85HA dl=& B2l FA(Morison formular)& 7]8H0 2 6} 9t} Re|d FAIL upat B
o 2H1 7t nRh BRA 2B AR A-go] "t Ay o] T 9] 71 BaAof gt T ] do]
22849l 31 41(1)9] ma]& 2o oJa)A AR oA,

dF= IOA U +pOA Uvrel—i— pDO Tel| U;el| (1)

A(1)2 FA4 (flexible) Sl 71 (Slender) +2-&(Structure)ofl tiote] H-g-o] &o] D/L €0.29] 2702 A WA g
O 2A BRE-I Y2 I (Froude-Krylov) ¥ 2= Qoto] WetE|] G2 wof oot g 28 A &
tfisto] 2kl ofste] Fofziet. & HA 2l e 171 Eof w2 Aol oA ol ofek. Al fA]
% (Drag force) ol el o} FA] Afoofl A AT A2l 22 ol WAttt Ap F7HEF Al4-(C) 7t ¢
o] B4 71 T Folrt. e A2 A& e wA 9 ol 49 L5 W gholoh, A(1) 9] 7 WA &
oA A o] FHEEE FohA Uehdtt. 2 AFollA 27t AefAl et 48 Al dutE Risp AIAGHgEC = §7}

BA
AF Aa 0969954, FE AT 0.622A F-A|o] Tedo] T 5 goz HEstof AutstAtt. o] Ao ge2
BG4 Av} ol 3 S| oA G 3o 2] 2 AE2 Re 5:0] A Fof thate] HEH Aspolct?,
U = Uy— Up @

Joint North Sea Wave Project (JONSWAP) A E& o] B4 2|5t5 AlAts}7| SJa]] AR&E o] F Tt JONSWAP A
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Ol

Ege 2alo]d The g2 918 B9H o AHEg ol

o

6. 252

o7} vhete] ojste] BE A7) v vighl ot $4e AE AvEolary, vt x84 HojHE
Johannessen'of] 9Jsto] BAPE APHQ] RS AFgSHAT). o] $7 Ho|ElE ZAS e} $Isted Weibull £E7} 1
2= ATt Weibull £X+= A(3)oA F4 mi7HH<(a: shape parameter), & o 7H#H<(3: scale parameter)& 28

2 gt o] 2709] iiAE F40) B (V)T EEBRA(0)o] gt ool S0l 4o 147 HHEFE(V)
O] FHE L= 4(3) 7 2}, Johannessen 22 Statfjord &7 0lA 1973-19994 7]7te]| FAlofl Gojut= BT} ot
Hlo[HE 7oz RHotH it o] RE2 5 Hzo]of|A ol Bat T&o - 22 uHe] 9] ohal(Hy)
o 2|t 2HE F7|(T,) 9 e A7t Teo] glrt. o]t ol 4= ==&317] Slste] A(3)~(8)ll s3I

Table 3 Design load cases

Load case Wiz H; T,
- (m/s) (m) ®)
1 3 1.88 9.73
2 4 1.96 9.73
3 5 2.08 9.75
4 6 222 9.79
5 7 2.36 9.83
6 8 2.52 9.89
7 9 2.68 9.96
8 10 2.84 10.04
9 11 3.01 10.12
10 12 3.19 10.20
11 13 337 10.30
12 14 3.55 10.39
13 15 3.75 10.49
14 16 3.94 10.59
15 17 4.14 10.70
16 18 4.35 10.81
17 19 4.55 10.92
18 20 477 11.03
19 21 4.98 11.14
20 22 5.20 11.25
21 23 5.43 11.37
22 24 5.65 11.49
23 25 5.88 11.60

Vimean: 10-min mean wind speed at hub height, Hs: significant wave height; T,: peak spectral period
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F(v)=1—exp[1—(V/3)"] (3)

A (4)= v ol (Wind shear) B2 = A Ee] AMEE= power laws A6ttt A4 ax T4 siYEHS Sl6]
A== 0.1 g2 ARskAn VIH)E A5 EolA Y Bat F4(V) otk V()= 512 EololA ] Bt F4(Vinean) Ol
o H & B+ s ol 2 Holl A7 9 07} 10 mo|th. z 3{HoA <] oloft,

V() =V(H)(—)a @

Zoldl 7, H, 2, V&) 0.2 A2l VIHYE =8 4 9let. A5} S-oImhm(H) | o4 grolrh Vi) A8 2k
0.2 3-25 m/s2A Table 3] VyoOlth. [ = Gamma @42 A(5)014 o112 A48l gJted A2 El gl
99 TFTE A kT ZoA 2 2A2 1/30] Sgehe shoe) BFgko 2 Aot

© —y
T
/N
|~
~
b
Q ._
——
=~
Nl
S

1 o
E(H&)—ﬂ’l"(;+lj— 5)

46), N a, B, T&V)ell st Fr2A S|4 =78 w2tH al, a2, bl, b2 = S4d HolEE 7oz
st doj1 274 Agoltt. 714 28H A al, a2, bl, b2, b3 & 22 2, 0135, 1.8, 0.1, 1.322 |tk

a=a taV 6)
B=b, +b, V" (7)
A@ZFE LA VH)EHA(0), (6), (N REE AMot] ol dH Fout(H)7F 2old 4 et S4H HolH

71902 RASHE Ao N EEH Vi, H 8 22T i AFEY Hrfjof sjg51E F71(T,)o] et 22472 2E
Johannessen of 9Joff A= 9T AAH E(T,)= A

E(T) = (4.883+2.68 %) X[l —0.19

V—(1.764+ 3.426 H™ j
1.764+3.426 '™

Table 39] 3~25 m/s & Bt TE5(Vipea)> 549 F2(Tower base Fore-Aft bending moment), 358 2%
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2 MW FAHY 21 158 R4 ADHR0| S 27 (0| Ty 2531 _ 8=

(platform pitch), &2 (generator power) W32 g915}7] loto] A E| et AEH Ve T2] S o E(H) <} E(T
9] zko] Al(5), (8)2] A A 9l g4 (analytical function) S 7 & 5o SATATEH (Sea states)S A 2|5+ 1 Table 39 Ur

17
EFi $ITt. Table 30714 % A E AEE Vinean, Hs, Tp 0] 2322 1A7F Bt T4 E018 (3~25 m/s)fl tiste] A]
Edlo]do] A=A

7. Bit 4 o
Fig. 501 Ho+g<0] S7Hetel & & 58 (platform pitch) 25 A7+ AAoIT. § 58 259 A, 214

m/s O1% % 421 4, -2° =5 fAdT F 58 250 - = BV e e s £ 58 2Ee 5t

10 1 1111 1111 17 17117 17 17 17 17 1T T 1T 1T T T1T°°T
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8 | . . . RE S E @i -Mean i -H
L A Min
6 ‘\ v st |
24T ;§§;§E§§iiiiii__
D i.i
E2_ ! .I. . ’ : 7
S0 ariieessiiieereesryiiilg
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g | o -
o 4r : .
6 _
8 _
_10_||||||||||||||||||||||||||
01234567 8 91011121314151617181920212223242526

Mean velocity(m/s)

Fig. 5 Statistical characteristics of the platform pitch motion for combined dynamic wind and wave cases (Black symbol:

floating spar buoy wind turbine with direct drive PMSG)

Fig. 6 Table 39] load case 69141 9] F-74] 8 4719 F-&8 25l teh 2 EHS Hepd Zlo|oh, o] of

§ ~HEFL 0. 1H0)A 77 2280 o372 A0, Waveo] FeH ¥ 267 £5.09) AHEHL Hr
AT k400, 1H) o 225 0.098Hzo) 4 H9] o]ui) 2 e
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Fig. 6 Platform pitch PSD of the platform pitch motion for load case 6(Vimean: 8M/s, H: 2.52, Tp: 9.89, random seed number:
1001) in Table 3
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Fig. 7 Tower base Fore-Aft bending moment for the subjected to irregular wave and turbulent wind actions: wind speed

refer to the load cases in Table 3
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Table 4

refer to the load case 23 in Table 3 (Solid line: floating spar buoy wind turbine with direct drive PMSG, dot line: land based

wind turbine with direct drive PMSG)

94,448 kNmo|tt, B

3,618 kNmo]

Bl

=
s

25

_q]

l

2 w7

ZBAE 11,580 kNm oT}, 244 An} Ho| &

=2

1

Std

11,580 kNm
3,618 kNm

Max-Min

94,448 kNm
40,560 kNm

i}

1

Il

7}

=

[¢)

Floating spar wind turbine

/4 $8 A7 A 220%
Land based wind turbine

Table 4 Load variation of maximum, minimum and standard deviation in case of 25 m/s in Fig. 7

Tower base Fore-Aft bending moment
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Fig. 9 Damage equivalent load of tower base Fore-Aft bending moment for seed number 1001 (Black symbol: floating spar
buoy wind turbine with direct drive PMSG, white symbol: land based wind turbine with direct drive PMSG)
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Fig. 9= 57 Fofl A dAA 33l seed number 10012] ZAA 2 MW G144 24 53 A4 F2HA7]
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Fig. 11 Generator power for the subjected to irregular wave and turbulent wind actions: wind speed refer to the load cases

in Table 3 (Black symbol: floating spar buoy wind turbine with direct drive PMSG)
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