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Abstract: In this study, an integrated simulation method of floating wind turbines based on wind-wave joint
probability model and Modelica coupling simulation framework is constructed for the development of
renewable energy in the South China Sea islands and reefs. Taking the island and reef sea area of Sansha City
as the research object, the joint probability distribution model of wind and wave is reconstructed by historical
meteorological data, and the data of island and reef sea area of Sansha City are established by combining with

ocean current data. Based on the Modelica platform, a fully coupled numerical model of aerodynamics-
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hydrodynamics-control-structure-mooring is developed to study the coupled dynamic response characteristics
of Spar-type floating wind turbine in the island reef area of Sansha City. The results show that the peak pitch
angle of the platform is 4.74° (<5 ° design threshold) under working conditions. The maximum tension safety
factor of mooring system meets the requirements of China Classification Society. Under rated conditions, the
turbine speed is stable at 11.98 rpm (rated value 12.1 rpm), and the power output reaches 4.60 MW (rated
power 5 MW). The research verifies the engineering applicability of the proposed method system, and
provides an innovative technical evaluation framework and scientific decision-making basis for the
deployment of floating wind power projects in the South China Sea islands.

Key words: integration analysis; Modelica; joint distribution of wind and wave; Spar-type floating wind

turbine

0 5l

I

MR T HLERERTAT 70% (Y IX 38, 20 it i T PO BB DR . 1 L XURE AR LE T i XU AT XL
. KU AR AN SRR SR, T ER AT LA BRI, B AT R & B s Ak hT
AR & L AR/ N353, BT LUK S - KU A AE AR R 2R . e B XA, 325K
RML— AR AT B AL KB R e s ke 5 2R .

FEUG 07 RAL— b 0 BRI ST 5 1T, 00 R F 4 e s 2k fr A il R 405 S AL i
NS EPE T TIAELEBIG , PRI 75 o i 2 UL T ST B L N B 2 7 20400 B TR —
IRA B R ZE 0] 43 = AN, S BR R ML AR TR AR 2 A TF IR AR A 0 e 28 51

(D FE R BT wn, B RTE R 044 19 77 R BL— AR 05 B8 E Bladed, HAWC2 il Orcaflex
A5 (O TEJFIR SR, 38 FE n] BEE BB 92565 NREL JF & ) FAST £ 45852 H R i oA ol () —4 4k 05
B, 3)IFIRIR RIS A THIRACAS A SE AL, 25 X0 A4 DR Y, 5 H A E A B il 8
AT, AR XA KWL T — IR ST TR R IR . X ISR R ] FAST At IR A A5,
5] 41 Matha %5 "6t FAST 19 /< 3l B e Aerodyn 1 K 3l Jg 4 B Hydrodyn 5 22 4 £7 31 i1 5 % 4
SIMPACK #1454 3 i 2 KL A T S22 5 L. Ormberg 25 4% Simo—Reflix >R it #% 5 Aerodyn i
FTHBA, (o O AT AT A4 XUBLEE 5 ML B vk A JE AR A — A L R 48 . Roddier % &4
T TimeFloat-FAST 2 %¢, 314 Hiz T WindFloat & i — Ak 5 2 p™ . Yang 2™ F1 Zhang 45
4 FAST BYER B AT U I 5K S R AQWA T84 G, R T X T AR S & s
B, BIANTEF- 5 F et B AR s TR e

8 T DA B IR = AL S BB 05 B0 40, BT AT B4 27 v ARt AR 4k T, 91 40 Hu 250
TPk T —FET SADA HLESE: I 7 B XML A& 05 R S, 4 i Chen 2" JF & ) DARwind
TR KWLM B R G TR B ), 5 SR 45 SR AT x0T L, W& T

SR, LRy B il A7 AE — el (1) Bk A (4 R A e s i 7 28, (E G P 2R 3K
AN BB Ho—, OB DL H B R, MELLE BT AR S A B R R H T, RS

B (2)%FF FAST S8R TH K dfi s, FLHT Fortran 918 ] b B A A 2 8 USRI RAIG . AT 4t
PrE2E, BRSO I (LA T AU R DO B AU Z A I AZ G R . (3)FET AR
FRYe— R ARG, TR BRI RL, BEAFHRLIY2E > BAR, R T2 AT E XU
Ky T AR LA L ), — ey T AR R A S R B R XML TR,
Herh Modelica 15 5 LAH AR A AR A7 R 1] 0] G i 075X, Sk oe A TR A — 2w i i
HBL— IR ELER AR . HAR SR : (1) FIH Modelica i 5 A4 EEAS AU i, 455 T 340 25 dt 40 o7 & A
PR AR, BT B AR AR SC AR MAE HARRTE 5 R, 555 2000 B 4R, BRI ARG



55 2 1 PR R XGRS Spar B9 237

"o TERIH I T RERE, Modelica 10T Z0R AR5 H, FEBERE H AR WA, SR a3 R FH 2 Fh A0 5K fi
J5 2 CUNRAS 35 1 | dassl AR K38 ) 45 F s it [ 204 T s SO R g R4l . RHRFSE &, ANFe B gk
SEEE BT R, v DARRAREBIE R, £ 124 R . (2)Modelica il 7 T MLAL EABE FIZ G Ak 43 25 ()
ST 2R R EIEAR s . BRI S, T B @ A F A A7 A A8E, U0 P i 45 A AR 2
[i] 19 2 22, FH X A A 3t e A, 4 AR TT DL s A ot 1 AR, R T AR A A R R
(3)Modelica P & 3 & MU BILE, H 14 Z 0k PEn] KR 5 L7 XL AR, 4 2 2R Jr 2 i 4%
(R AR BREE A CRD, B ZHRTHT R RCR

A5 K Modelica 15, FETHGHEIS , MR EHIS  BAEL I B MRSl E 57 Spar BITE
KB R E TR, LA [ p 5 P Y 5 = 70l J8 BRI [ B iigdek, %) 5 MW—Spar 77 30X
BLEEAT—ARAb AT, AR I S R v LR I S 2%

1 HEEBETGZ®

1.1 B

R A5 32 6] [ 500 1 R R U R (NOAA) i, 8 1 P9 VD 15 J] 0 Vi 3K TR Be R Ah 15 5] 2966 m,
L2 H T 5 20 A REE T it 2, S BOLKIR KR AE 200 m yu I Z N, RSO G2 e T/
INZAL, KRR 250 m % 400 m.,

B 7oA B et i B bR KR 5 Hywind—Spar 72 28 KUBLE 6 37K I8 (320 m) Bk 350E, 4
5% o L NREL OC3-Hywind Spar %! 5 MW /K477 28 XL 1 3EF T AF 5% .

AN KB ZEATE 2N E 1 FiR, S HT L& 1-3,

"~ x1 FXEEEMEESH
. Tab.1 Properties of floating platform structure

. 2 Bl
VA KL TR (BIZK) 120 m

,,,,,,,,,,,,,,,,,, PRt A

K L& e 10m
FaE (FHRE) 7 466 330 kg
g AT AR
B FH LB 89.9155m

ETFEOLMTGHEEIMRE 4229230 000 kg'm’
KT EOMTEMEENME 4229230 000 kg'm’
KT ELWTE MR E 164 230 00 kg'm’

% 2 5SMW NREL Xl EES#
Tab.2 Parameters of SMW NREL wind turbine

g ZH Bl
o4 S BEDR 5 MW
2o BT - {ﬁjﬂﬁ?i?ﬁﬂ Y — ARG P
YAV 1Y) H R 3/11.4/25 m/s
VI /51 5 % 7 ok 6.9/12.1 rpm
i Ferrigariit 63/1.5m
Fift R (AT ) 80 m
e e B R (XIS ) 77.6 m
T e UL H4m
1 NREL OC3 Spar 5 MW 2t RHLILA 28 BILA AR X 22 59 % B A 2.61x10° kg'm’
Fig.1 Basic parameters of NREL OC3-Hywind Spar LS dpinny 5.68x10" kg

5 MW wind turbine RSB XS 1.16x10° kg'm’




238 WEAR 127 5530 455 2 11

x3 RAEESH

Tab.3 Properties of mooring

e EYC(E 24 HE
R 3 RlEE HAR 0.09 m
HH AR 4% T £ 120° B AR BT e 77.7066 kg'm”'
TEIREE 320m IR S A 698.094 N'm '
UL 70 m s ek Ul 384243 000 kg'm |
TREFE T A B 853.87 m R I 42 e 98 340 000 Nm-rad '
AALAHUR S A e < E 902.2 m

1.2 i KIZE A 18
RILIFIRI 7S B RS B0 € (o), AR A0SR — e B8, v] IS 2Rk s il
M =F, M
b T k. Fom AR E =9\, 2=h15, 3=115, 4=RE3E, 5=9\FE, =TT ), My, AR BT IERE R,
Fy i, o5 7ok, Ash, R&infssr, BP0
F,= F;-lydro 4 FWind | g-Mooring |_ prCurrent Q)
b FPY oK gl Jydms, PV RS shaimg, FMeoe g ZRIA 3, FOre SR 2 .
1.2.1 K sh#far it
Xif PN BT HE 2D i, AR
F;*lydl’o — F.,S.tatic + F}Nave + F?l’ag (3)
2o P Sk a1 52 0y, iR n i Py R Ty, th s R SV (s i ny gt £ g rEre e
F1, T RGBT 20 TR, T SRR R 2 A A R 5 R AR A SO AR R (B PEBLIE 7 .
1.2.2 sl T3 S5 il
AW A R I8 1B AeroDyn Kt i A 2R R 3h&m )l . 78 AeroDyn HR FHI
R STHE A Sh#E, IR T T RSMEIE . @R 1D ShiEBie I 2D RS < sh A
4, #57 BEM Pig, Jf-i i Brent's Method (755 [ 1 (AT A TR A, i VB I E R R B
s, I N LS5 SCk[17].
PR A R AU i A g — AR 2 BRI 2% o S XU N T80 XU B, SR FH & F LA R 4
g T, DARAS e K UL 25 o AHEL 2R, 22 RGHE R o 0 KU A st 2 FUILFG 45 2
A P PR A 7 S AN S Bl G AR ) AR S8 0 o ZESXRI OLT, K 2o 25— 28 S R 4 1 % RUATL I ) 2 B A
PEFTRE, DAk B0FR e S sh#kmr T AR e & LG SR AN 20 H AR, e & A= T 8 2R I 10
1.2.3 RIAEAHA
AREARR AL R A XBEL RO RGAENE FRAELCEAh 2 AW, 2R
BT EE, — iR, O — e, FIHREE B B D) A R R AR TR . TR RE 14
7 R T K ELE BAR XTSI LAAE B0 B e mT AR v A 00 07 2 0 L b A A A3 A TR Ay
FEEAERIT A5 RS EE A AR T A 52 ), X —Se sl Re i, Wit g . BRJE T A5 R S 2
FEEENT ZRIARIRIET, ik R IR 2040 T ) FERRAS . Biga sk J1 54528 75 3 48 s A i o7 B AE )
TRARER F R 5 R AT LR R A AR Lk R kR

a5

)MAX (L— o CBw )} 4)

HFL CBC() VF 2
L ) +

&_L—l —4 £
2EA w

[




52 1] WRAKHAAS . RIS BEXTRIE AR T Spar ZY7E - 239

Vi ()
Ao Xp F Zp R R AL s 2 TR B SRR B, o AN BE AR ) SR E i, EA RN, Cg R
TR FREESEERH 1 28, LA ST MR B . SR AR R Kbk A R iz AR 4tk R
1.2.4 Jigkfr it

A A

1 wl?

+a(VFL—T) (5)

Hy
g = —

w

1
FCurrent — ECDpW VZA (6)

K. Cp HHITREL, pw WUGEKFERE, V R SO, A RS i B - A8 .
Spar V-5 1 HL 1 REL Cp=0.6.
1.3 ZX KM — L 2 iriE s

ARWFFER— R AR 3 R 3 S E AR, B Modelica £t . Aerodyn < shafimibitle | sh75454%
J# (Dynamic Link Library, DLL) . FRIb2Z 48, ZEEA 705 B 2 A5 2l AQWA 5 WAMIT S555 8 3507
MAFARTFAANL K B 1280 RGA EE L B AR i e 2 R 2 R, B £ ROR T RGP K&
(P B AT ) 2 Pty o ASEIED A AR M AR P SR8 IR T D SR [19]

AQWA Modelica AeroDyn
Ao Sy i
e Jj%ﬁ NS JONSWAPiJi%
s | Turbsim
{ WA
| Bl s
SEA (s
lEEEN el R4 il 2 o
- MR E
| =SSN
7 HLAE BT
¥ I}
[ |
DLL
S ohEkg
1
4’| AR . U &N |
| st

2 ARG B O R R R

Fig.2 Diagram of system structure and data transmission relationship

P 2 PR T E I RE U R : Modelica #H 32 8 T4 877 X XUBLA S0 00 22 1R B 208, 9F
HAERL T 7K h S g fr i F A, RAR R G T XKML T 8 1 405 AR DB . Aerodyn J& 36
] A F2E BB JR S2 86 28 (NREL) 28 T 3h i Z BT & 17K P 5l L s 4 1, v LS — IRk 0 &
BAF FAST HEA TR, o mT LAVE R SR A B S R Bh ki fof . ANBIFGE X Aerodyn S s fff EASH AT —
I, WIN T 5 OpenModelica - & 1 HAL R HEA T 5 sS40 T RE, I Fr RSB 2R 145 s 0057 5 5k
J Hi Modelica H#%5 @ ZAABIRIR L 7858 Bl— A )25 19350, Aerodyn 2443 sh#k i L (£ 51
A RIS i i e 2 AR AT Modelica B EAT T — I a2 35



240 WEAR 127 5530 455 2 11

2 RURBX A5 hiRE

2.1 RUREESE T

ASCUIARZE 112.3°, 4645 17°( =00 A pR) R IXUR G5 A8, WIR B 7R A TE FAb BE S 2 ERAS—
Interim™ k7S, Hh 40 & TIZARFRALE A 2011 4E 1 ] 1 H 0:00 F 2020 4E 12 J] 31 H 23:00 4/)N b
(AT SC s L ~FI TR T BTRT 10 m AR 10 2324 X Bk}, S 3tAT 105 168 AR ST 04T, H
TR TR A R A T, 5 B LG ol e F ) T, 45007 05 W DNV st s
[RIE, B A G FP s b XL F 3885 B 90 m, IR FHE(6) X 10 mo @y Ak 8 XU 25 4 7 4% 3, LLAS %)
90 m i B Ak T4 XU

UG = U(%) )

A z TP DL S BEAE, Ui 10 mo s AR XU, o JpRLRE B2 ZR A TR 0.1,
2.2 MR GE B MK IREBRREKS 5 H

ARSCRH Li 252 $8 1 SRR 06 B MR 2 82 A AT 4B, rp JXUTR I A A 25 2 38 pR T g X
TR

Jugs e s Py 1) = fu, () * o (Ml tt) + Frojg g (tw lth, 1) ®)

s w10 23080 P2 X 3 28 6, Ay, A G R H S S, o, TSI TR A AR 6, fo, (u) R 10 2304801
47 IR T P AR 3 585 32 O AT BR VB, fgu, Chal ) 9 TE 25 58 XU S5 1 T 19 AT S v HUE 239 % 8 3 A bR B,
Frotvntss (1t o) 265 78 IRGHURIEE 2 25101 1) 1 UEE SRS RO M 39 2 ek B, U, ROR BB 3R AL 10 234
SRR, Hy 2R A SGHR, T, Fn iR g i .

SE SCFRIXGE Uy, FIBEREE fo,, () OB EL Weibull 20T U, A050(9) s

ay-1 ay
ay [ Uy Uy,
=22 el (2]
: B \B P1Bs
K oy WIRIRSEL, B W RBEESEL, LR AR RASR LA, AR SCHFSE I A 45 R a0 3 s o
4 o ST REF (W)
oL 0.8+ o JRUREE
0.6k & Weibull
or 04}
~ 27 02+
o 0 : : : : :
= 41 0 5 10 15 20 25 30
i 3l / 010 - HESR2E 18 MRS (W)
= ot L ’ o JRIAEE
10 Ny~ 0.08 | wei”buu
12+ . . , 0.06 o
il e o JEHARER 0.04 -
. - = Weibull5M i 0.02
ST S 2 L 0 1 2 3 4 % s 0 15 20 25 30
In (Uy) SIS RGHE/(mes ™)
(a) ML BiT5 B Rk (b) 5B PR L

& 3 Xk Weibull 5304314
Fig.3 Weibull distribution fitting of wind speed
TEAN[R]RGE ST [RIAESR RS Weibull 7335 A A 5 04 e ) SR AR 3R 8 E BRI o, (Pt )5 FE

we [ by \™ hy )™
fHS'UW(hWWW):;TZ(,B_HC) -exp[—(ﬂ;) } (10)



55 2 1 PR R XGRS Spar B9 241
K ane WIEIRSEL, Buc WINES KL, 434

Ju—
[\S]

- o S (SRR )
SRS BRI E SRR , SRS P ol — i ()
- ¢ STD (I %)
A, R w | TS e
V8
dyc = Ay +(12 'uij (11) %
b = 6 (-]
Buc =by+b,-u® (12) =
R ay. ay. as. by by Bl by AP BINAELHERLS L oaf
M2 28k, 7T 3 o /N TR 3RS [ 4 SR A
AR A 35 SR 15 0] ) - 149 1 VR 4 25 45 B 4 e  BEERSSeaeesssotpornt-—o———
Xt He gt R, vl LR BPLE G 045 5 5 R G B 0 5 10 15 20 25 30 35 40
W&k PR/ (<)
L1 52 T SRR A28 R B P 4 A RS H, BRI oA
T 7 0 R S R KU A S 7 1 4 FHIERIRELR STD X H

AU 222 557 i B B, S 06 L0 B A 40 A L Fig.4 Parameters fitting comparison of significant wave
. height H; PDF
RS AR N W

1
fT |Uw,Hs (tw |uw9 hw) = - €Xp |:——
’ mo—ln(]‘p)t 2

I(M)] (13)

O in(Tp)

N,
7
F

i
Hincry) = 1n[ s ] (14)

V1,

Ty =In(v, +1) (15)
g
Vi, = —% (16)
HMrp

A g, Mo, A RIXIR A 1G] T, B~ ERIBRIE DS, vr, R IT 22
iB 1L Johannessen $H IUSE T T, IEASSMR IS UL TR Ik, 1S

fr, = 1y, 1) =i(hw)(1 +9(u£(ﬁh(}?v)) ) -

A 0y UG REL 1 () Flu(h) 73 R4 8 Hy 2540 I I VRS 30 401 B8 A A1 2 XUk, s aok Al Ze bk
PG T R X TR A S B A R P Y G A T2 8 e 3L, ansX(18) A= (19) iR
t(hy) =e +e,-h" (18)

u(hy) = fi+fo-h (19)
R e ey s fis fo A HIEARL ISR S8, TS ER ke H, a5, v E T (h) F
u(h)WME. N THESTE RS HEE 0 Fly i9ME, "IN (17) B80S M FIE
g, 1) =T _ 9(14 :u(hw))y
t(hy) u(hy)

A ZE I A 5B I, (u - u(hy)) fa(h,) R IA— AR R, AR 8 SCER[22] A, I3 —1k )
3 H 5 IH— R R BR A SC R, Ir L — B E AT p BUER 1, 6 W a] DL o e/ 3R kb 4 E 40l
BRAG VI v, AT A PR R, R PR

Vro(hy) = ki +ky - explin ks) @1

EIRNAETHE T AR B BN BT LA 280, AR I T A S 2 S 5N 4 B

7, ALERTSRTRIK & i 46

(20)



242 WEAR 127 5530 455 2 11

R4 MRS HHIESH

Tab.4 Fitting parameters of wind and wave joint distribution
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Tab.5 Parameters of design cases
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Fig.7 Time domain motion response of the FOWT
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Tab.6 Time domain motion response statistics of the FOWT
) W ¥i/m TP /m Yz
N : H1H RKR(H H1H RKRMH H1H
LC1 26.08 24.89 0.06 -0.22 4.74 3.16
LC2 33.75 26.08 0.43 -0.25 6.82 4.76
LC3 12.85 8.01 1.09 —-0.013 3.36 0.73
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Tab.7 Safety factors of mooring system

— HERE 1 4307
FHREE MY FEAEE Y PRERHMASEY  CFaME S
SERAEL T4 2. 3.0 2.25 247
SEE 4 - T 2.0 22 1.67 1.84
AR T 1.8 2.0 1.57 1.73
45 A7 T 1.43 2.00/1.57 1.25 1.37
WS e T30 - - 1.22 1.34
WrAs A T - - 1.05 1.16
* 8 RAZNER
Tab.8 Force of mooring cable
TR KA RS RINRGS KK F1/KN GRERH

1 729.428 11.20

SEREAEL T 2 1329.167 6.14

3 1325.797 6.16

X

1 795.653 10.26

Pt JER MRV 2 1057.611 7.72

3 1057.601 7.72

2 524.988 15.56

. ) ! 3 543.042 15.04

L T s 1 272.876 29.93

2 520.356 15.70
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