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ABSTRACT: The present study developed a numerical simulation tool for the coupled dynamic analysis of multiple turbines on a single floater (or
Multiple Unit Floating Offshore Wind Turbine (MUFOWT)) in the time domain, considering the multiple-turbine aero-blade-tower dynamics and
control, mooring dynamics, and platform motions. The numerical tool developed in this study was designed based on and extended from the
single-turbine analysis tool FAST to make it suitable for multiple turbines. For the hydrodynamic loadings of floating platform and mooring-line
dynamics, the CHARMBD program developed by the authors was incorporated. Thus, the coupled dynamic behavior of a floating base with multiple
turbines and mooring lines can be simulated in the time domain. To investigate the effect of asymmetric aerodynamic loading on the global
performance and mooring line tensions of the MUFOWTI, one turbine failure case with a fully feathered blade pitch angle was simulated and
checked. The aerodynamic interference between adjacent turbines, including the wake effect, was not considered in this study to more clearly
demonstrate the influence of the asymmetric aerodynamic loading on the MUFOWTI. The analysis shows that the unbalanced aerodynamic loading
from one turbine in MUFOWT may induce appreciable changes in the performance of the floating platform and mooring system.
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213t 6,000kge] EHZ(Clump) S AT HHZ 10712 #
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< A2 (Morison equation) & ©]-83te] X702 A4tete)
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Fig. 3 Turbine location and mooring line arrangement

Table 1 Specifications of semi-submersible platform

Item Unit Value
Draft [m] 15
Platform mass [MT] 2373.6
Roll radius of gyration [m] 58.99
Pitch radius of gyration [m] 58.95
Yaw radius of gyration [m] 79.38
CG above keel [m] 13.42
Table 2 Specifications of mooring system
Item Unit Value
Number of mooring lines [ea] 8
Depth to anchors below SWL [m] 80
Depth to fairleads below SWL [m] 13
Mooring line outer diameter [mm] 127
Mooring line wet mass density  [kg/m] 281
Mooring line dry mass density  [kg/m] 3229
Mooring line extensional stiffness [kN] 1,377,000
Chain Mooring drag coefficient - 24
Unstreatched mooring line length [m] 500
Arc length to touch down [m] 130
Clump mass density [kgl 6,000
Clump starting point from fairlead  [m] 130
Number of clump per line [ea] 10
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Table 3 Environmental Conditions AFAY AE 5 A3 Hl (Steady-state) & #hollAl & M52 ¢l
Ttem Unit Value Hal & 5 vk shAIRE 47 o] FHEHT] F shte] TRl
Water depth (] 20 Jf—iaol Hd:i}:} %Aio;aa o : ?ﬁiﬁi o 741?2 9] i’b%
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Turbulence type - NTM 900 ~ 1,000% B¢ 0=Z WHIAA G7l7F ©A HE

z, y, 2 BFY £5 RS 7= BE T (Full field) H
o|HE IEC Z~FER o gtao] AJdsto] @%’3}5&3’—, 5B &
©](Hub height)oll -] B F&52 =
g 2U02 fo9kal(Hs) 5.93m, Hdl 7|(Tp) 10.81;, 3
T2 A (Peak-enhancement factor) 225 483+ JONSWAP
(Joint north sea wave project) Z~HEH-S o]gate] E3
AAEHE AR Bt SR dA Z2R/(Current)] 5
£ 1.75m/s0]a, Aol whe} 1/7 | =(1/7th Power law)<
oj-gsto] £ s 2F £EE A&tk &4 shEe

WS Fig 39 AZol4 $3Fo Ak o o4
dlack Ao HeH 4 d59 £71L Table 39 Ve
Ak

z7] F= SHE HA2ATN7] At 400 7HA= A
2 98& ITIF LA, o]F 3600115t Fo17 $7
zzolA sME Faste] Al AlEdEolAd ARES 4,000
HEE stk LRkEQl sjdT2E &% Mo A9, 343
(10,800%) &Aool Q= K2 s 7] side] A
- A5 Al (Power production condition)ol| A= 1417t 8l
A% 7Fsgo] ¢ A JUTHABS, 2014; Haid et al., 2013).
SHRE Agete v AAEe AF el oliol &
H WAMIT ©] &3] Fak GolA & 3 % ol& Azt
o= wghslo] gttt o Oﬂ:r“ﬂ/\‘]“ 174«] A 9
BAETS asion, ZHEFY F e FREl &
HAE A4 398 2es B84S A 8sto A
OE'«] S At AT oluf HIAdE A Attel
H FEREe TEEAY] s F 71%(Column), EE
Pontoon), =4 2 =2 W&kl H#o]X(Brace), 3 7]
WEC, Wave energy converter), o2 &z7] A =&
WEC guide frame) SolH, B si5H FHo F2E0 28
st ol tisiAE ¥5 4H(Uniform extrapolation)& ©]
st A4 FEE ALtskdoh

A7 A 0
Xz o

ot oR

=1
£3l=

Of

AAAHH
ot
I-

23 |:|||-_H' _T'_E:| ‘%o| odot .u17}

Zolzl @7 2014 47)e] FHAI17} A AT gefol
90 Zzke] BRI AIAE Fo] HYYHE o) %
Al Ho} EREe) T AFE L (Yaw)s S oA H1

el ARl A
< 22} Aol7} wl

g dazos gainn, dde
o
% s} o 83k A

2 AFE e vehie, e
A e Zh ) nigld 39

£ Jehdth ol2ld WstE Qlste] 2¥ FE x| YAl
g5k 82 Fig. 59} o] F48H skl |k 1,000
Z °o|%F Hi FY& NV5KNoE ngvgau Jg:+ %QOJ
w3t 871% &

o FEEo| AFol M3yt A7, 6%
S5 Lo t)3k A7t e] 7 314 A7} Table 49) z*ail

ol gltk EA Al i)y gEslFo] A8 olFe] AL
100
801 —— Normal
R Failure
60
S
T
40+ i
20¢
0T VA VALl 00
0 1000 2000 3000 4000
Time (sec)
Fig. 4 Blade pitch angle of turbine #2
800
Normal
e00r Failure
400
=
X
200
0 L
200 L 1 L 1
0 1000 2000 3000 4000
Time (sec)

Fig. 5 Rotor thrust force of turbine #2



244 O ¥
17] $l8te] 1,0025E 400271A0] A3E ol g3,
EoA B2 wAZol AT Fua]ol
2 g LHWA ZYE A5FL BUES WA
NAA H3, olol Wt Fig 69 o] o] HA5E
o RE BWIL FyAes AAE A9 v ﬂs}
A Zolzk WA BE Bl B % Ak B4 A
o) Ay AER 7t o 066=0l MY Y shFe
FPow A5rFLY Hugol o 1305E WHHA o]
96.94% 2715 AE BTk WA latel Aae) oiu) ul
0% Aele) WE &5 SHE 228 (Error) = Table 40 LjE}
Wi
ZYRE AHE S5 WEs PRe] Ty Fed=
Gg v He) aiY g 28 A, o Ay &
| 2

ksh Al o) v o) e e

Olt

H] L
Z

e
A2 9

oﬁL

N'éi

S
F9ol 2k

% %}XVH 37 =80l 5 #=

=2 _}‘J _ll‘t‘, of
m[o
O}fﬂ
é
:".‘:
&
41
_&
—
%
[p)
Qa1
2
<
il
=
o
4
Y
N
=
ox
%
N

A e A=

1.5¢

WAl A§5

= HdA 39 sy 9 259

TS, ol YSI2 WAL G AR N} At
2o] o] WASIYL, ol Ase] ZEIY] HAAYFo] i
2 5% 357} ] ATt 29 B Asle
Say] FY Brgkel WEHs o 0.04% oIE 1]

¥ o oo I oot
mojo dt X 2 (o
O H orx O o

X
i
2
o
do
N
=2
R=H
o T

o
L)
fo

N

N
3
_Q
g
P

o
A;_
AN =
oz
ogt
=2
R

i Lo
e}
o
)
©
N
8
¥
EA
*
i
Py
it
Lo
2
4 md

— OH-I
Ir
R
=
ot
2
ro
ol
L)
o

r e
B
[
oo
2

P o oft o

N
Bor
_o|g
é
kﬂ
e
Y
g
E
ol
fl
m[m
S
i
>
off (£ fo i

£ E= #59) #83}
2ol AZ A fAel A= ﬁlvﬂ" Hllo}ﬂ% 1 91A1e] o
el

Ao Qste] AN Y Wale] At 2L A
< Hola gloy Bt &Y st5 AelelAe A= ditEe
Aol F7 AFe e Qe o8 @ Aol HAFe) A
Ll , TELE Qlste] WG = —’F Atk 8708 AR S e
53l 9ol Sl a7} AR 22 WskE Figs. 7 ~ 100 U
0.5 1( L g Normal | gl Argele] EA) 4 AoE Table 601 BT,
[ Failure Figs 7 ~ 100 Yehd 2~HEH L 1,000% ~ 4,000% 73+e] 2
. ‘ ‘ - o gy ey A%E PEge 002 A8 sel kil
° 0 e 0 M0 e gge) g4 wste sk olgsian:
Fig. 6 Platform yaw motion AT #63% #78 A5 FAS(Weather side)ell #/5he]
Table 4 Platform motion statistics
Normal Failure Error
Mode
Maximum  Minimum Mean SID Maximum  Minimum Mean STD [%]
Surge [m] 20.68 16.13 17.59 0.68 2047 15.90 17.33 0.68 -1.46
Sway [m] 0.04 -0.08 -0.02 0.02 0.03 -0.10 -0.04 0.02 95.22
Heave [m] 0.35 -1.18 -041 0.26 0.36 -1.16 -040 0.26 -3.08
Roll [deg] 0.03 0.00 0.01 0.00 0.03 0.00 0.01 0.00 35.45
Pitch [deg] 0.73 -1.62 -041 0.35 0.70 -1.66 -043 0.35 6.10
Yaw [deg] 0.66 -0.64 0.06 0.22 1.30 0.29 0.70 0.21 1021.34
Table 5 Power output statistics
Normal Failure Error
Turbine o
Maximum  Minimum Mean SID Maximum  Minimum Mean SID [%]
#1 [kW] 2156.00 1077.00 1988.76 129.17 2154.00 1076.00 1988.53 129.40 -0.01
#2 kW] 2166.00 1081.00 1987.59 130.65 -95.95 -382.40 -258.74 56.97 -113.02
#3 [kW] 2198.00 1012.00 1958.80 174.12 2196.00 1008.00 1958.05 175.26 -0.04
#4 kW] 2185.00 1038.00 1961.69 168.79 2184.00 1045.00 1962.09 167.65 0.02
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A AFA #13 #4 2 T34 (Lee side)
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Fig. 7 Line #1 top tension (a) and spectra (b)
500 120
Normal Normal
450 -~ Failure 100 e Failure
80 |
400
b 2 60
< =
9]
350 |
40+ |
3001 i 20|
250 I I L I 0 1 L |
0 1000 2000 3000 4000 1 1.5 2
Time (sec) o (rad/sec)
@ (b)
Fig. 8 Line #4 top tension (a) and spectra (b)
6000 - ‘ ‘
5000 t o . Normal
Al Al i b b SV | Failure
4000 | ‘ U R R L Tl
Z 3000}
2000
Normal
1000 .
- Fajlure
0 L I 1 1 0 _«/\ S e TN TN |
0 1000 2000 3000 4000 0 0.5 1 1.5 2
Time (sec) o (rad/sec)
(@ ()

Fig. 9 Line #6 top tension (a) and spectra (b)
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Fig. 10 Line #7 top tension (a) and spectra (b)
Table 6 Mooring line top tension statistics
) Normal Failure Error
Line Maximum  Minimum Mean STD Maximum  Minimum Mean STD [%]
#1 [kN] 319.62 286.18 305.31 472 317.96 284.53 303.66 473 -0.54
#2 [kN] 259.74 229.30 247.21 4.32 262.76 231.92 250.60 448 1.37
#3 [kN] 259.69 230.01 246.59 429 259.53 229.59 246.51 432 -0.03
#4 [kN] 318.67 285.13 305.40 4.67 323.40 29141 310.61 4.79 1.70
#5 [KN] 1902.22 1200.91 1448.99 104.46 1786.49 1129.74 1349.81 93.72 -6.85
#6 [kN] 5733.32 3394.53 4089.29 335.45 5785.73 342293 4134.30 342.83 1.10
#7 [kN] 5758.61 3429.57 4068.48 334.32 5407.07 3244.84 3797.94 303.85 -6.65
#8 [kN] 1978.79 1230.33 1471.78 104.03 2036.58 1256.87 1506.96 108.59 2.39
3. 4 =2 He 5% e dRAE SOl Ui 43A velHE
ggate] Iy Fewdsle] Ais o 549 ulet o
2 =RolAE MUFOWT®] Bl 39 ate] gkl et °IHIS UHITE Fuxos §io 932 1dd e
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dHel g4 T AGY LESTe oy st TFUE Felel MUFOWTS] &5 8% 2 49 5 sjalo) #
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T FRE A AR TE 96l F2e] T8} 91
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o] lod, ZHYEF AeFEs EHMES TANA AAAL  Fi 9963y AR Az AAVe DI
FYF ©F 39 AT 4Y So] etk olHF o Ao FY=Yon, ATH o] PA=YUL
Ads o] FEHLAZ7L gAE e S99 RES o
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