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Abstract

The investigation on how to identify wind turbine degradation in a wind farm
was carried out in Jeju Island. The previous studies from Canada, the UK and
Denmark pointed out that the power performance of wind turbines decreased
with years. However the degradation checking methods are considered to be
complicated and unclear. In this thesis, a new method for identifying wind

turbine degradation was proposed, which is based on IEC standards.

According to the procedure of IEC 61400-12-2, the Nacelle Transfer Function
(NTF) was derived from the relationship between nacelle wind speed of a wind
turbine under test and met mast wind speed in Hankyeong wind farm, and
applied to nacelle wind speed of five wind turbines in the wind farm to obtain
corresponding free wind speed. Then, Nacelle Power Curve(NPC) was drawn on
the basis of electric power of SCADA system and the corresponding free wind
speed. The wind speed distribution in the wind farm is assumed to be Rayleigh
distribution with annual average wind speed at the wind farm, which was applied
to the NPC to obtain Annual Energy Production(AEP). Finally each Capacity
Factor(CF) was calculated using the AEP for six years. The five wind turbines

had CF degradation rate of 0.31 percent per year on average.

Next, since the difference between nacelle wind speed and met mast wind
speed during the concurrent period is nearly zero, nacelle wind speed was
directly used with electric power of SCADA system to obtain NPC. Then, in the
same way, annual CFs of the five wind turbines were calculated, whose annual
decreasing rate was 0.32 percent on average. The relative errors between the
two methods for checking wind turbine degradation were within ten percent with
5.5 percent on average. Therefore, the new method using nacelle wind speed only

could help wind farm owners and operators find out how much power

_ix_



performance of their wind turbines decreases with year. The advantage of the
new method is that the met mast installation and NTF calculation are not

necessary to identify wind turbine degradation.

In addition, the six-year SCADA data from the six Vestas V80-Z2MW wind
turbines in Seongsan wind farm were analyzed to check the CF degradation
using the new method. As a result, power output of the wind turbines of

Seongsan wind farm decreased to 0.12 percent per year on average.
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Fig. 4 Layout of wind turbines and location of Hankyeong wind farm

Table 3 Wind turbines status of Hankyeong wind farm

Site Turbine model 81]\/ gielgu;;lzserr Opsetr;rttion
Hankyeong I Nﬁ%o“ﬂc%%ic 1.5MI\\IAC7);<14~=46MW 2004
Hankyeong II gggrriASD\S;?)?n 3MWI>\<I%5=~?5MW 2007
Green village P\I/ggrzASD\égfn 8505\?7';3:11.;1\/1\7\7 2006
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Fig. 5 Wind rose analyzed from Kosan ASOS data for six years

Fig. 5& 4 7149 ASOS HolHE A8 AZEY o WindographerS ©]
gato] B3 FFEE nlegu(Wind rose)olth, Ak 74t HAE AlolE
[OR2FE MZOZ 4km "Wolx] 9on, vl HolEH+E 10m EolodA ZAH
thodlelE 7|z B AFE 918l A8¥ SCADA dlolge] 7|zkn T3}
2008 1€ 19%-H 20139 12€9 3147bA] 6d7+e] dlolHE A3ttt &4
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S

dotrE A8t deAst B4 A8 No5~9 FHE Nl Adeg=E3len, ©

Fig. 6 View of WTG under test in Hankyeong wind farm

Table 4 Specification of WTG under test in Hankyeong wind farm

WTG model VESTAS V90
Rated power[kW] 3,000
Cut-.in / Rated / Cut-out 35 /15 / 25
wind speed (m/sec)
Rotor diameter[m]
/ Swept areal[m’]
Hub height[m]
/ Tower type
Design tip speed[RPM]
/ Rated speed

90 / 6,362

80 / Tubular steel

9.0 - 19.0 / 16.1

Power control Active blade pitch control(three separate)
[EC Class IA
Gearbox 2 planet/ 1 helical gear system
Generator Asynchrous DFIG

Brake system Full feathering of blade / Mechanical disc brake

_11_



3. 24 doly

1) 24 dolg axsh 24 4]

G MRS EES A% /148 dolEs A0 FHEel SCADA
dolEt Nob FAHNS oz 244% B7hE Sls AgE dolgoln,
S U= 20099 99 179 By 20109 29 17974 670dolh Al kgt

T A8&= A8 AHSE Nob~9 FTHE NS SCADA HolH = 2008d 14 145

B 2013 12¢ 31<L7bA] 61 d%He] HlolE 7} ARG E AT 71"l el S4E b
oy 2.9 54 AvE Table 59 WERHRAIL, FHERINA SAHE doly &

st 274 A4l Table 66 LERITE

Table 5 Source of data measured from the met mast

Parameters Description Height
Wind speed Cup anemometer(promary) / Risoe P2546A 80m
Wind direction Potentiometer / Friedrichs 4121.1000 77m
Temperature Thies 2.1280.00.141 77m

Data acquisition DAQ Campbell CR3000 j

system
Pressure ASOS data of Kosan observatory 76m
Table 6 Source of data measured from a wind turbine
Parameters Description Height
Nacelle WS
FT 2LT ul i

Nacelle WD 70 ultrasonic 80m
Temperature No.5~9 WTG : Vestas SCADA 80m

No.5~9 WTG : Vestas SCADA
(Verified by comparing transducer end signals)
No.6 WTG :
- CURRENT TRANSFORMER
- MBS EASK 123.3(3000A/5A) 0.2class
- Ritz EKS 160-12(1500/5A) 0.2class
Electric power - VOLTAGE TRANSFORMER
- Ritz KSZR 104(1000V/100V) 0.2class -
- POWER TRANSDUCER
- 1000V : EMH ELMU-AHW4BB-174
(100V, 5A) 0.5class(#385404)
- 400V : EMH ELMU-AHW4BB-774
(400V, 5A) 0.5class(#413778)
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2) 54 713 dely A

(1) =4

No5~9 ZZEHe F2& SCADA Axgle]l F2 dolgrt AFEH
IEC 61400-12-1 Annex Dell w2} FHEN =945 H7le] SCADA =3 o]
HE Abg387] Yeias A8 Wy (Power transducer)E ©o]-&3to] =44 3k
o] Bl AFo] Aesith Fig. 72 Nob WA S4d HA=wsy) =
H3 FAYe SCADA £3S ekt
717} 0.98 o] dolw, AXAF7F 099 o] %
o] ALgo] AZH AT

No6 ¥2Enle] Aguay] 28 A2 W
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¢}7] (Power transducer)& ©|-8 3}
of 7} A(phase)l X Aok s SAHsA W

IEC 60044-1¢] QAR wH=ek= 0.

7](Current transformer)t

2 7](Voltage transformer)
+ IEC 601869 S FAMsHS w53k 02 swolth 8 A 1x0Hz
sampling rate)°]™ 10% =2 Ht3t HolHE A3t}

3500

3000

2500 y=0.9816x +20.383
R?=0.9982

2000

1500

SCADA output [kW]

1000

-Electricity output
500

Linear correlation

0 500 1000 1500 2000 2500 3000 3500

Transducer end signal [kW]

Fig. 7 Comparison of power outputs from transducer end and SCADA
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IEC 61400-12-19M = =845 H71E 3] 552 1.7A 53 oS AFs
Hq =z

o} &3k Annex Bel A

A2 IECe] W& TvS 2l A o2& IEC 61400-12-2¢] wet 40B 5=
o= At Fig. 8& HAE FEM] AA8 A F&Ae wgoln

Fig. 8 Nacelle anemometer of a test turbine
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HAES dolEE JA=(Upwind)l A =8 Zdlol= gd9 JF2 W]
Bl FUEY 24T AT A9 Amz AEHH Fakel gk IEC
61400-12-200 A= \H MBS Bal HAEES RN S4H T

A Melatrs 2%357] 984 IEC 61400-12-1 Annex Aol whel 7]4bghx}
No6 ZEul Fwe Zeemal A8 o8 5 FojEd o3 47 $% 9
2 vlol el 2 W AlA Ak BT SE R o] o8 e W

stol wAFe Wae HTE dZex ey yEolth 71487 Nob FE

ol 143k FE Nl ofa] G wiAl Tzl ®Mel(a)= oo As &

a = 13 arctan(2.5 D, /L +0.15)+10 (4)

L, EEN E= VA FHdA &8 S SHE NS A2 [m]

714 e No.6 EHEjHl el viA] ®9 F7H(Excluded sector)S A3 & =
A9l 7 Measurement sector)S Fig. 99} 7o) 257°~45° & ZA A=At}
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270 < [' 20

D Measurement sector
C] Excluded sector

180

Fig. 9 Measurement sector for the NTF

Aol Hxpstol 71" I FHERL Alolo] frEdro] WY HFe el
A3E KA (Site calibration)dloF 3}7] witol 7 AXA3H ol 3% (Complexity) &
W 7}el oF gkt [27][28]

IEC 61400-12-1 Annex Bel we} A& H71E F3sttt. HAE Aol E o
A 717852 Nob6 FHENR Afo]o] ZEA(L)e] 221m o] B = 20.(442m), 41.(834m),
BL(768m)& WA FoZ o= 99 7o& vhaal 54 Welgh o9 3t
o8 FEstdth IEC EFol Wt 5314 5m H4 9] FAAEE AJEAS 9
a Ab&etth Fig. 102 A¥ 4] 99 HojFa g

Altitude(m)
145

125
100
75

50

Fig. 10 Area for terrain evaluation
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HXAE AlolE [9] A& EZw:= Table 73 Fig. 113 2o]
s, wlg- Heksk AP oz g} o] gl Alo]E B Aol &Haglth [29]1[30]

e

Table 7 Terrain evaluation

Distance Sector Max. slopel%] Max. terrain variation[m]
Criteria Measured Criteria Measured
° <6.32
<2L 360 <3* 0.63 [<0.04(L+ D) ] 0.0
Measurement <12.64
> ~
=2L~<4L sector <5* 0.00 [<0.08(H+D)* 0.0
Outside
>21.~<4L | Measurement <10%* 1.74 Not applicable
sector
Measurement <20.54
> ~
>4].~<8L sector <10% 0.46 [<O.13(t1+ D) ]+ 0.4

* Criteria in accordance with IEC 61400-12-1
H : Hub height = 80m
D : Rotor diameter = 90m

Masiewen Clearnnce 0.0 m mt 122851 735, 83872212 Location: 122994 910, §3435. 710
Elev: 5.75] m, Dier 44036 m

Fig.11-(a) Terrain evaluation within 2L

Locaion: 123178 850, 63035 713
Elev: 19991 m, Dist 57951 m

Minimuen Clearance: 0.0 m at 122851.785, 83872.212

1¥m S0 m 625m Ts0m

Fig.11-(b) Terrain evaluation in outside measurement sector within 4L

Location: 134003 301, 84204 590
Elev: 4 963 g, Disr 1.76 km

Minirmms Clearance: -0.4 m oot 123910078, 85097 904

1000 m 1250m

Fig.11-(c) Terrain evaluation in measurement sector within 4L
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Fig. 12 Correlation of the nacelle and the met mast wind speeds

A =49 714" 53 Nob THEW S JAZS dolHE Fig. 12
of =¥ 2 YEhALE Wl IR Bin method)ol old) WAF L dolE = 05m/s
Ao Z 714 dolE ¢ nlaLete] AEEATH o] o) 7zt WIE Apo]e] M3
AH& Table el oaf AN o AHA S 53 2

Vfrf:e = (Vfrf:f:., i+1 Vfree, 7:)/ (Vnaceue, i+1 I/nacf:]le, i) (5)
X (Voeetie = Viacele, )+ Viree, i
o] 7] A,
% DA Rl A o] YAFE Hat[m/s]

nacelle,i
View 18R WolA 9] wliE F5 35 m/s]

v

nacelle
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Table 8 Table of transfer function from V.. to V... [m/s]

Vnacelle I/free I/;Lacelle V}’ree nacelle I/free nacelle I/free I/;Lacelle V}’ree
2.6 2.7 7.1 7.3 11.6 11.4 16.1 15.6 20.6 19.6
2.7 2.8 72 74 11.7 115 16.2 15.7 20.7 19.7
2.8 3.0 7.3 75 11.8 11.6 16.3 15.8 20.8 19.7
2.9 3.1 74 76 11.9 11.6 16.4 15.9 20.9 19.8
3.0 3.2 75 7.7 12.0 11.7 16.5 16.0 21.0 19.9
3.1 3.3 7.6 7.8 12.1 11.8 16.6 16.1 211 20.0
3.2 34 7.7 79 12.2 11.9 16.7 16.2 21.2 20.2
3.3 3.6 7.8 8.0 12.3 12.0 16.8 16.3 21.3 20.3
3.4 3.7 79 8.1 12.4 12.1 16.9 16.4 214 20.5
3.5 3.8 8.0 8.1 12.5 12.2 17.0 16.5 215 20.7
3.6 3.9 8.1 8.2 12.6 12.3 17.1 16.5 216 20.8
3.7 4.0 8.2 8.3 12.7 12.4 17.2 16.6 21.7 21.0
3.8 4.1 8.3 8.4 12.8 12.5 17.3 16.7 21.8 20.8
3.9 4.2 8.4 85 12.9 12.6 17.4 16.8 219 20.6
4.0 4.3 85 8.6 13.0 12.7 175 16.8 22.0 20.7
4.1 44 8.6 8.7 13.1 12.8 17.6 17.0 22.1 20.7
4.2 4.5 8.7 8.8 13.2 12.9 17.7 17.1 22.2 20.8
4.3 4.6 8.8 89 13.3 12.9 17.8 17.2 22.3 20.9
44 4.7 8.9 9.0 134 13.0 17.9 17.3 224 21.0
4.5 4.8 9.0 9.1 135 13.1 18.0 17.4 225 21.0
4.6 4.9 9.1 9.1 13.6 13.2 18.1 17.5 22.6 21.1
4.7 5.0 9.2 9.2 13.7 13.3 18.2 17.6 22.7 21.2
4.8 5.1 9.3 %P 13.8 13.4 18.3 17.7 22.8 21.3
49 5.2 94 94 13.9 135 18.4 17.7 229 214
5.0 5.3 95 95 14.0 13.6 185 17.8 23.0 21.5
5.1 5.5 9.6 9.6 14.1 13.7 18.6 17.9 23.1 21.6
5.2 5.6 9.7 9.7 14.2 13.8 18.7 18.0 23.2 21.6
5.3 5.7 9.8 9.8 14.3 13.9 18.8 18.1 23.3 21.7
54 5.8 9.9 9.9 14.4 14.0 18.9 18.2 234 21.8
9.5 5.9 10.0 9.9 14.5 14.1 19.0 18.3 23.5 21.9
9.6 6.0 10.1 10.0 14.6 14.2 19.1 18.4 23.6 22.0
5.7 6.0 10.2 10.1 14.7 14.3 19.2 184 23.7 221
5.8 6.1 10.3 10.2 14.8 14.4 19.3 185 23.8 22.2
59 6.2 10.4 10.3 14.9 14.5 19.4 18.6 239 22.2
6.0 6.3 10.5 10.4 15.0 14.6 19.5 18.6 24.0 22.3
6.1 6.4 10.6 10.5 15.1 14.7 19.6 18.7 24.1 22.4
6.2 6.4 10.7 10.6 15.2 14.8 19.7 18.8 24.2 22.5
6.3 6.5 10.8 10.7 15.3 14.9 19.8 18.9 24.3 22.5
6.4 6.6 10.9 10.8 154 15.0 19.9 19.0
6.5 6.7 11.0 109 155 15.1 20.0 19.1
6.6 6.8 11.1 11.0 15.6 15.2 20.1 19.2
6.7 6.9 11.2 11.0 15.7 15.3 20.2 19.3
6.8 7.0 11.3 11.1 15.8 15.4 20.3 19.4
6.9 7.1 11.4 11.2 15.9 154 20.4 19.5
7.0 7.2 11.5 11.3 16.0 15.5 20.5 19.6
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RIX) . W2&9 Hitolth Table 9o Wbkl 7[Eoll we} 54 el 3te] 3

HEN =& A g AHY] A ewol 2A

Table 9 RIX terrain classification

RIX
RIX[%] terrain

class
Compliant to IEC 61400-12-1:2005 Annex B (use L=2.5D) 0
RIX,,,<16 and RIX,<8 and RIX,,<4 but not class O 1
RIX,,<32 and RIX,; ;<16 and RIX, <8 but not class 1 2
RIX;,,<48 and RIX,,<32 and RIX,;<16 but not class 2 3
RIX,,, =48 or RIX,,, =32 or RIX, =16 4
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>
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=
o
el
@
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\L

Table 10 Slope terrain classification

Slope
Absolute solpe[%] terrain
class

Compliant to IEC 61400-12-1:2005 Annex B (use L=2.5D) 1
0°=<slope<10°, but not class 1 2
10°=slope<15° 3
15°=slope<20° 4
20°<slope 5
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Fig. 14-(a) NPC of No.5 WTG of Hankyeong wind farm
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Fig. 14-(c) NPC of No.7 WTG of Hankyeong wind farm
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Table 11 Combined standard uncertainty in power of No.9 WTG [kW]

Year
WSm/s 2008 2009 2010 2011 2012 2013
3.9 19.943 21.311 20.394 20.515 22.128 21.780
4.0 26.429 27.049 31.426 31.632 36.045 37.406
45 32.353 37.663 48.652 47.567 44.425 47.328
5.0 39.386 48.492 62.369 59.525 56.176 56.306
55 47.014 47.834 62.265 57.594 60.340 61.366
6.0 59.289 64.915 71.005 73.825 70.425 73.229
6.5 81.832 87.701 106.109 96.051 93.514 98.904
7.0 85.209 95.384 110.538 105.960 96.009 104.056
7.5 118.008 108.938 120.781 113.605 116.292 121.847
8.0 150.268 136.607 125.431 129.061 131.705 135.106
85 194.182 189.704 175.655 182.916 174.673 170.774
9.0 265.708 247.909 251.881 245.892 228.408 235.673
9.5 310.523 283.111 278.832 249.406 246.877 230.233
10.0 249.279 239.608 228513 233.037 225.325 207.725
10.5 288.434 285.227 260.711 249.639 250.123 253.092
11.0 268.329 318.548 271.209 303.225 274913 274.606
115 287.869 294.814 267.969 291.740 275615 274192
12.0 224.676 275.060 270.918 235.885 288.794 283.754
12,5 242.009 219.129 252.605 245.436 240.848 221.171
13.0 166.003 199.585 154.662 230.212 198.876 260.225
135 179.811 173.735 187.055 167.690 189.465 171.566
14.0 122.889 142.245 135.491 143.725 176.905 146.750
145 155.899 105.167 111.771 105.867 115.312 115.245
15.0 102.448 104.317 103.859 108.679 104.497 100.082
155 120.526 100.802 103.196 100.680 100.112 113.749
16.0 100.626 100.824 99.809 99.992 100.683 100.074
16.5 99.854 99.771 99.774 99.770 100.132 100.200
17.0 100.688 99.622 99.712 99.734 100.950 99.716
175 100.068 99.704 99.654 99.816 101.821 100.116
18.0 100.016 99.653 99.774 99.752 99.726 101.373
185 99.730 99.649 99.716 99.870 99.723 101.399
19.0 99.724 99.693 99.716 99.637 99.727 99.725
19.5 99.724 99.697 99.765 99.653 99.731 99.728
20.0 99.727 100.072 99.745 99.734 99.730 99.730
20.5 99.730 99.706 99.737 99.684 99.743 99.731
21.0 99.733 99.800 99.729 99.755 99.734 99.762
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Fig. 19 Uncertainty in AEP of No.9 WTG for five years

Table 12 Estimated AEP and standard uncertainty in AEP of No.9 WTG

Voar Estimated AEP Star_ldard uncertainty Standgrd uncertainty
[MWh] in AEP[MWh] in AEP[%]
2008 7795 600 7.70
2009 7940 608 7.66
2010 8332 610 7.32
2011 8238 604 7.33
2012 8083 589 7.29
2013 8199 592 7.22

_36_



B AEP
CF = 8760 X Rated power > 100 (13)
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Fig. 20 Wind turbine degradation of Hankyeong wind farm using the NTF

Table 13 Degradation of Hankyeong wind farm using the NTF

WTG No.5 No.6 No.7 No.8 No.9
CF reduction | = g93 0.398 0.171 ~0.159 0.213
rate[%/yr]
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Table 14 Relative error of two methods proposed

lom WIG | Nos No.6 No.7 No.8 No.9
Degradation rate
using the NTF 0.923 0.398 0.171 ~0.159 0.213
[%/yr]
Degradation rate
using the Nacelle WS | 0.982 0.409 0.179 ~0.176 0.207
[%/yr]
Relative 6.39 2.76 4.68 10.69 2.82
error|[%]
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VESTAS V80
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VESTAS V80
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Table 15 Wind turbines status of Seongsan wind farm
Turbine model

Fig. 25 Layout of wind turbines and location of Seongsan wind farm

Site
Seongsan 1
Seongsan II
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Fig. 28 Normalized capacity factor of wind turbines of Seongsan wind farm

Table 16 Wind turbines degradation of Seongsan wind farm using the method in Canada

WTG No.1 No.2 No.3 No.4 No.5 No.6

CF reduction

0.228 0.519 0.300 -0.648 0.717 -0.315
rate[%/yr]
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Fig. 29 View of WTG under test in Seongsan wind farm

Table 17 Specification of WTG under test in Seongsan wind farm

WTG model VESTAS V80-2.0MW
Rated power (kW) 2,000
Cut-in / Rated / Cut-out
. 4 /14 / 25
wind speed (m/s) / /
Rotor diameter (m)
80 / 5,027
/ Swept area (m) /
Hub height
ub height (m) 78 / Tubular steel
/ Tower type
Design tip speed (RPM) 9.0 - 19.0
Power control IGBT
IEC Class IA
Gearbox 1 planetary stage + 2 helical stage
Generator Asynchronous with rotor. Sliprings and VCS
Brake system Aerodynamic and mechanical brake
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Table 18 Source of the measured data

Parameters Description Height
Nacelle WS )

FT 702LT ultrasonic 78m
Nacelle WD

Electric power

No.1~6 WTG : Vestas SCADA -
Temperature

Pressure ASOS data of Seongsan observatory 10m

2) 54 713 dely

)

A 2]

Nol~6 FHEW S &9 SCADA A= =9 dHeolg7t AREHAT. &

T5Y TFL 78m B ol A FEHEA A A SAHEIN S AFEH U
A FE5A= FT 702LT ultrasonic E&5Aolth 38 AR 1x0]|H 108
o= Hatsk dolHE AFE-3FA

_52_



TNEEE F37] Y3t 7R HAE AolE MM A% SCADA
tolg & A&t i, 7 ¢S B2AE Alo]lE [R5 E 7Tkm "old A 714
°] 10m £°]9 ASOS dHlo|HE AH&3t3ith 2 (2)& S3f B #o]9 tir]ste
2 wAsa, JB)er F/UEE Astdt

5‘.:

Altitude(m) |
340 '

300

250

FRe dPgoz

sgich Fwe ¥

e 2 (4)el mEk

Aeuloz e ZE A 200 Ag

drtam GAHo Utk HAE AOE 19 Ag, FHel B0 wWol Ak,
eEoR Y TR JYL W F Yomz 7 Bl gt 2 47

208 ool ©E% IEC 61400-12-1 Annex Aol wel A(14)F o] gdlc] wjx
St} Fig. 3101 7 Baw S4 703 A The e g,

_53_



o] 714,
D, = 57} 3 A %27 [m]
o & =o|[m]

ol & E[m]

rr

Iy

[

l

w

Tt

210 1
L (14)

>90

AN
N\
N\

146

D Measurement sector
D Excluded sector

[
/
/
199

180

o

J

90

4
/
/

[
Measurement sector
210

Excluded sector

180

Fig. 31-(a) Measurement sector of No.1 WIG

Fig. 31-(b) Measurement sector of No.2 WIG

=90

D Measurement sector
D Excluded sector

180

224

) / \
~
270‘ \ /

Measurement sector

Excluded sector

180

Fig. 31-(c) Measurement sector of No.3 WIG

Fig. 31-(d) Measurement sector of No.4 WTG

270 <

=90

D Measurement sector
D Excluded sector

180

N
~N
=)

w

v

. ©

j Measurement sector

D Excluded sector

=
0
(-]

180

Fig. 31-(e) Measurement sector of No.5 WIG

Fig. 31-(f) Measurement sector of No.6 WIG

_54_



UM PRI R SRR wE FE Wste] e Ayfdtste] At Aw
H3kE ed s mlastr] s A7) olgste] YAFTE HolHE R 7]E

% (1.225kg/m?) 2 F =3}t

Fig. 32= No.l~62] o4l 71¢] F=HE Rl diste] 2009 449 145 H FH

2014 39 31¥47bA 57ke] SCADA HlolH 9 &3 &9 ks ol &ste] 1
d et 74 FEENCAA A" ¥4 732 IEC 61400-12-1°]

web AlEF S (dm/s) B A A E 9 (2000kW) ] 80% el sl st &4 (15.8m/s) el
15HRSl 16m/s ool =5 EF SFHeda, A4 dHeolg 574 A7kl 1804

C=Eade 7 F% Bind HeolE7E 370 o] 3(30#)0 A

2500
—_ 2000 -
3
!
£ 1500 -
o
fray
=}
=]
5 1000
2
o
a
500 - ——PC_Manufacturer ——PC_2009.4
——PC_2010.4 ——PC_2011.4
PC_2012.4 —PC_2013.4
0 +
0 2 B 6 8 10 12 14 16 18 20 22 24 26 28
Wind speed [m/s]

Fig. 32-(a) Power curve of No.1 WTG of Seongsan wind farm
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Fig. 33 CF degradation of wind turbines of Seongsan wind farm using the nacelle wind speed

Table 19 CF degradation of wind turbines of Seongsan wind farm using the nacelle wind speed

WTG No.1 No.2 No:3 No.4 No.5 No.6

CF reduction | 175 | 0149 | 0287 | -0.340 | 0656 | -0.219
rate[%/yr]

Fig. 33¢} Table 190 A 3 YAFEHS o] &3lo] 27 S84 HEE
AbolE II9] H4t 59 Tm/sell s @ate dde] #xo] 283 HsAst 4
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Table 20 Comparison of wind turbine degradation of two wind farms

Hankyeong Seongsan
WTG CF reduction rate[%/yr] WTG CF reduction rate[%/yr]
No.5 0.982 No.1 0.173
No.6 0.409 No.2 0.149
No.7 0.179 No.3 0.287
No.8 -0.176 No.4 -0.340
No.9 0.207 No.5 0.656
No.6 -0.219
Mean 0.320 Mean 0.117

T HEE ALo]Ed] diste] FHEN deAst B2 AAlSATh Fig. 34%
Table 2091 F HXAE Alo]E9] Zhzhe] FHEM gojolx3 HeAst &4 2
5 A eI At A el gl A Eto]
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2 ARHoR v HAE A
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12
gxe] FAE o] FeAstgol U

S5 F7h9 whehEY
oh ey o A
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