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Abstract

A study on power performance testing of a wind turbine which has no
met-mast at a distance of 2~4 rotor diameter was carried out using the
Nacelle Transfer Function, NTF, according to IEC 61400-12-2. The wind data
for this study was measured at HanKyoung wind farm of Jeju Island.

The NTF was modeled using the correlation between wind speeds from the
met-mast and from the wind turbine nacelle within 2~4 rotor diameter from
the met-mast. The NTF was verified by the comparison of estimated Annual
Energy Productions, AEPs, and binned power curves. The Nacelle Power
Curve, NPC, was derived from the nacelle wind speed data corrected by
NTF. The NPC of wind turbine under test and the power curve offered by
the turbine manufacturer were compared to check whether the wind turbine is
properly generating electricity. Overall the NPC was in good agreement with
the manufacturer’'s power curve. The result showed power performance
testing for a wind turbine which has no met-mast at a distance of 2~4 rotor
diameter was successfully carried out in compliance with IEC 61400-12-2.

An uncertainty of the power curve is caused by measurement equipment,
environmental condition, and the number of data. In order to obtain the
uncertainty of NPC, additional parameters such as NTF, terrain class,
seasonal variation, turbulence, and wind shear were considered. The
uncertainty of NPC in compliance with IEC 61400-12-2 and the power curve
in compliance with IEC 61400-12-1 were compared. The amount of
uncertainty of NPC was larger than that of power curve using met-mast
wind speed through all wind speed range because of NTF and method

uncertainty.
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Table 2 Met-mast measured data
Wind farm Turbine model WTG

NEG MICON 72C 1500kW No.l ~ No.4

Hankyoung I (2004) H:60m  D:72m 15MW - 4 = 6MW
VESTAS 90 3000kW No5 ~ No.9

Hankyoung I1(2007) H:30m  D:90m 3MW - 5 = 15MW
. VESTAS 52 850kW No.10 ~ No.11

Green village (2006) H:60m  D:52m 850kW - 2 = 1.7MW

Met-mast _' i
@WT for NTF

@ WT under Test
@ WT Neighboring

Fig. 7 Test site
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Fig. 8 View of WTG under test
Table 3 Specification of WTG under test
WTG model VESTAS / V90
Rated power (kW) 3,000
Cut*l'l’l / Rated / Cut-out 35 / 15 / 95
wind speed (m/sec)
Rotor diameter (rzn) / 90 / 6362
Swept area (m’)
Hub height (m) / 80 / tubular steel
Tower type
Design tip speed (RPM) / B
Rated speed 9.0 - 190 / 16.1
Power control active blade pitch control(three separate)
IEC Class 1A
Gearbox 2 planet/ 1 helical gear system
Generator Asynchrous DFIG
Brake systme Full feathering of blade / Mechanical disc barke
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dolH & ghad (7)o o2 oy 7]esdTdel o3 FAEHIoH
WINDTEST Kaiser-Wilhelm-Koog GmbHAF} A& #H| o] HAAE sttt
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4 oA Agstda FHENgA Z43 dolye 849 54 vl Table 5
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Table 4 Measured data of met-mast

Parameters Product type Mounted height
Wind speed cup anemometer(promary) / Risoe P2546A 80m
Wind direction Potentiometer / Friedrichs 4121.1000 7TTm
Pressure Vaisala PTB100A 1m
Temperature Thies 2.1280.00.141 77m
Data Acquisition system DAQ Campbell CR3000 Ground level

Table 5 Measured data of wind turbine

Parameters Product type Mounted height

Nacelle wind speed FT 702LT ultrasonic 80m

FT 702LT ultrasonic,

Revised by the specific offset

No.6 WTG :

CURRENT TRANSFORMER

MBS EASK 123.3(3000A/5A) 0.2class

Ritz EKS 160-12(1500/5A) 0.2class

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)

No.9 WTG : Vestas SCADA

(Verified by comparing transducer end -

signals)

Nacelle wind direction 80m

Electric power




2) 574 713 doly A
(1) 9 (Electric power)
No.6 WTG = A= ®H3}7](power transducer)= ©|83to] 7z} AH(phase)

N AFe AAS =AH3AY. WHF7I(Current transformer)E IEC

60044-19] Q@ +AFge] W= 02 Swela Wr](Voltage

transformer)= IEC 60186¢] & 7AFSS W3t 02 swolth 8

YA ZFE 1% (1Hz sampling rate)e]™ 107 @92 H3k Ho]lHE ALE

sttt
No.9 WTG & SCADA(supervisory control and data acquisition system)ol A

FRE F9S A8 IEC 61400-12-2 Annex Dol w2l FHEW 845

H7bel SCADA 3 dHolHE A3yl flsides A9 W37 (power

transducer)< ©]&3to] A% gt vlw AFo] HQstth Fig. 92

No.6 WTGel A “sA|Ztell SHH 9

FoEYER e Y #AAde Ve

2 AAAAV o FU3 o=

.

3500

y =0.9816x + 20.383

3000 R?=0.9982

2500

2000

1500

Scada output [kW]

1000
Electricity output
500
—Linear correlation

0 500 1000 1500 2000 2500 3000 3500

Transducer end signal [kW]

Fig. 9 Comparison of power output between transducer end and SCADA



(2) #%(Wind speed)

Met-mastoll A 9] F&% 54 HE FE5A(Cup anemometer)E o] &3 ATt
=9 AT 548 TH5A v 17A 5+ ool #AHY. IEC 61400-12-1
APxAE e X8 A= 25B &2 1.7S 57 ool F

= w Aol ARSHATH T'—‘Tﬁ] CRERE )
80m°ﬂ Fzre o] 3] H = o] (Hub height)®] +25% WS W53

Al EZEAE= AY 3274 (Sonic anemometer) 7}F /‘}QQ At YAl FE5A 9
e 25B oS @At v AFEE T4 A= FT702 sonic anemometer
2 585 Zau QA Zoer =z IEC 61400-12-2¢] w} 40B 5+
o=z Axstth Fig. 10 & No9 WTG o] Ax5 A Z&7A 9 mGolth
7] @A 1%(1Hz sampling rate)©]™ 10% @92 Ht sk dlo|HE
AF-&-3t 3l

Fig. 10 Nacelle anemometer of No.6 WTG

(3) 33 (Wind direction)

Met-mast 5 &A= 77mel AXE o F FT5A HA 15m ofd 28 A dH
O 2HE FH £l 10% olUl ¥olE w3t

U T2 FE5E AT &Y AAMCA A SBEHJST HAd T3l 5F
7t S AR A offset ¥9190°] met-mast TFS 7|Foz2 BHAZAL &
Y AN 2 AS Y ESRUt =7] wel vbs dolH e B8 E AFEA
Tl o EBEInE FrHom At 3 9@9AS 1x(1Hz

sampling rate)o]™ 10% T2 A3 Hlo]HE AL L
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(4) &7] HX(Air density)

H =
AMZF AHEE A5 SHEA7] 2Y
ol9] 10m ool 714 =AH Al
2H FA419 7S Jehgr] 98] B Eoleh A Td
el R ojof sHAIRE, B HZECA 7]

o B2 ISO 25330t upe} ofef 4 & 538k

P

7

h

7 Eed EE S5[288.15 K]

g ANEW T3 715 =[9.80665 m/s’]

M: Az 3719 & 2 7[0.0289644 kg/mol]
R dnE 7}~ AF4r[8.31447 J/(mol - K]
(Relative humidity)

= 1
Pl AEoAE =4 glo] 05 S s

iz “;l;

1 10min 1 1
Promin — —oPr B )) (2)
0 Liomin Ry Ry

e
i

Z 3719 7k ASr[287.05 J/(kgl - K]

@ @ AdEsEMHEY 0~1]

Ry © 75719 7k 444615 J/(kgl - K)]

Py o 5719 =8 [Pal =0.0000205exp(0.0613846 7)
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1. Lha B2 (NTF)

A F5 dolHve d9=(Upwind)ollA 2 3149 F3Fs 7] v &
g0 2844 5HTE A As52 AFESHA] Xske] gkt IEC 61400-12-291 A
= YAl W 3Es=(Nacelle Transfer Function, NTF)E E3f Al Iz’kJJr np A E
TEY AHRBAE Tt o] F ol&ete U= (upwind) Ao FEHS A5 Tt
sotEE s ith

D yA Aggtes A3 54 e izl

IEC 61400-12-1 Annex Aol 2] A3} met-mast2} No.6 WTGE FWe| ¥
HAAZI7E AAY AAS Aozl 3ol FEel ol AVls TN A
5 A %%@?5— Ag dlolg oA vjAl A Ak gt f=e] o7 T
of Wste} W] WstE J &3] o FebA Xetr] wZolth. Met-mastét No.b
WTG 1<t F=ERlol ofa] AT wjA]l F3F2te] »9I( )= ot A 3l
279t

a=1l3arctan(2.5 /L, +0.15)+10  (3)
o 7] A,
L, TN =% met-mastet Aol 8 FQ FHE MR A [m]

D, oA 3 T FEERS =Y Zol[m]

n

Met-mast®} No.6 WTG2] #iA W9 +7HExcluded sector)S A3t 3
AH] F-7H(Measurement sector) Fig. 113} #o] 252°~46° & ZAA It}

A
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4‘ 252° 0
Measurement
sector
270" 90°
Excluded
sector
180°
Fig. 11 Measurement sector for NTF

2) Aol 2 ZAFF H A (site calibration)

A gol EH3Fste]l met-mastet FHER Apolol| frEd=o] WA A
B A3E  BA(site calibration)sioF  st7]  wjEel S AAHe] HPLE
(Complexity) & ¥ 7}sfjoF 3k} [13]

IEC 61400-12-1 Annex Beoll W} A& H7FE Ald 3t} HAE Alo] Eoj A
met-mast2} No.6 WTG Atole] A (L)7} 221m o2 = 2L(442m), 4L(884m),
8L(1768m)& WA F o= &+ d¥ 79 w5 SH ey 19 73t
o2 FEeATE ET SFAERl T34 5m HE FAAEE A FH A

AFgetth Fig. 12 & A9 4 99& BolFa gtk

148m

125m

100m |

om

" 250m 750m  1250m  1750m

Fig. 12 Area for terrain evaluation
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2 OHAE APES A¥ BPEE Table 6 9 2ol RE J5E wHae] v
S PEd APow BUHAL Gebd] Asg WAl Basta g s
Table 6 Terrain evaluation
Max. terrain
Distance Sector Maximum slope[%] variation[m]
H : 80m / D: 90m
4.40
<2L 360° 0.63<3 *
< 0.04(H+D) *
From Pos: 236816.632, 3693195251 To Pos: 236777.037, 3692762.383
L frm = — =
T e e
A e R R R R B R R R R B R R R R B R R P R R S P
M - — - e
5UIm 10(‘]131 li(llm Zme 256m 30[‘]111 350m 400m 434m
0
>2L.&<4L M t t 0.00<5 =
easurement sector < 0.08(H+D) *
offshore area
Outside M t .
>2L&<4L utside Measuremen 1.74<10 * Not application
sector
From Pos: 236822 179, 3693196 654 To Pos: 237173.361. 3692401 328
200 — - ..
80 — = — =t s s
L0 m — = = - Lol
T e e e
I 12%111 256m 37§m 500 m 625 m 750 m 869 m
>4L&<8L Measurement sector 0.46<10 = 7.3
<0.13(H+D) *
From Pos: 236820457, 3693201 818 To Pos:238147.721, 3694374.14
DI = — =t -
B0 = — = e -
B0 I - — - L oo -
LD @ - = = =t .. -
I li(llm ‘O(‘]m Ti(llm lUDIDm 1’§0m 1:0‘(}::\ 1770«
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<5 JaaA

)T AFEE(V,,, )]
A AR B4

(1) Fitted function %2
Fig 13 94 =4 dl°]H(raw measurement)
‘/}"“ TEI A 49 108 H v
& 3] 2] (linear reglression)Q Eﬁﬂ LAl
W )] #AAES EEs A
. =74 dol8 ¢ ZAA A4 (coefficient determination):
Fe] v =e ATRAATE AdSS Folg - 011:]-[16] H‘*%‘r‘: o 1 %
HF A
[e}

1 = —’_
AE(ECN)& o] Fitted function W2 o2 ZHthA] ]
v} 9l o} 7]

(rt Hm

tlo
r* Fil

)
Ho
I~ O'Im
N VI =

=

=

o

—

Jb

lo

o N o

o}
=]
.?_

o e I xo

26

22
20
18
16
14
12
10

'y =0.9235x + 0.7078
R*=0.99

Mast Wind Speed (m/s)

=T - -

- Raw measurements

—Linear Correlation

0 2 4 6 8 10 12 14 16 18 20 22 24 2
Nacelle Wind Speed (m/s)

Fig. 13 NTF as form of fitted function
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(2) Table 2]

Fig. 14 ¥} %o
A F45S 05m/s HI(Bin) (A2 Hirghs FFetrh ZF wleo] Hd gk Aol E (4)
21 o] &3Fe] A& 4t (linear interpolation)Ftt.

ree

=4 dlo]E(raw measurement)E Method of binsel ]3] 1}

(I/}ree,i-‘rl - I/}ree,i)/( I/nozcelle,i+1 - I/mwelle,i) (4)

x ( I/nacelle

~V

nacelle,i

) + V}ree,i

o714,
I/nacellez IH.]&H 3101]}\1"] 1/}'-18 ﬁél\_ jéﬁ[m/s]
I/free,i ltﬂ &H 1l O]I/K-]Q] ]'—/—\——E‘— %"é:— '\—io:]':r_r_[n'l/S]
I/nacelle I/freeE 04]7:,‘5]-,1__}]- —8]"—1:‘ %Xé%— ]’]'/%] &% [m/s]
Viee  * 248 4 353 laE 258 ol gate] o33 AT ms]
Wate A& o] g35te] 0.lm/s HAo® FAHE YA TS 0.1m/s H49] A
FEEOT WHFTH Table $A S W Ao Aol AfFEHS o Z3t
o AFErt =HoRA B AFAE Table WAo] YA WadE A83519
of A EE(V, 08 ASEE(V,,) W #e Table 7 9 2t
26
24
w 22
—~
_E_ 20
b 18
2 16
v
- 14
L 12
,,g_, 10
S g
=
6 - Raw measurements
4 © Bin average
2 —Linear interpolation between bins
0

0 2 4 & 8 10 12 14 16 18 20 22 24 2¢
Nacelle Wind Speed (m/s)

Fig. 14 NTF as form of table
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Table 7 Table of transfer function from 4 10V},
acelle I/}ree I/mwelle I/free I/;Lacelle V}ree V;wcelle I/}TGC I/naoelle I/free
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 16.2 157 20.7 19.7
2.8 3.0 7.3 75 11.8 116 16.3 158 20.8 19.7
2.9 3.1 74 7.6 119 11.6 16.4 159 20.9 19.8
3.0 3.2 75 77 12.0 11.7 16.5 16.0 21.0 199
3.1 3.3 76 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 8.1 124 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 12.7 124 17.2 16.6 21.7 21.0
3.8 4.1 8.3 8.4 12.8 125 17.3 16.7 21.8 20.8
3.9 4.2 8.4 85 129 12.6 174 16.8 21.9 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 17.0 221 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 8.9 13.3 129 17.8 17.2 22.3 20.9
44 4.7 8.9 9.0 134 13.0 179 17.3 224 21.0
45 4.8 9.0 9.1 135 13.1 18.0 17.4 22.5 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 51 9.3 9.3 13.8 13.4 18.3 17.7 22.8 21.3
49 52 94 9.4 139 135 18.4 17.7 22.9 214
5.0 53 9.5 9.5 14.0 13.6 185 17.8 23.0 21.5
5.1 55 9.6 9.6 14.1 13.7 18.6 17.9 23.1 21.6
52 56 9.7 9.7 14.2 13.8 18.7 18.0 23.2 21.6
53 5.7 9.8 9.8 14.3 139 18.8 18.1 23.3 21.7
54 5.8 9.9 9.9 14.4 14.0 189 18.2 234 21.8
5.5 59 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 19.1 184 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 6.2 104 10.3 149 145 194 18.6 23.9 22.2
6.0 6.3 105 104 15.0 14.6 195 186 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 10.7 153 149 19.8 189 24.3 22.5
6.4 6.6 109 10.8 154 15.0 199 19.0
6.5 6.7 11.0 10.9 155 15.1 20.0 19.1
6.6 6.8 11.1 11.0 156 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 7.1 114 11.2 159 154 20.4 195
7.0 7.2 115 11.3 16.0 155 20.5 19.6
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T
N
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o
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=3t 5 [m/s]
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Po

dlelE & 2(6)3 o] 05m/s Rlo=
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S ez 25D Al Y& met- mastoﬂ A =A%
%»’%% <A E%'& =923 d(Mast PC_No.6)# WA FEHA A FSA4S F5
S 2AR =3 YAl EFHF3ANPC_No.6) 28]al #A| ZAbol| A #] &3+ Vestas
90 3AMW 2] AlA] &2 =4 (Manufacturer PC)S $HA| #| A 51
3500 0.50
0.45
3000
—Manufacturer PC 0.40 E
g 2500 - ——Mast PC_No.6 0.35 E
';" —~NPC_No.6 2
E 2000 | ==Cp(Manufacturer) | 0.30 E
S ~~Cp_No.6(Mast) 0,25 ‘B
o | —~Cp_No.6(NPC -
5 1500 P_Ne-stiech 0.20 §
S o
s 0.15
S 1000 E %
; 0.10
500 o
0.05
o - L e l | | ! | ! | ! I L 0.00
0 2 4 6 8 10121416 18 20 22 24 26 28
Wind speed [m/s]
Fig. 15 Comparison of No.6 WTG power curves between mast wind speed
and nacelle wind speed
Met-mastol A A3 £5& 2AZ =3 3 I3 4(Mast PC_No.6)¥ A
FTEAAA FAHE FTEHES AR 2% A EHFHANPC-Nob)ol 2 dA
ghobd Al WSk ghert frastthar 3 4 Qo
A S AFst7] Aall 7+ FEFA49 F5 W 8 F9 AolE HlustATh
T3k g da X (Rayleigh distribution)& 7FAste] z1zte] Aoz o=
gt A7 YA A AF(AEP)S 1] 1l EFS T
IEC 61400-12-2 Annex Dell ¢Jstdd ¥ Wl & Hu 8 ox+= 7 Hlo =
Hol 1% olstolAY EHHl AAEZHE 05% o|sto]orgttt. Table 8 2 No.b
WTGE W22 met-mastoll Al SAS F5S AR E& 724 W9 =9, U
A FEANA S FHES AR EE5 2 HlY £9S Feta 74 vle &
g ztol & YEHUIATE 7S AAEH 05%<1 15kWelth, SA4H 59 2
= WA &9 Aol 7ES SIS FAE B



Table 8 Power differences of bins

. No.6 WTG + No.6 WTG + . .
Bin Difference Criterion
o, [m/s] mast WS nacelle WS (W] (W]

[kW] (kW]

7 35 29 24 4 15

8 4.0 58 58 0 15

9 45 108 112 4 15
10 5.0 171 175 4 15
11 55 251 254 4 15
12 6.0 363 359 3 15
13 6.5 454 452 2 15
14 7.0 566 560 6 15
15 75 692 688 4 15
16 8.0 821 814 7 15
17 85 1011 996 15 15
18 9.0 1235 1225 10 15
19 9.5 1465 1459 6 15
20 10.0 1697 1701 4 15
21 10.5 1922 1929 8 15
22 11.0 2141 2148 6 15
23 11.5 2356 2362 6 15
24 12.0 2551 2551 0 15
25 125 2704 2713 9 15
26 13.0 2819 2826 7 15
27 135 2903 2905 2 15
28 14.0 2944 2950 5 15
29 145 2972 2977 5 15
30 15.0 2986 2988 2 15
31 15.5 2993 2995 2 15
32 16.0 2995 2997 2 15
33 16.5 2997 2999 1 15
34 17.0 3000 3000 0 15
35 175 3000 3000 0 15
36 18.0 3000 3001 1 15
37 185 3001 3000 1 15
38 19.0 3000 3000 1 15
39 195 3000 3001 1 15
40 20.0 3001 3001 0 15
41 20.5 3001 3001 0 15
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AZrAN I A A F(AEP)S  AXFsE7] $130 FTEe HNEE ddy] 2X
(Rayleigh distribution)& 7} 33l 7}s & (Availability)> 100% = 714 3t
dde EEx= FAASF7F 29 gpolE E ¥ (Weibull distribution)9} &< ‘J A
o7 A7 Hy FTHES 9 FTH EIEE /AT £ Jdu ddy vHFSEEE
(Rayleigh cumulative probability distribution)= 2} (8)3} #t}.
2
V?Zl—exp—z VV)) (8

ve

AEP= N, F(K)—F(Vil)]( 7y

o 7] A,
AEP : A4z3F YA Ak
N, 1d F Az 5 (=8760)
N : Bin
VDA Rl xFEskE Hat F45(m/s]
P A Hle] xFstE Wt E9[kW]
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Table 9 AEP differences

Criteria
[MWh]

16
32

52

74

9
111

124
132

Difference
[MWh]

10

AEP
NTF PC
[MWh]

1567
3179
5215

7394
9435

11127

12370

13158

AEP
Mast PC
[MWh]

1572
3187
5225
7402

9440
11130
12371
13156

Annual
avg. WS
[m/s]

10
11

=
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Fole} @7kel U X AAFEHAEP) Aol &
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d|

U

e
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Hlo
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Fig. 16 Local terrains of No.6 WTG and No.9 WTG
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T3k A W E EEste wAAFEY F4 49 0Es 10% 4 73t
o2 Urds w o2 e g AARI S (sign of slope)7t EA1E o
HoQE "ok ARSI e ARbe] s AG 54 W el A Ale gt o

Al wastss Age

(1) A&7 A4 (RIX index)!8]

AZ 7] A4 (ruggedness index, RIX index)& *317] flair ¢4 A 49
T3 10° 14 7o ® v & FHEHR XA S E ol 208 g ol
= 9 FA7tA o] ZAolE 30m HACRE Ura 7z 1+Ae nEA( z) A

obelsh o] el

[e)
S

o

Olr

N
o

elevation, — elevation, _ 1)
30

Az, =

Az;7F 0.04<( otordiameter+ Hub height) 2.0} & 4% RIX,,
10° 24 F3tel M RIX,,,, RIX,,, RIX,,z © 2AAss #HELS 3o
RIX, g5 RIXy o ©) 75 EHSIIL RIX = RIX 09 RIX o, °) 75 EART

=4 e AAY AxE 10° 128 Frel A AE RIX,,,, RIX,
RIX) (s W&o Hitolty 3ol 7|Fel wet 4 wel3re F3 gHl 54

Ao A-7] A sl AFdH

Table 10 RIX terrain classification

RIX [%] RIX
terrain class
Compliant to IEC 61400-12-1:2005 Annex B (use L=2.5D) 0

IX ,<16 AND RIX;;,;<8 AND RIX;, ;<4 but not class 0 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
RIXy, =248 OR RIX,) ;=32 OR RIX, =16 4
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(2) H+ A Average slope)

ZeEN AN sln koo 5u] Ao|E wAEow Ao W EAI
ok %4 RSl 10° 17 e Ak WaEth ul wEseE o=
o A mE e gabel weh Auh gebd 4 glonw e emu 4
5 R U A5 B4 Aol A9 54 YT Fole Aol
o Table 11 o 2& 7|Zo] wel 24 $9171re] FitAA Siol 24}

Table 11 Slope terrain classification
Absolute solpe [%] Sl_ope
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

(3) % A¥ S+ (Final terrain class)
18 598 AA7] AFRIX index) SHI H HAHAverage slope)
SuY ftoew AAFHEAY. o AU HF AY SF2 5ol 1 ol FHol U

No.6 WTG ¢ =4 X] Ql % met-maste} HRWl kel Al(L)e] 2.5De] il
IEC 61400-12-1 Annex Bell wz} =74 ®¢]5-7to] site calibration®] Z 8 §l+
Agolmng Hi A7 A 05w A4 FHt A 1evs 7HHAERE HF
AP sa lewolth

No.9 WTG 9 =4 A¥< %% met-maste} EH 7te] AglE 25DZ 7}4
kil g3k Welel A IEC 61400-12-1 Annex Bell whe} site calibration©] 22 §l
= AYelmz HA A7 AFH 065 HA Hit AAF 1598 7/HHAE=R

AT AGdsa2 leaolth
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(D ol&4 54 B3t

IEC 61400-12-1 Annex Bell

2l No.9 WTGE o] &4

Table 12 ¢+ o] Ax+atolch. Fig. 17 ol A= wiAl w957t

4 TS YEA Y

Table 12 Excluded sectors from No.9 WTG

o

Neighboring . Distance from | Direction from
WTG Rotor diameter No9 WTG No.9 WTG Excluded sector
No.2 WTG 72m 557m 25° 4°~46°
No.3 WTG 72m 334m 120° 93°~147°
No.4 WTG 72m 372m 201° 175°~227°
No.7 WTG 90m 324m 52° 21°~83°
No.8 WTG 90m 586m 112° 89°~135°
No.11 WTG 52m 744m 60° 43°~T77°
N
227° 0
~4°
(I &
Measurement -89
sector f
270% 90°
Excluded
sector
147°
~175°
180°

Fig. 17 Measurement sector for No.9 WTG
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) A AR FESA e Atk ol A 0877kl
Fotel glo] YAl WMEgsrt §a8 & k. olE sy 98 F4%
] 0] sko] self-consistency check 2 A] &t}

Fig. 18 2 No.9 WTGY] self-consistency check A3& HoFoh HARZEEH O
2 PR BEe olgdowm s WAl el T WelolTh

o

L=,

Jo I
oo

il JH

fn)

1.06 900
™ —I"Wind
1.05 | I ol
'Distortion 400
1.04 700

1.03

— T- 600
o 102 -

2 500
£ 101 | Allowable

~ 400
g 1

300
0.99

0.98

Number of direction sets [-]

0.97

0.96 0
0 30 60 90 120 150 180 210 240 270 300 330 360
Wind direction (°)

-0-Vip / Vifree A Position of adjacent wind turbines
= -Allowable limit ——Number of data

Fig. 18 Self-consistency check for No.9 WTG

=8 s gor HL{ato] AL
el Bge Al %%Olﬁ}
fredi=tol lvtd ol HonE V9V, 7F dAEok g
A3k Fakel 50°, 120°, 200°914 Vpek V.,

of W&ol wig =uh wiAl Wb Al A4 LT Vst V.,
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Fig. 21 & =34 HP-?‘]:rLﬂoﬂfﬂ =AE EFd fLste 8o ¥ L (scatter
plots)S HolFth 452 FTF7|RER FFdtegon T Zrhd uhz)
e Hxg, aqm, EFEAA, BTG WHE 4 5 Ak Table 13
g3 =& & 9% Databased] #HA 272719 T ARE UrE]r‘ﬂ?i‘:}

=9 BXEE EdA A3 AJ1d o] Z(signal noise) % Az FAH|E
gk 3ol PSS AT 4 AT} dHolE FHY AR TAG] FHHA
&2 @ 5 Ao
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3
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Wind speed [m/s]
Fig. 20 Power scatter plots of No.9 WTG
Table 13 Database for NPC
Item Requirements Database
Cut-in to 1.5 times the
Wind speed range of wind speed at 85% of the _
database rated power of the wind 35m/s 21.0m/s

turbine(=3.5m/s ~18m/s)

The tlm.es of san-lpled data More than 30 minutes More than 40 minutes
in each bin

The times of whole

sampled database More than 180 hours 905 hours
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Fig. 222 Z8Z X% Ul 53 FHAEE ol &3] =& U
)5 dERTE ubkge] 7Exl oy A

°] =93 0111/1745 Hetll= =9 Al (power coefficient, Cp)& /“(10)74
AArgteh, Az oA AFstE AAl E = 24 (Manufacturer PC)¥ &3 A1

ofN
R
R

m
o

/\

Cp

C ' (10)

3500 0.50
3000 0.40 -
) 0.30 &
X 2500 S
5 020 &
£ 2000 =
= 0.10 +
O . c
~ 1500 ]
Q (¥
-3. - 0.00 &
[+}]

o 1000 ==Manufacturer PC | 0.100 O

—+NPC_No.9
===Cp(Manufacturer) =~ -0.20
-=-Cp_No.9(NPC)

3

-0.30

o

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Wind Speed [m/sl]

Fig. 21 NPC of No.9 WTG and power curve of the manufacturer
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Table 143 ¥4 Wd Bt T4, 29, dold & AY ¥ERVE BY 1
B3 A EFEIEE HAFHoZ YERYT
Table 14 Combined uncertainties (No.9 WTG)
Power curve Category A | Category B | Combined
Bin no. - uncertainty | uncertainty | uncertainty

i Wind speed Electric Si U uci

V. power No. of (W] (W] (W]

[m/s] b data set

(kW]

7 3.68 15.2 69 1.32 18.57 18.61
8 4.09 50.5 143 1.76 36.69 36.73
9 4.58 101.9 125 1.59 44.02 44.05
10 5.04 162.9 135 2.33 55.77 55.82
11 5.58 235.7 113 2.68 59.02 59.08
12 6.06 320.8 135 3.41 77.96 78.03
13 6.57 428.1 135 3.98 96.50 96.59
14 7.05 534.2 153 4.27 105.99 106.08
15 7.57 662.4 203 3.60 122.54 122.59
16 8.06 771.3 183 4.92 114.99 115.10
17 8.53 923.5 183 6.58 171.45 171.58
18 9.05 1145.7 199 6.94 232.78 232.89
19 9.56 1362.9 207 7.50 240.42 240.54
20 10.04 1597.6 269 6.48 284.77 284.84
21 10.54 1841.0 225 7.48 295.10 295.20
22 11.08 2061.7 247 7.08 263.27 263.37
23 11.54 2276.0 237 7.45 302.55 302.64
24 12.06 2495.1 276 6.24 290.64 290.71
25 12.54 2663.2 228 512 252.26 252.31
26 13.05 2786.7 313 4.22 192.56 192.61
27 13.57 2879.3 277 3.36 159.82 159.85
28 14.05 2936.5 275 2.55 132.07 132.09
29 14.53 2966.5 225 2.22 109.43 109.45
30 15.04 2982.0 227 2.00 102.22 102.24
31 15.54 2992.1 188 1.05 100.95 100.96
32 16.04 2996.3 140 0.76 100.06 100.07
33 16.55 2995.4 93 3.42 99.81 99.87
34 17.05 3000.2 71 0.40 100.31 100.31
35 17.53 2998.4 45 1.25 99.95 99.96
36 18.08 3000.4 19 0.51 100.01 100.02
37 18.62 3001.2 30 0.12 99.99 99.99
38 19.03 2998.6 22 2.54 100.08 100.11
39 19.55 3001.4 10 0.06 100.13 100.13
40 20.02 3001.4 14 0.06 99.99 99.99
41 20.60 3001.1 4 0.27 99.98 99.98
42 21.10 3000.9 4 0.55 99.98 99.98
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Fig. 23 & No9 WTG %7} o4 Seenle] S2q4R =2 $592 v
Qe WAl FEIdolth BEE Tya

a8F At AL 4ol A s A st

350
E_ 300
T 250
§. 200
£
E 150
Y 100
=
o
50
0
3500
3000
5 2000
o
=
5
© 1500
™
7]
i 1000

g

*» ) 3
. ’0.¢0_00__o'0,0'-b_0_'0

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wind speed [m/s]
Fig. 22 Uncertainty in power
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Fig. 23 Uncertainty range on power curve
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(4) A=A =

Table 15 &= AZAZF AAISE S5 234 Oy

U ZH34d9 AsHE B9
oAl YAl Z o] AxAL e <t
HEH ASA IS FE AT F EH A

A BT ESE HARt Jdorng FHI3H FAHA
g gl FEAY] A 5o EFE 24S uHIdS
2 AA FAH TETFLNA F A Hds = gl
e 29 AA7F 7] i AY &3 AA &€z
o & AT ofd Ao #Aud 4 9tk

Table 15 Power performance result of test

Wind Power [kW] Coefficient [-]

Speed

ma | @ | e [P @ | w | O
4 77 51 66 0.309 0.190 61
5 190 163 86 0.390 0.327 84
6 353 321 91 0.419 0.369 88
7 581 534 92 0.435 0.391 90
8 836 771 87 0.444 0.378 85
9 1273 1146 90 0.448 0.397 89
10 1710 1598 93 0.439 0.405 92
11 2145 2062 96 0.414 0.389 94
12 2544 2495 98 0.378 0.365 97
13 2837 2787 98 0.331 0.322 97
14 2965 2937 99 0.277 0.272 98
15 2995 2982 100 0.228 0.225 99
16 3000 2996 100 0.188 0.186 99
17 3000 3000 100 0.157 0.155 99
18 3000 3000 100 0.132 0.130 99
19 3000 2999 100 0.112 0.112 99
20 3000 3001 100 0.096 0.096 100

% (a) Manufacturer Power Curve
(b) V90_No.9 Nacelle Power Curve
% Reference air density : 1.225kg/m’
Swept area :

6,362m’
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H2E Ao EdA F49] dde EEE Jbgate] sl woldAe] A 3
T 5ol ZF 4~1lny/s A o AZHAUAYAFH(AEP)S ol =33 th Table 16
ol4 AEP-measured = 54 A5S &3] 7sld No9 WIGS v =554

& Mgt A% AEPolth Z4¥ b 2EAUL ABEERH 21 /s
A i o™ 21 m/s o] FHE T FTE52 Bm/sTHAE EEHS 002 7}**5}
A2t AEP-extrapolated= A4 ® A Z2 249 vlx|v 4 Bin
A2 sl Eeel FUFSAA WA Agstel ALALL Sn
=olo| e A7t Hit FZo] molbEd s E AEP-measured?t AEP-extrapolated 2]
fx S <7t —measure —extrapolate 6 ©|3
#ke] ztol7t F7tete] AEP d7} AEP-extrapolated®] 95% ©]&l= e
%<& W “incomplete” X715 3t
AEP-measured’} 71845 AEP ¥+ 238 =& F7ksks Wb AEPolA
FRHE £A7 FASE 0SS FAU olfE 1EFSE JI6m/s13m/s)9)
SJETE S W AY RFESLES BE ATESEY FUHHEo] 99
S7H &R 7] wEolth
Table 16 Estimated annual energy production
Hub height . .
annual AEP Standard Standard AEP AEP-measured
measured . . extrapolated
average (measured uncertainty | uncertainty (extrapolated and
wind speed power curve) in AEP in AEP power curve) AEP-extrapolated
. o .
(Rayleigh) [MWHh] [MWh] [%] [MWHh] ratio
[m/s]
4 1459 353 24.2 1459 1.00
5 2995 587 19.6 2995 1.00
6 4966 812 16.4 4967 1.00
7 7109 987 139 7131 1.00
8 9155 1102 12.0 9260 0.99
9 10894 1163 10.7 11198 0.97
10 12211 1182 9.7 12840 0.95
11 13085 1170 89 14132 0.93(incomplete)

Estimated annual energy production

Turbine : type = WindTurbine + nacelle anemometr TF, location = IEC PT-12-2
Reference air density : 1.225 kg/m’

Cur-out wind speed : 25 m/s

(extrapolation by constant power from last bin)
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Table 17 & 84537t 7170 671€S 283 S H o] met-mastol A
4% A H FEHEES ol&ste] dWdy BE MGt A AU A BARF
AA ol =] A ‘j*'% H] a5k vt
A S8 ado®m AbEe AEPS AA AAE oy A vl &2 986% = At
91212 Kol 9t} Fig. 260014 A A Azke]x ol
ol A A AL F(AEP) o] 73 3ol SHAl Yebd o = A E%T"{L A %@.%LO] A A

FEHNY 45e T gusta drhn Bed 5+ ok

Table 17 Rayleigh distribution AEP against actual AEP

Rayleigh =
distribution Actual data Ratio [%]
Hub height
annual Ave. WS [m/s] 41 747 100
AEP [MWHh] 8104 8212 098.6
Average air density [kg/m'] 1.225 1.227 99.8

* Actual data measured period : 2009.2.16. ~2010.2.17

16000

14000
.
12000 —

10000 /
X
/ =fiil=Estimated AEP-
4000 extrapolated powercurve |
==g==E stim ated AEP-measured
power curve
2000 =

[ A Actual AEP of No.9WTG

Annual Enuergy Production [MWh]

0 | I 1 I I
4 5 6 7 8 9 10 11

Annual average wind speed [m/s]

Fig. 25 Estimated AEP and actual AEP
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Fig. 26 Wind energy per met-mast measured
direction
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£ 3 (Weibull probability distribution) 7}4

SHE XS THAsk ARty A AR

T59 9ol &
5 54 IFE E¥X(Weibull cumulative probability distribution)+=
o} [22]
V)=1—exp — )) (12)
o] 7] A,
FV) : %9 dfol& 4IRS
Vi E% (05m/s 1+4)
k : &A= (shape factor)

O~
T
¢ FZA S (scale factor)

A5 FTHEBEXZREH YA (shape  parameter) 2}

parameter)2 Maximum likelyhood algorithm . &2 2}(13)3} Zo]
(& N —1
YV m(V) YMn(v)

_ =1 =1
k= N (13)

o 7] A,

N:odelE e F 4

o Satleh. ol

4129 2

2 = A5 (scale

T5H9) ok 23]

T oo 2 A48 2ol g

FEAT kel FAE HEAS ¢

—_

Fig. 28 2 A &3k 7]+ &<t9
FAA G A=A

ER AT
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B Actual data

x - E, R —a—Weibull distribution-
k=1.98, c=8.44m/s

Frequency [%]
w

o0 2 4 6 8 10 12 14 16 18 20 22 24
Wind speed [m/s]
Fig. 27 Weibull distribution and actual wind distribution

Table 18¥} #o] H|AE Alo|EdA ¥4 & BIE ololE By=z 7[Ad)
A4S W No9 WTGS 7t oy Artake 8124dMWh = No.9 WTGS] 2 Al
b 2ol 98.8% F=o|th. ddy BEXE 7HAAS wrntt 02% © FAE 3
s Bt

—

Table 18 Weibull distribution AEP against actual AEP

Weibull
distribution Actual value Ratio [%]
k=198, c=8.44

Annual hub height
Ave. WS [m/s] 47 47 100
AEP [MWh] 8,124 8212 989
Average alradensrty 1995 1997 998

[kg/m']

Actual data measured period : 2009.2.6 ~2010.2.5
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2. L}

e A AL

H EZ=HIM EE
IEC 61400-12-20 A% YA 5349 E8% 249 st Ay 2 3
7holl 283k Froll tiste] Attt
1) YA WA 3ksta=(NTF)
Al Wskela=o] o3t Biln= YAl Yol YAl F& =AHEISE F )
= YA Wslslao BEgn 44 4ol Table 21

contribution factor

Table 20 Estimates for uncertainty components from NTF measurement

Uncertainty component without site calibration
Source : :
svmbol Estimate of svmbol Estimate of
v magnitude Y magnitude
Anemometer 5. 0.1m/s P 1
calibration * Standard : IEC 61400-12-1:2005
class 1.9A
) I,
Ups,i k = 19 2 1
Free operational * Standard @ IEC 61400-12-1:2005
stream characteristics Cup anemometer : Risoe P2546A
wind Assuming rectangular uncertainty distribution
speed Upg; = (0.05m/s+0.0050;) < k/ 3
Urs,i ‘ 1.0% ‘ Ipg ‘ 1
Category | Mounting effects | * Mast design according to IEC 61400-12-1
B = minimal distortion
Instrume e 0 I
nt Flow distortion UFASZ“ - ‘ - 2.0% ‘ 5 ‘ 1
d . *no site calibration undertaken
ue to terrain
*1 < 3D
y I
Data acquisition ZF“”" ‘ . 0.03m/s ‘ % ‘ 1
system *(0.1% uncertainty of the full range of 30m/s of the
measurement channel
Anemometer Upy s ‘ 0.15m/s ‘ Iy ‘ 1
calibration
uncertainty due | * Standard : IEC 61400-12-2:2013 Annex D
Nacelle to wind speed
wind Anemometer Upp; ‘ 1.0% ‘ Lyy ‘ 1
speed calibration
uncertainty due | * Nacelle wind sensor : FT702 sonic anemometer
Category | to wind direction
B class 4A
. Ui Iy 1
{Instrume Operational ' k=14
nt characteristics * The nacelle sensor is not classified as per IEC
61400-12-1 and conservative estimate was used.
Mounting effects Upy g 2.0% Iy 1
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contribution factor

Uncertaint t . . . .
neertamty componen without site calibration

Source - ;
symbol Est1ma_1te of symbol Estlma}te of
magnitude magnitude
* Preferred method nacelle instrument mounting : IEC
61400-12-2 Annex A
.| 003m/s | v \ 1

Data acquisition
d *(0.1% uncertainty of the full range of 30m/s of the

system
measurement channel
Method Wi | 20% ] I \ 1
Seasonal . . .
.. * A NTF measured at different times of the year using
Category variation . o .
B same equipment will give different results.
L. o TF,i
Statistical Statistical SNTRi n.a. n.a.
uncertainty in
Category captured * Ontri 1S the standard deviation of the nacelle wind speed
A dataset corrected by NTF

N; is the number of 10min data sets in bin 1.

Met-mastoll Al =45 F&9) B3 oly Az 72u)

=]
E
. 2 2 2 2 2 2 2 2
Upg; = Lpg Uperi T Lrg Ursy 4 IF uFS,i + Loy Upsy i T LipsUars,;

Upg; = (1)2(0.1)* 4 (1)*(0.054m/s +0.0054 X V;[m/s])* +(1)*(0.01 < V;[m/s])?
+ (1)*(0.02 % V;[m/s])* + (1)*(0.03m/s)?

Met-mast®2} 25D "@ojZ No.6 WTG oA SHE YAFE Ed = oy
A3 2,
_ /2 2 9 9 9 9 2 2
Ni \/]Nl Up 1 + Ly uNQ.i+IN3uN3,i+[N4 uN4.,i+]Nusz

Uy ; = \/(1)2(0.15)2 + (1)%(0.01 x V;[m/s])* + (1)*(0.1155m/s +0.01155 X V;[m/s])?
+ (1)*(0.02 x V;[m/s])* + (1)*(0.03m/s )

_ /2 2
Upr NTF G — \/[1112 Upp,i

Unp NTF G = \/(1)2 (0.02x V[m/s]
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Table 21 Uncertainties from NTF (No.6 WTG)

Wind

Bin Category B Category A
o, speed

i Vi

[m/s] Si U U NTE SNTE Wy,

7 3.70 0.1524 0.2351 0.0740 0.0171 0.2903
8 411 0.1586 0.2417 0.0822 0.0127 0.3008
9 4.60 0.1663 0.2498 0.0919 0.0149 0.3142
10 5.07 0.1742 0.2579 0.1013 0.0161 0.3277
11 5.53 0.1823 0.2662 0.1106 0.0196 0.3417
12 6.09 0.1924 0.2766 0.1219 0.0150 0.3586
13 6.57 0.2011 0.2856 0.1313 0.0117 0.3734
14 7.06 0.2105 0.2952 0.1412 0.0133 0.3893
15 7.56 0.2202 0.3052 0.1513 0.0129 0.4058
16 8.05 0.2297 0.3150 0.1609 0.0142 0.4220
17 8.53 0.2393 0.3249 0.1705 0.0147 0.4383
18 9.04 0.2496 0.3355 0.1807 0.0128 0.4557
19 9.55 0.2600 0.3463 0.1910 0.0120 0.4735
20 10.04 0.2702 0.3569 0.2008 0.0129 0.4907
21 10.54 0.2806 0.3677 0.2108 0.0149 0.5085
22 11.06 0.2915 0.3790 0.2211 0.0155 0.5270
23 11.54 0.3017 0.3898 0.2309 0.0159 0.5445
24 12.05 0.3125 0.4011 0.2410 0.0159 0.5629
25 12.55 0.3232 0.4122 0.2510 0.0150 0.5810
26 13.06 0.3342 0.4238 0.2612 0.0171 0.5999
27 13.56 0.3450 0.4352 0.2712 0.0168 0.6182
28 14.05 0.3556 0.4464 0.2810 0.0188 0.6364
29 14.55 0.3664 0.4578 0.2909 0.0209 0.6549
30 15.05 0.3774 0.4694 0.3009 0.0243 0.6737
31 15.54 0.3882 0.4809 0.3109 0.0219 0.6921
32 16.06 0.3996 0.4929 0.3212 0.0284 0.7117
33 16.54 0.4102 0.5042 0.3308 0.0285 0.7299
34 17.01 0.4205 0.5151 0.3402 0.0333 0.7476
35 17.52 0.4318 0.5272 0.3504 0.0335 0.7670
36 18.01 0.4426 0.5387 0.3601 0.0630 0.7872
37 18.53 0.4542 0.5511 0.3706 0.0695 0.8075
38 18.98 0.4643 0.5618 0.3796 0.0641 0.8242
39 19.55 0.4770 0.5754 0.3910 0.0702 0.8464
40 20.02 0.4875 0.5866 0.4005 0.1170 0.8694
41 20.64 0.5014 0.6015 0.4129 0.1602 0.8996
42 21.25 0.5149 0.6159 0.4250 0.1871 0.9274
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2) A =9 =54(NPC)

A ZFEag4d B3 A4 4A 5 B B35+ =9 =H(Power output),
NTFZ HAE YA ZFZ(Nacelle wind speed), 372 =(Air density), Method
7F 3 AY B 544 &3 FFHAH(Statistica)7F Ath. Table 222 4
A ZY:de] BIHE PAade] U AW AN 485 woEn)

Table 22 Estimates for uncertainty components from NPC measurement
. contribution factor
Source Uncertainty component without site calibration
svmbol Estimate of svmbol Estimate of
Yy magnitude Y magnitude
r 0.35% Ipt 1
Current * Standard : IEC 61869-2[27]
transformers * Class 0.2 at 20% load
Power * Assuming rectangular uncertainty distribution
output Up 0.2% Ipo 1
Voltage * Standard : IEC 61869-3[28]
-1 transformers * Class 0.2
¢ * Assuming rectangular uncertainty distribution
C Power Ups; 0.5% Ips 1
atelfory transducer or * Standard : IEC 60688[29]
Inst power * Class 0.5 : uncertainty limit is 1/200 of 200% nominal
s rtume measurement power = 30kW
n device * Assuming rectangular uncertainty distribution
. o
Data acquisition Z(]P" . 0.1% Lop ‘ 1
system *(0.1% uncertainty of the full range measurement range of
6500kW
Anemometer Ui ‘ 0.15m/s ‘ Ivi 1
calibration
due to WS * Standard : IEC 61400-12-2:2013 Annex D
Anemometer Uy, 1.0% I 1
calibration

Naiezile due to WD * Nacelle wind sensor : FT702 sonic anemometer

win
speed . class 4A ]
Operational Ui k =4 Tvs 0.7
Cpi = characteristics * The nacelle sensor is not classified as per IEC
" 61400-12-1 and conservative estimate was used.

P—p_, Uyn 2.0% Ina 0.7

Vi Mounting effects | * Preferred method nacelle instrument mounting IEC

61400-12-2 Annex A

Category Flow distortion Uys i 1.0% ‘ Ivs ‘ 1

1 tB due to terrain * NTF terrain class : 1, NPC terrain class : 1

s e T Ui | Table 47 v na.

Uy = uili,i +u?\:z +u?11.,]\'TF,L + Shrmi
Data acquisition Q:dm - 0.03m/s Lv 1
system %(0.1% uncertainty of the full range of 30m/s of the
measurement channel
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contribution factor

Uncertainty component . . . .
v D without site calibration

Source - -
svmbol Estimate of svmbol Estimate of
Y magnitude Y magnitude
¥ 0.5°C I 1
Temperature * Standard : ISO 2533
) sensor * Standard uncertainty of the temperature sensor is
Alr‘ assumed to be 0.5°C
density o Uy, | 2.0°C | Iro | 1
Radiation - — — -
L * Standard uncertainty of the radiation shielding is
— shielding
i assumed to be 2.0°C
U - ° .
Mounting 31 ‘ 0.33°C ‘ 113 - ‘ L —
88.15 offects * Assumed to be 0.33°C when sensor is mounted within
10meter from hub height
CB,Z' = Data Ui ‘ 0.04°C ‘ Tar ‘ 1
P acquisition * (.19 uncertainty of the full measurement range of 40°C
‘ 03 ‘ up, | 30hpa | I | 1
Pressure * Standard : ISO 2533
sensor * Standard uncertainty of the temperature sensor is
Category
B assumed to be 3.0hpa
Instrume Vounting Ui \ 189hpa | I | 1
nt offects *20% correction of height difference 79m between the
sensor and hub, which is 1.89hpa
Data uip; | Olhpa | Ivs | 1
acquisition *(.1% uncertainty of the full measurement range of 100hpa
Ung,i ‘ 0.5% ‘ i ‘ 1
Air density * The air density correction captured the influence of
correction incorrect assumption that Cp is constant over the wind
speed range.
. Uppi 1% Taiai 1
Dynamic power |— g & 11" & captored ‘th dditiona] | tainty |
Method measurement is uncertainty capture e additional uncertainty in
dynamic power
e =1 Seasonal Upp,i ‘ 2% Tvs;i ‘ 1
M variation * A power curve measured at different times of the year
on NPC using same equipment will give different result.
Category " ‘ 20¢ Lo ‘ 1
B Variation to A - 2 . —
. * This uncertainty captured variation wind distribution on
rotor inflow
rotor.
Turbulence Upgi ‘ 1% ‘ vz ‘ 1
effect on L . . .
. * The method of binning includes an inaccurate estimate of
averaging and . .
binni average power in the bin due to turbulence.
inning
Statistical i opi
. . Spi n.a n.a
Variance in )
. 2
lectrical - — —
Catfory clectical power op;i 1s the standard deviation of power value in bin i.

N; is the number of 10min data sets in bin 1.
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Ba 23t TAQ o AL ool 2l

0.0035x (kW] 1
= ><3x3=0.002><PZ.[l<:I/I4

s 3
0002 BlRT 1 3=0.0012 % P,[k W
.= X—=X3=0. XL
uPZ,Z \/g 3 7
k
Upg = 3?/§W: 17.3k W

Ugp; = 0.001 X 6500k W= 6.5k W

_ 2 2 2
Up,; = Ip, P11+IP2 P21+]P3 P31+[PudP7

up; = (1*(0.002 < P,[kW)* + (1)*(0.0012 X P, [k W])”
+(1)2(17.3kW)* + (1) (6.5 W)?

_ /2 2 2 9 2 9 5 9 9 9 2 9 9
Uy,; = \/]V1UV,1 +]V2uV2,z’+[V3uV3,i+[V4UV4.,Z’+]V5UVE),i+uV6,i+](iVudV,i

uy, = (1)(0.15)* +(1)*(0.01 x V;[m/s])* +(0.7)*(0.1155m/ s +0.01155 < V;[m/s])’
+(1)%(0.01 < V;[m/s])* +(0.7)%(0.02 x V.[m/s])* + Uy, + (1) (0.03m/ s )?

_ /2 2 ) 2 2 2 9
Up; = \/[TluT.,l +[72u12,i+[73u13,i+[dTudT,i

up; = (105K +(1)*(2.0K) +(1)°(0.33K)* + (1) (0.001 < 40K)°

_ /2 2 2 9 2 9
Up; = \/] UB1+[ uBZ.i+[dBudB,i

g, = V(1)%(3.0hpa)’ + (1)2(1.89k)* + (1)(0.001 X 100Apa)?

2 2 2 2 2
Upri = Ly “M sty UM4 it uM5 it g uMG + Ly “Mr it I ]l[udM i

Uy = \/(1)2 (0.005 < P [k W1)? +(1)*(0.01 X P, [k W1)* + (1)°(0.02 x P, [k W])?
+ (1)%(0.02 % P [E W) + (1)%(0.01 X P,[k W)
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Table 23 Sensitivity Factor (No.9 WTG)

Power curve

Sensitivity factor

Bin
n_o. Wind speed Electric

1 power p Cri Cpi

(m/s] P, [kW/ms] [kW/K] [kW/hpal]
[kW]

7 3.68 15.2 4121 0.053 3.547
8 4.09 50.5 86.594 0.175 3.547
9 458 101.9 104.763 0.354 3.547
10 5.04 162.9 132.654 0.565 3.547
11 5.58 235.7 135.267 0.818 3.547
12 6.06 320.8 175.096 1.113 3.547
13 6.57 4281 210.564 1.486 3.547
14 7.05 534.2 222,600 1.854 3.547
15 7.57 662.4 247971 2.299 3.547
16 .06 7713 221.923 2677 3.547
17 8.53 9235 324.781 3.205 3.547
18 9.05 1145.7 427.311 3.976 3.547
19 9.56 1362.9 423.829 4.730 3.547
20 10.04 1597.6 485.910 5.544 3.547
21 10.54 1841.0 484.805 6.389 3547
22 11.08 2061.7 412.347 7.155 3.547
23 11.54 2276.0 460.952 7.899 3.547
24 12.06 2495.1 424592 8.659 3.547
25 12.54 2663.2 349.271 9.242 3.547
26 13.05 2786.7 241.938 9.671 3.547
27 13.57 2879.3 177.996 9.992 3.547
28 14.05 2936.5 120.132 10.191 3.547
29 14.53 2966.5 61.836 10.295 3.547
30 15.04 2982.0 30.733 10.349 3.547
31 15.54 2992.1 19.873 10.384 3.547
32 16.04 2996.3 8.421 10.398 3.547
33 16.55 2995.4 1.723 10.395 3.547
34 17.05 3000.2 9.755 10.412 3.547
35 17.53 2098.4 3.749 10.406 3.547
36 18.08 3000.4 3.650 10.413 3.547
37 18.62 3001.2 1.334 10.415 3.547
38 19.03 2998.6 6.259 10.406 3.547
39 19.55 3001.4 5.489 10.416 3.547
40 20.02 3001.4 0.086 10.416 3.547
41 20.60 3001.1 0.475 10.415 3.547
42 21.10 3000.9 0.394 10.414 3.547
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Table 24 Category B uncertainties (No.9 WTG)

. Electric Wind Wind Air Air Air Air
Bin Method
power speed speed [temperature|temperature| pressure | pressure
no. Ui
. i Uy Cyi XUy U Ci XUy Up,; Cpi X Up; '
Dnwl | sl | oWl | K wl | hpal | oewy | KW
7 18.500 0.354 1.459 2.088 0.110 3.547 0.053 0.553
8 18.500 0.365 31.640 2.088 0.366 3.547 0.177 1.675
9 18.502 0.380 39.798 2.088 0.738 3.547 0.357 3.300
10 18.504 0.395 52.333 2.088 1.181 3.547 0.571 5.231
11 18.508 0.410 55.497 2.088 1.708 3.547 0.825 7.531
12 18515 0.428 74.992 2.088 2.325 3.547 1.123 10.222
13 18.527 0.445 93.661 2.088 3.102 3.547 1.499 13.615
14 18.542 0.462 102.881 2.088 3.871 3.547 1.870 16.971
15 18.564 0.481 119.164 2.088 4.800 3.547 2.319 21.025
16 18.587 0.499 110.638 2.088 5.589 3.547 2.701 24.469
17 18.624 0.516 167.736 2.088 6.692 3.547 3.234 29.281
18 18.691 0.536 228.989 2.088 8.303 3.547 4.012 36.309
19 18.770 0.556 235.508 2.088 9.877 3.547 4772 43.178
20 18.870 0.575 279.306 2.088 11.578 3.547 5.594 50.600
21 18.990 0.595 288.281 2.088 13.342 3.547 6.447 58.298
22 19.112 0.615 253.794 2.088 14.941 3.547 7.219 65.275
23 19.243 0.635 292.639 2.088 16.494 3.547 7.970 72.053
24 19.390 0.655 278.310 2.088 18.081 3.547 8.737 78.980
25 19.511 0.676 235.985 2.088 19.300 3.547 9.325 84.295
26 19.604 0.697 168.564 2.088 20.195 3.547 9.758 88.203
27 19.676 0.718 127.722 2.088 20.866 3.547 10.082 91.130
28 19.722 0.738 88.632 2.088 21.281 3.547 10.283 92.941
29 19.746 0.758 46.900 2.088 21.498 3.547 10.388 93.888
30 19.759 0.780 23.960 2.088 21.610 3.547 10.442 94.380
31 19.767 0.800 15.907 2.088 21.683 3.547 10.477 94.696
32 19.771 0.822 6.924 2.088 21.713 3.547 10.492 94.829
33 19.770 0.843 1.453 2.088 21.707 3.547 10.489 94.802
34 19.774 0.863 8.421 2.088 21.742 3.547 10.506 94.955
35 19.772 0.885 3.318 2.088 21.729 3.547 10.499 94.898
36 19.774 0.908 3.314 2.088 21.744 3.547 10.506 94.962
37 19.775 0.931 1.241 2.088 21.749 3.547 10.509 94.984
38 19.773 0.949 5.942 2.088 21.730 3.547 10.500 94.902
39 19.775 0.974 5.345 2.088 21.751 3.547 10.510 94.993
40 19.775 0.998 0.086 2.088 21.751 3.547 10.510 94.992
41 19.775 1.030 0.489 2.088 21.749 3.547 10.509 94.983
42 19.774 1.060 0.418 2.088 21.747 3.547 10.508 94.977
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Table 25 Uncertainty difference (No.6 WTG)

IEC61400-12-2

[EC61400-12-1

Bin Wind speed Standard Standard .
no. Vi . ; Ratio

; [m/s] comblped comblr_led

uncertainty uncertainty

7 35 18.8 18.7 1.01
8 4.0 32.9 219 1.50
9 45 46.6 28.4 1.64
10 5.0 55.6 32.2 1.72
11 55 73.1 40.7 1.80
12 6.0 83.1 50.7 1.64
13 6.5 91.0 52.0 1.75
14 7.0 104.5 62.1 1.68
15 7.5 125.0 73.0 1.71
16 8.0 133.6 79.0 1.69
17 85 199.6 117.0 1.71
18 9.0 245.3 143.0 1.71
19 9.5 259.4 160.8 1.61
20 10.0 289.5 166.3 1.74
21 10.5 278.7 167.1 1.67
22 11.0 269.4 168.7 1.60
23 11.5 291.5 174.0 1.68
24 12.0 258.9 162.0 1.60
25 12.5 237.6 134.2 1.77
26 13.0 1799 105.4 1.71
27 135 149.3 83.3 1.79
28 14.0 119.6 50.9 2.35
29 14.5 107.7 41.1 2.62
30 15.0 101.0 34.2 2.95
31 15.5 100.4 32.0 3.14
32 16.0 99.9 31.3 3.19
33 16.5 99.9 31.3 3.19
34 17.0 100.0 314 3.19
35 175 100.0 31.2 3.20
36 18.0 100.0 31.2 3.20
37 185 100.0 31.2 3.20
38 19.0 99.9 31.2 3.20
39 195 100.0 31.2 3.20
40 20.0 100.0 31.2 3.20
41 20.5 100.0 31.2 3.20
42 21.0 100.0 31.2 3.20
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