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Abstract

In order to find the difference between wind turbine power performances
derived from hub height wind speed (HHWS) and rotor equivalent wind
speed (REWS), an experimental investigation was carried out on complex
terrain of Dongbok site, Jeju, and simple terrain of Haengwon site, Jeju.
The test wind turbines were a 2 MW wind turbine of Dongbok site and a
1.5 MW wind turbine of Haengwon site, respectively. An 80 m tall met
mast corresponding to the hub height of the two turbines was installed
each next to the two turbines for capturing wind and meteorological
conditions. A LiDAR system was also installed at each site near the met
mast for measuring wind conditions. The measurement period was for
about 8 months at the two sites. The valid data were used for the
analysis after data filtering process.

Site assessment was conducted for each site according to IEC
61400-12-1 2™ edition before power performance was tested. The power
curve was drawn using HHWS from the met mast, which was compared
with that using REWS calculated from LiDAR measurements and HHWS.
Annual energy production (AEP) and the capacity factor (CF)  were
estimated for annual average wind speeds from 4 to 11 m/s using the two
types of the power curves. In addition, the relative errors were calculated
for the AEP and the CF when the power curve using REWS was a
reference.

As a result, site calibration was not necessary for simple terrain of
Haengwon site, while that was needed for complex terrain of Dongbok site.
Since site calibration for Dongbok site with many wind turbines was not

possible, power performance test was carried out without site calibration.

- v -



After data filtering process, in Dongbok site, HHWS was 8.22 m/s, while
REWS was 8.18 m/s. The mean relative error of AEP was 168 % at
annual average wind speeds of 5 - 11 m/s. After data filtering process, in
Haengwon site, HHWS and REWS were 1168 m/s and 11.64 m/s,
respectively. The mean relative error of AEP was 096 % at annual
average wind speeds of 5 - 11 m/s. The difference between CFs using
HHWS and REWS was 0.6 % for Dongbok site, while that was 0.3 % for

Haengwon site.
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Table I-1 Specification of onshore and offshore wind turbines [5, 13-16]

Rated Rotor Hub Top rotor | Bottom Swept
Turbine capacity | diameter | height height hreoitgollgt area
[MW) [m] [m] [m] [m] [m?]
MHI-Vestas
V174 9.5 174 110 197 23 23,779
MHI-Vestas
V164 9.5 164 105 187 23 21,124
Siemens
Gamesa SG 8.0 167 92 175.5 8.5 21,900
8.0-167 DD
GE Wind
Energy 12 220 150 260 40 38,000
Haliade—-X
Doosan
WinDS8000 8.0 190 130 225 17.5 28,352
(Developing)
Doosan
WinDS5500 5.5 140 110 170 40 15,393
Doosan
WinDS3000 3.0 134 90 157 23 14,102
Hanjin
HIWT 2000 2.0 87 80 123.5 36.5 5,944
Hanjin
HIWT 1500 1.5 70 70 105 35 3,848
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Fig. II-3 Location of Haengwon wind farm, Jeju, Korea
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Fig. II-4 Layout of Haengwon wind farm
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Fig. II-6 View of Haengwon wind farm

Table II-1> &% 1557] 2 P 557]9 AFH ALFES VeEbdTh

Table II-1 Specification of the wind turbines tested

Item Dongbok #15 Haengwon #5

Rated Power 2,000 kW 1,500 kW
Rated Wind Speed 12.5 m/s 13 m/s
Rotor Diameter 87 m 70 m
Hub height 80 m 70 m
.Cut—m 4 m/s 4 m/s

wind speed

Cut-out 25 m/s 25 m/s

wind speed

Pitch system

Electrical motor drive

Electrical motor drive

_10_
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Table I-2< &5 2 dd FHLHAGA W) A€ 713E9 A S et

FE JIAY2 Fig. I-79 o] 80 m =9°]2] Triangular type®]™, Al #3ke]
AdE ol&ste nAH AJTh FTEA, FFA, 224, d7IA 2 ATt
AR o] AT

g 74 Fig. I-83% o] 80 m ¥°l9 ¥4 Lattice typeol™, F&7,

TEA, S=A 2 7 FATE AAH AT

Table II-2 Specification of the met masts

Item Met mast for Dongbok #15 Met mast for Haengwon #5
Type Guy wires Triangular lattice Self Supporting Triangular lattice
Date 2019. 1. 1 ~ 2019. 8. 15 2016. 6. 16 ~ 2017. 3. 2
Height 80 m 80 m
Anemometer 4 EA Anemometer 5 EA
(80, 76, 50, 35 m) (8O, 76, 70, 50, 35 m)
Wind vane 3EA Wind vane 3 EA
Type (76.5, 74, 35 m) (76, 67, 50 m)
of
sensor Thermo—hygrometer 2EA Thermo—hygrometer 2 EA
on the (75, 3 m) (75, 3 m)
met mast
Barometer 2 EA Barometer 2 EA
(75, 3 m) (75, 3 m)
Rainfall meter 1 EA -

_‘|‘|_



Fig. II-7 80 m tall met mast in Dongbok wind farm

Fig. II-8 80 m tall met mast in Haengwon wind farm
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80, 76, 70, 50, 35 mol HFFHJY. FTHEALY A HAAU|EL IEC
61400-12-1 Annex G°| W&t} [20].

i

3) =3k (Wind direction)
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4) F7149 %= (Air density)
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Fig. 1I-9 Data acquisition system for power performance testing
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Table II-3 The wake effect of neighboring wind turbines on the wind turbine tested

o, WTs D, L, flr)(i)rnelcxt]\i]?;ls a wake sector
- m m ° ° Start(®) | End(°®)
1 No. 1 87 473.1 244.8 50.8 219.4 270.2
2 No. 2 87 271.8 215.7 66.6 182.4 249.0
3 No. 3 87 436.0 177.4 52.9 150.9 203.8
4 No. 4 87 607.2 151.9 45.0 129.4 174.4
5 No. 5 87 998.1 174.6 36.3 156.4 192.7
6 No. 6 87 937.4 190.8 37.2 172.2 209.4
7 No. 7 87 1217.4 208.5 33.7 191.7 225.3
8 No. 8 87 1219.2 195.3 33.6 178.4 212.1
9 No. 9 87 1249.5 182.2 33.3 165.5 198.8
10 No. 10 87 1265.3 170.2 33.2 153.6 186.8
11 No. 11 87 1057.1 149.3 35.5 131.6 167.0
12 No. 12 87 797.1 135.0 39.8 115.1 154.9
13 No. 13 87 544.8 124.6 47.4 100.8 148.3
14 No. 14 87 270.0 132.0 66.8 98.6 165.4
15 No. 16 87 1147.5 131.3 34.4 114.2 148.5
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Table II-4 The wake effect of neighboring wind turbines on the met mast

o, WTs D, L, flr)(irrrfc\‘;\i/?s a wake sector
- m m ° ° Start(®) | End(®)
1 No. 15 87 219.6 183.2 73.4 146.5 219.9
2 No. 1 87 608.9 226.3 45.0 203.8 248.8
3 No. 2 87 472.0 201.2 50.8 175.8 226.6
4 No. 3 87 654.9 179.3 43.5 157.6 201.1
5 No. 4 87 803.1 160.1 39.7 140.3 179.9
6 No. 5 87 1215.7 176.1 33.7 159.3 193.0
7 No. 6 87 1155.5 189.4 34.3 172.2 206.5
8 No. 7 87 1419.0 204.7 31.9 188.7 220.7
9 No. 8 87 1434.7 193.4 31.8 177.5 209.3
10 No. 9 87 1469.1 182.3 31.6 166.5 198.1
11 No. 10 87 1480.2 172.1 31.5 156.4 187.9
12 No. 11 87 1245.4 154.9 33.4 138.3 171.6
13 No. 12 87 957.6 144.8 36.9 126.4 163.3
14 No. 13 87 685.3 140.4 42.6 119.1 161.7
15 No. 14 87 442.1 154.8 52.5 128.5 181.0
16 No. 16 87 1294.8 139.0 32.9 122.5 155.5
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Fig. II-10 Sectors to exclude due to wakes of neighbouring and operating wind

turbines, and significant obstacles for Dongbok #15
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Table II-5 The wake effect of neighboring wind turbines on the wind turbine tested

N WTs D, L, f?grnelc%%?s a wake sector
- m m ° ° Start(®) | End(®)
1 No. 17 91.3 504.0 270.6 50.4 245.4 295.8
2 No. 4 88.0 752.3 80.0 41.0 59.5 100.6
3 No. 10 48.2 701.9 95.2 33.2 78.6 111.8
4 No. 8 47.0 921.9 93.7 30.2 78.6 108.7
5 No. 11 48.2 637.8 115.6 34.3 98.5 132.8
6 No. 12 48.2 882.9 117.2 30.8 101.8 132.6
7 No. 13 47.0 790.0 132.3 31.6 116.5 148.1
8 No. 16 77.0 1250.2 149.8 32.0 133.9 165.8

Table II-6. The wake effect of neighboring buildings on the wind turbine tested

Buildings D, L, D1rect19n a wake sector
from object
NO.
- m m ° ° Start(®) End(°)
1 BS 25.3 490.3 67.2 30.3 52.1 82.3
2 B9 19.5 193.1 136.5 38.5 117.2 155.7
3 B10 20.2 232.8 144.3 36.2 126.2 162.4
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Table II-7 The wake effect of neighboring wind turbines on the Met mast

ofd

ol

Direction
WTs D, L, from WTs a wake sector
NO.
- m m ° ° Start(°®) End(®)
1 No. 5 70.0 212.2 191.4 67.5 157.6 225.2
2 No. 17 91.3 582.5 249.6 47.0 226.1 273.1
3 No. 4 88.0 703.3 96.4 42.3 75.2 117.5
4 No. 10 48.2 711.1 112.5 33.0 96.0 129.0
5 No. 8 47.0 917.7 106.9 30.2 91.8 122.0
6 No. 11 48.2 720.0 132.2 32.9 115.8 148.7
7 No. 12 48.2 962.6 129.5 30.0 114.5 144.5
8 No. 13 47.0 917.3 143.8 30.2 128.7 158.9
9 No. 16 77.0 1416.0 155.6 30.7 140.2 170.9
Table II-8 The wake effect of neighboring buildings on the Met mast
. Direction
Buildings D, L, . a wake sector
from object
NO.
- m m ° ° Start(®) End(®)
1 B8 22.1 410.4 92.5 30.7 77.2 107.8
2 B9 28.4 359.7 165.3 34.9 147.9 182.8
3 B10 27.7 408.0 166.7 33.0 150.2 183.2
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Fig. II-11 Sectors to exclude due to wakes of neighbouring and operating wind

turbines, and significant obstacles for Haengwon #5
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Fig. II-12 The region for terrain assessment for Dongbok #15 (distance between

met mast and test wind turbine, 219.6m)

Table II-9 The result of terrain assessment for the maximum terrain slope and variation for
Dongbok #15

. Maximum terrain
Maximum slope L.
variation from plane
(%)
Distance Sector (m)
All All
Measured . O_W Measured . O,W
limit limit
<2L 360° 4.14 3 18.17 12.17
Measurement
>21 and <4L 3.78 5 16.62 24.33
sector
Outside
>2L and <4L Measurement 6.36 10 - -
sector
Measurement
>4]. and <8L 3.4 10 29.87 36.5
sector
M t
>8L and <161 | oooremen 0.84 10
sector
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Fig. II-13. The region for terrain assessment for Haengwon #5

(distance between met mast and test wind turbine, 212.2 m)
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Table II-10 The result of terrain assessment for the maximum terrain slope and

variation for Haengwon #5

Maximum slope

Maximum terrain

variation from plane

(%)
Distance Sector (m)
Allow Allow
Measured L Measured L
limit limit
<2L 360° 0.66 3 2.89 11.67
Measurement
=21, and <4L 0.17 5 0.77 23.33
sector
Outside
>2L and <4L Measurement 1.77 10 - -
sector
Measurement
>4]. and <8L 0.04 10 0.35 35.0
sector
M t
=81, and <161, |  Coodremen 0.08 10
sector
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I

| Select of measurement sector |
I

| Input Data
I
I |
Meteorological Parameters .
(Wind spoec. Wind direction. eir etiee ower, Stavse
temperature, air pressure, humidity) ’
I I
| Data Processing |
| | | I
Data Data Data Interpolation to
Rejection Correction Normalisation Bin Method
I [ [ [
I

| Database |
I

| Determination of Power Curve |
| Caculation of RayleigIh distribution function |
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| CaIcuIate<I Cp Value |

I
Comparison of hub height and REWS
Power performance

Fig. III-1 Work flow for this study
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dolg2A fUEC 714 ugus gz SPshgth

Table III-1 The measurement sensor list and its specification

Install Height
No. Sensor Type
Post. Dongbonk #15 Haengwon #5
1 Wind Cup 80, 76, 80, 76, 70,
speed anemometer 50, 35 m 50, 35 m
Wind .
2 . . Wind Vane 76.5, 74, 35 m 76, 67, 50 m
direction
Met Air .
3 Hygro. clip2 75, 3 m 75, 3 m
Mast temperature
Air .
4 L Hygro. clip2 75 m 75 m
humidity
Air .
5 Piezo crystal 75 m 75, 3 m
pressure
g Wind Cup 109, 80, 100, 90, 80, 70,
speed anemometer 51, 40 m 60, 50, 40 m
Wind . 109, 80, 100, 90, 80, 70,
7 . . Wind Vane
direction 51, 40 m 60, 50, 40 m
Gound Al
3 .oun a Hygro. clip2 1m 1 m
LiDAR | temperature
Air
9 H . clip2 1 1
humidity yero. c¢ip m m
Air .
10 Piezo crystal 1 m 1 m
pressure
P
11 ower 3P 4W Tower base
transducer
WTs
Current .
12 Closing Type Tower base
transducer
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G.L. time series check

—G.L{40m]
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‘E G L som)
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Time series(-}

Fig. III-2 Time series analysis for Dongbok #15

G.L. time series check

—GL(aom)
X o8 —G.L{50m)
£ — GL{60m)
E 6 — G.L{70m)
& G.L(80m)
E G.1{00m)
= 4 GL{100m)
GL(120m)
2 GL{150m)

— Cup anemo { 70m)

3 mgmeoeny TS S o s on
——————— R R R A B R R R R W~ M0 ; Lo~~~ - S s e O R R

Time serles(-)}

Fig. III-3 Time series analysis for Haengwon #5
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Table II-2 Effective rate in Dongbok #15 Ground LiDAR

No. Height Total number Number of data Data recovery rate
(m) of data below the standard (%)
1 40 32,377 1,659 94.9
2 51 32,377 2,003 93.8
3 80 32,377 2,487 92.3
4 109 32,377 2,784 91.4
5 124 32,377 2,953 90.9
6 140 32,377 3,088 90.5
7 160 32,377 3,272 89.9
8 180 32,377 3,508 89.2
9 200 32,377 3,871 88.0
Table II-3 Effective rate in Haengwon #5 Ground LiDAR
No. Height Total number Number of data Data recovery rate
(m) of data below the standard (%)
1 40 22,557 110 99.5
2 50 22,557 203 99.1
3 60 22,557 266 98.8
4 70 22,557 335 98.5
5 80 22,557 392 98.3
6 90 22,557 436 98.1
7 100 22,557 486 97.8
8 105 22,557 506 97.8
9 120 22,557 587 97.4
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Table II-4+=
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7 Fus] 53
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Table III-4 Data filtering process

Dongbok #15 Haengwon #5
Criteria for data No. of No. of
Items . © ) 9 Effective © . O_ Effective
rejection remaining remaining
rate [%] rate [%]
data data
Total number of data 32,639 100 22,557 100
. LiDAR data availability
Filter 1 27,605 34.6 21,993 97.5
(less than 80 %)
Filter 2 Grid connection 19,736 60.5 13,075 58.0
Filter 3 Wake sector 17,750 54.4 7,551 33.5
. Icing condition
Filter 4 . 32,627 100 22,503 99.8
(£2T and =80 % R.H.)
. High Turbulence
Filter 5 29,481 90.3 21,349 94.6
rer intensity (TI > 0.25)
. Low wind speed
Filter 6 24,628 75.5 16,391 72.7
rer (Wind speed < 3.25m/s)
Wind d deviati
Filter 7 e speed deviation | g4 621 93.8 | 20,546 91.1
(devi. £1.5m/s =3})
. Etc.
Filter 8 29,472 90.3 16,555 73.4
(Loss. error data)
Final b f dat
Result el fumber of datd 9,232 28.3 3,560 15.8
remaining
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Fig. -5 Comparison of wind shears from met mast and Ground LiDAR for Dongbok #15
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Fig. -6 Comparison of wind shears from met mast and Ground LiDAR for Haengwon #5
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Fig. III-7 Wind shear measurement heights appropriate to measurement of REWS [24-26]

Table III-5 The measurement height of REWS

Measured location
Height Range Dongbok #15 Haengwon #5
(Range) (m) (Range) (m)
Center Hub heighrt +1 % 80 70
Upper H + 2/3R ~ H+R 109(101.5 ~ 1235) | 80, 90, 100(75 ~ 105)
Lower H-R ~ H-2/3R 40, 51(36.5 ~ 58.5) | 40, 50, 60(35 ~ 65)

¥ H: the hub height of the wind turbin, R: The radius of the rotor swept area
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Fig. III-8 Rotor swept area divided into 4 segments corresponding to the 4 heights

where the Ground Lidar measured for Dongbok #15

70 |60 |50 |40 80 |90 100

Fig. III-9 Rotor swept area divided into 7 segments corresponding to the 7 heights

where the Ground Lidar measured for Haengwon #5
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Table -6 &5 1535.7]0 o] 2HT7/IEEHE A%t d=Hol 7MAE
ALE gs& JEtdth dlolE dEE Fo {FE HolHESH
719l 2HE7He4E S 818 m/so AT

Table IMI-7& 3L 557)o] Y3 BEHS/IELE
AAe #s JebdTh doly dE® Fo f& HolHERYH AAtE P9 557]

9 2EE/}ESEL 11.84 m/sol AT,

Table III-6 REWS calculation for Dongbok #15

ALE F5 155

BAtE A=Ho] AFAE

Wind Segment Segment Segment
Measurement L. . L. . . Segment
heights (m) speed weighting inferior limit | superior limit height (m)
(m/s) (%) height (m) height (m)
109 8.78 19.87 101.5 1235 22
80 8.27 60.26 58.5 1015 43.0
51 7.22 16.09 435 58.5 15.0
40 6.58 3.78 36.5 435 7.0
Table III-7 REWS calculation for Haengwon #5
Measurement Wind Seg me.nt . Segmept. Seg‘mer}t. Segment
. speed weighting inferior limit | superior limit .
heights (m) . ) height (m)
(m/s) (%) height (m) height (m)
100 12.00 8.76 95 105 10
90 11.96 1481 85 95 10
80 11.92 17.36 75 85 10
70 11.87 18.13 65 75 10
60 11.81 17.36 55 65 10
50 11.70 14.81 45 55 10
40 11.56 8.76 35 45 10

_43_




<

)

[z

i

o
Yo
it

An)
iy
)
of
>
2
k=)
i
e
iV
o,
ofr
>
o

Fig. IV-1& ZX 15537]9] ¢& AT e sHko] FLo BYE
g HoFH, Fig. [IV-2& &5 1537
A, &, TR AEXEE JeERATH

[any
[e)]

D

PR e
o N
@

Wind speed(m/s)

O N & OO

0 30 60 90 120 150 180 210 240 270 300 330 360
Wind direction(®)
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Fig. IV-2 Scatter plot of measured power outputs for Dongbok #15
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Fig. IV-4 Scatter plot of measured power outputs for Haengwon #5
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Fig. IV-7 Extrapolated power curve at hub height of Dongbok #15

_47_



dRHe AAEY 85 %old E&el 150744
dol8 T2+ 21 m/s7hA FAFATE 21 m/sF
=
[

SESAA FABTD Agste] 945

.
A EAE 8340 ds $5S BAT ol F, FEUIILHANAY 4 2 £
=
.l

et 8t 57

Electrical power(kW)

0 2.5 5 7.5 10 12.5 15 17.5 20
Wind speed(m/s) = Mean

Fig. IV-8 Scatter plot of measured power outputs at hub height of Haengwon #5
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Table IV-1 Comparison of AEP using Hub height and REWS for Dongbok #15

Dongbok #15 Estimated annual energy production Reference air density(1,225kg/m’)

Annual | Cut-out wind speed: 25m/s (extrapolated by constant power from last bin)
ave'ra(?e AEP-Measured (kWh) AEP-Extrapolated (kWh)
win
speed ® Relative © )
(Rayleigh) | (Hub REWS (Hub Height (REWS Relative
(m/s) Height AEP (%) AEPKWh)), AEP(kWh)), Brror(%6)
AFPKWE | (KWh) ° (CF.(%) (CF.(%)
4 1,484,892 | 1,531,225 3.03 1,514,130(8.6) 1,559,390(8.9) 2.9
5 2,881,591 | 2,960,034 2.65 2,904,911(16.6) 2,983,164(17.0) 2.62
6 4,485,914 | 4,580,299 2.06 4516,715(25.8) | 4,620,264(26.4) 2.24
7 6,031,089 | 6,103,402 1.18 6,132,951(35.0) 6,250,284(35.7) 1.88
7,738,448(44.2
8 7,307,683 | 7,314,361 0.09 7,616,815(43.5) ) ( ) 1.57
(incomplete)
8,896,703(50.8 9,016,429(51.5
9 8,212,572 | 8,125,417 1.07 R ( ) Y ( ) 1.33
(incomplete) (incomplete)
9,935,423(56. 10,049,715(57.4
10 8,742,422 | 8,554,860 2.19 m (56.7) T (674) 1.14
(incomplete) (incomplete)
10,717917(61.2 10,825,048(61.8
11 8,953,103 | 8,674,637 3.21 . ( ) . ( ) 0.99
(incomplete) (incomplete)
60 L -t %
Seag A &)
& N
S 50 — &< =
S ¢ o~ L
. D U
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- ke
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C.F.(Hub height) for Dongbok #15 @ C.F.(REWS) for Dongbok #15 # Relatve Error C.F. for Dongbok #15 Wlnd speed(m/s)

Fig. IV-18 Comparison of capacity factors using hub height and REWS for Dongbok #15
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Table IV-2 Comparison of AEP using Hub height and REWS for Haengwon #5

A | Haengwon #5 Estimated AEP Reference air density: 1,225kg/m’
A Cut-out wind speed: 25m/s (extrapolated by constant power from last bin)
average
wind AEP-Measured (kWh) AEP-Extrapolated (kWh)
speed ) Releti © )
(Rayieigh) | Hub | REWS | " Ve | (Hub Height (REWS Relative
(m/s) Height AEP ( %) AFP(kWh)), AEP(kWh)), Brror(%),
AFPKWH) | (KWh) ? (CE.(%) (CF.(%)
4 920,608 | 944.776 | 2.56 920,608(7.0) 969,543(7.4) 5.05
5 1,884,667 | 1.933.965 | 2.55 1,906,732(14.5) 1,954,463(14.9) 2.44
6 3,048,047 | 3,098,192 1.62 3,071,085(23.4) | 3,115,362(23.7) 1.42
7 4,199,031 | 4,269,735 1.66 4,252,463(32.4) | 4,292,645(32.7) 0.94
8 5187,19% | 5,322,176 | 2.54 5,345,325(40.7) | 5,381,344(41.0) 0.67
9 5,927,147 6,175,042 4.01 6,292,523(47.9) | 6,324,612(48.1) 0.51
) ’ : ]d@ . y ) . 5 ) . o
10 6,400,826 6,793,048 5.77 7,064,177(53.8) | 7,092,712(54.0) 0.40
’ b :. i%) . b ’ . ) b . .
7,179,684 7,673,567(58.4)
11 6,636,191 | o) 7.57 7,648,163(58.21) (incomplete) 0.33
70 7%
60 o 6% _
A )
;\;; 50 o 5% W
= 40 Sl 4% Y
¥ -] -
)~ e
30 . ", 3% w
N Y Sl v
20 e 2% 3
- e ST %
10 ‘r'.’ BALITYY - 1% (4
T QQQQQQQ @ BALETL TTTOSSR §
0 ! 0%
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C.F.(Hub height) for Haengwon #5 @ C.F.(REWS) for Haengwon #5 @ Relative Error C.F. for Haengwon #5 Wind speed(m/s)

Fig. IV-19 Comparison of capacity factors using hub height and REWS for Haengwon #
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Fig. IV-20 Comparison of relative errors for AEP-Extrpolated using Hub height and
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