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Abstract

Various prediction models have been proposed to precisely predict wind
speed or power generation of wind turbines. However, it is difficult to
propose a single prediction model that can be applied to all cases since wind
energy has an intermittent nature. This characteristic means uncertainty and
variability, and energy yield is dependent on the environmental conditions of
each site where wind turbines are operated.

There are two techniques for predicting power generation of a wind
turbine: a physical model-based and a statistical model-based approaches. A
statistical model constructs a model based on already accumulated data, which
analyzes the quantitative correlation between the data of wind power
generation facility and meteorological factors. Currently, statistical model tends
to transition to more improved approaches called machine learning and
artificial intelligence models.

Input features generally used in the prediction of wind turbine power gene
ration using machine learning algorithms are wind speed, wind direction, temp
erature, pressure, relative humidity, while atmospheric stability and turbulence
characteristic values are rarely used. However, since atmospheric stability and
turbulence characteristic values can significantly affect the actual output perfo
rmance of a wind turbine, it is necessary to construct a prediction model usin
g these factors and evaluated the prediction accuracy of the constructed mode
1. Moreover, further studies on detailed role and scope of these factors on ene
rgy production need to be conducted as there are insufficient research results
suggesting the difference in annual power generation from a wind turbine or
wind farm scale due to the changes in atmospheric stability and turbulence c

haracteristic values.



There are three objectives of this study to resolve these issues. First,
atmospheric stability, turbulent Kinetic energy, turbulence intensity, and wind
speed shear factor for an onshore wind farm, a target site of this study, are
classified by regime to analyze the effect on the output and AEP of a single
wind turbine (and multiple wind turbines). Second, prediction contribution of
individual meteorological factors was presented during the energy production
prediction process in the wind farm using four machine learning algorithms
and 13 meteorological factors. Finally, the prediction accuracy of the model is
evaluated after constructing energy production prediction models using
atmospheric stability and turbulence characteristic values that can be applied
to wind farms.

For a single wind turbine, high AEP is shown when regime of atmosphere
1s medium instability, high TI and TKE. Although the wind turbulence is
considered to have a negative effect on wind turbine operation, conditions
with weakened turbulence and a certain level of turbulence is turned out to
be more advantageous than fully developed turbulent flow or the absence of
turbulence in terms of wind turbine power generation. For wind farms, the
difference in annual power generation for each regime according to the
atmospheric stability is approximately 5-7%. More specifically, when the
atmosphere 1s stratified into weak instability and stability regimes, the output
differences between wind turbines are 25% and 4596, respectively. The output
differences are confirmed to be significant in terms of statistical point of
view. In the evaluation of the accuracy of prediction model for wind farm
power generation using machine learning, the models constructed using
atmospheric stability and turbulence characteristic values show high prediction
accuracy. In particular, input features that showed the second highest
prediction contribution following wind speed during the prediction process are
turbulent Kkinetic energy, turbulence dissipation rate, and turbulence intensity.

These features are analyzed to provide very useful information for improving



the accuracy of the prediction model.

The results of this study can be used for the advancement of wind turbine
power production forecasting technology. Improved forecasting technology
enables efficient operation of highly variable wind energy source, practically
helping secure the stability and economic feasibility of wind power generation

facilities.
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= Total of 15 windturbines - Hyperparameters optimization

Power differences - Wing farm eneray production predictian “ilias. measiired valuss, Préd.: predicted values

WIG Power curves and

Assessment: Assessment: Final assessment:
‘Annual Energy Production of WTG. Annual Energy Production of WTGs. Wind farmenergy production’

2

Fig. 1.4 Flow chart of this study. It consists of two steps. Part 1: Evaluation of the
influence of atmospheric factors on annual energy production and wake effect by the regime
and Part 2: Evaluating the predictive contribution of meteorological factors and developing an

estimator
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ool M&EI FFo] TS 77t 15.1%(2707) 9 24.8%(60~120°)5 A4 ghoh(Fig.
2.1d). 71AES 710w B3E AEE Freestream Ao df@dsta, Y& AIS
FTHEHNY] $F 9IS 72 downstream A Ef] 3 g3k}

A HEFEE #4387 Al FAAEE o]-&3ste] Ruggedness Ind
ex(RIX)E AAFeith RIX= B AROlE WiolA 54 dAGALE o3-S Ad
b A E xHel v &2 AoHui63]. DBWF 7 4HS S22 Ad R
IX(radius, 1.5km; sectors, 12; subsectors, 6; threshold, 0.3)+= 0.79% % Y E}:
o ole X AFAdA vehue F59 JEQIY &2 B fF =G

55, A F9)H 22 ddeol A TASA E= AHdem i

uu?

Al

ot
n%
o

South Korea

China I:l

Jeju Island

Taiwan

Fig. 2.1 Information on study site: (a) the geographic location of the site, (b) the location of
the DBWF where the measurement campaign was conducted, (c) the layout of 15 wind
turbines (Rated power 2MW), and (d) the wind rose of the study site. MM: meteorological
mast, WTG: wind turbine generator.
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Fig. 2.2 A view of the 80m tubular-type meteorological mast installed at the Dongbok-Bukchon wind

farm in Jeju Island
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Sk mebd, 339 FFEEAG S FA] A8 oF 1de] F4 % §

A AAJAE Fol 639 1A Haoh dF RAS AU

Table. 2.1 Types and specifications of sensors installed on the meteorological mast for
collection of weather data

Instrument Parameters Meil;nmgtzement Accuracy Height [m]
Cup anemometer: 1 % of meas
Thies First Class Wind speed 0.3-5m/s (:/alue ) 80, 78.5, 40
Advanced
Wind vane: 0.25 % of
Thies Wind Vane Wind direction 0-360° meas. value 78.5, 40
First Class (1°)
Ux (£30my/s) U (£8cm/s)
3D sonic Turbulence WS Uy (#30m’s) Uy (ﬂ:8cm/s:)
anemometer: dissipation rate, U, (30m/s) U, (+8cm/s) 75, 50
CSAT3A* Atmospheric stability wp 0-360° £ 0.7°
T -50 to 60 °C 0.025 °C
o,
Thermo-hydrometer: Relative humidity, 0-100 % RH iiOOS /1212? 785
HygroClip2 Temperature -100 to 200 °C 10-30 °C :
Barometric
e GE el Pressure 600-1,100 hPa 0.1 % 78.5
economy

*Sampling rate of 10 Hz. WS: wind speed; WD: wind direction; T: temperature; and RH:
relative humidity.

DBWFol| AxH FEEH-S A4 &do] 2MWS -2 HJWT2000 o],
g mdo] FEizolel 2H AL 7 80me} 86meol L, Edlo]= Zolel 3]A

WA (Swept area)S 7} 42.2mé} 5,809m*olth. FEE RS 7)o A|~Ey =7 b

=

k%
\\]

= [€) .

2 Aot AgHA YT, NEELS 35m/s, AAEES 2mfs @ FUFLHE
Sm/soltt. DBWFel 2x1d & 15t SHENe] A Alo] 31 A8 F]5(Superv
isory Control And Data Acquisition, SCADA) A|2="loA F=X¥ ZHARE
ol &ste] M-S FHstArh. SCADAS AR 7I0He #tg Ase &

A 108 i AEE ALY
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“3.16 Environmental conditions characteristics of the environment (wind, alti
tude, temperature, humidity, etc) which may affect the wind turbine behavior”

[66].
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Fig. 2.3 Turbulent energy spectrum based on the Kolmogorov hypothesis.
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Fig. 2.4 Energy spectrum of the turbulent-velocity component. Data from the 3D sonic
anemometer installed at 75 m on the meteorological tower were used for the period
from 12:00 AM to 1:30 PM on February 5, 2017. The black solid line represents the

theoretical slope (-5/3) of Kolmogorov’s inertial subrange in the frequency region.

Table 22+ 71819 3 /& g AAsk(thresholds)s HWEFHT ¢
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S Ru & %9 shr] 9l ofte) A4S AR dAFS F&sd 2 Al
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Table. 2.2 Definition of thresholds for classification of stability regimes

Stability Parameters
regimes Bulk Richardson Turbulence Wind shear Turbulent
number (label) intensity exponent kinetic energy
Strongly unstable(u3):
Ri < -2
Unstable  Moderately Unstable(u2): High: Weak: High:
condition -2 <Ri <-05 0.15 < TI o < 0.26 2.35 < TKE
Slightly unstable(ul):
-0.5 < Ri < -0.17
Neutral Neutral(n): 0 1Mooie?i[6:< 013/160d<erate; Moderate:
condition -0.17 < Ri < 0.02 AT <0 > @ 1.00 < a < 2.35
0.15 0.36
Stable Stable(s): Low: Strong: Low:
condition 0.02 < Ri TI < 0.10 0.36 < a TKE < 1.00
7= Rig 2A B - T 9 - A A o® ERsdd 25 37

o
Z70o] $A8ATH(Fig. 25 #%x). DBWF+= &<t #d4d9 =9

AZste ddes Z8 244 Wl), T3 B W2) B o Eduher HF

Heom 57 dd= ERekidvh el mE EAu e A 2, T =%

9000
I Stable
8000 I Neutral
77 slightly unstable
7000+ == Moderately unstable
I === I Strongly unstable
6000
'€ 5000
-
& 4000
3000 4
2000+
1000 4 8.8%
0 || 4.7%

u3 ul2 ui n s

Atmospheric stability

Fig. 2.5 Frequency ratio according to Ri. The Ri was calculated using the temperature and
wind speed data collected from 3D sonic anemometers with filtering. u3 - strongly unstable,

u2 - moderately unstable, ul - slightly unstable, n - neutral, and s - stable.
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W7 == Aol Ed whel HEkE A3S Holr|k gtk BopdE Ab A
oA FE [80]¢] ATl s EHAGETE, vim WH Aol =3 E [70]¢]
Aol e et A Aerw BuHt F7EE [81]9 dATE AFE
A& oF 150km 72l o] ¢bdE s Al = FEHASIIAANA FAEHA
ol #=59 Yt == by, & EoFA(semi—unstable) 2 E9FA A= 112,
2876, 70.11%¢] =¢ WE&S HRTh ol& 1#3stHd, DBWF7F 91X AlF%

= T84 715 540 o8 el @ AT AlELSS B U] H

o 8 Wnyl =& Aoz =AHHAL o= T WSE 2 TKES] #do| u}
2 A= ®X M &2 Table 237 Zt}

Table. 2.3 Number of valid data and frequency ratio with regime of meteorological factors

Number of valid data (#) and frequency ratio [%]

Stability class

Turbulence intensity = Wind shear exponent kiTu;‘bulent
netic_energy
Unstable condition #6333, 36.1% #3132, 17.8% #5731, 32.7%
Neutral condition #7947, 45.3% #4797, 27.3% #6152, 35.13%
Stable condition #3268, 18.6% #9619, 54.8% #5665, 32.3%

Z4 A9 B¢ FHE Ao vk o 19(2016.03~2017.02)0]}. #3

gl A5E Anel SRS ANRY, 349 FF- FEA, A 4w 23w
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Fig. 2.6 Turbulence intensity (TI) distribution according to the changes in wind direction and
wind speed. Data was collected from the 78.5m high wind vanes and 80m high cup
anemometers installed on the meteorological mast. The dotted lines differentiate the disturbed

and undisturbed sectors.
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Fig. 2.7 Valid power data for WTG No. 15. Identical filtering conditions were applied to all
15 WTGs in the DBWF; only valid data for the same period satisfying the necessary
conditions were used for analyses. The number of valid 10-min averaged power data points
was 5,158 for a single WTG and 77,370 for all the WTGs.
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Fig. 3.1 Comparison of wind speed data measured by 80m high meteorological mast (Cup
generator). When the wind turbine is in normal operation, 10 min-averaged data of wind
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speeds between 3 and 25 m/s, and wind directions 246-120 °
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2) ©-3EY U ZF(Mann-Whitney test)

Hl 24 44 Wl Mann-Whitney U test (3= Wilcoxon rank sum testz}

D% BAHE o §3te] 4ty oo xold PASAL. o JWe A=
te F mguel Aol el £ @ ol§stel BASE 3ol tH50l[8I).
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Table. 3.1 Summary of classified input feature groups and meteorological factors.

Group number Meteorological factors [unit], acronym Height [m]
Wind speed [m/s], WS 80
Wind direction [°], WD 78.5
Wind shear exponent [ ], WSE 80/40°
Group 1 )
Ambient pressure [kPa], Pamb 78.5
Temperature [°C], T 78.5
Relative humidity [%], RH 78.5
Richardson number [ ], Ri 75/50"
Turbulence kinetic energy [m%/s”], TKE 75, 50
Group 2 o 53
Turbulence dissipation rate [m“/s’], €, eps 75, 50
Turbulence intensity [ ], TI 80, 40

*WSE was calculated using data from cup-type anemometers with heights of 80m
and 40m.
**Ri was calculated using data from 3D anemometers with heights of 75m and 50m.
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o] A7} L= FZo|tHos] A9 474 ML gl =& dolxl e Alo]
7 = nE

71 Aol A YslE 2EQ Support Vector Regression, Random Forest Regres

sor, LGBM Regressor ¥ Multi-layer Perceptrong ©|-&3}]t}.

332 stelsetu e AHsst WA AF
B ol 2o 9w 7AQl sgecld me ML udFe o3 FIw

& gsa, 14899 71 EE BrhsE Aolth metd, 24 ML 71We] 4%

Table. 3.2 Optimized hyperparameter settings for each ML algorithm.

Hyperparameters
Lemine iy perparameters opinized fo each smpling
10-min average Daily average
Gamma [10, 1, 0.1, 0.01, 0.001] 1, 0.1 10
SVM C [0.1, 1, 100, 1000] 1000 1000
Kernel [linear, rbf, sigmoid] rbf linear
n_estimators [100, 200, 300, 400] 200 100
max_depth [5, 10, 15, 20] 15, 20 5, 10
RF max_features [4, 6, 8, 12, 14] 4, 6 6
min_samples_leaf [4, 6, 8, 12] 4 4
min_samples_split [4, 6, 8, 12] 4 12
n_estimators [100, 200, 300, 400] 400 200, 400
max_depth [5, 10, 15, 20] 15, 10 10, 5
num_leaves [10, 20, 30] 30, 20 10
LGBM
min_child _samples [5, 7, 10, 20, 30] 20, 30 20, 30
learning_rate [0.03, 0.05, 0.07, 0.1] 0.07, 0.1 0.03, 0.1
boosting_type [gbdt] gbdt gbdt
activation [relu, tanh] tanh, relu relu
[(50), (50,7%5), (50, 50),
ANN hidden_layer_sizes (1%705:’ 5500)),’((17056, 7150)’0)51(0105)6), (200, 200) 50

(150, 100),(150, 150), (200),
(200, 100), (200, 200)]
*Optimized hyperparameters are indicated in red and blue fonts according to input characteristics 1
and 2, respectively. If the values are the same, they are indicated in black font.
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Table. 3.3 Prediction performance evaluation index for ML algorithms.

Evaluation metric Description Equation

Root mean squared error & MS E°]
ES HE% 4 MSE B o5l A
RMSE e TR A 2
? 1= =5
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(ﬂ) Measurement period

| Data: 2016.02 ~ 2017.03 Data: 2017.04 ~ 2017.11

Input feature combinations Input feature combinations

WS, WD, T, p, WSE, RH WS, WD, T, p, WSE, RH

TKE, eps, T, Ri

@ ML model: %
R CrocDon Energy production
Main prediction model
(b) Measurement period
| Data: 2016.02 ~ 2017.03 Data: 2017.04 ~ 2017.11

Input feature combinations Input feature combinations
WS, WD, T, p, WSE, RH WS, WD, T, p, WSE, RH

@ ML model:

TKE, eps, T, Ri TKE, eps, T1, Ri

@) ML model:
Energy production

Main prediction model

Energy production

Fig. 3.2 Flow chart for building and applying the predictive model of atmospheric stability
and turbulence parameters: Before (a) and after (b) the application of the estimator() ML
model) to the energy production prediction model(@ ML model). The period of data used to
build the estimator is from 2016.02 to 2017.03. Using this estimator, we predicted the
turbulence components from 2017.04 to 2017.11. The energy production of wind farm was
predicted using the predicted values of the turbulence component and the measured values of

other meteorological factors during this period as input features.

e ASHE 29 e AARE AR
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Table. 3.4 Models for evaluating the prediction accuracy of DBWF energy production. Energy
production prediction models 1 to 4 did not consider atmospheric stability and turbulence

parameters, and models 5 and 6 were considered.

Input feature configuration

Predictive
model No. Meteorological factors Meteorological factors calculated
used as measured values by sub-prediction models

1 WS, WD, T, P, WSE, RH -

2 WS, WD, T, P, WSE, RH, TI40m .

3 WS, WD, T, P, WSE, RH, TI80m -

4 WS, WD, T, P, WSE, RH, TI40m, TI80m -

TKE75m, TKE50m, eps75m,
eps50m, Ri, TI80m, TI40m

TKE75m, TKE50m, eps75m,
epsS0m, Ri

5 WS, WD, T, P, WSE, RH

6 WS, WD, T, P, WSE, RH, TI40m, TI80m

*WS: wind speed/WD: wind direction/T: temperature/P: pressure/
RH: relative humidity/TI: turbulence intensity/TKE: turbulence kinetic energy/
eps: turbulence dissipation rate/Ri: Richardson number.

th o]E nigto 2 md 2~4% 40me 80m =0l TIE F7Fstth TI= A

it F4v FFAAE o §3tel ANT & Al WE

Foh AZghow oAl Bgol sHsath o A& melstel, TI X3 oo
L9 5%} 62 39l <% walo] ols] €l 3F vl
S oA AL % meol, dRARe 5ol

Bl AEHow 2d 1~49 2d 5 6& 7t7 &9 o= wd A

As H7F A1 FE= RMSE, MAE, MSE % R2E Alg3gion, 2] 2 A%
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Fig. 4.1 Scatter diagram (top) and box plot (bottom) of wind shear exponent (WSE)
according to the change in atmospheric stability. The range of atmospheric stability is from —
5.0 to 5.0. WSE is based on the wind speed data at 40m and 80m heights. Ri-Richardson
number, u3 - strongly unstable, u2 - moderately unstable, ul - slightly unstable, n - neutral,

and s-stable.
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u2

ul

based on the measurements of the cup anemometer mounted at 80m height on the

meteorological mast. Ri-Richardson number, u3 - strongly unstable, u2 - moderately unstable,

Fig. 4.2 Scatter diagram (top) and box plot (bottom) of wind speed according to the
atmospheric stability. The range of atmospheric stability is from —5.0 to 5.0. Wind speed is

ul - slightly unstable, n - neutral, and s - stable.
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Fig. 4.3 Scatter diagram (top) and box plot (bottom) of turbulence intensity (TI) according to
the change in atmospheric stability. The range of atmospheric stability is from —-5.0 to 5.0.
For TI, the measurements of the cup anemometers installed at 80m height on a
meteorological mast. Ri-Richardson number, u3 - strongly unstable, u2 - moderately unstable,

ul - slightly unstable, n - neutral, and s - stable.
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Fig. 4.4 Scatter plot (top) and box plot (bottom) of vertical wind according to atmospheric
stability. The range of atmospheric stability is from —5.0 to 5.0. For the vertical wind, the
measurements of the 3D sonic anemometer installed at 75m height on the meteorological mast
were used. Ri - Richardson number, u3 - strongly unstable, u2 - moderately unstable, ul -

slightly unstable, n - neutral, and s - stable.
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Fig. 4.5 Scatter plot (top) and box plot (bottom) of turbulent kinetic energy (TKE) according
to atmospheric stability. The range of atmospheric stability is from —5.0 to 5.0. For the TKE,
the measurements of the 3D sonic anemometer installed at 75m height on the meteorological
mast were used. Ri - Richardson number, u3 - strongly unstable, u2 - moderately unstable,

ul - slightly unstable, n - neutral, and s - stable.
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Fig. 4.6 Vertical wind according to the horizontal wind for each atmospheric stability
condition: (a) 50m height and (b) 75m height. For horizontal wind and vertical wind, the
measurement data of the 3D sonic anemometer were used. u - streamwise, v - lateral, and w

- vertical.
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Fig. 4.7 Scatter plot (top) and box plot (bottom) of the turbulence dissipation rate (¢)

according to the atmospheric stability. & was calculated using data measured
sonic anemometer installed at a height of 75m on the meteorological tower.
stability ranged from -5.0 to 5.0. Ri is the Bulk Richardson number, u3 is
unstable regime, u2 is the moderately unstable regime, ul is the slightly unstable

the neutral regime, and s is the stable regime.
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Fig. 4.8 Turbulence dissipation rate (&) curve according to the horizontal wind speed for
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measured using the 3D sonic anemometers installed at heights of (a) 50m and (b) 75m. For
e, the 25-75% quartile data from each atmospheric stability regime were used. The gray
dotted line indicates the rated wind speed of the WTG.
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Fig. 4.9 Scatter plots (left column) and power curves (right column) according to the regime

using the power data of the 15th wind turbine: (a) atmospheric stability, (b) TI, (¢) WSE,

and (d) TKE. For power curves, the mean values of the 0.5 m/s section were used. Error

bars indicate MAD values. The grey dotted line indicates the rated wind speed of the wind
turbine.
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Fig. 4.10 Power differences between regimes of atmospheric factors: (a) atmospheric stability,
(b) TI, (c) WSE, and (d) TKE. For power, the average value of the 0.5 m/s wind speed bin
was used. Error bars indicate MAD values. The grey dotted line indicates the rated wind

speed.
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for the analyses, as discussed in Section 4.2.5.
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Fig. 4.15 Relative difference in the annual energy production (AEP) of the wind farm
according to the atmospheric regimes. The relative difference rate indicates the difference
between the neutral atmospheric regime and other regimes. The 5-95% percentile data for the
turbulence dissipation rate for each atmospheric stability regime were used. The shaded area
indicates a 95% confidence interval, and the gray dotted line indicates the annual mean wind
speed at the study site (6.02m/s).
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meteorological factors of input features 1 and input features 2, respectively (see Figure 13).
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Predicted values of each model were normalized with actual values for sum of power from

15 wind turbines. (c) number of data with 340-580 10-min average data used per hour.
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Fig. 4.17 RMSE of 10-min average power and daily energy production prediction of wind
farm according to input feature group and machine learning model: (a) 11,688 10-min data
sets and K-fold (K = 10, 80%-20% train—test split) CV were used. (b) 163 one-day data and
Leave-One-Out CV were used. See Table 4 and Figure 13 for meteorological factor groups of

input features 1 and 2.
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Fig. 4.18 Summary plot of input features using SHAP algorithm. 10-min average power (left
column) and daily energy production (right column) prediction results of wind farm using
LGBM. Top and bottom rows indicate input features 1 and 2, respectively. The number of

10-min average power and daily energy production data was 11,688 and 163, respectively.
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results of the 10-min average power prediction and the daily energy production prediction of
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respectively.
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(a) Predicted energy production Base value
72,194 [kWh] 155,000 [kWh] Actual energy production: 82,662 [kWh]
-#-«
WSE=0.29, RH=65.6 WS80m=6.15, WD=294.7, Pamb=100.6, T=8.4
(b) Predicted energy production Base value
80,006 [kWh] 155,000 [kWh] Actual energy production: 82,662 [kWh]
b)) ) ¢ ( ( ({
Pamb=100.6, T=8.4, WS80m=6.15, TKE75m=1.16, WD=294.7, eps50m=0.01059, TKE50m=1.40,
TI140m=0.20, WSE=0.29 Ri=-36.77, RH=65.6, eps75m=0.005507, TI80m=0.13

Fig. 420 Force plot of the 148th instance (freestream case with wind direction of 294.7°, corresponding to prevailing wind direction) using SHAP
algorithm. (a) and (b) used input features 1 and 2, respectively. Daily energy production data were used. The red- and blue-striped arrows indicate
influence of features increasing the predicted value and that of features decreasing the predicted value, respectively. The size of arrow indicates scale
of feature influence, and base value indicates average value of model for training dataset. WS: wind speed [m/s]; WD: wind direction [°]; WSE: wind
shear exponential; TI: turbulence intensity; TKE: turbulent kinetic energy [m”/s’]; Ri: Richardson number; Pamb: ambient pressure [kPa]; eps: turbulent

dissipation rate [m%s’]; T: temperature [TC]; RH: relative humidity [%].
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)-#-l
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)-_*--II(
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TKE50m=3.46, WD=193.1, RH=67.0

Fig. 4.21 Force plot of 156th instance (downstream case with wind direction of 193.1 °) using SHAP algorithm. (a) and (b) used input features 1

and 2, respectively. Daily energy production data were used. Remaining information is consistent with that presented in Figure 35.
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R?
0.600
0.587
0.660
0.616
0.675
0.683

MSE
3.55E+09
3.77E+09
3.09E+09
3.65E+09
2.88E+09
2.89E+09

40617
42049
38474
41036
38680
36060

59593
61362
55597
60380
53632
53715

RMSE

Predictive
model No.
5 *
6 %k

*Models to which sub-prediction models are applied. The sub-prediction model is a

Table. 4.2 Results of daily energy production prediction. lday average of 180 data was used.
model that calculates atmospheric stability and turbulence parameters.

See Table 3.4 for model details.
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Table. A.1 Calculation of the disturbance sector of the meteorological tower due to

wakes of nearby wind turbines. The undisturbed sector is 247 ° ~ 119 ° .

Object La[m] Dy[m] Angle[°] Disturbed sector[°] 0[]

WTG 1 602 86 225 45.0 247.0 ~ 202.0
WTG 2 480 86 200 50.1 2251 ~ 1749
WTG 3 664 86 178 43.0 199.5 ~ 156.5
WTG 4 815 86 160 39.2 179.6 ~ 1404
WTG 5 1231 86 175 334 191.7 ~ 1583
WTG 6 1163 86 188 34.1 205.0 ~ 171.0
WTG 7 1434 86 203 31.7 2189 ~ 187.1
WTG 8 1451 86 192 31.6 207.8 ~ 176.2
WTG 9 1474 86 181 314 196.7 ~ 165.3
WTG 10 1480 86 171 314 186.7 ~ 1553
WTG 11 1248 86 154 33.2 170.6 ~ 1374
WTG 12 1287 86 138 32.9 154.1 ~ 121.2
WTG 13 709 86 140 41.7 160.8 ~ 119.2
WTG 14 452 86 154 51.6 179.8 ~ 128.2
WTG 15 245 86 184 69.5 218.8 ~ 149.2

Fig. A.1 Disturbed sectors between

Dongbok-Bukchon wind farm.

meteorological towers and individual wind turbines in
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Undisturbed sector

Fig. A.3 Disturbed and undisturbed sectors in Dongbok-Bukchon wind farm.
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T-EHE, 120m

Disturbed sector

Fig. B.1 Information on topographic profiles for analysis of topographical variations. Analysis

was performed on a distance within 16L of the meteorological tower.

Table. B. DBWF site requirements: Analysis of topographical variations

Maximum Maximum terrain
Distance Sector slope [%] variation from plane
Ref. Result Ref. Result
. < 1/3(H-0.5D)
< 2L 360 <3 2.51 21233 12.28
> 2L and < 4L Measurement sector <35 1.82 = Z/i(zli_g'SD) 2.66
> 2L and < 4L Outside measurement sector <10 2.92 Not applicable -
> 4L and < 8L Measurement sector < 10 3.00 = (Ii}%SD) 5.71
> 8L and < 16L Measurement sector < 10 3.64 Not applicable -

*H (hub height) = 80m, D (rotor diameter) = 86m
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