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Build-up an analysis model to evaluate wind potential for
selecting suitable turbine configurations and proposing research
to optimize wind farm design

Truong Trong Hieu', Nguyen The Bao'2"*

ABSTRACT

Before a wind farm is constructed, the assessment of wind potential in the proposed turbine instal-
lation area must be carried out as a prerequisite. To achieve the highest efficiency, the key concepts
and a deep understanding of wind energy evaluation must be mastered by the design engineers.
The article of study applies Weibull distribution theory and aerodynamics fundamental to build an
analytical model for evaluating standards and estimating annual electricity output based on raw in-
put data collected over a year. The calculation results for the wind characteristics, including shape
and scale factor and power density at the surveyed area corresponding to an 80m height, are de-
termined in detail by simulation software. The analysis results also indicate that the wind potential
here is classified as very high (class 6), and a minimum II-A type turbine configuration must be
selected to withstand these wind conditions.

Since the initial investment cost of a wind farm will be determined by the simulation results, the
study aims to combine the calculation methods used in this research with the application of digital
twin solutions and machine learning for wind farms to create an accurately digital replica of a phys-
ical system. In this way, real-time system operations will be monitored and continuously updated
into the simulation model to understand and predict its behavior. From there, optimal design and
operation adjustments will be made to enhance the overall system's efficiency and minimize errors
and risks for investors.

Key words: Wind potential assessment analysis, digital twin application, machine learning

Use your smartphone to scan this
QR code and download this article

'Ho Chi Minh City University of
Technology

2Viet Nam National University HCM
City
Correspondence

Nguyen The Bao, Ho Chi Minh City
University of Technology

Viet Nam National University HCM City

Email: thebao@hcmut.edu.vn

History

e Received: 23-6-2024
e Revised: 08-02-2025
o Accepted: 25-3-2025
e Published Online:

DOI:

i W) Check for updates

Copyright

© VNUHCM Press. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution 4.0 International license.

° \.=
W\

VNUHCM PRESS

technology in wind power in Vietnam.

» INTRODUCTION

Recently, within the national strategy on Climate

~

Change, the Vietnamese government has announced

w

IS

the goal of reducing emissions by 43.5% by 2030, with
s practical proposal and effective international support.
Emission targets have been set for each sector for

o

the years 2030 and 2050, alongside several qualitative

~

proposals to achieve these goals. Among these pro-

3

posals are policies to support the development of wind

o power projects in Vietnam % .

©

To construct a wind power plant, the first requirement

2 is to have a basic knowledge of wind energy. Specifi-
3 cally, whether a wind power project is grid-connected
or standalone, the core activity to assess the feasibil-
s ity of the project is the Wind Resource Assessment

>

16 (WRA) process’ . The output data from WRA will be

7 used and serve as the input for financial analysis and
s the overall feasibility assessment of entire project '* .
o Currently, wind farms are increasingly being devel-

20 oped, offering significant opportunities to enhance

autonomous operation and optimize system produc-
tivity. In light of these, the research has developed an

[N}

annual energy production (AEP) analysis model to se-
lect suitable turbine configurations? .

This analytical model plays a vital role in providing
estimated electricity generation results with high re-
liability and accuracy of 100% when the characteris-
tic parameters of the input wind dataset are identi-
fied. Additionally, the model also assists in predict-
ing energy sources at different altitudes when plan-
ning designs to aid in feasibility assessments. The re-
search results will provide a more detailed and intu-
itive perspective on providing useful scientific infor-
mation that serves as a valuable reference for future

wind power projects.

INPUT DATA AND METHODOLOGY

Data source

The input data consist of wind speed measurements
taken every 10 minutes continuously over one year at
the Con Dao telecommunications station as in Fig-
ure 1 at altitudes of 30m, 50m, and 60m above ground
level respectively.

Cite this article: Hieu T T, Bao N T. Build-up an analysis model to evaluate wind potential for selecting
suitable turbine configurations and proposing research to optimize wind farm design. Sci. Tech. Dev.

J. — Engineering and Technology 2025; 8(1):1-18.
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Figure 1: The Con Dao Island map and picture of installation of anemometer at altitudes of60m, 50m & 30m

Based on these gathered wind speed data series, which
to be presented in the form of Table 1 and chart as
shown in Figure 2 to analyze and evaluate the charac-
teristic of the avarage hourly wind speed at diffferent
elevation.

Methodology

In this study, an experimental method is proposed
by collecting and processing data along with a math-
ematical method of probabilistic statistical analysis.
According to the Weibull distribution is used to de-
termine the importantly characteristic parameters of
wind. Thermodynamic properties of moist air also is
applied to build a simulation model by using MAT-
LAB software to provide predictive results and poten-
tial assessment.

The classification of turbines according to the IEC-
1400-1 standard is determined by average wind speed
and turbulence intensity. The IEC-1400-1 standard
defines four standard classes: I, II, III, IV, and an ad-
ditional class S. For class S, all wind field parameters
must be specified by the manufacturer. The average
wind speeds for classes I through IV correspond to 10
m/s, 8.5 m/s, 7.5 m/s, and 6 m/s, respectively. In ad-
dition to these standard classes, turbulence intensity
is categorized into high, medium, and low (classes A,
B, and C).

THE ANALYSIS MODEL FOR
EVALUATION AND ESTIMATING
ANNUAL ELECTRICITY OUTPUT

The kinetic energy (E) of the wind in moving can be

determined as the formular”
E= %mv2 (joules) (3-1)

where m is the mass of air passing through a circular
plane perpendicular to the wind direction and v is the
mean wind speed over a suitable time period that can
be seen in Figure 3 .
The wind power can be obtained by differentiating the
kinetic energy in wind with respect to time:

P= ‘Z—If = %n’zvz (3-2)
However, only a small portion of wind power can be
converted into electrical power. When wind passes
through a wind turbine and drives blades to rotate, the
corresponding wind mass flowrate is:

= pAv (3-3)

Where p is density of a moist air (kg/m?) and A is the
swept area of blades (m?)

From above formula of (3-2) and (3-3), simplifying
this we get a power (P) can be expressed as >

P= ! (3-4)

=3 PAV® (watts)
The effective power through a wind turbine for elec-
tricity generation is significantly less than the energy
in the air stream. According to Betz’s law, theoreti-
cally, only a maximum of 59,3% of the energy in the
air stream can be captured because the wind speed be-
hind a turbine cannot be fully absorbed and reduced

to zero.

Statistical modeling of wind speed data

The statistical modeling method is applied the
Weibull probability distribution as a crucial form to
describe the statistical appearance of extreme values
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Table 1: Hourly average wind speed at different elevation

Hour Wind speed (hourly average), m/s
60m (Channel 1) 50m (Channel 2) 30m (Channel 3)

0 6.32 5.68 4.18
1 6.14 551l 4.07
2 6.10 5.47 4.05
3 6.25 5.60 4.14
4 6.32 5.66 4.19
5 6.52 5.85 4.34
6 6.60 5.92 437
7 6.77 6.07 4.49
8 7.03 6.30 4.67
9 723 6.49 4.82
10 7.45 6.68 4.93
11 7.61 6.83 5.05
12 V7P, 6.92 5.11
13 7.90 7.08 5.21
14 8.03 7.20 5.33
15 8.13 7.29 5.40
16 8.07 7.23 5.35
17 7.95 7.13 5.25
18 7.84 7.04 5.20
19 7.62 6.83 5.06
20 7.29 6.54 4.85
21 7.02 6.30 4.66
22 6.73 6.03 4.45
23 6.55 5.87 4.34
Average 7.13 6.40 4.73

1 in meteorology, hydrology and weather forecasting.
2 The Weibull distribution provides a reasonable math-
s ematical description for wind speed graphs. This dis-
4 tributon is used to analyze probability, predict opera-
s tional time, and estimate the electricity generation.
s The Weibull probability density function :

pd(v) =

O e (-(3)) 050 @9
7 Where:

s k: Shape factor
o A: Scale factor
10 Below frequency distribution graphs are created by
1 grouping wind speeds. The shape parameter k and the

scale parameter A allow the Weibull function to be fit-
ted to the measured frequency distributions. Each re-
gion will have different k and A values, as illustrated
in Figures 4 and 5 .

Power density of wind speed

To understand the inpact of the statistical distribution
of wind speed on power generation, we need to calcu-
late this power density of wind speed.

Power density (PD) is defined as follow:

w
3
()

Power 1
PD= —— ——

= = 3-6
Swept area 2 (3-6)
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Figure 2: Hourly average wind speed in year (from Oh to 23h) at observed heights.
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Figure 3: Kinetic energy and swept area of wind turbine
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A . . . ) cording to A-values
Figure 4: Weibull probability density function ac-

cording to k-values

Where: v is wind speed (m/s), pd(v) is Weibull proba-
1 However, this PD value must be applied integral func-  bility density function
2 tion to achieve result more accurate: Conventionally, wind intensity in the surveyed area is
) (3.7) classified based on power density to evaluate the wind
-7

Correct PD = [ KPVP d (v)dv (W energy potential of that specific area. To assess this
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Table 2: Wind classification at reference heights 10m & 50m’

Wind Class Category 10m 50m
Power density Average velocity Power density Average velocity
W/m2 m/s W/m2 m/s

1 Poor 0-100 0-4.4 0-200 0.0-5.6

2 Marginal 100-150 4.4-5.1 200-300 5.6-6.4

3 Fair 150-200 5.1-5.6 300-400 6.4-7.0

4 Good 200-250 5.6-6.0 400-500 7.0-7.5

5 Excellent 250-300 6.0-6.4 500-600 7.5-8.0

6 Outstanding  300-400 6.4-7.0 600-800 8.0-8.8

7 Superb 400-1000 7.0-9.4 800-2000 8.8-11.9

potential, wind speeds are categorized into 7 levels ac-
cording to Table 2 . Based on the calculated power
density using formula 3-6, we can determine whether
that area has wind potential or not.

Air density correction according to ambi-
ent temperature
Typically, wind energy is surveyed at ambient temper-
ature. Air density (p) is also a factor that affects power
density (PD). The relationship between PD and p is
linear. Air density depends on pressure, temperature
and relative humidity, both pressure and temperature
decrease with altitude. The formula for calculating air
density is obeyed the perfect gas equation of state as
follows > :

pV =nRT (3-8)

Where:

« p: atmospheric pressure, (atm)

« V: total mixture volume (i.e dry air & water va-
por), (m?)

« n: number of moles of air (mol)

« R:universal gas constant, 8,314 J/(mol.K)

« T: absolute temperature, (K)

With p = n/V, molecular weight per volume unit.

_r
P=Rrr

Hence, the term M (gam) represents the molecular

(3-9)

weight of air. Air density is defined in below formula:

p=L M (kg/mS)

= (3-10)
RT 1000

Otherwise, the pressure depends on altitude. The

pressure value may be calculated from % :

p=101.325(1 —2.25577 x 10-52) > >

(kPa) (3-11)

Where:
M: the molecular weight of air, (M = 28.97 g/mol)
Z: altitude, m

This correction is necessary for wind energy assess-
ment at different altitudes.

Wind speed distribution by Altitude

Wind speed is typically measured at a specific altitude
above the sea level as indicated in Figure 6 . However,
to enhance the efficiency of wind energy utilization,
it is sometimes necessary to consider wind speeds at
various heights. The equation for velocity as a func-

tion of altitude is expressed by the formula:
hy\"
V) =V X (a)

vi,Vv2 is the wind speed at height hy, hy, respectively

(3-12)

Where:

v is the wind shear exponent, which varies depending

on the terrain and atmospheric conditions.

[m] & Altitudes above ground level

40m/s

30ms 40m/s

20 m/s 30m/s

Suburbs Sea

Urban areas

Figure 6: Wind speed distribution by height
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In case of considering to extrapolate wind speed, y-
coefficient may be determined as follows:

7o (3-13)

l
oghl

Additionally, in cases of lacking observational input
data, we can refer to the Table 3 to find ¥ coefficient
for each specific condition.

Correlation between characteristic parame-
ters of the Weibull

In addition to the two characteristic parameters k and
A factor of Weibull distribution. We may establish
other relationship of wind speed as follow:

1
-1\ % -
Mode:A(k—)k (3-14)
k
L 1
Mean velocity = v = AT (1 + E) (3-15)
2
X r<1+;)
Variance = 6% =v —1 (3-16)

1
(14—
(1+3)
Where: I'(x) is gamma function, if x is an integer then
I'x) =x!

To simplify this, we may apply the approximate for-
mula as below:

—1.086
v

v

1
r(i+;)
ANALYTICAL RESULT OF WIND
POTENTIAL ASSESSMENT AND

TURBINE CONFIGURATION
SELECTION

Frequency of wind speed levels

(3-17)

A= (3-18)

Wind speed data for determining frequency
of occurrence

Based on the collected wind data series, the wind data
will be summarized in a chart that shows the fre-
quency of occurrence corresponding to speeds rang-
ing from less than 1m/s to 25m/s at a typical height of
60m (see Figure 7 ).

Frequency (%)
o
L

0 5 10 15 20 25
Wind Speed (m/s)

Figure 7: The statistical frequency of actual wind
speed at the height of 60m

The analysis and observations of the wind
speed frequency
« The frequency of wind speeds from 6m/s and
above accounts for 60,5%.
o The maximum observed wind speed is 31,59m/s

(recorded from the max channel of anemome-
ter).

Statistical characteristics of the data series
for

Data for determining statistical characteris-
tics

Based on the 10 minute average wind speed data
series, the statistical characteristics of the observed
wind data will be calculated by using the Weibull dis-
tribution function. Applying the formulas to calculate
k, A and PD. The results in Figure 8 at a height of 60m
are as follows:

o Air density at 60m:

o Shape factor: k =2,23

o Scale factor: A =8,03

« Average wind speed: 7,12 m/s

o Mode =6.17 m/s

o Standard deviation: o = 3.36 m/s

« Power density: PD = 363,15 W/m?

Analysis and Observation

With an average power density of approximately
363,15 W/m? at 60m, according to the Table 2 then
the wind potential of this area is classified into class 3
which is very suitable for energy exploitation. When
a wind turbine is installed at a height of 80m, its po-
tential will be even better.
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Table 3: Terrain’s roughness classification & wind shear coefficient

Terrain Description Roughness Class Roughness length, ~Wind Shear Coeffi-
m cient, y

Oftshore sea 0 0.0001 - 0.003 0.08

Open terrain, smooth surface (concrete roads, 0.5 0.0024 0.11

short grass)

Agricultural land without obstacles, sparse 1 0.03 0.15

buildings, or a few hills

Agricultural land with few houses and tree 1.5 0.055 0.17

fences 8m tall spaced 1250m apart

Agricultural land with few houses and tree 2 0.1 0.19

fences 8m tall spaced 500m apart

Agricultural land with few houses and tree 2.5 0.2 0.21

fences 8m tall spaced 250m apart

Villages, small towns, agricultural land with 3 0.4 0.25

many tall trees, rough terrain

Large cities with many high-rise buildings 35 0.8 0.31

Large cities with many skyscrapers 4 1.6 0.39

Source: Niesel, Per. WindPRO 2.5 Users Guide. EMDInternational, Aalborg, Denmark 2006.

Weibull Distribution
‘Weibull Distnbution Actual Data

£
\

10 r’i —’K
J N

Frequency (%)

0 3 10 15 20 25
Wind Speed (m /s)

Figure 8: Characteristics of actual wind speed data
at 60m follow Weibull Distribution

» Wind Speed Data Conversion

Since the statistical data series of wind speed is not

~

available at 80m, it is necessary to extrapolate and

w

convert from the surveyed data series at other heights.

~

Based on the collected data series, applying formula 3-

«

o

13 to find out 7y value which allows for the conversion

~

of wind speed. To verify the accuracy of y-coeflicient,
the statistical data series at a height of 60m is used

©

to convert wind speeds at 30m and 50m respectively.

©

These converted data are then compared and evalu-

o

ated against actual data at these heights to conclude

~

the reasonableness of the chosen ¥ value. Using this

method, the converted and statistical data values are
listed in Table 4 and illustrated in Figure 9

As the result inTable 4 and Figure 9, the error between
the calculated converted data and actual collected data
is negligible and entirely acceptable. All curve lines
representing these data are almost coincident.
Conclusion:  Using the formula to calculate Y-
coefficient for converting wind speed at a height of
80m is accepted.

Variation of Average Hourly Wind Speed
Throughout the Year at 80m Height

Characteristic Parameters of the Data Se-
ries for Calculation

Based on the 10-minute average wind speed data se-
ries collected at heights of 30m, 50m, and 60m, the
extrapolation of wind data to a height of 80m was
carried out as indicated in Table 5 and Figure 10 ).
The wind data characteristics were derived using the
Weibull distribution function, similar to the method
used for the 60m height. The results are illustrated in
Figure 11 and Figure 12..

Where:

o Air density at 80m: p = 1,167 kg/m3
o Shape factor: k =2,23

o Scale factor: A =9,55

o Average wind speed: 8,46 m/s

o Mode =7.32 m/s
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Table 4: Average hourly windspeeds throughout the Year at observed heights of the statistical data seriesand

calculated converted data

Hour Actual data series Converted data according to heights Wind Shear
Y
60m 50m 30m 80m 60m 50m 30m
(Channel 1) (Channel 2) (Channel 3)

0 6.32 5.68 4.18 7.52 6.32 5.67 4.18 0.601
1 6.14 5.51 4.07 7.30 6.14 5.51 4.07 0.599
2 6.10 5.47 4.05 7.25 6.10 5.47 4.04 0.597
3 6.25 5.60 4.14 7.44 6.25 5.60 4.13 0.603
4 6.52 5.66 4.19 7.52 6.32 5.66 4.17 0.603
5 6.52 5.85 4.34 7.75 6.52 5.85 432 0.598
6 6.60 5.92 4.37 7.85 6.60 5.92 4.36 0.600
7 6.77 6.07 4.49 8.05 6.77 6.07 4.48 0.601
8 7.03 6.30 4.67 8.35 7.03 6.30 4.65 0.599
9 7.23 6.49 4.82 8.59 7.23 6.49 4.79 0.597
10 7.45 6.68 4.93 8.87 7.45 6.68 4.92 0.603
11 7.61 6.83 5.05 9.05 7.61 6.83 5.04 0.599
12 7.72 6.92 5.11 9.19 7.72 6.92 5.10 0.600
13 7.90 7.08 5.21 9.40 7.90 7.08 5.21 0.604
14 8.03 7.20 5.33 9.56 8.03 7.20 5.30 0.602
15 8.13 7.29 5.40 9.66 8.13 7.29 5.38 0.598
16 8.07 7.23 5.35 9.60 8.07 7.23 5.33 0.603
17 7.95 7.13 5.25 9.47 7.95 7.12 5.25 0.601
18 7.84 7.04 5.20 9.32 7.84 7.04 5.20 0.599
19 7.62 6.83 5.06 9.05 7.62 6.83 5.04 0.601
20 7.29 6.54 4.85 8.66 7.29 6.54 4.83 0.597
21 7.02 6.30 4.66 8.35 7.02 6.30 4.65 0.600
22 6.73 6.03 4.45 8.00 6.73 6.03 4.45 0.599
23 6.55 5.87 4.34 7.78 6.55 5.87 4.33 0.599
Mean 7.13 6.40 4.73 8.48 7.13 6.40 4.72 0.60

« Standard deviation: o = 4.0 m/s
o Power density: PD = 608,29 W/m2

Observation:

With an average power density of approximately
608.29 W/m? at a height of 80 meters, the wind po-
tential of this area is very high and classified into class
6. Comparing the results at heights of 60m and 80m,
itis evident that the higher the altitude, the greater the
energy potential. Therefore, installing wind turbine at
a height of 80 meters is very reasonable.

Selection of Turbine Based on Power Gen-
eration Capacity and Annual Electricity Pro-
duction Estimation

Selection of Power Generation Capacity

The selection of the wind turbine’s power generation
capacity should align with the load demand require-
ment. Refer to the hourly load demand Table 6.
Where:

« Max load demand, Pmax = 4,580.48 kW

19
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3

4

s dence on the previous diesel system to reduce green-
¢ house gases, a turbine capacity should be selected
7 greater than the peak load. Here, the total system ca-

8.00

7.00

Wind Speed, m/s
I B AN
[w] [=] [=] o [w]
(=] [=] [=] Q (=]

=
=]
=]

0.00

—=—30m

=l (Channel 3)

—+—350m

(Channel 2)

——50m (Quy ddi)

30m (Quy déi)

012345678 91011121314151617181920212223

Hours

Figure 9: Average hourly wind speeds throughout the year at observed heights and converted

Table 5: Average Hourly Wind Speeds Throughout the Year at 80m Height, Extrapolated from the Statistical
Data Series

Average Hourly Wind Speeds, m/s

Average Hourly Wind Speeds, m/s

Hours 80m (Extrapolated) Hours 80m (Extrapolated)
0 7.52 13 9.40
1 7.30 14 9.56
2 7.25 15 9.66
3 7.44 16 9.60
4 7.52 17 9.47
5 7.75 18 9.32
6 7.85 19 9.05
7 8.05 20 8.66
8 8.35 21 8.35
9 8.59 22 8.00
10 8.87 23 7.78
11 9.05 Average 8.48
12 9.19

« Min load demand, Pmin = 2,479.26 kW
« Ave. load demand, Pave = 3,617.22 kW

From the Table 6 of given load data, to ensure a stable
power supply for the island and minimizing depen-

s pacity of 5SMW is chose as shown in Figure 13 .

Basis for selecting wind turbine capacity:

o Theselected turbine capacity must meet the load

demand and ensure uniform distribution.

o The power penetration level from the wind

power system must achieve at least 50%.

« It should align with the financial capacity of the

investor.

o Under the same conditions, the harmonization

between technical aspects and investment costs
must be taken into account.
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2.00

0.00

Average Hourly Wind Speed (Extrapolated at 80m Height)

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
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Figure 10: Average Hourly Wind Speeds Throughout the Year at 80m Height, Extrapolated from the Statistical

Data Series

Table 6: Hourly Load DemandSummary at Con Dao Island

Hours

1

10

11

12

Load Demand, KW Hours Load Demand, KW
4,580.48 13 4,059.10
2,958.77 14 3,701.82
2,479.26 15 4,421.96
2,501.59 16 3,514.80
2,764.47 17 3,779.97
3,322.21 18 3,668.32
3,391.99 19 4,212.62
3,782.76 20 3,403.07
4,070.26 21 3,679.40
3,715.77 22 3,763.14
4,156.79 23 3,768.72
4,112.13 24 3,003.92

« Abackup plan must be considered in case one of  following equation can be used

the devices needs maintenance or replacement. ~ Number of hours per year (vi < v < v ) =

Conclusion:

8760 szf (v)dv (4-1)

Above these criteria, the most suitable configuration =~ Where:
is to choose 2 turbines with a capacity of 2.5 MW each, ~ 8760: Total number of hours in a year.

totalling 5 MW.

f(v): The probability density function of wind speed
Based on the collected statistical data and the extrap-

Estimation of Annual Electricity Production  olated wind speed results at a height of 80m, the pa-

Wind speed frequency simulation result

rameters of Weibull distribution can be found:

To accurately determine the number of hours per year o« k=223

that the wind speed reaches between v| and vy, the e« A=9,55

10
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Load Demand Chart
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Figure 13: Hourly Load Demand Summary at Con Dao Island
Applying the above formula with the determined val-
ues of k, A. The wind speed frequency tabulated in
° TTHT Table 7 and shown in Figure 14 .

-] o Power Generation Characteristics of the
5 N Wind Turbine

For the selected wind turbine with a power capacity of
2.5MW, refer to the typical power output (P) of Ener-
con manufacturer '° according as wind speed (v). The
power curve of a turbine 2.5 MW is as Table 8 .

In the given Table 8 , the cut-in wind speed at

o o s 0 2 which the wind turbine start operating is 2m/s, the
Wind Speed (m /s)

Frequency (%)
L

power output of the wind turbine increases rapidly
Figure 11: The statistical frequency of converted as the wind speed increases respectively. The turbine
wind speed at the height of 80m reaches its rated power and maintain as it at 12m/s.
When the wind speed exceeds 25m/s, the wind tur-
bine automatically activates its protection system for
cut-out, ensuring the safety of the equipment (see Fig-

ure 15).

Weib ull Distribution Estimation of annual electricity production

Weibull Distribution || Actual Data

The annual electricity production of a wind turbine is

91 THY the product of its power output (P) and the operating
& Z X— time in one year. From the statistical Table 9 , the an-
I nual electricity production can be estimated as Table 9

£°]

25

5 1 « Asseen in Figure 16, the annual electricity pro-
E duction from a 2.5 MW turbine produces ap-
24 | proximately 12.644 million kWh/yr. Therefore,
1 the total production from the system will be

: ] PV e " around 25.29 million kWh/yr.

Wind Speed (n./5) o Maximum operating hours (Tmax) is 12.64

6 —
Figure 12: Characteristics of wind speed data at x10°/2500 = 5057.41 hr/yr.
80m follow Weibull Distribution
Calculation of Turbulence Intensity and
To select the appropriate wind turbine capacity for in-

stallation at a specific area, the turbulence intensity
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Wind Speed Frequency Chart
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Figure 14: Occurrence wind speed frequency chart at 80m

Power Curve of Turbine 2.5MW
3 3000.00
i‘ 2500.00 /V" 0 i
a 2000.00 \
S 1500.00
S 1000.00 \
S - /’
e ) \
£ 500,00 g
A 0.00 4ottt ——o—o
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Wind speed, m/s
Figure 15: Power output characteristic curve of a typical turbine 2.5MW
Annual Electricity Production from Turbine 2.5MW
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Figure 16: Annual electricity production chart of a 2.5MW Wind Turbine
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Table 7: Wind speed frequency according to Weibull distribution

Wind Speed Frequency According to Weibull Distribution

v=0 m/s
v=1 m/s
v=2 m/s
v=3 m/s
v=4 m/s
v=>5 m/s
v=6 m/s
v=7 m/s
v=_8 m/s
v=9 m/s
v=10 m/s
v=11 m/s
v=12 m/s
v=13 m/s
v=14 m/s
v=15 m/s
v=16 m/s
v=17 m/s
v=18 m/s
v=19 m/s
v=20 m/s
v=21 m/s
v=22 m/s
v=23 m/s
v=24 m/s
v=25 m/s

0.00 h/year
126.64 h/year
289.98 h/year
456.48 h/year
607.53 h/year
728.70 h/year
809.99 h/year
846.50 h/year
838.70 h/year
791.84 h/year
714.73 h/year
618.14 h/year
512.99 h/year
408.92 h/year
313.31 h/year
230.85 h/year
163.61 h/year
111.55 h/year
73.18 h/year
46.19 h/year
28.05 h/year
16.39 h/year
9.21 h/year
4.98 h/year
2.59 h/year
1.29 h/year

of wind speed must be considered carefully (see Fig-
ure 17 ). It reflects the level of random fluctuation in
wind speed. It depends on the terrain surface and ob-
stacles encountered by the wind on its flow path.

The basic formula for determining turbulence inten-
sity” :

N N2

(1)

1

a
=] =

(4-2)

v v
Where:
I: Turbulence intensity, (%)
0,: Standard deviation of wind speed (m/s)

v : the individual wind speed measurement, (m/s)
v : average wind speed (m/s)

This turbulence directly affects to lifespan of the tur-
Therefore, the IEC 61400-1 standard defines
wind turbine classification as Table 10 .

bine.

Where, V,.r = V;,/0.2 and I, is calculated at re-
ferred wind speed of 15m/s as indicated in Figure 18
according to the installation height.

From standard deviation channel of wind speed, the
apparent turbulence intensity (ATI) is calculated by
using formula 4-2:

Where:

13
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Table 8: The power curve and operating data of the wind turbine 2.5 MW catalogue

The Characteristic Curve of Wind Turbine 2.5 MW

m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s

m/s

0.0 kw
0.0 kw
3.0 kw
48.0 kw
153.0 kw
335.0 kw
620.0 kw
1023.0 kw
1530.0 kw
2015.0 kw
2350.0 kw
2480.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw
2500.0 kw

Column TI,y. is the value of average turbulence in-

tensity according to wind speed v.

Column ST is a standard deviation of TI and to be cal-

culated as the following formula® :

X is an average of the individual measurement and the

I wn

ST = ;Zi:

]<xi—x

Where: n is the number of measurements

;

formula can also be expressed as® :

14

1

)

n

n
i=1%

(4-3)

(4-4)

Column ATT is the apparent turbulence intensity. Ac-
cording to the Table 10% , value of ATI is calculated as
follows:

ATI=TI+1.28 x ST (4-5)

Based on the calculated results in Table 11 and can be
seen in the Figure 19, the ATI wind speed of 15m/s is
17.48%. According to the IEC standard, the reference
turbulence intensity I, s is defined as:

ATI

Iref = T = AN

5.6 -

(0.75 + 7) (4-6)
V15
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Table 9: Annual electricity production from wind turbine 2.5 MW

v=0 m/s - kWh/year
v=1 m/s - kWh/year
v=2 m/s 869.95 kWh/year
v=3 m/s 21,911.16 kWh/year
v=4 m/s 92,951.72 kWh/year
v=>5 m/s 244,115.47 kWh/year
v=6 m/s 502,194.42 kWh/year
v=7 m/s 865,974.01 kWh/year
v=3_8 m/s 1,283,211.33 kWh/year
v=9 m/s 1,595,547.53 kWh/year
v=10 m/s 1,679,626.08 kWh/year
v=11 m/s 1,532,990.03 kWh/year
v=12 m/s 1,282,466.94 kWh/year
v=13 m/s 1,022,298.84 kWh/year
v=14 m/s 783,283.68 kWh/year
v=15 m/s 577,120.43 kWh/year
v=16 m/s 409,020.14 kWh/year
v=17 m/s 278,885.35 kWh/year
v=18 m/s 182,954.05 kWh/year
v=19 m/s 115,477.28 kWh/year
v=20 m/s 70,124.48 kWh/year
v=21 m/s 40,966.07 kWh/year
v=22 m/s 23,020.26 kWh/year
v=23 m/s 12,441.33 kWh/year
v=24 m/s 6,465.85 kWh/year
v=25 m/s 3,230.81 kWh/year
Table 10: Wind Turbine Classification following IEC standard

Basic parameters for the standard WTG classes I-1V

WTG 11 111 v

Class
Parameters  Vyef (m/s) 425 75 30 Values specified by Designer

Vave (m/s) 8.5 7.5 6

A Iref 0.16

B Iref 0.14

C Iref 0.12

Source: IEC 61400-1 3rd Edition To classify these, it is based on Vs and I.s .

15
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Table 11: Result of the Apparent Turbulence Intensity

Wind speed Ave. Turbulence Intensity,
(m/s) (TT ave)
v=1 0.7555
v=2 0.7296
v=3 0.5010
v=4 0.3652
v=5 0.2893
v=06 0.2374
v=7 0.2023
v=_8 0.1817
v=9 0.1613
v=10 0.1474
v=11 0.1474
v=12 0.1357
v=13 0.1321
v=14 0.1288
v=15 0.1269
v=16 0.1206
v=17 0.1133
v=18 0.1098
v=19 0.1015
v=20 0.0942
v=21 0.0883
v=22 0.0922
v=23 0.0859
v=24 0.0839
v=25 0.0594
v=26 0.0607

Standard Deviation Apparent  Turbu-
(ST) lence Intensity,
(ATI)
1.3320 2.4604
0.4342 1.2854
0.2497 0.8206
0.1681 0.5803
0.1264 0.4511
0.1020 0.3680
0.0819 0.3072
0.0687 0.2696
0.0574 0.2348
0.0504 0.2120
0.0504 0.2120
0.0412 0.1883
0.0391 0.1822
0.0377 0.1770
0.0375 0.1748
0.0371 0.1682
0.0380 0.1619
0.0376 0.1579
0.0389 0.1514
0.0356 0.1397
0.0412 0.1411
0.0395 0.1428
0.0318 0.1266
0.0318 0.1246
0.0251 0.0915
0.0110 0.0749

Applying above formula 4-6, the I,.¢ is calculated ap-
proximately 15.56%.

The average wind speed at a height of 80m is 8.46m/s.
According to the IEC, the reference wind speed is cal-
culated as:

Vref = th/().z =42.3m/s.

By comparing Vs and I,y with Table 10, the se-
lected turbine class for installation is Class II-A.
Observation:

The right selection of turbine class is crucial, if choos-
ing a lower class could affect turbine’s performace due

16

to unexpected wind gusts. Conversely, selecting a
higher class turbine would increase the initial invest-

ment costs.

In order to validate the calculated both k and A value
from section Statistical characteristics of the data se-
ries for energy calculation, the results in Figure 20
were cross-checked by using the WindPro software
(see Figure 21 ) for comparision and verification with

the same input data.

Conclusion
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Wind Turbulence
@ Wind flow
/-_\_/
tubulenee:
0 /\/

Wind velocity:

@

Turbulence intensity: 0

Figure 17: Model of wind flow and wind turbine

TURBULENCE INTENSITY FROM ALL DIRECTIONS
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o
4

03

Turbulence intensity

Wind speed (m/s)

Figure 18: lllustration of determining turbulence in-
tensity at referred wind speed.

— Turbulence ity Chart
0.5
Class A
Class B
0.4f--- Class C
.g Apparent Tl
5 o3)--haMo Average Tl
= Standard deviation
g i i
s
2 02f------q-1"
=
S
=
(0T [ e e R
0 H 1 H R
0 5 10 15 20 25
Wind speed, m/s

Figure 19: Calculated result of apparent turbulence
intensity and 03 curves according to IEC.
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Figure 20: Calculated results of characteristic param-
eters from simulation software
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Figure 21: Calculated results of characteristic pa-
rameters from WindPro 2.5

In terms of methodology, it can be observed that
the results of the characteristic parameters are the
same, affirming the reliability of the simulation soft-
ware programmed. This is considered a critical step
in assessment the feasibility of an entire wind power
project.

CONCLUSION AND DISCUSSION

To avoid inaccurate forecasts and increased experi-
mental costs that waste resources, each wind farm
project, both existing and planned for the future, must
be performed in detailed analysis. By creating com-
putational models as illustrated in Figure 22 , we es-
tablish a basis for assessing the wind energy poten-
tial of a given area and data, estimating the maximum
annual electricity production a turbine can generate
with highly reliable and accurate analysis results, and
ultimately evaluating turbulence intensity conditions
to select the appropriate turbine type for the intended
installation site.

Furthermore, to optimize the design and operation of
the system in the future, the research proposes the de-
velopment of digital twin (see Figure 23 ) and machine
learning applications for wind farms '* . This involves
establishing Physics-based models to simulate operat-
ing conditions under various scenarios (what-if sim-
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3
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Figure 22: The Analytical Modelof Annual Energy
Potential Calculation.

ulations) due to the continuous changes in input vari-
ables. Such analyses will enable appropriate adjust-
ments to enhance the overall system efficiency. The
benefits of digital twin somution include:

o Optimizing the placement of wind turbines to
maximize wind energy capture.

o Increasing the electricity output of the wind
farm.

« Reducing operational and maintenance costs.

« Extending the lifespan of the equipment.

Digital
Twin

Figure 23: Digital twin modelcan predict failures
and optimal design adjustment

Finally, the development of a hybrid model that com-
bines Physics-based modeling and machine learning
is proposed. This model will learn from actual opera-
tional data, improving and enabling an evaluation of
the performance of system components and provid-

ing more accurate and optimal adjustment signals'!
12

COMPETING INTERESTS

We hereby confirm that there are no conflicts of inter-
est regarding the entire content of this paper.

18

AUTHORS’ CONTRIBUTIONS

Truong Trong Hieu: Collected input data, processed
and performed data analysis, developed algorithms,
and built analytical software with graphical visualiza-
tion, wrote and revised the manuscript.

Nguyen The Bao: Advise mathematical formulas and
contributed to manuscript revision.

REFERENCES

1. Jain P. Wind Energy Engineering;. p. 352.

2. Bao TNT, Phu NX. Bdo Toan Nang Lugng, Nha xuat ban Khoa
hoc va Ky thuat; 2006. p. 418.

3. Hiép GTLC, Binh Tin PTH. Nhiét dong Luc hoc Ky thuat. Nha
xuat ban Pai hoc Quéc gia TP. H6 Chi Minh; 2011. p. 478.

4. Anh HPH. Ky Thuat Hé Théng Ning Lugng Tai Tao. Nha xuat
ban Pai hoc Quéc gia TPHO Chi Minh; 2013. p. 602.

5. Patel MR. Wind and Solar Power Systems; 1999. p. 350.

6. Holman JP. Experimental Methods for Engineers;. p. 698.

7. Carpman N. Turbulence intensity in complex environments
and its influence on small wind turbines; 2011. p. 55.

8. International Standard; 2005-2008. p. 92.

9. Gould B, lan E. Wind/Diesel Power Systems Basics and Exam-
ples. National Renewable Energy Laboratory, United States
Department of Energy. 2008;p. 58.

10. Dr Trevor Pryor. In: and others, editor. Energy Systems Hand-
book ; 1994. p. 174.

11. Ashok S. Optimised model for community based hybrids en-
ergy system. Renewable energy. 2007;32(7):1155-1164-1164.

12. Yang H, Zhou W, et al. Optimal sizing method for stand-alone
hybrid solar-wind system with LPSP technology by using ge-
netic algorithm. Solar energy. 2008;82(4):354-367.

13. A USEP. Compilation of air pollutant emission factors. Volume
1: stationany point and area sources. vol. 1: stationany point
and area sources. Washington DC; 2007.

14. Trazouei SL. Optimal design of a hybrid solar-wind-diesel
power system; 2013. p. 85.

15. Enercon. Wind turbines Catalogue. vol. 31;.

21

22

23

24

25

26

27

28

29
30
31
32
33
34
35
36
37
38
39
40
M
42
43

a5

47
48
49
50
51
52
53
54
55
56



Tap chi Phdt trién Khoa hoc va Céng nghé - Engineering and Technology 2025, 8(1):1-1

Open Access Full Text Article Bai nghlén cliu
Xay dung mé hinh phan tich danh gia tiém nang gié dé chon cau
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hinh turbine phu hgp va dé xuat nghién ctru téi uu thiét ké trang
trai dién gié

Truong Trong Hiéu', Nguyén Thé Bao"?”"

TOM TAT

Trudc khi mot trang trai gié dugc xdy dung, viéc danh gid tiém nang gio tai khu vuc du kién lap dat
tuabin can phai dugc thuc hién nhu mét diéu kién tién quyét. D€ dat dugc hiéu sust cao nhat, cac
ki su thiét k& can ndm vimg cac khai niem chinh va c6 hiéu biét sau sdc vé danh gia nang lugng
gi6. Bai bdo nay ap dung ly thuyét phan bd Weibull va cac nguyén ly khi déng hoc dé xay dung
ma hinh phan tich, danh gia cac tiéu chudn va udc tinh san lugng dién hang nam dua trén dit liéu
dau vao thé dugc thu thap trong mét nam. Két qua tinh todn cac théng sé dac trung clia gid, bao
gébm hé s6 hinh dang, ty 16 va mat do cong sudt tai khu vuc khao sét tuong tng véi dé cao 80m,
dugc xac dinh chi tiét thong qua phan mém mé phong. Két qua phan tich ciing cho thay tiém
nang gio tai day dugc xép vao loai rat cao (cap 6), va can lua chon cau hinh tuabin t&i thiéu loai [I-A
dé c6 thé chiu dugc diéu kién gid nay. Vi chi phi dau tu ban dau clia mét trang trai gio sé dugc xac
dinh dua trén két qua moé phong, nghién ctiu nay hudng téi viéc két hop phuong phap tinh toén
sir dung trong nghién ctu vai viéc ting dung giai phap song sinh ky thuat sé (digital twin) va hoc
may (machine learning) cho cac trang trai gié, nhdm tao ra mét ban sao ky thuat s6 chinh xac cla
hé théng thuc té. Bang cach nay, hoat dong clia hé théng trong thai gian thuc sé dugc giam sét
va lién tuc cap nhat vao mé hinh mé phéng dé hiéu va du doan hanh vi clia né. Tur d6, cac diéu
chinh t8i uu trong thiét ké va van hanh sé dugc thuc hién dé nang cao hiéu qua tng thé clia hé
thong va gidm thiéu sai sot ciing nhu rdi ro cho nha dau tu.
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