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Abstract

The design of a stall-regulated wind turbine to achieve a maximum annual energy output is still a
formidable task for engineers. The design could be carried out using an average wind speed to-
gether with a standard statistical distribution such as a Weibull with k = 2.0. In this study a more
elaborated design will be attempted by also considering the statistical bias as a design criterion.
The wind data used in this study were collected from three areas of the Lamtakong weather sta-
tion in Nakhonratchasima Provice, the Khaokoh weather station in Phetchaboon and the Sirind-
horn dam weather station in Ubonratchathani, Thailand. The objective is to design a best aerody-
namic configurations for the blade (chord, twist and pitch) using the same airfoil as that of NREL
Phase VI wind turbine. Such design is carried out at a design wind speed point. Wind turbine
blades were optimized for both maximum annual energy production and minimum cost of energy
using a method that take into account aerodynamic and structural considerations. The work will
be carried out by the program “SuWiTStat” which was developed by the authors and based on BEM
Theory (Blade Element Momentum). Another side issue is the credibility of the Weibull statistic in
representing the real wind measurement. This study uses a regression analysis to determine this
issue.
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1. Introduction

To optimize the performance of fixed speed or stall-regulated wind turbine is a complex procedure according to
the several trade-off decisions. This type of wind turbine is mostly a small and medium size that is suitable for a
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household utilization in the remote areas. The initial capital cost of investment is likely low due to the unneces-
sary intelligent control system, therefore installing the stall-regulated wind turbine in the low wind sites could be
the attractive choice. Merely, by optimizing the aerodynamic efficiency of the rotor, the best wind turbine could
produce the maximum annual yield for a given Weibull wind speed distribution.

Another important factor of designing the optimal rotor for the specific wind sites is the quality of the meas-
ured wind speeds. There are several parameters which have an effect on the quality of the measured wind speeds
namely period of time for collecting wind data (weekly monthly or yearly), frequency of collecting data includ-
ing the accuracy of the instruments, and so on. An acceptable wind data should be collected at least within 2
years [1]. Its frequency depends on the capability of the instrument which was collecting the data every minute.
Afterwards the hourly mean wind speed was determined in order to reduce a large number of data and evaluate
the statistical parameters.

The objectives of the present study are to maximize the annual energy (AEP) and to minimize the cost of
energy (COE) produced by the optimal wind turbine. The iterative approach was utilized in order to complete
the blade shape optimization by the aerodynamic model based on BEM theory.

According to this study focuses on a small wind turbine, therefore the initial cost of wind turbine would be
evaluated from the cost of blade due to its weight.

2. Study of Wind Statistic

The measured wind speeds used in this study was acquired from 3 meteorological stations at Lamtakong in
Nakhonratchasima, Khaokoh in Phetchaboon and Sirindhorn dam in Ubonratchathani. Lamtakong is located
between 14°47'58"N latitude and 101°33'32.2"E longitude whereas Khaokoh is located between 16°37'56.69"N
latitude and 100°59'51.70"E longitude and Sirindhorn dam is located between 15°12'13.87"N latitude and
105°25'28.86"E longitude. All data was collected from 2006-2008 at the height of 661 m above sea level and has
been supported by the Electricity Generating Authority of Thailand.

2.1. The Real Wind Distribution

The frequency distribution of the measured wind speeds is mostly presented as a wind speed histogram with a
bin width of 1 m/s [2]. It can be calculated from the Equation (1).

S A (V,)

fH(V):ile, VEIk (1)

where n is the number of hourly mean wind speed data of the sample, W is bin width and A, (u) is the
indicator function of the interval |, , which is 1 provided that U € I, and is otherwise 0. Each mterval is equal
to 1 according to the bin width setting. Figure 1 shows the frequency of the individual wind speed calculated
from Equation (1).

2.2. Weibull Distribution

The measured frequency distribution is mostly fitted with the Weibull distribution function which is quite flexi-
ble due to its two parameters as shown in Equation (2)

f(\/):%(\g _ exp —(V?j @)

where V is instantaneous wind speed, K is shape parameter and c is scale parameter [m/s],
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And V is mean wind speed can be calculated from following relation
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Figure 1. The measured wind speeds histogram. (a) at Lamtakong in Nakho-

nratchasima; (b) at Khaokoh in Phetchaboon; (c) at Sirindhorn dam in Ubo-
nratchathani
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V =c[(1+1/k), T(x) = j:e"tx’ldt

The Weibull distribution curve and statistical parameters corresponding to the measured wind speeds are ex-
pressed in Figure 2 and Table 1, respectively.

0.14
0.12 //\\
0.1
<
8
‘S 0.08
1%)
2
=
Z 0.06
8
<]
o
0.04 \
0.02 \\
0
4 6 8 10 12 14 16 18 20
wind speed [m/s]
(®
0.14
0.12 /_\
§ 01 \
5
2
Z 0.08
a
> \
Z 0.06 \
©
Qo
<4
o 0.04
0.02 \
0
3 5 7 9 11 13 15 17 19
wind speed [m/s]
(b)
0.14
0.12 /_\
§ ot \\
5
2
B 0.08 \
a
2
Z 0.06 \
[
Q
S
a 0.04
0.02/ \\
0
5 7 9 11 13 15 17 19
wind speed [m/s]
©

Figure 2. Weibull distribution curve. (a) at Lamtakong in Nak-
honratchasima; (b) at Khaokoh in Phetchaboon; (c) at Sirind-

horn dam in Ubonratchathani.
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Table 1. The statistical parameters at the three case study site.

Nakhonratchasima Phetchaboon Ubonratchathani
c 7.2427 mls 6.9867 m/s 4.0096 m/s
k 2.3173 2.2089 1.8358
Variance 8.6374 8.7513 4.0475
mean 6.4170 m/s 6.1877 m/s 3.5625 m/s
{/ﬁ 9.4700 m/s 9.3500 m/s 5.9900 m/s
R2 0.9628 0.9511 0.8833

The R? considering between Weibull distribution function and the frequency distribution of the measured
wind speeds can be calculated from Equation (3).

R2 —1— Zi:ﬁ(pi - ﬁu)
> (p—D)?

where P; is the relative frequency of the sample given by Equation (1), f)i is the probability obtained from
Weibull function at each interval |,, P is the mean of the total P, aluesand N is the total number of
intervals.

In consequence, R? corresponding to the three case study sites namely Nakhonratchasima, Phetchaboon and
Ubonratchathani are 0.9628, 0.9511 and 0.8833, respectively. According to R? represents the credibility of
Weibull distribution fitted by Weibull function and measured wind speeds, when it reaches to unity that means
the Weibull distribution is good agreement with the frequency distribution of the measured wind speeds. There-
fore, the Weibull distributions from the case studies were proper to predict the probability of the wind statistic in
those sites.

©)

3. Aerodynamic Modeling

BEM Theory is the most widely used method of calculating the preliminary performance of wind turbine due to
its low computational demand and reasonable accuracy. This work will be carried out by the program “Su-
WiTStat” which based on BEM Theory in order to optimize a rotor performance by a given local wind statistic
[3]. In this study, the wind speeds which produced the maximum wind power density, 3/(v*), were chosen to be
the design wind speeds as shown in Table 2.

The NREL Phase VI wind turbine with rated power of 19.8 kW was chosen to be the original model [4]. It has
two twisted blades, a variable chord along the blade, and a rotor diameter of 10.1 m. The aerodynamic cross-
section is the S809 airfoil and is constant along the blades. The pitch angle is three degrees and rotational veloc-
ity is 72 rev/min. Thereby the design parameters are chord, twist and pitch. The program was iteratively search-
ing the optimal design parameters which provided the maximum power coefficient of each element calculated
by Equation (4):

Cp, =dP. /V{ pardr )
where

dP :%pNVerCQ(CLsin ¢, —Cp COS @, )dr ®)

4. Optimization

The design of the individual stall-regulated wind turbine, two objective functions were considered: maximum
AEP and minimum COE. The AEP was calculated by Equation (6)

AEP =8760[ R (V) f (V)dV (6)
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Table 2. AEP and COE of the optimized and the original wind turbine.

AEO [MW.h/year]

Area
Original Smoothed
Nakhonratchasima 40.96 52.40
Phetchaboon 38.52 49.08
Ubonratchathani 12.51 14.06

where P;was power of wind turbine produced at instantaneous wind speed.
The worthy of investment normally evaluated by COE which was calculated using the following equation [5]:

COE = TC +BOS

xFCR+0O &M @)

In this equation, TC was the turbine cost ($/kW.h) [6]. For the balance of station BOS varied with the ma-
chine rating ($200/kW). The fixed charge rate FCR was 11%/year. The AEP was considering to be 98% availa-
bility. Finally, the operation and maintenance O&M was fixed at $0.01/kW.h.

From Equation (7), TC depends on blade cost which was determined according to its weight. Assuming the
blades were manufactured by E-glass using price of $20/kg where the blades represent 20% of the total turbine
cost.

For evaluating the blades weight needed to know the skin thickness distribution along the blade. The skin thick-
ness was determined according to the maximum allowable stress (o, ) corresponding to the material strength
of 110 MPa. If the residual stresses were taken into account, the o ., equal to 94 MPa was used.

The total stress acting on blade composed of two components, first tensile stress due to centrifugal force and
stress due to bending moment, as shown in Equation (8):

o(r) = F(), M (N[t(r)/2]
A(r) 1(r)

where o, =yo(r) and a Safety margin ¥ equal to 10. The cross-section was modeled as an I-beam with-
out a shear web as shown in Figure 3. It represented the overall skin thickness that was subjecting the load.

The maximum stress acting on blade was calculated in the condition that wind turbine was parked and fully
exposed to the storm. According to the International Electrotechnical Commission (IEC) [7], the IEC 50-year
extreme wind speed for a wind Class Il (59.5 m/s) was used to compute the blade loads. In consequence, the
minimum skin thickness, blade weight and blade cost as well as turbine cost were determined.

®)

5. Result and Discussion

The optimal blade shapes for each case study are shown in Figures 4-6. In the optimization process, blade was
divided into many elements so that the number of elements then brought about the discontinuity of the optimized
points. However, increasing the number of elements made more reliable results but consumed more computa-
tional resource as well. Hence, the smoothed line was made for a feasibility of blade manufacturing. In addition,
wind turbine with smoothed blades produced higher performances compared with the original one as shown in
Figure 7 and Figure 8, particularly operating at the mean wind speeds of the studied sites.

Normally, the design of optimal blade was carried out using one design wind speed. Due to the fact that wind
turbine was operating among fluctuated wind speed at a site. Thus, the pitch regulation was required to optimize
the annual yield for a given wind statistic. As the results, the optimal wind turbines operated under the three
cases of wind statistic in Nakhonratchasima, Phetchaboon and Ubonratchathani produced the AEP of 52.40,
49.08 and 14.06 MWh at pitch angle of 3°, 2° and 2°, respectively as shown in Figure 9. Whereas the original
wind turbine produced the AEP of 40.96, 38.52 and 12.51 MWh which were decreased by 28.38%, 35.08% and
15.96% compare with the optimized results. The results from Table 3 could be summarized that the COE eva-
luated from the optimal wind turbines could be reduced by 13.62%, 10.67% and 31.83% compare with the orig-
inal results.

As the results, the optimal wind turbine operated under the higher potential sites contributed the greater an-
nual yield which leaded to the lower COE (Figure 10). However, the high profit margin does not only rely on a

)
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Table 3. The optimal thickness and the minimum COE comparison between the optimized and the original wind turbine.

COE [$/kWh]

Area Optimal Thickness [mm]
Original Smoothed
Nakhonratchasima 29.23 0.1909 0.1649
Phetchaboon 30.19 0.2025 0.1809
Ubonratchathani 24.38 0.6091 0.4152
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Figure 6. (a) Comparison of chord distribution (b) Comparison of twist angle distribution (Ubonratchathani).

minimum COE but concerns with a machine rating as well. What if the machine rating is increased, the higher
electricity produced, the higher profitable revenue would be gained accordingly. This issue will be carried out in
the further work.

6. Conclusion

The wind turbines imported from aboard were designed for the windy areas those were not working properly in
the weak wind areas as in Thailand. Thus, optimizing wind turbine blades for domestic using could be the best
solution for reducing the initial cost and enhancing the performance of wind turbine. As the results, the AEP
produced by the wind turbines optimized with the local wind statistic in Nakhonratchasima, Phetchaboon and
Ubonratchathani were increased by 28.38%, 35.08% and 15.96%, respectively whereas the corresponding COE
have been decreased by 13.62%, 10.67% and 31.83%, respectively. For a long term consideration, it is worthy
of installing these wind turbines because of the enormous profitable revenue from electricity selling correspond
to the higher AEPs and the lower COEs can be achieved.
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