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Abstract: This study is primarily aimed to estimate the wind speed distribution of the location, Dire Dawa and Hawasa.
Wind speed is the most important parameter in the analysis of wind energy resource, design and study of wind energy
conversion systems. In this study, statistical methods were used to analyze wind speed data of Dire Dawa and Hawasa. Based
on these data, the shape, k and scale, ¢ parameters of the two locations were determined. The monthly mean values of k range
from 1.86 to 8.19, with yearly mean value of 4.46, while c is in the range of 1.60 to 3.65 m/s with yearly mean value of 2.59
m/s for Dire Dawa and monthly mean values of k range from 2.00 to 2.79, with yearly mean value of 2.38, while c is in the
range of 1.50 to 2.19 m/s with yearly mean value of 1.76 m/s for Hawasa. Two probability density functions are fitted to the
measured probability distributions on a monthly basis. From statistical analysis of distributions, the Weibull distribution is
better in fitting the measured probability density distributions than the Rayleigh distribution for the whole year. The cumulative
probability distribution indicates, the probability for which the wind blows with a monthly mean wind speed v is equal or lower
than 5 m/s is almost one.
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1. Introduction :trile;gy of the wind, the generator type and a feasibility
y [3].

The energy available in the wind varies as the cube of the
wind speed, so an understanding of the characteristics of the
wind resource is critical to all aspects of wind energy
exploitation, from the identification of suitable sites and
predictions of the economic viability of wind farm projects
through to the design of wind turbines themselves, and
understanding their effect on electricity distribution networks
and consumers. From the point of view of wind energy, the
most striking characteristic of the wind resource is its
variability. The wind is highly variable, both geographically
and temporally. Furthermore this variability persists over a
very wide range of scales, both in space and time.
Consequently, due to limited and lack of organized data,
probabilistic distribution of wind speed is one of critical piece
of information needed in the assessment of wind energy
potential. This study addresses analysis of wind speed
probability distributions: comparative study of Weibull to
Rayleigh distribution function; a case of two sites in Ethiopia.

Wind energy as a clean, environmentally friendly and cost
effective renewable energy resource, is taken into
consideration by many developed and developing countries
as a promising means to provide electrical energy. Ethiopia
needs substantial amount of energy to develop its industry
and to increase the productivity. Ethiopia has exploitable
potential of energy resources, more than 10,000 MW from
wind [1]. Currently, four wind farms are under construction
and one wind farm with capacity of 52 MW power already
completed in December 2012. Lack of organized data on the
energy potential of the country covering the entire regions
has been one of the reasons for limited application of wind
energy in Ethiopia [1, 2]. Therefore, effective utilization of
wind energy entails a detailed knowledge of the wind
characteristics at the particular location. It is not an easy task
to choose a site where wind energy conversion systems may
be installed because many factors have to be taken into
account. The most important factors are the wind speed, the
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2. Wind Velocity Distribution

Being a stochastic phenomena, speed and direction of
wind varies widely with time. Apart from the seasonal
variations, the differences can be considerable even within a
short span of time [4]. These variations can significantly
affect the energy yield from the turbine at a given site. In
literature there are statistical distributions most suitable for
defining the characteristics of wind regime.

2.1. Weibull Distribution

The conventional (two-parameter) Weibull probability
density function has widely been used for describing wind
regimes written as [4, 13-16, 22]:

{f(v) =§(g)k_1 exp(— (g)k) forv > 0Oandk; ¢ > 0 (1)
Ov<0

where v is the wind speed; k is the shape parameter
(dimensionless) and c is the scale parameter having the same
dimension as wind speed. Note that the Weibull distribution
is related to a number of other probability distributions; in
particular, it becomes the exponential distribution (if shape
parameter k = 1).

The Weibull cumulative distribution function is given by
[4, 5,16, 22]

Fo) = [ =1-en(-()) @

There are several methods for determining k and c from
the site wind data. Some of the common methods are the
graphical method, moment method, maximum likelihood
method, energy pattern factor method and the standard
deviation method [4-6, 13, 15, 16]

The standard deviation approach: the relationship between
the mean (v,,) and standard deviation (o,) of the wind
velocities and k are correlated as

( oy )2 _ 1"(1+%)
Ym

T r2(147)

-1 3)

From this equation k can be determined by solving the
equation numerically. Then, once k is determined, ¢ is given
by

In a simpler approach, an acceptable approximation for k
can be made as [8, 9, 13]

(0, 1086
k=(2) (5)
Similarly, ¢ can be approximated as
2vm
‘T m ©)

More accurately, ¢ can be found using the expression [10]

mG2.6674

(7
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The moment method: In this method, the n™ moment M,, of
Weibull distribution is given by [2]

My =T (1+2) (8)

If M; and M, are the first and second moments, with Eq.
(8), c can be solved as

_ mpT(14g)

= (e )
Likewise,

& _ F(1+%) (10)

i (o)

In this method, M; and M, are calculated from the given
wind data. Further, k and c are estimated by solving Eq. (9)
and Eq. (10).

The maximum likelihood method: In the maximum
likelihood method, the shape and scale factors are given as [6,
7,11, 14]

k= <2?=1”1k lnk(vi) _ Z?=1ln(vi))_1
n

i=1Yi n

an

1

1yn k)k
c = (— Vs
n&i=1"i

where v; is the wind speed in time step i and # is the number
of data points.

Least-squares regression method: In this method, the
cumulative distribution function is transformed into a linear
form, adopting logarithmic scales [9, 12, 13]. Then, the
expression for the cumulative distribution of wind velocity
can be rewritten as

(12)

k
1—F(v) =exp (— (g) ) (13)
Taking the logarithm twice, we get
In{-in(1-F())} = knl(v)) —kinc ~ (14)

Plotting the above relationship with /n (V;) along the x-
axis and In{-In [I-F (V;)]} along the y- axis, nearly a straight
line is obtained. From Eq. (14), k gives the slope of this line
and —kinc represents the intercept.

The cumulative distribution function F (v) can be
estimated easily, using an estimator, which is the median rank,
according to Benard’s approximation [25]:
i-0.3
N+0.4

F(v) = (15)
where i is the number of the wind speed measurements and N
is the total number of observations.

Energy pattern factor method: Energy pattern factor (Eys)
is the ratio between the total power available in the wind and
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the power corresponding to the cube of the mean wind speed
[4]. Thus

127}: 3
Epf = (; :11 l)3

n&i=1Yi

(16)

Once the energy pattern factor for a regime is found from
the wind data, an approximate solution for £ is

k= 3.957E1719'898 17

As the scale and shape parameters have been calculated,
two meaningful wind speeds for wind energy estimation, the
most probable wind speed and the wind speed carrying
maximum energy, can be easily obtained. The most probable
wind speed denotes the most frequent wind speed for a given
wind probability distribution and is expressed by [4, 11]

1
(k-1\k
vmp = ¢\ 5

The wind speed carrying maximum energy represents the
wind speed that carries the maximum amount of wind energy
and is expressed as follows [4, 11]:

_ k+2\k
UMaxg = € k

2.2. Rayleigh Distribution

(18)

[

(19)

This is the simplest wind speed probability distribution to
represent the wind resource since it requires only a
knowledge of the mean wind speed, v,,. It is a special case of
Weibull distribution (when k=2). The probability density
function and the cumulative distribution function are given

by [4, 13]:
@) =2(L)exn (-2(2))

F(v) =1—exp (—%(%)2)

3. Suitability Judgment Criteria

(20)

1)

Celik [20] conducted a literature survey and found that the
judgment of the suitability of a possible distribution function
was made only based on wind speed distribution. The criteria
include the mean wind speed, standard deviation or the
coefficient of determination (COD) R? of the wind speed
distribution and direct comparison of the model parameters.

The coefficient of determination (COD) is used to
evaluate the performance of the MEP-based distributions,
the Weibull and Rayleigh distributions. This coefficient
expressed as a percentage indicates how much of the total
variation in the dependent variable can be accounted for by
the theoretical or empirical distribution. A higher COD
represents a better fit using the theoretical or empirical
function. A complete fit has the COD; value of 100 %. The
COD is defined as [16, 17-19].

2
COD =R*=1-2%
a5

(22)

where R is the correlation coefficient [19, 21] and o, is the
standard deviation of the measured data y from its own mean
value y,,, and is conventionally defined as

1 N

oy = (E =1 (i — ym)z)% (23)

and similarly

1

Oyx = (L ?’:1(3’1’ - Yic)2>5

N-2

24

where y; are the actual values of y as measured, and y;. are the
values computed from the correlation equation for the same
independent value of x. In the present context, y represents
the probability density, f'(V), while the wind speed acts as the
independent parameter x.

Moreover, chi-square y? and root mean square error
analysis (RMSE) were used as the primary criterion to select
the best distribution to account for the variation in the wind
speed curves. Chi-square is the mean square of the deviations
between the experimental and calculated values for the
distributions and was used to determine the goodness of the
fit. The lower are the values of chi-square, the better is the
goodness of the fit. The RMSE gives the deviation between
the predicted and experimental values, and it is required to
approach zero [23, 24]:

1 (yi—x)?
D (25)
1
1
RMSE = (321, (v — x)?)’ (26)

where y; is the i" experimental data, y,, is the mean value of
the experimental data, x; is the i predicted data with the
Weibull or Rayleigh distribution, N is the number of
observations and n is the number of constants.

4. Results and Discussion

In this study, the wind speed data which were recorded in
three hour time interval for both Dire Dawa (9.600°N;
41.867°E; 1276 m) and Hawasa (7.050°N; 38.467°E; 1708 m)
that measured from 2003 to 2005, have been statistically
analyzed. The wind speed data of the two sites were obtained
from National Meteorological Agency of Ethiopia. Based on
these data, the wind speeds were analyzed and processed
using spreadsheet and MATLAB computer software. The
main results obtained from this study can be summarized as
follows:

4.1. Wind Characteristics and Weibull Parameters

The monthly mean wind speed values v, and Weibull
parameters k and ¢ are presented in Table 1 and Table 2 for
both sites, 2003-2005. The monthly mean wind speed values
are between 1 and 4 m/s for Dire Dawa and range from 1 to 2
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m/s for Hawasa. While June of Dire Dawa has the highest
mean wind speed value with 3.46 m/s and November exhibits
the minimum monthly mean wind speed value of 1.42 m/s.
Hawasa has monthly mean wind speed value of minimum
1.34 m/s and highest 1.94 m/s for January and June
respectively.

Similarly, values of the two Weibull parameters, the scale
parameter ¢ (m/s) and shape parameter k (dimensionless),
calculated from the long term wind data for the site studied.
It is shown that the parameter & has a much smaller, temporal
variation for Hawasa than Dire Dawa site. The monthly
average values of £ and ¢ range between 1.86 - 8.19 and
1.60-3.65 m/s with yearly an average value of 4.64 and 2.59
m/s for Dire Dawa, respectively and range between 2.00 —
2.79 and 1.50 -2.19 m/s with yearly an average value of 2.38
and 1.76 m/s for Hawasa, respectively.

Table 1. Monthly wind characteristics: mean wind speed, the most probable
wind speed, the wind speed carrying maximum energy, k and c for Dire
Dawa site, 2003-20035.

Months VU, (M/S)  Upg (MVS) vy (m/s) € (mfs) k

January 1.6645 1.3831 2.5821 1.8794 2.1037
February 2.0080 1.7840 2.9544 2.2666 2.3349
March 2.1570 2.2220 2.6242 2.3802 4.0841
April 2.2800 2.3818 2.5664 24516 6.1492
May 2.6860 2.7828 3.2137 2.9510 4.3966
June 3.4578 3.5886 3.7448 3.6462 8.1853
July 3.3505 3.4928 3.6978 3.5693 7.0561
August 2.9441 3.0704 3.2573 3.1402 6.9283
September 2.4844 2.5954 2.7970 2.6716 6.1427
October 2.1398 2.1436 2.7512 2.3875 3.3230
November 19111 1.8938 2.4981 2.1376 3.1521
December 1.4172 1.0558 2.3611 1.5961 1.8626
Average 2.3750 2.3662 2.9207 2.5898 4.6432

Table 2. Monthly wind characteristics: mean wind speed, the most probable
wind speed, the wind speed carrying maximum energy, k and c¢ for Hawasa
site, 2003-2005.

Months VU, (m/s) Uy, (M/S) vy (m/s) ¢ (m/s) k

January 1.3355 1.2421 1.8826 1.5047 2.5697
February  1.4645 1.3741 2.0460 1.6492 2.6263
March 1.3938 1.2503 2.0335 1.5730 2.3773
April 1.3507 1.0774 2.1557 1.5241 1.9995
May 1.5677 1.3152 2.4149 1.7703 2.1314
June 1.9378 1.6692 2.9249 2.1882 22163
July 1.9054 1.7092 2.7796 2.1502 2.3776
August 1.7247 1.6422 23713 1.9398 2.7338
September  1.4356 1.1918 2.2283 1.6209 2.1013
October 1.5290 1.2540 2.3944 1.7262 2.0678
November 1.6311 1.5258 2.2858 1.8371 2.6064
December  1.4796 1.4190 2.0174 1.6629 2.7940
Average 1.5630 1.3892 2.2945 1.7622 2.3834

It is clear from Table 1, 2 and illustration in Fig. 1 and 2,
Dire Dawa has a significant seasonal and diurnal wind speed
variation than Hawasa. The diurnal variation of the wind
speed at Hawasa in January, May, July and October as it is
seen from Fig. 2, wind speed has its minimum during the
morning hours and maximum during the afternoon hours.
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Figure 1. Diurnal variation of wind speed for some months, Dire Dawa:
January, May, July and October:
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Figure 2. Diurnal variation of wind speed for some months, Hawasa:
January, May, July and October:

4.2. Comparison of Weibull and Rayleigh Distributions

For the purpose of comparison and fitted to measured data,
one month from each four seasons was considered, since the
characteristics of wind in months of each season shows
similar trend in the location under study. In general, the
values of the scale parameters are low during the winter and
autumn and high during the summer for Dire Dawa and low
during the spring and high during the summer for Hawasa.

The Weibull and Rayleigh approximations of the actual
probability density distribution of wind speeds for some
months in each season in the year are shown in Fig. 3 and 4,
while a comparison of the two approximations with the
actual probability distribution is given in Table 3. As it can be
seen in Table 3, the highest R? value was obtained by using
the Weibull distribution. Likewise, the results have shown
that the RMSE and y? values of the Weibull distribution are
lower than the values obtained by the Rayleigh distribution.
As result, the Weibull approximation is found to be the most
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accurate distribution according to the highest value of R? and  the lowest values of RMSE and y? for both sites.
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Figure 3. Weibull and Rayleigh approximations of the actual probability distribution of wind speeds, Dire Dawa.
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Figure 4. Weibull and Rayleigh approximations of the actual probability distribution of wind speeds, Hawasa.

Table 3. Comparison of Weibull and Rayleigh probability density for some months via statistical analysis parameters: y*, RMSE and R?.

Dire Dawa

Hawasa

Months 2
X

RMSE

R® e RMSE R®

January
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Month Dire Dawa Hawasa

ontas z RMSE R? P RMSE R?
Weibull 0.0019 0.1241 0.9567 0.0030 0.1539 0.8823
Rayleigh 0.0066 0.2428 0.8342 0.0052 0.2157 0.7689
May

Weibull 0.0017 0.1183 0.9614 0.0023 0.1353 0.9449
Rayleigh 0.0135 0.3483 0.6651 0.0066 0.2430 0.8224
July
Weibull 0.0044 0.1884 0.8318 0.0012 0.0967 0.9745
Rayleigh 0.0167 0.3878 0.2874 0.0076 0.2615 0.8135
October
Weibull 0.0013 0.1017 0.9676 0.0019 0.1227 0.9421
Rayleigh 0.0076 0.2609 0.7871 0.0052 0.2164 0.8198

Furthermore, cumulative probability distributions of wind
speeds are shown in Fig. 5 and 6, which indicates the fraction
of time (or probability) that the wind speed is equal or lower
than v. The cumulative distribution function can also be used
for estimating the time for which wind is within a certain
speed interval. It can be seen from Fig. 5 and 6, the
probability for which the wind blows with a mean speed v is
equal or lower than 5 m/s is almost one.
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Figure 5. Monthly cumulative density functions derived from diurnal wind
speed data, Dire Dawa.
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Figure 6. Monthly cumulative density functions derived from diurnal wind
speed data, Hawasa.

5. Conclusions

In this study, wind speed data of Dire Dawa and Hawasa
have been statistically analyzed. The probability density
distributions have been derived for wind speed data and the
distributional parameters were identified. Two probability
density functions have been fitted to the measured probability
distributions on a monthly basis. The most important
outcomes of the study can be summarized as follows:

e Dire Dawa has a considerable, seasonal and diurnal

wind speed variation than Hawasa.

* Wind characteristics for both sites were investigated, on
monthly basis, mean wind speed v,,,, the most probable
wind speed vyp, the wind speed carrying maximum
energy Vyq.p and Weibull parameters.

¢ The values of the shape parameter, k& and scale
parameter, ¢ for Dire Dawa and Hawasa were examined
and the yearly average found to be 4.64 and 2.38 for k
and 2.59 m/s and 1.76 m/s for ¢, respectively.

* The Weibull distribution is better in fitting the measured
probability density distributions than the Rayleigh
distribution for the whole year. This is obvious from the
statistical analysis of distributions.

It is evident from cumulative probability distribution,
the probability for which the wind blows with a
monthly mean wind speed v is equal or lower than 5 m/s
is almost one.

This study is primarily aimed to estimate the wind
speed distribution of the location, Dire Dawa and
Hawasa and identify the better distribution model.
However, to study wind energy potential and power
density analysis, it is better to have a comprehensive
treatment of Weibull and the Maximum entropy
principle distribution.
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