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A Statistical Analysis of Wind Speed Probabilistic Distributions
for the Wind Power Assessment in Different Regions

Abstract. The penetration of renewable energy sources (RES) into the electricity supply is gaining popularity all over the world, including countries
that have large oil and gas reserves, since only the development of alternative energy will help avoid regression and take a green path development,
reducing the damage to the environment. According to estimates of the International Energy Agency (IEA), the capacity of RES units built in China in
2016 was 34 GW, and Australia is one of the world leaders in the photovoltaic power plants installation, the share of which in the Australian
electricity production exceeds 3%. It should be noted, that the final power generation capacity and stability are stochastic (probabilistic) in nature.
Unlike the classical type generator, the output RES characteristics depend on the geographical features of the installation area, the season, and
prevailing winds. Risks associated with inaccurate knowledge of the cumulative distribution function (CDF) describing these sources, as well as
environmental uncertainties, are the reasons why it is more difficult for distribution network operators (DNO) to take RES into account in the power
balance calculations. The wind speed CDF clarification can provide significant assistance in predicting the RES power production.

Streszczenie. Wedfug szacunkéw Migedzynarodowej Agencji Energetycznej (IEA) moc jednostek OZE wybudowanych w Chinach w 2016 roku
wyniosta 34 GW, a Australia jest jednym ze $wiatowych lideréw w instalacji elektrowni fotowoltaicznych, ktérej udziat w australijskiej produkcji energii
elektrycznej przekracza 3%. Nalezy zauwazyc¢, ze koricowa moc i stabilno$¢ wytwarzania energii ma charakter stochastyczny (probabilistyczny). W
przeciwienstwie do generatora typu klasycznego, charakterystyka wyjsciowa OZE zalezy od cech geograficznych obszaru instalacji, pory roku i
dominujgcych wiatréw. Ryzyko zwigzane z niedoktadng znajomo$cig skumulowanej funkcji dystrybucji (CDF) opisujgcej te zZrodfa, a takze
niepewnosci Srodowiskowe powodujg, ze operatorom sieci dystrybucyjnych (DNO) trudniej jest uwzglednic OZE w obliczeniach bilansu mocy.
Wyjasnienie predko$ci wiatru CDF moze zapewni¢ znaczgcg pomoc w przewidywaniu produkcji energii z OZE. (Analiza statystyczna rozkfadoéw

probabilistycznych predkosci wiatru do oceny energetyki wiatrowej w réznych regionach)
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Introduction

The structure and principles of power system
management are becoming more and more complicated.
Over the past 15 years due to the insufficient capacity of
traditional generation sources, in most developed countries,
for reasons of ensuring energy, environmental safety, etc.,
preference is given to RES, which is being actively
introduced in China, Europe and the United States, and the
total generated capacity is approximately 2195 GW. Due to
this, the total RES capacity is expanding, which leads to an
increase in power system stochastic processes.

In the classical cases, the electrical power system (EPS)
is a «vertically» arranged system, where a number of
operating factors and controlled variables are clearly
defined and set within a specific way, established by the
DNO [1]. However, in cases of renewable generation
penetration, especially in large amount, there is a problem
of discrepancy between the generated capacity and the
electricity demand. Poor predictability associated with the
current wind flow strength, which does not coincide in time
with the required capacity, leads to mode dispatching
problems. The RES, unlike traditional generators,
restructuring EPS into a «vertical-horizontal» one [2],
adding uncertainties in management that require further
research and forecasting.

The ability and accuracy of forecasting is limited by the
statistical information quality or methods of its processing.
For example, in these works [3], deterministic methods
were used to predict power generation, in order to represent
RES as classical. In the articles [4], the probability
distribution functions were selected for the input and output
characteristics by the statistical analysis methods and
testing by goodness of fit criteria. There are also studies
devoted to the investigation of the power system units
probabilistic characteristics, such as the expected value and
standard deviation, the calculation of which contributes to
the calculation of the optimal RES implementation capacity
in order not to loss of steady state and transient stability.

The wind speed probability distribution approximation

The distribution law choice depends on many factors,
including the specifics of the problem. To determine the
estimated wind speeds of low frequency (dependence on
the wind rose chart [5]), the maximum wind speeds possible
in a particular area [6]), the main requirement is a reliable
coincidence of empirical and theoretical distributions in the
high-value range. The approximation itself as applied to the
wind speed distribution was initially widely used for
statistical extrapolation of the maximum wind speeds [7].
Subsequently, the approximation of the wind speed
distribution by the Weibull and Weibull-Goodrich laws has
become one of the most widely used [8]. Along with this
law, the normal distribution law is often used, but a large
sample size is required to reliably estimate the distribution
parameters.

There are papers [9] that claim that the probability
distribution is also well described by the lognormal
distribution. The laws that can be used for modelling the
wind speed, as well as their parameters, are given in the
Table 1.

Table 1. Expressions of statistical distributions

Distribution function | Distribution PDF
k-1 X
Weibull f(v)zﬁ[xj exp[_xJ
c\C C
_ 1 (v-p)
Normal fv)= N exp{ -
2v v
Rayleigh fv) = TeXp[_*j
C C
]
Gamma fv)= exp(-v/ B
B'T() ( )
1 1(lnW)-a)
Logonormal fv)= T eXp{_Z[n(v/)}aJ }
_ 2
Inverse Gaussian f(v)= ﬂ3exp _Bv-a)
2zv 2va
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where k — shape parameter, ¢ — scale parameter, I —
gamma function, a,8,n — parameters of distributions, -
normal distribution

The form of the distribution law also depends on the set
of observations. In such situations, the distributions of the
criteria statistics are often unknown, which is a frequent
source of incorrect conclusions.

For optimal research, it is necessary to use several
methods to determine the possible distribution law, even
before using the goodness of fit criteria. Several well-known
methods have been used to determine the various
distributions parameters, out of which the method of
moments, the graphical method, and the maximum
likelihood method. In the case of using the graphical
method, it has the advantage of simplicity, however, the
accuracy of the input parameters estimating can be
insufficient [10]. The likelihood method, on the contrary, has
good accuracy, but to achieve it, it is required to use
iterative methods [11]. The method of moments equates a
certain number of statistical moments of the sample with the
corresponding population moments [12]. The use of these
methods (at least the maximum likelihood method and
method of moments) usually implies that there is an
assumption of the possible probability laws that are
available in the wind time series. However, in the case of
considering the unexplored wind time series, it is more
logical to use the graphical or brute force method [13], with
subsequent evaluation by several goodness of fit criteria.

The goodness of fit tests

The suitability of the chosen theoretical distribution for
describing the empirical probabilty of a given
meteorological argument is verified using the goodness of
fit criteria. In this article, we will use Pearson's chi-squared
test [14] and Kolmogorov-Smirnov Goodness-of-Fit Test
[15, 16], since the first of them is very sensitive to the
dissimilarity of the values edges, the second allows us to
more accurately assess the differences in the central
regions.

Applying both criteria (with a given 5% significance
level), the selected theoretical distribution function can be
safely used for indirect calculations. For the measure of the
difference between the theoretical and empirical
distributions, Pearson takes the value )(2 determined by the
formula:

k _
(™) PA Wi
i1 np;

where n - the sample size, m; - the relative frequencies of
the empirical distribution, p; - the corresponding theoretical
probability densities, k - the gradations number.

Kolmogorov proposed another goodness of fit criteria,
which, in contrast to the Pearson criterion, is based on a
comparison of experimental and theoretical distributions
integral laws.

As a measure of difference, A. N. Kolmogorov-Smirnov
test uses the value:

2) A=D+n,
where n - the sample size, D - corresponds to the upper

bound (the largest value of the difference between the
considered and the original sample) |F‘(x,.) —F(x,.)| =0(x;) .

Input wind time series data

For the experiments, three samples of wind time series
data with unknown CDF were taken. The sample size is
between 9000 and 200000 volumes, depending on the

example. The first sample (Fig. 1a) was taken from one of
the graphical method experiments to study Weibul's law
parameters, and was randomly generated. The second time
series is taken from the small-scale wind turbine power
curve study (Fig. 1b) [17]. The third sample (Fig. 1c) is
taken from the wind hourly NUTS 2 time series array [18].

Wind speed time series (a)
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Fig.1. Wind time series data
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Fig.2. Extracted wind data CDFs
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Based on the information provided, preliminary
conclusions can be made about the wind values
repeatability, maximum observed and average (mean)
values. It should be noted, that in this case, all samples are
not tied to particular months, but represent the full input
data set for all the time [19]. The parameters that can be
obtained before calculating the extracted CDF are shown in
Table 2.

Table 2. Wind time series parameters

Mean Dispersion | SD Skewness
Data#1 | 5.9053 15.0921 3.8848 | 0.9878
Data#2 | 5.2206 9.5596 3.0918 | 2.5946
Data#3 | 7.2107 50.9686 7.1392 | 0.9766

Before the process of finding a fitting CDF and checking
it with the goodness of fit criteria, it is necessary to process
the input wind data. To do this, we extract the unique
values occurring in the wind time series, find the number of
occurrences of each unique wind speed value, get the total
number of measurements and get the cumulated frequency
at the finish (Fig. 2).

A graphical analysis of wind speed CDFs

In order to determine the optimal PDLs, we need to
estimate the shape and scale parameter of the curves.
Using extracted wind data CDFs, we generate the
corresponding PDs. According to the obtained PDs, using
the graphical method in conjunction with additional ones, all
parameters of possible PDLs are determined, to which the
studied wind time series may belong. An example is shown
in Fig. 3 for the first data array (a). All parameters of
possible distributions are given in Table 3.
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Fig.3. A graphical wind data analysis

Fig. 3 shows eight PDFs, namely the Gumbel,
Exponential, Gamma, Logonormal, Normal, Rayleigh,
Uniform, and Weibull, fitted to the wind speed values.
Graphically it can be observed that Logonormal PDF gives
the best match. The Gamma, Rayleigh and Weibull
distributions match the histogram to a lesser degree, and
the remaining distributions provide the worst fits.

Similarly, these eight PDFs were also fitted to other two
wind series data and it was observed that the Logonormal,
Gamma, Weibull, and Rayleigh the best ones for further
analyses.

The most widely used distribution of the selected laws is
the Weibull distribution. It is easy to use and accurate for
most wind conditions that may occur in research. The
Rayleigh distribution is a simplified version of the Weibull
distribution, characterized by its simplicity due to the use of

only one parameter, which negatively affects the quality of
the obtained characteristics, and it is not so often suitable.
Gamma and lognormal distributions are also two-
parameter, they are less common in wind descriptions, but
they can be much better suited for a several wind time
series [20] (depending on the wind samples specific values
repeatability).

Table 3. Wind time series obtained distribution parameters

Statistical Wind Sigma Mu
Distribution Data # (B) (A)
1 7.978 4.903
Gumbel 2 7.0614 5.2948
3 11.0754 8.0000
1 5.9053 -
Exponential | 2 5.2206 -
3 7.2106 -
1 2.2785 2.5916
Gamma 2 1.8737 2.7861
3 0.5602 12.8710
1 1.5406 0.7177
Logonormal | 2 1.3626 2.0063
3 0.8613 3.1708
1 5.9053 3.8846
Normal 2 5.2206 3.0918
3 7.2106 7.1392
1 4.9981 -
Rayleigh 2 4.2903 -
3 7.1750 -
1 1.600 32.000
Uniform 2 0.0000 32.1200
3 0.0000 24.0000
1 6.615 1.596
Weibull 2 5.7086 1.6067
3 6.1555 0.7125
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Fig. 4. Obtained wind data CDFs

After that, the wind time series is checked using the
Pearson's chi-squared test and Kolmogorov-Smirnov
Goodness-of-Fit test according to the laws selected above.
For the first sample data, the Weibull distribution meets the
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goodness-of-fit criteria (Fig. 4a). The second one
corresponds to the Rayleigh distribution (Fig. 4b).

For the third sample, the Gambel distribution and the
normal distribution were the closest, but neither of them
fully satisfied the Kolmogorov test. This may be due to the
small number of distribution laws considered, which were
proposed in the article, or to the complexity of the original
law (multiparameter, multimodal distribution, etc.).

Thus, we can conclude that the tools for finding the
probabilistic characteristics of the wind time series
presented in this article are extensive, but not always
sufficient for the most accurate description of complex laws.
For some cases, it may be necessary to use more
sophisticated and advanced methods to obtain reliable
probabilistic parameters.

Conclusion

The study of the wind speeds CDF was based on real
and accurate measurements of these values at three
obviously different sites. The results showed that it was
possible to fully determine the probabilistic characteristics
corresponding to the goodness-of-fit criteria for two of them.
Thus, for some investigated wind time series, it will be
necessary to expand the initial list of possible CDFs.

The implemented capabilities for modeling the
distribution from random variables allow us to model the
CDF and PD for the RES active and reactive power of
various configurations based on the specific territory wind
models.
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