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Analysis of the impact of wind turbine power characteristics on
the amount of generated energy

Abstract. In the following article the impact of power characteristics of wind turbines on the total amount of generated power is introduced. The
review of scientific literature suggested the need of further analysis of this issue. In order to do so, the performance parameters of eight wind
turbines, 3kW each, were catalogued, their operational characteristics modeled, with the inclusion of sample measurements of essential
environmental parameters, which were taken in exemplary location in Poland. Thanks to the gathered data, not only the wind speed histograms were
made, but also the average wind speeds in particular months were calculated. Then, simulation studies were carried out to determine the most
optimal wind turbine for a given location. The annual maximum amount of generated power served as the main criterion in the selection process.
(Analiza wplywu charakterystyk mocy turbin wiatrowych na ilo$¢ wytwarzanej energii)

Streszczenie. W artykule przedstawiono wptyw charakterystyk mocy turbin wiatrowych na catkowitg ilo$¢ wytwarzanej mocy. Przeglad literatury
naukowej wskazywat na potrzebe dalszej analizy tego zagadnienia. W tym celu skatalogowano parametry pracy o$miu turbin wiatrowych o mocy
3kW kazda, zamodelowano ich charakterystyki eksploatacyjne, uwzgledniajgc przyktadowe pomiary istotnych parametrow Srodowiskowych, ktére
wykonano w przyktadowej lokalizacji na terenie Polski. Dzieki zebranym danym wykonano nie tylko histogramy predkosci wiatru, ale réwniez
obliczono Srednie predkosci wiatru w poszczegdlnych miesigcach. Nastepnie zrealizowano badania symulacyjne, ktére przeprowadzono w celu
okreslenia najbardziej optymalnej turbiny wiatrowej dla danej lokalizacji. Gtéwnym kryterium w procesie selekcji byta roczna maksymalna ilos¢

wytworzonej mocy.

Keywords: Wind turbine; Power characteristics modeling; Wind speed histogram; Wind turbine simulation.
Stowa kluczowe: turbina wiatrowa; modelowanie charakterystyk mocy; histogram predkosci wiatru; symulacja turbiny wiatrowe;j.

Introduction

Wind turbines, commonly referred to as wind generators
are the type of the device which allows to transform the
kinetic energy of wind into mechanical movement of turbine
blades of the generator, creating electric energy as a result.
Even though, the wind energy might seem to be wildly
available, not every single corner of the Earth offers optimal
conditions for the effective production of electric energy. Its
total amount highly depends on various technical,
performance parameters of the wind turbine and
environmental conditions of the location, where the wind
generator is placed. Only the proper analysis and mutual
correlation of these factors can assure the quick return of
incurred costs of the investment. This is especially
important in the context of the use of wind turbines in
distributed systems with energy storage, where
implementation costs are significant. By appropriately
matching the analyzed turbines to the location, the payback
time for investment costs decreases, which allows to
improve the profitability of the investment. In the case of
investments in which energy storage and flexibly integrated
renewable energy sources are used, it is the optimal
selection of wind turbines that can bring the greatest
savings to the overall economic balance. The best possible
current use of electricity generated by wind turbines allows
to limit the required capacity of energy storage, thus
reducing investment and service costs. This is why the
authors take up this problem as an important element of
designing larger distributed systems for generating energy
from RES with the possibility of its storage.

Many scientists try to precisely determine the
performance parameters of the currently applied solutions
worldwide [1-3], in terms of their cost-effectiveness in the
field of wind energetics. Some e.g. [4, 21] tackle issues of
strictly mechanical nature like selecting optimal machinery
and the optimal adjustment of its parameters. Different
solutions or propositions of update of the wind turbine-
controlled systems can be found in various publications [5-
10]. Nowadays, scientific research [11, 12] is more attentive
to the problem of dispersion and diversification of wind
sources in relation to maintaining stability and safety of the
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system designed to generate electric energy, as well as the
need for analysis of potential damage of individual parts of
the system e.g. planetary gears [13] or turbine blades [14,
15]. Ongoing tests of various [16, 17] with propositions for
optimal energy storage solutions [18-20, 23]. It is worth
noting that in the analyzes of the operation of wind turbines
in specific wind conditions, histograms of wind speed and /
or directions are often used [41, 43, 45, 46, 50]. A popular
mathematical tool used to analyze the histograms of wind
speed and generated energy is the Weibull distribution [42,
45, 46, 50, 51, 52, 53, 54, 55]. As can be seen, it is used for
a variety of analytical tasks aimed at calculating current
parameters, but also in modeling and predicting the
operation of wind turbines and their components, often
taking into account the stochastic nature of the processes
taking place [52, 54, 55]. Histograms are also used e.g. in
the analysis of vibrations of components of wind turbines,
eg blades, in search of failure causes [44, 49] and in the
modeling of wind conditions [47, 48]. All these actions are
aimed to improve electric efficiency of the wind turbine
system, its profitability and the reduction of time, necessary
to return incurred costs of the investment.

The authors reviewed, among others of the above-
mentioned scientific articles, selectively used the tools and
mathematical methods used there, and proposed an
original procedure for solving the problem covered in the
topic of the article for an example location in Poland. The
authors of the following article decided to investigate the
problem of selection of optimal wind turbines with different
characteristics of power, currently available in retail. In
order to maximize the amount of generated electric energy,
various location types were taken into account, as shown in
[22], not to mention the overall stability of wind conditions in
a particular area. These aspects had to be taken into
account to obtain accurate calculations regarding the
maximum amount of generated energy [22] especially if
such external factors always have the impact on the total
amount of generated energy. Therefore, proper
methodology to investigate the problem of optimization
further were introduced, along with results of simulation
research. The conducted research allowed to make the
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most optimal choice of specific solutions in different work
conditions.

1. Generation of energy in wind turbines
1.1. Location conditions

Before any wind turbine is considered as a viable source
of electric energy, first of all the location conditions had to
be analyzed with a great caution due to their impact scale
on the entire investment e.g. wind speed and its stability,
because they are going to affect the performance of every
wind turbine. Such analysis needs to include not only
atmospheric conditions and latitude, but also factors which
are not directly connected with climate, nor latitude. One of
those factors is the ability to generation of heat and its later
dissipation by seas and lands. It impacts the creation and
movement of air masses. Topographic relief is important as
well and must not be overlooked, due to its involvement in
various orographic changes; e.g. mountain ranges, valleys
or rivers. Vegetation might not be an orographic factor, but
it has to be taken into the equation, because of its impact
on the strength of wind. For instance, forest landscapes
cause air distortions in the movement of air masses, while
areas with less greenery do not exhibit create such
distortions. The latitude itself determines so-called “latitude
class”, which significantly impacts the amount of generated
energy by wind turbines.

The characteristics of wind conditions of a particular
locations can be achieved by measuring the speed and the
direction of wind in specified time, it is highly advised to not
take shorter period than one year in calculations. It allows to
estimate the average wind speed and its stability in general.
One must remember that these type of calculations must be
conducted on 10 meters above the sea level. The wind
speed differs, depending on the attitude where
measurements are taken, therefore, all calculations are
described by the function [24], where the measurement of
the attitude hp, in relation to the ground level must be
conducted in a direct correlation to attitude of the turbine
rotor h.

2]
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where: a - latitude[-], v, — wind speed, where the
measurement takes place hp, [m/s], vi — wind speed on the
attitude h{m/s].

The change of wind speed is stochastic and its value
heavily depends on atmospheric conditions, which makes
the momentum difficult to utilize efficiently on a large scale.
Even the analysis of multiple, annual measurements does
not allow to make accurate estimation of average wind
speed in later time periods with sufficient precise,
Therefore, in the process of making the characteristics of
energetic properties of wind, the Weibull distribution is used
as a density function, which allows for the “probable”
estimation of wind speed [25]:

(2) p,)= I;(vw -, ]kle[v“ = ]A,,

C

where: pp(vy) — probable density [-], kK — dimensionless
shape factor (k>0) [-], ¢ — scale factor (c>0) [-], yw — shift
factor (in case of wind speed — y,=0)[-]).

The stochastic nature of generation of electric energy from
wind turbines practically prohibits the effective utilization of
wind energy in autonomous sources, connected to the
receiver. It is a result of the lack of correlation between the
energy demand and its later utilization. Therefore, wind
turbines are often used with electro energy system, allowing
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to minimize the instability of power generation if the ratio of
generated power by the wind turbine between the power of
electro energy system is miniscule [26]. Alternatively, it is
possible to assume the cooperation of wind farms with
energy storage and optionally with other renewable energy
sources, which is more and more common with distributed
generation of electricity. In this case, the idea presented by
the authors of this article does not change, namely the
optimal use of the energy generated on a regular basis by
the power plants allows to reduce the target capacity of the
designed energy storage. Due to the complexity of this
issue, this topic is beyond the scope of this publication.
However, it should be remembered that the topic proposed
by the authors is important both in systems without and with
energy storage. Apart from its stochastic nature, wind
energy also has a deterministic component related to
periodic changes: day, seasons of the year and multi-year
period. The first two cases can be considered by analyzing
the measurements of wind energy resources separately for
the spring-summer and autumn-winter periods, and by
determining the average difference in wind energy for night
and day. The multiple annual period is the most difficult to
take into account due to the need to have detailed speed
measurements for a specific location from many years.
Regardless of the type of the determined deterministic
component, the measurements must always be performed
with a frequency sufficient to analyze the dynamics of wind
energy changes.

1.2. Technical parameters of wind turbines

The performance parameters of the wind turbine define
the final shape of the characteristics of power generation
and its high dependence on the wind speed. Its nonlinear
operation is a result of partial suppression of the flow of the
stream of air which decreases energy generation and the
speed of the wind; described in the following equation [27]:

@) P =c,(A)P,[W]

where: P; — mechanical power of the wind turbine [W], Py, —
the power in the stream of air [W], ¢,(A) — Betz factor, which
serves as sort of correction of the theoretical value — tip-
speed ratio. A [-].

The power of the air stream can be described with the
following equation [28]:

(4) P - %pAV; 7]

where:, p — density of air [kg/m3], A — the surface area with
the inclusion of blade coverage surface of the wind turbine
[mz], Vw — wind speed [m/s].

The tip-speed can be described with the following equation
[29]:

®) 2= R
v

where: w — angular velocity of the turbine rotor [rad/s], R —
the rotor radius [m].

The Betz factor in the function describes the tip speed
for various wind turbine rotors is shown in Figure I. lIts
maximal value never exceeds 0.6, which is caused by
various states of aerodynamic, based on the construction of
the particular wind turbine e.g. number of blades or shape
of the rotor itself.

The above values are strictly theoretical, therefore, it is
advised to use the characteristics provided by the
manufacturer of the wind turbine which should be included
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in catalog in the form of a table. It is a result of the
measurements conducted on an actual location.
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Fig.1. The changes of aerodynamic state of the rotor in the function
of tip-speed [30]

2. The analysis of wind conditions of a selected
location regarding the usage of wind turbines

The analysis of a selected location was started 30
kilometers from the Rzeszow city in Poland, and naturally
all kinds of orographic conditions had been taken into
account in order to accurately determine wind conditions
within the selected area. The measurements are taken from
the database of the private owner of the wind turbines who
agreed to use it in the publication. To do so, the average
wind speed for each month had to be measured with a time
step of 47 seconds (one year, 2011). The research was
conducted in an ongoing manner on the height of 10
meters, allowing the creation of the detailed database,
which included many useful parameters such as: date, time,
average speed, atmospheric pressure or wind direction and
its temperature. The gathered information was further
analyzed, which was crucial to obtain accurate calculations
regarding the average wind speed for every month of the
year (shown in Figure 2), not to mention the average wind
speed for as a whole, which equaled 5.7 m/s.
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Fig.2. The average wind speed for every month in 2011

These analysis allow for the perinatal determination of
wind conditions (capabilities) of the selected area, however,
they do not provide any kind of feedback about the turbine
type, which would be optimal for a desired area. Therefore,
the next step was to pinpoint the frequency distribution of
the particular wind speed. It was achieved by making a
histogram, which is the density of probability of particular
wind speed to occur — created by summing up 47 second
wind events of particular strength e.g. for 1 m/s, the range
between 0.5 to 1.4 m/s was taken into the equation.

Instead of a detailed showcase of the database of wind
speed which is not only quite vast, but also difficult to
analyze, it is better to describe wind conditions by a
histogram. Such approach allows to select the optimal type
of wind turbine much quicker. In order to make the whole
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process of modeling wind conditions even more effective,
the Weibull function can be used to reduce the necessary
calculations [31]. Such calculations were made for the
histogram of wind speed, which was based on individual
calculations, done by the authors of the following article; as
shown in Figure 3.
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Fig.3. The histogram of wind speed, based on the Weibull
distribution of wind speed

3. Modeling of selected wind turbines

The determination of the wind turbine models was
performed in the MS Visual Studio environment. It involved
the implementation of eight wind turbines from different
manufacturers with a power of 3 kW each, in table form with
a time step for every 1 m/s. The following information was
obtained from catalog notes from the websites of individual
producers [32 - 39]. Visualization of individual power
characteristics is presented in Figure 4.
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Fig.4. Power characteristics for eight wind turbines modeled in the

MS Visual Studio environment with 3 kW rated power [own source]

The selected cases for the database include both
turbines with vertical and horizontal rotor axis of rotation. At
the same time, it is important to emphasize the confusing
“diversity” in terms of interpretation of technical parameters
by the manufactures of wind turbines. The rated power of
the turbine is usually the maximum power achieved at a
certain wind speed, kept to the cutout speed, as shown in
various scientific publications. However, most manufactures
give only approximate values. In all investigated cases, the
value of generated power by the turbine was much higher
than the one given by the manufacturer (3 kW). (by several,
or even several dozen percent). In addition, in their catalog
notes focus on presenting the slope of the characteristic of
power rise, ignoring the behavior of the generator when it
exceeds the rated power speed. In this area, turbines are
often subjected to decelerate artificially. The generated
power decreases when the wind power is increasing.

Power characteristics are given by manufacturers
usually in a tabular form, with a wind speed step every 1 m/
s. In order to obtain continuity of these characteristics, the
least approximation of squares was used with the
exponential function [40]. This allowed to achieve the so-
called “golden mean” between the accuracy of calculations
and the time necessary to obtain them.

4. Simulation of work of modeled wind turbines in the
conditions of the tested location

The simulation of modeled wind turbines was performed
by using two methods: based on a wind speed histogram
and directly using wind speed measurements from a
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database. In both cases, it was necessary to take the height
of the mast into account, which was made by using the
vertical wind profile [22,24] described in formula 1.

The simulation based on the wind histogram was
performed by searching for the best possible correlation
between the production characteristics and the wind speed
histogram. The generator is selected in a way that its
characteristics of Pg=f(vy), could coincide with the most
common wind speeds. From the simulation point of view, an
algorithm was created, which showed the percentage
annual share of rated power of the turbine, based on the
wind histogram and modeled characteristics of wind turbine.
On its basis, the average annual amount of produced
energy was determined. Both of these values for individual
wind turbines are presented in Table 1 (column 3 and 4).
The highest value of generated energy indicates the best
adjustment of the turbine parameters in relation to wind
conditions in a particular location. At the same time, it
should be noted that selecting the most optimal solution is
burdened by the potential error, which is a result of
rounding the numbers used to create the histogram. In case
of the application created by the authors to determine the
probability of speed occurrence, e.g. 1 m/s, all cases of
speed occurrence in the range from 0.5 m/s to 1.4 m/s
inclusive are included.

A much more accurate value of energy obtained from a
wind turbine can be obtained by using the power
characteristics and wind speed samples in the simulation.
Accuracy can be additionally increased if the averaging time
Aty for one sample is as short as possible. The amount of
Arw electricity generated by a specific type of wind turbine
was determined from the dependence 6. The results of the
simulation were also presented in Table 1 (column 2).

N
) Ay = ZPTW (v, )AL,
n=1

where: N — number of measurement samples, Prw(v) —
wind turbine power for the n-th measurement sample (wind
speed is equal to wv,)[W], Atrw — time step for measuring
wind speed [s].

Table 1. Average annual energy value generated on the basis of
power characteristics by wind turbines of various manufacturers

own study]
Average Percentage Average
The name of annugl energy anngal use of annugl energy
for simulation | turbine power | for simulation
the modeled . ) ]
: from wind for simulation from the
turbine .
samples from the histogram
[MWh] histogram [%] [MWh]
HIP_V 3.143 11.82 3.1006
TypBr-V 2.821 10.59 2.784
Aeolos 6.069 22.86 6.009
BOF-V 7.876 29.82 7.836
SAW-V 4.051 15.28 4.015
HY-H 4.422 16.68 4.385
HumBR-H 6.933 26.14 6.869
HWT 4.62 17.42 4.579

From the analysis of the results presented in Table 1, it
can be concluded that the average annual energy yields
obtained by the two simulation methods described above
are very similar. This means that for a given location, the
turbine which generates the highest power can be selected,
based on the wind speed measurement and the histogram.
The second of these methods is much simpler to
implement, due to the use of wind speed probability
distribution rather than an extensive measurement
database. From the point of view of the algorithm, it is also
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much faster due to the smaller number of operations
performed.

In the presented location, the best in 2011 would be
BOF-V turbine with its power of approx. 30%, provides a
satisfactory result. In extreme cases: the best and worst
correlation between wind power and speed characteristics
shows a 60% difference in terms of generated electricity.
The reason for such a large discrepancy in annual energy
yields can be presented in the form of a graph of the
amount of energy generated annually in given wind speed
ranges, as shown in Figure 5. This disproportion indicates
the importance of earlier analysis of wind conditions in
correlation with the characteristics of wind turbines.
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Fig.5. Characteristics of the amount of energy generated during the
year from individual windiness ranges for the TypBr-V and BOF-V
turbines [own source]

5. Conclusions

Based on the research, modeling and simulation carried
out, the authors analyzed the impact of wind turbine power
characteristics on the amount of energy generated in a
given location. The result is an unequivocal demonstration
of the need to gather information about windiness and the
environmental parameters of a particular location before
investing in wind turbines. Such archived information should
be saved in the form of a database or histogram of wind
speed, for later processing with the participation of wind
turbine power characteristics. Irrespective of the simulation
method chosen from the two used by the authors, the
amount of energy generated from each of the considered
wind turbines can be obtained. Appropriate selection of
wind turbines for the location allows to reduce the capacity
of the designed energy storage in distributed generation
systems containing integrated RES, thus
investment and service costs. Thus, the proposed subject of
the article is universal, regardless of the target concept of a
distribution network, including any generation systems and,
optionally, energy storage.
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