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Abstract. The study presented in this paper demonstrates the findings concerning a twin-rotor vertical-axis wind turbine patented by IMP PAN.
Motivation for this wind turbine design was significantly driven by the need to exploit the wind energy available in an urban environment.
The primary anticipated advantage is the substitution of the Savonius rotor by a new system allowing lighter and cheaper construction. The
improvement of the wind turbine prototype presented took over three years, and the final modified version of the wind turbine underwent long-term
testing. The paper presents a detailed description of the operational parameters and measured characteristics. One of the main objectives of
the research was to test this novel wind turbine in a real environment, which is highly influenced by incoming wind conditions. The wind
characteristics experienced by the turbine mounted on the roof of the IMP PAN building during the test period were demonstrated using Weibull
distributions. Apart from wind conditions, the main goal of the measurements was to estimate the power characteristics of the novel wind turbine
design. Measurements included output of the generator, consisting of voltage and current, the product of which allowed for determining the power
extracted from the generator. Another important quantity was the speed of rotation of both turbines. The ratio of wind speed and the speed of
rotation allowed for estimating the quality of the power extraction algorithm, which should be operated at TSR ~ 1.0. The results obtained show
that the power extraction algorithm could still be improved. The paper also contains an analysis of the dynamic effect of wind fluctuation on the
rotor behavior, and the determination of the correlation of rotor response delay to wind gusts. The reduction of the wind velocity peak effect on
energy production is discussed.

Keywords: wind energy; vertical axis wind turbine; Savonius rotor; twin-rotor wind turbine.

1. INTRODUCTION Horizontal axis wind turbines are highly effective for wind
energy conversion, but they have not proven to contribute to
low-cost energy conversion of these turbines. Compared to their
horizontal counterparts in such conditions, small vertical axis
wind turbines (VAWTs) operate better [10]. Small wind turbines
are preferable when it comes to their integration with buildings
due to the presence of complex flows [7,9, 11], and their advan-
tages include ease of installation and integration to the grid [12].
Moreover, they cause no harm to migrating birds, people, and
the urban infrastructure [13, 14].

Other attractive features of VAWTs are the ability to start at
low winds and ease of maintenance [15]. These key features
inspired a lot of research aiming at the enhancement of their
effectiveness [16-20]. This effect has also been achieved by
blade shape modifications and optimization [21,22], introducing
blade twist. In addition, small wind turbines of the Savonius type
do not overspin at high winds, which protects the rotor against
damage and overspinning. This is a crucial factor when working
in an urban environment, due to the presence of changeable
wind patterns and turbulence intensities.

The benefits of installing small VAWTs in an urban environ-
ment motivated the development of a twin rotor turbine at IMP

With an increasing population in urban areas, a great demand
for power generation is predicted. Such an environment would
benefit greatly from the potential abundant use of safe, quiet,
and renewable energy resources [1,2]. Numerous studies around
wind energy have been conducted over the past decades. Tech-
nological advancements and the availability of wind energy in
such locations attract various researchers to wind turbines [3,4],
which are often considered as an element of hybrid systems
together with photovoltaic [5, 6]. Reasons for this interest can
be attributed to the reduction in the energy transportation dis-
tance, increase in the power source availability, efficiency of
energy, and reduction in transmission losses [7]. The complex
structures of buildings and their layout affect the wind patterns
around them. Additional effects are observed when the spac-
ing between buildings is lower compared to their heights. This
leads to an increase in the wind velocity in such gaps, strongly
dependent on the wind direction [8,9].
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surement data, is discussed in detail in the following sections.
The illustration of its location is presented in Fig. 1. The ob-
jective of this paper is to demonstrate the results of this turbine
operation performance in a natural wind condition.

Fig. 1. Innovative WT prototype on the roof
of IMP PAN building

2. VERTICAL AXIS TURBINE AND TWIN ROTOR CONCEPT

In the twin-rotor wind turbine, a single large Savonius rotor
(Fig. 2a) is substituted with a combination of two vertical rotor
lines at the tips of a central guiding plate (Fig. 2b). The use
of much smaller rotors leads to a reduction of wind turbine
costs. The innovative system delivers similar power as the large
Savonius rotor [7], while maintaining the safety features of drag-

(a)single rotor

(b) innovative configuration

Fig. 2. Savonius rotor and innovative twin rotor turbine [6]

driven turbines. The wind stream is 1.2 m wide while the rotor
diameter is 0.25 m.

The guiding plate between the small rotors stops the incoming
wind. It causes the build-up of dynamic pressure from the wind
on the upwind side of the turbine. This increased pressure causes
wind to accelerate over the guiding plate tips, where the air
reaches a higher velocity than the incoming wind speed. In this
place, small rotors are implemented. Due to increased wind
speed around the small rotors, the power generated by these two
rotors is equivalent to the power produced by the large Savonius
rotor.

The prototype of the twin-rotor wind turbine [7] (Fig. 1)
contains several features, which were validated during a long
testing period described in the present paper. These were:

o Effectiveness of power generation

e Speed of rotation

e Power extraction algorithms
A critical issue during the implementation of the prototype
described here was the influence of the rotor configuration.
The effect of the rotor segmentation was investigated and pre-
sented in [23]. The segmentation of Savonius rotors is a rec-
ognized topic in the literature. Most typically, the height of a
segment (H) is equal to one or two rotor diameters (D), of
aspect ratio AR = H/D =1 or 2. There is not much informa-
tion on the effect of this rotor aspect, as it requires experi-
ments [24-26] or fully three-dimensional unsteady numerical
simulations [27-29]. Careful numerical analysis in [28] indi-
cates that the rotor effectiveness increases with segment elon-
gation, which was studied up to the aspect ratio of AR =5. It is
also suggested by the author of [28] that rotor elongation should
not be smaller than AR = 2. The information available in the
literature on the segmented rotors is sometimes contradictory.
The material found in the literature does not allow unequivocal
conclusions.

Therefore, a more significant difference in the number of
segments was used in [23]. Single-segment and four-segment
rotors were investigated, and it was observed that the difference
in aerodynamic characteristics depended on the wind speed.
A small range of wind speeds was investigated in the paper,
which proved to be essential, demonstrating the difference in
effectiveness caused by rotor segmentation [23].

In Fig. 3, the maximum effectiveness Cp is plotted against
wind velocity. The plot shows higher effectiveness of the single-
segment rotor in the entire range of the considered wind veloc-
ities. The difference between the rotors becomes crucial at low
wind velocities, whereas at higher velocities, the difference is
of lesser importance.

The power coefficient is expressed by

P
Cp=—, 1
P= 5o ()
where
Py = gV&, maximum available wind power, 2)

where P — power measured on the generator, A — rotor projection
area, p — air density, Vy — wind speed.
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Fig. 3. Effectiveness (Cp) for 1-segment and 4-segment rotors [23]

The observation in Fig. 3 is important from the application
point of view, indicating that at low wind speed conditions,
it is advisable to use single-segment rotors. The explanation
of the development of the flow structures responsible for this
effect is still a challenge and calls for extremely advanced time-
resolved measurements and high-fidelity unsteady numerical
simulations.

Both 4-segment and 1-segment rotors were used on the proto-
type turbine, as shown in Fig. 4. After three years of operation,
these rotors withstood the operational conditions. Assessment
of the innovative rotor and the whole turbine presented here is
highly challenging. The unsteadiness of wind in an urban en-
vironment creates considerable difficulties. In general, open-air
real conditions of wind turbine testing never confirms the power
data provided by the wind turbine manufacturers [13,30].

Fig. 4. Prototype turbine

3. METHODOLOGY OF WIND CONDITIONS DESCRIPTION

Testing of a wind turbine in real conditions is a challenging
task. First, the wind is significantly fluctuating, and a more
detailed statistical representation of wind over a certain period

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. 155039, 2025

is necessary to provide detailed information about the wind
conditions in which the wind turbine is tested. In this paper,
a typical representation of wind by the Weibull distribution is
used. Weibull coefficients are determined to allow the reader
to compare the operational conditions with test cases of other
authors.

A Weibull parameter study is included in this paper, con-
sisting of the shape factor k and the scale factor c. The shape
factor signifies the range (width) of the wind speed distribution.
A typical range of k is 1.5-2.5. A value less than 2 suggests
weak winds, and a value of 2 demonstrates an equal amount of
strong and weak winds. Thus, k with a value of k =2 or more
is preferable when selecting the location for the wind turbine
operation. On the other hand, the scale factor ¢ gives an idea
about the mean wind speed. The higher the value, the greater the
mean wind speed. These Weibull coefficients can be calculated
in a number of ways.

The literature on the determination of Weibull coefficients is
extremely broad, but some information should be provided here.
Wind data collected at different heights from the ground for the
‘AL-Najaf’ site in Iraq are presented in [31]. The test heights
taken into consideration were 10 m, 30 m, and 50 m. Six differ-
ent techniques to calculate the Weibull parameters were studied.
The methods, including RMSE, chi-square, correlation coeffi-
cient (R), and R2, were ranked based on data fitting. It was
concluded that no method could be selected as best for all cases.
The quality of fit for the results obtained from any of the tech-
niques used depends on the wind data and needs to be evaluated
using the data fitting procedures. For the particular study in [33],
it was the power density method and maximum likelihood esti-
mation that gave the best fit to the Weibull distribution.

RMSE is the square root of the average total error squared.
It is one of the most frequently used methods for performing
error analysis to compare the goodness of fit between different
techniques being used [33]. An error close to zero is desirable
for the above-mentioned errors. The MAPE is the percentage of
the absolute error between the observed and predicted data. It is
arelatively simple method to predict the error [32]. R2 analyses
the variance of the method by finding a linear relationship be-
tween the observed sample data and the predicted data using the
Weibull function. The Chi-Square test is a scale-independent
method, i.e., it can be used to compare sample data of varying
lengths. This test can be used for both independent variables,
two data sets, and multiple data sets. It is easy to compute and
provides a lot of information about not only the group error but
also the independent variables contributing the most to these
errors [34].

A comparable study was performed in [35] comparing seven
Weibull factor estimation techniques using various statistical
tools. The study included three different weather stations, and
the measurements were taken at two different heights: 20 m and
30 m. The methods were ranked on the basis of their effective-
ness using several statistical tools, namely, the root mean square
error, the chi-square error, the R2, the mean percentage error,
and the relative percentage error.

The method of moments yielded the best-fitting curve for this
study [35]. According to this analysis, the method of moments
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produced the best results, followed by the maximum likelihood
method (MLM) and the power density method (PDM). Some of
the other methods in the study included the equivalent energy
method (EEM) and the graphical method (GM).

For the present investigation, three methods were consid-
ered, namely: the standard deviation method (STDM), the max-
imum likelihood estimation (MLE), and the method of mo-
ments (MOM).

The wind conditions in our test case were investigated with
the above background. An example of the results is presented
in Figs. 5 and 6. The wind is extremely irregular, especially in
the urban environment. A typical example of sampling every
second for 1000 samples is shown in Fig. 5. It is clear that a
time span of 1000 seconds is incredibly short; however, a longer
record would not be readable in such plots.

Wind speed variation

15F

10

Wind speed [m/s]

0 200 400 600 800
Time [s]

1000

Fig. 5. Wind velocity fluctuations in time

The average velocity for this particular data set in Fig. 5 is
Vav = 6.26 m/s with the standard deviation of SD = 2.175 m/s,
which means that there is a 35% fluctuation in the wind speed.
This indicates that the wind is of an extremely low velocity and
with remarkably high unsteadiness. Unfortunately, these difficult
wind conditions are typical of the wind characteristics in urban
environments.

As the rotors in the innovative solution are smaller than the
large Savonius rotor, it is apparent that the rotational velocity
of the small rotors will be higher at the same wind velocity.
It may be expected that the maximum power coefficient for an
innovative solution should be at the level of TSR = 1.0 (as in
the Savonius rotor in Fig. 11) or more, where TSR is the ratio
of rotor tip velocity to wind velocity. At such rotational speeds,
the innovative solution could deliver power equal to one large
rotor. Therefore, it is useful to plot the value of the TSR for each
measurement point (Fig. 6).

As explained in Section 4 of this paper, the values of the TSR
signify how well the control system loads the generators. The
control algorithm must cope with the fast wind velocity variation
and the rotors response time to the load change. Therefore, the
effect of the load control in the wind turbine may be verified
by the TSR value. It is expected that the maximum power is
extracted at TSR > 1.0. Therefore, it is useful to analyze in this

Fig. 6. Values of TSR for samples from Fig. 5

respect the plot in Fig. 6. As the data presented is for 1000
samples only, the conclusions are not general but indicative.
The average TSR value in Fig. 6 is around 0.7. This value of the
TSR below 1.0 indicates that the wind turbine control systems
are not yet adjusted to extract maximum power.

The loading of the rotors is excessive, diminishing the rotation
speed. Further improvement of the wind turbine must reduce
the load to increase the speed of rotation, which will lead to an
increase in power.

The Weibull parameters were calculated using different meth-
ods. It is seen that the results present negligible differences.
Thus, statistical techniques are used to evaluate the best method.
As per the results of the statistical error calculated, MOM is
giving the best results, followed by STDM and MLE. Figure 7
demonstrates the Weibull curve according to MOM, where all
three curves overlap.
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Fig. 7. Weibull plot using different techniques

For the particular day discussed here, the wind characteristics

are described by:

e Shape factor k —2.44

e Scale factor ¢ — 5.48

e Average wind speed — Vay 5.04 m/s
These wind conditions show low winds at the location of
the wind turbine tests. At such velocities, lift-driven turbines,
HAWT and VAWT of the Darrieus type, just start to operate.
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4. ANALYSIS OF WIND CONDITIONS DURING TESTS

The data set contains one-day measurements that consisted of
65 536 sample points and was taken within 18.2 hours. This data
set concerned a relatively small wind flow case.

The example in Fig. 5 concerns a brief time only, which does
not have to be representative of the tested measurement period.
The whole test discussed in this paper concerns about 18 hours.
Taking all this data into consideration, the turbulence intensity
was determined. Typically, the turbulence intensity of wind, TI =
SD/Vay, is determined from the 10-minute averaged values.
However, for the short test period analyzed in this paper, this
approach provides insufficient data points, and the scope of wind
velocities is reduced. Therefore, Fig. 8 shows the turbulence
intensity using 1-minute average values. The mean values of
wind velocity and TI are similar for these two approaches.

Fig. 8. Turbulence intensity for 1-minute average versus
wind mean speed

The values of TI correspond well to the values in paper [13]
for cases of wind blowing from land with a high turbulence
level. This is not surprising as our wind turbine is installed on
the IMP PAN building, surrounded by a heterogeneous terrain of
complex structures, trees, open fields and other buildings. The
urban environment is connected with a high turbulence level of
wind. Typically, the value of TI reduces with wind velocity, as
shown in Fig. 8. Therefore, one can conclude that the location of
the presented innovative wind turbine corresponds to a typical
urban environment with high wind turbulence.

5. INNOVATIVE WIND TURBINE SETUP AND TESTING

Important dimensions of the innovative system are presented in
Fig. 9, which is a cross-section through the turbine, shown in
Fig. 4.

The total operational height of the wind turbine is HT = 3 m.
The width of the innovative turbine, including the guiding plate
and rotors, is LT = 1.2 m (Fig. 9). These give the projection area
of the innovative wind turbine AT = 3.6 m?. Figure 10 presents
the expected power generation curves assuming that the wind
turbine effectiveness is 10, 15, or 20%. The presented total
power is generated by two sets (lines) of rotors. At the nominal
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Fig. 9. Test turbine dimensions

wind of 12 m/s and 20% effectiveness, the obtained total power
is about 800 W. The generated power depends significantly on
the wind turbine effectiveness, as shown in Fig. 10.
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Fig. 10. Power generation for chosen effectiveness and wind speeds

As usual, the curves in Fig. 10 are created by the maximum
power for each wind velocity. For the Savonius rotor, it is known
that this happens when the speed of the rotor circumference
velocity Vr is about 90% of the wind speed Vy,, which gives
TSR = V¢ /Vw = 0.9 (Fig. 11).

The typical power characteristic of the Savonius rotor is pre-
sented in Fig. 11 as a function of Cp = f(TSR).
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Fig. 11. Typical power characteristics of the Savonius rotor
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Measurement of the speed of rotation and wind speed allows
calculating the TSR value. It follows from the characteristics
in Fig. 11 that knowing the TSR value allows determining the
effectiveness of the power generated by the wind turbine. This
is an extremely convenient way of judging the quality of the
implemented wind turbine controls.

For each wind speed, one can calculate the power for
TSR = 0.9 at which maximum production of energy could be
reached for the Savonius rotor. That allows us to make a plot
of the wind turbine power as a function of the rotor rotational
speed. Thus, the power characteristics can be presented in terms
of the rotor rotational speed in [rpm] in Fig. 12 instead of wind
velocity in Fig. 10. In the presented prototype, the rotors have a
small diameter, and therefore the rotational speed is quite high.

Fig. 12. Wind turbine characteristics in terms of rotor speed
for TSR = 0.9

Following the numerical results presented in [6, 36], it may
be expected that the characteristic of the rotor in an innovative
turbine application is generally similar to a single Savonius rotor.
However, it can be also expected that due to the small radius of
the rotor, the rotational speeds are high, and the nominal power
of 800 W (at 20%) is obtained at speeds higher than 900 rpm, as
for the small Savonius rotor in Fig. 12. This level of the rotation
speed for small diameter rotors in the innovative configuration
broadens the general apprehension that Savonius rotors are good
for low rotational speeds. The innovative concept of substituting
alarge Savonius rotor with two small rotors leads to much higher
rotational speeds. The increase in rotation is proportional to the
ratio of the radius of a large rotor to a small rotor (see Fig. 2).

Traditional small rotational speeds of Savonius wind turbine
rotors are a general problem for the choice of power generators.
Low velocity of rotation leads to larger and extremely heavy
electrical generators. The increased rotation of rotors in the dis-
cussed innovative solution introduces an important benefit to the
innovative wind turbine. This leads to smaller and much cheaper
electrical generators. This is especially important because two
generators are needed in the innovative solution, but each for
half of the wind turbine power only.

Thanks to the high rotational speed, the prototype of the wind
turbine is equipped with core power generators, which are not
remarkably effective but can withstand high rotational speeds.
‘No-name’ scooter motors are easily available in the market and

are used to reduce prototype costs. The tests in a special stand
at IMP PAN show that the effectiveness of this motor used as a
generator is not high, but it is approximately 70% on average,
reaching nearly 80% for nominal conditions. Unfortunately, for
small rotational speeds, the effectiveness drops considerably.
The nominal speed of rotation for this generator is 1050 rpm,
which corresponds to the rotation at a wind speed of 12 m/s and
TSR =0.9.

In the presented prototype, the produced power is dissipated
into heat to the surrounding air, and it is not connected to any re-
ceiver on the ground level. An important feature of the system is
that the control algorithm of the power loading of the generators
can be modified remotely. The control algorithm is a complex
process that determines the quality of the power generation by
the wind turbine.

The wind is changing extremely quickly, and there is usually
little time to adjust the speed of rotation. Therefore, the rate at
which the wind velocity changes should be correlated with the
response time of rotors with the variation of loading. This com-
plicated process is still under development. The improvements in
this respect are under investigation. The measurements shown in
this paper were obtained by a simple algorithm, which increased
the load on the rotor when the speed of rotation was increas-
ing, and the rotor was unloaded when the rotational speed was
decreasing. This process was implemented with a prescribed
gradient of loading and unloading, depending on the speed of
rotation. The results presented here directly indicate how the
loading process is operating at present.

The measurement system allowed recording the following
data:

e Wind velocity Vy [m/s] with 5% error

e Generated voltage U [Volt] with 1% error

e Generated current / [A] with 2% error

e Speed of rotation n [rpm] with 1% error
The sampling frequency was 1 Hz. When adding (or subtract-
ing) independent measurements, the absolute uncertainty of the
sum (or difference) is the root sum of squares (RSS) of the indi-
vidual absolute uncertainties. For the above set of independent
variables, the absolute uncertainty is 5.6% [37], which is a high
value, but the wind velocity measurement is a decisive factor
here.

6. WIND TURBINE EFFECTIVENESS

The generator loading controller is responsible for extracting
the maximum power at all wind conditions. It is not known to
what extent this objective is fulfilled. This may be judged by the
TSR value. TSR is about 0.9 for the Savonius rotor, but in twin
rotor configuration is expected to be higher, with TSR > 1.0.
There are still many options to improve the control algorithm.
Wind turbine control is a dynamic process in which the speed
of rotation adjustment faces the dynamic variation of the wind
speed. This is not a stable process due to the wind unsteadiness.
Therefore, the obtained test points form a cloud in the power-
wind speed diagram. Figure 13 shows a measurement cloud
almost the same for both generators. These diagrams show the
limits of experienced wind speed and extracted power.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 6, p. €155039, 2025
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Fig. 13. Measurement points for rotor no. 1

It is difficult to judge the quality of the turbine loading algo-
rithm from these clouds of points. The most effective turbine
load controller should lead to TSR = 0.9 (for the Savonius rotor)
to reach the maximum power at given wind conditions (Fig. 11).
As mentioned earlier, one could expect that the maximum power
in the innovative wind turbine would occur at even higher TSR
values of 1.0 < TSR < 1.2. Therefore, it is reasonable to look at
the obtained wind turbine power in terms of the rotor speed of
rotation. The measurements taken deliver rotor speed of rotation
[rpm] at each measurement point.

Therefore, it is possible and reasonable to analyze the mea-
surement points in terms of the TSR. As shown in Fig. 7, it
happens that rotors stop from time to time, for the tested low
wind speed conditions. Such moments influence the test data
processing of results. These sample points at which energy is
not produced are excluded from the set of data points. The con-
dition to select such points is when the current coming from
the generator is equal to zero (I = 0), independently of the wind
speed.

The TSR values calculated for each measurement point are
presented in Fig. 14 with the exclusion of points where no power
was produced. Only Rotor-1 is presented because plots for both
rotors are remarkably similar.

Turbine TSR curve (rotor 1)

1.5

TSR []

0.5

0 1 2 3 4 5
Time [s] %104

Fig. 14. TSR values for measurement points
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Considering the complete set of data points (including
TSR = 0 cases) that the average of the TSR is 0.68 for Rotor-1
and 0.71 for Rotor-2. Elimination of sample points that do not
contribute to energy production does not make a significant dif-
ference to the average TSR value but increases the average value.
The average TSR for the reduced set of data is 0.72 and 0.75
for Rotor-1 and Rotor-2, respectively (Fig. 14). The observed
difference in the TSR value is small. The value of the average
TSR is a piece of interesting information because the maximum
power for the dual rotor system is expected to be at TSR > 1.0,
higher than for a single Savonius rotor, as has already been men-
tioned. This means that the rotors at testing presented here are
overloaded, which leads to a reduction in the rotation speed and
power.

In Fig. 15, measurement points were organized to show the
dependence of generated power as a function of the TSR. The
plot shows how the control system works. The increased density
of measurement points appears to be around TSR = 0.9, but
the average value is about 0.75, as mentioned earlier. This is a
characteristic feature of the employed load control algorithm.
The selection of the test points is not unsatisfactory, because at
this TSR, the turbine effectiveness is already sufficient. However,
this indicates again that the rotors are overloaded. The maximum
density of test points should be located at TSR > 1.0, for an
appropriate algorithm. Another feature is the TSR value at which
the maximum power is attained. One can notice that the points
reaching maximum power are obtained at TSR > 1.0, which
confirms that the power of the wind turbine would be higher
with the majority of points for this TSR.

500 Turbine power vis TSR for generator 1

w B
[=} [=}
o o

Power [W]
N
o
o

100 -

TSR [-]

Fig. 15. Generated power as a function of TSR

As shown in Fig. 11, the TSR value is directly connected to
the wind turbine effectiveness (C),). Figure 10 only depicts the
results for the Savonius rotor, but with an innovative turbine, the
TSR for maximum power should be achieved at TSR > 1.0. The
measured TSR value for each test point indicates the effective-
ness of the wind turbine. Therefore, it is important to color the
test points by the corresponding TSR value. The plots, includ-
ing the TSR value and the effectiveness of characteristics, are
presented in Fig. 16.
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Fig. 16. Test points against effectiveness curves with TSR
marked by colors

The measurement points, as in Fig. 13, may be compared
against the curve effectiveness in Fig. 16, as shown in Fig. 10.
The range of curves for the effectiveness from 5 to 25% includes
the main part of the test points. This means that the dynamic
processes involved in generator loading algorithms cover a wide
spectrum of wind turbine effectiveness cases. There are cases
of extremely low effectiveness, but at the same time, a large
number of cases prove that the tested wind turbine is remarkably
effective.

This indicates a particularly important possibility to improve
the load control system to select the points of high effectiveness
only. The load control system implemented currently in the wind
turbine provides flow cases that are, in a certain sense, random,
depending on the dynamic control processes involved. These are
the speed of the wind velocity change and the speed of the load
adjustment of the system, and also the wind direction change,
rotating the whole wind turbine. The relation of these three com-
ponents makes the tendency of the control system to overload or
underload the wind turbine. The mentioned processes depend
on the wind speed; therefore, devising the control algorithm is
such a demanding task. This has a remarkably considerable in-
fluence on the overall effectiveness of the wind turbine and the
size of the test points cloud. It is interesting to notice that the
indicated ranges of the TSR values, represented with different
colors, form wind turbine effectiveness bandwidths. The shape
of these bandwidths coincides with the shape of the character-
istics of effectiveness.

There are several reasons why the cloud of points is extremely
wide. It could be generally expected that when rotors are accel-
erated from ‘zero’ to a certain speed, minuscule effectiveness
may be recorded because the rotors are still slow when the gust
of wind produces a sudden increase in the wind velocity and
wind power. In such a case, one obtains low power at a rather
low TSR. In another case, the rotors are rotating fast, and the
wind suddenly drops. Then, the TSR is high, and the power is
high. The above scenario may occur when the rotors respond ex-
tremely slowly to the set-up loading. These may be summarized
as follows:

Fast rotation and a sudden
decrease in wind speed

Slow rotation and suddenly
increased wind speed

Low power — high wind High power — low wind

High power — high TSR

Low power — low TSR

The meaning of the cloud of points depends significantly on
the mechanism described. Therefore, it is vital to indicate the
TSR value by color for all the points, as shown in Fig. 16. It be-
comes evident that the results for a particular TSR range are not
scattered over the whole measurement domain but form strips
in the cloud. In this way, the cloud becomes divided into zones
depending on the TSR value. This regular distribution of the
TSR over the cloud formed by the measurement points implies
that the above mechanism introduces a systematic distribution
of the obtained test points.

It becomes evident from the above plots that the increased
TSR value of the test points is directly related to the increased
effectiveness of the wind turbine. The diagram demonstrates that
the maximum effectiveness is obtained for TSR > 1.2. The plot
in Fig. 16 shows that the wind turbine controls should induce
conditions of high effectiveness and avoid low effectiveness
points. This means that high TSR values are the objective of
controls.

7. ENERGY PRODUCTION BY THE TURBINE

Tests of wind turbines in real wind conditions are challenging
due to the unsteadiness of wind and the inertness of the turbine
rotor operation. It is reported by many authors [13,15,30,38,39]
that wind turbines in real applications are unable to achieve the
effectiveness level offered by the manufacturers. Major influ-
ence of the wind turbulence on the turbine effectiveness is re-
ported [13,30]. For lower turbulence levels, the effectiveness of
the turbine seems to be closer to the expected turbine perfor-
mance. As shown in Section 4 of this paper, the presented tests
were conducted in a highly turbulent wind, which implies lower
energy production than expected.

The energy E (equation (3)) delivered by the wind in time ¢ is

E=P-t, 3)

where
P=E[t=05-p-A-V;,. 4)

This is the reference energy allowing for the determination of
the wind turbine effectiveness, once the energy produced by
the generator is measured. In general, the period of the time
considered may include cases when energy is not produced by
generators when winds are extremely low. The energy delivered
by the wind and that produced by the turbine may be deter-
mined for each test point. As discussed in previous sections, the
considered set of data with 65 646 sample points includes the
observation time, including extremely slow winds at which the
turbine does not deliver any power. The number of test points
producing energy is presented here for each rotor line and is re-
duced from the above number to 44 577 and 45 553 for Rotor-1
and Rotor-2, respectively. The reduction in the number of test
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points means the reduction of measurement time from 18.2 h
down to 12.38 h for Rotor-1 and to 12.65 h for Rotor-2. The ex-
clusion of these data points affects the average velocity. Taking
the complete set of data points into account, the average wind
speed is Vay = 4.86 m/s. The exclusion of the unproductive data
points mentioned is different for each rotor, and the average ve-
locity of the data set for Rotor-1 and Rotor-2 is V1ay =5.57 m/s
and V2ayv = 5.55 m/s, respectively. The values for both rotors
are remarkably similar, and therefore, the effect of the extraction
of points is similar for both rotors.

The energy produced by the rotors is determined by the gen-
erator output. However, the determination of reference wind
energy is not so straightforward. The main question that appears
is how much energy included in wind velocity peaks can be
utilized by the rotor. The energy production for the set of data
in 18.2 hours amounts to 500 Wh, while at the same time, en-
ergy produced by the wind reaches 7000 Wh. This means that
the wind turbine effectiveness is about 7%. This effectiveness is
extremely low but may be considered as acceptable at low wind
conditions during the period when the tests were conducted and
with extremely high turbulence intensity (TI). It should be also
mentioned that the TSR average value is TSRay = 0.75, which
means that the extracted power is less than could be expected,
in the case of better adjustment of control algorithms leading to
higher average TSR values.

A high frequency of wind fluctuations may result in the rotors
not being able to follow the wind peaks [7, 13]. The wind fluc-
tuation may result from the unsteadiness of the rotor speed of
rotation. Rotors in the innovative wind turbine are exceptionally
light with a small moment of inertia due to a small radius and
therefore could respond quickly to wind gusts and other wind
velocity peaks. The comparison of the wind velocity signal with
the rotor ‘rpm’ allows for drawing some conclusions about the
rotor speed response to wind fluctuations.

A careful comparison of wind and rotor signals proves that
there is a correlation between wind velocity fluctuations and
rotor ‘rpm’ behavior. However, there is a time shift of approx-
imately 3 seconds in the rotor response. That means that when
the wind builds up a velocity peak, the rotor is delayed, missing
the chance to absorb the wind energy peak. Figure 17 shows
the wind velocity for the selected day (blue line). The red line
represents the velocity of the tip of the blade, and Vypp for the
selected Rotor-1. The average wind velocity on this day was
equal to Vay = 5.05 m/s. It is visible in Fig. 17 that the highest
tip blade velocity peaks occur a bit later than the correspond-
ing wind velocity peaks. Therefore, it is important to look for a
possible correlation between these two signals.

The Pearson correlation coefficient (PCC) was chosen for the
presented analysis [40,41]. It determines the level of the linear
dependence between random variables and is expressed by the
formula

i (i =X) (yi =)

?:1 (xi _)_C)z

D

(&)

Txy = €

?:1 (yi _y)z

The vector of variable x represents the wind velocity. The vector
of variable y is the velocity of the rotor blade tip, but moving
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Fig. 17. Relation between wind velocity and Rotor-1 tip velocity

in time, relative to the x vector. In the conducted analysis, the
data set for an entire day was considered. The value of the
correlation coefficient r, is in the range (—1; 1). The greater its
value, the stronger the linear relationship between the variables.
The value of r,, = 0 means no linear relationship, and 7, = 1
means an exact positive relationship between features; 7, = -1
means an exact negative linear relationship. The correlation can
be interpreted as strong, weak, or negative [42]. However, such
an interpretation is not established, and we cannot take it too
strictly. To a good approximation, it can be said that 7,y > 0.5
represents a strong correlation, and .y, < 0.5 means a weak one.

The result is presented in Fig. 18 for Rotor-1 and indicates the
highest value of r,, when the time shift between signals is equal
to 3.5 sec. It means that we have a strong positive relationship
(rxy = 0.844) between the wind velocity represented by vector
x and the blade tip velocity represented by vector y, but with a
time lag of 1, = 3.5 sec.
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Fig. 18. Correlation of time lag for wind-rotor speed, for both rotors

The plots below indicate that the correlation between wind
fluctuations and the rotor behavior exists because the coefficient
of correlation r,y, > 0.5 for an extensive range of time lag. It
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is an interesting finding that proves that the rotor inertia does
not influence the energy transmission between the wind and the
rotor too much.

Rotor-1 displays a maximum correlation for the time lag of
3.5 seconds. The same calculations were made for the Rotor-2,
and they also show the correlation coefficient 7, = 0.84 and
the time lag #,5 = 3.5 sec because of similarity in behavior with
Rotor-1.

If the rotors can use only part of the wind velocity peaks, one
can assume that wind fluctuations should be reduced to obtain
the effective reference energy delivered by the wind. To illustrate
this effect, one can reduce the wind peak height. The reduction
of wind peaks by 20% and 50% is shown in the plot in Fig. 19.
The included average wind velocity concerns the whole data
set, and it does not correspond to the average velocity for the
reduced time interval in Fig. 19.

Fig. 19. Reduction of wind speed peaks

Reduction of wind peaks by 20% means reduction of wind
energy to 6000 Wh in the test time, which means an increase
in wind turbine effectiveness to 8% and when the peaks are
reduced by 50% the wind energy drops to about 5200 Wh, and
the wind turbine effectiveness will increase to nearly 9%. This
effect is consistent with the conclusions of [12] that a reduction
in the wind turbulence fluctuations improves the wind turbine
effectiveness.

The recorded energy production is the direct outcome of the
generators. Therefore, it contains a whole chain of losses in-
volved in the wind turbine operation. The generator effective-
ness at these low rotational speeds may be considered even as
high as 55%, due to the low quality of the motors used. In ad-
dition, the mechanical losses in bearings have some effect, but
they are usually exceptionally low and can be neglected here.
Therefore, the energy production in the wind turbine system
may be estimated at about 55% of what is delivered from the
rotor. Considering all these losses, the effectiveness of the rotor
itself may be estimated at 17%.

The obtained innovative wind turbine effectiveness is not
high, but also the wind conditions of about V =5.5 m/s are
not favorable for obtaining higher effectiveness. The used gen-

10

erator is sensitive to a low speed of rotation, causing a significant
reduction in efficiency. It is also apparent that the low value of
an average TSR (around 0.7) indicates that there are possibilities
to increase the power produced by the wind turbine. There is a
necessity to improve the rotor loading, which has to be reduced
to allow a higher rotational speed and to obtain higher power.

8. CONCLUSIONS

An innovative twin rotor wind turbine was tested in an urban
environment. The wind conditions were incredibly challenging,
the average wind speed was incredibly low of about 5.5 m/s. The
wind was fluctuating, bearing an exceedingly high turbulence
intensity in the order of TI = 0.4. These wind conditions did not
allow for obtaining high effectiveness of the wind turbine.

The prototype investigated showed that the operation of the
innovative turbine corresponded well to the expected perfor-
mance. The long time of operation revealed excellent endurance
of all components of the new wind turbine.

A simple algorithm of rotor loading applied in the prototype
facilitated obtaining relatively good turbine performance. How-
ever, the obtained average value of TSR around 0.7 indicates that
much better energy production could be obtained. The obtained
results illustrate that there is a large potential for innovative
wind turbine effectiveness improvement. The low value of an
average TSR shows that, in general, the rotors are overloaded,
reducing the rotational speed considerably. An improved load-
ing algorithm of the rotors should lead to a higher speed of
rotation, allowing increased power generation. The objective of
the improvements should allow the TSR to increase to about 1.2.

The results obtained have shown that the innovative wind
turbine can deliver exquisite performance. However, this calls
for further research. The work on the rotor loading algorithm is
possible because improved versions can be uploaded remotely.
The greatest limitation for the implementation discussed here is
access to higher wind conditions.

The presented results will allow for building a prototype with
expected effectiveness equal to the Savonius rotor but signifi-
cantly improved from the point of view of investment costs.
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