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Abstract

The aerodynamics of rotatory elements is an extremely interesting topic that has brought attention of
many researchers since the early works by Ludwig Prandtl. A clear example of rotational
aerodynamics is the classic cup anemometer. In this research, anemometers equipped with opto-
electronic output signal generators based on slotted wheels have been tested, their output signals being
studied. The analysis of the output signal of the classic cup anemometer has a great relevance in the
correct measurement of the wind speed. This correct analysis can help understand non-steady
phenomena of the wind such as turbulence, optimize their maintenance, and also improve the study of
the appropriate manufacture of the anemometers.

Slight deviations on cup anemometer wind speed measurements may lead to non-optimal policies in
wind turbine’s control, decreasing the economic revenue of the corresponding wind power plant.
These deviations may be caused by two main different problems, among others. On the one hand, the
processing method used to extract the rotation/output frequency if the sensor and, on the other hand,
turbulence of the flow and measurement errors present in the slotted wheel of the opto-electronic
output signal generator of the anemometer.

Two different processing methods to extract the aforementioned output frequency have been tested,
namely the Fast Fourier Transform (FFT) and the counting pulses method (CP). These methods have
been tested for different sampling frequencies and sampling time. The influence of the frequency is
significant for both methods, but CP has been observed to have smaller residuals, especially at high
sampling frequencies. The residuals have been observed to reach a constant value for both processing
methods after a certain in value of the sampling frequency has been researched. Regarding sampling
times, both methods decrease the residuals when the sampling time is increased, but the trend is more
significant for CP.

Turbulence and other errors affect the signature (the train of pulses during one turn). The signature has
been studied at very high sampling frequency (125 kHz). The tests have been performed in a wind
tunnel under an ISO 17025 standard. Additional tests of the anemometer in still air and without cups
have been performed. In those tests, the anemometer has been driven with a DC motor. Both cases
have been compared analysing the first twelve Fourier harmonic terms.

1. Introduction

To this day, the cup anemometer remains the most used wind sensor within meteorology and wind power industries,
despite the recent development of the actual sonic anemometer [1-6], such as SODAR [7-16]. Cup anemometers,
before installation, require a thorough calibration process [17-20] regardless the use they are going to be given. In
addition, it is important to mention that cup anemometers have certain limitations related to the inertial effects of the
rotor in turbulent flows, causing the so-called “overspeeding” effect [21-26].

The output signal of some cup anemometers is analyzed to:
e  Study the output frequency.
e  Study the signature.
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1.1 Output Frequency

The output frequencies studied, are generated by an opto-electronic system. This system consist of a slotted wheel
fixed to the anemometers shaft and to an electronic device that registers led-generated light through the
aforementioned wheel, generating to different voltage levels, being the higher one when the light reach the sensor,
and the lower one when the sensor is not illuminated (see Figure 1).

As the cup anemometers output signal is square-wave, it is important to sample adequately the output system signal
in order to extract an accurate value of the output frequency. In order to extract the aforementioned output frequency,
two different procedures have been used, counting pulses (CP) and Fast Fourier Transformation (FFT), at different
frequencies and time samplings.
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Figure 1: (Left) Opto-electronic output signal generator system of the Climatronics 100075 cup anemometer.
(Right) Examples of sampling the analog square-wave output signal of a cup anemometer with the same sampling
frequency al different wind speeds. The output voltage y is plotted in relation to the non-dimensional time ¢ - f
(where f is the anemometer’s output frequency). From [27].

1.2 Signature

The train of pulses during one turn is called the signature of the cup anemometer. These pulses are characteristics of
each individual anemometer, as some differences among pulses might exist due to fabrication processes. Thanks to
this train of pulses, is possible to study the cup anemometer’s performance by analyzing the changes in the signature
along their life. The most accurate anemometers have from to 25 to 37 pulses per turn of the rotor. Thanks to this, the
three accelerations of the rotor (and the corresponding decelerations) caused by the aerodynamics forces on each one
of the cups the anemometers have (three cups) can be measured and analyzed, with the use of Fourier analysis [30-
32].
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2. Experimental Set-Up
2.1 Output Frequency

To proceed with output frequency extraction, firstly it is necessary a calibration process. The calibration was
performed to five Thies Clima First-Class Advanced cup anemometers, following MEASNET procedures at LAC-
IDR/UPM facilities [17]. The calibration is a wind tunnel testing of the anemometer in which a correlation between
the frequency of the output signal of the anemometer and the wind-flow speed is carried out. To this case, thirteen
measurement points between 4 m/s and 16 m/s are taken (13 measurement points), in order to define the cup
anemometer transfer function through the calibration of constants A and B:

V=A-f+B, ()

where V is the wind speed, which is calculated in relation to the output frequency of the anemometer, f, the slope, A
and the offset, B, (see Figure 2). For each measurement point, samples with different time length (5, 10, 15, 20 and
25 seconds) were carried out at a frequency of 25 KHz. Data has been recorded with a National Instruments NI USB-
6210 Data Acquisition System. Overall, 100 different calibrations for each individual cup anemometer, to analyze
the effect of the following parameters:

e The way to extract the output frequency, comparing CP and FFT methods.

e The effects of the sampling frequency.

e The length of the data sample.

Table 1. Cases analyzed

Anemometers e Anemometer-1
calibrated e Anemometer-2
e Anemometer-3
e Anemometer-4
®  Anemometer-5
Points per calibration e 4ms? e 1imst
e 5ms? e 12mst
e 6mst e 13ms?
e 7ms? e 14mst
e 8ms? e 15mst
e 9ms? e 16ms*
e 10ms?
Length of samples e 55
e 10s
e 155
e 20s
® 255
Sampling e 500 Hz e 833.33Hz
frequencies analyzed e 625Hz e 862.07 Hz
e 657.89 Hz e 892.86 Hz
e 67598 Hz e 92593 Hz
e 69444 Hz e 96154 Hz
o 71429Hz e 1000 Hz
e 73529Hz e 1250 Hz
e 757.58 Hz e 5000 Hz
e 781.25Hz e 12500 Hz
e 806.45 Hz e 25000 Hz
Calculation of the e CP (Counting Pulses)
output frequency, f e FET
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2.2 Signature

The signature studied corresponds to a Climatronics 100075 cup anemometer. The study carried out for obtaining the
aforementioned signature was, firstly in a wind tunnel (IDR/UPM calibration wind tunnel) [29, 34-36] and secondly,
in still air. For this last case, a DC-motor geared to the anemometer has been used to rotate the anemometer (see
Figure 2). The cup anemometer’s output signal was sampled at 20 KHz for the measurements in still air, initially.
After, other set of measurements were carried out at 25 KHz, to check the possible effects of the sampling rate. For
the wind tunnel tests, the tests were carried out at a larger sampling frequency (125 kHz). This larger frequency was
selected to obtain new insights into the effect of the turbulence on the anemometer’s performance.

Figure 2: Testing set-up for measuring the Climatronics 100075 cup anemometer signature in still air.

3. Results

3.1 Analysis of the Output Frequency Extraction Procedure on the Cup Anemometer Performance

The transfer function of the first anemometer calibrated can be seen in Figure 3 (solid line). In that figure, the results
for the 500 Hz sampling frequency and 1000 Hz sampling frequency are displayed, with a sampling time of 25 s. The
samples carried out have been done at frequencies of 500 and 1000 Hz, with a time length of 25 seconds. It can be
observed the results for the sampling frequency of 1000 Hz are in good agreement with the transfer function obtained
in the IDR/UPM calibration, which followed 1SO 17025 and MEASNET standards are quite accurate compared with
the ones from IDR/UPM calibration, whereas, at 500 Hz, the results present problems for wind speeds above 11 m/s.
This happens because the sampling frequency is not enough to correctly capture the square-wave generated by the
opto-electronic system. Therefore, according to Nyquist theorem [28], at 12 m/s (or larger wind velocities) low
sampling frequencies are not trustworthy and higher sampling frequencies should be selected in order to extract
properly the output frequency.
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Figure 3: Anemometer-1/25-second 500 and 1000 Hz datasets. Points (output frequencies) extracted by CP.
IDR/UPM reference calibration, i.e., transfer function of Anemometer-1 has been included (solid line). The transfer
function (Tr. F.) based on the Anemometer-1/25-second 500 Hz dataset is also included (dashed line)

The accuracy of the transfer functions calculated in the different conditions is easily evaluated by calculating the
residuals. The residuals in these cases, are defined as the wind speed differences between the testing wind speeds, V;,
and the ones from the transfer function at the calculated output frequencies, f; (see Figure 4):

i = Vi— (A fi +B). @

An alternative way to estimate the accuracy of the calculated transfer functions has been also done. The wind speed
error is calculated as the difference between the velocity calculated with the IDR/UPM calibration and the one
calculated with the estimated transfer function (see Figure 5):

AV, =(A"-f;+B)—(A-f; +B). 3)

In addition, the averaged value of the residuals, Ry, and the averaged percentage value of the wind speed error,
AV,,4, are calculated to characterize the accuracy of the transfer functions corresponding to all analyzed different
sampling rate datasets:

Rs ==X E|r, @)

®)

_ 1513 _ 1AV

AV;zvg - EZi:l (A*f+B*)’
In Figures 6 and 7, the decreasing trends of both the residuals and the wind speed error in relation to the sampling
frequency can be observed. The residuals and the wind speed error reach a constant value at sampling frequencies
around 700 Hz. The results obtained by CP are better as the show lower values when compared to the ones obtained
by FFT, but the frequency at which they reach those values is a bit higher. Finally, from the results, it can be deduced
that the error depends on the wind speed (output frequency). The relationship between the errors and the variable
(output frequency or wind speed) is similar to a first order transfer function.
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Figure 4: Anemometer-1/25-second 500, 625, 675.68, and 1000 Hz datasets. Absolute values of the transfer
functions residuals, rs, calculated by CP.
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Figure 5: Anemometer-1/25-second 500, 625, 675.68, and 1000 Hz datasets. Absolute values of the wind speed
error,AV, calculated by CP.
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Figure 6: Anemometer-1/25-second datasets. Averaged value of the transfer functions residuals, R, in relation to the

sampling frequency. The residuals were calculated by CP and by using the FFT. On the left, all results are displayed,
whilst on the right, only the results for frequencies from 500 Hz to 1000 Hz are displayed.
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Figure 7: Anemometer-1/25-second datasets. Averaged value of the transfer functions wind speed error, AV, in
relation to the sampling frequency. The residuals were calculated by CP and by using FFT. On the left, all residuals
are displayed, whilst on the right, only the results for frequencies from 500 Hz to 1000 Hz are displayed.
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3.2 Study on the Cup Anemometer’s Signature

The evolution of the frequency in one lap can be studied by the Fourier analysis. The Fourier analysis leads to the
following expression:

w(t) = wg + Yoe1 Apsin(nwot + @p). (6)

Ideally, only the term related to w, and the harmonic terms multiple of three should appear (because of the three
accelerations of the three cups in the lap). However, in reality all the terms are present, even though many of them
are not significant. The pulse length, d,, of the analysed cup anemometer with regard to the pulse number is shown in
figure 8 for wind tunnel speeds of 2, 4, 6 and 8 m/s. The 3 accelerations of the rotor due to the 3-cup configuration
can be clearly observed. Also the 9-term Fourier approximation to the pulse length at 2 m/s is included in the graph
to show the accuracy of this mathematical tool.

If the terms related to the acceleration of the three cups (the multiples of three in the Fourier analysis) can be
subtracted, the effect of the mechanism of each anemometer can be studied. This is interesting in order to
comprehend the influence of manufacture or maintenance differences in the performance of the anemometer, and its
effect can be taken into account to obtain a better performance.
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Figure 8: Pulse length data of the Climatronics 100075 cup anemometer recorded at 2, 4, 6 and 8 m/s. A 9-term
Fourier approximation to the 2 m/s data is also included in the graph.
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Figure 9: Signature of the Climatronics 100075 cup anemometer directly measured (see Figure 3) at 20 kHz and 25
kHz. The indirect signature extracted with the data recorded in wind tunnel at 2 m/s is also included in the graph.

In Figure 9 Climatronics 100075 cup anemometer signature is shown, which has been directly measured (outside the
wind tunnel) at 20 and 25 kHz, and in the wind tunnel. The signature is presented as the percentage length of each
one of the 30 pulses per turn of the slotted wheel, in relation to the average length of the pulses, d,, (1/30 of the total
turn). It is also easy to appreciate a sinusoidal pattern, indicating a displacement of the pulse wheel center from the
rotation axis of the anemometer shaft. The terms of the Fourier analysis are displayed in Figure 10. These results are
in good agreement with the results from Figure 9, where the first harmonic term is the most relevant one.

The signature obtained from the output of the anemometer at 2 m/s has also been added to the signatures directly
measured. It is clear that the first term of the Fourier analysis is very similar, and that the third term, due to the
acceleration of the cups, is only present in the measurements performed in the wind tunnel (in still air, the cups have
been removed, see figure 2). The results indicate the possibility of extracting a cup anemometer signature from a
calibration process and not using a specific procedure in still air in accordance with the work developed by Dalberg
et al. [33]. This is a very interesting result, since the signature can be taken into account to improve the performance
of the anemometer.

10
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Figure 10. First nine harmonic terms, A;, from signature of Climatronics 100075 cup anemometer directly measured.
The harmonic terms from the pulse length data recorded at 2 m/s is also included in the graph.

4. Conclusions

The most relevant conclusions of the present work are:

e Counting pulses (CP) has proven to be the better way to extract the output frequency when compared to
FFT. The error of calibrations based on the latter being within +0.4% bracket (for values large enough of
both the dataset and the measurement frequency).

e Larger samples increase the accuracy of the transfer function. Nevertheless, it seems that this accuracy
remains within a stabilized range for sample lengths larger than 20 seconds.

e Results suggest that sampling frequencies larger than 781.25 Hz are required to measure the output
frequency of Thies Clima First-Class Advanced during MEASNET calibration procedure. This requirement
should change for other cup anemometers with different number of square pulses per turn

e The results indicates the possibility of extracting cup anemometer signature indirectly (Which is unique for
each single anemometer equipped with opto-electronic output signal generator) during the calibration of the
wind speed sensor. Therefore, it facilitates the use of the signature to filter the cup anemometer’s output
signal in order to increase the accuracy of this wind speed sensor.
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