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Abstract: 

The output frequency of five commercial anemometers (Thies Clima First-Class 

Advanced) was studied. The output voltage of these anemometers was measured at the 

calibrations process at 25 kHz sampling frequency, during 25 seconds. The output 

frequency was calculated by two different procedures: by Counting Pulses (CP) and by 

using the Fast Fourier Transform (FFT). The errors of the anemometers’ transfer 

function based on both ways for calculating the output frequency are given in relation to 

the reference calibration results, obtained with an ISO 17025 standard calibration 

process. The effect of the sampling frequency and the length of the sample are analyzed. 

The results of using FFT are compared to the ones resulting from using CP. Counting 

Pulses (CP) has proven to be the most accurate way to extract the anemometer’s output 

frequency from data recorded.  

 

1 Introduction 

Despite the recent developments of sonic anemometers [1–5], nacelle 

anemometers [6–11], LIDAR and SODAR [12–21], cup anemometer remains the most 

common wind speed sensor within the wind energy and meteorology sectors. 
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Furthermore, the trends in the installed wind power even suggest an increase of the 

massive consumption of these sensors in the upcoming years [22]. Cup anemometers 

require a thorough calibration process prior installation [23–26], no matter if it is in a 

meteorology mast or on the top of a wind turbine. Although this wind speed sensor is 

today the most popular technology within the industrial sectors, it should be also said 

that it has certain limitations related to the inertial effects of the rotor in turbulent flows 

(that causes the well-known overspeeding effect) [27–32]. 

 

Figure 1. Opto-electronic output signal generator system of the Climatronics 100075 

cup anemometer. 

 

In recent works at IDR/UPM Institute, the performance of cup anemometers has 

been analyzed taking into account the output signal [26,33–35]. The transfer function 

(also known as calibration curve) of a cup anemometer is defined by the following 

equation: 

Opto-electronic 

system 

30-pulse 

wheel 
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A· BV f  ,                 (1) 

in which the wind speed, V, is calculated in relation to the output frequency of the 

anemometer, f, the slope and offset (A and B, respectively) being defined by a 

calibration process (see Section 2 of the present work).  

 

Figure 2. Examples of sampling the analog square-wave output signal of a cup 

anemometer with same sampling frequency at different wind speeds. The output voltage 

y is plotted in relation to the non-dimensional time t·f (where f is the anemometer’s 

output frequency). From [35]. 

 

The proper calculation of cup anemometers output frequency during their 

calibration process is of paramount importance. Bearing in mind that normally the most 

common top-class anemometers (Thies Clima First-Class or Vector Instruments A100 

LK/LM) give a square wave signal due to the opto-electronic output signal system (see 
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an example of this system in Figure 1), it is important to sample adequately the output 

system in order to extract an accurate value of the aforementioned output frequency. See 

in Figure 2 the pulses given by a cup anemometer equipped with an opto-electronic 

output system, and the data obtained at three different wind velocities when this analog 

signal is measured at 830 Hz sampling frequency. As it can be observed, less 

measurement points are available to extract the anemometer’s output frequency for 

larger wind-speeds. 

In the present work, two methods for extracting the output frequency from a 

sampled square wave signal, Counting Pulses (CP) and the Fast Fourier Transform 

(FFT), are compared, the effect of the sampling frequency and the length of the data 

sample on the cup anemometer transfer function accuracy being also analyzed. This is 

the main and more important contribution of the work, as many calibration facilities 

obtain the output frequency by using FFT without being aware of the differences (in 

terms of accuracy) in relation to CP. 

This technical note is organized as follows. In Section 2 the calibration and post-

processing process are described. The results are discussed in Section 3, and the 

conclusions are summarized in Section 4. 

 

2 Testing configuration and cases studied 

The calibrations of five Thies Clima First-Class Advanced anemometers are 

analyzed in this work. The calibrations were performed at LAC-IDR/UPM calibration 

lab, following MEASNET procedures. More information on this facility and the lab can 

be found in [23]. In brief, a calibration is a wind-tunnel testing of an anemometer in 

which a correlation between the output frequency of the instrument and the wind-flow 

speed is carried out. Thirteen measurement points are taken between 4 m·s
1

 and 16 

m·s
1

 to stablish that correlation and define the transfer function of the anemometer 

through the calibration constants A and B, see equation (1). The anemometers calibrated 

are called hereinafter Anemometer-1 to Anemometer-5, the transfer function obtained 

during their calibration process being called the reference calibration (hereinafter 

defined by constants A
*
 and B

*
). 

During each point of those calibrations a sample of 25 seconds at 25 kHz was 

recorded with a National Instruments NI USB-6210 Data Acquisition System. From 

these data records four new ones with lengths 20, 15, 10, and 5 s were generated for 
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each anemometer. Additionally, new data sets with different sampling frequencies were 

obtained extracting selected points from each data sample (e.g., the 1 kHz samples were 

obtained taking one out of twenty-five points from the original samples). Therefore, 100 

different calibration sets were generated for each anemometer in order to analyze: 1) the 

effects of the sampling frequency, 2) the length of the data sample and 3) the way to 

extract the output frequency (comparing CP and FFT), on the cup anemometer transfer 

function. These equations were directly compared to the reference one in order to 

quantify the accuracy of the calculated transfer function. See in Table 1 a list of the 

cases analyzed from the recorded data. 

 

Table 1. Cases analyzed in the present work. 

 

Anemometers 

calibrated 
 Anemometer-1 

 Anemometer-2 

 Anemometer-3 

 Anemometer-4 

 Anemometer-5 

 

Points per 

calibration 
 4 m·s

1
 

 5 m·s
1

 

 6 m·s
1

 

 7 m·s
1

 

 8 m·s
1

 

 9 m·s
1

 

 10 m·s
1

 

 11 m·s
1

 

 12 m·s
1

 

 13 m·s
1

 

 14 m·s
1

 

 15 m·s
1

 

 16 m·s
1

 

Length of 

samples 
 5 s 

 10 s 

 15 s 

 20 s 

 25 s 

 

Sampling 

frequencies 

analyzed 

 500 Hz 

 625 Hz 

 657.89 Hz 

 675.98 Hz 

 694.44 Hz 

 714.29 Hz 

 735.29 Hz 

 757.58 Hz 

 781.25 Hz 

 806.45 Hz 

 833.33 Hz 

 862.07 Hz 

 892.86 Hz 

 925.93 Hz 

 961.54 Hz 

 1000 Hz 

 1250 Hz 

 5000 Hz 

 12500 Hz 

 25000 Hz 

Calculation of the 

output frequency, 

f 

 CP (Counting Pulses) 

 FFT 
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3 Results 

In Figure 3 the transfer function of the Anemometer-1 reference calibration is 

plotted (solid line), together with the corresponding points from the Anemometer-1/25-

second 500 and 1000 Hz datasets, extracted by CP. It can be observed in the figure that 

the anemometer output frequencies calculated from the 1000 Hz sampling rate dataset 

seem quite accurate (as they fit the reference calibration well), whereas the output 

frequency calculated from the 500 Hz sampling rate dataset presents problems for wind 

speeds above 11 m·s
1

. The obvious explanation of this effect lies on the anemometer‘s 

output square-wave frequency, which is larger than 250 Hz for those wind speeds. 

Therefore and according to Nyquist theorem [36], a sampling frequency above 500 Hz 

is required to extract correctly the output frequency at 12 m·s
1

 or larger wind 

velocities. Besides, the transfer function (1) based on the points calculated with the 500 

Hz dataset has been also plotted in Figure 3 (dashed line). The poor accuracy of this 

transfer function in relation to the reference one can be observed in the figure. 
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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). 

 

A simple but effective way to estimate the accuracy of a transfer function is by 

calculating the residuals. The residuals, rs,i, in an anemometer calibration are the wind 
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speed differences between the testing wind speeds, Vi, and the ones from the transfer 

function at the calculated output frequencies, fi: 

 , A· Bs i i ir V f   .                (2) 

In Figure 4, the absolute values of the residuals from the transfer functions based on the 

Anemometer-1/25-second 500, 625, 675.68, and 1000 Hz datasets calculated by CP are 

plotted. As expected, smaller residuals are obtained with higher sampling rates. 

An alternative way to estimate the accuracy of the calculated transfer functions 

has been also used in the present work. The wind speed error in relation to the reference 

transfer function has been calculated for the transfer functions obtained from the 

different sampling frequency datasets: 

   * *A · B A· Bi i iV f f     .              (3) 
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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. 

 

In Figure 5, the absolute values of these wind speed differences are plotted for the 

aforementioned transfer functions calculated by CP with the Anemometer-1/25-seconds 

500, 625, 675.68, and 1000 Hz datasets. As expected also, the best results are obtained 

with higher sampling rates. The wind speed error is three orders of magnitude smaller 

for a frequency of 1000 Hz than for a frequency of 500 Hz.  



  

8 

0.0001

0.001

0.01

0.1

1

10

100

1000

0 5 10 15 20

|V|

[m·s1]

V  [m·s1]

 500 Hz sampling freq.

 625 Hz sampling freq.

 675.68 Hz sampling freq.

 1000 Hz sampling freq.

 

Figure 5. Anemometer-1/25-second 500, 625, 675.68, and 1000 Hz datasets. Absolute 

values of the wind speed error, V, calculated by CP. 

 

Additionally, an averaged value of the residuals, RS, and an averaged percentage 

value of the wind speed error, Vavg: 
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have been proposed to characterize the accuracy of the transfer functions corresponding 

to all analyzed different sampling rate datasets. The values of both parameters 

corresponding to the Anemometer-1/25-second datasets, extracted both by CP and by 

using the FFT, are plotted in Figures 6 and 7. In those figures, the left graph displays the 

results for all the frequencies measured, whereas the right graph is a detailed view of the 

lower frequencies results (500 Hz to 1000 Hz). 

In figure 6 the behavior of the residuals is shown. It is clear that both methods, 

CP and FFT, reach a constant value once the frequency is increased enough. This 

constant value is smaller in the case of the CP. However, the frequency at which this 

value is reached is a bit smaller in the case of the FFT. The same trend can be seen in 

figure 7, where the averaged percentage values of the wind speed errors are displayed.  
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Figure 6. Anemometer-1/25-second datasets. Averaged value of the transfer functions 

residuals, RS, in relation to the sampling frequency. The residuals were calculated by CP 

and by using FFT. On the left, all the 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, Vavg, in relation to the sampling frequency. The residuals were 

calculated by CP and by using FFT. On the left, all the results are displayed, whilst on 

the right, only the results for frequencies from 500 Hz to 1000 Hz are displayed. 

 

The effect of the dataset length on the aforementioned stabilized values of the 

residuals, RS|st, and the wind speed error, Vavg|st, is shown in Figures 8 to 12 for the five 

anemometers studied. The decreasing trends of both parameter in relation to the 

sampling dataset length is shown in the graphs from these figures, the results obtained 

by CP being better as they show lower values when compared to the results obtained by 

using FFT. 
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Finally, the percentage errors of the calibrations based on the 25kHz/25-second 

datasets and calculated with FFT, in relation to the reference calibrations, V, are 

included for Anemometers 1 to 5 in Figure 13. From this results it can be deduced that 

the error depends on the wind speed (that is, on the output frequency), the relationship 

between the errors and the variable (wind speed or output frequency) being similar to a 

first order transfer function. Although, the errors seems to be within 0.4% bracket, this 

figure being a first approximation to the uncertainty, it could be quite premature to 

stablish the contribution of the FFT procedure to the calibration uncertainty, as a whole 

analysis on the different sources of error would be required. 
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Figure 8. Anemometer-1. Stabilized values of the residuals, RS|st, and the wind speed 

error, Vavg|st, in relation to the sampling dataset length. 
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Figure 9. Anemometer-2. Stabilized values of the residuals, RS|st, and the wind speed 

error, Vavg|st, in relation to the sampling dataset length. 
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Figure 10. Anemometer-3. Stabilized values of the residuals, RS|st, and the wind speed 

error, Vavg|st, in relation to the sampling dataset length. 
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Figure 11. Anemometer-4. Stabilized values of the residuals, RS|st, and the wind speed 

error, Vavg|st, in relation to the sampling dataset length. 
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Figure 12. Anemometer-5. Stabilized values of the residuals, RS|st, and the wind speed 

error, Vavg|st, in relation to the sampling dataset length. 
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Figure 13. Percentage wind speed error in relation to the reference transfer function, V, 

as a function of the wind speed, V. Data from calibrations based on FFT with regard to 

Anemometers 1 to 5 (A-1 to A-5) 25 kHz/25 seconds measurement datasets. 

 

4 Conclusions 

The aim of the present technical note is to analyze the effect of the sampling 

frequency, the length of the samples, and the procedure to obtain the output frequency 

(comparing CP and FFT) during cup anemometer calibration, on the accuracy of the 

transfer function. The most significant conclusions derived from the preset work are the 

following: 

 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 s. 

 The results suggest that sampling frequencies larger than 781.25 Hz are required 

to measure the output frequency of Thies Clima First-Class Advanced during a 

MEASNET calibration procedure. This requirement should change for other cup 

anemometers with different number of square pulses per turn (Thies Clima First-

Class Advanced gives 37 pulses per turn whereas Vector Instruments A100 

LK/LM gives 25). 

 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 enough large values of both the dataset and the 

measurement frequency). 
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