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A B S T R A C T

The effect of drops in the rotation wheel of the opto-electronic system of a commercial anemometer (Thies First
Class Advanced) was studied. The output voltage of this anemometer was measured at different wind speeds dur-
ing its calibration process, at 25kHz sampling frequency along 25s. The output frequency was calculated both
ways: by counting pulses (CP) and by carrying out a Fast Fourier Transform (FFT). The errors of the anemometers
transfer function based on both procedures are given in relation to the official (MEASNET) calibration. The effect
of the sampling frequency is also analyzed together with the presence of oil drops. No effect of the oil drops was
observed on calibrations carried out by extracting the anemometers transfer function with FFT. When using CP,
results showed great differences between calibrations affected and not affected by the presence of oil drops in the
rotation wheel of the opto-electronic system.

1. Introduction

The frequency of the output signal of a cup anemometer, usually
called output frequency, f, is the parameter used to calculate the mea-
sured wind velocity, no matter if this output signal is a sine wave gener-
ated by a magnets system or a square wave generated by an opto-elec-
tronic system.

Bearing in mind that normally the output signal from the most com-
mon top-class anemometers (Thies First Class Advanced or Vector In-
struments A100 LK/LM) is a square wave signal composed by a quite
large number of pulses per turn, it is important to sample it adequately
in order to extract an accurate value of the aforementioned output fre-
quency.

Anemometer degradation is a well-known problem in the wind en-
ergy sector as well as in meteorology. As a cup anemometer loses per-
formance due to:

•the normal wear and tear process,
•an incorrect maintenance, or
•sudden incidents such as lightning,

the wind speed measurement given by the instrument diverges from
the real wind speed. As a consequence, this loss of performance is
translated into a wrong wind turbine operation or inaccurate data

when studying the energy production of a specific geographic location,
causing a negative impact on the foreseen industrial revenue in both
cases. This isn't a new problem neither in the wind energy sector nor
in the meteorology one. Furthermore, it can be said that around 30%
of mast-mounted anemometers return for recalibration far from normal
operational conditions [1].

In order to preserve its performance, cup anemometers need a thor-
ough and periodical maintenance to keep the lowest possible friction
between the bearings, this maintenance including a proper lubrication.
However, lubrication can cause problems in the opto-electronic sys-
tem. In Fig. 1, the presence of an oil drop at the slotted wheel of the
opto-electronic system from a Thies First Class Advanced cup anemome-
ter is shown. These oil drops can alter the output signal of the anemome-
ter, as the output signal might lose pulses in each turn.

The output signal of a cup anemometer is shown in Fig. 2, this sig-
nal being a square wave in which the higher voltage level corresponds
to the moment when a slot of the wheel, see Fig. 1, lets the light gener-
ated by a led passing through it and, consequently, a light sensor located
at the other side of the wheel is illuminated. In this figure, the open
circles represent a sampling data obtained at 830Hz rate for three dif-
ferent wind speeds (that imply three different rotation rates of the cup
anemometer, obviously). It can be observed that at larger wind speeds it
is necessary to increase the sampling rate if an accurate measurement of
the anemometer's rotation rate is required.
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Fig. 1. (Left) Oil drop in the slotted wheel of the optoelectronic system's of a Thies First Class Advanced cup anemometer. (Right) Fluid meniscus of the oil drop.

The aforementioned effect of oil drops in the slotted wheel was al-
ready checked at the IDR/UPM Institute, together with its surprising,
though logical, disappearance at the larger wind speeds (at higher rota-
tion rates of the slotted wheel, the fluid meniscus of the drop tends to
vanish due to the effect of the inertia combined with the surface tension
of the drop).

In this work, the effect of the presence of drops in the opto-electronic
system of a Thies First Class Advanced cup anemometer is analyzed.
The oil drops have been simulated in the output signals records of this
anemometer taken during its calibration. In every lap, pulses of the sig-
nal were eliminated by changing their higher voltage levels by the lower
ones. This is shown in Fig. 3, where a time series of the voltage level, e,
sampled from a cup anemometer's signal can be observed, together with
a time series where a drop at on slot has been simulated by deleting one
pulse. Besides, 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 is
also studied.

This paper is organized as follows. In Section 2 the calibration and
post-processing process are described, together with the studied cases.
The results are discussed in Section 3, and the conclusions are finally
summarized in Section 4.

2. Testing configuration and cases studied

The cup anemometer performance is commonly evaluated through
the transfer function:

(1)
that gives the wind speed, V, as a function of the output frequency of

the anemometer, f. The slope and offset (A and B, respectively) of the
above equation have to be defined by a proper calibration process.
The data from the calibration of a Thies Clima First-Class Advanced
anemometer is analyzed in this work. This calibration was performed
at the LAC-IDR/UPM calibration lab, following the procedure stated by
MEASNET. More information on this facility and the lab can be found in
Refs. [3–7].

In brief, a cup anemometer calibration is a wind-tunnel testing of this
sensor in which a correlation between the output frequency of the in-
strument and the wind-flow speed is carried out. Thirteen measurement
points are taken between 4ms−1 and 16ms−1 to stablish that correla-
tion, and to define the aforementioned transfer function by extracting
the constants A and B through a linear fitting of the data. The proper
transfer function, obtained for the studied cup anemometer by following
MEASNET standards during their calibration process [8,9], is taken as
the reference data calibration (hereinafter defined by constants A* and
B*, see equation (1)) in the present work.

During each point of this calibration, a 25-s sample of the anemome-
ter output signal was recorded at 25kHz with a National Instruments NI
USB-6210 Data Acquisition System. New data sets with different sam-
pling frequencies were generated by extracting selected points from each
data sample (e.g., the 1kHz samples were obtained taking one out of
twenty-five points from the original samples). Therefore, 20 different
calibration datasets of 13 wind speed points, at different sampling fre-
quencies were generated, see Table 1. In all those time series, one every
37 pulses has been modified in order to simulate the presence of an oil
drop.

The aim of the present work is to study the effect of an oil drop in
the slotted wheel of a cup anemometer on its transfer function accu
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Fig. 2. Sampling data (open circles) extracted at 830Hz rate from the output signal
(square wave) of a cup anemometer, at three different wind speeds. In the figure f stands
for the frequency of the signal (also called the cup anemometer's output frequency, see
equation (1)). From Ref. [2].

Fig. 3. Example of one pulse loss within one of the cup anemometer output signal datasets.

racy, taking into account: 1) the effects of the sampling frequency of the
output signal, and 2) the way to extract the output frequency (compar-
ing CP and FFT). The results are directly compared to the reference cali-
bration of the anemometer, in order to quantify the aforementioned loss
of accuracy.

Additionally, the presence of a second drop in the slotted wheel is
also analyzed, as more than one drop might remain in the slotted wheel
of the anemometer output system due to a sloppy maintenance. In this
case, the position of the second drop in relation to the first one is rele-
vant. Therefore, all possible cases are taken into account.

3. Results

In Fig. 4, the data (i.e., the transfer functions) from the 1000Hz sam-
pling rate datasets corresponding to:

Table 1
Cases analyzed in the present work.

Measurement points per calibration dataset •4ms−1

•5ms−1

•6ms−1

•7ms−1

•8ms−1

•9ms−1

•10ms−1

•11ms−1

•12ms−1

•13ms−1

•14ms−1

•15ms−1

•16ms−1

Length of the sample at each point •25s
Sampling frequencies analyzed •500Hz

•625Hz
•657.89Hz
•675.98Hz
•694.44Hz
•714.29Hz
•735.29Hz
•757.58Hz
•781.25Hz
•806.45Hz

•833.33Hz
•862.07Hz
•892.86Hz
•925.93Hz
•961.54Hz
•1000Hz
•1250Hz
•5000Hz
•12500Hz
•25000Hz

Calculation of the output frequency, f •CP
•FFT

•the case with one drop in the slotted wheel of the anemometer, and
•the case without any drop,

are shown together with the calibration curve from the proper
process at IDR/UPM Institute (that is, the reference calibration curve).
The output frequencies in each point were calculated by CP. In the graph
it can be observed that the presence of the drop causes a lack of accu-
racy in relation to the output frequency, f, which would be translated
into an incorrect calculation of the calibration constants, the slope, A,
and the offset, B, of the corresponding transfer function.

The accuracy of the calibration curves extracted from each dataset
studied in the present work can be estimated in terms of the residuals:

(2)

and the error of the wind speed with respect to the one resulting from
the reference calibration curve [10]:

(3)

An example of the variation of the calibration residuals, |rs|, with the
velocity in the wind tunnel is shown for two different sampling rates
(f1 =1000Hz and f2 =658Hz) in Fig. 5. In the upper graph of this fig-
ure the results obtained with the CP method for extracting the output
frequency of the anemometer are shown, whereas the results obtained
by using the FFT method are respectively plotted in the lower graph. It
can be observed in the figure that, for the selected datasets, the presence
or absence of the oil drop does not significantly change the behavior
of the residuals. As expected, lower values of the residuals are obtained
(with both methods, CP and FFT) from the 1000Hz dataset than from
the 685Hz dataset.

The corresponding variations of the velocity errors, |ΔV|, are shown
in Fig. 5. In this case, the results obtained with the FFT method show
no remarkable differences between the calibration calculated from the
dataset with the oil drop and the one calculated from the dataset with-
out it, regardless of the sampling frequency. However, the influence of
the oil drop on the calibrations obtained with the CP method is quite
noticeable for both sampling rates. The presence of the oil drop dramat-
ically increases the error in the measured wind speed. It is important
to remark that the vertical scale of the graphs in Fig. 6 is logarithmic.
Finally, it should also be highlighted that the lower error in relation to
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Fig. 4. Output frequencies, f, from the 1000Hz sampling rate datasets (with and without one oil drop in the anemometer's slotted wheel), calculated by CP. The reference calibration curve
(IDR/UPM calibration) has been also included in the graph.

Fig. 5. Residuals, rs, of the calibration curves from f1 =1000Hz and f2 =658Hz sampling rates datasets (with and without a pulse loss per turn of the rotor), in relation to the wind speed,
V. Results obtained by using CP (top graph) and FFT (bottom graph) procedures to extract the output frequencies of the anemometer.

the proper calibration of the cup anemometer is obtained by using CP
(obviously, in the case of no oil drop in the slotted wheel of the wind
sensor). This result was obtained in our previous work [10].

Additionally, an averaged value of the residuals, RS, and an averaged
value of the wind speed error, ΔVavg:
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Fig. 6. Errors, ΔV, of the calibration curves from the f1 =1000Hz and f2 =658Hz sampling rates datasets with respect to the reference calibration curve (equation (3)), in relation to the
wind speed, V. Results obtained by using CP (top graph) and FFT (bottom graph) procedures to extract the output frequencies of the anemometer.

(4)

(5)

have been calculated to characterize the accuracy of the transfer func-
tions corresponding to all analyzed different sampling rate datasets. The
values of these new variables in relation to the sampling rates up to
1000Hz (the variables remain almost constant for larger frequencies)
are shown in Figs. 7 and 8, respectively. From these figures it seems
clear that the residuals of the calculated calibration curves are not af-
fected by the presence of the oil drop, regardless the sampling frequency
and the processing method, CP or FFT.

The explanation of this behavior in case of the calibrations based on
CP lies on the definition of the residuals, which are the average differ-
ences between points and their linear fittings. The presence of the oil
drop changes the points by introducing an error that is linear with the
output frequency, as it can be observed in Fig. 4. Let's evaluate one
point of a calibration (without drop) where Ni pulses have been gener-
ated. Therefore, the output frequency can be calculated as:

(7)

Fig. 7. Average residual, RS (see equation (4)), in relation to the sampling rate, calculated
with both methods, CP and FFT, for the datasets with and without oil drop.

where Δt=25s is the length of the sample. On the other hand, the fre-
quency corresponding to the oil drop case, fi*, can be estimated as:

(8)

which means that the linearity of the calibrations from datasets af-
fected by an oil drop remains when compared to the corresponding cal
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Fig. 8. Average error, ΔVavg (see equation (5)), in relation to the sampling rate, calculated
with both methods, CP and FFT, for the datasets with and without oil drop.

ibrations from datasets not affected by an oil drop. Therefore, it is logi-
cal to assume that the residuals should be very similar.

With regard to the calibrations based on FFT, the oil drop only in-
troduces a perturbation each turn, whereas the time of the pulses gen-
erated by the slots of the slotted wheel remain the same in relation to
the no-oil drop cases (the only difference is that 1 pulse out of 37is miss-
ing). Consequently, the calculated frequencies with FFT should be very
similar when compared both cases with and without drop, the residuals
being also very similar.

In contrast with the residuals, the wind speed error of the calibration
curves is greatly affected by the presence of an oil drop in the anemome-
ter's slotted wheel if the CP method is used for calculating the output
frequency, f. The difference is of two orders of magnitude. As stated pre-
viously by equation (8), a percentage error is introduced in the calcu-
lations of the output frequency by CP when an oil drop is in the slot-
ted wheel. The result is a calibration curve different from the reference
one, which logically increases the wind speed error. In other words, the
measurement of the velocity with the CP method when an oil drop ac-
cidently falls into a slot of the slotted wheel of the anemometers output
system, can lead to a quite relevant differences with regard to the true
wind speed (which could be a problem in terms of economic revenue in
the wind energy sector, as the extractable energy from wind generator
is proportional to the third power of the wind speed).

Besides, the calibrations based on FFT do not reveal differences in
terms of velocity error when comparing the cases with and without oil
drop. The reason for this result was mentioned above. The lack of one
pulse due to the presence of an oil drop in the slotted wheel only intro-
duces a perturbation each turn, therefore the FFT analysis will only re-
sult in an increase of the spectrum peak related to the cups rotation fre-
quency, the one related to the output frequency (caused by the pulses)
being almost unchanged.

In Fig. 8, the more accurate results obtained in calibrations based on
CP of datasets without oil drop when compared to the ones based on FFT
is shown. This result, previously commented, might require a further ex-
planation. The FFT is a powerful mathematical tool to analyze datasets,
it extracts the most relevant frequencies of a dataset up to a limit that
depends on the sampling frequency and the length of the sample. Also,
the FFT is a technique that needs to split the sample in order to keep
2n points only. Therefore, its accuracy is limited when compared to CP,
whose error is in terms of extracted frequency is around the inverse of
the number of pulses recorded by the sample, and does not add related
to the length of the sample, the sampling frequency, or the numerical
errors due to the algorithms used.

Additionally, the effect of the presence of a second oil drop in the
slotted wheel of the opto-electronic system has been analyzed. In this
case, not only the sampling frequency and the processing method, but
also the position of the second oil drop in relation to the first one have

been studied. The comparison of the residuals from the different cases
tested:

•no drop in the slotted wheel,
•one drop in the slotted wheel,
•drops in two consecutive slots of the wheel,
•drops in two diametrically opposed slots of the wheel (that is, the sec-
ond drop is located in the 18th slot after the first drop, as the Thies
First Class Advanced wheel comprises 37 slots),

is shown in Fig. 9. In the top graph of this figure, the results from
the calibrations based on the CP method are shown, whereas the results
from calibrations based on the FFT method are shown in the bottom
graph.

Regarding the CP method, it is clear that no difference is found be-
tween any of the cases tested, regardless the sampling frequency. There-
fore, it can be said that the CP method is very robust concerning the
residuals of the calibration. The FFT method has also quite good re-
sults, but when the measurement is finally stabilized, the results indicate
higher values of the residuals than those from the CP method. However,
it can be said that the FFT method is also quite robust concerning the
residuals of the calibration.

Fig. 10 is organized following the same pattern from Fig. 8, but in
this case the average error of the calibrations, ΔVavg, it is shown in re-
lation to the sampling rate. In the figure, it can be observed that the re-
sults based on the CP method are highly influenced by the number of
oil drops present. Without any oil drop, the average error is of the order
of magnitude of 10−4, but the presence of one oil drop increases this er-
ror up to the order of magnitude of 10−2. The presence of the second oil
drop keeps increasing the value of the average error. Finally, no differ-
ence between the results related to the position of the second drop (in
the contiguous slot or in the opposite one to the first) is shown. Since
the CP method just counts pulses through the time series, the final result
is not conditioned by the position of the second drop in relation to the
first one. Finally, the effect of oil drop in the slotted wheel seems to be
reduced in calibrations based on the FFT procedure.

As seen in Figs. 7–10, the residuals and the velocity errors are log-
ically higher for small sampling frequencies than for higher sampling
frequencies. In the present work, the stability condition of these vari-
ables with regard to the sampling rate has been considered to be reached
when the value of the selected variable (RS and ΔVavg) lies within the
±5% of the average value from the 5 highest sampling rates (that is,
from 1000Hz to 25000Hz, both included), which are considered the
most stable ones. In Fig. 11, the value of the sampling rate at which the
stability condition is reached, SSR, is displayed in relation to the posi-
tion of the second drop with regard to the first one.

The RS and ΔVavg stabilization sampling rates related to the CP
method does not depend on the position of the second drop in the slotted
wheel of the opto-electronic system. In fact, the stabilization sampling
rate of the residuals, RS, is not affected by the presence of any oil drop.
The velocity error, ΔVavg, is stabilized at a lower sampling rate when the
drops are present in the slotted wheel, as the velocity error is highly in-
creased with the presence of these drops (see Fig. 10, top). Therefore,
the sampling rate at which the error is close to the final value is reached
earlier.

On the other hand, the residuals, RS, stabilization sampling rates
from the calibrations based on the FFT procedure seem not to be very
sensitive to the presence of one oil drop, having the same values shown
by the calibrations based on CP. Only at some positions of the sec-
ond oil drop the stabilization frequency slightly changes. With regard
to the velocity error, ΔVavg, the calibrations based on the FFT proce-
dure seem to have a different stabilization sampling rate depending on
the presence of a second oil drop. This variation between 892.86Hz and
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Fig. 9. Average residual, RS (see equation (4)), in relation to the sampling rate, for the datasets without oil drop in the slotted wheel, with a single oil drop, and with two oil drops in
different positions: in two consecutive slots and in two diametrically opposed slots. Top graph: calibrations obtained with the CP method; bottom graph: calibrations obtained with the
FFT method.

1000Hz of the stabilization sampling rate can be explained as the veloc-
ity error, ΔVavg, shows some fluctuations in relation to the sampling rate
(see Fig. 10, bottom).

The standard deviation of RS and ΔVavg after SSR (that is, once the
stabilization sampling rate has been reached) is displayed in Fig. 12.
Calibrations based on CP show very low values of this deviation. Only
when the second oil drop is added, the standard deviation of the veloc-
ity error, ΔVavg, slightly increases.

As for the calibrations based on the FFT procedure, the standard de-
viation of the residuals, RS, is very similar for the configurations with-
out oil drop and with one oil drop. When a second drop is added the
standard deviation depends on the position of the second drop, but with
no clear trend. Compared to the calibrations based on the CP procedure,
the standard deviation of the residuals from the calibration based on the
FFT procedure is larger. Regarding the standard deviation of the veloc-
ity error, ΔVavg, the presence of the first oil drop makes it fall to a very
low value. The second drop, however, changes this value for some of the
positions of the oil drop.

4. Conclusions

The possible presence of oil drops in the slotted wheel of a cup
anemometer opto-electronic system can lead to measurement errors, de-
pending on the method used to process the output frequency of this
wind sensor. Counting Pulses for extracting the output frequency (CP
method) has a better performance than extracting the cup anemometers
output frequency by using the Fast Fourier Transform (FFT), in both,
residuals and velocity errors, when there is no oil drop. However, the
presence of oil drops significantly increases the velocity error for the CP
method, whilst the behavior for the FFT method remains unchanged.

If a cup anemometer is affected by dirt in the slotted wheel of the
opto-electronic system, the observed errors in terms of measured wind
speed can be quite large depending on the methodology used to extract
the output frequency. This fact highlights the relevance of the present
work as:

•dirt (oil drops from bearings lubrication) has proven to affect the
aforementioned slotted wheel of anemometers, and

•both studied methodologies for output frequency extraction, CP and
FFT, are commonly used in research and data processing within wind
energy and meteorology sectors.
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Fig. 10. Average error, ΔVavg (see equation (5)), in relation to the sampling rate, for the datasets without oil drop in the slotted wheel, with a single oil drop, and with two oil drops in
different positions: in two consecutive slots and in two diametrically opposed slots. Top graph: calibrations obtained with the CP method; bottom graph: calibrations obtained with the
FFT method.
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Fig. 11. Sampling frequency at which stability is reached in relation to the position of the second drop. Configurations without oil drop, with one oil drop and with two oil drops are
displayed.
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Fig. 12. Standard deviation of the residuals and the velocity error after the stability is reached, with regards to the position of the second drop. Configurations without oil drop, with one
oil drop and with two oil drops are displayed.
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