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Abstract. In the present study the geometry of cups is experimentally studied through anemometer 
performance. This performance is analyzed in two different ways. On the one hand the anemometer 
transfer function between cases is compared. On the other hand the stationary rotation speed is 
decomposed into constant and harmonic terms, the comparison being established between the last 
ones. Results indicate that some cup shapes can improve the uniformity of anemometer rotation, 
this fact being important to reduce degradation due to ageing. 

Introduction 

Along the twentieth century the cup anemometer has become the most popular instrument to 
measure the wind speed. It combines both simplicity and accuracy and, at present, it is used widely 
in the wind energy sector for many different activities (from wind energy production forecast, to 
wind mill performance control). 

Due to its work as a MEASNET center concerning the calibration of anemometers, there is a 
great interest at the IDR/UPM Institute in the behavior of cup anemometers. For this reason a 
review of more than 10000 calibrations performed at IDR/UPM started in 2009, focusing on the 
performance of commercial anemometers, the effect of the calibration accuracy on the AEP 
(Annual Energy Production) estimations [1], the effect of ageing on the anemometers' performance 
after calibration [2], and the effect of climatic conditions (changes of temperature, pressure and 
density) on the anemometer transfer function [3]. 

Once the basic aerodynamics of the anemometer rotor was described with simple models [4,5,6], 
the interest of many researchers focused more on the non-stationary aerodynamics (that is, the 
overspeeding problem) [7,8,9,10]. However, the aforementioned simple models have been recently 
revised and new conclusions have arisen in order to correlate the aerodynamics of an isolated cup 
with the performance of the anemometer's rotor [11]. 

The transfer function of an anemometer is represented by the following expression: 

V=A-f+B (1) 

where J7is the wind speed,/is the anemometer's rotation frequency output, and A (slope) and B 
(offset) are the calibration coefficients. This linear equation, which correlates the wind speed and 
the anemometer's output frequency [12] has to be defined by means of a calibration process. The 
aforementioned transfer function can be rewritten in terms of the anemometers' rotation frequency, 
fr, instead of the output frequency/ as: 

V=Ar-fr + B (2) 

where Ar is the result of multiplying the calibration constant A by the number of pulses per 
revolution given by the anemometer, Np. The number of pulses is different depending on the 
anemometer's inner system for translating the rotation into electric pulses. Magnets-based systems 
give from 1 to 3 pulses per revolution, whereas opto-electronics-based systems normally give higher 
pulse rates per revolution, from 6 to 44 [1]. 

Today, the cup anemometer has a standardized configuration of three cups, as the 3-cup 
anemometer has become the most efficient solution when compared to the 4-cup anemometer. This 



fact makes the anemometer's rotational speed not uniform [13]. The rotational speed of a 3-cup 
anemometer, 0), under a perfectly constant and uniform wind speed, can be decomposed along one 
turn into a constant term, OJb, plus a series of harmonic terms dependent of a frequency three times 
higher than the one related to the mentioned constant term, and its multiples: 

0){t) = O)0 + o\ sin(3a»0/ + <p3 ) + ••• +0)3n sm(3no)0t + <p3n) + • • (3) 

However, it should be also pointed out that for practical terms these harmonic terms are not 
taken into account as a contribution to the rotational speed. Analyzing the information from [13] 
with regard to a 3-cup anemometer rotational speed measured in one turn, it can be verified that the 
second term of Eq. 3, that is, the third harmonic coefficient of this rotational speed Fourier series 
decomposition, is only 7.8% of the constant term (this third harmonic term being the highest one), 
see Fig. 1. 

In the present study the cups' geometry is experimentally studied through anemometer 
performance. This performance is analyzed in two different ways. On the one hand the anemometer 
transfer function is compared from one another case between different cases. On the other hand the 
stationary rotation speed is decomposed into constant and harmonic terms, the comparison being 
established between the harmonic terms. Results indicate that some cup shapes can improve the 
uniformity of anemometer rotation, this fact being important to reduce degradation due to ageing. 
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Figure 1. Relative-to-the-average rotational speed, 0)1 Oh, of a Thies anemometer during one turn 
at 8 m/s wind speed [13] (top), and non-dimensional values of the Fourier series decomposition 
performed on that rotational speed, Q)lOh (bottom). 



Testing Configuration and Calibration Setup 

The Ornytion 107A anemometer was used in the present study. 10 different rotors were tested 
(see Table 1 and Figs. 2 and 3): 4 were equipped with conical cups (90° cone-angle, all with the 
same cup radius: Rc = 25 mm, with the cup center rotation radius (defined in Fig. 3) varying from 
Rrc = 40 mm to Rrc =100 mm). Three were equipped with elliptical cups (front surface equal to the 
conical cups: Sc = 1963.5 mm and Rrc = 60 mm). Three were equipped with porous cups (front 
surface, including the empty area, equal to the conical cups: Sc = 1963.5 mm2, cup radius: Rc = 25 
mm, truncated shape with hole diameter h = 9 mm, h = 19 mm, and h = 24 mm, and Rrc = 60 mm). 
Calibrations were performed in the calibration wind tunnel at the Mechanical Engineering 
Department at the Vrije Universiteit Brussel, Belgium. The calibrations were carried out following 
MEASNET procedures [14]. The analog output signal of the anemometer during the calibrations 
performed on every rotor was sampled at 30 seconds at 5000 Hz. This provides enough number of 
points to perform an accurate Fourier analysis of the signal and isolate the third harmonic 
coefficient. 

Table 1. Geometrical characteristics of the rotors tested: cups' center rotation radius, Rrc, front area 
of the cups, Sc, cup radius (conical and porous cups), Rc, hole diameter of the porous cups, h, and 
semi-major and semi-minor axes, a and b, of the elliptical cups. See also Fig. 2. 

Conical cups 
Rotor 

c-25/40 
c-25/60 
c-25/80 
c-25/100 

Rc [mm] 
25 
25 
25 
25 

Sc [mm2] 
1963.5 
1963.5 
1963.5 
1963.5 

Rrc [mm] 
40 
60 
80 
100 

-
-
-
-
-

Elliptical cups 
Rotor 

a-27/60 
a-30/60 
a-35/60 

a [mm] 
27 
30 
35 

b [mm] 
23.15 
20.83 
17.86 

Sc [mm2] 
1963.5 
1963.5 
1963.5 

Rrc [mm] 
60 
60 
60 

Porous cups 
Rotor 

h-09/60 
h-19/60 
h-24/60 

Rc [mm] 
25 
25 
25 

Sc [mm2] 
1963.5 
1963.5 
1963.5 

Rrc [mm] 
60 
60 
60 

h [mm] 
9 
19 
24 

Figure 2. Left: Calibration wind tunnel at the Department of Mechanical Engineering of the Vrije 
Universiteit Brussel. Right: Different rotor cups measured: (a): c-25/40; (b): c-25/60; 
(c): c-25/80; (d): c-25/100; (e): h-24/60; (f): h-19/60; (g): a-35/60; (h): a-30/60; 
(i): a-27/60 (h-09/60 rotor cups are not shown in the picture). 
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Figure 3. Sketch of the cups and rotor geometries tested. Dimensions in mm. See also Table 1 

Results 

In Table 2 the results of the calibrations are shown. In order to make the effect of the rotor's 
shape on the anemometer performance more clear, the rotation frequency, fr, has been calculated 
from these results at 10 m/s wind speed, see Fig. 4. It can be seen that, as expected, the rotation 
speed is increased if the cup center rotation radius, Rrc, is reduced, that is, shorter rotor arms 
increase the efficiency of the anemometer in transforming the energy from the wind flow into 
rotation. On the other hand, just comparing the effect of the cup shapes with the same cup center 
rotation radius, the aforementioned efficiency is obviously reduced increasing the porosity of the 
cups (reducing the aerodynamic drag coefficients). The same tendency is observed increasing the 
ratio alb of the elliptical cups' front area. Nevertheless, this effect is lower in comparison with the 
one related to the porous cups. 

Table 2. Calibration constants from each rotor transfer function measured. 

Rotor 
c-25/40 
c-25/60 
c-25/80 

c-25/100 

Ar[m] 
0.9050 
1.5241 
2.1283 
2.7396 

B [m/s] 
0.0828 
0.2425 
0.3471 
0.4379 

Rotor 
h-09/60 
h-19/60 
h-24/60 

-

Ar[m] 
1.6567 
2.0018 
3.5077 

-

B [m/s] 
0.2792 
0.5270 
0.4269 

-

Rotor 
a-27/60 
a-30/60 
a-35/60 

-

Ar[m] 
1.6116 
1.6288 
1.6625 

-

B [m/s] 
0.1762 
0.1666 
0.1388 

-
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Figure 4. Rotation frequency,/,-, at 10 m/s wind speed calculated from the calibration results (see 
Table 2), for each rotor tested. 

An indirect procedure to estimate the third harmonic constant of the Fourier series 
decomposition has been developed, as the anemometer used in the testing campaign, the Ornytion 
107A, gives an analog output consisting in two pulses per revolution. For each rotor and each wind 
speed tested, the following signal has been obtained for several periods of T seconds (T being the 
rotation period in each case, T= \lfr): 

y(t)=y(t)-asm 
( 271 

7/2 
t + q> (4) 

where the second term represents a 2-pulse per turn signal with amplitude Q., this parameter being 
the amplitude of the anemometer's output signal y(f), and finally, ^being the phase angle that gives 
the better approach to the analog output, y{t). The function y'(t) is then the result of filtering y(t), 
extracting the highest harmonic term which represents the anemometer rotation, and it can be 
decomposed into Fourier series: 

y'{t)=y\sm\—t + C1\ + y'2sm\2—t + C2\ + y'3sm\3—t + C3\ + ---

On the other hand, if the rotating magnetic field produced by a 2-pole rotor is: 

B(t) = Asm(28{t) + £) 

(5) 

(6) 

where #is the angular position of the rotor, then, according to the Lenz law the output signal of the 
anemometer is a voltage level proportional to the derivative of the magnetic flux: 

V(t) = -N 
d0 
dt 

•.-NS^ = -NSA2—cos(20(t) + {) 
dt dt V W W (7) 

where N and S are respectively the number of spires and the cross area of the anemometer's 
inductor. Introducing now the expression of the angular speed (Eq. 3), Eq. 7 turns into: 

V(t)^-k^co0cos(2co0t + ^) + coism(3co0t + <p3)cos(2co0t + ̂ )~\ (8) 

where k is proportional to N, S, and the amplitude of the magnetic field, A. Finally, the second term 
of the above expression can be developed in single harmonic terms: 

V(t) O)0 cos(2d)0t + %) +—cos(d)0t + % -%) -—cos(5<z>0/ + % +£) (9) 

As it can be observed, the first harmonic term of the output signal is proportional to the third 
harmonic coefficient of the anemometer's rotating speed, so the same happens with the filtered 



signal, y\t). This procedure was applied in each case for several periods of rotation in order to 
obtain an averaged value of the first harmonic coefficient of y'(f) related to the module of the post-
processed signal, y\l£l. The results are shown in Fig. 5 for each rotor and every wind speed tested. 
It can be observed that the third harmonic of the rotational speed is lower for shorter cup arms, this 
indicates lower minor accelerations during rotation that could reduce degradation (periodic 
recalibrations of anemometers used in the field due to wear and tear are very common in the wind 
energy industry). On the other hand the same effect has been observed comparing rotors with the 
same cup center rotation radius but different cup shapes: h-19/60 and a-35/60 rotors seem to have 
more uniform rotation speeds when compared to c-25/60 rotor. 
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Figure 5. Percentage value of the first harmonic coefficient of the post-processed output signal 
referred to the module of the post-processed signal, y\/D.. 



Conclusions 

In the present work the output signal of an anemometer tested with different rotor configurations 
has been analyzed. The comparison between configurations has been done through the analysis of 
the two parameters, the average rotation speed of the anemometers, and the third harmonic 
coefficient of their rotation speed. The major conclusions resulting from this study are: 

• Lower values of the cups' center rotation radius tend to produce more efficient rotors in 
terms of transforming the wind speed into rotational speed. 

• The rotation uniformity of a cup anemometer is related to the cups' center rotation radius. 
Rotors with lower values of this parameter tend to have more uniform rotational speed. 

• The shape of the cups can also improve the rotation uniformity of an anemometer. 
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