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Abstract
Better knowledge of wind turbine behaviour in the atmosphere and assessment of performance of
wind turbines under various atmospheric conditions is pushing for increased accuracy in wind speed
measurements. Higher accuracy may be reached if robust calibration, evaluation and classification
methods are used for assessment of the instruments. The European project ACCUWIND has the
goal to improve on such assessment methods for cup and sonic anemometers for average wind
speed measurements. The present paper deals with some of the important aspects of assessment of
cup and sonic anemometers connected to wind tunnel tests. A new method for measurement of
torque coefficient curves of cup anemometers was developed and is presented. It is based on
measurement of time between pulses of all pulses of a multi-tooth wheel of a cup anemometer in a
pulsating wind obtained in the FOI-LT5 wind tunnel. The measurement method is compared to
another method in which a motor is driving the cup rotor at off-equilibrium conditions in a steady
wind, while the torque is measured with a strain gauge balance. The comparison shows very good
agreement between the two methods, but additionally the new method has the advantage that torque
measurements in tilted conditions can be made. An overview of sonic technology and a short review
of the state-of-the-art of sonic anemometry is presented, underlining the lack of a standard
calibration procedure to help in average wind speed measurements in wind energy applications.
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Abstract
Better knowledge of wind turbine behaviour in the
atmosphere and assessment of performance of wind turbines
under various atmospheric conditions is pushing for increased
accuracy in wind speed measurements. Higher accuracy may
be reached if robust calibration, evaluation and classification
methods are used for assessment of the instruments. The
European project ACCUWIND has the goal to improve on
such assessment methods for cup and sonic anemometers for
average wind speed measurements. The present paper deals
with some of the important aspects of assessment of cup and
sonic anemometers connected to wind tunnel tests. A new
method for measurement of torque coefficient curves of cup
anemometers was developed and is presented. It is based on
measurement of time between pulses of all pulses of a multitooth wheel of a cup anemometer in a pulsating wind
obtained in the FOI-LT5 wind tunnel. The measurement
method is compared to another method in which a motor is
driving the cup rotor at off-equilibrium conditions in a steady
wind, while the torque is measured with a strain gauge
balance. The comparison shows very good agreement
between the two methods, but additionally the new method
has the advantage that torque measurements in tilted
conditions can be made. An overview of sonic technology
and a short review of the state-of-the-art of sonic anemometry
is presented, underlining the lack of a standard calibration
procedure to help in average wind speed measurements in
wind energy applications.
Introduction
The latest revision of the IEC standard on power performance
measurements of individual wind turbines [1] requires that
the measured wind speed is a ten minute average of the
horizontal wind speed. The standard also requires cup
anemometry with cosine angular response characteristics to
be used. In practice, tilt characteristics of cup anemometers
deviate somewhat from the cosine curve, and therefore sonic
anemometers may have an advantage in highly complex flow
with high flow inclination angles. The standard also describes
methods for calibration and classification of cup
anemometers. The basis for this classification procedure is
two European research projects, SITEPARIDEN [2] and
CLASSCUP [3], which focused on the key influential
parameters on cup anemometer accuracy, and proposed a
classification method for operational uncertainties.
Meanwhile, the robustness of the methods were not fully
investigated, and some results showed relationships that were
unexpected. In the CLASSCUP project [3], the dynamic
overspeeding effects, associated with the detailed torque
characteristics were discovered, but the methods to measure
the torque characteristics were considered quite sensitive, and
not adequate for measurement of torque characteristics at
inclined airflow. The SITEPARIDEN project [2] showed a
high dependency of the vertical turbulence component on the
cup anemometer reading, indicating a more complex
dependency than the one derived from a combination of an
ordinary tilt characteristic measurements and longitudinal
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Improved methods of cup anemometer torque
characterization
Torque characteristic measurement procedures were
investigated at the FOI-LT5 wind tunnel. A new
measurement method was developed, which did not need a
mechanical connection between the cup anemometer and a
motor to bring the cup anemometer in off-equilibrium states
at varying speed ratios. The method that was developed used
each pulse of a multi-pulse tooth wheel of a cup anemometer
to measure the rotor angular speed. At first, the tooth wheel
signature was determined in a steady rotation, showing the
individual pulse variations due to imperfections of the pulse
wheel. Fig. 1 shows such a tooth wheel signature for a Thies
Classic cup anemometer with 44 pulses per rev.
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dynamic overspeeding effects. These results have lead to
further wind tunnel investigations of aerodynamic torque
characteristics under inclined flow. Also, investigations of the
problems of use of sonics in average wind speed
measurements have been investigated, and main findings are
presented.
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Figure 1 Absolute measure of the tooth wheel signature by
means of disc rotation in still air. Note that the difference
between the smallest and widest gap is about 10%.
Once the tooth wheel signature is known, both the rotor
position and the angular speed can be identified and
determined for varying test conditions. Fig. 2 shows a
relative and normalized tooth wheel signature for one
revolution in steady flow for the cup anemometer at 8m/s.
The figure clearly shows the variation in rotational speed due
to varying aerodynamic torque when each cup goes through
the high drag stage.
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Figure 2 Determination of the torque component in the tooth
wheel signature from cup passage in the high drag stage at
8m/s constant wind speed. The three per rev variation appears
very clearly.
Exposing now the cup anemometer to a pulsating wind in the
LT5 wind tunnel, the cup anemometer responds to the
variations in wind speed by a varying aerodynamic torque:
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inertia (rotors of the two measurements were not identical).
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r ARU CQ ( l )
Torque measurements on Risoe P2546a cup anemometer @ 8 m/s

where
I
is rotor inertia
w is angular speed
r
is air density
A
is cup area
R
is cup arm
U
is wind speed
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Figure 4 Comparison of torque coefficient curves derived
from strain gauge balance measurements and measurements
in pulsating wind for the Risø cup anemometer.

U - Ut

where
U t is a threshold wind speed
In measuring the tunnel wind speed, the cup anemometer
angular speed and the time steps, the torque coefficient can
be derived:
CQ ( l ) =

2 I Dw

Measured torque coefficient curves for various tilt angles for
a Vector cup anemometer was compared with an ordinary tilt
angle measurement, see fig. 5. The figure shows very good
agreement between the measurements made under static
conditions and those made under dynamic conditions. The
characterization of torque and tilt characteristics is thus
somewhat robust when applied to different methods.
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Figure 3 shows torque coefficient curves measured for a Risø
cup anemometer with 12 pulses per rev for various tilt angles
by using the described method with pulsating wind in the
wind tunnel. The wind speed varied typically from 5.5m/s to
10.5m/s and the frequency from 0.01 to 1Hz.
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Figure 5 Comparison of tilt responses for a Vector
anemometer, derived from the static tilt tests (colored curves)
and the zero-torque intersection points of the torque
coefficient curves from the pulsating wind tests (black
symbols).
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Torque coefficients curves of five different cup
anemometers
Five different cup anemometers have been investigated in the
FOI-LT5 wind tunnel using the pulsating wind measurement
technique. The cup anemometers are shown in fig. 6 and the
torque coefficients for horizontal flow are shown in fig. 7.

Figure 3 Measured torque coefficient curves for a Risø cup
anemometer at 21 fixed inflow angles, varying from -45° to
45° tilt. X-axis is speed ratio and Y-axis is torque coefficient.
The torque coefficient curve for vertical position was
compared to a torque coefficient curve measured with a
mechanical connection between the cup anemometer and an
external motor with a strain gauge balance [4], see fig. 4. A
very good overall agreement was attained after normalizing
to the same equilibrium speed ratio and adjusting the rotor

4

Figure 6 Five cup anemometers being tested in the FOI-LT5
wind tunnel. From left Vaisala WAA151, Vector A100LK,
Thies First Class, NRG Maximum 40, Risø P2546
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for different runs under the same nominal conditions
(different unit in different wind tunnel that in case B) [11].
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Figure 7 Aerodynamic torque coefficient curves of five
different cup anemometers derived from pulsating wind
measurements, and withdrawn friction influence.
The torque coefficient curves in fig. 7 are in general seen to
be non-smooth curves. Nevertheless, they show detailed
characteristics of the torque characteristics. At zero torque the
equilibrium speed ratio is seen to vary for the different cup
anemometers. The Vector anemometer is operating at a speed
ratio about 0.26, the Thies FC at about 0.28, and the last three
at speed ratios less than 0.3. An important aspect of a torque
coefficient curve is the slope of the curve above and below
zero torque. Positive torque coefficients indicate the
acceleration characteristics, and negative torque coefficients
indicate deceleration characteristics.
Assessment of Sonic Anemometry
Sonic anemometry is not regarded the most appropriate
anemometer type for average wind speed measurements,
although in the ACCUWIND project it is assessed for such
measurements. Sonic anemometry is the most extensively
used sensor for turbulence measurements, mainly in places
where the turbulent flow is highly 3D, as it occurs in natural
complex terrain [5], [6]. However there is not a general
confidence in sonic anemometers. Although their adequacy
has been widely evidenced, their response is not well
characterized (see Figure 8) and it is highly model dependent,
which makes their utilization in wind energy applications,
somehow risky [7]. Research activity trying to improve the
situation is being undertaken in the ACCUWIND project and
COST 14 [8].

Modelisation of the sonic anemometer
A Sonic anemometers is an intrusive and averaging sensor,
therefore it affects the measurand be it the real wind speed, or
other flux parameters, such as real virtual temperature or
friction velocity. First, a line averaging effect exists, which
means that each sonic measurement is an average of the real
values along measuring paths [12]. Also the averaged values
are not done on the real magnitudes since the flow is
disturbed by the presence of the sensor in two ways: first
upwind (blocking effect) and second by wakes generated by
transducers and supporting structures [13]. An example of the
distortion of the measurement provoked by the transducer
heads is shown in Figure 9 for a single path. Also
temperature and deposits may affect the measurements [14].
The distortions of the measurements can be solved at least in
two ways: a) by modifying the design or b) by correcting the
measured data. The first option is always better, when
possible.
The above mentioned factors affect the capacity to measure
averaged values and turbulent magnitudes of the wind speed
vector. First, aerodynamic disturbance effects lead to
deviations in the measurement of the wind speed vector and
therefore of its module (error order 10%), wind direction
(error order 5º) and inclination angles (error order 5º). Also
they introduce errors in the measurement of turbulent
parameters such as components of the one dimensional
spectral tensor up to 10% in longitudinal, lateral and vertical
components and even more than 50% in friction velocity
[15].
In addition to these issues, the form of influence is highly
model dependent. This means that each model requires its
own individual characterization. The part of this
characterization related to aerodynamic interference can be
carried out in wind tunnel. This kind of test seems to be quite
sensitive to the experimental set up (Observe bands A and B
in Figure 8). Finally there is an additional complication due
to the influence of geometric deviations of the sensor from
the design values [10], [11].
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Figure 8 Ratio of the measured wind speed module
on the real one
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obtained in different wind tunnel tests

of sonic anemometers. Continuous line (C) represents results
for a Kaijo TR-61B unit [9]. Dotted lines (B) represent the
range limits for the Gill Solent sonic for different wind
speeds within the normal range of operation [10]. Dashed
lines (A) represent the result interval for a Gill Solent sonic
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Figure 9 Transducer shadow effect represented as the ratio of
the measured wind speed along the path

u Mp

and the real

wind speed along the path up as a function of the angle qp
formed by the path and the wind speed vector predicted by
the Wyngaard model [16]. The case presented corresponds to
a ratio l/d=20, l and d being the length of the acoustic path
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40

and the characteristic diameter of the transducer head
respectively.

whereas the segment a-c represents the maximum calibration
error in the calibration curve if Dq1 is used.

Calibration in wind tunnel
Although some standard information exists [17], [7], [18],
calibration in wind tunnel is one of the most challenging
tasks regarding sonic anemometers since this type of sensor
require a time intensive calibration process. Theoretically, the
calibration process consists in determining the relation of
three components of the wind speed vector u measured by a
reference sensor in a wind tunnel and the three components
of the vector measured by the SA.
This process requires the determination of a function defined
fc: R3®R3 which means a complexity in two orders of
magnitude larger than in the cup anemometer case. It is
expected that the highest sensitivity of function fc is with
respect to azimuthal variations of wind incidence, although it
can be evidenced that it is also sensitive to variations of the
wind speed inclination angles and to variations in the module
of the wind speed vector. A priori the shape of function fc
must be determined in a full range test where a complete
interval of wind speed module u, wind speed azimuth angle q
and wind speed azimuth inclination angle g are covered.

In Figure 10 a scheme of two calibration curves for a
horizontal wind speed case are presented. In one case the
ratio between measured and real wind speed module

From this approach two main problems arise, first the need to
reduce the calibration time, deciding in a smart way which is
the number of discrete values of u, q and g at which the
anemometer must be calibrated in order to obtain an accurate
enough calibration function fc, and second, how to manage
and present the calibration results is an practical and traceable
way for accreditation purposes.
Considering the first point, some adaptive algorithms are
tested within the ACCUWIND project, trying to minimize
the calibration time within a certain degree of accuracy.
Therefore, after defining certain error parameter, that can be
an average or maximum error between the calibrated and real
response (i.e maximum allowed error in the determination of
the wind speed module) the values of u, q and g to be tested
are automatically chosen to comply with the restriction.

u¥

M

/

u¥

is determined experimentally each Dq1 angle

of wind incidence, whereas in the second case a value is
obtained each Dq2=Dq1/2. As can be observed the maximum
calibration error (measured with respect to an ideal
calibration function) is reduced from a-c down to a-b. If a
maximum allowed calibration error e C is decided, the
azimuthal step Dq is reduced down up to reach such allowed
value. This is done for different azimuthal sectors so that
those directions with larger variations in

u¥

M

/

u¥

are

automatically assigned a smaller value of Dq.
Regarding the second problem, the presentation of results, it
is remarked that the calibration of a sonic anemometer might
involve the determination of the function fc: R3®R3 for a
number of different values of wind speed module u, wind
direction (or horizontal incidence angle) q and vertical angle
of incidence g giving rise to Nu´Nq´Ng=10´40´10=4000
calibration points. From these number of experimental
relations between the real and measured wind speed vector
{u,v,w} (or equivalent vector magnitude {|u|,q,g}) a proper fit
of function fc : R3®R3 must be determined to be applied to
correct future measurements.
Linear interpolation methods have been explored to reduce
the information contained in the calibration test. The
philosophy behind this method can be more easily illustrated
if a two dimensional calibration is considered. If only a
variation of two components of the wind speed u and v are
evaluated (i.e. the two horizontal components) the relation
between the measured and real values is represented
graphically in Figure 11 where the white dots represent the
calibration values for the vector {u,v} and the gray dots the
corresponding measured values {uM,vM} (a similar scheme
with a different data process is presented in [19]).

Figure 10 Scheme of the process of automatic determination
of test points in a single variable test (q). It is represented the
ratio of measured wind speed module
value

u¥

u¥

M

on the real

versus the angle on incidence of the wind speed

vector q obtained in a calibration test for horizontal wind
speed in wind tunnel. The dots represent the experimental
values, the continuous line represent the ideal calibration
curve (Very large azimuthal resolution) whereas the dotteddashed and dashed lines represent the calibration curves for
too real cases with azimuthal resolution Dq1 and Dq2
respectively. The segment a-b represents the maximum
calibration error in the calibration curve if Dq2 is used
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Figure 11 Scheme of a two dimensional calibration results.
The graphic relation fc : R2®R2 is presented. The white dots
represent the wind tunnel measurements (real values of u and
v), whereas the gray dots represent the values measured by
the sonic (measured values of u and v).
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The calibrated value is obtained in this case by a linear
calibration function f lc: R2®R2 so that the corrected vector is
obtained as:

(u )
f (u

= {ukM, m , vkM,m } =

M

k ,m C

l
C

C

k ´,m´

; u i , j , ui´, j ´ , u i +1, j , ui´+1, j ...ui +1, j +1 , u i´+1, j´+1 )
(1)

The repeatability of the calibration results can be improved if
the quality of the experimental set-up in wind tunnel is cared.
In Figure 12 the results for the ratio between measured and
real wind speed module

u¥

M

/

u¥

where cm is an estimation of the sound speed. From the
expression it is easy to obtain a limiting criteria for the
maximum amplitude of relative length deformation e l and the
vibration frequency w leading to a maximum allowed error
D|u¥|max. In Figure 13 the curve representing the frequency of
vibration of an acoustic path w /2p versus the maximum
variation of the acoustic path length e l leading to maximum
error in wind speed D|u¥|max/|u¥|=0.01, as predicted by the
Siebert model, is shown. The region on the left of the curve
represents those combinations of frequencies and maximum
variations of the path length which lead to a maximum error
D|u¥|max smaller than 1%.

for two different tests

in the same conditions and considering the MEASNET
criteria for test quality are shown. The results show that a
large degree of repeatability is achieved.
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Figure 12 Ratio of the measured wind speed module
on the real one
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(represented as d V) versus the incidence

angle qT, obtained in two different tests (group 1 and 2). It is
also represented the difference between both ratios.
Vibrations and deformations of the structure
The geometry of the acoustic paths can vary with respect to
the nominal values during the manufacturing process leading
to systematic errors in the measurements or during operation
due to vibration leading also to errors in the measurements.
Also mounting misalignment, both static and dynamic can
lead to errors. A static deviation in the path length in the form
lR=lN (1+e l) where lR is the real acoustic path length, lN is the
design path length and el is the mentioned deviation, leads to
errors in the measurements of the wind speed of order el|u¥|
as can be easily shown.
The effect of vibrations can be quantified in a first approach
by the Siebert model [18] as the error in the wind speed
measurement D|u¥| when the length of the acoustic path is
varying due to structural vibration according to the law

lR ( t ) = lN éë1 + e l cos (w t ) ùû

Figure 13 Frequency of a vibration of a sonic path w /2p
versus maximum variation of the acoustic path length e l
leading to maximum relative error in wind speed
D|u¥|max/|u¥|=0.01, as predicted by the Siebert model [20].
Conclusions
A new method of measuring torque coefficient curves of cup
anemometers was presented, which is based on measurement
of time between pulses of a cup anemometer tooth wheel in a
pulsating flow. The procedure showed very good correlation
for horizontal flow with another method using a strain gauge
balance. The measurement procedure also showed the
possibility to measure torque under tilt conditions, and these
measurements also showed very good agreement with static
tilt measurements. Different measurement procedures that
gives the same result adds to the robustness of using such
methods in evaluation and classification.
In the overview of sonic technology a short review of the
state-of-the-art of the sonic anemometry concerning wind
energy applications has been presented, underlining the
advantages of tilt characteristics in complex terrain
measurements and also the difficulties that sonic
anemometers have to overcome. In fact, there exist a lack of
experimental
background
in
sonic
anemometer
characterization, carried out in high quality wind tunnels, that
the wind energy users can trust. The other issue to be solved
is the lack of a standard calibration procedure for everyday
calibrations of sonic anemometers, as there exist for cup
anemometers.

w being the frequency of vibration and lNe l the maximum
deviation from the nominal value. The mentioned model
estimates the error in wind speed measurements as:

D u¥
7

max

1
= e l cmw z B
2
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