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A B S T R A C T 

The accuracy of wind speed and direction measurements with spinning ultrasonic wind sensors is important than 
ever in today's wind industry in which, they are usually installed on the hub of the wind turbines to measure the 
wind speed and direction for optimized power. In this paper, extensive wind-tunnel tests have been performed to 
calibrate the wind speed and direction measured by a spinning single-axis ultrasonic anemometer for both static 
and spinning conditions. This has been carried out with static measures at various stationary angles of trans
ducers signal path with wind direction, and with dynamic measures in which the anemometer is rotating with 
various rotational speeds. The velocity measured by ultrasonic anemometer in static tests is calibrated with pitot-
tube data, and the interpolation of obtained calibration coefficients is used to correct the ultrasonic velocity 
measured in dynamic tests. It is observed that the calibrated ultrasonic wind speed measurements in dynamic 
tests are in a good agreement with the reference velocity. According to the results, the ultrasonic velocity 
measurements in both static and dynamic tests are affected by the transducers head distortions, and the shifting 
in acoustic pulse trajectory due to the rotational motion does not affect the anemometer measurements. The 
uncertainty of the calibration process for the spinning tests was found to be about 0.3%. 

1. Introduction 

Ultrasonic anemometer, UA, is an instrument to measure the wind 
speed vector based on the detection of the influence of the flow field on 
the transmission of ultrasonic signals between a pair of facing trans
ducers which defines its measurement path length, L [1]. Each trans
ducer emits an ultrasound signal that travels towards the opposite 
transducer and therefore the flow velocity field has a different effect on 
the propagation of signals in each direction. 

By measuring the differences between the forward and backward 
travelling times, the wind speed component along the measurement 
path can be determined as: 

Us 
(1) 

This is the well-known transit-time algorithm, being used by most 
ultrasonic anemometers, regardless of the flow velocity field where L is 
the length of the acoustic path, and t ± is the time required by the pulse 
to cover the distance between transducers in sense of forward, the + 
subscript, and backward, the — subscript, directions [2]. This expres
sion, however, is valid only if the velocity field is uniform. 

These devices are capable of measuring multiple components of the 
velocity at a point. Furthermore, since there are no moving parts inside 

them, the ultrasonic anemometers are robust and also very suitable to 
use when exposed to severe weather conditions. They require very little 
maintenance compared to other techniques of anemometry, like hot
wire, cup and propeller anemometers [3]. 

Altogether, the characteristics of these anemometers have made 
them very attractive for an extensive application range including wind 
energy [4], flow metering [5,6,7,8,9], and urban boundary layer and 
atmospheric turbulent research [10,11]. 

Recently, many investigations have raised new applications with 
ultrasonic anemometers installed on mobile platforms such as UAVs 
[12,13], ships [14], atmospheric probes [15,16] or wind turbines 
[17,18]. These new applications have brought the issue of studying 
their behaviors during motion and rotation, into forefront of the recent 
surveys. 

In wind turbine applications, a fixed 2D sonic anemometer along 
with cup anemometer and wind vane, are commonly used to measure 
the wind speed and direction, known as nacelle anemometry. The 
measurements by these anemometers in nacelle anemometry are af
fected by the wakes and flow distortion generated by the blades and 
nacelle chamber [19]. A previous research by Zahle et al. [20], has 
shown a remarkable influence of flow distortions on the nacelle an
emometers. 

A recent developed technique to nacelle anemometry is spinner 
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anemometry, which uses three single-axis ultrasonic anemometers to 
measure wind speed and direction over the wind turbine spinner. 
Therefore, the UAs in spinner anemometry are not affected by such flow 
distortions experienced by nacelle anemometry [21]. There are still 
some distortions in front of the wind turbine; of course they are less 
pronounced, but they still influence the measurement results and a 
proper calibration process to take this into account should be per
formed. 

In a wind turbine, accurate information about the incoming wind 
speed and direction is important in yaw and pitch regulations for op
timized wind turbine power. Furthermore, since the wind energy is 
directly proportional to the third power of the wind speed [22], an 
accurate wind speed measurement, as performed by a properly cali
brated anemometer, would be extremely needed to achieve the max
imum performance from energy saving viewpoint. 

Although there are investigations in which the performance of the 
spinner ultrasonic anemometer is evaluated on wind turbine, 
[18,23,24], it has not found a systematic study on the behavior of these 
devices in rotational conditions. According to the Standard: IEC 61400-
12-2 [25], the calibration process that is used for spinner anemometry 
consists of three major phases including the wind tunnel calibration 
tests for each ultrasonic sensor, the calibration of each spinner UA in
stallations, and the calibration of each wind turbine type. 

Currently the calibration process for each UA, the first phase, is a 
series of wind-tunnel tests in which the anemometer is calibrated for 
various stationary inflow angles of attack such that wind direction is 
fixed and not changed during the test [26]. However, in the present 
paper, the wind speed measurements with a ID sonic sensor, similar to 
ones used in spinner anemometry, are calibrated under both static and 
rotational conditions. 

In the static tests, the anemometer's signal path was set in various 
stationary orientations with respect to the wind direction, and several 
wind speed has been examined for each test. 

In the dynamic tests, the anemometer was rotating with various 
angular velocities, exposed to different wind speeds. Thus, a complex 
system was designed for supplying power and downloading the mea
surements from the spinning UA. The calculated correction factors from 
the static tests were used to correct the measurement data in the 
spinning cases. 

Indeed, the objective of this article is to propose a calibration pro
cess for wind speed indicated by the spinning single-axis UA. The ca
libration process consists of two series of experiments in an accredited 

wind-tunnel. Firstly, the UA was placed in various angles of attack to
ward the inflow direction, and its measurements were calibrated with 
pitot-tube. The calculated calibration coefficients were then used for 
correcting the wind speed measured by the same anemometer in rota
tional motion. 

2. Experimental setup 

Experiments were performed in the S4 low turbulence wind tunnel 
of IDR institute in the Polytechnic University of Madrid, Spain. Fig. 1 
shows the schematic side view of the wind tunnel which is of open 
circuit with a closed test section. The wind speed is controlled elec
tronically by a variable frequency drive, and flow velocities can be 
attained up to 25 m/s with the flow uniformity in the test section better 
than 0.2% and the turbulence intensity less than 0.1%. This wind tunnel 
fulfills the requirements of the MEASNET and the ISO/IEC17025 stan
dard which is mainly used for the calibration of anemometers. 

A specially designed single-axis ultrasonic anemometer, which was 
a modification of the 'K style-probe' ultrasonic anemometer from 
Applied Technologies Inc., has been used for the experiments. The sonic 
path length (L) of this anemometer is 0.15 m, and it can measure wind 
speed in a range of ± 30 m/s with a resolution of 0.01 m/s. The sonic 
path has been mounted on a system that allowed to rotating at constant 
and controlled angular speed. Note that the designed system has a high 
complexity due to the necessity of supplying power and recover the 
signals measured by the UA while it is rotating. 

Other than the UA itself, the main components of the installation 
were a DC motor and a controller for its speed, a contactless angular 
position sensor and a slip ring rotating connector that supplied current 
to the sonic path and downloaded the output signals, while the UA was 
rotating inside the wind tunnel test chamber. The free stream velocity 
was measured with a pitot tube and a pressure cap of DRUCK (model 
LPM 9481). Fig. 2 shows a photo of the modified UA installed in the S4 
wind tunnel, and a schematic view of the installations in the test sec
tion. During the experiments, the measurements from UA and angular 
position sensor have been synchronized at the same time base. It is 
claimed that the structure is designed and constructed in a way that it 
has a negligible vibration during the rotational tests which cannot affect 
the measurements. 

The static test was similar to the typical calibration procedures of an 
anemometer, i.e. it was subjected to the wind tunnel flow, varying the 
wind speed from 0 to 23 m/s, with a fixed orientation of the acoustic 

Fig. 1. Sketch of the S4 wind-tunnel: 1 = fans, 
2 = plenum chamber, 3 = honeycomb and grids, 
4 = contraction, 5 = test section, and 6 = dif
fuses 
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Fig. 2 . Modified UA installed in the test section of the S4 wind-tunnel. 

Table 1 
Tested rotational speeds of the sonic path. 
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Fig. 3 . Schematic configuration of the UA. L is the length between transducers, D is the 

transducers diameter, £/„ is the free stream wind speed, 6 is the azimuthal angle between 

flow direction and UA signal path, Us is the velocity measured by UA, and Ur is the 

projection of the inflow wind component onto the UA signal path. 

path, 0. These tests have been repeated at 13 different values of azi
muthal angle, 0, between 0° and 180°. 

In the dynamic tests, a rotational speed was set with the DC motor 
controller, and different wind speeds were selected for the wind tunnel. 
At the same time, the pitot-tube readings, the instantaneous angular 
position and the UA output signals were recorded. This procedure has 
been repeated for 13 different wind speeds between 0-23 m/s and for 
the 12 rotational velocities of the sonic path presented in Table 1. 

The instantaneous angular positions were recorded accordingly 
from the angular position sensor. In both series of tests, the measures of 
the ultrasonic anemometer and the angular position sensor were re
corded during 42 s, at a sample rate of 50 Hz. Also, the ambient con
ditions, air temperature, pressure and humidity, have been recorded 
during the experiments. 

Fig. 3 illustrates the schematic configuration of the tested UA, in
dicating the transducers diameter, D, the acoustic path length, L, the 
free stream wind speed vector, [/„, the definition of the azimuthal 
angle between signal path with free stream wind direction, 0, the ve
locity measured by the UA along the signal path, Us, and the projection 
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The calculated statistical parameters for the 10 revolutions. 
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Fig. 5. Histogram of the UA velocity measurements during 10 revolutions. 
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Fig. 6. Ultrasonic velocity measurements, Us, as a function of the reference velocity, Ur. 
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Fig. 8. Mean velocity deficit obtained for different wind speeds as a function of the or

ientation of the UA signal path, 8. 

of the free stream wind speed vector onto the signal path, Ur. 

3. The measurement uncertainties 

There are two major sources of data uncertainties in the UA mea
surements; the physical phenomena associated with the structure and 
working mechanism of the UA, and the instrumentation and systematic 
errors during measurement. Each one is discussed in detail in this 
section. 

3.1. The physical phenomena 

The transducer shadow effect is a well-known phenomenon in an 
ultrasonic anemometer which is the distortion on the flow along the 
acoustic path produced by the wake of the transducers. This leads to an 
underestimation in the wind velocity measured by the UA. The problem 

Table 3 

Calibration coefficients A, and B, for different stationary azimuthal angles, 8, and coef

ficient of determination of the fitting, R2. 
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can be alleviated by calibrating the anemometer or by various semi-
empirical correction models e.g., the one proposed by Wyngaard and 
Zhang [27]. They suggest that the underestimation of the measure of 
the wind velocity depends on the orientation of the acoustic path with 
respect to the wind, 0, and transducer design. They use the following 
models for describing the directional response of the UAs: 

Ur 

Vm 

U, 

C + (1-C)sin0 BAO 

l - ( l -C)e-™ 2 f l Kenji-Denki (2) 

Um is the theoretical wind speed measured by UA along the acoustic 
path, and Ur is the projection of the flow vector onto that signal path, 
Ur = [7„cos0. The constants C and a are the transducer shadow para
meters corresponding to a given ratio of L/D, where L is the distance 
between two transducers and D is the diameter of the transducer. 

A graph has been provided in the literature for calculating the 
constant C (for BAO-type transducers [27] and for Kenji-Denki trans
ducers [28]). However, the value of a should be obtained from the best 
fitting of the theoretical model with experimental results [18]. 

Furthermore, a non-uniform velocity field gives rise to a shift of the 
otherwise straight acoustic pulse trajectory between the transmitter and 
receiver transducers of a sonic anemometer. This is one of the other 
known sources of the uncertainty in UA and has been deeply analyzed 
by Franchini et al. [2]. They found the correction terms for the mea
sured wind velocity that take into account this shift in the acoustic 
pulse. 

3.2. The measurement errors 

Basically, the instruments and systematic errors affect the output 
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Fig. 10. Comparison of the ultrasonic velocity measurements with the reference velocities (a), and the calibrated velocity measurements with the reference velocities (b). 
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Fig. 11. Regression coefficient, R2, for the fitting of the calibrated measurements, £/c(t) with the reference velocities, £/r(t) as a function of the rotating velocities (left) and of the wind-
tunnel flow velocities (right). 

velocity signals from the UA. Fig. 4 shows a typical dynamic test results 
in which, the UA was rotating at an angular velocity of 5.69 rad/s and a 
wind speed of 16.73 m/s. The instantaneous velocity measured by the 
UA is plotted for each instantaneous azimuthal angle for 10 revolutions. 

Since the rotation is sinusoidal, the indicated velocity at different 
azimuthal angle is also of sinusoidal form except at the shadow regions, 
as discussed earlier. Good repeatability can be observed from this 
figure. However, some bad points can also be observed which can be 
due to UA reading and position sensor errors. 

Nevertheless, the pattern must theoretically be symmetric and this is 
a criterion to check the reliability and repeatability of data. Data 
skewness, mean and median are the statistical parameters that quan
titatively describe the overall behavior. 

Skewness is the degree to which a data set is not symmetrical. As 
data becomes more symmetric, its skewness value approaches zero. The 
mean value describes an entire set of the measured velocities with a 
single value representing the center of the data. It is defined as the sum 
of all the measured velocities divided by the total number of samples. 
Median is the middle of the range of data. Half of the measured velo
cities are less than or equal to it and the rest are greater than or equal to 
it [29]. 

The values of these three parameters for 10 revolutions are tabu
lated in Table 2. Both the mean and median are nearly zero indicating 
that the measured velocities are symmetrically distributed between the 
positive and negative values corresponding to JT/2 < 0 < 3JT/2 for 

negative velocities, and 3JT/2 < 0 < 5JT/2 for positive ones. The value 
of the skewness is also small enough to make sure that the measured 
velocities are nearly symmetrical about zero mean. Histogram is a bar 
graph to represent the distribution of measured data [29]. The histo
gram of the UA measured velocity values, is shown in Fig. 5 and ap
proves that the errors associated with the spinning mechanism, position 
sensor, and UA sensor are within acceptable range. 

4. The static directional calibration 

The outputs of the static tests are the free stream wind speed mea
sured by pitot-tube, the wind speed measured by the UA for each fixed 
signal path direction, and the azimuthal angle, 0. Fig. 6 shows the mean 
flow velocity measured by the UA, Us, as a function of the reference 
velocity (mean wind tunnel flow velocity component along the sonic 
path), Ur = C/„cos0, for all the tested azimuthal angles, 0. 

As expected, a linear relationship is observed between these two 
magnitudes. Nevertheless, the UA readings exhibit a certain deficit 
comparing to the reference velocity. 

Shown in Fig. 7 is the velocity deficit, defined as AU = (Us/Ur — 1), 
as a function of the absolute value of the reference velocity, \Ur\, for the 
tested azimuthal angles examined. And the mean velocity deficit ob
tained for each reference velocity, as a function of the azimuthal angle 
of the ultrasonic path is shown in Fig. 8. As can be observed, for the 
studied range of wind speeds, AU is almost independent of the wind 



speed value (except in the case of 0 = ±5°) , while strongly depends on 
the orientation of the sonic path. It is seen that the velocity deficit is 
greater when the ultrasonic path is aligned or almost aligned with the 
flow. 

The signature of the transducer wake on the measurements, though 
being beyond the scope of this paper, can be observed in this figure. As 
the misalignment increases, the wake of the upstream transducer is 
projected out of the ultrasonic path, reducing the distortion that occurs 
in the measurements. The study of the dependence of measured velo
city-deficit with Reynolds number for small angles of incidence is left 
for the future research. 

Fig. 9 illustrates the standard deviation, a, of the wind speed mea
sured by the UA for different stationary angles between signal path and 
wind direction. The standard deviation in the tests show a dramatic 
increase at 0 = 5° and 0 = 175° for high wind speeds. It can be rea
soned that for these critical angles the upstream sensor is slightly de
viated towards the wind direction so that its cross section faced up with 
the incoming flow increases, and therefore stronger wakes and vortices 
are shed into the measurement path. This underscores the role of the 
aerodynamic design and geometric dimensions in reducing the head 
shadow effect on the signal path. 

Some semi-empirical models have already been proposed to correct 
the errors due to the aerodynamic interference effects of the sensor 
heads in UA wind speed measurements [17,30]. However, it is not 
possible to completely eliminate the sensor head shadow effect and the 
best way to reduce the uncertainty in the measurements, caused by the 
sensor shadow effect, is still to calibrate the anemometer. 

The relationship between the wind reference velocities, projections 
of the incoming wind onto the signal path, and the UA indicated wind 
speed can be expressed as a calibration function: 

Ur = AUS +B (3) 

where A, and B, are the calibration coefficients which depend on the 
azimuthal angle of the sonic path with respect to the wind direction. 
The values of A and B are obtained by the least squares regression 
method and are presented in Table 3. Also, the coefficient of determi
nation, R2, is included as a measure of goodness of fitting. 

5. The spinning tests 

The outputs of the tests are the wind velocity measured by the UA, 
Us(t), the instantaneous orientation of the signal path regarding the 
wind-tunnel flow, 0(t), and the reference wind-tunnel flow velocities, 
t /„ , measured by pitot-tube. Since all the measurements were recorded 
simultaneously with the same time base, it is possible to analyze the 
ultrasonic measurements as a function of its orientation. 

Fig. 10(a) illustrates the non-dimensional velocity measured by the 
UA, Us(t)/U^., and the reference velocity, Ur(t), for a typical dynamic 
test. Reference velocity is the ideal response that is expected to be 
measured by the spinning UA at each instantaneous azimuthal angles, 
Ur(t) = U„cos0(t). Remarkable discrepancy in the measurements can 
be observed when the anemometer is crossing the azimuthal angles of 
0°, 180° and 360° where the transducer head distortions are at their 
maximum level and considerably affect the measurement path. 

The calibration function already obtained from the static tests, Eq. 
(3), is used to correct the UA measurements in dynamic cases. The 
calibration coefficients, A and B tabulated in Table 3, are obtained for 
all the instantaneous azimuthal angles, 0(t), in rotational motion and is 
used to correct the velocity measurements in the form of Uc(t) = A(t) 
Us(t) + B(t). 

Fig. 10(b) shows the non-dimensional calibrated wind speed mea
surements, [/c(t)/[/„, and the reference velocity, Ur(t), for the same 
presented typical test. This figure shows that the calibrated measure
ments are in a good agreement with the reference velocity. 

To determine the accuracy of the calibration process in the spinning 
tests, the coefficient of determination, R2, is calculated to indicate the 

performance of the calibration function, Uc(t), in comparison with the 
reference velocity. Shown in Fig. 11 is the R2 for fitting the calibrated 
measurements and reference velocity, for various wind speeds and UA 
angular velocities. Even though for high rotational velocities a slight 
reduction is observed in R2, an average value of R2 = 0.997 is achieved 
throughout the test conditions and approves the high accuracy of the 
calibration process. 

6. Conclusions 

A modified single-axis ultrasonic anemometer was used to measure 
the wind speed in a subsonic wind tunnel. The experiments were per
formed for both static and dynamic oscillatory cases. In static tests, the 
velocity measured by the ultrasonic anemometer in different stationary 
angles of transducers signal path with respect to wind direction has 
been calibrated with wind-tunnel reference wind speed measured by 
two pitot-tubes. 

The calibration coefficients obtained in the static tests were then 
extended to the dynamic cases where the UA was rotating with different 
angular velocities at various wind speeds. The calibrated measurements 
showed a good agreement with the reference velocity which is defined 
as the projection of the wind-tunnel wind speed vector onto the signal 
path orientation. An average regression of R2 = 99.7% was achieved so 
that the uncertainty in the dynamic tests is almost 0.3%. It is observed 
that the measurements are affected mostly with the transducers shadow 
effect at each instantaneous azimuthal angle, and the shifting in 
acoustic pulse trajectory does not affect the UA wind speed measure
ments in rotational motion. Therefore, the calibration function for a 
fixed single-axis UA in different stationary angles of signal path with 
wind direction at a plane can be extended to the same anemometer in 
rotational motion at that plane. This procedure works for any other 
single axis UA as well. It must first be calibrated in various stationary 
yaw or pitch angles to determine the calibration constants. It has been 
shown that the same constants can be used to construct a correction 
model for the spinning case. 
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