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Abstract
This report is the result of the 5th work package of the WISE project (WInd energy Sodar
Evaluation). In this work package wind turbine power performance measurements using
commercially available Sodar systems are evaluated. This is done by three experiments at three
European test sites for wind turbines, at ECN, RISØ and WINTEST Kaiser-Wilhelm-Koog.
During these experiments issues on uncertainty in Sodar measurement, calibration of the Sodar
system and filtering of Sodar measured data are analysed and evaluated.
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SUMMARY
Within the framework of the WISE project three experiments using Sodars have been carried
out at three European wind turbine test sites. The purpose of these experiments was to conduct
power performance analyses using Sodar measured wind speed data. Power Performance curves
and Annual Energy Productions from the test turbines at the three sites are compared. Filtering
methods have been applied to the data to enhance the accuracy. Since the Sodars used in this
project had to be calibrated, simultaneous calibration measurements have been carried out using
cup anemometer measured data at small meteo masts of around 40m height. Uncertainties in
measurement are a very important issue in power performance tests, hence an analysis is given
of uncertainties involved in power performance (PV) measurements with a stand alone Sodar
and measurements with a calibrated Sodar.
Uncertainties in Sodar measurements
The WP3 Report recommends that a Sodar be routinely calibrated against a cup anemometer
and vane mounted at the top of a 40m meteo mast. It should be noted that the calibration must
be executed during the entire measurement period. In that case, the simultaneous calibration
significantly reduces the measurement uncertainties.
The type B uncertainties of the Sodar at stand-alone operation in the analysis are:
• Uncertainty in estimating the centre of the height range
• Uncertainty due to difference in real versus calculated beam tilt angle
• Uncertainty in Sodar orientation due to misalignment of the Sodar
• Uncertainty in the frequency at which the frequency spectrum peaks
When calibrating the Sodar against a small meteo mast only the uncertainties concerning the
determination of the tilt angle and the orientation remain, the other uncertainties will be
replaced by the uncertainties of the cup anemometer.
Three power performance experiments with Sodars
Within the scope of the WISE project three experiments at three different locations have been
carried out to measure the power performance of wind turbines using currently available offthe-shelf monostatic Sodar systems. The experiments took place at test sites that were fully
equipped for power performance testing according to the standard IEC 61400-12. Results of the
Sodar measurements were compared to cup anemometer measurements using large meteo
towers, which is up to now the only accepted method for certified wind speed measurements for
wind energy purposes.
Filtering of data
Sodar measured data, as provided by the supplied software of the Sodar manufacturers, first
need to be processed by filtering out inappropriate data. However the present data format of the
output from the supplied data acquisition and processing software is not directly usable to apply
the filtering methods. Reorganising the data is required first to obtain a dataset that is suitable
for a database structure. Filtering takes place by removing erroneous values and applying
limiting values to the Signal to Noise Ratio (SNR) of the returned signal and the standard
deviation of the 10-minute averaged wind speed. The SNR and also the data availability of the
raw measured data decreases with height and with wind speed. Therefore filtering reduces the
availability of high wind speed data above ca. 15 m/s even more. Some of the high wind speed
data are removed although they do not deviate considerably from the mean values. Furthermore
the data has to be filtered to exclude data points in periods with precipitation. Since the used
Sodar systems did not have a precipitation sensor the sensors from nearby meteo masts had to
be deployed.
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Power performance in stand alone operation
Sodar systems were used to carry out power performance analyses of wind turbines. After
filtering the data using the methods mentioned above, deviations from the mean wind speed
measured by the cup anemometer were too large to get comparable PV curves and Annual
Energy Production AEP numbers, especially at high wind speeds. In two cases the Sodar
systems overestimated the wind speed by a factor of 5% to 10%, resulting in an underestimation
of the PV curve and AEP. In the third case the Sodar underestimated the wind speed by a factor
of around 6%, resulting in overestimation of the PV curve and power coefficient Cp of the wind
turbine, the latter by a factor of more than 25%. Furthermore the uncertainty analysis shows that
the type B instrument uncertainties in stand alone operation are currently far too high to perform
PV analyses with an accuracy comparable to cup anemometer wind speed measurements. This
is confirmed by the measurements.
Power performance with a small meteo mast
The recommended method to perform wind energy related measurements with currently
available Sodars is to calibrate the Sodar with the simultaneous use of a small meteo mast of
40m. This calibration is to be carried out during the power performance measurements. In case
of a PV measurement of a wind turbine the actual Sodar measurements at hub height are derived
from simultaneous calibration measurements of Sodar and cup anemometer and vane at a lower
height. During the three experiments at the test sites this calibration is carried out during a
power performance test with cup anemometers at around 40m height in meteo masts which were
fully suitable for certified PV measurements (IEC 61400-12).
In general the correction of the measured Sodar wind speeds at hub height with the use of the
calibration at lower height worked well. The deviations between Sodar and cup anemometer at
hub height were largely corrected. However the effect of the correction depends heavily on the
number of available data points for the calibration. Since filtering is required due to
unfavourable atmospheric conditions, background noise and fixed echoes this means that the
measurement period required to obtain a PV curve complying with the standard IEC 61400-12
will be considerably longer than the required period when using cup anemometer
measurements.
The uncertainties in Sodar measurements after calibration are still larger than in conventional
cup anemometer measurements. This is a consequence of the applied calibration method. The
uncertainty of the Sodar will never be smaller than the uncertainty of the cup anemometer used
for the calibration, although calibration reduces the uncertainty considerably compared to stand
alone operation.
The AEP results from Risø and WINDTEST show that the calibrated Sodar derived AEP's are
within 4% deviation from the AEP's calculated using cup anemometer measurements. However
the uncertainties in AEP's calculated by calibrated Sodar measurements are a factor 10% to 30%
higher than AEP's calculated by cup anemometer measurements. The PV and AEP calculations
from ECN show different results, here the PV curve is overcorrected and the resulting AEP's, by
calibrated Sodar, are outside the uncertainty range of the cup measurements for most wind
speeds. This is most presumably due to the fact that the calibration period appeared too short to
measure enough data points at high wind speeds.
The calibration results were also applied to a measurement period without simultaneous
calibration measurements against a small meteo mast at the ECN site. Although the calibration
period was too short, in this case the PV curve was overestimated to a larger extend than the PV
curve resulting from the calibration period. This means that the calibration parameters cannot be
simply transferred to a situation without a calibration meteo mast and stresses the conclusion
that simultaneous calibration is required when performing wind energy related measurements.
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1.

INTRODUCTION

The Sodar (SOund Detecting And Ranging) is a remote sensing instrument of the wind structure
based on the Doppler principle where a sound beam generated at a certain frequency is sent to
the atmosphere. The beam propagates through the air and a small fraction of its energy is
scattered back at a different frequency, due to the turbulent air patches having different
temperature from their surroundings and thus different density.
The Sodar can be either bistatic (transmitter and receiver apart, continuous beam) or monostatic
(combined transmitter and receiver, pulse emission). In the case of the monostatic Sodar, the
sound is most often generated by a loudspeaker array and the electronic control of it (phased
array Sodar) can tilt the sound pulse at different directions. The combination of the three
received pulses produces information on the three-dimensional wind field. Depending on the
type of the Sodar, the depth of the atmosphere that can be investigated varies from around 30m
and up to 1000m a.g.l.. To the present date, the Sodar has been extensively used in the field of
meteorology as well as air pollution. A lot of interest has been given therefore in comparison
studies between Sodar and met tower data during the last three decades, in order to confirm
reliability of the Sodar data. This comparison however has been mainly focused on the non
phased array Sodars and furthermore it was more qualitative rather than quantitative.
The application of the Sodar for wind energy purposes became interesting after the evolution of
the large multi-megawatt wind turbines and the high costs associated with the installation and
instrumentation of the met towers since the wind climate must be measured at increasingly
larger distances from the ground, either in relation to the power curve or wind potential
measurements. Yet the difference between meteorology and wind energy is that the demand for
the accurate measurement of the wind speed is much higher for wind energy applications.
Traditionally in wind energy applications, like e.g. power curve measurements, the wind speed
is measured with the use of top-mounted cup anemometers on a met tower at turbine hub height.
The cup anemometer has actually up to now been the only acceptable instrument for certified
wind speed measurements where the knowledge in the measurement uncertainty has been
important. The matters of calibration, mounting and use of the cup anemometers as well as their
measurement uncertainty are considered as resolved. In the case of Sodar there are, among
others, three major issues to be resolved before the Sodar can be applied in the wind energy
field: the calibration, the uncertainty of the measurement and the data filtering.
This report is the result of the 5th work package of the WISE project (WInd energy Sodar
Evaluation). In this work package wind turbine power performance measurements using
commercially available Sodar systems are evaluated. This is done by three experiments at three
European test sites for wind turbines, at ECN, RISØ and WINTEST Kaiser-Wilhelm-Koog.
During these experiments issues on uncertainty in Sodar measurement, calibration of the Sodar
system and filtering of Sodar measured data are analysed and evaluated. In Chapter 2
uncertainties in Sodar measurement in stand alone operation and during calibration with a small
meteo mast are evaluated. In the next three Chapters the experimental set-up and results of the
measurements at the test sites of respectively RISØ, ECN and WINDTEST are described and
analysed. In the final Chapter conclusions on the application of Sodar systems for power
performance analyses of wind turbines are drawn.

ECN-C--05-041
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2.

UNCERTAINTIES IN SODAR MEASUREMENTS OF WIND

2.1

Introduction

The final WP3 Report, “Sodar calibration for wind energy applications”, of the EU WISE
project NNE5-2001-297, discusses sources of uncertainty in Sodar wind speed and direction
measurements, and estimates magnitudes of those errors.
This chapter summarizes those findings and, using the guidelines from the ISO, Guide to the
Expression of Uncertainty in Measurement, prepared by ISO Technical Advisory Group 4
(TAG 4), Working Group 3 (WG 3), October 1993 (known as “GUM”).

2.2

Sodar measurements and uncertainties

A (Doppler) Sodar is an instrument, which measures wind speed and direction within a number
of vertically contiguous volumes above the instrument. Each measurement is obtained by
transmitting a pulse of sound upward into the atmosphere and then measuring the change in
pitch of sound reflected from the combination of turbulent density fluctuations within each
distinct volume. Transmission of acoustic pulses is done sequentially into several directions
tilted slightly off-vertical so that separate wind vector components can be estimated in these
directions and both wind speed and direction estimates can be inferred in each height range.
Some post-processing using consistency algorithms may mean that data obtained from each
volume are not independent.
At each height range, the wind speed estimate V̂ and the wind direction estimate θ̂ are
obtained from inputs comprising:
• a set of frequencies at which measured frequency spectra are estimated to peak
• an estimated speed of sound
• knowledge of the transmitted frequency
• an estimate of the angle of transmission from the vertical
• an estimation of the compass orientation of the plane containing the transmitted beam and
the vertical.
The height range at which V̂ and θ̂ are obtained is estimated from:
• an estimated speed of sound
• an estimate of the angle of transmission from the vertical.
The WP3 Report identifies the sources of uncertainty in Sodar wind estimates which arise from
uncertainty in the combination of the measured (or assumed) inputs. The Report attempts to
estimate the combined uncertainty, and to verify that estimate through calibration against cup
anemometers and vanes mounted on a mast. The calibration process also contributes
uncertainties due to:
• calibration uncertainties for the cups and vanes
• operational limitations of the cups and vanes and their mounting
• physical separation between mast instruments and the volumes sampled by the Sodar,
giving rise to different wind patterns being measured
• calibration model error (due to non-linearities, etc)

2.3

The uncertainties of Sodar measurements by stand alone operation

The significant uncertainties of those listed in Section 2.2 have been catalogued under Type A
and Type B as recommended by GUM. The notation sV ,An is used for the standard deviation in
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the Type A evaluation of uncertainty in wind speed V due to the nth cause, and sV ,Bn for the
equivalent quantity in Type B evaluations. Similarly s θ, An and s θ,Bn describe uncertainties in
the wind direction measurements.
The WP3 Report recommends that a Sodar be routinely calibrated against a cup anemometer
and vane mounted at the top of a 40m meteo mast. It should be noted that the calibration must
be executed during the entire measurement period. In that case, the simultaneous calibration
significantly reduces the measurement uncertainties. For example misalignment of the Sodar
etc. are corrected for. In this section the type B uncertainties will be given for Sodar stand alone
operation. In Section 2.4 an analysis is given of the uncertainties during the measurement
campaign in case the Sodar is simultaneously calibrated against a calibrated wind speed
measurement using a smaller (for example 40m high) mast mounted with a cup anemometer.
The uncertainties of the Sodar at stand-alone operation are discussed in this section. These
uncertainties are treated as type B uncertainties, since these do not involve direct statistical
information from the measurements.
1. Uncertainty s z in estimating the centre z of the height range over which Sodar winds
are estimated
a) due to incorrect estimate of the speed of sound: s z =3 m
b) due to assuming tilted range is vertical range: s z =5 m
Assuming a wind speed gradient of 0.02 s-1, the maximum uncertainty in wind speed is
0.12 m/s. Estimating standard deviation as half the maximum, gives sV ,B 1 = 0.06 m/s.
Change of wind direction in 5 m is negligible.
2. The beam tilt angle of the Sodar might be different from the beam tilt angle that is used
in the determination of the wind speed and direction. The uncertainty s ϕ in beam tilt
angle ϕ has various origins:
a) Due to incorrect estimate of the speed of sound. Maximum likely s ϕ =0.6°, or
0.03V m/s.
Estimating standard deviation as half the maximum,
gives sV ,B 2 a = 0.015V m/s
b) Due to poor levelling of the Sodar. The maximum likely s ϕ =20°, and (if the
vertical beam is used together with at least two tilted beams) sV ,B 2b = 0.03V m/s
c) Due to finite beam spread. Intensity distribution is Gaussian with 2 σ =1.5º,
resulting in sV , B 2c =

0.07
V m/s.
2

d) Due to refraction of the beam path. Maximum likely value is 0.01V,
so sV ,B 2d = 0.005V m/s.
Uncertainties sV ,B 2 a , sV ,B 2 b , sV ,B 2 c , and sV ,B 2 d depend on wind speed V.

Combination of uncertainties sV ,B 2 a , sV ,B 2 b , sV ,B 2 c , and sV ,B 2 d gives a combined
standard error of

sV , B 2 = V 0.015 2 + 0.032 + 0.035 2 + 0.005 2 = 0.049 V m/s.
Since the estimated wind direction depends on the ratio of two wind speeds, systematic
relative errors in wind components do not affect wind direction, and there is no Type B
uncertainty due to s ϕ .
3. Uncertainty in Sodar orientation s φ due to misalignment of the Sodar. This does not
affect sV ,B but contributes an estimated s θ,B3 = 2°.
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4. Uncertainty s f in the frequency f at which the frequency spectrum peaks. The FFT
algorithm of the Aerovironment Sodar has a resolution of 0.55m/s along the beam
[Antoniou et al.], which is around 2m/s in the horizontal plane ( = 0.55 sin(α ) , with α
as the beam tilt angle around 17°). This leads to a standard deviation in wind speed of

2
m/s, where Ns is the number of peak estimates in an averaging interval.
Ns
Although some Sodars make a fit to the FFT spectrum with the aim to increase
accuracy, this will in general, looking at the shape of these FFT spectra, not lead to
accuracies higher than 0.55 m/s. The main advantage is that single peak finding will
lead to even higher uncertainties.
For Ns = 100, the standard deviation in wind speed is 0.2 m/s. Data availability depends
on meteorological conditions, but in the PIE experiment a typical probability
distribution at hub height is p(22.5 < N s ≤ 27.5 ) = 0.09 , p(27.5 < N s ≤ 32.5) = 0.07 ,
and
p(32.5 < N s ≤ 37.5) = 0.04 , with zero occurrences outside that range. This should be
included when estimating uncertainties at higher altitudes, but is ignored at the moment.
Error propagation gives a standard deviation in wind direction of

sV , B 4
V

. Assuming a

wind speed V=10m/s, sθ ,B 4 = 0.02 radian or sθ ,B 4 = 1.1°.
The uncertainties sV ,B 1 sV ,B 2 and sV ,B 4 lead to the total Type B combined standard errors of

sV ,B = sV2 , B1 + sV2 , B 2 + sV2 ,B 4 = (0.049V ) 2 + (0. 21) 2 m/s.
sθ ,B = sθ2,B 3 + sθ2, B 4 = 2.3°.

2.4

Sodar type B uncertainty analysis with calibration against a small mast

At present, the standards for power performance measurements prescribe a point measurement
of the horizontal wind speed with a sampling speed of at least 1Hz and an averaging time of
10min. A first uncertainty analysis approach for the use of Sodars for power performance
measurements could be based on a relative calibration of the Sodar in flat terrain combined with
a meteorology mast equipped with cup anemometers to provide wind speed measurements at
several heights. The subsequent use of the Sodar is with a smaller reference mast for the power
performance measurement. The Sodar shall in principle work as a tool for extrapolation of
measured data from the met mast height to a higher hub height.
The following approach is described below. A Sodar is operated next to a mast in which a
calibrated cup anemometer is installed. The Sodar and cup anemometer measure
simultaneously, where the Sodar measurements at higher altitudes are used for the power
performance measurements. When a Sodar is thus calibrated against a cup anemometer and
vane on top of a (for example 40m high) mast the Type B uncertainties sV ,B 2 and s θ,B3 from the
previous section are largely removed, leaving sV ,B 1 and sV ,B 4 together with uncertainties
associated with cup and vane.

2.4.1 Uncertainty of calibrated cup anemometer
The uncertainty of the cup anemometer being used for the Risø experiments for WISE at
Høvsøre, the RISØ P2546, is in general:
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2
2
2
uM ,lower = uM,upper = ucal
+uope
+umount
=

= (0,07m / s) 2 + (0,06m / s +0,006UM,lower )2 +(0,011UM ,lower )2

(2.1)

The operational uncertainty of the cup anemometer was analysed for the conditions during the
measurements at Høvsøre. It was found that the cup anemometer on average seems to underpredict the wind speed by -0.14%, and the general standard uncertainty could be set to 0.2%.

2.4.2 Sodar calibration and uncertainties
The relative calibration should produce correction factors for the Sodar for extrapolation to
higher heights:

α = (U M ,upper / U M ,lower ) / (U S ,upper / U S ,lower )

(2.2)

It must be assured that the filtering of measurement data takes away erroneous data, and that the
operational characteristics of the Sodar do not change in such a way that its response would be
influenced. The statistical uncertainty in equation (2.2) is small and can be neglected.
The category B uncertainties uM ,lower and uM ,upperof the cup anemometer measurements are due
to calibration uncertainties, operational uncertainties, and mounting uncertainties, which are
well described in the latest power performance measurement standards, for instance (IEC
61400-121 CDV), and for the Risø P2546 cup anemometer in Pedersen [10]. The category A
uncertainty sα is due to the spreading of data from the calibration line. The category B
uncertainties uS ,lower and uS ,upper of the Sodar are due to known uncertainties of the Sodar except
for misalignment (levelling). The uncertainties due to Sodar misalignment, which is about 6 for
each 1° misalignment, is not included in the relative calibration. This is a consequence of the
fact that the same percentage error is found at all heights, and this error is neutralised in the
relative expression of α . It is assumed that the use of guy wires to stabilize the Sodar can keep
this uncertainty negligible, but it was not investigated.
For the power performance measurement, the cup anemometer on the small meteorology mast
measures the wind speed at the lower level as a traceable wind speed and the Sodar measures
the extrapolation profile. The hub height wind speed is thus:
U hub =U upper =α β U S ,upper
(2.4)
The relation β between the lower met mast measurement and the Sodar measurement at the
same height should be determined during the power performance measurement:

β = U M ,lower / U S ,lower

The uncertainty of the relation β is taken as:

uβ = sβ2 / N β

(2.5)

(2.6)

and is calculated between 4m/s and 16m/s. The uncertainty due to different vector and scalar
averaging at different height can be derived, but is in the present case small and is neglected. As
a result the uncertainty of the wind speed measurement U hub by the Sodar at hub height of the
turbine can now be summarised as:

uhub = uα2 + uβ2 + uM2 ,lower
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The reader should be aware that in the above analysis, the variation in the number of samples
over which the average value is taken within a 10 minutes period, has not been discussed.
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3.

RISØ SODAR POWER PERFORMANCE MEASUREMENTS

3.1

Introduction

In this chapter an analytical approach of the Sodar vs. the cup anemometer response is presented
for the Risø PV measurements in the framework of WISE. Sodar measurements using the
Aerovironment 4000, 50 elements speaker array situated in a 3000 enclosure, are compared to
cup anemometer measurements from a met tower. These tests took place at the Danish test
station for large wind turbines. The site is flat and a site calibration, although not needed, has
taken place in order to confirm the way the boundary layer develops. The site calibration took
place using two mast instrumented at a number of heights which confirmed that no profile
changes occur between the location where the met tower and the turbine are situated. The results
of this campaign together with the analytical approach formed the basis for the formulation of a
calibration method for the Sodar.
In a second field experiment at the same site, the Sodar was deployed near a heavily
instrumented met tower and a nearby wind turbine and power curve measurements were made
using both instruments. The calibration method for the Sodar was applied to the results of this
campaign. A discussion on the limitations of the Sodar is presented together with the method
used to calibrate it. An inter-comparison of the wind speed results and the wind turbine power
curve is determined for both of the instruments. Likewise annual energy production results (not
representative of a turbine, but representative of the instruments used) using both instruments
are inter-compared.
The chapter is part of the work done within the following two projects:
1. “Wind Measurements”, EFP 2003 and
2. “Wind Sodar evaluation”, EU-NNE5/2001/297.

3.2

Site description

The campaigns took place at the National Danish Test Station for Large Wind Turbines, which
is situated in the northwest of Denmark close to the North Sea. The test site is flat surrounded
by grassland with no major obstacles in the immediate neighbourhood and at a distance of 1.7
km from the west coast of Denmark. The prevailing wind direction is from the west. The test
station consists of five turbine test stands, see Figure 3.1, where five wind turbines are presently
installed. The turbine stands are placed in the north-south direction at a distance from each other
of 300m with stand 5 the southernmost one. In front of every test stand and at a distance of
240m in the prevailing wind direction, a met mast is situated, with a hub height equal to the
turbine height at the corresponding stand.
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Figure 3.1 The location and the layout of the test site seen from the south
To the south of the 5th turbine stand, there exists a sixth stand at a distance of 200m where an
116m met mast is situated. The mast is instrumented at more heights and a description of the
mast follows later in this chapter.

3.3

Technical features and settings of the Sodar used

The Sodar used during the measurements campaign was the Aerovironment mini Sodar. The
Sodar was a combination of a 50-element 4000-antenna operating at 4500Hz installed in a 3000
enclosure. The Sodar is seen in Figure 3.2, the specifications are given in Table 3.1. The
alignment of the Sodar and the leveling of the baffle and the antenna took place according to the
instructions of Aerovironment. The accuracy of the leveling was of the order of 0.5°. Finally
using guy wires and anchoring them to the ground secured the Sodar.
The Acoustic Signal Processor and the computer of the Sodar were housed in the trailer to the
side of the instrument. The power supply took place by connecting the setup to the grid while
data transmission took place by connecting the setup to the Risø intranet. The orientation of the
Sodar was decided by trial and error in order to avoid any interference from the met tower
present at the time. No effort was made to align the Sodar to the “true north”, instead the offset
was noted and corrected during post-processing.

Figure 3.2 The Sodar deployed at the Høvsøre test station. The computer and the
communication equipment are situated in the trailer next to it.
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Table 3.1 The specifications for the Aerovironment 4000 system (4500 Hz antenna)
Specification
Value
Maximum Altitude
200 meters
Minimum Altitude
15 meters
Height Resolution
Down to 5 meters
Transmit Frequency
(approximate) 4500 Hz
Averaging Interval
1 to 60 minutes (variable)
Wind Speed Range
0 to 45 meters/second
Wind Speed Accuracy
< 0.5 meters/second
Wind Direction Accuracy
+/- 5 degrees
Weight
255 lbs (116 kg)
Antenna Height
4 ft (1.2 m)
Antenna Width
4 ft (1.2 m)
Antenna Length
5 ft (1.5 m)
No. of elements
50
The sound pulse generated by a loudspeaker array can be tilted by electronically steering the
array (phased array Sodar) to different directions. The combination of three beams, one in the
vertical direction and two others, tilted at 17° to the vertical and perpendicular to each other’s
planes, produce the three-dimensional velocity field. The scattered sound power depicted by a
Sodar is given by the following equation [1]:
σs

=

2 

1 k4
CT2
2
2  θ  CV
cos
θ
0
.
033
+
0
.
76
cos




8 11
T2
 2  πc 2 

3
κ

(3.1)

where
θ is the scatter angle of return (180°),
k is the wave number,
κ is the Bragg wave number, κ = 2k sin(θ/2),
T the ambient temperature, and
CT2 and CV2 are the temperature and velocity structure functions respectively.
At an angle of 180° the velocity structure function due to cos(θ/2), becomes zero. So in the case
of phased array Sodars where the return angle is always 180°, the scattered power is a result of
only temperature fluctuations. This in turn means that a phased array Sodar cannot operate
under neutral atmospheric conditions. In general, parameters which influence the performance
of the Sodar are the transmit frequency, the transmit power, and the pulse length. Other
parameters, which may influence the Sodar measurement, are errors in the vertical alignment of
the instrument, temperature changes at the antenna, and especially for three beam Sodars,
changes in wind direction [8]. The total number of measurements within an integration period
depends on the maximum height used. The higher the height, the less number of measurements
can be made. The function of the Sodar is also known to deteriorate with height, resulting in a
reduced number of signal returns. The background noise, the increased noise due to high wind
speeds, and the presence of rain are also known to influence the function of Sodars.
The depth of the volume of air, within which a Sodar measurement of the wind speed takes
place, depends on the length of the pulse emitted. At the same time, due to the tilt of the beams
the measurement takes place in three non-overlapping volumes. Assuming a tilt angle of 17°,
the distance between the tilted volumes and the distance between the vertical and a tilted
volume is presented in the Table 3.2, below for a number of altitudes.
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Table 3.2

The distance between the three beams at a number of heights
Distance (m)

Altitude (m)

Tilt - Vertical

Tilt - Tilt

40

11.7

16.5

80

23.4

33.1

120

35.1

49.6

160

46.8

66.2

200

58.5

82.7

Sodars have been used before in wind energy applications, e.g. [3,4]. In [3] and [4] Sodars were
used to measure the wind field in the wake of a wind turbine and on some occasions these
measurements were taken in complex terrain. Since Sodars are known to measure the wind field
over a large volume and not at the same position, their application in situations where large
spatial wind variations are expected, like the ones described above, can only be considered of
qualitative rather than of quantitative nature.

3.4

The measurement campaigns

The Sodar results were obtained during two different campaigns.
1. In the first campaign, the Sodar was situated half way between the turbine stand three
and the corresponding met mast.
2. In the second campaign the Sodar was situated 120m southwest of the met mast at stand
six.

3.4.1 The first campaign
The first measurement campaign took place between October 2002 and February 2003. The
Sodar was placed to the west of and at a distance of 100m from the met mast with the tilted
beams pointing away from it. The position of the Sodar can be seen in the next figure while a
picture of the met mast is given in Figure 3.4. No wind turbine was erected at stand three.

Figure 3.3 The layout of the test site during the first campaign and a picture of the Sodar with
the met mast in the background
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Figure 3.4 The met mast during the first measurement campaign
The following settings were used:
1. Height resolution: 5m (4th October to December 15th), 10m (December 16th to March
27th).
2. Frequency: 4500 Hz
3. Averaging time : 10 min
4. Maximum height: 200m
5. Statistical output from the met mast: mean, max, min, stdv.
The table below shows all the sensors that were mounted at the meteorology mast. All sensors
were calibrated according to required standards.
Table 3.3 The met mast sensors during the first period
Parameter
Comments
Tdif_mean (°)
Tabs_mean (°)
Patm_mean (bar)
Rain_mean
cup116.5_mean (m/s)
cup100_mean (m/s)
cup80_mean (m/s)
cup60_mean (m/s)
dircos_mean
dirsin_mean
wdir60_mean (°)

Differential temperature
Atm. Temperature
Atm. pressure
On / off signal
Wind speed top
Wind speed 100m
Wind speed 80m
Wind speed 60m

Wind direction, calculated from the
above sinus and cosinus resolver signals

3.4.2 The second campaign
The second campaign took place between March 2004 and August 2004. The Sodar was placed
at a distance of 120m SW from the met mast at stand six, see Figure 3.5. The wind turbine
situated in stand number five was used for the power curve measurements
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Figure 3.5 The placement of the Sodar during the second campaign
The following Sodar settings were used:
1. Height resolution: 10m (for the whole period).
2. Frequency; 4500 Hz
3. Averaging time: 10 min
4. Maximum height: 150m
5. Number of heights: 15
6. Statistical output from the met mast: mean, max, min, stdv.
The table below shows all the sensors that were mounted at the meteorology mast. All sensors
were calibrated according to requirements of accredited measurements.
Table 3.4
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

22

The met mast sensors during the second period
Parameter
Comments
Tdiff_100-2_Met
Differential temperature between 100m and 2m
Tdiff_80-2_MetM
Differential temperature between 80m and 2m
Tdiff_60-2_MetM
Differential temperature between 60m and 2m
Tdiff_40-2_MetM
Differential temperature between 40m and 2m
Tdiff_10-2_MetM
Differential temperature between 10m and 2m
Tabs_MetMast_10
Atm. Temperature a 10m a.g.l.
Tabs_MetMast_2m
Atm. Temperature a 2m a.g.l.
Tabs_MetMast_SO
Atm. Temperature a soil.
Wsp_Metmast_116
Wind speed top
Wsp_Metmast_100
Wind speed at 100m
Wsp_Metmast_80m
Wind speed at 80m
Wsp_Metmast_60m
Wind speed at 60m
Wsp_Metmast_40m
Wind speed at 40m
Wsp_Metmast_10m
Wind speed at 10m
Dircos_metmast_
DirSin_metmast_
Dircos_metmast_
DirSin_metmast_
Dircos_metmast_
DirSin_metmast_
Dir_metmast_100
Wind direction at 100m (calculated from 15 and 16)
Dir_metmast_60m
Wind direction at 60m (calculated from 17 and 18)
Dir_metmast_10m
Wind direction at 10m (calculated from 19 and 20)
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No
24
25
26
27
28
29
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Parameter
Pressure_MetMas
Pressure_MetMas
RH_100m
Vaisala_temp_10
RH_2m
Vaisala_temp_2m
Wsp_Metmast_2m
Rain_tip
Sonic_status_10
X_100m
Y_100m
Z_100m
T_100m
Sonic_status_80
X_80m
Y_80m
Z_80m
T_80m
Sonic_status_60
X_60m
Y_60m
Z_60m
T_60m
Sonic_status_40
X_40m
Y_40m
Z_40m
T_40m
Sonic_status_20
X_20m
Y_20m
Z_20m
T_20m
Sonic_status_10
X_10m
Y_10m
Z_10m
T_10m

Comments
Atm. Pressure at 100m a.g.l.
Atm. Pressure at 2m a.g.l.
Relative Humidity at 100m
Atm. Temperature at 100m
Relative Humidity at 2m
Atm. Temperature at 2m
Wind speed at 2m
Rain tip bucket
Sonic status at 100m
Sonic X component at 100m
Sonic Y component at 100m
Sonic Z component at 100m
Sonic temperature at 100m
Sonic status at 80m
Sonic X component at 80m
Sonic Y component at 80m
Sonic Z component at 80m
Sonic temperature at 80m
Sonic status at 60m
Sonic X component at 60m
Sonic Y component at 60m
Sonic Z component at 60m
Sonic temperature at 60m
Sonic status at 40m
Sonic X component at 40m
Sonic Y component at 40m
Sonic Z component at 40m
Sonic temperature at 40m
Sonic status at 20m
Sonic X component at 20m
Sonic Y component at 20m
Sonic Z component at 20m
Sonic temperature at 20m
Sonic status at 10m
Sonic X component at 10m
Sonic Y component at 10m
Sonic Z component at 10m
Sonic temperature at 10m

The hub height of the nearby turbine is 80m and the cup anemometer used for the presentation
of the power curve is the one at 80m. Thus the Sodar is compared with a cup anemometer,
which is not top-mounted. The influence from the presence of the met mast and the boom
effects on the readings of the cup anemometer are of the order of 2%. This however does not
influence the comparison results, as the Sodar is calibrated relative to the cup anemometer
readings, and it is assumed that the influence is systematic, and thereby corrected for. The wind
direction sensor at 100m was not available from the beginning of the measurement period due to
a lightning strike so the measured wind direction used is from the vane at 60m. The data used in
the analysis are within the sector 190° to 325°.
The Sodar was configured to measure up to a height of 150m, which resulted in a maximum
number of 180 samples per 10-minute average.
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During the measurement period the nearby wind turbine has been configured in two different
ways and at two nominal power levels. It was decided that results from both configurations
should be used for comparison purposes. For all the above reasons, the power curve and the
AEP data presented later are not typical of the turbine. The statistical results presented later are
sampled as 10-minute averages and all three measurement systems (met tower, Sodar and wind
turbine) were kept synchronized during the tests with the help of an Internet clock.

3.5

Cup anemometer vs. Sodar response

In the following, we will describe two different ways of obtaining the wind speed, by means of
a Sodar and a cup anemometer. The aim is to quantify the differences that occur when the two
types of measuring the wind speed are compared, i.e. the difference between vector and scalar
averaging.
Sodar wind speed measurements are usually made by taking the length of the average wind
speed vector, here called vector averaging, defined as:

x 
ur  i 
U i =  yi 
z 
 i
ur
U = xi

2

+ yi

2

+ zi

2

(3.2)

whereas the cup anemometer measures the average length of the instantaneous wind speed
vector, here called scalar averaging and defined as :

uur
Ui =

xi2 + yi2 + zi2

(3.3)

The differences are described by Kristensen [6], who derived a formula for the difference
between a vector speed and a scalar speed. He introduced a Cartesian coordinate system where
the instantaneous wind vector in a coordinate system is aligned with respect to the mean wind
direction, and given by:

U   u 
uur    
Ui =  0  + v 
 0   w
   

(3.4)

Here U is the length of the mean wind speed vector corresponding to equation (3.2), and (u,v,w)
are the turbulent perturbations . The measured mean wind speed by an “ideal” cup anemometer
is the horizontal projection of the total length of air, which has passed through the instrument
during the averaging time (which does not include directional changes). The measured
horizontal wind speed average U h , approximately corresponding to equation (3.3), is then
according to Kristensen [5]:
Uh =

(U + u ) + v
2

2

≈U+

v2

(3.5)
2U
Here U is the average length of the wind speed vector and u and v are the fluctuations. All terms
with a higher order than 2, and the vertical perturbation have here been neglected. This
expression shows that the measured wind speed by an “ideal” cup anemometer always will be
larger than the measured wind vector from the Sodar. In order to quantify the difference, we
introduce the horizontal fluctuations

v2

in the neutral surface layer parameterised by

Panofsky et al [6]:
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v2
u*2

≈ 2.52

(3.6)

where u* is the friction velocity, and introducing the neutral logarithmic wind profile :

U ( z) =

u*
Ln( z )
z0
κ

(3.7)

we can now express the difference between the scalar averaging U h and vector average
length U solely by the measurement height and roughness z0 by combining equations (3.5), (3.6)
and (3.7) which gives:

 2.52 κ 2 
U h = U  1 +

2 Ln( z z0 ) 2 


(3.8)

In Figure 3.6 the effects of different roughness and thereby also different turbulence intensities
are shown for six heights ranging from 50 to 100 m and for a near neutral atmosphere. Likewise
during free convective situations the velocity fluctuations are increased and this results in a
higher deviation between the two methods. By incorporating expressions for the normalized
fluctuations under convective conditions we have shown that for free convection over rough
surfaces the error becomes of the order of 2%. Finally in Figure 3.7, the scalar-vector relation is
presented for a specific surface roughness as a function of the atmospheric stability. For a
complete description of the above, the reader should refer to Antoniou et al [7].

Figure 3.6 The ratio of the measured wind speed with a cup anemometer and the vector
averaged wind speed as a function of the roughness. Here a higher roughness also
indicates more turbulence. The red curve shows the ratio at 50 m and the black
curve is the values at 100m, the curves in between are heights with an interval of 10
m.
The overall summary is that, between cup anemometers and Sodars, there is expected to be a
bias in the regression due to the difference between vector and scalar averaging i.e.:
U Sodar = α U cup
(3.9)
where α < 1 and with values in the order of 0.98 to 0.995. The value of α depends both on the
atmospheric stability, the roughness of the terrain and the height from the surface, and of the
actual characteristics of the cup anemometer, see Pedersen [10]. In previous comparisons
Jørgensen and Antoniou [9], there is some evidence of this, when a regression line with no
offset value is chosen. Values higher than one can of course appear due to the statistical scatter
from the data and the lack of calibration of the Sodar. Another cause for the deviations can be
the fact of a possible under speeding of the cup anemometer as opposed to what we have
described above. This is due to the fact that cups have “ideally” a cosine response relative to the
vertical deviations. The length of the instantaneous vectors is then underestimated due to the
cosine response of the cup and hence total length of the average vector is therefore
underestimated. Kristensen [8] showed that this is a minor effect compared to the horizontal
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fluctuations by the v component, while Pedersen [10] in the classification of the Risø P2546 cup
anemometer shows that the cup anemometer has systematic “underspeeding” effects down to
-2% for “flat” sites.

Figure 3.7 The scalar – vector relation for a specific roughness as a function of the
atmospheric stability, L the Monin-Obukov length.

3.6

Filtering and calibration of the Sodar during the first campaign

An important issue related to the use of Sodars is data filtering. An example is given below by
using the data from the first measurement campaign.
The comparisons between the Sodar and the cup anemometers are, for all heights, seen in Figure
3.8. The filtered data are in the left column and the non-filtered data (excluding error returns
where the wind speed and the wind direction are set equal to: wind speed = 99 and wind
direction = 9999) are in the right column. In principle all data excluding the error ones are valid.
However many data deviate considerably from the mean value, and they apparently must
somehow be filtered out. As long as the instrument settings are in order, the reason of these
deviations are either due to the atmospheric conditions, which have prevented the Sodar from
measuring correctly, as e.g. heavy rain, nearly adiabatic conditions or to fixed echoes from an
object in the neighbourhood. Fixed echoes should be avoided since they are not easy to remove.
No rules exist but filtering takes place by using the SNR, the number of signal returns and the
amplitude of the returned signal for all the three velocity components. These variables are to a
high degree inter-related:
SODAR 4000 vs. cup wind speed at 60m height (all weather data,
sodar speed<99, sodar wdr<9999, 7<SNRU,V,W<30), 1779 of
2005 data points

SODAR 4000 vs. cup wind speed at 60m height (all weather data,
sodar speed<99, sodar wdr<9999), 1997 of 2005 data points
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SODAR 4000 vs. cup wind speed at 80m height (all weather data,
sodar speed<99, sodar wdr<9999), 1965 of 2005 data points

SODAR 4000 vs. cup wind speed at 80m height (all weather data,
sodar speed<99, sodar wdr<9999, 7<SNRU,V,W<30), 1643 of 2005
data points
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SODAR 4000 vs. cup wind speed at 120m height (all weather
data, sodar speed<99, sodar wdr<9999, 7<SNRU,V,W<30), 950
of 2005 data points
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Figure 3.8 The Sodar data vs. the cup anemometer data for all heights (left column: filtered
data, right column: all data)
•
•
•
•

The SNR decreases with height and with increase in the wind speed. Therefore there is
always a risk that the highest velocities are filtered off on false conditions.
The SNR of the w-component is much higher as compared to the u- and v-components
and this difference increases with height.
The number of accepted signal returns decreases with increasing height and increasing
wind speed and is higher for the w-component relative to the v- and u-components at
the same height and wind speed.
Likewise the amplitude of the return signal decreases with height.

The data have been filtered so that only results with SNR between 7 and 30, for all three
velocities and at all heights, are retained. This choice is based on experience and “trial and
error” where the objective has been to exclude as little as possible of the remaining data points,
and have common filtering rules at all heights. Still it is arbitrary, as it is not based on welldescribed rules. Obviously further work is needed for establishing more refined filtering
methods. The filtering used has been effective with the exception of the low wind speeds where
not all the apparently wrong data could be removed. It is also obvious that some of the high
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wind speed data have been removed although they do not deviate considerably from the mean
value.
wind direction sodar 100m vs. wind direction vane 100m.
(all weather data, sodar speed<99, sodar wdr<9999,
7<SNRU,V,W<30)

sodar direction 100m (°)
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Figure 3.9 The wind direction as measured by the Sodar vs. the wind vane direction.
The correlation of the data reduces with height and this could be the result of the
aforementioned decrease in the signal quality. The wind direction comparison is seen in Figure
3.9. The Sodar and the wind vane results follow well each other, and the small offset is
attributed to the lack of the zero adjustment. Finally a comparison between filtered and
unfiltered data recovery is given in where the number of data points is seen to decrease fast with
increase of the height.
Valid points per height (originally 2005 points)
2500

No of points
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Filtered
Non-filtered

500
0
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50

100

150
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Figure 3.10 The number of data points before and after filtering.
The above results show that in order to use the Sodar in wind energy applications, a consistent
calibration procedure has to be derived. Following the theoretical analysis, and the results
presented in Figure 3.6 and Figure 3.7, the variation of the Sodar / cup ratio at two different
levels, increases with the height difference and the turbulence intensity, but remains of the order
of 1% for the heights and roughness examined. This is exactly what the experimental result in
Figure 3.8, confirm through the similarity of the linear regressions results at the different
heights. This in return means that having calibrated the Sodar at a height (e.g. 50 meters), we
can use the relation from this height in order to calculate the wind speed at a higher level with
an uncertainty of the order of 1% for the specific height, relative to the wind speed at the
reference height. An example of this is given in Figure 3.11 and Figure 3.12, where the Sodar
data at 100m height have been corrected using the relation at 60m and at 100m. The deviations
of the two corrections are shown in Figure 3.12. In general the deviations are of the order of
±1% and only at very low wind speeds higher deviations occur.
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Figure 3.11 Correction of the Sodar data at 100m height using the corrections from 60m and
100m.
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Figure 3.12 Deviation between the two corrections.
As filtering of the results influences the value of the linear regression, the limits of the SNR
filter were changed in an effort to judge whether the regression results are susceptible to
different filter strategies. Thus the SNR was changed from 7<SNR>30 to 12>SNR<30 for 60m
to 100m and this caused changes in the regression value of the order of 1% for wind speeds
higher than 4m/s.
Following the above example it is possible that a combination of a met tower (e.g. a 50m tower)
and a Sodar could be used for wind energy measurements. Both the cost and the size of a 50m
met tower are reasonable and make this a realistic suggestion.

3.7

Filtering and calibration of the Sodar during the second campaign

The conclusions from the first campaign concerning filtering and calibration of the Sodar data,
will be applied to the data of the second campaign. The non-filtered Sodar data for the heights
of 40m and 80m, are presented in Figure 3.13, (excluding error returns where the wind speed
and the wind direction are set equal to 99 and 9999 respectively).

ECN-C--05-041

29

Sodar vs. met mast wind speed (non-filtered data)
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Figure 3.13 The raw Sodar data vs the met mast data
In the above results, there are a number of erroneous data points (mostly high Sodar speeds,
outlying above the main cloud of points), which should be removed. These points occur as a
result of a number of reasons, e.g. data where the SNR (signal to noise ratio) is low, data
acquired during rain weather conditions or data where fixed echoes appear due to the presence
of an obstacle at the same distance from the instrument as the analyzed measurement height.
Finally it should also be mentioned that the presence of birds singing around the operating
frequency band of the Sodar might also influence the results.
To filter the data the criterion 7<SNR<35 at both 40m and 80m height was used, together with
filtering rain weather data (a less conservative rule compared to the filtering applied to the first
campaign results). From experience it has been found that common filtering rules should be
applied at both heights. The largest drawback from using the SNR criterion is that it decreases
with increasing height and because of this, there is a risk of excluding sound data at higher
heights. The removal of data contaminated by fixed echoes is a more tedious task, as it requires
investigation of the spectral results in order to determine their presence. Alternatively outliers
can be removed artificially by limiting the allowable difference between the Sodar and the cup
anemometer data at 40m height and excluding the corresponding data also at the 80m (hub
height). As fixed echoes do not necessarily appear simultaneously at more heights, the
application of this filter does not remove all outliers at the hub height
The met mast wind speed at the heights of 40m and 80m are presented in Figure 3.14, as a
function of the filtered Sodar (7<SNR<35, no rain, |cup-Sodar|40m<2m) wind speeds together
with the gain factors needed to be applied in order to calibrate the Sodar data. The slopes at the
two heights are seen to vary by less than 0.4%. The filtering of the Sodar data has effectively
removed most of the outlying data. The outlying points primarily influence the uncertainty of
the power curve calculations, as will be seen later.
Unlike the first measurement campaign, the regression line in this case was chosen to go
through the origin. The reason for this is that the site calibration has shown that the wind profile
at the site remains similar to itself. In both campaigns the amount of data used for the calibration
was the amount from the whole campaign period and the whole range of wind speeds
encountered. It is also important to point out that the cup-Sodar relation will vary as a result of
the duration of the campaign and the atmospheric conditions during the measurements. In
Figure 3.15 the regression lines for the two campaigns are seen to be in good agreement.
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Met mast vs. sodar wind speed, 7<SNR>35
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Figure 3.14 The met mast wind speed vs the Sodar wind speed at the height of 40m and 80m
Met mast vs. sodar wind speed, 7<SNR>35
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Figure 3.15 The regression lines from the two campaigns

3.8

Conclusions from the two campaigns

The results from both campaigns compare well to the theoretical analysis concerning the
changes in the slope as a function of height above the ground level, yet they deviate
considerably from the results expected following the equation (3.9), as the Sodar values are
higher than the cup anemometer values. Earlier measurements [8], using an AV4000 Sodar (a
4000 model with a 32 element antenna, operating at 4500Hz in a 4000 enclosure) have produced
results, which agree with equation (3.9). Therefore the present deviations are attributed to the
different geometry of the 3000 enclosure and an error in the Sodar software which did not allow
compensation for the difference in the geometry of the enclosures. In any case the above results
confirm the need for control and calibration of the function of the Sodar during every
measurement campaign.
Thus the method suggested for calibrating the Sodar and performing siting or power curve
measurements at a specific height, can be summarised as follows:
1. The Sodar is deployed together with a 40m height met mast with a cup anemometer on
top. The mast is situated at a distance at least equal to the masts height from the Sodar.
2. The Sodar data is filtered as described above and the relation between the Sodar and the
mast anemometer during the campaign is found at 40m height.
3. This relation is applied to the Sodar data at the turbine hub height.
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This method allows for the influences of atmospheric conditions to be taken into account
continuously.

3.9

Presentation of the power curve results

In the following, the second campaign results from the sector 190° to 325° will be used in the
analysis and the presentation of the power curve, as well as the comparison of the wind speed
results using the different instruments. An overview of the cup wind speed data at 80m height is
presented in Figure 3.16.
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Figure 3.16 The cup wind speed data during the measurement period
The wind direction results measured by the Sodar are presented in Figure 3.17. The data agrees
well with the measured wind vane directions. The outliers shown in the figure are mostly due to
very low wind speed part of the data resulting in poor correlation between the two
measurements.
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Figure 3.17 Sodar vs. wind vane direction
The Sodar measures only the standard deviation of the vertical wind speed which in flat terrain
it is related to the standard deviation of the other two components as u:v:w=1:0.8:0.5. The
results from the Sodar at 120m height are compared to the turbulence intensity of a sonic
anemometer and a cup anemometer in Figure 3.18 and Figure 3.19. In Figure 3.18 the wturbulence intensity (TI) of the Sodar at 120 is compared to the results of a sonic anemometer at
100m on the same mast and the agreement between the two sets is good. In Figure 3.19, the
results of the w TI are compared to the u TI measured by a cup at hub height. The results agree
well with what is theoretically expected for flat terrain conditions.
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Figure 3.18 The w-turbulence intensity measured by the Sodar vs. the corresponding on of a
sonic anemometer at 120m height
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Figure 3.19 The w-turbulence intensity of the Sodar compared to the turbulence intensity read
by a cup anemometer at 80m height
The power curve of the wind turbine is presented as a function of the wind speed for the three
instruments in Figure 3.20.
1.2

Electrical power (kW)

1
0.8
0.6
Pe(cup)
Pe(sodar)

0.4
0.2
0
0

5

10

15

20

-0.2
wind speed (m/s)

Figure 3.20 The power curve as a function of the wind speeds measured by the cup and the
Sodar.
The power curve is normalised and consists of data where the turbine has been operating at two
different nominal power configurations. Thus the power curve presented is not representative of
the turbine’s commercial power curve. Starting point for the calculations has been the common
measurement period for the Sodar and the cup anemometer. As the figure shows, the Sodar
wind speeds at the high end have been filtered or the Sodar has not been able to measure. No
attempt has been made to change the filtering conditions in order not to exclude the higher wind
speeds but certainly this is a subject of future investigation.
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The AEP of the turbine as a function of the two instruments is seen in Table 3.5. Following the
analysis on the uncertainties as presented in Chapter 2, the uncertainty associated to the Sodar is
higher than the corresponding one for the cup anemometer.
Table 3.5

The AEP as a function of the Sodar and the cup anemometer
cup anemometer
Sodar

[m/s]

AEP
measured

Uncertainty
AEP measured

4
5
6
7
8
9
10
11

1747
3263
4940
6509
7780
8667
9174
9362

192
264
312
334
339
332
319
301

3.10

AEP
Uncertainty
measured AEP measured
1799
3310
4977
6536
7798
8679
9181
9365

249
345
407
436
440
429
409
385

Summary

The AV4000 Sodar (in a 3000 enclosure) has been tested against a met mast equipped with
more anemometers at a number of heights. Two measurement campaigns have taken place and
the results from both have been presented. During the second campaign the power curve of a
turbine was measured and presented as a function of both the Sodar and the cup anemometer.
The operation of the Sodar is limited by a number of external factors and atmospheric
conditions such as background noise, signal attenuation with height, rain, atmospheric stability
and others.
In the case of the Sodar, filtering of the data through SNR, removes both erroneous and high
wind speed data and thereby reduces the instrument availability, extending in principle the
necessary measurement period. Filtering of the data proved to be a tedious task and cannot be
performed in a satisfactory way with the help of the front view software. Access in the source
code and further insight in the instrument needs to be gained. A first approach in the uncertainty
analysis of the Sodar measurements as presented in Chapter 2 was used in the power
performance evaluation. There is a need to elaborate further on the analysis.
Based on a theoretical analysis and the experimental results, a calibration method has been
proposed for the Sodar which consists in finding the relation of the Sodar to two nearby cup
anemometers mounted on a met mast and transfer of this relation to a higher height. This
relative calibration neutralizes effectively a number of inherent Sodar uncertainties.
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4.

ECN SODAR POWER PERFORMANCE MEASUREMENTS

4.1

Introduction

In this chapter the power performance (PV) measurements using the ECN Sodar system at the
ECN test site are described and results are presented. The Sodar PV measurements have been
carried out during the period between December 2003 and August 2004. Power measurements
were taken from a prototype wind turbine at the same time, whereas comparative wind speed
and direction measurements were performed at a meteo tower nearby on the test site. The
procedures and requirements according to the standard IEC-61400-12 have been followed
where possible.

4.2

Test site description

The PV measurements with the ECN Sodar took place at the ECN testsite EWTW (‘ECN
Windturbine Testveld Wieringermeer’) located to the South of the village Kreileroord in the
Wieringermeer polder in the Dutch province Noord-Holland. The distance ECN - EWTW is
approximately 40 km. The test site and its surroundings are characterised as flat terrain,
consisting of mainly agricultural area, with single farmhouses and rows of trees. The lake
IJsselmeer is located at a distance of 2 km eastwards, see Figure 4.1.

ECN
Petten

EWTW

Figure 4.1 Map of the Province of North Holland and a detailed map of test site EWTW in the
Polder of Wieringermeer.
The polder Wieringermeer consists of flat agricultural land at an altitude of 5 m below sea level.
In this area the wind turbine test site, including meteo masts, is positioned. A detailed map of
the site is shown in Figure 4.2. The meteo mast which was used for comparative wind speed
measurements with cup anemometers and wind vanes is shown in this picture as Meteo Mast 1.
The power from the prototype turbine located to the upper left of Meteo Mast 1 was measured
for the PV analysis.
The distance between turbine and meteo mast is 272m. The Sodar was located at a distance of
60m southwards to the meteo mast, on the concrete surface of a guy wire foot from the mast.
The distance from the Sodar to the wind turbine is 308m. The turbine has a rotor diameter D of
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92m, this makes the distances 2.96D and 3.45D to the meteo mast and the Sodar respectively.
These distances comply with the IEC requirements of 2D < distance < 4D.
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Figure 4.2 Detailed map of the ECN Wind Turbine Test Station Wieringermeer, including the
location of surrounding wind turbines and future planned meteo masts 2 and 3.
The meteo mast is a rectangular mast with 3 legs, the distance between the legs is 1.6 m. The
total height of the mast is 108 m. The mast is equipped with instruments at the levels 25m, 45m,
and 70m during the Sodar PV measurements. There are 3 booms attached to the mast at the 70m
level, i.e. the hub height of the wind turbine involved. One boom is pointing to north: 0º, a
second one to east-south-east: 120º and a third one to west-south-west: 240º. At the 25m and the
45m levels only one boom is attached, pointing in east-south-east direction. The booms have a
length of 6.5m each.

ECN-C--05-041

37

At the 70m level cup anemometers are placed on all three booms and vanes on the 120º and the
240º boom. The 45m boom is used for Sodar calibration and is equipped with a cup
anemometer. The data from the instruments at the 25m boom is not used within this Sodar PV
experiment.
In Figure 4.3 a picture of the meteo mast is shown with booms at 4 levels. The highest boom
level as shown in this picture is at 85m, it was not equipped with instruments at the time of the
Sodar measurements. The lowest 2 booms in the picture are at the 25m and 45m level.

Figure 4.3 View of the meteo mast with attached booms at different levels.
The measurement period used for the Sodar PV analyses was between December 2003 and
August 2004. All instruments in the meteo mast were calibrated according to the ECN
instrument management system, which is ISO-17025 certified. The cup anemometers were
calibrated according to Measnet procedures before the measurements.

4.3

Sodar specifications, parameters and settings

The Sodar which is used for the measurements is a Model 3000 Sodar system from
AeroVironment Inc., USA. ECN has acquired two speaker arrays with the system, the AV3000
and AV4000 arrays. Both arrays could be operated with the Model 3000 enclosure, however
AeroVrionment advised to use the AV4000 array since it would provide better results.
The ECN Sodar system was serviced prior to the measurements which are used in this report.
The service check took place in November 2003 by GWU-Umwelttechnik GmbH from
Germany. It comprised of a check up of the electronics, the data acquisition system and a
speaker test. The system was fully operational afterwards.
The performance specifications according to AeroVironment Inc. are shown in the table below.
Table 4.1 Performance specification of the ECN Sodar system
Description
Model 4000
Max. Sampling Altitude
200
Min. Sampling Altitude
15
Height Resolution
5
Transmit Frequency
4500
Averaging Interval
1 to 60
Wind speed Range
0 to 45
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Units
m
m
m
Hz
min
m/s
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Description
Wind speed Accuracy (wind speed > 2.0 m/s)
Wind direction Accuracy (wind speed > 2.0 m/s)
Voltage
Number of speakers
Weight
Antenna Height
Antenna Width
Antenna Length
Angle of sound beams
Divergence of the sound beam

Model 4000
< 0.50
±5
220
32
116
1.2
1.2
1.5
17 - 18
8

Units
m/s
degrees
VAC
kg
m
m
m
degrees
degrees

In Figure 4.4 a picture is shown of the ECN Sodar and the wind turbine involved at the EWTW
test site during the PV measurements.

Figure 4.4 Picture of the Sodar and the test turbine at the EWTW site.
The software data acquisition programme is provided by AeroVironment and is called Sodar
Pro. The settings are according to the advised settings in the WISE WP1 report (Antoniou,
2003). The applied settings are listed in Table 4.2.
Table 4.2

List with Sodar settings for the PV measurement period

Setting
Sodar Pro version
Met Sampling
Maximum Altitude

ECN-C--05-041

Symbol

Mht

Value
5.29
200

Unit
Version data acquisition software
[m]
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Setting
Altitude Increment
Averaging Time
Wind Gust detection interval
Percent acceptable data
W Magnitude Threshold
Temperature Table
Minimum Altitude

Symbol
Avdst
Sec
Ngav
Gd
Wmax
Deg C
Min Alt

Value
10
60
5
5
500
5
2

Unit
[m]
[s]
[-]
[%]
[cm/s]
[deg C]
[range bin]

Digital Sampling
Digital sampling rate
Number of FFT points
Signal-to-Noise threshold
Amplitude threshold
Adaptive noise threshold
Analog bandwidth
Clutter rejection
Noise time constant
Days to archive on ASP disk

Srate
Nfft
Snr
Amp
Back
Bw
Clut
Nwt

960
64
5
15
-120
800
6
10
30

[Hz]
[-]
[V]
[V]
[-]
[Hz]
[V]
[-]
[d]

Damp
Pulw
Rise
Freq
Ptdir
TiltC
TiltB
Axes
Refl

85
110
15
4500
158
15
15
2
1
Yes
No

[%]

DOPPLER Limits
X axis min radial vel
X axis max radial vel
Y axis min radial vel
Y axis max radial vel
Z axis min radial vel
Z axis max radial vel
Peak detection limits

Mincr
Maxcr
Minbr
Maxbr
Minar
Maxar
Nbini

-800
800
-800
800
-400
400
5

[cm/s]
[cm/s]
[cm/s]
[cm/s]
[cm/s]
[cm/s]
[-]

Raw Data
Data collection axes
Lowest sampling range gate (0 based)
Number of sampling range gates (0 based)
Sampling range gate (0 based) increment
Number of pulses per sample

Specm
Specs
Specl
Speci
Specn

7
0
15
10
0

[-]
[-]
[-]
[m]
[-]

Facsimile Data
Sampling height resolution
Number of pulses averaged
Layer detection threshold (milliVolts)

Cdid
Cdin
Cdia

10
5
2

[-]
[mV]

Sodar parameters
Audio amplitude
Pulse length
Pulse transition time
Operating frequency
Antenne rotation angle
X beam (antenna) tilt angle
Y beam (antenna) tilt angle
Number of beams
Reflector enclosure
M4000 Antenna
M3000 Antenna

4.4

[Hz]
[degrees]
[degrees]
[degrees]
[-]
[-]
[-]
[-]

Available datasets

The Sodar measurement periods available for the power performance analysis are listed in Table
4.3. The periods are a selection from a total set of measurement periods performed by the ECN
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Sodar within the framework of the WISE project. The settings for the two periods in the table do
not differ from the settings listed in Table 4.2, except for the mentioned specific setting.
Table 4.3
Period nr.
25
28

Sodar measurement periods
From
Until
2003-Dec-19 11:10
2004-Jan-27 8:55
2004-March-05 9:00

2004-Aug-12 11:40

Specific setting
Sodar temperature table
constantly 20° C
Regular monthly average
temperatures

In Table 4.4 an overview is given of the datasets and number of data points from the Sodar,
turbine and Meteo Mast. Error values have been excluded from the numbers in the table.
Table 4.4

Data sets used for the PV analysis
Total available data points

Sodar 50m
Sodar 70m
Turbine power
MeteoMast 70m
MeteoMast 45m

Period 25
5603
5600
2881
5010
0

Period 28
20354
20438
5039
15738
5721

Each set consists of data points averaged over 10 minutes. Unfortunately the wind speed data
from the meteo mast at 45m used for the calibration analysis became available from 24 June
2004 in Period 28 in a low wind speed period.

4.5

Methodology

The PV measurements have been carried out with Sodar, meteo mast and turbine in operation
simultaneously. The Sodar is calibrated using the measured data from the 45m height sensors in
the meteo mast. The calibration information is transferred to turbine hub height, which is 70m.

4.5.1 Filtering of Sodar data
Before the PV analysis could start the Sodar data had to be filtered first. In the table below a list
is given of the filter methods, which were applied to the measured data to obtain the proper data
sets for the calibration and the PV analysis.
Table 4.5 Applied filtering methods to meteo mast and Sodar data
General filters
Settings
Data availability
Speed and direction <> -999
Rain
Rain intensity < 0.01
Measurement sector
40º > DIR > 260º
Max. standard deviation of U,V,W beams Sodar
2.7 m/s
Filter on Signal to Noise ratio Sodar
7 < SNR < 35
Additional filters for calibration and PV analysis
Max. difference |Sodar-Cup| at calibration height
Minimum wind speed meteo mast

Settings
2 m/s
4 m/s

Missing or erroneous data is denoted by the number of –999 in the measured data by the data
acquisition system of the Sodar (Sodar Pro) and the meteo mast database. To perform the
calibration and power performance analyses only valid data points can be used.
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Data points during rainy periods are excluded from the Sodar data, because it is expected that
rain will influence the vertical W-beam negatively and therefore the measured data.
The measurement sector is determined by large surrounding objects causing turbulence. For the
Sodar these objects are the wind turbine itself and the meteo mast. For the meteo mast this is the
wind turbine only. Filtering takes place for the combined measurement sector of both Sodar and
meteo mast, in this case all wind directions larger than 40º and smaller than 260º are accepted.
A maximum standard deviation of the U, V and W beams of the Sodar is chosen to enhance the
Sodar data quality. The value of 2.7 m/s is an optimum between data quantity and quality: if a
larger value is chosen, the data availability after filtering decreases considerably, if a smaller
value is chosen the data quality shows no major improvement after filtering.
The Signal to Noise ratio is the ratio between the noise in the FFT transformed return signal of
the Sodar and the peak of the frequency shift. If this SNR is too low, proper peak detection will
become more difficult. A high SNR is however an indication of the presence of fixed echoes in
the signal. In the final report of WISE WP4 this issue will be elaborated further (Antoniou,
2005)
In case of outliers in the calibration regression plot, a maximum difference |Sodar-Cup| of 2 m/s
at calibration height is chosen to exclude outliers affecting the calibration parameters.
Since values of the cup anemometer below 4 m/s have a higher uncertainty, the measured wind
speed data from the meteo mast will be filtered to exclude values smaller than 4 m/s. It must be
noted that in the regression plots, which are required for the calibration of the Sodar, values
smaller than 4 m/s might therefore affect the calibration parameters and accuracy.
Filtering of data can easily be carried out using the ECN Sodar database structure (Barhorst,
2003), by applying the appropriate selection queries.

4.5.2 Sodar calibration and uncertainties
The calibration of the Sodar takes place simultaneously with the actual PV measurements, as a
result of WP3. The relation between the Sodar measurements at 50m height is correlated with
the measurements from the meteo mast at 45m height using a regression analysis. The average
difference in wind speed between 45m and 50m at this test site is below 1%. It appeared that
this difference did not have an effect on the calibration accuracy during this experiment.
The resulting parameters from the regression will be used to determine the Sodar measurements
at 70m height. The calibration procedure is given in the equations below. The first equation
shows the regression parameters from the regression between Sodar at 50m and meteo mast at
45m.

U S ,50 = bU c, 45 + ε
with
b
ε
US,50
Uc,45

(4.1)

slope of the calibration regression line
the offset of the calibration regression line
the Sodar measured wind speed at 50m [m/s]
the cup anemometer measured wind speed at 45m [m/s]

Note that b = β -1 when comparing to the analysis in Chapter 2.
In the equation below the correction calculation is shown.
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U hub =

U S ,70 − ε
b

with
Uhub
Us,70

(4.2)
corrected Sodar wind speed at 70m
measured Sodar wind speed at 70m

The total combined type B uncertainty of the cup measurements at 45m height is taken as 0.2%.
The type B uncertainty of the Sodar at hub height when calibrated with a cup anemometer is
given as:

uhub = uα2 + ub2 + uε2 + uc2, 45
with
uhub
uα
ub
uε
uc,45

(4.3)

type B uncertainty of the corrected Sodar measurements at hub height
uncertainty of the ratio α between Sodar and mast (see Chapter 2)
uncertainty in the slope of the regression line at lower height
uncertainty in the offset of the regression line at lower height
type B uncertainty of the cup anemometer used for calibration (45m)

The uncertainty uα is small and will be neglected here.
The type B uncertainty of the uncalibrated Sodar will be taken as 0.31 m/s, or 3.1% at 10 m/s
(see Chapter 2).

4.5.3 Power performance analysis
The PV analysis is performed with filtered data only, using the filters as shown in Table 4.4.
The next approach is used for the analysis:
-

4.6

filter all data according to Table 4.5
perform the Sodar calibration
apply the calibration parameters to the Sodar data at hub height
perform the PV analysis with the calibrated Sodar data
perform the PV analysis using wind speed data from the meteo mast (the ‘classical’
method)
compare the results of calibrated Sodar and meteo mast

Results

In this section the PV measurements results are presented. Firstly the Sodar will be calibrated
depending on the data availability. All presented data are filtered first using the settings as
shown in Table 4.5. Next the PV analyses are performed and presented using the calibrated
Sodar data.
Measurements from Period 28 will be used to determine the Sodar calibration, since only in this
Period wind speed data from the cup anemometer at 45m in the Meteo Mast are available.
Unfortunately during this period there were not many high wind speeds measured. This is why
the calibration and PV analysis are performed with data from this period, as well as using data
from Period 25 in which higher wind speeds were measured. However, during that time no 45m
data from the Meteo Mast were available. Therefore it is interesting within this evaluation to see
if calibration parameters can be used for those situations in which a calibration meteo mast is
not available.
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4.6.1 Sodar calibration
In Figure 4.5 the regression between Sodar measurements at 70m and cup anemometer in the
Meteo Mast at 70m is shown for Period 28. It shows clearly that the Sodar measured wind
speeds are higher than cup measurements, around 12%. Using these Sodar measurements for a
PV analysis would result in an underestimation of the PV curve (higher nominal wind speed)
and lower Annual Energy Production (AEP) compared to the cup anemometer measurements.
So calibration of the Sodar is necessary.
Figure 4.5 shows also that wind speeds above 11 m/s do not occur very frequently in this period.
This could result in a PV analysis having higher uncertainties.
Period 28 #datapoints: 964
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Figure 4.5 Regression between Sodar and meteo mast at 70m before calibration
In Figure 4.6 the calibration measurements are shown. The correlation is shown between the
Sodar measured wind speeds at 50m and the cup anemometer measured wind speeds at 45m in
the meteo mast. The slope of the regression is comparable to the regression at 70m. However
the offset is considerably smaller.
The resulting regression parameters are:
b = 1.120 ± 0.005
ε = -0.17 ± 0.03 m/s
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(slope)
(offset)

(4.4)
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Period 28 #datapoints: 1108
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Figure 4.6 Regression between Sodar at 50m height and meteo mast at 45m height

The calibration is transferred to the Sodar measured wind speeds at 70m. The result of the
calibration of the Sodar at 70m is shown in Figure 4.7. Compared to Figure 4.5 the correlation
between the Sodar measured data and the cup data at 70m is improved:
•
•

the slope decreased from 1.125 to 1.004
the offset decreased from –0.63 m/s to –0.41 m/s

The slope decreased to nearly unity, however the offset remains considerable. This means an
underestimation of the wind speed with 0.4 m/s. It is clear that not many data points at high
wind speeds were available in period 28. This could also have affected the accuracy of the
calibration. However, since no additional measurements are available the calibration parameters
will be used to perform the PV analysis of period 28.
On the other hand, in period 25 wind speeds up to 18 m/s have been measured. This period
could provide a more complete PV analysis. Since no simultaneous calibration measurements
are carried out during this period, the calibration parameters from period 28 is used to calibrate
the measurements from period 25.
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Period 28 #datapoints: 964
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Figure 4.7 Regression between corrected Sodar and meteo mast at 70m after calibration

The calibration will now be applied to the dataset from period 28. In Figure 4.8 the correlation
between Sodar and cup anemometer at 70m is shown for period 25.
Period 25 #datapoints: 2087
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Figure 4.8 Regression of wind speed between Sodar and meteo mast at 70m for period 25,
uncalibrated.
The parameters from Period 28 are now used to calibrate the measurements from Period 25. The
result is shown in the figure below.
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Period 25 #datapoints: 2087
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Figure 4.9 Regression of wind speed between Sodar and meteo mast at 70m for period 25,
calibrated using parameters from period 28.
The effect of the calibration is:
•
•

the slope decreased from 1.099 to 0.982
the offset decreased from –0.36 m/s to –0.17 m/s

The offset is now smaller than in period 28 but still present and the slope has decreased to
smaller than 1. This is an underestimation compared to the cup anemometer at 70m and
therefore it can be expected that the PV curve is shifted to the left, resulting in a higher AEP.

In Figure 4.10 is shown the correlation between measured wind directions from the Sodar at
70m and the wind vane at 70m in the meteo mast for period 25. The outliers in the figure occur
at Sodar reported wind speeds of smaller than 4 m/s. The correlation between both wind
direction signals is good. Therefore the measurement sector selection for the P-V analysis will
be based on the Sodar measured wind direction.
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Period 25 #datapoints: 2087
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Figure 4.10 Correlation between wind directions from Sodar and meteo mast at 70m for period
25.

4.6.2 Power performance results
The power performance analyses are carried out for 6 cases:
1.
2.
3.
4.
5.
6.

Period 28 using cup data
Period 28 using uncalibrated Sodar data
Period 28 using calibrated Sodar data
Period 25 using cup data
Period 25 using uncalibrated Sodar data
Period 25 using calibrated Sodar data

Only wind speeds above 4 m/s are used for the PV analysis. Turbine data are anonimised using
normalisation of the wind speed at an arbitrary value far above the turbine nominal wind speed
and setting the maximum rated power output at 100%.
The type B uncertainty of the calibrated Sodar is taken as 2.3% using Equation 4.3 with the
uncertainties in the calibration parameters from Equation 4.4.
The scatter diagrams of wind speed versus wind directions for the periods 28 and 25 are shown
in Figure 4.11 and Figure 4.12 respectively. Since the used version of the Sodar processing
software Sodar Pro does not provide the standard deviations of the measured wind speeds, the
turbulence as requested by the IEC standard have not been processed.
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Period 28 Cup Wind speed scatter vs Meteo Mast wind direction
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Figure 4.11 Cup wind speed scatter versus Meteo Mast wind direction in Period 28,
measurement sector

Period 25 Cup Wind speed scatter vs Meteo Mast wind direction
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Figure 4.12 Cup wind speed scatter versus Meteo Mast wind direction in Period 25,
measurement sector
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In Figure 4.13 and Figure 4.14 the PV curves from respectively period 28 and 25 are shown.
The curve from the cup anemometer is shown together with the curves from the Sodar
measurements before and after applying the calibration correction. It can be seen from the
figures that the calibration has a corrective effect but the correction is too strong, i.e. the
calibrated Sodar curve is shifted to the left of the cup PV curve in both periods. It is clear from
Figure 4.13 that there is a lack of high wind speed data in period 28.
Period 28 Power Curve at local airdensity = 1.225 kg/m^3
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Figure 4.13 Power curves for Period 28
Period 25 Power Curve at local airdensity = 1.225 kg/m^3
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Figure 4.14 Power curves for Period 25
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In the following figures the combined uncertainties in the wind turbine power in the PV curves
are shown, in Figure 4.15 for period 28 and in Figure 4.16 for period 25. The Sodar
uncertainties in Period 28 are higher than those in Period 25, especially at higher wind speeds.
This is due to the fact that not many high wind speeds were available in this period. Furthermore
it can be seen that the Sodar calibration reduces the total combined uncertainty, but the
uncertainties are still higher than those from the cup measurements alone, especially in the
lower wind speed range.
Period 28 Combined uncertainties Power Curve
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Figure 4.15 Total combined uncertainty in power for Period 28
Period 25 Combined uncertainties Power Curve
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Figure 4.16 Total combined uncertainty in power for Period 25
ECN-C--05-041

51

4.6.3 Power coefficients comparison
In Figure 4.17 the power coefficients of both periods are compared. The lines show the
difference between the coefficients from the calibrated Sodar and cup measurements in absolute
percentages. The differences are plotted as a function of the bin-centers, otherwise no
comparison can be made. For most bin-centers the Cp from the calibrated Sodar measurements
are considerably larger than those from the cup measurements.
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Figure 4.17 Comparison of the power coefficients for both periods

4.6.4 Annual Energy Production
In this section the Annual Energy Productions (AEP) resulting from the PV analysis are
compared. To get a better comparability the comparison have been carried out with the
extrapolated AEP's instead of the measured AEP's, since for both periods no wind speeds have
been measured up to the wind turbine cut-out wind speed. The measured AEP in the official test
report of the wind turbine at a wind speed of 4 m/s is taken as a reference and set to 1000 MWh.
All values in the table are related to this reference value.
In Table 4.6 and Table 4.7 the extrapolated AEP's and their uncertainties are shown for Period
28 and Period 25 respectively.
Table 4.6
Wind
speed
[m/s]
4
5
6
7
8
9
10
11
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Extrapolated AEP’s for Period 28
Cup anemometer
Sodar calibrated
AEP
Uncertainty
AEP
Uncertainty
[MWh]
[%]
[MWh]
[%]
1006
11.6
1263
12.2
2117
8.5
2447
9.2
3496
6.8
3871
7.5
4958
5.7
5353
6.5
6358
5.0
6753
5.9
7602
4.6
7986
5.5
8639
4.3
9002
5.2
9440
4.1
9779
5.0

Sodar uncalibrated
AEP
Uncertainty
[MWh]
[%]
952
19.9
1896
14.7
3096
11.7
4422
9.9
5742
8.8
6956
8.0
7996
7.5
8820
7.1
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Table 4.7
Wind
speed
[m/s]
4
5
6
7
8
9
10
11

Extrapolated AEP’s for Period 25
Cup anemometer
Sodar calibrated
AEP
Uncertainty
AEP
Uncertainty
[MWh]
[%]
[MWh]
[%]
1024
12.0
1237
12.6
2181
8.6
2488
9.3
3613
6.7
3988
7.2
5118
5.4
5525
5.8
6546
4.6
6957
4.9
7805
4.1
8202
4.3
8845
3.8
9219
3.9
9644
3.5
9991
3.6

Sodar uncalibrated
AEP
Uncertainty
[MWh]
[%]
908
21.2
1904
15.2
3178
11.7
4571
9.3
5938
7.8
7180
6.7
8230
6.0
9056
5.4

The comparison from Table 4.6 is represented graphically in Figure 4.18, the comparison from
Table 4.7 is represented in Figure 4.19.
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Figure 4.18 Comparison of the AEPe's from cup, Sodar uncalibrated and Sodar calibrated for
Period 28
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AEPe Period 25
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Figure 4.19 Comparison of the AEPe's from cup, Sodar uncalibrated and Sodar calibrated for
Period 25
In Figure 4.20 and Figure 4.21 the difference in extrapolated AEP's between calibrated Sodar
and cup is shown compared to the total combined uncertainties in AEP's as listed in Table 4.6
and Table 4.7 respectively.
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Figure 4.20 Difference of (Sodarcalibrated - cup) compared to the total combined uncertainties
in extrapolated AEP's for Period 28.
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Period 25
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Figure 4.21 Difference of (Sodarcalibrated - cup) compared to the total combined uncertainties
in extrapolated AEP's for Period 25.
It is clear from Figure 4.20 and Figure 4.21 that for most annual average wind speeds the
differences between AEPe from Sodar and cup are larger than the total combined uncertainty in
AEPe when using cup anemometer measurements.

4.7

Conclusions

During two campaigns in the period between 19 December 2003 and 12 August 2004
measurements have been carried out with the ECN AV3000 Sodar with a 4000 speaker array
from AeroVironment Inc. at the ECN test site EWTW. The purpose of these measurements was
to establish a comparison between PV analyses using Sodar and cup anemometer wind speed
measurements. Power measurements were taken from a prototype wind turbine at the test site.
Wind speeds measurements were taken from the ECN meteo mast nearby the tested wind
turbine. During the first period only wind speed measurements at hub height were available.
During the second campaign the Sodar system was calibrated using a cup anemometer in the
meteo mast from a boom at 45m height. The cup anemometer measurements complied with the
IEC 16400-12 standard, the Sodar measurements complied where possible.
The Sodar system was serviced prior to the measurements and was fully operational during the
measurement periods. AeroVironment Inc. advised to use the 4000 speaker array instead of the
3000 array since it would provide results which should be better comparable with the cup
anemometer measurements.
Stand alone operation
During both campaigns it became clear that the Sodar measurement results in stand-alone
operation were not comparable with the measurements from the meteo mast. Without
calibration the ECN Sodar overestimates the wind speed by a factor of around 10% to 12% with
an offset of around -0.3 to -0.6 m/s. This means an increasing difference from 0 m/s at a wind
speed of 5 m/s to 1.75 m/s at a wind speed of 20 m/s. These results will lead to an
underestimation of the PV curve and AEP calculation. The underestimated Sodar AEP's are
outside the lower uncertainty boundaries of the AEP calculations using cup anemometer
measurements. Therefore measurements with the ECN Sodar need a calibration with an extra
instrumented mast for wind turbine PV measurements.
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Calibration against a small meteo mast
During the second campaign the Sodar is calibrated against a boom in the meteo mast at 45m
height. Measurements of Sodar, wind turbine power and cup anemometers at 45m and at the
wind turbine hub height at 70m in the meteo mast were carried out simultaneously.
Unfortunately not many high wind speeds were measured during this specific measurement.
The simultaneous calibration improved the Sodar measurements. By calibrating the Sodar at
45m the differences with the cup measured power curve at 70m were reduced. However the
corrected Sodar measured wind speeds resulted in an overestimation of the PV curve and AEP
calculations. The difference in the AEP calculation between cup and calibrated Sodar is still
higher than the uncertainty ranges of the cup anemometer for annual average wind speeds lower
than 10 m/s, but much better than using the Sodar in stand alone operation. However to achieve
a more accurate calibration the calibration measurements should cover an equally distributed
number of data points for every 0.5 m/s wind speed interval up to wind speeds above the
nominal wind speed of the wind turbine.
Calibrated Sodar in stand alone operation
The calibration settings of the second period were applied to the measurements of the first
period to see if calibration settings can be applied to periods without simultaneous calibration.
Likewise the situation in the calibration period the corrected Sodar measurements resulted in an
overestimation of the PV curve and AEP. Here the differences in AEP were also higher than the
uncertainty ranges using the cup anemometer measurements. The correction of the
measurements in this period using the calibration parameters was less effective than the
correction in the calibration period. This result supports the recommendation to carry out
simultaneous calibration against an instrumented meteo mast.
Not many high wind speeds were measured during the calibration period. For that reason it
cannot be concluded that the calibration for both periods was successful or not. However the
deviations between Sodar and cup anemometer measured wind speeds at hub height were
different for both periods. During previous Sodar measurements within the framework of WISE
equal regression parameters were never found between cup anemometer and Sodar for different
measurement periods. This means that using calibration parameters for a period of stand alone
operation will lead to less accurate results than during a campaign with a simultaneous
calibration. This leads to the conclusion that a 'calibrated' Sodar cannot be used in stand alone
operation.
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5.

WINDTEST SODAR POWER PERFORMANCE
MEASUREMENTS

5.1

Introduction

The scope of this report is an attempt to measure the power performance curve of a wind turbine
using a Sodar (Sound Detection And Ranging) wind measuring device. The treated
measurement was performed at a wind turbine on the test site of Kaiser-Wilhelm-Koog,
Germany, a flat site close to the North Sea (see Figure 5.1). To evaluate such a Sodar
application a classical measurement (i.e. a power curve using a cup anemometer at a
meteorological mast) was recorded simultaneously in order to compare both approaches
afterwards.

5.2

Site description

For the power curve measurement a location on WINDTEST’s test site at Kaiser-Wilhelm-Koog
was chosen, which is close to the North Sea at the west coast of Schleswig-Holstein in northern
Germany. The westward distance to the North Sea amounts to 2-3 km and the ground level
equals sea level. The surrounding area is mainly of agricultural use and the terrain is almost
completely flat, with the exception of a few buildings and the dike about 2 km to the west. Since
the overall wind potential at Kaiser-Wilhelm-Koog is close to offshore conditions, quiet a few
wind turbines were erected in that area. Those had to be taken into account for power curve
measurements as avoidable obstacles (see the green triangles in Figure 5.2).
The Sodar was placed relative to the wind turbine, the met mast and the surrounding such as to
insure the least disturbance of the acoustic receptions due to fixed echoes (see Figure 5.1).

SODAR

Wind Turbine

Met Mast

Figure 5.1 Placement of Sodar, Met Mast (WMM) and Wind Turbine (WT) at KaiserWilhelm-Koog test site. Inner blue circles around WT denote distances of 2 times
and 2.5 times the WT’s rotor diameter.
The following distances between Sodar, met mast and wind turbine were chosen:
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•
•
•

WT – WMM:
207 m
WMM – Sodar: 212 m
Sodar – WT:
236 m

The met mast was erected to the Southwest of the wind turbine in direction 247° (at a distance
of 2.5 times the WT’s rotor diameter) and the Sodar was installed to the Northwest of the wind
turbine at almost the same distance (compare as well Figure 5.2 for details). Some turbines in
quite a distance to the measuring site (WTE66 and WTV44) and a farm being rather shallow
were judged not to have a significant influence on wind conditions. This judgment was on the
IEC 61400-12 standard. From those consideration a wind direction sector between about 190°
and 310° resulted, which was taken for analysing the power performance curve data of the
Sodar wind soundings as well as the met mast cup wind data.

Figure 5.2 Sketch of positions of various items and obstacles at the measurement site, together
with their individual wind direction sector to be avoided.

5.3

Sodar specifications

5.3.1 Technical features
Below the main technical features of the Sodar of type Scintec SFAS are listed:
• type: Scintec SFAS - Small Flat Array Sodar
• highest vertical resolution 5 m, up to 100 vertical layers, theoretical range of 500 m
• 64 piezo-electric transducers used as digitally controlled phased arrays (see Figure 5.3)
• sound emission in 9 different beam directions, max. acoustic power 2.5 W
• non-shaded / shaded operation mode to suppress side lopes for fixed echo avoidance
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•
•
•
•
•

up to 10 out of 64 equally spaced frequencies, selectable between 2540 to 4850 Hz
within the same pulse sequence/cycle
variable pulse length within the same pulse sequence height dependent resolution
selectable
simultaneous reception of all emitted frequencies and of opposite beams
automatic software detection and correction of fixed echoes
large acoustic enclosure, so-called baffle to suppress side lopes (see Figure 5.3)

SODAR:

Baffle

and

Power Supply

SODAR Antenna

Figure 5.3 Sodar baffle and power supply in field (upper panel), Sodar antenna within baffle,
(lower panel)

5.3.2 Main settings
During the measuring campaign the following main settings were chosen.
Range / pulse length:
• 205m / 10m
Pulse frequencies:
• 5 pulses of different frequency between 3131 - 4842 Hz, within the same pulse
sequence
• repeated 10 times for each direction, subsequent averaging over 10 sequences
Chronological order of tilted and vertical transmissions:
• East 24°/West 19
• North 24°/South 19°
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•
•
•
•

Vertical 0°
West 24°/East 19°
South 24°/North 19°
Vertical 0°

The overall averaging period was 10 minutes. The data were stored on a PC, which was
synchronized to the common time base of the Sodar and the met mast/wind turbine measuring
system.

5.3.3 Data post processing
The Sodar data post processing mainly consisted in filtering the data for faulty values. This
filtering was based on an error flag provided by the Sodar’s manufacturer, given for each
component (u, v, w) within each range cell of the recorded 10-minute wind speed profile.
After that the 10-minute Sodar data were merged (and synchronized) with the 10-minute
parameter averages as recorded by the met mast/wind turbine measuring system (see the
following section). The following processing of the merged Sodar and met mast data is treated
in Section 5.5.

5.4

The Met Mast / Wind Turbine Measuring System

5.4.1 Met mast sensor specifications
The undisturbed wind speeds used for this analysis were measured by cup anemometers at 80m
and at 40m above ground level (see sketch in Figure 5.4). The mounting height of 80m
corresponded to the hub height of the tested turbine. The wind direction was taken from a wind
vane mounted about 5 meters below the top anemometer. In addition, the met mast was
equipped with temperature and air pressure sensors, in order to derive the air density. All
quantities were stored as 10-minute-averages, together with their minimum, maximum, and
standard deviation values.
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Figure 5.4 Sensor distribution at 80m MetMast

5.4.2 Wind turbine specifications
Due to the manufacturer’s demands the tested wind turbine has to be treated anonymously.
Hence, no technical details can be given in this report.
To record the electric power output of the turbine, voltage transducers to measure the output
voltage and the appropriate current transducers were used. In addition to that status parameters
of the turbines availability and grid connection were collected. As for the met mast data all
parameters were averaged over 10 minutes and stored together with their max, min, and std
values. Those turbine data were than stored in the same database as the met data coming from
the mast.

5.5

Power Curve Analysis

The presented power performance curve (PPC) data were taken from a measuring campaign
lasting from 2003-09-23 until 2003-11-20. The power curve analysis is divided into the
following steps:
I.

Establish a relationship between cup anemometer readings and the corresponding
Sodar wind speed values at the measuring heights of 40m and 80m.

II.

Apply the resulting 40 m relation to the Sodar wind speeds measured at 80m, in
order to correct the Sodar readings at hub height.

III.

Compare the corrected and validated Sodar wind speeds with the cup anemometer
readings at hub height (80m).
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IV.

Perform the PPC derivation for three different cases:
a. with the cup anemometer readings at hub height (classical approach)
b. with the uncorrected Sodar wind speeds at hub height at 80m (uncorrected
approach)
c. with the corrected Sodar wind speeds at hub height at 80m (corrected
approach)

5.5.1 Relations between Sodar and cup wind speeds at 40m and 80m
Based on experiences from earlier comparisons within the WISE project between wind speeds
from the Sodar (of SFAS type) and from cup/met mast measurements a persistent
underestimation by the Sodar was well known. Hence a correction of the Sodar data towards the
cup data needed to be done in order to get comparable power performance results at hub height.
The first data processing steps for the merged and synchronized data set as yielded from the two
data sources (Sodar system and met mast/wind turbine system) were to establish relationships
between the cup anemometer readings and the corresponding Sodar wind speed values at 40 m
and at 80 m above ground level.
Prior to the correlation analysis the data set was filtered according to the following parameters:
•
•

quality of Sodar receptions in terms of the mentioned Sodar error flag (see above)
wind direction, i.e. for winds coming from the undisturbed sectors (taken from 80m
wind vane)

•
•

turbulence within a range according to IEC 61400-12 standard (taken from the cup data)
periods to be excluded due to change of wind turbine settings and turbine performance
experiments
• periods to be excluded when turbine settings were altered (like limited maximum power
output below rated power)
From this filtering a total of 1063 wind speed values remained usable for the regression analysis
and hence for the power performance analysis.
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Figure 5.5 Regression between Sodar wind speeds and cup wind speeds (from met mast)
measured at 40m above ground level (red).

Figure 5.6 Regression between Sodar wind speeds and cup wind speeds (from met mast)
measured at 80m above ground level (green). The red curve represents the same
regression on 40m as of Figure 5.5, to compare the regression slopes.
The regressions for 40m and for 80m as plotted in Figure 5.5 and Figure 5.6 respectively. They
show rather linear relationships in both cases and reveal a significant underestimation by the
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Sodar compared to the cup anemometer of 6.5% and 5%, respectively. Note, that the relation for
40m shows a much larger scatter around the regression line compared to the one for 80m.
It was then assumed that only a short met mast of 40m height was available to establish a
relationship between Sodar and cup. Hence, the application of the regression results from the
40m correlation to the Sodar data measured at 80m became necessary, in order to get wind
speed values being comparable to cup measurements at 80m. This approach implicitly includes
the assumption that the relation between cup and Sodar are rather the same for both heights,
which was checked (see the following chapter). The resulting slopes from the 40m and 80m
regressions in fact yielded a difference of about 1.5% of the total wind speed, which was
regarded to be small enough to continue.
Note that the slopes were derived by forcing the regression lines through the origin and that for
the regressions wind speed values higher than 1.75 m/s were taken into account, only, since
lower wind speeds were not relevant to the power curve analysis due to their low energy
content.

5.5.2 Comparison between corrected Sodar and in-situ cup wind speed at 80 m
As a test for the validity of the assumption that the regression at 40m can be applied to the 80m
Sodar wind speeds the accordingly corrected values were compared to the cup wind speeds at
80 m. Figure 5.7 shows the resulting regression. From those results the correction was regarded
as successful since the slope of the regression line is close to unity and the regression coefficient
r2 is rather high.

Figure 5.7 Regression between corrected Sodar wind speeds at 80m (corrected by 40-mregression) and cup wind speeds (from met mast) measured at 80m above ground
level (red).
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5.5.3 Power curve results
In this chapter the results of the three above mentioned power performance curve approaches (a.
cup, b. uncorrected Sodar, c. corrected Sodar) are compared. Figure 5.8 shows them in terms of
the individual 10-minute averaged values (as blue dots), as bin averages using bin width of 0.5
m/s (magenta coloured dots/lines) and in terms of the corresponding Cp-values plotted in
individual colours. Note that for anonymity reasons the shown power performance parameters
were scaled to an arbitrary value in the same way for all three cases, still keeping the
comparability between the different approaches.

Figure 5.8 Power performance curve (PPC) results for three cases: (a) by classical cup
anemometer/met mast at 80m, (b) by uncorrected Sodar at 80m, (c) by corrected
Sodar at 80m (corrected by 40m Sodar/cup relation).
The cloud of power curve values is obviously more scattered for the two Sodar cases (see lower
panels) than for the cup case (upper panel). Figure 5.9 compares the power curve of the three
cases in a single plot directly. The lower wind speeds in the uncorrected Sodar case (caused by
the prescribed underestimation) resulted in a significantly better power curve than the one from
the cup measurements. This becomes even more obvious in the comparison of the power
coefficient (Cp) curves in Figure 5.10. Applying the wind speed relation from the 40m level to
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the 80m Sodar values resulted in a much better agreement with the cup power curve, which can
clearly be seen in the presented comparison plots.

Figure 5.9 Power performance curves for the three prescribed approaches. Grey shaded tube
represents the 1-std-error-bar for the PPC as recorded by the cup anemometer at the
met mast

Figure 5.10 Power coefficient curves for the three prescribed approaches.
The Cp comparison in Figure 5.10 specifically reveals that the correction in fact resulted in a
slight deterioration compared to the cup power curve.
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Figure 5.11 Power curve differences in [kW] of uncorrected (red) and corrected (blue) Sodar
results. The tube around the zero-line represents the error bar of 1-std power
uncertainty taken from the cup power curve.
For a better interpretation of the differences between the PPCs the two Sodar curves were
plotted by subtracting the cup PPC. This resulted in a difference plot as shown in Figure 5.11,
showing in red the uncorrected Sodar results and in blue the corrected Sodar results. As already
mentioned, the corrected values agree much better with the cup results (represented by the zero
line), most of which lying within the error tube which was taken from the 1-std-uncertainty in
the cup power curve.

5.5.4 Annual Energy Production results
The mentioned overestimation of the power curve by the pure Sodar results can again clearly be
seen in the comparison of AEP values as shown in Table 5.1. Looking at the AEP values of the
“Corrected” power curve reveals that it is well within a 4% range of the “CUP” power curve for
reasonable annual mean wind speeds above 6 m/s. Note that for anonymity reasons the absolute
values are arbitrarily scaled.
Table 5.1

Comparison of Annual Energy Production (AEP) values as derived from the three
mentioned power curve versions, calculated for different annual mean wind speeds,
based on a Rayleigh distribution and on a 100% availabilty of the turbine.
Annual Mean
Annual Energy Production
Percentage
Wind Speed
CUP
Sodar
Corrected
Rel. To Cup
[m/s]
[MWh]
[MWh]
[MWh]
%
4
605.0
699.7
562.3
93.0
5
1213.1
1380.2
1156.0
95.3
6
1944.5
2170.9
1876.1
96.5
7
2700.7
2961.5
2627.6
97.3
8
3388.7
3659.5
3321.9
98.0
9
3942.3
4204.7
3893.3
98.8
10
4333.1
4576.2
4310.0
99.5
11
4565.4
4783.9
4571.2
100.1
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5.6

Conclusions

During a 2-months measuring campaign in a flat near coastal terrain a new approach to record a
power performance curve (PPC) at a multi-megawatt wind turbine was tested by using a Sodar
for wind speed measurements. Simultaneously, a classical PPC – using cup anemometers
installed at a nearby erected met mast – was performed. The comparison of wind speed
measurements by Sodar and by cup and the comparison of the resulting power performance
curves yielded the following conclusions.
From the significant underestimation of the wind speed using a Sodar (of type Scintec SFAS in
our case) compared to the cup wind speeds at 40m and 80m a stand alone Sodar PPC
measurement without a cup reference seems not to be recommendable. It was shown that using
the uncorrected Sodar wind speeds in 80m to produce a PPC would lead to far too high values in
terms of power performance and power coefficients.
Using the 40m cup measurements to reference the Sodar wind speeds, it was shown that for
future Sodar-PPC applications a solution could be, to erect a smaller met mast in order to get a
cup reference for Sodar wind speeds at lower range. In the currently analysed measurement the
validity of a low altitude wind speed relation (between Sodar and cup) for higher altitudes was
proved. This allowed us to correct the Sodar wind speeds at 80m by using the regression slope
from 40m. The resulting so-called corrected Sodar PPC shows a much better agreement with the
cup PPC. This is even more pronounced when comparing the annual energy production of those
two power curve versions.
In this PPC comparison only those classical cup measurements (in terms of 10-minute averages)
were used, which coincided with useable Sodar receptions at the altitude of the hub height. The
number of those data points amounted to only 1063. This is low compared to a significantly
larger number of data points which could have been used if the power curve was calculated
based on the cup/met-mast data at 80m alone. This may underline that in general it will take
much more time to record a complete PPC using a Sodar compared to a classical measurement.
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6.

CONCLUSIONS

Within the scope of the WISE project three experiments at three different locations have been
carried out to measure the power performance of wind turbines using currently available offthe-shelf monostatic Sodar systems. These experiments are described and analysed in this report
of WISE WP5. The experiments took place at test sites that were fully equipped for power
performance testing according to the standard IEC 61400-12. Results of the Sodar
measurements were compared to cup anemometer measurements using large meteo towers,
which is up to now the only accepted method for certified wind speed measurements for wind
energy purposes.
The operation of the Sodar system is limited by a number of external factors and atmospheric
conditions such as background noise, signal attenuation with height, precipitation, atmospheric
neutral condition, high wind speeds and others. The effect of these disturbing factors is twofold:
the availability of data is reduced (high fall-out rates) and the data quality is affected. This has
been reported extensively in the WP3 and WP4 report of this WISE project. It means that Sodar
measured data, as provided by the supplied software of the Sodar manufacturers, first need to be
processed by filtering out inappropriate data. However the present data format of the output
from the supplied data acquisition and processing software is not directly usable to apply the
filtering methods. Reorganising the data is required first to obtain a dataset that is suitable for a
database structure.
Filtering of data
The Sodar measured raw data had to be filtered to obtain more reliable data since many data
points deviate considerably from the mean values. The causes of these deviations are due to
background noise and atmospheric conditions such as precipitation and near neutral stability or
due to fixed echoes from nearby objects. Filtering takes place by removing erroneous values and
applying limiting values to the Signal to Noise Ratio SNR of the returned signal and the
standard deviation of the 10-minute averaged wind speed. The SNR and also the data
availability of the raw measured data decreases with height and with wind speed. Therefore
filtering reduces the availability of high wind speed data above ca. 15 m/s even more. Some of
the high wind speed data are removed although they do not deviate considerably from the mean
values. Furthermore the data has to be filtered to exclude data points in periods with
precipitation. Since the used Sodar systems did not have a precipitation sensor the sensors from
nearby meteo masts had to be deployed.
In combination with the necessity of reorganising the raw data due to the output format of the
software, the data filtering proved to be a tedious task. Access to the source code by the user or
a more user-friendly version of the software is therefore required to improve the data output.
The availability is considerably reduced due to the filtering of data, in some cases this was far
more than 50% especially at high wind speeds. Knowledge of the operator in Sodar
measurement technique and insight in the influencing factors due to atmospheric conditions,
atmospheric stability and the effect of background noise is required to enhance the data quality
of the raw measured data from the Sodar.
All measurements showed a good similarity between the resulting wind direction measurements
of the Sodar and the meteo mast direction sensors.
Power performance in stand alone operation
At three European wind turbine test locations Sodar systems were used to carry out power
performance analyses of wind turbines. After filtering the data using the methods mentioned
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above, deviations from the mean wind speed measured by the cup anemometer were too large to
get comparable PV curves and Annual Energy Production (AEP) numbers, especially at high
wind speeds. In the cases of ECN and Risø the Sodar systems overestimated the wind speed by
a factor of 5% to 10%, resulting in an underestimation of the PV curve and AEP. In the situation
at WINDTEST the Sodar underestimated the wind speed by a factor of around 6%, resulting in
overestimation of the PV curve and power coefficient Cp of the wind turbine, the latter by a
factor of more than 25%.
Furthermore the uncertainty analysis in Chapter 2 shows that the type B instrument uncertainties
in stand alone operation are currently far too high to perform PV analyses with an accuracy
comparable to cup anemometer wind speed measurements. This is confirmed by the
measurements.
Power performance with a small meteo mast
The WISE WP3 report deals with issues regarding calibration of Sodar systems. The
recommended method to perform wind energy related measurements with currently available
Sodars is to calibrate the Sodar with the simultaneous use of a small meteo mast of 40m. This
calibration is to be carried out during the power performance measurements. In case of a PV
measurement of a wind turbine the actual Sodar measurements at hub height are derived from
simultaneous calibration measurements of Sodar and cup anemometer and vane at a lower
height. During the three experiments at the test sites of ECN, Risø and WINDTEST this
calibration is carried out during a power performance test with cup anemometers at around 40m
height in meteo masts which were fully suitable for certified PV measurements (IEC 61400-12).
In general the correction of the measured Sodar wind speeds at hub height with the use of the
calibration at lower height worked well. The deviations between Sodar and cup anemometer at
hub height were largely corrected. However the effect of the correction depends heavily on the
number of available data points for the calibration. Since filtering is required due to
unfavourable atmospheric conditions, background noise and fixed echoes this means that the
measurement period required to obtain a PV curve complying with the standard IEC 61400-12
will be considerably longer than the required period when using cup anemometer
measurements.
The uncertainties in Sodar measurements after calibration with a small meteo mast are still
larger than uncertainties in conventional cup anemometer measurements. This is a consequence
of the applied calibration method. The type B uncertainty of the Sodar will never be smaller
than the uncertainty of the cup anemometer used for the calibration. The reason for this is that
the uncertainty of the cup anemometer is part of the entire uncertainty, although calibration
reduces the uncertainty considerably compared to stand alone operation. On the other hand, the
type A uncertainty, basically consisting of the scatter in the bins of the wind speed versus
turbine power scatter plot can be smaller due to the volume measurements of the Sodar that
theoretically resembles the win conditions in the rotor swept area more accurately.
The AEP results from Risø and WINDTEST show that the calibrated Sodar derived AEP's are
within 4% deviation from the AEP's calculated using cup anemometer measurements. However
the uncertainties in AEP's calculated by calibrated Sodar measurements are a factor 10% to 30%
higher than AEP's calculated by cup anemometer measurements. The PV and AEP calculations
from ECN show different results, here the PV curve is overcorrected and the resulting AEP's, by
calibrated Sodar, are outside the uncertainty range of the cup measurements for most wind
speeds. This is most presumably due to the fact that the calibration period appeared too short to
measure enough data points at high wind speeds.
The calibration results were also applied to a measurement period without simultaneous
calibration measurements against a small meteo mast at the ECN site. Although the calibration
period was too short, in this case the PV curve was overestimated to a larger extend than the PV
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curve resulting from the calibration period. This means that the calibration parameters cannot be
simply transferred to a situation without a calibration meteo mast and stresses the conclusion
that simultaneous calibration is required when performing wind energy related measurements.
Usability for wind energy related measurements
The mobility and flexibility of Sodar systems are larger compared to fixed meteo masts. The
costs involved in high meteo masts increase exponentially with height. Especially with the
increasing sizes and heights of modern wind turbines, measurements with Sodar systems could
become a good alternative to measurements with meteo masts. Advantages of a Sodar system
are being a mobile measurement system, the capability of simultaneously measuring measuring
wind speeds and directions at selected height intervals and the absence of flow distortion from a
mast.
Measurements have been carried out with Sodar systems at three locations in the WISE project
during several years. It has been shown, using currently available Sodars systems, that power
performance measurements cannot be carried out comparable to cup anemometer measurements
in stand-alone operation without a proper calibration. The operation of a Sodar system appeared
to be limited by a number of external factors and atmospheric conditions. Filtering of the dataset
is necessary to obtain a data quality comparable to data from cup anemometer measurements.
Due to the data filtering the measurement period may become considerably longer compared to
power performance analyses with cup anemometers.
During the WISE project a new calibration method was developed using a small meteo mast
with a height of 40m. This will reduce however the mobility and will increase the costs of the
measurements. By applying a simultaneous calibration the measurements increased
considerably in accuracy. The AEP calculations show comparable results with cup anemometer
measurements on the condition that the calibration provides sufficient information at wind
speeds preferably up to the cut-out wind speed of the test turbine. Also an equivalent number of
datapoints per 0.5 m/s wind speed interval over this range is required.
The uncertainties in power performance and AEP calculations using calibrated Sodar
measurements are however higher than in the case of cup anemometer measurements due to the
necessary calibration of the Sodar against a cup anemometer on a small mast.
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