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Direct measurement of the spectral transfer function

of a laser based anemometer

Nikolas Angelou, Jakob Mann, Mikael Sjéholm, and Michael Courtney
Department of Wind Energy, Danish Technical University, Frederiksborgvej 399, Roskilde 4000, Denmark

(Received 19 July 2011; accepted 4 March 2012; published online 27 March 2012)

The effect of a continuous-wave (cw) laser based anemometer’s probe volume on the measurement of
wind turbulence is studied in this paper. Wind speed time series acquired by both a remote sensing cw
laser anemometer, whose line-of-sight was aligned with the wind direction, and by a reference sensor
(sonic anemometer) located in the same direction, were used. The spectral transfer function, which
describes the attenuation of the power spectral density of the wind speed turbulence, was calculated
and found to be in good agreement with the theoretical exponential function, which is based on the
properties of the probe volume of a focused Gaussian laser beam. Parameters such as fluctuations of
the wind direction, as well as the overestimation of the laser Doppler spectrum threshold, were found
to affect the calculation of the spectral transfer function by introducing high frequency noise. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3697728]

. INTRODUCTION

A continuous-wave (cw) laser based anemometer uses
the Doppler shift of the backscattered light from atmospheric
aerosols and molecules to remotely sense the wind speed and
direction.! The backscattered light is collected from an air
volume with a relatively large size in respect to turbulence
length scales, thus it is vital to determine the extent of asso-
ciated attenuation of the turbulent speed fluctuations. This is
crucial for the use of such a sensor in research related with
scientific areas like wind energy, where the advantages of re-
mote sensing (i.e., cw laser anemometers or pulsed wind li-
dars) could prove beneficial for their further development.?

The objective of this study is to estimate the power spec-
tral density attenuation of the wind speed turbulence, mea-
sured by a laser anemometer, through the calculation of the
spectral transfer function. The assessment of this function is
preferably done in a geometry where the turbulent fluctuations
of the wind speed are probed from a horizontal plane parallel
to the wind flow, in which both the effect of the vertical com-
ponent of the wind speed, which is expected to introduce an
error in the estimation of the turbulence attenuation, as well
as the effect of height dependent wind speed variations, due
to the wind shear, are minimized.

Il. EXPERIMENTAL SETUP

Such ideal opportunities for assessing the spatial filter-
ing function were obtained during a 3 month (April-June
2009) measurement campaign in the context of the European
research project UPWIND, where a ZephlIR prototype was
mounted on the nacelle of a Vestas V27 wind turbine
(225 kW model, with a hub height of 33.5 m and a rotor
diameter of 27 m) in the vicinity of a meteorological mast
(met mast) equipped with a reference sensor (Metek USA-
1 sonic anemometer) at Risg DTU in Denmark (55°41'08”
N, 12°05'46” E). The measurements used in this study are
from the rare periods of the campaign when the wind direc-
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tion coincided with the line-of-sight of the ZephIR while it
was pointing towards the reference sensor.

The ZephlR prototype is a cw laser anemometer capable
of acquiring measurements of the line-of-sight wind speed at
different distances away from the instrument. It was manufac-
tured by QinetiQ (UK) in 2003, as a prototype of the nowa-
days commercially available ZephlIR laser anemometer pro-
duced by Natural Power (UK). Its design concept follows the
fundamental principles of a monostatic, fiber-based, coher-
ent detection cw laser anemometer.’> The theoretical spatial
and temporal resolution of this system have been thoroughly
studied*> and its ability to accurately measure the wind speed
has been verified through inter-comparison with data acquired
by calibrated cup anemometers.® The design of the system
offers the possibility of operating in two different modes; a
staring mode (laser beam is emitted in a straight line paral-
lel with the orientation of the system) and a conical scanning
mode (the laser beam is deflected by a rotating optical wedge
prism).

In this application the ZephIR was operating in the star-
ing mode and its line-of-sight was aligned with the horizontal
axis of the wind turbine, so that cloud returns were not ex-
pected to interfere with the detected backscattered signals.’
The focus distance of the laser beam was set to 67.5 m, which
is approximately equal with the horizontal distance between
the V27 wind turbine and the met mast. Prior to the installa-
tion on the nacelle, the ZephlR prototype was focus calibrated
using a solid moving target in order to ensure high precision
and accuracy in the determination of the focus distance.

The ZephlR prototype’s data acquisition unit had a sam-
pling rate of 50 MHz and a Discrete Fourier Transform (DFT)
was applied in sequences of 512 consecutive measurements in
order to create one laser Doppler spectrum of wind speeds up
to ~19 ms~!, with a spectral resolution of 0.0976 MHz corre-
sponding to 0.076 ms~!. Each spectrum was post-processed
in order to filter away the background noise and subsequently
a velocity estimation was applied, based on the location of
the median value of the Doppler spectrum. The system’s duty

© 2012 American Institute of Physics
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cycle was 94.5%, due to the occurrence of a 10-min pause for
the calculation of the background signal every 3 h.

A met mast was placed in the direction of 283° from
the North, at a distance of approximately 67.5 m (equiva-
lent to 2.5 rotor diameters) from the V27 wind turbine. At a
height of 32 m a Metek USA-1 sonic anemometer, measuring
with a sampling frequency of 32 Hz, was used as a reference
instrument for the inter-comparison with the ZephlR laser
anemometer. The selection of a sonic anemometer was based
on the need to acquire all the 3 components of the wind speed.
The location of the focus of the laser beam was estimated to
be approximately 1 m above the USA-1 sonic anemometer.

The data acquisition of the two instruments was synchro-
nized using a network time server and the synchronization
was verified through a cross correlation study between the
time series of the wind speed measurements. Therefore it can
be considered that the two instruments were acquiring simul-
taneous measurements of the wind speed, approximately at
the same location.

lll. SPATIAL WEIGHTING FUNCTION

The operation of a laser anemometer is based on focusing
a Gaussian laser beam in the atmosphere, thus achieving a suf-
ficiently high signal-to-noise ratio (SNR) of the backscattered
radiation. Due to the energy distribution around the focus
point the laser anemometer’s measurements are characterized
by a probe volume, whose length is considered to be equal to
twice the Rayleigh length (zz).> The Rayleigh length is de-
fined as the distance between the focus point, where the beam
radius has its minimum value (defined as the beam waist), to
the point where the area of the beam’s cross section becomes
twice the beam minimum area and is equal to

.
=25, (1)

where A is the wavelength of the emitted radiation, r the
distance between the tranceiver of the remote sensing laser
anemometer and the point where the laser beam is focused
(focus distance) and «,, is the effective radius of the telescope
used for emitting and receiving the laser signal. The latter is
defined as the radius where the intensity of the Gaussian laser
beam has dropped to ¢~2 of its maximum value (in the case
of the ZephlR prototype: A =1547.615 nm and op = 20 mm).
The effect of the probe volume on the SNR has been studied in
detail by Refs. 9—11. In particular, if a homogeneous aerosol
distribution is assumed, then the radial wind speed (v,) can
be expressed as the convolution of the speed along the line-
of-sight and the spatial weighting function ¢ which describes
the distribution of the signal intensity received:'!

Ur(r):/ @(s)n - u((s + r)n) ds, @)

oo

where n is a unity vector in the line-of-sight of the laser
anemometer, r is the focus distance, s is the distance along
the line-of-sight from r, u is the wind field, and @(s) is the
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spatial weighting function, which is equal to'!

| 1
T wkad (s/r)? + (r — )2/ (ka2

@(s) 3)

where k = 27 /A is the wavenumber of the laser light. When

r <L koz% the spatial weighting function can be approximated
by a Lorentzian function, equal to

“

This expression of the spatial filtering has previously
been successfully used in order to investigate the spec-
tral attenuation of the turbulence measured by a laser
anemometer.'”

IV. WIND SPEED TIME SERIES IN THE LINE-OF-SIGHT
OF THE LASER ANEMOMETER

For the needs of this study it was necessary to acquire
radial wind speed measurements looking upwind towards the
met mast, while the wind direction coincided with the line-of-
sight of the laser anemometer. The data presented in this paper
were acquired when the wind turbine was yawed and its orien-
tation was locked in the direction of 283°, which is the direc-
tion of the met mast from the V27 wind turbine (12:00-20:00
on the 05-05-2009). Throughout this period the wind turbine
was not operating and the laser beam was completely free of
the blades, thus achieving maximum data availability. For the
wind directions of the period of investigation, both the mast
and the wind turbine were not affected by wakes produced by
the adjacent wind turbines in the area.'> Moreover, the sonic
anemometer was also undisturbed by the wake of the mast.

In order to compare the spectral characteristics of the tur-
bulence measurements from the two instruments, the wind
speed measurements from the USA-1 Metek sonic anemome-
ter were first corrected in order to take into account the in-
ternal flow distortion caused by the probe geometry.'* !> The
corrected sonic anemometer velocity components were then
projected onto the line-of-sight (n) of the laser anemometer.

In the lower plot of Fig. 1 the time series (0.1 Hz)
of the wind speed as measured by the sonic anemometer
and the laser anemometer are presented, while in the upper
plot the time series of the wind direction as measured
from a wind vane, along with the line-of-sight of the laser
anemometer (orange line) are shown. The two 10-min periods
(highlighted in gray) when the laser anemometer was not ac-
quiring wind speed data, are due to the measurement of the
background signal.

The wind speed data, sampled at 50 Hz by the laser
anemometer (v,) and at 32 Hz by the sonic anemometer (v),
were block averaged to create 10 Hz time series and four 1-h
periods, characterized by different mean wind directions (de-
noted as A, B, C, and D), were selected to be investigated.
The downsampling of the sonic anemometer time series from
32 Hz (v) to 10 Hz (v,) was performed by first separating the
time series in partitions of 16 elements. From each partition
five velocities v, (i =1, 2, ..., 5) are calculated by a method
resembling block averaging, but for non-integer block size. It
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FIG. 1. Time series (0.1 Hz) of the direction (upper) and radial wind speed (lower) for the period of investigation (12:00-20:00, 05-05-2009).

uses the following discrete weighting function w;:

w = {026 —i),1,1,0.2i}, 5)
where
4
Z w;, = 3.2, (6)
n=1
SO as
4
b, = L=t YU s )

S 4
Zn:l w,

As an example of the 10 Hz time series of the radial wind
speed, a sample acquired during the period 17:00-17:08, is
presented in Fig. 2. where it can be observed that the laser
anemometer is following the wind speed fluctuations detected

12 LN L BN B BN B N S L N
— USA-1
ZephIR

T T T T T T T T T T T T T T T 1
17:0017:01 17:0217:03 17:04 17:05 17:06 17:07 17:08
Time [HH:MM]

FIG. 2. Time series (10 Hz) of the radial wind speed acquired between 17:00
and 17:08.

by the sonic anemometer, but with a clear attenuation of the
small scale turbulence.

V. RESULTS

The aim of the analysis was to investigate the observed
turbulence attenuation at the high frequencies induced by the
sampling volume of the laser anemometer, which is antici-
pated to behave as a low-pass filter.

A. Spectral analysis

Figure 3 presents the frequency dependent power spec-
tral density of the wind speed time series, for each of the
periods indicated in Fig. 1. The spectra were achieved by
first calculating the absolute square of the Fourier Transform
of the wind speed time series, subsequently logarithmically
smoothed and finally multiplied by the frequency. The fre-
quency band ranges from 1.67 mHz to 5 Hz, corresponding
to fluctuations with periods between 10 min and 200 ms. The
analysis was performed using the 10 Hz block averaged val-
ues of the wind speed, for both the measurements of the laser
and the sonic anemometers. In order to reduce the uncertain-
ties in the power spectral density the investigated 1-h time
periods were divided into 10-min intervals and the spectral
results of each of them were subsequently averaged.

It is evident that the highest contribution to the vari-
ance of the wind is found in the lower frequency range (cy-
cles with approximately 10-min periods). The spectra derived
from the laser anemometer radial wind speed measurements
(S, (f)) are in all the cases following the corresponding spec-
tra from the sonic (S, (f)) up to frequencies of approximately

Downloaded 20 Apr 2012 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 3. Spectra of the time series of the wind speed as measured by the ZephlIR laser anemometer (red) and by the USA-1 sonic anemometer (dashed black) on

the 05-05-2009.

0.03 Hz. Above that frequency and until almost 2 Hz, the laser
anemometer spectra decrease more abruptly than the sonic
spectra. This trend can be attributed to the spatial weight-
ing effect which occurs over the probe volume that character-
izes the cw laser anemometer measurements. However, above
2 Hz an increase of the amplitude is observed, probably due
to white noise introduced in the laser Doppler spectra.

B. Spectral transfer function

The spectral transfer function, which represents the tur-
bulence attenuation, that is observed between the measure-
ments of the two sensors, was approached through two dif-
ferent methods using: (a) the power spectral density (method
1) and (b) the cross-spectrum of the sonic anemometer and
laser anemometer wind speed measurements (method 2). In
both cases the assumption is made that the spatially weighted
averaging of the laser anemometer measurements is occur-
ring over exactly the same turbulent fluctuations of the wind
speed which are detected by the sonic anemometer, by assum-
ing Taylor’s frozen turbulence hypothesis to be valid.'®

C. Method 1: Spectral ratio

The ratio between the wind speed power spectra mea-
sured by the two sensors is equal to the absolute square of the

Fourier transform of the spatial weighting function |@ k)|,
because by Fourier transforming Eq. (2) and assuming
Taylor’s hypothesis to relate the frequency to the wavenumber
k=21
Fo () = (19 (0FP) "= (1¢s (k) 0 (R)7) =
= 195 I (10 (R)) = 1@s W) Fo, k), (8)

where F is used for the power spectral density as a function
of k and S when a function of f. Using the approximate spa-
tial weighting function in the form of the Lorentzian function,
Eq. (4), the square of the Fourier transformation 1@ (k)| is
equal with the following exponential:

|6 (k)| = e,

Eq.Q2)

C))

Figure 4 presents the spectral transfer function for each
of the time periods. It can be observed that for wavenumbers
approximately below 0.02 m~!, the laser anemometer is fol-
lowing the turbulence fluctuations obtained from the sonic
anemometer relatively well, with spectral transfer function
values between 0.9 and 1.0. Moreover, it is observed that for
wavenumbers between 0.1 and 1 m~! the apparent attenuation
decreases as the wind direction deviates more from the line-
of-sight of the laser anemometer. The largest attenuation is
observed at wavenumbers of about 0.8 m~!, where the spec-
tral density of the detected turbulence fluctuations of the wind
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FIG. 4. Ratio between the spectra of the turbulence fluctuations of the wind
speed, measured by the ZephIR laser anemometer and the USA-1 sonic
anemometer.

speed is only 4% of the actual. At higher wavenumbers the
signals are dominated by noise, which lifts the spectral trans-
fer curve.

D. Method 2: Cross-spectrum

An alternative approach for the calculation of the spectral
transfer function ¢ (k) is through the cross-spectrum x, ., of
the laser anemometer and the sonic anemometer wind speed
measurements. The cross-spectrum of two signals is defined,
ignoring details about the normalization, as the average of the
Fourier transform of one of the signals with the conjugated
Fourier transform of the other signal:

Xono, (0) = (0:0007(K)) "2 ( (k) b, (k) 87 (K))
= Yoo (k) = ¢ (k) Fy, (k). (10)

Assuming the spectral transfer function to be real and by
squaring the Eq. (10), an alternative method to calculate the
spectral transfer function is obtained:

Re (3u,0, (0)) = §2(K) - F2 (k)

Re(xo,v,(k))*

= ¢ = —1; ©

an

The spectral transfer function, calculated using Eq. (11)
presents a similar trend with the one of method 1, with the
filtering starting to be significant above 0.02 m~! and an at-
tenuation of 50% at approximately 0.1 m~'. In Fig. 5 it is seen
that the increasing spectral transfer function values, which ap-
peared at high wavenumbers in Fig. 4 can no longer be ob-
served, allowing the turbulence attenuation at high wavenum-
bers to be distinguished. For instance at a wavenumber of
0.5 m~! the measured turbulent fluctuations are attenuated to
only 0.1% of their real magnitude.

E. Theoretical spectral transfer function

The spectral transfer functions derived from
Egs. (8) and (11) were compared with the theoretical

Rev. Sci. Instrum. 83, 033111 (2012)
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FIG. 5. Square of the ratio between the real part of the cross-spectrum x,. v,
and the sonic spectrum F,,, .

expected attenuation, described by Eq. (9) (for r = 67.5 m
and zg = 5.61 m), in the case where the minimum deviation
between the laser anemometer’s line-of-sight and the wind
direction is observed, i.e., 1.2° in period C (see Fig. 6).

Using the approach of method 1, the measured spec-
tral ratio is following the square of the Fourier transform of
the spatial weighting function below wavenumbers of about
0.01 m~!. However, above that value the spectral ratio is not
decreasing as fast as the theoretical model predicts. Moreover,
above wavenumbers of 1 m~! an increase is observed in the
spectral transfer function which corresponds with the increase
which is observed in the laser anemometer spectra in Fig. 3.

Using the second approach (method 2), the spectral trans-
fer function closely follows the theoretical model. Partly this
can be attributed to the fact that the uncorrelated noise that is
present in the time series of the wind speed measurements of
the two sensors is filtered away when calculating the cross-
spectrum. The values of the spectral transfer function calcu-
lated by method 2, are perfectly following the model until
0.5 m~! where the turbulence attenuation has dropped to
approximately 0.1% (1073) of the actual power spectral
density.

1 Ll L LT
Y
0.1
3
e
0.01 4 — Fop/F (k0
1 2 \
| — Cops®/Fyg k) \
| —~ \
- -9 (k) \
1E-3 0.01 0.1 1 10

k[m"]

FIG. 6. Comparison of the two methods for estimating the spectral transfer
function with the theoretical model of Eq. (9), for data of the period C.
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VI. POSSIBLE REASONS FOR THE DIFFERENCES
BETWEEN THE METHODS

A. Wind direction variations

Despite the fact that in theory method 1 (Eq. (8)) and
method 2 (Eq. (11)) should approach the same spectral trans-
fer function, in Fig. 6 large deviations between the two meth-
ods are appearing, especially above wavenumbers of 0.1 m~".
One reason could be that the mean wind vector is not perfectly
aligned with the laser beam.

In order to assess the effect of a possible misalignment
it is necessary to calculate theoretically the sonic spectrum
F,, (k) of the wind velocity component along the line-of-
sight of the laser beam determined by the unit vector n, the
laser anemometer spectrum F,, (k), and the cross-spectrum
between the laser anemometer and sonic signals x,,,,. As in
Refs. 12 and 17 these quantities can be expressed in terms
of the spectral velocity tensor ®;; which is a function of the
three-dimensional wave-vector k = (ky, k>, k3). The expres-
sions are, assuming Taylor’s hypothesis,

o0 o0
Fo.tk) = min; / / &, (k)dkadks, (12)
—00 J—00

For () = min, / f By (k) exp (=22 gk - 1) dkod,

(13)
and

Koo, = nin,; / / @, (k) exp (—zxk - n) dadks,

When the beam is aligned with the mean wind,
ie. n=(1,0,0), then F, (k)/Fy,(k) = (o, (k)/Fy (k)
= exp(—2|k|zg) in accordance with Egs. (8)and (11). How-
ever, when n = (cos(f), sin(f), 0) with 6 # 0 that simple
relationship no longer holds. As in Refs. 12 and 17 a spec-
tral tensor model'® was fitted to the measured sonic spectra
and three parameters describing the tensor were obtained. Ex-
amples with spectral tensor parameters obtained from Period
C are shown in Fig. 7. It is seen that for non-zero 6 (e.g.,
6 = 5°) the ratios are larger than exp (—2|k|zg) and that they
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FIG. 7. Spectral ratios calculated from Eqgs. (12) to (14) using spectral tensor
parameters from period C for a misalignment angle 6 = 5°.
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FIG. 8. Spectral transfer function calculated for various threshold levels of
the laser’s Doppler spectra for data of the period C.

differ such that F, /F, > xZ . /Fs which can also be seen
in the data in Fig. 6. However, for period C the misalignment
is very small indeed, but it could be argued that this small av-
erage angle is composed of larger misalignment angles with
differing signs over shorter periods, see Fig. 1. This does
not explain the difference of F,, /F, and x2, /F5 quanti-
tatively, but shows that such differences are indeed possible
theoretically.

B. Doppler spectra threshold

The differences between the two methods in the spectral
transfer function for wavenumbers above 0.05 m~' could pos-
sible also be attributed to overestimating the laser background
output. The laser Doppler spectra contain background noise
which should be filtered out prior to post-processing analy-
sis, through which the representative Doppler frequency of
the detected wind speed is estimated.'”

In this experiment only the thresholded spectra were
stored, therefore in order to investigate the effect of threshold-
ing of the laser Doppler spectra, an increased threshold was
applied equal to 5%, 10%, and 20% of the original value of
each spectra. Subsequently the spectral analysis of method 1
and 2 was followed in order to estimate the spectral transfer
function. Figure 8 presents the results, where it can be ob-
served that the increase of the threshold is affecting the spec-
tral transfer function calculated using the method 1, by reduc-
ing the estimated turbulence attenuation in the wavenumber
range above 0.05 m~'. In contrast, the spectral transfer func-
tion of the second method does not show the same increase,
which can be explained by the fact that the introduced noise
in the laser anemometer measurement is independent from the
noise of the sonic anemometer measurements and therefore it
is filtered out during the calculation of the cross-spectrum.

VIl. CONCLUSIONS

In this paper the spectral characteristics of the wind
speed fluctuations as measured by a ZephlR prototype
laser anemometer in comparison to a USA-1 Metek sonic
anemometer were studied. In particular, the effect of the laser
anemometer’s probe volume on the turbulence measurements
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was investigated. Two different methods were followed and
compared for the estimation of the spectral transfer function.

The theoretical model for the attenuation of the frequency
dependent amplitude of the wind speed fluctuations was well
approached, using the cross-spectrum between the USA-1
sonic anemometer and the ZephlR laser anemometer. It was
observed that the detection of the turbulent fluctuations of the
wind speed from the ZephIR prototype laser anemometer is
falling to 50% in comparison with a sonic anemometer, for
wavenumbers approximately between 0.1 and 0.2 m~".

In contrast, when the spectral transfer function was de-
termined from the ratio of the spectra, higher values than the
ones derived from the model were observed. The differences
observed are mainly due to the fact that uncorrected measure-
ment noise in the laser anemometer and sonic anemometer is
effectively suppressed in the cross-spectra while it makes a
large contribution to the individual auto-spectra.

The spectral analysis indicates that the deviation between
the two methods can be partially attributed to an overesti-
mation of the background noise floor in the laser Doppler
spectra. Which can be explained by the fact that the Doppler
shift frequency estimator method used in this study, based on
the location of the median value of the Doppler spectrum, is
sensitive to high frequency fluctuations of the wind speed.
A minor part of the differences could also be attributed to
the wind direction fluctuations around the line-of-sight of the
laser anemometer, as found in the theoretical study. However
neither of the above explanations could fully account for the
observed differences between the two methods used for ob-
taining the laser anemometer’s spectral transfer function.
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