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ABSTRACT
Different certification procedures in wind energy, such as power performance testing or load estimation,
require measurements of the wind speed, which is set in relation to the electrical power output or the turbine
loading. The wind shear affects the behavior of the turbine as hub heights and rotor diameters of modern wind
turbines increase. Different measurement methods have been developed to take the wind shear into account.
In this paper an approach is presented where the wind speed is measured from the nacelle of a wind turbine
using a scanning lidar system.
The measurement campaign was performed on the two-bladed Controls Advanced Research Turbine
(CART-2) at the National Wind Technology Center in Colorado. The wind speed of the turbine inflow was
measured and recalculated in three different ways: using an anemometer installed on a meteorological mast,
using the nacelle-based lidar scanner, and using the wind turbine itself. Here, the wind speed was recalculated
from turbine data using the wind turbine as a big horizontal anemometer. Despite the small number of useful
data, the correlation between this so-called rotor effective wind speed and the wind speed measured by the
scanning nacelle-based lidar is high.
It could be demonstrated that a nacelle-based scanning lidar system provides accurate measurements of the
wind speed converted by a wind turbine. This is a first step, and it provides evidence to support further
investigations using a much more extensive dataset and refines the parameters in the measurement process.

1. Introduction
Different certification procedures in wind energy—for
example, power performance testing or load estimation—
require measurements of the wind speed. Nowadays,
such wind speed data are usually obtained using anemometers installed on a meteorological mast. Increasing
hub heights and rotor diameters also increase wind shear
effects on the loading and the electrical power output of
a wind turbine. One promising method of taking the
shear effect into account is the use of an additional remote sensing device—for example, a sodar or a lidar
system—installed on the ground as a supplement to
a meteorological mast. This remote sensing device is
able to measure the wind speed across the whole rotor
area up to tip height and is able to take shear effects into
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account (Wagner 2010). It will be used for future power
performance testing on flat terrain, as this approach is
fed into the revision of the current standard. Using
a scanning lidar, horizontally mounted on the nacelle of
a wind turbine, it is possible to gather wind speed information from a certain distance in front of a wind
turbine too. The swept rotor area and shear effects of the
atmospheric boundary layer are also taken into account,
as is the case with a ground-based lidar system. The
advantage is that this method is not only used for onshore sites but also for offshore sites.

2. Site description
The measurement data were gathered in parallel to
another campaign that mainly focused on the first field
test of a lidar-assisted feedforward controller. The
campaign was performed on the two-bladed Controls
Advanced Research Turbine (CART-2) at the National
Wind Technology Center (NWTC) in Colorado. The test
site is located approximately 8 km south of Boulder and
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consists of flat terrain with short vegetation (Clifton
et al. 2013). The site comprises not only the CART-2
turbine but also three neighboring turbines and their
respective meteorological masts. The sectors around the
turbine, where the measurements are not influenced by
other turbines or obstacles, were defined according to
the current standard for power performance testing
(IEC 2005).

3. Measurement setup
The CART-2 is a two-bladed wind turbine with a
rotor diameter D of 42 m, a hub height of 36.6 m, and a
rated power output of 660 kW, which is reached at
a wind speed of around 12.6 m s21 (Bossanyi et al. 2010).
The mast is located at a distance of twice the rotor
diameter to the west of the CART-2 and is equipped
with several sensors. The wind measurement data used
in this experiment are gathered by the hub height cup
anemometer only. The anemometer used has an uncertainty of 60.1 m s21. The overall uncertainty of the
measurement chain, including cup anemometer, signal
transducer, and data acquisition system, is 60.2 m s21.
The lidar system was installed on the nacelle of the
CART-2 to measure the inflowing wind field. This
means that the blades were passing the system and were
blocking the laser beam. Hence, approximately 17% of
the measured lidar data had to be filtered. The settings
of the lidar system were mainly designed for the first
field test of a lidar-assisted feedforward controller
(Schlipf et al. 2012). The lidar system comprises the
customary pulsed wind lidar device, ‘‘WLS7,’’ from
Leosphere and a scanning system, specially developed at
the Stuttgart Chair of Wind Energy (Rettenmeier et al.
2010). The measurement of a three-dimensional wind
speed vector field by a wind lidar system (WLS) is possible because of the aerosols present in the atmosphere.
In fact, these particles (dust, water, ice, pollutants, etc.)
are moving with the same speed and direction as the
wind. The emitted laser of the WLS is reflected by them,
but it changes its frequency. This change of frequency
depends on the aerosols’ speed and is based on the
Doppler effect. It is only possible to measure the projection of the wind speed on the direction of the laser
beam, the so-called line-of-sight velocity. For the reconstruction of the real wind speed, meaning the calculation of the three-dimensional wind vector, at least
three measurement points in space are necessary. The
developed laser scanner is able to steer the laser beam in
any direction using a mirror. This mirror can be positioned within definite angles horizontally and vertically,
and the laser beam follows a prescribed path, a so-called
trajectory. As it is a pulsed laser beam, measurements

FIG. 1. Trajectory used for the CART-2 campaign. The lidar is
located on top of the nacelle behind the rotor blades and is aligned
with the rotor axis.

can be taken at five focus distances simultaneously. At
each focus plane, a maximum of 49 discrete points can
be determined, forming an arbitrary trajectory that is
adapted to a certain application. Therefore, measuring
with a high temporal and spatial resolution of the inflowing wind field is possible. According to the manufacturer, the uncertainty in wind speed measurement of
the lidar is 0.2 m s21, assuming a carrier-to-noise ratio
(CNR) higher than 218 dB over all measurement distances (Cariou 2013). In a previous measurement campaign at the wind test site of the Technical University of
Denmark near Roskilde, the whole scanning lidar system was validated against a meteorological mast. The
system consists of the lidar, scanner, signal transducers,
and the data acquisition system. For the acquisition of
a single measurement, 2000 pulses with an average duration of 0.144 s were used. For each distance, data
points with bad synchronization between the lidar and
the movement of the scanner or low CNR were removed. This means that data with a CNR less than
218 dB were not considered. The mast was equipped
with 3D ultrasonic anemometers on one side and firstclass cup anemometers on the other side of the mast
boom. The configuration of the anemometers installed
at three different heights allowed a precise validation
of the whole measurement chain of the scanning system. During the Danish campaign, the overall uncertainty of measuring wind speed with the lidar
scanner was confirmed with 0.2 m s21 (Rettenmeier
et al. 2012).
The trajectory and the focus distances were optimized
for the controller field test at the NWTC. There was
therefore no adaptation or optimization done in terms
of power performance testing. Figure 1 depicts the trajectory used for the CART-2 campaign. The six measurement points at each focus plane form a hexagonal
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trajectory. It takes approximately 1.3 s for one turn to
measure these six points. The wind field is measured at
five focus distances ranging from 1D to 2D in equidistant
distances. The diameter of the inscribed circle is the
same as the rotor diameter at a distance equal to 2D.

4. Rotor effective and rotor equivalent wind speed
As mentioned before, the knowledge of the given wind
speed is crucial for different wind energy applications. To
describe the power performance of a wind turbine, the
electrical output is set in relation to a reference wind
speed. Because of the increasing rotor diameters and hub
heights, the influence of the wind shear becomes an important issue with regard to power production. In Wagner
(2010) the determination of an equivalent wind speed
over the swept rotor disc is described. This approach
takes vertical wind shear into account. For this purpose
information is needed that is either provided by a meteorological mast as high as the maximum blade tip height
or by an additional ground-based remote sensing device,
such as a lidar. Usually, the meteorological mast reaches
the height of the hub of the turbine, not higher. This is due
to the mast costs and installation costs involved. Hence,
the precise shear information over the swept rotor disc
cannot be taken into account.

a. Rotor equivalent wind speed
Using a scanning lidar mounted on the nacelle, the
whole swept rotor area can be considered. This is also
the case if a ground-based profiling lidar is used. In the
case of the measurement campaign described above, the
six measurement points are measured at each of the five
focus distances simultaneously. Two points are below,
two are at hub height, and two are above hub height.
This means that shear information is included in the
trajectory and data.
A detailed description of a method to calculate different measurement points in time and space to a single
wind speed can be found in Schlipf et al. (2013). It is
hereinafter called rotor equivalent wind speed y 0L. With
this method the lidar measures the line-of-sight velocities at the given 30 points. In the next step, the line-of
sight velocities are split into the u, y, and w wind components. The u component is aligned with the rotor axis,
the y component is horizontally orientated and perpendicular to the rotor axis, and the w component is
vertically orientated and is also perpendicular to the
rotor axis. For this campaign it is assumed that the turbine is perfectly aligned with the prevailing wind direction and that there is no vertical wind speed. Hence,
the y and w components have been set to zero. The
resulting u components are averaged over a whole

FIG. 2. Schematic drawing of the incoming wind field measured
by a lidar at different focus distances xi, and the averaged equivalent wind speed y0Li at each distance.

trajectory at each focus distance. In a further step, y0L is
an average over all y i available during time t (Fig. 2).
That means that the five focus distances are shifted to
one distance. This shift can be done with the use of
Taylor’s frozen turbulence hypothesis, which is valid for
horizontal lidar measurements (Schlipf et al. 2010).

b. Rotor effective wind speed
The so-called rotor effective wind speed y 0 is obtained
from simulated turbine data by an observer as presented
in Schlipf et al. (2013). To estimate y 0, a set of data of the
aerodynamic torque of the rotor Ma, the rotor speed V,
and the pitch angle u is needed. A three-dimensional
lookup table y0 (Ma, V, u) is generated that can then be
used to get a time series of y 0 by a three-dimensional
interpolation. The turbine itself thus represents a big
horizontal-axis anemometer.

5. Results
a. Comparison of a high-resolution time series
In Fig. 3 the three different wind speeds are shown in
a 10-min time series: one is measured by the single anemometer on the meteorological mast y M, and the other
one shows the y 0L measured with the lidar from the
nacelle of the turbine and averaged over 30 measurement points. The third wind speed is y 0 from the turbine
data. This 10-min series represents an example of the
entire dataset. The y 0L corresponds much better to the
y 0 than does the wind speed measured by the anemometer on the meteorological mast.
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FIG. 3. Time series of the rotor equivalent wind speed from lidar
(y 0L), of the rotor effective wind speed from turbine data (y0) and
of the anemometer mounted on a mast (y M).

b. Correlation studies
The y 0 was set in relation to the wind speed measured
by the mast-mounted anemometer y M (Fig. 4) and in
relation to the y 0L (Fig. 5). The data points used for the
correlation studies are averaged in blocks of 30 s due to
the lack of data.
A simple regression analysis was carried out. Because
the model is linear with a single independent variable,
the coefficient of determination (R2) is equal to the
square of the Pearson correlation coefficient rxy. In
statistics rxy is a measure of the linear correlation and
indicates the dependence between two variables. In both
figures a certain offset and slope were detected that are
caused by the estimation of the rotor effective wind
speed. For a more precise estimation, the losses of the
low-speed shaft torque should have been known. Normally, the observer has to be adapted in that way first,
that the slope and the offset between rotor effective
wind speed and wind speed of the meteorological mast
are set to ‘‘one’’ or ‘‘zero’’ as a basis for discussion.
Because of the lack of data, this was not possible.
Independent of slope and offset, it is visible that the R2
of the correlation y 0 –y 0L (Fig. 5) is better compared to
the R2 of the correlation y 0–y M (Fig. 4). The following
reasons could be responsible: the lidar measurements
take only the u component into account, whereas the
anemometer measures the u and y components of the
wind speed. In the case of a yaw misalignment between
the prevailing wind direction and the azimuthal orientation of the wind turbine, the coefficient of determination of the correlation y0–y M is lower. Because
the probe volume of the pulsed lidar system the data are
low-pass filtered in a certain way when measuring the
wind speed. A wind turbine itself reacts to the change of
wind speed in a similar way because of the mass of inertia (rotating masses such as the hub or the rotor
blades). This means that there is also a kind of low-pass
filtering. For this reason the correlation y 0–y 0L is higher.

FIG. 4. Correlation between the rotor effective wind speed from
turbine data (y0) and of the anemometer mounted on a mast (yM).

Further measurement campaigns with much more
data and further investigations have to be carried out to
better specify the correlation. In our point of view, the
lidar measurements represents much better the prevailing wind regime, which is converted by the turbine
from flow energy and mechanical energy into electrical
power.

FIG. 5. Correlation between the rotor effective wind speed
from turbine data (y 0) and the rotor equivalent wind speed from
lidar (y0L).

Unauthenticated | Downloaded 05/18/22 02:33 AM UTC

OCTOBER 2014

2033

RETTENMEIER ET AL.

FIG. 6. Comparison of the real power output with simulated
power production using wind speed data of the meteorological
mast and the lidar.

measurement campaigns that specially focus on power
performance measurements. Furthermore, a groundbased lidar could be installed in addition to the meteorological mast aiming to gather information on wind
speed at greater heights than the mast and across the
rotor disc.
When transferring this approach to other turbine sizes
and other rotor diameters, further investigations are
necessary regarding the design of the trajectory and the
relevant focus distances in front of the turbine. Hence, it
could make sense to build up a simulation environment
with a numerical wind field simulation, an aeroelastic
wind turbine simulation, and a lidar simulation. This
would lead to an optimization of the flexible parameters
as well as the numbers and positions of the measurement
points of the nacelle lidar.

c. Power performance simulation
The power production of the CART-2 turbine was
simulated with the computer-aided engineering tool
‘‘FAST,’’ which is a software program for nonlinear
aeroservoelastic analysis of horizontal-axis wind turbines. The simulation code enables prediction of wind
turbine loads and responses (Jonkman and Buhl 2005).
As input for a power performance simulation, a model
of the turbine is needed. The model consists of the
definition of sizes, masses, drag and lift coefficients,
airfoils, and the controller. Furthermore, a generic
wind field or wind speed data are needed. Regarding
the wind speed, two different datasets were used in the
simulation: y M and y0L. In Fig. 6 the result of the simulated power output is shown together with the real
electrical power from the turbine. As one can see, the
simulation with the rotor equivalent wind speed corresponds very well to the real production data of the
turbine.

6. Summary and outlook
The measurement data gathered during the first field
test of a lidar-assisted feedforward controller was investigated in terms of power performance behavior. The
rotor effective wind speed, which is recalculated from
turbine data, was compared to the rotor equivalent wind
speed measured by a scanning nacelle lidar and the wind
speed measured by a mast-mounted anemometer. The
correlation between the rotor effective wind speed and
the rotor equivalent wind speed is higher.
During this CART-2 campaign, the wind conditions
were not optimal and therefore insufficient data were
gathered to fill the required wind speed bins required by
the current standard for power performance measurements. The promising results should lead to further
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