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Summary (English)
The power and load performance of wind turbines are both crucial for the development
and expansion of wind energy. The power and loads are highly dependent on the inflow
conditions, which can be measured using different types of sensors mounted on nearby
met masts, on the nacelle, at the spinner or at the blade. Each combination of sensor
type and mounting position has advantages and shortcomings.
To characterise the inflow that results in high and low fatigue loads, information about

the temporal and spatial variations within the rotor area is required. This information can
be obtained from a blade-mounted flow sensor, BMFS, e.g. a five-hole pitot tube, which
has been used in several research experiments over the last 30 years. The BMFS measured
flow velocity is, however, located inside the induction zone and thereby influenced by the
aerodynamic properties, the control strategy and the operational status of the turbine.
In this project, a method to estimate the free-inflow velocity from the BMFS measured

flow velocity has been developed and implemented. The method is based on the aerody-
namic engineering models that are used in well-established aeroelastic codes to describe
the relation between the free-inflow and the velocity at the blades.
Before these models can be applied, the measured local flow must be compensated

for flow deflection and change of flow speed near the airfoil. Furthermore, the sensor
velocity must be subtracted and the resulting absolute flow must be mapped into fixed
ground coordinates. In these steps, uncertainty is introduced because the actual velocity
and orientation of the BMFS are unknown due to the deflection and torsion of the
blade. The introduced uncertainties have been investigated using HAWC2 simulations
and simulations performed by Flex5 coupled with the LES flow solver, EllipSys3D.
The uncertainties should, however, be considered in relation to the advantages of

measuring the flow at the blade: a BMFS yaws with the turbine, measures the inflow at
the rotor plane and sweeps different parts of the rotor. It is thereby exposed to exactly
the same inflow conditions as the turbine (including wake effects from upstream turbines)
and able to provide valuable information about the instant inflow velocity as well as
variations within the rotor plane, and that goes for all wind directions.
From the BMFS measurements, estimates of the local aerodynamic forces, the angle-of-

attack and relative flow speed, the rotor-plane velocity and the free-inflow velocity can be
obtained. Applications of these measures have been investigated. It is concluded that a
BMFS provides valuable information about the inflow, which can be used for the control
of load alleviating concepts like individual pitch and trailing edge flaps, to investigate the
complex relation between the inflow and the power and loads, to characterise the inflow
conditions that yield high loads, and as input for aeroelastic simulations to improve the
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correlation between the measured and simulated loads.



Summary (Danish)
Energiproduktion og holdbarhed er afgørende parametre for udviklingen af vindmøller
og deres udbredelse. Disse parametre afhænger af vindforholdene, som kan måles med
forskellige typer af instrumenter, der hver især kan placeres forskellige steder, f.eks. på en
målemast, på nacellen, i spinneren eller på en vinge. Hver kombination af instrumenttype
og placering har fordele og ulemper.
For at karakterisere de vindforhold, som giver store og små belastninger på vindmøller,

er det nødvendigt at kende de tidslige og rummelige variationer af vinden over rotorskiven.
Denne information kan måles med en vingemonteret vindmåler, f.eks. et fem-huls pitotrør,
som har været anvendt i adskillige forskningsprojekter gennem de seneste 30 år. På vingen
er vindmåleren dog påvirket af møllens induktion og dermed af møllens aerodynamiske
egenskaber, kontrolmekanisme og operationelle status.
I dette projekt har vi udviklet og implementeret en metode til at kompensere for

møllens påvirkning, så de frie indstrømningsforhold kan estimeres. Metoden er baseret
på de aerodynamiske ingeniørmodeller, som anvendes i veletablerede aeroelastiske simu-
leringsværktøjer til at beskrive forholdet mellem de frie indstrømningsforhold og vinden
på vingerne. Inden disse modeller kan anvendes, skal de målte lokale flow hastigheder
kompenseres for de afbøjninger og hastighedsændringer, der sker tæt på vingeprofilet.
Derudover skal de målte hastigheder konverteres til et fast globalt koordinatsystem, og
vindmålerens egenhastighed skal fratrækkes. Dermed fås et estimat af vindens hastighed
og retning i forhold til et fast punkt på jorden. Da vindmåleren sidder på vingen, der
bøjer og vrider sig pga. vindens påvirkning, kendes vindmålerens nøjagtige orientering og
egenhastighed ikke helt præcist, og dermed bliver den estimerede vindhastighed i forhold
til jorden heller ikke helt præcist. Vi har undersøgt de usikkerheder, som bliver indført i
hvert af disse trin ved hjælp af HAWC2 simuleringer og simuleringer udført med Flex5
koblet med LES flow løseren, EllipSys3D.
Usikkerhederne skal dog ses i forhold til fordelene ved at måle vinden på vingen: En

vingemonteret vindmåler følger møllen, når den krøjer, den måler i rotor planet, og
den måler forskellige steder på rotorskiven. Den måler derfor nøjagtigt de vindhold,
som møllen er udsat for inklusiv skyggevirkninger fra foranstående møller, og kan give
værdifuld information om øjeblikkelige vindforhold såvel som variationer hen over rotoren
– og det gælder for alle vindretninger.

Ud fra den vind, der måles på vingen, er det muligt at estimere de lokale aerodynamiske
kræfter, angrebsvinklen og den relative flow hastighed, samt vindens hastighed i rotor
planet med og uden møllens påvirkning. Vi har undersøgt forskellige anvendelsesmu-
ligheder for disse estimater og konkluderer, at en vingemonteret vindmåler giver værdifuld
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information. Denne information kan anvendes til at kontrollere lastreducerende foranstalt-
ninger, f.eks. individuel pitchregulering og flaps, til at undersøge den komplekse relation
mellem vindforhold og møllens reaktion i form af energiproduktion og belastninger, til
at karakterisere de vindforhold som giver store belastninger og endelig som input til
aeroelastiske simuleringer, så sammenhængen mellem målte og simulerede belastninger
forbedres.
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Abbreviations and definitions
Angle of attack AOA Angle between the chord line of an airfoil

and the undisturbed 2D streamlines far
upstream. This angle is related to the
geometric angle of an airfoil in a wind
tunnel experiment

Blade element momentum BEM
Blade-mounted flow sensor BMFS
Computational fluid dynamics CFD
Free inflow velocity Inflow velocity without influence of the

wind turbine; i.e. the velocity that would
exists at the same time and location if
the turbine was not present to influence
the inflow

Large Eddie Simulation LES
Local flow angle LFA Angle between the chord line of an airfoil

and the streamline local to an airfoil
Relative flow velocity/speed Velocity/speed of the flow far upstream

relative to an airfoil
Relative local flow velocity/speed Velocity/speed of the flow relative to a

point local to an airfoil
Root mean square RMS
Rotor plane velocity Velocity at the rotor plane, influenced by

the wind turbine induction, but corrected
for flow deflection and change of speed
local to the airfoil; i.e. it is the relative
flow velocity in a global frame of reference
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CHAPTER 1
Inflow measurement

1.1 Introduction
For wind turbines, the levelised cost of energy, LCOE, is a crucial parameter for the
development and expansion of wind energy. The LCOE can be reduced, e.g. by increasing
the power production, minimising the materials used to build the turbine, extending the
life-time or by lowering the costs for maintenance. These options are closely related to
the inflow-dependent power and load performance.
Information about the inflow is therefore essential, as well as an understanding of the

relation between the inflow and the power and loads. This knowledge can be used to
predict the life-time energy production and life-time fatigue and extreme loads for a
potential wind turbine or site, and is furthermore an important factor in the development
of power-optimising and load-alleviating concepts.
The aerodynamic forces that drive a wind turbine and cause the major part of the

structural loads are closely related to the flow relative to the blades. These forces depend
on the angle of attack (AOA), i.e. the angle between the flow and the blades, and
are proportional to the square of the relative flow speed. The relative flow velocity is,
furthermore, related to the free-inflow velocity via the rotor speed, the pitch angle and
the wind turbine induction; see Fig. 1.1.

Figure 1.1: The flow relative to the blade, in terms of AOA and relative flow speed, is
linked to the free inflow velocity as well as the aerodynamic lift and drag forces.

The relative flow velocity, which is very interesting in relation to wind turbine operation
and control, can thereby be considered as a intermediate measure between the inflow
conditions and the power and loads (see Fig. 1.2).
Consequently, the free-inflow velocity throughout the rotor, the relative velocity at the
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Free-inflow velocity 
throughout rotor

Inflow condition Power / loads

Relative flow velocity  
at blades

Electical power, extreme 
and fatigue loads

Figure 1.2: Essential measures with respect to the research, design and operation of
wind turbines.

blades, and the power and loads are all crucial measures with respect to the research,
design and operation of wind turbines.

1.2 Free inflow velocity
The free-inflow velocity is a very important measure because it is independent of the
wind turbine, including its aerodynamic properties, control strategy and operational
state, and reflects the inflow that the turbine is exposed to. The free-inflow wind speed
is typically used as a reference for power and loads, as input for numerical simulations,
and as a link between the turbine performance and the wind resources that enables the
prediction of the life-time energy production and the life-time fatigue and extreme loads.
The free-inflow velocity is in this work defined as the flow velocity at the rotor plane

that would exist at the same time and location if the turbine was not present to obstruct
the inflow. The free-inflow velocity is impossible to measure exactly (see Fig. 1.3): some
distance up stream, the flow (red in Fig. 1.3) is unaffected by the turbine, but different
from the free inflow at the rotor (blue in Fig. 1.3) due to the spatial separation; and at
the rotor plane, the flow is disturbed by the velocity induced by the rotor (black in Fig.
1.3).
The only options are thereby to measure some distance upstream (outside the induction

zone) and average in time or space to cancel out the differences due to spatial distance,
or to measure closer to the rotor and compensate for the presence of the turbine.
According to IEC 61400-12-2 (2013), a reasonably good estimate of the 10-minute mean

free-inflow wind speed can be obtained from an anemometer on a met mast 2-4 diameters
away if the terrain is flat and the anemometer is not in wake of the turbine or exposed
to mast or boom effects. While suitable as a reference for power observations, Fig. 1.4
(left), the 10-minute mean met-mast wind speed is inappropriate for characterising the
inflow with respect to fatigue loads; see Fig. 1.4 (right). The observations in Fig. 1.4 are
measurements from the DAN-AERO database (see Section 2.1.7). The maximum fatigue
load observed at 8 m/s is seen to be 2.5 times higher than the minimum load observed
at the same wind speed, and predicting the life-time of a wind turbine to be between
e.g. 10 and 25 years will probably not satisfy an investor. Consequently, a more detailed
free-inflow estimate that characterises the temporal and spatial variations throughout
the rotor is required.
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Figure 1.3: 2.5 diameters upstream, the flow (red) is different from the free inflow
(blue) due to spatial distance; and at the rotor, the flow is disturbed by the turbine
induction (black).
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Figure 1.4: 10-minute observation of power (left) and flap-moment fatigue loads (right)
plotted as a function of met-mast wind speed.



1.3 Inflow characteristics 5

1.3 Inflow characteristics
Ideally, the instant free-inflow velocity is obtainable at all positions throughout the rotor
simultaneously. This is, however, not possible using the current measurement techniques.
Different models are therefore typically used to provide realistic values of the velocities
that are not measured. Often, the inflow model is a combination of models describing
the steady and the fluctuating conditions, and the purpose of the inflow measurements is
thereby to provide input for these models. The models range from simple models, which
are based on several assumptions and standard parameters and therefore only need the
10-minute horizontal wind speed statistics from a single nearby sensor, to more advanced
models that provide much more detail about the inflow, but require the instant 3D inflow
velocity at multiple positions throughout the rotor area.

1.3.1 Steady inflow characteristics
In the simplest case, the steady axial 10-minute-mean wind speed can be characterised by
a single cup anemometer measuring the horizontal wind speed. The instant wind speed
at a single fixed point is different from the instant rotor-average wind speed, but the
10-minute average represents the rotor average quite well, if the distance is not too big.
In case of yaw misalignment, however, the wind direction (lateral component) should also
be included, while the flow-tilt angle (vertical component) may be important in complex
terrain and wake situations.
Furthermore, the mean wind speed typically varies with the height. To describe this

variation, different shear-profile models exist. The logarithmic shear profile describes the
long-term-average shear profile in the surface layer (approximately the lowest 100 m of
the atmosphere) over flat homogeneous terrain during stationary and neutral atmospheric
conditions (Counihan, 1975). This profile can be estimated from a single wind speed
sensor using a parameter related to the roughness of the terrain or based on wind-speed
measurements from at least two different heights. The logarithmic shear profile can be
extended with a stability term to be valid in stable and unstable conditions as well. In
this case, however, information about the current atmospheric stability conditions must
be available.
Similarly, the power-law shear profile can be applied using a standard parameter and

the wind speed measured at one height, or it can be fitted to wind speed measurements
from two or more heights.
The assumptions behind the logarithmic shear profile are, however, not always satisfied;

modern turbines are higher than 100 m and in some cases the terrain is not flat or
changes in front of the turbine e.g. from land to sea. In such cases, a better solution
may be to measure the mean wind speed at several heights, interpolate between the
measurements and use the profile directly. This approach will also produce the current
shear profile instead of a long-term average, but, obviously, it requires several sensors at
different heights, a moving sensor or remote sensing technology.
The wind direction (lateral component) may change slightly with the height. To
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characterise this variation, 2D sensors, e.g. cup-anemometers in combination with wind
vanes, are required, while 3D sensors are needed to characterise variations in the flow-tilt
angle (vertical component) that may occur at complex sites and in wake situations.
Finally, the mean wind speed may be horizontally inhomogeneous, e.g. in half-wake

situations, where one side of the rotor is in the wake of an upstream turbine. To
characterise this variation, a grid of sensors located in front of the rotor, blade-mounted
sensors or remote sensing technology is required.

1.3.2 Turbulence
In the simplest case, turbulence can be characterised by a single cup-anemometer in
terms of the turbulence intensity; i.e. the standard deviation of the wind speed divided
by the mean wind speed.
The turbulence intensity does, however, not characterise the frequency of the turbulence

energy or the relation between the longitudinal, lateral and vertical components, which is
important with respect to loads. These properties can be described using e.g. the Mann
turbulence model (Mann, 1998, 1994), which is recommended by IEC 61400-1 (2005) and
used in this study.
The Mann model can be applied using standard parameters and the turbulence intensity,

or the parameters can be fitted if long-term 3D measurements are available.
Furthermore, the instant wind speed measurement (1, 2 or 3D) can be used to constrain

the turbulence, e.g. using the a constraint turbulence simulation method from Nielsen
et al. (2003). In this way, stochastic turbulence field realisations can be modified to
reproduce the specified wind speeds at the corresponding positions while preserving the
turbulence statistics.

1.3.3 Wind speed trend
The split between steady mean wind speed and fluctuating turbulence is only appropriate
in stationary conditions where the mean wind is constant. If this is not the case, a linear
wind speed trend or moving average can be used to characterise the mean wind speed.
The wind speed trend should be derived from the instant rotor-averaged wind speed,
which, depending on the required uncertainty level, can be estimated from one or more
spatial separated sensors.

1.4 Flow sensors
The inflow characteristics can be obtained using different flow sensors. Commonly used
flow sensors for wind energy research applications comprise cup and sonic anemometers,
lidars and five-hole pitot tubes.
Cup anemometers measure the horizontal wind speed (1D), but may be used in

combination with wind vanes to include the wind direction. A cup anemometer is very
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accurate and the mean wind speed can be determined within around 1 % (Kristensen,
1999). The sensor behaves as a low pass filter to the wind where the cut-off frequency,
which is related to the size of the smallest turbulence structures that can be measured
(typically 1-2 m), depends on the inertia of the cups (Berg et al., 2013).
A sonic anemometer measures the 3D flow speed as well as the temperature with

high temporal and spatial resolution, typically 10-20 Hz (Mortensen, 1994; Berg et al.,
2013).
Lidars measure the flow in a probe volume some distance away. They can be divided

into continuous wave and pulsed lidars. Continuous wave lidars measure the flow
speed at one distance while pulsed lidars measure the flow speed at multiple distances
simultaneously. Both types of lidars measure the 1D average flow speed in the line-of-sight
direction of the probe volume. For continuous wave lidars, the length of the probe volume
increases with the distance while it is constant for pulsed lidars (Berg et al., 2013). In
some setups, lidars are able to measure the flow speed in 2D under the assumption of
horizontal homogeneity, while the Wind Scanner system uses three synchronised scanning
lidars to measure the 3D flow velocity (Mikkelsen et al., 2008; Harris et al., 2006).
The five-hole pitot tube measures the flow speed as well as the angle of the flow at

two perpendicular angles; i.e. it measures the 3D flow with high temporal and spatial
resolution if the flow incidence angle is below 55-70◦ (Telionis et al., 2009; Moscardi and
Johnson, 2016).
Comparing the typical spatial and temporal resolution and accuracy of these four types

of sensors is inappropriate in this context, because their capabilities are highly dependent
on the particular instrument, the setup, application and specific evaluation parameters.

1.5 Measurement position
Flow sensors can be mounted at different positions, e.g. at a met-mast, on the nacelle,
in the spinner, at the blade or at the ground; see Fig. 1.5.
Met masts are typically placed outside the induction zone, and met-mast-based flow

sensors, e.g. a cup or sonic anemometers, are thereby measuring the the free wind speed
when not in the wake of the turbine or exposed to mast or boom effects. The measured
wind speed is, nevertheless, different from the free-inflow at the turbine due to the spatial
separation.
Nacelle-mounted flow sensors follow the yaw direction and are thereby able to measure

in all wind directions. They are, however, inside the induction zone, and therefore a
proper transfer function must be applied to obtain the free-inflow mean wind speed.
St. Martin et al. (2017) derived the nacelle transfer function for a nacelle-mounted
anemometer and found the estimated annual energy production (AEP) to match the
estimate obtained using a met-mast-based anemometer within 1 %, but concluded that
the transfer function depended on atmospheric stability and turbulence. Furthermore,
shadow effects from the blade passing make it very challenging to estimate the free-inflow
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Figure 1.5: Different flow sensors and positions.

turbulence.
Spinner-mounted flow sensors are located in front of the turbine and are thereby

exposed to less flow disturbance. At this position, the 3D mean flow speed as well as
the turbulence intensity can be measured (Pedersen et al., 2014). Dynamic effects are,
however, not considered by typical transfer functions, and consequently deviations in the
high-frequency part of the instant wind speed may occur.
A blade-mounted flow sensor, BMFS, sweeps different parts of the rotor while it moves

with the blade. It is thereby able to measure vertical and horizontal variations on its
rotating path. In contrast to met-mast-, nacelle- and spinner-mounted flow sensors,
a BMFS measures the local flow velocity relative to the blade (local measure of the
intermediate step in Fig. 1.2); i.e. it is more related to the power and loads and less to
the free-inflow velocity than the flow measured at the other positions. It is, however,
possible to derive the absolute flow velocity, even though uncertainty is introduced due to
static and dynamic blade deflection and torsion. The flow at the blade is obviously also
influenced by the turbine inductions, but in this case, the well-established aerodynamic
engineering models that are used in aeroelastic codes like Fast, Flex5, Bladed and HAWC2
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can be used to compensate for the induction; see Chapter 3 and Paper C.
Finally, it should be mentioned that lidars have been mounted on the nacelle, in the

spinner, at the blade and on the ground to measure the 1D, 2D or 3D flow speed, in
one or multiple positions upstream, downstream, near the rotor or in front of the blade.
(Mikkelsen et al., 2008; Mikkelsen et al., 2010; Medina et al., 2012; Pedersen et al., 2013;
Fleming et al., 2014; Wagner et al., 2015; Simley et al., 2016; Meyer Forsting et al., 2017;
Herges et al., 2017). A review of these combinations is, however, out of the scope of this
work.

An overview of the information that can be extracted from inflow velocities from the
different positions is given in Table 1.1.

Table 1.1: Overview of the information that can be extracted from flow velocities
obtained at different positions.

Upstream1 Nacelle2 Spinner2 Blade3

Free inflow mean wind speed x x x x
Turbulence intensity x - x x
Flow direction x (x)4 x x
Flow inclination x - x x
Instant free-inflow velocity at the rotor (x)5 - (x)6 x
Vertical variations within the rotor x7 - - x8

Horizontal variations within the rotor x9 - - x8

1 Assumed to be out the induction zone and in similar wake conditions
2 With transfer function
3 With aerodynamic model
4 Considerable deviation may occur
5 Different due to distance
6 Dynamic effects not considered by typical transfer function
7 Requires inflow information from multiple heights, e.g. using multiple sensors or remote sensing technology
8 Depending on the radial position
9 Requires inflow information from multiple horizontal positions, e.g. using multiple sensors or remote sensing technology

The current work focuses on BMFSs and investigates if their ability to measure the
instant free-inflow veloicty at the rotor as well as vertical and horizontal variations with
in the rotor make up for the shortcomings and associated uncertainties.
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CHAPTER 2
Blade-mounted flow sensors

Blade-mounted flow sensors have been used in many research experiments over the last 30
years. The most frequently used BMFS instrument is the five-hole pitot tube, but other
types of sensors have been considered as well, for example, lidars telescopes (see Section
2.1.9), flush-mounted pressure sensors and sonic anemometers; see Fig. 2.1. The sensor
must be very robust as the environment at the blade is harsh with high flow speeds,
large centrifugal force, rain, snow, ice and lightning. Furthermore, the sensor must be
very sensitive to distinguish the small angle and speed variations due to variations in the
inflow from the huge velocity due to rotational speed.

Figure 2.1: Different sensors that have been considered as a BMFS. Left: Aero-
probe five-hole pitot tube (www.aeroprobe.com). Centre: Kulite FAP-250 flush-
mounted flow angle probe (www.kulite.com). Right: CSAT3A 3-D Sonic anemometer
(www.campbellsci.com).

2.1 Field-test experiments using BMFSs
In this section, an overview of the field test experiments where blade-mounted flow sensors
have been used is presented, as well as examples of what the measurements have been
used for. The list is not complete, but contains the most well-documented experiments
that are known to the authors.

2.1.1 The Tellus experiment, 1989
In 1989, an experiment was performed on a three-bladed 95 kW stall regulated Tellus
turbine at Risø. One of the 8.2 m blades was replaced with a test blade, where the
shield was removed at three 0.5 m segments to ease the measurement of the normal
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and tangential force and the pitching moment (Madsen and Markkilde Petersen, 1990;
Madsen, 1991a). Around 100 data files were obtained in three measurement periods.
Most data files contain 10 min of measurements. A sonic anemometer was available in
measurement period 1 and 2 and a cup anemometer in period 1 and 3. In addition, a five-
hole Rosemount M858 pitot tube (Schmidt Paulsen, 1990) was inserted into prefabricated
mounting holes at the leading edge at two radial positions (Madsen, 1991c).
The purpose of the experiment was to perform a detailed investigation of 3D flow

effects, unsteady effects and rotary wing effects. This requires a high correlation between
the instantaneous measured power and blade bending moments and the measured inflow
conditions that can be achieved with a BMFS (Madsen, 1991a). Details about the
measurement setup and the measured data were presented by Madsen (1991b).
The experiment revealed that the 30 s mean statistics of the measured power and

flap-wise bending moments are much more correlated with the inflow angle measured by
the pitot tube than with the met-mast wind speed measured 50 m upstream; see Figure
2.2.

Figure 2.2: 30 s mean statistics of electrical power (top) and flap-wise bending moment
(bottom) as a function of the local inflow angle (left) and met-mast wind speed (right).
Data obtained from the restored Tellus database.
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The data was used to compare measured and simulated turbulence with a focus on
fatigue loads (Kretz et al., 1994) and investigating dynamic stall effects (Christensen
and Sørensen, 1995). Later, the experiment setup was used to compare the performance
of different tip shapes; see Section 4.1. In this study, the use of the pitot tube reduced
the amount of data needed to obtain reliable results (Antoniou et al., 1995).
Part of this dataset was restored and used for Fig. 2.2 and as a starting point in Paper
B.

2.1.2 Unsteady Aerodynamics Experiment, NREL, 1987-1996
During the Unsteady Aerodynamics Experiment, UAE, performed by the National
Renewable Energy Laboratory, NREL, a three-bladed downwind horizontal-axis free-
yawing turbine with a 10 m rotor was extensively instrumented and field tested for more
than 10 years (Phase 1 - 5) as well as in the the 80 x 120 ft wind tunnel at NASA’s Ames
Research Center (Phase 6) (Simms et al., 1999; Hand et al., 2001a,b).
In Phases 2 - 6, the turbine was equipped with five-hole pitot tubes at five radial

positions.
The database has been used to investigate, for example, dynamic stall and rotational

effects (Laino et al., 2002; Schreck and Robinson, 2005).

2.1.3 NTK500, Risø, 1996
In 1996-1997, the Rosemount pitot tube from the Tellus experiment (see Section 2.1.1)
was mounted on a 500 kW stall-regulated Nordtank turbine at Risø. Petersen and Madsen
(1997) describe the setup and calibration, present the measurements and compare the
results with simulations performed by the aeroelastic code HAWC (Petersen, 1996). Figs.
2.3 and 2.4 show examples of the comparison where a very close correlation was found
between the spectra of the measured and simulated AOA and relative velocity.

Figure 2.3: Comparison of the measured and simulated angle of attack (left) and
relative velocity (right). Figures 20 and 21 from Petersen and Madsen (1997).
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Figure 2.4: Comparison of the power spectral density of the measured and simulated
angle of attack (left) and relative velocity (right). Figures 49 and 50 from Petersen and
Madsen (1997).

2.1.4 IEA Tasks XIV and XVIII experiments
The IEA Tasks XIV and XVIII (Schepers et al., 1997, 2002) describe six field test
experiments where the local forces, inflow velocities and flow angles are measured at
several radial positions along the blades using five-hole pitot tubes, pressure tabs etc.
The six experiments were carried out by:

• Delft University of Technology, DUT Netherlands

• Imperial College, IC and Rutherford Appleton Laboratory, RAL, United Kingdom

• Netherlands Energy Research Foundation, ECN, Netherlands (Brand et al., 1996)

• National Renewable Energy Laboratory, NREL, USA; see Section 2.1.2

• RISØ National Laboratory, Denmark; see Section 2.1.1

• Mie University, Japan

The outcome of the collaboration was a unique database with a huge amount of local
aerodynamic measurement from six different turbines with rotor sizes from 10 to 27 m
(Schepers et al., 2002).

2.1.5 NM80, Tjæreborg 2003
In 2003, the Rosemount pitot tube from the Tellus and NTK500 experiements was
mounted on a 2 MW NM80 turbine at Tjæreborg wind farm. The NM80 has a 80m rotor
and the pitot tube was glued/plugged onto the blade at 26.2 m corresponding to 66 %
radius; see Fig. 2.5. The attachment housing of the NTK500 experiment was used, and
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therefore the angle of the pitot tube was 31◦ even though 10-15◦ had been more optimal.
Power and structural sensors were available from a previous experiment, but two nacelle-
mounted wind vanes and anemometers were the only available met data sources. During
the three-week measurement campaign, 1809 data files of 10-minutes measurements were
obtained. The purpose of the experiment was to obtain detailed information about the
wake flow characteristics under full scale conditions. The measured data was used for the
validation of a new aeroelastic wake simulation model (Madsen et al., 2003) and later
the dynamic wake meandering model (Madsen et al., 2008). Furthermore, the dataset
was used to obtain statistical information about the angle of attack for a study on noise
caused by transient trailing edge stall (Madsen, 2014).
This dataset has been examined during the current project and routines were set up to

estimate the free velocities from the pitot-tube measurements. The idea was to use the
data for Paper D because of the high quality pitot-tube and structural load measurements.
The idea was, however, abandoned because no met-mast wind sensors were available.

Figure 2.5: Rosemount pitot tube mounted on the NM80 turbine at Tjæreborg in 2003.
Photo by Risø National Laboratory.

2.1.6 SWT-2.1-101, Colorado, 2009
In 2009, a Siemens 2.1 MW turbine with a 101 m rotor was installed on the National
Wind Technology Center (NWTC), grounds in Colorado in a collaboration between
Siemens Wind Power and the National Renewable Energy Laboratory (NREL). The
turbine was equipped with four five-hole pitot tubes as well as pressure tabs at nine
radial positions along the blade (Medina et al., 2011). Based on measurements from the
experiment, Medina et al. (2012) compare the shear profile derived from the pitot-tube
measurements with the profile obtained from a met mast and a lidar, and conclude
that the pitot-tube profile has acceptable accuracy; see Fig. 2.6. Furthermore, the
measurements were used to investigate dynamic stall behaviour.
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Figure 2.6: Estimation of inflow profile using the five-hole pitot tube mounted at
43 m radius. U1 represents the measurements during the downstroke and U2 the during
upstroke. Umean is the mean of U1 and U2. This is Fig. 12 from Medina et al. (2012).

2.1.7 SWT3.6-107, Høvsøre 2009
During the DAN-AERO project (Madsen et al., 2010), a Siemens 3.6 MW turbine at
Høvsøre Test Site for Large Wind Turbines was equipped with blade-root load sensors
and a five-hole pitot tube. The turbine has a 107 m rotor and the pitot tube was mounted
at radius 36 m; i.e. around one third from the tip. The dataset includes wind speed
and wind direction sensors from from several met masts as well as measurements of
temperature, pressure, humidity etc.
During three months of operation, 9600 data files of 10-minute measurements were

recorded. Most of the time the turbine was operated at variable speeds, but for a few
days the turbine was operated as a stall-regulated constant-speed turbine.
Based on this dataset and an optimisation routine coupled with HAWC2 (see Section

3.3.3), Madsen and Fischer (2009) derived shear and turbulence characteristics from the
pitot-tube measurements that were in agreement with the met-mast recordings.
This dataset forms the basis for Papers A, B and D. Several issues were, however,

detected, e.g. a mismatch between rotor speed and rotor position, temperature-dependent
load signals, periods of malfunctioning sensors, etc. Moreover, the pitot tube was found
to be very sensitive to rain, as reported in Paper B.

2.1.8 NM80, Tjæreborg 2009
During the DAN-AERO project (Madsen et al., 2010), the NM80 turbine at Tjæreborg
was equipped with four five-hole pitot tubes, 10 strain gauges, 4x64 pressure taps and 56
microphones. Over two months, 350 data files of 10-min measurements were obtained
from the turbine as well as the nearby met mast. Troldborg et al. (2013a) present the
dataset and results achieved during the project.
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Fischer and Madsen (2013, 2014) investigate the load alleviation potential of trailing-
edge flaps controlled by inflow data and compare numerical results with measurements
from the pitot tubes in this dataset.
Furthermore, the dataset was used by Madsen (2014) to show that low frequency noise

(amplitude modulation) is strongly increased for high angles of attack where transient
stall is initiated.

2.1.9 Dual-Telescope lidar on NM80, Tjæreborg, 2012
In 2012, a dual-telescope lidar was tested on the NM80 turbine at Tjæreborg. The lidar
was mounted in the hub and connected to telescopes mounted on both sides of the blade
at radius 16.2 m; see Fig. 2.7. The telescopes were focused on a point 5 m in front of
the blade. From the measurements, it was possible to determine the angle of attack and
relative 2D velocity (Pedersen et al., 2013).

Figure 2.7: Lidar telescope mounted on the blade of the NM80 turbine at Tjæreborg.
this is Fig. from Pedersen et al. (2013).
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2.2 Optimal position of the BMFS

The optimal position and alignment of the BMFS relative to the airfoil is closely related
to the local circulation compensation (see Section 3.1), which estimates the AOA and
relative flow speed from the BMFS measured LFA and relative local flow speed.
In this work, the AOA and relative flow speed denote the angle and speed of the flow

far upstream relative to a 2D airfoil, while the LFA and relative local flow speed reflect
the angle and speed of the flow at a point, e.g. the sensor position, local to the airfoil.
Near the airfoil, the local flow field is deflected and the speed is also influenced by the

bound circulation on the surface of the airfoil. The BMFS-measured LFA is therefore
different from the AOA. The following results are based on velocities extracted from 2D
CFD computations of an airfoil in steady uniform inflow and AOA ranging from -4 to
20◦; see Section 3.1 for details about the CFD setup.
Figure 2.8 shows the relation between the AOA and the LFA (centre) and between

the AOA and the normalised local flow speed (right) at the positions illustrated in Fig.
2.8 (left). It is seen that the range and linearity of the LFA and the normalised local
flow speed are highly dependent on the position. This means that the optimal position
depends on the measurable range and the uncertainty specification of the sensor.
Near the leading edge of the airfoil (blue point), the LFA varies from -52 to 88◦ with

high sensitivity for LFA above 80◦, and the normalised local flow speed varies from 0.35
to 1.85. A BMFS at this position should therefore be able to measure a huge range of
LFAs with very high accuracy in the range from 0 to 90◦. Moreover, the sensor must
be able to measure 185 % of the maximum occurring relative flow speed due to the
speed-up of the local flow speed at high AOA. In addition, its resolution must be high to
maintain the accuracy at low AOA, where the measured local flow speed is only 35 % of
the relative flow speed.
At the green point, on the other hand, the amplification of the AOA is almost linear,

but very low. A sensor at this position must therefore be able to measure LFAs from -3
to 3◦ with very high accuracy.
Figure 2.9 shows the uncertainty of the derived wind speed in a simplified example with

fixed pitch (-6◦) and fixed rotational speed (50 m/s). In this example, the uncertainty of
the measured LFA is set to 1 % of the required range and similarly the uncertainty of
the local flow speed is set to 1 % of of the maximum occurring local flow speed.
In this case, the red position, 1/4 chord length in front of the leading edge, seems

to be best. It should, however, be noted that the result is highly dependent on the
uncertainty of the sensor and the dynamics of the sensor boom structure. If, for instance,
the uncertainty increases with the distance from the airfoil due to deflection and the
vibration of the sensor structure, a position closer to the airfoil may be better.
Figure 2.10 shows the relation between the AOA and the LFA for different positions

in front of the airfoil. At the four positions, the shape of the relation is approximately
similar, but the offset is very different. It is therefore important to choose an appropriate
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Figure 2.8: Relation between the AOA and the LFA (centre) and between the AOA
and the normalised local flow speed (right) at different locations around the airfoil.

Figure 2.9: Uncertainty of the wind speed derived from the LFA and local flow speed
at different sensor positions. This example is based on fixed pitch and rotational speed
and the uncertainty of the measured LFA and local flow speed is set to 1 %.

position if the sensor has a limited flow-angle range and the tip cannot be bent.
The optimal radial position depends on the rotor design and the objective. Near the

tip, a BMFS sweeps a large area and it is exposed to the full vertical and horizontal shear
profiles. It may, however, be difficult to obtain usable information from this position
due to the increased deflection and rotation of the sensor, which introduces uncertainty
in the mapping from the deflected blade-section to the fixed ground coordinates, plus
unknown movement of the sensor that cannot be subtracted from the measured relative
velocity; see Paper C. Furthermore, higher uncertainty of the estimated free wind speed
must be expected due to increased tip loss effects and additional expansion of the flow.
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Figure 2.10: Relation between the angle of attack and the flow angle at different
locations around the airfoil.

Paper B investigates the quality of the power and mean flap-load curves based on the
BMFS measurements. In the analysis, 16 sets of HAWC2 (Larsen and Hansen, 2007)
simulations were used to generate 16 power and flap-load curves based on the wind speed
from BMFSs at different radial positions. It was found that the most similar power curves
were obtained when using wind speed from a BMFS at 70 % radial position while the
most similar flap-load curves were obtained when using a BMFS at 50 % radial position.
In both cases, slightly better results were obtained when using the average wind speed

of sensors at 20, 50 and 80 %.



CHAPTER 3
BMFS measurement refinement

In this context, a BMFS is assumed to provide the instant 3D local flow velocity measured
relative to the sensor. From this velocity, the LFA and local flow speed can be derived.
For wind turbines with a fixed pitch, constant rotor speed and stiff blades, the axial wind
speed can be considered as a monotonic function of the LFA when averaging over one or
more revolutions, as described in Paper B. The raw BMFS measurements are thereby
usable for this kind of turbine; see Section 4.1. For modern wind turbines with variable
pitch and rotor speed, however, the local flow speed and pitch angle must also be taken
into account. Near the airfoil, the LFA and local flow speed change due to local bound
circulation, and therefore some refinement is required before measurements from a flow
sensor mounted on the blade of a modern wind turbine are usable.
In the current presentation, the refinement is split into three steps; see Fig. 3.1. The

first step compensates the BMFS measured LFA and local flow speed for local circulation,
i.e. the flow deflection and change of speed local to the airfoil, and provides the AOA
and relative flow speed that can be used to calculate the local aerodynamic forces. The
second step calculates the rotor-plane velocity, by mapping the relative velocity into a
global frame of reference; i.e. the velocity due to sensor movement is subtracted and the
resulting flow velocity is mapped to fixed ground coordinates. The final step compensates
for the induction and calculates the free inflow velocity.
The difference between the velocity measured near the blade of an operating wind

turbine and the free inflow velocity that would have been present at the same time and
location if the wind turbine was absent is caused by the wind turbine induction. The
split between local circulation and induction is therefore tricky, because both effects are
induced by the same event; namely, the interaction between the airfoils and the flow.
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Figure 3.1: The induction compensation is split into three steps. The first step
compensates the local flow velocity for the flow deflection and speed change local to the
airfoil and returns the relative flow velocity. The second step maps onto a global frame
of reference and provides the rotor-plane velocity. The last step estimates the free inflow
velocity by compensating for the turbine induction.
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3.1 Local circulation compensation
The interaction between the airfoil and the flow (see Fig. 3.2) can be modelled using
full blade-resolving 3D CFD, but this is very computationally demanding. In aeroelastic
codes like HAWC2, and in the Reversed-BEM induction compensation method presented
in Paper C (see Section 3.3.4), the interaction is therefore not modelled directly. Instead,
engineering models are used to calculate the aerodynamic forces, and the axial, tangential
and radial induction. The engineering models are simple models, often derived for 1D or
2D, based on a several simplifications and assumptions of the describing flow equations,
and extended with additional correction models addressing e.g. tip loss, dynamic effects
and skew inflow, etc.

Figure 3.2: The interaction between the airfoil and the flow results in the aerodynamic
forces on the blade and influences the flow. Streamlines are obtained from the potential
flow around a Joukowski airfoil (Currie, 2012).

The axial and tangential induction models are typically based on blade element
momentum (BEM) theory - first presented by Glauert (1935). In these models, the
induced velocities are calculated from the relative flow speed and the AOA-dependent
lift and drag coefficients. The required flow speed and AOA are, however, the angle
and speed of the BEM flow (i.e. the sum of the free inflow and the induced velocities
considered in the BEM-based induction models; see Fig. 3.3. Hence, the flow speed and
AOA are different from the BMFS measured LFA and local flow speed, as the BEM
models do not include deflection and change of speed local to the airfoil. Instead, the
AOA corresponds to the geometrical angle of an airfoil in wind tunnel experiments or
the flow angle far upstream in 2D CFD computations.
The purpose of this initial step is therefore to compensate for the deflection and speed of

change local to the airfoil to obtain the BEM-flow-equivalent relative flow velocity, which
can be used to calculate the aerodynamic forces and as input for the BEM-based induction
models in Section 3.3.4. As mentioned above, this step is tricky because it implies that
the influence of the wake (axial and tangential induction) must be distinguished from
the influence of the airfoil which in fact generates the wake. In other words, the AOA is
a 2D concept that is difficult to relate to the 3D flow near an operating wind turbine,
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AOA

Figure 3.3: BEM-based approach. The axial and tangential induction are calculated
directly from the AOA-dependent lift and drag coefficient, where the AOA is the angle
of the BEM flow; i.e. the sum of the free flow and the induced velocities considered in
the BEM-based induction models. Streamlines obtained from potential flow around a
Joukowski airfoil, see Currie (2012).

as it is the angle of the flow that is both far upstream to disregard deflections near the
airfoil and at the rotor plane to retain the induction conditions.
Shen et al. (2006) presented a method to extract the AOA based on vortex theory. In

this method, the velocity induced on a control point (e.g. the position of a BMFS) by
the bound vortex on the blades is subtracted from the flow at the control point. In this
way, the remaining flow at the control point is influenced by the free flow and the wake
vorticity only. The flow angle at the control point is thereby equivalent to the AOA; see
Fig. 3.4. This method, however, requires information about the lift distribution along
the blades to determine the strength of the bound vortices.

Figure 3.4: Left: Classic lifting line model. The flow at the control point is influenced
by the free inflow (blue), the bound circulation (red) and the wake vorticity (green).
Right: Subtracting the velocity induced by the bound circulation, results in a system
where the flow at the control point is influenced by the free inflow (blue) and the wake
vorticity (green) only, and the flow angle is thereby equivalent to the AOA.

Furthermore, the bound circulation is modelled using a point vortex. Hence, the control
point should not be too close to the airfoil (Shen et al., 2006). This is clearly seen in Fig.
3.5, where the streamlines around the airfoil differ considerably from the streamlines of
the point vortex in the regions near the airfoil.
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Figure 3.5: Near the airfoil, the flow around an airfoil differs considerably from the flow
around a point vortex. Streamlines are obtained from potential flow around a cylinder
with cirulation and a Joukowski airfoil (Currie, 2012).

Madsen and Fischer (2009) used measurements of a blade-mounted five-hole pitot tube
for inflow characterisation. In the upwash-correction model they used, the influence
(upwash) of the bound circulation on the blade was reduced to a linear function of the
lift coefficient and the flow velocity only. The model was calibrated using full 3D CFD
computations to provide the right upwash rather than ensuring the right circulation of
the bound vortex. In this way, the deviation seen in Fig. 3.5 was reduced.
Another effect near the airfoil is that the local flow speed is affected. This is also the

case in the flow around a point vortex, but the location of the speed-up and slow-down
regions differ; see Fig. 3.6.

Figure 3.6: Near the airfoil the flow speed is affected and the locations of the speed-up
and slow-down regions in the flow around an airfoil (left) differ from the locations in the
flow around a point vortex (right). Streamlines and flow speeds are obtained from the
potential flow around a cylinder with circulation and a Joukowski airfoil (Currie, 2012).

Shen et al. (2009) proposed a more advanced vortex method to obtain the AOA at a
point close to the airfoil. In this method, the local distribution of circulation along the



26 3 BMFS measurement refinement

surface contour of the blade is modelled based on the full pressure distribution on the
blade, which must be known.
Guntur and Sørensen (2014) and Rahimi et al. (2018) presented several other methods

to calculate the AOA, but the methods require information that cannot be obtained
directly from a BMFS, e.g. the Inverse-BEM method that requires the local forces to
calculate the induction; the Average Azimuthal Technique (AAT) which needs data
from several up- and downstream positions; and methods that compare the pressure
distribution around the airfoil with 2D distributions for known AOA.
The local circulation compensation model, which is applied in Paper A, B and D,

is based on velocities around an airfoil extracted from 2D CFD simulations. The
Reynolds-Averaged Navier-Stokes (RANS) simulations are performed using the flow
solver, EllipSys2D/3D (Michelsen, 1992; Sørensen, 1995) for AOA ranging from -4 to 20◦.
Further details about the simulation setup can be found in (Troldborg et al., 2013b). The
resulting velocities at the position of the BMFS are used to determine the relation between
the LFA and AOA and between the relative local flow speed and relative flow speed;
see Fig. 3.7. This approach is convenient because, when the relations are established,
it only requires input that can be extracted from the BMFS measurements. It does,
however, not take dynamic effects, or 3D effects due to tip vortices and non-constant lift
distribution, into account.

Figure 3.7: Relation between the LFA at the BMFS and the AOA (left) and between
the LFA and the normalised relative local flow speed (right).

The AOA and relative flow speed can be used to obtain the rotor-plane velocity as
described in the next section, or to calculate the local normal and tangential blade forces.

fn = 1
2ρ (Cl(AOA) cosφ+ Cd(AOA) sinφ) c |Vrel|2 (3.1)

ft = 1
2ρ (Cl(AOA) sinφ− Cd(AOA) cosφ) c |Vrel|2 (3.2)
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where fn and ft are the local normal and tangential forces, ρ is the air density, Cl and Cd

is the local lift and drag coefficients, |Vrel| is the relative flow speed, and φ is the angle
between the |Vrel| and the rotor plane; see Fig. 3.8.

Figure 3.8: Local normal and tangential force of a blade section.

3.2 Local to global frame of reference
In this step, the relative flow velocity is mapped onto a global frame of reference by
subtracting the velocity due to sensor movement and mapping the resulting absolute flow
velocity to fixed global coordinates. The uncertainty introduced in this step is summarised
below based on simulation and measurement results regarding the SWT3.6-107 turbine
at Høvsøre (see Section 2.1.7). A detailed analysis and explanation is included in Paper
C.
The current sensor-velocity-calculation implementation includes the velocity due to

rotor rotation and pitch motion as briefly described in Paper B. The speed due to rotor
rotation is absolutely dominant, with tangential speeds up to 53 m/s at the position of
the BMFS while the speed (mainly axial) due to pitch motion is less than 0.2 m/s.
The calculated sensor velocity does, however, not include velocity due to the dynamic

deflection and rotation of the structure and is therefore different from the real sensor
velocity. The simulation example in Fig. 3.9 compares the ‘real’ sensor velocity simulated
by HAWC2 with the estimated sensor velocity and gives an indication of the deviation.
It is seen that the instant discrepancy in the axial direction may be more than 1 m/s.
Averaging over a few seconds, however, reduces the deviation considerably.
The calculated sensor velocity is obtained in the rotor coordinate system while the flow

velocity is measured relative to the sensor orientation and is assumed to be provided in
the blade section coordinate system; see Fig. 3.10.
The flow velocity must therefore be mapped into rotor coordinates (Step 2a) using

rotation for the orientation of the blade section, the instant pitch angle and the blade-cone
angle, before the sensor velocity can be subtracted in Step 2b. Finally, the resulting
absolute flow is mapped to fixed ground coordinates (Step 2c) using rotation from the
rotor position, tilt and yaw angle.
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Figure 3.9: HAWC2 simulated and estimated sensor velocity at 11 m/s.

In the HAWC2-based verification part of Paper C, the deviation of the estimated free
inflow velocity is investigated. It is concluded that the current step introduces more
uncertainty than the succeeding induction compensation.
The root-mean-square (RMS) errors seen in Fig. 3.11 are obtained from the simulation

with a flexible structure and turbulent inflow used for Case 5 in Paper C. In Fig. 3.11,
however, the RMS-errors reflect the uncertainties of the rotor-plane velocity in contrast
to the RMS-errors of the estimated free-inflow velocity that are presented in Paper C.
From the HAWC2 simulation, the AOA, side-slip angle and relative flow speed of

the BMFS are obtained and used to derive the relative velocity in the blade-section
coordinates. This velocity is, as expected, almost equal to the HAWC2 reference, and
the RMS-errors in Fig. 3.11 (A) are therefore very close to zero.
In Step 2a, the relative velocity is mapped to the rotor coordinate system. The

uncertainties introduced due to unknown orientation of the blade section are seen in
Fig. 3.11 (B). Due to torsion of the blade section, the tangential sensor speed, which is
typically 3 - 6 times larger than the absolute flow speed, unintentionally contributes to
the axial wind speed estimation that, furthermore, is influenced by flap-wise deflection.
These effects result in the error of the axial (y) component in Fig. 3.11 (B).
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Figure 3.10: Overview of coordinate systems.

The error in the radial (z) component, see Fig. 3.11 (B), is introduced by the axial
wind speed due to flap-wise blade deflection and by the rotational speed due to the
torque- and gravity-induced edge-wise rotation of the blade section.
In Step 2b, the sensor velocity is subtracted. This step increases the error of the

tangential (x) and axial (y) components, see Fig. 3.11 (C) as the assumed sensor velocity
is different from the ‘real’ velocity: the ‘real’ velocity varies in the tangential direction
due to the gravity-induced edge-wise deflection of the blade and in the axial direction due
to turbulence-induced dynamic flap-wise deflections while the assumed sensor velocity
does not include these effects. The error in the radial (z) component, on the other hand,
is reduced, as the tangential-speed variations partly counterbalance the mapping-error
due to the edge-wise deflection of the blade section.
Finally, Step 2c, maps the absolute velocity from rotor to ground coordinates. In this

step, an offset may be introduced in the final vertical (z) wind-speed component due
to tower deflection. At 7 m/s, however, this offset is very small and the RMS error is
therefore similar, but redistributed due to the coordinate transformation; see Fig. 3.11
(D).
At high wind speeds, the deviation due to tower-deflection is more distinct. It can,

however, be compensated for by including the tower-top deflection angle measured by e.g.
an inclinometer. Similarly, the blade deflection and torsion angles can be included in the
coordinate transformation. These angles are, however, more challenging to measure due
to the high speed of the blade section and the resulting large centrifugal force. Another
possibility is to use a model, e.g. HAWC2, to estimate the average deflection and rotation
angles. This idea has, however, not been tested.

3.3 Induction compensation
In this section, three different induction compensation methods are presented before
the Reversed-BEM compensation method, which is used in this study, is introduced in
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Figure 3.11: RMS error introduced in this step.

Section 3.3.4.

3.3.1 Turbine-independent compensation
The average upstream induction can in the simplest approach be calculated from an
analytical model that only depends on the free flow velocity, the thrust coefficient, and
the radial and axial upstream position. This model can be applied to lidar measurements
to estimate the free wind speed suitable for power curves, for any rotor down to one
rotor radius upstream (Troldborg et al., 2017). The method is e.g. used by Borraccino
et al. (2016) to compensate nacelle-lidar measurements for the effects of the induction.
Closer to the turbine, however, more information about the rotor is required.

3.3.2 Average free-to-BMFS wind speed compensation
Medina et al. (2012) used an aeroelastic code to obtain the relation between the free-inflow
wind speed and the flow speed at the pitot-tube tip; see an example of this relation
generated by the authors using HAWC2 in Fig. 3.12.
This approach can be used to estimate the average free wind speed in the axial direction

as long as the turbine is operated under similar conditions. The method will, however,
be subject to some of the issues that were revealed in Paper B: small uncertainties in
the BMFS measurement are amplified due to the high slope of the relation curve around
5 m/s, and different inflow conditions or change of control strategy will change the
relation and thereby introduce inaccuracy.
Finally, only the low frequency part of the estimated free wind speed will be correct, as

the high frequency part is less affected by the induction. Figure 3.13 shows an example
where we have applied the method to the instant wind speed of a HAWC2 simulation.
The low-frequency part of the estimated free wind speeds is very similar to the free wind
speed, while deviations are seen in the high-frequency part.
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Figure 3.12: Relation between the average free wind speed and the simulated BMFS
wind speed. This example is based on 10-min mean values simulated by HAWC2.

Figure 3.13: HAWC2 example where the average free-to-BMFS wind-speed relation
(see Fig. 3.12) is used to compensate the BMFS wind speed for induction.
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3.3.3 HAWC2-based compensation
Madsen and Fischer (2009) used measurements from the five-hole pitot-tube mounted on
the SWT3.6-107 turbine at Høvsøre in 2009 (see Section 2.1.7) to obtain the free flow
mean wind speed, the vertical U and V shear profiles and the turbulence level at different
heights. To compensate for the induction, they used an optimisation routine coupled
with HAWC2; see Fig. 3.14.

HAWC2

Aerodynamic modelStructural model

Free velocity (V0)

Vrel = V0 + W + Vs

Sensor velocity (Vs) Induced velcoity (W)

- Simulated power
- BMFS AOA and relative speed

Measurement 
database

Inflow model

Optimisation 
routine

Measured power,
AoA and relative speed

- Mean wind speed
- Axial and lateral shear profile
- Turbulence profile

AOA and relative speed at rotor

Figure 3.14: Induction compensation procedure used by Madsen and Fischer (2009).

First, the optimisation routine varied the mean wind speed until the HAWC2-simulated
power level matched the measured power. Then the wind speed was varied at several
different heights to find the shear profile. The result was evaluated by comparing the
measured and simulated azimuthally binned AOA, which is affected by the axial wind
speed profile; see an example of how the AOA is affected by shear in Fig. 3.15 (left).
In the next step, the side-wind profile caused by yaw misalignment and veer was varied

and evaluated by comparing the measured and simulated mean relative velocity when
the blade was in the top or bottom position; see examples of the mean relative velocity
for 0, 10 and 20◦ of yaw misalignment in Fig. 3.15 (middle). Finally, the turbulence level
was changed at different heights until the standard deviation of the azimuthally binned
AOA coincided with the measurements; see an example of how the standard deviation of
the azimuthally binned AOA is affected by turbulence in Fig. 3.15 (right).
The method was verified using measurements from 10-minutes periods and the obtained

inflow characteristics were found to agree with observations from the met masts; see Fig.
3.16.
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Figure 3.15: HAWC2 results showing the angle-of-attack variation due to shear (left),
the mean relative velocity variation due to yaw misalignment (centre) and the variation
of the standard deviation of the angle of attack due to turbulence (right).

Figure 3.16: The axial and lateral shear profile (left) and turbulence level profile (right)
obtained using the method of Madsen and Fischer (2009) are very similar to the met
mast observations. This is Figs. 14 and 19 from Madsen and Fischer (2009).
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3.3.4 Reversed-BEM induction compensation
The Reversed-BEM induction-compensation method, developed and implemented within
this project, is presented briefly in Paper A and thoroughly in Paper C. The method was
used to obtain the results presented in Paper D, while a preliminary implementation was
used for the results in Paper A.
The aerodynamic models used to calculate the induction are similar to the aerodynamic

models in HAWC2. The method differs, however, from the HAWC2-based compensation
method (Section 3.3.3) as the models are integrated in the method which is thereby
independent of HAWC2. Furthermore, the trial-and-error steps are partly bypassed by
reversing the process, such that the induced velocity and sensor velocity are subtracted
from the BMFS measured relative velocity to obtain the free inflow velocity; see Fig.
3.17. Another advantage of the current method is that it estimates the instantaneous
free inflow velocity, whereas the inflow characteristics obtained from the HAWC2-based
compensation method (Section 3.3.3) are averaged over several rotor revolutions.

Aerodynamic model

Structural model 
(stiff)

BMFS relative velocity (Vrel)

Rotor speed, pitch angle

V0 = Vrel – Vs – W 

Sensor velocity (Vs)

Induced velcoity (W)

Free velocity (V0)

Measurement 
database

Figure 3.17: Induction compensation procedure used in the current study.

The aerodynamic models comprise BEM-based models for axial and tangential induction,
a radial induction model and tip loss correction, as well as models for skew and dynamic
inflow. Some of these models require information that cannot be obtained from a BMFS,
e.g. the rotor-average instant thrust coefficient and axial induction. An advantage of the
HAWC2-based compensation method (Section 3.3.3) is therefore that the inflow model
provides realistic information about the inflow throughout the rotor. This means that
the required rotor-average quantities can be extracted, and, furthermore, deflections and
torsion can be predicted.
In the current method, the relative velocity, induced velocity and estimated free inflow

are only obtainable at the position of the BMFS. The revolution-averaged local thrust
coefficient and axial induction are therefore used as approximations of the rotor-average
instant quantities, and deflection and rotation of the blade are disregarded, as described
in Section 3.2.
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The axial and tangential induction models as well as the skew inflow model require the
free inflow wind speed, i.e. the final output of the method, as input. A trial-and-error
loop is therefore still present in the current method (see Fig. 3.17). It is, however,
reduced to a rather fast Newton-Raphson-based iterative approach.
In Paper C, the two latter refinement steps, i.e. local to global frame of reference

and induction compensation (see Fig. 3.1), are tested using HAWC2 simulations and
simulations performed by the structural model of Flex5 (Øye, 1996) coupled with the
large eddy simulation (LES) flow solver, EllipSys3D (Michelsen, 1992; Sørensen, 1995).
Figure 3.18 shows the RMS error of the estimated free inflow velocity at 7 m/s; see

Paper C for details about the simulation setup, and note that the SWT3.6-107 turbine
model is used for the HAWC2 simulations while the EllipSys3D/Flex5 simulations are
performed using the smaller SWT2.3-93 turbine model. Furthermore, step number two
(local to global frame of reference) is only partly tested using the EllipSys3D/Flex5
simulations, as the BMFS velocities are extracted in undeflected coordinates; i.e. the
uncertainty introduced in step two only comprises deviation of the assumed sensor
velocity.
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Figure 3.18: RMS error of the estimate free inflow velocity in ground coordinates (see
orientation of the coordinates in Fig. 3.10).

The RMS error of the estimated free inflow velocities obtained from the HAWC2
simulation (E in Fig. 3.18) is similar to the RMS error of the estimated rotor-plane
velocity without induction compensation in Fig. 3.11 (D). It is therefore concluded that
only minor uncertainties are introduced by the Reversed-BEM induction-compensation
method.
The error in Fig. 3.18 (E) reflects the deviation between the estimated and the ‘real’

free inflow at the same position; i.e. the ‘real’ position of the sensor (black dot in Fig.
3.19). This position is, however, different from the assumed (undeflected) position (blue
dot in Fig. 3.19). For some applications, the position is irrelevant, while for others,
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e.g. the constraint turbulence simulation applied in Papers A and D, the velocity and
position are equally important. In such cases, the RMS errors in Fig. 3.18 (F) are more
appropriate as they reflect the deviation between the estimated free inflow obtained at
the deflected (black) position and the free inflow at the assumed (blue) position. The
difference is, however, very limited in this case.

Estimated 
free inflow 

Free inflow reference
assumed (undeflected) positionRotor-plane velocity

(free inflow + 
BEM induction)

"Taylor"-
transport

Induction
compensation

BMFS 

Figure 3.19: HAWC2 case: the induction-compensated BMFS inflow velocity is com-
pared to the free flow velocity of the undeflected position. The free inflow reference
velocity is independent of turbine operation as the turbulence is transported with the
mean wind in agreement with Taylor’s frozen turbulence hypothesis.

Several effects of real flow are, however, disregarded in HAWC2 due to the application
of Taylor’s frozen turbulence hypothesis, e.g. the evolvement of the turbulence as well
as the expansion and delay of the flow when approaching the rotor. These effects are
modelled in the EllipSys3D/Flex5 simulations where they alter the flow such that an air
parcel that hits the BMFS of an operating turbine at a certain time, see Fig. 3.20 (left),
would be somewhere else if the turbine was absent. The black dot in Fig. 3.20 (right)
indicates the position of the parcel if it flows with the mean wind, while the grey dots
show some possible positions of the parcel if it moves with the instant local wind.
This means that deviation must be expected (even if the induction compensation was

absolutely perfect), because comparing the estimated free inflow velocity to the free
inflow velocity without the turbine1 corresponds to comparing the free flow turbulence
at two different positions, in this case the velocity at the blue and black/grey dots in
Fig. 3.20 (right). It is therefore expected that the RMS error of the EllipSys3D/Flex5
simulations (G in Fig. 3.18) will be higher than the HAWC2 cases.
In Fig. 3.18 (H), the estimated free inflow velocity is compared to the free inflow velocity

that hits the rotor-plane 2.2 s before and 4.2 m closer to the rotor centre, corresponding
to the black dot in Fig. 3.18 (right). In this case, the RMS errors are significantly lower,

1In practice, a separate simulation is performed where the effects of the aerodynamic forces on the
flow are disabled
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Estimated 
free inflow 

Free inflow reference
(undeflected position)

Induction
compensation

BMFS 

Figure 3.20: Ellipsys3D/Flex5 case: when the turbine is operating, the flow is delayed
and deflected. To test the current method, the induction-compensated BMFS inflow
velocity is compared to the free inflow velocity obtained at the same time and location in
an equivalent simulation without the turbine. In this simulation, however, the air parcel
that hits the BMFS in the simulation with the turbine is at the point of the black dots
(right) if it flows with the mean wind, while the grey dots show the possible positions if
it moves with the instant local wind.

and Paper C concludes therefore that the relatively high RMS errors of Fig. 3.18 (G)
are more related to the difference between the turbulence at the sensor position and the
reference position than to deviations introduced in the induction-compensation method
itself.
It should be noted that the estimated free-inflow velocity is the induction-compensated

velocity of the air parcel that hits the blade. If the turbine was absent, this parcel
would be somewhere else (at the black/grey dots), and another parcel would have hit
the position of the sensor. Which of the velocities that are more interesting depends
on the application. In Papers A and D, for instance, the instant estimated free-inflow
velocities are used as input for a constraint turbulence simulator that modifies existing
turbulence fields to reproduce the specified wind speeds at the corresponding positions
while preserving the statistics of the turbulence. The generated turbulence fields are
used as input for aeroelastic simulations. For this purpose, the induction-compensated
velocity of the flow that hits the sensor is more appropriate as the delay and expansion
of the turbulence is not modelled in the succeeding aeroelastic simulation.
The actual uncertainty of the estimated free inflow velocity is highly dependent on the

application as some of the uncertainty, e.g. the uncertainty related to sensor velocity and
different turbulence at the BMFS and reference position, will cancel out when averaging
in time (or space). Figure 3.21 shows the wind speed profiles obtained from 200 s of
HAWC2 (left) and EllipSys3D/Flex5 (right) simulations. The x, y and z components refer
to the ground coordinate system; see Fig. 3.10. The mean wind speed and shear profiles
are seen to be well captured in the longitudinal (y) direction while small deviations
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are seen in the lateral (x) and vertical (z) components. In the lateral (x) and vertical
(z) components of the EllipSys3D/Flex5 rotor-plane velocity profiles, the effect of flow
expansion is clearly seen, but the effects are relatively well compensated for by the radial
induction model.
Similarly, Fig. 3.22 shows the standard deviation of the wind speed. Also, in this case,

only small deviations are seen.
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Figure 3.21: Mean wind speed and wind speed profiles obtained from 200 s of HAWC2
(left) and EllipSys3D/Flex5 (right) simulations. The markers indicate the up- and
downstroke, and the x, y, and z components refer to the ground coordinate system; see
Fig. 3.10.
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Figure 3.22: Standard deviation of the wind speed (mean value and profile) obtained
from 200 s of HAWC2 (left) and EllipSys3D/Flex5 (right) simulations. The markers
indicate the up- and downstroke, and the x, y, and z components refer to the ground
coordinate system; see Fig. 3.10.



CHAPTER 4
Application of BMFS measurements

In Chapter 3, the refinement of BMFS measurements from relative local flow velocity
over AOA and relative flow speed to rotor-plane velocity, and finally free-inflow velocity,
was described. In addition, the step from AOA and relative flow speed to local normal
and tangential force was shown. The local normal and tangential forces are correlated
with the thrust, torque and blade-root bending moments and, using a proper calibration,
estimates of these measures may be obtained as well. This means that estimates of
different measures are obtainable from BMFS measurements. The measures range from
the estimated free-inflow velocity, which reflects the inflow conditions, to the thrust,
torque and bending moment estimates, which are closely related to the power and actual
loads; see Fig. 4.1. Inevitably, uncertainty is introduced in each step; i.e. the estimated
free-inflow velocity is subject to more uncertainty than the rotor-plane velocity and so
on. The different measures, however, make it possible to divide the complex process
from inflow to power and loads into smaller steps that can be investigated individually.
Some of the estimates can be compared to measurements, e.g. lidar or met-mast wind
speed, electrical power output or strain gauge measurements, while all estimates can be
analysed and compared to numerical simulations.
This opens up the field for a wide range of applications. An example is the study of the

correlation between noise (amplitude modulation) and inflow characteristics by Madsen
(2014) that first reveals a relation between transient stall (AOA) and noise, and then
investigates in which inflow conditions transient stall occurs.

Free-inflow velocity

Inflow condition Power / loads

Loading (induction) Structural dynamics
Aerodynamic 

blade properties Force distribution

Rotor-plane 
velocity

AOA, side-slip and 
relative flow speed

Tangential and 
normal blade force

Thrust, torque, 
bending moments

Electical power, 
extreme and fatigue 

loads, noise

Local relative flow 
velocity

Local circulation
BMFS

measurement

Figure 4.1: Estimates obtainable from BMFS measurements.

Another example is illustrated in Fig. 4.2. In this case, the revolution-averaged
blade-root flap-wise bending moment of two 5-hour periods is plotted as a function of
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the estimated free wind speed (left), the rotor-plane velocity (middle) and the local
blade normal force (right). In the first period (19 May), the turbine is operated as a
stall-regulated turbine with a fairly constant rotor speed, while it is operated as a modern
pitch-regulated variable-speed turbine in the second period (25 May). It can be clearly
seen that the different control strategies make the turbine respond differently to similar
inflow conditions, while the relation between the local normal force and the flap-wise
bending moment is seen to be independent of the control strategy. In this way, the
influence of the control strategy can be investigated at different stages.

4 6 8 10 12

Estimated free Wsp [m/s]

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

B
la

d
e
-r

o
o
t 

fl
a
p
 m

o
m

e
n
t 

[k
N

m
]

19 May, 08-13

25 May, 02-07

2 3 4 5 6 7 8 9 10 11

Rotor-plane wsp [m/s]

19 May, 08-13

25 May, 02-07

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

fn [kN/m]

19 May, 08-13

25 May, 02-07

Figure 4.2: Revolution-average blade-root flap moment obtained from two different
5-hour periods where the turbine was operated with different control strategies.

In this chapter, examples of the applications of the different measures that can be
extracted from BMFS measurements will be described.

4.1 BMFS measured flow angle
In Paper B, it is shown that for wind turbines with fixed pitch, constant rotor speed
and stiff blades (e.g. the Tellus turbine, see Section 2.1.1), the axial rotor-plane wind
speed can be considered as a monotonic function of the BMFS measured LFA when
averaging over one or more revolutions. This means that the LFA can be used as a
reference for power and flap-load curves. These curves are obviously different from
the typical wind-speed-based curves, but due to the high correlation between the LFA
and the power and flap-wise bending moment, e.g. reported by Madsen (1991b), the
turbine performance can be compared between relatively short periods. Antoniou et al.
(1995), for example, were able to evaluate and compare the performance of five different
tip shapes based on the revolution-averaged LFA and the power and flap-wise bending
moment observed during 30-40 minutes of measurements; see Fig. 4.3.
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Figure 4.3: Performance of the Tellus turbine (see Section 2.1.1) with different tip
shapes evaluated from 30-40 minutes of measurement. This is Figures 5 and 6 from
Antoniou et al. (1995).

4.2 Angle of attack and relative flow speed
The AOA and relative flow speed measures are only one step from the BMFS measured
local relative flow velocity in Fig. 4.1 and therefore subject to less uncertainty than the
succeeding measures. Furthermore, the AOA is closely related to the pitch angle and
aerodynamic forces and thereby suitable for pitch and flap control.
Larsen et al. (2005) developed a control method to reduce loads using individual pitch

based on the AOA and relative flow speed measured by a BMFS. The method was
implemented in the aeroelastic code, HAWC (Petersen, 1996), and compared to a cyclic
and a standard collective pitch control method. The individual pitch control method
was able to reduce the life-time fatigue loads significantly while retaining the power
production. Larsen et al. (2005) stated that an advantage of an inflow-based individual
pitch controller was that it was very fast compared to a blade-load-based controller, as
the blade behaves as a filter with time delay.
Incorporation of the AOA and relative flow speed measured by a BMFS in the control

algorithm for the control of trailing edge flaps has been suggested and investigated in
several studies; e.g. Andersen (2008, 2010), Barlas et al. (2012), and Fischer and Madsen
(2013, 2014, 2016).
Andersen (2010) used the AOA and relative flow speed from a BMFS alone and

in combination with the rotor-speed, the AOA derived from pressure tabs and blade-
load sensors to control trailing edge flaps in aeroelastic simulations and wind tunnel
experiments.
Fischer and Madsen (2014, 2016) investigated the theoretical load alleviation potential

of an ideal flap control. The control aimed at minimising the variation of the local blade
normal force based on the AOA and relative flow speed obtained from a BMFS. The
performance of the control was tested in different inflow conditions; i.e. shear, turbulence



44 4 Application of BMFS measurements

and wake situations.
Finally, Madsen (2014) and Madsen et al. (2016) used the BMFS measured LFA and

AOA to investigate different aspects of aero-acoustics.

4.3 Rotor-plane velocity
In some cases, the AOA and relative flow speed are challenging to use because they are
not one, but two measures that increase alternately; see the HAWC2 simulation example
in Fig. 4.4. The relative flow speed increases in the variable speed region (4-9 m/s in
Fig. 4.4), while the AOA is nearly constant. In the constant-speed region (9-18 m/s in
Fig. 4.4), the flow speed is almost constant, while the AOA increases up to the rated
power (11 m/s in Fig. 4.4) and then decreases. This means that the AOA and relative
flow speed are difficult to use as reference for the full range of power and loads. Instead,
it is convenient to derive the rotor-plane velocity and use the axial component; i.e. one
measure that increases monotonically with the free axial wind speed; see Fig. 4.4.
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Figure 4.4: AOA, relative flow speed and rotor-plane wind speed as a function of free
flow wind speed (example obtained from HAWC2 simulations).

In the study of Antoniou et al. (1995) - see Section 4.1 - the use of pitot-tube measure-
ments made it possible to evaluate the performance of different tip shapes based on 30-40
minutes of revolution-averaged observations. In contrast, the IEC 61400-12-2 (2013)
standard requires at least 180 hours of 10-minute observations to produce a power curve
based on e.g. met-mast wind speed. In Paper B, it was therefore investigated whether
reliable power curves for a modern wind turbine could be generated from shorter periods
(e.g. a few hours or days) if they were based on the BMFS measured axial rotor-plane
wind speed. The study in Paper B is based on measurements from the DAN-AERO
database; see Section 2.1.7 and HAWC2 simulations using a corresponding SWT3.6-107
turbine model.
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These power curves are not comparable to standard met-mast-based power curves as
the rotor-plane wind speed is influenced by the induction. They can, however, be used
to investigate aerodynamic modifications or detect performance issues by comparing the
relative power and load curves between different periods or turbines.
The numerical part of the study concludes, based on HAWC2 simulations, that lowering

the observation average time from 10 minutes to 5-30 s improves the reliability of the
rotor-plane-velocity-based power and flap-load curves. In this context, the reliability
is evaluated in terms of the variability of the generated curves; i.e. if 16 simulations,
performed using different turbulence realisations (seeds), produce the same power curves,
then the reliability is considered to be good, while larger variability between the power
curves is interpreted as lower reproducibility and reliability.
Furthermore, it was found that met-mast-based power and flap-load curves required

around seven times more data to achieve the same reliability level as the BMFS-based
curves, assuming that the observed wind speeds were uniformly distributed in the range
of interest.
The promising potential assessment-time reduction could, however, not be confirmed in

the measurement part of the study due to a number of different practical reasons: several
sensors were temporarily error-prone and the pitot tube was found to be malfunctioning
up to 12 hours after each rainfall. The amount of observations that were usable for the
BMFS-based power and flap-load curves was thereby considerably reduced. Moreover,
the relation between the rotor-plane wind speed and the power and flap loads seemed
to shift from time to time, even though a very fine correlation was found during short
periods, as seen in Fig. 4.5. In addition, a pitch motion procedure that changes the pitch
angle 1◦ every minute results in a severe scatter of observations averaged over less than
120 s. The potential improvement related to shorter average times, which was seen in
the numerical study, was thereby only partly achievable. Finally, the rotor-plane velocity
is highly sensitive to changes in the induction, e.g. due to change of the control strategy,
yaw misalignment or the pitch-motion procedure described above.
It is concluded that in the setup of Paper C, the power and flap-load curves based on

the BMFS measured axial rotor-plane wind speed, are similar to the met-mast-based
counterparts with respect to assessment time. The technique can, however, be used
offshore, in wind farms and in complex terrains where it may not be possible to install a
met mast, and the sensor will never be in the wake of the turbine as it follows the yaw
direction.

4.4 Free-inflow velocity
The free-inflow velocity is independent of the wind turbine, including its aerodynamic
properties, control strategy and operational state, and reflects the inflow that the turbine
is exposed to. The free-inflow wind speed is therefore typically used as reference for
power and loads and as the input to numerical simulations.
The free-inflow wind speed that can be extracted from BMFS measurements is probably
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Figure 4.5: Measured power (normalised with respect to rotor-speed variations) plotted
as a function of BMFS (120 s mean) and met-mast (600 s mean) wind speed. A very
fine correlation is seen between the BMFS-measured axial rotor-plane wind speed and
the power during short periods, but the relation seems to shift from time to time. This
is Fig. 23 from Paper B.

not suitable for the power curves that are used to predict the life-time power production
due to uncertainty and bias introduced in the refinement steps. It has, however, advantages
over the free-inflow velocity estimates that can be derived from nacelle-, hub- or met-
mast-mounted flow sensors, as it estimates the instant 3D flow velocity at its rotating
path on the rotor and sweeps a wide range of the rotor plane.
This information represents the actual inflow conditions and does not rely on assump-

tions of stationary conditions, horizontal homogeneity, negligible vertical wind speed, etc.
Fig. 4.6 shows a non-stationary example from the DAN-AERO database (see Section
2.1.7) where the wind over one minute increases from 3-4 m/s to 8-9 m/s after a steady
period. The blade-root flap moment increases too and peaks at the same time as the
BMFS wind speed while the met-mast wind speed, measured 250 m upstream, peaks
around one minute earlier. Furthermore, the azimuthal variation of the BMFS wind
speed is seen to correlate with the flap-moment variation. In Fig. 4.6 (right), the instant
flap moment is plotted as a function of the met-mast and BMFS wind speed. A clear
relation is seen between the BMFS wind speed and the flap moment while the full range
of flap moments are observed at met-mast wind speeds around 8 m/s.
Figure 4.7 shows a half-wake situation from the DAN-AERO database. In this case,

the estimated free-inflow wind speed, extracted from the BMFS, is considerably lower on
the left-hand side of the rotor than on the right-hand side. This variation is obviously
not captured by the fixed-point measurement at the met mast. Adding the shear profile
to the met-mast wind speed results in variation, but the amplitude is too low and the



4.4 Free-inflow velocity 47

Figure 4.6: A non-stationary example from the DAN-AERO database (see Section
2.1.7). The instant flap moment is much more correlated with the BMFS wind speed
than the met-mast wind speed.

peak is at the top instead of the right-hand side. The pattern of the BMFS wind speed,
on the other hand, is seen to be very similar to the flap-moment pattern when plotted
as a function of rotor position. The BMFS measured wind speed is thereby also in this
case much more suitable to characterise the inflow conditions that actually cause the
observed loads.
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Figure 4.7: A half-wake example from the DAN-AERO database (see Section 2.1.7).
The flap moment is much more correlated with the BMFS wind speed than the met-mast
wind speed.
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In Paper A, BMFS measurements from the DAN-AERO database (See Section 2.1.7)
were used to characterise the 10-minute shear profiles. Figure 4.8 (left), outlines a
half-wake situation by showing the five turbines, the nearby met masts and the estimated
wake sectors. In this case, the right-hand side of the SWT3.6-107 turbine (red) is in the
wake of turbine four (light blue) while turbine five (green) is presumably not operating.
The 10-minute mean winds measured by the met masts are plotted as a function height
in Fig. 4.8 (right). Furthermore, the estimated free inflow wind speed obtained from the
pitot-tube mounted on the SWT3.6-107 turbine is shown in red. The markers indicate
the up- and downstroke. During the upstroke (with the BMFS on the left-hand side of
the rotor), the estimated free BMFS wind speed is similar to the wind speed measured
by the met masts. During the downstroke, on the other hand, the BMFS wind speed
is considerably lower, as the right-hand side of the rotor is in the wake of turbine four.
Examples of free-flow and full-wake situations are presented in Paper A.

Figure 4.8: A half-wake situation from the DAN-AERO database (see Section 2.1.7).
During the upstroke, the estimated free wind speed obtained from the pitot tube on
the SWT3.6-107 turbine (red) is similar to the free-inflow wind speed measured by the
nearby masts, while a considerably lower wind speed is measured during the downstroke
where the blade is in the wake of turbine four. This is Fig. 13 from Paper A.

In Paper D, inflow information has been extracted from the pitot-tube mounted on
the SWT3.6-107 turbine during the DAN-AERO experiment (see Section 2.1.7). Inflow
characteristics extracted from the BMFS are used as the input for the aeroelastic HAWC2
simulations to investigate if more detailed inflow information improves the correlation
between the simulated and measured loads. Twenty 10-minute periods representing a
wide range of loads at 8 and 14 m/s were selected. From these periods, inflow information
was extracted for 12 different cases, where Cases 8-12 were based on BMFS measurements.
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A BMFS provides information from its current position only, and therefore an inflow
model is required to estimate the inflow in the other parts of the domain. Typically, the
inflow model combines the mean wind speed with a shear profile and a turbulence model,
but in this case the measured wind speed trend, mean-wind-speed variations inside the
rotor plane, and the instantly measured axial wind-speed were also included.
The mean wind speed was extracted at hub height ±5 m to avoid the influence of

non-linear shear. The wind speed trend was characterised using a linear fit. For most
periods, this is sufficient, but for cases like the period shown in Fig. 4.6, a moving average
should be considered to avoid the large deviations from a linear fit being interpreted
as turbulence. The shear profile was obtained by fitting a power-shear profile to one
hour of BMFS measurements. This model was extended to include the 10-minute mean
variations within the rotor; i.e. a grid, covering the rotor, was used to specify the mean
wind speed using a combination of the 10-minute azimuthal-dependent mean wind speeds
and the one-hour shear profile.
The Mann model (Mann, 1994, 1998) was used to generate the turbulence. The

model requires three parameters: a length scale of the spectral velocity tensor, L, a
shear distortion parameter, Γ, and an energy dissipation factor, αε. L and Γ cannot
be determined from 10 minutes of measurements, and therefore standard values or the
atmospheric-stability-dependent site-average values were used. The αε, which is closely
related to the turbulence intensity, was fitted based on the rotating BMFS-measured
turbulence. Furthermore, a constraint turbulence simulation method (Nielsen et al., 2003)
was used to modify the generated turbulence fields to reproduce the BMFS-measured
instant wind speeds at the corresponding positions while preserving the turbulence
statistics.
Figure 4.9 shows the best result, which includes all the inflow characteristics described

above. The dots at 8 and 14 m/s show the measured 1 Hz equivalent fatigue loads while
the connected error bars reflect the associated simulation results.
Note that the derived tower-bottom fore-aft as well as the tower-top yaw and tilt

bending moment sensors in this study are derived from the blade-root flap- and edge-wise
bending moments, as no tower-load sensors were available in the measurement database.
therefore, they do not reflect actual measurements, but well-matching estimates.
In Paper D, the accuracy of the BMFS-wind-speed-based simulations was found to be

significantly better than the accuracy of the met-mast-based simulations with respect to
all the considered loads except the tilt moment at 8 m/s, which was only slightly worse.
The mean error of the simulated 1 Hz equivalent loads, shown in Fig. 4.9, is below 10 %,
except the tower-bottom fore-aft moment at 8 m/s, which is 13 %. Furthermore, the
range of the simulated loads reflects the range of the measured loads, and at 8 m/s the
sequence of the simulated and measured flap and tower-bottom loads is almost similar,
meaning that the inflow conditions that result in high load levels in the measurements
also result in high load levels in the simulations. The same tendency is seen for the tilt
and yaw moment at 14 m/s.



4.4 Free-inflow velocity 51

Figure 4.9: Best case based on BMFS measured inflow information. For interpretation,
see Fig. A6 in Paper D. This is Fig. A10 from Paper D.

The most important inflow characteristics with respect to accuracy were found to be
the mean wind speed and turbulence level. Utilising the instantly measured mean wind
speed via the constraint turbulence simulator was found to improve the precision of the
simulated loads such that the need for multiple simulations with different turbulence
realisations (seeds) was reduced.
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Including information about the wind speed trend, the shear profile and mean-wind-
speed variations within the rotor plane were found to have a significant influence in a few
of the selected periods, while the overall result was hardly affected. In other situations,
however, e.g. half-wake situations and periods with high shear, this information may be
more important to include.
Finally, two simulation sets were performed. Both sets comprise 970 simulations

representing all suitable periods in the measurement database (one seed per period).
In the first set, inflow information was extracted from the met masts (similar to the
best met-mast-based case) while the second set was based on information from the
BMFS (similar to the best BMFS-based case). The error of the simulations is shown in
Fig. 4.10. In this case, the BMFS-based simulations are also more accurate than the
met-mast-based simulations with respect to the considered fatigue loads, especially for
the flap and tower-bottom fore-aft bending moments where the absolute mean errors are
45 and 43 % lower, respectively.
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Figure 4.10: Error of the simulations based on inflow information from the met masts
and the BMFS.
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Major deviations are, however, still seen in some periods. The split between the
mean wind and turbulence in periods with non-linear wind-speed trend was suspected
to introduce deviation. The constraint turbulence simulator handles the problem quite
well with respect to the wind speed at the position of the BMFS, while the inflow at
other positions has much more low-frequent variation in the simulations compared to the
measurements. This variation mostly affects the tilt and yaw moments while the flap
and tower-bottom moments seem to be unaffected.
Plotting the revolution-averaged flap moment from a subset of the periods as a function

of the local normal force derived from the BMFS, reveals a mismatch between the
measurements and simulations, and moreover the measured flap moment seems to drift
slightly; see Fig. 4.11. The deviation can be explained by uncertainties in the structural
and aerodynamic models or, more likely, by uncertainties related to the calibration
procedure; see Paper D for details about the procedure. Recalibrating the measurements
will, however, only offset the flap-moment errors in Fig. 4.10, and further investigation is
required to explain the deviation of the simulated loads.
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Figure 4.11: Measured and simulated revolution-averaged flap moment plotted as a
function of the local blade force derived from the BMFS.

Considerable wind-speed-dependent bias is seen in the tilt- and yaw-moment fatigue
loads in Fig. 4.10. At some wind speeds the loads are overestimated, while they are
underestimated at other wind speeds. The reason for these deviations may be related
to the calibration of the flap-moment sensor, uncertainties in the measured pitch angle
offsets, or to different control behaviour as a result of the differences between the Siemens
controller, which was used for the real turbine, and the Basic DTU controller (Hansen
and Henriksen, 2013), which was used for the simulations.
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Figure 1.4 revealed a huge amount of scatter in the 1 Hz equivalent flap-moment
fatigue loads that could not be explained by the 10-minute-mean met-mast wind speed.
It was consequently stated that a more detailed free-inflow estimate that characterises
the temporal and spatial variations throughout the rotor was required. Some of the
scatter can be explained by different levels of turbulence, as seen in 4.12 (left), where
the observations are coloured by turbulence intensity. Still, however, a wide range of
fatigue loads are observed under the same wind speed and turbulence conditions. In Fig.
4.12 (centre and right), the observations are coloured according to the simulated loads
of the 970 met-mast-based and 970 BMFS-based simulations, respectively. It is seen
that most of the loads of the BMFS-based simulations are correlated with the measured
loads as most of the red, green and blue observations are in the top, middle and bottom,
respectively, while the colours in the met-mast-based plot are more mixed. It is therefore
concluded that the BMFS-measured inflow characteristics are able to explain most of
the measured flap-moment fatigue load scatter.

Figure 4.12: 1 Hz equivalent flap-moment fatigue loads plotted as a function of wind
speed and coloured by turbulence intensity (left), relative load of the met-mast-based
simulations (centre) and relative load of the BMFS-based simulations (right).
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CHAPTER 5
Conclusion

The power and load performances of wind turbines are essential for the development
and expansion of wind energy. The power and loads are highly dependent on the inflow
conditions, which can be measured using different sensors. Cup and sonic anemometers,
lidars and five-hole pitot tubes are frequently used for wind energy research applications.
Furthermore, these sensors can be mounted on nearby met masts, on the nacelle, in
the spinner or at the blade. Each combination of sensor and mounting position has
advantages and shortcomings.
For power performance, the 10-minute mean wind speed measured at a nearby met mast

is typically appropriate for characterising the inflow, while major variation in the fatigue
load scatter is seen when plotting against the 10-minute-mean wind speed. Consequently,
information about the temporal and spatial variations within the rotor area is required
to characterise the inflow with respect to loads.
This information can be obtained from a blade-mounted flow sensor, BMFS. Five-hole

pitot tubes have been used as BMFS in several research experiments over the last 30
years. A BMFS is, however, located inside the induction zone, and the measured flow
velocity is thereby different from the free-inflow velocity; i.e. the inflow velocity that
would have been observed at the same time and location if the turbine was not present
to obstruct the flow. This is problematic because the measured flow is thereby dependent
on the aerodynamic properties, the control strategy and the operational state of the
turbine.
Aerodynamic engineering models that describe the relation between the free-inflow

and the velocity at the blades have, however, been used in well-established aeroelastic
codes for many years, and these models can be used for the reversed process too; i.e. to
estimate the free-inflow velocity from the flow velocity at the blade.
Before these models can be applied, flow deflection and change of flow speed due to

local circulation on the airfoil must be compensated for in the BMFS-measured local
velocity. In this work, a model based on the velocities around an airfoil extracted from
2D CFD computations has been used.
Furthermore, the relative flow velocity must be mapped onto absolute flow in fixed

global coordinates. In this step, uncertainty is introduced, because the actual velocity
and orientation of the BMFS are unknown due to the static and dynamic deflection and
torsion of the blade.
Finally, the induced velocities can be estimated using a combination of aerodynamic

models and an iterative procedure. This method has been developed, implemented,
verified and applied in this project. The aerodynamic models included in the current
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implementation comprise blade-element-moment(BEM)-based models for axial and tan-
gential induction, a radial-induction model and tip-loss correction as well as models for
skew and dynamic inflow.
The method has been verified using HAWC2 simulations and simulations performed by

Flex5 coupled with the LES flow solver, EllipSys3D. It is concluded that the method
works and is able to compensate for most of the rotor-induced flow disturbance.
Furthermore, the uncertainty introduced in each step of the method has been investi-

gated. The major part of the uncertainty introduced in the method is due to the mapping
from the relative flow velocity to the absolute flow velocity in fixed global coordinates
due to unknown deflection and rotation of the blade section. This part of the uncertainty
can be reduced by including the actual orientation and velocity of the sensor in the
transformation. This information may, however, be challenging to measure due to the
high rotational speed of the blade section and the resulting large centrifugal force.
Another part of the uncertainty was found to be related to the choice of reference free-

inflow velocity. In the HAWC2 simulations, the uncertainty was introduced because the
reference free-inflow velocity was extracted at the assumed (undeflected) sensor position.
In the Flex5/EllipSys3D simulations the turbulence moves differently in simulations with
and without the turbine, and additional deviation is therefore to be expected when the
instant inflow velocities estimated from a simulation with a turbine are compared to the
free inflow velocity in an equivalent simulation without a turbine. Hence, the method
will not provide exactly the instant free-inflow velocity that would have been at the same
time and location without the presence of the turbine. It is, however, concluded that for
some applications, the current free-inflow estimate is more appropriate.
The accuracy of the estimated free-inflow velocity is highly dependent on the sensor,

the actual position, and the aerodynamic and structural properties of the turbine. The
accuracy should, however, be considered in relation to the advantages of measuring the
flow at the blade:
A BMFS yaws with the turbine. It is thereby exposed to exactly the same inflow con-

ditions as the turbine including the wake from upstream turbines. Consequently, BMFS
measurements from all wind directions are usable and provide important information e.g.
about wake flow.
A BMFS measures at the rotor. This means that the instantly measured inflow

velocities can be used without the need for temporal averaging to compensate for the
delay, expansion and evolvement of the flow on its way from the sensor to the rotor.
A BMFS sweeps different parts of the rotor while it moves with the blade. Hence,

it is able to measure vertical and horizontal variations on its rotating path due to, for
example, shear, half wake and large scale turbulence.
Finally, a BMFS measures the local flow velocity relative to the blade, which is closely

related to the local aerodynamic forces. The BMFS measurements can therefore be
considered as an intermediate measure between the free inflow and the power and loads,
that can be used to split the complex process from inflow to power and loads into smaller
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steps, which can be investigated individually.

Applications of the different BMFS measure estimates, i.e. the local aerodynamic
forces, the AOA and and relative flow speed, the rotor-plane velocity and the free-inflow
velocity, have been examined:
An excellent control-strategy-independent correlation between the revolution-averaged

local normal force extracted from a BMFS and the measured flap-wise bending moment
was shown based on two 5-hour periods where the turbine was operated with variable and
a quite constant rotor speed, respectively. For the same periods, considerable difference is
seen in the relation between the measured flap-wise bending moment and the estimated
free axial inflow. It is thereby confirmed that BMFS measurements can be used to
split the complex process from inflow to power and loads into smaller steps that can be
investigated individually - in this case a control-dependent and a control-independent
step.
Several studies have used the BMFS-measured AOA and relative flow speed for control

of load alleviating concepts, e.g. individual pitch and trailing edge flaps, and for the
investigation of aero-acoustics.
Application of the rotor-plane velocity as a reference for short-term power and load

assessment has been investigated. Numerical simulations revealed high potential; around
seven times speed up compared to a met-mast-based assessment, but the promising
improvement could not be confirmed using measurements due to practical issues and
circumstances.
The free-inflow velocity estimates have been used to characterise the shear profile in

free-flow, half- and full-wake situations. The derived profiles were found to be similar to
observations from the nearby met masts. It is consequently concluded that the method
is suitable to characterise vertical and horizontal mean wind speed variations within the
rotor.
Finally, detailed inflow characteristics have been derived from different periods and

used as the input for aeroelastic simulations. The inflow characteristics comprised mean
wind speed and trend, turbulence intensity, horizontal and vertical variations inside the
rotor as well as the instantly measured wind speed, which was used to constrain the
turbulence models. The simulations based on the BMFS-measured inflow characteristics
were concluded to be significantly more accurate than the simulations based on the
met-mast-measured free-inflow characteristics with respect to the correlation between
the measured and simulated fatigue loads.
The most important inflow characteristics with respect to accuracy were found to be

the mean wind speed and turbulence level. Furthermore, the application of constraint
turbulence simulation was found to improve the precision of the simulated loads such
that the need for multiple simulations was reduced.
Information about the wind-speed trend, the shear profile and the 10-minute-mean

wind-speed variations within the rotor plane influenced a few of the selected periods
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significantly, while the overall result was hardly affected. It is therefore concluded that if
the periods of interest comprise many situations with, e.g. half-wake or high shear, then
it is important to include this information.
Furthermore, inflow characteristics were extracted from 970 periods and used for

aeroelastic simulations. Based on these simulations, it is concluded that the BMFS-
measured inflow characteristics are able to explain most of the measured flap-moment
fatigue load scatter and thereby to characterise the inflow conditions that cause high
loads.
The overall conclusion is therefore that the free-inflow velocity can be estimated from

BMFS measurements using the presented method. The estimated free-inflow velocity
is subject to uncertainty that is mainly introduced because the exact orientation and
velocity of the sensor is unknown due to deflection and rotation of the blade. Despite
this uncertainty, a BMFS is able to provide valuable information about the inflow. This
information can be used for wind turbine control, to investigate the complex relation
between the inflow and the power and loads, to characterise the inflow conditions that
cause high loads, and as input to aeroelastic simulations to improve the correlation
between measured and simulated loads.
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Turbulent wind field characterization and re-generation 
based on pitot tube measurements mounted on a wind 
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Department of Wind Energy, Technical University of Denmark,  

Frederiksborgevej 299, Roskilde, 4000, Denmark  

This paper describes a new method to estimate the undisturbed inflow field of a wind 
turbine based on measurements obtained from one or more five-hole pitot tubes mounted 
directly on the blades.  
Based on the measurements, the disturbance caused by the wind turbine is estimated using 
aerodymanic models that compensate for axial and tangential induction, approximated by 
blade element momentum theory, radial expansion of the inflow, rotor tilt, dynamic and 
skew inflow, tip loss, as well as braking and circulation of the flow local to the airfoil.    
The wind speeds measured on the rotating blades give a better estimate of the turbulence 
intensity over the rotor plane than can be measured at a single point, e.g. using a cup 
anemometer, and in addition the wind shear profile can be derived. In addition the 
measurements can be used to constrain a synthetic turbulence model to exactly produce the 
measured wind speeds at the recording position. In the theoretical part of this study a quite 
good agreement is seen between load sensors on a turbine model exposed to the reference 
and the re-generated turbulence field.  Finally the method is applied to full scale 
measurements and reasonable wind shear profiles are derived.  
It is expected that this method will lead to a new and effective experimental method to 
characterize the incoming flow field to a wind turbine and thus contribute to the 
understanding of wind turbine loads. 

Nomenclature 
a = Axial induction factor 
a' = Tangential induction factor 
c = Chord length 
CD = Drag coefficient 
CL = Lift coefficient 
CT = Thrust coefficient 
Cy = Lift and drag coefficient projected to the axial direction 
Cx = Lift and drag coefficient projected to the tangential direction 
NB = Number of blades 
r = Radius of current blade section 
u = Wind speed at the rotor plane in the direction of the mean wind 
u0 = Free undisturbed wind speed in the direction of the mean wind 
Vrel = Relative velocity measured by pitot tube 
Vrelxy = Relative wind speed ignoring the radial flow component 
Vind,tan = Tangential induced wind speed 
α = Angle of attack measured by pitot tube 
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β = Side slip angle measured by pitot tube 
ω = Angular velocity of rotor 
ρ = Density of air 
Θ = Angle between rotor plane and pitot tube, i.e. sum of twist and pitch 
φ = Angle between rotor plane and relative wind, i.e. sum of α and Θ 

I. Introduction 
Detailed knowledge about the wind and its variation is essential in order to understand and analyze many aspects 

regarding wind turbines, e.g. power production and load conditions including derived component fatigue exposure. 
Normally the wind is measured at a few stationary points by cup or sonic anemometers. However, for current MW-
sized turbines the variability of the wind field over the rotor area is significant and a more fine-gained depiction is 
desirable. 

Recently lidars have been adapted as a sophisticated instrument for scanning an incoming flow field with high 
temporal and spatial resolution. Unfortunately lidars are normally an expensive and complex approach, especially as 
a setup of several simultaneous scanning lidars are required to measure also the lateral and vertical flow 
components1,2. 

In this paper a new approach that utilizes the potential of one or more five-hole pitot tubes mounted on the 
blades of a wind turbine is presented. It has previously been demonstrated that such measurements can be used to 
characterize shear and turbulence in the inflow3, but much more information can be derived. 
A pitot tube is an instrument used to measure flow velocity by measuring the pressure difference on a spherical 
sensor head. With five-hole pitot tubes also the flow direction, represented by two perpendicular angles, can be 
measured, and from this information the conventional cartesian longitudinal, lateral and vertical wind speed 
components can be derived at the paths swept by the pitot tubes. Figure 1 illustrates these paths through a turbulence 
field swept by five pitot tubes mounted on each blade of a wind turbine. 

 
Figure 1. By mounting five pitot tubes on each blade of a wind turbine  

the wind speeds at the helices can be measured. 

The advantages of this approach are obvious - with pitot tubes mounted on the rotating blades, the wind field can 
be measured where it has direct impact on the wind turbine, namely on the blades.  

A challenging aspect is that the wind speed is disturbed by the presence of the turbine. For high wind speeds, i.e. 
above rated wind speed, only a part of the energy of the wind is extracted, hence the disturbance of the wind flow is 
limited, and the measured wind speed almost equal to the free wind speed. Uncertainties related to the model of the 
induction field is therefore small at high wind speeds – the region where the large turbine loads typically occurs. At 
low wind speeds a noticeable induction occurs which slowly adjust to the incoming windfield and turbine loading. 
This means that small high frequent turbulence eddies will pass unaffected through the rotor while the large low 
frequent eddies are directly affected by the induction field of the turbine. This modification can, however, be 
approximated by an extended blade element momentum (BEM) theory.  

In contrast to existing aeroelatic codes that model the impact of a wind turbine on a turbulent wind field, the 
method presented in this paper reverses the process and estimates the free flow from the disturbed flow at the wind 
turbine rotor plane. 
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II. Method 
The method consists of the following steps: 
1) Measurement of relative velocity, Vrel, angle of attack, α,  and side slip angle, β, by pitot tubes 
2) Transformation into conventional cartesian wind speed components, u,v,w 
3) Estimation of induced axial, tangential and radial velocity 
4) Estimation of the free undisturbed wind speed at the location of measurement 
5) Extract statistical information, e.g. mean wind speed, wind direction, turbulence intensity and shear profile 
6) Modify a synthetic turbulence model to have the measured wind speeds at the corresponding positions 

while preserving the statistics 
 
First the two angles and the relative velocity measured by the pitot tubes are mapped into three cartesian 

components. These wind speed components comprise the wind speed vector at the measurement location including a 
large contribution from the rotational speed, which must be subtracted. 

The wind speed components are then mapped into a global coordinate system to eliminate rotations caused by 
the orientation of the pitot tube, the blade pitch, blade twist, blade coning and azimuthal position of the blade, as 
well as the tilt and yaw of the main shaft. 

The wind vector component parallel to the main shaft is affected by the axial induction in the rotor plane, i.e. the 
rotor axial induction must be added to the measured wind speed to find the undisturbed wind speed. 

The wind speed at the rotor plane in the direction of the mean wind, u, is in Ref. 4 calculated by subtracting the 
axial induction, 𝑎𝑎𝑢𝑢0, from the free undisturbed wind speed, 𝑢𝑢0. By reformulating an expression for 𝑢𝑢0 is found: 

 𝑢𝑢0 =
𝑢𝑢

(1 − 𝑎𝑎)
 (1) 

The axial induction factor 𝑎𝑎, is related to the thrust on rotor, expressed by the thrust coefficient of an infinite thin 
annular element of a blade, 𝐶𝐶𝑇𝑇. Using momentum theory the relation can be formulated as:  

 𝐶𝐶𝑇𝑇 = 4𝑎𝑎(1 − 𝑎𝑎) (2) 

This relation is invalid for induction factors above 0.4, and therefore Ref. 5 proposes the induction factor 
expressed in terms of a third order polynomial,  

 𝑎𝑎 = 0.0892𝐶𝐶𝑇𝑇3 + 0.0545 𝐶𝐶𝑇𝑇2 + 0.2512𝐶𝐶𝑇𝑇 (3) 

which gives results similar to equation (2) for small induction factors and further has a smooth transition to 
empirical results for higher loadings in the invalid region of equation (2). 

In Ref. 6 the thrust coefficient, 𝐶𝐶𝑇𝑇, is calculated from the relative velocity projected onto a section of the blade, 
𝑉𝑉𝑉𝑉𝑉𝑉𝑙𝑙𝑥𝑥𝑥𝑥 , the chord length, 𝑐𝑐, the lift and drag coefficients projected to the axial direction, 𝐶𝐶𝑥𝑥, the number of blades, 
𝑁𝑁𝐵𝐵, the swept distance of the annular element, 2𝜋𝜋𝑉𝑉, and the free undisturbed wind speed, 𝑢𝑢0: 

 
𝐶𝐶𝑇𝑇 =

𝑉𝑉𝑉𝑉𝑉𝑉𝑙𝑙𝑥𝑥𝑥𝑥2  𝑐𝑐 𝐶𝐶𝑥𝑥𝑁𝑁𝐵𝐵
2𝜋𝜋𝑉𝑉𝑢𝑢02

 
(4) 

This is an iterative process as the undisturbed wind speed, 𝑢𝑢0 is required to estimate the axial induction, which is 
subsequently used to calculate the undisturbed wind speed. In this study the measured wind speed was used as initial 
guess, and by utilizing the Newton-Raphson’s method converged solutions were found within a few iterations. 

The tangential induction describes the wake rotation, i.e. a reaction to the force that makes the turbine rotate and 
in turn affects the horizontal and vertical crosswind speeds measured at the rotor plane. In this study the model of 
Ref. 6,  

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡𝑖𝑖 = 𝜔𝜔𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉𝑙𝑙𝑥𝑥𝑥𝑥2 𝑐𝑐 𝐶𝐶𝑥𝑥𝑁𝑁𝐵𝐵

8𝜋𝜋𝑉𝑉2(1 − 𝑎𝑎)𝑢𝑢0𝜔𝜔 
 

(5) 

is used to find the tangential induced wind speed. 
The induced velocities are parts of a flow field equilibrium which is gradually established between the load on 

the blades, the rotor wake and the induced flow field at the rotor plane7. To model this behavior a low pass filter is 
applied to the induced velocities. 

Furthermore models that compensates for radial flow expansion, skew inflow and tip loss are included. 
In the current paper the method is tested and validated based on simulations using the code, HAWC2aero, a rigid 

structure implementation of the nonlinear aeroelastic simulation code HAWC28. 
Furthermore, the method has been applied to full scale pitot measurements performed on a Siemens 3.6MW 

wind turbine carried out within the DANAERO project9. 
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The estimated free wind speed field can be used to generate a synthetic turbulence field which reproduces the 
estimated wind speeds identically at the corresponding positions while the statistics is preserved. The applied 
constrained turbulence simulation approach is described in Ref. 10 and 11. The method finds the most probable 
realization of a stationary Gaussian stochastic field, which meets some specified constraints, in this case the 
estimated wind speeds. 

A. Full scale measurements 
During the DANAERO project 2007-20099, a Siemens 3.6MW turbine at the Høvsøre test site in Denmark was 
instrumented with a five-hole pitot tube at radius 36.5 m of one of its 53.5 m blades. 
 

  
a) Turbine at Høvøre test site for  
large turbines in Denmark 

 b) Pitot tube mounted on the blade 

Figure 2. Pitot tube mounted on Siemens 3.6MW turbine. 
Both images are from Ref. 3 

Data from the turbine and nearby masts, see Figure 3, are available for around three month of operation. 
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Figure 3. Overview of the test site and available data 

When applying the method to full scale measurements several issues appears e.g. the complexity in measuring 
the exact orientation and location of the pitot tube, the presence of corrupted sensors, outliers and missing data, 
measurement and calibration uncertainties, braking and diffraction of the flow caused by circulation local to the 
airfoil etc. 

These problems have not been fully solved yet, but the orientation of the pitot tube has been derived by 
comparing statistics of measurements with simulations and in the present case a procedure to compensate for local 
circulation via a lookup table has been derived. The table, which has been generated using CFD, estimates the 
change in angle of attack and relative velocity caused by the current 2D airfoil at the location of the pitot tube, i.e. in 
the terminology of Figure 4, it maps (Vx, Vy) to (V1x, V1y). 

 

 
Figure 4. A look up table is used to compensate for circulation and brake up local to the airfoil  

Siemens 3.6MW (hub height 89.5m) 
25Hz: 
Power, Pitch, RPM, Azimuth, Yaw direction 
Blade root flap and edge moment 
Pitot tube Angle of attack, Sideslip and Relative velocity 

 

Mast 3 
25 Hz: 
Wind speed, 91.5m and 93m 
Wind direction 91.5(invalid 
most of the time) 

Mast 2 
10 min statistics: 
Wind speed 40m, 60m and 70m 

Mast 4 
10 min statistics: 
Wind speed 78m and 80m Obstruction light mast 

10 min statistics: 
Wind speed and direction 60m, 100m and 160m 

 

Meterology mast 
10 min statistics: 
Wind speed, 10m, 40m, 60m, 80m, 100m 
Wind direction: 10m, 60m and 100m 

200   m Mast 1 
10 min statistics: 
Wind speed 105m and 107m 

Mast 5 
10 min statistics: 
Wind speed 100m 

Vx 

Vy 

V1x 

 

V1y 
 

Look up table 
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III. Results 
The method has been applied to simulated pitot tube measurements from 5x3 pitot tubes, distributed as five tubes 

on each blade. The synthetic measurements were obtained from HAWC2aero simulations including a synthetic 
reference turbulence model. The resulting estimated free wind speeds estimated by the current method were used to 
constrain another synthetic turbulence model which was subsequently used as input for a new simulation. Finally the 
simulated loads and wind speeds at the blades of the two simulations were compared, see overview in Figure 5. 

 

 
Figure 5. Overview of test process 

The wind speeds measured on blade 1 at same radial position as the middle pitot tube is shown in Figure 6. A 
good agreement is seen, and the Root-Mean-Squared Error, RMSE, is only 0.1 m/s 

 
Figure 6. Comparison of wind speed measured at blade 1, at same radial position as the  

middle pitot tube in a field regenerated from measurements by 3x5 pitot tubes 

The deviation between the target signal and the estimated signal increases with the distance from the points at 
which the constraints are imposed, i.e. in the middle between two pitot tubes, the deviation is more significant, see 
Figure 7 where the RMSE is 0.34m/s. However the large structures seems to be captured well. 

HAWC2aero  
simulation 

Turbine azi, RPM, pitch + 
3x5 pitot tubes: α, β, Vrel 

Current  
method 

15 x (x,y,z) + free 
inflow (u,v,w) 

Reference 
turbulence model Constraint 

simulator 

Another turbulence 
model 

Modified 
Turbulence model 

Hawc2Aero  
simulation 

Wind speeds at blades 
and Loads 

Wind speeds at blades 
and Loads 

 

Compare 
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Figure 7. Comparison of wind speed measured at blade 1 in the middle between two pitot tubes.  

The deviation is more significant than in Figure 6 

A comparison of the blade moment, the rotor thrust and the torque is shown in Figure 8. Again quite good 
agreement between target signals and estimated signals are seen. 
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Figure 8. Time series of three  load sensors in the reference field and a field generated from 

measurements of 3x3 pitot tubes. The correspondence is fairly good and the RMSE relatively low 

 

B. Results using full scale measurements 
To validate the results of applying the method to full scale measurements, the estimated free wind speed have 

been compared to the measured wind speeds on mast 3 in a situation where the wind direction is parallel to a straight 
line from mast 3 to the pitot tube when the blade is in azimuthal position 270, see Figure 9.  

To compensate for the spatial distance between mast 3 and the turbine, a time offset is added to the 
measurements from mast 3 which corresponds to the time it takes an imaginary air parcel to travel the 240m at the 
current mean wind speed (i.e. Taylor advection is assumed).  
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Figure 9. The estimated free wind speed is compared to the measurements of mast 3 in a situation  

where the wind direction is 277, i.e. parallel to a straight line from mast 3 to the pitot tube  
when the blade is in azimuthal position 270 

In the upper plot of Figure 10, the estimated free wind speeds for all azimuthal positions are seen, i.e. variations 
caused by shear and veer are included. The lower plot shows the estimated wind speeds of azimuthal position 270 
only. In both plots a quite good correlation is seen, but the estimated free wind speed seems to be about 1.3 m/s 
lower in average. This is probably caused by an inaccurate estimation of the orientation of the pitot tube. 

 
a) Comparison for all azimuthal positions 

 
b) Comparison for azimuthal position 270 only 

Figure 10.  Comparison between estimated free wind speed and measured horizontal  
wind speed at mast 3. A quite good agreement is seen. 

Furthermore the method has been applied to three sets of 10 minutes measurements and the resulting estimated 
free wind speeds as function of height have been compared to statistics, i.e. min, mean and max, of the the wind 
speeds measured by the nearby masts. 

The situation at 2009-05-26 01:00 is seen in Figure 11. The wind is coming from East and the variation of the 
direction is fairly small - standard deviation is 0.9deg. The turbines, wake indicators and met masts are shown on the 

Mast 3 

240m, 272 deg 

36m 
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map in Figure 11 a). The side length of the wake indicators are 500m long and follow the mean wind direction +/- 2 
standard deviations. The average wind speed is around 8m/s and the current turbine (red) is generating 1.3MW.   

In Figure 11 b), the min, mean and max statisticts of the wind speeds measured at the nearby masts are plotted as 
function of height. 

As seen on the map, masts 1-5 are in wake of the turbines and the wind speeds measured by mast 1 and 3 are 2-
3m/s lower than the wind speeds measured by the masts exposed to the free inflow. The reason why mast 2, 4 and 5 
do not measure lower wind speeds is most likely that the corresponding turbines are not running, but unfortunately 
the status of these turbines are not available.  

The result of applying the present method to the available pitot tube measurements is seen by the thick red line in 
Figure 11 b). The line shows the average of the estimated free wind speeds as function of azimuthal position mapped 
to height, i.e. two lines are seen, one for azimuthal position 0-180 deg, when the blade moves up, and one for 
azimuthal position 180-360 when the blade moves down.  The little difference between the two sides of the rotor is 
probably due to skew inflow caused by a small yaw error. 

  
a) Turbines, wake indicators and masts b) Measured and estimated wind speeds as function 

of height 
Figure 11.  Mast 3 in wake. Mean wind direction: 91.0 (std 0.9) 

Another situation is shown in Figure 12. In this case, 2009-05-26 14:20, the wind comes from the South with 
larger turbulent fluctuations compared to the above case. The sensors at 60m and 100m of the light mast (purple 
triangle) are in wake, while the top sensor of the light mast, the Metmast and masts 1-5 are exposed to the free 
inflow. 

The level of the estimated free wind speed is below wind speed of the free inflow as the turbine is in wake of 
turbine 5 and turbine 4 (which may not be operating), but above the wind speeds measured at the lower sensors of 
the light mast as the distance to the upstream blocking turbines are larger. 
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Figure 12. Light mast (60m and 100m) and turbine 3 in wake. Mean wind direction: 183.0 (std 4.6) 

Finally Figure 13 illustrates a half wake situation occurring 2009-04-24 03:30 where only part of the rotor is 
exposed to the wake from the upstream positioned turbine 4 and 5, but as the light mast does not measure significant 
lower wind speeds, turbine 5 is probably not running. In this case markers have been attached to the estimated free 
inflow, and as expected the lowest wind speeds are measured when the blade moves down, i.e. in the right side of 
the rotor in Figure 13 which is covered by the wake indicator of turbine 4. In this case the difference in wind speed 
between the two sides of the rotor is about 2.5 m/s in average. 

  
Figure 13. Turbine 3 in half wake. Mean wind direction: 194.0 (std: 2.6) 
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Conclusion 
In this paper it is concluded that pitot tube measurements can be used to derive very detailed information of the 

incoming turbulent flow field. 
For wind speeds above rated, the influence of turbine induction is very limited with very small blockage. At low 

wind speed the measured inflow is affected by the presence of the turbine. This blockage can, however, be 
compensated by well-established theory for induction of wind turbines using an extended blade element momentum 
theory. 

The approach has been demonstrated in numerical studies and on full scale measurements. 
It has also been shown numerically that the pitot tube measurements can be used as input for a constraint 

simulation turbulence model to re-generate the entire incoming turbulence field rather accurately. This can be used 
as input to aeroelastic simulations and hopefully contribute to the explanation of dynamic load issues observed 
occasionally. 

Applied to full scale measurements, the method demonstrates capability to estimate the free inflow in different 
wake conditions, even though several issues regarding calibration, corrupted sensors, outliers etc. must be further 
addressed. 

It is expected that pitot tubes can be used to complement lidar and cup anemometer measurements and thereby 
increase the available information regarding the incoming flow field. 
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Abstract. In this paper an alternative method to evaluate power performance and loads on wind turbines using
a blade-mounted flow sensor is investigated. The hypothesis is that the wind speed measured at the blades has
a high correlation with the power and loads such that a power or load assessment can be performed from a few
hours or days of measurements.

In the present study a blade-mounted five-hole pitot tube is used as the flow sensor as an alternative to the
conventional approach, where the reference wind speed is either measured at a nearby met mast or on the nacelle
using lidar technology or cup anemometers. From the flow sensor measurements, an accurate estimate of the
wind speed at the rotor plane can be obtained. This wind speed is disturbed by the presence of the wind turbine,
and it is therefore different from the free-flow wind speed. However, the recorded wind speed has a high corre-
lation with the actual power production as well as the flap-wise loads as it is measured close to the blade where
the aerodynamic forces are acting.

Conventional power curves are based on at least 180 h of 10 min mean values, but using the blade-mounted
flow sensor both the observation average time and the overall assessment time can potentially be shortened. The
basis for this hypothesis is that the sensor is able to provide more observations with higher accuracy, as the sensor
follows the rotation of the rotor and because of the high correlation between the flow at the blades and the power
production. This is the research question addressed in this paper.

The method is first tested using aeroelastic simulations where the dependence of the radial position and effect
of multiple blade-mounted flow sensors are also investigated. Next the method is evaluated on the basis of full-
scale measurements on a pitch-regulated, variable-speed 3.6 MW wind turbine.

It is concluded that the wind speed derived from the blade-mounted flow sensor is highly correlated with the
power and flap-wise bending moment and that the method has advantages over the traditional approach where
the met-mast wind speed is used as reference, e.g. the capability of measuring the shear, veer and turbulence. The
aeroelastic simulations show that the assessment time can be reduced, but this reduction cannot be confirmed
from the current measurement database due to sensor problems and practical circumstances. Measuring the
wind speed at the rotor plane comes with a price as the wind speed is affected by the induction which may be
sensitive to the changes you want to evaluate, e.g. different vortex generator configurations. Furthermore it is
concluded that a robust instrument and measurement system is required to obtain accurate and reliable wind
speed recordings from pitot-tube measurements.

Published by Copernicus Publications on behalf of the European Academy of Wind Energy e.V.
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1 Introduction

Detailed knowledge about the wind speed and its variations is
essential when evaluating the power performance, load levels
and noise migration of modern wind turbines as these prop-
erties are highly dependent on the incoming wind conditions
(Elliott and Cadogan, 1990; Larsen et al., 2005; Barlas et al.,
2012; Aagaard Madsen, 2014; St. Martin et al., 2016).

Measuring the correct wind speed is a challenge. Often the
wind speed is measured by a cup or sonic anemometer at a
met mast 2 to 3 rotor diameters away, but if the mean wind
direction is not exactly towards the wind turbine, the mea-
sured wind will not hit the rotor. Even if the wind direction
is exactly towards the turbine, the correlation between the
measured wind and the wind at the rotor will decrease with
the distance, as smaller turbulence structures will change on
their way to the turbine. Using a proper average time, e.g.
10 min mean values, the temporal and spatial discrepancies
are somewhat averaged out, and a good correlation between
wind speed and power is achievable.

Another option is to measure the wind with an anemome-
ter mounted on the spinner or the nacelle. In this case the spa-
tial and temporal distance is not an issue, but the measured
wind speed is distorted by the rotor. In addition the variation
over the rotor plane is often significant due to shear, veer and
turbulence – especially in complex terrain and wind farms –
and this variation is not captured by an anemometer on the
spinner or the nacelle.

Lidar technology is capable of measuring this variation,
but in most setups the lidar is configured to scan the inflow
at some distance upstream, where the temporal and spatial
correlation is lower.

A fourth option is to measure the wind with a blade-
mounted flow sensor. In this way the correlation between
cause and effect is higher, as the wind is measured exactly
where it affects the wind turbine and the effects of shear, veer
and smaller turbulence structures are also captured.

Over the last 28 years, blade-mounted five-hole pitot tubes
have been used in several research projects to characterize
the inflow of wind turbines (Aagaard Madsen, 1991; Petersen
and Aagaard Madsen, 1997; Aagaard Madsen et al., 2003,
2010b; Pedersen et al., 2015). Five-hole pitot tubes mea-
sure the relative flow velocity as well as the flow angle in
two perpendicular planes, and from these quantities three-
dimensional turbulent wind speeds can be derived.

In 1989, a pitot tube was mounted on a 95 kW Tellus tur-
bine; see Fig. 1. The turbine was a fixed-pitch, constant-
speed, stall-regulated turbine with rather stiff blades; i.e. the
angle of attack, measured by the pitot tube, is highly corre-
lated with the axial wind speed at the pitot tube.

A subset of the Tellus measurement dataset has been
procured for this study. In Fig. 2, the 30 s mean power-
production observations are plotted as a function of the an-
gle of attack (a) and met-mast wind speed (b). The met mast
is located 2.5 diameters from the turbine, and observations

Figure 1. Five-hole pitot tube mounted on the blade of a 95 kW
Tellus turbine at Risø in 1995.

where the met mast is in the wake are excluded from Fig. 2b.
It is seen that the power production correlates much more
highly with the angle of attack than with the met-mast wind
speed, especially below stall.

The quality of a power curve depends on the number of
data points and the scatter of these points; furthermore, all
regions of the curve must contain enough data points. The
number of data points can be increased by extending the mea-
surement period, but it can also be increased by reducing the
averaging time. In Fig. 3 the averaging time of the pitot-tube-
based plot is reduced to the time of one revolution (∼ 1.25 s);
i.e. around 24 times more data points are obtained from the
same measurement period, and the scatter level is still lower
than the met-mast-based 30 s mean observations in the region
below stall.

This means that the assessment time can be significantly
reduced, as many more data points with less scatter are ob-
tained and in addition rarely occurring wind speeds are more
likely to occur for a 1.25 s than for a 30 s averaging period.

Today, 28 years later, standard wind turbines are pitch reg-
ulated and operated with variable speed and have a 5–10
times larger rotor and very flexible blades. In this paper we
will therefore investigate if a similar speed-up in power and
flap load assessment time is achievable by using pitot-tube
measurements as an inflow reference on modern megawatt
wind turbines such that a power curve and load validation
can be conducted from a few days of measurements.

The study is based on aeroelastic simulations using the
code HAWC2 (Larsen and Hansen, 2007) and measurements
on a Siemens 3.6 MW wind turbine.

2 Method

In this section the applied procedures for deriving wind speed
from pitot-tube measurements are presented as well as the
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Figure 2. The 30 s mean electrical power of the Tellus turbine correlates much more highly with the angle of attack (a) than the met-mast
wind speed (b).

Figure 3. Despite the much lower average time – one revolution (∼ 1.25 s) instead of 30 s – the average scatter level of the pitot-tube-based
observations (a) is still lower than the level of the met-mast-based observations in the region below stall (b).

error measure that is used to evaluate the quality of power
and flap load curves.

2.1 Deriving the wind speed from the angle of attack on
the Tellus turbine

For the Tellus turbine which has a fixed pitch, constant rotor
speed and rather stiff blades, the axial wind speed at the pitot
tube, vy , is a function of the rotor speed, vrot, and the angle
of attack, α (see Fig. 4):

vy = tan(α)vrot→ α ∝ atan
(
vy
)
. (1)

The inflow angle measured by the pitot tube, αp, obviously
depends on the angle of the pitot tube but also on the posi-
tion due to increased upwash near the airfoil; see Figure 5. In
general the relation between the angle of attack and the flow
angle at a point near the airfoil, Fα , is nonlinear but mono-
tonically increasing in the region of interest if the effects of
dynamic stall are neglected.

The Tellus turbine has 5◦ tilt (angle between shaft and hor-
izontal); i.e. αp is increased when the blade moves up and

Figure 4. In the simple case, the axial wind speed, vy , is a mono-
tonic function of α.

vice versa, so that up becomes

vy = cos(θtilt) tan
(
Fα
(
αp
)
+ θpitot− θtilt sin

(
θrotorposition

))
vrot. (2)

As the sinusoidal contribution from tilt is almost cancelled
out when averaging over one revolution, the average axial
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Figure 5. Map of flow velocities near the airfoil. The flow angle,
αp, and velocity, vrelp, are different due to local circulation and stag-
nation.

wind speed can be considered a monotonic function of αp
when averaging over one or more revolutions.

2.2 Deriving the wind speed from pitot-tube
measurements of modern wind turbines

For modern wind turbines with variable pitch and rotor
speed, αp cannot be used directly as a measure of the axial
wind speed. In this case the following procedure is used:

– determine the angle of attack and relative velocity from
the flow angle and velocity measured by the pitot tube

– map the angle of attack, relative velocity and pitot-
tube side-slip angle from spherical coordinates to a 3-D
Cartesian flow vector

– determine and subtract the velocity due to the move-
ment of the pitot tube

– map the wind speed vector onto global coordinates and
extract the horizontal component.

2.2.1 Estimating the angle of attack

At the pitot-tube tip, i.e. near the airfoil, the flow angle, αp,
and the relative speed, |vrelp|, are different due to local circu-
lation around the blade section and deceleration of the flow;
see Fig. 5. The first step is therefore to find the angle of at-
tack, α, and the relative speed, |vrel|.

For the simulations, this step is not necessary, as HAWC2
directly computes α and |vrel| based on the blade element
momentum (BEM) model.

For the measurements, 2-D computational fluid dynamics
(CFD) simulations have been used to compute the velocity,
vrelp, for different angles of attack. From these velocities two
functions are generated. The first function, Fα , maps αp to α
(see Fig. 6a), while the second, Fvrel, gives the flow speed at
the pitot tube, |vrelp|, relative to the flow speed some distance
upstream, |vrel|:

|vrel| =

∣∣vrelp
∣∣

Fvrel(α)
; (3)

see Fig. 6b.

2.2.2 Map onto 3-D flow vector

In Fig. 7 the relations between the wind speed in polar coor-
dinates, (α, β, |vrel|), and Cartesian coordinates, (vrel,x , vrel,y ,
vrel,z), are seen.

These relations can be formulated as

tanα =
vrel,y

vrel,x
, (4)

tanβ =
−vrel,z

vrel,x
, (5)

|vrel| =

√
v2

rel,x + v
2
rel,y + v

2
rel,z, (6)

and, now, vrel =
[
vrel,x vrel,y vrel,z

]T can be derived:

vrel,x =


−

√
|vrel|

2

1+ (tanα)2
+ (tanβ)2 , for |β| ≤ 90◦√

|vrel|
2

1+ (tanα)2
+ (tanβ)2 , for |β|> 90◦

 , (7)

vrel,y =



−

√√√√√ |vrel|
2(

1
tanα

)2
+ 1+

(
tanβ
tanα

)2 , for α > 0

0 , for α = 0√√√√√ |vrel|
2(

1
tanα

)2
+ 1+

(
tanβ
tanα

)2 , for α < 0


,

(8)

vrel,z =



√√√√√ |vrel|
2(

1
tanβ

)2
+

(
tanα
tanβ

)2
+ 1

, for β > 0

0 , for β = 0

−

√√√√√ |vrel|
2(

1
tanβ

)2
+

(
tanα
tanβ

)2
+ 1

, for β < 0


. (9)

2.2.3 Estimate and subtract the movement of the pitot
tube

The pitot-tube movement derives from three factors: the rotor
speed, pitch motions and the speed due to blade deflection.

The rotor speed contributes with a tangential speed, vrot,
which is the product of the rotor speed, ωrot, and the radius
of the pitot-tube tip; see Fig. 8a. Note that the radius changes
during pitch motion.

Similarly, pitch motions also result in a velocity, vpitch, tan-
gential to the pitch axis; see Fig. 8b.

As the speed due to blade deflection cannot be extracted
from the current measurement database, this contribution is
not included in the present study. The error introduced by this
simplification is, however, analysed in Sect. 4.3.

The measured relative flow velocity, rotational velocity
and pitch velocity are now mapped to a common blade co-
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Figure 6. (a) Angle of attack, α, as a function of flow angle measured by pitot tube, αp. (b) Relative speed at position of pitot tube as a
function of the angle of attack.

Figure 7. Relation between (α, β, |vrel|) and [vrel,x , vrel,y , vrel,z]T .

ordinate system (indexed B) and subtracted.

vB
= V B

rel− vB
rot− vB

pitch (10)

2.2.4 Map to global coordinates

Finally the flow velocity is mapped to a global coordinate
system using rotation from pitch, coning (downwind angle
of blades relative to a line perpendicular to the shaft) , rotor
position and tilt, and the horizontal wind speed component
parallel to the main shaft, vy , is extracted.

2.3 Power of variable-speed wind turbines

Wind turbines convert aerodynamic power to electrical
power, but some energy is “stored” as angular momentum
in the rotor. When dealing with small timescales on mod-
ern variable-speed wind turbines, the fraction of the aerody-
namic power used to accelerate or decelerate the rotor may
be significant. To include this energy buffer, the power ob-
servations used in this study are compensated for rotor speed

variations when the power is below rated power by

Power= Powerelectric+

1
2I
(
ω2

rot,t1−ω
2
rot,t2

)
t2− t1

, (11)

where I is the inertia of the rotor, ωrot is the rotational speed,
and t1 and t2 are the start and end time of the observation
period, e.g. one revolution.

2.4 Performance curves

First the observations are binned based on their wind speed
values. In this study bins of 0.5 m s−1 ranging from 3 to
18 m s−1 are used. For each bin the mean wind speed is calcu-
lated as well as the mean power/flap load, and then the power
and flap load performance curves are generated by linear in-
terpolation between these mean values.

2.5 Error measure

The accuracy of the pitot-based power and load curves can-
not be evaluated in its present form as the curves cannot be
compared to reference curves of existing methods that are
based on free-flow wind speed. We will therefore focus on
variability between periods or cases instead of accuracy.

If the curves obtained in similar conditions are equivalent,
then it will be possible to make a small adjustment on the
rotor, e.g. changing the tip shape or vortex generator con-
figuration, and to determine whether the change affects the
power production or load levels.

For this purpose the variation in terms of the mean stan-
dard deviation will be used.

For each set of observations, a power or flap load perfor-
mance curve, PC, is generated. For M different wind speeds,
the standard deviation of all PCs is then calculated, and the
mean standard deviation in percent of maximum power or
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Figure 8. Rotor rotation (a) and pitch motion (b) moves the pitot tube and contributes to the flow speed measured by the pitot tube.

load is used as an error measure:

Variation=

1
M

∑
j=1..M

√
1
N

∑
i=1..N

(
PCi

(
wspj

)
−PC

(
wspj

))2

max(PC)
. (12)

In the parameter study referred to in Sect. 5.2, the effects
of different inflow conditions are investigated by changing
an inflow parameter, e.g. the turbulence intensity, and com-
paring the resulting power and load curves to a reference
curve. In this case the error measure is modified, such that
the curves are compared to the reference curve:

Variation=

1
M

∑
j=1..M

√(
PC
(
wspj

)
−PCref

(
wspj

))2

max(PC)
. (13)

3 Numerical study

In this section, simulation results are used to investigate the
optimal averaging time, the uncertainties introduced by blade
deflection and torsion and the optimal radial position of the
blade-mounted flow sensor. Finally, a numerically based es-
timation of the achievable assessment time reduction is pre-
sented.

The simulations are performed using HAWC2, which is a
nonlinear aeroelastic code intended for computing wind tur-
bine response in the time domain (Aagaard Madsen et al.,
2010b, 2012; Kim et al., 2013; Larsen et al., 2015).

The turbine model used for the simulations is based on
the structural and aerodynamic configuration of the Siemens
3.6 MW turbine, which was tested at Høvsøre in 2009 during
the DANAERO project (Aagaard Madsen et al., 2010a), i.e.
a model of the turbine in the full-scale measurement study in
Sect. 5.

3.1 Simulation overview

For the analysis, different simulation sets have been created;
see Table 1. All simulation sets contain 30 min of simulation
for each wind speed ranging from 3 to 18 m s−1 in 0.5 m s−1

steps, i.e. 15.5 h of simulation per set.

3.2 Averaging time

For IEC standard power curves, 10 min mean values are re-
quired (IEC 61400-12-1, 2005), but in this study shorter av-
erage times are also used.

Reducing the averaging time results in more observations
with more variation. If the correlation between wind speed
and power/load is high, this variation adds usable informa-
tion, and the uncertainty of the power/load curve decreases.
If, on the other hand, the correlation is low, the variation
mainly results in more scatter, and nothing is achieved.

To investigate the optimal averaging time, the mean stan-
dard deviation of 16 power/load curves has been calculated
for different averaging times, ranging from 1 to 600 s. The
16 curves are based on the 16 simulation sets in SIM1; see
Table 1. Figure 9 shows an example of the 16 power curves
generated from 15 s mean values. The mean variation in the
met-mast-based power curves is 0.21 % of rated power, while
it is 0.09 % for the pitot-based curves.

The variation is plotted in Fig. 10 as a function of aver-
aging time for power curves based on met-mast wind speeds,
free-flow wind speeds at the hub centre and wind speeds from
a pitot tube at 36 m.

It is seen that the variation is increased with the distance;
i.e. the power curves based on met-mast wind speed have
more variation than those based on the wind speed at the hub
centre and the pitot wind speed curves have even less varia-
tion. Note that in this case the free-flow wind speed at the hub
centre is extracted directly from the simulations. This wind
speed can be derived from a spinner anemometer or from a
nacelle-mounted cup anemometer, but in practice additional
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Table 1. Overview of simulations and parameters.

Id No. No. Turb. intensity Shear Yaw misalign. Air density
sets seeds (%) (power coefficient) (deg) (kg m−3)

SIM1 16 16 Meas.* Meas.* 0 1.225
Ref 5 5 7.5 0.1 0 1.225
Shear 6 1 7.5 0.01, 0.2, 0.3, 0.4, 0.5, 0.6 0 1.225
Ti 7 1 2.5, 5,. . . , 20 0.1 0 1.225
Yaw 5 1 7.5 0.1 2.5, 5, 7.5, 10 1.225
Dens 4 1 7.5 0.1 0 1.175, 1.2, 1.25, 1.275

* For each wind speed, the mean turbulence intensity and power shear coefficient are extracted from the measurements.

Figure 9. Example of simulated power curve variation based on 15 s mean values. The variation in the 16 met-mast-based curves is twice
the variation in the 16 pitot-based curves.

variation is expected to be introduced by tower deflections
and the disturbed-to-free-flow transfer function.

The variation in the hub centre and pitot-based curves
decreases with shorter averaging times, while the variation
in the met-mast-based curves is almost constant due to the
lower correlation. In simulations, where the inflow is station-
ary, the met-mast and hub-centre variations will coincide for
longer average times, but in practice long average times are
not appropriate due to the non-stationary nature of real in-
flow.

For average times below one revolution, the variation in
the pitot-based curves increases significantly as shear- and
turbulence-induced local wind speed variations within the ro-
tor are not averaged out.

Figure 11 shows similar results for the flap moment
curves.

3.3 Uncertainty due to blade and tower deflection

During operation, the structure of a modern wind turbine
moves and the blades deflect and twist considerably. The mo-
tion contributes to the movement of the blade-mounted flow

sensor and thereby the measured flow velocity. When calcu-
lating the wind speed, the velocity of the sensor should be
subtracted from the measured flow velocity, but in this case
the velocity deriving from blade deflection is unknown and
consequently cannot be subtracted. In addition, blade deflec-
tion changes the orientation of the sensor such that the mea-
sured flow speed cannot be mapped onto the true global co-
ordinates, as the true orientation is unknown.

The error that these effects introduce to the estimated wind
speed has been investigated using numerical simulations.
From the first simulation set in SIM1 (see Table 1), pitot-
tube data, i.e. α, β, vrel, were output at 11 different radial
positions on the blade ranging from the root to the tip. Based
on the pitot-tube data, the estimated global wind speed in-
cluding velocity due to blade deflection was calculated and
compared to simulated “real” wind speed.

Figure 12 shows the maximum (a) and mean (b) differ-
ence of the axial wind speed component as a function of wind
speed and radial position during 30 min of operation. As ex-
pected the error increases towards the tip, especially in high
wind.
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Figure 10. Mean standard deviation of simulated power curves based on met-mast wind speed, free wind speed at the hub centre and wind
speed from pitot tube at 36 m. The variation is shown for observation average times ranging from 1 to 600 s.

Figure 11. Mean standard deviation of simulated blade flap moment based on met-mast wind speed, free wind speed at the hub centre and
wind speed from pitot tube at 36 m. The variation is shown for observation average times ranging from 1 to 600 s.

At 70 %, i.e. close to the position of the pitot tube in the
measurements, the maximum error is around 2 m s−1, while
the mean error is up to 0.5 m s−1. This means that the in-
stantaneous wind speed estimated from the pitot-tube data is
inappropriate for power and load assessment. In this study
however, we use the mean of one revolution as the lowest
observation average time, and during one revolution the ve-
locity caused by small-scale turbulence-induced deflections
as well as 1P (one-per-revolution) periodic deflections, e.g.
due to shear, is almost averaged out, as seen in Fig. 13, where
the errors of the one-revolution means are shown.

The major part of the remaining error is caused by a static
deflection of the blade, which changes the orientation of the
sensor. This error is related to the thrust on the rotor and
peaks around rated wind speed. For a flow sensor mounted at

70 % in 12 m s−1, Fig. 14a reveals an almost constant offset
between the simulated “real” wind speed and the wind speed
estimated from the virtual pitot-tube data, which is confirmed
by the error distribution plot in Fig. 14b.

The constant part of the error will shift the x axis of the
power and load assessment curves in a nonlinear way, but
it will not introduce additional variation when comparing
power and load curves of different periods, and it can there-
fore be neglected in this study.

Figure 15 shows the maximum and mean error of the one-
revolution mean wind speed after subtracting the mean off-
set. At 70 % radial position the maximum and mean error are
less than 0.2 and 0.05 m s−1, respectively.
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Figure 12. Maximum (a) and mean (b) simulated wind speed error in the axial direction due to deflection and torsion.

Figure 13. Maximum (a) and mean (b) simulated error of the wind speed (one-revolution mean) in the axial direction due to deflection and
torsion.

3.4 Optimal radial position of blade-mounted flow
sensors

A flow sensor mounted near the root will only sweep a small
area of the rotor plane, while a flow sensor mounted near
the tip will suffer from large deflections, torsion and tip loss
effects. From the 16 simulation sets in SIM 1 (see Table 1),
power curves are generated based on one-revolution mean
values from pitot tubes at different radial positions. The mean
standard deviation of these curves is seen in Fig. 16a as a
function of radial position. It is seen that a pitot tube at 70 %
results in the lowest variation. This means that the position of
the pitot tube in the measurements is close to optimal. Using
the mean of the wind speeds measured by the pitot tubes at
20, 50 and 80 % gives power curves with only slightly lower
variation.

For the flap moment curves, the optimal sensor position is
around 50 %; Fig. 16b. In this case a slightly lower variation
is also seen when using the mean wind speed measured by
three pitot tubes.

3.5 Potential assessment time reduction

In this section we want to quantify the potential assessment
time reduction that can be achieved – based on simulations.
Due to the higher correlation between the blade-mounted
flow sensor wind speed and the power/flap loads, it is ex-
pected that fewer observations are required to reach a cer-
tain variation level. To quantify the reduction, the variance
in power curves generated from 1 to 36 h of one-revolution
mean observations is calculated; see Fig. 17. The observa-
tions used for the power curves are uniformly distributed; i.e.
each of the 1 h power curves is based on approximately 2 min
of each simulated wind speed from 3 to 18 m s−1.

It is seen that it requires 36 h of observations based on met-
mast wind speed and 15 h of observations based on nacelle
wind speed to reach the error level obtained from 4 h of ob-
servations using the pitot tube at 36 m. In general the speed-
up achieved by using pitot-tube-based observations instead
of met-mast-based observations is around 7.

Obviously, the wind speed in real measurement observa-
tions is not uniformly distributed – it is not even likely that
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Figure 14. (a) Time series of simulated “real” wind speed and simulated wind speed estimated from pitot-tube data. (b) Distribution of the
simulated error.

Figure 15. Maximum (a) and mean (b) simulated error of the wind speed (one-revolution mean neglecting the average offset) in the axial
direction due to deflection and torsion.

all wind speeds are observed in the same hour – and therefore
a similar speed-up cannot be expected in reality.

4 Full-scale measurement study

In this section, we investigate whether the wind speeds that
can be derived from the pitot tube are also highly correlated
with the power and flap loads in practice. The results are
based on measurements of a full-scale modern wind turbine
with a blade-mounted five-hole pitot tube. Furthermore, we
address whether more power and flap moment curves with
less variation can be obtained by using pitot-tube wind speed
instead of met-mast-recorded wind speeds.

4.1 Turbine and site

The measurement data of the 3.6 MW Siemens turbine stems
from the DANAERO project 2007–2009 (Aagaard Madsen
et al., 2010a). The turbine was located at the Høvsøre test
site for large wind turbines in Denmark and equipped with a

five-hole CPSPY5 Aeroprobe pitot tube at the 36 m radius of
one of its 53.5 m blades.

The turbine is located in the middle of a row of five large
turbines, and around 3 months of measurement data are avail-
able on the turbine and the nearby met masts; see Fig. 18.

4.2 Effects of shear and turbulence intensity, yaw error,
and air density on power and flap load curves

Different turbulence intensity, shear level, yaw misalignment
and air density result in different power and load curves (El-
liott and Cadogan, 1990; Eggers et al., 2003; Antoniou et al.,
2007; Wagner et al., 2011; Fleming et al., 2014; St. Martin
et al., 2016). Ideally, all observations should therefore have
the same turbulence intensity, shear level, yaw misalignment
and air density when calculating the variance in different
power and load curves. This is not the case in the measure-
ment dataset and therefore limits must be defined which in-
clude observations within a range of turbulence intensities,
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Figure 16. Mean relative standard deviation of simulated power (a) and flap load (b) fits based on wind speed from pitot tubes at different
radial positions. The pitot tube at 36 m, which corresponds to the position of the pitot tube in the measurements, is close to optimal for the
power curves, while the mean of three pitot tubes at 20, 50 and 80 % provides slightly less variation.

Figure 17. Mean relative standard deviation of simulated power curves based on uniformly distributed observations. Using the pitot-tube
instead of the met-mast wind speed as the basis for the power curves, the same error level can be achieved approximately 7 times faster.

shear levels, yaw errors and air densities, without changing
the power and load curves too much.

These limits have been found by comparing the reference
simulation sets with the sets where different turbulence inten-
sities, shear levels, yaw misalignment angles and air densities
have been simulated (see Table 1) in terms of the mean abso-
lute difference between the power and load curves in percent
of maximum power and load; cf. Eq. (13).

The power and load curves are highly dependent on the
turbulence intensity, which must be in the range of 3–12 %
to keep the mean absolute difference below 0.5 %.

For every 10 min of measurements, a shear profile coeffi-
cient is calculated by fitting a power shear profile to the one
hour mean wind speed measured by the main met mast at 10,
40, 60, 80, 100 and 116.5 m height. Most observations have
a power shear coefficient below 0.3, which has been found to
keep the mean absolute difference below 0.5 %, and the rest
is discarded.

There is no indication that the yaw misalignment exceeds
±10◦, and in this region the mean absolute difference of the
power and flap moments curves is below 0.5 %.
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Figure 18. Overview of the Høvsøre test site for large turbines in Denmark. The Siemens turbine is located in the middle of a row of five
turbines.

The aerodynamic power and loads are proportional to the
density of air for constant power and load coefficient, and
therefore the normalization

Powernormalised = Power10 min
ρ0

ρ10 min
(14)

must be used for power curves of stall-regulated turbines
(IEC 61400-12-1, 2005). Pitch-regulated turbines on the
other hand reduce the power coefficient at high wind speeds
to maintain rated power. Therefore, another normalization,
which normalizes the free-flow wind speed, is used for pitch-
regulated turbines. However, in this context we are using the
pitot wind speed, and therefore the above normalization is
applied up to rated wind speed from where it is faded out.
When using this normalization, no limits are required on the
air density to keep the mean absolute difference below 0.5 %.

4.3 Selecting measurement observations

A huge effort has been invested in selecting a proper set of
observations from the measurement database as well as in
correcting or discarding error-prone sensor observations.

The measurement database consists of 1600 h of measure-
ment, but only a few hundred hours are usable for this analy-
sis; see the summary of the selection process in Table 2. The
wake filter discards more met-mast observations than pitot
observations as the met mast, i.e. Mast 3 in Fig. 18, is in the
wake of the turbines in easterly wind directions, but many of
these cases are discarded anyway as the turbulence intensity
or shear coefficient is outside the accepted range. The final

filter that rejects datasets containing corrupted or suspicious
pitot observations reduces the amount of observations for the
pitot-based analysis far below the amount of observations us-
able for met-mast-based analysis.

4.4 Pitot inclusion criteria

The current pitot-tube system is very sensitive to rain, es-
pecially the P1–P6 sensor, which records the pressure dif-
ference between the centre hole and the static ring. Figure 19
shows the typical behaviour of the P1–P6 sensor, before, dur-
ing and after rainfall. Before the rain starts, the P1–P6 sen-
sor output is independent of rotor position (Fig. 19a), and
the first droplets are clearly seen as spikes and sinusoidal
patterns; Fig. 19b and c. During the rainfall, water gets in-
side the tubes and the output becomes continuous sinusoidal;
Fig. 19d. During the next couple of hours different more or
less abnormal patterns are recorded until the water suddenly
disappears and a signal independent of rotor position is re-
stored; Fig. 19e–h. These effects of rainfall have not been
detected in the measurements from a previous experiment
(Aagaard Madsen et al., 2003), where a Rosemount M858
pitot tube (Schmidt Paulsen, 1990) was used.

Many of these patterns are clearly abnormal and easy to
detect, while others are similar to patterns occurring in spe-
cial inflow conditions, e.g. shear, veer and/or yaw misalign-
ment. It is therefore difficult to make an algorithm that iso-
lates the rain-disturbed observations only, and consequently
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Table 2. Measurement selection filters.

Filter Pitot observations Met mast Comments
(h) observations (h)

Total 1599 1599

Normal operation 926 926 Filter on turbine status signal, rpm> 2 and
power> 100 kW

Variable rpm 858 858 In the discarded period the turbine was operated with
constant rotor speed

No wake 629 528 Avoid wake situations
Turbulence intensity 537 414 Discard observations with turbulence intensity outside

the range 0.03–0.12
Shear 481 414 Discard observations with power shear coefficient out-

side the range 0–0.3
Pitot ok 242 407 Discard observations where pitot-tube data are uncer-

tain; see Sect. 5.4

Figure 19. The background plot shows the cumulated rain from 27 to 28 April 2009. Approximately 2.5 mm rain fell between 16:00 and
17:30 LT (UTC+2). The coloured points indicate the temporal position of the corresponding graphs on the timeline. These graphs show the
P1–P6 sensor (pressure difference between centre hole and static ring) as a function of rotor position (0◦: blade down; 180◦: blade up) over
a period of 10 min. (a) Before the rain, P1–P6 is almost constant. Panels (b) and (c): first droplets cause spikes and sinusoidal patterns. (c)
Water in the tubes is now constantly causing sinusoidal output. (e) Sinusoidal output when the blade is in the upper part only. (f–h) Transition
from disturbed to normal recording.

a rough filter that discards observations made between 1 h
prior to rainfall and 12 h after rainfall is applied in this study.

Over an interval of approximately 1 month in the middle of
the measurement period, spikes are often seen in the output
of the P1–P6 sensor; see Fig. 20a. Often the spikes occur at a
fixed rotor position for some time, as seen in Fig. 20b, but the
position moves from time to time. In many cases the duration

of the spike is only a few degrees as in Fig. 20b, while in
other cases the sensor output level seems to be increased for
half a revolution.

A rough filter that discards datasets where the maximum
absolute instant change of the P1–P6 sensor output exceeds
50 Pa has been applied.
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Figure 20. Output of the P1–P6 sensor (pressure difference between centre hole and static ring) as a function of time (a) and rotor position
(b). Spikes are clearly seen around 260◦.

The sensors P2–P3 and P4–P5, which record the inflow
and side-slip angle, respectively, also have periods with ab-
normal sinusoidal patterns. These periods are more distinct
but not related to rainfall, and in this study they are iden-
tified based on their 1P (one-per-revolution) Fourier coeffi-
cients values.

4.5 Pitot wind speed correlation with power and flap
load

Figure 21 shows the power (a and c) and flap load (b and d)
observations measured on the 9 and 10 May as a function of
pitot and met-mast wind speeds. In (c) and (d) the met-mast
observations represent 600 s mean values, while all other ob-
servations are 120 s mean values. The pitot-based observa-
tions have less scatter than the 120 s met-mast observations
(a and b), while they are comparable to the 600 s met-mast
observations which comprise far fewer observations (c and
d).

These results are similar to the results from the Tellus ex-
periment (see Figs. 2 and 3) and indicate that it is possible to
reduce the scatter of the power and load observations or in-
crease the number of observations by using pitot-tube instead
of met-mast recordings – also on modern wind turbines.

In Fig. 21, the pitot observations are based on 120 s mean
values. The simulation results in Fig. 10, however, indicate
that the best results are obtained from averaging times be-
tween one revolution and 30 s. Figure 22a shows the power
observations from a 10 min period based on 600 s, 120 s and
one-revolution mean values. The five 120 s mean values pro-
vide information about the slope of the curve in contrast to
the single 600 s observation, while the one-revolution mean
observations provide information about an even wider range

of wind speeds. The scatter of the one-revolution mean obser-
vations, however, is remarkable. The scatter is mainly caused
by a pitch motion procedure, which changes the pitch angle
by 1◦ every minute to exercise the pitch bearings. These pitch
steps result in two levels and increased scatter in both hori-
zontal and vertical directions as both power and pitot wind
speeds are affected (Hansen et al., 2005). In Fig. 22b, the
one-revolution mean observations are coloured according to
the current pitch state, which is seen to split the observations
in two less scattered groups. Unfortunately this means that
the averaging time must be at least 120 s to average out the
scatter caused by the pitch motion procedure.

In Fig. 21, the pitot-based power and flap load observa-
tions over a 2-day period were located on a relatively thin
line. Plotting all observations, however, results in a thick belt
instead of a thin line; see Figs. 23 and 24. Colouring the ob-
servations according to the time of recording reveals that in
many periods the observations are describing a relatively thin
line, but the line shifts from time to time.

The reason for these shifts has been investigated by com-
paring time series with similar pitot-tube wind speed and dif-
ferent power levels. In most of these cases the met-mast wind
speeds are different, but the pitot-tube wind speeds become
equal due to higher loading and thereby different induction.
In other cases a combination of fluctuating wind speeds and
the pitch motion procedure results in a different response
to similar mean wind speeds. Finally, the rated power level
clearly changes over the period; see Fig. 23. This indicates
that the control settings are not fixed, and it is therefore likely
that the behaviour at lower wind speeds also changes during
the measurement period.
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Figure 21. Measured power (a, c) and flap load (b, d) observations as a function of pitot and met-mast wind speed. In (a, b) all observations
are 120 s mean values, while the met-mast observations in (c, d) are 600 s mean values. Using pitot instead of met-mast wind speed, the
amount of scatter can be reduced (a, b) or more observations can be obtained (c, d).

4.6 Number and variation in performance curves

In Sect. 4, the comparison of uniformly distributed simula-
tion observations showed that the number of hours required
to obtain power curves with a variation level below a cer-
tain threshold can be reduced around 7 times by using pitot-
based instead of met-mast-based wind speeds. This result
was based on one-revolution mean values, which in Sect. 4.2
were found to give the lowest variation. However, this is not
feasible for the measurements, due to the scatter introduced
by the pitch motion procedure.

In practice it is not possible to obtain a full power curve,
e.g. every 4 h, as both low- and high-wind situations must oc-
cur, and from the current measurement database only a few
power curves can be obtained. The exact number of curves
depends on the wind speed range and resolution of interest.
In the following analysis, the range from 4 to 13 m s−1 (met-

mast wind speed) is divided into bins of 0.5 m s−1. Observa-
tions are then collected for the first power curve until all bins
contain at least three observations, then for the next power
curve, etc.

Figure 25 shows the resulting power curves and the under-
lying observations. In this case the pitot-based approach pro-
vides three curves with 1.1 % variation (percent of maximum
power), while four curves with slightly higher variation are
obtained from the met-mast-based observations. This means
that from the current measurement database, an assessment
time reduction cannot be achieved by using pitot-tube wind
speed instead of met-mast wind speed.

This result is highly constrained by the pitch motion proce-
dure that introduces scatter for averaging times below 120 s
as well as by the amount of discarded observations due to
abnormal pitot sensor values. These constraints may be dif-
ferent for another turbine and pitot-tube instrument. An in-
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Figure 22. (a) Reducing the averaging time increases the number of observations and gives information about a wider wind speed range.
Averaging times below 120 s, however, results in a remarkable amount of scatter, which is mainly caused by a pitch motion procedure.
(b) The one-revolution mean values are coloured according to the pitch state; i.e. black points are observations where the pitch angle is
increased by 0.5◦ and cyan points are observations where the pitch angle is decreased by 0.5◦. The pitch state splits the observations into two
less scattered groups.

Figure 23. Measured power observations from the entire database. In many periods, the pitot observations describe a relatively thin line, but
the line shifts from period to period.

dication of the optimal potential has been achieved by re-
laxing the constraints, i.e. suppressing the pitot ok filter and
using one-revolution mean values. In this optimal case, the
pitot-based approach results in 20 power curves, and the
19 June produces four power curves in a single day, i.e. the
same number as obtained from the whole period using the
met-mast-based approach. Note, however, that the variation
in these curves may be significant due to shorter averaging
times and the line shifting seen in Figs. 23 and 24.

5 Conclusions

In the numerical part of this paper it is shown that the wind
speed derived from a blade-mounted flow sensor of a modern
pitch-regulated, variable-speed wind turbine correlates more
highly with the power and flap loads than the wind speed
measured 2.5 diameters upstream. The correlation is also
higher than the wind speed that can be obtained from a fixed-
point instrument, e.g. a nacelle-mounted cup anemometer.

When using wind speed from a blade-mounted flow sen-
sor as the basis for power and flap load curves, shorter ob-
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Figure 24. Measured flap load observations from the entire database. In many periods, the pitot observations describe a relatively thin line,
but the line shifts from period to period.

Figure 25. Only two or three full-range power curves can be obtained from the current measurement database.

servation average times, in the range of 5–90 s, reduce the
variation in the curves.

Deflection and torsion of the blades introduce an error into
the wind speed derived from a blade-mounted flow sensor.
When averaging over one or more revolutions, the error is
significantly reduced and the major part of the remaining er-
ror is a constant offset, which can be ignored when power
and flap load curves of different periods are compared. For
the current turbine the radial flow sensor position that results
in the lowest variation in power curves was found to be 70 %,
while a sensor in 50 % is optimal for flap load curves.

Finally, the analysis showed that the length of the assess-
ment period, which is required to achieve a certain power or
flap load curve variation can be reduced around 7 times by

using uniformly distributed wind speed observations from a
blade-mounted flow sensor instead of a met mast.

The measurement part of the paper concludes that the cur-
rent pitot-tube system is highly sensitive to rain, and a proper
algorithm must be applied to discard error-prone observa-
tions.

During shorter periods the pitot-tube wind speed often cor-
relates more highly with power and flap loads than the met-
mast wind speed, such that the scatter can be reduced or the
number of observations increased by reducing the observa-
tion average time. During longer periods, however, the scat-
ter of the pitot-tube-based power and flap load observations
becomes significant and often the observations seem to group
around relatively thin lines that shift from period to period.
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From the current measurement database, an assessment
time reduction cannot be achieved using pitot-tube wind
speeds instead of met-mast wind speeds. A limiting factor
for the present dataset is the pitch motion of 1◦ every minute
that introduces severe scatter when applying averaging times
below 120 s and the high number of observations that are
discarded to avoid error-prone pitot observations. Relaxing
these constraints reveals that the method may have a high
potential for turbines without the pitch motion procedure and
equipped with a more robust flow sensor system.

The wind speeds measured by a blade-mounted flow sen-
sor have advantages over the wind speeds measured at the
met mast, as the blade-mounted flow sensor can be used off-
shore, in wind farms and in complex terrain, where it may
not be possible to put a met mast. It can be used to inves-
tigate aerodynamic modifications or detect performance is-
sues, e.g. due to leading-edge roughness, by comparing the
relative pitot-based power and load curve between different
periods or turbines. In addition it follows the yaw direction;
i.e. it is never in the wake of the current turbine in contrast
to a traditional met mast. Moreover additional information
about the angle of attack, wind speed variations within the
rotor plane (e.g. shear, veer, height-dependent turbulence in-
tensity) and wake effects can be extracted. This information
can be used as input for the control of individual pitch or ac-
tive trailing-edge flap to optimize power and/or reduce loads
or noise (Larsen et al., 2005; Barlas et al., 2012; Kragh and
Hansen, 2012; Kragh et al., 2012; Aagaard Madsen, 2014).

The measured wind speeds are, however, affected by the
wind turbine induction. This means that it cannot be used
for IEC standard power curves, and changing the induction,
e.g. by another control strategy, yaw misalignment or by the
pitch step procedure seen in the present study, will shift the
resulting wind speed. Another problem is that the induced
wind speeds increase up to rated power; i.e. in this region the
flow-sensor-based power curve has a higher slope, which for
the present turbine was found to be almost vertical around
rated rotor speed, such that small wind speed uncertainties
result in large power variations.

It is possible to compensate for the presence of the turbine
using an aerodynamic model (Pedersen et al., 2015), but it
requires detailed knowledge about the aerodynamic proper-
ties of the blades, several assumptions and compromises, and
it adds additional uncertainty.

Finally the wind speeds derived from pitot-tube measure-
ments are more vulnerable to uncertainties and errors in the
measurement system, as they are derived from 10 sensors in-
stead of 1. Therefore, a robust measurement system is re-
quired and the pitot-tube instrument and pressure transduc-
ers must be designed to prevent rain, moisture and dust from
entering the tubes by using a heater or a draining and/or a
pneumatic cleaning system, etc.

It is therefore concluded that the wind speed measured by
a blade-mounted flow sensor is highly correlated with the
power and flap loads, especially during shorter periods, but
the potential assessment time speed-up that was obtainable
in the simulation could not be confirmed from the current
measurements.

Blade-mounted flow sensors are, however, able to provide
additional valuable information about the inflow variations
within the rotor plane, but a robust instrument and measure-
ment system is required to extract reliable wind speed mea-
surements.

Data availability. Measurement and simulation data not available
due to confidentiality.
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Appendix A: List of symbols

α Angle of attack
αp Inflow angle measured by pitot tube
β Side-slip angle; see Fig. 7
Fα Function mapping αp onto α
Fvrel Function mapping vrelp onto vrel
I Inertia of rotor
ωpitch Angular pitch speed of blade with pitot tube
ωrot Angular rotational speed
vrel =

[
vrel,x vrel,y vrel,z

]
Flow velocity at pitot tube relative to the sensor adjusted for reduced
flow velocity and deflection near the airfoil due to bound circulation

vrelp =
[
vrelp,x vrelp,y vrelp,z

]
Relative flow velocity measured by the pitot tube including effects of
bound circulation

vrot Velocity caused by blade rotation
vpitch Velocity of pitot tube due to pitch motion
v =

[
vx vy vz

]
Wind velocity at position of pitot tube including induction effects (vy is
horizontal in direction of main shaft)

θtilt Tilt angle
θrotorposition Azimuthal angle of blade with pitot tube
θpitot Angle of pitot tube relative to the centre line of the blade
θpitch Pitch angle of blade with pitot tube
vrel Relative flow speed at pitot tube, compensated reduced flow velocity

near the airfoil
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Abstract. This paper presents a method for obtaining the free inflow velocities from a 3D flow sensor mounted on the blade of

a wind turbine.

From its position on the rotating blade, e.g. one third from the tip, a blade mounted flow sensor (BMFS) is able to provide

valuable information about the turbulent sheared inflow in different regions of the rotor. At the rotor, however, the inflow is

affected by the wind turbine, and in most cases the wind of interest is the inflow that the wind turbine is exposed to; i.e. the5

free inflow velocities.

The current method applies a combination of aerodynamic models and procedures to estimate the induced velocities, i.e. the

disturbance of the flow field caused by the wind turbine. These velocities are subtracted from the flow velocities measured by

the BMFS to obtain the free inflow velocities. Aeroelastic codes, like HAWC2, typically use a similar approach to calculate

the induction, but they use it for the reversed process, i.e. they add the induction to the free inflow to get the flow velocities at10

the blades which are required to calculate the resulting aerodynamic forces.

The aerodynamic models included in the current method comprise blade-element-momentum (BEM) based models for axial

and tangential induction, a radial induction model and tip loss correction as well as models for skew and dynamic inflow.

It is shown that the method is able to calculate the free inflow velocities with high accuracy when applied to aeroelastic HAWC2

simulations with a stiff structural model while some deviations are seen in simulations with a flexible structure.15

Furthermore, the method is tested on simulations performed by a flexible structural model coupled with a large eddy simulation

(LES) flow solver. The results of this higher fidelity verification confirm the HAWC2-based conclusion.
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1 List of symbols

a Axial induction factor

a′ Tangential induction factor

ar Radial induction factor

c Chord length

CT Trust coefficient

CT,avg Average trust coefficient

Cx Lift and drag coefficient projected into xR

Cy Lift and drag coefficient projected into yR

D Aerodynamic drag force

Fa Thrust reduction factor in skew inflow model

Fazi Azimuthal dependent reduction factor in skew inflow model

Ftip Prandtl’s tip loss factor

fW Function calculating induced velocities

ki, i= 0..3 Constants

kx, ky Factors in skew inflow model

L Aerodynamic lift force

LP(τ,X) Low pass filter with filter characteristics, τ

NB Number of blades

r Sensor radius

R Blade tip radius

Tab Transformation matrix from coordinate system a to coordinate system b

Vr Measured flow velocity at rotor plane

Vrel Measured velocity relative to the sensor

Vrelxy Relative wind speed in the (xR,yR)-plane

Vrot Velocity of sensor due to rotor rotation

Vs Velocity of the sensor

V0 Free flow wind speed

V0,est Estimated free flow wind speed

W Induced velocity

West Estimated induced velocity

Wavg Average induced velocity

Wdyn Induced velocity, estimated using dynamic inflow model

Wdyn,azi Induced velocity, estimated using dynamic inflow model applied to fixed azimuthal positions
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α Angle of attack

χ Angle between Vr and rotor plane

χhor Horizontal angle between Vr and rotor plane

χver Vertical angle between Vr and rotor plane

ω Angular rotor velocity

φ Angle between rotor plane and Vrelxy

Φr Angle between rotor plane and V0

θpitch Pitch angle

θrotor Rotor azimuthal position

θtt Tower top deflection angle

θtwist Twist angle

Coordinate systems, see section 3.1

G Ground coordinate system

R Rotating rotor coordinate system

S Blade section coordinate system

Modifiers
∗ Actual velocity or deflected direction (opposed to the assumed velocity or undeflected direction)

2 Introduction

Detailed knowledge about the atmospheric turbulent wind and its variation is essential for understanding and analysing many5

aspects regarding wind turbines, e.g. load conditions, power generation, noise aspects, and fatigue and extreme loads (Elliott

and Cadogan, 1990; Larsen et al., 2005; Barlas et al., 2012; Madsen, 2014; St. Martin et al., 2016)

The wind of interest is the free undisturbed turbulent inflow, but at the location of the wind turbine rotor. The problem is

that this free wind is immeasurable, as the inflow is influenced by the presence of the rotor itself: near the turbine, the flow is

disturbed by the turbine, and further away, the wind is different. The ideal measure, therefore, is the free flow wind speed at10

the position of the turbine, i.e. the wind speed as it would have been at the same location and time without the turbine.

A cup or sonic anemometer at a nearby met mast, e.g., 2-3 diameters away, measures the free flow wind when not in the

wake of the turbine or the mast, but smaller turbulence structures will be different due to the distance. As these structures have

only limited influence on e.g. 10 min statistics, the wind speeds measured by met masts are still valuable and extensively used.

The wind speed measured by a nacelle- or spinner-mounted anemometer is influenced by the turbine. This influence is15

measurable more than one diameter upstream (Meyer Forsting et al., 2017) and continues until the wake is recovered far

downstream. This means that a model or calibration function is required to estimate the free flow wind speed from a nacelle-

or spinner-mounted anemometer.

3
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The turbine is, however, not only exposed to the wind at the hub centre, and with the long blades of modern wind turbines,

the wind-speed variations within the rotor may be considerable. This variation can be measured using lidars which are typically

ground or nacelle based. From the nacelle, a lidar is able to measure the inflow field some distance upstream while the inflow

field at the rotor plane can be measured using a set of ground-based scanning lidars (Mikkelsen et al., 2008, 2010; Scholbrock

et al., 2015; Wagner et al., 2015). Nevertheless, the problem is the same; the lidars must either measure outside the induction5

zone to measure the free inflow or use a model to compensate for the presence of the turbine. Troldborg and Meyer Forsting

(2017) describe a simple analytical model that is able to estimate the free wind speed, appropriate for power curves, from lidar

measurements. The model is applicable for any rotor down to one rotor radius upstream.

Another option is to mount a flow sensor directly on the blade, e.g. one third from the tip. From this location, the sensor

sweeps the rotor area and is thereby able to measure a lot of the variation that takes place within the rotor area.10

Blade-mounted five-hole pitot tubes have been used in several research projects (Madsen, 1991; Brand et al., 1996; Petersen

and Aagaard Madsen, 1997; Simms et al., 1999; Schepers et al., 2002; Madsen et al., 2003, 2010b; Medina et al., 2011), but

other types of sensors could be used as well. In the current context, a blade-mounted flow sensor (BMFS) is assumed to measure

the 3D inflow velocity at its position, i.e. the temporal resolution of a point fixed in space is limited to once per revolution,

and multiple sensors are required for measuring in both the inner and outer part of the rotor. From the 3D inflow velocities15

measured by a BMFS, information about the angle of attack, relative velocity and the instant wind speed at the rotor plane can

be extracted. This information can be used as input for the control of individual pitch or active trailing edge flaps to optimise

power and reduce loads and noise (Larsen et al., 2005; Barlas et al., 2012; Kragh and Hansen, 2012; Kragh et al., 2012;

Madsen, 2014). Another application is the generation of relative power or load curves that can be compared between similar

periods or turbines. These relative curves can be used to investigate e.g. aerodynamic modifications or detect performance20

issues (Pedersen et al., 2017).

As a BMFS is inside the induction zone, a model is required to estimate the free flow wind speed. In this case, however,

well-defined models already exist as they are used in aeroelastic codes, e.g. HAWC2, to simulate the flow that generates the

aerodynamic forces at the blades (Larsen and Hansen, 2007; Madsen et al., 2018). These models calculate the disturbance of

the flow caused by the turbine in terms of the induced velocities, which are then added to the free flow velocity to get the25

disturbed wind speed at the blades. Reversing this process, the free flow wind speed can be obtained by subtracting the induced

velocities from the measured velocities.

This paper describes the necessary aerodynamic models as well as a procedure to obtain the free flow wind speed from a

BMFS. A preliminary implementation of the method has previously been applied to measurements of a full-scale wind turbine

with a blade-mounted five-hole pitot tube to estimate the free inflow in different wake conditions (Pedersen et al., 2015).30

To test the method, both the disturbed and the immeasurable free flow wind speeds are required. A real validation against

measurements is therefore infeasible. Instead, the method is tested in two independent simulated environments.

The first environment is simulated by HAWC2, a nonlinear aeroelastic code intended for computing wind turbine response in

the time domain (Larsen and Hansen, 2007). HAWC2 uses Taylor’s well-known frozen turbulence hypothesis (Taylor, 1938)

and a combination of aerodynamic models, which are similar to the models of the current method, to calculate the disturbed35

4
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flow velocity at the rotor plane. Both the free inflow and the disturbed flow at the rotor plane are therefore directly available

for verification of the method.

In the second environment, the simulations are performed by the structural model of FLEX5 (Øye, 1996) coupled with the

large eddy simulation (LES) flow solver, EllipSys3D (Michelsen, 1992; Sørensen, 1995). This environment is completely

independent of the aerodynamic models of the current method as well as Taylor’s frozen turbulence hypothesis and is therefore5

valuable as a high fidelity verification. In this case, the free undisturbed inflow is obtained from a separate equivalent simulation

where the effects of the aerodynamic forces on the flow are disabled.

3 Method

This section presents the aerodynamic models and the procedure used to obtain the free inflow velocities from a BMFS.

3.1 Coordinate systems10

The coordinate systems used in this paper are listed in table 1.

Table 1. Coordinate systems used in this paper

Coordinate system Abbreviation Definition

Blade section coordinates S xS : Along chord line from centre towards leading edge

yS : Perpendicular to chord line centre to suction side

zS : Aligned blade center line from root to tip

Rotating rotor coordinates R xR: Tangential in rotational direction

yR: Aligned with main shaft in direction of the wind

zR: Aligned with the blade on which the BMFS is mounted

Ground coordinates G xG: Horizontal left, perpendicular to the main shaft when seen from the front

yG: Horizontal in direction of main shaft

zG: Vertical, down

Transformation matrices are used to map velocities between the coordinate systems. As an example, the transformation

matrix, TRG, describes the rotating-rotor coordinate-system axes in ground coordinates. TRG can be used to map velocities in

rotor coordinates, V R, to velocities in ground coordinates, V G:

V G = TRGV R (1)15

5
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3.2 Wind speed from a BMFS

The method described in this paper take as input the effective 3D inflow velocities measured relative to the blade, locally at the

rotor plane, i.e. including the effects caused by the presence of the turbine.

Near the airfoil, the local flow field is deflected and the speed is also influenced by the bound circulation on the surface of

the airfoil; see the example in Fig. 1. As seen, this effect has a huge impact on the flow velocity measured near the airfoil and5

must therefore be compensated for before applying the current method. In the current study, however, it is neglected as the two

verification environments, HAWC2 and EllipSys3D/Flex5, do not model the surface of the airfoils.

Shen et al. (2006, 2009), Guntur and Sørensen (2014) and Rahimi et al. (2017) present several methods to calculate the flow

near the airfoil that also take 3D effects into account, but the methods require information that cannot be obtained directly from

a BMFS. Pedersen et al. (2017) describes how to obtain the effective 3D inflow from the relative wind speed and two perpen-10

dicular angles measured by a blade-mounted five-hole pitot, including compensation for bound circulation. The compensation

method uses a look-up table generated by 2D computational fluid dynamic (CFD) simulations, thus neglecting 3D effects, and

tip- and root vortices.

9.9 ms 1 , 11 ◦

1.8 ms 1 , 91 ◦

6.5 ms 1 , 20 ◦

15.3 ms 1 , 1 ◦

9.3 ms 1 , 2 ◦

Figure 1. Near the airfoil, the flow is disturbed by upwash and stagnation. This effect is not included in the current method

From the relative velocity, Vrel, the wind speed at the rotor plane, Vr, is found by subtracting the velocity of the sensor, Vs:

15

Vr = Vrel−Vs (2)

In this study, the sensor velocity, Vs, includes movement due to rotor rotation and pitch motion. Structural dynamics, e.g. blade

deflection, will therefore result in a mismatch between the assumed and the actual sensor velocity.

3.3 Aerodynamic models

The wind speed measured in the rotor plane of an operating wind turbine is different from the free flow wind speed that would20

have been present at the same time and location if the wind turbine was absent. The difference is induced by the wind turbine

6
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Figure 2. At the rotor plane, the free inflow wind velocity, V0, is reduced by the axial induction,WR
y . A sensor at the rotor plan will therefore

measure the reduced velocity, V R
r,y , in the axial direction

induction and is rather complex. In this section, a set of simplified engineering aerodynamic models that each explains elements

of the induction are presented. One can argue that the models are too simple compared to the physical processes. In general,

however, the loads simulated by aeroelastic codes that use these models are found to agree well with measured loads; see e.g.

Larsen et al. (2013). The models are therefore expected to be appropriate for the reverse process too.

The aerodynamic models in aeroelastic codes like FAST, Flex5, Bladed and HAWC2 is based on the Blade Element Mo-5

mentum (BEM) model first presented by Glauert (1935). The original formulation, however, was derived for one-dimensional,

steady and uniform inflow, which is far from the conditions that a real turbine operates in. The BEM model is therefore typi-

cally modified and combined with additional sub models, e.g. for tip loss and for skew and dynamic inflow. In this study, the

aerodynamic model is based on the HAWC2 implementation (Madsen et al., 2018).

3.3.1 Axial induction10

When operating, a wind turbine extracts kinetic energy from the wind by reducing the axial wind speed. This reduction is

called the axial induction, WR
y ; see Fig. 2.

The axial induced wind speed is defined in terms of the axial induction factor, a:

WR
y = a|V0| (3)

where V0 is the free inflow velocity.15

For laminar flow through the rotor, the axial induction factor is related to the thrust coefficient, CT , by

CT = 4a(1− a) (4)

7
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Rotor plane

W
in

d

Figure 3. Cross-sectional airfoil element

while empirical results show higher values of CT for induction factors above 0.3 - 0.5 (Eggleston and Stoddard, 1987). The

current method uses a third order polynomial, as described by Madsen et al. (2018),

a= k3C
3
T + k2C

2
T + k1CT (5)

with coefficients k3 = 0.0883,k2 = 0.0586,k1 = 0.2460 that fits to (4) for lower values of a and to empirical results and

actuator disc simulations for higher loading (Madsen et al., 2010a).5

For an annular ring element at radius r, the thrust coefficient is calculated by the formula presented by Madsen et al. (2018):

CT =
V 2

relxycCy(α)NB

2πr|V0|2
(6)

where Vrelxy is the relative wind speed in the (xR,yR)-plane (see Fig. 3), c is the chord length, α is the angle of attack, NB is

the number of blades and Cy is the projection of the lift and drag coefficient into yR:

Cy = cos(φ)CL(α) + sin(φ)CD(α) (7)10

where φ= α+ θtwist + θpitch is the angle between Vrelxy and the rotor plane.

From the measurements of a BMFS, Vrelxy and α can be obtained directly, and the number of blades, the pitch angle, the

radius, the chord length and the blade twist angle are assumed to be known. Hence, if the angle-of-attack dependent lift and

drag coefficients are accessible from a look-up table, then the only unknown term on the right-hand side of (6) is V0.

In aeroelastic simulations, V0 is obtained from the wind input model, but in this case, V0 is the wind speed that we want to15

find. It can, however, be found using the iterative approach described in section 3.4, such that the induced axial velocity can be

calculated via equation 6, 5 and 3.

8
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3.3.2 Tip correction

The relationship between the thrust coefficient and the axial induction factor stated in (4) is based on the assumption that the

induced velocities are constant within an annular element. This is not the case for turbines with a finite number of blades and

therefore Prandtl’s tip loss factor, presented by Glauert (1935),

Ftip =
2
π

cos−1

(
exp

(
−NB

2
R− r
r sin(φ)

))
(8)5

where R is the blade tip radius, is applied in the current method by replacing CT with CT

Ftip
in (5) as described by Madsen et al.

(2018). Calculating and applying the tip loss factor is straightforward as the only variable on the right-hand side, φ, can be

calculated from the BMFS output.

3.3.3 Tangential induction

The tangential induction is a reaction to the torque force and results in a rotation of the wake downstream. The tangential10

velocity of the wake is defined in terms of the tangential induction factor, a′:

WR
x = a′ωr (9)

where ω is the angular velocity of the rotor. Unlike the axial induction, this effect does not affect the flow upstream. The amount

of tangential induction at the position of a BMFS is therefore dependent on the sensor position relative to the blade, the pitch

angle and the blade-deflection state. The current implementation of the method assumes full tangential induction, but for some15

applications, it may be more appropriate to switch it off.

The tangential induction factor is obtained by the formula presented by Madsen et al. (2018):

a′ =
V 2

relxycCx(α)NB

8πr2(1− a)|V0|ω
(10)

where Cx = sin(φ)CL(α) + cos(φ)CD(α) is the projection of the lift and drag coefficient into xR; see Fig. 3.

In (10), the only unknown term on the right-hand side is also V0, which can be found via the iterative approach described20

in section 3.4. To help this iterative procedure in finding the right solution, the value of a used in (10) is limited to the range

[0;0.5].

3.3.4 Radial induction

The radial induction results in an expansion of the flow, as illustrated in Fig. 2. Introducing the radial induction factor, ar, the

radial induced velocity is:25

WR
z = |V0|ar (11)

9
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The standard one-dimensional BEM theory does not handle radial induction and therefore the analytical equation derived by

Madsen et al. (2010a) is used in the current method:

ar =
1

2.24
CT,avg

4π
ln

(
0.042 +

(
r
R + 1

)2

0.042 +
(

r
R − 1

)2

)
(12)

where CT,avg is the average thrust coefficient of the whole rotor. In the current model, the revolution averaged local thrust

coefficient of the BMFS is used. This is obviously not the same, and the approximation is therefore only appropriate if the5

thrust coefficient of the radial position corresponds to the average thrust coefficient of the whole rotor. This is typically not the

case near the root and the tip, and even for a sensor that is one third from the tip, some discrepancies must be expected.

3.3.5 Dynamic inflow

The induced velocities are parts of an equilibrium which is gradually established between the load on the blades, the rotor wake

and the induced velocity at the rotor plane (Sørensen and Aagaard Madsen, 2006).10

Small and high frequent turbulence is assumed to pass unaffected though the rotor and can therefore be measured directly,

while the effect of large stationary turbulence eddies can be described by the BEM models in section 3.3.1 and section 3.3.3. In

between, the modification of the wind flow depends on the wake recovery velocity. Snel and Schepers (1995) present different

engineering approaches to model the wind turbine response in dynamic inflow.

In the current method, the model used in HAWC2 (Madsen et al., 2018) has been implemented with two modifications.15

This implementation applies two first-order low-pass filters to the induced velocities to model the slow and gradually changing

induction,

W R
dyn = 0.6LP(τNW ,W R) + 0.4LP(τFW ,W R) (13)

where LP(τ,X) is a first-order low-pass filter. The two filters model the near- and far-wake effects respectively, and their filter

characteristics are given by:20

τNW = τ∗NW

1.8R

|V0|min
[
1− 3W R

y,avg

|V0| ,2.0
] (14)

τFW = τ∗FW

R

|V0|max
[
1 + 3W R

y,avg

|V0| ,0.2
] (15)

where

τ∗NW =−0.4783(r/R)2 + 0.1025(r/R) + 0.6125 (16)

τ∗FW =−0.4751(r/R)2 + 0.4101(r/R) + 1.9210 (17)25

Equation (16) and (17) can be calculated straight away, while V0 andWR
y,avg are required for (14) and (15). V0 can be estimated

as described in section 3.4, while the instant average axial induction of the whole rotor, WR
y,avg, requires information from the

10
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whole rotor which cannot be obtained from a BMFS.

In the current implementation, the revolution averaged local induction is used as an approximation. This means that the filter

characteristics may be inaccurate if the induction at the radial position of the BMFS is not representative for the whole blade.

The sensitivity to WR
y,avg is, however, limited and even extreme values have only a minor impact on the final estimated free

wind speed.5

The other modification is more severe. In HAWC2, the rotor is discretised in grid points and the dynamic inflow model is

applied to the local induced velocities of each of these grid points. This is possible because the local induction is calculated for

each grid point in every time step, and this means that the induction of a certain grid point reflects the current circumstances as

well as the history of that particular grid point.

In the current method, only the local induction at the position of the BMFS is obtainable as no information is available from10

other parts of the rotor. Applying the dynamic inflow model to the induced velocities at the position of the BMFS means that

the estimated induction reflects the history of the moving BMFS instead of a fixed position. In a situation with wind shear, the

estimated induction will therefore be too high in the lower part of the rotor and too low in the upper part, resulting in too much

variation in the estimated free wind speed.

Instead, the low pass filters are applied to the induced wind speeds of fixed azimuthal positions. As the BMFS only passes15

a certain azimuthal position once per revolution, the sample frequencies of these signals are very low and some discrepancies

must be expected.

Figure 4 shows the induced velocities in a simulation with turbulent inflow and shear. The quasi steady induced velocities

estimated without the dynamic inflow model, WR
y , are seen to vary much more than the HAWC2 reference, while applying

the low-pass filters to the rotating measurements, WR
y,dyn, smoothens the induction too much. Applying the low-pass filters to20

the low-frequency signals of fixed azimuthal positions, WR
y,dyn,azi, results in an estimate closer to the HAWC2 reference even

though there is still some mismatch.

3.3.6 Skew inflow

In skewed inflow, where the mean wind is not perpendicular to the rotor plane, the axial induction is not directed exactly

towards the wind. Hence the speed of the inflow is reduced less, and the thrust is increased. Furthermore, variation in the wake25

vorticity concentration results in an azimuthal dependent variation of the axial induction; see Fig. 5.

The first effect is modelled by the method described in Madsen et al. (2018) where the axial induction factor is multiplied

by a reduction factor, Fa, that is calculated from the average thrust coefficient, CT,avg and the skew inflow angle, Φr.

Fa = k3C
3
T,avg + k2C

2
T,avg + k1CT,avg + k0 (18)

11
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Figure 4. Local induced axial velocity calculated by HAWC2 and the current method in three configurations: W without the dynamic inflow

model (WR
y ), with the dynamic inflow model applied to the rotating measurements (WR

y,dyn), and with the dynamic inflow model applied to

the low-frequency signals of fixed azimuthal positions ( WR
y,dyn,azi)

Figure 5. Wind turbine in skew inflow. The axial induction varies due to different wake vorticity concentration, and it is not directed exactly

towards the wind
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where

k0 = 1 (19)

k1 =−0.164Φ3
r + 0.4438Φ2

r − 0.5136Φr (20)

k2 = 0.8646Φ3
r − 2.6145Φ2

r + 2.1735Φr (21)

k3 =−0.6481Φ3
r + 2.1667Φ2

r − 2.0705Φr (22)5

The average thrust coefficient is estimated by the revolution averaged local thrust coefficient as described in section 3.3.4, and

in this case the approximation is also expected to introduce discrepancies. The inflow angle, Φr, is calculated by

Φr = arctan




√
V R

0,x
2 +V R

0,z
2

V R
0,y


 (23)

Note that the CT,avg used in (18) must be limited to the range [0;1] as the model is invalid outside this range.

The azimuthal variation is calculated by a model presented by Madsen et al. (2018). In this model, the axial induction factor10

is multiplied with a rotor-position dependent factor, Fazi:

Fazi = 1− kx
r

R
sin(θrotor)− ky

r

R
cos(θrotor) (24)

where θrotor is the rotor-azimuth position. The factors, kx and ky , depend on the inflow angle, χ, in the horizontal and vertical

plane (see Fig. 5):

kx = tan(0.4χhor) (25)15

ky = tan(0.4χver) (26)

3.3.7 Combining models

The presented aerodynamic models are now combined into a function, fW , that comprises the following steps:

1. Calculate CT using (6)

2. Calculate tip loss factor by (8)20

3. Calculate a by (5) replacing CT with CT

Ftip

4. Apply skew inflow model

(a) Calculate reduction factor Fa using (18)

(b) Calculate azimuthal variation factor Fazi using (24)

(c) Apply correction by multiplying a with Fa and Fazi25
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5. Calculate tangential induction factor using (10)

6. Calculate radial induction factor using (12)

7. Calculate the quasi-steady induced velocities W R =
(
a′ωr a|V0| |V0|ar

)T

8. Apply dynamic inflow model

(a) Extract the induced velocities of each azimuthal position5

(b) calculate filter characteristics using (14) - (17)

(c) Apply the dynamic inflow model (13) to the induced velocities of each azimuthal position to obtain W R
dyn,azi

Using this function, the estimated induced velocities can be calculated for a given V0,

West = fW(|V0|) (27)

3.4 Estimating V010

The flow velocity measured by the BMFS is the sum of the free flow and the induced velocities, hence:

V0 = Vr −W (28)

Using fW, defined in section 3.3.7, an estimate of the free flow velocity can be obtained

V0,est = Vr − fW(|V0|) (29)

Figure 6 shows the estimated free wind speed, |V0,est|, as a function of |V0| in an example where the measured wind speed,

8 10 12 14 16 18 20

|V0| [ms 1]
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|V0, est|

|V0, est| = |V0|

|V0| (HAWC2)

Figure 6. Example of free wind speed estimation. For |V0|= 12, the estimated free wind speed, |V0,est|, calculated by (29) equals |V0|
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V N
r,y is around 9.6 m s−1.

We now want to find the correct free wind speed, i.e. the V0 that, when inserted into (29), results in V0,est being equal to V0

(12 m s−1 in Figure 6). In other words, we solve

|V0|− |(Vr − fW(V0))|= 0 (30)5

with respect to V0 iteratively using the Newton-Raphson method and Vr as the initial guess for V0.

3.5 Verification

3.5.1 HAWC2

The method is verified using HAWC2 simulations of a Siemens 3.6 MW turbine with a 107 m rotor. The turbine has a 6◦ tilt10

and 3.5◦ coning angle, and is controlled by the basic DTU Wind Energy controller (Hansen and Henriksen, 2013). The inflow

turbulence for the turbulence cases is generated using the Mann model (Mann, 1994).

From the simulations, the relative wind speed is extracted at a point on the blade at radius 36 m, i.e. around one third from

the tip. From this wind speed the estimated free wind speed is calculated and compared to the free wind speed used as the input

to HAWC2. Note that the current version of HAWC2 (version 12.5) does not include radial induction, and therefore this model15

is disabled when testing against HAWC2.

As the current method is based on the same aerodynamic models as HAWC2, one may argue that this verification just adds

and subtracts the same value, which obviously results in the original velocity. There are, however, differences that are important

to investigate, e.g. the effect of the differences and approximation in the aerodynamic models of the current method, the effect

of a flexible structure and the V0-estimation procedure.20

3.5.2 EllipSys3D/Flex5

The method is furthermore verified using EllipSys3D/Flex5 simulations of a 2.3 MW Siemens turbine with a 93 m rotor. In

these simulations, the flow field is obtained from large eddy simulations (LES) performed by the finite-volume and incom-

pressible Navier-Stokes solver, EllipSys3D (Michelsen, 1992; Sørensen, 1995). The turbine is modelled using the actuator line

method as developed by Sørensen and Shen (2002), where the individual blades are modelled by imposing body forces into25

the flow solver. The actuator lines are fully coupled to the aeroelastic tool, Flex5 (Øye, 1996), which models the structural

dynamics according to the incoming flow; see (Sorensen et al., 2015) for details on the coupling. The inflow turbulence, which

is similar to the turbulence of the HAWC2 simulations, is imposed 8.25 radius upstream from the rotor.

From these simulations, the flow speed is extracted at radius 32 m, i.e. also around one third from the tip. All Ellip-

Sys3D/Flex5 simulations use a flexible structural model. Flex5 is based on modal shape functions as opposed to the multibody30

formulation of HAWC2, and hence does not include torsional rotation of the blades.
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To obtain the free inflow velocities, a separate identical flow simulation is performed, in which the effect of the aerodynamic

forces on the flow is disabled such that the flow is not unaffected by the turbine. From this simulation the flow field in the

vertical plane through the rotor centre is obtained for each time step.

3.5.3 Free flow reference

The estimated free flow velocities are based on the velocities measured at the sensor position (red dot in Fig. 7). In the current5

verification, however, the reference free flow velocity is extracted at the assumed (undeflected) sensor position (green dot in

Fig. 7). This mismatch is expected to introduce some deviation as the turbulence is different at the two positions.

In the HAWC2 simulations, which are based on Taylor’s frozen turbulence hypothesis, the turbulence is transported unaf-

fected by the mean wind, i.e. with constant (free flow) speed along the yG axis. This means that time can be mapped into space

and the free flow velocities can be extracted from the 3D turbulence field that is generated prior to the simulation.10

The EllipSys flow, on the other hand, includes properties of real flow, e.g. that turbulence structures change and break up

over time. The 3D turbulence field will therefore change in every time step and only the velocities at the rotor-centre flow plane

are available for this study. The assumed sensor position, however, does not exactly intersect this plane, due to the rotor tilt

angle. We are therefore compelled to rely on Taylor’s frozen turbulence hypothesis to obtain the free flow reference velocity

at the assumed sensor position, but only from the rotor-centre plane to the sensor position (blue arrow in Fig. 7), i.e. at most15

3.3 m.

Furthermore, the EllipSys flow is affected by the turbine. Near the rotor, the axial induction reduces the turbulence transport

speed, while the radial induction results in an expansion of the flow that moves the turbulence structure outwards.

This means that the BMFS is exposed to "delayed" turbulence structures that originate from a smaller radial position (white

dot in Fig. 7), and even more deviation is therefore expected.20
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Figure 7. The estimated free flow at the sensor position (red dot) is compared to the free flow at the assumed position (green dot). In the

EllipSys3D/Flex5 simulations, the nearest available free flow velocity is at the rotor-centre plane (blue dot). The sensor is, however, exposed

to "delayed" turbulence structures that originate from a smaller radial position (white dot).
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4 Results

4.1 HAWC2 verification

The root-mean-squared error, RMS, of the estimated instantaneous free wind speed, V0,est, is shown for 7 m s−1 in Fig. 8 for

HAWC2 simulations of increasing complexity and the EllipSys3D/Flex5 simulations.

1. HAWC2
Steady inflow
Stiff structure

2. HAWC2
Steady inflow

Flexible structure

3. HAWC2
Turbulent inflow
Stiff structure
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Turbulent inflow
Flexible structure
No mapping error

5. HAWC2
Turbulent inflow
Flexible structure

6. EllipSys3D/Flex5
Turbulent inflow
Flexible structure
No mapping error
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Figure 8. Relative RMS of the estimated free wind speed at 7 ms−1. For Case 4, 6 and 7, "No mapping error" means that deviations

introduced in the transformation from the deflected blade-section coordinates to the fixed ground coordinates are not included

Starting with steady, uniform inflow and a stiff structural model, Case 1, the RMS error is very small and the minor deviations5

between the estimated free velocities and the HAWC2 references in Fig. 9 are caused by the effects of rotor tilt that are not

exactly compensated by the skew inflow model.

In Case 2, the structural model is flexible. The rotation of the sensor due to the deflection and torsion of the tower and blade

results in increased error levels that are clearly seen in the x- and z-velocity components in Fig. 9.

The most significant error is the 90◦ phase-shifted sinusoidal oscillation of the estimated velocities. This error is caused10

by thrust dependent flap-wise deflection of the blade that results in a part of V R
r,y being inaccurately projected onto the zR-

direction; see Fig. 10. This constant error leads to oscillations of the x and z components in the non-rotating ground coordinate

system.

This error is reduced by a counteracting effect, namely the torque pushing the blade forward in the edge-wise direction.

At this forward-pushed position, the direction of the actual velocity due to rotor rotation, Vrot
∗, is slightly changed, but the15

blade-section coordinate system is rotated even more as seen in the right-hand side of Fig. 11. A small part of Vrot
∗ is thereby

measured in the radial −zR direction, while the current model assumes the rotational velocity, Vrot, to be tangential. This
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Figure 9. HAWC2 result: The free wind speed estimated in 13 m s−1 steady uniform inflow for stiff (Case 1) and flexible (Case 2) structural

models.

mismatch leads to a torque-dependent error in the−zR-direction that reduces the thrust-dependent contribution from flap-wise

deflection.

A closer look at Fig. 9 reveals a positive offset in the estimated x-component. The reason for this offset, which corresponds

to a spurious side wind, is a combination of two effects, both caused by gravity-induced edge-wise deflections of the blade.

When the blades are horizontal, the gravity pulls the blades down towards the earth; see the left- and right-hand side of Fig.5

11. This asymmetric edge-wise deflection leads to a small part of Vrot
∗ being measured in the radial −zR direction on the

right-hand side of the rotor and in the +zR-direction on the left-hand side, i.e. in the +xG-direction on both sides. Furthermore,

the transition from backward to forward deflection results in the blade moving faster in the upper part of the rotor and vice

versa in the lower part. In the current method, however, the assumed rotational speed, Vrot, is uniform. The mismatch results

in deviations that also map to +xG in both vertical positions; see Fig. 11.10

In combination, these two effects result in the almost constant positive offset of the V G
0,est,x-velocity seen in Fig. 9.
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Figure 10. The rotation angle of the deflected blade section is unknown in the current method. An error is thereby introduced when mapping

the measured wind speed, Vr , from the blade section to the rotating rotor coordinates using the transformation matrix, TSR. The result is

a constant error in the zR-direction that leads to sinusoidal oscillations of the x- and z-component of the estimated free wind speed seen in

Fig. 9

Figure 11. When the blades are horizontal, a small part of Vrot
∗ is measured in the−zR∗-direction on the right-hand side of the rotor and in

the +zR∗-direction on the left-hand side due to the gravity induced deflection of the blade section. Furthermore, the blade is moving faster

in the upper part of the rotor due to the transition from backward to forward deflection, and slower in the lower part. In the current method,

however, the rotational speed, Vrot, is assumed to be tangential and uniform. The mismatch results in a spurious side wind, seen as a mean

offset in the x-component of Fig. 9.
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For higher wind speeds, the estimated free wind speed in the yG direction is overestimated due to the rotation of the elastic

blade section. As the rotation angles are unknown in the current method, an error is introduced in the transformation from

blade-section to ground coordinates; see Fig. 12. Blade torsion is an obvious source of the rotation, but for the current turbine

model flap-wise bending also contributes considerably. This effect is highly dependent on the wind speed and blade design,

and for the DTU 10MW reference wind turbine (Bak et al., 2013), an underestimation was seen instead.5

Figure 12. The torsion angle of the deflected blade section is unknown in the current method. An error is thereby introduced when map-

ping the relative velocity, Vrel, from the blade section to the ground coordinates using the transformation matrix, TSG. The result is the

overestimation of the y-component of the estimated free wind speed, V G
0,est,y

Another effect that is seen in higher wind speeds is a negative mean offset in the z component due to tower deflection. In

the transformation from rotating-rotor to ground coordinates, the angle between yR and yG is assumed to equal the tilt angle,

but due to tower deflection the real angle is slightly larger, as it also includes the tower-top deflection angle, θtt; see Fig. 13. A

small part of Vr is therefore inaccurately projected onto zG, resulting in a small error in V0,est,z .

This error can easily be compensated for by including the tower-top deflection angle, measured by an inclinometer, in the10

transformation from rotating rotor to ground coordinates. Similarly, the blade deflection and torsion angles can be included in

the transformation from blade-section to rotor coordinates. These angles are, however, more challenging to measure, due to the

large centrifugal force.

In Case 3, a stiff structural model is simulated in turbulent inflow. As seen in Fig. 8 and 14, the discrepancies are very limited

despite the differences in the dynamic inflow model.15

Case 4 combines the flexible structure with turbulent inflow, but the BMFS-measured flow velocities are extracted in the

ground coordinates such that errors introduced in the transformation from deflected blade-section coordinates are avoided. The
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Figure 13. The tower top deflection angle, θtt, is unknown in the current method, and therefore the applied transformation matrix, TRG,

inaccurately projects a small part of Vr onto V G
r,z . The result is the small negative offset in the z-component in Fig. 9.

errors are significantly increased in all components; see Fig. 8. The reason is the mismatch between the assumed sensor velocity,

i.e. the velocity due to rotor rotation and pitch motion, and the real velocity, which also includes velocity due to dynamic

deflections of the structure. Furthermore, deviations are introduced because the free flow reference velocity is extracted at the

assumed (undeflected) sensor position, while the model estimates the velocity at the deflected sensor position; see Fig. 7. This

mismatch can be reduced, assuming that the real sensor position can be measured, e.g. using a GPS, or estimated by a method5

that includes tower and blade deflection.
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Figure 14. HAWC2 result: The free wind speed estimated in turbulent inflow for a stiff structural model (Case 3).
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In Case 5, the BMFS-measured flow velocities are extracted in deflected blade-section coordinates and error is introduced

due to the unknown orientation of this coordinate system; see Fig. 8 and 15. Higher RMS errors are therefore expected, but

in this case, the error of the y component is reduced because the error due to coordinate transformation counteracts the error

introduced by dynamic deflections.
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Figure 15. HAWC2 result: The free wind speed estimated in turbulent inflow for a flexible structural model (Case 5).

Figure 16 shows the power spectrum density of Case 5. The 1P (once per revolution) oscillating errors seen in the x and z5

component in Fig. 9 are seen around 0.2 Hz, while the deviations caused by dynamic deflections are seen in the y component

above 0.4 Hz. At first it seems strange that the energy of the y component of the estimated free wind speed is lower than the

HAWC2 reference, as the additional velocity due to the movement of the BMFS is expected to increase the energy. In reality,

however, the deflection of the structure is correlated with the turbulence, as a blade exposed to a gust will deflect. This means

that a BMFS that measures the gust relative to the deflecting blade will measure a less severe gust with less energy.10
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Figure 16. HAWC2 result:The power spectrum density of the free wind speed estimated in turbulent inflow for a flexible structural model.

Figure 17 shows the instant and revolution-averaged wind direction in a simulation with 20◦ yaw misalignment. The esti-

mated wind direction is seen to follow the HAWC2 reference with a few degrees offset due to the spurious side wind caused

by gravity induced edge-wise blade deflections.
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Figure 17. HAWC2 result: The wind direction derived from estimated free wind speed and HAWC2 reference in a simulation with 20◦ yaw

misalignment.
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Case 6 is based on the EllipSys3D/Flex5 simulations. The RMS errors are higher than in Case 4, which is the most equivalent

HAWC2 case. Note, however, that the numbers are not directly comparable due to the different turbine sizes. The time series

are compared in Fig. 18.

2

1

0

1

2

3

V
G 0
,x

 [
m

 s
1
]

EllipSys3D/Flex5 Estimated

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

V
G 0
,y

 [
m

 s
1
]

250 260 270 280 290 300

Time [s]

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

V
G 0
,z

 [
m

 s
1
]

Figure 18. EllipSys3D/Flex5 result: The free wind speed estimated in turbulent inflow (7 m s−1) based velocity in blade section coordinates

(Case 6)

For the last case, Case 7, an optimisation routine was used to find the optimal reference position. For the 7 m s−1 the lowest

RMS error was found when the estimated free velocities were compared to the free flow that hits the rotor-centre plane 2.2 s5

before and 4.2 m closer to the rotor centre. As seen in Fig. 8, the error is significantly reduced in all components. It is therefore

concluded that the relatively high error of Case 6 is more related to the difference between the turbulence at the sensor and the

reference position than to deviations introduced in the aerodynamic models and free flow estimation procedure.

Finally, Fig. 19 shows the difference between the free mean wind speed and estimated free mean wind speed at the position

of the sensor, and similarly for the standard deviation. The HAWC2 results are based on 10 minutes of simulations of the10

Siemens 3.6 MW turbine. The deviations are mainly introduced in the mapping of velocities from the deflected blade-section
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coordinate system to the ground coordinate system. The EllipSys3D/Flex5 results are based on 200 s of simulations of the

Siemens 2.3 MW turbine. These velocities are extracted in ground coordinates; i.e. deviations due to mapping are not included.

In Fig. 18, instantaneous deviations are seen, mainly because the turbulence at the sensor position is different from the free flow

turbulence at the reference position due to expansion, delay and evolvement of the flow. In this case, however, most of these

deviations are averaged out, and the error in Fig. 19 is mainly introduced by differences in the induction modelling approach.5

The error introduced in the transformation from deflected blade-section coordinates to ground coordinates are clearly seen in

all components of the HAWC2 results. In the x component, the rotor speed and torque dependent spurious side wind increases

the error of the mean wind speed up to rated rotor speed (around 9 m s−1). In the y component, the overestimation due to

blade torsion is seen. The error in the mean wind speed in the z direction, due to tower deflection, increases with the thrust

up to rated wind speed (around 11 m s−1). Above rated wind speed, the error is rather constant as increased drag on the10

tower counterbalances the decrease in thrust. Finally, the error, due to flap-wise deflection of the blades, that results in the 1P

oscillating deviations of the x and z components are clearly seen in the error of the standard deviation, which peaks with the

thrust around rated wind speed.
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Figure 19. The difference between the mean/std of the free wind speed at the position of the sensor and the mean/std of the estimated free wind

speed. The HAWC2 results are based on 10 minutes of simulations of the Siemens 3.6 MW turbine. The deviations are mainly introduced in

the mapping of velocities from the deflected blade-section coordinate system to the ground coordinate system. The EllipSys3D/Flex5 results

are based on 200 s of simulations of the Siemens 2.3 MW turbine. In this case, the deviations are mainly introduced by differences in the

induction modelling approach. Both results are obtained from simulations of a flexible structure in turbulent inflow without shear.
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5 Conclusions

In this paper, a method to estimate the undisturbed free inflow velocities from the flow velocities measured by a blade-mounted

flow sensor, BMFS, has been presented and verified. The method includes a combination of aerodynamic models and proce-

dures to estimate the free flow velocities from the measurements of a BMFS. The aerodynamic models comprise BEM-based

models for axial and tangential induction, a radial induction model and tip loss correction as well as models for skew and5

dynamic inflow. Some of these models require information, e.g. the average thrust coefficient of the whole rotor, that cannot

be obtained from a BMFS. In these cases, approximations are used even though they are expected to introduce errors. Most

of the models also take as input the free wind speed which is the final output of the current method. An iterative procedure is

therefore used to find the estimated free wind speed.

The method has been verified on HAWC2 simulations. This verification reveals that the method works well and provides10

accurate results when using a stiff structural model. Using a flexible structural model, larger deviations are seen. These devia-

tions are caused by the rotation of the sensor due to the deflection and torsion of the tower and blade, movement of the sensor

due to turbulence induced dynamic deflections of the structure, and the mismatch between the turbulence at the real deflected

sensor position and the reference position, i.e. the assumed (undeflected) sensor position. These effects are highly dependent

on the wind speed and the structural design.15

Furthermore, the method has been verified by simulations performed using EllipSys3D/Flex5; a flexible structural model

coupled with a large eddy simulation (LES) flow solver. In these results, the free velocities estimated by the current method

deviate more from the simulated free velocities, but it is concluded that the error is more related to the difference between the

turbulence at the sensor and the reference position than to errors introduced in the aerodynamic models and free flow estimation

procedure.20
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Abstract.

In this paper, inflow information is extracted from a measurement database and used for aeroelastic simulations to investigate

if using more accurate inflow descriptions improves the accuracy of the simulated fatigue loads.

The inflow information is extracted from the nearby met masts and a blade-mounted five-hole pitot tube. The met masts

provide measurements of the inflow at fixed positions some distance away, whereas the pitot tube measures the inflow while5

rotating with the rotor.

The met mast measures the free-inflow velocity, but the measured turbulence may evolve on its way to the turbine, pass

besides the turbine, or the mast may be in the wake of the turbine. The inflow measured by the pitot tube, on the other hand,

is very representative of the wind that acts on the turbine as it is measured close to the blades and includes variations within

the rotor plane. This inflow is, however, affected by the presence of the turbine, and therefore an aerodynamic model is used to10

estimate the free-inflow velocities that would have been at the same time and position without the presence of the turbine.

The inflow information used for the simulations includes the mean wind speed and trend, the turbulence intensity, wind shear

profile, atmospheric stability dependent turbulence parameters, and azimuthal variations within the rotor plane. In addition, the

instantly measured wind speed is used to constrain the turbulence.

It is concluded that the period-specific turbulence intensity must be included in the aeroelastic simulations to make the15

range of the simulated fatigue loads representative for the range of the measured fatigue loads. Furthermore, it is found that

the one-to-one correspondence between the measured and simulated fatigue loads is improved considerably by using inflow

characteristics extracted from the pitot tube instead of the met-mast-based sensors as input for the simulations. Finally, the use

of pitot-tube wind speed to constrain the turbulence is found to decrease the variation of the simulated loads due to different

turbulence realisations (seeds), such that the need for multiple simulations is reduced.20

1 Introduction

Aeroelastic simulations are extensively used in the development of modern wind turbines. These simulations are used to

estimate the dynamic response of the wind turbine structure in both the research, the design and the certification phase; they

are used to investigate new concepts, evaluate different designs, and to prove that the life-time fatigue and extreme loads are

below the capability limits of the components.25
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Aeroelastic simulations are typically based on simplified models of the wind-turbine structure, its aerodynamic properties

and the inflow conditions. Often, standard or the site-average turbulence parameters and shear profile are used for the inflow

modelling. This approach makes it possible to compare the simulation results with the average load level of the measurements

despite the often massive measurement scatter, which is mainly caused by different inflow conditions; see the example in Fig.

1 (left).5
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Figure 1. Two approaches for comparing the measured and simulated loads. Left: The traditional approach where the site-average turbulence

characteristics and shear profile are used as input for the aeroelastic simulations. The results are compared to the measured average load levels.

Right: The suggested one-to-one approach where measured inflow characteristics are extracted from selected time series. The simulation

results are compared to the corresponding measurement observation. Note that the simulation error bars are offset 1 ms−1 to the right to

increase clarity.

In this paper, the effects of using more specific inflow characteristics for aeroelastic simulations are investigated. The idea is

to select single measurement time series and extract information for more accurate inflow fields, i.e. descriptions of the mean

inflow velocities, as well as the turbulent fluctuations. These inflow fields are subsequently used as input for numerical load

simulations, and the simulated loads are compared to the original measured loads; see Fig. 1 (right).

As seen in Fig. 2, the measured blade-root fatigue load increases with the wind speed. The scatter is, however, massive.10

Different levels of turbulence intensity can explain some of the variation, especially for low wind speeds, but a lot of the

variation is caused by a combination of other factors, e.g. variability in wind shear profile, atmospheric stability, etc. The

hope is, therefore, that it will be possible to select a period of interest, extract the inflow characteristics, and thus reproduce

the period in an aeroelastic simulation giving similar loads. In this way, the reason for the high loads can be investigated and

subsequently used to predict future loads with higher accuracy. In addition, the measurement period required for load validation15

can potentially be reduced by using a reduced set of single time series instead of the average of a large measurement dataset.
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Figure 2. The blade-root flap-wise fatigue load plotted as a function of wind speed and coloured by turbulence intensity. The turbulence

intensity affects the blade-root fatigue loads. Much of the scatter is, however, caused by other factors.

The inflow characteristics required for the description of the more accurate inflow fields can be extracted from cup or sonic

anemometers at a nearby met mast, if the anemometers are exposed to similar inflow conditions. This means that the mast must

be close to the turbine, but out of the rotor induction zone. Furthermore, wind directions where the anemometers are in the

wake of turbines or the mast itself must be discarded, as well as situations where the turbine is in the wake of other turbines.

In addition, anemometers at different heights are required to measure the shear profile.5

The inflow parameters can, alternatively, be obtained from a blade-mounted flow sensor, BMFS. Mounted at the blade, a

BMFS is exposed to exactly the same inflow conditions as the turbine, and that goes for all wind directions. In addition, a

BMFS also provides valuable information about the variation within the rotor area.

A BMFS is, however, located inside the rotor induction zone, and therefore a method to compensate for the presence of the

turbine is required; i.e. a method that takes the flow velocities measured relative to the BMFS and calculates the free-stream10

inflow velocities that would have been observed at the same time and location without the presence of the wind turbine. In

this study, the method presented by Pedersen et al. (2018) is used. This method uses a combination of aerodynamic models to

estimate the disturbance that the turbine induces on the free-stream inflow.

In the right setup, lidars are able to provide information similar to a BMFS – in fact, the BMFS could be a lidar as in the

experiment by Pedersen et al. (2013). Typically, however, lidars are mounted on the nacelle or on the ground, and set up to15

measure the inflow some distance up- or downstream, in which case they have other advantages and drawbacks.

The current study is based on the measurement database established during the DAN-AERO project (Madsen et al., 2010b),

where a 3.6MW Siemens wind turbine at Høvsøre Test Centre for Large Wind Turbines was equipped with a blade-mounted

3
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five-hole pitot tube. The aeroelastic simulations in this study are performed using HAWC2, which is a non-linear aeroelastic

code intended for computing wind turbine response in time domain (Larsen and Hansen, 2007).

2 Method

From the measurement database (see Section 2.1), 20 different 10-min periods, denoted P1 - P20, are extracted. These periods

are selected to be no-wake situations representing a wide range of load levels at 8 and 14 ms−1; i.e. below and above the rated5

wind speed. From each period, inflow characteristics are extracted for the simulation cases, Cases 1 - 5, which utilise different

details about the inflow, e.g. wind speed trend, turbulence intensity, shear etc.

For each of the selected periods, these inflow characteristics are used as input for a set of six simulations with different

turbulence realisations (seeds). Finally, the simulated loads are compared to their measured counterparts.

2.1 Site, turbine, sensor and data overview10

The measurement database used in this study was recorded from April to July 2009 as part of the DAN-AERO project (Madsen

et al., 2010b; Troldborg et al., 2013). It contains 9600 data files with 10-minute measurements from a Siemens 3.6 MW

wind turbine located at Høvsøre Test Site for Large Wind Turbines in Denmark, as well as measurements from the nearby

met masts; see Fig. 3. The rotor diameter is 107 m and the hub height is 89.5 m. The turbine was equipped with blade-root

bending-moment sensors and a blade-mounted five-hole pitot tube.15

As seen in Fig. 3, the turbine was located in the middle of a row of five megawatt wind turbines. Mast3, which is located

around 2.5 diameters west of the turbine, provides hub-height wind-speed observations, while the main met mast, 820 m south

of the turbine, measures the wind speed at six different heights ranging from 10 to 116.5 m.

2.2 Blade-mounted five-hole pitot tube

During the measurement period, an Aeroprobe CPSPY5 five-hole pitot tube was mounted on one of the blades in radius 36 m,20

i.e. around one third from the tip. A five-hole pitot tube measures the relative flow speed as well as the flow angle at two

perpendicular planes. From this information, the relative 3D flow velocity can be calculated, and subtracting the velocity due

to sensor movement yields the flow velocity in the rotor plane; see Pedersen et al. (2017) for more details. In this study, the

velocity due to sensor movement is calculated based on the rotor rotation and the pitch motion. This means that movement due

to dynamic tower and blade deflection is not included, and some discrepancy is therefore expected.25

The flow velocity is mapped from the rotating blade section coordinate system to fixed global coordinates. In this process,

additional uncertainty is introduced, as the exact orientation of the blade section is unknown due to the deflection and torsion

of the structure.

Finally, the wind turbine induction, i.e. the disturbance of the inflow field caused by the presence of the rotor, is estimated us-

ing a combination of aerodynamic models. In this study, the aerodynamic models comprise blade-element-momentum (BEM)30

4

Wind Energ. Sci. Discuss., https://doi.org/10.5194/wes-2018-4
Manuscript under review for journal Wind Energ. Sci.
Discussion started: 3 April 2018
c© Author(s) 2018. CC BY 4.0 License.



Høvsøre test site for large turbines

250m

820m

T
h

e
 N

o
rt

h
 S

e
a

Wind turbines

Siemens 3.6-107 (hub: 89.5m) 
- Power,RPM,rotor position,pitch,yaw 
- Blade-root-flap and -edge moment 
- Pitot tube in 36m

Mast3
- Wsp: 91.5m

Main met mast
- Wind speed: 10m, 40m, 60m, 

                  80m, 100m, 116.5m
- Wind direction: 10m, 60m and 100m

Figure 3. Overview of the Høvsøre Test Site for Large Wind Turbines in Denmark. The Siemens turbine is located in the middle of a row of

five megawatt turbines.

based models for axial and tangential induction, a radial induction model and tip loss correction as well as models for skew

and dynamic inflow.

Subtracting the estimated induction from the measured flow velocity results in an estimate of the free-stream inflow velocity

that would have been observed at the same time and location without the presence of the turbine. In this step, uncertainty is also

introduced due to the mismatch between the applied simple engineering models and the complex real world. The process and5

the introduced uncertainty are described in detail by Pedersen et al. (2018) that also, based on numerical simulations, conclude

that the estimated free wind speed obtained from a BMFS is relatively accurate. Whether the introduced uncertainties outweigh

the advantage of measuring at the blade will be investigated in this study.

2.3 Calibration of load sensors

The blade-root load sensors comprise flap- and edge-wise bending-moment sensors on all three blades. They are located 3.2 m10

from the hub centre.

A subset of the sensors is found to drift considerably with the temperature. A linear temperature correction is therefore applied

before the calibration.

The edge-wise bending-moment sensors are calibrated using a set of time series measured at low wind speed and with pitch

angles around 0◦. In these cases, the edge-wise loads are dominated by the gravity loading, and the loads are therefore fitted to15

5
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a sinusoidal signal with magnitude equal to the own-weight moment of the blade:

Minimise
a,b

( ∑

θrotor

|aMy(θrotor) + b−Mow sin(θrotor)|
)

(1)

where a and b are calibration factors, My is the measured edge-wise bending moment, θrotor is the rotor position and Mow is

the moment when the blade is in horizontal position due to the weight of the blade from the load sensor to the tip.

Similarly, the flap-wise bending-moment sensors can be calibrated using time series measured at a low wind and 90◦ pitch5

angle. The measurement database, however, contains no time series with 90◦ pitch and low wind, and it was therefore necessary

to use time series with lower pitch angles for the calibration. Hence, the pitch angle must be included in the calibration formula:

Minimise
a,b

( ∑

θrotor

|aMx(θrotor) + b−Mow sin(θpitch)sin(θrotor)|
)

(2)

where Mx is the measured flap-wise bending moment, and θpitch is the pitch angle.10

The mean flap-wise bending moments of the three blades are not equal after this calibration. This is, however, justified as

the measured pitch angles of blade 2 and 3 are offset by around -0.4 and +1◦ respectively, compared to blade 1. These pitch

offsets are included in the simulations.

2.4 Derived tower load sensors

The current measurement database contains no tower-load sensors. The dynamic tower loads are, however, mainly induced by15

the aerodynamic blade loads, and it is therefore possible to derive tower-load estimations from the blade-root loads sensors.

The tower-bottom fore-aft bending moment is dominated by the constant weight of the rotor and the dynamic thrust on the

rotor. The thrust is related to the rotor-plane projection of the blade-root bending moments (i.e. mainly the flap-wise bending

moments) and using a linear calibration a good approximation can be achieved for a certain wind speed:

MTBforeaft,est = atb
∑

i=1..3

MBRi + btb (3)20

where MTBforeaft,est is the estimated tower-bottom fore-aft bending moment, MBRi is the rotor-plane projection of the

blade-root bending moment of blade i, and atb and btb are calibration constants.

Similarly, approximations of the tower-top tilt and yaw moments can be formulated:

MTTtilt,est = atilt
∑

i=1..3

MBRi cos
(
θrotor −

2i
3
π

)
+ btilt (4)

MTTyaw,est = ayaw
∑

i=1..3

MBRi cos
(
θrotor −

2i
3
π+

π

2

)
+ byaw (5)25

The derived tower-load sensors have been calibrated based on HAWC2 simulations. Applied to other HAWC2 simulations

with similar wind conditions, the tower loads derived from the blade-root sensors fit quite well with the actual simulated tower

loads; see the example of 8 ms−1 in Fig. 4.

6
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The calibration constants are, however, dependent on the wind speed. Hence, the fine agreement seen in Fig. 4 is only

obtainable when using the correct wind-speed-specific calibration constants.
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Figure 4. Comparison of the HAWC2 simulated tower loads and the derived tower loads, which is derived from the HAWC2 simulated

blade-root load sensors and calibrated for 8 ms−1.

The calibration constants are therefore determined for wind speeds ranging from 4 to 15 ms−1 and interpolated based on the

revolution-averaged pitot-tube mean wind speed. To test the calibration, the equivalent fatigue load of the derived tower-load

sensors have been calculated for five independent simulation sets. The estimated loads are then compared to the HAWC2-5

simulated "real" tower loads. The relative error is shown in Fig. 5.

At low wind speeds, the tower-bottom bending moment is dominated by structural loads while the impact of the aerodynamic

blade loads is limited. Hence, the derived tower-bottom sensor deviates considerably from the simulated tower-bottom signal,

and the fatigue load error is relatively high; see Fig. 5. The derived tower-bottom fore-aft loads will therefore be discarded

for wind speeds below 6 ms−1. In all other cases, the mean error is less than 5 %. Note that this deviation will not affect the10
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Figure 5. Relative fatigue load error of the derived tower load sensors compared to the HAWC2 simulated tower loads. The derived tower load

sensors are obtained from the HAWC2 simulated blade-root load sensors and calibrated using wind-speed-dependent calibration constants.

discrepancies between the measurements and simulations in the results section directly, as the presented tower loads in both

cases will be derived from the blade-root loads even though the "real" tower loads are also simulated directly by HAWC2.

2.5 Simulation model

The simulations used in this study are performed using HAWC2 - a non-linear aeroelastic code intended for computing wind

turbine response in the time domain (Madsen et al., 2010a, 2012; Kim et al., 2013; Larsen et al., 2015).5

The turbine model used for the simulations is based on the structural and aerodynamic data of the Siemens 3.6 MW turbine,

which was tested at Høvsøre in 2009 during the DAN-AERO project; see Section 2.1. Within the HAWC2 framework, the

turbine is controlled by the Basic DTU controller (Hansen and Henriksen, 2013), and the blades are modelled with slightly

different pitch angles to match the offsets seen in the measurements; see Sect. 2.4.

2.6 Inflow characteristics10

In this section, the inflow characteristics used for the different cases are described; see an overview of the 5 cases in Table 1.

Cases 1 - 3 are based on met-mast sensors, while Cases 4 and 5 are based on the estimated free-stream pitot-tube wind speed;

see Sect. 2.2. Table 2 gives an overview of the actual inflow parameters extracted from the 20 periods.

8
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Table 1. Case overview.

Case Wsp Wsp trend Tint Shear L, Γ αε fitted to Constrained to

Case 1 Mast3 - Site avg. Site avg. Standard - -

Case 2 Mast3 Mast3 - Main met mast Stability dependent Mast3 variance -

Case 3 Mast3 Mast3 - Main met mast Stability dependent Mast3 variance Mast3 wsp

Case 4 Pitot Pitot - Pitot (power-law) Standard Pitot variance -

Case 5 Pitot Pitot - Pitot (grid) Standard Pitot variance Pitot wsp

Table 2. Inflow characteristics of P1 - P20.

Wsp Trend Turb. int. Power shear exp. Stability

[ms−1]
[

ms−1

10min

]
[%] [-]

Obtained from M 1 P2 M1 P2 S3 M1 P2 S3 M1 P2 M1

P1 2009-07-02 05:30 8.1 7.9 -0.2 -0.2 7.8 3.5 2.8 0.09 0.21 0.15 Stable

P2 2009-07-05 17:10 8.0 7.5 -0.2 0.2 7.8 3.1 3.4 0.09 0.08 0.03 Very unstable

P3 2009-05-10 19:00 8.0 8.2 -0.2 0.1 7.8 5.3 3.0 0.09 0.09 -0.01 Unstable

P4 2009-07-05 08:50 8.1 7.5 -0.3 -0.4 7.8 7.1 5.9 0.09 0.09 0.00 Very unstable

P5 2009-07-05 14:30 7.9 7.5 0.1 0.5 7.8 9.2 7.0 0.09 0.06 0.01 Very unstable

P6 2009-07-05 09:10 8.0 7.6 -0.6 -0.7 7.8 5.2 6.1 0.09 0.06 -0.00 Very unstable

P7 2009-07-05 02:10 8.1 7.8 -2.9 -1.6 7.8 7.0 6.1 0.09 0.13 0.02 Neutral

P8 2009-05-10 10:30 7.9 8.1 0.9 1.3 7.8 8.1 6.0 0.09 0.07 -0.01 Very unstable

P9 2009-07-05 00:10 8.1 7.5 1.3 2.0 7.8 7.0 7.3 0.09 0.12 0.01 Unstable

P10 2009-05-24 20:50 8.1 7.9 -1.7 -1.9 7.8 6.9 7.7 0.09 0.10 -0.00 Very unstable

P11 2009-07-09 04:50 13.8 13.7 0.6 0.4 7.2 5.6 4.6 0.13 0.13 0.03 Very unstable

P12 2009-07-09 02:20 13.9 13.6 -0.6 -0.5 7.2 5.8 4.8 0.13 0.12 0.04 Near unstable

P13 2009-05-23 03:30 14.3 14.4 1.6 2.2 7.2 8.0 6.5 0.13 0.13 0.09 Unstable

P14 2009-05-23 00:40 13.8 13.5 -1.0 0.2 7.2 7.2 6.9 0.13 0.13 0.07 Near unstable

P15 2009-05-09 01:30 13.8 13.6 0.6 0.5 7.2 6.9 6.3 0.13 0.15 0.07 Neutral

P16 2009-05-23 02:00 14.1 13.4 -1.2 -0.7 7.2 5.7 6.6 0.13 0.13 0.11 Near unstable

P17 2009-05-09 01:10 14.0 13.4 0.0 0.1 7.2 6.9 6.6 0.13 0.15 0.06 Neutral

P18 2009-05-09 01:40 14.0 13.6 -0.4 1.0 7.2 6.3 5.2 0.13 0.15 0.07 Neutral

P19 2009-07-09 03:50 14.2 13.8 1.2 1.5 7.2 5.8 7.0 0.13 0.12 0.03 Unstable

P20 2009-05-23 02:40 14.0 13.8 1.4 0.2 7.2 8.3 7.6 0.13 0.13 0.12 Near unstable
1 Mast 3 / main met mast
2 Pitot tube
3 Mast 3 / main met mast (Site average)
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2.6.1 Wind speed

In Cases 1 - 3, the 10-min-mean wind speed measured at Mast3 is used. Mast3 is located around 2.5 diameters to the west of

the turbine; see Fig. 3. Its 10-min-mean wind speed is therefore expected to match the mean wind speed at the rotor quite well

in the selected periods.

In Cases 4 and 5, the mean wind speed is extracted from the estimated free-stream pitot-tube wind speed. To avoid the5

problem that the mean wind speed is influenced by non-linear shear, only observations recorded in 85 - 95 m are included (i.e.

the hub height ±5 m at both sides of the rotor).

2.6.2 Wind speed trend

In some of the selected periods, the mean wind speed changes considerably during the period. A linear wind-speed trend is

therefore calculated for all periods and included in the simulations in all cases except Case 1.10

Wind speed trends may result in increased loads, e.g. tower-bottom fatigue loads, as the trend will contribute with one (large)

cycle. Furthermore, the target turbulence intensity will be too high if calculated from the standard deviation of the raw wind

speed signal. Note, however, that periods with wind speed trends may be problematic as it means that the turbulence conditions

are not stationary, and the theory behind the applied turbulence model assumes stationary conditions.

2.6.3 Shear and mean wind speed variation15

The wind shear profile has a high impact on the flap loads as well as on the tower-top tilt and yaw loads. The 10-min-mean

wind speed is not known in all parts of the rotor, and therefore a shear model is necessary. In this study, the power-law shear

profile is used, and it is fitted to one hour of measurements. As the wind may change during one hour, we would like to base

the shear profile on the selected 10-min observations. The 10-min-mean vertical profile, however, can have almost any shape,

and therefore a longer time period is usually required to make a proper power-profile fit.20

In Case 1, the site-average wind-speed-dependent shear profile is used while the mean wind speeds at different heights,

measured at the main met mast 850 m away, are used to estimate the vertical shear profile for Cases 2 and 3. Note that the main

met mast has sensors up to 116.5 m, and the upper part of the rotor is therefore not represented.

It is possible to use the measured 10-min pitot-tube shear profile directly inside the pitot tube altitude range, but another

approach is required outside this range. A power-law shear profile is therefore fitted to one hour of the estimated free-stream25

pitot-tube wind speed and used for Cases 4 and 5.

Ideally the 10-min-mean wind speed is known everywhere at the rotor. This is obviously not the case, but from the pitot tube

measurements, the 10-min-mean wind speed at the path of the pitot tube can be extracted and used to specify the mean wind

speed in a grid covering the rotor; see Fig. 6 (left). This information is used in combination with the one-hour power-shear

profile (Fig. 6 (middle)) to specify a grid-based mean wind speed for Case 5; see Fig. 6 (right).30
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Figure 6. Left: wind speed based on nearest pitot-tube wind speed (interpolated values are used in a 30◦ sector around the tower to the

exclude effects of tower shadow). Middle: wind speed based on the one-hour power-shear profile. Right: wind speed based on the nearest

pitot-tube wind speed and power shear profile.

The aerodynamic models that are used to estimate the free-stream pitot-tube wind speed do not include a model of the tower

shadow. The wind speed drop due to tower shadow should not, however, be included in the inflow input to the simulations. The

mean wind speed is therefore linearly interpolated in a 30◦ sector around the tower as indicated in Fig. 6 (left).

2.6.4 Turbulence

The turbulence used in the simulations is generated using the Mann turbulence model (Mann, 1994, 1998). This model requires5

three parameters as input: a length scale of the spectral velocity tensor,L, an energy dissipation factor, αε, and a shear distortion

parameter, Γ. Standard parameters can be used, or they can be fitted to the turbulence spectra calculated from a long period of

e.g. 3D sonic measurements.

For Cases 1, 4 and 5, standard values are used for L and Γ as specified in IEC 61400-1 (2005) while fitted values are used

for Cases 2 and 3.10

The Mann turbulence model assumes neutral atmospheric stability conditions. The parameters can, however, be fitted to

spectra non-neutral stability classes where slightly different parameters are obtained. The stability-dependent parameters used

for Cases 2 and 3 (see Table 3) are extracted from Peña et al. (2010) who investigated the turbulence at the current site.

Standard- or long-term-average values may be appropriate for L and Γ, but as we want to simulate the current situation and

not a monthly or yearly average, another approach is required for the αε-parameter that for fixed L and Γ is closely related to15

the turbulence intensity and, thus, the fatigue loads.
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Table 3. Standard and stability dependent turbulence parameters.

Length scale, L Shear distortion, Γ

Standard (IEC) 33.6 3.9

Very stable 7.7 2.88

Stable 11.6 2.79

Near stable 24.6 2.68

Neutral 33.1 2.57

Near unstable 50.8 3.32

Unstable 69.2 2.09

Very unstable 79.1 1.54

In Case 1, the turbulence is scaled after generation, such that the turbulence intensity in the centre of the turbulence field

matches the turbulence intensity measured by Mast3 in the selected period. This approach is convenient as it ensures agreement

between the measured and simulated hub-height turbulence intensity. It may, however, result in energy from scales that are not

represented in the turbulence model being distributed on other frequencies. Furthermore, the approach is inappropriate if the

centre of the turbulence field is not representative for the whole field.5

In Cases 2 - 5, the αε parameter is defined, such that the integral of the uu-Mann-model spectrum equals the integral of the

measured uu spectrum. For Cases 2 and 3, the measured uu spectrum is obtained from the detrended wind speed measured by

Mast3, while the pitot-tube-based wind speed is used for Cases 4 and 5.

Due to the low fixed-position resolution of the pitot-tube wind speed, only the low frequency part of the uu spectrum can

be obtained from the pitot tube, and this part is not suitable for fitting. Assuming that the turbulence field is homogeneous, the10

uu spectra are therefore calculated from all of the pitot tube observations after subtracting the position-dependent mean wind

speed and trend. The resulting spectra are very different from the normal fixed-position spectra because the pitot tube moves

in and out of turbulence structures, as also reported by Hardesty et al. (1981) and Verholek (1978), and theoretically described

by Kristensen and Frandsen (1982). The variance of the turbulence, i.e. the integral of the spectrum, is, however, independent

of the frame of reference.15

In Cases 3 and 5, the measured wind speeds are used as the input to a constraint turbulence simulator that modifies existing

turbulence fields, e.g. stochastic realizations of the Mann turbulence model, to reproduce the specified wind speeds at the

corresponding positions while preserving the statistics. The applied constraint turbulence simulation approach is described by

Nielsen et al. (2003). In Case 3, the wind speed measured by Mast3 is used to constrain the turbulence at the position of Mast3,

while the pitot-tube wind speed is used to constrain the turbulence in Case 5 at the instantaneous position of the rotating pitot20

tube.
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3 Results

Figures 7, 8 and 9 show the equivalent loads coloured by turbulence intensity, shear and atmospheric stability, respectively.

The strongest dependence on these three single parameters is seen by the tendency to stratification in the flap and tower-bottom

loads for low wind speeds, where the lowest loads are seen to occur in stable conditions with low turbulence intensity and high

shear. The colours are, however, rather mixed, and wide areas have similar colours. It is therefore concluded that the scatter5

is somewhat independent of these three single parameters, and a more sophisticated approach, which considers the actual

combination of inflow parameters, is required to predict the loads of specific periods.

Figure 7. 1 Hz equivalent loads coloured by the turbulence intensity measured at Mast3.
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Figure 8. 1 Hz equivalent loads coloured by the power shear coefficent extracted from the main met mast.
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Figure 9. 1 Hz equivalent loads coloured by atmospheric stability extracted from the main met mast.
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An overview of the mean absolute relative error of the different cases can be found in Fig. 10, while Fig. 11 shows the

distribution of the relative simulation errors. Figure 12 shows how to interpret Fig. 13 - 16, which offer more details of the

cases by showing the measured and simulated loads of P1 - P20.

Figure 10. Mean absolute error of the simulated equivalent loads.
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Figure 11. Error distribution of the simulated equivalent loads.
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8 m/s, P1-P10

Simulation mean +/- 1 std.
Markers are offset around
1m/s for clarity

14 m/s, P11-P20

Equivalent load of 
measurement period 1-10

5 May 2009 17:10
Simulation load 18% lower 
than measured load

Equivalent load of all
measurements with 
wind from west

Figure 12. Example showing how to interpret Fig. 13 - 16. The title states that the figure shows the equivalent flap-wise bending moment of

blade A. The grey background dots represent the equivalent loads of all measurements with wind from the west; i.e. no-wake situations. The

20 selected periods, P1 - P10 at 8 ms−1and P11-P20 at 14 m/s, are illustrated by dots connected to error bars. The dots show the measured

equivalent load and wind speed while the error bars illustrate the simulated mean loads ±1σ. Note that the error bars are offset around

1 ms−1to the right for clarity. The red dot and error bar, for instance, represent P2; i.e. 7th May, 17:10 - 17:20. The equivalent load measured

in this period was around 830 kNm, while the six corresponding simulations have a mean load level around 682 kNm and a standard deviation

of 16 kNm.
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In Case 1, only the wind speeds are different between the periods. The load levels within the two wind-speed groups are

therefore very similar as seen in Fig. 13. In this case, the simulated loads do not reflect the measured load variation, and the

mean absolute relative error seen in Fig. 10 is therefore high, especially for the flap and tower-bottom loads at 8 ms−1 where

the relative variation is huge, but also in the tilt and yaw moments at 14 ms−1 where the simulated loads are too high. It should

also be noted that the variation of the simulations due to different turbulence realisations (seeds) does not reflect the measured5

variation, except for the yaw and tilt moment in the high-wind situations.
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Figure 13. Case 1. Site average turbulence intensity and shear (wind speed trend neglected). For interpretation see Fig. 12.
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In Case 2, information about the wind speed trend, the measured turbulence level and shear profile is included in the

simulations.

Including the wind speed trend increases the loads considerably in some periods. In P7, for example, the mean wind speed

decreases 2.9 ms−1 (linear fit) during the 10 minutes; see Table 2. Including this trend increases the flap and tower-bottom

fatigue loads by around 30 %. It indicates that wind-speed trends are important to include in simulations for load validations.5

In the selected periods, the turbulence intensity varies from 3.1 to 9.2 %. Including this information makes the range of the

simulated loads reflects the range of the measured loads. The turbulence scaling approach, which is used for Case 1, is found

to introduce substantial variation due to different turbulence realisations (seeds). This variation is considerably reduced in this

and the succeeding cases by fitting the αε turbulence parameter. Seen in isolation, the αε-fitting method reduces the average

seed-induced variation of yaw loads at 14 ms−1 from 450 kNm to 90 kNm, while the maximum error of the tilt and yaw10

moments at 14 ms−1 is approximately reduced from 80 % to 40 %.

The terrain is rather flat towards the west, and the power-shear exponents are therefore modest (0.06 to 0.21), and in general

similar to the site-average values (0.09 for 8 ms−1 and 0.13 for 14 ms−1). The largest difference is found in P1, where the

shear coefficient is increased from 0.09 to 0.21, which seen in isolation increases the simulated flap loads of this period by

9-18 %. In general, however, the effect of including the measured shear profile is limited, but the situation may be different if15

periods with wind from other directions were also considered.

Furthermore, the stability dependent L and Γ parameters are used for the turbulence generation. Using these non-standard

parameters, affects the flap and tower-bottom loads significantly in some periods. In P1 (stable conditions), the tower-bottom

load decreases by 22 %, while it increases by 20 % in P11 (very unstable conditions). In these periods, however, the error of

the simulated loads is not reduced.20

Figure 10 reveals that the mean error of all loads is significantly reduced by utilising these inflow characteristics. The

correlation between the measured and simulated load levels is, however, still poor. The simulated tower-bottom load of P5, for

instance, is up to 67 % too high, and the measured tilt-moment fatigue loads of P2 and P5 are almost equal, but they account

for the minimum and maximum simulated loads, respectively; see Fig. 14
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Figure 14. Case 2. Best case based on met mast inflow information. For interpretation see Fig. 12.
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In Case 3, constraint turbulence simulation has been applied to constrain the turbulence to match the Mast3 wind speed at

the position of Mast3, i.e. 250 m upstream. It has an effect on most of the simulated loads, but it slightly increases the mean

error of all load sensors; see Fig. 10.

The biggest error increase is seen for P5, which has a distinct drop in the wind speed measured by Mast3 in the middle of the

period. In the simulations, a similar drop, introduced by the constraint turbulence simulator, is transported unaffected with the5

steady mean wind to the turbine in agreement with Taylor’s frozen turbulence hypothesis (Taylor, 1938). Around 30 s later, the

same wind speed drop therefore hits the turbine and induces significant fatigue loads. In the real world, however, the turbulence

structures changes, the mean wind is not always steady, and the wind-speed drop may even pass beside the turbine. In P5, a

small drop is measured in the flap-wise bending moment, but it is only half the size of the simulated drop.

Case 4 uses inflow characteristics extracted from the estimated free-stream pitot tube wind speed. As seen in Table 2, these10

characteristics are different from the met mast characteristics; the mean wind speed deviates up to 0.77 ms−1, the wind speed

trend up to 1.45 ms−1, the turbulence intensity up to 2.3 % and the power shear coefficient up to 0.11.

The mismatches are caused by the spatial distance between the locations of measurements, fundamental differences in the

sensor technology and measurement method, and the uncertainties introduced in the conversion from pitot-tube measurement

to free-stream wind speed in the fixed global coordinates; see section 2.2.15

Compared to Case 2 (the most equivalent met-mast case), all mean errors decrease by 5 % or more except the mean error of

the tilt moment at 8 ms−1; see Fig. 10. The error ranges also decrease considerably for the flap and tower-bottom loads (see

Fig. 11), while they are similar for the tilt- and yaw-moment error.
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Figure 15. Case 4. Best case based on pitot tube inflow information. For interpretation see Fig. 12.
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In Case 5, the measured mean-wind-speed variations within the rotor is modelled, and furthermore, the instant measured

pitot tube wind speed is used to constrain the turbulence model.

Modelling the measured mean-wind-speed variations via the grid-based approach (exemplified in Fig. 6) increases all loads,

except the yaw moments. In some periods, the flap load increases up to 15 %, and seen in isolation, the use of this approach

slightly decreases the error of most of the simulated loads. It may be that the mismatch introduced by extrapolating the wind5

speed measured on the pitot tube path to the whole rotor area almost neutralises the positive effects, in which case more pitot

tubes would be beneficial.

In this case, the turbulence field is generated using standard L and Γ parameters and constraint turbulence simulation. In

theory, this approach is problematic as the statistics of the applied constraints may be different from the standard parameters,

such that the constraint turbulence simulator needs to compensate in other parts of the turbulence field to obtain the requested10

statistics. Using the stability-dependent L and Γ parameters instead has been tried. It was found to have a small positive effect

on the errors at 8 ms−1 and a similar small, but negative, effect on the errors at 14 ms−1. We have therefore chosen to use the

standard parameters in this case, to avoid the need for met-mast measurements to determine the stability conditions.

In the selected periods, the use of constraint turbulence simulation reduces the mean error for all load sensors. Furthermore,

the range of the simulated loads due to different turbulence realisations decreases considerably, such that the need for multiple15

simulations with different seeds is reduced; see Fig. 16.

In Cases 5, the range of the simulated loads reflects the range of the measured loads. They are therefore assumed to be much

more suitable for load extrapolation than the loads of Case 1.

The derived tower loads are slightly underestimated at 8 ms−1and overestimated at 14 ms−1. These deviations may be

introduced by the tower-load derivation and calibration procedure, uncertainties in the measured pitch angle offsets, and by20

different control behaviour due to differences between the Siemens controller and the Basic DTU controller.

Only a few of the lines that connect the measured and simulated flap and tower-bottom observations intersect, meaning that

the inflow conditions that result in high load levels in the measurements also result in high load levels in the simulations and

vice versa. The same tendency is seen for the tilt and yaw moment at 14 ms−1.
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Figure 16. Case 5. Best case based on pitot tube inflow information. For interpretation see Fig. 12.
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At the beginning of this section, it was concluded that an advanced approach that considers combinations of inflow pa-

rameters would be required to predict the loads of specific periods. Aeroelastic simulations can be considered to be such an

approach, and to compare to the single parameter approach in Fig. 7, 8 and 9, two additional simulation sets were performed.

Both sets comprise 970 simulations representing all suitable periods in the measurement database (one seed per period). In the

first set, inflow information is extracted from the met masts (similar to Case 2) while the second set is based on information5

from the pitot tube (similar to Case 5). Figure 17 and 18 show the equivalent loads, coloured by the HAWC2-simulated load

relative to the wind-speed-dependent measured load range. This means that the red dots represent periods where the simulated

load equals the maximum measured load at that wind speed, while the blue dots represent periods where the simulated load

equals the minimum measured load. In other words, unmixed rainbow-coloured scatter means that the measured and simulated

loads are similar and that the measured scatter can be predicted.10

The most promising result is seen in the flap and tower-bottom loads coloured by the pitot-tube-based simulations (top row

of Fig. 18) where the scatter is almost rainbow-coloured. This means that HAWC2 simulations with inflow characteristics

extracted from the pitot tube are able to explain most of the measured flap and tower-bottom load scatter. The met-mast-based

counterparts (top row of Fig. 17) are more mixed, even though most of the red observations are in the upper part of the scatter

and most of the blue observations are in the lower part.15

The tilt and yaw moment scatter, on the other hand, cannot be explained using these approaches. In both cases, most high-

load observations are underestimated from 4 to 8 ms−1 and from 10 to 12 ms−1, while low-load observations are overestimated

from 8 to 10 ms−1 and above 12 ms−1.
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Figure 17. Equivalent measured loads, coloured by the corresponding simulation result. The simulations are performed using inflow infor-

mation from the met masts, similar to Case 6 (but only one seed per period). If the simulated load equals the maximum measured load at

the current wind speed, then the observation is red, while observations where the simulated load equals the minimum load measured at the

current wind speed are blue.
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Figure 18. Equivalent measured loads, coloured by the corresponding simulation result. The simulations are performed using inflow infor-

mation from the pitot tube, similar to Case 11 (but only one seed per period). If the simulated load equals the maximum measured load at

the current wind speed, then the observation is red, while observations where the simulated load equals the minimum load measured at the

current wind speed are blue.
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4 Conclusions

In this paper, different inflow information is extracted from a measurement database and used for aeroelastic simulations to

investigate if using more detailed inflow descriptions improves the accuracy of the simulated loads.

The inflow information is extracted from nearby met masts and a blade-mounted five-hole pitot tube. The pitot tube is located

inside the induction zone, i.e. the measured flow velocity is influenced by the presence of the turbine. An aerodynamic model5

is therefore used to estimate the free-stream inflow velocity that would have been observed at the position of the pitot tube

without the presence of the turbine.

In the case study, 20 periods, which represent a wide range of loads at 8 and 14 ms−1, were selected. From these periods,

inflow information was extracted for simulations.

The case study revealed that the loads in simulations based on site-average turbulence intensity and shear profile (the typical10

load validation approach) did not reflect the measured loads, and most of the simulated load ranges were considerably smaller

than the ranges of measured loads. Load extrapolation based on this approach may therefore be misleading.

Including the met-mast measured turbulence intensity increases the variation of the simulated loads, and makes the simulated

load range reflect the measured range. The one-to-one correspondences were, however, poor, with deviations up to 67 %.

The turbulence scaling approach, where the turbulence is scaled such that the turbulence intensity in the centre of the field15

matches the target intensity, was found to introduce a considerable variation in the simulated loads. Therefore, the scaling the

turbulence such that the integral of the target uu-spectrum matches the target variance is highly recommended.

In most periods, the inflow characteristics extracted from the pitot tube deviate from the inflow characteristics extracted

from the met masts. The mismatches are caused by the spatial distance between the locations of met masts and the pitot tube,

fundamental differences in the sensor technology and measurement method, and uncertainties introduced in the conversion20

from pitot tube measurement to estimated free-stream inflow wind speed in fixed global coordinates.

Using the wind speed, turbulence intensity and shear measured by the blade-mounted pitot tube reduces the errors of the flap

and tower-bottom loads in this study, while the errors of the tilt and yaw moments are similar. This indicates that it is beneficial

to measure the inflow with a BMFS even though errors are introduced due to the dynamic and static deflection and torsion of

the blade, as well as in the aerodynamic model that corrects for the turbine induction.25

Including the measured wind speed trend, shear profile, rotor-position-dependent variations in the mean wind, and stability-

dependent turbulence parameters were all found to change the loads significantly in some simulations, while the mean errors

were only slightly affected. This information may, however, be important to include in other situations, e.g. half-wake situations

and periods with high shear.

Constraint turbulence simulation was used to constrain the turbulence to match the instantaneously measured wind speeds.30

Constraining the turbulence to the wind speed measured by the met mast (250 m upstream) increased the errors of the simulated

loads. In the simulations, a turbulence event introduced by the constraint turbulence simulator at the met mast is transported

unaffected with the steady mean wind to the turbine, in agreement with Taylor’s frozen turbulence hypothesis. In the real world,

however, the turbulence structures change, and an upstream turbulence event may even pass beside the turbine. The event that
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hits the turbine in the simulation is thereby different from the event that hits the real turbine. It is therefore not recommended

to use constraint turbulence simulation based on the wind speed measured far away.

Based on pitot-tube wind speed, however, constraint turbulence simulation reduces the mean error of all load sensors in

this study. The final case is based on pitot tube mean wind speed, turbulence intensity and shear, and constraint turbulence

simulation based on the pitot-tube-recorded wind speed. In this case, the range of the simulated loads reflects the range of the5

measured loads. It is therefore assumed to be more suitable for load extrapolation. Moreover, the sequences of the simulated

and measured flap and tower-bottom loads are almost similar, meaning that the inflow conditions that result in high load levels

in the measurements in most cases also result in high load levels in the simulations and vice versa. The same tendency is

seen for the tilt and yaw moment at 14 ms−1. In the final case, the range of the simulated loads due to different turbulence

realisations (seeds) decreases considerably, meaning that the need for multiple simulations is reduced.10

It was investigated whether the enormous scatter that is seen, especially in the flap and tower-bottom loads, can be predicted

by the turbulence intensity, shear profile or atmospheric stability alone. The turbulence intensity explains some of the scatter

and the lowest loads are seen in stable conditions with low turbulence intensity and high shear. It is, however, concluded that a

more sophisticated approach, which considers the actual combination of inflow parameters, is required to predict the loads of

specific periods15

Aeroelastic simulations can be considered to be such an approach. Simulations representing all suitable periods have there-

fore been performed based on inflow information from the met masts (wind speed, wind-speed trend, turbulence intensity and

shear) and the pitot tube (wind speed, wind-speed trend, turbulence intensity, rotor-position-dependent shear and the instanta-

neously measured wind speed for constraint turbulence simulation). Based on these simulations, it is concluded that HAWC2

simulations based on inflow information from the pitot tube are able to predict the measured flap and tower-bottom load scatter20

very well in most periods. The met-mast-based simulations yield high loads for most periods in the upper half of the load

scatter and vice versa, but the result is less striking.

In both cases, the simulations cannot explain the tilt and yaw moment scatter, as most high-load observations are underesti-

mated at some wind-speed ranges, and low-load observations are overestimated at other wind-speed ranges.
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