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Abstract:

The power curve of a wind turbine is the primary char-
acteristic of the machine as it is the basis of the warranty for
it power production. The current IEC standard for power
performance measurement only requires the measurement
of the wind speed at hub height and the air density to
characterise the wind field in front of the turbine. However,
with the growing size of the turbine rotors during the last
years, the effect of the variations of the wind speed within the
swept rotor area, and therefore of the power output, cannot be
ignored any longer. Primary effects on the power performance
are from the vertical wind shear and the turbulence intensity.
The work presented in this thesis consists of the description
and the investigation of a simple method to account for the
wind speed shear in the power performance measurement. Ig-
noring this effect was shown to result in a power curve depen-
dant on the shear condition, therefore on the season and the
site. It was then proposed to use an equivalent wind speed
accounting for the whole speed profile in front of the turbine.
The method was first tested with aerodynamic simulations of a
multi-megawatt wind turbine which demonstrated the decrease
of the scatter in the power curve. A power curve defined in
terms of this equivalent wind speed would be less dependant
on the shear than the standard power curve.
The equivalent wind speed method was then experimentally
validated with lidar measurements. Two equivalent wind speed
definitions were considered both resulting in the reduction of
the scatter in the power curve. As a lidar wind profiler can
measure the wind speed at several heights within the rotor
span, the wind speed profile is described with more accuracy
than with the power law model. The equivalent wind speed
derived from measurements, including at least one measure-
ment above hub height, resulted in a smaller scatter in the
power curve than the equivalent wind speed derived from pro-
files extrapolated from measurements at hub height and below
only.
It is well established that the turbulence intensity also influ-
ences the power performance of a wind turbine. Two ways of
accounting for the turbulence were tested with the experimen-
tal data: an adaptation of the equivalent wind speed so that it
also accounts for the turbulence intensity and the combination
of the equivalent wind speed accounting for the wind shear
only with the turbulence normalising method for turbulence
intensity suggested by Albers. The second method was found
to be more suitable for normalising the power curve for the
turbulence intensity.
Using the equivalent wind speed accounting for the wind shear
in the power performance measurement was shown to result in
a more repeatable power curve than the standard power curve
and hence, in a better annual energy production estimation.
Furthermore, the decrease of the scatter in the power curve
corresponds to a decrease of the category A uncertainty in
power, resulting in a smaller uncertainty in estimated AEP.
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Chapter 1

Introduction

Power curves are central to the wind industry as they form the basis for the power
production warranty of the turbine. Indeed, power curves are frequently presented by
turbine manufacturers in their marketing literature. They are of utmost relevance to the
wind farm developers in order to chose the turbine best suited to the wind resources of
the site and, in conjunction with the wind resource, to predict the energy production of
the farm. Once the turbine is installed, the power curve is again of importance since it is
necessary to check that the energy production meets that promised by the manufacturer.

The power curve of a wind turbine is a representation of its performance. It shows
the power output of the turbine as a function of the wind speed input. Figure 1.1 shows
a typical wind turbine power curve. The cut-in wind speed (ucut−in) is the minimum
wind speed at which the wind turbine starts to produce power. For wind speeds above
the cut-in speed, the power increases with the wind speed until reaching the rated power
(Prated), i.e. the maximum power the turbine can produce. The wind speed for which the
rated power is first reached is named the rated wind speed (urated). Between rated wind
speed and cut-out wind speed (namely the wind speed for which the wind turbine shuts
down, ucut−out), the control system of the turbine maintains the power output constant
at rated power, by pitching the blades.

ucut�in urated ucut�out
Wind speed �m�s�

Prated

Electrical power �kW�

Figure 1.1: Typical wind turbine power curve

It is common practice to validate predictions of wind turbine power curves made
with computational models by using measured data. Over the past decade, considerable
advances have been made in achieving consistency in the measurement of wind turbine
power curves. Since the publication in 1998, the IEC 61400-12 (IEC, 1998a) standard
is now widely accepted as the contractual guidance for power curve measurement. This
standard was withdrawn in 2005 and replaced by the IEC standard 61400-12-1 (IEC,
2005). According to this standard, the power performance of a wind turbine is achieved
by measuring the wind speed with a cup anemometer mounted on top of a mast with the
same height as the hub of the turbine and located at a distance of 2 to 4 rotor diameters

Risø–PhD–58(EN)



12 Introduction

in front of the turbine (2.5 rotor diameters is recommended). As the air density causes
variation in the wind kinetic energy flux through the rotor swept area, the wind speed1

is normalised to the sea level air density. Simultaneous 10 minute mean wind speed and
10 minute mean power give the power curve scatter plot. These points are averaged in
wind speed bins of 0.5 m/s resulting in the mean measured power curve.

The scatter in the power curve scatter plot is due to various factors which affect the
wind turbine performance. These factors can be grouped in 3 categories:

1. the turbine operation including the blades conditions and the control algorithm for
example;

2. the measurement errors due to the instruments such as the anemometer and the
power sensor;

3. the wind conditions including the wind shear, the wind veer and the turbulence.

In this work, the effects on the scatter plot due to the wind conditions were only discussed
and investigated.

The IEC 61400-12-1 standard only requires measurements of the wind speed at hub
height and the air density (derived from temperature and pressure measurements) to
characterise the wind field surrounding the wind turbine. However it has been shown that
other wind characteristics such as the variation of the wind speed with altitude, i.e. the
vertical wind shear, and the fast variation of wind speed around the 10 minute mean wind
speed, which is usually referred to as turbulence, can also influence the power performance
of a large turbine. If the power performance testing of a wind turbine was sufficiently
long, then a range of conditions typical of the long term would be experienced and
there would be no particular bias introduced by ignoring such dependencies. However,
performance evaluation uses quite short test durations, too short for an annual range of
weather conditions to be experienced. For this reason, power performance tests on one
turbine made at different times of the year, or for different wind direction sectors, or tests
of two identical turbines located at two different sites can result in different power curves.
Such power curves are hardly comparable and repeatable. There is no basis for making
confident predictions of turbine performance at commercial sites based on limited type
testing that ignores important secondary parameters.

The effect of the wind shear and turbulence on the turbine performance is only briefly
mentioned in the IEC 61400-12-1 standard. However they are recognised to possibly in-
crease the uncertainty in power performance measurement. Despite this qualification, no
clear recommendation about the manner of accounting for the wind shear and turbulence
effects is given in the standard. Other authors have shown that the vertical wind shear
has an effect on the power performance. The assumption that the speed profile is con-
stant over the turbine rotor (as is implicit in the IEC standard) leads to inconsistencies.
The IEC 64100-12-1 standard is currently under revision and the way of accounting for
the wind shear and turbulence are amongst the main points of revision. Within this
context, the work presented in this thesis is focused on the effect of the vertical wind
shear on the power performance measurement. As the wind shear effect cannot easily be
isolated from that of turbulence, turbulence effects were also investigated.

A major obstacle to the investigation of the effect of shear on the power performance
of a turbine is the lack of information available to characterise the wind profile over
the whole turbine rotor. In particular, there is seldom data available to measure the
variation of wind speed above the hub height of the machine. As the size of wind
turbines has considerably increased during the last few years, implying higher hubs and
larger rotors, such measurements would require very tall, and therefore costly, masts.
However, at the same time, remote sensing measurement technology has significantly
improved, in particular that of LiDAR (Light Detection And Ranging). Based on fiber

1In this work, the wind speed was normalised for air density since modern pitch regulated wind
turbines were considered. However, the power should be normalised for stall regulated turbines (IEC,
2005).

Risø–PhD–58(EN)



Introduction 13

optic components available to the communication industry, lidars entered the wind energy
field about 5 years ago. Such an instrument is a quite revolutionary tool for power
performance measurement as it enables us to obtain speed profile measurements up to
the higher tip of a multi-megawatt (multi-MW) wind turbine, relatively easily and with
a good accuracy.

The work presented is this thesis had two main aims:

1. to suggest a method that can improve the power performance measurement con-
cerning wind shear influence: that is the use of a wind speed equivalent to the wind
speed profile in front of the turbine rotor;

2. to show the possibility of using lidar measurements for power performance mea-
surement and in particular for the application of the method suggested above.

The structure of the thesis is as follows: Chapter 2 first gives a short review of the
main meteorological phenomena that generate various speed profiles. Secondly, the most
common ways of characterising the wind shear are presented based on the analysis of
long term measurement at the Risø DTU Test Station for Large Wind Turbines where
the experimental work was carried out.

Chapter 3 presents the investigation of the effect of shear on the power performance
of a wind turbine with aerodynamic simulations. The differences that a sheared inflow
makes on the turbine aerodynamic compared to a constant profile were shown with simple
simulation cases. The impact of a sheared inflow on the power performance was then
shown for various types of wind profile.

In order to focus on the effect of wind shear, only simulations with laminar inflows
were considered in chapter 3. However, the effect of turbulence should also be taken
into account. Thus, chapter 4 presents the investigation of the effect of turbulence on
the power curve. This investigation was also performed with aerodynamic simulations,
but with turbulent inflow. Both cases of turbulence without and with wind shear were
discussed.

It is then possible to introduce the method suggested to account for the wind shear in
the power performance measurement: the use of an equivalent wind speed representative
of the wind speed profile in front of the turbine rotor. Thus, in chapter 5, the equivalent
wind speed was tested with the results from the simulations described in chapter 3. The
equivalent wind speed definitions were discussed. The method was also tested with
turbulent inflows (based on the simulations results presented in chapter 4).

The next step was to demonstrate the possibility of applying the equivalent wind
speed method with measurements. As this required the measurement of the wind speed
profile within the range of heights swept by the turbine rotor, the lidar appeared as a
good alternative to a high mast. However, lidar measurements are inherently different
from cup anemometer measurements in their way of operation. Chapter 6 describes
the principle of operation of a pulsed lidar system and its imitations. For comparison,
the principle of operation of a continuous wave lidar and a SoDAR (Sound Detection
And Ranging) are briefly described with an emphasis on their differences with the pulsed
lidar.

Chapter 7 describes the first measurement campaign set up with a lidar and a sodar
to measure the wind profiles. Sodars have been used for wind energy assessment longer
than lidars and can also appear as a good alternative to a mast. This experiment showed
the importance of using an accurate remote sensing instrument as the wind sensor for
the power curve measurement. It was found that this requirement was met by the lidar
but not by the sodar. Furthermore, the equivalent wind speed method could not be
validated by this experiment, because the experimental conditions were not optimal for
this purpose.

Based on what was learned from this experiment, a second measurement campaign
was undertaken. This experiment, described in chapter 8, clearly showed the effect
of ignoring the speed shear in power performance measurement and the improvement
obtained with the equivalent wind speed method. Firstly three definitions of equivalent
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14 Introduction

wind speed accounting for the wind shear were tested and compared with the experimen-
tal results. Secondly, one equivalent wind speed definition was applied with wind speed
profiles derived from different number of speed measurements (at 2, 3, 5 or 9 heights)
and with profiles extrapolated from measurements below hub height. The last point of
this chapter is the combination of the equivalent wind speed method, that “normalises”
the power curve for the wind shear effect, with a method normalising the power curve
for the turbulence intensity effect.

By defining an equivalent wind speed accounting for the wind shear, a “new” power
curve different from the standard power curve was defined. Chapter 10 addresses
the problem of comparing such quantities and the consequences for the Annual Energy
Production (AEP).

Finally, Chapter 11 presents a suggestion for evaluating the uncertainty in the power
curve obtained with the equivalent wind speed. This required the definition of the lidar
measurement uncertainty. Thus, three kinds of power curve uncertainties were compared:
the uncertainty in the power curve measurement obtained with cup anemometer mea-
surements, with lidar measurements at hub height and with the equivalent wind speed
(derived from lidar speed profile measurements).

Chapter 12 presents a general discussion about the equivalent wind speed concept,
the use of lidar measurements in the power performance context and the limitations of
the investigation presented. Finally, chapter 13 sums up the main conclusions that can
be drawn from this work.

During the course of the work, the influence of wind shear on the turbine power
performance was first investigated with aerodynamic simulations. The results enabled us
to define the equivalent wind speed method. Part of this investigation was published in
a journal paper which is given in appendix and is referred to as Paper I in chapters 3, 4,
and 5. Subsequently, the measurement campaigns where a lidar was used to measure the
wind profile in front of a multi-MW wind turbine were performed in order to validate the
method. The first results of the second experiment campaign were described in a journal
paper that has been submitted for publication. Although the paper is given appendix as
Paper II, the results are also presented in chapter 8 in order to maintain the consistency
of the thesis.

Risø–PhD–58(EN)



Chapter 2

Wind profiles

The vertical wind shear and wind veer are the variations of the wind speed and direction
with altitude, respectively. This study was focused on the vertical variation of the hori-
zontal wind speed; this is what the term “wind shear” or “shear” refers to in the rest of
the thesis if no further definition is given. This chapter starts with a short overview of
the mechanisms generating the variation of wind speed with altitude in the atmospheric
boundary layer (ABL). Then, the test site, where both experiments described in this
thesis took place, is briefly described. The wind shear characterisation is then discussed
based on observations at this site.

2.1 Effects governing the wind speed profile

The principal effects governing the properties of the boundary-layer wind are the strength
of the geostrophic wind, the surface roughness, Coriolis effects due to the Earth’s rotation,
and thermal effects, i.e. the atmospheric boundary layer stability. On top of this, the
wind speed profile can be influenced by local effects.

2.1.1 Geostrophic wind and friction of the surface

The geostrophic wind is the wind arising from pressure differences in the atmosphere.
The pressure gradient towards a low-pressure zone causes a mass of air to accelerate along
a curve until a state of equilibrium between the pressure gradient and the Coriolis force
is reached. Therefore, in areas that are far from high-pressure or low-pressure zones, the
geostrophic wind is parallel to the isobars.

On the other hand, friction at the Earth’s surface exerts a horizontal force upon the
moving air, the effect of which is to retard the flow. The surface roughness is characterized
by the density, size, and height of the buildings, trees, vegetation, rocks, etc., on the
ground, around and over which the wind must flow; it will be a minimum over ice or
open sea without waves and a maximum over urban areas (Dyrbye and Hansen, 1996). A
consequence of the equilibrium of forces in the boundary layer is that the wind direction
crosses the isobars. The wind direction continues to change down through the boundary
layer and the wind speed gradually decreases to zero at the surface.

2.1.2 Static stability of the ABL

Once atmospheric pressure gradients have established the initial wind conditions, addi-
tional forcing mechanisms can come into play. Since winds in the turbine layer are of
concern here, only the mechanisms that influence the winds in the lowest levels of the
atmosphere are addressed. In the surface boundary layer, over flat terrain, the wind
profile is primarily influenced by the temperature gradient.

Thermal effects can be classified into three categories (Stull, 1988): stable, unstable
and neutral stratification. Conditions are unstable if the potential temperature decreases
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significantly up through the atmosphere. As the warm air rises, it expands due to reduced
pressure and therefore cools adiabatically. If the cooling is not sufficient to bring the air
into thermal equilibrium with the surrounding air, it continues to rise, giving advance
to large convection cells. This occurs for instance when the ground is heated by solar
radiation, causing warm air near the surface to rise. The result is a thick boundary
layer with large-scale turbulent eddies. There is a lot of vertical mixing, resulting in a
relatively small change of wind speed with height.

The ABL is stably stratified when the surface is cooler than the air above. If a mass
of air moves up in such an atmosphere, the adiabatic cooling effect causes the rising air to
become colder than its surroundings and the mass of air moves back to its starting point.
It often occurs at night when the ground surface is cold. In this situation, turbulence is
limited to that due to the friction with the ground (the mixing thus remaining close to
the ground), the wind shear can be large and the flow near laminar.

In the neutral atmosphere, adiabatic cooling of the air as it rises is such that it
remains in thermal equilibrium with its surroundings. This is often the case in strong
winds, when mechanical turbulence caused by ground roughness causes sufficient mixing
of the boundary layer, resulting in a moderate variation in the speed profile.

For power curve purposes, the relevant wind speed range is between cut-in and rated
speed as for higher speeds the power remains constant (see chapter 1). Therefore the
ABL stability has a significant influence (Sumner and Masson, 2006). Static stability of
the lower layer of the ABL varies with season and time of day since it is primarily driven
by the magnitude and duration of the solar radiation.

Moreover, as shown by Motta et al. (2005), the diurnal and seasonal variation of the
static stability depends on the upwind surface, e.g. offshore or onshore wind. Indeed,
the heat capacity of the sea being much larger than that of land, the sea temperature
varies much more slowly than the temperature of the land. Consequently, the diurnal
variations are much smaller over sea than over land. Moreover, this implies a shift in the
seasonal variation of the stability over sea compared to the variation over a nearby land
area.

2.1.3 Local effects

Internal boundary layer

The measurement campaigns presented in this thesis were performed at a test site located
at the west coast of Denmark (see section 2.2). The parameters influencing the wind speed
profiles at sites with upstream roughness changes are therefore of particular interest.

Roughness changes, like those at coastal sites, influence the wind speed profile. As
the wind blows onshore from the smooth water surface to the rough land surface, the
increased friction decreases the wind speed at the lowest levels. The increased friction and
the thermal convection over land increase the turbulence generating an internal boundary
layer (IBL), see Figure 2.1. The wind speed profile above the IBL can be considered as
the same as the speed profile over the sea, but within the boundary layer, the wind speed
profile is much more complex. Indeed, as the surface roughness increases, the lower part
of the profiles tends to slow down as it travels further inland. Moreover, Bergström
et al. (1988) showed that the decrease in wind speed was larger when the surface layer
over land was stably stratified than when the surface layer was unstable. In the unstable
surface layer case, the wind speed decrease is smaller because the atmospheric turbulence
increases due to enhanced buoyancy production thus compensating for the increased
frictional losses.

The wind speed profile at a coastal site is thus influenced by the height of the IBL
and it can be relevant to estimate this as a function of the distance from the coast. In
the measurements presented by Bergström et al. (1988), the IBL height was determined
based on the wind speed profiles at 1500 m inland and it was shown to increase from
40 m for stable stratification to about 80 m during unstable stratification. A wind turbine
located at such a site could experience profiles that deviate significantly from the classic
forms such as the logarithmic or power law profiles.
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Figure 2.1: Conceptual model of an internal boundary layer

Low level jet

A number of mechanisms produce low-level maxima in the wind speed profile. These are
generally referred to as low level jets (LLJ). One of the main mechanisms over flat terrain
is the decoupling of the flow in very stable conditions. The flow gets decoupled from the
surface friction, i.e. the wind is not affected by the surface anymore. The decoupling
produces acceleration of the flow above the atmospheric surface layer which is enhanced
by the subsequent developed inertial oscillation (Stull, 1988).

LLJs are a regular feature of the night time stable boundary layer and occur very
often in plains. This is mentioned here because references to experiments in such sites
are made later in the thesis. Banta et al. (2002) studied the characteristics of LLJs over
Kansas. Most of the jet maxima they measured occurred below 140m which is within the
height range swept by the rotor of a modern multi-MW wind turbine. Moreover, these
jets occurred for moderate speed (jet maxima between 7 and 10 m/s), which corresponds
to the speed range where a power curve is the most sensitive to shear.

2.2 Wind speed profiles at Høvsøre

2.2.1 Høvsøre test site

Both experiments described in this thesis were performed at Risø DTU’s Test Station
for Large Wind Turbines. This test station is located at Høvsøre, on the west coast of
Denmark. The terrain is flat, surrounded by farmland and is 1.7 km from the coast with
the North Sea. This facility comprises a line of 5 multi-MW wind turbines along the
North-South direction parallel to the coast, see Figure 2.2. The main wind direction is
from West and on the western side of each turbine, at a distance of 250 m (about 2.5 rotor
diameters), stands a meteorological mast with a top mounted cup anemometer at the
turbine’s hub height. These masts are designed and instrumented for power performance
measurements in accordance with the IEC 61400-12-1 standard (more information about
the test facility in (Jørgensen et al., 2008; Courtney et al., 2008)).

At the southern end of the turbine row stands a meteorological mast (met. mast)
intensively instrumented including cup anemometers at several heights between 2 m and
116.5 m. These instruments were used to study the wind speed profiles. A full description
of the mast instrumentation is given in the appendix.

2.2.2 Wind shear at Høvsøre

In the absence of orography variations and other local effects, the wind profile is directly
affected by the surface layer stability (Businger et al., 1971; VandenBerg, 2008; Swalwell
et al., 2008). Figure 2.3 shows the average wind speed difference between 100 and 60 m
at the Høvsøre met. mast by hour of the day for each season and for westerly winds (wind
direction between 240◦ and 300◦) and easterly winds (wind direction between 60◦ and
120◦). Since both cup anemometers are mounted on south pointing booms with similar
geometry, it is assumed that the influence of the mast on both cup anemometers is equal.
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Figure 2.2: Sketch of the Test Station for Large Wind Turbines, Høvsøre, Denmark.

The results from the eastern sector exhibit typical variations of wind gradient influ-
enced by the ABL stability, as the wind comes from the land. Clear diurnal variations
can be seen in spring and summer, whereas it is more even in winter. The diurnal varia-
tions are very much attenuated in winter as the days are shorter, the heating weaker and
the temperature differences between day and night are smaller as well as those between
air and ground.

For the western sector, where the wind comes from the sea, each histogram in Figure
2.3 is rather even because there is no variation of the wind speed difference with time
of the day. The sea temperature changes too slowly to follow the diurnal pattern of the
solar radiation because of the large heat capacity of the sea. However, some differences
can be seen between the different seasons. The largest speed differences are observed in
winter and the smallest in summer. In winter, the wind speeds and the sea roughness
are higher and the prevailing conditions are stable, resulting in a larger wind shear than
in summer, where there are more unstable conditions.

An example of wind speed time series measured at different levels at the Høvsøre
met. mast when the wind was from the East is shown in Figure 2.4. The surface layer
stratification, characteristic of stable conditions, appears clearly during the night. This
results in a large wind speed shear during the night, whereas the wind speed profile is
nearly flat during the day as a consequence of the convective mixing.

An example of wind speed variation for westerly winds is shown in Figure 2.5. The
shear remains rather constant all day long.

As the prevailing wind direction at Høvsøre is from the West, the wind speed pro-
files considered for power curve measurements are influenced by the IBL (see section
2.1.3). Moreover Enevoldsen et al. (2006) showed that peculiarities in the wind from
west were observed at Høvsøre, especially in spring, and that the measured power curve
was significantly affected by these peculiarities. Furthermore, Nissen (2008) showed that
a systematic over-speeding, compared to the traditional logarithmic wind profile, was
observed at the top of the surface layer in spring. In order to measure a large range of
wind shears in a rather limited period of time, the measurements presented in this thesis
were taken in spring (see measurement campaigns described in chapters 7 and 8).

2.3 Wind speed profile characterisation

A categorisation of the wind shear is necessary to investigate its effect on the wind tur-
bine power performance. Various methods of categorisation are generally used for wind
resource assessment. This section presents a review of these methods with a discussion
of their use in the power performance measurement context.
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Figure 2.3: Diurnal variations of the mean wind speed difference, Δu, between 100 and 60 m
for the western and eastern wind sectors at Høvsøre and for each season. Average over 5 years
of cup anemometer measurements (2005–2009)
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Figure 2.4: Time series of the wind speed at 5 heights and example of night time and day time
profiles from East at Høvsøre on the 25/03/2007
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Figure 2.5: Time series of the wind speed at 5 heights and example of night time and day time
profiles from West at Høvsøre on the 05/04/2007

2.3.1 Stability

As shown previously, the ABL stability has a significant impact on the speed shear.
Figure 2.6 shows the distribution of the relative wind speed difference between 100 and
60 m by season for each sector considered in section 2.2.2.

As shown in Figure 2.3, the mean wind speed gradient is larger in winter than in
summer. The distribution in spring shows the transition between summer and winter
with both a peak at low gradients and some very large shear.

Moreover, in each case are also shown the distribution of stable, neutral and unstable
conditions. The stability was quantified with the Obukhov length, L, giving a measure
of the degree of dominance of buoyancy over mechanical effects:

L = − u3
∗ T

κg〈w′θ′v〉
(2.1)

where u∗ is the friction velocity, κ is the von Kármán constant, taken here to be 0.4, g the
gravitational acceleration, T the mean air layer temperature and 〈w′θ′v〉 the kinematic
virtual heat flux. Three stability classes were defined as follows:

• unstable: −500 < L < 0;

• neutral: L < −500 or 500 < L;

• stable: 0 < L < 500.

Figure 2.6 illustrates that, for the eastern sector, high shear coincides with stable condi-
tions and low shear with unstable conditions. This is consistent with the fact that, for
easterly winds, the shear is mainly governed by the ABL stability. On the contrary, for
westerly winds, the correlation between the wind shear and the ABL stability is much
weaker because the wind speed profiles for this sector are influenced by the local effects
due to the proximity of the coast. As the western sector is the sector of interest for the
power curve measurement at Høvsøre, the ABL stability was not chosen as the criterion
to categorise the shear.

2.3.2 The logarithmic wind profile

The logarithmic wind profile relates the surface wind stress (here represented by u∗) to
the wind shear in the surface layer over homogeneous terrain in neutral conditions as:

u(z) =
u∗
κ

ln
(

z

z0

)
(2.2)

where u(z) is the mean wind speed at the height z and z0 is the roughness length. z0

is the height where the downward extrapolated logarithmic velocity profile reaches zero
velocity. In the formulation here, variation due to stability and any displacement height
is ignored. However, in presence of high surface heat fluxes, such an approach tends to
underestimate the high-level wind speeds under stable conditions and to overestimate
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Figure 2.6: Distribution of the wind speed difference between 100 and 60 m, Δu, normalised
with the wind speed at 60 m, u60 m, for all data and each stability class, for the western and
eastern sectors at Høvsøre and for each season. The results are given as percentage of the number
of data (nb data). Results obtained for 5 years of cup anemometer measurements (2005–2009).

them under unstable conditions. According to the Monin-Obukhov similarity theory
(MOST), the wind speed gradient is a function of the stability parameter z/L (Monin
and Obukhov, 1954). For unstable and stable conditions, the wind speed profile is given
by:

u(z) =
u∗
κ

[
ln

(
z

z0

)
− ψm

( z

L

)]
(2.3)

where ψm is the correction function of the logarithmic profile for stability and its form
depends on the sign of L. However MOST is applicable only in homogeneous surface
layers which might differ at coastal sites, for example. This is illustrated in Figure
2.7 which shows, for each sector separately, the dimensionless shear (φm) at 40 m as a
function of the stability parameter z/L at z = 20 m. The wind speed gradient, ∂u/∂z,
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was derived from cup anemometer measurements at 6 heights, 10–116.5 m, from the
Høvsøre met. mast. These measurements were fitted to a second-order polynomial in
ln(z):

U = U0 + A ln(z) + B ln(z)2 (2.4)

where U0, A and B are fitted parameters determined by a least-squares method. The
dimensionless wind shear was then obtained by differentiation and normalisation of
eq. (2.4):

φm =
κz

u∗
∂u

∂z
=

κ

u∗
(A + 2B ln(z)) (2.5)
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Figure 2.7: Dimensionless wind shear φm as function of the stability parameter z/L. The blue
dots represent the measurements at Høvsøre. The gray solid line corresponds to a theoretical
suggestion from (Högström, 1971).

Figure 2.7 shows that measurements from the eastern sector follow better MOST
than those from the western sector. For the eastern sector, the upstream terrain is
mainly characterised by flat farm land and the surface layer is rather homogeneous. For
the western sector, the horizontal homogeneity criterion is violated by the presence of
an upstream coast. For this sector, the shear is lower than the prediction in unstable
conditions, whereas it is higher in the neutral region. Under stable conditions, φm is
broadly distributed and seems to split in different branches, which are probably due to
seasonal variations.

2.3.3 Vertical wind gradient

Another approach is to characterise each profile with its gradient at a given height.
Based on the approach of section 2.3.2, the wind gradient, ∂u/∂z, at 40 m was derived
from differentiation of eq. (2.4). As it is based on a fit to a polynomial, the accuracy
of this approach depends on the number of measurement points available. This issue is
illustrated in Figure 2.8 (a) showing an example of a measured profile together with the
different curves obtained by fitting different measurement points. Figure 2.8 (b) shows
that the distributions of the wind gradient strongly depend on the number of points,
demonstrating that this result is quite general.

Consistent comparison of the wind shear at different sites with this method requires
measurements at the same heights at all sites (same number and same altitudes).

2.3.4 The power law profile

For structural purposes, the power law profile has been used most widely because of its
simplicity:

u(z) = u(zref )
(

z

zref

)α

(2.6)

where u(zref ) is the wind speed at a reference height zref and α is the shear exponent.
It was first introduced by Davenport (1960) to represent the wind speed profile in the

Risø–PhD–58(EN)



Wind profiles 23

� measurements
fit 6 points
fit 10m, 40m, 60m
fit 5 points
fit 40m, 60m, 80m

�a�
4 6 8 10

0

20

40

60

80

100

120

140

wind speed �m�s�

he
ig

ht
�m
�

� � � � � � � � �

�

�

�

�

�

� �

�

�

�

�

�

�
�
�

�

�

�
�
� � � � � � � � � � � �� � � � � � � � �

�

�

�

�

�

�
� �

�

�

�

�

�
�
�
�

�

�

�
�
� � � � � � � � � � �� � � � � � �

�
�

�

�

�

�

�
�
� � �

�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
� � � � � � �� � � � � � �

�
�

�

�

�

�

� �
� � �

�
�
�

�

�
�

�

�
�
�
�
�
�
� � � � � � � � �

� fit 6 points

� fit 10m, 40m, 60m
� fit 5 points

� fit 40m, 60m, 80m

�b�
�0.05 0.00 0.05 0.10 0.15
0

2

4

6

8

10

�u��z

nu
m

be
r

of
pr

of
ile

s
��
�

Figure 2.8: (a) Example of a wind profile measured by the met. mast at Høvsøre and the different
curves obtained by fitting the measurements at 6 points (10–116.5 m), at the 3 lowest points (10,
40, 60 m), at 5 points (40–116.5 m), at 3 points (40, 60, 80 m); (b) Distributions of the wind
gradient at 40 m obtained by differentiation of the different curves listed previously (Høvsøre,
West sector, 2005–2009)

boundary layer as a function of the gradient wind speed. The power law has been broadly
accepted in engineering applications and α is commonly estimated from measurements
at two heights on a met. mast:

α = log
(

u(z2)
u(z1)

)
/ log

(
z2

z1

)
(2.7)

where u(z1) and u(z2) are the wind speeds measured at the heights z1 and z2, respectively.
The exponent increases with the roughness of the terrain, and decreases with increasing
geometric mean height (Tielmann, 2008). By suitable choice of α, the power law profile
closely corresponds to a considerable range of wind profiles compared to the other less
empirical forms, and it was found to provide a reasonable fit to the observed wind speed
profiles over a wide range of surface roughness and stability conditions (Perez et al., 2005).
Based on measurements, Davenport (1960) suggested typical shear exponent values of
1/7,1/3.5 and 1/2.5 for three roughness classes: grassland, forest and city, respectively.
The IEC 61400-1 standard for wind turbine design specifies a normal wind shear with
α = 0.2 (IEC, 1998b). However, numerous sites present shear exponent much larger than
0.2 (Swalwell et al., 2008).

The derivation of the shear exponent from measurements at two heights can be crit-
icized as it depends on the measurement heights. Figure 2.9 (a) shows an example of a
measured wind profile and the different power law profiles obtained by deriving the shear
exponent from different pairs of measurement heights. Figure 2.9 (b) displays the distri-
bution of the shear exponents obtained with different couples of measurement heights.
The higher the measurement points, the smaller the shear exponent. This method fixes
the number of measurements points to 2, but a comparison of α for different sites is only
meaningful when using identical measurement altitudes.

Furthermore the derivation of the whole wind profile from measurements at only two
heights can lead to an ambiguity as shown in Figure 2.10. This figure shows two different
measured profiles with very similar wind speed at 40 and 80 m, and the power law profiles
derived from the wind speed measurements at those two heights. The power law profile
is a poor representation of either of the two measured profiles and it is not possible to
distinguish the two profiles from each other with this shear exponent.

A fit to three measurements may be more robust. However, if none of the mea-
surement heights is above hub height, the shear exponent might not be representative
of the shear above hub height especially in case of influence of an IBL or for a LLJ.
Moreover, the same problem as in section 2.3.3, related to the number and heights of the
measurements used to make the fit, is encountered.
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Figure 2.9: (a) Example of a wind profile measured with the met. mast at Høvsøre and the curves
from the power law for the different shear exponents considering measurements at 40-60 m, 40-
80 m, 60-80 m, 80-116.5 m, 60-100 m; (b) Distributions of the shear exponents obtained with
eq. (2.7) applied to the pairs of measurement heights listed previously (Høvsøre, West sector,
2005–2009)
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Figure 2.10: Example of two different observed wind profiles that are represented by the same
shear exponent if it is derived from eq. (2.7) at 40 and 80 m

Although the power law can represent a large range of wind speed profiles, it is limited
to wind shear increasing with altitude and wind speed. The only shear exponent cannot
accurately represent every 10 minute mean wind profile encountered during a power curve
measurement.

2.3.5 Comparison of methods

The different methods used to characterise the wind shear, reviewed in this section, are
suitable to obtain the general tendency for the behavior of the wind speed profile at a
site or for a wind sector, based on a long measurement periods (a year, for example).
However, power performance measurements need to be performed in shorter time period.
The IEC 61400-12-1 standard requires a minimum of 180 hours of measurements, which
can typically be achieved in a few weeks.

The goodness of fit for various of the methods presented in this chapter was estimated.
The goodness of fit was quantified by the residual sum of squares, RSS, derived from
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measurements at different heights:

RSS =
N∑

i=1

(ufit(zi) − ui)2 (2.8)

where ufit is the fit function (polynomial or power law), ui is the wind speed measurement
at the height zi, and N is the number of points where the residual is calculated (N = 5
here).

The methods compared were:

• polynomial profile obtained by fitting of the speed measurements at 3 heights (40–
80m) to eq. (2.4);

• power law profile obtained by fitting of the speed measurements at 3 heights (40–
80m) to eq. (2.6);

• power law profile with a shear exponent calculated according to eq. (2.7) using the
speed measurements at 40 and 80 m;

• power law profile obtained by fitting of the speed measurements at 5 heights (40–
116.5 m) to eq. (2.6).

The RSS distribution for the 4 methods are shown in Figure 2.11. Although all dis-
tributions have their maximum at about RSS = 0.3, the best representation is obtained
with the fit to the power law using 5 measurement points. Indeed, 90% of the RSSs
obtained with this method are below 0.7, whereas, for the other methods using 2 or 3
points, at least 21% of the RSSs are above 0.7. The best profile characterisation re-
quires a reasonable number of measurement points that include observations above hub
height. Moreover, the RSS distributions for the power law profile derived from 2 and 3
measurement heights are very similar. The polynomial approach is the poorest profile
representation, contrary to what one could expect given its extra degrees of freedom in
comparison to the power law.
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Figure 2.11: Distribution of RSS (eq. (2.8)) for 4 methods used to represent the wind profile
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Chapter 3

Effect of speed shear on the
power performance

The previous chapter showed how variable the wind speed profile can be depending on
many parameters such as the geographical location, the wind direction, the season and
the time of the day. Seasonal effects on the power output of a turbine have been shown in
flat terrain and it was demonstrated that they were due to the seasonal variations of the
wind characteristics such as shear and turbulence. The relation between turbine power
output variations and shear variations was shown in previous investigations. A review
of the main investigations is given as the first part of this chapter. Then, a preliminary
study, based on aerodynamic simulations, shows how the shear is related to the power
output variations by simulating the response of the turbine in a sheared inflow. This
short study also shows the consequence of these variations on the power curve which is
the main theme of this thesis.

3.1 Literature review

The effect of the wind shear on the power performance of a wind turbine was the sub-
ject of a few earlier investigations. The analysis of the influence of the wind shear on
the power performance of a wind turbine is not easy because of the lack of the neces-
sary measurements. Indeed, when shear measurements are available (generally at tests
sites dedicated to research), power data are not available, whereas, when power data
are available (for instance where a power performance verification is performed), shear
measurements are often lacking.

Sumner and Masson (2006) investigated the effect of atmospheric stability on wind
turbine power performance. Missing speed profile measurements, the authors used their
model, based on the Monin-Obukhov similarity theory, to derive the wind speed profiles
from speed and temperature measurements at hub height. They found that the variation
in wind speed over the rotor swept area had some effect on the power performance and
that characterising the energy with the wind speed at hub height generally overestimate
the resource. For the site considered, the difference in annual energy production (AEP)
calculated using hub height and disk average wind speed was on the order of 5%. These
results were generated for a wind park located in very simple terrain. Larger differences
could be expected for higher roughness. However, it was shown in chapter 2 that nu-
merous parameters other than the ABL stability could influence the speed profiles. The
profile model used in (Sumner and Masson, 2006) would probably shows some limita-
tions at coastal sites or in places experiencing low level jets. For example, Antoniou et al.
(2009) found two different power curves by considering day time and night time mea-
surements separately, in the US Midwest, resulting in an increase in AEP of 3% during
the nigh time. No shear measurements were available at the turbine site, but previous
studies had shown that low level jets occurred frequently at night in that region. The
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authors used an aerodynamic model to simulate the power output of their turbine in
case of such a LLJ. They found an increase in power comparable to that they measured
during night. These two investigations showed that the power variations coincide with
the shear variations. However, assumptions on the speed profiles had to be made.

Other investigations included both speed profile and power measurements. VanLuva-
nee et al. (2009), for example, categorised measured profiles in two groups: the profiles
presenting a low level jet on the one hand, and the profile following a power law on
the other hand. Combined with power measurements, these two groups of data resulted
in two different power curves. The low level jets gave more power than the power law
profiles. Elliott and Cadogan (1990) obtained different power curves for different turbu-
lence intensities, however the difference between the power curves was larger than what
could be expected from differences in turbulence intensity. Further investigations showed
that the large differences were due to speed shear. During low turbulence conditions,
they observed strong shear in the lower half of the rotor and weak or negative in the
upper half. The authors concluded that a significant error in power curve measurement
could result if the effect of shear was ignored and that with increasing rotor diameter,
the hub height wind speed generally became less representative of the disk average wind
speed. This investigation also pointed out that it is important to distinguish the effects
of the different parameters such as turbulence and shear, which is not always easy to
do with measurements as these parameters are often correlated. For example, a stably
stratified surface layer generally implies low turbulence and high shear. At the other
extreme, under unstable conditions, the turbulence intensity is generally high and the
speed profile nearly constant because of the thermal mixing (see chapter 2). This was
also shown by Albers et al. (2007) who investigated the power curve measurements of
three multi-megawatt wind turbines in flat terrain. The wind shear was characterised
by a gradient derived from wind speed measurements at two heights (hub height and
below). The data were binned according to the vertical speed gradient but also to the
turbulence intensity in order to isolate the shear effect from the turbulence effects. High
shear resulted in lower power output than low shear for the turbine with the lowest hub
height (therefore experiencing the highest speed gradient), whereas no clear effect of the
shear was observed for the two other turbines.

All these investigations showed that speed shear had an influence on the power output
of a wind turbine which leads to variations in the power curve. They also showed that
investigating the effects of wind shear and turbulence on the turbine power output is not
straightforward since these parameters are correlated. Because of this correlation, it is
difficult to investigate the influence on the power output of shear independently of turbu-
lence. Numerical models of wind turbine aerodynamics make possible the investigation of
the effect of various parameters independently of each other. Walter (2007) performed an
advanced analysis of the variations of shear in Texas. Lacking power measurements, he
used a blade element momentum (BEM) model to simulate the power output of a large
wind turbine subjected to various inflows characterised by different shear exponents. His
results showed a decrease in power compared to the power obtained with uniform inflow.

3.2 Aerodynamic simulations set up

The influence of a non-uniform flow on the mechanical power output of a horizontal axis
wind turbine is complicated since each section of the rotor blade is subjected to spatially
and temporally varying wind during rotation. The use of aerodynamic simulations is
a good tool in order to get a better understanding of what difference a sheared inflow
makes for a turbine compared to an uniform inflow. It was therefore chosen to make a
preliminary investigation with such a tool.

3.2.1 Aerodynamic model

The turbine modeled was a 3.6 MW Siemens, with a rotor diameter of 107 m, hub height
of 90 m and a variable-speed, variable-(collective) pitch control strategy. The aerody-
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namics of the turbine were simulated with HAWC2Aero (Larsen, 2008). This model
simulates, in the time domain, the response of a rigid rotor subjected to aerodynamic
forces. The code is a simplified version of the full aeroelastic code HAWC2 (Larsen,
2007) with a different (rigid) structural model. The aerodynamic part of the code is
based on the BEM theory, but extended from the classic approach to handle dynamic
inflow, dynamic stall, skew inflow and shear effects on the induction (Larsen and Hansen,
2006). Apart from a simplified structural formulation, all other substructures of the code
in HAWC2 and HAWC2Aero are identical. In HAWC2Aero the rotor is assumed rigid
which leaves only one degree of freedom namely the rotor rotation, whereas the HAWC2
code is based on a multibody formulation with very few limitations on the structural
layout. The controller would change the pitch angle though, but only for wind speeds
above rated power (which are not of interest in this study). The main benefit of the
HAWC2Aero code is the simulation speed (approximately 10 times faster than real time
on a standard pc) and the reduced complexity of the input parameters compared to the
full HAWC2 code.

In order to check if the rigid structure simplification was acceptable, simulations with
the full HAWC2 model were run for a typical multi-MW wind turbine1, for both cases of
elastic and rigid structures. For each type of structure, various wind speed at hub height
were considered, and, for each wind speed, two kinds of profiles: a uniform profile (same
wind speed at all heights) and a power law profile with a shear exponent of 0.5. The
difference in power output obtained for those two kinds of profiles is shown in Figure 3.1
for an elastic structure on one hand and for a stiff structure on the other hand.
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Figure 3.1: Wind shear effect on the power output for a rigid structure and an elastic structure.
Relative power output obtained with simulations carried out with full HAWC2 model for a fictive
5MW wind turbine with a uniform inflow and a sheared inflow (power law with shear exponent
of 0.5).

Figure 3.1 shows that, for the elastic structure, the shear effect on the power output is
slightly larger than with the stiff model. However, the difference between the two models
is rather small (less than 1% on average). It was therefore assumed for the rest of the
investigation that the results obtained with a rigid structural model were representative
of the effect of shear on the power performance. Moreover, the fictive wind turbine was
modelled with parameter values typical for a modern multi-MW wind turbine. These
results are therefore expected to be comparable for the simulations of any multi-MW
turbines, similar in concept.

3.2.2 Model limitations

The BEM model is based on a number of assumptions for the flow properties in order to
derive simple relations for the axial and tangential induction. One of these assumptions is
to ignore the pressure term from the rotation of the wake. Madsen et al. (2007) showed

1the 5MW reference wind turbine defined by Jonkman et al. (2009)
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that it resulted in an overestimation of the induction in the inner part of the rotor.
Moreover, the BEM model does not account for the wake expansion which results in an
underestimation of the induction at the tip region.

Furthermore, complicated aerodynamics occur when a horizontal axis wind turbine
operates in shear inflow. The existence of wind shear in the free stream can create
substantial asymmetries and non periodicities in the structure of the wake behind the
rotor (Sezer-Uzol and Uzol, 2009). Zahle and Sørensen (2008) showed that the wind shear
resulted in tilting the wake and that the wake expands asymmetrically. This causes a non-
uniform induced flow over the rotor which varies with the azimuth position of the blade.
However, the classical BEM model assumes a constant induction factor for a given radius
as the equations are solved for each annulus independently from the adjacent annuli.

For this reason, the BEM model used in HAWC2 was modified so that the induced
velocity varies with azimuth angle. “The characteristic of this implementation of BEM
with respect to wind shear is that the local thrust coefficient is based on the local loads
of the blade at this specific point but normalized with the free stream velocity averaged
over the whole rotor disc. The final induced velocity will thus vary along the blade as a
function of azimuth position of the blade” (Bak, 2006).

This code was compared to a classic BEM code, Flex5, and two more advanced mod-
els, the Actuator Line model and the CFD based EllipSys3D code, in (Madsen, 2008)
and (Madsen et al., 2010). In these investigations, the more advanced models showed
the variations of axial induction with azimuth position. A serious concern for the inves-
tigation made in this chapter is the fact that some models showed that a sheared inflow
resulted in a decrease of the power output whereas others show an increase (see Table
3.1). There is therefore a high uncertainty regarding the influence of wind shear on the
turbine rotor, probably because the induction was implemented in different ways in the
various models. Even the more advanced models did not demonstrate any convergence,
thus not allowing any conclusions as to the correct method.

El. Power El. Power
[kW] [kW]

no shear shear
HAWC2 1928 1870

EllipSys3D 1937 2036
FLEX5 1958 1958
AC-Line 1958 1942

Table 3.1: Comparison of electrical power at 8 m/s for uniform inflow and shear inflow (power
law with exponent of 0.5), from (Madsen et al., 2010).

The results from the investigation presented here are therefore restricted to HAWC2Aero
and the underlying modeling assumptions and uncertainties must be remembered. De-
spite the high uncertainty of the results, HAWC2Aero was a good compromise as it is
based on an improved BEM model that is believed to model the underlying physics in a
convincing manner, and yet has a low computational time.

The turbine modeled was a 3.6 MW Siemens, with a rotor diameter of 107m, hub
height of 90 m and a variable-speed, variable-(collective) pitch control strategy. The
rotation speed was limited to a maximum of 1.963 rad/s for noise reduction. Once this
maximum is reached for a given wind speed (about 5m/s), the rotation speed remains
constant for higher wind speeds.

In order to restrict the variations in power to the variations due to the speed shear
(and not to any other effect), each case is assumed as idealised as possible. The lower
part of the boundary layer (corresponding to the “turbine layer” where the turbine rotor
stands) is assumed horizontally homogeneous. The wind speed can vary vertically, but
is uniform in horizontal planes at each height: u(x, y, z) = u(z) = (ux(z), uy(z), uz(z)) .
This assumption is fair to model the surface layer over flat terrain. Moreover, the tower
shadow effect is turned off. The tower shadow induces a 3p oscillations of the loads on the
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rotor with a larger amplitude than that due to shear (Dolan and Lehn, 2006) but it does
not significantly influence the difference in power output between constant and sheared
inflows. Finally, the shaft tilt angle was set to 0◦, in order to be able to observe the
azimuth dependent variations of the angle of attack and the relative speed experienced
by the blade due to the wind shear. The tilt angle results in oscillations of the loads with
a different phase and larger amplitude than that due to the shear alone. It may therefore
reduce the effect of the wind shear on the power performance but it was neglected here
in order to focus on the effect of the wind shear.

3.3 Effect of the wind speed shear on the aerodynam-
ics of the turbine

This section aims at showing the differences a sheared inflow makes in the aerodynamics
of the turbine compared to a uniform inflow. In order to focus on the vertical variation
of the horizontal wind speed on the power output of the turbine, the results presented
in this section were all obtained with laminar inflow (no turbulence).

3.3.1 Free wind speed

The simulations results obtained with a sheared inflow, defined by a power law (see
eq. (2.6)) with a shear exponent of 0.5, are compared to the results obtained with a
constant inflow. Both speed profiles have the same wind speed at hub height: 8 m/s;
they are shown in Figure 3.2.
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Figure 3.2: Profiles used as input. Black: constant profile (i.e. no shear); Blue: power law
profile with a shear exponent of 0.5. Both profiles have the same wind speed at hub height.

Figure 3.3 shows the free wind speed (i.e. wind speed as if there were no turbine) seen
by a point at a radius of 30m from the rotor centre and rotating at the same speed as
the rotor as a function of time. Whereas in a uniform inflow the point is subjected to a
constant wind speed, in a sheared flow, the point is exposed to large variations of wind
speed (even though the inflow is laminar). The variation of the wind speed seen by this
point in time is only due to the fact that it is rotating within a non uniform flow (speed
varying with altitude).

Figure 3.4 shows the variations of the free wind speed seen by the same rotating point
as previously but as a function of the azimuth position (0◦ corresponds to the downwards
position). The point experiences the hub height wind speed at ±90◦, lower wind speed
when it is downward (0◦) and higher wind speed when it is upward (180◦). As the wind
speed increases with height in the case of the power law profile, the amplitude of the
variations of the free wind speed seen by a rotating point increases with the radius (not
shown here), whereas for a uniform flow, the free wind speed is the same whatever the
position on the swept rotor disc (any radius, any azimuth).
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Figure 3.3: Time series of free wind speed seen from a rotating point, positioned at a radius of
30m, rotating at rotor speed. Black: no shear; Blue: power law profile with shear exponent of
0.5.
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Figure 3.4: Free wind speed seen from a rotating point, positioned at a radius of 30m, as a
function of the azimuth angle. Black: no shear; Blue: power law profile with shear exponent of
0.5.(0◦ corresponds to downwards)

3.3.2 Relative speed and angle of attack

A rotating blade does not experience the free wind speed because of the induction due
to the drag of the rotor. The forces acting on the rotating blade are directly related
to the relative speed - i.e. the speed of the wind passing over the airfoil relative to the
rotating blade - and the angle of attack - i.e. the angle between the blade chord line and
the relative wind speed - which depends on the induced speed, see Figure 3.5.

rotation

r�

uiw

�

Figure 3.5: Speed triangle for a blade element. ui is the induced wind speed, rΩ the opposite of
blade speed at this radius, w the relative speed and Φ the angle between the rotor plane and w
corresponding to the sum of the pitch angle, the twist angle and the angle of attack.

The variations of the relative speed and the angle of attack as a function of the blade
azimuth angle are shown in Figure 3.6. These two parameters vary with the azimuth
angle in a sheared inflow whereas they remain constant in a uniform inflow.

The relative speed and the angle of attack are derived from the rotor speed and the
induced velocity, therefore they depend on the way the induction is modeled. It appears
that it is difficult to evaluate their variations due to a non uniform flow in a simple way.
However, some basic considerations, ignoring the induction, can give a basic insight to
the variation of the relative speed and the angle of attack as the blade rotates in a sheared
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Figure 3.6: (a): Angle of attack and (b): relative speed as a function of the azimuth angle, seen
from a point at radius r=30m on a rotating blade. Black: no shear; Blue: power law profile with
shear exponent of 0.5.

inflow. When the blade points upward, the free wind speed increases compared to the
wind speed at hub height (or uniform inflow case), and so does the relative speed and
the angle of attack, see Figure 3.7 (right). Inversely, when the blade points downward,
they decrease, see Figure 3.7 (left).

rotation

r�

u
w

�

Blade downwards

rotation

r�

u
w

�

Blade upwards

Figure 3.7: Simplified speed triangles for an upward and downward blade showing the effect of
wind speed shear. The speed triangle for a horizontal blade is shown with dashed arrows. As the
twist angle is constant for a given position on the blade and the pitch angle is 0◦ for wind speed
below rated speed, the variations of Φ represents the variation of the angle of attack.

3.3.3 Tangential force and Torque

The angle of attack and relative speed variations result in a variation of the local lift and
drag as the blade rotates, which in turn results in the variation of the local tangential
force, see Figure 3.8. The angle Φ, the local lift (dFL) and the local drag(dFD) were
obtained as output of the model and the local tangential force (dFT ) is given by:

dFT = dFLCos(Φ) − dFDSin(Φ) (3.1)

The torque depends on the integral of the tangential force over the whole rotor, hence
it does not only depend on the wind speed at hub height but also on the distribution of
the speed over the rotor. As shown in Figure 3.9, the torque obtained with a sheared
inflow has a small 3p oscillation and the mean torque is lower that the torque obtained
for uniform inflow.

3.4 Consequences on the power production

In order to look at the effect of speed shear on the power output of the turbine, simulations
were run for various shear exponents between -0.1 and +0.5 and for a range of wind speeds
at hub height from 5 to 10 m/s.
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Figure 3.8: (a): Local lift , (b): local drag , (c): local tangential force seen from a point at
radius r=30m on a rotating blade as a function of its azimuth position. Black: no shear; Blue:
power law profile with shear exponent of 0.5.
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Figure 3.9: Total torque as a function of the azimuth position. Black: no shear; Blue: power
law profile with shear exponent of 0.5.

Figure 3.10 shows the relative difference between the power output obtained for a
sheared profile (P (α)

uhub) and the power output obtained with a uniform inflow for the
same wind speed at hub height, (P (0)

uhub):

ΔP =
P

(α)
uhub − P

(0)
uhub

P
(0)
uhub

(3.2)

According to HAWC2Aero, the power output depends on the shear exponent, mainly
resulting in a decrease of the power when the shear exponent increases. These results are
consistent with Walter (2007) and Antoniou et al. (2009) who carried out the same kind
of simulations with BEM models and power law profiles. Moreover, it coincides with the
measurements presented in (Albers et al., 2007), where high shears gave smaller power
outputs than low shear. This shows that power law profiles are expected to give lower
power than constant profiles. However it does not mean that large shear necessarily
results in lower power. Antoniou et al. (2009) and VanLuvanee et al. (2009) showed that
profiles influenced by low level jets, characterised with higher shear above hub height
than below hub height, resulted in higher power than other profiles (constant or power
law).
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Figure 3.10: Normalised difference in power output and in kinetic energy flux between sheared
inflow and uniform inflow as function of the shear exponent, for various wind speeds at hub
height. (The difference in kinetic energy flux is explained in section 5.2.1.)

3.5 Consequences on the power curve

3.5.1 With power law profiles

As explained in chapter 1, a power curve shows the power output of the turbine as a
function of the wind speed at hub height. However, as shown previously, for a given
wind speed at hub height, the power output of a turbine is expected to vary with the
wind speed shear. This variation in the power output results in a significant scatter in
the power curve plot as the shear varies during the power curve measurement. Indeed, if
only the wind speed at hub height is considered, all the points corresponding to profiles
with the same wind speed at hub height appear with the same abscissa but with different
ordinates, since the different profiles result in different power outputs. As an example,
the power curve and CP curve obtained with the results of the simulations described in
the previous section are shown in Figure 3.11. CP was defined as in the IEC 61400-12-1
standard (IEC, 2005):

CP =
P

1
2ρu3

hubA
(3.3)

where P is the 10 minute mean turbine power output, ρ is the air density, uhub the speed
at hub height and A the rotor swept area.

�
�

�

�

�

�

�

mean curve
� sheared inflow

� 0 shear

�a�
5 6 7 8 9 10

uhub �m�s�

500

1000

1500

2000

2500
P �kW�

�

�

�

�
� � �

�b�
5 6 7 8 9 10

uhub �m�s�

0.1

0.2

0.3

0.4

0.5
CP ��

Figure 3.11: (a): Standard power curve and (b): CP curve, i.e. plotted as function of the wind
speed at hub height and where only the wind speed at hub height is taken into account in the CP

evaluation. Results obtained with the same simulations cases described in section 3.4 (laminar
flow with wind speed shear)
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As these results were obtained with results of simulations, the scatter seen in Figure
3.11 are only due to the variations of wind shear as any other possible sources of scatter
in the power curve was eliminated (no turbine error and no measurements error).

3.5.2 With other wind speed profiles

One could argue that the scatter in Figures 3.11 (a) and (b) is rather small, but these
results were obtained with theoretical power law profiles. Because of their simplicity, use
of these theoretical profiles was convenient in order to establish a relation between shear
and power performance. However, as it was argued in chapter 2, the power law cannot
represent all the wind speed profiles.

In Paper I, given in appendix, similar simulations were carried out with profiles dif-
ferent from the power law. 173 profiles were derived from measurements at Høvsøre. The
process of derivation of the profiles is fully described in Paper I. These profiles were used
as inputs for the aerodynamic simulations. The model used was AE N WIND, a sim-
plified version of HAWC2Aero, which does not include a controller algorithm (constant
rotational speed and constant pitch). It was shown in the paper that this simplification
was reasonable for the small range of wind speeds considered. Furthermore AE N WIND
(as HAWC2Aero) offers the user the possibility of describing any speed profile by giving
the wind speed at various heights, thus the approximation of the wind profile with a
model was not necessary.

Figures 10 (a) and (b) in Paper I show the partial power curve and CP curve obtained
with the 173 profiles. For a standard power curve (“one point”), the scatter is very large.
Not only does this confirm that the speed shear can increase the scatter in the power
curve but it also shows that profiles deviating from the power law can generate a much
larger difference in power output than the power law profiles.

3.6 Summary

The speed shear was shown to have an effect on the response of the wind turbine. Ac-
cording to BEM simulations, a power law profile results in a smaller power output than
that obtained with a uniform inflow with the same wind speed at hub height. Moreover
the deviation can be larger for other kinds of profiles (different from the power law).

On one hand, different shear types result in different mean power curves. On the
other hand, the wind speed profile depends on numerous mechanisms. Hence, most
power performance measurement data sets are expected to contain a distribution of
profiles resulting in a significant scatter in the power curve and therefore in a significant
uncertainty.
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Chapter 4

Effect of turbulence intensity
on the power performance

In the previous chapter, only simulations with laminar inflow were considered in order to
isolate the effect of wind shear. However real inflows are not laminar, and a wind turbine
is subjected to the combined effect of shear and turbulence. This chapter presents a
short investigation of the influence of the turbulence intensity on the power performance
and the power curve in the first part, and the influence of wind shear combined with
turbulence intensity in the second part. The turbulence intensity (TI) is defined as :

TI =
σ

u
(4.1)

where u is the 10 minute mean wind speed and σ the standard deviation.
In HAWC2Aero, the time variations of the three components of the wind speed are

simulated by using the Mann model of turbulence (Mann, 1998). This is a spectral
tensor model for the atmospheric surface layer turbulence under neutral stratification.
The model assumes that the turbulence is homogeneous in space but non-isotropic. The
method generates a full three-dimensional turbulence field with all three components.
The wind speed time variations are superimposed to the mean wind speed profile. In
order to obtain statistically significant results, each shear case is run with 10 different time
series created by the Mann model using different seedings. In all simulations presented
here, the turbulence intensity is assumed constant with height, in order to focus on the
effect of shear.

4.1 Isolated turbulence

4.1.1 Simple aerodynamics

The simulations cases considered in this section correspond to a statistically uniform flow
- i.e. same average and turbulence intensity everywhere - with a mean wind speed of
8 m/s and a turbulence intensity of 10%. Figure 4.1 shows the time series of the wind
speed at 3 points at 3 different heights observed from a stationary frame of reference.
The wind speed varies with time at all points and is not exactly the same at all three
points at each time step but the mean and turbulence properties are nominally identical.

Figure 4.2 (Top) shows the free wind speed from a point rotating at rotor speed.
Higher variance is added to that due to the wind turbulence by the rotational sampling
of the wind speed as the point repeatedly passes through coherent structures. This
larger variance is consequently also evident in the angle of attack variations (see Figure
4.2 (Bottom)), and hence on the loads on the turbine rotor.
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Figure 4.1: Time series of the longitudinal wind speed at three heights for a statistically uniform
inflow (i.e. no shear) and TI=10%
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Figure 4.2: (Top): Time series of the longitudinal free wind speed from a rotating point at a
radius of 36m from the rotor center; (Bottom): Times series of the angle of attack from point
at a radius of 36m on a rotating blade - for a statistically uniform inflow (i.e. no shear) with a
mean wind speed of 8 m/s and TI=10%

4.1.2 Consequences on the power curve

A standard power curve is derived from 10 minute averaged values of the speed at hub
height and the power output of the turbine. The wind speed used in the power curves
presented in this chapter comes from the average of the time series generated by the Mann
model. Figure 4.3 shows the power curve scatter plot obtained with various turbulence
intensities from 5% to 20% for different mean wind speeds between 3 and 13 m/s. For
a given mean wind speed value used as input to the model, the mean speed output can
vary slightly from one seed to another as it can be seen in Figure 4.3. Hence the standard
deviation of the mean wind speed in each speed bin is not zero and increases with the
turbulence intensity. The response of the turbine to the speed fluctuations depends on
the internal dynamics of the turbine. According to HAWC2Aero simulation results shown
in Figure 4.3, the standard deviation of the power increases with the turbulence intensity.

When the wind speed fluctuates around the rated wind speed, the power extracted is
limited to the rated power. Therefore only “negative fluctuations” (i.e. the instantaneous
wind speeds below rated speed) of the wind are transformed into power fluctuations. Con-
sequently, 10 minute mean power obtained with a given turbulence intensity is generally
smaller than the power that would be obtained with the same mean wind speed and
a laminar flow (TI=0%), and the mean power decreases as the turbulence intensity in-
creases (Hunter et al., 2001; Albers et al., 2007) , see Figure 4.4. In the same way, as
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Figure 4.3: Power curve scatter plots obtained for various turbulence intensities from 5% to
20%. Black points: points obtained for uniform inflow; line: interpolation line considered as
representation of the zero-turbulence power curve; colored dots: points obtained for turbulent
inflow. The scatter increases with the turbulence intensity.

the wind speed fluctuates around the cut-in wind speed, only the positive fluctuations
are transformed in power fluctuations. Therefore, near the cut-in wind speed, the mean
power is expected to increase with the turbulence intensity. Between the cut-in and rated
speeds, the turbine is expected to respond to any wind speed fluctuations (positive or
negative). Within the wind speed range where the CP is constant (or varying very little,
as between 6 and 10 m/s in this example, see Figure 3.11), the turbine power increases
with the turbulence intensity as the power is then proportional to the cube of the wind
speed:

P =
1
2
ρu3ACP (4.2)

Indeed, the average of the cube of the wind speed increases with the turbulence intensity.
The wind speed can be decomposed as the 10 minute average, 〈u〉, and the fluctuations,
u′, defined as: 〈u′〉 = 0:

u = 〈u〉 + u′ (4.3)

The cube of the wind speed then becomes:

u3 = (〈u〉 + u′)3 = 〈u〉3 + 3〈u〉2u′ + 3〈u〉u′2 + u′3 (4.4)

and the average of the cube of the wind speed becomes:

〈u3〉 = 〈u〉3(1 + 3
〈u′2〉
〈u〉2 = 〈u〉3

(
1 + 3

σ2

〈u〉2
)

= 〈u〉3 (
1 + 3TI2

)
(4.5)

where σ2 = 〈u′2〉 is the 10 minute wind speed variance and TI the turbulence intensity
defined by eq. (4.1). The second term of eq. (4.4) disappears by definition of the fluc-
tuations and the last term disappears if the fluctuations distribution is assumed to be
Gaussian. According to this approximation, the average of eq. (4.2) is:

〈P 〉 =
1
2
ρ〈u〉3 (

1 + 3TI2
)
ACP (4.6)
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40 Effect of turbulence intensity

The effect of the turbulence intensity on the power curve can be seen as the combi-
nation of one effect on the mean power curve that varies with the turbulence intensity
(especially around rated speed) and one effect on the scatter that increases with the tur-
bulence intensity. The scatter in the power curve results from both effects as it usually
results from a distribution of turbulence intensities.
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Figure 4.4: Mean power curves for various turbulence intensities

4.2 Turbulence and shear

4.2.1 With power law profiles

In this section, the inflow for the simulations consists of a sheared mean speed profile
(following the power law with 8 m/s at 90m (hub height) and a shear exponent of 0.5)
superimposed with turbulence (with a turbulence intensity of 10%).

Figure 4.5 shows the time series of the wind speed at three heights (as in Figure
4.1 with no shear). The effect of the speed shear is that the wind speeds now fluctuate
around three different mean values (for the three different heights). The consequences
are an increase of the fluctuation amplitude of the wind speed seen by the blade and of
the angle of attack, as shown in Figure 4.6, and therefore of the loads on the turbine
rotor.
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Figure 4.5: Time series of the longitudinal wind speed at three heights for an inflow combining
a mean speed profile following the power law with α = 0.5 and TI=10%.

Figure 4.7 shows the longitudinal free wind speed as a function of the azimuth angle
(as done in the shear effect analysis in Figure 3.4). The cyclic fluctuation of the speed
due to shear appears clearly in spite of the fluctuations due to the turbulence. This
shows that, even though the scatter due to turbulence can be larger than the scatter
due to shear, the shear effect is not overwhelmed by the turbulence. This is obviously
relative to the shear and turbulence magnitudes. However, for the case of flat terrain, the
turbulence intensity is limited and only a few values exceeding 15% are expected (based
on westerly wind observation at Høvsøre).
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Figure 4.6: (Top): Time series of the longitudinal free wind speed from a rotating point at a
radius of 36m from the rotor center; (Bottom): Times series of the angle of attack from point at
a radius of 36m on a rotating blade - for a sheared inflow with a power law profile with α = 0.5
and TI=10%
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Figure 4.7: Longitudinal free wind speed seen from rotating point as function of the azimuth
angle. TI=10%, power law profile with α = 0.5.

4.2.2 With other wind speed profiles

Paper I presents results from simulations combining wind shear and turbulence intensity.
The profiles are the same as from the laminar cases (see section 3.5.2) and the turbulence
intensities were likewise derived from the measurements at Høvsøre. The turbulence
intensity was therefore not constant with altitude. However, it was generally rather
small as the Høvsøre site is located in flat terrain and surrounded by grassland and the
sea.

Figure 10 (c) and (d) in Paper I show the partial power curve and CP curve obtained
with the output of these simulations. The range of power outputs is similar to the laminar
inflow simulations, although the standard deviation is slightly larger. The impact of
moderate turbulence remained rather small compared to that of the large range of wind
shears.

4.3 Summary of the turbulence effect

The turbulence intensity globally increases the mean power output except near rated
speed where the power output decreases for increasing turbulence intensity. Moreover,
the turbulence intensity increases the scatter in the power curve, first, because it increases
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the power standard deviation, and secondly because the time averaging results in different
power curves for different turbulence intensities.

In spite of the fluctuations due to turbulence, the fluctuations due to shear are still
visible. A reduction of the scatter due to shear in the power curve would therefore reduce
the global scatter in the power curve even if part of the scatter is due to turbulence.
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Chapter 5

Equivalent wind speed

Wind farm developers demand site specific power curves in order to reduce annual energy
production (AEP) uncertainties. The only way to achieve this goal is to introduce the
influence of secondary parameters in the power performance measurement through the
definition of generalised power curves. Frandsen et al. (2000) and Eecen et al. (2006) pre-
sented such a generalised power curve defined as a multivariable linear function. However,
such a model presents some difficulties from a technical and marketing point of view, as
the power curve is presented as a multivariable function of independent parameters and
the calculation of the energy production then requires to estimate the combined proba-
bility density function, which can be a serious challenge. Another possibility to generate
a generalised power curve which accounts for the influence of other wind descriptors
additionally to the wind speed at hub height consists in defining a unique generalised
parameter which explains the variability of ten minutes average electrical power in a
better way than the wind speed at hub height.

In this thesis, the focus has been on the role of wind shear as a secondary parameter.
The goal is to define a generalised wind speed parameter that would account for the
variability of the turbine power output due to the wind shear. A power curve presented
as a function of such a parameter would be more repeatable than the standard power
curve (function of the wind speed at hub height). The aim is to reduce the sensitivity to
shear and this is equivalent to reducing the scatter due to shear in the measured power
curve.

5.1 Definition

The idea is to define a wind speed that would be representative for the whole wind profile
generating the rotor torque; i.e. a wind speed “equivalent” to the whole wind profile for
the turbine power performance. Different definitions for this “equivalent wind speed” are
conceivable. Elliott and Cadogan (1990) found that, for strong shear, the power curves
obatined with hub height wind speed and disk-averaged wind speed were substantially
different. Sumner and Masson (2006) obtained a more consistent power curve by using
the integral of the wind profiles over the rotor swept area.

Another idea is to consider the kinetic energy of the wind profile through the turbine
rotor swept area. As mentioned earlier, the current IEC standard (IEC, 2005) for power
performance measurement takes the wind speed at hub height as the unique wind speed
reference. The power coefficient is defined as in eq. (3.3). The denominator, assumed to
represent the kinetic energy flux through the rotor swept area, corresponds to the kinetic
energy flux of a constant profile with the wind speed uhub:

KEhub =
1
2
ρu3

hubA (5.1)

where ρ is the air density, uhub the wind speed at hub height and A the rotor swept area.
However, the kinetic energy flux does not only depend on the wind speed at hub height
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but on the whole wind speed profile. For a horizontally homogeneous boundary layer,
the wind speed only depends on the altitude z. The kinetic energy flux through the rotor
swept area is then given by:

KETh
profile =

∫ zhub+R

zhub−R

1
2
ρu(z)3c(z − (zhub − R))dz (5.2)

where zhub is the turbine hub height, R the rotor radius and c(z) is the chord (of the
circle defined by the rotor swept area) as a function of height z:

c(z) = 2
√

2Rz − z2 (5.3)

Note that eq. (5.2) is accurate if u is the component of the wind speed vector which
is orthogonal to the turbine rotor plan. As the rotor is usually tilted upward, the hori-
zontal component of the wind speed vector is not exactly orthogonal to the rotor plane.
However the tilt angle being very small(about 6◦), it is acceptable to disregard the non-
orthogonality.

Three simple definitions for an equivalent wind speed taking the speed shear into
account are then:

• a simple average:

Uavg =
1

2R

∫ zhub+R

zhub−R

u(z)dz (5.4)

• the integral of the wind speed profile over the rotor swept area, i.e. a linear average
weighted with the rotor area:

Udisk =
1
A

∫ zhub+R

zhub−R

u(z)c(z − (zhub − R))dz (5.5)

• an equivalent wind speed giving the same kinetic energy flux as the whole profile
based on the approximation given by eq. (5.2) - a cubic average weighted with the
rotor area:

UKE =

(
1
A

∫ zhub+R

zhub−R

u(z)3c(z − (zhub − R))dz

)1/3

(5.6)

5.2 Equivalent wind speed for shear

5.2.1 With power law profiles

Udisk (eq. (5.5)) and UKE (eq. (5.6)) were tested with the outputs of the simulations
described in section 3.4, i.e. laminar inflows with power law shear for various wind speeds
at hub height between 5 and 10 m/s and α between -0.1 and 0.5. The results are shown
in Figure 5.1.

The idea of using an equivalent wind speed in the power curve is to get a new distri-
bution of the points which is more consistent with the relation between the wind profile
input to the turbine and the power output. This new points distribution is expected to
decrease the dispersion of the points around the mean power curve (or CP curve), called
the scatter hereafter. However, the modification of the points distribution also involves a
modification of the mean power curve. Figure 5.2 shows the mean power curves and CP

curves obtained with the different wind speed definitions: the wind speed at hub height
(uhub), Udisk and UKE .

The linear average (Udisk) gives a mean power curve very close to the zero-shear power
curve and results in an obvious reduction of the scatter as the points are well aligned with
the mean power curve. However this is strongly suspected to be due to the approximation
made in the aerodynamic model. In HAWC2Aero, the local torque coefficient, i.e. the
torque for one computational cell of the swept rotor area normalised with the dynamic
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Figure 5.1: Power curve and CP curve obtained using different wind speed definitions in ab-
scissa. Black points: points obtained for uniform inflow; dashed line: interpolation line consid-
ered as representation of the zero-shear power curve. (a): power as function of Udisk; (b): CP

as function of Udisk; (c): power as function of UKE; (d): CP as function of UKE. The results
shown in this figure were obtained from the same simulation cases as the results displayed in
Figures 3.10 and 3.11, laminar inflows with power law shear.

force, is normalised using the mean wind speed over the rotor swept area (Bak, 2006).
More realistic results may be obtained by using the wind speed averaged over the cell
area.

The cubic average (UKE) gives a mean power curve similar to the mean power curve
obtained with the wind speed at hub height. The scatter is slightly reduced for this ex-
ample. Figure 3.10 shows the relative difference between the kinetic energy flux obtained
with eq. (5.2) for a power law profile 1 and that obtained when assuming a constant wind
speed profile (eq. (5.1)). The relative difference is defined by:

ΔKE =
KE

(α)
profile − KE

(0)
hub

KE
(0)
hub

=
1
A

∫ zhub+R

zhub−R

((
z

zhub

)3α

− 1

)
c(z − (zhub − R))dz (5.7)

This quantity does not depend on the wind speed at hub height, but on the turbine
rotor radius and hub height, hence it varies from one turbine to another. However for a
given wind turbine, this quantity only depends on the shear exponent (α). Figure 3.10
shows that, for the turbine simulated here, the kinetic energy flux decreases down to a
minimum around α = 0.2 and increases again for larger shear exponents. The simulated
turbine power output does not follow the kinetic energy flux variations as it remains
smaller than P 0

hub for any positive shear exponent for most values of uhub.
On the other hand, using UKE results in a way of plotting the power output of the

turbine as a function of the power input. This could show the true efficiency of the
turbine, i.e. its ability to extract the power available in the wind.

1The kinetic energy flux is not an output of HAWC2Aero, it has been calculated manually.
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Figure 5.2: (a): Scatter and mean power curve obtained for the various wind speed definitions
together with the 0 shear power curve; (b): Zoom in power curve figure around 8m/s at hub
height; (c): CP mean curves obtained for the different wind speed definitions.

5.2.2 With other wind speed profiles

The equivalent wind speed Udisk was also investigated in Paper I; it was named UeqM1.
In order to be applied with wind speed profile measurements, eq. (5.5) was approximated
by:

Udisk =
N∑

i=1

ui
Ai

A
(5.8)

where N is the number of wind speeds per profile, ui the wind speed at the ith height and
Ai the area of the corresponding segment of the swept rotor area (see Figure 2 in Paper
I). Figure 10 (a) and (b) shows the results obtained with laminar inflow simulations for
N = 3 (“3 points”) and N = 5 (“5 points”) together with the standard scatter plot (“1
point”). The use of the equivalent wind speed Udisk results in a greater reduction of the
scatter than for the theoretical profiles in Figure 5.1. However, this is strongly suspected
to be due to the way the aerodynamic model computes the rotor torque for a sheared
inflow, as mentioned earlier.

The scatter in the power curve resulting form using UKE , defined by eq. (5.6), was
not investigated in Paper I, so it is done here. Figure 5.3 compares the partial power
curve scatter plot obtained with uhub, Udisk and UKE , with the same simulations outputs
as in Figure 10, in Paper I. Eq. (5.6) was approximated by

UKE =

(
N∑

i=1

u3
i

Ai

A

)1/3

(5.9)

Both equivalent wind speeds were evaluated with N = 5.
The use of UKE does not decrease the scatter as much as Udisk. However, the scatter

is significantly smaller than that obtained with the wind speed at hub height. Moreover,
in this plot, like in the plots in Paper I, the reference power curve is an approximation
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Figure 5.3: Power curve scatter plot obtained with uhub, Udisk as defined by eq. (5.8) and UKE

as defined by eq. (5.9). The wind speeds and power values are the output of the simulations from
Paper I with laminar inflow.

of the 0-shear power curve. The mean power curve (obtained with the bin method of the
IEC standard) may have been more relevant, but this would not have been meaningful
as only a small range of wind speeds was covered by these simulations.

The power curve obtained with an equivalent wind speed, such as UKE and Udisk,
remains shear dependant as the power extraction of a turbine is usually not optimized
for sheared inflows. None of these equivalent wind speed definitions fully accounts for
the aerodynamics of the turbine in a non uniform inflow. Only an equivalent wind speed
that accounts for the aerodynamic changes due to the sheared inflow would give a power
curve independent of the wind speed shear. However, this is very difficult (probably
impossible) to define, as it requires a full understanding of the aerodynamics variation in
an inflow with vertical shear, and this can vary from one single speed profile to another.

5.3 Equivalent wind speed and turbulence

The previous section showed that an equivalent wind speed taking the wind shear into
account can reduce the scatter in the power curve. However, the results were obtained
with laminar inflow so the wind shear was the only source of scatter. It was shown in
chapter 4 that turbulence is another important secondary parameter responsible for the
scatter in the power curve.

5.3.1 Reduction of the scatter with turbulent inflow

Figures 10 (c) and (d) in Paper I show the results obtained with the output of the
simulation cases with turbulent inflow. As for the laminar cases, the use of the equivalent
wind speed Udisk reduced the scatter. However, the turbulence intensities were rather
low. Figure 5.4 compares the results obtained with uhub, Udisk and UKE , derived from
the same simulations output as used in Figures 10 (c) and (d). As for the laminar cases,
UKE does not reduce the scatter as much as Udisk but reduces the scatter significantly
compared to the standard scatter plot.

5.3.2 Scatter due to turbulence

The equivalent wind speed definitions proposed previously cannot reduce the scatter due
to the turbulence itself since they are based on 10 minute mean speeds. The turbulence
intensity can be taken into account in the equivalent wind speed by considering the
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Figure 5.4: Power curve scatter plot obtained with uhub, Udisk as defined by eq. (5.8) and UKE

as defined by eq. (5.9). The wind speeds and power values are the output of the simulations from
Paper I with turbulent inflow.

average of the cube of the wind speed given by eq. (4.5):

Udisk TI =
∑

i

〈ui〉
(

1 + 3
σ2

i

〈ui〉2
)1/3

Ai

A
(5.10)

UKE TI =

(∑
i

〈ui〉3
(

1 + 3
σ2

i

〈ui〉2
)

Ai

A

) 1
3

(5.11)

Figure 5.5 shows the power curves obtained for the different speed definitions: uhub,
UKE TI and Udisk TI , with the simulations described in section 4.1.2, i.e. with wind
speeds between 3 and 13 m/s and various turbulence intensities: 5%, 10%, 15% and
20%.

The problem is that the turbulence modified equivalent wind speeds simply increase
with the turbulence intensity for any wind speed. As noticed previously, where the power
curve follows the cube of the wind speed (i.e. CP almost constant), the power output
increases with the turbulence intensity. Thus for this wind speed range, the scatter is
reduced when using Udisk TI or UKE TI , see Figures 5.5 (c) and (d). However, near rated
speed, the 10 minute average of the turbine power output decreases with the turbulence
intensity. UKE TI and Udisk TI cannot reduce the scatter around rated wind speed.

These equivalent wind speed definitions were used in Paper I: Udisk TI was named
UeqT1 and UKE TI was named UeqT3. The results are shown in Figures 10 (g) and (h). As
those results are limited to a small speed range within the medium load range and with
low turbulence intensities, the scatter is reduced but no significant difference appears
between the equivalent wind speeds that take the turbulence intensity into account and
the definitions that ignore it.

The use of an equivalent wind speed taking the turbulence intensity into account can-
not normalise the power curve for the turbulence effect. Gottschall and Peinke (2008)
emphasized the impact of short-time dynamics for a proper description of the power
conversion process of a wind turbine. Simple sample statistics are not sufficient to cap-
ture the characteristics of this process. The authors suggested a dynamical approach,
based on fast sampled data, estimating the stationary power curve representative of the
deterministic dynamics of the wind turbine (separated from the stochastic influences).
However such a method is rather different from that suggested here, as the equivalent
wind speed method does not account for the turbine dynamics but only for the natural
wind power.

Based on the 10 minute average values, Kaiser et al. (2003) and Albers (2010) sug-
gested two methods aiming at representing the non linear relation between the 10 minute
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Figure 5.5: Power curve scatter plot obtained with the output of the simulations cases with
various turbulence intensities between 5% and 20% and no shear : power as function of (a):
uhub, (b):UKE, (c): Udisk TI , (d): UKE TI

mean power and the 10 minute mean wind speed. Both methods require that the power
curve for 0% turbulence intensity (0%-TI power curve) is retrieved from the measure-
ments obtained with turbulence intensity which was not 0%. In the method discussed
in (Kaiser et al., 2003), the 10 minute mean power for a given TI is based on the 0%
TI power curve and its second derivative that changes sign according to the bend of the
power curve.

Albers (2010) went a step further as his method is based on the fact that the 10
minute average of the power is not linearly related to the mean wind speed but to
the wind speed distribution during the considered 10 minute and the shape of the power
curve. According to these assumptions, if the shape of the 0%-TI power curve was known,
it would be possible to calculate the 10 minute mean power that would be obtained with
a given turbulence intensity (TI > 0%) as it only changes the wind speed distribution.
Albers’ method therefore consists of 2 steps:

1. The estimation of the 0%-TI power curve;

2. The simulation of the power curve for a chosen turbulence intensity.

This method was applied to the simulated data set used in Figure 5.5 (including
various turbulence intensities between 5% and 20%) in order to obtain the power curves
normalised to 0% and 20% turbulence intensity. The results, displayed in Figure 5.6,
show that this method solves the problem of the bending at rated speed: a sharp bend
is obtained for 0% turbulence intensity and a smooth bend is obtained for 20%. Albers’
method takes only the wind speed at hub height into account. Furthermore, Albers’
method changes the power value (the power curve y-axis), contrary to the equivalent
wind speed method which modifies the wind speed definition (therefore influences the
x-axis) in the power curve.

Therefore both the equivalent wind speed method and Albers’ turbulence normalisa-
tion method can be applied together quite easily. The combination of the two methods
was tested with experimental data and the results are presented on section 9.3. Albers’
method is described in more details and further discussed in that section.
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Figure 5.6: (a): Power curve scatter plot obtained with the output of the simulations cases
with various turbulence intensities between 5% and 20% and no shear; (b): Results of the nor-
malisation of the power curve shown in(a) to 0% and 20% turbulence intensity with Albers’
method

5.4 Summary of equivalent wind speed investigation
with aerodynamic simulations

The scatter due to the wind speed shear could be decreased by using an equivalent wind
speed accounting for the shear. Such an equivalent wind speed can be defined in several
ways. Two definitions were investigated: the integral of the wind speed over the rotor
swept area and an approximation of the kinetic energy flux taking the wind shear into
account, i.e. the integral of the cube of the wind speed profile over the rotor swept area.
However, due to the uncertainties in the modeling, the simulations did not enable us
to conclude about the best definition. The linear average resulted in a smaller scatter
but this is almost certainly due to an artefact of the aerodynamic model. The BEM
simulations do not appear as an ideal tool to find the best equivalent speed definition.
It would require a more advanced model with fewer assumptions in the response of the
turbine to a non-uniform inflow and better validated.

Secondly, simulations with sheared and turbulent inflow showed that the equivalent
wind speed method reduced the scatter in the power curve even if it is affected by
turbulence. However only the scatter due to shear is reduced, not the scatter due to
turbulence.

Finally an equivalent wind speed accounting for the turbulence intensity in addition
to the shear cannot normalise the power curve for the turbulence intensity. On the other
hand the method suggested by Albers (2010) does normalise the mean power curve but
does not seem to reduce the scatter. This is further discussed in section 9.3.
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Chapter 6

Lidar

A wind sensing LiDAR (Light Detection And Ranging) is an instrument measuring the
wind speed and direction remotely using coherent laser light. Wind sensing lidar profilers
(called simply lidars hereafter) entered the wind power market in 2006 when Qinetiq re-
leased their production version ZephIR wind lidars. Subsequently, Leosphere introduced
the Windcube in 2007, and the Gallion from Sgurr appeared on the market in 2009.

Lidars are presently used in the wind power sector to assess wind resource prior to
wind farm installation. The site development process can be accelerated - and therefore
the cost potentially decreased - as a lidar can be deployed in very short time compared
to the time needed for the planning and erection of a mast. Moreover, the costs rise
rapidly, as the height of the mast increases. A lidar therefore gives the possibility not
only to measure at any height (within some limitations explained later in this chapter),
but also to measure the wind speed at several heights simultaneously for a fixed cost. A
further advantage is that while masts are difficult to redeploy, a lidar is designed to be
mobile.

Lindelöw-Marsden et al. (2009) showed that a lidar measurements at hub height can
results in AEP prediction close to that obtained with a cup anemometer. Moreover,
for a wind turbine with a hub above 60m, the wind speed at hub height is usually
estimated by extrapolation from measurements with a short mast. The use of a lidar
offers the possibility of measuring the wind speed at hub height instead of extrapolating.
The present study aims at showing that lidar measurements can even improve power
performance measurement as the lidar provides a measurement of the wind speed profile,
eliminating the need for models and extrapolation.

As Windcube lidars were used in both experiments described in this thesis, the fol-
lowing description of lidar principle of operation concentrates on pulsed systems, such as
the Windcube.

6.1 Principle of operation of a pulsed lidar

The basic principle of operation of a lidar is based on the Doppler effect of a coherent
signal reflected against a moving target. A lidar emits a near-infrared signal with a
wavelength of 1.55 micrometer. Along its path the light is scattered by aerosols (e.g.
dust, pollen) which are transported by the wind, and therefore assumed to move with
the speed of the wind. Because of the Doppler effect, the backscattered signal has a
different frequency than the emitted signal. The difference in frequency, known as the
Doppler frequency, is proportional to the radial wind speed (vr), i.e. the component of
the wind speed along the laser beam direction, usually called the line-of-sight :

fD =
2fE

c
vr (6.1)

where fD is the Doppler frequency, fE the emitted frequency and c the speed of light. The
full 3-dimensional (3D) wind speed vector (horizontal component, vertical component and
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Figure 6.1: Picture of a Windcube lidar (on the left) and a ZephIR lidar (on the right)

wind direction) can be retrieved by combining several radial speeds measured in different
directions under the assumption of horizontal homogeneity.

6.1.1 Measurement range

The range where a pulsed lidar measures is selected by range-gating , i.e. by sampling
the backscatter within the time window corresponding to the range of interest. Indeed, as
a light pulse propagates through a dispersed target, like the particles in the atmosphere,
backscatter return continuously after the pulse has left the system. As the pulse travels
at the speed of light, the backscatter sampled at time t arrives from the range ct/2 (as
during the time t, the signal reached the target and came back to the sensor).

0 Tpulse t t�Tsample
t

c�t�Tpulse��2

ct�2

c�t�Tpulse��2

z

Figure 6.2: Distance to the origin of the received scatter as a function of collection time

As the pulse has a finite duration, Tpulse, every sample point is constructed from the
superposition of backscatter generated from a volume having the shape of a long thin
cylinder with the width of the laser beam (typically with a diameter of a few centimeters)
and of length cTpulse/2. Indeed, at a time t, the lidar receives scatter from the beginning
of the pulse which is generated at a distance ct/2, but also backscatter from the rest of
the pulse, which is between c(t − Tpulse)/2 and ct/2. This is illustrated in Figure 6.2.

Backscatter distances do not contribute with the same amount of energy to a Doppler
spectrum. The contribution distribution can be represented by a triangular function with
its summit (maximum weight) at the middle of the range gate (Lindelöw, 2007).
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Furthermore, the effective sample volume length depends mainly on the pulse shape.
Hence, for a pulsed system, the effective sample volume length is constant with height.
For a Windcube, the pulse duration is 200 ns, corresponding to a pulse length of 60 m,
and the effective range resolution is about half the pulse length, i.e. about 30 m along
the line-of-sight.

6.1.2 Radial speed retrieval

The time series from each range-gate of each pulse are Fourier transformed into a power
spectrum. As explained previously, the backscatter are actually coming from a volume
defined by the width of the laser beam (a few centimeters) and the pulse length. In theory,
if the wind within this volume was perfectly homogeneous (same speed everywhere), the
backscatter signal would have a narrow distribution of frequencies with its maximum
at the Doppler frequency corresponding to the component of the aerosols speed along
the beam direction within the sample volume. However, as the wind in this volume is
not homogeneous (due to turbulence and wind shear), the received backscatter is the
superimposition of many reflections with a distribution of frequencies. The resulting
spectrum has a larger width than for a uniform wind. The spectrum width depends
on the turbulence and the wind shear within the sampling volume. The peak of the
spectrum is assumed to correspond to the speed at the middle of the range gate.

Furthermore, the spectrum obtained for each individual pulse is very noisy and the
low signal to noise ratio prevents the Doppler frequency from appearing clearly. The
signal to noise ratio has to be improved by averaging a large number of spectra in
order to obtain a reliable speed estimate. This is why, the emitted signal is actually
a train of 10000 pulses. The resulting 10000 spectra are block averaged. Due to the
short recording duration (200 ns), the resulting spectra have a poor frequency resolution
and the frequency peak of the block-averaged spectrum is obtained with a maximum
likelihood estimator based on a proprietary algorithm developed by Leosphere.

6.1.3 Three-dimensional vector

With the range gating, a pulse-train sent in one line-of-sight results, after processing
of the backscattered signal, in radial speeds at various ranges quasi simultaneously. In
order to obtain a 3-dimensional wind speed vector, a Windcube lidar measures radial
speeds successively in four line-of-sights separated azimuthally by 90 degrees from each
other: V r0, V r90, V r180, V r270, by rotating the laser beam with an angle φ from the
vertical, see Figure 6.3. Simple trigonometric considerations are used to calculate the
three components of the wind speed (2 horizontal and 1 vertical):

u1 =
v180 − v0

2sin(φ)

u2 =
v270 − v90

2sin(φ)
(6.2)

w =
v0 + v90 + v180 + v270

4sin(φ)

At each direction step, the Windcube combines the four most recent radial speeds at
each height in order to obtain the horizontal and vertical speeds and wind direction. In
this way, a full 3-dimensional vector is obtained every 1.5s.

6.1.4 Carrier to Noise Ratio

The carrier to noise ratio (CNR) is defined as the ratio between the peak power level in
the Doppler spectrum to the power of the photodetector noise. The noise from the pho-
todetector is measured as a dummy range-gate corresponding to the period immediately
before each pulse is emitted. The CNR therefore gives an indication of the strength of
the backscattered signal. The CNR is calculated for each block-averaged spectrum.
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Φ

Figure 6.3: Lidar conical scan. u is the wind speed vector; φ is the cone angle and
V r0, V r90, V r180, V r270 are the radial speeds in four successive line-of-sights.

As the power of light decreases with the square of the distance (because of the dis-
persion of the backscatter), the CNR decreases with height and this limits the maximum
range where a lidar can measure. The laser power cannot be increased because of the
physical limitations of the optical fiber and to comply with eye-safety regulations. The
power of the backscatter signal could be increased by increasing the pulse length, but
this would reduce the vertical resolution and increase the minimum height. Another way
of increasing the useable range is to focus the laser beam rather than using a colimated
beam. In the Windcube, the laser beam is focused at about 80m giving a peak CNR
around that height, see Figure 6.4 (a). This extends the range of the instrument to
around 300m, depending on the background aerosol concentration.
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Figure 6.4: (a): Averaged CNR profile; (b): Average availability profile

Lidar measurements assume homogeneous distribution of the aerosols in the lower
part of the boundary layer. The aerosol concentration changes from time to time and
from place to place and drops dramatically above the ABL. If the CNR is below a pre-
determined threshold (usually -22dB in the Windcube), the uncertainty of the radial
speed estimate is deemed to be large and no radial speed is returned.

A 10 minute CNR is defined by averaging the CNR measured at a given height
in all four line-of-sights during 10 minutes. The CNR actually gives an idea of the
backscattered power but one may be interested only in whether or not a signal could
be detected (i.e. whether the CNR was above the acceptance threshold). Thus, the
availability parameter is defined as the ratio between the number of speeds actually
measured and the total number of speeds theoretically possible. Figure 6.4 (b) shows the
availability parameter as function of height.
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6.2 Limitations of a pulsed lidar in measuring the
wind speed profile

6.2.1 Horizontal homogeneity

A lidar actually measures the radial speed (along the line-of-sight) and the combination
of at least 3 radial speeds measured in 3 different directions is required to derive the
full wind speed vector. The best way to achieve this would be to have three lidars, at
three different positions, with their beams crossing at the point of interest. However,
the use of a single instrument is preferred as it is less costly. The measurement of radial
speeds in different directions is then achieved by shooting in different directions from
one fixed point on the ground, by rotating the laser beam around the vertical with an
angle φ (usually φ = 30◦). A Windcube lidar successively measures the radial speeds at
4 positions, by rotating the laser beam in 90◦ increments. The four radial speeds are
therefore taken on a circle of diameter

D = 2 h Tan(φ) =
2√
3
h (6.3)

where h is the measurement height. Consequently the radial speeds are measured at
locations rather distant from each other. For instance, when the lidar measures the wind
speed at h = 100 m, two radial speeds taken at points radially opposed are separated
by about 115 m. Therefore the combination of those radial speeds to retrieve the full 3
dimensional wind speed vector only makes sense if the layer of air at 100 m is horizontally
homogeneous. Lidar wind speed measurements thus require the horizontal homogeneity
of the wind in the lower part of the atmosphere; i.e. the wind speed should not vary
horizontally. This assumption is fair in flat terrain, but is a limitation for measurement
in complex terrain.

6.2.2 Precipitation

Rain can affect lidar measurements. Since the rain drops are falling, they cannot be
said to be transported by the wind. The horizontal wind speed retrieval is not affected
on average. However, the scatter in the regression between lidar measurements and cup
anemometer measurements is increased, which is not desirable for the purpose of reduc-
ing the scatter in the power curve measurement. The periods with rain were therefore
excluded from the data sets used in the experimental analyses.

6.2.3 Shear

Cone angle

An error in the cone angle (φ) would affect both the retrieval of the 3-D wind speed vector
from the measured radial speeds and the sensing range. Indeed, to accurately retrieve
the 3-D wind speed vector from the measured radial speeds according to eq. (6.2), the
cone angle used in the equation (implemented in the software) must be the actual cone
angle. Secondly, an error in the cone angle results in measuring at the wrong height
since the line-of-sight range is incorrect (2Tan(φ) × h). For contemporary lidars this
angle is determined for the prism present individually for each lidar as a part of the
manufacturing process.

Range gating

One inherent problem with remote sensing is to accurately know the distance it is sensing
at. In case of wind shear, an error in sensing distance can introduce a measurement bias.
For pulsed systems, the trigger time (i.e. the time the pulse leaves the lidar) has to be
known to an accuracy higher than 10 ns in order to get an accuracy for the range gating
with an accuracy of 1m (Lindelöw et al., 2008).
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Uneven backscatter contribution within the range-gate

A lidar measures the wind distribution from a sample volume of some length. The
radial wind speed is estimated from the measured wind spectra, which corresponds to
the wind distribution within the sample volume weighted with the appropriate function.
It is assumed that the dominant line-of-sight wind velocity is representative of the wind
velocity at the altitude which corresponds to the peak (or the centroid) of the weighting
function in the sample volume. For this reason, the estimation of the dominant wind
signal slightly depends on the wind shear in the sample volume, i.e. about 26 m high
vertically.

Range gate distortion

Another inherent error could be due to unadjusted distortion of the range gates. Fiber
based lidars typically use a focused telescope to collect more backscatter from the in-
termediate range. The range dependent collection efficiency of the focused telescope
will shift the classical weighting function in the range gate, as illustrated in Figure 6.5
(Lindelöw et al., 2008).

50 100 150
z0.0

0.2

0.4

0.6

0.8

1.0
Normalised RBP

Figure 6.5: Weighting of the backscatter for a pulsed focused lidar.

Wind shear proportional error

In Høvsøre, a difference of more than 1% in the 1-parametric regression1 was observed
between lidar measurements for easterly and westerly winds. This deviation is strongly
suspected to be due to the influence of shear as these two sectors present very different
shear (see section 2.2.2). According to Lindelöw et al. (2008) most of these errors are
linearly dependant on the shear and can be detected with a 2-parametric regression.

6.3 Other remote sensing wind profilers

For the sake of comparison, the main differences between a pulsed lidar system and two
other remote sensing (RS) instruments, a continuous wave lidar and a sodar, are now
described.

6.3.1 Continuous wave lidar

As indicated by its name, a continuous wave (cw) lidar emits the infrared signal contin-
uously. The principle of range gating cannot be applied. The range of measurement is
defined by the focusing of the laser beam at a specific range. The backscattered energy
then comes from the focused volume, weighted according to the appropriate Lorentzian
function centered at the focal distance. The obtained radial wind speed distribution in
this case is ideally dominated by the signal from the set focus distance.

1Lidars are usually compared to cup anemometers with a linear regression between the speed measured
simultaneously by both instruments at the same height; see examples in Figures 7.2, 8.2 and 11.6.
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This is the cause of the main differences with a pulsed lidar system. First, the sample
volume length is not constant with height, according to the Lorentzian function model,
it increases with the measurement range. Although, it is smaller than for the pulsed
system at low heights, it is larger at high heights. According to Mikkelsen (2009) the
sample range for both instruments is equal at about 150m. However, the Windcube
sample range has been modelled in a different way than in (Lindelöw, 2007), resulting in
a larger sample range (37.5m). Moreover, as the sample range increases with height, cw
lidar measurements become significantly less accurate above 200m.

Secondly, with a cw system, we are obliged to assume a sensibly flat vertical profile
of aerosol concentration. The assumption of vertical aerosol homogeneity unfortunately
fails completely in the fairly common case of low level clouds (under 1500m). Here, the
relatively huge backscatter from the cloud base can be detected even though the cloud
is far above the focus distance. The resulting Doppler spectrum has two peaks – one
corresponding to the radial speed at the focused height and a second corresponding to
the (usually) higher speed of the cloud base. Unless corrected for, this will introduce a
bias to the wind speed measurement. For this reason, the ZephIR has a cloud-correction
algorithm. Two extra scans at 38m and 800m are inserted into the height cycle and used
in order attempt to remove the influence of the clouds at the desired measuring heights.

Since the cloud-correction algorithm is only partially successful, it is necessary to
remove periods where low clouds are present in order to achieve the best possible data
analysis. Then, additional equipment such as a met. mast and/or a ceilometer is required
and the lidar is only used as an auxiliary equipment. Furthermore, the filtering of the
lidar data reduce significantly the amount of usable data as pointed out in (Montes et al.,
2009).

Thirdly, as the laser beam must be focused at the measurement range, the radial
speed can be measured only at this height. Thus for a ZephIR, once the laser beam is
focused at the first measurement height, it scans the air conically in order to measure
several (50 per rotation) radial speeds in different line-of-sights (that are then used to
retrieve the 3-D wind speed vector). Then, in order to measure to the next range, the
laser beam must be refocused and scan the air and so on. Therefore, with a cw system
the radial speeds at different heights are measured successively (contrary to the pulsed
lidar that measured the radial speeds at all heights simultaneously before rotating the
beam).

6.3.2 Sodar

A SoDAR (Sound Detection And Ranging) measurement is based on the Doppler effect
of the sound when reflected against a moving target. However, unlike light, the sound
is not reflected by the aerosols in the air but by the changes in refractive index of air
due to temperature inhomogeneity. A sodar therefore measures the speed of turbulence
patches transported by the wind. All sodars are pulsed system and, like pulsed lidars, the
measurement range is defined by range-gating, the radial speeds at the different heights
are measured simultaneously, the probe length is constant (about 20m).

The AQ500 sodar (sodar used in the measurement campaign described in chapter 7)
is a 3-beams monostatic sodar using parabolic dishes to direct the beams with a beam
angle of 15 degrees from the vertical. Such a sodar is cheaper than a Windcube or
Zephir lidar, but has more limitations than a lidar. First, a sodar needs some thermal
structure to measure any radial speed, therefore the signal availability drops close to
neutral conditions.

Then, as a sodar detects backscattered sounds, it is sensitive to surrounding noise
(such as that due to cars or planes) and to surrounding obstacles (such as trees or
buildings) that can create fixed echoes. Rain is also a problem because of the noise of
the rain drops impacting the microphones.

Furthermore, even without surrounding noise and obstacles, sodar measurements are
inherently noisier than lidar measurements, as is shown in chapter 7. This is mainly
due to two reasons. First, unlike light, the sound does not propagates in a straight line
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but readily refracts. The sound beams hence spread out and the location from where
the backscatter arrives is not accurate. Secondly, as the sound travels much slower than
light, one sodar “shot” takes much longer. We need many shots (averaged spectra) to
reduce the noise to an acceptable level. For this reason a sodar can only provide a wind
speed measurement every 10 minutes. The uncertainty on each 10 minute mean value is
hence much larger than for lidars.

Figure 6.6: Picture of a AQ500 sodar
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Chapter 7

First experiment: comparison
between a lidar, a sodar and a
cup anemometer

In chapter 5, the use of an equivalent wind speed taking the shear into account was shown
to reduce the scatter in the power curve. The experimental validation of this method
requires a measurement of the wind profile in front of a large wind turbine simultaneously
with measurement of the turbine power output. A remote sensing instrument capable of
measuring the wind speed profile up to the higher tip of the turbine rotor is an attractive
alternative to a met. mast as it is relatively easily installed. Hence, a measurement
campaign was conducted with a lidar and a sodar in front of a multi-MW wind turbine.

7.1 Description of the measurement campaign

The experiment took place at Risø DTU’s Test Station for Large Wind Turbines, located
at Høvsøre, described in section 2.2, in spring 2008. The wind directions considered
were within the 90◦ sector delimited according to the IEC standard for performance
testing (IEC, 2005) in order to avoid wakes from other turbines: 230◦ − 320◦. This
experiment was initially designed to measure the power performance of two of the five
wind turbines located at Høvsøre (named turbine A and B in Figure 7.1). A Windcube
lidar and an AQ500 sodar were placed close to each other between the masts A and B,
as shown in the sketch in Figure 7.1. However, data from turbine A were not suitable
for the experiment. The wind turbines at Høvsøre are test turbines. Therefore they are
subjected to numerous changes in settings according to the manufacturer needs. For this
reason, it was not possible to have a data set suitable for a power curve test. Therefore,
only the results obtained with turbine B are presented here. Mast MB is equipped with a
top-mounted cup anemometer fulfilling the requirements of the IEC 61400-12-1 standard.

The principle of operation of the RS instruments is described in chapter 6. The
Windcube lidar measured in this location for 3 months (from 25/02/08 to 20/05/08) at
10 heights chosen to match the five heights: 0.5zhub , 0.75zhub , zhub , 1.25zhub , 1.5zhub

where zhub is the wind turbine hub height. The AQ500 sodar measured at this location,
with a constant setting, for about 2 months (from 15/04/08 to 20/05/08). The sodar
AQ500 was located 5 m west of the lidars (see Figure 7.1). The sodar measured at every
15m including the turbine hub height.

The data were selected according to the operational status of the turbine. Periods
with a temperature below 2◦C were excluded in order to avoid measurements with ice
affected cup anemometers. For lidar and sodar quality data, periods with rain were
excluded. Finally, only 10 minute lidar data with an availability of 100% (see section
6.1.4) were selected.
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lidarsodar
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Figure 7.1: Sketch of the experimental set up. MA: mast A, MB: mast B, DA (DB): Rotor
diameter of wind turbine A (B).

For reasons of confidentiality, no more information is given concerning the wind tur-
bine. The data were normalised: the turbine power output using the rated power Prated

and the wind speed using the rated speed urated.

7.2 Comparison Lidar-Sodar

Figure 7.2 (a) and (b) show the comparison of the simultaneous 10 minute mean wind
speed at hub height measured by a RS instrument (lidar and sodar, respectively), and
the cup anemometer. Both data sets include the same 10 minute periods. The sodar
measurements overestimated the wind speed in comparison to the speed reported by
the cup anemometer. Figure 7.2 (c) and (d) show the RS instruments error, i.e. the
difference between the simultaneous RS and cup anemometer measurements, at hub
height. The standard deviation of the sodar error (0.82 m/s) is much larger than the
standard deviation of the lidar error (0.26 m/s). The sodar data are significantly noisier
than the lidar data.

There was no indication of any major problem with the sodar during this experiment.
The difference in measurements from the two instruments can be explained by the dif-
ference in the way they operate. Because sodar measurements are based on the Doppler
shift of backscattered sound, they are sensitive to surrounding noise and obstacles, which
is not the case for light beams. Moreover, the sampling frequency of a sodar is much
lower than that of a lidar. Each radial speed measured by the sodar is derived from the
averaged Doppler spectra over 10 minutes, whereas, for a pulsed lidar, a radial speed in
one line-of-sight is obtained every 6 seconds and each radial speed is derived from the
average of thousands of Doppler spectra (see chapter 6).

The overestimation of the wind speed measured by the sodar shifts the power curve
to the right, see Figure 7.2 (f). Moreover the noisy measurements (at hub height) from
the sodar results a much larger scatter in the power curve than the power curve obtained
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with the cup anemometer; whereas the scatter in the power curve obtained with the
lidar is similar to that obtained with the cup anemometer, see Figure 7.2 (e). If the RS
instrument increases the scatter in the power curve compared to a cup anemometer, it is
unlikely that the speed profiles from that same instrument can help to reduce the scatter.

The large standard deviation of sodar error was observed at every height resulting
in a random distortion of the profiles. According to the estimation of the uncertainty
of measurements suggested in chapter 11, sodar measurements would have a larger un-
certainty than lidar measurements, since the standard deviation of the residuals in the
linear regression between sodar and cup anemometer measurements is larger than that of
lidar. Assuming that the sodar has the same residuals standard deviation at all heights,
an equivalent wind speed derived from these measurements may reduce the scatter in the
power curve in comparison to the sodar measurements at hub height, but hardly in com-
parison to the cup anemometer measurements or to the lidar measurements. Therefore,
the profiles measured by the AQ500 sodar were found not to be suitable for equivalent
wind speed calculation.

7.3 Power curve measurement with the lidar

7.3.1 Direct comparison to the standard power curve

Figure 7.3, plot (a) shows the scatter plot of the power curves measured with the cup
anemometer and with the lidar at hub height. Plot (b) shows the scatter plot of the
power curves obtained with lidar wind speed measurements at hub height and Udisk

derived from the lidar wind profile measurements, according to eq. (5.8). The three
scatter plots are very similar. Plot (c) shows the mean power curve for all three wind
speeds. The curve obtained with the lidar at hub height is slightly different from the
standard curve. The power curve obtained with the equivalent wind speed is very close
to that obtained with the lidar measurement at hub height.

Different power curves are obtained for different wind speed definitions in abscissa, as
already mentioned in section 5.2 and as it can be seen in Figure 7.3 (c). The scatter has
to be defined for each speed definition relative to the corresponding mean power curve.
Plot (d) displays the scatter per wind speed bin. The scatter was quantified as the mean
residual relative to the mean power curve. As the measured power curve is actually a
succession of segments, the mean residual was calculated for each segment. One segment
is defined by 2 points of coordinates (vi−1, Pi−1) and (vi, Pi) where vi is the ith wind
speed in the mean power curve and Pi the corresponding average power. Thus the mean
residual for the jth segment or bin is defined as:

errj =

√√√√ 1
Nj

Nj∑
k=1

(yj,k − fj(uj,k))2 (7.1)

where Nj is the number of data in the jth bin (corresponding to the jth segment, e.g.
vi−1 ≤ uj,k ≤ vi ∀kε[1, Nj ]), uj,k the measured wind speed of the kth point in the jth bin
, yj,k the corresponding power output and

fj(u) =
(

Pi − Pi−1

vi − vi−1

)
u +

(
Pi −

(
Pi − Pi−1

vi − vi−1

)
vi

)
(7.2)

is the equation of the jth segment. This way of evaluating the scatter in the power
curve scatter plot has the weakness of being influenced by the slope of the mean power
curve segment - this explains the general trend of increasing scatter up to normalized
wind speed in Figure 7.3 (d). However, quantified according to this simple method, the
scatters obtained with the different wind speeds can be compared.

The scatter obtained with the lidar measurement at hub height is slightly smaller
than the scatter for the cup anemometer measurements. This is further discussed in
section 7.3.3. On the other hand, the scatter obtained with the equivalent wind speed is
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Figure 7.2: (a): Comparison of the lidar 10 minute mean wind speed measurements at hub
height with the cup anemometer measurements, (b): Comparison of the sodar 10 minute mean
wind speed measurements at hub height with the cup anemometer measurements, (c): Lidar
error (d): Sodar error, (e): Power curve scatter plots obtained with the wind speed at hub height
measured by the cup anemometer and the lidar; (f): Power curve scatter plots obtained with the
wind speed at hub height measured by the cup anemometer and the sodar

not smaller than the lidar measurements at hub height contrary to what was expected
from the aerodynamic simulations (see chapter 5).

7.3.2 Lidar correction with the cup anemometer measurements

Lidar measurements at a given height are generally not exactly equal to cup anemometer
measurements at the same height. A lidar measurement is generally different from a
cup measurement since a lidar measures over a large volume whereas a cup anemometer
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Figure 7.3: (a): Power curve scatter plot obtained with the wind speed at hub height measured
by the cup anemometer and the lidar; (b): Power curve scatter plot obtained with lidar wind
speed at hub height and Udisk; (c): Mean power curves for the 3 wind speed definitions; (d):
Mean residuals as a function of wind speed for the 3 wind speed definitions.

performs a point measurement. As the lidar technology is still recent compared to cup
anemometers, one could prefer to use the lidar as a relative instrument, i.e. keeping the
cup anemometer measurements for the wind speed at hub height and using the lidar to
provide information about the shear. This can be achieved by shifting the wind profile
measured by the lidar so the hub height wind speed from the lidar is equal to the cup
measurement at hub height, for each ten minutes average measurement, see Figure7.4.
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Figure 7.4: Profile shifting. Black dots and dashed black line: measured wind speed profile, large
black dot: cup anemometer measurement at hub height, Gray dots and gray line: shifted profile.

Figure 7.5 shows the same results as in Figure 7.3 but obtained with “shifted” profiles.
The profile correction results in identical power curves for lidar measurements at hub

Risø–PhD–58(EN)



64 First experiment

height and cup anemometer measurements. Therefore, only the results obtained with
the wind speed at hub height and the equivalent wind speed are shown. The mean power
curve obtained with Udisk is almost identical to that obtained with uhub (plot (c) in
Figure 7.5). Regarding the scatter, there is no significant difference (plot (d)).
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Figure 7.5: (a): Power curve scatter plot obtained with the wind speed at hub height measured by
the cup anemometer and the lidar; (b): Power curve scatter plot obtained with lidar wind speed
at hub height and Udisk; (c): Mean power curves for the 2 wind speed definitions; (d): Mean
residual as a function of wind speed for the 2 wind speed definitions. The results displayed in this
figure were obtained with the lidar profiles shifted to match the cup anemometer measurements
at hub height.

7.3.3 Spatial correlation

A closer look at Figure 7.3 (a) reveals a few outliers that appear for the cup anemometer
measurements but not for the lidar measurements. These outliers caused a scatter larger
than for the lidar measurement at hub height. Indeed peaks appear in the mean residual
plot (Figure 7.3 (d)) for the same wind speeds as the outliers in plot (a) (at u=0.55
urated, 0.7 urated, 0.8 urated and 0.9 urated). Further investigations showed that these
outliers were appearing only for winds coming from North-West (wind direction between
285◦ and 320◦) as shown in Figure 7.6. The difference between power curves is probably
due to a difference in wind speed between the locations of the two instruments. For
the North-Westerly winds, the lidar is directly upwind of the turbine (which is not the
case for the cup anemometer). The speed measured by the lidar is then probably better
correlated to the wind experienced by the turbine than the speed measured by the cup
anemometer.

The design of this experiment was therefore not optimal to compare the scatters in
power curve obtained with a cup anemometer and a lidar. Moreover, in these conditions,
shifting the lidar profile measurements according to the cup anemometer measurements,
as performed in 7.3.2, increases the confusion since the cup anemometer de-correlation
with the wind speed at the turbine was transferred to the lidar measurements increasing
the scatter of the power curve measured with the lidar.
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Figure 7.6: Power curve scatter plot obtained (a): with wind speed measurements at hub height
with the cup anemometer, (b): with the lidar; (c): Sketch of the wind sectors considered in
graphs (a) and (b) relative to the experimental set up

7.3.4 Shear distribution

In this experiment, the use of an equivalent wind speed did not reduce the scatter in
the power curve contrary to the predictions from the numerical simulations (see chapter
5). However, the standard power curve did not have much scatter to start with. The
question was then to determine whether there was any scatter due to wind shear. The
wind profiles measured by the lidar during this campaign were analysed. As it was
explained in chapter 2, it is not straight forward to classify the wind speed profiles. The
power law model is very convenient as it characterises a wind speed profile with one
number: the shear exponent. However, this model cannot represent all kinds of profile,
especially profiles occurring at a coastal site.

In this experiment, the lidar measured the wind speed at 9 heights equally distributed
between 0.5 and 1.5 zhub. Each wind speed profile measured by the lidar was fitted to
the power law with a least mean square method in order to find the most representative
shear exponent for this profile (αfit). The fit is forced through the point of coordinate
(uhub, zhub) where uhub the wind speed at hub height:

ufit(z) = uhub

(
z

zhub

)αfit

(7.3)

αfit is believed to be more representative of the wind profile than the shear exponent
derived from 2 or 3 speed measurements. Moreover, the goodness of fit was evaluated
with the residual sum of squares (RSS) by applying eq. (2.8) with ufit the fit function
defined by eq. (7.3), ui the wind speed measured by the lidar at height zi and N = 9.

Figure 7.7 shows the distribution of the shear exponents (αfit) for all the profiles and
the proportion of RSS smaller than 0.1, i.e. profiles for which the power law approxi-
mation is relatively acceptable. It appears from this analysis that most of the profiles
measured during this campaign had a shape close to a power law profile and that there is
a large majority of small shear exponents (0 < αfit < 0.2). According to the simulations
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results, these kinds of shear are expected to have only a moderate influence on the power
curve (see chapter 3).
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Figure 7.7: Distribution of the shear exponents and proportion of good fits

7.4 Conclusions of the first measurement campaign

This measurement campaign did not result in a clear validation of the equivalent wind
speed method. However it pointed out several things that should be carefully considered
when investigating power curve measurement with remote sensing:

1. Power performance verification requires measurements with high absolute accuracy
and low noise. The sodar used during this experiment did not meet the require-
ments and it did not make sense to use the sodar measurements to estimate a wind
speed average over the rotor swept area. This was confirmed by VanLuvanee et al.
(2009) who applied the equivalent wind speed method with sodar measurements.
The scatter in the power curve obtained with the equivalent wind speed was larger
than the scatter obtained with the cup anemometer measurements. With shifted
profiles, as explained in section 7.3.2, the scatter in the power curve obtained with
the equivalent wind speed and cup anemometer measurements were comparable.
However, the authors observed a reduction of the scatter when the LLJ profiles
were isolated. Perhaps in the case of these specific profiles, the uncertainly in power
curve due to shear was larger than the uncertainty in the sodar measurements.

2. The lidar measurements appeared to be more suitable for the application of the
equivalent wind speed method as they were rather accurate and noise-free compared
to the cup anemometer measurements. However, since the lidar technology is
relatively immature, a comparison to met. mast measurements is still required
before using a lidar for power curve measurements.

3. Comparing the power curve measurement obtained with lidar measurements to
that obtained with a cup anemometer must be done carefully, keeping in mind
that the spatial correlation decreases with distance between the instruments. The
comparison is expected to be best if the instruments are positioned close to each
other.

4. Although the cup anemometer only is accepted as a stand-alone instrument and it
should be used as a reference for comparison, a systematic correction of the lidar
measurements to match the cup anemometer measurements is not always a good
solution when the instruments are spatially separated.
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Although no significant reduction in the power curve scatter was observed when
using the equivalent wind speed, the conventional and the equivalent wind speed power
curves were at least as good as each other. This is what is expected for the power law
profiles with small shear exponents, that have dominated during the measuring campaign,
according to the simulations results (see chapters 3 and 5).
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Chapter 8

Second experiment: Validation
of the method

8.1 Introduction

Learning from the conclusions of the first experiment, a new measurement campaign was
undertaken at Høvsøre. A Windcube lidar, first compared to the tall met. mast for a few
months, was installed in front of a multi-MW wind turbine. It was installed next to the
mast located to the west of the turbine and which is equipped with a top-mounted cup
anemometer used for the standard power performance measurement1.

8.2 Description of the experiment

The measurements took place at Risø DTU’s Test Station for Large Wind Turbines (see
section 2.2.1). A Windcube lidar was installed at 5m from the mast in front of one of
the turbines (different from turbine B in the first experiment), see experimental set up
in Figure 8.1. The selected wind directions were within 225◦ − 315◦ (±45◦ around the
west direction). The measurements were taken during the early spring 2009, the season
during which unusual shears are often observed at this location (see section 2.2.2).

D

2.5 D

mast

lidar

Figure 8.1: Sketch of the experimental set up

Moreover, it is important for a power curve measurement that the turbine settings
remain constant during the whole measurement period. As the turbine considered here
is a test turbine, the settings are often modified by the manufacturer. For this rea-
son, the measurement period has been limited to about a month (from 25/02/2009 to
21/03/2009), during which the turbine kept the same settings.

1The main results presented in this chapter are the subject of Paper II given at the end of the thesis.
Since these results are central to the work presented in this thesis, and the paper is still under revision,
the results are also fully described in this chapter.
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For reasons of confidentiality, no more information are given concerning the wind
turbine. The data were normalised: the turbine power output using the rated power
Prated, the wind speed using the rated speed urated and the power coefficient using
the maximum value of CP observed in the standard power performance measurement
(CPMax

).
The data were first selected according to the turbine status. The initial data set was

reduced because the lidar stopped twice for a period of a few days. The lidar measured
the wind speed at 9 heights from 0.5zhub to 1.5zhub, where zhub is the turbine hub height.
In order to select the best-quality data from the lidar, the time periods with rain were
excluded. Moreover, only the 10 minute time periods during which horizontal speeds
were “available” (see section 6.1.4) at all heights, i.e. only the complete profiles, were
taken into account.

Figure 8.2 shows the regression of the wind speed at hub height simultaneously mea-
sured by the lidar and by the cup anemometer. After the filtering described above, two
outliers remained. They occurred immediately after a rainy period and are probably due
to an error or a delay of the rain sensor. These outliers were removed from the data set
manually. Figure 8.2 shows the final data set, 87% of the exploitable data. This data
set consists in 907 data, therefore it does not meet the amount of 180 h of measurements
required by the IEC standard for power performance measurement (IEC, 2005), but the
requirement of at least 3 data per wind speed bin has been met for the wind speeds below
rated speed.

y	�0.045 � 0.995 x
R2	 0.999

y	 0.990 x
R2	 0.999

number of data	907

0 5 10 15 20
0

5

10

15

20

cup �zhub� �m�s�

lid
ar
�z

hu
b�
�m
�s
�

Figure 8.2: Comparison of lidar to cup anemometer wind speed measurement at hub height

According to Figure 8.2, the lidar showed a very good agreement to the cup anemome-
ter (regression slope very close to unity and high R2) with a slight underestimation of
the wind speed on average.

8.3 Using the lidar to measure a standard power curve

First of all, the power and CP curves obtained with the lidar wind speed measurements
at hub height were compared to those obtained with the cup anemometer. Figure 8.2
shows that the lidar compares very well to the cup anemometer, however it slightly
underestimates the wind speed. A direct consequence of this is the slight shift to the left
of the power curve obtained with the lidar compared to the curve obtained with the cup
anemometer and the CP obtained with the lidar is globally higher than the CP obtained
with the cup anemometer, see Figure 8.3.

A method to combine the lidar profile measurements with the cup anemometer mea-
surements was suggested in 7.3.2 in order to eliminate this difference. For this measure-

Risø–PhD–58(EN)



Second experiment 71

� �
�
�
�
�

�
�

�

�

�

�

�

�

�
� � � � � �

� �
�
�
�
�
�
�

�

�

�

�

�

�

�
� � � � � �

� uhub �cup�
� uhub �lidar�

�a�
0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.2

0.4

0.6

0.8

1.0

u � urated

P
�
P

ra
te

d

�

�

�

�
�
�
� �

� � � � � �
�

�

�

�

�

�
�

�

�

�

�
�

�
� �

� � � � � �
�

�

�

�

�

�

�

�b�
0.2 0.4 0.6 0.8 1.0 1.2

0.2

0.4

0.6

0.8

1.0

1.2

u � urated

C
P
�

C
P

M
ax

Figure 8.3: (a): Mean power curve, (b): mean CP curve, obtained with the cup anemometer
and the lidar wind speed measurements at hub height.

ment campaign, this is dealt with in section 8.7. The primary aim here is to investigate
the difference in scatter between the power curves (and CP curves) obtained with the
wind speed at hub height and the equivalent wind speed. The scatter was quantified with
the mean residual relative to the mean power curve as defined by eq. (7.1). However, as
it can be seen in Figure 8.4 (a), this quantity depends on the slope of the power curve
which increases with the wind speed up to the rated speed. So, in order to facilitate the
comparison, the mean residual error was normalised with the segment slope

(
Pi−Pi−1
vi−vi−1

)
.

This is shown in Figure 8.4 (b). Figure 8.4 (c) shows the residual error for the CP , as
defined by eq. (7.1), but with:

fj(u) =
(

CP i − CP i−1

vi − vi−1

)
u +

(
CP i −

(
CP i − CP i−1

vi − vi−1

)
vi

)
(8.1)

Unlike the power curve, the CP curve has a low slope for the medium load range of wind
speeds, so it was not necessary to use a normalisation.
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Figure 8.4: (a): Mean residual in the power curve (P. Res. ); (b): Normalized residual in the
power curve (Norm. P. Res. ); (c): Mean residual in the CP curve (CP Res. )

Figure 8.4 shows that the scatter in the power curve (resp. the CP curve) obtained
with lidar measurement at hub height is comparable to the one from the cup anemometer
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measurement. Therefore, in the next sections (up to 8.6 included), only the power
(resp. CP ) curve obtained with the lidar measurements, either at hub height or with
the equivalent wind speed, are considered in order to focus on the application of the
equivalent wind speed method rather than the differences between cup anemometer and
lidar measurements.

8.4 Wind shear effect on the power performance mea-
surement

For each speed profile measured by the lidar, the shear exponent (αfit) and the RSS
were estimated according to eq. (7.3) and eq. (2.8), respectively, with N = 9.

The profiles were divided into two groups according to the RSS:

• Group 1: RSS ≤ 0.1 ; the profiles from this group have a shape close to a power
law profile;

• Group 2: RSS > 0.1 ; the profiles from this group have a shape that cannot be
well represented by a power law profile.
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Figure 8.5: Example of measured profiles and their fit to a power law profile; (a): RSS ≤ 0.1,
(b): RSS > 0.1

Figure 8.5 shows two examples of measured profile with its shear exponent and RSS.
According to this classification, profile (a) in Figure 8.5 would be in group 1 and profile
(b) in group 2. The value of 0.1 was arbitrarily chosen here as threshold for the RSS,
because it gave two groups of data showing two trends (shown in Figure 8.7) while being
statistically comparable (as they count similar numbers of data: 511 in group 1 and 396
in group 2).

For comparison purposes with the first experiment, Figure 8.6 presents the distribu-
tion of the shear exponent (αfit) for the two groups of profiles. The second data set
(second experiment) contained more profiles with a high RSS, i.e. non power law pro-
files than the first data set. Moreover, the shear exponents are higher than in the first
experiment.

Figure 8.7 shows the scatter plot of the standard power curve (a) and the CP curve
(b) as function of the wind speed at hub height. In this figure, CP is defined as in the
IEC 61400-12-1 standard, see eq. (3.3). The two colours represent the two groups of
profiles. In Figure 8.7 (a) and (b) two trends appear (one for each group) leading to two
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Figure 8.6: Distribution of the shear exponents and proportion of good fits (i.e. low RSS) for
the first and the second measurement campaigns

mean power curves and CP curves2 shown in Figure 8.7 (c) and (d). The power output
of the turbine for a given wind speed at hub height is smaller on average for the data
from group 2 (non power-law profiles) than for the data from group 1, and the data from
group 2 generally give a lower CP .
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Figure 8.7: (a): Power curve scatter plot, (b): CP curve scatter plot, (c): Averaged power
curves for each group of profile, (d): Averaged CP curves. These plots were obtained by using
the wind speed at hub height only and CP defined as in the IEC 61400-12-1 standard.

What might appear here as an under-performance of the wind turbine (especially for
the data from group 2) is actually due to an overestimation of the kinetic energy flux of
the wind. Indeed, the kinetic energy flux, KEhub defined in eq. (5.1) used to calculate
the CP in eq. (3.3) implicitly assumes that the wind speed is constant over the entire
rotor swept area. Or, in other words, the wind speed shear is ignored.

2obtained after binning the data into 0.5 m/s wind speed bins and averaging as required by the IEC
614000-12-1 standard
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8.5 A better approximation of the kinetic energy flux

As already mentioned in chapter 5, a better approximation of the kinetic energy flux
can be obtained by considering the wind speed profile over the rotor swept area. For a
theoretical profile, the kinetic energy flux is given by eq. (5.2). Here this equation was
applied with a power law profile. The variation of the ratio KETh

prof/KEhub as a function
of the shear exponent is shown by a blue line with diamonds in Figure 8.9 (KEhub is
given by eq. (5.1)). According to this theoretical analysis, the ratio between the two
kinetic energy approximations is below 1 for a shear exponent between 0 and 0.3 with a
minimum around 0.2. However the ratio remains quite high as it is 0.988 for α = 0.2.
For negative shear exponents and shear exponents higher than 0.3, the ratio is larger
than 1. This shows that an error of up to 1% is made in the evaluation of the energy
available in the wind for a power law profile with a usual shear exponent (between 0 and
0.4).

For the measured profiles, the kinetic energy flux was approximated by:

KEprof =
1
2
ρ

N∑
i=1

u3
i Ai (8.2)

where ui is the wind speed measured at the ith height in the profile and corrected for
the air density and Ai is the area of the corresponding segment of the rotor swept area,
see Figure 8.8.

U 1

U 2

U 3

U 4

U 5

U 6

U 7

U 8

U 9

A 1

A 2

A 3

A 4

A 5

A 6

A 7

A 8

A 9

Figure 8.8: Rotor swept area divided into 9 segments corresponding to the 9 heights where the
lidar measured

The ratio KEprof/KEhub for the measured profiles is also displayed in Figure 8.9. The
profiles from group 1 follow rather well the analytical results; i.e. they show a moderate
different in kinetic energy flux with the constant profile assumption. The profiles from
group 2, on the other hand, do not follow the analytical curve at all and demonstrate a
much bigger difference between the two ways of evaluating the kinetic energy flux. The
approximation of a constant wind speed over the whole rotor swept area overestimates
the kinetic energy flux for most of the data of group 2 and underestimates it for a few of
them.

Two wind speed profiles can have the same wind speed at hub height but different
kinetic energy. In a standard power curve, such profiles would have the same abscissa
(hub height wind speed) whereas they would almost certainly result in different power
outputs. This is partially why the two groups of profiles give two different power curves.
The kinetic energy flux overestimation has even more impact on CP which explains why
CP for the group 2 profiles is generally lower than for group 1.

Another contribution to the differences between the power curves can be the true
influence of the wind speed shear on the efficiency of the wind turbine and hence on the
power output. Indeed, two profiles possessing the same kinetic energy may give different
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turbine power output, because for some wind speed shear conditions (for example, a
power law profile with a large shear exponent) the turbine is not able to extract as much
energy as in other shear conditions (for example a constant profile). This depends on the
design and the operational characteristic of the turbine, which the kinetic energy flux
says nothing about.
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Figure 8.9: Ratio between the kinetic energy flux accounting for the wind speed profiles and the
kinetic energy assuming a constant wind speed with height equal to the hub height wind speed

8.6 Application of the equivalent wind speed method

The equivalent wind speed giving the same kinetic energy flux as the speed profile (UKE)
was derived from each profile measured by the lidar according to eq. (5.9) with N = 9.

8.6.1 Application to the classified profiles

Figure 8.10 shows plots comparable to the plots in Figure 8.7. In Figure 8.10, the power
and CP are plotted as a function of the equivalent wind speed defined by eq. (5.9) -
instead of the wind speed at hub height in Figure 8.7 - and CP is calculated as:

CP =
P

KEprof
=

P∑N
i=1

1
2ρu3

i Ai

(8.3)

- instead of eq. (3.3) in Figure 8.7. In Figure 8.10, profiles from both groups follow the
same trend. The mean power and CP curves obtained with each group of points overlap
each other. This shows that the difference in power curves between the two groups seen
in Figure 8.7 was mainly due to the error in kinetic energy flux.

8.6.2 Application to the unified data set

In a conventional power performance measurement, the data would not be grouped ac-
cording to the profile shapes, but all the data would be considered together irrespectively.
The effect of assuming a constant wind speed over the whole rotor disc (or ignoring the
wind speed shear) in the kinetic energy flux estimation then appears as a scatter in the
power and CP curves. The use of the equivalent wind speed results in the reduction of
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Figure 8.10: (a): Power curve scatter plot, (b): CP curve scatter plot, (c): Averaged power
curves for each group of profiles, (d): Averaged CP curves. These plots were obtained using the
equivalent wind speed defined by eq. (5.9) and CP defined by eq. (8.3)

this scatter. This can be seen directly by comparing Figure 8.10 (a) (resp. (b)) to Figure
8.7 (a) (resp. (b)).

In order to make the difference clearer, the scatter was quantified with the mean
residuals as explained in section 8.3. Figure 8.11 shows the residuals as a function of the
wind speed. It confirms that the use of the equivalent wind speed resulted in a reduction
of the scatter in both the power curve and the CP curve.

8.7 Lidar profiles corrected with cup anemometer mea-
surements

In chapter 7, it was suggested to shift the profiles measured by the lidar so the wind
speed at hub height would match the cup anemometer measurement. However, as the
scatter in power curves obtained with the two instruments were different, this kind of
“correction” was questioned in the conclusion. The main problem in the experiment
described in chapter 7 was that the lidar was located at a significant distance from the
cup anemometer (about one rotor diameter), which made the comparison difficult if not
meaningless. In the new experiment presented here, the lidar was installed as close as
possible to the mast: at about 5m, and oriented so the beam would avoid most of the
mast wakes. A direct comparison of the measurements by the two instruments at hub
height (Figures 8.2, 8.3, 8.4) showed close agreement. The question is then whether or
not the “correction” of the lidar measurement with the cup anemometer measurement is
meaningful in this case.

The profiles were classified into two groups, the equivalent wind speed was derived
from the profiles, the power and CP curves were obtained for both groups and the scatter
was evaluated as described in section 8.4 and 8.6, but considering, this time, the wind
speed profiles shifted in order to match the wind speed measured by the cup anemometer
at hub height.

The results are very similar to those obtained without profile correction:
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Figure 8.11: (a): Normalised mean residuals in the power curve (Norm. P. Res.); (b): Mean
residuals in the CP curve (CP Res.)

• the 2 groups of profiles resulted in two different power (and CP ) curves when using
the wind speed at hub height, see Figure 8.12;

• when using the equivalent wind speed , the two curves are much closer to each
other, see Figure 8.13;

• the scatter in the power curve was reduced when using the equivalent wind speed,
see Figure 8.14.

Moreover, Figure 8.14 shows that the scatter is similar in both cases: with and without
“correction” of the profile. The main difference occurs where the largest difference appear
between the measurement at hub height with the lidar and the cup anemometer (at wind
speeds below 0.5 uhub). Shifting of the lidar speed profiles did not reduce the scatter in
comparison to the uncorrected lidar measurements.

8.8 Conclusions of the second experiment

The wind shear was demonstrated to have an influence on the wind turbine power per-
formance. The error in power performance measurement due to the wind shear is larger
for profiles deviating from the power law than for those having a shape comparable to
a power law profile. This result points out the necessity of measuring the wind profile
in front of the turbine and not to assume the wind profile to follow a model such as the
power law. This is further investigated in chapter 9. The equivalent wind speed methods
resulted in the reduction of the scatter due to the wind shear in the power and CP curves.

This investigation also demonstrated a successful application of the equivalent wind
speed method with lidar measurements. The lidar measurement at hub height showed
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Figure 8.12: (a): Power curve scatter plot, (b): CP curve scatter plot, (c): Averaged power
curves for each group of profile, (d): Averaged CP curves. These plots were obtained by using
the wind speed at hub height measured by the cup anemometer and CP defined as in the IEC
61400-12-1 standard.
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Figure 8.13: (a): Power curve scatter plot, (b): CP curve scatter plot, (c): Averaged power
curves for each group of profile, (d): Averaged CP curves. These plots were obtained using the
equivalent wind speed derived from the profiles shifted in order to match the cup anemometer
measurement at hub height.
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Figure 8.14: (a): Normalised mean residuals in the power curve (Norm. P. Res.); (b): Mean
residuals in the CP curve (CP Res.) obtained with the shifted profiles

a very good comparison to those of the cup anemometer. Conventional power curve
obtained with both instruments were very similar and the scatter comparable.
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Chapter 9

Further investigations of the
equivalent wind speed using
real data

In the previous chapter, the equivalent wind speed method was tested with the definition
of equivalent wind speed given by eq. (5.9) using speed measurements at 9 heights. These
measurements validated the method as less scatter in the power curve and the CP curve
were obtained with the equivalent wind speed than with the wind speed at hub height.
Using this dataset, some more subtle aspects of the method are now investigated. Indeed,
questions were raised with the results from aerodynamic simulations and answers may
be obtained from the experimental results.

The first question was about the equivalent wind speed definition, as several defi-
nitions were suggested in chapter 5. Therefore, the analysis is now made with other
definitions than the one used in chapter 8.

Secondly, a question concerning the application of the equivalent wind speed method
(especially experimentally) is to determine how many measurement points in the profiles
are necessary to obtain a significant reduction of the scatter in the power curve. The
method was applied with various number of measurement points, first, over the whole
turbine rotor vertical span and,secondly, within its lower half only.

Thirdly, regarding the effect of turbulence, it was suggested to use the method de-
scribed in (Albers, 2010). In chapter 5, this method was shown to “normalise” the mean
power curve according to the chosen turbulence intensity, with aerodynamic simulations
using turbulent inflow but no shear. In the present chapter, this method is tested with
measurements including both wind shear and turbulence, and is applied in combination
with the equivalent wind speed.

9.1 Various definitions of equivalent wind speed

In chapter 5, four equivalent wind speed definitions were investigated with aerodynamic
simulations, they are summed up in Table 9.1:

mean speed shear turbulence intensity
Udisk X
UKE X

Udisk TI X X
UKE TI X X

Table 9.1: List of the equivalent speed definitions investigated in chapter 5

It was previously pointed out that one advantage of using UKE was that the power
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coefficient CP then shows the ability of the turbine to extract the energy available in the
wind. UKE TI can give a better approximation of the efficiency of the turbine than UKE .
The quantity 1

2ρU3
KE TIA gives an improved approximation of the wind kinetic energy

flux, accounting for both the shear and the turbulence intensity. Moreover, UKE TI and
Udisk TI gave very similar results with the aerodynamic simulations. For these reasons,
only UKE TI was retained for this investigation.

UKE TI , as defined in eq. (5.11), is based on the measurements of the turbulence
intensity at all heights (TIi with i ε[1, N ]) in the wind speed profile. However, the
standard deviation that can be measured by a lidar can deviate significantly from cup
anemometer measurements. Indeed, it was shown that this deviation was typically 20%
in average for a continuous wave lidar in (Wagner et al., 2009). Most of this deviation
is due to the volume averaging and the influence of the vertical wind speed fluctuations.
The investigation for a pulsed lidar system has yet to be performed. It was therefore
chosen to use the wind speed standard deviation measured by the cup anemometer at
hub height and assume the turbulence intensity profile to be constant in the UKE TI

calculation.
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Figure 9.1: (a): Mean power curves; (b): Normalised mean residuals in power (Norm. P. Res.);
(c): Mean CP curves; (d): Mean residuals in CP (CP Res.), for the wind speed measured at
hub height by the cup anemometer and the lidar and the equivalent wind speeds UKE, Udisk and
UKE TI

Figure 9.1 shows the power curves, the CP curves and the residuals obtained for the
wind speed measured at hub height (with the lidar) and for the equivalent speed defini-
tions: UKE , Udisk and UKE TI defined by eq. (5.6), eq. (5.5) and eq. (5.11), respectively.
The mean power and CP curves are slightly different from each other. The difference is
again due to a good or bad approximation of the kinetic energy flux. Indeed, if Udisk is
used to calculate the power in the wind, it is not consistent with the kinetic energy flux:
the quantity 1

2ρU3
diskA has no physical meaning. As Udisk is on average smaller than

uhub and the other equivalent speeds, the power curve is shifted to the left and it gives
on average a higher CP . UKE gives a better approximation of the kinetic energy flux
than the wind speed at hub height. The introduction of turbulence intensity (UKE TI)
increases slightly the available power in the wind and therefore decreases slightly the
mean CP . But the difference is very small, mainly because the turbulence intensity was
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rather low: 5.6% on average for this dataset, see Figure 9.2.
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Figure 9.2: Measured turbulence intensity during the second campaign

All three definitions resulted in reducing the scatter with a reduction of the same range
of magnitude. Therefore any of these three equivalent wind speed definitions results in a
power curve less dependant on wind shear than the standard power curve. There is very
little difference in the scatter obtained with the three equivalent wind speeds. The best
definition can therefore not be deduced from this criterion.

UKE enables us to better estimate the efficiency of the turbine to extract the power
from the wind. UKE TI gives an even better estimation of the turbine efficiency as the
kinetic energy flux then also accounts for the turbulence. However, as already pointed
out in section 5.3.2, it does not normalise the power curve for the turbulence effect as it
results in different power curves for different turbulence intensities due to the asymmetric
influence of the turbulence close to the cut-in and rated wind speed. Therefore, UKE

still appears as the most appealing definition.
Nevertheless, such a power curve remains dependant on wind speed shear as the

turbine’s ability to extract energy from different shear conditions depends on the wind
turbine design and control strategy. In order to get a power curve completely independent
of the vertical wind shear, the equivalent wind speed should be the wind speed for a
constant profile (i.e. with no shear) which gives the same turbine power output as the
measured profile, meaning an equivalent wind speed that would account for not only the
wind speed shear but also its effect on the turbine efficiency.

9.2 Speed profile description for the application of the
equivalent speed method

In the second measurement campaign, 9 measurement points were used in order to get
as much information as possible about the speed profiles. Indeed, a Windcube lidar can
measure up to 10 heights1. The measurement at hub height was necessary in order to
compare the scatter in the power curve obtained with he equivalent wind speed to that
obtained with these measurements. Hence, the hub height was selected as a mandatory
measurement height and the other measurement heights were then evenly distributed
above and below hub height.

However, depending on the equipment available, it is not always possible to mea-
sure the wind speed at 9 heights. For instance, a ZephIR lidar offers a maximum of 5
measurement heights. The question is then whether the equivalent wind speed method
can give good results with less than 9 measurement points. Another case is the lack of
measurements above hub height - when using a met. mast with cup anemometers at hub
height and below, for example - where the profiles need to be extrapolated.

1More than 10 is actually possible but the data processing would then be longer.
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In order to investigate the influence of the number of measurement points, the equiv-
alent wind speed was derived from 2, 3 or 5 measurement points - by ignoring the
measurements at other heights.

9.2.1 Number of measurement points in the speed profile

Figure 9.3 shows the various configurations that were considered. For a given number
of measurement points, two parameters can be tuned: the position of each measurement
point, i.e. the height relative to rotor swept area, and the weighting function then applied
to each measurement in the equivalent wind speed definition. The weighting function is
defined as the ratio between the segment area adjacent to the measurement point and
the whole rotor swept area.
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Figure 9.3: Five configuration tested for the application of the equivalent wind speed method for a
given rotor swept area. (a): 9 points (as used in chapter 8); (b): 5 points; (c): 3 points including
the highest and lowest measurement points; (d): 3 points with small weight for measurement at
hub height; (e): 3 points, same points as case 4 but same weighting as case 3. The number
on the right in each segment is the weight given to the corresponding wind speed, based on the
segment area

Figure 9.4 shows the mean power curves and CP curves and the scatters obtained for
the various configurations. The scatter was calculated as described in section 8.3. The
scatters obtained with the various configurations are all close to each other and smaller
than the scatter obtained with a wind speed at hub height on average. Hence three
measurement heights are enough to get a satisfactory result.

Amongst the 3 different configurations using 3 speed measurements, case (i) seems
slightly worse than the others. The equivalent wind speed is probably more representative
of the speed over the rotor if it based on measurements taken inside the rotor swept area,
i.e. not too close to the higher and lower tip heights. Case (iii) appears to be the best,
resulting in the smallest scatter, with sometimes unexpected smaller scatter than the 9
measurements points configuration. However, the dataset used in this analysis is rather
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small, therefore small differences in the scatter may not be significant. This should be
tested with other data sets.
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Figure 9.4: (a): Mean power curves; (b): Normalised mean residuals in power (Norm. P. Res.);
(c): Mean CP curves; (d): Mean residuals in CP (CP Res.), obtained with the wind speed at
hub height and the 5 different measurement configurations shown in Figure 9.3.

Figure 9.5 shows the relative difference in the kinetic energy flux approximation ob-
tained with various number of measurement heights,i.e. KEprof given by eq. (8.2) was
evaluated with various values of N . The value obtained with 9 measurement heights was
taken as a reference as it was the best approximation of the kinetic energy flux one could
get with these measurements. Figure 9.5 shows that the approximation obtained with
3 wind speed measurements is much better than that based on the wind speed at hub
height only. The approximation obtained with 5 points is even better, nevertheless the
improvement is smaller than from 1 point to 3 points.
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Figure 9.5: Difference in wind kinetic energy flux approximation relative to that obtained with 9
measurement heights: with 1 measurement at hub height, with 3 measurement heights (config. (e)
in Figure 9.3) and with 5 measurement heights
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9.2.2 With extrapolated profiles

It is assumed now that the wind speed is measured at 1 or 2 heights below hub height
(in addition to the measurement at hub height). If no lidar or tall met. mast is available,
and no wind speed above hub height can be used to characterise the speed profile, it is
then necessary to extrapolate the wind speed profile.

Stefanatos et al. (2008) fitted the speed measurements at hub height and two heights
below to a power law. These power law profiles were then used to derive various equivalent
wind speeds, but the scatter in the power curves remained the same as that obtained
with wind speeds at hub height.

A similar analysis was done here. First, the shear exponent was derived from the
lowest wind speed measurement and the wind speed at hub height according to eq. (2.7).
Secondly, one additional measurement point, between the lower tip and hub height, was
considered and the shear exponent was obtained by fitting the 3 points to a power law.The
equivalent wind speed was then derived by integrating the cube of this speed profile over
the rotor swept area as in eq. (5.6).

Figure 9.6 shows the results obtained with the equivalent wind speed for a shear
exponent derived from 2 or 3 speed measurements compared to the results obtained with
the wind speed measurement at hub height. The figure shows that the scatter is larger
on average than the scatter in the reference power curve and the results are very similar
for shear exponents derived from 2 and 3 measurements. This means that, regardless of
the way the shear exponent is derived, for this dataset, the assumption of a power law
profile induces an error in the wind speed profile and therefore in the kinetic energy flux
and in the equivalent wind speed for this dataset.
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Figure 9.6: (a): Mean power curves; (b): Normalised mean residuals in power (Norm. P. Res.);
(c): Mean CP curves; (d): Mean residuals in CP (CP Res.), obtained with the wind speed at
hub height and profiles extrapolated from 2 and 3 measurements.

Figure 9.7 shows the difference in the kinetic energy flux approximation between
the values obtained by applying eq. (5.2) with a power law and α derived from 2 or 3
measurement points and the values obtained by applying eq. (8.2) with 9 measurement
heights. The results obtained with the extrapolated profiles are not better than those
obtained with speed measurements at hub height. Moreover, the results obtained in
section 9.2 with speed measurements at 3 heights (1 at hub height, 1 below and 1 above)
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Figure 9.7: Difference in wind kinetic energy flux approximation relative to that obtained with
9 measurement heights: with 1 measurement at hub height, with 3 measurement heights with
extrapolated profiles from 2 measurement heights and 3 measurement heights below hub height.

are much better than the results obtained with extrapolated profiles. It is probable that
this conclusion is site dependent since the extrapolation could give good results in inland
sites where the power law is a better approximation to the speed profile than at the
coastal site considered here.

9.2.3 Conclusions

This investigation showed that 3 measurement points (including one above hub height)
were enough to improve the wind turbine power performance measurement. Then, the
more the measurement points, the better the evaluation of the kinetic energy flux. How-
ever, the difference in scatter obtained with 3, 5 or 9 wind speeds in the profile was rather
small for this dataset. Moreover, if only 3 heights must be selected, it is probably more
relevant to measure the wind speed at half of the radius (or maybe at 70% of the radius)
rather than close to the edge of the rotor swept area. Finally, an equivalent wind speed
derived from wind speed profile extrapolated from measurements at 2 or 3 heights below
and at hub height did not decrease the scatter in the power curve. This shows that, more
than the number of measurement points, it is important to actually measure the wind
speed profile in front of the whole rotor swept area. It is therefore necessary to measure
the wind speed at, at least, one height above hub height.

9.3 Combination of the equivalent wind speed method
with Albers’ method

In section 5.3.2, it was suggested to use the method described in (Albers, 2010) in order
to “normalise” the power curve for the turbulence intensity. This method is made of
two main steps: 1) the definition of the 0%-TI power curve, 2) the simulation of the
power output for the chosen turbulence intensity (TItarget). This method was designed
to normalise the standard power curve for the TItarget. As, on the other hand, the
equivalent wind speed method “normalises” the power curve for the effect of shear, the
combination of these two methods would result in a power curve less sensitive to the
wind characteristics, and therefore less dependent on the site and season.

9.3.1 Description of Albers’ method

The model is based on the assumption that the wind turbine follows the same power curve
at each instant. This power curve would be the measured power curve if the turbulence
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88 Further investigations of the equivalent wind speed using real data

intensity was 0. According to this assumption, the power output of the turbine for any
turbulence intensity can be simulated by:

Psim(v, TI) =
∫ ∞

v=0

P0%(v)f(v)dv (9.1)

where P0%(v) is the power given by the 0% TI power curve for the wind speed v, and f(v)
is the wind speed distribution. This distribution is assume to be Gaussian 2, denoted by
f(v) = N (v, σ2), it only depends on the 10 minute wind speed average, v, and variance,
σ2. The variance here is given by σ2 = TI2 × v2.

Step1: definition of the 0%TI power curve

The 0%-TI power curve is derived from a few parameters characteristic of the turbine:
the rated power, the cut-in wind speed and the maximum CP (Albers, 2010). The values
taken for these parameters are tuned with an iterative process in order to minimize the
error between the simulated mean power curve and the measured mean power curve .
The simulated mean power curve is the power curve obtained by applying eq. (9.1) to
each wind speed bin3 statistics: Psim(vi, T Ii) where vi is the bin-averaged speed and
TIi is the bin-averaged turbulence intensity in the ith bin. Figure 9.8 shows the mean
measured power curve, the final mean simulated power curves and the final 0%-TI power
curve obtained with the first step of the method.

� �
�
�
�
�

�

�

�

�

�

�

�

�

�
� � � � � �

�
�
�
�
�
�
�

�

�

�

�

�

�

�

�
� � � � � �

0��TI p.c.
� Mean measured p.c.
� Mean simulated p.c.

0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.2

0.4

0.6

0.8

1.0

uhub�urated

P
�
P

ra
te

d

Figure 9.8: Measured mean power curve, 0%-TI power curve and simulated mean power curve

Step2: Simulation of the power output with TItarget

Once the 0%-TI power curve has been determined, each 10 minute measured power
output is corrected for the TItarget by applying the formula:

P
(10)
TItarget

(v(10)
meas) = P

(10)
sim (v(10)

meas, T Itarget) + P (10)
meas − Psim(v(10)

meas, T I(10)
meas) (9.2)

where P
(10)
meas and v

(10)
meas are the simultaneous measured 10 minute mean power and wind

speed and TI
(10)
meas is the 10 minute measured TI. P

(10)
sim (vmeas, T Itarget) is the power

output expected if the assumption that the turbine follows the 0% TI power curve at
each instant was true. But there is actually a difference between the actual power output
and the simulated power output as the power curve is influenced by other parameters such
as the speed shear for example. Albers’ method can only reduce the scatter due to the

2Gaussian or normal distribution of the variable x: f(x) = 1√
2πσ2

e
− (x−μ)2

2σ2 where μ is the average

and σ the standard deviation.
3i.e. the wind speed bins used to average the power curve as described in the IEC 61400-12-1 standard
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distribution of the turbulence intensity during the power curve measurement. Eq. (9.2)
implies that the error between the predicted power for TItarget (P (10)

TItarget
(v(10)

meas)) and

the simulated power for TItarget (P (10)
sim (v(10)

meas)) is the same as the error between the
measured power (P (10)

meas) and the simulated power for the measured turbulence intensity
(Psim(v(10)

meas, T I
(10)
meas)). Figure 9.9 shows the measured power curve scatter plot, the

simulated power curve for TItarget = 10% and the predicted power curve scatter plot for
TItarget = 10%.
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Figure 9.9: Measured power curve scatter plot (P
(10)
meas), simulated power output for TItarget =

10% (P
(10)
sim (v

(10)
meas, T Itarget), resulting simulated power curve scatter plot (P

(10)
TItarget

)

9.3.2 Combination with the equivalent wind speed

Albers’ method was initially designed to normalised the standard power curve, i.e. based
on wind speed measurements at hub height, for the turbulence intensity. In order to
compare the results to those obtained by combining Albers’ method with the equivalent
wind speed, the turbulence normalisation was applied to both power curves: with hub
height wind speed and with equivalent wind speed. As the mean power curve obtained
with the equivalent wind speed is likely to be different from the mean standard power
curve obtained with the hub height wind speed, it was necessary to derive the 0% TI
power curve from the equivalent wind speed power curve as well.

The turbulence normalisation changes the power value whereas the equivalent wind
speed method changes the wind speed. Therefore for a given TItarget value, four results
can be compared:

Measured power Normalised power
uhub standard power curve Albers’ method
UKE equivalent wind speed power curve combined methods

The exercise was done for two values of TItarget: 5% and 10 %; the results are shown
in Figure 9.10. As shown in Figure 9.10 (a), for the case of normalisation to 5%, the
normalised power curves are very similar to the measured power curve, as the mean
measured turbulence intensity is 5.6%, see Figure 9.2. The mean turbulence intensity is
around 5% for all the wind speeds except around 0.4×urated where the mean turbulence
intensity is around 10%.

When the power curve is normalised to 10% TI, it is generally moved upwards as the
TI increases the power output (see chapter 4) except around rated wind speed where
it moved downward, see Figure 9.10 (b). Regarding the scatter (Figure 9.10 (d)), the
turbulence normalisation results are very similar to the measurements with wind speed
at hub height and equivalent wind speed respectively. Albers’ method normalises the
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90 Further investigations of the equivalent wind speed using real data

mean power curve according to the turbulence intensity but does not reduce the scatter
in the power curve.

A difference in normalised scatter is seen at around rated wind speed. This is the
region where the mean power curve experiences the largest change from the turbulence
intensity normalisation. The slope of the mean power curve around this wind speed is
different from the measured power curve. As this affects the normalised scatter4, the
non-normalised scatter is also shown in Figure 9.10 (e) and (f). The graphs are very
similar for 5% and 10%. In both cases, the scatter is close to that obtained with the
measured power, both for hub height wind speed and equivalent wind speed, respectively.
A local increase in scatter occurs near cut-in and rated wind speeds. They are probably
due to the error in the power curve model, i.e. error in the 0%-TI power curve resulting
in a difference in the mean measured power curve and the mean simulated power curve,
which is larger in these wind speed ranges than in the rest of the power curve as seen in
Figure 9.8.

According to the results shown in Figure 9.10, the equivalent wind speed method
reduces scatter due to shear also when the power has been normalised for the turbulence
intensity according to Albers’ method except near rated speed where the mean power
curve slope is significantly changed. The mean power curve obtained with the combi-
nation of both methods is less sensitive to shear and is representative for a given TI.
Such a power curve can give a better representation of the power curve that would be
obtained at another site, with different wind shears and turbulence intensities from the
power curve measurement site. In this sense, it is transferable from one site to another.
Therefore it would give a better AEP estimation (this is further discussed in chapter 10).

4The scatter in the power curve was normalised with the mean power curve slope, see section 8.3
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Figure 9.10: Mean power curve and scatter in the power curve obtained with wind speed measure-
ments at hub height and equivalent wind speed, both with and without turbulence normalisation
using Albers’ method
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Chapter 10

Annual Energy Production

An important purpose of the wind turbine power curve is for the estimation of the
annual energy production (AEP). The AEP is basically the integration of the wind speed
distribution times the power curve over the span of one year. However, the AEP usually
needs to be predicted prior to the wind turbines installation at a potential wind farm
site. Hence a reference power curve, measured at a different site, must be used for the
AEP calculation. In that sense, the power curve is assumed to be transferable from one
site to another.

The equivalent wind speed method defines a new power curve, different from the stan-
dard power curve, since it uses a different wind speed definition. This chapter addresses
the difference between the AEP predicted with the standard power curve and with the
equivalent wind speed power curve.

In the IEC 61400-12-1 standard, the Rayleigh distribution is used to estimate a generic
AEP. For a particular wind farm site, the AEP is usually estimated using a wind speed
distribution based on measurements. The AEPs based on both types of distributions are
discussed here.

In order to focus on the differences between the results obtained with the equivalent
wind speed and those obtained with the wind speed at hub height, the power curve ob-
tained from lidar measurements at hub height is used as a representation of the standard
power curve in this chapter. The difference between the power curve obtained from lidar
measurements at hub height and that obtained from cup anemometer measurements is
discussed in chapter 11.

10.1 Direct comparison of the standard and equiva-
lent wind speed power curves

The power curve obtained with the equivalent wind speed is shifted to the left (towards
lower wind speeds) compared to the power curve obtained with measurements at hub
height, as shown in Figure 10.1. However this does not mean that the turbine has
produced more power, since these two power curves were obtained with the same data
set. The equivalent wind speed method modifies the wind speed used in the abscissa in
the power curve but the wind turbine power output remains unchanged. This shift in
the mean power curve actually shows that, for this dataset, the equivalent wind speed
was on average smaller than the wind speed at hub height. Note that at another site
with larger wind shear above hub height than below, such as in (Antoniou et al., 2009)
and (VanLuvanee et al., 2009), the equivalent wind speed may be larger than the wind
speed at hub height, so that the power curve would be shifted to the right.

To test the impact of the two different power curves on the AEP calculation, the
power curves shown in Figure 10.1 were used to calculate the generic AEP as defined
in the IEC 61400-12-1 standard, i.e. using the Rayleigh distribution. AEP estimations
are then made for several average wind speeds from 4 m/s to 11 m/s according to the
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Figure 10.1: Mean power curves obtained with the wind speed at hub height and the equivalent
wind speed.

equation:

AEP = Nh

N∑
i=1

[F (vi) − F (vi−1)]
(

Pi+1 + Pi

2

)
(10.1)

where Nh is the number of hours in a year (Nh = 8760), vi and Pi are respectively the
mean wind speed and the mean power in the ith wind speed bin and F (v) is the Rayleigh
cumulative probability distribution function for wind speed, v and the annual average
wind speed, Vavg:

F (v) = 1 − exp

(
−Π

4

(
v

Vavg

)2
)

(10.2)

As shown in Figure 10.2, the AEP based on the equivalent wind speed is higher than
that based on the hub height wind speed for all annual average wind speeds between
4 m/s and 11 m/s. This does not mean that the power produced at the test site is
different with the two methods. This difference in AEP can be interpreted as follows:
if an identical wind turbine was installed at a site where all the speed profiles were
constant with height, then the power curve corresponding to this site would be different
from the standard power curve measured at Høvsøre, but it would be close to the power
curve obtained with equivalent wind speed. In other words, if the standard power curve
measured at Høvsøre had been used to determine the AEP at a site with only constant
profiles, the AEP would have been underestimated. With the equivalent wind speed
power curve, on the other hand, the estimation would have been closer to the actual
AEP.

The difference between the AEPs obtained with the two kinds of power curve should
be interpreted carefully. Indeed, as mentioned earlier, at a site with different wind
conditions, such as that described in (Antoniou et al., 2009) and (VanLuvanee et al.,
2009), the power curve being shifted to the right, it would result in an overestimation of
the AEP. The relation between the power curves depends on the wind shear conditions.
Moreover such a simple interpretation is only valid for a site with predominantly constant
profiles, which is not common.

Such a direct comparison of the AEPs obtained with wind speed measurements at
hub height and equivalent wind speeds assumes an identical distribution, i.e. identical
average and identical distribution shape, for both kinds of wind speed. This is not
consistent, since it was noted that the equivalent wind speed was on average smaller
than the wind speed at hub height for this dataset. A consistent comparison should
account for the differences between the distributions of the two kinds of wind speed. For
example, Sumner and Masson (2006) found an equivalent wind speed distribution shifted
to the left compared to hub height speed distribution.
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Figure 10.2: Extrapolated AEP obtained with the wind speed at hub height and the equivalent
wind speed.

10.2 AEP prediction and transferable power curve

The estimation of the AEP at a potential wind farm site ideally requires the turbine
power curve obtained at this site (preferably measured over a long period of time) and
the wind speed distribution at the site. However, the AEP usually needs to be predicted
prior to the actual installation of any turbine. Therefore, the power curve cannot be
measured at the site. The power curve measured at a reference site is used instead.
Regarding the wind speed distribution, long term measurements from the potential wind
farm test site are usually well modelled by a Weibull distribution1.

This procedure can give a good AEP prediction only if the reference power curve is
sensibly transferable to the site, i.e. if the reference power curve is similar to the power
curve that would be obtained at this site. However, as a standard power curve is sensitive
to the wind shear, it is site dependant. Therefore the transfer of such a power curve from
the reference site to another site is very probable to result in an error in the AEP.

This issue was illustrated using the power curves obtained with the two groups of
profiles from section 8.6. The power curves obtained with the data from group 1 were
considered as the reference power curves (one with the wind speed at hub height and
one with the equivalent wind speed) as if they were measured at a reference site (site 1).
These power curves were used to predict the power corresponding to the wind speeds of
group 2, as if they had been measured at a different site (site 2). Both the estimated
and measured power curve scatter plots are shown in Figure 10.3. The total power
produced was then calculated by summing the 10 minute power outputs both for the
power measured at site 2 and the power predicted with the reference power curves. The
total power predicted with the hub height wind speed power curve overestimated the
actual power production by 1.76%, whereas the power predicted with the equivalent
wind speed power curve made an overestimation of only 0.005%.

By estimating the power obtained for group 2 with the power curve measured for
group 1, the power curves were assumed to be identical for both groups (sites). However
this assumption is wrong for the standard power curves, see Figure 8.13. This results in
the wrong estimation of the total power at site 2. On the other hand, as the equivalent
wind speed power curves obtained for the two groups of data are very similar, the transfer
of the power curve obtained with one dataset to the other dataset is more acceptable
and the prediction of the total power production was much better.

1Weibull distribution of the variable x: f(x) = k xk−1

Ak exp

(
−

(
x
A

)k
)

. The Rayleigh distribution is

actually a specific case of the Weibull distribution with k = 2.
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Figure 10.3: Predicted and measured power scatter plots for the data from group 2. (a): with
wind speed at hub height, (b): with equivalent wind speed.

10.3 How should the equivalent wind speed be used
to estimate the AEP?

The standard power performance measurement results in different power curves for dif-
ferent wind speed shear conditions. For a given turbine, different power curves can be
obtained for different times of the year or of the day, different wind sectors or differ-
ent sites. The problem is that different power curves give different AEPs, as shown in
(Montes et al., 2009).

On the other hand, as the equivalent wind speed is representative of the speed profile,
the power curve obtained with such a wind speed varies much less with shear. Similar
power curves should be obtained for various shear conditions, and, for a given speed
distribution, the power curve repeatability should result in a more consistent AEP.

However, the equivalent wind speed is quite likely to have a different value from the
wind speed at hub height. Therefore, the equivalent power curve should be used with the
equivalent wind speed measured at the wind farm site in order to obtain a consistent and
accurate AEP prediction. Therefore, the wind profiles distribution needs to be estimated.

The issue is then what to do if no profile measurements are available and only the
wind speed at hub height was measured at the new site.

One solution would be to establish a relation between the standard power curve and
the equivalent wind speed power curve. This does not make sense because the standard
power curve is shear dependant, therefore site dependant. In consequence the relation
between the curves in also site dependent. To transfer the relation between the two types
of power curve found at one site to another site is equivalent to transferring the standard
power curve.

Another option would be to assume one kind of profile (one shear exponent, for
example) for all profiles at one site. This is inconsistent with the equivalent wind speed
method as its main advantage is to account for variability in shear. Assuming one speed
profile shape is what is done in the current IEC standard (IEC, 2005), where a constant
profile is implicitly assumed.

It may be better to make the AEP estimation by combining the hub height speed
distribution with the equivalent wind speed power curve than with the standard power
curve. Indeed, as explained in section 10.2 the equivalent power curve is more transfer-
able from one site to another than the standard power curve. Combining the reference
standard power curve with the distribution of wind speeds measured at hub height at
the proposed wind farm site is equivalent to assuming a wind speed profile constant with
height at both the reference site and at the wind farm site. On the other hand, if the ref-
erence equivalent wind speed power curve is combined with the distribution of the wind
speed at hub height at the proposed wind farm site, the speed profile is assumed constant
only at the wind farm site. As an example, the total power of group 2 was estimated by
using the wind speed at hub height for the data from group 2 and estimating the power
with the equivalent speed power curve obtained from group 1. This result, together with
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the two results already shown in section 10.2, are given in Table 10.1. This estimation
gives a slight underprediction of 0.5% but is better than the estimation with the standard
power curve which gives an overestimation of 1.76%. Nevertheless in the specific case
where the wind shear at the wind farm site is very similar to that at the reference site,
the standard AEP prediction, using the standard power curve and the distribution of
the wind speeds at hub height, would be better than that obtained by combining the
equivalent wind speed power curve and the distribution of wind speeds at hub height.

Standard p.c. UKE p.c.
uhub +1.76% -0.5%
UKE 0%

Table 10.1: Error in the total power for group 2 data estimated with the power curves obtained
with the data from group 1.

In conclusion, the most sensible way to use the equivalent speed power curve to
estimate the AEP is to also measure the equivalent wind speed at the assessment site,
i.e to measure the wind speed at least 3 heights including one height above hub height
(see section 9.2).

However, if only speed measurements at hub height are available at the proposed wind
farm site, then the error in the AEP estimation can be reduced by using the equivalent
wind speed power curve with these measurements.
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Chapter 11

Measurement uncertainty

To be complete, a power curve measurement must include an evaluation of the measure-
ment uncertainty. This chapter presents an analysis of the uncertainty in the equivalent
wind speed power curve and a comparison to the standard power curve uncertainty. Ac-
cording to the IEC 61400-12-1 standard, the power curve uncertainty is the combined
uncertainty of the measurements of the electrical power, the wind speed and the air
density. As the equivalent wind speed method modifies the definition of the wind speed
in the power curve, the uncertainty in the equivalent wind speed needed to be defined.
However, as the equivalent wind speed was derived from lidar measurements, it was
necessary to first define the uncertainty in lidar measurement. Hence, the uncertainty
for three kinds of power curve are compared in this chapter: the standard power curve
obtained with a cup anemometer, the power curve obtained with the lidar measurement
at hub height and the power curve obtained with an equivalent wind speed.

The uncertainty in lidar wind speed measurements can be defined in several ways. A
simple method is to use a calibrated instrument as a reference. Thus, in a first attempt
to define the uncertainty in lidar measurement, it was chosen to be defined relative to a
calibrated cup anemometer from which the uncertainty is known. The systematic part of
the error in lidar measurements was corrected by calibrating the lidar and the stochastic
part of the error was interpreted as the uncertainty.

For clarity, a different notation was adopted in this chapter: u denotes an uncertainty
and v a wind speed.

11.1 Power curve uncertainty in the IEC 61400-12-1
standard

In the IEC 61400-12-1 standard, the power curve measurement uncertainty is defined as
the combination of the measurement uncertainties of the turbine power output, the wind
speed, the temperature and the pressure. Thus the power curve uncertainty combines
category A uncertainty, i.e. uncertainty derived from the observed frequency distribution,
and category B uncertainties, i.e. uncertainties derived from an assumed probability
density function which cannot be derived directly from the observations (GUM, 1999).
The combined uncertainty is calculated for each wind speed bin.

The uncertainty in electric power measurement combines a category A uncertainty,
the standard deviation of the power in each bin, and category B uncertainties related to
the current and voltage transformers and the data acquisition system. The uncertainties
in wind speed, temperature and pressure are all of category B. These uncertainties ac-
count for the instruments uncertainty1, the mounting effect, the site effect and the data
acquisition system.

1For example, the cup anemometer for the wind speed measurements. A cup anemometer used for
wind turbine power performance measurement must be calibrated in a wind tunnel. The cup anemometer
uncertainty is derived from the this calibration.
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In this investigation, three kinds of wind speed were considered, implying three dif-
ferent values of the uncertainty. The uncertainty in wind speed measured by the cup
anemometer is estimated according to the procedure described in the IEC standard
(IEC, 2005). A way of estimating the uncertainty in lidar measurements was defined and
is described below. The uncertainty in equivalent wind speed is the combination of the
uncertainty of several lidar measurements.

The uncertainty in temperature and pressure measurements is the same for all three
kinds of power curve, as well as the category B uncertainty in electric power. On the
other hand, the category A uncertainty in power is expected to be different for a power
curve obtained with the equivalent wind speed than for the power curve obtained with
the wind speed measurements at hub height as the scatter in the power curve is related
to the power standard deviation in each bin.

11.2 Lidar calibration

The lidar used in this experiment was verified between 10/07/08 and 26/10/08 with
the met. mast at Høvsøre (see Appendix). The wind speed measured by the lidar was
compared to cup anemometer measurements at 5 heights (40, 60, 80, 100 and 116.5 m).
The data for the verification were filtered according to the following criteria:

• wind direction between 150◦ and 180◦ or between 230◦ and 300◦.

• Temperature above 2◦C to avoid ice formation on the cup anemometers.

• Wind speed above 3m/s, for good quality cup anemometer measurements.

• Lidar wind speed availability of 100% at all heights.

• No rain, for best quality lidar measurements.

The verification consists in performing, at each height, a linear regression between the
simultaneous measurements from the cup anemometer and the lidar at the same height.
Lidar measurements are usually validated when the regression slope is close to unity
and a value of R2 above 0.99. Although no systematic procedure is yet defined, such a
verification is strongly recommended. The regressions obtained at the 5 heights ar shown
in Figure 11.1.

11.2.1 Calibration coefficient at verification heights

Different methods can be used to calibrate a lidar. One method, already discussed in
chapters 7 and 8, consists of shifting the speed profile so the wind speed at hub height
measured by the lidar coincides with the cup anemometer measurement. However this
method assumes a constant lidar bias (the same bias at all heights) which is not correct
for most lidars.

Another option for the lidar calibration is the use of the regression slope obtained
during the lidar verification at each height as a calibration factor. This method accounts
for lidar error variability with height. A calibration factor, mk, was obtained in this way
for each one of the 5 heights used in the lidar verification. In the rest of the chapter, the
number of heights where the lidar was calibrated directly with a cup anemometer was
named Nc (Nc = 5).

11.2.2 Calibration coefficient at any height

The speed profile measurements during the power curve measurement was independent
of the lidar verification. The power curve measurement using an equivalent wind speed
can required the measurement of the wind speed at heights different from those of the
cup anemometers on the met. mast used for the lidar calibration. The cup anemometer
heights are fixed whereas the measurement heights for the equivalent speed depend on
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Figure 11.1: Linear regressions between the lidar and cup anemometer measurements at 5
heights, obtained during the lidar verification

the turbine hub height and the rotor diameter. Therefore, a calibration coefficient needed
to be defined for the heights where no regression slope could be measured.

For heights below the top of the mast (116.5 m here), the calibration coefficient was
obtained by linear interpolation. For instance for the measurement height hj , between
the lidar verification heights hk and hk+1, the regression coefficient is obtained by:

mj =
hk+1 − hj

hk+1 − hk
mk+1 +

hj − hk

hk+1 − hk
mk (11.1)

The “calibrated lidar wind speed” at the jth height is then:

vlidar,calib
j = vlidar,meas

j /mj (11.2)

where vlidar,meas
j is the 10 minute mean wind speed measured by the lidar (during the

power curve measurement).
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For heights above the top of the mast, the calibration coefficient was assumed constant
with height and equal to the calibration coefficient measured at the top of the mast:

mj = mNc
(11.3)

As such a calibration modified the lidar measurements, both the wind speed at hub
height and the equivalent wind speed are affected. The power curves, scatter in the power
curves and AEPs obtained with the cup anemometer and the lidar after calibration are
shown in Figure 11.2. The calibration has not affected the main results regarding the
equivalent wind speed methods: in plot (a), the equivalent wind speed power curve is
slightly shifted to the left compared to the power curve obtained with lidar measurements
at hub height; in plot (b), the scatter obtained with the equivalent wind speed is smaller
than the others and in plot (c), the AEP obtained with the equivalent wind speed is
slightly higher than that obtained with wind speed measurements at hub height.

Furthermore, Figure 11.2 also compares the results obtained with lidar wind speed
measurements at hub height and those obtained with the cup anemometer measurements.
Plot (b) shows that the scatter in the power curve obtained with lidar measurements has
not been affected significantly by the calibration and is still comparable to the scatter
obtained with the cup anemometer measurements. Plot (a) shows that there is still a
slight difference between the mean power curve obtained with the lidar measurements
at hub height and that obtained with the cup anemometer. This small difference in
power curve results in a small difference in AEP2 as shown in plot (c). This result is due
to the fact that these two different power curves were used with the same wind speed
distribution, i.e. average and distribution shape (similar to the discussion in section 10.1)
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Figure 11.2: Results obtained with the lidar after calibration compared to the cup anemometer
results: (a): mean power curve, (b): scatter in the power curve, (c): AEP

2AEP calculated as in the IEC 61400-12-1 standard using the Rayleigh distribution, see section 10.1
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11.3 Definition of the uncertainty in measurements
for a calibrated lidar

11.3.1 Uncertainty at verification heights

Since the final aim was to calculate the uncertainty in the power curve, the wind speed
measurement uncertainty had to be calculated for each wind speed bin, as required in
the IEC 61400-1-12 standard. The calibration described in the previous section was
considered as a correction of the systematic error of the lidar measurements. Hence only
the stochastic error needed to be accounted for in the uncertainty. The stochastic error
of the lidar measurements was quantified with the standard deviation of the residuals in
the regression between cup anemometer and lidar measurements, where each residual is
defined by:

resi,l = vlidar
i,l − m.vcup

i,l (11.4)

where vlidar
i,l is the lth lidar wind speed measurement in the ith bin, vcup

i,l the lth cup wind
speed measurement in the ith bin and m the regression slope - which depends on the
height and is independent of the wind speed bin.

The uncertainty in lidar measurement was defined as the combination of the cup
anemometer uncertainty with the standard deviation of the residuals. For each height,
the data were binned according to the cup anemometer wind speed, and the uncertainty
was defined for each wind speed bin as:

u2
lidar(k,i) = u2

cup(k,i) + u2
verif(k,i) (11.5)

where ulidar(k,i) is the uncertainty of the wind speed measured by the lidar, ucup(k,i) the
uncertainty of the wind speed measured by the cup anemometer (as defined in the IEC
61400-12-1 standard) and uverif(k,i)the standard deviation of the residuals at the kth

height in the wind speed bin i at the kth height.

11.3.2 Uncertainty at any height

In the same way as the calibration coefficient, the lidar uncertainty, at each height (j)
and in each wind speed bin (i), was defined by linear interpolation for heights below the
mast top height:

u2
lidar(j,i) =

hk+1 − hj

hk+1 − hk
u2

lidar(k+1,i) +
hj − hk

hk+1 − hk
u2

lidar(k,i) (11.6)

and was kept constant for heights above the top of the mast:

u2
lida(j,i) = u2

lidar(Nc,i) (11.7)

According to this definition, the uncertainty in lidar speed measurements is neces-
sarily higher than the uncertainty in cup anemometer measurements. This definition
is suggested as a first approach, but it needs to be improved by including the calibra-
tion uncertainty (i.e. the uncertainty in the regression slope measurement) for example.
Moreover, the assumption of a constant calibration factor and uncertainty above the top
of the mast (where the coefficients are actually unknown) is rather poor.

11.4 Uncertainty in equivalent wind speed

The equivalent wind speed considered in this chapter is UKE defined by eq. (5.9). For
consistency and clarity, it is re-written with the notation adopted in this chapter:

VKE =

⎛
⎝ N∑

j=1

v3
j wj

⎞
⎠

1/3

(11.8)
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where N is the number of measurement heights during power curve measurement, vj is
the measured wind speed at the jth height and wj the weight at this height defined as
the ratio between the corresponding segment of the rotor swept area and the whole rotor
swept area (Aj/A). The uncertainty in equivalent wind speed measurements was defined
according to the formula for combined uncertainties when the inputs are correlated as
defined in the Danish standard for measurement uncertainty expression (GUM, 1999):

u2
VKE ,i =

N∑
j=1

N∑
g=1

wjwg
vj,ivg,i

V 2
KE,i

uvj ,iuvg,ir(vj , vg) (11.9)

where uVKE ,i is the uncertainty in equivalent wind speed in the ith bin, uvj ,i is the
uncertainty in wind speed measurement at the jth height in the ith bin. As the equivalent
wind speed was derived from speed profiles measured by the lidar, this speed uncertainty
was evaluated according to eq. (11.6). r(vj , vg) in eq. (11.9) is the correlation between
the wind speed at the jth height and the wind speed at the gth height. The correlation
coefficients were evaluated from one year of measurements of western winds at Høvsøre.

The final purpose of the uncertainty in equivalent wind speed was to be used in
the calculation of the uncertainty in the power curve obtained with the equivalent wind
speed method. The uncertainty in equivalent wind speed had therefore to be defined for
each wind speed bin, where the bin was defined according to the equivalent wind speed:
v ≤ VKE < v + 0.5. However, for the data contained in a wind speed bin obtained in
this way, the average of the wind speeds at a given height is not necessarily between v
and v + 0.5. The problem was then to defined what value should be taken for vj,i and
uvj,i in the evaluation of (11.9).

A simple solution would be to refer to the bin index (i) with no attention to the
actual value of the mean speed at the jth height. However, this, in a way, is the same
as assuming that the wind speed profiles are almost constant with height (i.e. v ≤ vj,i <
v + 0.5 ∀jε[1, N ]). Moreover, it raises a problem of a practical aspect as the wind speed
distribution is not the same at all heights (because of the wind shear). Therefore, there
is no data available in the high wind speed bins at low heights and no data available
in the low wind speed bins at high heights. The equivalent wind speed uncertainty
would only be calculated for a limited number of bins (not enough to meet IEC standard
requirements).

Another solution, more in agreement with the equivalent wind speed method, was
to use the actual value of the mean speed at the jth height in the ith bin, and use
the uncertainty for the bin where this speed falls in. The wind speed bins that were
then taken into account for the example of the wind speed bin number 11, defined by
7.75 ≤ VKE < 8.25, are shown in Table 11.1. This did not make a big difference in the
uncertainty value but it made the uncertainty calculations possible for all wind speed
bins.

Measurement height number Wind speed bin Corresponding
in wind speed profile to consider [m/s] bin number

9 8.25 ≤ v9,i < 8.75 12
8 7.75 ≤ v8,i < 8.25 11
7 7.75 ≤ v7,i < 8.25 11
6 7.75 ≤ v6,i < 8.25 11
5 7.75 ≤ v5,i < 8.25 11
4 7.25 ≤ v4,i < 7.75 10
3 7.25 ≤ v3,i < 7.75 10
2 6.75 ≤ v2,i < 7.25 9
1 6.25 ≤ v1,i < 6.75 8

Table 11.1: Example of choice of bin to calculate equivalent wind speed uncertainty

Once the uncertainty in equivalent wind speed measurement was obtained for each
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bin, the uncertainty in the power curve as described in the IEC standard could be cal-
culated with the equivalent wind speed instead of the cup wind speed at hub height.

11.5 Results

11.5.1 Power curve uncertainty

Figure 11.3 shows the combined uncertainty (see section 11.1) obtained for the cup
anemometer at hub height, the lidar at hub height and the equivalent wind speed. The
power curve uncertainty obtained with the lidar measurements at hub height is higher
than that obtained with the cup anemometer measurements. The uncertainty obtained
with the equivalent wind speed is, on average, similar to that obtained with lidar mea-
surements at hub height.
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Figure 11.3: Normalised combined uncertainty in power curve, per speed bin, obtained with the
three kinds of wind speed: cup anemometer (at hub height), lidar measurement at hub height and
equivalent wind speed

Figure 11.4 shows the category A uncertainty in electric power obtained for each wind
speed definition. The category A uncertainty in power obtained with the equivalent wind
speed is the smallest on average. Indeed, the equivalent wind speed was shown to reduce
the scatter in the power curve. As the scatter was defined as the mean residual error in
each speed bin, it is related to the power standard deviation. Therefore the decrease of
the scatter corresponds to a decreases of the category A uncertainty in power.
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Figure 11.4: Normalised category A uncertainty in power per wind peed bin obtained with the
three kinds of wind speed

Figure 11.5 (a) shows the category B uncertainty in wind speed obtained for each
wind speed definition. This uncertainty results from the product of the wind speed
measurement uncertainty (shown in Figure 11.5 (b)) with the related sensitivity factor
(shown in Figure 11.5 (c)). The wind speed uncertainty of the lidar measurement at hub
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height is larger than that from the cup anemometer, as expected from the definition of
the lidar wind speed uncertainty (according to eq. (11.5)).
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Figure 11.5: (a): Normalised category B uncertainty in wind speed for the power curve; (b):
wind speed uncertainty; (c): sensitivity factor for the wind speed uncertainty, per wind speed bin,
obtained with the three kinds of wind speed

If the equivalent wind speed was obtained with several cup anemometers, the uncer-
tainty in equivalent wind speed could not exceed the highest cup anemometer uncertainty.
Therefore, if the cup anemometer with the highest uncertainty is the one at hub height,
or all cup anemometers have the same uncertainty, the uncertainty in equivalent wind
speed would be smaller than the cup at hub height. However, if a cup anemometer having
the highest uncertainty was different from the instrument at hub height, then the equiv-
alent wind speed uncertainty could be larger than the uncertainty of the anemometer
measurement at hub height.

It is similar for lidar measurements: if the maximum lidar uncertainty (uvj,i
in

eq. (11.9)) is at another height than hub height, the equivalent wind speed uncertainty
can be higher than the uncertainty in wind speed measurement at hub height. However,
the lidar uncertainty depends both on the cup anemometer uncertainty and the standard
deviation of the residuals. Here, the cup anemometer uncertainty at hub height has the
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highest value among all the cup anemometers of the mast because it is boom mounted.
The maximum standard deviation of the residuals is not at hub height. Therefore, the
equivalent wind speed uncertainty can be higher than the uncertainty in wind speed at
hub height. Consequently, there cannot be a systematic difference between the uncer-
tainty in wind speed at hub height and the equivalent wind speed measurements as shown
in Figure 11.5 (b).

The sensitivity factor is determined as the local slope of the mean power curve (IEC,
2005), it is different from one wind speed definition to another as the three power curves
are different (see Figure 11.5 (c)). As the result of the combination of the wind speed
uncertainty and the sensitivity factor, the part of the uncertainty in power curve due
to the wind speed uncertainty is higher for the lidar measurements at hub height than
for the cup anemometer measurement but is not systematically higher or smaller for the
equivalent wind speed than for the lidar at hub height.

The consequence is that, in spite of the smaller category A uncertainty in power, the
power curve combined uncertainty obtained with the equivalent wind speed method is
similar to that obtained with the lidar measurements at hub height. Moreover, both
of them are higher than the power curve combined uncertainty obtained with the cup
anemometer measurements.

11.5.2 AEP uncertainty

According to the definition given by eq. (11.5), the lidar measurement uncertainty is
necessarily larger than the cup anemometer measurement uncertainty. The consequence
is that the uncertainty in the power curve is higher for lidar than for cup anemometer
measurements, therefore the same conclusion is also true for the uncertainty in the AEP.

On the other hand, the uncertainty in AEP obtained with the equivalent wind speed is
slightly smaller than that obtained with the lidar measurement at hub height in Figure
11.6. This is probably due to the weighting of the category A uncertainty which is
different for the AEP uncertainty than for the power curve uncertainty.
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Figure 11.6: AEP measurement uncertainty obtained with the three kinds of wind speed

11.6 Summary and discussion

The use of the equivalent wind speed in the power performance measurements resulted in
a reduction of the category A uncertainty in power. On the other hand, as the category B
uncertainty in wind speed measurement obtained with a lidar varies with height, it can be
higher for the equivalent wind speed than for the wind speed at hub height. Consequently,
the equivalent wind speed method did not result in a systematic reduction of the power
curve combined uncertainty. This uncertainty was in the same order of magnitude as the
uncertainty obtained with the lidar measurement at hub height. The AEP uncertainty,
on the other hand, was found to be slightly decreased with the equivalent wind speed.
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However, such a direct comparison of the uncertainty obtained with the two methods
could be discussed. Indeed, the power curve based on wind speed measurements at hub
height does not account for the uncertainty due to climatic variations. According to the
current IEC standard (IEC, 2005), this kind of uncertainty is included in the category
A uncertainty in power. It is thus considered as a stochastic error in the measurements.
The variability of the mean power curve due to the wind shear is not taken into account.
Therefore, one could argue that an extra term should be added to the standard power
curve uncertainty to account for the wind shear effect. Then the difference between the
two methods for power curve measurements would be shifted in favor of the equivalent
wind speed method.

Indeed, as explained in chapter 10, the equivalent wind speed power curve is less
sensitive to the shear, therefore an extra term to account for the variability of the power
curve due to shear is not needed (or if it is used, it should be smaller than for the standard
power curve). Therefore the use of the equivalent wind speed results in two advantages
for the AEP prediction: 1) the power curve is more repeatable and 2) the uncertainty in
power curve measurement is similar to that obtained with wind speed measurements at
hub height, which does not account for the uncertainty due to the wind shear.
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Chapter 12

Discussion and further work

12.1 Equivalent wind speed method

The problem of the effect of shear on the power performance of wind turbines has been
raised within the last years as the size of the wind turbines has considerably increased.
The site dependence of the power curve has become an issue that cannot be ignored any
longer. Indeed a wind turbine power curve is most of the time meant to be compared
to another power curve or transferred from one site to another. Within this context,
the latest version of the IEC standard for wind turbine power performance measurement
(IEC, 2005) is currently under revision with, as one of the main tasks, the introduction
of a method accounting for secondary parameters such as wind shear and turbulence. In
the work described in this thesis, the definition of a wind speed equivalent to the wind
speed profile in front of the turbine rotor was investigated as a method to account for
the wind shear in the power performance measurement.

Such an equivalent wind speed can be defined in various ways. Mostly two definitions
were investigated (Udisk and UKE) but neither aerodynamic simulations nor measure-
ments enabled us to define with precision which one could reduce the scatter the most.
Nevertheless, the equivalent wind speed UKE , defined according to a better kinetic en-
ergy flux approximation than the current one, has the advantage of showing directly
the relation between the kinetic energy flux (input power to the turbine) and the power
output. It therefore shows the true efficiency of the turbine to extract the power of the
wind.

None of the equivalent wind speed definitions suggested here can result in a power
curve completely independent of shear. The turbine response to shear does not only
depend on the wind kinetic energy flux but also on the wind speed profile. Two different
speed profiles with the same kinetic energy flux can result in two different power outputs.
A power curve completely independent of the wind shear should account for the dynamics
of the turbine which are specific to the turbine design and the operational settings.
However, by including more accurate information about the wind profile, instead of
assuming it to be constant, the power curve sensitivity to wind shear is significantly
reduced. Therefore the error made by assuming the equivalent wind speed power curve
to be independent of the site is much smaller than that made by assuming the standard
power curve to be independent of the site.

Furthermore, as it was pointed out in the preliminary investigation with the aerody-
namic simulations, the operational characteristics of a wind turbine in sheared inflow are
not yet fully understood. One of the major issues is the spatial variation in induction over
the rotor, as the shear influences the behavior of the wake behind the rotor. Simulations
with models more advanced than the BEM model could help for a better understanding
of such conditions, however, so far no agreement has been reached with those models
either. Validation and improvements of the model need induction measurements in non
uniform flow. This is technically challenging because it requires both measurements at
the rotor and in the free wind (i.e. away from the turbine). Measurements at the ro-
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tor can be acquired with a pitot tube. Away from the rotor, wind shear measurements
require a mast mounted with several cup anemometers at various heights or a lidar.

Regarding the induction effect, the IEC 61400-12-1 standard requires wind speed
measurements at hub height at 2 to 4 rotor diameters in front of the turbine in order
to measure the free wind. The same rule was applied here to measure the wind speed
profiles; the lidar was placed next to the mast, i.e. at about 2.5 rotor diameter from the
turbine. However, the question of the correlation between the profile measured at this
location with the profile at the turbine rotor should be addressed. The measurements
analysed in this study were all taken in flat terrain, therefore it was fair to assume that
the profiles measured upwind were the same as those at the rotor. However, as shown in
(Stefanatos et al., 2008), this correlation of the profile between the measurement location
and the turbine decreases in complex terrain, then limiting the use of the equivalent wind
speed method as defined here to flat terrain.

One of the main weaknesses of the results presented in this thesis is probably that
the most important results were obtained with one short data set. As the measurements
were taken with a test turbine, only short periods with constant settings were available
and the data set used did not reach the amount of data requires by the IEC standard.
Moreover, these results may be specific to the Høvøsre site, which in spite of the flat
terrain and the very few surrounding obstacles, was shown to present some peculiarities
due to it proximity to the North Sea coast. To be fully validated, the equivalent wind
speed method should be tested with other turbines at other sites, possessing different
types of wind characteristics: speed shear, but also turbulence and direction shear.

This work was focused on the effect of speed shear, but the power performance can
also be influenced by other wind characteristics, in particular the turbulence and the
direction shear. The influence of turbulence was briefly investigated. The scatter due
to turbulence did not mask the scatter due to shear and thus the use of an equivalent
wind speed reduced the global scatter in the power curve. Accounting for the turbulence
intensity in the equivalent wind speed cannot reduce the scatter near rated wind speed
in the power curve and cannot normalise the power curve for turbulence intensity. On
the other hand, the method suggested by Albers does normalise the power curve for
any turbulence intensity. This method was successfully combined to the equivalent wind
speed method to result in a power curve normalised for both the shear and the turbulence
intensity. However, it must be noted that only low turbulence intensity was considered in
this investigation, as the turbulence intensity rarely exceeds 12% on average at Høvsøre.

Furthermore the wind veer, i.e. variation of the direction with altitude, also influences
the turbine power performance (Walter et al., 2009). Similarly to the wind shear, the
wind veer modifies the angle of attack of the wind on the turbine blade, which then
varies with the altitude. However, the variation is different from that due to wind speed
shear as direction shear involves a wind component that is parallel to the rotor plan
(Walter, 2007). The influence of wind veer has so far been the subject of only a few
investigations mainly because of the lack of measurements. This is another benefit of
lidar measurements. Indeed, a lidar measures the wind direction at several heights with a
unique reference. Thus there is no offset between the measurements at different heights,
contrary to measurements taken with several wind vanes. The analysis of the wind veer
at Høvsøre (Cariou et al., 2010) showed that it is mainly clockwise with rather small
amplitude (not exceeding 5◦ on average), which is expected to have a small influence on
turbine power performance.

The use of an equivalent wind speed accounting for the speed shear in the power
performance measurement can be a little confusing as the resulting power curve is not
directly comparable to the standard power curve. Indeed, these two power curves have
two different quantities in abscissa. A new power curve has been defined. For this
reason, the most sensible way of estimating the AEP with the equivalent wind speed at
hub height is to use the distribution of the equivalent wind speed. This means that the
wind speed profile should be measured not only during the power curve measurement
but also during the wind resource assessment.

As the equivalent wind speed should eventually result in a smaller uncertainty in AEP
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estimation, the method is very attractive in theory. However, one could find it difficult
to apply in practice since it requires measurements at several heights whereas only one
is needed in the current standard power curve. The arrival of the lidar technology in the
wind energy field appears as a good solution to this issue.

12.2 Lidar measurements

The mean power curve as well as the scatter in the power curve obtained with the lidar
measurements at hub height were very similar to the cup anemometer measurements.Only
when this condition is fulfilled can one expect a decrease in scatter with the equivalent
wind speed based on speed profile measurements. The application of this method with
a remote sensing instrument therefore requires a “good” instrument. For this reason
the remote sensing instrument should be verified with a tall met. mast prior to the
power curve measurement in order check that the deviation from the cup anemometers
measurements is small enough to be used for this purpose. So far, the lidar was deemed to
be suitable if the regression analysis of the lidar data plotted against the cup anemometer
data resulted in a slope close to unity and a high value for R2. However, a well defined
procedure with more specific criteria for the selection of the instruments needs to be
defined.

A step further in this direction is to actually make a calibration of the lidar, i.e. to
define a coefficient to relate the lidar measurements to the reference cup anemometers
measurements. Such a procedure has the advantage of transferring the traceability from
the cup anemometers to the lidar, which is a requirement to get an accredited power
curve based on lidar measurement.

Lidar measurement are different from cup measurements because of the volume aver-
aging. However, since here we are interested in using a wind speed representative of the
whole rotor swept area, the vertical averaging is not a problem, it may be an advantage.

On the other hand, the horizontal averaging may be an issue. As the laser beam is
conically scanning, when the lidar is located at 2.5 rotor diameter of the wind turbine,
some radial speeds are actually measured further away from the turbine and some others
closer to the rotor. Therefore the measurement may be influenced by the induction and
the distance which is optimum for the location of the cup anemometer might not be
optimum for the lidar installation.

Hence, a direct comparison of the power performance measurement obtained with
lidar measurements to cup anemometer measurements is not straightforward. It is also
relevant to compare the uncertainty in power curve measurements obtained with the
different instruments. In this investigation, the uncertainty in lidar wind speed mea-
surements was defined relative to the uncertainty in cup anemometer measurements,
resulting in a lidar uncertainty systematically higher than that of the cup anemometer.
This may be unfair to the lidar and alternative calibration methods, avoiding the use of
cup anemometers should be investigated.
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Chapter 13

Conclusions

The use of an equivalent wind speed based on speed profile measurement in front of
the turbine rotor was shown to be a good method to account for shear in the power
performance measurement. This method decreases the scatter due to wind shear in
the power curve, which results in a power curve that is less sensitive to the shear and
hence more independent of the site and the season than the standard power curve. The
method is attractive because of is simplicity of application once the speed profiles are
known. Several equivalent wind speed definitions, i.e. various ways of averaging the speed
profile over the rotor, resulted in a reduction of the scatter. However, the definition based
on the approximation of the kinetic energy flux through the swept rotor area accounting
for the speed profile has the advantage of having a physical interpretation, that is to
show the efficiency of the turbine to extract the power from the wind.

The main difficulty in the practical application of the method is probably to obtain
speed profiles that are accurate enough. Indeed, a simple extrapolation based on mod-
els such as the power law may be a good representation for only a few sites. For most
sites (coastal areas, sites experiencing low level jets, complex terrain for example), mea-
surements of the speed profile are necessary. In this investigation, the equivalent wind
speed was derived from lidar measurements. A significant reduction of the scatter in
the power curve was obtained with speed measurements at only 3 heights (one at hub
height, one below and one above) whereas no improvement was obtained when the profile
where extrapolated from measurements strictly below hub height. The measurement of
the wind speed at at least one height above hub height therefore makes a significant
difference. However, the total number of measurements necessary to obtain a significant
improvement is probably relative to the site. It is therefore recommended to use as many
measurement heights as possible. This investigation was realised with speed profiles de-
rived from 9 measurements. Indeed a lidar has the advantage of measuring the wind
speed and direction at up to 10 heights for the same cost as 3 heights.

In spite of being very relevant for the wind shear effects on the power performance
measurement, the equivalent wind speed method was shown not to be suitable to re-
duce the power curve sensitivity to the turbulence. However, the equivalent wind speed
accounting for the wind shear was successfully combined with another method for nor-
malising the power curve for the turbulence intensity.

Such a power curve, normalised for wind shear and turbulence intensity, is more
repeatable, which means that the difference between the power curve measured at two
sites with different shear conditions is reduced. Therefore the power curve measured with
the equivalent wind speed at a reference site can be transferred to another site resulting
in a smaller error than by transferring the standard power curve. Furthermore, as the
equivalent wind speed method reduces the scatter in the power curve, it decreases the
uncertainty due to shear in the power curve measurement, which is not considered in the
standard power curve uncertainty. Consequently, the equivalent wind speed power curve
should result in much better AEP estimation. However, a consistent and more accurate
AEP calculated with such a power curve requires the measurement of the equivalent
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speed (i.e. the speed profiles) during the resource assessment.
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