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Summary
The work presented in this thesis contains characterization of wind speed fluctuations
of different scales. From small scale turbulence to large coherent fluctuations beyond
turbulence. It is investigated how these fluctuations are relevant for wind turbines and
in particular wind turbine design.
A rotational shaping filter is derived from a model describing the power spectrum
of turbulent fluctuations observed from a rotating frame of reference. The rotational
shaping filter is applied to wind speed measurements in frequency domain to see how
rotational sampling influences gust statistics. The number of extreme gusts is roughly
doubled, the gust duration is significantly reduced and amplitudes of gusts with duration
below 5 s are amplified by the effect of rotational sampling.
The wind turbine safety standard of the International Electrotechnical Commission
(IEC 61400-1 edition 3) specifies extreme external wind conditions, including an extreme
turbulence model (ETM). The ETM is used here to select extreme events where the
variance exceeds the ETM level. It is shown that the high variance of these events is
not caused by extreme turbulence, but rather by ramp-like increases in wind speed. The
events are simulated with constrained turbulence simulations that are further used for
wind turbine response simulations with the aeroelastic software HAWC2. The loads from
the event simulations are compared with the extreme turbulence load case and are on
average lower for all considered load components.
A new method to characterize ramp-like wind speed fluctuations is presented. This
method combines the continuous wavelet transform and the fitting of an idealized ramp
function, which provides estimates of ramp amplitude and rise time. These, together
with the corresponding direction change are used to statistically characterize ramp-like
fluctuations at three different measurements sites. The estimated variables are compared
to the extreme coherent gust with direction change (ECD) from the IEC standard where
it is found that the observed rise time is generally longer, on average around 200 s.
These observations are used to define a coherent gust model with direction change.
The gust model provides the joint description of the rise time, amplitude and directional
changes with a 50-year return period. Within the framework of the coherent gust model,
the return period of the ECD is found to be approximately 15,000 years. The coherent
gust model is used to investigate the load implications of selected variables which are
simulated in HAWC2. The load simulations are performed with and without a yaw
controller and compared with the design load case of the ECD. The comparison shows
that the differences between the investigated extreme loads of the ECD and the modeled
gusts are 11% or less. The only exception is for the tower top yawing moment where
maximum load for the modeled gust is 22% lower than the IEC gust.
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Résumé
Denne afhandling indeholder en karakterisering af fluktuationer i vindhastighed på
forskellige skalaer. Fra småskala turbulens til store kohærente fluktuationer. Det
undersøges, hvordan disse fluktuationer er relevante for vindmøller og vindmølledesign.
Et filter udledes fra en model, der beskriver spektret for turbulente fluktuationer i
et roterende referencesystem. Filteret anvendes til vindhastighedsmålinger i frekvensdomænet for at undersøge om det at måle i et roterende koordinatsystem vil påvirke
statistikken af vindstød. Resultatet er, at antallet af ekstreme vindstød fordobles, varigheden reduceres markant, og amplituden af vindstød med varighed under 5 s forstærkes af
effekten af at måle i et roterende koordinatsystem.
Den Internationale Elektrotekniske Kommissions vindmølle sikkerhedsstandard (IEC
61400-1 udgave 3) angiver ekstreme vindforhold, herunder en ekstrem turbulensmodel
(ETM). ETM’en bruges her til at vælge ekstreme begivenheder, hvor variansen overstiger ETM-niveauet. Det påvises at den høje varians af disse hændelser ikke skyldes
ekstrem turbulens, men snarere pludselige stigninger i vindhastigheden. Begivenhederne
simuleres med tilpassede turbulenssimuleringer, som derefter anvendes til simulering af
vindmøllelaster med den aeroelastiske software HAWC2. Lasterne fra simuleringerne
sammenlignes med lasterne fra ekstrem turbulensmodellen, og er lavere for de betragtede
lastkomponenter.
En ny metode til at karakterisere pludselige stigninger i vindhastigheden præsenteres.
Denne metode kombinerer wavelet-transformationen med tilpasningen af en idealiseret
rampefunktion, som giver estimater for amplituden og stigningstid. Sammen med den
tilhørende vindretningsændring bruges disse til statistisk at beskrive kohærente vindstød
ved tre forskellige målestationer. De estimerede variable sammenlignes med den ekstreme
vindstødsmodel (ECD) fra IEC-standarden. Her konstateres det, at den observerede
stigningstid generelt er længere for de observerede vindstød, i gennemsnit ca. 200 s.
Disse observationer bruges til at definere en kohærent vindstødsmodel med retningsændring. Modellen giver en samlet beskrivelse af stigningstid, amplitude og retningsændringer med en 50-årig returperiode. Inden for rammerne af den kohærente
vindstødsmodel er returperioden for ECD beregnet til ca. 15.000 år. Den kohærente vindstødsmodel bruges til at undersøge konsekvenserne for lasterne af udvalgte variable, der
simuleres i HAWC2. Belastningssimuleringerne udføres med og uden en yaw-controller
og sammenlignes med ECD’ens design-laster. Sammenligningen viser, at forskellene
generelt er små mellem de undersøgte ekstreme belastninger af ECD og de modellerede
vindstød, typisk 11% eller mindre. Den eneste undtagelse er mølletårnets yaw moment,
hvor maksimal belastningen for de modellerede vindstød er 22% lavere end dem forårsaget
af de kohærente vindstød fra IEC.
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CHAPTER

1
Introduction

Over the last decade, wind energy has gone through impressive development. The global
annual wind energy capacity has grown from 115 GW in 2008 to 514 GW in 2017 (IRENA,
2018), which corresponds to an increase from 11% to 24% of the total annual renewable
energy capacity during those years. This increased capacity is mainly due to improved
wind turbine technology, allowing for taller turbines with access to higher wind speeds
and larger rotors leading to increased energy yield. These improvements lead to greater
capacity factors1 for most wind resource sites.
Following the advancements in wind turbine design and increased global wind energy
capacity, the levelized cost of energy (LCoE)2 has decreased through the years. In the
period from 2010 to 2017 the LCoE for onshore wind projects was reduced by 22% and
for offshore wind projects the reduction is 13% (IRENA, 2017).

1.1

Wind turbine design

The aforementioned improvements, give rise to new challenges as cost and structural
safety naturally still must be considered when designing a wind turbine. Larger wind
turbines components demand new designs, that cannot just be scaled up from previous
generations without technical improvements (Sieros et al., 2012). Wind turbines are
made with a design lifetime typically specified as 20 years (Hansen, 2008). They should
therefore be robust to survive the specified design lifetime, but at the same time not
overly robust leading to unnecessary expenses. The challenge in wind turbine design
(as with many other designs) is to reach a balance between cost and structural safety,
by minimizing the cost of components and optimizing functionality while maintaining
reliability and safety.

1.2

The IEC wind turbine safety standard

Wind turbine safety standards exist to ensure the design quality of wind turbines. The
current main developer of wind turbine safety standards is the International Electrotechnical Commission (IEC) that since 2001 has taken the place of various national standards.
The IEC (61400-1 edition 3, 2005) specifies design requirements which offer an expected
reliability level for a wind turbine. It applies to all wind turbines, but is particularly
relevant for large onshore wind turbines (Manwell et al., 2009).
In addition to normal operation conditions, the standard prescribes a number of extreme
1
2

Capacity factor: the average power divided by rated power.
LCoE: The sum of cost over lifetime divided by the sum of energy produced over life time.
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external wind conditions that a wind turbine must be able to withstand during its design
lifetime. These extreme conditions are described in a set of models used in different
design load cases (DLC’s) that are used to predict ultimate loading on wind turbines.
The extreme events of the models are defined to have a return period of 50 years.
Standard wind turbine classes are defined in terms of wind conditions at a given site,
divided into three extreme wind speed classes and three turbulence classes. Most of the
DLC’s take into consideration the wind speed class and/or the turbulence class and are
further scaled with the rotor diameter of the considered wind turbine.
When following the IEC standard during the wind turbine design process, it is
important that the different extreme models are realistic, reflecting the expected wind
conditions and extreme events at the considered wind turbine site. However, one has to
keep in mind that the standard wind turbine classes are made to cover most applications
and represent many different sites. The classes do not describe external conditions at
any specific site. Therefore the IEC standard offers an option of choosing site-specific
values for the extreme models.

1.3

The extreme turbulence model

The IEC standard prescribes an extreme turbulence model (ETM), with the 10-minute
standard deviation with a 50-year return period as function of 10-minute mean wind
speed at hub height. The model is scaled with the annual average wind speed and the
reference turbulence intensity. The DLC including the ETM is used for ultimate load
predictions and is considered an important design driving load case, especially for the
tower and blades (Bak et al., 2013).
The ETM is used to simulate wind turbine response to extreme stochastic fluctuations
of atmospheric flow. Therefore the model is used in conjunction with a three-dimensional
turbulence spectral model. The standard specifies two such models: the Mann uniform
shear turbulence model (Mann, 1994) and the Kaimal spectral model (Kaimal et al.,
1972) with an additional exponential coherence model.
A number of studies have investigated the ETM and the corresponding wind turbine
response. E.g. in Fitzwater et al. (2003) and in Abdallah et al. (2016) the estimated
turbulence levels with a 50-year return period are based directly on the IEC joint
distributions of 10-minute mean wind speed and 10-minute standard deviation. In a
similar way Saranyasoontorn and Manuel (2006) investigate wind turbine response to
turbulence levels, though here with a 20-year return period.
In Sang Moon et al. (2014) and in Dimitrov et al. (2017), the 50-year return period of
turbulence levels is estimated from measurements. In both studies the estimated levels
exceed the ETM indicating that the ETM is non-conservative. This was also found in
Hannesdóttir et al. (2018), where the estimated turbulence levels with a 50-year return
period exceed the ETM for raw measurements and linearly detrended measurements,
although not for high-pass filtered measurements.

1.4 The uniform gust models

1.4

3

The uniform gust models

The IEC standard contains various gust models that represent different kinds of extreme
events. These DLC models are: Extreme operating gust (EOG), extreme direction change
(EDC), extreme coherent gust with direction change (ECD) and extreme wind shear
(EWS). These design load cases are all modeled with a time varying waveform that is
uniform across the whole rotor (except the EWS that is uniform in the lateral direction
only).
A wind gust may be defined in many different ways and the definition used often
depends on the context. In wind energy related studies gusts are often defined in terms of
a gust factor (or peak factor), where the wind velocity fluctuations are assumed stationary
and normally distributed (e.g Cartwright and Longuet-Higgins, 1956; Frandsen et al.,
2008). During the past fifteen years, a few studies have addressed the limited spatial
extent of gusts within a stochastic framework, i.e. gusts in a stationary, homogeneous
turbulent flow (Larsen et al., 2003; Bierbooms, 2005; Bos et al., 2014). This is a valid
consideration, as we have seen an increase in size of wind turbine rotors during this period,
and these stochastic fluctuations are not coherent across the rotor of a multi-megawatt
wind turbine. In the previous mentioned studies, gust models with a limited spatial
extent are defined as a potential replacement of the uniform EOG model of the IEC.
In the current work, the challenge of a realistic gust description for larger wind
turbines is turned around. Instead of characterizing the spatial extent of an extreme gust
as homogeneous stationary turbulent flow, we consider larger scales beyond turbulence.
Here we find rare reoccurring events, where wind speed fluctuations are coherent ramp-like
increases in wind speed, and the assumption of stationarity and homogeneity is no longer
valid. Here the challenge is to recognize and characterize these large coherent gusts and
compare them to the standard models.
There are many studies within the field of atmospheric science that investigate
large coherent structures in turbulent flow (e.g. Mahrt, 1991; Belušić and Mahrt, 2012;
Barthlott et al., 2007; Fesquet et al., 2009). The coherent structures may originate from
a broad range of different meteorological weather phenomena and may be observed under
different stability conditions.
• In a convective boundary layer coherent structures may be generated by surface
buoyancy fluxes, latent heat release or cloud radiative effects, where they are
observed as convective cells and rolls (Drobinski et al., 1998; Young et al., 2002).
• In a neutral boundary layer, coherent structures may be seen as shear driven streaks
as shown by Foster et al. (2006) with large-eddy simulations.
• In a stable boundary layer, micro-fronts may be generated by e.g. gravity waves,
Kelvin-Helmholtz instabilities, surface heterogeneity or pressure disturbances
(Mahrt, 2010).
These coherent structures are seen in 10-minute wind statistics as high variance events
and in high frequency measurements as ramp-like increase in wind speed often with a
corresponding direction change. Therefore comparison of these events is made with the

4
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ETM (Hannesdóttir et al., 2018) and the ECD (Hannesdóttir and Kelly, 2018).

1.4.1

Thesis outline

In this thesis we look at measurements of gusts, turbulence and large coherent fluctuations
and address the following questions:
• How relevant are the observed fluctuations for wind turbines?
• Which design load cases are the most relevant for practical load considerations and
design?
The following work is based on submitted papers, a paper draft and a single study
where the main findings are written in a chapter. The thesis is organized as follows:
Chapter 2: Contains a study on the effect of rotational sampling and filtering on gust
statistics. A rotational shaping filter is derived and applied to wind speed measurements
in frequency domain.
Chapter 3: Includes a study on extreme wind speed fluctuations. The extreme
fluctuations are observed as high variance events where the 10-minute standard deviation
exceeds the ETM. The high variance events are simulated with a constrained turbulence
simulation which are used for wind turbine load simulations. Relevant wind turbine
component loads are compared with the ETM load case.
Chapter 4: Presents a method to detect and characterize large scale fluctuations that
are observed as extreme wind speed ramps, or coherent gusts in measurements. The
detected wind speed ramps are characterized and the estimated variables of rise time,
amplitude and direction change are compared with the ECD design load case.
Chapter 5: In this study, a subset of the observed coherent gusts described in Chapter 4 is used for wind turbine load simulations. The observed gust parameters are
modeled with the Nataf distribution model to obtain a three dimensional environmental
surface with a 50-year return period. From the surface a few potentially critical points
are selected for wind turbine load simulations.
Chapter 6: Summarizes the thesis in a conclusion and provides an outlook on how to
further investigate atmospheric fluctuations relevant for wind turbine loads.

CHAPTER

2

Gusts in a rotating frame of
reference
2.1

Introduction

Turbulent wind speed fluctuations encountered in a rotating frame of reference are different
from those observed in a fixed reference frame. Certain periods of the rotationally sampled
turbulence are seen to be more compressed in time, when compared with fixed-point
turbulence. The spectrum of rotationally sampled wind speed fluctuations is distorted in
certain frequency sub ranges. This distortion results in narrow areas of high turbulence
energies in the frequency ranges corresponding to multiples of the rotational frequency
of the reference frame.
The objective of this analysis is to find out how rotational sampling influences gust
statistics. This will be achieved by defining a rotational shaping filter that can be applied
to wind speed measurements in frequency domain. The shaping filter is derived from
a rotational spectral model (Kristensen and Frandsen, 1982; Connell, 1982). The wind
speed measurements are filtered with a band-pass filter and additionally the rotational
shaping filter. Gust statistics are performed on both data sets and compared.

2.2

The effect of rotational sampling on wind
speed fluctuations

Kristensen and Frandsen (1982) and Connell (1982) independently derived a model that
describes the power spectrum of turbulent fluctuations observed from a rotating frame
of reference. A detailed derivation of the model may be found in their papers and a
comparison with spectra of rotationally sampled measurements. The spectral model is in
good agreement with experimental findings.
The model is based on earlier work by Rosenbrock (1955) that derives the spacial
autocovariance function of isotropic turbulent flow observed from a point on a wind
turbine blade rotating at a constant speed. Kristensen and Frandsen (and Connell)
included the von Kármán energy spectrum (Kárḿan, 1948) in Rosenbrock’s spacial
autocovariance function. The autocovariance is expressed as a function of r = |r|, which
is the separation distance between a point on the rotating wind turbine blade and a point
in the flow lagged in time. The magnitude of r is given by
r=

q

(−U τ )2 + [2a sin(ω0 τ /2)]2

(2.1)

6

2 Gusts in a rotating frame of reference

where τ is the time lag and U is the mean wind speed of the flow perpendicular to the
rotation of radius a and angular velocity ω0 . If we only consider fluctuations in the
direction of the mean wind speed u, the two point covariance may be defined as
R11

U 2τ 2
U 2τ 2
= RL (r) 2 + RT (r) 1 − 2
r
r

!

(2.2)

where RL is the autcovariance function of the turbulence velocity components parallel
to r and RT is perpendicular to r. The autocovariance functions RL and RT may be
expressed using the isotropic von Kármán energy spectrum:
r
2σ 2
RL =
Γ(1/3) 2L


and

2σ 2
r
Γ(1/3) 2L


RT =

1/3

1/3 



K1/3


K1/3

r
L



(2.3)

r
r
r
−
K2/3
L
2L
L






(2.4)

where σ 2 is the variance of u-component wind speed, Γ is the gamma function, L is
the integral length scale of the the turbulent fluctuations, and Km is the modified
Bessel function of the second kind, of order m. By inserting equations 2.3 and 2.4
into equation 2.2 and normalizing with σ 2 we find the non-dimensional autocorrelation
function:
2
(α2 sin2 s + β 2 s2 )1/6 K1/3 (2(α2 sin2 s + β 2 s2 )1/2 )
ρ(s) =
Γ(1/3)
!

α2 sin2 s
2
2
2 2 1/2
−
K2/3 (2(α sin s + β s )
(2.5)
(α2 sin2 s + β 2 s2 )1/2


where s, α and β are non-dimensional parameters defined as
s = ω0 τ /2

(2.6)

α = a/L

(2.7)

β = U/(Lω0 ).

(2.8)

The autocorrelation function ρ(s) may be seen in Figure 2.1 compared with the
autocorrelation function of stationary von Kármán turbulence. It may be seen that the
rotational ρ(s) has a steeper decreases than the fixed ρ(s) for s < π/2. In the interval
π/2 < s < π, the rotational ρ(s) increases to reach the same value as the fixed ρ(s) at
s = π, which is when τ equals the time of one revolution.
The normalized spectral density of the rotationally sampled turbulence may be found
by applying the Fourier transform to the autocorrelation function in equation 2.5:
1 Z∞
Ψ(Ω) =
ρ(s)e−iΩs ds
2π −∞
where Ω = 2ω/ω0 is a dimensionless frequency.

(2.9)

2.2 The effect of rotational sampling on wind speed fluctuations

1.0
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Figure 2.1: The autocorrelation function of rotationally sampled turbulence (blue) and
the fixed point von Kármán turbulence (dashed black), shown as function
of non-dimensional time lag s. Here β = 0.17 for both functions, α = 0.63
(blue) and α = 0 (dashed black).

Rotational
Fixed
10

1

10

2

10

1

10

0

10

1

Figure 2.2: The normalized rotationally sampled power spectrum (blue) and the fixed
point von Kármán spectrum (dashed black), shown as function of normalized
frequency Ω, with β = 0.17 and α = 0.63 (blue) and α = 0 (dashed black).

Figure 2.2 shows the discrete Fourier transform of the ρ(s) functions shown in Figure 2.1. We see how the energy gets transferred from low to high frequencies by the
rotation and how the high energy is concentrated in narrow bands of frequencies matching
multiples of the rotational frequency. We also see the effect of spectral aliasing at the
high frequencies, where the spectrum turns upward, deviating from the -2/3 power law
(Kristensen and Frandsen, 1982).
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2.3

The rotational shaping filter

A rotational shaping filter Hshape is defined in frequency space by taking the rotationally
sampled spectra in equation (2.9) and dividing by the fixed point spectra:
2
Hshape
(f ) =

Ψrot (Ω)
Ψfixed (Ω)

(2.10)

The spectrum is a function of the normalized frequency Ω = ω/(2ω0 ) and the shaping
filter is a function of the corresponding frequency f = Ωω0 /π. The fixed-point spectra
in the denominator of equation 2.10 is easily obtained by setting the radius a to zero
in equation 2.5 before performing the Fourier transform. In order to apply the effect
of rotational sampling, the Fourier transformed wind speed signal is multiplied by the
shaping filter:
ûrot = Hshape (f )ûfixed

(2.11)

where û denotes a wind speed signal in frequency domain. The multiplied signal ûrot
may be transformed back to time domain by the inverse Fourier transform. This way
wind speed signals are manipulated to resemble measurements that are sampled in a
rotating frame of reference.
A rotational sampling shaping filter has previously been derived (Burlibaşa and
Ceangǎ, 2013), by combining a couple of empirical transfer functions, three resonant
filters and a correction filter which need tuning with an optimization procedure. This
filter provides the same effect as our current filter in equation 2.10. However the filter in
equation 2.10 is derived through a much simpler, physical approach, which offers a far
easier implementation.

2.4

Data filtering and filter parameters

Wind speed measurements from the coastal site Høvsøre are used for filtering and to
perform gust statistics. Høvsøre is a test center for wind turbines located in western
Jutland. The data consist of 10 Hz cup anemometer and wind wane measurements at
100 m. The cups are mounted on a meteorological mast at southward facing booms.
Measurements where the wind is from north are excluded from the analysis. This is done
because of flow distortion of the mast itself and the presence of four wind turbines on the
north side of the mast, resulting in the mast being in the wake of the turbines. The data
spans a period from February 2004 to January 2014. More detail on the measurements
and the Høvsøre site may be found at Peña et al. (2016).
The data set is filtered in two different ways:
1. Band-pass filtering with a second order Butterworth filter.
2. Applying the rotational shaping filter Hshape (f ).

2.4 Data filtering and filter parameters

9

The effect of the rotational sampling depends on the rotational speed (angular
velocity), the radius of the rotation and the length scale of the von Kárman spectrum.
As the objective of this analysis is to investigate the influence of the rotation of wind
turbine blades on gust statistics, a specific wind turbine is chosen, the NREL 5 MW
reference wind turbine Jonkman et al. (2009).
The rotational autocorrelation function equation 2.5 is calculated for each 10 minute
sample of wind speed measurements and the non dimensional variables s,α and β are
estimated from the 10-minute mean wind speed and three parameters L, a and ω0 .
The length scale L is set to 70 m, which is estimated from measurements at 100 m in
Høvsøre (Dimitrov et al., 2017). The radius a is set to 70% of the radius of the NREL
5 MW, a = 44.1 m. At this radius we can expect approximately 2D aerodynamics of the
corresponding blade segment and therefore the highest impact of the u-component of the
wind speed fluctuations. The rotational frequency ω0 = 2π · 1P is estimated from the
rated rotor’s rotational frequency of the NREL 5 MW, 1P = 0.2 Hz.
Filter parameters
Radius, a
Rotational frequency, 1P
Length scale, L
Butterworth order, n
Low cut-off frequency, fc1
High cut-off frequency, fc2

0.7 · 63 m
0.20 Hz
70 m
2
1P /10 = 0.02 Hz
10 · 1P = 2 Hz

Table 2.1: Parameters for the filtering.
The band-pass filtering is performed using a second-order Butterworth filter (Butterworth, 1930), by multiplying a high-pass filter with a low-pass filter. The magnitude of
the frequency response is given by
G(f ) = q

1
1 + (f /fc1 )2n

1
·q
1 + (fc2 /f )2n

(2.12)

where fc1 is the higher cut-off frequency (for the low pass filter), fc2 is the lower cut-off
frequency (for the high-pass filter ) and n is the filter order. The band-pass filtering is
performed with cut-off frequencies fc = 1P/10 Hz for the high-pass and fc = 1P · 10 Hz
for the low-pass. This is done in order to eliminate large scale fluctuations and the
smallest turbulent fluctuations and peaks from the measurements. The low pass filtering
of the measurements is an important step of the data analysis, as the rotational spectral
model is based the assumption that the turbulence is stationary and homogeneous.
In Figure 2.3 we see the gain of the Butterworth band-pass filter and the rotational
shaping filter with the chosen filter parameters found in Table 2.1. The same parameter
values for L, a and ω0 are also used for the autocorrelation function in Figure 2.1 and
the spectra in Figure 2.2.
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Figure 2.3: The blue line shows the gain of the rotational shaping filter with β = 0.17
and α = 0.63. The black dashed line shows the second order Butterworth
filter with fc1 =0.02 Hz and fc2 = 2 Hz.
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Figure 2.4: Wind speed measurements filtered with a second order Butterworth filter
(dashed black) and additionally filtered with the rotational shaping filter
(blue).

Figure 2.4 shows an example of a wind speed signal filtered with the Butterworth
filter and filtered with both the rotational shaping filter and the Butterworth filter.

2.5

Gust detection and characterization

Only measurements where the 10-minute mean wind speed exceeds 10 m/s are selected
for the analysis. This criteria is made for two reasons: First, we can assume a constant
rotational speed for the filter parameter ω0 , as the rotational speed of the wind turbine

2.6 Gust statistics and discussion

11

reaches 95% of the rated rotational speed at 10 m/s. Second, in this wind speed range
we expect to find the most extreme gusts. An additional selection criteria is made on the
10-minute standard deviation, where only the highest 50% of the wind speed dependent
standard deviations are selected.
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Figure 2.5: Gust characteristics used in the present analysis. A denotes gust amplitude
and T denotes gust duration.
The highest peak of each 10-minute wind speed signal is identified (upeak ) and
only peaks exceeding four times the 10-minute standard deviation are selected for gust
characterization, upeak > 4 · σu .
A gust may be characterized with many different parameters, e.g. velocity increments
and constant separation times (Bergström, 1987; Boettcher et al., 2003), extreme values
normalized with the standard deviation (Beljaars, 1987; Kristensen et al., 1991) ‘gust
factor’ (Frandsen et al., 2008; Suomi et al., 2013), rise time and velocity jump (Bierbooms,
2005). For the present study, the gusts are characterized by two of the most basic
parameters: amplitude and duration (Doran and Powell, 1982; Branlard, 2009).
The amplitude A is defined as the distance from the mean wind speed to the wind
speed peak value, and the duration T is defined as the time interval where the fluctuating
wind speed is above the mean wind speed around the time of the peak (see Figure 2.5).

2.6

Gust statistics and discussion

Figure 2.6 shows the detected gust amplitudes (Afilt ) and duration (Tfilt ) as function of
mean wind speed for the band-pass filtered measurements. The black line shows the
linear regression with coefficients shown in Table 2.2.
In Figure 2.7 we see the gust characteristics Arot and Trot as function of 10-minute
mean wind speed and the linear regression estimates indicated with black lines. The
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Figure 2.6: Gust amplitudes (left panel) and duration (right panel) as function of 10minute mean wind speed from filtered measurements with a second order
Butterworth filter. The black lines show the linear regression.

Figure 2.7: Notation same as Figure 2.6, but measurements are additionally filtered with
a rotational shaping filter.

measurements are filtered with the rotational shaping filter as well as a second order
Butterworth filter. The linear regression parameters may be found in Table 2.2. We
see that the gust amplitudes show a clear wind speed dependence for both filtered data
sets. Especially the lower boundary of the amplitudes is very clear, due to the selection
criteria on the wind speed dependent 10-minute standard deviation and the threshold on
the peaks (4 · σu ). The wind speed dependence on the gust duration is low, with slopes of
-0.078 and 0.099 respectively for the Butterworth-filtered and rotationally filtered data.
The gust amplitudes are shown as function of duration for both filtered data sets
in Figure 2.8. While the amplitudes are of similar magnitude for both data sets, it is
seen that the gust duration is significantly reduced by effect of rotational sampling. The
average duration of the rotationally filtered gusts is 2.95 s, compared with 9.40 s for
the Butterworth filtered gusts (see Table 2.3). The correlation is low, with calculated

2.6 Gust statistics and discussion

Data
U and
U and
U and
U and

Afilt
Tfilt
Arot
Trot
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Slope Intercept
0.21
0.26
-0.078
10.47
0.18
0.61
0.099
1.60

Standard error
0.0012
0.0067
0.00094
0.0027

Table 2.2: Linear regression coefficients.

Figure 2.8: Gust amplitude as function of duration estimated from filtered measurements with a second order Butterworth filter (left panel) and additionally
a rotational shaping filter (right panel). The contours show kernel density
estimates of the joint distribution.

coefficients of 0.0044 and 0.13 respectively (Figure 2.8). The contours show the kernel
density estimates of 10 isocontours of probability levels using a Gaussian basis function.
Filtered data set
Butterworth
Rot. + Butterw.

hAi [m/s]
3.10
3.05

hTi [s]
9.40
2.95

Nr.of gusts
22702
41164

Table 2.3: Gust statistics for each filtered data set.
The rotational sampling increases the number of detected gusts by a factor of 1.8 (see
Table 2.3), although the same selection criteria is used on both data sets.
To investigate how the gust amplitudes change by the rotation, we look at the filtered
data set. The change in amplitudes is defined as
∆A = Arot − Afilt

(2.13)
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Figure 2.9: Change of gust amplitudes per duration due to the effect of rotational
sampling. The error bars show the standard deviation of each bin.

The amplitude change is found for each gust at the exact location of upeak in the filtered
data set. Figure 2.9 show the amplitude change ∆A, binned by Tfilt with bin width of 1 s.
The absolute amplitude change is shown as in equation 2.13 (left panel) and relative in
percentage, where ∆A is divided by Afilt . The error bars show the standard deviation of
∆A for each Tfilt bin. It may be seen that the amplitude change is on average the largest
for the short duration gusts. The gust amplitudes increase on average by the effect of
rotational sampling for gust duration below 5 s. Gust of duration 6 s or more are reduced
by the effect of rotational sampling. The average gust amplitudes per duration bin are
nearly constant (≈ 3 m/s), hence the absolute and relative gust amplitude change are
similar.
We see that when the shaping filter is applied to a wind speed signal signal (see
Figure 2.3), the frequencies close to- or higher than the rotational frequency of the
NREL 5 MW wind turbine rotor get amplified. Especially frequencies matching the
1P and 2P frequencies. This amplification of the high frequencies has a significant
impact on the gust statistics of the data set filtered with the rotational shaping filter. In
general the amplified frequencies add more peaks to the wind speed signal, with the effect of higher number of detected extreme gusts and significant reduction in gust duration.
We see that the gusts with the shortest duration 1 s < Tfilt ≤ 2 s are the ones that
are amplified most by the effect of rotational sampling, with relative ∆A up to 96%. As
there is a rough proportionality between time- and length scales of atmospheric flow, we
can not expect the smallest scale turbulent gusts to have a significant impact on extreme
loading of a 5 MW wind turbine. These small scale gusts are likely to be ’filtered out’ by
the lateral spatial averaging of the rotor, as suggested by e.g. Frandsen et al. (2008) and
Berg et al. (2016).

2.7 Conclusion
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The wind speed measurements used herein are performed in a fixed frame of reference.
In the current analysis, the effect of rotational sampling on gust statistics is a combination
of measurements and theory. Therefore the estimated effect should mainly be interpreted
within this filtered context.

2.7

Conclusion

A simple rotational shaping filter is defined from the spectral model of Kristensen and
Frandsen (1982).
The filter is used in combination with measurements to estimate the effect of rotational
sampling on gust statistics to be compared with gust statistics in a fixed frame of reference.
The effect on gust statistics may be summarized:
• The number of detected extreme gusts is roughly doubled by the effect of rotational
sampling.
• The gust duration of rotationally sampled gusts is decreased significantly.
• The amplitudes of gusts with short duration, below 5 s are increased by the effect
of rotational sampling, while the gusts with duration above 5 s are lowered.
We observe that the gusts with the shortest duration get amplified the most by the
effect of the rotational sampling. As those gusts are likely to be ‘filtered’ out by the
rotor because of the limited spatial extension of fast fluctuations, they are not likely to
cause extreme loading on a wind turbine. It may be more appropriate to consider the
amplification of short duration gusts in the context of fatigue loading.
The band-pass filtering of the measurements is done to ensure the assumption of
stationarity and homogeneity that the spectral model is based on. However, in order to
investigate fluctuations that potentially cause extreme loading, it might be necessary not
to apply filtering of any kind.
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CHAPTER

3

Extreme wind fluctuations
During the period of this PhD project, co-supervisor Jakob Mann was contacted by a
wind turbine manufacturer that was experiencing difficulties with specific wind turbine
load simulations. They were using measured values of turbulence intensity (10-minute
data) from the measurement site Høvsøre. The data was from a ten year period and there
was a number of extreme turbulence intensity events that the wind turbine manufacturer
used for turbulence simulations. The turbulence intensity of the simulations was matched
with the observed extreme turbulence intensity values and used for wind turbine load
simulations, that resulted in unrealistically high loads. When investigating high frequency
measurements of these events, it was revealed that it was not stationary homogeneous
turbulence, but rather ramp-like increases in wind speed.
In the following study these observed extreme events are simulated with a constrained
turbulence simulation, and we then investigate the impact on wind turbine loads.
This paper has been through a review process and this is the reviewed version.
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Extreme wind fluctuations: joint statistics, extreme
turbulence, and impact on wind turbine loads
Ásta Hannesdóttir, Mark Kelly, and Nikolay Dimitrov
DTU Wind Energy Dept., Technical University of Denmark, Roskilde, Denmark
Correspondence to: Ásta Hannesdóttir (astah@dtu.dk)
Abstract. For measurements taken over a decade at the coastal Danish site Høvsøre, we find the variance as-

sociated with wind speed events from the offshore direction to exceed the prescribed extreme turbulence model
(ETM) of the IEC 61400-1 Ed.3 standard for wind turbine safety. The variance of wind velocity fluctuations
manifested during these events is not due to extreme turbulence; rather, it is primarily caused by ramp-like increases in wind speed associated with larger-scale meteorological processes. The measurements are both linearly
detrended and high-pass filtered in order to investigate how these events—and such commonly-used filtering—
affect the estimated 50-year return period of turbulence levels. High-pass filtering the measurements with a
cut-off frequency of 1/300 Hz reduces the 50-year turbulence levels below that of IEC ETM class C, where as
linear detrending does not. This is seen as the high-pass filtering more effectively removes variance associated
with the ramp-like events. The impact of the observed events on a wind turbine are investigated using aeroelastic
simulations, that are driven by constrained turbulence simulation fields. Relevant wind turbine component loads
from the simulations are compared with the extreme turbulence load case prescribed by the IEC standard. The
loads from the event simulations are on average lower for all considered load components, with one exception:
Ramp-like events at wind speeds between 8-16 m/s where the wind speed rises to exceed rated wind speed can
lead to high thrust on the rotor, resulting in extreme tower base fore-aft loads that exceed the extreme turbulence
load case of the IEC standard.

1 Introduction
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The IEC design standard for wind turbine safety (61400-1
edition 3, IEC, 2005) outlines requirements that, when followed, offer a specific reliability level which can be expected
for a wind turbine. The standard prescribes various operational wind turbine load regimes and extreme wind conditions that the wind turbine must be able to withstand during
its operational lifetime. So-called design-load cases (DLC’s)
are described, following these prescribed regimes and conditions. One of the IEC prescriptions is an extreme turbulence
model (ETM), which gives the ten-minute standard deviation
of wind speed, with a 50-year return period, as a function of
ten-minute mean wind speed at hub height. The ETM takes
into account the long-term mean wind speed at hub height
and is scaled accordingly through the wind speed parameters
of the IEC wind turbine classes. The model is prescribed in
a design load case (DLC 1.3) for ultimate load calculations
on wind turbine components; this DLC is considered to be

important in wind turbine design, particularly for the tower
and blades (Bak et al., 2013). For the standard to be effective, it must reflect the expected atmospheric conditions and
the extreme events that a wind turbine may be exposed to.
Likewise, it is important that DLC 1.3 is representative of
observed extreme turbulence conditions.
The IEC standard recommends the uniform-shear spectral turbulence model of Mann (1994, 1998) for generation
of three-dimensional turbulent flow, to serve as input to turbine load calculations. Gaussian turbulent velocity component fluctuations are synthesized via the ‘Mann-model’ spectra, and assumed to be stationary and homogeneous (unless the model is modified, as in de Mare and Mann, 2016).
The model requires three input parameters, which have values prescribed by the standard. In Dimitrov et al. (2017) it
is shown that the parameters of normal turbulence and extreme turbulence differ, and how these differences influence
wind turbine loads. There it is also shown how numerous
10-minute turbulence measurements from the homogeneous
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land (eastern) sectors exceed the ETM model at the Danish
Test Centre for Large Wind Turbines at Høvsøre, indicating
that the ETM model is not necessarily conservative.
A further investigation of 10-minute turbulence measurements exceeding the ETM level is needed to identify what
kind of flow causes these extreme events and how they influence the estimated turbulence level at a given site. Fluctuations associated with mesoscale meteorological motion can
have periods in the range of a minute up to hours (Vincent,
2010). In the shorter end of this range the fluctuations are the
main contribution to the 10-minute variance estimate (turbulence level). Short-time mesoscale fluctuations have been reported in connection with e.g. open cellular convection (Vincent et al., 2012), convective rolls (Foster, 2005) and streaks
(Foster et al., 2006). The fluctuations are seen in measurements as coherent structures with a ramp-like increase in
wind speed (Fesquet et al., 2009). These studies have been
made with respect to identification, modelling, forecasting
and wind power generation, but they do not consider the impact on wind turbine loads.
In this paper we aim to find and examine events where the
10-minute variance exceeds the ETM level. However here we
consider them as non-turbulent events, as they are caused by
ramp-like increase in wind speed associated with larger-scale
meteorological processes, which may be observed offshore
or high above the surface layer. We use measurements from
the measurement site Høvsøre, focusing on the western (offshore) sectors. We demonstrate how these events influence
the estimate of 10-minute turbulence levels with a 50-year
return period. This is done for the raw-, linearly detrended, and high-pass filtered measurements. The observed events
are simulated by incorporating measured time series using
a constrained simulation approach, in order to get a realistic representation of the flow involved. The generated wind
field realizations are fed to an aero-elastic model (Larsen and
Hansen, 2015) of the DTU 10MW reference wind turbine
(Bak et al., 2013), to investigate how they affect wind turbine
loads. Finally, the load simulations with the observed events
are compared to simulations corresponding to DLC 1.3 from
the IEC 61400-1 standard.
2 Site and measurements

45

50

The data analysis and load simulations are based on measurements from the Høvsøre Test Centre for Large Wind Turbines
in western Denmark. Located over flat terrain 1.7 km east
of the coastline, the site offers low-turbulence, near-coastal
wind conditions. The site consists of five wind turbines arranged in a single row along the north-south direction, and
multiple measurement masts.
The primary data source used in this paper is a light mast1
placed between two of the wind turbines. This mast has cup
anemometers and wind vanes at 60 m, 100 m and 160 m
1

The light mast has aircraft warning lights on the top.
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heights installed on southward pointing booms. The measurements span a 10-year period, from November 2004 to
December 2014 and the recording frequency is 10 Hz. The
light-mast data is compared with data from the main Høvsøre
meteorological mast, which is located south of all wind turbines and approximately 400 m south of the light mast, as
may be seen in Figure 1. More details on the site, instrumentation and observations may also be found in Peña Diaz et al.
(2016).
We consider measurements only from the western sector,
with 10-minute mean wind direction between 225º and 315º.
This range of wind directions is chosen for two reasons: (i) to
avoid measurements from the wakes of the wind turbines and
flow distortion from the mast; (ii) data from this sector corresponds to coastal and offshore conditions.
2.1

55

60

65

Selection criteria of extreme events

For the selection of the extreme variance events the 10minute standard deviation of the wind speed measurements is
compared to the extreme turbulence model in the IEC 614001 standard (IEC, 2005), where the horizontal turbulence standard deviation is given by





Vhub
Vave
+3
− 4 + 10 .
(1)
σ1 = c · Iref 0.072
c
c
Here c is a constant of 2 m/s, Iref is the reference turbulence
intensity at 15 m/s, Vave is the annual average wind speed at
hub height, and Vhub is the 10-minute mean wind speed at
hub height; the variable of which σ1 is a linear function of.
For the ‘offshore’ westerly directions considered at Høvsøre
the long-term (10-year) mean of 10-minute average wind
speeds at 100 m height is U =10.4 m/s, which corresponds
well to class I turbines within the IEC 61400-1 framework
with Vave =10 m/s.
The IEC standard has three turbulence categories: A, B
and C, with A being the highest reference turbulence intensity, and C the lowest. The corresponding reference TI for
each class may be seen in Table 1. At Høvsøre, the (decadelong) average TI corresponding to the IEC reference wind
speed, i.e. 10-minute mean wind speeds of U = 15±0.5 m/s,
is below 0.12. This indicates that the reference turbulence
class C and Iref of 0.12 will equal or exceed in severity the
actual conditions at the site. However, for the selection of
events to analyze, a criterion corresponding to the IEC ETM
model with turbulence class B is used. This is done in order
to limit the selection to a representative subset of the most
extreme events, while also limiting computational demands.
The selected events can be seen in Figure 2 as blue dots that
fall above the blue curve, i.e. these are events that have a high
horizontal wind speed variance. The events are selected from
measurements at 100 m height.
Figure 3 shows the horizontal wind speed at 100 m from
the light mast and meteorological mast during six of the selected events. The events typically include a sudden rise in
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Figure 1. Left: Map of Denmark showing the location of Høvsøre. Right: Overview of the Høvsøre test center showing the position of the
met mast and the light mast with white circles.

dicular to the line connecting the masts), indicating that the
events are due to large coherent structures—rather than extreme stationary turbulence.
3

Data processing

The data set used for the data analysis and simulation is the
10 Hz measurements from cup anemometers and wind vanes
on the light mast in Høvsøre.
3.1

Figure 2. The dots correspond to 10-minute standard deviation of

the wind speed as a function of U at 100 m height over a 10-year
period. The black and blue curves show the IEC extreme turbulence
model, class C and class B respectively. The selected events (blue
dots) are σu values exceeding the extreme turbulence model class
B.
Turbulence class
A
B
C

Iref
0.16
0.14
0.12

Table 1. The IEC turbulence classes and associated turbulence in-

tensities.

wind speed, which gives the main contribution to the high
variance. Notice the sudden wind speed increase occurs approximately simultaneously at the two masts although they
are ∼400 m apart (for mean wind direction roughly perpen-

5

10

Estimation of 50-year joint extremes of turbulence
and wind speed: IFORM analysis

The measurements shown earlier in Figures 2 and 3 are raw
(not processed or filtered), though it is common procedure
to detrend data before estimating turbulence or associated return periods for a given turbulence level. Not all the extreme
variance events are expected to be influenced by linear detrending, nor is such detrending necessarily appropriate for
non-turbulent events; note e.g. the event shown in Figure 3c.
Therefore we want to compare the 50-year return period of
turbulence with the data, detrended in two different ways:
linear detrending and high-pass filtering. Detrending is performed by making a linear least-squares fit to the raw 10minute wind speed time series, with the linear component
subsequently subtracted from the raw data.
The high-pass filtering is performed with a second-order
Butterworth filter (Butterworth, 1930), where the magnitude
of the frequency response function (the gain) is given by
G(f ) = p

1
1 + (fc /f )4

(2)

where fc is the ‘cut-off’ frequency. We perform the filtering using a cut-off frequency of 0.0017 Hz (1/600 Hz) and
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(a) ✓¯ = 256º

(b) ✓¯ = 263º

(c) ✓¯ = 237º

(d) ✓¯ = 299º

(e) ✓¯ = 311º

(f) ✓¯ = 278º

:

Figure 2. Comparison of horizontal wind speed measurements at the meteorological mast (green curve) and the light mast (blue curve). The
measurement height is 100 m at both masts, which are separated by ⇡ 400 m. The 10-minute averaged wind direction ✓¯ is from the light

Figure 3. Comparison of horizontal wind speed measurements at the meteorological mast (green curve) and the light mast (blue curve). The

measurement height is 100 m at both masts, which are separated by ≈ 400 m. The 10-minute averaged wind direction θ̄ is from the light
mast. mast.
Here we use the inverse first-order reliability method (IFORM) to estimate the 50-year return period contour corresponding
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also with a higher cut-off frequency of 0.0033 Hz (1/300 Hz).
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we speed
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(IFORM) to estimate the 50-year return period contour corresponding to the joint description of turbulence (σu ) and
µσu = Iref (0.75U + 3.8 m/s),
(3)
10-minute mean wind speed (U ). This method was devel5
oped by Winterstein et al. (1993) and provides a practical
and the standard deviation of σu is defined as
way to evaluate joint extreme environmental conditions at a
site. The IFORM method is widely used in wind energy to
σσu = 1.4Iref .
(4)
predict extreme environmental conditions or long-term loadIn Figure 4, µσu and σσu are shown as functions of 10ing on wind turbines, for ultimate strength analysis. More
minute mean wind speed, from Høvsøre unprocessed meainformation on this method may be found in e.g. Fitzwasurements at 100 m (grey dots) and the expressions from the
2

Fluctuations with a period of 300 s at 4 m/s–25 m/s (the operational wind speed range of a typical wind turbine) correspond
to length scales of 1200 m–7500 m. Length scales in this range are
significantly larger than turbulent length scales that have been estimated at the Høvsøre site (e.g. Sathe et al., 2013; Dimitrov et al.,
2017; Kelly, 2018)

3

Here we use a 3-parameter Weibull distribution. This is done
because after filtering out measurements with errors and missing
periods, the lowest mean wind speed is 2.2 m/s. One could also
use a weighted 2-parameter Weibull distribution fit with increased
weights in the tail to obtain the same result.
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Figure 4. The mean and standard deviation of σu as function of

wind speed at 100 m, for raw data (not de-trended or filtered). The
blue curves show the the IEC expressions, the grey dots show the
measured values and the green curves show a polynomial fit to the
measurements.
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F (x1 , x2 ) = F (x1 )F (x2 |x1 ). In this analysis, only two variables are considered, and the transformation may be performed in the following way:




U = FU−1 Φ(u1 )
, σu = Fσ−1
Φ(u
)
(7)
2
u |U

4

u

[m/s]

:

IEC standard (blue lines) with Iref = 0.12. The green lines
show a third- and a second order polynomial fit to the binned
measurements of µσu and σσu respectively (bins of 1 m/s).
The IEC expression for µσu is higher than that from the
measurements, but has a similar slope for mean wind speeds
above 15 m/s. The difference is larger between the data and
IEC expression for σσu , where the assumption of no mean
wind speed dependency does not fit well to the data.
The next step in the IFORM analysis is to obtain a utility "reliability index" β which translates the desired return
period Tr (here 50-years) into a normalized measure corresponding to number of standard deviations of a standard
Gaussian distribution:




Tt
1
β = Φ−1 1 −
= Φ−1 1 −
(5)
Tr
5nm
Here Φ−1 is the inverse Gaussian cumulative distribution
function (cdf), Tt is the duration of a turbulence measurement (here 10 minutes) and nm is the number of 10-minute
measurements corresponding to a 10-year period (which
equals the time span of the data). Thus the reliability index
equals the radius of a circular contour in standard Gaussian
space, so that
q
(6)
β = u21 + u22 ,

where the standard normal variables u1 and u2 are derived from physical variables using an iso-probabilistic
transformation, which takes correlations into account. We
invoke the Rosenblatt transformation (Rosenblatt, 1952),
which relies on the fact that a multivariate distribution
may be expressed as a product of conditional distributions:

where FU is the three-parameter Weibull cdf and Fσu |U is
the conditional log-normal cdf.
Figure 5 shows the joint distribution of mean wind speed
and turbulence, with contours corresponding to the 50-year
return period. The contours are calculated based on the measurements (green curves), and the IEC expressions (blue
curves) of µσu and σσu respectively. The parameters of the
marginal distribution of the 10-minute mean wind speed
data were found with maximum likelihood estimation of
the three-parameter Weibull distribution (scale parameter:
9.75 m/s, shape parameter: 2.02, location parameter: 2.20).
The parameters for the conditional log-normal distribution
were estimated with the first and second moments, conditional on mean wind speed: µσu and σσu , both with the
IEC expressions in Eqs. 3 and 4 and the third- and secondorder polynomial fit to the binned data. It is seen when comparing Figures 5a to 5d that the variance of σu is significantly reduced by the high-pass filtering. The 50-year return
period contour estimated with the linearly detrended data
(Figure 5b) exceeds the one estimated with IEC turbulence
class C in the whole operational wind speed range. This is
because the linear detrending does not affect events like the
one seen in Figure 3c, and these events influence the estimate
of the contour. Figure 5c shows the high-pass filtered measurements with a cut-off frequency of 1/600 Hz, and here it
is seen how the estimated 50-year return period contour exceeds the IEC turbulence class C contour for wind speeds between 6 m/s and 22 m/s. In Figure 5d, it is seen how the highpass filtering with cut-off frequency of 1/300 Hz reduces the
variance estimates to the extent that the 50-year contour obtained in this way gives turbulence levels lower than ETM
IEC class C. These observed changes in turbulence levels
indicate that the extreme variance events are not necessarily associated with linear trends. Some events are associated
with wind speed fluctuations in a frequency range that may
have a substantial impact on wind turbine loads. Therefore
we investigate this impact, with constrained turbulence simulations incorporating the raw measurements that have not
been detrended in any way.
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Time series for simulation

The peak and the corresponding location of each event is
identified in the following way: A moving average is subtracted from the wind speed signal and the maximum value
of the differences identified:
upeak = max(u − ū60s )

(8)

where u is the horizontal wind speed signal and ū60s is the
moving average over 60 s. The peaks are not necessarily the
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Figure 5. The 50-year return period contours based on the measurements (green curves) and the IEC expressions (blue curves). The grey
Figure 5. The 50-year return period contours based on the measurements (green curves) and the IEC expressions (blue curves). The grey
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4 Load simulation environment
threshold of 4 m/s is put on upeak to exclude events mostly
consisting of a linear trend or relatively insignificant peaks.
Finally, events where the corresponding directional data fluc- 8 4.1 HAWC2 and the DTU 10 MW
tuated below 180º are discarded, i.e. temporary directional
Wind turbine response in the time domain is calculated with
data from South, to exclude measurements from the wake
HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd
of the nearby wind turbine. A remaining 44 events are chogeneration, Larsen and Hansen, 2015). HAWC2 is based on
sen for load simulations. The measured time series including
a multibody formulation for the structural part, where each
the extreme events are used to generate constrained turbubody consists of Timoshenko beam elements. All the main
lence simulations (explained in more detail in Section 4.4) of
components of a wind turbine are represented by these in600 s duration. The time series period is selected such that
dependent bodies and connected with different kinds of al-
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gebraic constraints. The aerodynamic forces are accounted
for with blade element momentum theory (see e.g. Hansen,
2013) with additional correction models: a tip correction
model, a skewed inflow correction, and a dynamic inflow correction. HAWC2 additionally includes models that account
for dynamic stall, wind shear effects on induction, towerinduced drag, and tower shadow.
All the load simulations are performed using the DTU
10 MW reference wind turbine (RWT), which is a virtual
wind turbine model based on state-of-the-art wind turbine
design methodology. The main characteristics of the RWT
may be seen in Table 2 and a more detailed description may
be found in Bak et al. (2013). The controller used for the
RWT is the Basic DTU Wind Energy controller (Hansen and
Henriksen, 2013).
DTU 10 MW RWT
Rotor diameter
Cut-in wind speed
Rated wind speed
Cut-out wind speed
Cut-in rotor speed
Rated rotor speed
Hub height

178.3 m
4 m/s
11.4 m/s
25 m/s
6 rpm
9.6 rpm
119 m

Table 2. The main characteristics of the reference wind turbine.
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Turbulence simulations in HAWC2

The Mann spectral turbulence model (Mann, 1994, 1998) is
fully integrated into HAWC2, where a turbulence ‘box’ may
be generated for every wind turbine response simulation. The
turbulence box is a three dimensional grid that contains a
wind velocity vector at each grid point. The turbulence boxes
in this study all have 8192 × 32 × 32 grid points, in the x, y-, and z-directions, respectively. The y-z plane is parallel with the rotor, and the distance between the grid points
is typically defined so that the domain extent in the y- and
z-directions becomes a few percent larger than the rotor diameter. The length of the x-axis (Lx ) is proportional to the
mean wind speed at hub height, Lx = U · T , where T is the
simulation time. The turbulence box is transported with the
average wind speed at hub height through the wind turbine
rotor.
The Mann model is based on an isotropic von Kármán turbulence spectral tensor, which is distorted by vertical shear
caused by surface friction. Assumptions of constant shear
and neutral atmospheric conditions in the rapid-distortion
limit are used to linearize the Navier-Stokes equations, which
may then be solved as simple linear differential equations.
The solution results in a spectral tensor that may be used
in a Fourier simulation, to generate a random field with
anisotropic turbulent flow. The Mann model contains three
parameters:

7

• Γ is an anisotropy parameter, that when positive, σu2 >
2
σv2 > σw
, which are the variances of the u-, v- and wcomponents of the wind speed, respectively. When Γ =
2
.
0, the generated turbulence is isotropic, σu2 = σv2 = σw
• αε2/3 is the product of the Kolmogorov spectral constant and the rate of turbulent kinetic energy dissipation to the power of 2/3. The Fourier amplitudes from
the spectral tensor model are proportional to αε2/3 ,
hence increasing αε2/3 gives a proportional increase in
the simulated turbulent variances, but no change in the
shape of the spectrum.

45

50

• L is the length scale which is representative of the eddy
size that contains the most energy.
The IEC-recommended values of the parameters are: Γ =
3.9, L =29.4 m (for hub heights above 60 m), and that αε2/3
is set to a positive value, to be scaled with σu2 . It has been
shown in numerous studies that these parameters can change
significantly, e.g. with turbulence level (Dimitrov et al.,
2017; Kelly, 2018), atmospheric stability (Sathe et al., 2013;
Chougule et al., 2017) and site conditions (Kelly, 2018;
Chougule et al., 2015). As we do not want to investigate the
effect of changing these parameters, all turbulence realizations are chosen to have the same parameters. In the present
study, the anisotropy parameter is chosen according to the
IEC standard, Γ = 3.9. The turbulence length scale is chosen differently, because the DTU 10 MW RWT is a relatively
large wind turbine, and the turbulence length scale is expected to be of the same order of magnitude as the hub height
(Kristensen and Frandsen, 1982). Here the length scale is estimated via
σu
(9)
L=
dU/dz
as derived by Kelly (2018). The final 200 s of simulation
data, i.e. after the wind-speed ramps, are used to estimate
the length scale of turbulence and thus exclude the large coherent structure. Here σu from 100 m height is used, along
with dU/dz estimated between z = 160 m and z = 60 m. Using (9) the length scale is found on average to be hLi ≈ 120 m
over all events analyzed. The value chosen is therefore L =
120 m.
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Design load case 1.3

The DLC is simulated based on the setup described in
Hansen et al. (2015), where mean wind speeds at hub height
of 4–26 m/s in steps (bins) of 2 m/s are used, and each simulation has a duration of 600 s4 . The Mann turbulence model is
used to generate Gaussian turbulence boxes, with six different synthesized turbulence seeds per mean wind speed. The
simulation time of the turbulence boxes is defined to be 700 s,
4
In contrast with Hansen et al. (2015), here the simulations are
performed without yaw misalignment.
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where the first 100 s are used for initialization of the wind
turbine response simulation, and are disregarded for the load
analysis.
In the current study we generate Gaussian turbulence fields
only, even though it is known that atmospheric turbulent
fields can exhibit non-Gaussian character. However, for the
purpose of wind turbine response, the difference between
Gaussian and non-Gaussian turbulence as input has been
shown to generally give insignificant difference for turbine
loads (Berg et al., 2016).
4.4
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Constrained turbulence simulations

The aim here is to generate turbulence simulations resembling the measured wind field of the extreme variance events.
This is done by constraining the synthesized turbulence
fields. The constraining procedure involves modifying the
time series to represent the most likely realization of a random Gaussian field which would satisfy the constraints, using an algorithm described in Hoffman and Ribak (1991) and
demonstrated with applications to wind energy in Nielsen
et al. (2004) and Dimitrov and Natarajan (2017). For the constraining procedure we define three different random Gaussian fields as a function of location, r = {x, y, z}:
1. the constrained field, f (r), which is the generated field
of the procedure, modified to resemble the measurements;

2. the source field, f˜(r), which here is a random realization of the Mann turbulence model;
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3. the residual field, which is the difference between the
constrained field and the source field, g(r) = f (r) −
f˜(r).
The constraints are a set of M values at given locations, C =
{c1 (r1 ), c2 (r2 ), ..., cM (rM )}, which the constrained field is
subject to, and is defined to have the required values at
the given locations, f (ri ) = ci . At the constraint points, the
residual field is given by g(ri ) = ci − f˜(ri ), and for all other
locations the values are conditional on the constraints in C.
The conditional probability distribution of the residual field
is denoted by the multivariate Gaussian distribution function:
φ(g(r)|C) =

φ(g(r), C)
φ(C)

(10)

The conditional probability function of the field may be described as a shifted Gaussian around the ensemble average of
g(r)|C,
hg(r)|Ci = Ri (r)R−1 (C − f˜[r = r(ci )])
(11)
ij

45

where h...i is the ensemble average, Ri (r) = hf (r)Ci i are
the cross-correlation terms between the field and the constraints, Rij = hCi Cj i is the correlation between the constraints, and f˜[r = r(ci )] are the values of the source field
at the constraints’ locations.

:

A realization of the constrained field is generated by
adding the conditional ensemble mean of the residual field
to the source field
f (r) = f˜(r) + hg(r)|Ci

(12)

Here the constraints consist of the u- and v-components
of the wind velocity measurements from the light mast. The
constraints are applied at three different heights : 79 m, 119 m
(hub height) and 179 m, i.e. shifted up 19 m so the measurements at 100 m represent hub height wind speed. The constraints are also applied at three different widths (along the
y-axis): 89.6 m (the middle of the turbulence box) ±70 m.
This is done to ensure the coherent structure of the observed
flow in the simulations. Every third measurement is applied
at each width along the y-axis, giving applied constraints at
each y-location with a 3.33 Hz frequency.
In Figure 6 two turbulence boxes with different random
seeds are seen. The u-component of the turbulent field is
shown with a color scale on slices along the time axis. The
upper plots show the unconstrained turbulence boxes, and
the lower plots show the same turbulence boxes with constraints corresponding to measurements from two different
extreme variance events. Figure 7 shows two examples of
the u-velocity time series at hub height with and without applied constraints, for the same turbulence seeds as shown in
Figure 6.
For the purpose of load simulations, six different constrained turbulence seeds are generated from each extreme
variance event time series. Although applying the constraints
makes the turbulence boxes similar in general, there are differences in the parts of the boxes which are far from the constraint locations. As a result, there will be a seed-to-seed variation in loads simulated with constrained turbulence boxes,
albeit much smaller than what is seen in the unconstrained
case.
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Load simulation results

In this section we compare the design load levels of the two
simulation sets: DLC 1.3 and the constrained simulations
with the extreme variance. DLC 1.3 consists of 72 simulations (6 seeds per 12 wind speed bins) and the constrained
simulations consist of 264 simulations (6 seeds per 44 extreme variance event).
5.1
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Extreme loads

In Figure 8 the standard deviation of the simulated hub height
u-component wind speed is shown as function of the mean
hub height u-component wind speed. Each dot shows the
standard deviation averaged over six turbulence seeds. As the
variance is scaled to match the target both for DLC 1.3 and
the constrained simulations, the scatter of the mean standard
deviation over the six different seeds is small. The standard
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Figure 6. Comparison between u-velocity components from unconstrained turbulence simulations, and from turbulence simulations with
Figure 6. Comparison between u-velocity components from unconstrained turbulence simulations, and from turbulence simulations with
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the parts of the boxes which are far from the constraint locations. As a result, there will be a seed-to-seed variation in loads
simulated with constrained turbulence boxes, albeit much smaller than what is seen in the unconstrained case.
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Load simulation results

In this section we compare the design load levels of the two simulation sets: DLC 1.3 and the constrained simulations with the
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Figure 8. The mean standard deviation of the u-component of the

simulated wind speed at hub height as function of mean wind speed
at hub height. DLC 1.3 (grey dots) and constrained simulations with
extreme variance events (blue dots).
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In Figure 9 the characteristic extreme loads from DLC 1.3
and the constrained simulations are compared. The maximum/minimum load values of each 10-minute HAWC2 simulation are binned according to wind speed with a bin width
of 2 m/s and then averaged. For the comparison we omit the
wind speed bin at 26 m/s, as there are no observed events
within that wind speed bin. The error bars show the standard
deviation of the extreme loads of each wind speed bin. Both
maxima and minima are shown for the tower-top moments,
but for all other load components only the maximum moments are shown. It should be noted that the in-plane blade
root flap moment maxima are negative, due to the orientation
of the blade coordinate system of the wind turbine model in
HAWC2.
The two top panels show the extremes of the tower top
tilt and yaw moments, respectively. In the whole wind speed
range the mean extreme moments for DLC 1.3 are between
6400 - 21000 kNm larger than for the constrained simulations.
The left middle panel shows the mean extreme tower
base fore-aft moments. The overall highest mean extreme
moment is from the DLC 1.3 simulation set, however for
the constrained turbulence simulations the loads are higher
for wind speed bins at 8 m/s and between 14-20 m/s. The
largest difference is seen for wind speed bin 16 m/s where
the mean extreme moment from the constrained simulation
is 50200 kNm larger than from the DLC 1.3.
The right middle panel shows the mean extreme tower
base side-side moments. In the whole wind speed range the
mean extreme moments for the DLC 1.3 are between 6000 22500 kNm larger than for the constrained simulations.
The two bottom panels show the blade root- flap and and
edge moments respectively. In the whole wind speed range
the mean extreme moments for the DLC 1.3 are between 800

:

- 6200 kNm larger than for the constrained simulations, with
the exception of wind speed bin 16 m/s, where the mean extreme moments from the constrained simulations are respectively 3000 kNM and 400 kNm higher than the DLC 1.3.
The extreme tower top tilt-, yaw- and tower base side-side
moments show a general increase with wind speed. The extreme blade root flap- and tower base fore-aft moments peak
around rated wind speed. For the extreme blade root edge
moment it is seen that the loads peak around rated wind speed
for both simulation sets, but the main difference is that after
16 m/s the DLC 1.3 loads and the scatter increases with wind
speed.
Table 3 lists the overall characteristic loads from each simulation set (the extremes seen in Figure 9), together with their
ratio. The difference between the overall extremes from the
two simulation sets is largest for the tower-top yaw moment,
where the extremes are lower from the constrained simulations. The overall extremes are of similar magnitude for the
tower base fore-aft moment and the blade root flap-wise moment.
5.2

Time series of turbine loads

In the following, examples of 10-minute time series from
DLC 1.3 and constrained simulation sets are shown side by
side, for comparison and demonstration of the differences in
the wind turbine response to different types of wind regime.
A comparison is made for the tower-base fore-aft moment,
where the characteristic extreme loads from the different
simulation sets are of similar magnitude. We also consider
and compare the tower top tilt- and yaw-moments, which
give the largest differences between the two simulation sets.
First, we compare two time series giving some of the highest extreme tower base fore-aft moments from each simulation set. For DLC 1.3 in Figure 10 the mean u-component
hub-height wind speed is U = 12.0 m/s, with standard deviation of σu = 2.7 m/s and the peak tower base fore-aft moment is 236000 kNm. For the constrained simulation, U =
14.9 m/s and σu = 3.5 m/s. The peak tower base fore-aft moment is 228000 kNm. The peak tower base fore-aft moments
are of similar magnitude in the simulations, and in both cases
this occurs when the pitch angle is zero degrees—right before the wind turbine blades begin to pitch. Also, at the time
when the wind speed at hub height reaches rated wind speed,
the wind speed at 179 m is above rated wind speed, leading to
higher loading on the upper half of the rotor. From the turbulence simulations, the most noticeable difference in the wind
turbine response is that in the constrained turbulence simulation the time of the peak tower base fore-aft moment is very
distinguishable at 390 s. While for the stationary turbulence
the peak response occurs around 150 s, but numerous times it
reaches above 200000 kNm during the simulation. Note that
the axes in the top panels are the same, as are the axes in
the bottom panels. It is seen that although the standard deviation of the wind speed is lower in the stationary turbulence
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Figure 9. The mean extreme moments from IEC DLC 1.3 (grey dots). The mean extreme loads from the constrained simulations (blue dots).

Mean extreme moment
Tower top tilt
Tower top yaw
Tower base fore-aft
Tower base side-side
Blade root flap
Blade root edge

DLC 1.3 [kNm]
3.08 · 104
−3.07 · 104
2.20 · 105
6.38 · 104
−3.91 · 104
1.55 · 104

Constrained sim [kNm]
1.83 · 104
−1.21 · 104
2.14 · 105
4.12 · 104
−3.51 · 104
1.29 · 104

Ratio (Const./DLC)
0.60
0.40
0.97
0.65
0.90
0.83

Table 3. The highest mean extreme moments for different load components
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simulation, the wind speed extremes are greater, with instantaneous wind speed reaching below 2 m/s and above 22 m/s.
In Figure 11 we compare some of the most extreme tower
top moments from the two simulation sets. The stationary
turbulence simulation in Figure 11, has U = 22 m/s, σu =
3.4 m/s, with a peak tower top tilt moment of 36601 kNm
and a peak tower top yaw moment of −28900 kNm; in
contrast the constrained turbulence simulation has U =
21.3 m/s, σu = 6.6 m/s, with a peak tower top tilt moment of 30800 kNm and a peak tower top yaw moment of
−18600 kNm. As in the previous example, the time of peak
loads is very clearly identified in the constrained turbulence

simulation, and the peak value is significantly higher than
the response for the remainder of the simulation. For the stationary turbulence simulation, the tower top yaw- and tilt moments often reach high values throughout the simulation. Extreme tower-top moments tend to be observed when there
is high shear across the rotor. In stationary turbulent flow
the variation in wind speed across the rotor arises as turbulent eddies sweep by, hitting only part of the rotor, leading to high wind shear. The extreme tower top loads from
the constrained simulations are in connection with high vertical wind shear arising during the wind speed increase (ramp
event).
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Figure 10. Comparison of a DLC 1.3 time series and a constrained simulation time series of an extreme variance event.

Top panels: u-component wind speed. Bottom panels: Tower-base fore-aft moment (blue) and pitch angle (grey).
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Figure 11. Comparison of a DLC 1.3 time series and a constrained simulation time series of an extreme variance event.

Top panels: u-component wind speed. Bottom panels: Tower-top tilt (grey) and yaw (blue) moments.
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Discussion

In the load time series comparison, the general differences
in the wind turbine response of the two simulation sets are
visualized; for the constrained simulations the peak loads are
distinguishable and occur because of the velocity increase associated with the ramp-like event. The discrepancies between
the two simulation sets for the extreme tower top loads indicate that the short-term wind field variability across the rotor is generally higher in the stationary turbulence simulation
than for the constrained simulations. As shown in the time
series comparison of Figure 11, the short-term vertical wind
shear can be high in connection with the extreme events, yet
the tower top tilt moment does not exceed that prescribed
via DLC 1.3. When non-uniformity in the stationary turbulence fields occurs around rated wind speed, it can also lead
to high extreme tower base fore-aft moments that are connected to high thrust on the rotor. The extreme tower base

fore-aft moments from the constrained simulations are highest for mean wind speed bins between 8 m/s and 16 m/s. In
this wind speed range, the wind speed is typically below rated
wind speed at the beginning of the simulation and later increases beyond rated wind speed. When the wind speed starts
to rise, it does so coherently across the rotor plane, resulting
in high thrust and tower base fore-aft moments, before the
wind turbine controller starts to pitch the blades. The tower
base fore-aft moments for the extreme turbulence case (IEC
DLC 1.3) were expected to be lower than those of the extreme variance events; however, this was generally true only
(on average) for certain wind speed bins. The overall characteristic tower base fore-aft moment of DLC 1.3 is 3% higher
than for the extreme events.
The load simulation results show that the extreme turbulence case DLC1.3 indeed covers the load envelope caused
by extreme variance events. However, the differences seen in
the time series and in the load behavior indicates that extreme
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variance observations as events are entirely different from situations with stationary, homogeneous turbulence. This questions the basis for the definition of the IEC Extreme Turbulence Model (ETM) which is defined in terms of the statistics
of the 10-minute standard deviation of wind speed. As most
observations of the selected extreme variance events include
a short term ramp event, it would perhaps be more relevant
to compare these events with other extreme design load cases
in the IEC standard, e.g. the extreme coherent gust with direction change, extreme wind shear or the extreme operating gust. Since these are the absolute highest variance events
observed at Høvsøre during a ten year period, they would
also appear in the site-specific definition of the ETM model.
Therefore, it may be necessary to exclude or re-assign such
events to the relevant load case type. The design and cost of a
wind turbine may depend on how this consideration is done.
It was seen in the IFORM analysis in section 3.1 that
the estimated 50-year return period contour of the linearly
detrended data exceeded the 50-year return period contour
of normal turbulence (corresponding to the ETM class C).
This is consistent with the findings of Dimitrov et al. (2017),
who performed similar analysis of linearly detrended measurements from Høvsøre, though from the easterly (homogeneous farmland) sector. For the high-pass filtered measurements, the turbulence level was reduced significantly as well
as the estimated 50-year return period of turbulence. This
is seen as the high-pass filtering effectively removes variance of low frequency fluctuations with time scales larges
than 300 s, as the chosen cut-off frequency was 1/300 Hz.
This finding suggests that for typical hub heights as considered (z ≈ 100 m) at a coastal site like Høvsøre, extreme variance events are not representative of homogeneous, stationary turbulence and can be filtered out by high-pass filtering.
It should be kept in mind though, that these events may be
considered for extreme design load case purposes other than
turbulence. In that case it is important not to use detrending
of any kind on the measurements, as these extreme fluctuations will then not be identified and characterized correctly.
7 Conclusions
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The main objective of this study is to investigate how extreme
variance events influence wind turbine response and how it
compares with DLC 1.3 of the IEC 61400-1 standard. The
selected extreme events are measurements of the 10-minute
standard deviation of horizontal wind speed that exceed the
values prescribed by the ETM model and include a sudden
velocity jump (ramp event, transients in the turbulent flow),
which is the main cause of the high observed variance. The
events were simulated with constrained turbulence simulations, where the measured time series were incorporated in
turbulence boxes for load simulations in order to make a realistic representation of the events, including the short term
ramps and the coherent flow in the lateral direction as was

3 Extreme wind fluctuations
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seen in the comparison of measurements between the two
masts in Figure 2. The constraints force the turbulent flow of
the simulations to be non-stationary and non-homogeneous.
Load calculations of the simulated extreme events were
made in HAWC2 and compared to load calculations with stationary homogeneous turbulence according to DLC 1.3. To
summarize, we have found that:
• The extreme variance events are large coherent structures, observed simultaneously at two different masts
with a 400 m (lateral) separation.
• Most extreme variance events include a sharp wind
speed increase (short-time ramp) which is the main
source of the large observed variance.
• High-pass filtering with a cut-off frequency of 1/300 Hz
removes most of the variance corresponding to these
ramp-like events, to the extent that the estimated 50year return period of (remaining) turbulence level is
lower than that of IEC ETM class C; linear de-trending
may remove some of the variance but is not necessarily
adequate.
• Compared with the DLC 1.3 of the IEC standard, the
extreme loads are on average lower for the extreme variance events in the coastal/offshore climate and heights
considered.
• For 10-minute mean wind speeds of 8–16 m/s, the
events typically begin below rated wind speed and increase beyond, leading to high thrust on the rotor; such
events lead to high extreme tower-base fore-aft loads
which can exceed the DLC 1.3 prescription of the IEC
standard.
Future related work includes further analysis and characterization of extreme variance events. In particular, ongoing work involves extreme short-term shear associated with
such events, and directional change. Load simulations of the
events may be compared with other extreme DLC’s from the
IEC standard.
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Appendix A

5

The Figure in this appendix is equivalent to Figure 4, but
shows the processed measurements.
Comparing the raw data in Figure 4, to the linearly detrended data and high-pass filtered data in Figure A1 it is
seen that the detrending, and high pass filtering slightly lowers the values of µσu , while the reduction of σσu is much
greater, especially for the high-pass filtered measurements.
Appendix B
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20

Figure B1 shows extreme moments as function of the ucomponent of the mean hub-height wind speed. Each dot
shows the maximum/minimum load value of each 10-minute
HAWC2 simulation for the tower top (top panels), the tower
base (middle panels) and blade root (bottom panels). The
simulations based on a particular extreme variance event may
be identified as a cluster of six dots, as they have been simulated with six different turbulence seeds. For DLC 1.3 a cluster of six dots may be seen, as the simulations are performed
with six turbulence seeds per mean wind speed step. Figure 9
shows the values from Figure B1, binned and averaged.
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The Figure in this appendix is equivalent to Figure 4, but shows the processed measurements.
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CHAPTER

4

Characterization of wind
speed ramps
The extreme fluctuations from the previous chapter are investigated further. Three
measurement sites and a larger number of events are included in the study where
characterizations of amplitude and rise time are made. With the corresponding direction
change, the extreme events are compared with the extreme coherent gust with direction
change of the IEC standard. The paper in this chapter has been submitted to a journal.
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Detection and characterization of extreme wind speed ramps
Ásta Hannesdóttir and Mark Kelly
DTU Wind Energy Dept., Technical University of Denmark, Roskilde, Denmark
Correspondence: astah@dtu.dk
Abstract. The present study introduces a new method to characterize ramp-like wind speed fluctuations, including coherent
gusts. This method combines two well-known methods: the continuous wavelet transform and the fitting of an idealized ramp
function. The method provides estimation of ramp amplitude and rise time, and is herein used to statistically characterize
ramp-like fluctuations at three different measurements sites. Together with corresponding amplitude of wind direction change,
5

the ramp amplitude and rise time variables are compared to the extreme coherent gust with direction change from the IEC
wind turbine safety standard. From the comparison we find that the observed amplitudes of the estimated fluctuations do not
exceed the one prescribed in the standard, but the rise time is generally much longer, on average around 200 s. The direction
change does however exceed the one prescribed in the standard several times, but for those events the rise time is on the order
of minutes. We also demonstrate a general pattern in the statistical behavior of the characteristic ramp variables, noting their

10

wind speed dependence, or lack thereof, at the different sites.
1

Introduction

The IEC wind turbine safety standard prescribes various models of extreme wind conditions that a wind turbine must withstand during its operational lifetime (IEC, 2005). One of those prescribed models is an extreme coherent gust with direction
change (ECD), used for ultimate load prediction. The ECD model is presented in Stork et al. (1998), but with a rather limited
15

description; the model is not shown compared to measurements, but it is said to represent extreme gusts and direction changes
of wind speed measurements ‘quite well.’ However, the ECD prescription was found later by Hansen and Larsen (2007) to give
reasonable estimates compared with measurements.
With the increasing rotor size of modern wind turbines, resent research has focused on how the gust models in the IEC
standard are unrealistically represented by a uniform wave (Bierbooms, 2005; Bos et al., 2014). In these studies, gusts are

20

defined as extreme fluctuations of stationary and homogeneous turbulence. The gusts are simulated with stochastic simulations
and constrained in space to have a finite length scale. Using such gust models for wind turbine load simulations generally
results in lower loads than when using the uniform gust models of the IEC standard. The reason is due to the limited length
scale of the gusts, and that during the simulations some gust might even miss the blades as they sweep by the rotor. The authors
of these studies suggest that the uniform gust models of the IEC standard should consequently be replaced by stochastic gust

25

models.
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Figure 1. A Map of Denmark and southern Sweden showing the locations of the measurement sites.

There are however many studies in the field of atmospheric science that investigate large coherent structures in turbulent flow
(e.g. Mahrt, 1991; Belušić and Mahrt, 2012; Barthlott et al., 2007; Fesquet et al., 2009). These studies take into consideration
fluctuations of larger scales than those of stationary, homogeneous turbulence, i.e. the submesoscale or mesoscale. These
coherent structures are seen in measurements as ramp-like increases in wind speed, that may readily be compared with the ECD
5

due to similar characteristics. The coherent structures can be driven by a broad range of different meteorological processes. In
the stable boundary layer they may be generated by e.g. gravity waves, Kelvin-Helmholtz instabilities, surface heterogeneity
or pressure disturbances (Mahrt, 2010). In the convective boundary layer they may be generated by e.g. surface buoyancy
fluxes, latent heat release or cloud radiative effects and may be observed in form of convective cells and rolls (Drobinski et al.,
1998; Young et al., 2002). In the neutral boundary layer they may be generated by shear and can be observed in the form of

10

streaks (Foster et al., 2006). Some processes are bound to certain terrain, e.g coherent structures may be generated by dynamics
between the flow and plant canopy (Finnigan, 2000), or in coastal and offshore regions they may be driven by open cellular
convection (e.g. Vincent et al., 2012).
In this study we focus on large-scale, high-amplitude (extreme) fluctuations, which are coherent across the rotor of any
multi-megawatt wind turbine. We examine data from three sites with different terrain types and characterize the fluctuations.

15

We investigate if the characteristics of the fluctuation are comparable with the ECD. In order to characterize the amplitude
and rise-time of the investigated fluctuations we provide a new combination of two well-known methods: the continuous
wavelet transform and the fitting of an idealized ramp function, which is inspired by detection of atmospheric boundary-layer
depth (Steyn et al., 1999).
2

20

Sites and measurements

The measurements used for the characterization of the ramp-like events come from three different sites. The locations of the
measurement sites may be seen in Figure 1.

2
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Høvsøre

The Høvsøre National Test Centre for Wind Turbines is located at the west coast of Jutland, approximately 1.7 km east of the
coastline. The site is at a coastal agricultural area where the terrain is nearly flat. Several masts with measurement instruments
are located at the site, that has been in operation since 2004. In the current analysis we use measurements from a light mast
5

with cup anemometers and wind vanes installed at 60 m, 100 m and 160 m height. The light mast is located between two of the
test wind turbines which are separated by approximately 300 m in the North-South direction. The dominating wind direction
is from north-west and the annual average 10-minute wind speed at the light mast is Vave = 9.33 m/s at 100 m and the reference
turbulence intensity is Iref = 0.065 1 . The data used in this study consists of 10 Hz measurements from September 2004 to
December 2014. A detailed overview on the site and instrumentation may be found in Peña et al. (2016).

10

2.2

Østerild

The Østerild National Test Centre for Large Wind Turbines is located in a forested area in Northern Jutland. The distance to
the coast is approximately 4 km to the north and 20 km to the west. The site has two 250 m tall light masts equipped with sonic
anemometers at 37 m, 103 m, 175 m and 241 m. In this analysis we use measurements from the southern mast, where the terrain
around the mast is flat and the surrounding forest has canopy height between 10 and 20 m. To the west of the mast there is a
15

narrow clearing of the forest with a grass field. The clearing is approximately 1 km long in the east-west direction and 200 m
wide in the north-south direction. The mast is located approximately 300 m South-west of a row of seven wind turbines aligned
in the north-south direction. At the southern light mast, the annual average 10-minute wind speed is Vave = 7.94 m/s at 103 m
height and the reference turbulence intensity is Iref = 0.13. The data used in this study consists of 20 Hz measurements from
March 2015 to February 2018 at 37 m, 103 m and 175 m heights. More details on the site may be found in Hansen et al. (2014).

20

2.3

Ryningsnäs

The Ryningsnäs measurement site is located approximately 30 km inland from the south-eastern coast of Sweden. The terrain
is forested and generally flat. The forest has a 200 km fetch in the west direction and the tree height around the site is between
20 and 25 m. There is a 138 m tall meteorological mast equipped with sonic anemometers at 40 m, 59 m, 80 m, 98 m, 120 m
and 138 m measuring at 20 Hz sampling frequency. In this analysis we use the measurements at 59 m, 98 m and 138 m height
25

from a period between November 2010 and December 2011. There are two wind turbines approximately 200 m from the mast,
one in the south direction and the other in the north-east direction. The annual average 10-minute wind speed is Vave = 5.94 m/s
at 98 m height and the reference turbulence intensity is Iref = 0.18. More details on the site and measurements may be found
in Arnqvist et al. (2015).
1I

ref :

The average 10-minute turbulence intensity evaluated at wind speed of 15 m/s
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Figure 2. Wind speed measurements from 100 m at Høvsøre, raw measurements (blue line) and high-pass filtered measurements (dashed
black line).

3

Selection and characterization of events

In this section we go through the steps of selecting and characterizing the ramp-like coherent structures. There are three steps
in the procedure:
1. Identify events of extreme variance, indicating large scale fluctuations, and acquire 30-minute wind speed measurements
for each event.

5

2. Estimate the time scale and position in time (timing) of the dominating fluctuation using wavelet transform.
3. Characterize the amplitude and rise time of the dominating fluctuation by fitting an idealized ramp function to a subset
of the wind speed signal, which timing and scale are found by the wavelet transform.
3.1
10

First step: Selecting high variance events

Here we select the ramp events by comparing two different data sets. One where the 10-minute standard deviation is calculated
from the raw measurements, σraw and the other where the measurements have been high-pass filtered σfilt . A significant reduction in the 10-minute standard deviation by high-pass filtering indicates that the measurements include a ramp-like fluctuation.
This fluctuation then gives rise to the high observed standard deviation (Hannesdóttir et al., 2018).
The filtering is performed with a second order Butterworth filter where the cut-off frequency is chosen as:

15

fc =

U
L

(1)

where U is the ten-minute mean wind speed and L is a length scale, here chosen to be 2000 m. With this choice of cut-off
frequency the filtered measurements do not include any trends or fluctuations involved with length scales larger than 2000 m.
In order to identify where the 10-minute standard deviation is reduced the most by filtering, we calculate the ratios of
σraw /(σfilt + 1) and identify the highest 0.1% from each data set2 . We then acquire 30-minute samples of high frequency
2 Here

σfilt is shifted by one to put emphasis on high σ values. Otherwise only ratios where σfilt << 1 are selected.
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measurements for each event for further analysis and characterization. By using 30-minute samples we ensure that we have
enough measurements before and/or after the ramp-like wind speed increase.
An example of an extreme-variance event may be seen in Figure 2, where 10-minute ’raw’ wind speed measurements are
compared with filtered measurements. This example is taken from the light mast in Høvsøre at 100 m. The 10-minute standard
5

deviation of the raw measurements is 2.66 m/s, but 0.75 m/s for the filtered measurements.
3.2

Second step: Wavelet transform

The continuous wavelet transform (CWT) unfolds a signal in both frequency and time and provides an efficient way to identify
and localize abrupt changes or transients in non-stationary time series. The CWT is often used to identify and characterize
coherent structures in turbulent flow (e.g. Dunyak et al., 1998; Krusche and de Oliveira, 2004; Fesquet et al., 2009), or wind
10

power ramps (Gallego et al., 2013).
The CWT is formally defined as the inner product of a function x(t) and a mother wavelet ψ(t) that is shifted and dilated
1
Wx (`, t ) =
`
0

Z∞

−∞

x(t)ψ



t − t0
`



(2)

dt

where the resulting wavelet coefficients Wx are a function of the scale dilation ` and time shift t0 . Note that the factor 1/`
is a normalization resulting in wavelet coefficients in the L1 -norm, though this normalization is most commonly seen in the
√
15 literature as 1/ ` giving a CWT in the L2 -norm (Farge, 1992). However it is important when comparing wavelet coefficients
(or wavelet power spectrum) between different scales to do so in the L1 -norm, to prevent giving a bias toward the large scales
(Liu et al., 2007).
The choice of analyzing wavelet influences the results of the wavelet transform, since it reflects characteristics of the wavelet.
We have therefore chosen a wavelet that includes features similar to those we look for in the signal, i.e. one dominating increase
20

at the center of the wavelet function. The analyzing wavelet chosen here is the first derivative of a Gaussian (DOG1) wavelet3
ψ(t) = C t e−t

2

(3)

where C is a normalization constant, here equal to: 2(2/π)1/4 . Note that we have switched the sign of the wavelet to get
positive wavelet coefficients from the transform where there is an increase in the wind speed signal (Figure 3 (b)).
Figure 3 shows an example of a CWT of one of the detected high-variance events along with the mirrored DOG1 wavelet.
25

The highest wavelet coefficients are shown with red, indicating a high correlation between the signal and the wavelet at that
given time. The maximum wavelet coefficient of the CWT identifies the timing (t0 ) and the scale (`) of the coherent structure.
3.3

Third step: Idealized ramp function

The definition of the idealized ramp function is borrowed from Steyn et al. (1999), where they incorporate the error function
into an idealized backscatter profile. The profile is fit to backscatter lidar measurements to identify the depth of the atmospheric
3 The

wavelet transform is performed using the Python package PyWavelets (Lee et al., 2006–)
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Figure 3. The continuous wavelet transform of a ramp-like coherent structure. (a): 10-minute wind speed signal at 100 m, Høvsøre. (b): The
flipped DOG1 wavelet used for the wavelet transform. (c): The wavelet coefficients of the wind speed signal. The maximum coefficient is
shown with a blue dot at ` = 190 s and τ = 739 s

boundary (mixed) layer, and the thickness of the entrainment zone. Wind speed measurements where the wind speed rapidly
increases may often resemble these ideal backscatter profiles, and therefore we can use this method to characterize ramp-like
fluctuations in the same manner. The idealized ramp wind speed function, may be defined as:


ub + ua ub − ua
t − t0
u(t) =
−
erf
2
2
τ
5

(4)

where ub is the wind speed before the rise, ua is the wind speed after the rise and τ is a normalization constant. We define the
rise time of the ramp from the interval where the wind speed rises from 0.025ub to 0.975ua . This value may be estimated by
multiplying τ with 3.17, which is found from ordinates of the error function. The parameters of the idealized ramp function
are found by minimizing the least square differences between the measurements and the ramp function with an optimization
curve fitting procedure4 .

10

Figure 4 demonstrates the idealized ramp function that is fit to wind speed measurements from the different sites. The limited
period that the ramp function is fit to is found by the CWT. The timing is given by t0 and the period is three times the scale:
3 · `. The factor of three is used to ensure approximately equal periods of measurements before, during, and after the ramp-like
increase for the curve fitting procedure.
3.4

15

Overview of the selection and characterization

A brief summation of the detection: A subset of extreme variance events is found. The CWT is performed on each event and
the timing and scale of the ramp-like wind speed increase is estimated. The scale (3`) is used to find a limited period of the
4 For

the optimization fitting procedure we employed the SciPy curve_fit function

6
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Figure 4. Three examples of the idealized ramp function fit to the wind speed measurements. Measurements from: (a) Ryningsnäs (b)
Østerild (c) Høvsøre. The blue lines shows the measurements and the dashed black lines shows the idealized ramp function fit to a subset of
the measurement.
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Figure 5. The idealized ramp function fit to Østerild measurements at three different heights and the corresponding direction change.

wind speed signal to which the idealized ramp function is fit. The idealized ramp function parameters are used to estimate the
amplitude of the ramp-like fluctuation: ∆u = ua − ub , and the rise time: ∆t = 3.17τ .

7
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Figure 6. The extreme coherent gust with direction change from the IEC wind turbine safety standard.

As we want to compare the wind speed ramps with the ECD load case of the IEC standard, we investigate the direction
change during the ramps. Here we use the directional data at ≈100 m from each site and calculate the moving 30 s average
during the time of the ramp function at ≈100 m.

The direction change during the ramp-like wind speed increase is determined as the difference between the maximum value

5

and the minimum value of the moving average.
An example of an ramp event at Østerild is shown in Figure 5 along with the corresponding directional data. The orange line
in the lower panel shows the 30 s moving average during the ramp function period at 103 m. The moving average is applied to
the directional measurements in order to filter out the small scale fluctuations that we do not want to influence the estimated
direction change.
The amplitudes and rise times are characterized for each measurement height. Afterwards the values are averaged over the

10

three different heights to give the characteristic rise time and amplitude for each event.
4

IEC extreme coherent gust with direction change

The extreme coherent gust with direction change (ECD) is modeled with an amplitude of Vcg = 15 m/s and a direction change


180◦ ,
if Vhub ≤ 4 m/s.
θcg =
(5)

720◦ m/s/Vhub , if 4 m/s< Vhub < Vref ,

8
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where Vhub is the 10-minute mean wind speed at hub height and Vref is the 10-minute mean reference wind speed. Both the
direction change and wind speed change are modeled as functions of time,


0◦ ,
if t < 0



θcg (t) = ±0.5θcg (1 − cos(πt/T )), if 0 ≤ t ≤ T




±θcg ,
if t > T




V (z),
if t < 0



5 V (z, t) = V (z) + 0.5Vcg (1 − cos(πt/T )), if 0 ≤ t ≤ T




V (z) + Vcg ,
if t > T

(6)

(7)

where T = 10 s is the rise time. The direction change and wind speed increase are assumed to occur simultaneously. Figure 6

shows the ECD for Vhub = Vr = 11.4 m/s which is the rated wind speed for e.g. the NREL 5 MW- and the DTU 10 MW
reference wind turbines (Jonkman et al., 2009; Bak et al., 2013). According to the IEC standard, the design load case with the
ECD should be simulated at Vr ± 2 m/s.
10

5

Distributions and comparison with the ECD

In this section we look at the amplitudes, rise times and direction change of the detected events and how these variables are
distributed. Selecting the 0.1% highest ratios of σraw /(σfilt + 1) results in 453 events from Høvsøre, 154 from Østerild and 58
from Ryningsnäs. A number of these events are discarded before performing the characterization, for one of three reasons:
because the measurements are partly missing; because the measurements are from a wind direction sector where the nearby
15

wind turbines are upstream of the masts (in the wake of the wind turbines); or because the high observed variance is due
to a wind speed decrease (negative ramps). The negative ramps are identified when the dominating wavelet coefficients are
negative. The discarding narrows the number of analyzed events down to 216 from Høvsøre, 72 from Østerild and 32 from
Ryningsnäs.
The estimated ∆u, ∆θ and ∆t variables for each detected event and their distribution may be seen in Figure 7. The variables

20

are shown with different colors for each measurement site, black for Høvsøre, blue for Østerild and green for Ryningsnäs. It
may be seen that the highest values of each parameter are found from the Høvsøre data set, that has the longest measurement
period.
The sample-means and the corresponding standard deviations of ∆u, ∆θ and ∆t for each site may be found in Table 1.
Though the variables are not normally distributed, we choose to show the standard deviation to indicate the spread of the

25

variables. The average ∆u and σ∆u are of similar magnitude for all sites. We see that the average (∆θ) and standard deviation
of direction change (σ∆θ ) found in Ryningsnäs is nearly twice the value found at Østerild and significantly higher than at
Høvsøre.
9
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Figure 7. The distributions of detected amplitudes (∆u), direction changes (∆θ) and rise times (∆t) of all the detected events at the three
different sites: Høvsøre (grey), Østerild (blue) and Ryningsnäs (green).
Høvsøre

Østerild

Ryningsnäs

Nr. of analyzed events

216

72

32

h∆ui ± σ∆u

7.1± 2.1 m/s

h∆ti ± σ∆t

232± 177 s

h∆θi ± σ∆θ

25± 21

◦

6.7± 1.8 m/s
◦

7.3± 2.2 m/s

21± 14

42± 30◦

160± 105 s

233± 195 s

Table 1. The number of analyzed events and average estimated variables from each site.

The average ∆t and σ∆t are lowest for the Østerild site, and there are no events detected with rise time above 485 s, while
the maximum estimated rise time in Ryningsnäs and Høvsøre are 887 s and 952 s respectively.
Figure 8 shows the detected events as function of mean wind speed compared with the ECD model. The mean wind speed is
the average of ub and ua , which may be taken as the representative wind speed of the events. A similar figure has been made
5

showing the events as function of ub , and may be found in Appendix A. The dashed lines show the IEC prescription of ∆u,
∆θ and ∆t for the ECD. The solid lines show the variables averaged over wind speed bins where the bin width is 2 m/s. The
shaded colors mark the area between the 10th percentile and the 90th percentile of the variables in each bin. When comparing
the estimated ∆u to the IEC prescribed amplitude, it is seen that there is not a single event that exceeds 15 m/s. There is a
10
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Figure 8. The detected amplitudes (∆u), direction changes (∆θ) and rise times (∆t) as function of the mean wind speed at the different sites:
Høvsøre (grey), Østerild (blue) and Ryningsnäs (green). The plots share the primary axis (abcissa) per column and they share the secondary
axis (ordinate) per row. Shaded area indicates events between 10th percentile and 90th percentile for each wind speed bin, with bin width
2 m/s. The black dashed lines show the ECD values.

number of events that exceed the prescribed direction change of the ECD, one at Ryningsnäs, one at Østerild and seven at
Høvsøre. These extreme direction events are indicated with a black circle in the different plots. The amplitude of the extreme
direction events in Høvsøre ranges from ∆u = [5.5, 14, 9] m/s and the rise times range from ∆t = [174, 807] s. The extreme
direction event at Østerild has a direction change of ∆θ = 70◦ , an amplitude of ∆u = 8.4 m/s and a rise time of ∆t = 58 s. At
5

Ryningsnäs the extreme direction event has ∆θ = 101◦ , ∆u = 8.2 m/s and ∆t = 256 s.
6
6.1

Discussion
Discussion on the detection and characterization method

The CWT is ideal to find abrupt changes in a wind speed signal and can provide useful information on different scales of the
flow. Here we use the wavelet transform to provide an objective estimate of the time scale of the ramp-like wind speed increase
10

as well as the precise timing in the signal. To obtain characteristics of the amplitude and rise-time of these fluctuations we need
an additional step, which is inspired by mixed layer height detection performed by fitting an idealized profile to backscatter
measurements.
11

4 Characterization of wind speed ramps

47

The main difference between backscatter profiles and wind speed time series, is that the wind speed continuously fluctuates
through time and the period of the coherent structure we investigate is finite. This difference is why the wavelet analysis is
important prior to the fitting of the idealized function, where the limited period of the ramp and the timing is identified. We
5

found the optimal period for the fitting to be three times the scale dilation (3 · `) of the DOG1 wavelet as defined in section 3.2.

If this limited period is not long enough, the numerical curve fitting procedure might not always find an optimal solution to
the fitting parameters. Having enough measurement points for a curve fitting procedure is what makes the method robust as
pointed out by Steyn et al. (1999). However, for the purpose of characterizing wind speed fluctuations it is important that the
chosen fitting period is not longer than necessary. We see e.g. for the wind speed fluctuations in Figure 4, that the wind speed
decreases shortly after the ramp; if this decrease is included in the curve fitting, the amplitude of the estimated ramp would

10

be underestimated. The choice of 3 · `, provides the shortest period that makes the combined method robust in the sense that it
always results in a successful fit with an estimate of the desired parameters.

The first step in the selection, choosing high variance events, is used for two purposes: First, to ensure that the selected
ramp-like fluctuations are associated with scales that are large enough to cover any rotor of a multi-megawatt wind turbine.
We have seen in a previous study that these fluctuations occur approximately simultaneously at two different measurement
15

masts in Høvsøre that are separated by 400 m transverse to the mean wind direction (Hannesdóttir et al., 2018). Second, by
choosing a subset of events, we avoid performing a CWT on the whole data set of high frequency measurements, which is
computationally demanding on a 10-year data set like the one from Høvsøre. If a CWT is performed on the whole data set an
extra step would be needed in the analysis to decide whether a structure is coherent or not, e.g. to apply a threshold on the scale
averaged wavelet coefficients or wavelet spectrum (e.g. Farge, 1992; Dunyak et al., 1998).

20

6.2

Discussion of observed distributions

The main difference between the observed fluctuations analyzed in the current study and the classic ECD (investigated in
Stork et al., 1998; Hansen and Larsen, 2007), is that in the current study we only characterize large scale coherent structures,
whereas the ECD is based on measurements where all extreme peaks of small-scale turbulence are considered. By extracting
ramp events from the measurements, we exclude the small-scale fluctuations from the characterization of the amplitude and rise
25

time (see Figures 4 and 5). Even though Hansen and Larsen (2007) only consider 10 s rise times from a data set with a two year
period, they find gust amplitudes in a similar range as in the current study. This is because small-scale turbulent fluctuations
can have very high peak values. However, such fluctuations are not coherent across rotor diameters of multi-megawatt wind
turbines, and have much less impact than coherent ramps on loads for such turbines.
We observe that the average amplitudes of ramp-like fluctuations (h∆ui) is of similar magnitude at all the sites considered.

30

As shown in Fig. 8, ∆u has negligible wind speed dependence at Høvsøre and Østerild, but at Ryningsnäs the ramp amplitudes
increase with mean wind speed. The direction change generally decreases with wind speed at all the sites, but significantly
larger mean change h∆θi is observed over ramps at Ryningsnäs. These observations are consistent with the (low-order, dom-

inant) physics of the sites: Ryningsnäs has appreciably taller trees than Østerild, with the Ryningsnäs observations taken at
roughly 2–5 times tree height; the measurements used from Østerild correspond to 5-15 times the respective tree heights there.
12
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Thus the measurements at Ryningsnäs are more affected by the tree-induced turbulent stresses (e.g. Raupach et al., 1996; Sogachev and Kelly, 2016). In particular, a wind-speed (Reynolds-number) dependence arises in the turbulent degradation of the
coherent structures, and there is more turning of the wind due to the relatively larger drag.
Are the ramps comparable to the ECD?
5

The rise time of the ramp-like fluctuations is generally much higher than that of the ECD. But the range is large, e.g. at Høvsøre
the rise time ranges over two orders of magnitude (from 9–952 s). The rise time of the extreme direction events is on the order
of a minute or more. Although these extreme direction events generally have a longer rise time than the defined ECD, they
could readily be considered for load simulation purposes. The reason is that a wind turbine reacts much slower to changes in
wind direction than to changes in wind speed. The yaw speed of a wind turbine is typically less than 0.5◦ /s, which means

10

that yawing 90◦ takes more than 3 minutes. Hence, during one of the extreme direction events, a wind turbine is continuously
exposed to yaw misalignment, while the wind speed keeps increasing.
We observe ramp events that either have an amplitude, or rise time, or direction change on the same order of magnitude as
the ECD. However, no single event is comparable to the ECD on all three variables at once. In order to predict an extreme
event considering all three variables simultaneously, one would need a multivariate distribution model including the parameter

15

distributions. That way it would be possible to model the probability of different positions in the three-parameter space and
extrapolate to desired return periods.
7

Conclusions

The combination of the wavelet transform and the fitting of an idealized ramp function is a new and efficient way to characterize
extreme wind speed ramps. The characterization provides variables that are relevant for wind energy, particularly for wind
20

turbine load simulations, probabilistic design, and wind turbine safety standards.
We use measurements from three measurement sites in different terrain to calculate statistics of the amplitudes, direction
change and rise time of extreme ramp-like fluctuations, and also compare the estimated variables with the ECD load case of
the IEC standard. Here we find:
– The amplitudes of these coherent structures do not exceed the amplitude of the ECD (using ten, three, and one year of

25

data, respectively).
– The amplitudes show no clear wind seed dependence at Høvsøre and Østerild, but at Ryningsnäs the amplitudes increase
with increasing wind speed.
– The direction change may exceed that of the ECD, but for those events the rise time is a minute or more.
Future related work includes further analysis of ramp events. In particular, using a multivariate distribution model based on

30

the marginal distributions of the ramp variables to estimate ramp events with a 50-year return period.
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Data availability. The data is in an SQL database at DTU that is not publicly accessible.
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Appendix A
The Figure in this appendix is equivalent to Figure 8, but shows the estimated variables as function of the speed ub preceding
the ramp.
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Figure A1. The detected amplitudes (∆u), direction changes (∆θ) and rise times (∆t) as function of speed preceding the ramp (ub ) at the
different sites: Høvsøre (grey), Østerild (blue) and Ryningsnäs (green). The plots share the primary axis (abcissa) per column and they share
the secondary axis (ordinate) per row. The black dashed lines show the ECD values.

Note the IEC direction change prescription looks more reasonable when using ub . This is because ub is lower than the the
5

average of ub and ua and the events get shifted to the left by using ub when compared with Figure 8. This difference is greatest
for the large amplitude events.
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CHAPTER

5

Extreme coherent gusts with
direction change
To investigate the impact of the extreme wind speed ramps on wind turbine loads, a
subset of the events from chapter 4 is chosen. This subset is from the measurement site
Høvsøre including only events that are close to rated wind speed. These events are used
to construct a coherent gust model providing a joint description of gust variables with a
50-year return period.
This paper is written in collaboration with Albert Urbán who developed a yaw
controller for HAWC2 and David Verelst who performed HAWC2 simulations.
The paper is a draft and has not yet been submitted.
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Extreme coherent gusts with direction change - observations, yaw
control and wind turbine loads
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DTU Wind Energy Dept., Technical University of Denmark, Roskilde, Denmark
Correspondence: astah@dtu.dk
Abstract. Observations of large coherent fluctuations from a decade of measurements are used to define a coherent gust model
with direction change. The gust model provides the joint description of the gust rise time, amplitude and directional changes
with a 50-year return period. In conjunction with the elaborate gust model, a yaw controller is presented in this study to
investigate the load implications of the joint gust variables. These loads are compared with the design load case of the extreme
5

coherent gust with direction change (ECD) from the IEC 61400-1 Ed.3 wind turbine safety standard. Within the framework of
the gust model we find the return period of the ECD to be approximately 15,000 years. From the simulations we find that for
gusts with a relatively long rise time the blade root flapwise bending moment, for example, can be reduced by the considered
yaw controller. From the extreme load comparison of the IEC ECD and the modeled gusts we see that the load values are
within 11% of each other. The only exception is for the tower top yawing moment, where maximum load for the modeled gusts

10

is 22% lower than the IEC gust.
The tower loading is evaluated in terms of the resultant bending moment at the tower base, and for which a nearly linear
relationship is observed as function of gust acceleration.
1 Introduction
In the process of designing a wind turbine, designers have to consider a balance between cost and structural safety. Wind

15

turbine safety standards like the IEC 61400-1 Ed.3 (IEC, 2005) exist to aid designers ensuring quality, reliability and safety
of the wind turbine. The IEC standard prescribes extreme external wind conditions which the wind turbine must be able to
withstand during the design lifetime, which is typically of 20 years. The extreme conditions are prescribed in a set of models
used for specific design load cases (DLC’s).
The present study addresses the extreme coherent gust with direction change (ECD) which is used for DLC 1.4 for ultimate

20

load analysis. For certain turbines this load case could drive the ultimate loading of, for example, the blade root flapwise
bending moment (Beardsell et al., 2016). The ECD model is originally presented in Stork et al. (1998) and was later validated
against measurements and found to give reasonable results in Hansen and Larsen (2007). As pointed out by the authors of
Hansen and Larsen (2007), these experiments are based on turbulent fluctuations, where the peak values in the measurements
are due to gusts with a limited spatial extent (Larsen et al., 2003). Such gusts are not coherent across the rotor diameter of

25

multi-megawatt wind turbines, like e.g. the DTU 10 MW wind turbine (Bak et al., 2013) that we consider in this study.
1
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In a previous study (Hannesdóttir and Kelly, 2018), observations of coherent ramp-like wind speed fluctuations are detected
and characterized. The coherent fluctuations are characterized with rise time, amplitude and direction change. The observed
coherent gust are further compared with the ECD due to similarities, but show a considerable variability in the characterized
variables. Generally, the rise time of the observed coherent gusts is much higher than that of the ECD, on average around 200 s.
5

However, the rise time distribution has a large range. The observed direction change may exceed the one of the ECD, but then
the corresponding rise time is considerably longer.
The aim of this paper is to investigate how these observed coherent gusts impact wind turbine loads and how they compare
to the DLC 1.4 load case of the IEC standard. This will be achieved through tree steps:
1. Extrapolate the observed gust variables to a 50-year return period. As the gust variables form a three dimensional space,
the extrapolation is done through the first order reliability method (IFORM) with the Nataf distribution model.

10

2. Develop a yaw controller to incorporate in the load simulations, as the observed gust may have a relatively long rise
time, and a real wind turbine could start to yaw under such wind conditions.
3. We choose potentially critical points on the 3D gust variable surface for load simulations. The load simulations are
performed using the aeroelastic software HAWC2 (Larsen and Hansen, 2015).
Yaw controllers have been investigated before in connection with energy capture optimization (Bossanyi et al., 2013), but to

15

the author’s knowledge not for investigating extreme loads in conjunction with an aeroelastic code.
2

The IEC extreme coherent gust with direction change

The amplitude of the extreme coherent gust with direction change (ECD) is Vcg = 15 m/s and is independent of the 10-minute
mean hub height wind speed Vhub . The direction change of the ECD is a function of Vhub and given by


180◦ ,
if Vhub ≤ 4 m/s,
20 θcg =

720◦ m/s/Vhub , if 4 m/s< Vhub < Vref ,

(1)

where Vref is the 10-minute mean reference wind speed. The wind speed increase and direction change are assumed to occur

simultaneously and are modeled as functions of time,


V (z),
if t < 0



V (z, t) = V (z) + 0.5Vcg (1 − cos(πt/T )), if 0 ≤ t ≤ T




V (z) + Vcg ,
if t > T




0◦ ,
if t < 0



25 θcg (t) = ±0.5θcg (1 − cos(πt/T )), if 0 ≤ t ≤ T




±θcg ,
if t > T

(2)

(3)

2
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where T = 10 s is the rise time. The ECD design load case is simulated at three different wind speeds, Vref and Vref ± 2 m/s

according to the IEC standard. In this study we only simulate the ECD at 10 m/s.
3

Observations of coherent gusts

In the present study we consider wind speed fluctuations that may be assumed to be coherent across the rotor of any multi5

megawatt wind turbine. Such large coherent fluctuations are detected and characterized in a previous study (Hannesdóttir and
Kelly, 2018), where a detailed description of the detection and characterization method may be found. The coherent gusts are
detected from a 10.25 year measurement period in Høvsøre, located in Jutland, Denmark. It is argued that these gusts may
originate from a broad variety of phenomena, but share the trait of ramp-like increase in wind speed that gives rise to extreme
10-minute variance.

10

The events are characterized by rise time (∆t), direction change (∆θ) and amplitude (∆u = ua − ub ), where ub is the wind

speed before the rise, and ua is the wind speed after the rise. The events are observed at wind speeds ranging from ub = 1.4 m/s
to ub = 26.4 m/s. In order to model the gusts, we choose a subset of events with the following selection criteria: ub < Vrated
and ua > Vrated . In other words, the wind speed is below rated wind speed before the gust and reaches above rated wind speed

after the gust. This choice of subset is made as high loads are expected to be observed around rated wind speed (Hannesdóttir
et al., 2018). A total of 90 events fulfill the selection criteria, and are used in the present study.
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Figure 1. The marginal fitted and empirical cumulative distributions of: gust amplitude (left), gust direction change (middle) and negative
gust rise time (right).

Figure 1 shows the cumulative distribution (CDF) of each coherent gust variable ∆u, ∆θ and ∆t with fitted distributions.
The distribution parameters are all found with maximum likelihood estimation. The gust amplitude ∆u is assumed to follow
a Gumbel distribution, where the estimated location and scale parameters are α = 6.45 m/s and β = 1.79 m/s. The direction
change ∆θ is assumed to follow a three-parameter Weibull distribution with estimated parameters: k = 1.09 (shape parameter),
20

γ = 10.19◦ (location parameter) and A = 20.42◦ (scale parameter). The rise time is assumed to follow the reversed twoparameter Weibull distribution, were the estimated parameter are: k = 1.51 and A = 285.76 s. Note that we change the sign

3
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of the rise time when fitting the reversed Weibull distribution. This is done to ensure that the short rise times are defined as
extreme values.
4

IFORM with the Nataf distribution model

The inverse first order reliability method (IFORM) was first developed by Winterstein et al. (1993) to predict extreme en5

vironmental conditions for offshore engineering. From the joint description of environmental variables, the method provides
environmental contours corresponding to desired return periods. In wind engineering, IFORM is commonly used to predict the
50-year return period of the joint description of 10-minute mean wind speed and turbulence levels (e.g. Fitzwater et al., 2003;
Sang Moon et al., 2014; Dimitrov et al., 2017).
In the current study, we use IFORM to predict the 50-year return period surface of the joint description of the gust variables,

10

∆u, ∆θ and ∆t. Here the joint probability distribution of the variables is given by the Nataf distribution model, which is
defined by Liu and Der Kiureghian (1986). Under Nataf transformation (Nataf, 1962), the considered variables are mapped
from original space into correlated standard normal space, where the joint description of the variables is defined by a Gaussian
copula. Unlike the Rosenblatt transformation (Rosenblatt, 1952), which is exact, the Nataf transformation is an approximate.
In order to perform the Rosenblatt transformation, the complete joint cumulative distribution of the variables is needed, which

15

is not available for the current analysis. However, to perform the Nataf transformation it is enough to know the marginal
distributions and the correlation matrix of the variables.
The Nataf transformation of a random vector X = X1 , ..., Xn to standard normal space is performed by
Zi = Φ−1 (Fxi (Xi )),

(4)

i = 1, ..., n

where Φ−1 is the inverse standard CDF and Fxi (xi ) is the marginal CDF of Xi . The standard normal vector Z = Z1 , ..., Zn
20

has a correlation matrix ρ 0 .

4.1

Constructing the environmental surface

The first step in constructing the environmental surface of coherent gust variables is to calculate the probability level associated
with the 50-year return period, T50 . The 50-year probability level has to be adjusted with the probability of observing a coherent
25

gust Pcg during a 10-minute period in the measurement period. There are 90 selected coherent gusts found from 10-minute
samples spanning a 10.25 year period, therefore the 50-year probability level becomes
P50 =

1
1
1
=
=
= 0.0023
T50 · Pcg
50 · 365 · 24 · 6 · 90/(10.25 · 365 · 24 · 6) 50 · 90/10.25

(5)

The next step is to find the associated ‘reliability index’, which has its name from the traditional first order reliability method
(Ditlevsen and Madsen, 1996),
30

β = Φ−1 (1 − P50 ) = 2.84,

(6)
4
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ij=

ρij

E(ρij )

ρ0ij

∆u ∆θ

0.494

1.074

0.530

∆u ∆t

-0.281

1.106

-0.310

∆θ ∆t -0.274
1.067
-0.292
Table 1. The estimated correlation coefficients and the evaluated empirical expressions for E.

which defines the radius of a sphere in standard normal space
q
β = u21 + u21 + u23

(7)

u1 =β cos(θ) sin(φ)

(8)

u2 =β sin(θ) sin(φ)

(9)

where u1 , u2 and u3 are spherical coordinates of the vector |U| = β. The spherical coordinates may be generated by

5

(10)

u3 =β cos(φ)
where θ = [0, 2π] and φ = [0, π].

Before performing the Nataf transformation, the correlation coefficients of ρ 0 have to be determined. As shown in Liu and
10

Der Kiureghian (1986), the correlation coefficients in standard normal space can be estimated from the correlation coefficients
ρij in real space (∆u, ∆θ and ∆t), through the following expression:
(11)

ρ0ij = E ρij

where E ≥ 1, and is a function of the correlation coefficient ρij and the corresponding marginal distributions. Empirical
expression for E are provided in Liu and Der Kiureghian (1986) for 10 different distribution functions, where the Weibull
15

distribution and the Gumbel distribution are both among them. We can therefore use these empirical expressions to estimate E
(see Table 1). The correlation matrix ρ is calculated for the variables ∆u, ∆θ and ∆t, and equation 11 is used to estimate the
correlation coefficients of ρ 0 (see Table 1).
We can now determine ρ 0 as a lower-triangular matrix L0 by applying Cholesky decomposition. The last step in constructing
the environmental surface of coherent gust variables, is to apply the inverse Nataf transformation. This is done in two steps.

20

First to transform U to the correlated standard normal space,
Z = L0 · U

(12)

and finally the variables of the surface are found by

25

−1
∆u =F∆u
(Φ(Z1 ))

(13)

−1
∆θ =F∆θ
(Φ(Z2 ))

(14)

−1
∆t =F∆t
(Φ(Z3 )).

(15)
5
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Figure 2. The 50-year return period surface of ∆u, ∆θ and ∆t, seen from two different angles.

Figure 2 shows the surface of coherent gust variables with a 50-year return period. The maximum direction change (∆θ =
117.5◦ ) and maximum amplitude (∆u = 17.3 m/s) are found on the surface at rise time of approximately 400 s. The surface
is shown as ∆u - ∆θ contours for specific rise times in Figure 3. It may be seen that extreme direction change and amplitude
decrease with decreasing rise time. The pink curve shows the ∆u - ∆θ contour where the rise time matches the rise time of
the ECD ∆t = 10 s. However, on that curve we find that the maximum ∆u = 8.3 m/s and the maximum ∆θ = 35.3◦ . The grey
stars show the maximum ∆u, the maximum ∆θ, and a point centered between the maxima on each rise time curve. These
points are chosen for wind turbine load simulations.
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Figure 3. The 50-year return period surface, sliced at different rise times. The grey stars show the points chosen for load simulations.
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The return period of the ECD

We see that the gust variables on the 10 s rise time contour in Figure 3 have a significantly lower amplitude and direction
change than the ECD, which has ∆u = 15 m/s and ∆θ = 72◦ (when simulated at 10 m/s). One could then ask: What is the
required return period of the ECD gust parameters when considered within this framework? Or in other words, what return
5

period do we have to use in order to make a point on the surface match the ECD values? The answer to that question may be
found by doing the reversed operation of constructing the environmental surface:



Φ−1 (F∆u (15))



ZECD = Φ−1 (F∆θ (72))



 −1

Φ (F∆t (−10))

(16)

Followed by the step
UECD = L−1
0 · ZECD ,

10

(17)

The reliability index may be found by βECD = |UECD | and the associated probability by PECD = 1−Φ(βECD ). Finally the return
period is found
TECD =

1
= 15208 years
PECD · 90/10.25 years

(18)

A return period of 15208 years is two orders of magnitude larger than the usual 50-year return period used in wind turbine
design. The reason for this large return period is that according to our distributions and correlations between the coherent
15

gust variables, there is a very low probability that a coherent gust with a rise time of 10 seconds has such a large amplitude
and direction change as the ECD. Another reason for this large return period is that the ECD is originally based on point
measurements of turbulent fluctuations, as mentioned in the introduction. These fluctuations generally have short time scales
and high peak values, but are not necessarily coherent.
5

20

HAWC2

For this study HAWC2 (Larsen and Hansen, 2015) version 12.6 is used to calculate the aero-servo-elastic response of the
DTU10MW (Bak et al., 2013). The DTU10MW is used together with the open source Basic DTU Wind Energy Controller
(Hansen and Henriksen, 2013) (Hansen and Tibaldi, 2018). As reference load case the IEC DLC 1.4 ECD is used at 10 m/s.
From a blade element momentum (BEM) modelling point of view, the considered load cases here are affected in particular by
the dynamic inflow model (gust rise time and amplitude), and the induction correction due to skewed inflow (yaw misalign-

25

ment). Both corrections, and other HAWC2 BEM modelling specifics, are discussed in appendix E.3 of the MexNext Phase 3
report (Boorsma et al., 2018). The modeled gusts described in section 4.1 are simulated at the specific points in the gust variable
7
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space, shown in Figure 3. The simulations of the observed gusts are performed in the same way as the ECD, i.e. starting at
10 m/s with corresponding time varying functions as described in section 2. The rise time, amplitude and direction change is
given the value of the chosen points on the curves.
6
5

Yaw controller

A yaw controller ensures that the wind turbine is aligned with the mean wind speed direction which is important for two
reasons, (1) below rated the power extraction is higher if the wind turbine is aligned as shown in Kragh and Hansen (2015) and
(2) the extreme loading is higher when it is operating with yaw errors.
The yaw controller needs information about the wind direction to determine if the turbine is operating in yaw misalignment.
Conventional wind turbines uses a wind vane mounted in the nacelle to calculate the yaw error. The positioning of the measure-

10

ment presents uncertainty on the wind direction since the equipment is installed behind the rotor where the flow is disturbed.
Different sensors has been investigated to improved the wind direction estimation as spinner-mounted, continuous-wave light
and ranging lidars in Kragh et al. (2010).
Once the error is measured, different strategies are used to determine whether the wind turbine yaws for a given misalignment. The yaw controller presented in Kragh et al. (2013) uses a periodic correction of the yaw angle where the misalignment

15

error is low pass filtered and integrated. Once the integrated error exceeds the defined threshold, the wind turbine starts yawing.
The basic yaw controller designed for this study is based on two moving averages with a different averaging window. The first
moving average is used to determine the initialization of the yawing sequence while the second one commands it to stop. The
yaw controller is used together with the Basic DTU Wind Energy Controller Hansen and Henriksen (2013) for witch the source
code can be found at Hansen and Tibaldi (2018).

20

The basic yaw controller uses as inputs: (1) hub wind speed, (2) time average window for yaw start, (3) time average window
for yaw stop, (4) yaw error threshold and (5) current time. The instantaneous yaw error is given by the angle composed by
the longitudinal and perpendicular direction of the wind speed at hub position, input 1. Then, the instantaneous yaw error is
included in the start time average window with a specified window length, input 2. If the yaw error average is higher than the
defined threshold, input 4, the yaw controller sends an order to the yaw servo model to start yawing at highest yaw rate. The

25

yaw servo will yaw until the stop moving average yaw error defined in input 3 is below half of the initial yaw error threshold.
An example of the two time moving averages is shown in figure 4.
In figure 4 the nacelle is initially offset 30 degrees with respect to the mean wind direction. The stop moving average (red
line), with a time windows of 10 seconds, responds much faster to a change in yawing error compared to the start moving
average (blue line) with a window length of 120 seconds. The threshold is set to 5 degrees and it can be observed that the wind

30

turbine starts yawing once the error, in the starting moving average, exceeds the threshold, 4 right blue marker. Finally, the
wind turbine stops once the short window time moving average is below half of the initial threshold,4 right red marker, where
the yaw error is 0.2 degrees.
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Figure 4. Left: Yaw error as function of time for; start moving average 1 (blue), and stop moving average 2 (red). The blue dashed line shows
the start threshold and the red dashed line shows the stop threshold. Right: Yaw bearing angle as function of time.

Although a more elaborate study regarding yaw control should be considered, the simple long/short time averaging approach
is chosen here in order not to trigger a yaw action to early (hence 120 second averaging window for the start trigger), while
avoiding to overshoot after a zero yaw error has been reached (using the 10 second averaging window for the stop trigger).
The yaw mechanism is modelled as a second order dynamical system with a frequency of 5 Hz and a damping ratio of 0.7.
5

There is no limit on the maximum and minimum yaw angle allowing a full rotation of the system. It is possible to constrain
the response of the second order model in velocity and acceleration. A typical yaw sweep sequence, yawing 360 degrees, last
around 15 minutes which leads to a yaw rate approximately of 0.4 degrees / second.
The proposed basic yaw controller can be replaced with a classic Proportional Integral Derivative (PID) where the objective
signal is the yaw angle and not the rate of change or velocity of the yaw mechanism.

10

7 Simulation results and discussion
This section presents time-series of the ECD and a modeled gust with a relatively long rise time. We discuss the implication
of using a yaw controller and give an overview of all the simulated gusts with different rise times, amplitudes, and direction
changes.

15

7.1

Time series with the ECD

The time-series of the IEC gust is shown in Figure 5. The simulation represented with a black color does not include yaw
controller while the blue one does. The absolute maxima of the simulation is represented by a marker of the same color in
Figure 5.
From the loads side, the time-series shows the blade root flap-wise moment (BRf lap ), shaft torsion (Storsion ), tower top
p
2 + T B 2 , where T B
20 yaw moment (T Tyaw ) and tower bottom resultant bending moment defined as T Bres = T BF
F A is
A
SS
9
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the tower base fore-aft moment and T BSS is the tower base side-side moment. Presenting the resultant load provides a clear
comparison of the total magnitude of the tower bottom loading between the yawing and non-yawing cases. The wind speed
magnitude and its direction and the nacelle yaw angle is also presented.
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Figure 5. IEC gust with (blue) and without (black) controller. From left to right and top to bottom the plots show : (1) wind speed and
wind direction time-series and comparison of (2) nacelle yaw angle, (3) blade root flapwise moment, (4) shaft torsion, (5) tower top yawing
moment and (5) tower bottom resultant moment

The effect of the yaw controller is noticed in the upper right panel of Figure 5 where the nacelle angle is shown. We can
5

observe that the absolute maxima of the shaft torsion, tower top yaw moment and tower resultant load channels are found at
the same instant regardless the yaw controller. The peak loads are found during the fast rise time of the gust and before the yaw
controller acts. However, a slight difference is found in the blade flap-wise moment where the use of yaw controller decrease
the maximum compared to the standard case.
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Modeled gust with a long rise time

An example of a modeled coherent gust, simulated with a rise time of 200 s, an amplitude of 14.6 m/s and a absolute direction
change of 90◦ is shown in Figure 6.
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Figure 6. Gust of 14.6 m/s amplitude, 200s rise time and 90
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direction change with (blue) and without (black) controller. From left to

right and top to bottom the plots show: (1) wind speed and wind direction, (2) nacelle yaw angle, (3) blade root flap-wise moment, (4) shaft
torsion, (5) tower top yawing moment and (5) tower bottom resultant moment

The effect of the yaw controller is noticeable in the blade root flap-wise and in the tower top yaw moment in Figure 6. When
5

using the yaw controller, the shaft torsion and yaw moment remain, in absolute value, the same and the blade flap-wise moment
is reduced by 14%. The tower bottom resultant moment peak is found before the yaw controller acts, thus, having the same
values for both cases. It can also be seen from the torque signal that the shaft load is higher, thus, producing more power due
to the significantly reduced yaw error.
7.3

10

Simulation overview

For the 22 considered ECD gusts at 10m/s (21 ECD gusts defined with the current model and 1 from the IEC standard) the
absolute maximum of the tower bottom resultant (T Bres ) and the blade root flap-wise moment are presented in Figures 7 and
8 respectively. The left figure presents the absolute maximum on the secondary axis (ordinate), and the gust acceleration on the
primary axis (abscissa) . The gust acceleration is defined as the ratio between the gust amplitude and rise time (∆u/∆t).
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Note that in Figure 7, on the left panel, a nearly linear increase may be found between the T Bres and the gust acceleration.
Further, both with and without yaw control results in the same absolute maximum of T Bres . This can also be observed in
Figures 5 and 6. Since the T Bres consistently occurs during the initial phase of the gust before the yaw controller reacts, and
therefore becomes independent of the current implementation and tuning of the yaw controller. The IEC ECD case may be
5

noticed with a gust acceleration of 1.5 m/s2 and a directional change of 72◦ in the left panel.
The right panel in Figure 7 indicates the yaw error at which the absolute maximum of T Bres occurs. It is included here
to place the results in the context of the accuracy of the BEM based aerodynamic model in HAWC2. At large yaw errors

10

(> 20 − 30 ◦ ) BEM’s accuracy needs to be considered carefully. A detailed comparison between wind tunnel measurements

and various aerodynamic and aeroelastic codes at different inflow conditions is presented in the Mexnext phase 3 report (regarding skewed inflow specifically in chapter 10 and appendix B) (Boorsma et al., 2018). Within the scope of this investigation
it is dully noted that for large yaw errors there is a higher uncertainty on aerodynamic loading of the wind turbine model.
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Figure 7. Simulations without yaw control (empty triangles), and with yaw control (fully coloured triangles). Left panel: Tower base resultant
moment as function of gust acceleration. The colors of the markers refer to the gust directional change, in degrees. Right panel: Tower base
resultant moment as function of yaw error. The marker colors refer to the gust rise time in seconds. The IEC ECD case may be noticed
furthest to the right in both panels.

In Figure 8 the absolute maximum of the blade root flapwise bending moment BRf lap is considered in the left panel. For
this load channel there is a clear dependency on the presence of a yaw controller. Gusts with a long rise time endure higher
15

loads without yaw control. When looking at the yaw error at the time at which the absolute maximum of BRf lap occurs, it
is noted that for cases without yaw control the yaw error is, not surprisingly, much larger compared to with yaw control. Yaw
errors in excess of 60◦ are observed. Consequently, a higher degree of uncertainty has to be considered when looking at loads
presented under these operating conditions.
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Figure 8. Simulations without yaw control (empty triangles), and with yaw control (fully coloured triangles). Left panel: Blade root flapwise loads as function of gust acceleration. The colors of the markers refer to the gust directional change, in degrees. Right panel: Blade root
flap-wise moments as function of yaw error. The marker colors refer to the gust rise time in seconds. The IEC ECD case may be noticed
furthest to the right in both panels.

In Figure 9 it is indicated where in the gust variable space the absolute maximum of a selection of load channels occurs,
both with and without yaw control. Note they are indicated on the 50-year return period gust curves, similar to Figure 3. The
ECD gust from the IEC standard is not included here. The corresponding values of these maximum loads are given in Table 2
and Table 3, without and with yaw control respectively. Here the reference values of the IEC gust case are included. Based
5

on this it is noted that the IEC gust case is a conservative load case compared to the alternative ECD gusts definitions. For
all included load channels, except for the blade root edge-wise bending moment BRedge , the IEC gust case results in higher
loads though not significantly. The highest difference is observed for the tower top yawing moment, where the IEC gust case
is approximately 22% higher compared to the other gusts.
Amplitude [m/s]

Rise time [s]

Direction change [◦ ]

channel

absmax

IEC absmax

% diff wrt IEC

8.3

10

23.0

T Bres [kNm]

234034.6

243629.6

-3.9%

11.6

60

67.8

T Tyaw [kNm]

11798.0

15188.3

-22.3%

14.6

200

90.1

BRf lap [kNm]

33692.8

34222.2

-1.5%

17.1

300

58.6

BRedge [kNm]

11503.0

10904.2

5.5%

8.3

10

23.0

BRtorsion [kNm]

289.1

331.2

-12.7%

8.0

30

62.1

Storsion [kNm]

10967.4

12331.9

-11.1%

2

8.3
10
23.0 T Tacc [m/s ]
0.364557
0.374818
-2.7%
Table 2. Absolute maxima of a selection of load channels without yaw control for gusts starting at 10 m/s. The IEC absmax column refers to
the IEC DLC1.4 gust case with a rise time of 10 seconds, amplitude of 15 m/s and a directional change of 72◦ .
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Figure 9. The 50-year return period gust curves with locations of selected maximum loads indicated with black circles. Left panel: Without
yaw control. Right panel: With yaw control.
Amplitude [m/s]

Rise time [s]

Direction change [◦ ]

8.3

10

23.0

14.6

200

8.3

channel

absmax

IEC absmax

% diff wrt IEC

T Bres [kNm]

234044.8

243630.5

-3.9 %

90.1

T Tyaw [kNm]

11863.2

15182.5

-21.9 %

10

23.0

BRf lap [kNm]

32988.2

35189.7

-6.3 %

17.1

300

58.6

BRedge [kNm]

11503.1

10904.4

5.5 %

14.6

200

90.1

BRtorsion [kNm]

300.7

331.1

-9.2 %

8.0

30

62.1

Storsion [kNm]

10967.4

12331.3

-11.1 %

2

0.373671
-2.3 %
8.3
10
23.0 T Tacc [m/s ]
0.364941
Table 3. Absolute maxima of a selection of load channels with yaw control for gusts starting at 10 m/s. The IEC absmax column refers to
the IEC DLC1.4 gust case with a rise time of 10 seconds, amplitude of 15 m/s and a directional change of 72◦ .

According the modeled ECD gusts in this study, the IEC definition of the ECD does not seem to be overly conservative in
terms of the load response for the DTU10MW. However, with a return period of 15,000 years for the IEC ECD gust, its physical
relevance could be challenged. Alternatively, a selection of different gusts with varying rise time and amplitude, representing
a physical ECD, might be considered instead. Although not addressed in the current study, the validity of BEM remains a
5

challenge for the ECD as a load case due to the large yaw errors.
8 Conclusions
In this work observations of coherent gusts are used to obtain an environmental surface with a 50-year return period with
the Nataf distribution model. The surface is in three dimensional gust variable space of; rise time, amplitude and direction
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change. There is a large variability within the modeled gust variables, where the direction change and amplitude may exceed
the ECD values, though in these cases with a considerably longer rise time. For modeled gusts with 10 s rise time, the maximum
amplitude is 8.3 m/s and the maximum direction change is 35.3◦
The modeled gust variable surface can match the values of the IEC ECD gust parameters by using a return period of
5

approximately 15,000 years.
We choose 21 points on the surface to simulate for wind turbine response, where the simulations are performed with-, and
without a yaw controller that is specially developed in this study.
The effect of the yaw controller is seen for the modeled gusts with a relatively long rise time where especially the blade root
flap-wise bending moment BRf lap is significantly reduced when the wind turbine yaws. However, for the short rise time gusts

10

the maximum loads are generally the same with- or without the yaw controller, as the maximum loads are observed before the
initiation of the yaw controller.
From the comparison of the modeled gusts and the IEC ECD, we find that even though the modeled gusts are not as severe
in terms of gust variables, the difference in observed extreme loads is generally low. From the considered load component
channels the largest difference is seen for the tower top yaw moment, which is 22% lower for the modeled gust compared with

15

the IEC gust.
The maximum loads for the T Tacc , T Bres and BRf lap are observed for the modeled gusts with the highest gust acceleration.
The difference between these maximum loads and the IEC gust loads is approximately 3%, 4% and 6% respectively.
A nearly linear relation between gust acceleration and the maximum resultant tower base bending moment is observed. This
relationship is independent of yaw control since it is driven by the initial response of the turbine to the ECD gust, and which is

20

before the yaw controller can act.
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CHAPTER

6
Conclusion

In this thesis wind speed fluctuation of different scales were investigated. Measurements
of gusts, turbulence and large coherent fluctuations were characterized and simulated.
Chapter 2:
In this study a rotational shaping filter is defined in a simple way from the spectral
model of turbulent fluctuation observed from a rotating frame of reference (Connell,
1982; Kristensen and Frandsen, 1982). The spectral model is based on the von Kármán
spectrum, where the turbulence is assumed to be homogeneous, isotropic and stationary.
Wind speed measurements from Høvsøre are analyzed to investigate the effect of rotational
sampling on gust statistics. The measurements are band-pass filtered with a second-order
Butterworth filter to ensure stationarity in the measurements and filter out the smallest
scale fluctuations. The rotational shaping filter is applied to the band-passed filtered
measurements.
The effect of rotational sampling on gust statistics is quantified. First, the number
of detected gusts increases roughly by a factor of two. Second, the duration of the
rotationally sampled gusts is significantly reduced. Third, the amplitudes of the short
duration gusts are increased by the effect of rotational sampling. However, due to the
limited spatial extent of fast fluctuations these short duration gusts are not likely to
cause extreme loading on a wind turbine blade, although they might contribute to its
fatigue loading.
Chapter 3:
In this paper the main objective is to investigate how extreme variance events influence
wind turbine response and how it compares with DLC 1.3 of the IEC 61400-1 standard.
We use 10 years of measurements from the measurement site Høvsøre, focusing on the
western (off-shore) sectors. The selected extreme events are measurements of the 10minute standard deviation of horizontal wind speed that exceed the values prescribed by
the ETM model and include a sudden velocity jump, which is the main cause of the high
observed variance. The events are large coherent structures, observed simultaneously at
two different masts with a 400 m separation.
The 50-year return period of turbulence levels is estimated with the inverse first-order
reliability method. The turbulence levels are estimated for raw, linearly-detrended and
high-pass filtered measurements. The estimated 50-year return period contour of the
linearly detrended data exceed the the 50-year return period contour of normal turbulence,
corresponding to the ETM class C. By high-pass filtering the measurements with a cut-off
frequency of 1/300 Hz, the turbulence level is reduced significantly as is the estimated
50-year return period of turbulence, to the extent that the turbulence level is lower than
that of IEC ETM class C.
The events are simulated by constraining synthesized turbulence fields, where the
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measured time series are incorporated in turbulence boxes for load simulations. This is
done to make a realistic representation of the events, including the short term ramps
and the coherent flow in the lateral direction that is observed in the comparison of
measurements between the two masts in Høvsøre. The constraints force the turbulent
flow of the simulations to be non-stationary and non-homogeneous.
Load calculations of the simulated extreme events are made in HAWC2 for the
DTU 10 MW reference wind turbine and compared to load calculations with stationary
homogeneous turbulence according to DLC 1.3. Compared with the DLC 1.3 of the IEC
standard, the extreme loads are on average lower for the extreme variance events in the
coastal/offshore climate and heights considered. For 10-minute mean wind speeds of
8–16 m/s, the events typically begin below rated wind speed and increase beyond, leading
to high thrust on the rotor; such events lead to high extreme tower-base fore-aft loads
which can exceed the DLC 1.3 prescription of the IEC standard.
Chapter 4:
The main focus of this paper is to detect and characterize coherent wind speed fluctuations.
The combination of the wavelet transform and the fitting of an idealized ramp function is
a new and efficient way to characterize extreme wind speed ramps. The characterization
provides parameters that are relevant for wind energy, particularly for wind turbine load
simulations, probabilistic design, and wind turbine safety standards.
We use measurements from three measurement sites (Høvsøre, Østerild and Ryningsnäs)in different terrain to calculate statistics of the amplitudes, direction change
and rise time of extreme ramp-like fluctuations. A comparison is made of the estimated
variables with the ECD load case of the IEC standard. From the comparison we find that
the amplitudes of these coherent structures do not exceed the amplitude of the ECD.
The amplitudes show no clear wind seed dependence at Høvsøre and Østerild, but at
Ryningsnäs the amplitudes increase with increasing wind speed. The direction change
may exceed that of the ECD, but for those events the rise time is a minute or more.
Chapter 5:
Here the first order reliability method is used with the Nataf distribution model to
construct a three-dimensional environmental surface of coherent gust variables, with a 50
year return period. The coherent gusts used are a subset of those described in Chapter 4.
They consist of observed wind-speed ramps from Høvsøre where the wind speed goes
from below rated wind speed to above, during the ramp.
We choose 21 points on the environmental surface that may potentially give high
loads, and simulate these using HAWC2. A yaw controller, specially developed for this
study, is implemented for more realistic loads. A comparison with the IEC ECD shows
that overall the loads are of the same magnitude as the simulated gusts, except for the
tower top yaw moment, which is 22% lower for the modeled gust compared with the IEC
gust.
Within the framework of large coherent gust model, it is found that the return period
of IEC gusts is approximately 15.000 years.
The effect of the yaw controller is most prominent for gusts with a long rise time.
Here loads are significantly reduced when the wind turbine yaws. For the short rise time

6.1 Future work
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gusts the maximum loads are unaffected by the inclusion of the yaw controller, as the
maximum loads are observed before the initiation of the yaw controller.

6.1

Future work

Future related work includes investigation and characterization of extreme short-term
shear associated with wind speed ramps. Load simulations of the events may then be
compared to the extreme wind shear load case of the IEC standard.
The newly developed yaw controller in HAWC2 opens up for interesting possibilities
for load analysis. E.g characterization of wind direction change for fatigue load analysis,
with focus on time scale of minutes that may be incorporated in turbulence simulations.
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