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Preface
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The enclosed CD–ROM contains the project report written in LATEX and Adobe c©
PDF formats, documents which the report refers to and MATLAB c© files containing
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Chapter 1

Introduction

1.1 Background

Wind power is growing in terms of installed power and share in the supply network.
Countries like Denmark, Spain and Germany are continuously increasing the installed
wind power. When it becomes a relevant contributor in the electrical network it
challenges the grid management and its stability. Even though it can be predicted
and forecast, variations over the average are significant; they introduce fluctuations
jeopardizing the stability. Wind has a stochastic behaviour which makes wind power
intermittent and non-dispatchable1 Due to the raise of conciousness on climate change
and clean energy production; utility energy companies with the support of the gov-
ernment invest more and more in wind power. Solutions have to be found to reconcile
strong wind power penetration with operability and stability.

Energy storage strikes the major problems of wind power. Joining energy storage
with wind power smooths and filters big variations improving the power quality. This
improvement is done in three different terms. Availability, variability reduction and
predictability. There are different methods of energy storage. Each method is suitable
for a specific time-scale and power scale. The methods can be distinguished also by the
reaction time, size, durability and cost. A study is needed to determine the optimum
storage method for a specific location.

Energy storage improves the strong peaks produced by turbulent winds, it reduces
large deviations from the average, the time scale of this reductions depends on the
storage capacity. It can smooth seconds to minutes. If a large energy storage is
implemented, long term load levelling could be obtained. That would allow wind
farms to act as a base power generator. The power production could be predictable
to nearly 100% for a certain period of time. [15]

1A Power source is dispatchable when the grid operators are able to turn it on or off upon demand.
Wind power is not dispatchable in the sense that it has to inject all the power available at the moment
in order to make it economic.
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CHAPTER 1. INTRODUCTION

1.2 Problem motivation

Considering the energy storage point of view, the technology used, the size of it, the
feasibility and its operation depends strongly on the nature of the power fluctuations.
At the same time the shape of the power produced by a wind turbine depends strongly
on the wind behaviour. Wind variations range on time-scales from ∼ 10s to years.
That variations will determine the power output. There are lots of studies investigating
the wind and its variations. Some fields use the turbulence models for loading studies,
others the large scale variations for weather forecasting and so on. There are plenty
of papers and books describing the models of wind turbine. However, studies that
combine both are few. And the existing ones just focus on the turbulence or the
production in large term.

Figure 1.1: Project scheme

The aim of this project is to develop a wind model that is able to determine a
range of variations from seconds to years and merge it with a generic wind turbine
model. The main objective is to achieve a model that provides realistic variations over
the mentioned range of time in order to use it for studies about the energy storage.
Figure 1.1 shows the overall picture of the scope of the project. This project develops
a portion of a bigger one. The project will just focus on the wind model and the wind
turbine model. The first will generate a signal consisting in wind speed and the second
will transform this signal in power. The parts treated are in orange colour.

The project is part of a big study of using the energy storage as smoothing of
wind power. The overall project also consider the battery, the combination of the two
inverters and the grid connection.
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CHAPTER 1. INTRODUCTION

1.3 Project goals

The project goals are defined here.

Wind model The main goal is to create a wind model that is able to represent a
large time scale variations, at least one second to years. This wind model has
importance because will influence the variations produced by the wind turbine.
Wind model has to be able to be modified by the user and it has to reflect to
reflect the conditions of the selected place.

Wind turbine model A Wind turbine model is needed to convert the wind speed
to power. The wind model has to be generic, in order to be used in different
wind turbines topologies. It has to consider the effects that affects the variations
in the same time scales as the wind model. Effects under few seconds are not
considered such as some generator dynamics or grid disturbances.

Conclusions The joining of the two models will be done and then studies about the
power variations will be made. The nature of fluctuations of the power will
determine the type of the storage that can be used or which fluctuations have to
be removed.

1.4 Project limitations

Here the project limitations are defined:

Wind model The wind model is programmed in Matlab and thought to be used in
a computer. If the model has to be implemented in real time system like dSpace
or similar it is not straight-forward to implement. Several modifications have to
be done. Model generate wind speeds in a text file that could be exported to a
real time system.

Wind turbine model Wind model is thought to be generic, it would not define
a detailed characteristic of the behaviour of the wind turbine. The generator
dynamics and the control strategy are not inside of the scope of the project. The
wind turbine model will define the conversion on wind speed to wind power. It
will be supposed that the turbine controls the generator and the reactive power.
So the output will be expressed just in terms of active power.
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CHAPTER 1. INTRODUCTION

1.5 Project overview

Introduction This chapter reviews the background of the project, the motivation of
it and its objectives and limitations.

Wind resource Here the wind is described and explained. The small variations along
with the big variations are dealt. A record of 20 years of continuous and real
data is used to illustrate the diverse phenomena of the wind.

Wind model This chapter defines the wind model proposed and then it is developed.
The turbulence models are explained and implemented. It proposes a method,
using previous wind data, to consider the large variations. The two models of
small and large variations are joined.

Wind turbine model Here is discussed the model of the wind turbine. Character-
istics that affect the power output are dealt. The major effects that affect the
power output are modelled. It is used a generic model.

Model verification In this chapter the model is verified with experimental data.
Measured data is compared with simulated data emulating it.

Conclusions The conclusions of the master theses are done in this chapter

Future work Possible improvements and further expansion of the theses is discussed.
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Chapter 2

Wind resource

Understanding the natural behaviour of wind resource is a key piece for wind power
generation, this chapter will deal with the description of how wind behaves in different
time scales and/or in diverse surfaces. In the nature of wind section a general picture
of variations and characteristics of wind is given. Then the wind behaviour is divided
in two components, the stationary part and the stochastic part both defined in following
sections. Summing up the definition of the turbulence behaviour is described.

2.1 The nature of the wind

The wind is the raw material for wind energy industry. Wind is renewable, clean and
free but also uncontrollable and -in some extension- unpredictable. The energy that
can be extracted from wind varies in a cube ratio of wind speed, that characteristic
worsen the variability of wind. The operation and stability of the mains requires
controllability of energy sources. So having a deep understanding of the nature of the
wind is mandatory when there is a big penetration of wind power in the electrical pool.

Variability is the most striking characteristic of wind resource. Variability is defined
geographically and temporally. In case of the time scale it is characterized by different
time components: annual, diurnal and short-term. This variations are stationary, well
known and predictable. They are defined in more detail in Stationary component
section.[4]

Global winds are generated by different pressure across the earth’s surface. This
difference is created due to the uneven heating of the earth by solar radiation. The
surfaces near to the equator receive greater radiation than the ones next to earth poles.
The type of surface also influences on the absorption of radiation, ice and snow have
a high reflection coefficient while forests have lower coefficient. The circulation of the
atmosphere that results from the uneven heating also is influenced by Coriolis forces.
The rotational speed is more or less 1700 km/h in the equator decreasing to zero in
the poles. Thus, depending on latitude, location, height and type of surface will affect
on the wind characteristic. [9]
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CHAPTER 2. WIND RESOURCE
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Figure 2.1: Van der Hoven spectrum [6]

The wind speed variations were studied by a leading paper by Van der Hoven [21].
He considered the wind speed as a continuous stationary time-varying signal with a
power-spectrum consisting of two peaks. Figure 2.1 is a reproduction of the original
figure calculated from Van der Hoven. There are three peaks in the spectrum. The
synoptic or macrometeorological1 peak around four days, the diurnal peak around
12 h and the turbulence peak around one minute. The synoptic peak represents the
variations of the global circulation of the air generated by the large scale atmospheric
phenomena. The turbulence or micrometeorological peak it is associated by “gusts” or
the turbulence generated by the ground surface. Van der Hoven paper demonstrated
that between the two main peaks there is a spectral gap centred around 1 cycle/hour
and extended trough 5 cycle/hour to 0.1 cycle/hour. The energy is concentrated in
the two main peaks. In the spectral gap few energy is concentrated. [6]

The spectrum was calculated with multiple data sources of different places and
different time scales2. Joining all this data removes the possible deterministic varia-
tions that could be on the place. A strong daily component of 24 should have been
detectable, but it is not represented on the spectrum (see Figure 2.1). [6]

1Large-scale atmospheric phenomena, as the general circulation of the air or global weather con-
ditions.

2The records consisted on 5 day, 1 day, 5h, 1
2

h and 10min averages with record lengths of 10
months, 6 months, 5 weeks, 50 and 5 h, respectively [6]. The records also were taken in three different
places with also different heights above the ground varying from 76m to 108m.
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CHAPTER 2. WIND RESOURCE

2.2 Stationary component

As mentioned in previous section, wind depends on surface heating. The axial’s tilt of
the earth combined with its orbital movement around the sun leads in a solar radiation
difference. That radiation depends on the latitude of the location. So at first sight
it can be deduced that will be a seasonal component. The rotation of the earth also
affects, the cycle of day/night obviously influences the surface heating generating a
day component. Following the convention, stationary variation of the wind can be
divide in:

• Inter-annual

• Annual

• Diurnal

Each stationary component will be discussed [4, 9]:

Inter-annual: Inter-annual variations occur in time scales greater than one year. This
component can affect considerably long term power production of wind power
plants. The pay-back of a large wind power plant can be seriously affected if
inter-annual variations are not considered or are miscalculated. In order to be
aware of the mean variation meteorologist generally conclude that a collection of
30 years data is needed. The inter-annual variations can be caused by the global
climate phenomena for example el niño, changes in atmospheric composition
resulting from volcanic eruptions, and sun spots. These variations, concerning
energy storage, are completely irrelevant because they far exceed the capacity of
storage.

Figure 2.2: Correlogram of day average

Page 7



CHAPTER 2. WIND RESOURCE

Annual: The annual variation is very noticeable. Generally the peak of wind speed
is produced during the winter and early spring. In almost all the places around
the world the seasonal wind variations are experienced. These effects are shown
in Figure 2.4, Figure 2.3 and Figure 2.2.
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Figure 2.3: Month average
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Figure 2.4: Month average of 20 years

Figure 2.3 illustrates the seasonal variations of the monthly mean, the data is
collected from Valkenburg (NL) [11]. The information extracted from this picture
is that variations can not be noticed just with one year of data, more than one
year is needed to notice them. The average of this four years shows the tendency.
Summer is the season that has lower month averages while winter has the highest.
The result of averaging 20 years of data is plotted in Figure 2.4. It is seen clearly
the difference in average between the different months.
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CHAPTER 2. WIND RESOURCE

Figure 2.2 shows a correlogram3 of day averages during 20 years. The seasonal
variation is noticed by the sinusoidal variation of the autocorrelation. The fre-
quency of this sinusoidal is more or less 365 lags (days). In the energy storage
point of view, annual variation have no relevance. Energy storage have not any
useful application in such a long time scale. This variations are useful for the
long term energy planing.

Diurnal: The stationary variations also occur during the day. Large wind variations
can occur on daily time scale. This variations are produced due to the day/night
cycle of sun radiation. It can be noticed that typical diurnal variation wind speed
increases during the day-light hours having the peak around two o’clock and the
lowest wind speed occur during the hours from midnight to sunrise. The largest
variations occur in spring and summer, and the smallest in winter. Figure 2.5
shows the hourly variations during one year, spring-summer and winter. The
difference between the lowest value and the highest in winter curve is much
lower than the in summer curve.

When an average is done during 10 years the curve present a smooth bell shape
with the peak at more or less two o’clock. The characteristic of the variations
depend on location and altitude above the sea level. The diurnal component is
followed also with discernible periodic components up to sixth harmonic of the
diurnal. The components are 12h, 8h, 6h and 4h. These variations are shown on
section 3.3.

Large energy storage, such as pumped hydro, can cope with day variations.
Energy storage could fit the wind daily variations to the daily load curve, trying
to storage when there is low demand and release when there is a peak demand.
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Figure 2.5: Hour average of winter, spring-summer and year.

3A correlogram is an autocorrelation plot. Autocorrelation of data is used as a tool to check if data
follows a certain pattern or it is random. The autocorrelation is studied in more detail in section A.1
where it is used for the spectrum calculation.
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CHAPTER 2. WIND RESOURCE

2.3 Statistical analysis of wind data

Wind speed variations during the year can be well characterized in terms of probability
distributions. this type of analysis relies on the use of probability density function
p(U), of wind speed. One way to define the probability density function of a wind
speed occurring between Ua and Ub is given by [9]:

p(Ua ≤ U ≤ Ub) =
∫ Ub

Ua

p(U)dU (2.1)

The total area under the probability distribution curve is given by:

∫ ∞
0

p(U)dU = 1 (2.2)

Weibull distribution has been found to provide a good representation for wind.
The Weibull distribution is defined by two parameters, the “scale parameter” c and
the “shape parameter” k. These two parameters can represent a wider variety of wind
regimes. Figure 2.6 shows the different Weibull distributions with different shape
parameters k, as the value increases, the curve has a sharper peak, indicating that
there is less wind speed variations. The Weibull probability density function and the
cumulative distribution function are given by [9]:

p(U) =
k

c

(
U

c

)k−1

exp

[
−
(
U

c

)k]
, for U > 0 (2.3)

F (U) = 1− exp

[
−
(
U

c

)k]
(2.4)
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0.15

0.2

Figure 2.6: Example of different Weibull distributions
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CHAPTER 2. WIND RESOURCE

The Weibull distribution has been calculated for the wind data record of 20 years
in Valkenburg (NL) and the distribution is shown on Figure 2.7. The parameters have
been calculated from the data. Weibull probability function has been plotted with
these parameters. As it is seen in the figure the distribution fits quite well with the
histogram of the data.
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Figure 2.7: Weibull distributions of 20 years of data

The parameters of the Weibull distribution can vary among the years. Each place
has a characteristic shape and it varies slightly year to year. Figure 2.8 shows the dis-
tribution of different consecutive years, this case from 1985 to 1988. The distributions
are very close one to the other, showing minimal variations.
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Figure 2.8: Weibull distribution of four years

Figure 2.9 illustrates how the Weibull parameters can variate from distant years.
This plot has been made by calculating the Weibull parameters of each year during
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CHAPTER 2. WIND RESOURCE

20 years and maximum and minimum parameters have been selected. The aim of
that plot is to highlight possible variation of the Weibull parameters and therefore the
variation of expected power production of the wind turbine or wind farm.
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Figure 2.9: Weibull distributions of max/min scale parameter in 20 years

In order to determine the parameters of the Weibull distribution the function wblfit
inside Matlab has been used. Three methods are explained and discussed in [16], the
analysis of them have been done considering wind speed data as input.

2.4 Turbulence variations

Even thought wind has strongly deterministic variations it also present strong ran-
dom behaviour, specially at lower time scales. Short-term wind speeds variations
include turbulence and gusts. The time-scale that turbulence and gusts are produced
is typically less than 10 minutes. Wind speed u can be described as a hourly mean
U (determined by the seasonal, synoptic and diurnal effects) with a superimposed
random turbulence with zero mean ũ. [9]

u = U + ũ (2.5)

The turbulence behaviour has to be understood for wind energy applications. The
fluctuations occur in all the three directions, longitudinal (the direction of the wind),
lateral and vertical [4, 9].The turbulence is generated mainly for two reasons. The
first one is “friction” with the ground surface; obstacles and topographical features
generate the turbulence [9]. Depending on how rough is the ground the turbulence
intensity will vary. The second source of turbulence is from the thermal effects that
cause air to move vertically [4]. Even thought the turbulence has random behaviour
it can be described with different patterns and features.
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Turbulence is a complex process and it is almost impossible to predict it with
deterministic equations. The movements of the turbulent mass of air obeys certain
physical laws, such as the conservation of mass, momentum and energy. But to describe
the turbulence with these equations it is necessary to take account the temperature, the
air density, humidity, pressure, etc. With all of this data it could be possible to define
differential equations that describe the behaviour of turbulent air masses. But record
all the variables is not always possible and even thought it could be possible to obtain
all the data needed to solve the differential equations; the smallest variation on the
initial conditions generates a huge difference in short time predictions. So for defining
this chaotic behaviour is much more useful to develop descriptions of turbulence in
terms of statistical properties. [4].

Turbulence models define the frequency components of the turbulent wind, depend-
ing on the height, turbulence intensity, ground surface, etc. The turbulence intensity
is a measure of the overall level of turbulence. It is defined in Equation 2.6 [4].

I =
σ

U
(2.6)

The standard deviation of wind speed variations is defined by σ and the mean
speed as U . The turbulent variations follows a normal distribution, with the standard
deviation σ centred in the mean of wind speed U . The roughness of the ground surface
and the height above of it influences the turbulence intensity. Also it is influenced by
the topographical features such as hills, mountains also with local features such as
trees or buildings. The thermal absorption of the surface near the wind turbine can
also generate some turbulence. When the air is heated enough by the surface it could
rise up through the atmosphere causing a convection cells and generate large-scale
turbulent eddies. [4]

The effects of the turbulence decreases when the distance above the ground is
increased. The effects of all these processes which are product of the interaction
between the ground become less noticeable. At certain height, the surface influence
can be neglected. The flow of the air masses are driven by synoptic4 scale pressure
differences and the rotation of the earth. The part of the atmosphere at lower altitudes
where the ground surface influences the behaviour of the wind is known as the boundary
layer. In subsection 3.2.1 the turbulence is described quantitatively. [4]

2.5 Chapter Overview

In this chapter the wind in their two components, the deterministic and the stochastic,
have been described. Wind can be considered as a sum of this components. Day
variation as well as stochastic variations are relevant for the energy storage point of
view. The following chapter will describe how the both components are modelled.

4The synoptic scale (also know as large-scale or cyclonic-scale) in meteorology defines the horizontal
length scale of the order of 1000km or more.
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Chapter 3

Wind model

In this chapter the wind model will be defined and designed. Here it is described the
mathematical formulas and physical description of the wind behaviour. First a general
view is done in section Model definition, later the spectrum calculation is defined, after
the turbulence model is presented and implemented and finally the wind generation
section is defined, here the method used to generate wind in time series is described.

3.1 Wind model definition

A good wind power model relies on the precision of a good wind model. The perfor-
mance of the wind model will determine the energy power output and therefore the
variations and the characteristics of it. In the point of view of energy storage, wind
has to cover many time scales and has to take in account different factors. The aim
of this model is to harmonise the small-scale variations together with the large-scale
variations. It has to include the deterministic variations and the turbulence.

Figure 3.1: Scheme of the wind model
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CHAPTER 3. WIND MODEL

Each wind farm or wind turbine location has their own landscape characteristic.
The meteorological behaviour is rather different. Even thought the small scale vari-
ations such a turbulence can be determined with the turbulence formulas, the large
scale variations are not trivial to determine with parameters or a simple formula. The
approach proposed is to calculate the spectrum of previous data in order to get the
characteristics in frequency domain. With this spectrum, a random time series is gen-
erated following it. The scheme is shown in Figure 3.1. In order to generate coherent
large scale wind variations, the patterns of variations have to be analysed. As shown
in Figure 3.1 when data is collected, the spectrum is analysed. The spectrum will
capture the frequency component of the stochastic and deterministic variations. It
shows the variance distributed in the whole frequencies.

Figure 3.2: Wind generation for diverse time scales

The spectrum will be as much precise as much wind data is introduced. Record of
many years will offer a good and precise representation of the different variations. If the
data in possession is not large enough the confidence of the spectrum will be reduced.
The Nyquist-Shannon sampling theorem also has to be taken in consideration. The
lowest variation characterised by the spectrum will be half of the sampled data. For
example; the seasonal variations are represented as sinusoidal with a frequency of 1
year. In order to distinguish this frequency in the spectrum, the sampled data has
to have a length at least of two years. The highest variation represented will be the
double of the sampling frequency.

How the data is collected has to be known. The wind speed data needs to be
continuous, it is decisive that there are no discontinuities. Data has to be ordered
hour by hour, day by day and month by month. When data is discontinuous the large
variations will be erased and the spectrum will display frequencies that does not define
the characteristic of the place. In case that data is scattered it has to be joined carefully
respecting the days and the hours. For example, if data is collected such that half a
year is removed and it is placed other months with the same season (winter-winter
instead of winter-spring) the one year sinusoidal will appear as a rectified signal. This
will add harmonics and the one year signal will not be displayed.

The spectrum calculated will be used for generating wind. Different time scales
should be able to be chosen. For lower time scales than the spectrum1 the turbulence

1When the spectrum is calculated the time scale of the used data is kept. So if the wind speed
data is sampled in hours, the spectrum will start from 2h till N/2 hours where N is the length of the
data.
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model will be used. If the spectrum represents hours, and the time scale desired
is seconds, the turbulence model will add seconds between each hour. As shown in
Figure 3.2 the model fills the gap between the hours, first with minutes and then with
seconds. The wind model accept wind data with the sampling times of days, hours,
minutes and seconds. If smaller time scale is selected than the spectrum; the model
will iterate and fill each following time scale with data generated by the turbulence
model. It behaves as a fractal generator.
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Figure 3.3: Wind speed in seconds, minutes and hours

1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

x 10
4

2.8

3.36

3.92

4.48

5.04

5.6

Seconds

W
in

d 
sp

ee
d 

m
/s

Wind speed in different time scales

 

 
Seconds
Minutes
Hours

Figure 3.4: Detail of wind speed

Figure 3.3 displays an output of the model. First the hour mean is generated,
represented in the figure as the red dots. Then, using the turbulence model the minutes
are generated between the hours. And finally the seconds are calculated and fitted
between the minutes. Figure 3.4 shows a detail of Figure 3.3. Turbulence intensity
increases with wind speed. If the variations of wind hour average are brusque, the
steps of hour to hour could be noticed. That is solved by interpolating. A series
of data is interpolated between the hour means. Then the wind speed generated by
the turbulence model is added to the interpolated data. Interpolation smooths the
transition between the discrete averages.
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3.2 Turbulence model

In this section the turbulence model is defined. The turbulence model will generate
the wind speeds for the lower time scales, such as minutes and seconds. Before defining
the spectra of the turbulence some parameters are needed to be defined. The main
variables that influences the spectrum is the height and the ground surface rough-
ness. The surface roughness is defined by z0. Most common values of this parameter
are shown in Table 3.1. The roughness length z0 is approximately one-tenth of the
maximum height of the surface being considered.

Type type Roughness lenght z0(m)
Very flat terrain (snow, desert, sea) 0.001 – 0.005
Open terrain (grassland, few trees) 0.01 – 0.05
Open farmland (some trees, few buildings) 0.03
Villages, suburban terrain (buildings 3 – 5m) 0.1 – 0.5
Wooded country side, forests, cities 0.5 – 0.7
Cities, dense urban area (buildings 10 – 30m) 1 – 5

Table 3.1: Typical terrain types and their surface roughness length z0 [4, 7]

The Danish standard DS472 [8] defines the turbulence intensity as:

Iu =
1

ln(z/z0)
(3.1)

Where z is the height above the ground and z0 is the surface roughness. The
standard deviation of turbulence σu is defined by:

σu = Iu · U (3.2)

3.2.1 Turbulence spectra

Previously the wind has been described as a probability function. It describes the
probability that certain magnitude of wind speed has; but it does not provide any
information about how quick it varies in time. In order to describe how it varies
during the time the spectral density, abbreviated as spectrum, has to be defined. The
spectrum defines how each frequency contributes to the variance (σ2

u). The function
Su is the spectral density function for u(t). If all the frequencies are integrated [7]:

σ2
u =

∫ ∞
0

Su(n) dn (3.3)

There are different meteorological models that shape the spectrum density. In
the fields of meteorology and wind engineering these models have been studied and
implemented. The most common models and widely used are von Karman/Harris
and Kaimal. This two formulas define the spectrum for the longitudinal velocity
component (parallel to the mean wind direction). Von Karman formula is described
in Equation 3.5. Kaimal spectrum density is described in Equation 3.4.
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Von Karman gives a good description of turbulence in wind tunnels while Kaimal
fits better to empirical observations in atmospheric turbulence [4]. Even though von
Karman formula may give better approach of atmospheric turbulence above 150m, it
has some deficiencies at lower levels [4]. Both models are implemented and they can
be chosen.

Kaimal :
nSu(n)
σ2
u

=
4nL1u/U(

1 + 6nL1u/U
)5/3 (3.4)

von Karman :
nSu(n)
σ2
u

=
4nL2u/U(

1 + 70.8
(
nL2u/U

)2)5/6
(3.5)

U represents the mean wind speed, L1u and L2u are the length scales. The ratio
between both are: L1u = 2.329L2u [4]. The length scale varies with both the ter-
rain surface roughness and the height above the ground. The horizontal length scale
according to the Danish standards [8] is specified:

L1u = 150m, or 5z for z < 30m (3.6)

10
−3

10
−2

10
−1

10
0

10
1

10
2

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Frequency in Hz

N
or

m
al

iz
ed

 s
pe

ct
ru

m
   

  n
S

(n
)/

σ
2

Kaimal and von Karman spectrum. 30m height

 

 
Kaimal
von Karman

Figure 3.5: Kaimal and von Karman normalized spectrum. 30m height

Figure 3.5 shows the two spectral models. They are represented with the normal-
ized spectrum. Kaimal model present a softer peak. Varying the mean wind speed
the curve moves to the x axis. If the speed is increased the peak moves in a higher
frequencies. Varying either the height or the surface roughness the turbulence inten-
sity is modified. It affects the variance, increasing or decreasing the amplitude of the
spectral peak. The conversion between the power spectral density to the time series
is described in section 3.4. There are different standards that defines the length scale
and the variance. Length scale used is defined by Equation 3.6.
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Figure 3.6: Turbulent wind speed. 30m hight, 10m/s average, z0 = 0.025m

7 8 9 10 11 12 13
0

0.03

0.06

0.08

0.11

0.14

0.17

0.19

0.22

0.25

0.28

Wind speed m/s

Pr
ob

ab
ili

ty
 d

en
si

ty

Normal distribution
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Figure 3.6 shows the turbulent wind generated with the kaimal power spectrum
formula. The mean wind speed selected is 10m/s at 30m height, the surface roughness
chose is z0 = 0.025m. The amount of time simulated is 1h. The variance increases
with the wind speed average and the surface roughness and decreases with the height
above the ground. The probability density function that best describes the turbulent
wind speeds is the normal distribution. Figure 3.7 illustrates a histogram of the wind
speeds generated with a normal distribution that fits the data.
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3.3 Spectrum calculation

Natural phenomena usually have variability that is frequency dependent. The analysis
of spectrum yield information about the physical mechanisms that are behind. Spectral
analysis is used in many areas to study how the variability is distributed. Here in this
section the method used for the spectrum calculation is defined. The method used is
the Blackman-Tuckey. This method was chose for the following reasons2:

• Autocorrelation is done as a intermediate step to calculate the spectrum. It is
an advantage to do so because it can be inspected. If deterministic periods are
suspected it represents them in the autocorrelation.

• When it comes to big amount of data (years of hourly mean data). The calcula-
tion with this method is easier to organise.

• The principal disadvantage is that is slower than methods based on FFT algo-
rithm, but computational time is not critical.

Detailed description of the Blackman-Tukey method and the steps in-between are
explained with detail in Appendix A. The characteristics of the spectrum represen-
tation depend on the window applied. Depending which truncation point the charac-
teristic of the spectrum will differ. As described in the appendix, the election of the
truncation point is a compromise between bias, confidence and bandwidth. A value
has to be chosen that balance this three characteristics. When a spectrum analysis is
done with a large data record, it is shown that there is not only a strong component
of 24h, also appears other small deterministic components with period of 12h, 8h, 6h,
4h. A detailed spectrum captures show this harmonics in Figure 3.8 where it can be
seen the frequencies of 24h, 12h and 8h and with further amplification on the small
periods of 8h, 6h and 4h are shown.
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Figure 3.8: Detail of spectrum with deterministic variations of 24h, 12h, 8h

Figure 3.10 illustrates the spectrum of a wind data record of 24 years taken in
Valkenburg (NL) [11]. At the first sight the year and the day component stand out

2The study of the macrometeorological spectrum was done in paper [6] and it had to deal also
with the calculation of large amount of wind data records. The advantages enumerated follow their
criterion.
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from the other ones, their variance are much more bigger compared to the others. A
small peak of 12h appears. Between the two main deterministic components of one
year and one day appears small variations. This variations resembles to pink noise.
The power spectral density of pink noise is inversely proportional to the frequency.

When a series of data have deterministic behaviour, as wind, the spectral analysis
is strongly dominated by them. This domination amplifies the deterministic variations
relegating the non-deterministic variations making them non-visible or smoothing them
in a non-realistic way. When the spectrum is analysed it is recommended to remove
this variations. Appendix B describes a method to eliminate this variations allowing
the non-deterministic to show up.
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Figure 3.10: Spectrum from Valkenburg (NL)[11]
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Figure 3.12: Macrometeorological spectrum

Figure 3.10 shows the spectrum calculated before the filter; components of 24h and
one year dominate the variance of the the data record. As shown on Figure 3.11 when
the filter is applied this components disapear and variations between them are shown
in more detail. They conserve their variance.

Figure 3.12 shows the spectrum in the normalized form, as it is presented in the
Van der Hoven [21]. The peak of the spectrum is around 126h, in the case of the Van
der Hoven it is 100h so the synoptic peak is quite similar to each other. Also the other
peak that can be noticed is the 12h hours peak. The spectrum resembles to the one
calculated by Van der Hoven. No smoothing techniques are applied so it appears big
spikes. Reducing the M/N ratio will smooth the spikes but some information may be
lost. Paper [6] and [3] go into depth about the calculation of the macrometeorological
spectrum.
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3.4 Wind generation

Once the spectrum is obtained it needs to be converted to time series. The algorithm
used to convert the power spectrum in time series was developed by Shinozuka in [18,
17]. For a given spectral density it generates a time series that follows this spectrum.
The way of structure the formula and the notation will follow the same as paper [12].

Ai =
2
π

√
1
2

[Svv(ωi) + Svv(ωi+1)] · [ωi + ωi+1] (3.7)

If it is considered ωI , i = 1, N + 1, the discrete angular frequency and Svv(ωi) the
corresponding values of the power spectral density. The harmonic at frequency ωi has
an amplitude Ai.

v(t) =
N∑
i=0

Ai cos(wit+ ϕi) (3.8)

The phase ϕi is generated randomly with a uniform distribution in the domain
[π,−π]. If a series of wind speed is wanted to be created, first a frequency array is
generated. If the time series has a length of 1, 2, . . . ,H a frequency array will be created
such as ωi = 2π(1/H). Then Equation 3.7 will be used to generate the amplitudes
of each frequency and Equation 3.8 will generate the wind speed series. Note that if
the number of hours wanted to be generated are bigger than spectrum frequencies the
index will exceed the spectrum. That is solved by sweeping the spectrum as many
times as the hours exceed the spectrum with new random phases created.
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Figure 3.13: Wind speed generated by Equation 3.7 and Equation 3.8

Figure 3.13 shows an example of hourly record calculated. The spectrum used was
previously calculated from wind record data [11]. As explained in section 3.1 lower
time scales are joined together.
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The procedure is the following: lets say that a time series of 10 hours with minute
resolution is wanted to be generated. First the hours are calculated through equations
3.7 and 3.8. When the hours are calculated a transition between them is interpolated
as seen on Figure 3.15. The interpolation is done by the “spline” method in order to
smooth it and get rid of undesirable peaks that could generate the linear interpolation.
Once the interpolation is done with the aid of the turbulence model the minutes are
generated and subsequently added to the transition. Final result can be seen on
Figure 3.14.

The same procedure is done with the seconds, but everything is iterated one more
time. First the minutes are generated the same way as mentioned in the last paragraph
and later on between the minutes a transition is made for the seconds and using the
same turbulence model the seconds are added. The result can be seen on Figure 3.16.
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Figure 3.16: Generated wind speed. Time scale in seconds

3.5 Chapter overview

In this chapter the wind model has been developed for large and small variations. For
large scale variations the spectrum has been used to generate a hourly time series of
wind speed. The turbulence models of Kaimal and von Karman has been added for the
lower time scales. The both models have been joined. Once the wind is characterized
the wind turbine model has to be developed to transform the wind signal to active
power. The next chapter deals with that.
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Wind turbine model

The goal of the chapter is to model the wind turbine taking account the elements that
influences the power output in the time scales relevant for energy storage. The topol-
ogy chosen for the model is the variable speed wind turbine in order to make some
assumptions that simplifies the model.

4.1 Introduction

The model of the wind turbine is responsible for transforming the signal of wind into
active power. There are many topologies in the industry that converts the wind power
into electrical power. Topologies can be subdivided by two main groups. Wind turbines
operating at fixed speed and wind turbines operating at variable speed. Fixed speed
wind turbines are connected directly to the grid. Synchronous speed is determined by
it. The main drawbacks of this topology are the mechanical stresses than can receive
from the grid and the low operability. [2]

Figure 4.1: Scheme of system.

On the other hand there are the variable speed wind turbines. The general scheme
is shown in Figure 4.1. This topology decouples the generator from the grid. Generator
and mechanical parts suffer less stresses. Possible grid disturbances are absorbed by the
converter. The converter can operate the generator in different synchronous speeds.
This improves the efficiency. This topology also provide good control, allowing to
comply with grid codes. The topology used for this project is the variable speed. It

27



CHAPTER 4. WIND TURBINE MODEL

is the most common right now and with that topology some assumptions can be done
in order to simplify the model. [2]

Wind turbine have different power response at different wind speeds. The power
curve of a wind turbine can be divided by four sections. This sections are shown
graphically in Figure 4.2.

1st section Wind speed is smaller than cut-in, it means that the power extracted is
not enough to operate normally. The wind speed is either too small to accelerate
the wind turbine or not enough to inject the power.

2nd section this section is called partial load. The wind speed is higher than the
cut-in and it is lower than rated speed. The turbine starts to operate when the
wind exceeds the cut-in. The power increases in a cube ratio of wind speed. The
tip speed ratio is kept constant at the level which gives the maximum power
coefficient, Cp, so the efficiency of the turbine is increased.

3rd section in this section wind speed is lower than the safe range limit, cut-out
speed, and higher than the rated one. The objective is to maintain the rated
output power. Here the pitch of the blades is modified in order to absorb just
the nominal power.

4th section wind speed is larger than the safe operation zone of the wind turbine.
The rotor will be braked and the power production will be zero.

Cut-in speed, nominal speed and cut-out speed are part of the specifications of a
wind turbine. There are different models that adapt this values in the area that they
will operate, in order to extract the maximum power as possible.

I II III IV

Figure 4.2: Power curve of a wind turbine

Page 28



CHAPTER 4. WIND TURBINE MODEL

The rotor of a wind turbine is responsible for power extraction. In other words,
this component determines the input power of the energy conversion system. Between
the cut-in speed and the rated speed the power and the torque are proportional to the
wind turbine rotor radius R, wind speed v, air density ρ. The power lies in the wind
can be expressed as follows [4]:

Pwind =
1
2
· ρ ·A · Cp(λ, β)v3 (4.1)

where:
ρ – air density [kg/m3]
Cp – Power coefficient
β – Pitch angle
A – intercepting area of the rotor [m2]
v – wind velocity [m/s]
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Figure 4.3: Power curve of a real wind turbine compared with the theoretical curve.

Figure 4.3 shows the power curve from one real wind turbine. The curve has been
obtained with experimental data. The slashed curve is calculated by Equation 4.1. The
Cp coefficient is considered the maximum. The dashed curve was plotted considering
that nominal speed is reached at nominal power.
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4.2 Power vs. wind spectrum

In this section the spectrum of generated power is compared with the measured wind
spectrum. The spectrum is calculated from real data1. The data file contains the
wind measured by the anemometer and the injected active power. The comparison
of both spectrums gives information of how the wind turbine modifies the spectrum.
Figure 4.5 shows a comparison of both spectrums in a time scale of up to 17 minutes.
At this time scale the shape of variance, as expected, is very similar. The difference
is a matter of amplitude. So it could be affirmed that for scales bigger than minutes
the spectrum of power and wind have the same shape.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

(a) Wind speed spectrum

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.05

0.1

0.15

0.2

0.25

N
or

m
al

iz
ed

 p
ow

er
 s

pe
ct

ru
m

 

Frequency [Hz]

(b) Power measured spectrum

Figure 4.4: Spectrum of power and wind (10s)
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Figure 4.5: Power and wind speed spectrum. Normalized spectrum

In small time scales the similarities are not expected to be the same. Figure 4.4a
shows the spectrum of wind for the time scale 1 second to 10 seconds. The variance

1The data used is from wind turbines from Bornholm. The sampling frequency is 10Hz and it
contains the measured wind from the anemometer and the injected power together with many other
data
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along this frequencies is almost constant with a slightly negative slope. To the contrary,
Figure 4.4b shows the power spectrum and it is decreased considerably. From 5s the
variance is almost zero. So below four seconds there are no main variations coming
from the wind turbine. These data was gathered when there was normal operation.
In some faulty operation that statements could be not true.

4.3 Proposed model

The time scales relevant for energy storage are beyond few seconds. The model should
focus on variations that are relevant to energy storage. The topology chosen is the
variable speed wind turbine. In this topology the the shaft dynamics and tower shadow
are hardly reflected in the grid side converter. This is achieved by the decoupling done
by the power electronics converter [19, 20]. The effects of the control are also below
a few seconds2, typically in the range of milliseconds. The energy stored in the rotor
is much more bigger than any element in the wind turbine. The inertia of it resist to
quick variations of wind.

Figure 4.6: Power and wind speed spectrum. Normalized spectrum

The inertia of the rotor can provide, depending the rotational speed and the size
of the wind turbine, 2–9s of nominal power [10]. Inertia can be considered as a energy
buffer. When the time scales are seconds it does affect the output. The scheme of
the proposed model is shown in Figure 4.6. The conversion between the wind and the
power will be done by means of look up table or Equation 4.1. The wind speed is
low-pass filtered, simulating the rotor inertia. Frequencies in wind smaller than the
inertia constant will be smoothed out. There are two approaches that can be done in
the model. The first one is use a look up table. This look up table can be extracted
from previous wind data and power. And second one is using Equation 4.1, in such a
way that for rated speed gives the rated power. The power will increase as the cubic
of wind speed.

4.3.1 Rotor filter

A filter has to be found to characterize the behaviour of the rotor. The parameters
to be found are: filter order and cutoff frequency ωc. The cut-off frequency will be
determined by the size of the rotor. Large rotors will have big inertia therefore the
cutoff frequency will be smaller. Paper [20] suggest that rotor behaves as a first order
low pass filter. The filter type chosen for the implementation is the “Butterworth
filter”, the frequency response is as flat as possible in the passband.

2Pitch control and yaw control can take time scales larger than seconds
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Filter order choice

The wind has been filtered using a first and second order Butterworth filter with
different cutoff frequencies. The wind has been converted to power using a look up
table. The look up table has been obtained analysing the experimental data. The
results are shown in Figure 4.7. The measured power output is represented with the
black curve. Figure 4.7a presents different periods Tc3 for a first order filter.
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Figure 4.7: Power spectrum simulated with different ωc and filter order

Figure 4.7b present the curves for a second order filter. The measured power is
plotted in black. For the first order filter the measured power lays between the periods
of 15s and 10s and for the second order it lays between 6s and 8s.Figure 4.8 shows
the spectrum calculated using a second order filter with the cut off period of 7s. The
curves fits quite well. So the rotor can be modeled as a second order filter with the
cut off period determined by the characteristic of the rotor.
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Figure 4.8: Power spectrum simulated. ωc = 7s, 2nd order

3Cut off frequency is defined by: ωc = 2πfc = 2π 1
Tc
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Figure 4.9: Filter effect produced by the rotor

Figure 4.9a shows the wind speed measured in a wind turbine by the anemometer.
The wind, as expected, present a high turbulence. A second order low pass filter
with a cutoff period of 7s has been applied. The result of the applied filter is shown
in Figure 4.9b. The results are shown in Figure 4.10. The power output is obtained
using a look up table (The power curve is shown in Figure 4.3). This look up table was
calculated previously comparing the input wind speed and the output active power of
the real data. Both curves have a similar shape.
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Figure 4.10: Active power measured and calculated
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4.4 Chapter overview

In this chapter the model of the wind turbine has been described. It has been used
a simple model. The turbine is considered to keep the shape of spectrum for large
time scales and for small time scales it has been considered as a second order filter.
It smooths variations smaller than the inertia constant of the rotor. Real data results
have been compared with the simulated ones. Both the wind model and the turbine
model have been developed in this and the previous chapter. Next chapter will verify
them.
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Chapter 5

Model verification

In the previous chapters the wind model and the wind turbine have been developed.
Here in this chapter the models created before are tested and the results are compared
with real measured data.

5.1 Introduction

The procedure to verify the model is represented on Figure 5.1. Measured data from
a wind turbine is used, this data contains the wind speed measured in the nacelle and
the injected active power by the turbine. First of all the spectrum of the measured
wind is calculated and secondly wind is generated following this spectrum. The wind
generated is passed through the wind turbine model generating the active power.

comparisonco
m
pa
ris
on

Figure 5.1: Verification scheme

35



CHAPTER 5. MODEL VERIFICATION

5.2 Verification

Firstly measured data from a wind turbine was gathered. It is sampled each 10ms
during four hours. Secondly the spectrum is calculated from this data (it is shown in
Figure 5.2). The variance of the spectrum is decreasing as the frequency is increased.
The lower time scale measured is 1 second and the maximum is 17min. Secondly a
time series of this spectrum is calculated. Each value represents a sample of 10ms so
a record of 6000 samples conforms 10 minutes.
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Figure 5.2: Spectrum calculated from measured wind speed

Figure 5.3a shows a portion of the measured data. The data is quite turbulent
due to the smaller time scales. Next to it is Figure 5.3b, this figure presents the
data simulated by the model. The main difference between both figure is that the
simulated one has high frequency components with higher variance. It does present a
more turbulent wind. It conserve the same average and it can be seen that simulated
data presents a low frequency component, with no relevancy for energy storage.
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Figure 5.3: Measured and simulated wind speed
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The high variations presented by the simulated wind will be removed by the wind
turbine. The inertia of the rotor will remove them. Figure 5.4a shows the active
power output of the wind turbine for wind speed of Figure 5.3a. Next to that figure
is the simulated power output for the wind speed shown on Figure 5.3b. The power
output does not differ as it does in the wind. At naked eye it can be seen that the
variations presented by the simulated and the measured present a similar frequency
and shape. The only difference is that in real data there is a small ripple indicating a
high frequency with small variance.
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Figure 5.4: Measured and simulated active power

The model has the same variance and shape as the measured data. It does behave
as a wind power emulator. This figures just show a window of 10 minutes. For larger
time scales bigger variations are produced. But the data in possession is up to 4 hours,
it cannot reflect properly in the spectrum phenomena that occur in scale larger than
30minutes, that is the reason why a small time scale has been chosen.
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Conclusions

Study of the wind variations have been done. Experimental data of 24 years have
been used in order to analyse the nature of the wind. How the wind changes in the
time scale and which are the relevancy for the energy storage has been studied. Using
the information extracted from the analysis of this data, a model of wind has been
implemented. The model is able to reflect the large variations and the turbulence
behaviour of the wind. As a summary:

Calculate spectrum It calculates the spectrum from given wind data. That is useful
to check which frequencies are the most influential.

Generate wind the model is able to generate wind from a given spectrum. The
spectrum is used for the large variations, and the turbulence models for the
small time scales.

The wind model has been joined with the wind turbine model. The wind turbine
has been considered as scaling factor of the cube of filtered wind speed. The filter that
models the rotor inertia is found to be as a second order filter. The simulated power
has been compared with the measured power matching the results.

Conclusions regarding energy storage:

- Wind has a strong daily component.

- The variance of the power and wind decreases while the frequency is increased.

- The wind resembles to pink noise with the deterministic variations.

- For time scales bigger than minutes the shape of wind spectrum is the same as
the power spectrum.

- Time scales lower than rotor inertia constant are not relevant in normal opera-
tion.
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Future work

The project can be extended in different ways:

- Use different methods of implementing the turbulence models.

- Model implementation for real time system. The implementation could be done
in a real time platforms as dSpace

- Implement a wind park model. Simulate the power output when more than one
turbines are added.

- Implement the algorithm in a lower level language such as C/C++. It could
improve the efficiency

- The wind generated with the actual model follows a normal distribution. There
are methods that generate a signal from a specified spectrum with a specific
pdf (probability density function). Weibull pdf is which defines better the wind
behaviour. References [14] and [13] provides a method to do so.
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Spectrum calculation

In this appendix the mathematical procedure for the spectrum calculation is explained.
The book “The analysis of time series, an introduction” from “Chris Chatfield” is used
as a reference in all the appendix [5]. The notation used follows the book notation.

A.1 Autocorrelation

Autocorrelation measures the correlation between the observations at different dis-
tances apart. Positive correlation shows a tendency for a system to remain the same
state from one observation to the next. Figure A.1 is a autocorrelation plot with a
lag of one week in hours. At small lags, wind speed values are similar. Further on
the correlation coefficient decreases but follows a pattern of diurnal variations. If an
autocorrelation is done in a series of white noise data, it will appear a straight line
in the zero axis.Equation A.1 gives the autocorrelation coefficient rk with lag k for N
reasonably large. [5]

rk =

N−k∑
i=1

(xi − x)(xi+k − x)

N∑
i=1

(xi − x)2
(A.1)

where x = 1
N

N∑
t=1

xt is the overall mean.

The autocovarience is defined by Equation A.2

ck =
1
N

N−k∑
t=1

(xt − x)(xt+k − x) (A.2)

Where ck is the autocovariance coefficient at lag k.
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If equations A.1 and A.2 are joined, the autocorrelation at lag k can be related to
the autocovariance [5][5]:

rk = ck/c0 (A.3)

Where c0 is the autocovariance at lag zero, that is the same as the variance.
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Figure A.1: Autocorrelation Lag= 7 days. 20 years of data

A.2 Spectral distribution function

A time series like wind can be defined as[5]:

Xt =
k∑
j=1

Rj cos(ωjt+ θj) + Zt (A.4)

Where Rj is the amplitude at frequency ωj . Following the series theorem of Wiener-
Khintchine: any stationary stochastic process with autocovariance function (acvf)
γ(k), exists a monotonically increasing function, F (ω), such that:

γ(k) =
∫ π

0

cos(ωk)dF (ω) (A.5)

Equation A.5 is called the spectral representation of the autocovariance function,
and F (ω) is defined as spectral distribution function. The physical interpretation of
F (ω) is the contribution to the variance of the series by frequencies in the range of
(0, ω). The limit of frequency is π this is the Nyquist frequency. If the process is
measured in units intervals the highest possible frequency is twice the unit interval, or
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1
2f , then ω = 2πf = π. Being π the maximum frequency, all the variations occur in
lower frequencies, that implies:[5]

F (π) = var(Xt) = σ2
X (A.6)

As it is announced in the Wiener-Khintchine, the function F (ω) increases mono-
tonically between ω = 0 and ω = π resembling a cumulative distribution function. If
F (ω) is dived by the variance, the normalized spectral distribution function is found.[5]

F ∗(ω) =
F (ω)
σ2
X

(A.7)

F ∗(ω) gives the variance as per unit. Like the cumulative distribution function the
maximum value is one and is reached in π.

A.3 Spectral density function (spectrum)

If the spectral distribution function is differentiated the spectral density function is
achieved.

f(ω) =
dF (ω)
dω

(A.8)

Power spectrum is the reduced expression for “power spectral density function”. Word
“power” is often omitted. It comes from the application of spectral analysis in electrical
engineering. For a sinusoidal input, the power is directly proportional to the squared
amplitude of the oscillation. For more general input, and in the case of study -the
wind-, the word “power” is equivalent to “variance”.[5]

A plot of f(ω) against ω represents the variance as a function of frequency. If
f(ω) is integrated over some increment of frequency the variance associated with that
range of frequencies is obtained. If a peak is presented in the spectrum it means that
frequencies on that peak contributes with a high variance. In the case of wind, it
can be seen on Figure 3.10 at section 3.3 that day and year frequencies are the major
contributors to variance.[5]

Theoretical “white noise” is characterized by an even distribution of variance along
the frequency axis.

A.3.1 Relationship between autocovariance and spectrum

Equation A.5 express the autocovariance in terms of cosine transform of increments of
the spectral distribution function. That relationships also can be expressed in terms of
spectral density function, or spectrum, using Equation A.8 yielding with the following
equation [5]:

f(ω) =
1
π

[
γ(0) + 2

∞∑
k=1

γ(k) cos(ωk)

]
(A.9)
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The spectrum is defined as the Fourier transform of the autocovariance. The
Blackman-Tukey method of spectral estimation use this relationship. The spectrum
can be normalized by dividing it by the variance σ2

X . Normalized spectrum has a area
of 1.

f∗(ω) =
f(ω)
σ2
X

(A.10)

If Equation A.9 is divided by the variance:

f∗(ω) =
1
π

[
1 + 2

∞∑
k=1

ρ(k) cos(ωk)

]
(A.11)

A.3.2 Blackman-Tukey method

The method estimation consist of taking the Fourier transform of a truncated sample
of the autocovariance using a weighting function. The autocovariance ck precision is
reduced when the lag k is increased. The weighting function will give less importance
to autocovariance as the lag increases. The spectrum then is calculated[5]:

f̂(ω) =
1
π

{
λ0c0 + 2

M∑
k=1

λkck cos(ωk)

}
(A.12)

Where λk is a set of weights called lag window. M is the truncation point. Compar-
ing Equation A.12 with Equation A.9 it is seen that the values of the autocovariance
between M < k < N are no longer used, while values between for k ≤M are weighed
by a factor of λk. Different lag windows can be used, but the one used in the method
is the Tukey window. It is defined by Equation A.13.[5]

λk =
1
2

(
1 + cos

πk

M

)
k = 0, 1, · · · ,M (A.13)

Figure A.2 shows a Tukey window of width M=20.

As seen on Figure A.2 the weight decreases in a bell shape curve from the maximum
weight one at lag zero to minimum weight at lag M.

Selection of the truncation point M

Choosing the truncation point M affects the bias, variance and the bandwidth of
the spectral estimates. There is no deterministic function that specifies which value
has to be. The election of the value is a compromise between bias, confidence and
bandwidth. It has to be chosen subjectively so as to balance the “resolution” against
the “variance”. [5]

Bias When M tends to be small the tendency of spectral estimates is less extreme than
the true spectrum. If M is lower the increased bias is manifested in “flattening

Page 44



APPENDIX A. SPECTRUM CALCULATION

0 2 4 6 8 10 12 14 16 18 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
ei

gh
t  

 λ
k

Lag k

Tukey window M=20

Figure A.2: Weights in Tukey windows of width of M=20

out” the estimated spectrum, the peaks are not hight as they should be. If M
tends to be big the spectrum estimate will highlight the dominating frequencies
narrowing and increasing them. Then M is big the resolution is reduced, dom-
inant frequencies are more amplified than they should be in detriment of lower
frequencies.

Confidence bands The confidence interval of the estimated spectrum is narrowed
when M is reduced. Big values of M will wider the confidence interval reducing
the precision of the estimated spectrum.

Bandwidth Bandwidth can be roughly defined as the width of the spectral window,
it limits the resolution in frequency. If the bandwidth is wide, similar frequencies
might not be distinguishable. Bandwidth is a function of the truncation point
M. Lowering the value of M it broadens the bandwidth. The ration is expressed
by Equation A.14.

bw =
4

3M
(A.14)

Summarizing, the if M is too small important characteristics may be smoothed out
if is too big the variance can become too erratic.

Guidelines for choosing M

Some guidelines are proposed by [5]. The ratio of M/N should stay the range of
1/20 < M/N < 1/3. The asymptotic consideration that has to be in mind is M →∞
and N → ∞ then M/N → 0. The best approach is to calculate both extremes and
then decide a third value between conciliating the extremes. A low value of M will
give an approach where are the large peaks, but the curve is likely to be too smooth,
obviating some variations. A high value will is likely to generate a curve that will be
a large number of peaks and variations, some of which may be fictitious. [5]
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Figure A.3 shows the spectrum calculated with M/N = 2 wich means that M has
a big value. As the figure shows the frequencies of one day and one day have a rel-
evant amplitude comparing to the others. The variance of this two frequencies are
not reflecting the real one there are much more amplified, details of other variations
are smoothed out. Figure A.4 shows the spectrum with M/N = 10 the value is in
the middle of the two extremes, the two main variations can be distinguished but
the in-between variations have more relevance and the frequency of one year has been
widen.Figure A.5 has been calculated with a very low value of M and it does not repre-
sent proper the one year variation as the bandwidth has increased (year variation has
a low frequency). The difference between the amplitude of daily and yearly variations
with the others has decreased noticeable compared to Figure A.3. [5]
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Spectrum filtering

Wind has two strong variations. The seasonal variation composed by a sinusoidal of
one year frequency and a daily variation composed by a sinusoidal of 24h frequency.
This two trends should be removed from the data. If this is not done, the results
of the spectral analysis will be strongly dominated by this two effects, making any
other effects difficult to see with detail or impossible to see. Here in this appendix,
the method used to remove this deterministic components will be explained. Paper [6]
describes how to remove the periodic components.

B.1 Finite Fourier series smoothing

This method is used for the smoothing of the two periodic signals. This method is
developed and compared in paper [1], this appendix will describe it briefly. If it is
assumed that wind is a vector data sequence such as:

y(n) = χβ(n) + S(n) + γ(n) (B.1)

Where χβ(n) is known, n is the hour of observation from the start of sequence,
and N is the total number of consecutive (hourly) observations in the data sequence.
We assume that the data sequence y(n) consist of the periodic component S(n)(n =
1, 2, . . . , N) the we wish to remove. γ(n) represents a random error, which it will be
considered as zero. [1]

Any discrete function of even period k (in the case studied k = 12, 24, 8766) has
the Fourier series representation [1]:

S(n) =
a0

2
+

( k
2 )−1∑
j=1

{
aj cos

(
2πjn
k

)
+ bj sin

(
2πjn
k

)}
+
ak/2

2
cosπn (B.2)
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Figure B.1: Comparison of autocorrelation of wind data

The coefficients aj , bj are calculated by [1]:

aj =
2
N

N∑
r=1

y(r) cos
(

2πrj
k

) (
j = 1, 2, . . . ,

k

2

)
(B.3)

bj =
2
N

N∑
r=1

y(r) sin
(

2πrj
k

) (
j = 1, 2, . . . ,

k

2
− 1
)

(B.4)

Once the coefficients are calculated from the wind data record y(n) they are placed
in Equation B.2 in order to get the periodic signal S(n). Wind data with no deter-
ministic variations is calculated removing the signal S(n). New series of wind data is
used y(n) = y(n)− S(n). In order to avoid k-periods in the signal, data record has to
be much more bigger than the period wanted to be removed N � k. [1]
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Figure B.2: Autocorrelation of filtered and original wind data
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Figure B.2 shows the autocorrelation of the original data and the filtered one. Lag
is represented in hours. The figure express itself. The thickness of the non-filtered
curve is due to the hour variations. When the filter is applied just remains the “noise”
attached to this two sinusoids.

Figure B.3 shows the spectrum calculated before the filter; components of 24h and
one year dominate the variance of the the data record. As shown on Figure B.4 when
the filter is applied this components disappear and variations between them are shown
in more detail. They conserve their variance. If the spectrum is calculated in the
range of 24h or 12h the variations will appear, but very reduced. Applying the filter
will smooth them significantly but they will not be removed completely. As seen on
Figure B.1a there is still some slightly variations, but with lower amplitude compared
with Figure B.1b.
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B.2 Graphical interface (GUI)

Figure B.5: Wind generator tab. Graphical interface

A graphical interface has been implemented for the wind and power model. The
GUI has been developed with the GUIDE tool provided by Matlab. This tool enables
the developer to design a GUI to interact with the user. The graphical interface has
been divided by three regions. The first one is seen in Figure B.5. It is possible to
generate the wind with the specified characteristics. Before generating the wind the
spectrum has to be loaded. Once the spectrum is load then the amount can be chose.
The resolution has to be specified. On the right of the window there is the Kaimail
and the von Karman turbulence model together with the parameters that need to be
filled. Figure B.6 shows the tab where the spectrum is calculated. The wind speed
data has to be loaded first. Once loaded the limits where the spectrum wants to be
calculated have to be selected. Then the resolution has to be chosen and the M/N
ratio. Both the spectrum and the wind can be saved as a .mat file for further analysis
or can be exported as a figure, PDF and many others bitmap formats. Figure B.7
shows the tab for the power generation. It can load a power curve and calculate the
power from the wind.

NOTE: If the program is ran under any Windows OS, the user should rise the priority
of Matlab in the task manager. Windows has a poor scheduling manager. If that is not done
windows will set Matlab a low priority and the calculations will be too slow. If the user wants
to analyse a spectrum with a lot of wind data or wants to generate a huge amount of wind
data Matlab should definitely be raised on priority. If the PC possesses a dual core, it is
recommend to put Matlab is the highest priority and it will run in one core leaving the rest of
cores for the other software. If the processor posses just one core, maximum priority should
not be setted or it will collapse the operating system during the calculations.
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Figure B.6: Spectrum calculation tab. Graphical interface

Figure B.7: Power generation tab. Graphical interface

Page 53





Appendix C

Wind generation algorithm

Here in this appendix the main algorithm of wind generation is explained. Some code inside
this function regarding to the GUI has been erased to facilitate the reading.

function generate wind ( handles , amount , r e s o l u t i o n , t u r b s e t t i n g s )
global spectrum data
global spec t rum fs
global wind f s
global wind data
global cance l wind
global save vh
global i n t e r p d a t a
global w mean
%s p e c t r u m f s (1)= v a l u e −− s p e c t r u m f s (2)= type
%spectrum data ( ampli tude , time )
%amount/ r e s o l u t i o n (1)= v a l u e −− amount/ r e s o l u t i o n (2)= type
%type : 1−seconds , 2−minutes , 3−hours , 4−days

s i z e t i m e=amount ( 1 ) ;
switch spec t rum fs (2 ) %I f spectrum d e f i n e s seconds time s e r i e s

case 1
switch amount (2 ) %Converts in seconds the time s c a l e s e l e c t e d in the amount

case 2
s i z e t i m e=amount ( 1 )∗6 0 ; %minutes

case 3
s i z e t i m e=amount (1 )∗60∗60 ; %hours

case 4
s i z e t i m e=amount (1)∗60∗60∗24 ; %days

end
case 2

switch amount (2 ) %Converts in minutes the time s c a l e s e l e c t e d in the amount
case 3

s i z e t i m e=amount ( 1 )∗6 0 ; %hours
case 4

s i z e t i m e=amount (1 )∗60∗24 ; %days
end

case 3
switch amount (2 ) %Converts in hours the time s c a l e s e l e c t e d in the amount

case 4
s i z e t i m e=amount ( 1 )∗2 4 ; %days

end
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end

%Here the wind w i l l be genera ted . I f the r e s o l u t i o n i s s m a l l e r than the
%spectrum u n i t s i t w i l l use the t u r b u l e n c e model to genera te the lower time
%s c a l e s . I t w i l l i t e r a t e u n t i l the s e l e c t e d time s c a l e i s reached .

wind data =0; w ind f s =0;
vh=0;sum=0; vt =0;

s=f l i p d i m ( spectrum data , 1 ) ; %S t a r t i n g from the h i g u e s t f r e q u e n c i e s

%Number o f t imes t h a t the spectrum has to be swept
%( In case t h a t the amount i s b i g g e r than the in format ion
%i n s i d e o f the spectrum )

i d i v=i d i v i d e ( in t32 ( s i z e t i m e ) , s ize ( s , 1 ) ) ; %I n t e g e r d i v i s i o n
rem=mod( s i z e t i m e , s ize ( s , 1 ) ) ; %Remainder

i f rem ˜= 0
rep=i d i v +1;

else
rep=i d i v ;

end

i f s i z e t i m e > s ize ( s , 1 )
s i z e t i m e=s ize ( s , 1 ) ;

end

%% WIND SPEED GENERATED FROM THE SPECTRUM
while ( rep>=0) %R e p e t i t i o n s

t =1:1 : s i z e t i m e ;
h=1./ t ;
f i =pi−2∗pi∗rand ( s ize (h , 2 ) , 1 ) ; %Array o f random phases

%Generates the ampl i tudes f o r each f requency
for i =1:( s ize (h ,2)−1)

sum=(s ( i ,1)+ s ( i +1 ,1))∗2∗pi ∗( s ( i +1,2)− s ( i , 2 ) ) ;
A(1 , i )=(2/pi )∗abs ( sqrt ( 0 . 5∗sum ) ) ;

end

%A c t u a l i z e the waitbar , t e l l what i s c a l c u l a t i n g
set ( handles . frm waitbar wind , ’ T i t l e ’ , [ ’ Generating ’ , . . .
name time ( spec t rum fs ( 2 ) ) , ’ . . . ’ ] ) ;

%Generating the time s e r i e s , each v a l u e f o r each time
for i =1: s ize ( t , 2 )

sum=0;
for e =1:( s ize (h ,2)−1)

sum=sum+ A(1 , e )∗ cos (2∗pi∗ s ( e , 2 )∗ i+ f i ( e , 1 ) ) ;
end
vh (1 , i )=sum ;

end

%Add to the v e c t o r wi th the p r e v i o u s c a l c u l a t e d v a l u e s
i f vt==0
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vt=vh ;
else

vt =[ vt ( : ) ; vh ( : ) ] ’ ;
end
vh=0;

%Stop i f a l l t he v a l u e s are ach ieved
rep=rep −1;
i f ( rep==1) && (rem˜=0)

s i z e t i m e = rem ;
end
i f rep==0

break ;
end

end

vh=vt ;
vt =0;

vh=vh+w mean ; %Add the mean wind speed

%I f t h e r e i s some n e g a t i v e v a l u e
%And o f f s e t w i l l be added
i f min( vh ) < 0

vh=vh+ abs (min( vh ) ) ;
end

save vh=vh ;
u=spect rum fs (2)− r e s o l u t i o n ( 2 ) ; %Number o f i t e r a t i o n s f o r the t u r b u l e n c e model
wind data=vh ;
w ind f s=spec t rum fs ( 2 ) ;
u inv=f l i p l r ( 1 : u ) ;

%TURBULENCE MODEL
%Repeat u n t i l i t i s ach ieved the d e s i r e d
%time s c a l e
while (u>0)

wind f s=spec t rum fs (2)− u inv (u ) ;
set ( handles . frm waitbar wind , ’ T i t l e ’ , [ ’ Generating ’ , name time ( spec t rum fs (2)− u inv (u ) ) , ’ . . . ’ ] ) ;
drawnow ;
i f u == 3 %I f i s days g e n e r a t e s 24 p o i n t s ( hours )

t =1 :1 : 24 ;
else %I f i s e i t h e r minutes or seconds

t =1 :1 : 60 ;
end
%Array o f f r e c u e n c i e s f o r t u r b u l e n c e spectrum
n=logspace ( −3 ,0 ,100) ;

for a=1: s ize (vh , 2 )

%The mean wind speed f o r the t u r b u l e n c e model
%i s s e l e c t e d to be the average o f the a c t u a l
%v a l u e and the next
i f a<s ize (vh , 2 )

w mean=(vh (1 , a)+vh (1 , a +1))/2;
else

w mean=vh (1 , a ) ;
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end

%Generates an array o f numbers 0.001 to 1 in a l o g a r i t m i c s c a l e
f r e q=logspace ( −3 ,0 ,100) ;
%R e t r i e v e the t u r b u l e n c e spectrum
Su k=turbulence mode l (w mean , t u r b s e t t i n g s , f r e q ) ;
sum=0;
A=0;
%Generating the ampl i tudes
for i =1:( s ize ( Su k ,2)−1)

sum=(Su k ( i )+Su k ( i +1))∗( f r e q ( i +1)− f r e q ( i ) ) ;
A(1 , i )=2/pi∗abs ( sqrt ( 0 . 5∗sum ) ) ;

end
%Array o f random phases
f i =pi−2∗pi∗rand ( s ize ( Su k , 2 ) , 1 ) ;
v=0;
%Generating the time s c a l e
for i =1: s ize ( t , 2 )

sum=0;
for e =1:( s ize ( Su k ,2)−1)

sum= sum+ A(1 , e )∗ cos (2∗pi∗n (1 , e )∗ i+ f i ( e , 1 ) ) ;
end
v (1 , i )=sum ;

end

%Adding to the v e c t o r
i f vt==0

vt=v ;
else

vt =[ vt ( : ) ; v ( : ) ] ’ ;
end

end

l a s t v a l u e=vh ( s ize (vh , 2 ) ) ;
vh ( s ize (vh ,2)+1)= l a s t v a l u e ;
%I n t e r p o l a t i n g the data between the v a l u e s o f wind speed
%p r e v i o u s l y c a l c u l a t e d from the spectrum
vh in t rp=interp1 ( 1 : s ize (vh , 2 ) , vh , linspace (1 , s ize (vh , 2 ) , s ize ( vt , 2 ) ) , ’ s p l i n e ’ ) ;
i n t e r p d a t a=vh int rp ;
%Adding the t u r b u l e n t wi th the i n t e r p o l a t e d v a l u e s
vh=abs ( vt+vh int rp ) ;
wind data=vh ;
vt =0;
u=u−1;

end

%Turbulence spectrum
function turbu l ence psd = turbulence mode l (w mean , t u r b s e t t i n g s , f r e q )
%t u r b s e t t i n g s : 1− Surface roughtness , 2− Height , 3− Lat i tude , 4 − Model

U=w mean ; % Mean wind speed [m/ s ]
l a t=t u r b s e t t i n g s ( 3 ) ; % L a t i t u d e
z=t u r b s e t t i n g s ( 2 ) ; % Heigh [m]
z0=t u r b s e t t i n g s ( 1 ) ; % Surface Roughness l e n g h t s

Iu=1/log ( z/z0 ) ; % F r i c t i o n v e l o c i t y in boundary l a y e r
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s i g u=Iu∗U;

%Lenght s c a l e accord ing
%to the danish s tandards
i f z<20

L1u=5∗z ; %20∗ z ;
else

L1u=150; %600
end

L2u=L1u / ( 2 . 3 2 9 ) ;
n=f r e q ;

switch t u r b s e t t i n g s (4 )
case 1

%Kaimal
Su k =((4∗L1u)/U) ./((1+6∗n∗L1u/U) . ˆ ( 5 / 3 ) ) ∗ ( ( s i g u ) ˆ 2 ) ;
turbu l ence psd=Su k ;

case 2
%Karman
Su kar =((4∗L2u)/U) . / ( ( 1+70 . 8∗ ( n∗L2u/U) . ˆ 2 ) . ˆ ( 5 / 6 ) ) ∗ ( s i g u ) ˆ 2 ;
turbu l ence psd=Su kar ;

end

%Name the time
function name time=name time ( number )
switch number

case 1
name time=’ seconds ’ ;

case 2
name time=’ minutes ’ ;

case 3
name time=’ hours ’ ;

case 4
name time=’ days ’ ;

o therw i s e
name time=’ ’ ;

end
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Spectrum calculation
algorithm

function spectrum = spect rum ca lc ( data , f r eq , n lags ,M, handles )
global c a n c e l s p e c t ;

N=s ize ( data , 1 ) ;
%C a l c u l a t e s the autocovar iance
c k=autocor r ( data , n l a g s )∗ var ( data ) ;
%Variance
c 0=var ( data ) ;
%Tukey window c a l c u l a t i o n
l k =0.5∗(1+cos ( ( pi ∗ ( 0 :M) ) . /M) ) ;

%Sweeps the data and g e n e r a t e s the var iance
%f o r each f requency
for i =1: s ize ( f req , 2 )

sum=0;
for e =1:M

sum=sum + l k (1 , e )∗ c k ( e , 1 )∗ cos ( f r e q (1 , i )∗ e ) ;
end
spectrum ( i ,1)=( c 0+2∗sum)/ pi ;

end
end

function d a t a f i l t=f i l t e r d e t ( data , handles )
K=[8766 24 1 2 ] ; %per iod [ year day 12h ]

y=data ;
N=s ize (y , 1 ) ;

for i =1: s ize (K, 2 )
k=K( i ) ;
a=0;b=0; f =0; r =0; j =0;sum=0;S=0;
for r =1:N

sum=sum+y ( r )∗ cos ( (2∗ pi∗ r )/ k ) ;
end
a=sum∗(2/N) ;
sum=0;
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for r =1:N
sum=sum+y ( r )∗ sin ( (2∗ pi∗ r )/ k ) ;

end
b=sum∗(2/N) ;

n=1:N;
S=a∗cos ( (2∗ pi .∗n)/ k ) + b∗ sin ( (2∗ pi .∗n)/ k ) ;
y=y−S ’ ;

end
d a t a f i l t=y ;

end
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Nomenclature

β Pitch angle

U Mean component of wind speed in the long-wind direction. Typically taken over a
period of 10min or 1h

ρ Air density in kg/m3

σ Standard deviation

ũ Fluctuating turbulence wind speed

A Intercepting area of the rotor in m2

c Weibull scale parameter

Cp Power coefficient

c0 Autocovariance at lag 0 or variance

ck Autocovariance coefficient

I Turbulence intensity

Iu Longitudinal turbulence intensity

k Shape parameter for Weibull function.

n Frequency (Hz); integer

rk Autocorrelation coefficient

u Instantaneous longitudinal wind speed

U, U(t) Instantaneous wind speed in the along-wing direction

v Wind velocity m/s

z Height over the ground

z0 Surface roughness length in m
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