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ABSTRACT
Nowadays the globalization and the economy expansion of the emerging countries demand an
increasing amount of energy. Therefore, energy production as well as the efficiency of energy
usage, is essential for future developments of societies. Renewable energies appear as a turnkey
solution that could support the growing demands, and at the same time not being harmful to the
environment [1]. Within the types of renewable energies, wind energy could be considered as
one with large potential.
In this paper I present the study of a Swedish wind farm placed in Rockneby.
Once the wind turbines were installed and working correctly, a discrepancy between the real
energy obtained and the theoretical energy indicated by the manufacturer was detected. The
stored data in the SCADA system were compared with the values provided by the manufacturer
and several analyses were performed. Initially an anomaly in the power residual deviation was
detected. It was showing an unusual behaviour at high wind speeds. The variation of the air
density in the wind farm at hub height was considered as a possible reason of the disagreement
observed in the power parameters since the reference density used by the manufacturer was a
constant value calculated in laboratory environment. However, this idea was rejected because
the power generated in both conditions is similar. The pitch angle was analysed after detecting
a significant variations in wind speed measurements made by the anemometer in the turbine
number three. As a result, it was found a pitch variation in the turbine which seems due to a
failure in the anemometer. As a final result, the turbulences were analysed giving as a
conclusion that the turbulence intensity were situated around 20%. Therefore, I mainly suggest
as a possible explanation of this fact the influence of the turbulence accompanied of a bad
calibration or failure in the anemometers.
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1. INTRODUCTION
The introductory chapter presents the background of the project (Section 1.1) that motivated
this study and thereby the aim and objectives (Section 1.2). The scope of the work (Section 1.3)
is defined. The project planning (Section 1.4) is then described and followed by the organisation
of the whole thesis (Section 1.5).

1.1 BACKGROUND OF THE PROJECT
When a new wind turbine or wind farm is being planned, it is necessary to analyse many
conditions like wind speed average, the altitude, land roughness, the sound that can be produced
when the wind turbine is working, etc.
All these conditions are analysed by a company that decide what wind generator is the most
suitable to be installed in the land. One of these companies is Eolus, a wind power company
placed in Halmstad but with offices around Sweden, Norway, Estonia, and Latvia. The principal
work of this company is to develop and maintenance wind farms. Founded in 1990, Eolus has
constructed about 470 of the 3000 wind turbines operating in Sweden.
When a wind farm is planned for, the manufacturer must supply the characteristics of the wind
turbines. These data are necessary to decide what kind of wind turbine has to be chosen. The
most important value is the power that the wind turbine can produce which is related to the
wind speed. These power values are expressed in a power curve that shows the variation of the
power as a function of the wind speed.
One of the wind farms that Eolus has developed is situated in Rochneby and it is composed of
5 wind turbines that are placed at a medium height of 20 m above sea level. These wind turbines
are connected to a server by using a SCADA connection that is used to control them.
Once the wind turbines were installed and were working correctly, an anomaly was detected in
the energy production. When the data storage by the SCADA system were compared with the
data values provided by the manufacturer, in this case VESTAS, it was observed a variation
between the energy produced and the energy that the manufacturer says that the wind turbines
can produce for those conditions. This energy difference is observed around the entire power
curve that means that the energy produced is less that the energy guaranteed by the
manufacturer in any wind speed condition covered between the cut-in and the rated energy
period.
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1.2 AIM AND OBJECTIVES
The master thesis purposes to work together with Eolus, a company dedicated to development
and maintenance of wind farms. The aim in this project is to analyse the data from five wind
turbines and try to find some anomaly that shows that the wind turbines have a problem.
For this task, the data obtained must be analysed from the SCADA system and therefore the
following objectives must been achieved:
1) Study the behaviour of the five wind turbines. For that, the power curve produced for
each wind turbine in a period of three years will be analysed. The wind speed that each
wind turbine receives in different directions will be also analysed.
2) Analyse the power production in the five wind turbines, trying to detect some anomaly.
The pitch control will be also analysed, to study the behaviour in the power generation.
3) Find the origin of the anomaly or failure.

1.3 SCOPE OF THE WORK
The scope of the work and the requirements are described here in order to clarify and delimit
the focus of the project. Specifically, the presented project is focused on the work with a base
data (SCADA System) supplied by the company, analysing the values to find an anomaly in
the turbines that explain the difference between the energy produce and the energy guaranteed
by the manufacturer. Therefore, due to it must be analysed the data obtained from the SCADA
system, Microsoft Excel will be used to work with the data.
It must be taken into consideration characteristics like:






The wind farm is constituted by five wind turbines.
Each wind turbine is placed in a different altitude above sea level so it will affect aspects
like the air density into the power production.
The turbines are placed in a row, being the distance between turbines around 500m
between WTG1 and WTG2, WTG2 and WTG3, around 900m between WTG3 and
WTG4, and 500m between WTG4 and WTG5.
Each wind turbine is configured to produce a maximum power of 1.8 MW. This power
was limited to 1.5 MW the 1st of June 2014.
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1.4 PROJECT PLANNING
The project plan was created for the thesis in order to have an idea of the time required for each
task, producing as a result the following Grant Chart:

Figure 1. Project planning

1.5 ORGANISATION OF THE THESIS
Introduction: This chapter gives information about the project; explaining motivations and
objectives to reach, together with the scope of the work inside the whole Wind Farm project.
Methodology: Explanation about the methodology used to accomplish the project and the
theory needed to understand the choice.
Theoretical framework: Inside this chapter the reader finds the theoretical information in
order to justify the decisions and provide some information to understand the project in general.
Components: In this point brief comments about the components used in the thesis and their
features are explained.
Development: It is a description about the way to the thesis is developed, explaining aspects
like the location of the wind farm, the data acquisition and the analysis applied for
understanding the data.
Results and analysis: In this chapter the different analysis used in this project are compared
explaining the results in each of them.
Discussions: Are personal comments and ideas that arose during the project development.
Conclusions and future work: The final results are compared with the initial objectives. In
the future work, new ideas are proposed to be developed in another thesis.
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2. METHODOLOGY
This chapter will be divided in two parts, research methodology (Section 2.1), based on the
research of the correct methodology which contains all the necessary theoretical information to
accomplish the methodology used in the project; and methodology used (Section 2.2) that
explains how the theoretical part has been applied to the project.

2.1 RESEARCH METHODOLOGY
Research methodology describes the methods and techniques used by researcher to collect,
create and analyse the appropriate data according to the research questions (Clotty, 1998).

2.1.1 Research strategies
A research strategy is how the researcher can get closer to the research questions set before
starting the project. Usually, only one research strategy is needed for each research question.
According to Oates (2006), the research strategies can be divided in six types:
o Survey: This strategy is mainly focused on obtaining data asking question to groups of
different people, with the intention of generalizing the statistics to a larger number of
people than requested.
o Design and creation: This is focused on developing and creating new products, models
or methods.
o Experiment: This is strategy which focuses on checking and making tests in order to
observe the reaction of the object in determined situations.
o Case study: It is an inquiry to investigate any kind of circumstance in its real life context.
(Yin, 2003b)
o Action research: This takes place when the researcher thinks about what can be learnt
after doing something in the real world.
o Ethnography: Instead of being an observer, the researcher introduces himself in a group
of strangers to understand them and their culture.

2.1.2 Data generation methods
In his book, Oates (2006) explains the data generation methods as the ways by which the
researcher can produce empirical data, divided in four methods, they are:
o Interviews: Based on conversations researcher-interviewee(s) where the researcher asks
all or most of the questions to achieve the necessary data.
o Observations: The researcher simply observes and pays attention to how people in his
environment act and analyses the behaviour.
o Questionnaire: This simply is a question list, in a pre-defined order that is passed to the
survey respondents, that is analysed by the researcher later on.
o Documents: Examining documents that already exist and can be useful for the research
that is being accomplished.
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2.1.3 Data analysis
Once the data has been generated, it has to be analysed by using quantitative or qualitative data
analysis. Quantitative data is mainly based on numbers, usually generated by experiments or
surveys using tables, charts or graphs and comparing them to get conclusions. It can be divided
into:
o Nominal data: Also called categorical data, is a type of analysis where numeric values
are not really important, and the only analysis possible is the frequency.
o Ordinal data: Type of analysis where arithmetical operations are possible, but limited.
This allows the researcher to designate an order to compare, for example, which one of
the answers was chosen more than the others. It is also called ranked data.
o Interval data: With this type of analysis the researcher can set an order and compare (as
in Ordinal data) but this time also a proportionate ranking of categories can be made,
i.e. the difference between two different answers can be set precisely.
o Ratio data: In ratio data, unlike interval data, there exists a common true zero in the
scale and it allows the researcher to set not only differences between answers but also
to compare them in relation with the true zero.
On the other hand, qualitative data is everything different to numeric data generated by case
studies, action research and ethnography; as words, images or diagrams. Also, when generating
qualitative data, the researcher has to analyse it. Here the problem is that there are no set of
rules to analyse qualitative data, and it depends a lot on the skills of the researcher, his way to
see the information, what those words mean for him or the context they were written or read
(Oates, 2006).

2.2 METHODOLOGY USED
This section will explain the methodology used in the project, starting with the first idea of the
work and finishing with the required analysis to check that all the objectives have been
achieved. First of all, it becomes necessary to divide the section in Aim and objectives, Research
strategies, Data generations methods and Data analysis.

2.2.1 Aim and objectives
Today, the wind farm is under producing. Developing this project it would be possible to
identify the power variation.
In order to accomplish the objectives and obtain a correct behaviour of the system, it must take
into account the Swedish weather conditions, such us very low temperatures, rain, snow and
ice. Consequently, the analysis of the appropriate components is important.

2.2.2 Research strategy
The aim of the literature review (Theoretical Framework) is to investigate the necessary
components included in a wind farm. Furthermore, this chapter will also include general
information to permit people without an Energy Degree or without experience with turbines to
understand the technology.
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It is important that the Vestas wind turbine is the main object in the project, because it will be
the principal component to analyse.

Aim and
objectives

Research
strategies

Quantitative
data

Data
generation
methods

Figure 2. Methodology used.

2.2.3 Data generations methods
After identifying the components, the next step will be to acquire the data. The office computer
will be connected to the wind farm server to download the available data from the five wind
turbines. The main task is to download the data necessary for the analysis in the next step.

2.2.4 Data analysis
The results of the previous step will be analysed quantitatively. Different components will be
analysed in order to study the wind turbines’ behaviour.
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3. THEORETICAL FRAMEWORK
This theoretical chapter deals with the most important aspects necessary to understand the
thesis. One of these aspects is the wind speed (section 3.1) that explains the concept and how it
influences in the power generation. Then power curve (section 3.2) is presented, explaining
what a power curve is and how it is compared with the reference curve given by the
manufacturer. The following section describes what a wind rose is (Section 3.3) and why the
wind orientation is necessary at the moment of locating a new wind turbine. Right after the
altitude (section 3.4), air density (section 3.5) and temperature (section 3.6) are explained and
how they can influence in the power generation. Eventually, roughness (section 3.7), swept area
(section 3.8) and turbulences (section 3.9) finalize the chapter.

3.1 WIND SPEED
The wind speed is the most important value at the moment of planning a wind turbine project.
As it is possible to see in Equation 1, the produced power by a wind turbine is directly
proportional to the cube of the wind speed.
1

𝑃 = 2 ∗ ρ ∗ A ∗ v 3 ∗ cp

(1)

Where P is the power generated, ρ the density, A the wind area, V the wind speed and cp the
power coefficient.
The wind speed average in the area should be the highest possible, preferably as often as
possible in a range between the cut-in and cut-out speeds, that are the speed values between
which wind turbines are producing energy. Normally the cut-in value is between 3 m/s and 4.5
m/s. From this speed value the wind turbine will produce more energy as the wind speed is
increasing until the power curves flattens out (about 12 m/s). The maximum wind speed that
can be used by the wind turbine is reached at the cut-out wind speed that normally will be
between 20 and 25 m/s. This is done to avoid damaging the rotor due to the turbulence. As a
result, a breaking system is employed to bring the rotor to a standstill position.

3.2 POWER CURVE
The power curve is a graph that indicates the amount of energy that can be produce at different
wind speeds.
In practice it is necessary to take an average wind speed due to the wind speed always fluctuates
and it difficult to measure exactly the column of wind that passes through the rotor.
Furthermore, it is difficult to measure exactly the wind speed. If the error on measurement of
wind speed is 3 per cent, then the energy may be 9 per cent higher or lower [2].
At the moment of buying a new wind turbine the manufacturer delivers the reference power
curve for the wind turbine. Normally, this power curve is produced in a laboratory environment
where it is possible to simulate some fixed parameters like the temperature, the pressure or the
air density for example. In this case, it is possible to obtain a power curve that differs a little bit
from the power curve that can be produced outside the lab, in a real condition. That is one
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reason why the power curve obtained in Rockneby wind farm can differ slightly from the
original power curve.

3.3 WIND ORIENTATION/ WIND ROSE
The wind rose is a graph used to show the wind speed distribution and the frequency variation
of the wind direction.
It is useful to show visually the wind conditions at a site. When it is desired to create a wind
farm it is necessary to do measurements during several years to check if the conditions of the
site are suitable. One of these measurements is the wind direction that shows the wind
distribution. This feature is essential to decide where to place the wind turbines in a proper
orientation. Therefore the wind turbines will be placed in the orientation with the largest wind
speed distribution. In that way it is possible to achieve higher energy production for a specific
place.
Normally, the wind rose is divided into twelve sectors that cover 300 in the horizon. In Figure
3, the graph shows the wind direction during the year 2013. It can be anticipated that the most
part of wind energy comes from the South and South West, which helps to understand the wind
turbines’ orientation in the Rockneby farm.

Figure 3. Wind Rose WTG 1 during the year 2013
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3.4 ALTITUDE
The altitude over sea level is an important factor that must be taken into account in the project
development. At the moment of placing a wind turbine, the altitude or Z value along with the
turbine height value must be considered in the project due to this value determining the density
value and the amount of energy as well. This is possible because the bigger the turbine is the
more amount of wind is possible to collect. If the wind turbine has a large dimension, it is
possible to install bigger rotor blades and therefore they will collect more amount of energy due
to the swept area is bigger.
Nowadays the maximum turbine height that has been achieved is 125m and it was produced by
AMSC, the model SeaTitan 10MW, a wind turbine that produce 10Mw with a rotor diameter
of 190m.
Another aspect related with the height turbine is the height variation between two or more wind
turbines that are situated in front of each other. In this case, the height of the first turbine tends
to be lower that the turbine that is situated behind of this turbine [3]. This is done to allow the
turbines that are situated behind, to be able to receive enough wind avoiding that the wind
turbines that are situated in front of these turbines can cut the veins of winds.

3.5 AIR DENSITY
In the wind power production calculations of the air density is usually considered as constant
in time. Looking the equation (2) for the density of air as a function of air temperature and air
pressure, it is evident that it is worth taking the variation of the air density into account, because
higher accuracy can be obtained in the calculation of the power.
1,293

pa

ρa = (
) ∗ (1 013) [kg/m3]
1+0,0367∗T

(2)

In this equation, ρa express the air density, pa the air pressure and T the air temperature. The air
density is a value that change with the pressure and therefore with the altitude, but it also change
with the temperature and humidity. To calculate the power that can be produced by a wind
turbine, it is necessary to use the density value as it is shown in Equation 1.
A change between 30 and 90% in the relative humidity can change the air density by 0.6% (at
220C).
Regarding to the elevation height a change of 82 meters above the sea level can decrease the
air density by 1%.
The pressure can influence the air density also. Pressure changes ranging from 980 to 1050hPa
can produce a 7% fluctuation in the air density.
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3.6 TEMPERATURE
The temperature is a parameter that can influence the air density variation and therefore the
power generated. From winter to summer, it can be produced a temperature variation of 200C
and this variation can change the air density as much as 10%.
A change in the surrounding landscape can create a change in the surface temperature which
can impact the shape of the profile. This effect can alter the stability of the wind profile [3], and
the vertical movement of the air becomes more important.

3.7 ROUGHNESS
The wind speed is affected by a friction against the ground surface. For that reason it must be
taken into account the roughness of the terrain due to obstacles, the terrain contours or the
orography of the sea. The more significant the roughness of the ground surface is, the more the
wind will be slowed down. [3] [4].
A change from a smooth to a rough site will increase the surface frictional stress and
consequently lead to the wind at the surface slowing down.
The roughness classes and roughness lengths are two characteristics of the landscape used to
evaluate wind conditions at a potential wind turbine place. A roughness class of 0 shows a
landscape with oceans and lakes. If the roughness class is 1, the character of the landscape will
be open with scattered buildings. The class 2 means rural area with a mix of open terrain,
vegetation and buildings. Class 3 characterizes landscapes with small towns or rural areas with
large buildings or forest. Finally, the class 4 characterizes a landscape with cities.
Table 1. Roughness classes.

Roughness
class

Roughness
Length, Z0 [m]

Energy Index
[percent]

0

0.0002

100

Oceans and lakes. Open water surface.

1

0.03

52

Open landscape with scattered buildings.
Plains or flat hills. Low vegetation.

2

0.1

39

Rural area with a mix of open terrain,
vegetation and buildings. Plains with
hills. Pieces of woods or tree bunch.

3

0.4

24

Small towns or rural areas with large
buildings, forest or other obstacles.
Rounded hills. Larger and more compact
pieces of wood.

4

1.6

13

Cities with tall buildings and
skyscrapers. Rounded hills.
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Landscape

3.8 SWEPT AREA
The swept area refers to the area of the circle created by the blades as they sweep through the
air. It could be defined as the total cross-section area of air that the wind turbine can collect to
produce energy.

.Figure 4. Swept area of a wind turbine. Sorce:daviddarling.info

The equation for determining the swept area is the same equation used to find the area of a
circle, equation (3).
𝐴𝑟𝑒𝑎 = 𝜋𝑟 2

(3)

The π value is approximately 3.1415. The radius is one half of the rotor diameter that in this
case is 100m.
It should be noted that since the rotor area is a function of the square of the radius or the length
of the blade, small increases in blade length can increase the swept area in a larger way. In fact,
doubling the rotor diameter produces a fourfold increase in swept area that it turns into a
corresponding increase in electrical energy. [4]
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3.9 TURBULENCES
The turbulence flow or chaotic flow regime includes a rapid variation of pressure and flow
velocity in space and time.
Turbulence is characterized for:





Irregularity
Diffusivity
Rotationality
Dissipation

When the wind´s kinetic energy is dissipated into thermal energy via the creation and
destruction of smaller eddies (or guts), turbulences are created in the wind [12].
Turbulent wind may be quite variable. It may have a constant mean over time periods of hours,
but varies a lot over periods of minutes or less. The wind´s variability appears to be quite
random, but it has distinct features:
 Turbulence intensity
 Wind speed probability density function
 Autocorrelation
More details concerning them are given in the texts of Rohatgi and Nelson (1994) and Bendat
and Piersol (1993).
Turbulent wind is not produced in one direction; instead of this it consist of longitudinal, lateral
and vertical components.

3.9.1 Turbulence intensity
The turbulence intensity is the most basic measure of turbulence. It is defined by the ratio of
the standard deviation of the wind speed to the mean wind speed. In this calculation both the
standard deviation and mean are calculated over a time period that is normally no more than
one hour and it is usually equal to ten minutes. The turbulence intensity, TI, is defined by:

𝐼𝑢 = σ𝑢 /u

(4)

where σu is the standard deviation given by:
1

2

𝐵
2
̅
𝜎𝑢 = √𝑁−1 {∑𝑁
𝑗=1 𝑚𝑗 − 𝑁(𝑈) }

(5)

Frequently, the turbulence intensity ranges between 0.1 and 0.4
The variation in this value is caused by a large natural variability. Thermal and mechanical
sources can be defined like two natural sources of turbulence.
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Mechanical turbulence is caused by vertical wind shear and depends of the surface roughness
z0. This turbulence caused at height h in flat terrain and infinite uniform roughness z0 can be
described as [11]:

I𝑢 =

1
h

ln( )

(6)

𝑧𝑜

This equation shows that the turbulence intensity decrease with increasing height above ground
level.
Thermal turbulence is caused by convection and depends of the temperature difference between
ground and air. When a strong heating of the ground is present, the turbulence intensity can
reach very large values. In stable conditions, the turbulence is very low.
The turbulence intensity varies with wind speed. It is highest at low wind speed and tends to
approach a constant value at higher wind speeds.
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4. COMPONENTS
In the current chapter it is possible to find brief information about the different components that
are considered the most important for the project, such as the wind turbine in general (Section
4.1), the Vestas V100 (Section 4.2), the SCADA system (Section 4.3), the pitch control (Section
4.4) or yaw control (Section 4.5).

4.1 WIND TURBINE
A wind turbine is a machine composed by the tower, the nacelle and the blades. Inside the
nacelle it is possible to find all the components that assist to transforming the air movement
into energy, as well as to guarantee a correct temperature control of the components.
Basically it is a machine that transforms the wind energy in electricity. This is done with the
help of several components (Figure 5).
The wind is received by the blades that transform the wind energy into kinetic energy. This
energy is sent to the gearbox that transforms the shaft speed into a suitable speed that can be
received by the generator. The generator is commissioned to transform the kinetic energy
provided by the gearbox into electric energy. Normally the electricity is sent to transformers
that increment the voltage values and inject the electricity into the grid.

Figure 5. Wind turbine components. Source: Energy Center of Wisconsin
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4.2 VESTAS V100
Vestas V100 is the turbine model that was chosen to be installed in the wind farm considered
in this project. This wind turbine has been developed to maximize the output on low to medium
wind sites.
This machine can generate a rated power of 1800kW. The cut-in wind speed is situated at 3m/s
and the cut-out at 20m/s. This turbine can work in temperatures between -200 to 400C and it has
a maximum sound power of 105dB.
The hub has a height of 95m and each blade has a length of 49m.
Other important aspect is the rotor diameter that in this case is 100m, so it has a swept area of
7854m2.

4.3 SCADA SYSTEM
SCADA, which means Supervisory Control And Data Acquisition, is a computer software used
to control and supervise industrial processes from a distance. [5][6]
This system allows, by using sensors, to control several machines or devices like valves, pumps,
transmitters, etc. in an industrial environment.
These sensors are connected to a PLC or more than one PLC that are generally connected to a
server that receives the information and processes the data in a host software platform.
Normally these data is shown in a HMI (Human Machine Interface) display or monitor that
help to identify all the machine parameters easily.
This provides a process control, supporting a control strategy and a remote method to capture
data and events like alarms. [7]

Figure 6. Screenshot of the Vestas software used to acquire data
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4.4 PITCH CONTROL
The pitch control is a very important part of modern wind turbines. This system is not only
continually regulates the wind turbine´s blade pitch angle (Figure 7) to improve the efficiency
of the power conversion and the stability of the power generated, but also actuates as a security
system in case of high wind speeds or emergency situations.
The technique used to active blade pitch control is to apply hydraulic actuators to control all
blades together. This system is enough to control the blades in a wind turbine that produces less
than 1MW [11]. When the wind turbine is bigger than 1MW, it is necessary a different pitch
control due to the fact that the hub height and the blades are longer. Turbulent flows and the
wind speed height from the ground, implies that each blade experience different loads at
different rotation positions. As a result, more superior individual blade pitch control techniques
have been developed, allowing the control of asymmetric aerodynamic loads on the blades.
Therefore, each blade is equipped with its own actuator, sensors and controller.
In the wind turbines used nowadays there are two types of blades pitch control systems:
hydraulic and electric controlled systems. The hydraulic system uses a hydraulic actuator to
move the blade with respect to its axial centreline. Advantages of the hydraulic pitch control
system are the large driving power and the lack of a gearbox.
The electric pitch control system has a higher efficiency compared to the hydraulic controlled
systems and avoids the risk of environmental pollution due to hydraulic fluid being leaked
(Figure 8)
In an electric pitch control system, the motor is connected to a gearbox to reduce the speed to a
desired control speed.

Figure 7. Blades movement due to the pitch control.
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Figure 8. Interior of the hub in a turbine. Source: geography.org.uk

4.5 YAW CONTROL
The yaw control is a system used to orient the rotor against the wind in a horizontal-axis wind
turbine in order to maximize the output power and minimize the asymmetric loads acting on
the rotor blades and the tower.
Like the pitch control system, the yaw control system can be controlled either electrically or
hydraulically. Generically, the modern wind turbines use electric motors in the yaw system.
This system usually consist of an electrical motor with a gear box used to reduce the speed, a
bull gear which is fixed to the tower, a wind vane to get the information about wind direction,
a yaw deck and a brake to lock the turbine when it is necessary, for example when the wind
speed is excessive. In case of a larger wind turbine, two or more electric motors could be used
to work together for moving a heavy nacelle (Figure 9).

Figure 9. Yaw Control of a Nordex wind turbine. Source: Nordex
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5. DEVELOPMENT
5.1 LOCATION
Before starting to collect data it is necessary to locate where the wind farm is situated. This is
done to get some parameters like the altitude above sea level or the distance between wind
turbines for example.
As can be seen in Figure 10, the wind farm is located in a terrain close to Rockneby. The
median altitude is 20m above sea level and the distance between wind turbines is 500m between
turbine 1 and 2, 500m between 2 and 3, 900m between 3 and 4 and 500m between 4 and 5.

Figure 10. Map showing the wind farm location.

5.2 DATA COLLECTION
To start with the data analysis it is necessary to collect the data that is going to be analysed.
This is done through the SCADA software that is installed in the servers placed in the Eolus’
office. The software is provided by Vestas, the wind turbine manufacturer, and allows acquiring
some important values like the wind speed average, the ambient temperature or the grid
production power average for instance. These values are important for starting to work in this
field. By analysing these three values it is possible to classify the wind turbine behaviour and
detect also some failure or excess of turbulence in the ambient wind.
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In this project, the data has been collected individually for each wind turbine by using the
software Microsoft Excel.
As it was mentioned above, the data was obtained through the SCADA system. This program
handles a large amount of data related with the wind turbine status. This data is collected in a
server every ten minutes, but it is possible to activate a function to collect data every 10 seconds
(optional function).
To collect data it is necessary to open VestasOnline Business that is the software used to
monitor the wind turbines. Then, the parameters that are needed must be selected as well as the
period of time that is showed in Figure 11.

Figure 11. Screenshot of the Vestas software used to acquire data. Parameters

Once the data has been received from the SCADA server that is situated in the wind park, it is
possible to copy the values in a data base. In this case the values were copied to an excel book
that is the program used to manage and analyse the data.
The data are organized by date and classified by parameters like the wind speed, temperature,
power generated, etc.
When the data are stored in an excel file, it is possible to work with the values and apply filters
that helps to classify them as it is shown in Figure 12.
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Figure 12. Data contained in an excel file.

5.3 DATA ANALYSIS
In this section, the data obtained from the SCADA system are analysed with the help of excel
that permits applying filters and makes it more easy to classify and analyse the large amount of
data.
The data analysis can be classified in 7 sections:
-Wind Speed Analysis.
-Wind Direction Analysis.
-Power Analysis.
-Method of bins and Power curve.
- Power Residual
-Pitch Angle
-Turbulences
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5.3.1 Wind speed analysis
The wind speed analysis is the first analysis performed. This analysis classifies the wind speed
in months and is done for detecting the wind speed distribution along the months in a year.
To complete this analysis, it is necessary to classify the wind speed by months by using the
function filter that is integrated in Microsoft Excel. Once the mean wind speed has been
calculated for each month, it is possible to plot a graph that shows the results (Figure 13).
As it can be observed in this figure, December is the month that receives the highest wind speed.
In contrast, July is the month that receives the lowest wind speed.
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Figure 13. Wind speed distribution along period 2013.

An important aspect is detected when the graph is observed. If the means wind speeds are
examined carefully, it is possible to discover that the wind turbine number three is receiving
lower wind speed that the others wind turbines along the year. A big difference between wind
turbines can be observed in the months of February and December. This aspect can be translated
into a less power production but it does however not (necessarily) influence the power curve.
It could also be the case that the anemometer is badly calibrated. In this case the power curve
would be affected.
The wind speed was also analysed for the year 2014 and 2015, and showing more or less the
same wind distribution along the year. Figure 36.

5.3.2 Wind direction analysis
Wind direction can influence in the power generation of a wind turbine. This is due to there
being less wind frequency at some wind directions. In this chapter the energy production in
different wind directions is analysed (Figure 14). In order to do this, it is necessary to divide
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the wind map in 30º sections. Once the map has been divided in sections, the next step is to
calculate the mean wind direction and the mean power generated for each wind turbine.

Figure 14. Rockneby wind farm location.

The result is potted in Figure 15.

Figure 15. Power production along period 2013.

By observing the Figure, it is possible to see some big differences in the mean power
production, for example when the wind direction is located between 60º and 90º, between 150º
and 180º or between 240º and 270º.

22

This difference in the energy production could be indicating that there are obstacles between
turbines in some wind directions or that sometimes a wind turbine is in the way of the other and
blocks the wind.

5.3.3 Power analysis
In this part of the analysis the energy produced in each wind turbine at different wind speed
conditions is analysed. First of all, it is required to know the reference power curve, which is
the power curve that the manufacturer gives to show the guaranteed power. In this case, the
reference power curve was obtained from Vestas and it is represented with red dots in the Figure
16, Figure 17, Figure 18, Figure 19 and Figure 20.
In this chapter the power graphs are plotted that represent the power generated depending on
the wind speed for each wind turbine.
These graphs can help to understand or appreciate some anomalous power production along the
wind speed period between the cut-in and cut-out.
The power curves are calculated for each wind turbine in one year period and then are compared
with the reference curve as can be seen in the Figure 16, Figure 17, Figure 18, Figure 19 and
Figure 20.
In this analysis a period between 2013 and 2015 was studied. In the year 2013 the wind turbines
were configured to produce the maximum power that it is possible to generate, in this case
1.8MW. In the first semester of 2014 the tendency is the same but on 1st June 2014 the
maximum power that each wind turbine can produce is limited to 1.5MW. Therefore, since the
second semester of the year 2014 to the following years the maximum power that each wind
turbine could generate has been established to 1.5MW.
If the five graphs are compared, it is possible to visualize that the best power curve is generated
by the WTG 3, due to it being the curve more closely approximated to the reference curve.
As it can be appreciated, between four and seven m/s the curve generated by the wind turbine
is more similar to the reference curve but at faster speeds the curve starts to get worse, therefore,
the wind turbine produces less energy at higher wind speeds.
This method is good for having a general vision in the wind turbine generation but it is difficult
to analyse the curve when that large amount of data are presented, therefore it is necessary
making use of another method to make it easier interpreting the values. That method will be
used in the next chapter and it is named “method of bins”.

5.3.4 Method of bins and Power curve
The method of bins is used to summarize the large amount of data necessary to determine the
expected turbine productivity [12]. The data is separated in wind speed intervals or bins in
which they occur. In this case, wind speed was classified in intervals of 0.4 m/s.
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To develop this method, it is necessary to divide the wind speed range in periods of 0.4 m/s
from 0 m/s to the maximum wind speed that normally is 25 m/s. When the wind speed is divided
in periods, the next step is to calculate the mean wind speed and the mean power.

̅=
𝑈

1 𝑁𝐵
∑ 𝑚
𝑁 𝑗=1 𝑗

(7)

1
𝑁𝐵
̅)2 }
𝜎𝑢 = √𝑁−1 {∑𝑗=1
𝑚𝑗2 − 𝑁(𝑈

(8)

When these values are calculated for the complete range of wind speed it is possible to plot a
graph that shows the power generation tendency in a clearly way as is shown in Figure 16.
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Figure 16. Power curve wind turbine 1. Method of bins.
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Figure 17. Power curve wind turbine 2. Method of bins.
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Figure 18. Power curve wind turbine 3. Method of bins.
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Figure 19. Power curve wind turbine 4. Method of bins.
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Figure 20. Power curve wind turbine 5. Method of bins.

These five graphs represent the power generated in each wind turbine by using the method of
bins.
If the five graphs are observed, it can be appreciated that the turbine number three produces the
power more approximated to the reference curve. The rest of turbines are close to the reference
curve but only at low speeds. When the wind speed starts to increase, the power curve gets
away from the reference power curve. The five wind turbines are compared in the Figure 21
that helps to see the difference between turbines.
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Figure 21. Power Curves calculated with method of bins. Year 2013

The Figure above is zoomed and plotted in Figure 22. and Figure 23. This is done to visualize
in a proper way the difference between the power curve for each wind turbine and the reference
curve at low and high speeds.

Figure 22. Power curves zoomed-in at low wind speeds.
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At low wind speeds the five power curves are closed to the reference curve but the difference
increase with the wind speed until reach the maximum power where the five power curves have
the same form that the reference power curve.

Figure 23. Power curves zoomed-in at high speeds.

The same method is used to calculate the power curve in the years 2014 and 2015.
As it was mentioned before, in the second semester of the year 2014 there is a power limitation
in the five wind turbine. Therefore, the power curve is analysed in two different periods in that
year. The graphs are plotted in Figure 38, Figure 39 and Figure 40.

5.3.5 Power Residual
Another method used in the analysis is the calculation of the power residual.
This power is the difference between the actual power generated and the expected power that
is a power based on the power curve. Since the power expected depends on the air mass, it is
possible to plot a different power curve for each air density. Figure 24.

Figure 24. Air density influence in a power curve. [12]
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Hence, before calculating the expected power, the air density must be calculated, which can be
obtained by using the following equation.
1,293

pa

ρ = (1+0,00367∗𝑡) (1 013) [kg/m3]

(9)

Where ρ is the air density at location in kg/m3, t is the ambient air temperature in Celsius and
pa is the air pressure at the rotor height in mBar.
To calculate the pressure above the sea level equation 10 was applied
pa(h) = 1 013 – 0,120 h

(10)

When the air density and pressure are calculated, it is possible to define the power expected by
using the equation 11.
1

P = 2 ∗ ρ ∗ A ∗ v3 ∗ cp

(11)

Where A is the rotor swept area in m2, V the wind speed in m/s and cp the power coefficient.
Once the power expected has been calculated, it is time to calculate the power residual as it is
expressed in the equation 12
Power Residual = Power actual – Power expected

(12)

The power residual is the power deviation from the power curve and can be a positive or
negative deviation as it is plot in Figure 26
When plotting the power residual graph it is convenient to also calculate the mean power and
the upper and lower values. These values are obtained by using the 3 sigma method or three
standard deviations. A standard deviation is a measuring stick used to describe how data are
dispersed or deviated around their average [11]. For what is called a normal distribution, which
takes the shape of a “bell curve” as it is shown in Figure 25. [17]
The mean is calculated by using the equation 13 and the 3 sigma upper and lower values by
using the equation 15 and equation 16.
1

𝑎1 + 𝑎2 +⋯+ 𝑎𝑛

𝑛

𝑛
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(14)

̅ + 3𝜎𝑢
𝑈𝑝𝑝𝑒𝑟 = x

(15)

̅ − 3𝜎𝑢
𝐿𝑜𝑤𝑒𝑟 = x

(16)

Figure 25. Standard deviation.

If the Figure 26 is observed, the red dots represent the mean power, the green and purple dots
represent the upper and lower bounds and the blue dots represent the residual power.
It can be appreciated that the variation starts small at low wind speeds, then expands in both
negative and positive deviation as the wind speed increase and diminish once the rate power is
reached. At wind speeds between 7 and 11 m/s it can be observed that the curve exceed the
lower bound calculated with 3-sigma. That means that sometimes the wind turbine produce less
energy that the energy values defined by the standard deviation between these wind speeds.
[17]
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Figure 26. Power Residual of Wind turbine 1.
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5.3.6 Pitch Angle Analysis
This part of the analysis investigates the pitch control behaviour in the five wind turbines. In
the last analysis a different energy production was found in the turbine number three. In this
analysis the pitch control and the possibility of some relation between this control and the
energy production will be studied.
At the first moment, this analysis was carried out through the data from the year 2013. For
simplifying the analysis and obtaining more accurate data, the method of bins was also used in
this part for calculating the mean wind speed and mean pitch angle.
To develop this part, the wind speed was analysed in periods of 0.4m/s in a wind speed range
between 0 and 20m/s. The mean values of pitch angle and wind speed were calculated for each
wind speed period and individually for each wind turbine.
The result is shown in Figure 27, where the five wind turbines are compared.
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Figure 27. Pitch angle analysis by using method of bins. Year 2013

As it is possible to see in the Figure, there is a difference in the pitch control between the turbine
three and the rest of the wind turbine. This difference could be caused by a failure in the pitch
control due to an incorrect calibration or due to the anemometer showing lower wind speed.
In the Figure 28 the part of the graph that corresponds to wind speeds between 2 and 4 m/s was
zoomed-in. In this image the differences between the WTG 1 and 3 and the rest of the wind
turbines can be appreciated.
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Figure 28. Pitch curve zoomed-in at low wind speeds.

In the same form, the part of the graph that corresponds to wind speeds between 8 and 14 m/s
was zoomed-in (Figure 29). At 8m/s the curve tends to increase the difference between
turbines.
This difference is clear until the last value in the pitch curve. In this image the differences
between the WTG 3 and the rest of the wind turbines can be appreciated. It is also remarkable
that the wind turbines 1 and 5 tends to follow the same way, as it is possible to see in the case
of the wind turbines 2 and 4 whose pitch curves are very similar.

Figure 29. Pitch curve zoomed-in at high wind speeds.
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In this analysis, the years 2014 and 2015 were studied as well. The graphs correspond to these
years can be found in the appendix and show the same tendency that the curve corresponding
to the year 2013.

5.3.7 Turbulences
In this part of the data analysis, the turbulences present in the wind flow passing through the
rotor blades will be analysed.
As it was mentioned in the theoretical framework, the turbulence intensity is defined by the
Equation 4 and the standard deviation by the Equation 5. Therefore, to determine the turbulence
intensity the standard deviations and mean speeds must be calculated. All this values have to
be analysed in wind speed periods or bins by using the method of bins.
The result of this analysis is plotted in the Figure 30 where it is shown the turbulence intensity
for the five wind turbines in the year 2013.
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Figure 30. Turbulence intensity during 2013.

As it is possible to see in the Figure 30, the mean turbine intensity tends to be around 20%. At
low wind speeds the turbulence intensities are higher but start decreasing until they achieve a
normal state at higher speeds.
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Figure 31. Turbulence intensity curve zoomed-in at low wind speeds.

In the Figure 31 the curve that represents the turbine intensity is zoomed-in. By doing that, it is
possible to see the turbulence differences between each wind turbine.
It can be appreciated that the WTG1 receives more turbulence that the rest of the wind turbines.
When the wind speed is around 3 m/s, this WTG receives a turbulence intensity of 23% and the
WTG1, that is the wind turbine that receives less turbulence intensity at this wind speed,
receives 21%.
The turbulence intensity decreases while the wind speed increases until achieve around 7 m/s.
In that moment, the turbulence intensity starts to increase until reach the maximum turbulence
intensity between 17 and 20 m/s. This part can be appreciated more detailed in the Figure 33.
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Figure 32. Turbulence intensity curve zoomed-in at high wind speeds (8-12 m/s).

It is also remarkable the turbulence intensity behaviour at higher wind speed. Between 2 and
10 m/s the turbulence intensity tends to be similar for all the wind turbines. However, from 10
to 20 m/s the turbulence intensity increases in a disorganized way for each wind turbine as can
be appreciated in Figure 33. This is probably due to very few values (20 m/s is a very unusual).

Figure 33. Turbulence intensity curve zoomed-in at high wind speeds (12-20 m/s).
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Once the turbulence intensity are calculated in the five wind turbines it is time to estimate the
power lost or gain by the wind turbine due to the turbulences. As it was mentioned in the
theoretical framework, the power varies depending on the turbulence intensity within a wind
bin [12] [16]. A. Albers shows that the mean power in a bin can be described as:

̅̅̅̅̅̅
𝑃(𝑣) = 𝑃(𝑣̅ ) +

1 𝑑2 𝑃(𝑣̅)
2

𝑑𝑣 2

𝜎 2𝑣

(17)

Where P‾(v) is the mean measure power in a bin, P(v) the theoretical power at average wind
speed v in a bin, and σv the standard deviation of the average wind speed v.
From the equation 17 it can be seen that two powers appear, one is the theoretical power and
the other one (second term) corresponds to the second derivate. This second term is related to
the second derivate of the power curve and the turbulences. The second term will be negative
when the power curve is bent to the right and positive when it is bent to the left (Figure 34).
Hence, by increasing the turbulence intensity, the power output will decreased at rated wind
speed and increased at lower wind speed (near cut-in wind speed).

Figure 34. Power curve influenced by the turbulence intensity. [k.Kaiser]

For demonstrating this part, the five wind turbines were analysed during the year 2013.
By applying Equation 17 it is possible to calculate the real energy produced when the
turbulences influence in the turbines.
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For the WTG1 three values of power at different wind speeds were taken. These three values
correspond to the bent part in the curve at higher wind speeds (between 9.5 and 10.5 m/s).
As a result, the equation showed a power loss of 3.70%. The same equation was applied to the
rest of the wind turbines giving as a result values around 4%.

Table 2. Calculation of power losses due to the turbulences.

WTG 1
WTG 2
WTG 3
WTG 4
WTG 5

POWERS (Kw)

SPEEDS (m/s)

Stand. Dev

1663, 1749,1784
1663, 1749,1784
1663, 1749,1784
1663, 1749,1784
1663, 1749,1784

9.5, 10, 10.5
9.5, 10, 10.5
9.5, 10, 10.5
9.5, 10, 10.5
9.5, 10, 10.5

1.59
1.5380
1.6381
1.60
1.58

POWER LOSS
(%)
3.70
3.44
3.92
3.74
3.65

The same equation was applied to calculate the gain at low wind speeds (between 4.5 and 5.5
m/s).
Table 3. Calculation of the power gains due to the turbulences.

WTG 1
WTG 2
WTG 3
WTG 4
WTG 5

POWERS (Kw)

SPEEDS (m/s)

Stand. Dev

177, 256, 350
177, 256, 350
177, 256, 350
177, 256, 350
177, 256, 350

4.5, 5, 5.5
4.5, 5, 5.5
4.5, 5, 5.5
4.5, 5, 5.5
4.5, 5, 5.5

0.8061
0.8291
0.8133
0.8151
0.8224

POWER GAIN
(%)
1.9137
2.02
1.94
1.95
1.98

As it can be appreciated in the Table 3 the power gain when the turbulences influence at low
wind speeds is situated around 2%
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6. RESULTS AND ANALYSIS
In this chapter the different analysis used in this report are compared.
Starting by the wind speed analysis, it is remarkable to notice that by analysing the wind speed
that receives each wind turbine per months, the wind turbine number three receives less wind
speed that the rest of wind turbines. In contrast, in the wind turbines two and five the mean
wind speed is higher than the rest of wind turbines. This fact can indicate that maybe the rest
of the turbines or the terrain conditions disturb the wind turbine three and therefore it receives
less wind speed during the whole year.
Continuing with the power analysis, if the five power graphs are compared, it is possible to
appreciate that the wind turbine number three is the one that closest approximates the reference
curve. Nevertheless, by using only this method it is difficult to conclude that this wind turbine
is the most similar to the reference curve, due to the big amount of data making it necessary to
use another method to be more accurate. This method is called method of bins and is the next
method used in the analysis.
The method of bins analysis is more or less the same analysis that the power analysis but in this
case the wind speed is divided into bins, therefore the mean power and mean wind speed is
calculated for each bin. Doing this it is possible to summarise the big amount of data that it is
found in the power analysis. In consequence a value of wind speed and power for each bin is
obtained and therefore simplifies the understanding of the graph. By observing the graphs
corresponding to the five wind turbines it can be appreciated that the curve corresponds to the
wind turbine three (Figure 18) is the most similar to the reference power curve. The rest of
turbines are very close to the reference curve but only at low wind speeds (between 2 and 5
m/s). Hence, the turbine three has a better behaviour compared to the rest of the wind turbines
and shows a better energy production.
The next method used in this thesis is the power residual analysis. This method tries to show
the differences between the energy produced and the energy expected to produce. In order to
do that, it was first necessary to calculate the pressure and air density. This is done because the
power expected depends on the air density and in turn, the air density depends on the air
pressure (Equation 9 and equation 10).
Once the power residual was calculated, the mean power and the upper and lower bounds
(Equations 11,12,13) were obtained using the 3 sigma or 3 standard deviation. The result was
plotted in the Figure 26. where it can be appreciated that the power generated values are not
exceeded from the upper boundary values but in contrast these values are exceeded from the
lower boundary values between 7 and 11 m/s. The variation starts small at low wind speed, and
then expands in both positive and negative directions when the wind speed increases, forming
a bird-like shape [17]. This fact indicates that there is some disturbance that causes that big
power variation between 7 and 11 m/s.
The next analysis used in this thesis is the pitch control analysis. In this part, the pitch angle
was analysed depending of the wind speed. The result is shown in the Figure 27. where the five
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wind turbines are compared. The turbines 1,2,4 and 5 have more or less the same behaviour
with similar pitching, but it is remarkable that the turbine three is pitching in a different way
and the deviation from the others turbines is perceptible. This is possible to observe in the
Figure 29. where the pitch variation is more noticeable between 8 and 18 m/s of wind speed.
This pitch variation has as a consequence a difference in the power production that curiously is
better than the one produced by the rest of the wind turbines. As it is possible to observe in the
Figure 18 the power production and therefore the power curve produced by the turbine three is
the most similar to the reference curve, thus is the turbine whose energy produced is more close
to the guaranteed energy.
The last analysis applied in this thesis is the turbulence analysis. In this part the turbulence
intensity that is experienced by each wind turbine was calculated. In order to do that, it was
necessary to use the standard deviation and mean from the wind speed values. The result was
plotted in the Figure 30. where it is possible to see the tendency of the turbulence intensities.
The graph shows that for low wind speeds (between 2 and 6m/s) the turbulence intensities start
decreasing until the period between 6 and 8 m/s where the turbulences are stabilized. From 8 to
15 m/s the turbulences start increasing until 16 m/s where the turbulences start stabilizing again.
This type of tendency is not normal in onshore wind farms where the turbulence intensity tends
to stabilize as the wind speed increases [11] (Figure 35).

Figure 35. Turbulence by depending of wind speeds (on shore)
Table 4. Typical hub height turbulence intensities for different land covers. [11]

Land Cover

Typical Iu (%)

Offshore

8

Open grassland

10

Farming land with wind breaks

13

Forest

20 or more
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As it is shown in the Table 4. the typical turbulence intensity for a forest land cover is around
20%, which it is the same value calculated in the analysis. This fact demonstrates that the
amount of turbulence intensities found in the current wind farm is normal since the turbulence
intensities are the typical for a forest land. However, what is not normal is that the behaviour
of the turbulence are unstable and do not tend to stabilize like what is normal in an onshore
windfarm.

7. DISCUSSIONS
At the beginning, when this project was assigned, it did not seem very easy at all. The main
reason was the research of the origin of the bad working of the system.
In the first meeting with the company they suggested that, according to the manufacturer, the
causes of the underproduction in the wind farm were the turbulences. In that situation the
objective was to demonstrate if the actual reasons were those turbulences. For that, several
analyses were developed to study the different conditions. The wind speed in each wind turbine
was analysed, which showed that the turbine three was receiving less wind than the rest of
turbines along the year.
The power residual was analysed, that proved that at some wind speeds, the turbines produce
less energy than the boundaries calculated by using the standard deviation.
The power curves using the method of bins were analysed and as a result it was presented that
the power generation was not as bad as the company said at the beginning.
The pitch control was also analysed and a variation in the calibration was found in the turbine
three that could possibly explain the better energy production in that wind turbine.
Finally the turbulences were analysed and turbulence intensities about 20% were calculated.
The energy losses and gains due to the turbulences were estimated around 4% and 2%
respectively. It should also be mentioned that a nacelle anemometer has been found to be
problematic for accurate measurements of turbulence intensity. According to S.Wharton and
J.Lundquist (2012), if the turbulences are measured with a 3-axis device call SODAR (Sonic
Detection and Ranging), the measured turbulence intensities tend to be considerably larger, and
the losses due to the turbulence would be probably around 10% in that location.
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8. CONCLUSIONS AND FUTURE WORK
This chapter discusses the results achieved in this project, comparing them with the objectives
set in Section 1.2 Aim and Objectives and Section 1.3 Scope of the work, followed by some
ideas or suggestions that could be realize as future work.
Comparing the results with the objectives set at the beginning of the project, it is possible to
claim that they are reached and satisfied.
Every single point of the ones stated in Section 1.2 was reached:

1) The behaviour of the five wind turbines was studied by analysing the wind speed and
the power production during a three year period.
2) The five wind turbines were analysed and the turbulence intensities were calculated.
The pitch control was also analysed for the five wind turbines and a deviation was found
in turbine three.
3) A likely explanation of the difference in the wind production was found.

During the development of the project, a contemplated list of ideas was proposed that can be
implemented in a future project.
1) Due to it is not possible to measure the turbulences with enough accuracy, it is
proposed to use a Sonic Detection And Ranging device (SODAR) to measure the real
turbulences and detect the real power losses due to them.
2) Implement the pitch control calibration from the turbine number three to the rest of
wind turbines and analyse the behaviour of these wind turbines with the new
calibration.
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Figure 36. Wind speed distribution along period 2014
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Figure 44. Turbulence intensity during period 2, 2014.
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