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Abstract

Nowadays, due to global warming and the depletion of petroleum reserves, re-
newable energies have gained special prominence. At the moment, wind energy
is the most successful renewable energy resource, and the technology to convert
this wind energy into electricity has been very developed. As a consequence, the
costs per kWh of generation have decreased and it has become a competitive
alternative for conventional fossil-fuel power plants to generate electricity.

However, a lot of factors and variables are involved in wind power generation.
In the first part of this document, some of this factors like the Betz limit, the
classification of wind turbines and its components, and the power curve of a
wind turbine are explained.

In the second part, the performance of a real wind farm is studied. The wind
farm is called Es Milà, and it is located in an island called Minorca, in Spain.
Firstly, a description of this wind farm and the energy and electricity in Minorca
is made. Then, with meteorological and power data of 2007 a thorough study
of its performance is completed. In this study, first of all some meteorological
aspects like wind direction, wind velocity and its distribution are discussed.
After that, the study focuses on electricity production, looking at the power
curve, at the expected and the real production, and trying to explain a little of
the reactive power.
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Chapter 1

Introduction to wind energy

1.1 History of wind energy

Wind energy has been used since ancient times. 5500 years ago sails were used
to propel ships and boats, and in the 17th century BC the Babylonian emperor
Hammurabi planned to use wind energy for his ambitious irrigation project [1].

The earliest documented design of a wind mill dates back to 200 BC. The
Persians used wind mills for grinding grains during this period. By the 13th
century, grain grinding mills were popular in most of Europe. Apart from grain
grinding, wind mills were also used as water pumps, to drain marshy lands in
Holland [2].

Charles F. Brush (1849-1929) built the first wind turbine to produce elec-
tricity in 1888. The windmill had 144 wood blades, it worked during 20 years
and it charged the batteries in the basement of his mansion [3]. The Danish
Poul La Cour (1846-1908) confirmed that wind could be a source of electricity;
he discovered that turbines with a low number of blades were more efficient for
electricity production [4].

Later, during the World War II, a Danish company started to produce two-
bladed and three-bladed wind turbines, and in the 1950s, the first AC wind
turbine was built also in Denmark. However, until the first oil crisis in 1973,
there was not a real interest in wind power because of its cost, which was quite
high.

In 1980, production of 55 kW wind turbines caused a technological boom of
the modern wind turbines. Nowadays there are wind turbines of many different
sizes and output capacities, from 45-60 meters of hub height and 600 kW power
capacity turbines, to 65-114 meters of hub height and 1.2-2 MW power capacity,
or offshore turbines 120-130 meters hub height and 4.5-6MW power capacity [5].

1.2 Wind energy conversion

1.2.1 Where does wind energy come from

Like most part of renewable energies, wind energy has its origin in the sun. The
atmosphere of Earth absorbs solar radiation in an irregular way: dry land heats
up and cools down faster than sea does, the poles receive less energy from the

11



12 CHAPTER 1. INTRODUCTION TO WIND ENERGY

sun than the equator, and clouds or the alternation between day and night also
contribute to this uneven energy absorbtion. All these irregularities cause air
masses with different temperatures, and as a consequence, different pressures.
Finally, this difference of pressures makes air to move from high to low pressure,
creating movement of the air, i.e., wind.

It is calculated that between 1% and 2% of the energy coming from the sun
is converted to wind [6]. This is a high amount of energy, but in practice, the
current technology allows to use only the horizontal wind to generate electricity,
which velocity is between certain values (usually more than 3 m/s and less than
25 m/s).

1.2.2 Betz limit

Energy available in the wind is basically energy from an air mass which is
moving. This air mass acts on the blades of the wind turbine, producing its
rotation. Once the rotation is produced, the energy can be transformed to
electricity or used as mechanical energy, depending on the final use. In the
case studied here, the kinetic energy is transformed to electrical energy with a
generator. Nevertheless, not all energy from the movement of an air mass can be
transferred to the rotor of the turbine. As Albert Betz established, any turbine
can capture more than 59.3% of energy available in a wind stream. This number
is known as Betz limit and can be proved with the following equations [4].

Kinetic energy of mass of air m at velocity v, is:

E =
1
2
mv2 (1.1)

Considering a wind rotor of cross sectional area A, through which the air
passes at a velocity v, the volumetric flow is:

V̇ = Av (1.2)

And multiplying it by the air density, the mass flow is obtained:

ṁ = ρAv (1.3)

Power is energy per unit time, and by combing equations (1.1) and (1.3) the
following expression is obtained:

P =
1
2
ρAv3 (1.4)

P is the power available in a free-stream airflow. Now, the maximum power
that can be transferred to the rotor has to be found. The only way to extract
energy from the air stream is transforming some of its kinetic energy to me-
chanical energy. Thus, the velocity of the air stream will decrease behind the
energy converter.

Furthermore, the continuity equation have to be taken into account:

ρA1v1 = ρA2v2 (1.5)

Since the mass flow is constant, as velocity decreases, the cross-sectional area
will increase (see Figure 1.1).
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Figure 1.1: Flow cross-sectional area as the air runs through the rotor or energy
converter. v1 is the velocity before the air stream reaches de converter and v2
is the flow velocity behind the converter [7].

From equation (1.4) the expression of the power extracted from the energy
converter is:

P =
1
2
ρA1v

3
1 −

1
2
ρA2v

3
2 =

1
2
ρ(A1v

3
1 −A2v

3
2) (1.6)

And from equations (1.5) and (1.6):

P =
1
2
ρv1A1(v2

1 − v2
2) (1.7)

Which can be expressed also as:

P =
1
2
ṁ(v2

1 − v2
2) (1.8)

From this equation, v2 should be zero in order to obtain the maximum
theoretical power. However, v2 equals to zero means that the air is brought
to a complete standstill by the converter; and this makes no sense because v2
equals to zero means that v1 must equal also to zero, to fulfill the continuity
equation (1.5). As a result, there would not be air flowing through the converter,
and the power transformed would be zero. Then, ratio v2 / v1 will be used to
find the maximum theoretical power.

In addition, another equation is required to find the maximum power. Ac-
cording to the law of conservation of momentum, the force that the converter
receives from the air can be expressed as:

F = ṁ(v1 − v2) (1.9)

According to the Newton’s third law ‘To every action there is an equal and
opposite reaction’, so if the converter pushes the air mass at air velocity v′,the
power required is:

P = Fv′ = ṁ(v1 − v2)v′ (1.10)

Making equal equations (1.8) and (1.10):

1
2
ṁ(v2

1 − v2
2) = ṁ(v1 − v2)v′ (1.11)
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And simplifying it:

v′ =
1
2

(v1 + v2) (1.12)

As equation (1.12) shows, v′ is the arithmetic mean of v1 and v2.
Combining equations (1.3) and (1.12), the mass flow becomes:

ṁ = ρAv′ =
1
2
ρA(v1 + v2) (1.13)

And now substituting equation (1.13) in equation (1.8) a new expression for
the power is obtained:

P =
1
4
ρA(v2

1 − v2
2)(v1 + v2) (1.14)

Taking equation (1.4) for a flow running through the same cross-sectional
area without interaction with any energy converter, the power of the undisturbed
air stream is:

P0 =
1
2
ρAv3 (1.15)

Dividing P (equation (1.14)) by P0 (equation (1.15)), the ’power coefficient’
cp is obtained:

cp =
P

P0
=

1
4ρA(v2

1 − v2
2)(v1 + v2)

1
2ρAv

3
=

1
2

∣∣∣∣∣1−
(
v2
v1

)2
∣∣∣∣∣
∣∣∣∣1 +

v2
v1

∣∣∣∣ (1.16)

Therefore, the ‘power coefficient’ cp is the ratio of the extractable mechanical
power to the power contained in the air stream, and only depends on the ratio
of the air velocities before and after the converter. The last step here is to find
the maximum value, which can be calculated both numerically and graphically.

If the Betz limit is calculated numerically, in order to find the maximum
value, first of all cp expression is derived and equalized to zero, then the equation
is solved and finally, the value obtained is replaced into the original equation:

δcp
∂( v2v1 )

=
1
2

⌊(
1 +

v2
v1

)(
−2
(
v2
v1

))
+

(
1−

(
v2
v1

)2
)⌋

=
1
2

⌊
1− 2

(
v2
v1

)
− 3

(
v2
v1

)2
⌋

= 0

Solving the quadratic equation, v2v1 = 1
3 .

And replacing this value in equation (1.16), cp = 32
54 = 0.5926, which is the

Betz limit stated at the beginning of this section.

1.3 Wind turbines

1.3.1 Classification

There are a lot of different wind turbine designs trying to use wind energy as
efficiently as possible, and a lot of classifications could be made for them. One
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Figure 1.2: Example of a vertical axis wind turbine: World highest Darrieus
wind generator, Gaspé peninsula, Quebec, Canada [7].

used classification is depending on their aerodynamic function, whether wind
energy is captured only from the drag forces of the air stream acting on the
surfaces (drag-type turbines) or there is an additional energy capture from the
lift created by the flow acting on shaped surfaces or airfoils (lift-type turbines).
Drag, sometimes called air resistance or fluid resistance, refers to forces that
oppose the motion of a solid object through a fluid (a liquid or gas) and act in
a direction opposite to the instantaneous velocity. Lift is the component of the
aerodynamic force that is perpendicular to the oncoming flow direction, and it
contrasts with the drag force, which is the component of the aerodynamic force
that is parallel to the oncoming flow direction.

However, the most common classification is depending on their construc-
tional design, so they can be divided in two groups based on their axis of rota-
tion, vertical or horizontal axis wind turbines.

1.3.1.1 Vertical axis wind turbines

In vertical axis wind turbines, like the one shown in Figure 1.2, the axis of the
turbine is vertical to the ground and almost perpendicular to the wind direction.
On one hand, this implies that mechanical-electrical energy conversion devices,
like the generator or the gearbox, can be housed at ground level, and as a con-
sequence the costs in the tower design and in the maintenance can be reduced.
Moreover, the turbine can receive wind from any direction indistinctly, so orien-
tation devices, technically known as yaw devices, are no needed. On the other
hand, vertical axis wind turbines usually need external help to start working
once they are stopped, and as the blades have to pass through aerodynamically
dead zones, the system efficiency decreases. Also guy-wires or guy-ropes, which
are tension cables designed to add stability to structures, are needed to support
the tower structure and may pose practical problems [2].

The most broadly used vertical axis wind turbine designs are the Savonius
design and the Darrieus design.

The Savonius wind turbine consists in a two half cylindric blades arranged
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Figure 1.3: Savonius wind turbine [7].

in ‘S’ shape. The concave side has more drag forces than the convex side, and
therefore the turbine rotates (see Figure 1.3). It has a low tip speed ratio, which
is the ratio between the velocity of the rotor tip and the wind velocity, so it is
not used as electricity generator but as water pump.

In contrast to the drag forces used in the Savonius turbine, the Darrieus wind
turbine uses also the lift forces generated from a specific shape of the blades seen
in cross-section, called airfoils, to produce the rotation (see Figure 1.4). Dar-
rieus design has usually two or three rotor blades and allows a high tip speed
ratio ratio, which makes it attractive for the electricity generation. However,
the curved shape of the blades (see Figure 1.2) makes difficult and expensive to
manufacture. In addition, as explained above, the efficiency is lower than hori-
zontal axis wind turbines. These may be the reasons why horizontal axis wind
turbines have prevailed as the ones used on a large scale to produce electricity.

Another version of the Darrieus design is the so-called H-rotor or Giromill.
Instead of the curved rotor blades of the Darrieus design, straight blades con-
nected to the rotor shaft by bars or struts are used [4](see Figure 1.4).

There are other different designs, like the helix wind turbine, but they are
in a lower developed state.

1.3.1.2 Horizontal axis wind turbines

In horizontal axis wind turbines the axis of the turbine is parallel to the ground
and to the wind direction. As explained before, almost all wind turbines used
to generate electricity are horizontal axis. One of the advantages of these wind
turbines, compared with the vertical axis ones, is the ability to control the rotor
speed and the output power by pitching the blades about their longitudinal axis.
Furthermore, the rotor blade pitching allows to stop rotation of the turbine in
the easiest way possible. Other advantages are a low cut-in wind speed, i.e.,
the wind speed needed for the turbine to start rotating, and the high power
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Figure 1.4: Principle of Darrieus wind turbine in the variation Giromill [7].

coefficient. The disadvantages are the need of a tail or yaw drive to orient the
turbine towards the wind, and the fact that the generator and the gearbox of
the turbines have to be housed on the top of the tower, which complicates the
design and makes it more expensive.

Depending on the number of blades, the horizontal axis wind turbines can
be classified as one bladed, two bladed, three bladed, or multi bladed. The lower
number of blades, the more savings there are in blade materials; but with only
one or two blades, there are balancing and visual acceptability problems [2]. On
the other hand, the more number of blades a rotor has, the more interference
between the blades and the more irregular is the wind energy capture, so the
drag losses are reduced minimizing the number of blades. As a result, the
optimum number of blades is three. This is the reason why almost all the wind
turbines used for the electricity generation are horizontal axis and three bladed.

Adding more blades, the drag losses are increased, but the starting torque
is higher. This is important for some applications like water pumping.

1.3.2 Components

The choice of the wind turbine is one of the most important decisions when
a wind farm is designed. A favorable place for a wind farm, with a wrong
election of the turbines, can lead to an important reduction of the efficiency
with which turbines capture the air energy. Therefore, it is important to know
the components and their functions.

Figure 1.5 shows the components of a wind electric generator. Also, the
main components are explained in the following list:

• Tower; it is the structure that supports all the other components at a cer-
tain height. Formerly, the type of structure used was the so-called lattice
tower, which is the structure used in electricity pylons or transmission
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Figure 1.5: Components of a wind electric generator [7].

towers. However, nowadays the most usual type of structure is the tubu-
lar tower. The change of structure was made because despite of the cost
reductions by using a lattice tower, its aesthetics is hardly ever accepted
by the viewers; the birds tend to perch on the bars, causing a more intense
avian activity and as a consequence more bird casualties [8]; the mainte-
nance is more difficult and since there are not lockable doors it is also less
secure.

• Rotor; it includes the blades, the hub and the shafts, among other things.
It is the most important and prominent part of a wind turbine, so it is
the component that receives the kinetic energy from the air stream, and
converts it to mechanical power.

• Gearbox; it makes possible to manipulate the speed from the rotor to a
higher speed through a gear train, in order to achieve the optimum speed
for the generator.

• Generator; it transforms mechanical energy of the rotation of the blades
to electricity. There are two types of generators, synchronous generators
or induction generators (also called asynchronous generators); but most
part of the wind turbines in the world use the asynchronous generators [9].

• Power regulation and controlling units; they are components used when
wind speed is higher than rated velocity (velocity at which the turbine
begins to produce its rated power, see § 1.3.3), so the turbine can continue
working. Otherwise, to be able to work at higher velocities, the turbine
should be designed to accommodate higher levels of power, which would
require stronger transmissions and a bigger generator. As higher speeds
than the rated velocity occur seldom, the new design would not be cost-
effective, so power regulation and controlling units are used instead.
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Figure 1.6: Parameters of an airfoil [7].

The angle between the undisturbed wind direction and the chord line of
the airfoil is known as the angle of attack (see Figure 1.6). The variation of
the angle of attack is the principle used to regulate the power. The blades
offer its maximum performance or lift at a given angle of attack; changing
it entails a reduction of the performance, and therefore, with an increase
of wind velocity, a constant output power instead of an increase can be
achieved. The two most used power regulation units are the pitch control
and the stall regulation. The pitch control makes the blades turn about
their longitudinal axis by mechanical and hydraulic devices, allowing to
reduce the angle of attack and hence the lift force. The stall regulation
is based on the design of the profile of the blades, in such a way that the
angle of attack increases with wind velocities beyond the rated limit, and
therefore reduces also the lift force on the blades. The combination of
pitch and stall control systems is called active stall. Another system used
is the yaw control, which consists in pushing the rotor partly away from
the wind direction at higher wind speeds, but since this system causes
cyclic stresses it is only used in small wind turbines [2].

• Brake systems; they are used to stop the rotation of the rotor if the wind
velocity is extremely high (higher than the cut-out velocity), or for some
other safety reasons like a failure of the power line or a disconnection of the
generator. There are two different types of brakes, aerodynamic brakes
and mechanical brakes. Aerodynamic brakes are usually used as primary
system, and consist of a 90o rotation of the blades which makes disappear
the lift forces that cause the rotation movement. Mechanical brakes are
friction devices used as secondary system and work only if the first one
fails.

1.3.3 Power curve

Several types of wind machines with the same rated capacity but different op-
erating characteristics may be available in the market. Hence, for the specific
conditions of each place, the choice for the optimum wind turbine has to be
carefully studied.

One of the graphs that better describes the different operating characteristics
of a wind turbine is the power curve, which shows the power that a turbine
generates, depending on the wind velocity. Figure 1.7 shows the power curve of
a 800 kW turbine. The three most important velocities are: the cut-in velocity,
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Figure 1.7: Theoretical power curve for the wind turbine model MADE AE-
59/800kW.

VI , which is the wind velocity at which the turbine begins to generate power; the
rated velocity, VR, which is the velocity at which the turbine begins to produce
its rated power; and the cut-out velocity, VO, which is the velocity at which
the turbine stops producing power due to safety reasons. Therefore, the curve
can be divided in two different regions: a first region located between VI and
VR, where the power generated increases with the wind velocity; and a second
region located between VR and VO, where the power generated is constant [2].
Why generated power does not increase with wind velocity in the second region,
has been explained in the point ‘Power regulation’ in § 1.3.2.
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Chapter 2

Minorca and Es Milà Wind
Farm

2.1 Energy and electricity in Minorca

The data studied in this chapter is from Es Milà Wind Farm, located in the
north-east of Minorca, Balearic Islands, Spain (see Figure 2.1).

Figure 2.1: Location of Es Milà wind farm, in Minorca [7] [10].

Throughout history, electricity consumption in Minorca has been always
increasing. Until 1974 all the electricity consumed in Minorca was also produced
in Minorca, in the thermal power plant of Maó, but in 1975 Minorca and Majorca
were connected by a submarine cable, and from then to 1989 the electricity

23
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Produced in Produced in Produced in Total
Year Minorca Majorca for Minorca for consumption

for own consumption consumption in
consumption in Minorca in Majorca Minorca

2001 207,989 214,050 6,085 415,954
2002 214,908 226,810 4,821 436,897
2003 250,189 213,668 6,125 457,732
2004 280,982 199,667 2,392 478,257
2005 349,596 157,164 3,152 495,201
2006 401,398 114,660 3,912 512,144

Table 2.1: Electricity generated in Minorca and Majorca for Minorca’s con-
sumption for the 21st century, in MWh/year [11].

Figure 2.2: Electricity generated in Minorca and Majorca for Minorca’s con-
sumption, in MWh/year [11].

production in the island decreased, arriving to do not produce any electricity
in 1986. In 1990 the new thermal power plant in Maó started to work, and
in 1995 almost all the electricity was produced in Minorca again, but then new
generators working with combined cycles and steam turbines producing cheaper
electricity were set up in Majorca [11] [12], and the imported electricity increased
again.

According to Minorca Socio-Environmental Observatory [11], the last data
available for 2006 shows that production of electricity in Minorca for own con-
sumption was almost four times the electricity imported from Majorca, and the
amount of electricity produced in Minorca and exported to Majorca was only
1/30 of the imported. Table 2.1 and Figure 2.2 show electricity generated in
Minorca and Majorca for Minorca’s consumption.

Currently there are three different main sources where electricity is obtained
from. These are a 218 MW thermal power station, a 132 kV submarine ca-
ble connecting Minorca and Majorca and the 3.2 MW wind farm of Es Milà.
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Renewable
Year Renewable Fossil fuel energies

energies contribution (%)
2002 19.77 466926.24 0.00
2003 22.91 514154.97 0.00
2004 3769.05 533345.52 0.70
2005 5476.80 561720.98 0.97
2006 4926.70 574306.38 0.85

Table 2.2: Electricity consumption in Minorca, in MWh/year [11].

Moreover, some photovoltaic plants are also working, but its total contribution
to the electricity mix in the island is negligible.

In 2006, the energy consumption of the island was 1810906.1 MWh, and
only 4926.7 MWh of them came from renewable energies; this is a 0.27% of
the total energy consumption. 4877.4 MWh of the 4926.7 MWh came from
Es Milà Wind Farm, which is the 99% of the renewable energy production [11].
Note that total energy consumption not only includes electricity consumption,
but also energy consumption in transport and industry sectors.

As regards only electricity, different values are found for the same year.
According to the Energy General Directorate of the Balearic Islands, in 2006
electricity demand in Minorca was 471156 MWh, and electricity production of
Es Milà was 4877.4 MWh, which is the 1% of the electricity demand [13]. Ac-
cording to the Institute of Statistics of the Balearics Islands, in 2006 electricity
invoicing was 471090 MWh [14], so the contribution of wind power becomes
again around 1%. Table 2.2 shows also the contribution of renewable energies
to the electricity consumed in Minorca between 2002 and 2006, according to Mi-
norca Socio-Environmental Observatory [11]. Moreover, Figure 2.2 shows the
evolution of the electricity production and consumption in Minorca from 1957
to 2006. The red curve is the energy produced in Minorca, the green curve is the
energy produced in Majorca and the blue curve is the total energy produced.

Despite some differences between all the data, one can certainly establish
that Minorca is an island still very dependent on fossil fuels.

2.1.1 Distribution of the demand

A brief explanation of how the electricity demand varies in Minorca along a
day and along a year is also made. The main economic base of the island is
tourism; thus, while in winter the population is around the 80000 inhabitants,
in summer it reaches 200000 people [11]. This is a very important fact for the
electricity demand, and as Figure 2.3 shows, electricity demand in summer is
almost doubled compared to electricity demand in winter.

The data used in this figure is from the thermal power plant of Maó, the
capital of Minorca. Since this power plant generates about the 80% of the
electricity consumption in Minorca [12], multiplying the production by a factor,
rough electricity consumption data are obtained.

Electricity demand may also vary depending on the hour of the day. Fig-
ure 2.4 shows how demand varies in three random days, one of them in summer,
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Figure 2.3: Variation of electricity demand in Minorca in 2008 [12].

when the pattern may be different because of the tourism and the heat. One
can see that the pattern varies slightly, with sharper oscillations in summer,
while during the rest of the year the demand is more constant, but still with
noticeable peaks.

The pattern has two peaks of electricity demand: one during the working
hours in the morning, when all the offices are opened, and another one between
21:00 and 23:00, when most of the people are supposed to be at home, with
electrical appliances like televisions, computers and air conditioning or heating
switched on, before going to sleep. However, in the afternoon and in the evening,
the decrease of electricity demand is more noticeable in summer, while in the
other seasons it is more constant and the oscillations are lower. The reason for
that is because in summer, people who work in the morning use to go to the
beach in the afternoon, not consuming electricity during that time. In the small
hours, demand is quite lower than the rest of the day for all the year, due to
obvious reasons.

2.1.2 Overview in Spain

In Spain, a Special Retributive Regime is established for renewable energy power
plants in order to reach the goals included in the 2005-2010 Renewable Ener-
gies Scheme. This scheme passed with the purpose to increase the safety and
quality of the electricity supply and trying to fulfill the Kyoto Protocol require-
ments. However, a too low retribution would make invests unfeasible, and an
excessive retribution could affect significantly the costs of the electrical system
and discourage investments, so it is important to establish a correct retributive
regime [15]. Each renewable energy has a fixed rate for the electricity produced,
and the distribution company has the obligation to buy it and add it to the
electrical grid. Nevertheless, the owner of the power plant can choose between
transferring the electricity through the distribution electrical grid at a fixed
rate or selling it to the electricity market with a bonus per kWh [16]. The
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Figure 2.4: Variation of the electricity demand in Minorca during three random
days in 2008 [12].

Fixed Reference Maximum Minimum
Group Subgroup Period rate bonus bonus bonus

(c€/kWh) (c€/kWh) (c€/kWh) (c€/kWh)

b.2 b.2.1 First 20 years 7.3228 2.9291 8.4944 7.1275
From then 6.1200 0.0000

Table 2.3: Fixed rated and bonus for onshore wind farms in Spain [16].

fixed price is the same amount for all the periods, and is calculated depending
on which group and subgroup the power plant belongs, being wind power fa-
cilities a group, and onshore or offshore facilities subgroups. According to this
classification, Es Milà Wind Farms belongs to subgroup b.2.1. Table 2.3 shows
the fixed price and the bonus for this subgroup. In addition, another bonus for
reactive power or a penalty is given when maintaining the power factor in some
certain values [15] [17].

Due to this regime, Spain is one of the countries in the world where renewable
energies contribute more significantly to supply all the electricity demand. At
the end of 2008, renewable energies in Spain supplied a 7.6% of the total energy
consumption and a 20.5% of the total electricity production came from them.
In regard only to wind power, Spain is the third country in the world with more
wind power capacity installed, with 16549 MW , which generated a 12% of to
the electricity production [18].

2.2 Es Milà Wind Farm

Es Milà Wind Farm started to operate in 2004, and it was the first wind farm
built in the Balearic Islands. Figure 2.5 shows an aerial view of the wind farm.



28 CHAPTER 2. MINORCA AND ES MILÀ WIND FARM

Figure 2.5: Aerial view of Es Milà wind farm [19].

It has 4 wind turbines model MADE AE-59/800kW, which can generate a total
power of 3.2 MW (0.8 MW each one). The height of the hub is 50 m, the
diameter of the rotor is 59 m and the cross sectional area is 2733.97 m2 [20].

The theoretical power curve for the MADE AE-59/800kW wind turbine,
the model used in Es Milà is shown in Figure 1.7 on page 20. In this case, the
cut-in velocity is 3.5 m/s, the rated velocity is 12 m/s, and the cut-out velocity
25 m/s. Note that it is a theoretical or ideal curve, and in a real turbine the
performance may vary.



Chapter 3

Study of data

3.1 Data

The data used for the study is from the whole year 2007 in Es Milà, and it can
be divided into meteorological data and output power data (the total for the 4
wind turbines).

The meteorological data given are:

• Wind direction, in degrees, where 0o is North, 90o is East, 180o is South, etc.

• Air pressure, in mbar.

• Air temperature, in Celsius or centigrades (oC).

• Wind speed, in m/s.

While the output power data given is:

• Real or active export power (P), in kWh/h.

• Reactive import power (Q2), in kV Ar.

• Reactive export power (Q3), in kV Ar.

Two different reactive powers appear in the data, reactive import power
(Q2) and reactive export power (Q3). This means that the wind farm can both
export reactive power to the electrical grid or import reactive power from the
grid. A further explanation of reactive power is made in § 3.4.5.

3.1.1 Sample of data file

Table 3.1 shows a sample of the data file.
The first part of the sample shows data of the 16/01/2007; the second part,

data of the 27/04/2007; and the third part, data of the 06/12/2007.
It should be noted that on 16/01/2007 at 12:00, the average wind velocity

is lower than the cut-in velocity, but there is a certain output power anyway.
This is because it is not enough to study the average wind velocity, but also
the distribution of wind velocity in the period where the average is calculated
is of interest. Here, the average value at 12:00 is lower than the cut-in velocity,

29
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Wind Air Air Wind Power React. React.
Date Hour dir. press. temp. Vel. (kWh/h) Q2 Q3

(o) (mbar) (oC) (m/s) (kVAr) (kVAr)
16/01/2007 12:00 158.00 1017.00 16.53 2.68 99 0 302
16/01/2007 13:00 179.33 1017.33 18.25 3.73 6 0 31
16/01/2007 14:00 178.67 1015.50 17.00 3.60 137 0 212
16/01/2007 15:00 185.33 1016.67 18.77 3.95 72 0 158
16/01/2007 16:00 213.17 1016.00 16.85 2.97 110 0 198
16/01/2007 17:00 239.33 1014.83 14.17 3.30 105 0 263
16/01/2007 18:00 268.17 1014.00 13.12 3.63 78 0 199

... ... ... ... ... ... ... ... ...
27/04/2007 14:00 133.00 1013.33 22.65 7.68 539 0 459
27/04/2007 15:00 131.50 1013.00 22.57 8.05 1121 0 518
27/04/2007 16:00 131.83 1012.67 22.23 7.42 1162 0 524
27/04/2007 17:00 137.83 1011.83 21.87 7.62 872 0 537
27/04/2007 18:00 135.17 1011.00 21.57 7.60 1027 0 559
27/04/2007 19:00 138.17 1010.67 19.87 6.45 815 0 538

... ... ... ... ... ... ... ... ...
06/12/2007 01:00 280.83 1014.83 13.02 4.82 438 343 0
06/12/2007 02:00 320.20 1013.60 12.26 7.04 1032 568 0
06/12/2007 03:00 313.00 1014.00 13.27 7.68 2204 989 0
06/12/2007 04:00 296.00 1014.80 13.12 6.16 1314 660 0
06/12/2007 05:00 259.17 1015.00 13.82 8.32 1547 750 0
06/12/2007 06:00 216.80 1015.00 14.42 10.90 2847 1231 0
06/12/2007 07:00 244.50 1015.33 14.55 11.38 3014 1299 0
06/12/2007 08:00 296.40 1015.60 14.28 10.34 2900 1244 0
06/12/2007 09:00 305.83 1016.33 14.32 8.57 2254 342 0

Table 3.1: Sample of the data file.

but in this very same hour wind velocity may have been higher than cut-in
velocity for some period, an lower in other periods, making the average for
the whole hour lower than the cut-in velocity. A further explanation of wind
velocity distributions and averages is made in § 3.3.3.2. In addition, it should be
reminded that there are four wind turbines and the measures of wind velocity
were taken only in one location of that area. This means it is possible that while
in the measurement location wind velocity was lower than the cut-in velocity, in
the location of other wind turbines the velocity might has been higher enough.

Moreover, a very low output power value is registered at 13:00, while wind
velocity is higher than the hour before. The importance of wind velocity distri-
bution and not only the average value is again the reason for this case.

It is also noteworthy that for reactive power, either imported reactive power
(Q2) is 0 and exported reactive power (Q3) has a certain value, or exported
reactive power is 0 and imported reactive power has a certain value. This is the
usual behavior, but both columns being zero or both having a certain value is
feasible too. However, § 3.4.5 deals thoroughly with all these matters.

3.2 Lack of data

The total number of hours with meteorological data for the year is 6393. How-
ever, note that a non-leap year has 8760 hours, but due to some measurement
and data compilation errors for wind, only 6393 hours of the year 2007 are avail-
able. These gaps of data are distributed along all the year, and vary from only
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Figure 3.1: Distribution of the lack of data along all the year.

one hour to some weeks. The widest gaps are located at the beginning of the
year, with a two weeks gap at the beginning of January, and a five weeks gap
between the end of January and almost all February.

Table 3.2 shows a sample of gaps in the data file: the two first gaps are
the largest gaps of all the year, while the others gaps are shown because some
anomalies appear close to the gaps. This anomalies are emphasized in italics,
most of them are just after the gap and the value for the output power is 0,
although wind velocity is higher than the cut-in velocity. However, some of
them are emphasized because although they are not 0, the output power value
does not match with the wind velocity. In order to find an explanation for that
some more information and knowledge about why those gaps happened should
be required.

Figure 3.1 shows the distribution of all the data gaps along the year for
every hour. Every point represents an hour of lack of data, so a vertical line of
points means there is a whole day of lack of data, i.e., a whole day gap, and an
horizontal thick line for every hour means there are a lot of points located really
close of each other, which is because there is a gap of some days. The longer
are the horizontal lines, the larger is the gap.

With this figure the main gaps are detected easily. One can observe that
the largest gap is a period which includes the end of January and almost all
February, the second largest gap contains the first half of January, and then
other large gaps are at the beginning of May, at the beginning and at the end
of July, halfway through June and at the beginning of September.

It should be noted that the gaps of data are only for meteorological data. For
the output power, there is only a gap of data of 53 hours between 04/05/2007 and
06/05/2007, so almost all the power data is available for the whole year. Thus,
when studying interrelationships between meteorological and output data, the
gaps will exist, but when only studying output data and their interrelationships,
all the data except that mentioned gap will be available.
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Wind Air Air Wind Power React. React.
Date Hour dir. press. temp. Vel. (kWh/h) Q2 Q3

(o) (mbar) (oC) (m/s) (kVAr) (kVAr)
Gap

16/01/2007 12:00 158.00 1017.00 16.53 2.68 99 0 302
16/01/2007 13:00 179.33 1017.33 18.25 3.73 6 0 31

... ... ... ... ... ... ... ... ...
19/01/2007 17:00 314.00 1022.00 17.08 2.57 205 0 270
19/01/2007 18:00 270.80 1020.20 15.46 2.66 0 0 1

Gap
27/02/2007 17:00 225.17 1014.50 16.20 3.30 925 0 325
27/02/2007 18:00 251.33 1012.67 13.62 3.42 265 0 308

... ... ... ... ... ... ... ... ...
10/03/2007 07:00 311.33 1007.33 10.95 20.63 37 3 0
10/03/2007 08:00 310.33 1006.33 9.97 19.27 110 7 0

Gap
10/03/2007 17:00 251.17 1012.50 14.67 8.78 185 0 31
10/03/2007 18:00 243.33 1012.83 13.05 8.12 2121 0 331

... ... ... ... ... ... ... ... ...
12/03/2007 09:00 196.17 1013.17 13.92 7.15 1055 0 333
12/03/2007 10:00 153.50 1014.00 14.95 7.80 1513 0 329

Gap
12/03/2007 12:00 155.80 1014.80 16.74 7.08 0 0 0
12/03/2007 13:00 226.33 1014.83 16.50 6.72 949 0 295
12/03/2007 14:00 259.00 1014.67 16.42 7.00 998 0 332

... ... ... ... ... ... ... ... ...
25/03/2007 00:00 281.67 995.67 8.62 8.18 1866 0 774
25/03/2007 01:00 296.50 995.67 8.43 6.10 2154 338 50

Gap
25/03/2007 03:00 312.83 996.00 8.22 6.03 0 0 0
25/03/2007 04:00 301.33 996.00 8.20 3.82 423 0 420
25/03/2007 05:00 252.33 996.00 8.87 4.97 395 0 437

... ... ... ... ... ... ... ... ...
31/03/2007 08:00 196.83 999.83 13.82 6.50 1125 106 16

Gap
31/03/2007 13:00 193.50 1004.17 18.73 6.72 196 0 163
31/03/2007 14:00 195.00 1005.50 20.02 6.73 1295 0 737
31/03/2007 15:00 193.83 1006.67 21.00 5.63 808 0 687

... ... ... ... ... ... ... ... ...
14/06/2007 08:00 174.83 1003.83 21.70 7.50 781 0 182
14/06/2007 09:00 181.60 1005.40 23.38 8.90 1377 31 78

Gap
14/06/2007 11:00 190.33 1008.00 25.93 9.38 903 0 323
14/06/2007 12:00 188.67 1008.33 26.13 9.93 1815 0 729
14/06/2007 13:00 197.17 1009.33 27.48 8.88 1796 0 734

Table 3.2: Sample of gaps in the data file.
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(a) Frequency distribution of the wind ob-
tained with data of 2007.

(b) Frequency distribution obtained in the
study of the place, from 06/03/1997 to
16/12/2001, previous to the construction of
the wind farm [19].

Figure 3.2: Frequency rose in Es Milà.

3.3 Wind data

Study of wind in a specific place is a very important matter, specially in studies
before the construction of the wind farm. In this section, a study of wind
direction, wind velocity and its distribution will be made.

3.3.1 Wind direction

First of all, wind data is studied depending on its direction, using wind roses di-
vided in 16 equal sections, so each section contains an interval of 22.5o (360o/16 =
22.5o). For example, north direction (N) is the interval between 348.75o to
11.25o, north-north east is (NNE) from 11.25o to 33.75o, north east (NE) from
33.75o to 56.25o, etc.

Figure 3.2(a) shows the frequency rose of Es Milà during the year 2007,
and an unexpected result is obtained. Since Minorca is located at the exit of
a kind of natural funnel created by the Alps and specially the Pyrenees (see
Figure 2.1), the island is well known for the strong wind from the north, called
tramontana [21] [22]. However, wind frequency obtained for the interval between
NNW and ENE is extremely low, and only two observations for north wind in
the whole year are found, i.e., only 2 hours of the 6422 hours of wind data
available are from north, which is a 0.03%.

One explanation may be that most part of the lack of data is wind from the
NNW to ENE interval. The no available wind data are 2338 hours of the 8760
of a year, which is a lack of 27%. If some part of the lack of data was distributed
between that interval, a more logical frequency rose would be obtained.

Moreover, the reason for the error in measurement and as a consequence, the
lack of data of northern wind, is that in 2006 the meteorological measurement
device was replaced due to its frequent breakdowns, and the new device was



34 CHAPTER 3. STUDY OF DATA

Figure 3.3: Velocity rose in Es Milà for average and maximum velocities (2007).
(m/s).

placed at a height of 2.5 m through an arm, with NW direction, thus suffering
a lot of turbulence. In addition, this kind of wind uses to be strong and with
violent gusts, so the general protection can also set off due to some problems
with the electrical grid and those reading data may be lost [19].

Without taking into account the interval from NNW to ENE, which as ex-
plained above is probably wrong, the most frequent directions for the wind in Es
Milà are WNW and NW followed by SSE and SE. Figure 3.2(b) shows the fre-
quency rose of the area during the period 1997-2001, in a study previous to the
wind farm construction. One can observe that these most frequent directions
vary between 2007 and the period 1997-2001, which proves that distribution
patterns may vary between different years [22].

3.3.2 Velocity distribution

In addition, velocity distribution is also studied. Figure 3.3 shows the distribu-
tion of average and maximum velocity for each direction. WNW and NW are
the directions where average and maximum wind velocity are higher.

If power distribution is studied as in Figure 3.4, the difference of values
between directions is seen more easily, since the power depends on the cube of
the velocity.

Taking air density as 1.21 kg/m3, which is the average air density of 2007
calculated with the values of pressure and temperature given in the data (max-
imum density is 1.26 kg/m3 and minimum density is 1.14kg/m3), the power
available in the air in W/m2 can be calculated with the expression below.
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Figure 3.4: Power rose in Es Milà (2007). (W/m2).

P

A
=

1
2
ρv3

It is important to note here that v3 is not the cubic values of the average
velocity for each direction, but it is the average of all the cubic value of the
velocities for each direction.

Finally, the average power for each direction is multiplied by the frequency
of wind from that direction, and the power rose is obtained.

From Figure 3.4 one can observe that WNW is the direction in which air
has more power.

3.3.3 Wind velocity

3.3.3.1 Average wind velocities

Es Milà Wind Farm is an area where the studies previous to its construction
determined an average velocity of 6.4 m/s at a height of 40 m and 5.4 m/s at
a height of 20 m. The average for the year 2007 with the data available is 5.7
m/s, which is similar to the values obtained in those previous studies.

Table 3.3 shows the average , the minimum and the maximum values for
every month in 2007. The low maximum and high minimum velocity for January
and February, comparing them to all the other months, is because of the large
lack of data during these two months (see § 3.2).

Figure 3.5 shows all wind velocity data along the whole 2007. Every dot
represents the wind velocity for one hour, and the straight lines represent the
average wind velocity for every month. November was the most windy month,
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Month
Average Max. Min.

Vel. Vel. Vel.
(m/s) (m/s) (m/s)

January 4.13 7.05 1.77
February 4.16 7.88 2.10

March 6.77 22.20 0.33
April 4.28 12.92 0.47
May 5.53 13.68 0.55
June 4.82 14.38 0.00
July 4.65 11.42 0.00

August 5.33 11.25 0.35
September 5.16 13.73 0.35
October 6.48 17.82 0.50

November 7.41 15.82 0.18
December 6.21 16.23 0.57

Year 5.70 22.20 0.00

Table 3.3: Average, maximum and minimum wind velocity for every month in
2007.

and autumn was also a specially windy season, compared to the other three
seasons.

3.3.3.2 Wind velocity distribution

Wind velocity is another critical factor to be analyzed; however, it is not enough
to study the average wind velocity, but also the distribution of wind velocity
is of interest. Two places with the same wind average, can have very different
wind distributions and then different turbines may be installed depending on
that distribution.

For instance, one can think about two sites with an average wind velocity
of 12 m/s, but with different distributions. The first one has a wind velocity
of 3 m/s half of the day, and 21 m/s the other half of the day (Figure 3.6(a)),
while the second one has a constant wind velocity of 12 m/s the whole day
(Figure 3.6(b)). If a wind turbine of 800 kW has a cut-in velocity of 3.5 m/s,
a rated velocity of 12 m/s and a cut-out velocity of 25 m/s, as in Es Milà (see
Figure 1.7 on page 20), then in the first site the wind turbine would produce
electricity only the second half of the day, at a rated power 800 kW , which would
be 9.6 MWh, while in the second site the turbine would produce electricity all
the day also at its rated power, which would be 19.2 MWh. An extreme example
could be two sites with an average wind velocity of 13 m/s. In the first site,
velocity is 0 m/s in the first half of the day, and 26 m/s in the second half of
the day (Figure 3.6(c)); in the second site, wind velocity is 13 m/s all the day
(Figure 3.6(d)). In this case, the turbine would not produce any electricity in
the first site, since it would be idle all the day, the first half because the wind
speed would be lower than the cut-in velocity, and in the second half because it
would be higher than the cut-out velocity; while in the second site the turbine
would produce electricity at its rated power during the whole day.
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Figure 3.5: Wind velocity data along the whole 2007.



38 CHAPTER 3. STUDY OF DATA

(a) Wind velocity distribution of 3 m/s half of the day, and 21 m/s the other half
of the day.

(b) Wind velocity distribution of 12 m/s the whole day.

(c) Wind velocity distribution of 0 m/s half of the day, and 26 m/s the other half
of the day.

(d) Wind velocity distribution of 13 m/s the whole day.

Figure 3.6: Wind distribution cases.
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Figure 3.7: Probability distribution of wind velocities.

Once explained the importance of wind distributions, a first analysis con-
sisting in creating an histogram by dividing wind velocities into equal intervals,
from 0 to 1 m/s, from 1 to 2 m/s, from 2 to 3 m/s, etc, is made. Then, the
number of hours per year which belongs to each interval is counted, and a prob-
ability distribution of wind velocities is obtained; this is the oldest and most
widely used method as an estimator of probability densities [23].

Figure 3.7 shows this distribution. Interval 4-5 m/s is the most probable
one, with a 18.02 % (1157 hours), followed by interval 3-4 m/s with a 17.44
% (1120 hours). The interval from 3 to 7 m/s contains the 61% of the total
probability of wind velocity.

However, the average velocity is 5.7 m/s, and another velocity average taking
into account frequencies is 7.2 m/s, according to the formula below.

Vm =
(∑n

i=1 fiV
3
i∑n

i=1 fi

)1/3

These are not in the most frequent wind velocity interval (4-5 m/s), but this is
quite usual, as long as winds are not relatively steady throughout the time [2].

Moreover, standard deviation is another measure used to analyse the wind.
Standard deviation, σV , is a numerical measure used to calculate the variability
of wind velocities comparing the individual velocities with the mean value. A
low value of σV means that wind is very steady, while a high value of σV means
that there is a big variation between measures. Standard deviation is expressed
as:

σV =

√∑n
i=1 fi(Vi − Vm)2∑n

i=1 fi

and the value obtained here is 3.36 m/s.
In addition, Figure 3.8 shows accumulated hours versus wind velocity, which

is used in some statistical models to calculate, as a percentage, the period within
a year in which wind speed falls below the value of a certain point on the curve.
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Figure 3.8: Accumulated probability distribution of wind velocities.

To achieve a sufficiently reliable statistical basis, an evaluation period of
at least several years, up to ten years according to meteorologists, would be
necessary. In practice, as in this case, the problem is that insufficient data
about the frequency distribution of the wind speeds at a particular location are
available [4]. In such a case, there is no alternative but to use a mathematical
approximation for the distribution curve. So if the midpoints of the frequency
and cumulative histograms are joined, smoother curves like in Figure 3.7 and 3.8
are obtained. These curves can be approximated to some standard statistical
functions, being the Weibull model one of the more accurate and simple distri-
butions [24].

In Weibull distribution, the probability density function, which indicates the
fraction of time (or probability) for which the wind is at a given velocity, is:

f(V ) =
k

c

(
V

c

)k−1

e−(V/c)k

(3.1)

Being V the given velocity, k the Weibull shape factor, and c scale factor.
Besides, the cumulative distribution function, which indicates as a percent-

age the period within a year in which the wind speed falls below the value of a
certain point on the curve, is:

F (V ) =
∫ α

0

f(V )dV = 1− e−(V/c)k

(3.2)

In order to analyse a wind regime following the Weibull distribution, param-
eters k and c must be estimated. One of the more common methods used is the
graphical method, in which the cumulative distribution function is transformed
in to a linear form, by logarithmic scales.

Equation 3.2 can be expressed also as:

1− F (V ) = e−(V/c)k

(3.3)

And taking the logarithm twice:

ln {− ln [1− F (V )]} = k ln(Vi)− k ln c (3.4)
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Figure 3.9: Relationship of equation 3.4 with ln {− ln [1− F (V )]} along the Y
axis and ln(V i) along the X axis.

Plotting relationship of equation 3.4 with ln {− ln [1− F (V )]} along the Y
axis and ln(V i) along the X axis, nearly a straight line is obtained, where k
gives the slope of this line and −k ln c represents the intercept (see Figure 3.9).
If the regression equation for the plotted line is obtained using any standard
spread sheets or statistical packages and compared it with equation 3.4, values
of k and c can be found [2].

A straight line is fitted through the points and the resulting equation is
obtained:

y = 1.821x− 3.345 (3.5)

Comparing equation 3.4 and equation 3.5, values obtained are k = 1.821 and
c = e3.345/k = 6.277 m/s. Thus, the probability density function for this case
is:

f(V ) =
1.821
6.277

(
V

6.277

)0.821

e−(V/6.277)1.821
(3.6)

Figure 3.10 shows the comparison between the real curve of cumulative fre-
quency versus wind velocity and the theoretical curve with the Weibull model.
It is observed that the curves are very similar, so a mathematical expression for
the probability density function has been found successfully. With this expres-
sion now the fraction of time for which the wind velocity is at a given velocity
could be calculated easily.

3.3.4 Wind variation per day

3.3.4.1 Wind velocity variation per day

A study of the wind velocity depending on the hour of the day is also made.
Table 3.4 shows the average wind velocity for every hour of the day, with the
data of the whole 2007. The maximum average velocities are 6.51 m/s at 12:00
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Figure 3.10: Comparison between the real curve and the theoretical curve with
the Weibull model.

and 6.50 m/s at 13:00, while the minimum average velocity is 5.09 m/s at 21:00.
This is an oscillation of 1.42 m/s between the extremes, which is a variation of
21.8 %.

Figure 3.11 shows graphically this variation. The small crosses or dots repre-
sent the data of all 2007, while the squares connected with a solid line represent
the average for each hour. From this figure one can observe more clearly the
trend followed by wind velocity along the day: wind velocity remains quite
constant in the night-time, with variations of only 7%. At daybreak, around
7:00-8:00, wind speed increases up to its maximum average value around 12:00
and 13:00 (see Table 3.4). From then to the sunset, wind velocity decreases
until 20:00-21:00 to night-time values again.

This pattern occurs in most locations around the world. One of the causes of
local winds is a difference of temperature between two close areas; for example
near the shore there is a difference of temperature between the sea and the land.
The air in the area with higher temperature has a lower density, which means
that air there goes up, and colder air with higher density from the other area
moves to this one. This movement is the wind, and the larger is the difference
of temperatures, the higher will be the wind velocity. When the sun heats more,
the difference of temperature gets larger; this is why higher winds are during
midday. This phenomenon is called convective circulation, and the convective
winds produced use to be larger during the day than during the night [22].

However, usually variations are different also between months or seasons; for
instance during summer, wind tends to be lighter and solar heating stronger [22].
Moreover, dawns and sunsets happen at a different time, which also may affect
to wind distribution along a day.

In order to analyze the variation of both temperature and wind velocity in the
different months, their averages per hour for each month are calculated. When
all these values are obtained, the one of the hour with a maximum average and
the one of the hour with a minimum average are selected for each month, and
these values together with the difference between them are shown in Table 3.5.
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Hour Average Wind Hour Average Wind
Velocity (m/s) Velocity (m/s)

00:00 5.26 12:00 6.51
01:00 5.35 13:00 6.50
02:00 5.41 14:00 6.41
03:00 5.46 15:00 6.46
04:00 5.27 16:00 6.29
05:00 5.41 17:00 5.94
06:00 5.49 18:00 5.71
07:00 5.52 19:00 5.46
08:00 5.57 20:00 5.22
09:00 5.75 21:00 5.09
10:00 5.95 22:00 5.17
11:00 6.20 23:00 5.23

Table 3.4: Average wind velocity for every hour of the day, with a whole year
data.

Figure 3.11: Hourly variation of wind velocity along a day, for all 2007 data.
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Month
Max. Min. Temp. Max. Min. Vel.

Average Average Diff. Average Average Diff.
Temp. (oC) Temp. (oC) (oC) Vel. (m/s) Vel. (m/s) (m/s)

January 20.54 11.85 8.69 5.16 3.12 2.04
February 21.53 11.38 10.15 7.88 2.59 5.29

March 16.83 10.48 6.35 8.04 5.68 2.36
April 19.69 13.10 6.60 4.83 3.79 1.04
May 25.53 16.22 9.31 6.64 4.59 2.05
June 27.89 18.29 9.60 6.17 3.70 2.46
July 28.66 20.82 7.84 5.93 2.91 3.02

August 29.39 21.39 8.00 6.03 4.59 1.44
September 25.76 19.25 6.51 6.47 3.80 2.67
October 22.26 16.98 5.28 7.12 5.87 1.25

November 17.30 12.81 4.49 8.23 6.59 1.63
December 16.11 11.32 4.79 7.02 5.55 1.47

Table 3.5: Average values for every month.

Season
Max. Min. Temp. Max. Min. Vel.

Average Average Diff. Average Average Diff.
Temp. (oC) Temp. (oC) (oC) Vel. (m/s) Vel. (m/s) (m/s)

Winter 17.42 (13:00) 11.26 6.16 7.67 (13:00) 5.68 1.99
Spring 22.37 (15:00) 14.55 7.82 5.89 (12:00) 4.24 1.64

Summer 28.38 (15:00) 20.68 7.71 5.90 (15:00) 4.32 1.58
Autumn 19.50 (14:00) 14.53 4.97 7.23 (12:00) 6.15 1.08

Table 3.6: Average values for every season. Values in brackets in maximum
average columns are the hour of those maximum averages.

Figure 3.12(a) shows the temperature and wind velocity variations between
months. In this figure one can observe the fluctuation of the difference of average
wind velocities and the evolution of temperature difference between months. It
should be noticed that, as explained in § 3.2, in January and February there
is a large gap of lack of data, and therefore the month average values are not
representative and reliable; this is the reason for the first oscillation. Also the
low difference value of August creates another oscillation, although apparently
there is not any explanation for this anomaly. Figure 3.12(b) shows how would
be the curve without both oscillations. One can observe that velocity difference
curve tends to follow temperature difference curve in most part of the year, while
during the spring months (April, May and June) curves are more independents.

May and June are the months with a higher temperature difference, but the
velocity difference in those month is not the highest; velocity difference is higher
during June, July and September. Thus, instead of during the months with a
largest temperature difference, during the hottest months of the year, except
August, is when the largest difference of velocity between hours happens.

Moreover, a study dividing the year in seasons instead of months is made in
order to try to avoid the fluctuation. Periods for each season are: from the 21st
of December to the 20th of March, winter; from the 21st of March to the 20th
of June, spring; from the 21st of June to the 22nd of September, summer; and
from the 23rd of September to the 20th of December, autumn. Table 3.6 shows
the maximum, minimum and the difference for both temperature and wind
velocity in different seasons. Figure 3.13 shows its representation graphically:
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(a) Variation of wind velocity and temperature per month, for all 2007 data.

(b) Variation of wind velocity and temperature per month, without January, February and
August.

Figure 3.12: Variation of wind velocity and temperature per month.
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Figure 3.13: Maximum, minimum and difference of wind velocity and temper-
ature per season.

Month Period Lacking data (h) Total hours
December 0 264

January 1st - 16th 372 74419th - 31st 293
February 1st - 27th 641 672

March 10th - 11th 28 480
Total 1306 2160

Table 3.7: Lack of data during winter season.

solid lines represent wind velocities while dotted lines represent temperatures.
It is noteworthy that winter is the season with a largest wind velocity variation,
although according to the explained before it should the opposite. The reason is
again the large lack of data during this season (see § 3.2). January and February
are both included in winter season, and there is a two-weeks lack of data at the
beginning of the year, and a five-weeks lack of data between the end of January
and most part of February. These two gaps are a total of 1306 hours of the
2160 hours winter has, which is a 60%. Table 3.7 shows the lack of data during
winter. A new study with data of the first two months of the following year or
an entire new year would be needed finish this study.

In addition, variation of the time of dawns and sunsets may influence in wind
velocity variations. During winter dawn is between 7:00 and 8:00 and sunset
is between 17:30 and 19:00 [25]; sun heats more at 13:00 and the maximum
wind velocity is registered also at 13:00. On the other hand, in summer dawn
is between 6:30 and 7:30, sunset is between 20:00 and 21:00; sun heats more at
15:00, and wind velocity average is also higher at 15:00.
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Figure 3.14: Variation of the wind direction along the day.

3.3.4.2 Wind direction variation per day

Figure 3.14 shows the variation of the direction along the day. The Y axis
represents the direction where wind comes from and the X axis represents the
hours of the day. The points aligned in vertical lines represent all the data of
wind direction for 2007 and the squares connected with a solid line represent
the average wind direction for every hour.

One can observe a trend to a deflection from SW (225o) to S direction (180o)
during the hours when the sun heats up with more intensity, and a deflection
from S to SW at night.

The reason for this pattern is the so-called Coriolis deflection or Coriolis
effect, which says that the rotation of the Earth strongly influences the motion
of fluids, both air and water [26], and as a consequence also wind. According to
it, any object moving relative to the Earth, like wind, will be deflected to the
right of its course in the Northern Hemisphere, and to the left in the Southern
Hemisphere. Since Minorca is in the North Hemisphere, the wind should deflect
and actually deflects to the right. A deviation to the right means that the
direction of the wind decreases a certain amount of degrees, unless the deviation
is for N-NE winds, where for instance a 10o deviation to the right could change
wind direction from 5o to 355o (see Figure 3.15). However, as explained before,
there are no data from these directions, so a deflection to the right will mean
always a decrease in the angles direction.

The amount of deflection induced by the Coriolis effect depends on the speed
of the moving object (wind speed) and its location. Since in this case the location
is always the same, the amount of deflection will depend only on wind velocity:
the more wind velocity, the more significant is the deflection. As explained in
§ 3.3.4.1 wind velocity is higher during daytime than during nighttime, this is
why in the sunny hours the amount of deflection is higher.
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Figure 3.15: Deflection to the right of the wind direction due to Coriolis effect [7].

3.4 Power data

3.4.1 Production in a year

According to the design of the wind farm, the total energy produced per year
was expected to be 7040 MWh/year. However, the results for the first years
working have showed that this forecast was too optimistic and from 2004 to
2007, the maximum performance was obtained in 2007, with a total energy
production of 5651 MWh/year, which is an 80% of the production expected.
Table 3.8 shows the electric energy produced in Es Milà Wind Farm.

However, according to the data used in all this study, the wind farm of Es
Milà produced during the whole 2007 a total amount of 5651385 kWh; with a
monthly average of 649 kWh. The difference between both sources is only 48
kWh, which confirms the reliability of the data used.

Figure 3.16 shows all the output power data along the whole 2007. Every
dot represents the output power for one hour, and the straight lines represent
the average output power in kWh/h for every month. From this figure one can
observe that November is the month with a higher average, and as explained
in § 3.3.3.1, it is also the most windy month. According to the wind data in
that section, March was the second most windy month, followed by October and
December, all of them with an average higher than 6 m/s, but observing the
output power average, the second month with a higher average output power is
December followed by March and October. In other words, the four most windy
months are also the ones with a higher output power average, but the order of
the most windy months does not match with the order of the months with a
higher production.

Furthermore, using the data of the output power during the year 2007, a
diagram of power generated versus accumulated hours in a whole year has been
made. Figure 3.17 shows the distribution of the output power in descending
order. The two circles show the interval of no-production, and the dotted line
shows the maximum power capacity.
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Month 2004 2005 2006 2007
January 0 551,090 514,350 401,568
February 0 712,516 371,374 480,370

March 710,273 439,464 548,188 585,499
April 630,810 395,282 366,096 246,120
May 363,176 366,301 438,988 392,453
June 0 336,688 366,650 333,742
July 145,784 389,075 202,550 357,607

August 309,572 371,042 548,332 443,808
September 240,769 257,242 264,468 319,882
October 271,300 311,966 347,647 536,263

November 428,825 503,144 407,408 784,124
December 632,332 795,843 501,305 769,997
Annual 3,732,841 5,429,653 4,877,356 5,651,433

Table 3.8: Electric energy produced in Es Milà Wind Farm between 2004 and
2007, in KWh/month and kWh/year [11].

Figure 3.16: Output power data along the year 2007.
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Figure 3.17: Active power generated versus accumulated hours, in descending
order.

While the wind farm has a total power capacity of 3200 kW (4 wind turbines
of 800 kW each one), the maximum value obtained in 2007 was 3165 kWh/h,
this is the 98.9% of the maximum capacity. The minimum value obtained was
0 kWh/h, which means no electricity production. The wind farm did not pro-
duce any electricity for 936 hours of the 8711 hours of power data available
(as explained in § 3.2, there is a gap of power data between 04/05/2007 and
06/05/2007), this is an 10.8% of the time.

Figure 3.18 shows the wind velocity versus the accumulated hours of no-
production, where the dotted line is the cut-in velocity (see cut-in and cut-out
velocities in § 1.3.3), which is 3.5 m/s. It should be noted that since now
the output power is being compared with meteorological data, there is a lower
amount of data available: only 6393 of the 8760 hours of 2007. The main
reason for the lack of energy production was the low wind speed, since 455 of
the 511 hours of no-production (an 89%) were with a wind speed lower than
the cut-in velocity. However, in some cases the no-production occurred also
with high wind velocities. Studying the data, one can observe that the lack
of electricity production with high wind velocities happened only on the 8th
and 9th of March, and on the 30th of October, but even in these dates, wind
velocity did not exceed the cut-out velocity of the wind turbines, which is 25
m/s. Then, the reason for no-production may be a forced stop due to security
reasons, because gusting winds produced a lot of vibrations which could involve
in dangerous resonance issues, or because turbines were idle for maintenance or
for some technical problems.

3.4.2 Real power curve

Figure 1.7 on page 20 showed the power curve of a wind turbine model MADE
AE-59/800kW, the one used in Es Milà. However, that curve only showed the
theoretical generated power of the wind turbine depending on the wind velocity.
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Figure 3.18: Wind velocity versus accumulated hours of no-production.

The real curve may vary depending on a lot of factors.
Figure 3.19 in this section shows the comparison between the real power

curve and the theoretical power curve, taking into account the whole wind farm,
i.e., the output power of 4 wind turbines; so now, at rated velocity, the output
power is 3200 kW instead of the 800 kW of only one wind turbine. Table 3.9
shows the relationship.

In most part of the region between the cut-in velocity (3.5 m/s) and the
rated velocity (12 m/s), the real output power follows the theoretical curve quite
accurately, but up to 10 m/s two different patterns overlapping are observed.
One keeps following the theoretical curve, while the other one stops increasing
the output power at that velocity, and maintains it between 2000 and 2500
kWh/h even when wind speed is 15 m/s or more.

As explained before, the data is for the four wind turbines. However, assum-
ing that one of the turbines is stopped, so only three are working, the maximum
output power would be 2400 kW , which is very close to that mentioned second
pattern. The reason why one of the turbines is not working could be some
technical problems, or that some winds use to be strong and with violent gusts,
so the protection of a turbine can set off. Furthermore, also some points in
another area lower than the one explained before are observed, which would be
the pattern for only two wind turbines. Dotted lines in Figure 3.19 show the
power curves for one, two and three 800 kW wind turbines.

From this very same figure some other questions may arise, like why does
not the points follow exactly the theoretical power curve? And what is more,
why are there some points located on the left of the cut-in velocity (3.5 m/s)?
Some different factors have to be taken into account in order to answer these
questions.

First of all, it should be reminded that the theoretical power curve represents
how many power it is supposed to generate a wind turbine for a given wind
velocity, instantly; while the data of wind velocity and output power are for a
whole hour. By way of an example, if wind is blowing steady at 5 m/s during
half an hour the wind farm would be producing 220.8 kW , and blowing at
9 m/s during another half an hour it would be producing 1638.4 kW . The
result for the whole hour would be an average wind speed of 7 m/s and a
production of 929.6 kWh/h, while according to the theoretical power curve,
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Figure 3.19: Real power curve.

Wind Output Total Output Wind Output Total Output
Velocity Power Power (x4) Velocity Power Power (x4)
(m/s) (kW) (kW) (m/s) (kW) (kW)

3.5 0 0 15 800 3200
4 17.3 69.2 16 800 3200
5 55.2 220.8 17 800 3200
6 109.9 439.6 18 800 3200
7 186.7 746.8 19 800 3200
8 284.9 1139.6 20 800 3200
9 409.6 1638.4 21 800 3200
10 560.3 2241.2 22 800 3200
11 722.3 2889.2 23 800 3200
12 800 3200 24 800 3200
13 800 3200 25 800 3200
14 800 3200 26 0 0

Table 3.9: Values of the power curve for the wind turbine model MADE AE-
59/800kW, given by the manufacturer [20].
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with such a wind velocity 746.8 kWh/h would be produced during one hour.
Thus, there is a difference between the instant power that the wind turbines
should theoretically produce and the energy that they actually produce during
an hour. From this example, one can also notice that the real output power
in the example is higher than the theoretical one; this happens with almost all
the points, and it is why they are located above the curve, and note equally
distributed above and below it. The same case, but with winds of 2 and 4 m/s
could happen, which would make a wind velocity average of 3 m/s (lower than
the cut-in velocity) but a certain energy production. This may be an answer
for the second question. A more illustrative example related with this was the
explanation of the importance not only of the average wind velocity, but also of
the distribution of wind velocity, explained in § 3.3.3.

The other factor that should be noticed is the fact that the theoretical power
curve has been created by multiplying a MADE AE-59/800kW wind turbine
by four. Moreover, the same wind velocity for the four wind turbines has been
assumed, but measures of wind velocity were taken only in one location, and
obviously wind velocity varies slightly from the location of one wind turbine to
another. This fact makes also move away the points from the curve. In addition,
it could also occur that in the location where wind velocity was measured, it was
lower than the cut-in velocity, but in the location of another wind turbine, wind
velocity was higher, which could also explain why there are some points with a
velocity lower than the cut-in velocity and with some electricity production.

Furthermore, it is noteworthy that there are very few points up to 17 m/s.
Table 3.10 shows the data for all these points. Only 26 hours in all the year
exceeded that value, which is a 0.4%. In addition, in 14 of these hours there is
not any production, only in 9 hours the output power is higher than 40 kWh/h,
and in 6 hours is higher than 1000 kWh/h, being the maximum value for high
wind velocities 1409 kWh/h on the 30th of October at 11:00, with wind of 17.82
m/s. This is only a 44% of the output power capacity of the wind farm, 3200
kW .

From the table one can observe that these high wind velocities only happened
during three days. However, on the 30th of October the production was not
really low, so the lack of production with high wind velocities is only for two
very close days, the 8th and the 10th of March. Hence, the no-production during
high wind velocities can be due to an specific problem in that period.

3.4.3 Power generated / Power available

A study of the total power generated depending on the power available in the
wind is explained in this section. In order to simplify the study, the data of a
single day (June 2, 2007) has been selected. The choice of the day is based on
trying to contain a variety of wind velocities, in order to see the performance
of the wind turbine with low, medium and high wind velocities; and the 2nd of
June fulfills this requirement, with wind velocities from 1.85 to 14.38 m/s.

In the data given, wind velocity and output power are available for every
hour of the day. Then, the theoretical output power for every hour is calcu-
lated according to the power curve of the wind turbine MADE AE-59/800kW.
Table 3.11 shows the values.

To represent the power curve of a wind turbine (PWT (v)), some authors use
analytic curves with linear, quadratic or cubic forms, or a combination of these.
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Date Hour Wind Velocity Output Power
(m/s) (kWh/h)

10/03/2007 06:00 21.05 14
10/03/2007 05:00 20.88 11
10/03/2007 07:00 20.63 37
08/03/2007 03:00 20.10 854
10/03/2007 04:00 19.95 1044
08/03/2007 18:00 19.37 0
08/03/2007 12:00 19.32 0
10/03/2007 08:00 19.27 110
08/03/2007 02:00 19.25 889
09/03/2007 00:00 19.23 0
08/03/2007 13:00 19.22 0
08/03/2007 15:00 18.87 0
08/03/2007 10:00 18.83 0
08/03/2007 14:00 18.70 0
08/03/2007 17:00 18.47 0
08/03/2007 23:00 18.45 0
08/03/2007 11:00 18.38 0
08/03/2007 09:00 18.30 0
08/03/2007 01:00 18.00 1107
08/03/2007 22:00 17.92 0
08/03/2007 16:00 17.88 0
30/10/2007 11:00 17.82 1409
30/10/2007 16:00 17.45 1187
30/10/2007 08:00 17.30 1327
30/10/2007 13:00 17.27 1332
08/03/2007 20:00 17.18 0

Table 3.10: Highest wind velocities registered in 2007.
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Date Hour Wind Output Theoretical
Velocity Power Output
(m/s) (kWh/h) Power (kW)

02/06/2007 00:00 1.85 0 0
02/06/2007 01:00 2.27 0 0
02/06/2007 02:00 3.17 0 0
02/06/2007 03:00 4.07 15 79
02/06/2007 04:00 4.85 502 198
02/06/2007 05:00 3.40 226 0
02/06/2007 06:00 3.97 131 65
02/06/2007 07:00 9.50 687 1940
02/06/2007 08:00 12.17 2742 3200
02/06/2007 09:00 13.12 2943 3200
02/06/2007 10:00 14.38 2875 3200
02/06/2007 11:00 11.32 2986 2988
02/06/2007 12:00 11.80 2862 3138
02/06/2007 13:00 12.63 2856 3200
02/06/2007 14:00 11.42 2600 3019
02/06/2007 15:00 10.70 2108 2695
02/06/2007 16:00 11.03 2157 2900
02/06/2007 17:00 11.05 2731 2905
02/06/2007 18:00 9.93 2674 2201
02/06/2007 19:00 9.62 2482 2010
02/06/2007 20:00 8.00 2134 1140
02/06/2007 21:00 5.50 1134 330
02/06/2007 22:00 6.78 357 680
02/06/2007 23:00 6.95 892 731

Table 3.11: Hourly data of the 2nd of June of 2007.
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Figure 3.20: Comparison between the real output power, the theoretical output
power according to the power curve and the wind velocity, for the 2nd of June
of 2007.

However, as in this case, the manufacturers usually only supply information of
the power curves of their wind turbines in discrete form with N nodes (Pi, vi)
(see Table 3.9). Since the power curves are quite smooth it is possible to carry
out an approximation which consists in assuming that the variation between
two nodes of the power-wind speed curve is linear [24]. Then, given two points
‘i’ and ‘i + 1’ of the power curve, power as a function of speed can be written
as the following equation:

PWT (v) =
Pi+1 − Pi
vi+1 − vi

(v − vi) + Pi (3.7)

Figure 3.20 shows the comparison between the real output power, the theo-
retical output power according to the power curve (see § 1.3.3) (both in the left
y-axis) and the wind velocity (right y-axis). From this figure one can observe
how the theoretical power curve follows the wind velocity, and how close is the
real power curve from the theoretical one. The widest difference occurs at 7:00,
when the theoretical output power is 1940 kW and the real output power is
687 kWh/h, which makes an error of 64.6%; the average error is 363 kW , an
error of almost 22%. It is also noteworthy that the real curve is not only always
below the theoretical one (50% of the time), but also above (33% of the time)
or both overlapped (17% of the time).

Furthermore, according to Betz limit (see § 1.2.2), no turbine can capture
more than 59.26% of energy available in a wind stream. Also, values taking into
account this limit are calculated here in order to compare the maximum power
that wind turbines can capture with the real power that actually capture and
convert to electricity.

Figure 3.21 shows the comparison adding also the Betz limit. It is observed
that with wind velocities lower than 9 m/s the output power taking into account
the Betz limit is close to the real and theoretical output powers, but the more
increases wind velocity, the bigger is the difference between them. Thus, the



3.4. POWER DATA 57

Figure 3.21: Comparison between the real output power, the theoretical output
power according to the power curve, the theoretical output power according to
the Betz limit and the wind velocity, for the 2nd of June of 2007.

real efficiency of all the system (maximum possible capture, transmission and
conversion of energy), varies from 0.27 when wind velocity is the highest (14.38
m/s at 10:00), to 0.58-0.59 when wind velocity is between 9 and 10 m/s (9.5
m/s at 7:00, 9.93 m/s at 18:00 and 9.62 m/s at 19:00). Note that when wind
speed does not exceed the cut-in velocity, the efficiency is, of course, 0.

The explanation for this performance is none other than power regulation
and controlling units. As explained in § 1.3.2, this components are used to
decrease somehow the efficiency of the air power collection when wind speed is
higher than the rated velocity, so the turbine can continue working. Otherwise,
to be able to work at higher velocities, the turbine should be designed to ac-
commodate higher levels of power, which would require stronger transmissions
and a bigger generator.

It should be noted that although power regulation components should start
working at the rated velocity of 12 m/s, in practice here they start working at
wind velocities around 9 m/s. A deeper knowledge about the components of
the wind turbines would be needed in order to explain why this happens.

3.4.4 Output power vs Air density

As explained in § 1.2.2 and in § 3.3.2 power available in the air depends on air
density. In this section, the interrelationship between air density and the output
power will be studied.

Since air density is not given in the data, the first step will be to calculate
the air density for every hour. Calculating exactly the air density, taking into
account water vapor, can become a very complex task. In order to simplify it,
dry air instead of humid air will be assumed.

The density of dry air can be calculated using the ideal gas law, expressed
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Figure 3.22: Variation of the output power depending on the dry air density
calculated for the given data.

as a function of temperature and pressure:

ρ =
p

RT

where p is the absolute pressure (in Pa), T is the absolute temperature (in K)
and R is the specific gas constant for dry air, which is 287.05 J/(kgK).

Then a new column in the data file with the dry air density can be easily
calculated.

Finally, Figure 3.22 shows how output power varies with dry air density. The
scattered dots represent all the output power data, the dotted line represents
the average value of the output power for each air density value (1.16 kg/m3,
1.17 kg/m3, 1.18 kg/m3, etc.), and the straight solid line is the trend line.
Although nothing can be deduced from the scattered points, both lines show
a trend to increase the output power with the air density. Thus, a higher air
density will contribute to a higher output power, which agrees with equation in
§ 3.3.2, where power available in the air was expressed as:

P

A
=

1
2
ρv3

Why the diagram is so scattered can be also explained from this equation. One
can observe that the power available in the air depends not only on the air
density, but also on the cube of wind velocity, so variation in wind velocity
affects more significantly the power available in the air (and as a consequence,
output power) than air density does.
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Date Hour Power (kWh/h) React. Q2 (kVAr) React. Q3 (kVAr)
31/03/2007 02:00 1004 93 37
31/03/2007 03:00 1240 145 3
31/03/2007 04:00 951 38 21
31/03/2007 05:00 1039 84 20
31/03/2007 06:00 1329 193 1
31/03/2007 07:00 1149 124 12
31/03/2007 0800 1125 106 16
20/10/2007 08:00 1345 28 40
20/10/2007 09:00 1757 158 7
20/10/2007 10:00 2095 37 247
20/10/2007 11:00 2112 73 37
21/12/2007 18:00 1855 228 0
21/12/2007 19:00 2102 31 545
21/12/2007 20:00 1862 0 544
21/12/2007 21:00 1696 1 468
21/12/2007 22:00 696 24 75
21/12/2007 23:00 790 214 6
22/12/2007 00:00 838 253 0

Table 3.12: Cases of both imported and exported reactive power different to 0.

3.4.5 Reactive Power

As explained in § 3.1, two different reactive power appear in the data, reactive
import power (Q2) and reactive export power (Q3). This means that the wind
farm can both import reactive power from the grid or export reactive power to
the electrical grid.

Electricity generated in wind farms is transmitted to the grid at alternating
current (AC). In AC, voltage and current alternate up and down; when they
alternate at the same time, only real power is transmitted; when they alternate
at different times, also reactive power is transmitted. How much reactive power
is transmitted depends on the phase gap between them, i.e., how much different
these two times are. With power electronics reactive power can be controlled,
improving the power quality in the electrical grid [9]. Transmission components
generate and use reactive power. Thus, in lightly loaded conditions, there is a
surplus of reactive power on the network while in heavily loaded situations a
deficit occurs. Generation absorbs the surplus and at a different time or location
may have to generate the deficit of reactive power, or else the network voltage
will be outside an acceptable range. System planners try to ensure that large
wind farms and other embedded generation can contribute to this regulation of
network voltage [27].

Also in § 3.1, the sample of data in Table 3.1 on page 30 showed that either
imported reactive power (Q2) was 0 and exported reactive power (Q3) had a
certain value, or exported reactive power was 0 and imported reactive power
had a certain value.

However, it is possible to find both reactive power columns with a certain
value different to 0 for the same hour; in fact this happens in 928 hours, which
is a 10.7% of the year. Table 3.12 shows some examples found in the data file.

It may seem illogical to import some reactive power if reactive power is
being exported at the same time, but this is not what actually happens. The
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Date Hour Power (kWh/h) React. Q2 (kVAr) React. Q3 (kVAr)
05/02/2007 14:00 67 0 0
05/02/2007 20:00 1 0 0
05/02/2007 21:00 72 0 0
27/04/2007 06:00 1 0 0
12/06/2007 05:00 1 0 0
19/08/2007 06:00 1 0 0
26/08/2007 04:00 25 0 0
17/11/2007 19:00 1 0 0

Table 3.13: Cases of real power with a value different to 0, and both imported
and exported reactive power equal to 0.

explanation is the same that in § 3.1.1 and § 3.3.3.2: it is not only enough to
take into account the average, but also the distribution in the period where the
average is calculated is of interest. In this case, it means that during an hour,
in some minutes reactive power has been imported (Q2) and in other minutes
has been exported (Q3), which results in a certain value of Q2 and certain value
of Q3 for the whole hour.

Moreover, it is also possible to find both reactive power columns being 0.
For the most part of the cases, this is because also the real power is 0, i.e., wind
turbines are not producing any electricity. Table 3.13 shows the few cases where
real power has a value different to 0 and both imported and exported reactive
power are 0. One can observe that in all of them, the amount of real power
generated is really low.

With regard to the time importing and exporting reactive power, the wind
farm imported reactive power for a 25% and exported reactive power for a 74%
of the hours of the year. It should be noted that there is no special reason for the
sum of percentages of reactive powers to be 100%, because there are some hours
without importing and exporting any reactive power and also several hours when
both of them are different to 0 for the same hour, as explained before.

A graphic comparison between the amount of reactive power imported and
exported along the year is shown in Figure 3.23. During the most part of the
year, almost all the reactive power is exported. However, at the end of the year,
more density of imported reactive power is observed, specially during December.

Observing the power data for this month, a certain oscillation between im-
port and export reactive power is observed. Representing reactive power as
the sum of the export reactive power (positive) and the import reactive power
(negative), for each hour, Figure 3.24 is created in order to observe better those
oscillations. As explained before, during this month there is more reactive power
imported than exported, in contrast to the most part of the year. Moreover,
oscillations are observed almost every day, with two thirds of those oscillations
changing from import to export reactive power in the same day.

To finish with reactive power, a study of the interrelationship between real
power and reactive power is made. As explained in § 2.1.2, an incentive or
penalty complement depending on the achievement of specified power factor is
applied. The power factor, and so the incentive payment, is calculated every 60
min from the active and reactive energy during this period [28].

Figure 3.25 shows how reactive power varies with real power. All the points
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Figure 3.23: Comparison between the amount of reactive power imported and
exported along the year.

Figure 3.24: Reactive power oscillations in December 2007.
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Figure 3.25: Interrelationship between reactive power and real power.

of both imported and exported reactive power are contained in a very sharp
area. One can observe that the maximum imported and exported values create
two lines, and in any case any point exceeds those lines. This is because those
lines show the power factor which defines the incentive or penalty payment.



Further studies

Some questions in this document have not been solved and may be matter for
other works.

The lack of data has been an important barrier. As section 3.3.1 explained,
with regard to wind direction, the wind frequency obtained for the interval
between NNW and ENE is extremely low. A more detailed information about
the lack of data and the measurement devices used to register the meteorological
data should be known in order to obtain the actual frequency rose and how
different it is from the one obtained here. The same happens in the wind
velocity variation per day: a new study with data of the first two months of the
following year or an entire new year would be needed to finish this study.

Also some unexpected values are found just after some gaps, with an output
power of 0 although wind velocity is higher than the cut-in velocity. In order to
find an explanation for that some more information and knowledge about why
those gaps happened should be required.

In section 3.4.3 it is concluded about power generated and power available
that the efficiency of all the system decreases because of the power regulation
components. However, these components should start working at the rated
velocity of 12 m/s and in practice they start working at wind velocities around
9 m/s. More knowledge about the components of this model and how they work
should be needed to explain it.

Finally, the matter where a more thorough study could be made is reactive
power. A deeper knowledge about reactive power would be needed in order to
explain better some questions like why at the end of the year more imported
reactive power is observed or how exactly the power factor affects to the inter-
relationship between real power and reactive power.
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