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Introduction

Wind power has always given the necessary propulsive 
force to sailing ships and has been also used to run 
windmills.
Then, this type of energy has fallen into disuse due to the 
spreading of electric power and thanks to the availability 
of low cost machines supplied by fossil fuel. 
However, the recent attention paid to climate changes, 
the demand to increase the amount of green energy and 
fear of a decrease of oil fuel in the future have promoted 
a renewed interest in the production of electrical energy 
from renewable sources and also from the wind power. 
This type of energy, with respect to other renewable 
energies, requires lower investments and uses a natural 
energy source usually available everywhere and particu-
larly usable in the temperate zones, that is where most 
of the industrialized countries are. 
During the last decade of the Twentieth century, differ-
ent models of wind turbines have been built and tested: 
with vertical and horizontal axis, with variable number 
of blades, with the rotor positioned upstream or down-
stream of the tower, etc. The horizontal axis wind turbine 
(HAWT) with upstream three-blade rotor has resulted to 
be the most suitable typology and consequently has 
found a remarkable development, characterized both 
by a quick grow in size and power, as well as by a wide 
spread.

This Technical Application Paper is intended to de�ne 
the basic concepts which characterize this application 
and to analyze the problems met when designing a wind 
power plant. Starting from a general description of the 

modalities for the exploitation of the wind energy through 
wind power plants, the technical characteristics of a wind 
turbine as a whole are described and the methods of 
protection against overload, earth faults and overvoltages 
are presented with the purpose of helping to choose the 
most suitable switching and protection devices for the 
different components of the plant.
In particular, in the �rst general Part, the operating princi-
ple of wind power plants is described, together with their 
typology, the main components, the installation methods 
and the different con�gurations. Besides, the power 
output of a plant and how it can vary as a function of de-
termined quantities are analyzed. The second Part, after 
an overview of the main  protection techniques against 
overcurrents, earth faults and overvoltages, analyzes 
the effects of wind turbines on the grid to which they are 
connected. Finally, the third Part presents the solutions 
offered by ABB for wind power applications. 
To complete this Technical Application Paper there are 
four annexes. 
The �rst three annexes refer to the Italian context and 
Standards and to the resolutions and decrees in force 
at the moment of draft. Particular attention is paid to an 
analysis of the economic incentives and the valorization 
of the produced energy; moreover there are information 
about the connection to medium and high voltage grid 
and about the measure of the energy and some hints at 
the general dimensioning of the earthing arrangement for 
a wind turbine connected to a MV grid. The last annex 
instead offers a comparison between drag type and lift 
type turbines. 
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1.1	Physics and nature of wind

The Earth continuously releases into the atmosphere 
the heat received by the sun, but unevenly. In the areas 
where less heat is released (cool air zones) the pressure of 
atmospheric gases increases, whereas where more heat 
is released, air warms up and gas pressure decreases. 
As a consequence, a macro-circulation due to the con-
vective motions is created: air masses get warm, reduce 
their density and rise, thus drawing cooler air �owing over 
the earth surface. 
This motion of warm and cool air masses generates high 
pressure and low pressure areas permanently present in 
the atmosphere and also in�uenced by the rotation of 
the earth (Figure 1.1). 

1 The de�ection is caused by the terrestrial rotation and by the consequent Coriolis �cti-
tious force. In fact, excepted for the equatorial belt, in any other point on earth, a moving 
object is affected by the rotation of the Earth, the more noticeably, the closer to the poles; 
thus, the air �owing to the north in the northern hemisphere tends to de�ect to north-east, 
whereas if it �ows to the south, it will de�ect to south-west.

Figure 1.1

Figura 1.2

Since the atmosphere tends to constantly re-establish 
the pressure balance, the air moves from the areas where 
the pressure is higher towards those where it is lower; 
therefore, wind is the movement of an air mass, more or 
less quick, between zones at different pressure. 
The greater the pressure difference, the quicker the air 
�ow and consequently the stronger the wind. 

In reality, the wind does not blow in the direction join-
ing the centre of the high pressure with that of the low 
pressure, but in the northern hemisphere it veers to the 
right , circulating around the high pressure centers with 
clockwise rotation and around the low pressure ones in 
the opposite direction. 
In the practice, who keeps his back to the wind has on 
his left the low pressure area �B� and on his right the high 
pressure area �A� (Figure 1.2). In the southern hemisphere 
the opposite occurs.

On a large scale, at different latitudes, a circulation of air 
masses can be noticed, which is cyclically in�uenced 
by the seasons. On a smaller scale, there is a different 
heating between the dry land and the water masses, 
with the consequent formation of the daily sea and earth 
breezes. 

The pro�le and unevenness of the surface of the dry 
land or of the sea deeply affect the wind and its local 
characteristics; in fact the wind blows with higher in-
tensity on large and �at surfaces, such as the sea: this 
represents the main element of interest for wind plants 
on- and off shore. 

Moreover, the wind gets stronger on the top of the rises 
or in the valleys oriented parallel to the direction of 
the dominant wind, whereas it slows down on uneven 
surfaces, such as towns or forests, and its speed with 
respect to the height above ground is in�uenced by the 
conditions of atmospheric stability. 
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1.2	Wind as energy source

In order to exploit wind energy, it is very important to 
take into account the strong speed variations between 
different places: sites separated by few kilometers may 
be subject to very different wind conditions and have 
different implication for the installation purposes of 
wind turbines. The strength of the wind changes on a 
daily, hour or minute scale, according to the weather 
conditions. 
Moreover, the direction and intensity of the wind �uctuate 
rapidly around the average value: it is the turbulence2, 
which represents an important characteristic of wind 
since it causes �uctuations of the strength exerted on 
the blades of the turbines, thus increasing wear and 
tear and reducing their mean life. On complex terrain, 
the turbulence level may vary between 15% and 20%, 
whereas in open sea this value can be comprised in the 
range from 10% to 14%.
Variability and uncertainty of winds represent the main 
disadvantages of the electrical energy derived from the 
wind source. In fact, as far as the amount of power pro-
duced by the wind plant is small in comparison with the 
�size� of the grid to which it is connected, the variability of 
energy production from wind source does not destabilize 

the grid itself and can be considered as a change in the 
demand for conventional generators. 
In some countries large-size wind plants are being con-
sidered, prevailingly offshore groups of turbines. Such 
wind farms shall have a power of hundreds of MW, 
equivalent to that of conventional plants, and therefore 
shall be able to foresee their energy production 24 hours 
in advance; this since the electrical grid manager must 
be able to know in advance the predictable offer of 
the various producers with respect to the consumers� 
demand.
When taking into consideration a site for the installation 
of a wind turbine, an assessment of the real size of the 
wind resource is fundamental. Therefore an anemomet-
ric tower is usually installed on site for different months 
in order to monitor the wind speed and direction and 
the turbulence levels at different heights. The recorded 
data allow an evaluation of both the prospective energy 
production as well as the economic feasibility of the 
project.

2 The turbulence intensity is de�ned, over each time interval, as the ratio between the 
standard deviation of the wind speed and the mean wind speed. The characteristic time 
interval is often de�ned at 10min.

10 m/s1 m/s 2 m/s 3 m/s 4 m/s 5 m/s 6 m/s 7 m/s 8 m/s 9 m/s

Figure 1.3 � Worldwide wind map: average wind speed in m/s at 10m height
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Figure 1.4 � European Community wind resource map

Wind resources at 50 metres above ground level for five different topographic conditions
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Figure 1.6 - Decibel chart
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The environmental impact has always been a big deter-
rent to the installation of wind power plants. In fact, in 
the most cases, the windiest places are the peaks and 
the slopes of the mountains relieves, where the wind in-
stallations result to be visible also from a great distance, 
with an impact on the landscape not always tolerable. It 
is possible to reduce the visual impact due to the pres-
ence of the turbines by adopting constructional solutions 
such as the use of neutral colors to help integration into 
the landscape. 
Then, since the ground actually occupied by wind tur-
bines is a minimum part of the wind farm area because 
the remaining part is necessary only for requirements 
of distance between the turbines to avoid aerodynamic 
interference, it is possible to continue using the area 
also for other purposes, such as agriculture or sheep 
farming. 
Also the noise of the wind turbines has to be considered: 
such noise is caused by the electromechanical compo-
nents and above all by the aerodynamic phenomena due 

to the blade rotation and depending on the characteristics 
of the blades and on their peripheral speed. 
The problem of the noise may become negligible when 
considering two factors: the �rst one is that the noise 
perceived near to the wind turbines is sometimes attrib-
uted solely to wind generators, but, in reality, in windy 
areas and hundreds of meters from the generators, the 
background noise caused by the wind can be compared 
to that of the turbines; the second factor is that at a short 
distance from the wind turbines, the noise perceived 
has an intensity near to that of common daily situations 
and therefore also the personnel working in the area of 
the wind power station would be subject to acceptable 
acoustic disturbances (Figure 1.6). 
However, at 400-500m distance from the turbine, the 
sound effects are practically negligible.

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 db
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Wind turbine Home
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Stereo music
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Moreover, the authorities charged with the control of the 
air traf�c in some countries have recently raised doubts 
about the installation of new wind plants since these 
could interfere with radars, which cannot easily eliminate 
the echoes due to the wind towers because of their high 
RCS (Radar Cross Section)3. 
Always in the �eld of electromagnetic disturbances, wind 
blades (particularly if made of metal or re�ecting materi-
als or if having metal structures inside) and supports can 
interfere with telecommunication electromagnetic �elds.  
However these interferences can be avoided above all by 
using non-metal materials for turbine construction. 
As for the effects of the installation and service of a wind 
turbine on the surrounding �ora, there are no quanti�able 
effects resulting from the experiences in countries with 
high distribution of wind power. 
On the contrary, as regards the fauna, above all birds 
and bats might suffer damages caused by the presence 
of turbines due to the risk of collision with the blades. 
However, from some data relevant to wind power plants 
in the United States and in Spain only limited damages 
to birds have resulted (from 1 to 6 collisions for MW 
installed). Moreover, a research carried out in Spain on 
about a thousand of wind turbines, has highlighted a sort 
of �adaptive evolution� of the birds to the environmental 
conditions, with a reduction of the number of injured 
specimens.

3 RCS re�ection coef�cient (Radar Cross Section) is a measure of how detectable an object 
is with a radar since when radar waves are beamed at a target, only a certain amount are 
re�ected back towards the source. Different factors determine how much electromagnetic 
energy returns to the source, such as the angles created by surface plane intersections. For 
example, a stealth aircraft (which is designed to be undetectable) will have design features 
that give it a low RCS, as opposed to a passenger airliner that will have a high RCS.

1.3	Operation principle of wind turbines

Wind turbines or aerogenerators transform the kinetic 
energy of the wind into electrical energy with no use of 
fuel and passing through the phase of conversion into 
mechanical rotation energy carried out by the blades. 
Turbines can be divided into �lift� machines and �drag� 
machines according to which force is generated by the 
wind  and exploited as �motive force�.
To understand the operation principle of a wind turbine, 
reference is to be made to the most widespread turbines, 
that is the �lift� ones. In the �lift� turbines, with respect to 
the �drag� type, the wind �ows on both blade surfaces, 
which have different pro�les, thus creating at the upper 
surface a depression area with respect to the pressure 
on the lower surface. 

This pressure difference creates on the surface of the 
wind blade a force called aerodynamic lift (Figure 1.7), 
as it occurs for aircraft wings.

Figure 1.7

Lift force on the wings of an airplane can lift it from the 
ground and support it in �ight, whereas in a wind turbine, 
since the blades are bound to the ground, it determines 
the rotation about  the hub axis. 
At the same time a drag force is generated, which is op-
posed to the motion and is perpendicular to the lift force. 
In the turbines correctly designed, the ratio lift-drag is 
high in the �eld of normal operation.  
An aerogenerator requires a minimum wind velocity (cut-
in speed) of 3-5 m/s and delivers the nameplate capacity 
at a wind velocity of 12-14 m/s. At high speeds, usually 
exceeding 25 m/s (cut-off speed) the turbine is blocked 
by the braking system for safety reasons. The block 
can be carried out by means of real mechanical brakes 
which slow down the rotor or, for variable pitch blades, 
�hiding� the blades from the wind, by putting them in the 
so-called ��ag� position. 

4 The airfoil of the wind blade determines a different speed of the �uid vein which passes 
the upper surface with respect to the speed of the �uid vein �owing over the lower surface. 
Such difference of speed is at the origin of the pressure variation.

5 Position in which the chord of the blade pro�le is parallel to the rotor shaft with the edge 
of attack facing the wind direction. In such position the aerodynamic load on the blades 
is reduced to the minimum.

Rotation

Wind flow

Lift

Drag
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Figure 1.12 - Three-blade turbines 

Figure 1.13 - Two-blade turbine

Figure 1.14 - Single-blade with counterweight turbine

Figure 1.15 - Multi-blade turbine

Figure 1.11

1.4.3	 Horizontal axis wind turbines
Upwind horizontal axis wind turbines, called so because 
the wind meets �rst the rotor than the tower, have a higher 
ef�ciency than downwind machines, since there are no 
aerodynamic interference with the tower. 
On the other hand they have the drawback that they are 
not self-aligning in the direction of the wind and therefore 
they need a tail vane or a yaw system.
Upwind horizontal axis turbines are affected by the nega-
tive effects of the interaction tower-rotor, but are intrinsi-
cally self-aligning and have the possibility to use a �exible 
rotor to withstand strong winds (Figure 1.11).

8 Free orientation through tail vanes in small wind turbines or active electrical orientation 
after signaling by the ��ag� in higher power turbines.

Three-blade horizontal axis wind turbines (Figure 1.12) 
are the most widespread model; however, there are 
also two-blade models (Figure 1.13), single-blade with 
counterweight (Figure 1.14), at present fallen into disuse, 
and multi-blade models, used above all in the small-wind 
market (Figure 1.15).

Wind direction

Upwind - with tail vane Downwind - without tail vane

Wind direction
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Figure 1.19

In shallow waters turbines can be fastened to concrete 
plates positioned on the seabed. If the depth does not 
exceed 20m, the structure is a steel rod hammered into 
the seabed up to a depth suitable to transfer loads to 
the �oor. 

This type of foundation, although it is the most economi-
cal one, it is used to a limited extent because of the risk of 
resonance frequencies within the interval of frequencies 
forced by rotor rotation and by waves. The resonance 
frequency decreases with the length of the structure and 
increases with its diameter. In deep waters the diameter 
of the monopile becomes unacceptable and therefore 
tripod structures are used, made of elements welded 
together and anchored to the ocean �oor with poles at 
each corner or with suction cup anchors, according to 
its characteristics. 

Offshore wind turbines must be very reliable so as to 
reduce as most as possible maintenance operations: 
thus, the redundancy of some components is justi�ed 
and remote monitoring through sensors placed in the 
most critical parts is adopted by default. Besides, these 
turbines are designed to withstand marine environment; 
in fact the submerged structures are protected against 
corrosion through cathodic protection, whereas the 
parts in free air are properly painted. The insulation of 
the electrical equipment is reinforced and the air inside 
the nacelle and the tower is conditioned to avoid the 
accumulation of condensate. 

For deep waters exceeding 50m anchoring to the sea 
�oor is no longer ef�cient and passing to �oating wind 
turbines � being studied at present � is to be considered 
(Figure 1.19).

1.6.2	 Non-grid connected plants
These plants can be distinguished into plants for single 
isolated loads and plants for stand-alone grids. 

As regards isolated loads, which cannot be reached or 
for which connection to the electrical public grid is not 
convenient due to the high costs or technical dif�culties 
and where the wind resource is suf�cient (indicatively 
with an annual average speed >6m/s), wind power energy 
may be a reliable and cost-effective choice to supply 
household loads.

Wind power plants for single loads shall be equipped with 
a storage system ensuring power supply even under low 
wind conditions.
Independent grids fed by wind power energy represent 
a promising application. Electric power supply to loads 
with high demands and far from the national distribution 
network is usually carried out by generators supplied 
by fossil fuels, but it is an expensive solution due to the 
high delivery and maintenance costs, in addition to the 
environmental issue of pollution. The case of medium-
small islands is quite typical, considering also that they 
certainly offer good wind power potentials.

The ideal solution would be to turn to hybrid systems by 
using wind power energy (or other renewable sources) in 
addition to traditional sources, which result to be quite 
cost-effective in case of connection to decentralized 
networks with power in the order of MW. 

A diesel-wind power system generally consists of medi-
um/small-sized turbines combined with a storage system 
and connected to a LV or MV grid; the diesel generator is 
used to guarantee electric power supply continuity. 

The cost per kWh is higher than for plants with large-sized 
turbines, but almost always lower if compared with 
power generation through diesel motors only, since in 
this last case also the costs for the fuel supply are to be 
considered.
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Figure 1.20

1.8	Spreading of wind energy in the world, in the 
European Union (EU) and in Italy

All over the world, at the end of 2009, the wind power 
installed had almost reached 160000 MW with a total in-
crease of 233% since 2004, whereas, at the end of 2010, 
the wind power reached 194000 MW (GWEC data). 
In the European Union at the end of 2009 73000 MW 
installed were exceeded with an increase of 114% in 
comparison with 2004, whereas at the end of 2010 the 
wind power capacity installed reached 84000 MW, of 
which almost 3000 MW in offshore wind power plants 
(EWEA data). 

In Italy, at the end of 2009, 5000 MW installed power were 
almost reached, with an increase of 335% since 2004 (Fig-
ure 1.20), whereas, in 2010, 5800 MW were reached.
In 2010, the energy produced in Italy from wind source 
was about 8.3 GWh out of a total energy demand of about 
326 TWh for the same year.
In particular, considering the European Union, Germany 
is the country having the largest number of installations 
with a total power capacity exceeding 25000 MW, fol-
lowed by Spain with more than 19000 MW and by Italy 
and France. As it can be noticed in Figure 1.21, these 
four nations represent 74% of the over 73000 MW wind 
power installed in the EU.
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Figure 1.21

The wind power plants installed in Italy at the end of 
2009 are 294 with more than 4200 wind turbines. The 
total power output is about 5000 MW13, with an energy 
production of over 6000 GWh14 in the same year and with 
a number of hours of use of the total national wind park 
equal to about 1300. 

13 In Italy the average energy demand is about 38.5 GW of instantaneous gross electric 
power (36.4 GW instantaneous net electric power). On average, such values vary between 
night and day from 22 to 50 GW, with a minimum and maximum of 18.8 and 51.8 GW 
respectively. However, such values are affected by the reduction in the energy demand of 
the years 2008 and (even more) 2009 due to the international economic crisis. In fact the 
peak of the required power dates back to 2007, with a maximum of 56.82 GW.
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14 In 2009, in Italy, power consumption amounted to about 338 TWh. Such value is the 
so-called "consumption or national gross requirement� and represents the electrical energy 
necessary to run whatever plant or means requiring electric power supply. This datum is 
the sum of the values indicated at the terminals of the electrical generators of each single 
production plant and the balance of foreign trades. This measure is carried out before 
any possible deduction of the energy necessary to feed the pumping stations and without 
taking into consideration self-consumption in power stations.

Taking into consideration the total of plants, 36% of them 
has a rated nominal power in the range from 1MW and 
10MW, whereas 56% has a power exceeding 10MW. In 
particular, from 2000 to 2009, the medium size of power 
capacity for wind power plants had increased from 6.6 
to 16.7MW.
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Figure 1.22 Figure 1.23

The installed wind power plants are concentrated mainly 
in the regions of southern Italy: Apulia, Campania and 
Sicily together represent 60% of the total number of wind 
power plants on the national territory. In the regions of 
northern Italy, Liguria has the greatest number with 3.1% 
of the total; the regions of central Italy are at the level of 
the other northern regions (Figure 1.22). 

Always in the southern regions 98% of the national wind 
power capacity is installed, where Apulia and Sicily have 
the leading role with 23.5% and 23.4% respectively, fol-

lowed by Campania with 16.3% and Sardinia with 12.4% 
(Figure 1.23).

The north and central regions generally have an average 
dimension of wind power plants quite reduced, equal 
to 4.3 MW, starting from Veneto with 0.4 MW, passing 
through the 9 MW of Tuscany up to the 12.5 MW of the 
only plant installed in Piedmont. In southern Italy the 
average dimension is 19MW, from 9.5MW of Abruzzi to 
about 23MW of Sicily and Sardinia, up to 34.1MW of 
Calabria.

Aosta
Valley Lombardy

Friuli
Venezia
Giulia

Marche

Trentino
Alto Adige

0.7%

Piedmont
0.3%

Emilia Romagna
1.0%

Umbria
0.3%

Veneto
1.4%

Liguria 3.1%

Tuscany
1.4%

Lazio
1.4%

Abruzzi
6.8%

Molise
6.1%

Basilicata
4.4%

Calabria
4.4%

Sardinia
9.2%

Apulia
24.5%Campania

18.4%

Sicily
16.7%

Absent 0.1 - 1.0 % 1.1 - 2.0 % 2.1 - 5.0 % 5.1 - 10.0 % 10.1 - 25.0 %
Subdivision for percentage class of the number of plants

Aosta
Valley Lombardy

Friuli
Venezia
Giulia

Marche

Trentino
Alto Adige

0.06%

Piedmont
0.26%

Emilia Romagna
0.33%

Umbria
0.03%

Veneto
0.03%

Liguria 0.04%

Tuscany
0.74%

Lazio
0.18%

Abruzzi
3.89%

Molise
4.84%

Basilicata
4.65%

Calabria
9.05%

Sardinia
12.38%

Apulia
23.52%

Campania
16.28%

Sicily
23.44%

Absent 0.01 - 1.00 % 1.01 - 5.00 % 5.01 - 10.00 % 10.01 - 20.00 % 20.01 - 25.00 %
Subdivision for percentage class of the capacity installed



22

Technical Application Papers

Wind power plants

Figure 1.24 - Global wind power forecast

Figure 1.25 - Annual wind power development

1.9	Future expectations and technologies

On a worldwide scale, by using the wind energy, by 
2020 it could be possible to produce 12% of the total 
requirement of electrical energy and 20% of the European 
demand, thus reaching, thanks to this renewable source 
only, the targets set by the European Union.
In fact, a strong development in the wind power sector 
is foreseen, which could reach in 2013 a power capacity 
installed of more than 140 GW at European level and 343 
GW (Figure 1.24) at world level, with the annual growth 
shown in Figure 1.25. 
In many countries of northern Europe the solution of in-
stalling wind power plants offshore is well considered to 
make up for the lack of large areas onshore, to overcome 
environmental problems and to exploit higher and more 
regular wind speeds.  
As an example, Great Britain is approving the construc-
tion of the largest wind power plant offshore with 1 GW 
power capacity.
The Italian government, in its �position paper� on renewa-
ble energy sources issued on 10-09-2007, with reference 
to the action plan of the European Union, anticipated a 
wind energy potential available in Italy in 2020 of 12 GW 
of installed power, 10 GW of which onshore and 2 GW 
offshore (in shallow water up to 30m depth and medium-
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depth water up to 60m), with an estimated total annual 
production of 22.6 TWh and with an increase in annual 
installed power equal to 800 MW. As regards offshore 
installations, there is a further electrical power of 2 to 
4 GW in deep water beyond 60m, for which however 
there are no technologies available at the moment for 
commercial exploitation (�oating wind power plants). 
As regards the installations onshore, the estimates have 
been made taking into consideration 600-850kW turbines 
(that is with 50m height at the hub). With the increase in 
wind turbine powers, which has reached 3 MW power 
in onshore plants (with 75-100m height at the hub), the 
development potential might result to be somewhat 
under-esteemed. As regards offshore potential instead, 
the available data for windiness are more uncertain and 
therefore only provisional evaluations are possible.
 
From the point of view of the construction technology, a 
new model of offshore turbine named Aerogenerator X 
is being studied. It shall be 130m high and 275m wide, 
generating 10 MW of power and possibly up to 20 MW 
(Figure 1.26). Manufacturing shall start in 2013-2014, 
after testing. 
Its innovative design has a V-structure and has been com-
pared to a sycamore seed, which falls to the ground with 
a spiraling motion just thanks to its V-shaped �wings�. 

It is a vertical axis technology, which allows exploitation 
of the wind energy, never mind the direction from which 
it blows. 
This model offers the advantage of concentrating most 
of the weight of the turbine at the base rather than at the 
hub as in horizontal axis turbines instead. Moreover, the 
blades do not experience the continuous fatigue stress 
due to the rotation and therefore these aerogenerators 
can be constructed with a form thinner than three-blade 
turbines of equal power. 
It rotates with a speed of about 3 rpm and weights the 
half of an equivalent conventional turbine.

Figure 1.26
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Figure 1.27

Also the total height results signi�cantly reduced, with a 
consequent reduction of its visibility from a distance. It 
shall be installed on a semi-submersible platform, which 
borrows the technologies used for offshore gas and oil 
extraction; anchorage to the ocean �oor is guaranteed 
by ropes up to 150m depth.

Research is also aimed at producing wind power plants 
of revolutionary concept in high power, even up to 1000 
MW; these plants tap wind energy at high altitude through 
large controlled kites. The Italian project KiteGen exploits 
kites with surfaces of dozens of square meters able to 
take off also pushed by light winds; they can be ma-
noeuvred from earth using a couple of cables to adjust 
their �y direction and trim to wind. The force exerted on 
the kite cables,  at 500-600 m altitude, can be used to 
produce electrical energy. KiteGen (Figure 1.27) can be 
seen as a big carousel tied to the ground and consisting 
of a central structure supporting long arms at the tip of 
which connection cables are �xed; these cables, made 
of composite material, transmit traction and, at the same 
time, are used to control direction and angle to the wind 
of the kites. Even if in the considered case the projection 
of the area covered by the arms is equal to one square 
kilometers, the surface covered can still be employed 
for agricultural use or, in the case of offshore plants, for 
navigation.

Another system provides a sort of �yo-yo�: a kyte is 
vertically lifted by fans up to an altitude at which it starts 
to self-sustain (about 80 m) to climb then up to 800 m. 

While climbing, through the control cables, the kite drives 
electrical generators with power up to 3MW. Once 800 m 
altitude has been reached, by pulling on one cable only, 
the kite is brought to �sideslip� condition, as it were a �ag; 
then, by pulling again quickly the cables, almost without 
waste of energy, the kite is again at 400 m altitude, ready 
to climb and fall again cyclically.
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2 Main components of a wind turbine
To exploit the kinetic energy of the wind, by converting it 
into electrical energy available to be fed into the network 
or to supply loads in parallel, a wind turbine uses differ-
ent components both mechanical as well as electrical. 
In particular, the rotor (blades and hub) extracts energy 
from the wind turning it into mechanical rotation energy 
and constitutes the ��rst motor� of the wind turbine, 
whereas conversion of mechanical energy into electrical 
energy is carried out by an electric generator according 
to suitable con�gurations to be illustrated in the follow-
ing chapters.

To summarize, the main components constituting hori-
zontal axis wind turbines are (see Figure 2.1):
	 1.	 blade
	 2.	 blade support
	 3.	 Pitch angle actuator
	 4.	 hub
	 5.	 spinner
	 6.	 main support
	 7.	 main shaft
	 8.	 aircraft warning lights
	 9.	 gearbox
	 10.	 mechanical brakes
	 11.	 hydraulic cooling devices
	 12.	 generator
	 13.	 power converter and electrical control, protection 

and disconnection devices 
	 14.	 anemometers
	 15.	 transformer
	 16.	 frame of the nacelle
	 17.	 supporting tower
	 18.	 yaw driving device 

Figure 2.1

Figure 2.2 - Wind turbine component cost (% of total)

The converter and the transformer can be installed di-
rectly in the nacelle as Figure 2.1 shows, or positioned at 
the base of the tower. The installation of the transformer 
inside the nacelle allows balancing of the rotor weight, 
while positioning at the base allows a reduction in dimen-
sions and weight of the nacelle.

In terms of costs, the percentage on the total cost of the 
different components is divided as shown in Figure 2.2.
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Figure 2.3

2.1	Rotor

2.1.1	 Blades
The blades are the components which interact with the 
wind and are designed with such an airfoil to maximize 
the aerodynamic ef�ciency. 
Figure 2.3 shows the typical form of a blade and its 
transversal sections; the blade winds up and the total 
angle between the root and the tip is about 25°. 
Since the aerodynamic forces are proportional to the 
square of the relative speed, they increase rapidly with 
the distance from the hub; therefore it is important to 
design the part of the blade near the root so that there 
is a good lift and a low aerodynamic resistance.

The cross sectional area of the blade is quite large to 
get the high stiffness necessary to withstand the vari-
able mechanical loads present under normal operation 
which contribute to determine the wear and tear of the 
blade. In fact, the wind exerts an unsteady force, both 
for the �uctuations due to the turbulence, as well as for 
the higher speed as a function of altitude. 
Besides, during rotation, a blade when in the high position 
is subject to a stronger wind in comparison with the wind 
intensity when it is in the low position, with the conse-
quent load �uctuations which recur at each rotation. 
Finally, the centrifugal force due to rotation exerts traction 

on the different sections of the blade and the weight of 
the blade itself creates a bending moment on the root 
which alternates at each rotation. 
Blades are made from light materials, such as �ber-
reinforced plastic materials, which have good properties 
of resistance to wear and tear.
 Fibers are generally made of glass or aluminum for the 
blades of small and medium size wind turbines, whereas 
for larger blades carbon �bers are used in the parts sub-
ject to more critical loads. 
The �bers are incorporated in a matrix of polyester, epoxy 
resin or vinyl ester constituting two shells kept together 
and reinforced by an internal matrix. 
The external surface of the blade is covered with a layer 
of colored gel to prevent ageing of composite material 
due to ultraviolet radiation. 
According to the technology used by the manufacturer, 
blades can be equipped with additional elements, such 
as stall controllers to stabilize the air �ux, vortex genera-
tors to increase lift or wingtip devices to reduce the lift 
loss and the noise. 
Since the main cause of failure is represented by light-
ning, a protective measure is taken by installing conduc-
tors, both on the surface as well as inside the blade (see 
Chapter 8). 
The blades and the central hub (which together constitute 
the rotor) are mounted on the nacelle through suitable 
�ange bearings.
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tuations may occur on the electrical devices connected 
nearby and these �uctuations may cause malfunctioning 
of these devices. 
Moreover, it is possible to notice the quick variation of 
the luminous �ux emitted by the lamps, generating that 
disturbing ��uttering� known as �icker. 
For this reason too, research has gone towards the de-
velopment of variable speed systems which allow also 
the �torque pull� on the rotor to be reduced and the rotor 
to work at the point of maximum aerodynamic ef�ciency 
over a wide range of wind speed4. 
Variable speed solutions realized with induction genera-
tors are obtained by interposing a frequency converter 
between the stator of the generator with squirrel cage 
rotor and the grid, or by using a wound rotor asynchro-
nous generator in which the rotor is supplied by an in-
dependent alternating current delivered by a frequency 
converter: thus, the synchronous speed results to be a 
function of the difference between the grid frequency 
and the frequency of the rotor current and it is possible 
to reach 30% speed variation.

4 For a given wind speed, the rotation speed may be varied to maximize the aerodynamic 
ef�ciency of the blades (see the following chapter).

2.4.2 Synchronous generator
In this type of generator, also called alternator, the rotor 
consists of a direct current electromagnet or of perma-
nent magnets. 
The frequency of the voltage induced on the stator (and 
consequently of the generated current) is directly pro-
portional to the rotation speed of the rotor. 
To allow functioning at variable speed, a frequency 
converter is interposed between alternator and grid; at 
�rst it transforms the current at variable frequency (as a 
function of the rotor speed and therefore of wind) com-
ing out of the generator into direct current through an 
electronic recti�er, and then reconverts the direct current 
into alternating current at the network frequency through 
an inverter. 
Thus the frequency of the generated current is released 
from the grid frequency, which may also result into the 
abolition of the gearbox.
Thanks to the synchronous motor and to the frequency 
converter, when the wind strength suddenly increases, 
the rotor is let free to accelerate for some seconds: the 
increase in the rotation speed accumulates kinetic energy 
in the rotor itself and allows constant power supply.  
Vice versa, when the wind falls, the energy stored in the 
rotor is released while the rotor itself is slowing down.

2.5 Transformer

The electric power output from generators is usually in 
low voltage and shall be transformed into medium voltage 
through a transformer to reduce transmission losses by 
connection to the MV distribution network. 
The transformer is installed on the nacelle or at the base 
of the tower. 
The electric cables connecting the nacelle to the base 
of the tower form a ring under the nacelle so that yaw 
movements are allowed. 
These movements are controlled and, in case of exces-
sive rotation, the nacelle is yawned in the opposite direc-
tion to prevent cables from entangling. 
These cables must have such an increased length that the 
wind turbine shall be able to make up to three complete 
turns for alignment.

2.6	Yaw system

The nacelle is made to rotate on the top of the tower 
by an active yaw control system consisting of electrical 
actuators and relevant reduction gears (Figure 2.7), so 
that the rotor is always transversal to wind. 
The direction and speed of the wind are continuously 
controlled by the sensors connected on the roof of the 
nacelle. 
The rotor is generally positioned according to the average 
direction of the wind, calculated over a 10min period by 
the turbine control system.
Figure 2.7

For horizontal axis turbines with downwind rotors, a yaw 
system is not necessary, since the turbine is intrinsically 
self-orienting and follows the wind direction as a wind 
vane. 
Instead, upwind turbines have either a rear orientation 
tail (small and medium size wind turbines) or active yaw 
control; therefore, the supporting tower shall be properly 
dimensioned also to withstand the torsional loads result-
ing from the use of yaw systems.
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5 Regulation systems 

5.1	Turbine mechanical model

A typical wind turbine can be simply modeled as a rotat-
ing mass with a large inertia, representing the rotor, and a 
rotating mass representing the generator, both connected 
to the rotation shaft (Figure 5.1). 
To this mechanical model, the aerodynamic torques act-
ing on the rotor apply: the electromagnetic torque acting 
on the generator and the possible torque applied to the 
shaft by mechanical brakes. 
Below the rated wind speed, the control systems act 
to maximize the aerodynamic torque (and therefore the 
power output), whereas above the rated wind speed, 
the control systems modulate such torque to keep the 
rotation speed within acceptable limits.

Figure 5.1

In the turbines designed to operate at nearly constant 
speed, the generator torque is a function of the aerody-
namic torque and the only way to control the generator 
torque (and consequently the power output) is by regulat-
ing the aerodynamic torque.
In variable-speed turbines instead, the generator torque 
and the aerodynamic torque can be independently 
changed, and consequently the rotor speed can be con-
trolled both acting on the aerodynamic torque as well as 
on the generator torque thus affecting the acceleration 
or deceleration of the rotor. 
Changes of the generator torque are carried out by in-
terposing an electronic power converter (see Chapter 6) 
regulating phase and frequency of the current �owing 
through the generator windings.

5.2	Aerodynamic torque control

The aerodynamic torque can be controlled by acting 
on the rotor geometry, which modi�es the lift and drag 
values and consequently the values of the aerodynamic 
torque. 
The rotor geometry can be changed by regulating the 
Pitch over the length of the blade or by changing the 
geometry of a part of the blade only. 
As explained later, full span Pitch control can be carried 
out both to reduce as well as to increase the angle of 
attack towards stall.
Pitch control can be carried out either individually, when 
the Pitch angle of each blade is regulated independently 
from all the others, or collectively, when all the blades are 
moved to the same Pitch angle � cyclic Pitch control � in 
which the Pitch of each blade is the same as the others 
at the same rotor Azimuth angle. 

The �rst method has the advantage of offering more 
aerodynamic independent breaking systems for speed 
control, but has the drawback of requiring a very precise 
control of the mating angle of each blade so that inac-
ceptable differences of the angle can be avoided during 
normal operation. 
Ailerons can be used to change the blade geometry over 
a part of the blade; they reduce the lift coef�cient and 
increase the drag on their surface. 
Ailerons at the tip of the blade can also be used to add a 
negative torque to the rotor, or some spoilers can be used 
to �disrupt� the air �ow around the blade by modifying lift 
and drag. Recently researches have been carried out into 
methods of tailoring the aerodynamics along the blade in 
response to local �ow changes, through �smart� systems, 
such as the use of jets of air to improve the �attachment� 
of the �ow to the blade surface

Aerodynamic
torque

Shaft

Brake torque

Electrical torque

Momentum of inertia of the drivetrain

Momentum of inertia of the rotor
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As better described in the following clauses, passive 
stall-regulated �xed-speed turbines don�t usually offer 
the possibility of active control, except when using me-
chanical brakes on the main shaft or when connecting 
and disconnecting the generator from the grid.

Pitch-regulated fixed-speed turbines use the active 
variation of such angle for starting up and control of the 
power produced above rated wind speed.

Variable-speed turbines typically use Pitch control, if 
available, above the rated wind speed to limit blade 
rotation speed, while they use generator torque control 
over all the operation range of the turbine.

Also the starting mode of the wind turbine depends on 
the available control systems. Fixed-speed, passive 
stall-regulated turbines cannot rely on aerodynamics 
to increase the rotor speed; as a consequence, starting 
is carried out by connecting the induction generator to 
the grid and starting it as a motor up to the operation 
speed.
Fixed-speed, Pitch-regulated turbines vary actively the 
Pitch angle to get an aerodynamic torque, which ac-
celerates the rotor up to the rated operation speed and 
consequently the generator is connected to the grid.

Variable-speed turbines instead use the same starting 
modes as the �xed-speed ones, but the generator is 
grid-connected through a power converter.

5.4	Constant-speed turbines

At the beginning of the 90s�, the installed wind turbines 
ran mainly at �xed speed. This means that independ-
ent of the speed of the incident wind, the rotor runs at 
a �xed speed determined by the grid frequency, by the 
gear of the gearbox and by the number of poles of the 
electrical generator.
 
As better explained in the following chapter, �xed-speed 
turbines are equipped with an induction motor (usually a 
squirrel-cage motor) directly connected to the grid, with a 
soft-starter to reduce the starting current and a capacitor 
bank to compensate the reactive power.

These types of turbines are designed to reach the maxi-
mum ef�ciency at a given wind speed. Nevertheless, to 

increase the power extracted from the �uid vein, the 
induction generators of some �xed-speed turbines have 
two stator windings, one of them with a higher number 
of poles to operate at low wind regimes, whereas the 
other with the pole number lower than the �rst one, so 
as to reach the steady state condition at medium-high 
wind speeds. 
From the constructional point of view, these wind turbines 
have the advantages of being simple, robust, reliable 
and with contained costs for electrical equipment. But 
they consume reactive power, have high mechanical 
stresses and limited quality controls on the power fed 
into the grid. 
Each �uctuation of the wind speed causes a change in 
the mechanical torque, which results in a �uctuation of 
the power fed into the grid. In grids with a low short-
circuit power level, this  causes voltage �uctuations with 
negative effects for the loads in parallel and can create 
inconvenience to persons because of the possible �icker 
generation (see clause 9.3.4).

5.4.1	 Passive stall regulation
Taking into consideration a constant-speed wind tur-
bine, as the wind speed increases so does the angle of 
attack of the blades. Above a certain speed, the air �ow  
begins separating from the airfoil causing a condition 
called stall. Initially this phenomenon is close to the hub 
and progresses towards the blade tip as wind speed in-
creases, thus providing an automatic passive mechanism 
of power regulation.
This type of regulation was largely used in the �rst com-
mercialized wind turbines equipped with asynchronous 
generators and three �xed-Pitch blades, rigid hub and 
designed to have optimum TSR at low wind speeds.

In this type of turbines, when the mechanical brakes are 
released, the rotor reaches the operating speed; then the 
asynchronous generator is grid-connected, or the rotor is 
started through the generator itself (when it operates as 
asynchronous motor) up to the operating speed. How-
ever, passive-stall method caused some problems such 
as vibrations, instability, dif�culties in foreseeing both 
entering stall as well as returning to laminar �ow.
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Table 5.1

Table 5.2

The main characteristics of the Pitch and stall control 
systems are compared in Table 5.1.

5.5.3	 Small-range variable-speed turbines

One approach to take advantage, even if in a limited 
way, of variable speed systems without all the relevant 
costs is the use of variable slip induction generators (see 
Chapter 6) by changing the rotor resistance through an 
external variable resistor. 

At partial load, the generator operates as a regular asyn-
chronous generator, but once the full load is reached, the 
rotor resistance is changed to increase the slip to allow 
the rotor to absorb the energy of gusts. The Pitch mecha-
nism is used to modulate the power �uctuations. 

Table 5.2 summarizes the main advantages of �xed- and 
variable-speed systems.

Characteristics Pitch angle Stall

Produced work Higher Lower

Constant speed control Dif�cult at high wind speeds Generally satisfactory

Variable speed control Better power quality and fewer stresses Being studied

Safety Safe device Automatic brakes required

Stresses Reduced High

Cost of actuators High Null

Cost of blades Reduced (less robust blades) High (more robust blades)

Cost of auxiliary brakes Null High

Fixed-speed systems Variable-speed systems

Simple and less expensive electrical system Higher ef�ciency

Lower  probability of mechanical resonance More regular motive torque 

Lack of harmonics into the grid Better quality of delivered power

Lower investment cost No synchronism problem 



50

Technical Application Papers

Wind power plants

6 P
ow

er generation system
s

6 Power generation systems 

6.1	Fixed speed wind turbines

In these types of turbines induction electrical machines 
(also known as asynchronous machines), generally used 
as motors for many industrial applications, are used for 
the conversion of the mechanical energy extracted from 
the wind into electrical energy. 
In the wind turbines, on the other hand, these electrical 
machines are used as generators, above all because of 
their constructional simplicity and toughness, their rela-
tive cost-effectiveness and for the simplicity of connec-
tion and disconnection from the grid (Figure 6.1).

The stator of an induction machine consists of copper 
windings for each phase, as the stator of synchronous 
machines. 
On the contrary, the rotor in squirrel-cage motors has no 
windings, but consists of a series of copper bars set into 
the grooves of the laminated magnetic core. 
Some induction machines can have windings also on 
the rotor and in this case they are called wound rotor 
machines. 
They are expensive and less sturdy than the previous 
type and are used in variable-speed wind turbines, as 
better explained in the following paragraphs.
Induction machines require a given quantity of reactive 
power to function. 
This power shall be either drawn from the grid or deliv-
ered locally through a capacitor bank, which shall be 
Figure 6.1

properly sized so that self-excitement of the synchronous 
generator can be avoided in case of grid disconnection 
due to failure. 
Besides, these machines need an external source at 
constant frequency to generate the rotating magnetic 
�eld and consequently they are connected to grids with 
high short-circuit power able to support frequency.
When working as a generator, the asynchronous machine 
is speeded up by the wind rotor up to the synchronous 
speed and then connected to the grid, or it is at �rst 
connected to the grid and started as a motor up to the 
steady state speed. 
If the �rst starting method is used, the turbine clearly 
is self-starting and therefore the Pitch control must be 
present, whereas the second method is used for passive 
stall-regulated turbines. 
In this case the control system stores the wind speed 
and de�nes the speed range within which the generator 
is to be started.
Once the synchronous speed has been achieved, the 
wind power extracted makes the rotor run in hypersyn-
chronous operation with negative slip, thus supplying 
active power to the grid. 
As a matter of fact, since the slip has values in the order 
of 2%, the deviation from the rated speed is very limited 
and that�s why the use of these machines makes the wind 
turbine run at constant speed. 
To reduce the starting current, a soft starter is usually 
interposed between the asynchronous machine and 
the grid.

Brake
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battery

Wind turbine control
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Rotor
bearing
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Figure 7.9

7.3	Protection against earth faults

When an earth fault occurs in a section of the power 
circuit, the fault current shall be generally formed by 
the component fed by the generator (especially in the 
con�guration full converter) and by the component sup-
plied by the grid.

7.3.1	 Generator component
In the three previous con�gurations, the generators usu-
ally have their live parts earth insulated, whereas their 
exposed conductive parts are connected to earth. 
Therefore, in this case, we are in the presence of an IT 
system and the earthing resistance of the exposed con-
ductive parts shall satisfy the relation (IEC 60364):

[7.8]

where Id is the current of the �rst fault to earth supplied 
by the generator, unknown  in advance, but generally very 
small given the limited extension of the main circuit4. 

As a consequence, the earthing resistance Re of Annex C, 
de�ned for a grid fault ride, usually satis�es the relation 
[7.8]. Besides, the modest value of the current Id limits 
the consequences of an earth fault, above all thanks to 
the lack of arcing dangerous for people and things.
When the �rst fault persists, the system is no more IT 
and becomes, in the common case of a single earthing 
plant, a system TN. If the �rst fault is not removed in a 
reasonably short time, a second fault to earth may occur 
on another phase of the circuit. 
In the con�guration with �xed speed, doubly-fed variable 
speed or full converter with double fault on the generator 
side of the converter (Figure 7.9), a con�guration is estab-
lished with double earth fault supplied by the line-to-line 
voltage and it has to be interrupted by the protection 
device of the circuit, which in the example of Figure 7.9 
is the circuit-breaker positioned between the alternator 
and the converter.
However, in this case, the advantage of service continu-
ity of the IT system would fails and therefore a control 
system of earth insulation is necessary to guarantee 
quick detection and elimination of the �rst fault to earth. 
If the converter is present, such control system is usually 
inside the converter itself.

4 In an IT system, the current of �rst fault to earth Id is prevailingly capacitive.  In the case 
of a plant of limited size, the capacitive susceptance to earth is small and therefore the 
current of �rst fault to earth is limited.
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In variable speed con�gurations, in case of a double fault 
on the grid side of the converter, the contribution of the 
generator to the fault current is limited by the converter 
itself, which then goes into stand-by due to the tripping 
of the internal protections (Figure 7.10). 
Having a trip threshold for the short-circuit protection 
set at low values (see above considerations), the  circuit-
breaker positioned between the alternator and the con-
verter might detect this limited fault current, but usually 
the trip times of the internal protections of the converter 
are lower and therefore tripping is guaranteed by them.

In case of a second fault to earth, the fault circuit is sup-
plied by the line-to-line voltage, but the fault ring and 
the relevant impedance are not known in advance. As a 
consequence, the Std. IEC 60364 conventionally imposes 

to reduce the impedance of the fault ring of each circuit 
formed by the phase conductor and by the protection 
conductor of each circuit to the half of that allowed for 
a TN system and consequently, for each circuit, the fol-
lowing relation (neutral conductor not distributed) must 
be satis�ed:

[7.9]

where:
Ia is the current which causes tripping of the protection 
device within the limits de�ne for TN systems.

Figure 7.10
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7.3.2	 Grid component
Now, taking into consideration the component of the 
earth fault current from the grid, in the presence of a lv/MV 
transformer typical for medium/large-size wind turbines, 
the situation is the same as a traditional TN plant with 
the star centre of the lv transformer directly connected 
to the common earthing plant. 
Therefore, in the con�guration with �xed speed, doubly-
fed variable speed or full converter and fault on the grid 
side of the converter (Figure 7.11), the protection func-
tion can be carried out by the protective devices against 
overcurrents provided that the fault current causes trip-
ping of such devices within the terms prescribed by the 
Std. IEC 60364. 

In case of fault on the generator side of the converter, 
in variable speed con�gurations, the grid component of 

the fault current is limited by the converter itself which 
then goes into stand-by due to the tripping of the internal 
protections (Figure 7.12). The circuit-breaker positioned 
between converter and transformer usually has a trip 
threshold for the protection against short-circuits set at 
a value exceeding the current limited by the converter; 
as a consequence it does not detect such current value 
and does not trip.

In medium-power wind installations connected to the grid 
and in parallel to the user�s plant, as regards the exposed 
conductive parts on the load side of the transformer and 
in plants without transformer, please refer to the indica-
tions for protection against earth faults given in clauses 
5.2.2 and 5.3 of the Technical Application Paper No. 10 
(QT10) about Photovoltaic plants.

Figure 7.11

Figure 7.12
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8 Protection against overvoltages 

8.1	Generalities

Wind power plants, being installed outdoor, may be 
subject to direct and indirect  overvoltages of atmos-
pheric origin, besides being subject to switching over-
voltages. 
Lightning protection allows risks for people (mainly the 
personnel in charge)  and maintenance operations due 
to damages on structure and on the internal components 
to be reduced and measures against economical losses 
because of drop of energy production due to the plant 
failure to be taken. 
If the wind turbine is installed on a building (Figure 8.1) 
and signi�cantly modi�es the outline of the same, a 
new assessment of the lightning risk is necessary to 
verify whether installation of an LPS (Lightning Protec-
tion System) or modi�cation of that  already present are 
needed.

Figure 8.1

Figure 8.2

If the wind turbine is installed on the ground, stand-alone 
or in a wind power plant, due to its height and being 
often the highest structure in the surrounding area, it 
represents an �ideal target� for atmospheric discharges 
(Figure 8.2). 
In particular, the height of the wind towers (especially for 
those ones exceeding 100m) facilitates the formation of 
upward atmospheric discharges from the structure to 
the cloud3.

1 For a de�nition of direct and indirect overvoltage see clause 6.4 of the Technical Ap-
plication Paper No. 10 �Photovoltaic plants�.
2 The goal of any LPS is essentially to reduce the hazards to a tolerable level  RT. A rep-
resentative value of tolerable risk RT, where lightning �ashes involve loss of human life or 
permanent injuries is 10-5 years-1.

If not otherwise indicated by the risk assessment, the 
components of a wind turbine must be protected ac-
cording to a Lightning Protection Level (LPL-I). Such level 
takes into account the highest lightning parameters. 
A more accurate risk assessment could let us think favo-
rable from an economic point of view making a difference 
in the protection levels: for example the blades shall 
be protected by the highest LPL, whereas other parts, 
which can be repaired or replaced at a lower cost, shall 
be protected by a lower LPL.

3 The electric charge accumulated in thunderstorm clouds induces on the surface of the 
ground below opposite polarity charges, but usually the consequent electric �eld is not 
suf�cient to strike the upward discharge. As a consequence, most lightning �ashes head 
from the thundercloud towards the earth. However, the induced electrical �eld increases 
in the presence of pointed surfaces, for example mountains, or high structures, such as 
towers or wind turbines. In this case the electric �eld may have such an intensity to strike 
an upward discharge.
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Figure 8.3

Figure 8.4

8.2	Protection of blades

Blades are the most exposed part of the whole structure 
and the lightning protection system must guarantee that 
the damages caused by an atmospheric discharge is 
tolerated till the next inspection and scheduled main-
tenance.
The experience has shown that the points where lightning 
attaches are near the tip of the blades (IEC 61400-24 
Annex C). 
The phenomenon responsible for the severe structural 
damage to wind turbine blades is the formation of a pres-
sure shock wave around internal arcs caused by the path 
of lightning across the blade and due to the presence of 
air-�lled cavities or arcs between the different layers of 
composite material. 
Damage may range from surface cracking to complete 
disintegration of the blade. Minor damage may occur 
when a lightning arc is formed on the outside surface 
of the blade or when the lightning current is conducted 
by metallic components with insuf�cient cross section. 
As a consequence, the purpose of the blade protection 
against lightning is conducting the lightning current from 
the attachment point to the hub, in such a way that the 
formation of a lightning arc inside the blade is avoided. 
This can be achieved by diverting the lightning current 
using metallic conductors of appropriate cross-section 
either �xed to the blade surface4 or inside the blade, or by 
adding a metal mesh inside the blade surface5 (Figure 8.3).

4 However such choice may compromise the aerodynamics of the blade or increase the 
generated noise.
5 The main advantage by adding a metal mesh is represented by shielding of the electromag-
netic �eld induced by any possible conducting element in the blade (e.g. carbon �bres). 

8.3 Protection of hub/spinner

The hub for large wind turbines is a hollow cast iron 
sphere of 2m to 3m in diameter. Hence the material 
thickness ensures that the hub structure itself is immune 
to lightning.
Typically the hub has a glass �ber cover, called the spin-
ner, which rotates with the hub. 
Since there is the possibility that lightning directly at-
taches the spinner, an adequate protection shall be 
considered and realized through a metal structure con-
nected to the hub. 
This even more so for the turbines with electrical and me-
chanical control systems and actuators (e.g. Pitch control 
systems) placed between the hub and the spinner.  

8.4	Protection of supports and hydraulic and 
cooling systems

Inside the nacelle, the various supports (of the main 
shaft, of the gearbox, of the generator, etc.) and the ac-
tuating systems have moving parts directly or indirectly 
in contact with the turbine parts in which the lightning 
current �ows; therefore they must be protected so that 
any lightning passing through the component is kept at 
an acceptable level. 
In particular, with hydraulic systems, it is necessary to 
consider the risk of �uid leaks due to damage at �ttings 
and ignition of hydraulic oil.
Protection can be achieved through spark gaps and 
sliding contacts (Figure 8.4) having less impedance than 
the direct natural current path through the equipment to 
be protected.

Receptors
Down conductors

on the surface

Metal mesh

Internal down
conductors
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8.5	Earth electrodes

The lightning current which discharges to earth through 
the metal structure of the tower shall be dispersed in the 
ground through an earthing system; this shall conduct 
high intensity and frequency currents into the earth with-
out any dangerous thermal or electrodynamic effects.
It is generally recommended (IEC 61400-24) that the 
earthing system for the protection against atmospheric 
discharges and the ordinary earthing for the operation/
protection of the electrical plant are put together in a 
single leakage system. 
Furthermore, it is recommended to include metal parts 
in the foundation structures in the earthing system, so 
that the earthing resistance is reduced as much as pos-
sible and the arrangement shall possibly comprise a ring 
earth electrode in contact with the soil for at least  80% 
of its total length. 
In the particular case of rocky areas (therefore with high 
resistivity) it is recommended to use at least two concen-
tric ring electrodes which may be combined with vertical 
electrodes drilled into the rock. Instead, in case of wind 
turbines offshore, since the resistivity of seawater is 
considerably lower than most soils, ring earth electrodes 
are usually not required, being suf�cient the metal parts 
in the foundation structures. 
Finally, in wind power plants, each turbine shall have its 
own earthing system, each connected to the earthing 
system of the transfomer sub-station through suitable 

earthing conductors, thus obtaining bene�ts in terms of 
equipotential bonding and reduction in the total earth-
ing resistance (especially when an adequate earthing 
resistance is dif�cult to obtain at each individual wind 
turbine position).

8.6	Application of lightning protection zones 
(LPZ) concept

A wind turbine can be physically divided into zones, 
which approximately de�ne the in�uence level of light-
ning on the components of such zone. Therefore, the 
division into LPZs is a method to ensure a suf�cient 
and systematic protection for the various components 
of a wind turbine. LPZs are de�ned according to the 
possibility of direct lightning and of associated induced 
electricomagnetic �elds in that zone. Additional methods 
of protection against lightning are applied to guarantee 
that the various equipment of a given zone can withstand 
the intensity of the lightning current and of the associated 
electromagnetic phenomena. LPZs are shown in Table 
8.1 (IEC 61400-24 Annex E).
The boundary between LPZ 0A and LPZ 0B can be de-
termined by means of the �rolling sphere� model (Figure 
8.5). 

6 It is the reduction in the current of each LPS conductor for the distribution of the original lightning current in the different conductors constituting the LPS.
7  Generally, the higher is the number of the zone, the lower are the values induced by lightning.

Outer zones

LPZ 0 Zone where the threat is due to the unattenuated lightning electromagnetic �eld and where the internal systems may be subjected 
to full or partial lightning surge current. LPZ 0 can be subdivided into two subzones 0A and 0B.

LPZ 0A Zone where the threat is due to the direct litghtning �ash and the full lightning electromagnetic �eld. The internal systems may be 
subjected to full or partial lightning surge current.

LPZ 0B Zone protected against direct lightning �ashes but where the threat is due to the full lightning electromagnetic �eld. The internal 
systems may be subjected to partial lightning surge current.

Inner zones

LPZ 1 Zone where the surge current is limited by current sharing6 and by SPDs at the boundary. Spatial shielding may attenuate the 
lightning electromagnetic �eld. 

LPZ 2..N7 Zone where the surge current may be further limited by current sharing and by additional SPDs at the boundary. Additional spatial 
shielding may be used to further attenuate the ligntning electromagnetic �eld. 

Table 8.1
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The areas against which the sphere cannot roll are pro-
tected against direct lightning attachment. Therefore the 
areas marked in grey are LPZ 0B where lightning cannot 
strike, and the rest of the surface of the wind turbine is 
LPZ 0A.

Figure 8.5

Figure 8.7

Figure 8.6

The boundary between LPZ 0A or LPZ 0B and LPZ1 can 
be put at the tower or at the top cover of the nacelle if 
there is a metal cover or suf�cient metal shielding mesh 
(Figure 8.6) to protect the components inside (Faraday 
cage functioning).

The nacelle (with some mesh in the cover), the tower 
and the transformer kiosk are protection zones LPZ1 
(Figure 8.7). 
The devices inside metal cabinets in LPZ1 areas are in 
protection zone LPZ2. If the tower is made of a metal 
tube and there is good electrical connection between the 
parts of the tower, the tower is a very effective Faraday 
cage, which satisfactorily conduct to earth the lightning 
current and the zone inside can be de�ned as LPZ2  
(Figure 8.7).

8 If the tower is of lattice type, it protects the space inside against direct lightning and 
provides a reduction in the induced electromagnetic �eld, so that its internal space can 
be considered as a zone LPZ 0B.
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Figures 8.8-8.9 show the subdivision of the rotor-nacelle 
areas in the con�guration Doubly-fed and Full Converter 
respectively.

Figure 8.8

Figure 8.9

8 P
rotection against overvoltages

LPZ1

LPZ2

a.c.

d.c.
d.c.

a.c.

LPZ2

Converter

Turbine control

Pitch
Drive

Generator
lv/MV transformer

LPZ0

LPZ1

c.a.

c.c.
c.c.

c.a.

LPZ2

LPZ2

LPZ0

Converter

Turbine control

Pitch
Drive

Generator

a.c.

d.c.
d.c.

a.c.

lv/MV transformer







75Wind power plants

8 P
rotection against overvoltages

Figure 8.12

9 Uprot is the sum of the protection level of the surge protective device Up and of the voltage 
drop of the connections, which can be assumed equal to 1kV/m.
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8.7.1 Fixed speed � Asynchronous generator
In this con�guration, according to the scheme in Figure 
8.12, it is appropriate to position an SPD of type I in the 
main switchboard at the entrance to the turbine for the 
protection against the overvoltages of atmospheric origin 
and against the overvoltages from the grid. 
If the SPD type I does not reach autonomously the ef-
fective protection level Uprot

9 lower than the maximum 

withstand voltage of the equipment to be protected 
or the distance from the equipment to be protected is 
longer than 10m, it is advisable to install an SPD type 
II close to the generator for the additional protection of 
the stator windings. 
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8.7.2 Variable speed � Doubly-fed concept
In this con�guration, according to the scheme of Figure 
8.13, it is advisable to place an SPD type I into the main 
switchboard at the entrance to the turbine for the protec-
tion against the overvoltages of atmospheric origin and 
against the overvoltages from the grid. If the SPD type 
I does not reach autonomously the effective protection 
level Uprot lower than the maximum withstand voltage of 
the equipment to be protected or the distance from the 
equipment to be protected is longer than 10m, it is advis-
able to install an SPD type II near the generator for the 
additional protection of the stator windings and another 
one near the converter on the grid side for a better ad-
ditional protection. 
Besides, it is advisable to put, between the converter and 
the rotor windings, SPDs type II suitable for protection 
in the presence of transient overvoltages superimposed 
on the PWM control voltage (Figure 8.14).

8 P
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8.7.3	 Variable speed � Full converter concept
In this con�guration, according to the scheme of Figure 
8.15, it is advisable to place an SPD type I into the main 
switchboard at the entrance to the turbine for the protec-
tion against the overvoltages of atmospheric origin and 
against the overvoltages from the network. 
If the SPD type I does not reach autonomously the ef-
fective protection level Uprot lower than the maximum 
withstand voltage of the devices to be protected or 
the distance from the devices to be protected is longer 
than 10m, it is advisable to install an SPD type II near 
the converter on the grid side for a better additional 
protection. 
Besides, it is advisable to place between the converter 
and the synchronous generator SPDs type II suitable for 
protection in the presence of transient overvoltages su-
perimposed on the PWM control voltage (Figure 8.14).

Figure 8.13
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Figure 8.14

Figure 8.15
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9 Wind power in electric power systems

9.1	Wind power plants

As mentioned in the �rst chapter, wind turbines can op-
erate as power generation plants connected to the grid, 
to isolated electric systems or also individually to supply 
a speci�c load. In particular, the integration process of 
wind installations into power systems includes �rst of all 
the correct choice of the installation site and then, once 
the construction and the connection to the grid have 
been carried out, the subsequent management of the 
injected power taking into account the power demand 
of the network loads and the randomness and variability 
of the wind source. 
In fact, the connection of the turbines to the electrical 
power systems can have local effects on the network in 
terms of power-quality and, if the fraction of the wind 
energy injected into the electrical system becomes not 
negligible, its effects can involve all the network.   
Wind turbines can be installed as individual units or 
grouped in wind power stations, also known as �wind 
power plants�. 
As regards the choice of the installation site, usually the 
main target is maximizing the economic payback of the 
investment trying to minimize those effects such as noise 
pollution and visual-environmental impact. 
Once the site has been chosen, the exact position and 
direction of the individual turbine or the disposition of 
the different wind turbines in the wind power plants are 
generally de�ned by computer simulation programmes 
aimed at maximizing the extraction of energy from the 
wind, always keeping in mind the previous limits and 
the morphological con�guration of the installation site. 
In particular, when installing wind turbines in wind power 
plants, one of the main technical problem is how much 
space has to be left between the single turbines to 
keep within acceptable limits the mutual aerodynamic 
interference. 
In fact, the extraction of wind energy from the windward 
turbines causes a reduction in the speed of the wind 
available for the leeward turbines and a possible increase 
in turbulence. 
The consequence is not only a reduction in the total 
energy produced by the wind power plant1, but also 
a remarkable �uctuation of the electric power injected 
into the grid. 
Besides reducing the wind energy captured, a high tur-
bulence increases the speeds of the wind gusts with the 
consequence that the control systems intervene more 
frequently to stop the turbine, by reducing further the 
energy production. 
Moreover, turbulence increases the fatigue stress of the 
materials constituting the leeward turbines thus reducing 

their expected life.  
By analyzing the power curve of a wind power plant 
(Figure 9.1), the difference from the curve of the single 
turbine can be noticed. 

1 The wind energy produced in total is lower than the sum of the energy produced by the 
single turbines when installed separately.

Figure 9.1

When the incoming wind into the wind power plant 
reaches the cut-in speed, the �rst line of turbines starts 
to generate electric power. 
Such extraction of energy from the wind outgoing from 
the �rst line reduces the speed of the wind itself and 
consequently the turbines at the back cannot work. 
By increasing the speed of the incoming wind, the 
number of the lines of turbines working till all the turbines 
generate power rise, even if the turbines in the �rst line 
produce more power per unit. 
Moreover, when the incoming wind reaches the speed at 
which the �rst line of turbines generates the rated electric 
power, the other lines produce less power. 
This means that, in order to make all the turbines pro-
duce the rated power, the speed of the incoming wind 
should be the higher, the bigger the number of turbine 
lines of turbines. 
Thus, not only the total energy generated by a wind power 
plant is lower than the sum of the energy produced by 
the single turbines installed separately, but also the total 
power curve of a wind power plant as a function of the 
wind speed is different from that of a turbine considered 
separately2. 
In short, in particular when the area of the installation site 
is limited, a preliminary optimization study shall be carried 
out to determine the number of turbines, their size and 
the mutual space with the aim of maximizing the energy 
production of the wind power plant.

2 In the example in the Figure, it is assumed that all the turbines run correctly; if some 
turbines were out of service due to fault or ordinary maintenance, the effective power 
curve of the wind station should be shifted to the bottom.
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