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1 Introduction  

 

1.1 Learning objectives of the course  

 

Upon completion of this course, you will be able to: 

• differentiate wind turbine configurations 

• explain in detail the components of a wind turbines  

• recall applicable standards and norms for wind turbines and wind resource surveying 

• name the purpose of measured wind data and explain why it is important to measure wind 

resource at site. 

 

1.2 Introduction to the course  

 

With a wide range of designs, modern wind turbines produce more electricity every year as they 

continue to grow in size.  

In this course, the components of a wind turbine are going to be explained in detail. Different wind 

turbine configurations, types of support structures used, nacelles as well as the function functionality 

of rotor blades and different generators types will be analysed. Furthermore, technical parameters 

such as power curves and power control techniques as well as import parameters to take into account 

when interpreting such diagrams will be discussed.  

Standards and norms that will be explained include the different wind classes that the norm IEC 61400 

states as well as laws applicable to grid connection. Following this, wind measurement is described.  
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2 Wind turbine components 

 

2.1 Range of designs  

 

Learning objectives: Upon completion of this page, you should be able to 

• classify different designs of wind turbines  

• differentiate the main characteristic of onshore and offshore wind parks.  

Wind turbines can be configured in a large range of designs. One of the main distinctions between 

different designs is the orientation of the rotational axis. The Savonius- and Darrieus-rotor belong to 

vertical-axis rotors. In the past, these turbines were built only with the drag principle. Nowadays, the 

development of vertical-axis designs can operate with the lift principle. However, these types of 

construction have some disadvantages like a low tip-speed ratio and there is no power-control like the 

pitching method.  

 

Savonius- and Darrieus rotor (Source: RENAC) 

Horizontal-axis rotors are by far the most implemented model, currently Windmills as well as modern 

three-bladed wind turbines use this design Three bladed turbines use pitch regulation to control power 

output. This method is the most effective way to control the power output. Another advantage of this 

configuration is that the profiles of the airfoils can be optimised to accomplish maximum aerodynamic 

lift.  
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Three-, two bladed wind turbines and European wind mill (Source: RENAC) 

Modern wind turbines can also be set apart with the distinction of position of the rotor. An upwind 

system is where the rotor faces the wind first and the nacelle is located behind it. The main advantage 

is that the rotor avoids the slipstream generated by the tower. This system needs a tracking system to 

follow the wind direction and the rotor has to be built with enough distance to the tower.  

In a downwind system, the arrangement is the other way around. The nacelle faces the wind and the 

rotor is placed behind. The advantage here is that it doesn’t need a yaw alignment to track the wind 

direction to enhance power output. However, the disadvantage is the variation of power when the 

rotor blade passes through the slipstream of the tower.  

Another aspect of wind turbines that need to be considered is the wind farm type. Onshore wind farms 

were the first to be commissioned and the main characteristic of these turbines are that they are 

installed on land. Offshore wind farms are the more attractive option today because of their energy 

generation potential. Offshore wind turbines are installed in water bodies where wind speeds are 

remarkably faster due to roughness length of the sea. The biggest challenge of this technology is the 

tower. The foundation has to resist corrosion and all the loads created by waves. Offshore wind 

turbines are so big, that the logistics required for commissioning as well as the maintenance 

procedures are getting more challenging with time. 

 

2.2 Towers 

 

Learning objective: Upon completion of this page, you should be able to  

• differentiate between tower configurations 

A main rule exists for wind turbine towers: as the tower height increases, the wind speed and the 

energy yield of the rotor also increases. However, high towers mean that the price of construction and 

materials required will also increase correspondingly. The tower can cost about 20 %1 of the total 

 
1 Erich Hau: Wind Turbines,2016 



 
 
 

593_Wind power-Technology  Page 5 of 39 
  02/10/2019 

investment of the wind turbine. Apart from the tower’s height, the tower’s stiffness is a crucial 

parameter that has to be considered. To keep costs low, the design of the tower requires an efficient 

height and a correct dimensioning of materials regarding the first bending frequency. 

In the following table, different configurations for a wind turbine with a hub height of 50 m, a rotor 

diameter of 60 m and a tower head mass of 180,000 kg can be observed.  

      

Type of 

structure 
Conical Cylindrical 

Cylindrical 

with conical 

base 

Cylindrical 

with guys 
Lattice 

 

Different onshore wind turbine towers (Source: RENAC based on Erich Hau: Wind Turbines) 

The first wind turbine systems built were constructed with lattice towers. Nowadays, the free-standing 

conical tower is the most frequently used configuration. This configuration can be built with only steel 

or reinforced concrete and steel (hybrid tower).  

 

Tower construction with segment rings (Source: © Stefan Dürr, Steil-Kranarbeiten) 
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This configuration is widely used due to its dynamic strength characteristics and the ease of 

transporting the prefabricated segments. 

Even though the tower of a modern wind turbine has a conventional design that can be applied to 

other models like smokestacks, it requires sensible dimensioning due to the stresses generated by the 

nacelle and rotor. Technical aspects to be considered include: 

• Stiffness 

• Breaking strength  

• Fatigue loading 

• Buckling strength2 

For offshore wind turbines, the tower design and construction are more challenging due to the water 

depths. The investment cost is higher for this technology than onshore wind turbines. Corrosion is one 

of the most important parameters to be considered as well as fatigue caused by waves. The figure 

below shows three different types of typical support structures for offshore wind turbines.  The 

support structure is anchored to the sea bed. The monopile support structures are installed at depths 

up to 30 meters in the water whereas the tripod and jacket support structures can be installed at water 

depths of 50 m. As this technology continues to develop, the latest models tend to float, i.e. the 

platform supporting the turbine floats and is anchored to the sea bed with guys. Floating platforms are 

implemented in water depths deeper than 50 m.   

 

From left to right: Monopile, tripod and jacket fundaments for offshore wind turbines (Source: 
RENAC) 

 

 
2 Erich Hau: Wind Turbines 
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2.3 Nacelle 

 

Learning objective: Upon completion of this page, you should be able to  

• name the components of the nacelle.  

The nacelle is the part of the wind turbine that holds all the turbine machinery (see figure). It has to 

be able to rotate so that the rotor faces the wind in an upwind machine. This is the task of the yawing 

system. It actively turns the nacelle towards the wind. Therefore, the nacelle is mounted on the tower 

on a mechanism with bearings.  

The nacelle includes the drive train; this consists of the following components: rotor shaft with 

bedding, the gearbox (direct drive turbines have none), brake(s), the coupling and a generator. 

Additional elements of the nacelle include power electronics, cables, cooling/heating systems and a 

small crane.  

• The gearbox has the task of matching the rotational speeds of the low-speed rotor (3 to 35 

rpm) with the rotational speed of the high-speed generator. In 50 Hz power supply systems, a 

fixed speed generator with two pole pairs rotates at 1,500 rpm and in a 60 Hz system it rotates 

at 1,800 rpm. A variable speed generator is able to rotate at 1,200 to 1,800 rpm because power 

electronics control the grid frequency and keep it constant. The gears generally operate in 

several steps so as to be able to cover various wind conditions.  

• The generator converts the mechanical energy into electrical energy. In general, a distinction 

is made between fixed and variable speed generators. Slow running multi-pole ring generators 

do not need a gearbox (as previously mentioned). 

• There are generally two types of brakes: aerodynamic brake systems and mechanical systems.  

The details of the arrangements in the nacelle vary from manufacturer to manufacturer. 
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Wind turbine without a gearbox. (Source: ENERCON, 2019) 

 

 

1 Oil cooler 6 Crane 11 Brake 16 Pitch cylinder 

2 Water cooler 7 Generator 12 Foundation 17 Hub controller 

3 Transformer 8 Disc coupling 13 Blade bearing  

4 Wind sensor 9 Yaw gears 14 Blade hub  

5 Converter 10 Gearbox 15 Blade  
 

Wind turbine with a gearbox. (Source: VESTAS: 2019) 
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2.4 Rotor blades 

 

Learning objective: Upon completion of this page, you should be able to  

• explain why rotor blades have a distinctive geometry  

The blades of a wind turbine are very similar to the wings of an airplane, i.e. the aerodynamic principle 

of lift is the same and because of this, the airfoils’ geometry are very alike. The challenges to design a 

rotor blade include conducting a sensible analysis of the fatigue in the lightweight structure and correct 

dimensioning to survive stochastic altering loads of turbulence. Weather conditions are an important 

aspect that has to be considered for the choice of materials as well.  

 

Wind turbine blade with cross section (Source: RENAC) 

In the figure above, the cross section of a wind turbine blade is shown. The vortex generator delays 

aerodynamic stalling and local flow separation. With this aerodynamic device, the effectiveness of the 

blade is improved by generation of a vortex 3. The Gurney flap is located in the trailing edge and like 

the vortex generator, improves the performance of the blade by increasing the pressure on the 

pressure side. This flap is implemented similarly in race cars, helicopters and airplanes.  

In the cross section figure it is more distinctive to recognize the trailing edge and leading edge. The 

web is vital for a wind turbine blade. It has to be dimensioned correctly to support all the stress and 

loads but at the same time the weight cannot be elevated.  

The cross section of the blade changes along its length, from the circular shape in the flange ring that 
connects the blade to the nacelle to the thinner airfoil at the end of the blade.  

The most common losses on the blade that decrease the overall performance of the rotor are: 

• profile losses 

• tip losses 

• swirl losses 

 
3 Clancy, L.J:  Aerodynamics 

Cross 
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Blade cross section (Source: © Key Wind Energy GmbH) 

 

There are a wide range of materials that can be used to construct a blade. Nowadays, the most 

common ones are fibre composite material like glass, carbon and aramide fibres. Wood is also used 

sometimes due its light weight. The parameters to be considered are strength limit, modulus of 

elasticity and the load fatigue.  

 

2.5 Generators 

 

Learning objective: Upon completion of this page, you should be able to  

• name different generator types and their mode of operation  

There are four types of generators that could be implemented in wind turbines. In this section, type 3 

(DFIG) and type 4 (FRC) will be discussed as they have the highest market shares worldwide.  

The rated speed of a wind turbine can be varied by up to 30 % with the implementation of a doubly 

fed induction generator (DFIG). This type of system arrangement always works in conjunction with a 

gearbox as seen in the figure below.  

The stator is directly connected to the grid, i.e. both possess the same frequency while the rotor of the 

generator is connected to the inverters. These inverters can convert DC into AC in any required 

frequency and rectify the current. Compensation of reactive power is not required as the specifications 

of the system provides inductive and capacitive power. In this manner, the system stabilizes the 

electrical grid. A DFIG minimizes undesirable fluctuations in the electrical grid.  
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Type 3 generator: Doubly fed induction generator (DFIG) (Source: Department of Electrical Power 
Systems, University Duisburg-Essen) 

A type 4 generator with full rated converter (FRC) can be connected with or without a gearbox. The 

generator utilized in an FRC system is either a synchronous machine or squirrel cage induction 

machine. Like in generator type 3, this configuration does not need reactive power from the electrical 

grid and contributes to stabilization of the grid. The total generated power is provided through a full 

rated converter system connected to the electrical grid. By fluctuating according to the converter 

frequency, the rotor speed is adapted optimally to the changing wind speed. 

 

Type 4 generator: Generator with full rated converter (FRC) (Source: Department of Electrical Power 
Systems, University Duisburg-Essen) 
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As stated before, there are different type 4 concepts:  

• One-level gearbox, permanent magnetised synchronous generator  

• Three-level gearbox, induction generator  

• Gearless synchronous machine with multi pole generator and electrical excitation system 

 

The table above shows the advantages and disadvantages of generator systems with and without gear 

boxes. In general, there is almost no price difference between both systems. 

3 Technical parameters  

 

3.1 Power control and power limitation methods  

 

Learning objective: Upon completion of this page, you should be able to  

• explain how a wind turbine can avoid generator overload and the power limitation 

mechanisms and 

• explain the difference between pitch and stall-controlled wind turbines. 

Because the power of the wind depends on the cube of the wind speed (P ~ v3), the power of the wind 

rises very rapidly as the wind speed increases.  

However, as the wind speed increases, at some point the mechanical rotational power being produced 

by the rotor becomes greater than the rated power of the electrical generator. If this situation were 

allowed to occur, the generator would be damaged. In order to prevent this, wind turbines use power 

control and power limitation technologies. The two methods used are: 

• stall control and  

• pitch control. 

 

Stall control: The rotor blades used in a machine using stall control are fixed to the hub at a fixed angle. 

The profile of blades is designed to cause turbulence behind the blades when a particular wind speed 
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is reached. The result is that, as this occurs, a portion of the airflow is directed away from the rotor 

blade, and the transfer of power from the wind to the rotor blades is reduced.4 

Pitch control: The pitch control concept was developed during the 1990s. It involves being able to turn 

each individual rotor blade into or out of the wind. This means that each rotor blade is mounted to the 

rotor hub and is able to rotate about a blade axis. The drive for pitch adjustment mechanisms can be 

mechanical, hydraulic or electric (the most common one, especially for large turbines). A controller 

constantly monitors the turbine's power output. If the wind gets too strong, the rotor blades are 

turned out of the wind along their axis, generally only by a fraction of a degree. This reduces the 

aerodynamic lift. Thus, the rotor continues to generate power at its rated capacity even at high wind 

speeds.5 This leads to lower performance coefficients and the torque development at the rotor is also 

limited.  

Currently, pitch control is widely used on grid-connected wind turbines. More than 90 % of wind 

turbines on the market implement the pitching method. Many small wind turbines use stall control. 

 

3.2 Wind turbines power curves 

 

Learning objective: Upon completion of this page, you should be able to  

• explain a wind turbine power curve and 

• explain the cut-in, cut-off and rated power wind speed. 

Power curves are used to calculate the annual energy production of a wind turbine and to compare 

wind turbines with each other. The two graphs below show the power curves of a pitch controlled and 

a stall controlled wind turbine.  

At wind speeds above the cut-in wind speed, both wind turbines start to generate electricity. The 

power output of the turbine then rises quite rapidly. When the power output of the generator begins 

to reach the rated power (or nominal power), power limitation begins. Once the rated power is 

attained, the power output of the turbine must not increase any further. If the wind speed gets too 

high, the wind turbine stops (at the so-called cut-off wind speed). 

At rated power (or near to rated power), the power curve of pitch-controlled turbines is almost flat, 

while the power curves of stall-controlled turbines vary. At the cut-off wind speed, pitch controlled 

wind turbines turn the blades into the vane position. Stall controlled wind turbines use aerodynamic 

brakes. 

Power curves are measured according to IEC 61400-12 in test fields with real wind turbines. 

 
4  West Texas A&M University, 2011. 

5  West Texas A&M University, 2011. 
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Power curve of a pitch controlled wind turbine. (Suzlon, 2010) 

 

 

Power curve of a stall controlled wind turbine. (Pöller and Amaya, 2009) 
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3.3 Power coefficients curves 

 

Learning objective: Upon completion of this page, you should be able to  

• define the power coefficient  

• explain the meaning of the power coefficient curve and  

• explain the difference between power curve and power coefficient curve. 

 

A power curve shows how much power a wind turbine can generate (y-axis) at a certain wind speed 

(x-axis). A power coefficient curve shows the power of the wind that a wind turbine can transform to 

electrical power (y-axis) at a certain wind speed (x-axis) as a percentage. 

The graph below shows an example for a 4200 kW wind turbine. The power curve data are in blue 

(scale on the left y-axis) and the power coefficient curve data are in green (scale on the right y-axis). 

The power curve shows the power that is generated by the wind turbine over a range of wind speeds. 

In this example, the cut-in wind speed is 2 m/s and the wind turbine moves the rotor blades into an 

operating position. It begins to generate power. The maximum power of a 4200 kW wind turbine 

occurs between 13 and 25 m/s.  

 

6MW onshore wind turbine (Source: © Natalia Claros Ruiz, Windpark Druiberg) 

The power coefficient rises very rapidly up to its maximum value (0.47 for this turbine type; the 

maximum possible for any machine, the Betz limit, is 0.593). The power coefficient then remains high 

for wind speeds of 7 m/s to 9 m/s. Above ca. 10 m/s, the wind turbine begins to reduce its power 

coefficient by pitching the rotor blades (by a few degrees) into a position that allows some of the power 

in the wind to pass by it. Above its nominal wind speed (rated wind speed) of 13 m/s, the wind turbine 
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runs at its rated power of 4200 kW. The power output can be kept constant only because the power 

coefficient is continuously reduced down to values of 0.05. 

The cut-off wind speed, when the power coefficient is zero, is not shown in the graph. 

  

Power curve and power coefficient curve of a specific 4200 kW wind turbine (Source: RENAC) 

 

3.4 Air density correction curves  

 

Learning objective: Upon completion of this page, you should be able to  

• correct wind turbine power curves published for the standard air density to the air 

density which occurs at a specific wind farm site and 

• apply a methodology to reduce air density correction errors. 

 

The power output data of a wind turbine power curve (ρstandard) published by manufacturers are valid 

for standard conditions of air density only (ρstandard 1.225 kg/m3 at 15°C, 1013.25 hPa). But air density 

changes from location to location and with temperature and height above sea level. An air density 

correction of power curves allows more precise annual energy production forecasts. If the air density 

on-site is lower, the power output is lower and vice versa. 

Taking the air density for a specific site where the wind turbine is to be built (ρsite) and the air density 

at standard conditions (ρstandard) into account, the standard power curve (vstandard) can be scaled to wind 

speeds at a specific site (vsite) according to the following equation: 

𝑣𝑠𝑖𝑡𝑒 =  𝑣𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  ( 
ρ𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

ρ𝑠𝑖𝑡𝑒
)1/3 

Where:  

             vsite = Wind speed at the site where the wind turbine is to be built [m/s] 

             vstandard = Wind speed as published by the wind turbine manufacturer [m/s] 
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             ρstandard = Air density at standard conditions [1.225 kg/m3] 

             ρsite = Air density for a specific site where the wind turbine is to be built [kg/m3]. 

The resulting corrected power curve (ρsite) has corrected wind speed data for the specific site at the x-

axis. The y-axis is not changed. It can be used to calculate the energy yield of the wind turbine at the 

specific site.  

The limitation of this approach is that corrections from standard air density to lower densities can lead 

to an over estimation of the annual energy production (AEP) of up to 5 %. At sites with air densities 

higher than the standard air density, the correction can result in a slight under estimation of the AEP. 

A variable exponent instead of a constant exponent (1/3) is under discussion6 to reduce the error. For 

wind speeds lower than 7 to 8 m/s, the exponent is 1/3 and between 7 to 8 m/s and 12 to 13 m/s, the 

exponent increases from 1/3 to 2/3. At wind speeds from 12 to 13 m/s the exponent is constant at 2/3. 

 

3.5 Tip speed ratio  

 

Learning objective: Upon completion of this page, you should be able to  

define the tip-speed ratio and 

name the tip-speed ratio of different wind turbine types. 

An important wind turbine design parameter for engineers is the tip-speed ratio (l ) of the rotor blade. 

The tip-speed ratio determines the mechanical rotor blade loading. It is defined as the ratio of the 

peripheral speed of the rotor blade (VR) (the speed of the tip of the rotor blade) to the wind speed 

upstream of the rotor (VU).  

The formula is: 

l =  
𝑣𝑅

𝑣𝑢
 

Where: 

             l = Tip-speed ratio, dimensionless [-] 

             vU = Wind speed upstream of the rotor, wind speed (m/s)  

             vR = Peripheral speed of rotor blade, speed of the tip of the blade (m/s). 

For example, if a 10 m/s wind is blowing on a wind turbine and the tips of its blades are rotating at 70 

m/s, then the tip-speed ratio is 70/10 = 7. This means that the tip of the rotor blades moves 7 times 

faster than the undisturbed wind in front of the wind turbine.  

 
6 Lasse Svenningsen ‘Proposal of an improved power curve air density correction’ and WindPRO Energy ‘Power Curve Air 
Density Correction And Other Power Curve Options in WindPRO’, 2010. 
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The optimum tip-speed ratio depends on the number of blades that a wind turbine rotor has. The 

fewer the number of blades, the faster the wind turbine rotor needs to rotate in order to extract 

maximum power from the wind. For example, wind turbines with many blades (see “western style” in 

figure) usually have a tip-speed ratio of about 1, single-blade wind turbines have a tip-speed ratio of 

about 12.  

A well-designed typical three-blade rotor has a tip-speed ratio of around 6 to 7. If the tip-speed ratio 

is too low – for example, because the rotor blades are poorly designed – the wind turbine will tend to 

slow down. Machines with tip velocities higher than 75 m/s are not manufactured because they would 

usually not meet noise protection regulations. If the tip-speed ratio is too high, the turbine will spin 

very fast through turbulent air. Consequently, power will not be optimally extracted from the wind, 

plus the wind turbine will be highly stressed and at risk of structural failure.7  

The tip-speed ratio of Savonius wind turbines is always lower than 1 because it only uses the drag 

effect, and hence has a slow rotational speed. 

Tip-speed ratios are indicated in the chart (below) showing wind turbine typologies.  

 

Wind turbine typologies and typical applications. (Source: RENAC) 

 

 

 

 

 

 
7 REUK.co.uk, 2011. 



 
 
 

593_Wind power-Technology  Page 19 of 39 
  02/10/2019 

4 Standards and norms  

 

4.1 IEC 61400 

 

Learning objective: Upon completion of this page, you should be able to  

• name the most important standards and norms for wind turbines and wind resource 

surveying. 

 

Over the last few decades, many standards and norms have been developed for the wind energy 

industry. The IEC 61400 family of standards is the most important, particularly for wind turbines and 

wind farms (overview, see table). IEC 61400 defines design requirements for large, small and offshore 

wind turbines, for acoustic noise measurement techniques, for sound power level declarations and 

tonality, for power performance measurements for both single wind turbines and for whole wind 

farms, for measurement and assessment of power quality characteristics of grid-connected wind 

turbines, for lightning protection, conformity testing and certification, as well as for monitoring and 

control. These days, all important wind turbine manufacturers sell wind turbines that have been tested 

on a test site, and the power curves of their machines are based on real measurements.  

Project developers should use only machines and equipment which have been tested and certified 

according the IEC 61400 standard by independent institutions which are ISO/IEC 17025:2005 

accredited.  

Turbines need to be able to withstand extreme loads caused by gusts, although this is very seldom. 

The average wind speed, turbulence and the maximum wind speed occurring every 50 years are also 

design parameters. IEC 61400-1 specifies four different wind turbine classes (see table). 

 

Logo of the IEC.  (Source: Wikipedia) 
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Part  Content of IEC 61400 

-1 Design requirements for large wind turbines 

-2 Design requirements for small wind turbines  

-3 Design requirements for offshore wind turbines  

-11 Acoustic noise measurement techniques 

-12-1 
-12-2 
-12-3 

Power performance measurements 
Power performance based on nacelle anemometry 
Wind farm power performance testing 

13 Measurement of mechanical loads 

14 Declaration of apparent sound power level and tonality values  

21 
Measurement and assessment of power quality characteristics of grid-connected wind 
turbines  

22 Conformity testing and certification 

23 Full-scale structural testing of rotor blades  

24 Lightning protection 

25 Communications for monitoring and control of wind power plants  

 

IEC 61400 series of standards for wind turbines and wind farms 

IEC 61400 – 1 Wind Classes** I II III IV 

Annual average wind speed (m/s) 10 m/s 8.5 m/s 7.5 m/s 6 m/s 

50-year return gust speed (m/s) 70 m/s 59.5 m/s 52.2 m/s 42 m/s 

1-year return gust speed (m/s) 52.5 m/s 44.6 m/s 39.4 m/s 31.5 m/s 

 

** Further sub-classifications for high/low turbulence classes and special designs for which data have 

to be agreed between the client and the designer, e.g. for extreme, high, 50-year return gusts 

 

4.2 Grid connection  

 

Learning objective: Upon completion of this page, you should be able to  

• name the most important standards for wind turbine grid connection and the electrical 

behaviour of wind turbines. 

 

International bodies such as the International Electrotechnical Commission (IEC), the European 

Committee for Electrotechnical Standardization (CENELEC), the Institute of Electrical and Electronics 

Engineers (IEEE) and the American National Standards Institute (ANSI) and several grid operators have 

developed standards regarding the connection of individual wind turbines and wind farms to the grid. 

These standards deal with specific topics, for example: 

IEC 61000-3-7 deals with the connection of fluctuating installations to medium, high and extra high 

voltage power systems, 
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EN 50160 deals with the voltage characteristics of electricity supplied by public distribution 

systems,  

IEEE 1547 deals with interconnecting distributed generation with electric power systems, 

IEC 61400 Part 21 (previously mentioned) defines standards for measurement and assessment of 

power quality requirements for grid-connected wind turbines, and  

EU regulation 2016/631 ‘Network code on requirements for grid connection of generators’ of 14 

April 2016. 

 

Many transmission and distribution system operators have developed codes covering the connection 

of turbines to the grid (grid integration). These grid codes (or grid integration codes) specify required 

turbine performance during normal operating conditions, power quality, operational restrictions, and 

requirements for restart of generation after disconnection from the grid. Examples are the German 

grid code for renewables connected to the high voltage transmission grid and the German grid code 

for connection to the medium and low voltage distribution grid. The European Wind Energy 

Association is involved in initiatives to harmonise grid integration codes, at least in the European 

Union. Harmonised codes should reduce project development costs for wind turbines. 

Standards defined by independent companies also exist, such as those developed by German Lloyd 

Wind Energy GmbH (GL), Det Norske Veritas (DNV) and the Deutsches Institut für Bautechnik (DIBt). 

These deal with such issues as load assumptions for the design of wind turbine components, guidelines 

for design of wind turbines and towers and specifications for tower foundations. It is important to 

always verify what standards/codes are required in the country in which a project is being planned. 

 

International standards for wind power grid connection and electrical behavior. (Sources: IEC, DIN, 
IEEE, EC) 
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5 Large wind farm operation and maintenance (O&M) 

 

5.1 Introduction to O&M  

 

Learning objective: Upon completion of this page, you should be able to  

• define the difference between operation and maintenance activities and name the 

factors affecting O&M strategy. 

O&M costs typically account for 20% to 25% of the total levelised cost of electricity of current wind 

power systems. For onshore turbines, O&M costs are at around USD 0.01 to USD 0.03/kWh (USD 10 to 

USD 30/MWh) and for offshore turbines, it is 2 to 6 times higher in the range of USD 0.027 to USD 

0.054/kWh (USD 27 to USD 54/MWh). Offshore wind farms O&M costs are higher due to the higher 

costs for accessing and conducting maintenance as well as the harsh marine environment and the 

higher expected failure rate for some components8. 

According to Zion market research analysis 20199, global O&M market for wind turbine will increase 

from 12 billion USD in 2018 to 21 billion USD in 2025 which amounts to an annual increment of 8.3%.  

Operation refers to activities under normal conditions to ensure power generation when sufficient 

wind is available. In the other words, it means continuous functioning 24 hours a day, 365 days a year. 

Maintenance is the compilation of tasks carried out in an installation to allow a correct functioning of 

the components, organized in different levels of difficulty. Maintenance is the way for assuring the 

maximum availability of the components and system.  

Economical, technical and market factors are three influencing parameters for the definition of an 

O&M strategy which are shown in the figure below. 

 
8 (IRENA, 2012); (IRENA, 2018) 

9 (Zion market research, 2019) 
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Objectives of operation and maintenance strategy. (Source: SGS et al-b, 2015) 

An O&M strategy has to show four factors which are valuable for the owner of wind farm. These are 

price, risk, information, and availability as shown in the following figure.  
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Values of operation and maintenance strategy. (Source: SGS et al-b, 2015) 

The graph shows the annual damage frequency caused by downtime of large wind turbine 

components.  Downtime caused by failures in the electrical system, electronic control, sensors, 

mechanical brake, rotor hub, yaw system, rotor blades, generator gearbox, drive train and load bearing 

components is shown in the next figure. Damages of the generator, gearbox, drive train, and rotor hubs 

caused long downtimes of up to more than 24 days. The largest damage frequency occurred in electric 

and electronic components. 
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Annual damage frequency and downtime of large wind turbine components (Data sources: ISET, 2008 

and IWES, 2011) 

 

5.2 Operation 

Learning objective: Upon completion of this page, you should be able to  

• name difference activities for operation of a wind farm. 

The efficient operation of a wind farm will maximize the income by defining a functioning program. 

Successful operation takes four factors into account: 

Legality with monitoring and observance of all approval conditions  

Reliability with planning and quality assurance of condition-related maintenance 

Cost-effectiveness with optimization of production and availability 

Representation with conflict prevention between neighbors and stakeholders 

Operation can be separated to two main categories10. The first is technical operation of assets which 

is about daily operation of wind farm with regard to monitoring, supplying and documentation, and 

includes (but is not limited to) real time monitoring, on-site supervision, coordination, quality 

assurance of servicing and maintenance work, local services such as landscaping and restarting after 

automatic switch-offs, remote controlling, data gathering as well as analysis and regular inspection of 

systems and equipment. Visual inspections should be done 2 - 4 times a year with changing aspects 

and detailed inspections should be done twice a year.  For wind turbines larger than 500 kW,  

 
10 (IFE, 2019) 
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inspection should be carried out every 3 months11. Monthly technical reports, examination of service 

reports, monitoring campaigns for species protection, and coordination of noise measurement 

campaigns are tasks of the operation too.  

The second category is commercial operation which entails activities supporting cost-effective 

management of necessary technical repairs and enhancements and includes (but is not limited to) cost 

optimization, optimization of contracts, auditing of accounts, accounting of feed-in revenue, 

commercial register matters, marketing of electricity, paying processing/dividends, managing 

insurances, refinancing, customizing information for shareholders12.  

The long-term economic success of a wind farm is related to five categories as shown in the graph 

below.  

 

Main areas to reach the long-term economic success of wind farm. (Source: SGS et al-b, 2015) 

 

 

 

 

 
11 (KWE, kein Datum) 

12 (IFE, 2019) 
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5.3 Maintenance  

Learning objective: Upon completion of this page, you should be able to  

• name difference activities for maintenance of a wind farm 

Maintenance is the correct functioning of the equipment and components to assure maximum 

availability of the system at safe levels. Generally, short and mid-term wind forecasts are essential for 

good maintenance planning, especially when cranes to remove big components are necessary. 

Usually, maintenance is carried out based on technical specifications of the wind farm, technical 

specifications of each component, and the maintenance handbook of all components which will be 

updated throughout the project life. 

Related costs for the maintenance are classified in three categories as direct, indirect and fixed costs.  

• Fixed costs are typical costs that are not related to production which farm owners have to pay 

like insurance and land rent. Direct costs are the costs of maintenance activities while indirect 

costs are costs due to loss of production.  

• Direct costs include labour, spare parts and administration.  The proportion of these costs in 

relation to each other can be illustrated using an iceberg. The visible part is the direct 

maintenance costs and the part which is under water is the indirect costs.  

• Indirect costs are usually 5 to 10 times13 more than direct cost (in the next figure).  

 

Direct maintenance costs VS indirect maintenance cost as iceberg concept. (Source RENAC) 

Maintenance works can be carried out in three phases as shown in figure below. Preventive 

maintenance is conducted pro-actively before the occurrence of a fault or failure. It is conducted in a 

fixed time interval, without any prior knowledge of the timing of failures. Predictive or condition-based 

maintenance is also conducted pro-actively before the occurrence of a fault or failure like preventive 

maintenance, but is based on the condition of the component instead of fixed time interval. According 

 
13 (Heetech Consulting AB, 2011) 
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to the European Committee for Standardization, corrective maintenance is “maintenance carried out 

after fault recognition and intended to put an item into a state in which it can perform a required 

function”14.  

 

Maintenance different phases according to EN 13306. (Source: DIN EN 13306, 2018) 

Condition Monitoring System (CMS) is a good tool for preventive and predictive maintenance. In 

Europe, most of the wind turbines with capacity higher that 1.5 MW have CMS.  Typical CMS costs for 

a wind turbine are in the range of 2000 EUR to 15000 EUR15. The wind industry uses CMSs, including 

parameters of monitoring such as vibration, oil analysis, optical fibre, thermography, and acoustic 

emission. The tasks of CMS include: 

• A CMS monitors the status of all wind turbine components subject to wear e.g. generator, 

bearings, generators and rotor blades. Reasons for wear can be: unbalances, misalignment, 

insufficient lubrication, service failures, assembly faults, resonance ranges, material defects. 

• A CMS compares the actual situation with an ideal status.  

• In case of discrepancies, a CMS sends a signal to a control centre. A robust communication 

via internet, optical fibre cables, mobile phone or radio signals between the wind turbine and 

the service provider is necessary. 

The table below shows the recommended scope of CMS for multi-megawatt offshore and onshore 

wind turbines from the perspective of the Allianz insurance company.  

 
14 (Seyr & Muskulus, 2019) 

15 (Yang, et al., 2014) 
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Scope of CMS recommended by Allianz. (Data source: Coronado & Fischer, 2015) 
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Scope of CMS recommended by Allianz16(continued). (Data source: Coronado & Fischer, 2015) 

 

Performing preventive (predictive) maintenance is good strategy to prevent loss of production but a 

balance between preventive and corrective maintenance is necessary.  

5.4 O&M contract 

Learning objective: Upon completion of this page, you should be able to  

• define general O&M contract terms of a wind farm and calculate its related fee. 

Manufacturers traditionally offer two to five years warranty period for wind turbines. After this 

warranty contract an end-of-warranty inspection is necessary17 and a “full-service contract” starts. 

Full-service contract period is 10-15 years includes: 

• guarantee that the wind energy converter will have an energy output related availability 

of at least e.g. 97 %18 

• maintenance work required for defined turbine types 

 
16 (Coronado & Fischer, 2015) 

17 (Dvorak, 2013) 

18 (Enercon, 2019) 
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• constant 365/24 / 7 SCADA19 monitoring 

• end of contract regulation e.g. owner has the right to terminate the agreement by the end 

of a calendar year; the service provider can leave the contract at the end of the regular 

contract period 

• fees based on energy output 

• cost for all materials required for the maintenance work is included in the maintenance 

fee (often not included: damage to the wind turbine was caused by unforeseeable events, 

Unforeseeable events include for example force majeure, natural forces, vandalism, and 

overvoltage damage 

Operation and maintenance contracts fees are determined by the annual energy yield of the respective 

wind energy converter(s). Fees usually include: 

• maintenance at regular intervals  

• guaranteed availability  

• repairs including spare parts  

• costs for transport and cranes  

• 365/7/24 hours remote control 

The following equation presents the annual contract fee 

𝑓𝑒𝑒
𝑦𝑒𝑎𝑟⁄ = 𝑘𝑊ℎ

𝑦𝑒𝑎𝑟⁄ 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ×
𝑓𝑒𝑒

𝑘𝑊ℎ
⁄  

Cost model could be with flat fees e.g. 13 USD/MWh or with differentiated fees. Here is a cost model 

example of a wind turbine manufacturer for a full maintenance contract with differentiated fees for a 

new 4.2 MW onshore wind turbine, depending on turbine age: 

• Operation year 1 to 2:  2.9 USD/MWh, at least 33,500 USD 

• Operation year 3 to 20: 5.4 USD/MWh, at least 61,500 USD 

Here is an example for an onshore wind project with one Senvion 3.4M with an installed capacity of 

3.4 MW and 130 m hub height: 

10,680 MWh/a energy generation 

8.58 USD/MWh O&M fee from operational year 3, total 91,634 USD/a 

 

 

 

 

 

 
19 System Control and Data Acquisition 
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5.5 Repowering 

Learning objective: Upon completion of this page, you should be able to  

• define repowering of a wind farm and name its related activities 

Repowering is the refurbishment of a facility to boost both performance and yield. The drivers for this 

action include (but not limited to): 

• the end of public support 

• the end of building permit 

• the end of land lease license 

• the end of O&M contract 

• the end of life cycle of wind turbine 

• for higher revenues 

• Improved OMS (grid integration, less down time etc.) 

There are two approaches for renewing which are “full repowering” and “partial repowering” / 

“lifetime extension”. Partial repowering needs less investment than full repowering, but the increase 

of energy generation of the wind farm will be lower than that achieved by full repowering, due to this 

fact partial repowering is less attractive than full repowering according to economical point of view20.   

In full repowering, wind turbines are dismantled and new ones will be installed. The wind farm layout 

changes due to this approach. The lifetime extension is the changing and upgrading the existing turbine 

components like the generator. The layout of the wind farm doesn’t exchange after performing this 

approach. Note that lifetime extension is different from normal O&M activities and wind turbine 

technology will change due to this upgrading.  

Electricity prices, regime support and planning policies are the factors affecting the choice between 

full repowering or lifetime extension. Also, selecting the proper approach depends on specific site, 

project, and country21. 

Generally, repowering could be divided into two main activities. Decommissioning the old wind farm 

for repowering (DfR) and construction of the new wind farm. To achieve the best time schedule, the 

planning of repowering project has to be started during the operation life of the old wind farm.  The 

following figure shows timeline of a repowering project. Milestone 1 is end of wind farm project 

commissioning and start of its operation. Milestone 2 is end of manufacturer O&M warranty of wind 

turbines. Milestone 3 is end of wind farm service life. Milestone 4 is end of end of DfR project and start 

of new wind farm operation. Milestone 5 is end of service life wind farm and start of execution of 

deconstruction project. Note that it is possible to repeat repowering project as well.  

 

 
20 (Lantz, et al., 2013) 

21 (Wind Europe, 2017) 
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Repowering project timeline. (Source, Bezbradica & Koehler, 2016 with additional information from 

RENAC) 

Repowering project considerations are almost same as developing a new wind farm. A main difference 

is lower costs of installation due to using exciting infrastructure and the other is less wind resource 

assessment activities due to already available data. A comprehensive repowering project identifies and 

assesses all the possible alternatives to reach the optimum solution. Figure below shows the 

alternatives in the six main categories.   

 

 

Repowering considerations (Soruce: RENAC) 
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5.6 Decommissioning  

Learning objective: Upon completion of this page, you should be able to  

• define decommissioning of a wind farm and name its related activities 

Decommissioning is de-energizing and removing wind farm infrastructure including all equipment. It is 

usually executed after wind turbine service life which is about 20-25 years. The budgeting of 

decommissioning costs in wind power projects often follows the recommendation of the German Wind 

Energy Association, which amounts to approximately EUR 25,000 - 50,000/MWinstalled. 

A decommissioning concept has to be developed before the wind farm construction starts and it must 

include the methodology assessment of deconstruction and transport. Generally, decommissioning is 

the reversed process of construction. Decommissioning begins with the dismantling of the turbine and 

ends when all access roads have been removed. The detailed decommissioning documents have to be 

provided at last during the operation of wind farm and it includes working steps of dismantling of all 

wind farm assets, deconstruction of all dismantled assets, and transportation of all deconstructed 

assets.  

The main areas to be considered during decommissioning are components, infrastructures and 

foundations as well as cables. Dismantling methods to be used, transportation and re-use are the main 

consideration factors for components. For infrastructures and foundations, considering the costs and 

safety issues associated with removal of assets and determining if there are any other application for 

infrastructures and foundations to remain on the site are essential. It is necessary to follow national 

and local regulations during decommissioning with regard to: 

• permission of remaining assets in situ 

• acceptable heights of substructures and foundations left in the ground 

• permissible removal method. 

The decommissioning plan of the cables used is related to their destination i.e. “scrap” or “re-use”. 

The decommissioning concept with regard to international, national and local regulations includes: 

• natural environment (benefits of not disturbing the landscape or seabed, possible pollution, 

future affects) 

• future management of an out-of-service cable system 

• procedure and technical feasibility of cable removal22. 

The following figure illustrates schematic of a wind farm decommissioning steps.  

 

 
22 (DNV.GL, 2017) 
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Wind farm decommissioning schematic. (Source: RENAC) 

 

For an onshore wind turbine, the main materials are concrete and steel while the steel content of 

offshore wind turbine is much higher due to the submersed steel support structures. The table below 

shows the material composition of an onshore wind turbine.  

 

Example, materials in typical onshore wind turbines. (Data source: IWES, 2013) 
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6 Summary  

 

There are many different designs of wind turbines, e.g. upwind and downwind machines, horizontal 

and vertical axis machines, etc. The most common type is the three-blade horizontal axis type, with 

either stall or pitch control for power limitation. The main international standard for the wind energy 

industry is IEC 61400. Wind farm planners should only use wind turbines certified to this standard. 

The components can be designed in a myriad of ways depending on the site characteristics. We learnt 

that each component is planned in a different way as seen in the following figure. 

 

 

Wind turbines components. (Source: RENAC) 

 

Winds are influenced by a whole range of geographical factors, which determine wind patterns, wind 

speeds, wind directions and turbulence. To ensure that only locations with good wind conditions are 

selected for wind turbines and wind farms, wind measurement surveys are essential. Typically, wind 

turbines operate at wind speeds of between 3 to 30 m/s. They reach their highest efficiency, their so-

called power coefficient, at about 8 to 10 m/s. Maximum power output, or so-called nominal or rated 

power output, is reached at 12 to 15 m/s and above. 

Operation and maintenance are vital to assure the service lifetime of all the components of the wind 

turbines and guarantee its maximum availability.  
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7 Further reading  

 

Erich Hau; Wind Turbines; Fundamentals, Technologies, Application, Economics; ISBN 13-978-3-540-

24240-6; Springer publisher  

This book contains material from windmills and wind wheels to the complex design of all components 
of a modern wind turbine. 
 

Sathyajith Mathew; Wind Energy; Fundamentals, Resource Analysis and Economics; ISBN 978-3-540-

30905-5; Springer publisher 

In this book are different aspects of wind turbines explained including resource and economic analysis.   

Wind energy – The facts; Part I Technology; European Wind Energy Association  
 
This document describes different topics of wind energy like wind resource estimation, technology and 
wind farm design among others.  
 
Physical Planning of Wind Power; Experiences from Denmark 
 
The aim of this document is to provide qualified guidance to countries in their implementation of 
greenhouse gases reduction measurements and strategies with the application of wind technology.  
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