W1-01: History of, Introduction to Wind Energy

Learning Objectives
By the end of “History of, Introduction to Wind Energy,” learners will be able to:

e Describe the historical development of wind energy, from traditional windmills to
modern utility-scale wind turbines.

e Explain wind as an energy resource, including how atmospheric motion creates
usable kinetic energy.

e Identify key wind characteristics such as wind speed, direction, variability, and air
density, and explain their influence on energy production.

e Distinguish between onshore and offshore wind energy applications and describe
their roles in electricity generation.

e Analyze global wind energy trends, including major deployment regions, installed
capacity growth, and future development prospects.

e Evaluate the role of wind energy in the clean energy transition, including its benefits,
limitations, challenges, and opportunities for sustainable power systems.

Abstract: Wind energy is one of the oldest and most important renewable energy
resources used by human societies. From early windmills used for grinding grain and
pumping water to today’s large-scale wind turbines connected to modern electricity grids,
wind technology has evolved into a key solution for sustainable power generation. This
introductory course presents the historical development of wind energy and explains how
wind has become an essential part of the global clean energy transition. Learners are
introduced to the basic nature of wind as an energy resource, including wind speed,
direction, variability, and air density, and how these properties affect electricity production.
The course also provides an overview of modern wind turbine systems, including the
difference between onshore and offshore applications and their contribution to national and
regional power systems. In addition, the course examines global wind energy trends,
highlighting leading countries, installed capacity growth, technological progress, and
future opportunities. Special attention is given to the environmental, technical, and
economic importance of wind energy in reducing greenhouse gas emissions, supporting
energy security, and expanding access to clean electricity. The course also discusses key
challenges such as intermittency, site selection, grid integration, environmental concerns,
and cost considerations. By the end of the session, learners will understand the historical
background, fundamental concepts, current status, and future potential of wind energy as a
clean, scalable, and sustainable energy solution for both centralized and decentralized
power systems.



1 Historical development of wind energy

1.1 Why wind energy?

Wind energy has evolved from one of humanity’s earliest natural power sources into a
major pillar of the modern clean energy transition. For thousands of years, people used
wind to move boats, pump water, and grind grain, showing its value long before electricity
generation began (Figure 1.1). Over time, technological progress transformed simple
windmills into advanced wind turbines capable of producing large amounts of power for
homes, industries, and national grids. From early wind-powered machines in ancient
civilizations to large onshore and offshore wind farms across Europe, North America, and
other regions, wind energy has become increasingly efficient, reliable, and scalable. Today,
it supports countries in reducing dependence on fossil fuels, lowering carbon emissions,
strengthening energy security, and expanding access to renewable electricity. This global
evolution shows why wind energy is important: it connects a long history of practical use
with a future focused on sustainable, clean, and widely available power.
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Figure 1.1: History of wind energy utilization.

1.2 Trace the evolution of wind turbines

Wind energy evolved from simple mechanical windmills into advanced electricity-
generating turbines through centuries of experimentation and technological improvement.
Early windmills in Persia, China, and medieval Europe were mainly used for water
pumping and grain grinding, while later American multi-bladed windmills became
important for rural water supply. The major transition began in the late nineteenth century,
when inventors such as Poul la Cour in Denmark demonstrated that wind could generate
electricity. During the twentieth century, designs became larger and more scientific, with
key milestones such as the Smith—Putnam turbine, the Gedser turbine, and fiberglass-blade
designs in Germany. These developments helped establish the basic principles of the
modern wind turbine: aerodynamic blades, reliable braking systems, grid connection, and
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improved control. The uploaded paper emphasizes that many modern wind turbines trace
their design roots to Danish innovations developed between the 1950s and 1970s. A list of

the turbines creation from 1180s till 2022 is provided in Table 1.1.

Table 1.1: The history of the wind turbines evolution from 1180 to 2022 [?7].

Year

Name/Type

Location

Description

1180s

European post mills

France and England

Early European windmills used for grinding
grain.

B Hiailoday windmill Elhngtor}, Prototype Amerlcan multi-bladed windmill for
Connecticut, USA water pumping.
1891 | Poul la Cour windmill | Askov, Denmark Early electricity-generating windmill.

1919

Agricco windmill

Denmark

Aerodynamic windmill using aircraft-style blade
ideas.

1941

Smith—Putnam turbine

Grandpa’s Knob,

Large 1.25 MW experimental wind turbine.

Vermont, USA
1957 | Gedser wind turbine Gedser, Denmark Key foundation for modern wind turbine design.
Allgaier—Hiitter .. . . .
1958 SIGW-34 Stotten, Germany First turbine with fiberglass blades.
1978 | Tvind wind turbine Ulfborg, Denmark 2 MW turbine and major Danish wind milestone.
1991 ;g:;leby GRS I Vindeby, Denmark | World’s first offshore wind farm.
2022 | GE 2.82 MW turbines | Buffalo Ridge, USA Example of newer, larger turbines with higher

capacity.

From the 1970s onward, wind energy moved from experimental technology to a global
renewable energy industry. The oil crises, environmental concerns, and the need for
domestic clean power encouraged countries such as Denmark, the United States, Germany,
Spain, China, and India to invest in wind power. Denmark played a leading role by
developing the “Danish concept,” based on three-bladed, grid-connected turbines that
became the model for much of the modern industry. Offshore wind also became important
after the first offshore wind farm at Vindeby, Denmark, in 1991. In the twenty-first century,
turbine size, efficiency, and installed capacity increased rapidly, and wind power became
one of the world’s leading non-hydro renewable energy sources. According to the IEA,
wind generated more than 2,330 TWh of electricity in 2023, and GWEC reported record
global wind installations of 117 GW in 2023, showing how wind energy has grown from
local mechanical use into a major contributor to global clean electricity.



2 Fundamental principles of wind as an energy resource

2.1 How wind energy is generated from atmospheric motion

Wind is generated mainly by the uneven heating of the Earth’s surface by the Sun.
Different surfaces, such as land, water, forests, and deserts, absorb and release heat at
different rates. When air above a warm surface heats up, it becomes lighter and rises.
Cooler, denser air from nearby areas then moves in to replace it (Figure 1.2-a). This
movement of air from one place to another creates wind. Wind direction and strength are
also affected by air pressure differences, the rotation of the Earth, and local conditions such
as mountains, valleys, coastlines, and temperature changes between day and night. Air
naturally moves from areas of high pressure to areas of low pressure, and the greater the
pressure difference, the stronger the wind becomes. This continuous movement of air is the
basic source of wind energy.
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Figure 1.2: How wind is generated; (a) General wind formation, (b) Sea breeze, and (¢) Land breeze.

Wind near the shore is mainly created because land and water do not heat up or cool
down at the same speed. During the day (Figure 1.2-b), the Sun warms the land much faster
than the sea. As the land becomes hot, it also heats the air above it. This warm air becomes
lighter and rises upward, leaving behind a lower-pressure area over the land. At the same
time, the air above the sea remains cooler and heavier because water heats up more slowly.
To fill the space left by the rising warm air, the cooler air from above the sea moves toward
the land. This moving air is called a sea breeze. In simple words, during the day the wind
often blows from the sea to the shore because the land is hotter and pulls cooler air inland.

At night, the process usually reverses (Figure 1.2-c). Land loses heat quickly after
sunset, while the sea keeps its heat for a longer time. This means the air above the sea
becomes relatively warmer than the air above the land. The warmer air over the sea rises,
creating lower pressure above the water. Cooler, heavier air from the land then moves
toward the sea to replace it. This creates a land breeze, where the wind blows from the land
toward the water. This daily cycle explains why shorelines are often windy places: the
temperature difference between land and sea creates a natural “air exchange” system. For
wind energy, this is very important because coastal and offshore areas usually have
smoother, stronger, and more predictable winds than many inland regions, making them
good locations for wind turbines.



2.2 Key properties of wind

Wind is not only “moving air.” For wind energy, it has several important technical
properties that determine how much energy can be captured, how a turbine should be
positioned, and how reliable the power output will be. The four most important properties
are speed, direction, variability, and density. These essential properties are explained
technically and intuitively with an example in Table 1.2.

Table 1.2: Key properties of wind energy.

Wind Speed

Technically

Intuitively

Wind speed is the rate at which air moves, usually
measured in meters per second, m/s. It is the most
important property in wind energy because the
power available in wind increases very strongly as
wind speed increases. Technically, wind power is
proportional to the cube of wind speed. This
means that if wind speed doubles, the available
wind power increases by about eight times.

Intuitively, this is why a light breeze feels gentle,
but a strong wind can push trees, waves, or even
people. A small increase in wind speed can make
a large difference in the force and energy carried
by the air. For wind turbines, this means that sites
with slightly higher average wind speeds can
produce much more electricity over a year.

Example

A wind turbine operating in a 6 m/s wind will produce far less energy than the same turbine in a 9 m/s
wind. Even though 9 m/s is only 50% faster than 6 m/s, it contains more than three times as much
available wind power because of the cubic relationship.

Wind Direction

Technically

Intuitively

Wind direction describes where the wind is
coming from. For example, a “north wind” means
the wind is blowing from the north toward the
south. Wind direction is important because a wind
turbine must face the wind properly to capture
energy efficiently.

Technically, modern horizontal-axis wind turbines
use a yaw system to rotate the nacelle and rotor so
that the blades face the incoming wind. If the
turbine is not aligned with the wind, the effective
wind area hitting the rotor decreases, and the
turbine captures less energy. Misalignment can
also create uneven mechanical loads on the
blades, tower, and drivetrain.

Intuitively, it is like holding an umbrella in strong
wind. If the umbrella faces the wind directly, it
receives the full force. If it is turned sideways, the
wind passes around it differently and the force
changes. A wind turbine works in a similar way: it
needs to “look into” the wind.

Example

If wind usually comes from the southwest at a certain site, turbines may be arranged so that they
perform best under that dominant wind direction. In a wind farm, turbine spacing is also planned based
on common wind directions to reduce wake effects behind turbines.

Wind Variability

Technically

Intuitively




Wind variability means that wind speed and
direction change over time. Wind is not constant.
It can change from minute to minute, hour to hour,
season to season, and from one location to
another. This variability is caused by weather
systems, temperature differences, terrain, surface
roughness, and daily heating and cooling cycles.
Technically, variability affects wind turbine
operation, power forecasting, grid integration, and
mechanical loading. Since wind power depends
strongly on wind speed, even small fluctuations
can cause large changes in power output. Turbines
must therefore use control systems, such as pitch
control and generator control, to respond safely
and efficiently to changing wind conditions.

Intuitively, wind behaves like a natural flow that
is always adjusting. Sometimes it is smooth and
steady, especially offshore, and sometimes it is
turbulent and irregular, especially near buildings,
forests, hills, or mountains. This is why engineers
study long-term wind data before selecting a wind
farm site.

Example

At a coastal site, wind may be stronger during the afternoon because the land heats up and creates a sea
breeze. At night, the wind may weaken or reverse direction. A turbine at this location must operate
under these daily changes, and energy production estimates must include them.

Wind Density

Technically

Intuitively

Wind density refers to how much mass of air
exists in a given volume, usually measured in
kilograms per cubic meter, kg/m?. Denser air
contains more mass, so it carries more kinetic
energy at the same wind speed. Air density
depends mainly on temperature, pressure,
humidity, and altitude.
Technically, the available power in wind is
directly proportional to air density. This means
that, for the same wind speed and rotor size, a

at high altitude.

turbine produces more power in dense air and less
power in thin air. Cold air is generally denser than
warm air, and air at low altitude is denser than air

Intuitively, dense air is like a heavier flow pushing
the turbine blades. Thin air is like a lighter flow
with less force behind it. This is one reason why

turbines in cold coastal or low-altitude regions
may perform better than similar turbines in hot or
high-altitude regions, assuming wind speed is the
same.

Example

A wind turbine operating at sea level on a cool day may generate more power than the same turbine
operating at high altitude on a hot day, even if the wind speed is identical. The difference comes from
air density: cooler, lower-altitude air is heavier and carries more energy.




3 Role of wind energy in modern power systems

3.1 Wind energy contribution to electricity generation

Wind energy has become one of the most important renewable sources for electricity
generation worldwide. Over the last few decades, improvements in turbine technology,
offshore wind development, grid connection methods, and energy policies have allowed
wind power to supply an increasing share of national electricity demand. Figure 1.3
illustrates this global evolution by comparing the contribution of wind energy to electricity
production in selected countries and the world average. It shows that some countries,
especially Denmark and the United Kingdom, have integrated wind power at a much higher
level, while others are growing more gradually. This trend highlights the transition of wind
energy from a small alternative resource into a major component of modern power systems.

Measured as a percentage of total electricity produced in the country or region.
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Figure 1.3: Share of electricity production from wind.

From a power-systems perspective, the increasing share of wind generation changes
how electricity networks are planned and operated. Since wind output is variable, power
systems with high wind penetration need stronger forecasting, flexible generation, energy
storage, demand response, transmission reinforcement, and advanced grid control.
Countries such as Denmark demonstrate that very high wind shares are technically possible
when the grid is well interconnected and supported by flexible operation strategies.
However, lower shares in larger systems such as the United States, India, and the global
average show that integration depends on grid size, market design, resource location,



transmission availability, and policy support. Overall, the trend in the figure shows that
wind energy is no longer just an additional renewable source; it is becoming a core part of
modern electricity systems and an important tool for reducing fossil-fuel dependence and
power-sector emissions.

3.2 Onshore and offshore wind applications
In this section, the applications and differences of onshore and offshore wind plants
will be discussed. The general look of both types is shown in Figure 1.4.
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Figure 1.4: (a) Onshore vs (b) offshore wind power comparison (Source: https://jmhpower.com)

3.2.1 Onshore Wind Turbines

Onshore wind turbines are installed on land, usually in open areas with strong and
steady wind such as plains, hills, ridges, deserts, and agricultural regions (Figure 1.4-a).
They are the most common type of wind turbine because they are generally easier and
cheaper to build, operate, and maintain compared with offshore turbines. Their
foundations, roads, electrical connections, and maintenance access can be developed using
standard land-based construction methods. Onshore turbines are widely used for utility-
scale wind farms, community energy projects, industrial power supply, and rural
electrification.

The main reason for using onshore wind turbines is their relatively low cost and faster
installation. They are suitable where land is available and wind resources are strong enough
to make electricity generation economical. Onshore wind farms can be connected directly
to nearby transmission or distribution networks, reducing infrastructure complexity.
However, their application may be limited by land-use conflicts, visual impact, noise
concerns, wildlife protection, and lower wind consistency compared with offshore


https://jmhpower.com/onshore-vs-offshore-wind-energy-whats-the-difference/

locations. Even with these limitations, onshore wind remains an important and practical
solution for expanding renewable electricity generation.

3.2.2 Offshore Wind Turbines

Offshore wind turbines are installed in bodies of water, usually seas or oceans, near
coastlines or farther offshore (Figure 1.4-b). These turbines are often larger than onshore
turbines because marine locations provide stronger, smoother, and more consistent winds.
Since there are fewer physical obstacles over the sea, such as buildings, trees, and hills,
wind flow is less turbulent and can produce higher energy output. Offshore wind farms are
commonly used by countries with strong coastal wind resources, limited land availability,
or high electricity demand near coastal cities and industrial areas.

The main reason for applying offshore wind turbines is their high energy production
potential. Offshore sites can support very large turbines and large-scale wind farms without
many of the land-use and visual restrictions found onshore. They are especially useful for
densely populated countries where suitable land is limited. However, offshore turbines are
more expensive to install and maintain because they require marine foundations, subsea
cables, specialized vessels, corrosion protection, and more complex grid connections.
Despite these challenges, offshore wind is becoming increasingly important because it can
deliver large amounts of clean electricity close to coastal load centers and support national
decarbonization goals.

4 Importance of wind energy in the energy transition

4.1 How wind supports decarbonization and climate goals?

Wind energy supports decarbonization by replacing electricity that would otherwise be
generated from fossil fuels such as coal, oil, and natural gas. Since wind turbines produce
electricity without burning fuel during operation, they help reduce carbon dioxide
emissions from the power sector. The figures 1.3 and 1.5 show two connected trends: while
the share of global CO: emissions from major industrial economies such as the United
States, the European Union, and the United Kingdom has generally declined over time, the
share of electricity generated from wind has increased significantly, especially in countries
with strong wind policies and resources. This contrast helps explain why wind power is
considered an important tool for climate action: as more wind electricity enters the grid,
the need for high-emission fossil-fuel generation can decrease. As global data, using the
global installed wind capacity data, it has been identified that a total of 837 GW of wind
energy installed capacity in 31 countries generated about 2186 TWh of electricity, that is
1311 Mt of CO2 mitigation, in 2021 [??].


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/windpower-utilization
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/windpower-utilization

Carbon dioxide (CO,) emissions from fossil fuels and industry*. Land-use change emissions® are not included.
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Figure 1.5: Share of global CO2 emission (Compare the trends with those in Figure 1.3).

In summary, from a climate perspective, this growth supports national and international
goals to reduce greenhouse gas emissions, improve energy security, and transition toward
cleaner power systems. Therefore, wind energy is not only a renewable technology; it is a
practical pathway for reducing carbon-intensive electricity production and moving power
systems toward long-term decarbonization.

5 Key challenges and opportunities

5.1 Technical, environmental, and economic challenges

e Technical

Although wind energy is one of the most mature and cost-competitive renewable
electricity technologies, its large-scale deployment creates several technical,
environmental, and economic challenges. It must be emphasized that wind power is already
a major contributor to electricity generation in many countries, but further expansion
requires better integration into wider energy, social, environmental, and market systems.
The main challenge is that wind energy is variable: electricity production depends on wind
conditions, which change by hour, day, season, and location. At low wind shares, the
existing power system can usually absorb this variability, but as wind penetration increases,
the system needs additional flexibility through stronger transmission grids, storage
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technologies, sector coupling, smart grids, and improved forecasting. Wind-dominated
systems may also require backup capacity and new sources of ancillary services because
conventional thermal power plants, which traditionally provide inertia and grid stability,
are displaced by wind generation.
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Figure 1.6: Storage requirements in relation to the share of demand met by intermittent renewables [??].

e Environmental

From an environmental perspective, the it must be highlighted that wind power has
much lower climate impacts than fossil fuels, but it is not impact-free. Onshore wind farms
can affect birds and bats through collisions, disturbance, and habitat disruption. Offshore
wind farms can create underwater noise during construction, which may affect marine
mammals such as porpoises, whales, dolphins, and seals. Large wind farms may also
influence local wind resources and weather conditions by creating wake effects, reducing
wind speeds downstream, and slightly changing local temperature, precipitation, or
evaporation patterns. These effects are generally much smaller than the global impacts of
climate change, but they still require careful planning. Solutions include strategic siting,
micro-siting, temporary shutdowns, adjusting cut-in wind speeds, improved wind farm
layouts, and better environmental monitoring before and after construction.

e Economic

Economic challenges are also important because wind energy affects electricity
markets and local economies. Since wind power has very low marginal operating cost, it
can reduce wholesale electricity prices through the merit-order effect. While this can
benefit consumers, it can also reduce revenues for power producers and make investment
decisions more difficult, especially when wind farms produce electricity at the same time
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and lower their own market value which is known as a “cannibalisation” effect. In addition,
higher wind shares can increase balancing and ancillary service costs because power
systems must manage wind variability. At the local level, wind projects may create
economic benefits such as jobs, lease payments, infrastructure, and community income,
but they can also raise concerns about property values, tourism, land rights, and fair
distribution of benefits. For this reason, market redesign, fair compensation, community
participation, and improved planning as key solutions for making wind deployment both
economically efficient and socially acceptable.

5.2 Innovations and future opportunities in wind technology

Wind technology is moving beyond simple turbine installation toward smarter, larger,
and more integrated energy systems. One major future opportunity is the development of
larger and more efficient turbines, especially for offshore wind farms where stronger and
more stable winds are available. Bigger rotors, taller towers, improved blade aerodynamics,
and advanced materials allow turbines to capture more energy from the same wind
resource. Offshore wind is especially important because it can produce large amounts of
electricity near coastal demand centers, while reducing some land-use conflicts associated
with onshore wind. Floating offshore wind as a promising future technology because it can
open deeper-water areas with stronger wind resources and reduce some visual and land-
based social impacts.

Another important innovation is the improvement of grid integration technologies. As
wind power becomes a larger share of electricity generation, future power systems will
need more flexibility, storage, and smart control. Battery storage can help balance short-
term changes in wind output, while hydrogen and other long-duration storage options may
help manage seasonal variations. Smart grids, advanced forecasting, power electronics, and
digital control systems will allow wind farms to provide grid-support services such as
frequency response, voltage control, and operating reserves. This means future wind
turbines will not only generate electricity, but also actively support power-system stability.

There are also major opportunities in digitalization and intelligent operation. Modern
wind farms increasingly use sensors, SCADA systems, artificial intelligence, condition
monitoring, and digital twins to predict faults, optimize performance, and reduce
maintenance costs. These technologies can extend turbine lifetime, reduce downtime, and
improve reliability. For example, instead of waiting for a gearbox, blade, or generator fault
to happen, operators can use real-time data to detect early warning signs and schedule
maintenance before failure occurs. This is especially valuable for offshore wind farms,
where maintenance is more expensive and weather-dependent.

Future wind technology must also become more environmentally and socially
sustainable. Wildlife impacts, wake effects, local acceptance, permitting delays, and end-
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of-life waste are important challenges for wind deployment. Innovations such as improved
wind farm siting, radar-based shutdown systems, ultrasonic bat deterrents, painting turbine
blades to improve bird visibility, and better turbine layout design can reduce environmental
impacts. At the same time, recyclable blades, improved rare-earth magnet recycling,
modular turbine components, and circular-economy design can reduce waste and material
dependency. These innovations will help wind energy grow while addressing concerns
about ecosystems, communities, and resource supply.

Overall, the future of wind energy depends on combining engineering progress with
better planning, smarter power systems, and stronger environmental responsibility. The
next generation of wind technology will likely include larger offshore turbines, floating
platforms, recyclable materials, digital monitoring, hybrid wind-storage systems, and
wind-to-hydrogen applications. These opportunities show that wind energy is not a finished
technology; it is still evolving into a more powerful, flexible, and sustainable pillar of
global decarbonization.
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Summary of the Session

This session introduced wind energy as both an ancient natural resource and a modern
pillar of clean electricity generation. It began by tracing the historical development of wind
use, from early sailing, water pumping, and grain grinding to the emergence of electricity-
generating wind turbines and today’s large onshore and offshore wind farms. Key
milestones such as European post mills, the Halladay windmill, Poul la Cour’s electricity-
generating windmill, the Gedser turbine, the Tvind turbine, and the Vindeby offshore wind
farm showed how wind technology gradually evolved through better aerodynamics, larger
rotor sizes, improved materials, grid connection, and control systems. The session also
explained how wind is formed through atmospheric motion caused by uneven solar heating,
pressure differences, and land—sea temperature changes, including sea breezes during the
day and land breezes at night. Learners also examined the main wind properties (speed,
direction, variability, and density) and how each one affects turbine performance, energy
production, site selection, and power forecasting.

The session then connected wind energy to modern power systems, climate goals, and
future technology development. It showed that wind power has become a major contributor
to electricity generation in countries such as Denmark and the United Kingdom, while also
growing steadily worldwide. Onshore turbines were presented as cost-effective and easier
to install, while offshore turbines were explained as larger, more productive, and suitable
for strong coastal wind resources. The role of wind energy in decarbonization was
emphasized by showing how wind electricity can replace fossil-fuel generation, reduce
CO: emissions, improve energy security, and support long-term climate targets. At the same
time, the session addressed key challenges, including wind variability, storage needs, grid
integration, wildlife impacts, wake effects, market price impacts, land-use conflicts, and
local acceptance. Finally, future opportunities were highlighted, including larger offshore
turbines, floating wind platforms, smart grids, advanced forecasting, digital twins,
recyclable blades, rare-earth recycling, hybrid wind-storage systems, and wind-to-
hydrogen applications, showing that wind energy is still evolving into a more flexible,
reliable, and sustainable energy technology.
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W1-02: Basic Aerodynamic rules in wind energy conversion

Learning Objectives

e Explain the aerodynamic principles behind wind energy conversion
e Apply the fundamental wind power equation

e Understand blade aerodynamics and performance

e Analyze how aerodynamics influences turbine design

e Identify key trade-offs in aerodynamic and structural design

Abstract:

This course provides a comprehensive introduction to wind aerodynamics and its
application in modern wind energy systems. It begins by examining the role of
aerodynamics in the wind energy conversion chain, from the movement of air through the
rotor to the generation of electrical power. Students will explore the fundamental principles
of wind energy conversion, including the kinetic energy available in wind, power extraction
from airflow, the power coefficient, and the theoretical efficiency limit described by Betz’s
Law. The course then introduces essential acrodynamic forces, with emphasis on lift, drag,
airfoil geometry, pressure distribution, angle of attack, and stall behavior. Building on these
foundations, students will study rotor aerodynamics, including blade design, tip speed
ratio, swept area, and their influence on turbine efficiency. Aerodynamic control
mechanisms such as pitch control, stall control, active control, and yaw alignment are also
discussed in relation to safe and efficient turbine operation. The course further considers
the interaction between aerodynamics and structural design by addressing blade and tower
loads, fatigue, extreme conditions, and performance—durability trade-offs. At the wind farm
level, students will examine wake effects, turbine spacing, terrain influence, and
atmospheric conditions affecting overall energy production. Finally, the course introduces
design optimization strategies and modern computational tools, including simulation and
basic CFD concepts, to support improved energy capture and reduced system losses.



1 Introduction to Wind Aerodynamics and turbine types

Wind aerodynamics explains how moving air interacts with turbine blades to produce
useful energy. This section introduces the basic role of airflow, rotor motion, and
aerodynamic forces in wind energy systems.

1.1 Role of aerodynamics in wind energy systems

Aerodynamics plays a central role in wind energy systems because it determines how
effectively the kinetic energy of moving air can be converted into mechanical and then
electrical energy. As wind passes through the rotor area, the turbine blades interact with the
airflow and generate aerodynamic forces, mainly lift and drag. These forces create the
torque needed to rotate the rotor and drive the generator. The amount of power available
from the wind depends strongly on wind speed and rotor swept area, while the turbine’s
aerodynamic design controls how much of that available energy can be captured. Good
aerodynamic performance improves efficiency, reduces energy losses, and helps the turbine
operate safely under changing wind conditions. It also affects blade loading, noise,
vibration, and long-term structural durability, making aerodynamics essential not only for
power production but also for reliable turbine design.

1.1.1 Power generation principle

Aerodynamics is the main physical principle that allows a wind turbine to convert
moving air into useful mechanical power. Wind carries kinetic energy because air has mass
and velocity. When wind passes through the rotor swept area A,, the air volume crossing
the rotor in a short time dt is dV = A, v dt, where v is the wind speed. If the air density is
p, the mass of air passing through the rotor is dm = pA,v dt. The kinetic energy of this
moving air is

1 2
dEkin = dev (21)

Substituting the mass flow expression gives the available wind power:

p dE 1 A v?
wind — dt - Zp rV (2.2)

This equation shows why aerodynamics is so important in wind energy systems. The
available power increases with the rotor swept area and with the cube of wind speed.
Therefore, a small increase in wind velocity can greatly increase the power available to the
turbine.

However, a turbine cannot extract all the energy from the wind, because the air must
continue moving after passing through the rotor. The fraction of wind power converted into
useful rotor power is called the power coefficient, C, as:
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Cp = (2.3)

Pwind

Which results in

1
Protor = Cp (EpArv?,) (2.4)

Aerodynamic blade design determines the value of C;,. Modern wind turbine blades are
shaped like airfoils to generate lift and reduce drag. Lift creates the torque required to rotate
the rotor, while drag causes losses and unwanted loading. Good aerodynamic design
therefore increases energy capture, improves efficiency, reduces vibration and noise, and
limits structural loads on the blades and tower. In this way, aerodynamics controls both the
performance and the reliability of the entire wind energy system. However, wind power
density alone is not enough to select a turbine site. Engineers must also consider
atmospheric turbulence intensity, wind shear, terrain roughness, obstacles such as buildings
and trees, accessibility, grid connection, environmental impact, and structural loading
conditions. For example, a site may have high average wind speed, but if the flow is highly
turbulent, the turbine blades and tower may experience stronger fatigue loads. Similarly,
complex terrain can increase local wind speed but may also cause flow separation, gusts,
and non-uniform inflow across the rotor.

Technical point 1

From an engineering point of view, Eq. (2.4) is useful because it gives a first estimate of
the wind resource quality at a site. The average wind power density indicates how much
wind energy is available per unit area before any turbine losses are considered. Therefore,
it is one of the main parameters used during wind farm site assessment. In practical design,
a site with an average wind power density below 100 W/m? is usually considered poor for
wind turbine installation, because the available energy is too low to justify efficient power
production. A site with approximately 400 W/m® is considered a good wind energy
location, while sites above 700 W/m* are regarded as excellent and highly attractive for
wind farm development.

Thus, Eq. (2.4)provides an important starting point for evaluating wind energy
potential, but final site selection requires a complete aerodynamic, structural,
environmental, and economic assessment.

1.1.2 Turbine Operating Speeds and Power Curve

The power curve of a wind turbine shown in Figure 2.1 describes how the electrical
power output changes with wind speed. From an engineering perspective, this curve is very
important because it defines the safe and efficient operating range of the turbine. A turbine



does not produce power at all wind speeds; instead, its operation is divided into several key
regions.

Pwind

Wind speed V

Cut-in speed Cut-out speed

Figure 2.1: Typical wind turbine power performance curve with the definitions of cut-in, rated and cut-
out speeds [?7?].

The cut-in speed is the minimum wind speed at which the turbine begins to generate
useful electrical power. Below this speed, the wind does not contain enough kinetic energy
to overcome mechanical resistance, generator requirements, and control-system limits.
Therefore, the rotor may rotate slowly, but no significant power is produced. As wind speed
increases beyond the cut-in speed, the power output rises rapidly. This is because the
available wind power is proportional to the cube of wind speed. In this region, the turbine
control system aims to maximize energy capture by maintaining an efficient aerodynamic
condition.

The rated speed is the wind speed at which the turbine reaches its rated power. Rated
power is the maximum continuous power output that the generator and drivetrain are
designed to deliver safely. Above this speed, the turbine does not continue increasing power
indefinitely. Instead, aerodynamic control systems such as blade pitch control or stall
control are used to limit the extracted power and protect the mechanical and electrical
components. The cut-out speed is the maximum wind speed at which the turbine is allowed
to operate. When wind speed exceeds this value, the turbine is shut down by braking or
pitching the blades out of the wind. This prevents excessive aerodynamic loads, vibration,
and structural damage to the blades, tower, gearbox, and generator.

Thus, the power curve is not only a performance curve, but also a safety and design
tool. It shows how aerodynamics, control systems, and structural limits work together to
produce energy efficiently while protecting the turbine under high-wind conditions.



1.2 Types of Wind Turbines

Wind turbines can be classified according to their axis of rotation, aerodynamic driving
force, rotor arrangement, operating speed, and control strategy. Although many turbine
concepts have been proposed, most modern commercial wind turbines follow the same
general principle: they use rotating blades to convert wind power into mechanical shaft
power and then into electrical power. The aerodynamic performance of a wind turbine is
commonly described using the power coefficient C,, in Eq. (2.4) as

c P
P =7
5P A v3 (2.5)

The value of C,, shows how effectively the turbine converts the available wind power into

useful rotor power. The rotor also produces torque M = P / w> Where M is the torque and w
is the angular velocity of the rotor. If the rotational speed is given in revolutions per minute
(RPM), then

m RPM
W = 30 (2.6)

However, another important non-dimensional parameter is the tip speed ratio,

vtip wR tip
/1 = =
Vwind Vwind

2.7)

where Ry, is the blade tip radius. The tip speed ratio is important because every turbine
type has a range of A where its efficiency is highest. In the performance map shown in
Figure 2.2, different turbine concepts reach their maximum C, at different tip speed ratios.
High-speed lift-based rotors generally operate at higher A, while drag-based machines
operate at low A.
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Figure 2.2: Map of wind turbines [?7].
1.2.1 Horizontal-Axis Wind Turbines

Horizontal-axis wind turbines, or HAWTs, are the dominant design in modern wind
energy. In these turbines, the axis of rotation is approximately horizontal and usually
aligned with the wind direction. The historical development of HAWTs can be understood
by comparing early wind machines with modern rotor designs.

The Persian windmill, shown as Figure 2.3(a), is an early vertical-axis, drag-driven
device. The Dutch windmill, shown as Figure 2.3(b), introduced the important transition
toward a horizontal axis of rotation. This was a major step in wind technology because it
allowed the rotor to interact with the wind in a more controlled and efficient way. Over
time, wind machines evolved from drag-dominated devices toward lift-based rotors, which
are much more efficient for electricity generation.



(b)

Figure 2.3: (a) Persian and (b) Dutch windmill.

A modern standard HAWT usually has three blades, an upwind rotor arrangement,
variable-speed operation, and pitch control after rated power is reached. The main driving
force is lift rather than drag. This is why modern wind turbine blades are shaped like airfoils
(Figure 2.4). Lift produces the tangential force needed to rotate the rotor, while drag mainly
produces losses and additional loading. As shown in Figure 2.4, lift and drag are the two
main aerodynamic forces acting on an airfoil-shaped wind turbine blade. Lift acts
approximately perpendicular to the relative wind and is produced mainly by the pressure
difference between the upper and lower blade surfaces. Drag acts parallel to the relative
wind and is caused by surface friction and pressure resistance. In modern wind turbines,
lift is the desired force because it contributes to the tangential force that rotates the rotor
and produces useful torque. Drag, however, reduces aerodynamic efficiency and increases
structural loading. Therefore, blade design aims to maximize lift while minimizing drag.

D

T

Figure 2.4: Lift and Drag force on airfoil like blades.

1.2.2 Small Wind Turbines

Small wind turbines are used for local power generation, rural electrification, battery
charging, and small-scale distributed energy systems. According to the definition discussed
in the source, a small wind turbine has a rotor swept area not greater than 200 m? which
corresponds to a rotor diameter of about D < 16 m. Many small turbines are much smaller
than this limit, with rotor diameters starting from about one meter.



1.2.3 Vertical-Axis Wind Turbines

Vertical-axis wind turbines, or VAWTs, rotate around an axis that is vertical to the
ground. The main advantage of this arrangement is that the turbine does not need to yaw
into the wind. It can accept wind from any horizontal direction, which is attractive for sites
where wind direction changes frequently. Figure 2.5 demonstrates the main VAWT types.

Savonius-Rotor Darrieus-Rotor H-Darrieus-Rotor

=~

|\

Figure 2.5: Types of Vertical-Axis Wind Turbines.

As can be seen, the Savonius rotor is mainly drag-driven and has a simple geometry,
but its efficiency is relatively low; see Figure 2.2. The Darrieus and H-Darrieus designs are
mainly lift-driven and can achieve better aecrodynamic performance.

From a mechanical point of view, VAWTs have another advantage: heavy components
such as the generator and gearbox can be placed closer to the ground. This may simplify
maintenance and reduce tower-top mass. However, the aerodynamics of VAWTs are more
complex than those of HAWTs. During each rotation, the blades experience continuously
changing angle of attack, dynamic stall, and wake interaction. As a result, the aerodynamic
loads fluctuate strongly, which can increase fatigue damage, especially near blade joints
and support connections.



2 Impact of Aerodynamics on Blade Design

2.1 Why even blades move?

There are two important reasons why wind turbine blades are able to spin in the wind:

Newton’s Third Law and the Bernoulli Effect:

Newton’s Third Law states that for every action, there is an equal and opposite reaction.
In the case of a wind turbine blade, the action of the wind pushing air against the blade
causes the reaction of the blade being deflected, or pushed. If the blade has no pitch (or
angle), the blade will simply be pushed backwards (downwind). But since wind turbine
blades are set at an angle, the wind is deflected at an opposite angle, pushing the blades
away from the deflected wind. This phenomenon can be viewed on a simple, flat blade
set at an angle. If you push the blade with your finger from the direction of the
oncoming wind, the blade will deflect away from your finger.

Bernoulli’s Principle, or the Bernoulli Effect, tells us that faster moving air has lower
pressure. Wind turbine blades are shaped so that the air molecules moving around the
blade travel faster on the downwind side of the blade than those moving across the
upwind side of the blade (See Figure 2.6). This shape, known as an airfoil, is like an
uneven teardrop. The downwind side of the blade has a large curve, while the upwind
side is relatively flat. Since the air is moving faster on the curved, downwind side of
the blade, there is low pressure on this side of the blade. This difference in pressure on
the opposite sides of the blade causes the blade to be “lifted” towards the curve of the
airfoil.
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Figure 2.6: Airfoil like blade cross-section and wind effect.



2.2 The Task of Blade Design

Now having introduced all knowledge from how blades move and the basic
aerodynamics, it is high-time to try to give an overview on what is really used in practical
wind turbine blade design. With the development of huge offshore wind turbines reaching
rotor diameters of over 230 meters and rated power of 16 megawatts, and with proposals
for turbines of 50 megawatts having rotor diameters of 500 meters and estimated blade
masses of 400 tons, blade design has become increasingly complex'.

The design of a real commercial wind turbine blade is a complicated process that
involves at least three key areas:

v' Aerodynamics
v" Structural design
v' Manufacturing

Aerodynamics only touches the outer skin of the blade, providing an idea of how the
shape should be. Manufacturing relies very much on structural design, because this largely
defines the amount of material used. In turn, the amount of material determines the blade's
mass, and this mass is related by engineering rules to other performance factors.

2.2.1 Aerodynamics Effect

Aerodynamic blade design is the process of shaping the blade so that it can extract high
power from the wind while keeping aerodynamic loads within acceptable structural limits.
In this section, the basics of blade design is introduced as a coupled engineering problem
involving aerodynamics, structural design, and manufacturing. Aerodynamics mainly
defines the outer blade shape, while the structural design determines whether that shape
can survive fatigue and extreme loads during the turbine lifetime. The blade length fixes
the first main dimension, the chord c is connected to aerodynamic circulation and lift, and
the remaining thickness and internal structure are then governed by strength and stiffness
requirements.

The principle of power generation from the wind energy was described in Eq. (2.5) and
the tip ratio in Eq. (2.7), where they showed a small effect of blade design in power
generation and illustrated in Figure 2.2. In the Blade Element Momentum formulation, the
blade is divided into radial elements, and the aecrodynamic forces from each airfoil section
are balanced with momentum theory. The book gives the normal and tangential force
coefficients as:

cy = cicos (@) + cpsin (¢) (2.8)

' NN. Upwind - design limits and solutions for very large wind turbines. Technical report, EAWE,
2011. Brussels, Belgium
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Ctan = €3I (@) — cpcos (§) 2.9)

where c¢;, and cp are the lift and drag coefficients (see Figure 2.6), and ¢ is the local flow
angle. These two equations are central to blade design. The normal component ¢y mainly
contributes to thrust and flapwise blade loading’, while the tangential component ¢4,
produces useful torque. A good blade design therefore seeks high tangential force while
controlling the normal force, because excessive normal loading increases blade mass,
fatigue damage, and tower loading. The aerodynamic induction factors are then obtained
from the BEM equations

1
= Isin () 1 (2.10)
OCy
- 1
% = Zsin (¢)cos (¢) ) 2.11)
O0Ctan -

where a is the axial induction factor, a’ is the tangential induction factor, and o =
Bc/2mr is the local solidity. Here, B is the number of blades, c is the local chord, and r is
the radial position. These relations show why chord distribution is a design variable:
changing ¢ changes the solidity o, which changes the induction factors and therefore the
local aerodynamic loading. In practical blade design, these equations are solved iteratively
because the aerodynamic coefficients, inflow angle, induction factors, and blade geometry
depend on each other.

As an example, Figure 2.7 demonstrates how changing the chord distribution affects
the aerodynamic behavior of a blade section-by-section. Figure 2.7-a shows the three
assumed chord distributions: a reduced chord case, a baseline case, and an enlarged chord
case. Because solidity is defined as o = Bc/(2nr), increasing the chord c directly
increases the local solidity, as shown in Figure 2.7-b. This effect is strongest near the blade
root, where the radius r is small and the ratio c/r becomes large. As a result, the blade
geometry has a strong influence on the local flow solution. The effect of chord variation
then appears in the induction factors. Figure 2.7-c shows that the larger chord case produces
a higher axial induction factor a, meaning that the rotor extracts more axial momentum
from the incoming flow. Figure 2.7-d shows the tangential induction factor a’, which is
also affected most strongly in the inner blade region. These plots show that the induction

2 Thrust is the aerodynamic force that pushes the rotor in the wind direction as the blades extract energy and slow the
airflow. This force acts mainly normal to the rotor plane and is closely related to the normal force coefficient cy.
Flapwise blade loading is the bending effect caused by this thrust on each blade, making the blade bend downstream,
away from the incoming wind. It is important in blade design because it creates large bending moments at the blade
root and strongly affects blade strength, fatigue life, and tower clearance.
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factors are not fixed inputs; they change with the blade geometry, solidity, aerodynamic
coefficients, and local inflow angle.

Finally, Figure 2.7-e and Figure 2.7-f show the engineering consequence of this
aerodynamic coupling. Increasing chord increases the normal loading, which is associated
with thrust and flapwise bending loads, as shown in Figure 2.7-¢. At the same time, it also
increases the tangential loading, which contributes to useful torque production, as shown
in Figure 2.7-f. Therefore, a larger chord can improve torque generation, but it also
increases structural demand on the blade. This demonstrates why chord distribution is a
key design variable: it must be chosen to balance aerodynamic power capture against blade

mass, fatigue loading, tower loading, and structural safety.
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Figure 2.7: Effect of chord distribution on solidity, induction factors, and aerodynamic loading along
the blade span: (a) chord distributions for 0.75¢pe, 1.00¢p45e, and 1.25¢,44.; (b) corresponding solidity
o, showing the direct dependence of solidity on chord and radius; (c) axial induction factor a,
representing the reduction of axial wind speed through energy extraction; (d) tangential induction
factor a’, representing the rotational effect induced in the flow; (¢) normal aecrodynamic loading,
associated mainly with thrust and flapwise blade bending; and (f) tangential aecrodynamic loading,
associated with useful torque and power production.
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The blade twist is selected so that each radial section operates near an efficient angle
of attack’. We define the basic sign convention as @ = ¢ — 9, where « is the angle of
attack, ¢ is the flow angle, and 9 is the twist angle, with pitch added to twist. This equation
explains why wind turbine blades are twisted along the span. Near the root, the rotational
speed is lower and the inflow angle is larger, so a larger twist is required. Near the tip, the
rotational speed is higher and the inflow angle becomes smaller, so the blade twist
decreases.

As can be seen in Figure 2.8-a, the flow angle ¢ is very large near the blade root
because the local tangential velocity is still small. As the radius increases toward the blade
tip, the tangential velocity becomes much larger, so the relative wind direction becomes
more aligned with the rotor plane and ¢ decreases. For this reason, the required blade twist
9 1s high near the root and gradually decreases toward the tip. This twist distribution is
selected so that the local angle of attack remains close to the efficient design value, @gesign-
Figure 2.8-b shows this effect clearly: without twist, the angle of attack changes strongly
along the blade span, which can cause poor lift generation or stall near the root. With the
required twist, the angle of attack is maintained almost constant at the design value,
allowing the blade sections to operate more efficiently along the span.

3 The angle of attack is the angle between the airfoil chord line and the relative wind approaching the blade. In wind
turbine blades, it depends on the incoming wind speed, blade rotational speed, twist angle, and pitch angle. It is
important because it controls the lift and drag generated by the blade section. At a suitable angle of attack, the blade
produces high lift with low drag, giving efficient torque production. If the angle becomes too large, the airflow can
separate from the surface, causing stall, which reduces lift, increases drag, and raises unsteady loading.

13
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Figure 2.8: Effect of blade twist on local aerodynamic angles: (a) variation of flow angle ¢, required
twist angle 9, and design angle of attack @y along the blade radius; (b) comparison of angle of attack
distribution with and without blade twist, showing that the required twist keeps a nearly constant and
close to the selected design value.

Technical Point 2

Airfoil selection is another major aerodynamic effect in blade design. The airfoil is chosen
after blade length, lift coefficient c;, and chord ¢ have been identified. To reduce losses,
the lift-to-drag ratio should be as high as possible, but the maximum lift coefficient ¢ 4y
must be controlled because high lift is associated with high aerodynamic forces. This means
that the best airfoil is not simply the one with the largest lift, but the one that provides a
suitable compromise between lift, drag, stall behavior, thickness, roughness sensitivity, and
structural requirements.

2.2.2 Aerodynamic devices

Aerodynamic devices are small flow-control components added to wind turbine blades
to improve or adjust blade performance. Common examples include vortex generators,
Gurney flaps, trailing-edge devices, and sometimes leading-edge modifications. Their
main purpose is to control the boundary layer, delay flow separation, increase lift, or reduce
aerodynamic losses. For example, vortex generators shown in Figure 2.9 create small
energetic vortices that mix high-momentum outer flow with the slower boundary-layer
flow near the blade surface, helping the flow stay attached at higher angles of attack.
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Gurney flaps (Figure 2.9) are small tabs placed near the trailing edge; they can increase lift
by modifying the pressure distribution around the airfoil. These devices are especially
useful near the blade root or on thick airfoil sections, where separation is more likely.
However, they can also increase drag and noise, so they must be used carefully. In blade
design, aerodynamic devices are mainly used to improve power capture, stabilize stall
behavior, reduce sensitivity to roughness, and tune local loading without completely
changing the blade geometry.

Airfoil Vortex generators . )
j Streamwise vortices

.

1 >
s

Chord line

Gumey flap Airfoil

Figure 2.9: Vortex generators and Gurney flaps location and their performance.

Manufacturing

Wind turbine blades are usually manufactured from glass-fiber or carbon-fiber reinforced
composite materials because these materials provide high strength with relatively low
weight. A typical blade is produced in two large moulded shells, usually an upper and a
lower half, which are later bonded together to form the final aerodynamic shape. Inside the
blade, structural components such as spar caps and shear webs are added to carry bending
loads and maintain stiffness. The manufacturing process must be highly accurate because
small surface defects, incorrect bonding, or shape deviations can affect both aerodynamic
performance and structural safety. As blade lengths continue to increase, manufacturing
becomes more challenging due to larger moulds, heavier components, tighter quality
control, and transportation limitations. For this reason, modern blade production focuses
on reducing cost, improving repeatability, automating key processes, and using materials
efficiently while still maintaining the required fatigue life and reliability.
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3 Session Summary

The main takeaway from this session is that wind turbine performance is fundamentally
controlled by aerodynamics. Wind power depends strongly on wind speed, rotor swept
area, and air density, but the blade design determines how much of that available energy
can actually be converted into useful torque. Lift is the desired force because it drives
rotation, while drag and excessive normal loading reduce efficiency and increase structural
demand. Therefore, efficient turbine design is always a balance between maximizing
energy capture and limiting loads, vibration, fatigue, and safety risks.

A second key insight is that blade geometry is not arbitrary; chord, twist, airfoil shape,
and aerodynamic devices are all selected to control local flow behavior along the blade
span. Changing chord affects solidity, induction factors, and both normal and tangential
loading, while blade twist keeps the angle of attack close to an efficient design value from
root to tip. Aerodynamic devices such as vortex generators and Gurney flaps can improve
flow attachment and lift, but they must be used carefully because they may also increase
drag or noise. Overall, wind turbine blade design is an aero-structural compromise between
power production, manufacturability, durability, and long-term reliability.
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Mechanical structure and mechanisms in wind turbines-

Part 1

Learning Objectives

Identify the main mechanical components of a wind turbine, including the rotor,
nacelle, drivetrain, tower, hub, shaft, gearbox, bearings, and braking system.
Explain the function of major mechanical subsystems and describe how they interact
to transfer wind energy into rotational motion.

Describe the basic mechanical layout of a horizontal-axis wind turbine from the
rotor assembly to the generator interface.

Analyze how mechanical loads are transferred through the turbine structure, from
the blades and hub to the shaft, nacelle, tower, and foundation.

Recognize key design considerations for wind turbine mechanical systems,
including strength, fatigue resistance, vibration control, corrosion protection, safety,
reliability, and maintenance access.

Abstract

This course introduces learners to the main mechanical structures and mechanisms
used in wind turbines, with emphasis on how key components work together to convert
wind energy into rotational mechanical motion. Learners will explore the rotor, blades,
hub, nacelle, drivetrain, main shaft, bearings, gearbox, braking system, yaw system, tower,
and support structures. The course also explains the mechanical layout of a horizontal-axis
wind turbine, the load-transfer path from blades to foundation, and the importance of
strength, fatigue resistance, reliability, maintainability, and safety in turbine design. By the
end of the session, learners will understand how mechanical components support turbine
operation, performance, and long-term durability.



1 Introduction to Wind Turbine Mechanical Systems

Wind turbine mechanical systems form the physical backbone of a wind turbine. They
are responsible for capturing the force of the wind, converting it into rotational motion,
supporting the turbine structure, and protecting the machine during normal and extreme
operating conditions. The main mechanical sections include the rotor, blades, hub, nacelle,
drivetrain, main shaft, bearings, gearbox, braking system, yaw system, tower, and
foundation interface. Although each component has its own specific function, these parts
must work together as one integrated system. For example, the blades capture aerodynamic
energy from the wind, the hub transfers this motion to the shaft, the drivetrain transmits
torque toward the generator, and the tower supports the complete nacelle and rotor
assembly at the required height.

Understanding wind turbine mechanical systems is important because mechanical
performance directly affects energy production, safety, reliability, and maintenance costs.
Turbines operate under constantly changing wind conditions, which create dynamic loads,
vibration, fatigue, and stress on mechanical components. Therefore, the design of
mechanical systems must consider strength, durability, friction reduction, corrosion
protection, ease of maintenance, and safe operation. A well-designed mechanical structure
allows the turbine to operate efficiently over many years while reducing the risk of
component failure. In this section, learners are introduced to the basic structure and
function of turbine mechanical components, preparing them to understand more advanced
topics such as drivetrain behavior, load transfer, yaw mechanisms, braking systems, and
maintenance planning.

1.1 Overview of wind turbine structure

Wind turbine mechanical systems form the physical backbone of a wind turbine. They
are responsible for capturing the force of the wind, converting it into rotational motion,
supporting the turbine structure, and protecting the machine during normal and extreme
operating conditions. The main mechanical sections (Shown in Figure 3.1) include the
rotor, blades, hub, nacelle, drivetrain, main shaft, bearings, gearbox, braking system, yaw
system, tower, and foundation interface. Although each component has its own specific
function, these parts must work together as one integrated system. For example, the blades
capture aerodynamic energy from the wind, the hub transfers this motion to the shaft, the
drivetrain transmits torque toward the generator, and the tower supports the complete
nacelle and rotor assembly at the required height.
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Figure 3.1: The overview of the main mechanical components of wind turbines.

Understanding wind turbine mechanical systems is important because mechanical
performance directly affects energy production, safety, reliability, and maintenance costs.
Turbines operate under constantly changing wind conditions, which create dynamic loads,
vibration, fatigue, and stress on mechanical components. Therefore, the design of
mechanical systems must consider strength, durability, friction reduction, corrosion
protection, ease of maintenance, and safe operation. A well-designed mechanical structure
allows the turbine to operate efficiently over many years while reducing the risk of
component failure. In this section, learners are introduced to the basic structure and
function of turbine mechanical components, preparing them to understand more advanced
topics such as drivetrain behavior, load transfer, yaw mechanisms, braking systems, and
maintenance planning.



1.2 Relationship between aerodynamic, mechanical, and electrical systems

The relationship between aerodynamic, mechanical, and electrical systems in a wind
turbine 1s based on a continuous energy conversion process. The aerodynamic system
captures energy from the wind through the blades, creating lift forces that rotate the rotor
and hub. This rotational motion is transferred into the mechanical system through the main
shaft, bearings, gearbox or direct-drive connection, couplings, brake system, and nacelle
support structure. The mechanical system then delivers controlled rotational torque to the
generator, where the electrical system converts mechanical energy into electrical power for
the grid or local load.

In practical turbine operation, these three systems strongly affect one another. Changes
in wind speed or direction create variations in blade loading, rotor speed, vibration, and
torque. These variations are transmitted through the drivetrain and can influence gearbox
wear, bearing temperature, shaft alignment, and braking loads. At the same time, the
generator and power electronics apply electrical torque back onto the drivetrain, affecting
rotor acceleration and mechanical stress. Therefore, reliable turbine operation depends on
the correct balance between aerodynamic energy capture, mechanical torque transmission,
and electrical power conversion.

Technical Note 1

From field experience, many turbine faults appear as interactions between systems rather
than isolated problems. For example, yaw misalignment or incorrect blade pitch can
reduce aerodynamic efficiency and create uneven mechanical loads on the hub, bearings,
tower, and drivetrain. Poor lubrication or gearbox wear can increase vibration and reduce
the smooth transfer of torque to the generator. Electrical issues such as unstable generator
torque, converter faults, or grid disturbances can also create torsional vibration and
additional mechanical stress. For this reason, technicians should compare wind speed,
rotor speed, pitch angle, yaw position, vibration, temperature, torque, and electrical output
together when diagnosing turbine performance.




2 Main Structural Sections of a Wind Turbine

The main structural sections of a wind turbine form the foundation for understanding
how the entire machine is organized and supported. A modern wind turbine is not a single
component, but a combination of large mechanical sections that work together to capture
wind energy, transfer loads, protect internal equipment, and support safe operation. These
main sections include the rotor, nacelle, tower, and foundation interface. Each section has
a specific structural role and also connects to other mechanical, electrical, and control
systems within the turbine. Understanding these structural sections helps learners see how
forces move through the turbine during operation. The rotor captures wind energy and
transfers aerodynamic loads to the hub and drivetrain. The nacelle houses and supports
important mechanical and electrical components, such as the shaft, gearbox, generator,
brake, and control equipment. The tower carries the nacelle and rotor at the required height
while resisting bending, vibration, and environmental loads. Finally, the foundation
interface transfers the overall turbine loads safely into the ground or support platform. This
section provides the basic framework needed to study turbine components, load paths,
mechanical design, and maintenance requirements.
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Figure 3.2: Wind turbine cost breakdown.



2.1 Rotor

The rotor is one of the most important structural and mechanical sections of a wind
turbine because it is the first part of the turbine that interacts with the wind. It usually
consists of the blades, hub, and blade connection system (see Figure 3.3). The main
function of the rotor is to capture kinetic energy from moving air and convert it into
rotational mechanical energy. When wind flows over the blades, aerodynamic lift forces
are produced, causing the rotor to turn around its central axis. This rotational motion is then
transferred through the hub to the main shaft and drivetrain, where it continues toward the
generator for electricity production.
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Figure 3.3: Main components of wind turbine rotor.
As can be seen in Figure 3.3, the hub is basically the connection point of blades. Hubs

are generally made of steel or spheroidal graphite iron and is protected externally by an
oval enclosure called spinner. There are three main types of hubs (Figure 3.4):

e Rigid
e Teetering
e Hinged



Low-speed
shaft

Figure 3.4: Types of blade root connections.

Each type of blade-root connection has its own advantages and disadvantages and
applications that are summarized in Table 4.1.



Table 3.1: Applications, advantages and disadvantages of different blade-root connection.

Hub/blade-root
connection type

Typical applications

Advantages

Disadvantages

Rigid hub

Hinged hub

Teetering hub

Common in modern three-bladed
horizontal-axis wind turbines,
especially utility-scale turbines.
Used where high stiftness,
accurate blade control, and stable
power production are required.

Used in some rotor designs where
blades need limited movement at
the root to reduce bending loads.
More common in experimental,
older, or special-purpose turbines
than in modern large commercial
turbines.

Commonly used in two-bladed
wind turbines. The rotor can rock
slightly around a teeter pin,
helping balance aerodynamic
loads between the two blades.

Provides strong structural connection between
blade root and hub. Gives good rotor stability
and accurate transfer of torque to the low-speed
shaft. Suitable for large turbines with pitch-
control systems. Simpler dynamic behavior
compared with hinged or teetering hubs. Offers
good control of blade position during normal
operation and emergency shutdown.

Allows blades to flap or move slightly around a
hinge, which can reduce some cyclic bending
loads on the blade root and hub. Can reduce
fatigue stress caused by wind turbulence, tower
shadow, and uneven aerodynamic loading. May
improve load relief in variable wind conditions.

Reduces bending moments transmitted from the
rotor to the main shaft and nacelle. Helps
balance unequal blade loads during rotation. Can
reduce structural stress in two-bladed turbines
and may allow a lighter rotor structure. Useful
for reducing fatigue loads caused by wind shear
and tower shadow.

Transfers more aerodynamic and gravitational loads
directly into the hub, main shaft, bearings, nacelle,
tower, and foundation. Higher fatigue loading can
occur if vibration and load control are not well
managed. Requires strong blade roots, hub structure,
and bearings. Can increase structural weight and
cost.

More mechanically complex than a rigid hub.
Hinges, pins, bearings, and moving joints require
inspection, lubrication, and maintenance. Additional
moving parts can increase wear and reliability
concerns. Blade motion must be carefully controlled
to avoid vibration, instability, or unwanted dynamic
behavior.

Mostly suitable for two-bladed designs, not standard
three-bladed utility turbines. Requires careful design
to prevent excessive teeter motion. Can introduce
complex dynamic behavior, vibration, and control
challenges. Teeter pin and related components are
critical parts that require maintenance and
monitoring. May need mechanical stops or dampers
to limit motion.




Technical Note 2

In practical turbine design, hub selection strongly affects load transfer and maintenance
requirements. A rigid hub gives better geometric stability but sends more loads into the
drivetrain and tower. Hinged and teetering hubs can reduce some structural loads by
allowing controlled movement, but they introduce pins, joints, bearings, dampers, or stops
that must be inspected regularly. Therefore, the best hub type depends on rotor size, number
of blades, control strategy, expected wind turbulence, maintenance access, and the required
balance between structural simplicity and load reduction.

2.2 Tower

The tower is one of the main structural parts of a horizontal-axis wind turbine. Its main
function is to support the nacelle and rotor at a suitable height above the ground, where
wind speed is usually stronger and more stable. By increasing the height of the rotor, the
tower allows the turbine to capture more wind energy and operate with better efficiency.
At the same time, the tower must safely carry the weight of the nacelle, rotor, blades,
drivetrain, and other equipment. It must also resist wind forces, vibration, bending
moments, and dynamic loads created during turbine operation. There are two main types
of towers commonly used in horizontal-axis wind turbines (see Figure 3.5): free-standing
lattice towers, also called truss towers, and tubular towers. Lattice towers are made from
steel members connected together in a truss structure. This design uses less material and
can be relatively lightweight, while still providing good strength. These towers were
common in early wind turbines and were widely used until around the mid-1980s. They
are also easier to transport in separate steel sections and may be useful in locations where
material cost and transport limitations are important factors.

The advantages and disadvantages of each type, is presented in Table 3.2, where the
application of them is also discussed.



Truss Tower Tubular Tower

Figure 3.5: Common wind turbine towers.

Technical Note 3

For practical turbine selection, lattice towers may be attractive for smaller or cost-
sensitive projects, but they increase inspection and maintenance effort because of many
exposed bolts and joints. Tubular towers are preferred in modern wind farms because they
improve technician safety, protect internal systems, and support larger turbines, but they
require higher manufacturing, transport, and installation capacity.
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Table 3.2: Applications, advantages and disadvantages of two common wind turbine towers.

Tower type

Typical applications

Advantages

Disadvantages

Free-standing
lattice tower /
truss tower

Tubular tower

Used in older horizontal-axis wind
turbines, small and medium wind
turbines, rural installations, and
sites where lower material cost or
easier transport of tower sections
is important. It may also be used
where visual appearance is less
critical.

Most common tower type in
modern utility-scale horizontal-
axis wind turbines. Used in large
onshore turbines, many offshore
turbines, and commercial wind
farms where safety, reliability,
maintenance access, and public
acceptance are important.

Uses less steel material compared with
many tubular designs. Usually lighter and
easier to transport in separate structural
members. Can be less expensive for
smaller turbines. Provides good structural
strength through the triangular truss
arrangement. Wind can pass through the
open structure, reducing some wind
pressure on the tower itself.

Provides strong and stable support for large
nacelle and rotor assemblies. Offers safer
internal access through ladders, stairways,
or lifts. Protects technicians, cables, control
wiring, and internal equipment from
external weather. Has a cleaner appearance
and is usually more acceptable visually.
Contains fewer exposed bolted connections
than lattice towers. Better suited for large
modern turbines and higher hub heights.

Has many bolted joints and connections that require
regular inspection and tightening. Maintenance access
is more exposed to weather conditions because
climbing is usually external. Less safe and less
comfortable for technicians compared with enclosed
tubular towers. Often considered less visually
attractive. More vulnerable to corrosion at many
exposed connection points if not properly protected.

Usually heavier and more expensive than lattice towers.
Large tower sections can be difficult to transport,
especially for very tall turbines or remote sites.
Requires cranes and careful installation procedures.
Manufacturing and welding quality are very important.
The enclosed structure can require ventilation, lighting,
and internal safety systems for maintenance work.
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3 Drivetrain Mechanical Components

The drivetrain mechanical components form the main power-transmission path inside
a wind turbine (see Figure 3.1). Their role is to transfer the rotational motion and torque
produced by the rotor toward the generator in a controlled and reliable way. This section
includes key components such as the main shaft, bearings, gearbox, couplings, brake
system, and supporting structures inside the nacelle. These components must operate
together under changing wind speeds, variable torque, vibration, and repeated mechanical
loads. Understanding the drivetrain is essential because it connects the aerodynamic energy
captured by the blades to the electrical energy produced by the generator, while also
influencing turbine efficiency, reliability, maintenance needs, and overall lifetime.

3.1 Main shaft

The main shaft is one of the primary mechanical components in the wind turbine
drivetrain, shown in Figure 3.6. Its main role is to transfer the low-speed, high-torque
rotational motion from the rotor hub toward the gearbox or directly to the generator in a
direct-drive turbine. When the blades capture wind energy, the rotor produces torque, and
this torque is carried by the hub into the main shaft. The shaft must transmit this rotational
power smoothly while also supporting mechanical loads caused by wind pressure, rotor
weight, gravity, vibration, braking forces, and changes in wind direction. Because the main
shaft is located between the rotor and the rest of the drivetrain, it is a critical link in the
energy conversion chain and has a strong effect on turbine reliability and mechanical
performance.

Figure 3.6: Unassembled main shaft of wind turbine.

The material of the main shaft must have high strength, toughness, fatigue resistance,
and good machinability. In most wind turbines, main shafts are commonly made from
forged steel or high-strength alloy steel because these materials can withstand heavy torque

12



and repeated cyclic loading over many years of operation. The shaft surface may also be
heat-treated or specially finished to improve wear resistance and reduce the risk of cracks.
Since the main shaft is exposed to variable loads and vibration, material quality is very
important; internal defects, poor heat treatment, or surface damage can lead to fatigue
failure. Therefore, the shaft material is selected not only for strength, but also for long-term
durability, resistance to bending and torsional stress, and safe operation under harsh wind
conditions.

3.2 Bearings

Bearings in the main shaft support the rotating shaft and allow it to turn smoothly while
carrying heavy mechanical loads from the rotor (see Figure 3.7). They reduce friction
between the rotating shaft and the stationary nacelle structure, helping the drivetrain
transfer torque efficiently toward the gearbox or generator. Main shaft bearings must
withstand radial loads from the rotor weight, axial loads from wind thrust, and dynamic
loads caused by turbulence, vibration, braking, and changes in wind direction. Good
bearing performance is essential for maintaining shaft alignment, reducing wear, limiting
vibration, and protecting other drivetrain components such as the gearbox and couplings.
Because bearing failure can lead to serious drivetrain damage and long turbine downtime,
lubrication, temperature monitoring, vibration analysis, and regular inspection are
important parts of wind turbine maintenance.

Outer Ring

Inner Ring

Rolling
Element

Figure 3.7: Unassembled main shaft of wind turbine.
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3.3 Gearbox

The gearbox is a key drivetrain component in many wind turbines, used to increase the
low-speed, high-torque rotation from the main shaft into the higher rotational speed
required by the generator (a close look shown in Figure 3.8). Since turbine rotors usually
rotate slowly because of their large blade diameter, the gearbox acts as a speed-matching
device between the rotor and the generator. It contains sets of gears, bearings, shafts,
lubrication systems, and sometimes cooling systems that work together to transmit
mechanical power efficiently. A reliable gearbox is essential for smooth turbine operation,
because gearbox wear, overheating, vibration, or lubrication problems can reduce
efficiency and cause serious drivetrain faults.

> -

Figure 3.8: Top view of a Liberty Quantum Drive 2.5 MW rated power wind turbine gearbox.
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A planetary gearing system, also called an epicyclic gear system, is a compact gearbox
arrangement commonly used in wind turbine drivetrains to increase rotational speed while
transmitting high torque. It is called “planetary” because it contains one central sun gear,
several surrounding planet gears, a planet carrier, and an outer ring gear (see Figure 3.9).
The planet gears rotate around their own axes while also revolving around the sun gear,
similar to planets moving around the sun. In a wind turbine gearbox, this arrangement
allows the slow, high-torque rotation from the rotor and main shaft to be converted into a
higher-speed rotation suitable for the generator.

Sun gear Annulus ring gear
(generator shaft) (rotor shaft)

Planet gear
Figure 3.9: Planetary gearing system.

The main advantage of a planetary gear system is that it can handle very high torque
in a relatively small and lightweight structure. Because the load is shared among several
planet gears, the stress on each gear tooth is reduced compared with a simple single gear
pair. This makes planetary gearboxes suitable for wind turbines, where the rotor produces
large and fluctuating torque under changing wind conditions. Planetary stages are often
used as the first stage of a wind turbine gearbox because they can accept the high torque
from the low-speed shaft and provide an efficient speed increase before the power passes
to other gear stages.

In operation, the rotor torque is usually applied to one part of the planetary system,
such as the planet carrier, while another part, often the ring gear, may be fixed. The output
is then taken from the sun gear or another rotating member, depending on the gearbox
design. This arrangement allows different gear ratios to be achieved in a compact space.
Multiple planetary stages can also be combined with parallel-shaft stages to reach the total
speed increase needed by the generator. For example, a rotor may rotate at only a few tens
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of revolutions per minute, while the generator may require a much higher speed, so the
gearbox must provide a significant speed ratio.

From a technical and maintenance perspective, planetary gear systems require accurate
alignment, high-quality lubrication, effective cooling, and careful condition monitoring.
The gear teeth, bearings, planet pins, carrier, and ring gear are exposed to repeated cyclic
loads, vibration, and torque variations. Common problems can include gear tooth wear,
pitting, bearing damage, lubrication contamination, overheating, and misalignment. Since
the planetary stage carries large torque, early damage in this part of the gearbox can quickly
affect the whole drivetrain. Therefore, oil analysis, vibration monitoring, temperature
monitoring, and regular inspection are important for detecting faults before severe gearbox
failure occurs.

Overall, the planetary gearing system is widely used in wind turbine gearboxes because
it provides a strong balance between compact size, high torque capacity, efficiency, and
speed conversion capability. It allows the drivetrain to transmit large rotor loads while
keeping the gearbox size and weight manageable inside the nacelle. However, its
mechanical complexity means that good design, proper lubrication, accurate
manufacturing, and preventive maintenance are essential for reliable long-term operation.
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4 Braking and Safety-Related Mechanical Components

Braking and safety-related mechanical components are essential parts of a wind turbine
because they protect the turbine during normal operation, high wind conditions, emergency
shutdowns, maintenance work, and fault situations. A wind turbine is exposed to variable
wind speed, turbulence, rotor inertia, and heavy mechanical loads, so it must have systems
that can slow down, stop, or lock the rotor when necessary. These components are not only
used to stop rotation; they also prevent overspeed, reduce mechanical stress, protect the
gearbox and generator, and provide safe working conditions for technicians. In most
modern wind turbines, braking is achieved through a combination of aerodynamic braking
and mechanical braking, supported by control systems, rotor locks, sensors, and emergency
stop functions.

4.1 Braking Mechanisms

The first and most common braking mechanism is aerodynamic braking, which uses
the turbine blades themselves to reduce rotor speed. In pitch-controlled turbines, the blades
are rotated around their longitudinal axis to change their angle to the wind. When the blade
pitch is adjusted away from the optimal power-producing position, lift is reduced and
aerodynamic drag increases, causing the rotor to slow down. This method is widely used
because it acts directly at the source of energy capture: the rotor. Aerodynamic braking is
especially important during high wind speeds, overspeed conditions, shutdown sequences,
and emergency operation. It reduces the amount of mechanical energy entering the
drivetrain before heavy loads reach the shaft, gearbox, bearings, and generator.

The second common braking mechanism is the mechanical brake, usually installed on
the high-speed shaft side near the gearbox or generator, although some designs may place
braking components differently. Mechanical brakes commonly use a disc brake
arrangement, where brake pads clamp onto a rotating disc to create friction and slow or
stop the shaft (see Figure 3.10). In modern turbines, the mechanical brake is normally not
the main method for controlling rotor speed during regular operation; instead, it is often
used as a parking brake, holding brake, backup brake, or emergency brake after
aerodynamic braking has already reduced rotor speed. This is because stopping a large
rotor only by mechanical friction would create very high heat, wear, and stress in the
drivetrain.
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| Figure 3.10: Mechanical braking system and the brake pads.

4.2 Other Safety Components

Other safety-related mechanical components include rotor locking systems, brake
calipers, hydraulic or electric brake actuators, emergency stop systems, and overspeed
protection devices. The rotor lock (See Figure 3.11) is used to physically prevent rotor
movement during maintenance or inspection. This is very important because even low wind
speeds can cause unexpected rotor movement, creating serious safety risks for technicians
working inside the nacelle or near rotating parts. Brake actuators apply the required force
to the braking system, while sensors monitor rotor speed, shaft speed, brake status, pitch
position, temperature, vibration, and fault conditions. These signals help the turbine control
system decide when to reduce power, pitch the blades, apply braking, or shut down the
turbine.

In practical operation, braking systems must be designed carefully because sudden
braking can create high mechanical loads. If the rotor is stopped too quickly, torsional stress
can pass through the main shaft, gearbox, couplings, generator shaft, nacelle frame, tower,
and foundation. This can increase fatigue damage or even cause component failure. For
this reason, modern turbines usually follow a controlled shutdown sequence: first, the
control system changes blade pitch to reduce aerodynamic power; then the rotor speed
decreases; finally, the mechanical brake may be applied to bring the turbine to a complete
stop or keep it parked. This combined approach improves safety while reducing wear and
mechanical shock.
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Technical Note 4

From a maintenance point of view, braking and safety systems require regular inspection
because they are critical for turbine protection. Technicians should check brake pad wear,
disc condition, hydraulic pressure, actuator response, rotor lock operation, emergency stop
function, sensor signals, and overheating signs. Common issues may include worn brake
pads, hydraulic leakage, brake dragging, delayed actuator response, rotor lock
misalignment, overheating, or incorrect control signals. Since braking systems are directly

connected to turbine safety, any fault in these components should be treated seriously and
corrected before returning the turbine to normal operation.
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5 Yaw and Orientation Mechanism

The yaw and orientation mechanism is the system that allows a horizontal-axis wind
turbine to turn and align its rotor with the direction of the wind (see Figure 3.1). Since wind
direction changes continuously, the turbine must be able to rotate the nacelle around the
top of the tower so that the blades face the incoming airflow as efficiently as possible. This
alignment improves energy capture, reduces uneven aerodynamic loading, and helps the
turbine operate more smoothly. The yaw system usually includes a yaw bearing, yaw drives
or motors, gear rings, brakes, sensors, and a control unit that uses wind direction
measurements to decide when nacelle rotation is needed.

®—— Yaw motors

Yaw brake
mechanical

Yaw reducers

Yaw pinions Yaw counter

Yaw gear rings mechanical

Figure 3.11: Mechanical structure of the yaw mechanism.

This mechanism is important not only for power production but also for structural
safety and mechanical reliability. If the turbine is not correctly aligned with the wind, the
rotor may experience asymmetric loads, increased vibration, reduced power output, and
higher stress on the blades, hub, main shaft, nacelle frame, tower, and foundation.
Therefore, the yaw and orientation system must provide accurate positioning while also
withstanding large mechanical loads from the rotor and nacelle. A well-designed yaw
system helps maintain stable turbine operation, protects drivetrain components, and
supports long-term turbine performance under changing wind conditions.

5.1 Purpose of yaw control

The purpose of yaw control is to keep the wind turbine rotor facing the incoming wind
direction. Proper yaw alignment helps the turbine capture more energy, reduce power
losses, and avoid uneven loading on the blades, hub, main shaft, nacelle, tower, and
foundation. If the turbine is misaligned with the wind, the rotor receives the wind at an
angle, which can reduce efficiency and increase vibration, fatigue, and mechanical stress.
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The most common yaw control methods are active yaw control and passive yaw
control. In active yaw control, wind direction sensors send signals to the turbine controller,
and electric or hydraulic yaw motors rotate the nacelle using a yaw bearing and gear
system. This is the most common method in modern large horizontal-axis wind turbines.
In passive yaw control, the turbine uses natural wind force, tail vanes, or rotor forces to
align itself with the wind; this method is simpler and is mostly used in small wind turbines.
Modern utility-scale turbines usually use active yaw control because it provides better
accuracy, stability, and power production.

5.1.1 Active yaw control

Active yaw control is the most common yaw orientation method used in modern
medium and large horizontal-axis wind turbines (see Figure 3.12). In this system, the
turbine does not depend only on the natural force of the wind to rotate the nacelle. Instead,
it uses a controlled mechanical and electrical system to actively turn the nacelle so that the
rotor faces the incoming wind direction. The main purpose is to reduce yaw misalignment,
increase energy capture, and reduce unnecessary mechanical stress on the turbine structure.
An active yaw system usually includes wind direction sensors, a controller, yaw motors,
yaw drives, a yaw bearing, a yaw gear ring, and yaw brakes. The wind vane measures the
direction of the incoming wind and sends this information to the turbine control system. If
the controller detects that the rotor is not properly aligned with the wind, it activates the
yaw motors. These motors rotate the nacelle slowly around the vertical axis at the top of
the tower until the rotor is facing the wind more accurately.

Error Torque

i & d Nacelle Yaw
AL e O e vt and Rate
Direction Controller i

Feed Back Signals

Figure 3.12: Control system block diagram of active yaw control.

The yaw bearing is one of the most important mechanical parts in this system. It is
located between the tower top and the nacelle and allows the nacelle to rotate smoothly
(see Figure 3.11). The yaw drives usually contain electric motors and gear reducers that
engage with a large gear ring. Because the nacelle is very heavy and carries the rotor,
gearbox, generator, brake system, and other components, the yaw system must produce
high torque while moving slowly and accurately. After the nacelle reaches the desired
position, yaw brakes help hold it in place and prevent unwanted movement caused by wind
forces. Active yaw control is especially important in utility-scale turbines because large
rotors must remain accurately aligned with the wind to avoid large asymmetric loads. If a
large turbine operates with yaw error, one side of the rotor may experience different

21



aerodynamic forces than the other side. This can increase blade fatigue, hub loading, main
shaft stress, tower vibration, and bearing wear. Therefore, active yaw control improves not
only power output but also the lifetime and reliability of turbine components.

Disadvantages: active yaw control also has disadvantages. It is more complex than
passive yaw control and requires sensors, motors, brakes, gears, cables, and control
software. These parts require inspection and maintenance. Common issues include yaw
motor failure, gear wear, brake wear, sensor errors, lubrication problems, and yaw bearing
damage. Active yaw systems may also suffer from excessive yawing if the control logic
reacts too frequently to small wind direction changes. For this reason, turbine controllers
usually include a dead-band, meaning the nacelle only turns when the yaw error becomes
large enough or continues for a certain time.

5.1.2 Passive yaw control

Passive yaw control is a simpler method in which the turbine aligns itself with the wind
mainly by using natural aerodynamic forces rather than motors and active control systems
(see Figure 3.13). This method is most common in small wind turbines, especially those
used for rural electrification, battery charging, water pumping, small farms,
telecommunications, and off-grid applications. In passive yaw systems, the turbine may
use a tail vane, rotor aerodynamic forces, or a downwind rotor arrangement to naturally
turn into the wind. The most common passive yaw method uses a tail vane. The tail vane
works like the tail of a weather vane. When the wind direction changes, the wind pushes
against the tail surface, creating a turning moment that rotates the turbine body until the
rotor faces the wind. This method is mechanically simple and does not require electrical
yaw motors, complex sensors, or a control system. Because of this simplicity, passive yaw
systems are cheaper, lighter, and easier to maintain than active yaw systems.
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Figure 3.13: Control system block diagram of passive yaw control.

Another passive yaw method is used in some downwind turbines, where the rotor is
located behind the tower relative to the wind direction. In this arrangement, the wind
naturally pushes the rotor and nacelle into alignment. The turbine can therefore orient itself
without a powered yaw drive. However, downwind turbines can experience problems such
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as tower shadow effects, where the tower disturbs the airflow before it reaches the blades.
This can increase vibration, noise, and cyclic loading on the rotor. Passive yaw control is
useful where low cost, simple construction, and easy maintenance are more important than
high yaw accuracy. For small turbines, the rotor and nacelle are relatively light, so natural
wind forces are usually strong enough to rotate the turbine. Passive systems are also
attractive in remote areas because they require fewer electrical and mechanical
components. This makes them suitable for basic renewable energy systems where
maintenance resources may be limited.

Disadvantage: The main disadvantage of passive yaw control is that it is less accurate
than active yaw control. The turbine may not always face the wind perfectly, especially in
turbulent or rapidly changing wind conditions. This can reduce energy production and
increase vibration. Passive yaw systems can also oscillate or “hunt” around the wind
direction if the wind is unstable. In larger turbines, passive yaw is generally not suitable
because the nacelle and rotor are too heavy, and uncontrolled yaw movement could create
high structural loads.
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Summary of Session

This session introduced the main mechanical structure and mechanisms of horizontal-
axis wind turbines, focusing on how each component contributes to energy conversion,
load transfer, safety, and reliable operation. Learners studied the turbine as an integrated
mechanical system, where the rotor captures wind energy, the hub and main shaft transmit
low-speed high-torque motion, the drivetrain transfers mechanical power toward the
generator, and the tower and foundation support the full structure. The session also
explained how aerodynamic, mechanical, and electrical systems are closely connected:
changes in wind speed, blade loading, yaw alignment, drivetrain vibration, gearbox
condition, and generator torque can all influence turbine performance and component
lifetime. The main structural sections covered include the rotor, hub, blade-root
connections, tower types, nacelle-supported drivetrain components, and the foundation
load path.

The session also examined important drivetrain and safety-related components,
including the main shaft, bearings, gearbox, planetary gearing system, braking
mechanisms, rotor locking devices, and yaw orientation systems. Special attention was
given to practical operation and maintenance issues such as fatigue loading, vibration,
lubrication quality, bearing wear, gearbox overheating, brake pad condition, rotor locking
safety, yaw misalignment, and sensor-based monitoring. Learners compared rigid, hinged,
and teetering hub arrangements, as well as lattice and tubular tower structures, identifying
their applications, advantages, and disadvantages. Finally, the session explained active and
passive yaw control methods, showing how proper nacelle orientation improves energy
capture while reducing uneven mechanical loads. Overall, the session provides a strong
foundation for understanding how wind turbine mechanical components work together to
achieve efficient, safe, and durable wind energy production.
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Electrical structure in wind turbines- Part I

Learning Objectives:

e Identify the main electrical components of a wind turbine, including generators,
converters, transformers, cables, switchgear, protection systems, and control units.

e Explain the basic principle of electrical energy generation using electromagnetic
induction and describe how mechanical rotation is converted into electrical output.

e Distinguish between major wind turbine generator types, including synchronous
generators, asynchronous induction generators, DFIG systems, and permanent
magnet synchronous generators.

e Describe the electrical energy conversion process from rotor motion to grid-
compatible power, including the roles of voltage, current, frequency, and power
electronics.

e Recognize key electrical design considerations in wind turbines, including
efficiency, insulation, cooling, reliability, protection, and grid integration
requirements.

Abstract

This session, “Electrical structure in wind turbines — Part I, introduces learners to
the main electrical components and energy conversion principles used in wind turbine
systems. The session covers generators, converters, transformers, cables, control units, and
protection systems, while explaining how mechanical rotation from the rotor is converted
into electrical energy through electromagnetic induction. Learners will explore common
generator types, including induction generators, synchronous generators, DFIG, and
permanent magnet synchronous generators, and will examine how voltage, current,
frequency, power electronics, cooling, insulation, and grid compatibility affect wind
turbine performance, reliability, and integration with modern power systems.



1 Introduction to Wind Turbine Electrical Systems

1.1 Overview of Electrical Subsystem

The electrical subsystem of a wind turbine is responsible for converting the mechanical
rotational energy produced by the rotor and drivetrain into usable electrical power. After
the wind causes the turbine blades to rotate, mechanical torque is transferred through the
main shaft and, in many turbine designs, through a gearbox to the generator. The generator
is the core electrical machine that converts this rotational motion into electrical energy
based on the principle of electromagnetic induction. Depending on the turbine design, the
generator may be an induction generator, synchronous generator, doubly-fed induction
generator, or permanent magnet synchronous generator.

A modern wind turbine electrical subsystem is not limited to the generator alone. It
includes several interconnected components that condition, protect, control, and transfer
electrical energy. These components commonly include power converters, inverters,
transformers, switchgear, cables, protection devices, sensors, cooling systems, insulation
systems, and control units. Power converters and inverters are especially important in
variable-speed wind turbines because they regulate voltage, frequency, and power flow so
that the electricity produced by the generator can be compatible with grid requirements.
Transformers are used to step up the generated voltage to a suitable level for transmission
to the wind farm collection system or electrical grid. Cables and switchgear provide safe
power routing and switching functions, while protection systems detect abnormal
conditions such as overcurrent, short circuits, grounding faults, overheating, and voltage
disturbances. The electrical subsystem therefore acts as the bridge between the mechanical
energy captured from the wind and the electrical energy delivered to consumers or the grid.
Its performance directly affects turbine efficiency, reliability, power quality, and
operational safety. In basic terms, the electrical subsystem must produce electricity,
regulate it, protect the turbine from faults, and ensure that the generated power meets the
technical requirements of the connected electrical network. This session introduces these
major components and explains how they work together within the overall wind turbine
energy conversion chain.

1.2 Interaction with Mechanical and Control Systems

The electrical system of a wind turbine does not operate independently. It is closely
linked with both the mechanical system and the control system. The mechanical system
captures wind energy and transforms it into rotational motion, while the electrical system
converts that rotation into electrical power. The control system supervises and adjusts the
operation of both systems to ensure efficient, stable, and safe turbine performance (see
Figure 4.1).
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Figure 4.1: The interaction overview of the mechanical, control and electrical components in wind
turbines.

According to Figure 4.1, the interaction begins at the rotor and drivetrain. Wind applies
aerodynamic forces to the blades, causing the rotor to turn. This rotational energy is
transferred through the hub, main shaft, bearings, and possibly a gearbox before reaching
the generator. The generator then converts the mechanical torque and rotational speed into
electrical output. Because wind speed is naturally variable, the mechanical input to the
generator also changes continuously. These variations affect generator speed, torque,
voltage, current, and frequency. For this reason, the electrical system must be designed to
respond to changing mechanical conditions without producing unstable or poor-quality
power. The control system plays a central role in managing this interaction. It receives
information from sensors that measure wind speed, rotor speed, generator speed,
temperature, vibration, electrical voltage, current, frequency, and power output. Based on
this data, the control system adjusts turbine operation. For example, pitch control changes
the angle of the blades to regulate aerodynamic power capture. Yaw control aligns the
nacelle and rotor with the wind direction. Generator torque control adjusts the electrical
loading of the generator to optimize energy capture and prevent mechanical overload. In
variable-speed turbines, power electronics allow the generator to operate over a wider
speed range while still delivering grid-compatible electricity.



The summary: This relationship shows that mechanical, electrical, and control
systems form one integrated energy conversion chain. The mechanical system provides
motion, the electrical system converts and conditions power, and the control system
coordinates the operation of both. A weakness or fault in one subsystem can affect the
others. For example, excessive mechanical vibration may damage generator bearings or
electrical connections. Poor electrical control may increase mechanical stress on the
drivetrain. Inaccurate sensor data may cause incorrect pitch, yaw, or generator control
actions. Therefore, reliable wind turbine operation depends on proper coordination
between mechanical structures, electrical components, and control strategies.

1.3 Importance of Electrical Design in Energy Production

Electrical design is a critical factor in the overall performance of a wind turbine
because it determines how effectively the captured wind energy is converted into usable
electricity. Even if the aerodynamic and mechanical systems capture a large amount of
energy, poor electrical design can lead to energy losses, unstable operation, overheating,
component failures, and reduced power quality. A well-designed electrical system
improves energy production, protects expensive components, supports grid integration, and
increases the operating lifetime of the turbine. One of the most important design goals is
efficiency. Electrical losses can occur in the generator windings, power converters,
transformers, cables, and switching devices. These losses are usually converted into heat,
which reduces useful power output and may damage components if not properly managed.
For this reason, electrical design must include suitable conductor sizing, low-loss
components, efficient generator selection, proper transformer ratings, and effective thermal
management. Cooling systems for generators and converters are essential because
excessive temperature can reduce insulation life, lower efficiency, and increase the risk of
failure.

Another important design requirement is reliability. Wind turbines often operate in
remote locations, offshore environments, or harsh weather conditions where maintenance
can be difficult and expensive. Electrical components must therefore be designed to
withstand temperature variation, humidity, vibration, dust, lightning, grid disturbances, and
continuous load changes. Insulation systems, grounding arrangements, surge protection,
fault protection, and monitoring devices are all essential for safe and reliable operation. A
failure in the electrical subsystem can stop the turbine completely, leading to lost energy
production and higher maintenance costs. Electrical design also strongly affects grid
compatibility which is related to grid reliability. The electricity generated by a wind turbine
must meet grid requirements for voltage, frequency, power factor, synchronization, and
power quality. Since wind speed changes continuously, the turbine’s electrical output can
fluctuate. Power electronics help manage these fluctuations by controlling voltage and
frequency and enabling variable-speed operation. This allows the turbine to capture more



energy at different wind speeds while still delivering stable electrical power. In modern
wind turbines, electrical design is therefore not only about producing electricity but also
about producing electricity that is safe, stable, controllable, and acceptable for grid
connection.

In summary, electrical design is central to energy production because it influences
how much power the turbine can generate, how safely it can operate, how efficiently it can
deliver energy, and how reliably it can remain connected to the grid. A strong electrical
design increases turbine availability, reduces downtime, improves power quality, and
supports the long-term economic performance of wind energy systems.



2 Fundamental Principles of Electricity Generation

Electrical generation in a wind turbine is based on electromechanical energy
conversion, where mechanical power captured by the blades is transferred through the
drivetrain and converted into electrical power by the generator (see Figure 4.1). The
generator is presented as a reversible electromechanical machine: the same physical
machine can operate as a motor, converting electrical power into mechanical rotation, or
as a generator, converting mechanical shaft power into electrical output. For wind turbines,
the generator operates in the second mode. The aerodynamic system produces torque at the
rotor, the mechanical system transmits this torque to the generator shaft, and the generator
converts the rotating mechanical input into voltage and current through electromagnetic
interaction (see Figure 4.2). In this section, three main machine families used for this
conversion: DC machines, synchronous machines, and induction machines, with induction
generators being especially common in wind applications because of their rugged
construction, lower maintenance needs, and absence of brushes or separate DC field
excitation.

Figure 4.2: Cross-section of the electrical machine stator and rotor.

The basic physical structure of a rotating electrical generator consists of two main
electromagnetic members: the stator, which is stationary, and the rotor, which rotates inside
the stator. These two parts are separated by a narrow air gap, which is one of the most
important regions in the machine because the useful electromagnetic coupling occurs
across it. Both stator and rotor contain magnetic iron cores with high permeability, allowing
magnetic flux to travel through the machine with relatively low magnetizing effort.

6



Conductors are placed either in slots distributed around the core surface or wound around
salient magnetic poles. The magnetic flux produced by one member links with conductors
in the other member, and the interaction between magnetic flux and electric current
produces electromagnetic force, torque, and power conversion. In generator operation, this
interaction opposes the applied mechanical torque according to Lenz’s law, meaning that
mechanical input power is required to sustain electrical output power.

The theoretical basis of voltage generation is Faraday’s law of electromagnetic
induction:

__49
€=~ 4.1)

where e is the induced voltage and ¢ is the magnetic flux linkage. The negative sign
represents Lenz’s law!, which states that the induced voltage and current act in a direction
that opposes the change in flux that produced them. In a rotating machine, the change in
flux linkage occurs because the rotor conductors move relative to the magnetic field, or
because the magnetic field rotates relative to the rotor conductors. Therefore, voltage is
induced whenever there is relative motion between conductors and magnetic flux. The
magnitude of the induced voltage increases with the rate of change of flux linkage, which
depends on magnetic flux strength, rotational speed, winding turns, and machine geometry.

In wind turbine generators, the magnetic field may be created in different ways
depending on the generator type.

* In a DC machine, ficld excitation may be provided by field windings or permanent
magnets, and mechanical commutation or electronic rectification is used to obtain DC
output. Conventional DC machines use brushes and commutators, which increase
maintenance requirements and reduce reliability. Modern small wind systems may use
permanent-magnet brushless DC machines, where the rotor carries permanent magnets
and the stator carries the armature winding; the generated AC is then rectified
electronically.

* In a synchronous generator, the rotor magnetic field rotates at the same speed as the
stator magnetic field. The rotor usually requires DC excitation or permanent magnets.
Synchronous generators can control voltage and reactive power more directly, but they
are less naturally suited to variable-speed wind operation unless used with power
electronic converters.

* In an induction generator, the magnetic field is produced by AC excitation in the
stator, and currents are induced in the rotor by relative motion between the rotating

! Lenz's law states that the direction of the electric current induced in a conductor by a changing magnetic field
is such that the magnetic field created by the induced current opposes changes in the initial magnetic field. It is named
after physicist Heinrich Lenz, who formulated it in 1834.
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magnetic field and the rotor conductors. This makes the induction machine
mechanically simple and electrically robust, which explains its extensive use in wind
farms (see Figure 4.3).

ROTATING
MAGNETIC
FIELD

Figure 4.3: Squirrel-cage rotor of the induction machine under rotating magnetic field.

The induction generator principle is especially important for wind turbines. In a three-
phase induction machine, the stator contains three phase windings physically displaced
around the stator. When supplied by a balanced three-phase AC system, these windings
produce a rotating magnetic field. The speed of this rotating magnetic field is called the
synchronous speed and is given by:

_ 60f
Ne=—" (4.2)

where N, is synchronous speed in revolutions per minute, f is the electrical frequency, and
p is the number of magnetic pole pairs. This equation shows that for a given grid frequency,
the synchronous speed is determined by the number of poles in the generator. For example,
a machine connected to a 60 Hz grid must operate near 3600 rpm for a two-pole design,
1800 rpm for a four-pole design, and 1200 rpm for a six-pole design. Since wind turbine
rotors usually rotate much more slowly, especially in large turbines, a gearbox or a special
low-speed generator design is often required.

The rotor of a squirrel-cage induction machine (see Figure 4.3) consists of conducting
bars short-circuited by end rings. When the stator rotating magnetic field sweeps past these
rotor bars, it induces rotor voltage according to Faraday’s law. Since the rotor bars are
short-circuited, the induced voltage produces rotor current. The interaction between the



stator magnetic flux and the rotor current produces electromagnetic torque. This torque can
be represented theoretically as:

T = K®I,cos ¢, (4.3)

where T is electromagnetic torque, K 1s a machine constant, ® is the amplitude of the stator
flux wave, I, is the rotor current, and ¢, is the phase angle between the rotor induced
voltage and rotor current. This relation shows that torque production depends not only on
flux and current magnitudes, but also on their phase relationship. In other words, useful
electromechanical conversion requires an active component of rotor current that interacts
effectively with the air-gap flux.

The concept of slip is central to induction generator theory. Slip describes the relative
speed between the rotating stator magnetic field and the mechanical rotor speed:

_Ns_Nr

5 N, (4.4)

where sis slip, Ng is synchronous speed, and N, is rotor mechanical speed. In motor
operation, the rotor speed is slightly below synchronous speed, so slip is positive. In
generator operation, the wind turbine drives the rotor above synchronous speed, so slip
becomes negative. This negative-slip condition reverses the direction of rotor current and
electromagnetic torque, allowing mechanical shaft power from the turbine to be converted
into electrical power delivered to the stator terminals and then to the load or grid. Thus, an
induction generator connected directly to the grid must normally operate at super-
synchronous speed, meaning slightly above synchronous speed.

From an energy-conversion viewpoint, the induction machine behaves similarly to a
transformer with a moving secondary winding. The stator acts like the primary winding,
while the rotor behaves like a short-circuited secondary winding. However, unlike a
stationary transformer, the relative motion between stator field and rotor conductors
modifies the frequency, current, and power conversion behavior in the rotor circuit. The
mechanical speed determines slip, slip determines rotor frequency and rotor current, and
rotor current determines electromagnetic torque and converted power. This is why
generator speed, torque, current, heating, and electrical output are tightly coupled in wind
turbine operation.

The theoretical performance of the induction generator is commonly analyzed using
an equivalent circuit, as shown in Figure 4.4.
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Figure 4.4: Equivalent electrical circuit of induction machine for performance calculations.

In this model, R; and X; represent stator resistance and leakage reactance, while R,
and X, represent rotor resistance and leakage reactance referred to the stator side. The
magnetizing branch, represented by X,, and R,,, accounts for the magnetic flux required
for operation and core losses such as hysteresis and eddy-current losses. The slip-dependent
term R, (1 — s)/s represents the part of the rotor circuit associated with electromechanical
energy conversion. This term is fundamental because it links electrical circuit behavior to
mechanical power conversion. The converted electromechanical power in a three-phase
induction machine can be expressed as:

(1-s)
Pem = 313Ry —— (4.5)

This expression shows that converted power depends on rotor current, rotor resistance,
and slip. When slip is zero, the rotor moves synchronously with the stator field, no relative
motion exists, rotor current tends toward zero, and no electromechanical conversion
occurs. When the machine operates as a generator, slip is negative, indicating that
mechanical power is being supplied to the shaft and electrical power is delivered from the
stator terminals. Consequently, the generator torque is obtained from the converted power
divided by angular speed:

Tem = (4.6)
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where T,,, 1s electromagnetic torque and w is rotor angular speed. This relationship is
important in wind turbines because the generator does not simply “produce electricity”; it
also applies an electromagnetic counter-torque to the drivetrain. The wind turbine control
system can therefore regulate power capture by controlling generator torque, either directly
through power electronics in variable-speed systems or indirectly through grid-coupled
generator characteristics in fixed-speed systems. A stable balance must exist between
aerodynamic torque from the blades and electromagnetic torque from the generator. If
aerodynamic torque exceeds generator torque, the rotor accelerates; if generator torque
exceeds aecrodynamic torque, the rotor decelerates (see Figure 4.5).

<&— Breakdown torque

Generator
operation

Braking

Torque
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Slip ——»

Figure 4.5: Torque versus speed characteristic of the induction machine in three operating modes.

The torque-speed characteristic of the induction machine explains its operating modes.
At positive slip, the machine operates as a motor and converts electrical input power into
mechanical output. At negative slip, the machine operates as a generator and converts
mechanical input power into electrical output. At very large slip or reverse rotation, the
machine may operate in a braking region, where mechanical energy is absorbed and
dissipated mainly as heat. In wind turbine operation, the stable generating region is
especially important: the generator must operate below its breakdown torque limit. If the
turbine applies torque beyond the generator’s stable capability, the machine may become
unstable, draw excessive current, overheat, and require protective disconnection.
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Technical Note 1

For grid-connected induction generators, the grid plays two major roles. First, it fixes
the operating frequency, so generator electrical frequency is locked to grid frequency.
Second, it supplies the reactive magnetizing current needed to establish the air-gap flux.
This is why induction generators are simple and robust but may require reactive power
support, especially in weak grids. In stand-alone operation, the same magnetizing
requirement must be supplied locally, commonly through shunt capacitors connected at
the generator terminals. Without sufficient excitation, the induction generator cannot
build or sustain terminal voltage. Therefore, voltage generation is not only a matter of
mechanical rotation, it also requires magnetic excitation and a proper reactive power
balance.

In summary, electricity generation in wind turbines is governed by the interaction of
mechanical rotation, magnetic flux, induced voltage, rotor/stator current, slip, and
electromagnetic torque. Mechanical wind power drives the generator shaft; relative motion
between magnetic fields and conductors induces voltage; induced or supplied currents
interact with magnetic flux to produce electromagnetic torque; and the balance between
turbine torque and generator torque determines the operating point. Chapter 6 shows that
the induction generator is particularly suitable for wind energy because it is rugged,
brushless, relatively low-cost, and capable of converting turbine mechanical power into
grid-deliverable electrical power when operated above synchronous speed. Its theoretical
behavior is best understood through Faraday’s law, synchronous speed, slip, equivalent-
circuit modeling, and torque-speed characteristics.
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3 Common Generator Configurations in Wind Turbines

Wind turbine generator configurations are selected according to the required operating
speed range, grid-connection method, turbine size, mechanical drivetrain design, reliability
target, and cost. This section covers DFIG, PMSG, direct-drive versus geared systems, and
the advantages and limitations of each configuration. Generator-drive selection is central
to wind turbine design because the turbine rotor usually rotates much more slowly than a
conventional electrical generator. Therefore, most wind systems require either a gearbox
to increase the generator speed, or a specially designed low-speed generator that can
operate directly at turbine speed.

3.1 Doubly-Fed Induction Generator (DFIG)

A Doubly-Fed Induction Generator (DFIG) is a wound-rotor induction generator in
which the stator is connected directly to the grid while the rotor is connected to a variable-
frequency power electronic converter through slip rings (see Figure 4.6). This arrangement
is described under the Scherbius variable-speed drive, also called a doubly-fed induction
machine, because electrical power is exchanged through both the stator and rotor circuits.
The stator delivers power at grid frequency, while the rotor circuit receives or delivers slip-
frequency power depending on operating speed. By injecting a controlled voltage into the
rotor at the required slip frequency, the machine speed can be varied while the stator
remains synchronized with the grid.

Rotor

Power
Gearbox Generator System

Figure 4.5: Scherbius adjustable-speed drive system injects variable-frequency voltage in the wound
rotor circuit.

The theoretical basis of DFIG operation is the induction-machine slip principle. In a
conventional induction generator, the rotor must rotate slightly above synchronous speed
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to deliver power to the grid. The slip was defined in Eq. (4.4). In generator operation, N,. >
N;, so slip becomes negative. Higher slip produces higher rotor current and greater
electromechanical energy conversion, but also increases rotor losses and cooling
requirements. In a DFIG, the rotor-side converter deliberately controls this slip behavior.
Instead of allowing the generator to operate only within the narrow natural slip range of a
fixed-speed induction generator, the converter imposes the rotor current magnitude,
frequency, and phase angle needed for variable-speed energy capture.

Technical Note 2

The DFIG configuration is attractive because the power converter does not usually process
the full generator output power; it processes mainly the slip power flowing through the
rotor circuit. This can reduce converter size, cost, and losses compared with full-converter
systems. The DFIG therefore gives many benefits of variable-speed operation while
retaining a relatively compact converter. Variable-speed operation is important because
the turbine rotor power coefficient reaches its maximum only at an optimum tip-speed
ratio; if wind speed changes and rotor speed remain fixed, the turbine no longer operates
at maximum aerodynamic efficiency. It must be emphasized that changing generator speed
with wind speed allows higher annual energy capture.

3.2 Permanent Magnet Synchronous Generator (PMSG)

A Permanent Magnet Synchronous Generator (PMSG) uses permanent magnets on the
rotor to create the excitation field, while the stator contains the armature windings in which
voltage is induced. Unlike a wound-field synchronous generator, the PMSG does not
require a separate DC excitation winding, field current supply, slip rings, or brushes for
rotor excitation. This makes it attractive for wind turbine applications where reduced
maintenance and high reliability are major design goals.

Permanent-magnet machines in are discussed in two relevant contexts. First, for small
wind systems, permanent-magnet generator arrangements can simplify operation,
especially where local DC output or rectified output is acceptable. Second, in the discussion
of direct-drive systems, permanent-magnet and wound-rotor synchronous machines as
possible solutions for low-speed, high-pole-count direct-drive generators. This is the
theoretical basis for using PMSGs in modern direct-drive wind turbines: the permanent
magnets supply the air-gap flux without rotor copper losses, while the large number of
poles allows electrical frequency to be produced at low mechanical speed. A PMSG
produces an electrical frequency proportional to mechanical speed and pole number
according to Eq. (4.2).

In a direct-grid synchronous generator, this relationship would force the rotor to
operate at fixed synchronous speed. However, wind speed varies continuously, so a PMSG
used in modern variable-speed turbines is normally connected to the grid through a full-
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scale power electronic converter. The generator-side converter rectifies or controls the
variable-frequency output, while the grid-side inverter produces fixed-frequency AC
compatible with the electrical network. It has been described that the general variable-
speed constant-frequency concept as converting generator output of variable voltage and
variable frequency into fixed-voltage, fixed-frequency power using power electronics (see
Figure 4.6).

Grid

Inverter

DC —Y)

AC |~

Generator Side Grid Side
. Control System Control System
Wind

Turbine

Figure 4.6: Variable-speed constant-frequency wind power system schematic.

Thus, PMSG systems are highly efficient and mechanically attractive, especially for
variable-speed and direct-drive turbines, but they require careful converter design, thermal
design, magnetic design, and cost evaluation.

3.3 Direct-Drive versus Geared Systems

The choice between direct-drive and geared generator systems is one of the most
important drivetrain decisions in wind turbine electrical design. A wind turbine rotor
normally rotates at low speed: large MW-class rotors may operate at only a few tens of
revolutions per minute. Conventional electrical generators, especially grid-frequency
induction generators, operate efficiently at much higher speeds. As examples of grid-
connected induction generator speeds: above 3600 rpm for a two-pole 60 Hz machine, 1800
rpm for a four-pole machine, and 1200 rpm for a six-pole machine. This mismatch explains
why a gearbox is normally used between the rotor and generator.

In a geared system, the wind turbine rotor drives a gearbox, and the gearbox steps up
the low rotor speed to a higher generator speed. This allows the use of smaller, lighter,
higher-speed generators. Fixed-speed induction-generator turbines traditionally used this
arrangement because the induction generator naturally operates near synchronous speed.
Patel explains that fixed-speed operation fits well with the induction generator, but the
turbine speed is low and the generator works more efficiently at high speed; therefore,
speed matching is achieved by mechanical gearing.
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The main advantage of the geared system is that the generator can be smaller, less
expensive, and based on well-established induction-machine or synchronous-machine
technology. It also allows designers to select gear ratios to match the turbine’s aerodynamic
characteristics with the generator’s electrical characteristics.

Technical Note 3

The gearbox introduces losses, mechanical wear, lubrication requirements, vibration,
acoustic noise, and maintenance needs. It is explicitly stated that the mechanical gear
somewhat degrades efficiency and reliability. Gearbox failures are also expensive because
the gearbox is located in the nacelle, where access and replacement are difficult.

In a direct-drive system, the generator is coupled directly to the turbine rotor without
a gearbox. This requires the generator to operate at the same low speed as the rotor. To
produce the required electrical frequency at low speed, the machine must have many poles
or use power electronics to decouple generator frequency from grid frequency. Patel
describes direct drive as “extremely attractive” because it eliminates the mechanical gear
and can reduce noise, vibration, power loss, and nacelle servicing.

The limitation is that low-speed direct-drive generators must be physically large and
electromagnetically complex. A large number of poles means short pole pitch, which can
make magnetic design difficult. Patel notes that permanent-magnet synchronous machines,
wound-rotor synchronous machines, and axial-gap induction machines have been
considered to overcome these limitations in large direct-drive generators. Therefore, direct
drive can improve mechanical reliability but shifts design difficulty into the electrical
machine and converter.
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Table 4.1: Advantages and limitations of each type of generator configurations in wind turbines.

Generator
configuration

Main advantages

Main limitations

Fixed-speed
geared induction
generator

Doubly-Fed
Induction
Generator
(DFIG)

Permanent
Magnet
Synchronous
Generator
(PMSG)

Geared PMSG /
geared full-
converter system

Direct-drive
generator system

Direct-drive
PMSG

Simple and robust design; low generator
cost; widely used and well understood; no
separate DC excitation system; brushless
squirrel-cage construction; relatively low
maintenance for the generator itself.

Allows variable-speed operation;
improves annual energy capture compared
with fixed-speed systems; uses a partial-
scale converter, so converter cost and
losses are lower than full-converter
systems; stator can be connected directly
to the grid.

High efficiency due to elimination of rotor
excitation losses; no rotor field winding,
brushes, or external DC excitation;
suitable for variable-speed operation;
works well with full power converters;
attractive for direct-drive turbines.

Smaller and lighter generator than direct-
drive designs; variable-speed operation
possible; permanent magnets improve
efficiency; gearbox allows generator to
operate at higher speed; full converter
gives good grid-interface control.

Eliminates gearbox; reduces gearbox-
related losses, vibration, noise,
lubrication, and maintenance; improves
mechanical reliability; attractive for large
turbines and offshore applications where
maintenance access is difficult.

Combines gearbox elimination with high-
efficiency permanent magnet excitation;
no gearbox and no rotor excitation losses;
good variable-speed performance; reduced
mechanical maintenance; strong option for
modern large wind turbines.

Limited speed flexibility; does not capture
maximum aerodynamic power over a wide
wind-speed range; depends on gearbox
speed matching; gearbox adds mechanical
losses, noise, vibration, lubrication needs,
and maintenance requirements.

Requires wound rotor and slip rings; slip
rings increase maintenance needs; control
and protection are more complex; speed
range is limited compared with full-
converter systems; sensitive to grid
disturbances because the stator is directly
grid-connected.

Usually requires a full-scale power
converter; converter cost, losses, cooling,
and harmonic filtering must be considered;
permanent magnet materials increase cost;
risk of magnet temperature sensitivity or
demagnetization; large direct-drive PMSGs
can be heavy and expensive.

Still depends on gearbox, so mechanical
wear and maintenance remain; full
converter must process all generated
power; higher converter cost than DFIG;
more complex electrical control than fixed-
speed induction systems.

Generator must operate at very low speed,
requiring many poles and large diameter;
machine can be heavy and costly;
electromagnetic and structural design are
more complex; usually requires full-scale
power electronics for grid-compatible
operation.

Large generator size and weight; high
permanent magnet cost; full-scale converter
required; thermal management is important;
manufacturing and transportation can be
challenging for very large machines.
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4 FElectrical Components Overview

The electrical components of a wind turbine form the practical power-delivery path
between the generator terminals and the external electrical network. After mechanical
energy is converted into electrical energy by the generator, the produced power must be
conditioned, transmitted, switched, protected, and finally delivered to the wind farm
collection system or utility grid. In a complete wind turbine electrical system, the generator
and power converter are only part of the structure; transformers, power cables, switchgear,
grounding equipment, circuit breakers, relays, surge arresters, and fault-protection devices
are equally important for safe and reliable energy production. The course syllabus identifies
transformers, cables, switchgear, and protection systems as the main components in this
part of the electrical structure, with emphasis on voltage step-up, power transmission inside
the turbine and toward the grid, and protection against overcurrent, grounding faults, and
other abnormal conditions.

4.1 Transformers: Voltage Step-Up for Grid Connection

The transformer is one of the most important electrical components in the wind turbine
power path (see Figure 4.1). The generator typically produces electricity at a relatively low
or medium voltage, depending on the turbine rating and generator design. However,
transmitting large amounts of power at low voltage would require high current. High
current increases conductor losses according to P, = IR where P, is resistive power
loss, I is current, and R is conductor resistance. Therefore, for the same transmitted power,
increasing voltage reduces current and reduces cable losses. This is the main reason wind
turbines use transformers to step up voltage before power is transmitted through the tower,
collection system, substation, or grid interconnection point.

In a wind turbine, the transformer may be located inside the nacelle, inside the tower
base, beside the tower, or in a nearby pad-mounted enclosure, depending on turbine design
and maintenance strategy. Its primary function is to match the generator-side or converter-
side voltage to the required voltage level of the wind farm collection network. For example,
the generator or converter may operate at a lower voltage level, while the collection system
may operate at a medium-voltage level suitable for transmitting power from many turbines
to a substation. At the wind farm level, a larger substation transformer may then step up
the voltage again for transmission to the utility grid (see Figure 4.7). Thus, wind farms are
electrical infrastructure as including collection systems, substations, transformers,
transmission lines, voltage levels, and interconnection requirements.
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Figure 4.7: Voltage step-up transformers configuration in wind farms.

From a theoretical point of view, the transformer transfers AC power through
electromagnetic induction. The voltage ratio is approximately equal to the turns ratio:

V, N
V., N (4.7)

where V; and V, are primary and secondary voltages, and N; and N, are the corresponding
winding turns. In step-up operation, the secondary winding has more turns than the primary
winding, so the output voltage is higher than the input voltage. Ideally, power is conserved
as

Vil = V1, (4.8)

Therefore, when voltage increases, current decreases. This is essential in wind turbine
systems because lower current reduces conductor size, thermal stress, voltage drop, and
resistive losses. Transformer design must also consider efficiency, insulation level, thermal
loading, harmonics, fault current, and environmental exposure. In converter-based wind
turbines, current and voltage waveforms may contain harmonic components. Harmonics
do not deliver useful power but increase I?°R heating in generators, motors, and
transformers, making transformer thermal design important in renewable power systems.

4.2 Cables and Switchgear: Power Transmission Within the Turbine and to
the Grid
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4.2.1 Cables

Cables form the physical electrical connection between the generator, converter,
transformer, switchgear, tower base, wind farm collection system, and grid interface. Inside
the nacelle, cables carry power from the generator to the converter or transformer. Down
the tower, flexible and fixed cable sections transmit power to the base electrical cabinet or
transformer. Outside the turbine, underground or overhead collection cables transmit power
from individual turbines to the wind farm substation. The cable system must therefore be
designed for current rating, voltage insulation, thermal conditions, mechanical movement,
electromagnetic compatibility, and fault withstand capability.

Technical Note 4

Cable sizing is not only a matter of carrying rated current. It must also account for voltage
drop, thermal rise, short-circuit current, installation method, ambient temperature,
grouping of cables, and losses during continuous operation. In wind turbines, cable routing
is technically challenging because the nacelle yaws to follow wind direction. This means
some power and control cables must tolerate twisting, bending, and vibration. The tower
cable system must be mechanically supported to prevent fatigue, insulation damage, and
excessive stress on terminals.

At the wind farm level, the collection cable network behaves as part of the grid
interface. Its resistance and reactance contribute to voltage regulation, power loss, and fault
behavior. The interconnecting line between a renewable power site and the utility grid
introduces operating limits through voltage regulation and maximum power transfer
capability. The line impedance affects voltage drop, loading behavior, and grid interaction.
In practical wind turbine electrical design, this means cable length, conductor cross-
section, voltage level, and network layout directly influence both efficiency and power
quality.

4.2.2 Switchgears

Switchgear is used to connect, disconnect, isolate, and protect electrical circuits. In a
wind turbine, switchgear may include disconnect switches, contactors, load-break
switches, fuses, circuit breakers, earthing switches, and medium-voltage panels. The
switchgear allows safe operation during start-up, shutdown, maintenance, fault isolation,
and emergency disconnection. It also enables the turbine to be electrically separated from
the collection network when maintenance personnel are working on the system.

Switchgear must be rated for normal current, voltage, switching duty, short-circuit
current, insulation level, and environmental conditions. In the event of a fault, circuit
breakers must interrupt current before cables, transformers, or generators exceed their
thermal and mechanical limits. In a wind farm with many turbines, switchgear also helps
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isolate one faulty turbine without disconnecting the entire plant. This improves availability
and reduces energy loss (see Figure 4.7, where CBs are responsible for such actions).

4.3 Protection Systems: Overcurrent, Grounding, and Fault Protection

Protection systems are required to keep the wind turbine, grid, and personnel safe
during abnormal electrical conditions. A wind turbine may experience overcurrent, short
circuit, ground fault, insulation failure, lightning surge, converter fault, transformer fault,
cable fault, grid voltage sag, frequency deviation, overheating, and loss of grid connection.
The protection system must detect these events quickly and either disconnect the affected
component or command the turbine control system to shut down safely.

Overcurrent protection is used when current exceeds the safe operating limit of a
component. Overcurrent may occur due to short circuits, overloads, converter malfunction,
transformer faults, cable insulation failure, or abnormal generator operation. Protection
devices such as fuses, circuit breakers, and protective relays interrupt the current before
excessive heating or electromagnetic forces damage the equipment. Since heating is
proportional to I?R, even a short-duration high current can create severe thermal stress. In
medium-voltage systems, protection coordination is required so that the nearest protective
device operates first, isolating only the faulty section.

Grounding is another fundamental part of wind turbine protection. The grounding
system provides a low-impedance path for fault current and lightning current to flow safely
into the earth. It also stabilizes system voltage with respect to ground and reduces touch
voltage and step voltage hazards for personnel. In a wind turbine, grounding connects the
nacelle frame, tower structure, generator frame, transformer tank, converter cabinet,
switchgear enclosure, cable shields, lightning receptors, and foundation grounding
network. Proper equipotential bonding is essential because lightning and fault currents can
create dangerous voltage differences between metallic parts.

Ground-fault protection detects current flowing from live conductors to ground. This
can happen when insulation fails in a generator winding, cable, transformer, converter, or
switchgear component. A ground fault may begin as a small leakage current but can
develop into a serious fault if not detected. Ground-fault relays, residual-current sensors,
insulation monitoring devices, and neutral grounding arrangements are used to identify and
isolate these faults. The advanced electrical structure syllabus also identifies ground fault
protection, overcurrent and short-circuit protection, surge protection, relay coordination,
and circuit breakers as key wind turbine protection topics.

Fault protection is especially important during grid disturbances. Patel explains that
renewable systems connected to the utility grid must disconnect safely under certain
conditions, including grid outage, abnormal frequency, or emergency disconnection. The
book highlights that grid-connected renewable systems must avoid feeding power into a

21



dead utility line because this can endanger repair crews. It also discusses the possibility of
self-excitation in induction generators if capacitors or line capacitance remain connected,
which makes protection design important after grid disconnection.

Lightning and surge protection are also critical because wind turbines are tall,
exposed structures. The protection system must guide lightning current through a planned
path rather than allowing it to pass through bearings, generator windings, converter circuits,
transformer insulation, or control electronics. Surge arresters, spark gaps, shielded cables,
grounding conductors, bonding straps, and proper insulation coordination are used to
reduce damage. Patel notes that lightning protection minimizes mechanical and thermal
damage to blades and electrical systems, and that generator and transformer insulation
levels must be selected according to lightning risk.
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Session Summary

This session introduced the main electrical structure of wind turbines, focusing on how
mechanical rotation from the rotor and drivetrain is converted into usable electrical power.
Learners studied the electrical subsystem as an integrated energy-conversion pathway that
includes the generator, converter, transformer, cables, switchgear, protection devices,
sensors, cooling systems, insulation systems, and control units. The session also explained
the interaction between mechanical, electrical, and control systems, showing how wind
speed, rotor speed, generator torque, voltage, current, frequency, vibration, temperature,
and power output must be monitored and coordinated to ensure stable and efficient turbine
operation. Figure 4.1 in the course clearly illustrates this interaction by showing the rotor,
gearbox, generator, converter, transformer, circuit breaker, surge protection device,
sensors, and control cabinet inside the turbine nacelle.

The session also covered the fundamental principles of electricity generation, including
electromagnetic induction, Faraday’s law, Lenz’s law, synchronous speed, slip, equivalent-
circuit modeling, and torque-speed behavior of induction machines. Learners examined
common wind turbine generator configurations such as fixed-speed induction generators,
DFIG systems, PMSG systems, geared systems, direct-drive systems, and full-converter
arrangements, including their major advantages and limitations. The final part of the
session focused on practical electrical components such as step-up transformers, power
cables, switchgear, grounding systems, overcurrent protection, fault protection, and surge
protection. By the end of the session, learners should understand how wind turbine
electrical systems convert, condition, protect, and deliver energy to the grid while
maintaining efficiency, reliability, power quality, and operational safety.
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Power electronics in wind energy generation

Learning Objectives

Explain the basic role of power electronics in wind energy systems and their
function in electrical energy conversion, power control, and grid connection.

Identify the key power electronic components used in wind turbines, including
rectifiers, inverters, converters, switching devices, and DC-link components, and
explain their roles in wind power generation.

Introduce the common applications of power electronics in different wind turbine
configurations and understand the main wind energy system types based on power
electronic interfaces.

Describe the basic electrical energy conversion process in wind turbines, including
AC-DC-AC conversion, energy flow, and the interface between the generator and
the electrical grid.

Understand basic control concepts used in power electronic systems, including
switching and modulation principles, and basic voltage and frequency control
methods.

Abstract

This session, “Power electronics in wind energy generation” introduces the essential
power electronic technologies that enable modern wind turbines to operate efficiently and
reliably. Learners will explore how electrical output from wind generators is conditioned,
regulated, and delivered to the utility network under varying operating conditions. The
course discusses the main power electronic devices, including rectifiers, inverters,
converters, and switching devices used to manage power flow and support turbine
performance. Different turbine architectures and their operational characteristics will also
be presented to show how electronic systems improve energy capture and operational
flexibility. In addition, the session provides simple control concepts related to switching,
voltage regulation, and frequency control.



1 Introduction to Power Electronics in Wind Energy

1.1 Overview of power electronic

Power electronics (PE) is an important technology used in modern electrical and
energy systems. During the last few decades, it has developed rapidly due to advances in
semiconductor devices and microprocessor technology. These developments have
improved the performance, speed, and control capability of electronic systems while
reducing their size and cost. As a result, power electronics is now widely used in renewable
energy systems, industrial equipment, motor drives, and electric power applications.

The main function of power electronics is to control and convert electrical energy
efficiently using electronic switching devices. It enables processes such as converting AC
power to DC power, converting DC back to AC, and controlling voltage and frequency
levels. Three major factors are important when designing and operating power electronic
systems: reliability, efficiency, and cost. Reliability is essential because power electronic
systems often operate continuously under varying electrical and environmental conditions.
Efficiency is also critical since energy losses in conversion systems reduce overall system
performance and increase heat generation. In addition, the cost of power electronic devices
has continuously decreased over time, making these systems more affordable and
accessible for many applications, especially in renewable energy technologies such as wind
and solar power. The rapid growth of power electronics has mainly been driven by the
development of advanced semiconductor switching devices. Modern semiconductor
devices such as IGBTs provide easier control, faster switching, and improved performance,
making them highly suitable for high-power applications including modern wind turbines.

1.2 Role of power electronic in wind energy systems

As it can be seen, in recent years, advancements in power electronics have significantly
improved the performance of modern wind turbine systems. These technologies not only
help reduce mechanical stress on turbine components and improve energy capture
efficiency, but also allow wind turbines to operate as controllable generation units that can
be more effectively integrated into the electrical power grid.

1.2.1 Wind energy conversion system

A wind energy conversion system consists of several mechanical and electrical
components that work together to convert wind energy into electrical power. The main
components include the turbine rotor, gearbox, generator, transformer, power electronic
converter, and grid connection system, as illustrated in Figure 5.1.
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Figure 5.1: The overview of the main mechanical components of wind turbines.

The turbine blades capture the kinetic energy of the wind and convert it into rotating
mechanical energy. Since wind speed is naturally variable, the rotational speed of the
turbine rotor also changes continuously. In large wind turbines, the rotor rotates at a
relatively low speed; therefore, a gearbox 1s commonly used to increase the rotational speed
to a suitable level for the generator. In some modern systems with multipole generators,
the gearbox may be eliminated. The generator converts the mechanical power into
electrical power. The generated electricity is then transferred through a transformer and
power electronic converter before being supplied to the electrical grid. The transformer
increases the voltage level for efficient transmission and helps reduce electrical losses.
Protection devices, circuit breakers, and monitoring systems are also included to ensure
safe and reliable turbine operation.

Because wind energy is fluctuating by nature, the electrical output of the wind turbine
is also variable. Therefore, modern wind energy systems require advanced control and
conversion systems to regulate power production, maintain stable operation, and satisfy
grid connection requirements.

1.2.2 Importance of power electronics in wind energy systems

Power electronics has become an essential technology in modern wind turbines. Earlier
wind turbines operated mainly at fixed speed and were directly connected to the electrical
grid. However, as wind energy systems developed and grid requirements became more
demanding, power electronics became necessary to improve turbine performance,
controllability, and power quality. The main role of power electronics in wind turbines is
to control and condition the generated electrical power before it is delivered to the grid.
Power electronic converters regulate the voltage, frequency, and power flow of the
generated electricity so that the turbine output matches grid requirements even under
continuously changing wind conditions. In modern wind turbines, the power converter is
usually located between the generator and the transformer and acts as an interface between
the wind turbine and the electrical network. In this regard, the power electronic convertors
to strong features are described as follows:



e Frequency control: One of the most important advantages of power electronics
is the ability to control generator frequency independently from grid frequency.
This feature enables variable-speed turbine operation, allowing the turbine rotor
speed to change according to wind conditions. As a result, the turbine can
extract more energy from the wind and operate more efficiently. In addition,
variations in wind speed can be absorbed through rotor speed changes, which
helps reduce mechanical stress on the gearbox and improves the lifetime of
turbine components.

e Power plant characteristic: Power electronics also gives modern wind
turbines characteristics similar to controllable power plants. Through converter
control, the active and reactive power delivered to the grid can be regulated
according to system requirements. This improves voltage stability, supports
weak grids, and enhances the overall integration of wind farms into the power
system. In addition, power electronic converters improve power quality by
reducing flicker effects and filtering low-order harmonics generated during
turbine operation.

The continuous development of semiconductor devices and converter technologies has
significantly improved the performance and reliability of wind energy systems. Today,
modern variable-speed wind turbines equipped with full-scale power converters are widely
used in large wind farms because they provide higher efficiency, improved controllability,
and better grid compatibility.

Technical Note 1

In variable-speed wind turbines, the rotational speed of the generator is allowed to vary
with changing wind speed. Since the generator frequency also changes with rotor speed,
power electronic converters are used to convert the variable-frequency electrical output
into a stable grid-frequency output before supplying power to the electrical network.

In summary, Power electronics is a key technology in modern wind energy systems
and plays an essential role in converting, controlling, and delivering electrical power from
wind turbines to the grid. A wind energy conversion system includes mechanical and
electrical components such as the rotor, gearbox, generator, transformer, and power
electronic converter, which work together to convert wind energy into usable electrical
energy. Because wind speed and generated power continuously vary, power electronic
systems are required to regulate voltage, frequency, and power flow while maintaining
stable and reliable operation.



2 Key Power Electronic Components in Wind System

Power electronic components are the main building blocks of modern power
conversion systems used in wind turbines. These components are responsible for
converting, controlling, and regulating electrical energy between the generator and the
electrical grid. In wind energy applications, power electronic systems improve energy
conversion efficiency, support variable-speed operation, and help maintain stable voltage
and frequency levels during changing wind conditions.

Modern power electronic systems are mainly based on semiconductor switching
devices. Continuous developments in semiconductor technology have increased the
voltage and current handling capability of these devices while reducing losses, improving
reliability, and lowering system cost. Today, power converters used in wind turbines are
more compact, efficient, and controllable than earlier systems. A typical power electronic
system in a wind turbine consists of several important components, including rectifiers,
inverters, switching devices, and DC-link circuits. These components operate together to
convert the variable electrical output of the generator into a stable electrical output suitable
for grid connection.

2.1 Diodes and switching devices

Diodes are among the simplest and most widely used semiconductor devices in power
electronics. A diode allows electrical current to flow only in one direction while blocking
current in the opposite direction. Because of this property, diodes are mainly used for
rectification processes and they are not controllable.

Switching devices are semiconductor components used to control the flow of electrical
power in power electronic systems. These devices operate by rapidly turning electrical
current ON and OFF, allowing efficient control of voltage, current, and power flow. These
elements are divided in semi- and full-controllable switches. Different switching devices
are used in power electronics, including thyristors, metal oxide semiconductor field effect
transistor (MOSFET), bipolar junction transistor (BJT), gate turn off (GTO), and Insulated
Gate Bipolar Transistor (IGBT). The Thyristors or semi-controllable switches which are
grid-commutated components latched on by a control signal but must be turned off by the
power circuit. A thyristor consumes inductive reactive power and it is not able to control
the reactive power. Controllable switches, also called self-commuted converter systems,
are turned ‘on’ and ‘off” by control signals, and are bidirectional. Controllable switches are
able to transfer active power and reactive power in both directions. Among them, the IGBT
is one of the most important and widely used devices in modern wind turbine converters.
The comparison between different switching devices is illustrated in Table 5.1.



Technical Note 2

An IGBT combines the advantages of two transistor technologies: the high input
impedance and fast switching capability of MOSFETs with the high current and voltage
handling capability of bipolar transistors. Because of these features, IGBTs are suitable
for medium- and high-power applications such as wind energy systems. Their fast-
switching capability allows accurate control of electrical power and supports advanced
converter control methods such as Pulse Width Modulation (PWM). Modern wind turbine
converters usually contain many IGBTs connected in converter modules to process large
amounts of electrical power efficiently.




Table 5.1: Applications, advantages and disadvantages of different switching devices.

Tower type

Typical applications

Advantages

Disadvantages

Thyristor

GTOs

MOSFET

IGBT

Controlled rectifiers, soft starters,
HVDC transmission systems,
industrial power control

High-power motor drives, traction
systems, large industrial
converters

Switching power supplies, low-
and medium-power converters,
DC-DC converters, electronic
circuits

Wind turbine converters,
renewable energy systems, motor
drives, electric vehicles, industrial
power converters

Simple structure, low cost, high voltage
and current capability, low conduction
losses

Can be turned ON and OFF by gate signal,
suitable for high-power applications, better
controllability than thyristors

Very fast switching speed, simple gate
control, high switching efficiency at low
voltage, suitable for high-frequency
operation

High voltage and current capability, fast
switching, easy controllability, suitable for
medium- and high-power systems

Cannot be turned OFF directly by a control signal,
limited controllability, consumes reactive power and
harmonics.

Complex gate control circuit, slower switching speed,
higher cost and losses compared to modern devices

Lower voltage and current capability for high-power
systems, less suitable for very large power applications

Higher switching losses than MOSFETs, more
expensive than thyristors in some applications




2.2 Rectifier

A rectifier is a power electronic circuit that converts alternating current (AC) into
direct current (DC). In wind energy systems, the electrical power generated by the
generator 1s often converted into DC power before further conversion and control processes
are performed. The rectification stage is therefore an important part of many wind turbine
converter systems. The most common rectifier type is the diode rectifier because of its
simple structure, low cost, and high reliability. However, diode rectifiers allow only one-
directional power flow and provide limited control of voltage and current. More advanced
rectifier systems may use controllable switching devices to improve power control and
system performance. Rectifiers can be single-phase or three-phase depending on the system
configuration. In modern wind turbines, three-phase rectifiers are commonly used because
wind generators typically produce three-phase AC power.

2.3 Inverter

In contrast of rectifier, inverter is a power electronic device that converts direct current
into alternating current. In wind energy systems, after the generated electrical power is
converted into DC form, the inverter converts it back into AC power with the required
voltage and frequency for grid connection. Modern inverters are capable of controlling
both output voltage and output frequency. This controllability allows wind turbines to
supply stable electrical power to the grid even when wind speed and generator speed
continuously change. Inverters also help improve power quality and support grid stability.

Diftferent semiconductor switches can be used in inverter circuits, including thyristors,
GTOs, MOSFETs, and IGBTs. Among these devices, IGBT-based inverters are commonly
used in modern wind turbines because they provide fast switching, good controllability,
and relatively high efficiency. In practical wind energy applications, the inverter is usually
connected to the grid side of the converter system and works together with control circuits
and filters to produce smooth sinusoidal AC output.

2.4 Power converter

A power converter is a general term used for electronic systems that modify electrical
power from one form to another. Power converters are essential in wind energy systems
because the electrical output from the wind generator is variable and cannot usually be
connected directly to the grid. Depending on the type of input and output electrical power,
converters can be classified into several categories:

e AC to DC converters (Rectifiers)

e DC to AC converters (Inverters)

e DC to DC converters (Choppers)

e AC to AC converters (Frequency converters)



Typical diagram of a power converter in wind energy generation system is depicted in
Figure 5.2. In wind turbines, the most common converter arrangement combines a rectifier
and an inverter connected through a DC-link circuit. The generator-side converter
processes the electrical power produced by the generator, while the grid-side converter
controls the power delivered to the grid.

Power converters also contain additional components such as filters, sensors, cooling
systems, and protection circuits. Cooling systems are necessary because semiconductor
devices generate heat during switching operation. Protection systems help prevent damage
during abnormal operating conditions such as overvoltage or excessive rotor speed.
Modern power converters provide several important advantages in wind turbines, including
improved energy capture, reduced mechanical stress, better power quality, and enhanced
grid compatibility.

Generator-side Grid-side converter
converter (rectifier) DC bus (inverter)
« >« P4 >
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Figure 5.2: Power converter configuration in a wind turbine
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2.5 DC-link components

The DC-link is an important intermediate stage located between the rectifier and
inverter in many power converter systems. Its main function is to stabilize the DC voltage
and decouple the operation of the generator-side converter from the grid-side converter.
The DC-link mainly consists of capacitors and sometimes inductors. Capacitors store
electrical energy temporarily and help maintain a stable DC voltage level. They also reduce
voltage fluctuations caused by switching operations and changing power conditions.
Inductors are used to smooth current variations and reduce harmonic components in the
system. Together with capacitors, inductors help improve power quality and reduce
electrical disturbances.

A stable DC-link is very important for proper converter operation because unstable DC
voltage can affect inverter performance and reduce system reliability. Therefore, DC-link
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components are carefully designed to handle the voltage and power levels of the wind
turbine system. In practical systems, filters connected near the DC-link and grid-side
converter are also used to reduce harmonics and improve the quality of the electrical power
supplied to the grid.

In summary, Power electronic components are essential elements in modern wind
turbine systems. Components such as rectifiers, inverters, power converters, switching
devices, capacitors, and inductors work together to convert and control electrical power
efficiently. These components enable stable operation, variable-speed control, improved
power quality, and reliable grid integration in modern wind energy systems. Continuous
improvements in semiconductor and converter technologies have significantly enhanced
the efficiency, controllability, and reliability of wind turbine power electronic systems.
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3 Electrical Energy Conversion and Flow in Wind Turbine

Based on the wind turbine energy conversion process, power conversion in wind
energy systems occurs in two forms: mechanical and electrical. First, the turbine rotor
converts the kinetic energy of the wind into mechanical rotational energy through
aerodynamic principles. Then, the generator converts the mechanical energy into electrical
energy. The overall energy flow in a wind energy system is illustrated in Figure 5.1.

After electrical power is generated, power electronic converters may be used
depending on the wind turbine configuration. In fixed-speed wind turbines, the generator
can be connected directly to the electrical grid. However, modern wind turbines mainly
operate using variable-speed concepts, where power electronic converters play an essential
role in grid integration and power regulation. Therefore, power electronic technology has
become one of the key technologies in modern wind energy systems. In variable-speed
wind turbines, the electrical output produced by the generator is first converted from AC
to DC through a rectification process. Then, the DC power is converted back into AC power
with the required voltage and frequency using an inverter before being supplied to the
electrical grid. This conversion process allows better control of power flow, voltage,
frequency, and overall turbine performance.

3.1 AC and DC fundamentals

Electric current is the movement of electric charge through a conductor such as a wire,
and it is one of the most important concepts in all of electricity and electronics. There are
two fundamental types of current used in practice: direct current (DC) and alternating
current (AC). Both describe how electric charge moves, but they behave in very different
ways and are used for different purposes in real-world systems.

In DC, electrons move continuously in one direction only, from the negative side
toward the positive side in a circuit. This flow does not change direction over time. A
battery is the most common example of a DC source because it provides a stable and
constant voltage. Inside a battery, the energy supplied is DC, which is ideal for electronic
components that require stable voltage levels to operate correctly. Even though the
electricity from a wall socket is AC, it is converted into DC inside chargers before it is used
by most electronic devices.

On the other hand, Alternating current behaves very differently. Instead of flowing in
one constant direction, AC reverses its direction periodically, as shown in Figure 5.3. This
means that the electrons move back and forth many times each second. The voltage in AC
also changes with time, typically following a smooth wave-like pattern known as a sine
wave. This alternating nature is what makes AC extremely efficient for transmitting
electricity over long distances. Power stations generate AC, and it is delivered to homes
and industries because it can be easily transformed to higher or lower voltages using
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transformers, which reduces energy loss during transmission. The physical reason AC is so
widely used in power distribution lies in how energy loss occurs in wires. When electricity
travels long distances, some energy is lost as heat due to resistance in the wire. By
increasing the voltage and reducing the current, the losses become much smaller. AC makes
this process practical because transformers can efficiently change voltage levels. This is
why electricity is generated, transmitted, and then stepped down again before reaching
homes.

AC vs DC Waveform

AC Waveform m Pure DC Waveform B

Amplitude or

Voltage
Amplitude or

Voltage

Frequency or Time

Frequency or Time

Figure 5.3: AC and DC waveform comparison

In comparison, direct current provides a stable and unidirectional flow of electricity,
making it ideal for electronic devices, batteries, and digital circuits where consistency is
critical. Alternating current changes direction periodically, making it far more efficient for
transmitting power across long distances and for supplying electricity to buildings and
industries. DC is simpler and easier to store, while AC is easier to transform between
voltage levels. In modern electrical systems, both are essential and complement each other
rather than compete.

3.2 AC to DC conversion in wind system

Rectification is the process of converting alternating current into direct current. In
modern wind energy systems, this process is an important stage in the electrical energy
conversion chain. Since the electrical output generated by wind turbine generators is
usually variable in voltage and frequency due to changing wind speed, direct connection
to the electrical grid is often not possible. Therefore, the generated AC power is first
converted into DC power using a rectifier before further processing and grid integration.

A rectifier is a power electronic circuit composed of semiconductor devices such as
diodes or controllable switches. The main function of the rectifier is to allow electrical
current to flow in a controlled direction so that the alternating electrical waveform is
converted into a unidirectional DC output. In wind turbine systems, rectification provides
a stable intermediate DC stage that enables better voltage, frequency, and power control.
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The simplest and most commonly used rectifier is the diode rectifier. Diodes conduct
current only in one direction and automatically perform the rectification process without
requiring external control signals. Diode rectifiers are widely used because they have a
simple structure, low cost, and high reliability. However, they provide limited
controllability and allow only one-directional power flow. Depending on how the AC
waveform is converted, rectification can be classified into two main types: half-wave
rectification and full-wave rectification. In half-wave rectification, only one half of the AC
waveform is converted into DC while the other half is blocked. This process is usually
performed using one diode per phase in three-phase systems. In full-wave rectification,
both positive and negative halves of the AC waveform are converted into DC output.

The most common full-wave rectifier used in power electronics is the bridge rectifier.
In three-phase systems, a full-wave rectifier typically uses six diodes arranged in a bridge
configuration, as shown in Figure 5.4. During the rectification, only one diode from
positive rail (D1, D3 and DS5) and one diode from negative rail (D2, D4 and D6) are
conducting.

W +
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AC Supply Ve
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Figure 5.4: Three phase bridge rectifier

Two diodes conduct simultaneously during each operating interval: one diode connects
the most positive phase to the positive DC terminal, while another diode connects the most
negative phase to the negative DC terminal. As the three-phase voltages continuously
change, conduction automatically transfers from one diode pair to another every 60°.
Considering a three-phase balance voltage waveform in Figure 5.5, if we start the pattern
of conduction at 30°, in each cycle, the most positive and negative phase diodes are
conducting. Thus, the conducting pattern would be as: Di.4, D1.6, D3.6, D32, D52 and Ds.4
and this pattern is repeated. This operation produces a much smoother DC output with
lower ripple, which is widely used in wind turbine converter systems and other high-power
industrial applications.
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Figure 5.5: Three phase rectifier conduction waveform

3.3 DC to AC inversion in wind system

In modern wind energy systems, the electrical power generated by the wind turbine is
commonly converted into DC power after the rectification stage. However, electrical grids
operate with AC voltage at fixed frequency and voltage levels. Therefore, the DC power
must be converted back into AC power before it can be delivered to the grid. This process
is called inversion, and it is performed by a power electronic converter known as an
inverter. The inverter allows the wind turbine to produce controlled AC power with suitable
voltage, frequency, and waveform characteristics for stable grid integration. In addition,
the inverter improves the controllability of the wind turbine system and enables variable-
speed operation, better power quality, and more efficient energy conversion.

Modern wind turbines commonly use three-phase voltage source inverters (VSI). A
typical three-phase inverter consists of six semiconductor switching devices, usually
IGBTs, connected in three inverter legs. Each switch is connected with an anti-parallel
freewheeling diode to provide a current path during switching transitions. The inverter
receives DC power from the DC-link and converts it into three-phase AC output voltage
through controlled switching operations. Figure 5.6 describes a three-phase inverter.
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Figure 5.5: Three phase inverter structure

The basic control scheme of inverter can be achieved by operating three IGBTs pairs
coordinately, through a six-step sequencing control. In this case, each switch conducts for
180 electrical degrees, while the switching sequence changes every 60°. During each
operating interval, three switches conduct simultaneously to connect the output phases to
either the positive or negative side of the DC-link voltage. For example, during the interval
from 0° to 60°, switches T1, TS5, and T6 conduct. In this condition, two phases are
connected to the positive DC terminal (T1 and T5) and one phase is connected to the
negative terminal, producing specific phase voltage levels across the load. The control
signals of two switches in one leg are opposite. In 60° to 120°, switch T1 is off; so, the T4
is conduct and in this stage, switches T4, T5, and T6 are operating. Two phases are
connected to negative terminal. As the switching sequence continuously changes, the
inverter generates stepped three-phase output voltages separated by 120°. These switching
actions build an AC waveform from the DC source.
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Figure 5.6: Three phase conducted waveform
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Although the generated waveform is initially stepped in shape, high-frequency
switching techniques such as Pulse Width Modulation (PWM) are used to produce output
voltages that closely approximate sinusoidal AC waveforms suitable for grid connection.

Technical Note 3

In a three-phase inverter conduction mode, at any instant two phases are connected to one
side of the DC-link voltage while the remaining phase is connected to the opposite side.
Because of the balanced three-phase load and floating neutral point in star connection, the
phase voltages are distributed such that the two phases connected to the same DC terminal
each experience approximately (Vdc/3), while the remaining phase connected to the
opposite terminal experiences approximately (2Vdc/3) with opposite polarity. This
switching arrangement produces the stepped three-phase voltage waveform used to
synthesize AC output voltage.
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4 Wind Energy Conversion System

Modern wind turbines use different electrical configurations to convert the generated
electrical energy into a form suitable for grid integration. The overall conversion system
includes the wind turbine rotor, gearbox, generator, transformer, and power electronic
converter. The generator converts the mechanical energy extracted from the wind into
electrical energy, while the power converter regulates the generated power and controls the
voltage, frequency, and power flow before connection to the electrical grid.

Several generator types are used in wind turbine systems, including squirrel cage
induction generators (SCIG), wound rotor induction generators (WRIG), doubly fed
induction generators (DFIG), and synchronous generators such as permanent magnet
synchronous generators (PMSG). Depending on the generator structure and converter
arrangement, wind turbines can operate either at fixed speed or variable speed. These
operating concepts are commonly categorized into four major wind turbine configurations,
which will be explained in this section.

4.1 Fixed-speed wind turbine systems

In fixed-speed wind turbines, the rotational speed of the generator remains nearly
constant and is mainly determined by the grid frequency, gearbox ratio, and generator
design. These systems were widely used in earlier wind turbine developments because of
their simple structure, robust operation, and relatively low cost. Fixed-speed turbines are
generally equipped with induction generators directly connected to the electrical grid.
Since the generator speed cannot significantly vary with changing wind conditions,
fluctuations in wind speed are directly transferred into mechanical torque variations and
electrical power fluctuations. As a result, these systems experience higher mechanical
stress and limited controllability during operation.

4.1.1 Type A: SCIG based fixed speed

The Type A configuration represents the classical fixed-speed wind turbine system
based on a squirrel cage induction generator. In this configuration, the generator is directly
connected to the electrical grid through a transformer. A gearbox is normally used to match
the low rotational speed of the turbine rotor to the higher generator speed.

Because the induction generator absorbs reactive power during operation, capacitor
banks are installed to provide reactive power compensation and improve the power factor.
In addition, a thyristor-based soft-starter is commonly used during grid connection to
reduce the high inrush current produced when the generator is connected to the electrical
network, as shown in Figure 5.7. After synchronization, the soft-starter is bypassed.

The Type A configuration provides a simple and reliable operating structure with
relatively low installation and maintenance requirements. However, the turbine operates at
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nearly constant speed, which limits aerodynamic efficiency and reduces the capability of
the turbine to adapt to varying wind conditions. The system also has limited control over
voltage and reactive power and requires a relatively strong electrical grid for stable
operation.
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Figure 5.7: Type A fixed speed SCIG wind system

4.1.2 Type B: limited variable speed

The Type B configuration introduces limited variable-speed operation through the use
of a wound rotor induction generator with controllable rotor resistance. The system
schematic is illustrated in Figure 5.8.
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Figure 5.8: Type B semi variable WRIG wind system

In this system, an external power electronic controller adjusts the rotor resistance,
allowing limited control of generator slip and rotational speed. By varying the rotor
resistance, the turbine can operate over a small speed range above synchronous speed,
improving the energy capture capability and reducing sudden mechanical stress caused by
wind speed fluctuations. This type configuration still requires a gearbox, soft-starter,
capacitor bank, and transformer for grid integration. Although the operating speed range is
limited, the system provides smoother operation and improved controllability compared to
conventional fixed-speed turbines. Part of the generated energy is dissipated in the rotor
resistance, which reduces the overall system efficiency.
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4.2 Variable-speed wind turbine systems

Variable-speed wind turbines are designed to operate over a wide range of wind speeds
while maintaining high aerodynamic efficiency. In these systems, the rotor speed
continuously changes according to the available wind energy. This operating principle
allows the turbine to maintain an optimal tip-speed ratio and extract more energy from the
wind. Unlike fixed-speed systems, variations in wind speed are absorbed through changes
in rotor speed rather than being directly transferred into the electrical system.
Consequently, variable-speed operation reduces mechanical stress on turbine components,
improves power quality, and enhances overall system performance. Variable-speed
operation requires power electronic converters to regulate the generated electrical power
and maintain stable grid connection conditions. These converters control the voltage,
frequency, active power, and reactive power exchanged between the wind turbine and the
electrical grid.

4.2.1 Type C: variable speed with partial scale frequency

The Type C configuration is based on the doubly fed induction generator. In this
system, the stator winding is directly connected to the electrical grid, while the rotor
winding is connected through a partial-scale power converter using slip rings and brushes.
Figure 5.9 represents the Type C wind energy system based on the DFIG.
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Figure 5.9: Type C variable speed DFIG wind system

The converter processes only the rotor power, which is typically about 25-30% of the
total generator power. This allows the system to achieve variable-speed operation using a
converter with lower power rating and reduced cost compared to full-scale converter
systems. The DFIG configuration provides controllable active and reactive power,
improved energy capture, and enhanced dynamic performance during changing wind
conditions. The converter also enables independent control of generator torque and grid-
side power flow. Because only part of the generated power passes through the converter,
the overall conversion efficiency remains relatively high.

19



The use of slip rings and brushes introduces additional maintenance requirements,
particularly in large-scale and offshore applications. In addition, the partial-scale converter
limits the system capability during severe grid disturbances and fault conditions.

4.2.2 Type D: Full-variable speed wind system

The Type D configuration represents the full variable-speed wind turbine system. In
this arrangement, the generator is completely connected to the electrical grid through a full-
scale power electronic converter. Therefore, the entire generated power passes through the
converter before grid integration. Different generator types can be used in this
configuration, including PMSG, WRSG, and SCIG. Many systems use direct-drive
generators, which eliminate the gearbox and reduce mechanical complexity. This system is
depicted in Figure 5.10.
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Figure 5.10: Type D full-scale power converter system

The full-scale converter completely decouples the generator from the grid, allowing
independent control of voltage, frequency, active power, and reactive power. This
configuration provides excellent grid compatibility, wide speed operation range, high
power quality, and improved fault ride-through capability. The converter also enables
smooth grid integration under varying wind conditions. Since all generated power flows
through the converter, the system requires larger converter ratings and more complex
converter structures. This increases the converter size, installation cost, and power
electronic losses. Despite these challenges, Type D systems are widely used in modern
large-scale and offshore wind farms because of their superior controllability and grid
support capability. The comparison between different wind energy conversion systems is
presented in Table 5.2.
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Table 5.2: Comparison of different wind energy conversion types

Configuration Generator type

Converter size

Advantages

Disadvantages

Type A

Type B

Type C

Type D

SCIG

WRIG

DFIG

PMSG

No converter

Rotor controller

Partial scale ~30%

Full scale ~100%

Simple structure;
Low cost;
Reliable operation

Improved energy capture;
Smoother operation;
Reduced mechanical stress

Good efficiency;
Reactive power control;
Improved dynamic
performance

Excellent grid compatibility;
Full controllability;
Wide speed range

Limited controllability;
Poor power quality;
High mechanical stress

Limited speed range;
Rotor energy losses;
Reduced efficiency

Slip ring maintenance;
Limited fault ride-
through capability.

Higher converter cost
Larger converter size
Higher converter
losses
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5 Control of Wind Energy Generation System

Modern wind turbine systems require different control strategies to ensure efficient
energy conversion, safe operation, and stable grid integration. In general, the control
system of a wind turbine can be divided into two main categories: acrodynamic control and
electrical control. Aerodynamic control regulates the mechanical power captured from the
wind through techniques such as stall control, active stall control, and pitch angle control.
These methods help limit excessive mechanical power at high wind speeds and protect the
turbine components from overload conditions. In addition to aerodynamic control, modern
wind turbines require electrical and grid-related control functions. These include voltage
regulation, frequency regulation, active and reactive power control, power quality
improvement, and grid synchronization. Most of these electrical control functions are
achieved through power electronic converters and digital control systems.

5.1 Switching control with PWM

The operation of power electronic converters is mainly based on high-speed switching
actions of semiconductor devices such as IGBTs. In rectifiers and inverters, the
semiconductor switches continuously turn ON and OFF according to predefined switching
patterns in order to control the power flow and generate the required electrical output. The
switching operation of rectifiers and inverters has already been introduced in previous
sections. In modern inverters, however, advanced switching control methods are used to
improve the quality of the generated AC voltage waveform. One of the most widely used
techniques is Pulse Width Modulation. PWM is a control technique used to regulate the
average output voltage of a converter by controlling the width of switching pulses. Instead
of generating a simple square waveform, PWM allows the inverter to produce an output
voltage that closely approximates a sinusoidal waveform. In PWM operation, the
semiconductor switches operate at high switching frequency while the pulse widths
continuously change according to the desired output waveform. The average value of the
generated pulses forms the required AC voltage.

Among different PWM methods, Sinusoidal Pulse Width Modulation (SPWM) is one
of the most commonly used techniques in wind energy converters and motor drive
applications. In SPWM, a sinusoidal reference signal, called the modulation wave, is
compared with a high-frequency triangular or sawtooth signal known as the carrier wave.
The comparison between these two signals determines the switching instants of the inverter
switches. When the sinusoidal modulation signal is greater than the carrier signal, the
corresponding inverter switch is turned ON. Conversely, when the carrier signal becomes
greater than the sinusoidal reference signal, the switch is turned OFF. As a result, a series
of pulses with variable widths is generated. The width of each pulse changes continuously
according to the instantaneous value of the sinusoidal reference wave. Wider pulses
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produce higher average voltage values, while narrower pulses produce lower average
voltage values.

Through this switching process, the inverter generates a stepped output waveform
whose average behavior follows a sinusoidal pattern. After filtering, the output voltage
becomes very close to a sinusoidal AC waveform suitable for grid connection. The use of
SPWM significantly improves power quality by reducing harmonic distortion and enabling
smooth voltage and frequency control. In addition, PWM techniques allow accurate
regulation of active and reactive power, improve converter efficiency, and support stable
operation of modern variable-speed wind turbine systems. The SPWM containing carrier
and modulation wave, pulse generation and establishing the desired output is represented
in Figure 5.11.
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Figure 5.11: Sinusoidal PWM

5.2 Voltage and frequency concepts

Modern wind energy conversion systems require advanced control strategies to ensure
efficient energy extraction and stable operation under changing wind and grid conditions.
In variable-speed wind turbines, the power electronic converter controls the generator
speed according to wind speed variations in order to maximize the captured wind power.
This operation is commonly achieved using Maximum Power Point Tracking (MPPT)
control. The objective of MPPT is to maintain the optimal tip speed ratio at different wind
speeds so that the turbine operates at its maximum power coefficient and extracts the
highest possible energy from the wind.

In addition to power extraction, power electronic converters regulate the electrical
output supplied to the grid. The generator-side converter controls the generator operation
and maintains stable dc-link voltage, while the grid-side converter operates as an inverter
that generates a controlled AC voltage synchronized with the grid frequency. PWM

23



techniques are commonly used to produce sinusoidal output voltages with controllable
magnitude and frequency.

Modern wind turbines must also satisfy grid code requirements related to active power,
reactive power, voltage stability, and frequency support. Active power control allows the
wind turbine or wind farm to regulate the delivered power according to system operator
requirements. In many power systems, the generated active power is reduced when the grid
frequency rises above its nominal value in order to support frequency stability and maintain
power balance between generation and demand, as shown in Figure 5.12.
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Figure 5.12: Frequency control profiles for a typical wind turbine

Reactive power control is closely related to voltage regulation in the electrical network.
Wind turbines equipped with power electronic converters can inject or absorb reactive
power to support grid voltage stability. This capability improves the integration of wind
farms into weak electrical networks and reduces voltage fluctuations caused by wind power
variations. Converter-based wind turbines can therefore contribute to both active and
reactive power support similarly to conventional power plants. As wind power penetration
increases in modern electrical systems, control strategies for frequency regulation, voltage
support, and power quality improvement become increasingly important. Advanced power
electronic control enables modern wind turbines to operate not only as renewable energy
sources but also as active and controllable units that contribute to overall power system
stability.
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6 Introduction to Advanced Concepts

Modern wind energy systems increasingly rely on advanced power electronic
technologies to improve efficiency, reliability, controllability, and grid integration
capability. As wind turbine power ratings continue to increase and power systems become
more dependent on renewable energy sources, the performance requirements of power
electronic converters become more demanding. Therefore, modern converter systems are
designed not only for energy conversion but also for supporting power system stability and
reducing energy losses.

Power losses in wind turbine converters mainly occur in semiconductor switching
devices, passive components, transformers, and filters. These losses appear in the form of
conduction losses and switching losses during converter operation. High losses reduce the
overall efficiency of the wind energy conversion system and increase heat generation inside
the converter. Excessive thermal stress may shorten the lifetime of semiconductor devices
and reduce system reliability. For this reason, modern wind turbine converters are designed
to achieve high efficiency while maintaining acceptable thermal operating conditions.
Advanced semiconductor devices such as IGBTs and silicon carbide (SiC) devices provide
lower switching losses, higher switching frequency capability, and improved thermal
performance compared with older technologies.

Reliability has become one of the most important considerations in modern wind
turbines, especially for large offshore systems where maintenance and repair costs are very
high. Wind turbines are expected to operate continuously for approximately 20 years under
varying environmental and loading conditions. However, wind speed fluctuations and
converter switching operations produce repeated thermal cycles inside power electronic
devices. These thermal stresses are considered one of the major causes of semiconductor
failure. Larger temperature variations generally reduce the lifetime of converter
components and increase the probability of failure. Therefore, modern converter design
focuses strongly on thermal management, cooling systems, and reliability-oriented control
strategies to improve long-term system performance.

Grid codes are becoming more stringent and require wind turbines to behave similarly
to conventional power plants as renewable energy penetration increases. Future wind
energy systems are therefore expected to include more intelligent converter control
systems, faster communication capability, and enhanced grid-support functions. At the
same time, reducing the overall cost of energy remains an important objective in wind
power development. Improvements in semiconductor technology, converter efficiency,
reliability, and system lifetime all contribute to lowering the total cost of energy generation.
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Session Summary

This session introduced the fundamental role of power electronics in modern wind
energy conversion systems and explained how electrical energy generated by wind turbines
is controlled, converted, and integrated into the electrical grid. The session first reviewed
the basic concepts of power electronics, including the operation of semiconductor devices,
rectifiers, inverters, converters, switching devices, and DC-link components. Learners
examined how power electronic systems enable the conversion between AC and DC power,
regulate voltage and frequency, and improve the controllability and efficiency of wind
turbines. The session also described the structure and operation of rectification and
inversion processes, including three-phase inverter switching operation, PWM-based
voltage generation, and the role of freewheeling diodes in maintaining continuous current
flow during switching intervals.

The session further explained the evolution of wind turbine configurations from fixed-
speed systems to modern variable-speed systems. Different wind energy conversion system
configurations were introduced together with their operating principles, generator
interfaces, capabilities, advantages, and limitations. In addition, learners explored the
importance of control systems in wind turbines, including switching control, sinusoidal
pulse width modulation, active and reactive power regulation, voltage and frequency
support, and maximum power point tracking. The session also introduced modern grid-
support functions and future trends in wind power electronics, such as advanced
semiconductor devices, higher efficiency converters, stricter grid-code requirements,
improved reliability, and the growing importance of intelligent converter-based control in
large-scale renewable energy systems. By the end of the session, learners should
understand how power electronics enables efficient wind energy conversion, enhances grid
integration, improves turbine performance and reliability, and supports the future
development of modern wind power systems.
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